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Abstract: Sickle cell anemia is one of the single point mutation diseases with symptoms such as stroke,
lethargy, chronic anemia, and increased mortality, and it causes red blood cells to become sickle-shaped.
In the study, a biosensor system was developed to detect this mutation quickly and cost-effectively. This
biosensor system was prepared by forming a SAM layer with 4-Aminothiophenol  (4-ATP) on the gold
electrode, and coating it with amino graphene. It was then modified with SG-RNA with the sequence of the
target  mutation  after  CRISPR-dCas9 immobilization.  The nanomaterial  used in  the  preparation  of  the
biosensor increased the sensitivity of the method by increasing the surface area. The biosensor prepared in
this way was optimized and made to perform DNA analysis. As a measurement method, electrochemical
impedance spectroscopy (EIS) was used. Electrochemical measurements were carried out in 50 mM pH 7.0
phosphate buffer solution, which includes 5 mM Fe(CN)6

4- /3- and 10 mM KCl, as redox probe solution by CV
and EIS in this redox probe solution. EIS parameters were 10,000–0.05 Hz frequency, 10 mV AC and 180
mV DC potentials, and CV parameters were between - 0.2 to 0.5 V potential, 100 mV/s scan rate for 5
cycles. The DNA measurement time of the biosensor system was determined by the chronoimpedance
measurements taken by applying a frequency of 500 Hz under 200 mV DC current. Measurement time of
the  biosensor  was  found to  be  100 seconds.  With  the  CRISPR-Cas9 based  electrochemical  biosensor
system, which gives  faster  results  compared to  the  measurement  methods in  the  literature,  a  linear
measurement between 40 pM and 1000 pM with a length of 400 base pairs was taken.
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INTRODUCTION

Sickle cell anemia (SCA) is an inherited disease that
occurs  when  an  abnormal  form  of  hemoglobin,
called  Hemoglobin  S  (HbS),  replaces  the  normal
protein  hemoglobin  A  (HbA)  (1).  The  causative
agent  of  HbS  formation  in  SCA  is  a  point
(nucleotide) mutation in the beta globin gene (2).
This mutation occurs in the beta globin gene, where
the GAG triplet in the sixth position is transformed
into GTG triplet,  and valine is  encoded instead of
glutamine (3). When the amount of oxygen in the
environment is low, HbS becomes insoluble and the
polymeric structures they form by bonding to each
other cause the deformation of red blood cells from

circular  to  sickle  shape.  If  the  red  blood  cell
membrane is not too damaged, this deformation can
be reversed by oxygenation, but this cycle damages
the red blood cells,  shortening their  lifespan, and
leading to anemia (4). Diagnosis of this mutation is
made  by  conventional  techniques  such  as
polymerase  chain  reaction  (5),  liquid
chromatography  (6),  and  electrophoresis  (7).
Although these methods show high sensitivity, they
are time-consuming and costly (4). In this study, a
CRISPR-dCas9-based  electrochemical  biosensor
system  was  developed  to  detect  this  mutation
quickly and cost-effectively.
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Biosensors are systems that are developed by the
immobilization of highly selective biomolecules such
as enzymes, receptors, antibodies, DNA, or proteins
(biorecognition agents) produced by living systems
on  a  physicochemical  transducer  and  that  allow
measurement  of  complex  substances  (8).  The
CRISPR-dCas9  system  is  also  used  as  a
biorecognition  agent  in  biosensor  systems  (9).
dCas9 and synthetic guide RNA (sgRNA) have the
capacity  to  specifically  bind  DNA  sequences,  and
this  binding  can  be  used  to  detect  DNAs  (10).
Biosensors  are  divided  into  two  categories:
bioaffinity  and  biocatalytic,  according  to  the
interaction feature between the biorecognition agent
and  the  analyte  molecule.  Bioaffinity-based
biosensors  are  based  on  the  affinity  between the
biorecognition molecule and the analyte  molecule.
With  this  affinity,  the  measurement  system  is
realized  by  measuring  the  affinity  of  the  analyte
molecule  to  the  biorecognition  molecule  (11).
Electrochemical  systems  precede  other
measurement  methods  (Optical,  Piezoelectric)  as
they  are  cheap,  fast,  practical,  and  economical
systems. Electrochemical systems with simplicity of
transducers  and  easy  measurement  method  can
reach very low detection limits in biosensor systems
modified  with  a  suitable  bioreceptor  (12).
Electrochemical  biosensors  can  be  classified  as
amperometric, voltammetric, or impedimetric.

Electrochemical impedance spectroscopy (EIS) is an
electrochemical  surface  characterization  technique
and is widely used in sensors because it  provides
the  advantage  of  label-free  detection.  EIS  offers
inexpensive  measurement  at  low  concentrations
without  sample  pretreatment  (13).  Impedimetric
measurement  is  well  suited  for  affinity-based
biosensor  systems  because  the  system  does  not
require label, an electroactive secondary molecule,
or  biochemical  reaction.  With  this  method,
quantitative analysis is possible only by determining
the surface binding kinetics of the analyte molecule
(13).

In  the  presented  study,  deactivated  Cas  9  was
immobilized by forming self-assembled monolayers
on the gold electrode for the determination of sickle
cell  anemia  and  electrochemical  impedance
spectroscopy  was  used  as  the  measurement
method. SAM surfaces formed by the strong bond
between  gold  and  sulfur  are  very  preferred  in
biosensor  fabrication  and  provide  stable  surfaces
(14). The sensitivity of the method was increased by
obtaining  a  larger  surface  area  with  ammonium-
functionalized  graphene  used  in  electrode
immobilization.

EXPERIMENTAL SECTION

Chemicals and Equipment
dCas9  proteins  were  obtained  from  Applied
Biological  Materials  (ABM)  Inc.  (Richmond,  BC,

Canada),  sgRNA  sequences  were  obtained  from
Synthego Corp. Other chemicals were obtained from
Sigma  Aldrich  (USA).  Electrodes  (Reference,
Working,  and  Counter)  were  obtained  from BASi.
PalmSens  3  potentiostat  system  was  used  for
electrochemical  techniques  (EIS  and  cyclic
voltammetry  (CV))  and  PSTrace  5.6  was  used  as
electrochemical  interface  software.  Scanning
Electron  Microscopy  (SEM)  images  obtained  from
COXEM  EM-30  Plus  (Daejeon,  Korea).  For  FT-IR
analysis,  a  Thermo  Scientific  NICOLET  iS10
spectrometer was used. 

Method
Experimental parameters
All electrode modification steps  were  monitored by
scanning electron microscopy (SEM), FT-IR, CV, and
EIS. EIS and CV measurements were carried out in
a  solution  of  redox  probe,  which  includes  5 mM
Fe(CN)6

4−/3- redox couple and 100 mM KCl in 50 mM
pH 7.0  phosphate  buffer.  All  modifications  and
measurements were carried out at 37°C. EIS signals
showed that the electrical circuit for EIS calculation
was constructed as shown in Figure 1.

Preparation of the electrode surface
Prior to use, gold electrode (AuE) was polished 0.05
µm alumina slurry for 2 minutes. Then, to remove
any  adsorbents,  the  electrode  was  washed
ultrasonically with  pure  ethanol  and  pure  water,
respectively. EIS and CV were performed to obtain
bare  gold  electrode  as  baseline.  After  each
modification  step,  the  electrode  was  washed  by
soaking  in  pure  water  and  dried  under  nitrogen
stream,  gently.  Subsequently,  AuE was  soaked in
50 mM  4-aminothiophenol  (4-ATP)  solution  in
ethanol  for  overnight  to  form  Self-assembly
Monolayer  (SAM)  for  further  immobilization  via
amino bonds (15). Then electrode was washed with
ethanol and water to remove unbonded 4-ATP from
AuE surface.  In  the  next  step,  the  electrode was
incubated  in  5%  glutaraldehyde  solution  for  30
minutes  to  activate  amino groups on the 4-ATPs.
The  ammonium  functionalized  graphene  oxide  (1
mg/mL) was sonicated until the particles dispersed
homogenously  and  dropped  on  the  AuE/4ATP
electrode  and  incubated  for  one  hour.  The
glutaraldehyde step was performed  again, and the
modified electrode was incubated with dCas9 (250
pmol) protein for one hour. Then the electrode was
incubated  with  sgRNA  for  30  minutes.  After  the
biosensor  was  successfully  produced,  the
optimization  of  modification  steps,  preparation  of
the  calibration  curve,  determination  of  LOD  and
LOQ,  reproducibility  and  repeatability  optimization
studies were carried out.

Biosensor optimization
The first of the biosensor optimization steps was to
determine the exact incubation time for modification
and then measurement time. Chronoimpedance was
used  for  obtaining  the  DNA  detection  time.
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Chronoimpedimetric  measurement  is  optimized  in
buffer solution and frequency was obtained from the
Bode plot of impedimetric detection of the prepared
biosensor (AuE-4ATP-GPH-dCas9-sgRNA) (16). The
frequency  is  selected  on  Bode-Plot  where  the
impedance shows an increasing character  and the
phase  angle  becomes  constant.  The  applied
potential  should  be  low  in  order  to  prevent  the
oxidation of other compounds in real samples (17).
After  obtaining  the  exact  DNA  detection  time,  a
calibration curve was performed by incubating the
biosensor  with  DNA.  The  calibration  curve  was
prepared with DNA standards against obtained EIS
signals  in  redox  probe  solution.  The  LOQ  was
calculated by using 10 S/m and LOD 3.3 S/m. S is
the  standard  deviation  of  EIS  data  at  the  lowest
concentration of the calibration curve, seven times
the obtained standard deviation, and m is the slope
of  the  calibration  curve. Reproducibility  was
obtained by preparing the calibration curves for six
time and R2 results  of  the calibration curves with
C.V%.  Repeatability  was  also  tested  on  three
different DNA samples (80, 200, and 900 pM) with
added artificial serums.

RESULTS AND DISCUSSION 

Preparation of the Electrode Surface
In  order  to  develop  a  new  generation  genetic
biosensor technology, CRISPR technology has been
used with  good accuracy.  In  this  study,  accuracy
was  increased  by  using  nanomaterials  with  high
sensitivity.  AuE  electrode  modification  steps  were
observed  by  EIS  and  in  redox  probe  solution
(Figures  1  and  2).  AuE  was  chosen  for  its  easy
modification capabilities with SAM and observed as
baseline  in  developing  biosensors.  The  SAM layer
was formed by 4-ATP, because of the benzene ring.
Electrical  conductivity  is  provided,  and  that
increases  the  sensitivity  with  stability.  The
modification showed an increase in CV and decrease
in EIS because the positively charged 4ATP groups
attract  the  negatively  charged  redox  probes,
resulting in the release of more electrons that move
towards  electrode  surface,  which  decreases  the
electron  transfer  resistance  by  increasing  current.
Afterwards,  the  amino  graphene  modification,  the
same  results  were  observed.  dCas9  and  sgRNA
modifications increased the EIS and decreased the
CV  peaks  by  forming  insulation  layers.  The
modification layers were also observed in Figure 3
as AFM and SEM images. There, it can be seen as
topographic  changes  and  changes  in  the  surface
characteristics can be seen (Figure 3). 

Figure 1: EIS representation of the modification steps. a) Red EIS: AuE, blue EIS: AuE/4-ATP, yellow EIS:
AuE/4-ATP/GPH, green EIS: AuE/4-ATP/GPH/dCas9, light blue EIS: AuE/4-ATP/GPH/dCas9/sgRNA.
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Figure 2: CV representation of the modification steps. a) Red EIS: AuE, blue EIS: AuE/4-ATP, yellow EIS:
AuE/4-ATP/GPH, green EIS: AuE/4-ATP/GPH/dCas9, light blue EIS: AuE/4-ATP/GPH/dCas9/sgRNA.

   

Figure 3: Atomic force microscopy and SEM images of the biosensor modifications. AFM images A; AuE, B; 
AuE-Cys-GPH-Cas9-sgRNA, C; AuE-Cys-GPH-dCas9-sgRNA-DNA, SEM images D; AuE, E; AuE-Cys-GPH-
Cas9-sgRNA, F; AuE-Cys-GPH-dCas9-sgRNA-DNA.

Biosensor Optimization
The first of the optimization steps was to determine
the measurement time with chronoimpedance. The
first linear increase was observed at 105 seconds,
and biosensor  saturation  was observed  at  around

800 seconds (Figure 4).  Therefore,  detection time
was determined to be 100 seconds, and this time
was  chosen  for  the  determination  of  the  DNA
detection time. 
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Figure 4: Chronoimpedance curves of detection of the sickle cell anemia DNA. Red sickle cell anemia, blue 
blank solution (PBS).

Afterwards, the calibration curve was prepared with
the data of the electron transfer resistance of the
biosensor, which was calculated by fitting EIS data

onto  a  proper  circuit  model  (9).  The  biosensor
showed  good  linearity  between  40-1000  pM  DNA
(400 bp) and R2=0.9930. 

Figure 5: Representation of the calibration curve with CV.
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Figure 6: Representation of the calibration curve with EIS.
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Figure 7: Calibration curve of the biosensor (y-axis impedance, x-axis concentration of the DNA).

Sy.x, given in Figure 7, is the abbreviation of the
Standard Error of Estimate. If this value is large, it
indicates  the  goodness  of  fit  value.  It  shows  the
agreement between the measured values and the
theoretical values.

Optimization and characterizations are all performed
using EIS in a redox probe solution. Reproducibility
was also tested with different calibration curves and

R2=0.9930±0.0027.  Therefore,  reproducibility  is
high  because  of  the  stability  of  self-assembly
monolayer and the graphene layers. In order to find
out  the  lower  limit  of  detection  (LOD)  and lower
limit  of  quantification,  40  pM  concentration  was
tested and calculated as 3412±64.59 ohm. LOD and
LOQ were calculated as  12.50  pM and 37.88 pM,
respectively.  Performance  parameters  were  shown
in Table 1.
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Table 1: Sickle cell anemia biosensor performance parameters.
Parameter Performance

Linearity 40-1000 pM

LOD 12.50 pM

LOQ 37.88 pM

Reproducibility R2=0.9930±0.0027 (2.7%)

Repeatability
and 
Recovery

Added Found C.V %

80 pM 87 ± 6 pM 6.90
200 pM 224 ± 11 pM 7.74
900 pM 940 ± 21 pM 10.11

Methods  such  as  Complete  Blood  Cell  Count,
Peripheral  Blood  Smear,  Hemoglobin
Electrophoresis,  Isoelectric  Focusing,  High
Performance  Liquid  Chromatography,  and
Polymerase  Chain  Reaction  (PCR)  are  used  to
determine sickle cell  anemia (18).  These methods
are  time  consuming  and  expensive.  Also,  the
prepared  biosensor  is  more  feasible  and  sensitive
than PCR to diagnose sickle cell anemia.

CONCLUSION 

In conclusion, in this study, a biosensor system was
developed to detect the point mutation that causes
sickle  cell  anemia.  A  gold  electrode  was  used  as
working  electrode  and  modified  with  4-ATP  and
ammonium  functionalized  graphene  oxide  for
sensitive  measurement  of  the  point  mutation.
Detection  time  was  determined  with
chronoimpedimetric  measurement.  The  biosensor
showed good linearity between 40 and 1000 pM. As
a result, a very selective and specific CRISPR-dCas9
based  biosensor  system  for  the  determination  of
sickle cell anemia point mutation was developed and
reported  successfully.  This  study  represents  the
easy to use, low cost and selective Sickle Cell DNA
detection method. Moreover,  there is  no need for
pre-sample  applications  and  modifications.  It  can
easily be used to detect sickle cell anemia.
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Impact of Irrigation Water On the Quality Attributes of Selected
Indigenous Plants

Sami Ullah1, Aiman Shahbaz1* , Muhammad Zeeshan Aslam1

1University of Lahore, Department of Chemistry, Sargodha Campus, 40100, Pakistan. 

Abstract:  The present study was carried out to study the effects of irrigation water on the quality
attributes of mango, banana, and mulberry collected from the nearby orchards located in peri-urban
areas of Sahiwal (Pakistan). Due to freshwater scarcity in peri-urban areas, wastewater is used as a
source of irrigation for orchards, which consequently increases heavy metal accumulation in the soil,
leaves, and fruits. The physio-chemical attributes and accumulation of heavy metals were analyzed in
different soil layers and fruit cultivars. Among the heavy metals, copper, lead, chromium, and cadmium
contents  were  found to  be in  greater  amounts  in  the  effluent  sample  than in  freshwater  samples,
according to WHO. Heavy metals such as copper,  lead,  and chromium were found to be in higher
concentrations in soil and effluent samples. The concentration levels of copper in mango and mulberry
were 0.005 and 0.002 mg/kg, respectively. The concentration levels of lead in banana and mulberry
were 0.231 and 1.248 mg/kg, and the concentration of chromium in banana was found to be 1.203
mg/kg, which is higher than the allowed limit given by WHO.  The interaction among the sources of
irrigation and fruit cultivars was significant for copper accumulation in different soil layers, lead, and
copper accumulation in fruit cultivars.  The irrigation water quality index (WQI) of all effluent samples
ranged from 63.5 to 63.57, which, according to WHO, can be used for irrigation purposes as it is non-
drinkable water. 
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INTRODUCTION

Freshwater  scarcity  is  a  major  issue  worldwide,
which  is  due  to  rapid  urbanization  and
anthropogenic  activities.  In  developing countries,
due  to  the  non-existence  of  industrial  and
environmental  standards,  the  dumping  of  waste
such  as  pharmaceuticals,  industrial  and  sewage
into  rivers,  streams,  and  lagoons  has  become a
threat to ecological life which unfortunately causes
long term health  effects  such as  gene mutation,
lung cancer, and kidney diseases, etc. (1). Water
is  polluted  due  to  non-conservative  materials,
conservative pollutants, and accumulation of heavy

metals  by  different  sources  like  pharmaceutical
industries,  chemical  industries,  metal  fishing and
plating operations. Some of the sources of trace
metal  pollution  in  rivers  and  oceans  include
thermal power plants (2, 3). 

Heavy metals’ accumulation in the surroundings is
deleterious for living organisms as they are non-
biodegradable  and  intensive  through  the  food
chain,  which  causes  numerous  known  health
effects  such  as  gastrointestinal  and  respiratory
diseases  (4-6),  nausea,  vomiting,  and  several
diseases (7). Toxic metals are accumulated in the
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aquatic  environment  from  plastic  manufacturing,
fertilizers,  and  metallurgy  processing.  This
wastewater causes a big threat to the ecosystem
and causes environmental pollution. Heavy metals
when  combined  with  organic  matter  in  the
presence  of  bacteria  yield  monomethyl  mercury
and  dimethyl  cadmium,  which  are  highly  toxic
compounds (8). Due to the non-availability of fresh
water  in  the  peri-urban  areas,  wastewater  is
commonly  used  to  irrigate  vegetable  crops  and
orchards. Sewage water is mostly used by farmers
as it increases the nutrient concentration, but the
drawbacks are completely ignored by them, which
leads  to  heavy  metal  accumulation  in  the  soil,
causing  contamination  and  spoiling  fruit  quality.
Contaminants  of  emerging concerns  (CECs)  such
as pharmaceutical effluents are introduced into the
agroecosystem  through  reclaimed  wastewater
irrigation.  However,  the  effects  of  reclaimed
wastewater  irrigated  crops  have  not  caught  the
attention  of  the  population.  Therefore,  they  are
being  sold  and  consumed  (9).  However,  recent
studies  show  that  65% of  all  the  irrigated  core
plants  rely  on  treated  wastewater  flow,  which
causes serious health issues to the patrons (10).
The  mechanism of  bio-chemo-physical  properties
of  the molecule and in-planta processes such as
uptake,  translocation,  accumulation,  and
transformation,  influenced  the  fate  of  the
pharmaceuticals in the water-soil-plant continuum
(11).  Numerous  studies  have  shown  the
consequences  of  heavy  metals  in  the  streams
which  otherwise  would  have  endured  as
conventional.  This  leads  to  the  identification  of
wastewater  treatment  plants  (WWT)  as  a
substantial  source  of  these  compounds  for  the
environment  (12).  The  innovation  in  modern
technology  improved  the  analytical  capabilities,
which  manifested  the  wide  range  of
pharmaceuticals  in  the  environment.  Wastewater
has long-term effects on the ecological  health of
human beings, such as acute and chronic effects
(13),  behavioral  changes  (14), and  reproductive
damage  (15).  Current  studies  indicate  that
pharmaceuticals  have  also  affected  aquatic  life.
The high level of concentration of pharmaceuticals
in  freshwater  causes  hormonal  changes  in  fish,
which  can  be  a  life-altering  phenomenon  (16).
Assessment of risk associated with pharmaceutical
effluents in irrigating fruit plants can be studied by
checking water quality parameters and formulating
a hypothesis on how the chemical composition of
fruits  has  been  affected  by  pharmaceutical
effluents  (17).  Most  of  the  pharmaceutical
industries'  effluents  contain  heavy  metals  (18),
solids,  organic  compounds,  and  solvents  which
play a vital role in identifying potential ecological
effects. The biological oxygen demand (BOD) (19),

chemical oxygen demand (COD) (20),  suspended
solid (SS) and pH of the pharmaceutical  effluent
also contribute to checking the quality attributes of
the irrigation water (21). 

Accumulation of heavy metals in the soil and their
effects on the quality attributes of fruits have not
been  widely  studied.  However,  recent
advancements  in  green  chemistry  and
sustainability  have  shifted  the  attention  of
scientists to studying every aspect of the irrigation
source, as improving water quality is beneficial for
the  environment.  Re-use  of  water  for  irrigation
purposes follows the green chemistry principle, but
what if it is affecting the consumers on the other
side. Therefore, in the current study, we compared
the  heavy  metal  accumulation  in  the  mango,
banana,  and  mulberry  cultivars  under  different
pharmaceutical irrigation water. The water quality
index of the pharmaceutical effluent samples along
with  statistical  analysis  is  being  studied.  The
physiochemical  attributes  and  heavy  metals’
accumulation in water, soil, and fruit samples were
studied.  Recently,  heavy  metal  contamination  in
wastewater-irrigated  soil  and  fruits  has  been
studied by scientists from China, India, and other
countries.  A  few  papers  have  been  reported,
covering  the  aspect  of  vegetable  crops.  This
research  article  is  based  on  the  heavy  metal
contamination  in  different  fruits  observed  in
Sahiwal,  Pakistan,  along  with  the  wastewater-
irrigated  soil.  Comparison  with  the  determined
hazardous elements with standard values gives us
a clear idea of the contamination. 

MATERIAL AND METHOD

Heavy metal concentration in pharmaceutical
water and soil
To determine the concentration of heavy metals in
pharmaceutical water, samples from each irrigation
source  were  collected  and  filtered  in  the
laboratory.  Samples  of  effluent  from  different
locations  in  Sahiwal  at  different  depths  were
collected,  i.e.  Sample  A  from  upper  surface
discharge  wastewater  into  the  drain,  a)  upper
surface, b) 0-5 cm, c) 5-10 cm labeled as ES-1,
ES-2,  and  ES-3,  respectively.  Sample  B,  1  km
away  from  the  sample  A  location  and  collected
from three depths: a) Upper surface, b) 0-5 cm, c)
5-10  cm  labeled  as  ES-4,  ES-5,  and  ES-6,
respectively. Sample C, 2 km away from sample B
location and collected from three depths: a) upper
surface, b) 0-5 cm, c) 5-10 cm labeled as ES-7,
ES-8, and ES-9, respectively. Samples of soil from
3 different depths i.e. 0–15 cm were obtained from
the same orchards irrigated with water from these
irrigation sources. A fruit sample was taken from
the nearby orchards irrigated with pharmaceutical
effluent.  The  collected  samples  were  washed,
dried, crushed, sieved, and labeled. 
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Figure 1: Location of different irrigation water samples collected from Sahiwal near and the natural
regions of Pakistan. Source: DIVA GIS 7.5.0 (2015).

Preparation of soil samples
The soil sample was prepared by drying it as it is
available  from  three  different  sites.  The  most
convenient state is to perform chemical tests on
dry soil, so microwave drying was done to remove
excess moisture in the soil.  Due to the presence of
concretions and rocks, crushing of sample into fine
powder  was  done,  which  was  afterwards
designated for mechanical analysis with a wooden
rolling pin. Samples were sieved by using a set of
sieves  that  have  progressively  smaller  openings,
and the grain size was ≤ 0.075 mm. The prepared
soil sample was soaked in DPTA solution and then
shaken  for  3  hours  on  an  orbital  shaker.  After
removing them from the shaker,  the flasks were
rested for 2-3 minutes and then filtered using the
standard  method.  The  sample  was  saved  in  the
test  tube  for  heavy  metal  content  analysis  and
labeled as SOR-1, SOR-2, and SOR-3.

Preparation of fruit samples
The  samples  of  mango,  banana,  and  mulberry
were collected from the nearby orchard where the
irrigation source was the pharmaceutical effluent.
The  fruit  samples  were  washed  to  remove  any
contamination and,  after careful  sorting of fruits,
they  were  subjected  to  hot  water  treatment  in
cotton bags at 60˚C for 4 minutes, then removed
and  cooled  at   25˚C.  Then  it  was  dried  in  a

desiccator at 60˚C for 3 hours. After that, it was
crushed  into  a  fine  paste  and  the  sample  was
digested with  30% hydrogen peroxide (H2O2) and
50% nitric acid solution (22). 

The labeled fruit samples were filtered and diluted
with 20 mL of distilled water and saved in a test
tube  for  heavy  metal  detection  by  atomic
absorption  spectrophotometer  (Buck  model
210VGP  HACH).   Fresh  juice  from fruit  samples
was  extracted  and  filtered  twice  to  remove  any
excess pulp. The sample was labeled and saved for
further chemical analysis (23). 

Fruit weight and shelf life
The fruit weights of mango, banana, and mulberry
cultivars were noted by a digital weighing balance.
Shelf  life is regarded as the period during which
fruits can be marketed after ripening. It is called
shelf life. 

Metal  Analyses  by  Atomic  absorption
spectrophotometer 
Before running the samples, calibration curves for
each sample were prepared using de-ionized water
in the range of 0-100 mg/L. The blank was also
prepared, which was free of CECs. The calibration
curves  were  plotted  by  using  absorbance  vs
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concentration and the linearity of the curves was
demonstrated  by the coefficient  of  determination
(R2),  which  ranged  from  (0.91-to  0.99)  with  a
mean value of 0.95. The operating conditions for
the analysis of heavy metals by AAS are given in
table 1. 

Physiochemical parameters Analyses
Physiochemical  parameters  such  as  pH,  total
suspended  solids  (TSS),  dissolved  oxygen,
biochemical  oxygen  demand  (BOD),  chemical
oxygen demand (COD), electrical conductivity, the
concentration of ions (Na+, K+, Ca2+, CO3

2- /HCO3
-,

Cl-,  Mg2+ and   SO4
2-,  residual  sodium carbonate

(RSC), and metal ion concentration were checked
in  the  pharmaceutical  effluent  samples  following
standard  procedures  and  methods.  The  pH  was
determined using a potentiometer. Total dissolved
solids in the effluent sample were measured using
TDS meter. The dissolved oxygen concentration in
the  unit  (mg/L)  was  measured  by  DO  meter
(Jenway970/HACH  Method  8215  &  8043  resp).
Biochemical oxygen demand was measured using
(BOD) monometer. Chemical oxygen demand was
measured  using  potassium  dichromate  in  50%
sulphuric acid solution and COD meter (Lovi bond
RD  125/HACH  Method  8000).  The  sodium  ion
concentration was analyzed by flame photometer
and metal ion concentration by using titration and
Schott instrument.

Statistical Analysis
Using  IBM  SPSS  21,  the  mean  and  standard
deviation  of  the  heavy  metals  in  the  effluent
samples, soil  samples and fruits were calculated.
All calculated results were then subjected to one-
way ANOVA with 0.05 probability levels. 

RESULTS AND DISCUSSION 

Measurement of physicochemical parameters
of the effluent sample 
All  physicochemical  parameters,  such  as  TSS,
titratable acidity,  chemical oxygen demand, TDS,
shelf life, biological oxygen demand, ascorbic acid,
mineral  content,  and  heavy  metal  concentration

were  significantly  affected  by  the  irrigation  of
pharmaceutical  effluent.  The  physiochemical
parameters  were  analyzed  separately  for  each
effluent sample, and then the water quality index
was calculated. All effluent samples were assessed
for these physicochemical parameters (Table 2-4).
The pH ranged from 7.8 to 8.8, BOD ranged from
128-142  mg/L,  and  COD  ranged  from  279-292
mg/L in the three samples collected from the initial
point as listed in table 2. The pH ranged from 8.1-
9.1, BOD ranged from 161 to 168 mg/L, and COD
ranged from 260 to 276 mg/L in the three samples
collected from the initial point as listed in table 3.
The  pH  ranged  from  8.3-9.2,  BOD  ranged  from
291-95 mg/L, and COD ranged from 151-169 mg/L
in the three samples collected from the initial point
as  listed  in  table  4.  Irrigation  of  wastewater
improves  the  biochemical  attributes  such  as
flavonoids, antioxidants, and total phenolic of the
crops. Literature reported findings concluded that
total  suspended  solids  in  fruits  increased  when
irrigated  with  wastewater  than  with  well  water
(24). Fruit weight and shelf life remain unaffected
by the irrigation water.

Among  the  cultivars,  mango  resulted  in  the
maximum  fruit  weight  (350.1  g),  while  the
minimum  fruit  weight  was  attained  in  mango
(562.5  g).  The  rate  of  chemical  and  biological
processes is  dependent on the temperature.  The
optimal  temperature  for  fruits  depends  on  the
survival  life  and  good  growth  of  fruits,  whereas
others prefer warmer water. If the temperature of
the water becomes higher than the allowed range
of NEQs and WHO for a longer period, then this
irrigation water becomes harmful to soil and fruits
that  are  growing  by  the  irrigation  of  these
effluents.  Temperature  directly  affects  the
concentration  of  oxygen  in  the  water.  By
increasing  the  temperature  of  effluents,  the
concentration  of  oxygen  decreases.  pH  directly
affects the concentration of oxygen in the water.
By increasing the pH of effluents, the concentration
of oxygen decreases. These effluents, which have
a high pH from the range of MAC are not good for
the growth of fruits and vegetables. 

Table 1: Operating conditions for the analysis of heavy metals using AAS.

Element Cd Cr Cu Pb
Wavelength (nm) 288.8 357.9 324.8 283.3
Burner height (mm) 9 7 7 9

Lamp current (mA) 12 12 8 10

Acetylene flow rate (L/min) 2 1.8 2 1.8

Air flow rate 15 17 17 15
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Table 2: Results of pharmaceutical effluents analysis from the initial point.

Sr No. Parameters 1Mean±SD 2Mean±SD 3Mean±SD 4NEQS 5WHO

1 Temperature (0C) 34±1.44 35 ± 1.42 33±1.45 37 40

2 pH 7.8±0.34 8.2 ± 0.34 8.8±0.34 8.4 6-9

3 DO (mg/L) 0.7±0.04 0.8±0.03 0.6±0.02 NA 5-9

4 COD (mg/L) 279±13.4 281±12.6 292±14.1 150 150

5 BOD (mg/L) 128±5.68 137±5.28 142±5.27 80 50

6 TDS (mg/L) 3140±114.8 3210±114.9 3302±115.2 3500 2000

7 TSS (mg/L) 641±24 560±23 595±23 200 150

8 Na+ (mg/L) 3.92±0.14 4.75±0.15 5.42±0.12 9 9

9 K+ (mg/L) 0.41±0.24 0.49±0.22 0.62±0.31 9 9

10 Ca2+ (mg/L) 0.93±0.31 0.81±0.32 0.46±0.33 9 9

11 CO3
2- (mg/L) 6.9±0.29 7.2±0.31 7.3±0.26 9 9

12 HCO3
- (mg/L) 0.41±0.32 0.39±0.22 0.49±0.38 8.5 8.5

13 Cl- (mg/L) 21.69±0.48 22.42±0.41 22.93±0.39 10 10

14 Mg2+(mg/L) 2.42±0.21 2.39±0.28 3.10±0.30 3 9

15 SO4
2- (mg/L) 560±18.02 662±17.09 570±17.95 500 500

16 SAR (mg/L) 4.36±0.19 4.21±0.22 3.92±0.23 - <6

17 RSC (mg/L) 1.92±1.01 1.31±1.22 1.62±1.08 - <40
1Mean±SD= Mean ± SD (standard deviation) from the upper surface of the water (ES-1). 
2Mean±SD= Mean ± SD (standard deviation) from the center surface of the water (ES-2). 
3Mean±SD= Mean ± SD (standard deviation) from the bottom surface of the water (ES-3). 
4NEQS= National Environmental Quality Standards.
5WHO= World Health Organization

Table 3: Results of pharmaceutical effluents analysis from the initial point to 500 (meters) away.

Sr
No.

Parameters 1Mean±SD 2Mean±SD 3Mean±SD 4NEQS 5WHO

1 Temperature
(0C)

38±1.41 37±1.41 39±1.42 37 40

2 pH 8.1±0.32 8.4±0.32 9.1±0.31 8.4 6-9

3 DO (mg/L) 0.7±0.01 0.9±0.09 0.6±0.07 NA 5-9

4 COD (mg/L) 276±13.2 242±12.3 260±14. 150 150

5 BOD (mg/L) 161±5.64 157±5.21 168±5.21 80 50

6 TDS (mg/L) 2960±114.7 3161±114.1 3202±115.2 3500 2000

7 TSS (mg/L) 494±22 520±21 563±22 200 150

8 Na+ (mg/L) 4.93±0.11 4.41±0.11 5.21±0.17 9 9

9 K+ (mg/L) 0.92±0.22 1.21±0.23 1.31±0.32 9 9

10 Ca2+ (mg/L) 0.88±0.36 0.99±0.36 0.93±0.35 9 9

11 CO3
2- (mg/L) 6.4±0.21 6.9±0.33 7.1±0.22 9 9

12 HCO3
- (mg/L) 0.41±0.33 0.32±0.23 0.64±0.35 8.5 8.5

13 Cl- (mg/L) 22.72±0.42 22.31±0.45 21.92±0.31 10 10

14 Mg2+(mg/L) 2.92±0.22 3.21±0.21 3.42±0.34 3 9
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15 SO4
2- (mg/L) 602±18.01 590±17.00 660±17.96 500 500

16 SAR (mg/L) 4.92±0.13 4.12±0.28 3.99±0.21 - <6

17 RSC (mg/L) 2.01±1.07 2.12±1.27 1.99±1.03 - <40
1Mean±SD = Mean±SD (standard deviation) from the upper surface of the water (ES-4).
2Mean±SD= Mean±SD (standard deviation) from the center surface of the water (ES-5).
3Mean±SD= Mean±SD (standard deviation) from the bottom surface of the water (ES-6). 
4NEQS= National Environmental Quality Standards.
5WHO= World Health Organization. 

Table 4: Results of effluents analysis from the initial point to 1000 meters.
Sr No. Parameters 1Mean±SD 2Mean±SD 3Mean±SD 4NEQS 5WHO

1 Temperature (°C) 39±1.41 38±1.32 41±1.46 37 40

2 pH 8.3±0.37 9.2±0.34 8.3±0.39 8.4 6-9

3 DO (mg/L) 0.8±0.01 0.5±0.04 0.2±0.04 NA 5-9

4 COD (mg/L) 291±13.9 263±12.5 295±14.4 150 150

5 BOD (mg/L) 169±5.62 182±5.22 151±5.21 80 50

6 TDS (mg/L) 3466±114.1 3342 ±114.2 3240 ±115.5 3500 2000

7 TSS (mg/L) 602±22 660±24 720±24 200 150

8 Na+ (mg/L) 4.66±0.12 4.84±0.12 4.66±0.11 9 9

9 K+ (mg/L) 1.10±0.22 2.0±0.21 1.01±0.34 9 9

10 Ca2+ (mg/L) 0.72±0.33 0.32±0.32 0.91±0.33 9 9

11 CO3
2- (mg/L) 7.6±0.22 6.1±0.34 7.1±0.22 9 9

12 HCO3- (mg/L) 0.42±0.31 1.0±0.27 0.39±0.37 8.5 8.5

13 Cl- (mg/L) 22.93±0.38 22.42±0.31 21.90±0.29 10 10

14 Mg2+(mg/L) 3.21±0.28 3.22±0.24 3.93±0.39 3 9

15 SO4
2- (mg/L) 593±18.12 522±17. 595±17.92 500 500

16 SAR (mg/L) 3.98±0.19 4.21±1.2. 4.21±0.23 - <6

17 RSC (mg/L) 1.91±1.01 1.81±0.013 1.21±1.04 - <40

1Mean±SD= Mean±SD (standard deviation) from the upper surface of the water (ES-7).
2Mean±SD= Mean±SD (standard deviation) from the canter surface of the water (ES-8).
3Mean±SD= Mean±SD (standard deviation) from the bottom surface of the water (ES-9). 
4NEQS= National Environmental Quality Standards.
5WHO= World Health Organization.
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Figure 2: Heavy metal concentration (mg/Kg) in the effluent samples collected from nine sites of Sahiwal
and comparison with WHO values.

Water Quality Index of irrigated water
The water quality  index is  not linked to a single
parameter. The physiochemical analysis, as shown
in tables 2-4, helps us to study the water quality
parameters  one  by  one.  However,  the  water
quality index gives us a combined quality index of
all parameters. The irrigation water quality index
(WQI) of all effluent samples ranged from 63.5- to
63.57  which  according  to  WHO can  be used for

irrigation  purposes  as  it  is  non-drinkable  water.
Thus, the irrigation water quality index (IWQI) is
used to assess the quality of irrigation water. The
application of this method is carried out based on
the  criteria  specified  in  FAO  29.  Regional
characteristics were also investigated in this study.
The  advantage  of  IWQI  is  that  it  generalizes
different quality parameters. 

Table 4: Water standards and WQI calculations of effluent sample 1(ES-1 to ES-3), sample 2 (ES-4 to
ES-6), and sample 3 (ES-6 to ES-9).

Sr.
no

Parameters Wn  =  K/Sn
(Sample 1)

Wqn  =  Wn*
qn b

Wn =
K/Sn
(Sample
2)

Wqn = Wn *
qn

Wn = K/Sn
(Sample 3)

Wqn = Wn *
qn

1 pH 0.093875459 8.579347 0.093952 8.626309431 0.093951761 8.626309431

2 DO (mg/L) 0.090514486 0.737525 0.090507 0.737463332 0.090506863 0.737463332

3 COD (mg/L) 0.005430869 0.938937 0.00543 0.938857864 0.005430412 0.938857864

4 BOD (mg/L) 0.016292607 5.278805 0.016291 5.278360279 0.016291235 5.278360279

5 TDS a (mg/L) 0.00081463 0.25316 0.000815 0.253138646 0.000814562 0.253138646

6 TSS (mg/L) 0.005430869 1.903218 0.00543 1.90305765 0.005430412 1.90305765

7 Na+ (mg/L) 0.090514486 4.877725 0.090507 4.87731431 0.090506863 4.87731431

8 K+ (mg/L) 0.090514486 1.153222 0.090507 1.153124483 0.090506863 1.153124483

9 Ca2+ (mg/L) 0.090514486 0.938669 0.090507 0.938589695 0.090506863 0.938589695

10 CO3
2- (mg/L) 0.090514486 6.838872 0.090507 6.838296353 0.090506863 6.838296353

11 HCO3
- (mg/L) 0.095838867 0.514899 0.095831 0.514855653 0.095830797 0.514855653
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12 Cl- (mg/L) 0.081463037 18.17983 0.081456 18.17830353 0.081456177 18.17830353

13 Mg2+(mg/L) 0.090514486 3.201531 0.090507 3.201261283 0.090506863 3.201261283

14 SO4
2- (mg/L) 0.001629261 0.201159 0.001629 0.201142453 0.001629124 0.201142453

15 SAR (mg/L) 0.135771728 9.828365 0.13576 9.827536927 0.135760295 9.827536927

16 RSC (mg/L) 0.020365759 0.103865 0.020364 0.103856626 0.020364044 0.103856626

Total ƩWn = 1 ƩWqn  =
63.52913284

ƩWn= 1 ƩWqn=
63.57147

ƩWn= 1 ƩWqn  =
63.57146852

a total dissolved solid                      b quality rating values
       
 Values for quality rating were calculated by using the formula:

qni=[ (V actual– V ideal)
(V standard– V ideal)]×100

Vactual = value of parameter of sample
Videal = value of parameter ideally
Vstandard = value of parameter as standard

Water quality index WQI (Sample 1) =  
ΣW nqn

ΣW
= 63.5291 / 1
= 63.5291

WQI (Sample 2) = 
ΣW nqn

ΣW
              = 63.57147/ 1
              = 63.57147

WQI (Sample 2) = 
ΣW nqn

ΣW
              = 64.50654/ 1
              = 64.50654

Heavy metals in soil layers and fruits
The soil sample taken from the areas which were
irrigated  with  pharmaceutical  water  was
investigated  and  found  to  have  varying
concentrations of heavy metal content (Cu, Cd, Cr,
and Pb),  which is  shown in  table  6.  The results
showed noticeable differences in the concentration
of  each  sample,  which  was  later  analyzed  by
comparing them with the neutral soil sample as a
reference  and  found  to  have  the  higher  heavy
metal concentration due to the variant pH values
and  the  concentration  of  organic  matter.  We
employed  statistical  analysis  to  check  for
significant differences in the values of the different
samples. Table 5 indicated the statistical analysis
of soil samples from different sites, which showed
that  the  data  for  SOR-1  and  SOR-3  is  highly
skewed.  The  present  study  indicates  that  the
pharmaceutical  irrigated  soil  has  a  higher
concentration of cadmium (mg/kg) when compared
with  the  WHO value,  which  is  shown  in  Fig.  2.
However, the present study results are compared

with  those  of  Anjum  et.al.,  who  analyzed  the
different areas of  Sahiwal,  and noted that  nickel
accumulation  in  soil  was  non-significant.  Heavy
metal  accumulation  varied  significantly  between
soil layers. The copper concentration was found to
be highest in the 1st soil layer, labeled as SOR-1.
As we predicted, the concentration of heavy metals
in soil should gradually decrease from the top layer
to the bottom layer irrigated with pharmaceutical
wastewater.  However,  the  scenario  was  a  bit
different  and  the  copper  content  significantly
increased down the layer. The main reason behind
this is that the heavy metals sometimes leach from
the top layer of the soil to the bottom resulting in
increased concentration of copper and also variable
conditions  such as  pH of  the  soil,  contaminants,
and composition of the soil. Cd, Cr, and Pb. Zinc
was not detected in the soil sample. Therefore, it
has  not  been  discussed  in  these  sections.  The
purpose  of  studying  soil  irrigated  with
pharmaceutical wastewater is to see the effect of
heavy metals’ accumulation in the soil on the fruit.
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Figure 3: Heavy metal contents (mg/kg) in soil layers irrigated with pharmaceutical effluent.

Table 5: Statistical analysis of metal content mg/kg in the soil; standard deviation, variance, skewness,
and kurtosis.

Descriptive Statistics

N Range Mean Std.
Deviation

Variance Skewness Kurtosis

Statistic Statistic Statistic Std. Error Statistic Statistic Statistic Std. Error Statistic Std. Error

SOR-1* 4 25 12.58 5.813 11.626 135.163 1.404 1.014 1.480 2.619

SOR-2** 4 29 17.63 6.601 13.202 174.283 .480 1.014 -2.393 2.619

SOR-3***4 30 16.80 7.153 14.305 204.633 1.166 1.014 .297 2.619

Valid  N
(list wise)

4

*SOR-1 = Soil Samples from the upper surface, which is irrigated by pharmaceutical effluents.
**SOR-2 =Soil Sample from the upper surface at 5 cm depth, which was irrigated by pharmaceutical
effluents.
***SOR-3  =Soil  Sample  from the  upper  surface  10  cm depth,  which  is  irrigated  by  pharmaceutical
effluents

Table 6: Detection of heavy metals (Cu, Pb, Cr and Cd) in various sources of irrigation water and its
effects on heavy metal accumulation on soils and fruits.

Effluent sample Cd Cr Cu Pb

(mg/kg) (mg/kg) (mg/kg) (mg/kg)

ES-1 0.9 1.9 1.4 6.8

ES-2 1.2 1.7 1.6 6.7

ES-3 1.1 1.4 1.2 7.1

ES-4 1.4 1.9 1.8 6.6
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ES-5 1.2 2 1.9 6.9

ES-6 1 1.8 2 6.4

ES-7 1.2 1.9 1.9 6.9

ES-8 1.6 1.8 1.8 7.1

ES-9 1.4 2.2 1.9 7.1

SOR-1 4.8 3.9 29 12.6

SOR-2 9.2 4.8 33.8 22.7

SOR-3 6.1 6.2 36.4 18.5

Banana 0 1.203 0 0.231

Mango 0.005 0.891 0.005 0.189

Mulberry 0.002 0.769 0.002 1.248

Table 7: ANOVA analysis of effluents, soil, and fruits.

Sum of Squares df Mean Square F

Between Groups 965.167 36 26.810 3.983

Within Groups      154.833     23 6.732

Total      1120.00     59

The value of F obtained (F= 3.98) experimentally
is  higher  than  the  theoretical  value,  so  the  null
hypothesis  prediction  is  dismissed,  which  means
that  the  value  of  F  is  a  statistically  significant
value,  and  therefore,  the  null  hypothesis  is
rejected,  which  means  there  is  a  difference
between the average value of the soil, fruits, and
effluent sample group. 

CONCLUSION

Pharmaceutical irrigation water affects the quality
attributes  of  mango,  banana,  and  mulberry.
Farmers are attracted to sewage water irrigation
as it increases organic matter, but in comparison
to  canal  water,  it  contaminates  the  soil,  leaves,
and fruits with heavy metals. The physiochemical
attributes  and  water  quality  index  show  that
irrigation  water  is  safe,  but  still,  the  risk  of
contamination  can  be  reduced  by  educating  the
farmers  to  use  canal  water  or  treated  sewage
water by using efficient and low-cost adsorbents.
The current study gives an overview of how heavy
metals  accumulate  in  the  fruit  through irrigation
water, which has an adverse effect on the living
standards of human health. This research article is
based on the hazardous element contamination in
different  fruits  observed  in  Sahiwal,  Pakistan,
along with the wastewater-irrigated soil. Literature
articles focused on either effluent or fruit samples,
but  this  article  targeted  the  heavy  metal

accumulation  in  wastewater,  soil,  and  irrigated
orchards.  Bioaccumulation  variables,
physicochemical  factors,  possible  dangers,  and
enrichment factors were evaluated by comparing
them to the identified hazardous materials. 
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A Novel Potentiometric Sensor for the Determination of Pb(II) Ions
Based on a Carbothioamide Derivative in PVC Matrix 
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Zonguldak Bülent Ecevit University, Science and Technology, Application and Research Center,
Zonguldak, 67600, Turkey

Abstract:  In  this  research,  a  carbotioamide  derivative  molecule  was  synthesized  to  be  used  as  an
electroactive material, and poly (vinyl chloride) (PVC) membrane lead(II)–selective potentiometric sensors
with  different  components  were  prepared.  Among  various  compositions,  the  best  potentiometric
performance was exhibited by the membrane having the electroactive material, bis(2–ethylhexyl)sebacate
(BEHS), PVC, and potassium tetrakis(p–chlorophenyl)borate (KTpClPB) in the ratio of 4.0:63.0:32.0:1.0
(w/w).  The proposed  sensor  exhibited  a  Nernstian  response in  the  concentration  range of  1.0×10 -5–
1.0×10-1 mol L-1 with a slope of 29.5±1.6 mV/decade. The detection limit of the sensor was 3.96×10 -6 mol
L-1. The potentiometric response of the lead(II)–selective sensor was independent of pH of test solution in
the pH range of 5.0–9.0. The developed sensor had very good repeatability, stability, and selectivity, as
well as a response time of 5s. These novel lead(II)–selective sensors, produced cost–efficiently, have been
successfully used as an indicator electrode for the potentiometric titration of Pb(II) against EDTA and for
the determination of Pb(II) ions in different water samples.
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INTRODUCTION

The determination of  heavy metal  ions  in  various
environmental samples has become very important
due  to  the  increasing  interest  in  monitoring
environmental pollution (1). Lead, one of the toxic
heavy metal ions, can be found in various sources
such as industrial emissions, car exhaust, drinking
water, soil, contaminated food and beverages (2).
These  and  similar  sources  can  lead  to  an
accumulation  of  lead  in  the  body,  and  excessive
lead  can  cause certain  health  problems,  including
those  in  synthesis  of  hemoglobin,  in  digestive,
reproductive,  and  nervous  systems,  joints,  and
kidneys  (3).  Therefore,  it  is  highly  important  to
determine  its  concentration  in  various

environmental  and  biological  samples.  Lead
concentration  is  commonly  determined  using
various  analytical  methods  such  as  inductively
coupled  plasma  mass  spectroscopy  (ICP–MS)  (4),
liquid  chromatography  (5),  and  atomic  absorption
spectrometry  (AAS)  (6).  However,  these  methods
are expensive, involve complex procedures, require
experienced  personnel,  are  time  consuming  and
often require pre–treatment. 

The ion–selective electrodes (ISEs) developed using
the  potentiometry  technique  have  very  important
advantages,  such  as  the  ease  of  preparation  and
use,  short  response  time,  low  cost,  wide  linear
concentration  range,  high  selectivity,  and  low
detection limit (7–10). These electrodes are widely
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used in  areas  such as  environmental,  food,  drug,
clinical, and industrial analyses (11, 12). 
The molecular structure of ionophores, which are in
the  composition  of  ion–selective  electrodes  and
interact directly with the analyte, is very important
in the design of potentiometric sensors. Ionophores,
which  contain  various  functional  groups  in  their
structure,  are  important  components  due  to  their
interaction  with  ions.  The  use  of  non–commercial
ionophores  is  an important  factor  that  makes the
sensors produced very cost–effective. In this study,
a  carbothioamide  derivative  molecule  was
synthesized,  and  lead(II)–selective  sensors  were
prepared.  The  potentiometric  performance
characteristics  and  applications  of  these  sensors
were investigated.

EXPERIMENTAL 

Reagents and chemicals
All reagents used in the ionophore synthesis were
obtained from Sigma Aldrich. All reagents used were
of  analytical  grade.  High  molecular  weight  PVC,
BEHS,  KTpClPB,  bis(2–ethylhexyl)adipate  (DEHA),
o–nitrophenyloctyl ether (o–NPOE), tetrahydrofuran
(THF), graphite and ethylenediaminetetraacetic acid
(EDTA) were purchased from Sigma Aldrich. Sodium
hydroxide (NaOH) and nitric  acid (HNO3)  used for
pH adjustment were obtained from Merck.  Nitrate
salts of the cations used in selectivity studies were
obtained  from  Sigma  Aldrich  and  Merck.  Epoxy
(Macroplast  Su  2227)  and  hardener  (Desmodur
RFE) were obtained from Henkel (Istanbul, Turkey)
and Bayer AG (Darmstadt, Germany), respectively.  

Apparatus
Potentiometric  measurement  were  obtained  by
using  a  computer–controlled  multichannel
potentiometric  system  (Medisen  Medical  Ltd.  Sti.,
Turkey).  In  this  system,  a  laboratory–made
software  was  used.  Ag/AgCl  electrode  used  as
reference  electrode  was  purchased  from Thermo–
Orion. 1H– and 13C– NMR spectra were recorded on
a  Bruker  Advance  DPX–400  instrument.  Melting
points were measured on an Electrothermal 9100.

Method
Synthesis  of  (E)-2-((1H-pyrrol-2-yl)methylene)
hydrazinecarbothioamide
(E)-2-((1H-pyrrol-2-yl)methylene)hydrazine  carbo-
thioamide was synthesized as previously reported in
the literature  (13).  The 1H-pyrrole-2-carbaldehyde
(1)  (1 mmol) was dissolved in warm ethanol  (15
mL). Thiosemicarbazide (2) (1 mmol) was dissolved
in  warm  water  (15  mL)  and  then  added  to  this
solution. Five drops of acetic acid were subsequently
added  to  the  mixture.  The  reaction  was  stirred
magnetically  for  4  hours  at  room conditions.  The
precipitate formed at the end of the reaction was
filtered  off.  After  washing  with  ethanol  several

times, (E)-2-((1H-pyrrol-2-yl)methylene) hydrazine-
carbothioamide (3) was synthesized (Figure 1).

Figure 1: Synthesis schema of ionophore (3).

Preparation  of  PVC  membrane  lead(II)–selective
sensors
Lead(II)–selective PVC membrane sensors based on
the synthesized carbothioamide derivative molecule
(ionophore)  were  prepared  by  the  method  we
previously  reported  (14–17).  First,  all  solid  state
contact consisting of graphite, epoxy and hardener
was  taken  at  50%  (w/w),  35%  (w/w)  and  15%
(w/w) ratios, respectively, and completely dissolved
in approximately 3 mL of THF. After obtaining the
appropriate viscosity, the ends of the copper wires
were  coated  by  dipping  them  into  this  mixture
several times, and were kept in the dark at room
temperature  for  about  24  hours.  Then,  different
ratios  of  ionophore,  plasticizer,  PVC  and  KTpClPB
were dissolved in THF and mixed homogeneously.
Finally, the surface of the conductive solid contact
was  covered  with  PVC  membrane  by  dipping  it
several times into the prepared membrane mixture.
The coated electrodes were left to dry in the dark at
room temperature. The prepared sensors and their
potentiometric properties are given in Table 1. 

Potential measurements
Potentials  were  measured  using  an  Ag/AgCl
reference  electrode.  All  potential  studies  were
carried out at 25 ± 1.0 °C temperature by using the
following cell assembly: 
Ag/AgCl;  KCl  (saturated)  ║Pb2+ sample
solution│lead(II)–selective sensor │conductive solid
contact│Cu wire
The  schema  of  the  potentiometric  measurement
system is given in Figure 2.

Figure 2: Potentiometric measurement system.
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RESULTS AND DISCUSSION 

The synthesis of the ionophore used in this study
was carried out in the laboratory. The synthesized
molecule was characterized by  1H– and  13C– NMR
(Figures 3 and 4). After the molecular structure was
verified,  PVC  membrane  sensors  were  prepared
directly,  and  potentiometric  measurements  were
taken. 

(E)-2-((1H-pyrrol-2-yl)methylene)hydrazine-
carbothioamide: Yellow solid. Yield 93%. M.p. 158–
160 °C.1H NMR (400 MHz,  δ,  ppm, DMSO-d6):  δ
11.36 (s, 1H), 11.26 (s, 1H), 8.05 (s, 1H), 7.95 (s,
1H), 7.83 (s, 1H), 6.98 (s, 1H), 6.40 (s, 1H), 6.11–
6.09 (m, 1H);  13C NMR (101 MHz, δ, ppm, DMSO–
d6):  177.74,  134.17,  128.09,  122.23,  113.28,
109.66. The peaks of the protons in the structure
are shown in Figure 3.

Figure 3: 1H NMR of the synthesized carbothioamide derivative molecule.

Figure 4: 13C NMR of the synthesized carbothioamide derivative molecule.
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Membrane components and their ratios are the most
important factors that determine the potentiometric
performance. In this study, PVC membranes with six
different  compositions  were  prepared  using  three
different  plasticizers  (BEHS,  DEHA,  o–NPOE),  and
their potentiometric performance properties such as
linear operating range, limit of detection, and slope
were evaluated. The prepared membranes and their
potentiometric  properties are given in Table 1. As
can be seen, sensor no 2 has the lowest detection
limit (3.96×10-6 mol L-1) over a wide linear working
range. In addition, this sensor exhibited the most
ideal Nernstian behavior in the concentration range
of  1.0×10-1 –  1.0×10-5  mol  L-1.  While  the  sensor
prepared  with o–NPOE does not  exhibit  Nernstian
behavior, the sensors prepared with DEHA have a
lower R2 value. Therefore, sensor no 2 exhibited the
best potentiometric performance, and sensors with

these components were used in the later stages of
the study.

In  this  study,  the  potentiometric  behavior  of  the
proposed  novel  lead(II)–selective  sensor  aganist
lead(II)  ions  was  investigated  in  a  concentration
range of 1.0×10-1 – 1.0×10-7 mol L-1. In this range,
the  sensor  exhibited  linear  behavior  in  the
concentration range of 1.0×10-1 – 1.0×10-5 mol L-1.
The  potentiometric  behavior  of  the  developed
sensor is given in Figure 5. The detection limit was
calculated by substituting the potential value (916.0
mV) corresponding to the intersection point of the
extrapolations  of  the  two  linear  regions  on  the
calibration curve (Figure 6) in the linear equation (E
=  –29.487  (–log[Pb2+])  +  1075.3).  Thus,  the
detection  limit  of  the  sensor  was  calculated  as
3.96×10-6 mol L-1. 

Table 1: The prepared PVC membrane components and its potentiometric characteristics.

No

Composition (% w/w)
Linear working concen-

tration 
(mol L-1)

Limit of de-
tection

(mol L-1)

Slope (mV
dec-1)

Io
n
o
p
h
o
re

PV
C

K
T
p
C
lP

B

B
E
H

S

D
E
H

A

o
–
N

PO
E

R
2

1 3.0 30.0 1.0 66.0 0.9767 1.0×10-1 –  1.0×10-5 5.2×10−6 20.5±3.7

2 4.0 32.0 1.0 63.0 0.9949 1.0×10-1 –  1.0×10-5 3.9×10−6 29.5±1.6

3 5.0 30.0 1.0 64.0 0.9624 1.0×10-2 –  1.0×10-5 7.9×10−6 23.6±2.5

4 4.0 32.0 1.0 63.0 0.9901 1.0×10-1 –  1.0×10-5 7.8×10−6 27.5±2.2

5 5.0 32.0 1.0 62.0 0.9816 1.0×10-1 –  1.0×10-5 1.3×10−5 31.5±3.0
6 4.0 32.0 1.0 63.0 0.9912 1.0×10-2 –  1.0×10-5 9.1×10−6 14.5±1.2

The  response  time  of  the  developed  lead(II)–
selective sensor was determined according to IUPAC
recommendations (18). The time it takes the sensor
to reach equilibrium at each 10–fold concentration
change was examined. The developed sensor has a
very fast response time of 5 seconds. 

The  repeatability  study  was  performed  with
repeated  measurements  in  three  different

concentration  ranges  (1.0×10-2,  1.0×10-3  and
1.0×10-4  mol  L-1).  The  repeatability  of  the
measurements can also give information about the
stability of the sensor. The return of signals for the
1.0×10-3  mol  L-1 is  more  unstable  than  for  the
1.0×10-2  mol L-1 and 1.0×10-4  mol L-1. This may be
due  to  the  late  arrival  of  the  electrode  to
equilibrium.  The  experimental  measurements  in
Figure 7 and Table 2 clearly show that the proposed
sensor gives reproducible results. 
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Figure 5: Potentiometric behavior of the developed lead(II)–selective sensor.

Figure 6: Calibration curve of the developed lead(II)–selective sensor.
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Figure 7: Repeatability of the developed lead(II)–selective sensor.

Table 2: The repeatability data of the lead(II)–selective sensor.

Pb(II) solution
(mol L-1)

Potential (mV)
I II III IV Average (± SD)

1.0×10-2 1053 1050 1047 1048 1049.5 (± 2.3)

1.0×10-3 1021 1020 1019 1016 1019.0 (± 1.8)

1.0×10-4 988 992 990 987 989.3 (± 1.92)

The  selectivity  of  an  ion–selective  sensor  is  its
specific  behavior  towards  the  main  ion  in  the
presence of  different  ionic  species.  The selectivity
study of  the  sensor  with  optimum properties  was
performed using different cationic species. With the
developed  lead(II)–selective  sensor,  the
potentiometric  behavior  of  ions  with  different
charges was investigated in the concentration range

of 1.0×10-1 – 1.0×10-5 mol L-1. Obtained test results
are given in Figure 8. As can be seen here, there is
a selectivity towards lead ions. On the other hand,
the selectivity coefficients were determined by the
separate  solution  method as  suggested  by  IUPAC
(19) and are given in Table 3. The values in Table 3
were  calculated  using  the  potential  values  of  the
ions at 1.0×10-1 mol L-1.

Table 3: The calculated potentiometric selectivity coefficients of the lead(II)–selective sensor.

Interfering
ions

Selectivity coefficient
Interfering

ions

Selectivity coefficient

log KPb(2+), M(n+)
pot KPb(2+), M(n+)

pot log KPb(2+), M(n+)
pot KPb(2+), M(n+)

pot

Cu2+

Cr3+

Al3+

Cd2+

Na+

–1.515
–1.787
–2.598
–2.936
–2.968

3.05×10-2

1.63×10-2

2.52×10-3

1.16×10-3

1.08×10-3

Li+

Ni2+

Zn2+

Ca2+

K+

–3.644
–4.999
–5.438
–6.351
–6.620

2.27×10-4

1.00×10-5

3.65×10-6

4.46×10-7

2.40×10-7
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Figure 8: Potentiometric selectivity of the developed lead(II)–selective sensor.

When Table 3 is evaluated, it can be seen that Cu2+

has the highest selectivity coefficient. However, the
developed sensor is approximately 100 times more
selective for Pb2+ ions compared to Cu2+ ions.

The pH effect of the sensor was investigated at two
concentrations of Pb2+ (1.0×10-2 and 1.0×10-3 mol
L-1). For this purpose, the solutions used in the pH
working  range  of  the  sensor  were  prepared  with
HNO3 for the pH range of 2.0–7.0, and NaOH for the
pH range of 8.0–12.0. 1.0×10-2 mol L-1 Pb2+ solution

was  added  to  these  solutions,  and  direct
potentiometric  measurements  were  taken.  The
potentiometric  measurement  results  are  shown in
Figure  9.  As  can  be  seen  in  this  figure,  the
developed sensor works independently of the pH of
the test solution in the pH range of 5.0–9.0 at both
concentrations.  The high potential observed at low
pH  values  (<  5.0)  shows  that  the  sensor  can
respond to hydrogen ions, while  the low potential
observed at high pH (>9.0) values may be due to
the formation of Pb(OH)2 in the solution.
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Figure 9: The effect of pH on the developed lead(II)–selective sensor.

Analytical  applications  of  the  sensor,  whose
potentiometric  performance  features  were
successfully  completed,  were  carried  out.  The
usability of the developed lead(II)–selective sensor
as an indicator electrode by potentiometric titration
was investigated. For this purpose, 1.0×10-2 mol L-1

EDTA solution was added to 10 mL of 1.0×10-3 mol
L-1 Pb2+ solution  and  the  potential  obtained  after

each addition was recorded. A total  of  2.0 mL of
EDTA was added and, the titration end point was
determined as 1.2.  The potential  (E)–added EDTA
(mL)  graph  in  Figure  10  was  drawn  with  the
obtained  data.  As  a  result,  it  is  clear  that  the
developed  sensor  can  be  used  as  an  indicator
electrode. 

Figure 10: Potentiometric titration curve of Pb2+ ion with EDTA.

The  standard  addition  method  was  used  for  the
applications  of  the  developed  sensor  in  real
samples.  Herein,  known  concentrations  of  Pb(II)
were added to different water samples. Then, direct
potentiometric measurements were carried out with

the  developed  sensor.  The  potential  values  thus
obtained  were  substituted  in  the  linear  equation
obtained from the calibration curve. Finally, the Pb2+

concentrations in the solution were determined by
the  sensor.  The  data  of  the  measurements
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performed in triplicate are given in Table 4, which shows  that  the  developed  sensor  can  be  used
successfully for lead determination in real samples.

Table 4: Analysis of Pb(II) in different water samples by use of the proposed sensor.

Real Sample
Pb(II) quantity, (mol L-1)

Added Pb(II)
Mean (± SD) found with

sensor (average=3)*
%

Recovery
Purification drinking water 1.00×10-2 9.71(± 0.15)×10-3 97.1

Tap water (Zonguldak, Turkey) 1.00×10-3 9.60(± 0.21)×10-4 96.0
Commercial drinking water 1.00×10-4 9.56(± 0.19)×10-5 95.6

Comparison  of  the  developed  sensor  with  other
potentiometric lead(II)–selective sensors is given in
Table 5.  When compared to  other  potentiometry–
based  sensors  in  the  literature,  the  developed
lead(II)–selective  sensor  has  a  relatively  better

linear concentration range, pH working range, and
low  detection  limit.  This  developed  sensor  has  a
faster response time than existing lead(II)–selective
sensors.

Table 5: The comparison of the proposed sensor with other lead(II)-selective sensors.

Ionophore
concentration

range
(mol L-1)

limit of
detection
(mol L-1)

pH working
range

response
time (s)

Slope 
(mV dec-1) Ref.

acridono-crown
ether

1.0×10-4 –
8.0×10-2 7.9×10-6 4.0–7.0 5 26.9 (20)

1,4,8,11-tetrathia
cyclotetradecane

1.0×10-5 –
1.0×10-2 2.2×10-6 3.0–6.5 15 29.9 (21)

PbS nanoparticles
1.0×10-5 –
1.0×10-2 Not reported 3.0–7.0 10 Not reported (22)

amide-linked diporphyrin
xanthene

2.6×10-6 –
1.0×10-1 Not reported 4.5–7.5 <30 28.2 (23)

poly(m-phenylene diamine)
microparticles

3.16×10-6 –
3.16×10-1 6.31×10-6 3.0–5.0 14 29.8 (24)

Schiff base complex [Co(L)2]
(ClO4)·(C3H6O)·(H2O)

1.0×10-5 –
1.0×10-2 4.6×10-6 4.0–13.0 10 23.9 (25)

(E)-2-((1H-pyrrol-2-
yl)methylene)hydrazinecarbo

thioamide

1.0×10-5 –
1.0×10-1 3.96×10-6 5.0–9.0 5 29.5±1.6

This
work

CONCLUSION 

In  this  study,  the  usability  of  a  carbothioamide
derivative  molecule  as  an  ionophore  was
investigated.  Using the synthesized molecule,  PVC
membrane sensors were prepared at different rates,
and high selectivity against Pb2+ ions was obtained.
The  new lead(II)–selective  sensors,  which  can  be
produced  very  economically,  have  Nernstian
behavior  over  a  wide  concentration  range.  The
developed  sensor  has  a  very  fast  response  time
compared to other potentiometric lead(II)–selective
sensors  in  the  literature.  Besides  having  a  fast
response time, this developed sensor can operate in
a  wide  pH  range  without  being  affected  by  the
changes  in  pH.  The  sensor,  which  performs  very
well  in  analytical  applications,  could  be  a  new
alternative for the determination of lead(II) ions in
various  samples  considering  the  advantages  it
provides.
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Abstract: This review covers a summary of analytical applications of hydrazone derivatives in a systematic
manner (1961-2021), which will help researchers in the design and development of hydrazone derivatives
as potential candidates in medicinal, pharmaceutical, catalytic, and analytical chemistry, especially in the
separation, identification, and detection of several metal ions, anions, organic molecules, and water in
various real and synthetic  samples. In addition to these,  hydrazone derivatives may be used as light
emitting  diodes,  for  synthesis  of  dye-sensitized  solar  cells  (DSSC),  nanoparticles  and  polymers,  as
corrosion inhibitors, as dyes, etc. This review does not include all papers in this field, but it does synthesize
all significant works on the subject. 
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INTRODUCTION

Hydrazones are a class of azomethine with a -C=N-
N- linkage,  prepared by the reaction of  hydrazide
and  aldehydes  or  ketones  (1).  In  hydrazones,
azomethine  group  gained  much  importance  as
compared  to  other  organic  compounds  because
carbon has both electrophilic and nucleophilic nature
while both nitrogen atoms are in nucleophilic nature
(2,3).  All  the hydrazone derivatives exist in  keto-
enol tautomerism via intermolecular proton transfer
(4)  and  cis-trans  form  depends  on  azomethine
bond,  solvent,  pH,  and  concentration.  Hydrazone
derivatives are considered as both proton donor and
proton  acceptor  species  and  show  intermolecular
and  intermolecular  hydrogen  bonding  (5).  This
unique  characteristic  of  hydrazone  derivatives
makes a them very important class of compounds.

In  the  past  few  decades,  hydrazone  and  their
derivatives  possessed  many biological  applications
(6) (Figure 1,2) like antifungal ((E)-N'-[(5-Methyl-7-

nitrobenzofuran-2-yl)methylene]-benzo-hydrazide,
1) (7), antibacterial (2,3,4 pentanetrione-3-[4-[[(5-
nitro-2-furyl)methylene]-hydrazino]-
carbonyl]phenyl]-hydrazone,  2)  (8),  intestinal
antiseptic  (4-hydroxybenzoic  acid[(5-nitro-2-furyl)-
methylene]-hydrazide,  3)  (9),  anticonvulsant  (N'-
(4-chloro-benzylidene)-nicotinohydrazide,  4)  (10),
analgesic  (Decanoic  acid  (4-methoxy
benzylidene)hydrazide,  5) (11),  anti-cancer  (1H-
pyrazole-5-carbohydrazide hydrazone, 6) (12), anti-
inflammatory  (Salicylaldehyde-2-(4-isobutyl-
phenyl)-propionyl hydrazone,  7) (13), anti-platelet
(Indole-3-carboxaldehyde  4-methoxyphenyl-
hydrazone,  8)  (14),  anti-viral  (N'-benzylidene-2-
((4,4-dimethyl-6-oxocyclohex-1-en-1-yl)-
amino)acetohydrazide, 9) (15), anti-proliferative (2-
(2-(2,4,6-trioxotetrahydro-pyrimidin-5(2H)-ylidene)
hydrazinyl) benzoic acid, 10) (16), anti-malarial (4-
((2-(benzo[d]thiazol-2-yl)hydrazineylidene)-
methyl)benzene-1,2-diol,  11)  (17),  and  anti-
tuberculosis  (N-isopropylisonicotino-hydrazide,  12)
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(18), they were also used as organic, inorganic, and analytical reagents.
 

Figure 1: Some biologically important hydrazone derivatives

Figure 2: Biologically active hydrazone derivatives

Hydrazones are also used as plant growth regulators
(2-((2-(benzo[d]oxazol-2-yl)-2-methyl-
hydrazineylidene)methyl)benzoic  acid,  13)  (19),
insecticides (podophyllotoxin-based hydrazone,  14)
(20),   pesticides  (substituted  nalidixic  acid  based
hydrazones,  15)  (21),  corrosion  inhibitors
(ethylacetoacetate-[N-(3-hydroxy-2-naphthoyl)]

hydrazone,  16)  (22)  etc.  They  are  important  an
class  of  compounds  for  the  synthesis  of  other
heterocyclic  compounds  like  Coumarin,  Pyridine,
Thiazole and Thiophene Derivatives (2-cyano-N'-(1-
(pyridin-3-yl)ethyl-idene)acetohydrazide  (17)  (23),
and  polymer  initiators  (acetophenone  t-
butylhydrazone, (18) (24).
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Figure 3: Hydrazone derivatives as polymer initials, corrosion inhibitor, pesticidal, insecticidal

ANALYTICAL APPLICATIONS

Hydrazone  is  very  important  class  of  analytical
reagents used for the spectroscopic determination of
different  metal  ions  in  food,  environmental,
pharmaceutical,  and biological  samples.  These are
also used for organic compounds’ determination like
glucose,  carbonyl  compounds,  estrogen,  etc.  in
blood,  urine,  cell  culture,  and  pharmaceutical
samples.  Hydrazone  derivatives  are  also  used  as
corrosion  inhibitors  for  nickel,  copper,  and  many
others in acidic and basic media. They are widely
used  for  dyeing  purposes  for  cotton,  nylon,  etc.,
chemosensors,  polymer  initiators,  sensitizers,  pH
sensors for detection of microbes, and waste water
treatment. 

Spectrophotometric Agents
Hydrazone derivatives are not only extensively used
for the detection of metal ions in water, alloys, soil
and pharmacological samples but are also used for
determination  of  anions  like  cyanide  ion,  fluoride
ions, etc. via spectrophometric method. Hydrazone
containing  different  heteroatom  like  S,  O,  N  or
presence of -OH, -C=O, -N-H, -COOH groups form
stable  compounds  with  metal  ions  and  anions  as
compared  to  others.  Hydrazone  derivatives  form
soluble  metal  complexes when worked on in  very
small amounts and are capable of detecting metal
ions in micro or nanograms. 

Figure 4: Hydrazone derivatives for
spectrophotometric determination of metals.

Spectrophotometric determination of Cu (II) and Ni
(II) in pharmaceutical samples was performed by 7-
Hydroxy-8-aceto-coumarin  hydrazone  (19) at  pH
4.5  and  5.5,  respectively  (25). 2-acetylfuran
benzoyl-hydrazone  (20) was  prepared  by  Saleem
Basha in 2017 and used for spectrophotometric Cu
(II) determination in liver cells, vegetable oil, soil,
cauliflower, and water samples as a greenish yellow
colored  complex  at  pH  6.5  with  a  detection  limit
ranging  between  1.02  and  10.2  μg/mL (26,  see
Figure 4).

All  the  hydrazone  derivatives  that  were  used  as
spectrophotometric  agents  and  the  established
conditions like color of complex, pH range, λmax and
detection limit in ppm are presented in Table 1. In
this  table,  hydrazone  reagents  used  for  the
detection  of  metals  or  anions  via  spectroscopic
methods  from  the  period  of  1971  to  2021  were
described.
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Table 1: Important Hydrazone derivatives worked as Spectrophotometric Agents.

Spectrophotometric
reagent

Sample Metal-
contain
ing
entity

pH Color  of
complex

Detection
range
(ppm)

λmax

(nm)
Ref

3,5-Dimethoxy-4-
hydroxybenzaldehyde
isonicotinoyl-hydrazone

Alloy Ni(II) 8.5-
9.5

Yellow 386 (27)

Alloy
samples,
hydrogenat
ion catalyst
samples
and  real
water
samples

Pd(II) 5.5 Bright
yellow 

0.1064-
2.1284

382 (28)

Monazite
sand

Th(IV) 3.0 Yellow 0.580-5.80 390 (29)

Synthetic
mixtures,
certified
reference
materials,
water
samples
and
pharmaceu
tical
samples

Au(III) 4.0 Orange 0.197-1.97 386 (30)

Beer, wine,
vegetables
and milk

Cu(II) 8.0-
9.5

Bright
yellow

0.317-3.17 494 (31)

Diacetylmonoxime-4-
hydroxybenzoyl-
hydrazone

Synthetic
alloy

Pb(II) 10.0 Bright
yellow 

0.414-
10.360

440 (32)

2-pyridinecarb-aldehyde
2-(5-nitro)pyridyl-
hydrazone

Steel Ni(II) 6.0 Red 0.05 475  &
507

(33)

---- Fe(III) 7.0 Yellow 0.20–1.45 420 (34)
2,4-dihydroxy-
benzaldehyde
isonicotinoyl hydrazone

Alloy
sample,
zirconium
sand  and
micro
granite
rock
sample

Zr(IV) 1.5 Golden
yellow

0.4-4.0 410 (35)

Alloys  and
steel
samples

Ti(IV) 1.0-
7.0

Reddish
brown

0.09- 2.15 430 (36)

Synthetic
samples
and ores

Os
(VIII) 

5.0 yellow 0.95- 11.41 393 (37)

Water  and
pharmaceu
tical
samples

Zn(II) 6.0-
8.0

greenish
yellow 

0.06- 1.6 390 (38)

Monazite
sand

Th(IV) 2.0-
8.0

yellowish
orange

0.3- 7.0 415 (39)

Portable
water
samples

Fe(II) 7.0 Yellow 0.1-1.5 395 (40)
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Spectrophotometric
reagent

Sample Metal-
contain
ing
entity

pH Color  of
complex

Detection
range
(ppm)

λmax

(nm)
Ref

Steel
samples
& in alloys

Ti(IV) 1.5 Red 0.36-3.8 560 (41)
Mo(VI) 1.5 Golden

yellow
0.3- 6.0 445

Silicate and
carbonate
minerals

Al(III) 5.5 Yellow 0.03-0.40 395 (42)

o-hydroxybenz-aldehyde
isonicotinoyl hydrazone

--- Ga(III)
6.2

Yellow 0.2-1.6 390
(43)--- In(III) Yellow 0.3-2.5 380

--- Co(II),
Zn(II),
Mn(II),
Ni(II) 
Cd(II)

8.4 Yellow --- 390-
420

(44)

3,4-dihydroxybenz-
aldehyde  isonicotinoyl
hydrazone

Water V(V)
5.5

Yellow 0.5-5.3 400
(45)Cr(IV) 0.7-7.7 360

Ti(IV) 3.5 Yellow 0.5-4.2 370 (46)
5-bromo-salicylaldehyde
isonocotinoyl hydrazone

Water,
hydrogenat
ion catalyst
and alloy

Pd(II) 1.0-
5.0

Brown 0.4-11 445 (47)

Soil  and
steel

Cr(VI) 6.0 Brown 0.16-3.90 430 (48)

Eenvironm
ental,
phosphate
rocks  and
fertilizer
samples

U(VI) 5.0 Yellow 0.119-1.071 395 (49)

N'-(2-hydroxybenz-
ylidene)-3-oxobutane-
hydrazide

Synthetic
mixtures
and alloys

Ti(IV) 2.0 Reddish
orange

1.75- 17.57 500 (50)

Diacetylmonoxime
benzoylhydrazone

Alloys  and
synthetic
mixtures

Ni(II) 8.0-
10.0

--- 0.12-2.58 362
(51,52
)Cu(II) 8.0-

11.0
--- 0.2-2.54 346

Fe(II) 6.25 yellow 0.11-2.24 360 (53)
Hg(II) 10.5 Orange 1-12 361 (54,55

)
o-hydroxypropio-
phenone  isonicotinoyl
hydrazone

--- U(IV) 3.0 Yellow 0.47-17 380 (56)

2-hydroxy-l-
naphthaldehyde
isonicotinoyl hydrazone

Synthetic
mixtures

U(IV) 3.0 Orange
red

0.2-33 430 (57)

2-Hydroxy-1-
naphthalene
carboxaldehyde  phenyl
hydrazone

Synthetic
and
commercial
samples  of
alloy  or
ores
(Hematite,
steel, Fefol,
Autrin,
binary
mixtures of
Fe+Mg and
Fe+Zn),

Fe(III) 6.0 Orange
red

1-7 510 (58)
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Spectrophotometric
reagent

Sample Metal-
contain
ing
entity

pH Color  of
complex

Detection
range
(ppm)

λmax

(nm)
Ref

Synthetic
and
commercial
samples

Cu(II) 9.2 Yellow 1-10 360 (59)

Alloys,
steel,
synthetic
mixtures

Co(II) 8.4 1-10 (60)

2,5-
Dihydroxyacetophenone
benzoic hydrazone

Alloy  and
plant
leaves

Cu(II) Acidic Yellow 0.3-6.0 400 (61)

1-((1E,4E)-4-((2-
aminoethyl)imino)naphth
alen-1(4H)-ylidene)-2-
(2,4-dinitro-1λ5-
phenyl)hydrazin-1-ium

Soil, water,
urine,
human
hair,  goat
liver,  plant
material,
steel  and
alloy
samples

V(V) Basic Red 0.02 - 3.5 495 (62)

2-hydroxy-1-
naphthaldehyde-p-
hydroxybenzoichydrazon
e

Water
(river,  tap,
and  rain),
soil,
pharmaceu
tical
samples,
wheat,
orange,
rice,
tomato,
banana,
blood  and
urine

Fe(II) 5.0 Reddish
brown

0.055-1.373 405
(63)

Co(II) 6.0 Yellow 0.118-3.534 425

Environme
ntal,  Leafy
vegetable,
and
Biological
Samples

V(V) 4.0 Deep
yellow

0.101-1.121 430 (64)

Water, ore,
fertilizer,
and  gas
mantle
samples

Th(IV) 6.0 Yellow 0.464-6.961 415 (65)

U(IV) 6.0 Reddish
brown

0.476-7.14 410

Nickel
based alloy
samples
and
geological
samples

Y(III) 8.5 Yellow 0.044-2.222 410 (66)

Plant, 
pharmaceu
tical,  water
and  alloy
samples.

V(V) 4.0 Deep
yellow

0.050-1.935 430 (67)

Pd(II) 4.0 Greenish
yellow

0.022-2.021 430

Diacetyl  monoxime Rock,  in U(VI) 3.25 Yellow 1.19-14.28 364 (68)
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Spectrophotometric
reagent

Sample Metal-
contain
ing
entity

pH Color  of
complex

Detection
range
(ppm)

λmax

(nm)
Ref

isonicotinoyl hydrazone pitchblende
ore
samples
and
synthetic
samples
Synthetic
alloys

Au(III) 4.5 Yellow 1.97-9.85 361 (69)

Synthetic
samples  of
alloy and in
Monazite
sand
sample

Th (IV) 4.0-
6.0

Yellow 1.16-13.12 352 (70)

Synthetic
alloys

Hg(II) 5.5 Yellow 1.003-12.3 351 (71)

Synthetic
mixtures,
biological
samples
and alloys

Ga(III) 3.0-
6.0

Green 0.002002 376 (72)

Ni(II) 8.0-
9.0

Yellow 0.495-3.09 387

Al(III) 7.0-
8.0

Yellow 0.392-2.452 370

Alloys Mo(VI) 5.0 Greenish
yellow

0.48-5.76 346 (73)

pyridine-2-acetaldehyde
salicyloylhydrazone

Synthetic
samples,
pharmaceu
tical
samples
and in high
speed steel

Co(II) 1-4 Yellow 0.5-7.0 415 (74)

Beer, wine,
garlic,
Tobacco
and  water
samples 

Fe(III) 2.5-
3.0

Green 2.7-16.0 640 (75)

Steel  and
alloys

V(V) 4.7 Yellow 0.5-2.0 415 (76)

Synthetic
mixtures,
alloys,
water  and
soil
samples

Pb(II) 8.6-
9.3

Yellow
green

1.5-6.2 380 (77)

Synthetic
mixtures,
catalysts
and in ores

Pd(II) 2.0-
4.25

Yellow 0.5-3.0 425 (78)

Synthetic
mixtures
alloys  and
a
pharmaceu
tical
sample.

Sb(III) 2.9 Yellow 1.5-5.0 405 (79)

pyridine-2-
carboxaldehyde  2-

Binary
mixtures,

U(VI) 3.5-
4.6

Yellow 1.0-5.6 375 (80)
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Spectrophotometric
reagent

Sample Metal-
contain
ing
entity

pH Color  of
complex

Detection
range
(ppm)

λmax

(nm)
Ref

hydroxybenzoylhydrazon
e

multicompo
nent
mixtures
and  in
monazite
sand
Eye  Drops
and
Ayurvedic
Medicines

Hg(II) 8.8-
10.0

Yellow 0.5-5.8 385 (81)

Alloys  and
drug
samples

Bi(III) 2.0-
3.0

Yellow 0.7-4.3 380 (82)

N',N''E,N',N''E)-N',N''-
(2,2'-(propane-1,3-
diylbis(sulfanediyl))bis(1-
(4-chlorophenyl)-ethan-
2-yl-
1ylidene))bis(2hydroxybe
nzohydrazide)

Water,
food,
medicinal
plants  and
in synthetic
samples

Co(II) 7.0 Orange 0.059-0.59 380 (83)

5-Bromosalicyl-aldehyde
Thiosemicar-bazone

Grape
leaves  and
aluminum
based alloy
samples

Cu(II) 4.5 Greenish
yellow

0.31 – 6.35 390 (84)

phenylglyoxal  mono(2-
pyridyl)hydrazone

Tap  water,
mineral
water  and
in  cooking
salt

Zn(II) 7.2-
8.5

yellow-
orange

0.05-0.6 464-
470

(85)

N-oxalylamine-
(salicylaldehyde
hydrazone)

Aluminum
and  nickel
alloy 

Ga(III) 3.8 greenish
yellow

0.003- 0.227 382 (86)

Mineral
water 

Al(III) 3.7 --- 0.005- 0.16 387  &
474

(87)

4-Hydroxy  3,  5-
dimethoxy
benzaldehyde-4-
hydroxybenzoyl-
hydrazone

Synthetic
alloy
sample

Fe(II) 4.0 Yellow 0.139-1.396 400 (88)
Fe(III) 5.0 Yellow 0.279-2.79 380

Edible  oil,
plant
sample and
in  alloy
samples

Ni(II) 9.0 Yellow 0.117-0.528 408 (89)

Hydrogenat
ion
catalyst,
synthetic
alloy and in
water
samples

Pd(II) 3.0-
4.0

Brown 0.106-1.06 373 (90)

Beer, Wine,
Biological
materials
and  alloy
samples

Cu(II) 8.0-
9.0

Yellow 0.063-0.635 382 (91)

3-Methoxy-
salcilaldehyde-4-

Synthetic
matrix,

Cu(II) 5.0-
6.0

Yellow 0.1271  –
2.5418

390 (92)
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Spectrophotometric
reagent

Sample Metal-
contain
ing
entity

pH Color  of
complex

Detection
range
(ppm)

λmax

(nm)
Ref

hydroxybenzoylhydrazon
e

alloy
samples
and  edible
oils

Ni(II) 5.0-
6.5

Yellow 0.1174  –
2.9410

425

Cinnamaldehyde-4-
hydroxybenzoylhydrazon
e

Tealeaves,
vehicle
exhaust,
vitamin B12

and  in
some  alloy
samples

Co(II) 9.0 Yellow 0.029-0.294 393 (93)

Plant
sample,
edible  oil
and  in
alloys

Ni(II) 8.0-
9.0

Yellow 0.146-1.46 400 (89)

Tannery
effluent,
synthetic
water  and
chrome
liquor
samples

Cr(VI) 4.0 Brown 0.078-0.780 440 (94)

Food
stuffs,
pharmaceu
tical
samples
and alloys

Mo(VI) 3.0-
4.0

Green 0.047-0.479 404 (95)

Hydrogenat
ion 
catalyst
samples,
synthetic
alloy
samples
and  in
water
samples.

Pd(II) 4.0-
5.0

Brown 0.106-1.064 375 (90)

benzil-α-monoxime
isonicotinoyl hydrazone

Pipe water,
bore  water
and
municipal
water
samples

Pb(II) 10.0-
11.0

Yellow 0.41-13.26 405 (96)

dipyridylglyoxal  mono(2-
pyridyl)-hydrazone

Pharmaceu
tical
samples,
multivitami
ns,
hormones
and
Hidropolivit
mineral

Co(II) 3.0-
7.0

Orange
red

0.15-2.0 510 (97,98
)

salicylaldehyde  benzoyl
hydrazone

Steel,
alloys,
water,

Cu(II) 1.21-
2.58

Greenish
yellow

0.001-10 404 (99)
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Spectrophotometric
reagent

Sample Metal-
contain
ing
entity

pH Color  of
complex

Detection
range
(ppm)

λmax

(nm)
Ref

human
blood,
urine,
apple,  egg,
soil  and
synthetic
mixtures

benzil  mono-(2-pyridyl)
hydrazone

Steel  and
alloy
samples

Co(II) Basic Red 0.0061-
0.061

535 (100)

Benzil  mono(2-
quinolyl)hydrazone

--- Cu(II) 6.0 Red 0.3-3.0 520 (101,1
02)

2,4-dimethoxy
benzaldehyde-4-hydroxy
benzoylhydrazone

Pharmaceu
tical
samples
(Zingisol,
Insulin Zinc
Suspension
and  in
Biocosules
Z)

Zn(II) 10.0-
11.0

Yellow 0.163-1.96 466 (103)

2,4-dihydroxy
benzophenone  benzoic
hydrazone

Simulated
rock
samples 

Ce(IV) 10.0 Orange
red

0.7-7.0 400 (104)

5-Bromo-2-hydroxy-3-
methoxybenzaldehyde-p-
hydroxybenzoic
hydrazone

Alloy
samples,
industrial
water,
drinking
water,
plant
samples
and  in
vegetable
oil

Ni(II) 5.5-
7.5

Green 0.117-2.64 440 (105)

In  alloys,
steel and in
water

Ti(II) 2.0-
7.0

Orange 0.241-2.87 390 (106)

2-(3’-sulfobenzoyl)-
pyridine   benzoyl-
hydrazone

Natural
water

Fe(II) 7.0-
9.0

Blue 0-4 646 (107)

N,N’-Oxalyl-
bis(salicylaldehyde
Hydrazone)

Water Al(III) 4.7 Yellow 0-0.2 390 (108)

N-cyanoacylacet-
aldehyde hydrazone

Water Au(III) 3.0-
7.0

Blue 1-30 550 (109)

p-dimethylaminoben-
zaldehyde isonicotinoyl 
hydrazone

--- Hg(I)
Hg(II)

3.5 Orange
yellow

--- --- (110)

4-Hydroxy
benzaldehyde-4-
bromophenyl hydrazone

Water  and
alloy
sample

Ni(II) 4.0 Red 0.01-1.0 497 (111)

3-methylbenzothiazolin-
2-one hydrazone

Drugs Ce(IV) 4.2 Orange 4.0-80.0 450 (112)

2-(4-biphenyl)-
imidazo[1,2-]pyrimidine-
3-hydrazone

--- Cu(II) 4 Green --- 430 (113)
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Spectrophotometric
reagent

Sample Metal-
contain
ing
entity

pH Color  of
complex

Detection
range
(ppm)

λmax

(nm)
Ref

Glutaraldehyde  phenyl
hydrazone

Water, soil,
biological
samples

Pb,  Cr,
Cd, As

5.6-
7.5

--- --- 387
(Cd)
395
(As)
395
(Pb)
360
(Cr)

(114)

Chemosensors
Chemosensors  are  non-toxic  nano-sized  organic
molecules or receptors that produced a detectable
change for sensoring analyte (usually metal ions or
small  molecules)  using  fluorescence  spectroscopy
(115).  These chemosensors not only detect toxic
and  dangerous  chemicals  in  the  external  and
internal  environment of  the  human body but  also
transmit that information to the nervous system to
expel these toxins from body. For this purpose, a
large number of organic molecules can be used but
hydrazone  derivatives  containing  thiol,  carboxylic
group  gained  more  importance.  Some  important
hydrazone  derivatives  used  as  chemosensors  are
presented below in Table 2.

Organic Compound Detector
Hydrazone  derivatives  are  efficiently  used  for
detection  of  organic  compounds  (Figure  5)  like
glucose,  aromatic  amines,  hetero-atomic
compounds,  azo  dyes,  active  methylene
compounds,  etc.,  in  blood,  urine,  and
pharmaceutical  samples  via  spectroscopic  and
chromatographic methods. 

Alzweiri and coworkers established a unique method
for the spectrophotometric determination of glucose
in  biological  samples  by  derivatization  of  glucose
with 2,4-dintrophenyl hydrazine (21) (154).

Figure 5: Hydrazone derivatives as organic compounds detector.

3-Methylbenzthiazolinone-2-hydrazone  (22) was
used as an analytical reagent for determination of
phenols  (155),  azo  dyes,  Schiff  bases,  stilbenes
(156), aliphatic aldehydes from fumes and polluted
air (157), carbazole in air (156), aromatic amines
(158),  imino  heteroaromatic  compounds  (158),
heterocyclic  bases,  heteroaromatic  compounds,
compounds  with  active  methylene  groups  (159),
Rutin  (160),  glyoxal  (161),  phenolphthalein  in
pharmaceutical  products (162),  metaxalone (163),
dabigatran etexilate mesylate (163), total estrogens
in urine (164), determination of formaldehyde and
acetaldehyde  in  methanol  and  ethanol  (165),
oxcarbazepine in pharmaceuticals, sulpha drugs in
blood and urine  samples  (166,167),  cannabinoids
on  thin-layer  chromatography  plates  (168),  free

salicylic  acid  in  aspirin  (169),  dobutamine
hydrochloride  (170)  and  carbonyl  compounds  in
pharmaceutical  samples  (159)  via  different
spectroscopic and chromatographic techniques.

By this method, 99.93% of phenol from waste water
was  removed  by  polystyrene  hydrazone  (23) by
solid-phase  extraction  method  prepared  by
acetylation  of  waste  polystyrene  with  phenyl
hydrazine (171).
For the determination of atmospheric ozone in very
low  concentrations  up  to  0.02  ppm and  carbonyl
compounds  from  mixtures,  2-Diphenylacety-1,3-
indandione-1-hydrazone  (24) was  used  as  a
spectrofluorometric reagent (172,173).
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Figure 6: Fluorescence detecting hydrazone
derivatives

Naphthalimide-based  glyoxal  hydrazone  (25) is
used  for  biological  imaging  of  cysteine  and
homocysteine  inside  living  cells  via  fluoresce
spectroscopy with a color change from dark to green
(174).
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Table 2: Some Important Hydrazone reagents used as chemosensors

Chemosensor Name Sample Analyt
e

LOD
(M)

Color
change

Fluoresc
ence
color 

Tested
media

Em/ ex
(nm)

Ref

1-phenyl-3-methyl-5-hydroxy-pyrazole-4
benzoyl(fluorescein)-hydrazone

--- Cu2+ 2.0 x10-3 Colorless
→ Yellow 

DMSO/
H2O

337/287 (116)

Benzil mono(2-phen-yl)hydrazone Biomedic
al  &
environm
ental

Cu2+ 8.25
×10−8

Colorless
→ Pink

THF/H2O 490 (117)

Salicylaldehyde hydrazone derivatives Living
cells
(MCF-7
calls)

Al3+ 1.5×10−7 Colorless
→ blue 

DMF/H2O 450/390 (118)

2-((E)-(((E)-2-hydr-oxybenzylidene)hydrazineylidene)methyl)-
6-methoxy-4-nitrophenol

Liver cells Cu2+ 18x10-8 Colorless
→ light
yellow

Green H2O 570/400 (119)

Biological
system

Al3+ 7.45x10-8 Yellow  →
colorless

Green CH3OH 545/400

ethyl  (E)-5-((2-(2-(2-hydroxyethyl)-1,3-dioxo-2,3-dihydro-1H-
3a1λ5-benzo-[de]isoquinolin-6-yl)hydrazineylidene)methyl)-
2,4-dimethyl-1l2-pyrrole-3-carboxylate

HeLa cells Cu2+ 3x10-6 Yellow  →
red

CH3CN/
H2O

620/480 (120)

(3a1S)-2-butyl-7-(2-((Z)-1-(4-hydroxy-6-methyl-2-oxo-2H-
pyran-3-yl)ethylidene)-hydrazineyl)-3a,3a1-dihydro-1H-
benzo[de]isoquinoline-1,3(2H)-dione

Real
sample

Cu2+ 1.58 Yellow  →
Colorless

THF/H2O 520/412 (121)

4-methyl-N'-(ferrocene-2-ylidene)benzenesulfonohydrazide Cu2+ 2.66×10−5 Pale
yellow  →
yellow
green

CH3CN (122)

Hg2+ 7.60x10-6 Pale
yellow  →
Red 

CH3CN

(E)-3-(1-(2-(benzo[d]thiazol-2-yl)hydrazineylidene)ethyl)-7-
(diethylamino)-2H-chromen-2-one

HeLa
tumor
cells
(Cervical
cancer
cells)

Cu2+ 4x10-8 Yellow  →
wine red

1%DMSO 572/420 (123)

7-(diethylamino)-3-((E)-(((E)-(2-hydroxynaphthalen-1-
yl)methylene)hydrazineylidene)methyl)-2H-chromen-2-one

human
breast
adenocar
cinoma

Cu2+ 2x10-4 Green CH3OH/
H2O

574/487 (124)



Chemosensor Name Sample Analyt
e

LOD
(M)

Color
change

Fluoresc
ence
color 

Tested
media

Em/ ex
(nm)

Ref

cells
(MCF-7
cells)

3-(2-((3-Hydroxy-5-(hydroxymethyl)-2-methylpyridin-4-
yl)methylene)hydrazinyl)-1,2-benzothiazole 1,1-dioxide

Biological
system

Al3+ 6x10-7 White  →
yellow 

Blue DMSO/
H2O

468/399 (125)

2-(3a,7a-dihydro-1H-benzo[d][1,2,3]triazol-1-yl)-N'-((8-
hydroxyquinolin-5-yl)methylene)-2λ2-ethanehydrazide

Biological
system

Mg2+ 6.9x10-3 Blue  →
green 

bright
yellow

CH3CN 525/395 (126)

2- aminoquinolin-3-yl-phenyl hydrazone --- Fe3+ 8.22 x 10-

6
--- C2H5OH 423/246 (127)

N-(quinolin-8-ylmethylene)acetohydrazide In  HeLa
cells

Zn2+ 8.93x10-2 bright
yellow

C2H5OH 525/360 (128)

N-((8-hydroxy-5-quinoline  aldehyde  acetylhydrazone)-
benzoaza-15-crown-5

Biological
system

Mg2+ 7.87x10-5 Colorless
→ Yellow 

C2H5OH 520/370 (129)

germinat
ed
potato,
bitter
almond
and in tap
water

CN- 3.57x10-7 Colorless
→ Yellow

bright
yellow

DMSO/
H2O

498/355

3',6'-bis(diethylamino)-2-(((3-hydroxypyridin-2-
yl)methylene)amino)spiro[isoindoline-1,9'-xanthen]-3-one

Biological
system

Cu2+ 3.63x10-7 Colorless
→ purple

White DMSO/
H2O

492/373 (130)

Cu2+ 2.5x10-8 Colorless
→ pink

H2O/
CH3CN

585/520 (131)

3',6'-bis(diethylamino)-2-((2-(2-(2-methoxyethoxy)-
ethoxy)benzylidene)amino)spiro[isoindoline-1,9'-xanthen]-3-
one

HeLa cells Hg2+ 1.5x10-7 Colorless
→ purple

Orange CH3CN 590/558 (132)

(Z)-N'-(1-(2,4-dihydroxy-phenyl)ethylidene)-2,2,2-
trifluoroacetohydrazide

Cu2+ 1x10-5 Colorless
→ yellow

Bright
green

DMF 500/400 (133)

2-(((3H,4'H-1l3,1'l3-[2,2'-bithiophen]-5-yl)methyle-ne)amino)-
3',6'-bis(diethyl-amino)spiro[isoindoline-1,9'-xanthen]-3-one

Human
epithelial

Hg2+ 2.31x10-8 Colorless
→ purple

Blue EtOH/
H2O

590/544 (134)



Chemosensor Name Sample Analyt
e

LOD
(M)

Color
change

Fluoresc
ence
color 

Tested
media

Em/ ex
(nm)

Ref

adenocar
cinoma
(HeLa)
cells

3',6'-bis(diethylamino)-2-((2-hydroxy-5-(1,2,2-triphen-
ylvinyl)benzylidene)amino)spiro[isoindoline-1,9'-xanthen]-3-
one

--- Cu2+ 10-6 Colorless
→ purple

EtOH/H2O 550/- (135)

2-(((3H,4'H-1l3,1'l3-[2,2'-bithiophen]-5-yl)methylene)-amino)-
3',6'-bis(diethyl-amino)spiro[isoindoline-1,9'-xanthene]-3-
thione

Human
epithelial
adenocar
cinoma
(HeLa)
cells

Hg2+ 3.10x10-9 Colorless
→ purple

Pink EtOH 593/390 (136)

3',6'-bis(diethylamino)-2-((piperidin-2-ylmethyl)-
amino)spiro[isoindoline-1,9'-xanthen]-3-one

Caco-2
cells

Cu2+ 0.137 Colorless
→ red

Orange CH3CN 573/520 (137)

N-(3’,6’bis(diethylamino)-
3-oxospiro[isoindoline-1,9’
-xanthen]-2-yl)-3-oxo-3-ferrocenylpropanamide

HeLa cells Cu2+ 1.0x10-6 Colorless
→ purple

Orange
red 

ethanol/
H2O

595/550 (138)

2-(hydrazineylidenem-ethyl)pyren-1-ol HeCaT
cells

Zn2+ 3x10-4 Colorless
→ yellow

Green CH3CN 527/450 (139)

3',6'-bis(diethylamino)-2-((2-
mercaptobenzylidene)amino)spiro[isoindoline-1,9'-xanthen]-3-
one

Nematod
e
Caenorha
bditis
elegans

Hg2+ 1x10-9 Colorless
→ pink

Red CH3CN/
H2O

580/510 (140)

1-phenyl-3-methyl-5-hydroxypyrazole-4-carbalde-
hyde(benzoyl)hydrazone

Cu2+ 1.0x10-6 CH3CN 305/406 (141)

3',6'-bis(diethylamino)-2-((furan-2-ylmethylene)-
amino)spiro[isoindoline-1,9'-xanthene]-3-thione

Rat
Schwann
cells

Hg2+ 5x10-4 Colorless
→ pink

Orange H2O–DMF 564/500 (142)

4-nitro-2-[(phenylhydra-zoimino)methyl]phenol F- 0.02–0.2
x10-4

Colorless
→ yellow

Yellow CH3CN (143)

4-nitro-2-[(4-nitrophenylhydra- F- 0.02–0.2 Colorless Yellow CH3CN



Chemosensor Name Sample Analyt
e

LOD
(M)

Color
change

Fluoresc
ence
color 

Tested
media

Em/ ex
(nm)

Ref

zoimino)methyl]phenol x10-4 → orange

N',N'''-((1E,1'E)-(((4-((E)-(2-(1-hydroxy-2-naphthoyl)-
hydrazineylidene)methyl)phenyl)azanediyl)bis(4,1-
phenylene))bis(methaneylylidene))bis(3-hydroxy-2-
naphthohydrazide)

Human
cervical
cancer
(HeLa)
cancer cell
lines

Cu2+ --- --- --- H2O/
CH3CN

470/450 (144)

3,3'-((1E,1'E)-(((1E,1'E)-(((4-((E)-(((E)-(1-hydroxy-
naphthalen-2-yl)methylene)-
hydrazineylidene)methyl)phenyl)azanediyl)bis(4,1-
phenylene))bis(methaneylylidene))bis(hydrazine-2,1-
diylidene))bis(methaneylylidene))bis(naphthalen-2-ol)

Human
cervical
cancer
(HeLa)
cancer cell
lines

Cu2+ --- --- --- H2O/
CH3CN

430/405 (144)

2-(((1E,2E)-but-2-en-1-ylidene)amino)-3',6'-bis-
(ethylamino)spiro[isoindoline-1,9'-xanthen]-3-one

Water,
soil

Pd2+ 1.80x10-7 Colorless
→ pink

Yellow EtOH/H2O 555/505 (145)

2-hydroxy-benzaldehyde benzoyl-hydrazone biological
and
environme
ntal
sample

Cu2+ 5.6x10-6 --- --- MeOH/
H2O

490/424 (146)

Methyl Pyrazinylketone Benzoyl Hydrazone --- Al3+ 10-7 Green Ethanol 506/390 (147)
3',6'-bis(diethylamino)-2-((2-
hydroxybenzylidene)amino)spiro[isoindoline-1,9'-xanthen]-3-
one

--- Cu2+ --- Colorless
→ pink

CH3CN 576/520 (148)

(E)-(2-((2-(2,4-
dinitrophenyl)hydrazineylidene)methyl)phenyl)diphenylphosphin
e oxide

---- F- 2 × 10−5 Yellow  →
pink

CH3CN 514/379 (149)

N-(2-(-(2-(-3,4-dihydroxy-6-
(hydroxymethyl)-5-(-3,4,5-trihydroxy-6-(hydroxymethyl)
tetrahydro-2H-pyran-2-yloxy) tetrahydro-2H-pyran-2-yl)
hydrazono) methyl)-4-(-phenyldiazenyl) phenyl) acetamide

Water CN- 1.29x10-6 Colorless
→ purple

MeOH/
H2O

---- (150)

(E)-2-(2-(2,4-dinitrophenyl)hydrazineylidene)-1,2-
diphenylethan-1-one

Real water
and
simulated
urine
samples

CN- 10-7 Yellow  →
Red

CH3CN/
H2O

(151)

1-((Anthracene-9-yl)-methylene)-2-(4-nitrophenyl)hydrazine F- 4x10-5 Yellow  →
green

DMSO 571/493 (152)

N,  N-diethylamino-3-acetyl  coumarin  with  2- HeLa cells Cu2+ Yellow  → Green DMF 536/420 (123)



Chemosensor Name Sample Analyt
e

LOD
(M)

Color
change

Fluoresc
ence
color 

Tested
media

Em/ ex
(nm)

Ref

hydrazinobenzothiazole orange
N-(3-methoxy-2-hydroxybenzylidene)-3-hydroxy-2-
naphthahydrazone

Water Zn2+

Cd2+
Zn  (9.85
× 10−9 M)
Cd  (1.27
× 10−7 M)

--- Yellow
(Zn)
Red (Cd)

THF/H2O 365/440
645/430

(153)

LOD= limit of detection; Em= emission; Ex= excitation.
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Water Detectors
Hydrazone – acetate derivatives (26) derived from
9-anthracenealdehyde  and  7-hydroxy-coumarin-8-
carboxaldehyde  were  used  as  for  Chromogenic
signaling  (detection)  of  water  contents  in  water
miscible organic solvents like THF and acetonitrile
by Y.H. Kim et al in 2012 (175). Anthracene-based
hydrazone (27) was found to be more sensitive to
water  content  as  compared to  7-hydroxycoumarin
hydrazone and showed a visible color change from
red to  yellow with  a detection limit  of  0.037 and
0.071% in both solvents (175).

Figure 7: Water-monitoring hydrazone derivatives.

Microbes Detectors
Most  of  the  hydrazone  derivatives  have  different
colors in acidic and basic media as well as in neutral
ones. This property of hydrazones is very useful for
microbe  detection  in  food  and  pharmaceutical
samples (Figure 8).

Recently,  Khattab  and  coworkers  introduced
Tricyanofuran  hydrazone  derivatives  (28) as  pH
sensors for detection of microbes which alkalize the
environment, like S. aureus, B. subtilis, E. coli, and
P.  aeuroginosa.  The  color  change  from  yellow  to
blue to red indicates the pH change from acidic to
neutral to basic. These pH sensors were also used to
detect  microbes  in  food  packages  and
pharmaceutical samples (176-178).

Figure 8: Microbe detecting hydrazone derivatives.

Sorbents
Some  modified  hydrazone  derivatives  are  widely
used as sorbents in ion exchange chromatography
or  in  Sol-gel  process  for  separation  of  ions  in
synthetic  mixtures,  natural  water,  ash  coal,
petroleum  products,  and  pharmaceutical  samples.
Such hydrazones work as low cost resins with high
productivity,  are  highly  stable  and  can  be  used
many times with the same sorption capacity listed in
Table 3. 

Organic Collectors in Flotation
Flotation  is  the  separation  process  of  toxic  metal
ions  in  trace  amounts,  for  this  purpose  many
hydrazone derivatives worked as organic collectors.
These form hydrophobic aggregates with metal ions
that float with the help of air bubbles produced on
the surface of solution by slight shaking of floatation
cell.  Many  important  hydrazones  used  as  organic
collectors are summarized in Table 4.

Sewage Water Treatment
Sewage water is commonly known as wastewater,
which  contains  a  large  amount  of  contamination
mainly coming from household and industrial waste.
This wastewater contains several heavy metals like
mercury,  arsenic,  cadmium,  chromium,  lead,
thallium,  and  nitrogen  compounds  like  ammonia,
nitrite, and nitrates.  Many physical, chemical, and
biological processes are now used for sewage water
treatment,  but  most of  these are very costly and
time consuming. 

Cellulose  hydrazone  derivatives  were  obtained  by
the  reaction  of  dialdehyde  cellulose  and  2-
hydrazino-  3,5,6,7
tetrahydrocyclopentanethieno[2,3-d]-pyrimidin-
4(4H)-one  (29) used  as  a  polymer  for  sewage
water treatment and the removal of several heavy
metal ions. The synthesized derivatives were used
for production of clean water with less side effects.
These derivatives not only had ability to remove iron
and chromium up to 73.91 % but also chlorine up to
50 % (192).

Figure 9: Hydrazone for sewage water treatment.
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Table 3: Some widely used hydrazones as sorbents. 
Sorbent Separated Ion Sample pH LOD

(ppb)
Eluent Recovery

%
Ref

1-(3,4-Dihydroxy-benzylidine)-2-acetylpyridinium chloride hydrazone Fe3+ Waste
water,  sea
water, lake
water,
food  oil,
petroleum
products,
pharmaceu
tical
sample 

3.0 1.0 0.5 M HCl ~100 (179)

Cr3+ Waste
water

6.0 13.3 0.1 M HCl ~100 (180)

Cr6+ Waste
water

2.0 10.0 3.0 M HCl ~100 (180)

Ga3+ Synthetic
mixture  of
mercury,
aluminum,
cobalt,
copper,
zinc & lead

2.5-3.0 20 0.5 M HCl 98 (181)
In3+ 2.5-3.0 13 5.0 M HCl 98 (181)
Tl3+ 2.0 20 2.0 M HCl 95 (181)

acenaphthenequinone-[N-[(2,4-dinitrophenyl)]-hydrazone La3+ Lake
water, rain
water,
river water

4.0 --- 0.1  M
HNO3

97 (182)

1-[(bromomethyl)-(phenyl)methyl]-2-(2,4-dinitrophenyl) hydrazine Ag+ Tap water,
drain
water

5.0 99 (183)

4-hydroxy-N'-[(E)-(2-
hydroxyphenyl)methylidene]benzohydrazide

Biogenic amines Orange
juice,
ketchup,
budu,  soy
sauce.  

9.0 20-60 --- 99.7 (184)
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Polymer Initiators
Polymer  synthesis  is  the  process  in  which  small
molecules (monomers) covalently combined to form
giant molecules that are more stable as compared
to initiators.  Many organic molecules are used for
this  purpose,  but  hydrazone  derivatives  gave  the
highest  yields  and  the  best  results  among  them
(Figure 10).

Nakanishi  et  al.  and  Masuda et  al.  used  pyridine
hydrazone derivatives (30) as a suitable and useful
initiator  or  starting  material  for  the  synthesis  of
synthetic  polymers  or  hydrazone  polymers
(193,194).

Figure 10: Polymer initiating hydrazone derivatives

Hydrazone derivatives  (31) were used as initiators
for high yield polymerization of acrylamide, acrylic
acid or styrene at a temperature -10-98oC with yield

up  to  77%  (24). Similarly,  acylhydrazone
derivatives were also used as starting materials for
acylhydrazone polymers (195).

A  series  of  six  hydrazone  derivatives  (32) were
prepared by Singh and coworkers and used for the
synthesis  of  hydrazone  functionalized  epoxy
polymers  by  the  conversion  of  hydrazone
derivatives into epoxide to form hydrazone polymer
(Figure 11). These polymers showed high nonlinear
optical properties (196). 

Indicators
Salicylaldehyde phenylhydrazone  (33)  prepared by
Love  and  Jones  from  simple  and  cheap  starting

material was used as an indicator for the titration of
organometallics,  including  Grignard  reagent,
providing a clear and accurate end point from yellow
to golden orange or red (Figure 12) (197). 

Figure 12: Hydrazone as indicator.
Figure 11: Hydrazone as epoxy polymer
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Table 4: Hydrazones used as organic collectors in flotation.

Organic collector Surfactant Metal ion Tested Sample pH Recovery 
percentage 

HOL Ref

1-acetylpyridinium chloride-4-
phenylthio-semicarbazide

Oleic acid Hg2+ Natural water samples of 
Mansoura city

6.8 ~100 1x10-3 (185)

4-acetylpyridine-[N-(3-hydroxy-2-
naphthoyl)]hydrazone

Oleic acid Ni2+ Water 7.0 ~100 4x10-4 (186)

1-(amino-N-(pyridine-3-
yl)methanethio)-4-(pyridine-2-
yl)thiosemi-carbazide

Oleic acid Hg2+ Sea water, lake water, 
Nile water, distilled water

5.0 ~100 1x10-3 (187)

thiophene-2-carboxaldehyde-[N-(3-
hydroxy-2-naphthoyl)]-hydrazone

Oleic acid Ni2+ Water 7.0 ~100 4x10-4 (186)

salicylaldehyde-[N-(3-hydroxy-2-
naphthoyl)]-hydrazone

Oleic acid Ni2+ Water 7.0 ῀100 4x10-4 (186)

p-anisaldehyde-[N-(3-hydroxy-2-
naphthoyl)]hydrazone

Oleic acid Ni2+ Water 7.0 ῀100 4x10-4

ethylacetoacetate-[N-(3-hydroxy-
2naphthoyl)]-hydrazone

Oleic acid Ni2+ Water 7.0 ῀100 4x10-4

(E)-2-(2-(dimethylamino)-1λ3,3λ2-
thiazol-4-yl)-N'-(2-
hydroxybenzylidene)acetohydrazide

Oleic acid Zn2+ Water 7.0 96 1x10-3 (188)

4-(2-pyridyl-azo) resorcinol mono 
sodium mono hydrate

Oleic acid Cu2+ Water, drug 3-5 95 2x10-5 (189)

Oxalyl-bis(3,4-di-hydroxy-
benzylidene) hydrazone

Oleic acid ZrO2+ Sea water, underground 
water, lake water, tap 
water, Nile water

3.0 99.7 1x10-5 (190)

2-(2-(4-hydroxy-3-
methoxybenzylidene) hydrazinyl)-
2-oxo-N-phenylacetamide

Oleic acid Cu2+ --- 7.0 98 1x10-3 (191)

2-(2-(2-hydroxy-3-
methoxybenzylidene) hydrazinyl)-
2-oxo-N-phenylacetamide

Oleic acid Cu2+ --- 7.0 99 1x10-3 (191)
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Catalyst
2-Carboxybenzaldehyde-p-Toluenesulfonyl
Hydrazone (34) was used as an efficient catalyst in
coupling  reaction  (Figure  13)  of  benzaldehyde,
piperidine, and phenylacetylene with 1,4 dioxane as
a  solvent  for  the  preparation  of  1-(1,3-
diphenylprop-2-yn-1-yl)piperidine at 120 °C (198).

Figure 13: Hydrazone as catalyst for organic
coupling reaction.

Corrosion Inhibitors
Corrosion is  the degradation process  of  metals  to
form oxides, sulfides, or hydroxides. Many organic
compounds  like  pyrimidine,  imidazole,  oxazole,
triazole,  amino  acids  and  hydrazone  are  common
organic corrosion inhibitors used to prevent or delay
corrosion process of metals like copper, nickel, iron,
and  tin.  Among  all  the  organic  compounds
hydrazone  gained  much  importance  due  to
heteroatom nitrogen and oxygen. Some important
hydrazone  derivatives  that  worked  as  good
corrosion inhibitors are presented in Table 5.

Ionophores
Ionophores are ion carriers and have tendency to
bind,  shield,  and facilitate  transportation  of  metal
ions across the membrane (Figure 14). Ganjali and
coworkers  used  pyridine-2-carbaldehyde-2-(4-
methyl-1,3-benzothiazol-2-yl)  hydrazone  (35) and
thiophene-2-carbaldehyde-(7-methyl-1,3-
benzothiazol-2-yl)hydrazone  (36) as  suitable
neutral ionophore for the preparation of Er (III) and
Tm (III) membrane sensor at pH 2.5-12.0 and 3.0 -
12.0,  respectively,  with  lower  detection limits  5.0
×10-6 M and 8.0x10-6 M. (218,219).

Dyes and Pigments
Nowadays,  various hydrazones are used as stable
dyes and pigments  with  a  visible color  change at
different  pH  levels  due  to  C=N-N  linkage  or
presence of carbonyl group. Such dyes are not only
used for dying polyester, silk, cotton, or nylon but
are also used as sensitizers or for dying purposes in
dye  sensitized    solar  cells  due  to  their  broad
absorption band.

Figure 14: Hydrazone derivatives as ionophore for
inner transition metals

Tricyanofuran  hydrazone  derivatives  (37) were
tested  as  pigments  on  polyester  fibers  to  give
orange-red, yellow and orange shades with λmax 485
nm, 478 nm, and 463 nm, respectively, by Khattab
and coworkers (220).

A  series  of  heterocyclic  hydrazone  dyes  (38-44)
(Figure 15) were prepared from 2-amino-3-cyano-4-
chloro-5  formyl-thiophene  and  five  pyridine-2,6-
dione  based  coupling  components  by  Qian  and
coworkers.  These  hydrazone  derivatives  display
distinct colors: yellow, purple, pink, and grey  on
five common fibers like Polyester, Nylon, Silk, Wool,
and Cotton at pH 7.0 and 8.5 (221).

Al-Sehemi  and  coworkers  synthesized  different
hydrazone dyes (45) (Figure 16) by the reaction of
aromatic  aldehydes  with  phenyl  hydrazine.  These
hydrazones  were  further  reacted  with
tetracyanoethylene to obtain violet colored dyes and
supposed to be low-cost, efficient, and stable DSSC
due  to  their  smaller  HOMO-LUMO  energy  gaps
(222,223).  Percentage  efficiency  for  45 was
increased by 3.12 % at incident power 50 mW/cm2.
Due to high EA, it had high tendency to generate
free electrons and holes (222,224-226).

Figure 16: Hydrazone derivatives as dyes in DSSC

Ping Shen at el synthesized and used a series of N,
N-diphenyl-hydrazone  dye  as  efficient  sensitizers
(Figure 17)  for production of DSSC with maximum
conversion  efficiency  of  up  to  5.83  %  (227).  A
series  of  metal  free  hydrazone  based  dyes  (46)
were synthesized from cheap materials without any
expensive catalyst and used as DSSC by Urnikaite
at  el.  The  highest  solid-state  device  conversion
efficiency for these hydrazone dyes was 3.8-4.5 %
with FF % 64-72% under 100 mW cm-2, AM 1.5G
(228-230).  In  2020,  Al-Sehemi  et  al.  synthesized
some promising dyes CHMA, CDBA, and AMCH (47)
for DSSC (231).
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Figure 15: Hydrazone derivatives as dyes.

Figure 17: Hydrazone based dye sensitizers.

Nanoparticle Synthesizer
3-thiopropionylhydrazones  (48) of  mono  and  di-
saccharides  were  prepared by  Vasileva  et  al. and
used for the synthesis of silver glycol-nanoparticles

in ultrasonic bath with average particle size of 15–
40  nm  while  hydrazine  hydrate  was  used  as
reductant (232).

Figure 18: Hydrazone derivatives as nanoparticle synthesizer.
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Table 5: Some important hydrazones that worked as good corrosion inhibitors

Corrosion inhibitors Material Medium Conc.  of
inhibitor (M)

Inhibition
efficiency (%)

Ref

(9H-fluoren-9-
ylidene)hydrazine

Carbon steel 1.0 M H2SO4 10-1 95.08 (199)

(2,7-dichloro-9H-fluoren-9-
ylidene)hydrazine

Carbon steel 1.0 M H2SO4 10-1 93.44 (199)

3-[8-(trlfluoromethyl)quinolin-4-yl]thlo]-N'-(2,3,4-trihydroxy-benzylidene)propano
hydrazide

Mild steel 0.5 M H2SO4 11.1x10-4 97.6 (200)

2,7-dibromo-9H-fluoren-9-
ylidene)hydrazine

Carbon steel 1.0 M H2SO4 10-1 89.34 (199)

(2,7-dinitro-9H-fluoren-9-
ylidene)hydrazine

Carbon steel 1.0 M H2SO4 10-1 84.42 (199)

2-hydroxyacetophenone-3-aminobenzoyl hydrazone Copper 3N HNO3 10-5 70.0 (201)
3-hydroxybenzalde-hyde, 2-hydroxy-benzoyl hydrazone Aluminum 2N HCl 5x10-4 92.0 (202)
benzyl monophenyl hydrazone-N-cetyloxycarbonyl-ethyltaurate Carbon steel 5% H2S 1x10-4 56 (203)
4-bromobenzalde-hyde, 2-hydroxy-benzoyl hydrazone Aluminum 2N HCl 5x10-4 92.0 (202)
Nitrobenzaldehyde G-T C-steel 2 M HCl 5x10-4 95.21 (204)
p-Hydroxybenzaldehyde G-T C-steel 2 M HCl 5x10-4 84.15 (204)
Thiophen-2-carboxaldehyde-[N-( 3-hydroxy-2-naphthoyl)]-hydrazone Nickel 2 M HCl 1.5x10-5 59.3 (22)
bis-(o-methoxybenzaldehyde)-thiocarbodihydrazone Copper 3.5% NaCl 1.5X10-3 61 (205)

2-Acetophenone [N-3-hydroxyl-2-naphthoyl hydrazone] Carbon steel 0.5 M H2SO4 7X10-5 59 (206)
Furfural-isobutroyl hydrazone Carbon steel 3 M H3PO4 11x10-6 79.5 (207)
Furfural 4-methoxybenzoyl-hydrazone Carbon steel 1 M H3PO4 11x10-6 47 (208)
4-(N,N-dimethylamino) benzaldehyde nicotinic acid hydrazone Mild steel 1M HCl 6x103 94.91 (209)
(E)-2-((2,3-dimethylphenyl)-amino)-N'-(thiophen-2-ylmethylene)-benzohydrazide Mild steel 1M HCl 5x10-3 92 (210)
(E)-2-((2,3-dimethylphenyl)-amino)-N'-(furan-2-ylmethylene)benzohydrazide Mild steel 1M HCl 5x10-3 88 (210)
2-((2,3-dimethylphenyl)amino)-N′-((1E,2E)-3-phenylallylidene)-benzohydrazide Mild steel 1 M HCl 5x10-3 97 (211)
(E)-2-((2,3-dimethylphenyl)-amino)-N′-(4-hydroxybenzy-lidene)benzohy-drazide Mild steel 1 M HCl 5x10-3 94 (211)
N’-(3-phenylallylidene) benzohydrazide Mild steel 1 M HCl 2x10-3 97.43 (212)
2‐heterocarboxaldehyde‐2′‐pyridyl‐hydrazones Aluminum 2 M HCl --- 85 (213)
N-benzylidene-benzohydrazide Mild steel 1 M HCl 2.23x10-3 97.32 (212)
3-(cyano-dimethyl-
methyl)-benzoic acid thio-phen-2-ylmethylene-hydrazide

Mild steel 0.5 M HCl 2x10-3 91.2 (214)

3-(cyano-dimethyl-
methyl)-benzoic acid furan-2-ylmethylene-hydrazide

Mild steel 0.5 M HCl 2x10-3 86.7 (214)

2-(2-[2-(4-Pyridylcabonyl)-hydrazono]methyl-phenoxy)-acetic acid Mild steel Sea water 2.8×10−4 85.4 (215)
4-(4′-benzoylhydrazine)-pyridine-carboxaldehyde hydrazone N80 Steel 1 M HCl 1x10-3 93.6 (216)
N′-[4-(diethylamino)-benzylidine]-3-[8-(trifluoromethyl)-quinolin-4-yl]thio-propano
hydrazide

Mild steel 0.5 M H2SO4 2x10-4 94.7 (217)



Jabeen M. JOTCSA. 9(3): 663-698. REVIEW ARTICLE

Nonlinear Optical Devices
Nonlinear  optical  materials  are  those  materials  or
organic  compounds  that  describe  the  behavior  of
light  in  nonlinear  medium  (Figure  19).  Such
materials play a major role in modern technology in
telecommunication,  optical  switching,  data
processing,  ultra-short  pulsed  lasers,  laser
amplifiers, sensors, and many more. 

Shing  Wong et  al.  synthesized  various  hydrazone
derivatives  (49)  from aromatic  aldehydes  and  4-
methoxy-phenylhydrazine or 4-tolylhydrazine or 4-
nitrophenylhydrazine  and  used  them  with  powder
test  for  second  or  third  order  nonlinear  optical
devices (233).

Figure 19: Hydrazone compounds used in nonlinear optical devices.

A series of eight anthracene hydrazone derivatives
(50) were  prepared  and  their  third-order  NLO
performance  was  studied  using  the  standard
picosecond Z-scan technique in the open aperture
mode by Wenjuan Xu at el. in 2018 (234). Similarly,
4-dimethylaminobenzaldehyde-4-
nitrophenylhydrazone  had  promising  non-liner
optical properties (235).

Light Emitting Diodes
6-Alkyl-3-chromonealdehyde (2,2-dialkyl)hydrazone
derivatives  (51) were synthesized from 6-alkyl-3-
chromonealdehydes  and  2,2-dialkylhydrazones  by
Chung and Chang and were used as light-emitting
diodes due to their green light emission (236).

Figure 20: Hydrazone based light emitting diodes.

CONCLUSION

This review summarizes the analytical  applications
of  hydrazone  derivatives.  These  hydrazone
derivatives  are  widely  used as  spectrophotometric
agents not only for detection of metals in sand, soil,
water, pharmaceutical samples, alloys, wine, beer,
bread, oil, fruits, and vegetables, but also  for the
detection  of  organic  compounds  like  carbazoles,
aldehydes, ketones, carboxylic acids, salicylic acid,
aspirin,  aromatic  amines,  heterocyclic  bases,  and
many  more  in  drugs,  food,  air,  blood,  and  urine
samples. These are also used as organic collectors

in  flotation  for  collecting  different  metals  from
water,  where  oleic  acid  is  used  as  surfactant.
Nowadays, they are used as dyes in DSSC due to
their  broad  absorption  band,  as  chemosensors,
especially  in  tumor  cells  due  to  their  florescence
property,  as  indicators  and  as  microbe  detectors
due  to  their  pH  sensoring  properties.  Hydrazone
derivatives are also used as corrosion inhibitors for
nickel,  iron,  steel,  copper,  etc.  Hydrazone
derivatives  have many binding sites due to which
they  have  ability  to  bind  metals  via  coordinate
covalent bond and anions via covalent bond. This
property makes them a unique class of compounds
among  all  organic  compounds.  These  types  of
compounds  are  used  in  light  emitting  diodes  and
due to nonlinear optical properties, are also used in
lasers,  telecommunication  devices,  and  optical
switching.   Hydrazone  derivatives  produce  stable
colors  that  can’t  fade after  long washing and are
used  as  dying  reagents  for  the  dying  of  nylon,
cotton,  polyester,  and  silk.  This  review  covers
approximately  61  years  of  work  on  hydrazone’s
analytical applications with 236 references.
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Characterization of Paper-Like Material Prepared from
Chitosan/Graphene Oxide Composite

Thi Sinh Vo1* , Tran Thi Bich Chau Vo2 

1Sungkyunkwan University, School of Mechanical Engineering, Suwon, 16419, Korea
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Abstract:  Chitosan  (CTS)  is  considered  to  be  a  common  biomacromolecule/poly-cationic  compound
containing the potential functional groups that can be utilized as a feedstock for novel materials. In this
study, CTS/graphene oxide (CTS/GO, CG) mixtures were prepared at different conditions to confirm a
suitable hydrogel  formation, then applied to produce paper-like materials  with various thickness via a
simple casting method. As a result, the morphological structure finally yielded the paper-like materials
(CG2 papers with varying numbers of casting times) with the layer-by-layer structures instead of  the
tightly-sticky  paper-like  structure  (GO  paper).  Based  on  the  possible  interactions  between  the  CTS
molecules and GO nanosheets, the CG mixtures could also be determined by FTIR and Raman analysis;
concomitantly,  their  thermal  properties  reach  higher  than  that  of  the  pure  GO.  Notably,  the  strong
interactions and compatibility  of the CTS molecules and GO nanosheets revealed good dispersion and
interfacial adhesion, leading to significantly enhancing the mechanical properties of the CG2 paper-like
materials with increasing number of casting times or compared to GO paper. Therefore, the CG2 paper-like
materials  with  the  various numbers  of  casting times fabricated in  the present  study can expose new
approaches  for  the  design  and  application  of  future  foil/paper-like  materials,  as  well  as  the  desired
thickness of these foil/paper-like materials can be controlled easily. 
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INTRODUCTION

Polymeric  systems,  as  is  well  known,  have  been
widely used in various research fields and practical
applications  (1-5).  At  same  time,  the  most
remarkable  factors  of  a  polymeric  material  were
almost  entirely  physical,  chemical,  and  interface
properties.  Thus,  it  is  necessary  to  conduct
considerable modification methods that  can obtain
better  desired  results  corresponding  to  multiple
research studies. Especially, foil/paper-like materials
are  concerned  as  integral  parts  of  the  current
technological  development  owing  to  potential
characteristic  features  (i.e.:  protective  layers,

super-capacitors/electrical  batteries,  chemical
/physical filters, molecular storage, adhesive layers,
etc.) (5-10). Chitosan (CTS) is considered to be a
typical  biomacromolecule/poly-cationic  compound
with  excellent  properties  (i.e.:  low  toxicity,
antimicrobial  activity,  biocompatibility,  appreciable
biodegradability,  admirable  low  immunogenicity,
etc.)  that  has  been  utilized  widely  in  various
applications  (i.e.,  biomedical,  environmental,  and
food  fields,  etc.)  (11).  Basically,  CTS  is  an
extensively  classified  linear  copolymer  in  natural
material  sources,  especially  in  de-acetylation  of
chitin, which has become a potential candidate to be
applied in lots of different research fields (3, 12-14).
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Concomitantly, graphene oxide (GO) with potential
functional groups has originated from a chemically
modified  graphene  material,  which  can  be
incorporated  with  various  organic  macromolecules
(15-17).  Moreover,  the  GO  material  can  be
encouraged  to  fabricate  the  large-area  paper-like
materials  for  applications  of  thin-films/membranes
with  controlled  permeability,  super-capacitors,
anisotropic ionic conductors, and molecular storage,
etc.  Besides,  owing  to  the  available  hydrophilic
nature of GO nanosheets, their paper-like structure
can  be  used  as  a  carrier  substance  to  probably
produce  paper-like  hybrid  materials  containing
ceramics, polymers, or metals (11). More obviously,
Singh  et  al.  (18)  reported  a  facile  design  and
synthesis  of  magnetic  iron  oxide  incorporated
CTS/GO hydrogel nanocomposites by employing in
situ mineralization of iron ions in a hydrogel matrix,
which resulted in this material being able to enable
dye removal in a wide variety of solution conditions
and  offering  a  promising  platform for  sustainable
development  of  water  purification  technology.
Whereas, Lyn et al. (19) investigated the application
of active packaging from CTS incorporated with GO
to maintain the quality and extend the storage life
of  palm-oil-based  margarine.  More  notably,
Menazea  et  al.  (20)  studied  well  the  possible
interactions  between  some  divalent  heavy  metals
and  CTS/GO,  which  was  based  on  the  density
functional  theory  (DFT)  at  B3LYP  level  with
LANL2DZ  basis  set.  Nonetheless,  a  foil/paper-like
materials  from GO-like  structure  is  not  commonly
reported.  In  fact,  the  outstanding  chemical  and
mechanical  properties  can  yield  a  promising  GO-
based paper, as well as a paper-like material system
that can be applied effectively in various practical
applications.

In this study, the possible interaction mechanism of
the CTS/GO (CG) mixtures without any cross-linker
regarding CG hydrogel formation and damage was
conducted on investigations of different parameters
and  conditions  based  on  visual  observations  of
different CG mixtures, and the mechanism involving
thermo-induced  hydrogel  formation  was  explained
in detail as well. Then, a suitable CG mixture was
applied to produce paper-like materials with various

thickness via a simple casting method. In particular,
the  chemical  characterization,  thermal  properties
and morphological structure of finally yielded paper-
like  materials  were  confirmed  through  several
analysis  instruments  and  compared  with  those  of
GO paper. Interestingly, the mechanical properties
of the produced paper-like materials with increasing
number of casting times were investigated as well,
which revealed a dispersion and interfacial adhesion
between CTS molecules and GO nanosheets inside
the prepared CG mixtures. Hence, these paper-like
materials with various numbers of casting times can
expose new approaches for the design and desired
thickness control of future foil/paper-like materials,
as well  as this  paper-like material  can be applied
directly in various practical applications, i.e., heavy
metals  or  organic  dye  removal,  adsorption  or
filtration membranes, cell culture, super-capacitors,
sensors, etc.

MATERIALS AND METHODS

Materials
Aqueous acetic acid solution and CTS powder (DD =
~85%) were obtained from Sigma–Aldrich. Aqueous
GO  dispersion  was  purchased  from  a  Korean
company.  

Preparation of CG papers
CG mixtures at different conditions were prepared
by blending CTS solution (1.00 g of CTS in 100 mL
of  2.5%  acetic  acid  solution)  and  aqueous  GO
dispersion  (volume ratio  of  CTS/GO = 1/5,  1/10,
and 1/15,  v/v)  (Table  1).  The  CG mixtures  were
stirred overnight for 2 – 3 days and sonicated for 10
min.  The  gelation/hydrogel  formation  of  vials
containing CG mixtures at room temperature (~80
°C)  was  confirmed  via  visual  observation  with  a
tube  inversion.  Next,  the  CG  mixtures  (~2.00  g)
were cast on one substrate once, which was dried at
room  temperature.  After  that,  an  amount  of  CG
mixtures (~2.00 g) was continued to be cast on the
above  CG  paper  and  dried  at  room temperature,
which  was  conducted  until  2  –  5  times.  The
synthetic route of CG utilizing paper-like materials is
shown in Fig. 1.
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Figure 1: Synthetic route of CG utilizing as paper-like materials.

Table 1. Information of CGs.

Sample CG1 CG2 CG3

Volume ratio of
CTS/GO

1/5 1/10 1/15

Analysis instruments
SEM analysis
Morphological structures of the paper-like materials
(top-surface and cross-section) were measured by a
field-emission  scanning  electron  microscope
(FESEM)  (JSM-7600F,  JEOL)  at  different
magnifications. 

FT-IR and Raman analysis
The  chemical  characterization  of  the  paper-like
materials  was  analyzed  by  a  Fourier-transform
infrared  (FT-IR)  and  Raman  spectroscopies.  FT-IR
spectra  was  recorded  on  an  Nicolet  380  system
(Ietled  Co.) using  pellet  –  KBr  method  with  a
scanned  4000–400  cm–1  wavenumber.  Raman
spectra was scanned by an XperRam200 instrument
with a laser wavelength of 405 nm. 

Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) was obtained on
a Seiko Exstar6000 instrument with an applied 30–
500 °C temperature  range /  10 °C min−1  heating
rate. 

Tensile analysis
Typical  stress–strain  curves  of  the  paper-like
materials (1 cm x 5 cm original size) were measured
by a universal tensile  machine (UTM model  5565,
UK) with 250 N of load cell at the pulling rate of 10
mmmin-1. Prior to the tensile test, the paper-like
materials  were  stored  for  more  than  one  day  at
room  temperature.  All  reported  results  for  the

tensile  tests  were  averages  of  three  measured
values.

RESULTS AND DISCUSSION 

General observation
As  known,  CTS  molecules  and  GO  nanosheets
contain  several  potential  functional  groups  to  be
favorable  in  noncovalent  interactions,  which could
operate a complex network formation between the
CTS  molecules  and  GO  nanosheets  to  create  a
hydrogel state for a suitable CTS/GO (CG) mixture
(11). In fact, these were also similarly presented in
several previous lectures (21-24), especially in Zeta
(ζ) potential of the CTS/GO composite (24). Basing
on visual observation of the prepared CG mixtures
under different conditions (Fig. 2), the CG2 mixture
(volume  ratio  of  CTS/GO  =  1/10,  Table  1)  has
formed  a  stable  hydrogel  state  at  both  room
temperature and ~80 °C (Fig. 2 B, E), as well as
that  hydrogel  formation  was  still  stable  until  be
cooled  to  room  temperature  (Fig. 2H).  The  CG1
mixture (volume ratio  of CTS/GO = 1/5, Table 1)
was in a sol state at both room temperature (Fig.
2A)  and  ~80  °C  (Fig. 2D)  regarding  deficient
interactions  between  the  CTS  molecules  and  GO
nanosheets,  while  the  sol  state  of  CG3  mixture
(volume  ratio  of  CTS/GO  =  1/15,  Table  1)  only
occurred at room temperature (Fig. 2C) and its gel
state was at ~80 °C (Fig. 2F). Especially, a thermo-
reversible  gelation  behavior  has  appeared  in  the
CG3 mixture at ~80 °C (Fig. 2F), which could return
to the sol  state  until  cooled to room temperature
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(Fig. 2I). Therefore, a damaged hydrogel state was
negotiated  through  a  gel−sol−gel  transition,  and
the  hydrogel  formation  could  be  renewed  to  its
origin state in the CG3 mixture (11). As such, the

CG2  mixture  is  seen  as  a  CG  mixture  that  has
obtained optimal  parameters  and conditions to be
applied to the next experiments.

Figure 2: CTS/GO mixtures at room temperature [CG1 – (A), CG2 – (B), CG3 – (C)] and at ~80 °C [CG1 –
(D), CG2 – (E), CG3 – (F)]. The CTS/GO mixtures [CG1 – (D), CG2 – (E), CG3 – (F)] are cooled to room

temperature [CG1 – (G), CG2 – (H), CG3 – (I)].

To understand further the hydrogel state of various
prepared  CG mixtures,  Fig.  3  shows  the  possible
interaction  mechanism  of  the  CG  mixtures  at
different  conditions  involving  the  CG  hydrogel
formation  and  damage.  Basically,  both  CTS
molecules  and  GO  nanosheets  contained  lots  of
potential  functional  groups  for  the  noncovalent
interactions that have occurred in the CG hydrogel
formation. Specifically, the noncovalent interactions
could operate a complex network formation between
the  CTS  molecules  and  GO  nanosheets.
Nonetheless, the mechanism regarding the thermo-
induced hydrogel formation is still unclearl. Herein,
the possible interactions in the CG mixtures could
be encouraged with H2O, CTS and GO (i.e.: FH2O−H2O,
FCTS−CTS,  FGO−GO,  FH2O−CTS,  FCTS−GO,  FH2O−GO);
concomitantly,  the  hydrogel  formation  has  limited
the  interactions  between  CTS  molecules  and  GO

nanosheets  with  H2O,  especially  at  high
temperatures.  Specifically,  the  CG mixtures  would
contain electrostatic attraction interactions between
the  CTS  molecules  and  GO  nanosheets  at  room
temperature,  as  well  as  the  CTS  chains  being
clustered because of a complexation in inter-/intra-
molecular hydrogen bonds. As the weak hydrogen
bonds among CTS chains increased, the interactions
between the CTS chain and GO nanosheets became
stronger with  regard  to  the  increase in  their  free
motion at high temperature. As such, the stretched
chains had lots of chances to interact with other GO
nanosheets, as well as the entanglement possibility
of CTS chains increased to form a complex network
formation  of  them  at  the  end.  Herein,  the  CG2
mixture is chosen to be a representative mixture for
the next analysis.
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Figure 3: Possible interaction of CTS/GO mixtures at different conditions. 

Chemical and thermal characterization of CTS/GO papers

Figure 4: Mechanism of chemical reaction between CTS and GO.

Fig. 4 shows that in the CTS/GO spectrum, the –
COOH  groups  of  GO  interacted  with  the  –NH3

+

groups of CTS, resulting in strong hydrogen bonds
and leading to a far more miscible CTS/GO mixture
(11).  The interfacial  interactions among them can
be very important to the corresponding properties of
the CTS/GO, especially for a stable hybrid network
structure  (25,  26).  More  specifically,  for  chemical
characterization  of  the  prepared  paper-like
materials,  FI-TR  spectra  were  employed  to
investigate, as shown in  Fig. 5 (A, B). In the pure
CTS spectra  (Fig. 5A),  the  characteristic  peaks of
symmetric/asymmetric  −CH  deformation,
symmetric/asymmetric C−C−O stretching and C−C
bending are observed at 1421.90 – 1383.03 cm-1,
1081.92 – 1029.02 cm-1 and 663.42 – 516.85 cm-1,
respectively (5, 27, 28). Besides, the various peaks

have also appeared at 1159.87 cm-1 (C−O−C) and
897.04  cm-1  regarding  the  available  saccharide
structure  of  CTS  (5,  28-30).  In  particular,  the
remaining  characteristic  peaks  at  1652.32  −
1598.32  cm-1 have  corresponded  to  −NH
stretching/bending  vibrations  in  −NH2  groups  (5,
27).  While  the  pure  GO spectra  has  revealed the
peaks at 1734.25, 1632.36, 1400.01, 1229.96 and
1053.03  cm-1 corresponding  to  C=O  carboxylic
group, C=C alkenyl group, −OH deformation, C−O
alkoxy  group,  and  epoxy  C−O−C  stretching,
respectively (31-33) (Fig. 5A). Especially, a broad
peak was observed at 3700 – 3000 cm-1  regarding
to –OH/−NH groups for all samples (Fig. 5B). In the
CG2 paper’s spectra, the peaks at 522.64 – 665.35
cm-1 and  1076.13  –  1019.96  cm-1 correspond  to
C−C  bending  and  symmetric/asymmetric  C−C−O
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stretching  vibrations,  respectively.  Interestingly,  it
also  revealed  that  the  characteristic  peaks  of
saccharide structure of CTS and –OH deformation of
GO  have  been  moved  to  higher  wavenumber
regions such as at 1176.37 cm-1 (C−O−C), 899.70
cm-1  (C−O−C  bridge)  and  1412.05  cm-1 (–OH),
indicating  possible  hydrogen  bond  formations
between  CTS  and  GO  contained  inside  the  CG
mixtures. Furthermore, the peaks at 1753.05 cm-1

(C=O  group)  and  1669.76  –  1561.24  cm-1

(−NH/C=C groups) of CG2 paper were induced from
the pure GO (C=O group, 1734.25 cm-1) and CTS
(−NH  group,  1652.32  −  1598.32  cm-1),
respectively.  However,  these  characteristic  peaks
have  been  not  only  moved  to  the  higher
wavenumber  regions  but  also  lower  intensities
compared  with  the  pure  materials,  mainly  due to
the  amide  linkage  formation  (1669.76  cm-1,
−CONH2) between carboxyl group (GO) and amino
group (CTS), as reported in detail by Zhang et al.
(25). 

Concomitantly,  two  characteristic  peaks  of  GO
nanosheets were observed at  1348 cm-1  (D band)
and 1605 cm-1 (G band) in both the pure GO and
CG2  paper  without  a  movement  (Fig.  5C).
Nonetheless,  ID/IG ratio  of the CG2 paper (0.997)
was higher than that of the pure GO (0.957) leading
to a rising defect density of the CG2 paper. In other
words,  this  increased  defect  could  contribute
significantly  to  the  possible  interactions  in  the
CTS/GO mixtures. Moreover, thermal properties of
the prepared paper-like materials were investigated
by TGA instrument (Fig. 5D). The first loss weight
occurred at ~50 °C regarding to the moisture loss
for all samples, while the second loss weight of the
CG2 paper was decomposed at 212.39 °C, as well
as its thermal stability was better than that of pure
GO (188.93 °C). Therefore, it  was concluded that
there  were  possible  interactions  (hydrogen  bond,
electrostatic  attraction,  and  amide  linkage
formation)  between  the  CTS  molecules  and  GO
nanosheets inside the CTS/GO mixtures (Fig. 3 and
Fig. 4) through the above-analyzed FT-IR, Raman,
and TGA results.

Figure 5: FTIR (A, B), Raman (C) and TGA curve of CTS, GO and CG2 paper.
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Morphological properties of CTS/GO papers
For morphological properties of the prepared paper-
like materials, SEM analysis was conducted (Fig. 6).
The  top-surface  image  of  GO  was  considered  to
have a sheet-like structure (Fig. 6A), while its cross-
sectional  image  was  observed  to  be  tightly-sticky
paper-like  structure  owing  to  the  available
hydrophilic nature of GO nanosheets (Fig. 6B). For
the  prepared  CG2  paper-like  materials  with  the
various numbers of casting times (Fig. 6 C – H), it
was  revealed  that  there  was  a  strong  network
structure contained inside the CG2 mixture through
the top-surface images of CG2 papers (Fig. 6 C –
E). Specifically, the surface structure of CG2 papers
(CG21 paper – CG2 paper with 1 casting time, CG23
paper – CG2 paper with 3 casting times, and CG25
paper – CG2 paper with 5 casting times) became
wrinkled  more  instead  of  the  sheet-like  structure
with  the  increasing  number  of  casting  times,
probably due to the contraction of CTS chains in dry
conditions.  Concomitantly,  the  CTS  particles  were
not  observed  in  these  top-surface  images,
suggesting that the CTS chains were well distributed

inside  the  CG2  mixture  as  well  as  on  the  GO
nanosheets. Moreover, the cross-sectional images of
CG2 papers (Fig. 6 F – H) showed that the amount
of CG2 mixture was supplemented further with the
increasing number of casting times, leading to being
deposited  and  stackedly-arranged  like  a  layer-by-
layer structure  instead of the tightly-sticky paper-
like structure, mainly due to the polymer backbone
length of CTS on the GO nanosheets. Thereby, the
strong  electrostatic  interactions  between  carboxyl
group  (GO)  and  amino  group  (CTS),  as  well  as
amide linkage formation (−CONH2) have effectively
occurred  in  the  CG2 mixture  (Fig.  3  and Fig.  4).
Overall,  the  simple  casting  method  could  be
considered as one of efficient methods to fabricate
various  foil/paper-like  materials,  as  the  desired
thickness  of  foil/paper-like  materials  can  also  be
controlled  easily.  Herein,  the  final  thickness  of
paper-like  materials  reached  about  4.750±0.132
μm;  5.125±0.441  μm;  6.625±0.205  μm  and
11.625±0.383  μm for  the  GO,  CG21,  CG23,  and
CG25 papers, respectively.

Figure 6: SEM images of GO [top-surface – (A) and cross-section – (B)]; various CG2 papers [top-surface:
(C – E), and cross-section – (F – H)]: CG21 (C, E), CG23 (D, G) and CG25 (E, H).
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Mechanical properties of CTS/GO papers
In addition to the above-mentioned characterization
and  morphological  properties,  the  mechanical
properties  are  also  considered  to  be  one  of  the
important features for the paper-like materials (GO,
CG2 papers with various numbers of casting times)
based  on  the  tensile  tests  at  room  temperature.
Typical stress–strain curves for GO paper and CG2
papers with various numbers of casting times are
shown  in  Fig.  7  [Digital  camera  images  of  CG2
paper − (A) and from tensile loading − (B)].  For
the  GO  paper,  its  tensile  strength,  elongation  at
break, and modulus (ɛ = ~0.5%) were lower than
those of CG papers (GO paper:  δ= 5.19 MPa,  ɛ =
2.36%, and E = 1.83 MPa) relating to the hydrogen
bond  and  van  der  Waals  forces  within  the  GO
nanosheets of the produced GO paper (34). While
the tensile strength and modulus (ɛ = ~0.5%) of CG
papers  increased  significantly  with  increasing
number of casting times (19.21 MPa & 1.95 MPa /
CG21 paper, 22.77 MPa & 2.55 MPa / CG23 paper,
and 26.81 MPa & 2.64 MPa / CG25 paper), there

was only a small decrease in the elongation at break
of CG23 paper (5.46% / CG21 paper, 4.94% / CG23
paper,  and  5.74%  /  CG25  paper).  Thereby,  the
enhancement of tensile strength and modulus of the
CG papers manifests good dispersion of  both CTS
molecule and GO nanosheets, as well as their strong
interactions  (hydrogen  bond,  electrostatic
attraction, and amide linkage formation) inside the
CTS/GO  mixtures.  Concomitantly,  the  increase  in
tensile strength and modulus of CG papers exhibited
stiffer  behavior,  implying  a  transition  in  their
intermolecular  interactions  with  increasing  CG2
loading.  In  other  words,  the  resultant  hydrogen
bond,  electrostatic  attraction,  and  amide  linkage
formation  between  the  CTS  molecules  and  GO
nanosheets have supported rearrangements in the
CG2 paper-like structures (layer-by-layer structure),
leading to increased steric hindrance and lowering
the  torsion  of  the  polymer  backbone,  as  well  as
strong interlayer interactions in the CG2 papers (35-
38).

Figure 7: Typical stress–strain curves of the paper-like materials (GO, CG2 papers with various number of
casting times). Digital camera images of CG2 paper (A) and paper from tensile loading (B). 

Overall,  good  dispersion  and  interfacial  stress
transfer  are  considered  significant  factors  in
preparing  the  mechanically  reinforced  paper-like
materials.  It  causes  a  more  uniform  stress
distribution as well as minimizes the presence of the
stress  concentration  center  (39).  As  mentioned
above,  the GO nanosheets with oxygen-containing
groups and negative charges can interact well with
the  CTS  molecules  –  poly-cationic  compounds
through hydrogen bond, electrostatic attraction and
amide  linkage  formation  (Fig.  3  and  Fig.  4).
Furthermore,  the contraction and backbone length
of the CTS chains on the GO nanosheets promote
stress  transfer  under  dry  conditions.  Additionally,

the  strong  interactions  and  compatibility  between
the CTS molecules and GO nanosheets significantly
increase  the  unidirectional  dispersion  of  GO
nanosheets  in  the  CTS  molecules  as  well  as  the
interfacial  adhesion,  leading  to  significantly
enhanced mechanical properties of the CG2 paper-
like materials.

CONCLUSIONS

A simple casting method has yielded the paper-like
materials  (CG2  papers  the  various  casting  times)
possessing layer-by layer structures instead of the
tightly-sticky  paper-like  structures  (GO  paper)
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based on the morphological properties (top-surface
and  cross-sectional  SEM  images).  Besides,  the
strong  interactions  (hydrogen  bond,  electrostatic
attraction,  and  amide  linkage  formation)  between
the CTS molecules and GO nanosheets have been
determined through the FTIR and Raman results, as
well as the thermal property has also become more
stable  in  the  prepared  mixture  with  the  CTS
molecules and GO nanosheets. Moreover, the strong
interactions  and  compatibility  of  them  indicated
good dispersion and interfacial adhesion, leading to
significantly enhancing the mechanical properties of
the  CG2  paper-like  materials  with  an  increasing
number of casting times or compared to GO paper.
Therefore,  the  CG2  paper-like  materials  with  the
various numbers of  casting times prepared in the
present  study  can  open  up  new  avenues  for  the
design  and  application  of  future  foil/paper-like
materials, as well as the desired thickness of these
foil/paper-like materials can be controlled easily. 
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Abstract:  Indolizine  derivatives  hold  essential  biological  functions  and  have  been  researched  for
hypoglycemic, antibacterial,  anti-inflammatory, analgesic, and anti-tumor actions. Indolizine scaffold has
intrigued conjecture and continuous attention and has become an effective parent system for generating
powerful  novel  medication  candidates.  This  research  focused  on  applying  the  quantitative  structure-
electrochemistry relationship (QSER) approach to the half-wave potential (E1/2) for Indolizine derivatives
using theoretical molecular descriptors. After calculating the descriptors and splitting the data into both
sets, training and prediction. The QSER model was constructed using the Genetic Algorithm/Multiple Linear
Regression (GA/MLR) technique, which was used to choose the optimal descriptors for the model. A four-
parameter model has been established. Many assessment procedures, including cross-validation, external
validation,  and  Y-scrambling  testing,  were used  to  assess  the  model's  performance.  Furthermore,  the
applicability  domain  (AD)  was  investigated  using  the  Williams  and  Insubria  graphs  to  assess  the
correctness of the established model's predictions. The constructed model exhibits great goodness-of-fit to
experimental  data,  as well  as  high stability  (R²=0.893,  Q²LOO= 0.851,  Q²LMO=0.843 RMSEtr= 0.052,  s=
0.056). Prediction results show a good agreement with the experimental data of E1/2 (R²ext= 0.912, Q²F1=
0.883, Q²F2= 0.883, Q²F3= 0.919, CCCext= 0.942, RMSEext=0.045).
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INTRODUCTION

Indolizine is a heteroaromatic molecule composed of
two condensed rings (five and six members) and a
bridging  nitrogen  atom  (1).  Indolizine  has  been
referred  to  by  various  names  in  the  literature,
including  pyrindole,  pyrrodine,  pyrrolo[1,2-

a]pyridine,  and  pyrrocoline  (2).  Indolizines
(indolizine derivatives) are heterocyclic compounds
comprised  of  indolizine  heterocyclic  nuclei.
Indolizidines  are  widely  dispersed  in  nature,
particularly  in  plants,  but  aromatic  indolizines  are
uncommon (2).  Heterocycles  possessing  indolizine
cores play an essential role in pharmaceutical  and
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materials  chemistry.  Several  high-performance
materials,  dyes,  and  medicines  are  intrinsically
heterocyclic  (3).  Numerous  pharmacological
activities  have  been  reported  for  indolizines,  like
anti-inflammatory activity  (4),  antiviral  activity (5),
aromatase inhibitory activity (6),  analgesic activity
(7), and anticancer activity (8,9). Indolizine scaffold
has  intrigued  conjecture  and  continuous  attention
and has become a significant parent system for the
generation of novel medication candidates (9).

Electrochemical  techniques  are  helpful  tools  for
studying electron-transfer processes  and may also
provide important information that can contribute to
understanding  various  biological  phenomena  (10).
The oxidation reaction is the most commonly seen
route  during  the  beginning  phase  of  drug
biotransformation. Because of this, electrochemistry
is  often  used  as  a  simulation  technique  in  drug
metabolism investigations (11). Organic compounds'
half-wave  oxidation  potential  (E1/2)  is  a  significant
electrochemical  feature,  which  is  a  constant  that
defines an oxidation-reduction system according to
the definition. The  E1/2  may be used to predict the
electrochemical  properties  of  other  organic
molecules  as  well  (12).  A  typical  electrochemical
technique  used  in  studies  of  electro-oxidation
systems  is  voltammetry  (13).  Since  the  synthesis
and  the  evaluation  of  novel  drugs  based  on
indolizines and their  investigation  by voltammetric
methods  are restricted  in time and cost  (14),  the
construction  of  theoretical  models  to  predict  the
features  of  these  compounds  is  essential  and
required. 

The  quantitative  structure-property  relationship
(QSPR)  approach,  referred  to  as  the  quantitative
structure-electrochemistry  relationship  (QSER),
allows for the prediction and interpretation of E1/2 of
drugs  and  organic  compounds,  based  on  the
relationship  between both their  E1/2 and structural
molecular  descriptors.  These  descriptors  contain
chemical  information  related  to  the  molecule's
physicochemical  features  (15).  QSER  models  are
suitable  because  they  minimize  the  number  of
experiments  by  saving  time  and  money  while
measuring physicochemical or bio-activities. Several
studies on the use of QSPR in electrochemistry have
been  conducted  (16-20).  Hemmateenejad  and
Shamsipur used PCR and PC-ANN to determine the

E1/2 of  69 organic compounds.  They developed an
ideal PC-ANN model that can explain 96% of the E1/2

data variances (16). Nesmerak et al. relate Hammet
substituent constants  and HOMO orbital  energy to
E1/2 of  40  benzoxazines.  They  discovered  a
significant  relationship  between  HOMO  and  E1/2
oxidation.  (17).  Fatemi  et  al.  constructed  a  QSPR
model based on multiple linear regression to predict
E1/2 values  of  15  substituted  nitrobenzenes  (18).
Hemmateenejad and Yazdani used MLR and PCR to
investigate the half-wave reduction potential (E1/2) of
40 steroids (19). Goudarzi et al. (20) used a genetic
algorithm-partial  least  squares  (GA-PLS)  and
stepwise  regression-partial  least  squares  (SR-PLS)
approach  to  estimate  the  half-wave  reduction
potentials of 21 chlorinated organic compounds.

In this work, we have attempted to develop a new
QSER model  by predicting the half-wave oxidation
potential  of  different  sets  of  indolizines.  Our
purposes are: 

1) To investigate the relationship between the half-
wave  oxidation  potentials  of  indolizines  and  their
molecular structures; 

2) To build a precise and stable model with great
predictive  potential  using  a  rapid  and
straightforward method of regression; 

3)  To  predict  E1/2 values  for  different  indolizines
without  experimental  data  using  the  established
model.

MATERIAL AND METHODS 

Dataset 
Fifty-two  structurally  diverse  indolizines  were
selected  for  data;  their  molecular  structures  are
described in Table S1 in supplementary  materials.
Experimental  E1/2 values  were  obtained  from  the
literature (21). Recorded values vary from 0.362 to
0.966 Volts. Table 1 summarizes the data obtained
for indolizine derivatives by cyclic voltammetry (CV).
The cyclic voltammograms were recorded according
to  these  experimental  conditions:  A  platinum disk
electrode (d=1.0 mm).  acetonitrile solutions (1mM)
of  the  substrate  containing  0.1  M  TBATFB  as  the
supporting electrolyte,  and  all  measurements were
performed at 20 °C and at 1 V/s scan rate (21).

Table 1: Cyclic voltammetry data and descriptors values for the studied compounds.
No. E1/2   (V) b T(O..O) SIC4 R8m TPSA(NO)

1 0.386 0 0.869 0.223 37.12

2 0.429 0 0.869 0.378 37.12

3 0.461 0 0.869 0.503 37.12

4 0.385 0 0.83 0.251 37.12

5 0.362 26 0.802 0.274 55.58

6 0.435 0 0.873 0.379 37.12

7 0.446 6 0.878 0.399 46.35
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No. E1/2   (V) b T(O..O) SIC4 R8m TPSA(NO)

8 0.647 5 0.903 0.383 46.35

9 0.671 4 0.903 0.418 46.35

10 0.443 0 0.882 0.458 37.12

11 0.522 0 0.882 0.442 37.12

12 0.45 0 0.91 0.474 37.12

13 0.436 0 0.875 0.346 37.12

14 0.391 0 0.856 0.421 37.12

15 0.492 0 0.878 0.403 46.35

16 0.443 20 0.819 0.343 64.81

17 0.676 8 0.896 0.462 63.42

18 0.688 10 0.907 0.394 63.42

19 0.679 12 0.882 0.386 63.42

20 0.692 0 0.877 0.347 54.19

21 0.77 0 0.875 0.473 71.26

22 0.807 0 0.875 0.594 71.26

23 0.825 0 0.875 0.758 71.26

24 0.74 0 0.816 0.475 71.26

25 0.68 64 0.848 0.486 89.72

26 0.792 0 0.872 0.423 71.26

27 0.773 0 0.879 0.393 71.26

28 0.966 0 0.872 0.729 71.26

29 0.743 0 0.842 0.49 74.5

30 0.776 0 0.875 0.486 71.26

31 0.815 0 0.882 0.525 71.26

32 0.804 18 0.878 0.473 80.49

33 0.477 0 0.872 0.35 47.47

34 0.688 22 0.872 0.485 64.54

35 0.711 22 0.878 0.5 64.54

36 0.411 0 0.816 0.464 47.47

37 0.686 0 0.889 0.248 71.26

38 0.683 0 0.858 0.356 71.26

39 0.791 36 0.875 0.454 89.72

40 0.772 32 0.88 0.485 89.72

41 0.754 34 0.88 0.481 89.72

42 0.782 0 0.901 0.514 71.26

43 0.788 0 0.879 0.457 71.26

44 0.78 0 0.847 0.491 71.26

45 0.809 0 0.903 0.623 71.26

46 0.79 0 0.903 0.615 71.26

47 0.722 0 0.869 0.391 60.36

48 0.669 0 0.869 0.38 60.36

49 0.606 0 0.88 0.429 48.12

50 0.671 0 0.889 0.566 48.12
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No. E1/2   (V) b T(O..O) SIC4 R8m TPSA(NO)

51 0.698 0 0.889 0.691 48.12

52 0.601 0 0.857 0.419 48.12

Generation of Descriptors
ChemDraw 7.0 software (22) was used to sketch the
chemical structures of all molecules. 

The  three-dimensional  geometries  were  optimized
using the semi-empirical PM7 method (23) and the
MOPAC  software  (24)  to  reach  the  low-energy
conformation for each chemical compound. After the
geometric optimization, the Dragon software (V.5.5)
was used to generate more than 3000 descriptors
(25)  from  different  families,  including  topological
descriptors,  molecular  counts,  connection  indices,
information  indices,  2D  autocorrelations,  edge
adjacency  indices,  topological  charge  indices,  and
eigenvalues-based  indices,  among  the  molecular
descriptors generated. Constant or almost constant
descriptor  values  and descriptors  that  were found
highly  correlated  (r  >0.95)  (26)  were  omitted  to
minimize repetitive and unnecessary information.

GA-MLR procedure
The  obtained  descriptors  and  experimental  E1/2

values  were  analyzed  using  a  genetic  algorithm-
multivariate linear regression (GA-MLR). GA (27,28)
is done to explore the feature space and choose the
main  descriptors  related  to  the  compounds'
activities  or properties (E1/2 in this study).   Briefly,
the  GA  is  built  up  of  the  following  fundamental
phases: 1) a vector (chromosome) comprising zeros
and  ones  (genes)  is  produced  with  the  size
corresponding  to  the  number  of  factors;  2)  a
population of chromosomes is randomly generated;
3) the value of fitness function is examined for every
new created chromosomes(The fitness function here
is  the  cross-validation  coefficient  (Q²LOO)  );  4)  the
chromosomes with the better predictions (according
to  their  fitness  function  value)  are  then  used  to
generate  new populations  by  operations  including
selection, crossover and mutation. These phases of
evolution  continue  until  the  halting  criteria  are
fulfilled. After that, the MLR is used to associate the
descriptors chosen by GA with the values of E1/2. The
MLR  provides  an  equation  relating  the  structural
descriptors to the E1/2:

E1/2 = b0 + b1y1 +…+ bnyn (1)
Where  the  intercept  (b0)  and  the  regression
coefficients  of  the  descriptors  (bi)  are  calculated
using  the  least-squares  method.  yi is  the
independent variable or descriptor. 

Validation of QSER model
Following  the  Organization  for  Economic
Cooperation and Development (OECD) guidelines, a
quantitative  structure-activity  relationship  (QSAR)
model  should  give  acceptable  metrics  of  quality,
robustness,  and reliability.  Whereas  a  training  set
provides  the  model's  internal  performance,
reliability is evaluated using a suitable test set (29).

The following statistical metrics (R² and Q²LOO) were
calculated  to  verify  the  model's  accuracy.  R²
evaluates the model's fit to the observed data in the
training set. In other words, R² governs the fit of the
build model. The cross-validation coefficient (Q²LOO),
one  of  the  most  frequent  internal  validation
procedures,  was  calculated  for  the  quantitative
assessment  of  model  robustness.  This  procedure
was repeated for the full training set by eliminating
one  molecule  and  developing  and  verifying  each
molecule's model (29, 30).

(2)

 (3)

Where yi is the experimental  E1/2, ŷi is the value of
E1/2  calculated  by  the  model  equation,  ȳ is  the
average value of E1/2 for the whole set, n is the total
compounds in the training set, and ŷi/i is the value of
E1/2  predicted by the generated model according to
the LOO method.

Internal validation using leave-many-out (LMO) is an
effective method. In theory,  LMO model  validation
employs  fewer  training  sets  than  the  LOO
procedure.  The  LOO  (leave-one-out)  procedure
employs  n  training  sets  of  n-1  objects  in  and
predicts each excluded object in the test set, which
may  be  performed  several  times  owing  to  the
possibility  of  more  combinations  leaving  several
compounds out of the training set. It can reasonably
be inferred that the model obtained is stable if there
is  an  excellent  average  QSPR  model  in  Q²LOO

validation (31). In this work, 30% of the compounds
were separated from the training set randomly.

External  validation  was  used  to  assess  the
developed model's prediction performance based on
a series  of  coefficients:  R2

ext (which  describes  the
correlation  inside  the  validation  set  between  both
predicted  and  experimental  values),  Q2

F1(32),
Q2

F2(33),  Q2
F3  (34,35)  and  the  Concordance

Correlation Coefficient (CCC) (36-38).  This last one
verifies the tiniest variation in predictions between
experimental and external data. Moreover, the root
means  squared  error  (RMSE),  which  recapitulates
the total  error  of  the developed  model,  measures
and compares the reliability  of  predictions in both
the  training  (RMSEtr)  and  the  prediction  set
(RMSEext), defined as follows:
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(4)

One  of  the  most  commonly  used  strategies  for
ensuring the accuracy and robustness of the created
model is Y-scrambling. It is not unusual for a model
with  good  statistical  results  for  training  to  have
fortuitous  correlations  but  descriptors  that  do  not
necessarily relate to the modeled property.  The Y-
scrambling procedure detects these random models.
The  experimental  property  of  the  training  set  is
randomly  mixed,  and  the  learning  algorithm  is
retrained  to  obtain  a  model  using  the  same
descriptors.  Typically,  the  resulting  models  should
have poor efficiency (30).

RESULTS AND DISCUSSION 

Development of the Model 

The  experimental  data  of  the  E1/2 were  randomly
split into two subsets, namely training set (70%) and
prediction  set  (30%).  The  QSARINS  software  used
the  hybrid  Genetic  Algorithm-multiple  linear
regression (GA-MLR) approach on the training set to
build  numerous  linear  models  (39).  The  set  of
parameters  were  used  in  QSARINS,  including  the
population size of 1000, the generation per size of
1000,  the number  of  models  per  size  of  100,  the
mutation rate of 80, the crossover rate of 0.6, and
the QUIK rule of 0.05. As a result, different models of
many  sizes  have  been  generated  based  on  the
statistics  on  the  cross-validation  (Q²LOO),  multiple
correlation coefficients (R²), and standard error (s).
However, some of them may be over-fitted.

Figure  1  depicts  the  effects  of  the  number  of
descriptors  on  R²  and  Q²LOO statistics.  As  seen  in
fig.1, models containing 5 and 6 descriptors do not
significantly improve model statistics. 

Figure 1: The plot of Q²LOO and R² for the obtained models versus the number of descriptors.

Based on figure 1, the model of 4-parameters should
be  chosen  as  the  best  model  defined  by  the
following equation: 

E1/2 (V) = - 1.28 - 0.003 T (O..O) + 1.46 SIC4 +
0.327 R8m+ 0.008 TPSA (NO)            (5)

R²= 0.893, Q²LOO= 0.851, Q²LMO= 0.847, RMSEcv=
0.061, RMSEtr= 0.052, CCCtr= 0.943, RMSEext=

0.045, R²ext= 0.912, Q²F1= 0.883, Q²F2= 0.883, Q²F3=
0.919, CCCext= 0.942, s = 0.0581, F= 66.727.

The  statistics  prove  the  constructed  model's
stability, robustness, and predictive ability (Equation
5). Therefore, the model was accepted with values
of  R²  and CCCtr above 0.7  and 0.85,  respectively.
Moreover,  this  model  has  the  smallest  values  for
RMSEtr and the highest values for CCCtr, indicating
that this model has the lowest error, i.e., the minor
differences from the predicted data. In addition, the
model's Q2

LOO and Q2
LMO values are more significant

than  0.6  and  close  to  R2.  Furthermore,  the
established  model  has  the  lowest  RMSEcv  values,
proving  its  efficiency.  The  built  model's  external
validation  results  showed a  high  predictive  ability
because the R²ext and the CCCext values  are more
significant  than  0.7  and  0.85,  respectively.  Other
external  validation  metrics  (Q²F1,  Q²F2,  and  Q²F3)
show that  they accepted the model  based on the
literature-recommended criteria (38).

The  correlation  matrix  presented  in  table  2  was
examined  to  ensure  that  these  descriptors  are
independent. It is clear from table 2 that none of the
descriptor  pairs  has  a  significant  correlation.  In
addition,  to  check  the  multicollinearity  of  the
descriptors concerned, the Variance Inflation Factor
(VIF)  was  calculated  (40).  From  table  2,  the  VIF
values are less than 5.0, indicating that the selected
descriptors are not collinear. As a result, the model
that has been established is reliable.
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Table 2: The Correlation matrix.

Descriptors Definition T(O..O) SIC4 R8m TPSA(NO) VIF

T(O..O)    Sum of topological distances
between O..O

1 1.653

SIC4
Structural Information

Content index (neighborhood
symmetry of 4-order)

-0.101 1 1.065

R8m R autocorrelation of lag 8 /
weighted by mass

0.051 0.217 1 1.310

TPSA(NO)
Topological polar surface area

using N, O, S and P polar
contributions

0.589 0.05 0.389 1 1.936

Predicted data versus experimental ones and radar
plots  for  training and prediction  sets  are given in
figure 2. The experimental and predicted values are
fairly similar, as illustrated in Fig.2 (left). This model
matches  the  experimental  data  well  (R²  =  0.883,
RMSEtr =  0.052,  for  the  training  set  and  R²ext =
0.912, RMSEext = 0.045, for the prediction set). The

difference between the experimental and predicted
E1/2 in training and prediction sets may be explained
by the degree of overlap between the experimental
and  predicted  E1/2  lines  in  the  radar  plot  (Fig.  2.
Right).  The  radar  plot  shows  a  good  overlap
between experimental and predicted data.

 

Figure 2: Predicted versus experimental values of E1/2 (Left). The radar plot of QSER model (Right).

The residuals of the training and prediction data sets
are represented in Figure 3. As seen in Figure 3, all
residuals  are  scattered  consistently  and  randomly

on both  sides  of  the  zero  line.  Consequently,  the
developed model has no systematic errors.
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Figure 3: The residuals vs. training and prediction values.

The  randomization  test  was  applied  to  avoid
correlations  by  chance  and  to  validate  the
developed  model.  By  generating  two  hundred
models, the results (R²Ysc and Q²Ysc as a function of
Kxy) are reproduced in Figure 4,  where Kxy is  the

overall  correlation  in  the  model  descriptors
(including E1/2). The low R²Ysc and Q²Ysc (0.4) values
indicate  that  the  favorable  results  of  the  created
model were not related to random correlations.

Figure 4: Randomization test.

The applicability domain (AD) belongs to the model
validation  technique,  also  known  as  the  model
prediction  space.  The  AD  was  checked  to:  1)
determine  the  correct  zone  for  model  predictions
such that predictions in this zone are reliable and 2)
use  this  AD  for  making  predictions  of  new
compounds. The Williams plot is a standard graphic
representation  of  the  standardized  residuals  vs.
leverages values (hi). The details of this concept are
defined  in  the  literature  (30,41).  Suppose  a
compound has high leverage (> h*), this compound
will  be out  of  AD.  In  general,  h* equals  3(p+1)/n,
where p is the model’s size and n is the number of
training  compounds.  The  high  standardized

residuals  (>|3SD|  units)  (26)  are  another  criterion
that places a chemical out of AD.

Figure 5 presents the standardized prediction errors
as a function of the values of the leverages (hi). As
shown  in  figure  4,  the  presence  of  an  influential
point (Compound #25) of the training set,  h* equal
0.405.  Thus,  this  compound  can  have  a  positive
leverage  effect  on  the  stability  of  the  model  and
make  it  more  accurate.  We  also  note  that  all
residuals are in the range (± 3 SD) (horizontal lines);
this  denotes  that  the  developed  model  has  an
excellent predictive capacity.
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Figure 5: Williams plot of the developed model.

Furthermore, the applicability domain was checked
using the Insubria graph (40), which plots leverage
values vs. predicted values for compounds with no
experimental data. This is useful for visualizing the
proposed  model's  interpolated  and  extrapolated
predictions  for  novel  chemicals  without
experimental  data (51 compounds with no data in
this  work).  The minimum and maximum values  of

the experimental  E1/2 of the training set are always
presented in the graph, a zone of higher reliability,
where predictive ability is good, for both structures
less than  h* and  E1/2  predictions placed within Ymin

and  Ymax.  In  addition,  chemical  predictions  are
extrapolated  and  may  be  less  accurate  if  their
leverages are hi> h* (outside the structural domain
of the training set).

Figure 6: Insubria graph for the developed model: Leverages hi vs. predicted E1/2.

The  Insubria  graph  of  the  developed  model  is
reported in Figure 6. As can be seen in this figure,
the  predictions  for  53%  of  indolizines  from  the
prediction set were located within the model's AD,
suggesting that this model reliably interpolated the
E1/2 predictions. Otherwise, 47% of these compounds
are  outside  the  AD  (hi>h*),  meaning  that  the
predictions obtained are less reliable since they are
extrapolations  from  the  structural  domain  of  the
model. It demonstrates that, with a few exceptions,
the model developed in this study can make reliable
predictions for structurally similar indolizines.

Interpretation of descriptors
The following is  an  order  of  decreasing  descriptor
significance in the model: 
TPSA(NO) (39.7013%) >T(O..O)  (22.9569%) > R8m
(19.6070%) > SIC4 (17.7348%).

TPS(NO) (Topological Polar Surface Area defined by
nitrogen  and  oxygen  contributions)  is  the  most
crucial  descriptor  in  the  constructed  model.  It
belongs  to  the  molecular  properties  descriptor
family,  expressed  as a polar  part  of  the molecule
linked  to  oxygen,  nitrogen,  sulfur  atoms,  and
hydrogen  connected  to  these  heteroatoms  and
specific  charge  interactions  (15,43).  Based  on the
summation  of  the  tabular  polar  fragment  surface
contributions, the topological polar surface area may
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be  calculated  directly  (i.e.,  atoms  regarding  their
bonding  pattern).  TPSA(NO)  has  demonstrated  a
strong correlation (0.826) with half-wave potential in
the  developed  model.  The  positive  TPSA(NO)
coefficient  suggests  that  as  the  topological  polar
surface area increases, the E1/2 increases as well. 

The second important descriptor is T(O..O) (Sum of
the  topological  distance  between  (O..O),  which
belongs to the topological  descriptors  (15,43). The
topological distance is the length (i.e., the number
of  involved  bonds)  of  the  shortest  route  between
two atoms. The equivalent row sum of the distance
matrix, which is the sum of the topological distance
between  the  atom  and  every  other  atom,  is  the
atom's  distance  degree.  The  sum  of  topological
distances between (O..O) is obtained by the sum of
topological  distances  between  all  pairs  of  (O..O)
(15,43).  The  negative  coefficient  of  T(O..O)  in
equation  5  demonstrates  an  inverse  relationship
with  E1/2,  implying  that  decreasing  the  descriptor
value increases E1/2.

The  third  important  descriptor  was  R8m  (the  R
autocorrelation of lag 8 ⁄weighted by atomic masses)
(15,43), which belongs to GETAWAY descriptors. The
GETAWAY  descriptors  are  built  on  the  leverage
matrix,  the  most  widely  used  for  regression
diagnostics  and  the  same  one  determined  in
statistics (42). Via the use of the molecular influence
matrix,  atomic connections by molecular  topology,
and  chemical  information,  these  molecular
descriptors  attempt  to  match  3D  Molecular
Geometry through the use of distinct atomic weights
and  the  use  of  the  molecular  influence  matrix
(atomic mass, polarizability, van der Waals volume
and  electronegativity,  etc.)  (15,43).  The  SIC4
descriptor has a positive sign, indicating that the E1/2

is associated with this descriptor.

The structural information content (neighborhood of
symmetry  of  4-order)  (SIC4)  (15,43)  was  the  last
important descriptor.  This descriptor  is  among the
information indices  determined based on neighbor
degrees  and  edge  multiplicity  for  the  H-included
molecular  graph  (15,43).  The  information  indices
can be used as a quantitative indicator of structural
homogeneity  or  graph  diversity.  Therefore,  it  is
related  to  the  symmetry  associated  with  the
structure.  The  positive  coefficient  of  SIC4  implies
that the E1/2 may grow as SIC4 increases. 

According to our findings, E1/2 of indolizines is mainly
determined by combining the descriptors mentioned
above: molecular properties, topological properties,
GETAWAY  property  descriptors,  and  information
index descriptors.

CONCLUSION

The  available  evidence  in  the  literature  suggests
that  indolizines  comprise  a  substantial  class  of
heterocycles  that  possess  various  intriguing
biological  actions,  including  hypoglycemic,

antibacterial,  analgesic,  and  anti-inflammatory
activities.  The  half-wave  potential  (E1/2)  is  an
essential  electrochemical  characteristic.  It  is  a
valuable  metric  for  determining  the  antioxidant
activity of organic compounds. The primary goal of
this  work  is  to  build  a  quantitative  structure-
electrochemistry  relationship  model  that  could  be
used  to  predict  the  oxidation  half-wave  potential
(E1/2)  of  a  series  of  indolizines  using  the  GA-MLR
approach. The developed model has four descriptors
derived  from  the  structures  of  the  chemical
compounds.  The  proposed  model  has  a  high
statistical  significance.  The  E1/2  predictions  have  a
good  match  with  the  experimental  values.
Furthermore,  the  leverage  approach  assessed  the
model's applicability domain. The developed model
can correctly  predict  the  E1/2  for novel  compounds
that are structurally similar to indolizines, as well as
other  existing  indolizines  with  undefined  E1/2

experimental values.
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Abstract:  Diabetes mellitus (DM), closely related to diabetic nephropathy,  is one of the major public
health problems worldwide. Today, with the increasing understanding of the underlying pathophysiology of
DM, new oral anti-diabetic treatment strategies are being developed. Vanadium is a transition element that
is widely distributed in nature, and its oral administration has been reported to improve DM in humans and
a variety of diabetic animal models. The purpose of the research is to explore the effect of vanadyl sulfate
(VS) administration on the different  enzyme activities associated with kidney injury in streptozotocin-
(STZ) induced diabetic rats. Male rats were assigned into groups as follows: untreated control, control
animals given VS (100 mg/kg), diabetic (a single dose of intraperitoneal STZ, 65 mg/kg), and diabetic +
VS  (same dose) group. VS was administered orally for 60 days after the induction of diabetes. On the 60 th

day of  experiment,  kidney samples were taken for analysis.  According to the data obtained from the
biochemical analysis, the activities of transaminases, alkaline phosphatase, carbonic anhydrase, and γ-
glutamyl transpeptidase decreased, whereas superoxide dismutase activity elevated in the kidney tissue of
VS treated  hyperglycemic  animals.  The results  suggested that  VS improved the diabetic  renal  injury,
probably by VS insulin-mimic and antioxidant behavior through decreased oxidative stress and increased
antioxidant capacity. Therefore, vanadyl sulfate might be used as a potential oral anti-diabetic compound
in the treatment of the diabetic nephropathy, and as an important control for elevated blood glucose levels
in the diabetic state.
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INTRODUCTION

Diabetes  mellitus  (DM)  is  a  metabolic  disease
defined by unusual insulin secretion disorder, insulin
deficiency,  and  hyperglycemia.  Dysfunction  in
various tissues such as the kidney and liver can be
counted among the secondary complications caused
by DM (1). Renal failure, the important long-term
complications  of  DM  worldwide,  is  the  result  of
kidney  disease  caused  by  hyperglycemia.  Most  of
patients with both type 1 and 2 DM develop chronic
kidney disease characterized by clinically damaged
renal functions or increased albumin excretion with
urine (2). 

Oxidative  stress  plays  a  pivotal  role  in  the
pathogenesis  and  progression  of  diabetes  (3).
Increased  oxidative  stress,  inflammation,  and
abnormal growth factors all qualify as mediators of
tissue damage. High intracellular glucose levels are
closely associated with the formation of  advanced
glycation  end  products  (AGEs),  which  cause
dysfunction and stimulation of expression of some
transcription factors that are the major contributors
to the development of diabetic kidney disease (2,4).

In the last three decades, streptozotocin (STZ) has
been widely applied to many animal species in the

721

https://doi.org/10.18596/jotcsa.1071151
mailto:stunali@iuc.edu.tr
https://doi.org/10.18596/jotcsa.1071151
https://dergipark.org.tr/en/pub/jotcsa
http://www.turchemsoc.org/
https://orcid.org/0000-0003-3489-4420
https://orcid.org/0000-0003-3363-1290
https://orcid.org/0000-0003-4185-4363


Orhan N, Tunali S, Yanardag R. JOTCSA. 2022; 9(3): 721-728. RESEARCH ARTICLE

inducement  of  experimental  diabetic  models  and,
accordingly,  in  the  screening  and development  of
various  anti-diabetic  compounds.  STZ  causes
necrosis  of  pancreatic  beta  cells,  reducing  insulin
secretion and inducing clinical features of diabetes
similar to those in humans. For this reason, STZ-
induced diabetic models are used both to examine
the mechanisms of various anti-diabetic agents and
to understand their effects on hyperglycemia (5).

Since 1980s, vanadium and its different compounds
have  been  evaluated  as  potential  anti-diabetic
compounds  in  type  1  and  type  2  DM  (6).  Some
compounds  of  vanadium  have  demonstrated
interesting effects in lowering blood glucose levels
and  improving  many  biochemical  parameters  in
various diabetic tissues (7-10).

Vanadium, either in its vanadate [VO4]3- or vanadyl
[VO]2+ forms, has received great interest because of
its  possible  therapeutic  value  as  an  insulin-mimic
agent, as insulin is not orally active against diabetes
(11). It is known that different vanadyl compounds
or their synthesized new complexes exhibit insulin-
mimic properties, which means they are involved in
the regulation of glucose homeostasis (12).

Previous  studies  of  our  research  team  have
demonstrated that both VS and its new synthesized
oxovanadyl  complex have potential  effects  on the
treatment  of  DM  and  recovery  in  the  different
tissues  on  the  biochemical  and  histopathological
levels (7,8,13-15). On the other hand, the fact that
we obtained remarkable data in kidney tissue in our
previous research forced us to examine the effect of
VS on different biochemical parameters of the same
tissue (16). 

EXPERIMENTAL SECTION

Animals,  Induction  of  Diabetes,  and
Administration of Vanadyl Sulfate
All  care  and  handling  of  animals  were  performed
with the approval of Animal Care and Use Institute’s
Committee  of  Istanbul  University.  Male,  6-6.5-
month-old, Swiss albino rats weighing between 230
g  and  250  g  were  used.  The  animals  were
completely  healthy  and  fed  with  commercial
standard pellets. The rats were randomly divided as
follows: Group I: untreated control  (n=13); group
II:  control  animals  given  VS  (100  mg/kg;  n=5);
group  III:  STZ-diabetic  (a  single  dose  of
intraperitoneal  STZ,  65  mg/kg;  n=8);  group  IV:
(STZ)-diabetic animals given VS (same dose; n=9).
Diabetes  was  induced  in  the  two  diabetic  groups
with only one dose of 65 mg STZ in citric acid buffer
(pH=4.5; 0.01 M) solution per 1 kg of body mass
(17). At 24 hours subsequent to the injections, the
weight and level of glucose were measured and the
animals with glucose levels above 200 mg/dL were
accepted as diabetic and used for the study. Briefly,
after  assessment of  1st day fasting blood glucose,
the rats were administered with VS in a dose of 100

mg/kg/day  via intragastric  gavage  for  60  days.
Throughout the experimental period, body weights
and blood glucose levels were monitored at 0th, 1st,
30th, and 60th days (13). In all samples, blood was
collected through the tail vein of the rats, and the
18-h-fasting blood glucose levels were determined
by  o-toluidine  method  (18).  At  the  end  of
experiment day, animals were sacrificed and kidney
tissues  were  directly  inserted  into  plastic  tubes
containing  ice-cold  physiological  saline  and  kept
frozen at −80 °C until the time of analysis.  

Biochemical Assays of Kidney Tissue 
Cold  saline  solution  (0.9%)  was  used  for
preparation  of  10%  (w/v)  kidney  homogenates,
which were centrifuged before determination of the
activities of kidney enzymes and protein analysis.

Transaminase  activities  (AST  and  ALT)  were
determined  by  Reitman-Frankel  method  (19).  For
the  clear  kidney  homogenates,  AST  and  ALT
activities were performed using buffered solutions.
The quantities of formed oxaloacetate and pyruvate
were measured spectrophotometrically at 490 nm. 

Alkaline phosphatase (ALP)  activity  was estimated
by Walter and Schüt’s two-points method (20). The
dense  yellow  color  obtained  under  alkaline
conditions was measured at 405 nm. 

Kidney  γ-glutamyl  transpeptidase  (GGT)  activity
was determined by Szasz (21). The absorbance of
formed nitroaniline as a result of the reaction was
measured at 405 nm. 

Carbonic  anhydrase  (CA)  activity  was  assayed
according to the method described by Verpoorte et
al (22). The absorbance changes obtained of 3 min
period at 25 °C were monitored at 348 nm.

The  activity  of  superoxide  dismutase  (SOD)  was
estimated  according  to  Mylroie  et  al.,  and
measurements  of  kidney  total  protein  levels  were
performed  according  to  the  method  of  Lowry
(23,24).

Statistical Analysis
Results were evaluated using an unpaired t test and
analysis  of  variance  (ANOVA)  using  the  NCSS
statistical  computer  package.  The  values  were
expressed as mean ± SD. p < 0.05 was considered
as significant. 

RESULTS 

This part of the results regarding body weight and
fasting blood glucose levels  in  the  current  animal
study  has  already  been  published  previously
(13,16).  The loss seen in the body weight  of  the
diabetic  animals  was  prevented  by  VS
administration in the days of 1st, 30th and 60th days
(PANOVA = 0.011, PANOVA = 0.0001, PANOVA = 0.0001,
respectively)  (Table  1).  Blood  glucose  levels  that
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were  increased  by  STZ  administration  were
diminished  by  VS  treatment.  Accordingly,
significance was also observed between groups in

the blood glucose levels for 1st, 30th, and 60th days
(PANOVA=0.0001,  PANOVA=0.0001,  PANOVA=0.0001,
respectively) (Table 2) (13).

Table 1: Mean levels of weight parameters (g) for all groups (13).

Groups 0 Day* 1 Day* 30 Day* 60 Day* Pt-test

Control 246.64±44.43 243.35±39.50 275.51±34.40 283.48±30.35 0.016
Control + VS 224.14±16.13 221.03±12.58 253.14±14.06 251.91±20.41 0.007

Diabetic 231.67±37.71 197.02±37.47 175.74±38.48 171.70±34.67 0.002
Diabetic + VS 229.65±32.14 203.93±30.57 197.46±34.40 199.16±36.2 0.101

*Mean± SD
SD: standard deviation; PANOVA:analysis of variance; Pt-test: unpaired t test; VS: vanadyl sulfate.

 Table 2: Mean levels of blood glucose for all groups (mg%) (13).

Groups 0 Day* 1 Day* 30 Day* 60 Day* Pt-test

Control 74.52±14.69 78.19±12.74 80.92±13.31 69.05±9.15 0.107
Control + VS 72.92±9.40 85.05±19.30 76.06±16.19 86.40±11.03 0.401
Diabetic 65.52±5.76 211.75±43.12 216.71±36.61 323.39±131.29 0.0001
Diabetic + VS 71.88±13.78 253.93±38.62 135.76±46.16 131.68±72.30 0.0001
PANOVA 0.324 0.0001 0.0001 0.0001
*Mean± SD
SD: standard deviation; PANOVA:analysis of variance; Pt-test: unpaired t test; VS: vanadyl sulfate.

Significant increases in kidney tissue transaminase
(AST  and  ALT)  activities  were  observed  in  STZ-
diabetic  rats  as  compared  to  control  animals
(p<0.005).  VS  application  caused  a  remarkable
decrease  in  the  activities  of  both  transaminases
(p<0.005)  in comparison to diabetic rats (Table 3).
Similar results were observed in the ALP activities.

There  was  a  significant  increment  in  the  diabetic
group  ALP  activity  as  compared  to  non  treated
healthy  animals  (p<0.005).  In  fact,  VS
administration  significantly  reversed  this  increase
compared to kidney tissue of hyperglycemic animals
(p<0.005) (Table 3).

Table 3: Effect of VS on the kidney tissue AST, ALT and ALP activities in control and experimental groups.

Groups AST(mU/mg
protein)*

ALT(mU/mg
protein)*

ALP(mU/mg
protein)*

Control 15.68 ± 1.75 18.24 ± 4.19 122.43 ± 32.70 
Control + VS 12.00 ± 5.20 14.30 ± 1.92 100.76 ± 28.45 
Diabetic 22.91± 4.49a 28.28 ± 13.33a 237.82 ± 56.47a

Diabetic + VS 12.50 ± 5.20b 15.83 ± 5.47b 118.09 ± 46.46b

PANOVA 0.002 0.0001 0.001
*Mean ± SD
ap<0.005 versus to control group
bp<0.005 versus to diabetic group
SD: standard deviation; PANOVA:analysis of variance; VS: vanadyl sulfate; 
AST: aspartate aminotransferase; ALT: alanine aminotransferase;  ALP: 
alkaline phosphatase.

Table 4 presents the GGT, CA, and SOD activities
for  all  groups.  The  activity  of  GGT,  the  marker
enzyme  of  enhanced  oxidative  stress,  was
significantly elevated in STZ diabetic renal tissue as
compared to untreated control group (p<0.05). VS
application  lowered  this  activity  in  a  significant
manner in comparison to diabetic rats (p<0.0001).
Consistent with these data, elevated CA activity in
the  diabetic  kidneys  when  compared  to  controls

(p<0.005)  was  also  seen.  In  addition,  vanadium
significantly reduced the kidney CA activities in the
diabetic  animals  in  comparison  to  non  treated
hyperglycemic  animals   (p<0.0001).  On  the
contrary, it was observed that the activity of SOD
was decreased meaningfully in the renal  tissue of
hyperglycemic animals (p<0.05) whereas this value
was  insignificantly  increased  in  the  hyperglycemic
group treated with VS (Table 4). 
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Table 4: Effect of VS on the kidney GGT, CA and SOD activities in control and experimental groups.

Groups GGT(mU/mg
protein)*

CA(U/mg
protein) *

SOD(U/mg
protein) *

Control 48.63±11.67 6.63±0.32 24.26±3.91 
Control + VS 52.66±28.09 4.96±0.44 16.53±2.63 
Diabetic 76.90±10.73a 10.23±1.30c 15.87±1.57a

Diabetic + VS 40.60±6.23b 5.94±0.80b 18.29±1.87 
PANOVA 0.020 0.0001 0.021
*Mean ± SD
ap<0.05 versus to control group
bp<0.0001  versus to diabetic group
cp<0.005 versus to control group
SD: standard deviation; PANOVA:analysis of variance; VS: vanadyl 
sulfate; GGT: γ-glutamyl transpeptidase; CA: carbonic anhydrase; SOD:
superoxide dismutase. 

DISCUSSION

Kidney diseases, one of the most notable problems
in DM, are also the main cause of renal failure (2).
Loss of function in the kidneys, changes the body's
homeostasis excessively, which can result in death
from kidney failure (25). Although the liver is the
main organ where gluconeogenesis takes place, the
studies demonstrated that the production of glucose
under  diabetic  conditions  in  the  renal  tissue  is
ranged  about  25% and  increased  to  50% during
prolonged starvation or DM (26). This suggests that
renal gluconeogenesis is of physiological importance
for  maintaining  blood  glucose  concentration  at  a
certain level (27).

Vanadium is involved in many mechanisms with its
insulin-enhancing activity on diabetes, and the most
widely accepted of them is the inhibition of tyrosine
phosphatase, an enzyme acting on insulin receptors
(28).  According  to  the  studies,  the  anti-diabetic
effect  of  vanadium is  verified  by  the  diversity  of
vanadyl  compounds  and  its  different  oxidation
states  (29,30).  Kiertszan  et  al.  reported  that
vanadium inhibits gluconeogenesis more strongly in
kidney tissue than in  the  liver (27).  In  the  same
work,  it  was  demonstrated  that  vanadyl
acetylacetonate  -  an  organically  chelated  vanadyl
compound  -  reduced  gluconeogenesis  in  renal
cortex tubules by inhibition of pyruvate carboxylase
(PC), phosphoenol-pyruvate carboxykinase (PEPCK),
and  also  decreased  the  activity  of  fructose-1,6-
bisphosphatase (FBP) (27). The first reason for the
differences in the effects of the same compound on
glucose  synthesis  metabolism  in  the  liver  and
kidney, may be caused by the differences between
isosymes  of  regulatory  enzymes  in  the
gluconeogenic  pathway,  such  as  FBP,  a  main
enzyme  in  this  process,  which  is  unaffected  by
ribose-1,5-bisphosphate  in  rabbit  liver  but  is
inhibited in rat kidney cortex (31, 32). The second
point  of  inhibition  of  FBP  activity  in  isolated
hepatocytes could also be clarified by the vanadyl-
induced elevated level of fructose-2,6-bisphosphate

(33). In general, the reason why vanadium is more
effective  on  the  kidney  gluconeogenesis  than  the
hepatic one is may be due to the high accumulation
of vanadium in the kidney cortex in comparison to
hepatic tissue (27). 

In  our  previous  research,  we  observed  that
hyperglycemia  caused  loss  of  renal  function  in
diabetic  rats,  which  was  closely  related  to  the
decreased  GSH  level,  the  formation  of  non
enzymatic glycolization (NEG), and increased serum
creatinine and urea concentrations. Treatment with
VS  resulted  in  an  increase  in  body  weight,  a
decrease in blood glucose concentration, and both
biochemical and histological improvement in diabetic
damaged kidney tissue (16). These effects may be
associated  with  insulin-mimic  behavior  of  vanadyl
compounds.  Obtaining  remarkable  data  in  this
sense, made us wonder about the influence of VS on
other  biochemical  parameters  such  as
transaminases, ALP, GGT, CA, and SOD in diabetic
kidney tissue. 

AST and ALT are the transferases that are involved
in the transport of amino groups from one specific
amino acid to another alpha keto acid (34). Instead
of AST and ALT being the markers of hepatic injury,
both transaminases are also mainly expressed in a
variety  of  tissues,  including  kidney,  skeletal  and
cardiac  muscles  (8,10,35).  Feilleux-Duche  et  al.
demonstrated  in  their  research  that  AST  is
expressed  too  much  in  the  renal  cortex,  and  is
regulated  by  glucocorticoids  in  an  extremely  cell-
specific manner (36). Under stress conditions (both
somatic  and  psychological),  the  glucocorticoid
hormone synthesis is increased significantly in the
adrenal cortex.  According to the same research, the
reason for the high AST activity in the kidneys is an
indication of the high physiological stress exposure
of  the  animals.  This  suggests  that  the  renal  AST
levels  might  serve  as  a  sensitive  marker  for
evaluating the induced stress (35). In our previous
research,  based  on  the  effect  of  VS  on  the  liver
tissue, we observed increased serum AST and ALT
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activities as well as degenerative changes in diabetic
liver  detected  by  light  and  electron  microscopes
(10).  In  support  of  this  findings,  in  the  current
research,  we also  observed  the  elevation  of  both
transaminases activities that significantly increased
in  diabetic  rats  in  comparison  to  non  treated
animals  kidney  tissues.  Administration  of  VS
lowered the activities of AST and ALT meaningfully
in comparison to the diabetic animals. 

ALP  is  a  membrane-bound  glycoprotein  hydrolase
capable  of  transferring  phosphate  groups  from
molecules  such  as  nucleotides  and  proteins.  Most
effectively operating in an alkaline environment, ALP
stimulates  mineralization  mainly  by  balancing  the
levels  of  inorganic  phosphate  and  inorganic
pyrophosphate.  In  patients  with  chronic  kidney
disease, ALP is a well-recognized biomarker of renal
osteodystrophy  and  a  risk  factor  for  increased
mortality  (37).  Therefore,  ALPs  are  important  for
bone  mineralization,  but  increment  of  their  levels
can also be deleterious for other processes, such as
vascular calcification. In our research administration
with vanadyl, the evident decrement of ALP activity
in diabetic rats’ renal tissue in comparison to non
treated  diabetic  animals  was  observed.  Another
enzyme  widely  found  in  tissues  with  secretory
activity,  such  as  the  proximal  tubular  cells  in
kidneys  is  GGT  (38).  This  enzyme  plays  the
essential role in the glutathione metabolism (GSH)
by  catalyzing  its  degradation  into  glutamyl  and
glutamate amino acids (39). It has been previously
reported that the highest GGT activity in kidneys is
detected  on  the  outer  surface  of  the  microvillus
membrane in the renal  proximal  tubule (40).  The
activation  of  GGT  in  the  proximal  tubule  may
enhance oxidative stress, leading to kidney damage
(38).  In this  study,  we examined the higher  GGT
activity  in diabetic  kidney tissue in comparison to
non treated animals’ renal tissue.  In our previous
research, we detected a decreased GSH level in the
renal  tissue of  non treated  diabetic  animals  (16).
Since  GGT  is  an  enzyme  responsible  for  the
breakdown of GSH after glomerular infiltration, an
increment  in  its  activity  in  the  kidney  tissue  of
diabetic animals is expected (41). Application of oral
vanadyl decreased the level of kidney’s GGT activity
in the hyperglycemic rats via vanadyls’ antioxidant
behavior during the oxidant and pro-oxidant diabetic
conditions in the kidney tissue.

CA is a cytosolic enzyme that is responsible for the
inter-conversion of CO2 to HCO3

- in many tissues of
higher vertebrates. It is related to some processes
such as gas swapping, ion carriage, and pH control
(42).  In  metabolic  diseases  like  DM  and
hypertension, the activity of CA is variable (43). It
was reported  that  changed activity  in  erythrocyte
CA  can  count  as  early  evidence  of  altered  DM
metabolism (43). Similarly, in another study, it was
noted  that  CA  activity  elevated  twofold  in  the
hyperglycemic liver due to its important function in
providing substrate for hepatic gluconeogenesis and

ureagenesis (44). Consistent with previous research
on different tissues, we also found a higher activity
in  diabetic  kidney  CA  (9,10,15).  The  oral
administration of  vanadyl  supplement reduced the
activity of the enzyme in diabetic animals.

SOD  is  one  of  the  most  essential  endogenous
enzymes  in  the  living  organisms’  antioxidant
system, which scavenges the superoxide radicals by
converting them into H2O2 and molecular  oxygen.
Overproduction of free radicals in damaged tissues
may be a response to decreased or inhibited SOD
activity  (45).   According  to  our  results  shown  in
Table  4,  the  hyperglycemic  animals'  kidney  SOD
activities  demonstrated  a  significant  decrease  as
compared to non treated rats. The treatment with
VS  enhanced  the  activity  of  SOD  and  that  may
assist in controlling diabetic rats’ free radical levels
(45).

Looking  at  the  literature  in  general,  the  effect  of
vanadyl compounds on the kidney is a contentious
issue.  Some  vanadyl  compounds  are  nephrotoxic,
even in therapeutic doses, but some articles support
that  some  vanadyl  compounds  may  improve
diabetic kidney function because of its hypoglycemic
potential  (46-50).  In  our  current  and  previous
studies,  we  observed  death  in  normal  rats
administered only VS. On the contrary, there was no
such loss in diabetic animals given VS, and also, a
healing  effect  on  diabetic  kidney  tissue  was
observed.  These findings show that  VS may be a
suitable  oral  anti-diabetic  for  the  improvement  of
hyperglycemia if it is used in appropriate doses only
in diabetic rats.

CONCLUSION 

The present study showed that VS exerted insulin-
mimic  behavior  and  antioxidant  properties  that
prevent kidney damage caused by diabetes. It has
been observed previously that orally given vanadyl
(IV)  supplemention  dramatically  reduced  STZ-
induced  blood  glucose,  improved  AGEs  formation,
lipid  peroxidation  levels,  some  renal  biomarkers,
and renal histopathological damage. In the current
research,  we  demonstrate  that  vanadyl  treatment
also alleviated activities of transaminases and ALP in
diabetic  rats’  kidney  tissue.  Also,  VS reduced the
activities of GGT and CA, and increased antioxidant
capability by inducing the activity of SOD in diabetic
rats.  Therefore,  based  on  previous  and  current
studies, we can say that the applicability of VS as a
new anti-diabetic  agent  in  the  treatment  of  renal
tissue damage with diabetic nephropathy would be
appropriate. Further research into the functions of
vanadyl and its different complexes will  aid in the
development  of  new  substances  to  improve  the
treatment of diabetic nephropathy.
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Abstract:  In  this  study,  the  enzyme activity  of  anthraquinone compounds which were  synthesized
beforehand by  our  research  group was investigated.  Molecular  docking studies  were  performed for
compounds  1-(4-aminophenylthio)anthracene-9,10-dione  (3) and  1-(4-chlorophenylthio)anthracene-
9,10-dione (5).  Compound 3  was synthesized from the reaction of 1-chloroanthraquinone (1) and 4-
aminothiophenol (2). Compound 5 was synthesized (1) from the reaction of 1-chloroanthraquinone (1)
and  4-chlorothiophenol  (4).  Anthraquinone  analogs (3,  5)  were  synthesized with  a  new  reaction
method made by our research group  (2). Inhibitory effects of compounds  3 and  5 were investigated
against acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) enzymes which are related to
Alzheimer’s Disease (AD).  Compounds 3 and 5 exhibited strong anti-acetyl- and butyryl-cholinesterase
inhibition activities than galanthamine used as standard compound (92.11±1.08 and 80.95±1.77 %,
respectively).  The  EHOMO-ELUMO  values,  molecular  descriptors,  and  the  calculated  UV-Vis  spectra  of
anthraquinone derivatives were computed by B3LYP/6-31+G(d,p) levels in the CHCl3 phase. Based on
the  fluorescence  property  of  the  anthraquinone  skeleton,  the  fluorescence  activity  of  the  bioactive
anthraquinone  analogue  (5)  was  investigated.  MTT  test  was  performed to  determine  the  cytotoxic
effects of thioanthraquinone molecules  3 and  5. In MTT analyses, 3 compounds showed the highest
effect against Ishikawa cells at a dose of 10 µg/mL, while compound 5 showed the highest effect at a
dose of 50 µg/mL. The cell viability for compound 3 was 84.18% for 10 µg/mL and the cell viability for
compound 5 was 75.02% for 50 µg/mL. 
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INTRODUCTION

Anthraquinones are cyclic compounds that have a
class of  conjugated cyclic  diketones and play an
active role due to electrochemical activity of main
skeleton  in  biological  and  organic  reactions.
Anthraquinones  and  their  analogs  have
applications  in  many  areas  such  as  medicine,
pharmacy, chemistry, and material engineering (3-
10). Anthraquinones can have estrogenic activity.
In  a  study  (11) with  hydroxyl  anthraquinones,
Emodin compound having hydroxyl groups showed
estrogenic  activity.  The  discovery  of  important
anti-cancer  drugs  such  as  Daunomycin,
Adriamycin, and Mitoxantrone has led scientists to
investigate anthraquinone and its derivatives that
have  an  anti-cancer  effect,  especially  biological
activity (12-15). Damnacanthal, which is a natural
bioactive compound isolated from phenolic phase
of noni roots, may be found in Rubiaceae plants,
too (16-17). Damnacanthal is defined as the most
powerful  selector  inhibitor  of  p56Ick  tyrosine
kinase which is  a  protein activity  that  plays  key
role in chemotactic reaction of T cells to CXCL12
(18-19).  Additionally,  an  active  anthraquinone
analogue,  Damnacanthal,  may  also  inhibit  other
tyrosine kinases (PDGFR, erbB2, EGFR and insulin
receptor)  in  their  IC50  values  in  micromolar
concentration aperture  (18). It was established in
studies  that  Damnacanthal  is  also  a  powerful
inhibitor of c-Met and acts as an antitumoral agent
against  hepatocellular  carcinoma  (20).
Anthraquinone compounds, especially daunoribicin,
doxorubicin, epirubicin and mitoxantrone, are the
most effective clinical anticancer medications (21).
Mitoxantrone,  with  its  planar  anthraquinone
structure, is a clinically useful antineoplastic agent
(22-28) SZ-685C,  one  of  sea  anthraquinone
metabolites,  represses  human breast  cancer  and
human  nasopharyngeal  carcinoma  cells  (29).
Anthraquinones have high antitumor effect.  They
are responsible for conjunction of DNA double-helix
to  DNA,  interactions  via  interpolation  and
decomposition,  direct  membrane  effects,  DNA
damage, topoisomerase II inhibition, production of
free  radicals  such  as  reactive  oxygen  species
(ROS), apoptosis induction through topoisomerase
inhibition  and  production  of  functional  p53  and
ROS. Additionally, anthraquinones trigger (c-Jun N
terminal  kinase)  Akt  /  PKB  (Protein  Kinase  B)
through JNK and apoptosis through mitochondrial
paths (29-35). Cholinesterase enzymes (acetyl and
butyryl)  in  the  central  nervous  system  are
responsible  for  the  termination  of  cholinergic
signaling  by  hydrolyzing  the  neurotransmitter
acetylcholine (ACh). In the brain, decreased levels
of ACh with the loss of cholinergic neurons leads to
memory  loss  and  progressive  cognitive  decline,
which  are  common  symptoms  of  Alzheimer's
disease (AD)  (36). Although the reason of AD is
unknown,  many  studies  have  reported  that  ACh

levels  have been exhausted in  patients  suffering
from AD. AChE and BuChE inhibition is an effective
mechanism  for  the  treatment  of  AD  (37-38).
According to the results  of our  literature  review,
there are several cholinesterase inhibitors namely
galanthamine, rivastigmine, donepezil, and tacrine
used for the treatment of AD. Therefore, the above
mentioned  drugs  possess  constricted  efficacy,
toxicity, and have unfavorable side effects such as
diarrhea,  vomiting,  dizziness,  hepatotoxicity,  and
nausea  (39), so there is a need for more potent
and highly efficient cholinesterase inhibitors for the
treatment of AD. According to literature surveying,
there  are  a  few studies  about  anticholinesterase
activity studies on anthraquinone compounds (40-
43)  but  there  is  not  any  study  about
thioanthraquinone compounds except for the study
of  Tonelli  et  al.  (44),  in  which  only  one
thioanthraquinone compound was investigated for
anticholinesterase activity.  This study is important
to  examine  the  properties  of  anti-acetyl  and
butyrylcholinesterase  inhibitory  activities  for
thioanthraquinone  compounds. In  this  study,
synthesis  was  done  via  a  method  (2) that  had
been discovered by our team prior to this study,
enzyme activities  of  anthraquinone analogs  were
examined  and  molecular  docking  studies  of
analogs  were  performed.  Moreover,  cytotoxicity
studies of thioanthraquinone molecules were also
conducted in the study.  
  
MATERIALS AND METHODS

Chemistry
General
All chemicals were purchased from either Sigma-
Aldrich  or  Merck.  Solvents,  unless  otherwise
specified, were of reagent grade and distilled once
prior  to  use.  Thin  layer  chromatography  was
performed  on  Merck  (60  F  254)  TLC-plates
(aluminum-based). Melting points were measured
on a Buchi B-540 apparatus and were uncorrected.
Mass spectra were recorded on Shimadzu LCMS-
8030  triple  quadrupole  spectrometer  in  ESI  (+)
polarity.

Synthesis
In  this  study,  compounds  3 and  5 were
synthesized  in  a  previous  study  (1).  Various
bioactive amino- and thioanthraquinone analogues
were synthesized in our previous studies (45-46).
In this work, enzyme, in silico and in vitro study of
these  compounds  were  performed.  Our  target
molecule  1-(4-chlorothiophenyl)-anthracene-9,10-
dione (3) was obtained from reaction of  starting
material  1-aminoanthraquinone  (1)  and  1-(4-
aminothio)phenol  (2)  according  to  a  patent
method  (2).  A  yellowish  reaction  mixture  was
obtained at the end. 10 mL of aquous potassium
hydroxide solution was added to this mixture, and
the reaction temperature was raised to 120–130
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°C.  After  reflux  (48  h),  an  orange  crystal  thio-
anthraquinone  compound  (3)  was  obtained.  The
new product (3) was extracted with chloroform (30
mL). The organic layer was washed with water and
dried with calcium sulfate. The synthesized novel
analogue  (3)  was  purified  by  column
chromatography.  Another  target  molecule  1-(4-
chlorophenylthio)anthracene-9,10-dione  (5)  was
obtained  from  reaction  of  starting  material  1-
aminoanthraquinone  (1)  and  1-(4-
chlorothio)phenol  (4)  according  to  a  patent
method  (2). A  yellowish  reaction  mixture  was
obtained at the end. 10 mL of aquous potassium
hydroxide solution was added to this mixture, and

the reaction temperature was raised to 120–130
°C.  After  reflux  (48  h),  an  orange  crystal  thio-
anthraquinone  compound  (3)  was  obtained.  The
new product (5) was extracted with chloroform (30
mL). The organic layer was washed with water and
dried with calcium sulfate. The synthesized novel
analogues  (3,  5)  were  purified  by  column
chromatography.  The chemical structure of novel
thio-anthraquinone  compounds  (3,  5)  were
characterized  by  spectroscopic  methods  such  as
FT-IR,  NMR,  MS,  and  (UV)–visible
spectrophotometry.  Synthesized analogs  3 and  5
were shown in Figure 1. 
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Figure 1: Illustrations of thioanthraquinone analogs in this study.

(3): Orange crystal, mp: 227-228 °C. Yield: 0.76 g
(52%).  Rf  [Petroleum  ether/chloroform  (1:1)]:
0.43. IR (KBr, cm−1 ): υ= 3021, 2913 (C-Harom),
1594  (C=C),  1647  (C=O).  UV-vis(CHCl3):  λmax
(logε)= 3.79  (427  nm),  4  (302 nm),  4.63  (247
nm).  1H NMR (499.74 MHz, CDCl3): δ= 7.29-8.17
(m, 4H, Harom).  13C NMR (125.66 MHz, CDCl3):
δ=  123.27,  125.95,  126.47,  127.21,  129.33,
129.53, 130.69, 131.64, 131.92, 132.87, 133.38,
134.14,  135.30,  136.10,  136.34,  144.69  (Carom

and  CHarom),  181.93  (C=O).  C20H11O2SCl,  (M,
350.82 g/mol).

(5):  Red  solid,  mp:  208-209  °C.  Yield:  0.78  g
(57%).  Rf  [Petroleum  ether/chloroform  (1:1)]:
0.48. IR (KBr, cm−1): υ= 2923, 2852 (C-Harom),
(C=C), (C=O). UV-Vis (CHCl3): λmax (logε)= 3.77
(430 nm), 4.04 (303 nm), 4.71 (249 nm). 1H NMR
(499.74  MHz,  CDCl3):  δ=  6.69-6.71  (m,  4H,
Harom),  7.09-8.30  (m,  7H,  Harom).  13C  NMR
(125.66 MHz, CDCl3): δ= 125.83, 126.46, 127.79,

130.76, 131.62, 131.67, 132.64, 133.07, 133.27,
134.09,  136.11,  136.59,  147.10,  147.32  (Carom

and  CHarom),  182.23  (C=O).  C20H13NO2S,  (M,
331.39 g/mol).
 
Fluorescence Analysis
 In this study, fluorescent spectra for 5 have been
investigated.  Anthraquinone  skeleton  as  a  rigid
structure is very effective in fluorescent behavior
of compound 5. There is a π-bond delocalization in
aromatic  thiosubstituted  anthraquinone  structure.
Additionally,  carbonyl  groups  in  the  structure  of
molecules are strong withdrawing groups. Aromatic
thiosubstituted  group  in  compound  5 amplifies
fluorescence  aspect  of  anthraquinone.  In  the
fluorescence  spectrum  of  5,  excitation  and
emission  wavelengths  were  observed at  435 nm
(λexc.) and  683  nm  (λem.),  respectively.
Fluorescence  spectrum  of  thiosubstituted
anthraquinone compound 5 is shown in Figure 2.  
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Figure 2: Excitation (left) and  emission spectrum (right) of 5 (2.0x10-3 M) in CHCl3 solution.

Anticholinesterase activity 
The  acetyl-cholinesterase  and  butyryl-
cholinesterase  inhibitory  activities  of  the
compounds 3 and 5 were tested by using a slightly
modified  Ellman  method  (47).  Acetylthiocholine
iodide (or  butyrylthiocholine  iodide)  was used as
substrate of the reaction and DTNB (5,5′dithiobis
nitrobenzoic acid) was used for the measurement
of  the  anticholinesterase  activity.  Galanthamine
was used as the standard drug. 130 μL of sodium
phosphate buffer (pH 8.0), 10 μL of 4 mM sample
solution  and  20  μL  of  AChE  (or  BChE)  solution
were mixed in each well and incubated for 15 min
at 25 °C. The reaction was then initiated by the
addition  of  10  μL  of  DTNB  and  10  μL  of
acetylthiocholine  iodide  (or  butyrylthiocholine
iodide). Final concentration of the tested solutions
was 200 μg/mL. The hydrolysis of these substrates
was monitored using microplate ELISA reader XS
by the formation of yellow 5-thio-2-nitrobenzoate
anion as the result of the reaction of DTNB with
thiocholine, released by the enzymatic  hydrolysis
of  acetylthiocholine  iodide  or  butyrylthiocholine
iodide, at a wavelength of 412 nm. 

%Inhibition = (ACont−ASample)∕ACont × 100,

where ACont is the absorbance of the control  and
ASample is  the  absorbance  in  the  presence  of  the
sample

Cell Culture
Preparation of the extracts of compounds 3 and 5 
To prepare 10 mg/mL concentration of compound
3 and  5, 10 mg of the compounds were weighed
and transferred into a sterile Eppendorf and 1 mL
of  100% methanol  (CH3OH)  was  added  into  the
tube.  This  mixture  was  dissolved  by  an
ultrasonicator  at  65  °C  for  15  minutes  and
vortexed  for  2  minutes  and  this  process  was
repeated  3  times.  The  stock  solutions  of
compounds  3 and  5 were prepared in this  way.
After the stock solutions, doses were prepared for
MTT Assay by serial dilution methods such as 500
µg /mL, 100 µg /mL, 50 µg /mL, 10 µg /mL, 5
µg /mL and 1 µg /mL with serum-free medium.

Human  endometrial  adenocarcinoma  cell  line
(Ishikawa)  and  human  endothelial  cell  line
(ECV304) were used in the study. The cells were
cultured in DMEM medium (Gibco, 11960044, UK)
supplemented  with  10%  of  fetal  bovine  serum
(Gibco),  1%  penicillin/streptomycin,  and  L-
glutamate at 37 °C in a humidified atmosphere of
5% CO2. Ishikawa cells and ECV 304 were grown
in  35-mm  culture  dishes  for  24  h  before  the
experiments.  Cells  were  diluted to  105 cells  /mL
with Gibco DMEM (1x) medium.
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Figure 3 (A): Microscopic view of Ishikawa (x10).    Figure 3 (B): Microscopic view of ECV 304 (x10).

Cytotoxicity Assay 
To  determine  the  cytotoxic  effect  of  3 and 5
extracts on the cells’ MTT assay ((3- (4,5-dimethyl
thiazole-2-yl)-2,5-diphenyl  tetrazolium  bromide),
90  µL  of  cell-  medium with  serum mixture  was
added to have 9000 cells in each well within Nest
96 Well Plate. The 96 Well Plate is incubated at 37
°C and 5% CO2 for 24 hours. After this period, 10
µL of 3 and 5 solutions in different concentrations
that were suitable for each well were added. The
96 Well Plate is incubated at 37 °C and 5% CO2 for
24  hours.  After  24  hours,  10  µL  of  MTT
(Invitrogen, Cat No: M6494). Solution with stock
concentration 5 mg/mL and prepared in sterile PBS
was  added  to  each  well.  The  96  Well  Plate  is
incubated at 37 °C and 5% CO2 for 3 hours, after
which 90 µL was discarded from the wells without
touching the cells and 100 µL 50% DMSO (VWR,
Cat No: 23500.322)- 50% Isopropanol (VWR, Cat
No:  20842.323)  was  added  on  each  well.  The
surface  of  the  96  Well  Plate  was  covered  with
aluminum foil. The 96 Well Plate was left at room
temperature for 45 minutes. Then, 96 Well  Plate
was  measured  at  570  nm  with  a
spectrophotometer.  Cytotoxicity  index  (CI)  was
calculated to following formula; 

CI %(Cytotoxicity index) = 1- OD treated wells /
OD control wells X 100

Computational Methods 
The conformer analysis of synthesized compounds
were performed to find the stable structures with a
semi-empirical  PM6  method  (48-49)  using  the
program  Spartan'16  v1.1.4  (Spartan’16
Wavefunction,  Inc.  Irvine,  CA.).  The  calculated
most stable structures were optimized with a semi-
empirical  PM6 method, for the better geometries
optimized  structures  made  re-optimize  and  were
obtained  UV-Vis  Spectra  with  the  Density
Functional  Theory  (DFT)  B3LYP  (Becke's  Three

Parameter Hybrid Functional using the Lee, Yang
and Parr Correlation Functional)  (50) with the 6-
31+G(d,p)  method in  the  gas  and CHCl3 phases
with the IEF-PCM approach (51). 

The  EHOMO-ELUMO were  calculated  using  time-
dependent  density  functional  theory  (TD-DFT)  at
the  B3LYP/6-31+G(d,p)  levels  in  CHCl3 phase,
which  was  done  by  using  the  Self-Consistent
Reaction Field (SCRF) method. At the same time
molecular descriptors such as electronegativity (χ),
electron  affinity  (A),  hardness  (η),  softness  (S),
electrophilicity index (ω) must be defined by the
same computational methods. There is a practical
calculation  method  to  calculate  for  chemical
hardness (η) and electronegativity (χ) (Eq. 1), as
given by Parr and Pearson (52-53). 

η ≈ (𝐼−𝐴)/ 2 𝑥 ≈ (𝐼+𝐴)/ 2 (Eq. 1) 

where  I  is  the  ionization  potential  and  A  is  the
electron affinity. The Koopman’s theorem was used
for the calculation of  I  and A values derived from
the  frontier  orbital  energies  of  optimized  neutral
molecules,  according to this  theorem  I  = –EHOMO

and  A  = –ELUMO.  Using  Koopman’s  theorem,  the
chemical  hardness  and  electronegativity  are
defined in terms of orbital energies (Eq. 2): 

η ≈ (ELUMO − EHOMO) / 2 
𝑥 = −μ ≈ −(ELUMO −EHOMO) / 2  (Eq. 2) 

The ω and S values are calculated by the following
Eq. 3: 

ω ≈ μ2/2η, 𝑆 ≈ 1/(2η) (Eq. 3) 

All visualizations and calculations were carried out
with  the  methods  implemented  in  GaussView5.0
(54) and Gaussian 09 package (55)
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Figure 4: Optimized structures of the synthesized anthraquinone derivatives: 3 (left), 5 (right).

RESULTS

Chemistry 
Characterization of synthesized compounds
1-(4-Aminothiophenyl)-anthracene-9,10-
dione (3):  M.p: 187-188 °C 
1-(4-Chlorothiophenyl)-anthracene-9,10-
dione (5): M.p: 192-193 °C 

Biochemical results
Enzyme Activity
The  acetylcholinesterase  (AChE)  and
butyrylcholinesterase  (BChE)  enzyme  inhibitory
activities were evaluated for the determination of
the therapeutic potential of the compounds 3 and
5 for the treatment of Alzheimer’s  disease (AD).
The  inhibition  of  AChE and BChE were  given  as
percentage at 200 µg/mL concentration in Table 1
and compared with the galanthamine which is used
as  a  standard  drug.  Compounds  3 and  5
demonstrated  strong  anti-acetyl  and  anti-
butyrylcholinesterase  activities  better  than
galanthamine.  While  the  galanthamine  showed
80.03±1.04  and  84.54±0.39%,  acetyl  and
butyrylcholinesterase  inhibition,  respectively,
compound  5 exhibited  80.95±1.77  and
93.67±1.01% inhibition. Compound  3 is stronger
than  compound  5 and  galanthamine  with
92.11±1.04 inhibition against acetylcholinesterase
enzyme.  Also  compound  3 showed  weak
butyrylcholinesterase inhibitory activity.

Table 1. Enzyme inhibition activities of samples
and standard compound.

Inhibition %a

Samples AChE BChE 

3 92.11±1.08 35.25±0.36
5 80.95±1.77 93.67±1.01
Galantamineb 80.03±1.04 84.54±0.39

a 200 µg/mL              
b Standard compound 

NA: Not Active

In  the  study  of  Tonelli  et  al.  (44),  only  one
thioanthraquinone  compound  named  1-
{[(1R,9aR)-(octahydro-2H-quinolizin-1-
yl)methyl]thio}-9,10-anthraquinone,  was
synthesized  and  investigated  for  its
anticholinesterase  activities.  This  compound
showed moderate inhibitory activity against acetyl
and  butyrylcholinesterase  enzymes  with  IC50:3.6
µM  and  3.4  µM  values,  respectively.  Therefore,
there  is  no  literature  about  anticholinesterase
activity  of  thioanthraquinone  compounds  except
for the study of Tonelli et al. (44) presented study
is very important in this respect. 
In vitro
MTT Assay was applied to the cells with methanol
(CH3OH) extract  prepared from compound  3 and
compound  5 with  a  stock  concentration  of  10
mg/mL. As cell lines, Vessel Endothelial Cell Line
ECV304 and Human Endometrial  Adenocarcinoma
Cell Line Ishikawa were used.
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Figure 5: MTT Assay Results of 3 and 5.

According to these results, the cell viability of 3 on
ECV304, the healthy cell line of Methanol (CH3OH)
extract  was calculated as 105.02% at  1 µg /mL
dose  and  97.69% at  500  µg  /mL dose.  On  the
cancer  cell  line  Ishikawa,  it  was  calculated  as
104.43% at 1 µg /mL dose and 106.92% at 500
µg /mL dose. According to MTT Assay results,  3
was determined as at 10 µg/mL dose was the most
effective on Ishikawa and cell viability at this dose
was measured as 84.18%. Also, at 50 µg/mL dose
was the most effective on ECV304 and cell viability
at this dose was measured as 120.20%.  The cell
viability  of  compound  5 on ECV304,  the  healthy
cell  line  of  Methanol  (CH3OH)  extract  was
calculated  as  105.45%  at  1  µg  /mL  dose  and
147.14% at 500 µg /mL dose. On the cancer cell
line Ishikawa, It was calculated as 112.79% at 1
µg /mL dose and 143.52% at 500 µg /mL dose.
According to MTT Assay results, 3 was determined
as at 10 µg/mL dose and 5 was determined as at
50 µg/mL was the most effective on Ishikawa. Cell
viability  at  10  µg/mL  dose  was  measured  as
84.18% and cell  viability  at  50 µg/mL dose was
measured  as  75.02%.  Compound  3 was
determined as at 50 µg/mL dose and compound 5
was determined as  at  500 µg/mL was the most
effective  on  ECV304.  Cell  viability  at  50  µg/mL

dose was measured as 120.20% and cell viability
at 500 µg/mL dose was measured as 147.14%.

DISCUSSION

In this study, which aims to determine and analyze
the synthesized compounds by quantum chemical
methods.  The  HOMO-LUMO  distribution  and
bandgap values for synthesized compounds were
calculated by theoretical methods gathered in gas
and CHCl3 phases (Figure 6). The EHOMO-ELUMO are
responsible  to  ionization  potential  and  electron
affinity. The energy values, EHOMO-ELUMO bandgap,
and distribution of the HOMO-LUMO are a crucial
point of stability for the molecules. The small band
gap points to the compound called polarized and
soft  molecule.  For  the  studied  molecules,  the
HOMO’s  are  mainly  localized  on  the  sulfur  and
surrounding  atoms,  whereas  the  LUMO’s  are
distributed  within  the  cyclic  structures  of  the
molecule. This means that the aromatic group in
the molecule would be more easily attacked. The
other important result is solvent effect, the EHOMO-
ELUMO bandgaps for the studied 3 and 5 molecules
in the CHCl3 phase are 0.10512 and 0.11962 eV,
respectively,  are  smaller  than  in  the  gas  phase.
The  results  depicts  that  the  molecules  in  the
solvent have a stronger electron donating ability.
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Figure 6: EHOMO and ELUMO levels along with bandgap values (eV) in the gas and CHCl3 phases obtained
by TD-DFT//B3LYP/6-31+G(d, p) method of the studied compounds.

Molecular identifier values obtained from the total
energy for the 3 and 5 molecules in gas and CHCl3
solvents are listed in Figure 6. The η is one-half
the  HOMO–LUMO  gap  of  the  molecules,  the
meaning  is  the  larger  gap  the  greater  hardness
and stability. This property is therefore a powerful
identifier  that  hard  molecules  are  less  reactive
than  softer  molecules.  Table  2  shows  that
hardness is affected by solvent, the molecules  3
and  5 have  larger  hardness  value  in  when
dissolved  in  CHCl3,  as  hard  molecules  are  less
reactive  than softer  molecules  (56);  the stability

order is therefore CHCl3>gas phase. Low chemical
potentials  for  the  molecules  are  causing  a  good
electrophile,  while  an  extremely  hard  molecules
have  feeble  electron  acceptability.  Electrophilicity
depends  on  both  the  chemical  potential  and
hardness  (57) The obtained χ and ω values show
that the polar solvent contributes to accentuate the
parametric representation of activity. We observed
in this study and our previous studies (58-59) that
solvent  phase  and selection  have  a  considerable
effect on electrophile/nucleophile interactions.

Table 2: Calculated Molecular identifier, EHOMO and ELUMO as well as band gap energy (eV) values of the
studied compounds by TD-DFT//B3LYP/6-31+G (d, p) method in gas and CHCl3 phases.

Compound Solvent
Molecular Descriptors

EHOMO ELUMO ∆E A I η χ ω S

3
Gas -0.2237 -0.1091 0.1146 0.2237 0.1091 -0.0573 0.1664 -0.2415 -8.7229

CHCl3 -0.2211 -0.1159 0.1051 0.2211 0.1159 -0.0526 0.1685 -0.2701 -9.5129

5
Gas -0.2369 -0.1168 0.1202 0.2369 0.1168 -0.0601 0.1769 -0.2604 -8.3222

CHCl3 -0.2386 -0.1189 0.1196 0.2386 0.1189 -0.0598 0.1787 -0.2672 -8.3598

The  calculated  UV-Vis  spectra  for  3 and 5
molecules  with  the  DFT//B3LYP/6-31+G(d,p)
method in the gas and CHCl3 phases are given in
Figure  7  below.  The  Figure  7  depicted  that  the

excitation energies are effected by solvent phase,
an average energy shifts were calculated for each
molecule.

736



Ozkok F et al. JOTCSA. 2022; 9(3): 729-740. RESEARCH ARTICLE

Compounds

Phase 3 5

Gas

Excitation Energy(nm): 470.44
Oscillatory Strength: 0.0001

Excitation Energy(nm): 417.37
Oscillatory Strength: 0

CHCl3

Excitation Energy(nm):514.18
Oscillatory Strength: 0

Excitation Energy(nm): 456.39 
Oscillatory Strength: 0.1664

Figure 7: Calculated UV-VIS spectra for 3 and 5 molecules.

CONCLUSIONS

The  investigated  compounds  having  anthracene-
9,10-dione  skeletal  structure  showed  very  good
anti-Alzheimer’s  activity,  the  potential  of  being
drug candidates for anti-Alzheimer's treatment of
compounds  3 and 5 and  the  same  skeletal
structures  should  be  explored  in  more  detail.
Although compounds  3 and  5  did not  show any
significant  results  on  Ishikawa,  the  dose  of
compound  3 at  a  concentration  of  10  µg/  mL
increased  the  cytotoxic  level.  Also,  the  dose  of
compound  5 at  a  concentration  of  50  µg/  mL
increased  the  cytotoxic  level.  The  dose  of
compound  3 at a concentration of 50 µg/mL and
the dose of compound 5 at a concentration of 500
µg/mL  on  ECV304  increased  proliferation.  The
value of the EHOMO,  ELUMO and band gap energies
produce  a  crucial  information  about  investigated
compounds  in  the  gas  and  CHCl3 phases.  3
compound  is  determined  more  stable  molecule
than  5 according  to  the  EHOMO-ELUMO bandgap
(0.1051 eV)  in  the  CHCl3,  indicating  that  the
molecule  in  CHCl3 solvent  has  stronger  electron
donating  ability. Thioanthraquinone  analogs
compound  3 and  5  showed remarkable biological
activity  results.  Thioanthraquinone  derivatives
formed via reaction of  anthraquinones and thiols
are very limited in the literature. Within this scope,

when  both  the  specificity  of  and  the  biological
activity potential of thioanthraquinone compounds
are  taken  into  consideration,  these  may  be
expected  to  be  a  good  medication  molecule
candidate. 
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their singlet oxygen generation ability
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Abstract:  In this study, five novel mono rare earth metallo phthalocyanine derivatives (1a-e)
were synthesized by cyclotetramerization of 4-iodophthalonitrile and corresponding metal salts.
These novel compounds were characterized by FT-IR, elemental analyses, UV–Vis, and MALDI-
TOF spectral data. Moreover, the ability of singlet oxygen generation and aggregation behavior of
these  phthalocyanines  were  investigated  in  dimethyl  sulfoxide  using  UV-Vis  spectroscopy.
Gadolinium metallo phthalocyanine has the best singlet oxygen quantum yield and it can be a
potential candidate for the photodynamic therapy (PDT) of cancer. 
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INTRODUCTION

Phthalocyanine  compounds  (Pcs)  and  their
derivatives are a family of aromatic molecules
which  are  delocalized  with  an  18-π  electron
system  and  they  have  been  comprehensively
studied in many areas as  chemical sensors (1,
2), liquid crystals (3), solar cell applications (4,
5),  photodynamic  therapy  (PDT)  (6-8)  and
catalysts (9). In recent years, they have been
used  as  a  photosensitizer  in  photodynamic
therapy  (PDT)  because  of  their  high  singlet
oxygen  generation  ability  and  good
photostability  (10,  11).  The  main  problem of
phthalocyanines  is  poor  solubility  in  common
organic solvents. To overcome this problem, it
can  be  decorated  with  some  non-polar/polar
groups  on  the  Pc  core  (12,  13).  Another
disadvantage  of  these  compounds  is  called
“aggregation” which means they stack on each
other  in  the  solvent  and  affect  the
photochemical properties. Also, Pc aggregation

is another limitation in their applications which
drastically  decreases  their  fluorescence
quantum  yields,  shortens  their  triplet  state
lifetime,  and  reduces  their  photosensitizing
efficiency, especially in aqueous media. 

Peripheral  substitution  of  the  macrocyclic  ring
with  halogen  groups  leads  to  phthalocyanine
products which are soluble in common organic
solvents  (14).  Moreover,  it  is  anticipated that
the introduction of halogen/ester groups into a
moiety of phthalocyanine compound will induce
high solubility in organic solvents and improved
photosensitizer activity of Pcs for PDT (15-19).

For phthalocyanine photosensitizers, the metal
atom  is  very  important  to  singlet  oxygen
generation and PDT applications, incorporating
zinc(II),  indium(III),  aluminum(III),
gallium(III),  and  silicon(IV)  (20,  21).  On  the
other  hand,  the  number  of  phthalocyanines
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including lanthanide metals in the literature is
rare for PDT applications.

Phthalocyanines  containing  lanthanide  series
metal atoms have been studied by scientists for
a  long  time.  Double-decker  and  triple-decker
phthalocyanines  containing  lutetium  or
europium metals were synthesized and various
applications were studied (22-23). Additionally,
the  synthesis  of  homoleptic  and  heteroleptic
complexes  containing  rare  earth  elements  is
also available in the literature (24-25). It has
been  reported  that  rare  earth  element
phthalocyanine  complexes  are  used  in
electrochromic  materials  (22)  liquid  crystal
(26),  nonlinear  optics  (25)  and  optoelectronic
materials applications.

According to  this  information,  the aim of  this
study  is  to  synthesize  and  characterize  novel
phthalocyanines  containing  lanthanide  metal
atoms (Eu, Sm, Gd, Tb, Dy) and bearing iodine
groups that may have high production of singlet
oxygen. 

EXPERIMENTAL

General Information
1,3-diphenylisobenzofuran  (DPBF),  4-
iodophthalonitrile,  Ln(OAc)3 metal  salts,  and
other chemicals/reagents were purchased from
Aldrich.  All  reagents  and  solvents  were  of
reagent grade quality and were obtained from
commercial suppliers. 

FT-IR spectra were recorded on a Perkin Elmer
Spectrum 100 FT-IR spectrometer. Positive ion
and  linear  mode  MALDI-TOF-MS  of  Pcs  were
obtained  in  1,8,9-anthracenetriol  (DIT)  as  a
MALDI matrix using nitrogen laser accumulating
50 laser shots using Bruker Microflex LT MALDI-
TOF mass spectrometer. Absorption spectra in
the  UV-visible  region  were  recorded  with  a
Shimadzu  2101  UV-Vis  spectrophotometer.
Fluorescence  excitation  and  emission  spectra
were  recorded  on  a  Varian  Eclipse
spectrofluorometer  using  1  cm  path  length
cuvettes at room temperature.  

Photo-irradiations  were  done  using  a  General
Electric  quartz  line  lamp (300 W).  A 600 nm
glass cut-off filter (Schott) was used to filter off
ultraviolet and low wavelength visible parts of
the spectrum. A water filter was also used to
filter  off  infrared  radiations.  An  interference
filter  (Intor,  670 nm with  a  bandwidth  of  40
nm) was  additionally  placed  in  the  light  path
before  the  sample.  Light  intensities  were

measured with a POWER MAX5100 (Molelectron
detector incorporated) power meter

Synthesis
All  lanthanide  series  metallo-phthalocyanines
were synthesized from 4-iodophthalonitrile and
Ln(OAc)3 metal  salts  in  n-pentanol/DBU
solvent-base  system at  reflux.  Phthalocyanine
compounds (1a-e) including iodine groups were
recovered  in  pure  form  with  column
chromatography using dichloromethane-ethanol
as eluent. All these phthalocyanine derivatives
were  fully  characterized  by  spectroscopic
methods  such  as  FT-IR,  UV-Vis,  fluorescence,
MALDI-TOF, and elemental analyses as well.

General  synthesis  of  mono-phthalocyanine
derivatives (1a-e) 
4‐Iodophthalonitrile  (0.1  g,  0.393  mmol)  and
lanthanide  metal  salt  (50  mg,  0.075  mmol
samarium(III) acetate monohydrate for SmPc;
50  mg  0.076  mmol  europium  (III)  acetate
monohydrate  for  EuPc;  50  mg,  0.074  mmol
gadolinium(III) acetate monohydrate for GdPc:
50  mg,  0.074  mmol  terbium  (III)  acetate
monohydrate for TbPc; and 50 mg, 0.073 mmol
dysprosium(III) acetate monohydrate for DyPc)
were  stirred  and  heated  in  sealed  tubes  at
reflux temperature in 24 h. After one day, the
greenish solutions were poured into 50 mL of
hot  methanol.  The  greenish  precipitates  were
centrifuged and washed several times with hot
water,  ethyl  acetate,  and  diethyl  ether,  and
then  all  mono-Pcs  were  separated  by column
chromatography  on  silica  gel  using
dichloromethane-ethanol  as  eluent,  and  final
products were dried in the vacuum.

2(3),9(10),16(17),23(24)-
Tetra(iodo)phthalocyaninatosamarium  (III)
acetate (1a)
Yield:  35  mg  (29%),  Chemical  Formula:
C34H15N8O2I4Sm,  FT-IR(ATR),  vmax/cm-1:  3090-
3059 (Aromatic-CH), 2949-2854 (Aliphatic-CH),
1716  (C=O,  acetate),  1583-1491  (C=C),  818
(Ar-I), UV-Vis  (DMSO):  λmax nm (log  ε): 356
(4.93), 616 (4.36), 684 (5.08), Anal. Calc. for
C34H15N8O2I4Sm, C: 33.32, H: 1.23, N: 9.14%,
Found:   C:  33.28;  H:  1.19,  N:  9.11%;
MS(MALDI-TOF)  (DHB):  1166.13  (M-OAc)+,
1320.61 (M-OAc+DHB)+.

2(3),9(10),16(17),23(24)-
Tetra(iodo)phthalocyaninatoeuropium  (III)
acetate (1b)
Yield:  30  mg  (24.8%),  Chemical  Formula:
C34H15N8O2I4Eu,  FT-IR(ATR),  vmax/cm-1:  3088-
3057 (Aromatic-CH), 2949-2851 (Aliphatic-CH),
1718  (C=O,  acetate),  1585-1490  (C=C),  819
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(Ar-I),  UV-Vis  (DMSO):  λmax nm (log  ε): 346
(4.86), 617 (4.35), 684 (5.11) Anal.  Calc. for
C34H15N8O2I4Eu, C: 33.28, H: 1.23, N: 9.13%,
Found:   C:  33.22;  H:  1.21,  N:  9.12%,
MS(MALDI-TOF)  (DHB):  1168.23  (M-OAc)+,
1322.55 (M-OAc+DHB)+.

2(3),9(10),16(17),23(24)-
Tetra(iodo)phthalocyaninatogadolinium  (III)
acetate (1c)
Yield:  42  mg  (34.6%),  Chemical  Formula:
C34H15N8O2I4Gd,  FT-IR(ATR),  vmax/cm-1:  3089-
3058 (Aromatic-CH), 2948-2854 (Aliphatic-CH),
1719  (C=O,  acetate),  1581-1488  (C=C),  820
(Ar-I),  UV-vis  (DMSO):  λmax nm (log  ε): 356
(4.80), 617 (4.36), 685 (5.11), Anal. Calc. for
C34H15N8O2I4Gd, C: 33.14, H: 1.23, N: 9.09%,
Found:   C:  33.12;  H:  1.20,  N:  9.05%,
MS(MALDI-TOF)  (DHB):  1173.44  (M-OAc)+,
1327.33 (M-OAc+DHB)+.

2(3),9(10),16(17),23(24)-
Tetra(iodo)phthalocyaninatoterbium  (III)
acetate (1d)
Yield:  39  mg  (32.1%),  Chemical  Formula:
C34H15N8O2I4Tb,  FT-IR(ATR),  vmax/cm-1:  3088-
3059 (Aromatic-CH), 2947-2852 (Aliphatic-CH),
1719  (C=O,  acetate),  1580-1491  (C=C),  821
(Ar-I),   UV-Vis (DMSO): λmax nm (log ε): 352
(4.95), 619 (4.42), 686 (5.11), Anal. Calc. for
C34H15N8O2I4Tb, C: 33.09, H: 1.23, N: 9.08%,
Found:   C:  33.01;  H:  1.17,  N:  9.04%,
MS(MALDI-TOF)  (DHB):  1175.22 (M+H-OAc)+,
1329.19 (M+H-OAc+DHB)+.

2(3),9(10),16(17),23(24)-
Tetra(iodo)phthalocyaninatodysprosium  (III)
acetate (1e)
Yield:  33  mg  (27.1%),  Chemical  Formula:
C34H15N8O2I4Dy,  FT-IR(ATR),  vmax/cm-1:  3089-
3061 (Aromatic-CH), 2949-2853 (Aliphatic-CH),
1720  (C=O,  acetate),  1584-1488  (C=C),  820
(Ar-I),  UV-Vis  (DMSO):  λmax nm (log  ε): 356
(4.79), 617 (4.38), 686 (5.10). Anal. Calc. for
C34H15N8O2I4Dy, C: 33.00, H: 1.22, N: 9.05%,
Found:   C:  32.98;  H:  1.18,  N:  9.03%,
MS(MALDI-TOF)  (DHB):  1178.45  (M-OAc)+,
1332.67 (M-OAc+DHB)+.

RESULT AND DISCUSSION

The  synthetic  pathway  of  novel  lanthanide
series  phthalocyanines  was  figured  out  in
Scheme 1. The final products were obtained by
4-iodophthalonitrile and corresponding Ln(OAc)3

metal  salts  with  catalytic  amount  DBU in  the
solvent  of  n-pentanol.  All  synthesized
phthalocyanines  were  characterized  by  using
various  spectroscopic  characterization
techniques  such  as  ground  state  electronic
spectra,  FT-IR,  MALDI-TOF,  and  elemental
analysis.  The  obtained  results  from  these
techniques  are  compatible  with  the  proposed
structures  for  all  the  newly  prepared
compounds.

CHARACTERIZATION

The vibrational peak appeared at 2230 cm-1 for
4-iodophthalonitrile was disappeared in the FT-
IR spectra  of  metallophthalocyanines  1a-e  as
expected. This is an important clue concerning
the formation of the phthalocyanine macrocycle
from  the  corresponding  phthalonitriles.  The
typical  carbonyl (acetate group) vibration was
observed in the range of 1720-1716 cm-1 for all
metallophthalocyanines  (1a-e).  The  aromatic-
CH  and  aliphatic-CH  stretching  peaks  for  all
synthesized  phthalocyanines  were  appeared
between 3090-3057 cm-1 and 2949-2852 cm-1

regions, respectively. Also, other typical bands
Ar-C=C and Ar-I were monitored at 1585-1488
cm-1,  821-818  for  novel  lanthanide(III)
phthalocyanines. The MALDI-TOF spectra of 1a-
e were recorded using a 2,5-dihydroxybenzoic
acid  matrix  and  given  in  Figure-1.  All  the
lanthanide(III)  phthalocyanine  compounds
showed  (M+-OAc)  and  (M+-OAc+DHB)  peaks.
The values of molecular ion peaks (m/z) were
monitored at 1166.13 and 1320.61 Da for  1a,
1168.23, and 1322.55 Da for 1b, 1173.44 and
1327.33 Da for 1c, 1175.22 and 1329.19 Da for
1d, 1178.45 and 1332.67 Da for 1e.
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i) Sm(OAc)3, 1-pentanol, DBU, reflux, 12 h ii) Eu(OAc)3, 1-pentanol, DBU, reflux, 14 h, iii)
Gd(OAc)3, 1-pentanol, DBU, reflux, 10 h, iv) Tb(OAc)3, 1-pentanol, DBU, reflux, 12 h, v) Dy(OAc)3,

1-pentanol, DBU, reflux, 14 h.

Scheme 1: Synthetic route of mono lanthanide metallophthalocyanines (1a-e).

UV-Vis and Aggregation 
For the phthalocyanine macrocycles, there are
two main transitions known as π-π* in the UV-
Vis  spectrum.  These  transitions  named  as  Q
and B band are generally found at 300-450 nm
and  650-850  nm,  respectively.  In  this  work,
synthesized metallo-phthalocyanine derivatives
exhibited a sharp-single Q band at the range of
684-686 nm in the DMSO solvent. Also, B bands
of these phthalocyanines were observed within
the  range  of  346-356  nm.  Aggregation  is  a
phenomenon  that  occurs  when  two  or  more
compounds  stack  on  top  of  each  other,
encountered in macrocyclic structures or planar
compounds  with  π  electrons.  Whereas  this

phenomenon  is  an  advantage  in  applications
such as energy transfer, it is a disadvantage in
healthcare  applications  such  as  PDT.  For  this
reason,  it  is  important  data  that  the
photosensitizer to be used in PDT applications
does not show aggregation.

In  this  study,  the aggregation attitudes of  all
lanthanide  phthalocyanines  including  iodine
atom  (1a-e)  were  examined  at  2-12  μM  in
DMSO  (Figure-2).  The  Beer-Lambert  law  was
fitted for studied phthalocyanines (1a-e) at 12
to 2 μM concentration range and there was no
aggregation  behavior  of  these  lanthanide
metallophthalocyanines in DMSO.
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A B

C D

E

 
Figure 1: Maldi-TOF mass spectra of synthesized lanthanide metallophthalocyanines using DHB as 
a matrix (A: compound 1a, B: compound 1b, C: compound 1c, D: compound 1d, E: compound 
1e).
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A B

C D

E

Figure 2: UV–Vis spectra of lanthanide metallophthalocyanines (1a-e) in DMSO at different
concentration (2-12 ppm) (A: compound 1a, B: compound 1b, C: compound 1c, D: compound 1d,

E: compound 1e).

Singlet Oxygen Generation
Photodynamic therapy (PDT) which is based on
the  destruction  of  cancer  cells  by  singlet
oxygen, is a new treatment for cancer disease.
This process consists of three important  basic
stones, “light, oxygen, and photosensitizer”. It
is  believed that  during photosensitization,  the
electrons of the photosensitizer are excited by
the  light  and  pass  to  the  triplet  state  (inter-
crossing systems) and transfer their energy to
molecular  oxygen  for  occurring  the  singlet

oxygen. These reactive types of oxygen which
are called “singlet oxygen” kill the cancer cells. 

The  ΦΔ  for compound (1a-e) were studied and
calculated in DMSO by a chemical method using
1,3-diphenylisobenzofuran  (DPBF)  as  a
quencher. The decreasing of DPBF at 417 nm
was  observed  using  a  UV-Vis
spectrophotometer. The  ΦΔ value of compound
1a-e  was found lower than standard zinc (II)
(StdZnPc)  except  compound  1c in  DMSO  as
given in Figure 3.
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A B

C D

E F

Figure 3: The absorption spectral changes during the determination of singlet oxygen quantum
yields. This determination was for all compounds (1a-e) in DMSO at a concentration of 1x10-5 M
(A: compound 1a, B: compound 1b, C: compound 1c, D: compound 1d, E: compound 1e) and bar
graphic of singlet oxygen quantum yields of synthesized mono lanthanide metallophthalocyanines
(F).

Normally,  singlet  oxygen  quantum  yields  of
photosensitizers  containing  heavy  atoms  such
as  bromine  or  iodine  are  higher  than  other
types. However, the metal atom in the center of
the phthalocyanine nucleus has a great effect

on the electrons that pass into the triplet level.
As seen in this study, the singlet oxygen values
of  compounds  1a,  1b,  1d,  and  1e,  which
contain  metals  from  the  lanthanide  series  in
their  center,  were  measured  low  despite  the
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presence  of  iodine  in  their  structure.  The
tetraiodophthalocyanine  derivative  containing
only  gadolinium  metal  in  its  center  produced
singlet oxygen much better than both its own
species  and  the  standard  zinc(II)
phthalocyanine derivative.  The reason for  this
can be related  to  the  spherically  symmetrical
property of gadolinium metal, which has similar
examples in the literature (27, 28).
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CONCLUSION

As  a  result,  the  singlet  oxygen  generation
properties of five phthalocyanine building block
compounds with lanthanide series metal atom
in its  center  and iodine as  heavy  atom in its
peripheral  position  were  investigated  in  this
study.  It  was determined that  the gadolinium
phthalocyanine derivative produced the highest
singlet  oxygen  obtained  from the  macrocyclic
phthalocyanine compounds. The singlet oxygen
quantum yields of the other four phthalocyanine
derivatives  were  quite  low.  It  has  also  been
observed that these compounds did not produce
fluorescence due to both the heavy atom effect
and the effect of the metal atoms in the center.

The  important  part  of  the  study  in  terms  of
literature is that these compounds can easily be
modified  with  important  reactions  using
different  catalysts.  Important  and  useful
reactions  such  as  Sonogashira,  Suzuki,  and
Heck cross-coupling reactions can be performed
over the iodine atom in the peripheral position,
and  the  physical  and  chemical  properties  of
these  phthalocyanines  can  be  changed  as
desired. In addition, gadolinium phthalocyanine
compound,  which  has  the  highest  singlet
oxygen  quantum yield,  can  be  made  a  more
effective photosensitizer candidate by attaching
it with water-soluble groups, which is especially
important for PDT, and a potential PDT agent.
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Voltammetric Determination of Antipsychotic Drug Flupentixol HCl in Human Serum at
a Boron-Doped Diamond Electrode

Burcin Bozal-Palabiyik1*

1 Ankara University, Faculty of Pharmacy, Department of Analytical Chemistry, Ankara, 06560, Turkey

Abstract: This study aims to offer a voltammetric method for determining the antipsychotic drug flupentixol from serum
samples. According to pH and scan rate studies, the oxidation behavior of flupentixol at boron-doped diamond electrode
was found as irreversible and diffusion-controlled. To determine flupentixol from bulk form and serum samples, differential
pulse voltammetry was preferred as the working method because of the repeatability. Linear responses were obtained in
the range of 6.0×10-7 – 8.0×10-6 M and 8.0×10-7 – 1.0×10-5 M for bulk form and serum samples in pH 2.0 Britton-Robinson
buffer solution, with detection limit values of 1.09×10-7 M and 1.08×10-7 M, respectively. Required validation parameters
were also studied and according to recovery from serum samples (99.91%) and precision studies, it can be inferred that
the developed method was accurate and precise. 
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INTRODUCTION

Depression is one of the most common and schizophrenia
is one of the most serious psychiatric illnesses worldwide.
According to the World Health Organization (WHO), around
280 million people have been diagnosed with depression
(1)  and  nearly  20  million  people  with  schizophrenia  (2).
Because of the severity and breadth of these two diseases,
the pharmaceutical industry is encouraged to develop new
and  more  effective  medications.  One  of  such  drugs  is
flupentixol  dihydrochloride  (FLP,  Scheme  1),  which  is  a
thioxanthene  derivative  antipsychotic  drug  used  for  the
relief  of  psychotic  symptoms  such  as  schizophrenia  and
depression.  Its  oral  bioavailability  is  approximately  55%,
and the peak serum concentration occurs between 3 and 8
hours (3). 

Scheme 1: Chemical structure of FLP.

Electrochemical  methods,  particularly  voltammetry,  are
frequently  preferred  because  they  are  simple,  cheap,
sensitive and reliable; also, their short analysis time makes
them  more  popular  (4).  Carbon-based  materials  are
commonly  used  as  electrode  materials  in  voltammetric
studies because they match the specifications of an ideal
electrode material, which is expected to be stable over time,
have low residual  current and a wide potential  range (5).
Even though all allotropes of carbon have diverse chemical,
electrical, and physical properties, diamond stands out for
its  exceptional  thermal  conductivity  and  mechanical
strength. However, diamond has very low conductivity that
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can  be  overcome  by  doping  it  with  boron  (6).  Diamond
behaves like an insulator, a metal-like conductor, or even a
low-temperature superconductor, depending on the level of
doping. A relatively high boron doped diamond (103 - 104

ppm)  can  be  used  as  an  electrode  material  and  it
demonstrates  metal-like  conductivity.  Highly  conductive
boron-doped diamond (BDD) electrodes are quite popular in
various electrochemical assays (7).

When  compared  to  traditional  electrodes,  BDD  working
electrode  offers  numerous  benefits.  In  both  alkaline  and
acidic conditions, these electrodes are exceptionally robust,
corrosion resistant, chemically inert, and electrochemically
stable. Moreover, they have high thermal conductivity and
resist passivation of the electrode surface. In addition, they
are less sensitive to dissolved oxygen and have a very low
and stable  background,  allowing  them to  operate  over  a
wide range of potentials (7,8).

Antipsychotics are typically given at oral doses of only a few
milligrams per day and are extensively metabolized in the
body and plasma concentrations of these medications are
quite low. Furthermore, therapeutic drug monitoring (TDM)
of  antipsychotic  medicines  has  proven  to  be  useful  in
identifying  patients’  poor  compliance  and  resolving  the
problems  associated  with  significant  genetic  variability  in
their metabolism. Highly sensitive, selective, and accurate
bioanalytical  methods  are  required  to  undertake
pharmacological and toxicological investigations and clinical
TDM of antipsychotics, as well as to address the problems
associated  with  polypharmacy  and  drug  metabolism  (9).
When the literature studies are examined, it has been seen
that  there  are  voltammetric  (10),  potentiometric  (11),
spectrofluorimetric  (12),  second-order  spectrophotometric
(13),  reversed-phase  high  performance  liquid
chromatographic (HPLC) (14), LC-MS/MS (3) and LC-ESI-
MS  (15)  methods  designed  to  determine  FLP  from  the
pharmaceutical  preparations and biological  samples in an
individual manner. 

In this study, voltammetric behavior of FLP was investigated
utilizing a boron-doped diamond electrode and employing
DP  voltammetric  method  for  its  determination  from  the
serum. The absence of a voltammetric study for FLP with
BDDE in the literature shows the originality of the study. 

EXPERIMENTAL SECTION 

Chemicals and Reagents
1×10-3 M  FLP  (kindly  supplied  from  Lundbeck,  Istanbul)
stock  solution  was  prepared  in  methanol  and  kept  in  a
refrigerator.  Analytical  grade  reagents  were  used  for
preparing required solutions. Measurement solutions were
prepared  before  use  by  adding  20%  methanol  and
supporting  electrolyte  onto  the  required  amount  of  FLP
solutions.  H2SO4 solutions  (0.1  and  0.5  M)  and  Britton-
Robinson  (BR)  buffer  solutions  (0.04  M,  pH  2.0  –  10.0)
were preferred as supporting electrolytes and prepared in
distilled water. Sigma-Aldrich provided the synthetic serum
samples. 

Apparatus and Measurements
AUTOLAB 204  PGSTAT device  and  NOVA 2.1  software
were  used  for  electrochemical  measurements.  A
conventional three-electrode cell was used, BDDE (Windsor
Scientific Ltd.; 3 mm diameter) working electrode, Ag/AgCl
(BAS,  3  M  NaCl)  reference  electrode  and  platinum  wire
auxiliary  electrodes  were  employed.  Baseline  correction
was  applied  (except  cyclic  voltammograms)  to  the
measured voltammograms using moving average. Alumina
powder  and  a  polishing  cloth  were  used  to  clean  the
electrode  surface  before  each  measurement.  Cyclic
voltammetry  (CV),  DPV  and  square  wave  voltammetry
(SWV)  were  employed  for  investigating  the  oxidation
behavior of FLP. DPV was selected for the determination of
FLP with the following parameters: step potential: 10 mV;
modulation  amplitude:  50  mV;  modulation  time:  50  ms;
interval time: 500 ms. The pH of the buffer solutions was
measured using a SevenCompactTM pH/Ion S220 model pH
meter (Mettler Toledo, Switzerland). 

Preparation of Serum Samples
Serum  stock  solution  containing  1×10-3 M  FLP  was
prepared  by  mixing  required  volume  of  1×10-2 M  FLP,
methanol  and  acetonitrile  that  was  used  to  precipitate
serum  proteins.  The  mixture  was  ultrasonicated  for  15
minutes  and  centrifuged  at  5000  rpm  for  15  minutes  to
collect the precipitate at the bottom of the tube. Supernatant
was carefully transferred to a clean tube and measurement
solutions  were  prepared  from  this  supernatant  with  the
addition of 20% methanol and pH 2.0 BR buffer solution.
Recovery  studies  were  carried  out  by  adding  standard
solution onto the known amount of serum solution. Results
were analyzed using calibration curve obtained from serum
studies. 

RESULTS AND DISCUSSION 

pH and Scan Rate Effect on FLP Signal at BDDE
To examine the voltammetric behavior of FLP at BDDE, pH
scanning  was  first  performed.  For  this  purpose,  the
response  of  FLP  in  BR  buffer  solutions  with  pH  values
between 2.0 and 10.0 and 0.5 M and 0.1 M H2SO4 solutions
were studied by using CV, DPV and SWV methods.
 
Figure 1 shows repetitive cyclic voltammograms of 8×10-5 M
FLP in 0.5 M H2SO4 solution (A), pH 2.0 BR buffer (B), and
pH 6.0 BR (C) buffer solution at a scan rate of 100 mV/s.
FLP showed two well-defined oxidation peaks and a very
weak  wave  in  0.5  M  H2SO4 solution;  a  well-defined
oxidation peak and a wave in pH 2.0 BR buffer (optimum
pH value) and one well-defined oxidation peak in pH 6.0 BR
buffer solutions. As can be observed from the figure, in the
first scan, the intensity of peaks was higher compared to the
second and third scans. The decrease in the peak intensity
could  be  explained  via  electrode  surface  fouling.  In  the
cathodic direction, no peak was observed which showed the
irreversible electrode reaction.
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Figure 1: Repetitive cyclic voltammograms of 8×10-5 M FLP in 0.5 M H2SO4 (A), pH 2.0 BR buffer (B), pH 6.0 BR buffer (C)
solutions. Scan rate: 100 mV/s. “1” means first scan and “3” means third scan of voltammograms.

The  increase  in  the  pH  value  resulted  in  a  slight  shift
towards less positive potential values in the peak potential
until pH 8.0 (using CV, DPV, SWV). The reason for this shift
may probably be stemmed from the changes in protonation
of the acid-base functions in the FLP. After this pH (pH 8.0),
peak potential was nearly constant meaning that there were
no proton transfer steps before the electron transfer rate-
determining  step  at  these  pH  values  (Figure  2).  The
breakup at about pH 4.0 (for SWV pH 3.0) and pH 8.0 may
be attributed to the pKa values of FLP which are 4.64 (pKa1)
and 8.16 (pKa2) (10). The shift in the Ep values is given by
the following equations: 

Ep (mV) = –34.5 pH + 1192.5; r = 0.966 (pH 1.0 – 4.0 with
CV)
Ep (mV) = –15.0 pH + 1119.4; r = 0.983 (pH 4.0 – 8.0 with
CV)
Ep (mV) = –34.5 pH + 1115.9; r = 0.988 (pH 0.3 – 4.0 with
DPV)
Ep (mV) = –18.0 pH + 1054.0; r = 0.976 (pH 4.0 – 8.0 with
DPV)
Ep (mV) = –30.8 pH + 1131.1; r = 0.970 (pH 0.3 – 3.0 with
SWV) 
Ep (mV) = –20.1 pH + 1104.8; r = 0.976 (pH 4.0 – 8.0 with
SWV)
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Figure 2: Ep – pH (red) and ip – pH (black) graphs of 8.0×10-5 M FLP using CV (A), DPV (B) and SWV (C).

The graph of the pH values against the measured current
values in this working pH range was shown in Figure 2. As
can be seen from the graph, pH 2.0 BR buffer solution with
the  highest  peak  current  and  the  best  peak  shape  was
selected as the most suitable medium for further studies.

The scanning rate studies were performed via CV by using
1.0×10-4 M FLP in pH 2.0 BR buffer solution at the range of
5 – 1000 mV/s. The result of the linear Randles-Sevcik plot
(ip vs v1/2) with a correlation coefficient  of 0.9944 showed
that  the  mass  transport  to  the  electrode  surface  was
diffusion  controlled.  This  result  was  also  confirmed  by
plotting log  ip against log  v; a straight line with a slope of
0.5207  was  obtained  (r =  0.9981)  (Figure  3).  Related
equations were given below:

logip = 0.5207 logv – 0.9973, n = 10, r = 0.9981
ip = 0.1189 v1/2 – 0.0696, n = 10, r = 0.9944

Increase in the scan rate values from 5 mV/s to 1000 mV/s
resulted in 66 mV shift towards the positive potential values
which  was  related  to  the  electrode  reaction  irreversibility
(16).

Calibration and Validation
Quantitative assessment is based on the linear relationship
between  current  and  concentration.  Therefore,  DPV was
selected  because  of  the  repeatability.  The  studies  were
performed in pH 2.0 BR buffer solution (the methanol ratio
was kept constant at 20%) where the best peak shape and
the highest peak current were found. Linearity was obtained
at the concentration range of 6.0×10-7 – 8.0×10-6 M (Figure
4).  The  related  equation  between  peak  current  and
concentration was as follows:

ip (µA) = 25525.44 C (M) – 0.00969 (r = 0.999)

The regression data of the calibration is shown in Table 1.
The precision of the method is demonstrated by repeated
measurements of the peak potential and peak current of the
FLP,  within  and  between  days.  LOD  and  limit  of
quantification  (LOQ)  values  were  calculated  with  the
formulas  of  3  s/m  and  10  s/m,  respectively;  where  “s”
represents the standard deviation of the response and “m”
represents the slope of the calibration curve. LOD and LOQ
values showing the sensitivity of the proposed method were
presented in Table 1.
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Figure 3: ip vs v1/2 (A) and log ip vs log v (B) graphs of 1.0×10-4 M FLP in pH 2.0 BR buffer solution obtained in the range of
5 – 1000 mV/s. 
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Figure 4: DP voltammograms for FLP (bulk solution) in different concentrations between 6.0×10-7 – 8.0×10-6 M (A) and DP
voltammograms of serum samples in different concentrations between 8.0×10-7 – 1.0×10-5 M (B) in pH 2.0 BR buffer

solution. Inset: Calibration curves.

Table 1: Regression data for calibration of FLP obtained from bulk solution and serum samples using DPV at BDDE.

Bulk form Serum

Measured potential (mV) 986 986

Linearity range (M) 6.0×10-7–8.0×10-6 8.0×10-7–1.0×10-5

Slope (µA M-1) 25525.44 19435.34

Intercept (µA) –0.00969 –0.00571

Correlation coefficient (r) 0.999 0.998

LOD (M) 1.09×10-7 1.08×10-7

LOQ (M) 3.64×10-7 3.61×10-7

Intra-day precision of peak current (RSD %)* 1.98 1.86

Inter-day precision of peak current (RSD %)* 2.42 2.83

  *Obtained from five measurements.

Serum Sample Analysis
Quantitative  determination  of  FLP  from  synthetic  serum
samples  was  realized  in  pH 2.0 BR buffer  solutions  and
linear relationship between concentration and peak current
was obtained as 8.0×10-7  – 1.0×10-5 M (Figure 4) with the
equation below:

ip (µA) = 19435.34 C (M) – 0.00571 (r = 0.998)

LOD and LOQ values obtained from spiked serum samples
were  calculated  as  1.08×10-7 M  and  3.61×10-7 M,
respectively.  Recovery  studies  were  also  made,  and  the
average recovered % result was obtained as 99.91% using
five repeatable measurements.  Regression results  for the
calibration of serum samples were summarized in Table 1
and recovery results were shown in Table 2.
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Table 2: Recovery studies obtained from serum samples using DPV at BDDE.

DPV
Added concentration (M) 2.00×10-6

Found concentration (M) 1.99×10-6

Average recovered % 99.91
Number of experiments 5
RSD % of recovery 3.34
Bias % 0.09

Comparison of Published Analysis Methods
Table 3 showed the comparison of  literature methods for
FLP determination  according  to  linearity  range,  LOD and
LOQ values.  Potentiometry  (11),  LC-MS/MS  (3)  and  LC-
ESI-MS (15) studies gave lower LOD or LOQ values when
compared to this study.  When comparing LC-MS/MS and
LC-ESI-MS, it can be said that in the voltammetric method
the  requirement  for  organic  solvent  and  the  cost  of
instrumentation were minimum, also there was no need for
separation  and pre-treatment  steps.  In  the potentiometric
method,  multi-walled  carbon  nanotube  and  copper
nanoparticles modified carbon paste electrode was used for
the determination of  FLP which was time-consuming and
costly.  The method developed in this study was compared

to  the  previously  offered  voltammetric  methods  (10),  in
which  a  glassy  carbon  electrode  (GCE)  was  used.  The
parameters of comparison were linearity range and limit of
detection  (LOD)  values.  In  this  study  linearity  range and
LOD value  were  obtained  as  6.0×10-7  – 8.0×10-6 M and
1.09×10-7 M,  respectively  which  were  comparable  to  the
literature  study  (8.0×10-7  –  1.0×10-4 M  and  1.17×10-7 M
using  differential  pulse  voltammetry-DPV).  The  serum
analysis  results  via  DPV  revealed  that  the  LOD  value
(1.08×10-7 M) obtained by using BDDE was lower than that
obtained  by  using  GCE  (5.06×10-7 M).  These  results
demonstrate that BDDE can be preferred as an alternative
electrode to GCE for better detection and determination of
FLP from bulk form and especially from serum.

Table 3: Comparison of developed method with literature studies about FLP.

Method Linearity range (M) LOD (M) LOQ (M) Reference
DPV 8.0×10-7 – 1.0×10-4 1.17×10-7 3.89×10-7

(10)
SWV 1.0×10-6 – 1.0×10-4 2.86×10-7 4.29×10-7

Potentiometry 1.0×10-10 – 1.0×10-2 2.5×10-11 - (11)
Spectrofluorimetry 9.85×10-7 – 4.92×10-6 1.77×10-7 5.71×10-7 (12)
Second-order 
spectrophotometry

5.91×10-6 – 2.95×10-5 7.09×10-7 2.18×10-6 (13)

LC-MS/MS 1.97×10-11 – 3.94×10-9 - 1.97×10-11 (3) 
LC-ESI-MS 7.68×10-11 – 4.92×10-9 - 7.68×10-11 (15)
DPV 6.0×10-7 – 8.0×10-6 1.09×10-7 3.64×10-7 This study

CONCLUSION 

The  voltammetric  oxidation  behavior  of  FLP  was
investigated by using H2SO4 supporting electrolytes and BR
buffer solutions with pH values of 0.3 – 10.00 at BDDE. In
all  pH  media,  FLP  was  irreversibly  oxidized,  and  the
electrode transfer process onto the electrode surface was
found to be diffusion-controlled. DPV method was used for
the  determination  of  FLP  from  bulk  form  and  synthetic
serum samples combined with BDDE. When the developed
method was compared to DP voltammetric method in the
literature (10) it was shown that the LOD values were lower
in the present study. It can be said that simple, low cost,
relatively  fast,  environmentally  friendly,  accurate  and
precise  electrochemical  method  was  developed  for  FLP
detection and determination.  
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Abstract:  Description  of  Pistacia leaves  powder  using  scanning  electron  microscopy  (SEM),  Fourier
transform infrared spectroscopy (FT-IR), Energy-dispersive X-ray spectroscopy (EDX), specific surface area
according to nitrogen adsorption (SBET) and methylene Blue (MB), and point of zero charge determination
(pHpzc). A series of batch adsorption tests were conducted to study effect of various factors (plant powders
dose, contact time, temperature, pH) on the percentage of nitrate and phosphate removal from domestic
wastewater. The adsorption kinetics, regeneration ability test of plant powder, and phytotoxicity tests for
treated water and spent powder on germination were studied. Results of SBET analysis showed that Pistacia
leaves powders have a low surface area and microscopic pores, SEM images revealed rough surfaces with
uneven  cavities,  EDX  analysis  showed  that  there  are  high  percentages  of  carbon  and  oxygen,  good
percentages for nitrogen, and few percentages of potassium, calcium, magnesium, phosphorous, sulfur and
chlorine, and FTIR analysis showed that there are more than five distinct absorption peaks. The maximum
value of nitrate and phosphate removal was 76.47% and 52.20%, respectively, at powder dose of 2 g/L,
temperature  25  °C,  and  pH  5,  and  the  percentage  of  nitrate  and  phosphate  removal  increased  with
increasing contact time until equilibrium was reached after 120 min for nitrate and 180 min for phosphate,
and It was found that adsorption of ions follows kinetics of reaction from pseudo-second-order model, and
powders  can  be  Regeneration  and  used  for  two  successive  cycles  with  a  slight  decrease  in  removal
efficiency. Germination tests on Lepidium sativum indicate no phytotoxicity. That is, Pistacia leaves powder
is  one  of  the  natural  products  that  are  effective  in  removing  nitrate  and  phosphate  from  domestic
wastewater.
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Study, Phytotoxicity.
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INTRODUCTION

Unquantifiable quantities  of  domestic,  agricultural
and industrial wastewater are discharged untreated
into  natural  water  systems;  Which  causes  serious
environmental  problems  in  many  countries  of  the
world. These  wastes  contain  heavy  metals,  dyes,

inorganic  anions  and  harmful  chemicals,  some  of
which  are  stable  and  indissoluble,  in  addition  to
environmental  movement  and  bioaccumulation  in
the food chain, beside their toxicity and health risks
to humans and animals at very low concentrations
(1).  Nitrate  and  phosphate  concentrations  above
0.5-1 mg/L in water bodies lead to the emergence of
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eutrophication  phenomenon,  excessive  growth  of
algae and consumption of dissolved oxygen, which
leads to damage in water systems and deterioration
of  water  quality  (2),  and  leaching  of  nitrate  and
phosphate  lead  to  pollution  of  groundwater  and
water bodies. Increased nitrate cause miscarriages
and  reduced  milk  production,  and  a  high
concentrations  (>  300  mg/L)  in  water  or  plants
irrigated with wastewater lead to an acute toxicity to
livestock and the occurrence of diseases, and cause
Methemoglobinemia syndrome and cancer. 

Several chemical, physical and biological techniques
have been used to remove nitrate and phosphate,
such  as  biological  de-nitrification,
electrocoagulation, reverse osmosis, electro-dialysis,
ion  exchange,  and  chemical  precipitation  by
aluminium sulfate and iron sulfate, and membrane
technology  (7),  but  these  technologies  are
expensive,  requires  additional  operation  and
maintenance costs, and produces large amounts of
toxic  sludge.  Therefore,  use of  plant  waste as  an
adsorbent  in  wastewater  treatment  is  an effective
and inexpensive alternative, as it is highly efficient,
environmentally friendly and renewable (3), such as
removing heavy metals (4), and chemical ions (5, 6)
from  water.  More  than  90%  of  phosphate  was
removed  from  aqueous  solutions  using  Phoenix
dactylifera powder  at  120  min,  18  °C,  pH  5,  a
shaking rate of  200 rpm, and an initial  phosphate
concentration of 50 mg/L (8), 80% removal of nitrate
using Banana peels powder during 30 minutes, and
an initial concentration of nitrate 200 mg/L (9), and
removing nitrate between 96-100% and phosphates
between  56-77%  using  leaves  powders  of  three
plant species (10).  

Biosorption  mechanisms  include  by  plant  waste
powders different mechanisms such as Electrostatic
Attraction, Van der Waals Attraction, Ion Exchange,
Complexation,  and  Covalent  Binding  (11).  The
effectiveness of biosorption depends on the physical

and chemical properties of plant waste, in addition
to  the  initial  concentration  of  the  contaminated,
plant  powder  dose,  contact  time,  pH,  and
temperature (12). 

The aim of this study was to characterize  Pistacia
atlantica leaves  powder using different  techniques
(SEM, EDX, FT-IR, SBET, and pHpzc), and to evaluate
its  efficiency  as  low-cost,  available  and
environmentally  friendly  materials  in  removing
nitrate and phosphate from domestic wastewater by
studying  the  effect  of  various  factors   (plant
powders dose, contact time, temperature, and pH),
and  test  its  regeneration  ability,  and  to  test  the
reusability  of  this  water  through  phytotoxicity
studies in order to reduce negative impacts on the
environment and achieve sustainable development
and economic feasibility.

MATERIALS AND METHODS

Preparation of Plant Powder 
Leaves  of  Pistacia  atlantica were  collected  from
Sweida city in Syria, and washed with distilled water
2-3 times, and dried in shade for two weeks until the
weight  was  stable,  then  they  were  ground  and
sieved with  250 µm mesh, and stored in sterilized
glassware in the refrigerator at 4°C until use without
any treatment. The symbol Pa-LP is used to indicate
Pistacia atlantica leaves powder.

Collection of Domestic Wastewater Samples 
Samples  were  collected  from  the  end  point  in
Jaramana  city  (east  of  Damascus)  in  polyethylene
glass  bottles  with  a  capacity  of  1000  mL.  The
glassware  was  washed  with  hydrochloric  acid  and
then distilled water 3 times to remove acid residues
(13).  The  values  of  some  physical,  chemical  and
microbiological  characteristics  of  domestic
wastewater  samples  used  in  the  experiments  are
shown in Table 1.

Table 1: Minimum and maximum values for the characteristics of domestic wastewater samples used in
experiments.

Tests Untreated domestic wastewater Units
Temperature 21.32 – 23.43 °C

pH 7.20 – 7.62 -
Total Dissolved Solids 571 - 606 mg/L
Electrical Conductivity 823 – 949.66 µS/cm

Turbidity 169 – 189 NTU
Nitrate 30.5 – 40 mg/L

Phosphate 42 - 50 mg/L
Biochemical Oxygen Demand 195 – 250 mg/L

Viable Count Bacteria 276 ×105 - 322 ×105 CFU/mL
Total Coliform 224 ×104 – 295 ×104 CFU/mL

Characterization of Prepared Plant Powder 
Point of zero charge determination (pHpzc)
Mass titrations method was adopted by taking 0.02-
6 g of powder and adding 20 mL of 0.03 M  KNO3

solution to it for 24 hours at a temperature of 25 °C

and a shaking speed of  250 rpm (14).  The pHpzc
value  is  the  balanced  pH  versus  amount  of  plant
powder. 
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Determination of specific surface area (SBET) of plant
powders by nitrogen adsorption 
The specific surface area and porosity of the plant
powders  used  in  experiments  were  measured  by
Micromeritics  Gemini  3  device  according  to
Brunauer, Emmett and Teller (BET) for adsorption of
nitrogen (N2).

Determination of surface area of plant powders by
methylene blue adsorption
Methylene  blue  dye  adsorption  was  studied  by
preparing  a  series  of  concentrations  from  its
aqueous solution 0 to 5.82 mg/L (Figure 1), 0.05 g of
powder was taken and 10 mL of dye solution was
added  at  a  concentration  of  93.75  mg/L  at  room
temperature for 150 minutes at a shaking speed of
160  cycle/min  and  pH  8,  then  the  solutions  were
centrifuged  at  4500  rpm  for  15  minutes.  The
absorbance  was  measured  by  a  UV/VIS
spectrophotometry  device (Model:  Optizen 2120UV
PLUS) at the maximum wavelength λmax = 665 nm.
The concentration of each solution at equilibrium Ce

(mg/L)  was  calculated  from the  calibration  curve,
adsorbate  amount  of  the  dye  was  calculated
according to the following relationship (15):

 
 a = V(C0-Ce)/W ..........  (1) 

Where  C0 is  the  initial  concentration  of  the  dye
(mg/L),  Ce is  the  equilibrium concentration  of  the
solution (mg/L), V is the total volume of solution (L),
W is the weight of Pa-LP (g).

The percentage removal R (%) was calculated from
the following relationship (15):
                           R = C0-Ce/ C0 × 100 ..........  (2)

The surface area of the powders was calculated by
applying the relationship:
                     S= qe × Na × 130×10-20 ..........  (3)

Note that the cross-sectional area of methylene blue
is 130×10-20, Na = 6.022×1023.

      

Figure 1: Absorbance of a methylene blue solution as a function of concentration.

Characterization of the prepared plant powder using
a scanning electron microscopy (SEM)
A VEGA\\XMU electron microscope was used, which is
connected to an X-ray analysis unit (EDAX-AMETEX),
the sample was dried and then placed on a piece of
special  carbon  adhesive,  and  attached  to  an
aluminum  holder,  then  inserted  into  the  sample
chamber  of  the  microscope,  and  a  high  vacuum
system was applied to it 10-3 mbar and 30 KV high
voltage  for  chemical  composition  analysis  of
samples and determining pore dimensions (8).

Fourier transform infrared (FT-IR) analysis
The  FT-IR  spectrum  was  recorded  with  a  Nicolet
6700  device  to  determine  the  effective  functional
groups of plant powders by taking 1 ± 0.1 mg of the
sample with 100 ± 0.1 mg of dry potassium bromide
(KBr)  by  placing  the  mixture  between  two  metal
discs  and  by  pressing  the  material  turned  into  a
coherent  transparent  disc  within  a  special  holder,
which was placed in FT-IR spectroscopy device disk
(16). The conditions used were:  Number of sample
scans:  32, Number of scan points:  8480, spectral

range:  400  -  4000  cm-1,  and  Laser  frequency:
15798.3 cm-1.

Experiments  of  Domestic  Wastewater
Treatment by Pistacia atlantica Leaves Powder
A series of experiments were conducted to study the
effect  of  plant  powders  dose,  contact  time,
temperature,  and  pH  to  removing  nitrate  and
phosphate from domestic wastewater (Table 2) by
batch adsorption method with some modification (6,
17). 250 mL Erlenmeyer flasks each with 100 mL of
domestic  wastewater  with  a  laboratory  shaker  at
150 rpm, the water was filtered after treatment with
Whatman (No.45). The concentrations of nitrate and
phosphate  were  measured  after  treatment
according to standard methods using HACH DR 5000
spectrophotometer (13). The  wastewater  pH values
were adjusted using HCl (0.1 M) and NaOH (0.1 M),
and all experiments were performed with triplicates,
and  the  removal  efficiency  was  calculated  by  the
following equation (17):

% Removal = Ci–Cf/Ci × 100  ..........  (4)
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Where Ci, Cf are the initial and final concentration of
nitrate and phosphate in domestic wastewater.

Regeneration Ability Test of Plants Powder
This  experiment  was  conducted  to  evaluate  the
efficiency of plant powder prepared for reuse three
successive cycles after the first cycle for removing
nitrate and phosphate from domestic wastewater. It
was  placed  according  to  the  optimal  conditions
(Table 2) in 100 mL of domestic wastewater,  then
the  efficiency  of  removing  nitrate  and  phosphate

from  the  water  was  determined  (Cycle  0),  the
samples  were dried  in shade at room temperature
and placed in 100 mL of NaOH solution (0.5 M) for
180 minutes at a temperature of 25 °C depending
on the ion exchange mechanism, then washed with
distilled  water,  the  dried  samples  were  applied  in
the  next  treatment  process  and  the  removal
efficiency was calculated from the water (cycle 1),
the treatment process was repeated through three
successive  cycles,  and  all  experiments  were
performed with three replications (17, 18).

Table 2: A series of experiments for removing nitrate and phosphate from domestic wastewater by using
Pa-LP.

Series of
Experiments

Powder
Dose
(g/L)

Contact
Time
(min)

Temperature
(°C)

pH
Nitrate

concentration in
wastewater (mg/L)

Phosphate
concentration in

wastewater (mg/L)
Effect of

Powder Dose 0.5-4 300 27 6.5 32.56 42

Effect of
Contact Time 2 30-240 27 6.5 31.53 44

Effect of
Temperature 2

120 (NO3)
180 (PO4

-3) 15-35 6.5 30.5 42.5

Effect of pH 2
120 (NO3)
180 (PO4

-3) 25 5-9 36.56 49.8

Powder
Regeneration 2

120 (NO3)
180 (PO4

-3) 25 6 40 50

Phytotoxicity  Tests  For  Treated  Domestic
Wastewater and Spent Plant Powders
The  germination  percentage  of  Lepidium  sativum
seeds was studied to determine the phytotoxicity of
the  treated  domestic  wastewater  and  spent  plant
powders after the treatment process as follows (19):

(1)  Determination  of  the  phytotoxicity  of  treated
water:  40 g  of  sterile  soil  moistened  with  treated
domestic  wastewater  (30  mL) was placed  in 50 g
plastic  plates  and  30  seeds  of  Lepidium  sativum
were planted in each plate. Drinking water was used
as  a  positive  control  and  untreated  domestic
wastewater  as a negative control,  then the plates
were placed at 25°C and alternated between dark
and light (10 h dark vs 14 h light) for 10 days.

(2) Determination of the phytotoxicity of spent plant
powders  after  the  treatment  process:  the  plant
powders were dried in the shade for 14 days until
the weight was relatively stable. 20 g  of the dried
powders were placed in 50 g plastic plates, 30 seeds
of  Lepidium  sativum were  planted  in  them  and
irrigated with distilled water (30  mL), and soil was
used as a positive control,  then the plastic  plates
were placed for  3 days  at  a temperature of  25°C
alternated between dark and light (10 h dark vs 14 h
light).  All  experiments  were  performed with  three
replications and the percentages of germination for
all experiments were calculated using the following
equation (19):

Germination percentage of  Lepidium sativum seeds
(%) = number of germinated seeds / total number of
seeds x 100 ..........  (5). 

Study of Adsorption Kinetics
The  adsorption  kinetics  of  nitrate  and  phosphate
ions  were  studied  according  to  the  pseudo-first
order  and  pseudo-second-order  model,  which  are
known in batch systems.

The  pseudo-first-order  model  is  expressed  by the
following equation (20):

ln (ae-a) = ln a1e – k1t ..........  (6)

Where a1: the reaction rate constant of pseudo-first-
order  (min-1),  a1e:  the  adsorbate  amount  (mg/g);
[calculated  by  graph  from  the  slope  and  secant
value  when  plotting  ln  (ae-a)  versus  t],  ae and  a
(mg/g)  are  the  amount  of  nitrate  and  phosphate
sorbed at equilibrium and time, respectively.

The pseudo-second-order model is expressed by the
following equation (20):

               t/a = 1/k2(a2e)2 + (1/a2e) t  ..........   (7)

Where  k2:  the  reaction  rate  constant  of  pseudo-
second-order (g/mg min), a2e: the adsorbate amount
(mg/g);  [calculated  by  graph  from  the  slope  and
secant  value  when  plotting  t/a versus  t],  a:  the
amount  of  nitrate  and  phosphate  sorbed  during
time.

The adsorbate amount of nitrate and phosphate was
calculated  according  to  the  following  relationship
(20):
                                a = V(C0-Ce)/W  ..........  (8)
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Where  C0 is  the  initial  concentration  of  the  dye
(mg/L),  Ce is  the  equilibrium concentration  of  the
solution (mg/L), V is the total volume of solution (L),
W is the weight of the Pa-LP (g).

Statistical Study
Correlation  relationships  were  studied  based  on
Pearson's  correlation  coefficients  using  Correlation
Matrix  (SPSS22 software),  and one-way  analysis  of
variance (ANOVA) was adopted to test the presence
of  significant  differences. Data  was  considered
statistically significant at minimum level of P < 0.05.

RESULTS AND DISCUSSION 

Point of zero charge determination (pHpzc) of
Pa-LP
The  pHpzc  of  the  used  powder  was  set  at  6.97
(Figure.  2);  which  indicates  that  the  charge  is
negative on the surface of the powder at pH higher
than  6.97 and  positive  at  pH less  than  6.97.  The
pHpzc  value  of  the  used  powder  corresponded  to
that of Salix babylonica and Platanus leaves powder
6.98 and 7.00, respectively (21, 22), and was less
than that of coconut pulp fiber 8.2 (23), and higher
than olive stones and Grape Stalks residues 4.2 and
5.2,  respectively  (14).  The  pHpzc  is  an  essential
property  in determining the electrical  neutrality of
materials used in treatment at a certain pH value, in
addition  to  its  effect  on  the  ionization  of  surface
functional groups and understanding the mechanism
of the effect of pH of solution.

Figure 2: The pHpzc of Pa-LP.

Determination of the surface area of plant 
powder according to nitrogen adsorption (SBET)
and methylene blue (MB)
The specific surface area of  Pa-LP was 1.1 ± 0.05
m2/g according to BET, and total pore volume was
0.030×10-2±0.02  cm3/g,  and  the  average  pore
radius  was  0.543  ±0.27  nm;  That  is,  the  plant
powder has micropores (24). This is consistent with
several  studies  that  indicated  a  decrease  in  the
specific surface area and pore size of plant powder
that was not treated physically  or chemically. The
specific  surface  area  ranged  between  0.48-10.9
m2/g  (25,  26,  27,  28,  29),  and the total  pore size
ranged between 0.0002-0.11 cm3/g (30, 31, 32, 33,
34),  and the average pore diameter of Pistacia vera
shell  powder was 0.77 nm (30)  and  Prunus dulcis

leaves  3.713  nm  (33)  and  Arundo  donaxn plant
4.320 nm (18). 

The surface area of the studied powders according
to adsorption of methylene blue was 40.283 ± 0.09
m2/g,  which  confirms  the  adsorption  efficiency
(Figure.  3);  The percentage  removal  of  methylene
blue  was  97.695%  ±  0.23  and  the  adsorption
capacity (qe) was 18.317 ± 0.04 mg/g; this may be
attributed  to  the  electrostatic  attraction  forces
between dye (+) and sites (-) on the surface of the
powder  because  the  specific  surface  area  of  the
leave powder is low and the ability of the surface
functional  groups  is  greater  in  removing
contaminants (35).
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Figure 3: Efficiency of Pa-LP in removing methylene blue dye.

The adsorption capacity of methylene blue for oak
leaves powder was 33.5 mg/g (15), and for orange
and banana peels 18.6 and 20.8 mg/g, respectively
(36).  The surface  area  according  to  adsorption  of
methylene  blue  to  chemically  modified tea leaves
was 174.8 m2/g, and  Aegle marmelos trees leaves
powder  110.21  m2/g  (37).  It  is  noticed  that  the
recorded  surface  area  of  the  powders  prepared
according  to  the  adsorption  of  methylene  blue  is
higher than the surface area according to nitrogen
adsorption.

Characterization  of  samples  prepared  using
scanning electron microscopy (SEM)
The  results  showed  that  studied  samples  contain
irregularly  shaped  structure  with  uneven  cavities,
heterogeneous rough surfaces and pores of different
dimensions  (Figure.  4).  Researches  has  indicated
that  the  irregular  surface  structure  of  the  plant
powder is effective in removing anions, cations and
heavy  metals  from  domestic  wastewater  (10,  38,
39).
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Figure 4: The surface structure of Pa-LP using SEM.

Characterization of samples prepared by 
Energy-dispersive X-ray spectroscopy (EDX)
EDX  analysis  showed  the  presence  of  high
percentages  of  carbon  and  oxygen  and  good
percentages for nitrogen. In addition to the presence
of  few  percentages  of  potassium,  calcium,
magnesium,  phosphorous,  sulfur  and  chlorine
(Figure 5), as all the previous elements are essential
in Pistacia atlantica, and the appearance of silicon is
due to the sample holder  made of  aluminum and
dotted  with  silicon.  It  is  noted  that  the  weight
percentages  of  same  elements  differ  in  several
areas  of  the  surface  of  samples  (Table.  3). This

indicates  that  the  surfaces  of  samples  are
heterogeneous.  These  results  are  consistent  with
the  researches  that  confirmed that  plant  powders
contain  high  percentages  of  carbon  and  oxygen
between  29.10-38.52%  and  52.25-59.51%,
respectively, and low rates between 0.22-3.72% for
the rest of the elements such as potassium, calcium,
magnesium, sodium, chlorine,  sulfur and iron (10).
Plant  leaves  powders  contain  high percentages  of
carbon  and  oxygen  between  31-51%  and  31.4-
64.1%,  respectively,  and  nitrogen  between  0.34-
3.61%, this varies according to characteristics and
composition of leaves for each plant species (40).

Table 3: The weight percentages % of elements analyzed by EDX in the studied areas on the surface of Pa-
LP.

Elements (K) Area
1

Area
2

Area
3

Area
4

Average
Percentages%

C (K) 59.09 59.14 61.4 61.13 60.19
O (K) 30.64 34.88 27.7 27.55 30.1925
N (K) 5.77 3.88 10.62 6.77 6.76
K (K) 2.24 0.39 - 1.0 0.9075

Ca (K) 1.85 - 0.03 1.05 0.7325
P (K) 0.41 0.35 - 0.48 0.31

Mg (K) - 0.84 0.08 0.56 0.37
S (K) - 0.15 - 0.45 0.15
Cl (K) - 0.15 - 0.4 0.1375
Si (K) - 0.22 0.01 0.62 0.2125
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Figure 5: EDX spectra of studied areas on the surface of Pa-LP.

Fourier transform infrared (FT-IR) 
Spectroscopy of Pa-LP
More  than  five  distinct  absorption  peaks  are
observed  (Figure.  6);  This  confirms  the  complex
nature of the studied samples (41). The broad and
strong peak observed between 3000-3700 cm-1 is du
to  the  stretching  vibration  of  the  hydroxyl  (-OH)
group of of alcoholic and phenolic compounds, and
stretching vibration  of  the amine (-NH) group (42,
43). The peaks at 2920 and 2842 cm-1 are attributed
to the asymmetric and symmetric stretching of the
methylene (CH2) and methyl (CH3) groups (44, 45),
and the peak corresponding to stretching vibrations
–NH2

+, –NH+, and –NH groups appears in the range
2300-2800 cm-1 usually (46). The observed peak at
1700-1725  cm-1 is  attributed  to  stretching  of
carbonyl (C=O) group of carboxylic acid or ketones
(43, 47), and the peak at 1620 cm-1 appears for C=O
bond stretch of the amide group, or N-H bond bend,
or carbonyl group stretch of -COOH (41, 44, 48). The
peak 1536 cm-1 belongs to carboxyl groups (44), and
the peak 1454 cm-1 corresponds to the bending of C-
H group that appears in the range 1445-1485 cm-1

(41),  and the peak 1370 cm-1 is  attributed  to the
bending of  CH3 group  or C–N stretching vibration,
which corresponds to the amine groups (8, 47, 49).
The peak corresponding to the stretching of P-O-C
group appears in the range between 1190-1240 cm-1

(41),  and the peak 1070 cm-1 is  attributed  to the

stretching of C-O or C-N group of the primary amine
group (41, 42, 48), while the peaks at 763 and 831
cm-1 are  due  to  the  bending  of  C-H group  in  the
aromatic ring (47).

Some changes were observed on  Pistacia atlantica
powdered  leaves  after  removal  of  nitrate  and
phosphate, such as a decrease in the intensity of the
broad  peak  between  3000-3700  cm-1,  This  is
consistent  with  the  research  that  indicated  that
changes in the intensity of the peak between 3400-
3600 cm-1 after adsorption may be attributed to the
complexation  of  ions  with  hydroxyl  groups  -OH,
which confirms the important role of acidic groups
(hydroxyl and carboxyl ions) in the complexation of
ions and ion exchange process  (44).  The changes
observed  at  the  peak  2920  cm-1 indicate  ion
exchange  between  symmetric  or  asymmetric  C-H
protons  of  aliphatic  acids  (44),  and  the  peak
disappears at 2355 cm-1 indicating the possibility of
adsorption of nitrate and phosphate onto the surface
of  the  powder  by  the  electrostatic  attraction
between  NO3

-,  PO4
-3 and positively  charged amine

sites (50). It was observed that the intensity of the
peak  1620  cm-1 became  less  extreme,  and  this
agrees  with  many  studies  that  confirmed  the
changes at the peak of 1620 cm-1 after adsorption of
phosphate,  lead  (Pb+2)  and  cadmium  (Cd+2)  on
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lemon  peel  powders  and  mistletoe  leaves  from
polluted water (48). 

Changes in the range between 1500-1660 cm-1 may
be  due  to  electrostatic  attraction  forces  between
adsorption  sites  and  adsorbate  ions  (44),  it  was
observed  that  the  peak  intensity  of  1225  cm-1

decreased, which may be attributed to an important
role in the stretch of P-O-C group in adsorption of

phosphate;  The  P-O-C  group  has  a  major  role  in
adsorption of phosphate from aqueous solutions on
Phoenix  dactylifera fiber  powders  (8).  FTIR
spectroscopy analysis shows that the former surface
functional  groups present  in  Pa-LP are involved  in
adsorption  and  removal  of  contaminants  from
domestic  wastewater  by  various  mechanisms  (eg.
ion  exchange,  electrostatic  attraction,  surface
complexity).

Figure 6: FT-IR spectroscopy of Pa-LP before and after domestic wastewater treatment.

Removing nitrate and phosphate from 
domestic wastewater using Pa-LP
Effect of Plant Powder Dose
Figure 7 shows that increasing Pa-LP dose from 0.5
to 3 g/L led to an increase in removal efficiency of
nitrate from 26.28 to 64.37% and phosphate from
17.85 to 47.61%; This confirms the existence of a
direct  correlation  between  powder  dose  and
efficiency  of  removal  to  a  certain  extent,  and the
adsorption  capacity  at  2  g/L  was  10.28  mg/g  for
nitrate  and  9.55  mg/g  for  phosphate  which
decreased to 6.98 mg/g for nitrate and 6.66 mg/g

for phosphate when using 3 g/L, so 2 g/L of powder
was used to complete the experiments. This is due
to the fact that increase in powder dose leads to an
increase  in  the  surface  area  and  available
adsorption sites (50, 51), but the increase in powder
dose over the optimum value leads to a decrease in
removal  efficiency  due  to  the  accumulation  and
agglomeration  of  powder  particles  (52).  This  is
consistent with the results of researches on Phoenix
dactylifera fibers and stones (8, 53), rice husk and
citrus  limetta  residues (2),  and tea leaves  treated
with N,N-dimethylformamide (50).
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Figure 7: Effect of Pa-LP dose in removing nitrate and phosphate from domestic wastewater (Contact Time:
300 minutes, Temperature: 27 °C, pH 6.5, and Shaking Speed: 150 rpm.
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Effect of Contact Time
Figure  8  shows  the  increase  in  the  efficiency  of
removing nitrate and phosphate with an increase in
contact time to a certain extent until stability. The
process of removing ions from water is carried out in
two stages. The first is fast during 60 min at a rate
of  60.67%  for  nitrate  and  120  min  at  a  rate  of
42.72% for phosphate,  then followed by a gradual
increase in removal, but became slow until 120 min
at a rate of 63.52% for nitrate and 180 min at a rate
of 44.54% for phosphate and after that the removal
is  relatively  constant,  so the equilibrium time was
adopted  at  120  min  for  nitrate  and  180  min  for
phosphate  to  complete  the  experiments,  and  the
rapid removal is initially attributed to the abundance
of  active  sites  on the surface  of  powder,  and the
result of their gradual occupancy due to presence of
repulsive  forces  between  adsorbate  ions  on  the
surface of powder and other ions in the water, thus
the  adsorption  becomes  less  efficient  and  slower
until  it  reaches  equilibrium  (10).  It  has  been
observed  that  the  removal  efficiency  of  prepared
powders depends on the type of ions because the
removal of nitrate is higher than that of phosphate;
This  may  be  attributed  to  the  specificity  of  the

interactions between the ions and the active sites on
the surface of  the powder (39),  in addition  to the
presence of many ions in domestic wastewater that
may  compete  with  phosphate  ions  for  adsorption
sites (54).

The equilibrium time required to remove nitrate and
phosphate  from water  varied  with  the  species  of
plant powder; As it was 120 min for plant powders
with  a  removal  efficiency  of  96,  98,  100%  when
using 1 g/L (10), 25-30 min for wheat straw powder
modified  with  amino  groups  (55),  and  the
percentage of phosphate removal from wastewater
was 89.1% after 120 min using 2 g/L of chemically
modified rice husk powder (56). It was possible to
remove  about  80% of  phosphate  after  60  min  of
treatment using 1.5 g/L of lemon peel powder and
pH 5.5  (48),  and it  was  94.68% after  120 min  of
treatment  using  6  g/L  of  Phoenix  dactylifera fiber
powders,  temperature  of  18 °C,  shaking speed  of
200  rpm,  and pH 5 (8),  and  this  differs  from the
results of this research due to the difference in the
species of  plant powder and the conditions of  the
experiment.
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Figure 8: Effect of contact time in removing nitrate and phosphate from domestic wastewater (Powder
Dose: 2 g/L, Temperature: 27 °C, pH 6.5, and Shaking Speed: 150 rpm).

Effect of Temperature
Figure 9 shows a gradual increase in the efficiency
of  removing  nitrate  from  54.75  to  63.50%  and
phosphate  from  36.47  to  44.47%  with  increasing
temperature from 15 to 25 °C. Several studies have
indicated  an  increase  in  the removal  efficiency  of
nitrate and phosphate with increasing temperature
(16,  48,  57).  Decreased  removal  efficiency  is
observed when the temperature is increased above
25°C;  The  efficiency  of  removing  nitrate  and
phosphate  decreased  to  57.86%  and  34.58%,
respectively,  when the temperature was increased
to 35 °C, and this is in agreement with one of the
studies that indicated a decrease in the phosphate
removal efficiency from 75.5% to 55.2% when the
temperature was increased from 30 to 40 °C (56).

This  is  attributed  to  the  exothermic  adsorption
process or to the weak adsorption forces between
the  active  sites  of  the  plant  powders  and  the
adsorbate ions. The adsorption capacity of various
pollutants such as dyes, heavy metals, anions and
cations increases with the increase in temperature,
due to the rapid increase in the mobility of ions; This
facilitates its diffusion from the solution to the active
surface adsorption sites, in addition to a decrease in
the  viscosity  of  the  solution,  an  increase  in  the
number  of  active  sites  for  the  sample,  and  a
decrease  in  the  thickness  of  the  boundary  layer
surrounding  to  the  adsorbent  material  (sample);
Which  leads  to  a  decrease  in  the  mass  transfer
resistance of the adsorbates (ions) in the boundary
layer  at  high  temperatures  and  increases  the
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adsorption  efficiency,  and  this  indicates  that  the
adsorption process is endothermic (6, 58, 59). Other
studies have indicated a decrease in the adsorption
efficiency when the temperature is increased, due to
the weak bonds between the adsorbate molecules
and the active binding sites of the adsorbent, which
indicates that the adsorption process is exothermic

(60, 61). The adsorption capacity increases with an
increase in temperature to a certain extent and then
decreases  with  any  additional  increase  in
temperature  (35),  and  a  slight  increase  in  the
adsorption  capacity  was  observed  with  increasing
temperature  and the removal  was  independent  of
temperature (62, 63).

Figure 9: Effect of temperature in removing nitrate and phosphate from domestic wastewater (Powder
Dose: 2 g/L, Contact Time: 120 minutes For Nitrate, 180 minutes For Phosphate, pH 6.5, and Shaking Speed:

150 rpm).

Effect of pH
Figure  10  shows  that  the  removal  efficiency  of
nitrate  gradually  increases  from 20.67  to  76.47%
and  phosphate  from  13.05  to  52.20%  with
decreasing pH values from 9 to 5. This is consistent
with several studies that indicated the best removal
of  nitrate  and phosphate at  low pH values  (acidic
medium); This is due to the fact that in the range of
high pH values, the surfaces of the powders acquire
more negative charges due to the increase of OH-,
which leads to a decrease in the removal efficiency
due to the increase in the repulsive force between
the nitrate and phosphate ions and the negatively
charged  OH- ions,  in  addition  to  the  possibility  of
competing OH- ions with nitrate and phosphate for
active adsorption sites, while at lower pH values, the
surfaces  of  the  powders  acquire  more  positive
charges due to the increase in H+ ions leads to the
increase  in  the  removal  efficiency  due  to  the
electrostatic  attraction  between  the  nitrate  and
phosphate ions and the active surface sites of the
powder (19, 23, 52, 53, 56). It has been observed
that adsorption of anionic pollutants often occurs at
low  pH  values  of  the  solution  due  to  the  large
contribution of electrostatic attraction forces (40).

Studying of regeneration of Pa-LP
The results  showed that the percentage of nitrate
and  phosphate  removal  decreased  by  about  11%
after two successive cycles of treatment compared
to the initial value (cycle 0). While the percentage of
removal was observed to decrease more than 30%
after  the  third  cycle  of  treatment  (Table  4)
compared  to  the  initial  value  (cycle  0),  so  it  is
possible to use the powder of the spent leaves for
two  successive  cycles  in  removing  nitrate  and
phosphates from domestic wastewater with a slight
decrease in removal  efficiency.  The results  of  this
research  did  not  agree  with  other  research;  The
efficiency  of  removing  phosphate  from  aqueous
solutions  decreased  by  13.63%  and  14.25%,
respectively,  after the third cycle using NaOH (0.2
M) as a regeneration solution for Brassica pekinensis
and  Brassia  campestris L  powders  modified  with
layered  double  Mg-Al  oxides  (17).   Amine  cross-
linked reed powders can be used for at least three
successive  cycles  with  a  slight  decrease  in  the
efficiency of removing nitrate and phosphate (18). 
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Figure 10: Effect of pH in removing nitrate and phosphate from domestic wastewater (Powder Dose: 2 g/L,
Contact Time: 120 minutes For Nitrate, 180 minutes For Phosphate, Temperature: 25 °C, and Shaking

Speed: 150 rpm).

The  decrease  efficiency  of  removing  nitrate  and
phosphate  after  several  successive  cycles  of
treatment  may  be  attributed  to  the  following
reasons:  Loss  of  plant  powder  weight  each  cycle,
partially  due  to  the  destruction  of  cellulose  and
hemicellulose  at  acidic  or  alkaline  conditions  (1),
and Loss of some surface functional groups or active
adsorption sites (18, 64), or due to the accumulation
of ions in the adsorption sites (65) and the difficulty
of their desorption at regeneration, in addition to the
rupture and damage to the plant powder structure

as a result of its regeneration by NaOH solution that
was used In this research.

Several studies indicated a gradual decrease in the
adsorption  efficiency  of  various pollutants such as
dyes  and  heavy  metals  with  an  increase  in  the
number of regeneration cycles (22, 66), and other
studies  indicated  increase  in  the  adsorption
efficiency  after  the  first  cycle  (67)  as  a  result  of
using  HNO3 solution  in  regeneration,  it  is  an
activator of adsorption sites.

Table 4: Average percentage of removal of nitrate and phosphate from domestic wastewater after three
successive cycles using Pa-LP.

Tests
Treatment Cycles (Adsorption Cycles)

0 1 2 3
Nitrate 68.57% 66.50% 57.50% 38%

Phosphate 47.80% 43.74% 39% 15.4%

Study of adsorption kinetics
Table 5 and Figure 11 shows the adsorption kinetics
parameters  for  the  nitrate  and  phosphate  ions
according  to  the  pseudo-first-order  and  pseudo-
second-order equations. It was observed that a good
agreement  of  the  experimental  data  with  the
pseudo-second-order  equation  model,  due  to  the
convergence  of  the  value  of  a2e =  10.53  mg/g
calculated graphically from its experimental value of
ae = 10.06 mg/g for nitrate, and the convergence of
the value of a2e = 10.75 mg/g calculated graphically
from its experimental  value of ae = 9.87 mg/g for

phosphate. In addition to that R2 of pseudo-second-
order equation (R2 = 0.9989) for nitrate and (R2 =
0.9995)  for  phosphate is  higher  than its  value for
the  pseudo-first-order  equation  (R2 =  0.9811)  for
nitrate and (R2 = 0.9878) for phosphate. Therefore,
the adsorption process of nitrate and phosphate on
the  Pa-LP follows a pseudo-second-order equation,
this  is  in  agreement  with  several  studies  that
confirmed that adsorption of nitrate and phosphate
on raw or modified plant powders follows a pseudo-
second-order equation (17, 19, 50, 55, 68).

Table 5: Adsorption kinetics parameters for nitrate and phosphate ions.

Tests
ae

 (experimental)

Pseudo-first-order Pseudo-second-order
a1e 

(calculated)

K1

 1/min
R2 a2e

(calculated)
K2 g/(mg·min) R2

Nitrate 10.06 5.737 0.036 0.9811 10.53 0.0111 0.9989
Phosphate 9.87 7.323 0.025 0.9878 10.75 0.00535 0.9995
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Phosphate adsorption kinetics: (left) Pseudo-first-order model (right) Pseudo-second-order model.

Nitrate adsorption kinetics: (left) Pseudo-first-order model (right) Pseudo-second-order model.

Figure 11: Adsorption kinetics of nitrate and phosphate according to Pseudo-first-order model and Pseudo-
second-order model.

Phytotoxicity  tests  for  treated  domestic
wastewater and spent plant powders
The test  for  the  germination  of  Lepidium sativum
seeds  is  an  indicator  for  the  rapid  assessment  of
phytotoxicity.  The  percentage  of  germination  of
Lepidium  sativum irrigated  with  treated  domestic
wastewater by Pistacia leaves powder after 10 days
was  93.33%,  higher  than  the  percentage  of
germination  of  Lepidium  sativum irrigated  with
untreated domestic wastewater, which was 88.86%,
and  reached  97.76%  when  irrigating  seeds  with
drinking water. It was observed that the germination
of  seeds  irrigated  with  untreated domestic
wastewater and drinking water began to germinate
after 3 days to reach stability after 7 days, but the
germination  percentage  increased  from  90%  for

seeds irrigated with treated wastewater after 7 days
to 93.33% after 10 days (Figure 12).  The delay in
seed  growth in  treated  water  may be due  to  the
presence  of  polyphenols  released  from  Pistacia
leaves;  High  concentrations  lead  to  inhibition  or
delay of seed germination, unlike low concentrations
(69). The temperature between 20-30 °C is one of
the  most  important  external  factors  affecting
germination; As the percentage of Lepidium sativum
germination  irrigated  with  water  from  different
sources  (dams,  wells,  distilled,  sewage)  exceeded
90% (70), this is consistent with the results of the
experiments  of  this  research  conducted  at  25 °C,
and  the  best  percentage  was  when  irrigated  with
drinking water; This may be due to the fact that it
contains  mineral  elements  and  salts  in  moderate
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concentrations that can be easily absorbed by the
seeds (71). The effect of raw domestic wastewater
was  bad  due  to  the  high  concentration  of  salts,
harmful substances  and heavy metal ions such as
chromium and cadmium, which have an inhibitory
effect on seed germination (71, 72).  These results
confirm the possibility of reusing treated domestic
wastewater for irrigation.

The  spent  Pistacia powders  were  non-toxic  to
Lepidium sativum plant due to their biodegradable
nature and the germination percentage was 82.2%
after three days. Spent plant powders can be added
as  a  soil  quality  enhancer  as  it  increases
permeability, water holding capacity, organic matter
content and is a source of soil nitrate and phosphate
supply (19, 73, 74).

R

D

T

Phytotoxicity of treated domestic wastewater

P

S

Phytotoxicity of spent plant powders
R: untreated Domestic Wastewater (Negative Control), D: Drinking Water (Positive Control), T: Treated

Domestic Wastewater, P: Spent Pistacia Powders, S: Soil (Control).

Figure 12. Phytotoxicity tests of treated domestic wastewater and spent plant powders.

Statistical Study
The  statistical  study  confirmed the  presence  of  a
strong  positive  correlation  between  nitrate  and
phosphate R2= 0.984 for the effect of plant powder
dose, R2= 0.989 for the effect of contact time, R2=
0.995 for the effect of temperature, and R2= 0.998
for  the  effect  of  pH  value.  The  one-way  analysis
(ANOVA)  test  showed  that  there  were  significant
differences between all the average values recorded
for  the  tests  after  wastewater  treatment  at  a
significant P < 0.05.

CONCLUSION

This  study indicated  the  possibility  of  using  Pa-LP
without  prior  treatment  or  modification  as  an
environmentally  friendly,  low  cost  and  good
effective  in  removing  nitrate  and  phosphate  ions
from domestic wastewater. The results of the SEM
analysis  which  is  connected  to  EDAX-AMETEX unit
showed  a  heterogeneous,  irregular,  and  rough
surface structure with pores of different dimensions,
in addition to  containing a group of elements such
as carbon, oxygen and nitrogen, potassium, calcium,
magnesium, phosphorous, sulfur and chlorine. FTIR
analysis  showed  the  presence  of  hydroxyl,
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carboxylate,  carbonyl,  amine,  and  methylene
groups.

The  maximum  removal  of  nitrate  and  phosphate
was at powder dose of 2 g/L and temperature 25 °C.
The equilibrium time was reached within 120 min for
nitrate  and 180 min for  phosphate from exposure
time,  and  the  removal  efficiency  decreased
significantly with increasing pH values from 5 to 9.
The  nitrate  and  phosphate  adsorption  kinetics
follows  the  pseudo-second-order  equation  model.
The regeneration  studies showed the possibility  of
using  Pa-LP in  two  successive  cycles  to  remove
nitrate and phosphate with a slight decrease in the
removal efficiency compared to the initial value.

The results  of  the phytotoxicity  study showed the
possibility of using wastewater treated by  Pa-LP in
irrigating  crops  without  any  toxic  effects  on
germination rates. The spent  Pa-LP were non-toxic
to plants and due to their biodegradable nature they
could be added as soil enhancer in agricultural land.

The results of the present study show that the low
cost  and good removal  efficiency  of  non-modified,
non-toxic, and reusable Pa-LP make them potentially
attractive natural materials for removing nitrate and
phosphate  from  domestic  wastewater.  Further
experiments should be conducted in future studies
to  test  the  adsorption  dynamics  of  nitrate  and
phosphate  onto Pa-LP  in  fixed-bed  column
experiments,  and  determining  isotherms  and
thermodynamics  of  adsorption.  In  addition  to
expanding the scope of research and studying the
possibility  of  removing  heavy  metals  from
wastewater using Pa-LP.
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Pollution Removal Performance of Chemically Functionalized Textile
Waste Biochar Anchored Poly(vinylidene fluoride) Adsorbent
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Abstract: Preparation of adsorbent materials in powder and polymeric composite form was achieved by
controlled carbonization of ZnCl2 pretreated textile waste at low temperatures.  Structural  and surface
properties of carbonized textile waste samples (CTW) and polymeric composites were prepared by  the
addition of CTW to PVDF-DMF solution at 0, 5, 10, 15, 20, and 30 mass% ratios analyzed by FT-IR, XRD,
SEM, and BET analysis. Adsorption performances of powder and composite adsorbents were investigated
for  MO dye removal  from an aqueous solution.  Zn-CTW obtained with carbonization  of  ZnCl2 treated
textile waste at 350 °C presented 117.5 mg/g MO removal. Those were higher than CTW-350 and CTW-
400. The presence of 1545 cm-1 band at the IR spectrum of Zn-CTW proved the formation of functional
groups that increase dye adsorption performance with honeycomb-like pores on the surface.  Zn-CTW
reflected  its  properties  onto  the  PVDF  matrix.  Improved  porosity  percentage,  BET  surface,  and  dye
adsorption of Pz20 were recorded as 105.3, 15.22 m2/g, and 41 mg/g, respectively, compared with bare
PVDF. Disposal of textile waste and preparation of functional activated carbon were achieved in a low-cost
and  easy  way.  Zn-CTW loaded  PVDF  composites  are  promising  materials  to  use  as  a  dye  removal
adsorbent from water or filtration membranes.
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INTRODUCTION

Carbon  materials  have  been  preferred  as  an
adsorbent for centuries because of their stability in
hard  aqueous  environments,  large  surface  area,
sufficient surface properties for modification as a
catalyst,  and  other  applications  such  as  cation
exchange capacity and functional groups with low-
cost  production  (1).  It  is  possible  to  classify  the
source of carbon materials simply as mineral and
biobased according to its obtaining methods. The
emerging  trend  in  using  carbon  sources  was
through  biobased  stock  materials  such  as  wood
and  fiber  types  because  of  their  low  cost,  high
yield,  and  lower  ash  content  compared  with
sources of mineral-based (2–4). However, the main
preferential  reasons  for  increasing  usage  of
biomaterials  for  biochar  production  may  be
explained  by  their  renewable  properties  (5,6).
Fe2O3 modified  biochar  obtained  from  the
carbonization of maple wood and corn stover, used

for H2S adsorption from biogas, showed 23.9 mg/g
H2S adsorption performance. Thanks to the Fe2O3

structure  placed  into  pores,  biochar  presented
good  interaction  with  H2S  (7).  Large  kinds  of
biomass  are  classified  basically  as  woody  and
nonwoody  materials  such  as  bamboo,  pecan,
peanut  nutshell,  rice  husk,  post-harvest  residue,
and chitosan, which are used to obtain biochar by
carbonization techniques called pyrolysis (300-700
°C),  hydrothermally  (180-300  °C  and  wetted
biomass),  torrefaction (<300 °C),  gasification  (8).
Biochar prepared by carbonization of poplar wood
and tea by heating at 450 and 750 °C were used
for  remediation  of  trichloroethylene  (TCE)-
contaminated water (9). The best TCE removal was
obtained  in  biochar  prepared  from  poplar  wood
with  50-100  µm  pores,  and  the  highest  vinyl
chloride removal  was obtained from poplar  wood
carbonized at 750 °C. Modified biochar prepared by
castor seed cake for methylene blue (MB) removal
(10), activated wakame biochar for MB, rhodamine
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blue (RB), malachite green (11), and palm petioles
biochar  for  crystal  violet  (12) were  used  as  dye
adsorbents  from  aqueous  solution  with  high
amounts. Ethylene-co-vinyl alcohol-supported 1.5%
rice  straw  biochar  electrospinning  membranes
showed  the  highest  recovery  performance  (13).
However,  the  high  carbonization  temperatures
ranging  from 450-700  °C,  the  applied  activation
methods,  and  raw  biomass  usage  may  be
considered  as  disadvantages  of  the  method.
Disposal  of  carbon-rich  waste  materials  by
reducing them to obtain activated carbon can be
defined  as  a  further  level  of  environmentalist
approach  compared  with  natural  biomass  usage.
Natural  biomass  can  be  disposable  in  the
environment,  whereas  most  industrial  waste
requires extra hard conditions to decompose, and
even so, chemical residues can reach soil or water
resources.  A  huge  amount  of  waste  material
emerges  from  the  textile  industry  around  the
world,  and  disposal  problems  also  threaten  the
environment.  It  was  reported  that  75  percent  of
textile waste are disposed of in Europe every year
due to a lack of efficient recycling and only a small
amount  of  waste  textile  could  be  reused  as  a
textile  industry  due  to  the  necessity  of  complex
separation  and  purification  steps  of  fibers  (14).
Textile  waste  was  mainly  classified  into  three
groups:  specific process  waste,  secondary  waste,
and out-of-process waste  (15). Carbon-rich textile
waste  materials  consist  of  synthetic  and  natural
fibers and their residues, such as cotton, polyester
yarn,  fabric,  garments,  and  fibers,  which  are
included  in  specific  process  waste  groups,  and
recycling  them  has  great  potential  to  provide  a
source of carbon-rich material. Also, that provides
environmental  protection  instead  of  polluting  by
stocking or other air polluting methods. The studies
dealing  with  converting  textile  waste  to  biogas,
ethanol,  bio-oil,  biofuel,  and  glycolysis  in  the
presence of single and double oxide catalysts such
as Mg-Al were conducted on a lab-scale  (16–22).
These  strategies  require  a  high  amount  of
chemicals  such  as  organic  solvents  and  ionic
liquids  with  the  enzymatic  reaction,  which
increases  cost  and  makes  applications
complicated.  Additionally,  new  waste  and
chemicals  arising  from the  new system cause  a
new conflict  with the disposal activities  of  textile
waste aimed at environmental protection. A more
beneficial strategy may be provided by converting
these  wastes  into  valuable  bioproducts  with low-
cost ash and residues. Hanoğlu et al. investigated
the effects  of  fiber type and temperature on the
torrefaction of  textile fiber at 300-400 °C  (23). A
significant effect of  temperature was reported on
the  torrefaction  process  and  the  energy
densification  effect  of  fiber  type.  Biochar  from
effluent  treatment  waste  of  the  textile  industry,
which has a 91 m2/g surface area, was prepared for
ofloxacin removal from aqueous solutions. Biochar
prepared from denim fabric with H3PO4 activation
presented  19.74  mg/g  adsorption  capacity  as  an
efficient adsorbent for removing a textile dye from
an  aqueous  solution,  and  it  was  separated
magnetically  from  the  solution  due  to  magnetic
ferrous  content  (24,25).  However,  they  used  a

large amount of acid and energy. In another study,
the  heavy  metal  content  of  biochar  obtained  by
carbonization of  textile dye sludge at 400-700  °C
for disposing of waste sludge was investigated, and
the optimum temperature for biochar, which has a
minimal toxic effect, was reported as 400  °C with
lower  heavy  metal  risk  (26).  Well-known  active
carbon  preparation  methods  depend  on  the
heating of natural carbon sources. However, waste
materials that are chemical or physical pollutants
in case of spreading or staking on the environment
may  provide  a  high  amount  of  carbon  source.
Reusing  waste  materials  has  been  an  important
issue for the last three decades, especially due to
climate  change  on  a  global  scale,  voiced  with
agreements  (27). Even so,  waste recycling is not
being  applied  sufficiently  for  reasons  such  as
complex  structure  and  specific  requirements  of
waste  recycling  systems,  lack  of  technology  or
knowledge, and the easier obtaining of equivalent
raw materials.  According to our literature survey,
we could not come across any studies about the
conversion of textile waste that emerged from the
Uşak  region  of  Turkey  to  activated  carbon  that
functional groups decorated at low cost and easy
conditions.  Also,  the  preparation  and  pollution
removal studies of chemically functionalized active
carbon-polymer  composites  as  a  practical
adsorbent  were  first  planned  and applied  in  this
study.

Conversion of carbon-rich textile waste materials to
biochar  is  applied  as  an  environment  protective
method for  both disposal  and new products.  The
addition  of  these  molecules  in  a  polymer  matrix
could improve the efficiency of biochar. Thus, easy
separation of featured materials such as composite
adsorbents  or  filtration  membranes  could  be
achieved.  Usable  poly(vinylidene  fluoride) (PVDF)
composites,  including  carbonized  textile  waste
additives  were  prepared  for  dye  removal  from
water. Converting waste materials to biochar with
a simple process was investigated with the aim of
disposal  and  environmental  protection.  The
surface,  structural  properties,  and  dye  removal
performance  of  carbonized  textile  waste  and
composites obtained with carbonized samples were
investigated. Effects of chemical treatment before
carbonization  were  investigated  to  obtain  well-
structured biochar at a lower temperature. Methyl
orange  removal  performance  of  carbonized
samples and composites was investigated at batch
experiments, and behaviors of adsorbent in powder
form and loaded to PVDF were compared. Although
a large amount of research has been conducted to
obtain biochar from woody and fiber biomass for
different  purposes,  we  aimed  to  show:  (i)  the
possibility  of  obtaining  fine  materials  (adsorbent
powder  and  composites)  from textile  waste  with
waste specific treatments and conditions, (ii) how
important is waste recycling is for the environment,
both  for  disposal  and  raw  material  potential.
Chemically carbonized textile waste was added to
PVDF,  and  it  was  used  for  dye  removal  in  this
study.  The  study  includes  outcomes  focusing  on
environmental  preservation  strategies  thanks  to
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biochar  preparation  steps  with  moderate
conditions.  The  prepared  Zn-CTW  added  PVDF
composites  are  also  promising  candidates  for
filtration and purification systems.

MATERIALS AND METHODS

Materials 
Waste  textile  samples  were  obtained  from UŞAK
organized  industrial  zone,  Turkey.  C2H5OH  and
ZnCl2 were purchased from Sigma Aldrich and used
without any purification.  The polymer matrix and
solvent were PVDF (Solef 6010, MINGER) and N, N-
dimethylformamide, DMF (73.09 g/mol, 0.944 g/mL
Sigma  Aldrich).  During  the  dye  removal
experiments, double distilled water, methyl orange
(MO,  Sigma  Aldrich),  NaOH,  and  HCl  (Sigma
Aldrich) was used for pH adjustments. 

Preparation  of  Carbonized  Textile  Waste
(CTW) Samples and Composites 
Waste  textile  samples  were  first  washed  with
ethanol  and  water  to  remove  particles  and  dye
remnants until a clear eluent was obtained. Waste
materials were washed and dried at 60°C for 24 h.
Five grams of washed sample were wetted by 25
mL ZnCl2 solutions  at  a  mass  ratio  of  activating
species: textile waste 0.14-1.4:50 for 1 h. Samples
were  kept  for  24  h  at  60  °C  in  an  oven.  Dried
samples  were  put  into  a  porcelain  cup  and
carbonized in a muffle furnace (with a heating rate
of 15 °C/min) at temperature ranges of 350-400 °C
for 1-1.5 h. The air conditions were adjusted with
static N2 inert gas. Control samples were prepared
by  carbonization  of  samples  at  350  and  400  °C
without exposure to any chemicals. After cooling to
room temperature, carbonized textile waste (CTW)
samples were weighed and ground with a manual
grinder.  Samples were passed through a 150 µm
sieve.  Obtained  samples  were  called  following
modification  procedures  such  as  05-Zn-1-350.
Where  05  stands  for  concentration  of  chemicals
(mol/L) used before carbonization, Zn, 1, and 350
for  ZnCl2,  treatment  time,  and  carbonization
temperature, respectively.

Zn-CTW added PVDF composites were prepared as
1,6 g polymer added to 10 mL DMF and stirred for
2 h at 60 °C. Powder 05-Zn-1-350 was added to
polymer  solution  to  obtain  0,  5,  10,  15,  20,  and
30%  Zn-CTW:PVDF  mass  ratio.  The  mixture  was
stirred at 250 rpm at 65 °C for 3 hours to provide
homogeneous  dispersion.  Zn-CTW-PVDF  solution
was held for a while to avoid air bubbles and cast
onto a glass plate (20 cm x 20 cm) with a casting
knife with 300 μm at 25 °C. The mixture was spread
onto  the  glass  surface,  and  it  was  quickly
immersed  into  the  distilled  water  bath  for  24  h.
Prepared composites were stored in a storage cup
filled with pH 9 distilled  water  to prevent  drying
and  bacterial  contamination  until  adsorption
experiments.  Samples  were  dried  and  cut  into
appropriate  pieces  before  structural  analysis  for
optimum  results.  Composites  containing
carbonized additives activated by ZnCl2 (Zn-CTW)
were  called  P,  Pz5,  Pz10,  Pz15,  Pz20,  and  Pz30

according to the mass ratio content of Zn-CTW (05-
Zn-1-350).

Characterization of carbonized textile waste 
and composites
Diffraction patterns and organic groups of samples
were analyzed by XRD (Rigaku 2000) at 2θ:2°-80°
with 2°/min scanning speed and Perkin Elmer FTIR
over a range of 4000–400 cm-1. The morphologies
of composites were examined by scanning electron
microscopy  at  10  kV  (Carl  Zeiss  ULTRA  Plus).
Surface  areas  of  samples  were  analyzed  by  the
TriStar II  3020 Version 3.02 BET device.  After pH
adjusting with 0.1 mol/L NaOH/HCl solutions, a 100
ppm methyl  orange  solution  (MO)  was  prepared
and  used.  The  amount  of  dye  content  in  the
solution  was  determined  by  a  UV-visible
spectrometer (Shimadzu, 2550).

Water  uptake  capacity  (WU)  of  composites  was
investigated  to  get  knowledge  about  interactions
between virgin PVDF,  Zn-CTW added composites,
and  water.  That  was  useful  to  estimate  their
behaviors  in  the  aqueous  area  during  the
adsorption.  WU  calculations  were  conducted  as
described:  composites  in  water  were  mopped
slightly with blotting paper and weighted (Ww). Wet
samples were dried in  a 40 °C vacuum oven for
two hours.  Dried composites  were weighted (Wd)
again. Water uptake capacities were calculated by
using wet and dry values of composites according
to eq. (1).

WU (% )=
Ww−W d

Ww

×100 (Eq. 1)

Porosities  of  composite  surfaces  (PO%)  were
calculated  by  the  weight  of  wet  and  dry
composites.  The following equation  (2)  was used
for porosity calculation.

PO (% )=
W w−W d

dAδδ
×100 (Eq. 2)

Where d is the density of water used at 25 ºC, A is
the composite area in a wet state (cm2), and  δ is
the  thickness  of  composite  in  wet  form  (cm)
determined  by  using  a  thickness  gauge  (Syntek,
±0.01).

Adsorption Experiments
Adsorption experiments were conducted in a flask
by the batch technique. 50 mL aqueous solutions
of  MO  (prepared  at  50-150  ppm  initial
concentrations) were put into a conical glass flask
with the adsorbent (0.01-0.1 g adsorbent dosage)
and stirred at  150  rpm for  1-3  h.  The effects  of
different temperatures (298-328 K) and pH values
(pH  3.00-9.00  of  solutions  was  adjusted  by 0.05
mol/L HCl and NaOH solutions) were investigated.
After the adsorption equilibrium, adsorbents were
filtered, and the filtrate was analyzed with a UV-vis
spectrometer  at  660 for  MO.  Adsorption capacity
Qe (mg/g),  efficiency  EAD (%)  of  composites,  and
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CTW adsorbents  were  calculated  by  equations  3
and 4 (28). 

Qe=(
C0−C e
M )×V (Eq. 3)

EAδD (% )=(
C0−C e
C0 )×100 (Eq. 4)

Where C0 and Ce represent initial and equilibrium
dye concentrations, M (g) represents the amount of
adsorbent, and V (L) is the volume of dye solution.
Recycling  studies  of  samples  were  conducted.
Filtrated  adsorbents  were  washed  with  an  acid
solution  (0.5  mol/L  HCl,  25  mL)  and  rinsed  with
distilled water until a neutral eluent was obtained.
Adsorbents were dried and used for other cycles.
This  procedure  was  repeated  5  times.  Langmuir
and  Freundlich  isotherm  models  were  applied  to
evaluate the obtained adsorption data of Zn-CTW
by using equations 5 and 6.

Qe=
KLC eQmax
1+K LC e

 (Eq. 5)   

Qe=K fC e
1
n (Eq. 6)

The  maximum  adsorption  capacities  (Qmax)  and
Langmuir constants (KL) were calculated by using
the slope and cutting point of the line of the graph
obtained by C e versus 1/Qe. Plotting the graph by

logQ e
 versus  logCeFreundlich  constant  and  max

adsorption capacity of adsorbents were calculated
(29). 

RESULT AND DISCUSSION

Characterization of Zn-CTW and Composites
The X-ray  diffraction  patterns  of  Zn-CTW and  Pz
composites  are  shown  in  Figure  1.  The  Zn-CTW
showed a  single  broad peak at  around 2θ=8.08,
pointing  out  the  semi-crystalline  structure  of  the
carbonized  sample.  Shifting  a  peak position  to  a
low  angle  indicates  disordered  cages  and
microporosity,  whereas  an  increase  in  peak
strength means an increase in interplanar crystal
spacing, which contributes to adsorption (30). Only
the small peak at around 2θ=30 may be attributed
to  the  ZnO  crystal  formed  because  of  using  a
chemical  modification  (31).  Peaks  at  around
2θ=18.58, 20.21, and 27.2 indicated characteristic
α-phase, and the broad peak, which can be seen
clearly at 39.3, corresponds  γ-phase of PVDF. The
evidence  for  the  β-phase  structure  of  PVDF  was
determined  by  broad  2θ=36.46  with  a  clearly
visible  2θ=20.06  peak  (32).  From the  diffraction
patterns  of  composites,  the peak strength of  the
Zn-CTW loaded PVDF matrix has decreased a little
bit.  The  reason  for  broad  peaks  was  decreasing
crystallinity  of  PVDF  with  additives.  Reduced  or
lack of crystal structure resulted in a broad peak,
which means low strength and nonclear  or lower
inorganic content  (33). From the peak strength of
the  composites,  mixture  behaviors  of  PVDF  with
Zn-CTW  can  interfere  as  Pz-5  has  a  more
homogenous  structure  than  Pz-30.  Because  of
increased Zn-CTW, the characteristic peak of PVDF
at around 2θ=18.58 became more visible like it is
at virgin PVDF. A combination of Zn-CTW with PVDF
at  the  ratio  of  Pz5-Pz20  was  decided  that  those
have  moderate  constituents  as  Zn-CTW-PVDF
composites.

Figure 1: XRD patterns of Zn-CTW and composites.
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FT-IR  spectra  of  composites  and  Zn-CTW  are
presented in Fig. 2. Typical PVDF bands indicating
the CH, CF2, and CF band stretching vibrations were
observed at around 1401, between 875-1180 and
1066 cm-1,  respectively.  There was no change or
disappearance observed at those, except for a shift
to  a  lower  wavenumber  on  a  small  scale  (34).
Changes  in  the  IR  band  positions  of  PVDF  are
highly  compatible  with  literature,  and  those  are
evidence of phase changes in the structure due to
additive  interaction.  The  bands  at  around  1383,
975, 796, 762, 613, and 531 cm-1, which pointed
out  α-phases  of  PVDF,  disappeared,  or  their
intensity was reduced prominently with increased
addition  of  Zn-CTW.  However,  new  crystal
formations  classified  as  electroactive  phases  for
PVDF appeared interestingly. The band at around
1274 cm-1 represents β-phases,  with the band at
1234 cm-1 (γ-phase of PVDF) emerged and became
clear at the FT-IR spectrum of Pz20. (35,36). These
findings  are  important  key  constituents  as  they
provide knowledge for suitability and loading ratios

of Zn-CTW additives to obtain electroactive PVDF
products. Successful incorporation of Zn-CTW onto
the PVDF chain can be understood by FT-IR bands,
which  point  out  the  change  in  PVDF  crystal
structure.  The broad bands of  Zn-CTW at around
3059 cm-1 may be attributed to OH stretching of
physically  sorbet  water  or  polysaccharides  from
cellulosic textile waste.

The presence of carbonyl and alkene groups (C=O
and C=C) was understood by stretching bands at
1716  and  1545  cm-1,  respectively,  due  to  waste
materials'  polyester  and  cellulose  structure  (23).
The intense band at 1094 cm-1 corresponds to the
C-O-C  vibration  of  organic  groups  and  aromatic
stretching and metal oxide bands between 528 and
857  cm-1.  (37–39).  Morphological  analysis  of
composites and Zn-CTW was done through SEM of
the samples'  surfaces.  Pores of  Zn-CTW obtained
by carbonization of waste polyester/cotton samples
after  ZnCl2 treatment  can  be  seen  in  complex
disorganized order in Figure 3a. 

 

Figure 2: FT-IR spectra of PVDF composites and Zn-CTW.
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Figure 3a:  SEM images of Zn-CTW with the inner section of P and Pz20.

Formations  of  unburned  chemicals  and  their
oxides,  such  as  ZnO,  around  the  channels  and
surface  of  the  structure  could  be  seen  in  the
images.  Also,  melted  polyesters  and  cotton
remnants  that  have  not  burned  completely  took
place  inherently  in  the  carbonized  samples.
Nevertheless,  the  presence  of  honeycomb
structure was satisfactory evidence of the success
of  the  textile  waste  carbonization  because  it
provides  moderate  performance  as  an adsorbent
relatively with its cost-effective and straightforward
procedures. Morphological changes in the Zn-CTW
loaded  PVDF  structure  were  investigated.  With
increasing  additive,  the  structure  became  more

pressed,  and  pores  turned  to  narrowed  shape
inevitably.  The amount of  Zn-CTW was increased
by aiming for the higher performance, but the limit
of  the  performance-additive  amount  was
determined  as  Pz20.  After  that,  structure
heterogeneity  increased,  and  polymer-solid
incorporation weakened due to an excess amount
of  additive.  These determinations  are compatible
and  proved  with  the  disappearance  of  peaks  in
XRD and FT-IR of  Pz30.  The inner section  of  the
structure  turned  into  a  pressed  finger-like
compared with the cage-like structure with large
space (Fig. 3b). 
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Figure 3b: SEM images of composites.

BET  analysis  results  of  samples  supported  by
wettability  and  porosity  data  can  explain  visible
shrinkage  on  the  composite  structure.  Analysis

results of Zn-CTW and composites were presented
in Table 1. with PO% and WU%. 

Table 1: BET area, water uptake (WU%), and porosity percentages of Zn-CTW and composites.

Sample SBET (m2/g) Vtotal(cm3/g) Pore width (nm) WU% PO%
Zn-CTW 79.5 0.07 3.7 - -

P 4.11 0.042 6.3 57.2 65.5
Pz5 8.23 0.036 5.8 58.6 65.0

Pz10 8.62 0.017 5.6 56.2 69.2
Pz15 10.42 0.046 5.4 95.7 130.5
Pz20 15.22 0.044 5.7 73.0 105.3
Pz30 7.4 0.036 6.2 45.5 53.3

*SBET :BET surface area 
*Vtotal : total pore volume

The effect of the Zn-CTW additive on the surface of
composites  could  be  understood  from  the  BET
surface of Pz5-Pz30. Remarkable improvement on
the  surface  of  PVDF  was  achieved  with  Zn-CTW
addition from 4.11 to 15.22 m2/g for P and Pz20,
respectively.  This  was  critical  for  functional

polymeric  composites,  which  have  tunable
properties  depending  on  their  application.  The
satisfactory  surface  area  of  Zn-CTW obtained  by
heating at a low temperature was obtained at 79.5
m2/g.  Compared  with  the  literature,  large  pores
recorded at 3.7 nm resulted in large holes instead
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of  a  high  number  of  small  pores,  which  also
provided  a  higher  surface  area  (40).  Total  pore
volume increased with additive amounts except for
Pz5 and Pz10 and reached 0.046 cm3/g with Pz15.
On the other hand, the surface area of composites
regularly increased until Pz20 and then decreased
until  Pz30.  The  results  I:  pore  volumes  changed
with  the  additive  amount  and  structural
adjustment,  II:  the  porosity  percentage  provides
information about pore number (PO%) and water
uptake (WU%), which are as crucial as pore width
and pore volume for composites. It was seen that
when the pore volume decreased, it was tolerated
by  increased  PO%.  In  another  sense,  Zn-CTW
addition  pressed  pores  but  increased  pore
numbers. The changes in WU% are going together
with  composites'  pore  volumes,  indicating  that
pore volume is  proportional  to  water  penetrating
inside  the  structure.   The  highest  surface  area,
however,  decreasing WU and PO%, was provided
by Pz20. The different behavior of surface area and
WU-PO%  of  Pz20  attributes  to  well-interacted
polymer powder that enables reflection of Zn-CTW
surface  properties  even  in  the  polymer  matrix.
Because of the pressed and blocked structure, the
Pz30 composition had the lowest surface area and
WU-PO%.

Dye  Adsorption  Studies  Onto  Zn-CTW  and
Composites
Dye  adsorption  studies  were  conducted  with  MO
model chemicals on Zn-CTW and composites. The
optimal  pH,  time,  adsorbent  dosage,  and
temperature of MO adsorption on the Zn-CTW were
determined.  The  adsorption  performance  of  Zn-
CTW  was  investigated  to  compare  when  it  was
loaded  on  to  PVDF  matrix  in  terms  of  MO
adsorption.  To  understand  the  effect  of
temperature  on  the  adsorption  performance,
studies were conducted at  308,  318,  and 328 K,
but any remarkable increase was not observed. So,
298 K was decided as the adsorption temperature
for this study.

Effect of solution pH
Adsorption percentages of Zn-CTW at different pH
values  are  presented  in  Fig.  4.  No  remarkable
changes were observed at pH ranges between 6-9
for MO adsorption. According to reports, one of the
predominant reasons for adsorption is the charge
of  particles  in  an  aqueous  solution  and  surface
(41). The functional groups discussed in section 3.1
in this study, predominantly consisting of organic
structures,  acted  as  suitable  MO  adsorbers.  The
best  conditions  for  attraction  of  MO and  surface
were formed at pH values of 7-8. According to the
literature,  an adsorbent's  electrical  repulsion and
attraction  forces  can  be  estimated  using  its
isoelectric points; however, activated carbons and
dyes can be amphoteric, and their surface charge
varies  with  acidity  (42).  The  surface  became
favorable  for  adsorption  when  cationic  particles
were negatively charged at higher pH values from
the  isoelectric  point.  MO  behaviors  in  aqueous
solution pH 7.44 were determined as favorable, but
free electrons of dye with delocalized π-electrons of
surface  effectively  changed  the  surface  charge,
and  optimum  pH  of  adsorption  may  shift  to
different values.  The 7.44 pH value was adjusted
for aqueous solutions. 

Effect of adsorbent dosage 
The effect  of  adsorbent  dosage  was  investigated
using a 100 mg/L MO solution and is presented in
Fig. 5 in the units of both percentage and mg/g.
43%  adsorption  performance  increased  to  71%
(142 mg/g) with an increased amount of adsorbent
from 10 to 50 mg. That was explained simply by
the  high  number  of  adsorption  sites  of  Zn-CTW.
However,  with  increased  adsorbent  amounts,  the
adsorption  percentage  reached  saturation,  and it
was recorded at 149, 153, and 158 mg/g for 75,
100,  and  150  mg  adsorbents,  respectively.  By
considering the Zn-CTW amounts in composites, 50
mg was preferred as a favorable dosage for this
study.
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Figure 4: Effect of solution pH on the MO adsorption of 50 mg Zn-CTW with 100 mg/L dye concentration
for 1 h contact time at 298 K.
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Figure 4: Effect of solution pH on the MO adsorption of 50 mg Zn-CTW with 100 mg/L dye concentration
for 1 h contact time at 298 K.
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Figure 5: Effect of adsorbent dosage (in terms of removal% and mg/g) on the MO adsorption of Zn-CTW
with 100 mg/L dye concentration for 1 h contact time at 298 K..

Effect of contact time and dye concentration
The effects of dye concentration and contact time
were given separately in Figures 6a and 6b. From
the  results,  the  highest  adsorption  was  obtained
when the initial concentration was 100 mg/L with
50  mg  of  adsorbent.  The  presence  of  a  large
number  of  adsorption  sites  resulted  in  high
adsorption.  With  increased  MO,  adsorption

decreased  due  to  saturation  compiled  with  an
explanation  of  increased  adsorbent  dosage.  The
difference  between  the  usual  trend  of  increased
adsorption with increased initial concentration may
be attributed  to the low interaction  of  vacancies
and  occupied  sites  on  the  surface.  Thus,  MO
particles  are  adsorbed  without  affecting  the
repulsive forces of adsorbed molecules. 
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Figure 6: Effect of initial dye concentration for 1 h (a) and contact time (b, dye concentration:100 mg/L)
on the MO adsorption of 50 mg Zn-CTW at 298 K.
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When  the  concentration  increased,  a  small
increase  was  recorded  after  100  mg/L.  Another
reason for the low motion of  particles that could
not  adhere  to  the  surface,  although  the  high
concentration  may  be  the  pH  of  the  studied
aqueous. The pH of the studied aqueous may also
be a factor in the low motion of particles that could
not adhere to the surface. As explained in "effect of
pH"  (section  3.2.1),  MO  can  be  assumed  to  be
charged  with  neutral  or  very  low  anionic  and
cationic forms at the studied pH. Contact time and
adsorption capacity values are presented in Fig 6b,
and 120 min was considered the optimum time for
adsorption studies for Zn-CTW. 

Adsorption  performance  of  Zn-CTW  and
composites
MO dye adsorption capacities of composites from
aqueous  solutions  were  investigated,  and  the
results  are  presented  in  Fig.  7.  MO  adsorption
capacity  of  composites  generally  increased  from
Pz5-Pz20. MO adsorption of Pz5 was 59 mg/g while
it  was  24  mg/g  for  P.  The  Zn-CTW  additive
increased MO adsorption by inducing the formation
of new pores and channels and in addition to the
adsorption  capability  of  the  additive.  The
importance  of  regular  pores  and  structure  has
priority compared with the additive rate in terms of
adsorption capacity. 
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Figure 7: MO dye adsorption performance of composites (adsorbent dosage:50 mg, dye concentration:
100 mg/L, contact time: 2 hours, temperature: 298 K).

As  can  be  seen,  the  MO  adsorption  capacity  of
composites  decreased  with  increased  amounts
(after PZ-15).  It  reached the lowest with Pz30 due
to its impressed structure. Adsorption decreased as
the  trapped  structure  prevented  the  aqueous
solution from entering the composite surface.  On
the other  hand,  the MO model  dye solution only
consisted of  basic  MO molecules.  Therefore,  it  is
estimated  that  the  dye  removal  performance  of
composites  from  industrial  wastewater  may  be
different as they contain particles of different sizes
in addition to dye.

The bare additive  amount  loaded  onto  the PVDF
matrix  should  be  considered  in  addition  to  the
formation  of  polymer  structure  induced  by  the
additive.  Even  if  the  entire  mass  of  Zn-CTW  is
loaded into PVDF, there are lots of parameters that
affect adsorption performance inside the polymer
matrix. It can be inferred that the dye adsorption
mechanism  onto  polymeric  composite  includes
significant  differences  from  traditional  solid
adsorbents, which was the aim of this study. The
composite pore, structure, and interaction with the
aqueous  solution  are  highly  important  for  the
adsorption  performance  of  the  composite.  Pz15-
Pz20 combinations were decided to be the best Zn-
CTW and PVDF compositions for this study. 

Adsorption isotherms
Isotherm models that are useful for estimating the
interaction  between  particles  and  surface  were
applied  to  adsorption  data.  Equilibrium  dye
concentration  and  adsorption  capacity  of  only
powder  form  Zn-CTW  adsorbent  were  used  for
Langmuir  and  Freundlich  isotherm  models
according  to  equations  7  and  8  (43).  Thus,  it  is
aimed to learn whether the MO adsorption on the
powder  surface  conforms  to  the  adsorption
isotherms.  The  structural  differences  inherent  in
the  composite  surface  require  investigation  of
which isotherm the composite adsorption fits the
best.  This  should  be  discussed  in  detail  in  a
different study.

C e
Qe

=
1

K LQmax

+
Ce
Qmax

 (Eq. 7) 

logQ e
=logK f+

1
n
logCe (Eq. 8)

Where Ce (mg/L), the concentration of dye in the
eluent  after  adsorption,  Qmax:  max  adsorption
capacity of sorbent, Kf, n and K L are the constants
of  isotherm  of  Freundlich  and  Langmuir  models
respectively  at  equilibrium.  From  the  R2 values
presented in Table 2.
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Table 2: Isotherm parameters of Zn-CTW for MO adsorption.

It was understood that the adsorption mechanism
matched  the  Langmuir  model  determined  by
monolayer adsorption on a homogeneous surface.
According  to  the Langmuir  model,  Qmax,  the  max
adsorption capacity of the adsorbent was found to
be 135.13 mg/g. That could be seen as reasonable
in terms of mechanism and experimental  results.
Although  it  is  a  low-cost  process,  Zn-CTW
performed over moderate adsorption capacity than
other  adsorbents  obtained  from  biomass  and
textile  waste.  The  value  of  the  dimensionless
constant separation factor called RL is a constant to
explain  the  feasibility  of  the  Langmuir  isotherm
and was also calculated by Eq. 9 (44). 

RL=
1

1+bC0
  (Eq. 9)

In a sense, RL is an indicator of the shape of the
isotherm.   If  RL=1,  that  means  the  isotherm  is
linear; if RL>1, it is unfavorable, and when RL=0 or
0<RL<1,  that  means  the  isotherm  is  irreversible
and favorable, respectively. RL value of 0.1969 for
Zn-CTW is evidence of the feasibility of adsorption
as favorable.  

When considering the amount  of  Zn-CTW loaded
onto PVDF and composite performance, it can be
understood that Zn-CTW provided high adsorption
capacity  to  the  polymer  matrix.  The  adsorbent
dosage  was  adjusted  as  0.05  g  for  Zn-CTW and
composites,  although composite  contains  a small
amount  of  Zn-CTW  (approximately  15%  of  total
mass).  The  well  interaction  of  the  polymer  and
additive  was  responsible  for  the  improvement
effect of Zn-CTW loading onto PVDF. That gives rise
to proper pores, channels, and surfaces rather than
simply  attaching  additives  to  the  polymer.
Obtained  composite  is  a  promising  agent  as  a
pollution  removal  agent  for  filtration  material  for
ultrafiltration or other applications.

Advantages  of  Chemical  Activation  on
Carbonization and Adsorption
Biomass usage to prepare adsorbent materials is a
preferred  method  to  get  low-cost  raw  materials.
Converting  carbon-rich  materials  to  activated
carbon has the potential  of  a couple of  benefits:
disposal  of  waste  and  preparation  of  activated
carbon.  Converting  the  textile  waste  to  valuable
products economically requires investigation of the

yielded  procedures  according  to  their  structure.
Textile  wastes consisting of  polyester  and cotton
mixture  were  handled  and  carbonized.  It  was
concluded that carbonized samples with chemical
activation  showed  high  adsorption  of  MO.  These
can be explained by high surface area, crystallinity,
porous  structure,  and  functional  surface  groups
observed  in  the  analysis  spectra.  Chemical
activation induced the formation of C=O and OH,
NH groups, which are highly effective in adsorption
on the surface of the carbonized sample. Zn2+ and
a  small  amount  of  ZnO  acted  as  catalysts,  and
functional  groups  increased.  The  higher  catalytic
activity of Zn2+ than ZnO was reported for n-butane
to  n-butene  transformation  even  at  lower
temperatures (45). The transformation mechanism
advanced on the Zn2+....-O2-  acid-base pair may be
proposed for polyester-cellulose textile waste. That
continued with the adsorption of substrates on the
Lewis  acid-base  pair,  the  formation  of  zinc-
substrate intermediates, electron transfer, and the
formation of yield (46).

The presence of Zn accelerated the carbonization,
and more organic  structures  decomposed  at  350
°C. Compared with Zn activated and nonactivated
samples, the ash remnant of Zn activated samples
is  less  than  others  with  higher  adsorption
performance (Table 3).

Additionally, the absence of functional groups was
understood  at  CTW-350  and  CTW-400  surfaces
from the  IR  bands  attributed  to  C=C  and  C-O-C
vibrations  at  1545  and  1094  cm-1,  as  shown  in
Figure  8.  Concerned  with  all  findings  such  as
functional  groups,  porous  honeycomb  structure,
and  adsorption  capacity,  chemical  activation  is
necessary  to  decrease  temperature  and  obtain
activated carbon with a modified structure.

Table  3: Remnant  (after  carbonization)  and  MO
adsorption performances of CTW.

Sample Mass% MO%

Zn-CTW 67.1 74.8

CTW-350 28 27.6

CTW-400 13.8 52.5
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Figure 8: FT-IR spectra of activated carbons obtained at 350 (CTW-350) and 400 °C (CTW-400) without
chemical pretreatment.

Regeneration 
The  reusability  of  adsorbents  was  tested  after
washing as described in section 2.4. After 4 cycles
of  MO  adsorption  and  desorption,  there  was  no
observed  decrease  in  the  adsorption  capacity  of
samples  (Figure  9).  Even  a  small  amount  of

increase  was  observed  for  regenerated  Zn-CTW
after  acid  treatment.  Washing  with  an  acidic
solution may break off some species locked in the
pores with adsorbed dye molecules and result in a
well transporting structure. 
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Figure 9: Reusing performance of 350 (CTW-350),400 °C (CTW-400), and Zn-CTW.

CONCLUSION

Carbonization  of  ZnCl2 pretreated  textile  waste
samples  was conducted.  Their  structure,  surface,
and dye adsorption properties  were investigated.
The  obtained  sample  was  loaded  into  the  PVDF
matrix to understand the usability of its adsorption
properties  inside  composites  for  different
applications.  Chemical  activated  samples  showed
better  porosity,  water  uptake,  and  noticeable
structural  adjustment  for  high  adsorption  of  MO.
05-Zn-1-350  (Zn-CTW)  has  117  mg/g  MO  dye
adsorption  performance.  Composites  obtained  by
adding 0, 5, 10, 15, 20, 25, and 30% Zn-CTW were
investigated for an additive effect on the structure
and  dye  adsorption  performance.  Interaction  of
additive  with  PVDF  chain  was  determined  by
decreasing  XRD  peak  strength  that  showed  α-
phase PVDF at around 2°=18.58, 20.21, and 27.2
with IR bands of 1383, 975, 796, 762, 613, and 531
cm-1. The optimum additive amount was decided as

15-20%  due  to  increased  structural  strain  and
adsorption  capacity  until  that  ratio.  Polymeric
composites  consist  of  two  or  more  kinds  of
different combinations of materials to improve the
properties  of  polymeric  structure  and  gain  easy
usage  as  powder.  Zn-CTW added  PVDF  provided
increased adsorption performance compared with
raw  PVDF.  That  made  it  preferable  for  different
applications, such as filtration or pollution removal
from water. Biochar prepared by simple chemical
activation could show triple effects. Upon disposal
of  textile  waste,  obtaining  moderately  featured
activated carbon acted as an additive material for
composite preparation.   
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Abstract: The proximate, phytochemicals, minerals, and anti-nutritional content of Ficus thonningii seed
obtained from Nasarawa, Nasarawa State, Nigeria were investigated. The proximate analysis revealed
that the seed is abundant in ash (8.36 ± 0.77 %), protein (27.52 ± 0.17 %) and carbohydrate (40.02%)
but contains low moisture (8.76 ± 0.06 %) and fiber (2.81 ± 0.09 %). The minerals analysis showed very
high quantities of  Ca (2067.50 mg/100 g), P (1985.40 mg/100 g), Mg (1184.10 mg/100 g), K  (918.30
mg/100 g) S (192.50 mg/100 g), Fe (434.10 mg/100 g), Mn (39.30 mg/100 g), Cu (57.40 mg/100 g), and
Zn (63.60 mg/100 g), Co (1.2 mg/100 g) and Mo (1.10 mg/100 g).  Phytochemicals analysis revealed that
it contains more flavonoids (6.13 ± 0.02 g/100 g) and phenolics (8.77 ± 0.01 g/100 g) than saponins
(1.73 ± 0.02 g/100 g), tannins (4.37 ± 0.06 g/100 g) and alkaloids (0.62 ± 0.01 g/100 g). The study has
shown that Ficus thonningii seed is highly nutritive with very high mineral content and low quantities of
anti-nutrients which make it a good source of food for humans and animals. It also contains biologically
active phytochemicals which could have medicinal uses.
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INTRODUCTION

Global  food  security  and  economic  growth  now
depends  on  a  declining  number  of  plant  species
(1).  Nigeria, and Africa at large, is bestowed with
seed-bearing  plants,  which  over  the  years  have
served  various  purposes,  and yet  many  of  them
remain unused (2). The lack of information on the
characteristics and usefulness of these many and
varied  plants  is  more  of  a  problem  than  their
shortage  (3).  Underutilized  plants  can  also  meet
nutritional  requirements  due  to  their  better
nutritional  value  compared  to  some  optimally
utilized  plants  (1,  4).  The  seed  bearing  plants
within our environments drop their fruits and large
amounts of fruit seeds are being discarded yearly
at  processing plants.  This  is  not only a  waste of
potentially valuable resources but also worsens an

already  serious  waste  disposal  problem  (5).  In
addition, the medicinal values of plants lie in their
phytochemical components, which produce definite
physiological  results  on  the  human  body.
Polyphenolics  for  example  appear  to  play  a
significant  role  as  antioxidants  in  the  protective
effect  of  plant-derived  foods  and  medicines  and
have  become  the  focus  of  nutritional  and
therapeutic interest in recent years (6).

Ficus thonningii (Moracceae)  is  a  member of  the
pan tropical genus Ficus which contains more than
700 species  (7). It is a wild evergreen plant about
30 m in length, with a dense crown that spreads
around. It also grows sometimes as a climber by
growing on and wrapping itself around other trees.
Ficus  thonningii is  characterised  by  simple,  dark
green, smooth, slightly elongated leaves and small,
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globose,  slightly  rough-surfaced  fruit  which  is
green,  greenish-yellow  or  yellow,  depending  on
maturity and usually in season around October in
Africa  (8).  The seed is simple,  spherical,  smooth-
surfaced, yellow, and about 1-3 mm in diameter.
Ficus  thonningii is  a  neglected  and  underutilized
plant. There is limited information on the chemical
composition of its different parts despite the fact
that  it  is  a  traditionally  valuable  plant  with  both
nutritional  and therapeutic  benefits.  It  is  drought
resistant, easy to propagate, has high growth rate
and has no allelopathy (9).  Work has been carried
out on its leaf (7, 10-15), bark and twig (9) and its
root, leaf, and stem bark (14,  17, 18). This study
aims  to  evaluate  the  proximate,  mineral,
phytochemical  and  antinutritional  composition  of
its  seed in  order  to  assess  its  potential  as  food,
fodder, medicine, and energy source.
 
MATERIALS AND METHODS

Sample Source and Preparation
Fully mature  Ficus thonningii  fruits were collected
fresh from some trees beside Pilot Central Primary
School  Nasarawa,  Nasarawa  Local  Government
Area, Nasarawa State, Nigeria and the fruits where
identified  at  the  Herbarium  Unit,  Department  of
Plant  Biology,  University  of  Ilorin,  Ilorin,  Nigeria.
The  fruits  were  dried  partially  before  the  seeds
were  manually  removed,  dried  completely  under
the  shed,  milled,  and  stored  properly  in  a
polyethylene bag for further analysis.

Proximate Analysis
The  proximate  composition  was  determined  as
described by Ijaritimi et al. (19).

Moisture Content
2 g of  the defatted seed in pre-weighed crucible
was placed in an oven at 105 °C for 24 h, cooled,
and  reweighed.  The  percentage  moisture  was
calculated as follows:

Moisture %=
W 2−W 3

W 2−W 1

x100

where W1 is the weight of the crucible,  W2 is the
weight of the crucible and sample before drying at
105 °C, and W3 is the weight of the crucible and
the  sample  after  drying  and  cooling  in  airtight
desiccators.

Ash Content
2 g  of  the  defatted  seed  was  added  into  a  pre-
weighed crucible  incinerated in muffle furnace at
550 °C for 5-6 h.

Ash (%)=
W 2−W 3

W 2−W 1

x100

Where W1 is the weight of cleaned, dried, ignited,
and cooled crucible, W2 the weight of the crucible
and sample before incinerating at 550 °C, and W3

the weight of the crucible and sample after cooling
in the oven.

Crude Protein Content
Crude  protein  was  determined  using  semi  micro
Kjeldahl method. 5 g of sample was separately and
accurately  weighed  and  placed  into  Kjeldahl
digestion flask. To the flask, 25 ml conc. H2SO4, 5 g
of copper sulfate and 2.5 g of sodium sulfate salt
and  0.5  g  of  selenium  dioxide  was  added.  The
solution was then digested in a fume hood slowly
to  avoid  undue  frothing  for  at  least  forty-five
minutes until sample became clearer. The obtained
sample was allowed to cool and made up to 250
mL with distilled water. About 10 mL of the digest
was collected for distillation; 10 mL of 40% NaOH
was added to the digest in the distillation flask. The
distillate was collected into 2% boric acid solution
to absorb the liberated ammonia. This was titrated
against 0.01 M HCl using drops of methyl red and
bromocresol green indicators and titer value after
color change from green to pink was observed and
recorded.  A  blank  (without  sample)  was  likewise
prepared,  distilled,  and  titrated.  The  protein
content was calculated as:

% Crude protein=
14 x 10−5

×( sample titer−blank titer )×250×6.25
weight of sampleused x 10

×100

Where 14 is the molecular weight of nitrogen and
6.25 is the nitrogen factor.

Determination of Crude Fiber Content 
2 g of sample was weighed into a digestion flask
and 200 mL of 1.25% sulfuric acid was added. The
sample was connected to a condenser and heated
for 30 minutes. The flask was removed and content
filtered  through  linen  in  a  fluted  Büchner  funnel
and washed with hot water until washing was no
longer  acidic.  The  residue  obtained  was  further

placed in a flask and 200 mL of 1.25% NaOH was
added.  The  resulting  solution  was  boiled  for  30
minutes after which it was removed, filtered, and
washed as above. The digested sample was then
washed with 25 mL of 1% HCl solution and 25 mL
of industrial  spirit.  The residue collected was put
into a pre weighed crucible and dried for about 2
hours  at  100  °C  in  an  air  oven,  cooled  in  a
desiccator,  and weighed.  The cooled sample was
ignited in a muffle furnace at 600  oC for 3 hours,
cooled, and weighed. The loss in weight of residue
was recorded as the crude fiber content.
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% Crude fiber=
Loss in wt (g )
weight of original sample (g)

×100  

Carbohydrate Content
The  carbohydrate  content  was  determined  by
difference, that is, addition of all the percentages
of moisture, fat, crude protein, ash, and crude fiber
was subtracted from 100%. This gave the amount
of  nitrogen-free  extract  otherwise  known  as
carbohydrate.

Carbohydrate% = 100 - (Moisture% + Fat% + Ash
% + Crude fiber% + Crude protein%)

Calorific Value
The  energy  content  of  the  seed  was  calculated
from the formula:

Total Energy (kcal/kg) = (4 x Carbohydrate%) + (9
x Fat%) + (4 x Crude protein%)

Minerals Analysis
The  minerals  content  of  the  seed  cake  was
analyzed  using the Skyray Instrument  EDX3600B
X-ray fluorescence spectrometer.

Quantification  of  Phytochemicals  and  Anti-
Nutrients 
The phytochemical and antinutritional analysis was
carried out according to the methods described by
Oluwaniyi  et al.; and Oluwaniyi and Bazambo (20,
21).

Quantitative Determination of Saponins
5 g of the defatted seed was dispersed in 100 mL
of 20% ethanol. The suspension was heated over a
hot water bath for 4 hours with continuous stirring
at about 55  oC and filtered using Whatman No 1
filter  paper.  The  residue  was  re-extracted  with
another  100  mL  of  20%  ethanol.  The  combined
extract was reduced to 40 mL over a water bath at
about 90 °C. The concentrate was transferred into
250  mL  separating  funnel  and  extracted  using
diethyl  ether  by  adding  20  mL of  diethyl  ether,
shaken vigorously and then allowed to settle and
then  discard  the  ether  layer.  The  purification
process  was  repeated.  The  aqueous  layer  was
extracted twice with n-butanol  and washed twice
with 10 mL of 5% aqueous sodium chloride.  The
solution  was  then  evaporated  over  a  water  bath
and dried to a constant weight. (20)

Quantitative Determination of Tannins
5 g of the defatted seed was weighed into a conical
flask  and  100  mL  of  2  M  HCl  was  added.  The
content was boiled on a water bath for 30 minutes.
The extract was cooled and filtered using Whatman
No.1 filter  paper.  The filtrate  was taken  twice in
diethyl  ether with two 40 mL portions. The ether
extract was heated to dryness and weighed (20). 

Quantitative Determination of Alkaloids
5 g of defatted seed was weighed into a 250 mL
beaker, 200 mL of 20% acetic acid in ethanol was
added and allowed to stand for 4 hours. This was
then  filtered  and  the  extract  was  concentrated
using a water bath to evaporate about a quarter of
the  original  volume.  Concentrated  ammonia  was
added drop-wise to the extract  until  precipitation
was completed. The entire solution was allowed to
settle and the precipitate collected by filtration and
weighed. (20)

Quantitative  Determination  of  Total
Phenolics
2 g of the defatted seed was soaked in 100 mL of
n-hexane  for  4  hours  to  remove  all  fats.  The
residue was extracted with 50 mL of diethyl ether,
and the ether extract was extracted into 50 mL of
10%  NaOH  solution.  The  aqueous  layer  was
acidified to pH 4.0 with 10% HCl solution and then
extracted into 5 mL of dichloromethane (DCM). The
organic  layer  was  finally  collected,  dried,  and
weighed (21). 

Quantitative Determination of Flavonoids
10 g of the defatted seed was extracted with 100
mL of 80% aqueous methanol repeatedly at room
temperature.  The  whole  solution  was  filtered
through Whatman filter paper No 42 (125 mm) and
the  filtrate  evaporated  to  dryness  over  a  water
bath, dried and weighed (21). 

Quantitative Determination of Cyanide
4 g of the  defatted seed was soaked in a mixture
containing  40 mL of  distilled  water  and 2  mL of
orthophosphoric  acid,  mixed  stoppered  and  left
overnight  at  room  temperature  to  free  bound
hydrocyanic  acid.  5  mL  of  the  resulting  mixture
was  distilled  into  40  mL  of  distilled  water
containing 0.1 g of NaOH pellets. The distillate was
made up to 50 mL with distilled water and 20 mL of
this  was  titrated  against  0.01  M  silver  nitrate
solution  using  1.0  mL  of  5%  potassium  iodide
solution to an end point indicated by a faint but
permanent turbidity (21).

Quantitative Determination of Oxalates
75 mL of  0.3 M H2SO4 was added to  1 g of  the
defatted  seed  stirred  and  filtered.  25  mL of  the
filtrates  (extract)  was titrated  still  hot  (80-90  oC)
against 0.05 M KMnO4 solution to the point when
pink color appeared that persisted for at least 30
seconds. (21)
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% oxalate (mg /100g)=
T x [Vme ] [DF ] x 2.4 x100

ME x Mf

Where T = titer of KMnO4

Vm = Volume-mass equivalent (i.e 1 mL of 0.05 M
KMnO4  solution  is  equivalent  to  0.00225  g  of
anhydrous oxalic acid)
DF = Dilution factor, VT/A
VT = Total volume of filtrate (75 mL), A = Aliquot
used (25 mL) 
ME = Molar equivalent of KMnO4

Mf = Mass of sample used.

Quantitative Determination of Phytates
4.0 g of the defatted seed was soaked in 100 mL of
2% HCl for 3 hours and 25 mL of the filtrate was
titrated  with  a  standard  iron(III)  chloride  solution
using  0.3%  ammonium  thiocyanate  as  indicator
until  a  brownish  yellow  color  appeared  which
persisted for 5 mins. (21)

RESULTS AND DISCUSSION

Proximate Analysis

Table 1: Proximate content of the seed.

Parameter Mean ± SD

Fats (%) 12.53 ± 0.85

Protein (%) 27.52 ± 0.17

Ash (%) 8.36 ± 0.77

Fibre (%) 2.81 ± 0.09

Moisture (%) 8.76 ± 0.06

Carbohydrate (%) 40.02

Calorific Value (kcal/kg) 382.93

Values are means ± s.d of triplicate
determinations.

The seed has low fats content (12.53 ± 0.85 %).
This is much lower than 31.52 % reported for Ficus
sycomorus seed (22), 34% found in sweet orange
seed  (23)  and  44%  reported  for  pumpkin  seeds
(24). This implies that  Ficus thonningii seed is not
suitable  as  a  source of  fats  for  applications  that
require large quantity of fats. The protein content
(27.52  ± 0.17  %) is  higher  than  the  23.4% and
21.8%  reported  for  watermelon  seeds  (25,26),
9.23%  found  in  Ficus  sycomorus seed  (22),  and
13.5%  found  in  Dendrocalamus  strictus  (27)  but
lower than 31.44% for  Mucuna pruriens  (28). This
indicates  that  the  seed  can  be  used  as  protein
supplement  in  animal  feeds.  The  seed  has  high
percent ash content (8.36 ± 0.77 %) which is close
to 7.24% reported for  Ficus sycomorus seed (22)
but higher than 4.11% for  Mucuna pruriens  (28).
Hence, it can be an excellent source of minerals.
The percent fiber content (2.81 ± 0.09 %) is lower
than 3.02% in  Ficus sycomorus seed (22), 5.35%
found in bambara groundnut (28), 10.89% reported

for okra (30) and 4.61% found in mung bean (31).
The  moisture  content  of  a  seed  determines  its
susceptibility to microbial activity and its shelf life.
The moisture content (8.76 ± 0.06 %) is lower than
9.65%  reported  for  Ficus  sycomorus seed  (22),
10.39% reported for cowpea and 8.30% found in
mung  bean  (31)  but  higher  than  6.45%  for
bambara groundnut  (29),  6.43% found in sweets
orange  seed  (23)  and  7.731% for  pumpkin  seed
(24). The percent carbohydrate content (40.02%) is
high.  It  is  however  close to  39.34% reported  for
Ficus sycomorus seed (22). The energy content of
the seed is 382.93 kcal/kg.

Minerals Composition
The minerals present in the seed cake are shown in
Table 2 below. The seeds cake contains 2067.50
mg/100  g  of  Ca.  This  is  much  higher  than  the
reported  390.77  mg/100  g  for  Ficus  sycamore
seed, 309 mg/100 g for  Icacina senegalensis  seed
and 128.33 mg/100 g for Moringa oleifera seed (22,
19). The phosphorus content is 1985.40 mg/100 g.
This is also much higher than 119.14 mg/100 g for
Ficus sycamore seed, 380.24 mg/100 g for Icacina
senegalensis  seed and  103.33  mg/100  g  for
Moringa  oleifera  seed  (22,  19).  Especially  for
children,  high  intake  of  calcium  and  phosphorus
are required for bone and teeth formation (32). The
seed  contains  1184.10  mg/100  g  of  Mg.  This  is
higher  than  300.67  mg/100  g  reported  for  Ficus
sycamore  seed and 268 mg/100 g for  Tamarindus
indica  seed (22,  33).  Mg  is  important  in  protein
synthesis,  membrane  integrity,  nervous  tissue
conduction,  muscle  contraction  and  hormone
secretion  in  animals  (34)  while  potassium
contributes  to  the  bioelectrical  potential  of  the
body (35). The potassium content (918.30 mg/100
g) is also higher than 398.41 mg/100 g and 2.84
mg/100  g  reported  for  lima  beans  seed  coat  (6,
22). The seed contains 192.50 mg/100 g of S and
236.60 mg/100 g of Al. Sulfur is a part of cysteine
and methionine, both of which are key metabolic
intermediates  in  biosynthesis  of  glutathione  and
other sulfur metabolites (36). The microelements:
Fe (434.10 mg/100 g),  Mn (39.30 mg/100 g),  Cu
(57.40 mg/100 g), and Zn (63.60 mg/100 g) are so
much  higher  than  those  reported  for  Ficus
sycamore (11.64 mg/100 g Fe, 1.52 mg/100 g Cu
and  9.56  mg/100  g  Zn)  (22)  as  well  as  those
reported for African locust bean seed (0.60 mg/100
g Mn, 0.08 mg/100 g Cu, and 0.10 mg/100 g Fe)
(37). Other micronutrients in this seed include Co
(1.2  mg/100  g)  and  Mo  (1.10  mg/100  g).  Fe  is
important in cellular oxygen transport and use, Mn
activates  enzymes  transfer  ATP  to  ADP,  Zn
promotes  DNA  and  RNA  replication  and  foetal
growth, Cu helps melanin pigment formation, and
Mo  catalyzes  reduction  of  nitrogen  to  ammonia
(38).
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Table 2: Minerals Content of the seed.

Minerals
Quantity

(mg/100 g)

Mg 1184.10

P 1985.40

S 192.50

K 918.30

Ca 2067.50

Mn 39.30

Co 1.20

Fe 434.10

Cu 57.40

Zn 63.60

Mo 1.10

Phytochemicals and Anti-Nutrients
The  phytochemical  contents  of  Fucus  thonningii
seeds  are  shown  in  Table  3.  Saponins  produce
foams  when  in  aqueous  solutions  precipitate,
coagulate red blood cells and bind cholesterol (39).
The  saponin  content  (1.73  ±  0.02  g/100  g)  is
similar to 1.75% reported for Ficus sycomorus seed
(22). The tannin content (4.37 ± 0.06 g/100 g) is
close to 4.03% found in Ficus sycomorus seed (22).
The alkaloid content (0.62 ± 0.01 g/100 g) is lower
than  5.65%  reported  for  Ficus  sycomorus seed
(22). The Flavonoid content (6.13 ± 0.02 g/100 g)
is higher than 3.63% reported for Ficus sycomorus
seed  (22).  Flavonoids  have  health-promoting
properties which include the prevention of allergies
and ulcers and their antioxidant effects (40). Their
powerful antioxidant property is the reason for the
recent  interest  in  flavonoids  as  health-promoting
compounds.  The  total  phenolics  content  (8.77  ±
0.01 g/100 g) is high.  Phenolics have antioxidant
properties  and  have  been  found  to  prevent  the
formation  of  oxidized  low-density  lipoprotein  by
inhibiting  the  autoxidation  of  unsaturated  fats
which  causes  cardiovascular  disease  (41).  The
phytate content (0.97 ± 0.05 mg/100 g) is lower
than  1.98%  reported  for  Ficus  sycomorus seed
(22).  Phytates  have  been  known  to  possess
anticancer and antioxidant properties beside their
ability to chelate divalent minerals which results in
precipitation  of  such  minerals,  making  them
unavailable  for  absorption  in  the  intestines  (42).
Oxalate content (0.13 ± 0.01 mg/100 g) is lower
than 2.85% found in  Ficus sycomorus seed  (22).
The  cyanide  content  (0.04  ±  0.01  mg/100  g)  is
below the recommended limit of 10 mg HCN Eq/Kg
(43) thus making it safe for consumption.

Table 3: Phytochemical and antinutritional content
of Ficus thonningii seed.

Phytochemicals Mean ± sd

Saponins (g/100 g) 1.73 ± 0.02

Tannins (g/100 g) 4.37 ± 0.06

Alkaloids (g/100 g) 0.62 ± 0.01

Flavonoids (g/100 g) 6.13 ± 0.02

Total phenolics (g/100 g) 8.77 ± 0.01

Phytates (mg/100 g) 0.97 ± 0.05

Oxalates (mg/100 g) 0.13 ± 0.01

Cyanides (mg/100 g) 0.04 ± 0.01

Values are means ± s.d of triplicate
determinations.

CONCLUSION 

The search, identification, and study of new plant
resources  is  a  vital  and  unending  endeavor  with
the  alarming  increase  in  human  population  and
depletion of natural resources. The Ficus thonningii
seed is a very good source of dietary nutrients. The
high proportions of carbohydrate and protein give
it a good nutritional value. The high ash content as
proved  by  the  incredible  quantities  of  dietary
minerals  present  make  it  a  great  minerals
supplement  and  suitable  component  in  feed
formulation where high minerals source is required.
The flavonoid and phenolic contents make the seed
an excellent  and natural  antioxidant  with health-
promoting properties. The seed contains very little
quantities  of  anti-nutrients.  Plant  materials  are
exploited  for  their  nutritional,  therapeutic  and
antimicrobial  properties.  Ficus  thonningii is  an
underutilized plant whose seed have the potential
for food, fodder, energy, and industrial uses.
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Abstract: Food safety is a crucial issue; all countries have struggled against pesticides for years. In this
study, Polypyrrole (PPy)- and Polyacrylonitrile (PAN)-based non-enzymatic electrochemical sensors were
investigated  to  detect  the  pesticide  propamocarb  (PM)  in  food  samples.  Under  the  experimental
conditions, the proposed strategy exhibited a high selectivity of the disposable PPy-based and PAN-
based sensors for the determination of propamocarb pesticide in the concentration of 1 μM with a rapid
detection within 1 min at pH 7.4 and 25 °C. We demonstrated the detection of PM residues on cucumber
and tomato samples with good electrochemical performances towards the real-time usability on real
food samples. PAN-based non-enzymatic electrochemical sensor has good sensitivity, higher selectivity,
and  stability  than  PPy-based  non-enzymatic  electrochemical  sensor.  The  prepared  PAN-based  non-
enzymatic electrochemical sensor is a potential candidate to be used in devices which perform food
safety in agricultural products.

Keywords: Food safety; pesticide; electrochemical sensor; Polypyrrole; Polyacrylonitrile. 

Submitted: March 14, 2022. Accepted: April 21, 2022. 

Cite  this: Karakuş  S,  Taşaltın  C,  Gürol  İ,  Akkurt  B,  Baytemir  G,  Taşaltın  N.  Comparison  of
Polyacrylonitrile-and Polypyrrole-based Electrochemical  Sensors for Detection of Propamocarb in Food
Samples. JOTCSA. 2022;9(3):801–8. 

DOI: https://doi.org/10.18596/jotcsa.1087096. 

*Corresponding authors. E-mails: nevintasaltin@maltepe.edu.tr     ,   selcan@iuc.edu.tr  .   

INTRODUCTION 

Food  safety  is  one  of  the  significant  issues  for
human beings  and  environment  due  to  constant
population  growth  and  industrial  development
(1,2).  The use of  pesticides and fungicides have
toxic effects, which are extensively common to kill
or  control  insects,  mollusks,  weeds,  fungi,  and
bacteria  in  agriculture  (3,4).  Due  to  the  use  of
these  chemicals  at  global  scale,  their  residues
become  a  vital  issue  to  protect  the  natural
environment  (5).  From  this  perspective,  rapid,
sensitive,  and  portable  detection  of  these

chemicals in food products, soil and water in low
concentrations has gained momentum in research
(6–8).

Sensitive, portable, and low-cost biosensors have
started  to  be  preferred  with  nanotechnological
approach  instead  of  expensive  and  not-easy-to-
apply methods such as gas chromatography (GC),
mass  spectrometry  (MS),  and  high-performance
liquid chromatography (HPLC) (9,10). In previous
studies, ultra-highly sensitive nanostructure-based
biosensors  with  different  shapes,  structures,  and
sizes  were  produced  and  their  effectiveness  in
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sensor  applications  was  investigated  for
environmental  pollutants  (11,12).  In  this  regard,
the  performances  of  these  sensors  have  been
developed using different structures such as Ag2O-
ZnO  composite  nanocone  (13),  Pr2O3-ZnO
nanocomposites  (14),  V2O5-doped  ZnO
nanocomposites  (15),  CuO nanocomposites  (11),
TiO2  nanoparticles/  molybdenum disulfide  (MoS2)
nanosheets (16), iron oxide (Fe3O4) nanoparticles
(17),  reduced graphene oxide nanosheets  -  gold
nanoparticles  (18),  reduced  graphene  oxide-
wrapped silver nanoparticles (19), and polypyrrole
(PPy)  nanotubes  (20).  However,  there  are
numerous studies in literature that reported novel
non-enzymatic electrochemical biosensors to give
some information in development of the sensitive
pesticide  sensors.  For  instance,  Zhai  et  al.
developed a highly selective and recyclable sensor
for the electroanalysis of phosphothioate pesticides
using silver - doped arrays of ZnO nanorods (21).
Cesana  et  al.  reported  the  synthesis  and
application  as  electrochemical  sensor  of  the
pesticide  fenitrothion  with  fluorescent  Cdots(N)-
Silica composites (22). Chen et al. investigated the
fluorometric  determination  of  pesticide  ferbam
using the organic-inorganic  manganese(II)  halide
hybrids-based paper sensor (23). Dissanayake et
al.  developed a highly  sensitive  plasmonic  metal
nanoparticle-based  sensors  for  the  detection  of
organophosphorus  pesticides  (24). Recently,  PPy
and  PANI  are  commonly  used  as  the  preferred
conductive polymers due to their unique electrical,
electrochemical,  and  optical  properties  in
diagnostics,  food,  and environmental  applications
(25–31). PPy, which is known to be a conductive
organic polymer, has superior properties such as
the mobility  of  charge carriers  and fast  electron
transfer rate, can be used in electronics, optical,
biological,  and  biomedical  applications  (32,33).
Also,  polyaniline  (PANI)  is  another  kind  of
conductive  polymer  which  is  prepared  using  the
electrochemical  oxidation  of  aniline  in  acidic
medium  (34).  To  the  best  of  our  knowledge,
polyacrylonitrile  (PAN)  and  PPy-based  non-
enzymatic electrochemical sensors have not been
reported  for  the  ultra-sensitive  detection  of  the
pesticide  propamocarb  in  food  samples.
Furthermore,  a  clear  proof  of  the  existence  of
conductive  polymers  and  their  non-enzymatic-
sensing  mechanism  for  propamocarb  pesticide
needs  to  be  experimentally  clarified  in  food
samples. Therefore, the highlight of this study was
to  use  the  electrochemical  activities  of  PPy  and
PAN towards PM detection in tomato and cucumber
samples.  The  goal  of  this  study  was  to
demonstrate  a  sensing  platform  based  on  non-
enzymatic  electrochemical  polymers  for  low-cost,
selective,  and  rapid  detection  of  PM  in  real
samples.

MATERIALS AND METHODS

Materials
Turkish  tomatoes  (Solanum  lycopersicum)  and
cucumbers  (Cucumis  sativus  L.)  were  purchased
from a  local  supermarket  (İstanbul,  Turkey).  All
samples were harvested from Antalya (Turkey) on
July  and  were  stored  at  15  °C  until  use.  PPy
(average Mw ~12,000 g/mol)  and PAN (average
Mw~150,000 g/mol) were purchased from Sigma
Aldrich  Company  (Germany).  N-N-
Dimetylformamide (DMF) (purity (GC), ≥ 99.8 %)
and  ethanol  (purity  (GC),  ≥  99.9  %)  were
purchased  from  Merck  Company  (Germany).
Propamocarb  (PESTANAL®,  analytical  standard,
formula:C9H20N2O2,  molecular  weight:  188.27
g/mol), a carbamate pesticide, was obtained from
Sigma  Aldrich  Company  (Germany).
Electrochemical transducers were purchased from
Ebtro Electronics. All chemicals and reagents were
used without further purification.

Fabrication of PPy and PAN-based electrodes
2  mg of  PPy  powder  was  dissolved  in  5  mL  of
ethanol, 2 mg of PAN powder was dissolved in 5
mL of DMF for 30 min via high stirring at 25 °C.
The  gold  (Au)  electrochemical  transducers  were
rinsed with ethanol, distilled water, and dried with
nitrogen.  The  electrochemical  transducers  were
coated with PPy solution and PAN solution by drop
casting, and then the sensing films were dried at
40  °C.  All  electrochemical  sensor  measurements
were  performed  using  Ebtro  Electronics
voltammetric electrochemical workstation. 1 µM of
PM  analyte  was  prepared.  All  sensor
measurements  were  carried  out  at  room
temperature. 

RESULTS AND DISCUSSION

There  is  a  growing  concern  about  extremely
hazardous chemical pesticides and their influence
on  human health  and  the  environment  (35–37).
For  this  purpose,  in  this  study,  it  was aimed to
selectively  detect  different  pesticides  such  as
malathion,  deltamethrin,  cypermethrin,  and
propamocarb  (PM)  by  comparing  them  with
different  PPy  and  PAN-based  sensors  in  food
samples (tomato and cucumber). Measurements of
PPy-  and  PAN-based  non-enzymatic
electrochemical  sensors  were  performed  at  [−1,
+1]  V  with  a  scanning  rate  of  50  mV/s.
Comparative current density-voltage graphs of PPy
and  PAN-based  non-enzymatic  electrochemical
sensors  against  pesticides  were  presented  (see
Figure  1).  Figure  1  showed  the  non-enzymatic
electrochemical  responses  of  the  PPy-  and  PAN-
based  non-enzymatic  electrochemical  sensors  for
the  presence  of  1μM  pesticides  (malathion,
deltamethrin, cypermethrin, and PM) at a scanning
rate of 50 mV/s.
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The peaks seen in  Figure  1a-b are  attributed  to
redox  reactions  resulting  from  interactions
between  the  polymers  and  PM.  According  to
experimental results, the PPy and PAN-based non-
enzymatic electrochemical sensors did not show a
noticeable response in the presence of malathion,
deltamethrin,  and  cypermethrin;  however,  the
prepared sensors were only selective against PM.
The  results  were  statistically  significant  when

compared with the experimental results. Both PPy-
and  PAN-based  non-enzymatic  electrochemical
sensors  have  high  selectivity  against  1  μM  PM
within 1-minute cyclic voltammetry measurement.
Additionally,  the  experimental results  were
confirmed  by  the  selective  pesticide  detection-
based assessment of the vegetable, and therefore
proving the sensor’s  application potential  for  the
rapid detection for the vegetable quality.

Figure 1: (a) Current density-voltage graphs of PPy-based non-enzymatic electrochemical sensor, and
(b) Current density-voltage graphs of PAN-based non-enzymatic electrochemical sensor against

pesticides.

PPy and PAN polymer--based PM sensors have not
been previously reported in the literature. This is
the first report presenting the preparation and PM
tests  of  PPy  and  PAN-based  non-enzymatic
electrochemical  sensors.  The  sensors  are  facile,
selective, low-cost, and repeatable for agricultural
usage.  For  food  safety  in  agriculture  this  study
highlighted  the  application  of  the  sensor  in
detection of the pesticide PM on real cucumber and
tomato samples. Current density-voltage graphs of
repeated  2  tests  of  PPy-  and  PAN-based  non-
enzymatic  electrochemical  sensors  against  1  μM
PM applied real cucumber and tomato samples are
presented (see Figure 2).

Various  studies  in  literature  have  proven  that
biosensors  had  an  excellent  electrochemical
performance  against  pesticides.  We  compared
these  experimental  results  with  previous  studies
reported  based  on  non-enzymatic/  enzymatic
electrochemical sensors for pesticide determination
in Table 1. The experimental results showed that
the  fabricated  PAN-based  electrodes  had  unique
electrochemical properties and these results were
appreciable from the comparison with the results
of previous reports in the literature (Table 1). The
proposed  PAN-based  sensor  showed  good
sensitivity for rapid detection of PM. Moreover, the
proposed sensor has different advantages such as
easy to prepare, disposable, and portable.
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Figure 2: (Top) Current density-voltage graphs of PPy-based non-enzymatic electrochemical sensor,
and (bottom) PAN-based non-enzymatic electrochemical sensor against 1 μM PM applied cucumber and

tomato.

Figure 3: The schematic diagram of polymer-based non-enzymatic electrochemical sensors for the
detection of pesticides from foods.
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In  Figure 3, the schematic diagram of polymer-based non-enzymatic  electrochemical  sensors for the
detection of pesticides from foods was presented.

Table 1: The comparison of electrochemical experimental results of various biosensors for the detection
of pesticide.

Sample Analyte Platform References
Tyrosinase/poly(2-
hydroxybenzamide)-modified
graphite electrode

Fenitrothion Enzymatic, 
electrochemical

(38)

PPy nanocomposite Carbaryl Pesticide Enzymatic, 
electrochemical

(39)

Boron dipyrromethene-
phthalocyanine-single walled
carbon nanotube hybrid

Methyl Parathion, 
Deltamethrin, Chlorpyrifos 
and Spinosad

Non-enzymatic, 
electrochemical

(40)

CuO microspheres Endosulfan Non-enzymatic, 
electrochemical

(41)

Reduced graphene oxide 
decorated on Cu/CuO-Ag 
nanocomposite

Carbaryl And Fenamiphos 
Pesticides

Non-enzymatic, 
electrochemical

(42)

Boronic acid functionalized 
nanocomposites

Glycoside Toxins Non-enzymatic, 
electrochemical

(43)

Nickel oxide modified screen-
printed electrodes

Parathion Pesticide Non-enzymatic, 
electrochemical

(44)

Cu nanoparticles Phorate Non-enzymatic, 
electrochemical

(45)

PPy and PAN-based 
electrodes

Malathion, Deltamethrin, 
Cypermethrin, And 
Propamocarb

Non-enzymatic, 
electrochemical

This study

PPy-  and  PAN-based  non-enzymatic
electrochemical sensors detected 1 μM PM residue
on real cucumber and tomato samples. Figure 2a-b
shows the result of the sensor tests, the sensors
detected 1 μM PM residue on food (cucumber and
tomato)  samples  within  a  1-minute  cycle.  PAN-
based  non-enzymatic  electrochemical  sensor  has
higher  stability.  PAN-based  non-enzymatic
electrochemical sensor has a significant potential in
the field of the PM pesticide detection. According to
the experimental results, we can provide the basis
study for the selective and efficient processing of
the  polymer--based  sensor  with  excellent
electrochemical performances with food analytical
methods  for  the  monitoring  of  food  safety  and
quality.  Future  studies  will  focus  on  integrating
advanced  sensor  applications  using  the  latest
analytical  methods  to  design  and  optimize  the
conductive  polymer--based  sensors  for  the
monitoring of pesticide residues in food samples.

CONCLUSION

In this study, PPy and PAN-based non-enzymatic
electrochemical  sensors  were  investigated  to
detect  the  pesticide  propamocarb  (PM)  in  food
samples.  The  PPy-based  sensor  and  PAN-based
sensor  detected  1 μM  propamocarb  pesticide  on
cucumber and tomato with high selectivity within 1
min.  We  demonstrated  the  detection  of  PM
residues  on  cucumber  and  tomato  samples  with

good  electrochemical  performances  towards  the
real-time  usability  on  real  agricultural  samples.
PAN-based  non-enzymatic  electrochemical  sensor
has  good  sensitivity,  and  higher  selectivity  and
stability  than  PPy-based  non-enzymatic
electrochemical  sensor.  The  prepared  PAN-based
non-enzymatic electrochemical PM sensor may be
used in a portable detector kit for detection of PM
type pesticide in food samples.
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Abstract: In this study, zirconium phosphate was synthesized and modified with KH570 linker. It was then
used  to  prepare  several  nanocomposites  with  different  percent  with  poly  (methyl  methacrylate-co-N-2-
methyl-4-nitro-phenylmaleimide)  (Poly  (MMA-co-MI)).  The synthesized  compounds  were characterized  by
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and field-emission scanning electron
microscopy (FE-SEM). The particles size and structure determining showed nanoparticle are sheet and about
9-20 nm. Thermal stability of these compounds were evaluated by thermogravimetric analysis (TGA). The
results showed adding nanoparticles to copolymer increased starting weight lost about 20 oC and finishing
weight  lost  about  90  oC.  The  results  of  differential  scanning  calorimetry  (DSC),  showed  that  adding
nanoparticles decreased the glass transition temperatures (Tg) of the copolymer. The transparency of these
nanocomposites were examined by ultraviolet–visible (UV–Vis) spectroscopy. The results showed the best
transparency refer to nanocomposites 0.5 to 1% of nanoparticles. 
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INTRODUCTION

The use of polymer nanocomposites has been recently
paid much attention to applied and industrial researches.
The polymeric matrices and nano fillers in nanocomposite
structure have a special importance in determining their
features and applications. Since the nanotechnology has
been  utilized  to  create  materials  with  improving
mechanical  and physical  properties, nanoparticles were
added  into  the  base  of  materials  to  form  composite
materials with unique physical and mechanical properties
(1,2), such as the properties of polymers such as flexibility,
optical clarity, and excellent dimensional stability of poly
methyl methacrylate (PMMA), whereas inorganic materials
show mechanical strength, thermal stability, and a high
modulus (3-5).

PMMA is one of the common medical polymers employed
widely in manufacturing various implants, especially in the
fabrication of an ophthalmic intraocular lenses due to its
mechanical  properties,  mould  ability,  and  optical
rehabilitation (6,7). Methyl methacrylate (MMA) has been
used as a comonomer in several reports such as block

copolymer  with  styrene  (6,8,9),  copolymerization  with
tricyclodecyl  methacrylate  (10),  and  copolymerization
reaction with maleimide (11,12). In addition, the use of
PMMA in the preparation of various nanocomposites with
several additives such as SiO2 (13), Clay (14), TiO2 (15),
ZrO2 (16), MWCNT (17), and Al2O3 (18) has been reported.

The use of TiO2 thin-films with high transmittance in the
visible region as antibacterial coating could be effective for
PMMA in ophthalmic applications (19,20). It was used with
ZrO2 nano particle for denture base applications, too (7,21)

.

Inorganic hybrid nanoparticles are highly attractive in both
academic and industrial researches. They are able not only
to combine the properties of both components, polymers
and  inorganic  matter,  but  also  provide  unique  and
tuneable properties (22,23). One of the major issues in
these materials is dispersing degree of particles into the
polymer matrix and the interfacial property between the
organic and inorganic components (24,25).
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In order to enhance the stability of nanoparticles in the
polymer matrix, surface modification of the nanoparticles
is needed. It could be improved by introducing coupling
agents or reactive functional groups onto the surface of
nanoparticles (26). 

Zirconium phosphate (ZrP) serves as nano filler in the
polymeric  interface,  where  their  presence  affects
profoundly  the  chemical,  mechanical,  and  thermal
properties of  the nanocomposite.  It  is  acidic,  inorganic
cation  exchange  materials  which  usually  presents  a
layered structure. There are various phases of ZrP that
differ  in  their  interlamellar  spaces  and their  crystalline
structure. Among all the ZrP phases, the most widely used
are the α-phase and the γ-phase, whose crystal structures
were  elucidated  by  Clearfield  and  co-workers  (27).
Yamanaka  and  Hattori  reported  a  mixed  ɣ-zirconium
phosphate (ɣ-ZrP) benzene phosphonate can be obtained
by  contacting  ɣ-ZrP  with  benzene  phosphoric  acid.
However,  at  that  time  ɣ-ZrP  was  formulated  as
Zr(HPO4)2.2H2O and its structure was believed erroneously
to be similar to that of α-ZrP but with a different packing of
the  layers,  so  it  was  not  possible  to  give  a  correct
interpretation in order to experimental data (28). While
layered ZrP micro-crystals might not be as ideal as porous
materials, because of small hydroxyl accessibility, single-
layer ZrP nano sheets from the exfoliation of its micro-
crystals serve as an ideal candidate for post-grafting since
after exfoliation, the hydroxyl groups are fully exposed and
readily react with silane. The hydroxyl groups exist on both
sides of nano sheets. After surface grafting, the obtained
compounds are expected to possess a high density of
functional  groups,  which  are  critical  for  high  catalytic
performance. Furthermore, the lateral dimension of ZrP
nano  sheets  can  be  altered  by  tuning  the  synthetic
conditions. Another major advantage of using ZrP nano
sheets  as  the  solid  substrate  is  nano  sheets  can  be
uniformly dispersed in a wide range of polar solvents,
leading to high catalytic efficiency, but meanwhile they
can be easily separated from the dispersion system using
centrifugation (29).

Modified  silica  nano  particles  -3-
methacryloxypropyltrimethoxysilane- (KH-570 linker) can
be attached to metallic surface by a condensation reaction
resulting  in  a  covalent  bond  and  also  cause  a  good
interaction with PMMA to preparing nanocomposite (5). As
N-2-methyl-4-nitro-phenylmaleimide  (MI)  was  added  in
PMMA matrix to improve its thermal stability in previews
work (30), in this research our goal is to modify nano ZrP
with KH570 linker and make a nanocomposite based on
this modified nanoparticles with poly(MMA-co-MI).

EXPERIMENTAL SECTION

Materials 
Zirconium(IV)  chloride  (ZrCl4,  Aldrich),  orthophosphoric
acid  (H3PO4,  85%,  Aldrich),  tetra-n-butylammonium

hydroxide (TBA, Aldrich), nitric acid (Aldrich), KH-570 linker
(γ-methacryloyloxypropyl  trimethoxy  silane,  Aldrich),
methyl  methacrylate  (Merck). Benzoyl  peroxide  (BPO,
Merck), 2-methyl-4-nitroaniline (Merck), maleic anhydride
(MA, Merck), ethyl acetate, and methanol were distilled
over potassium hydroxide under vacuum. 

Preparation of N-2-methyl-4-nitro-phenylmaleimide
MI was prepared according to our previous research (30).
First, maleic anhydride (4.9 g, 0.05 mol) was dissolved in
15  mL  of  acetone.  Then,  a  solution  of  2-methyl-4-
nitroaniline (7.6 g, 0.05 mol) in 15 mL of acetone was
added dropwise under vigorous stirring. After complete
addition, the mixture is stirred for 1 h. The solid (maleamic
acid) which precipitated was filtered off (11.1 g, 89%, mp:
169-171 oC). Maleamic acid (10.0 g, 0.04 mol) was then
dissolved in 15 mL of acetic anhydride with added 0.3 g of
sodium acetate. The mixture was heated for 6 h under
reflux. A cream solid is recovered (8.64 g, 93%. mp: 251–
253 °C).

Preparation of Nanoparticle
In order to modify ZrP with KH-570 linker, first ZrP was
synthesized and exfoliated with TBA according to reported
procedures.  It  was  then  modified  with  KH-570  linker
(Scheme 1).

Preparation of zirconium phosphate (31,32)
Zirconium tetrachloride (4.66 g, 20 mmol) was dissolved in
water (25 mL) and heated 100 oC, to make a saturated 2
M zirconium solution. Upon cooling, Zirconium oxychloride
crystals  (5.51  g,  yield:  85.3%,  mp:  149-152  oC)  were
formed. Zirconium oxychloride (5 g) was mixed with 50 mL
of 6.0 M orthophosphoric acid solution in demineralized
water (DMW) at 25 °C for 1 h and at 80 °C for 24 h. The
precipitate was collected, followed by washing with DMW,
and drying for 24 h in oven at 80 °C. This product was then
treated with 20 mL (0.1 M) nitric acid solution for complete
replacement of counter ions with H+ ions at 25 oC  for 1 h
and was washed with DMW (7.12 g, yield:71.4%)

Reaction of ZrP with TBA (29)
The prepared ZrP (2.2 g in 10 mL of water) was reacted
and exfoliated with TBA (10 mL of 0.5 M aqueous solution)
in an ice bath for 6 h and at 25 oC for 18 h. The precipitate
was smoothed and dried at 25  oC (1.8 g, yield: 81.8%,
decomposed at 311 oC)

Modification of exfoliated ZrP with KH-570 linker
A solution of KH-570 linker (1 mL in 10 ml HCl 0.1 M) was
added to a solution of exfoliated ZrP (1 g, in 5 mL of water)
and spired at 65 oC for 1 h. The precipitate was collected
(0.94 g, yield: 95.9%, mp>293 oC, XRF data acquired from
the analyzer is (P, 18.2; Zr, 21.4; other 57.7), other is for
elements  smaller  than  Na  such  as  C,  O,  H,  Si;  and
calculated  elemental  analysis  for
(ZrOPO(OH)OSi(OMe)2(CH2)3OCOCCH3CH2)OPO(OH)2)  is
(C, 20.89; H, 3.90; O, 40.19; P, 11.97; Si, 5.43; Zr, 17.63).
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Synthesis of poly (MMA-co-MI)
In a 250 mL round bottomed flask,  equipped with
reflux condenser and nitrogen inlet tube, a solution
of MMA (1.1 mL, 10 mmol), and MI (1 gr, 0.4 mmol)
in ethyl acetate (6 mL) was prepared. BPO (0.02 g)
was added and the reaction mixture was heated for
8h at 77 oC (reflux). The solution was then poured in

methanol  and  the  precipitate  was  washed  with
methanol  and  dried.  (1.8  gr,  yield:  85.7%,  CHNS
data  acquired  from  the  analyzer  is  (C,  58.49;  H,
6.04; N, 5.58), and calculated elemental analysis for
predicted copolymer is (C, 58.36; H, 5.91; N, 6.01;
O, 29.73). Percentage of MI in copolymer is 27.8%
(Scheme 2).

OCH3
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O O
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Scheme 2.

Preparation of Nanocomposite 
A solution of  synthesized copolymer (1 g) in ethyl
acetate  (10  mL)  was  prepared.  A  dispersion  of
modified nanoparticles (0.01 g) in ethyl acetate (5
mL) was sonicated for 20 min and was added to a
prepared polymer solution and sonicated again for
20  min.  The  solution  was  then  precipitated  in
methanol to afford 1% nanocomposite powder. Four
other percentages were prepared according to the
same procedure. In other reaction experiments, an
in-situ nanocomposites were prepared by adding the
appropriate  nanoparticle  amounts  into  monomers
mixtures during polymerization reaction.

Characterization
FT-IR  spectral  data  were  recorded  with  a  Bruker
spectrometer in the range of 4000–400 cm−1 using
KBr  disks.  SEM  image  of  the  electrospinning
nanofibers  was  obtained  through  the  scanning
electron microscopy (SEM). The morphology of the
pristine  α-ZrP  powder  was  also  observed  at  an
accelerating voltage of 5 kV. The chemical state of
the  surface  was  characterized  by  X-ray
photoelectron  spectroscopy  Bruker  model
D8ADVANCE. TEM micrographs were obtained with
an H-7500 transmission electron microscope (Philips
208 S 100 kW) at an accelerating voltage of 75 kV.
Ultrathin  sections  were  microtome  at  room

temperature. Thermal stabilities were measured via
thermogravimetric  analysis  in  nitrogen  with  a  TA
Instruments model Q2000 at a heating rate of 20 °C
min-1.  DSC  was  used  to  measure  glass  transition
temperature  using  a  TA  Q2000  instrument  in
nitrogen  atmosphere  at  the  heating  rate  of  20
°C/min from 80 to 150 C and a cooling rate of 10
°C/min.  The  adsorption  ability  of  Poly
(MMA-co-MI)/nano (ZrP-KH570) was investigated by
solution  adsorption  technique.  For  measuring
transmittance  in  UV  and  visible  area,  50  mg  of
nanocomposite  was  dissolved  in  10  mL  ethyl
acetate, Ultraviolet-visible spectrophotometer model
Photonix  Ar  2015  was  used.  X-Ray  Fluorescence
analysis  (XRF)  was  determined  with  XRF  device
model  Niton  from  Thermo  Company.  Elemental
analyses (CHNS) was determined by device model
Vario EL Ш from Elementar Company.

RESULTS AND DISCUSSION

Characterization
Modified ZrP with KH-570 was prepared according to
Scheme  1.  FTIR  spectra  of  these  compounds  are
illustrated in Figure 1. For ZrP, the peaks locating at
3594, 3510 are due to the water molecules in the
interlayer  space of  ZrP,  3164,  and 1620 cm−1 are
assigned as symmetric and bending vibrations of –
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OH groups,  respectively  (29).  The peaks  at  3384,
1251  968  cm−1 are  attributed  to  P–OH  stretching
vibrations  or  deformation  vibrations.  The  strong
bands  in  the  range  of  1000–1200  cm−1 are
characteristic  of  PO4 stretching vibrations and 597
cm−1 is ascribed to the vibration of Zr−O (33). After
reaction of ZrP with TBA, no significant change was
occurred  and  just  the  P-OH at  1200  cm-1 become

broader,  which  was  due  to  the  presence  of
ammonium  salt.  After  modification  with  KH-570
linker,  a  peak  at  1745  cm−1 was  appeared  and
confirmed  presence  of  carbonyl  group  in  the
particles  and  2957  cm−1 is  ascribed  to  the
asymmetric C–H stretching of SiOMe and The peaks
at 980 cm−1 is attributed to C=C bending (34).

 

Figure 1: FTIR spectra of ZrP nano particles, ZrP modified by TBA and ZrP modified by KH-570 linker.

Solution polymerization of MMA with synthesized MI
was led to poly (MMA-co-MI) due to Scheme 2. It was
then  sonicated  with  modified  ZrP  with  KH-570  to
prepare the related nanocomposites.  Evaluation of
the best technique for preparation of nanocomposite
an  in  situ  preparation  during  polymerization  was
also  investigated.  All  of  the  polymers  and
composites  were  investigated  using  FTIR
spectroscopy. (Figure 2). 

The peaks of C=O (1727 cm -1), CH3–O (1148, 1194
cm -1),  and C–O (1242,  1270 cm -1)  are consistent
with  those  of  PMMA  as  reported  in  the  literature
(35,36).  And  also the  bands  at  1782  cm -1 (C=O
imide  stretching),  1589  cm -1 (C=C  aromatic
stretching),  1530 and 1348  cm -1 (N=O stretching)
show  the  maleimide  units  as  mentioned  in  the
literature  and  also  peaks  of  nano  particle  that  is
discussed in Figure 1 (30,37,38).
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Figure 2: FTIR spectra of poly (MMA-co-MI)–ZrP nanocomposites, poly (MMA-co-MI).

XRD analysis:  It  is  known that  ZrP has a  clay-like
layered structure, which can be characterized using
XRD, with interlayer separation calculated from the
Bragg  equation.  Figure   3(a–d)  presents  the  XRD
results. Sharpening the peaks of Figure  3b confirms
the preparation of ammonium salts of nanoparticles
compared to the peaks of Figure  3a. As shown in
Figure  3d  nanocomposite  have  both  nanoparticles
and PMMA background peak (39). The diffractogram
of ZrP sample shows peaks at 2θ values: 7, 14, 23,
29, 40, 44, and 56. Reacted ZrP with TBAꞌs spectrum
shows same peaks, with a large difference in peak
wide at 2θ:  7.  Modified ZrP by KH-570ꞌs spectrum
shows  all  peaks  above  except  44.  According  to
Scherrer equation (D = (0.9 λ)/ (β cos θ)) the size of

crystals  of nano particles can be determined.  D is
the mean size of the ordered (crystalline) domains,
which may be smaller or equal to the particle size. λ
is  the X-ray wavelength  (1.789  Ao).  β  is  the  line
broadening  at  half  the  maximum intensity (FWHM)
in radian and θ is the Bragg angle.  The results are
summarized in Table 1 (40).

Table 1: Size of nano particles.

Nanoparticles ZrP ZrP-TBA ZrP-KH

D(nm) 19.13 10.359 9.347

Used 2θ (o) 14 14 14
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Figure 3: XRD results: (a) ZrP, (b) ZrP modified by TBA, (c) ZrP modified by KH-570 linker, (d)

MMA-co-MI/ZrP 1% nanocomposite.

SEM micrographs: Figure 4 shows SEM micrographs
of  the  ZrP  modified  by  KH-570  linker  and
nanocomposites.  Figure  4a confirms  modified ZrP
crystals sheet structure clearly.  Figure  4b-d shows
the  good  dispersion  of  nanoparticle  in  polymer

layers.  Figure   4e  shows  the  undesirable
accumulation of nanoparticle in nanocomposite 5%.
It  can  make  this  composite  unsuitable  in  some
properties.
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Figure 4: SEM micrographs of pristine ZrP nano particle (a) and poly (MMA-co-MI)/ZrP nanocomposite (b: 
0.5%; c; 1%; d: 3%; e: 5%)

TEM  micrographs:  TEM  micrographs  of  modified
nano ZrP and nanocomposite are shown in Figure  5.

As seen clearly, nanoparticles are evenly distributed
in the polymer matrix. 

  

Figure 5: TEM micrographs of (a) modified nano ZrP and (b) poly (MMA-co-MI)/ZrP nanocomposite.

The thermal decomposition of the pristine ZrP and
modified  ZrP  nanoparticle  were  studied  by  TGA,
DSC,  DTG  (Figure  6a-c).  The  range  of  two  major
weight losses of the pristine ZrP crystals are 95−170
and 430−590 °C. They refer to the loss of hydration
water and condensation water in ZrP, respectively.
Three major weight losses in 70−140, 320-440 and
490−600 °C range were observed in the modified
ZrP by TBA. They correspond to the loss of hydration
water, elimination of TBA and condensation water in
ZrP-TBA. Two weight loss steps were observed in 85-
185 and 470-620 °C in the modified ZrP by KH-570.
First,  it  refers  to  the  losing  water  and  methoxy
group,  then  losing  methacrylate  (29,41,42).
Nanocomposites  thermal  properties  and behaviour
were investigated by TGA and DSC. The results are
summarized in Table 2.  The T10,  T50 and Tmax were
highlighted; T10 is the onset temperature, at which
10% degradation  occurs,  while T50 is  the midpoint
temperature,  corresponding  to  50%  degradation.

Tmax is  the  weight  lost  finishing  temperature.  The
copolymer start losing weight at around 265 oC and
when nanoparticles were added into its matrix, the
temperature  increase  around  20  oC  for  starting
weight  loss  of  nanocomposites.  The  copolymer
weight  lost  finishing  around  576  oC  while
nanocomposites around 667 oC. It means improving
the thermal stability.  Nanocomposite’s  T10,  T50,  Tmax

and initiation weight lost temperature are more than
PMMA nanocomposite.  It shows good improvement
of  thermal  stability  nanocomposite  than  PMMA
nanocomposite (43,44).

The  eighth  column  shows  time  of  using  in-situ
nanoparticles. As seen, adding ZrP nanoparticles to
copolymer  decrease  amount  of  Tg,  but  the
nanocomposite  Tg are  higher  than  PMMA
nanocomposite.  Also  adding  nanoparticle  during
polymerization have more effects on decrease of Tg.
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Table 2: Sample designations; Tmax and Tg of poly (MMA-co-MI)/ZrP-nanocomposite films measured from TGA
and DSC curves.

Sample
designation

PMMA-ZrP Copolymer CP/ZrP-1 CP/ZrP-3 CP/ZrP-5 CP/ZrP-7 In-situ
nanocomposite

α-ZrP (w%) 1 0 1 3 5 7 1

T10% 284.5 327.52 328.1 318.02 321.51 318.79 334.7

T50% 367.6 369.96 360.07 360.46 359.11 361.82 378.5

Tmax (◦C) 488.2 576.18 667.6 679.06 669.0 674.22 691.5

Tg (◦C) 96.1 133.7 113.85 114.11 115.2 115.35 106.6

Coal Productivity 2.87 15.30 11.51 12.04 15.74 15.09 12.25

          

          

          

Figure 6: a, b, c are TGA, DSC and DTG of the nanoparticle, respectively. d, e, f are TGA, DSC and DTG of
the nanocomposite, respectively.
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The  transparency  of  the  polymer  and  prepared
nanocomposites  were  examined  by  UV-Vis
spectroscopy.  Figure  7  shows  UV-Vis  spectra  of
copolymer  and  nanocomposite  solutions  in  EtOAc.
The transparency of nanocomposite solutions 5 and
7%  in  400  nm  was  about  11%  which  was  not
suitable.  It  reached  to  73%  that  is  near  the
copolymer transparency in nanocomposite solutions
(3%).  The  best  transparencies  were  observed  in

nanocomposites solutions 0.5, 1%, and in-situ, was
95%  in  400  nm.  All  of  the  nanocomposites  have
more  transmittance  than  PMMA  nanocomposite
except  5,  7%.  Since  nanocomposites  0.5  and  1%
transmit the visible light as well as PMMA, they can
be used whenever PMMA is used as a substitute for
glass. Furthermore, nanocomposites do not transmit
UV light so they can be used in sunglasses.

Figure 7: UV-Vis spectra of nanocomposite solutions.

CONCLUSION

A series of nanocomposites based on poly (MMA-co-
MI)  as  a  matrix  and  modified  ZrP-KH570  was
prepared  and characterized  by FTIR  spectroscopy.
The  crystalline  structure  and  the  size  of
nanoparticles were confirmed by XRD. The surface
morphology of these compounds, evaluated by SEM,
were  observed  as  sheet  for  nanoparticles.  It  was
successfully  dispersed  in  polymer  matrix  after
sonication.  The  dispersion  of  nanoparticles  into
polymer matrix was also confirmed by TEM. Thermal
analysis of nanoparticle was investigated.

The  thermal  stability  of  nanocomposites  was
examined by TGA and the results show that adding
nanoparticle improve copolymer’s thermal stability.
Also,  thermal  behavior  of  these  compounds,
evaluated  by  DSC,  shows  a  decrease  in  Tg after
adding of nanoparticles into polymer matrix. It was
probably due to location of  nanoparticles between
the  polymer  layers  and  so  decrease  interaction
between polymer layers.

The results of transparency by UV-Vis spectroscopy
showed  that  the  best  percent  refer  to

nanocomposite  0.5  and  1%  of  nanoparticles.
Nanocomposites absorb UV light well.
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Abstract: Photodynamic therapy (PDT) procedure has minimum invasiveness in contrast to conventional
anticancer surgical procedures. Although clinically approved a few decades ago, it is not commonly used
due to its poor efficacy, mainly due to poor light penetration into deeper tissues. PDT uses a photosensitizer
(PS), which is photoactivated on illumination by light of appropriate wavelength and oxygen in the tissue,
leading to a series of photochemical reactions producing reactive oxygen species (ROS) triggering various
mechanisms resulting in lethal effects on tumor cells. This review looks into the fundamental aspects of
PDT, such as photochemistry, photobiological effects, and the current clinical applications in the light of
improving PDT to become a mainstream therapeutic procedure against a broad spectrum of cancers and
malignant lesions. The side effects of PDT, both early and late-onset, are elaborated on in detail to highlight
the  available  options  to  minimize  side  effects  without  compromising  therapeutic  efficacy.  This  paper
summarizes  the  benefits,  drawbacks,  and  limitations  of  photodynamic  therapy  along  with  the  recent
attempts to achieve improved therapeutic efficacy via monitoring various cellular and molecular processes
through fluorescent  imagery aided  by suitable  biomarkers,  prospective  nanotechnology-based targeted
delivery  methods,  the  use  of  scintillating  nanoparticles  to  deliver  light  to  remote  locations  and  also
combining PDT with conventional anticancer therapies have opened up new dimensions for PDT in treating
cancers. This review inquires and critically analyses prospective avenues in which a breakthrough would
finally enable PDT to be integrated into mainstream anticancer therapy.
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INTRODUCTION TO PHOTODYNAMIC THERAPY 

PDT  involves  the use of  electromagnetic  radiation
(emr)  of  a  specific  wavelength  (light)  and
photosensitizer (PS) molecules to form in-situ singlet
oxygen or other ROS (Reactive Oxygen Species) to
eliminate  malignant  cells  ((1).  It  is  a  clinically
approved,  but poorly utilized technique in treating
cancers  due  to  its  poor  efficacy  and  inability  to
reach deeper tissues. Compared to other oncology
techniques,  PDT  is  less  invasive,  and  the  known
adverse  effects  are  limited  to  prolonged  residual
photosensitivity (1). 

Individual  components  of  PDT,  i.e.,  emr,
photosensitizer,  and  molecular  oxygen,  are  non-

toxic. In PDT, topical  or systemic administration of
PS  is  followed  by  light  activation  through  careful
irradiation  of  the  location  by  emr  of  appropriate
wavelength,  triggering  a  photochemical  reaction
generating  other  Reactive  Oxygen  Species  (ROS)
labeled  as  type  I  reaction  or  a  photochemical
reaction  causing  highly  reactive  singlet  oxygen
which  is  labeled  as  type  II  reaction  (1).  The
accumulation of other ROS or singlet oxygen in cells
results in direct cell  killing by an intense oxidative
burst or cell death via apoptosis or necrosis (1). In
ideal  conditions,  it  kills  off the  tumor  cells  while
sparing the healthy ones. 
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The Photochemical Aspect of PDT
In  PDT,  the  PS  administered  is  expected  to
concentrate  on  the  cancer  tissue  selectively.  The
tissue  is  then  exposed  to  suitable  light  in  which
photons'  absorption  causes  the  excitation  and
subsequent  de-excitation  of  photosensitizer
molecules. De-excitation emits photons that are to
be  absorbed  by  the  surrounding  substrate
molecules. Notably, a certain fraction of the excited
singlet  state  molecules  is  transformed  into  an
excited  triplet  state,  relatively  long-lived.  The
transformation occurs via intersystem crossing (1).
The molecules that have attained the excited triplet
state can either form free radicals or radical ions by
electron  transfer  or  hydrogen  atom  extraction  to
biochemical substrate molecules such as membrane
lipids, oxygen, solvent molecules, etc.

These free radicals and the radical ions interact with
ground-state  molecular  oxygen  to  produce  ROS,
such  as  superoxide  anion  radicals,  hydrogen
peroxides,  and  hydroxyl  radicals  through  type  I
reaction (1). Highly reactive singlet oxygen is made
from  a  type  II  reaction  where  energy  from  the
excited triplet state molecule is directly transferred
to  ground  state  molecular  oxygen.  The  above
responses of types I and II coincide; the substrate's
specific  nature  and  the  PS  determine  the  ratio
between the two reaction rates (2). ROS are usually
considered toxicants that induce deleterious effects
such  as  cell  dysfunction,  death,  or  malignant
transformation  (3).  Under  normal  conditions,  ROS
are generated  in the cells  through enzymatic  and
non-enzymatic  reactions  (3).  ROS  may  cause
opposite  cellular  effects,  such  as  promoting  cell
proliferation  and  tumor  progression  or  cell  death
and  tumor  regression,  which  can  be  utilized  in
therapeutic  techniques  against  cancer  (1).  In  PDT,
since  the  light  activation  of  the  PS  triggers  ROS
generation, the selective accumulation of the PS in
malignant  tissue  leads  to  improved  therapeutic
efficacy (3).

Photosensitizers Used in PDT
A photosensitizer suitable for PDT should display a
strong absorption peak in the far visible region (650
- 800 nm) (4), in which the absorption by the body
should  be  minimal  (For  example,  haemoglobin
absorbs  radiation  between  478  and  672  nm).
Illumination by light having wavelengths longer than
800 nm does not provide sufficient energy to excite
oxygen  to  its  singlet  state.  It  seems  an  ideal  PS
ought to have a strong absorption peak lower than
478 nm and a fluorescence peak within 478 nm to
672  nm.  Most  of  the  PSs  used  in  PDT  have  a
tetrapyrrole  backbone  and  are  relatively
hydrophobic  compounds.  They  rapidly  diffuse
through the plasma membrane into tumor cells and
localize  in  organelles  such  as  mitochondria  and
endoplasmic  reticulum  (ER)  (4). An  ideal  PS's
chemical nature facilitates its entry into the tumor
cells without precipitation in aqueous environments
and  selectivity  to  target  cells  instead  of  healthy
cells.  It  also  enables  appropriate  extinction
coefficients and accumulation rates in target tissues

(5). It has been noted that many of the effective PSs
are  preferentially  low-density  lipoproteins  (LDL)
among  various  serum  proteins.  Hamblin  et  al.
suggested that over-expressed LDL receptors found
on  tumor  cells  could  be  playing  a  role  in  tumor
localization (4).

PS Used in PDT
Photosensitizers  are  generally  categorized  into
porphyrins  and  non-porphyrins.  Porphyrin-derived
PSs  are  further  classified  into  1st,  2nd, or  3rd

generation  PSs  (1).  Hematoporphyrin  (Hp),  its
derivatives (HpDs), and Photofrin (Porfimer Sodium)
are classified as 1st generation PSs. 

Photofrin is a commercially available PS, employed
mainly in PDT (1).  At 500 nm, it absorbs light with
maximum excitation along with two other peaks at
540  and  560  nm,  while  the  maximum  emission
occurs at 615 nm, associated with a second peak at
~680 nm (5). The research work by Bechet (5) also
sheds light upon the influence of electric pulses (EP)
delivery on the Photofrin uptake and its localization
in  human  breast  cancer  cell  line  (MCF-7)  and
Chinese Hamster Ovary (CHO) cells. With the aid of
fluorescence  image analysis,  it  was observed that
epithelial  cells  (EP)  of  CHO  cells  significantly
improved  Photofrin  uptake.  Due  to
electropermeabilization,  Photofrin  entered  the  cell
and accumulated in the entire cell  (5).  Photofrin is
commonly  employed  as  a  PS  in  PDT  to  treat
advanced-stage  lung  cancer,  early-stage
esophageal,  gastric, and cervical  cancer.  Absences
of intrinsic toxicity, the possibility of using in small
doses, sufficient clearance from healthy tissue, and
the  possibility  of  repeated  administrations  without
serious  repercussions  except  for  prolonged
photosensitivity to the neoplastic patient are among
the many benefits of using Photofrin as PS in PDT
(1). 

Benzoporphyrin  derivatives,  chlorins,
phthalocyanines,  texaphrins,  naturally  occurring
hypericin  and  5-aminolevulinic  acid  (5-ALA),  and
other related esters that promote the production of
endogenous protoporphyrin IX (PpIX) are classified
as  2nd generation  PS(1).  5-aminolevulinic  acid  (5-
ALA)  is  metabolically  converted  into
photosensitizable  protoporphyrin  IX,  and  hence  it
acts as a pro-drug. During the biosynthesis of heme,
both  5-ALA  and  PpIX  are  generated  as
intermediates, where heme inhibits the endogenous
generation  of  excess  5-ALA.  The  presence  of
exogenous  5-ALA  allows  bypassing  the
abovementioned regulatory mechanism, resulting in
the accumulation of PpIX in cells (1). 5-ALA induced
PpIX  is  known  to  have  good  tumor  selectivity,
limited  systemic  toxicity,  and  low  skin
photosensitization (1).

Nyman  et  al. reported  that  PpIX  displays  a  Soret
peak  (intense  absorption  peak  in  the  blue
wavelength region of the visible spectrum) at about
405 nm and additional absorption at 510, 545, 580,
and 630 nm, which are referred to as Q bands. Its
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fluorescence peaks are observed at 635 nm and 705
nm (8). 

Hypericin  is  a  naturally  occurring  compound  that
can  be  a  promising  alternative  to  chemically
synthesized  photosensitizers  (1),  but  it  has  a  few
unfavourable  characteristics  that limit its usage in
PDT. Its absorption peaks are around 595 nm and it
does not absorb light above 630 nm. This specific
spectral region of light has limited penetration. The
potential  application  of  hypericin  in  PDT  lies  in
treating superficial lesions. Recent clinical work has
addressed its use as a PS in treating bladder cancer
due  to  its  specific  accumulation  in  urothelial
carcinoma  lesions  (8).  Low  selectivity,  weak
absorption in the red wavelength region, resulting in
difficulty in treating deep tumors, and residual skin
photosensitivity being the significant side effect are
the drawbacks of 1st generation PS. 

Meta-tetra(hydroxyphenyl)chlorine  (m-THPC),
commercially known as Foscan or Temoporfin, is a
2nd generation PS with a very high potential to be
used  in  PDT  for  the  treatment  of  neck  and  head
cancers.  The  molecule  has  a  hydrophobic  nature
and a short plasma half-life in humans. M-THPC can
be  photoactivated  at  about  652  nm,  and  the
photosensitization  results  in  a  very  high  yield  of
singlet  oxygen  accumulating  in  tumor  cells.  In
addition  to  the  direct  damage  to  tumor  cells  by
oxidants, m-THPC also causes intense and sustained
vascular  damage  owing  to  its  pharmacokinetic
behaviour  (1).  It  has  been  observed  that  m-THPC
has two major absorption peaks at 420 nm and 652
nm.  In  clinical  use,  light  activation  of  m-THPC  is
done at 652 nm as light in the spectral region of 420
nm  has  limited  penetration.  Studies  have  been
conducted to improve the efficacy of m-THPC in the
treatment of neck and head cancers (1).

Mono-l-aspartyl  chlorin e6 (Talaporfin sodium) is  a
2ndgeneration PS with a core chlorin structure and a
highly aromatic system, characterized by excellent
solubility  in  aqueous  media  and  short  half-life.
Preclinical studies involving Talaporfin sodium have
revealed  that  on  light  activation,  in  addition  to
cytotoxicity, the simultaneous induction of systemic,
tumor-specific  immuno-modulation  mediated  by
CD8+T  cells  aids  in  overcoming  tumor  resistance
through  micro-vessels  closure  and  upregulation  of
both cytolysis and memory cells (1,2,9).

Attempts have been made to develop 3rd generation
PSs by utilizing the Warburg effect, which relates to
cancer  cells'  ability  to  absorb  glucose  in  large
quantities  compared  to  healthy  cells  (9).  3rd

generation  PS  ought  to  have  higher  tumor  cell
selectivity  and  specificity.  G-chlorin  is  a  probable
candidate for such a PS displaying strong anti-tumor
effects  against gastric  cancer and colon cancer.  It
was also recorded to be 20–50 times more cytotoxic
than  Talaporfin  sodium  (10).  M-chlorin,  which  is
mannose  conjugate  chlorin  designed  to  target
tumor-associated-macrophages,  Katoaka  et  al.
recorded  similar  cytotoxic  effects  as  G-chlorin  in

vitro studies,  but  in  vivo allograft  model  study, M-
chlorin PDT showed the most substantial antitumor
effects (10). Although results are inconclusive for G-
chlorin  and  M-chlorin,  this  opens  up  a  route  to
another line of work to develop PS conjugated with
biological molecules to enhance their selectivity and
specificity to become 3rd generation PS. 

Optimizing  PDT Outcome
To achieve  a better  therapeutic  outcome,  the three
main  pillars  of  PDT,  namely  light,  PS,  and  tissue
oxygen,  are  present  in  optimum  proportions
throughout  treatment  procedures.  During  clinical
applications,  light  and  PS  dose  is  administered
empirically  without  any  inter  or  intra-treatment
variations. A crude practice ignores fluctuations in the
pharmacokinetics  of  PS,  tissue  optics,  and  tissue
oxygenation, thus leading to poor efficacy. A strong,
reliable, and more personalized dosimetric system has
been  suggested.  The  practical  execution  requires  a
system to measure PDT dose explicitly by extrapolating
from measured PS and light amount or implicitly by
measuring the photobleaching  or  directly  measuring
the concentration of singlet oxygen in the tissue under
treatment. All the proposed dosimetric approaches to
PDT aim at directly or indirectly quantifying the primary
effector of PDT (singlet oxygen) (12).  

 Monitoring tissue oxygenation and a delivered dose of
light in real-time is crucial so that the treatment plan
can  be  manipulated  to  enhance  the  therapeutic
efficacy. It  is also beneficial  to look into the cellular
level  mechanisms  that  affect  PDT  outcome  to
understand  the  possibilities  available  to  influence
overall  tumor  cell  death  for  better  therapeutic
development.

Accurate measurement of PDT dose 
In photobleaching,  a dye or a fluorophore of  a PS
molecule in PDT undergoes a photochemical change
resulting  in  its  permanent  inability  to  fluoresce,
caused  either  by  cleaving  covalent  bonds  or  non-
specific  reactions  between  the  fluorophore  and
surrounding  chemical  species.  Photo  modification,
where the loss of absorbance or fluorescence occurs
at a particular wavelength, yet the chromophore is
retained  at  an  altered  state,  is  also  considered  a
photobleaching form (15). 

As shown by Dysart et al., the rate of change in the
ground-state  (S0)  photosensitizer  concentration

d (S0)
dt

due to  1O2-mediated photobleaching can

be  expressed  by  the  differential  equation  given
below (10). (Concentration of the PS is (S0), and the
concentration of the oxygen in the tissue is (1O2)).

d (S0)
dt

=−kos [S0]+δ×(¹O2) (1)

Thus,  the  reaction  between  1O2  and  ground-state
photosensitizer  molecules  is  governed  by  the
bimolecular reaction rate constant kOS. The reaction
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leads  to  irreversible  degradation  of  the
photosensitizer and also oxygen consumption (11).
The  term  δ accounts  for  the  reaction  of  a  1O2

molecule  with  the  same  photosensitizer  molecule
involved in its generation. The reactions of ground
state  photosensitizer  molecules  with  1O2  are
considered  to  be  dominant  reactions  at  the  low
concentrations  usually  found  in  cells  and  tissues
(less than micromolar)  since singlet  oxygen has a
higher  probability  of  reacting  with  other  targets
before diffusing into another sensitizer molecule. δ
is given by:

δ=
1

d3N A

(2)

Where  NA  is  the Avogadro's  number  and  d  is  the
mean 1O2 diffusion distance, defined as d = √ 6 DτD

where  Dis the diffusion coefficient of  1O2  and τD is
the  1O2  lifetime.  The  instantaneous  1O2

concentration  can  be  determined  by  rearranging
equation (1) to

(¹O2)=
d [S0]

k os ([ S0]+δ ) dt
(3)

As 1O2 is the primary cytotoxic in PDT, the PDT dose
is the cumulative of  1O2  generated,  thought to be
equal  to  the  amount  of  1O2  reacted,  other
deactivation pathways being less probable to occur.
Hence, the PDT dose over a time T is (10)

Dose=∫
0

T

[ ¹O2]( t)
dt
τ D

Dose=
1

τ D×kos ln [S0]0+δ /[S0] (T )+δ
(4)

The PDT dose is calculated from photobleaching of
photosensitizer (decrease in (S0)) if 1/(τD xkOS) and δ
are determined experimentally.  In clinical  practice,
practitioners  continue  to  face  difficulties  in
determining  the  exact  dose  required  to  achieve
complete  healing  from  the  condition.  Such
challenges  often  lead  to  inaccuracies  that  might
result  in  under-treatment  of  the  targeted  lesions.
Jarvi  et  al. report  their  findings  employing  SOL
(singlet  oxygen  luminescence) to  directly  measure
singlet oxygen dose compared to estimate made via
measured  photobleaching,  displaying  an  excellent
correlation  between  the  two  methods.  The  study
also  highlighted  that  photobleaching-based  PDT
dose  analysis  was  unreliable  at  tissue  oxygen
concentrations below 5ℳ M due to rapid changes in
fluorescence  intensity,  which  weren't  observed  by
Dysart  et  al.  However,  these  results  cannot  be
generalized  to  all  PS  as  this  study  deployed  m-
Tetra(hydroxyphenyl)chlorin (m-THPC) (13).

Jarvi  et  al.  further  reported  comparative  polts
between fluence rate, triplet state oxygen (3O2), and

photobleaching,  consistent  with  the  findings  of
Dysart  et al.,  indicating a discontinuous and poorly
correlated  variation  of  light  fluence  and  3O2  with
singlet  oxygen.  Thus,  it  can  be  proposed  that
explicit  measurement  of  PDT dose is  a crude and
unreliable  method.  The  work  done  by  Jarvi  et  al.
provides  additional  evidence  for  singlet  oxygen
being the primary cytotoxin of PDT as proposed by
photochemistry  (13).  SOL  (singlet  oxygen
luminescence) based  dosimetry  analyses  the
luminescence  signals  emitted  by  singlet  oxygen
generated  at  the  tissue  under  treatment,  thus  a
direct measurement method was utilized by Jarvi et
al.  their  investigation.  Though  SOL  provides
accurate  dose  measurements  where  difficulties  in
translating it to clinical use were encoutered due to
cost,  complexity,  and weak signal  strength,  which
constitutes  an  invaluable  tool  in  evaluating
alternative  dosimetric  techniques.  Photobleaching-
based dosimetry is an option to be used clinically,
given that at tissue oxygen concentrations above 5
M (13).  Sharwani  et al. report a positive correlation
between loss of fluorescence (photobleaching) and
PDT outcome in a clinical study conducted using a
fluorescence  imaging  system  to  estimate  the
photobleaching of PpIX (14). However, the findings
of  Sharwani  et  al. are  yet  to  be  validated  with  a
more extensive range of test data. 

Effective delivery of light
PDT requires a single dose of PS administered to the
patient,  followed by the photoactivation  of  the PS
after a specific time interval by a single illumination
using light of appropriate wavelength. Illumination is
conventionally  done by using broad-spectrum light
sources  such  as  arc  lamps  and  filament  lamps.
Difficulty in coupling them with light delivery fibers
without  reducing  the  power  output,  difficulty  in
calculating  the  effectively  delivered  dose,  limited
maximum power output (1W), and the presence of
UV and IR radiation are the limitations to their use
over advantages  of  being cheap and easy to use.
Modern  lasers,  being  inexpensive,  compact,  and
mobile  compared  to  first-generation  lasers,  are
widely used in PDT, and can be equipped with units
capable of carrying out dosimetric calculations and
programmed  treatment  plans  (15).  Diode  lasers
emit  only  one  wavelength  of  light,  limiting  their
versatility in contrast to light-emitting diodes (LEDs).
Both varieties are used clinically. Fiber optic media
is used to deliver the light dose locally. A successful
PDT  procedure  requires  providing  an  adequate
amount of light from the source to the target and
ensuring homogeneous distribution of  light (15).  A
light delivery  system must be used in conjunction
with advanced  dosimetric  software for  its  efficient
utilization, in which measured diagnostic signals are
fed into a dose distribution calculation program (40-
43). In the illumination, the accepted approach is to
deliver a threshold dose, which is a minimum dose
adequate to cause direct cell death, delivered to a
target tissue volume (15).
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DPDT=∫
0

T

ϵ [PS]ϕ dt (5)

Dfluence=∫
0

T

ϕ dt  (6)

Equation (5) refers to PDT dose, which is determined
by  the  extinction  coefficient  of  the  PS  (   the
concentration  of  the  PS  [PS],  fluence  (number  of
photons arriving per unit cross-sectional area) rate
(Φ), and the time interval of illumination (dt).),  and  the  time  interval  of  illumination  (dt).
Assuming a homogeneous distribution of PS in the
target  tissue  volume,  equation  (6)  relates  the
fluence  dose  to  a  simplified  dose  calculation.
Fluence  rate  is  estimated  via  calibrated  optical
probes;  these  point  measurements  are  utilized  to
obtain  representative  readings  of  the  light  dose
delivered to a location.  The photon propagation  is
required  to  be theoretically  calculated  to  spatially
map the fluence rate throughout the entire target
tissue volume (15).  In addition to that, the optical
properties of the target tissue are estimated. 

ϕ (r)=
P

4π Dr exp(−μeff r )
 (7)

The above equation, which illustrates a theoretical
model  for  photon  propagation,  is  obtained  as  an
analytical solution for the diffusion equation, where
P:source  power in  watts,  D:diffusion coefficient  (in
cm),  μeff :effective attenuation coefficient of light in
the  target  tissue,  r:radial  distance  from the  point
source (in cm) (15). 

Davidson  et  al.  devised  a  treatment-planning
software package utilized in Phase II clinical trial of
TookadTM-mediated  I-PDT  of  persistent  prostate
carcinoma  following  radiation  therapy  (24).  This
software  uses  a  patient-specific  I-PDT  treatment
plan  based  on  predicted  light  distributions  in  the
prostate  and  surrounding  tissue.  The  model  used
the  diffusion  equation  and  the  finite  elements
method (FEM) numerical  analysis, with the volume
of  interest  discretized  into  a  4-noded  tetrahedral
mesh. Treatment plans were designed according to
the  pre-treatment  MRI  images. In  tumors  treated
with a light dose greater than 23 J/cm2, a complete
pathological response was observed. No patient with
a D(90) less than 23 J cm-2 was reported to have a
complete  biopsy  response,  while  8/13  (62%)  of
patients with a D(90) greater than 23 J cm(-2) had
negative  biopsies  six  months  post-treatment  (23).
Swartling  et  al.  developed  a  treatment  planning
software  utilizing  Interactive Dosimetry  by
Sequential  Evaluation  (iDOSE)  (23).  The  software
enabled  dose  plans  with  optical  fiber  positions
according  to  3-D  tissue  models  developed  via
ultrasound, calculated the best fiber positions, and
provided  an  optimal  treatment  plan.  The  clinical
study  used  Temoporfin-mediated  photodynamic
therapy (PDT) for low-grade (T1c) primary prostate
cancer. Residual viable cancer cells were present in

the  prostrate  tissue  from  a  histopathological
analysis  of  tissue biopsies  taken six months post-
PDT.  The authors proposed that  the low threshold
dose of light, which was set to 5 J∕cm2 could be the
possible cause of the incomplete treatment (23). 

Savenberg  et  al. at  Lund  University  reported  a
clinical trial using an 18-fiber interstitial PDT system
on recurrent  prostate  cancer,  yielding  satisfactory
results  (15).  The  18-fiber  interstitial  PDT  system
developed  by  the  Lund  University  research  group
could  carry  out  pre-treatment  planning  and
dosimetric  calculations  during  treatment. It  is
noteworthy  to  mention  that  the  rationale  of  the
research group at Lund University is to adopt bare-
end optical fibers, which allow well-defined positions
when used as sources  or  detectors,  resulting  in  a
well-defined  source-detector  distance  in  all
measurements taken with the use of fibers (15). The
Lund group has used the data from researchers and
clinical practitioners over the past two decades, but
the PDT system they developed was clinically tested
with four prostate cancer patients, downplaying the
reliability. The treatment planning software package
from  Davidson  et  al.  comparatively  has  better
footing in positive clinical  test results and a larger
sample  size  of  13  test  subjects  (24).  Treatment
planning  software  regimes  should  be  tested
clinically with larger samples to validate the findings
and  improve  overall  therapeutic  outcomes.  Better
software  can  be  developed  to  aid  more  complex
mathematical models integrating variables such as
PS  concentration,  tissue  oxygen,  distribution
patterns  of  tumor  cell  death,  etc.  Another  major
limitation  in  treatment  planning  software  is  the
assumption of light homogeneity and PS dispersion
and the tissue structure when software and models
are developed.

It was observed that collimated laser beams scatter
forward when encountered by tissues. As a result,
they  have  increased  tissue  penetration  depth
compared  to  non-coherent  LED  or  arc  lamps.  In
contrast,  non-collimated  light  sources  bear  more
divergent  beam  properties,  leading  to  reduced
forward  scattering  of  light,  making  them  unfit  to
treat  deeper  lesions  (16).  Lasers  are  a  common
source of  illumination used in PDT nowadays.  The
first lasers ever used in PDT were gold (Au) vapor or
copper (Cu) vapor lasers and argon-ion-pumped dye
lasers, which emit light in the red wavelength region
of  the  visible  spectrum.  Solid-state  diode  lasers
came into clinical use in the late 1990s. The benefit
of using lasers in therapeutic PDT is the possibility of
transmitting the light through optical fibers to reach
remote  destinations.  This  procedure  created  an
opportunity to treat tumors in hollow organs, such
as the urinary bladder, the bronchus, the intestines,
and the esophagus (15). In a clinical study, Jeries et
al. reported image-guided optical fibers' placement
in  treating  deep  tumors  in  the  head  and  neck.
During  the  procedure,  multiple  fibers  were
positioned  under  ultrasound  guidance  into  various
deep-seated  tumors,  including  head  and  neck
tumors and vascular anomalies in the limbs. Over a
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hundred  patients  were  treated  with  mTHPC-PDT,
more than 50% of  patients  had a  good response,
while  five  patients  became disease-free,  and 80%
reported  improvements  in  breathing,  swallowing,
and speech (17). Pulsed PDT regimes are proposed
to increase the depth of necrotic cell death. Thus, it
is thought to enhance PDT efficacy primarily on the
hypothesis  that  the  downtime  between  light
irradiation will permit tissue re-oxygenation and re-
accumulation  of  photosensitizer  at  the  lesion,
subsequently  leading  to  a  better  therapeutic
outcome (18). 

The investigation conducted by Pogue  et al. on the
depth of necrosis of a 48 hrs post PDT resulting from
continuous  wave  (CW),  and  pulsed  irradiation
displayed no significant difference statistically under
the same average incident irradiance (19). A study
by  Grecco  et  al. yielded  a  contradictory  result:  a
femtosecond  laser  irradiation  produced  a  necrotic
zone twice as deep in comparison to a CW laser at
an  equivalent  dose  (150  J/cm2)  using
hematoporphyrin derivative (HpD) as PS (20). Pogue
et al., by simulating the deposited amount, reported
that  the  pulsed  laser  irradiation  would  help  treat
deep tissue tumors with PDT. These outcomes are
modest and strongly dependent on the PS, the laser
pulse  width,  the  pulse  energy,  and  the  repetition
rate (21). In a study conducted  by Sterenborg et al.,
the simulations concluded that pulsed excitation in
PDT  was  identical  to  continuous  wave  (CW)
excitation for fluence rates below 4 × 108 Wm-2. It
was noted that at higher fluence rates, pulse PDT's
effectiveness drops significantly (22). The available
evidence  is  contradictory,  so  pulsed  irradiation
cannot be favoured against the use of CW irradiation
to achieve an increased depth of tumor necrosis. 

Despite the advancements in light sources, delivery,
and  dosimetric  approaches,  delivering  therapeutic
light to deep tumors is still a hurdle to be overcome
as it vastly limits the use of PDT. The use of self-
luminescent chemical or biological probes has been
investigated.  While  Philip  et  al. were  the  first  to
report  the  use  of  chemiluminescent  probes,
Carpenter  et al. reported the use of bioluminescent
probes. The light dose produced by chemical or bio-
luminescent  probes  is  lower  than  that  usually
expected  for  PDT,  but  efficient  induction  of
cytotoxicity  is  noteworthy.  Due  to  the  complexity
and  limited  understanding  of  the  processes
involved,  further  investigations  are  required  to
validate their efficiency (either as free probes or in
nanoparticle  form)  before  clinical  translations.  NIR
(Near  Infra-Red)  radiation  is  proposed  as  an  ideal
candidate to achieve increased tissue penetration in
PDT.  Although  better  than  visible  radiation,  NIR
radiation  has  a  limited  penetration  depth  of
approximately 1 cm. Treatment of large superficial
tumors may be possible with NIR light, but tumors
residing  in  deeper  tissues  remain  unreachable
without  a  secondary  light  delivery  strategy.To
improve the penetration depth of  photons, X-rays
can be potentially employed in conjunction with PS
and  radiosensitizers  (RS)  with  minimum  tissue

penetration  limitations,  even  though  ionizing
radiation is known to cause intrinsic toxicities (27).
Luksiene et al. investigated the RS in vivo properties
of  three  different  PS  (HPde,  Photofrin  II  (PII),  and
hematoporphyrin derivative (HPD)), and revealed RS
effect of these PSs was cell line dependent (28). The
low  efficiency  of  PS  that  acts  as  RS  under  direct
excitation and cell line dependence has contributed
to diminishing the interest in any advancements in
this  area.  Attention  was given  to  approaches  that
can  locally  generate  visible  light  using  X-ray
irradiation,  such  as  Cerenkov  radiation  and
nanoscintillators. 

Cerenkov emission occurs  when charged particles,
such as electrons or positrons, travel faster than the
phase velocity of light in a given medium. The works
of Alexsson et al. and Kotagiri et al. have given solid
proof  of  the  concept  and  usability  of  Cerenkov
radiation  for  deep  tissue  illumination  in  PDT.  The
number of studies conducted in this area is few until
a  wide  range  of  investigations  bears  favorable
conclusive evidence, clinical implementations will be
afar (29,30). Implementation of Cerenkov radiation
in PDT as per  the investigations  conducted  so far
was dependent on clinical linear accelerators or PET
scanners, creating a barrier to the use of PDT as a
low-cost alternative treatment approach to cancer.
Chen  and  Zhang suggested  the  use  of
nanoscintillators in combination with PS. Scintillating
nanoparticles  are  nanoparticles  (NP)  that  convert
ionizing  radiation  into  visible  light  (31).  With  the
advent  of  nanoscience,  this  area  of  research  has
been very dynamic in recent decades. Morgan et al.
developed a model to predict the maximum amount
of 1O2 generated  under  X-ray  irradiation  via
quantifying  the  amount  of  energy  stored  in
nanoscintillators  during  the  irradiation;  this  led  to
the conclusion  that only X-rays with energy below
300 keV could  cause sufficient  cytotoxicity.  These
predictions were further refined using Monte Carlo
simulations. A more accurate estimation of energy
deposited in a nanoscintillator was found by Bulin et
al. (32,33).  Investigations  have  been  conducted
using  nanoscintillators  such  as  terbium  oxide
(Tb2O3@SiO2 NPs),  (SrAl2O4:Eu2+),  and  (LiYF4:Ce3+)
in conjunction with PS respectively, by Bulin  et al.,
Chen et al. and Zhang et al. providing insights into
different  mechanisms  and  successful  tumor
elimination  (34-36).  Their  work  is  conclusive  and
reliable in terms of outcomes and sample size. We
believe nanoscintillators  hold the key to unlocking
the reach of PDT into deeper tumors. We are hopeful
that with more thorough in vitro and in vivo studies
in the future, this technique's full clinical translation
potential can be realized.

Monitoring tissue oxygenation
The  current  techniques  available  for  monitoring
tissue oxygenation during PDT are as follows. Point
measurements are obtained via oxygen electrodes
or  luminescence-based  optodes  for  direct  tissue
oxygen  measurements  or  by  employing  optical
spectroscopy for measuring the oxygen saturation of
haemoglobin  (123).  Imaging  is  considerably  more
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complicated but feasible with techniques like Blood
Oxygen  Level  Dependent  Magnetic  Resonance
Imaging  (BOLD MRI),  a  functional  MRI  with  a  low
signal-to-noise  ratio.  Preclinical  research  has
demonstrated  dramatic  changes  in  tissue
oxygenation during PDT, which vary depending on
the  photosensitizer  and  light  delivery  methods.
Better  oxygenation  throughout  treatment  can  be
achieved  by keeping the light  fluence  rate  low to
maintain the rate of oxygen consumption at a low
level.  Real-time  monitoring  to  ensure  adequate
oxygenation  at  strategic  points  in  the  targeted
tissues during PDT is crucial for increased efficacy,
particularly in the image-guided treatment of tumors
in solid organs (123). In our evaluation,  an image-
based tissue oxygen monitoring mechanism coupled
with  an  image-based  dose  measurement  system
would  be  a  more  feasible  approach  in  clinical
transformation.

PHOTOBIOLOGICAL  AND  CYTOLOGICAL
EFFECTS OF PDT

PDT-induced cytotoxicity, causing tumor cell death,
is  the  primary  biochemical  phenomenon  in
anticancer PDT. In principle, it is believed that only
the cells directly affected by the treatment undergo
cell  death  due  to  the  different  toxic  agents,  and
neighboring  cells  that  are  not  affected  by  the
treatment will live on (6). Recent evidence supports
the idea called ‘By Stander Effect’, which states that
cells  die  in  clusters  when  treated  with  a
photosensitizer  and  light,  not  as  individuals  (6).
Dahle  et  al. reported  that  'the  propagated
inactivation'  model  best  describes  the  spread  of
dead  cells  mathematically  by  a  study  executed
using  Madin-Darby  Canine  Kidney  (MDCK)  II  cells
and  some  other  cells  (47-50).  The  available
literature proposes no single pathway through which
cell  death  occurs  in  photodynamic  therapy  (PDT).
Instead, multiple cell death routes are activated due
to  PDT (1).  The primary molecular  targets  of  PDT
should be located within a few nanometers from the
intercellular site of photosensitizer localization since
the singlet  oxygen produced has a short-life  span
and spatially limited diffusion (1). PDT causes tumor
cell  death  via  direct  pathways  such  as  apoptosis,
necrosis,  and  autophagy  and  indirectly  through
vascular  shutdown  and  immune  response.  The
balance  between  apoptosis  and  necrosis  is
considered  as  a  major  factor  that  determines  the
fate of tumor cells after PDT and also intracellular
localization of PS, which is solely determined by the
chemical  nature  of  PS  and  the  light  fluence  of
delivered light (4).

Apoptosis
PDT  is  capable  of  causing  either  apoptosis  or
necrosis, or a combination of both. In the majority of
cases, PDT is highly effective in inducing apoptosis
(6). Apoptosis, commonly addressed as programmed
cell death, is a complex enzyme governed cell death
program genetically inherited by all living cells (1).
Apoptotic cells stand out due to their characteristic
morphological  appearance  as  shrunken  cells  with

condensed  nuclear  chromatin  retracted  from
surrounding  cells  (6).  The  apoptosis  process
eventually  activates  a  specific  protease  family
known  as  caspases  (cysteine-dependent  aspartate
specific  proteases)  (1,6).  In  PDT,  mainly  oxidative
stress leads to the initiation of apoptosis. Apoptosis
is  triggered either  by the mitochondrial  release of
cytochrome  c  or  by  the  activation  of  cell  death
receptors,  triggering  the  activation  of  executioner
caspases such as caspase 3, 6, and 7 (6). In cells,
caspase  activation  occurs  either  by  extrinsic  or
intrinsic  apoptotic  pathways,  which  refers  to  the
location  of  origination  of  stimuli  (1).  The extrinsic
pathway is activated upon the stimulation of death
receptors  of  the  TNFR  (tumor  necrosis  factor
receptor) family. The stimuli, such as DNA damage,
cytotoxic insults, etc., activate the intrinsic apoptotic
pathway,  which  acts  through  the  mitochondria
controlled  by proteins  in  the Bcl-2 family  (1).  The
Bcl-2  family  is  a  set  of  proteins  that  has  the
potential  to  promote  or  inhibit  apoptosis  by
adjusting the outer mitochondrial membrane (51).

The convergence of signals from death receptors at
the cell  surface or damaged sites on mitochondria
results in the following changes: a) permeabilization
of both inner and outer mitochondrial  membranes;
b) dissipation of the transmembrane potential of the
inner  mitochondrial  membrane;  c)  release  of
cytochrome  c  and  other  apoptotic  proteins,
apoptosis-inducing  factor  (AIF),  the  second-
mitochondria-derived activator  of  caspases (SMAC)
and  specific  proteases  from  the  mitochondrial
intermembrane  space.  Although  the  above-stated
mitochondrial  changes  have  implications  on
apoptotic  pathways,  their  respective  order  of
execution remains in dispute, as reported by Kessel
et  al. and  others  (6,  52,  53).  There  are  multiple
viewpoints  about  how the  discharge  of  apoptosis-
related  mitochondrial  factors  and  the  collapse  of
mitochondrial  transmembrane  potential  occur.
Permeability transition pore complex (PTPC) is one
such  model,  which  ascribes  the  loss  of
transmembrane  potential  and  other  changes  that
follows to an opening of a large conducting channel
known  as  permeability  transition  pore  complex
(PTPC) formed at the contact sites of the outer and
inner  mitochondrial  membranes  (6),  which  is
believed to be consisting of transmembrane proteins
such  as  (a)  30kDa  inner  membrane  adenine
nucleotide  translocator  (ANT),  (b)  32kDa  outer
membrane voltage-dependent anion channel(VDAC)
or mitochondrial porin (c)  18kDa outer membrane
peripheral benzo-diazepine receptor (PBR), etc. (6).
Localization  of  the photosensitizer  in  mitochondria
has been more efficient in inducing cell killing than
PS localization at other cellular sites (6). 

Bcl-2 family of proteins controls apoptosis induced
by  a  variety  of  apoptotic  stimuli.  The  pro-survival
Bcl-2  family  includes  Bcl-2,  BclXL,  Bcl-w,  A1,  and
Mc11  groups  of  proteins.  It  is  believed  that
photodamage  caused  to  pro-survival  members  of
the  Bcl-2  family  triggers  the  activation  of  pro-
apoptotic  family  members.  Several  in-vivo studies
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supported  this  idea,  e.g.,  in  cervical  cancer  cells
during  the  apoptosis  induced  by  5-ALA  mediated
PDT,  there  was  significant  suppression  of  Bcl-2
mRNA  level  and  an  increase  in  Bax  mRNA  level.
Similar results were observed with the oesophageal
cancer cell line (62) and in hypericin mediated PDT
with breast adenocarcinoma cell line where a down-
regulation  of  Bcl-xl  and  up-regulation  of  Bax  was
observed (1,6,62). The Bax: Bcl-2 is known to play a
pivotal  role  in  PDT-induced  apoptosis.  A  higher
percentage  is  found  to  promote  cell  death  via
apoptosis, and researchers have recorded evidence
to  support  this  (63,64).  He  et  al.  reported  this
phenomenon  in  a  study  conducted  using  Chinese
hamster  ovary  cell  lines  transfected  with  a  Bcl-2
gene.  The  study  results  exhibited  that  in  the
presence  of  Bcl-2,  the  incidence  of  apoptosis
following PDT was significantly lower, and Bcl-2 was
capable of inhibiting overall  cell  killing (62). Genes
that  code  for  Bcl-2  family  proteins  differ  between
species,  putting  the  validity  of  in  vivo studies
conducted using non-human cell lines into question.
He et al have transfected the human Bcl-2 gene into
Chinese  hamster  ovary  cells  to  eliminate  inter-
specific variability.

Nuclear  factor-kappa  B  (NF-κB)  is  a  transcription
factor  that  promotes  gene  expression  of  several
proteins  related  to  immune-regulatory  and  pro-
inflammatory processes. NF-κB dimers are found in
the  cytoplasm  in  association  with  an  inhibitory
subunit; specific inhibitors are IκB factors (6,62). NF-
κB  is  known  as  an  inhibitor  of  programmed  cell
death  "apoptosis."  Granville  et  al.  confirmed  the
idea that NF-κB generates an anti-apoptotic  signal
following  PDT  (65,66).  Mitogen-activated  protein
kinases  (MAPK)  are  a  critical  component  of  a
complex  signaling  network  in  cells  that  regulate
gene  expression  for  various  external  stimuli.  The
MAPK  signaling  pathways  modulate  numerous
cellular activities such as mitogen-induced cell cycle
progression through the G1 phase, cell movement,
and apoptosis (1,62). Apoptosis can be rightly called
the  most  extensively  studied  form  of  cell  death.
Available literature provides a wholesome overview
of the factors contributing to and pathways leading
to apoptotic cell death, but the sequence of events
remains  in  dispute.  PDT-related  apoptosis
investigations  are  conclusive  and  sound,  many  of
them have converged on the same primary factors,
yet  stimuli  triggering  apoptosis  are  poorly
understood.  Currently  accepted  mechanisms  and
signaling  pathways  have  been  integrated  into
computational  models  to  simulate  apoptotic  cell
death  based on Monte Carlo stochastic simulations
to explore further fluctuations in apoptosis signaling
to  predict  outcomes  (34).  Mathematical  modeling
can be used as a tool to investigate the sequence
and probability of events following certain intrinsic
or extrinsic stimuli. It is fair to propose by designing
PS  to  localize  mitochondria  using  mitochondrial
markers; apoptotic cell death can be optimized (28).
Another possible approach to promote apoptosis is
developing  photoactivated  chemical  factors  that
bind to cell death receptors triggering  apoptotic cell

death pathway. This is already been attempted with
the aid of photoCORMs (Carbon Monoxide Releasing
Molecules) (26).

Necrosis
Necrosis  is  considered  as  accidental  and
uncontrolled  in  the  manner  in  which  cell  death
proceeds. It is believed to be operating without the
underlying  signaling  events,  but  the  accumulating
evidence  suggests  the  existence  of  caspase-
independent  pathways.  The  occurrence  of  cellular
necrosis  proceeds  through  cytoplasmic  and
organelle  swelling,  followed  by  loss  of  membrane
integrity  followed  by  cellular  content  discharge,
which characterizes necrotic cell death (1,62,68).

Apoptosis  operates  as  the  default  cell  death
mechanism, while necrosis will only occur when the
activation  of  caspases  fails.  Necroptosis  is  the
programmed  form  of  necrotic  cell  death  that
proceeds  either  through  FasLigand  (FasL),  a
member of the tumor Necrosis Factor (TNF) family of
proteins  and  tumor  necrosis  factor-related
Apoptosis-Inducing  Ligand-Receptor-1  (TRAIL-R)  or
other  members  of  tumor  Necrosis  Factor  (TNF)
family.  Fas-Associated  protein  with  Death  Domain
(FADD) plays an essential role as an adaptor protein
in Fas and TRAIL-R-induced necrosis. Still, its part in
TNF-induced  necrosis  remains  controversial
(62,65,69,70). The basic format of cell death caused
by PDT switches to necrosis with PS localized in the
plasma membrane and lysosomes. The biochemical
pathway leading to necrosis after PDT has yet to be
identified.  Factors  such  as  intracellular  Ca2+ and
specific ROS have been recognized as necessary in
promoting  necrotic  cell  death  following  PDT  (1).
Studies conducted so far have not provided sound
evidence on the factors at play during necrosis, so it
cannot be adapted successfully into a mathematical
model  to  develop  simulations  for  further
examination;  the  molecular  biological  approach
remains the only option available. 

Autophagy 
Autophagy  is  a  catabolic  pathway  that  allows  the
degradation of eukaryotic cells and recycles cellular
contents. In a basic sense, autophagy contributes to
maintaining  intracellular  and  cellular  homeostasis.
The  role  of  autophagy  in  causing  cell  death  has
raised controversy since its discovery; autophagy is
known  to  accompany  cell  death,  while  its  pro-
survival role is well established (71,99). Autophagy
acts as a defense mechanism against ROS-induced
damage following PDT by clearing the cells of all the
damaged  organelles,  but  its  effect  on  the  overall
outcome of PDT is yet to be revealed (1,96). Studies
on PDT-induced autophagy with different cancer cell
lines and PS led to the following conclusions: PDT is
capable  of  direct  induction  of  autophagy
independent  of  PS  target.  Apoptosis  frequently
occurs  in  cells  that  are  already  undergoing
autophagy following PDT. In cells that can undergo
apoptosis,  autophagy  performs  a  pro-survival
function. In contrast, cells less likely to experience
apoptotic  cell  death  promote  cell  death  via
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necrosis(62,65). In our view, autophagy needs to be
studied in the light of increasing overall cell death;
existing literature vaguely indicates the possibilities
of  autophagy  with  little  evidence  to  support  the
claims, the mechanism, and the factors leading to
autophagy are yet to be understood.

Vascular Damage 
Cytotoxicity  and tumor regression have effectively
resulted  from  microvascular  stasis  and
consequential  hypoxia.  Blood  flow  stasis  following
PDT occurs  due to  combined damage to  sensitive
microvasculature  locations  and  the  consequent
physiological responses. It is generally hypothesized
that  vessel  stasis  mechanisms  begin  with
perturbation and damage to endothelial cells during
light  activation  of  photosensitizers  in  tissues.  The
physiological  cascade  of  responses,  including
platelet  aggregation,  the  release  of  vasoactive
molecules,  leukocyte  adhesion,  an  increment  of
vascular  permeability,  and  vessel  constriction,
combine  to  produce  blood  flow  stasis,  and  the
formation  of  thrombogenic  sites  within  the  vessel
lumen is  a  result  of  endothelial  cell  damage (72).
Studies  have  revealed  that  second-generation  PS,
MV6401  evokes  a  biphasic  vascular  response  in
experimental animals after PDT. The late formation
of  a  thrombus  and  necrosis  following
vasoconstriction  was  the  most  rapid  response
observed  (73).  A  delay  in  tumor  growth  usually
accompanies  the vascular  effects;  similar  vascular
effects were observed with Photofrin–PDT (1,73). It
was noted that angiogenic factors such as vascular
endothelial  growth  factor  (VEGF)  and
cyclooxygenase  (COX-2)  were  upregulated  during
PDT  (74).  The  action  by  which  blood  vessels  are
formed  from  the  existing  ones  is  termed
angiogenesis.  Angiogenic  factors  promote  it.  The
use of specific inhibitors for these angiogenic factors
can influence the overall outcome of PDT positively.
An investigation conducted utilizing benzoporphyrin
derivative monoacid ring A (BPD–MA, Verteporfin) as
the PS led to the unveiling of a correlation between
the  timing  of  vascular  damage  and  cure,  which
implies  the  significant  role  played  by  blood  flow
stasis in tumor destruction following PDT (1,70,73). 

Standish  et  al.  used  interstitial  Doppler  optical
coherence tomography (IS-DOCT) to investigate the
microvascular  changes  during  PDT.  The  study
results  indicated  a  dependence  of  microvascular
closure on irradiance rate and total irradiance during
PDT.  While  faster  vascular  shutdown  rates  were
associated with increasing PDT irradiance rate and
total  irradiance,  a  threshold  effect  at  irradiance
rates above 66 mW/cm2 was recorded.  No further
increase  in  vascular  shutdown rate  was  reported.
Use  of  irradiance  or  total  irradiance  value  that
causes an abrupt vasculature shut down during PDT
limits the supply of molecular oxygen to the region
of interest, leading to ineffective treatment, as will a
shallow  irradiance  rate.  It  is  understood  that
microvascular closure takes place at different rates,
and  a  correlation  was  found  between  PDT  total
irradiance and irradiance rates. These dependencies

can  be  put  into  effective  use  in  PDT  treatment
planning,  feedback  control  for  treatment
optimization, and post-treatment assessment. 

PDT is a complex and dynamic process that requires
accurate,  real-time  assessments  of  treatment
delivery and therapeutic response. IS-DOCT may be
a suitable option for real-time monitoring. Still, the
difficulty  remains  in  deriving  the  optimal
IS-DOCT/PDT  monitoring  metrics  and  predicting
treatment  response  and  outcome  based  on  them
(37). Only a few biochemical factors leading to blood
flow  stasis  following  PDT  haven't  been  revealed
experimentally,  but  available  evidence  has
established  a  positive  correlation  between  blood
flow stasis and tumor cell killing. More in vivo and in
vitro investigations need to be carried out to identify
specific  factors  and  their  specific  contributions  to
tumor  microvascular  closure  so  that  they  can  be
manipulated in favour of increased overall tumor cell
death. 

Immune Response 
One of the first events after PDT at the tumor site is
the  generation  of  damage-associated  molecular
patterns  (DAMPs)  or  so-called  'danger'  signals,
which  contribute  as  warning  signals  for  innate
immune response. Studies on the release of DAMPs
following PDT indicated that DAMP associated with
PDT could differ in the same cancer cells between in
vivo and in vitro settings (73). It was observed that
DAMPs released after PDT correlated well with the
sub-cellular localization of PS since it's the origin of
ROS-induced stress (75). A good correlation between
DAMPs and PDT can be established only following
further  research  into  the  molecular  and  cellular
mechanisms (73). DAMPs released following PDT will
be  detected  by  the  innate  immune  cells  such  as
monocytes  or  macrophages,  neutrophils,  and
dendritic  cells  (DCs)  recruited  to  the  tumor  site
treated with PDT. Then these innate immune cells
infiltrate in massive numbers to attack the damaged
tumor cells (75). The innate immune cells' primary
function is to neutralize the DAMPs by engulfing and
eliminating  the  cellular  debris  and  compromised
tissue  components,  promoting  local  healing  by
restoring normal tissue function. 

Investigations have been conducted to identify the
factors mediating the crosstalk between the immune
system's  innate  and  adaptive  sections  following
PDT. It has been revealed that the enhancement of
adaptive anti-tumor immunity by PDT involves the
activation  of  dendritic  cells  (DCs),  which  are
stimulated by the recognition of DAMPs/Cell  Death
Associated Molecular Patterns (CDAMPs) discharged
by dying tumor cells (75). 70 Kilodalton heat shock
proteins(Hsp70)  are  among the  best-characterized
DAMPs  released  following  PDT,  form  stable
chaperone  complexes  with  cytoplasmic  tumor
antigens by HSP-antigen complexes binding to the
danger  signal  receptors,  Toll-like  receptors  2  and
4on  the  surface  of  dendritic  cells  (73,  75).  DCs
remain  in  an  immature  state  in  the  absence  of
inflammation.  Following  tissue  inflammation  and
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release of DAMPs, the dendritic cells (DCs) mature
and rush to  the draining lymph nodes  in  massive
numbers. The transition to the mature state of DC is
correlated  with  the  elevation  in  the  numbers  of
surface  major  histocompatibility  class  I  and  II
molecules (MHC I and MHC II) and the costimulatory
molecules CD80 and CD86. Costimulatory molecules
are  a  heterogeneous  group  of  cell
surface molecules capable  of  amplifying  or
counteracting the initial activating signals given to T
cells  by  the  T  cell  receptor  (TCR)  following
interaction with an antigen/major histocompatibility
complex (MHC).  These changes permit  the DCs to
express peptide-MHC complexes at the cell surface
and  CD4+T  helper  cells  and  CD8+cytotoxic  T
lymphocytes (CTLs) to trigger an adaptive immune
response (75). It is not only antigen-specific T cells
that  can  provide  post-PDT  adaptive  immunity  but
also  B  cells  that  produce  antigen-specific
immunoglobulins,  thus  mounting  the  so  called
humoral immune response. So far, there is only one
study  conducted  by  Preise et  al. displaying  the
activation of humoral immunity as an implication of
PDT-induced systemic antitumor protection (77). 

The  first  clinical  case  of  systemic  PDT-immune
response  was  observed  and  published  in  2007,
recording  PDT  of  multifocal  angiosarcoma  of  the
head and neck located on the right upper limb of a
patient,  causing  spontaneous  regression  of  the
untreated  distant  tumors  on  the  contralateral  left
upper limb, accompanied by increased immune cell
infiltration (78). Kabingu et al.  (2009) reported that
PDT  treatment  of  BCC  lesions  enhanced  the
reactivity of  patients'  lymphocytes  against Hip1, a
known BCC-associated TA (tumor Antigen) (79). Post
PDT  adaptive  immune  response  and  increased
immune cell  infiltration are required to be studied
extensively  in  clinical  studies  before  any  valid
conclusion can be made. 

The immunology of tumor cells has been extensively
studied with a broad scope of molecular biological
approaches as it is crucial to all forms of anticancer
therapies. The existing theoretical basis provides a
sound background for any future research on post-
PDT  tumor  immune  response.  Grace  et  al.
developed a mathematical model to understand and
explore  tumor  immune  cell  interactions  (38).  Our
belief is such models integrating PDT will give more
insights  into  how  immune  response  can  be
regulated  to  optimize  PDT  outcome.  Although
important insights can be gained from mathematical
modeling,  the  development  of  such  models
incorporating  patient-specific  data  remains  a  vital
goal yet to be realized for potential clinical benefit.

Effects on Cells Surviving PDT
There is strong evidence suggesting that PDT can
cause considerable damage and inhibit the growth
rate of tumor cells that survive the PDT procedure.
Cancer cells are highly invasive and display a rapid
growth rate. A study conducted using ALA\PDT has
been  able  to  provide  evidence  for  a  deceased
cellular  invasion  in  surviving  cancer  cells  (1).  In

addition to that, reduced mitochondrial function and
suppressed  cellular  invasiveness  were the notable
phenotypic changes in the surviving tumor cell lines.
A correlation was found between the surviving cells'
reduced invasive ability and the downregulation of
the  Epidermal  Growth  Factor  Receptor  (EGFR).
Researchers  confirm  that  there  is  a  considerable
probability that these effects pass on to the progeny
(1).  Surviving  tumor  tissue  demonstrates  a  lower
growth rate, which may require a cell cycle arrest in
the surviving tumor cells.  A  study conducted with
the  non-small  lung  cancer  cell  line  H1299,  which
used Photofrin  /PDT,  targeted  the G0/G1 phase of
the cell cycle, resulting in a notable reduction of Bcl-
2 expression (76). 

In  addition  to  this,  early  proteasome  malfunction
induced G2/M phase arrest, which was time-limited
(1).  Only  lung  cancer  cell  lines  A549  and  H1299
delivered  consistent  results  concerning  the  G0/G1
phase  arrest  hypothesis.  An  upregulation  of  p-21
and expression of p-53 and a temporary reduction in
Bcl-2  were  noted  simultaneously  with  this  arrest
(80).  Ahmad  et  al.  reported  similar  results  with
human  epidermoid  carcinoma  cells  A431  treated
with Pc4/PDT, in addition to cell cycle arrest through
G0/G1  phase  arrest.  It  was  observed  that  the
expression and activity of cyclin-dependent kinases
CDK2,  CDK6,  and  the  inhibition  of  regulatory
counterparts cyclin E and cyclin disassociated with
G0/G1  phase  arrest  (1,74,81).  Research  data
provides  strong  evidence  for  reduced  expression
and  activity  of  CDKs  in  cells  following  PDT,
explaining  the  observed  decreased  Rb
phosphorylation (1,75).

The role of MAPKs in the survival or death of cells
following PDT remains controversial. Research data
from  time  to  time  reports  either  promotion  or
protection  from  apoptosis  caused  by  MAPK
involvement  (82,83).  NF-κB plays  a  role  in
modulating  anti-apoptotic  gene  expression,  which
may negatively impact tumor destruction (1). NF-κB
is  also  suspected  to  be  involved  with  tumor
recurrence since it may upregulate the expression of
specific  factors  promoting  proliferation  and
angiogenesis.  The  apparent  dichotomy  in  NF-κB
activity  has  not  yet  been  completely  understood
(84). The proteasomes' act on substrates as tumor
suppressors,  signaling  molecules,  cell  cycle
regulators,  transcription factors,  and anti-apoptotic
proteins. Thus Synthesis of  NF-κB  precursor or the
degradation of  NF-κB  suppressor can be controlled
by the proteasome (85,86). Arrest or retardation of
tumor cell  progression may inhibit the proteasome
since it would interrupt the systematic degradation
of  cell  cycle  proteins  and  factors  such  as  NF-κB
(1,74).  Chiaviello  et  al. extensively  studied  the
proteasome  activity  of  lung  adenocarcinoma  cells
with  sub-lethal  Photofrin/PDT  and  recorded  a
reversible  inhibition  of  proteasome activity  shortly
after  photosensitization  (87).  The  effects  that  are
expected  to  have  on  the  cells  surviving  PDT  are
mainly based on the understanding of the cell cycle
and cytology.  Still,  there is  a  complex  network  of
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parameters  at  interplay  at  the  cellular  level.  The
available  evidence  is  too  few,  inconclusive,  and
contradictory  to  establish  the  factors  determining
the effects on cells surviving PDT.  Multiple  in vitro
studies have been done to investigate the effects of
cells surviving PDT. It has been found that under the
influence of PDT, cellular migration and attachment
were suppressed in many cell  lines (89,90).  It has
also  been  proven  that  PDT  decreases  cellular
invasion  in  lung  adenocarcinomas,  melanoma,
breast  carcinoma,  and head  and neck cancer  cell
lines  (91,92).  Malignant  lesions  are  treated
repeatedly  with  PDT  to  achieve  a  reasonable
efficacy; a sound understanding of the effects on the
surviving cells and the causative factors might open
up possible avenues  to  induce post-treatment  cell
death, leading to enhanced overall efficacy.

CLINICAL APPLICATIONS of PDT

Even  though  the  first  use  of  PDT  in  treating  skin
cancer was attempted in the 1980s, it helped spread
slowly  as  an  alternative  treatment  technique  for
other cancer types. The PS used for PDT has come
to their third generation, and the search is underway
for better and more effective PS with minimum side
effects. PDT has been attempted for different types
of  cancer,  and  studies  have  been  carried  out  via
clinical  trials.  PDT  is  ideally  suited  to  treat  skin
cancer.  The  first  large  clinical  trial  using
hematoporphyrin  derivative (HpD)  illuminated  by
red  light  resulted  in  more  than  85%  of  complete
recovery (CR) rates. Numerous studies have shown
that PDT has been able to achieve response rates
equivalent  to  those  achieved  by  conventional
anticancer  treatment  methods  for  superficial  skin
cancers  (58).  Patients  with  a few localized  lesions
are treated with a procedure that follows a topical
application  of  ALA  a  few  hours  before  the
illumination.  This  procedure  has  reportedly
generated excellent  CR rates  of  86% to  100% for
basal  cell  carcinoma  (BCC)  (93).  One  significant
drawback of ALA PDT is that the illumination is very
painful  during  the  first  few minutes.  Cold  air  and
local  anesthesia can be used to alleviate the pain
(88). 

Multiple  skin-cancer  lesions  are  treated  with  PDT
using a systemic application of PSs such as porfimer
sodium or mTHPC, with a recorded CR of 91% for
BCC. Treatment periods are found to be shorter for
BCC treated with mTHPC PDT (88). The only primary
skin neoplastic  condition that is not treatable with
PDT  is  malignant  melanoma.  This  type  must  be
surgically  uprooted  for  extensive  histopathological
examination,  prognostic  evaluation,  and continued
management. One treatment session is adequate for
neoplastic lesions with a thickness of up to 3 mm.
Thicker lesions are usually retreated after follow-up,
or  pretreated,  e.g.,  with  curettage,  which  means
that a layer of the tumor is removed surgically, and
PDT is performed on the tumor bed (15).

Clinical  trials  have  proved  HpD/PDT  and  porfimer
sodium/PDT  to  be  effective  for  superficial  and

recurrent  bladder  cancer.  Response  rates  were
initially high, about 70 to 100%, and the long-term
response rates were about 30%-60%. PDT has not
become  an  established  treatment  method  for
bladder carcinoma due to the high incidence of side
effects  such  as  urinary  frequency,  pain,  and
persistent reduction in bladder capacity. But these
side effects  were caused  mainly by the excessive
and non-uniform light doses delivered during early
clinical studies (88). A standardized procedure with
lower drug and light doses or less penetrating light
of 514nm for illumination resulted in reasonable CR
rates with side effects such as transmural bladder
injury  and  treatment-related  morbidity  (88).  More
recent  efforts  of  using  ALA/PDT  for  recurrent
superficial  bladder  cancer  produced  CR  rates  of
40%-52%  at  18-24  months  without  a  persistent
reduction in bladder capacity.  In this attempt,  ALA
/PDT  was  given  as  a  single  treatment  and  in
combination  with  mitomycin  C  (94-96).  PDT  done
using  green  light  for  illumination  coupled  with
appropriate dosimetry has proven to be a promising
in  situ  treatment  option  for  superficial  bladder
carcinoma.

Conventional  treatment  for  early-stage  head  and
neck  carcinoma  is  surgery  or  radiotherapy,  while
chemoradiation  is  the  standardized  treatment  for
advanced  stages.  These  traditional  treatment
procedures  have  their  limitations  and  drawbacks.
The surgical treatment procedure for head and neck
cancer requires a wide margin, leading to functional
damage to adjacent tissue resulting in difficulties in
swallowing and speech. Also, radiotherapy has a risk
of  xerostomia,  trismus,  and  osteonecrosis.  At  the
same  time,  chemoradiation  is  related  to  high
morbidity. 

In  contrast,  trials  have  proved  PDT  to  be  equally
effective  as  conventional  treatment  methods  for
small superficial tumors, but PDT spared the healthy
tissue beneath the tumor. PDT generated excellent
long-term functional and cosmetic results in clinical
trials, and it could also be utilized in the palliative
treatment  of  recurrent  head  and  neck  carcinoma
(97). CR rates have been recorded as 85% at year 1
and  77%  at  two  years  for  early-stage  primary
tumors  in  the  oral  cavity  and  oropharynx.  For  lip
carcinoma, it was recorded as 96% (97-99). Patients
with head and neck cancers have a lifetime risk of
20%-30% of developing second or multiple cancers
after the treatment for the primary. In such cases,
PDT can be used following radiotherapy or surgery
since there is no cumulative tissue toxicity after PDT
(97-99).  When conventional  therapy fails,  PDT can
also be used as a salvage treatment for recurrent
head  and  neck  cancers  (63-65).  In  treating  large
tumors PDT was used interstitially (97). 

Numerous studies have established the therapeutic
use  of  PDT  in  endobronchial  cancer  of  different
stages.  Palliative  treatment  of  obstructive
endobronchial cancer using HpD or porfimer sodium
PDT has been recorded to relieve symptoms in the
vast  majority  of  patients  (100-103).  Side  effects
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included  cough,  expectoration  of  necrotic  debris,
and  dyspnea,  in  addition  to  skin  photosensitivity,
which  lasted  a  few  days  following  the  treatment.
PDT  was  recorded  to  be  employed  as  a  curative
treatment  for  early-stage  lung  cancers,  where
survival rates were 56%-70% for five years, and for
carcinoma-in-situ (CIS), the 5-year survival rate was
about  90%  (101,104,105).  Sometimes,  after
endobronchial cancers are treated via resection and
irradiation,  field  cancerization  or  recurrence  of
tumors  may  occur.  Due  to  limited  pulmonary
reserve,  these patients  cannot  undergo  irradiation
or resection once more, and such patients can be
conveniently treated with PDT.

The  standard  treatment  procedure  for  esophageal
cancer is esophagectomy (88), a surgical technique
of complete or partial removal of the esophagus via
an  incision  made  in  the  chest  or  abdomen.
Esophagectomy  is  associated  with  high  morbidity
and  mortality,  leading  to  the  development  and
application  of  less  invasive  techniques  to  treat
esophageal  cancer.  Endoscopic  mucosal  resection,
coagulation,  and  PDT  were  notable  among  these
less  invasive  methods.  Initial  studies  of  PDT  were
conducted  on  obstructive  esophageal  tumors  as
palliative  treatment,  and  subsequent  studies
confirmed  the  efficacy  of  PDT  as  a  treatment  for
such  tumors  (106-108).  PDT  has  an  observed  CR
rate  of  87%  at  six  months  for  treating  small
superficial  tumors  in  the  esophagus.  This  was
achieved by using porfimer sodium as PS, and even
mTHPC gave comparable results (109,110). Despite
the high efficacy, PDT caused severe side effects in
most  clinical  trials  since  the  esophagus  is  a  thin-
walled  structure.  These  side  effects  ranged  from
transient  skin photosensitivity  to stenosis,  fistulas,
and perforations and were reported in 57% of the
patients  treated  with  PDT  using  red  light.  It  was
noticed that when PDT was carried  out using less
penetrable  green  light  and  m-THPC  as  the  PS,
fistulas, and perforations were not observed as side
effects, and the procedure did not compromise the
efficacy (108-110).

Barrett's  esophagus  is  considered  a  serious
complication  of  GERD  (Gastroesophageal  reflux
disease). In this condition, the normal tissue lining of
the esophagus changes to a form that resembles the
tissue  lining  of  the  intestine.  Patients  with  this
condition  have  a  higher  risk  of  developing
esophageal  cancers,  specifically  esophageal
adenocarcinoma.  Researchers  have  attempted  to
treat  Barrett's  esophagus  via  PDT;  the  studied
document shows a notable reduction in the risk of
developing  esophageal  cancer  when  patients  are
treated  with  porfimer  sodium-PDT.  In  clinical
practice,  endoscopic  mucosal  resection  is  widely
used  to  treat  severe  conditions  of  Barrett's
esophagus  over highly invasive esophagectomy.  A
combination  of  endoscopic  mucosal  resection  and
PDT  has  proved  to  be  as  effective  as
esophagectomy in producing CR rates of 83 to 100%
in 1 year (111,112). It is fair to conclude PDT as a
potential  candidate  for  an  alternative  anticancer

treatment procedure as it demonstrates average CR
rates exceeding 60% for superficial cancers on the
skin, head, neck, and in hollow organs, given these
rates  are  highly  variable  and  dependent  on
parameters such as PS, illumination, tumor size, and
tissue oxygenation.

In a systematic review and meta-analysis, Patel  et
al. reported that PDT had a 14% better chance of
complete  lesion  clearance  at  three  months  post-
treatment  than  cryotherapy  for  thin  AKs  (Actinic
keratoses)  on  the face  and scalp  (114).  A  clinical
study conducted by Chhatre  et al.  on the survival
outcomes of stage III  and stage IV Non-Small  Cell
Lung Cancer (NSCLC) patients observed a lower risk
of  mortality  in  the  PDT  group  and  radiation  with
chemotherapy  group  compared  to  the  radiation
alone  group  (50%  and  53%  lower,  respectively).
Among NSCLC (Non-Small Cell Lung Cancer) patients
with  stage  III  or  stage  IV  disease  not  eligible  for
surgery,  the addition of PDT to chemotherapy and
radiation  therapy  offered  survival  benefits  over
radiation  therapy  alone  (115).  The  results  of  this
clinical study provide evidence for the potential use
of PDT in later-stage lung cancer to improve survival
rates.  Due  to  the  large  sample  size  of  147
participants,  it  is  a relatively  effective  outcome in
terms of reliability. Li Bo Li et al., in a retrospective
study  comparing  PDT  and  chemotherapy  on
advanced  esophageal  cancer,  concluded;  PDT
combined  with  chemotherapy  for  advanced
esophageal  cancer  is  superior  to  PDT  alone  and
chemotherapy  alone  (116).  It  is  not  about  which
therapeutic  technique  triumphs  over  cancer.  It  is
about ensuring the defeat of cancer. The future of
anticancer  therapy  appears  to  be  complex
combination  treatments,  and  PDT  has  already
approved itself as a viable and potent candidate for
the blend. 

LIMITATIONS,  ADVANTAGES,  AND
DISADVANTAGES OF PDT

PDT has many advantages, potentially promoting its
use as an anticancer treatment. In comparison with
other  treatment  modalities  used  for  anticancer
therapy, PDT is characterized by the following:
 Selective action on the sensitized tumor
 Minimally invasive technique
 Possibility of being repeated
 No accumulation of toxicity
 The meager mutagenic potential
 Healing is fast with sound cosmetic effects 
 Organ functionality is retained
 Short treatment time
 Compared  to  conventional  anticancer
treatments, fewer adverse effects
 Cost-effectiveness

Light  is  delivered  selectively  to  the  tumor,  which
initiates  the  photodynamic  action,  so  the  overall
activity  of  PDT  is  selective  and  localized.  Due  to
fewer  adverse  effects  and  the  absence  of
accumulated  toxicity,  the  procedure  can  be
repeated  in  the  case  of  recurrent  tumors.  The
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treatment  duration of  PDT is  shorter  compared to
conventional treatment methods, and it is also cost-
effective.  PDT  causes  minimum  damage  to  the
healthy  tissue  in  the  vicinity,  so  the  organ
functionality remains undisturbed, and the cosmetic
effect is also high (113,117).

One of the significant limitations of PDT is that light
used  to  photoactivate  the  PS  cannot  penetrate  a
tissue thicker than 1 cm, which limits the use of PDT
in treating tumors on or just below the skin or on the
lining of internal organs or cavities (113). PDT is less
effective in treating large tumors due to the inability
of  light  penetration  deep  into  large  tumors
(113,117).  PDT  is  a  localized  treatment  and
generally cannot be employed to treat metastasized
cancers (113). In clinical practice, PDT is faced with
many challenges, including accurate identification of
cancer within a respective tissue, precise prediction
of  the  behavior  of  that  cancer,  and  definitive
treatment  of  the  identified  target  volume.
Furthermore,  the  hurdles  included  assessing  the
tissue  after  treatment  to  determine  whether  the
planned  treatment  volume  received  the  intended
treatment  and  providing  appropriate  follow-up  for
the untreated part of the tumor, which may lead to
the recurrence.

PDT results in residual photosensitivity in patients,
which may last for several days after treatment. The
therapeutic efficacy of the PDT procedure depends
heavily  on  the  accuracy  of  light  delivery  to  the
target  site.  Tissue  oxygenation  acts  as  a  limiting
factor for the therapeutic efficacy of PDT. Among the
adverse effects of PDT, pain is the most prominent
one, apart from photosensitivity (117). 

SIDE EFFECTS OF PDT

Early-Onset Side Effects 
Pain has been an issue of general concern since it is
the  most  common  and  limiting  side  effect  of
conventional  PDT.  During  the  clinical  trials,  it  is
recorded that about 58% of the patients who have
undergone PDT procedures  complain about  severe
pain (93). A painful burning sensation starts almost
immediately during the illumination process, which
rapidly becomes intense and reaches a peak during
the  first  few  minutes.  The  pain  usually  decreases
with  time  and  subsides  towards  the  end  of  the
treatment procedure (2). Pain can be severe in some
instances,  stopping  light  exposure  prematurely,
leading  to  inadequate  therapeutic  results.  Thus
patients  experiencing  severe  pain  are  hardly
satisfied with the effectiveness and the convenience
of  PDT,  eventually  negatively  influencing  them to
discontinue further treatments (93).

PDT-induced pain results from an interplay between
intrinsic  and  extrinsic  factors,  yet  the  exact
mechanism  of  PDT-induced  pain  is  unknown.
Reactive Oxygen Species (ROS) have been identified
as the primary mediators  of  pain during PDT. The
intensity  of  the  pain  will  depend  primarily  on  the
depth of skin at which singlet oxygen is produced,

which is, in turn, dependent on the wavelength of
light  used for  illumination  and  on the  PS.  Studies
have  not  reported  any  correlation  between  PDT-
related  pain  and  age  or  gender.  Some  studies
vaguely reported a higher intensity of pain in fair-
skinned  patients,  although  in  general,  skin
phototype seems not to have any effect on the pain
experience  (93).  Regarding  PS,  many  studies
investigated the intensity of pain while using ALA or
MAL,  but  the  results  are  hard  to  interpret  since
these drugs are used differently in clinical practice
(93). 

Other  factors  that  are  notable  in  influencing  pain
during PDT are lesion type, location, and size of the
treatment  area.  Studies  have  identified  actinic
keratosis  (AK)  as  the  most  painful  lesion  to  treat
using PDT.  In  contrast,  the head and neck as the
location  have  the most significant  impact  on pain
perception  due  to  the  high  nerve  density.
Researchers  also  noticed  that  the  lesions  on  the
limbs  caused  a  greater  degree  of  pain  during
treatment than the lesions in the trunk (117). As a
result of many studies conducted, researchers were
able  to  derive  a  positive  correlation  between  the
intensity of the PDT-induced pain and the size of the
treatment area (117).

Among  Local  Skin  Reactions  (LSRs)  developed  on
the  local  skin  area  exposed  to  light  during  PDT,
erythema  and  edema  are  the  main  phototoxic
effects.  Erythema is the appearance of  redness  in
the skin, and edema is characterized by swelling of
tissue  or  inflammation.  These  are  the  typical
inflammatory  responses to phototoxicity.  A clinical
study carried out to investigate the adverse effects
using a large sample group of patients undergoing
topical  PDT  over  five  years  recorded  89%  of
erythema  and  edema  occurrence,  80%  of  scaling
and itching, 9% of crusting, 6% of pustules, 1.2% of
erosions  and  0.4%  of  infections  (93).  Research
involving  ALA-PDT  demonstrated  that  acute
inflammatory response causes immediate stinging,
followed  by  prolonged  erythema.  The  study  also
revealed  the  role  of  histamine  as  a  mediator  in
bringing about an acute inflammatory response to
PDT.  It  was  observed  that  post-treatment  dermal
histamine  level  peaks  about  30  minutes  after  the
illumination, remains stable till about 4 hours, then
gradually returns to baseline level within about 24
hours following treatment (93). 

Clinical  research carried out to study the effect of
oral  H1  antihistamine  therapy  on  reducing  LSR
didn't  find  any  reduction  in  the  inflammatory
response or the therapeutic efficacy of ALA-PDT. So
the  role  of  histamine  as  the  key  mediator  of  the
post-PDT  inflammatory  response  is  still  under
dispute  (93).  PDT is  also  capable  of  causing local
and  systemic  immunosuppression  and  reducing
delayed-type  hypersensitivity  (DTH)  responses  to
recall  antigens.  It  was observed that ALA-PDT and
MAL-PDT are both immunosuppressive locally, even
after  one treatment  procedure (93).  Urticaria,  also
commonly called hives,  is  an upsurge of swollen,
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pale  red  bumps  or  plaques  (wheals)  on  the  skin.
Literature  has  described  urticarial  reactions  in
response  to  ALA  and  MAL  PDT,  where  0.9%  of
patients suffered from prevailing severe itching and
wheal within the first minute of light exposure (93).
Clinicians have recorded the early-onset side effects
eagerly. A more systematic and integrated approach
can be proposed for studying side effects, as they
are  mainly  outcomes  of  the  innate  immune
response.  In  light  of  such  investigations,  more
insight  can  be  gained  on  ways  and  means  of
minimizing and managing side effects.

Late-Onset Side Effects 
PDT  has  only  a  few late-onset  side  effects,  which
appear to be rare in most cases. These can appear,
ranging from a few weeks to months. In rare cases,
PDT can induce hyperpigmentation and a sense of
fear.  Hyperpigmentation  is  usually  a  transient
condition, displaying a slow resolution in the months
following  the  treatment.  The  reason  for
hyperpigmentation is not recorded in the literature,
though it  is  assumed to  be a  result  of  phototoxic
damage  caused  to  the  melanocytes  (93).  Bullous
pemphigoid is a rare skin condition marked by the
formation  of  large,  fluid-filled  blisters.  They  are
known to develop on areas of skin that often flex —
such  as  the  lower  abdomen,  upper  thighs,  or
armpits.  Literature  available  describes  the
appearance  of  BP  at  sites  treated  with  PDT  for
Bowen's disease. Yet, the causative mechanism for
this condition remains unknown (93).

PDT  has  the  potential  to  induce  or  stimulate  skin
carcinogenesis  in  patients  treated  with  the
procedure.  Several  literature sources  recorded  the
post-PDT  onset  of  basal  cell  carcinoma  (BCC),
invasive  squamous  cell  carcinoma (SCC),  and
keratoacanthoma  (93).  Various  pathogenic
mechanisms,  including  immunosuppression,
mutagenesis,  and  isotopic  response,  may  lead  to
carcinogenic  risk.  The  mutagenic  effect  of  PDT
remains  in  dispute.  Simultaneously,  some
researchers claimed that there is no direct effect of
PDT on mutagenic DNA; others proposed that ROS
generated during photosensitization can cause DNA
mutations  and  oncogene  activation  (93).  The
occurrence  of  skin cancer  at  the sites  exposed  to
PDT  is  explained  by  a  concept  known  as  an
immunocompromised  district  (ICD).  The  idea
suggests that a damaged skin area with an immune
response imbalance is  prone to distinct  secondary
disease.  The role played by PDT as a promoter of
skin  malignancies  is  not  fully  understood,  and
further  studies  are  required  in  that  regard.  Since
late on-set side effects less frequently reported are
given  poor  attention  in  the  literature.
Immunosuppression and mutagenic effects need to
be further explored via in vivo and in vitro models to
fully  comprehend  the  causative  factors  and
mechanisms before integrating PDT into mainstream
anticancer therapies.

Alleviation of Side Effects
Managing pain is a major challenge in PDT. Different
techniques  are  employed  to  manage  pain  during
PDT  treatment  procedures,  such  as  cold  air
analgesia, topical anesthesia, infiltration anesthesia,
and  nerve  block  hypnosis.  But  none  of  them has
proved  to  be  completely  effective.  Daylight
photodynamic  therapy  (DL  PDT),  wherein  the
exposure  to  average  daylight  causes
photoactivation of PS without using a directed beam,
can  be  considered  a  painless  alternative  to
conventional PDT (93,119).  In a randomized clinical
study  conducted  to  investigate  the  effect  of  cold
water  and  pauses  in  illumination  to  reduce  pain
during PDT, one area was cooled during the first half
of the illumination. The other area was cooled during
the  second  half  of  illumination.  A  three-minute
pause was carried  out  between the two halves of
illumination.  An immediate fall in pain intensity has
been recorded when illumination is stopped (120). A
light delivery platform that supports programmable
paused illumination equipped with a mechanism to
cool the PDT site would be advantageous to promote
the application of PDT.

Urticarial reactions are explained by the release of
histamine from the mast cells of the dermis. These
reactions  can  be  controlled  by  administering  an
antihistamine before the treatment (93).  Thanos  et
al. showed that the immune suppressive effects of
PDT could be reduced by the administration of oral
or  topical  nicotinamide  (Vitamin  B3)  (93).  More
investigations  are  needed  to  verify  the  effect  of
antihistamine  administration  in  suppressing
urticarial  reactions  before  it  becomes  a  norm  in
clinical practice. 

FUTURE PROSPECTS OF PDT

PDT has excellent potential to be developed into a
mainstream  anticancer  treatment  procedure.  In
recent years, researchers have attempted to utilize
modern imaging techniques coupled with molecular
biology  to  monitor  and  guide  PDT  procedures.
Simultaneously, focus has been given to improving
the  targeted  and  selective  delivery  of  PS  to  the
tumor  cells.  A  combination  of  ground-breaking
research  and developments  in  cancer  biomarkers,
nanotechnology,  and  targeted  molecular  medicine
has opened a new realm of possibility for anticancer
PDT, which is more personalized and predictive than
ever  before.  Combining  PDT  with  conventional
anticancer  treatments  has  opened  up  new
opportunities for improved therapeutic efficacy. 

Detection of Tumor Biomarkers 
Developing  a  technique  to  detect  the
overexpression  of  several  tumor  marker  genes
simultaneously,  being  aware  that  a  single  cell
generally  expresses  more  than  one  altered  gene
must  have  a  high  predictive  value  in  identifying
cancer cells amidst the typical cellular background.
Fluorescent  probes  have  been  designed  to  detect
the levels  of  expression of  different biomarkers in
tumor  cells  and  tissues.  The  expression  of
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biomarkers such as messenger RNAs (mRNAs) or the
presence of a specific mutation in an oncogene in
tumor cells can be detected via molecular beacons
(MBs) capable  of  emitting  fluorescent  signals  only
after binding to their specific target mRNAs. These
biomarkers  may  work  as  indicators  for  a  well-
defined clinical  outcome (118,121).  A biomarker is
defined  as  an  objectively  measured  characteristic
that describes a normal or abnormal biological state
in an organism by analyzing biomolecules such as
DNA,  RNA,  protein,  peptide,  and  biomolecular
chemical modifications (122).

A cancer biomarker provides a measurement of the
risk of developing cancer in a specific tissue or the
risk of  cancer  progression or possible response to
anticancer  therapy  (122).  Identification  of  these
biomarkers  using  molecular  beacon  (MB)  and
fluorescence imaging will  enable monitoring tumor
growth,  progression,  and  location,  thus  efficiently
guiding  PDT  treatment.  With  the  advent  of
molecular  biology,  cancer  biomarkers  have  been
studied at length, even to the extent of developing a
new generation  of  PS  that  can selectively  bind to
tumor  cells.  However,  there  is  a  possibility  of  the
variability of tumor marker expression depending on
the type and stage of cancer,  so the findings of a
specific study cannot be generalized without broadly
investigating the variability factors. 

Targeted and Effective Delivery of PS
Many PS  drugs  in  use  are  hydrophobic  with  poor
solubility  in  water  (124).  As  a  result,  they  easily
aggregate  under  physiological  conditions,
significantly  reducing  the  quantum  yields  of  ROS
production  (124).  The  development of  effective
delivery systems that include customized PS drugs
and  a  mechanism  to  transfer  them  into  target
tissues/cells  and  addressing  critical  biological
barriers for conventional PS delivery are crucial.  In
recent  days,  PS  drugs  conjugated  with
nanomaterials have gained attention in the field of
PDT  due to  their  ability  to  circumvent  the critical
limitations of conventional PS drugs as follows (124).
Through  hydrophilic  properties,  nanomaterials  can
significantly  improve  the  solubility  of  PS  drugs  in
water  by  increasing  their  cellular  uptake.  Once
formed  into  nanoparticles  with  nanomaterials,  PS
drugs can achieve passive targeting of a tumor by
the  enhanced  permeability  and  retention  effect
(EPR) (124), which is often attributed to the leaky
tumor vasculature and poor lymphatic drainage of
tumor tissues. Furthermore, the cell-specificity of PS
drugs  can  be  noticeably  improved  by  surface
modification  of  the  nanoparticles  to  bind  active
targeting moieties such as antibodies, peptides, and
aptamers (124).

Incorporating  PSs in nanostructured drug delivery
units, such as polymeric nanoparticles (PNPs), solid
lipid  nanoparticles  (SLNs),  nanostructured  lipid
carriers  (NLCs),  gold  nanoparticles  (AuNPs),
hydrogels,  liposomes,  liquid  crystals,  dendrimers,
and  cyclodextrins,  is  considered  as  a  way  of
surpassing  the  limitations  of  conventional  PS.  In

addition,  nanotechnology-based  drug  delivery
systems  may  improve  the  transcytosis  of  a  PS
through  epithelial  and  endothelial  barriers  and
permit  the  simultaneous  co-delivery  of  multiple
drugs (125).

The novel smart drug delivery and phototoxicity on/
off nano-system  proposed  by  Yanchun  et  al.  are
based on graphene oxide (NGO) as the carrier and
modified  to  implement  subcellular  targeting  and
attacking  (126).  In  designing  the  nano-drug  (PPa-
NGO-mAb), NGO is modified with the integrin αvβ3vβ3
monoclonal  antibody  (mAb)  for  tumor  targeting.
Pyropheophorbide-a  (PPa)  conjugated  with
polyethylene-glycol  is  used to  coat  the surface  of
the  NGO  to  induce  phototoxicity  (126).  The
polyethylene-glycol  phospholipid  is  loaded  to
improve water solubility. The results verify that the
phototoxicity of PPa on NGO can be switched on and
off in  organic  and  aqueous  environments,
respectively.  This  smart  system  also  offers  a
potential  alternative  to  drug  delivery  systems  in
anticancer therapy (126). Recent advances in light-
activated drug release by various techniques such
as photocage,  photo-induced isomerization,  optical
upconversion,  and photothermal releases by which
different  wavelength  ranges  can  be  successfully
implemented in the effective delivery of PS to the
tumor  tissues.  Light-activated  drug  release  also
contributes to controlling undesired photobleaching
during the PDT procedure.  Joanna  et al. evaluated
the  influence  of  electroporation  on  the  Photofrin
uptake  and  distribution  in  breast  adenocarcinoma
cells  (MCF-7)  and  healthy  Chinese  hamster  ovary
cells  (CHO) lacking voltage-dependent  channels  in
vitro  (67).  The  uptake  of  Photofrin  was  measured
using flow cytometry and fluorescence microscopy
methods.  Observations  indicated  that
electropermeabilization  of  cells  in  the presence  of
Photofrin  increased  the  uptake  of  the
photosensitizer  (128).  Targeted  delivery  will
significantly  reduce  the PS dose that  needs  to be
administered,  thus  reducing  post-treatment
photosensitivity.  The  metabolism  of  nanoparticles
intended to be used in PS drugs has been studied
carefully  before  any  clinical  translations.  We  are
optimistic about nano-particle-assisted drug delivery
approaches  to  eventually  breakthrough  effective
and efficient PS delivery during PDT.

Combination Therapy 
Combining  PDT  with  conventional  anticancer
therapies such as chemotherapy, radiotherapy, and
novel  approaches  like  immunostimulant  and
antioxidant  agents  have  been  explored  in  recent
years.  The  studies  aimed  to  find  a  combined
outcome to be additive, synergetic, or antagonistic
(131).  Though the efficacy of  combined therapy is
empirical, systematic methods were also employed
to  analyze  its  effectiveness.  Graphic  isobologram
and  finding  combination  index  are  two  such
methods used (132). Varriale et al. and Crescenzi et
al.  mentioned  the  specific  applications  of
combination  index  and  isobolographic  analysis  in
developing PDT as a combined modality (133). 
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PDT has a good potential of triggering an anti-tumor
immune  response  by  specified  mechanisms
described early in this review. Combining this anti-
tumor immune response with immunostimulants to
generate  a  combined  effect  has  been  attempted.
These studies have been carried out across various
cancer models, including lung cancer, colon cancer,
squamous  cell  carcinoma,  melanoma,  and  breast
cancer, and have displayed promising in vivo results
with increased survival and reduced tumor volumes
(134).  To  generate  combined  effects,
immunostimulants  were  administered  during  PDT
intratumorally, intravenously, or topically depending
on  the  type  and  location  of  the  tumor  (135).
Although  studies  did  provide  substantial  evidence
that  the  therapeutic  effect  of  the  combination
therapy  was  independent  of  the  type  of  PS  used,
many studies  used Photofrin  as  the PS (136,137).
Brodin  et  al. summarized  the  results  of  recent
studies on the applications  of  PDT as a combined
modality with immunostimulants, ionizing radiation,
and chemotherapy (134).

PDT combined with ionizing radiation (IR) has shown
synergetic effects, but early reports were limited to
purely  additive  results  (149,150).  Investigations
related  to Bowmen's  Disease  (BD)  highlighted the
synergetic impact of PDT with IR (151). The IR and
ALA-  PDT  combination  therapy  proved  to  have
improved  the  therapeutic  efficacy  of  the  IR
treatment for BD while reducing the irradiation dose
with no recorded side effects on the skin (152).  It
was noted in many studies that the irradiation dose
and the time elapsed between the administration of
PS and the irradiation played a key role in PDT –IR
interaction (153).   The possible mechanisms for the
high toxicity of the combined therapy may be due to
the  loss  of  a  critical  number  of  tumor  cells  and
altered  biochemical  microenvironment,  leading  to
late tissue changes and additive toxicity (154). It is
noteworthy that the combination of PDT with IR also
utilizes  the  potential  of  sure  PSs  to  function  as
radiosensitizers  (149).  The  results  yielded  by
research to some degree are ambiguous, and it is
reasonable to conclude that the interaction between
PDT and IR are dependent on numerous parameters
such as type of  pathology,  dose and dose rate  of
both ionizing radiation and light, and the sequence
and  time of  the  treatments  (118).  Luksiene  et  al.
(149)  and  Allman  et  al.  (159)  reported  additive
effects,  while  Sazgarnia  et  al.  (162)  found  the
outcomes to be exceeding that of an additive effect
in contrast to Sharma et al. (160), reporting effects

less than additive, in their respective in vitro tumor
models tested with IR – PDT combined therapy. 

Another  promising  emerging  approach  that  uses
nanoparticles  to  enable  interaction  of  PDT  with
radiotherapy  (RT)  in  treating  cancers  located  in
deep tissues was proposed by Chen and Zhang in
2006  (156).  This  proposed  technique  uses
luminescent nanoparticles to deliver  the PS to the
target tissue. When irradiation with an appropriate
dose  of  X  rays,  the  nanoparticles  scintillate,
activating the PS. Thus, the method eliminates the
need for an external light source to activate the PS.
As the high-energy radiation beams can penetrate
deep tissues, this approach might be a feasible way
to  treat  deep  tumors  (157).  The  enhanced
performance of the combination was established by
the investigations executed using Lanthanide doped
nanoparticles. Yet, some concerns contribute to the
disturbingly  reduced  efficacy.  Out  of  which  most
notable,  Lanthanide  doped  nanoparticles  exhibit  a
strong emission between 450 nm and 600 nm while
most  of  the  PSs  used  are  porphyrins  or  their
derivatives,  which  have a maximum absorption  at
about  400  nm.  As  a  result,  lanthanide-based
nanoparticles  are  unable  to  activate  the  PS
efficiently  through  scintillation  (155).  Utilization  of
the  afterglow  luminescence  combined  with
scintillation  luminescence  in  photoactivation  has
yielded  positive  results  in  improved  PDT-  RT
combined  outcome  (157).  The  metabolic  activity-
based PET (Positron Emission Tomography) probe, 2-
deoxy-2(18F)  Fluoro-D-glucose  (18FDG)  has  been
attempted to be employed as a substitute for a light
source  for  photoactivation,  has  proved  to  be  a
promising new approach to treat deep tumors (158).

In  combining  PDT  with  chemotherapy,  many
possible  options  are  available  in  achieving  a
combined  or  synergetic  outcome  (134).  Evidence
suggests  that  PDT  affects  cell  membrane
permeability,  causing  better  delivery  of  cytotoxic
drugs,  leading  to  a  mixed  result.  Some
chemotherapy drugs act as cytotoxic agents and a
PS,  enabling  illumination  following  the
chemotherapy drug administration,  giving room to
synergetic  products  (162).  Additive and synergetic
effects  of  PDT-chemotherapy  combination  reduce
the  required  chemotherapy  dose,  minimizing  the
possibility  of  severe  side  effects.  Recent  research
carried  out  in  the  PDT-Chemotherapy  combination
suggests vastly improved therapeutic efficacy. Table
1 summarizes all  the recent studies carried out in
that regard (134).
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Table 1: Studies conducted on PDT and chemotherapy combination. 

Implemented
therapy

Combination

PS used Outcome Reference

Cisplatin (6.25 
mg/mL in vitro and 
2mg/kg in vivo) 
along with the 
photosensitizer prior 
to PDT was 
evaluated

In vitro: cells were 
incubated with 5-
aminolevulinic 
acid(5-ALA) at 25 or 
50 mg/mL for 24 h 
In vivo: 375 mg/kg 
5-ALAwas 
administered 6 h 
before PDT

(1) Combined 5-ALA PDT 
and cisplatin increased 
cytotoxicity
(2) greater efficiency 
against tumor recurrence

Ahn et al. (163)

treatment with 24 h 
incubation with low-
dose cisplatin 
followed by PDT, 
evaluated through 
cell viability and cell 
death mechanisms

After incubation 
with cisplatin, cells 
were incubated with
5-aminolevulinic 
acid (5-ALA) for 4 hr
prior to PDT

(1 with cisplatin doses 
>1mg/L synergistically 
enhanced cytotoxicity(2) 
Increased apoptosis rate, 
related to upregulation 
ofp53 and changes in p21, 
Bcl-2, and Bax expression

Wei et al. (164)

doxorubicin of 
varying 
concentration (4-16 
mmol/L) on a 
multidrug-resistant 
cell line was 
evaluated in vitro

Cells were 
incubated with 
pheophorbide a (Pa)
photosensitizer 2 h 
before PDT

(1) Synergistic effect on 
cytotoxicity from combined
doxorubicin þ PDT 
mediated by intracellular 
ROS generation 
(2) A synergistic effect is 
observed only in the 
multidrug-resistant line

Cheung et al. (165)

Gefitinib, which can 
inhibit ABCG2 
protein-mediated 
efflux of porphyrin 
out from neoplastic 
cells, was assessed 
at different 
concentrations in 
vitro in combination 
with PDT

Following gefitinib 
incubation, cells 
were incubated with
1 mmol/L 5-
aminolevulinic acid 
(5- ALA) for 6 h prior
to PDT

(1) outcome was a dose-
dependent reduction of the
surviving glioma fraction(2)
Effect due to decreased 
ABCG2 expression and 
subsequent increase in 
intracellular porphyrin 
levels

Sun et al. (166)

The apoptosis-
inducing protein 
apoptin 
experimented in 
combination with 
PDT via PVP3 
plasmid 
administration

Cells were 
incubated with 5-
aminolevulinic acid 
(5-ALA) at 1 mmol/L 
for 6h before PDT, 
and the mice were 
administered 5-
ALAat 100 mg/kg 3 
h prior to PDT

Notably, stronger 
antitumor effects in vitro 
and in vivo compared to 
monotherapies

Fang et al. (167)

5-FU, gemcitabine, 
oxaliplatin and cis- 
diammine 
dichloroplatinum 
chemotherapy in 
combination with 
PDT in vitro and 
gemcitabine and 
oxaliplatin in 
combined with PDT 
in vivo

Cells were 
incubated for 24 h 
with 20 mg/mL 
talaporfin sodium 
(TPS) 
photosensitizer. The
mice were injected 
with 5 mg/kg TPS at 
2 h before PDT

(1) Significant increase in 
tumor necrotic area and 
apoptosis-positive cells
(2) Synergistic cytotoxicity 
increase from oxaliplatin 
and gemcitabine þ PDT

Nonaka et al. (168)
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Implemented
therapy

Combination

PS used Outcome Reference

PDT was combined 
with 5 mg/kg 
Adriamycin to 
investigate increased
antitumor effects 
through potentially 
enhanced apoptosis 
and inhibited tumor 
angiogenesis

The photosensitizer 
benzoporphyrin 
derivative monoacid
ring (BPD-MA) was 
intravenously 
injected 24 h before
PDT at 1 mg/kg

(1) Adriamycin PDT 
resulted in significantly 
reduced tumor volumes
(2) Also, a considerable 
increase in survival 
compared to separate 
Adriamycin or PDT

Tong et al. (169)

Combining 
doxorubicin or 
vincristine with PDT 
in the treatment of 
sensitive or resistant 
murine leukemia 
cells was 
experimented

Cells were 
incubated for 4 h 
prior to PDT with 1 
mmol/ L 5-
aminolevulinic acid
(5-ALA)

(1)Chemotherapy-resistant
LBR-D160 and LBR- V160 
cell lines were sensitive to 
5-ALA PDT
(2)   No increase in 
treatment efficacy 

Diez et al. (170)

The polytherapy 
combination of 
Navelbine or 
cisplatin 
chemotherapy 
followed by PDT, and
by adoptive 
immunotherapy with 
splenic lymphocytes 
from PDT-treated 
mice was 
investigated

mTHPC (Foscan) 
was administered 
post-chemotherapy 
and 24 h prior to 
PDT at 0.3 mg/kg

(1) Chemotherapy, PDT 
and adoptive 
immunotherapy was 
successful against this 
aggressive metastatic 
tumor
(2) PDT or chemotherapy 
alone showed no survival 
advantage over control

Canti et al. (171)

Other  than  studies  conducted  by  Diez  et  al.  and
Canti  et  al.,  all  further  investigations  reported
positive outcomes in terms of increased cytotoxicity
and tumor control. Cheung et al. and  Nonaka et al.
observed  synergetic  effects  between  PDT  and
chemotherapy in their respective in vivo and in vitro
studies.  Chemotherapy  is  widely  used  as  an
anticancer therapy; the combined use of PDT can be
promoted as a way forward to familiarize PDT. Since
the synergetic effects are highly dependent on the
PS  used,  the  outcomes  of  these  investigations
cannot  be generalized.  An acceptable  range of  in
vivo and in vitro studies to unveil the variables that
determine  synergetic  and  increased  cytotoxic
effects, followed by clinical investigations, will be a
feasible way forward for this combined modality. 

The use of antioxidant agents or radical scavengers
ought to nullify or counteract the effects caused by
PDT,  but several  studies  propose otherwise (132).
Buettner et al. reported having metal traces (in their
case, iron). Ascorbate combined with Photofrin/PDT
caused  a  heightened  production  of  radicals  and
decreased cell survival of various cell lines (132). A
cooperative  therapeutic  outcome  was  observed
when  ascorbate  was  associated  with  other

photosensitizers  in  other  systems  under  different
conditions  (132).  Many  studies  have  proposed
various interpretations and explanations.  Finally, it
was  concluded  that  the  enhanced  toxicity  of  the
photodynamic  action  results  from  the  augmented
formation of highly diffusible hydrogen peroxide and
other toxic radicals on the addition of ascorbate to
cells  expressing  high  myeloperoxidase  levels
followed by photosensitization  (172).  Melnikova  et
al.  recorded  the  efficacy  of  m-
tetrahydroxyphenylchlorinmTHPC/PDT  could  be
synergistically  improved  in the  presence  of  alpha-
tocopherol, but only at the elevated concentrations
of  vitamin  in  a  study  with  HT29  adenocarcinoma
cells and MRC-25 normal fibroblasts (173). While the
final  therapeutic  outcome  of  incorporating
antioxidants  with  PDT  may  depend  on  many
variables,  including  antioxidant  concentration,  the
presence or absence of catalytic  trace metals, the
order  and  the  time  interval  between  the
administration of the drug and the light exposure,
the light fluence, the oxygen accessibility and more
(132).  Since  variables  are  too  many  use  of
antioxidants  for  enhanced  PDT is  not  a  promising
area for future explorations. 
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CONCLUSIONS

Over  the past  several  decades,  many researchers
have committed to making PDT a viable alternative
treatment  procedure for cancer.  Still,  PDT has not
become  a  mainstream  anticancer  therapeutic
procedure, owing to its poor efficacy and inability to
treat  deeper  lesions;  despite  the past,  we can be
hopeful  for  the  near  future.  New  approaches  are
being  looked  into  to  increase  the  therapeutic
efficacy  of  PDT  and  the  reach  of  PDT  to  deep
tumors. Most of the studies conducted on the novel
approaches  have  yielded  promising  results
consistently.  In  our  view,  combining  PDT  with
conventional  anticancer  therapies,  enhanced  light
delivery, and dosimetric systems, 3rd generation PS
coupled  with nanotechnology  based targeted  drug
delivery, and effective and systematic management
of  side  effects  are  the  key  areas  where  a
breakthrough  can  be  expected.  The  use  of
mathematical  modeling  as  a  tool,  where  possible,
will contribute immensely to quickening the pace of
broader  investigations  conducted  to  validate
previous findings. It is crucial that adequate in vivo
and in vitro testing should be performed prior to any
clinical interpretation. 
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Chemical Composition, Pharmacological Activities, and Biofuel
Production of Eichhornia crassipes (Water Hyacinth): A Review
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Abstract:  Eichhornia  crassipes (Mart.)  Solms,  commonly  known as  water  hyacinth,  is  one of  the  free-
floating  macrophytes  with  substantial  damaging  effects  on  aquatic  environment,  but  it  has  significant
industrial and medicinal applications. Several metabolites such as vitamins, tannins, saponins, terpenoids,
phenolic  compounds,  lignins,  flavonoids,  alkaloids,  and sterols  have been reported  from the plant.  The
presence of such secondary metabolites made it possess a wide array of therapeutic properties, of which
alkaloids, phenolic compounds, triterpenoids, flavonoids, tannins, and saponins reported from the plant were
found to show promising pharmacological effects. This review endeavors to provide a comprehensive and
up-to-date  compilation  of  documented  chemical  constituents,  pharmacological  activities,  and renewable
energy profiles of water hyacinth. The literature encountered showed that potassium, chlorine, calcium, and
aluminum were among the nutritionally important elements reported in large amounts from the plant. In this
review, the findings of different extracts (methanol, aqueous, chloroform, and hexane extracts) of the plant
have been reviewed for their pharmacological and biological effects and results were promising. The plant's
anti-inflammatory,  antioxidant,  antifungal,  antiaging,  anticancer,  hepatoprotective,  and  antibacterial
properties,  as  well  as  other  biological  activities  like  insecticidal,  allelopathic,  and larvicidal  effects,  are
extensively  documented.  The  plant  also  demonstrated a  wide  spectrum  of  uses,  including  biofuel
production, compost production, and bioremediation. On the other hand, clogging of waterways, breeding
grounds for pests and disease, reduction of water quality, loss of biodiversity, and economic recession in
invaded areas are negative aspects associated with it. So, the present review summarizes the potential of
Eichhornia  crassipes as  a  valuable  source  of  natural  compounds  with  desirable  pharmacological
effectiveness,  predicting that the compilation will benefit future studies.  The renewable energy profiles of
the weed are also well presented. 
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INTRODUCTION

Natural resources, especially plants, have long been
used  as  the  basis  of  traditional  and  modern
medicine systems. Such widespread dependence of
human  beings  on  natural  resources  has  raised
marvelous attention in the scientific world (1), which
eventually  led  to  the  isolation  of  an  enormous
number  of  phytochemicals  with  significant
multipurpose advantages (2). Marine plants have a
large number  of  social,  traditional,  economic,  and
environmental  benefits.  Some  aquatic  plants  are

used in human diet, whereas others have medicinal
values and are sources of  vitamins,  minerals,  and
renewable energy (3). Aquatic herbs and weeds are
known  to  differ  widely  in  their  physico-chemical
constituents as a result of the genotype of the plant
species, seasonal variation, and location. Hence, an
insight  into  their  phytochemistry  is  important  if
utilization prospects are to be considered (4).

Eichhornia crassipes, also known as water hyacinth
(Figure  1),  is  an  aquatic  plant  belonging  to  the
family Pontideraceae native to South America (5, 6).
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The plant is considered as one of the most invasive
weeds  due  to  its  rapid  spread,  ecological
adaptability,  and  negative  impacts  on  the
environment  (7-11),  economic  development,  and
human health (12, 13). It can rapidly grow to very
high densities (over 60 kg/m2), completely clogging
water  bodies,  which  in  turn  may  have  negative
effects.  The  plant  thrives  in  tropical  deserts,
subtropical  or  warm  temperate  deserts,  and
rainforest  zones  (14).  It  tolerates  annual
temperatures ranging from 21.1°C to 27.2°C and its
pH  tolerance  is  estimated  at  5.0  to  7.5.  Water
hyacinth  is  also  called  “the  beautiful  blue  devil”,
known  by  its  lavender  flowers,  short  stems  and
shining bright leaves which spreads at an alarming
rate in aquatic grounds. The plant is able to tolerate
both fresh and seawater and thus its spread has no
boundaries (15).

E.  crassipes has  harmful  side  effects  on  human
health, aquatic environment, and economic aspects
of water bodies (16, 17). The extensive impacts of
the plant falls to its quick growth in large areas of
aquatic  environment  and  is  able  to  destroy  the
quality and quantity of waterbodies (18-20). Thus, it
can  create  higher  sedimentation  rates  within  the
plant’s  complex  root  structure  and  increase
evapotranspiration rates from water hyacinth leaves
when compared to open water, even by a factor of
10 and cause scarcity of water in some areas. Dense
mats  of  the  weed  also  decrease  the  dissolved
oxygen concentrations, thus creating good breeding

conditions  for  mosquito  vectors  of  malaria,
encephalitis, and filariasis beneath these mats (21). 

The plant  reduces  the yield  of  phytoplankton  and
submerged  vegetation  under  dense  mats.  It  also
destroys the native vegetation and associated flora,
thus causing a disproportion in marine environment
(22).  The large mass of  the plant in  water  bodies
also  affects  the  lives  of  fish  and  other  aquatic
communities. Recent reports of huge invasions and
their  environmental  problems have  been  revealed
from different parts of the world, like Lake Tana of
Ethiopia, Lake Victoria of Uganda, other regions of
East Africa,  Lake Chapala of Mexico, Lake Navishka
of Kafue river, Zambia, and Florida (12, 21).

A  number  of  traditional  and  mechanical  weed
management approaches are applied to control the
fast  spread  of  the  weed  (23).  Chemical  and
biological control methods are being used to control
it but such methods may lead to water pollution and
other  aquatic  life  problems  (5).  Recently,  much
emphasis  has  been  placed  on  harvesting  this
aquatic  plant  for  practical  purposes  in  order  to
partially  offset  the  cost  of  removing  plants  from
waterways and using them as an economical source
in many parts of the world (21). Thus, the present
review endeavors to provide a comprehensive and
up-to-date  compilation  of  documented  chemical
constituents,  pharmacological  activities,  and
renewable  energy  profile  of  water  hyacinth  and
discusses future potentials and threats of the weed.

            

Figure 1: Eichhornia crassipes (24).

CHEMICAL COMPOSITION, PHARMACOLOGICAL 
ACTIVITY AND BIOFUEL POTENTIAL OF 
Eichhornia crassipes

Chemical Composition of Eichhornia crassipes
The plant is rich in several  secondary metabolites,
including alkaloids, terpenoids, phenolic compounds,
flavonoids,  and tannins  (25-27)  (Table  3).  Reports
from different parts of the plant revealed that  it is

composed of many nutritionally important elements,
of  which  silicon,  potassium,  and  aluminum  were
reported  to  be  in  large  amounts  in  the  roots,
whereas  stems  and  leaves  of  the  plant  are  rich
sources of potassium, chlorine, and calcium (Table
1).  Heavy  metals  were  not  found  in  the  studied
samples,  and  the  high  concentration  of  inorganic
substances  makes  this  plant  attractive  for  use  as
compost (28).
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Table 1: Elemental analysis of E. crassipes using energy dispersive X-ray spectroscopy (EDS), where,
(mg/gdw=milligram/gram dry weight) (28).

No. Elements (mg/gdw) Plant part
Roots Stems Leaves

1 Sodium 0.67 ± 0.06 4.43 ± 0.60 1.51 ± 0.33
2 Magnesium 0.46 ± 0.05 5.33 ± 0.02 3.76 ± 0.59
3 Aluminum 8.84 ± 0.53 0.82 ± 0.07 0.03 ± 0.01
4 Silicon 62.80 ± 0.06 8.06 ± 0.03 2.21 ± 0.03
5 Phosphorus 1.81 ± 0.01 5.12 ± 0.06 8.61 ± 0.04
6 Sulfur 1.07 ± 0.09 2.44 ± 0.03 2.76 ± 0.02
7 Chlorine 0.71 ± 0.01 19.43 ± 0.33 17.44 ± 0.12
8 Potassium 10.92 ± 0.03 38.36 ± 0.03 47.29 ± 0.30
9 Calcium 5.30 ± 0.00 15.05 ± 0.05 16.11 ± 0.08
10 Manganese 1.96 ± 0.03 0.70 ± 0.06 0.28 ± 0.02
11 Iron 5.45 ± 0.07 0.26 ± 0.01 Not detected

The  energy  dispersive  X-ray  spectroscopy  method
displayed that silicon showed maximum content in
the roots and potassium concentration was found to
be high in the leaves and stems of the plant (Table
1) (28).

Alkali  solution  extracts  have low molecular  weight
carbohydrates  consisting  mainly  of  hemicellulose

and  degraded  cellulose,  and  this  treatment  can
influence  the  natural  durability  of  lignocellulosic
materials (23). Moreover, the alkali solubility values
of the plant are larger than the other parameters in
the  three  sections,  so  the  plant  could  be  easily
attacked by microorganisms (Table 2) (28). 

Table 2: Physicochemical characterization of E. crassipes (23, 28).

No. Parameter Plant part
Roots Stems Leaves

1 pH 4.6 ± 0.01 4.7 ± 0.04 4.7 ± 0.14
2 Ash (wt %) 26.0 ± 0.22 26.8 ± 0.39 19.9 ± 0.25
3 Alkali solubility (wt %) 54.4 ± 0.21 52.4 ± 0.34 51.8 ± 0.27
4 Total extractives (wt %) 35.9 ± 0.82 58.0 ± 0.78 47.5 ± 0.12
5 Holocellulose (wt %) 23.7 ± 0.45 11.4 ± 0.50 17.1 ± 0.06
6 Cellulose (wt %) 16.0 ± 0.77 8.4 ± 0.21 8.7 ± 0.76
7 Hemicellulose (wt %) 7.7 3.0 8.4

The physicochemical  analysis  of  the plant  showed
highest extractive values (58%) in the stem parts of
E.  crassipes.  Whereas,  highest  alkali  solubility
values (54, 52, and 51%) were presented from the
root, stem, and leaf parts of the plant respectively
(28) (Table 2).

Phenolic  compounds  were  identified  from  the
various  parts  of  the  plant  using  different  solvent
systems (29,  30).  2-methylresorcinol  (1),  catechol
(2),  4-methylresorcinol  (3),  p-hydroxybenzoic  acid
(4),  vanillic  acid  (5) and salicylic  acid  have been
detected  in  the  ethanolic  root  extract  (26,  31),
whereas  4-methylresorcinol  (3),  2-methylresorcinol
(1),  resorcinol  and  catechol  (2),  were  present  in
rhizomes.  In  a  related  study,  an  antifungal  2,5-
dimethoxy-4-phenyl-benzoindenone  (6),  a  red  oily
metabolite,  was also  reported  from the plant  (32)
(Figure 2). 

Flavonoids such as Apigenin (7), gossypetin (8), and
chrysoeiol  (9) were also reported in petroleum and
aqueous  extracts  (26),  whereas  kaempferol  (10),
quercetin (11), and isovitexin (12) were reported in
the  shoot  and  rhizome  (15).  In  a  related  study,

anthocyanins  (13) were  present  in  the  aqueous
extract  of  the  plant  (15,  26,  33,  34)  (Figure  5).
Moreover, gallic acid (14), 3,4-dihydro-2-phenyl-2H-
chromen-3-ol  (15),  catechin  (16), and epicatechin
(17) were  the  reported  tannins  in  methanol  and
aqueous extracts (15, 35) (Figure 2).

Qualitative investigation of alkaloids by TLC showed
that cytosine (18), codeine (19), nicotine (20) and
quinine (21) are some noticeable alkaloids reported
from various parts of thep lant (15, 26). A related
study  revealed  that,  β-carotene  (22) and  phytol
(23) were also some of the terpenoids isolated from
the ethanolic  extracts  of  the plant by GC-MS.  The
phytochemical analysis of the methanolic extract of
the  plant  also  showed  the  presence  of  alkaloid
derivatives  (16).  According  to  the  report  (18,  19-
secoyohimban-19-oic  acid,  16,  17,  20,  21-
tetradehydro-16-(hydroxymethyl)-, methyl ester (15
beta,  16  E)  (24),  di  amino-di  nitro-Methyl  dioctyl
phthalate  (25)  and  9-(2,2-Dimethyl
propanoilhydrazono)-2,7-bis-[2-{diethylamino)-
ethoxy]  dichloride  (26)  were  present  in  the  plant
extracts (16, 36-38) (Figure 2).
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Jayanthi et al., (2011) (26) and Lalitha et al., (2012)
(31)  reported  the  presence  of  phenalenone  and
sterols  in  various  extracts  of  E.  crassipes (39-43),
including  4α-methyl-5α-ergosta-7,24(28)-diene-
3β,4β-diol  (27),  4α-methyl-5α-ergosta-8,24(28)-
diene-3β,4β-diol  (28),  4α-methyl-5α-ergosta-
8,14,24(28)-triene-3β,4β-diol  (29),  6α-
hydroxystigmata-4,22-diene-3-one  (30),  and
phenalenone derivatives (31-35) (31).

Terpene derivatives  were also presented  from the
methanolic extract of  E. crassipes (39, 44-46). 1,2-
Benzene  dicarboxylic  acid,  mono-(2-ethylhexyl
ester) (36), 1, 2-benzenedicarboxylic acid, diisooctyl
ester  (37),  1,  2-Benzenedicarboxylic  acid,  dioctyl
ester (38) and Isooctyl phthalate (39) were among
the reported terpenoid derivatives in the plant (16)
(Figure 2).
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Figure 2: Suggested structures of natural products reported from E. crassipes.

Resins,  anthraquinones,  saponins,  fatty  acids,
phenalenes,  organic  acids,  phlobatannins,
carbohydrates,  proteins,  and  lipids  were  also

important metabolites that have been identified in
the  different  parts  of  E.  crassipes by  different
analytical methods (26, 47-50) (Table 3).

Table 3: Phytochemical study of leaf extracts of E. crassipes (26).

No. Phytochemicals Plant extract
Water Acetone Ethanol Methanol

1 Terpenoids + + + +
2 Tannins - + - +
3 Amino acids - - + -
4 Proteins - - + -
5 Carbohydrates + - + -
6 Phenolics - - + +
7 Flavonoids - - - +
8 Alkaloids + + - +
9 Saponins - - + +

+=indicates being present and - = indicates being absent.

GC-MS results of the extracts of the plant displayed
twenty  organic  acids,  three  steroids,  and  one
terpenoid (39). Carboxylic acids were reported in the
leaf and stem extracts.  Levulinic  acid,  oxalic  acid,
caprilic  acid,  malonic acid,  nonanoic acid,  succinic
acid,  myristic  acid,  lauric  acid,  linolenic  acid,
palmitic  acid,  oleic  acid,  pentadecanoic  acid,
vaccenic  acid,  linoleic  acid,  arachidonic  acid,
squalene, cholestane, β-stigmasterol, and spirostane
were among the reported compounds in the extracts
of the plant using different solvent systems (30, 39,
44, 45, 51). 

Another  report,  Verma  et al.,  (2021)  (52),  showed
that GC-MS analysis of the extracts of  E. crassipes

displayed the presence of various components in the
methanol  leaf  extracts  of  the  plant.  Palmitic  acid
(24.18%),  9-hexadecenal  (10.29%),  neophytediene
(8.42%),  3-undecanone  (7.36%),  stearic  acid
(6.35%),  and  vitamin  E  (5.85%)  were  among  the
major compounds reported in the study.

Pharmacological Activities of Eichhornia 
crassipes
Antibacterial,  antifungal,  antioxidant,  anti-
inflammatory,  immunomodulatory,  and cytotoxicity
effects  of  E.  crassipes were  broadly  studied  and
results  showed  that  the  plant  possess  promising
pharmacological activities (53-56) (Table 4).
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Table 4: Selected pharmacological activities of E. crassipes.

Plant part 
studied

Extract type Type of study/
Tested cell/
Animal used

Results Refs

Antioxidant activities
Leaf Ethanol In vitro (DPPH) A good antioxidant activity was

observed
(57)

The whole 
parts

n-hexane, 
methanol, 
chloroform

DPPH The IC50 values were 0.387, 
0.018 and 1.03 µg/mL 
respectively

(58)

Leaf Chloroform, 
ethanol

Lab assay The extracts showed good 
activity at all concentrations 
(25-100 µg/mL)

(59)

The whole 
parts

Methanol DPPH Showed high activity between 
97.0 ± 5.4 and 97.4 ± 2.7 
µg/mL

(60)

Anticancer activities
Leaf Ethanol Breast cancer cell lines 80% inhibition of the cell 

growth at 100  µg/mL
(44)

The whole 
parts

Methanol HeLa cell lines Showed acceptable efficiency 
with IC50 of 1.6

(61)

Leaf 50% methanol B16F1 mouse melanoma Showed antitumor effect 
towards radiotherapy

(44)

Anti-inflammatory activities

The whole 
parts

Methanol Lab assay Showed strong activity with 
maximum inhibition of albumin
denaturation protein (80%) at 
500 µg/mL

(58)

Antimicrobial activities
Flowers Methanol S. aureus (disc diffusion 

method)
Showed significant 
antibacterial activity at 20 
µg/mL

(62)

The whole 
parts

n-hexane P. aeruginosa, S. aureus, 
E.coli, Salmonella typhi 
(disc diffusion method)

Tested active against all 
pathogens except S.typhi

(44)

Leaf Hydro-
methanolic 
extract

Human and aquatic 
pathogens (disc diffusion
method)

Showed good antimicrobial 
activity against S. iniae and E. 
coli with MIC of 128-512 
mg/mL and 64-256 mg/mL 
respectively

(63)

Leaf Ethanol Sub-gingival plaque 
bacteria colony (serial 
tube dilution method)

No growth at 12.5, 25, 50, and 
100%. Growth was observed at
3.125%

(64)

Antimicrobial Activity
The plant displayed good antibacterial activity (40,
65-73)  against  certain  Gram-positive  bacteria
(Staphylococcus aureus, Streptococcus faecalis and
Bacillus  subtilis)  and  Gram-negative  bacteria
(Escherichia  coli).  Of  the  results  studied  by
Vadlapudi et al. (2010) (74) towards six extracts, n-
butyl  alcohol  extract  displayed  promising
antibacterial activity against S. pyogenes, S. aureus,
and E. coli compared to streptomycin (Table 5) (74).
Verma  et al. (2021) (52) reported the antibacterial
activity  of  ethanol  and  methanol  extracts  which
showed  promising  inhibition  against  V.  harveyi  at
different  concentrations  (5,  10,  20  mg/mL)
compared to ciprofloxacin.

Various  extracts  of  the  plant  failed  to  show
antifungal  activity  towards  Aspergillus  niger  and

Aspergillus flavus, whereas all fractions were active
against  Trichophyton  megnini  (74)  (Table  6).  The
most  promising  observation  was  the  ethanol  and
water  extracts  of  the  plant,  with  good  activity
against  A.  flavus compared  to  Fluconazole  (31).
Substantial  studies have reported that compounds
isolated  from  the  plant  exhibit  antibacterial
properties  against  many  gram  positive  and  gram
negative  bacteria  (53,  55).  The  reported
antimicrobial activities of the weed were due to the
alkaloids,  saponins,  and  tannins  screened  in  the
plant (Table 3).

Anti-oxidant Activity
E.  crassipes  showed good antioxidant  activity  (30,
33, 58) and the glutathione content of the plant was
found  to  be  32  ±  1.6  nmol/gram  of  dry  water
hyacinth leaves (75). The methanol extract revealed
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promising activity at 250 µg/mL with 80% inhibition
compared  to  ascorbic  acid  at  the  same
concentration  (90%  inhibition).  The  antioxidant
potential  of  the  extracts  using  different  solvent
systems by both DPPH and ABTS methods displayed
a dose-dependent activity (60, 76). 

The methanol and ethanol leaf extracts studied by
Verma et al., (2021) (52) showed that both extracts

possess good antioxidant properties in reference to
the standards, with higher activity observed for the
methanol extract (52, 57) (Table 7). The antioxidant
properties of the plant may be due to the presence
of  flavonoids  and  phenolic  compounds  in  their
extracts,  which  have  excellent  radical  scavenging
activities (Table 3).
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Table 5: Antibacterial activities of E. crassipes (74).

No
.

Bacterial
pathogens

Zone of inhibition in different solvent systems (diameter in mm)
n-butyl
alcohol

Methanol Ethyl
acetate

Ethanol Distilled
water

Acetone Standard
(Streptomycin)

1 S. pyogenes 12±0.23 8±0.16 10±0.35 9±0.18 - 9±0.42 19±0.50
2 S. aureus 10±0.14 10±0.33 - 10±0.31 - - 12±0.20
3 S. pullorum 10±0.31 8±0.11 - - - 8±0.10 13±0.15
4 P. vulgaris - - - 10±0.28 9±0.21 11±0.27 14±0.16
5 E. coli 10±0.20 9±0.22 - 9±0.32 8±0.30 10±0.16 12±0.44

Table 6: Antifungal activities of E. crassipes (74).

No. Fungal
pathogens

Zone of inhibition in different solvent systems (diameter in mm)
n-butyl
alcohol

Methanol Ethyl
acetate

Ethanol Distilled
water

Acetone Standard
(Fluconazole)

1 T.megnini 10±0.30 - 9±0.33 8±0.22 9±0.14 10±0.22 19±0.40
2 C. albicans 11±0.16 - - 8±0.24 9±0.37 10±0.23 20±0.42
3 A. ochraceus 10±0.26 - - 12±0.10 9±0.28 15±0.41 18±0.10
4 A. fumigates 10±0.38 - 8±0.46 13±0.12 10±0.30 14±0.10 19±0.22
5 A. flavus - - - 10±0.15 9±0.20 10±0.12 13±0.25

Table 7: Antioxidant activity of methanol extract of E. crassipes (52).

Treatments Concentrations 
(µg/mL)

% inhibition
of DPPH

Ascorbic acid

50 52
100 69
150 74
200 82
250 90

Methanol extract

50 44
100 59
150 65
200 72
250 80
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According to the results presented by Aboul-Enein et
al. (2014)  (16),  nine  fractions  (alkaloid  and
terpenoid  derivatives)  were  isolated  from  the
methanol  extract  of  the  plant  and  showed
anticancer  and  antioxidant  activities.  The  crude
methanolic extract  showed the highest antioxidant
activity with an IC50 of 74.80 ± 4.5 µg/mL. Three of
the nine compounds recorded comparable activities
(92.40 ± 6.5, 95.4 ± 3.1, and 96.5 ± 2.7 µg/mL). 

Anti-inflammatory Activity
The  anti-inflammatory  effects  of  the  aqueous
extract, ethyl acetate, and petroleum ether extracts
of  the  plant  were  presented  and  results  were
promising (77-79). The results of the study showed a
substantial reduction in the growth of oedema in the
hind  paws  of  the  mice  when  treated  with  the
extracts.  The  three  solvent  systems  displayed
variable  anti-inflammatory  effects.  The  report  also
revealed that the petroleum ether and ethyl acetate

extracts showed maximum inhibition of the oedema
(64.8% and 67.5%, respectively).  The presence  of
phenolic  compounds,  flavonoids,  alkaloids,  and
anthraquinones in the extracts of the plant plays a
significant role in the anti-inflammatory activities of
the plant (80) (Table 3).

A related study by Tulika  et al. (2017) (81) on the
methanol  extract  of  the  plant  showed  promising
results. The activity was examined by the inhibition
of albumin denaturation protein. The evaluation of
the anti-inflammatory potential of the plant extract,
the inhibition of  protein denaturation  was studied,
and  results  were  encouraging.  According  to  the
study, the methanol extract  of the plant displayed
promising inhibition of albumin denaturation at the
concentration of  500 µg/mL with 79% of inhibition
compared to ibuprofen (96% of inhibition) (82)(Table
8).

Table 8: Anti-inflammatory activity of methanolic extract of E. crassipes (83).

Treatments Concentrations 
(µg/mL)

% inhibition of 
protein 
denaturation

Ibuprofen

100 42
200 54
300 74
400 80
500 96

Methanol extract

100 20
200 42
300 60
400 72
500 79

Anti-cancer Activity 
Results  of  anticancer  activities  showed  that
methanol  extracts  of  the  plant  have  moderate
anticancer  effects  (36,  80).  This  phenomenon  has
been supported by various solvent extracts  tested
on  mice  embryonic  fibroblast  cell  lines.  The
methanol extracts of the various parts of the plant
at  different  concentrations  showed  anti-cancer

activities  against  HeLa cell  lines with 17% growth
inhibition  at  200  µg/mL using MTT assay  method.
The growth inhibition  zones  and concentrations  of
the extracts showed smooth relationships (Table 9)
(80).  The  major  classes  of  phytochemicals
responsible  for  the anticancer  effects  of  the plant
were  alkaloids,  saponins,  polyphenols,  flavonoids,
tannins, triterpenes, and quinones (84) (Table 3).

Table 9: IC50 analysis value of E. crassipes extract against HeLa cells (80). 

S/No Number
of
subjects 

Concentration
(µg/mL)

Observed
responses

Expected
responses

Probability

1 100 0 0 37.14 0.37
2 100 50 98 57.12 0.57
3 100 100 89 75.40 0.75
4 100 200 83 95.57 0.96

Wound healing activity
Three solvent extracts of the plant (methanol, ethyl
acetate,  and  aqueous  extracts)  were  investigated
for  their  wound  healing  potential  in  an  excision
experimental  model  of  wounds  in  rats.  The
experiments  showed  a  better  wound  contraction

effect,  which  was  considerably  greater  than  the
control (79, 81).

Larvicidal activity
Eggs and larvae of Chironomus ramosus  chaudhuri
were subjected to various concentrations of the root
extracts  of  the plant  and showed 100% efficiency
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(82). According to the reports of Lalitha et al. (2012)
(31),  putative  cytokinin  glucoside-like  activity  was
detected only in leaves and flowers of the plant. The
cytokinin complements of the leaves and the roots
were  qualitatively  different.  Certain  cytokinins
supplied by the roots are metabolized in the leaves,
and certain cytokinins are synthesized in the leaves
themselves.  Larvicidal,  pupicidal,  and  repellent
activity  carried  out  on  petroleum  ether,  ethyl
acetate,  aqueous  extracts,  methanol,  and  ethanol
fractions  against  Culex  quinquefasciatus  also
showed good activity (82, 85).

Antitumor activity
The methanolic leaf extract of E. crassipes (50%) at
different  doses  (200  mg/kg  body  weight  to  500
mg/kg body weight) showed good response against
B16F10  in  vivo melanoma  tumor  bearing  hybrid
mice  models  (31).  In  comparison  to  the  isolated
compounds,  the  crude  extract,  displayed  better
activity against several tumor cells. Some fractions
exhibited selective anticancer activity against a liver
cancer cell line, while other fractions exhibited high
anticancer  activity  against  hormone-dependent

tumor  types  (cervix  and  breast  cancers).  The
potency  of  the  crude  extract  compared  to  its
fractions has been attributed to the auto-synergistic
effect  of  these  fractions  within  the  same  extract
(60).

Source of Renewable Energy
Bote et al.  (2020) (83) presented their work on the
use of  E. crassipes  compost on other green plants
such as vegetables and flowering plants and its side
effects.  In  this  report,  nine  morphological  yield
parameters were studied on saplings grown with  E.
crassipes compost and compared with the untreated
ones. The experiments were carried out in kitchen
gardens to demonstrate how  E. crassipes  compost
can be used instead of regular compost. Based on
the findings, they concluded that the green plants
grown  with  E.  crassipes  compost  showed  good
results  in  terms  of  all  the  studied  parameters,
suggesting that the plant can be applied effectively
through  the  vermin  composting  process.  A
fermentative  system  using  E.  crassipes  has  been
reported  to  produce  ethanol  and  found  to  be
promising (Figure 3) (83). 
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Figure 3: Hydrolysis reaction of E. crassipes (83).

The plant also has large amounts of lignin, cellulose,
and  hemicellulose,  which  are  prominent  for
processing useful products such as biofuels (86-92).

Recent  reports  revealed  that  one  hectare  of
standing E. crassipes produces more than 70.000 m3

of biogas. The bacterial fermentation of one ton of
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the plant produces  about 26500 cubic  foot  of  gas
with  25.4%  hydrogen,  51.6%  methane,  1.2%
oxygen, and 22.1% carbon dioxide (93). 

Significant research has been conducted in various
parts  of  the  world  to  produce  bio-fuel  from  E.
crassipes, and the results show that the plant can be
used  as  a  future  alternative  source  of  renewable
energy  (94-99)  (Figure  4).  The  plant  produced
biodiesel  (6.36%  m/m)  primarily  composed  of
saturated fatty acids. The biodiesels produced from
the plant  have good suitability  and stability  to be
used in diesel  engines.  The by-products which are
made  up  of  glycerol  and  other  pigments,  were
recorded  1.05 mmol/L  and  4.69 mg/g,  respectively
(100). 

The potential and threat of  E. crassipes studied by
Mitan  (2019)  (101)  indicated  that  proper
management  and  treatment  of  the  plant  are
strongly  recommended  in  order  to  utilize  it  as  a
source  of  energy,  agriculture,  water  treatment,
chemical  and  biological  sources.  Moreover,  the
proliferation of the plant needs to be more focused
on maintaining the sustainability of the environment
(101).

Alagu  et  al. (2019)  (102)  focused  on  E.  crassipes
biodiesel as a potential alternative fuel for existing
unmodified diesel  engine.  The work  examined the
feasibility  of  biodiesel  derived from the plant  in  a
compression  ignition  engine  and  showed  that  the
plant is also a potential source of renewable energy
as  it  is  available  in  fresh  water  and  aquatic
ecosystems in many parts of the world (102).

Figure 4: Schematic diagram of the experimental setup for biodiesel production.

A  related  study  by  Aswathy  et  al. (2010)  (103)
revealed that the plant has an excellent correlation
with the standard parameters of the diesel available
in  the  market  (103)  (Table  10).  According  to  this
report,  water  hyacinth  biodiesel  was  mixed  with
petroleum diesel fuel at different volume proportions
(10, 20, 30, 40, and 100%) and its properties were
examined as per ASTM standards before it was used
for  diesel  engines.  The  prepared  test  fuels  were
experimentally  investigated  in  a  single-cylinder

diesel engine at constant speed (1500 rev/min) for
their  combustion,  performance,  and  emission
features.  The  test  results  showed  that  20%  E.
crassipes  biodiesel  and 80% diesel  fuel  blend was
equivalent  to  the  original  diesel  fuel  in  terms  of
thermal efficiency and smoke emissions. Generally,
the displayed heat release and cylinder pressure by
E.  crassipes  biodiesel  were very  close to those of
ordinary diesel fuel (102).
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Table 10: Fuel properties of blending stocks of E. crassipes (102).

No. Fuel properties Unit Biodiesel standard Diesel Water
hyacinth oil

Water hyacinth biodiesel

ASTM D
6751

DIN
EN14214

B10 B20 B30 B40 B100

1 Density at 15 °C kg/m3 - 860-900 838 952 841 846 858 863 887
2 Kinematic viscosity 

at 40 °C
mm2/s 1.9-6 3.5-5 2.76 26.4 2.92 2.86 3.18 3.37 3.96

3 Flash point °C >130 >120 68 246 74 98 125 148 212
4 Pour point °C - - -20 17 -3 -4 -1 0 7
5 Cetane number - >47 >51 48 44 47 47.4 48.6 49.3 52.5
6 Acid value mg KOH/g <0.8 <0.5 - 41 0.36 0.35 0.37 0.36 0.42
7 Water content % <0.03 <0.05 0.02 1.8 0.03 0.03 0.02 0.03 0.04
8 Ash content % <0.02 <0.02 0.01 0.96 0.01 0.01 0.01 0.01 0.01
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CONCLUSION AND FUTURE PERSPECTIVES

This  comprehensive  review  was  compiled  to
evaluate the traditional uses, chemical constituents,
pharmacological  activity,  and  biodiesel  production
possibility of E. crassipes (water hyacinth) aiming to
highlight the plant’s potential to develop its limited
therapeutic  applications  in  Africa,  especially  in
Ethiopia. Different phytochemicals isolated from the
plant  showed  anticancer,  antibacterial,  antifungal,
and  anti-inflammatory  activities.  Previous  reports
revealed  that  the  metabolites  in  water  hyacinth
contribute  to  significant  biological  activities,
especially  antioxidant  and antibacterial  properties.
In this regard,  further research may be needed to
explore  the  possibility  of  evaluating  the  plant  for
radical  scavenging  activity  and  possibility  of
developing  natural  antioxidants  from it.  The  plant
also displayed promising antifungal activity against
A. flavus, and the potential of using the leaves of the
plant  as  biofungicides  should  be  studied  further.
Similarly,  the  potential  of  n-butyl  alcohol  extract
against S. pyogenes, S.aureus,  and E.coli should be
considered,  and  further  research  for  natural
antibacterial agents should be conducted. Moreover,
several patents have described the pharmacological
effects of the plant, but clinical applications are still
rare and need further investigation.  The plant can
be  considered  as  the  best  alternative  to  cope  up
with  the  progression  of  regional  and  global
environmental  change  as  well  as  the  depletion  of
fossil fuels.

The ability of this plant to invade different kinds of
water  bodies  across  different  geographical  zones
remains  a  challenge.  In  this  regard,  it  is
recommended to conduct molecular analysis of the
plant  growing  in  different  water  habitats  and
different  geographical  zones with due attention  to
examine  the  similarities  in  the  genes  across  the
different  habitats  that  may  help  to  genetically
modify  the  plant  to  be  less  invasive.  In  addition,
considering the biodiesel  efficiency of  the plant in
situations where controlling the growth becomes a
challenge and if facilities exist to utilize the potential
of  this  plant,  efforts  should  be  geared  toward
harnessing  the  potential  of  the  plant  as  an
alternative energy source i.e., biodiesel production. 
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An Iron(III)-S-methylthiosemicarbazone Complex: Synthesis, Spectral
Characterization, and Antioxidant Potency Measured by CUPRAC and

DPPH Methods
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Istanbul University-Cerrahpasa, Faculty of Engineering, Department of Chemistry, 34320, Istanbul, Turkey.

Abstract:  An  iron(III)  complex,  [Fe(L1)Cl].H2O, was  synthesized  by  template  condensation reaction  of
1,1,1-Trifluoroacetylacetone-S-methylthiosemicarbazone  hydrogen  iodide  (L)  and  2,3-
dihydroxybenzaldehyde in the presence of iron(III) ions. The complex was characterized by IR, ESI MS and
X-ray  diffraction  techniques.  Free  radical  scavenging  (FRS)  ability  and  antioxidant  capacity  of  the  S-
methylthiosemicarbazone and the iron(III) complex were evaluated through DPPH and CUPRAC methods,
respectively. The complex exerted better than the S-methylthiosemicarbazone in both TEAC and FRS%
values.  In  addition,  iron(III)  complex was found to  be 3.1 times more antioxidant  than the reference
ascorbic acid according to the CUPRAC method.
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INTRODUCTION

Iron  plays  a  vital  role  in  adjusting  many  redox
processes essential for cell homeostasis and is also
substantial  for  cellular  respiration,  oxygen  carry,
ATP  production,  heme  and  DNA  synthesis  (1,2).
Research  on  iron-based  complexes  to  discover
chemotherapeutic  ingredients  is  often preferred in
medical  chemistry  (3).  On  the  other  side;
thiosemicarbazones are a rising class of compounds
that display marked and selective antitumor activity
and  can  overcome  resistance  to  standard
chemotherapy  (4–6).  The  metal  complexes  of
thiosemicarbazones  show  variable  binding
properties  and  structural  diversity,  as  well  as
promising  anticancer  activities  (7–10).  Especially,
metal complexes of S-alkylthiosemicarbazones exert
significant cytotoxic activity against various cancer
cells  (11–13).  For  instance,  an  iron(III)  complex
with  an  N2O2 donor  S-methylthiosemicarbazone
showed a significant cytotoxicity on HeLa and HT-29
cells  (14).  Another  iron(III)-S-
metylthiosemicarbazone  complex  with  the  same

donor atom set was cytotoxic in K562 cells at very
low concentrations (15).

Free radicals are forms of atoms or molecules with
unpaired  electrons,  which  are  unsteady  and  very
reactive  against  chemical  reactions  (16).  Under
physiological  conditions,  specific  organelles  of  the
cell produce reactive oxygen species (ROS) as by-
products  of  metabolism,  normal  respiration,  and
autoxidation  of  xenobiotics  or  as  an  outcome  of
stress  associated  with  certain  diseases  (17,18).
Therefore,  it  is  necessary  to  investigate  new
antioxidants  that  can  be  effective  in  protecting
organisms.  Metal  complexes  are  an alternative  to
the  use  of  well-known  antioxidants  as  they  offer
benefits such as variation in coordination geometry
and number, and oxidation states that facilitate and
support the redox processes involved in antioxidant
effect (19).

Thiosemicarbazones  and  their  metal  complexes
often  exhibit  useful  antioxidant  activity  in  vitro
(20). In  recent  years,  antioxidant  properties  of
some nickel(II),  manganese(III)  oxovanadium(IV),
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iron(III)  and  zinc(II)  complexes  with  S-
alkylthiosemicarbazones  have  been  reported (21–
25).  In  a  study;  oxovanadium(IV),  nickel(II)  and
iron(III)  complexes  of  3-hyroxysalicylaldehyde-S-
methylthiosemicarbazone  have  been  tested
according to the CUPRAC method and observed that
the iron(III) complex displayed a higher TEAC value
than  the  other  complexes  (26).  Another  study
showed  that  iron(III)  complexes  of  S-
alkylthiosemicarbazones  have  usable  levels  of
inhibition  against  reactive  oxygen  species,  H2O2,
O2

 and •OH (27).

To  discover  new  iron(III)  derivatives  of  S-
alkylthiosemicarbazones  with  potent  antioxidant

activity,  S-methylthiosemicarbazone  (L) and  its
iron(III)  complex  [Fe(L1)Cl].H2O were synthesized.
Since it is generally assumed that  the antioxidant
activity is related to the number of hydroxyl groups
in the phenyl ring (16), it was aimed to increase the
antioxidant activity by adding a hydroxyl group to
the  complex  structure.  The  structural
characterization  of  the  complex  was  performed
using  elemental  analysis,  IR,  ESI  MS  and  X-ray
diffraction techniques.  The antioxidant potential of
the  S-methylthiosemicarbazone and  iron(III)
complex was screened in the scavenging activity of
DPPH•  and  cupric  ions  (Cu2+)  reducing  power
(CUPRAC) in vitro.

Figure 1: The synthesis of the iron(III) complex.

EXPERIMENTAL SECTION 

Physical Measurements 
Thermo Finnigan Flash EA 1112, Agilent Carry 630
FTIR,  Varian  UNITY  INOVA  500  MHz  NMR  and
Thermo Finnigan LCQ Advantage Max LC/MS were
used for elemental, IR, NMR and ESI MS analysis,
respectively.  Magnetic  moment  measurement  was
performed using the Gouy technique with Sherwood
Scientific's MK I model device at room temperature.

The crystallographic data for the suitable crystal of
[Fe(L1)Cl].H2O was  collected  at  room temperature
with  a  D8-QUEST  diffractometer  equipped  with
graphite-monochromatic Mo-Kα radiation. Following
procedures was used for analysis: solved by direct
methods; SHELXS-2013 (28); refined by full-matrix
least-squares  methods;  SHELXL-2013  (29);  data
collection: Bruker APEX2  (30); molecular graphics:

MERCURY  (31);  solution:  WinGX  (32).  The
crystallographic  data  of  the  complex  are  listed  in
Table 1 and selected bond distances and angles, in
Table 2.

Synthesis 
Starting  material,  1,1,1-Trifluoro-acetylacetone-S-
methylthiosemicarbazone hydrogen iodide (L), was
prepared in accordance with a standard procedure
reported  earlier  (33,34).  Briefly,  1,1,1-
Trifluoroacetylacetone and  S‐
methylthiosemicarbazide  hydrogen  iodide  were
reacted  in  ethanol.  The  resulting  cream  colored
compound  was  filtered  and  dried  in  vacuo.
Elemental  analysis  and spectroscopic  data  for  the
thiosemicarbazone was confirmed its preparation.

Yield:  2.42  g,  65.0%;  m.p.  (°C):  149;  Calc.  for
C7H11N3OSF3I (Mr=369.14), %: C, 22.78; H, 3.00; N,
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11.38; S, 13.04. Found,  %: C, 22.51; H, 2.75; N,
11.43; S, 12.75. IR (cm-1): νas(NH2) 3352, νs(NH2)
3250,  ν(OH)  3040,  (NH2)  1641,  ν(C=N)  1624,
1547. 1H NMR (ppm): 9.84 (s, 2H, NH2), 9.46 (s,
1H, OH), 3.70 (s, 2H, -CH2-), 2.63 (s, 3H, S-CH3),
2.12  (s,  3H,  C-CH3).  m/z  ESI  MS  (relative
abundance%): [M-I] 242.0 (100%).

The  iron(III)  complex  was  synthesized  using  the
literature  methods  (14,33).  1,1,1-
Trifluoroacetylacetone-S-methylthiosemicarbazone
hydrogen  iodide (0.37  g,  1  mmol)  and  2,3-
dihydroxybenzaldehyde  (0.14  g,  1  mmol)  were
dissolved in  ethanol (10 mL) and the solution was
added to a solution of FeCl3·6H2O (0.27 g, 1 mmol)
in ethanol (5 mL). Et3N (0.1 mL) was added and the
mixture was left to stand at room temperature for
6-8  hours.  The  solid  was  filtered  off  and
recrystallized  from  a  mixture  of  ethanol-
dichloromethane (1:3).

Yield:  0.16  g,  35%.  M.p.  275  oC.  μeff (μB):  5.89.
Anal.  Calc. for C14H14ClF3FeN3O4S (468.64 g.mol-1):
C,  35.88;  H,  3.01;  N,  8.97;  S,  6.84.  Found:  C,
35.53; H, 2.79; N, 8.71; S, 6.48%. IR: ν(OH) 3477-
3442; ν(C=N1) 1602; ν(N2=C) 1578; ν(N4=C) 1530.
m/z  ESI  MS  (relative  abundance%):  [M-H2O-Cl]
415.1  (30.58%),  416.1  (6.51%),  417.2  (2.43%),
[(M-H2O-Cl)+CH3OH]  446.5  (100%),  447.6
(16.30%),  448.5  (5.99%),  [(M-H2O-Cl)
+CH3OH+SCH3]  492.9  (46.85%),  493.9  (9.76%),
494.8  (5.93%),  [(M-H2O)+Na+CH3]  487.9
(27.52%), 488.9 (5.56%), 490.9 (2.71%). 

Antioxidant Tests
1 mL of 1.10-4 M each compound was added to 2 mL
of the DPPH (2,2-diphenyl-1-picrylhydrazyl) solution
(4 mg/100 mL) and the final volume was completed
to  4  mL  using  methanol.  Reference  solution  was
obtained by adding 2 mL of methanol to 2 mL of
DPPH. The mixture was shaken and incubated. After
30  min  absorbances were  measured  at  515  nm
(35).  The  percentage  of  scavenging  activity  was
calculated  from  the  following  equation:  Radical
scavenging activity(%) = [(Acontrol – Asample)/Acontrol] ×
100. 

CUPRAC (Cupric ion reducing antioxidant capacity)
method  was  applied  for  determining  cupric  ions
reducing potentials of the compounds (36). Briefly,
1 mL of each CuCl2 (10 mM), neocuproine (Nc, 7.5 
mM) and NH4CH3COO (1 M) solutions were added to
the samples at 4.88-24.4 µM concentrations. Each of
the volumes was adjusted to 4.1 mL with distilled
water  and  incubated  for  30  min.  The  increasing
absorbance at 450 nm indicates the cupric reducing
potential  of  the  compounds.  Trolox  equivalent
antioxidant  capacities  as  TEAC  values  were
calculated as the ratio  of  the molar absorption of
each compound to that of trolox (Ɛtrolox: 1.58x104 L
mol-1 cm-1).

RESULTS AND DISCUSSION 

Synthesis and Structural Description
The thiosemicarbazone (L) was prepared by reacting
1,1,1-Trifluoroacetylacetone with  S‐
methylthiosemicarbazide  hydrogen  iodide.  The
iron(III)  complex,  [Fe(L1)Cl].H2O, was  synthesized
by  the  reaction  of  equimolar  ratio  of  1,1,1-
Trifluoroacetylacetone-S-methylthiosemicarbazone
hydrogen iodide, the iron(III) salt (FeCl3.6H2O) and
2,3-dihydroxybenzaldehyde (Figure 1). The complex
was obtained as black-looking crystals  and it  was
soluble  in  solvents,  such  as  CHCl3,  CH2Cl2,  DMF,
DMSO, and MeOH. The elemental analysis value and
spectroscopic  data  were  consistent  with  the
proposed formulation of the iron(III) complex.  The
effective  magnetic  moment  value  of  the  complex
was μeff = 5.89 μB, which corresponds to a high-spin
state of iron(III) (37,38). 

In  the  infrared  spectra  of  the  thiosemicarbazone,
the  νas(NH2),  νas(NH2)  and  (NH2)  bands  were
observed at 3352, 3250 and 1641 cm-1, respectively
(Figure S3), were not present in the spectrum of the
complex due to chelation. The band associated with
the -OH bending mode at 3040 cm-1 was not seen in
the  spectrum  of  the  complex  because
thiosemicarbazone is involved in complex formation
with the deprotonated form. The ν(OH) bands of the
3-substituted hydroxyl group on the aromatic ring
and one H2O molecule in the complex structure were
recorded around 3460 cm-1 (Figure S4).  The C=N
stretching  bands  of  the  thiosemicarbazone  were
observed  at  1623  and  1541  cm-1.  After  the
formation of  the complex,  the ν(N4=C) band of a
new  imine  group  formed  by  condensation  of  the
thioamide nitrogen (N4) and aldehyde was recorded
at 1530 cm-1.

The ESI MS data of the compounds were collected in
positive ion mode using methanol (Figures. S1 and
S2).  For  the  thiosemicarbazone,  the  base  peak
(100% relative abundance) was registered at m/z
242 assigned to [M-I] structure. The monoisotopic
mass  of  iron(III)  complex,  with  the  formula
C14H14ClF3FeN3O4S, is 467.97 Da and it was not seen
prominently in the spectrum. The main peak of the
complex was recorded at m/z 446.5 (100% relative
abundance), along with a cluster of isotopes at m/z
447.6  and 448.5,  which is  related  to  [(M-H2O-Cl)
+CH3OH].  The  secondary  noticeable  peak  was
observed at m/z 492.9 (46.85%), attributed to [(M-
H2O-Cl)+CH3OH+SCH3], and it also showed isotope
peaks at m/z 493.9 and 494.8.  The cation adduct
formation, [(M-H2O)+Na+CH3], was recorded in the
range of  m/z  487.9-490.9.  The peak belonged to
[M-H2O-Cl]  structure  was  recorded  at  m/z  415.1
(30.58% relative abundance) and it showed isotope
peaks at m/z 416.1 and 417.2. 
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Figure 2: The molecular structure of [Fe(L1)Cl].H2O, showing the atom numbering scheme.

X-ray Analysis 
The molecular structure of [Fe(L1)Cl].H2O is shown
in Figure 2 with an atom numbering scheme. The
asymmetric unit of complex [Fe(L1)Cl].H2O contains
one  Fe(III)  ion,  one  L1 ligand,  one  coordinated
chlorine  atom  and  one  non-coordinated  water
molecule.  The  Fe(III)  ion  is  coordinated  by  two
oxygen  [Fe1-O1=  1.893(2)  Å  and  Fe1-O3=
1.935(3)  Å]  and  two  nitrogen  atoms  [Fe1-N1=
2.083(3)  Å  and  Fe1-N3=  2.075(3)  Å]  from  the
thiosemicarbazidato  structure  and  chlorine  atom
[Fe1-Cl1= 2.2114(13)  Å].  The  tau  value,  [τ =(β-
α)/60, α and β being the two largest angles around
the central atom], can be usefully used to estimate
the degree of distortion from a square pyramidal to

trigonal  bipyramid structures.  For  an ideal  square
pyramidal geometry,  the  τ value is equal to zero,
while  it  becomes  one  for  a  perfect  trigonal
bipyramidal geometry  (39).  The value of  τ for the
iron(III)  ion is  0.09,  indicating a  distorted square
pyramid.  The  molecules  of  [Fe(L1)Cl].H2O are
connected by O-H∙∙∙O and O-H∙∙∙F hydrogen bonds
(Table 3). The O4 atom of water molecule at (x, y,
z) acts as a hydrogen-bond donor, via H4A atom, to
O3ii and F3ii atoms, forming a R1

2(5) ring. Similarly,
the O4 atom at (x, y, z) acts as a hydrogen-bond
donor, via H4B atom, to O1ii and O2ii atoms, forming
a R1

2(5) ring. The combination of hydrogen bonds
produces edge-fused R1

2(5), R2
2(6) and R4

4(8) rings
(Figure 3).

Table 1: Crystal data and structure refinement parameters for [Fe(L1)Cl].H2O.
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CCDC 2132527
Empirical formula C14H14ClF3FeN3O4S
Formula weight 468.64

Space group P-1
Crystal system Triclinic

a (Å) 7.928 (3)
b (Å) 8.744 (3)
c (Å) 14.269 (5)
α (º) 97.039 (11)
 (º) 94.454 (11)
γ (º) 109.047 (9)

Dc (g cm-3) 1.691
V (Å3) 920.6 (6)

μ (mm-1) 1.13
Z 2

Independent refls. 4578
Measured refls. 35138

S 1.12
Rint 0.047

R1/wR2 0.055/0.143
Tmax/Tmin 1.03/-0.43
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Table 2: Selected bond distances (Å) and angles (º) for [Fe(L1)Cl].H2O.

Fe1-O1 1.893(2) Fe1-O3 1.935(3)
Fe1-N3 2.075(3) Fe1-N1 2.083(3)
Fe1-Cl1 2.2114(13)

O1-Fe1-O3 92.96(11) O1-Fe1-N3 149.45(12)
O3-Fe1-N3 87.52(12) O1-Fe1-N1 86.99(11) 
O3-Fe1-N1 143.46(12) N3-Fe1-N1 75.02(11)
O1-Fe1-Cl1 106.66(9) O3-Fe1-Cl1 107.63(10)
N3-Fe1-Cl1 102.24(9) N1-Fe1-Cl1 107.33(9)

Figure 3: Crystal structure of [Fe(L1)Cl].H2O, showing the formation of R1
2(5), R2

2(6) and R4
4(8) rings.

Table 3: Hydrogen-bond parameters for [Fe(L1)Cl].H2O (Å, º).

D-H· · ·A D-H H···A D···A D-H···A
O2—H2···O4i 0.82 1.94 2.740 (4) 164
O4—H4A···F3ii 0.79 (7) 2.52 (7) 3.292 (6) 166
O4—H4A···O3ii 0.79 (7) 2.57 (7) 3.136 (4) 130
O4—H4B···O1ii 0.85 (7) 2.28 (7) 2.978 (4) 140
O4—H4B···O2ii 0.85 (7) 2.25 (7) 3.009 (5) 149

Symmetry codes: (i) x−1, y−1, z; (ii) −x+1, −y+1, −z+1.

Antioxidant Properties
The DPPH radical is stable and commonly used for
specifying  the  capability  of  an  antioxidant  agent
(40).  The  result  reveals  that  free  radical  (DPPH)
scavenging activity follows the order: ascorbic acid
>  [Fe(L1)Cl].H2O  > L (Table 4).  According to  this
order,  the  iron  complex  is  a  more  active  radical
scavenger than the free thiosemicarbazone (L). This
might be due to the phenolic hydroxyl group in the
complex structure. Based on the literature data, it
was confirmed that the radical scavenging activities
of  the  compounds  were  quite  controlled  by  the

number of phenolic hydroxyl groups (41,42). Among
synthetic  antioxidants,  TBHQ  with  two  hydroxyl
groups  has  been  shown  to  be  a  more  potent
antioxidant  than  BHA and BHT with  one hydroxyl
group (16). In a study, the DPPH assay showed that
the ruthenium thiosemicarbazone complex is a more
potent scavenger than the nickel thiosemicarbazone
complex because it  has  two free  hydroxyl  groups
(43).  It was also  reported that zinc(II) complexes
containing  four  free  hydroxyl  groups  showed
remarkable scavenging activity (44).
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Table 4: The free radical scavenging (FRS) activity as inhibition ratio %.

The CUPRAC method is  based on the ability  of  a
compound  to  reduce  a  [Cu(II)-Nc]  complex  to  a
[Cu(I)-Nc] complex. (19). The TEAC coefficients are
given  in  Table  5.  According  to  the  results,  the
antioxidant capacity of both iron(III) complex and
free  thiosemicarbazone  was  superior  to  standard
ascorbic  acid.  Especially,  the  TEAC  value  of  the
iron(III) complex was found to be 3.1 times higher
than  the  value  of  ascorbic  acid.  Similar  to  the
antiradical  activity,  the  antioxidant  capacity
obtained for the iron(III) complex was also higher
than for the free thiosemicarbazone.

In  the  literature,  the  antioxidant  activity  of  the
metal complexes was found to be higher (45,46) or
lower  (47,48) than the corresponding free ligands.
The  CUPRAC  assay  demonstrated  that  Zn(II),
Co(II), Cu(II) and Ni(II) complexes of a chicoric acid
ligand increased antioxidant properties compared to
their  free  ligands  (49).  In  another  study,  the
antioxidant  activity  of  the  Zn(II)  complex  of
chlorogenic acid ligand was tested and it was found
that coordination with the metal nucleus increases
the ability to reduce the ligand by about 1.5 times
(50).

Table 5: The TEAC coefficients with regard to the CUPRAC assay.

Compounds Molar
absorptivity

(L mol-1 cm-1)

TEACCUPRAC Correlation
coefficient

(r)

L 3.6361 x 104 2.30 ± 0.15 0.9993

[Fe(L1)Cl].H2O 5.1590 x 104 3.27 ± 0.41 0.9977

Ascorbic acid 1.6590 x 104 1.05 ± 0.22 0.9989

CONCLUSION

The  new  iron(III)  complex  with  S-
methylthiosemicarbazone  was  synthesized  and
structurally confirmed. The crystal analysis showed
that the complex had 6,5,6-membered chelate rings
formed  by  coordination  of  the  two  oxygen  and
nitrogen atoms on the thiosemicarbazidato structure
to  the  iron(III).  The  fifth  coordination  was
completed with  a  chlorine  atom, and coordination
geometry  around  iron(III)  could  be  defined  as  a
distorted square pyramid. 

The  cupric  ions  (Cu2+)  reducing  power  (CUPRAC)
and DPPH• scavenging activity of the synthesized S-
methylthiosemicarbazone  and  iron(III)  complex
were studied. TEAC values showed that the iron(III)
complex had a higher antioxidant capacity than the
free  thiosemicarbazone  and ascorbic  acid,  and  its
DPPH radical scavenging ability was higher than that
of  the  free  thiosemicarbazone.  The  superior
antioxidant properties of the iron(III) complex might
be due to the presence of the hydroxyl group in the
phenyl ring. Consequently, the complex with potent
antioxidant  activity  is  a  promising  component  for

research  related  to  oxidative  stress-induced
diseases and likely cancers.
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Figure S4: IR spectrum of [Fe(L1)Cl].H2O.

Figure S5: 1H NMR spectrum of L in DMSO-d6.
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Poly(MMA-co-MI) Nanocomposite with Modified Nano ZRP with KH570
Linker: Preparation, Characterization and Transparency Properties
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Abstract: In this study, zirconium phosphate was synthesized and modified with KH570 linker. It was then
used  to  prepare  several  nanocomposites  with  different  percent  with  poly  (methyl  methacrylate-co-N-2-
methyl-4-nitro-phenylmaleimide)  (Poly  (MMA-co-MI)).  The synthesized  compounds  were characterized  by
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and field-emission scanning electron
microscopy (FE-SEM). The particles size and structure determining showed nanoparticle are sheet and about
9-20 nm. Thermal stability of these compounds were evaluated by thermogravimetric analysis (TGA). The
results showed adding nanoparticles to copolymer increased starting weight lost about 20 oC and finishing
weight  lost  about  90  oC.  The  results  of  differential  scanning  calorimetry  (DSC),  showed  that  adding
nanoparticles decreased the glass transition temperatures (Tg) of the copolymer. The transparency of these
nanocomposites were examined by ultraviolet–visible (UV–Vis) spectroscopy. The results showed the best
transparency refer to nanocomposites 0.5 to 1% of nanoparticles. 
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INTRODUCTION

The use of polymer nanocomposites has been recently
paid much attention to applied and industrial researches.
The polymeric matrices and nano fillers in nanocomposite
structure have a special importance in determining their
features and applications. Since the nanotechnology has
been  utilized  to  create  materials  with  improving
mechanical  and physical  properties, nanoparticles were
added  into  the  base  of  materials  to  form  composite
materials with unique physical and mechanical properties
(1,2), such as the properties of polymers such as flexibility,
optical clarity, and excellent dimensional stability of poly
methyl methacrylate (PMMA), whereas inorganic materials
show mechanical strength, thermal stability, and a high
modulus (3-5).

PMMA is one of the common medical polymers employed
widely in manufacturing various implants, especially in the
fabrication of an ophthalmic intraocular lenses due to its
mechanical  properties,  mould  ability,  and  optical
rehabilitation (6,7). Methyl methacrylate (MMA) has been
used as a comonomer in several reports such as block

copolymer  with  styrene  (6,8,9),  copolymerization  with
tricyclodecyl  methacrylate  (10),  and  copolymerization
reaction with maleimide (11,12). In addition, the use of
PMMA in the preparation of various nanocomposites with
several additives such as SiO2 (13), Clay (14), TiO2 (15),
ZrO2 (16), MWCNT (17), and Al2O3 (18) has been reported.

The use of TiO2 thin-films with high transmittance in the
visible region as antibacterial coating could be effective for
PMMA in ophthalmic applications (19,20). It was used with
ZrO2 nano particle for denture base applications, too (7,21)

.

Inorganic hybrid nanoparticles are highly attractive in both
academic and industrial researches. They are able not only
to combine the properties of both components, polymers
and  inorganic  matter,  but  also  provide  unique  and
tuneable properties (22,23). One of the major issues in
these materials is dispersing degree of particles into the
polymer matrix and the interfacial property between the
organic and inorganic components (24,25).
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In order to enhance the stability of nanoparticles in the
polymer matrix, surface modification of the nanoparticles
is needed. It could be improved by introducing coupling
agents or reactive functional groups onto the surface of
nanoparticles (26). 

Zirconium phosphate (ZrP) serves as nano filler in the
polymeric  interface,  where  their  presence  affects
profoundly  the  chemical,  mechanical,  and  thermal
properties of  the nanocomposite.  It  is  acidic,  inorganic
cation  exchange  materials  which  usually  presents  a
layered structure. There are various phases of ZrP that
differ  in  their  interlamellar  spaces  and their  crystalline
structure. Among all the ZrP phases, the most widely used
are the α-phase and the γ-phase, whose crystal structures
were  elucidated  by  Clearfield  and  co-workers  (27).
Yamanaka  and  Hattori  reported  a  mixed  ɣ-zirconium
phosphate (ɣ-ZrP) benzene phosphonate can be obtained
by  contacting  ɣ-ZrP  with  benzene  phosphoric  acid.
However,  at  that  time  ɣ-ZrP  was  formulated  as
Zr(HPO4)2.2H2O and its structure was believed erroneously
to be similar to that of α-ZrP but with a different packing of
the  layers,  so  it  was  not  possible  to  give  a  correct
interpretation in order to experimental data (28). While
layered ZrP micro-crystals might not be as ideal as porous
materials, because of small hydroxyl accessibility, single-
layer ZrP nano sheets from the exfoliation of its micro-
crystals serve as an ideal candidate for post-grafting since
after exfoliation, the hydroxyl groups are fully exposed and
readily react with silane. The hydroxyl groups exist on both
sides of nano sheets. After surface grafting, the obtained
compounds are expected to possess a high density of
functional  groups,  which  are  critical  for  high  catalytic
performance. Furthermore, the lateral dimension of ZrP
nano  sheets  can  be  altered  by  tuning  the  synthetic
conditions. Another major advantage of using ZrP nano
sheets  as  the  solid  substrate  is  nano  sheets  can  be
uniformly dispersed in a wide range of polar solvents,
leading to high catalytic efficiency, but meanwhile they
can be easily separated from the dispersion system using
centrifugation (29).

Modified  silica  nano  particles  -3-
methacryloxypropyltrimethoxysilane- (KH-570 linker) can
be attached to metallic surface by a condensation reaction
resulting  in  a  covalent  bond  and  also  cause  a  good
interaction with PMMA to preparing nanocomposite (5). As
N-2-methyl-4-nitro-phenylmaleimide  (MI)  was  added  in
PMMA matrix to improve its thermal stability in previews
work (30), in this research our goal is to modify nano ZrP
with KH570 linker and make a nanocomposite based on
this modified nanoparticles with poly(MMA-co-MI).

EXPERIMENTAL SECTION

Materials 
Zirconium(IV)  chloride  (ZrCl4,  Aldrich),  orthophosphoric
acid  (H3PO4,  85%,  Aldrich),  tetra-n-butylammonium

hydroxide (TBA, Aldrich), nitric acid (Aldrich), KH-570 linker
(γ-methacryloyloxypropyl  trimethoxy  silane,  Aldrich),
methyl  methacrylate  (Merck). Benzoyl  peroxide  (BPO,
Merck), 2-methyl-4-nitroaniline (Merck), maleic anhydride
(MA, Merck), ethyl acetate, and methanol were distilled
over potassium hydroxide under vacuum. 

Preparation of N-2-methyl-4-nitro-phenylmaleimide
MI was prepared according to our previous research (30).
First, maleic anhydride (4.9 g, 0.05 mol) was dissolved in
15  mL  of  acetone.  Then,  a  solution  of  2-methyl-4-
nitroaniline (7.6 g, 0.05 mol) in 15 mL of acetone was
added dropwise under vigorous stirring. After complete
addition, the mixture is stirred for 1 h. The solid (maleamic
acid) which precipitated was filtered off (11.1 g, 89%, mp:
169-171 oC). Maleamic acid (10.0 g, 0.04 mol) was then
dissolved in 15 mL of acetic anhydride with added 0.3 g of
sodium acetate. The mixture was heated for 6 h under
reflux. A cream solid is recovered (8.64 g, 93%. mp: 251–
253 °C).

Preparation of Nanoparticle
In order to modify ZrP with KH-570 linker, first ZrP was
synthesized and exfoliated with TBA according to reported
procedures.  It  was  then  modified  with  KH-570  linker
(Scheme 1).

Preparation of zirconium phosphate (31,32)
Zirconium tetrachloride (4.66 g, 20 mmol) was dissolved in
water (25 mL) and heated 100 oC, to make a saturated 2
M zirconium solution. Upon cooling, Zirconium oxychloride
crystals  (5.51  g,  yield:  85.3%,  mp:  149-152  oC)  were
formed. Zirconium oxychloride (5 g) was mixed with 50 mL
of 6.0 M orthophosphoric acid solution in demineralized
water (DMW) at 25 °C for 1 h and at 80 °C for 24 h. The
precipitate was collected, followed by washing with DMW,
and drying for 24 h in oven at 80 °C. This product was then
treated with 20 mL (0.1 M) nitric acid solution for complete
replacement of counter ions with H+ ions at 25 oC  for 1 h
and was washed with DMW (7.12 g, yield:71.4%)

Reaction of ZrP with TBA (29)
The prepared ZrP (2.2 g in 10 mL of water) was reacted
and exfoliated with TBA (10 mL of 0.5 M aqueous solution)
in an ice bath for 6 h and at 25 oC for 18 h. The precipitate
was smoothed and dried at 25  oC (1.8 g, yield: 81.8%,
decomposed at 311 oC)

Modification of exfoliated ZrP with KH-570 linker
A solution of KH-570 linker (1 mL in 10 ml HCl 0.1 M) was
added to a solution of exfoliated ZrP (1 g, in 5 mL of water)
and spired at 65 oC for 1 h. The precipitate was collected
(0.94 g, yield: 95.9%, mp>293 oC, XRF data acquired from
the analyzer is (P, 18.2; Zr, 21.4; other 57.7), other is for
elements  smaller  than  Na  such  as  C,  O,  H,  Si;  and
calculated  elemental  analysis  for
(ZrOPO(OH)OSi(OMe)2(CH2)3OCOCCH3CH2)OPO(OH)2)  is
(C, 20.89; H, 3.90; O, 40.19; P, 11.97; Si, 5.43; Zr, 17.63).
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Synthesis of poly (MMA-co-MI)
In a 250 mL round bottomed flask,  equipped with
reflux condenser and nitrogen inlet tube, a solution
of MMA (1.1 mL, 10 mmol), and MI (1 gr, 0.4 mmol)
in ethyl acetate (6 mL) was prepared. BPO (0.02 g)
was added and the reaction mixture was heated for
8h at 77 oC (reflux). The solution was then poured in

methanol  and  the  precipitate  was  washed  with
methanol  and  dried.  (1.8  gr,  yield:  85.7%,  CHNS
data  acquired  from  the  analyzer  is  (C,  58.49;  H,
6.04; N, 5.58), and calculated elemental analysis for
predicted copolymer is (C, 58.36; H, 5.91; N, 6.01;
O, 29.73). Percentage of MI in copolymer is 27.8%
(Scheme 2).

OCH3

O
+

N
O O

m n CH3

NO2

N
O O

CH3

NO2

O OCH3

x y

n = 30 %

Scheme 2.

Preparation of Nanocomposite 
A solution of  synthesized copolymer (1 g) in ethyl
acetate  (10  mL)  was  prepared.  A  dispersion  of
modified nanoparticles (0.01 g) in ethyl acetate (5
mL) was sonicated for 20 min and was added to a
prepared polymer solution and sonicated again for
20  min.  The  solution  was  then  precipitated  in
methanol to afford 1% nanocomposite powder. Four
other percentages were prepared according to the
same procedure. In other reaction experiments, an
in-situ nanocomposites were prepared by adding the
appropriate  nanoparticle  amounts  into  monomers
mixtures during polymerization reaction.

Characterization
FT-IR  spectral  data  were  recorded  with  a  Bruker
spectrometer in the range of 4000–400 cm−1 using
KBr  disks.  SEM  image  of  the  electrospinning
nanofibers  was  obtained  through  the  scanning
electron microscopy (SEM). The morphology of the
pristine  α-ZrP  powder  was  also  observed  at  an
accelerating voltage of 5 kV. The chemical state of
the  surface  was  characterized  by  X-ray
photoelectron  spectroscopy  Bruker  model
D8ADVANCE. TEM micrographs were obtained with
an H-7500 transmission electron microscope (Philips
208 S 100 kW) at an accelerating voltage of 75 kV.
Ultrathin  sections  were  microtome  at  room

temperature. Thermal stabilities were measured via
thermogravimetric  analysis  in  nitrogen  with  a  TA
Instruments model Q2000 at a heating rate of 20 °C
min-1.  DSC  was  used  to  measure  glass  transition
temperature  using  a  TA  Q2000  instrument  in
nitrogen  atmosphere  at  the  heating  rate  of  20
°C/min from 80 to 150 C and a cooling rate of 10
°C/min.  The  adsorption  ability  of  Poly
(MMA-co-MI)/nano (ZrP-KH570) was investigated by
solution  adsorption  technique.  For  measuring
transmittance  in  UV  and  visible  area,  50  mg  of
nanocomposite  was  dissolved  in  10  mL  ethyl
acetate, Ultraviolet-visible spectrophotometer model
Photonix  Ar  2015  was  used.  X-Ray  Fluorescence
analysis  (XRF)  was  determined  with  XRF  device
model  Niton  from  Thermo  Company.  Elemental
analyses (CHNS) was determined by device model
Vario EL Ш from Elementar Company.

RESULTS AND DISCUSSION

Characterization
Modified ZrP with KH-570 was prepared according to
Scheme  1.  FTIR  spectra  of  these  compounds  are
illustrated in Figure 1. For ZrP, the peaks locating at
3594, 3510 are due to the water molecules in the
interlayer  space of  ZrP,  3164,  and 1620 cm−1 are
assigned as symmetric and bending vibrations of –
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OH groups,  respectively  (29).  The peaks  at  3384,
1251  968  cm−1 are  attributed  to  P–OH  stretching
vibrations  or  deformation  vibrations.  The  strong
bands  in  the  range  of  1000–1200  cm−1 are
characteristic  of  PO4 stretching vibrations and 597
cm−1 is ascribed to the vibration of Zr−O (33). After
reaction of ZrP with TBA, no significant change was
occurred  and  just  the  P-OH at  1200  cm-1 become

broader,  which  was  due  to  the  presence  of
ammonium  salt.  After  modification  with  KH-570
linker,  a  peak  at  1745  cm−1 was  appeared  and
confirmed  presence  of  carbonyl  group  in  the
particles  and  2957  cm−1 is  ascribed  to  the
asymmetric C–H stretching of SiOMe and The peaks
at 980 cm−1 is attributed to C=C bending (34).

 

Figure 1: FTIR spectra of ZrP nano particles, ZrP modified by TBA and ZrP modified by KH-570 linker.

Solution polymerization of MMA with synthesized MI
was led to poly (MMA-co-MI) due to Scheme 2. It was
then  sonicated  with  modified  ZrP  with  KH-570  to
prepare the related nanocomposites.  Evaluation of
the best technique for preparation of nanocomposite
an  in  situ  preparation  during  polymerization  was
also  investigated.  All  of  the  polymers  and
composites  were  investigated  using  FTIR
spectroscopy. (Figure 2). 

The peaks of C=O (1727 cm -1), CH3–O (1148, 1194
cm -1),  and C–O (1242,  1270 cm -1)  are consistent
with  those  of  PMMA  as  reported  in  the  literature
(35,36).  And  also the  bands  at  1782  cm -1 (C=O
imide  stretching),  1589  cm -1 (C=C  aromatic
stretching),  1530 and 1348  cm -1 (N=O stretching)
show  the  maleimide  units  as  mentioned  in  the
literature  and  also  peaks  of  nano  particle  that  is
discussed in Figure 1 (30,37,38).
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Figure 2: FTIR spectra of poly (MMA-co-MI)–ZrP nanocomposites, poly (MMA-co-MI).

XRD analysis:  It  is  known that  ZrP has a  clay-like
layered structure, which can be characterized using
XRD, with interlayer separation calculated from the
Bragg  equation.  Figure   3(a–d)  presents  the  XRD
results. Sharpening the peaks of Figure  3b confirms
the preparation of ammonium salts of nanoparticles
compared to the peaks of Figure  3a. As shown in
Figure  3d  nanocomposite  have  both  nanoparticles
and PMMA background peak (39). The diffractogram
of ZrP sample shows peaks at 2θ values: 7, 14, 23,
29, 40, 44, and 56. Reacted ZrP with TBAꞌs spectrum
shows same peaks, with a large difference in peak
wide at 2θ:  7.  Modified ZrP by KH-570ꞌs spectrum
shows  all  peaks  above  except  44.  According  to
Scherrer equation (D = (0.9 λ)/ (β cos θ)) the size of

crystals  of nano particles can be determined.  D is
the mean size of the ordered (crystalline) domains,
which may be smaller or equal to the particle size. λ
is  the X-ray wavelength  (1.789  Ao).  β  is  the  line
broadening  at  half  the  maximum intensity (FWHM)
in radian and θ is the Bragg angle.  The results are
summarized in Table 1 (40).

Table 1: Size of nano particles.

Nanoparticles ZrP ZrP-TBA ZrP-KH

D(nm) 19.13 10.359 9.347

Used 2θ (o) 14 14 14
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Figure 3: XRD results: (a) ZrP, (b) ZrP modified by TBA, (c) ZrP modified by KH-570 linker, (d)

MMA-co-MI/ZrP 1% nanocomposite.

SEM micrographs: Figure 4 shows SEM micrographs
of  the  ZrP  modified  by  KH-570  linker  and
nanocomposites.  Figure  4a confirms  modified ZrP
crystals sheet structure clearly.  Figure  4b-d shows
the  good  dispersion  of  nanoparticle  in  polymer

layers.  Figure   4e  shows  the  undesirable
accumulation of nanoparticle in nanocomposite 5%.
It  can  make  this  composite  unsuitable  in  some
properties.
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Figure 4: SEM micrographs of pristine ZrP nano particle (a) and poly (MMA-co-MI)/ZrP nanocomposite (b: 
0.5%; c; 1%; d: 3%; e: 5%)

TEM  micrographs:  TEM  micrographs  of  modified
nano ZrP and nanocomposite are shown in Figure  5.

As seen clearly, nanoparticles are evenly distributed
in the polymer matrix. 

  

Figure 5: TEM micrographs of (a) modified nano ZrP and (b) poly (MMA-co-MI)/ZrP nanocomposite.

The thermal decomposition of the pristine ZrP and
modified  ZrP  nanoparticle  were  studied  by  TGA,
DSC,  DTG  (Figure  6a-c).  The  range  of  two  major
weight losses of the pristine ZrP crystals are 95−170
and 430−590 °C. They refer to the loss of hydration
water and condensation water in ZrP, respectively.
Three major weight losses in 70−140, 320-440 and
490−600 °C range were observed in the modified
ZrP by TBA. They correspond to the loss of hydration
water, elimination of TBA and condensation water in
ZrP-TBA. Two weight loss steps were observed in 85-
185 and 470-620 °C in the modified ZrP by KH-570.
First,  it  refers  to  the  losing  water  and  methoxy
group,  then  losing  methacrylate  (29,41,42).
Nanocomposites  thermal  properties  and behaviour
were investigated by TGA and DSC. The results are
summarized in Table 2.  The T10,  T50 and Tmax were
highlighted; T10 is the onset temperature, at which
10% degradation  occurs,  while T50 is  the midpoint
temperature,  corresponding  to  50%  degradation.

Tmax is  the  weight  lost  finishing  temperature.  The
copolymer start losing weight at around 265 oC and
when nanoparticles were added into its matrix, the
temperature  increase  around  20  oC  for  starting
weight  loss  of  nanocomposites.  The  copolymer
weight  lost  finishing  around  576  oC  while
nanocomposites around 667 oC. It means improving
the thermal stability.  Nanocomposite’s  T10,  T50,  Tmax

and initiation weight lost temperature are more than
PMMA nanocomposite.  It shows good improvement
of  thermal  stability  nanocomposite  than  PMMA
nanocomposite (43,44).

The  eighth  column  shows  time  of  using  in-situ
nanoparticles. As seen, adding ZrP nanoparticles to
copolymer  decrease  amount  of  Tg,  but  the
nanocomposite  Tg are  higher  than  PMMA
nanocomposite.  Also  adding  nanoparticle  during
polymerization have more effects on decrease of Tg.
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Table 2: Sample designations; Tmax and Tg of poly (MMA-co-MI)/ZrP-nanocomposite films measured from TGA
and DSC curves.

Sample
designation

PMMA-ZrP Copolymer CP/ZrP-1 CP/ZrP-3 CP/ZrP-5 CP/ZrP-7 In-situ
nanocomposite

α-ZrP (w%) 1 0 1 3 5 7 1

T10% 284.5 327.52 328.1 318.02 321.51 318.79 334.7

T50% 367.6 369.96 360.07 360.46 359.11 361.82 378.5

Tmax (◦C) 488.2 576.18 667.6 679.06 669.0 674.22 691.5

Tg (◦C) 96.1 133.7 113.85 114.11 115.2 115.35 106.6

Coal Productivity 2.87 15.30 11.51 12.04 15.74 15.09 12.25

          

          

          

Figure 6: a, b, c are TGA, DSC and DTG of the nanoparticle, respectively. d, e, f are TGA, DSC and DTG of
the nanocomposite, respectively.
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The  transparency  of  the  polymer  and  prepared
nanocomposites  were  examined  by  UV-Vis
spectroscopy.  Figure  7  shows  UV-Vis  spectra  of
copolymer  and  nanocomposite  solutions  in  EtOAc.
The transparency of nanocomposite solutions 5 and
7%  in  400  nm  was  about  11%  which  was  not
suitable.  It  reached  to  73%  that  is  near  the
copolymer transparency in nanocomposite solutions
(3%).  The  best  transparencies  were  observed  in

nanocomposites solutions 0.5, 1%, and in-situ, was
95%  in  400  nm.  All  of  the  nanocomposites  have
more  transmittance  than  PMMA  nanocomposite
except  5,  7%.  Since  nanocomposites  0.5  and  1%
transmit the visible light as well as PMMA, they can
be used whenever PMMA is used as a substitute for
glass. Furthermore, nanocomposites do not transmit
UV light so they can be used in sunglasses.

Figure 7: UV-Vis spectra of nanocomposite solutions.

CONCLUSION

A series of nanocomposites based on poly (MMA-co-
MI)  as  a  matrix  and  modified  ZrP-KH570  was
prepared  and characterized  by FTIR  spectroscopy.
The  crystalline  structure  and  the  size  of
nanoparticles were confirmed by XRD. The surface
morphology of these compounds, evaluated by SEM,
were  observed  as  sheet  for  nanoparticles.  It  was
successfully  dispersed  in  polymer  matrix  after
sonication.  The  dispersion  of  nanoparticles  into
polymer matrix was also confirmed by TEM. Thermal
analysis of nanoparticle was investigated.

The  thermal  stability  of  nanocomposites  was
examined by TGA and the results show that adding
nanoparticle improve copolymer’s thermal stability.
Also,  thermal  behavior  of  these  compounds,
evaluated  by  DSC,  shows  a  decrease  in  Tg after
adding of nanoparticles into polymer matrix. It was
probably due to location of  nanoparticles between
the  polymer  layers  and  so  decrease  interaction
between polymer layers.

The results of transparency by UV-Vis spectroscopy
showed  that  the  best  percent  refer  to

nanocomposite  0.5  and  1%  of  nanoparticles.
Nanocomposites absorb UV light well.
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Abstract: 1,1,2-trimethyl-1H-benzo[e]indole is an important heterocyclic compound, it is available in rea-
sonable price and can easily be modified to make a good intermediate for synthesis of other derivatives. It
can be used as a starting material for the synthesis of a new series of compounds by coupling with other
biomolecules such as monosaccharide amines after a simple modification. The current work aims to synthe-
size new potentially bioactive compounds  by coupling 1,1,2-trimethyl-1H-benzo[e]indole with one or two
molecules of both 2-deoxy-2-amino-d-glucose and 6-deoxy-6-amino-d-glucose. The mono-substituted de-
rivative were prepared in two steps, the first step is the functionalization reaction to create two reactions
centers via the treatment of 1,1,2-trimethyl-1H-benzo[e]indole (1) with POCl3 to produce 2-(1,1-dimethyl-
1H-benzo[e]indol-2(3H)-ylidene) malonaldehyde (2)  with  two reaction centers  represented by aldehyde
groups, while in the second step the latter was coupled with two amino sugars. Four new molecules resulted
from this reaction, two mono-substituted derivatives (3,5) when we apply the last reaction for a short time,
while the di-substituted molecules (4,6) take long time for the same reaction conditions in order to over-
come the steric hindrance at one reaction center. The purity and characterization of the target molecules
were confirmed using spectroscopic methods including 1H NMR and 13C NMR. The synthesized compounds,
especially the di-substituted derivatives, show a good biological activity as antibacterial and  antifungal
agents and they can find their way in medical application as they are soluble in water due to the presences
of sugar moiety in their structures.
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INTRODUCTION

There are many biologically active compounds syn-
thesized  and  reported  from  different  heterocyclic
compounds. As the bacterial and fungi by the time
may become more familiar with the known bioactive
compounds, the need to modify and find new bioac-
tive compounds to overcome this problem has be-
come important and has a wide range of the scien-
tific  interest.  1,1,2-trimethyl-1H-benzo[e]indole  is
an  aromatic  heterocyclic  compound  modified  by
many chemists and scientists to produce other use-
ful compounds and derivatives in many applications,
including biological activity. Wen-Hai Zhan et al. re-
ported the synthesis of cyanine dye derivatives (C-

Cy(1–4)) in which a coumarin moiety is attached to
benzoindole via click chemistry (1). Yoichi Shimizu
and coworkers,  developed novel  near-infrared NIR
fluorophore-micelle complex probes. By using ben-
zoindole for for synthesizing a novel lipophilic NIR
fluorophores,  which  were  encapsulated  in  an  am-
phiphilic  polydepsipeptide  micelle  “lactosome” (2),

while Duanwen Shen and coworkers used the same
material  to  develop  near-infrared  (NIR)  dye  that
fluoresces at two different wavelengths (dichromic
fluorescence, DCF) (3). Guillermo O. Menéndez and
others presented water soluble and fluorescent bi-
otinylated probe derived from a carbocyanine dye
from benzoindole  (4).  Kaiquan  Zhang et  al.  used
benzoindole to developed a new type of fluorescent
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probe (QcyCHO) featured with H2S-triggered off-to-
on near-infrared (NIR) fluorescence (5). Ludmila A.
Oparina and coworkers reported the reaction of 3H-
indoles  with  tertiary  propargylic  alcohols  to  give
functionalized  dihydrooxazolo[3,2-a]indoles  (6).
Nisha  Narayanan  and  his  team  synthesized  six
squaraine dyes consisting of two different electron
donor  moiety  including  1,1,2-trimethyl-1H-
benzo[e]indole (7). Clare L. Lawrence et al. declared
eighteen dyes were placed within classes based on
their  core  subunit  i.e.  2,3,3-trimethylindolenine,
1,1,2-trimethyl-1H-benzo[e]indole, or 2-methylben-
zothiazole for antifungal  activities (8).  Kandasamy
Ponnuvel  et  al.  announced  a  merocyanine  dye-
based fluorescent probe have been synthesized for
selective  and  sensitive  detection  of  hypochlorous
acid and imaging in live cells (9). Yury A. Sayapin
and coworkers reported the synthesis of chemosen-
sors  based  on  1H-indole,  1H-benzo[e]indole,  and
1H-benzo[g]indole  as  fluorescence  (10).  Haribhau
S.  Kumbhar  synthesized  1,  1,  2-trimethyl-1H
benzo[e]indoline  based  β-enaminone  boron  com-
plexes exhibited the intense fluorescence (11). Rasa
Steponavičiūtė et al. reported the reaction of 1,1,2-
trimethyl-1H-benzo[e]indole with acrylic acid and its
derivatives  was  employed  for  the  preparation  of
novel fluorescent building blocks (12). Rasa Stepon-
avičiūtė  was  able  to  alkylate  1,1,2-trimethyl-1H-
benzo[e]indole with bifunctional compounds, and in-
vestigated  their  chemical  and  optical  properties
(13).  Waad  Naim  and  coworkers  presented  the
transparent and colorless dye-sensitized solar cells
exceeding 75% average visible transmittance (14).
Wang  reported  the  synthesis  of  new  benzo[e]in-
dolinium  cyanine  dyes  with  two  different  fluores-
cence  wavelengths  (15).  Xiangning  Fang  and  co-
workers provided a one-step condensation method
for the synthesis of the fluorescent dye Indocyanine
Green (ICG) with 92% yield using 1,1,2-trimethyl-
1H-benzo[e]indole (16). In continuation with these
efforts we aim to find a new modification for 1,1,2-
trimethyl-1H-benzo[e]indole  by  functionalization
and attaching two different amino glucose as mono
and di-substitution targeting  synthesis  new bioac-
tive derivatives for medical and pharmaceuticals ap-
plication.

METHODOLOGY

Chemistry
Chemical and Solvents
All  chemical,  reagent and solvent  were purchased
from  different  companies  and  were  used  without
any further purification.

NMR Spectroscopy and IR Spectrometry
The purity and characterization of the target com-
pounds were done using spectroscopic methods in-
cluding  1H and 13C  NMR  (Avance  Neo  Neo  400,
Iran), IR spectrometer Perkin-Elmer Spectrum ver-
sion 10.02 at the Department of Chemistry, Faculty
of Science, Diyala University.

Programs and Software
Drawing the chemical structure and 2D investigation
and  finding  were  performed  via  ChemOffice  Ultra
2006 (CambridgeSoft) and ChemSketch 2010 (Ad-
vanced Chemistry Development, lnc.).

Tools and Instruments
Follow up of the reactions performed via thin layer
chromatography  (TLC)  using  alumina  plates  (size
20×20 cm) percolated with silica gel and Fluores-
cence Analysis Cabinet Model CM-10 as a detector.
The Stuart SMP10 electronic apparatus used to cal-
culate the melting point of the final products (De-
partment of Chemistry, Faculty of Sciences, Univer-
sity of Diyala).

General Methods 
Functionalization
1,1,2-trimethyl-1H-benzo[e]indole  (1)  (1 eq.)  was
dissolved  in  about  15  mL  of  anhydrous  dimethyl
formamide  (DMF) with  cooling.  Cooled solution  of
phosphorus oxytrichloride (POCl3) in 15 mL of DMF
added gradually to indole solution within about 30
min.  at about   4 °C. The mixture was refluxed at
about  85-90  °C.  After  about  4  h,  TLC  (3:1)  n-
hexane: ethyl acetate indicates the consumption of
the  starting  material,  the mixture  poured into  ice
water  and neutralized  by sodium hydroxide  (35%
NaOH).  Products  precipitate,  filtered  off,  washed
with water, and dried in a 70 °C oven to give pale
yellow crystals of  2-(1,1-dimethyl-1H-benzo[e]indol
-2(3H)-ylidene) malonaldehyde (2) (17-19).

Coupling 
Step1
2-(1,1-dimethyl-1H-benzo[e]indol-2(3H)-ylidene)
malonaldehyde (2) (1 eq.) in 15-20 mL ethanol and
solution  of  D-glucose  amine  (1  eq.)  in  5-10  mL
ethanol were mixed. Glacial acetic acid (1 mL) was
added to the mixture before refluxing for about 10-
12 hours. TLC 3:1 n-hexane: ethyl acetate indicates
the end of the reaction in about 10-12 hours. The
mono-substituted  indole  precipitate  after  reducing
solvent,  filtered,  washed,  and  dried  (20-22).  Two
derivatives were synthesized in this step: 

(2S,  3S,  4R,  5S)-2-((E)-((E)-2-(1,  1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)-3  oxopropylidene)
amino)-3, 4, 5, 6-tetrahydroxyhexanal (3) 
2-(1,1-dimethyl-1H-benzo[e]indol-2(3H)-ylidene)
malonaldehyde  (2)  (0.15  g,  0.00035  mmol)  was
coupled with 2-deoxy-2-amino-D-glucose according
to general procedure mentioned in step-1 above to
yield yellow crystals of (2S,3S,4R,5S)-2-((E)-((E)-2-
(1,1-dimethyl-1H-benzo[e]indol-2(3H)-ylidene)-3
oxopropylidene)  amino)-3,4,5,6-tetrahydroxyhex-
anal  (3) (0.2 g,  0.00047 mmol,  83%) m.p.  (208
°C).  1H NMR chemical shifts at (400 MHz, DMSO-
d6, δ in ppm): δ = 13.46 (d, 1H, NH), 9.80 (s, 2H, -
CH=O), 8.20 (d, 1H, -CH=N-), 8.04-7.17 (m, 6H,
Ar-H),  5.65-3.19 (m, 10H, d-glucose-H) and 1.95
(s, 6H, 2x CH3). The 13C-NMR spectra of this com-
pound, exhibits the signals (100 MHz, DMSO-d6, δ
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in ppm):  δ =179.67 for 2CH=O, 133.01 for NH-
CH=C, 156.66 for CH=N, 109.131 for Ar-C, 94.96
for  O=C-C=C,  52.93  for  CH3-C-CH3,  54-75  for  d-
glucose-C ,  52.93  for  CH3CCH3 and  22.29 for  2×
CH3. (For more details, see Figures S1 and S3).
 
(2S,  3S,  4R,  5S)-6-((E)-((E)-2-(1,  1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)-3  oxopropylidene)
amino)-2, 3, 4, 5-tetrahydroxyhexanal (5) 
2-(1,1-dimethyl-1H-benzo[e]indol-2(3H)-ylidene)
malonaldehyde (2) (0.15 g, 000035 mmol) was cou-
pled with 6-deoxy-6-amino-D-glucose according to
general  procedure  mentioned  in  step-1  above  to
produce  brown  crystals  of  (2S,3S,4R,5S)-2-((E)-
((2Z,3E)-2-(1,1-dimethyl-1H-benzo[e]indol-2(3H)-
ylidene)-3-((2R,3R,4S,5R)-3,4,5,6-tetrahydroxy-1-
oxohexan-2-ylimino)  propylidene)  amino)-3,4,5,6-
tetrahydroxyhexanal  (5) (0.21  g,  0.00049  mmol,
87%) m.p. (255 °C).1H NMR chemical shifts at (400
MHz, DMSO-d6, δ in ppm): δ = 13.46 (s, 1H, NH),
9.83 (s, 2H, -CH=O), 8.20 (d, 2H, -CH=N-), 7-8.5
(m, 6H, Ar-H, 2.88-5., 1.95 (s, 6H, 2x CH3).  The
13C-NMR  spectra  of  this  compound,  exhibits  the
signals (100 MHz, DMSO-d6, δ in ppm):  δ = 179.68
for 2CH=O, 133.01 for NH-CH=C, 156.77 for CH=N,
109-131  for  Ar-,  89.34  for  O=C-C=C,  54.94,  for
CH3-C-CH3,  61.75  for  d-glucose-C,  54.93  for
CH3CCH3 and 17.19 for 2× CH3. (For more details
see Supplementary Material)

Step 2
Mono-substituted indole (3) or (5) (1 eq.) in 15-20
mL ethanol of and solution of D-glucose amine (1
eq.)  in  5-10  mL  of  ethanol  were  mixed.  Glacial
acetic acid (1 mL) was added to the mixture before
refluxing  for  about  72  hours.  TLC  3:1  n-hexane:
ethyl  acetate  indicates  the  end of  the  reaction in
about  10-12 hours.  The  di-substituted  indole  was
precipitated after reducing solvent, filtered, washed,
and dried. Two derivatives were synthesized in this
step: -

(2S,3S,4R,5S)-2-((E)-((2Z,3E)-2-(1,1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)-3-((2R,3R,4S,5R)-
3,4,5,6-tetrahydroxy-1-oxohexan-2-ylimino)  propy-
lidene) amino)-3,4,5,6-tetrahydroxyhexanal (4)
(2S,3S,4R,5S)-2-((E)-((E)-2-(1,1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)-3  oxopropylidene)
amino)-3,4,5,6-tetrahydroxyhexanal  (3) (0.15  g,
0.57  mmol)  was  further  coupled  with  2-deoxy-2-
amino-D-glucose  according  to  general  procedure
mentioned  in  step-2  to  give  orange  crystals  of
(2S,3S,4R,5S)-2-((E)-((2Z,3E)-2-(1,1-dimethyl-1H-
benzo [e] indol-2(3H)- ylidene) -3- ((2R,3R,4S,5R)
-3,4,5,6-tetrahydroxy-1-oxohexan-2-ylimino)  pro-
pylidene)amino)-3,4,5,6-tetrahydroxyhexanal  (4)
(0.155 g, 0.00026 mmol, 74%) m.p. (185 °C). 1H
NMR chemical  shifts  at (400 MHz, DMSO-d6, δ in
ppm): δ = 13.46 (s, 1H, NH), 9.79(s, 2H, -CH=O),
7.95  (d,  2H,  -CH=N-),  6.60-8.18  (m,  6H,  Ar-H),
2.58-4.85 (20H, d-glucose-H) (s, 5.23, 4H, CH2OH)
(m,3.61,8H, CH2OH) ,(dd, 3.52,2H, CHOH, 1.94 (s,
6H,  2x  CH3)  The  13C-NMR  spectra  of  this

compound, exhibits  the signals (100 MHz,  DMSO-
d6, δ in ppm): δ = 179.68 for 2CH=O, 137.86 for
2NH-CH=C,  133.01  for  CH=N,  109.13-130.25  for
Ar-C,  97.36  for  O=C-C=C,  54.93,  for  CH3-C-CH3,
61.68-75.29 for d-glucose-C, 54,93 for CH3CCH3 and
22.28 for 2× CH3 (For more details, see Figures S5
and S6).

(2S,3R,4S,5S)-6-((2E)-2-(1,1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)-3-((2R,3R,4S,5R)-
2,3,4,5-tetrahydroxy-6-oxohexylimino)propylide-
neamino)-2,3,4,5-tetrahydroxyhexanal (6)
(2S,3S,4R,5S)-2-((E)-((E)-2-(1,1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)-3-oxopropylidene)
amino)-3,4,5,6-tetrahydroxyhexanal  (5) (0.15  g,
0.00035 mmol) was further coupled with 2-deoxy-2-
amino-D-glucose  according  to  general  procedure
mentioned  in  step-2  to  give  greenish  crystals  of
(2S,3R,4S,5S)-6-((2E)-2-(1,1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)-3-((2R,3R,4S,5R)-
2,3,4,5-tetrahydroxy-6-oxohexylimino)propylide-
neamino)-2,3,4,5-tetrahydroxyhexanal (6) (0.16 g,
0.00027  mmol,  76%)  m.p.  (193  °C).  1H  NMR
chemical shifts at (400 MHz, DMSO-d6, δ in ppm): δ
= 13.46 (s, 1H, NH), 9.79 (s, 2H, -CH=O), 7.95 (d,
2H, -CH=N-), 6.61-8.17 (m, 6H, Ar-H), 2.58-4.87
(20H, d-glucose-H), 1.94 (s, 6H, 2x CH3) The 13C-
NMR spectra of this compound, exhibits the signals
(100 MHz, DMSO-d6, δ in ppm):  δ = 179.68 for
2CH=O, 137.86 for 2NH-CH=C, 133.01 for  CH=N,
109.13-130.25  for  Ar-C,  97.36  for  O=C-C=C,
(54.93), for CH3-C-CH3, 61.68-75.29 for d-glucose-
C, 54,93 for CH3CCH3 and 22.28 for 2× CH3 (For
more details, see Figures S7 and S8).

Biological Activity
Material and Methods
Staphylococcus aureus  and  Staphylococcus epider-
midis isolates were cultured on Blood agar and Man-
nitol salt agar. Klebsiella pneumonia and Escherichia
coli isolates were cultured on MacConky agar and
Eosin Methylene Blue agar, Candida albicans isolate
was cultured on Sabouraud dextrose agar and can-
dida chromogenic agar, to obtain pure isolates.

MacFarland turbidity standard
The  preparing  solution  from  the  company
(Biomeriex) was used in calibrating the number of
bacterial cells, as it gives an approximate number of
cells 1.5 x 108 cells/mL.
1)  Muller  Hinton  agar  medium  was  prepared  by
dissolving 38 g of agar in 1 L of distilled water and
sterilized in an autoclave at 121 °C and under pres-
sure (15 pounds) for 15 minutes, cooled and poured
into sterile dishes and kept in the refrigerator until
use.

2)  Determination  the  antimicrobial  activity  of  the
target compounds by agar well diffusion method as
follows:

3) A number of bacterial colonies were transported
by loop to prepare the suspended bacteria and put it
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in  tubes  contain  brain  heart  infusion  broth  to
activate the bacteria. The tubes were incubated for
(18 - 24) h at 37 °C. The suspended bacterium was
compared to the standard MacFarland and solution
(1.5  x  108) cells/mL.  After  that  the  bacteria
suspended  was  spread  by  a  sterile  swab,  it  was
spread on the plates containing Muller Hinton agar
and then the plate was left for a while to dry. 

4) Holes were made with a diameter of 5 mm in the
culture media by using sterilized a cork borer 100
µL of  the material  were added to  each hole indi-
vidually by micropipette and one well represent the
negative control by adding DMSO only. After then,
the dishes were incubated at 37 °C for 24 h. 

5)  The  effectiveness  of  each  concentration  was
determined by measuring the diameter of the inhibi-
tion zone around each hole in mm (23-25).  

RESULTS AND DISCUSSION 

Synthesis
There  are  too  many aromatic  heterocyclic  deriva-
tives which are useful for many applications in all
fields of the life one of them is 1,1,2-trimethyl-1H-

benzo[e]indole  1,  which is  chosen as  the starting
material  of the target  synthesis  for many reasons
such as economy, availability, and accessibility. On
the other hand, amino sugars, especially 2-deoxy-2-
amino-D-glucose  and  6-deoxy-6-amino-D-glucose
are biochemical molecules chosen to attach with the
heterocyclic starting material for the same reasons
in  addition  their  perfect  chemical  structures  with
multi hydroxyl group which may increase the solu-
bility of the target compounds.

This coupling needs to modify the starting material
to create new reaction centers, so that the function-
alization of 1 was done via Vilsmeier-Haack reaction
with of POCl3 (phosphoryl chloride) in DMF to get 2
with  two  new  reaction  centers  represented  by
aldehyde groups. 

2 was coupled with the 2-deoxy-2-amino-D-glucose
and  6-deoxy-6-amino-D-glucose  via  imines  which
are  commonly  called  as  Schiff  bases  or  Schiff’s
bases to produce 5 respectively, with di-substituted
amino  sugar  instead  of  expected   di-substituted
derivatives  4 and  6  in  mild  reaction  conditions
(Scheme 1) .

Scheme 1: Synthesis of mono and di-substituted heterocyclic derivatives.

In order to investigate the reasons for these unex-
pected products of the first step of the reaction, the
3D structure study of the precursor intermediate  2
shows  that  there  is  a  steric  hindrance  at  the
aldehyde group close to the two methyl groups of
the  heterocyclic  moiety,  so  the  monosaccharide
amine at the simple or mild conditions attach first
the  easy  open  aldehyde  group  away  from  the
methyl  group  to  produce  the  mono-substituted
derivative as shown in Figure 1. Figure 1: 3D structure of 2.

Under hard conditions, it is possible to attach an-
other amino monosaccharide to the hindered alde-
hyde group to yield compounds 4 and 6 respectively
as shown in Scheme 1.
The purity and characterization of the mono-substi-
tuted derivatives 3 and 5 confirmed by IR , 1H NMR
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and 13C NMR, proton NMR shows the chemical shift
of  the  -NH  at  about  13-14  ppm,  two  aldehyde
protons  at  about  8-9,  -CH=N-  at  about  8-9,
aromatic  proton  in  between  7.0-8.5  ppm,  the
monosaccharides  proton  from  2-6  and  the  two
methyl groups of the heterocyclic moiety at about 1-
2 ppm (See Figures S1 and S2).

The 1H spectra  of  the  di-sugar  derivatives  shows
the chemical shift of the mentioned groups at the
same  positions  with  duplicated  protons  for  sugar
moieties and aldehyde groups, with appearance of
the two -CH=N- proton chemical shifts. (See Figures
S1 and S2)

13C  NMR analysis  confirms  the  structures  as  the
number of carbon and the chemical shift fitting the
suggested compounds, for the monosaccharide de-

rivatives (3, 5). The sugar aldehyde carbons appear
at about 188 while indole aldehyde appears at 187,
the 2NH-CH=C carbon list at 177-179, CH=N carbon
located at about 153-155, aromatic carbons in be-
tween 110-132, sugar carbons appear from about
50-75,  CH3-C-CH3 carbon and the two groups of
methyl for the indole moiety at about 20-22 (See
Figures S3 and S4). 

The new derivatives can either be represented by
Fisher Projection structure or by Howarth formula as
shown in  Figure  S6,  Supplementary  Material.  The
1H NMR analysis above shows clearly the chemical
shift  of  the  aldehyde protons and the absence of
α∧βconfiguration  of  the  anomeric  proton  of
glucose make the structure of the target compounds
are  compatible  with  Fisher  projection  rather  than
Howarth form (Figure 2). 

Figure 2: Fisher projection and Howarth form of compound (5).

The  carbon  and  proton  atoms  number  and  their
chemical shift of compounds 5 and 6, are approxi-
mately  the  same  carbon  and proton  number  and
chemical shift with double integration for sugar moi-
eties in compered to compounds 3 and 5 and disap-
pearance of  one  CH=N group from compounds  5
and 6. (See Figures S5, S6, S7, and S8).

Finally, we can confirm the sugar-indole derivative
can be accessible easily with a very simple process
and this reaction can improve the solubility which
can make such derivatives suitable for many appli-
cations especially in medical applications.

Biological Activity
The starting material and targets compounds were
subjected to  biological  activity  evaluation.  The in-
vestigation shows that the starting material 1, 1, 2-
trimethyl-1H-benzo[e]indole (1) does not show any
biological activity by its natural stand structure but,
the attachments of the biochemical such as amino
monosaccharides led to new molecules with differ-
ent degrees of bioactivity. The modification of the
starting  material  and  attachment  with  2-deoxy-2-
amino -d-glucose and 6-deoxy-6-amino -d-glucose
produced  two  new  compounds  3 and  5,  the
investigation  of  those  molecules  with  two  gram
positive  bacteria   Staphylococcus  aureus  and
Staphylococcus  epidermidis  only  compound  3
showed a good biological activity with  Staphylococ-

cus aureus while  5 is biologically inactive with this
kind of bacteria, both of them showed inactivity with
gram negative bacteria  Klebsiella pneumoniae and
Escherichia coli but, compounds 3 and 5 exist as a
very  good  anti-fungal  activity  toward  Candida
albicans.

The modification of the precursor with two substitu-
tion of 2-deoxy-2-amino -d-glucose and 6-deoxy-6-
amino  -d-glucose  yield  two  compounds  4 and  6
which  show  a  good  activity  with  all  mentioned
bacterial except compound 5 show poor results with
Klebsiella pneumoniae  and both show a great anti-
fungal activity toward Candida albicans.

As  a  conclusion,  the  modification  of  1,  1,  2-
trimethyl-1H-benzo[e]indole  1 with  two  amino
sugar  molecules  could  be useful  and considerable
methods for synthesis of new bioactive compounds
which  can  participate  in  the  field  of  medical  and
pharmaceuticals applications (Table 1).

CONCLUSION 

Biological derivatives based on available, economic
and  biodegradable  monosaccharide  with  aromatic
indole can be easily accessible within two to three
steps reaction in acceptable yields. The new deriva-
tive show a good to moderate biological activity to-
ward gram positive bacteria and gram negative bac-
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teria,  while  they show activity  toward  fungi.  It  is
possible for the new compounds in future to take
the way in both medical and pharmaceuticals appli-
cation to substitute the now known familiar for bac-
teria and fungi. 
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Table 1: The Biological Activity Investigation of Target Compounds.

No. Gram Positive Bacteria Gram Negative Bacteria Fungi

S. aureus S. epidermidis K. pneumoniae E. coli C. albicans

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

1 R R R R R R R R R R R R R R R R R R R R

3 16 14 13 R R R R R R R R R R R R R 26 24 24 23

4 15 14 13 11 R R R R R R R R R R R R 27 24 24 22

5 15 15 14 13 16 11 R R R R R R 13 11 R 12 26 23 22 22

6 18 18 17 R 15 14 14 11 12 11 11 12 16 16 14 18 27 23 21 20

Numbers indicate the diameter of the inhibition zone around each hole in mm.
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New Bioactive Aromatic Indole Molecules with Monosaccharide Core

Israa Nadim Hamdi Mahmsood, Salih Mahdi Salman*, Luma Salman Abd

Supporting Material

Figure S1: 1H NMR Spectrum for (2S,3S,4R,5S)-2-((E)-((E)-2-(1,1-dimethyl-1H-benzo[e]indol-2(3H)-yli-
dene)-3-oxopropylidene) amino)-3,4,5,6-tetrahydroxyhexanal (3).

Figure S2: 1H NMR for (2R,3S,4R,5R)-6-((E)-((E)-2-(1,1-dimethyl-1H-benzo [e]indol-2(3H)-ylidene)-3-
oxopropylidene) amino)-2,3,4,5-tetrahydroxyhexanal (5).

Figure S3: 13C NMR Spectrum for (2S,3S,4R,5S)-2-((E)-((E)-2-(1,1-dimethyl-1H-benzo[e]indol-2(3H)-yli-
dene)-3-oxopropylidene) amino)-3,4,5,6-tetrahydroxyhexanal (3).
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Figure S4: 13C NMR Spectrum for  (2R,3S,4R,5R)-6-((E)-((E)-2-(1,1-dimethyl-1H-benzo [e]indol-2(3H)-
ylidene)-3-oxopropylidene) amino)-2,3,4,5-tetrahydroxyhexanal (5).

Figure S5: 1H NMR Spectrum for Compound (2S,3S,4R,5S)-2-((E)-((2Z,3E)-2-(1,1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)-3-((2R,3R,4S,5R)-3,4,5,6-tetrahydroxy-1-oxohexan-2-ylimino) propylidene)

amino) -3,4,5,6-tetrahydroxyhexanal (4).

Figure S6: 13C NMR Spectrum for compound (2S,3S,4R,5S)-2-((E)-((2Z,3E)-2-(1,1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)-3-((2R,3R,4S,5R)-3,4,5,6-tetrahydroxy-1-oxohexan-2-ylimino) propylidene)

amino) -3,4,5,6-tetrahydroxyhexanal (4)
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Figure  S7:  1H  NMR  Spectrum  for  compound(2S,3R,4S,5S)-6-((2E)-2-(1,1-dimethyl-1H-benzo[e]indol-
2(3H)-ylidene)-3-((2R,3R,4S,5R)-2,3,4,5-tetrahydroxy-6  oxohexylimino)  propylideneamino)  -2,3,4,5-
tetrahydroxyhexanal (6).

 Fig-
ure S8: 13C NMR Spectrum for compound (2S,3R,4S,5S)-6-((2E)-2-(1,1-dimethyl-1H-benzo[e]indol-2(3H)-
ylidene)-3-((2R,3R,4S,5R)-2,3,4,5-tetrahydroxy-6  oxohexylimino)  propylideneamino)  -2,3,4,5-
tetrahydroxyhexanal [6].
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The Effects on Some Parameters of Microbiological and Physicochemical
Research of Zeolite and Zeolite Filtered Water from Rhodope Mountains,

Bulgaria
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1 University of Forestry, Faculty of Veterinary Medicine, 10 Kl. Ohridski Blvd., Sofia 1756, Bulgaria
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Abstract:  The physicochemical composition and antibacterial  effect of aqueous zeolite infusion (spring
zeolite water Sevtopolis with zeolite from deposit Beli plast, Bulgaria), obtained for 12 and 36 hours, were
tested. Ordinance No. 9/2001, Official State Gazette, issue 30, and Decree No.178/23.07.2004 regarding
the  quality  of  water  intended  for  drinking  and  household  purposes were  applied  to  study  the
physicochemical composition. Staphylococcus aureus-ATCC and TSA-MRSA, and Escherichia coli ATCC were
used in the studies. Both tested zeolite waters reduced the amounts of viable E. coli and S. aureus cells
even when they were in high concentrations (106 cells/mL). The effect of the 36-hour infusion was better,
under  the  influence  of  which,  after  60  minutes,  the  number  of  live  bacteria  of  both  tested  species
decreased by almost half compared to the initial amounts. Slightly higher sensitivity to two zeolite waters
was shown by E. coli, whose cells were reduced to about 35% after two hours of exposure to both zeolite
waters tested. However, about 20% of the cells of the tested bacteria survived even after 96 hours of
exposure to these waters. Only in E. coli no growth was found after 96 hours of exposure to 12 hours of
zeolite water. These results show the effectiveness of zeolite for water purification from Gram-positive and
Gram-negative  bacteria,  as  well  as  prospects  for  using  zeolite  water  as  a  prophylactic  and  auxiliary
treatment for bacterial infections. 
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INTRODUCTION

Scientific research shows that in areas where there
is  zeolite,  the  mineral,  with  its  antimicrobial
properties  and  physicochemical  composition  of
zeolite  water,  can  benefit  public  health  and
longevity (1-5). Zeolite is used in filtration systems
for  water  purification (6,7).  In  Southern Bulgaria,
there  are  six  zeolite  deposits  in  the  Rhodope
Mountains.  They  are  located  in  the  northeastern
Rhodopes.  These  are  Beli  Plast,  Most,  Gorna
Krepost,  Golobradovo,  Lyaskovets  and Beliat  Bair.

Clinoptilolite and modernite are the primary zeolite
materials  in them. In this  area,  the water passes
through zeolite layers.

Zeolites are aluminosilicate members of the family
of microporous solids,  known as "molecular sieves"
and consist mainly of silicon, aluminum, and others.
They have a porous structure that can hold a wide
variety of cations, such as Na+, K+, Ca2+, Mn2+, and
others.  These  positive  ions  are  relatively  weakly
bound  and  can  be  easily  replaced  by  others  in
contact solution. Some of the most common mineral
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zeolites  are  analzyme,  chabazite,  stilbit,
clinoptilolite,  hyulandite,  natrolite  and  phillipsite.
These  cations  exchanged  zeolites  have  different
acidity and catalyze several acids catalyzes (8, 9).
Because  zeolites  are  microporous  aluminosilicate
minerals,  they  are  often  used  as  adsorbents  and
catalysts. Zeolite is a non-toxic, three-dimensionally
porous,  crystalline,  hydrated  aluminosilicate  with
natural  adsorbent  and  ion  exchange  properties,
which  removes  harmful  microbes  as  well  as
dispersed insoluble and soluble toxins from drinking
water.  Zeolite  has  been  used  since  the  Maya
civilization for  water  purification  and
decontamination  (10,  11).  Nowadays,  creating  a
simple flow filter made of zeolite-cotton packing in a
tube (ZCT)  provides  a  solution as  an inexpensive
device  for  removing  heavy  metal  ions  from
contaminated water with high adsorption efficiency.
After flowing through the setup packed with 10 g of
zeolite-cotton,  65 mL  1000  ppm  Cu2+ solution  is
purified down to its safety limit (<1 ppm) (12). ZCT
can  be  used  for  disinfection  by  introducing  Ag-
exchanging zeolite-cotton for  silver ion exchanging
by  incorporating  them  into  a  commercial  dental
adhesive and investigating the inhibition of biofilm
formation at the tooth-restoration margin (13).

Zeolites  for  industrial  use  are  also  produced
synthetically.  This  is  done  by  heating  aqueous
alumina and silica solutions with sodium hydroxide.
Equivalent reagents include sodium aluminate and
sodium silicate.  Synthetic  zeolites  have some key
advantages  over  their  natural  counterparts.
Synthetic  materials  are  produced  in  a
homogeneous, phase pure state. It is also possible
to  obtain  zeolite  structures  that  do  not  occur  in

nature.  As  the  main  raw  materials  used  for
producing zeolites are silicon and aluminum, one of
the  most  common  mineral  components  on  earth,
the  potential  for  supplying  zeolites  is  practically
unlimited (14). This allows their widespread use as
ion exchanger means for domestic and commercial
water  purification,  softening,  and  more.  In
chemistry, zeolites are used to separate molecules
(only molecules of certain sizes and shapes can be
omitted) and as molecule traps so that they can be
analyzed. Zeolites are also widely used as catalysts
and sorbents. Their well-defined pore structure and
regulated acidity make them highly active in a wide
variety of reactions  (15). Their application as filter
additives  in  aquariums  for  the  adsorption  of
ammonia and other nitrogen compounds is also very
useful. Due to the adsorption properties of zeolites
for calcium, they may effectively reduce calcium in
hard  water  (1).  Recently,  studies  have  been
presented on a new type of zeolite, finding that it
helps  increase  eggplant  yields  by  supplying
potassium, calcium, and iron ions to the soil  (16).
This  zeolite  has  a  good  content  of  nutrients
necessary  for  plants  and  physical  properties  for
water retention, making it an important clay mineral
for agricultural and industrial purposes.

The research and development of many biochemical
and biomedical applications of zeolites, particularly
the  naturally  occurring  species  heulandite,
clinoptilolite, and chabazite, continues.  (18). In the
present  work,  the  authors  performed
physicochemically  and  in  vitro studies  to  test  the
antibacterial properties of zeolite waters with zeolite
from deposit Beli Plast (Figure 1) (17-20).

          

Figure 1: Zeolite, Beli plast, Bulgaria. Natural deposit,“Zeolitni gabi“.
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The water used for the research was spring water
“Sevtopolis” (21). It was obtained via filtration with
zeolite  from  Beli  plast,  Bulgaria.  The
physicochemical parameters of that zeolite and the
water  that  filtered  through  it,  as  well  as  their
antimicrobial  effects,   have not  yet  been studied.
We  have  selected  some  of  the  most  important
conditionally pathogenic Gram-positive (S. aureus)
and  Gram-negative  (E.  coli)  bacteria  of  great
importance  in  the  infectious  pathology  of  animals
and  humans.  The  effects  on  them  would  be
indicative of other similar microorganisms.

The  study  aims to  show  with  microbiological  and
physicochemical  parameters  that  zeolite  has the
potential  for  important  positive  effects on  public

health and environmental  cleanliness in the areas
where it is used.

MATERIALS AND METHODS

Zeolite 
The effect of aqueous infusions of zeolite water was
obtained by soaking 50 g of zeolite  from Beli plast
(Bulgaria) in  the  form  of  granules  (0.5  cm  in
diameter) in 500 mL of zeolite water for 12 and 36
hours at room temperature 20 ± 0.5 °C. 

Chemical composition of Zeolite from Beli plast
(Bulgaria)
Table 1 illustrates the chemical composition of the
tested zeolite in % (w/w).

Table 1. The chemical composition of zeolite from Beli plast (Bulgaria) in % (w/w)

No. Chemical component Content, % (w/w)
1 SiO2 66.6
2 Al2O3 11.41
3 Fe2O3 0.8
4 MgO 0.06
5 TiO2 0.15
5 CaO 2.80
6 Na2O 0.22
7 K2O 2.9

Physical  indicators.  The  physical  and  chemical
indicators  are  pH,  oxidation-reduction  potential
(ORP),  and  temperature  of  zeolite waters  were
measured  using  Manual multi-parameter analyzer
Consort C1010 (Consort bvba, Belgium) for pH, mV,
and temperature measurement).

Microorganisms. Suspensions with a concentration
of  107 cells.mL-1 of  two strains  of  Staphylococcus
aureus  -  ATCC-6538  and  TSA-MRSA,  as  well  as
Escherichia  coli  ATCC-8739  were  used  in  the
studies.  The suspensions  were  prepared  in  sterile
saline by the Mc Ferland standard optical method.

Nutrient media. 
Mueller Hinton agar  (BUL BIO NCIPD - Sofia) was
used  to  obtain  24-hour  cultures  of  the  tested
strains, as well  as solid selective media (Antisel  -
Sharlau Chemie SA, Spain) to determine the effect
of  the  tested  zeolite  waters  for  antimicrobial
activity: Eosin Methylene Blue agar for  E. coli and
Chapman Stone agar for S. aureus.

Methods for determination of microbiological 
indicators from Bulgarian State Standard
1. Methods for  evaluating microbiological indicators
according  to  Ordinance  No. 9/2001,  Official  State
Gazette, issue 30, and decree  No. 178/23.07.2004
about  the  quality  of  water  intended  for  drinking
purposes.
2. Method for determination of  Escherichia coli and
coliform bacteria – BDSEN ISO 9308-1: 2004;

3.  Method for determination of enterococci  – BDS
EN ISO 7899-2;
4.  Method  for  determination  of  sulfite  reducing
spore anaerobes – BDS EN 26461-2: 2004;
5. Method for determination of the total number of
aerobic and facultative anaerobic bacteria – BDS EN
ISO 6222: 2002;
6.  Method  for  determination  of  Pseudomonas
aeruginosa – BDS EN ISO 16266: 2008.
7.  Determination  of  coli  –  titre  by  fermentation
method – Ginchev’s method
Determination of coli – bacteria over Endo’s medium
– membrane method.
8.  Determination  of  sulfite  reducing  anaerobic
bacteria  (Clostridium  perfringens)  –  membrane
method.
The number of the isolated bacteria was presented 
in colony-forming units per mL (CFU.mL-1) of the 
tested waters (22).

Methods for physicochemical analysis. 
The  physicochemical  analysis  was  performed
according  to  Ordinance  No.  9/2001, Official  State
Gazette, issue 30, and Decree No. 178/23.07.2004
regarding the quality of water intended for drinking
and household purposes. The following methods are
applied (Ordinance No. 9/2001) (22):

The  determination  of  color  was  according  to
Rublyovska Scale – the method by Bulgarian State
Standard (BDS) 8451: 1977;
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Method for  determining  smell  at  20°С — method
BDS 8451: 1977 technical device – glass mercury
thermometer, conditions No. 21;

Method  for  determination  of  turbidity  -  EN  ISO
7027, with technical device turbidimeter type TURB
355 IR ID No 200807088;

Method for determination of pH – BDS 3424: 1981,
technical  device  pH  meter  type  UB10  ID
NoUB10128148;

Method  for  determination  of  oxidisability  –  BDS
3413: 1981;

Method for determination of chlorides – BDS 3414:
1980;

Method  for  determination  of  nitrates  –  Validated
Laboratory Method (VLM) – NO3 – No. 2, technical
device photometer "NOVA 60 A" ID No. 08450505;

Method for determination of  nitrites – VLM NO2 –
No. 3, technical device photometer "NOVA 60 A" ID
No. 08450505;

Method for determination of ammonium ions – VLM
– NH4 – No. 1, technical device photometer "NOVA
60 A" ID No. 08450505;

Method for determination of general hardness – BDS
ISO 6058;

Method for determination of sulfates – VLM – SO4 –
No. 4, technical device photometer "NOVA 60 A" ID
No. 08450505;

Method  for  determination  of  calcium  –  BDS  ISO
6058;

Method  for  determination  of  magnesium  –  BDS
7211: 1982;

Method for determination of phosphates – VLM - PО4

– No. 5, technical device photometer "NOVA 60 A"
ID No 08450505;

Method for determination of manganese – VLM – Mn
– No. 7, technical device photometer "NOVA 60 A"
ID № 08450505;

Method for determination of iron – VLM – Fe – No.
6, technical device photometer "NOVA 60 A" ID No.
08450505;

Method for determination of fluorides – VLM – F –
No. 8, technical device photometer "NOVA 60 A" ID
No. 08450505;

Method for determining electrical conductivity – BDS
ЕN  27888,  technical  device  –  conductivity  meter
inoLab cond 720 ID No 11081137.

Experimental staging 
To 4.5 mL of a 12-hour as well as 36-hour  zeolite
water, 0.5 mL of a suspension of the corresponding
bacterial strain was added at a concentration of 107

cells. mL-1,  reaching  a  final  concentration  of  106

cells/mL  for  each  species  and  strain  of
microorganisms used.  The  following controls  were
placed  -  12  and  36-hour  zeolite water  without
microorganisms, as well as bacteria without  zeolite
water. After different time intervals for exposure to
zeolite waters (15 min, 30 min, 60 min, 120 min, 24
h, and 96 h), cultures were made from each of the
samples  on  Eosin  Methylene  Blue  selective  agar
medium  for  the  Gram-negative  bacteria  and
Chapman  Stone  agar  for  S.  aureus  in  order  to
determine  the  antimicrobial  activity  of  the  tested
waters against E. coli and S. aureus. After culturing
at  37 °C  for  18-24,  the  growth  of  the  tested
bacteria  was reported,  as  well  as  that  of  the  set
controls.  Colonies  formed  were  counted,  and  the
results were calculated in colony-forming units/mL
(CFU.mL-1)  as  a  percentage  of  the  growth  of
untreated  controls of  the  strains,  which  were
considered 100 %.

Statistical  analysis. The  results  were  processed
mathematically, and the arithmetic mean (AV) and
standard  deviation  (SD)  were  found.  Student's  t-
test analysis for independent samples was applied
to test the statistical dependence and reliability of
the  results.  The  significance  of  the  results  was
defined  at  a  significance  level  of  P<0.05.
Microsoft®Office  Professional  Plus  Excel  2013
(15.0.4569.15060) was used for the calculations.

RESULTS AND DISCUSSION  

Physicochemical analysis of  spring water with
zeolite filtration “Sevtopolis”       
Table  2  illustrates  physicochemical  parameters  of
spring  water  with  zeolite  filtration  “Sevtopolis”
according  to Ordinance No. 9/2001. The research is
with  the  document  (Laboratory  Alimenti  Omnilab,
Plovdiv, Bulgaria, No. 10838, 22.02.2021)
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Table 2. Physicochemical parameters of spring water with zeolite filtration “Sevtopolis”

Controlled parameter Measuring
unit

Maximum
Limit Value

Spring water with
zeolite filtration

“Sevtopolis” 

1. pH pH values ≥ 6,5 and ≤
9,5

6.91±0.1

2. Electrical conductivity µS.L-1 2000              278 ±8.3
3. Color Chromaticity

Values
Acceptable Acceptable

4. Turbidity FNU Acceptable Acceptable
5. Odor force Acceptable Acceptable
6. Calcium (Ca2+) mg. L-1 150 34.8±3.5
7. Magnesium (Mg2+) mg. L-1 80             8.26±0.83
8. Zinc (Zn2+) mg. L-1 4.0 <2.0
9. Manganese (Mn2+) µg. L-1 50 <10.0
10. Sodium (Na+)       mg. L-1 200 13.85±1.4
11. Potassium (K+) mg. L-1 - 3.57±0.36
12. Nitrites (NО2

-) mg. L-1 0.5 <0.05
13. Nitrates  (NО3

-) mg. L-1 50 11.80±0.12
14. Sulfates (SО4

2-) mg. L-1 250 41.40±0.41
15. Ammonium (NH4

+) mg. L-1 0.5 <0.013
16. Chlorine (Cl−) mg. L-1 0.3-0.4 0.018
17. Iron (Fe) µg. L-1 200 <5.0
18. Selenium (Se) µg. L-1 10                 <2.0
19. Antimony (Sb) mg. L-1 5 <2.7
20. Aluminum (Al) µg. L-1 200 <40.00
21. Lead (Pb) µg. L-1 10 <2.0
22. Boron (B) mg. L-1 1 <0.02
23. Arsenic (As) µg. L-1 10 <2.0
24. Chromium (Cr) µg. L-1 50 <10.0
25. Cadmium (Cd) µg. L-1            5 <1.0
26. Copper (Cu) mg. L-1            2 <0.08
27. Nickel (Ni) µg. L-1           20 <4.0
28. Mercury (Hg) µg. L-1            1 <0.5

The  physical  parameters  of  pH  and  ORP  of  the
studied zeolite waters at room temperature 20° C
are presented in Table 3.

Table 3. Physical indicators of the tested zeolite
water

Zeolite
water

pH ORP (mV)

12 h 6.76 ± 0,1 0.7 ± 2.52 

36 h 6.5 ± 0,04 32.3 ± 0.58 

As  can  be  seen  from  the  data  in  the  table,  the
zeolite water obtained for 12 and 36 hours have a
slightly acid reaction and a neutral to slightly high
ORP. A lower pH and a higher  ORP indicated the
water obtained for a longer time (36 h) compared to
that  obtained  for  12  h.  The  differences  between
both waters for pH were statistically significant (P
<0.05), as well as for ORP (P <0.01).

The results of the studies performed to determine
the sensitivity of the used strains of  E. coli and  S.
aureus to  zeolite waters,  tested  at  a  final
concentration  of  106 cells.mL-1 by  the  suspension
method, are presented in Table 4. Bacterial growth

was defined as the percentage compared to growth
of  zeolite-free  bacterial  controls,  which  were
considered 100%.

The  data  indicated that  the  two  tested  aqueous
infusions of zeolite exhibited an antimicrobial effect,
although it was not strongly pronounced. After 30
minutes of exposure, they reduced the amount of
viable  E. coli and  S. aureus cells even when they
were  in  high  concentrations  (106 cells.mL-1).  The
effect of the 36-hour infusion was better, under the
influence of which, after 60 minutes, the number of
live bacteria of the two tested species decreased by
almost half compared to the initial amounts. Slightly
higher sensitivity to the zeolite waters was shown
by E. coli, whose cells were reduced to about 35%
after two hours of exposure to both zeolite waters
tested. S.  aureus cells  were  reduced  to  a  lesser
extent  under  the  action  of  12  h  zeolite  water.
However,  about  20%  of  the  cells  of  the  tested
bacteria survived even after 96 hours of exposure to
these waters. Only in  E. coli no growth was found
after 96 hours of exposure to 12 h zeolite water.

Table  4  and  figures  3  and  4  illustrate  the
antimicrobial effect of 12 h zeolite water and 36 h
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zeolite water against S. aureus, and E. coli strains in suspensions with a density 106 cells. mL-1

Тable 4. Antimicrobial effect of 12 h zeolite water and 36 h zeolite water against S. aureus and E. coli
strains in suspensions with a density 106 cells. mL-1

Time of action 
Growth of the strains (% of CFU.mL-1) after different

intervals of exposure to zeolite waters

S. aureus E. coli

12 h 36 h 12 h 36 h

15 min 100.0 +10.0 100.0 +10.0 100.0 +10.0 100.0 +10.0

30 min 77.5 +4.3 80.0 +0.0 82.5 +3.5 87.5 +2.5
60 min 62.5 +8.3 55.0 +5.0 55.0 +5.0 52.5 +2.5

120 min 50.0 +10.0 35.0 +5.0 35.0 +5.0 32.5 +2.5
24 h 50.0 +10.0 35.0 +5.0 32.5 +2.5 30.0 +0.0
96 h 22.0 +0.0 20.0 +10.0 0 18.0 +10.0

Untreated controls 100.0 +10.0 100.0 +10.0 100.0 +10.0 100.0 +10.0

Control without bacteria 0 0 0 0

Figure 2: Antimicrobial effect of 12 h zeolite water and 36 h zeolite water against S. aureus and strains in
suspensions with a density 106 cells. mL-1

Figure 3: Antimicrobial effect of 12 h zeolite water and 36 h zeolite water against E. coli strains in
suspensions with a density 106 cells. mL-1
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Microbiological  research  of  this  standard  was
performed by Bulgarian authors (23-26). Data from
many of  them show that  silver  ions  enhance  the
antimicrobial  properties  of  zeolite  (27,  28).  The
research was performed with  in vitro antimicrobial
effect of fabric softeners containing silver zeolite on
S. aureus,  Pseudomonas aeruginosa, and  Candida
albicans  (29).  The  studies  demonstrated  the
inhibitory action of silver-zeolite-containing samples
on  S.  aureus,  including  MRSA,  as  well  as  on  C.
albicans (30). In studies of the Mexican silver zeolite
mineral clinoptilolite - heulandite demonstrated that
it eliminated pathogenic microorganisms E. coli and
Streptococcus faecalis from the water after 2 hours
of  contact  (31).  Silver  ZCT  exhibits  antibacterial
properties  by  completely  purifying  E.  coli-
contaminated  water  from the  bacterial  cells  as  it
flows through the device (7). The zeolite water filter
is  a  sustainable,  natural  solution  for  purifying
drinking water and wastewater (32). Zeolite filters
have many pores,  so  they not  only  trap particles
between  the  grains  but  absorb  them  into  their
pores. This is partly done by zeolite minerals' ability
to  cation exchange,  whereby they absorb positive
ions  from  water  (i.e.,  dissolved  metals,  sodium,
ammonia, etc.). Also, due to its high pore density,
zeolite has a highly effective surface and can trap
high concentrations of contaminants before the filter
needs to be cleaned. For these reasons, it can be
used  successfully  to  treat  drinking  water,
wastewater,  radioactive  water,  freshwater
aquaculture, and others (33). The zeolite formulas
can  be  combined  with  various  materials  used  to
manufacture medical devices, surfaces, textiles, or
household items where antimicrobial properties are
required.

Our research also shows that zeolite can be used to
reduce the bacterial water content even when it is
significant.

CONCLUSIONS

By examining the physicochemical and antimicrobial
properties of zeolite, the study shows that it 
positively affects public health and environmental 
cleanliness in the areas where it is distributed.

The  tested  zeolite  water,  obtained  for  12  and 36
hours, reduced the amount of viable  E. coli and S.
aureus cells  even  when  they  were  in  high
concentration  (106 cells/mL).  E.  coli showed  a
higher  sensitivity  to  these  waters'  action  than  S.
aureus. 
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Abstract: Topoisomerase II (Top-II) is an essential therapeutic target in cancer treatment owing to its
overexpression in a wide variety of cancerous cells,  including colorectal  and breast cancer. Significant
efforts have been made to discover and develop competitive inhibitors of the Top-II enzyme as potential
anticancer  agents.  Herein,  molecular  modeling  was  employed  to  identify  a  new  series  of  furyl-2-
carboxamide derivatives as potential anticancer agents. Compounds  3,  5, and  7 were synthesized and
characterized  with  the  aid  of  several  spectroscopic  techniques,  such  as  FT-IR,  NMR,  and  mass
spectroscopy, as well as elemental analysis. The anticancer activity properties of compounds 3, 5, and 7
were  evaluated  in  vitro using  an  MTT  assay  in  a  human  colorectal  HCT-116  cell  line  with  different
concentration dilutions. The results indicate that the anthraquinone compound  3  is 1.3-1.6 times more
potent against human colon cancer HCT-116 cells than the pyridine and benzophenone compounds 7 and
5,  respectively,  which  reveals  the  importance  of  the  anthraquinone  moiety  in  exerting  the  inhibitory
activity of the compound. Our findings recommend that further optimization of this series would benefit
colon cancer treatment.
Keywords: Anticancer, furyl-2-carboxamide, docking, MTT assay, Top-II.

Submitted: March 25, 2022. Accepted: July 07, 2022. 

Cite this: Al-Sammarra’e A, Al-Najdawi MM, Saleh MM, Al-Hiari YM, Al-Bashiti R. Synthesis and Biological
Evaluation of Furyl-Carboxamide Derivatives as Potential Anticancer Agents. JOTCSA. 2022;9(3):909–18. 

DOI: https://doi.org/10.18596/jotcsa.  1092553  . 

*Corresponding author. E-mail: manal.najdawi@iu.edu.jo. 

INTRODUCTION

In developing countries, cancer is a multifaceted ill-
ness leading cause of death. Cancer kills one in ev-
ery eight  people  worldwide,  making it  the second
most common cause of death in the United States
and Europe, behind only heart disease (1). Accord-
ing to estimates, 15 million new cancer patients will
be diagnosed each year by 2020 (2). Surgeons cre-
ated  new  cancer  treatment  methods  in  the  last
decades of the twentieth century by combining both
surgeries,  chemotherapy  and/or  radiation.  In  the
last years, the use of multiple chemotherapy medi-
cations has resulted in the successful and effective

treatment of various cancers. Anticancer drug resis-
tance is a complicated process that occurs as drug
targets  shift  and  new  chemotherapy  agents  have
progressed rapidly and effectively (3). The essential
pharmacophore of heterocyclic  plays  a role in the
production  of  pharmacologically  active  chemical
structures.  Sulfur, nitrogen, and oxygen-containing
in heterocyclic nuclei as therapeutic agents are an
essential part of the processing of drug discovery,
investigation,  and development  (6).  Some of the
synthesized compounds with the heterocyclic group
showed a significant cytotoxic activity as compared
to a reference control (7). For that reason, there is
a  growing  need  to  identify  suitable  druggable
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macromolecules that can be targeted selectively by
antitumor agents in cancer cells. In an effort to find
unique targets for anticancer agents, the Top II in-
hibitors have been demonstrated as plausible ones,
which have been proved to play a crucial role in the
pathology of cancer.

In this work, we tailored the backbone of 2-furoyl
chloride to probe the effect of introducing benzophe-
none, anthraquinone, and pyridine on the accommo-
dating  Top-II  binding  pocket.  The  prospective
derivatives  were  synthesized  to  investigate  their
structure-activity  relationship  (SAR)  and  improve
their inhibitory activity as anticancer compounds.

MATERIALS AND METHODS

General synthetic procedure
Three novel derivatives of  2-furan-carboxamide N-
(9,10-dioxo-9,10-dihydroanthracen-2-yl),  N-(2-
Benzoylphenyl), and N-(pyridine-2-yl) were synthe-
sized  by  fusion  at  high  temperature,  in  which  2-
furoyl  chloride  1 was  thoroughly  mixed  with  2-
aminoanthraquinone  2,  2-aminobenzophenone  4
and 2-aminopyridine 6 derivatives, respectively, and
refluxed at 120 °C for 18 h. Then 1,4-dioxane was
added, and the mixture was stirred for an additional
24 h at room temperature (8). The resulting prod-
ucts  were  filtered  and  recrystallized  from  chloro-
form/methanol to give the desired compounds 3, 5,
and 7  (Scheme  1).  1H NMR,  13C NMR, IR, and MS
analysis were used to confirm the structures of the
target compounds.

Analytical procedures
Apparatus  SMP10  (Stone,  Staffordshire,  UK).  1H
NMR and 13C NMR spectra were collected on a Var-
ian Oxford NMR300 spectrometer (Santa Clara, CA,
USA).  The  samples  were  dissolved  in  CDCl3 at  a
content of 0:3 – 0:7 wt-% and placed in 5-mm NMR
tubes.  High-resolution  (HR)  mass  spectra  were
measured in the negative ion mode using the elec-
trospray  ion  trap  (ESI)  technique  by  collision-in-
duced dissociation on a Bruker Apex-4 (Tesla) in-
strument  (Bremen,  Germany).  The  samples  were
dissolved  in  acetonitrile,  diluted  in  spray  solution
(methanol/water, 5:4.9, v/v+0.1-part formic acid),
and infused using a syringe pump with a flow rate of
2  µL/min.  External  calibration was  done  using  an
arginine cluster in the mass range m/z 175 – 871. 

Infrared (IR) spectra were recorded on a Shimadzu
8400F FT-IR spectrophotometer (Kyoto, Japan). The
samples  were  dissolved in  CHCl3 and analyzed  as
thin  solid  films  using  NaCl  plates  or  KBr  discs
(Merck,  Darmstadt,  Germany).  Thin-layer  chro-
matography  (TLC)  was  performed  on  aluminum
plates pre-coated with fluorescent silica gel, and the
spots were visualized by UV light at 254 and/or 360
nm.

2-Furan-carboxamide  N-(9,10-dioxo-9,10-di-
hydroanthracen-2-yl) 3 
2-Furoyl chloride 1 (0.43 g, 3.45 mmol) was treated
with  2-aminoanthraquinone  2 (0.40  g,  1.8 mmol)
and  processed  as  described  in  general  procedure
section.  Recrystallization  afforded  the  title  com-
pound (0.554 g, 97.54%) as a brown-green solid;
Rf: 0.58 (chloroform : methanol, 9.8 : 0.2); m.p.:
285 °C (decomposed);  1H-NMR (300 MHz, DMSO-
d6): rotamers δ = 10.66 (s, 1H, NHCO), 8.52 (br s,
1H, Ar-H, H3-furan), 8.21 (d, 1H, Ar-H), 8.19-8.07,
d,  8.06-7.83,  m;  7.40,  d,  7.35,  s,  7.29-7.27,  d,
(8H,  Ar-H);  13C-NMR  (DMSO-d6)  rotomers:  δ  =
182.80  (CO-ketone),  181.67  (CO-ketone),  156.97
(CONH),  147.2776,  146.9122  (CH-Ar),  144.7427,
134.9315 (CH-Ar), 134.6143, 134.3856, 133.5075,
128.6764, 128.5715, 127.1481, 127.0549 (CH-Ar),
125.0627 (CH-Ar),  117.3430,  116.3521, 112.8203
ppm; IR: 3497 (CONH), 2921 (C-H aromatic), 1689,
1734 (ketone),  1282 (C-O).   HRMS (ESI,  positive
mode):  m/z  (M+ +  H+):  Found  318.07608  (C19

H12N1O4) requires 317.30.

N-(2-Benzoylphenyl)-2-furan-2-carboxamide
2-Aminobenzophenone  4  (0.35 g, 1.77 mmol) and
2-furoylchloride 1 (0.43 g, 4.19 mmol) were mixed
and  processed  as  described  in  general  procedure
section.  Recrystallization  afforded  the  title
compound (0.238 g, 46.2%) as a pale yellow solid;
Rf: 0.8 (chloroform:methanol, 9.8:0.2); m.p.: 117
°C; 1H-NMR (500 MHz, DMSO-d6): δ = 10.99 (br s,
1H,  NHCO),  8.0474  (br  s,  1H,  Ar-H-2’),  8.0312
(d,1H, Ar-H-6’), 7.6718 (s, 1H, Ar-H-5), 7.6570 (d,
2H, Ar-H-2’’&6’’), 7.6261 (dd,1H, Ar-H-4’’), 7.6107
(d,  2H,  Ar-H-3’’&5’’),  7.5930  (m,  1H,  Ar-H-5’),
7.5753  (d,  1H,  Ar-H-4’),  7.5609 (d,  1H,  Ar-H-3),
7.4785  (d,  1H,  Ar-H-4),  7.1539  (d,  1H,  Ar-H-4),
6.6238 (d, 1H, Ar-H-4); 13C-NMR (125 MHz, DMSO-
d6): δ = 197.2320 (CO-ketone), 156.4341 (CONH),
147.6107 (C-2), 146.4400 (C-5), 137.9514 (C-1’),
137.7469 (C-1’’), 133.3220 (C-3’), 133.0372 (C-2’),
131.9800  (C-2’’&6’’),  130.1420  (C-6’),  128.7292
(C-3’’&5’’),  128.5554  (C-4’’),  124.2936  (C-5’),
123.4369  (C-4’),  115.7523 (C-3),  112.8763 (C-4)
ppm. IR: 3340 (CONH), 3086 (C-H aromatic), 1612
(ketone), 1435 (C=C aromatic); HRMS (ESI, posi-
tive  mode):  m/z  (M+ +  H+):  Found  292.09682
(C18H14N1O3) requires 291.31.

N-(Pyridine-2-yl) furan-2-carboxamide 7 
2-Furylchloride 1 (0.43 g, 4.19 mmol) was added to
2-aminopyridine  6  (0.42  g,  4.46  mmol)  and pro-
cessed as  described in  general  procedure  section.
Recrystallization afforded a white brown crystal solid
(0.155 g, 18.5%); Rf: 0.13 (chloroform:methanol,
9.8:0.2); m.p.: 223 °C (decomposed); 1H-NMR (300
MHz, DMSO-d6): δ = 12.0217 (br s, 1 H, NHCO),
8.4473 (d, 1H, Ar-H), 8.2207 (s, 1H, Ar-H), 8.0172
(s, 1H, Ar-H), 7.8940 (d, 1H, Ar-H), 7.4229 (m, 3H,
Ar-H ), 7.0094 (dd, 1H, Ar-H), 6.7292 (dd, 1H, Ar-
H);  13C-NMR (DMSO-d6):  rotamers  δ  =  157.5104

910



Al-Sammarra’e et al. JOTCSA. 2022; 9(3):909-918.  RESEARCH ARTICLE

(CONH),  149.5901  (CH-Ar),  148.2859  (CH-Ar),
146.0175  (CH-Ar),  144.3656  (CH-Ar),  142.2762
(CH-Ar),  120.7421  (CH-Ar),  118.4750  (CH-Ar),
116.6861 (CH-Ar), 113.0626 (CH-Ar) ppm; IR (thin

film): ν = 3344 (NHCO), 2950 (C-H aromatic), 1327
(C=C  aromatic),  1073  (CO)  cm-1;  HRMS  (ESI,
positive mode):  m/z  (M+ + H+): Found 189.06585
(C10H9N2O2) requires 188.93. 

Scheme 1: Preparation of 2-furan-carboxamide N-(9,10-dioxo-9,10-dihydroanthracen-2-yl) 3, N-(3-ben-
zoylphenyl)-2-furamide 5 and N-(pyridine-2-yl) furan-2-carboxamide 7.  

Experimental Section
MTT assay was purchased from (Bioworld/USA, CN:
42000092-3), Human carcinoma HCT-116 (colorec-
tal) cell line was  sourced from the American Type
Culture Collection (ATCC, USA, CN: 302007,  CCL-
247™)  and  stored  in  liquid  nitrogen.  All  other
chemicals (fine super grade) were purchased from
Across Organics (Amman, Jordan).

MTT assay: measuring cell viability
The method has been described previously by (9)
and was adapted from Mosmann (10). MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] reagent was used to evaluate the antipro-
liferative activity of compounds 3,  5, and 7 on hu-
man cancer  colorectal  HCT-116 cell  line.  The car-
cinoma cells were maintained in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated fetal
bovine  serum (FBS),  1% L-glutamine  (100X)  and
1% penicillin-streptomycin  (100X).  The  cells  were
seeded into 96-well plates at a density of 3 × 103

per well (180 µL per well) and allowed to adhere for
24 hrs at 37 °C/5% CO2. Agent top stock solutions
(10 mM in DMSO) were then freshly made. Serial di-
lutions were prepared in the same media as men-
tioned above for addition to colon cancer cells. Con-
trol wells received vehicle alone (20 µL per well). Fi-
nal  test  agent  concentrations  in  the  wells  were;
0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50 and 100 µM.  The
final concentration of DMSO in the wells never ex-

ceeded 1%. Vehicle control assays were performed
(0.0001-1% DMSO).  Experimental  plates  were  in-
cubated for  a  further  72 hrs  period at  37 °C/5%
CO2. Cell viability was recorded at the time of agent
addition (T0), and after 72 hrs exposure: following
the addition of MTT solution (2 mg/mL in PBS: 50 µL
per well), experimental plates were incubated for 3
hrs to allow reduction of MTT by viable cells to insol-
uble dark purple formazan crystals. The supernatant
in each well was then aspirated, and cellular form-
azan was solubilized by the addition of DMSO (150
µL per well). Absorbance was read at a wavelength
of 550 nm using a Shimadzu UV-1601 spectrophoto-
meter plate reader. The measured intensity is pro-
portional to metabolic activity, which correlates with
viable  cell  numbers.  Estimated  GI50 values  (test
agent  concentrations  that  inhibit  cell  growth  by
50%)  were  calculated using  Microsoft  Excel  2010
software.  Results  are  expressed  as  the  mean  of
three  independent  experiments  (n  =  8  per  trial)
(10). 

RESULTS AND DISCUSSION 

Growth inhibitory and cytotoxic  effect  of  the
synthesized furyl carboxamide derivatives
The antiproliferative activities of the furyl carboxam-
ide derivatives  3,  5, and  7 plus the  known anti-
cancer drug Doxorubicin (9) were evaluated in vitro
using MTT assay (9-10) against human carcinoma
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colorectal HCT-116 cell line. Colorectal carcinoma is
the  third  most  common  cancer  and  caused  more
than 935,173 deaths  globally  in  2020 (11).  Thus,
developing  new therapies  for  such  malignant  dis-
eases represents a severely unmet need. 

The concentrations at which cell growth is inhibited
by 50% (GI50) after 72 hrs exposure of cells to furyl

carboxamide derivatives  3,  5,  7, and Doxorubicin
were obtained from dose-response curves after con-
sidering the  initial  optical  density  acquired at  the
time of treatment. GI50 values are presented in Ta-
ble  1, while  Figure  1 shows the structure of Dox-
orubicin  as  a  reference  drug  used  as  an
antiproliferation-active compound (12).

Table 1: Growth inhibitory activity of compounds 3, 5, 7, and Doxorubicin against human colorectal
carcinoma HCT-116 cell line. GI50 values are represented as mean±standard deviation of at least three

independent experiments (n = 8 per trial).

Compound
GI50 (μM) ± S.D.

HCT-116 Cell Line

3 23.3 ± 1.3

5 36.6 ± 2.8

7 30.5 ± 8.4

Doxorubicin 0.190 ± 0.065

Figure 1: Structure of doxorubicin (11). 

As can be deduced from the table, the three com-
pounds  3, 5, and 7 show  significant  and  almost
identical  cellular  growth  inhibitory  activity  against
human carcinoma colon HCT-116 cell line in the ex-
amined  concentration  range  (0.01-100  μM).  The
highest growth inhibitory activity against colon can-
cer cells is shown by compound  3, which  contains
the anthraquinone core structure like Doxorubicin,
with a GI50 value of 23.3 μM, followed by compound
7, containing pyridine  moiety,  and  compound  5,
containing benzophenone structure, with GI50 values
of 30.5 μM and 36.6 μM, respectively. The results

indicate that the anthraquinone compound 3 is 1.3-
1.6 times more potent against human colon cancer
HCT-116 cells than the pyridine and benzophenone
compounds 7 and 5, respectively.

On a direct comparison of compound 3 with Doxoru-
bicin, it can be deduced that Doxorubicin has potent
growth inhibitory (GI50 = 0.190 μM) and antitumor
activity  of  122-fold  greater  than  anthraquinone
compound  3 against human colon cancer HCT-116
cell line, as shown in Figures 2 and 3.
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Figure 2: Dose-response curves that show the growth inhibitory effects of compounds 3, 5, 7, and Doxoru-
bicin against human colorectal carcinoma HCT-116 cell line cell. Values are mean±SD, n = 8, graphs are

representative of experiments performed on at least three separate occasions.

Figure 3: Dose-response curves that show the growth inhibitory effects of compound 3 & Doxorubicin
against human colorectal carcinoma HCT-116 cell line cell. Values are mean ± SD, n = 8, graphs represen-

tative of experiments performed on at least three separate occasions.

Induced-Fit Docking (IFD)
In  order  to  investigate  the  anticancer  activity  of
compounds  3,  5, and 7 in the HCT-116 cell  line,
molecular docking simulations were performed using
Biovia  Discovery  Studio  (DS)  and  Schrodinger
(Schro)  software  with  CDOCKER  Algorithm.  Both
compound  3 and Doxorubicin were  docked to  the
binding site of the topoisomerase II crystal structure
(PDB ID: 6CA8) to investigate the nature of their
binding interactions with topoisomerase II targeted
enzyme. The x-ray diffraction structure of topoiso-
merase II (PDB ID: 6CA8) with a resolution of 2.33
Å was obtained from  RCSB website.  Figures  4,  5,
and 6 show the nature of interactions between the

synthesized compound  3 and Doxorubicin with the
binding site of the topoisomerase II enzyme.

It is clearly seen that our synthesized compound 3
is well  docked inside the binding pocket of Top-II
but interacts with amino acid residues different than
those  that  Doxorubicin  interacts  with,  except  LYS
A:747  residue.  Compound  3 showed  hydrogen
bonds with ARG:737 and THR A:791 as well as π-π
stacking  with  GLN:  790,  π-alkyl  bond  with  PRO
A:748 and LYS A:747, Van der Waals interactions
with HIS A783, GLY A749 and SER A:787, and π-
lone pair TYR A:733. However, Doxorubicin showed
hydrogen bonds with LYS A:747, GLU A:878, GLN
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A:750, GLY A:801, LYS A:953, and GLY A:820, car-
bon-hydrogen  bond  with  ASN  A:890,  and  π-alkyl
bond PHE A:799.

From Figures 4 and 5, we realize that the compound
inhibition  mechanisms  follow  in  both  hydrophobic
and hydrogen bonding interactions with the enzyme
understudy. Also, the strength of the inhibitor’s in-
teraction with Top-II is a reflection to the frequency
of hydrogen bonds exist between the inhibitor and
binding pocket.  In addition, from Figure 6, it is ob-
viously seen that the binding pocket of Doxorubicin
is different from that of compound  3, which impli-
cates  the  strength  of  binding  interaction  of  both
compounds. The docking score is a negative value
that describes the tightness (binding affinity) of the
drug-target interactions and is reported as the free
energy of binding in kcal/mol. 

The results showed a correlation between the dock-
ing score (-33.416 kcal/mol)  of compound  3 with
the number of hydrogen bond, hydrophobic, and π-π
stacking interactions present in the compounds un-
der study. However, the docking score of Doxoru-
bicin was (-150.329 kcal/mol), which corresponds to
the number of hydrogen bond, hydrophobic and π-π
stacking interactions. 

The comparison between the growth inhibitory ac-
tivities (GI50 values) of compounds 3 and 5 revealed
that the fixation of the 2-phenyl ring is more favor-
able.   Many  furan-like  compounds  with  various
structures have been studied previously for their cy-
totoxic activities. However, our present understand-
ing  of  the  relationships  between  their  chemical
structures and anticancer properties is still very lim-
ited. The structural modifications of the furyl-2-car-
boxamide derivatives primarily focused on the alter-
ation  of  the  lipophilic  part  along  with  their  sub-

stituents  and  conformational  restriction  of  the
biphenyl ring to give rigid cyclic analogs.

DISCUSSION

Furan carboxamides were chosen in this work since
they are novel and provide reasonable antioxidant
activity  as their  counterpart  analog as indole car-
boxamide (14). In addition, furan and other privi-
leged structure such as pyridazine, pyridazine as a
privileged structure (15), quinoline (16), pyran (17),
and other heterocyclic structures have been investi-
gated as the scaffold and a core for potential anti-
cancer  agents.  Therefore,  it  is  important  to  keep
searching  for  a  potent  anticancer  agent  with  re-
markable  selectivity  and lower toxicity.  Therefore,
we chose to evaluate the furan scaffold as an anti-
cancer.  Many procedures have been performed to
synthesize the proposed compounds, but the fusion
method showed superior yield, which was adopted
for the three compounds, as shown in Scheme 1.

From the results in Table 1, it was found that com-
pound  3 showed moderate antitumor activity com-
parable  to  that  of  Doxorubicin.  Anthraquinone
derivative exhibited better anticancer activity than
benzophenone and pyridine derivatives which sup-
ports a previous study  (14) where this compound
showed encouraging antioxidant activity using DPPH
in vitro test, which could explain its effect as a po-
tential  anticancer  agent.  On  the  other  hand,  its
structure  may  be  considered  as  conformationally
constrained  congeners  of  Doxorubicin  that  would
bind to the receptor similarly, which implicates its
activity  to  inhibit  cancer  cell  growth  via  multiple
mechanisms, including DNA cross-linking by disrupt-
ing  topoisomerase  II  and  free  radical  generation
damaging the cell membrane, proteins, and DNA.

914



Al-Sammarra’e et al. JOTCSA. 2022; 9(3):909-918.  RESEARCH ARTICLE

Figure 4: 2D interaction of compound 3 with the binding site of topoisomerase II.

Figure 5: 2D interaction of Doxorubicin with the binding site of topoisomerase II.
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Figure 6: 3D interactions of Doxorubicin and compound 3 with the topoisomerase II enzyme binding site.

CONCLUSION 

In this work, we provided a series of new 2-furyl
carboxamide derivatives  3, 5, and  7 as  cytotoxic
agents  against  human  colorectal  cancer  cells  and
found that compound 3 showed the best antiprolif-
erative activities towards the HCT116 cell line. Com-
pound 3 had a rigid shape structure like Doxorubicin
which would affect the binding affinity to the recep-
tor.  Furthermore,  the  prediction  results  of  the
physicochemical  properties  of compound  3 demon-
strated that it might be an essential scaffold for fu-
ture structural design in developing highly efficient
antiproliferative agents.
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Abstract:  Gelatin-stabilized  silver  nanoparticles  (AgNPs)  with  a  particle  size  of  6.9  (±3.2)  nm  were
synthesized  and  employed  in  nanoparticle  adsorption  onto  activated  carbon  (AC).  Subsequently,  the
synthesized AgNPs and the adsorbed nanoparticles onto the AC (AgNP@AC) were characterized by various
techniques including UV–Vis spectrophotometry, transmission electron microscopy (TEM), scanning electron
microscopy  (SEM),  Fourier  transform infrared  spectroscopy  (FT–IR)  and  X–ray  diffraction  (XRD).  AgNPs
possessed colloidal stability at a wide pH interval ranging between 4 and 13. Adsorption was studied batch-
wise as a function of initial nanoparticle concentration (4–14 mg L-1), temperature (298–323 K), pH (4–13)
and adsorbent dosage (0.01–0.05 g). Adsorption isotherms were investigated by fitting the data to different
isotherm models including Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (D–R). Error analysis
indicated  that  the  adsorption  is  well  described  by  the  Langmuir  model  with  a  monolayer  adsorption
capacity of 10.36 mg g-1 for 0.05 g AC at pH 7  and 323 K. Thermodynamic parameters such as enthalpy
(66.77 kJ mol-1),  entropy (232.92 J  mol-1  K-1),  and Gibbs free energy (–8.31 kJ mol-1) indicated that the
process is endothermic, favorable and spontaneous through physical interactions.
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parameters.
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INTRODUCTION

Silver  nanoparticles  (AgNPs)  have  been  a  focus
research field by scientists from different disciplines
due  to  their  unique  properties  which  has  opened
new capabilities in a wide range of applications (1).
Silver  nanoparticles  (AgNPs)  have  already  been
utilized  in  many  fields  including  medical
equipments,  textile  industry,  water  treatment,
ventilation and air conditioning systems, cosmetics,
and  sport  equipments  as  they  possess  high
antibacterial activity (2,3).

Nano-silver can be prepared according to a common
method  which  involves  wet  chemical  synthesis
where  a  silver  salt  precursor  is  reduced  in  the
presence  of  a  stabilizer  (3).  The  most  commonly

considered  agents  for  reducing  silver  salt  are
sodium borohydride (NaBH4) (4), citrate (5), ascorbic
acid  (6),  dimethylformamide  (DMF)  (7,8),  and
oleylamine (9). 

Colloidal  instability  of  AgNPs  against  aggregation
has  been  encountered  as  a  common  problem for
many applications.  This problem may end up with
the formation of large aggregates which causes the
blockage of the active surface area, thus limiting the
unique  antibacterial  and  catalytic  properties  (3).
Therefore,  to  avoid  this  problem  and  improve
colloidal stability as well as the availability of AgNPs
for further applications, their surface is needed to be
protected. For this purpose, there are many types of
chemicals such as surface-active agents which are
also called surfactants (10,11), synthetic polymers,
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i.e.  polyvinyl  pyrrolidone  (PVP)  (12),  polyvinyl
alcohol  (PVA) (13),  polyethylene glycol  (PEG) (14),
polymethyl  methacrylate  (PMMA)  (15),  and
dendrimers (16). Additionally, natural polymers such
as chitosan (17,18), polysaccharides, and gelatin are
potentially  preferred for  the stabilization  of  AgNPs
(19–22).  These ligands  prevent  nanoparticles  from
being  aggregated  in  the  surrounding  atmosphere
and are also heavily  important in determining the
particle size and shape in colloidal systems (23,24).  
  
Activated  carbons  (ACs)  have  a  relatively  porous
structure and large surface area, which can act as a
host  structure,  as  well  as  they  consist  of  amines,
phenols,  nitrobenzene,  and other types of  cationic
functional  groups  on  its  surface.  The  adsorption
capacity  of  ACs can be estimated based on these
chemical functionalities. The incorporation of silver
nanoparticles onto ACs has gained a greater choice
of  interest  for  use  as  the  host  material  in
wastewater treatment, air purification, and removal
of organic and inorganic contaminants (25,26). 

In a previous report, adsorption of AgNPs modified
by  using  different  types  of  ligands  onto  AC  was
studied  to  investigate  the  ligand  type  on  the
adsorption  performance  (27).  Since  ligands  are
surrounding the active metal surface, they play an
important  role  in  nanoparticle  interaction  with the
outside  world.  Gelatin  is  an  excellent  coating
material  to  produce  nanoparticles  that  show  high
endurance and stability in a wide range of pH. Since
gelatin-stabilized  nanoparticles  could  can  a  long-
term  aggregation  resistance  in  aqueous  media
including natural aquatic ecosystems, their removal
from  wastewaters  might  be  challenging  and  this
appears to be a scientific concern. Therefore, in this
study, it  is  aimed to investigate the adsorption of
gelatin-stabilized  AgNPs  onto  AC.  In  that  regard,
gelatin-stabilized  AgNPs  were  synthesized  and
employed  in  nanoparticle  adsorption  onto  AC.
Batchwise  adsorption  studies  were  conducted
between AgNPs and the AC as a function of initial
nanoparticle  concentration  (4–14  mg  L-1),
temperature (298–323 K), pH (4–13), and adsorbent
dosage  (0.01–0.05  g).  Adsorption  isotherms  were
investigated by fitting the data to different isotherm
models including Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich  (D–R).  The  resulting  nano–
silver–AC product (AgNPs@AC) was characterized by
several techniques including UV–vis, TEM, SEM, XRD,
and FTIR.
 

EXPERIMENTAL SECTION 

Materials and methods
Silver  nitrate  (AgNO3,  99.0%),  sodium borohydride
(NaBH4,  98.0%),  ammonia  (NH3,  25–30%),  sodium
carbonate  (Na2CO3),  and  gelatin  were  purchased
from  Sigma-Aldrich.  NaOH,  HCl  (37%),  NaHCO3,
phenolphthalein, and methyl orange were purchased
from Merck. AC was purchased from Nanografi. All
reagents  were  of  analytical  grade  and  used  as

received.  Ultrapure  water  was  used  for  the
preparation of all samples during the experiments. 

The pH of the samples was adjusted using a Mettler
Toledo model pH meter by adding either 0.1 M HCl
or NaOH. The prepared AgNPs colloids were checked
for their optical properties and long-term stability by
collecting  absorbance  spectra  on  a  double  beam
UV–vis  spectrophotometer  (Agilent  Cary  60 UV–vis
Spectrophotometer).  All  the spectra were recorded
between 700 and 300 nm. The crystal structure of
the prepared samples were analyzed through the X–
ray diffraction (XRD by Rigaku). Morphology of the
synthesized  nanoparticles  was  studied  using  a
transmission  electron  microscope  (TEM  by  Jeol
2100F RTEM 200 kV). Structural and morphological
properties of AgNPs@AC was investigated through a
SEM device (by Carl Zeiss Ultra Plus Gemini FESEM
at accelerating voltage in the range of  5–10  kV,
equipped  with  an  energy-dispersive  X–ray  (EDX)
spectrometer). Identification of organic groups were
performed on a FTIR spectrometer (FTIR by Bruker
Alpha  Platinum  FTIR–ATR  spectrometer  equipped
with a single reflection diamond ATR accessory). X-
ray and FT–IR analysis of the AgNPs were done on
the solid powder form of the product by evaporating
its water content. 

Synthesis of Silver Nanoparticles
Silver nanoparticles were synthesized according to
the  Tollens’  method  (28).  Accordingly,  aqueous
solutions of AgNO3 (20 mL, 2.5×10-3 M), NH3 (20 mL,
1.25×10-2  M),  and  NaOH (10  mL,  5×10-2 M)  were
mixed thoroughly under constant stirring to obtain
[Ag(NH3)2]+ complex under basic  conditions.  Then,
2.5 %(w/w) 1.25 gr of gelatin was added and finally,
a freshly prepared aqueous solution of NaBH4 (5 mL,
0.1  M)  was  added  dropwise  yielding  a  yellow-
brownish color of solution which indicated the AgNPs
formation. The resulting mixture was further stirred
for 20 min at ambient temperature and kept dark
throughout the experiments. The pH of the prepared
stock  nanoparticle  solution  was  measured  to  be
11.5.  Nanoparticle  molar  concentration  was
expressed  in  terms  of  silver  content  and  it  was
9.1×10-4 M (98 mg L-1 ) for the stock nanoparticle
solution. A representative absorbance spectrum of a
diluted nanoparticle solution (1.8×10-4 M) was given
in Figure 1(a). 

Identification of surface groups of the AC
Bohem  titration  method  (29)  was  employed  for
characterizing the surface functional groups and the
acidity of the AC as described in our previous work
(27). In this regard, 0.1 g of the AC was mixed with
NaOH, NaHCO3, and Na2CO3 (each,  50 mL, 0.1 N),
respectively,  and  agitated  for  36  h  at  room
temperature.  Then, carbon was filtered off and 10
mL of each supernatant was titrated with 0.1 N HCl
in  the  presence  of  phenolphthalein  and  methyl
orange indicators. Thus, acidic groups on the AC was
calculated.  NaOH  neutralizes  carboxylic,  lactonic,
and phenolic groups, Na2CO3 neutralizes carboxylic
and  lactonic  groups,  and  NaHCO3 neutralizes
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carboxylic groups present on the AC. Similarly, 1 g
of the AC was mixed with 0.1 N HCl (50 mL, 0.1 N)
and  agitated  for  36  h  at  room  temperature  to
determine  total  basicity.  Then,  10  mL  of  the
supernatant  was  titrated  against  0.1N  NaOH  to
calculate the number of basic groups.

Adsorption Studies
In the present study, 10-mL solutions of AgNPs, each
having a concentration and a pH in the range of 3–
15 mg L-1, and 4–12, respectively were prepared by
diluting the stock AgNPs to the proper concentration
and changing the pH (4, 7, 10 and 12) with 0.1 M
HCl or NaOH. To each of the prepared nanoparticle
solution,  0.05 g of  AC was added and agitated at
room temperature  for  24 h of  equilibrium contact
time at a low rpm. After that, the supernatant was
first filtered off through a filtering paper (M&Nagel–
125 mm) followed by a syringe filter (0.45 µm pore
size). The supernatant liquids were checked for their
nanoparticle  content  by  collecting  absorbance
spectra  at  a  wavelength  of  415  nm.  The  same
procedure  was  employed  to  study  the  effect  of
temperature and adsorbent dosage.

The nanoparticle  concentrations  (in  silver  content)
were determined by plotting a calibration curve by
recording the absorbance for diluted nanoparticles
samples  of  known  concentrations  having
absorbance in the range of 0.1–0.5 at a wavelength
of 415 nm. The adsorbed nanoparticle concentration
(qe,  mg  g-1)  on  the  AC  was  calculated  using  the
following equation;

 qe=
(Co –C e)V

m
 (1)

Where  Co is  the initial  concentration  of  AgNPs,  Ce
(mg  L-1)  is  the  equilibrium  concentration  of  the

nanoparticles  in  the  aqueous  phase,  V (L)  is  the
volume  of  the  solution,  m  (g)  is  the  mass  of
AC@AgNPs, and qe (mg g-1) is the calculated amount
of nanoparticle concentration adsorbed onto the AC.
Additionally, the percent adsorbed amount (%R) was
obtained by the equation:

%R=
(Co−C e)
Co

x100   (2)

RESULTS AND DISCUSSION 

Characterization of silver nanoparticles
Silver nanoparticles were synthesized according to
the Tollens’ process (28). This process is based on
the  reduction  of  silver  complex,  [Ag(NH3)2]+ in
alkaline media using suitable reducing agents. In our
study, sodium borohydride (NaBH4) was used as a
reducing agent. NaBH4 is one of the most powerful
reducing agents used in nanoparticle synthesis. For
example, its reduction of power is large enough to
reduce iron salts to iron nanoparticles (30). Gelatin,
a  natural  polymer,  was  used  as  a  stabilizer  to
protect  the  highly  active  metal  surface  at  the
nanoscale. 

Figure  1(a)  shows  the  UV–vis  absorption  spectra
obtained  after  diluting  the  stock  nanoparticle
solution. AgNPs exhibits a narrow absorbance band
at 415 nm as a result of surface plasmon resonance
(31). Silver nanoparticles of spherical shape have a
characteristic  absorbance  band  410  and  430  nm
with  an  average  particle  size  of  6  and  30  nm,
respectively (3,32). A representative TEM image of
nanoparticles is shown in Figure 1(b). The average
particle  size  calculated  from  TEM  results  is  6.9
(±3.2) nm. Our findings from TEM analysis were in
good agreement with UV analysis.
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Figure 1: (a) UV–vis spectrum of gelatin-stabilized AgNPs (1.8×10-4 M); inset is a photo of nanoparticle
solution,  (b) TEM and size distribution histogram of the synthesized nanoparticles and (c) AgNP UV–vis

spectra at different pH values.

Spectrophotometric investigations show that AgNPs
are stable over months as reported previously (33).
The extinction coefficient of 7171.9 M-1  cm-1 at the
wavelength of 415 nm was obtained as the slopes of
absorbance  vs  concentration  plots  (see
supplementary  information,  Figure S1((a)  and (b)).
As it can be understood from the linearity of the plot
and  the  correlation  coefficient  value≈1,  it  shows
that  the  absorbance  values  of  different
concentrations  of  AgNP  at  415  nm  give  good
correlations with the Lambert–Beer law (34,35).

The influence of gelation on the colloidal stability of
the AgNPs was investigated against the pH. For this
purpose,  the  pH  of  diluted  AgNPs  solutions  was
adjusted to different pH values (2, 5, 7, 9, 11, and
13) by adding either 0.1 M HCl or 0.1 M NaOH. Then
absorbance spectra  of  the resulting  samples were
recorded.  Figure  1(c)  shows  that  AgNPs  exhibits
similar absorbance spectra over a wide range of pH
except pH 2.

Nitrogen  atoms  of  the  amine  groups  in  gelatin
covalently  interact  with  the  metal  surface  and
attach themselves to the metal core thus stabilizing
the nanoparticle. Gelatin can have different charges
at different pH values owing to the carboxylic and
amine groups in its structure.  In the acidic media,
amine groups are positively charged while carboxyl

groups  remain  the  same.  At  high  pH  values,
carboxyl  groups  lose  the  hydrogen  and  become
negatively charged while amine groups remain the
same. Since the carboxyl groups of gelatin become
negatively charged, the nanoparticle surface gains a
negative  charge  as  well,  thus  preventing  the
particles  from  interacting  with  each  other  by
electrostatic repulsion. However, at low pH values,
amine  groups  that  interact  with  the  metal  in  the
acidic  environment  become  positively  charged.
Although,  the  covalent  interaction  between  the
nitrogen  atom and  the  metal  surface  is  impaired,
this time it is expected that gelatin surrounds and
stabilizes  the  metal  core  as  a  result  of  the
electrostatic  interaction  between  the  positively
charged  amino  groups  and  metal’s  surface
electrons.  A  proposed  model  for  gelatin-stabilized
AgNPs under acidic or alkali media is shown in Fig.
2.

When the carboxyl groups do not carry a net charge,
there will be no electrostatic repulsion between the
particles, which can cause the particles to interact
with  each  other  and  collapse  in  the  solution  by
forming  aggregates.  The  sudden  change  in  the
absorbance profile of AgNPs at pH 2 is attributed to
the  aforementioned  effect,  inconsistent  with  the
result in the literature (3).
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Figure 2: A schematic model for gelatin-stabilized AgNPs under acidic and basic media.

Gelatin  is  an  amphiphilic  molecule  and  the
isoelectric  point  for  gelatin  is  approximately  8.5
(between 7–9)  (36).  This  means that the negative
and positive charges on the molecule are in balance
between  the  pH  of  7  and  9.  The  presence  of
negative  charges  on the surface ensures  that  the
nanoparticles  are  colloidally  stable  against
aggregation  and  precipitation.  Colloidal  stability
lasts as long as there exists a negative charge on
the particle surface over a pH range.

Characterization of AgNPs@AC 
Figure 4 shows an SEM image of  AgNPs adsorbed
onto the surface of AC. The SEM image shows that
AgNPs are deposited on the entire surface of the AC
with  sizes  range  between  50–140  nm.  The
nanoparticle  surface  is  coated  with  gelatin  which
mainly  regulates  the  interaction  between  the
nanoparticle  and  adsorbent  (32).  Therefore,  it  is
claimed that gelatin functional groups can interact
with the surface functional groups of AC during the
formation of AgNPs@AC. 

Figure 3: SEM image of AgNP@AC.

The  functional  groups  of  the  sole  AgNPs  and
AgNPs@AC were examined using FTIR spectra (see
Figure  S2).  First  of  all,  when  the  IR  spectrum  of
gelatin is examined, the peak between 3400–3200
cm-1 is  assigned  to  the  peptide  bond  by  N–H
stretching,  whereas,  the  peak  around  3100–2800
cm-1  corresponds to C–H stretching. The peak 1660–
1600  cm-1  is  assigned  to  the  stretching  of  C=O

attached to peptide unit.  Two peaks around 1565–
1500 cm-1 and 1450–1300 cm-1 can be attributed to
C–N–H  and  C–H  bending  of  the  amino  group  of
gelatin. (37). AgNPs possess a similar FTIR spectrum
to that of gelatin except for peak intensities, and the
band  between  3400–3200  cm-1 is  observed  to
broaden. We attribute the observed broadening to
be  the  consequence  of  the  interaction  of  peptide
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amine  groups  with  the  active  metal  surface.
Besides, FTIR of AgNPs does not display a new peak
other  than  that  of  gelatin  which  indicates  no
chemical bonding occurs between gelatin and silver
atoms (38). 

For  the  functional  groups  of  AC,  a  broad  peak
positioned  between  2500–3000  cm-1 indicates  the
stretching  vibrations  of  the  –OH  on  the  carboxyl
group while the peak centered at 1500–1330 cm-1 is
designated to C=C stretching of aromatic rings. The
peak at 1000–1180 cm-1  could be attributed to C–O
stretching. 

When AgNPs were doped on the AC, nanoparticles
could be traced in the FTIR spectrum by observing
the N–H band of  the gelatin  stabilized–AgNPs that
appeared between 1500–2000 cm-1. The intensity of
the FTIR peaks of the AgNPs seemed to decrease.
These findings indicate that AgNP was successfully
adsorbed to the AC surface. 

The XRD patterns  of  AgNP,  AC and AgNP@AC are
shown  in  Figure  S3.  XRD  pattern  of  AgNP  shows
major  characteristic  peaks  with  2θ values  37.3º,
43.5º, 64.8º, and 77.3º which are assigned to (111),

(200),  (220),  and (311)  lattice  planes  of  the face-
centered cubic structure of metallic Ag (39–41). The
broad  and  reduced  intensity  of  peaks  that  the
diffractograms displayed are due to smaller particle
size and high concentration of the gelation layer at
the surface of the metallic core (42). AC has a broad
XRD pattern  without any sharp and intense peaks
since  it  is  an  amorphous  structure  (43,44).
AgNP@AC yielded almost the same XRD pattern as
that  of  AgNPs  which  means  that  there  is  no
significant change in AgNPs (44,45).

Table  1  summarizes  the  amount  of  functional
surface  groups  of  AC  using  the  Boehm  titration
method. The obtained data show that AC has both
basic and acidic properties (46). Acidic groups such
as phenol and carboxyl are not expected to release
their  acidic  protons  under  acidic  pH  values.
However,  basic  surface  groups  such  as  amine,
chromene,  and  pyrene  are  protonated  and  the
carbon  surface  can  have  a  positive  charge.  A
negative charge on the carbon surface may refer to
the decomposition of acidic regions such as carboxyl
and phenol, which release their protons under basic
pH conditions (47).

Table 1: Amount of groups on the surface of activated carbon.
Surface Groups (meq g-1)
Sample Carboxylic Lactonic Phenolic Acidic Basic
Activated carbon 0.400 0.550 2.150 3.100 0.300

Effect  of  AgNP  initial  concentration  and
temperature
The  effect  of  initial  AgNP  concentration  and
temperature on the efficiency of its adsorption onto
0.05  g  AC  was  investigated  by  varying  the  initial
concentration  at  298,  308,  and  323  K,  and  the
results  are  shown  in  Figure  8.  The  percentage
amount of AgNP adsorbed on the AC was observed
to  decrease  with  increasing  nanoparticle
concentration (Figure 4(a)). When the amount of AC
is fixed, the decrease in the adsorption percentage
is  probably  due  to  the  saturation  of  the  active
binding  sites  on  the  AC  surface  at  higher  AgNP

concentrations.  However,  the  amount  of  AgNP
adsorbed  per  AC  unit  mass  (qe)  was  observed  to
increase  as  the  AgNP  concentration  increases
(Figure  4(b)).  AgNP  concentration  provides  an
important driving force to overcome mass transfer
resistance  for  AgNP transfer  between nanoparticle
solution  and  AC  surface  (48,49).  In  this  process,
AgNP first encounters the AC boundary layer. It then
diffuses  to  the  AC  boundary  surface  layers  and
subsequently  into  the  pores.  Additionally,  an
increase in percentage adsorption occurred with an
increase in temperature. 
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Figure 4: (a) Effect of initial nanoparticle concentration, and (b) temperature on the AgNP@AC adsorption
(AgNP concertation: 4–14 mg L-1, pH 7, AC dosage: 0.05 g).

The temperature increase was observed to promote
AgNP adsorption,  which  is  typical  for  endothermic
adsorption.  The  increase  in  AgNP  adsorption  with
temperature can be explained by the increase in the

AgNP mobility thus increasing the number of active
binding sites on the AC surface for adsorption as a
result of the enlargement of the AC pores (50).

Figure 5: (a) Effect of dosage on AgNP@AC adsorption (AgNP concentration: 4–14 mg L-1, pH 7, 298 K) (b)
Effect of pH on AgNP@AC adsorption (AgNP concentration: 4–14 mg L-1, AC dosage: 0.05 g, 298 K).

Effect of Adsorbent Dosage
The amount of adsorbent is an important factor in
determining  the  capacity  of  the  adsorbent  for  a
certain concentration of AgNP solution in adsorption

studies (50). AgNP@AC adsorption was investigated
as  a  function  of  AC  dose  for  AgNP  in  the
concentration  range of 4.30–13.72 mg L-1 and the
results  are  given in  Figure 5 (a).  It  was  observed
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that  the  adsorption  capacity  increased  after  the
dosage  of  the  adsorbent  is  increased  due  to  the
greater accessibility of surface binding sites with an
increased  dosage  of  the  adsorbent.  This  can  be
explained by increasing of the available sites with
increasing adsorbent dosage for the interaction with
the AgNP in solution and lead to increases  in  the
removal efficiency of the nanoparticles. On the other
hand, the amount of AgNP adsorbed per unit mass
of  AC  has  decreased  as  the  adsorbent  dosage
increased (51).

Many  factors  affect  adsorption  by  increasing  the
amount of adsorbent. The first and most important
factor  is  that the binding sites remain unoccupied
without any saturation during the adsorption. This is
because  as  the  amount  of  adsorbent  increases,
there is  less increase in adsorption  resulting  from
the  lower  adsorptive  capacity  utilization  of  the
adsorbent (52). The second factor is the aggregation
of sorbent particles at higher doses, which leads to a
decrease  in  surface  area  and  an  increase  in  the
diffusion  path  length.  Finally,  the  third  factor,
particle  interactions  at  high  sorbent  dosages  may
cause some of  the loosely  bound AgNP to desorb
from the AC surface (53).

Effect of pH
The nanoparticle surface functional groups, as well
as the AC surface nature, can be very sensitive to
the solution pH, and therefore, it can directly affect
the surface  binding during the adsorption  process
(28). In this study, the effect of pH was investigated
in the range of 4–12, at room temperature, for the
nanoparticle concentration range of 4.30–13.72 mg
L-1 for 0.05 g of AC. The results shown in Figure 5(b)
suggest  that  the  pH  of  the  solution  significantly
alters  the  adsorption.  The  pH  dependence  of
adsorption can be explained by the isoelectric point,
pHIEP that is the pH at which a molecule carries no
net charge (50).

pHIEP can  be  used  as  an  index  for  positive  or
negative  loading  capability  and  can  be  controlled
according  to  the  pH  of  the  solution.  This
phenomenon  is  basically  due  to  the  presence  of
functional groups present on both the nanoparticles
and the activated carbon. Those functional  groups
show  different  ionization/dissociation  by  the
influence  of  the pH.  Namely,  if  the solution  pH is
lower  than  pHIEP,  the  sorbent  surface  acts  as  a
positive  surface,  and  vice  versa.  Besides,  the
observed pH effect is also closely related to AgNP
surface chemistry (54).

The pHIEP for AgNP solution is in the range of 7–9,
and  it  is  in  the  range  of  2–3  for  the  studied  AC.
Accordingly, in the adsorption process, which takes
place at pH 4 and 7 AgNP is well adsorbed to the AC
surface since the AgNP surface was negative while
the AC surface was positively charged. When the pH
of the medium was in the range of 7–10, AgNP has
partially negative and positive charges on its surface
due to its pHIEP value. When pH shifts towards 10,

the amount of nanoparticle uptake decreases due to
the  decrease  of  electrostatic  attraction  forces.
Finally, strong repulsive electrostatic forces from the
surfaces at pH 12, where both AgNP and AC surface
are  negative,  also  decreases  the  adsorption  (55).
But hydrophobic  interactions  provide an important
driving force for AgNP uptake onto the AC surface
(55).

Adsorption Isotherms
Adsorption  isotherms  are  widely  utilized  methods
while  studying  the  equilibrium  of  the  adsorption.
Various  isotherm  equations  have  been  derived  to
determine adsorption properties and understand the
driving  forces  behind  the  process.  Four  important
models  of  Langmuir,  Freundlich,  Temkin,  and
Dubinin–Raduskevich (D–R) isotherms derived from
the equations were applied to this study.

Langmuir isotherm
Langmuir isotherm is based on the assumption that
the  adsorption  process  takes  place  in  certain
homogeneous regions on the adsorbent, that when
AgNP is attached somewhere on the AC surface, no
further adsorption can occur in that region, and the
adsorption  process  is  single-layered  (56).
Experimental  data  were  evaluated  with  Langmuir
isotherm to determine whether the adsorption event
is a monolayer. Langmuir isotherm is expressed by
the linear equation given below;

  
C e
qe

= 1

K Lqm+
1
qm

Ce (3)

where;  qm is  the  maximum amount  of  absorption
(mg  g-1),  qe is  the  amount  of  substance  at
equilibrium (mg g-1),  KL is the Langmuir equilibrium
constant  (L  mg-1),  Ce is  the  nanoparticle
concentration  remained  in  solution  at  equilibrium
(mg L-1) (57). Besides, the further characteristics of
Langmuir  isotherm  can  be  described  by  a  factor,
separation factor, which is defined by the following
equation

RL=
1

1+KL .C e
(4)

The RL value indicates the nature of the adsorption
which is favorable when 0<RL<1.

Freundlich Isotherm
The Freundlich isotherm equation used to describe
the  multi-layered  adsorption  systems  of  the
adsorption process is shown linearly as follows (57).

  l nqe=l nK f+l n
1
n
Ce  (5)

Where  Kf (L  g-1)  is  the  Freundlich  absorption
constant  related  to  adsorption  capacity  and
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represents  the  quantity  of  nanoparticle  adsorbed
onto the adsorbent.  qe is the amount of substance
adsorbed per unit of adsorbent at equilibrium (mg g-
1), n is Freundlich absorption constant, and for n ˃ 1
a physical  adsorption  is  favored.  Furthermore,  the
1/n value  indicates  the  heterogeneity  and  ranges
between 0 and 1. For heterogeneous surfaces, this
value approaches 0 (58). 

Temkin Isotherm
In an absorption process, the heat of absorption and
indirect  adsorbent-adsorbate  interactions  were
studied by Temkin and Pyzhev. The Temkin isotherm
equation is given as 

qe=B ln (KT )+B ln (Ce )  (6)  

B=RT
bT

    (7)

Where KT is the equilibrium binding constant (L g-1)
of the Temkin isotherm,  bT is the Temkin isotherm
constant,  R is  defined  as  the  ideal  gas  constant
(8.314 J mol-1 K-1), and B is defined as the adsorption
heat constant (J mol-1) (59).

Dubinin–Radushkevich (D–R) isotherm
Dubinin–Radushkevich isotherm is generally used to
express  the  adsorption  mechanism  on  a
heterogeneous  surface  with  Gaussian  energy
distribution  (60).  The  relation  expressing  this
isotherm is shown in eq. (8) (61).

ln qe=ln qs+(K DR)+Ɛ2 (8)

Where,  qe is  expressed  as  equilibrium  adsorbent
amount (mg g-1), qs is adsorption saturation capacity
(mg  g-1),  KDR Dubinin-Radushkevich  isotherm
constant related to the adsorption energy (mol2 J2),
Ɛ Dubinin-Radushkevich constant (61). This constant
can be expressed as

Ɛ=RT ln(1+ 1Ce )   (9)

where;  R represents the ideal gas constant (8.314 J
mol-1 K-1),  T  is absolute  temperature  (K),  Ce is
adsorbent equilibrium concentration (mg L-1) (61).

This  approach  can  usually  be  calculated  by  the
following correlation with the mean free energy,  E
for adsorption, and the E value gives information on
whether the adsorption is chemical or physical (61).

E=√ 1
2K D R

(10)

If  E value  is  less  than  8  kJ  mol-1,  the  interaction
between adsorbate-adsorbent is physical.  If on the
contrary,  it  is  greater  than  8  kJ  mol-1,  adsorption
refers to a chemical interaction (62).

Langmuir,  Freundlich,  Temkin,  and  Dubinin-
Radushkevich  isotherms  of  AgNP@AC  adsorption
processes  at  different  pHs  (4,7,10  and  12)  are
shown in Figure 6. Also, isotherms were carried out
at  different  temperatures  and adsorbent  amounts.
Isotherm  parameters  and  correlation  coefficients
(R2) obtained  from  the  plots  are  summarized  in
Tables 2 and 3. The Langmuir isotherm parameters,
KL, and  qm  were  obtained  from  the  slope  and
intercept respectively from the plot shown in Figure
6 (a).  The compatibility  of  experimental  data  was
also  evaluated  by  applying  different  temperatures
and AC amounts. The records given in Tables 2 and
3  indicate  that  AgNP@AC Langmuir  isotherms  are
observed  to  be  linear  throughout  the  entire
concentration range and high correlation coefficients
(R2) are obtained.  The high  R2 values indicate the
applicability  of  the  experimental  data  to  the
Langmuir  model,  which  represents  the  single-
layered  adsorption  (63).   Furthermore,  the
separation  factor,  RL obtained  from recorded  data
according to Equation (4) ranges between 0 and 1.
This indicates that the adsorption of AgNPs onto AC
is favorable. 

Also,  the  increase  in  qe  with  the  increase  in
temperature  confirms  that  the  nature  of  their
adsorption is  endothermic,  as mentioned above in
the  effect  of  temperature  on  adsorption.  Since  KL
constant is considered as an equilibrium constant in
adsorption  processes,  an  increase  of  KL with
temperature increases indicates that the equilibrium
shifts to the right (Table 2) (64). Freundlich isotherm
parameters such as KF and n were obtained from the
slope  and  intercept  of  the  lnqe–lnCe linear  plots
shown in Fig. 6(b) (58). As  R2 values of Freundlich
isotherms  are  lower  than  that  of  Langmuir
isotherms, it is suggested that AgNP@AC adsorption
does  not  fit  the  Freundlich  isotherm model  which
suggests multilayered adsorption (57).
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Figure 6:  Isotherm plots of AgNP@AC adsorption (a) Langmuir, (b) Freundlich, (c) Temkin and (d) Dubinin–
Radushkevich (AgNP concentration: 4–14 mg L-1, pH: 4–12, AC dosage: 0.05 g, 298 K).

In  the  AgNP@AC  adsorption  study,  the  heat  of
adsorption and the interaction between adsorbent–
adsorbate  were  evaluated  using  the  Temkin
isotherm.  Temkin  isotherm  plots,  shown in  Figure
6(c),  were  obtained  from  the  studies  which  were
carried out at different pH values at 298 K. Temkin
isotherm parameters,  B and  KT were obtained from
the slope and the intercept,  respectively (58). The
heat  of  adsorption  is  expected  to  decrease  by
increasing  the  temperature,  and  the  reaction  of
adsorption  takes  place  exothermically  (64).  From
the results given in Tables 2 and 3, one can see that
Temkin  isotherm  parameters  increase  as  the
temperature  increases  which  suggests  that  the
adsorption process is endothermic. It can be stated
that  the  type  of  adsorption  is  physical  adsorption
involving  electrostatic  and  Van  der  Waals
interactions  between  AgNP  and  AC  since  the  B
values are less than 84 kJ mol-1 (54). But the high
correlation  coefficient  (R2) could  not  be  obtained
from  Temkin  isotherms.  Therefore,  those

parameters obtained from Temkin isotherms cannot
provide definite results for AgNP@AC adsorption.

Equilibrium adsorption data were fitted  using  D–R
isotherm  which suggests  whether  the  AgNP@AC
adsorption process is physical or chemical (61). This
isotherm  is  more  general  than  the  Langmuir
isotherm  because  there  is  no  need  to  assume  a
hypothetical  surface  or  a  constant  adsorption
potential (65).

It is known that Langmuir and Freundlich isotherm
constants do not give any idea for the adsorption
mechanism.  Consequently,  equilibrium  data  were
evaluated by D–R isotherm to understand the type
of adsorption. By applying the experimental data to
the D–R equation, the D–R isotherms at different pH
values at 298 K are shown in Figure 6(d). KDR and qs
D–R parameters were calculated from the slope and
intercept of the plots, respectively (Tables 2 and 3)
(59). E values (the mean free energy for adsorption)
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were calculated using Equation (9) (61,65). E values 
for AgNP were found to be 1 – 8 kJ mol-1. This reveals
that  the  adsorption  mechanism  for  AgNP@AC
adsorption  is  physical.  However,  the  R2 values
obtained  from  D–R  isotherms  are  low,  as,  in
Freundlich  and  Temkin  isotherms,  there  is  no
definite conclusion about the AgNP@AC adsorption
process  from  parameters  obtained  from  D–R
isotherms. According to the R2 values obtained from
various  isotherms,  it  can  be  stated  that  the
AgNP@AC adsorption  process  is  defined best  with
the Langmuir model.

Thermodynamic Study
Thermodynamic  parameters  such  as  Gibbs  free
energy  (∆G°), enthalpy  (∆H°), and  entropy  (∆S°)
change  were  calculated  from the  equations  given
below to examine whether the adsorption process is
endothermic  or  exothermic,  and  its  behavior
thermodynamically.

ΔG°=−RT ln K L
  . (11)

Where, R is the universal gas constant (8.314 J mol-1
K-1),  T absolute  temperature  (K),  and  KL is  the
thermodynamic equilibrium constant. Negative  ∆G°
values  indicate  the  feasibility  and  spontaneous

occurrence of the adsorption process. The enthalpy
(∆H°) and entropy (∆S°) changes are determined by
the Van’t Hoff equation given below.

  l nK L=
∆S°

R−∆ H°
RT

(12)

According  to  the  equation,  the  lnKL vs.  1/T graph
was  obtained  and  is  shown  in  Figure  7.  The
thermodynamic  parameters  ∆H° and  ∆S°  are
calculated from the slope and intercept, respectively
(59). The calculated thermodynamic parameters are
given in Table 4. The positive values of ∆H° indicate
that  AgNP@AC  adsorption  is  endothermic.  The
positive values of the ∆S° values indicate the nano–
silver affinity towards the activated carbon as well
as  the  increased  irregularity  at  the  solid/solution
interface  during  the  adsorption  process.  The
negative  ∆G° values  indicate  the  feasibility  and
spontaneity  of  the  adsorption.  In  general,  ∆G°  of
physical  adsorption is lower than that  of  chemical
adsorption.  While  the  magnitude  of  physical
adsorption  varies  between  -20  –  0   kJ  mol-1,  it  is
between -80 – -400 kJ mol-1 for chemical adsorption
(66).

Figure 7: Van’t Hoff plots for staining AgNP@AC adsorption at different pH values.

Also,  the  adsorption  process  can  be  classified  to
some  extent  by  ∆H°  as  physical  adsorption  or
chemical  adsorption.  A change of  enthalpy <84 kJ
mol-1 represents physisorption and values between
84 and 420 kJ mol-1 are considered (54).

Considering both  the  ∆G° and  ∆H°  values  for  the
AgNP@AC adsorption process, it suggests that single
layer  adsorption  occurs  at  different  temperatures
and conditions by means of a physical process.
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Table 2: Isotherm parameters and correlation coefficients calculated by various isotherm models for AgNP@AC adsorption (AgNP concentration: 4–14 mgL -1, pH:
4–12, AC dosage: 0.05 g, 298–323 K).

Isotherm Parameter Value of parameters
pH 4 pH 7 pH 10 pH 12

    Temparature (K) 298 308 323 298 308 323 298 308 323 298 308 323 

Langmuir
qm (mg g-1) 7.48 7.91 9.23 7.89 9.11 10.36 7.00 8.50 9.07 4.81 7.16 7.20
KL (L mg-1) 2.42 5.14 15.04 2.74 6.79 22.11 1.03 2.76 4.35 1.56 10.51 14.00

0.08 0.02 0.02 0.04 0.01 0.02 0.12 0.10 0.02 0.02 0.04 0.12
                  R2

0.997 0.999 0.999 0.997 0.99
9 0.999 0.997 0.999 0.999 0.99

9 0.999 0.999

Freundlich
KF (L mg-1) 4.96 6.02 7.91 3.88 7.84 9.42 3.48 5.43 7.64 3.14 5.4 6.1

                  N 4.21 5.4 8.64 3.4 7.18 8.12 2.3 4.13 8.26 5.46 543 8.53
                  R2 0.942 0.907 0.845 0.966 0.96

5
0.953 0.972 0.984 0.975 0.97

8
0.864 0.836

Temkin
                  B 1.258 1.083 0.826 1.596 0.88

5
0.885 2.203 1.422 0.805 0.69

0
0.996 0.679

KT (L mg-1) 57.15 300 17206 10.42 8134 64263 1.275 50.19 15656 91.1 251 9200
                  bT 1969 2364 3251 1552 2893 3034 1178 1801 3336 3590 2571 3950
                  R2 0.961 0.940 0.890 0.989 0.95

6
0.985 0.995 0.998 0.992 0.98

7
0.899 0.862

D-R
                  qs (mg g-1) 6.72 7.45 9.05 1.916 8.13 9.66 6.68 7.32 8.31 4.34 6.84 7.1

    KDR  (mol2 J2) 6.E-08 3.E-08 1.E-08 3.E-07 5.E-
09 5.E-09 2.E-07 6.E-08 7.E-09 1.E-

07 5.E-08 2.E-
08

E (kJ mol-1) 2.9 4.0 7.1 1.3 1.5 1.7 2.2 2.9 7.45 2.2 3.2 5.0
                 R2

0.946 0.902 0.997 0.947 0.81
3

0.967 0.9629 0.916 0.922 0.92
7 0.989 0.988



Table 3: Isotherm parameters and correlation coefficients calculated by various isotherm models for AgNP@AC adsorption (AgNP concentration: 4–14 mgL-1, pH:
4–12, AC dosage: 0.01–0.03–0.05 g, 298 K).

Isotherm Parameter Value of parameters
pH 4 pH 7 pH 10 pH 12

    Adsorbent (g) 0.01  0.03 0.05 0.01 0.03 0.05 0.01 0.03 0.05 0.01 0.03 0.05 

Langmuir
             qm (mg g-1) 10.5

2 9.52 7.48 10.73 9.91 7.89 10.33 9.84 7.00 7.49 6.63 4.81
              KL (L mg-1) 2.82 2.29 2.42 1.02 1.21 2.74 0.71 0.94 1.03 0.30 0.65 1.56

RL 0.03 0.04 0.08 0.05 0.08 0.04 0.12 0.10 0.12 0.31 0.19 0.12
R2 0.99

8 0.999 0.997 0.999 0.99
9 0.997 0.999 0.999 0.997 0.99

9 0.999 0.999

Freundlich
               KF (L mg-1) 7.26 0.71 4.96 7.68 0.75 3.88 7.60 7.70 3.48 2.10 6.01 3.14

N 3.52 6.46 4.21 3.99 5.86 3.4 7.10 4.82 2.3 2.16 28.25 5.46
R2 0.93

1
0.988 0.942 0.972 0.96

5
0.966 0.992 0.961 0.972 0.98

3
0.980 0.978

Temkin
B 1.93

8
2.032 1.258 1.722 1.13

4
1.596 0.949 1.389 2.203 1.79

7
0.187 0.690

              KT (L mg-1) 49.1 32.05 57.15 101.3 1819 10.42 3557 296.5 1.275 2.45 1.E+1
4

91.1

bT 1278 1219 1969 1439 2185 1552 3610 1784 1178 1379 13249 3590
R2 0.97

8
0.973 0.961 0.993 0.99

2
0.989 0.996 0.990 0.995 0.99

9
0.965 0.987

D-R
             qs (mg g-1) 11.5

2 9.25 6.72 9.24 8.96 1.92 8.40 8.86 6.68 5.24 6.17 4.34
                KDR  (mol2 J2) 5.E-

08 6.E-08 6.E-08 3.E-08 9.E-
09 3.E-07 9.E-09 2.E-08 2.E-07 6.E-

07 6.E-10 1.E-
07

              E (kJ mol-1) 3.16 6.24 2.9 6.67 7.45 1.3 5.45 5.00 2.20 0.91 1.87 2.20
R2 0.98

1 0.984 0.946 0.946 0.93
9 0.947 0.879 0.952 0.9629 0.95

6 0.871 0.927
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Table 4: Thermodynamic parameters  for AgNP@AC adsorption (AgNP concentration: 4–14 mg L-1, pH: 4–12,
AC dosage: 0.05 g).

pH KL T (K) ∆G° (kJ mol-1) ∆H° (kJ mol-
1)

∆S° ( Jmol-1 K-1) R2

4
2.42 298 -2.19

58.53 203.70 0.99995.14 308 -4.19
15.04 323 -7.28

7
2.74 298 -2.49

66.77 232.92 0.99706.79 308 -4.50
22.11 323 -8.31

10
1.03 298 -0.08

74.21 249.33 0.99992.76 308 -2.59
10.51 323 -6.32

12
1.56 298 -1.11

69.78 328.35 0.99714.35 308 -3.77
14.00 323 -7.09

CONCLUSION 

AgNPs  were  synthesized  by  using  gelatin  as  a
capping  agent.  Colloidal  stability  of  AgNPs  was
checked at pHs of  2–13. AgNPs displayed colloidal
stability at pHs ranging from 4 to 13. The stability of
the nanoparticles was observed to weaken at a pH
of 2.  AgNP adsorption onto AC was examined and
found to be influenced by experimental parameters
including  initial  nanoparticle  concentration,
temperature, pH, and adsorbent dosage. Adsorption
percentage  decreased  with  increased  initial
nanoparticle  concentration.  However,  qe  value
seemed  to  increase  per  AC  mass  as  nanoparticle
concentration  increased.  Temperature  increase
promoted AgNP adsorption onto AC. The amount of
adsorbed AgNP per unit  mass of  AC decreases as
adsorbent  dosage  increases.  Adsorption  isotherms
were  investigated  by  fitting  the  data  to  different
isotherm  models  including  Langmuir,  Freundlich,
Temkin,  and  Dubinin–Radushkevich  (D–R).  Results
suggest that the adsorption is well described by the
Langmuir model. Thermodynamic studies indicated
that the adsorption is endothermic,  favorable,  and
spontaneous.  Our  findings  reveal  that  gelatin–
stabilized AgNPs can be successfully removed from
water using AC.  
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SUPPLEMENTARY MATERIAL

Isotherm and Thermodynamic Studies on the Removal of Gelatin-
stabilized Silver Nanoparticles from Water by Activated Carbon

Aysenur Ceryan1, Nurettin Eltugral2*

                                                     (a) (b)

Figure S1:  UV-Vis absorbance spectra and b) Lambert-Beer plot of AgNP solutions at different
concentrations (9.0×10-6 - 6.0×10-5 M).

  

Figure S2:  FTIR spectrum of a) Gelatin, b) AgNP, c) AC, and d) AgNP@AC
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Figure S3: XRD diffraction patterns of AgNP, AC, and AgNP@AC.
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Biodiesel Production from Waste Frying Oil using Catalysts Derived from
Waste Materials

Welela Meka Kedir1* , Tsegaye Girma Asere2 

1Mattu University, Department of Chemistry, Mattu, Ethiopia
2Jimma University, Department of Chemistry, Jimma, Ethiopia

Abstract: Domestic resources such as vegetable oil, animal fats, tallows, and waste frying oil are common
raw materials for making biodiesel. In contrast to ordinary diesel, biodiesel helps to reduce CO2 emissions.
This study aimed to produce biodiesel using waste frying oil in the presence of suitable solid waste-derived
heterogeneous catalysts.  Firstly,  CaO/K2O catalyst  was synthesised using eggshells  and banana peels.
Then, the pre-prepared catalyst (CaO/K2O) modified with ZnO was utilized for biodiesel production. The
prepared catalyst and biodiesel were characterized using X-ray diffraction (XRD) and FTIR spectroscopy.
The AOAC and ASTM standard methods were employed to analyze the physicochemical properties of oils
and biodiesel. The catalytic efficiency of CaO/K2O and CaO/K2O-ZnO tested for the transesterification of
purified oil to biodiesel at the catalyst weight (1-7 % wt), temperature (60-80°C), and methanol to oil ra-
tios ranging from 3:1 to 12:1. The highest biodiesel yield (92%) obtained when 5 % wt CaO/K2O catalyst
used. However, a 95% yield resulted when using a 3 % wt CaO/K2O-ZnO catalyst load in 2 h with a meth-
anol to oil (v/v) ratio of 9:1 at 65°C. The study revealed that waste frying oil is a good source of biodiesel
which could replace nonrenewable energy in the future. The catalysts made from solid waste could also re-
place an expensive chemical catalyst.
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INTRODUCTION

Renewable  energy  generation  has  been prioritized
globally  due  to  the  energy  and  global  warming
crises  (1).  Currently, fossil fuel represents 88% of
total  world energy consumption and is the largest
energy source  (2).  Non-renewable fossil fuels con-
tribute approximately 52% of CO2 emissions to the
atmosphere  and  are  the  sources  of  other  green-
house gases  (3).  Various renewable resources are
considered  alternative  fossil  fuels,  including  wind,
solar, geothermal, wave energy, and biofuel (4, 5).
Biodiesel is sold as a diesel engine supplement fuel
among various alternative fuels (6). Its advantages
are  renewability,  degradability,  non-toxic  nature,
and compatibility with other energy sources  (5, 7).

However, the current biodiesel production uses ed-
ible oils, which are more expensive than petroleum-
based fuels  (8).  In addition to the high feedstock
cost of biodiesel production, the absence of econom-
ically and technically viable technology affects its ef-
ficient production (9, 10). Thus, using non-edible oil
as  a  biodiesel  source  may  alleviate  the  existing
problems (11, 12).

Transesterification of  oil  with  alcohol  with suitable
homogeneous  or  heterogeneous  catalysts  yielded
fatty acid methyl ester or biodiesel (13). The Com-
mon used homogeneous catalysts for the transes-
terification processes are NaOH, KOH, and CH3ONa,
which  have  high  catalytic  activity  (14). However,
separating, purifying, and reusing them is challen-
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ging  (7).  Various heterogeneous catalysts for biod-
iesel  generation  have  been  developed,  including
zeolite, alkali earth metal oxides, KF/YAl2O3, and so-
dium aluminate (12). However, due to the high cost
of catalyst manufacturing, only selective heterogen-
eous catalysts are used in industry (15). The wise
use of waste material as a heterogeneous catalyst
can minimize overall biodiesel production costs. CaO
and K2O are common catalysts for biodiesel produc-
tion because they are abundant in nature, low cost,
and  show  high  activity (1).  Therefore,  this  study
aimed to produce biodiesel using waste frying oil in
the presence of suitable solid waste-derived hetero-
geneous catalysts.

MATERIAL AND METHODS

Study Area and Study Period
Heterogeneous catalyst preparation, waste frying oil
refining, and biodiesel production were carried out
at Mattu University, College of Natural and Compu-
tational  Sciences,  Department  of  Chemistry.  The
physicochemical properties of the catalysts, oil, and
biodiesel  were  studied  by using various  analytical
techniques. The XRD of catalysts and FTIR analysis
of oil and biodiesel were carried out at Jimma Uni-
versity, Institute of Technology, Department of Ma-
terial Sciences. 

Chemicals
Chemicals  used  for  this  study  include  chloroform
(99%)  and  methanol  (99.99%)  from Blulax,  In-
dia. Glacial acetic acid, potassium iodide, sodium bi-
sulfate, hydrochloric acid, ammonium chloride, am-
monium hydroxide, starch, and phenolphthalein in-
dicator, distilled water, hanus solution, ethanol,  fer-
ric chloride,  sodium thiosulfate, potassium hydrox-
ide, and sodium hydroxide were used for the physi-
cochemical analysis of oil and biodiesel.

Apparatus and Instrument
Apparatus such as titration flask, burets (300 and 5
00 mm),  pestle, and mortar, filter paper, weighing 
balances, oven, beakers, funnels, Erlenmeyer flasks, 
magnetic stirrer, crucible dish, water bath, alumi-
num foil, refrigerator, and rotary evaporator, muffle
furnace,  and thermometer were used.  Instruments
such  as  refractometer,  conductometry,  pH  meter,
XRD, and FTIR were used.

Sample Collection
Eggshell, banana peel, and waste frying oil samples
were  collected  from Mattu  town,  Ilubabara  Zone,
South-West  Ethiopia.  A  purposive  sampling  tech-
nique was adopted during sample collection.

Purification of Waste Frying Oil
The collected waste frying oil was allowed to pass
through the micron-sized holes sieve to remove any
solid particles. The filtrate was poured into a separ-
atory funnel. It was followed by adding 40 mL of hot
water  to  remove  salt  and  other  soluble  particles.
The separated oil was put into the oven at 105 °C to

remove water. The purified oil was cooled to room
temperature and then in a water bath for further
analysis and biodiesel production (16). 

Catalyst Preparation 
The eggshell and banana peel samples were sliced
and then washed using hot distilled water (40 °C) to
remove waxy material and dirt particles.

Preparation of CaO
The raw waste eggshell is the source of CaCO3 be-
cause it converts to CaO when calcined. A 50 g egg-
shell was dried overnight at 100 °C using an oven.
Then, it was powdered and calcined for three hours
in a furnace at 900 °C (17). The received CaO cata-
lyst was kept in an airtight container for further use.

Preparation of K2O 
A 50 g banana peel was washed, sliced, and dried at
90 °C in an oven for 48 hours. The dried sample
was powdered and calcined at 750 °C for 3 hours
(17). The obtained K2O catalyst was collected and
stored in an airtight container for future use.

Preparation of CaO/K2O
After separate preparation of CaO from the eggshell
and K2O from the banana peel, their mixture (1:1
ratio)  is  immersed  in  10  mL of  distilled  water  to
form  a  solution.  The  solution  was  continuously
stirred  at  25  °C  for  3  hours,  and  the  obtained
product was dried for 24 hours at 80 °C. Then, it
was calcined for 5 hours at 500 °C  (11). The re-
ceived product was denoted as CaO/K2O.

CaO/K2O/ZnO Catalyst
A wet impregnation method was used to prepared
CaO/K2O/ZnO catalyst by mixing CaO/K2O catalysts
from (eggshells and banana peels) with ZnO in a ra-
tio of 1:1:1 (CaO:K2O:ZnO). The mixtures were im-
mersed in distilled water (10 mL). Then, the solution
was stirred for  3 hours  continuously at room tem-
perature, and the recevied product was dried for 24
hours  at  80  °C (11).  Next,  the  obtained material
was calcined for 5 hours at 500 °C and the resulting
catalyst was denoted as CaO/K2O/ZnO.

Transesterification of Purified Oil  Using CaO/
K2O and CaO/K2O/ZnO Catalyst 
The  transesterification  process  was  conducted  ac-
cording to the method reported in Khan H.M, et al.
2020  (18)  with minor modifications.  In a 250 mL
two-necked flat bottom flask equipped with a reflux
condenser,  20  mL  of  the  purified  oil  was  added,
then stirred at 600 rpm for all test runs. The oil was
heated at 105 °C for 5 minutes in a heating mantle
to evaporate water and other volatile contaminants.
A mixture of the oil and a calcined catalyst (1, 3, 5,
and  7  % wt.)  was  stirred  at  600 rpm.  An  oil  to
methanol  ratio  was 1:3 to 1:12.  Each experiment
was allowed to continue at a temperature of 65–80
°C. When the reaction completed, the solution was
cooled, and centrifuged or filtered to separate the
catalyst.  The  spent  catalyst  was  regenerated  by
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treating it with methanol. The filtrate mixture was
then placed in a separatory funnel for 10 minutes to
separate the layers. Methyl esters and unconverted
triglycerides make up the top layer. Glycerol, excess
methanol, soap generated during the process, and
some  entrained  methyl  esters  were  found  in  the
lower layer. The excess methanol was removed by
distillation  before  the  fatty  acid  methyl  esters
(FAME)  percent  analysis.  The  percentage  yield  of
biodiesel was calculated using Equation 1 (19).

Biodiesel yield %=weight of Biodiesel
weight of oil used

×100  

(Eq. 1)

Biodiesel Purification 
The obtained biodiesel was rinsed with distilled wa-
ter after removing the glycerol layer. The mixture
was stirred using mechanical stirring for 10 minutes.
The stirring was turned off  after 10 minutes,  and
the water  was left  to settle  for two days.  At this
point, the process was complete, and the clear crys-
tal product was biodiesel (11, 17).

Physicochemical Analysis of Waste Frying Oil,
Purified Oil, and Biodiesel
The physicochemical  properties of  waste frying oil
(WFO),  purified  oil  (PO),  and  biodiesel  were  ana-

lyzed  following  the  AOAC  official  method
(969.17). The  common  physicochemical  properties
include acid value (AV), refractive index (RI), iodine
value (IV), saponification value (SV), density, free
fatty acid (FFA), moisture content, ash content, pH,
and cetane number (20, 21). The  biodiesel was also
subjected  to  ASTM standard  fuel  characterization.
Density,  flash  point,  pour  point,  and  cloud  point
measurements  of  the  ethyl  esters  produced  were
made following ASTM D6751 standards. 

pH
A 3 g sample  of  oil  or  biodiesel  was placed  in  a
clean, dry 25 mL beaker, and 15 mL of hot distilled
water was slowly poured and stirred. It was cooled
in a cold water bath. The pH meter electrode was
calibrated with buffer solution and immersed in the
sample, and the pH value was recorded (21).

Moisture content
The AOAC official method (969.17) was employed to
determine  the  moisture  content.  The  oil/biodiesel
was weighed and dried for 24 hours at 105 °C in an
oven. The final weight was taken and recorded (20).
The moisture content was calculated by using Equa-
tion 2.

Moisture (%)=Initial weight of oil - Final weight of oil
Initial weight of oil

×100  (Eq. 2)

Ash content
2 g of oil or biodiesel sample was added to a cru-
cible dish.  The crucible contained the sample was
heated carefully in the muffle furnace at 775 °C for
25  minutes  until  all  carbonaceous  materials  were
disappeared. Then the crucible was cooled at room
temperature in a desiccator  (20). The ash content
was calculated using Equation 3.

Ash (% )=
W 3−W 1

W 2

×100  (Eq. 3)

Where, W1= weight of crucible dish, W2=weight of
oil sample, W3=Weight the sample plus the crucible
dish after calcination. 

Acid value (AV)
A 2 g of oil/ biodiesel  sample was mixed with neut-
ral ethyl alcohol (30 mL); after boiling for 2 minutes
in a water bath, the mixture was titrated with KOH
solution (0.1 N) using phenolphthalein as an indic-
ator (20). The AV was calculated by using equation
4.

Acid value=V×N×56.1
W

 (Eq. 4)

Where,  V  is  the  volume  in  mL  of  standard  KOH
used, N is the normality of the KOH solution, and W
is the weight in g of the sample. 

Determination of free fatty acid (%)
The acid values of the oil samples were used to cal-
culate  the  percentage  of  free  fatty  acid  of  the
samples (20) by using Equation 5.

FFA (%)=Acid value
2

 (Eq. 5)

Peroxide value (PV)
1 g of oil or biodiesel was placed in a conical flask.
Then, 30 mL of glacial acetic acid/chloroform (3:2
v/v) was added. The mixture was shaken until the
sample was dissolved. Then, 1 mL of saturated po-
tassium iodide solution was added, followed by 0.5
mL of starch indicator solution. 0.1 M Na2S2O3 (so-
dium thiosulfate)  was  used  to  titrate  the  solution
until the dark blue color vanished. The PV was de-
termined by using Equation 6 (20). 

PV= Titer×N×1000
weight of the sample

(Eq. 6)
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Where, titer is the mL of Na2S2O3 used (blank cor-
rected), and N is the normality of sodium thiosulfate
solution.

Determination of iodine value (IV)
1 g of sample was placed in a 250-mL conical flask,
followed by adding 30 mL of Hanus iodine solution
and  mixing.  Then,  the  mixture  was  kept  in  the
drawer  for  30  minutes.  The  mixture  was  titrated
against  0.14 M Na2S2O3 until  the  solution became
light yellow. After the addition of a starch indicator
(1%, 2 mL), the titration continued until  the blue
colors  disappeared  (20).  A  similar  procedure  was
employed to determine the blank solution. The IV
was calculated by using Equation 7. 

IV=
(B−S )×N×12.69
Weight of sample

 (Eq. 7)

Where, B is the volume in mL of standard Na2S2O3

solution required for the blank, S is the volume in
mL  of  standard  Na2S2O3 solution  required  for  the
sample,  and  N  is  the  normality  of  the  standard
Na2S2O3 solution.

Saponification value (SV)
The  AOAC official  method (920.160)  was  used  to
determine the saponification value (SV). A 2.5 g of

oil or biodiesel sample was heated with alcoholic po-
tassium hydroxide (25 mL, 0.5%) for 30 minutes.
The resulting solution was cooled and titrated with
an HCl solution (0.5 N) using phenolphthalein as an
indicator.  The same volume of alcoholic KOH solu-
tion without oil was treated as a blank (20). The SV
was calculated by using Equation 8.

SV=
(B−S )×N×56.1
Weight of sample

 (Eq. 8)

Where, B is the volume in mL of standard hydroc-
hloric acid required for the blank; S is the volume in
mL of  standard  hydrochloric  acid  required for  the
sample; and N is the normality of the standard hy-
drochloric acid.

Cetane number (CN)
The calculated SV and IV were employed to calcu-
late the cetane number (CN), which is the capacity
of fatty acid methyl esters as a fuel to burn quickly
after injection. The greater the value, the better the
quality of the ignition. Cetane number is among the
crucial  factors  must  be considered when choosing
fatty  acid  methyl  esters  for  biodiesel  production
(21). The CN was determined by using Equation 9.

Cetane Number (%)=46.3+ 5458
SV−0.225×I V

 (Eq. 9)

Where, SV is the saponification value, and IV is the
iodine value.

Refractive index (RI)
An Abbé  Refractometer (NYRL-3-Leica Mark,  Leica
Inc., Buffalo, New York) was used to determine the
refractive index of the oil or biodiesel sample (20).

Density
The mass of an empty container weighed using a di-
gital weighing balance to estimate the density of the
biodiesel. A 5 mL of the produced biodiesel was ad-
ded  to  the  pre-weighed  container  and  weighed
again. The mass of mass of the biodiesel was calcu-
lated  by  subtructing the  mass  of  the  empty  con-
tainer from the mass of the container plus the biod-
iesel  (20). The density was then determined by di-
viding the sample mass by its volume.

Determination of the Cloud Point
A few drops of biodiesel was poured right into a test
tube. Then a thermometer was inserted into the test
tube. The setup was put on a beaker containing ice.
After a few minutes, the biodiesel was discovered to
form a cloud of gel. The temperature at which the
biodiesel form a cloud of gel record (22).

Determination of the pour point
The same setup as in the cloud point test was im-
mersed in the ice and left to solidify. The test tube
was withdrawn and inverted after the biodiesel form
a solid, and the solid was closely examined until it
began to flow. The temperature at which the solid
biodiesel begin to flow was considered its pour point
(22).

Determination of the flash point
A few drops of biodiesel were poured into a flask
with a branch opening fitted with a cork. A thermo-
meter was inseted into the flask through the cork
with caution the thermometer tip not to contact the
bottom of  the flask.  The biodiesel  contained flask
produced fume upon heating.  The temperature  at
which the fume ignites considered as the flashpoint
temperature (22). 

Characterization of Synthesized Catalyst, Puri-
fied Oil, and Biodiesel 
XRD measuremnts of the prepared catalysts (K2O/
CaO  and  K2O/CaO/ZnO)  performed  to  determine
their composition and phase. FTIR spectroscopy was
used to determine the functional groups present in
the biodiesel.
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RESULTS AND DISCUSSION 

Physicochemical Analysis of Frying Oils
The oxidative breakdown of lipids is accelerated by
repeated heating of the oil, creating dangerous re-
active oxygen species and decreasing the frying oil's
natural  antioxidant  content  (23).  The  quality  of
biodiesel depends on the quality of oil used to pro-
duce it. The quality of the oil depends on its physi-

cochemical properties. Thus, it is crucial to determ-
ine the physicochemical properties of the oil to pre-
pare good quality biodiesel.

Physical Properties of Frying Oil
The physicochemical  properties of  waste frying oil
and purified oil  were determined to evaluate their
suitability for biodiesel production. Table 1 summar-
izes the obtained results. 

Table 1: Physical properties of oils.

Physical properties Local oil
(Hayat)

WFO PO AOAC Standard
(20)

Moisture (%) 0.2 0.3 0.1 <0.3
Ash (%) NS 0.2 0.012 0.015
pH at 25 °C 6.5 5 6.32 5-7
Density g/ml) 25 °C NS 0.644 0.510 0.840
Odor Agreeable Unpleasant Agreeable Agreeable
State at 25 °C Smooth-S Viscous-L liquid liquid

Conductivity (μS/cm) - 0.04 0.5 NS
RI (at 25 °C (nD) 1.4665 1.443 1.3453 1.4694
Color White-yellowish Reddish-brown yellowish yellowish

WFO= waste frying oil, PO= purified oil, NS=not specified, S=solid

The  percentage  moisture  content  of  purified  oil
(0.1%) was lower than waste frying oil (0.3%), but
the moisture content of WFO was higher than the
raw un-frying oil (0.2%). The higher moisture con-
tent can cause difficulties such as water accumula-
tion and growth  of  microbes in  fuel  handling  and
storage,  as  well  as  inappropriate  post-processing
treatment (24). The low moisture content of purified
oil samples may improve their storability and suit-
ability  (25).  The ash value refers to the amount of
solid material  left  behind when the oil  burns.  The
results showed that the WFO samples have a signi-
ficant amount of ash compared to PO; it indicates a
high amount of solid materials left over after frying
(25).  In addition, the ash value of WFO (0.2%) is
much higher than the AOAC standard (0.015) (20).
The RI value of oils varies depending on molecular
weight,  fatty  acid  chain  length,  unsaturation,  and
conjugation.  The  RI  value  of  the  purified  oil
(1.3453)  was  lower  than  that  of  unpurified  oil
(1.443). This lower RI of PO can be explained as the
oxidation of  double  bonds of  the oil  during frying
and then up on treatment with hot water reduces
the oil unsaturation. The pH of WFO is lower than
that of PO (Table 1 ). The higher pH of PO may be

due to the removal of some free fatty acids during
the purification. The lower density of PO (0.510 g/
mL) indicates that the WFO (0.644 g/mL) had lost
some soluble particles upon treatment.

Chemical Properties of Frying Oil
Table 2 gives the chemical properties of WFO and
PO oils like AV, FFA, SV, IV, and PV. The acid values
(mg/KOH/g) of WFO and PO were 8.42 and 5.61,
respectively. The acid values of both WFO and PO
oils were higher than the value in the AOAC stand-
ard (20). The increase in acid value on WFO may be
due to the formation of small monomeric acids and
FFA on thermal oxidation. The saponification values
(mg/KOH/g) of WFO and PO were 213.2 and 190,
respectively  (Table  2),  where  these values  are  in
good agreement with the value given in the AOAC
standard  (20).  The higher the SV of WFO could be
due to the presence of lower molecular weight fatty
acid in glycerides than that of PO  (11).  The iodine
value (IV) measures the degree of unsaturation in
fatty acids. In general, the degree of polymerization
increases as the IV of  unsaturated fatty  acids in-
creases (26).
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Table 2: Chemical properties of waste frying and purified oil.

Chemical Properties Local oil 
(Hayat)

WFO PO AOAC Standard
(20)

Acid value(mg/KOH/g) 3 8.42 5.61 ≤4.00

% FFA (mg/KOH/g) 1.5 4.208 2.805 ≤1.304

Saponification value (mg/g) 190 213.2 190 ≥ 180

Iodine value (g/100g) 90 76 69 80-100

Peroxide value (meqO2/kg) 10 13 8 2-10

  WFO=waste frying oil, PO=purified oil 

The IV of WFO (76 g/100 g) was higher than that of
PO (69 g/100 g), but the IV of WFO and PO were
less than the AOAC standard. Similarly, the peroxide
value of WFO (13 meq/kg) was higher than that of
PO (8 meq O2/kg). PV is the most widely used test
for determining the state  of  oxidation in fats  and
oils. It also indicates the fats/oil's rancidity or de-
gree of oxidation, not its stability. The PV value of
WFO  was  higher  than  the  maximum limit  of  the
AOAC  standard  (2-10  meq  O2/kg),  but  PO  was
within the range of the AOAC standard (20).  The
high PV of WFO may be due to the high moisture
content of oil since increased moisture content in-
creases PV. 

Physicochemical Properties of Catalysts
Table 3 gives the physicochemical properties of ba-
nana peels, eggshells,  and the prepared catalysts.
The pH values of the raw and the synthesized ma-
terials were in the alkaline range (Table 3). The per-
centage  moisture  content  of  banana  peels  (50%)
was higher than that of the eggshell (20%). The ash
content of the catalysts was 42% (C.E. S) to 45%
(ZnO/B.P  /E.S).  The  highest  ash  content  of  the
ZnO/B.P/E.S  may  be  due  to  the  impregnation  of
ZnO.

Table 3: Physicochemical properties of the catalyst.

Physical properties BP ES C.B.P C.E.S ZnO/B.P /E.S

pH 9.91 9.33 11.9 8.5 11.81

Moisture content (%) 50 20 - - -

Ash content (%) 44 43 42 42 45

Conductivity (µs/cm) 3.5 4.6 2.5 3 2.7
Colour Black White Black White-black Bluish

Calcination T(°C) - - 700 900 500

Calcination time (h) - - 3 3 5
B.P = banana peel, E.S = eggshell, C.B.P= Calcined banana peel, C.E.S= Calcined eggshell

Transesterification of Purified Oils 
The transesterification of purified oil was evaluated
under the conditions of catalyst weight (1–7 % wt.),
temperature 60–80 °C, and methanol to oil ratio of
3:1 to 12:1. For the CaO/K2O catalyst; the highest
biodiesel yield ( 92%) obtained for a 9:1 methanol
to oil ratio, at 5% wt catalyst load in 3 h at 65 °C.
However,  with  CaO/K2O-ZnO  catalyst,  the  meth-
anol/oil  molar ratio  of  9:1 resulted in the highest
biodiesel yield (95%) with a 3 % wt catalyst load in
2 h at 65 °C. It means that incorporating ZnO into
CaO/K2O catalyst can facilitate the conversion of oil
to FAME (biodiesel) and shorten the reaction time.
This  study  resulted  in  a  higher  yield  of  biodiesel
(95%) compared to the previously reported by Zu-
leta  et  al.  (26),  which claimed that  2% wt.  K2O/
CaO-Zinc oxide catalyst showed the highest activity

with a FAME yield of 81% at a 15:1 methanol to oil
ratio at a temperature of 60 °C in 4 h. The observed
yield difference may be due to the difference in the
amount of ZnO presented in the catalyst, the size
and purity level of the catalysts.

Effect of Reaction Parameters on the Biodiesel
Yield
The  parameters  that  affect  biodiesel  yield:  the
methanol to oil ratio, the catalyst load, catalyst re-
usability, temperature, and reaction time evaluated;
the obtained results are given in Figures 1, 2, 3, 4,
and 5, respectively.

Effect of Methanol/Purified Oil Ratio
Figure 1 illustrates the influence of the methanol/oil
ratio on the formation of methyl ester. The highest
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FAME yields were obtained (95%) for 6:1 and 9:1
using CaO/K2O-ZnO (3% wt.), but a 92% yield was
obtained using CaO/K2O (5% wt), a 9:1 methanol to
oil ratio in 3 h. However, the FAME yield was lower
for both CaO/K2O and CaO/K2O-ZnO catalysts in the
3:1 and 12:1 methanol to oil ratios. These indicate
that the optimum methanol to oil ratio was 9:1. The
results contradicted the one reported by Madhuvil-

akku and Piraman  (27),  the optimum methanol to
oil ratio for FAME production is 6:1. This disagree-
ment may be due to the difference in the catalyst,
the oil  quality, and the reaction condition. On the
other hand, the results of this study were in agree-
ment with the results reported by Refaat (28), who
prepared biodiesel from waste cooking oil at an op-
timum 9:1 oil to methanol ratio.

Figure 1: Effect of methanol to oil on biodiesel yield with time 3 h and temperature 65 °C.

Effect of Temperature on Biodiesel Yield 
The effect of temperature on the yield of FAME was
evaluated  using  a  9:1  methanol  to  oil  ratio  at  a
fixed  reaction time (3  h).  At  lower temperatures,
the FAME conversion efficiency was very low. The
temperature around the boiling point of alcohol res-
ulted in the maximum FAME yield. Therefore, 65 °C
was the optimum temperature with 95% and 92%
FAME yields for CaO/K2O-ZnO (3% wt) and CaO/K2O
(5% wt.)  catalysts,  respectively.  The  FAME yields
decreased as the temperature  increased to 80 °C

(Figure 2). It may be due to the methanol in the va-
por form (beyond its boiling point) less interacting
with the oil. The result of this study agrees with the
previously  reported  data  by  Birla  A,  et  al.  2012
(29), and stated that the reaction temperature must
be  lower  than  the  boiling  point  of  the  alcohol  to
avoid  loss  of  alcohol  through vaporization.  There-
fore, alcoholysis of vegetable oils is usually carried
out at atmospheric pressure at the boiling point of
the alcohol.

Figure 2: Effect of temperature on biodiesel yield with 9:1 methanol to oil ratio in 3 h.

Effect of Catalyst Load on Biodiesel Yield 
The effect of catalyst load on the biodiesel produc-
tion  was  evaluated  for  both  CaO/K2O-ZnO  and

CaO/K2O catalysts with a 9:1 methanol to oil ratio in
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3 h reaction time by varying the doses from 1 to 7%
wt,  keeping  the  temperature  at  65  °C.  Figure  3
shows the obtained results. The ZnO doped catalyst

(1%) converted 60% of the oil into FAME, but as the
catalyst load increased to 3% wt, the conversion oil
to FAME reached 95%.

Figure 3: Effect of catalyst load on biodiesel yield with a 9:1 methanol/oil ratio for 3 h at 65 °C.

The result indicates that a 3% CaO/K2O-ZnO cata-
lyst was sufficient to convert 95% oil  to biodiesel
with a 9:1 methanol to oil ratio in 3 h. The catalyst
without ZnO converts 92% of oil to biodiesel (FAME)
with a 9:1 methanol to oil ratio in 3 h. In the previ-
ous report,  the percentage yield of  biodiesel  from
Citrullus vulgaris seeds oil using NaOH as a catalyst
was only 70% (19).  This variation may be due to
the higher amount of NaOH (0.13 g) employed may
convert oil to soap rather than biodiesel. Further, in-
creasing the catalyst amount does not increase the
yield but may add to the production cost and make
the separation process more complex (29).

The Effect  of  Reaction Time (h) on Biodiesel
Yields
The effect of reaction time on the biodiesel forma-
tion  evaluated  using  CaO/K2O-ZnO  (3%  wt.),and
CaO/K2O (5% wt.) catalysts at constant temperat-

ure (65 °C), methanol to oil ratio of 9:1. Figure 4 il-
lustrates the effect of reaction time on the conver-
sion of oil to biodiesel. The conversion of the oil to
biodiesel using either catalyst increased up to 3 h.
However,  the CaO/K2O-ZnO catalyst reached 95%
conversion  in  2  h.  These  indicate  that  modifying
CaO/K2O catalyst using ZnO can improve the biod-
iesel yield and shorten the reaction time. As the re-
action time goes beyond 3 h, the conversion of oil to
biodiesel  decrease for  CaO/K2O-ZnO and CaO/K2O
catalysts. Therefore, a reaction time of 3 h is as-
sumed to  be  an optimum time for  the  maximum
biodiesel  yield  for  CaO/K2O-ZnO  (3%  wt.)  and
CaO/K2O (5% wt.) catalysts using methanol and an
oil ratio of 9:1 molar ratio at 65  °C. The effective
conversion of oil to FAME in a short time using the
prepared catalysts is favorable for industrial applica-
tions (5).

946

edom
Highlight

edom
Note
Please delete the highlighted and replace by the following:
due to a mixing problem involving reactants, products and solid catalyst (29).
Then, please go to the reference list and replace reference no 29 by the newly added reference.
Thank you



Meka Kedir W, Girma Asere T. JOTCSA. 2022; 9(3): 939-952. RESEARCH ARTICLE

Figure 4: Effect of reaction time (h) on biodiesel yield with 9:1 methanol to oil ratio.

The Effect of Catalysts Reusability on Biodiesel
Yields
The reuse of CaO/K2O and CaO/K2O-ZnO catalysts
in the transesterification PO was evaluated at op-
timum conditions. Figure 5 shows the obtained res-
ults. The spent catalyst was separated using filter
paper and washed with methanol. Then, the dried
adsorbent was re-activated with a muffle furnace at

500 °C for reuse. The CaO/K2O-ZnO catalyst resul-
ted in a high yield (95%) of  biodiesel in the first
cycle, and the catalyst without ZnO converted 92%
of the oil to biodiesel. The result was consistent with
the previously reported by Navas, M. B. et al. (30);
the  recycling  test  of  catalyst  0.5  Zn/Mg  in  the
transesterification  of  castor  oil  showed  a  higher
yield than in the first cycle.

Figure 5: Effect of catalyst reusability on biodiesel yield with methanol: oil of 9:1 for 3 h at 65 °C.

After the first cycle, the percentage yield of biod-
iesel decreased until  the fourth cycle. That is, the
efficiency  of  both  catalysts  decreased  when  they
were  used  repetitively.  The  3% wt  CaO/K2O-ZnO
catalyst could convert 80% of oil to biodiesel in up
to 3 cycles. However, the biodiesel conversion effi-
ciency of the CaO/K2O catalyst declined to 60% in
the 3rd cycle. These indicate that modifying CaO/K2O
catalyst  with  ZnO can improve both the  biodiesel
yield and durability of the catalyst. The decrease in
efficiency of a catalyst for successive cycles in the
conversion of oil to biodiesel is because of the active
site metal  ion leaching into the reaction medium.
Bond cleavage and the formation of Ca2+ and CH3O-

ions and leaching into the alcoholic phase are re-
sponsible for the loss of active sites (5).

Physicochemical Analysis of Biodiesel
Biodiesel was produced from waste frying oil using
3% wt CaO/K2O-ZnO and 5% wt CaO/K2O catalysts.
Tables 4 and 5 present the physical  and chemical
properties of the biodiesel.

Physical Properties of Biodiesel 
The physical properties of biodiesel: moisture (%),
ash (%), pH, and density (g/cm3) at 25 ºC, cloud
point, flash point, and RI are depicted in Table 4.
The  moisture  content  of  biodiesel  prepared  using
3% wt CaO/K2O-ZnO (0.2%) was a lower moisture
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content than that of using 5% wt CaO/K2O (0.5%).
The lower moisture content of biodiesel improves its
storability and adaptability for long-term preserva-
tion (31). The percentage ash content of BPO using
CaO/K2O  catalyst  (0.02%)  was  higher  than  the
biodiesel  obtained  from  CaO/K2O-ZnO  (3%  wt.)

(0.01%).  However,  the  ash  content  of  produced
biodiesels was higher than the ASTM-D6751 stand-
ard.  The density  and  refractive  index  of  the  pre-
pared biodiesel matched the standard. However, the
flash point of the synthesized biodiesel was higher
than the standard.

Table 4: Physical properties of biodiesel from 9:1 methanol to oil a period of 3 h.

Physicochemical BPO using
CaO/K2O (5%

wt.)

BPO using CaO/K2O-ZnO
(3% wt.)

Standard [ASTM
D6751], (21,29)

Moisture (%) 0.5 0.2 0.050

Ash (%) 0.02 0.01 0.01
pH 5.20 6.35 6.99

Density g/cm325°C 0.88 0.88 0.82-0.90
Color Yellowish Yellowish Yellowish

Cloud point 1.1 1.2 -3-12

Pour point 1.5 2 -5-10
Flash point 198 150 130

RI(at 25 °C(nD) 1.459 1.457 1.45

BPO= Biodiesel from purified oil, RI = Refractive index.

Chemical properties of Biodiesel 
The  chemical  properties  such  as  AV  (mg/KOH/g),
%FFA  (mg/KOH/g),  IV  (g/100g),  SV  (mg/g),  PV,
and CN were depicted in Table 5. The AV reflects
how much lubrication has degraded. A higher AV in
the fuel supply system and the internal combustion
engine might cause severe corrosion (4, 32).  Both
the  American  and  European  Standards  permit  a
maximum of 0.8 mg KOH/g acid and a minimum of
0.5 mg KOH/g acid.  In this  study,  the AV of  the
biodiesel was 0.6 and 0.4 mg KOH/g, and the free
fatty value was 0.3 and 0.2 mg KOH/g, CaO/K2O (5
% wt.)  and  CaO/K2O-ZnO (3% wt.)  catalysts  re-

spectively,  which  is  closer  to  the  ASTM-D6751
standard.  The  %FFA  of  BPO  using  CaO/K2O-ZnO
(3% wt.) was lower than BPO using CaO/K2O (5%
wt.),  but  both  BPO using  CaO/K2O (5% wt.)  and
BPO using CaO/K2O-ZnO (3% wt.) were less than
the ASTM D6751 standard. The iodine value of BPO
using CaO/K2O (5% wt.) and BPO using CaO/K2O-
ZnO (3% wt.)  were  77 and 80,  respectively.  The
iodine value of BPO was less than the iodine value
of oil from the previously reported study, which is
104 g/100 g. The observed variation may be due to
the oil type and the amount of catalyst used (33).

Table 5: Chemical properties of biodiesel from 9:1 methanol to oil a period of 3 h.

Physicochemical BPO using
CaO/K2O
(5% wt.)

BPO using
CaO/K2O-ZnO (3%

wt.)

Standard [ASTM
D6751], (21,29)

Acid value (mg/KOH/g) 0.6 0.4 <0.8

%FFA( mg/KOH/g) 0.3 0.2 2.5
Iodine value (g/100g) 77 80 80-106
Saponification value (mg/g) 127.6 182.3 150.1
PV (meq O2/kg) 4 3 8

Cetane number 79 96.1 >50
 BPO=biodiesel from waste purified oil, PV =peroxide value

Saponification value (SV) indicates the average mo-
lecular weight of triglycerides. The lower the SV, the
larger the molecular weight of fatty acids in the gly-
cerides (33). The SV of BPO using CaO/K2O (5% wt)
and CaO/K2O-ZnO (3% wt) were 127.6 and 182.3,
respectively.  These values are not consistent  with
the previously reported by Ogunkunle and Ahmed

(34), 167 mg of KOH g/L. The amount of PV in fats
indicates primary oxidation and rancidity in oil. The
peroxide  value  increased  with  increasing moisture
content.  The PV of  BPO using CaO/K2O (5% wt.)
and CaO/K2O-ZnO (3% wt.) was 4 and 3, respect-
ively.  The  peroxide  value  for  BPO using  CaO/K2O
(5%  wt)  was  higher  than  that  of  BPO  using
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CaO/K2O-ZnO (3% wt). However, the peroxide val-
ues of both BPO using CaO/K2O (5% wt) and BPO
using  CaO/K2O-ZnO (3% wt.)  were  less  than  the
ASTM-D6751 Standard. The low peroxide and acid
values indicate good quality of the biodiesel.

Characterization of Oils, Biodiesels, and Cata-
lyst 
The FTIR analysis of PO was only determined be-
cause WFO showed a lower potential to make biod-
iesel. X-ray diffraction spectroscopy (XRD) was em-

ployed  to  characterize  the  synthesized  catalysts
CaO/K2O and CaO/K2O-ZnO that  converted  oils  to
biodiesel.

FTIR Characterization of Purified Oil 
The  FTIR  spectra  of  purified  oil  showed  a  peak
aaround 3500 cm-1 and an intense peak at 2900 cm-

1 due  to  OH  (emulsified  water)  and  CH3 (sp3)
stretching, respectively, as depicted in Figure 6. The
high-intensity peak at 1700 cm-1 is assigned to the
carbonyl stretching (C=O stretching) of the oil. 

Figure 6: FTIR spectra of purified oil.

FTIR Characterization of Biodiesel 
Figure 7 depicts the FTIR spectra of biodiesel from
the purified oil. The strong band around 3400 cm-1

indicates the OH stretching of the residue alcohol in
the biodiesel.  Medium intense peaks around 2900
cm-1 and  2800 cm-1 indicate  the  presence of  CH2

and CH3 groups. The medium peak at 1650 cm-1 in-
dicates carbonyl (C=O) stretching of the ester. The
peaks  at  1416-1470  cm-1  were  assigned  for  CH
bending  of  sp3  carbon.  The  intense  peak  around
1100 cm-1  indicates the presence of C-O stretching
of the ester functional group (35, 36).

Figure 7: FTIR characterization of biodiesel.
Powder XRD Analysis of Catalysts 
The crystalline structures of the prepared CaO/K2O
and  CaO/K2O-ZnO heterogeneous  catalysts  were

characterized by using XRD. Figures 8 and 9 shows
the obtained results. At a 2 theta angle, the diffrac-
tion patterns were recorded in the range of  10º to
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90º with a scanning speed of 4º  min-1 at ambient
temperature.

XRD Pattern of CaO/K2O Catalyst 
 The powder XRD patterns of CaO show that the in-
tensified and narrowed peaks at 2θ angles of 17.5°,
26.3°, 28.13°, 33.5°, 37.3°, 47.1°, and 53.8°, re-
spectively. The K2O impregnation into the CaO cata-
lyst surface (1:1, 5 % wt.) revealed a second peak
of intensity at 2θ angles of 23.05°, 25.10°, 28.60º,
33.2°,  40.7º,  and  48.90°  which  assigned  to  the

presence of K2O on the surface of the catalyst, re-
spectively (JCPDS File No. 47-1701; 77-2176) (39).
The result  matched the (JCPDS File  No. 37-1497)
and the previous study data (38, 39). However, the
observed shift in 2θ degree may be due to the effect
of K2O on the crystal surface of the calcium oxide
catalyst (Figure 8). The result indicates that the het-
erogeneous  catalyst,  CaO/K2O,  was  successfully
produced, and the narrow band indicates the smal-
ler crystalline size of the catalyst (Figure 8).

Figure 8: XRD pattern CaO/K2O catalyst.

XRD Pattern of CaO/K2O/ZnO Catalyst 
Figure 9 shows the XRD patterns of the prepared
catalyst by using a mixture of CaO/K2O and modi-
fied with ZnO. After impregnating ZnO into the pre-

prepared CaO/K2O catalyst,  some of  the  peaks of
CaO and K2O vanished,  and others  shifted to  the
higher 2θ value, indicating that the ZnO affects the
crystal structure of the CaO/K2O catalyst. 

Figure 9: XRD pattern CaO/K2O-ZnO catalyst.

The peak of CaO 2θ at 28.13° in Figure 8 shifted to
37.3°, which may be due to the addition of ZnO af-

fecting the crystal structure of CaO/K2O (Figure 9).
The peak at 2θ values of 28.607° and 48.8° corres-
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pond to K2O, similar to peaks observed in the previ-
ous report (39). The XRD result showed that the 2θ
value of ZnO at 31.6°, 34.52°, 47.31°, 66.21°, and
67.6°, indicating that the ZnO was in the wurtzite
hexagonal phase. The shift in the 2θ value on the
ZnO peak may be due to the impact of  CaO and
K2O.

CONCLUSION

In this study, biodiesel is produced from waste fry-
ing oil after purification. Catalysts such as eggshells
(CaO) and banana peels (K2O) were prepared and
employed for biodiesel production. The methanol to
oil ratios of 6:1 and 9:1 resulted in the highest biod-
iesel yield (95%) than 3:1 and 12:1 using CaO/K2O-
ZnO catalyst  (3% wt),  but  9:1  gave  the  highest
product (92%) for the CaO/K2O at 5% wt catalyst
load. It is conceivable to deduce that both catalysts
were  effective  at  a  9:1  methanol  to  oil  ratio  and
yielded the highest biodiesel. The catalyst prepared
from  eggshell  and  banana  peels  (CaO/K2O)  was
most  effective  at  a  5%  wt  load  and  converted
around 92% of the oil to biodiesel. After modifica-
tion of the CaO/K2Ocatalyst with ZnO, the percent-
age  yield  of  biodiesel  increased  to  95%.  The
CaO/K2O  and  CaO/K2O-ZnO  were  effective  up  to
four cycles resulting in 60 and 50% biodiesel yield,
respectively.  Transesterification of purified oil  with
CaO/K2O-ZnO  (3%  wt.)  and  CaO/K2O  (5%)  wt.)
catalysts at 65 °C produced the highest yield.
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Conductor-like Screening Model as Molecular Descriptors 
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Abstract: Nitrobenzene derivatives are organic compounds that have been widely synthesized
and used in chemical industries such as the polymer industry,  lumber preservatives, textile
industry,  pesticides,  and  warlike  weapons  industry.  The  rapid  growth  of  nitrobenzene
derivatives in the industry requires research into the effects of toxicity in the environment.
Quantitative structure-activity relationship (QSAR) models were useful in understanding how
chemical  structure  relates  to  the  toxicology  of  chemicals.  In  the  present  study,  we report
quantum molecular descriptors using conductor-like screening model (COs) area, the linear
polarizability, first and second order hyperpolarizability for modelling the toxicology of the nitro
substituent  on the benzene ring. All  the molecular descriptors were performed using semi-
empirical  PM6 approaches.  The QSAR model  was developed using  stepwise multiple  linear
regression. We found that the stable QSAR modelling of toxicology of the benzene derivatives
used second order hyper-polarizability and COs area, which satisfied the statistical measures.
Second order hyperpolarizability shows the best QSAR model with the value of R2 = 89.493%,
r2 =  68.7% and rcv2 = 87.52%. We also found that the substitution of functional group in the
nitrobenzene derivative for second order hyperpolarizability has the same sequence which was
the γ ortho < γ meta < γ para. These has made that the second order hyperpolarizability was
the best descriptors for QSAR model.
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INTRODUCTION

Nitro  substituent  on  the  benzene  ring
(nitrobenzene  derivatives)  constitutes  an
organic  compound  that  has  been  widely
synthesized  and  used  in  the  chemical
industry. Nitrobenzene derivatives have been
used as depolymerizing agents in the polymer
industry  to  lower  molecular  weight  (1).
Nitrobenzene  derivatives  have  also  been
shown to be good as a lumber  preservative

(2).  The  textile  industry  uses  nitrobenzene
derivatives-  in  the  manufacturing  and
processing of textiles, particularly in the wet
processing of  textiles (3).  Modern pesticides
typically contain a nitrobenzene derivative as
their active ingredient, which protects plants
and crops (4). Nitrobenzene-based explosives,
which are often low in sensitivity and great in
performance,  have  been  utilized  in  warlike
weapons as one sort of explosive (5). 
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Nitro group substituents show strong electron-
withdrawing  effects.  It  also  belongs  to  the
chemical  class  of  compounds  with
bioactivation (6). Therefore, nitro substituents
in benzene are responsible  for  a number  of
toxicities  and adverse  environmental  effects
(7).  The  rapid  use  of  these  chemicals
necessarily  requires  knowledge  of  their
effects  on  human and  environmental  safety
and health.  For  example,  o-nitrophenols  are
toxic  to  plants,  fish,  and  many  other
organisms. They can accumulate in the food
chain,  pose  potential  risks  to  both  human
health and the environment (8). Nitrobenzene
derivative  has  also  been  linked  to
carcinogenesis,  mutagenesis,  skin
sensitization,  and  hepatotoxicity  (9).
Therefore,  the  useful  understanding  of  this
material  on  the  mechanism  and  action  of
toxicity is still going strong (10-12).  

The biological properties of organic materials
are strongly related to their geometrical and
electronic  structures.  Studies  of  quantitative
structure activity relationships (QSAR) are one
of the most important fields in computational
chemistry  because  they  can  be  used  to
investigate  the  relationships  between
biological  activity  and  organic  materials.  A
QSAR  is  a  mathematical  representation  of
biological  activity  in  terms  of  numerical
molecular  descriptors.  Each  numerical
molecular  descriptor  must  be  invariant  to
represent  the  molecular  structure.  The
molecular  descriptors  are  the  physical  and
chemical characteristics of molecules, such as
topological  index,  3D-molecular  geometrical
information,  thermodynamics  descriptors,
quantum-chemical  descriptors,  and
constitution descriptors (13). In a wide range
of applications, QSAR enables faster and more
cost-effective  models  for  new  molecular
designs. In QSAR, partitioning properties are
typically utilized as descriptors. However, the
availability and veracity of experimental data
limit their application.

The  quantum  molecular  descriptors  provide
an alternative for molecular descriptors.  The
quantum  molecular  descriptors  are  more
accurate  and  detailed  description  to  relate
with  biological  activity  (14).  The  quantum
molecular  descriptors  using  ab  initio  model
Hamiltonian  calculation  such
multiconfiguration self-consistent field, Moller-
Plesset theory of variation or correlated pair
many-electron theory  (15). As an alternative
to ab initio methods, density function theory
and  semi-empirical  quantum  chemistry
method  are  practicable  for  molecular

descriptors.  The  net  atomic  charges,  the
HOMO-LUMO energy gap, chemical hardness,
and  chemical  potential,  in  particular,  have
been used to correlate with various biological
activities  (16,17).  Chemical  hardness  and
chemical potential are strongly influenced by
HOMO  and  LUMO  energies  (18,19).  These
energies  need  to  consider  electronic
reorganization in the excited state, which may
often lead to conceptually incorrect results for
the prediction of QSAR (17). 

Semiempirical  methods  are  based  on
Hartree–Fock formalism omit some molecular
integral  calculations.  For  instance,  the
approximation  of  zero  differential  overlap
(ZDO)  reduces  the  number  of  multicenter
integrals.  Numerous  approaches  have  been
introduced  to  improve  the  calculation's
accuracy, including CNDO, NDDO, INDO, and
MINDO  (20).  Semiempirical  methods  also
have been widely used in the application of
QSAR/QSPR  because  they  are  significantly
faster  than  ab  initio  and  DFT  approaches,
particularly  for  large  molecule  calculations.
Several  software,  such  as  MOPAC,  AMPAC,
SPARTAN, and VAMP, has been developed to
perform these semi-calculations. Wang et. al.
has  implemented  semi-empirical  method
using MOPAC software to investigate toxicity
endpoints for a wide range of compound (21).
Adinin et al. also used the same software to
generate  quantum  molecular  descriptors  of
physicochemical  properties of  isothiocyanate
antimicrobials (22). 

The purpose of the present work was to study
the  polarizability,  first  and  second  order
hyperpolarizability  as  molecular  descriptors
for  modeling  the  toxicology  of  the  nitro
substituent on the benzene ring (nitrobenzene
derivatives).  Dipole moment is an important
aspect  in  determining  how  a  chemical
reaction  affects  in  the  biological  system.
Polarizability,  hyperpolarizability,  and  the
surface of charge dispersion are both related
to dipole moment. A conductor-like screening
model (COs) area as a new class of molecular
descriptors is also introduced in this paper. To
the  best  of  our  knowledge,  there  are  no
studies using these descriptors  for  modeling
the  toxicology  of  the  nitrobenzene
derivatives.  We  performed  our  calculation
using  well-established  semiempirical
electronic  structure  program  known  as
MOPAC.  The  semi-empirical  quantum
chemical  calculation  was based on the  self-
consistent  field  method  to  calculate  the
electronic  and  molecular  orbital  properties.
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These calculations were much faster than ab
initio and less time-consuming.

METHOD AND CALCULATION

Calculation of the Quantum Molecular 
Descriptors
Molecular  hyperpolarizability  is  primarily
related  to  their  role  in  nonlinear  optics.
Polarizability is related to a molecule's energy
in an external field. The energy as a function
of the external field (E) can be expressed as a
power series as

 (Eq. 1)

where  μi0 is  a component  of  dipole moment
and αij is a tensor linear polarizability and αij is
a tensor linear polarizability. The parameters
βijk and γijkl  in Eq. 1 are the components of the
first and second order hyperpolarizability. The
ijkl  suffixes  denote  as  Cartesian  component

implying  over  the  X,  Y,  and  Z  axes.  The
component of the total dipole moment can be
obtained using the derivation of energy with
respect to the field.  The series of  molecular
dipole moments can be written as (1). 

 (Eq. 2)

The  expression  in  (Eq.  2)  represents  the
response  of  a  dipole  moment  to  an  applied
electric  field  of  third  order  in  the  field.  The
coefficient on αij , βijk and γijkl  can be obtained
using  finite  field  or  perturbation  method.  In
this  calculation  we  implemented  finite  field
method  by  Kurtz  et  al.   (23).  The  value  of
linear  polarizability  was  a  tensor  diagonal
vector in x, y or z and it is given by Eq. 3 (23).

α = (αxx + α yy + αzz) / 3     (Eq .3)

The average of first order hyperpolarizability,
β and  second order (γ) hyperpolarizability for
the interest value at 0.25 eV were given by
Eq. 2 and 3, respectively.

β= (βxxx + βyyy + βxzz) (Eq. 4)

γ = 1/5 [ (  γxxxx + γyyyy + γzzzz)  + 2(γxxyy + γxxzz
+ γyyzz (Eq. 5) 

Conductor-like  screening model (COs) area is
related with the surface charge densities on
the adjacent segments. The surface charge of
a  molecule  is  distributed  on  the  molecule's
interface. The charge distribution causes the
localized  charge  distribution  on  the  surface.
The  localized  charge  in  the  molecule  may
disrupt  the  Coulombic  interaction,  which
'screens' the polarization in the molecule. As
a  result,  the  screening  is  dependent  on
charge  localization  and  molecular
polarizability,(16). The COs area is an effective
area  of  the  screening  surface.  We  use  the
Klamt  algorithm,  which  has  been  modified

from the dielectric polarized continuum mode,
to calculate the COs area (24). 

The  molecular  structures  were  generated
using  Avogadro  version  1.2.0.  Next,  the
geometric optimization was performed using
the force field method MMFF94s with a step
per  update  of  4.  In  this  work,  we  use  the
parameterization  of  parametric  method  6
(PM6) as the integration method (25). All the
calculations  were  calculated  using  Semi-
empirical MOPAC2016, Version: 21.002 James
J.  P.  Stewart  software.  MOPAC  programs
implement  the  value  and  components  of
dipole  moments,  conductor-like  screening
model (COs) area, polarizability (α), first order
(β) and  second  order  (γ)  hyperpolarizability
(23).  In  the  QSAR  calculation,  the  linear
polarizability  constant  was  calculated  using
0.25 eV. 

Experimental Data
For the present work, we chose a data set of
aquatic  toxicity  of  benzene  derivatives  of
ciliated  protozoan  Tetrahymena  pyriformis
which  was  retrieved  from  Fatemi  and
Malekzadeh (27).   Toxicity is  represented in
terms of log(1/IGC50), where "IGC50" refers to a
concentration  that  inhibits  growth  for  two
days at 50 percent of its normal rate. In this
study, a total of 120 nitrobenzene derivatives
were  investigated. The  nitrobenzene
derivatives  compounds  and  their
corresponding  log(1/IGC50) values are listed in
Table S1.

955



Alias AN, Zabidi ZM. JOTCSA. 2022; 9(3): 953-968.  RESEARCH ARTICLE

Statistical Analysis
Multiple  linear  Regression: The  quantum
molecular  descriptors  (input  data) were
normalized using Eq. 6.

x min
i

max min

I - I
I =

I - I (Eq. 6)

where Ix unnormalized input data, Imax was the
maximum value of  the sample,  and  Imin was
the  minimum value  of  value  of  the  sample
(28).  The  structure-toxicity  models  were
developed  using  multiple  linear  regression,
which  was  a  simple  approach  for  modelling
the linear  relationship  between independent
and dependent variables by fitting the linear
equation.  The  Simple  Linear  Regression
equation was stated as in Equation 7:

 (Eq. 7)

where  bo was  the  intercept;  b1 and  bn was
coefficient;  x1 and  xn was  the  independent
descriptors,  and  y was  the  predictive
(calculated)  values.  The  multiple  regression
was  calculated  using  the  stepwise  selection
method with an alpha  to  enter  and remove
value  of  0.25.  We perform regression  using
the  statistical  software  Minitab.  The  plot  of
observed vs.  calculated toxicity  with  a  95%
prediction index was plotted using Minitab.

Model evaluation and validation: The  R2

was  the  coefficient  of  determination,  which
describes  how  much  of  the  variability  of
dependent  y  was  explained  by  the
independent variable of  x.  In other words,  r2

indicates  how  well  the  model  predicts  the
variance  of  the  independent  variable
explained.  The  value  of  R2 (also  called
Pearson’s  r)  was  computed  using  equation
(8).

 (Eq. 8)

where  y  is  the  y  is  the  observed  response
variable, ŷ was prediction (calculated) value,

 was the mean value of y. Another indicator
we use in this work was r2 value which was a
dimensionless  goodness-of-fit  indicator
between linear  graph  of yexp.  and  ycal.  The
Variance Inflation Factor (VIF) was a measure
of  the  indicator  for  multi-collinearity,
commonly stated as:

 (Eq. 9)

where  R2 was  the  correlation  coefficient
calculated form Equation (9).  Table 1 shows
the rule for interpreting the value of VIF (29). 

Table 1: VIF interpretation.

VIF value Condition
VIF = 1 Not correlated

1 < VIF ≤ 5 The related model is acceptable
5 < VIF < 10 The multicollinearity is substantial

VIF ≥10 The related model is unstable, and recheck is
necessary

Internal validation was accomplished through
the  employment  of  leave-one-out  cross
validation. The dataset was divided into two
sets  as  training  set  and  test  set.  This
procedure  was  carried  out  by  leaving  one
sample from the data set and using the other
data  samples  as  the  training  set,  while  the
testing sample was included in the data set.
The  procedure  was  repeated  until  all  data
samples  had  been  used  as  the  testing  set.
The square of cross-validation coefficient (q2 )
for LOO-CV is calculated using Eq. 10.

(Eq. 10)

where  yi,  ,  and   are,  respectively,  the
measured, predicted, and averaged values of
the respective testing set.

The developed model was validated further in
order  to  assess  its  prediction  competency
using  the  test  and  training  sets. The  k-fold
cross  validation  technique  is  also  useful  for
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validating QSAR models (30). The k-fold cross
validation  procedure  can  give  an  optimized
prediction performance in QSAR (31). The k-
fold cross-validation the resampling the data
to determine the ability of predictive models.
The  dataset  was  divided  randomly  into  k-
partition with equal size of segments of fold
for  training  and  test  set  of  data. The
recommended value for k was 10 (32). In our
work,  we  used  10-fold  to  holdout  with  an
iteration  process  of  10  times.  The  training
dataset was commanded to make predictions
about the data in the validation fold. Thus, we
have used the parameters of the k-fold cross-
validated  correlation  coefficient  (rcv 2)  for
regression validation. 

RESULTS 

In  this  work,  non-linear optical  properties of
molecules  have  been  used,  that  was,
polarizability,  first  and  second  order
hyperpolarizability.  The  molecular  descriptor
of  polarizability  involves  three  components:
αxx ,  αyy and  αzz.  The  perturbed  external
electrical  field  for  first  order
hyperpolarizability involved βxxx, βxyy, βxzz , βyxx,
βyyy, βyzz, βzxx , βzyy and βzzz. While the perturbed
external  electrical  field  for  second  order
hyperpolarizability involved γxxxx, γyyyy, γzzzz , γ
xxyy,  γ  xxzz ,  γyyxx,  γyyzz,  γ  zzxx,  and  γ  zzyy.
Polarizability  and  hyperpolarizability  were
related  to  the  coordinate  axis  of  molecular

polarization.The calculated polarizability, first
order  and  second  hyperpolarizability,
conductor-like  screening  model  (COs)  area,
and  dipole  moment  molecule  using  MOPAC
were tabulated in supplementary Table S1-S3.
The  quantum  molecular  descriptors  were
implemented into the QSAR relationship using
stepwise selection regression. In the stepwise
regression  method,  polarizability,  first  and
second order hyperpolarizability, and constant
reassessment  via  their  partial  F  (or  t)
statistics.  The  linear  regression  for
polarizability was given in Equation (8).

log(1/IGC50) = 1.223 αxx + 1.547  αyy 
(Eq. 8)

 n = 70, R2 = 89.21%, s = 0.3590, F = 280.99,
q2 = 0.677065.

The  stepwise  regression  indicates  two
polarizability  descriptors  were  significant.
However, the value of VIF for αxx and αyy. was
more than 5 (6.70).  This  modeling equation
was  too  highly  correlated,  which  means
multicollinearity  was  substantial.  Figure  1(a)
shows  the  correlation  between  the
experimental  and  calculated  values  of
log(1/IGC50)  obtained  from  αxx and  αyy.  The
plot  shows  the  r2 of  experimental  and
calculated   log(1/IGC50)  was  67.7%.  Figure
1(b)  shows  the  residual  plot  versus  the
calculated value. 

                                                   
Figure 1: Plot of (left) experiment vs calculated log(1/IGC50) using linear polarizability. (Right)

the residual plot with the calculated value. 

The  molecular  descriptor  for  first  order
hyperpolarizability  calculated  from  semi-
empirical calculation has nine descriptors. The
stepwise  regression  method  determined  the
five values of descriptors that were significant

to the toxicology of benzene derivatives. The
QSAR relationship obtained was given by Eq.
9.
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log (1/IGC50) = 1.216 βxxx + 0.763 βxzz + 1.107
βyyy + 0.992 βzyy (Eq. 9)

n = 70, R2 = 59.79%, s = 0.70337, F = 24.53,
q2 = 0.0784.

The VIF value for βxxx, βxzz, βyyy, βzyy  were 1.52,
1.27, 1.46 and 1.27 respectively. The plot of
experimental  vs  calculated  (1/IGC50)  using
first  order  hyper-polarizability  is  shown  in
Figure  1(b).  The  r2 value  using  first  order
hyper-polarizability  as  molecular  descriptor
was 5.9%.

The  second  order  hyperpolarizability
calculated  from  semi-empirical  calculation
also  has  nine  descriptors.  There  were  four

values of descriptors that were significant to
the  toxicology  of  benzene  derivatives.  The
second  order  hyperpolarizability  relationship
yields an equation:

log  (1/IGC50)  =  1.203  γyyyy +  0.587  γzzzz +
1.247  γxxzz –  1.276  γyyxx
(Eq. 10)

n = 70, R2 = 89.493%, s = 0.359559, F =
140.52, q2 = 0.68453

with the VIF value for γyyyy, γzzzz, γxxzz and γyyxx
were 2.31, 1.29, 4.91 and 3.01 respectively.
The  plot  of  experimental  vs  calculated
(1/IGC50) using first order hyper-polarizability
is shown in Figure 3 and the r2 value of this
plot was 68.7%.

Figure  2: Plot  of  (left)  experiment  vs  calculated  log(1/IGC50)  using  first order
hyperpolarizability. (Right) the residual plot with the calculated value. 

Figure  3.  Plot  of  (left)  experiment  vs  calculated  log(1/IGC50)  using  second  order
hyperpolarizability. (Right) the residual plot with the calculated value.
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The  relationship  between  conductor-like
screening  model  (COs)  area  and  dipole
moment with toxicology has been tested. In
semiempirical calculation, two types of dipole
moment were identified:  the dipole moment
net charge density and the hybrid.  Only the
dipole  moment  net  charge  density  (μc)
correlated  well  with  COs  area,  indicating  a
good  correlation  with  toxicology.  The
relationship was given by:

log (1/IGC50 )= -0.264 μc + 2.335 Cos 
(Eq. 11)

n = 70, R2 = 87.04%, s = 0.3935, F = 228.26,
q2 = 0.615627.

Both the Cos area and μc have a VIF value of
3.06. The plot of experimental  vs calculated
(1/IGC50) using Cos area and dipole moment
net charge density is shown in Figure 4. The r2

value for this plot was 61.4%.

Figure 4: Plot of (left) experiment vs calculated log(1/IGC50) using Cos and dipole moment;
(right) the residual plot with the calculated value.

The k-fold cross-validation has been used to
check  the  stability  of  the  QSAR  model.  A
acceptable range of relative deviation of the
r2cv of k-fold cross-validation with  r2 was ±2%
(33). The values of  r2cv for polarizability, first
and  second  order  hyper-polarizability  were
88.78%,  55.2%  and  87.52%  respectively.
While the value of r2cv for Cos area and dipole
moment net charge density was 86.71%. All
model  relative  deviation  were  in  the
acceptance  range  except  for  second  order
hyper-polarizability.  The  F value  for
polarizability,  second  order  hyper-
polarizability,  Cos  area  and  dipole  moment
net charge density has a value greater than
95, which has good levels of significance (34).
In addition, the fitting of the experimental and
calculated  (1/IGC50)  has  an  r2 value  for
polarizability,  second  order  hyper-
polarizability,  Cos  area,  and  dipole  moment
net charge density greater than 0.6 (34). The
results also show that the q2 for all descriptors
except  first  order  hyperpolarizability  has  a
value  greater  than  0.5,  which  was  the
acceptance range for the QSAR model. Since

the  VIF  of  αxx and  αyy. was  6.70  the
multicollinearity  was  substantial. Therefore,
the  stable  QSAR  modeling  for  toxicology  of
benzene derivatives used second order hyper-
polarizability,  COs  area  and  dipole  moment
net charge density as molecular descriptors,
which satisfied the statistical measures. 

DISCUSSION

The toxicology of the nitrobenzene derivative
elaborated  QSAR  model  reveals  that  the
electronic  properties  such  as  polarizability,
hyper-polarizability,  dipole  moment,  and
conductor-like  screening  model  (COs)  area
have  an  impact  on  this  study.  In  quantum
molecular  calculations,  the  polarizability,
hyper-polarizability, and dipole moment were
calculated  based  on  the  non-linear  optical
properties  of  molecules  whose  induced
frequency energy that we used to represent
the external  electric  field was  0.25 eV.  The
interaction dipole moment of a molecule with
the  field  was  dependent  on  the  permanent
dipole  moment,  polarizability  (α),  first  order
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hyper-polarizability  (β)  and  second  order
hyper-polarizability (γ). The linear response of
electronic  charge  distribution  can  be
described  by  linear  polarizability.  Molecular
linear  polarizability  was  related  to  charge
distribution  in  the  molecules.  The  linear
polarizability  was  very  closely  linked  to
intermolecular  forces,  electronic  interaction
inside the molecule, and chemical reactivity,
among other things (35).  Tandon et al.  also
reported that linear polarizability has a good
correlation with chemical-biological activity of
anaesthetics and drugs for blocking activities
(36). Furthermore, hydrophobicity was found
to  be  directly  related  to  molecular  linear
polarizability (37). 

The  expected  relationship  between
substituent  properties  and  calculated  first
order  hyperpolarizabilities  will  be  seen  to
require a more detailed electronic population
analysis.  The  first  order  hyperpolarizability
has showed a low stability model with a value
of  r2 =  59.79%.  The  first  order
hyperpolarizability  also  showed  low  stability
and aquatic toxicity of hydrocarbons (EC50) to
aquatic organisms (16). 

The  conductor-like  screening  model  (COs)
area  with  molecular  dipole  moment  net
charge density was a surprisingly good fit for
toxicity. The COs area was proportional to the
surface  charge  densities  of  the  surrounding
segments  of  molecules.  It  was the  effective
area of  the screening surface of  the charge
density on a van der Waals-like surface. The
screening  surface  was  correlated  to  the
perturbation  of  Coulombic  interaction  in  the
molecule.  The  screening  surface  was
dependent on the localization of charge and
the polarizability of the molecule  (16). While,
molecular  polarization  was  contributed  by
electronic  charge,  molecular  vibration,  and
rotation,  which  reflect  the  molecular  dipole
moment.

In  QSAR,  the  effect  of  substitution  in  the
nitrobenzene  structure  was  of  great
importance  to  obtain  the  best  molecular
descriptor.  To  confirm  the  influence  of
molecular structure on this nitrobenzene, we
have  performed  a  comparison  of
polarizability,  hyperpolarizability,  and  COs
area to the meta, ortho, and para-substituents
for aniline (NH3), phenol (OH), chloro, bromo,
methyl (CH3), fluoro, nitrile (CN) and methoxy
(OCH3) as shown in Figure 5. As seen clearly,
the  effect  of  meta,  ortho,  and  para-
substituents has significant changes to linear
polarizability,  second  order
hyperpolarizability,  and COs area. The value
of  linear  polarizability  has  the  sequence  α
ortho  <  α  meta  <  α  para  except  for
fluorobenzene  and  nitroanisole.  For  the
second  order  hyperpolarizability,  all  the
nitrobenzene  has  the  same  sequence  that
was the γ ortho < γ meta < γ para. This has
made  that  the  second  order
hyperpolarizability has the highest value of r2.
The  COs  area  of  nitrobenzene  has  the
sequence COs ortho < COs para < Cos meta
except  for  nitroaniline,  nitroanisole,
fluoronitrobenzene  and  nitrobenzeldehyde.
Fluoronitrobenzene  and  nitrobenzaldehyde
have nearly the same value of COs area for
meta  and  para.  While  the  sequence  of  the
substituents from anisole to nitrobenzene was
para  <  ortho  <  meta.  For  the  first  order
hyperpolarizability,  the  substitutional  of
functional groups was difficult to expect. This
might  be  due  to  the  substitutional  of  para,
meta,  or  ortho  inducing  the  charge  transfer
effect  in  the  first  order  hyperpolarizability
calculation (38).  This  means  there  was  no
suitable  sequence  of  the  substitutional  of
para,  meta,  or  ortho.  In  this  case,  the  first
order  hyperpolarizability  was  not  a  good
molecular descriptor for QSAR because it was
too high.

960



Alias AN, Zabidi ZM. JOTCSA. 2022; 9(3): 953-968.  RESEARCH ARTICLE

(a)

(b)
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(c)

(d)

Figure 5 The value of (a) α, (b) β, (c) γ and (d) COs area of ortho, meta and para-substituted
nitrobenzenes calculated using PM6 . 
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CONCLUSION

The work we have used linear polarizability,
first and second order hyperpolarizability and
conductor-like screening model (COs) area as
molecular  descriptors  for  QSAR  of
nitrobenzene derivative. In this work we use
stepwise  regression  which  fit  the  suitable
variables  in  QSAR  model.  Second  order
hyperpolarizability  shows  the  best  QSAR
model with the value of R2 = 89.493%,  r2 =
68.7% and rcv2 = 87.52%. We also found that
the  substitutional  of  functional  group  in  the
nitrobenzene  derivative  for  second  order
hyperpolarizability  has  the  same  sequence
which was the γ ortho < γ meta < γ  para.
These  has  made  that  the  second  order
hyperpolarizability  was  the  best  descriptors
for QSAR model. 
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Name βxxx βxyy βxzz βyxx βyyy βyzz βzxx βzyy βzzz
3-nitrobenzaldehyde -107.406 -8.13873 6.95055 -194.685 220.2986 4.03478 -0.02997 -0.09594 0.02021
3-Nitroaniline -277.812 -266.894 2.33934 143.1703 265.0084 -4.05664 0.28304 0.05348 0.0436

2-Nitroaniline -442.042 237.1784 -0.52997 154.073 174.0243 2.22041 -0.3837 -0.6019 -0.00824

4-NITROBENZAMIDE 164.2175 33.43775 3.63387 -19.7175 -12.1311 13.45701 -0.02028 0.00584 0.1242

4-Nitrobenzyl alcohol 576.203 -119.842 1.09036 48.86409 -57.7258 -1.51291 -4.62689 -0.50518 -5.99972

Methyl 4-nitrobenzoate 157.5613 14.80136 9.99508 -27.0893 43.80339 17.92242 -0.04126 0.27467 0.24997

4-nitrobenzaldehyde 20.61401 -86.3345 10.05155 -19.8487 -26.9678 -2.31037 -0.06159 -0.00429 -0.00595

3-Nitroanisole 322.8077 161.1222 6.96617 81.23778 91.75077 -14.115 -0.42497 0.23712 0.07669

2-nitrobenzaldehyde 13.05212 -24.4508 -6.92444 4.71585 -117.046 5.02317 -0.25362 -0.50811 -0.01777

4-Fluoronitrobenzene 409.4995 -155.675 1.92477 0.00661 -0.09222 -0.00478 0.13113 0.04254 0.00252

3-Nitroacetophenone -44.2635 -5.72725 2.12282 -210.932 224.3482 10.72745 0.02065 0.0544 -0.00386

4-Nitrophenetole 1618.209 -278.852 5.22649 -135.926 17.04215 -7.79467 0.86974 -0.16206 0.18803

4-Nitroanisole -1081.34 246.6922 -9.89709 -10.7317 -24.6004 -2.15571 -0.56548 -0.25527 0.03636

4-Nitrobenzyl chloride 348.5093 -155.854 25.27714 -0.74771 0.42059 0.1246 -38.5231 16.44961 33.71734

4-Ethylnitrobenzene 645.8094 -167.319 11.35641 10.68836 -6.49552 -0.08176 -16.753 11.32412 2.18177

2-Nitrobiphenyl -153.951 15.49075 -7.68834 10.40523 110.5113 41.5736 -4.5394 -12.6303 10.59206

5-Hydroxy-2-nitrobenzaldehyde -732.208 147.4603 0.38729 -291.476 205.6326 -10.0762 -0.12093 -0.17876 -0.00092

6-Chloro-2,4-dinitroaniline -1024.71 372.4929 -3.08485 397.0051 201.6174 -9.91456 0.61227 -0.341 0.14031

3-Nitrobenzonitrile 40.1177 2.08986 -17.3495 -172.788 169.8454 7.87914 -0.12241 0.00357 -0.00777

4-Nitrobenzonitrile 149.9968 -126.313 20.69014 0.04503 0.20171 0.00431 0.00016 0.00033 -0.00001

2-Amino-4-chloro-5-nitrophenol* -1096.98 -161.256 3.10006 -870.765 231.7681 -5.38898 31.29405 15.44982 5.08301

 2,3-Dinitrophenol * -167.69 116.9766 -46.6554 -191.413 -288.537 -68.9416 37.64876 11.50439 6.6923
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Name βxxx βxyy βxzz βyxx βyyy βyzz βzxx βzyy βzzz
3-Nitrophenol * 233.4414 109.0344 6.17516 44.31182 159.3321 -0.52827 -0.52827 0.01679 -0.00208

 2,6-Dinitrophenol * -184.652 -48.288 -4.23249 274.0526 -401.894 -5.62201 0.08114 0.24699 -0.00921

4-Methyl-2-nitrophenol * 21.19537 -7.77141 -11.522 -204.721 119.7415 -6.07916 -0.00979 0.00271 0.00663

 2-Nitrophenol* 180.5037 -215.828 -1.38299 -73.9181 -93.1267 -4.23917 -0.03343 -0.02707 0.00405

2-Chloromethyl-4-nitrophenol* -927.516 -78.3501 -6.02087 -485.373 221.0804 -20.1294 -0.11388 -0.15094 0.08312

 2,5-Dinitrophenol * 456.3495 -157.247 3.65367 49.96321 116.1203 12.25693 0.43926 0.08193 -0.02202

2-Nitroresorcinol* -479.639 288.2737 4.99292 17.79195 -45.3904 -6.34166 0.0459 0.03576 -0.00274

3-Nitro-2-xylene  -259.731 9.47801 -2.34206 -82.7347 205.6168 -10.2414 -0.02697 -0.02249 0.02534

2,6-dimethylnitrobenzene -69.3849 154.0333 31.85578 1.80146 -2.36372 0.41409 1.33912 0.49623 -0.84623

2,3-dimethylnitrobenzene -210.093 -0.08592 9.32443 -62.4941 196.671 -9.34246 -11.763 1.83536 -0.80275

2-methyl-3-chloronitrobenzene -294.951 -89.6077 12.57144 -5.31444 230.5288 -2.03959 -26.6933 3.74238 -0.38834

2-methylnitrobenzene -280.128 154.0435 -7.43852 43.10892 46.09325 -1.67936 -0.12252 0.39051 -0.27098

2-chloronitrobenzene -16.2558 191.1657 14.84702 140.4117 175.9841 0.39656 6.2425 -41.7044 0.15244

2-methyl-5-chloronitrobenzene -252.408 -134.867 -2.99171 64.57506 -119.748 2.66624 9.63111 -6.45379 -1.02694

2,4,5-trichloronitrobenzene -519.396 -121.814 15.63978 407.1055 -78.3658 -0.59776 10.00321 -34.0882 0.3478

2,5-dichloronitrobenzene -47.779 -43.399 3.07005 -85.1452 -11.6088 -3.29785 0.65462 -9.21405 -0.10206

6-chloro-1,3-dinitrobenzene 776.1823 -76.3143 20.55704 -316.231 167.4616 7.78888 13.83512 24.09994 0.46451

nitrobenzene -227.147 107.65 -2.70756 -0.00286 -0.25499 -0.0021 0.01385 -0.02581 -0.00092

3-methylnitrobenzene -207.598 -13.2319 5.58666 -61.3692 109.5199 -3.35465 0.05627 -0.04426 0.02192

1,3-dinitrobenzene -0.80821 -0.28553 0.00261 -188.243 222.5985 -1.76682 -0.64097 0.04371 -0.00515

3,4-dichloronitrobenzene -958.72 -75.853 -3.4705 -182.164 304.0829 -1.56579 0.10785 -0.01365 0.00143

4-methylnitrobenzene 662.188 -180.748 -2.77864 -10.731 -0.06797 3.95765 -0.18072 -0.08166 0.01305

1,4-dinitrobenzene 0.22225 -0.02254 0.00351 0.04947 0.0793 -0.00089 0.0239 0.01609 -0.00304

4-chloronitrobenzene 1024.197 -154.696 4.9467 -0.13816 -0.11031 -0.0016 0.09985 -0.00281 0.00781

2,3,5,6-tetrachloronitrobenzene 0.32491 -0.86776 0.01726 -38.0493 -172.688 1.37661 0.12494 -0.03103 -0.01338

6-methyl-1,3-dinitrobenzene -275.782 87.76645 0.83589 -338.917 220.994 2.40858 3.00765 -1.02092 -0.48669

3-chloronitrobenzene 293.9259 100.183 1.05459 28.32126 157.9507 -1.33774 0.18775 -0.05016 0.00803

2-bromonitrobenzene 221.647 -65.817 -4.45118 57.10785 -105.418 -3.88547 -0.15725 0.17946 0.0017

3-bromonitrobenzene 112.2158 77.32627 -3.02739 -76.5724 112.0591 -3.18281 0.0472 -0.04491 0.00029
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Name βxxx βxyy βxzz βyxx βyyy βyzz βzxx βzyy βzzz
4-bromonitrobenzene 636.1428 -131.777 -1.34632 0.14062 -0.41076 -0.00084 0.02408 0.02996 0.00119

2,4,6-trimethylnitrobenzene 487.2197 -240.514 -41.4805 -9.0686 3.38915 4.35927 -1.02309 -0.50699 0.06539

5-methyl-1,2-dinitrobenzene 182.9819 -122.835 -65.9328 -132.798 -30.9037 -18.1088 -21.2979 10.37502 -2.78741

2,4-dichloronitrobenzene 922.6029 -275.532 4.68841 264.341 196.2572 5.52379 0.23118 0.32871 -0.00996

3,5-dichloronitrobenzene 171.2097 255.2306 2.14095 1.95536 -3.56673 -0.04293 0.02372 -0.07608 -0.00909

6-iodo-1,3-dinitrobenzene 459.143 -162.182 -0.25996 -9.86538 65.73475 -3.92581 -0.07814 0.41036 0.01076

2,3,4,5-tetrachloronitrobenzene 699.5292 78.39559 1.69574 367.8519 230.0996 5.559 -0.12905 0.3356 -0.01229

2,3-dichloronitrobenzene 330.074 121.9904 1.76158 34.03553 465.7443 1.31138 -0.01351 0.12179 0.01527

2,5-dibromonitrobenzene -62.8901 74.86594 -0.51253 39.59764 -4.23922 1.76134 -0.13096 0.09024 0.00876

1,2-dichloro-4,5-dinitrobenzene 534.0062 289.3468 -0.0491 0.90223 -0.55667 -0.0491 -0.83199 -0.41753 -0.19002

3-methyl-4-bromonitrobenzene 575.4357 -52.5483 -8.91783 -29.4821 121.2631 -3.12227 0.05273 -0.03945 0.00855

2,3,4-trichloronitrobenzene 1011.229 -120.032 3.93728 -26.9388 592.7289 3.07087 -0.24504 0.1254 -0.0093

2,4,6-trichloronitrobenzene 976.7745 -450.077 5.18579 -0.49055 0.95889 -0.01732 -0.04162 -0.18462 0.00464

3,5-dinitrobenzyl alcohol -234.518 94.46671 -3.67346 116.539 4.2354 -2.2517 -5.65075 16.67305 -5.36324

3,4-dinitrobenzyl alcohol -136.287 77.06394 66.54098 56.60117 27.28624 10.45835 -6.13512 4.7163 2.21966

1,2-dinitrobenzene -134.112 -98.0993 -65.3709 -28.3669 20.48465 -2.12874 -0.68789 -3.04461 -2.91564

2,4,6-trichloro-1,3-dinitrobenzene 4.59865 3.75504 0.63119 -678.306 485.1152 33.27589 12.18542 -1.818 -6.60903

2,3,5,6-tetrachloro-1,4-dinitrobenzene   -0.16924 -0.04236 0.00414 0.26336 0.00638 -0.01492 -0.09023 0.1211 -0.00218

2,4,5-trichloro-1,3-dinitrobenzene 691.7179 -6.27857 7.33992 310.2391 -107.273 44.42341 12.45873 -15.707 -1.48189
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