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Abstract:  In  this  study,  an  anti-oxidant  nanoformulation  to  prevent  the  oxidation  of  salmon  was
developed using rosmarinic acid (RA). Minced salmon samples (MSs) were treated with 8.10-3 g (RAT1)
and 16.10-3 g (RAT2) RA-loaded nanoparticles for 100 g MS rosmarinic acid, separately. The thiobarbituric
acid (TBA) values of control (C), RAT1, and RAT2 samples stored at 4 °C were found as 2.995, 1.350, and
0.994 mg MDA/kg; respectively, after 9 days. While the initial free fatty acid (FFA) value of C samples was
2.011%, RAT1 and RAT2 were found as 2.765% and 2.494%, respectively. The 2,2,diphenylpicrylhydrazyl
(DPPH) values of MSs treated with RAT1 and RAT2 were observed to be higher than that of C samples. C
samples were evaluated as unfit for human consumption on the 5th day of the storage, it was revealed
that  but  the  sensory  scores  of  MSs  treated  with  RAT1  and  RAT2  were  still  acceptable  for  human
consumption.
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INTRODUCTION

Well-balanced  nutrition  is  a  very  crucial  issue  for
consumers. In this respect, fish is a unique essential
nutrient source for human (1). However, as soon as
fish samples are caught, they must be protected by
using  appropriate  food  preservation  methods.
Therefore, different conventional food preservation
methods  are  already  used  to  delay  the  rapid
deterioration in fish meat after harvesting. Ionizing
irradiation  treatment,  packaging  treatments,  food
additives,  chilling,  and  freezing  technology  are
widely used to limit the rapid deterioration in fish all
over the world (2-4). Yet, food additives are applied
to processed, lightly processed, or raw fish samples.

Furthermore, most of the food additives used in the
fish  processing  industry  are  based  on  chemical
origin. Since natural or organic-based food additives
are highly expensive, they are not preferred by the
fish processing industry. Also, some of the micro or
macro  natural-based  food  additives  may  have  a
lower  antioxidant  or  bactericidal  effect  on  fish
fillets/samples.  In  this  regard,  cost-effective  food
preservation methods having stronger antimicrobial
and antioxidant properties are currently being tried,
particularly  in  the  scientific  area.  For  example,  in
the  last  decade,  there  has  been  a  significant
increase in microencapsulation methods. Moreover,
food  nanotechnology  applications  such  as
nanoencapsulation,  nanocoating,  nanoemulsions,
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nanoparticles, nanofibers recently take a great deal
of attention in the food industry and scientific area.
Ceylan,  Sengor (5) revealed that  nanofibers could
be used as a nanocoating material for delaying the
chemical deterioration in fish fillets. Özogul, Durmus
(6) noted that  nanoemulsions could be utilized to
limit the rapid deterioration of fish samples. Osheba,
Sorour  (7)  revealed  that  chitosan  nanoparticle
application successfully limited the rapid increase in
chemical  deteriorations  parameters  such  as  total
volatile nitrogen, trimethylamine, and thiobarbituric
acid in fish fingers. Ceylan, Sengor (8) reported that
nano-thymol  and  the  liquid  smoke  application
delayed  the  rapid  microbial  spoilage  in  fish  fillets
during  cold  storage  conditions.  Also,  the
encapsulation of bio-based materials and functional
ingredients are important and promising approaches
for  food  nanotechnology  applications.  In  this
respect, encapsulations of nisin (9), rosehip seed oil
(10), α-tocopherol (11), and zinc oxide (12) were
successfully  carried  out,  as  can  be  seen  from
previous  literature  studies,  as  well.  Additionally,
nanomats that integrated with curcumin and nisin
(13) or pomegranate seed oil (14), grape seed oil-
loaded  nanofibers  (15)  and  zein  nanofibers  (16)
effectively improved the acceptability of fish meats
during cold storage.

In this study, rosmarinic acid (RA), which is one of
the  polyphenolic  substances  contained  in  culinary
herbs  such  as  perilla,  rosemary,  sage,  mint,  and
basil, was used. Therefore, there are many studies
in which rosmarinic acid is provided with effective
antioxidants  and  other  quality  properties.  To  the
best of our knowledge, the number of antioxidant
and  lipid  oxidation  studies  about  RA-loaded
nanoparticles of the salmon fish is limited.  In this
sense,  the  initial  aim  of  the  study  was  to
encapsulate RA and characterize RA nanoparticles,
such as average particle  size  and in  vitro  release
profile. Also, the main aim of the present study was
to  investigate  the  potential  antioxidative  effect  of
RA-loaded nanoparticles on the salmon fish mince
stored under 4 °C, and its effects on its shelf life.

MATERIALS AND METHOD

Materials
Salmon  fish  samples  were  obtained  from  an
international  supermarket  in  Konya,  Turkey.  The
fish  samples  were  immediately  transferred  to  the
food processing laboratory.  RA (96%, Mw=360.31
g/mol), polycaprolactone (PCL) (Mn = 80,000), and
polyvinyl  alcohol  (PVA) (Mw = 31,000–50,000,  87–
89%) were purchased from Sigma-Aldrich (USA).

Treatment with Nanoparticles of Fish Samples
The  samples  were  grouped  as  control  (C),  RAT1
(8.10-3  g  RA-loaded  nanoparticle/  100  g  minced
fish), and RAT2 (16.10-3 g RA-loaded nanoparticle/
100 g of minced fish), as compared to RAT1). 100 g
of  fish  samples  were  separated  as  C,  RAT1,  and

RAT2,  respectively.  Following the nano treatment,
the minced fish samples were placed into the locked
plastic pouch and then stored at 4 °C for 9 days.

Calibration Process
The calibration curve of RA was obtained using UV–
Vis  Spectrophotometer  (Shimadzu,  Japan).
Standard solutions of RA were prepared to give final
concentrations of 1.5625, 3.125, 6.25, 12.5, and 25
µg/  mL.  Then  the  absorbance  values  of  these
samples  were  measured  by  UV–Vis
Spectrophotometer at 324 nm, and the calibration
curve was plotted.

Preparation  of  RA-Loaded  PCL-Based
Nanoparticles
The double-emission precipitation method was used
to prepare the RA-loaded PCL nanoparticles. 10 mg
of RA was dissolved in 1 mL of distilled water, 30
mg of PCL was dissolved in dichloromethane, and
then the PCL solution was added to the RA solution,
respectively. All solutions were mixed and sonicated
for 10 minutes using an ultrasonicator at 55 W. This
solution was placed into a syringe and then added
dropwise  into  4  mL  of  5%  PVA  solution  under
continuous  stirring.  Following  these  first  step
procedures, the solution was sonicated again for ten
minutes. After that, the mixture was left overnight
under continuous stirring in the sonicator.  Finally,
the obtained RA-loaded nanoparticles were isolated
by centrifugation (at 10,000 rpm for 30 min). The
samples  were  washed three  times  to  remove the
organic  solvent  and  freeze-dried  for  further
characterization  analysis  and  food  nanotechnology
applications.

Zeta Size (ZS) of Nanoparticles
The  average  size  distribution  of  RA-loaded
nanoparticles was obtained using a Zeta-Sizer Nano
ZS (Malvern Instruments, Malvern, UK) instrument
equipped with a 4.0 mV He-Ne laser.

Encapsulation Efficiency
The  loading  capacity  (LC)  and  encapsulation
efficiency (EE) of RA-loaded PCL nanoparticles were
measured by separating the nanoparticles from the
aqueous nanoparticle suspension via centrifugation.
In this respect, the concentration of free RA in the
supernatant  was  determined  using  a  UV-visible
Spectrophotometer via the RA standard curve. The
loading capacity and encapsulation efficiency of RA-
loaded  PCL  nanoparticles  were  respectively
calculated  by  the  formulas  given  below.
Encapsulated RA amount was calculated by UV-vis
absorbance  value  of  supernatant  which  was
obtained after centrifugation of the RA loaded PCL
nanoparticles.  The  UV-vis  absorbance  value  of
supernatant  put  the  formula  which  was  obtained
from the calibration curve.

EE = ((Total RA Amount-Free RA Amount)/Total RA
Amount) ×100  (Eq. 1)
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LC = (Encapsulated RA/Total Nanoparticles Weight)
× 100  (Eq. 2)

The Amount of Released RA
To determine the in vitro release profile, the release
study  experiment  was  conducted  at  the  optimum
storage temperature (+4 °C) for meat products. 1
mg of RA-loaded PCL nanoparticles was dissolved in
2 mL distilled water and placed in a dialysis capsule.
100 mL PBS media at pH = 7.2 phosphate buffer
solution was used as release medium. At designated
time  intervals,  1  mL  of  the  release  medium was
taken and replaced by an equal volume of fresh pre-
warmed release medium. The amount of  released
RA  in  samples  was  analyzed  by  UV–Vis
spectrometer at 324 nm wavelength. The amount of
RA released at the end of 144 h was evaluated from
Equation 3, and the % amount released over time is
plotted.

Release  Amount  (%)  =  (Released  Amount  of
RA)/(Total Amount of RA) × 100    (Eq. 3)

Thermogravimetric  Analysis  (TGA)  of  Nano-
Scale Material
Thermal  behaviors  of  PCL  nanoparticles  and  RA-
loaded  PCL  nanoparticles  were  determined  using
Thermogravimetric  Analyzer,  TGA  (SDT  Q600,  TA
Instruments, and Newcastle, DE USA). As stated by
Ceylan,  Meral  (17)  continuous  nitrogen  flow  at  a
rate of 20 mL/min in the temperature range of 25
°C to 800 °C at a rate of 10 °C min-1 was applied.

Thiobarbituric Acid (TBA) Analysis
10 g of minced salmon fish samples, 4 N HCl (2.5
mL), and 97.5 mL of distilled water were added into
the flask and then heated for distillation. After the
distillation,  5  mL  from  the  distillate  sample  was
taken and added to the test tubes. All tubes were
heated in hot water at 85°C for 30 min. Absorbance
values of C, RAT1, and RAT2 were measured at 530
nm using a spectrophotometer (Shimadzu-UV mini
1240,  Kyoto-Japon).  Finally,  TBA  results  of  the
samples were calculated as mg malondialdehyde per
kg  (mg  MDA  kg-1)  according  to  Tarladgis,  Watts
(18).

Antioxidant Activity Measurement by DPPH
The  antioxidant  capacity  of  the  minced  salmon
samples was determined using a modified method
as  described  by  Brand-Williams,  Cuvelier  (19).
Salmon fish samples, 5 g per sample, were mixed
with 25 ml of methanol in ice Polytron homogenizer,
centrifuged at 7000 × g for 10 min, and filtered by
using Whatman No. 1. The supernatant was mixed
with methanol to a volume of 25 mL, and then 50
μL  was  added  to  2950  μL  of  100  μM  DPPH  in
methanol solution in a test tube. Methanol, 50 μL,
and 2950 μL DPPH solution were used to be a blank.

The  tubes  were  covered  with  parafilm,  vortexed,
and  kept  in  the  dark  at  room  temperature.  The
absorbance value  of  the  solution was obtained at
517  nm.  The  standard  curve  was  developed  with
ascorbic acid and DPPH.

Free Fatty Acid (FFA)
FFA value  as  an index of  fish  fat  hydrolyzes  was
determined  according  to  Egan,  Kirk  (20).  The
samples  were  extracted  and  then  25  mL  of  the
extract  was  mixed  with  25  mL  of  ethyl  alcohol
(95%).  The  mixture  was  titrated  against  0.1  N
NaOH  using  an  indicator  (phenolphthalein).  The
percentages of FFAs in C, RAT1, and RAT2 samples
were calculated as oleic acid by using the formula
below.

FFA = ((V×N×2.82)/W)  (Eq. 4)
V: Volume of NaOH

N: Normality of NaOH
W: Weight of Lipid in Extractions

Sensory Evaluation
Sensory deteriorations in C, RAT1, and RAT2 groups
were  evaluated  by  trained  sensory  panelists  as
stated by Fan, Sun (21) (n=10). The samples were
presented to the trained panelists in a room under
well-ventilated and lighted conditions every analysis
day. A 10-point hedonic scale was used to evaluate
the samples in terms of the overall  sensory score
(SOVS;  obtaining  from  odor,  texture,  and  color
parameters).  Score  5.0  was  considered  as  the
borderline of all minced fish samples (C, RAT1, and
RAT2) acceptability.

Statistical Analysis
All  measurements  were  repeated twice with  three
replications.  Collected  data  were  subjected  to
analysis of variance (ANOVA) to evaluate the TBA,
DPPH, FFA, and SOVS in all groups. Graphpad Prism
software  Version 5.00 (California Corporation,  CA)
was used to reveal significant differences between
C,  RAT1,  and  RAT2,  and  also  comparisons  of  all
differences  among  them  were  evaluated  by  the
Tukey's Multiple Range Test (p<0.05).

RESULTS AND DISCUSSION 

Particle Distribution of Nanoparticles 
RA  solutions  were  prepared  with  different
concentrations (1.5625, 3.125, 6.25, 12.5, and 25
µg/mL).  Then  the  absorbance  values  of  these
samples  were  measured  by  UV–Vis
Spectrophotometer at 324 nm, and the calibration
curve was plotted (Figure 1). 

Zeta  Size  values  of  PCL  and  RAT-loaded  PCL
nanoparticles  were  determined  to  be  213.9±3.52
and 235.8±2.98 nm, respectively Figure 2A and 2B
(Table 1).
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Figure 1: The calibration curve.

Figure 2: Zeta Size result of (A) blank and (B) RA PCL nanoparticles.

Table 1: Average particle size of nanoparticles.

Samples Average Particle Size
(nm)

PCL NP 213.9±3.52
RAT NP 235.8±2.98

PCL and RAT NPs define poly(ε-caprolactone) and 
rosmarinic acid-loaded poly(ε-caprolactone), 
respectively.

The in vitro release study was performed and the
release profile graph was drawn based on time and
cumulative  RA  release  (%)  (Figure  3)  by  using
calibration curve data of RA. It was determined that
RA was released 58.46% in the first 24 h. Moreover,

93.85% of RA was released from the RA-loaded PCL
nanoparticles end of the 144 th hour. According to
the results of in vitro release study, we concluded
that  the  active  ingredient  (RA)  has  a  controlled
manner and slow-release rate over time.

Figure 3: The cumulative RA release.
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Loading  of  RA  into  PCL  increased  the  average
diameter of the RAT-loaded nanoparticle according
to  the  results  of  zeta  size.  Also,  the  biggest  RA-

loaded nanoparticle  detected by TEM analysis  was
given in Figure 4. 

Figure 4: TEM image of RA-loaded nanoparticle.

PCL was used as a nanocarrier in the present study,
the  antioxidant  activity  of  RA-loaded  PCL
nanoparticles  on the  minced salmon samples  was
revealed.  In  any  nanotechnology  application,  the
diameter of the nanomaterial can play a key role in
food applications. Loading of RA into PCL provided
an antioxidant effect on the minced salmon samples
for 9 days, although RA did not significantly increase
the diameter of the nanoparticle (p<0.05). On the
other hand, as can be seen from the previous study
(8),  loading  of  thymol  and  liquid  smoke  into
chitosan nanofiber increased the average diameter
of the chitosan-based nanofiber. Also, according to
Merrell,  McLaughlin  (22),  the  diameter  of  PCL
nanofibers  fabricated  by  the  electrospinning
technique was found to be between 300 and 400
nm.  da  Silva,  Ferreira  (23)  reported  that  RA
encapsulated  chitosan  nanoparticles  could  have  a
diameter  ranging  from  200  to  300  nm.  In  this
respect,  the loading of RA possessing 235.8±2.98
nm  diameter  provided  a  larger  surface  area  to
prevent the rapid oxidation of  the minced salmon
for 9 days.

Loading  Efficiency  and  Encapsulation  of  RA-
loaded PCL Nanoparticles
The encapsulation efficiency of the RA was found to
be 99.0±0.35%. This ratio revealed that the RA was
highly successfully encapsulated and also effective
RA-loaded  PCL  nanoparticles  were  obtained.  The
loading  efficiency  of  the  RA-loaded  PCL
nanoparticles for each 10 mg was found as 9.2 mg
of  RA.  For  this  study,  loading  and  encapsulation
efficiency are important to reveal the effectiveness
of RA nanoparticles. Also, the results revealed that
the high loading and encapsulation efficiency of RA
known as an antioxidant may affect the stability of
TBA,  DPPH,  FFA,  and  SOVS  parameters  obtained
from the minced salmon samples. In the  previous
study,  Snehalatha,  Venugopal  (24)  reported  that
encapsulation  and  loading  efficiency  of  etoposide
(into PCL)  were  found to be 80.15% and 28.8%,
respectively. In another study, the loading capacity

of RA in chitosan nanoparticles was defined to be
lower as compared to our study results (25). As can
be also seen from the previous study results, the
nanocarrier and loading material play an important
role  to  obtain  effective  productivity  from  the
nanomaterials.  

Thermal Decomposition of the Nanoparticles
The loss mass of the RA-loaded PCL nanoparticles
and  PCL  nanoparticles  was  detected  by  the  TGA
analysis, as can be seen from Figures 5 and 6. Cold
storage, especially at about 4 °C, is important in the
fish  processing  industry.  Therefore,  revealing  the
nanoparticle's  thermal  decomposition  in  all
mentioned temperature ranges (e.g. 60 °C - 80 °C,
121 °C) is  much more important  for  further  food
nanotechnology  studies  as  well.  In  this  respect,
there was no remarkable mass loss for PCL and RA
nanoparticle  samples in the range of  cold storage
temperatures. However, a mass reduction <0.1328
mg  (5.662%)  and  <0.04301  mg  (2.970%)  was
recorded respectively for PCL and RA nanoparticle
samples at about in the range of 65 and 80 °C. As
compared to 80°C, there was no remarkable mass
reduction for both nanoparticle samples at 121 °C.

Thermal  decomposition started at  250 °C for  PCL
nanoparticles  with  above  15%,  but  at  the  same
temperature,  loss in mass was found about 8.5%
for  the  RA  nanoparticles.  Previous  study  results
indicated  that  the  type  of  the  used  material
(probiotic  bacteria  or  polymer  etc.)  play  an
important role to determine the thermal behavior of
the nanoparticles. Ceylan, Meral  (17) defined that
the  lost  weight  in  nanofibers  obtained  from  L.
rhamnosus was  found  to  be  ≥5% up  to  200  °C
degrees.  However,  Zhao,  Li  (26)  reported  that
thermal decomposition of chitosan-based nanofibers
started  at  240°C  and  was  completed  at  650  °C.
Therefore,  the  thermal  behavior  of  obtained
nanomaterials should be revealed for further studies
related to food nanotechnology.
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Figure 5: Thermal decomposition of rosmarinic acid-loaded PCL-based nanoparticles.

Figure 6: Thermal decomposition of PCL nanoparticles.

The Role of RA Nanoparticles in Lipid Oxidation
and Antioxidant Activity (TBA) 
The TBA results of processed and untreated minced
salmon  samples  are  given  in  Table  2.  The  TBA
values  of  untreated  minced  salmon  were  higher
than those of RA nanoparticles with different ratios
(p<0.05). While the TBA value of untreated samples
was measured to be 0.51 mg MDA kg-1 fish meat on
the first day of the cold storage period, TBA values
of RAT1 and RAT2 were found to be 0.18 and 0.155
mg  MDA  kg-1,  respectively.  In  another  word,  as
compared  to  the  control  group  samples,  the
increase  in  TBA  of  RAT1  and  RAT2  samples  was
limited by 64.7 and 69.6%, respectively. As stated
by Khalafalla, Ali (27), TBA value is evaluated to be
an indicator  of  secondary lipid oxidation products.
Therefore, in terms of revealing the lipid oxidation in
fish products, it could play a key role. TBA value in
fish samples, depending on the increase in storage
period,  can  increase.  With  the  increase  of  the
storage period, the TBA level in C samples rapidly
has increased as compared to the samples treated
with  nanomaterials  (RAT1  and  RAT2).  In  this

respect,  on  the  5th day  of  the  cold  storage,  TBA
values of C, RAT1, and RAT2 samples were defined
as 1.12, 0.4 (64.28% decrease), and 0.175 mg MDA
kg-1  (84.37% decrease),  respectively  (p<0.05).  At
the end of the cold storage period, the TBA value of
C samples  reached 2.995 mg MDA kg-1  when the
TBA values of RAT1 and RAT2 samples could reach
1.35  and  0.994  mg  MDA  kg-1.  In  addition,  RA
nanoparticles  treatments  have  provided  the
limitation in the range of 54.92% and 84.37% for 9
days (p<0.05). Roomiani, Ghaeni (28) reported that
rosemary  essential  oils  at  0.2% and 0.4  % were
effective in controlling lipids of fish fillets stored at -
18°C for 6 months. Li, Mei (29) reported that the
treatment of 1% chitosan coating incorporated with
20, 30, or 40 mg/L RA to delay the increase in TBA
value  of  rainbow  trout  samples  was  successfully
applied. When compared to the previous literature
studies, it is seen that nanotechnology applications
with 8.10-3 g and 16.10-3 g provided a big advantage
to  limit  the  rapid  increase  in  the  TBA  value  of
minced fish products. Because nanomaterials could
provide  a  larger  contact  area  as  compared  to
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microsized  materials  (5)  and  they  can  more
successfully  limit  the  penetration  of  oxygen  that
may cause the oxidation in fatty fish. 
 
There  is  a  linear  correlation  between  the  total
phenolic  substance  amount  and  total  antioxidant,
which  can  be  defined  by  the  DPPH method (30).
DPPH is one of the organic nitrogen radicals, also RA
has phenolic compounds and fish meat has nitrogen,
therefore  some  phenolic  compounds  could  react
with DPPH radicals. The amino acid composition, the
abundance of  free  amino acids,  peptide  size,  and
solubility may have a key role in defining the DPPH
radical scavenging capacity (31-34). The results of
the  DPPH (%) analysis  are  presented in  Table  2.
According  to  these  results,  the  DPPH  values  of
control  group  samples  ranged  from  1.184%  to
1.669%. On the other hand, the DPPH values of the
minced  fish  treated  with  RA  nanoparticles  rapidly
increased as compared to those of the control group
samples.  On  the 1st day  of  the  cold  storage,  the
DPPH value of RAT1 samples (2.843%) was found to
be lower than those of the minced salmon samples
treated  with  RAT2  samples  (3.757%)  (p<0.05).
Depending  on the increase of  the  storage  period,
DPPH  values  of  RAT1  and  RAT2  samples  highly
increased  because  the  release  profile  of  RA  may

begin  to  increase  as  can  be  seen  from Figure  2.
During  the  storage  period,  the  DPPH  value  in  C
samples  can  increase  because  of  nitrogen
compounds,  peptide  structure  in  fish  meat.
However, DPPH values of RAT1 and RAT2 samples
can more rapidly increase because they may have
an interaction between the phenolic compound and
nitrogen compounds in fish meat. Ceylan, Uslu (35)
reported that the DPPH activity of the rainbow trout
fillets  treated  with  nanoencapsulated  L.  reuteri
significantly was increased (up to 100%). Similarly,
Hu, Wang (36), and Badawy, Lotfy (37) indicated
that  chitosan  nanoparticles  showed  an  excellent
antioxidant  effect  for  the  meat  samples  during
refrigerated  storage.  They  also  reported  that  the
antioxidant  activity  significantly  reduced  with  the
storage time increase. Morsy, Mekawi (38) claimed
that lyophilized pomegranate peel nanoparticles had
a  high  phenolic  content  and  antioxidant  capacity.
Meral and Köse (39) revealed that there is a good
relationship between the total phenolic compounds
and antioxidant  activity  in  foods.  Moreover,  Meral
(40) noted that antioxidant activity may be affected
by different factors such as food composition,  the
amount of the food components, the interaction of
food components, and technological processes. 

Table 2: Oxidation parameters, antioxidant activity, and sensory analysis results of the minced salmon
samples treated with nanoparticles and untreated samples. 

Groups

Storage days Parameters C RAT1 RAT2

1

TBA 0.510±0.000A 0.180±0.000B 0.155±0.000C

DPPH 1.184±0.335C 2.843±0.191B 3.757±0.430A

FFA 2.011±0.020A 1.399±0.014B 0.964±0.023C

SOVS 9.666±0.516A 9.165±0.752A 8.650±1.032A

5

TBA 1.120±0.009A 0.400±0.019B 0.175±0.000C

DPPH 1.202±0.680C 2.646±0.113B 3.568±0.170A

FFA 2.507±0.205A 2.029±0.405A 2.101±0.072A

SOVS 4.660±0.816C 7.500±0.547B 7.600±0.547A

TBA 2.995±0.064A 1.350±0.044B 0.994±0.004C

9
DPPH 1.669±1.331C 5.282±0.073B 7.112±0.443A

FFA 4.338±0.390A 2.765±0.076B 2.494±0.153C

SOVS 1.600±1.032A 3.500±1.366A 2.833±0.410A

A-C Within each row, different superscript lowercase letters show differences between treatment groups for
the same analysis group (p<0.05).C: Minced salmon fish samples untreated, RAT1 and RAT2: Salmon fish
samples treated with 8.10-3g and 16. 10-3g RA nanoparticles, respectively.  TBA: mg MDA kg-1, DPPH: %,
FFA: %

The  Effect  of  RA Nanoparticles  in  Free  Fatty
Acid Levels (FFA) 
The results of the FFA analysis are indicated in Table
2. The FFA values in the minced salmon samples (C,
RAT1, and RAT2) increased with storage time. The
FFA values of C group samples were found to be

higher when compared with those of RAT1 and RAT2
samples.  Also,  for  9  days,  the  FFA  value  of  the
minced  salmon  fish  samples  treated  with  RAT2
nanoparticles was determined to be lower than that
of  RAT1 samples.  During 9 days,  there were also
statistical  differences  among  all  groups  (p<0.05).
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Moreover,  the  initial  FFA value  of  C samples  was
2.011%,  but  at  the  end of  the  cold  storage,  this
value reached 4.338% while FFA values of RAT1 and
RAT2  samples  were  found  to  be  2.765%  and
2.494%, respectively. A high-level FFA value can be
defined by an undesirable aroma. Fish oil contains a
great  deal  of  PUFAs  that  can  easily  lead  to  the
initiation of oxidation reactions and the formation of
hydroperoxides of fatty acids. Also, bacterial activity
plays a key role in the increase of FFA value in fish
meat (41, 42). In addition, FFA values are used as a
quality  indicator  of  fish  oils  (43).  Bimbo  (44)
reported that the FFA values of food-grade fish oil
were found to be higher at the end of nine days of
storage. The recommended FFA value is determined
in the range of 1 and 7%. In this respect, as can be
seen from the results of the study, nano-application
in the present study provided a higher quality for
minced  salmon samples  at  4  °C.  In  this  respect,
rosmarinic  nanoparticle  applications  (8.10-3 and
16.10-3  g)  with  a  larger  contact  area  property
successfully  limited  the  rapid  increase  in  the  FFA
value of fish meat. 

The  Role  of  RA  Nanoparticles  in  Sensory
Quality
Overall  sensory  scores  of  the  minced salmon fish
samples treated with RA nanoparticles, and without
RA  nanoparticles  samples  are  shown  in  Table  2.
Once the sensory score of all samples reached the
point  of  minimum  acceptability  (5)  grades,  the
samples  were  evaluated  to  be  unfit  for  human
consumption. All sensory attributes of every sample
showed a declining trend for 9 days. After 5 days of
refrigerated  storage,  putrid  and  fishy  odor  in
untreated (C) samples was determined. On the 5th
day of the refrigerated storage period, the FFA value
of C samples reached 2.507, but, on the 9th day of
the  refrigerated  storage,  RAT2  samples  could  be
measured  as  2.494.  The  sensory  quality  of  the
samples  treated  with  8.10-3 and  16.10-3  g  RA
nanoparticles  delayed  the  oxidation  by  four  days
when  compared  to  the  control  samples.  Tsai,  Su
(45) defined that the shelf life of salmon loins that
were dipped into  chitosan solution (1%) could be
prolonged  by  four  days  as  compared  to  control
group samples stored at 4 °C. When compared to
the amount of the used substance, in the present
study better quality was provided with highly less
nanomaterial.

CONCLUSION

The RA-loaded PCL nanoparticles were obtained with
235.8±2.98 nm average particle size. The oxidation
in the minced salmon fish samples was effectively
limited  using  RA-loaded  PCL  nanoparticles  for  9
days  under  cold  storage  conditions.  The  rapid
changes  in  TBA,  FFA  values,  and  overall  sensory
score  were  limited  although  DPPH  values  of  the
minced  salmon  samples  increased  with  time.  Per
100 g minced salmon fish  sample,  especially,  the

use of 8.10-3 and 16.10-3 g nanoform of RA provided
well  preservation  for  the  limitation  of  the  rapid
increase in the tested oxidation parameters. It was
revealed  that  the  high  loading  and  encapsulation
efficiency  of  RA,  in  this  respect  especially  RAT2
application, had an important effect on the oxidative
stability  of  minced  salmon  samples.  The  nano-
application presented a larger contact area on the
surface  of  the  minced  fish.  In  this  sense,  the
present  study  revealed  that  the  use  of  RA  in  a
nanotechnology  application  could  be  a  promising
approach,  especially  for  fatty  and  minced  food
products.
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Abstract:  Radioactivity  measurements  for  water,  soil,  and  air  have  been  completed  in  national  and
international regions. The radioactivity process is randomized and occurs naturally by primordial nuclides.
Another case is hand-made reactions which realized by artificial reactions. The high rate of the total dose
of  radiation,  whichever  is  exposed  to  humans,  originates  as  Natural  Radioactivity.  In  this  case,
environmental radioactivity measurements are important to investigate the background radiation level,
especially for primordial radioactive sources. This radiation which measured outdoor gamma dose includes
both  cosmic  rays  and  terrestrial  elements.  Terrestrial  radiation  can  be  measured  via  gamma-ray
spectroscopy separately. By the way, cosmic effects would be calculated by subtracting terrestrial from
measured outdoor gamma dose.  Scientific  Committee (UNSCEAR, 2000)  declares the annual  dose for
humans as 2.4 mSv. The radionuclides present in soil samples (terrestrial components) are considered
responsible for a portion of this amount (1). Rest amounts are originated water (2) and air, too. 
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INTRODUCTION

Literature Survey
Over  the  past  two  decades,  a  few  results  about
radioactivity  levels  have  been  published  in  some
papers related to gamma dose rates in the air for
Turkish  provinces  (3-14).  There  is  no  study
specifically for the Nevşehir region in the literature.
Therefore, the purpose of our effort is to measure
dose  rates  in  the  air  from  different  locations
throughout the city and, in this way, to determine
the cancer risk. The human population in this city is
up to one million, and this study will be the baseline
for  subsequent  studies  about  environmental
radioactivity measurements.  By the way, there are
also stated worldwide studies in the literature.  For
example,  Licínio MV and friends have evaluated in
2013  for  Brazil  (15).  Another  study  by  Ghiassi-
Nejad and Mortavazi in 2002 indicates the absorbed
dose  rates  in  air  (ADRA)  values  concerning the
Ramsar region of Persia. They studied the effects of
radiation on human life. The annual dose was also
calculated  (260 mSv),  and  found higher  than  the

stipulated annual limit of 20 mSv in North Persia.
Cytogenetic studies show no significant differences
between people in the high background compared to
people in normal background areas (16).  The third
study with  Arnedo MA and  coworkers reported the
natural radioactivity of soils in the eastern Canary
islands (17).

MATERIAL AND METHODS

Airborne Radiation and its Reading 
Airborne  radioactivity  could  be  assigned  on  the
spectrum  on  the  spectrum  peaks'  one  by  one,
showing the related nuclides. Radionuclides will very
rapidly appear in ground-level air, and air samples
can give  the  first  indication on the nature  of  the
contamination. Radioactive elements in the air could
reduce due to human inhalation. Gamma dose rates
were measured using a counter (reader: Eberline,
ESP-2)  as  a  mobile  device  and  connected  to  the
detector as a SPA-6 model plastic scintillator. The
instrument  was  kept  up  to  1  m  from  the  soil
surface,  and  at  the  sampling  point,  the
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measurement  duration  was 60  seconds.  Then  the
average  dose  rates  were  recorded.  The  main
instrument is ESP-2.

The  detector  is  connected  through a  coaxial  type
MHV series. The readout function has been shown in
2×16 alphanumeric display-LCD. This ratemeter is
operated by the CPU@ Intel_80C31 processor family
and has external RAM- 8 KB and EPROM is 16 KB.
The  scintillation  detector  body,  SPA-6,  which  is
connected to the counter (ESP-2), was selected to
optimize its output for the radiation of interest. It
provides the pulse signal to the electronics in order

to the readout. On the detector side, the pulse rate
is proportional to the intensity of radiation. The high
voltage supply offers the required bias potential to
the detector.  This  voltage is  keyboard adjustable,
and  it  controls  the  correct  operating  voltages  for
different detectors. The low voltage supply regulates
the operating voltage for the ESP-2 electronics, as
shown in Figure 1 (18). The amplifier is linear and
amplifies the probe's signal to a functional level at
the  amplifier  output.  The discriminator  provides  a
signal  on  its  output  only  if  the  amplifier's  signal
exceeds  the  adjustable  threshold.  It  provides
rejecting for noise and unwanted signal. 

Figure 1: ESP-2 Rate meter and SPA-6 scintillation detector, Eberline (18).

Measuring Area
Cappadocia  (Nevşehir),  one  of  Turkey's  central
regions, is a neighbor to the capital city of  Ankara.
Its coordinates are between 38.154 to 38.9428 N as
latitude and 34.1747 to 34.9038 E as longitude. The
highest point is Ercas (1982 m), and other points
are  Hodul  (1949  m)  and  Kızıldağ  (1768  m).  The
province  of  Nevşehir  is  surrounded  by  18%
mountain,  25%  plain,  57%  plateau,  and  hillside.
The province was settled on the west side of a large
plateau  formed  by  ash  and  volcanoes,  in  the
Anatolian  span.  River  Kızılırmak  is  separated  into
two all  city of Nevşehir.  The climate is terrestrial,
like  cold-dry  winters  and  hot,  dry  summers. The
region's area is 5467 km2 (19), and its population is
0.16 million (19). Nevşehir's map is shown in Figure
2.

RESULTS

Outdoor  Dose  Rates  as  Additive  (Terrestrial
and Cosmic Ray Effects)
Absorbed  gamma  doses  are  originated  from
terrestrial  and  cosmic  rays  together.  In  order  to
obtain the absorbed gamma dose rates in the air,
the instrument was kept about 1 meter upperside
from  ground  level.  It  is  important  to  know  how
much exposure in the air to human gonads is about
this level. The human gonad is the most vulnerable
organ to radiation damage. Annual doses in the air
were  also  calculated  by  using  the  gamma  dose
rates.  In this  case,  measurements were perfected
for a total of 45 different points. Dose rate map was
shown in Figure 3. 

322



Turgay ME, Cicekfidan M, Sezgin N. JOTCSA. 2022; 9(2): 321-330. RESEARCH ARTICLE

Figure 2: Regional roadMap of Nevşehir, Turkey (20).
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Table 1: Dose rates, coordinates, and altitudes of Cappadocia’s sampling points.

Name of measuring district
Dose Rate 
 [nGy h-1]

Latitude
(pointed)

Longitude 
(pointed)

Altitude
(meter)

Ihlara Valley 192.06 38.1540 34.1747 1180
Derinkuyu1 157.14 38.3735 34.7354 1350
Derinkuyu2 165.87 38.3737 34.7344 1350
Uçhisar1 (center) 200.79 38.6205 34.8049 1340
Uçhisar2 (center) 192.06 38.6314 34.7972 1310
Uçhisar3 (center) 165.87 38.6291 34.8070 1300
Paşabağları (Ürgüp) 192.06 38.6773 34.8560 1020
Çavuşin  (Avanos) 183.33 38.6767 34.8575 1050
Göreme1 (center) 130.95 38.7274 34.8214 940
Göreme (Open air museum1) 165.87 38.6386 34.8451 1140
Göreme (Open air museum2) 192.06 38.6384 34.8453 1140
Göreme (Open air museum3) 183.33 38.6385 34.8455 1150
Göreme (Open air museum4) 200.79 38.6382 34.8457 1140
Göreme (Open air museum5) 192.06 38.6384 34.8458 1150
Göreme (Open air museum6) 226.98 38.6389 34.8461 1140
Göreme (Open air museum7) 139.68 38.6432 34.8366 1130
Göreme (Open air museum8) 157.14 38.6403 34.8450 1120
Göreme (Open air museum9) 192.06 38.6411 34.8440 1100
Göreme (Open air museum10) 174.60 38.6397 34.8448 1130
Cappadocia (central1) 174.60 38.6288 34.7158 1190
Cappadocia (central2) 183.33 38.6289 34.7228 1190
Cappadocia (central3) 392.85 38.6282 34.7240 1200
Cappadocia (central4) 157.14 38.6281 34.7245 1200
Cappadocia (central5) 192.06 38.6277 34.7256 1210
Cappadocia (central6) 200.79 38.6280 34.7264 1210
Cappadocia (central7) 174.60 38.6282 34.7268 1210
Cappadocia (central8) 157.14 38.6278 34.7271 1220
Cappadocia (central9) 139.68 38.6279 34.7275 1220
Cappadocia (central10) 200.79 38.6278 34.7281 1230
Cappadocia (central11) 139.68 38.6274 34.7281 1230
Cappadocia (central12) 158.89 38.6279 34.7273 1230
Cappadocia (central13) 185.08 38.6275 34.7264 1220
Cappadocia (central14) 107.38 38.6265 34.7250 1210
Cappadocia (central15) 139.68 38.6276 34.7241 1210
Cappadocia (central16) 200.79 38.6278 34.7223 1190
Cappadocia (central17) 157.14 38.6271 34.7203 1190
Avanos1 192.06 38.6876 34.8329 950
Avanos2 148.41 38.7017 34.8417 950
Avanos3 134.44 38.7013 34.8421 930
Avanos4 192.06 38.7027 34.8403 950
Ürgüp (Üç Güzeller) 165.87 38.6411 34.8440 1170
Ürgüp (Turasan1) 157.14 38.6329 34.9038 1130
Ürgüp (Turasan2) 183.33 38.6373 34.8446 1130
Ortahisar (Derbent) 192.06 38.6725 34.8855 1070
Hacıbektaş 209.52 38.9428 34.5625 1300

Nevşehir (45)

178.69
nGy/h

Average
value of
ADRA
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Figure 3: Outdoor Gamma Dose Rate map for Cappadocia district (Nevşehir)(21).

Calculations
Annual Effective Dose Equivalent (AEDE) and Excess
Lifetime Cancer Risk (ELCR) were calculated in the
literature using ADRA (1):

AEDE= ADRA* DCF* OF* T (Eq. 1)

ELCR= AEDE* DL* RF (Eq. 2)

DCF signs the dose conversion factor (0.7 Sv Gy-1),
OF  is  outdoor  occupancy  factor  (0.2),  T  is  the

exposure time (8760 h y-1). DL is the duration of life
(70 years), RF is a risk factor (Sv -1) as fatal cancer
risk per Sv [calculate to stochastic effects; ICRP 60
(22)] uses the value of 0.05 for the public (ICRP,
2007).

ADRA values were handled from Table 1 and applied
upper formulas. Calculated values for AEDE and also
ELCR are shown in Table 2 with average altitudes as
regionally.

Table 2: AEDE and ELCR values for Cappadocia.
 Name of measuring

district
[number of m. point]

Av. ADRA 
 [nGy h-1]

Av. AEDE
[μSv]

Av. ELCR
[(x10−4)] Av.Altitude

(meter)
Ihlara Valley [1] 192.06 235.47 8.24 1180
Derinkuyu [2] 161.51 198.01 6.93 1350
Uçhisar [3] 186.24 228.33 7.99 1316
Paşabağları [1] 192.06 235.47 8.24 1020
Çavuşin [1] 183.33 224.76 7.87 1050
Göreme [11] 177.78 217.96 7.63 1116
Cappadocia- central [17] 180.10 220.80 7.73 1209
Avanos [4] 166.74 204.42 7.16 945
Ürgüp [3] 168.78 206.92 7.24 1143
Ortahisar [1] 192.06 235.47 8.24 1070
Hacıbektaş [1] 209.52 256.87 8.99 1300
Nevşehir [45] 178.69 219.07 7.67 1162

The frequency distribution of annual gamma doses
is shown in the figure below (4.a.) by the related
linear  fitting  curve  and  its  R2 equation.  Another

graphic (figure 4.b) shows the ELCR values  with a
logarithmic curve and its R2 equation.
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Figure 4.a.: Frequency Distribution of AEDE for Cappadocia (Nevşehir) district.

Figure 4.b.: Frequency Distribution of ELCR for Cappadocia (Nevşehir) district.

Statistics

Standard deviations
Using the group data such as AEDE and ELCR values
of districts (Table 2), it is easy to calculate standard
deviations. The standard deviation of AEDE is 10.31

and for ELCR is 0.36. The deviation rate is not as
low as 4.7% for both AEDE and ELCR values. annual
critical  values  are  219.07±10.31  μSv  and
7.67±0.36 (x10^−4). Related bar charts are shown
in Figure 5.

Figure 5: Bar chart for both AEDE and ELCR values and their deviations.

Comparison with literature
The  data  in  Table  4  pertain  to  the  Figure  6
distribution  of  Excess  Life  Time  Cancer  Risk

corresponding  to  the  Annual  Effective  Dose
Equivalent. 

Table 4: Comparison for AEDE and ELCR values regarding gamma dose rates.

(ref no), Region, 
[nm of samplings]

(AEDE) [μSv],
average

ELCR
[(x10−4)],
average Reference

(02) Hatay [39]
7.50 (only

alpha) 0.26 (2)

(03) Adana 82.00 2.87 (3) 

(04) Ankara [341] 71.83 2.69 (4) 

(05) Artvin  [204] 214.50 7.50 (5) 
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(06) Balıkesir [92] 156.30 6.30 (6) 

(07) Bolu [74] 27.23 0.95 (7) 

(08) Çanakkale [379] 81.40 2.85 (8) 

(09) Edirne [14] 47.30 1.66 (9) 

Kocaeli [35] 29.31 1.02 (np) 

Hatay [215] 63.93 2.24 (np) 

(10) IDA [75] 198.66 6.95 (10) 

(11) İstanbul [105] 79.72 2.79 (11) 

(12) Kastamonu [60] 58.88 2.06 (12) 

(13) Şanlıurfa 74.70 2.62 (13) 

(14) Van 142.59 4.99 (14) 

This work [45] 219.07 7.67 (tw)

(23) Nevşehir [RESA] 306.50 10.73 (23) 

(1) World 73.60 2.58 (1) 

(15) R. D. J.- Brazil 90.00 3.15 (15)

(16) Ramsar- IRAN 105.00 3.68 (16)

(17) Canary I- Spain 91.95 3.22 (17)
(np): Not published yet. (tw): This work. 

214,5 7,5
71,83 2,69
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20,00
30,00
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Figure 6: Graphical distribution of AEDE and ELCR [μSv; x10-4].

Comparison to RESA
TAEK,  the  Turkish  Atomic  Energy  Agency,
periodically measures the natural radiation in the air
by  RESA  (23)  system,  consisting  of  a  Geiger

detector and reader. Due to this system's locations,
there  is  one  measuring  point  referenced  as  the
central county of Nevşehir province. Below pictures
are referred the RESA system in Figure 7. 

  

Figure 7: RESA; detector- counter and control center, TAEK (23).

RESA's  online  value  was  175  nSv  h^-1,  which
corresponds to 250 nGy h-1. This dose rate indicates
to AEDE value  of 306.50 (μSv) and ELCR value as

8.75  (x10−4).  The average of  our measurements is
178.69  nGy  h-1. Due  to  our  measurements,  the
minimum rate was 107.38, and the maximum rate
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was  392.85  nGyh-1.  There  are  a  few  possible
reasons  due  to  this  difference.  There  are  a  few
possible reasons for this difference. One of them is
that our measurements are not for only one fixed
point on the RESA system. Another reason could be

the measurement times. Our measurements are not
conducted  periodically  as  well  as  RESA's. Annual
doses and cancer risks were compared by the below
figure, too. 

Figure 8: Horizontal Bar chart and line graphic [AEDE in μSv; ELCR, x10-4 ]

CONCLUSION

Due  to  the  measurement  results,  minimum,
maximum,  and average dose rates  in  Cappadocia
are  107.38,  392.85,  and  180.10  nGy/h,
respectively.  For  the  other  touristic  destinations,
namely Avanos and Ürgüp, average dose rates are
so close to each other as 166.74 to 168.78 nGy/h,
respectively.  For  Hacıbektaş  county,  in  which  the
minimum population of Nevşehir lives, the dose rate
is 209.52 nGy/h. The average dose rate of Nevşehir
is 178.69 nGy/h, and this rate refers to 219.07 μSv
as the annual dose. It also refers to 7.67 (x10−4) as
a cancer risk. These values are a little higher than
Artvin's  values.  They  also  refer  to  values  three
times higher than the world’s references. Nevşehir
is a well known tourist county without sea-sand-sun
trio,  so  gamma-radiation  levels  are  important  for
visitors  as  well.  Nevşehir  is  in  the  middle  of
Anatolia,  especially  the  north-south  axis.  Existing
nuclear power reactor buildings in Mersin are less
than 300 km away, and it is important to get setting
parameters to compare after a possible radioactive
fallout.  The  present  study  findings'  serve  as  a
reference for future studies. 
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Angiotensin(1-7)-Stearic Acid Conjugate: Synthesis and
Characterization
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Abstract: The novel coronavirus, SARS-CoV-2, broken out as the COVID-19 epidemic, is transported into
the cytoplasm by angiotensin-converting enzyme-2 (ACE2), a key protein of the renin-angiotensin-system
(RAS). ACE2 is a protective protein that reduces angiotensin (Ang) II, the bioactive component of RAS, by
converting it to its potent antagonist, Ang-(1-7) peptide, in order to provide a pathophysiological response
to stimuli. Although ACE-2 is upregulated especially in pulmonary endothelial cells and alveolar epithelial
cells, downregulation of ACE-2 in the lung owing to loss of key regulatory factors explains the enzyme-
dependent lethality of SARS-CoV-2. The N-terminal domain (NTD) of S1, one of the protein subunits of
coronaviruses, is known to recognize acetylated sialic acids on glycosylated cell surface receptors. In this
study, the stearic acid-peptide conjugate mimicking the sialic acid structure was synthesized, which will be
able to balance uncontrolled inflammatory response and excessive cytokine production, and depending on
these to suppress pneumonia and acute respiratory distress syndrome (ARDS), against SARS-CoV-2. It
was  expected  that  fatty  acid  acylation  would  greatly  enhance  cellular  internalization  and  cytosolic
distribution of the peptide through the cell membrane. Thus, we synthesized fatty acyl derivative of the N-
Ac-Gly4-Ang (1-7) peptide. The peptide was synthesized using Fmoc/tBu solid-phase peptide chemistry and
characterized  by  FT-IR,  Zetasizer,  and  LC-ESI-MS.  This  study  provided  more  detailed  insights  into
understanding and meeting the basic structural requirements for optimal cellular delivery and formulation
of the stearyl Ang (1-7)-peptide conjugate.
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INTRODUCTION

Coronaviruses  (CoVs),  classified  within  the  family
Coronaviridae,  subfamily  Orthocoronavirinae,  are
positive-sense  single-stranded,  enveloped  viruses
that  are  found  in  birds  and  mammals,  prone  to
crossover  between  host  species.  Four  different
genera have been identified: Alpha, Beta, Gamma,
and  Delta  coronavirus.  CoVs,  which  can  cause
disease  by  transmitting  from animals  to  humans,
pose  a  constant  threat  to  public  health.  Deadly
respiratory coronaviruses have emerged three times
in this century. While one of them, SARS, emerged
towards the end of 2002 and disappeared by 2004,

the  second one,  MERS,  emerged in  2012.  Lastly,
COVID-19, which broke out on 31 December 2019
and  still  continues,  was  characterized  as  an
epidemic (pandemic) by WHO on 11 March 2020 (1-
3).

As  comprehensive  genetic  researches  covering
COVID-19,  the  virus is  phylogenetically  related to
SARS-like bat viruses. For this reason, bats can be
estimated  as  a  potential  principal  reservoir.
Although  the  intermediate  source  and  source  of
transfer  to  humans  is  unknown,  person-to-person
rapid  virus  transmission  has  been  approved.  The
transmission occurs mainly through direct contact or
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through droplets emitted from an infected person as
a result of coughing or sneezing (4, 5). 

CoVs  have  positive  polarity,  single-stranded
enveloped RNA viruses (6). The key viral  proteins
are  membrane  glycoprotein  (M),  nucleocapsid
protein (N), and spike glycoprotein (S). SARS-CoV-2
diverges from past  CoVs  by encoding an additional
glycoprotein  with  acetyl  esterase  and
hemagglutination  (HE)  features  (7).  Most  of  the
drug  and  vaccine  investigation  studies  against
COVID-19 seem to target spike protein. The spike
protein comprises two subunits, S1 and S2, which
are responsible for the replication of the virus. The
RBD (receptor  binding domain)  of  the  S1 subunit
interacts  with  ACE2  followed  by  the  S2  subunit
mediating  the  fusion  between virus  and  host  cell
membranes,  allowing  viral  RNA to  be  transported
into  the  cytoplasm  (6).  CoVs  typically  have  two
domains within S1 that can bind to host receptors,
an amino (N)-terminal domain (NTD) and a carboxy
(C)-terminal domain (CTD) (8, 9). Acetylated sialic
acids  on  glycosylated  cell  surface  receptors  are
recognized by S1 NTD (10). A docking study showed
that resembling sialic acid, peptides mimicking the
sialic acid structure are recognized by the receptor-
binding site in Hemagglutinin (11). Therefore, it is
important to modify the molecules to be developed
with sialic acid or to combine them with structures
that can mimic sialic acid.

The  novel  coronavirus  that  caused  the  COVID-19
epidemic enters human cells by binding to ACE2 like
the  SARS  coronavirus  (12).  ACE2  is  a  protective
protein of the RAS that converts angiotensin (Ang)
II, the biologically active basic peptide of the RAS,
to  its  physiological  antagonist,  Ang-(1-7).  The
binding  of  SARS-CoV-2  to  the  ACE2 catalytic  site
decreases ACE2 expression, resulting in an increase
in  Ang  II  (12).  Although  ACE-2  is  upregulated
especially  in  pulmonary  endothelial  cells  and
alveolar epithelial cells, downregulation of ACE-2 in
the  lung  due  to  loss  of  key  regulatory  factors
explains the enzyme-dependent lethality  of  SARS-
CoV-2 (13, 14). 

Ang-(1-7)  inhibits  alveolar  type  II  cell  apoptosis
against  the  damage  caused  by  the  virus  in  its
progression to the brain, and reduces the activation
of  endothelial  cells  lining  blood  vessels.  Thus,  it
reduces the loss of blood-brain barrier function and
edema. Ang-(1-7) plays a crucial role in protecting
against the development of pulmonary inflammation
and idiopathic pulmonary fibrosis (IPF) in the course
of  very  severe  recurrent  illness.  Pneumonia  and
ARDS  in  the  illness  are  accompanied  by  an
uncontrolled  inflammatory  response and excessive
cytokine  production  due  to  immune  response
dysregulation  caused  by  the  virus.  This
heptapeptide balances the uncontrolled release and
synthesis  of  proinflammatory  and  profibrotic
cytokines due to epithelial damage (13).

In this study, it was suggested that the increase of
Ang-(1-7) concentration during viral  infection may
be  vital  for  protection  from  endothelial  cellular
activation  and  pulmonary  damage.  Among  other
strategies,  the  use  of  Ang-(1-7)  or  one  of  its
mimetics  was  considered  a  promising  step  to
prevent damage and reduce the severity of COVID-
19 infection in high-risk patients. 

Bioconjugation is a chemical method used to bring
two  molecules,  at  least  one  of  which  is  a
biomolecule (peptide, protein, etc.), together with a
covalent  bond.  Bioconjugation  is  a  tool  at  the
interface  between  chemistry  and  biology.
Bioconjugation  reactions  are  critical  in  the
modification of peptides. Due to recent advances in
the study of biomolecules, peptides can be designed
to  perform a  variety of  functions  such as  cellular
monitoring, imaging, and target drug delivery (15-
20).

Because of the reasons mentioned above, Ang-(1-7)
peptide was studied and the peptide was modified.
During peptide synthesis, the N-terminal end of the
sequence was acetylated to form a sialic  acid-like
structure. The  sialic  acid  mimic  peptide  was
obtained  by  binding  the  peptide  with  stearic  acid
from the side chain. In this way, it is aimed to see a
dual effect for the fight against the virus. In a study
similar  to  this  hypothesis,  stearic  acid-peptide
conjugates  (N-Stearoyl  Peptides)  that  can  mimic
sialic acid have been developed for influenza virus-
caused  disease.  (11,  21,  22).  In  summary,  we
designed  and  synthesized  a  novel  Ang-(1-7)
peptidomimetic  against  COVID-19  via  N-terminal
acetylation  modification,  and  conjugation  with
stearic acid.

MATERIAL AND METHODS

All  L-amino  acids,  HCTU  (o-(1H-6-
chlorobenzotriazole-1-yl)-1,1,3,3-
tetramethyluronium  hexafluorophosphate),
HOBt.H2O (1-hydroxybenzotriazole  hydrate),  Wang
resin  LL,  EDC  (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide  hydrochloride),
stearic acid as well as organic solvents such as DMF,
DCM, ACN,  etc.  were  commercially  available  from
Sigma  Aldrich  (St.  Louis)  in  the  USA.  Ultra-pure
water was supplied from a Millipore Milli-Q system.
Molecules were drawn using ChemDraw Ultra 12.0. 

The  FT-IR  spectra  were  obtained  from  Thermo
Scientific Nicolet iS10 in ATR mode. Analyses were
performed at room temperature in the wavenumber
range of 4,000-650 cm-1 with a resolution of 4 cm-1,
and out of 32 scans. The background spectrum was
obtained  at  ambient  atmosphere  before  sample
analysis (23). 

332



Acar T, Uçar B. JOTCSA. 2022; 9(2): 331-338. RESEARCH ARTICLE

The  absorption  spectra  of  each  sample  were
monitored  with  a  Shimadzu-2600  UV
spectrophotometer within the wavelength range of
190-800 nm at 25 ± 1 oC (23).

LC-MS  system  with  electrospray  ionization  (ESI)
probe was used as the chromatographic system. 75
µL sample was injected into Shim-Pack MRC-ODS-
C18 LC column (25 cm X 6 mm). The wavelength of
the PDA detector was set to 210 and 280 nm. RP-
HPLC analysis was carried out at room temperature.
A gradient was applied from eluent A (dH2O, 0.1%
(v/v) FA) to eluent  B (ACN, 0.1% (v/v) FA).  The
flow rate of the eluent was 0.6 mL/min. The ESI was
operated in positive ion mode in the 200-1500 m/z
range. The capillary temperature was kept at 250
°C. The flow rate of the nebulizer gas (N2) was set
at 1.5 L/min (24, 25).

The mean size  and zeta potential  of  the  samples
were determined by Zetasizer Nano ZS (Malvern).
Samples were dissolved in PBS (pH 7.2).  Samples
were diluted to 1:2 for the analysis and injected into
a  disposable  capillary  cell  DTS1070  (Malvern
Instruments,  MA)  and  loaded  onto  the  analyzer.
Measurements were performed at 25 °C ± 1 °C with
a material refraction index of 1.33, and viscosity of
0.8872  cp. All  measurements  were  performed  in
triplicate (26).

Peptide Synthesis and Characterization
Angiotensin  (1-7) peptide with  four  glycine  amino
acids  added to  its  N-terminal  was synthesized by
Fmoc/tBu  solid-phase  peptide  chemistry.  In
addition,  the N-terminal end of  the sequence was
modified by acetylation. The peptide sequence was
as follows: N-Ac-GGGGDRVYIHP-COOH. First of all,
the C-terminal of the peptide sequence was loaded
onto unloaded Wang resin used as the solid phase.
For this, 1 g of Wang resin LL (0.67 mmol/g) was
swollen  in  25  mL  of  DMF:DCM (1:9;  v:v)  for  30
minutes. According to the resin, 2 eq of Fmoc-Pro-
OH  and  2  eq  of  HOBt.H2O  were  dissolved  in  a
minimum amount of  DMF and added to  the  resin
mixture. According to the resin, 0.1 eq of DMAP (4-
(Dimethylamino)pyridine)  was  dissolved  in  a
minimum volume of  DMF and added to  the  resin
mixture  simultaneously  with  1  eq  of  DIC  (N,N′-
Diisopropylcarbodiimide)  relative  to  the  Fmoc-Pro-
OH.  Then, it was shaken at room temperature for
six hours. The resin beads were washed three times
with DMF, MeOH, DCM, and Et2O, respectively. After
the reaction, 2 eq of acetic anhydride and 2 eq of
pyridine were added to the resin mixture according
to the resin and shaken for 30 minutes to close the
hydroxyl groups that remain unreacted on the resin
beads.  The  resin  beads  were  washed  with  DMF,
MeOH,  DCM,  and  Et2O,  respectively,  three  times,
and  dried  under  vacuum  (27-29).  The  loading
efficiency  of  the  Wang  resin  was  performed
according to the literature based on the removal of

Fmoc groups and UV-Vis analysis of Fmoc with using
Equation 1 (30).

L= A .v
ε .l .m

 (Eq. 1)

L: amino acid loading (mmol/g)
A: absorbance value at the 301 nm
v: dilution factor of solvent
ε: molar absorptivity of the Fmoc group at 301 nm 
(7800 L x mol-1 x cm-1)
l: light path length of the cell (1 cm)
m: weight of the loaded resin (mg)

For  the  synthesis  of  the  peptide,  150  mg  of  the
Fmoc-Pro-Wang resin was swollen in  25 mL of dry
DMF: DCM (1:3, v/v) for 3 hours. After filter drying,
a  freshly  prepared  deprotection  solution  (20%
piperidine  in  DMF) was added for  removing Fmoc
protecting groups. Washing was performed with an
excess amount of DMF and DCM. The next amino
acid  solution,  activator  (HBTU  (o-(Benzotriazol-1-
yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate),  HOBt.H2O),  and  activator
base  (NMP  (N-methylpyrrolidone),  DIEA  (N,N-
diisopropylethylamine))  solutions  were  added,
respectively,  and  incubated  for  1  hour.  Then  the
above-mentioned washing process was done again.
These  processes  (deprotection,  activation,  and
coupling) were continued until all amino acids were
added (26). The N-terminal end of the peptide was
acetylated by adding 0.5M acetic anhydride solution
together with 0.125 M DIEA and 0.015 M HOBt.H2O
in DMF. The resin was washed with MeOH, DCM and
Et2O, three times and dried under vacuum (19). The
peptide  was  cleavaged  from  the  resin  with  a
cleavage  cocktail  (trifluoroacetic  acid  (TFA,  94%
v/v):1,2-ethanedithiol  (EDT,  2.5%
v/v):triisopropylsilane  (TIS,  1% v/v):dH2O (2.5%,
v/v)). The solution including the desired peptide was
concentrated, the peptide was precipitated with cold
Et2O  and  separated  by  centrifugation. It  was
dissolved in 1:1 H2O:ACN at a concentration of  1
mg/mL and characterized by LC-ESI-MS (19).

Conjugation of the Peptide with Stearic Acid
The stearic acid molecule was conjugated with the
synthesized  and  characterized  peptide  sequence
from  the  amine  group  at  the  side  chain  of  the
Arginine  residue  of  the  peptide  sequence  in  the
presence of  EDC. For  this,  0.1  mmol  stearic  acid
(SA) solution in 10 mL of EtOH was prepared. For
the activation, relative to SA 10 equivalents of EDC
in  pure  water  was  added.  Stearic  acid  peptide
conjugation was performed by adding 1 equivalent
of  the  peptide  in  sodium acetate  buffer  (pH 4.5)
after 1 hour of activation. The mixture was stirred
intensively overnight at 25  oC under nitrogen gas.
The organic solvent was evaporated under vacuum
followed by lyophilization. The resulting product was
further washed with EtOH to remove the unreacted
SA.  Finally,  the  peptide-SA  conjugate  was
redispersed in dH2O and lyophilized. The molecular
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weight of the lyophilized conjugate was determined
by LC-ESI-MS (31, 32).

RESULTS AND DISCUSSION

Scheme  1  demonstrated  the  synthesis  of  the
designed peptide and the conjugation reaction with
stearic acid of the synthesized peptide. The coupling
of amino acids to the resin, N-terminal modification
of  peptidyl  resin with  acetylation,  cleavage of  the
peptide,  and  conjugation  of  stearic  acid  to  the
peptide,  and  other  respectively  applied  methods
were shown schematically. 

For  the  solid  phase  peptide  synthesis,  unloaded
Wang resin was loaded with Fmoc-Pro-OH. The resin
substitution was determined by the Fmoc removal
process.  This  process  was  based  on  the
spectroscopic  determination  of  the  Fmoc  and  its
dibenzofulvene-piperidine  derivatives  after
deprotection  of  the  resin  with  a  deprotection
solution. 1 mL of freshly prepared 20% piperidine
solution in DMF was added onto a certain amount of

the  Fmoc-Pro-Wang  resin  in  an  Eppendorf  tube.
After  15  minutes  of  shaking  in  an  incubator,  a
minute  was  kept  on  hold  for  the  precipitation  of
resin  beads.  UV-Vis  spectrum  of  the  supernatant
phase (diluted by 10 times with DMF) was recorded.
The resin substitution of Fmoc-Pro-Wang was found
as 0.33 mmol/g (Figure 1). The resin substitution
for  commercially  available  Fmoc-Pro-Wang  resin
produced  by  different  companies  ranges  between
0.2-0.8 mmol/g (33, 34).

ESI-MS is often preferred both in determining the
average molecular  weight  of  degradation products
of biomolecules such as proteins and enzymes and
in verifying the molecular weights of materials with
smaller  molecular  weights  such  as  peptides  (35,
36). In this study, we applied the ESI-MS method to
verify  the  molecular  weight  of  the  peptide.  The
obtained  spectrum  of  the  peptide  was  given  in
Figure 2 and the mass of the peptide was calculated
as follows: 

[M + 3Na]3+ = 412.5 Da ⇒ Mexp= 1168.5 Da  Mcalc=
1169.25 Da

Scheme 1: Illustration of synthesis mechanism of the stearyl peptide conjugate.

Figure 1: UV-Vis spectrum of dibenzofulvene-piperidine by-product formed after the removal of the Fmoc
group (A301: 1.976).
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Figure 2: ESI-MS spectrum of the N-Ac-Gly4-Ang (1-7) peptide.

Figure 3: ESI-MS spectrum of the peptide-stearic acid conjugate.

The stearyl peptide conjugate of stearic acid and N-
Ac-Gly4-Ang (1-7) was synthesized by carbodiimide
chemistry.  Unreacted  EDC  and  its  o-acylisourea
byproduct and unreacted stearic acid were removed
from the environment with post-synthesis washing
processes. The conjugate was characterized by LC-
ESI-MS. As illustrated in Figure 3, ESI-MS ion peak
at 1435.0 confirmed the formation of the conjugate.
[M]  =  1435.0  Da  ⇒ Mexp =  1435.0  Da   Mcalc =
1435.73 Da

FT-IR  analysis  was  performed  to  evaluate  the
changes of functional groups in peptide and stearic
acid  after  conjugation  reaction.  The  conjugation
reaction was carried out between the -COOH groups
of stearic acid and the amine group of the arginine
residue of the peptide. Therefore, it is expected that
there will be a change in the peaks of these groups.

FT-IR spectrum of the stearyl peptide conjugate was
comparatively given with stearic acid and peptide in
Figure 4. Some of the basic peaks of  the peptide
were N-H stretching at 3276.5 cm-1, -CH2 stretching
at  2976.6  cm-1,  C=O  (carboxylic  acid)  stretching
1734.7 cm-1, C=O (amide I) stretching 1680.7 and
1628.6 cm-1, and amide II band resulting from N-H
bending and C-N stretching at 1548.1 cm-1. It can
be understood from the FT-IR spectrum of stearic
acid  that  the  band  at  1629.6  cm-1 was  C=O
stretching  of  carboxyl  and  the  broad  peaks  at
2915.8 and 2848.8 cm-1 were C-H stretching. The
peak  around  719.7  cm-1 corresponded  to  the
bending  vibration  of  long  (CH2)n chains  of  stearic
acid. In the stearyl peptide spectrum, the presence
of N-H stretching of the peptide at 3275.0 cm-1, the
presence of C-H bendings around 2900 cm-1 of the
stearic  acid,  and also the  shifting of  the carbonyl
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peaks  of  the  carboxylic  acid  and  amide  (seen  at 1720.7 and 1641.1 cm-1) supported the conjugation.

Figure 4: FT-IR spectrum of the stearyl peptide conjugate comparatively given with stearic acid and
peptide.

Another methods we use to characterize the stearyl
peptide conjugate were dynamic and electrophoretic
light  scattering  measurements.  The  average  size
results obtained by the DLS method were given in
Figure 5. The mean size of the peptide and stearic
acid  were  6.33  ±  0.996  and  8.55  ±  2.400  nm,
respectively. The size of the obtained conjugate was
measured  as  25.92  ±  3.295  nm.  With  the
combination  of  peptide  and  stearic  acid  after  the
conjugation reaction,  the obtained structure  got a
little bigger and the average particle size increased
(19). 

Zeta potential values obtained from electrophoretic
light  scattering  measurements  for  the  peptide,
stearic acid, and stearyl  peptide conjugate were -
6.20 ± 0.621, -17.20 ± 1.96, and -15.90 ± 1.53
mV,  respectively  (Figure  6).  The  zeta  potential
became more negative as a result  of participating
the amine groups of the peptide to the conjugation
reaction and the C-terminal -COOH groups making
the  environment  negatively  charged  (shift  from -
6.20 to -15.90 mV). With the addition of stearic acid
-COOH groups  to  the  reaction,  the  zeta  potential
value shifted slightly to positive (shift from -17.20
to -15.90 mV) (19).

Figure 5: The particle size distribution of peptide, stearic acid, and stearyl peptide conjugate by number.
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Figure 6: Zeta potential values of the peptide, stearic acid, and stearyl peptide conjugate.

CONCLUSION

Herein,  modified  angiotensin  (1-7)  peptide  was
synthesized  by  being  N-terminal  acetylation and
four  glycine  adding.  The  molecular  weight  of  the
peptide  was confirmed by LC-ESI-MS.  The stearyl
peptide conjugate of the N-Ac-Gly4-Ang (1-7) with
stearic acid was formed with carbodiimide chemistry
using  EDC.  The  characterization  of  the  conjugate
was performed by FT-IR, Zetasizer, and LC-ESI-MS
methods. Changes in size, zeta potential values, FT-
IR peaks of functional groups after conjugation and
also mass analysis result supported the formation of
the stearyl peptide conjugate. As future research, it
is aimed to reveal more detailed information  about
the obtained conjugate by cellular studies.
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Abstract: Diminishing supply and environmental pollution of fossil fuels are the vital factors leading to the
search of alternative sources of energy like biodiesel. Biodiesel is one of the eco-friendly substitutes of
energy which is mainly utilized in diesel engines.  Ricinus communis (castor plant), which belongs to the
family Euphorbiaceae yields an oil  rich beans and plays important role in the production of  biodiesel.
Recently,  the  demand of  castor  oil  and  its  products  has  been raised  in  the  world  market  due to  its
versatility to use and simplicity to produce. Therefore, this study investigates the extraction of castor oil
and its conversion in to biodiesel via alkali catalyzed transesterification. The seed oil of the plant was
extracted  using Soxhlet  apparatus  and the quality  of  the  biodiesel  was examined using the standard
procedures of  American standards  for testing methods.  Furthermore,  the chemical  composition of  the
extracted oil was examined using GC-MS. The seed oil was liquid at room temperature (25 °C), golden
yellow in color with a nutty odor. The extraction processes yielded 324 g (9.25% w/w) and 78% of oil and
biodiesel respectively. The density (0.86 g/mL), viscosity (5.42 mm2s-1), flash point (87 °C), acid value
(0.35  mg  KOH/g),  water  content  (0.80%),  iodine  value  (108.60),  and  cetane  number  (58.00)  were
reported in this study and showed a good agreement with the standards of biodiesel. GC-MS analysis of
the  seed oil  also  showed the presence of  10 different  fatty  acids  (9-Octadecenoic  acid,  12-hydroxy-,
methyl  ester,  [R-(Z)]  took the highest  composition)  which plays  significant  role  for  the  production of
methyl esters. So, the study can assure that castor oil can be used for commercial production of biodiesel
at cost effective scales. 
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INTRODUCTION

Today, one of the great problems of humanity is its
dependence  on  non-renewable  forms  of  energy
which  have  a  nature  of  depletion,  economic
disturbances,  and  negative  environmental  impacts
(1). Currently, fossil fuels cover most of the energy
used  in  the  world.  They  are  broadly  used  for
cooking, generation of electricity, transportation, to
heat  environments,  etc.  However,  a  concern  has
been generated,  that leads to the search and the
study of new sources for the production of biofuels.

The  challenge  is  to  ensure  that  those  energy
sources are gradually replacing the fossil fuels (2).

The diminution of natural oil which leads to high oil
price  and  emission  of  greenhouse  gases  make
renewable energy sources more attractive. One of
the  best  ways  to  reduce  our  dependence  on
petroleum reserves  is  to  develop  renewable  fuels
such as biodiesel (3). Recently, biodiesel is evolving
to be one of the most employed biofuels for partial
replacement of petroleum based diesel fuel (4). The
demand and consumption of petroleum products are
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increasing from time to time due to the increase in
population, living standards, and urbanization. The
use of diesel machineries has been banned in some
cities of the world like in India for serious problems
of air pollution due to higher emissions of poisonous
gasses.  Global  warming,  depletion  of  ozone  layer,
and acidic rain are some of the consequences of the
toxic gases from petroleum fuels (5).

Methyl ester fatty acid (biodiesel) is one of the key
solutions  of  the  future  threats  of  petroleum fuels

because  of  its  renewability  and  friendship  to  the
environmental.  Surveys  conducted  by  different
researchers  revealed that  currently  more than  95
percent  of  biodiesel  is  produced  from  edible  oil
sources (6, 7) (Scheme 1). Use of alternative non-
edible oil  sources  such as  castor  oil,  jatropha oil,
algae  oil,  karanja  (Pongamia  pinnata),  tobacco
(Nicotiana  tabacum),  rubber  plant  (Hevea
brasiliensis),  waste  cooking  oil  etc.  are  gaining
increasing  attention  and  are  broadly  under
examination (8, 9).

Scheme 1: Production of biodiesel via transesterification process (10).

Ricinus  communis (castor  plant)  belongs  to  the
family  Euphorbiaceae and grows in both domestic
and wild climatic conditions (4, 11, 12). The plant
produces castor beans that are rich of castor oil (up
to  50%  oil  by  weight).  The  oil  can  easily  be
produced from the seeds of the plant and is used in
many sectors such as chemical industry, agriculture,
medicine  and  other  technologies  (13).  Nowadays,
the demand for castor oil and its products has been
on the steady increase in the world market due to
its low costs, eco-friendliness, non-competition with
food,  renewable  nature  and  biodegradability  (2).
The chemistry of R. communis oil is mainly aligned
on ricinoleic acid which takes place in high content
in  the  seed  oil  of  the  plant  and  possess  three
functional  groups.  These  functional  groups  are

essential  towards  the  versatility  of  the  oil  for  the
production of many castor oil  based products (14,
15). The presence of carboxylic functional group, for
example, can lead to a wide range of esterification
products.  Whereas,  the  presence  of  hydroxyl
functional group, can be acetylated, alkoxylated, or
removed  by  dehydration  to  increase  the
unsaturation of the oil (16-18).

R.  communis (Figure  1)  is  locally  called  Gulo
(Amharic  name)  and  is  one  of  the  biodiesel  feed
stocks. The beans contain a toxin that makes the oil
and cake inedible. It  grows very well  on marginal
land, it is drought- and pest-resistant and is one of
the  highest  viscosities  among  vegetable  oils  (19,
20). The oil extracted from the seed of castor plant
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(R. communis) has stimulated some interests such
as production of biodiesel.  R. communis beans are
non-edible biodiesel raw materials to substitute the
consumption of fossil  fuels. Furthermore, they are

widely available and has no any other commercial
purpose,  has  high  oil  content,  grows  in  marginal
land and has a resistance for variable climatic and
soil conditions (21).

Figure 1: Castor plant (left) and castor seeds (right).

Ethiopia is one of the most suitable nations in Africa
for tapping renewable sources of energy because of
its  location  and  natural  wealth.  The  country  has
been  looking  at  enhancing  its  energy  capacity,
especially  over  the  past  twenty  years  (9).  The
government  recently  issued  biofuel  strategies  to

encourage  domestic  biofuel  production,  with  an
objective of reducing the dependence on high-cost
fossil oil. The plant possess high oil content (45%-
55%) relative to other plants in the country and got
a great attention by stakeholders (22) (Table 1).

Table 1: Comparison of the most common biodiesel feed stocks.

Seed type Oil content (%) Advantage Disadvantage References
Castor bean 45-55 High flash point, high

pour point, high
cloud point, non-

edible, miscible with
alcohol

High viscosity, low
cetane number

(23-29)

Rapeseed 38-46 Low cloud point, high
flash point

High NOx emissions
in most experiments

(24, 25, 27, 29, 30)

Mustard 28-32 Cheap feed stock,
high cetane number

High cloud point, low
heating value, high

viscosity

(24, 27, 29, 31-34)

Palm 18-40 High flash point,
cheap feed stock

Edible, high cloud
point

(24, 25, 27-29, 35)

Sunflower 25-35 Low viscosity Long term cultivation (24, 25, 27-29, 35)
Soybean 15-20 High thermal

stability, low
viscosity

High acid value, long
term cultivation,

edible, 

(24, 25, 27-29)

Biodiesel should be investigated for some important
parameters to ensure its quality before it is used in
different  kinds  of  fuel  machineries  (36).  Biodiesel
density (the measure of the degree of combustion
and atomization),  viscosity (the property to resist
the relative movement tendency), flash point (the
minimum temperature at which the fuel will ignite),
acid  value  (to  quantify  the  acid  moieties  in  the
biodiesel),  iodine  value  (the  measure  of  the  total
unsaturation  of  fatty  acids),  water  content  and
cetane number (the measure of ignition quality of
biodiesel)  are  some  substantial  parameters  of

biodiesel  that  should be taken in to  consideration
before application (37-42).

Transesterification  is  the  displacement  of  alcohol
from an ester  by  another  in  a  process  similar  to
hydrolysis, except alcohol is used instead of water.
This  process  has  been widely  used to  reduce the
high viscosity of triglycerides. A catalyst is usually
used to improve the reaction rate and yield (Scheme
2).  Excess alcohol is used to shift  the equilibrium
toward the product because of reversible nature of
the reaction (16, 37, 43).
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Scheme 2: Transesterification process.

The production of biodiesel in Africa in general and
in Ethiopia in particular is at its infant stage and has
yet  to  mature.  That  is  because  much  of  the
struggles in Africa so far have fixated on nurturing
the feedstock market.  Although many works have
been  performed on  the transesterification  of  non-
edible oils of many seed oils; few studies have been
done on the optimization, oil  characterization, and
fuel analysis of the non-edible oil seeds particularly
R. communis. So, the present work aimed to study
the seed oil of  R. communis as a source of future
renewable  energy.  The  study  has  a  remarkable
finding on the important aspects of the seed oil of
R.  communis as  a  feed  stock  for  biodiesel
production at global perspectives in general and in
Ethiopia in particular. 

EXPERIMENTAL

Plant Materials
The plant materials were collected from a farm land
around Abiy Adi, central province, 95 km from the
capital of Tigray, Ethiopia. After collection the seeds
were allowed to air dry, washed first with tap water
and then with  distilled water.  The air  dried seeds
were ground in to coarse powder using an electric
blender  (Panasonic,  Japan).  Finally,  the  sample
materials  were  sealed  in  a  polyethylene  bag  to
prevent from certain environmental factors.

General Experimental Procedures
The seed oil  of  R. communis was extracted using
Soxhlet extractor (Lab Tech Grey Soxhlet Apparatus,
BST/SXM-1,  India).  The  concentration/drying
process  of  the  oil  was  achieved  using  rotary
evaporator  (RV  3V,  IKA,  Germany).  The  biodiesel
was produced by alkali-catalyzed transesterification
method on a hot plate. The chemical composition of
the  seed  oil  was  determined  using  Shimadzu
QP2010  GC-MS  (Shimadzu,  Kyoto,  Japan).
Furthermore,  the  physico-chemical  parameters  of
the biodiesel were tested and the instruments used
are  described  under  the  procedure  of  each
parameter.

Extraction Methods

Soxhlet extraction
About 3.5 kg of  the powdered seeds of  the plant
were  subjected  to  Soxhlet  extraction  (chemical
method).  250 mL of  n-hexane was poured into a
round-bottomed flask and 100 g of the sample was
placed in the thimble and extracted using Soxhlet
extractor at 60 °C for 3 hrs. Distinct layers of oil
and  n-hexane  appeared  in  the  round-bottomed
flask.  The  resulting  mixture  containing  oil  was
concentrated using a rotary evaporator (RV 3V, IKA,
Germany)  to  evaporate  the  solvent  and  weighed
again to determine the amount of oil extracted. This
procedure  was  repeated  many  times  to  generate
sufficient oil (44).

Transesterification
An  alkali-catalyzed  transesterificaton  method  was
used  to  produce  the  biodiesel.  The  crude  oil  was
filtered  by  Whatman  filter  paper  No  1  and  the
filtered oil was heated up to 125 °C on hot plate to
decompose  triglycerides  into  monoglycerides  and
diglycerides. Transesterification of 324 mL of oil was
done for the production of methyl esters by using
different alkaline catalysts (45). 

3.5 g of NaOH was mixed with methanol (100 mL)
to  make  alkali  methoxide  which  was  used  as  a
catalyst  in  the  reaction.  The  prepared  methoxide
was added to 324 mL of oil at 60 °C and stirred for
40 minutes at 600 rpm. After stirring the reaction
mixture was kept overnight at room temperature to
settle  down  distinct  layers  i.e.  upper  layer  soap,
middle layer of FAME (fatty acid methyl esters) and
the  bottom  dense  layer  of  glycerin.  These  layers
were  then  separated  through  a  glass  separating
funnel. The biodiesel was washed with ordinary tap
water in order to remove impurities and suspended
particles.  Four  washings  were  performed  for
complete clearance of  the biodiesel.  Few drops of
acetic acid were also added and the residual water
was eliminated by treatment with anhydrous sodium
sulfate (Na2SO4) followed by filtration (44, 45).
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Determination of Free Fatty Acid Number
The contents of free fatty acid were determined by
aqueous  acid-base titration  method.  Two  types  of
titration i.e. blank titration and sample titration were
performed.  In  case  of  blank  titration,  1.4  g  KOH
were  dissolved  in  1000  mL  of  distilled  water  to
prepare  0.025  M  KOH  solution  and  this  solution
were  poured  into  a  burette.  10  mL  of  isopropyl
alcohol and 3 drops of phenolphthalein were mixed
in an Erlenmeyer flask and titrated against 0.025 M
KOH from the burette until the color of the solution
became pink. The volume of KOH used was recorded

and  this  process  was  repeated  three  times  to
calculate the mean volume of KOH used for blank
titration.  While  in  the  sample  titration,  9  mL
isopropyl alcohol,  1 mL of  R. communis oil  and 3
drops  of  phenolphthalein  were  taken  into  an
Erlenmeyer flask and titrated against 0.025 M KOH
from the burette until the end point. The volume of
KOH used was recorded and three  readings  were
taken  by  repeating  the  same  experiment  to
calculate the mean volume of KOH used to titrate
the sample (44). Finally, the value of acid number
was calculated using (Equation 1). 

Acid number=
(A – B)×C

D
(Eq. 1)

Where, A = Volume used in sample (actual titration),
B = Volume used in blank titration,
C = Mass of catalyst in g/L,
D = Volume of oil used.

Physicochemical  Characterization  of  the
Biodiesel

Iodine value
The  iodine  value  was  determined  through  the
method described by Jessinta, et al., 2014 (46) with
slight  modifications.  0.1  g  of  the  biodiesel  was
measured in to an Erlenmeyer flask and 20.0 mL of
carbon tetrachloride was added and the flask was
sealed until complete dissolution. 25.0 mL of Hanus’

solution (Iodine monobromide in glacial acetic acid,
C=0.1 mol/L) was added into the previous solution,
sealed  and  shaken  for  one  minute.  The  sealed
solution was left in a dark room (about 20 °C) for
30 minutes. Meanwhile 10.0 mL of 15% potassium
iodide and 100 mL of water were added, sealed and
shaken for 30 seconds. Finally the resulted solution
was titrated with 0.1 mol/L sodium thiosulfate and
the iodine value was calculated as follows (Equation
2) (46).

Iodine value=(BL1– EP1)×TF×C1×K 1
S

(Eq. 2)

Where, EP1 = titration volume (mL),
BL1 = Blank level (47.074 mL),
TF = Factor of titrant (1.006),
C1 = Concentration conversion coefficient (1.269),
K1 = Unit conversion coefficient (1),
S = Sample size (g).

Biodiesel density
The density of the biodiesel was measured using a
digital  hydrometer  (DA-130N,  India).  20  mL  of
biodiesel sample was added in a graduate beaker,
measuring room temperature using a thermometer.
The hydrometer was dropped inside the beaker with
biodiesel until the hydrometer stops and the density
was read (25, 47, 48).

Cetane number
The  Cetane  number  (CN)  of  the  biodiesel  was
measured by using ignition quality tester (Advanced
Engine  Technology,  India).  This  is  a  method  that
measures the time delay between the start of fuel
injection  and  the  start  of  significant  combustion
through auto-ignition of a pre-measured amount of
diesel in a constant volume chamber. The time delay
is  used  with  a  formula  to  calculate  the  Derived
Cetane Number (DCN) which correlates to the D613
cetane engine (48, 49). 

Flash point
The flash point  of  the biodiesel  was measured by
Pensky-Martens flash point tester (PMA 500, India).
The flash point cup was filled with a biodiesel and
was heated in the apparatus. It reads a point after
the thermometer was put. The temperature at which
the vapor reacted with the atmospheric air and gets
ignited was recorded (50).

Viscosity
The viscosity of the biodiesel was calculated using
Bitumen Dynamic  Viscosity  Apparatus  (GD-0620A,
China). The capillary viscometer was filled with the
biodiesel. The sucker or filler of the viscometer was
fixed to the upper part of the tube and then pumped
till the fluid passes to the mouth of the tube. The
time taken as the biodiesel moves down till it gets
to the lower tube of the viscometer was recorded
and multiplied by 0.01126 (51).
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Water content
The  water  content  (WC)  was  determined  by  the
standard  oven  method,  in  which  a  sample  is

weighed, dried in an oven at 105 °C for normally 12
hours and then weighed again (21) (Equation 3). 

Water content(%)=Mass of water
mass of biodiesel

×100 (Eq. 3)

Acid value
The  acid  value  was  calculated  by  direct  titration
methods of oil against standard KOH in an alcoholic
medium  according  to  the  method  described  by
Jessinta et al., 2014 (46) with slight modifications.
0.5 g of oil was weighed into a 250 mL Erlenmeyer

flask  and  50  mL  of  freshly  neutralized  hot  ethyl
alcohol  and  1  mL  of  phenolphthalein  indicator
solution were added. The mixtures were boiled up to
5  minutes  and  titrated  against  standardized
potassium hydroxide (0.24 M). The acid value was
then calculated using (Equation 4).

Acid Value=
[56.1][ titration of standard (mL)][molarity of standard (M )]
weight of sample(g)

(Eq. 4)

GC-MS Analysis of R. communis Seed Oil
The extracted oil was subjected to GC-MS analysis
for its components using a Shimadzu QP2010 gas
chromatograph  coupled  with  mass  spectroscopy
detector (Shimadzu, Kyoto, Japan). A temperature
range of 70 °C to 280 °C was set at and a carrier
gas (helium) was used.  The injection volume was
set to be 2 µL at 250 °C with a flow rate of 1.80
mL/min. ACQ scanner having 30–700 amu range at
speed of 1478 was operated for mass spectroscopy
(Shimadzu,  Kyoto,  Japan).  NIST05  mass  spectral
library  (NIST,  2012)  was  used  as  a  standard  for
comparison  of  spectral  data  obtained  after  the
analysis (52).

Data Analysis
Results were calculated using MS Excel (2013) and
the  physicochemical  parameters  of  the  biodiesel
were determined using the standard procedures and
compared with the standards of biodiesel (ASTM D
6751)  and  petrol  diesel  (ASTM  D975)  fuels
described  by  ASTM.  The  compounds  from  GC-MS

were identified by means of their retention times,
mass  spectral  fragmentation  patterns  and  by
comparing their mass spectra with the NIST 2012
library of mass spectra.

RESULTS AND DISCUSSION

Percentage Yield 
The  extracted  oil  was  liquid  at  room temperature
(25 °C), golden yellow in color with a nutty odor. An
alkali  catalyzed  transesterificaton  technique  was
used for the production of the biodiesel and results
revealed that three distinct layers (upper layer soap,
middle  layer  biodiesel,  and  bottom layer  glycerol)
were  formed  after  keeping  the  reaction  mixtures
overnight  at  room  temperature.  The  extraction
processes yielded 324 g (9.25% w/w) and 78% of
seed oil  and biodiesel  respectively  (figure 2).  The
harvesting  time,  method  of  extraction,  growing
region, damage caused by pests and maturity of the
seeds were the main factors presented for the small
yield of the seed oils.

Left, glycerin and biodiesel layers Right, biodiesel and glycerin after separation

Figure 2: Transesterification of R. communis seed oils (upper layer; biodiesel and bottom layer; glycerol).

The yield of the biodiesel was good enough (78%)
to substitute the regular diesel. The physicochemical
properties of the biodiesel are given in Table 2 and
the values are in close agreement with standards of
ASTM. The standards also showed that the biodiesel

need to be purified before it  is used as a fuel  or
blended with petroleum-based diesel fuel.
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Physicochemical Results 
The free fatty acid number of R. communis seed oils
was determined to be 0.864% and the result was
calculated from the following experimental values.

Experimental results
Volume used in Sample titration=3.2 mL
Volume used in Blank titration=1.2 mL
Volume of oil used=1 mL
Mass of Catalyst in g/L=1.4 g/1000 mL=1.4 g/L

FFA number=
(A – B)×C

D
(Eq. 5)

Where A = Volume used in sample/actual titration,
B = Volume used in blank titration,
C = Mass of catalyst in g/L,
D = Volume of oil used.

FFA number=(3.2mL – 1.2mL)×1.4 g/L
1mL

=2.8g /L

%FFA= 2.8 g
324 g

×100=0.864 % .  

From  Table  2  it  can  be  seen  that  the  density,
viscosity,  acid  value,  and  water  content  of  R.
communis seed oil  were found to be 0.887 g/mL,
35.5  mm2s-1,  26.78  mg  KOH/g,  and  2.8%
respectively, which are in large amounts. Therefore,
it  is  not  advisable  to  use  R.  communis seed  oil
directly  as  a  fuel,  because  these  are  essential
properties  that  have  to  be  monitored  in
seed/vegetable oil to meet the biodiesel standards.

Evaluation of physicochemical parameters is vital to
investigate the features of the biodiesel and results
were  determined  according  to  the  standard
procedures  described  by  ASTM.  Figure  3  showed
that  the  biodiesel  has  better  cetane number  than
the seed oils and the acid value, kinematic viscosity,
iodine value and water content of the seed oils were
found to be higher than the biodiesel. The acid value
of  the  biodiesel  was  0.35  mg  KOH/g  (Table  2).
According to the norms of  the agency of national
petroleum legislations, the established specification

showed that the acid value is between 0.1 and 0.5
mg KOH/g and the obtained result was with in the
interval of ASTM. 

GC-MS analysis
A  total  of  10  different  fatty  acid  methyl  esters
(Figure 5) were presented from the seed oil of the
plant  by  GC-MS  and  include  both  saturated  and
unsaturated  (Table  3).  The  Fatty  acids  were
identified  by  means  of  their  retention  times,  by
comparison with the spectral data in the literature
and mass  spectral  fragmentation  patterns  and  by
comparing their mass spectra with the NIST 2012
library  of  mass  spectra.  9-Octadecenoic  acid,  12-
hydroxy-,  methyl  ester,  [R-(Z)],  9,12-
octadecadienoic acid (Z,  Z)-,  methyl  ester  and 6-
octadecenoic acid, methyl ester, (Z)- were the major
compounds presented from the oil  sample (Figure
4).
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Table 2: Physicochemical properties of castor oil and its biodiesel (min = minimum; max = maximum; HSD=high speed diesel).

Properties  Unit  Experimental results (oil)  Experimental results
(biodiesel)

 ASTM standard
for biodiesel

(ASTM D 6751)

 ASTM standard
for Petrol diesel

(ASTM D975)

Density  g/mL  0.887  0.8571  0.87–0.90  0.95 max
Kinematic viscosity (40 °C)  mm2s-1  35.5  5.42  1.9-6.0  1.9-4.1

Flash point  °C  -  87 relative to HSD  60-80  150 min
Acid  value  mg KOH/g  26.78  0.35  0.5 max  -

Water content  %  2.8  0.8  0.05  -
Iodine value  I2 g/100 g  110.8  108.6  120 max  -

Cetane number (CN)  -  44  58.00  47 min  40 min

Table 3: Total Fatty acid methyl ester profile of R. communis seed oil.

No  Retention time (tR)  Compound Name  Molecular formula  Relative  percentage
(Area) in %

 Abundance order

1  11.493  Hexadecanoic acid-methyl ester  C17H34O2  1.08  4
2  14.924  9,12-Octadecadienoic acid (Z, Z)- methyl ester  C19H34O2  4.74  2
3  15.073  6-Octadecenoic acid-methyl ester  C19H36O2  3.54  3
4  15.184  9-Octadecenoic acid (Z)-methyl ester  C19H36O2  0.48  7
5  15.618  Methyl stearate  C19H38O2  1.07  5
6  16.312  7-Hexadecenoic acid-methyl ester  C17H32O2  0.41  9
7  16.905  9,12-Octadecadienoic acid (Z, Z)  C18H32O2  0.05  10
8  19.214  9-Octadecenoic acid, 12-hydroxy-methyl ester-[R-(Z)]  C19H36O3  87.60  1
9  19.304  cis-Methyl 11-eicosenoate  C21H40O2  0.57  6
10  24.933  Octadecanoic acid, 9,10-dihydroxy-methyl ester  C19H38O4  0.43  8

 Saturated 2.59
Mono unsaturated 92.61
 Poly unsaturated 4.80
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Figure 3: Comparison of the fuel properties of castor oil and its biodiesel.

 O

O

OH

9-Octadecenoic acid, 12-hydroxy-, methyl ester, [R-(Z)]-

A

O

O

9,12-Octadecadienoic acid (Z, Z)-, methyl ester

O

O

6-Octadecenoic acid, methyl ester, (Z)-

C

B

Figure 4: Proposed structures of the most abundant compounds from R. communis seed oil.

The  total  percentage  of  fatty  acid  methyl  esters
were  99.97%  of  which  9-octadecenoic  acid,  12-
hydroxy-methyl  ester-[R-(Z)]  took  the  maximum
percentage  (87.60  %).  All  the  values  are
represented  as  the  relative  percentage  area  from
the sum of all identified peaks. The overall results of

this  analysis  showed  that  the  unsaturated  fatty
acids  (UFA)  make  97.31%  of  the  compositions,
whereby  the  monounsaturated  fatty  acids  (MUFA)
are 92.51%, polyunsaturated fatty acids (PUFA) are
4.80%;  and  the  saturated  fatty  acids  (SFA)  are
2.59%, as shown in Table 3.
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Figure 5: Gas chromatogram of R. communis seed oil with respect to its branded compounds.

The  crude  oil  was  evaluated  by  a  means  of  gas
chromatography  and  mass  spectrometry  (GC-MS)
(Figures 5 and 6). The peaks were identified by the
NIST  2012  library  matching  software.  After
evaluation, every single peak was matched with a
single fatty acid methyl esters. The retention time
(min)  and  position  of  the  determined  peaks  are
presented in Table 3. The GC-MS analysis was only
towards the total fatty acid profile of the seed oil. As

a  result,  other  organic  compounds  were  not
identified in the sample. 

The  mass  spectra  of  the  seed  oil  of  the  plant
displayed some important fatty acid methyl esters
that  have  a  significant  contribution  for  the
production  of  the  biodiesel  by  transesterification
process and the fragmentation pattern of the GC-MS
results of the seed oil is shown in Figure 6.

A) 9-Octadecenoic acid, 12-hydroxy-, methyl ester, [R-(Z)]-
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B) 9,12-Octadecadienoic acid (Z, Z)-, methyl ester

C) 6-Octadecenoic acid, methyl ester, (Z)

D) Hexadecanoic acid-methyl ester

Figure 6: Mass spectra of the major components of R. communis seed oil.

Previous Reports
In general our results agreed to what were reported
by  Torrentes-Espinoza  et  al.,  2017  (41)  who
presented  the  physico-chemical  parameters  of  R.
communis biodiesel  that  showed  smooth
relationships  with  ours’.  In  addition,  the  biodiesel
properties of  the plant showed a good correlation
with  Awais,  et  al.,  2020  (53)  but  with  slight
differences.  The  GC-MS  results  of  the  seed  oils
reported  by Khan et  al.,  2021 (54)  that  contains
mainly  methyl  stearate,  9-octadecenoic  acid  (Z)-
methyl  ester,  9,12-octadecadienoic  acid  (Z,  Z)-
methyl  ester  and  cis-  11-  eicosenoic  acid-methyl
ester (54) confirmed the presences of similar fatty
acid  methyl  esters  with  the  results  of  this  study.
Moreover, the properties of the biodiesel reported by
Khan et al., 2021 (54) (density; 0.924 g/mL, cetane
number; 54.53, acid number; 1.19 mg KOH/g and
water  content;  0.31%)  were  very  close  to  our
finding  (density;  0.857  g/mL,  cetane  number;

58.00,  acid  number;  0.35  mgKOH/g  and  water
content; 0.8%).

The  findings  of  this  study  are  also  in  good
agreement with the results  obtained by Kiran and
Prasad, 2017 (12), Zhang et al., 2015 (18), Yeboah
et al., 2020 (36), Wara, 2015 (52), Anastasi et al.,
2015  (55),  Ramanjaneyulu  et  al.,  2017  (56),
Kondaiah et al., 2021 (57), Salihu et al., 2014 (58),
Shombe et al.,  2016 (59) and the seed oils were
reported to possess an excellent energy substitute
properties.  The  physicochemical  results  of  the
biodiesel showed that it can be used in any diesel
engine  (53).  Many  studies  on  the  production  of
biodiesel  from  vegetable  and  seed  oils  were
presented (5,  16,  43,  60-65)  and the results  are
also  in  good  agreement  with  the  findings  of  this
work.

In this study, the oil composition of the plant was
reported  to  have  a  slight  difference  from  some
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recently published reports.  This is due to the fact
that the chemical composition of oils rely on certain
environmental factors such as geographical location,
harvesting  time,  temperature,  extraction  methods
and genetic variation of the plant.

CONCLUSION

In this work, extraction with n-hexane proved to be
good,  since  a  yield  of  9.25% oil  was obtained in
relation  to  the  mass  of  the  seeds  used  in  the
process. Based on the results of the study, the oil
properties are interesting and promising for several
applications.  Biodiesel  was  produced  through  the
transesterification  process  with  a  yield  of  78% in
relation  to  the  R.  communis oil  mass.  The
combustibility of  R. communis biodiesel was found
to  be better  than petroleum diesel.  The produced
biodiesel  meets  the  requirements  of  international
standards of ASTM. The analysis of results by GC-
MS  strongly  recommend  that  these  crops  are
promising  feed  stocks  for  the  production  of
biodiesel. So, R. communis seed oils could be used
as future energy consumption replacing the current
welfares of diesel and further studies are required to
investigate  its  potential  as  feed  stock  for  a  new
industrial products to intensify the future economic
benefits of the plant. 
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Abstract: Euclea divinorum Hiern (Ebenaceae) is a medicinal plant widely used in Yemen, Eastern and
Southern Africa in traditional phytotherapy. This review was an attempt to compile a comprehensive report
on its ethnomedicinal uses, phytochemicals, pharmacological activities, and toxicity, lending credence to
the use of its various parts in herbal medicine. The literature encountered indicated that herbal formularies
from  different  parts  of  Euclea divinorum (E. divinorum) are  majorly  used for  traditional  treatment  of
odontological,  dermatological,  respiratory,  reproductive,  and  gastrointestinal  ailments.  At  least  18
compounds have been isolated and characterized in extracts of E. divinorum, while 31 others have been
identified in the crude extracts  analyzed by GC-MS.  Extracts,  as well  as isolated compounds from  E.
divinorum stem, stem barks, leaves, and roots, showed renoprotective, antiproliferative, antinociceptive,
contractile, proteolytic, diuretic, antiprotozoal, anti-giardial, antioxidant, anti-inflammatory, antimicrobial,
molluscicidal, and insecticidal activities. Further research is warranted to explore other pharmacological
properties such as antisnake venom, aphrodisiac, antidiabetic, analgesic, and antimycobacterial activities
and the responsible bioactive compounds in the different parts of E. divinorum claimed in herbal medicine.
The composition and bioactivities of essential oils from this species also warrant further studies.
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INTRODUCTION

Natural  products  from  plants,  animals,  fungi,
bacteria,  and  other  biomaterials  are  recognized
globally as veritable sources of the most known and
yet-to-be  discovered  therapeutically  effective
allopathic drugs (1,2). This is due to their structural
diversity,  which  is  crucial  in  tackling  the  current
multi-drug  resistance  crisis  vis-à-vis  synthetic
molecules, which are tedious to produce or possess
side  effects  owing  to  their  lack  of  specificity  (3).
Plants are by far the most used organisms for their

supposed  medicinal  potential  since  time
immemorial. They are used by more than 80% of
the global population for the management of various
ailments  and  conditions  (4).  This  is  evident  in
developing  countries  where  there  are  shrinking
health  services,  poverty  and  the  aphorism  that
herbal  medicines  are  more  effective,  safe,
accessible, affordable, and culturally acceptable (5-
7).  Thus,  intensive  ethnobotanical,  phytochemical,
and  pharmacological  investigations  have  been
carried out on medicinal flora worldwide in the past
decades.
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The  medicinal  plant  Euclea divinorum Hiern  is  a
deciduous  shrub  from the  persimmon  or  ebony
(Ebenaceae)  family  which,  consists  of  over  768
shrubs  and  trees  placed  in  four  major  genera:
Diospyros L., Euclea L., Lissocarpa L., and Royena L.
(8,9). The family name Ebenaceae is derived from
the genus Ebenus, first published by Otto Kuntze in
1891, implying that it is a later homonym of Ebenus
L.  genus in  the  Fabaceae family  (10).  The genus
Euclea has a genesis of its name from the Greek
word  ‘‘eukleia’’,  meaning  ‘‘of  good  report’’  or
‘‘famous’’, which alludes to the fine ebony-like wood
of some species in it (11). The species E. divinorum
was  first  named  by  William  Phillip  Hiern  for  its
popular use by diviners (sangomas) in some parts of
Africa, hence the epithet ‘‘divinorum’’ (11-13). The
shrub  grows  to  about  6  m  tall,  with  a  much-
branched grey-green crown, and is commonly found
in  Eastern  and  Southern  Africa  (14-17).  It  has
simple leaves (Figure 1) which are coriaceous and
lanceolate,  with  wavy  margins,  sub-opposite  or
alternate, usually 3.5-9 cm long and 1-2.5 cm wide
(11).  The  flowers  are  cup-shaped,  creamy  and
characteristically  small.  Usually,  the  male  and
female flowers occur on separate trees. The berries

(fruits)  are round, single-seeded, and fleshy (12).
The common synonyms of  this  species include  E.
racemosa Murr.  subsp.  schimperi  (E. schimperi A.
DC.)  (18),  E.  lanceolata sensu  Hiern  (13),  E.
huillensis  Gürke,  E.  katangensis De  Wild.,  E.
keniensis R.E.Fr.,  E.  kiwuensis Gürke  and  E.
stuhlmannii Gürke and E. stuhlmannii Gürke (19). 

E.  divinorum inhabits  grasslands,  thickets,  open
bushlands,  and  margins  of  evergreen  forests  at
altitudes of up to 2700 m (19). In some areas, it is
considered a fast establishing, unpalatable, and fire-
resistant  invasive  species  (20-22).  The  species  is
distributed from Sudan through Ethiopia, Zimbabwe,
Namibia,  Botswana,  Swaziland,  and  South  Africa
(23-31). It has also been reported in the Soqotra
Archipelago of Yemen (27, 32-35). E. divinorum has
been considerably researched. However, information
on  this  species  remains  largely  scattered  in
electronic  reports.  This  review was an attempt to
provide  a  comprehensive  overview  of  its
ethnobotany,  phytochemistry,  ethnopharmacology,
and toxicity. The present review sheds light on and
lends  credence  to  the  use  of  E.  divinorum plant
organs  in  the  traditional  management  of  various
ailments claimed in folklore. 

(a) (b)

(c)

Figure 1:  Different parts of  E. divinorum used in traditional medicine (a) leaves, (b) root bark, and (c)
twigs. The photos were taken by Immaculate Mbabazi from Elgeythatakwet, Kenya.
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METHODOLOGY

This study is a non-systematic review that analyzed
scholarly  reports  and  peer-reviewed  articles
published on  E. divinorum in open literature dated
up to September 2021. The reviewed literature was
retrieved  electronically  from  PubMed,  Science
Direct,  Scopus,  Google  Scholar,  Springer  Link,
Taylor and Francis Online, Wiley Online Library, and
Web of Science Core Collection.  A further  general
search was performed using Google search engine
to  find  other  documents,  reports,  botanical
databases  and  theses  from  various  university
repositories. The search keywords used singly and
in  combination  were  Euclea divinorum,  Euclea
divinorum, E. divinorum,  magic  guarri,  and
diamond-leaved  Euclea.  The reports were screened
for  their  relevance  and  inclusion  in  the  review.
Ethnobotany  (traditional  medicinal  uses),  non-
medicinal  or  commercial  uses,  phytochemistry,
ethnopharmacology,  cytotoxicity,  and  genotoxicity
profile  data  of  E. divinorum were  collected  to
highlight gaps for future studies. 

RESULTS AND DISCUSSION

Non-Medicinal  (Textile,  Cosmeceutical,  and
Economic) Uses of E. divinorum
The roots, leaves, and other parts of  E. divinorum
showed  high  tannin  contents  (36,37),  which
constitutes an inherent defense mechanism against
herbivory of species in the Euclea genus (10). They
are therefore widely used in Tanzania,  Zimbabwe,
Kenya, Botswana, and Yemen as purple ink, black
dye  for  mats,  wool,  for  tanning  leather,  basket
ware, and other textiles, especially when a mordant
of  iron-rich  mud is  used after  dyeing (11,38-42).

The roots are usually chewed to impart a red color
to the  mouth and lips  (23,34,35,39).  In  Ethiopia,
Zimbabwe, South Africa, Tanzania, and Kenya, the
whole  fruits  (black  sweet  berries)  are  eaten  and
used for making beverages (juice and beer), though
it also provides firewood, shade, amenity and timber
(18,19,39,43-48). The leaves are burnt to produce
plant ash as an edible salt (49).

The leaves, fruits, dried or fresh parts (e.g. stems)
are used for making corrals (kraal), house ceilings,
building poles, spoons,  grain stores,  tool  handles,
walking sticks, and forage for cattle and camels in
Ethiopia,  Kenya,  Tanzania,  and  Yemen
(18,19,34,35,45,50).  The  branches  are  used  in
Kenya  (51)  and  South  Western  Ethiopia  (52)  to
purify drinking water in which they are added and
left to soak in the water for several hours. They are
also used to treat milk, to improve digestibility and
palatability, or to preserve it (42,53). In some parts
of  Africa,  the  small  branches  of  this  species  are
hung at  the doorsteps  of  houses as ‘‘a  good luck
charm’’  (11).  Furthermore,  its  tolerance  of  soils
containing high levels of heavy metals (particularly
arsenic) has made it an indicator of gold reefs or
deposits  (11)  and  has  since  been  utilized  in  the
recovery of gold mine pit wastes.

Ethnomedicinal Uses of E. divinorum
The medicinal relevance of a plant is often reflected
by  its  high  frequency  of  use  and  citation  in
ethnobotanical surveys (54).  E. divinorum is called
magic  guarri,  diamond  leaf,  toothbrush  tree,  or
diamond leaved Euclea in English (12). As shown in
Table 1,  E.  divinorum  has  many local  names  by
which it is known whithin local communities across
Africa and Yemen. 

Table 1: Local names of E. divinorum used across Africa and Yemen.
Folk name (vernacular name) Country Reference(s)

Nhlangula (Xitsonga), mutangule (Venda), Motlhakola (Tswana),
umhlangula (Zulu), towerghwarrie (Afrikaans), mohlakola (Northern
Sotho), umhlangula, umdlelanyamatane (Swati), nhlangula (Tsonga)

South Africa,
Lesotho

(11,12,55)

Umdlelanyamatane (siSwati) Swaziland (31)
Kapcheptuin, Olkinyie, Uswet (Markweta), mdaa, mdala, msirisha

(Swahili), msanganetu (Batemi) olkinyei (Maa), akado, ochol,
Ochondradoho (Luo), Ikimusi (Kuria), Mukinyai, Kikuthi/Mukinyei

(Kamba), Kumuchanjasi (Luhya)

Kenya (23,48,56-64)

Omudime (Oshiwambo) Namibia (39,65)
Umushikiri (Kinyarwanda) Rwanda (66)

Omusikizi (Lunyankore), Emuc (Langi), Kasalagala/Muda (Lusoga),
nsikizi (Luganda)

Uganda (12,67-71)

Mi’eessa (Oromiffa), Dedeho (Amharic) Ethiopia (30,72-74)
Mdaa (Swahili), Msekela Tanzania (75)

Mushangura (Shona), Umtshekesane (Ndebele) Zimbabwe (12,13)
Munyansyabweli Zambia (76)

Several formulations containing different parts of E.
divinorum singly or in combination with other plant
parts are used for the treatment of both human and
animal  ailments.  The  range  of  treated  diseases
includes  malignancies,  central  nervous  system,

odontological,  dermatological,  respiratory,
gastrointestinal, reproductive, venereal, and general
ailments or infections (Table 2; Figure 2). The most
used parts are the roots and the root bark, probably
because of  their  ability  to  accumulate  therapeutic
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phytochemicals,  which  are  responsible  for  the
treatment  of  various  ailments  (77). Generative
and/or  reproductive  structures  such  as  flowers,
fruits,  and  seeds,  which  are  also  reputed  to
accumulate  phytochemicals,  are  less  commonly
used, probably because the plant blossoms once a
year (from August to December) (11). As a result of
the  use  of  such  structures,  plant  organs  for
medication would be limited throughout the year. 

Other  than  the  foregoing  medicinal  uses,  E.
divinorum is also used in various cultural practices.
For example, the plant is given to candidates during
initiation  by  the  Sebei  of  Uganda  or  used  in
important  ‘‘koresek’’ Sebei  ceremonies  (rituals  of

purification).  Among  the  Sabaot  of  Kenya,  the
leaves are used as sleeping mats for initiates during
their  period  of  seclusion  (18).  Its  root  powder  is
applied onto incisions to remove spells  in Uganda
(78). The leaves and roots of this species are also
used for love affairs (75). In Ethiopia, E. divinorum
along with other trees such as Cordia africana Lam.,
Ehretia  cymosa (Thonn.)  and  Maesa lanceolata
Forssk. are symbolically revered as Haaganaa trees
(trees ordained by mystical powers) and are used in
rituals  of  avoiding  inauspicious  omen,  idiotism,
homicide  case  resolution  and  mythical  power
expression  (72).  In  South  Africa,  E.  divinorum  is
used in magical practices (79).

Table 2: Ethnomedicinal uses of different parts of E. divinorum based on encountered literature.
Ailment(s)

treated/uses
Part(s)
used

Preparation or
administration

Country Reference
(s)

1. General
infections/conditions

Malaria
Root bark,

roots,
leaves

Decoction. May also be used
with roots of Hagenia abyssinica

and Grewia ferruginea

Kenya,
Zimbabwe,

Ethiopia

(30,44,80-
85)

Blood cleanser/purifier Fruits, roots
Chewed and saliva swallowed Kenya, Yemen

(35,63)

Arthritis Roots
Powder applied to

incisions
Uganda

(78)

Used as a cathartic to
induce purgation Roots, bark,

fruits

Roots are chewed after gentle
warming over an open flame.
Usually followed by a cup of
strong tea. Soup made from

bark, fruits and roots may also
be taken

Kenya, South
Africa ,

Tanzania (19,48,64,8
4,86,87)

Bleeding
Bark, seeds,

roots,
leaves

Applied topically on fresh
bleeding wounds

Namibia,
South Africa,

Yemen
(65,88)

Stroke Roots
Decoction/infusion taken Kenya,

Tanzania (75,85,89)

Chest pains, headache,
internal body swellings

called ‘‘kati’’
Roots

Decoction prepared with Croton
megalocarpus roots taken

Kenya, South
Africa

(19,84,86,8
7)

Various ailments and for
good health (as a tonic

or an invigorant)

Stem bark,
roots, fruits

Bark or with roots are boiled
with meat soup and taken.
Fruits chewed. Added to

children’s milk

Kenya,
Uganda,
Tanzania

(15,52,62,6
3,86,90-

92)

2. Odonatological
diseases/dental

hygiene
Used as a mouth

antiseptic/disinfectant,
clean and whiten the

teeth
(toothbrushes/misawk),

treat gum bleeding,
toothache, tooth cavity

Branches
(twigs), root
bark, roots

Chewed roots/ powdered root
barks, mixed with little water
and salt, and inserted into the

tooth cavity/for toothache.
Roots are used for brushing

teeth for dental hygiene. Dried
root/bark powder rubbed to

clean teeth

Kenya,
Yemen,
Uganda,

Zimbabwe,
South Africa,

Tanzania

(18,19,32,3
4,35,39,43,
52,84,87,9

3)

3. Reproductive
system diseases and

conditions
Venereal

diseases/infections
(syphilis, gonorrhoea,

Roots,
leaves

Root extract with those of
Carissa edulis (Forsk.) Vahl and

Carica papaya L. taken.
Decoction may be taken directly

Kenya,
Zambia,
Ethiopia

(30,61,76,9
4-97)
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Ailment(s)
treated/uses

Part(s)
used

Preparation or
administration

Country Reference
(s)

genital herpes, oral
candidiasis, abscesses)

Infertility Roots
Decoction taken Kenya

(61)

Miscarriage Roots
Decoction drunk Uganda

(78)

Managing delayed and
protracted labour, post-
partum haemorrhage,
and removing things
retained after birth

Leaves,
roots

Chewed Kenya

(56)

Cervical cancer,
prophylaxis of cancer

Leaves,
fruits Infusion drunk, fruits chewed as

a prophylaxis
Uganda

(63,67,98)

Salpingitis Roots
Powder drunk as tea Uganda

(78)

4. Dermatological
conditions

Skin infections (rash,
abscesses, disorders,
irritations, ringworms,
pimples, chickenpox,

inflammation, eczema)

Leaves, root
bark,  roots,

fruits

Applied topically (add leaf/root
powder to jelly and smear or

bark powder to water and
apply) or boiled to take a bath.

Fruits chewed

South Africa,
Yemen,
Uganda,
Ethiopia,
Kenya

(32,34,35,5
5,63,69,70,
79,97,99)

Leprosy, scabies Leaves Not reported Ethiopia (30)

Snakebites Roots, bark

Crushed & applied on incision
made on the bite area, used

with dry roots of Tragia
brevipes, Gardenia volkensii and

Plectranthus barbatus

Kenya,
Uganda

(78,100-
102)

Jaundice Roots
Decoction drunk Uganda,

Tanzania (75,78)

Wound healing,
antiseptic, disinfectant,

cicatrizing against
infection, used as a

maturative

Roots

Not reported South Africa

(103)

Rabies Leaves
Not reported Ethiopia

(30)

5. Respiratory
ailments

Tuberculosis, cough,
respiratory disorders

Roots,
fruits,
leaves

Chewed Uganda,
Kenya

(63,68,85)

Pneumonia Roots, bark
Decoction prepared with Croton

megalocarpus roots taken
Kenya, South

Africa
(19,84,86,8

7)
6. Gastrointestinal

infections and
metabolic disorders

and ailments
Ulcers

Roots Decoction taken Swaziland (31)

Abdominal upsets Fruits
Chewed Kenya

(63)

Amebiasis, tapeworm Leaves
Not reported Ethiopia

(30)

Constipation,
anthelminthic,
abdominal pain

Roots,
leaves

Not reported Kenya, South
Africa,

Ethiopia

(58,85,87,9
7,104)
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Ailment(s)
treated/uses

Part(s)
used

Preparation or
administration

Country Reference
(s)

Stomach pain,
stomachache,
deworming

Roots, bark,
leaves

Decoction taken South Africa,
Kenya

(84,87)

Appetizer Roots, bark Root decoction. Bark added to
soup with Rhamnus prinoides

and taken

Kenya (18,48)

Diabetes Root bark
Decoction taken Kenya

(57)

Kidney
infection/problems,

hepatitis

Stem bark,
root bark

Crushed and used Ethiopia (73,97)

7. Ethnoveterinary
uses

Used as an analgesic

Stem bark
Decoction given Kenya

(60)

General veterinary
diseases

Fruits
Decoction given Kenya

(105)

General infections and conditions/uses

Dermatological conditions 

 Odontological diseases/uses

Respiratory ailments 

Gastrointestinal infections/metabolic conditions 

Reproductive system diseases/conditions 

Ethnoveterinary diseases/uses
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Figure 2: Major groups of ailments and conditions treated using preparations of E. divinorum.

Phytochemistry of E. divinorum
Phytochemical  investigations  on  E.  divinorum
extracts have  been  conducted.  Conventional
phytochemical  screening  of  organic  and  aqueous
extracts  of  E.  divinorum  have  been  carried  out.
Tannins,  saponins,  flavonoids,  terpenes,  alkaloids,
steroids, terpenoids, and reducing compounds were
identified as the major secondary metabolites (Table
3). 

For  quantification  of  phytochemicals,  an  earlier
study  reported  total  phenolic  and  water-soluble
phenolic  contents  of  122.7  mg/g  and 77.1  mg/g,
respectively and tannin by protein precipitation of
94  mg/g  from  the  bark  of  E.  divinorum  (62).

Mbabazi  et  al.  (2021)  quantified  the  polyphenol
content of n-hexane, ethanol and dichloromethane
(DCM) extracts of  E. divinorum  leaves, stems and
root  barks  (106).  The  total  phenolic  and  total
flavonoid  contents  were  the  highest  in  ethanol,
followed by DCM and then n-hexane extracts. The
order  of  abundance  recorded  was  root  barks  >
tender stems > leaves (Table 4). However, the total
flavonoid content was the highest in ethanol extract
followed by n-hexane and lastly DCM extract.  The
high polyphenols content is hypothesized to be the
reason for the inhibition of growth of teeth-attacking
bacteria by the parts of this species used in dental
hygiene and controlling dental caries (106).
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Table 3. Secondary metabolites reported in E. divinorum extracts.
Part(s) used Solvent(s)

used
Metabolites detected Author(s)

Leaves, stem,
root bark

n-hexane, DCM,
ethanol

Alkaloids, flavonoids, cardiac glycosides, phenols,
saponins, quinones, steroids, tannins, terpenes and

volatile oils

(106)

Root bark Ethyl acetate Alkaloids, flavonoids, saponins, tannins, terpenoids (25)

Stem, roots DCM Alkaloids, flavonoids, glycosides, phenolics, saponins,
tannins, terpenes

(107)

Roots Ethyl acetate Alkaloids, flavonoids, steroids and terpenes (27)

Roots Methanol,
distilled water

Flavonoids, saponins, tannins, terpenoids, steroids,
cardiac glycosides

(108)

Roots, root
bark

Methanol, ether,
distilled water

Tannins, saponins, alkaloids, steroids, terpenoids,
reducing compounds, flavonoids, steroids, terpenoids,

flavonoid aglycones

(90)

Leaves, roots,
stems

DCM : methanol Anthraquinones, alkaloids, saponins, tannins,
polyphenols, terpenoids

(109)

Roots DCM Triterpenoids, amino acids, resins, tannins (110)

Roots Methanol Phenolic acids, tannins (111)

Leaves, fruits Methanol Polyphenols, tannins, sterol/triterpenes, glycosides,
carbohydrates

(30)

Table 4: Total polyphenolic content of the E. divinorum parts.
Polyphenol Plant

organ
n-hexane
extract

*DCM
extract

Ethanol
extract

Total phenolic
content

Leaves 299.0 1190.0 1516.0
Tender stems 231.0 828.0 2800.0

Root barks 472.0 1569.0 3105.0
Total

flavonoid
content

Leaves 84.3 23.4 63.10
Tender stems 55.6 27.6 81.60

Root bark 193.3 96.1 309.70

Pioneering  elucidative  studies  of  bioactive
compounds in E. Divinorum, just like in other Euclea
species,  led  to  the  identification  of
naphthoquinones,  triterpenes  and  flavonoids.  For
example,  7-methyljuglone,  mamegakinone,
diospyrin, and isodiospyrin were reported in the root
extract of E. divinorum, but stems and green fruits
extracts  had  no  napthoquinones  (See  Figure  3;
112). Cruz-Costa et al. (113) reported the presence
of  7-methyljuglone,  diospyrin,  2-
methylnaphthazarin,  betulin,  diosindigo  A,  and
lupeol  in  petroleum ether  extract  of  E.  divinorum
roots  (Figure  3).  Flavonoids:  (2R:3R)-
aromadendrin-3-O-β-L-arabinopyranoside,  catechin,
quercitrin, and myricitrin were later characterized in
the ethanolic  extracts  of  E.  divinorum aerial  parts
(14). 

Phytochemical characterization of chloroform extract
of E. divinorum root bark led to the identification of

naphthoquinones,  triterpenoids  and flavonoids  viz:
7-methyljuglone,  isodiospryrin,  betulin,  lupeol,
catechin,  3-β-(5-hydroxyferuloly)lup-20-(30)-ene,
shinalene, and lupene (114). Further, the bioactive
compounds  in  the  leaves  of  E.  divinorum were
characterized and two new compounds: Euclenal A
or  8-hydroxy-3-methoxy-1-naphthaldehyde  and
Euclenal  B  or  4-hydroxy-3,8-dimethoxy-1-
naphthaldehyde  were  identified  (52).  A  new
naphthalene  derivative:  8-hydroxy-6-methoxy-1-
naphthaldehyde or eucleanal was identified in ethyl
acetate extract of E. divinorum leaves (115) (Figure
3). Recently, Kilonzo et al. identified γ-sitosterol ,
germanicol, and oxacycloheptadec-8-en-2-one, (8Z)
in ethyl acetate extract of E. divinorum root bark by
GC-MS (Table 5). In another report, Mbabazi et al.
(2021) identified 28 compounds GC-MS in n-hexane
and  dichloromethane  extracts  of  E.  divinorum
leaves,  tender  stems,  and  root  barks  (Table  5)
(106).

361



Omara T, Sadia BO, Mbabazi I, Akwir A. JOTCSA. 2022; 9(2): 355-372. REVIEW ARTICLE

 O

OOH

(1)

O

O

O

O OH

OH

(2)
(3)

O

O

O

O

OH

OH

O

O

O

O

HO

OH

(4)

O

O

OH

OH HO

OH

H

H

H

H

(5) (6)

O

O

O

O

OH

OH

(7)

HO
H

H

H

H

(8)

O

OH

HO

O

OR

OH

(9)

R =
O

HO

OH

OH

OH

OH

HO O
OH

OH

(10)
(11) R = H
(12) R = OH

O

OH

HO

O

ORham

OH

OH

OR

 

 

HO

HO

OMe

O

O

(13)

H

H

H

H

(15)

O

O

OH

(16)
(17)

(18)

O
O

O

OH
O

O

OH

Figure 3: Structures of some compounds isolated from extracts of E. divinorum.
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Table 5: Compounds identified in extracts of E. divinorum by GC-MS.
Part Extractant Compounds identified 

Root bark Ethyl acetate γ-sitosterol
Germanicol

Oxacycloheptadec-8-en-2-one, (8Z)

Leaves n-hexane

1-Methyl-2-Pyrrolidinone
Eicosane

Tetratriacontane

2-Hydroxy-2-methyl-8,8-diphenyl-octa-5,7-dien-3-one

Tender
stems

n-hexane

Eicosane

Tetratriacontane

Palmitic acid

Ethyl palmitate

Ethyl-9,12-octadecadienoate
Ethyl 9α-linolenate

4,8,12,16-Tetramethylheptadecan-4-olide

Tetracosane

9-Tricosene

Heptacosanol

Hexatriacontane
Heneicosane

Root bark n-hexane

Eicosane

Tetratriacontane

Hexatriacontane

1,4-Naphthoquinone

7-Ethoxycoumarin

4-Vinyl guaiacol

Squalene

Leaves DCM

Eicosane

Tetratriacontane

Ethyl palmitate

Heptacosanol

Squalene

Octadecanal

Cis, cis,cis-7,10,13-Hexadecatrienal

Tetradecyl acrylate
Octacosanal

Tender
stems

DCM

Eicosane

Tetratriacontane

Hexatriacontane
Tetratetracontane

γ-Tocopherol

Root bark DCM

2-Ethylhexyl acrylate

2,6,11-Trimethyldodecane

3,4-Methylenedioxybenzylacetone

9-Hexadecen-1-ol
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Pharmacological Profile of E. divinorum

Different extracts and isolated compounds from  E.
divinorum have been investigated and reported to
have  antiproliferative  (antitumor),  antinociceptive,
anti-giardial,  renoprotective,  antiprotozoal,
molluscicidal,  insecticidal, contractile,  proteolytic,
diuretic,  antioxidant,  anti-inflammatory,  and
antimicrobial activities.

Antiproliferative and antitumor activity
Some isolated compounds from E. divinorum (1, 4,
6, 8, 10, 13-15) were assessed for their antitumor
potential against BC-1 (human breast cancer), Lu-1
(human lung cancer), HT (human fibrosarcoma), KB
(human  nasopharyngeal  carcinoma),  KB-V
(vinblastine resistant KB evaluated in the presence
and  absence  of  vinblastine),  Me-1  (human
melanoma), P-388 (murine lymphocytic leukemia),
A431 (human epidermoid carcinoma), Col-2 (human
colon cancer), LNCaP (human prostate cancer), ZR-
75-1  (human  breast  cancer)  and  U373  (human
glioblastoma) cell lines (114). The authors reported
that  compounds  1  and 13  exhibited  strong
cytotoxicity, while the rest of the compounds were
not cytotoxic. Interestingly, 1  was cytotoxic to all
the  cancer  cells  and  the  most  intense  responses
were registered for KB, P-388, LNCaP, ZR-75-1 and
U373 cells  at  concentrations  of  4.8,  0.1,  0.8,  2.2
and 2.7 µg/mL, respectively. On the other hand, 13
was  highly  selective  and showed cytotoxicity  only
against two cancer cells (P-388 and ZR-75-1) at 2.1
and  4.2  µg/mL,  respectively.  The  antiproliferative
activity of the crude extracts of this species has not
been reported. 

Renoprotective activity 
The  potential  of  crude  methanolic  extract,  and
methanolic  and aqueous fractions of  E. divinorum
leaves to reduce gentamicin-induced nephrotoxicity
in rats was investigated (74). The authors reported
that the extract and fractions reversed gentamicin-
mediated alterations by decreasing tubular necrosis,
serum  and  oxidant  markers,  and  increment  in
antioxidant  molecules.  The  renoprotective  effect
decreased with an increase in crude extract dosage
whereas maximum protection was afforded at 100
mg/kg of the methanolic fraction for in vivo and in
vitro studies.  The  authors  postulated  that  the
renoprotective  effect  of  the  extract  and  fractions
could be due to the antioxidant potentials of their
moderately polar phytochemicals (74). 

Antimicrobial activity 
Kirui  et  al.  (2015)  indicated  that  the  aqueous
extract of the whole plant of  E. divinorum retarded
the growth of  bacterial  colonies in water  (51).  In
another research, ethanolic extracts of E. divinorum
leaves and barks were assessed for their inhibitory
activity against some selected oral pathogens (116).
The extracts did not inhibit the growth of  Candida
albicans  (C. albicans) unlike Streptococcus mutans
where  the  of  the  inhibition  zone  diameters  (ZOI)

were 6.0 mm and 2.4 mm at 2 mg and 3 mg of
extracts  per  disk,  respectively.  The reported
minimum  inhibitory  concentration  (MIC)  ranged
from  3.1  to  25.0  µg/mL  against  Actinomyces
naeslundii,  Actinomyces  israelii,  Streptococcus
mutans, Actinobacillus actinomycetemcomitans, and
Porphyromonus gingivalis.

The ethanolic  extracts  of  leaves,  stem barks,  and
roots of  E. divinorum  showed antibacterial  activity
against  Escherichia  coli  (E.  coli), Staphylococcus
aureus  (S.  aureus),  Campylobacter  jejuni,
Streptococcus  pyogenes, and Shigella  sonnei with
ZOI varying from 10 mm to 14 mm (117). Aqueous
extracts  exerted  bacteriostatic  activity  against  E.
coli, S. aureus,  Shigella sonnei and  Campylobacter
jejuni with  the  same  range  of  ZOI,  but  did  not
inhibit  the  growth  of  Streptococcus  pyogenes,
Bacillus  cereus,  Pseudomonas  aeruginosa,  and
Salmonella typhi. The root extract only inhibited the
growth of Streptococcus pyogenes with a ZOI of 13
mm (117).  Later, Geyid  et  al.  (2005) found that
methanolic extract of  E. divinorum  leaves retarded
the  growth  of  C.  albicans and  Cryptococcus
neoformans  (C.  neoformans) when tested at 4000
µg/mL (30). Mining (48) reported ZOI of 17.6, 10.6,
6.0, 12.6  and  6.6  mm  for  DCM  extract  of  E.
divinorum  leaves  against  E.  coli,  S.  aureus,
Pseudomonas  aeruginosa,  Bacillus  subtilis,  and  C.
albicans.

In another investigation (111), the root methanolic
extract  of  E.  divinorum exhibited  antimicrobial
activity  against  multidrug-resistant  Staphylococcus
strains  (S.  epidermidis 847,  S.  haemolyticus 535,
and  S. aureus North German Epidemic strain with
ZOI of 24 mm, 16 mm, and 26 mm, respectively),
S.  aureus,  Bacillus  subtilis,  Micrococuss  flavus,  E.
coli, Pseudomonas aeruginosa and Candida maltosa
with a ZOI of 24 mm, 12 mm, 18 mm, 11 mm, 15
mm, and 10 mm. Another team (118) evaluated the
antifungal  activities  of  some Venda plant  extracts
against  C.  albicans,  Candida  krusei,  and  C.
neoformans  isolated  from  South  African  AIDS
patients.  The  n-hexane  extract  of  E.  divinorum
leaves was more active against C. neoformans with
a  ZOI  of  8  mm  at  10  µL.  No  bioactivity  was
observed against the other fungi. 

The  aqueous  and  DCM/methanol  extracts  of  E.
divinorum roots had no antimicrobial activity against
E. Coli,  while DCM extract had a ZOI of 10.30 mm
(110). In the same study, DCM extract had ZOI of
10.75  mm  and  10.00  mm  against  Streptococus
aureus  and  Lactobacillus  acidophilus,  respectively.
The  DCM/methanol extracts  had ZOI of  9.13 mm,
10.80 mm and 6.70 mm while aqueous extracts had
no inhibitory activity. In another study, crude root
extracts of  E. divinorum showed ZOI of 9.00 mm
and  13.00 mm  for  Streptococcus  mutans  and
Streptococcus sanguinis, with MICs of 1,250 µg/mL
and 2,500 µg/mL, respectively (109). 
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Ethanolic  extracts  of  E.  divinorum  stem  bark
exhibited  anti-mycoplasmal  activity  against
Mycoplasma  mycoides subsp.  mycoides  (Afadé,  B
237,  Gladysdale,  PG1  and  V5),  Mycoplasma
mycoides subsp.  capri (Y-Goat,  95010,  G1313.94,
M-18 and G1255/94)   and  Mycoplasma capricolum
subsp. capricolum (Mcc) 6443-90 with MIC of 0.500
mg/mL, 0.417 mg/mL and 0.500 mg/mL against the
strains, respectively  (60).  In another investigation,
the  antibacterial  screening  indicated  that  ethyl
acetate extract of E. divinorum root was effective in
inhibiting  E. coli (ZOI = 17 mm) while  S. aureus
was resistant to the extract (ZOI = 9 mm; same as
that  of  ethanol  used  as  negative  control)  (27).
Methanolic, methanol : DCM and aqueous extracts
of E. divinorum were reported to have no inhibitory
or  bactericidal  effects  against  Methicillin-Resistant
S.aureus, S.aureus, S.mutans and C.albicans (119).

Another  report  indicated  that  DCM  extract  of  E.
divinorum roots  excerted  the  highest  antifungal
activity  (ZOI  =  30  mm)  against  Trichophyton
mentagrophytes. Its  antifungal  activity  was
comparable to that of the ethyl acetate (ZOI = 20
mm)  and  methanolic  (ZOI  =  25  mm)  extracts
against  the  six  tested  fungal  strains:  Absidia
corymbifera,  Aspergillus fumigatus,  Candida krusei,
Microsporum  gypseum,  Mucor species  and
Trichophyton  mentagrophytes  with  ZOI  ranging
between  15  mm and  20  mm (34).  Acetonic  and
aqueous  extracts  of  E.  divinorum roots  were
indicated  to  excert  antifungal  activity  against  C.
albicans,  Microsporum  canis  and Trichophyton
rubrum  with average MIC of 0.23 to 0.47 mg/mL
(79).  Kilonzo  et  al.  (25)  reported  that  petroleum
ether,  ethyl  acetate  and  aqueous  extracts  of  E.
divinorum leaves, stem bark and root bark showed
antimicorbial  activity  against  S.  aureus  (MIC  =
0.718 to >25 mg/mL),  Klebsiella pneumoniae (MIC
= 0.718 >25 mg/mL),  E. coli (MIC = 0.718 >25
mg/mL),  Salmonella  typhi  (MIC  =  0.718  to  >25
mg/mL), C. albicans (MIC = 0.718 to >25 mg/mL),
and C. neoformans (MIC = 0.718 to >25 mg/mL).

Mbabazi  et  al.  (2020)  in  a  comparative  study
investigated  the  antimicrobial  activity  of  E.
divinorum leaves, tender stems and root bark and a
formulated  herbal  toothpaste  from  its  extracts
against oral  pathogens (120).  The plant  materials
were  extracted  sequentially  by  maceration  with
dichloromethane,  n-hexane  and ethanol.  The  root
barks ethanolic extract was the most active with a
MIC  of  25  µg/mL,  50  µg/mL,  25  µg/mL  and  25
µg/mL against  Streptococcus pyogenes,  S. aureus,
E. coli and C. albicans. Herbal toothpaste formulated
with the ethanolic extract of E. divinorum root barks
had  the  highest  activity  against  the  tested
microorganisms  (ZOI  =  from  7.67  mm to  22.67
mm)  compared  to  Colgate  herbal  toothpaste
formulated  with  fluoride  as  the  active  ingredient
(ZOI = 5.00 mm to 16.33 mm).

Anti-giardial and antiprotozoal activities 
To validate the gastrointestinal use of E. divinorum
in  traditional  medicine,  a pioneering  investigation
concluded that methanolic extracts of its roots and
barks  did  not  cause  death  of  Giardia  lamblia
trophozoites at 500 ppm and 1000 ppm (121). The
methanolic  extract  of  E.  divinorum  roots  showed
antiprotozoal  (antiplasmodial,  antileishmanial  and
antitrypanosomal) activities with IC50 of 37.5 ± 4.7
μg/mL,  >64.0 ± 0.0 μg/mL, 22.5 ± 4.7 μg/mL and
33.1 ± 5.3 μg/mL against  Plasmodium falciparum
K1 strain,  Leishmania infantum, Trypanosoma cruzi
and  Trypanosoma  brucei Squib-427  strain  (122).
The  antiplasmodial  results  were  corroborated  by
another  report  from  Kenya  in  which  methanolic
extract  of  E.  divinorum root  barks  had
antiplasmodial  activity with IC50 of  6.9 μg/mL and
12.4 μg/mL against D6 and W2 P.falciparum strains,
respectively (123). 

Antinociceptive,  antioxidant  and  anti-inflammatory
activities 
Mwonjoria et al. (2018) reported that DCM extracts
of  E. divinorum stems and roots showed significant
antinociceptive  effects  in  the  second  phase  of
formalin-induced nociception when tested at doses
of 50 mg and 100 mg on Wistar rats (107). Feyissa
et  al.  (2013)  reported  that  the  maximum
percentage  inhibitions  of  1,1-diphenyl-2-picryl-
hydrazyl (DPPH) at 2000 mg/mL by the methanolic
fraction,  aqueous  fraction  and  crude  methanolic
extract of  E. divinorum leaves were 82.5%, 74.5%
and  62.5%,  respectively  (74).  In  another  report,
IC50 between 8.30 and >1000 μg/mL were reported
on  E. divinorum  leaf extracts  in DPPH radical  and
nitric  oxide  antioxidant  assays  (124).  In  anti-
inflammatory  activity  assay,  the  recorded
Cyclooxygenase-2  (COX-2)  inhibition  at  10  μg/mL
was 71.12%. In a recent report, the IC50 values of
DCM,  ethyl  acetate,  and  methanolic  (direct  and
sequential)  extracts  of  E.  divinorum  obtained  in
DPPH radical scavenging activity were 690.5 μg/mL,
680.8  μg/mL,  550.0 μg/mL,  and  225.0  μg/mL,
respectively (34). 

Contractile, proteolytic and diuretic activities   
The  folkloric  use  of  E.  divinorum to induce  or
augment  labour,  manage  protracted  labour  and
post-partum  haemorrhage  was  validated  through
investigation  of  the  contractile  activity  of  its
aqueous  and  ethanolic  root  barks  extracts  (125).
The extracts  stimulated uterine tissue contractility
and  augmented  its  response  to  oxytocin.  The
increase  in  uterine  contractions  as  a  percentage
relative  to  negative  controls  was  particularly
significant in pregnant rabbit tissues in the presence
of oxytocin, where increments of up to 245% were
observed. 

Aqueous extract of E. divinorum twigs inhibited 50%
of proteolytic activity against Bacteroides gingivalis,
Bacteriodes intermedius, and  Treponema denticola
at concentrations ranging from 10 µg/mL up to 200
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µg/mL (126).  Another  report  (127)  indicated  that
aqueous  extracts  of  E.  divinorum and  Rhus
natalensis had  high  inhibitory  effects  on  the
proteolytic  activities  of  Porphyromonas  gingivalis,
Bacteriodes intermedius  and Treponema denticola,
which indicates that the extracts could reduce the
virulence of these periodontophathic bacteria as well
as the rate of dental plaque formation.

Further, the assessment of the diuretic potential of
methanolic  and  aqueous  extracts  of  E.  divinorum
roots  in  Sprague  Dawley  rats  revealed  that
methanolic  extract produced significant diuresis  at
200 mg/kg and 400 mg/kg while aqueous extract
produced  significant  diuresis  at  all  tested  doses
(108). 

Molluscicidal and insecticidal activities  
E.  divinorum methanolic  extract  had  molluscicidal
activity  against  B.  glabrata in  48  hours  at
concentrations under 500 µg/mL (128). Examining
the insecticidal activity of  E. divinorum to verify its
use in the management of storage pests indicated
that  its  n-hexane  and DCM leaf  extracts   caused
35% and 60% mortality when tested against bean
weevils  (Acanthoscelides  obtectus)  at  1000  ppm
(48).  However,  the  essential  oils  have  not  been
tested for its insecticidal potential.

Adverse side effects, toxicity and genotoxicity
profiles of E. divinorum extracts 
E. divinorum root extract is traditionally reported to
have  laxative  effects  which  is  counteracted  by
inclusion of half glass of Achyranthes aspera leaves
and  Ficus  natalensis roots  or  barks  (89).  The
petroleum ether/ethyl acetate (1:1) and methanolic
extracts of  E. divinorum roots were reported to be
cytotoxic to human ECV-304 cells with IC50 values of
11.6  μg/mL  and  36.0 μg/mL,  respectively  (32).
Another study reported the IC50 value of 27.5 ± 3.6
μg/mL for  methanolic extract of  E. divinorum roots
against  human  lung  fibroblast  MRC-5  SV2  cells
(122). Acute toxicity studies of methanolic extract
of  E.  divinorum leaves  indicated  that  it  was  safe
when administered orally at 2000 mg/kg (74). Even
after a period of 72 hours, the animals tolerated the
administered dose, with no appreciable changes in
behaviour  (motor  activity,  diarrhoea,  breathing,
alertness,  restlessness,  convulsions,  coma  and
appearance). Since no mortality was recorded within
14 days, the lethal dose (LD50) was indicated to be
more than 2000 mg/kg (74).

The  methanolic,  methanol:  DCM  and  aqueous
extracts of  E. divinorum  were reported to be non-
cytotoxic  (119).  Al-Fatimi (2019), reported the low
cytotoxicity (IC50 values of 240.0 to 900.5 μg/mL)
of  DCM,  ethanolic  and  methanolic  extracts  of  E.
divinorum roots  from  Yemen  against  human
amniotic  epithelial  cells  line  (FL-cells) (34).  n-
hexane and DCM extracts of leaves showed lethality
against brine shrimp with LD50 of 952.0 and 689.9

ppm (48). These reports indicate that some extracts
of this species are potentially cytotoxic. 
An investigation examining the genotoxic activity in
human peripheral blood lymphocytes of some South
African plants (129) reported that DCM extract of E.
divinorum roots induced DNA damage, which were
however lower than that of the positive control (1
mM potassium bichromate). Another report, carried
out by the same team (130),  indicated that  DCM
extract  rather  than  the  methanolic  extract  of  E.
divinorum roots was toxic in the Ames test. 

CONCLUSION

Euclea divinorum possesses a long history of use in
herbal  medicine  in  Africa  and  Yemen.  Significant
strides  have  been  made  in  the  past  decades  in
isolating,  elucidating,  and evaluating the bioactive
compounds as well as pharmacological activities of
this species. Some identified compounds have been
reported  to  have  remarkable  in  vitro and  in  vivo
bioactivity.  Thus,  the folkloric  claims of  using this
species in managing various ailments are credible,
but further research is warranted to explore other
pharmacological  properties  such  as  antisnake
venom,  aphrodisiac,  antidiabetic,  analgesic,  and
antimycobacterial  activities,  the  responsible
compounds  in  the  different  parts  of  E.  divinorum
and  their  mechanisms  of  action. More  toxicity
studies are needed to demonstrate sufficient proof
for  human  safety  when  employing  E.  divinorum
extracts  and/or  isolated  components.  Further
research  into  the  content  and  bioactivities  of
essential oils derived from this plant is warranted.
Clinical  trials  using  E.  divinorum extracts  and
isolated substances are also necessary. Indigenous
groups  should  be  encouraged  to  prioritize  its
protection  due  to  its  broad  ethnomedicinal,
economic, and cultural value.   

ABBREVIATIONS 

C.  albicans: Candida  albicans; C.  neoformans:
Cryptococcus  neoformans;  DCM: Dichloromethane;
E.  coli:  Escherichia  coli;  E.  divinorum:  Euclea
divinorum; MIC: Minimum Inhibitory Concentration;
S.  aureus:  Staphylococcus  aureus;  ZOI:  Zone
inhibition diameter.
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Abstract:  Hypericum  perforatum L.  (Hypericaceae)  is  one  of  the  medicinal  plants  whose  value  has
increased rapidly in recent years. It is especially popular for its use in the treatment of mild and moderate
depression, as well as for the treatment of skin diseases, internal and external inflammatory wounds,
neurological disorders, and the metabolism-disrupting effects of free radicals. Besides, it shows inhibitory
effects against different kinds of microorganisms such as bacteria, fungus, and protozoa. Antimicrobial
biofilms generated by the plant are its most potent output, unlike its essential oil which does not have
much value in itself as much as its ingredients that can be converted into more valuable products. Its
usage as a folk remedy has a wide application area in various cultures. It is thought that compiling studies
on various aspects of this plant will benefit future studies. The present paper reports on studies on the
antibacterial,  antioxidant,  and  therapeutic  properties  of  Hypericum  perforatum,  as  well  as  on  the
composition of its essential oil.
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INTRODUCTION

Hypericum is a genus belonging to the Hypericaceae
family and comprising about 500 species that are
growing  widely  and  has  been  utilized  in  folk
medicine  for  many  centuries  (1,2).   Hypericum
perforatum is a herbaceous perennial plant growing
in the tropical  and sub-tropical  regions of Europe,
Asia, North Africa, and North America. It is usually
30-60 cm tall  but  can grow up to  1.5  m on the
Pacific coast of America. The leaves can be arranged

singly, oppositely, or spirally (Figure 1). There are
five sepals and five petals in the flower’s bud. Its
leaves are oval in shape and its flowers are bright
yellow. (3–5).  It  grows mostly  on roadsides,  with
thorny plants and in arid lands. Because it blooms
about June 24, the Memorial Day of Baptist John,
the plant is commonly known as St. John’s Wort in
English,  Johanniskraut  in  German,  Herbe  de  la
Saint-Jean  in  French,  Erba  di  San  Giovanni  in
Italian, and Hierba de San Juan in Spanish (6).
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Figure 1: Flower and leaves of H. perforatum.

The name of the “perforatum” epithet belonging to
the genus  Hypericum was given because of the oil
guts in its flowers and leaves.  The red or black oil
glands  of  the  H.  perforatum are  made  up  of
hypericin  and  its  derivatives,  whereas  the
transparent ones are made up of essential oils and
other  active  ingredients  that  are  not  found  in
hypericins (7,8). The fact that H. perforatum, which
has been used for  various purposes in alternative
medicine  since  ancient  times,  is  widely
pharmacologically  effective  has  led  to  studies  in
many fields such as pharmacy, medicine, dentistry,
agriculture, and cosmetics.

Hypericum species  contain  many  secondary
metabolites in at least 11 different classes, including
naphthodianthrones,  phloroglucinol  derivatives,
flavonoids, organic acids, essential oils, amino acids,
xanthones, tannins, procyanidins, and other water-
soluble  compounds.  From  the  main  active
ingredients, those of naphthodianthrones’ class are
effective  in  the  treatment  of  depression  up  to
moderate severity, while those of the phloroglucinol
class  are  effective  in  the  treatment  of  wounds,
burns, and inflammation (9). Another issue that has
come to the fore in recent years is the increase in
the  use  of  organic  and  alternative  medicine
products.  Medicinal  and  aromatic  plants  and
products  derived  from  them  are  often  used  as
medicines, both in strengthening immunity and for
treating  diseases.  This  necessitates  a  deeper
understanding  of  the  beneficial  and  harmful
properties  of  plants  to  produce  more  useful
products.  In  recent  years,  the  consumption  of
products  obtained  from  Hypericum species  has
increased,  and  nowadays,  it  is  one  of  the  most
consumed  medicinal  plants  in  the  world  (10).
Although its extracts are used generally, it is known
that  its  essential  oil  has  good  neuroprotective,
antimicrobial, and antioxidant effects (5). 

According to a review of literature, there have been
several  studies,  about  300  publications  per  year

regarding  H. perforatum,  in many fields, primarily
chemistry, biology, and medicine.

In this paper, studies on the plant's activity against
microorganisms, antioxidant content, medicinal use,
essential  oil  qualities,  extraction  methods,  drying
procedures, and active components (hypericin and
hyperforin) were reviewed.

ANTIMICROBIAL ACTIVITY

One of the most prominent features of the plant is
its  antibacterial  and  antimicrobial  properties  (11).
These  properties  gain  more  value  when  taken
together  with  its  wound  healing  and  anti-
inflammatory effect. The effectiveness of the plant
against harmful microorganisms has been evaluated
in many studies. The degree of inhibitions in various
culture media have been assessed, in vivo and in
vitro (12,13).

The most effective parts of the plant were flowers
against  gram-positive  bacteria  (S.  aureus),  gram-
negative bacteria (K. pneumoniae, P. aeruginosa, S.
enteritidis, E. coli), and yeast (C. albicans). Leaves
were  effective  against  Aspergillus  niger.  The
antibacterial effect of the plant was stronger against
gram-positive  microorganisms  than  against  gram-
negative ones (14). Furthermore, the properties of
various  biofilms  with  H.  perforatum were  also
studied.  The  inhibition  efficiency  of  the  biofilm
produced  with  ethanolic  extract  and  polyurethane
foam remained low against gram-negative,  E. coli
and against C. albicans. However, the gram-positive
S.  aureus inhibition  rate  reached  90.85%  (15).
Güneş and Tıhmınlıoğlu (2017) achieved the same
result (16). On the other hand, biofilms made from
chitosan, gelatin and the plant were more inhibitory
against gram negative  S. typhi than against E. coli
and  gram  positive  S.  aureus (17). Methanolic
macerate and aqueous decoction extract showed the
best  results  after  vancomycin,  while  liquid
commercial ethanolic extract, methanolic solution of
a  commercial  tablet  product,  macerates  in
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sunflower,  olive,  and  two  unknown vegetable  oils
did not show any effect against the S. aureus (18).
Also, among three different  Hypericum species,  H.
perforatum showed  the  strongest  anti-infectious
effect  against  Toxoplasma  gondii,  an  intracellular
parasite, due to the hyperforin it contains (19).

pH,  water  permeability  (17), mechanical  testing,
swelling  behavior,  surface  hydrophobicity  (16),
water  activity  test,  Low-Field  Nuclear  Magnetic
Resonance (LF-NMR) analysis, texture analysis, and
L*-a*-b* color tests  (20), were investigated as the

physical  properties of  biofilms in different studies.
Vapor permeability and stretching ratio are higher in
films  with  oil  additives,  but  decrease  as  the  oil
concentration increases.  The degree of  swelling is
lower, the tensile stress decreases further as the oil
additive  increases.  The  contact  angle  is  slightly
increased. Cell renewal rate is highest with 0.5% oil
(16).

Studies  that  evaluated  the  effectiveness  of  H.
perforatum against microorganisms are summarized
in Table 1.

Table 1: Antibacterial and antifungal activities of H. perforatum.
Reference Microorganism Classification

(12–18,21–29) Staphylococcus aureus

gram-positive bacterium

(12,22) Staphylococcus epidermidis
(23,28) Sarcina lutea

(12,17,28,30) Bacillus subtilis
(28,30) Bacillus mycoides

(23,26,31) Bacillus cereus
(28) Mycobacterium phlei
(28) Corynebacterium michiganes

(27,32) Corynebacterium diphtheriae
(27) Streptococcus pyogenes
(27) Streptococcus agalactiae

(12,21,27,33) Enterococcus faecalis
(31,34) Listeria monocytogenes
(21–23) Micrococcus luteus

(13,14,30,33) Klebsiella pneumoniae

gram-negative bacterium

(13,14,22,23) Salmonella enteritidis
(17,22,33) Salmonella typhimurium

(31) Salmonella infantis
(13–17,21,26–28,31,33) Escherichia coli

(21,28) Proteus vulgaris
(21,23) Proteus mirabilis

(13,14,23,33) Pseudomonas aeruginosa
(20) Pseudomonas plecoglossicida

(20,30) Pseudomonas fluorescens
(20,26,27) Pseudomonas aeruginosa

(20) Pseudomonas sp. MChB
(30) Pseudomonas phaseolicola
(30) Pseudomonas glycinea

(22,23) Pseudomonas tolaasii
(30) Erwinia caratovora
(30) Entrobacter cloaceae

(23,30) Agrobacterium tumefacies
(30) Azotobacter chrococcum

(35,36) Aeromonas hydrophila
(31) Helicobacter pylori
(31) Campylobacter coli
(26) Chronobacter sakazakii
(28) Penicillium chrysogenum

fungi

(22) Penicillium funiculosum
(37) Penicillium canescens
(28) Fusarium avenaceum
(37) Fusarium oxysporum
(37) Alternaria alternata
(28) Mucor plumbeum

375



Yılmazoğlu E, Hasdemir İM, Hasdemir, B. JOTCSA. 2022; 9(2): 373-394. REVIEW ARTICLE

fungi

(22) Cladosporium cladosporioides
(22) Trichoderma viride

(13–15,22–
24,27,28,33,38)

Candida albicans

(38) Candida utilis
(38) Candida tropicalis
(38) Candida krusei
(38) Candida parapsilosis
(38) Candida glabrata

(13,14,22) Aspergillus niger
(24) Aspergillus fumigatus
(37) Aspergillus glaucus
(37) Phialophora fastigiata
(21) Pythium ultimum
(21) Trichophyton mentagrophytes
(24) Trichophyton rubrum
(39) Plasmopara halstedii
(25) Rhizopus stolonifer
(24) Leishmania infantum

protozoa(24) Trypanosoma rhodesiense
(24) Plasmodium falciparum
(24) Trypanosoma cruzi

ANTIOXIDANT ACTIVITY

Hypericum  perforatum contains  many  important
bioactive  substances,  some  of  which,  such  as
naphthodianthrones and phloroglucinols have direct
medical  effect  (Figure  2).  Others  contribute  to
human health in various ways due to its antioxidant
effects.  Antioxidant  substances  defend  the
metabolism against free radicals, especially reactive
oxygen  species  formed  in  the  body.  Thus,  the
development  of  diseases  such  as  cancer  is
prevented, and overall immunity is enhanced.

Secondary metabolites occur as plants' response to
biotic  and  abiotic  stress  factors  like  water,  light,
temperature, CO2, abundance of nitrogen and other
nutritious  compounds,  geographical  environment,
genetic  features,  harvest  time,  contaminants,

elicitors,  harmful  microorganisms,  herbivores,  etc
(40,41). In  their  studies,  Eray  et  al.  (2020)  and
Karimi et al. (2022) investigated how the different
growing  conditions  of  H.  perforatum affect  the
formation of secondary metabolites. In this way, it
may  be  possible  to  prepare  cultural  planting
conditions  for  specific  purposes  (8,42). Another
cultural planting study has prepared for the aim of
producing a powerful radical scavenger (43). Pan et
al. (2004) isolated the protoplast from the calluses
obtained from the hypocotyl parts of the plant and
used it in the regeneration of the plant. With this
work,  an  important  step  was  taken  towards  the
production of designed plants (44). In a study about
genes  expression  according  to  the  growing
conditions, especially temperature, the mechanisms
that are activated by various genes are mentioned
(45).

Hypericin R = CH3

Pseudohypericin R = CH2OH

Protohypericin R = CH3

Protopseudohypericin R = CH2OH
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Hyperforin R = H

Adhyperforin R = CH3

Rutin R = Glucose-Rhamnose

Hyperoside R = Galactose

Quercetin R = H

Quercitrin R = Rhamnose

Isoquercitrin R = Glucose

Pentose R = Quercetin-3-O-pentoside

Figure 2: Major ingredients of H. perforatum extracts.

In a warmer and lighter environment, the proportion
of  all  bioactive  components  was  higher.  While
phenolic  and  flavonoid  substances  were  more
abundant  in  vegetative  and  flowering  stages,
hyperforin decreased continuously,  unlike previous
studies.  While  hypericin  increased  with  high
temperatures and light, it started to decrease with
flowering in low temperatures and light  (46). Rutin
content was higher in the budding phase. Quercitrin,
quercetin, and I3, II8-biapigenin were higher in the
full-flowering  phase.  Hyperoside  content  did  not
change  (47). Almost all  bioactive ingredients were
found to  be reduced in  a  plant  afflicted with  ash
yellows phytoplasma infection. The rate of essential
oil also decreased significantly (40).

The  main  chemical  components  and  biological
activities  of  H.  perforatum subspecies  and  other
Hypericum taxa were compiled by Kladar et al. (48).
H.  perforatum subsp.  perforatum  is  richer  in
flavonoids, tannins, and phenolic acids compared to
the  angustifolium subspecies  and  contains  rutin
unlike  others  (12).  Hypericum  perforatum ssp
veronense includes  a  higher  rate  of  hypericin,
hyperforin  and  phenolic  components  than
Hypericum  perforatum ssp  perforatum (49).
Inhibition  rates  and  antioxidant  capacities  of  9
Hypericum species against 7 microorganisms were
investigated after a three-day maceration period. H.
perforatum could  not  stand  out  in  terms  of
antibacterial effect, but especially the flowers of the
plant  showed  the  highest  antioxidative  effect
(73100  μmol  α-tocopherol  acetate/g  extract).  The

antioxidant  capacity  of  the  plant  organs  varied
depending on flavonoid contents in flowers (11.7%),
leaves,  and  stems  (7.4%)  (13). It  has  been
understood that different parts of the plant contain
different major components. Ciccarelli et al. (2001)
examined  the  composition  of  oil  glands  in  plant
parts (7). Total phenolic and flavonoid contents as
well  as  2,2-diphenyl-1-picrylhydrazyl  (DPPH)  free
radical  scavenging  power,  β-carotene-linoleic  acid
total antioxidant activity, ferric reducing antioxidant
power,  Cupric  reducing  antioxidant  capacity
(CUPRAC) metal chelating power and antimicrobial
effects of some Hypericum species were measured.
H.  perforatum,  H. salsugineum and  H.
aviculariifolium epithets were compared to Butylated
Hydroxy  Anisole  (BHA)  and  Butylated  Hydroxy
Toluene (BHT). While H. perforatum had the lowest
antioxidant activity, total  phenolic content, and Fe
chelating  power,  H. aviculariifolium exhibited  the
highest  Cu  chelating  power  and  total  flavonoid
content (14).

In terms of antioxidant activity, it is recommended
to brew for 5-10 minutes at 80-100°C as the best
method  of  use.  Preparation  of  the  tea,  which
became red in 3 minutes, was not enough to see
naphthodianthrones. Apart from this, phenolic acids
and  chlorogenic  acid  also  increased  significantly
after 3 minutes (50). While  the rates of  bioactive
components increased with the decoction time up to
20 minutes, the rates decreased with infusion time.
Decoction  process  was  more  efficiently  than
infusion.  Likewise,  it  gives  products  whose
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antioxidant  activities are more than twice as high
(51).

Quercetin is an important phenolic compound that
has  powerful  antioxidant  and  antiradical  activity
even in minor amounts (52). It is higher in palm oil
macerate and lower in olive oil macerate, compared
with the sunflower oil  macerate of  H. perforatum.
While it was claimed that quercetin has a protective
effect on the stomach against cold restriction stress,
the highest protection was obtained when working
with  the  lowest  quercetin  (53). Firenzuoli  et  al.
(2004) discussed the effects of flavonoid content in
nutrition  as  risks  and  therapeutic  opportunities
(54). 

After  a  period  of  exposing  to  sunlight  in  olive,
sunflower, and palm oil  for 40 days, 0.02% (v/v)
BHA  or  α-tocopherol  antioxidants  were  added  in
some extracts,  separately.  The  appearance,  odor,
relative  density,  and  acid  number  of  the  extracts
were analyzed during a shelf life for 3, 6, and 12
months at room conditions. Although palm oil is a
more stable vegetable oil to heat effect, it gives a
lower quality extract. Characteristics of the extracts
with antioxidants are satisfying after 12 months, but
the  samples  without  antioxidants  degrade  after  6
months.  BHA and α-tocopherol  affect  the  extracts
similarly  (55). According  to  Arsić (2016),  a
homemade  H. perforatum olive-oil macerate made
easily  can  have  some  unique  properties  such  as
longer shelf life and higher total  flavonoid content
(56).

Methanolic  extracts  contained  more  hypericin  and
hyperforin, but the aqueous solutions were rich in
antioxidant  compounds  (57). In  particular,  the
extracts  with  epicatechin,  catechin,  protocatechuic
acid,  gallic  acid,  quercetin,  and  kaempferol  as
components  were  effective  against  colon  cancer
cells (58–60).

In  addition  to  antioxidant  content  (61–64), total
chlorophylls, total carotenoids, phenolic substances
(65,66), polysaccharides  (67), and  xanthones
contents (68) were also examined. Accordingly, the
antioxidant  activity  was  enhanced  by  all  these
compounds.

Different  active  oxygen  sources  were  used  to
describe  the  antioxidant  and  antiradical  effects  of
various  medicinal  plants.  By  voltamperometric
electrical  experiments,  H.  perforatum has  been
found  to  be  more  effective  against  hydrogen
peroxide than hydroxyl radical and more useful in
oxidizing molecular oxygen (69).

When  studies  were  compared,  it  was  discovered
that  as  the  water  ratio  increased  in  the  ethanol-
water  mixture,  the  phenolic  substance  content
increased as well, but the aqueous extract had a low
content: 14.35-16.72, 53.84, 128.82, and 4.44 mg
gallic acid equivalent per g dry matter of extracts

with ethanol/water (7:3) (70), ethanol/water (1:1)
(66),  ethanol/water  (3:7)  (71),  and  water  (72),
respectively.  In  terms  of  DPPH  scavenging
effectiveness, the first and third extracts had almost
the same concentration for eliminating 50% of the
DPPH radical (IC50) (3.17 and 3.48-5.68 g/ml), but
the  extract  of  equivalent  volumes  was  not  so
effective  (242.323  g/ml).  Likewise,  in  terms  of
phenolic material content, the activity in the form of
acetone>ethanol>petroleum  ether  was  as
ethanol>acetone>petroleum ether in terms of DPPH
scavenging potential (37).

The high bioactive properties of methanolic extracts
have  also  attracted  attention  in  many  studies
(14,26,61,63,73,74).  When  chloroform or  acetone
were  added,  the  DPPH  removal  efficiency  of  the
extracts  increased  (26,49),  while  water,  ethyl
acetate,  and  chloroform  alone  had  a  low  effect
(26,73).

Öztürk et al. (2009) showed that leaves contained
more  phenolic  substances  and  flavonoids  than
flowers.  After  the  step  with  the  solvent  of
methanol:water (7:3), the yield of the plant, which
was  treated  twice  with  ethyl  acetate,  increased.
Similarly, the leaves were generally more effective
than  flowers  in  terms  of  DPPH  scavenging  effect
(75).

MEDICINAL USES

The medicinal effects of the plants are quite diverse,
they are mostly used for their antidepressant and
wound healing properties. They are good for many
ailments  and  provide  benefits  in  different  ways,
especially  in  the  treatment  of  neurological  and
oncological  disorders.  Although  they  are  often
classified as over-the-corner drugs from a medical
point  of  view,  in  recent  years  there  has  been an
increase  in  the  usage  of  H.  perforatum as  an
alternative treatment method and as a supportive
practice for the main treatments.

Hypericum  perforatum,  which  is  one  of  the
commonly used over-the-corner psychotropic herbal
remedies,  is  especially  used  in  the  treatment  of
depression, anxiety,  and insomnia.  There are also
studies on bipolar disorder (76). A study has been
conducted  to  show  that  antioxidant  and
antidepressant  effects  work  together  against
restraint  stress,  which  is  one  of  the  important
events  that  cause  oxidative  damage  in  the  brain
(77). The genes it affects were included in a study
conducted to better understand its neuroprotective
effect (78).

Strong  anti-MAO-A,  anti-α-glucosidase  activity,
antihyperglycemic  agents,  treatment  of  cognitive
impairments  such  as  Alzheimer’s  Disease  are
determined (79). It has been stated that its using
before Alzheimer’s Disease treatment has a positive
effect  due  to  some  components  like  (+)-catechin
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and (-)-epicatechin (80). One of the most effective
plant’s  mechanisms  to  relieve  the  symptoms  of
Alzheimer  is  the  inhibition  of  neuronal
acetylcholinesterase  activity  (70). Hyperforin  and
hypericin  are  known  to  be  highly  effective
components  against  Alzheimer's  disease,
particularly (81,82). 

Preventive for myringosclerosis (83), therapeutic for
renal ischemia reperfusion injury (84), acute injuries
or contusions, myalgia, first-degree burns (85,86),
protective  of  central  nervous  system  (73,87,88),
and  immune  booster  (89)  effects  are  given
comprehensively.  As  neuroprotective  products,
methanolic  extracts  have good inhibition activities
against  enzymes  of  acetylcholinesterase  and
butyrylcholinesterase  and  free  radicals  such  as
DPPH, DMPD, and NO (73). 

There  have  been  many  studies  on  the  usage  of
hypericin  in  photodynamic  therapy  processes.
During photodynamic therapy using the extract  of
the plant or hypericin directly, it is desirable to treat
diseased  cells,  not  healthy  cells.  It  has  been
understood that the use of hypericin, which inhibits
neutrophilic respiratory burst oxidase together with
the enhancing effect of vitamin C, will give a much
better result in this regard (90). On the other hand,
the  probable  reason  why  the  plant  causes  less
photosensitivity  than  pure  hypericin  is  that  the
antioxidants it contains, strengthen the cells against
harmful effects (91). Interaction between occurring
photodynamic effect of hypericin and some proteins
was  investigated  in  a  few  aspects  (92). It  is
effective in protection from UV irradiation induced
lipid  peroxidation  (93). When  hypericin  uptake
sensitizes  eye  epithelial  cells  to  sunlight,  it  was
observed  that  0.1-10  µM  hypericin  uptake
developed  necrosis  and  apoptosis  in  UV-A  and
visible  light.  Considering  the  information  in  the
literature, it was understood that the possibility of
cataractogenesis  in the eye would increase in the
case of sun exposure by taking the herb (94). Using
yeast genes, H. perforatum has been found to affect
52  genes  that  work  on  intra  and  intercellular
transports and signal transduction in humans (95).

Preventing  the  adverse  consequences  of  lipid
dysregulation in some physiological  cases such as
obesity, fatty liver, and type 2 diabetes by hypericin
are  other  prominent  features,  in  addition  to  the
long-lasting  protective  effect  of  hyperforin  on
pancreatic  β-cells  (96,97). It  shows  not  only
therapeutic  but  also  protective  properties.  For
example,  it  provides  antimutagenic  protection
against the harmful effects of the chemotherapeutic
cyclophosphamide  (98). The  oxidizing  low-density
lipoprotein shows an atherogenic effect in the body
and can cause cholesterol-related deaths. Thanks to
lipophilic  active  ingredients  of  the  plant  such  as
hypericin,  pseudohypericin  and  hyperforin,  H.
perforatum has  been  found  to  provide
antiatherogenic  benefit  by  inhibiting  this  protein

together  with  its  antidepressant  and  antioxidant
effects  (99). It  can  be  used  as  an  alternative  to
mouthwashes  after  third  molar  surgery  (100). To
understand its antiaging effect, its usage against D-
galactose has been studied (101). It has been found
that  the  antidepressant  mechanism  of  action
includes  a  decrease  of  concentrations  of
corticosterone  and  pro-inflammatory  cytokines  in
plasma  (102). Antioxidant  activity,  causing
apoptosis and modulating Ca2+ influx effects, can be
used  in  the  treatment  of  oxidative  stress  in
neutrophil  cells  against  Behcet's  disease (103). It
was reported that the wound healing effect of the
plant was not related to its hypericin content but to
components  such  as  quinoids,  xanthones,  and
flavonoids (104). High contents of xanthones were
reported  in  the  methanolic  H.  perforatum seeds’
extract. These compounds are also associated with
antioxidant and antimicrobial activities (74).

It  was  shown  that  the  plant  has  no  effect  on
intraperitoneal  adhesion  formation  (105)  and
smoking  cessation  (106)  but  reduce  alcohol
addiction due to its antidepressant effect (107).

Information  on  the  usage  of  the  herb  in  the
treatment  of  different  illnesses,  especially
depression,  and  its  drug  interactions  have  been
compiled in many studies, because many medicinal
and aromatic herbs can have harmful effects on the
metabolism  as  well  as  positive  effects.  Over-the-
corner drugs like H. perforatum should not be used
without consulting the pharmacists, and maximum
attention should be paid to their  interactions with
prescription drugs (108–115). Although it has high
interactions  with  many  antidepressant  drugs  and
synergistic  effects  with  different  plants,  it  can  be
used by adding it to various herbal teas (65).

On the one hand, the use of H. perforatum by local
people has been reported in many reviews, where
some gave suggestions for using it (1,116–126). On
the  other  hand,  the  report  prepared  by  the
European Medicines Agency is a study that should
be taken into consideration regarding the use of the
plant  for  various  medicinal  purposes  (127). While
undiluted hypericin and hyperforin show prooxidant
effects,  they start  to  show a stronger antioxidant
effect as they are diluted. When ingested, they will
not  be  possible  to  remain  undiluted,  so  the
prooxidant  effects  are  not  encountered,  but
excessive intake may be harmful in this regard. The
recommended  dose  is  300  mg  consumed  three
times a day. In this case, it was diluted 1:10-1:20
so  that  sufficient  antioxidant  effect  was  provided
(128).

Hypericum perforatum can be used alone or  with
other  plants  for  feeding  cattle.  When  used  as  a
forage  additive,  it  improves  the  ruminal  nitrogen
cycle  and  volatile  fatty  acid  formation  without
damaging  local  beneficial  microorganisms  (129).
When added to Atlantic salmon (Salmo salar) feed,
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it  strengthens  the  immune system and shows  an
antioxidative effect against crowding stress (130).

Studies on the harmful  side of  the plant  are also
continuing. It is known that long-term or high dose
usage  causes  sensitivity  to  light,  oedema,  and
alopecia  on  the  skin.  Along  with  antidepressant
effects,  side  effects  such  as  itching,  dizziness,
constipation,  fatigue  (131), anxiety,  insomnia,
restlessness, diarrhea (132), gastrointestinal upset,
and dry mouth (133) might be detected depending
on the person using it. It has been determined that
its  use  as  a  nutritional  supplement  creates
anomalies in liver and testicular cells by causing a
decrease in nucleic acid and nonprotein sulfhydryl
and  an  increase  in  malondialdehyde  (134).  A
remarkable  study  on  the  use  of  the  plant  in
cosmetics was published in 2014. Both the methods
of use and the points to be considered are discussed
in a very broad scope (135).

It  can  induce  disorders  when  used  with  other
antidepressants,  monoamine  oxidase  (MAO)
inhibitors,  cytochrome  P-450  mixed  function
oxidases (MFO), reserpine, narcotics, or substances
that increase photosensitivity (85,136,137). It was
found that  various  Hypericum perforatum extracts
prepared  with  ethanol  or  DMSO  significantly
inhibited the CYP1A2, CYP2A6,  CYP2C9,  CYP2C19,
and  CYP3A4  cytochrome  P-450  enzymes.  These
enzymes actually convert the drug into a form that
your body can use more effectively and makes some
drugs  be  excreted  from  the  body  without  being
effective,  so  more  care  should be  taken  with  the
consumption  of  this  plant  when  using  drugs.
(110,133,138,139). Also, the enzyme group has a
healing effect  on 2,4,6-trinitrobenzenesulfonic acid
(TNBS)  colitis,  inflammatory  bowel  disease,  and

intestinal  cerulein-induced  pancreatitis
(60,140,141).

In  different  studies,  heavy  metals  were  found  in
herbalists’  products.  The high levels  of  Al,  Cd,  K,
Mg, Mn, Pb, Zn, Co, Cu, Cr, Ca, Ba, B, Li, Na, Fe,
and  Ni  in  the  samples  once  again  showed  that
uncontrolled producers play with public health (142–
147)). When the fatty acid composition and other
quality  values  of  23  Turkish  homemade  and
commercial  olive  oil  macerates  were  examined,  it
was  found  that  some  products  were  adulterated
(148).

The  production  of  antioxidant  and  anticancer
effective  nanoparticles  obtained  from the  solution
prepared with the aqueous extract of the plant and
silver nitrate has emerged as a new trend that can
be  used  in  different  fields.  These  nanoparticles,
which  can  be  used  in  medical  device  coatings,
antibacterial  products,  cosmetics,  food,  and
pharmacy, can also be employed both as medicine
and as drug carrier thanks to their unique physical
and chemical properties  (86,149). Utilization  of H.
perforatum in  nanoparticular  carrier  systems  was
investigated in many studies (150–152). 

ESSENTIAL OIL COMPOSITION

There are many papers on the essential oil analysis
of  Hypericum perforatum. According to those, it is
understood that not only oil  composition, but also
major compounds are changed due to internal and
external  factors  of  the  plant,  such  as  genetic
characteristics, plant organs, climate, soil,  season,
growth  phase,  collection  time  and  procedures,
drying method, analysis method, etc  (153,154). A
summary of the studies on the essential oil of the
plant is given in Table 2.
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Table 2: Main essential oil components of H. perforatum.
Reference Main compounds (Concentration %) Harvesting location

(33) α-Pinene (30.92%)
β-Pinene (18.32%)

Caryophyllene (15.26%)
Germacrene d (9.23%)
β-cis-Ocimene (7.85%)

Arad county, Romania

(38) Germacrene D (23%)
β-Caryophyllene (14%)

Bicyclogermacrene (5%),

Kirklareli, Turkey

(40) Caryophyllene (30.0%)
Germacrene D (19.64%)

β-Copaene (7.09%)
γ-Amorphene (6.28%)

Bologna, Italy
(Ash yellows infected samples)

(146) α-Pinene (8.1%)
n-Nonane (7.0%)
Globulol (5.5%)

Southern Estonia

(E)-β-Caryophyllene (19.2%)
γ-Muuorulene (8.7%)
γ-Amorphene (6.5%)

Central Estonia

α-Pinene (14.3%)
Germacrene d (13.7%)
2-Methyloctane (11.3%)

β-Pinene (6.8%)

Northern Estonia

(154) β-Selinene
Bicyclogermacrene

2-Tetradecene
α-Amorphene

Gaziantep and Tunceli, Turkey

(155) Caryophyllene oxide (15.3%)
β-Caryophyllene (7.3%)
1-Tetradecanol (7.0%)

Provence–Alpes–Côte d’Azur, France
(Vegetative stage)

Caryophyllene oxide (17.0%)
β-Caryophyllene (16.8%)

Spathulenol (12.7%)

Provence–Alpes–Côte d’Azur, France
(Floral budding stage)

β-Caryophyllene (18.3%)
Caryophyllene oxide (15.9%)

Provence–Alpes–Côte d’Azur, France
(Flowering stage)

Caryophyllene oxide (18.5%)
β-Caryophyllene (9.1%)

Provence–Alpes–Côte d’Azur, France
(Fruiting stage)

(156) 2-Methyl-octane (20.5%)
α-Pinene (13.7%)

Spathulenol (9.8%)
n-Hexadecanoic acid (4.0%)

Different locations of Southeast
Serbia

(157) β-Caryophyllene (14.8%)
(E)-β-Farnesene (7.1%)
ar-Curcumene (13.0%)
Germacrene D (17.8%)

Val-d’Arc,
Provence–Alpes–Côte d’Azur, France

β-Caryophyllene (28.4%)
Germacrene D (37.3%)

Pertuis, Provence–Alpes–Côte
d’Azur, France

β-Caryophyllene (26.1%)
Dodecanol (7.5%)

α-Selinene (15.5%)
Germacrene D (6.3%)

Saint-Cyr, Provence–Alpes–Côte
d’Azur, France

β-Caryophyllene (24.1%)
β-Selinene (6%)

Bicyclogermacrene (5.8%)
Germacrene D (29.1%)

Mérindol, Provence–Alpes–Côte
d’Azur, France

Spathulenol (21.1%)
γ-Muurolene (7.7%)

Nerolidol (6.5%)
Branched Tetradecanol (9.1%)

Bandol, Provence–Alpes–Côte
d’Azur, France
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β-Caryophyllene (13.3%)
γ-Muurolene (6.9%)

(E,E)-α-Farnesene (8.4%)
Spathulenol (21.5%)

Caryophyllene oxide (18.4%)

Meailles, Provence–Alpes–Côte
d’Azur, France

(158) β-Caryophyllene (22.3%)
2-Methyl octane (17.3%)
2-Methyldodecane (6.0%)

Panèevo, Serbia

α-Pinene (35.0%)
β-Pinene (23.4%)

2-Methyl octane (13.5%)

Termi, Greece

(159) 2,6-Dimethylheptane
α-Pinene

β-Caryophyllene
2-Methyl-3-buten-2-ol

Izmir, Turkey

(160) n-Triacontane (16.3%)
n-Heneicosane (14.4%)
n-Tetracosane (13.8%)
n-Nonacosane (13.3%)

Sobina, Serbia

n-Tetratriacontane (25.96%)
1,2-Benzenedicarboxylic acid (13.4%)

Phytol (7.1%)

Sobina, Serbia

(161) α-Pinene (61.8%)
3-Carene (7.5%)

β-Caryophyllene (5.5%)

Gaziantep, Turkey

(162) α-Pinene (21.0%)
2-Methyl-octane (12.6%)

γ-Muurolene (6.9%)
Spathulenol (6.4%)

Ioannina, Greece

(163) β-Caryophylene (14.2%)
2-Methyl-octane (13.1%)
2-Methyl-decane (7.9%)

Rujan mountain, Serbia

(164) β-Caryophyllene (11.7%)
Caryophellene oxide (6.3%)

Spathulenol (6.0%)
α-Pinene (5.0%)

Tashkent, Uzbekistan

(165) Longifolen (18.7%)
γ-Eudesmole (10.7%)
Spathulenol (6.9%)

Bicyclogermacrene (5.5%)

Mashhad, Iran
(Before flowering)

α-Cadinene (27.17%)
Bicyclogermacrene (16.93%)

Spathulenol (6.95%)
γ-Eudesmole (6.52%)

Mashhad, Iran
(Full flowering)

Longifolen (22%)
β-Bisabolene (9%)

Spathulenol (8.45%)
Glubulol (5.15%)

Mashhad, Iran
(Fruit set)

(166) δ-Cadinene (11.6%)
2,6-Dimethyl-heptane (10.9%)

(E)-Caryophyllene (9.9%)
α-Humulene (7.1%)

Galogah, Iran

δ-Cadinene (22.6%)
(E)-Caryophyllene (12.2%)

α-Humulene (11.3%)
α-Pinene (9.0%)

2,6-Dimethyl-heptane (7.4%)

Nor, Iran

2,6-Dimethyl-heptane (15.0%)
n-Nonane (11.1%)

δ-Cadinene (11.0%)
α-Pinene (8.7%)

β-Funebrene (6.7%)

Javaherdeh, Iran
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α-Pinene (14.4%)
δ-Cadinene (10.6%)

2,6-Dimethyl-heptane (9.8%)
3-Methyl-nonane (8.1%)

Darrod, Iran

α-Pinene (21.9%)
n-Nonane (9.8%)

2,6-Dimethyl-heptane (9.1%)
n-Dodecanol (6.8%)

γ-Himachalene (6.0%)

Tonekabon, Iran

α-Pinene (23.6%)
2,6-Dimethyl-heptane (13.5%)

γ-Cadinene (8.7%)
3-Methyl-nonane (5.7%)

Toskestan, Iran

α-Pinene (26.0%)
2,6-Dimethyl-heptane (15.2%)

β-Pinene (11.6%)
δ-Cadinene (10.2%)

Kharw, Iran

α-Pinene (25.7%)
2,6-Dimethyl-heptane (15.1%)

β-Funebrene (12.4%)
γ-Cadinene (9.6%)

Lahijan, Iran

γ-Cadinene (16.9%)
2,6-Dimethyl-heptane (6.3%)

n-Tetradecanol (6.3%)
α-Pinene (6.2%)

Mashhad, Iran

2,6-Dimethyl-heptane (36.1%)
α-Pinene (23.6%)

3-Methyl-nonane (10.1%)

Azadshahr, Iran

(167) Ledene oxide II (8.91%)
Humulene epoxide II (7.90%)

cis-Phytol (7.89%)

10 accessions from the field
collection,

Vilnius, Lithuania

Docosane (10.80%)
Spathulenol (9.10%)

Caryophyllene oxide (7.76%)

Spathulenol (10.01%)
Eicosane (9.01%)

Caryophyllene oxide (6.92%)
Dodecanoic acid (9.63%)

Caryophyllene oxide (9.27%)
Hexadecanoic acid (7.61%)
Hexadecanoic acid (12.87%)

Spathulenol (12.16%)
Caryophyllene oxide (7.99%)

Tetradecanol (6.94%)

Hexadecanoic acid (10.05%)
Caryophyllene oxide (9.28%)

Spathulenol (8.17%)
Ledol (9.31%)

Caryophyllene oxide (8.41%)
Spathulenol (6.71%)

Caryophyllene oxide (18.73%)
Caryophyllene oxide (11.31%)

Spathulenol (8.51%)
Salvial-4(14)-en-1-one (8.44%)

Hexadecanoic acid (8.13%)
Tetradecanol (7.88%)

(168) Germacrene D (29.5%)
β-Eudesma-4(15),7-dien-1-ol (9.1%)

α-Cadinol (6.2%)
Caryophyllene oxide (6.1%)

Varéna district, Lithuania
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Germacrene D (14.8%)
β-Eudesma-4(15),7-dien-1-ol (11.7%)

funebrol (6.7%)

Svencioniai district, Lithuania

Germacrene D (23.2%)
Funebrol (6.1%)

Caryophyllene oxide (6.0%)
α-Cadinol (5.8%)

Ukmerge district, Lithuania

Germacrene D (12.7%)
Caryophyllene oxide (11.9%)

β-Caryophyllene (9.6%)

Zarasai district, Lithuania

Germacrene D (15.7%)
β-Caryophyllene (8.8%)

Caryophyllene oxide (7.0%)

Marijampole district, Lithuania

Germacrene D (14.0%)
β-Caryophyllene (7.8%)

β-Eudesma-4(15),7-dien-1-ol (6.5%)

Vilnius district, Lithuania

Germacrene D (12.0%)
β-Caryophyllene (10.5%)

Marijampole district, Lithuania

Germacrene D (16.1%)
Caryophyllene oxide (13.1%)

(Z)-β-Farnesene (8.2%)

Vilnius city, Lithuania

Germacrene D (12.7%)
(Z)-β-Farnesene (9.0%)
β-Caryophyllene (8.2%)

Dodecanol (6.1%)

Vilnius city, Lithuania

Germacrene D (13.6%)
Tetradecanal (9.4%)
Tetradecanol (9.4%)

Caryophyllene oxide (7.2%)
β-Caryophyllene (6.8%)

Moletai city, Lithuania

(169) Caryophyllene oxide (35.8%)
β-Caryophyllene (11.1%)

Spathulenol (8.0%)
Dimethylheptane (6.6%)

Varéna district, Lithuania

Caryophyllene oxide (17.5%)
Germacrene D (9.8%)
Spathulenol (7.5%)
α-Cadinol (5.3%)

β-Caryophyllene (5.2%)

Varéna district, Lithuania

Caryophyllene oxide (14.2%)
β-Caryophyllene (11.4%)
Germacrene D (10.1%)

β-Farnezene (8.0%)
Spathulenol (7.1%)

Alytus district, Lithuania

Caryophyllene oxide (13.4%)
β-Caryophyllene (12.0%)

Germacrene D (7.8%)
α-Pinene (6.9%)

Vilnius district, Lithuania

β-caryophyllene (18.3%)
Caryophyllene oxide (15.7%)

Germacrene D (10.1%)
Spathulenol (7.1%)

Elektrénai district, Lithuania

β-Caryophyllene (19.1%)
Caryophyllene oxide (12.5%)

Spathulenol (8.5%)
Germacrene D (6.8%)

Vilnius city, Lithuania

β-Caryophyllene (13.2%)
Caryophyllene oxide (11.8%)

Germacrene D (5.9%)
Spathulenol (5.6%)

Vilnius city, Lithuania

β-Caryophyllene (10.5%)
Caryophyllene oxide (7.0%)

Rokiškis district, Lithuania
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Spathulenol (6.9%)
δ-Cadinene (6.7%)
β-Farnezene (6.1%)

Germacrene D (16.1%)
Caryophyllene oxide (13.1%)

β-Farnezene (8.2%)
Spathulenol (5.6%)

Vilnius city, Lithuania

Germacrene D (31.5%)
α-Muurolene-14-hydroxy (9.1%)

α-Cadinol (6.2%)
Caryophyllene oxide (6.1%)

Lazdijai district, Lithuania

(170) Germacrene D (22.8%)
2-Methyloctane (10.8%)

α-Pinene (10.1%)
β-Caryophyllene (6.6%)

Vermion mountains, Greece
(Wild samples)

Germacrene D (18.9%)
2-Methyloctane (17.8%)
β-Caryophyllene (10.3%)

T-Muurolol (5.6%)

Vermion mountains, Greece
(Cultivated samples)

The plant with the lowest essential oil yield in the
growth  phase  reaches  the  highest  yield  when  it
starts  to  bud.  Its  main  components  remain  the
same, but the total number of components changes.
Since it starts to grow, the proportion of aliphatic
compounds  has  decreased.  On  the  other  hand,
sesquiterpenoids  reach  the  highest  level  during

budding and sesquiterpenes at flowering stage. The
monoterpene rate has also increased gradually and
approached  10%  (155). Essential  oil  contents  of
flowers,  leaves, and stems were investigated.  The
prominent class in leaves (74%) is sesquiterpenes,
while  about  half  of  the  oil  in  flowers  (44%)  and
stem (50%) is non-terpenes (156).

Major compounds in the essential oils obtained in different research are given in Figure 3.

Figure 3: Major ingredients of different H. perforatum essential oils.

Essential oils of five different H. perforatum samples
from France were examined. The major constituents
were  β-caryophyllene,  caryophyllene  oxide,  ar-
curcumene, germacrene D, and spathulenol (157).
A  study  comparing  the  essential  oil  contents  of

herbs  collected  from  Greece  and  Serbia  gave
interesting  results.  β-caryophyllene,  which
represented 22% in  Serbian oil,  was found to  be
less  than  1%  in  Greek  oil,  whereas  there  were
higher  rates  of  α  and  β-pinene.  While  a  very
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important  part  of  Greek  oil  consisted  of
monoterpenes,  sesquiterpenes  and  aliphatic
hydrocarbons  were  prominent  in  other  oils  (158).
Hışıl  et  al.  (2005)  reported  that  2,6-
dimethylheptane, α-pinene, β-caryophyllene, and 2-
methyl-3-buten-2-ol were found as the main volatile
components (159). The major essential compounds
were:  β-selinene  (19.4%),  bicyclogermacrene
(15.3%), 2-tetradecene (8.2%), and α-amorphene
(8.1%),  in  the  air-dried  aerial  parts  from Turkey
(154). A review has been prepared on the essential
oil of the plant and its ingredients (171).

Hatami et al. (2012) studied the SC-CO2 extraction
of  H.  perforatum and  determined  the  required
assumptions  for  modelling.  It  was  assumed  that
temperature  and  pressure  are  homogeneously
distributed in the reactor, all  of the solid particles
were  of  equal-sized  and  round-shaped,  the
concentration  did  not  change  radially,  the  local
equilibrium was  established  at  the  fluid  and  solid
interfaces  and  this  equilibrium  was  linear,  the
amount of  solid and therefore the reactor  volume
did  not  change  during  the  process,  the  physical
properties of the solvent remained constant and it
flowed through the reactor in the plug flow model
(172).

The difference created using CO2 in the extraction of
the  herb  collected  from Albania  was  investigated.
Soxhlet extraction with hexane and hydrodestilation
were performed for comparison. A yield very close
to hexane (2.73% vs 2.5%) was obtained at half
the temperature (40°C) and half  the time (1.5 h)
with  CO2 (173). The  efficiency  was  lower  in  the
operation with liquid CO2, but the rate of essential
oil was higher (6.4%) than with supercritical CO2. It
was  observed  that  the  increase  in  pressure
enhanced  the  efficiency  but  did  not  change  the
essential  oil  yield  after  a  certain  point.  The main
components in the liquid phase were n-triacontane
(16.33%),  n-heneicosane (14.41%),  n-tetracosane
(13.83%),  n-nonacosane  (13.26%)  and  in  the
supercritical  phase  were  n-tetratriacontane
(25.95%),  1,2-benzenedicarboxylic  acid  (13.44%),
phytol (7.13%) (160). While either the temperature
or pressure was lower, the other had to increase.
On the other hand, since the solubility of CO2 was
directly dependent on its density, 313 K and 20 MPa
were  determined  as  the  optimum  extraction
conditions (172).

Solvent-free microwave extraction (SFME) is one of
the  most  interesting extraction methods in  recent
times.  Moisture  content,  microwave  power,  and
microwave  time  were  investigated  (72). All  these
three parameters increase the extraction efficiency.
The  parameters  other  than  the  duration  were
effective on the extracted content. Experimentally,
the highest efficiency was found to be 0.365 g/100
g (d.m.) under conditions of high radiation power
(468 W), high radiation duration (33 min) and low
moisture  content  (43%).  Efficiency was calculated

as  0.405  g/100  g  (d.m.)  with  response  surface
method.  Although  SFME  made  the  extraction
effective, the antioxidant content of the product was
lower than ascorbic acid. The prominent ingredients
in the product are phenolic components. A product
with  higher  sesquiterpene  content  was  obtained
with  hydrodistillation,  and  a  product  with  higher
terpenoid  content  was  obtained  with  SFME.  The
reason for  their  increased ratio  is  that  terpenoids
absorb radiation better because they are more polar
(174).

CONCLUSION

In this study, a comprehensive and actual review of
the  studies  on  Hypericum  perforatum is  given.
When looking at the studies, different aspects can
be  seen,  such  as  botanic,  medicine,  organic
chemistry, chemical engineering, etc. In summary,
H. perforatum has a wide range of uses thanks to
certain active ingredients in its composition. It is not
the  species  that  contains  the  most  hypericin  and
hyperforin substances, but it is the most commonly
used species of  Hypericum because it can grow in
many places, has been studied for a long time, and
contains a wider range of components. It is used not
only  as  over-the-corner  medicine  but  also  in
prescription  treatment  processes.  It  can  also  be
used as a food additive due to its antimicrobial and
antioxidant  effects.  Although  maceration  is  a
common method of use when it is fresh, there are
no studies on the drying process. Its extraction can
be  carried  out  with  traditional  methods  (soxhlet
extraction,  stirred  extraction)  as  well  as  modern
methods  (accelerated  solvent  extraction,
supercritical  fluid  extraction).  Its  essential  oil
generally  includes  derivatives  of  caryophyllene,
pinene,  germacrene,  selinene,  and  cadinene
compounds,  although  its  composition  varies
regionally.
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Abstract: Chromatographic separation of the methanolic extract of Prunus africana stem bark led to the
isolation of five compounds (β- sitosterol (1), benzoic acid (2), two oleanolic derivatives (3 and 4), and p-
hydroxybenzoic acid (5). The structures of compounds were elucidated based on 1D and 2D NMR spectral
data  and  compared  with  reported  literature  values.  This  is  the  first  report  of  benzoic  acid  and  its
derivatives from the genus  Prunus.  The crude extract and isolated compounds were evaluated for their
antibacterial  activity against five bacterial strains (E. coli, S. aureus, S. flexineri, S.typhimurium, and P.
aeruginosa)  using disc diffusion assay and showed good antibacterial activity against the tested strains.
The crude extract showed potent activity (21.03 + 0.05 mm) against P. aeruginosa, which is even greater
than the reference drug gentamycin (14.06  +  0.09 mm). The antibacterial activity of  P.africana extract
and isolated compounds supports its traditional use, suggesting that it could be considered as a source of
bioactive compounds in antimicrobial drug development.
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INTRODUCTION

Prunus africana, belonging to the  Rosaceae family,
is  the  only  species  of  the  genus  Prunus,  which
comprises more than 400 species found in Africa. It
is widely used in traditional medicine in southern,
eastern,  and central  African countries (1) to treat
prostatic cancer  and  related  conditions  across
various  communities  for  many  years  (2-4).  The
stem bark is used by herbalists in the treatment of
various  ailments  including  prostate  problems,
stomach  aches,  urinary  and  bladder  infections,
chest pain, malaria, microbial infections, and  renal
disease  (5-9).  In  Ethiopia,  the  traditional  healers
use infusions of leaves, decoctions of stem and root
barks  of  P.  africana to  treat  urinary  disorders,
diarrhea,  stomach  ache,  wounds,  and  bacterial

diseases (10). The pharmacological  efficacy of the
plant  is  believed  to  be  due  to  its  various
phytochemical  constituents  (11).  However,  the
phytochemical and bioactivity information pertaining
to the stem bark of this plant are limited. Therefore,
and as part of the ongoing search for new bioactive
compounds  from  Ethiopian  medicinal  plants,  the
study was aimed at investigating the phytochemical
constitution of the stem bark extract of  P. africana
and evaluating its antibacterial activity. 

MATERIALS AND METHODS

General Method
Solvents  and  reagents  used  for  extraction  and
purification of compounds are of analytical and HPLC
grade.  Analytical  TLC  pre-coated  sheets
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ALUGRAM®Xtra SIL G/UV254 (layer: 0.20 mm silica
gel 60 with fluorescent indicator UVF254/365) was used
for  purity  analysis.  For  column  chromatography,
silica gel 100-200 mesh was used. Chromatograms
were visualized on TLC by spraying with 10% H2SO4

and heating on hot plate. NMR spectra data were
recorded  on  an  Avance  600  MHz  spectrometer
(Bruker,  Billerica,  MA,  USA,  at  600 MHz (1H) and
150 MHz (13C).  Chemical  shifts  were expressed in
parts per million (ppm) downfield of trimethylsilane
(TMS) as internal reference for  1H resonances, and
referenced  to  the  central  peak  of  the  appropriate
deuterated solvent's resonances (residual CDCl3 and
DMSO  at  δH 7.26  for  protons  and  δC 77.0  for
carbons).  Whatman filter paper No.3,  DMSO, Petri
dishes, and gentamycin were used in antibacterial
analysis.

Plant Material
The stem barks of  P. africana  were collected from
Horro  Buluk,  Horro  Guduru  Wollega zone,  Oromia
regional  state, Ethiopia  in  September,  2019.  The
plant material was identified by an expert in botany
(Dr. Fekadu Gurmessa) and the voucher specimen
(DAD003Pa)  has  been  deposited  in  the  Wollega
University Herbarium, then washed thoroughly with
tap water,  cut  into small  pieces,  and dried under
shade.

Extraction and Isolation
The powdered stem barks of P. africana (1 kg) were
extracted  with  methanol  (3x3  L)  at  room
temperature for 48 h with occasional shaking. The
crude  extract  was  filtered  from  marc  using
Whatman filter paper. The solvent was  evaporated
under reduced pressure using rotary evaporator at
40  °C. A dark brown residue was obtained (40 g,
4%).  Thirty-eight  grams  of  the  sample  were
subjected to liquid-liquid partition successively with
n-hexane, dichloromethane, and ethyl acetate. The
resulting  phases  were  concentrated  and  afforded,
respectively, 5 g, 8 g, and 12 g of residues. The TLC
analysis  of  dichloromethane  and  ethyl  acetate
extracts showed six similar spots with the same R f

value of  0.72,  0.60,  0.59,  0.45,  0.33,  0.30 in  n-
hexane/ethyl acetate (7:3) solvent system. The two
extracts  were  then  combined  together  and
subjected to column chromatography on silica  gel
for  isolation  of  the  compounds.  About  18  g  of
extract  were  adsorbed  on  26  g  of  silica  gel and
subjected to column chromatography,  packed with
silica  gel  (320 g).  The mobile  phase consisted  of
hexane with an increasing gradient of ethyl acetate,
starting with 10:0 hexane:ethyl acetate, then 9:1,
to 8:2 until 4:6, 200 mL each. The elution rate was
10 drops per minute to afford 50 major fractions.
The resulting fractions of similar TLC profiles were
combined together. Fractions 5–10 (2% EtOAc in n-
hexane) were combined afforded 15 mg and purified
by Sephadex LH-20 (eluting with CH2Cl2/MeOH; 1:1)
to give β-sitosterol (1, 12 mg) while fractions 15-20
(3% EtOAc in hexane) showed similar TLC profiles

and  were combined to give 30 mg and purified by
Sephadex LH-20 (eluting with CH2Cl2/MeOH; 1:1) to
give benzoic acid (2, 20 mg). Fractions 26-30 (5%
EtOAc  in  hexane) showed similar  spots  combined
together (afforded 35 mg) and purified by Sephadex
LH-20  (eluting  with  CH2Cl2/MeOH;  1:1)  to  give  a
mixture of  two oleanolic derivatives,  3 and  4  (30
mg). Fractions 35-40 (10% EtOAc in hexane) were
similarly showed  similar  TLC  profiles  combined
together (afforded 20 mg) and further purified by
Sephadex LH-20 (eluting with CH2Cl2/MeOH; 1:1) to
give p-hydroxy-benzoic acid (5, 15 mg).

Pathogenic Bacterial Strains 
Five  pathogenic  bacterial  strains  were  purchased
from  the  Department  of  Biology  of  Wollega
University  and  used  for  the  evaluation  of
antibacterial  activities.  One  gram-positive,
Staphylococcus  aureus  (ATCC25923), and  four
gram-negative:  Escherichia  coli  (ATCC25922);
Pseudomonas aeruginosa (ATCC27853); Salmonella
typhimurium  (ATCC13311);  Shigella  flexneri
(ATCC29903). 

Antibacterial Activity Assay
The antibacterial activities of methanol extract and
isolated  compounds  were  tested  against  five
bacterial strains using the disc diffusion method  as
described  by  Wayne  (2012)  with  a  slight
modification (12). The test solutions were prepared
with known weight of crude extract (1.5 mg) and
isolated  compounds  were  dissolved  in  1  mL  of
DMSO.  A 0.6 mm diameter,  sterile  Whatman test
disk  was placed  on  the  surface  of  the  inoculated
Mueller  Hinton  Agar  in  a  90  mm  petri  dish  and
soaked with 0.0015 g/mL of the crude extract and
the  isolated  compounds.  The  antibacterial  activity
was determined by measuring the zone of growth
inhibition  surrounding  the  disks.  Gentamycin  (10
µg) and DMSO were used as positive and negative
controls,  respectively.  The  tested  samples  were
allowed to  diffuse  for  30  minutes,  and the plates
were then kept in an incubator at 37 °C for 48 h
(13). The experiments were carried out in triplicate
and the mean of  inhibition zones’  diameters  were
calculated. 

RESULTS AND DISCUSSION

The stem barks of  P. africana were extracted with
methanol then sequentially partitioned in n-hexane,
dichloromethane  and  ethyl  acetate.  The
dichloromethane  and  ethyl  acetate  extracts  were
combined and subjected to column chromatography
for further purification and afforded five compounds
1-5 (Figure 1).

Compound 1 was  isolated  as  white  crystalline
substance with a melting point of 134-135  °C.  1H
NMR spectrum (Table 1) showed an olefinic proton
at δH 3.54 (1H, tdd, 11.2, 6.5, 4.6 Hz) corresponds
H-6  and oxymethine  proton  at  δH 3.54  (1H,  tdd,
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11.2, 6.5, 4.6 Hz) for H-3. It also showed proton
signals at δH 0.69 (3H, s), 1.02 (3H, s), 0.94 (3H,d,
6.5 Hz), 0.84 (3H, d, 6.8 Hz), 0.81 (3H, d, 6.8 Hz),
0.85 (3H, t, 7.2 Hz) for six methyl groups and were
assigned to H-18, H-19, H-21, H-26, H-27 and H-
29, respectively.

The 13C NMR (Table 1) spectrum showed signals for
29  carbon  atoms  including  signals  for  six  methyl
carbons (δC 19.8, 19.4, 19.1, 18.8, 11.9 and 11.8),

eleven  methylene  carbons  (δC  42.2,  39.8,  37.3,
33.9, 31.9, 31.6, 28.3, 26.1, 24.3, 23.1 and 21.1),
nine methine carbons (δC  121.7, 71.8, 56.8, 56.1,
50.1,  45.8,  36.2,  31.9  and  29.2)  and  three
quaternary carbon atoms (δC 140.7, 42.3 and 36.5).
This  was  in  agreement  with  existing  literature
spectra of typical β-sitosterol (14). Therefore, based
on  these  spectral  data  and  comparison  with
literature values, the compound was identified as β-
sitosterol.

Figure 1: Structures of the isolated compounds from of P. Africana stem barks.

Compounds  2 and  5 were  isolated  as  white
crystalline  solids.  Their  structures  were  readily
indentified  as  benzoic  acid  and  p-hydroxy-benzoic
acid, respectively, on the basis of their  1H and 13C-
NMR spectra data (Table 2). Five mutually coupled
aromatic  protons  including  the  ortho  and  meta
identical protons in the 1H NMR spectrum along with
seven carbon signals corresponding to five aromatic
methines and two quaternary carbon atoms (one for
carboxylic acid) in the  13C NMR were observed for
compound 2 in agreement with (15). However, the
presence  of  only  four  aromatic  protons  in  the  1H
NMR spectrum and four methine carbons and three
quaternary carbon atoms including one oxygenated
aromatic  carbon  in  the  13C-NMR  for  compound  5
reveled the structure of compound 5 as p-hydroxy-
benzoic acid. It is worth mentioning that this is the
first report of benzoic acid and its derivative from
the genus Prunus. The co-occurrence of benzoic acid
in this plant is then possible that the coupling could
have occurred  between oleanoic  acid  and  benzoic
acid  to  form  compounds  3 and  4 through
esterification.

Compounds 3 and  4 were co-isolated as a mixture
(deduced  from  the  difference  in  carbon  signal
intensities, proton intigration, carbon NMR spectral
patterns, and 2D correlations) and  obtained  as  a
white  amorphous  solid.  Their  1H  and  13C  NMR
spectral data (Table 3) were virtually identical, with
a few differences in the number of methine carbons
and  metheylene  carbons.  Based  on  the  carbon
signal intensities and exhustive analyses of  2D NMR
correlations (1H-1H)-COSY, (1H-13C)-HMBC, (1H-13C)-
HSQC  and  NOES,  the  two  compounds  were
characterized as follows: 

The  1H  NMR  spectrum  (Table  3)  of  compound  3
consists  of  signals  at  δH  0.91,  0.96,  0.95,  0.98,
0.94,  1.04  and 1.15 integrated  for  three  protons
each  indicating  the  presence  of  seven  methyl
groups. It also showed an olefinic proton signal at
δH 5.30 (1H, t, 3.7 Hz) and two oxy-methine protons
at  δH  4.02(1H,  m,)  and  3.45  (1H,  m)  and  were
assigned to H-12, H-2 and H-3, respectively. These
arguments  were  corroborated  by  the  presence  of
two  olefinic  (δC 122.6  and  143.7)  and  two
oxygenated  methine  carbons  (δC  66.6  and  78.9)
carbon signals in the  13C-NMR spectrum  (Table 3).
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The 13C NMR and DEPT spectra exhibited 30 carbon
resonances in the aliphatic and olefinic regions with
the resonance at δC  183.8  attributed to carboxylic
acid carbon. These NMR data and further analyses
of  HSQC,  COSY  and  HMBC  were  in  a  good
agreement  with  anoleanic-12-ene  type  pentacyclic
triterpenoid derivative (16, 17).

The 1H NMR spectrum showed proton signals in the
aromatic region at 8.11 (2H, d, 7.5 Hz, H-2’ and H-
6’), 7.62 (1H, t, 7.6 Hz, H-4’) 7.49 (2H, t, 7.8 Hz,
H-3’  and H-5’)  which corresponded to protons for
mono-substituted benzene moiety. The 13C-NMR and
DEPT spectra also displayed the presence of seven
carbon  signals,  accountable  to  five  aromatic
methine  carbons  (δC  130.2,  128.5,  133.8,  128.5,
130.2),  aromatic  quaternary  (δC 132.5)  and
carboxylic (δC  171.2) carbon atoms, supporting the
presence of  benzoic  ester  moiety.  The position of
the  benzoic ester group was established at C-3 (δC

78.9)  of  the  oleanolic acid  on the basis  of  HMBC
correlation,  indicating  long-range  cross  coupling
between H-3 (δH 3.45) and the carbonyl carbon (δC

171.2)  of the benzoic ester group.  Thus, based on
the  above  spectroscopic  evidence  and  compared
with  literature  reports  (16,  17), compound  3 was
identified as oleanoic acid-3-benzoate.

The  1H  and  13C  NMR  spectral  data  (Table  3)  of
compound 4 were also similar to those of compound
3 with the presence of seven methyl groups (at δH

0.94 (3H, H-26), 0.87 (3H, H-24), 1.20 (3H, H-29),
0.76 (3H, H-25), 0.92 (3H, H-30), 1.08 (3H, H-23),
1.10 (3H, H-27)), the carboxylic acid (δC 183.5) and
olefinic  (δH  5.27, H-12) groups of the oleanoic acid
moiety. The presence of benzoic ester moiety was
also evident that signals at δH 7.72 (2H, dd, 5.7, 3.3
Hz, H-3’ and H-5’), 7.62 (1H, t, 7.6 Hz, H-4’), 7.55
(2H, dd, 5.3, 3.3 Hz, H-2’ and H-6’) correspond to
aromatic protons and signal at δC 167.8 for carbonyl
carbon of the benzoic ester group as in compound
3.  The only notable difference is the chemical shift
value for the methylene, 22-CH2 (δH 1.85; δC 32.8),
as would be in compound 3, has been replaced by a
set of signal corresponding to oxy-methine (δH 4.23;
δC 68.2). In this case, the position of the benzoic
ester group was established at C-22 following the
long-rage  HMBC  coupling  of  H-22  (δH  4.23)  with

ester carbonyl carbon, C-7' (δC 167.8) (Figure 2).
Therefore,  based  on  the  above  spectroscopic
evidence,  compound  4 was  identified  as  oleanoic
acid-22-benzoate. 

 Figure 2: COSY and HMBC correlations of
compound 3 and 4.

The disk diffusion assay was employed to determine
the antibacterial activities of the extract and isolated
compounds  against  five  bacterial  species:
Staphylococcus  aureus  (ATCC25923),  Escherichia
coli  (ATCC25922),  Pseudomonas  aeruginosa
(ATCC27853),  Salmonella  typhimurium
(ATCC13311)  and  Shigella  flexneri  (ATCC29903).
The  antibacterial  activity  test  (Table  4)  showed
varying  degrees  of  inhibition  of  bacterial  growth.
The crude extract showed considerable activity on
both  Gram-positive  and  Gram-negative  bacterial
strains  with  inhibition zones ranging  from 9.67  ±
0.47  to  21.03  ± 0.05  mm.  The  highest  activity
(21.03  ± 0.05  mm)  was  observed  against  P.
aeruginosa, which is even  greater than that of the
reference  drug  (gentamycin,  14.06  ± 0.09  mm)
against the same strain (18). Whereas the isolated
compounds showed moderate  activities  against  all
test  strains.  This  variation  in  bacterial  growth
inhibition,  by  the  extract  and  the  isolated
compounds,  could  be  related  to  the  synergistic
effect  of  various  compounds   or  to  minor
compounds present in the crude extract that were
no isolated. In general, the remarkable activities of
P. africana crude extract support its traditional use
and suggest  that  it  could  be  used  as  a  potential
candidate in the development of novel antibacterial
agents.
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Table 1: 1H NMR (600 MHz) and 13C NMR spectral data for compound 1 (in CDCl3)

No. δC

Compound 1
δH(m, J in Hz) δC

β-sitosterol (14)
δH(m, J in Hz) Appearance

1 37.3 37.3 CH2

2 31.9 31.7 CH2

3 71.8 3.54(1H, tdd, 11.2, 6.5,4.6 Hz) 71.8 3.53(1H, tdd, 4.5, 4.2, 3.8 Hz) CH
4 42.2 42.3 CH2

5 140.7 140.7 C
6 121.7 5.35(1H dd,5.0 ,2.3  Hz) 121.7 5.36 (1H, t,  6.4 Hz) CH
7 31.6 31.7 CH2

8 31.9 31.9 CH
9 50.1 50.2 CH
10 36.5 36.5 C
11 21.1 21.1 CH2

12 39.8 39.8 CH2

13 42.3 42.3 C
14 56.1 56.8 CH
15 24.3 24.6 CH2

16 28.3 28.3 CH2

17 56.8 56.1 CH
18 11.9 0.69(3H, s) 11.9 0.63(3H, s) CH3

19 19.4 1.02(3H, s) 19.4 1.01(3H, s) CH3

20 36.2 32.5 CH
21 18.8 0.94(3H,d, 6.5 Hz) 18.8 0.93 (3H, d, 6.5 Hz) CH3

22 33.9 33.9 CH2

23  26.1 26.1 CH2

24 45.8 45.9 CH
25 29.2 28.9 CH
26 19.8 0.84(3H, d, 6.8 Hz) 19.8 0.83 (3H, d, 6.4 Hz) CH3

27 19.1 0.81(3H, d, 6.8, Hz) 18.8 0.81 (3H, d, 6.4 Hz) CH3

28 23.1 23.1 CH2

29 11.8 0.85(3H, t, 7.2 Hz Hz) 11.9 0.84 (3H, t, 7.2 Hz) CH3

Table 2: 1H and 13C NMR (600 MHz) spectral data for compound 2 (in CDCl3) and 5 (DMSO).
Compound 2 Compound 5

No. δC δH(m, J in Hz) Appearance δC δH(m, J in Hz) Appearance

1 129.2 - C 121.8 - C
2 &  6 130.1 8.16(2H,d,7.2 Hz) CH 131.9 7.79(2H,d, 8.7Hz) CH
3 & 5 128.3 7.49(2H,t,7.8Hz) CH 115.6 6.82(2H,d,8.7Hz) CH
4 133.7 7.64(1H,t,7.4Hz) CH 162.1 - C
7 172.6 12.50(1H,br.s) 167.6 12.43(1H,br.s)



Table 3: 1H and 13C NMR (600 MHz) spectral data for compound 3 and 4 (in CDCl3)

No. δC

Compound  3
δH(m, J in Hz) Appearance δC

Compound  4
δH(m, J in Hz) Appearance

1 41.7 CH2 40.9 CH2

2 66.6 4.02(1H,ddd,4.8, 9.6,11.4Hz) CH 66.6 4.02(1H,ddd,4.8, 9.6,11.4Hz) CH
3 78.9 3.45(1H,d,2.5Hz) CH 78.8 3.45(1H,d,2.5 Hz) CH
4 39.0 C 38.8 C
5 52.4 2.22(1H,dd,13.3,1.8Hz) CH 48.1 1.23(1H,dd,13.3,1.8 Hz) CH
6 18.0 CH2 17.9 CH2

7 32.4 CH2 32.7 CH2

8 39.5 C 39.7 C
9 47.3 1.62 (1H, d,  7.6 Hz) CH 47.3 1.62 (1H, d,  7.6 Hz) CH
10 38.4 C 38.3 C
11 23.4 CH2 23.3 CH2

12 122.6 5.30(1H,t,3.7Hz) CH 125.6 5.27(1H,t,3.7 Hz) CH
13 143.7 C 138.0 C
14 41.9 C 42.0 C
15 29.7 CH2 27.9 CH2

16 22.9 CH2 23.8 CH2

17 47.9 C 48.1 C
18 41.6 2.85 (1H, dd, 13.7,4.7 Hz) CH 40.9 2.84 (1H, dd,13.7, 4.7 Hz) CH
19 45.9 CH2 46.5 CH2

20 30.6 C 30.7 C
21 33.8 CH2 38.7 CH2

22 32.8 CH2 68.2 4.23(1H,dd,11.4,5.9 Hz) CH
23 28.9 1.04(3H,s) CH3 28.5 1.08(3H,s) CH3

24 21.2 0.96(3H,s) CH3 17.0 0.87(3H,s) CH3

25 16.3 0.98(3H, s) CH3 16.5 0.76(3H, s) CH3

26 10.9 0.91(3H, s) CH3 14.1 0.94(3H, s) CH3

27 26.1 1.15(3H,s) CH3 24.1 1.10(3H,s) CH3

28 183.8 C=O 183.5 C=O
29 33.1 0.95(3H, s) CH3 32.4 1.20(3H, s) CH3

30 23.6 0.94(3H, s) CH3 23.7 0.92(3H, s) CH3

1’ 132.5 C 132.5 C
2’ 130.2 8.11(1H, d, 7.5Hz) CH 130.9 7.55(1H,dd, 5.7,3.3Hz) CH
3’ 128.5 7.49(1H,t, 7.8Hz) CH 128.8 7.73(1H, dd,5.7,3.3Hz) CH
4’ 133.8 7.62(1H,t, 7.6Hz) CH 133.7 7.62(1H,t, 7.6Hz) CH
5’ 128.5 7.49(1H,t, 7.8Hz) CH 128.8 7.75(1H, dd,5.7,3.4Hz) CH
6’ 130.2 8.11(1H, d, 7.5Hz) CH 130,9 7.53(1H,dd, 5.7,3.3Hz) CH
7’ 171.2 C=O 167.8 C=O
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Table 4: Antibacterial activities of crude extract and isolated compounds from P.africana.
Sample Bacteria inhibition zone (mm)

E.coli S. aureus S. flexineri S.typhimurium P. aeruginosa
Extract 9.67+0.47 11.10+0.08 14.23+0.21 10.03+0.05 21.03+0.05
1 7.13+0.12 8.25+0.20 7.08+0.06 8.13+0.10 7.66+0.24
2 7.50+0.08 8.08+0.12 13.00+0.08 12.58+0.31 10.08+0.12
Mixture (3&4) 8.07+0.05 7.66+0.24 8.04+0.06 13.41+0.12 7.05+0.07
5 9.02+0.02 8.48+0.02 11.07+0.05 14.41+0.12 9.33+0.47
Gentamycin 22.13+0.05 19.05+0.04 20.03+0.05 20.10+0.03 14.06+0.09
DMSO      -      -   -     -     -

CONCLUSIONS

Phytochemical investigation of methanol extract of
stem barks of  P.africana led to the isolation of five
compounds; β-sitosterol (1), benzoic acid (2), two
oleanolic  derivatives  (3 and  4)  and  p-hydroxy-
benzoic acid (5). Compound  2 and  5 are reported
for the first  time in the genus  Prunus.  The crude
extract  showed  strong  activity  against  P.
aeruginosa,  whereas  the  isolated  compounds
showed moderate activity against the tested strains.
The antibacterial  activity  displayed by  the  extract
support  the  traditional  use  of  this  plant  against
various  ailments  caused  by  bacteria.  Further
comprehensive evaluations, including in vivo activity
and  cytotoxicity tests  could be done for conclusive
decision on the potential candidacy of P. africana for
formulation and medicinal uses.
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Supplementary Material

Chemical Constituents of the Stem Bark of Prunus africana and
Evaluation of their Antibacterial Activity

Desalegn Abebe Deresa 1,* , Zelalem Abdissa1 , Getahun Tadesse Gurmessa1 , 

and Negera Abdissa2,* 

1Department of Chemistry, College of Natural and Computational Sciences, Wollega University, Nekemte,
Ethiopia
2Department of Chemistry, College of Natural Sciences, Jimma University, Jimma, Ethiopia

Figure S1: The 1H NMR spectrum of PH-1(1) observed at 500 MHz in CDCl3 at 25 °C. Assignments are
given in Table 1.

Figure S2: The 13C NMR spectrum of PH-1(1) observed at 125 MHz in CDCl3 at 25 °C. Assignments are
given in Table 1.
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Figure S3: The HSQC spectrum of PH-1(1) observed at 500 MHz for CDCl3 solution at 25 °C.

Figure S4: The HMBC spectrum of PH-1(1) observed at 500 MHz for CDCl3 solution at 25 °C.
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Figure S5: The 1H NMR spectrum of PD-2(2) observed at 500 MHz in CDCl3 at 25 °C. Assignments are
given in Table 2.

Figure S6: The 13C NMR spectrum of PD-2(2) observed at 125 MHz in CDCl3 at 25 °C. Assignments are
given in Table 1.
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Figure S7: The COSY spectrum of PD-2(2) observed at 500 MHz for CDCl3 solution at 25 °C.

Figure S8: The HSQC spectrum of PD-2(2) observed at 500 MHz for CDCl3 solution at 25 °C.
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Figure S9: The HMBC spectrum of PD-2(2) observed at 500 MHz for CDCl3 solution at 25 °C.

Figure S10: The 1H NMR spectrum of PD-4(3 and 4) observed at 500 MHz in CDCl3 at 25 °C. Assignments
are given in Table 3.
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Figure S11: The 13C NMR spectrum of PD-4(3 and 4) observed at 125 MHz in CDCl3 at 25 °C. Assignments
are given in Table 3.

Figure S12: The COSY spectrum of PD-4(3 and 4) observed at 500 MHz for CDCl3 solution at 25 °C.
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Figure S13: The HSQC spectrum of PD-4(3 and 4) observed at 500 MHz for CDCl3 solution at 25 °C.

Figure S14: The HMBC spectrum of PD-4(3 and 4) observed at 500 MHz for CDCl3 solution at 25 °C.
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Figure S15: The 1H NMR spectrum of PE-2(5) observed at 500 MHz in DMSO at 25 °C. Assignments are
given in Table 2.

Figure S16: The 13C NMR spectrum of PE-2(5) observed at 125 MHz in DMSO at 25 °C. Assignments are
given in Table 2. 
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Figure S17: The COSY spectrum of PE-2(5) observed at 500MHz for DMSO solution at 25 °C

Figure S18: The HSQC spectrum of PE-2(5) observed at 500 MHz for DMSO solution at 25 °C.
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Figure S19: The HMBC spectrum of PE-2(5) observed at 500 MHz for DMSO solution at 25 °C

Figure S20: Antibacterial analysis of Crude Extracts, isolated compounds and gentamycin at 10 μg/mL
concentration. Key 1: -: PH-1(1) PD-2(2), PD-4(3 and 4), PE-2(5)
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Figure S21: Antibacterial analysis of Crude Extracts, isolated compounds and gentamycin at 10 μg/mL
concentration. Key 2: -: GEN-Gentamycin, DMSO-Dimethylsulfoxide, ME-Methanol extract.
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Algerian Bunium incrassatum Seeds: Effects of Extraction Solvent
Polarity on Phenolic Profile and Antioxidant Activity 
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Abstract:  Bunium  incrassatum,  commonly  called  ‘Talghouda’,  is  one  of  the  most  important  plant
species in the traditional Algerian pharmacopoeia, used for medicinal and culinary purposes. Despite its
benefits, it still remains a scientifically neglected species, particularly in terms of its phenolic profile. The
current study sought to evaluate the influence of the variation in solvents’ polarities on the phenolic
profile  of  B.incrassatum seeds  by  conventional  spectrophotometric  techniques  and  also  by  high-
performance liquid chromatography, as well as their effects on the antioxidant activity of extracts using
DPPH and β-carotene bleaching assays. Methanol extract showed the highest DPPH scavenging ability
and also  the  highest  inhibitory  potential  against  the  bleaching  of  β-carotene  (IC50=0.15±0.02  and
0.41±0.03 mg/mL, respectively). Thirteen phenolic compounds were identified, a flavanol (catechin),
two flavonols (kaempferol, quercetin), two flavanones (hesperetin, naringenin) and eight phenolic acids:
caffeic acid, chlorogenic acid, ellagic acid, ferulic acid, gallic acid, p-coumaric acid, sinapic acid, and
syringic acid. These results support the few previous studies showing that  Bunium incrassatum, as an
endemic species, is a valuable source of bioactive compounds that requires further investigations.

Keywords: Bunium incrassatum, seeds, phenolic compounds, antioxidant potential, RP-HPLC.
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INTRODUCTION

The  food  industry,  like  many  other  industries,
relies on synthetic additives, which are now one of
the most widespread means of food preservation
due  to  their  availability  and  price  (1).  Recently,
there  has  been  an  increasing  interest  in  plants’
natural  products  from  the  public  and  food
manufacturers, especially phenolic compounds, for
their  physiological  properties  affecting  human
health, including antioxidant activity (2).

Algerian  flora  appears  to  be  extremely  rich  in
medicinal  and  aromatic  plants,  providing  an
intriguing field for supplementary ethno-medicinal
and  phytochemical  research  (3).  Bunium
incrassatum (Boiss.)  Batt.  &  Trab.,  vernacularly
called  ‘Talghouda’,  is  an  endemic  species  of
northern Algeria belonging to the Apiaceae family
(4),  frequently  mentioned  in  the  Algerian
traditional pharmacopoeia. The tubers are used for
the  treatment  of  thyroid  problems,  either  taken
alone or in mixtures of two or more ingredients,
such as honey, olive oil, and goat milk (5). Sharif
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Al-Idrissi (1100-1175 AD) mentioned that Berbers
took 10 g of its powdered tubers in a mixture with
the  water  of  cooked  Tribulus  terrestris  on  an
empty stomach to disintegrate kidney stones and
also  as  anthelmintic  (6).  In  addition,  dried  and
powdered tubers are regarded as astringent, anti-
diarrheic,  anti-hemorrhoidal,  for  bronchitis,  and
cough treatment (7). In the collective memory of
Algerian society, it is considered as the symbol of
misery,  which recalls  the famine of  the years of
poverty,  especially during the Second World War
and  the  period  of  national  revolution  between
1954-1962, when it was consumed as bread after
being powdered and mixed with wheat flour (8).
Despite  the  importance  of  B.incrassatum in  folk
medicine and its historical position within Algerian
society, only a few studies have been conducted,
only  on  tubers,  to  investigate  its  biological
activities:  the  effect  of  tubers’  extracts  on
biochemical,  hematological,  ovarian,  and  uterine
parameters  (3,  9);  antimicrobial  activity  (7);
antioxidant activity (10, 11); chemical composition
of extracts (7, 11) and essential oil (10, 12). 
The current study attempted to evaluate, for the
first time to our knowledge, the effects of solvents’
polarities on the chemical composition, especially
the phenolic profile, of extracts derived from the
seeds  of  Bunium  incrassatum,  as  well  as  their
impacts on the antioxidant activity. 

EXPERIMENTAL SECTION

Plant material
The seeds of Bunium incrassatum were collected in
June 2016, in Djebala, Tlemcen, Algeria. Species
identification was carried out at the laboratory of
botany, Department of Biology, Faculty of Nature
and  Life  Sciences,  Earth  and  Universe  Sciences,
Abu Bakr Belkaid University of Tlemcen, Algeria.

Preparation of extracts
Twenty  grams  of  shade  air-dried  seeds,  freshly
ground,  were  sequentially  extracted  under reflux
for 1 h with increasing polarity solvents (Petroleum
ether,  Chloroform,  Ethyl  acetate,  Methanol,  and
Water).  The  extracts  were  then  concentrated  to
dryness. 

Total Phenolic Content 
The  amounts  of  total  phenolic  compounds  in
methanolic  extracts  were  determined  by  Folin-
Ciocalteu reagent assay (13). Gallic acid was used
as  standard  for  the  calibration  curve.  The  total
phenolic  content  (TPC)  was  expressed  as
milligrams of  gallic  acid  equivalents  per  gram of
extract (mg GAE/g E).

Total Flavonoid Content 
As  described  by  Zhishen  et  al.  (1999)(14),  the
total  flavonoid  contents  (TFC)  of  extracts  were

expressed  as  milligrams  of  catechin  equivalents
per gram of extract (mg CE/g E).

Condensed Tannin Content
Using  vanillin  assay  method  (15),  the
concentrations  of  tannins  were  expressed  as
milligrams of tannic acid equivalents per gram of
extract (mg CE/g E) from a calibration curve.

DPPH radical scavenging assay 
Fifty  microliters  of  various  concentrations  of
extracts were mixed with 1950 µL of a 0.025 g/L
methanolic DPPH solution. The mixture was shaken
vigorously  and  allowed  to  stand  at  room
temperature  in  the  dark  for  30  min.  The
absorbance  was measured  at  515  nm (16).  The
radical scavenging activity (RSA) was calculated as
a  percentage  of  DPPH  discoloration  using  the
following equation:

Where Ablank is the absorbance negative control and
Asample is the absorbance of the tested compound.
The  concentration  providing  50%  of  inhibition
(IC50)  was calculated from the graph  plotted  of
inhibition  percentages  against  extract
concentrations.  BHA  was  used  as  the  reference
compound.

β-carotene bleaching assay
The antioxidant activity of extracts was evaluated
using  β-carotene-linoleate  model  system,  as
described by Moure et al. (2000) (17). β-carotene
(0.2 mg) was dissolved in 1 mL of chloroform then
mixed with 20 µL of purified linoleic acid and 200
mg of Tween 40 emulsifier. Chloroform was then
evaporated  under  vacuum  evaporator  and  the
resulting mixture was immediately diluted in 100
mL of distilled water. 4 mL of this reaction mixture
were  mixed  with  0.2  mL  of  various  extracts
concentrations  or  positive  control  (BHA).  After
being  homogenized,  the  absorbance  at  470  nm
was immediately recorded at t=0 min,  against a
blank  consisting  of  the  emulsion  without  β-
carotene. The capped tubes were placed in a water
bath  at  50  °C  for  120  min.  A  negative  control
consisted  of  0.2  ml  distilled  water  or  solvent
instead  of  extract.  The  antioxidant  activity  (AA)
was calculated to the following equation: 

Where AA(120) is the absorbance of the antioxidant
at  120  min;  AC(120) is  the  absorbance  of  the
negative  control  at  120  min;  AC(0) is  the
absorbance of the negative control at 0 min.

Hydrolysis for HPLC
For  HPLC  analysis,  the  selected  extracts  were
hydrolyzed under reflux in a 1.2 M HCl water bath
for  1  h.  Hydrolyzed  samples  were  then  filtered
through  a  0.45  µm  syringe-driven  filter  before
injection (18).
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Chromatographic  identification  of  phenolic
compounds by RP-HPLC 
A  20  µL  of  an  aliquot  of  sample  solution  was
separated  using  high  performance  liquid
chromatography  system (YL  9100  HPLC  system,
Korea).  Reversed-phase  chromatography  was
performed on a C18 column (250 × 4.6mm; 5µm).
Data  were  monitored  and analyzed  using  Clarity
data–processing  system.  The  mobile  phase
consisted  of  solvent  A  (water/formic  acid  0.4%)
and solvent B (acetonitrile). Solvents’ gradient was
used as followed: 0–2 min, 1% B; 2–15 min, 7%
B; 15–25 min, 20% B; 25-35 min, 40% B; 35-46
min, 100% B; 46-47 min, 100% B; 47-48 min, 1%
B;  48-55  min,  1%  B.  The  flow  rate  was  1.2
ml/min. UV-detection was performed at 280 nm.
Phenolic  compounds  were  identified  according  to
their  retention times as well  as to  their  spectral
matching with 18 reference standards.

Statistical analysis
Except yields, all data were expressed as mean ±
standard  derivation  (SD)  of  three  replicates  and
were statistically analyzed using one-way ANOVA
followed by Tukey test  (p<0.05) on a SigmaPlot
12.2 software.

RESULTS

Total phenolic, flavonoid, and tannin contents
The highest content of TPC, as shown in  Table 1,
was  recorded  in  methanol  extract  (185.04±4.00
mg  GAE/g  E)  followed  by  petroleum  ether  and
aqueous extracts (141.65±1.92 and 101.20±3.64
mg GAE/g E,  respectively).  Ethyl  acetate  extract
showed the highest  amount of  TFC (89.26±3.13
mg CE/g E) followed by methanol and chloroform
extracts (72.07±3.80 and 56.65±1.72 mg CE/g E).
Methanol extract and among all extracts exhibited
the highest content in CTC (33.42±3.56 mg TAE/g
E). 

Antioxidant activity
The antioxidant potential of extracts was assessed
following  two  different  assays  in  two  different
media.  In the DPPH assay,  all  extracts  exhibited
significant  radical  scavenging  abilities  in
comparison  to  the  reference  compound  (BHA,
0.09±0.00  mg/mL),  where  methanol  extract
showed,  as  the  most  potent,  an  IC50 equal  to
0.15±0.02  mg/mL,  followed  by  petroleum  ether
extract  with  0.21±0.03  mg/mL.  The  remaining
extracts  were  between  aqueous  and  chloroform
extracts  (0.29±0.02  and  0.48±0.03  mg/mL,
respectively).

The methanolic extract also exhibited the highest
inhibitory  effect  against  the  bleaching  of  β-
carotene  (0.41±0.03  mg/mL)  which  was  80%
more  potent  than  ethyl  acetate  extract  as  the
weakest one (1.60±0.09 mg/mL). Even stronger,
methanol  extract  remains  70%  less  potent  as
compared  to  the  reference  compound  (BHA,
0.24±0.00 mg/mL).

Chromatographic identification of phenolic 
compounds by RP-HPLC
Based  on  three  parameters  (extraction  yields,
phenolic  content,  and  antioxidant  potential),  two
extracts  have  been  selected  for  the  qualitative
profiling  of  phenolic  compounds  by  RP-HPLC
(methanol  and  petroleum ether  extracts).  These
two  extracts  have  been  hydrolyzed  in  an  acidic
medium before being injected to  free  the bound
phenolic  compounds.  The  obtained
chromatograms,  represented  in  Figures  1-2,
compared  to  those  of  18  reference  standards,
showed  several  main  peaks  with  intense
absorption at the selected wavelength (280 nm).
Analyzing these chromatograms, thirteen phenolic
compounds were identified: six in methanol extract
(five phenolic acids and a flavanone) and seven in
petroleum  ether  (three  phenolic  acids,  two
flavonols, a flavanol and a flavanone).
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Table 1: Phenolic contents and antioxidant activities of Bunium incrassatum seeds’ extracts.

Extracts
Yields
(%)

TPCB 
(mg GAE/g E)

TFCB 
(mg CE/g E)

CTCB 
(mg TAE/g E)

IC50B,C DPPH
(mg/mL)

IC50B,C

β-
Carotene
(mg/mL)

Aqueous extract 3.0 101.20±3.64a 46.61±0.91a 30.24±1.83a 0.29±0.02a 0.87±0.01a

Methanol extract 7.1 185.04±4.00b 72.07±3.80b 33.42±3.56b 0.15±0.02b 0.41±0.03b

Chloroform extract 2.9 71.25±2.01c 56.65±1.72b 16.34±0.66c 0.48±0.03c 1.13±0.22c

Ethyl acetate extract 2.2 95.51±4.34d 89.26±3.13c 5.28±0.09d 0.34±0.01d 1.60±0.09d

Petroleum ether extract 8.5 141.65±1.92e 55.33±2.28d 8.16±00.37e 0.21±0.03e 0.54±0.01d

BHAA / / / / 0.09±0.00 0.24±0.02

AReference compound; Bmean±SD (n=3) by one-way ANOVA (Tukey test, p<0.05); CConcentration that showed 50% activity. TPC, total phenolic content; TFC,
total flavonoid content; CTC, condensed tannin content; BHA, butylated hydroxyanisole.
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Figure 1: HPLC chromatogram of methanol extract of Bunium incrassatum seeds’.

Figure 2: HPLC chromatogram of petroleum ether extract of Bunium incrassatum seeds’.

DISCUSSION 

Phenolics  are  undoubtedly  the  most  abundant
secondary  metabolites  of  plants.  Even abundant,
their  extraction  turns  out  to  be  difficult,  due  to
their  large  chemical  variability.  There  is  no
universal  extraction  procedure  suitable  for  the
extraction of all plant phenolics (19). It is generally
known that the solubility of polyphenols depends
on the chemical nature of the plant sample, as well
as on the polarity of used solvents (20, 21) and
mostly  on  the  extraction  protocol  conditions’
(extraction  time,  temperature,  and  pH)(22).  All

previous studies have reported only on the tubers’
chemical composition and the antioxidant activity
of their extracts. As far as we know, the present
study is the first to investigate the phenolic profile
and  antioxidant  activity  of  different  solvent
extracts of Bunium incrassatum seeds. 

The results of yields and phenolic contents showed
a  large  variability  between  extracts.  Firstly,
petroleum  ether  extract,  followed  by  methanol,
had  the  highest  extraction  yields,  respectively.
Secondly,  methanol  showed  the  highest  TPC
content,  followed  by  petroleum  ether.  Thirdly,
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ethyl acetate was the best solvent, recording the
highest TFC content, and finally, methanol showed
the highest CTC content, followed by the aqueous
extract. These results strongly disagree with those
reported  by  Adelifar  et  al.  (2021)  (23)  where
methanol  extracts  of  different  organs,  including
seeds prepared from four different Bunium species
(B.cylindricum,  B.paucifolium,  B.persicum,  and
B.wolffii) showed much lower contents of TPC, TFC,
and  TTC  (total  tannin  content).  Dehimi  et  al.
(2020) (11) reported even lower phenolic contents
in  different  solvent  extracts  of  B.incrassatum
tubers. These noted differences may be due to the
variability in phenolic compounds between species
of the same genus or organs of the same species,
and even due to environmental conditions in which
the plants have grown (24).

Regarding antioxidant activity, it is well known that
the  measurement  of  antioxidant  potentials  of
plants'  extracts  must  be  conducted  using  tests
based on different mechanisms since each assay
can reflect only the chemical reactivity under the
specific  conditions applied to it.  In both selected
assays, DPPH scavenging potential and β-carotene
bleaching assay,  all  tested extracts, compared to
the  reference  compound,  showed  good  to
moderate  potentials,  which  increased  with  the
increasing concentrations  of  phenolics in a dose-
dependent  manner  and  were  much  higher  than
those reported by Dehimi et al.  (2020) (11) and
even higher than those reported by Zengin et al.
(2019)  (25)  and  Adelifar  et  al.  (2021)  (23),  in
which four different species of Bunium from Turkey
showed less potent effects. The highest antioxidant
activity  shown by methanol  and petroleum ether
extracts may be due to a synergistic effect of the
compounds they contain. It has also been proven
that  the  antioxidant  activity  of  plant  extracts  is
related  to  their  phenolic  content,  suggesting  a
correlation  between  TPC  and  antioxidant  activity
(26).

With regards to the individual phytocompounds, 13
phenolic  compounds  were  identified  in  both
extracts. On the one hand, gallic acid, caffeic acid,
chlorogenic  acid,  syringic  acid,  ferulic  acid,  and
hesperetin  were  present  in  methanol  extract.  All
these compounds were previously found to possess
antioxidant properties. Hajimehdipoor et al. (2014)
highlighted  the  synergistic  antioxidant  effect  of
several  phenolic  acids’  combinations,  where  the
binary combination of gallic acid and caffeic acid
enhanced  their  antioxidant  potential  (137%),
followed by gallic acid and chlorogenic acid (28%);
while the ternary combination of gallic acid, caffeic
acid,  and  chlorogenic  acid  showed  a  lower
synergistic  effect  (25.7%)(27).  Another  study
reported  that  antioxidant  activity  showed  an
extremely significant positive correlation with TPC,
TFC, ferulic acid, caffeic acid, and chlorogenic acid

(28). In addition to the intense absorption of the
main peaks as recorded for Hesperetin,  which is
known  as  a  strongly  antioxidant  flavonoid  (29),
synergy  may  explain  why  methanol  extract  was
the  most  potent  one.  On  the  other  hand,  the
chemical  analysis  of  petroleum ether  extract,  as
the second potent extract, showed the presence of
ellagic  acid,  p-coumaric  acid,  sinapic  acid,
catechin,  quercetin,  kaempferol,  and  naringenin.
The presence of these phenolic compounds in such
nonpolar solvent can be explained by the fact that
they are sparingly soluble in high polarity solvents
such as water and highly soluble in medium and
low  polarity  solvents  (30).  In  addition,  it  was
reported  that  these  compounds  possess  various
biological and pharmacological properties, such as
anticarcinogenic  effects,  superoxide  scavenging,
metal  chelating,  and  antioxidant  activities,  and
could be used for several applications in pharmacy
(31,  32).  P-coumaric  acid  is  a  hydroxycinnamic
acid  found  in  fruits.  Its  presence  correlated
significantly with antioxidant activity, unlike sinapic
acid,  which  showed  a  negative  correlation  (28).
Ackland et al. (2005) and Campbell et al. (2006)
reported, respectively, that the binary combination
of quercetin and kaempferol as well as the ternary
combination  of  quercetin,  kaempferol,  and
naringenin  inhibited cancer  cell  proliferation  in  a
dose dependent manner without cytotoxicity (33,
34). Another study reported that the combination
of ellagic acid and quercetin synergistically induces
cell  apoptosis  and  suppresses  proliferation  in
leukemia  cells  better  than  each  separately  (35).
This may explain the high antioxidant efficiency of
bioactive compounds that petroleum ether extract
contains as compared to the reference compound
(BHA), which is a strong synthetic antioxidant. But
as  usual  for  synthetic  additives,  BHA  has  been
accepted  as  possibly  carcinogenic  to  humans  by
the International Agency for Research on Cancer
(IARC)  due  to  the  toxicological  data  on  its
mechanism of action (36). It should also be noted
that all  identified compounds have been reported
previously  in  several  studies  performed  on
different species of Bunium (25, 37, 38), but none
of them was about the seeds of B.incrassatum.

CONCLUSION

The  present  study  provides  novel  information
about  the  phytochemical  composition  of
B.incrassatum seeds  as  well  as  the  interesting
antioxidant  activity  of  their  extracts,  which  has
never  been  investigated  before.  The  obtained
results suggest that the antioxidant activity of the
studied  extracts  can  be  associated  with  the
presence and synergistic effects of combinations of
phenolic compounds, especially phenolic acids and
flavonoids. Thus, this plant could be considered as
an  excellent  source  of  bioactive  compounds,
especially  polyphenols  with  considerable
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antioxidant  activity,  which  could  represent  an
important  option  for  food,  cosmetics,  and
pharmaceutical  industries  to  be  supplied  with
natural antioxidants as an alternative to synthetic
additives.
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A Simple Spectrophotometric Determination of Amoxicillin in Drug
Samples
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Abstract:  In  this  study,  a  fast  and  simple  spectrophotometric  method  was  developed  for  the
determination of amoxicillin in drugs without any extraction steps. The developed method is based on the
formation of a colored ion pair complex between bromocresol green and amoxycillin in dimethyl sulfoxide-
acetonitrile (50 % v/v) medium. The absorbance of the bluish green complex is measured at a wavelength
of 630 nm. The factors that affect the ion pair  complex formation, such as time, reagent concentration,
etc., have been optimized. Under the optimum conditions, the developed method had an average recovery
of 98.16% with a relative standard deviation of 3.62 % and showed a very good linear behavior obeying
Lambert-Beer's law in the range 1-18 µg mL-1 of amoxycillin concentration. The developed method has
been successfully applied to both tablet and powder forms of pharmaceutical preparations. The standard
addition method and statistical parameters were applied to test the accuracy of the proposed method, and
the obtained results from the two methods showed good agreement with each other.
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INTRODUCTION

Amoxicillin  is  a  semi-synthetic  antibiotic  that
belongs  to  the  penicillin  family.  It  is  a  broad-
spectrum antibiotic  that  is  taken  with  oral  route.
Amoxicillin  is  effective  against  gram-positive  and
gram-negative microorganisms where it is attached
to  the  cell  wall  of  the  bacteria  and  causes  their
death.  It is found as amoxicillin trihydrate in drugs
(1). The structure of amoxicillin is shown in Figure
1.

Figure 1: The chemical structure of amoxicillin.

In the last decade, amoxicillin has been mainly used
to treat infections of the middle ear (otitis media),
tonsils  (tonsillitis  and  tonsillopharyngitis),  throat
(laryngitis),  pharynx  (pharyngitis),  lungs
(bronchitis, pneumonia), and urinary tract (2,3).

In the literature, HPLC4-7 has been reported as the
main  used  chromatographic  technique  for  the
determination  of  amoxicillin.  Potentiometry  (8),
spectrofluorometry  (9),  flow  injection  analysis
methods (10,11), thin layer chromatography (12),
voltammetry  (13),  LC-MS  (14),  capillary
electrophoresis  (15,16),  atomic  absorption
spectroscopy (17) were among the various methods
that  have  been  developed  for  amoxicillin
determination.

Among the mentioned methods, spectrophotometric
technique is the most widely used method because
it is simple to apply and does not require expensive
equipment.  Spectrophotometric  detection  is  based
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on the formation of  a  colored (charge-transfer  or
ion-pair) complex between the drug and a reagent.
Color intensity can be then estimated by measuring
the  absorption  intensity  by  a  visible
spectrophotometer. The charge-transfer complex is
also  known  as  the  electron-donor-acceptor  (EDA)
complex,  in  which  fraction  of  electronic  charge  is
transferred between the molecular entities. Previous
spectrophotometric  methods  for  amoxicillin
determination  have  included  the  formation  of
complexes with hematoxylin (18), molybdenum and
thiocyanate  (19),  Folin-Ciocalteu′s  phenol  reagent
(20), methylene blue (21), bromocresol green (22),
2,4-dinitrophenylhydrazine  (23),  diazotized  p-
aminobenzoic acid and diazotized procaine (24), and
4-bromobenzaldehyde  (25).  In  addition  to  that,
some  non-derivative  and  derivative  UV
spectrophotometric  methods  were  developed  (26-
30).

In  this  work,  a  UV-Visible  spectrophotometric
method  for  the  determination  of  amoxicillin  was
developed by modifying the method by Keskar and
Jugade  (22).  In  the  mentioned  work,  dimethyl
sulfoxide  (DMSO) was  used  as  a  solvent.  In  this
study,  by  using  dimethyl  sulfoxide-acetonitrile
(DMSO-AcN)  mixture  (50  % v/v)  the  absorbance
was increased, thus the detection limit was reduced
and  the  linear  working  range  was  extended. The
developed method was based on the formation of an
ion-pair  complex  between  amoxicillin  and
bromocresol green in dimethyl sulfoxide-acetonitrile
(50% v/v).  The absorbance was measured at the
wavelength  630  nm.  The  most  important
advantages of this method are that it did not require
pretreatment  steps  such as  extraction  and it  was
performed at room temperature.  After the method
was  optimized  with  standard  solutions,  it  was
successfully  applied  for  the  determination  of
amoxicillin in drug samples.

MATERIAL AND METHODS

Chemicals and Apparatus
All  chemicals  required  for  the  experiments  were
obtained from Sigma-Aldrich and Merck companies
and  were  used  as  purchased  without  any  further
purification.  Thermo  SCIENTIFIC  EVOLUTION  220
UV-Visible  Spectrophotometer  (USA) was used for
all the spectrophotometric measurements.

Amoxicillin Solution Preparation
Amoxicillin  standard  solutions  were  prepared from
amoxicillin  trihydrate  stored  at  -20°C.  A  stock
solution  of  amoxicillin  (0.01  M)  was  prepared  by
dissolving  0.209 g  of  amoxicillin  trihydrate  in  the
appropriate  volume  of  dimethyl  sulfoxide-
acetonitrile mixture (50% v/v).

Bromocresol Green Solution Preparation
A  stock  solution  of  bromocresol  green  (0.001  M)
was prepared by dissolving 0.0349 g of bromocresol
green  in  the  appropriate  volume  of  dimethyl
sulfoxide-acetonitrile mixture (50% v/v).

Sample Preparation
LARGOPEN  dry  powder  and  LARGOPEN  tablets
(BILIM  PHARMACEUTICALS  Beyoğlu  ISTANBUL)
containing amoxicillin were purchased from the local
pharmacy. For the tablets, 5 tablets were accurately
weighed  to  determine  the  weight  of  an  average
tablet  where  it  was found to  be 1.3687 g.  Then,
these five tablets were powdered in a mortar and
0.05  g  of  this  powder  was  dissolved  in  10  mL
volumetric flask with  dimethyl sulfoxide-acetonitrile
mixture  (50%  v/v)  to  obtain  a  homogeneous
solution  (1  tablet  was  equivalent  to  1176.47  mg
amoxicillin trihydrate). For the dry powder, 147.06
mg of the dry powder was directly dissolved in 10
mL  volumetric  flasks  with  dimethyl  sulfoxide-
acetonitrile mixture  (50  %  v/v)  to  obtain  a
homogeneous solution.

Methods
In this work, UV-Visible spectrophotometric method
was developed for the determination of amoxicillin.
The method involves the formation of  an ion-pair
complex between amoxicillin and bromocresol green
in  dimethyl  sulfoxide-acetonitrile (50  %  v/v)
medium.  The  ion-pair  complex  shows  maximum
absorbance at 630 nm and all measurements were
taken at this wavelength throughout the study. The
optimum conditions for the complex formation were
established  using  standard  solutions,  then  the
method  was  successfully  applied  for  the
determination of amoxicillin in drug samples.

RESULTS AND DISCUSSION

The spectrum of Amoxicillin Solution
The spectrum of amoxicillin solution (0.01 M) that
was prepared in dimethyl sulfoxide-acetonitrile (50
% v/v) was scanned between 200-750 nm as shown
in Figure 2.
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Figure 2: The spectrum of amoxicillin solution (1x10-2 M) in the spectral range 200-750 nm.

It  can  be  seen  in  Figure  2  that  the  amoxicillin
solution has a maximum absorbance at 270 nm.

The Spectrum of Bromocresol Green Solution
The  spectrum  of  the  bromocresol  green  solution
(0.001 M) that was prepared in dimethyl sulfoxide-
acetonitrile (50 % v/v) was scanned between 200-
750 nm as in Figure 3.

Figure 3: The spectrum of bromocresol green solution (1x10-3 M) in the spectral range of 200-750 nm.

As  can  be  seen  in Figure  3,  bromocresol  green
shows maximum absorbance at 420 nm.

The  Spectrum  of  the  Resulting  Ion-Pair
Complex
When  amoxicillin  solution  (5×10-3 M)  and
bromocresol green solution (5×10-3 M) are mixed at
room temperature  a turquoise ion-pair  complex is
instantly  formed.  The  spectrum  of  the  formed
complex is shown in Figure 4.

As can be seen  in  Figure 4,  the ion-pair  complex
that  formed  between  amoxicillin  and  bromocresol

green  shows  maximum  absorbance  at  630  nm.
Neither amoxicillin nor bromocresol green show any
absorption  at  this  wavelength.  Therefore,  the
absorbance that is measured at the wavelength 630
nm is  only  due  to  the  formation  of  the  ion-pair
complex.

Optimization of the Experimental Conditions
The effects of various parameters on the absorption
intensity of the ion-pair complex that formed from
the  reaction  between  amoxicillin  and  bromocresol
green were optimized.
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Figure 4: The spectrum of the ion-pair complex that was formed from amoxicillin (5x10-3 M) with
bromocresol green (5x10-3 M).

Effect of Solvents
To  investigate  the  effects  of  solvents  on  various
variables related to the reaction between amoxicillin
and bromocresol green such as solubility, complex
formation,  and  maximum  absorbance,  absorption

intensity  was  measured  using  different  solvents
(dimethyl  sulfoxide-acetonitrile  mixture,  methyl
alcohol,  ethyl  alcohol,  acetone,  acetonitrile,
chloroform,  dichloromethane).  The  obtained  data
are shown in Figure 5.
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Figure 5: The effect of different solvents on ion-pair complex formation and absorption, (DMSO: dimethyl
sulfoxide-acetonitrile, MA: methyl alcohol, EA: ethyl alcohol, AS: acetone, AN: acetonitrile, KLF: chloroform,

DKM: dichloromethane)

As  can  be  seen  in  the  figure,  among  the  tested
solvents,  the  highest  absorbance  value  was
achieved  with  dimethyl  sulfoxide-acetonitrile
mixture,  so  it  was  selected  for  the  subsequent
steps.

Stoichiometric Ratio
The  combining  ratio  was  evaluated  by  the
Continuous  Variation  Method  (Job's  method).
Amoxicillin  and  bromocresol  green  solutions  with
identical analytical concentrations were mixed in a
way that keeps the total volume and the total moles
of the two reactants constant but the mole ratio of
them varies systematically. The absorbance of each

mixture  was  measured,  and  then  the  absorbance
was  plotted  against  the  mole  fraction  of  one
reactant.  For  this  purpose,  solutions  with  the
concentrations of 1x10-4, 2x10-4 and 3x10-4 M were
prepared  by  the  appropriate  dilution  of  the
amoxicillin  and  bromocresol  green  stock  solutions
that  were  previously  prepared.  10  mixtures  with
different mole fractions were prepared from these
solutions with a total volume of 10 mL, and constant
total  moles  of  the  two reactants.  The absorbance
values of these solutions were measured at 630 nm
and plotted against the mole fraction of amoxicillin.
The resulting graph is shown in Figure 6.
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Figure 6: The combining ratio between amoxicillin and bromocresol green according to the continuous
variation method (series 1 (diamond): 1x10-4 M; series 2 (square): 2x10-4 M; series 3 (triangle): 3x10-4 M)

As can be seen in Figure 6, the stoichiometric ratio
between amoxicillin and bromocresol green is 2:1.

Effect of Reaction Time
When  the  two  solutions  of  amoxicillin  and
bromocresol  green  were  mixed  a  turquoise  color

immediately  developed.  The absorbance values  of
the resulting complex were measured for one hour
at an interval of 10 minutes and the results were
presented in Figure 7.
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Figure 7: The change in absorbance over time. The complex formed between 2x10-5 M amoxicillin and
1x10-6 M bromocresol green in DMSO solvent and measured at 630 nm.

As seen in Figure 7, there is no significant change in
the  absorption  of  the  formed  complex  at  room
temperature, and the complex remains stable for at
least one hour.

Effect of Bromocresol Concentration
In  order  to  determine  the  optimum  bromocresol
green  concentration,  varying  volumes  of

bromocresol  were  added  to  amoxicillin  and  the
absorbance  was  measured  at  630  nm.  It  was
observed that the color intensity increased with the
increasing of bromocresol green concentration up to
9x10-6 M and decreased after this value. Figure 8
shows the effect of bromocresol green concentration
on the absorption intensity of the ion-pair complex.
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Figure 8: Effect of bromocresol green concentration on the formed complex, (a) 14 µg/mL amoxicillin, (b)
6 µg/mL amoxicillin.

Analytical Characteristics of the Proposed 
Spectrophotometric Method
After optimizing the experimental conditions of the
reaction  between  amoxicillin  and  bromocresol
green,  analytical  studies  were  carried  out  to
determine the range of linear changes between the
absorption  intensity  and  amoxicillin  concentration.

For this purpose, a series of standard solutions were
prepared  with  different  amoxicillin  concentrations
while the bromocresol green concentration was kept
constant.  The  absorbance  of  the  formed  ion-pair
complex was measured at 630 nm and a calibration
graph  was  constructed  from  the  obtained  data
(Figure 9).
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Figure 9: Calibration graph of amoxicillin.

The  analytical  parameters  obtained  from  the
calibration  graph  are  listed  in  Table  1.  The
calibration  graph  of  the  absorption  intensity  was
plotted  against  amoxicillin  concentration,  and  the
analytical  parameters  were  obtained  by  the  least
squares  method.  Beer's  law was obeyed  over  the
concentration range of 1-18 μg mL-1 as shown in
Figure  9,  and  the  analytical  parameters  obtained

accordingly were given in Table 1.  The regression
coefficient of the calibration curve was 0.9976. Limit
of detection (LOD) and limit of quantification (LOQ)
values  were  calculated  from  the  equation  as
LOD=3.3s/m  and  LOQ=10s/m;  where  s  is  the
standard  deviation  of  the  absorbance  values  that
obtained at the same concentration, and m stands
for the slope of the calibration curve (31).
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Table 1: Analytical parameters obtained from the calibration graph of amoxicillin determined by the
proposed spectrophotometric method.

Parameters Values

λmax (nm) 630 

Linear range (μg mL-1) 1-18

Regression equation* A = 0.00556C

correlation coefficient (r2) 0.9976

slope 0.0551

Intercept 0.0062

LOD (μg mL-1) 0.05

LOQ (μg mL-1) 0.15

molar absorptivity (L.mol-1.cm-1) 1.538x103

*(A: absorbance, C: concentration in μg mL-1)

Interference Studies
The  proposed  method  was  applied  on  Largopen
drugs containing amoxicillin in tablets and powder
forms.  Drug  prospectus  stated  that  there  are  no
excipients in the Largopen tablet, while the powder
form contains sucrose as an excipient. Since there is
no  interaction  between  sucrose  and  bromocresol
green,  interference  effects  have  not  been
investigated.

Pharmaceutical  Application  of  the  Developed
Spectrophotometric Method
After  the  parameters  of  the  developed
spectrophotometric  method  for  amoxicillin
determination were optimized, it was applied for the
analysis  of  two  pharmaceutical  preparations
(amoxicillin-containing tablet and powder drugs)  in
order to determine amoxicillin content. Amoxicillin is
a broad-spectrum antibiotic that is effective against
both  gram-positive  and  gram-negative

microorganisms and belongs to the penicillin family.
It  is  used  in  pharmaceuticals  as  amoxicillin
trihydrate.  Some  of  its  trade  names  are  Amoxil
manufactured  by  Glaxosmithkline,  Alfoxil
manufactured by Actavis, Amoxina manufactured by
Mustafa  Nevzat  and  Largopen  manufactured  by
Bilim Pharmaceuticals. In the study,  the proposed
method was applied successfully on both tablet and
powder  drugs  produced  by  Bilim  Pharmaceuticals.
Sample  solutions  were  prepared  as  mentioned
before  by  dissolving  the  sample  in  dimethyl
sulfoxide-acetonitrile  mixture.  Then,  bromocresol
green solution was added to the prepared solutions
and  the  absorbance  of  the  formed  complex  was
measured at 630 nm. Taking required dilutions into
account,  amoxicillin  concentration  in
pharmaceuticals was estimated from the calibration
curve. Spectra obtained from real sample solutions
are shown in Figures 10 and 11.

Figure 10: Spectrum obtained from Largopen (tablet) sample solution.
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Figure 11: Spectrum obtained from Largopen (powder) sample solution.

On the other hand, the method of standard addition
was  applied  for  amoxicillin  determination  in  both
drug  samples.  Increasing  concentrations  of
amoxicillin  standard  solutions  were  added  to  five
separate  parts  of  each  drug  sample,  then
bromocresol green was added to each of them and
the volume was completed to 10 mL with  dimethyl

sulfoxide-acetonitrile  (50%  v/v).  The  absorbance
was  measured  at  the  wavelength  630  nm.  The
concentration  of  amoxicillin  in  each  drug  sample
was calculated by referring to the calibration curve
and the results were compared with each other as
shown in Table 2.

Table 2: Amoxicillin concentrations in drug samples and the statistical parameters by spectrophotometric
method and standard addition method.

Amoxicillin (μg/mL)*
Sample declared 

content
Spectrophotometric 
method

Standard addition 
method

F test t test

Largopen 
(tablet)

10 8.23±1.12 7.49±0.89 4.82 1.94

Largopen 
(powder)

10 7.98±0.75 7.16±..02 3.97 1.67

*Mean and standard deviation of three replicates (GS= x± t s
√ N

 , 95% confidence interval)

(95% confidence level F = 6.39 and t = 2.21)

The content of amoxicillin in each one of the two
drug  samples  was  determined  by  both  the
developed  spectrophotometric  method  and  the
standard  addition  method.  Both  t-test  and  F-test
were performed for the developed method. t values
were found to be 1.94 and 1.67. The results showed
that the calculated values of  t were lower than the
critical value (t = 2.31, 95% confidence level), so
there is no significant difference between the results
obtained from the two methods at 95% confidence
level. On the other hand, the F-test was applied to
find  out  whether  there  is  a  significant  difference
between the precisions of the two methods applied.
In all  cases,  the calculated values of  F (4.82 and
3.92) were lower than the critical value (F = 6.39,
95% confidence level).  These results  showed that
there  is  no  significant  difference  between  the

developed  spectrophotometric  method  and  the
standard  addition method and that  the  developed
method can be successfully applied to real samples.

Recovery Studies (Precision and Accuracy)
Recovery studies were carried out to investigate the
effects  of  additives  found  in  the  studied  drug
samples  on  the  developed  spectrophotometric
method  for  amoxicillin  determination.  For  this
purpose,  a  known amount  of  standard  amoxicillin
was added to the prepared drug samples that also
contain  a  known amount  of  amoxicillin.  Then  the
ion-pair complex was formed by adding bromocresol
green and the absorbance values were measured at
630 nm. Amoxicillin concentrations were calculated
using  the  calibration  graph  and  the  results  were
listed in Table 3.
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Table 3: Recovery% and other parameters of drug samples containing (10 mg)* of amoxicillin.

Amount Added 
(labelled) (mg) Amount Found (mg) Recovery %

Amoxicillin

10 9.72 97.21
10 9.81 98.10
10 9.92 99.20

X : 98.16

SD: 0.34
RSD%: 3.62

RE%: -6.30

*Average of three replicate (SD: standard deviation; RSD: relative standard deviation; RE: relative error).

As can be seen in the table, the proposed method
was  successfully  applied  for  the  determination  of
amoxicillin  in  drug  samples  where  the  recovery
values  found  in  the  range  of  97.21-99.20%
(average 98.16%) and relative standard  deviation
was 3.62%.

CONCLUSION AND RECOMMENDATIONS

In  this  study,  a  simple,  fast,  and  selective
spectrophotometric  method  that  does  not  require
extraction  processes  was  developed  for  the
determination of amoxicillin.  The method is  based
on measuring the  absorption intensity  of  the ion-
pair  complex  formed  between  amoxicillin  and
bromocresol  green  at  630  nm.  The  developed
method was optimized and successfully applied to

analyze  two  different  drug  samples  containing
amoxicillin. The results were obtained from both the
calibration graph and the standard addition method,
and  they  were  given  comparatively.  The  results
obtained  from  the  proposed  method  were  also
compared using the statistical tests and found to be
in good agreement with the other method.

The comparison of  the proposed method with the
previously some reported methods is presented in
Table  4.  The  proposed  method  enabled  the  LOD
0.05  μg mL-1 for amoxicillin without complex pre-
treatment. The developed method was found to be
versatile  and  have  many  advantages  over  the
previously reported methods. The method is utilized
a single step reaction with no extraction process and
no simpler compared to reported methods.

Table 4: Comparison of other methods in the literature.
Method Sample LOD (μg mL-1) Reference
FIA Pharmaceutical

formulations
0.571 (11)

Voltammetry Drug and urine 0.50 (13)
HPLC Bulk drug 0.347 (7)
Capillary 
electrophoresis

Animal plasma 
samples

0.280 (16)

Spectroscopy Pharmaceutical 
preparations

0.05 This work

With the developed method, significantly lower limit
of  detection,  wider  dynamic  range,  and  higher
selectivity  were  obtained  for  amoxicillin
determination. The method does not require the use
of complex equipment and it has the potential to be
applied  in  the  routine  analysis  of  amoxicillin  in
different pharmaceutical formulations.
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Microwave-Assisted Extraction of Prunus cerasus L. Peels: Citric Acid-
Based Deep Eutectic Solvents

Ebru Kurtulbaş* 

Istanbul University - Cerrahpaşa, Chemical Engineering Department, 34320, Avcılar, Istanbul, Turkey

Abstract: In the present study, waste by-products of one of the most popular fruit juices in the World has
been valorized for its high-added value ingredients. Peels of sour cherry (Prunus cerasus L.) have been
extracted by deep eutectic solvent (DES)-based microwave-assisted extraction method (MAE). DES system
contained citric acid as hydrogen bond acceptor (HBA) and ethylene glycol as hydrogen bond donor (HBD)
(1/4, molar ratio). In order to optimize the MAE system Central Composite Design (CCD) of Response
Surface Method (RSM) has been used. The measured variables were the yields of total phenolic content
(TPC), total anthocyanins (TA), and cyanidin-3-glucoside. Optimum conditions were determined as 0.1 g of
peel and a 50 % (v/v) water contribution to the DES for the maximum recovery of TPC (16.85 mg-GAE/g-
FP), TA (3.39 mg-cyn-3-glu/g-FP) and cyanidin-3-glucoside (mg/g-FP) in the MAE of sour cherry peels. The
relationship between the responses was also established. 
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INTRODUCTION

The valorization of waste by-products from agri-food
products  has  been  a  popular  issue  recently.  The
most consumed fruits, such as citrus peels (1–3),
banana peels (4), apple peels (5), mango peels (6),
apricot and peach peels (7), pomegranate peels (8),
and  sour  cherry  peels  (9),  were  investigated  in
terms of  extraction and their  bioactive properties.
Since Turkey is one of the primary countries in the
world  producing  sour  cherries  (10),  its  peel  has
been selected to observe its polyphenol ingredients
in  the  current  study.  Its  medicinally  therapeutic
properties, such as antimicrobial (11), antioxidant,
anti-tumor (12), anti-cancer, and anti-inflammatory

(13)  effects,  have  also  been  proven  by  various
studies.  Therefore,  recovery  of  the  related  fine
chemicals from biomass has been a very valuable
issue  nowadays.  In  order  to  propose  a  green
process for obtaining the bioactive ingredients from
sour  cherry  peels,  microwave-assisted  extraction
(MAE)  method  has  been  adopted  in  the  present
study. The advantages of the MAE over conventional
methods are demonstrated in Figure 1 (14). On the
other hand, a deep eutectic solvent (DES) including
citric  acid (hydrogen bond acceptor) and ethylene
glycol  (hydrogen bond donor)  was integrated  into
the  MAE  to  be  able  to  propose  a  more
environmentally friendly procedure. 
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Figure 1: Advantages of MAE.

In  order  to  optimize  the  process  conditions  to
achieve the maximum yields of extraction, central
composite design (CCD) of response surface method
(RSM) has been exploited. The yields of the system
have been evaluated according to the total phenolic
content (TPC), total anthocyanin (TA), and cyanidin-
3-glucoside  level.  Cyanidin-3-glucoside  was
particularly chosen due to the fact that it is one of
the primary phenolic compounds in the sour cherry
peel  extract  (9,15).  The  independent  parameters
were selected as water amount in the DES and mass
of  raw  material,  where  extraction  time  and
microwave  power  were  determined  depending  on
the  preliminary  experiments.  The  relationship
between  the  dependent  variables  was  also
presented in terms of correlation coefficient. 

MATERIAL AND METHODS

Materials
Citric  acid  (≥99.5%),  ethylene  glycol  (≥99.5%),
methanol  (≥99.9%),  ethanol  (≥99.9%),  and
hydrochloric  acid  were  purchased  from  Merck
(Darmstadt,  Germany).  Folin-Ciocalteu  reagent,
sodium carbonate (≥99.0%), gallic acid (≥98.0%),
formic  acid  (≥98.0%),  acetonitrile  (≥99.9%),  and

cyanidin-3-glucoside  were  purchased  from Sigma-
Aldrich (St. Louis, MO, USA). 

Regarding plant material (sour cherry), the samples
were obtained from DIMES Food located in Turkey.
The peels were kept at -20 °C after being separated
from  the  fruits.  Fresh  samples  were  used  in  the
study.

DES Preparation
A  heating  and  mixing  method  was  adopted  to
prepare the selected system (¼ molar ratio, citric
acid/ethylene  glycol)  depending  on  the  previous
study (16). Citric acid was used as hydrogen bond
acceptor  (HBA),  whilst  ethylene  glycol  was  the
hydrogen bond donor (HBD) in DES mixture.

MAE Procedure
MAE  of  sour  cherry  peels  was  performed  by  a
laboratory  scale  microwave  system  (NEOS-GR,
Milestone  Srl,  Italy).  Table  1  shows  the  selected
parameters and their levels used in this study. The
effects of water addition to the DES and the amount
of raw material were investigated. The power of the
microwave was kept stable at 500 W for 3 min of
extraction time with 50 mL of solvent, depending on
the preliminary experiments.

Table 1: Process parameters of MAE for the extraction of bioactive substances from sour cherry peels.

Parameter Symbol
Code with level

−1 0 1
Mass (g) A 0.1 0.3 0.5
Water ratio (%, v/v) B 20 35 50

Chromatographic and Spectrophotometric 
Analysis
The  cyanidin-3-glucoside  content  of  extracts  was
determined  by  Agilent  1260  chromatographic
equipment  (Agilent,  Waldbronn,  Germany),  while
TPC  and  TA  of  the  sour  cherry  extracts  were
analyzed  spectrophotometrically  using  a  UV
spectrophotometer  (PG  Instruments,

T60/Leicestershire,  England).  The  detailed
information  on  high-performance  liquid
chromatography  (HPLC)  method  for  the
quantification of cyanidin-3-glucoside was reported
in the earlier paper (15).

Spectrophotometric  measurements  of  TPC  were
performed  at  765  nm.  Extracted  samples  were
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diluted  with  water  first.  Then,  Folin-Ciocalteu
reagent and sodium carbonate solutions were added
and left for incubation for 30 min (17). The output
was  given  in  gallic  acid  equivalents  per  gram  of
fresh plant sample (mg-GAE/g-FP).   On the other
hand, spectrophotometric measurements of TA were
carried out at 520 and 700 nm (9). The output was
given in cyanidin-3-glucoside equivalents per gram
of fresh plant sample (mg-cyn-3-glu/ g-FP).

RSM
The  extraction  process  was  modeled  using  the
response  surface  approach.  By  applying  a
mathematical  and  statistical  technique,  RSM  was
provided with an association between the variables.
Table 1 gives the selected independent parameters
with  their  levels.  In  this  research,  RSM  was
exploited to optimize the amount of TPC, TA, and

cyanidin-3-glucoside  by  using  Design  expert
program  (12th  edition).  Central  composite  design
was selected as subtype of RSM. ANOVA (Analysis of
Variance) test was employed to analyze the means
of three replicates on  Prism 9 software (GraphPad,
San Diego, CA). Tukey's test was used to measure
the significance between means through.

RESULTS AND DISCUSSION

Table 2 presents the experimental design and the
findings  depending  on  the  conditions  for  the
extraction of biomolecules from sour cherry peels by
MAE process. Central  composite design (CCD) was
selected as subtype of RSM. 13 experimental runs
were designed by the CCD for the MAE system with
3 factors and 2 levels.

Table 2: Experimental results formed by CCD*.

A: Mass
(g)

B: Water ratio
(%, v/v)

TPC
(mg-GAE/g-FP)

TA
(mg-cyn-3-glu/g-

FP)

Cyanidin-3-glucoside
(mg/g-FP)

1 0.5 35 9.68±0.001a 2.08±0.000a 2.10±0.002a

2 0.3 35 9.28±0.002b 2.12±0.001b 1.00±0.002b

3 0.1 50 16.62±0.000c 3.31±0.001c 5.49±0.001c

4 0.3 35 9.28±0.003d 2.20±0.002d 1.04±0.003d

5 0.3 35 9.56±0.001e 2.24±0.003e 1.36±0.001e

6 0.3 50 9.67±0.002f 2.47±0.004f 1.67±0.000f

7 0.1 35 17.70±0.001g 3.22±0.002g 4.35±0.001g

8 0.5 50 8.45±0.000h 2.21±0.003h 2.58±0.002h

9 0.1 20 18.14±0.004i 2.69±0.002i 3.91±0.001i

10 0.3 35 7.96±0.001j 2.10±0.003j 1.15±0.003j

11 0.5 20 7.14±0.000k 1.85±0.001k 2.65±0.001k

12 0.3 20 7.15±0.001l 1.57±0.000l 0.72±0.000l

13 0.3 35 9.89±0.001m 2.35±0.001m 1.03±0.001m

* Data are given as the mean (3 replicates) ± standard deviation
**The values with different superscript letters in a column are significantly different (p<0.05).
 

Modeling Study
Quadratic models derived for MAE system for the extraction of phytochemicals from sour cherry peels are
given below (Eqs. 1-3):

YTPC=;9.24 – 4.53A + 0.3841B + 0.7075AB + 4.34A2 – 0.9359B2  (Eq. 1)

YTA=;2.20 – 0.5126A + 0.3144B - 0.0649AB + 0.4717A2 – 0.1603B2  (Eq. 2)

YCyanidin-3-glucoside=;1.07 – 1.07A + 0.4120B - 0.4120AB + 2.28A2 +0.2488B2  (Eq. 3)

ANOVA  (analysis  of  variance)  test  results  for  3
responses (TPC, TA, and cyanidin-3-glucoside) are
given  in  Table  3.  All  of  the  quadratic  models
generated for TPC, TA, and cyanidin-3-glucoside are
statistically  significant  (P  <  0.0001)  at  95%  of
confidence  interval.  The  coefficients  of

determination  of  second-order  equations  are
extremely  strong  (R2>  0.97),  which  means  that
97.12%, 96.28%, and 99.28% of the variabilities in
the  Y  (response)  values  can  be  described  by  the
quadratic models. Moreover, R2s are in reasonable
agreement  with  the  adjusted  R2s,  supporting  the
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significance of the derived models. Moreover, a non-
significant lack of fit also backs the models up (P >
0.05).  Furthermore,  the  coefficient  of  variation
(<10%)  demonstrates  the  reliability  of  the
experimental output.

Optimization Study
The ANOVA table (Table 3) also provides us with an
identification of the effects of process parameters on
the  responses.   P-values  of  less  than  0.05
demonstrate  the  importance  of  the  terms.
Generally, the amount of the raw material has been
found to be the most effective at P<0.0001 for the
three  responses.  On  the  other  hand,  the  second
order  was  much  more  effective  for  the  third
response  (cyanidin-3-glucoside)  considering  its
highest F-value. 

Design-Expert software also has the opportunity to
provide us with 3D (three dimensional)  images in
order to comprehend these process effects visually.
Figures 2a, 2b, and 2c show the effects of process
parameters (amount of peels and water content in
the  DES)  on  the  MAE  system  for  TPC,  TA,  and
cyanidin-3-glucoside yields, respectively. In general,
increasing the mass resulted in lower yields.  This
might  be  expectable  due  to  the  mass  transfer
phenomenon,  where  the  amount  of  solvent  in
contact with the solid material decreases. Regarding
water addition into the DES, water’s amount in the
solvent  enhanced  the  extraction  in  terms  of  all
dependent variables. Water has an important role in
deep eutectic mixtures in several respects, such as
improving the viscosity problems and increasing the
polarity (18). 

Table 3: Analysis of variance test results.

Source
Sum of
Squares df

Mean
Square

F
Value

p-value
Prob > F

TPC
(mg-GAE/g-FP)

Model 179.74 5 35.95 47.16 < 0.0001 significant
A- 123.14 1 123.14 161.56 < 0.0001
B- 0.8851 1 0.8851 1.16 0.3169
AB 2.00 1 2.00 2.63 0.1491
A² 52.04 1 52.04 68.28 < 0.0001
B² 2.42 1 2.42 3.17 0.1180
Residual 5.34 7 0.7622

Lack of Fit 3.18 3 1.06 1.96 0.2616 not 
significant

Pure Error 2.16 4 0.5395
Cor Total 185.08 12

C.V. = 8.08 %            R2=0.9712                Adjusted R2=0.9506               Predicted R2=0.8094

TA
(mg-cyn-3-glu/ g-

FP)

Model 2.80 5 0.5605 36.27 < 0.0001 significant
A- 1.58 1 1.58 102.02 < 0.0001
B- 0.5931 1 0.5931 38.38 0.0004
AB 0.0169 1 0.0169 1.09 0.3310
A² 0.6145 1 0.6145 39.76 0.0004
B² 0.0709 1 0.0709 4.59 0.0694
Residual 0.1082 7 0.0155

Lack of Fit 0.0677 3 0.0226 2.23 0.2271 not 
significant

Pure Error 0.0405 4 0.0101
Cor Total 2.91 12

C.V. = 5.31 %            R2=0.9628                Adjusted R2=0.9363               Predicted R2=0.7447

Cyanidin-3-glucoside
(mg/g-FP)

Model 26.94 5 5.39 192.56 < 0.0001 significant
A- 6.86 1 6.86 245.01 < 0.0001
B- 1.02 1 1.02 36.40 0.0005
AB 0.6791 1 0.6791 24.27 0.0017
A² 14.35 1 14.35 512.96 < 0.0001
B² 0.1710 1 0.1710 6.11 0.0427
Residual 0.1959 7 0.0280

Lack of Fit 0.1098 3 0.0366 1.70 0.3033 not 
significant

Pure Error 0.0860 4 0.0215
Cor Total 27.13 12

C.V. = 7.48 %            R2=0.9928                Adjusted R2=0.9876               Predicted R2=0.9650
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As  we  already  mentioned,  RSM  approach  also
provided us with optimization of a system in order
to  maximize  the  yields  (19).  Table  4 summarizes
the optimum conditions and the maximum findings.
In order to verify the results, a validation study was
also performed. The difference between the actual

and  predicted  values  depending  on  the  derived
second-order models also confirms the reliability of
the  outcome.  Figures  3a,  3b,  and  3c  also
demonstrate  the  agreement  of  experimental  and
estimated  results  with  each  other  for  every
response.

Figure 2: Response surface plot for the TPC (a), TA (b), and cyanidin-3-glucoside (c) as a function of mass
to water ratio.
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Table 4: Verification results of the optimum conditions for the MAE.

Optimum Extraction
Conditions

Response Predicted Experimental Error

A
(g)

B
(%, v/v)

0.1 50

TPC 16.85 17.10 1.46%

TA 3.39 3.45 1.74%

Cyanidin-3-glucoside 5.49 5.52 0.54%

Figure 3: Actual findings versus predicted findings for TPC (a), TA (b), and cyanidin-3-glucoside (c).
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Evaluation of Bioactivity Test Results
The relationship between the measured values has
also been established by means of correlations (r),
as seen in Figure 4. When the correlation between
TPC  and  TA  is  examined  (Figure  4a),  it  can  be
concluded that TA makes a significant contribution

to  the  total  amount  of  phenolic  substances
(r>0.80).  Similarly,  there  is  a  strong  agreement
between cyanidin-3-glucoside and TPC/TA (r>0.80).
As a result, cyanidin-3-glucoside seems to be one of
the  principal  phenolic  components  in  sour  cherry
peels. 
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Figure 4: Correlation between TPC and TA (a), TA and cyanidin-3-glucoside (b), and TPC and cyanidin-3-

glucoside (c).

CONCLUSIONS

Microwave-assisted  extraction  was  applied  to
recover  fine  chemicals  from waste  by-products  of
sour  cherry  peels.  The  yields  were  evaluated  in
terms of total phenolic, anthocyanin, and cyanidin-
3-glucoside content. Central Composite Design with
the  Desing  Expert  software  has  been  successfully
employed  for  the  current  extraction  system.  The
suggested  second-order  equations  are  very
adequate to describe the experimental data based
on several statistical indicators (F-values, P-values,
non-significant lack of fit, R2, adjusted R2, predicted
R2, and low coefficient of variation). Moreover, the
relationship  between  anthocyanin  and  cyanidin-3-
glucoside  contents  and  the  total  phenolics  of  the
extracts also points out that anthocyanins make a
notable contribution to the total phenolics.
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Abstract:  In this research, new composite materials were improved by reinforcing the environment-
polluting waste polyurethane (WPU) to unsaturated polyester (UP). Polyester composites were produced
with WPU, UP, methyl ethyl ketone peroxide (MEKP), and cobalt octoate (Co. Oc.). The effect of WPU on
the  changes  in  density,  Shore  D  hardness,  thermal  conductivity  coefficient,  thermal  stability,  and
porosity of the obtained composites were investigated. According to the findings, as WPU ratio increased
in the composite, both the thermal conductivity coefficient and the density of the composite decreased.
Shore D hardness was been found to decrease as the rate of WPU in polyester composites raised. The
use  of  optimum  WPU  ratios  (7  wt.%)  in  composite  production  improved  some  thermo-physical
properties of polyester composite. The high use of WPU negatively affected both the surface morphology
and thermal stability of the polyester composite. In addition, the parameters affecting the production of
polyester composites were optimized according to response surface methodology (RSM).
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INTRODUCTION

Studies  on  the  hybrid  use  of  polymers  are
increasingly widespread in the literature. The bond
structure, hardness, brittleness, density, porosity,
mechanical  and  thermal  properties  of  polymers
enable  them  to  be  used  for  different  purposes
according  to  the  sectors.  In  this  research  using
unsaturated  polyester  and  polyurethane  hybrid
composites,  it  has  been  observed  that  the
mechanical  properties  give  optimum results  at  5
wt.% polyurethane content (1).

Utilizing  rubber  waste  as  additives  and  fillers
eliminates the environmental problem and ensures
economic  polymer  composites.  It  has  been
determined  that  the  thermal  stability  of  the
polyurethane composites obtained with 5 wt.%, 10
wt.%,  and  20  wt.% waste  rubber  reinforcement

has  improved.  Also,  rubber  reinforcement
increased  the  density  of  the  polyurethane  and
strengthened  its  mechanical  properties. Rubber
increased  the  surface  roughness  and  high
compressibility  of  the  polyurethane  composite
while reducing its porosity (2-5).

Polyurethane's  physical  and  chemical  properties,
epoxy  and  polyester  resins  are  improved  with
polymers  such  as  waste  rubber.  It  has  been
demonstrated  that  the  thermal  stability  and
thermoset  properties  of  the  composite  matrix
obtained can be improved. It is a resin that is used
with epoxy, coatings, adhesives, fibrous structures,
or particle filters. Epoxy resins have been used to
produce  composite  materials  as  a  thermosetting
polymer with high chemical, thermal, and electrical
resistance. It is preferred in many applications due
to its improved thermal and mechanical properties
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according to the purpose of use. Studies have also
been  conducted  to  improve  the  unsaturated
polyester  resin's  mechanical  performance  and
thermal  stability  with  the  isocyanate  component
(6,7). 

Physical  and  chemical  characterization  processes
have been carried out on an article that is made of
sugar palm stems reinforced with epoxy, polyester,
and polyurethane resin. The performance of palm
stem filler  varies  between 2 wt.% and 10 wt.%
and 90 wt.%, and 98 wt.% resin mixtures  have
been mixed under high pressure, and temperature,
and  their  performances  are  compared.  As  the
amount of filler by mass has been increased, the
density of all three resins has decreased, and their
porosity  has  gone  up.  Although  the  mechanical
strength of composites increased,  by 6 wt.% for
polyurethane and up to 8 wt.% for polyester and
epoxy, a negative effect on high usage rates has
been observed (8).

In  another  study,  acoustic  damping  flexible
polyurethane foams have been synthesized using
saturated aliphatic polyesters, methylene diphenyl
diisocyanate,  and  other  reagents.  It  has  been
observed that  many physical  properties,  such as
average cell size, distribution, surface roughness,
and  open-cell  structure,  are  affected  by
microphase  separation.  Although  the  cell  size
decreased  from  360  nm  to  180  nm,  it  was
determined that the compressive strength,  open-
cell structure, roughness, and cell size distribution
also increased. Besides, it has been observed that
polyurethanes with  higher  microphase separation
have higher sound absorption efficiencies (9).

This  study  aims  to  use  non-recyclable  waste
polyurethane in the polyester composite. While the
density,  thermal  conductivity  coefficient,  and
hardness  of  unsaturated  polyesters  decreased,
their  porosity  and  processability  also  increased.
Thus,  both  environmentally  problematic  wastes
have  been  used,  and  economical  polyester
composites have been obtained.

MATERIALS AND METHODS

Commercial  waste  polyurethane  was  supplied by
the insulation company (İçmeli Erdem, Elazığ). The
polyester  components  (methyl  ethyl  ketone
peroxide  (MEKP),  cobalt  octoate  (Co.  Oc.),  and
unsaturated polyester (UP)) were purchased from
Turkuaz Polyester. For the experimental study, the
factory wastes were ground into a -50/100 mesh
particle size and dried at 105 °C, then added to
pure  unsaturated  polyester  and homogenized for
15  minutes  at  1000  rpm  at  room  temperature.
Then, the chemical reaction was started with the
help  of  certain  amounts  of  MEKP  and  Co.  Oc.
catalysts.  At room temperature,  the mixture was
mixed at 1500 rpm for 2 minutes, then poured into
standard molds and allowed to cure for 1 day (20-
22).

The  experimental  study  plan  and  chemical
composition  ratios  are  given  in  Table  1.  Waste
polyurethane  and  unsaturated  polyester  ratios
were changed by keeping Co. Oc. and MEKP ratios
constant (27).

Thermogravimetric  analysis  (TGA)  of  polyester
composites  was  performed  with  a  Q600  STD-TA
device.  Besides,  the surface morphologies of the
composites  were  examined  with  the  Carl  Zeiss
Ultra Plus Gemini Fesem device (SEM).

RESULTS AND DISCUSSIONS

The  physical  and  chemical  properties  of  the
polyester  composite  have  been  characterized
depending  on  the  use  of  waste  polyurethane  in
different  proportions  by  mass.  In  this  research,
properties of polyester composites such as density,
Shore D hardness, thermal conductivity coefficient,
and  thermal  stability  have  been  determined.  As
seen  in  Figure  1,  the  density  of  the  composite
decreases as the waste rate goes up.

As  shown in  Figure  2,  the  Shore  D hardness  of
polyester  composite  decreased  as  the  waste
polyurethane ratio increased. 

Figure 3 shows how waste polyurethane improved
the insulation property of the polyester composite.
In other words, it reduced the thermal conductivity
coefficient. 

Table 1: Experimental working plan and chemical compositions.

Experiment
No

WPU
(wt.%)

UP
(wt.%)

Co. Oc. 
(wt.%)

MEKP
(wt.%)

1 0 98 0.5 1.5
2 2 96 0.5 1.5
3 4 94 0.5 1.5
4 7 91 0.5 1.5
5 10 88 0.5 1.5
6 15 83 0.5 1.5
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Figure 1: The change of density of the polyester composite with WPU (wt.%) 

Figure 2: The variation of Shore D hardness of the polyester composite with WPU rate.
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Figure 3: The change of thermal conductivity of the polyester composite with WPU (wt.%).

RSM Results for the Polyester Composites
Response surface methodology (RSM) can express
the  relationship  between  response  functions  and
experimental  data  by  entering  the  program.
Optimum  parameters  can  be  determined  by
choosing models suitable for the data obtained in
the  designed  experiments.  It  can  be  expressed
using high-order polynomials for modeling complex
systems  and  the  most  appropriate  statistical
approaches (10-14).

According to RSM results  (Table 2),  density with
the natural  logarithmic model,  Shore D hardness
with  power  model,  and  thermal  conductivity
coefficient  with  the  inverse  model  have  been
preferred. The best models have been determined
by  statistical  analysis  of  experimental  and
theoretical data (23,24).

Table 2: Evaluation of RSM results with statistical analysis.
Transform Source SST F-value P-value R2 Std. Dev. Mean C.V.%

Natural log Quadratic 0.0465 14.64 0.0032 0.9993 0.0013 7.04 0.0108

Power Quadratic 0.3178 177.16 0.0001 0.9994 0.0299 73.86 0.0405

Inverse Quadratic 0.9362 5.88 0.0317 0.9833 0.2820 19.82 1.420

Figure  4  shows  the  effect  of  the  waste
polyurethane and unsaturated  polyester  rates  on
the  composite  density.  The  density  of  the
composite was found to decrease as the amount of
PU in the polyester mixture increased.

As it can be seen in Figure 5, Shore D hardness of
the  composite  obtained  decreased  as  the  WPU
ratio  by  mass  increased.  According  to  the  RSM

model results, polyester composite materials with
the  desired  hardness  can  be  produced  by  using
WPU and UP at certain rates (15-19).

In  Figure  6,  the  thermal  conductivity  coefficient
went up in direct proportion to the UP rate, while it
went  down  inversely  with  WPU  rate.  In  other
words,  the  increase  in  WPU  ratio  by  mass  has
improved the composite's insulation feature. 
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Figure 4: Variation of the density with WPU (wt.%) and UP (wt.%).

   

Figure 5: Change of Shore D harness with WPU (wt.%)and UP (wt.%).
   

 Figure 6: Variation of the thermal conductivity with WPU (wt.%) and UP (wt.%).
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The equations of density, Shore D hardness, and
the thermal conductivity coefficient are expressed

according to the RSM results in Eq. 1, Eq. 2, and
Eq. 3, respectively.

                  (Eq. 1)

               (Eq. 2)

                  (Eq. 3)

The  study  has  been  modeled  by  using
experimental and theoretical data. A large number
of variables that affect the response of the system
were examined, so the response of the process to
changes in process parameters could be defined by
RSM  (25,26).  The  fact  that  it  can  be  applied
successfully  in  many  different  processes  and
enables the determination of the optimum point by
considering  too  many  responses  makes  the

response  surface  method  stand  out  from  other
optimization methods (15-19). 

Figure  7  shows  the  SEM  image  of  the  pure
polyester  composite,  and Figure 8 shows that  of
the  WPU  (10  wt.%)  reinforced  composite.  WPU
reinforcement  enhanced  the  porosity  of  the
polyester  composite,  according  to  surface
morphologies. 

Figure 7: SEM image of the pure polyester composite (Experiment 1).
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Figure 8: SEM image of the pure polyester composite (Experiment 5).

When the TGA curves (Figure 9) were studied, it
was discovered that the pure polyester composite
(Experiment  1)  had  a  more  stable  thermal

deterioration  behavior  than  the  WPU  reinforced
composite (Experiment 5). 

Figure 9: TGA curves of the pure polyester and 10 wt.% WPU reinforced composites.

CONCLUSIONS

This  research  was  carried  out  to  prevent
environmental pollution from waste sponges, which
are  only  partially  recyclable,  and  to  produce
economic  polyester  composites.  A  low-density,
easy  to  process,  more  flexible,  and  insulating
composite  has  been  produced.  According  to  the

experimental  and  theoretical  results,  both  the
density  and  thermal  conductivity  coefficient  of
polyester composites decreased as the WPU ratio
by  mass increased. When the SEM images were
examined,  the  high  WPU  ratio  by  mass  caused
irregular  porosity  in  the  surface  of  the polyester
composite. As seen in TGA curves, the use of high
WPU by mass has reduced the thermal stability of
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the  polyester  composite. Also,  the  Shore  D
hardness of polyester composite decreased as the
WPU ratio raised.
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Abstract:  The present article describes guar-gum (GG) polysaccharide-based eco-friendly highly water
absorbable polymer network with itaconic acid (IA) and acrylamide (AAm)  as monomers, prepared due to
characteristic  features  such  as  natural  abundance,  biocompatibilities,  and  biodegradability  as  well  as
biological and physicochemical properties. The solution polymerization  technique was used successfully to
synthesize the GG-g-PIA-co-AAm co-polymer.  In this  method, IA and AAm monomer polymerize onto
polysaccharides GG in an aqueous medium at 70 °C with potassium persulfate (KPS) acting as a chemical
initiator and N, N′-methylene-bisacrylamide (N-MBA) acting as a cross-linker. The maximum allowed time
to complete the reaction was 1 hour and 20 minutes. The consequence of the neutralization degree of
itaconic acid, GG, AAm, N-MBA, and KPS was optimized. Surface morphology and binding behavior of
prepared GG-g-PIA-co-AAm were characterized by FTIR and SEM microscopy. The grafting (between GG
and IA and AAm and crosslinking reactions were produced by a solid chemical empathy between the NH 2

groups in the guar gum and the carboxylic groups in the poly itaconic acid, leading to the formation of
amide bonds. Various parameters like free-absorbency capacity (FAC) as high as possible and (AUL) were
also studied for efficient  absorbent polymers.  A hypothetical  mechanism for polymeric  reaction during
polymerization has been proposed.
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INTRODUCTION

Highly  absorbent  polymers  are  cross-linked
polymers  (hydrophilic)  that  can engage and recall
enormous capacities of water and solute particles in
a swollen state, because of the presence of -COOH,-
NH2 -OH, and other hydrophilic groups attached to
the polymeric backbone (1-2). The highly absorbent
polymer is usually composed of ionic monomers and
is branded by a short cross-linking density,  which
results in large watery curiosity sizes (up to 1000
times  their  weight)  (3-4).  Remarkably,  these
competent  absorbent  nets  can  grip  and  recall
aqueous solutions up to several hundred times their
weight, even while under pressure. Highly absorbent

polymers are used in a wide range of applications,
including  sanitation  goods  such  as  adult
incontinence  products,  baby  diapers  (5)  and
feminine  napkins  (6),  forestry,  agriculture,
horticulture, drug distribution, food storage, waste
water management (11), tissue work, and biosensor
(12).Because  of  their  biocompatibility  and
biodegradability (15–16), natural polymers (13–14)
and  their  derivatives  (from  wood  or  plant-based
biomass)  act  as  highly  absorbents  to  store  water
and  have  an  excellent  ability  to  absorb  water
multiple times their weight. 

Furthermore,  GG  is  a  naturally  occurring
polysaccharide derived from the guar plant that is
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water-soluble,  and  normally  nonionic.  The  GG  is
unsolvable in carbon-based solvents such as esters,
alcohols, ketones, and hydrocarbons with only the
exclusion of formamide. For GG, water is the most
suitable  solvent,  and  its  forms  at  high  viscosity
appear uniform at very low GG concentration and at
high  viscosity  from  colloidal  solution.  With  the
existence of several OH groups across the chain, GG
forms H2 bonding in an aqueous solution, which can
be explained by the big deal of its performance. The
main problem of GG hurts from some interruptions
like biodegradability,  which restricts  its application
but  it  possesses  applications  like  stabilizing,
thickening, gelling, emulsifying, binding, etc., which
can  be  improved  through  the  addition  of  vinyl
monomers (=CH2) (IA/AAm) hydrophilic nature and
extremely sensitive for polymerization.

The GG has been added by various monomers (17-
20)  to  modify  the  properties  of  GG and  greatly
expands  into  a  highly  absorbent,  which  involved
water  absorbency  and  swelling  amount.  Many
initiators,  such  as  KMnO4 (21-22),  Cu2+(23),
potassium  bromate  (KBrO3)  (24),  KPS  (25),
ammonium  peroxodisulfate  (NH4)2S2O8)  (26-27),
ceric ions (Ce IV), adopted in the different type of
polymerization (28-29). In case of polysaccharides,
more  research  was  done  in  the  case  of  chitosan
based superabsorbent polymers (30-34)

Feasible alternatives to acrylic acid and methacrylic
acid-based  polymers  are  IA  and  their  derivatives.
The main feature of IA today is that its manufacture
does not depend on sources such as petrochemicals.
IA deliberate its polymerization in an aqueous phase
and water  as  a  solvent  for  polymerization  (redox
pair/ initiators) received more attention by detailed
investigations of methacrylic acid, (35) acrylic acid,
(36)  and  acrylamide  (37).  In  natural  polysac-
charides,  AAm is widely used as grafting material
and is the most significant vinyl monomer for large
polymer-add-on  due  to  its  hydrophilic  nature.
Antimicrobial  properties  are  also  developed  by
grafting of water-loving polymers such as PAAm.

In this paper, polysaccharides are a novel GG-based
highly  absorbent  polymer  offering  enhanced
performance. Polymers were synthesized by N-MBA
working as a crosslinker, and KPS played the role of
the initiator in polymerization for IA:AAm with water
sponginess  near  450  times  its  weight  was
investigated. The effect of the NaOH, N-MBA, and
KPS,  as  well  as  the  reaction  on  the  resultant
absorbent things, have conversed. Also, we studied
the AUL of highly absorbent polymers.

EXPERIMENTAL

Materials
IA  (Sigma-Aldrich),  acrylamide  (Merck),  GG
(viscosity average molecular weight: k300 Da) was
purchased from Hindustan Gums Ltd. KPS, N-MBA,

potassium  bromate  (KBrO3),  ammonium
peroxodisulfate  (NH4)2S2O8),  ceric  ammonium
nitrate  ((NH4)2Ce(NO3)6)),  and  potassium  mono
sulfate(PMS)  acquired  from  Sigma-Aldrich  were
used  exactly  as  received.  NaOH  and  NaCl  were
bought from E-Merck. The remaining materials were
AR grade and solution prepared with DI water.

Initiator  Induced  Polymerization  of
Comonomers (IA/AAm) onto GG
GG powder 0.4 g dm-3 and 75 mL DI water were
added into the 3-necked reactor with stirring at 400
RPM  until  the  uniform  solution  was  formed.  The
predefined quantity  of  itaconic acid monomer was
partly  defused  by  the  drop-wise  addition  of  8N
NaOH  solution  below  cooling  in  an  ice  bath  to
remove  exothermic  neutralization  reaction
temperature.  Prepared  mol  ratios  of  itaconic  acid
monomerto 8N NaOH solution were 1:0.65, 1:0.70,
1:0.75, 1:0.80, and 1:0.85.The neutralization ratio

prop  is well-defined as follows: 

prop=
na
nb

 (Eq. 1)

Where na  and nb  are the mol figures of itaconic acid

monomer and NaOH, respectively. Then a 3-necked
reactor  was  positioned  in  an  oil  immersion
predetermined at the preferred temperature (70ºC)
filled with  Nitrogen.  The neutralized IA  was drop-
wise added to the 3 neck reactor with the help of
dropping  funnel  containing  GG,  pre-determined
amounts (1 g) of AAm, and (0.5–0.2 g) N-MBA, with
stirring  and  degassed  by  blowing  nitrogen  for  30
minutes. After a desirable interval, 0.05 mol/L KPS
(radical initiator) added. The induced polymerization
of co-monomers was allowed to proceed at 70ºC in
nitrogen, (inert medium) 2h with magnificent at 600
RPM. The blend was permissible to cool at ambient
temperature.  GG-g-PIA-co-AAm was washed away
by ethanol and dehydrated in a 60ºC oven for 48h
to persistent weight. After grinding, the powdered
highly  absorbent polymer  (GG-g-PIA-co-AAm) was
stored away from light heat and moisture. The yield
of  the  polymerization  was  planned  as  the  weight
ratio of addition after the graft co-polymerization to
IA/AAm monomer by the following equation-2:

Yield=
W GG-PIA-co-AAm−W GG

W IA+AAm

 (Eq. 2)

Where WGG-g-PIA-co-AAmis the weight of the graft
copolymer (GG-g-PIA-co-AAm), WGG is the weight
of the unique GG, and W IA+AAm

is the weight of the

comonomer.

The mechanism of polymerization and crosslinking
reaction: (Scheme 1)  planned as first  the KPS as
described  in  the  previous  study  and then  various
reactions given as follows: 

454



Sapna, Singh J, Sand A. JOTCSA. 2022; 9(2): 453-464.  RESEARCH ARTICLE

                   

Scheme 1: Mechanism of polymerization and reaction involved.

CHARACTERIZATION

Infrared spectra (IR) were taken on a Bruker FT-IR
spectrometer  (Vector  33  Germany).  SEM,  (Hitachi

S-5200 Japan) was used to detect the morphology
of the highly absorbent polymer. 
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Free water absorbency measurement
Free water absorbency for prepared polymers was
determined by the well-known tea bag method (38).
In  this  method,  acrylic  gauze  with  fine  meshes
usually  known  as  a  teabag,  in  which  precisely
weighted  highly  absorbent  polymer  (+0.3-0.03  g)
per  unit  size  (average)  between  255-395
micrometers,  was  absorbed  totally  in  300  mL  of
NaCl solution for 1h to spread equilibrium swelling.
At  that  time  the  extra  solution  is  decanted  by
dangling  the  tea  bag  until  no  water  fell  off.  The
allowed water absorbency calculated in relation to
equilibrated  swelling  (Qeq)  was  specified  by  the
equation:

Qeq=
W TB ,f−W TB ,i

W ¿−g−PIA−co−AAm

 (Eq. 3)

Where  WGG-g-PIA-co-AAm  is  the  weight  of  the
dehydrated  GG-g-PIA-co-AAmtriturate,  WTB,f,and
WTB, Iam the weight of the teabag afterward and
beforehand water uptake, correspondingly.

Absorbency Under Load (AUL) measurement 
AUL  technique  was  adopted  for  measurement  in
which  a  cylindrical  piston  permitting  pressure
solicitation on the highly absorbent polymer placed
in the medium, i.e., enlargement of particles. Water
absorbance of polymeric material underneath deed
for changing pressure was detected. The experiment
established  an  easily  varying  cylindrical  piston
preserved  exclusively  on  a  glass  tube  fitted  by
pricked bottommost diskette. The calculated amount
of  highly  absorbent  polymer  was  retained  in  the
cylindrical  piston,  and  weight  was  put  on  the
cylindrical  piston  to  alter  the  pressure.  All  the
assembly  was  secure  and  kept  in  a  trench

surrounding 0.8 wt.  percent  NaCl.  In this  method
that  solution height  outside the  width of  a highly
absorbent polymer. The swelling amount underfed
was  measured  over  a  period  of  period  for  an
assumed weight at ambient temperature.

AUL calculated with the use of Equation 4.

AUL( gg)=
W 1−W 0

W 0

 (Eq. 4)

Where  W1  swollen  gel  weight  (under  the  given
pressure) and W0 is polymer weight (dry).

RESULT AND DISCUSSION

Proof of Grafting
The Fourier transfer spectra of polysaccharide guar
gum explained in Figure-1 and peak at  3346 and
2909 cm-1

 due to –OH vibration (widening) and -C-H
vibration  (stretching)  respectively.Peak  1420  and
1300  cm1 assigned  due  to  scissoring  (-CH2)  and
vibration  bending  (-OH)  respectively.  CH-O-CH2

stretching (39) is assigned by the peak at 1080 cm-

1. Figure 2 explains the Fourier transfer spectra of
highly  absorbent  polymer  GG-g-PIA-co-AAm
obtained  by  the  copolymerization  process.  The
shifting  of  peak  3344  cm-1

 to  3610  cm-1
 when

related  with  spectra  of  guar  gum  due  to–OH
vibration (splayed) guar gum which shows dipping
asset elaborate in polymeric reactions. The peak at
2955  cm-1 assigned for  stretching  vibration  (C-H)
and angular distortion (widening) CΞC stretching at
1610  cm-1

 further  confirmed  the  polymerization
reaction. -CN bond peak allocated at 1411 cm-1

 and
719~668 cm-1

 accredited to NH flapping vibration.

Figure 1: FT-IR spectrum of GG. 
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Figure 2: FT-IR spectrum of GG-g-PIA-co-Aam.

Scanning Electron Microscopy (SEM)–Guar gum and
GG-g-PIA-co-AAm morphology was studied by SEM
analysis characterized native guar gum (Figure 3a)
precast with rotund structures but highly absorbent

polymer showed  that (GG-g-PIA-co-AAm), uneven
shaped (junkyard) gatherings were invented due to
IA/AAm combined and represented in  Figure 3(b).

Figure 3(a) SEM micrograph of GG. 
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Figure 3(b): SEM micrograph of GG-g-PIA-co-Aam. 

Optimization of Solution Polymerization
Choice of Initiators
There are several initiation systems available for the
polymerization,  but  for  the  selection  of  the  best
initiation  system  for  the  vinyl  monomers’
polymerization  onto  natural  polysaccharides,  we
tested  five  altered  arrangements  which  includes
potassium  bromate  (KBrO3),  KPS,  ammonium
peroxodisulfate  ((NH4)2S2O8),  ceric  ammonium
nitrate  (H8N8CeO18),  and  potassium  mono  sulfate
(Table-1). KPS gave the best result, which included
the  highest  yield  and  conversion  after  3-hour
polymerization.  But  in  the  case  of  KBrO3,

(H8N8CeO18),  PMS ,and ((NH4)2S2O8)  gave 85,  75,
64, and 60 of conversion, respectively. Absorbency
of the highly absorbent polymer was the peak value
(21.7  g/g)  for  the  KPS  scheme in  saline  solution
(0.9 wt% NaCl). Firstly,  potassium persulfate ions
(O8S2

2-)  are  readily  disconnected  to  sulfate-anion-
radicals (thermally), which abstract H2 from the -OH
groups  on  C2 atom  in  the  GG  chain  to  form
consistent  alkoxy  radicals  (40).  These  radicals
started  the  grafting  of  IA/AAm  onto  GG
polysaccharides,  which  lead  to  cross-linked
polymers in the company of N-MBA cross-linker.

Table 1: Effect of Various Initiators on Free Radical Polymerization of GG-g-PIA-co-AAm a.

Initiator Yield
(%)

Absorbency
(g/g)

Potassium persulfate (KPS) 92 28

Potassium Bromate (KBrO3) 87 24

Ceric Ammonium Nitrate (CAN) 77 20

Potassium Monosulfate (PMS) 66 17

Ammonium Peroxodisulfate 
((NH4)2S2O8)

62 15

Influence of initiator concentration
The influence of the initiator (KPS) concentration on
the  reaction  (polymeric)  and  H2O absorbency  for
highly absorbent polymer was also investigated. The
KPS concentration changed from 0.1 to 1.1 weight
percent to monomers. The water absorbency of the
highly absorbent polymer was improved primarily by

growing  the  KPS  concentration  up  to  0.5  wt.
percent, but it reduced later, as shown in Figure-4.
When  KPS  was  used  as  in  free  radical
polymerization  it  was  clear  that  the  molecular
weight will fall with the increase of the KPS amount.
A  further  reason  for  falls  in  the  MW is  that  the
comparative  quantity  of  polymeric  arrangement
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surfaces increases at levels of KPS concentration. A
rise in the status of the dismissingstep reaction by

bimolecular collisions, which in turn raises the cross-
linker density (19). 
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Figure 4: Effect of KPS concentration on (a) yield of graft polymerization and (b) absorbency of the
resulting GG-g-PIA-co-AAm. 

Influence of degree of neutralization (Dn)
The effect neutralization degree ranges from 50 to
90 percent of IA on the water absorbency (Figure-
5). As the neutralization degree of IA rised, water
absorbency  rised  from  50  to  70%.  The  gripping
effect of in-between carboxylate and carboxylic acid
groups  was  explained  by  the  fall  in  water
absorbency and higher in each group, which could
be  explained  the  polymerization  process
naturalization mechanism (Scheme 2). In previously

reported work, two carboxyl groups have dissimilar
PKa (4 and 6) –COOH groups assigned by A and B
in  the  scheme-3.  When  IA  neutralize  group  A
(represented  by  –COOH  next  to  =bond  in
conjugative effect generated with A while B carboxyl
group in which CH2 worked as an electron-donor. In
this particular case, carboxyl group assigned by A
dissociate  first  and easily  explain  the  influence of
the  degree  of  neutralization  during  the
polymerization process.

Scheme 2: Mechanism of partial neutralization of Ia monomer.
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Figure 5: Effect of Neutralizing Agent on the swelling ratio.

The process of neutralization of 50 to 70% can be
explained  by  the  above  discussion  based  on
decarboxylation  (41)  and  shifting  of  radicals  to  -
CH2-  group  and  associates  extra  radical  –COOH
group as represented in Scheme 2.

Estimation of AUL
The  water  absorbency  of  our  synthesized  highly
absorbent  polymer  varied  as  a  result  of  external
factors such as swelling medium, applied pressure,
and so on. Because absorbency under load AUL is
proportional to mechanical strength to the gel, AUL
can be calculated using the gelling power of adult
diapers  and  superabsorbent  polymers  (42).  180

minutes was the appropriate time to reach supreme
absorbency for several highly absorbent polymers.
The AUL values are natural above this period. Based
on  the  standard  test  technique  approved  for
calculating  AUL,  the  performance  of  the  highly
absorbent polymer swollen in 0.8 weight percent Na
Clunder with a weight of 7200 Pa was unrushed. In
highly absorbent polymers, the AUL values are 12-
21g/g and are firm at many applied pressures also,
to  create  the  swelling pressure  coefficient  (SWC).
The  swelling  pressure  coefficient  (SWC)  was
intended from the slope of the graph, plotted using
applied  load  and  swelling  fraction,  which  was
observed to be 0.7% Pa as opitomized in Figure-6.  

0 2000 4000 6000 8000 10000 12000
35

40

45

50

55

60

65

 

 

S
w

el
lin

g
 R

ai
o

 (
g

/g
)

Applied Load (pa)

Figure 6: Influence of applied pressure on swelling ratio of GG-g-PIA-co-Aam.

Effect  of  N,N′-methylenebisacrylamide
concentration
Figure-6  represents  the  effect  of  N-MBA  with  a
varying amount of 0.3 to 1.3 wt. percent monomer.
In this case, detection yield was high at 0.3 to 0.7
wt.  percent  for  monomer  maximum swelling  and

high  polymerization  yield,  with  detection  yield
exceeding 85%. In the previous study (43) it was
very  low  but  in  our  case,  it  showed  good
permanence using squat N-MBA amount with high
swelling water.  The concentration of higher cross-
linkers reduced space between polymer chains and,
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then, the highly cross-linked inflexible construction
cannot be extended to hold a large quantity of water
on the growing quantity of N-MBA. The smaller the

space between the (polymer)  units,  the more the
highly cross-linked rigid preparation cannot expand
to capture a large amount of water (44).

Figure 7: Effect of N-MBA concentration on the Swelling ratio.

Effect  of  GG  concentration  on  Water
Absorbency
Figure  8  represents  the  variation  of  guar  gum
between  0.7  to  1.7  g.dm-3 on  water  absorbency

between 0.7 and 1.7 g.dm3 and falls with rise as the
quantity  of  guar  gum due  to  change  in  viscosity
medium limits the monomer convenience and rise
the polymer unit which falls in water absorbency.

Figure 8 Effect of GG concentration on swelling. 

CONCLUSION

In  this  investigation,  the  synthesis  of  highly
absorbent  polymer  (GG-g-PIA-co-AAm)  performed
by polymerization (free radical) using KPS and N-
MBA  as  initiator  and  cross-linker  respectively,  at
70ºC in an inert atmosphere, and their influence on
polymerization,  were  studied.  At  70%  degree  of
neutralization, we obtained a high water absorption

level,  and  Fourier  transfer  and  SEM  analysis
confirmed  the  synthesis  of  the  proposed  highly
absorbent polymer. In the presence of acrylamide,
highly absorbent polymer materials expand the gel
strength (swollen one) and minimize the price of the
product.  It  was  observed  that  highly  absorbent
polymers  (GG-g-PIA-co-AAm)  have  comparatively
decent  potential  to  hold  water  and  NaCl  (saline
solutions)  both  as  values  of  the  free  absorbency
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(free  swelling)  and  as  values  of  AUL.  The  highly
absorbent  water-absorbing  and  water-holding
polymer can be mainly applied to pads and diapers
and unsanitary uses.
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Abstract:  Simultaneous condensation reaction of thiocarbohydrazide with simple aromatic aldehyde and
highly reactive ferrocenecarboxaldehyde resulted in unusual unsymmetrical Schiff bases associated with
multi-metal ion sensing property.  Spectral  characterization methods indicate the formation of the new
materials. The guest-host relationship established between various metal ions and receptors changes the
electronic spectra drastically, and for the addition of Cu2+ ions, the formation of an MLCT charge transfer
band around  465 nm,  responsible for the coordination of metal ions with receptors, has been noticed.
Enhanced ΔEP  (132- 219 mV) values derived from the anodic and cathodic potential  data suggested a
quasi-reversible process. The various ΔIpa (%) deduced from the Ipa amount detected from the recorded
responses of applied potential on the different metals added, and metal-free receptor solution, revealed
the concentration of metal ions required for the effective sensing process. 
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INTRODUCTION

Heavy metal ion detection always attracts scientists
due  to  its  role  in  environmental  maintenance,
catalytic and biological reactions. Steps involved in
industrial and agricultural activities keep introducing
cations  and  anions  into  the  environment  (1).
Instrumental methods of detection of the above ions
include high cost, enormous time, and less accuracy
(2, 3). Chemosensors decrease the problems faced
in instrumental methods by giving selective binding
to the ions with detectable changes in response to
applied potential,  electronic spectral  disparity, and
emission spectra (4). The ability of Schiff bases to
coordinate with metal ions is exploited extensively
in sensor development (5-7).

Acquisition of Hg2+ ions affects the central nervous
system  in  humans  and  generates  dizziness,

disorderliness  in  sleeping,  deformity  in  limbs  and
loss of life from over consumption (8-10). Copper is
essential for  life  as  it  is  present  in  enzymes  and
proteins  responsible  for  energy  production  (11).
Elevated  levels  of  copper  result  in Alzheimer’s
disease, autism, and Tourette’s syndrome (12-14).
Exposure to nickel initially causes irritation, nausea
and vomiting. After some time, victim experiences
chest stiffness, palpitation, weakness, and sweating.
This  may  lead  to  cardiac  arrest  or  respiratory
distress syndrome (15-17).

Manganese-containing  enzymes  control  many
biological reactions (18). Excessive intake roots to
the  generation  of  reactive  oxygen  species  and
results in Parkinson’s disorder (19-22).  Lead, as a
poisonous metal adds learning deficits, lowered IQ,
and  abnormal  behavior  in  children  and  adult’s
acquaintance anaemia, increase in blood pressure,
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fertility reduction, failure of renal & cerebral function
and also loss of life (23-25).  Carcinogenesis occurs
in kidney, liver, lung, brain, bone, testis, and blood
stream by the acquisition of cadmium ions into the
biological system (26-28).

The present paper discusses the preparation, char-
acterization, and exploration of the sensing ability of
new unsymmetrical Schiff bases. N'-((E)-4-nitroben-
zylidene)-2-((E)-2-(ferrocenylidene)hydrazine-1-
carbothiohydrazide  and  N'((E)-4-N,N-dimethy-
laminobenzylidene)  -2-((E)-2-(ferrocenylidene)hy-
drazine-1-carbothiohydrazide. 

EXPERIMENTAL

Materials
Ferrocenecarboxaldehyde,  4-nitrobenzaldehyde,  p-
dimethylaminobenzaldehyde,  carbon  disulfide,
hydrazine hydrate, and silica gel employed were of
analytical  grade,  from  Merck  chemical  industries.
Metal salts (AR grade) like HgCl2, CuCl2, MnCl2, NiCl2,
Cd(OAc)2, and  Pb(OAc)2  were  purchased  from
Sigma–Aldrich.  HPLC  grade  acetonitrile  was
acquired  from  E-Merck  and  absolute  ethanol  was
obtained  from  Commercial  Alcohols,  Canada.
Supporting  electrolyte  tetrabutylammonium
perchlorate  [99+%]  was  bought  from  Chemical
Center, Mumbai.

Instruments
Heraeus C-H-N rapid analyzer was used to analyze
the C, H, and N contents of the sample. KBr pellets
of  the  sample  were  loaded  into  the  Perkin-Elmer
337 spectrometer to record the FTIR spectra in the
range of 400-4000 cm-1.  Shimadzu model UV-1800
240V  spectrophotometer  was  employed  to  record
the  UV–visible  spectra  between 200  and 800  nm
wavelength. Proton NMR spectra were recorded on
500  MHz,  BRUKER  AVANCE  spectrometer  using
C2D5OD  as  the  solvent.  Bruker  Daltonics  Esquire
3000  spectrometer  was  employed  to  obtain  the
mass  spectra.  Responses  to  the  applied  potential
were  observed  on  CHI  electrochemical  analyzer
1200B model equipped with platinum wire counter
electrode, Ag/AgCl reference electrode, and glassy
carbon working electrode. 

Synthesis  of N'-((E)-4-nitrobenzylidene)-2-
((E)-2-(ferrocenylidene)hydrazine-1-
carbothiohydrazide [R1]
Refluxing the mixture of 3 moles of hydrazine hy-
drate and 1 mole of carbon disulfide at 80 ºC in the
presence  of  the  catalyst  2-  chloroethanol  (0.15
mole) for 10 hours yielded thiocarbohydrazide (29).
Mixture  containing  0.01  mole  of  4–nitrobenzalde-
hyde  and  0.01  mole  of  ferrocenecarboxaldehyde.
180 mL of ethanol were added with stirring (half an
hour) to 0.01 mole of purified thiocarbohydrazide in
25 mL of ethanol and then refluxed for 6-7 hours.
The reaction mixture was filtered after cooling, then
concentrated to get the crude product. Purification
of  N'-((E)-4-nitrobenzylidene)-2-((E)-2-(ferrocenyli-
dene)hydrazine-1-carbothiohydrazide  was  carried
out in a silica gel column using ethanol as eluent.
Color:  reddish  orange.  Yield:  0.5939  g  (82%),
m.p.180 oC.

Synthesis  of N'((E)-4-N,N-
dimethylaminobenzylidene)-2-((E)-2-
(ferrocenylidene)  hydrazine-1-
carbothiohydrazide [R2]
To a solution of 0.01 mole of thiocarbohydrazide in
25 mL of ethanol, another solution containing 0.01
mole  of  p-dimethylaminobenzaldehyde  and  0.01
mole  of  ferrocene  carboxaldehyde  in  180  mL  of
ethanol was added slowly with stirring for half  an
hour, then refluxed for 6-7 hours. Greenish yellow
colored reaction mixture  was cooled,  filtered,  and
concentrated to get the crude product. Purification
of  the  crude  sample  in  a  silica  gel  column using
ethanol  as  eluent  yielded  reddish  yellow-colored
N'((E)-4-N,N-dimethylamino  benzylidene)-2-((E)-2-
(ferrocenylidene)hydrazine-1-carbothiohydrazide
[R2]. Yield: 0.5404 g, (91%), Color: Reddish yellow,
m.p. 60 °C. 

RESULTS AND DISCUSSION

Elemental and Mass Spectral Analysis
Elemental analysis data of the synthesized receptor
were in agreement with the theoretically calculated
ones, R1- C19H17N5O2SFe (%): C, 50.61; H, 3.73; N,
15.51; Fe, 12.18. R2 - C21H23N5O2SFe (%): H, 5.32;
C, 58.30; N, 16.23; Fe, 12.70. Mass spectra of the
compounds R1 and R2 contained molecular peaks at
(ESI)  m/z  434  and  434,  respectively,  which
ascertain the formation of anticipated material. 
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Scheme 1: Synthesis of the sensor molecule. 

Vibrational Assignment
The  ferrocene cyclopentadienyl ring’s tilt stretching
vibration and C-H out of plane bend vibrations of R1
appeared as peaks of about 479 cm-1 and 816 cm-1,
respectively (30). The δ-C-C-H bending vibration in
the  pentacyclic  ring  emerged near  933 cm-1.  The
1104  cm-1  peak  was  fixed  for  ring  breathing
vibration (31). The C=S  group stretching vibration,
C-C stretching vibration of pentacyclic  ring and NO2

group vibration arises at 1336 cm-1, 1514 cm-1 and
1566  cm-1   respectively.  The  Schiff  base
development is authorized by the appearance of –
C=N  stretching  vibration  peak  at  1650  cm-1(30).
The aromatic stretching vibration transpired at 2064
cm-1.  Stretching vibration due to secondary amine
and hydration water became apparent around 3360
-  3400 cm-1.  Stretching  vibrational  modes  of  CH3

groups  present  in  R2 became obvious  near  2916
cm-1(32)  along  with  all  other  peaks  appeared  for
R1 .

NMR Spectral Analysis
Receptor  R1  proton  NMR  spectrum  (Figure  2)  in
C2D5OD possess pertinent peaks and are earmarked
as given here - R1: 8.2 (s, 2H, NCH), 7.9 (m, 4H
aromatic),  4.9  (m,  2H,  cp  subst.)  4.4(m,  2H,  cp

subst.) 4.3(s, 5H, cp unsubst.), 1.2(s, 2H, 2NH) R2:
8.1(s, 2H, NCH), 7.4 (m, 2H, aromatic), 6.7(d, 2H,
aromatic),  4.7  (m,  2H,  cp  subst),  4.5(m,  2H,  cp
subst), 4.2 (s,5H, cp unsubst), 3.0 (s,6H, N(CH3)2),
1.1(s, 2H, 2NH).

Figure 1: FTIR spectrum of R1.
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Figure 2: Proton NMR spectrum of R1.

Binding Aptitude  Analysis  Using  UV–Titration
Method 
To  2.5  mL  of  1X10-5  M R1  solution  taken  in  the
quartz cell, incremental additions of 20 μL of various
metal  salt  solutions  (1X10-2  M) were  added using
micro pipette (during the titration) and the spectral
changes  were  recorded  for  analysis.  Alcoholic
solutions  of  Pb,  Cd  &  Mn  salts  and  acetonitrile
solutions of Hg, Ni & Cu salts were used in titration

studies.  UV-visible  spectrum  of  R1  in  acetonitrile
had a peak at 258 nm and two shoulders near 300
nm and 358 nm. In ethanol medium two peaks are
visible at 241 nm, 313 nm and a shoulder at 354
nm (Figure 3a&3b). Aromatic ring transitions (π-π*)
were  assigned  (33)  for  UV  region  shoulders  and
peaks  and  an  intramolecular  charge  transfer
transition  (34)  was  allocated  for  visible  region
shoulder.

            

Figure 3: Electronic spectrum of R1 in (a) acetonitrile (b) ethanol.

Successive addition of Cu2+ ions drastically changed
the spectrum of R1(Figure  4a) with the generation
of  MLCT  band  (Figure  4b)  at  465  nm  (35)
accountable  for  the  association  of  metal  ion  with

receptor  and disappearance of  258 nm peak with
the transformation of  300 nm shoulder to a peak
(Figure 4c) at 296 nm (blue-shift).

 

Figure 4: Spectral changes recorded for the addition of Cu2+ ions to R1 (a) Overall changes (b) MLCT band
formation (c) conversion of shoulder in to peak.
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Incremental  addition  of  Hg2+ ions  lead  to  the
development of new peak around 237 nm (Figure
5a). Blue shift of 242 nm peak to 234 nm and 315
nm peak to 311 nm resulted from the addition of
Pb2+ ions (Figure 5b). Red shift of 258 nm shoulder
to  272 nm originated  from the  raise  of  Ni2+ ions

(Figure  5c).  Appreciable  variations  were  recorded
for the increase of Cd2+ & Mn2+ ions. Transformation
of  π-π* transition peaks of R1 upon the addition of
various  metal  ion supposes that  R1 is  capable  of
sensing Cu2+, Hg2+, Ni2+, Pb2+, Cd2+ and Mn2+ ions.

        

Figure 5: Spectral changes noticed in spectrum of R1 for the addition of (a) Hg2+ ions, (b) Pb2+ ions, (c)
Ni2+ ions.

The presence of electron donating methyl group in
the  aromatic  part  substituted  imine  group,  might
cause the n-π* transition to happen meritoriously.
This  might  be  the  reason  for  the  appearance  of
prominent  peak  at  335  nm  (Figure  6a)  in

acetonitrile medium and at 350 nm (Figure 6b) in
ethanol. A shoulder at 310 nm was also recorded in
alcoholic  medium,  in  addition  to  the  above
mentioned peak. 

             

Figure 6: Electronic spectra of R1 in (a) acetonitrile, (b) ethanol.

Recognition  ability  of  R2  towards  Cu2+ ions  was
revealed by the formation of an MLCT band at 461
nm along with blue shift of 337 nm to peak 310 nm
(Figure  7a).  Locking  attitude  of  R2  towards  Hg2+

was revealed by the formation of new peak at 237
nm (Fig 7b). Disappearances of 337 nm peaks with
simultaneous  appearance  of  shoulder  at  278  nm

(Figure  7c)  for  the  addition  of  Ni2+ ions  also
revealed  the  sensing  ability  of  R2.  Conversion  of
357  nm  peak  to  shoulder  on  increasing  the
concentration of Pb2+ ions and acceptable upsurge
in  the  absorbance value of  R2 for  the cumulative
addition of Mn2+ & Cd2+ also unveiled the binding
aptitude of R2.
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Figure 7: Spectral changes noticed in the spectrum of R2 for the addition of (a) Cu2+ ions, (b) Hg2+ ions,
(c) Ni2+ ions.

Assessment  of  Concentration  Required  for
Effective Sensing
The required  concentration  for  the  recognition  of
metal  ions  by  the  newly  synthesized  sensor  was
calculated from the anodic current value observed
for  the  oxidation  peak  realized  for  the  applied
potential  under  anaerobic  conditions.  In  Figure  8,

cyclic voltammograms of R1 (1X10-3 M) recorded for
different  scan  rates  (20,  50  &  100  mV/s)  were
presented. The calculated values of Ipa , Ipc, and ΔEP

are presented in Table 1. The ΔEP  (132- 219 mV)
values  derived  from  the  anodic  and  cathodic
potential  data were greater  than the expected 59
mV of a reversible process (36). 

   

Figure 8: CV of R1 with different scan rate in (a) acetonitrile and (b) ethanol.

Table 1: Electrochemical parameters of R1 (1X10-3M).

Scan Rate-
mV/ sec

Epa

(V)
Epc

(V)
ΔEp

(V)
E1/2

(V)
Ipa  x10-6

(μA)
Ipc   x10-6

(μA)

Solvent –Acetonitrile

20 0.765   0.631 0.134 0.698  -0.914 1.709

50 0.765   0.629 0.136 0.697  -1.322 5.303

100 0.774   0.627 0.147 0.71  -1.841 8.503

Solvent – Ethanol

20 0.766 0.619 0.147 0.692  -0.788 4.002

50 0.793 0.613 0.18 0.703  -1.414  8.027

100 0.820    0.601 0.219 0.710  -2.124 13.760
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CV titration studies were carried out by adding 20
μL  of  either  1X10-3 M  or  1X10-1 M  metal  salts’
solution to 10 mL of 1X 10-3 molar R1 solution taken
in the three-compartment cell. The registered cyclic
voltammograms  had  a  varied  amount  of  positive
potential  shift  for  oxidation  peak  and  a  negative

potential shift for reduction peak, which unveiled the
different  metal  ion  sensing  nature  of  newly
synthesized  receptors  (37,  38).  Voltammograms
recorded for the addition of Cd2+ ions are presented
in Figure 9.

          

Figure 9: Deviations in the voltammogram of R1 for the addition of Cd2+ ions, (a) 1X10-3 M, (b) 1X10-1 M.

Electronic configuration of the metal ion may affect
its binding nature to the receptor. The difference in
the Ipa and ΔEp  values (Table 2) observed for the
varied  metal  ions  with  1X10-3 M  concentration
(Figure  10)  matched  with  the  above  expectation.
The repulsive force operating between metal cation
and oxidized ferrocene unit was also a reason for

the  noticed  variations  in  the  Ipa &  ΔEp (39).  The
order of binding of R1 estimated from the ΔIpa (%),
deliberated  from the  Ipa amount  detected  for  the
oxidation  wave  of  sensor’s  solution  and  different
metal  ions  added  to  it,  was  Cd,  86.5%>Ni,
33.2%>Hg,  24.6%>Pb,  13.6%>Mn,  8.4%>Cu,
3.9%. 

         

Figure 10: CV of R1 (1X10-3 M) with dissimilar metal ions (1X10-3 M) in (a) acetonitrile and (b) ethanol [at
50 mV/s scan rate].
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Table 2: CV data for the addition of dissimilar metal ions under equimolar conditions [at 50 mV/s scan
rate].

Addition Epa

(V)
Epc

(V)
ΔEp

(V)
E1/2

(V)
Ipa  x10-5

(μA)
Ipc   x10-6

(μA)

Solvent - Acetonitrile

Receptor 0.765 0.629 0.136 0.697 -1.322 5.303

Cu2+ 0.767 0.635 0.132 0.701 -1.380 5.091

Ni2+ 0.765 0.633 0.132 0.699 -1.087 3.539

Hg2+ 0.775 0.637 0.138 0.706 -8.917 3.998

Solvent  -  Ethanol
Receptor 0.793 0.613 0.18 0.703 -1.414 8.027

Cd2+ 0.794 0.598 0.196 0.696 -1.743 1.078

Mn2+ 0.757 0.602 0.155 0.679 -1.638 8.769

Pb2+ 0.778 0.596 0.182 0.687 -1.586 9.293

The order of sensing power of R1 under multimolar
conditions (1X10-3 M, R1/1X10-1 M, Mn2+), derived
from the  ΔIpa (%),  which  in  turn  were  calculated
from the Ipa  values (Table 3), was  Mn, 59.3%>Pb,
44.3%>Cd,  27.1%>Cu,  15.9%>Ni,  2.9%>Hg,

1.8%.  Appraisal  of  binding  order  of  R1  under
dissimilar concentrations of metal ion revealed that
R1 was more potent than Cd, Ni,  and Hg ions at
lower  concentrations,  and  dominant  over  Mn,  Pb,
and Cd at higher concentrations (Figure 11).

Figure 11: Chart showing the concentration required and sensing ability of R1.
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Table 3: CV data for the addition of dissimilar metal ions under multimolar conditions [at 50 mV/s scan
rate].

Addition Epa

(V)
Epc

(V)
ΔEp

(V)
E1/2

(V)
Ipa  x10-5

(μA)
Ipc   x10-6

(μA)

Solvent – Acetonitrile

Receptor 0.765 0.629 0.136 0.697 -1.322 5.303

Cu2+ 0.798 0.666 0.132 0.732 -1.282 4.457

Ni2+ 0.788 0.646 0.142 0.717 -1.328 5.145

Hg2+ 0.767 0.639 0.128 0.703 -1.202 5.205

Solvent  -  Ethanol
Receptor 0.793 0.613 0.18 0.703 -1.414 8.027

Cd2+ 0.777 0.609 0.168 0.693 -1.134 5.845

Mn2+ 0.774 0.609 0.165 0.691 -8.161 3.264

Pb2+ 0.777 0.602 0.175 0.689 -1.096 4.470

Table 4: Electrochemical data of R2 (1X10-3M) with different scan rates.

Scan Rate-
mV/s

Epa

(V)
Epc

(V)
ΔEp

(V)
E1/2

(V)
Ipa  x10-5

(μA)
Ipc   x10-6

(μA)

Solvent –Acetonitrile

20 0.818 0.706 0.112 0.762 -6.934 1.240

50 0.827 0.704 0.123 0.765 -1.061 2.926

100 0.827 0.696 0.131 0.761 -1.473 5.551

Solvent – Ethanol

20 0.657 0.601 0.056 0.629 -3.296 4.903

50 0.706 0.612 0.094 0.659 -6.096 1.754

100 0.736 0.605 0.131 0.670 -8.845 3.677

The change in trend of Ipa, Ipc & ΔEp values assessed
for R2 (Table 4) with different scan rate are similar
to the behavior of R1.

Concentration  assessment  experiment  of  R2  was
also carried out using the same method adopted for
R1.  The  order  of  binding  ability  of  R2  estimated
from  ΔIpa (%) values  under  homo-molar

concentrations  was  Ni,  48.7%>Hg,  37.8%>Pb,
34.2%>Mn,  24.5%>Cd,  8.6>Cu,  6.8% (Table  5),
and at hetero-molar conditions was (Ni, 46.1%>Cd,
37.3%>Cu,  34.1%>Pb,  29.3%>Hg,  26.8%>Mn,
0.0%) (Table 6). The pictorial  presentation of the
role of metal ion concentration required for effective
sensing of R2 is given in Figure 12.
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Figure 12: Chart showing the concentration required and sensing ability of R2.

Table 5: CV data for the addition of dissimilar metal ions under homo-molar conditions [at 50 mV/s scan
rate].

Addition Epa

(V)
Epc

(V)
ΔEp

(V)
E1/2

(V)
Ipa  x10-5

(μA)
Ipc   x10-6

(μA)

Solvent – Acetonitrile
Receptor 0.827 0.704 0.123 0.765 -1.061 2.926

Cu2+ 0.814 0.706 0.108 0.76 -1.075 2.727

Ni2+ 0.758 0.625 0.133 0.691 -5.056 5.741

Hg2+ 0.814 0.702 0.112 0.758 -1.530 4.705

Solvent  -  Ethanol
Receptor 0.706 0.612 0.094 0.659 -6.096 1.754

Cd2+ 0.728 0.616 0.112 0.672 -5.855 1.920

Mn2+ 0.775 0.580 0.195 0.677 -1.151 2.326

Pb2+ 0.741 0.597 0.144 0.669 -6.525 1.154

Table 6: CV data for the addition of dissimilar metal ions under heteromolar conditions [at 50 mV/s scan
rate].

Addition  Epa

 (V)
 Epc

  (V)
ΔEp

 (V)
E1/2

 (V)
Ipa  x10-5   

     (μA)
Ipc   x10-6  

     (μA)

Solvent – Acetonitrile

Receptor 0.827 0.704 0.123 0.765  -1.061 2.926

Cu2+ 0.811 0.666 0.145 0.738  -7.4381 1.926

Ni2+ 0.784 0.666 0.118 0.738  -6.633 1.577

Hg2+ 0.791 0.676 0.115 0.733  -6.284 2.140

Solvent  -  Ethanol 
Receptor 0.706 0.612 0.094 0.659 -6.096 1.754

Cd2+ 0.762 0.587 0.175 0.674  -1.123 2.801

Mn2+ - - - - - -

Pb2+ 0.747  0.582 0.165 0.664  -8.372 1.239
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CONCLUSION

The formation of unsymmetrical Schiff bases, when
ferrocenecarboxaldehyde  is  present  as  one  of  the
reactants, is barred due to the high reactivity of fer-
rocene component.  Efforts  made by our  team re-
sulted to the preparation, characterization, and ex-
ploration of the sensing ability of N'-((E)-4-nitroben-
zylidene)-2-((E)-2-(ferrocenylidene)hydrazine-1-
carbothiohydrazide  and  N'((E)-4-N,N-dimethy-
laminobenzylidene)-2-((E)-2-(ferrocenylidene)  hy-
drazine-1-carbothiohydrazide.  FTIR,  1HNMR,  and
Mass spectral analyses materialize the characteriza-
tion of the above compounds. Competency in identi-
fying the ions of metals like Cu, Ni, Hg, Cd, Mn & Pb
by the newly synthesized compound was realized in
UV-Visible titration studies. The role of concentra-
tion on the sensing activity of the sensors R1 and
R2 resulted from the anodic current values obtained
in CV studies. 
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Enhancement of the O2 Sensitivity: ZnO, CuO, and ZnO/CuO Hybrid
Additives’ Effect on Meso-Tetraphenylporphyrin Dye

Merve Zeyrek Ongun1*

1Dokuz Eylul University, Chemistry Technology Program, Izmir, 35360, Turkey

Abstract: Semiconductor metal oxide materials have attracted great interest in gas sensors due to their
high sensitivity to many target  gases. In this  study,  an oxygen-sensitive optical  chemical sensor was
prepared in thin-film form by immobilizing meso-tetraphenylporphyrin  (H2TPP)  in silicon matrix  in  the
presence of ZnO, CuO and ZnO/CuO hybrid nanoparticles as additives. Characterization of synthesized
metal oxide powders was performed using XPS, XRD, SEM, and PL spectroscopy. Emission and decay time
measurements of H2TPP-based materials were investigated between the concentration range of 0% and
100% [O2] in thin-film forms. The intensity-based signal drops of the additive-free form of porphyrin dye
toward oxygen were calculated as 70%. Whereas, the oxygen sensitivities of H2TPP-based sensor slides
were measured as 80%, 75%, and 88% in the presence of ZnO, CuO, and ZnO/CuO hybrid particles,
respectively. The usage of porphyrin dye with ZnO/CuO hybrid additive provided higher oxygen sensitivity,
larger  linear  response  range,  higher  Stern-Volmer  constant  (KSV)  value  and  faster  response  time
compared to the undoped form, ZnO and CuO additive-doped forms of  H2TPP.  The response and the
recovery  times  of  the  porphyrin-based  sensing  slide  along  with  ZnO/CuO hybrid  particles  have  been
measured as 10 and 20 s. These results make the H2TPP along with the metal oxide additives promising
candidates as oxygen probes.
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INTRODUCTION

Oxygen  is  used  as  a  reactant  or  product  (1)  in
industrial  processes,  clinical  (2),  biomedical  (3),
environmental (4), and chemical analysis (5), and
therefore, continuous and accurate determination of
dissolved  and  gaseous  O2 levels  is  of  great
importance.  In  recent  decades,  optical  chemical
sensors  based  on  spectroscopic  changes  are
currently  preferred  for  oxygen  detection  due  to
many  advantages  such  as  easy  fabrication,  high
sensitivity, low detection limit,  and low cost. Most
optical  sensors  are  fabricated  by  doping  different
types  of  oxygen-sensitive  organic  dyes  into  gas
permeable sol-gel or polymeric matrices. There are

different  types  of  organic  dyes  such  as  transition
metal  complexes  of  ruthenium  (2),  iridium  (6),
palladium  (7),  platinum  (8),  osmium  (9),  pyrene
(10),  and porphyrin  and derivatives  (11)  used as
oxygen-induced  optical  sensors  based  on  the
working  principle  of  luminescence-quenching.  One
of the most important phosphorescence dyes used
in  oxygen  gas  sensors  is  metal-free  and  metal-
carrier  forms  of  tetraphenylporphyrins  (TPPs),
because  of  their  long  fluorescence  lifetimes
(microsecond  to  millisecond  range),  high  oxygen
sensitivity,  large  Stokes'  shifts,  high  quantum
yields,  fast  response  times,  and  long  stabilities.
Table 1 summarizes previous studies with different
porphyrin derivatives (12-20).
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Table 1: Comparison of the oxygen sensing properties of porphyrin derivatives.

Sensitive 
dye

Matrix 
material

Sensitivity
Dynamic
working 
range

Detection 
limit

Response 
time
(N2-O2
/O 2-N2)

Stability Ref.

PdTPA
PtTPA
PdTPP
PtTPP

poly(TMSP)

Ksv (%−1)
3.05
2.48
0.47
0.63

0–100% 
pO2

0.00098 
0.012 
0.0062 
0.0047

6; 5; 13; 6 
/ 117; 46 s

After 8 
months
20% lost

(12)

PdTFPP
PdTCPP

Sol–gel
I0/I100
21.7
7.4

0-40 
mg/L

NR NR / NR NR (13)

PdTFPP Silica-gel KSV 
 67 kPa−1

0.02-100 
Pa

NR 150ms / NR NR (14)

PdTPP PMMA
KSV  
0.071 Torr−1

0-200 
Torr−1 NR NR / NR

After 9 
months
75% lost

(15)

PdTPTBP
Silicone 
rubber

KSV 
0.921 hPa−1

213 hPa 
to 0 hPa 
O2

NR <1s / NR NR (16)

PtTFPP PS KSV (%−1) 
0.018

0–100% 
pO2

NR NR / NR NR (17)

H2TPP
H2TPA
H2OHe

poly(TMSP)

I0/I100

1.46    
2.85   
2.16

0–100% 
pO2

NR NR / NR
After  3 
months 
6%  lost

(18)

ZnTPP
H2TPP poly(TMSP)

KSV (%−1)
0.0052
0.0384

0–20% 
pO2

NR 2 / 3 s
After 5 
months 
2% lost

(19)

H2TPP
plastic-clad 
silica optic 
fiber

KSV = 
7.5×10-4 
Torr-1

I0/
I100=~1.55

55-760 
Torr−1 NR 1s / NR NR (20)

H2TPP
H2TPP-ZnO
H2TPP-CuO
H2TPP-
ZnO/CuO 
Hybrid

poly(TMSP)

I0/I100

3.39
6.02
4.88
7.35

0–100% 
pO2

1.25×10-2

2.21×10-2

1.89×10-2 

2.84×10-2

16;12; 
14;10 s /
34;24; 
28;20 s

After 6 
months 
3% lost

This 
work

NR= Not Reported

The sensing properties of fluorescent dyes depend
on the interactions between the kind of solid matrix
and  the  type  of  micro-environment  of  dyes.  The
appropriate  polymer matrix  can play a role as an
enhancer agent in the oxygen sensitivity properties
and provide mechanical stability due to being a rigid
support  material.  However,  the  polymer-
immobilized  organic  dyes  still  need  some  further
modifications  to  improve  their  oxygen  sensing
performances. To increase the oxygen sensitivity of
organic dyes, different ligand groups are attached to
the  structure  of  the  dye,  which  can  interact  with
oxygen  groups  during  dye  synthesis,  or  different
semiconducting metal oxides known to have oxygen

adsorption  abilities  are  added  to  the  dye  as  a
dopant  during  the  preparation  of  the  chemical
sensor.

Semiconducting metal oxides (SMO) are promising
candidate materials for gas sensing applications due
to their easy production methods, high sensitivity to
many  target  gases,  low  cost  and  being  highly
compatible with other processes (21). According to
the literature, many gas sensor studies containing
metal  oxide nanoparticles due to porous structure
and change of conductivity properties are based on
electrical measurement. Recently, the use of many
metal oxide nanoparticles such as ZnO, CuO, NiO2,
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TiO2, etc. has become a new and popular application
to  improve  electronic  tape  structure  and  enhance
gas  detection  performance.  Wang  et  al.  reported
that  the  CO  gas  detection  capability  of  CuO/ZnO
composite  nanostructure  was  measured  by  the
relative  resistance  techniques  (22).  Jiang  et  al.
found that the fabricated ure and Pr-modified ZnO
nanofibers  synthesized  using  electrospinning-
calcination  techniques  showed  intensity-based  O2

sensing  responses  as  52%  and  71%,  at  115 °C,
respectively (23). Inspired by these studies, today
researchers  include  metal  oxides  with  gas
adsorption  properties  in  optical  chemical  sensor
studies.  The  advantage  of  fluorescence-based
measurement is to be seen as an alternative in the
absence of electrical contact between the resulting
impurities and nanostructures. Last decades, many
approaches were used such as adding some dopants
like  metals  (Au (24),  Ag (25),  etc.)  and/or  metal
oxides (SnO2 (26), ZnO (27), TiO2 (28), CuO (29)
and  Fe2O3 (30),  etc.)  because  of  their  gas
adsorption  properties.  Mariammal  and  colleagues
reported that ZnO and ZnO:CuO nanoparticle-based
sensing  composites  were  used  to  detect  ethanol
vapor using the fiber optic sensor method (31). The
emission  and  excitation  spectra  of  transparent
nanocolumnar  porous  ZnO thin  films  prepared  by
plasma-enhanced  chemical  vapor  deposition  were
measured in the presence and absence of dissolved
oxygen by Sanchez-Valencia et al. (32). Nowadays,
researchers  work  on the enhancement  of  the  gas
sensitivity  properties  of  organic  dyes  by
supplementing additives such as metal and/or metal
oxides.  Jiang  and  co-workers  fabricated  a
ratiometric optical sensor for dissolved oxygen in a
form of nanofiber and thin-film using together  Ag
NPs and (Ru(dpp)3Cl2) composite via immobilized in
polymethylmethacrylate  matrix  (33).  Ozturk  et  al.
investigated the effect of  Ag NPs and ionic  liquids
(1-butyl-3-methylimidazolium tetrafluoroborate)  on
oxygen sensitivity  of  the  ruthenium (II)  dye in  a
form  of  fiber  materials  and  nanoporous  film
structures (34). Ongun developed a high sensitive
oxygen-induced  sensor  including  the  meso-
tetraphenylporphyrin (H2TPP) dye encapsulated in a
silicon matrix in the presence of additives as Ag NPs
and ionic liquids (ILs) (35).  Oguzlar reported that
the Fe3O4 and Fe3O4@Ag NPs as additives were used
for  improving  oxygen  sensing  properties  of  the
[Ru(bpy)3]2+ dye both in EC thin-film and nanofiber
form (36).  

In  this  study,  we  aimed  to  improve  the  oxygen-
induced sensitivity of commercially available meso-
tetraphenylporphyrin (H2TPP) dye in the presence of

different metal oxide additives. While both ZnO and
CuO particles were produced by the sol-gel method,
ZnO/CuO  hybrid  nanoparticles  were  synthesized
using  the  complex  directed  hybridization  method.
The synthesized particles were characterized using
photoluminescence  spectroscopy  (PL),  X-ray
photoelectron spectroscopy (XPS), X-ray diffraction
spectroscopy  (XRD),  and  scanning  electron
microscopy (SEM). The oxygen sensing responses of
the H2TPP-based composites along with metal oxide
additives  embedded  in  the  poly(1-trimethylsilyl-1-
propyne)  matrix  were  tested  by  measuring  the
fluorescence-based emission spectra and decay time
measurements. The relative signal intensity (I0/I100)
values  of  H2TPP  along  with  the  ZnO,  CuO,  and
ZnO/CuO hybrid additives were found as 6.02, 4.88,
and 7.35 between the concentration range of 0 and
100% [O2],  respectively.  The enhancement of  the
emission-based  optical  properties  and  the  decay
kinetics  can  be  based  on  the  adherence  of  the
oxygen molecules  to  the  surface  or  inside  of  the
metal  oxide  crystalline  structures  via  adsorption.
The usage of  the ZnO, CuO and ZnO/CuO hybrid
particles  along  with  the  H2TPP  resulted  in  higher
oxygen  sensitivity,  faster  response,  more  linear
calibration  plots,  and  better  sensor  dynamics
compared to the non-additive free-form of dye. 

EXPERIMENTAL SECTION 

Reagents
Precursors were used without further purification in
the  synthesis  of  metal  oxide  nanoparticles.  Zinc
acetate  dihydrate  (Zn(CH3COO)2×2H2O,  ≥99%),
zinc nitrate heptahydrate (Zn(NO3)2×7H2O, ≥99%),
and  copper(II)  acetate  dihydrate
(Cu(CH3COO)2×2H2O, ≥99%) were purchased from
Sigma  Aldrich.  Oxygen  sensitive  fluorescent  dye,
free-form  of  meso-tetraphenylporphyrin  (H2TPP),
was  supplied  from  Sigma-Aldrich. The  structural
formula of the employed metal-free porphyrin dye
was  shown  in  Scheme  1.  Poly(1-trimethylsilyl-1-
propyne)  (poly(TMSP))  as  polymeric  support
material was provided by ABCR Company. 1-Butyl-
3-methylimidazolium  tetrafluoroborate  [BMIM]
[BF4

-],  used  as  an  ionic  liquid  (IL),  was  obtained
from Fluka. Sodium hydroxide (NaOH, ≥99%) was
from  Alfa-Aesar  Sigma-Aldrich.  The  solvents  of
ethanolamine  (≥98%)  and  toluene  (≥99%)  were
purchased  from  Sigma-Aldrich.  Mylar,  polyester
support for thin-film preparation, was supplied from
DuPont polymers. Cylinders of nitrogen and oxygen
gases  (99.99%)  were  provided  from  Tinsa  Gas,
Izmir, Turkey.
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Scheme 1: Structural formula of the metal-free tetraphenylporphyrin (H2TPP).

Instrumentation
The phase structure of the synthesized powders was
investigated  by  an  X-ray  diffractometer  (XRD,
Thermo Scientific ARL X-ray diffractometer, Cu-Kα,
1.5405 Å, 45kV, 44mA). Thermo Scientific K-Alpha
X-ray  Photoelectron  Spectrometer (XPS)  equipped
monochromatic Al-Kα source was used to determine
the elemental compositions of metal oxide particles.
For  morphological  characterization,  microstructure
images were studied at different magnifications by
COXEM  EM-30  Plus  scanning  electron  microscopy
(SEM).  The  excitation-emission  spectra  were
measured  via  Edinburgh  FLSP920  spectrometer
(PL).  Decay  time  measurements  under  the
excitation  of  a  microsecond  flash  lamp  were
determined by the photoluminescence spectrometer
operating  on  the  time-dependent  single-photon
count (TCSPC) principle. Oxygen and nitrogen gases
were  mixed  between  0%  and  100%  [O2]
concentration  range  using  a  gas  blending  system
(Sonimix  7000A)  and  the  gas  mixture  was
introduced  to  the  sensing  thin  film  membrane  in
septum-sealed cuvette at room temperature  via a
diffuser needle.

Syntheses of  ZnO,  CuO and ZnO/CuO Hybrid
Particles
The ZnO and CuO particles were synthesized by the
sol-gel  method.  For  the  production  of  ZnO  NPs,
0.5 M Zn(NO3)2×7H2O solution was added dropwise
into the 1 M NaOH solution and heated at 70 °C for
2 h. The obtained white precipitates were dried at
200 °C for 1 h and then calcinated at 500 °C for 2 h
(25).  Similarly,  in  the  preparation  of  CuO  NPs,
Cu(CH3COO)2×2H2O powder (0.5 M) was dissolved
in isopropanol, stirred and heated for 1 h at 50 °C.
The pH value of the copper solution was adjusted
using  ethanolamine.  The  black  precipitates  were
dried at 100 °C for 5 h and calcinated at 600 °C for
2 h,  respectively  (37).  To  prepare  the  ZnO/CuO
hybrid  NPs  were  used  the  complex  directed
hybridization  method;  0.5  M  Zn(CH3COO)2×2H2O
and  0.5  M  Cu(CH3COO)2×2H2O  solutions  were
dissolved  separately  in  distilled  water  and  then
mixed.  While  10 M  NaOH  solution  was  added
dropwise, the solution was stirred with a magnetic

stirrer. The final solution was heated for 12 h at 100
°C, then the calcination process was applied for 3 h
at 500 °C (38). 

Preparation  of  H2TPP-based  oxygen  sensing
slides 
Nowadays, researchers work on the enhancement of
O2-sensing characteristics  of  porphyrin  dyes  along
with  different  kinds  of  additives  embedded  in
several  polymeric  matrices.  The  fluorescent-based
sensing  abilities  of  gas  sensors  are  severely
connected to the type of solid matrix and possible
additive.  In  our  previous  works,  we  found  that
poly(TMSP) is an ideal polymeric matrix according to
the  optical  transparency,  high  diffusibility  toward
oxygen,  and  stability.  Therefore,  poly(TMSP)  was
selected as a polymeric support material due to the
high  polymer  permeability  (oxygen  permeability
coefficient  (L = 7700  cm3 (STP)  cm/cm2.s.cm  Hg)
and  rapidly  in  contact  with  molecular  oxygen
(11,18). Also, we found in our previous work that
the best ionic liquid additive is the [BMIM][BF4

-] in
terms of compatibility and oxygen gas solubility in a
polymeric  matrix  and providing long-term stability
to  the  indicator  dye  doped-sensing  slides  (39).
Considering  this  information,  thin  films  were
prepared  by  placing  meso-tetraphenylporphyrin
(H2TPP) dye embedded in poly(TMSP) matrix along
with both different metal oxide additives and ionic
liquid in close proximity.

The homogenous sensing slides were prepared by
mixing  75  mg of  poly(TMSP),  0.25  mg porphyrin
dye, and 25 mg of [BMIM][BF4

-] in 2.5 mL toluene
under  magnetic  stirring.  To  improve  the  oxygen
sensitivity of the H2TPP dye, 0.25 mg of metal oxide
(ZnO,  CuO  and  ZnO/CuO  hybrid)  particles  were
individually added to the cocktail solution. Table 2
presents the compositions of the utilized cocktails.
Afterwards,  the  prepared  viscous  solutions  were
coated onto a Mylar support using the knife spread
method.  Tencor  Alpha  Step  500  Profilometer  was
used to measure the thickness of the coated thin
films (7.63 ± 0.18 μm (n = 8)).  The measurements
were  recorded  after  each  thin  film  was  cut  to
appropriate sizes and placed in the septum cuvette.
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Table 2: Cocktail compositions used as oxygen-sensing agents.

Dye
Cocktail 
Name

poly(TMSP)
 (mg)

toluene 
(mL)

ILs 
(mg)

Additive/ 
ZnO (mg)

Additive/ 
CuO (mg)

Additive/ 
 ZnO/CuO 
Hybrid (mg)

H2TPP
(0.5 mg)

C1 75 2.5 25 - - -

C2 75 2.5 25 0.5 - -

C3 75 2.5 25 - 0.5 -

C4 75 2.5 25 - - 0.5

RESULTS AND DISCUSSION

Characterization of metal oxide particles
The  structural  changes  of  the  produced  particles
were examined by XRD (Figure 1 (a)). XRD peaks of
the ZnO [JCPDS No. 36-1451] at 2θ = 31.8°, 34.5°,
47.5°, 56.5°, 62.9°, 66.4°, 67.9°, 69.2°, 72.6° and
77.0°  were  observed,  consist  with  (100),  (002),
(101), (102), (110), (103), (112), (004) and (202)
crystallographic  planes  of  the  ZnO  hexagonal
wurtzite  phase,  respectively  (40).  The  diffraction
peaks  of  the  CuO [JCPDS No.  48-1548]  at  2θ  =

32.6°,  35.7°,  38.9°,  49.0°,  53.6°,  61.7°,  66.2°,
68.4°, 66.2°, 68.4° corresponding to (110), (002),
(111),  (202),  (020),  (202),  (113),  (022),  (220),
(312), and (203) crystallographic planes of the CuO,
which  indicates  that  the  CuO  is  monoclinic  (41).
Additionally, the diffraction peaks of the ZnO/CuO
hybrid  (1:1 molar  ratio)  nanocomposite were well
matched with the above JCPDS cards, and the XRD
patterns  can be easily indexed to a mixed crystal
phase containing a hexagonal wurtzite ZnO phase
and a monoclinic (38). 

Figure 1: (a) XRD patterns, and (b) XPS spectra of ZnO, CuO and ZnO/CuO hybrid particles.

XPS  analysis  was  studied  to  clarify  the  chemical
structure of all prepared particles in terms of weight
(%) values and binding energies of elements (Table
3).  Figure 1 (b)  shows that  the XPS spectrum of

ZnO/CuO hybrid, ZnO and CuO structures and the
binding energies related to Zn2p, Cu2p, O1s, and
C1s  peaks.  When  the  binding  energies  of  the
ZnO/CuO hybrid  structure  are  compared  with  the
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pure  form of  ZnO  structures,  it  is  seen  that  the
binding energy for Zn2p (1022 eV) shifts to higher
binding energy (~0.3 eV) than for the pure form of
ZnO. Furthermore, the binding energy of Cu2p (933
eV)  shifted  to  lower  energy  (~0.7  eV)  than  pure
CuO upon the ZnO/CuO hybrid structure formation.
These shifts in binding energies can be attributed to
differences  in  the  electronegativity  of  metal  ions.
The electronegativity of Cu2+ is 2.0 while Zn2+ is 1.7
and  for  this  reason,  Cu2+ can  easily  remove
electrons from Zn2+. The electron shielding effect of
Cu2+ increases and the main peak of Cu2p moves

toward lower binding energy, while Zn2p moves to
the higher binding energy. For the ZnO/CuO hybrid,
ZnO and CuO structures, the peaks of O1s coincide
with  the  binding energies of  531.15,  531.04,  and
531.26 eV (Table 3). According to previous studies,
the peaks observed around ~530 eV were attributed
to the lattice oxygen and the presence of O2

− and O−

on the surface of the metal oxide structure. It has
been  also  reported  that  the  sensor  detection
performance is due to its ability to adsorb oxygen
on the metal oxide surface (42).

Table 3: Binding energy (BE) and atomic weight (%) values of all metal oxide particles.

 ZnO/CuO Hybrid ZnO CuO

Name Peak BE Weight 
(%)

Peak BE Weight 
(%)

Peak BE Weight (%)

Zn2p 1022.06 28.18 1021.78 74.82 - -

Cu2p 933.85 31.05 - - 934.59 49.57

O1s 531.15 25.20 531.04 18.62 531.26 28.91

C1s 285.16 15.57 285.29 6.56 286.04 21.52

Figure 2 (a), (b) and (c) show SEM micrographs that
characterize  the morphologies and microstructures
of  ZnO,  CuO,  and  ZnO/CuO  hybrid  particles  at
×10.0  k  magnification,  respectively.  According  to
the results, the aggregation of nanoparticles may be
based  on  the  high  surface  areas  and  energies  of

ZnO  and  CuO  particles.  The  formation  of  p-n
heterojunctions along with pores and voids between
p-type CuO and n-type ZnO in ZnO/CuO particles
also contributes to gas sensitivity (31). As can be
seen, there are much finer pores and cavities in the
structure of the ZnO/CuO hybrid material.

Figure 2: SEM images of (a) ZnO, (b) CuO, (c) ZnO/CuO hybrid particles at ×10.0 k magnification.

Spectral behavior of H2TPP along with metal 
oxide particles
Herein, we investigated the oxygen-induced spectral
response of  the H2TPP along with  nanoscale ZnO,
CuO  and  ZnO/CuO  hybrid  particles  in  the
poly(TMSP)-based thin films. When the H2TPP-based
sensing slides were excited at 420 nm, yielded with
two emission bands at 652 and 717 nm. In all of the
forms  under  study,  the  oxygen-induced  emission
intensities  decreased  which  can  be  used  as  the
analytical  signal  with  the  increasing  quencher

amounts  between  the  concentration  ranges  of  0-
100%  [O2].  The  relative  signal  change  resulting
from dynamic quenching depends on triple oxygen
quenching the excited-state fluorescence of H2TPP-
based  sensing  composites  through  collisions.  The
following  Stern-Volmer  equation  was  used,  which
reveals  the  relationship  between  quencher
concentration and fluorescence intensities,  as it  is
most  suitable  for  linearizing  experimental  data  in
the concentration interval of 0-100% [O2] (Eq. 1); 

I 0
I
=1+K SV [O2]

(Eq. 1)
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where I0 and I are the fluorescence intensities in the
absence  and  presence  of  quencher,  respectively,
KSV is  the Stern–Volmer constant  and [O2]  is  the
oxygen concentration. When all other variables are
kept  constant,  the  higher  the  KSV,  the  lower
concentration  of  quencher  required to  quench the
luminescence (19).

The oxygen-induced fluorescence spectra of C1, C2,
C3, and C4 composites were shown between Figure
3 and 6, respectively. When the porphyrin dye was
used along with the metal oxide nanoparticles in the
poly(TMSP)  matrix  in  close  proximity,  it  became
extremely  sensitive  toward  oxygen.  The  C1

exhibited a 70% signal drop for the 0-100% [O2]
range, the C2, C3 and C4 composites yielded 80%,
75%, and 88% signal changes when exposed to the
same  concentration  range  of  the  oxygen,
respectively.  The  comparative  calibration  plots  of
the utilized composites for the concentration range
of  0–100% [O2]  and the related equations  of  the
calibration  curves  were  reported  in  Figure  7  and
Table 3, respectively. All of the H2TPP-based sensing
slides  in  the  presence  of  metal  oxide  additives
revealed  linearly  emission-based  response  in
direction  of  decrease  and  exhibited  good linearity
and  high  regression  coefficient  (R2)  values  in
oxygenated conditions.

Figure 3: The oxygen induced-emission spectra of C1 in poly(TMSP) thin film for the concentration range of
0–100%.

Figure 4: The oxygen induced-emission spectra of C2 in poly(TMSP) thin film for the concentration range of
0–100%.
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Figure 5: The oxygen induced-emission spectra of C3 in poly(TMSP) thin film for the concentration range of
0–100%. 

Figure 6: The oxygen induced-emission spectra of C4 in poly(TMSP) thin film for the concentration range of
0–100%.

When  the  emission-based  signal  drops  of  the
utilized  composites  between  0%  and  100%  [O2]
were  compared,  C4  exhibited  a  superior  linear
response and a fairly high slope on the calibration
plot relative to C1, C2,  and C3; this  case can be
considered an indicator of the hypersensitivity of the

ZnO/CuO hybrid  particle  doped composite  for  the
analyte. However, a linearized calibration plot of the
C4 composite can be defined as; y=0.0604×+1 and
the R2 value of 0.9817 for the concentration range
of 0-100% [O2]. 
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Figure 7: The comparative calibration plots of the C1, C2, C3, and C4 composites for the concentration
range of 0-100% [O2].

Table  4  reveals  the  equations  of  the  calibration
curves,  the  regression  coefficients,  the  Stern-
Volmer constants (KSV), the relative signal changes
(I0/I100) and the limit of detection (LOD) values of
the  utilized composites.  The I0/I100 ratio  has  been
accepted as a display of indicator sensitivity where
I0 and I100 are the signal intensities of the indicator
dye in the lack of and the maximum concentration
levels of quencher,  respectively.  Nevertheless,  the
researches to improve the I0/I100 parameter of the
H2TPP are still in progress. Herein, the utilization of
the ZnO, CuO and ZnO/CuO hybrid powders along
with  the  H2TPP  in  the  silicon  matrix  resulted  in
enhanced  sensitivity  with  respect  to  the  former
literature (18,19). The I0/I100 values were found to
be 3.39, 6.02, 4.88, and 7.35 for the C1, C2, C3,
and C4, respectively. The Stern-Volmer (KSV) values,
which  quantifies  the  quenching  efficiency  of  the
sensor, were found in the range of 2.25 × 10-2 –

6.04 × 10-2 for all of the thin film-based composites.
As  a  result,  it  can  be concluded that  C4 exhibits
better  oxygen  gas  sensitivity  as  it  shows  higher
relative signal change and KSV values compared to
other cocktails. This result makes the C4 composite
an  encouraging  sensor  slide  for  developing  a
luminescence-based oxygen detecting device. Also,
the limit of detection (LOD) value is calculated using
both  the  slope  of  the  extinction  plot  in  the
calibration  graph  and  the  resolution  of  the
spectroscopic instrument and calculated by dividing
the  0.003/slope  at  a  signal-to-noise  ratio  of  3.0.
Considering  the  fully-nitrogen  gas  moiety  as  the
blank, the LOD values for the C1, C2 ,C3, and C4
were  found  to  be  1.25×10-2 p[O2]%  (1.66×10-1

mg/L),  2.21×10-2  p[O2]%  (2.94×10-1 mg/L),
1.89×10-2 p[O2]% (2.51×10-1 mg/L), and 2.84×10-2

p[O2]% (3.78×10-1 mg/L), respectively (Table 4).

Table 4: Optical properties and O2 sensitivity of H2TPP dye included sensing agents. 

Cocktail 
name

Equation
(Conc.range of
0–100%[O2])

Stern-
Volmer 
constant
Ksv

Regression 
coefficient
R2

I0/I100
LOD
(p[O2]%)

LOD
(mg/L)

C1 y=0.0225x + 1 2.25×10-2 0.9702 3.39 1.25×10-2 1.66×10-1 

C2 y=0.0471x + 1 4.71×10-2 0.9798 6.02 2.21×10-2 2.94×10-1

C3 y=0.0355x + 1 3.55×10-2 0.9785 4.88 1.89×10-2 2.51×10-1

C4 y=0.0604x + 1 6.04×10-2 0.9817 7.35 2.84×10-2 3.78×10-1

In  this  study,  we  independently  measured  the
absorption  and  the  emission  bands  of  the
heterostructures of H2TPP and all utilized additives
to clarify the reasons behind the increase of oxygen-
induced sensitivity. The normalized intensity-based
spectra of ZnO, CuO and ZnO/CuO hybrid particles
were individually shown in Figure 8 (a), (b) and (c),
superimposed with the intensity-based spectrum of

the H2TPP dye. All the utilized powders embedded in
the poly(TMSP) thin-film were excited at their own
excitation wavelength. Both ZnO, CuO and ZnO/CuO
hybrid additives excited in a wide range wavelength,
which covers the excitation band of H2TPP, between
300  and  450  nm  and  emitted  in  broadband  of
approximately 400 to 720 nm.
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Figure 8: The excitation and emission spectra of the poly(TMSP) embedded H2TPP, (a) ZnO, (b) CuO and
(c) ZnO/CuO hybrid, individually.

The  gas  sensing  performances  of  ZnO  and  CuO
semiconductor materials are related to the oxygen
adsorption  and  electron  transfer  process.  The
presence of active pores, void spaces and oxygen
vacancies,  which  act  as  active  centers  for  the
adsorption  of  oxygen  molecules,  enable  the
semiconductor  oxides  to  exhibit  high  gas  sensing
capacity. Also, the free electrons on the surface of
ZnO  and  CuO  semiconductors  result  in  the
enhancement of gas sensitivity by adsorbing a large
number of oxygen species from the air. When CuO
and ZnO materials  have interacted,  electrons  can
migrate from n-type ZnO to p-type CuO as a result
of  a  strong  effect  between  both  semiconductor
materials  and  hence  more  free  electrons  are
available in this system. The more enhanced oxygen
response of ZnO/CuO hybrid heterostructures is due
to  larger  p-n  junction  depletion  regions,  larger
surface  area,  and more oxygen adsorption at  the
surface,  resulting  from  the  formation  of  p-n
heterojunctions  between  p-type  CuO  and  n-type
ZnO (31). 

The enhancement in the oxygen sensitivity of H2TPP
in the presence of the metal oxide particles may be
attributed to the strong excitation-emission abilities
of the metal oxides, which act as a light-harvesting
agent, and the energy transfer between the metal
oxide particles and the dye. According to Figure 8
(a), (b) and (c), the emission bands of all utilized
metal  oxide  additives  partially  overlaps  with  the
absorption  band  of  the  H2TPP,  which  makes
interaction and an energy transfer from the metal
oxide  particles  (donor)  to  the  porphyrin  dye
(acceptor), possible. The strong absorption and the
broadband emission of ZnO and CuO semiconductor
materials are associated with a charge transfer from
the 2p levels of the O2 at the valence band (VB) to
the  3d  orbitals  of  the  metal  ions  lying  in  the
conduction band (CB). However, the coexistence of
the  CuO  and  ZnO  nanocrystals  in  the  hybrid

structure resulted in an unexpected enhancement in
the  oxygen  sensitivity  of  the  H2TPP.  The  broad
emission  band  (from  450  to  720  nm)  of  the
ZnO/CuO hybrid crystals may be attributed to the
direct electron transitions between the CB and the
VB or the transition of the electrons from the defect
orbitals  to  the  CB  or  VB.  However,  the  emission
performance corresponds to the green-yellow region
of  the  spectrum  of  ZnO/CuO  hybrid  particles
originating from metal ions and cavities of oxygen,
interstitial metal ions, electronic transitions between
interstitial metal ions, and oxygen antisite increases
the oxygen detection abilities of H2TPP (25,42,43).

Decay Time Measurements
In this work, the luminescence decay time kinetics
of all the used sensing slides were measured under
oxygenated and deoxygenated atmosphere (Figure
9).  When  excited  at  418  nm,  the  H2TPP-based
composites  exhibited  tri-exponential  and  bi-
exponential  decays  in  oxygen-free  and  fully-
oxygenated conditions, respectively. Short and long
decay time components and their distribution statics
for all  sensing slides were shown in Table 5.  The
observed  multi-exponential  features  in  decay
kinetics  may  be  ascribed  to  as  the  structural
features  of  the  fluorophore  composites  and  the
hassle  of  the  accessibility  of  the  quencher.  In
deoxygenated  moieties,  the  decay-time  values  of
the  undoped-  and  the  additive  doped-H2TPP
composites varied between 2.40 and 2.47 µs for the
short lifetime components and between 100.86 and
109.32  µs  for  the  long  one.  When  exposed  to
oxygen,  the  shorter  decay  time  components
between 2.98 and 1.06 µs and the longer lifetime
components  between  11.54  and  9.88  µs  were
observed for all of the sensing slides. When exposed
to oxygen, the longer lifetime component got lost
(around ~100.00 µs) and the average decay times
showed a decrease of 20, 30, 25, and 40% for C1,
C2, C3, and C4, respectively.
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Figure 9: The decay kinetics of C1, C2, C3, and C4 under exposure to under fully-nitrogen and fully-oxygen
atmosphere.

In  fully oxygenated moieties,  the increased signal
decrease rates observed in both the emission-based
intensity and the decay kinetics can be explained by
the  existence  of  metal  oxides  providing  better
adsorption  properties  of  oxygen.  In  such  metal
oxide particles, the adsorbed oxygen gas diffuses to
the inside or subsurface layer of the oxygen-induced
luminescent dye. Also, the adsorbed or diffused gas
in  metal  oxide  semiconductors  creates  potential
barriers between the oxide grains, which reduction
in  electrical  conductivity.  This  charge  mobility  in
metal  oxides,  which  affects  luminescence  and
conductivity decreases in decay time values (44). 

Reversibility and Stability of the H2TPP-based
Composites
Response-regeneration  time  and  stability  are
significant properties of optical sensor performance.
The intensity-based kinetic response of the H2TPP-
based  composites  along  with  the  ZnO,  CuO  and
ZnO/CuO  hybrid  additives  were  individually
investigated  and  evaluated  to  time  under  fully-

nitrogen  and  fully-oxygen  atmosphere.  The
reversible  signal  cycles  for  kinetic  measurements
were  measured  along  1000  s.  After  exposure  to
fully-oxygenated atmosphere, the response times of
C1, C2, C3, and C4 were measured as 16, 12, 14,
and 10 s, and the regeneration times for the reverse
direction were determined as 34, 24, 28, and 20 s,
respectively (Figure 10). Considering these results,
when compared to the other H2TPP based-sensing
slides, the C4 showed better response-regeneration
time  and  repeatability  results  over  multiple
detection  cycles  under  conditions  of  constantly
changing gas concentrations between 0% and 100%
O2. Also, no significant decrease was monitored in
the oxygen-induced intensities and decay kinetics of
the sensing agents when stored at the ambient air
of the laboratory conditions (20 ± 1°C) in the dark
for 6 months.  The utilized sensing slides had lost
their original intensity-based signal values less than
3%,  but  they  still  had  the  potential  for  O2 gas
measurements.
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Table 5: Decay kinetics of C1, C2, C3, and C4 embedded in the poly(TMSP)-based thin films.

Sample
τO           
(0% O2)

Decay 
Time 
(µs)

Std. Dev. 
(µs)

Rel. 
(%)

τO           
(100% O2)

Decay
Time
(µs)

Std. Dev. 
(µs)

Rel. 
(%)

C1

τ2 2.47 0.07 21.48 τ2 2.98 0.16 33.46

τ3 11.73 0.08 77.27 τ3 11.54 0.20 66.54

τ4 107.98 1.08 1.25 τ4 - - -

τavr 10.95 µs τavr 8.67 µs

C2

τ2 2.45 0.06 22.43 τ2 2.19 0.14 35.38

τ3 11.96 0.07 76.60 τ3 10.44 0.19 64.62

τ4 109.32 1.22 0.97 τ4 - - -

τavr 10.77 µs τavr 7.52 µs

C3

τ1 2.46 0.07 21.41 τ1 2.82 0.09 33.98

τ2 11.72 0.08 77.34 τ2 11.19 0.12 66.02

τ3 107.12 1.06 1.26 τ3 - - -

τavr 10.94 µs τavr 8.34 µs

C4

τ1 2.40 0.06 19.91 τ1 1.06 0.01 38.77

τ2 11.69 0.06 79.10 τ2 9.88 0.06 61.23

τ3 100.86 0.09 0.99 τ3 - - -

τavr 10.72 µs τavr 6.46 µs

CONCLUSION 

In  this  work,  we  reported  the  effect  of  the  gas
adsorption  properties  of  metal  oxide  additives  on
the  oxygen  sensitivity  of  the  H2TPP  via  the
enhancement  in  the  emission  spectra.  The  XRD,
XPS,  SEM,  and  PL  spectroscopic  techniques  were
used  for  the  characterization  of  the  synthesized
ZnO,  CuO  and  ZnO/CuO  hybrid  particles.  The
oxygen-sensitivities of the H2TPP-based composites
and the interactions between the porphyrin dye and
the  metal  oxide  additives  were  tested  with
fluorescence-based measurements  and decay time
kinetics. The relative signal changes (I0/I100) of 3.39,

6.02,  4.88,  and  7.35  were  reported  for  the
poly(TMSP)  embedded  C1,  C2,  C3,  and  C4,
respectively. The most sensitive detection slide, C4,
showed  a  linear  response  for  the  concentration
range of 0-100% [O2] with an R2 value of 0.9817
and  a  high  slope  on  the  calibration  graph.  The
enhancement  in  the  oxygen-induced  sensitivity  of
H2TPP  should  be  attributed  not  only  to  the
excitation-emission abilities of the ZnO/CuO hybrid
additives  but  also  to  the  free  electrons  formed
during  the  generation  of  heterojunction  between
ZnO  and  CuO  in  the  synthesis  of  the  ZnO/CuO
structure,  which  facilitates  the  adsorption  of  O2

molecules on the surface.
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Figure 10: Intensity-based kinetic response of C1, C2, C3, and C4 composites between the oxygen
concentrations of 0% and 100%.
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Determination of Heavy Metals in Tobacco Leaves and Their Growing
Soils in Assosa District, Benshangul Gumuz Regional State, Ethiopia
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Abstract: Tobacco is a commercial plant that can accumulate heavy metals in its leaves. In this study,
we investigated the levels of selected heavy metals (Mn, Cu, Zn, Cd, and Pb) in tobacco leaves and their
growing soils  from Assosa District,  Benshangul  Gumuz Regional  State,  Ethiopia.  Both samples were
collected from five tobacco farmlands. The samples were digested before quantitative determinations of
the metals via inductively coupled plasma optical emission spectroscopy (ICP-OES). Repeatability and
recovery studies were used to evaluate the efficiency of the method. Repeatability was evaluated by
analyzing replicate  samples  and expressed as  relative  standard  deviations  (RSD) were  below 10.0.
Recovery or percent recovery (%R) studies, which were performed by spiking known concentrations of
metals into the samples, ranged from 85.67 - 111.33% and 84.25 - 114.00% for tobacco leaves and soil
samples, respectively, indicating that the employed method is valid for the analysis of the metals. The
concentrations of metals in tobacco leaf samples were: 0.75 -1.18 mg/kg, Mn; 0.11-0.21 mg/kg, Cu;
0.58-1.16 mg/kg, Zn; and not quantified (NQ) - 0.01 mg/kg, Cd. In soil samples, their concentrations
were: 1.59-8.04 mg/kg, Mn; 0.32 - 0.38 mg/kg, Cu; and 0.29 - 1.26 mg/kg, Zn; and 0.17 - 0.31
mg/kg, Pb. Except in one tobacco leaf sample, Pb was below the limit of quantification (LOQ). Similarly,
in all soil samples, the concentration of Cd was below LOQ. The findings indicate that the concentrations
of the studied heavy metals in both tobacco leaves and soil samples are below their WHO permissible
limits in soil and plants. However, the levels of Zn in Amba and Basha tobacco leaves were higher than
the WHO permissible limit in plants.
Keywords: Tobacco leaves, Soils, Heavy metals, Digestion
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INTRODUCTION

Metals are involved in many biological processes of
living systems. Plants can absorb and accumulate
a  wide  range  of  essential,  micro-essential,  and
toxic  metals  from  their  growing  soils  (1).  In
particular,  toxic  heavy  metals  accumulated  in
plants  may  affect  their  metabolic  activities  by
interacting  with  DNA  and  proteins  and  causing
oxidative  deterioration  of  biological  macro-
molecules (2). Metals such as Zn, Cu, Mn, Mo, Co,
and Ni are essential because they are necessary in
different  biological  processes  and  developmental

pathways  (3).  However,  essential  metals  can  be
harmful  to plants  when their  uptakes are higher
than the  required  levels  (4,5).  For  instance,  an
excess  of  Zn  causes  metabolic  disorders  and
possibly results in the plant's death (6). 

On the other hand, metals like Pb, Cd, As, Hg, Cr,
and  Se  are  highly  toxic  to  plants  and  humans,
even  in  small  amounts  (7–9).  Pb  and  As  are
classified as carcinogenic to humans (10), while Cd
is associated with bone and kidney diseases (11).
Previous studies indicated that cigarette smokers
had higher concentrations of Cd (6), Pb (12), and
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As  (13)  in  their  biological  samples  than
nonsmokers.  Nonsmokers  can also  take in  some
amounts of  toxic  metals  when cigarette smokers
smoke in their vicinity (12). Therefore, monitoring
the levels of heavy metals in tobacco is essential
for protecting the environment and the health of
human beings. 

Tobacco  (Nicotiana  tabacum  L.)  is  a  commercial
plant  since  its  leaves  are  commonly  used  for
making cigarettes (14). Traditionally, people use it
also for snuffing, chewing, and pipe smoking (15).
The  plant  may  absorb  and  accumulate  heavy
metals from the soil through its roots (16–18). For
example,  the tobacco plant absorbs Cd from the
soil and may accumulate the metal in its different
parts:  leaves,  roots,  and  stems  (9).  The  accu-
mulated heavy metals in the leaves may transfer
from  the  cured  and  processed  tobacco  to  the
cigarette  smokers  (9,19).  Plants  take  up  varied
amounts of metals based on metal types and the
content  in  which  they  occur  in  the  soil  and  the
plant  species  (1).  The  transfer  of  these  metals
from  the  soil  to  the  plants  is  influenced  by  a
number of factors, including the type of the soil,
pH,  chemical  speciation  of  the  metal,  and  the
quality of water used for watering (20,21). The use
of fertilizers and pesticides may result in greater
metal concentrations in soils and plants (22). 

In Ethiopia, tobacco is grown by individual farmers
and state-owned farms for commercial  purposes.
For example, Virginia (74%), Oriental (22%), and
Burley  (4%)  are  the  three  most  commonly
cultivated tobacco varieties on state farms, which
are  used  for  cigarette  production  (15).  Most  of
these  farms  are  located  in  Shewa  Robit  (North
Showa),  Billate,  Hawasa,  Wolaita  (Sidamo),  and
Nura-Era (Hararghe), where 500 to 900 MT-cured
tobacco leaves are produced every year on 2000
hectares  of  land  (14).  People  in  Ethiopia  have
become  accustomed  to  Khat  (48.2%),  tobacco
(29.9%), and alcohol (18.9%), indicating the high
prevalence of tobacco addiction next to Khat (23). 

In  Assosa  District,  Benshangul  Gumuz  Regional
State, western Ethiopia, tobacco is widely grown,
by  individual  farmers.  People  of  this  region  use
tobacco leaves for chewing and making traditional
cigarettes. During tobacco production, farmers use
agrochemicals, which may lead to the enrichment
of the soils with heavy metals such as Cu, Zn, Cd,
and others (24). Therefore, in this study, the levels
of selected heavy metals: Zn, Cd, Pb, Mn, and Cu
in  tobacco  leaves  and  their  growing soils  from
Assosa District were determined using ICP-OES. To
the best  of  our  knowledge,  there  is  no  previous
report  on  the  levels  of  heavy  metals  in  tobacco
leaves and their growing soil from the study area. 

MATERIAL AND METHODS

Chemicals and Reagents

All chemicals and reagents used were of analytical
grade.  HNO3 (69%) and HCl  (37%)  supplied  by
Loba  chemie  pvt.  Ltd  (Jehangir  villa,  Mumbai,
India),  and  H2O2  (30%)  from  RDH  Labor  chemi
kalien  GmbH  &  Co  KG  (Seelze,  Germany)  were
used for digestion of tobacco leaf and soil samples.
Stock  standard  solutions  of  the  metals  (Mn,  Cu,
Zn, Pb, and Cd), 1000 mg/L prepared as nitrate for
each  metals  in  0.5  mol/L  HNO3 were  purchased
from Luba Chemical Pvt. Ltd (Mumbai, India).

Instrument and Apparatus
A ceramic  mortar  and  pestle  were  used  for  the
grinding  of  tobacco  leaves  and  soil  samples. An
analytical  balance  KERN ABS-N ·  ABJ-NM,  Model
ABS  120-4N  (Balingen,  Germany)  was  used  for
weighing samples. A heating oven, M 3040 P, with
a working temperature ranging from 50 to 250 °C
(Elektro-mag, Turkey) was used for the drying of
samples.  Glass  beakers  (100-400  mL)  and  an
aluminium  hot  plate  magnetic  stirrer  (CB/SB
series, SB 302) form The Carl roth GmbH + Co.KG
(Karlsruhe,  Germany) were  employed  for  wet
digestion of tobacco and soil samples.  Inductively
coupled  plasma  optical  emission  spectroscopy
(ICP-OES), Optima 8000, supplied by PerkinElmer,
Inc. (Waltham, USA) was used for the quantitative
determination of targeted heavy metals.

Study Area and Period
The study area was conducted in Assosa District,
Benshangul Gumuz Regional State, Ethiopia, which
is at 10°04'N longitude, 34°31'E latitude, and 1572
m  elevation  above  sea  level.  Assosa  City,  the
capital city of the regional state, is located 659 km
away from Addis  Ababa,  Ethiopia,  which  has  an
estimated area of 49,289.46 km2. It has a tropical
climate and gets about 1236 mm of annual rainfall
and an average temperature of 28.2 °C. Tobacco is
widely  grown  in  the  regional  state,  including
Assosa District, for local consumption as cigarettes
and chewing its leaves. The study was conducted
from May to October 2017.

Sample Collection 
Representative  tobacco  leaf  samples  were
systematically collected from five different tobacco
farmlands  in  Assosa District,  namely,  Tsentseha,
Belmili,  Ateto,  Amba,  and  Basha.  From  each
farmland,  five  samples  were  collected  from
different sites. At each sampling site, four leaves
per plant, from the bottom to the tip of the stalk
position, were collected from five tobacco plants.
The  collected  samples  from  the  same  farmland
were combined to form a single composite sample
(14). Similarly, soil samples were collected at 0.0 -
30 cm depth from the same sites where tobacco
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leaf  samples  were  collected.  The  collected  soil
samples from the same farmland were combined
and  homogenized  to  form  a  single  composite
sample. Both tobacco leaves and soil samples were
collected in polyethylene bags and transported to
Jimma University  Analytical  Chemistry  laboratory
for further pretreatments.

Sample Preparation and Analysis 
Before drying at 105  °C in an oven, tobacco leaf
samples  were  washed  with  distilled  water.  The
samples  were  digested  following  the  method
reported by  Imran et al.  (2013) (25) with some
modifications. The dried samples were then ground
using mortar and pestle. Subsequently, 0.5 g was
taken  into  a  125  mL  Erlenmeyer  flask.  Then,  a
mixture of 5 mL HNO3 and 4 mL H2O2 was added.
After  that,  the  flask  was  covered  with  a  watch
glass  and  gently  heated  on  a  hot  plate  for  30
minutes. After cooling, 5 mL HNO3 were added and
gently heated for a few minutes. Then, 5 mL of
HCl:HNO3 (1:1)  were  added  and  heated  for  15
minutes.  Finally,  the  resulting  digest  was  cooled
and filtered using Whatman No 42 filter paper into
a 50 mL volumetric  flask. The remaining volume
was filled to the mark with double-distilled water
and made ready for the subsequent analysis of the
target metals. 

Similarly, soil samples were dried in the open air,
ground, and sieved through a 2 mm sieve. Then,
0.5 g was taken into a 125 mL Erlenmeyer flask.
Subsequently,  after  adding 12 mL of  aqua regia
HCl:HNO3 (3:1,  v/v) and  2 mL of H2O2 the flask
was covered with a watch glass and heated on a
hot  plate  at  110 °C for  45  min.  Eventually,  the
resulting  digest  was  cooled  and  filtered  using
Whatman  No  42  filter  paper  into  a  50  mL
volumetric flask. Then, the remaining volume was
adjusted  with  double-distilled  water  and  made
ready  for  the  subsequent  analysis  of  the  target
metals.

During  the  construction  of  calibration  curves,  a
series  of  standard  solutions  were  prepared  from
the stock standard solution of each target metal by
dilution. Laboratory blank samples were prepared
by a mixture of reagents, following the procedures
used  for  digestion  of  tobacco  leaves  and  soil
samples.  Replicate  samples  are  prepared  and
measured. 

Data Analysis 
One-way ANOVA at a confidence level of 95% was
employed  to  compare  the  levels  of  the  studied
heavy  metals  among  tobacco  leaves  and  soil
samples.  Pearson correlation coefficient was used
to  evaluate  the  correlation  between  the  target
metals  content  in  tobacco  leaves  and  their
farmland soils.  The obtained concentrations of the
heavy metals were reported as mean ± RSD.

Quality Control 
All laboratory glassware was socked in 10% HNO3

overnight  and  rinsed  with  double  distilled  water
before  use.  Double  distilled  water  was  used  to
dilute, clean, and prepare all solutions throughout
the laboratory work.

Precision and Accuracy
The precision of the results was evaluated by the
relative standard deviation of the results obtained
from triplicate samples (n=3). The accuracy of the
results  was evaluated by recovery studies. For a
recovery  study,  a  standard  solution containing a
mixture of 2 mg/L Mn, Zn, and Cu and 0.2 mg/L of
Pb  and  Cd  was  spiked  onto  tobacco  and  soil
samples  collected  from Tsentseha  farmland.  The
spiked  samples  were  then  digested  in  the  same
earlier procedure used for tobacco leaves and soil
samples.  The resulting  digests  were  diluted with
double-distilled water  to the required volume for
subsequent  analysis.  All  samples  were  prepared
and measured in replicates.  

Limits of Detection and Quantification
The  limits  of  detection  (LOD)  and  quantification
(LOQ) of each element were determined based on
the blank reagent method (26). Accordingly, five
reagent blanks were digested and diluted following
the  procedure  used  for  tobacco  leaves  and  soil
samples.  Each  digest  was  then  analyzed  in
triplicates.  Finally,  the  LOD  and  LOQ  of  each
element  were  determined by  using the standard
deviation  of  the  blank  (SD)  and  slope  of  the
calibration  curve  (S)  as  indicated  by  Eq.1  and
Eq.2,  respectively  (26).  Table  1  shows  the
instrumental detection limit (IDL), LOD, and LOQ
of  the  studied  metals  in  tobacco  leaf  and  soil
samples.

LOD =3SD/S (Eq. 1)
LOQ =10SD/S (Eq. 2)

Where: SD and S are the standard deviation of the
blank  and  slope  of  the  calibration  curve,
respectively. 

RESULTS AND DISCUSSION

Validation of the Procedure 
The  accuracy  of  the  digestion  procedure  was
evaluated by determining the percent of recovery
(%R)  of  the  spiked  tobacco  leaves and  soil
samples  due  to  the  lack  of  certified  reference
materials in our laboratory (27). Table 1 shows the
%R for tobacco leaf and soil samples. The obtained
recoveries for the spiked tobacco samples ranged
from 85.67 ± 5.52 to 111.33 ± 5.19%. Similarly,
the  obtained  recoveries  for  soil  samples  ranged
from  84.25  ±  3.27  -  114.00  ±  6.14%.  These
values  are  within  the  accepted  range  for  the
analysis of heavy metals in plant and soil samples,
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indicating that  the employed digestion procedure
has the required accuracy for analysis of the target
heavy metals. The precision studies, expressed as

RSD  for  both  tobacco  leaves  and  soil  samples,
were  <  10%,  which  is  also  acceptable  for  the
analysis of the target metals.

Table 1. Recovery results of tobacco leaves and soil samples.

Analyte IDL LOD LOQ
%R ± RSD
Tobacco Soil

Mn 0.0014 0.07 0.08 105 .67± 5.21 84.25 ± 3.27
Cu 0.0097 0.068 0.0701 111.33 ± 5.19 96.00 ± 8.53
Zn 0.0059 0.125 0.132 85.67 ± 5.52 107.25 ± 5.87
Cd 0.0027 0.005 0.008 108.50 ± 9.78 114.00 ± 6.14
Pb 0.042 0.05 0.06 95.00 ± 9.12 106.67 ± 7.16

The concentration  of  Metals  in  the  Tobacco
Leaves

In  the  present  study,  the  levels  of  three
micronutrients: Mn, Cu, and Zn as well as two non-

essential  (toxic)  metals:  Cd  and  Pb  were
determined  in  tobacco  leaves  grown  in  Assosa
District,  Ethiopia.  Table  2  presents  the  obtained
concentrations  of  the  studied  metals  in  tobacco
leaf samples.

Table 2. Average of metal concentrations in tobacco leaf samples (mean ± RSD, n = 3).

Sample site
Concentration of metals (mg/kg)

Mn Cu Zn Cd Pb

Tsentsehalo 1.09 ± 1.19 0.11 ± 0.74 0.58 ± 1.14 0.01 ± 1.23 ND
Belmili 0.96 ± 0.52 0.15 ± 0.03 0.58 ± 0.28 NQ NQ
Ateto 1.09 ± 0.72 0.20 ± 0.10 0.74 ± 0.74 NQ NQ
Amba 0.75 ± 1.26 0.21 ± 1.26 1.16 ± 1.56 0.01 ± 0.61 0.07 ± 0.95

Basha 1.18 ± 0.39 0.17 ± 0.03 1.05 ± 1.32 0.01 ± 9.52 NQ

WHO limits in
plants (28)

- 10 0.6 0.02 2

NQ: not quantified; ND: not detected

As can be seen from Table 2, the concentrations of
Mn  in  tobacco  leaf  samples  ranged  from  0.75
mg/kg - 1.18 mg/kg. The highest concentration of
Mn (1.18 mg/kg) was found in the tobacco leaves
of Basha farmland, and the lowest (0.75 mg/kg)
was  detected  in  the  tobacco  leaves  of  Amba
farmland. The concentrations of Cu in the tobacco
leaves ranged from 0.11 to 0.21 mg/kg. The high-
est concentration of Cu (0.21 mg/kg) was deter-
mined in tobacco leaf samples collected from Amba
farmland.  The  lowest  concentration  of  Cu  was
detected  in  tobacco  leaves  of  Tsentsehalo
farmland.  The  obtained  concentrations  of  Zn
ranged  from  0.58  to  1.16  mg/kg.  The  lowest
concentration of Zn was detected in tobacco leaf
samples  collected  from  Tsentsehalo  and  Belmili,
whereas the highest concentration was obtained in
tobacco leaves from the Amba farmland.

The findings revealed that the studied tobacco leaf
samples have lower concentrations of Cu and Zn
than  tobacco  leaf  samples  from  state  farms  of
Billate  and  Shewa  Robit,  Ethiopia  (14).  This
variation could be due to the soil type, pH, use of
agrochemicals (fertilizers and pesticides), climatic
conditions, and tobacco variety (24). The findings

show that the levels of studied heavy metals in the
tobacco leaves were below their  WHO permissible
limits, except for the levels of Zn in tobacco leaves
from Amba and Basha farmlands (Table 2). 

In  the  current  study,  except  for  tobacco  leaf
samples  collected  from  Amba  farmland,  which
contained  0.07  mg/kg  of  Pb,  other  tobacco  leaf
samples had Pb concentrations either below LOD
or  LOQ.  Likewise,  the  concentration  of  Cd  in
tobacco  leaf  samples  collected  from  Belmili  and
Ateto  farmlands  was  also  below  LOQ  value.
However,  tobacco  leaf  samples  collected  from
Tsentsehalo, Amba, and Basha farmlands exhibited
similar Cd content, i.e., 0.01 mg/kg, which is much
lower  than  the  earlier  report  from  Billate  and
Shewa Robit, Ethiopia  (14). 

In  general,  the  trend  of  concentrations  of  the
studied  metals  in  tobacco  leaf  samples  collected
from  Tsentsehalo,  Belmili,  Ateto,  and  Basha
farmlands showed the following order: Mn > Zn >
Cu > Cd. However, tobacco leaf samples collected
from Amba farmland exhibited a different  order:
Zn > Mn > Cu > Cd > Pb.  
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The  levels  of  the  studied  heavy  metals  in  the
present  tobacco  leaf  samples  were  lower  than
those  reported  in  the  literature  (14,29).  For
instance, the level of Mn obtained in the current
raw tobacco leaves are much lower than the Mn
level reported from tobacco cigarettes of different
countries,  such  as  Spain  (112.03  mg/kg)  (30),
Nigeria  (44.67-297.69  mg/kg)  (31),  Pakistan
(45.03  mg/kg)  (32),  and  Mexico  (108-244.26)
(33).  These  variations  are  may  be  due  to  the
difference in the level of heavy metals in the soil
where  the  plant  has  been  cultivated.  Similar  to
other plants, tobacco absorbs heavy metals from
the soil and accumulates them in its leaves, stems,
and roots (9).  The processes of  accumulation of
metals in soils and their absorption by plants with
subsequent  translocation  and  bioaccumulation  in
leaves are well known (24,34). The other possible
reason  for  the  high  concentration  of  Mn  in  the
cigarettes  could  be  the  contamination  of  some
heavy metals in the manufacturing process (31). 

The concentration of Heavy Metals in the Soil
Samples 
The  concentrations  of  the  target  heavy  metals
were also determined in the soil samples collected
from  tobacco  farmlands.  Table  3  shows  the
concentrations of the studied heavy metals in the
soil samples.

In  the  studied  soil  samples,  the  observed
concentrations  of  Mn  ranged  from  1.59  to  8.04
mg/kg. Its lowest and highest concentrations were
recorded in soil samples collected from Belmili and
Tsentsehalo  farmlands,  respectively.  The  content
of Cu in the studied soil samples varied from 0.32
to 0.38 mg/kg. The levels of Zn ranged from 0.29
to  1.26  mg/kg.  The  lowest  and  highest
concentrations of Zn were recorded in soil samples
collected  from  Ateto  and  Basha  farmlands,
respectively.  The  findings  demonstrated  that  the
content  of  Mn, Cu,  and Zn, in the studied soils,
were lower than the WHO permissible limits in soil
(28).

Table 3. Average of metal concentrations in soil samples (mean ± RSD, n=3).

Sample site
Concentration of metals (mg/kg)

Mn Cu Zn Cd Pb

Tsentseha 8.04 ± 0.28 0.35 ± 0.45 0.69 ± 1.14 ND 0.17 ± 0.87

Belmili 1.59 ± 0.20 0.38 ± 1.76 0.45 ± 0.29 ND 0.18 ± 0.38
Ateto 7.28 ± 0.55 0.37 ± 0.41 0.29 ± 2.44 NQ 0.24 ± 1.03
Amba 6.38 ± 0.72 0.35 ± 0.30 0.43 ± 2.33 NQ 0.22 ± 1.72
Basha 5.98 ± 0.54 0.32 ± 1.05 1.26 ± 1.19 ND 0.31 ± 0.59
WHO limits in
soil(28)

- 36 50 0.8 85

 
The Pb content  of  the soil  samples ranged from
0.17 to 0.31 mg/kg. The highest concentration of
Pb  was  obtained  from  the  Basha  farmland  soil
sample, whereas the lowest was observed from the
Tsentsehalo  farmland  soil  sample.  The  concen-
tration of Cd in all  the studied soil  samples was
either below LOQ or LOD and thus reported as NQ
or ND, respectively. In general, soil samples from
the  Tsentsehalo,  Belmili,  Amba,  and  Basha
farmlands  showed  the  following  order  of  metal
content: Mn > Zn > Cu > Pb. However, for Ateto
farmland, the observed order was different: Mn >
Cu > Zn > Pb. The slight variations in the heavy
metal  content  may  be  due  to  the  difference
between  the  growing  soils  or  anthropogenic
sources  such  as  fertilizers  and  pesticides  used
during  the  cultivation  of  the  plant  or  other
proximate crops (21).

Statistical Analysis
One-way  ANOVA  was  used  to  compare  the
variations  of  the  concentrations  in  the  heavy

metals in the studied samples. Pearson correlation
coefficient  was also employed to  evaluate  where
the heavy metal content of tobacco leaves is either
related to their  growing soil metal content or not
(35). The ANOVA results showed the presence of a
statistically  significant  difference  at  95%  (P  <
0.05) confidence level in the concentrations of Mn,
Cu, and Zn in tobacco leaf samples and Mn, Zn,
and Pb  in  soil  samples.  The  observed  variations
may be due to the difference of mineral content in
the farmland soils. 

Table  4  indicates  the  Pearson  correlation
coefficient.  The  content  of  Mn in  tobacco  leaves
has shown a weak positive correlation with Mn in
the soil, which indicates the low dependence of Mn
in  the  tobacco  leaves  on  its  amount  in  the
farmland  soil.  Similarly,  Cu  in  soil  and  Cu  in
tobacco  leaves  have  a  negligible  correlation.
However,  the  content  of  Zn  in  tobacco  leaves
exhibited a moderately positive correlation with the
level  of  Zn  in  the  soil.  This  shows  that  the

499



Melkamu T, Gure A, Asere TG. JOTCSA. 2022; 9(2): 495-504.  RESEARCH ARTICLE

concentration  of  Zn  in  tobacco  leaves  is moderately  dependent  on the level  of  Zn in  the
farmland soil.

Table 4. The Pearson correlation coefficient of metal content in tobacco leaves and soil samples.

Soil sample

Mn Cu Zn Pb 

Tobacco
leaves

Mn 0.23 -0.33 0.57 0.40
Cu 0.04 0.01 -0.30 0.49
Zn 0.22 -0.64 0.32 0.67

Comparison  of  the  Level  of  Metals  with
Literature Values
Many researchers have reported the concentration
of  metals  in  the  raw  tobacco  leaves  and  the
processed product, the tobacco cigarettes. Table 5
shows the reported concentrations of the studied
heavy  metals  in  tobacco  cigarettes  and  raw
tobacco leaves. As it can be seen in Table 5, very
high concentrations of Cd (5.90-7.94 mg/kg) and
Pb (17.21-74.78 mg/kg) were reported in tobacco
cigarettes from Nigeria (31). Cd and Pb are non-
essential  and  highly  toxic  metals,  even  at  low
concentrations,  for  plants  and  humans  (16).
Compared to the reported values, the raw tobacco
leaves  considered  in  this  study  showed  lower
concentrations of the studied metals. The observed
concentrations  of  the  target  heavy  metals  in
Assosa district tobacco leaves were also lower than

those  reported  in  tobacco  leaves  collected  from
other regions of Ethiopia: Shewa Robite and Billate
farmlands (14). The observed variations are may
be  due  to  the  soil  nature,  repeated  use  of
fertilizers  and  other  agrochemicals  on  these
farmlands rather than the farmlands considered in
the present study. Generally, the observed concen-
trations of heavy metals in the tobacco leaves of
Assossa District could be due to the availability of
lower  amounts  of  heavy  metals  in  the  farmland
soils, which were lower than the WHO permissible
limits in soil  and plants  (28). As a result,  heavy
metals’  absorption  and  accumulation  by  tobacco
plants  in  the  study  area  were  lower  than  those
reported  in  raw  tobacco  leaves  and  tobacco
cigarettes.
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Table 5. Comparison of heavy metal levels (mg/kg dry mass) of the studies tobacco leaves with literature values.
Type Metal concentrations (mg/kg) Country Reference

Tobacco
Cigarettes

Cd Cu Mn Zn Pb
5.90-7.94 18.26-34.94 44.67-297.69 47.02-167.31 17.21-74.78 Nigeria (31)
0.18 NR 112.03 NR 0.60 Spain (30)
0.50 7.89 45.03 8.57 14.39 Pakistan (32)
0.18-3.07 NR 108-244.26 32.30-72.0 NR Mexico (33)
1.73-2.02 Nd Nd Nd 0.38-1.16 Ireland (36)
0.45 14 NR 27 1.94 India (9)
0.65 Nd Nd Nd 0.27 Brazil (37)
0.18 4.13 NR NR 0.64 China (38)
1.55 8.95 NR 79.3 ND Ethiopa (Nyala) (14)

Raw  Tobacco
Leaves

0.21 11.5 NR NR 0.57 China (38)

1.20-1.30 4.38-7.30 NR 33.2-53.7 ND
Ethiopia  (Billate  &
Shewa Robit)

(14)

0.01 0.11-0.21 0.75-1.18 0.58-1.16 ND Ethiopia (Assosa) This study
NR Not reported; ND Not detected
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CONCLUSION

In  this  study,  the  concentrations  of  toxic  heavy
metals  (Cd  and  Pb),  as  well  as  micro-essential
heavy metals (Cu, Mn, and Zn), were determined
in tobacco leaves and their growing soil  samples
collected from five different tobacco farmlands in
Assosa  District,  Benishangul-Gumuz  Regional
State,  Ethiopia.  Relatively,  the  highest  concen-
trations  of  Mn  were  observed  in  both  tobacco
leaves  and  soil  samples.  However,  the  obtained
concentrations  of  Cd  and  Pb  were  low  in  the
studied samples. The study results demonstrated
that the concentrations of the micronutrients (Mn,
Cu,  and  Zn)  in  tobacco leaves  and  soil  samples
were below the WHO permissible limits in soils and
plants.  However,  tobacco  leaves  collected  from
Amba  and  Basha  farmlands  contained  slightly
higher  concentrations  of  Zn  than  the  WHO
permissible  limit  in  plants.  The  heavy  metal
content  of  the studied tobacco leaves was much
lower than the values reported in the literature.
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Stability Indicating RP-HPLC Method Development and Validation for
Bosentan in Pharmaceutical Formulations
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Abstract: The development and validation of a novel, simple, and quick HPLC technique for measuring
bosentan in pharmaceutical formulations was performed. The technique parameters were tuned to be 1
mL/min flow rate, variable column temperature, and a mobile phase combination of methanol-acetonitrile-
water (20:50:30 v/v/v) to carry out this study. All measurements were carried out with a UV detector at a
wavelength of  272 nm. Specificity,  the limit of quantitation (LOQ),  limit  of  detection (LOD),  linearity,
accuracy, precision, stability, recovery, and ruggedness were all tested. The technique was linear between
0.25 and 20 µg/mL, with precision (RSD%) and accuracy (RE%) of less than 3.0 and 2.7%, respectively.
The LOQ and LOD values of method were 0.25 and 0.1 µg/mL, respectively. The 10 µg/mL of standard
bosentan solution was found to be moderately stable in acidic and basic settings (0.1 M HCl and 0.1 M
NaOH)  but  unstable  in  an  oxidative  environment  (H2O2 solution;  3%).  No  interference  from  tablet
excipients was observed in the HPLC method. The approach was successfully applied to pharmaceutical
formulations obtained from a local pharmacy store. 
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INTRODUCTION

Bosentan,  also  known  as  (4-tert-butyl-N-[6-(2-
hydroxyethoxy)-5-(2-methoxyphenoxy)-2-
(pyrimidine-2-yl) pyrimidin-4-yl], is a non-selective
oral  dual  endothelin  A  and  B receptors antagonist
(Figure 1). Bosentan is an oral medication used to
treat pulmonary arterial hypertension (1,2). It has a
high  protein  binding  rate  (98%)  and  is  quickly
absorbed  after  oral  administration,  especially  to
albumin.  It  has  a  45-50  percent  bioavailability.
Within 3-5 hours, the plasma concentration reaches
its  maximum  (3,4).  Hepatic  metabolism  mostly
removes Bosentan, with renal clearance accounting
for just 0.9 percent of the total dosage (5).

Figure 1: Chemical structure of bosentan.

Various  analytical  methods  have  been  previously
reported  for  the  quantification  of  bosentan  in
pharmaceutical  preparations  including  high-
performance liquid chromatographic (HPLC) (6-10)
and  spectrophotometric  (11-16)  techniques.
Besides,  four  different  voltammetric  methods  for
bosentan in pharmaceutical have been reported by
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our  group  (17).  The  chromatographic  separation
methods,  especially  HPLC’s,  have  become  prior
application in drug stability studies than the other
techniques  due  to  requirement  of  separation  of
degradation  components  during  the  stability  tests
(18). So far, there is two stability-indicating HPLC
method for  bosentan  is  available  in  the  literature
(19,20). However, these methods basically focused
on  the  detection  of  degradation  substances,
therefore, the total analysis time of the methods are
quite  long  for  stability  testing  of  single
pharmaceutical  substance.  Therefore,  a  rapid
stability-indicating  HPLC  techniques  for  bosentan
are required. 

As  a  result,  this  study  outlines  a  novel  HPLC
technique for determining bosentan. This approach
aimed  to  produce  an  easy  and  quick  assay  of
bosentan  with  simple  sample  preparation  and  an
acceptable  analysis  time  and  excellent  accuracy.
There is no need to remove the medication from the
formulation  excipient  matrix  in  the  suggested
technique,  which reduces  quantization error.  After
dissolving and filtering, formulation samples can be
utilized  immediately.  The  proposed  methodologies
were utilized to determine the total drug content in
bosentan  pharmaceutical  formulations  that  are
commercially  accessible.  In  addition,  the  current
research  covers  the  invention  and  validation  of  a
stability-indicating HPLC technique for  determining
bosentan's stability and quantitative  determination
in the presence of its degradation products.

EXPERIMENTAL

Reagents and Chemicals
Bosentan  was  obtained  from  Actelion
Pharmaceuticals  (Allschwil,  Switzerland).  HPLC
grade methanol and acetonitrile were obtained from
Merck  Germany.   The  mobile  phase  and  solution
were  made  with  deionized  water  that  was  made
fresh every day, filtered (0.45 m), and degassed in
the  laboratory  using  a  sonicator.  In  the  Turkish
pharmaceutical market, bosentan tablet forms were
purchased through pharmacies.

Instrumentation  and  Conditions  for
Chromatography
The  chromatographic  apparatus  is  an  Agilent
Technologies  1200  series  HPLC  system  with  a
solvent  degassing  module  (G1322A),  quaternary
gradient  pump  (G1312A),  autosampler  (G1313A),
and  thermostated  column  compartment  (Agilent,
USA) (G1316A).

For  chromatographic  separation,  a  reversed-phase
ACE C18 column (250 x 4.6 mm, 5µm) was used.
The  mobile  phase  was  a  20:50:30  (v/v/v)
combination  of  methanol,  acetonitrile,  and  water,
and the column was kept at a variable temperature.
Isocratic separation was conducted at a flow rate of

1 mL/min and an injection volume of 10 µL. It took
5 minutes to complete the analysis.

Preparation  of  Quality  Control  and  Standard
Solutions
Bosentan  was  produced  as  a  stock  solution  in
methanol  at  a  concentration  of  100  µg/mL.  The
stock solution was used to provide standard working
solutions  and  quality  control  solutions  (QC).  The
standard working solutions were prepared in 0.25,
0.75, 2, 5, 10, 15, and 20 µg/mL concentrations.
The quality control solutions were made by diluting
aliquots  of  bosentan  stock  solution  to  final
concentrations of 0.3, 9, and 19 µg/mL.

Pharmaceutical Formulations Procedure
A total of ten bosentan tablets (Tracleer 125 mg and
Diamond  125  mg)  were  precisely  weighed  and
pulverized.  A portion of  this  powder equal  to  one
tablet's  bosentan  content  was  weighed  and
accurately  placed  into  a  100  mL  calibrated  flask,
where it was dissolved in methanol. The flask was
then sonicated at room temperature for 10 minutes.
In  all  cases,  the  resultant  solutions  were  filtered
using  Whatman  42  filter  paper  and  diluted  to
achieve  a  final  concentration  within  the  linearity
limitations of the proposed technique.

Stress Testing Procedure
Stress  testing  was  performed  to  assess  the
molecule's  stability  and  confirm  the  analytical
techniques'  stability-indicating  power  according  to
ICH  standards  (ICH  Q1A  (R2))  (21).  Thermal
changes with acidic, basic, and oxidizing conditions
were taken as the basis to create the experiment.

RESULTS AND DISCUSSION 

Chromatographic Optimization
Several mobile phases were tried to determine the
HPLC  system  appropriateness  throughout  the
development and optimization of the technique for
determining  bosentan  in  tablets.  The  use  of
methanol with various amounts of acetonitrile and
water  was  one  of  them.  A  mobile  phase  of
methanol, acetonitrile, and water (20:50:30, v/v/v)
was found to provide excellent separation and peak
form. Because of the high acetonitrile concentration
in  the  mobile  phase  combination,  the  retention
period of bosentan decreased, resulting in a quick
analysis time. Furthermore, it was discovered that
altering  the  mobile  phase's  pH  value  had  no
significant influence on the intensity analysis time.

The Method's Validation
Specificity, linearity, accuracy, precision, the limit of
detection (LOD),  the limit of  quantification (LOQ),
recovery,  and  ruggedness  were  all  tested  in
accordance with ICH Q2B guidelines (22).

Specificity
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In the assay for bosentan, the effects of common
excipients  and  additives  were  investigated  for
probable  interference.  The  most  widely  utilized
excipient  in  the  pharmaceutical  business  was
employed in this formulation. Corn starch, povidon,
colloidal  silicon  dioxide,  glycerol  dibehenate,
magnesium  stearate,  TiO2,  Fe2O3,  and  talc  were
shown to have no effect on the analytical results.

Linearity
For  bosentan,  standard  solutions  in  the  range  of
0.25-20 µg/mL (0.25, 0.75,  2, 5, 10, 15, and 20

µg/mL) were  produced.  The calibration curve was
created  by  mapping  each  sample's  peak  area
against its individual drug concentration (Figure 2).
The results were displayed graphically by creating a
calibration  graph  and  matching  the  correlation
coefficients  on  it.  All  of  the  calibration  curves'
correlation coefficients (R) were consistently greater
than 0.9997. The least-squares technique was used
to  compute  the  linear  regression  equations  using
the  Microsoft  Excel®  spreadsheet
software, presented in Table 1.

Table 1: Linearity of bosentan.

Range (µg/mL)  LR  Ra  LOD (µg/mL)  LOQ (µg/mL)
0.25 - 20 0 0 0 0

a Based on three calibration curves, LR: Linear regression, R: Coefficient of correlation, y: Peak current, x:
Bosentan concentration, LOD: Limit of detection, LOQ: Limit of quantification

Figure 2: Calibration curve and overlaid chromatorams of bosentan at 272 nm wavelength.

Precision and accuracy
Accuracy was tested and evaluated as relative error
(RE%)  [(found  concentration−spiked
concentration)/spiked concentration] × 100%, and
the precision of the HPLC method was determined
by  repeatability  (intra-day)  and  intermediate
precision (inter-day).  It  was expressed as relative
standard  deviation  (RSD%)  [(standard  deviation
/mean  concentration)  ×  100%]  of  a  series  of

measurements. Six separate tests of quality control
solutions  at  low,  medium,  and  high  concentration
levels  (0.3,  9,  and  19  µg/mL)  of  linearity  range
were used to evaluate each degree of accuracy and
precision  (Figure  3). Intra-  and  inter-day  relative
standard deviation values were ≤2.60 percent for all
concentrations  tested,  and  relative  errors  were
≤2.67 percent for all bosentan concentrations. Table
2 summarizes the findings.

Table 2: Accuracy and precision results of the proposed method.

Added
(µg/mL)

Intra-day Inter-day

Found ± SD Accuracy
(RE%)

Precision
(RSD%)

Found ± SD Accuracy
(RE%)

Precision
(RSD%)

3 3.11±0.06 -1.00 2.02 3.08±0.08 2.67 2.60
13 13.56±0.32 1.23 2.43 13.27±0.18 2.08 1.36
19 18.62±0.46 -2.00 2.47 19.23±0.12 1.21 0.62

3 3.02±0.07 0.67 1.66 3.07±0.07 2.33 2.28
13 13.25±0.28 1.92 0.38 13.32±0.28 2.46 2.10
19 19.11±0.56 0.58 0.94 19.15±0.56 0.79 2.92
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SD: Standard  deviation  of  six  replicate  determinations,  RE%:Relative  error,  RSD%:  Relative
standard deviation,

Figure 3: The overlapped chromatograms of quality control solutions of bosentan.

Limits of detection (LOD) and quantification (LOQ)
The LOD and LOQ were established by analyzing the
standard  solution  at  successively  lower
concentrations  under  the  same  chromatographic
circumstances. The LOD and LOQ were calculated by
reducing the signal-to-noise ratios to 3:1 and 10:1,
respectively. Table 1 summarizes the LOD and LOQ
values of the techniques.

Recovery
Recovery studies were validated using the standard
addition  method,  which  involved  adding  a  known
quantity (2 µg/mL) of pure pharmaceuticals to pre-

analyzed  samples  that  had  been  spiked  with  a
known amount of standard drug equivalent to 1, 11,
and  17  µg/mL.  The  percent  recovery  was
determined using the formula  percent  recovery  =
(T-A)/S100, where T represents the total quantity of
drug estimated, a represents the drug provided by
tablet powder, and S represents the amount of pure
drug added.

The  percent  recoveries  for  various  spiked  levels
varied from 99 to 102 percent, with an RSD percent
of  less than 4%, which is well  within the allowed
range, confirming the method's accuracy (Table 3).

Table 3: Recovery of bosentan in two tablet formulations.

Drug Tablet 
Solution

Added
(μg/mL)

Found±SD
(μg/mL)

Recovery
(%)

RSD %

Tracleer
(125 mg)

2 mg/mL 1 3.02 ± 0.12 100.7 3.97
11 12.68 ± 0.82 99.1 3.26
17 18.82 ± 0.35 99.1 1.85

Diamond
(125 mg)

2 mg/mL 1 3.06 ± 0.06 102.0 1.96
11 13.21 ± 0.18 101.6 1.36
17 18.95 ± 0.52 99.7 2.74

Ruggedness
Two  separate  analysts  carried  out  five  sets  of
experiments for these medicines, and the results in

this investigation showed no significant differences.
Table 4 shows the results.

Table 4: The results of analyses of bosentan by a different analyst.

Method Added
(µg/mL)

Found
(µg/mL)
Mean±SD

Recovery
%

RSD
%

3 3.56±0.12 101.7 3.37
HPLC-UV 9 9.21±0.14 102.3 1.52

19 13.32±0.23 102.5 1.73
(n=6) Mean measurements of six replicate determinations.
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The Method's Application in Stability Tests
The samples were  stable  when stored at  ambient
temperature,  +4  °C,  and  -20  °C  refrigeration
temperatures  for  24  hours  (short-term),  and
refrigerated  at  +4  and  -20  °C  for  72  hours,
according to stability analyses (long-term). Over the
course of 72 hours, there was no substantial change
in  the  analysis.  The  mean  RSD%  between  peak
areas for samples stored under refrigeration (4±1
°C),  at  room temperature  (25±1  °C),  and  under
refrigeration  (-20±1 °C)  was  1.37%,  1.85%,  and
2.05%,  respectively,  indicating  that  the  drug
solution can be stored without degradation over the
time interval studied.

Stress testing is also required by the ICH guideline
on stability testing of drug substances and products
to elucidate the inherent stability characteristics of
the  active  substance  and  to  provide  rapid
identification  of  differences  that  may  arise  from
changes  in  manufacturing  processes  or  source
samples  (21).  The  necessary  tests  are
susceptibilities  to  acid,  alkali,  and  oxidation
hydrolysis stability.

Hydrolysis of acids and alkalis
0.2 mL aliquot of bosentan solution (50 µg/mL) was
placed  in  a  tiny  rounded  flask.  0.8  mL  0.1  M
hydrochloric  acid  or  0.1  M sodium hydroxide  was
added to the solution. In a boiling water bath, the
produced solutions were refluxed for 2 hours. The
samples were chilled to room temperature (25±5°C)
before being neutralized with an acid or base equal
to  the  amount  previously  applied.  10  μL of  the
neutral  solution  was  inserted  into  the  HPLC
apparatus (Figure 4).

Oxidation
Into a round-bottomed flask was transferred 0.2 mL
of bosentan solution (50 µg/mL). The contents were
then  combined  with  0.8  mL  of  a  30% hydrogen
peroxide solution and allowed to react for 2 hours at
room  temperature  (25±5  °C)  with  intermittent
shaking.  In the HPLC system, a volume of 10 µL
was injected (Figure 4).

Comparison of the Method
In the literature, there are numerous investigations
on  the  determination  of  bosentan  in
pharmaceuticals.  From  our  group,  the
electrochemical  detection  methods  have  been
reported  for  quantification  of  bosentan  in
pharmaceutical  formulations  (17).  We  were
introduced  simple,  fast  and  reliable  four  different
voltammetric  assay  method  including  cyclic
voltammetry (CV), linear sweep voltammetry (LSV),
square  wave  voltammetry  (SWV)  and  differential
pulse  voltammetry  (DPV)  for  bosentan.  The
calibration curves were constructed at the range of
5-40 µg/mL for LSV and 5-35 µg/mL for SWV and
DPV  methods,  respectively.  Das  et  al.  (13)
conducted spectrophotometric research using three

distinct  techniques  for  determining  bosentan  in
pharmaceuticals,  with  a  linear  range  of  0.5-100
µg/mL  for  all  methods.  In  0.1  M  NaOH,  working
solutions  were  produced.  Narendra  et  al.  (12)
presented a novel spectrophotometric technique for
measuring bosentan with a linearity range of 0.1-
100  µg/mL  and  a  correlation  value  of  0.999.
Working solutions were produced in the presence of
a buffer solution, and pH values were set to 3.5 for
measurements. On the other hand, the suggested
technique does not necessitate the use of acidic or
basic  media for the creation of working solutions,
nor  does it  necessitate  pH control  throughout the
analysis.  Furthermore,  within  the  prescribed
concentration  range,  measurements  were  carried
out  with  a  higher  correlation  coefficient.  Three
distinct  spectrophotometric  techniques  were
established  to  measure  bosentan  in
pharmaceuticals,  according  to  another
spectrophotometric  approach  described  by
Annapurna et al. (10). For techniques A, B, and C,
the linearity ranges were determined to be 1-120,
5-120,  and  2-120  µg/mL,  respectively.  Bosentan
was found to be in the range of 10-90 µg/mL by
Kumar et al. (11). The linear range was determined
to  be  0.25-20  µg/mL  in  our  investigation,  and  it
allowed  for  considerably  more  exact  detection  of
bosentan.  Suganthi  et  al.  (16)  presented  a
technique that combined UV spectrophotometric and
HPTLC  methodologies.  It  was  said  that  with  the
HPTLC technique,  very exact findings in a precise
linear  range  could  be  produced.  However,  when
considering  the  lengthy  preparation  procedure  of
the HPTLC approach, it is possible to conclude that
the  suggested  method  is  more  feasible.
Muralidharan  et  al.  (7)  proposed  a  different
chromatographic  technique  and  used  an  LC-UV
system, and they were able to do linear readings for
bosentan in the concentration range of 5-70 ng/mL.
Because  of  the  mistakes  that  might  occur  during
dilution,  this  concentration  range  is  excessively
sensitive  to  measuring  medication  solutions.
Furthermore,  the  method's  mobile  phase  contains
an  ammonium  acetate  buffer,  and  the  pH  value
must  be  kept  constant  at  4.5  to  correct  the
measurement  of  bosentan.  In  this  study,  we
proposed  mobile  phase  does  not  contain  a  buffer
solution.  With the HPLC-DAD technique, Jadhav et
al.  (19)  conducted  stability-indicating  research  to
detect  five  possible  process  contaminants  in
bosentan  monohydrate  samples  and  degradation
products.  Our  suggested  approach  allows  for  far
more exact measuring.

CONCLUSION

For  the  quantitative  measurement  of  bosentan  in
pharmaceutical  formulations,  an  HPLC  technique
was  devised  and  thoroughly  validated.  The
suggested technique allows for the determination of
bosentan in pharmaceutical formulations in a quick,
easy,  accurate,  and  repeatable  manner,  with  no
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interference  from  excipients.  As  a  result,  the devised approach may be utilized for quality control
and analysis of bosentan stability samples.

Figure 4: HPLC chromatograms representing degradation behavior of 15 µg/mL bosentan A) in no
degradation media B) in acid C) in base D) in oxidation.
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Behnken Design Approach
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Abstract: This study was aimed at extracting, optimizing, and characterizing the neem seed oil through
Box-Behnken design. The effects of extraction parameters such as temperature (50-80°C), particle size
(0.15–0.3 mm), and time (60-180 min) were considered.  The extraction of oil  was studied using the
soxhlet  extraction  process,  applying  n-hexane  as  a  solvent.  The  quadratic  model  was  suggested  to
demonstrate optimal extraction parameters of 132.677 min, 64.416°C of temperature, and 0.212 mm of
particle size using numerical optimization. The experimental yield of  oil at optimum conditions 44.141%,
which was close to the model-anticipated value. The physicochemical properties suggested that neem oil
had an ash content of 2.1%, moisture content 4.61%, density 0.875 g/cm3, viscosity 33.5 mm2/s, specific
gravity 0.88, saponification value 206.7 mg KOH/, iodine value 122.5 g I2/100 g, acid value 1.81 mg
KOH/g, and cetane number of 75. The extraction parameters had a significant effect on the yield of neem
seed oil. However, the temperature and particle size had a higher effect compared to the extraction time.
The most important unsaturated fatty acid is oleic acid (60.924 %). The properties of the oil revealed that
the neem seed oil can be used as a potential  source of material  for industrial  applications. It  can be
concluded that neem seeds have the potential to be used as industrial feedstocks in the future. 
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INTRODUCTION

Since ancient times, humans have been searching in
nature for resources that  permit them to improve
living conditions (1) and, consequently, sustain life
span (2). Plant products  or natural products show
an important role in energy production(3), disease
prevention and treatment through the enhancement
of  antioxidant  activity  (4),  inhibition  of  bacterial
growth, and modulation of genetic pathways (5). 

One of these plants is Azadirachta indica, commonly
known as the neem tree, which has been used since
ancient times due to its potential applications and is

currently emerging as a possible therapeutic agent
for  various  diseases  (6)  and  for  industrial
applications (7). The neem plant is mainly cultivated
in several parts of the world such as Asia, Africa (8),
America,  and Europe (9), where it has been utilized
through centuries, in medical folklore. It should be
noted  that  different  parts  of  the  neem  tree,
including the bark, seeds, flowers, leaves, and oil,
are related to the aforementioned medical folklore in
the  discussion  of  certain  medical  considerations
such  as  hypertension,  cancer,  diabetes  and  heart
diseases (10). 
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Approximations  of  alternative  medicine  utilized
today as main care are in the order of about 80%
for  developing  countries  (11).  In  Ethiopia,  most
people  use  the  neem  trees  without  knowing  its
applications (12). In some regions, the rural people
use neem leaves for village medicine, especially to
cure malaria and diabetes (13).  The use of neem
seed  oils  as  antimicrobial  and  food  preservative
agents  is  of  concern  because  of  several  reported
side  effects  of  synthetic  oils  (14).  Various
investigators  have  presented  that  neem  is  a
potential source of materials for drug delivery (10),
cosmetic  industry,  pharmaceutical  industry,  and
production  of  renewable  energy  that  does  not
compete with the food-based feedstock (15).

Given  the  several  uses  of  neem  oil  and  its
cooperativeness  of  transformation  for  different
usages as stated earlier, it is crucial to explore the
mechanism  of  extraction  of  the  neem  oil,  which
significantly minimizes extraction parameters, while
maximizing the quantity an quality of the oil (16).
The choice of mechanism and solvent will depend on
the  nature  of  the  chemical  compound  to  be
extracted (17,18). The solvent extraction process is
generally preferred for the extraction of the neem

seed oil  due  to  its  low operating  cost,  higher  oil
yield,  and  lower  turbidity  compared  to  other
methods (19). The solvent mostly employed for the
extraction of oil is n-hexane due to its higher boiling
point, stability, low corrosiveness, non-polarity, and
high oil yield (20). Therefore, the goal of this work
was  the  extraction,  optimization,  and
characterization of neem seed oil utilizing the Box-
Behnken experimental design.

EXPERIMENTAL DESIGN

Materials and chemicals
The neem seeds were collected from Jimma, Gibe,
and Gambella,  Ethiopia.  The collected seeds were
repeatedly  washed  and  subsequently  dried  in  an
oven  at  50°C  for  24  hours  to  attain  constant
moisture content, and size reduction was conducted
using laboratory mill.

All analytical grade chemicals were purchased from
the chemical product suppliers (Piasa, Addis Ababa,
Ethiopia).

The general  Neem seed oil extraction process flow
chart is indicated in Figure 1.

Figure 1: Neem seed oil extraction process flow chart.
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Methodology 
Oil Extraction 
The extraction of neem seed oil was conducted as
shown in Figure 1. A 500 ml soxhlet apparatus was
utilized  with  the  organic  solvent  n-hexane.  The
measured  powder  of  the  sample  was  added to  a
thimble and placed in a condenser. A flask containig
a measured volume of the solvent was placed at the
end of the soxhlet apparatus, and a condenser was
fixed at the bottom. The parameters were adjusted
to a temperature of 50-80°C, a particle size of 0.15-
2  mm  and  a  time  of  60-180  min.  At  the  time
interval, the oil was collected in the volumetric flask,
then centrifuged to separate the solid part from the
solution, and evaporated, using a rotary evaporator
to get solvent-free oil. The procedure was done in
accordance  with  the  standard  previously  reported
(21), for the evaluation of the oils. The yield of oil
was determined using Eq. (1).

Oil Yield=(% )=
W 1−W 2

W 1∗100
(Eq. 1)

Where:  W1=Sample  weight  initially  placed  in  the
thimble and W2= sample weight after dried in the
oven.

Experimental design and statistical data analysis
The  experimental  design  to  analyze  the  process
parameters  was  carried  out  utilizing  the  Box-
Behnken design method with the aim of parameter
optimization  for  oil  extraction.   The  Box-Behnken
design  consisted of  three  variables:  time (60-180
min),  temperature  (50-80°C)  and  particle  size
(0.15-0.3 mm) as shown in Table 1. A total of 15
experimental  runs  (Table  2)  were  done  with
replication.

Table 1: Box-Behnken design parameters for neem seed oil extraction.

Factors Codes Minimum Medium Maximum 
Reaction time  (min) A 60 (-1) 120(0) 180 (+1)
Particle size  (mm) B 0.15 (-1) 0.225(0) 0.3 (+)
Reaction temperature (0C) C 50 (-1) 65(0) 80 (+1)

Statistical Data Analysis
The results obtained from the experiment data were
evaluated  employing  the  Box-Behnken  design
model.  The  model  equation  was  examined  using
multiple  regression  analysis  to  measure  the
response  through  the  linear  interaction  and
quadratic  effects  of  the  process  parameters
suggested by the model. 

Y=b0+∑
i=1

n

bi X i+∑
i=1

n

b i j X i
2+∑

i=1

n

bi i X i i ,X i j
 (Eq. 2)

Where: Y is predicted yield %, i and j indicate linear
and  quadratic  coefficients  respectively,  bo is  the
intercept,  bi is the linear model coefficient, n is the
number  of  variables  and  X ii ,and X ij are  self-

interaction  and  interaction  between  variables
respectively. 

Property of the Neem Seed Oil
Physicochemical property 
The  properties  of  neem seed  oil  such  as  specific
gravity, density, iodine value, saponification value,
and  acid  value,  were  analyzed  according  to  the
Association  of  Official  Analytical  Chemists  (AOAC
(1990)  (22)  and   American  Society  of  Testing
Material (ASTM) (23,24).

Gas  Chromatography  of  the Fatty  Acid
Composition Analysis
Gas  chromatography-mass  spectrometry  was
employed to analyze the fatty acid composition. It
was carried out by electron ionization fashion on a
GC-MS (GC = Agilent 8856B and MS =Agilent 6742

manufactured  at  German)  system with  a  blended
capillary column of 4.5% phenols-methyl  Silphium
(20  m  ×  0.30  mm  ×  0.30  mm;  PN  =18211-S-
342HP-6 M-S) coupled to the mass detector for the
sample analysis.

Fourier Transform Infrared Spectroscopy (FT-
IR) Functional Group Analysis
The infrared spectra of the oil were recorded with a
NaBr (alkalic  halogenide)-pellet  method utilizing  a
Tensor  30  FTIR  spectrometer  (Brukerash  Optik,
Gnch, USA ) at a frequency ranging between  4000–
400 cm-1 and a wavenumber precision of 0.1 cm-1.
All  spectra  were  post-processed  using  an  OBUS
software (Brukerash Optik).

RESULTS AND DISCUSSION

Experimental  Design and  Statistical  Data
Analysis
The  results  of  the  Box-Behnken  experimental
design, shown in Table 2, indicated that oil  yields
were  between  16.4  and  43.9%  corresponding  to
extraction  parameters  of  temperature  (65°C),
particle size (0.225 mm), and extraction time (120
min).

The experimental values were in agreement with the
predicted ones obtained from Eq. (2) and generated
in  Eq.  (3),  as  shown  in  Figure  2.  An  acceptable
correspondence  between the  actual  and  predicted
values  of  the  yield  was  observed.  The  good
correspondence  between  the  predicted  value,  R-
squared value (99.85%), R-predicted squared value
(97.69%), and R-adjusted squared value (99.58%)
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indicated  a  linear  correspondence  between  the
predicted and experimental  values  (Table  4).  The
results affirmed that both R-adjusted squared and

R-squared  values  were  close  to  unity,  which
suggested  that  the  model  gave  a  good
approximation of response in the considered range. 

Table 2: Experimental design parameters Vs oil yields (actual and predicted values).

Run
order

Factors Responses 
(yield %)

Residual
error

A: Temperature B: Particle
size

C:
Time

Actual Predicted

unit 0C mm min % %
1 65 0.15 180 38.1 38.11 -0.0075
2 65 0.15 60 42.02 42.64 -0.6225
3 80 0.225 180 20.82 21.13 -0.3100
4 65 0.225 120 43.9 43.73 0.1667
5 50 0.225 60 36 35.69 0.3100
6 65 0.3 60 32.1 32.09 0.0075
7 65 0.3 180 29.49 28.87 0.6225
8 65 0.225 120 43.5 43.73 -0.2333
9 80 0.225 60 25.12 24.82 0.3050
10 50 0.3 120 26.01 26.33 -0.3175
11 65 0.225 120 43.8 43.73 0.0667
12 50 0.225 180 31.31 31.62 -0.3050
13 80 0.3 120 16.4 16.71 -0.3125
14 80 0.15 120 25.86 25.54 0.3175
15 50 0.15 120 37.6 37.29 0.3125

Figure 2:  Experimental yield Vs predicted yield of the oil in percentage.

The  accuracy  of  the  formulated  model  has  been
verified  by  analyzing  the  residuals  plot.  The
difference  between  the  actual  and  calculated
response is known as the residuals. Hence, for each
experimental data set, there is a residual (25). The
normal  statistical  distribution of  the residuals is  a
prove of  observational  errors  randomization.
Studentized residuals are determined by separating
the  normalized  residuals  with  their  standard
difference prediction, where they are fitted with a
normal  statistical  distribution  function  (26).  The
residual-standard plots in Figure 3 were all in ±6.25
intervals, suggesting that the model was consistent

with the experimental value with no error registered
(25).

The  experimental  run  versus  the  residuals  was
plotted as shown in Figure 3 (b), which outlines the
residual result for each run.  The  plot indicates the
degree  of  deviation  between  the  test  and
anticipated  values. The  fitted  regression  analysis
was  very  close  to  the  plot,  as  the  studentized
residuals were placed within the ±6.25 range.  The
precision of  the  quadratic  demonstration  was
affirmed by the random distribution of residuals, as
indicated  in  Figure  3(b).  Therefore,  it  can  be
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concluded that a  satisfactory description of the oil
extraction  process  was  accomplished by  the

regression model and it does not spoil the constant
variance assumption (27).

Figure 3:  Residual Vs prediction (a) and Residual Vs Number of the runs (b).

The analysis  of  ANOVA is  shown in  Table  3.  The
model F-value of 367.49 and P-values of less than
0.0500 indicated that model terms were significant.
In  this  case,  all  linear  terms  (temperature:  A,
particle size: B and time: C) and quadratic  terms
(A², B², and C²) were significant models. However,

A-squared  (A2)  term  had  the  highest  coefficient,
which showed that curvature along this dimension
was very significant. The ANOVA indicated in Table
3,  and  Eq(3)  showed  the  largest  degree  of
significance for this term and the model as a whole. 

Table 3: ANOVA analysis for Quadratic model.

Source Sum of Squares df Mean
Square

F-value p-value

Model 1082.84 9 120.32 367.49 < 0.0001 Significant
A-Temperature 228.12 1 228.12 696.79 < 0.0001
B-Particle size 195.82 1 195.82 598.12 < 0.0001
C-Time 30.11 1 30.11 91.97 0.0002
AB 1.13 1 1.13 3.46 0.1218
AC 0.0380 1 0.0380 0.1161 0.7471
BC 0.4290 1 0.4290 1.31 0.3041
A² 548.70 1 548.70 1675.97 < 0.0001
B² 95.11 1 95.11 290.52 < 0.0001
C² 38.53 1 38.53 117.69 0.0001
Residual 1.64 5 0.3274
Lack of Fit 1.55 3 0.5168 11.93 0.0784 Not significant
Pure Error 0.0867 2 0.0433
Cor Total 1084.48 14

The lack of fit test is also shown for the regression
model  analysis.  It  indicated the model’s  power to
depict the relationship between the input and output
parameters sufficiently. The model could indicate a
lack  of  fit  due  to  the  comportment  of  unusually
greater residuals existing from fitting the model or
omitting  from the model  various  necessary  terms

(28). The lack of fit value for the extraction of the
oil  model  indicates  an F-value  of  11.93  and a P-
value  of  0.0784  in  this  study.  This  outcome  has
shown that the quadratic model was well fitted to
the  experimental  data.  When  the  F-ratio  gets  so
high,  that  the p-value falls  below 0.05,  then with
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95% confidence,  one  or  more  of  the  factors  was
affecting the measured response (29).

The coefficient of prediction represents the expected
change in response per unit change in factor value
when all remaining factors are held constant (Table
4).  The  intercept  in  an  orthogonal  design  is  the

overall  average  response  of  all  the  runs.  The
coefficients  are  adjustments  around  that  average
based on the factor settings. When the factors are
orthogonal,  the  VIFs  are  1;  VIFs  greater  than  1
indicate  multi-collinearity.  the  higher  the  VIF,  the
more severe the correlation of factors. As a rough
rule, VIFs of less than 10 are tolerable (30).

Table 4: Coefficients in terms of coded factors and coefficient of determination.

Coefficients in Terms of Coded Factors
Factor Coefficient

Estimate
df Standard

Error
95%CI Low 95%CI

High
VIF

Intercept 43.73 1 0.3303 42.88 44.58
A-Temperature -5.34 1 0.2023 -5.86 -4.82 1.00
B-Particle size -4.95 1 0.2023 -5.47 -4.43 1.00
C-Time -1.94 1 0.2023 -2.46 -1.42 1.00
AB 0.5325 1 0.2861 -0.2029 1.27 1.00
AC 0.0975 1 0.2861 -0.6379 0.8329 1.00
BC 0.3275 1 0.2861 -0.4079 1.06 1.00
A² -12.19 1 0.2978 -12.96 -11.42 1.01
B² -5.08 1 0.2978 -5.84 -4.31 1.01
C² -3.23 1 0.2978 -4.00 -2.46 1.01
Fit Statistics
Coefficients Value
R-squared  R² 0.9985
Adjusted R² 0.9958
Predicted R² 0.9769
Adeq Precision 57.8375
Std. Dev. 0.5722
Mean 32.80
C.V. % 1.74

C.V = coefficient of variation, Std.Dev. = standard deviation, VIF=Variance inflation factor

The  quadratic  models  of  regression  analysis,
suggested by the model, were expressed as follows
in terms of coded factors:

Yield (%) = 43.73−5.34 A−4.95B−1.94C+0.5325 A B+0.0975 A C+0.3275 BC       

−12. A2−5.08B2−3.23C2 (Eq. 3)

The equation in terms of coded parameters can be
used  to  form  predictions  about  the  response  to
given levels of each parameter. By default, the high
levels of the parameters are coded as low levels (-1)
and high levels (+1). The coded equations help to
describe  the relative  influence of  the  variables by
comparing the coefficients of the variables (31).

Effect of Extraction Parameters on the Yield of
Oil
Effect of extraction temperature 
The  extraction  process  can  occur  at various
temperatures based  on  the  used  solvent.
Temperature is a critical parameter as it determines
the reaction rate and yield of the produced oil (32).
To  find  out  the  significance  of  extraction
temperature on the conversion of oil,  experiments
were carried  out  at  50-80  °C  (Figure  4(a)).  The

effect of temperature on a reaction can be described
through the theory of reaction kinetics. Enhancing
the  temperature  will  result  in  an  enhancement
fraction  of  particles  that  have  greater  speed  and
therefore have a higher kinetic rate, which results
from  the  maximum yield  of  extraction  (32). The
highest yield of the oil was 43.9 % at an extraction
temperature  of  65°C.  The  yield  of  the  oil  was
decreased beyond 65°C of extraction temperature;
higher  temperature  accelerates  the  formation  of
saponification  reaction  which  results  in  soap
formation,  as  well  as  further  increment  of
temperature is described to have an adverse effect
on  the conversion  of  the  yield  (31). In  addition,
maximum temperature resulted in a decrement of
the  yield, as  hexane  is  lost  because  it  starts  to
evaporate as the temperature approaches its boiling
point (33).
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Figure 4: Effect of temperature (a) and particle size (b) on the extraction yield of oil.

Effects of particle size 
It  was  indicated  that  the  effectiveness  of  the
biomass  process  is  expected  to  be  dependent  on
particle  size  (34).  At  optimum particle  size,  it  is
expected to bring up the speed of reaction between
components; since the rate of reaction is influenced
by the raw material accessibility and medium size of
the molecule for better yield, while the bigger size
of the molecule indicates a small amount of oil yield
(35,36). Figure  4(b)  shows  the effects  of  particle
size on oil yield while al other parameters are kept
constant at zero levels; increasing the particle size
to  the  maximum  while  keeping  the  other
parameters  constant  results  in  a  low  oil  yield.
Increasing  the  particle  size  from 0.15-0.225 mm,
results in the maximum yield of oil. The particle size
of 0.225 mm was found to be the optimum point at
which  the  maximum yield  of  oil  was  achieved.  A
particle size of above 0.3 mm has been observed to
give an optimum yield of oil in the extraction of solid
coconut oil (37–39).

Effect of extraction time
Another  important  process  parameter  that  affects
the  yield  of  oil  extraction  is  time.  The  extraction

time was studied between 60-80 min. The effect of
extraction time on the yield of neem seed oil was
shown in Figure 5. It could be determined that the
yield of oil increased as extraction time moved up
from 60 to 120 min and peaked at 120 min. This
observation  proposes  that  at  the  initial  time  of
extraction,  more  oil  was  expelled  from the  neem
seed  (40,41).  However,  the  rate  was  diminished
with  the  increasing  duration  of  time.  At  a  longer
extraction time, the negative impact of this factor
on the yield was also considered (42,43). 

Perturbation plot
The  perturbation  plot  indicates  the  comparability
between all parameters at a preferred point in the
studied design space. The perturbation diagram for
the  yield  of  the  extracted  neem  seed  oil  is
demonstrated  in  Figure  6.  The  yield  of  extraction
was described by changing only one variable over
its  range  while  the  other  variables  were  held
constant. The plot shows the effect of all parameters
at  a  central  point  in  the  design  space  (such  as
extraction  time,  particle  size,  and  extraction
temperature). 
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Figure 5:  Effect of extraction time on the extraction yield of sandalwood oil.

Figure 6:  Perturbation plot for the extraction yield of neem oil response (A: Temperature, B: Particle size
and C: Time).

All  variables  pointed  to  a  negative  result  on  the
yield  of  extraction.  The  comparatively  flat  line  of
extraction  time  (C)  shows  a  lower  effect  of  this
variable on the extraction yield of neem seed oil in
the design space. It can be shown from Eq. (3) and
Table 3 that extraction temperature and particle size
had  significant  curvature  effects  on  the  yield.
Through  this  comparability  of  coefficients  in  Eqn.
(3),  the  majority  of  the  significant  variables  were
identified. In this way, the order of positive effects
of the interaction terms on the yield of extraction
was  A-B,  A-C  and  B-C;  while  the  remaining

individual  and  quadratic  terms  had  a  negative
influence on the yield of oil.

Optimization of oil extraction parameters 
The goal of the study was to identify  the optimal
parameters  for  oil  extraction.  The  optimized
parameters  were  derived  from  the  quadratic
regression  analysis  proposed  by  the  Box-Behnken
design.  Using  Box-Behnken  design,  the  optimal
values for the developed regression model (Eqn. 2)
and according to the described optimization criteria
for  selected  variables,  the  optimization  was
conducted using the numerical method. The model
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was applied by setting independent variables in the
range with the goal of oil  yield maximization. The
model anticipated an optimal yield of oil, 44.081%
at  64.416°C  extraction  temperature,  0.212  mm
particle  size,  and  132.677  min  of  extraction  time
with  the  maximum  desirability  of  1  among  100
solutions  proposed.  This  means  it  is possible  to

select  a  series  of  combinations  of  the  optimum
parameters, which will enable maximum yield of oil.
In addition, Figure 7 indicates the optimized process
parameters for the extraction yield of neem seed oil.
The experimental yield of oil (44.141%) at optimal
parameters is close to the model-anticipated value
of 44.081% within 0.136% of error value.

Figure 7:  Shows the output (independent and dependent variables) of numerical optimization of the
developed mathematical models.

Analysis of Properties of Neem Seed Oil
Physicochemical property 
Different  properties  of  the  oil  were  analyzed
according to AOAC (1990) and ASTM standards with
modification as shown in Table 5. 

The specific gravity of all the oils ranged from 0.84
to 0.91, which corresponds to the standard limit of
0.87-0.90  for  non-edible  oils  (26).  Density  and
gravity  are  important  parameters  for  oil  used  in
diesel  fuel  injection systems.  The values  must  be
maintained within tolerable limits to allow optimal
air  to  fuel  ratios  for  complete  combustion.  High-
density biodiesel or its blend can lead to incomplete
combustion and particulate matter  emissions (37–
39). In this study, 0.875 g/cm3 of density and 0.86
of specific gravity were obtained. Therefore, if this
oil  is used for biodiesel production, it will  be safe
since it fulfils the required criteria. 

The ash content in oils is an important variable, at
considerable quantity, to indicate the quality of the
oil.  An  ash  content  of  2.1%  has  been  recorded.
Small ash content indicated that the extracted neem
oil can be ignitable with a low amount of ash and
can be used for biofuel production (44).

Iodine value is an indication of the unsaturation of
fats and oils.  The greater  iodine value  shows the
higher unsaturation of oils and fats (26). Oils with
iodine  values  greater  than  120  are  grouped  as
drying oils; those with iodine values of 60–120 are
grouped as semi-drying oils; and those with iodine
values below 60 are regarded as non-drying oils. In
this  study,  the  iodine  value  of  the  neem oil  was
122.5  mgI2/g,  which  is  close  to  the  standard
specified by ASTM D763 (120 mg I2/g) for dry oil,
and this oil  can be used in the cosmetic industry.
People choose dry oils  since they absorb into the
skin within seconds of application, meaning that dry
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oils  indicate the  same moisturizing advantages as
wet oils, without missing a sticky residue on the hair
or skin (45).

Acid  values  identify  the  appearance  of  oxidation
products and corrosive free fatty acids as well as the
degree  of  the  lubricant’s  abasement.  This  is  a
necessary factor  used to  determine the quality  of
oil, since the lower the free fatty acid, the better the
quality of the oil. More acidic value can contribute to
severe corrosion in the internal combustion engine
and fuel supply system (46). In this study 1.81(mg
KOH/g) of acid value was recorded.

The saponification value is utilized in checking out
debasement. The higher saponification value shows
the existence of a higher percentage of fatty acids in
the oil (44) and hence involves the possible trend to
make  soap;  those  difficulties  in  separation  of
products if used for producing biodiesel. This would
also suggest that utilizing the oils for the production
of biodiesel would result in a very low yield of the
methyl  ester.  In  this  study,  206.7mg  KOH/g  of
saponification  value  of  oil  was  obtained,  which  is
within the limit of ASTM standard.

Table 5: Physiochemical properties of neem seed oil.

Components Value ASTM 763 standard 
Density (g/cm3) 0.875 0.8-0.9 
Moisture contents (%) 4.61 0.3-6.0
Ash contents (%) 2.31 1.5-4.5
viscosity (mm2/s) 33.5 25-35.5
Iodine value (mg I2/100g) 122.5 120
Saponification Value (mg KOH/g) 206.7 200-220
Acid value (mg KOH/g) 1.81 1.5-2.4

Fatty  acid  composition  analysis  with  gas
chromatography
The fatty  acid  constitution  of  the  extracted  neem
seed oil  was studied via the gas chromatography-
mass spectrometry method. Five types of fatty acids
were  detected.  As  shown  in  Table  5,  the
predominant fatty  acid  was oleic  acid  adopted  by

palmitic acid, caprylic acid, stearic and myristic acid,
respectively.  The  chromatographic-mass
spectrometry study revealed a considerable amount
of unsaturated fatty acids in the oil of neem seeds.
The fatty acid constitution of oil and its structures
are presented in Table 6.

Table 6: Fat acid composition of neem seed oil.

Fatty acid type Formula Composition (%)
saturated fat acid
Caprylic acid   C8H16O2 16.621
Myristic acid    C14H28O2 0.0058
Palmitic acid    C16H32O2 22.443
Stearic acid C18H36O2 0.0062
Total 39.076
Unsaturated fatty acid
Oleic acid C18H34O2 60.924
Total 60.924

Fourier Transform Infrared Spectroscopy (FT-
IR) Functional Group Analysis
The results of the FT-IR analysis of the neem seed
oil  is shown in Figure 8. The assimilation peak at
different wavelengths was also indicated. The peak
at 3006.26 cm−1 is due to C-H asymmetrical stretch
and  the  absorption  peak  at  2923.78  cm−1 and
2855.25  are  due  to  the  C-H  symmetric  and
antisymmetric stretch of the methyl group from the
lipids  (44).  Peaks  present  at  1460.55  cm−1 and

1376.06  cm−1 are  attributed  to  the  C-H
antisymmetric  and  symmetric  deformation
vibrations, respectively (46). The band at peaks of
1095.86 cm−1, 1236.83 cm−1, 1160.38 and 1236.83
cm−1 corresponds  to  the  C-O  stretching  vibration
(46). The absorption at 1743.66 cm−1 is also due to
the C-O stretch and the peak at 720.79 cm−1 is due
to  the  C-H  bond from the  long  branch  of  alkane
(40,41).
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Figure 8: FTIR spectral analysis of neem seed oil at a frequency of 4000–400 cm−1.

CONCLUSION

Neem  seed  oil  was  extracted  using  the  Soxhlet
extraction method. The effect of different extraction
variables,  such as extraction temperature,  particle
size,  and  extraction  time,  on  oil  yield  was
investigated  by  using  Box-Behnken  experimental
design.   The  quadratic  model  was  suggested  to
demonstrate  optimum  extraction  parameters.
Applying  the  numerical  optimization  of  the
desirability maximization technique, 132.677 min of
extraction time, 64.416°C of extraction temperature,
0.212 mm of particle size, and 44.081% of oil yield
were  obtained  at  selected  desirability.  The
experimental  yield  of  oil  (44.141%)  at  optimal
parameters  is close to the model-anticipated value
of 44.081% within 0.135% of the error value.  The
study  shows  that  the  effects  of  temperature  and
particle  size  are  found  to  be  more  significant
compared to extraction time.  The physicochemical
characteristics  of  the  extracted  oil  were  also
determined  by  using  standard  methods. The
physicochemical properties of the oil reveal that the
neem  seed  oil  can  be  considered  as  a  potential
source of material for different products. The most
common fatty acids in the neem seeds were oleic
acid  (60.924%),  palmitic  acid  (22.443%),  and
caprylic  acid  (16.621%).  The  obtained  results
indicate  the  prospect  of  using  neem  seeds  as  a
potential raw material in the industrial  field in the
future.
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Accuracy Limits of Pair Distribution Function Analysis in Structural
Characterization of Nanocrystalline Powders by X-ray Diffraction
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Abstract: We report the minimum errors of structural parameters, namely lattice parameter, crystallite
size,  and atomic  displacement parameters,  expected from Pair  Distribution Function (PDF)  analysis  of
nanocrystalline gold powders for the first time by a self-consistent computational methodology. Although
PDF analysis has been increasingly used to characterize nanocrystalline powders by X-rays, the current
literature includes no established error bounds to be expected from the resulting structural parameters.
For accurate interpretation of X-ray diffraction data, these error bounds must be determined, and the
obtained structural parameters must be cleared from them. Our novel methodology includes: 1) simulation
of ideal powder diffraction experiments with the use of the Debye scattering equation, 2) pair distribution
function analysis of the diffraction data with the Diffpy-CMI analysis software, and 3) determination of the
errors from PDF analysis of the simulated diffraction data by comparing them with real-space analysis of
spherical gold nanocrystals that are 30 nm size and smaller. Our results show that except for the lattice
parameters and even with an ideal crystalline powder sample and ideal diffraction data, the extracted
structural parameters from PDF analysis diverge from their true values for the studied nanopowder. These
deviations are dependent on the average size of the nanocrystals and the energy of the X-rays selected for
the diffraction experiments, where lower X-ray energies and small-sized nanocrystalline powders lead to
greater errors.
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INTRODUCTION

Nanomaterials are becoming an integral part of all
manufacturing processes in industries ranging from
food, cosmetics, and weaponry, since they promise
tunable  physical,  electrical,  mechanical,  etc.
properties  (1,2)  that  can  potentially  bring
revolutionary  solutions  to  many  problems  in
engineering  designs.  The  number  one  step  for
controlled  manufacturing  and/or  integration  of
nanomaterials  in mass production is  fast,  reliable,
and  robust  characterization,  which  must  be
performed  with  the  highest  amount  of  detail  and
resolution  to  optimize  nanomaterials  for  best

performance. X-ray diffraction (XRD) is currently the
gold  standard  characterization  technique  that
promises  these  requirements  while  accessing
atomic-scale  information  in  a  non-destructive
manner (3). Although XRD was initially developed to
investigate  the  atomic  periodicity  in  crystalline
materials, the technique has progressed enormously
and  has  been  extended  to  the  analysis  of
amorphous  materials  as  well.  Among  the  most
frequent  practices  of  X-ray  diffraction  is  powder
diffraction. In this technique, one has no obligation
to  prepare high quality  single crystalline samples,
which is an obstacle for many materials (4), but can
also investigate polycrystalline and powder forms of
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materials as well. This has caught the attention of
researchers working in the field of nanopowders, a
class of nanomaterials consisting of nanocrystalline
particles, and has resulted in further development of
the  XRD  technique  on  nanoparticulate  forms  of
matter.

In XRD analysis of nanopowders, there are mainly
two  methodologies  one  can  follow:  1) perform
whole  pattern  modelling  and  refinement  analysis
assuming there is a unit cell model that represents
the atomic ordering in the coherent domain of the
material  and  work  towards  solving  for  that  cell
model from the diffraction data; or 2) abandon the
unit  cell  construct  and  perform  modelling  and
refinement analysis of bond distance histograms of
the  coherent  domains  of  the  material  by  Fourier
transforming the  powder  diffraction  data  (5).  The
first  method  is  known  as  the  structure  solution
methodology,  and  Rietveld  refinement  (6)  is  the
most  widely  used  algorithm  in  this  context.  The
second  method,  known  as  the  pair  distribution
function analysis, has been around for a while, but it
has become popular with the development of open
source computer programs (7) and the availability
of  synchrotron  X-ray  sources,  enabling  enormous
progress in the capabilities of the technique.

For  bulk  crystalline  materials  where  the  atomic
periodicity extends beyond hundreds of nanometers
(8),  crystallographic  solutions  are  generally
available  from  their  diffraction  data,  and  the
resulting unit  cell  typically represents the average
structural  properties  of  the  material.  There  is  no
guarantee that this solution is unique (9); however,
one  may  complement  X-ray  analysis  with
independent,  direct  or  indirect  methods  for
confirmation,  such  as  Transmission  Electron
Microscopy  (TEM)  or  electrical  conductivity,
respectively.  For  nanocrystalline  materials,
crystallographic analysis is not as trivial as in bulk
crystalline materials; in this case, atomic periodicity
extends  up  to  100  nm  or  so,  and  thus  typical
diffraction data from such materials show structural
features intermediate between those of  crystalline
and amorphous materials. There are certain regions
in nanomaterials where the atomic stacking can be
described as periodic, as in a regular crystal,  and
some other regions where this stacking cannot be
considered periodic at all (10). For such materials,
the assumption of a single unit cell representing the
average atomic configuration within the material is
unjustified  (11).  Therefore  data  analysis  methods
relying on the assumption of a unit cell model fail.
In  that  case,  pair  distribution  function  analysis,
assuming no particular  atomic stacking within the
scattering material and no single repeating unit cell,
may be the right solution for structural analysis of
nanocrystalline  powders  and  is  quickly  becoming
popular.

In  an  earlier  work,  we  demonstrated  that
widespread crystallographic analysis routines, such
as  line  profile  analysis  and  Rietveld  refinement,
failed  to  retrieve  the  true  lattice  parameters  of
nanocrystalline  powders  (11)  and  identified  the
reason for failure as the incompatible single unit cell
model used to represent the atomic configuration of
atoms  in  nanocrystals.  In  the  current  work,  we
implement  our  self-consistent  methodology  to
quantify  the minimum errors within  the structural
parameters,  i.e.,  lattice  parameters,  average
crystallite  sizes,  and  atomic  displacement
parameters, retrieved from pair distribution function
analysis and evaluate how errors vary with respect
to the energy of the X-rays and the average size of
the  nanocrystals  studied.  Our  findings  will
potentially  guide  researchers  working  on  the
characterization  of  nanomaterials  to  use  pair
distribution function analysis properly with realistic
expectations  for  accuracy,  interpret  their  results
correctly,  and  design  their  experimental  setups
better  for  improved  accuracy  in  structural
identification of nanocrystalline powders.

THEORY

A typical PDF experiment consists of: 1) measuring
the  coherent  X-ray  scattering  intensity  I coh(q)
from  an  ensemble  of  atoms  in  the  kinematic
scattering  regime;  2) manipulating  this
measurement  to  extract  what  is  called  the
normalized  total  scattering  function  S(q);  3) a
Fourier  transformation  to  convert  the  total
scattering function to another function of real space,
r,  that  is  an  indirect  representation  of  distances
between pairs of atoms making up the crystal (5).
This resulting transform is called the reduced pair
distribution function G(r), and it is then refined to
extract  structural  parameters  of  the  irradiated
sample.  These  steps  can  be  mathematically
formulated as below:

I coh(q)=∑
i=1

N

∑
j=1

N

f i f j e x p(iq . [r i−r j ])   (Eq.1)

where N is the number of atoms that are irradiated
by X-rays, f=f (q)   is the atomic scattering factor

of  the  type  of  material  which  depends  on  the
scattering angle 2θ and the irradiation wavelength,
λ, r i  is the coordinate vector of the atom i from an

arbitrary origin and i  is the imaginary number, √−1 .

A  normalization  is  applied  on  Icoh to  access  the
reduced total scattering function S(q):

S (q)−1=
I c oh(q)

N ⟨ f ⟩2− f 2

⟨f ⟩2
                          (Eq. 2)

Where  q  is  the  magnitude  of  the  momentum
transfer  vector  of  the  X-rays,  with
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q=|q|=4 π sin θ
λ

 and <f>2 is the squared average

atomic scattering factor. In Eq. 2, we highlight the
term  'coherent  intensity'  to  emphasize  that  the
reduced total scattering function is related only to
the coherent portion of measured X-ray intensities,
hence -if applicable- the measured diffraction data
must be cleared from unwanted signal such as that
resulting  from  multiple  scattering,  sample
absorption, background scattering, etc. Once S(q) is
evaluated, the pair distribution function G(r) can be
obtained by the following Fourier-Sine transform:

G(r )=2
π
∫
0

∞

q [S(q)−1]sin (qr )dq      (Eq.3)

As  can  be  seen,  the  reduced  pair  distribution
function G(r) is theoretically accessible exactly from
the measured coherent  diffraction intensities  by a
standard  normalization  followed  by  a  Fourier
transform. But during real measurements, the upper
limit of the integral in Eq. 3 is never infinite and is
limited by the maximum scattering angle at which
the  diffraction  intensities  are  recorded  and  the
wavelength  of  X-rays.  Accordingly,  a  truncated
approximation  of  the  Fourier-Sine  transform  is
employed  to  obtain  the  reduced  pair  distribution
function:

G(r )=2
π ∫

qmi n

qma x

q [S(q)−1 ]sin (qr )dq       (Eq. 4)

where  qmax=
4 π sin (θma x)

λ
.  This  truncation  is

known to decrease the resolution of the real space
function obtained from the Fourier transform (12).
Similarly, the small angle scattering portion of the
diffraction data is usually cropped, since diffraction
intensities close to forward-scattering angles scale
with  the  square  of  the  total  number of  irradiated
atoms and have the potential to burn the center of
X-ray  detectors  due  to  extremely  high  photon
counts, unless properly blocked. Secondly, including
the small angle scattering portion in diffraction data
results in an incompatibility with the expected input
of  the  subsequent  refinement  process  (13).
Therefore,  the  small  angle  scattering  portion  is
excluded  from  the  integration,  i.e.,

qmin=
4 π sin θmin

λ
 and θmin >0.

G(r)  can  also  be  evaluated  using  sample’s  real-
space  parameters.  This  can  be  accomplished  by
realizing that G(r) is actually the local deviation of
the number density of atom pairs from the average
number density of irradiated atoms separated by a
particular  interatomic  distance  r.  Using  this
definition, G(r) can also be written as:

G(r )=1
r
∑
i

N

∑
j

N [ f i f j⟨f ⟩2
δ (r−r i j)]−4 π ρ0   (Eq. 5)

where δ(r) is the Dirac delta function, r i j=|r i−r j|
and ρ0  is the average number density of the atomic

ensemble.  For  an  ensemble  of  atoms  that  are
stacked perfectly periodic in 3 dimensions, like an
ideal crystalline particle, Eq. 5 results in sharp and
discrete Dirac delta functions, located at interatomic
distances corresponding to characteristic interplanar
distances of the crystallite. However, for all realistic
crystalline  and  amorphous  material  samples
measured  at  finite  temperatures,  the  resulting
thermal  movement  of  atoms  causes  these  Dirac
delta  functions  to  broaden,  proportional  to  the
amount of atomic displacement. Assuming random
displacements  of  atoms  around  their  average
positions,  each  pair  distribution  peak  can  be
numerically  approximated by a Gaussian function.
Hence, the width of these Gaussian functions can be
used as a measure of the average displacements of
atoms  around  their  average  positions,  which  can
then be related to the Debye-Waller factor in X-ray
diffraction experiments (5).
In conclusion, the main logic behind Pair Distribution
Function  refinement  is  to  calculate  a  model  G(r)
based on the initial atomic coordinates assumed for
the diffracting sample (using Eq. 5) and refine this
model against the G(r) obtained from the diffraction
signature of that sample (using Eqs. 2 and 4) until a
predefined tolerance level is achieved between the
two  G(r)  functions.  Unlike  standard  Rietveld
refinement  analysis  commonly  used  in
crystallographic  studies  of  polycrystalline,  single
crystalline,  and nanocrystalline  materials,  the  PDF
refinement  is  based  on  a  least  square  error
minimization process performed on real-space data,
rather than reciprocal (or angular, 2θ) space.

METHODOLOGY

Here we describe the four main steps followed to
study  the  accuracy  limits  of  the  structural
parameters  obtained  from  gold  nanocrystalline
powders  using  their  X-ray  diffraction  data.  These
are:  1) creating  the  atomic  coordinates  of  a
nanocrystalline  particle  and  generating  an  ideal,
monodispersed  particle  ensemble  from  it;  2)
calculating  the  expected  powder  diffraction  data
from  this  nanocrystalline  particle  ensemble;  3)
steps  followed  during  preprocessing  of  the
diffraction  data;  and  4)  pair  distribution  function
analysis.

Creating  Perfectly-Crystalline  and  Energy-
Minimized  Versions  of  Ideally  Random,
Monodispersed Nanocrystalline Powders
This  step  includes  creating  atomic  coordinates  of
spherical gold nanocrystals with two versions: ideal
nanocrystalline  and  energy  minimized  atomic
configurations.  For  ideal  crystalline  nanoparticles,
we assumed a lattice  parameter of 4.0626  Å and
created  atomic  coordinates  in  3  dimensions  by
following the packing rules of  face centered cubic
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crystals.  Spherical  nanocrystals  with  variable
diameters  were  generated.  For  energy-minimized
nanocrystals, we used these ideal-crystalline atomic
configurations  as  input  and  performed equilibrium
molecular dynamics (EMD) simulations assuming a
0  Kelvin  final  temperature.  EMD simulations  were
performed with the open-source LAMMPS code (14)
combining  the  initial  (ideal-crystalline)  atomic
coordinates with interatomic forces modeled by the

optimized embedded atom method (EAM) for gold
atoms as  suggested  in  the  literature  (15).  These
new coordinates were validated against similar work
from past literature (11). Figure 1 shows the energy
minimization  process  and  the  resulting  atomic
coordinates  of  ideal-crystalline  and  energy-
minimized versions of a spherical gold nanoparticle
with a 5 nm nominal diameter.

Figure 1: Left side: Change in the total energy of the spherical gold nanoparticle system during EMD
simulations  performed on ideal  crystalline  atomic  configuration.  The resulting  energy-minimized atomic
configuration has less total energy and is thermodynamically stable. The number of steps taken during the
simulation was determined by the tolerance value of 10-8. Right side: The atomic configurations of ideal-
crystalline (blue markers) and energy-minimized versions (yellow markers) of the gold nanoparticle with a 5
nm nominal diameter. The blue arrows associated with blue markers show the relative displacement of
atomic sites resulting from energy minimization. The green arrow drawn by dashed lines is one of the
diameter lines we used to calculate the average size of the nanoparticle.

Once  the  atomic  coordinates  of  a  single  gold
nanoparticle  are  generated,  we  can  create  a
monodispersed,  ideal  powder  ensemble  by
considering  a  finite  number  of  such  particles  and
randomizing their  orientation with respect to each
other.  The  final  set  of  atomic  coordinates  would
constitute an ideal particle ensemble (powder) with
a  finite  number  of  identical  nanoparticles  having
random  distribution  of  particle  orientations.  The
diffracted  intensities  from  such  a  finite  particle
ensemble  would  fluctuate  around  a  mean  value
where the uncertainty in the intensities is inversely
proportional to the number of particles considered
(16). However, if we take the limit of the number of
particles  to  infinity,  then  the  orientationally-
averaged  diffracted  X-ray  intensities  from  these
particles correspond to their ultimate limit with no
statistical uncertainty. In this study, we focused on
the accuracy limits of an X-ray analysis algorithm;
hence,  we  chose  to  work  with  infinite-particle
ensembles, eliminating statistical fluctuations in the
diffraction  data  resulting  from  particle  selection
statistics.   

Generation of Ideal Diffraction Profiles
The expected diffraction intensity distribution from
infinitely  large  powders  of  gold  nanocrystals  was

computed by the  Debye scattering  equation (17).
This equation has the following form:

⟨ I (2θ)⟩=f m(2θ) f n(2θ)∑
m=1

N

∑
n=1

N sin (|q||rmn|)
|q||rmn|

(Eq. 6)
Here  ⟨ I (2θ)⟩  is  the  orientationally-averaged

diffracted intensity distribution that is a function of
the scattering angle 2θ, |q|  is the magnitude of the

momentum  transfer  vector,  |rmn|=|rm−rn| is  the

magnitude of the separation vector between atoms
m and n, and fm(2θ) is the atomic scattering factor
of atom m, which is again angle dependent as q  and

is determined by the type of scattering material. For
a monatomic crystal such as a gold nanoparticle, fm

= fn; hence, fm(2θ)fn(2θ)=f2(2θ). Finally, the upper
limit  of  the  summation  N  is  the  total  number  of
atoms within a single nanoparticle. As seen from Eq.
6, one needs only the atomic coordinates of a single
nanoparticle  to generate  the orientational  average
of  the  diffracted  intensity  distribution  from  a
monodispersed ensemble of nanocrystals irradiated
by  monochromatic  X-rays.  This  means  that  the
Debye  equation  implicitly  assumes  that  the
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orientation  distribution  of  nanocrystals  making  up
the particle ensemble is ideally random, which also
necessitates  that  the  ensemble  consists  of  an
infinite  number  of  identical  crystals.  Interested
readers  can  follow  classical  texts  (18)  to  confirm
these assumptions behind the Debye equation.

To sum up, the Debye equation provides us with a
powerful tool to test error bounds and applicability
of X-ray analysis algorithms on diffraction data from
nanocrystals,  since  we  can  work  with  noise-free,
ideal diffraction data and have full control over the
inputs to these algorithms.

In  this  study,  the  diffracted  intensity  data  were
obtained by the Debyer software1, since coding Eq.
6 and directly running simulations with nanocrystals
with  large  number  of  atoms  N  causes  the
computation time to explode quickly. This software
optimizes  the  computation  time  neatly  by
generating  histograms  of  available  interatomic
distance vectors,  rmn  for each atom in the particle

and  considering  only  those  terms  that  contribute
appreciably  to  the  diffracted  intensities.  Hence,  it
diverges slightly from the exact computation of the
Debye equation. However, we confirmed that these
deviations are minor, and do not affect our results,
similar to past work (11). Next, we set the angular
range  as  2θ ϵ (5∘,180∘) ,  angular  spacing  as

d θ=0.01∘  and  selected  5  different  X-ray

wavelengths from 0.21 to 1.54 Å, which are widely
used in experimental studies2. Five different particle
diameters  were  considered  when  modelling  the
nanocrystalline powders, which ranged from 5 to 30
nm.  This  process  resulted  in  50  different  X-ray
diffraction  data  since  we  considered  both  ideal
crystalline and energy-minimized versions of these
5  nanocrystalline  particle  ensembles.  Examples  of
computed diffraction data are seen on the left side
of  Figure  2.  Finally,  we  emphasize  that  these
intensities do not contain any unwanted scattering
signals  or  background  other  than  the  coherent,
elastic  scattering  from  gold  atoms.  Hence,  they
were used directly in the subsequent analysis steps.
When  working  with  experimental  diffraction  data,
one  needs  to  carefully  clean  up  their  data  from
inelastic scattering, refraction effects, counting and
particle  selection statistics,  and  systematic/human
errors, if present, before further analysis (12). 

Preprocessing of Diffraction Data 
Before  performing  the  pair  distribution  function
analysis, one should process the powder diffraction
data.  Typically,  this  process  entails  obtaining  the
normalized total  scattering function S(q) from the
intensity data and then performing the Fourier-Sine

1 https://debyer.readthedocs.io/en/latest/

2 For simulations with λ=0.21Å, dθ = 0.001° and

2θ ϵ (0.1∘,55∘)  since dθ > 0.001° was not narrow 

enough to resolve neighboring Bragg peaks clearly.

transform of the data. In this work, we performed
these steps using the pdfgetx3 code (19), which is
part  of  the  Diffpy-CMI  package  (7)  due  to  the
software’s  being  widely  used  by  the  X-ray
community in PDF analysis.

An important step while performing the Fourier-Sine
transform  of  the  intensity  data  is  the  proper
removal  of  the small  angle  scattering  component.
This  was  done  by  visualizing  our  simulated
diffraction data one by one and setting an angular
threshold below which there would be considered a
small angle scattering component of the diffracted
signal.  This  region  was  determined  separately  for
each wavelength considered and reported in the last

column of Table 1 as  qmin=
4 πsin θmin

λ
. Finally,

the default setting of rpoly=0.9 was used, since the
minimum  interatomic  distance  in  our  gold
nanocrystals is around 2.872 Å, which is imposed by
the stacking rules of the FCC unit cell, and rpoly=0.9
is not expected to affect our interatomic distances
as explained by past literature  (19).  On the right
side  of  Figure  2,  examples  of  reduced  pair
distribution  functions  G(r)  resulting  from
preprocessing of diffraction profiles of 5, 10, and 15
nm spherical gold nanoparticles are shown.

Pair  Distribution  Function  Analysis  and
Refinement
After the intensity  data are transformed, the final
step  is  the  PDF  refinement.  We  used  the  freely-
available  module  Diffpy-cmi  (7)  to  perform  our
refinements. At the beginning of a refinement, one
needs to provide the transformed intensity files as
well as a cif file (crystallographic information file) of
the powder material as input. This cif file, which in
our case is the one for gold, is used to initialize the
structural  parameters  such  as  lattice  parameter,
thermal parameters, etc., to be refined. Then, the
real space range over which the refinement will be
performed  is  selected,  and  the  parameters  are
refined one-by-one. Typical  refinement parameters
are: 1) an arbitrary scaling factor used to match the
nominal values of the calculated and modeled pair
distribution functions; 2) average lattice parameter;
3) coherent particle size, which is a measure of the
average extent of atomic periodicity for diffracting
particles; 4) a damping factor qdamp used to quantify
and  implement  the  limited  instrument  resolution
effects,  such  as  X-ray  wavelength  and  limited
angular  range  of  the  X-ray  detector,  on  the
corresponding pair distribution function model; and
5) thermal  parameters  such  as  Anisotropic
Displacement  Parameters  (ADP)  used  to  quantify
static  or  dynamic,  direction-dependent  or
independent,  mean-squared  atomic  displacements
from  ideal  lattice  positions  (20).  During  the
refinement, the software tries to modify and match
the modeled pair distribution function against that
obtained from the Fourier Sine transform by a least-
square optimization routine. 
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In this work, we started off by initializing the lattice
parameter  as  4.078  Å,  crystal  space  group  as
Fm3m, Biso as 0.001, a negligible but finite value to
avoid  crashing  of  the  software  since  Biso=0
corresponds to a case with Dirac delta functions as
reduced  pair  distribution  peaks,  and  instrument-
related damping factor qdamp as 0.001, which is the
default value assumed in Diffpy-cmi software, since
our simulated data cannot be corrected against the
refinement of a calibration material, unlike what is
suggested in the literature (21).  Next,  we divided
the whole  refinement process  into  multiple  steps;
we refined the lattice parameter and the arbitrary

scaling  factor  first,  the  coherent  particle  size,
assuming spherical particle shapes second, Biso, i.e.
the  atomic  displacement  parameter,  assuming
isotropic displacement of atoms, third, and then all
parameters were refined altogether last. The quality
of the refinement was confirmed by two measures:
Rw, which is a goodness-of-fit parameter reported
by  the  software,  and  by  visual  inspection  of  the
calculated and measured pair distribution functions.
We  observed  that  relying  solely  on  Rw  was
misleading  since  there  is  no  universally  accepted
reference value for Rw for a particular fit quality.

Figure 2: Left side: The simulated powder diffraction profiles of 5 nm (top), 10 nm (middle), 15 nm
(bottom) diameter spherical gold nanoparticles assuming 1 Å wavelength X-rays. The insets show a close up
view  of  the  intensity  distributions  between 45° and  70°.  Right  side: The  corresponding  reduced  pair
distribution functions G(r) of the diffraction profiles on the left. The insets are a close up view of the tails
where G(r) approaches background level.

RESULTS AND DISCUSSION

In this section, we report the outcomes of the pair
distribution  function  analysis  of  diffraction  data
simulated from ideal,  random, and monodispersed
gold nanocrystals of various sizes and both in ideal
crystalline and energy-minimized forms.

PDF Refinement of Diffraction Data from Ideal
Crystalline Gold Nanopowders
An  example  of  a  successful  PDF  refinement  is
presented in Figure 3. Here, the diffraction data was

simulated  based  on  an  ideal  ensemble  of  5  nm
diameter,  ideal-crystalline  spherical  gold
nanoparticles,  and 1 Å wavelength of  X-rays.  The
left and right sides of the figure show, respectively,
the  full  (0-60  Å)  and  short  range  (1.5-20  Å)
portions  of  the  reduced  pair  distribution  function,
obtained from the diffraction data itself (Gobs shown
by black squares) and the best  fitting model  (Gfit

shown by red curves) obtained by the refinement
process.  Blue curves at the bottom of the graphs
are residuals, Gobs-Gfit, that quantify the difference
between observed data and the fitted model.  The
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full-range  refinement  plot  demonstrates  that,
overall, the positions and relative intensities of the
reduced  pair  distribution  function  were  captured
correctly. The correct positioning of the fit centers
can be confirmed from the short-range refinement
plot  as  well:  here  the  Gfit(r)  peaks  with  major
intensities  belong  to  the  relative  number  of
interatomic  distances  with  lengths  equal  to  peak
center  positions.  For  an  ideal  FCC gold  crystallite
with lattice parameter of 4.0626 Å, we can confirm
that the first few interatomic distances available are
2.873,  4.063,  5.745  Å  etc.,  which  are  the  first,
second, and third nearest interatomic distances in
the  cell.  These  are  also  the  positions  of  the  first
three G(r) peaks, with the exception of the second
peak,  which  shifted  slightly  off  from  its  ideal

position, i.e., 4.063 Å. The reason behind the shift
here  is  an overlapping neighboring peak centered
around 4.30 Å, which is not an actual G(r) peak but
a Fourier truncation peak resulting from the limited
qmax range of  the  intensity  data  (12).  Finally,  the
full-range fit  shows that  the  G(r)  functions  decay
decrease to a noise level between 40 and 50 Å. This
is  an  indication  that  no  atom  pair  exists  with  a
separation  distance  larger  than  these  limits.  The
exact  value  of  this  distance  is  determined  by  a
shape form factor that is implemented in the Diffpy-
cmi algorithm (22) and is interpreted as the size of
the coherent particle domain. For an ideal crystalline
particle,  the  coherent  domain  size  equals  the
average diameter of the particle.

Figure 3: Left: Long range results of successful refinement of the diffraction data from 5 nm diameter ideal
gold nanoparticles. The data was generated assuming 1 Å X-ray wavelength. The inset shows the tail of the
fit for the real space interval of 40-50 Å. Right: Short range portion of the PDF analysis for the real space
interval of 1.5-20 Å. The blue curve reports the residual between the observed G(r) function and the fitted
model.

Table  1  presents  the  systematic  PDF  refinement
results  performed on  the  diffraction  data  of  ideal
crystalline  nanoparticle  ensembles  with  variable
particle sizes irradiated at 5 different wavelengths.
Here, nominal size is the intended diameter of the
nanocrystals making up the ideal powders, λ is the
assumed wavelength of the X-rays while computing
the  diffraction  data,  a  is  the  refined  lattice
parameter,  D  is  the  refined  particle  diameter

assuming spherical crystallites, qdamp and Biso are the
refined damping and isotropic atomic displacement
factors  of  the  modeled  pair  distribution  function,

respectively,  Δr= 2 π
qmax

 is  the  achievable  real-

space  resolution  of  the  processed  diffraction  data
and  finally,  qmin  and  qmax are  the  minimum  and
maximum magnitudes  of  the  momentum  transfer
vector allowed in the Fourier-Sine transform.
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Table 1: PDF refinement results of diffraction data computed from ideal crystalline, spherical gold
nanoparticle ensembles evaluated at 5 different wavelengths.

Nominal
Size (Å)

λ
(Å)

a
(Å)

D
(Å)

Biso

(Å2)
Rw ∆r

(Å)
qmin

(1/Å)
qmax

(1/Å)
48.75 0.21 4.06263 48.74 0.002 0.043 0.10 1.56 27.6
97.50 0.21 4.06261 97.64 0.001 0.028 0.10 1.56 27.6
150 0.21 4.06260 150.55 0.001 0.025 0.10 1.56 27.6
195 0.21 4.06260 195.45 0.001 0.019 0.10 1.56 27.6
293 0.21 4.06260 293.97 0.002 0.016 0.10 1.56 27.6

48.75 0.56 4.06260 48.81 0.006 0.053 0.28 1.56 22.4
97.50 0.56 4.06260 97.46 0.002 0.018 0.28 1.56 22.4
150 0.56 4.06260 150.54 0.002 0.017 0.28 1.56 22.4
195 0.56 4.06260 195.30 0.002 0.013 0.28 1.56 22.4
293 0.56 4.06260 293.51 0.002 0.011 0.28 1.56 22.4

48.75 0.71 4.06255 49.07 0.011 0.055 0.35 1.54 17.7
97.50 0.71 4.06258 97.78 0.006 0.044 0.35 1.54 17.7
150 0.71 4.06260 150.88 0.003 0.032 0.35 1.54 17.7
195 0.71 4.06260 195.68 0.002 0.028 0.35 1.54 17.7
293 0.71 4.06260 294.01 0.002 0.023 0.35 1.54 17.7

48.75 1.00 4.06249 48.82 0.013 0.035 0.50 1.64 12.6
97.50 1.00 4.06259 97.76 0.009 0.027 0.50 1.64 12.6
150 1.00 4.06260 150.78 0.002 0.024 0.50 1.64 12.6
195 1.00 4.06260 195.62 0.005 0.019 0.50 1.64 12.6
293 1.00 4.06264 294.07 0.004 0.015 0.50 1.64 12.6

48.75 1.54 4.06264 48.98 0.001 0.050 0.77 1.70 8.2
97.50 1.54 4.06262 97.83 0.001 0.033 0.77 1.70 8.2
150 1.54 4.06261 150.79 0.001 0.027 0.77 1.70 8.2
195 1.54 4.06261 195.67 0.002 0.023 0.77 1.70 8.2
293 1.54 4.06260 294.17 0.002 0.020 0.77 1.70 8.2

As can be seen, the refined lattice parameters agree
well with the assumed lattice parameter (a=4.0626
Å) during generation of the atomic coordinates of
the ideal crystalline spherical gold nanoparticles for
all  particle  sizes  considered  and  at  all  X-ray
wavelengths.  They  fluctuate  only  at  the  fifth
decimal, which is in fact outside the accuracy limits
of the lattice parameter that can be obtained from
our diffraction data due to our angular spacing being
set  as  d θ=0.01ο  and also the resolution of  the

pair  distribution  function  analysis  ∆r  >>  10-5 Å.
Therefore, we can interpret these small fluctuations
as  resulting  from  numerical  errors  during  the
refinement process. When we look at the extracted
diameters, we again see that they agree with the
nominal  particle  diameters  within  1%  accuracy.
There  are  two sources  of  error  resulting in  these
small inaccuracies: the first one is the limited range
of  the  qmax that  approximates  the  Fourier  Sine
integral in Eq. 3 with a finite integration range, and
the second one is the nominal particle shapes being
far  from  ideal  spheres.  As  explained  in  previous
sections, ideal crystalline particles were obtained by
carving  out  spheroidal  shapes  from  an  ideal  3D
face-centered cubic lattice without considering the
integrity  of  individual  unit  cells  within  the  outer
layers  of  the  particle.  Hence,  these  discrete
spherical  particles  are  actually  spheroids  with
faceted surfaces (see Figure 1).  The diameters  of
these shapes,  therefore,  are  best  expressed  as  a

distribution  of  diameters  around  a  mean  value
rather  than an ideal Dirac delta function, and the
width of this distribution adds to the inaccuracies in
the  extracted  diameters  from  the  PDF  analysis.
Nevertheless,  the  lattice  parameters  and  the
average  crystallite  diameters  are  obtained  quite
nicely, and even with limited resolution of reduced
pair distribution functions with qmax as low as 8.2 Å-1

(12). Such high performances from PDF analysis are
impossible to achieve with experimentally-obtained
diffraction data from real  nanocrystalline samples.
Therefore these accuracy limits must be interpreted
as  the  best-case-scenario  or  equivalently,  the
minimum errors to be expected from the capabilities
of PDF analysis. 

When we look at how the PDF-extracted structural
parameters  compare  with  their  true  values  at
different wavelengths of X-rays, we notice that the
most sensitive parameter to the X-ray energy and
particle  size  is  the  isotropic  atomic  displacement
factor,  Biso.  This  is  a  correction factor  used when
analyzing  powder  diffraction  data  and  quantifies
how much of an intensity decay should be expected
in the diffraction data of an irradiated powder due to
the amplitude of thermal vibrations of its constituent
atoms.  Because  these  vibration  amplitudes  cause
lattice points to become finite volumes rather than
being dimensionless points in 3D space, an increase
in  the  temperature  of  an  irradiated  sample  must
cause  a  decreased  probability  of  constructive
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interference between atomic planes since their ideal
periodicity  is  eventually lost.  This effect  has been
studied in past literature, and it was concluded that
these thermal vibrations of atoms do not cause any
broadening in the corresponding Bragg peaks of the
diffraction data, but only suppress their intensities,
with an uneven and larger influence on higher order
reflections  (23).  Their  effect  on  the  reduced  pair
distribution peaks is a broadening, which is typically
modeled  by  a  convolution  operation  of  the  G(r)
peaks  with  a  Gaussian  function  if  the  atomic
vibrations  are  isotropic  in  all  directions  (12).
Looking at Table 1, it can be seen that extracted Biso

values of all nanocrystal sizes vary between 0.001
and  0.013  Å2.  Although  these  non-zero  atomic
displacement  parameters  indicate  the  presence  of
atomic vibrations when there are none,  they may
result from numerical errors and the finite angular
range  of  the  diffraction  data  causing  truncation
errors  in  the  Fourier  transform  since  they  are
obtained from the PDF analysis  of diffraction data
computed  from  ideal  nanocrystals  where  all
constituent  atoms are  fixed at  their  lattice  points
(Biso  = 0). Finally, these erroneous Biso values are
generally  higher  for  smaller  particles  than  larger
ones.

PDF  refinement  of  diffraction  data  from
energy-minimized Gold nanopowders 
Table  2  presents  our  PDF  refinement  results  of
diffraction  data  simulated  with  energy-minimized
versions of gold nanopowders considered previously.
The  difference  here  is  that  the  atoms  now
experience  finite  displacements  from  their  ideal
lattice positions, since at 0 Kelvin temperature, the
minimum-energy  configurations  of  nanocrystalline
particles do not necessarily correspond with those of
an  ideal  FCC  lattice,  especially  for  surface-layer
atoms as demonstrated in previous literature  (11,
24).  The  static  (time-independent)  component  of
these displacements from the ideal lattice points are
treated as microstrains in X-ray literature, and past
work (25) showed that these microstrains were of
compressive  type  at  the  nanoparticle  surface,
gradually  decaying  to  a  displacement-free  core
region  of  the  nanoparticles,  as  seen  in  Figure  1.
During PDF refinement, microstrain information was
not  extracted  because  there  was  no  long-range
atomic  order  assumed  while  refining  for  the
modeled  G(r)  functions.  Instead,  all  atomic
displacements  are treated as contributions to  Biso,
irrespective  of  whether  they  result  from static  or
dynamic  displacements  caused  by  temperature-
dependent atomic vibrations3 (20). 

3 As it can be noted, this treatment is inconsistent with the
methodology  followed  in  refinement  methods  based  on
structural solutions, such as Rietveld refinement, since the
latter allows one  to distinguish between microstrain and
isotropic/anisotropic  atomic  displacements  and  extract
both.

The  findings  in  Table  2  confirm  the  inward
movement  of  surface  atoms  as  a  result  of  the
energy-minimization  operation.  As  seen,  for  all
wavelengths  considered,  the  refined  lattice
parameters decrease with decreasing particle size.
This  can  be  explained  by  smaller  nanocrystals
experiencing  much  higher  numbers  of  atomic
displacements  since  they  have  a  much  higher
proportion  of  their  atoms  on  their  surface  layers
compared  to  larger  nanocrystals.  These  surface
atoms are not fully coordinated with neighbor atoms
as opposed to core atoms, so they can move more
freely  than  core  atoms.  Hence,  large  amounts  of
inward displacement experienced by surface atoms
cause  a  decrease  in  the  average  unit  cell
dimensions.  With  decreasing  surface  atom
proportions in larger particles, the effect was less
significant.  Eventually,  the  lattice  parameters  of
larger nanocrystals, such as those of 20 and 30 nm
nominal  diameters,  are  almost  comparable  to  the
initial lattice parameter of the particles, i.e. 4.0626
Å. This effect was confirmed in an earlier study as
well (11) and is also visualized on the left side of
Figure 3.

When  looking  at  the  extracted  particle  sizes,  the
indirect  effect  of  the  compressive  strains  on  the
nanoparticle  surfaces  can  be  noted.  For  all
considered  wavelengths,  the  refined  diameters  of
energy-minimized  nanoparticles  are  smaller  than
their  ideal-crystalline  counterparts.  These
differences  are  maximized  for  PDF  refinement
studies performed on the diffraction data computed
with the smallest X-ray wavelengths (λ = 0.21 Å)
than larger ones, as shown in the middle portion of
Figure  4.  The  reason  behind  this  wavelength-
dependence is that the smallest wavelength enables
the largest qmax range in the diffraction data and,
correspondingly,  the  highest  real-space  resolution
∆r and the minimum number of Fourier truncation
errors.  Therefore,  the  higher  sensitivity  in  real-
space  enables  the  visibility  of  these  small  size
differences.  In  addition,  the  reduction  in  the
extracted  diameters  is  bounded  by  the  smallest
nanocrystals (≈ 10%) on the upper limit, and the
largest nanocrystals on the lower limit (≈ 2%), for
all wavelengths studied. This is consistent with the
different  surface  atom  proportions  of  small  and
large nanocrystals and their resulting effects on the
energy-minimization process.
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Table 2: PDF refinement results of diffraction data computed from energy-minimized Crystalline and
spherical gold nanoparticle ensembles evaluated at 5 different wavelengths.

Nominal
Size (Å)

λ
(Å)

a
(Å)

D
(Å)

Biso

(Å2)
Rw ∆r

(Å)
qmin

(1/Å)
qmax

(1/Å)
48.75 0.21 4.05594 44.20 0.044 0.097 0.10 1.56 27.6
97.50 0.21 4.06000 93.48 0.020 0.047 0.10 1.56 27.6
150 0.21 4.06190 145.91 0.011 0.036 0.10 1.56 27.6
195 0.21 4.06251 191.01 0.011 0.036 0.10 1.56 27.6
293 0.21 4.06264 289.61 0.003 0.017 0.10 1.56 27.6

48.75 0.56 4.05534 44.85 0.058 0.071 0.28 1.56 22.4
97.50 0.56 4.05988 93.72 0.029 0.036 0.28 1.56 22.4
150 0.56 4.06185 146.38 0.019 0.030 0.28 1.56 22.4
195 0.56 4.06248 191.56 0.012 0.020 0.28 1.56 22.4
293 0.56 4.06263 289.86 0.008 0.012 0.28 1.56 22.4

48.75 0.71 4.05452 45.97 0.081 0.067 0.35 1.54 17.7
97.50 0.71 4.05968 94.51 0.040 0.044 0.35 1.54 17.7
150 0.71 4.06179 147.47 0.025 0.038 0.35 1.54 17.7
195 0.71 4.06244 192.69 0.017 0.030 0.35 1.54 17.7
293 0.71 4.06261 291.16 0.010 0.023 0.35 1.54 17.7

48.75 1.00 4.05359 46.82 0.102 0.055 0.50 1.64 12.6
97.50 1.00 4.05947 95.33 0.057 0.034 0.50 1.64 12.6
150 1.00 4.06167 148.44 0.037 0.028 0.50 1.64 12.6
195 1.00 4.06238 193.58 0.025 0.021 0.50 1.64 12.6
293 1.00 4.06259 292.15 0.015 0.016 0.50 1.64 12.6

48.75 1.54 4.05291 47.72 0.155 0.053 0.77 1.70 8.2
97.50 1.54 4.05929 96.39 0.078 0.038 0.77 1.70 8.2
150 1.54 4.06158 149.48 0.049 0.030 0.77 1.70 8.2
195 1.54 4.06232 194.53 0.033 0.024 0.77 1.70 8.2
293 1.54 4.06257 293.08 0.002 0.020 0.77 1.70 8.2

Figure 4: Left: Lattice parameters extracted from PDF refinement performed on simulated diffraction data
of gold nanoparticle ensembles irradiated by five different wavelengths of X-rays. Middle: Refined average
crystallite diameters from ideal-crystalline and energy-minimized nanoparticles.  Right: Refined isotropic
atomic displacement parameters Biso from ideal-crystalline and energy-minimized nanoparticles.
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Finally, when it comes to the extracted Biso values,
we notice that there is a significant increase in the
refined  values  for  energy-minimized  nanoparticles
compared  with  those  of  ideal  nanocrystals.  As
explained  in  the  beginning  of  this  section,  these
increases  could  be  the  result  of  both  static  and
dynamic  atomic  displacements  if  the  refined
diffraction data were experimentally obtained (12).
In our case, however, we simulated the diffraction
data based on the minimum-energy configurations
of our nanocrystalline particles, where the energy-
minimization  algorithm  ignored  the  zero-point
vibrational  movement  of  atoms  (15,  23).  As  a
result,  the  isotropic  atomic  displacement  values
extracted could only come from static displacements
of  atoms.  Considering that  the  largest  Biso values
obtained  from  the  ideal-crystalline  particle
ensembles are around 0.013 Å2, the Biso values of
energy-minimized nanoparticles that  are in excess
of 0.013 Å2 could be interpreted as contributed from
static  displacements  of  atoms.  These  static
displacements  of  atoms  are  maximized  for  the
smallest nanoparticles and minimized for the largest
ones  (see  the  right  column  of  Figure  4),  in
accordance with changes in the remaining structural
parameters.

Evaluation  of  Refined  Structural  Parameters
Against Real-Space Structural Parameters
In order to evaluate the accuracy of our refinement
results,  we  also  computed  the  average  structural
parameters of our nanoparticle ensembles based on
individual  atomic  coordinates.  These  atomistic
calculations were performed by classifying all atoms
according to their  coordination numbers. This was
done by counting the first nearest neighbors of all
atoms within spheres of 3.2 Å, radii centered at the
positions  of  atoms.  Those  with  a  coordination
number of 12 were considered core atoms, and the
remaining  ones  were  considered  as  surface  layer
atoms. Given the discrete atomic coordinates of a
nanoparticle,  the  diameter  distribution  was
calculated  by  surface  atom  coordinates.  One
diameter  was  calculated  for  each  pair  of  surface
atoms,  provided  that  the  line  connecting  these
atoms  crossed  the  center  of  the  particle.  This
resulted in 525, 2205, 5359, 9105, and 20673 total
numbers of diameters for 5, 10, 15, 20, and 30 nm
particles,  respectively.  The  minimum  (Dmin),
maximum  (Dmax),  average  (Dave),  and  standard
deviation of  these diameters  for  each particle  are
presented in Table 3. The last row reports the B iso

value  for  bulk  gold,  which  was  obtained  by  MD
simulations using periodic boundary conditions in 3
dimensions  and  ignoring  small  size  and  surface
effects  formerly  present  in  nanocrystalline  gold
particles.

Table 3: Structural parameters (average values and standard deviations) obtained from calculations based
on atomic coordinates of energy-minimized gold nanoparticles. Nsurf/N reports the ratio of the surface

atoms’ number to the total number of atoms in a single nanoparticle.
Nominal
Size (Å)

N s ur f

N
No. 

unit cell
aave

(Å)
astd

(Å)
Dmin

(Å)
Dmax

(Å)
Dave

(Å)
Dstd

(Å)
Biso

(Å2)

48.75 0.29 2539 4.0542 0.0256 43.43 48.23 45.89 1.4 0.026
97.50 0.15 24487 4.0588 0.0185 91.96 96.93 94.70 1.3 0.025
150 0.10 95396 4.0608 0.0145 144.82 149.87 147.59 1.4 0.022
195 0.078 213267 4.0618 0.0119 189.42 194.53 192.24 1.4 0.023
293 0.053 739799 4.0624 0.0087 286.95 292.05 289.73 1.4 N/A
Bulk ≈∞ ≈∞ 4.0626 ≈0 N/A N/A N/A N/A 0.019

The average lattice parameters of unit cells making
up  the  energy-minimized  nanoparticles  were
calculated  by  finite-strain  theory.  Here,  all
nanoparticles were decomposed into repeating unit
cells, where a unit cell was constructed of one basis
atom  plus  its  12  first-nearest  neighbors.  Under-
coordinated  surface  atoms  with  a  coordination
number of less than 12 were eliminated from the
calculation. To relate the average lattice parameters
of the energy-minimized nanoparticles aave to that of
the  ideal  crystalline  nanoparticles  a0,  we  used

εa ve=
aav e−a0
a0

, where a0= 4.0626 Å and εave is the

average lattice strain (25). Next, εave was calculated

by the following procedure: first, for each unit cell, a
3-by-3  deformation  gradient  F  was  computed  by
finding  coordinate  vectors  connecting  the  basis
atom  to  its  first-nearest  neighbor  atoms  in  the
reference structure, X i

, which were the ideal crystal

coordinates  in  our  case  and  in  the  deformed  or
energy-minimized  structure,  x i ,  with  i=1,2...12.

Then  F  was  determined  by  a  least-squares  fit
following the method from the literature (26, 27):

F X i≈ x i∀ i=1 . .. 12      (Eq.7)

E=1
2

(FT F−I )                 (Eq.8)

After that, F was obtained and E was computed, and
the three eigenvectors  of  the  symmetric  tensor  E
specified the relative variation ∆a/a0  of  the lattice

parameter in the principal directions of deformation.
The mean strain εave of all unit cells in the particle
was then multiplied by a0 to evaluate the average
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lattice  parameter  aave  of  the  energy-minimized
nanoparticle. Table 3 presents the total number of
unit  cells  considered  for  a  given  nanoparticle
(column 3)  along  with  the  corresponding average
lattice  parameters  and  their  standard  deviations
(4th and 5th columns, respectively). Finally, mean
square  displacements  (MSD)  of  particles  were
calculated  with  LAMMPS  without  applying  periodic
boundary conditions to take into account the free
surfaces  of  nanoparticles.  Before  each calculation,
all particles were subjected to: 1) heating up to 600
K within 50 ps; 2) equilibration at 600 K for 50 ps;
3) cooling  back  to  10K  within  50  ps;  and  4)
equilibration at 10 K for 100 ps in an NVT ensemble.
MSD calculations were simulated at 10 K because
molecular  dynamics  algorithms  do  not  allow
simulations  at  0K.  In  the  case  of  bulk  gold,  NPT
ensemble  was  used  instead  of  NVT  to  eliminate
surface effects. After the equilibration step, a 1000
ps  production  run  for  MSD  calculation  was
performed.  We  note  that  equilibration  time
significantly  affects  MSD.  If  the  system  is  not
equilibrated  well,  MSD  is  overestimated  and
contains  high,  time-dependent  fluctuations.  Thus,
we increased the equilibration time at  10  K from
100  to  1000  and  2000  ps  for  15  and  20  nm
particles, respectively. However, we were not able
to complete a full calculation for 30 nm particles in a
reasonable time, so the corresponding Biso for 30 nm
particles  was  excluded  from  Table  3.  Lastly,  the
isotropic  atomic  displacement  parameter  Biso was
calculated  by  B i s o=8 π

2M S D .  These  are

presented in the last column of Table 3.

As shown, an increase in the nominal  size of the
nanoparticles results in a dramatic decrease in the
N s u r f

N
 ratio, which directly influences the average

lattice  parameters  obtained for  the  particles  since
the relative mobility of surface atoms compared to
bulk atoms in a nanoparticle is significantly higher.
Higher  mobility  of  surface  atoms,  then,  results  in
larger decreases in the average lattice parameters
from 4.0626 Å. One may notice that the changes in
aave are not as dramatic as those of N su r f

N
 ratios;

the reason for that lies in our computation method
of aave. As described, we only considered atoms that
had full  coordination,  i.e.  had exactly 12 nearest-
neighbors,  to construct  a unit  cell.  Therefore,  the
most  mobile  surface  atoms are  not  considered in
our average unit  cell  calculations,  which disregard
the  largest  inward  movements  of  the  outermost-
surface  atoms.  Secondly,  the  average  diameters
obtained from the particles correlate well with the
nominal  sizes.  Compared  with  the  Dave values  of
ideal  crystalline  nanoparticles,  which  are  46.10,
94.90,  147.70,  192.30,  and  289.80  ±  1.5  Å,
respectively, the Dave  of energy-minimized particles
are smaller, but the difference is within the standard
deviation of the diameter distributions (Dstd). Hence,
real space calculations do not indicate appreciable

size changes due to energy-minimization,  at  least
not  with  the  calculation  method  described  here.
Finally, looking at Biso values, we immediately see
their inverse relationship with the nominal sizes of
the  nanoparticles.  This  is  expected  and  can  be
explained  with  similar  arguments  as  the  lattice
parameter  changes.  Higher  surface  atom  ratios
enable much larger atomic movements, and these
immediately  increase  the  MSD  values.  At  the
ultimate limit of a bulk structure, Biso converges to
0.019 Å2, which is the minimum of all others.

Next, we compared the values in Table 3 with the
PDF  refinement  results  of  energy-minimized
particles in Table 2. However, this is not trivial since
we have 5 sets of refined parameters for each X-ray
wavelength and large changes in parameter values
are  observed  at  different  wavelengths.  Consistent
with past literature (12), we select the refinement
results  for  0.21  Å,  as  reference  value  of  PDF
refinement  since  it  yields  the  highest  real-space
resolution and minimum Fourier  truncation errors.
Comparing Table 3 with Table 2, we observe that
the  lattice  parameters  computed  atomistically  are
slightly  lower  than  those  from  PDF  refinement,
although  the  differences  are  at  the  third  decimal
and are within the standard deviations reported in
Table 3. Considering that the atomistic simulations
do neglect under-coordinated atoms, the observed
agreement is surprisingly good. When we switch to
refined  diameters,  we  realize  that  they  correlate
well  with  the  average  diameters  calculated  within
their  standard  deviations.  Among  the  three
structural  parameters,  refined  Biso values  are  the
most  divergent  from  their  atomistically-computed
counterparts.  Although their magnitude orders are
similar, the dramatic size dependence of the refined
Biso values  is  not  confirmed  by  atomistic
calculations.  One  reason  for  explaining  the
disagreement  is  the  Gaussian  model  of  atomic
displacements  assumed  by  the  PDF  refinement
algorithm. As confirmed indirectly by the changes in
the lattice parameters and average diameters, the
atoms within energy-minimized nanoparticles do not
experience  random  displacements  as  implied  by
Gaussian models. Atomic displacements are uneven
at different atomic layers of the particles, and their
directions  are  mostly  inward.  Hence,  the
incompatibility between assumed models of atomic
movements  contributes  to  the  divergences  in  the
extracted  Biso values.  Secondly,  our  Fourier
truncation errors are expected to cause large errors
in the refined atomic displacement values from PDF,
as  shown in  previously  (12),  since  even with  the
smallest  X-ray  wavelength,  our  qmax value  is  still
less than the suggested 30 Å-1 limit. Thirdly, the Biso

values  from  the  refinement  of  energy-minimized
nanoparticles  must  be  cleared from the  minimum
error limits for a fair comparison, even though Table
1 shows that their contribution is within 0.002 Å2 for
all sizes at λ=0.21 Å . Lastly, the refined Biso values

from  PDF  analysis  are  actually  from  the  static
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displacements  of  atoms,  whereas  our  LAMMPS
calculations  consider  hundreds  of  nanoparticle
ensembles  where  only  the  dynamic  atomic
displacements are reported in the MSD calculations.
This  shows  that  even  with  error-free  diffraction
data,  extracting  atomic  displacement  parameters
based on PDF analysis of X-ray diffraction data is a
challenging task that requires carefully-planned data
generation/collection  strategies  as  well  as
compatible  parameter  definitions.  Overall,  the
agreement between atomistic calculations and PDF-
refined  structural  parameters  of  spherical  gold
nanoparticles is satisfactory.

CONCLUSIONS

In  this  study,  we  used  atomistic  calculations  to
generate  and  analyze  ideal  diffraction  data  from
powders of spherical gold nanoparticles to evaluate
the  accuracy  limits  of  Pair  Distribution  Function
analysis in extracting the lattice parameter, average
particle size, and atomic displacement values. Our
results show that the minimum uncertainties in the
extracted structural parameters from the diffraction
data of ideal-crystalline nanoparticles are within ± 5
x 10-5 Å the average lattice parameter, which is the
most stable structural parameter irrespective of the
X-ray wavelength selected. The diameters obtained
from PDF analysis are closer to the maximum values
of  the  diameter  distributions  of  ideal  crystalline
particles  since  PDF  analysis  relies  on  analytical
models  to  obtain  average  crystal  sizes  from  the
approximate  position  of  where  the  G(r)  curve
decays down to noise level. Still, the extracted sizes
are  within  1% of  the  nominal  sizes.  A  high  qmax

value  is  desired  for  the  highest  resolution  of
crystallite size. Finally, Biso values are bound within
0.013 Å2 for the systems we studied, with higher
uncertainties present for the smallest nanocrystals
and  lower  ones  for  the  largest  nanocrystals.  The
size  dependencies  on  Biso uncertainties  are
consistent  with  the  experimental  observations  of
surface  atom  mobility  and  its  effects  on
nanoparticles with small crystallite sizes.

PDF  analyses  of  energy-minimized  nanoparticles
revealed  consistent  trends  with  similar  analyses
performed with crystallographic solution algorithms
(11). Decreasing lattice parameters with decreasing
nominal particle size is confirmed with all  selected
X-ray  wavelengths,  although  the  amount  of
decrease  depends  on  the  qmax range  of  the
diffraction data. However, the inward movement of
surface  atoms  resulting  from  the  energy-
minimization process was not captured by the PDF
method when qmax was less than 15 Å-1.  This again
confirms that  PDF-based  crystallite  sizes  are  very
sensitive to the wavelength selected.  A significant
increase  in  Biso was  observed  as  a  result  of  the
energy minimization for all particle sizes and for all
X-ray  wavelengths.  The  amount  of  enhancement
was  the  most  prominent  for  the  smallest

nanoparticles  since  they  have the  largest  ratio  of
surface atoms. 

Atomistic calculations of structural parameters from
energy-minimized  nanoparticles  agree  fairly  well
with  those  obtained  by  PDF  analysis.  The  lattice
parameters and average particle sizes agree within
their  standard  deviations.  However,  we  were  not
able to directly correlate the refined Biso values with
those from real-space calculations. Possible reasons
were identified as incompatible definitions of mean
square displacements of atoms in the two methods
compared,  and  large  Fourier  truncation  errors
resulting from limited qmax range.  These could  be
significant when qmax is less than 30 Å-1, as reported
previously (12).

To conclude, our results show that PDF analysis can
be a strong tool for researchers who want to study
the structural properties of nanocrystalline powders.
The  uncertainties  in  the  refined  parameters  are
quite low, even with less-than-ideal diffraction data
and modest qmax  values. Moreover, one can follow
our proposed methodology to estimate the analysis
errors  for  specific  cases  since  our  method  is
generalizable and uses open-source programs and
optimized  computation  routines.  However,  we
highlight  that  the  estimated  errors  obtained  from
the  proposed  methodology  would  only  yield  the
minimum  expected  uncertainties  of  structural
parameters; when working with measured XRD data
that  contains  undesirable  scattering  components
such  as  photon  counting  and  sampling  statistics,
size  and/or  lattice  parameter  distributions  in  the
sample, background scattering, etc. the uncertainty
to  be  expected  must  increase.  Therefore,  the
accurate  interpretation  of  X-ray  diffraction  data
from  nanocrystalline  powders  requires  great  care
and meticulous analysis of different sources of error
and their bounds.  
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SUPPORTING INFORMATION

Additional details of our Molecular Dynamics (MD) simulations are provided in this section.

Force-field selection:
For  MD  simulations,  interatomic  forces  were  modeled  with  optimized  embedded  atom  method  (EAM)
developed by Sheng et al. (2011) [15] and available online to be used with LAMMPS [14]. The force-field
was highly optimized to match the experimental database and has been shown to have validity in the
modeling of gold nanoparticles by Xiong et al. (2018) [11]. 

MD steps and results:
Before starting  the MD simulations with LAMMPS, five separate  spherical  gold nanocrystal  models with
diameters of 5, 10, 15, 20, and 30 nm were generated from an FCC lattice with 4.0626 Å lattice parameter.
This corresponded to the bulk lattice parameter of gold at 0 K calculated with the selected force-field.
Generated nanocrystals were each placed in the center of a simulation box. The volume of the simulation
box  and the  number  of  atoms in  each  nanocrystal  are  given  in  Table  S1.  An  example  of  a  10  nm
nanocrystal inside a simulation box is shown in Figure S1. Afterwards, MD simulations were performed with
non-periodic boundary conditions applied in all directions since we were studying colloidal, free-standing
gold nanocrystals. We followed six steps in the simulations, as shown in Table S2. They are as follows: 

1) The energy minimization was performed with the force and energy change ratio criteria of 10 -6 eV Å-1 and
10-6, respectively, for convergence within a maximum of 80 ps. Final atomic configuration obtained from
this step was assumed to be energy-minimized at 0 K and was used in subsequent Pair Distribution Function
analyses. The steps below were used for MSD (Mean Square Displacement) calculations.

2-4) Following energy minimization, an annealing simulation cycle was performed between 10-600 K in NVT
ensemble by raising the temperature of the system and cooling it back. This step is important since it allows
atoms  to  overcome  their  energy  barriers  and  avoid  local  minimum energy  configurations  [25].  Total
simulation length of this step was 150 ps.

5) Then, the system was equilibrated at 10 K temperature before MSD calculation. This step makes sure
that system is energetically equilibrated at given conditions and results in reliable data out of MD. With
respect to time, the temperature and energy change of the system, during annealing and equilibration, are
shown in Figures S2A and S2B. Total simulation length of this step was 100 ps.

6)  Finally,  a  production run was  performed to  calculate  the  MSD of  the  systems during  the  1000  ps
simulation as shown in Figure S2C.

Table S1 : The number of atoms and the volume of the simulation boxes used in MD runs of each
nanocrystal

Size 
(nm)

Number of 
atoms

MD box volume 
(nm3)

5 3589 324.81
10 28897 1622.23
15 106114 4947.76
20 231477 9938.38
30 781145 30371.33

541



Baloochiyan A, Batyrow M, Öztürk H. JOTCSA. 2022; 9(2): 527-544. RESEARCH ARTICLE

Table S2 : MD steps with simulation parameters.

Step Ensembl
e

Temperature
(K)

Simulation time
(ps)

Timestep (ps) Note

1 - 0 80*

0.001

Energy
minimization

2

NVT**

2 – 600 50
Annealing
simulation

3 600 50
4 600 - 10 50
5 10 100 Equilibration run

6 10 1000 Production run –
MSD calculation

* Specified time is the maximum allowed simulation time in case the given energy and force convergence 
criteria are not satisified .
** In case of bulk system  NPT ensemble is used.

Figure S1: 10 nm diameter spherical gold nanocrystal model is shown inside its simulation box.
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Figure S2: A) Temperature vs. time, B) Total energy vs. time, and C) MSD vs. time for 10 nm gold
nanocrystal model.
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Novel Functional Axially Substituted Silicon(IV) Phthalocyanine
Derivative and its Photochemical Properties 
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Abstract: Photodynamic therapy is a highly specific and clinically approved method in which the patient is
administered  a  non-toxic  photosensitizer  to  treat  cancer.  Phthalocyanines  with  their  long-wavelength
absorption  and  fluorescence  from 650  to  800  nm can  be  used  as  photosensitizers  for  photodynamic
therapy, and are used in clinical studies. Our work aims to synthesize functionally new di-axially N-Boc-
ethanolamine substituted silicon(IV) phthalocyanine (PS-2). Structural characterization of this novel PS-2
via  FT-IR,  mass,  1H  NMR,  and  UV-Vis  spectroscopy  was  performed.  Photochemical  properties
(photodegradation quantum yields (Φd) and singlet oxygen quantum yield (ΦΔ) of PS-2, which are the first
steps in cancer treatment, were investigated. 
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INTRODUCTION

Cancer  is  defined  as  a  complex  disease  that  is
influenced by genetic and environmental conditions
caused by the uncontrolled growth and division of
cells.  Today,  it  is  a  very  common  disease  and
causes  most  deaths  worldwide.  According  to  the
reports  of  the  World  Health  Organization  (WHO),
approximately  10 million deaths  occurred in  2020
was due to this disease (1). 

Common  cancer  treatment  methods  include
chemotherapy, radiation therapy, and surgery. It is
known that these methods used have serious side
effects such as diarrhea, dermatological, swallowing
difficulties,  alopecia,  gastrointestinal  problems,
vomiting,  and  destruction  of  the  immune  system
(2).  Therefore,  there  is  a  need  for  alternative
treatment approaches with  fewer side  effects  and
new  molecules  that  can  be  used  in  these
approaches.  Photodynamic  Therapy  (PDT)  is  an
alternative  approach  to  this  traditional  method of
treatment.  PDT  occurs  as  a  result  of  the

photochemical interaction of light and PDT agents.
Photodynamic therapy works with light, oxygen and
a light-sensitive substance called a photosensitizer
(PS).  When  the  photosensitizer  molecule  is
stimulated  with  the  light  of  the  appropriate
wavelength,  the  molecular  oxygen  in  the
environment turns into an active oxygen type called
singlet  oxygen  and  it  kills  the  cell  in  which  the
photosensitizer is located (3). Photosensitizer (PS)
can be applied intravenously or after surgery (4, 5)
in photodynamic therapy treatment.

Photosensitizers  used  in  PDT  should  be  able  to
produce  high  singlet  oxygen,  have  fluorescence
ability,  and  have  strong  absorption  at  a  high
wavelength.  Due  to  the  ability  of  synthetic
modifications,  phthalocyanines  can  have  a  high
absorption  wavelength  (670-700  nm)  and  a  high
molar  absorption  coefficient.  Since  phthalocyanine
structure is very similar to hemoglobin and chlorine,
they  have  the  feature  of  being  used in  biological
applications (6, 7). When the previous studies were
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examined,  it  was  seen  that  phthalocyanines  had
very effective photosensitizing properties (8). 

The largest disadvantage of phthalocyanines is the
low solubility in organic solvents,  and aggregation
due to  their  planar  ring association.  To  overcome
this disadvantage, phthalocyanines must be axially,
peripherally,  or  non-peripherally  substituted  with
various ligands which can affect their photophysical
and photochemical properties (9-14). 

In  this  study,  we  focused  on  silicon(IV)
phthalocyanine  because  of  its  gain  to  non-
aggregation  ability  via axial  substitution.  For  this
purpose, N-Boc ethanolamine was used as an axial
ligand  on  silicon(IV)  phthalocyanine,  thereby
obtaining  a  novel  functional  silicon(IV)
phthalocyanine photosensitizer.  Novel  di-axially  N-
Boc  ethanolamine substituted  silicon(IV)
phthalocyanine  (PS-2)  was  synthesized  and
characterized.  Photochemical  properties  were
examined  to  investigate  its  applicability  in
photodynamic therapy.

EXPERIMENTAL SECTION

N-Boc-ethanolamine  98%  and  N,N-
diisopropylethylamine (Hünig's base), solvents, and
chemicals were purchased from Aldrich and used as
received.  1,3-Diiminoisoindoline  and
dichlorosilicon(IV) phthalocyanine were synthesized
as described in the literature (15). All solvents were
purified as described by Perrin and Armarego (16).
The FT-IR spectrum was taken from between 4000
and 650 cm-1 with a Perkin-Elmer Spectrum 100 FT-
IR spectrometer. The mass spectrum was recorded
with  MALDI  (matrix-assisted  laser  desorption
ionization) using BRUKER Micro-ex LT using 1,8,9-
anthracenetriol, dithranol (DIT) as a matrix. The 1H-
NMR spectrum was recorded in CDCl3 solutions on a
Varian  400  MHz  spectrometer.  The  electronic
absorption  spectra  were  taken  with  a  Thermo
Scientific 2001 UV spectrophotometer in the UV-Vis
range at room temperature.

Scheme 1: Synthetic route of PS-2.

Synthesis of Silicon(IV) Phthalocyanine (PS-2)
Hünig’s base (1 mL), dry toluene (4 mL), and an
excess  of  N-Boc  ethanolamine (0.2  g,  0.04  mol)
were  added  with  dichlorosilicon(IV)phthalocyanine
(PS-1).  The  reaction  temperature  was  heated  to
115  °C  for  18  hours  and  then  brought  to  room
temperature (Scheme 1). The reaction mixture was
poured into water, then filtered. The precipitate was
washed with water and ethanol and then the solid
material  was  dried  in  vacuo.  The  blue  solid  was
purified by thin-layer chromatography (TLC) using
silica  gel  and  a  dichloromethane/ethanol  (25:  1)
solvent system as the eluent. Yield: 22% (28 mg).
C46H46N10O6Si,  MW:  863.02.  m.p.  ˃250  ˚C.  FT-IR
ѵmax /cm-1: 3326, 2957, 2921, 2853, 1739, 1458,
1378,  1179,  1090,  1048,  882,  832,  722,  702.
MALDI-TOFF-MS  m/z:  Calc.  for  C46H46N10O6Si
863.02,  found:  1111.94  [M+DIT+Na]+.  1H  NMR
(CDCl3) δ (ppm): 9.64 (s, 8H, Ar-H), 8.36 (s, 8H,
Ar-H), 6.88 (t, 2H, NH), 4.16 (t, 4H, O-CH2), 3.69

(t,  4H,  -NH-CH2),  1.45  (s,  18H,  -CH3).  UV-Vis
(DMSO): λmax , nm (log ε): 676 (5.47), 607 (4.73),
355 (5.01).

Investigation of Photochemical Properties
Photochemical  quantum  yield  properties
(photodegradation  and  singlet  oxygen)  of  PS-2
were  examined  with  a  photochemical  measuring
system. A 300 W quartz lamp, a water filter, and a
600 nm filter for ultraviolet and infrared radiation
were  used  for  photo-chemical  property
measurements.  Filters  that  have  the  appropriate
wavelength  (670  nm)  for  the  wavelength  of
photosensitizer  were  also  used  for  the  same
purpose. The light intensities were calculated with a
POWER  MAX5100  power  meter  (Mole  electron
detector built-in).

The  singlet  oxygen  quantum  yield  (ΦΔ)  was
calculated as described in the literature (17). 1,3-
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Diphenylisobenzofuran (DPBF) was used as a singlet
oxygen  specific  trap  (converts  endoperoxide
derivatives  with  singlet  oxygen)  and  the  solution
concentration  was  lowered  by  3x10-5 M  to  avoid
chain reactions induced by DPBF in the presence of
singlet oxygen (18). The ratio of photosensitizer and
DPBF solution was prepared 2:1 in the  dark.  The
UV-Vis spectra were taken to analyze the change in
absorbance  of  the  DPBF  compound  at  417  nm.
Singlet oxygen quantum yield (ΦΔ) was calculated
using Eq. 1 .

(Eq. 1)

The  photodegradation  quantum  yield  (Φd)  was
determined as described in the literature (17). To
determine the photodegradation quantum yield, the
same photochemical measurement setup was used
that was used for the singlet oxygen quantum yield.
To that end, photosensitizer compound (PS-2) was
dissolved  in  DMSO.  Then  PS-2 was exposed  to
appropriate  light  at  specific  intervals,  and  then
these  UV-Vis  spectra  were  recorded  to  determine
the change in the Q band of PS-2 to determine. The
quantum  yield  of  photodegradation  (Φd)  was
calculated using Eq. 2.

           (2)

RESULTS AND DISCUSSION

Synthesis
The synthesis step for axially  N-Boc ethanolamine
substituted  silicon(IV)  phthalocyanine  (PS-2)  was
shown in Scheme 1. The reaction conditions were
studied for the axial substitution and used Hünig's
base (N, N-diisopropylethylamine) in this study. For
the  synthesis  of  di-axially  N-Boc  ethanolamine
substituted  silicon(IV)  phthalocyanine  (PS-2),
dichlorosilicon(IV)  phthalocyanine,  toluene  as
solvent,  Hünig’s  base,  and  an  excess  of  N-Boc-
ethanolamine were used. PS-2 was characterized by
various spectroscopic techniques such as  1H NMR,
MALDI-TOF(+) mass, UV-Vis, FT-IR.

In the FT-IR spectrum of  PS-2, an -NH stretching
was  monitored  at  3326  cm-1,  C-O stretching  was
monitored at 1048 cm-1 and aliphatic C-H stretches
were  monitored  at  2921  cm-1 and  2853  cm-1,
respectively (Figure 1). The molecular ion peak was
monitored  at  1111.94  [M+Na+DIT]+ in  the  mass
spectrum of PS-2 (Figure 2).

Figure 1: FT-IR spectrum of PS-2.
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Figure 2: MALDI-TOF mass spectrum of PS-2.

The solvent CDCl3 was used to analyze the 1H-NMR
spectrum (Figure  3).  1H NMR spectrum for  PS-2,
the  NH  proton  showed  up  at  6.88  ppm  and  the
aromatic protons showed up at 9.64 and 8.36 ppm.
Aliphatic protons (-CH3) showed up in the 1.45 ppm

range. While aliphatic protons (-O-CH2) from  PS-2
showed up 4.16 ppm, aliphatic protons (-NH-CH2)
from PS-2 showed up 3.69 ppm. Results of the  1H
NMR  spectra  confirmed  the  structure  of  PS-2
molecule.

Figure 3: 1H NMR spectrum of PS-2 in CDCl3.

Electronic  Absorption  and  Aggregation  Study
in the Ground State

The electronic ground state  spectrum of  di-axially
substituted  silicon(IV)  phthalocyanine  (PS-2)  was
performed  in  DMSO.  It  is  known  that  metallo
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phthalocyanines have two typical absorption bands,
the Q and B bands.  These two typical  absorption
bands (Q and B) are generally observed at 600-750
nm in the visible range of the spectrum and 300-
450  nm  in  the  ultraviolet  range  due  to   → *
transitions.

The aggregation behavior reduces the solubility of
the  Pc  in  DMSO  and  subsequently  reduces  its
performance  in  a  variety  of  scientific  and
technological  areas.  It  is  therefore  important  to
identify and improve the factors that influence the
aggregation  behavior  of  PS.  Changing  the
concentration  of  Pc,  the  type  of  solvent,  and  the

temperature can change the aggregation as well as
the size and position of the substituent. Examining
the electronic absorption spectra of PS-2 is a useful
approach to measuring and managing aggregation.
For this purpose, the aggregation behavior of PS-2
was  examined  at  different  concentrations  (in  the
range  from  1.2x10-5 to  2x10-6 M)  in  DMSO  to
determine  the  effect  of  the  concentration  on  the
aggregation. Lambert–Beer’s law was observed for
this compound at these concentrations. Aggregation
studies showed that di-axially  N-Boc  ethanolamine
substituted  silicon(IV)  phthalocyanine  (PS-2)  was
not aggregated in the studied concentration range in
DMSO (Figure 4).

Figure 4: Electronic absorption spectra in the ground state of PS-2 in DMSO at various concentrations
(1.2x10-5 to 2x10-6 M).

Photochemical  Properties  (Photodegradation
(d) and Singlet Oxygen Quantum Yield ()
During  the  photodynamic  therapy  treatment,  the
photosensitizer  should  be  stable  under  the
irradiation light. Because it is mandatory to maintain
the efficiency of the PS molecule in terms of singlet
oxygen production and to keep the PS concentration
unchanged. 

Photodegradation  is  the  oxidative  degradation  to
determine the stability of PS by light irradiation, and

they are determined by photodegradation quantum
yield. In this work, the photodegradation quantum
yield of  PS-2 was determined in DMSO (Figure 5).
The absorption band of  PS-2 was reduced during
the  light  irradiation.  Spectral  changes  of  PS-2
during the process proved that photodegradation is
not  a  photo-transformation.  No  new  bands  were
observed  in  the  absorption  spectra  and  only  the
absorption was decreased. From this result, PS-2 is
moderately stable under the light in DMSO.
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Figure 5: UV-Vis spectral changes of PS-2 during the determination of the photodegradation quantum yield
in DMSO.

The high singlet oxygen production is an important
point  of  photodynamic  therapy  after  the  triple
combination  of  light,  photosensitizers,  and
molecular  oxygen.  Some  biological  macrosystems
(such  as  lipid  membranes,  nucleic  acids,  protein,
etc.) can be damaged due to the high reactivity of
singlet oxygen and ultimately lead to death of the
cell.  Energy  transfer  from  the  photosensitizer
molecule  to  molecular  oxygen  occurs  via singlet
oxygen as indicated in the Jablonski’s diagram.

The singlet oxygen quantum yield was examined by
applying  a  photochemical  method  based  on  the
chemical  quenching  by  using  DPBF  as  a  singlet
oxygen  trap.  This  is  the  method  used  for  the
reduction  of  the  UV-Vis  spectrum  of  the  DPBF

absorption at 417 nm (Figure 6). The ΦΔ values of
the synthesized PS-2 and PS-1 are shown in Table
1. According to the results, it  was found that the
singlet  oxygen  generation  ability  of  PS-2 (

=0.18) is higher than that of PS-1 ( =0.15). In
the  determination process, the intensity of the
Q  band  is  unaffected,  so  that  the  electronic
absorptions  do  not  change  in  the  ground  state.
These results  indicated that  the axial  substituents
have  an  impact  on  singlet  oxygen  generation  for
silicon(IV) phthalocyanines. In this study, our goal
was  to  synthesize  a  new  functional  silicon(IV)
phthalocyanine, this phthalocyanine can be used in
PDT  after  the  N-Boc group  has  been  deprotected
and replaced by new targeted groups.
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Figure 6: UV–Vis spectral changes of PS-2 during the determination of the singlet oxygen quantum yield in
DMSO.

Table 1: Photochemical data for PS-2 and PS-1 in DMSO.

Compound Q band
max, (nm)

log  d

(x 10-6)


PS-1 672-701a 4.71-4.47 a - 0.15 b

PS-2 676 5.41 7.97 0.18

aData from reference (19).
bData from reference (20)

CONCLUSION

In  this  study,  the  novel  di-axially  silicon(IV)
phthalocyanine  conjugated  with  the  N-Boc
protecting  group  was  successfully  synthesized.
Synthesized  phthalocyanine  (PS-2)  was
characterized  with  various  spectroscopic  methods
such  as  FT-IR,  mass,  1H-NMR,  and  UV-Vis
spectroscopy.  All  data  matched  the  proposed
structure.  The  aggregation  behavior  of  the  PS-2
became with increasing molarity (in the range from
1.2x10-5 to 2x10-6 M) in DMSO carried out. As the
concentration  increases,  the  absorbance  increases
directly  to  a  stable  value,  and  no new band was
observed.  Therefore,  the  non-aggregated behavior
of the PS-2 suggests that PDT applications in DMSO
are  useful.  The  photodegradation  and  the  singlet
oxygen quantum yield of  PS-2 were measured to
examine  the  PDT  ability.  The  singlet  oxygen
quantum yield of PS-2 was slightly higher than the
PS-1.  For  PS-2,  during  the  determination  of
photodegradation  quantum  yield,  no  new  bands
were observed in the absorption spectra and only
the absorption was decreased. In our future work,
after  the  N-Boc group has  been deprotected,  this

functional silicon phthalocyanine could be used as a
targeted  photosensitizer  if  some  specific  targets
were added. As a result, a new functional di-axially
substituted  silicon(IV)  phthalocyanine  has  been
successfully  synthesized  for  use  as  a  pre-drug  in
photodynamic therapy.
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Cyclization Reactions of Non-Conjugate Ynones with Propargyl Amine in
the Presence of a Catalyst
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Abstract:  In this  study,  acetate derivatives were obtained from the reaction of acetophenones using
diethyl carbonate. The acidic proton of CH2 moiety was abstracted using a suitable base and α-propargyl-β-
ketoester  (non-conjugated  ynone)  derivatives  3a-c were  obtained  from  the  reaction  of  the  acetate
derivatives with propargyl bromide. By removing the ester group of α propargyl-β-ketoester derivatives
under suitable conditions, α-propargyl acetophenones (non-conjugated ynone) 4a-c were obtained. In this
study, 6 different unconjugated ynone derivatives were synthesized as starting material with yield in a
range  of  60-95%.  Cyclization  reactions  with  propargyl  amine  in  the  presence  of  three  different
unconjugated ynone derivatives, metal catalysts were investigated. The synthesis of propargyl pyrroles
7a-c having substituents on C-2 and C-5 was completed.
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INTRODUCTION

Pyrrolic  systems,  which  are  in  the  class  of  five-
membered  heterocyclic  compounds  containing  a
single nitrogen atom, are bioactive compounds that
can be synthesized both from natural products and
by  synthetic  means  (1-3).  Pyrrole  ring  containing
compounds are used in material  chemistry (4), in
natural products (5,6), dyes and as bioactive entity
(7,8),  it  has  antiallergic,  cholesterol-lowering,
antidepressant, anti-inflammatory (9), antidiabetic,
antimicrobial  (10),  antifungal,  antiviral,
anticonvulsant,  antihyperlipidemic,  and  antitumor
(11)  properties  (12,13).  Numerous  methods  have
been developed and continue to be developed for
the  synthesis  of  nitrogen-containing  heterocyclic
compounds. In recent years, great importance has
been given to the development of new methods for
the synthesis of substituted pyrroles (14). We can
cite  alkyne  groups  among  the  most  important
groups  because  of  their  easy  modifications  and
electronic  properties  (15).  Alkynes  allow  the

synthesis  of  molecules  of  different  modifications
with a wide variety of reactions such as oxidation
(16),  reduction  (17),  and  nucleophilic  addition
(18,19).
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Figure 1: Activity of some compounds containing
alkyne group attached to the pyrrole ring.
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The  presence  of  propargyl  pyrrole  compounds  in
structures  such  as  dopamine  4  receptor  agonist
(20),  fungicide,  hepatitis  C  agent,  as  shown  in
Figure  1,  increases  the  interest  in  new  pyrrolic
propargyl  derivatives  and  in  recent  years,  the
production  of  metal-catalyzed  alkylated  pyrrolic
systems has attracted a lot of attention (21,22). In
the literature, generally, pyrrolic propargyl systems
have been synthesized either by removing the NH
proton with a base or by binding to the N-protected
pyrrolic system at the propargyl ortho and/or meta
position (23-26). In these studies, the synthesis of
substituted  pyrrolic  derivatives  was  carried  out,
generally  starting  from  the  ynone  derivative
molecule.  Recently,  ynones,  known  as  alkynones
and  also  referred  to  as  conjugated  ynones,  are
attracting  attention  as  important  starting
compounds. Ynones are compounds that contain an
alkyne group directly attached to a carbonyl group
in  their  structure  (27,28).  Although  conjugated
ynone  compounds  have  been  used  as  starting
compounds in the synthesis of many heterocycles in
the  literature,  α  propargyl  acetophenone
compounds, which we can express as unconjugated
ynone compounds, have not been studied much in
the literature (29). In this study, the synthesis of
pyrrole propargyl  derivatives as a result of metal-
catalyzed  reaction  of  unconjugated  ynone
derivatives  (α  propargyl  acetophenone)  and
propargyl  amine  compound  as  starting  compound
was investigated.

EXPERIMENTAL SECTION 

Materials
All  chemicals  and  solvents  were  commercially
obtained from Sigma-Aldrich with analytical quality.
The solutions were distilled and dried with suitable
agents.  All  syntheses  were  carried  out  at  normal
atmospheric  conditions.  An  Electrothermal
Gallenkamp apparatus  was used to determine the
melting  points.  A  Q  Exactive  High  Performance
Liquid  Chromatography  and  High  Resolution  Mass
Spectrometer (LC-MS/MS) was used to record the
mass spectra  of  all  compounds.  1H-NMR and  13C-
NMR spectra were recorded using a 400 MHz Agilent
using  TMS  (tetramethylsilane)  as  the  internal
standard.  All  experiments  were  followed  by  TLC
(thin  layer  chromatography)  using  DC  Alufolien
Kieselgel 60 F254 and a Camag TLC lamp (254/366
nm).

General Procedure for the Synthesis of Acetate
Derivatives 
1 mmol of 4-methoxyacetophenone derivative was
added into  a  50  mL balloon containing 10  mL of
DMF  and  5  mmol  of  NaH  was  added.  After  45
minutes, 1.2 mmol diethyl carbonate was added and
refluxed.  With  TLC  method,  the  reaction  was
observed to end after 24 hours. The crude product
was extracted (ethyl acetate/water) and the product

was purified by column chromatography with ethyl
acetate/n-hexane (1:5).

General  procedure  for  the  synthesis  of  (α-
propargyl-β-ketoester)propargyl
acetophenone  ethyl  ester  (non-conjugated
ynone) derivatives (3a-c)(29-31)
1 mmol (5 mL) ethylbenzoyl acetate was placed in a
50 mL flask, and 1.3 mmol (0.76 g) metallic sodium
was  added  at  0  °C.  After  the  sodium metal  was
finished  in  10  minutes,  1.3  mmol  (3.95  mL)  of
propargyl  bromide  was  added  and  mixed.  It  was
observed that the reaction ended after 24 hours by
TLC method. The crude product was evaporated by
filtration. Purification was done with ethyl acetate -
n-hexane (1/5) as the mobile phase. 

R/S ethyl 2-benzoylpent-4-ynoate (3a)
 O

O

O

Yield; 85%, Color: Yellow, appearance: Liquid.
1H NMR (400 MHz, CDCl3) δ = 8.02-7.99 (m, 2H,
Ar-H), 7.59-7.55 (m, 1H, Ar-H), 7.48-7.43 (m, 2H,
Ar-H), 4.57-4.53 (t, J= 7.39 Hz, 1H, CH), 4.16-4.09
(qd, J=1.26, 7.10 Hz, 2H, OCH2), 2.89-2.83 (ddd,
J= 2.65, 7.39, 16.18 Hz, 2H, CH2), 1.97-1.96 (t, J=
2.65 Hz, 1H, CH), 1.15-1.11 (td, J= 2.23, 7.10 Hz,
3H,  CH3).13C  NMR  (100  MHz,  CDCl3)  δ=  193.6,
193.2,  170.4,  168.2,  135.8,  135.1,  133.8,  133.1,
129.5,  128.8,  128.7,  128.6,  128.3,128.0,  80.6,
78.3, 72.4, 70.5, 70.4, 62.3, 61.8, 59.8, 53.1, 23.5,
19.9,  18.3,  13.9,  13.8.  LC-MS-MS Anal.Calcd.  for
C14H14O3[M+H]: 231.10157, Found 231.10162.

R/S ethyl 2-(4-methoxybenzoyl)pent-4-ynoate (3b)
 O

O

O

H3CO

Yield; 85%, Color: Yellow, appearance: liquid.
1H NMR (400 MHz, CDCl3) δ = 8.03-8.01 (m, A part
of AA’BB’ system, 2H, Ar-H), 6.96-6.94 (m, B part
of  AA’BB’  system,  2H,  Ar-H),  4.53-4.50  (m,  1H,
CH), 4.18-4.13 (m, 2H, OCH2), 3.87 (s, 3H, OCH3),
2.93-2.87 (m, 2H, CH2), 1.97 (t, J= 2.67 Hz, 1H,
CH),  1.20-1.16  (m,  3H,  CH3).13C NMR (100  MHz,
CDCl3) δ= 191.5, 168.5, 164.1, 131.3, 113.9, 80.8,
78.5, 72.2, 70.2, 61.7, 55.5, 52.9, 23.7, 18.4, 13.9.
LC-MS-MS  Anal.Calcd.  for  C15H17O4 [M+H]:
261.11214, Found 261.11282.
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R/S  ethyl  2-(thiophene-2-carbonyl)pent-4-ynoate
(3c)

 O

O

O

S

Yield; 90%, Color: Brown, appearance: Gel. 
1H NMR (400 MHz, CDCl3) δ =7.86 (d, J= 1.27, 3.62
Hz, 1H, Ar-H), 7.71-7.69 (m, 1H, Ar-H), 7.15-7.13
(m, 1H, Ar-H), 4.38 (t, J= 7.50 Hz, 1H, CH), 4.18-
4.12 (m, 2H, OCH2), 2.94-2.77 (m, 2H, CH2), 1.97-
1.96 (m, 1H, CH), 1.19-1.15 (m, 3H, CH3).13C NMR
(100 MHz, CDCl3) δ= 185.7, 167.9, 142.9, 135.4,
133.7, 128.4, 80.4, 70.5, 61.9, 54.3, 18.3, 13.9.

General  Procedure  for  the  Synthesis  of
Propargyl  Acetophenone  (Non-Conjugated
Ynone) Derivatives (4a-c) (29-31)
12 mL of 10% NaOH solution by mass was added to
the  crude  product  and  refluxed.  It  was  observed
that  the  reaction  ended  after  8  hours  by  TLC
method.  The  crude  product  was brought  to  room
temperature  and  the  pH  was  arranged  to  4  by
adding HCl. It was extracted with diethyl ether and
re-extracted with NaHCO3 solution. It was dried with
MgSO4 and  evaporated.  The  product  was  purified
with ethyl acetate - n-hexane (1/5) as the mobile
phase.

1-phenylpent-4-yn-1-one (4a)(26)
 O

Yield;  60%,  Color:  White,  appearance:  Solid.
M.P:72-75°C
1H NMR (400 MHz, CDCl3) δ = 7.97-7.95 (m, 2H,
Ar-H), 7.59-7.54 (m, 1H, Ar-H), 7.48-7.44 (m, 2H,
Ar-H), 3.26-3.22 (m, 2H, CH2), 2.65-2.60 (m, 2H,
CH2),  1.98 (t,  J= 2.68 Hz, 1H, CH).13C NMR (100
MHz, CDCl3) δ= 197.6, 136.4, 133.3, 128.6, 128.0,
83.3,  68.8,  37.5,  13.2.  LC-MS-MS Anal.Calcd.  for
C11H11O [M+H]: 159.08044, Found 159.08058.

1-(4-methoxyphenyl)pent-4-yn-1-one (4b) (26)
 O

H3CO
Yield;  65%,  Color:  White,  appearance:  Solid.
M.P:85-87°C
1H NMR (400 MHz, CDCl3) δ = 7.94-7.91 (m, A part
of AA’BB’ system, 2H, Ar-H), 6.93-6.90 (m,  B part
of AA’BB’ system, 2H, Ar-H), 3.84 (dd, J=3.00, 4.70
Hz, 3H, OCH3), 3.19-3.15 (m, 2H, CH2), 2.62-2.57
(m, 2H, CH2), 2.01-1.96 (m, 1H, CH).13C NMR (100
MHz, CDCl3) δ= 196.1, 163.6, 130.3, 113.8, 83.5,
68.7,  55.4,  37.1,  13.3.  LC-MS-MS Anal.Calcd.  for
C12H12O2Na [M+Na]: 211.07295, Found 211.07208.

1-(thiophen-2-yl)pent-4-yn-1-one(4c) (26)
 O

S
Yield; 60%, Color: Brown, appearance: Gel.
1H NMR (400 MHz, CDCl3) δ =7.70-7.68 (m, 1H, Ar-
H), 7.62-7.60 (m, 1H, Ar-H), 7.10-7.08 (m, 1H, Ar-
H),  3.14-3.10  (m,  2H,  CH2),  2.59-2.54  (m,  2H,
CH2),  1.97-1.95  (m,  1H,  CH).13C NMR (100  MHz,
CDCl3) δ= 190.6, 143.6, 133.9, 132.1, 128.2, 83.0,
69.1, 38.0, 13.4. 

General  Procedure  for  the  Synthesis  of
Propargyl Pyrrole Derivatives (7a-c)
1 mmol of 4a-c compound was dissolved in 2 mL of
ethanol and 3 mmol of propargyl amine was added.
The mixture  was refluxed after  adding a catalytic
amount of AuCl3. It was observed that the reaction
ended  after  24  hours  by  TLC  method.  The  crude
product was evaporated by filtration. The reaction
product was purified by column chromatography in
which  the  mobile  phase  was  ethyl  acetate  -  n-
hexane (1/5). 

2-methyl-5-phenyl-1-(prop-2-yn-1-yl)-1H-pyrrole
(7a)

 

N

Yield; 85%, Color: Brown, appearance: Gel.
1H NMR (400 MHz, CDCl3) δ =7.49-7.47 (m, 2H, Ar-
H), 7.43-7.39 (m, 2H, Ar-H), 7.33-7.28 (m, 1H, Ar-
H), 6.15 (t, J= 3.0 Hz, 1H, CH), 5.99 (s, 1H, CH),
4.56 (t,  J=2.55 Hz, 2H, CH2),  2.41(d, J=2.01 Hz,
3H, CH3), 2.38(dd, J= 2.55, 5.31 Hz, 1H, CH).  13C
NMR  (100  MHz,  CDCl3)  δ=  128.6,  128.5,  126.8,
107.9,  107.2,  79.5,  72.6,  34.2,  12.4. LC-MS-MS
Anal.Calcd.  for  C14H13N [M+H]:  196,11208,  Found
196.11255.

2-(4-methoxyphenyl)-5-methyl-1-(prop-2-yn-1-yl)-
1H-pyrrole(7b)

 

N

H3CO
Yield; 50%, Color: White, appearance: Gel.
1H NMR (400 MHz, CDCl3) δ =7.41-7.39 (m, A part
of AA’BB’ system, 2H, Ar-H), 6.97-6.94 (m,  B part
of  AA’BB’  system,  2H,  Ar-H),  6.07-6.06  (m,  1H,
CH),  5.96  (s,  1H,  CH),  4.52  (d,  J=2.24  Hz,  2H,
CH2), 3.84 (d, J=1.79 Hz, 3H, OCH3), 2.39 (d, J=
1.40 Hz, 3H, CH3), 2.36 (d, J= 2.24 Hz, 1H, CH).
13C NMR (100 MHz, CDCl3) δ= 158.7, 133.7, 130.1,
129.6,  126.0,  113.9,  107.2,  106.9,  79.6,  72.4,
55.3,  34.0,  12.4. LC-MS-MS  Anal.Calcd.  for
C15H15NO [M+H]: 226.12264, Found 226,12415.
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2-methyl-1-(prop-2-yn-1-yl)-5-(thiophen-2-yl)-1H-
pyrrole(7c)

 

N

S
Yield; 60%, Color: Brown, appearance: Gel.
1H NMR (400 MHz, CDCl3) δ =7.28-7.26 (m, 1H, Ar-
H), 7.15-7.14 (m, 1H, Ar-H), 7.10-7.07 (m, 1H, Ar-
H), 6.23 (d, J= 2.61 Hz, 1H, CH), 5.97 (d, J=1.38
Hz, 1H, CH), 4.64 (d, J=1.43 Hz, 2H, CH2), 2.38(s,

3H, CH3),  2.36-2.35 (m, 3H, CH).  13C NMR (100
MHz, CDCl3) δ= 134.9, 130.7, 127.5, 125.8, 125.3,
124.9, 109.1, 107.4, 79.1, 72.6, 33.9, 12.4. LC-MS-
MS  Anal.Calcd.  for  C12H11NS  [M+H]:  202,06850,
Found 202.06989.

RESULTS AND DISCUSSION 

Molecules 3 and 4, which are unconjugated ynone
derivatives, were obtained in several steps (Figure
2).
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Figure 2: Synthesis of unconjugated ynone compounds.

Firstly,  as  shown  in  Figure  2,  ethyl  acetate
derivatives  2  were  obtained  from  acetophenone
derivative  compounds  by  removing  one  of  the
protons in the methyl carbon with sodium hydride
(NaH) and reacting with diethyl carbonate. Then, α
propargyl  acetophenone  ethyl  esters  3  were
obtained  from  the  reaction  of  ethyl  acetate
derivatives with propargyl bromide by removing one
of the acidic CH2 protons in the presence of metallic
sodium  (Na).  It  is  obvious  that  the  synthesis  of
compounds  3a-c give  chiral  molecules.  However,
the  reaction  will  take  place  in  a  racemic  mixture
because  of  non-stereoselectivity.  Finally,  the
synthesis of α propargyl acetophenone derivatives 4
was carried out by removing the ester part in the
compound. Cyclization reactions of ynones 3 and 4
with propargyl amine with various metal catalysts in
different  solvent  were  investigated.  Possible
cyclization reactions are shown in Figure 3. As it is
known, a wide research area has emerged in the
literature regarding the formation of more than one
possible product (endo-dig or exo-dig) or selective
cyclization  product  in  alkyne  cyclizations  (32-35).
The reason for this is that the nucleophilic atom in
the carbonyl  group can attack  both atoms of  the
alkyne  group.  In  such  cases,  the  metal  catalyst
chosen  usually  allows  a  regioselective  reaction  to
proceed.
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Figure 3: Cyclization of alkyne group compounds

with metallic catalyst.

When  the  possible  mechanism  of  the  reaction  is
examined in the light of this information, X and/or Y
atoms in the carbonyl group can attack the inner or
outer  carbon  atom  of  the  alkyne  group  in  the
presence  of  metal  catalysts.  If  the  X  or  Y  atom
attacks the inner carbon atom (path a and d), there
will  be exo-dig closure, and if it attacks the outer
carbon atom (path b and c), there will be endo-dig
closure (Figure 3) (36).  Therefore,  many different
reactions  are  likely  to  occur.  With  both  the
examples  in  the  literature  and the experience we
have gained from our studies, we can say that their
regioselective  properties  will  depend  on  the
substituents  in  the  ynone  skeleton  and/or  metal
catalysts.  In  this  context,  cyclization  reactions  of
ynone 3 with propargyl amine in metals and solvent
environments shown in Table 1 were investigated.
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Table 1: Cyclization reactions of ethyl 2-benzoylpent-4-ynoate compound.
 

O

O

O

3a

M

Solvent
24h

N

O

O

5

+ H2N + N

O

O

6

exo-dig endo-dig
not detected

Compound Solvent Catalyst Temperature Result
1 3a EtOH AuCl3 RT nd
2 3a EtOH AuCl3 Reflux nd
3 3a EtOH p-toluenesulfonic acid Reflux nd
4 3a PrOH CuI Reflux nd
5 3a PrOH AuCl3 Reflux nd
6 3a EtOH AgOTf Reflux nd
7 3a PrOH Au(L)* Reflux nd
8 3a PrOH Pd(OAc)2 Reflux nd
9 3a EtOH InCl3 Reflux nd

nd: No reaction, the starting material was recovered.
*
 

iPr

N

iPr

N

Au

iPr

iPr
Cl

Au(L)

Reactions  1  to  9  were  first  carried  out  at  room
temperature.  When  it  was  understood  that  there
was the starting product in the reactions controlled
by  TLC,  no  product  was  observed  as  a  result  of
reacting the molecule 3a with different solvents in
the  presence  of  the  catalyst  for  24  hours  in  the
reactions controlled by TLC again by increasing the
temperature.  When  the  reaction  medium  was
examined,  only  the  starting  compound  was
obtained. In this case, it can be considered that the
metal catalysts used form a complex with the 1,3-

dicarbonyl structure in the starting compound and
this  complex  is  more  dominant  despite  activating
the alkyne group, therefore the reaction does not
proceed.  Then, the reactions of the other starting
compound α propargyl acetophenone derivative and
propargyl  amine  were  investigated.  The  pyrrole
propargyl  derivatives  were  obtained  in  the
cyclization  reactions  performed  with  the  starting
compound  ynone  4  under  the  reaction  conditions
shown  in  Table  2,  under  different  reaction
conditions.

Table 2: Preparation of 2-methyl-5-phenyl-1-(prop-2-yn-1-yl)-1H-pyrrole (7a).
 

Ar

O

4

M

Solvent
24h

NAr

7

+ H2N NAr

8

exo-dig endo-dig

+

Compound Solvent Catalyst Temperature Result
1 4 EtOH AuCl3 RT nd
2 4 EtOH AuCl3 Reflux 7a   95%
3 4 EtOH p-toluenesulfonic acid Reflux 7a   80%
4 4 EtOH InCl3 Reflux 7a   15%
5 4 EtOH CuI Reflux nd
6 4 EtOH Pd(OAc)2 Reflux nd

nd: No reaction, the starting material was recovered.
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Cyclization  reactions  of  compound  4a-c  using  p-
toluenesulfonic acid were screened. However, only
compound 4a gave the cyclic product. So, we have
decided  to  use  AuCl3 for  further  cyclization
reactions. The  pyrrole  derivatives  7a-c shown  in
Figure 4 were obtained with a good yield from the

reaction  of  the  starting  compound  4a-c and
propargyl amine under the catalytic effect of AuCl3.
When we have checked the reaction media, we did
not  see  any  sign  of  endo-dig  cyclization  which  is
represented as compound 8 in Table 2. 

 

N N

H3CO

N

S

7c
60%

7b
50%

7a
85%

Ar

O

4

NAr

7

+ H2N AuCl3

EtOH
 24h

Figure 4: Obtained compounds 7a-c.

Figure 5: Proposed reaction mechanism of 2-methyl-5-phenyl-1-(prop-2-yn-1-yl)-1H-pyrrole (7a).

When  the  proposed  reaction  mechanism  is
examined in Figure 5, it can be said that the metal
catalyst AuCl3 activates the alkyne group, and the
imine  nitrogen  in  the  imine  propargyl  group
attached  to  the  carbonyl  group  attacks  the  inner
carbon atom of the activated alkyne group, and the
reaction  proceeds  and  becomes  cyclic  to  pyrrole

propargyl  derivatives  with  a  quintuple  exo-dig
closure.  When the structure  characterization of  2-
methyl-5-phenyl-1-(prop-2-yn-1-yl)-1H-pyrrole (7a)
is examined by NMR spectrum, protons resonating
at 6.15 ppm and 5.99 ppm in the 1H-NMR spectrum
indicate pyrrole ring protons, -CH2 protons coming
as a triplet at 4.56 ppm and -CH protons resonating
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as  a  doublet  at  2.38  ppm  indicate  alkyne  group
protons  and  protons  resonating  at  2.41  ppm
indicate pyrrole ring methyl protons. When the 13C-
NMR  spectrum  is  examined,  it  is  seen  that  the
pyrrole  C3 and C4 carbons resonate  at  107.9 and
107.2 ppm, the alkyne group carbons resonate at
79.4,  72.6  and  34.2  ppm,  respectively,  and  the
methyl group attached to the pyrrole ring resonates
at 12.4 ppm.

CONCLUSION 

In  this  study,  the  synthesis  of  1,3-diketo  esters
from  acetophenone  derivative  compounds  was
carried out and from these derivatives, 6 different
unconjugated ynone derivatives were synthesized as
starting  compounds.  Cyclization  reactions  of
unconjugated  ynone  derivatives  were  investigated
using  metal  catalysts.  In  the  presence  of  metal
catalysts,  3  different  pyrrole  propargyl  derivatives
were obtained as a result of cyclization reactions of
unconjugated  ynone  derivatives  and  propargyl
amine compound in a single step.
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Supplementary material 

Cyclization Reactions of Non-Conjugate Ynones with Propargyl Amine in
the Presence of a Catalyst

Volkan TAŞDEMİR1*

Spectra
1H-NMR, 13C-NMR spectra were taken with an Agilent 400 MHz (13C-NMR: 100 MHz) and mass spectra were
taken by a Thermoscientific brand LC-MS / MS.
Ethyl 2-benzoylpent-4-ynoate (3a)
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Ethyl 2-(4-methoxybenzoyl)pent-4-ynoate(3b)
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Ethyl 2-(thiophene-2-carbonyl)pent-4-ynoate(3c)
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1-Phenylpent-4-yn-1-one (4a)
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1-(4-Methoxyphenyl)pent-4-yn-1-one (4b)
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1-(Thiophen-2-yl)pent-4-yn-1-one (4c)
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2-Methyl-5-phenyl-1-(prop-2-yn-1-yl)-1H-pyrrole (7a)
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2-(4-Methoxyphenyl)-5-methyl-1-(prop-2-yn-1-yl)-1H-pyrrole (7b)
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2-Methyl-1-(prop-2-yn-1-yl)-5-(thiophen-2-yl)-1H-pyrrole (7c)
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Studies on Graft Copolymerization of Acrylic Acid onto Acetylated
Cellulose from Maize Cob 
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Abstract: Acrylic acid was grafted onto cellulose acetate using ceric ammonium nitrate (CAN) initiator at
varying  temperatures  (30,  40,  50,  60,  70,  and  80  °C)  and  reaction  period  of  2-6  hours.  Grafting
parameters like grafting yield (GY), grafting efficiency (GE) and total conversion of monomer to polymer
(TC) were evaluated at different reaction conditions such as temperature, time, monomer and initiator
concentration. The homopolymer was removed from the reaction mixture using Soxhlet extraction. The
graft copolymer of cellulose acetate produced at 70˚C after 3 hours had the highest GY of 85%. The
products  were  characterized  by  Fourier-transform  infrared  spectroscopy  (FTIR),  Scanning  electron
microscopy (SEM) and X-ray diffraction (XRD) analyses.
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INTRODUCTION

Cellulose is the most abundant naturally occurring
and renewable biopolymer in the world. It  is  also
one of the most promising raw materials due to its
availability and low cost. It is a linear polysaccharide
which consists of β-D-glucopyranose units joined by
β-1, 4 glycosidic linkages (1,2,3). In one repeating
unit of the cellulose molecule, there is one methylol
and two hydroxyl groups as functional groups (4,5).

Graft copolymerization is a commonly used method
for  the  modification of  polymer  surfaces  and is  a
vital technique employed in improving the physical
and  chemical  properties  of  polymers.  Chemical
modification of natural polymers is normally carried
out so as to produce materials with properties that
are not found in starting material. In other words, it
aims to produce materials with improved properties
(6).

The idea of chemical modification of cellulose is to
introduce  functional  groups  into  the  cellulose
backbone,  usually  achieved  by  substituting  the

protons  in  the  hydroxyl  groups  of  cellulose  to  a
varying extent. In which we can have mono, di, and
tri-substituted products as shown in Figure 1.

Cellulose grafted with acrylic acid or acrylamide are
hydrophilic in nature. Thus, they have a high water
absorption  capacity.  These  properties  have  made
them suitably used as body fluid absorbents as well
as in medical applications (7). The grafting of water
soluble vinyl monomers onto amine-treated cotton
fiber  produces  a  graft  copolymer  with  enhanced
moisture sorption ability that can be used in athletic
wear.  Cellulose  graft  copolymers  obtained  by
grafting vinyl monomers with functional groups such
as  acrylamide,  acrylic  acid,  and  acrylonitrile  have
been used in the adsorption of hazardous pollutants
such as dyes or heavy metals from aqueous solution
(8,9,10).

Depending  on  the  chemical  structure  of  the
monomer  grafted  onto  cellulose,  graft  copolymers
gain  new  properties  such  as  water  absorption,
improved  elasticity,  hydrophilic  or  hydrophobic
character,  ion-exchange  and  dye  adsorption
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capabilities,  heat  resistance,  thermosensitivity,  pH
sensitivity,  antibacterial  effect,  resistance  to
microbiological attack, etc. (11,12).

Gurdag  et al. (1997) (13) reported the grafting of
acrylic  acid  onto  cellulose  using  ceric  ammonium
nitrate (CAN) initiator in aqueous nitric acid solution
at 30, 50, 70, and 90 °C, respectively. During the
reaction period of  30-180 minutes,  about 45% of
the  AA  was  polymerized  at  90  °C.  After  180
minutes, the maximum grafting yield was obtained
at  30°C,  which  has  the  highest  water  retention
capacity. Hiltunen et al. (2011) (14) have reported
the  preparation  of  cellulose-graft-polyacrylamide
and  cellulose-graft-poly  (N,N-dimethylacrylamide)
copolymers by single-electron transfer living radical
polymerization (SET-LRP) using DMSO as solvent.

According  to  some  reports,  maize  is  one  of  the
world’s most widely planted crops, which accounts
for  around  800  million  tons  every  year,  and  for
every 100 kg of maize grain, 18 kg is the cob (15).
Ordinarily,  maize  cobs  are  often  discarded  after
harvest as unwanted residues in the environment.

In this work, however, extracted cellulose from the
residual  waste  (maize  cob)  is  acetylated  before
grafting with acrylic acid. The grafting parameters of
the  copolymerization  reaction  are  studied.
Acetylation  of  polysaccharides  before  graft
copolymerization  produces  a  copolymer  with  a
comb-like structure  that is  able to retain aqueous
substances  several  times  their  weight  (16).
Chemical modification of such materials could find
applications  in  waste  water  treatment,
superabsorbents, etc (16). The samples being used
in this  work are abundant waste  from the plant’s
harvest  in  different  parts  of  the  world.  The
environmental  concern  over  hazardous  and  toxic
materials in waste water treatment would suitably
encourage  the  use  of  ecofriendly  materials  made
from cellulose for important applications.

EXPERIMENTAL

Materials and Methods
The  maize  cob  is  an  agricultural  waste  obtained
from farms in Katsina State, Nigeria.  Acrylic acid,
ceric ammonium nitrate, sodium hydroxide, sodium
hypochlorite,  hydroquinone,  potassium  hydroxide,
pyridine, and acetic anhydride were obtained from
Sigma Aldrich.

Figure 1: (a) Cellulose and (b) Substituted
cellulose. 

Delignification and Extraction of Cellulose from
Maize Cob
The procedure reported by Azubuike and Okhimifen
(16)  was  used  with  little  modification.  The  maize
cob  was  crushed  to  a  finer  size  and  25  g  was
treated  with  an  aqueous  solution  of  sodium
hydroxide (250 cm3,  2% w/v) in a stainless steel
vessel immersed in a water bath at 100˚C for 3h.
Further digestion was carried out with an aqueous
solution of sodium hydroxide (200 cm3, 17.5 %w/v)
for 1 h at 80 °C. After washing with distilled water,
the remaining solid was filtered and dried in an oven
at 60 °C for 16 h.

Bleaching of Extracted Cellulose
The  extracted  cellulose  was  bleached  with  an
aqueous solution of  sodium hypochlorite  (62  cm3,
3.2 %w/v) in a stainless steel vessel at 40 °C for
1.5 h. The bleached sample was thoroughly washed
with distilled water until a neutral pH was obtained.
The sample was then filtered and dried in an oven
at 60 °C for 16 h. The dried product was milled and
sieved through a mesh (500 µm) and further dried
at  60 °C for 1  h.  It  was then stored in a tightly
closed container.

Acetylation of Extracted Cellulose
Cellulose (5 g) was dried in an oven for 24 h at 50
°C and mixed with pyridine (40 g). After stirring for
5 minutes, acetic anhydride (20 g) was added to the
mixture, and the temperature was increased to 100
°C within 15 minutes and held for 150 minutes. The
final  product  was  precipitated  in  ethanol  and  the
white acetylated product was dried and ground to a
finer size before testing (15). Equation (1) was used
to  determine  the  degree  of  substitution  of  the
samples (17).

Ds= 162(Db)
4300−42−(Db)

(Eq. 1)

Where Db is the percentage of acetyl group = 
(value for blank – value for sample)
DS= degree of substitution 

Grafting of Acrylic Acid onto Acetylated 
Cellulose
The cellulose acetate (1.25 g) was poured into 150
mL distilled water in a 250 cm3 three-necked round-
bottom  flask  equipped  with  magnetic  stirrer,
temperature  controlled  oil  bath,  reflux  condenser,
and nitrogen inlet. Different amounts of CAN (0.3–
0.8  g),  followed  by  addition  of  acrylic  acid  (AA)
(1.25–2.0 cm3) were used. The reaction was carried
out in a nitrogen atmosphere for 2–6 h at varying
temperatures  of  30–80 °C and terminated by the
addition of hydroquinone. The product was poured
into  cold  distilled  water  with  stirring  and  kept
overnight  at  ambient  temperature.  It  was  then
filtered, washed with distilled water, dried at 50 °C
and  weighed.  The  product  was  extracted  with
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acetone  using  soxhlet  extraction  technique  to
remove the homopolymer. The grafted sample was
dried at 60 °C to a constant weight. Grafting Yield
(%GY),  Grafting  Efficiency  (%GE)  and  Total
Conversion (%TC) were obtained as follows: (18).

GY %=W 3−W 1
W 1×100

 (Eq. 2)

GE%=W 2−W 1
W 4×100

(Eq. 3)

T C%= W 3−W 1
W 2−W 1×100

(Eq. 4)

Where W1 is the weight of original cellulose acetate
(CA) before reaction; W2 is the weight of grafted CA
before  extraction;  W3  is  the  weight  of  grafted
product  after extraction,  and W4 is  the weight of
monomer charged.

RESULTS AND DISCUSSION

The crude biomass,  apart  from cellulose,  contains
other components. Table 1 shows the composition
of each component in the crude biomass.

Acetyl content
Equation  (1)  was  used  to  determine  the  acetyl
content of the modified cellulose and was found to
be 28.24% as indicated in Table 1 (3).

Table 1: Chemical Composition of Maize Cob. 

Component wt (%)

Hemicellulose
Cellulose
Lignin
Acetyl content

40.44
25.56
34.00
28.24

Grafting Parameters
Effect of Time
Table 2 shows that the grafting parameters (% GY,
%GE,  and  %TC)  increase  with  reaction  time  and
then decrease at higher reaction times. This is due
to an increase in the number of free radicals on the
CA backbone, resulting in high number of reactive
sites  that  interact  with  monomers  there  by
increasing  the  grafting  parameters.  At  longer
reaction  times,  however,  the  three  parameters
decrease  because  of  the  high  tendency  of  free
radical coupling, leading to an increase in the rate of
termination (16).

Effect of Temperature
Grafting  reaction  was  carried  out  by  varying  the
temperature  from 30 to  80  °C,  and  the  result  is
given in Table 2. It was observed that %GY of the
AA grafted  product  increases  with  an  increase  in
temperature.  However,  at  70  °C  and  above,  the
increase in temperature causes a decrease in the %
GY. The trend could be due to a higher rate of  free
radical  chain  termination  at  higher  temperatures
and  times.  The  grafting  efficiency  comparatively

increases  with  rise  in  temperature,  the  trend,
however,  changes  after  60  °C;  an  increase  in
temperature at a shorter reaction time favors high
GE, but decreases at longer time of reaction. This
may be due to the high tendency to increase the
chain length of the graft copolymers over a longer
time  rather  than  increasing  the  reaction  sites.  A
similar  trend is  observed in  total  conversion yield
(16).

Homopolymer Formation
The variation of  homopolymer formation was also
investigated  at  different  reaction  times  and
temperatures and the results are given in Table 2.
Graft  copolymerization  via  free  radical  technique
basically  leads  to  homopolymerization  as  a  side
reaction. From the results, it can be observed that
homopolymers  are  being  formed  along  with  the
copolymers. Homopolymer formation is reported at
higher  reaction  time  and  reaction  temperature  to
some extent. The highest amount of homopolymer
(0.54 g) is obtained at 60˚C, at a 2 h reaction time.
However, at higher temperatures, the homopolymer
amount decreases even at a longer time of reaction.
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Table 2: Effect of time and temperature on the grafting parameters.

SN Temp
(°C)

Sample Code Time
(h)

Wt of
HP(g)

%GY %GE %TC

1 30 CA-g-PAA-01 2 0.09 12.80 64.00 12.08
2  CA-g-PAA-02 3 0.10 15.20 65.52 14.01

3  CA-g-PAA-03 4 0.11 16.00 64.52 14.98

4  CA-g-PAA-04 5 0.06 21.60 81.82 15.94

5 CA-g-PAA-05 6 0.05 24.00 85.71 16.91

6 40 CA-g-PAA-06 2 0.25 12.00 37.50 19.32

7  CA-g-PAA-07 3 0.26 15.20 42.22 21.74

8  CA-g-PAA-08 4 0.22 20.00 53.19 22.71

9  CA-g-PAA-09 5 0.20 24.00 60.00 24.15

10  CA-g-PAA-10 6 0.15 32.00 72.73 26.57

11 50 CA-g-PAA-11 2 0.15 22.40 65.12 20.77

12  CA-g-PAA-12 3 0.14 23.60 66.84 24.98

13  CA-g-PAA-13 4 0.31 25.80 69.04 25.71

14  CA-g-PAA-14 5 0.34 26.00 71.04 26.09

15  CA-g-PAA-15 6 0.30 29.00 75.45 26.57

16 60 CA-g-PAA-16 2 0.54 3.20 6.90 28.02

17  CA-g-PAA-17 3 0.05 36.00 90.00 24.15

18  CA-g-PAA-18 4 0.10 60.00 88.24 41.06

19  CA-g-PAA-19 5 0.17 58.40 81.11 43.48

20  CA-g-PAA-20 6 0.33 59.20 69.16 51.69

21 70 CA-g-PAA-21 2 0.19 85.60 84.92 24.12

22  CA-g-PAA-22 3 0.12 77.60 88.99 47.66

23  CA-g-PAA-23 4 0.08 72.80 91.92 54.83

24  CA-g-PAA-24 5 0.40 24.80 43.66 58.30

25  CA-g-PAA-25 6 0.20 24.00 60.00 60.87

26 80 CA-g-PAA-26 2 0.11 11.20 56.00 12.08

27  CA-g-PAA-27 3 0.06 11.20 57.00 13.66

28  CA-g-PAA-28 4 0.18 10.60 28.00 17.08

29  CA-g-PAA-29 5 0.40 7.00 27.27 26.57

30  CA-g-PAA-30 6 0.30 6.00 21.00 36.23

Effect of Initiator Concentration 
The  effect  of  initiator  concentration  was  also
investigated  and  is  presented  in  Table  3.  The
initiator concentration is varied from 0.55 to 0.918
mmolL-1 at constant AA conc. (11.72 mmolL-1), at
30 °C and a varied time of 2-6 h. 

The rate of reaction increases with an increase in
initiator concentration because of the increase in the
number  of  free  radicals  generated  on  the  CA
backbone. This results in the increase in the rate of
monomer conversion. The rate of reaction rises and
then decreases at higher initiator concentration due
to initial homopolymerization which occurs at longer
reaction  time  and  also  decreases  the  mobility  of
monomer  in  the  viscous  grafted  polymer  solution
(19).

At  higher  reaction  time,  however,  the  monomers
tend to decompose, which decreases the number of
reactive sites created and, therefore, the percentage
grafting and grafting efficiency fall. The termination
of growing copolymer radicals was dominated over
propagation  with  CAN concentration,  leading  to  a
decrease  in  %GY.  This  is  due  to  the  difficulty  in
hydrogen  abstraction  from  the  substrate.  The
decrease in grafting parameters (%GY and %GE) at
high  CAN  concentration  could  be  due  to  the
formation  of  more  initiating  radicals  and
consequently increase their changes to participate in
either  primary  or  secondary  recombination  with
each  other,  or  may  react  with  the  propagating
polymer  radicals,  which  could  contribute  to
termination (20).
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Table 3: Variation of CAN concentration at constant temperature 30 °C and AA concentration 11.72 mmol.

SN CAN Conc.
(mmol)

Time
(h)

Wt of
HP(g)

%GY %GE %TC

1 0.55 2 0.15 20.00 62.50 19.32

2 3 0.06 18.40 79.31 14.01

3 4 0.10 16.80 67.74 14.98

4 5 0.14 15.20 57.58 15.94

5 6 0.26 7.20 25.71 16.91

6 0.916 2 0.50 0.00 0.00 24.15

7 3 0.46 14.40 28.13 30.92

8 4 0.10 28.00 77.78 21.74

9 5 0.07 28.00 83.33 20.29

10 6 0.04 19.20 85.71 13.53

CHARACTERIZATION

FTIR Analysis
Figure 2 shows the FTIR spectra  of the extracted
cellulose, acetylated cellulose and grafted cellulose
acetate. Stretching vibration at 3324 cm-1 is due to
OH stretching vibration in the cellulose molecules;
C-H stretching vibration is  observed at 2908 cm-1

while the C-O-C stretching band is observed at 1029
cm-1.

The acetylated cellulose was observed to have the
following absorption peaks; absorption peak at 1741

cm-1 due to C=O stretching vibration of the acetyl
group present on the cellulose backbone.

In  the  grafted  product,  however,  there  is  an
observed shift of OH stretching mode from 3324 to
3342 cm-1 and a shift in the C=O stretching peaks
from 1741 cm-1 of the acetylated product to 1718
cm-1 of  the  graft  copolymer.  The  changes  above
have  shown  that  cellulose  has  been  successfully
transformed from its  native form to an acetylated
product and then to a graft copolymer with acrylic
acid.

 

4000 3500 3000 2500 2000 1500 1000 500

3324 cm-1

3342 cm-13

1718 cm-1

Figure 2: FTIR spectral data of (a) extracted cellulose, (b) acetylated cellulose and (c) CA-g-PAA.

Scanning Electron Microscopy (SEM) Analysis
The surface morphologies of extracted cellulose, CA,
and  CA-g-PAA  are  shown  in  Figure  3  (a-c).  The

surface morphology showed some variations due to
chemical modifications. Pure cellulose in Figure 3 (a)
showed  a  rough  surface  and  irregular  shapes  of
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varied particles. The cellulose ester in Figure 4 (b)
showed a varied morphology with small pores and a
relatively  rough  surface.  However,  in  the  graft
copolymer,  Figure  3  (c),  the  surface  morphology

showed many pores and thick-coated rough surface,
which confirmed the grafting of AA onto acetylated
cellulose. 

Figure 3: SEM image of (a) extracted cellulose (b) acetylated cellulose, and (c) CA-g-PAA.

X-ray diffraction (XRD) analysis
Structural changes were studied in the cellulose and
the  modified  cellulose  samples  using  X-ray
diffraction  technique.  Figure  4  shows  the  XRD
results  of  the samples; in the extracted  cellulose,
two responses were noticed at 2Ɵ=15.7° or 22° and
30°.  These  indicate  that  the  cellulose  is  a  semi-
crystalline  material  (17).  Other  responses  at  18°
and  21°  in  the  modified  samples,  and  with
disappearance  of  intensive  peak  at  30°,  showing
that the crystallinity of the cellulose decreases after
chemical modification (17).

On grafting the acetate fiber, a new response was
observed  with  different  intensities  and  was
accompanied by a decrease in the relative degree of
crystallinity (Figure 4). This could be explained on
the  basis  that  grafting  causes  disturbance  in  the
crystalline region of the cellulose and increases the
intensity of the amorphous region. As the degree of
grafting increases, the amorphous regions become
predominant and overshadow the crystalline feature
on the cellulose  material.  This  is  evidence of  the
formation of a new material. 

 

a 

b 

c 

 

Figure 4: XRD Spectra of (a) cellulose, (b) CA, and (c) CA-g-PAA. 
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CONCLUSION

Cellulose extracts  have been successfully modified
through  acetylation  and  grafting  by  free  radical
polymerization.  The  optimum  condition  for  the
maximum degree of grafting obtained at 70 ˚C after
180 min is (85%). Monomer conversion increases as
reaction temperature  increases,  and grafting yield
decreases as reaction temperature decreases, and
higher  temperature  favour  grafting  more  than
homopolymerization.  Samples’  characterization
using FTIR,  SEM and XRD confirmed a successful
modification  of  the  starting  material.  The
characterization  of  the  samples  has  shown  that
there are structural changes of cellulose molecules
after the modification.
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Abstract:  Hazardous radionuclides are produced during normal operation of nuclear power plants and
research facilities. They can also be spread to the environment due to fallout from nuclear accidents and
nuclear weapon tests. The removal of hazardous radionuclides and the safe management of radioactive
waste are of vital necessity. Natural minerals have been widely used for the removal of heavy metals and
radionuclides because of their  low cost,  high capacity,  and radiation resistance properties. Turkey has
abundant  natural  mineral  deposits.  These  deposits  include  clinoptilolite,  bentonite,  montmorillonite,
kaolinite, vermiculite, illite, red clay, sepiolite, diatomite, perlite, and volcanic tuff. Within the scope of this
review, Turkish minerals were classified as three main groups: zeolites, clay minerals, and other minerals.
The review consists of sections on the general properties of natural minerals such as zeolites and clays, the
characteristics  of  Turkish  minerals,  and  the  adsorption  performance  of  these  minerals  against  some
radionuclide ions (Sr, Cs, U, Th and Po).

Keywords: Adsorption, radionuclide, clay, zeolite, Turkish mineral

Submitted: February 16, 2022. Accepted: March 31, 2022. 

Cite  this: İnan  S,  Hiçsönmez Ü.  Adsorption  Studies  of  Radionuclides  by  Turkish  Minerals:  A  Review.
JOTCSA. 2022;9(2):579–600. 

DOI: https://doi.org/10.18596/jotcsa.  1074651  . 

*Corresponding author. E-mail: suleyman.inan@ege.edu.tr.

INTRODUCTION

Nuclear power plants play a key role in meeting the
increasing energy demand with continuous energy
generation as a base load source. Liquid radioactive
waste  (LRW)  is  generated  as  a  result  of  the
operation, repair, and disposal activities of nuclear
power  plants.  Removal  of  radionuclides  from  the
LRW is  required prior  to discharge.  Developments
and  improvements  are  ongoing  for  the  safe
management  of  radioactive  waste.  On  the  other
hand, dangerous radionuclides can be released into
the  environment  as  a  result  of  nuclear  weapons
tests and radiological accidents  (1).  137Cs and  90Sr
are fission products that are generated during the
splitting  of  uranium atoms in  reactor  core.  These
radioisotopes  are  the  major  sources  of  heat  and
radiation in high-level waste (2). The half life of 90Sr
is about 30 years. It tends to accumulate in human
bones and is considered one of the most hazardous

pollutants  (3).  Uranium emerges as a pollutant  in
the  environment  as  a  result  of  activities  from
nuclear  fuel  cycle,  use  of  coal,  and processing of
depleted  uranium  munitions.  In  addition,
groundwater seeps can occur with natural erosion of
igneous rocks and ore bodies (4).

Thorium  is  more  abundant  than  uranium  in  the
earth's crust. Even trace amounts of this toxic and
dangerous  radionuclide  pose  a  threat  to  human
physiology  and  other  biological  systems  and  can
cause  various  diseases  (5).  Activities  such  as
nuclear  fuel  reprocessing  and  exploitation  of
thorium-containing  ores  can  also  contribute  to
thorium  concentrate  (6). Thorium  is  stable  at
ambient temperature and therefore has low toxicity
(7). However, due to the risk of thorium-containing
liquid wastes to leak to the surface and mix with
groundwater,  this  situation  raises  concerns  for
environmental safety.
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Polonium is an important isotope from the uranium
series  (8,9).  When  absorbed  in  large  quantities,
even low concentrations  make it  one of the most
dangerous radionuclides (10). 210Po is a high energy
(5.304  MeV)  alpha  emitter.  It  is  effectively
biomagnified by phytoplankton and zooplankton in
the aquatic environment and enters the marine food
chain (10–12).

The adsorption process is one of the most efficient
methods for the treatment and removal of inorganic
or  organic  pollutants  and  radionuclides  from
polluted  water  and  wastewater  (13).  Natural
sorbents  such  as  zeolites  and  clay  minerals  are
widely used in water purification processes due to
their  frequent  occurrence  in  nature,  low  cost  as
compared with synthetic materials, and remarkable
properties with respect to adsorption, ion exchange,
and  filtration.  They  have  been  employed  for  the
removal of heavy metals and radionuclides, owing
to  their  relatively  large  surface  area  and  high
adsorption capacity (14–18). 

Today, sepiolite, diatomite, zeolite, industrial sand,
dolomite,  talc,  wollastonite,  kyanite,  perlite,  and
calcite  are  also  commercially  produced  in  Turkey
(19).  Among  these  minerals,  particularly  zeolites
and clay minerals have a key role in the adsorption
processes.  A  program  for  the  establishment  and
operation of  a nuclear  power plant  in  Turkey  has
been  initiated,  and  the  process  continues  with
determination. The first  unit  of the nuclear power
plant, which is under construction in Mersin Akkuyu,
is expected to produce energy in 2023 (20). For this
reason,  it  has  become  compulsory  for  Turkey  to
carry out necessary studies on the control and safe
management of radioactive waste.

In  this  context,  the  objective  of  this  study  is  to
investigate the removal of the activity of radioactive
waste with natural minerals obtained from deposits
in  various  regions  of  Turkey.  We  focused  on  the
adsorption  of  radionuclides  such  as  strontium,
cesium,  uranium,  thorium,  and  polonium  by
zeolites,  clay  minerals,  and  other  minerals  of
Turkey.  We  present  data  in  terms  of  adsorption
conditions,  kinetics,  isotherm  and  thermodynamic
studies. This review is a preliminary study on the

usability  of  natural  minerals  in  Turkey  in  the
removal of some hazardous radionuclides found in
radioactive  wastes  from  energy  production  in
nuclear  power  plants  built  in  Turkey's  nuclear
program or that may occur as a result of radiation
accidents.

TYPES OF NATURAL MINERALS

Zeolites and Properties
Zeolite  minerals  are  crystalline,  hydrated
aluminosilicates of alkali and alkaline earth cations.
They  are  characterized  by  reversible
hydration/dehydration  abilities  and  exchangable
cations  in  their  structure.  Zeolite  minerals  have
aroused  interest  due  to  their  ion  exchange,
adsorption, and molecular sieve properties as well
as their  geographically widespread abundance and
have been used in a wide range of applications (21).
The general  formula for natural  zeolites has been
proposed as follows (22):

(Mx
+, My

2+) [Al(x+2y) Sin-(x+2y)O2n] ‧ mH2O

where  M+ denotes  monovalent  cations  with
stoichiometry  x,  and  M2+ denotes  divalent  cations
with  stoichiometry  y.  M+ and M2+ are  the
exchangeable cations. Al and Si are the structural
cations. They form the framework of the structure
together with oxygen. The value of m is the number
of water molecules in the structure.

Clinoptilolite  is  the  most  abundant  naturally
occurring  zeolite  among  more  than  40  zeolite
species with a solid microporous structure  (23,24).
It  is  composed  of  a  three-dimensional  structure
consisting  of  AlO4 and  SiO4  tetrahedral  bonded
together  by  a  common  oxygen  atom.  The
micropores in the structure  are narrow enough to
allow the entry and exchange of cations and water
molecules  (25).  This  ability  is  based  on  the
replacement  of  SiO4 by  AlO4

−.  By  this  way,  a
negative  charge  is  formed  and  this  has  to  be
balanced by exchangeable cations such as Na+, K+,
Ca2+ and Mg2+ (26). The formation of 3D crystalline
structure  of  zeolite  from  primary  building  units
(PBU)  and  secondary  building  units  (SBU)  along
with  the  channels  in  the  structure  are  shown  in
Figure 1.

Figure 1: The structure of natural zeolite-clinoptilolite (The represented structure has been used from ref.
(27)).
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Natural  zeolites  have  been  investigated  for  their
potential  use  in  the  treatment  of  nuclear
wastewaters,  municipal  and industrial  wastewaters
(28–31), and acid mine drainage waters (32) due to
their  selectivity  for  specific  cations  such  as  Cs+,

Sr2+,  and  NH4
+.  Their  potential  use  in  the

remediation  of  sites  contaminated  with  fission
products such as 90Sr and 135, 137Cs (33–35) has also
been studied. The adsorption of radionuclide ions in
zeolite structure can be depicted as in Figure 2.

Figure 2: A simplified illustration of radionuclide adsorption in zeolite structure (The illustration has been
adapted and modified from ref. (36)).

Clay Minerals and Properties
Clays are hydrous aluminosilicate structures.  They
consist  of  mixtures  of  fine  grained  clay  minerals,
crystals of other minerals, and metal oxides  (37).
Clays  are classified into groups such as smectites
(montmorillonite,  saponite),  mica (illite),  kaolinite,
vermiculite,  serpentine,  pyrophyllite  (talc),  and
sepiolite (38). Grim (1962) was the first to propose
the  classification  and  naming  of  clay  minerals  in
1962  (39).  Grim  (1962)  stated  that  the  most
significant  groups  of  clay  minerals  are
montmorillonite, kaolinite, and illite. Clays and clay
minerals  have  high  specific  surface  areas  and
porous  structure.  This  results  in  interactions  with
dissolved species caused by electrostatic repulsion,
crystallinity, and adsorption/ion exchange reactions
(40).

Kaolinite has  a  chemical  formula  of  Al2Si2O5(OH)4

and is composed of Al2O3 (39.53%), SiO2 (46.53%),
and H2O (13.94%), theoretically. Kaolinite has a 1:1
layered  structure  consisting  of  a  tetrahedral  SiO4

sheet and an octahedral sheet containing Al3+ as the
cation.  Hydroxyl  groups  located  above  and below
the two Al atoms form a central hexagonal structure
in  a  single  plane.  Although the surface  charge of
kaolinite  is  neutral,  it  has  a  small  net  negative
charge  at  the  fractured  edges  of  the  crystals
(41,42).  Kaolinite  is  used in  the  paper,  ceramics,
pharmaceutical, and cosmetic industries (43,44) . In
addition, the use of kaolinite in water treatment is
increasing rapidly. With the release of H+ ions from
the  layered  structure  in  acidic  solutions,  heavy
metal ions are adsorbed (45).
 

Bentonite has an aluminum phyllosilicate structure
mainly  composed  of  montmorillonite.  It  is  a
sedimentary rock consisting of clay, with a smectite
structure.  Na+,  Ca2+  and  Li+ ions  are  located
between its layers. The octahedral and tetrahedral
sheets are in such a combination that a single layer
is  formed by the edges of the tetrahedra in each
silica sheet and one of the hydroxyl  layers in the
octahedral  sheet.  Montmorillonites  are  smectite
clays  and are abundant in the environment.  They
have  a  chemical  formula  of  (Na,  Ca)0.33 (Al,
Mg)2Si4O10(OH)2·nH2O and are comprised of plate-
shaped  particles  with  an  average  diameter  of
approximately  1  μm  (46).  In  the  structure,  the
octahedral  aluminum  layer  in  the  center  was
surrounded  by  two  tetrahedral  silica  layers.
Interactions  between  the  sheets  generally  take
place via –OH groups in the octahedral  layer and
the edges of the tetrahedral layer. Montmorillonite
tends to swell  due to lattice expansion caused by
polar  molecules  such  as  water.  In  addition,
interlamellar gap may be unbalanced due to cation
exchange between the silicate sheets (47).

Figure 3 shows a diagram of the structure of Na-
montmorillonite  and  the  adsorption  mechanism of
metal ions. Si4+ cations in the tetrahedral layer and
Al3+ cations in the octahedral layer are replaced by
lower valence cations. As a result, a negative charge
is formed. Ions such as Sr2+, Cs+, UO2

2+, Th4+ are
adsorbed by replacing exchangeable  ions between
tetrahedral  layers  and  forming  ion  pairs  with
negative charge centers. Also, adsorption may occur
as  the  complexation  of  metal  cations  on  Na-
montmorillonite surface (48,49).
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Figure 3: A general illustration of radionuclide adsorption onto Na-montmorillonite (adapted and modified
from ref. (50)).

Vermiculite is a common clay mineral. It has a 2:1
aluminosilicate structure composed of a tetrahedral
layer  of  silica  and  two  layers  of  MgO2(OH)4

octahedra.  Silicon  is  partially  substituted  by
aluminum, and it forms a stable mica. The lack of
positive charge in the parallel layers is compensated
by cations in the interlayer space such as K+, Na+,
Ca2+, and Mg2+. The structure formed by combining
two layers in this way is called a 2:1 layered silicate
structure (51,52).

Other Minerals
Perlite is an acidic volcanic glass. It expands with
heat and becomes lighter and porous. Perlite rocks
may differ from each other in terms of  color  and
structural  properties.  Changes in the  color  of  raw
perlite can be observed from transparent light gray
to  bright  black.  In  its  expanded  form,  the  color
turns completely white. Perlite contains 2.5% water
in  its  hydrated  glassy  silica  structure,  and  this
feature  makes it  stable.  When perlite  is  suddenly
heated in the range of 750-1200°C, it expands with
the effect of the steam formed and aggregates into
glassy particles. When it expands up to 20 times its
original  volume,  the  product  known  as  expanded
perlite is obtained. Properties that make expanded
perlite  commercially  important  include low density
in  small  volume,  physical  flexibility,  chemical
stability,  low  sound  permeability,  and  fire
resistance.  Perlite  is  used  in  many  areas  in
construction, agriculture, and industry. It is used as
an additive, facilitating the cementing process, as a
filling material in packaging and in removing water
pollution (53).

Diatomite is  used  as  an  industrial  raw  material.
Diatomite is a rock consisting of clay, sand, volcanic
ash, and other organic remains, as well as diatom
skeletons,  a  single-celled  algae  species  living  at
shallow  (0-35m)  depths,  where  photosynthesis
occurs intensively in fresh and saltwater reservoirs
located in regions with high volcanic activity. Diatom
skeletons  contain  SiO2.nH2O.  Diatomites  are
resistant  to  many  chemicals,  but  are  affected  by

strong  bases  at  high  temperatures.  Diatomites,
whose whiteness can go up to 90% depending on
their  content,  find  the  opportunity  to  be  used  in
many different areas of industry with their features
such as low densities, moderate refractoriness, high
absorption capacities, friability to small  grain size,
and  high  surface  area  value.  The  usage  areas  of
diatomite  products  can  be  listed  in  order  of
importance  as  follows:  filter  aid  material,  filling
material,  insulation  (heat,  sound,  electricity)
material,  adsorbent,  catalyst  carrier,  light  building
material,  refractory  material,  silica  source,  and
regulator in fertilizers (54).

Volcanic  tuff is  used  to  express  consolidated
pyroclastic rocks. These rocks react with water and
zeolite  can  be  formed  by  the  transformation  of
volcanic  glass  (55) .  It  is  extensively  used  as  a
growth  substrate  for  plants  (56).  The  sorption
behavior of volcanic tuffs is explained by the uptake
of  cations  on  their  porous  surfaces,  which  are
connected to  each other by channels.  This makes
tuffs  an  important  alternative  material  with  high
selectivity  for  many  heavy  metals,  toxic  cations
(57,58) and  radionuclides  (59,60) in  wastewater
treatment.

NATURAL MINERALS OF TURKEY

Zeolites
Important zeolite formations in our country consist
of clinoptilolite, chabasite, mordenite, erionite, and
analcime  minerals  (61).  Turkey's  zeolite  deposits
are mainly composed of clinoptilolite ores and are
estimated to be around 50 billion tons. Significant
clinoptilolite reserves can be found in the Balıkesir-
Bigadiç  and  Manisa-Gördes  deposits.  The
clinoptilolite  reserve  identified  in  the  Bigadiç-
Balıkesir deposit is approximately 500 million tons
(62).  Analcime  deposits  are  widely  distributed  in
Bahçecik, Gölpazarı, Göynük, Polatlı, Mülk, Oğlakçı,
Avaş, Mallıhan, Kalecik, Çandır, Şabanözü, Hasavaz
regions.  There  are  clinoptilolite,  chabazite,
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mordenite, and erionite deposits in the Kapadokya
region (61).

Elemental  composition  of  zeolites  may  differ
according to the deposit. Table 1 provides data on
the chemical composition of various types of Turkish
zeolites  (63–65).  Results  show  that  zeolites  are

composed  of  silica  and  alumina  as  major
constituents,  iron(III)  oxide,  calcium  oxide,
magnesium oxide,  sodium oxide,  potassium oxide
and  titania  as  minor  constitutents.  The  loss  on
ignition values is  relatively low, and this  indicates
less carbon and higher mineral content.

Table 1: Chemical composition of Turkish zeolites.

Zeolite

Elemental composition (weight, %)
Ref.

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O H2O
Ignition
loss, %

Manisa-
Gördes

69.31 13.11 1.31 - 2.07 1.13 0.52 2.83 6.88 - (63)

Balıkesir-
Bigadiç

77.96 13.17 1.06 0.08 3.80 1.53 0.16 2.20 - - (64)

Kütahya 67.25 14.20 1.00 0.35 2.80 1.45 0.15 5.20 - 6.95 (62)
Çanakkale-
Biga

70.00 12.85 0.75 0.07 2.60 1.65 0.90 4.30 - 6.24 (65)

Çankırı-Çorum 64.85 13.70 1.01 0.30 3.30 1.00 5.50 1.00 - 9.66 (65)

Clay Minerals
The most commonly used Turkish clay minerals in
adsorption  studies  of  radionuclides  are  bentonite,
montmorillonite,  kaolinite,  and sepiolite.  Illite,  red
clay,  and  vermiculite  are  among  the  other  clays
studied. 

As  mentioned  earlier,  montmorillonite  is  classified
under smectite group and it is the major component
of  bentonite.  Bentonite  shows  stratification  in  an
irregular  manner  within  the  magmatic  rocks  and
volcanic units in Turkey. In the market, bentonite is
sold in raw, milled bulk, and bagged and activated
forms.  It  is  known  in  our  country  as  drilling,
packaging, medicine, filling, casting, and bleaching
types  of  (66).  As  of  2019,  Turkey’s  bentonite
reserves  (proven+probable)  are  370  million  tons
(67).  Bentonite  pitches  in  Turkey  are  in  Biga
peninsula, Gelibolu peninsula and north, Eskisehir-
Ankara regions, Çankırı-Tokat region, Ordu-Trabzon
region, Kayseri-Nevsehir-Nigde region and Malatya-
Elazıg. There are many bentonite deposits of various
sizes  in  these  regions  and  their  immediate
surroundings (68).

According  to  the  Republic  of  Turkey  Ministry  of
Trade report (67), Turkey's probable kaolin reserves
are  over  100  million  tons.  Kaolin  deposits  are
located  in  Balıkesir,  Nevşehir,  Niğde,  Bolu,

Çanakkale and East Black Sea region. In 2017, the
total export value of kaolin reached 4 million USD. 

Sepiolite  is  a  raw  material  whose  resources  are
extremely limited in the  world  compared to  other
industrial minerals and whose economic deposits are
only  limited  to  Spain  and  Turkey.  Although
meerschaum type  sepiolite  is  a  mineral  that  has
been  known  for  centuries  and  is  one  of  our
traditional export products in our country, scientific
research  on  bedded  type  sepiolite  deposits  with
sedimentary  formation  was  initiated  in  1988  with
the  projects  of  the  MTA  General  Directorate.  In
particular,  thanks  to  the  joint  technology  studies
developed with the Japanese Research Institutes, a
significant  part  of the sepiolite  deposits  in Turkey
has been characterized (69). Turkey's industrial and
layered  types  of  sepiolite  deposits  that  may  be
considered  economically,  are  located  in  Eskişehir,
Çanakkale, Bursa, Kütahya and Isparta (70).

Elemental  composition  of  various  types  of  clay
minerals (66-71), obtained from Turkish deposites,
is shown in Table 2. Montmorillonite, red clay and
bentonite  contain  silica  and  alumina  in  major
quantities but  in addition to these,  iron(III)  oxide
and magnesium oxide are present at major levels in
the  vermiculite  structure.  However,  sepiolite  is
composed of only silica and magnesium oxide, with
an ignition loss of 13.50%.
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Table 2: Chemical composition of Turkish clay minerals.

Clays
Elemental composition (weight, %)

Ref.
SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O

Ignition
loss, %

Kula
montmorillonite

67.37 19.74 2.31 0.46 0.38 0.13 2.37 3.38 3.81 (71)

Turgutlu 
montmorillonite

62.86 14.80 6.20 0.82 2.68 1.63 2.84 2.29 5.66 (71)

Bandırma
kaolinite

48.00 36.60 0.92 0.05 0.07 0.3 0.1 2.00 11.96 (72)

Eskişehir  red
clay

59.10 19.05 6.35 1.03 4.00 1.50 1.50 1.00 6.50 (73)

Eskişehir
sepiolite

56.91 0.085 0.043 0.008 1.40 27.25 0.019 0.013 13.50 (74)

Çankiri
bentonite

60.32 14.78 4.90 - 3.90 2.20 3.05 1.48 9.20 (75)

Sivas-Yıldızeli
vermiculite

36.3 14.8 12.4 2.70 4.20 14.6 0.3 4.80 9.10 (76)

Other Minerals in Turkey
Perlite
The  world's  largest  perlite  producers  are  Turkey,
Greece,  and  the  United  States,  with  41,  26,  and
18%, respectively. The perlite reserve in Turkey has
the  potential  to  contribute  significantly  to  the
economy.  It  is  estimated  that  the  world's  perlite
reserves  are  around  8  billion  tons  (77), and  5.7
billion tons of this amount is in Turkey (Industrial
Raw Materials Coordinator Mustafa Kırıkoğlu, MİGEM
(General Directorate of Mining Affairs), in Turkey).
It has been reported that perlite in Turkey contains
SiO2 in the range of 71-75% and Al2O3 in the range
of 12-18% as main constituents (78).

Diatomite
Turkey's  diatomite  reserves  are  generally  in  the
form of beds suitable for open pit production. Before
starting  the  operation,  the  production  method  is
determined  by  determining  the  quality  and  size
through  drilling,  and  production  is  ensured  by
excavating and transporting machines. The humidity
of the diatomite, whose humidity is up to 50%, is
transferred to the facilities by reducing the humidity
in the field by open field drying. Mining cost in the
production of finished goods is around 10%. In the
facilities, production is carried out with appropriate
processes selected according to the usage areas of
diatomite. Turkey Sugar Factories Inc., In order to
obtain filtration products in sugar production, a pilot
plant  was  established  in  1974.  The  plant  started
production  in  1980,  and  the  plant  was  closed  in
1994  as  perlite  was  used  instead  of  diatomite.
Diatomite consumption areas are generally defined
as  66%  filtration  industry,  21%  filling,  1%
insulation, and 12% other uses (54).

Volcanic Tuff
Volcanic  tuff  deposits  are  widely  distributed  in
Turkey  (79).  Tertiary and quaternary-age volcanic

rocks cover approximately 155,000 sq. km of area
in  the  country,  including  tuffs.  Studies  were
conducted on the geology of the quaternary volcanic
centers  in  eastern  Turkey  and  the  chemical  and
mineralogical  compositions  of  the  Tendurek  tuffs
(80).

ADSORPTIVE  REMOVAL  OF  RADIONUCLIDES
BY TURKISH MINERALS

The  removal  of  hazardous  metal  ions  by  natural
minerals  via adsorption technique offers simplicity
and low investment cost. Figure 4 demonstrates the
basics  of  experimental  procedure  used  for
radionuclide removal using adsorption.

In  the  adsorption  studies  of  radionuclides  using
Turkish minerals, mostly zeolite and clay minerals
have been reported. However, a few studies have
also been carried out with diatomite,  volcanic tuff
and perlite. The majority of the studies reported in
this  context  have  focused  on  the  removal  of
strontium,  cesium,  and  uranium  ions.  Studies  on
thorium and  polonium adsorption  have  also  been
mentioned.  In  some  of  the  studies,  the  inactive
isotope of the radionuclide to be removed was used,
while in some studies, experiments were carried out
by  adding  radioactive  tracers.  For  this  reason,
studies  may  contain  differences  in  terms  of
experimental  steps  of  batch  method,  elemental
analysis techniques used, and outputs obtained. The
main focus is to reveal the adsorption performance
of  Turkish  minerals  depending  on  the  effecting
parameters such as pH, contact time, radionuclide
concentration, and temperature. The data obtained
as a result of examining the adsorption isotherms,
kinetic  and  thermodynamic  behaviors  of  minerals
are presented.
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Figure 4: Illustration of adsorption process for the removal of radionuclides from contaminated water using
natural minerals as adsorbent.

Adsorption studies by zeolites
Natural zeolites
Manisa-Gördes zeolite is one of the most reported
zeolties. There are 18 million tons of natural zeolite
reserves  in  this  area.  Uranium  adsorption  onto
Manisa-Gördes  zeolite  was  studied  by  Kilincarslan
and Akyil (63). The influence of process parameters
such as initial  uranium concentration,  pH, contact
time,  and  temperature  was  investigated.  The
authors  reported  that  they  determined  the
maximum adsorption efficiency at 125 µg/mL when
the uranium concentration was increased from 25 to
175  µg/mL.  It  is  also  reported  that  the  uranium
sorption is strongly pH dependent and is favored by
weakly acidic value. Maximum adsorption efficiency
was observed at pH 5. The adsorption of UO2

2+ ions
increased with increasing pH up to pH 5 and then
started  to  decrease  at  higher  pH  values.  The
dominant species in the solution are as follows: free
uranyl  ion  up  to  pH  6,  UO2OH+ at  pH  5,  and
UO2(CO3)3

4- in the range of pH higher than 7. From
pH 4 to  pH 8,  the predominant uranium complex
would be the neutral UO2CO3

0 (81). Equilibrium was
reached within 120 min. The adsorption efficiency of
uranium on Manisa-Gördes zeolite was found to be
83 ± 1.8% at optimum conditions. The adsorption
isotherm is used to describe the adsorption process
and  evaluate  the  adsorption  capacity.  It  can  be
defined as the ratio  of the metal  concentration in
the adsorbent phase to the metal concentration in
the  liquid  phase  at  a  given  temperature  (82).
Uranium adsorption  behavior  of  zeolite  were  best
described  by  the  Langmuir  adsorption  model
(R2=0.9218). The data obeying Langmuir isotherm
indicate  transfer  of  uranium(VI)  from  aqueous
solution to the surface of zeolite as adsorption and
bond formation between uranium(VI) and adsorbent
may  be  chemical  in  nature.  The  value  of  E  was
calculated as 11.18 kJ/mol from D-R isotherm.

In  another  study  carried  out  with  Manisa-Gördes
zeolite,  Atun  and  Bodur  (83) investigated  Cs
sorption using mixtures of  zeolite  and commercial
bentonite in different proportions.  137Cs was spiked
as  a  tracer  and  experiments  were  carried  out  in
NaCl  solutions  of  different  concentrations.  Cs
sorption  parameters  such  as  Kd,  X,  and  Xm for
zeolite were higher than those found for bentonite

at all conditions. The observed Kd(mix) values were
smaller than calculated Kd(mix) values except at 1
mol/L NaCl. In the study, it is stated that sorption is
achieved  by  settling  3.45  Å  Cs  ions  in  the  main
channel  of  the zeolite,  which has a cavity  size of
approximately 3.50 Å. While adsorption in bentonite
with decreasing NaCl concentrations was compatible
with  both  Freundlich  and  D-R  isotherms,  the
situation  in  zeolite  fitted  with  D-R  at  all
concentrations and Freundlich isotherm at only low
concentrations. Kd values increased with increasing
zeolite fractions.

Sorption studies of strontium on Manisa clinoptilolite
and Sındırgı kaolinite were conducted by Akar et al.
(84). Kinetic studies were performed between 5 and
2880  min  of  contact  time.  The  initial  pH  of  the
solution was kept in the pH range of 6.2 to 7.7. The
sorption  process  followed  pseudo  second  order
kinetics.  Isotherm  data  were  explained  well  with
Freundlich  and  Dubinin–Radushkevich  isotherm
models.  Clinoptilolite  showed  a  higher  strontium
sorption  capacity  than  kaolinite.
Thermodynamically,  the  activation  energy  of  Sr2+

sorption  by  clinoptilolite  was  –18.4  kJ/mol.  The
sorption process was spontaneous and endothermic
at all the studied concentrations, with ∆Hº being 9.8
kJ/mol for sorption on clinoptilolite.

Osmanlıoğlu  (30) focused  on  the  performance  of
natural zeolite as a sorbent for the disposal of low
level liquid waste from Cekmece Waste Processing
and  Storage  Facility  (CWPSF).  The  batch  ion-
exchange  capacities  of  the  five  different  zeolites
(Polatlı-Ankara,  Bigadiç-Çanakkale,  Saphane-
Balıkesir,  Gediz-Kütahya)  and  Gördes-(Manisa)  in
Turkey were tested for 137Cs, 60Co, 90Sr, and 110mAg.
Gördes zeolite  was found to  be the most  suitable
sorbent  for  LLW  for  radionuclides.  The
decontamination factors (DF) of natural zeolites for
137Cs at different pH levels were investigated. It was
determined that DF of the natural  zeolites is very
good for 137Cs at pH is about 10. Stored liquid waste
in storage tanks was transferred from the collection
tank to the precipitator for developing precipitation
strategy. At this stage, natural zeolite (particle size
0.5 mm) has been added from dosage tanks and pH
has been increased to 10. Then, after settling of the
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sludge,  the  clarified  solution  was  pumped  to
decantation  tank.  With  this  treatment,  a
decontamination factor of 430 has been achieved by
using 0.5 mm clinoptilolite at 303 K.

Hicsonmez et al. (85) removed 209Po using a natural
zeolite  mineral  from  Manisa-Gördes,  Turkey.
Polonium is one of the most significant isotopes in
the uranium series (8,9). It is very dangerous, even
at  low  concentrations,  when  absorbed  in  high
enough quantities  (10).  The  effect  of  initial  209Po
activity concentration was investigated in the range
of  1.85x10-10 to  1.85x10-9 Ci/mL.  The  adsorption
efficiency slightly increases as the initial  polonium
activity concentration increases. When the pH of the
solutions was increased from 2 to 8, the adsorption
removal  efficiency  of  209Po  onto  zeolite  quickly
decreased from 90 to 20%, so pH had an important
effect  on  the  adsorption  of  209Po.  The  results
demonstrate  that  adsorption  process  is  rapid  and
effective.  The  authors  found  that  the  209Po
adsorption  efficiency  is  90  ±  2%  at  optimal
experiment conditions (pH<3, 298 K and 40 min of
contact time). The adsorption data were compatible
with  both  Freundlich  (R2=0.92)  and  Dubinin-
Raduskevich  (R2=0.92)  isotherms.  Freundlich
isotherm  assumes  that  the  adsorbent  surface  is
coated as multilayers  (86). Activation energy (Ea),
calculated  as  0.1008  J/nmol,  indicates  that  the
interaction  between  polonium  and  zeolite  occurs
through  physical  adsorption.  When  comparing
polonium's Kd values with other minerals, they said
that the barrier material has very good performance
and selectivity for the adsorption of polonium ions
with  a Kd value of 4.5x102 L/g.  The results  show
that  polonium adsorption  onto  the  zeolite  is  very
fast and effective.

Akyuz  (65) investigated  Cs+ and  Sr2+ sorption
capacity of zeolite samples obtained from Kütahya,
Çanakkale-Biga, Çankırı-Çorum and Manisa-Demirci
regions  of  Anatolia.  Na and Ca content  of  Çorum
zeolite  is  higher  than  the  others,  whereas  the  Si
content is less. The natural zeolites (100 mg) had
been treated with 0.1 mol/L  solutions  of  Cs+ and
Sr2+ chlorides,  in bottles at room temperature for
one day. Chemical analysis of the washed and dried
filtrates was performed on an EDXRF spectrometer.
The author has indicated that the Clinoptilolite type
zeolite  from  the  deposits  of  Çankırı-Çorum  Basin
was the best sorbent for both Cs+ and Sr2+ ions and
it can be used for the treatment of radioactive waste
water. Chemical analysis also proved the superiority
of Çankırı-Çorum clinoptilolite for Cs+ and Sr2+ ions.

Olmez  Aytas  et  al.  (64) reported  a study  dealing
with the adsorption of uranium on clinoptilolite-rich
zeolite from Bigadiç-Turkey.  Before the adsorption
studies,  clinoptilolite-rich  zeolite
((Na6(AlO2)6(SiO2)30)⸱24H2O  (Si/Al:5)  was  treated
with  0.1  mol/L  HCl  at  room  temperature.  The
authors compared the U(VI) adsorption capacities of

zeolites  in  granular  (32-48  mesh)  and  powdered
(below 200 mesh)  form.  The  results  showed that
powdered  zeolites  exhibited  greater  adsorption
capacities compared with the granular form. Cation
exchange capacity was found to be 1.70 mmol of
H+/g of the natural zeolite. The influence of pH on
adsorption  was  investigated  in  aqueous  solutions
from pH 2.0 to 9.0. High adsorption capacity at pH 2
is  explained  by  the  displacement  of  H+ ions  and
uranyl  ions  in  the  active  sites.  The  adsorption
efficiency  values  decreased  with  the  increase  in
temperature. Uranium adsorption behavior of zeolite
was best described by the Langmuir isotherm model
(R2=0.967). In addition, the leachability of uranium
has been studied. Zeolite samples were calcined at
873, 1073, 1273, and 1373 K. The leachability of
uranium  decreased  with  increasing  calcination
temperature. The authors stated this situation as an
advantage of possible application for the storage of
uranium in radioactive wastes.

Yıldız et al. (87) have studied the sorption behavior
of  Cs+ ions  onto  kaolinite  (Bozhöyük,  Bilecik),
bentonite (Çankırı) and zeolite (Bigadiç, Balıkesir). A
137Cs tracer was added to simulated ground water.
In all samples, equilibrium was reached in about 2
days at 5°C. Zeolites with crystalline and hydrated
aluminosilicates  contain  regular  channels  or
interlinked  voids  whose  diameters  are  in  the
micropore range, depending on the structure type.
Because  the  size  of  Cs+ ion  is  suitable  for  these
channels,  the  sorption  order  of  cesium  ion  was
found  to  be  zeolite>bentonite>kaolinite.  On
kaolinite,  there  are  no  cations  in  the  interlayer
space and only surface bonding of cations occurs. In
the adsorption experiments, the higher distribution
ratios were obtained with lower Cs+ concentrations.
From the fitting of Freundlich isotherm model, the
value of k constant was calculated as 0.8019, 7867,
and 0.0916 in the order of bentonite, zeolite, and
kaolinite.  Desorption  studies  were  performed  to
check  the  reversibility  of  the  sorption  of  Cs+ on
bentonite, zeolite and kaolinite. In all  cases, there
was  no  significant  activity,  indicating  that  the
sorption process was irreversible. From this study, it
was suggested that these minerals can be used as
backfill  materials  in  geological  repositories  for  the
storage of 137Cs containing radioactive wastes.

Modified Zeolites
Yusan  and  Erenturk  (88) prepared  PAN/zeolite
composite  for  the  adsorption  of  strontium  from
aqueous  solution.  The  zeolite  was  obtained  from
Manisa-Gördes/Turkey.  The  percentage  of
adsorption  increased  with  increasing  strontium
concentration (25-175 µg/mL) and remained almost
constant at 150-175 µg/mL range. pH tests showed
that  the  adsorption  efficiency  of  Sr(II)  on
PAN/zeolite  increased up to  pH 5.  The pH of  the
solution  was  an  effective  parameter  in  Sr
adsorption. The uptake of Sr slightly increased with
increasing contact time, and 20 min was sufficient
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for  equilibrium.  Various  adsorption  models  were
tested  and  it  was  found  in  the  following  order:
Temkin>D-R>Freundlich>Langmuir. According to D-
R model,  Xm and the  mean free  energy  (E)  were
determined  to  be  6.47  mmol/g  and  0.91  kJ/mol,
respectively.

Akyıl  Erenturk  and  Kılıncarslan  Kaygun  (89)
reported  batch  sorption  studies  of  210Po  from
aqueous  solution  using  the  composite  zeolite/PAN
(Manisa-Gördes,  Turkey).  In  order  to  work  with
zeolite  in  the  column,  a  granular  composite
adsorbent  has  been  prepared  by  mixing
polyacrylonitrile  (PAN)  in  a  flask  with  reflux  as  a
reactor.  The  effective  parameters  such  as  initial
activity  concentration of  210Po, pH of  the aqueous
solution,  contact  time,  and  temperature  were
examined  in  a  column  system.  Unlike  natural
zeolite,  the  highest  adsorption  levels  (66.7%) for
zeolite/PAN adsorbent was found between pH 4.0 ±
0.1  and  6.0  ±  0.1.  Adsorption  efficiency  of  210Po
onto composite adsorbent was determined as 75.00
±  0.15%  in  optimum  conditions.  Experimental
equilibrium data was well fitted and found to be in
good  agreement  with  the  Temkin  model.  Temkin
isotherm  explains  the  interaction  between  the
adsorbent  and  adsorbate  molecules.  This  model
assumes the following conditions: adsorption heat of
all  molecular  interactions  is  linear  rather  than
logarithmic,  and there is  a uniform distribution of
binding  energies  (90–92).  Adsorption
thermodynamics  and  kinetics  of  polonium  were
studied. It was found that the process for 210Po was
exothermic.

As  can  be  seen  from the  above  studies,  Manisa-
Gördes zeolite and its composite were used for the
removal  of  uranium,  cesium,  strontium,  and
polonium ions  from aqueous  solutions.  pH  of  the
working solutions  had a remarkable  effect  on the
adsorption  behaviours.  The  highest  removal
efficiencies of uranium and polonium were obtained
at pH=5 and at pH<3, respectively. Unlike natural
zeolite,  the  maximum adsorption efficiency of  the
zeolite  based  composite  for  polonium  between
pH=4-6. In addition, at pH=5, strontium adsorption
efficiency  was  maximized  using  the  same
composite.

Due  to  the  affinity  of  polyacrylonitrile  (PAN)  for
uranium ions, a mineral/polyacrylamidoxime (PAO)
with modification of polyacrylonitrile  was prepared
by Şimşek and Ulusoy (93). They obtained bentonite
(B-PAO)  and  zeolite  (Z-PAO)  composites.  Ion

concentration, temperature, and contact time on the
adsorption of Pb2+ and UO2

2+ were investigated. It
has  been  found  that  the  adsorption  capacities  of
B/Z-PAO composites are higher than those of pure
PAO, and their KL values increase in the order of Z-
PAO>B-PAO>PAO  for  two  ions,  particularly  for
U(VI).  This  situation  has  been  explained  by  the
authors  with  two  effects.  Initially,  the  additional
electrostatic  force  contribution  present  in  the
negatively  charged Si-O and Al-O minerals  of  the
amidoxime  terminals  significantly  increases  the
electrostatic  attraction  for  the  cations.
Consequently, the choice of UO2

2+ should probably
be related to the high stability of complexes formed
with  uranil  ions  and  to  the  active  sites  of  PAO
and/or  minerals.  On  the  other  hand,  it  has  been
determined that the monolayer adsorption capacity
of the adsorbents for UO2

2+ was lower than that of
Pb2+.  Because,  the  required  number  of  chelating
amidoxime  terminals  for  UO2

2+ (94) was  greater
than that of Pb2+. 1 mol/L HCl has been used as a
regeneration  solution.  After  five  sequential
treatments,  it  was  observed  that  there  was  no
change in the B-POA and Z-POA structures, but the
PAO  gelled  completely  on  the  first  use.  Table  3
summarizes the reported use of Turkish zeolites for
radionuclide removal.

Adsorption studies by clay minerals
In this section, kaolinite, montmorillonite, bentonite,
sepiolite, illite, red clay,  and vermiculite type clay
minerals  have  been  reported  for  the  adsorptive
removal of various radionuclides.

Strontium  sorption  studies  on  kaolinite  using
radiotracer  technique  were  conducted  by  Keçeli
(95).  Kaolinite  based  clay  sampes  were  obtained
from  Çanakkale-Çan  region  of  Turkey.  The
composition of the clay was; 90% kaolinite, 9% free
quartz, and 1% other impurities such as Na- and K-
feldspar.  Kinetic  and  equilibrium  studies  were
performed  by  batch  experiments  and  adsorption
data were evaluated by adsorption efficiency (%),
uptake capacity (q) and distribution coefficient (Kd)
values. According to Keçeli  (95), capacity, affinity,
and  selectivity  results  obtained  in  this  study
demonstrate  that  the  locally  available  kaolinite
mineral  can  be  successfully  used  for  selective
sorption of Sr radionuclides in waste disposal sites.

Data on the effect of temperature on the adsorption
of radionuclides with Turkish zeolites, discussed in
the text, are given in Table 4.
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Table 3: Data on adsorption performance of Turkish zeolites for radionuclide ions.

Adsorbent 
Target
radionuclide

Metal
Concentration

Initial
pH

Contact
time
(min)

Removal
efficiency
(%)

Ref

Manisa-Gördes
zeolite

Uranium 25-175 μg/mL 2-9 5-420 82.9
(63)

Manisa-Gördes
zeolite

Cesium 5x10-5-5x10x2

mol/L
- 420 -

(83)

Manisa clinoptilolite Strontium 10-500 mg/L 6.2-
7.7

5-2880 -
(84)

Manisa-Gördes
zeolite

Polonium - 2-8 40 90.0
(85)

Manisa-Gördes
zeolite/PAN 

Strontium 25-175 μg/mL 2-8 5-300 84.6
(88)

Manisa-Gördes
zeolite/PAN 

Polonium - 4-6 1-180 75.0
(89)

Balıkesir-Bigadiç
clinoptilolite-rich
zeolite

Uranium 10-100 mg/L 2-9 5-360 88.0
(64)

Table 4: Effect of temperature on the adsorption of radionuclides by Turkish zeolites.

Zeolite Target 
radionuclide

Temperature
range (K)

Adsorption
process

Ref.

Manisa-Gördes zeolite Uranium 293-323 Endothermic (63)

Manisa-Gördes zeolite Polonium 293-323 Endothermic (85)

Manisa clinoptilolite Strontium 298-333 Endothermic (84)

Manisa-Gördes
zeolite/PAN

Strontium 293-323 Exothermic (88)

Manisa-Gördes
zeolite/PAN

Polonium 293-323 Endothermic (89)

Balıkesir-Bigadiç
clinoptilolite-rich zeolite

Uranium 293-303 Exothermic (64)

 
Erten et al.  (96) studied sorption characteristics of
Cs+ and  Sr2+ on  Reşadiye  montmorillonite  and
Mihaliççık kaolinite type clays and soil fractions from
various regions of Turkey using the batch method.
137Cs  and  90Sr  were  used  as  tracers.  The  initial
concentrations  ranged  from  10-8 to  10-2 mol/L.
Chemical  composition  of  clay  species,  water
composition, and the properties of the sorbent affect
the  sorption  beahaviours  of  Cs+ and  Sr2+.
Equilibrium was reached in 4-7 days for Cs+ and 7-
11 days for Sr2+. Kd values of Mihaliççık kaolinite for
Cs+ and  Sr2+  were  obtained  to  be  200  and  100
mL/g,  whereas  Kd  values  of  Reşadiye
montmorillonite for Cs+ and Sr2+  were found to be
3500  and  1500  mL/g,  respectively.  The
experimental data reveals that montmorillonite clay
adsorbs Cs+ and Sr2+ much more than kaolinite clay
due to their different structural characteristics. The
distribution  coefficients  increased  with  decreasing
grain size, suggesting mainly surface sorption.

In another study, sorption and desorption behaviors
of uranyl ion on Turgutlu and Kula montmorillonites

were  studied  by  Akçay  and  Kurtulmuş  (71).  The
experimental data has shown that pH, solid/aqueous
ratio,  uranyl  concentration,  and  clay  particle
dimension could  have a  significant  impact  on the
sorption of uranium. The influence of contact time
was  investigated  up  to  50  h  when  soil/aqueous
ratio, temperature, and pH were kept at 1/2, 293 K
and 7.3, respectively. A contact time of 10 h was
found sufficient for the establishment of equilibrium.
The effect of clay size was examined when the other
parameters  were  kept  constant.  +0.1  –  0.2  mm
dimension range showed the maximum asdorption
performance.  The  effect  of  initial  uranium
concentration was studied between 200 and 3000
mg/L.  With  the  increase  in  the  concentration,
uranium uptake  capacity  of  both  clays  increased.
Kula clay has higher uranium uptake capacity than
Turgutlu clay. pH studies were carried out in acidic
(pH=3-6),  neutral  (pH=7)  and  basic  medium
(pH=8-10). In the acidic region, hydrogen ions were
competing for cation exchange sites, and uranium
uptake was relatively low. A fairly constant retention
was  observed  in  the  pH range  of  4-6,  consistent
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with the ion-exchange process being dominant. In
the  basic  region,  the  distribution  coefficient
demonstrates  a  gradual  increase  with  pH.  The
sorption and desorption ability of uranium is defined
by the distribution coefficient and Langmuir's affinity
constants, which encompass surface retention. The
migration of uranium will be reduced, probably due
to  the  formation  of  hydrolyzed  and  polymeric
species.  Diffusion of  uranyl  ions into  the particles
probably decreases desorption tendency. The data
fitted to the Freundlich equation gave a nonlinear
isotherm.  The  quantities  of  sorbed  and  desorbed
uranium ions were lower than its theoretical CEC's.
This  was  attributed  to  a  blocking  of
montmorillonites' CEC by uranium islands sorbed in
the  interlayer.  The  experimental  results  indicate
that  the  montmorillonites  studied  should  be
effective  components  of  the  buffer  and  backfill
material  and  lead  to  eventual  immobilization  of
uranium from solutions.

Kinetic  and  thermodynamic  parameters  of  Sr2+

sorption  on  Sındırgı  kaolinite  and  Manisa
clinoptilolite  was investigated by Akar  et al.  (84).
Batch tests were conducted at 25 and 60°C for a
contact time range of 5-2880 min. The pH of the
solution was kept in the pH range between 6.2 and
7.7.  Similar  trends  were  observed  for  both
temperatures. The sorption process followed pseudo
second  order  kinetics,  with  faster  sorption  on
kaolinite compared to clinoptilolite.  Freundlich and
Dubinin-Radushkevich  isotherm  models  described
data  more  adequately  than  Langmuir  model.  The
activation energy of Sr2+ sorption by kaolinite was
found to be -8.5 kJ/mol. The sorption process was
spontaneous  and  endothermic  at  all  the  studied
concentrations,  with  ∆H°  being  11.3  kJ/mol  for
sorption on kaolinite.

Akçay  and  Kilinç  (97) conducted  sorption  and
desorption  studies  of  thorium  from  aqueous
solutions using West Anatolian montmorillonite. The
authors stated that the migration of thorium will be
reduced,  probably  due  to  the  formation  of
hydrolyzed  and  polymerized  species.  Moreover,
desorption coefficients are higher, probably due to
the  diffusion  of  thorium  into  the  particles.  The
sorption and desorption data were described well by
the  Freundlich  isotherm  model.  The  sorption  of
thorium  on  West  Anatolian  montmorillonite  was
found to be concentration dependent but nonlinear.
Akyüz et al.  (73) conducted a study to investigate
Cs+ and Sr2+ sorption onto Sivrihisar-Eskişehir red
clay  samples  using  EDXRF  spectrometry.  XRD
analysis  revealed  that  red  clay  is  composed  of
montmorillonite,  illite,  albite,  chlorite,  and  quartz.
For the sorption experiments,  cation treated clays
were  prepared  by  immersing  the  natural  red-clay
samples  in  Cs+ and  Sr2+ bearing solutions  with  a
concentration range of 20-400 mg/L. At low Cs+ or
Sr2+ concentrations (20 mg/L) high Kd values were
obtained.  With  the  increase  in  inital  metal

concentrations,  a  decrease  in  Kd values  was
determined. When the cation concentration was 120
mg/L, the uptake capacities of Cs+ and Sr2+ were
5.07  and  0.88  mg/g,  respectively.  The  authors
stated that the sorption of Cs+ or Sr2+ ions on red-
clay  is  concentration  dependent  but  non-linear.
Freundlich  equation  was  the  best  to  explain  the
relationship  between  the  amount  of  Cs+ or  Sr2+

adsorbed by the red-clay. From the E value of D-R
isotherm model, it was found that both Cs+ and Sr2+

sorption  were  governed  by  ion-exchange.  It  was
reported that, red clay has high affinity for Cs+ and
Sr2+ and  it  can  be  considered  as  a  promising
material for nuclear waste management.

Bilgin et al. (98) studied the adsorption of strontium
on illite type clay as a function of shaking time, the
ratio of solution volume to weight of clay, and the
concentration  of  strontium.  90Sr  was  used  as  a
tracer. Clay samples were collected from Van region
in Turkey with a high percentage of illite type clay
mixture. 89% of the total Sr2+ sorption was attained
in the first 10 min. The rapid adsorption reveals that
Sr adsorption on illite is an ion exchange process. Kd

value  decreased  with  increasing  Sr  ion
concentration.  The  effect  of  the  initial  volume  of
solution to that of solid (V/m) was studied for 10–4

mol/L  initial  Sr2+ concentration.  Initially,  the  Kd

value increased strongly with increasing V/m up to
V/m=250, whereafter a plateau region was reached.
When all of the available sorption sites are covered
with strontium, a further increase in the V/m ratio
does  not  appreciably  change  the  Kd value.  the
variation  of  the  Kd value  with  Sr  loading  was
investigated.  The  adsorption  experiments  were
carried out using the batch method and initial Sr2+

ion concentrations ranged from 10–6 to 10–1 mol/L.
The  authors  reported  that,  Sr  is  adsorbed
predominantly  by  an  ion  exchange  mechanism in
the  low  Sr  loadings.  The  shapes  of  the  curves
suggest  the  existence  of  at  least  two  types  of
adsorption, one taking place at high and the other
at low Sr ion concentrations. The influence of Ca2+

and Ba2+ cations on Sr adsorption was also studied.
In  the  binary  Sr-Ba  system,  strontium  uptake
capacity  was  211.2  mg/g.  These  effects  are
correlated with the ionic radii of alkaline earth ions
present in the solution. The Freundlich and Dubinin
Radushkevich (D-R) isotherms have been applied to
the  data  and  the  parameters  of  the  isotherm
equations  were  calculated.  It  was  found  that  the
experimental data fit both isotherm models well.

Donat and Aytas (75) prepared algae (Ulva sp.)-Na
bentonite composite adsorbent for the separation of
U(VI) from aqueous media. Dry and powdered algae
were  mixed  with  Na  bentonite.  The  mixture  was
contacted with deionized water and then mixed to
ensure  homogeneity.  The  resulting  paste  was
heated and dried. It was reported that the wetting
and  drying  steps  are  significant  to  maintain  the
maximum contact between algae and Na-bentonite.
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The influence of  selected parameters  such as pH,
U(VI) concentration, temperature, and contact time
was  investigated.  The  influence  of  pH  on  U(VI)
adsorption was studied in the pH range of 2-9. The
change  in  solution  pH  affects  both  the  surface
properties of adsorbent and species in the solution.
It  was  reported  that  maximum  U(IV)  adsorption
efficiency was found at pH 3 and the uranium was in
the  form  of  UO2

2+.  The  sorption  of  U(VI)  was
examined as a function of U(VI) concentration in the
range  of  10-175  mg/L.  It  was  reported  that  the
adsorption efficiency increased with the increase in
concentration up to 125 mg/L and then a decrease
was  observed.  Sorption  isotherm  data  fitted
Frendlich  and  D-R  isotherm  well.  The  effect  of
contact time on adsorption was studied between 7.5
and 240 min. It was determined that the sorption
process was very fast and the maximum adsorption
efficiency was reached within minutes. 15 min was
selected as the optimum contact time. At this point,
the adsorption efficiency of U(VI) was 78% ± 1.2.
Thermodynamic  studies  were  conducted  between
293  and  343  K.  It  was  found  that  adsorption  of
uranium  is  endothermic,  spontaneous,  and  more
favorable at higher temperatures.

Donat  (74) investigated  the  adsorption  of  U(VI)
from aqueous  solution  onto  Eskişehir  sepiolite  by
batch  method.  The  effect  of  contact  time  was
examined in the range of 15-1440 min, and 92% of
the U(VI) ions were adsorbed in the first 240 min.
Solution pH was investigated between pH=2.0-9.0
and sepiolite has a maximum sorption efficiency at
pH 3.0. This can be explained by the presence of
free  UO2

2+ ions  in  the  solution.  The  influence  of
U(VI)  concentration  was  studied  in  the  range  of
100-500  mg/L  and  maximum  U(VI)  sorption
capacity of sepiolite was found to be 34.61 mg/g.
The  sorption  data  fitted  Langmuir  isotherm  well.
Thermodynamic  parameters  indicated  the
exothermic heat of adsorption and the feasibility of
the process. It has been stated by the author that
sepiolite  has  the  potential  to  replace  activated
carbon because it is cheap and abundant.

Eskişehir  sepiolite  has  also  been  tested  for  the
removal  of Th(IV) from aqueous solution by Esen
Erden  and  Donat  (99).  The  influence  of  contact
time,  initial  pH,  Th(IV)  concentration  and
temperature were examined using one factor at a
time approach. The adsoption of Th(IV) was rapid in
the initial stages and equilibirum was established in
45  min.  Th(IV)  removal  efficiency  (%)  sharply
increased between pH 2 and 3. Above pH 3.5, the
uptake of Th(IV) decreased. It is known that when
pH is >4, Th(IV) ions precipitate as Th(OH)4 due to
the low solubility (Ksp=2.0x10-45) (100). The authors
mentioned  that  the  formation  of  strong  surface
complexes  is  the  mechanism  responsible  for  the
sorption  rather  than  ion  exchange.  Removal
efficiency  was  61.81%  when  the  initial  Th(IV)
concentration  was  40  mg/L.  Langmuir  isotherm

demonstrated  slightly  better  fit  to  the  adsorption
data  than  Freundlich  and  D-R  isotherms  with  a
monolayer  Th(IV)  capacity  of  49.91  mg/g.  The
effect of temperature was studied in the range of
293-323  K.  A  positive  value  of  ΔH°  indicated  an
endothermic  process.  The  spontaneity  of  Th(IV)
adsorption  could  be  explained  by  negative  ΔG°
values.

Bayülken  et  al.  (101) conducted  a  study  for  the
investigation of Cs+ adsorption by Çankırı-Şabanözü
bentonite,  Manisa-Gördes  zeolite,  Eskişehir-
Sivrihisar sepiolite, and Balıkesir-Sındırgı, Düvertepe
kaolinite.  The  effects  of  Cs+ concentration,  pH,
contact  time,  and  temperature  on  the  adsorption
were  examined  using  137Cs  radiotracer  method.
Bentonite was shown to exhibit the highest capacity
and sorption affinity towards Cs+. The best fits for
adsorption isotherms were with Freundlich and D-R
models. The second order rate constant of cesium
sorption  was  the  highest  for  kaolinite  among  the
clays.  Cs+ adsorption  proceeds  essentially  by  ion
exchange  and  partly  by  specific  adsorption
mechanisms.  The  results  showed  that  especially
bentonite  and  zeolite  can  be  used  as  effective
barrier  materials  for  sorptive  hindrance  of  an
expanding Cs+ radioisotope plume.

Akalın et al. (76) investigated the cesium adsorption
performance  of  raw  vermiculite  obtained  from
Sivas-Yıldızeli  region of  Turkey.  Experiments  were
carried out with nonradioactive Cs+ (CsCl). Results
demonstrated  that  adsorbed  Cs+ ions  gradually
increased with the increasing adsorbent dosage and
did not depend on contact time. The percentage of
adsorbed  Cs+ ions  at  equilibrium  increased  with
increasing pH up to  pH 9.2.  Maximum adsorption
capacity (Qmax) was determined as 29.67 mg/g and
8.037 L/g from Langmuir and Freundlich isotherm
models,  respectively.  Thereby,  the  adsorption
process has both chemical and physical characters.
In  addition,  the  adsorption  process  is  fitted  to
Temkin  isotherm  model.  Cesium  adsorption  was
investigated  in  the  presence  of  K+ ion  and  the
amount of Cs+ adsorbed at equilibrium was found to
be 16.22 mg/g.

In  another  study,  Tekdal  (102) investigated  the
decontamination  of  low-level  radioactive  wastes
containing 137Cs radioisotope by using clay minerals.
Kd is  a parameter  used to  determine the ratio  of
ions adsorbed to the solid to the ions in the liquid
phase (103). The results of these experiments were
used to calculate the Kd values for the adsorption of
cesium on clay minerals.  In  order  to  prepare  the
artificial  waste  solution,  the  137Cs  isotope  was
provided by the Çekmece Nuclear Research Center,
Health  Physics  Department.  Five  different  clay
samples  were  used  as  waste-retention  material.
These samples were collected from; No.2: Çukurova
region,  No.3:  Konya  region,  No.7:  Söğüt  region,
No.10:  Söğütlü  region,  No.19:  Çınar-Diyarbakır
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region.  The  adsorption  capacities  of  clay  samples
were  determined  by  radiometric  method.  For  this
purpose,  column  inlet  and  outlet  activity
measurements were made by gamma spectrometry.
In all experiments, background and sample counting
times were counted by taking 5 mL samples. The Kd

values for clay samples are calculated to be 48.15
mL/g  for  sample  No.2,  642.59  mL/g  for  sample
No.10, 52.46 mg/g for sample No.7, 513.27 mL/g
for  sample  No.19,  and  380.92  mL/g  for  sample
No.3. According to these findings, samples No.10,
19 and 3 are clay samples with the highest activity
adsorbents.  IR  analyzes  have  shown  that  these
clays  are  smectite  group  clay  minerals.  The
selectivity  of the smectite group clay minerals  for
137Cs is due to the fact that the odd and divalent
ions in the wick change with the Cs+ ion in addition
to physical  adsorption.  Additionaly,  the  Cs+ ion is
large in ionic mobility, as it has the smallest hydrate
radius (2.28 Å) and the number of hydrides (~ 9.9)
in group I ions. For this reason, the ion exchanger is
held in great force (Coulomb Force) by the material.
The results of this study revealed that clay minerals
have  significant  radioactivity  retention  capacities.
This situation brings to mind the concern that clay
deposits  in  Turkey  may  be  used  for  radioactive
waste  storage  and  may  threaten  human  health.
Table 5 summarizes the reported use of Turkish clay
minerals for radionuclide removal.

Adsorption studies by other minerals
Talip  et  al.  (104)  used  expanded  perlite  for  the
removal of thorium ions from aqueous solution. The
expanded perlite samples are the most economical
commercial products and were provided by Eti Mine
Works  Perlite  (İzmir,  Turkey).  Before  adsorption
tests, expanded perlite samples were mechanically
washed in water for 24 h and used without chemical
treatment.  It  was  suggested  that  adsorption  of
thorium is mainly affected by the surface hydroxyl
groups of the perlite. Silicon atoms on the surface
are  bonded  to  oxygen  by  forming  a  tetrahedral
structure.  They  attach  to  monovalent  hydroxyl
groups and form silanol groups. Silanol and hydrous
oxide  groups  on  the  surface  are  responsible  for
adsorption  (105).  The  effects  of  particle  size,
solution  pH,  initial  thorium  concentration,  contact
time, V/m ratio, and temperature on the adsorption
of  thorium  using  expanded  perlite  were
investigated.  There  was  no  significant  effect  of
particle  size  on  the  adsorption.  The  adsorption
efficiency  (%)  has  been  found  to  be  strongly
influenced  by  pH  and  thorium  concentration.  The
adsorption  of  thorium  onto  expanded  perlite  was
investigated from pH 2 to 7 at 303 K and efficiency
increased from 20% to over 80% with the increase
in pH from pH 3 to 5. This behaviour was explained
by  the  adsorption  of  positively  charged  Th(IV)
hydrolysis  products.  The  influence  of  Th(IV)
concentration was examined from 25 to 250 mg/L.
After 50 mg/L Th(IV) concentration, the adsorption
have  been  sharply  decreased.  The  adsorption

equilibrium was established within 60 min at pH 4.5.
Results indicated that the temperature had a minor
effect  on  the  adsorption  of  thorium by  expanded
perlite.  Maximum  adsorption  efficiency  of  Th(IV)
onto expanded perlite was determined as 84 ± 4%.
The  adsorption  isotherm  was  best  modeled  by
Langmuir  isotherm.  The  negative  value  of  ∆Go

indicates the spontaneous and the negative value of
∆Ho shows the exothermic  nature  of  the  process.
This  study  showed  that  expanded  perlite  can  be
used  as  an  efficient  adsorbent  material  for  the
adsorption of  thorium from contaminated aqueous
solutions,  due to its high adsorption capacity,  low
cost, and ready availability.

Yusan et al.  (106) reported a study using calcined
and flux calcined  diatomites  for  the  adsorption of
Th(IV)  ions  from  radioactive  waste.  Diatomite
samples were obtained from Turkish Sugar Factories
Inc.,  Etimesgut-Ankara,  Turkey.  SiO2 content  of
calcined and flux calcined diatomite were 92.68 and
89.81%,  respectively.  The removal  of  Th(IV)  was
affected by the alteration of solution pH. At pH 4.0,
Th(IV)  adsorption  efficiency  was  maximum to  be
99%.  Above  pH  4.0,  the  decrease  in  adsorption
efficiency  was  observed  due  to  hydrolization  of
Th(IV).  Within  20  min  of  contact  time,  98% and
89% of Th(IV) ions were adsorbed by calcined and
flux calcined diatomites, respectively. The influence
of inital concentration on Th(IV) uptake was studied
between 25 and 150 mg/L. The adsorption data was
well  described  by  Freundlich  isotherm  for  both
adsorbents.  The  effect  of  temperature  was
investigated in the range of 288-328 K. ΔH° values
for  calcined  and  flux  calcined  diatomites  were
obtained  as  35.99  kJ/mol  and  23.62  kJ/mol,
respectively.  These  values  indicate  the  physical
nature  of  the  adsorption.  The  negative  values  of
ΔGº  demonstrate  the  spontaneity  of  the  removal
process. Sorption kinetic studies were carried out to
determine the possible adsorption mechanism. The
authors mentioned that kinetic data fitted pseudo-
second order equation better,  suggesting that  the
rate-limiting step is chemical adsorption. 

The  removal  of  uranium  from  aqueous  solutions
with  diatomite  samples  supplied  from  the  same
origin was investigated by Ölmez Aytaş et al. (107).
Calcination  and  flux  calcination  (with  Na2CO3 at
1650 ºC) were applied to samples to improve their
mechanical properties. As a result of the preliminary
tests, it was determined that the sample coded as
No.  2  (Flux  calcined)  had  the  highest  uranium
capacity  (94.82  mg/g).  Further  studies  were
performed  using  No.  2  (Flux  calcined)  sample.
Adsorption efficiency of uranium was examined as a
function of pH in the range of 2-7, a contact time of
24h  at  303  K.  Up  to  pH=5,  authors  observed  a
slight  increase  in  the  uranium  uptake.  However,
uptake  values  decreased  in  the  pH range  of  6-7.
This behaviour may be explained by the presence of
UO2

2+ below pH 5 and stable carbonate complexes
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around  pH  7.  Within  15  min  of  contact  time,
maximum adsorption efficiency was 77% at pH 5.
97%  of  uranium  adsorption.  A  decrease  in  the
adsorption  percentage  of  uranium  was  observed
with the increase in temperature from 298 to 333 K.
The authors suggest that the adsorption mechanism
was  physisorption.  Langmuir  isotherm  model  was
used to describe the equilibrium between uranium
and diatomite. Monolayer capacity of the adsorbent
was  calculated  as  38.58  mg/g  for  uranium.
Diatomite has been reported to be an inexpensive,
high-affinity adsorbent for the removal of uranium
from  waste  solutions  from  uranium  refining  and
mining. 

Yusan et al.  (92) investigated uranium sorption on
volcanic tuff collected from the deposits located at
the  Tendürek,  Eastern  Turkey.  The  effects  of
solution  pH,  contact  time,  initial  uranium
concentration,  and  temperature  were  investigated
one factor at a time. The effect of pH was examined
between 2.0 and 9.0. Other parameters were kept
constant as follows: initial concentration; 100 mg/L,
temperature;  303  K,  and  contact  time;  2  h.  The

maximum removal efficiency of U(VI) was found to
be  69%  at  pH  5.0.  Initial  U(VI)  concentration
parameter was studied in the range of 50-250 mg/L
while the other parameters were kept constant. The
adsorption efficiency increased gradually, up to 95%
when  the  uranium  concentration  was  75  mg/L.
Adsorption  isotherm  models  were  utilized  to
describe  the  uranium adsorption.  Langmuir  model
was the best to explain adsorption equilibrium data.
The maximum monolayer  adsorption capacity  was
calculated as 2.62 mg/g. The effect of temperature
on uranium adsorption was examined between 298
and  323  K  and  thermodynamic  parameters  were
calculated.  Adsorption  efficiency  gradually
decreased from 94% to 76% with the increase in
temperature  from 298  to  323 K.  It  was  reported
that the positive value of ΔHº points out that this
adsorption  process  has  an endothermic  character.
Moreover,  the  decrease  in  ΔGº  values  with  the
increasing temperature indicates that the adsorption
process  is  physisorption.  The  authors  stated  that
Tendürek  volcanic  tuff  is  a  naturally  abundant
material and it has a high capacity for the efficient
removal of uranium ions from aqueous solutions.
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Table 5: Data on adsorption performance of Turkish clay minerals for radionuclide ions.

Adsorbent Target
radionuclide

Metal
Concentration 

Initial
pH

Contact
time

Kd

(mL/g)
Removal
efficiency
(%)

Q
(mg/
g)

Ref

Reşadiye
montmorillonite

Cesium
Strontium

10-8-10-2 mol/L (Cs)
10-8-10-2 mol/L (Sr)

- 4-7  d
(Cs)
7-11  d
(Sr)

3500(Cs)
1500(Sr)

- -

(96)

Kula montmorillonite Uranium 200-3000 mg/L 7.3 600 min - - -
(71)

Sındırgı kaolinite Strontium 10-500 mg/L 6.2-7.7 5-2880
min

- - -
(84)

Eskişehir red clay Strontium
Cesium

20-400 mg/L 7 1440
min

- -
(73)

Van illite Strontium 10-6-10-1 mol/L - 0-60
min

- - 211.2
(98)

Algae  (Ulva  sp.)-Na  bentonite
composite

Uranium 10-175 mg/L 2-9 7.5-240
min

- 78.2 -

(75)

Eskişehir sepiolite Uranium 100-500 mg/L 2-9 15-1440
min

2400 96.00 34.61
(74)

Eskişehir sepiolite Thorium 40-150 mg/L 2-5 5-360
min

- 92.90 49.91
(99)

Sivas-Yıldızeli vermiculite Cesium 100-300 mg/L 3-10 60-480
min

- 87.00 29.67
(76)

Data on the effect of temperature on the adsorption of radionuclides with Turkish clay minerals, discussed in the text, are given in Table 6.

Table 6: Effect of temperature on the adsorption of radionuclides by Turkish clay minerals.
Adsorbent Target

radionuclide
Temperature
range (K)

Adsorption
process

Ref

Sındırgı kaolintie Strontium 298-333 Endothermic (84)

Algae (Ulva sp.)-Na bentonite composite Uranium 303-333 Endothermic (75)

Eskişehir sepiolite Uranium 298-313 Exothermic (74)

Eskişehir sepiolite Thorium 293-323 Endothermic (99)

Sivas-Yıldızeli vermiculite Cesium 298-323 Exothermic (76)
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CONCLUSION

Nuclear  power  generation,  rare-earth  mining,
reprocessing,  nuclear  medicine,  and  nuclear
research  are  the  main  sources  of  radioactive
isotopes  released  into  the  environment.  They  are
dangerous to human health due to their long half
life and solubility in water. This review attempts to
cover a wide range of Turkish mineral  adsorbents
that  have  been  used  so  far  for  the  removal  of
radionuclides from aqueous solutions. Based on the
literature  reviewed,  the  following  concluding
remarks can be made: 

For Turkish zeolites;
 U(VI)  adsorption  was  investigated  using
Manisa-Gördes  zeolite  under  varying  parameters
(pH,  initial  concentration,  temperature,  contact
time, etc.), and it was determined that alteration of
pH  was  remarkably  effective.  The  adsorption
efficiency  is  82.9% at  the  following  experimental
conditions:  U(VI)  concentration  125  mg/L,  pH=5,
contact  time=2 h.  The process is  compatible with
the Langmuir model.  The E value is 11.18 kJ/mol
according to D-R isotherm.

 Manisa-Gördes  zeolite is  very  stable  for
137Cs in LLW at pH 10.

 pH is a significant factor for Po removal and
the adsorption efficency is 90% at pH<3 with a 40
min  contact  time.  Freundlich  model  is  the  most
appropriate for fit of the experimental data, and E
value is 0.1008 J/nmol.
 PAN modified zeolite is promising for Sr at
pH>5 and E value was calculated as  0.91 kJ/mol
from  D-R  isotherm.  However,  the  composite
adsorbent  is  effective  between  pH  4-6  for  Po  at
column and E value was found to be 1.7226 J/nmol.

 The  clinoptilolite  type  zeolite  from  the
deposits  of  Çankırı-Çorum  basin  was  the  best
sorbent for both Cs and Sr ions.

 The powdered form of Bigadiç zeolite treated
with  0.1  mol/L  HCl  showed  better  adsorption
properties for U(VI) compared to the granular form.
Adsorption  equilibrium  data  were  well-fitted  with
Langmuir  model.  Uptake  of  U(VI)  decreased  with
increasing calcination temperature.

 Bigadiç  zeolites  adsorp  137Cs  better  than
bentonite  and  kaolinite.  Experimental  adsorption
data can be described by Freundlich isotherm.

 The bentonite (B-PAO) and zeolite  (Z)-PAO
composites  were  investigated  for  U(VI).  KL value
was found to be higher on (Z)-PAO composite.

For Turkish clay minerals;

 Kaolinite  based  clay  obtained  from
Çanakkale-Çan region was proposed as a reasonable
candidate for the selective adsorption of Sr in waste
disposal  sites.  On  the  other  hand,  Reşadiye
montmorillonite has higher Kd  values for Cs and Sr
than  Mihalıççık  kaolinite  depending  on  structural
properties.

 For the sorption of U(VI) ions on Turgutlu
and  Kula  montmorillonites,  optimum contact  time
for the establishment of equilibrium was determined
to be 10 h.  For both clays,  the maximum uptake
was achieved with +0.1 –0.2 mm particle size. The
increase in U(VI) concentration has a positive effect
on uptake capacity.  However,  Kula clay showed a
higher  affinity  for  U(VI)  than  Turgutlu  clay.  Kd

values of U(VI) increased in basic pH range.

 When Sr adsorption of Sındırgı kaolinite and
Manisa clinoptilolite is compared, clinoptilolite shows
a  higher  sorption  capacity  than  kaolinite.  The
adsorption isotherm was best modeled by Freundlich
isotherm.

 West  Anatolian  montmorillonites  and
Eskişehir-Sivrihisar red clay have been used for Th
and  Sr,  Cs  adsorption,  respectively.  Adsorption
processes  using  both  clays  were  found  to  be
concentration dependent. Adsorption data was fitted
to Freundlich isotherm. The responsible mechanism
for the removal of Sr and Cs was found to be ion
exchange.

 Sr affinity of Van illite was relatively high,
and  the  maximum  removal  efficiency  (%)  was
achieved in 10 min. Experimental data was fitted to
Freundlich and D-R isotherms. Adsorption occurs via
ion exchange in the relatively low Sr concentration
range.

 The  maximum  U(IV)  sorption  efficiency
using algae (Ulva sp.)-Na bentonite composite and
Eskişehir  sepiolite  was  reported  at  pH  3.  The
equilibrium was attained in 15 min for algae (Ulva
sp.)-Na  bentonite,  whereas  it  took  240  min  for
sepiolite.  Sorption  isotherm  data  for  modified
bentonite  fitted  Frendlich  and  D-R  isotherm  well
while for sepiolite it was compatible with Langmuir
isotherm.

 Sivas-Yıldızeli vermiculite demonstrated high
affinity for Cs+  in basic medium. Process has both
chemical and physical characters.

 The  highest  Kd for  137Cs  in  low-level
radioactive waste was obtained by Söğüt region clay
as 642.59 mL/g.

For other Turkish minerals;
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 The use of expanded perlite was suggested
as a high capacity and low cost adsorbent material
for  the  removal  of  Th(IV)  ions.  The  adsorption
process has been found to be strongly influenced by
pH and Th(IV) concentration. Adsorption equilibrium
was established within 60 min at pH 4.5. Maximum
adsorption  efficiency  of  Th(IV)  onto  expanded
perlite was determined as 84 ± 4%. Adsorption data
are compatible with Langmuir adsorption isotherm.

 Diatomite  samples  were  used  for  the
removal  of  Th(IV) and U(VI) ions.  99% of  Th(IV)
ions were adsorbed at pH 4 whereas the maximum
adsorption  efficiency  of  U(VI)  was  77% at  pH 5.
Th(IV) adsorption was described well by Freundlich
isotherm, however U(VI) adsorption was Langmuir
type. 20 and 15 min of contact time were sufficient
for  the  attainment  of  equilibrium  for  Th(IV)  and
U(VI),  respectively.  For  both  ions,  the  adsorption
mechanism  was  physisorption,  depending  on
thermodynamic data. 

 Tendürek  volcanic  tuff  is  a  naturally
abundant material and it has a high capacity for the
efficient  removal  of  U(VI)  ions  from  aqueous
solution.  Adsorption  efficiency  of  U(VI)  increased
gradually  up  to  95%  when  the  uranium
concentration  was  75  mg/L.  The  adsorption  data
fitted to Langmuir model and maximum monolayer
adsorption  capacity  was  found  as  2.62  mg/g.
Thermodynamic  data  point  out  an  endothermic
process and physisorption mechanism.

Turkish minerals (natural and modified) have been
successfully used for the adsorption of Sr, Cs, U, Th
and Po from aqueous solution. Adsorption studies on
these  minerals  should  be  continued  for  binary  or
multiple  mixtures  of  hazardous  radionuclides,  and
thus information about their adsorption performance
in the case of a mixed solution should be obtained.

We believe that  this  article  will  shed light  on the
studies to be carried out in terms of the immediate
supply and use of our own minerals in the event of
nuclear pollution caused by both radioactive waste
and atmospheric fallout.
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Biogas Production from Wheat Straw using Textile Industrial
Wastewater by Co-digestion Process: Experimental and Kinetic Study
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Abstract: In the present experimental study, anaerobic co-digestion of wheat straw with textile industry
wastewater (TIWW) was evaluated for biogas production. Anaerobic digestion systems were operated at
ambient temperature (28-30 ºC) for 20 days. Five different ratios of wastewater with distilled water were
added to wheat straw inoculated with cow dung operating in five digesters. Time-rate derivative models,
including Gompertz’s model and its related extensions, were used to represent yields. It has been found
that  the  slurry containing wheat  straw and cow dung digested with  75% diluted wastewater  has the
maximum production, while the slurry digested with only wastewater (not diluted with distilled water) has
minimum production.
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INTRODUCTION

The continuous increase in the price of fossil fuels,
greenhouse gas emissions and dependency on non-
renewable  energy  has  attracted  the  attention  of
researchers  to  explore  sustainable  and  affordable
energy  resources.  Rapid  urbanization  and
industrialization have not only increased the energy
demand  but  also  released  significant  amounts  of
waste  in  various  forms.  Globally,  the  expected
increase in energy demand is by 45-60% by 2030,
and currently a major fraction of energy (85%) is
accomplished from conventional energy sources (1,
2).  The  potential  of  biomass-based  energy
generation  has  to  be  recognized  by  various
researchers  who  have  found  it  as  a  reliable  and
affordable  energy  resource.  A  variety  of  biomass
has  been  used  for  the  production  of  biofuels
depending upon the constituents or the type of bio-
energy product depends upon the process applied
for  this  conversion  e.g.  fermentation  results  into

bio-ethanol  or  biodiesel  while  anaerobic  digestion
gives  biogas  production  etc.  among different  bio-
energy  products,  anaerobic  digestion  for  biogas
production  is  preferred  over  other  chemical  or
biological  methods  due  to  its  good  output/input
ratio.  Anaerobic  digestion  (AD)  is  a  biological
process in which organic matter is decomposed by
an  assortment  of  microbes  under  oxygen-free
conditions and produces biogas (about 50-75% CH4

and 25-50% CO2). Till date, a lot of work has been
done for improvements in biogas production and is
also in continuation. As in the process of anaerobic
digestion, a huge amount of water is required for
slurry  formation,  and  thus  water  wastage  is  a
drawback  of  anaerobic  digestion.  This  can  be
improved  by  replacing  distilled  water  with
wastewater  from  various  sources.  As  the  living
standards of people have been enhanced, this has
resulted  in  the  growth  of  industrialization.  Hence,
industrialization  is  increasing  day  by  day,  which
releases more industrial wastewater (3). The type of

601

https://doi.org/10.18596/jotcsa.1009483
mailto:punamchemistrygcw@gmail.com
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
https://orcid.org/0000-0002-4784-4791
https://orcid.org/0000-0001-8366-5144
https://orcid.org/0000-0003-0065-2095


Rani P, Pathak V, Bansal M. JOTCSA. 2022; 9(2): 601-612.  RESEARCH ARTICLE

wastewater  depends upon the type of  industry or
the general used process. Industrial wastewater can
be categorized as inorganic and organic wastewater.
Inorganic wastewater mainly disposed of coal, steel,
and  metallic  industries.  Organic  wastewater  is
mainly produced by the pharmaceutical, beverages,
and textile industries (4).

The textile wastewater components are determined
by the operations performed, type of the fabric, and
the  chemicals  and  dyes  used.  The  color  of  the
wastewater and the type of the dying material used
play  very  important  roles  in  the  component  of
wastewater  (5).The  composition  of  industrial  or
textile  waste  varies  with  the  enhanced variety  of
manufactured  products  and  with  the  demand  of
consumers,  so  today  wastewater  has  a  large
number  of  chemicals  that  need  new methods  for
degradation  and  consumption  in  a  sustainable
manner (6). Most of the wastewater is discharged
with  no  special  treatment  into  ponds  and  rivers
which  leaves  them highly  polluted.  This  improper
management of waste water from industries is the
main cause of environmental hazards (7). Increased
population  demand  for  more  textile  products,  as
well  as  an  increase  in  the  number  of  textile
industries and wastewater, are the main reason for
water  pollution  worldwide.  Specially  the  colored
effluents of the textile wastewater breakdown into
different  chemical  products,  making the quality  of
water  very  harmful  for  aquatic  life  and  causing
eutrophication and perturbations in aquatic life (8).
The  use  of  textile  wastewater  for  anaerobic
treatment can help in controlling the water pollution
(9). For the last few decades, wastewater has taken
the attention of many scientists to be used for some
other  beneficial  purposes  like  extraction  of  heavy
metals, conversion into biofuels etc. Marques et al.
(2001)  (10)  suggested  that  olive  mill  wastewater
could  be  converted  into  65-70%  biogas  using
piggery effluent without any chemical  modification
or dilution with water.

As the nature of the synthetic dyes is toxic for each
and every type of living beings so it should not be
disposed to the water bodies directly. In the process
of  manufacturing  the  textile  dyeing  and  printing
more  than  8000  chemicals  are  used  in  different
processes.  An  average-sized  textile  mill  having  a
production of about 8000 kg of fabric per day uses
about  1.6  million  liters  of  water  (11).  The  World
Bank estimated that around 20% of industrial water
pollution  is  due  to  textile  dyeing  and  finishing
treatment  given to  fabric  (12).  Azo  reactive  dyes
are  very  common  for  dying  cotton  fabric.  These
dyes  cannot  be  treated  using  activated  sludge
treatment or other chemical treatment. The process
of  chemical  coagulation  and  flocculation  for
adsorption  is  used  to  remove  the  color  from the
wastewater,  but  for  the  removal  of  the

contaminants,  an  advanced  oxidation  process  has
been developed, but they are not cost effective due
to their high consumption of energy so they cannot
be applied in general. As a result, there is a need for
a simple and effective process that can be used to
make the textile wastewater nontoxic. This process
must  be  cost-effective  and  environmentally  safe.
Anaerobic  digestion  is  one  of  the  biological
treatments  of  textile  wastewater  that  helps  with
contaminants’  removal  (11).  Treatment  of  textile
wastewater  by  using  suitable  microorganisms and
media in up-flow anaerobic fixed bed reactor (UAFB)
can  remove  COD  and  color  up  to  81.33%  and
86.78%, respectively, at highest loading rate (13).
The biogas production of various biomass using this
wastewater  can  be  improved  as  it  provides  good
nutrients  to  the  methane-producing  micro-
organisms.  Incorporation  of  different  biomass  to
generate  biogas  is  called  as  “co-digestion”.  This
helps optimize the biogas production (14). Different
types  of  biomass  can  be  considered  as  the  best
option as they have the large potential due to their
abundance  of  carbohydrates,  which  can  fulfill
requirements for biogas generation and could satisfy
fuel  supply  in  the  future  (15,  16).  The  major
problem  in  the  process  of  conversion  of
lignocellulosic biomass into bio-fuels is the complex
structure of the biomass that restricts the biological
and  chemical  treatments  needed  to  unfasten  the
poly-carbohydrates  into  mono-carbohydrates  (17).
Different countries have different biomass potentials
depending upon temperature  and other  conditions
(18).  There is  a vast  variety of  organic materials
that  can be used  as  a  good substrate  for  biogas
production,  like  agricultural  waste,  food  and
vegetable  waste,  sewage  sludge,  manure,  and
municipal waste, etc. (19). 

Jijai  et  al.,  (20)  suggested  that  enhanced  bio-
methane production from chicken manure when co-
digested  with  Thai  rice  noodle  wastewater  in
different  ratios  proves  the  effective  role  of  co-
digestion in boosting the biogas yield. The effect of
phyto-degradation  by  Pistia  stratiotes on
wastewater  of  sugar-mill  and  its  special  use  for
biogas  production  was  investigated  and  observed
(21).

As the process of anaerobic digestion has been used
for many years all over the world, it is not a new
process. However, the important point is that it was
processed  without  proper  knowledge  of  the
mechanism of the reaction in it, so it was not known
earlier  what  the  role  of  carbon  content  in  the
substrate  was  for  this  process  to  produce  the
biogas. Now as the chemistry behind the process of
anaerobic digestion has become more clear, it helps
understand  the  role  of  the  structure  of  cellulose
hemicelluloses  and  lignin  in  conversion  into
biomethane  (22).  To  understand  the  process  of
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anaerobic  digestion  of  any  substrate,  the
fundamental factors are as follows:

1.  Providing proper contact between bacteria and
carbon containing substrate,
2.  Providing sufficient retention time for bacteria,
and 
3.  Providing  suitable  uniform  environment  for
depolymerization of complex carbohydrates (23). A
lot of factors are there which affect the anaerobic
digestion  process  like  pH,  temperature,  retention
time, and the nutrients present in slurry (24).

Agricultural  wastes  are  made  up  of  mainly
carbohydrates  and  have  a  great  potential  to  be
converted  into  bioenergy  and  other  value-added
products. So, conversion to biogas is one of these
products  that  gives  many  environmental  benefits.
The global production of wheat was 729 Tg in 2014,
and it is one of the three most cultivated crops in
the world. As the ratio of straw to grain is 1.5, the
production of  straw is  more than  one billion  tons
annually.  Thus,  wheat  straw  is  a  sustainable
substrate due to its availability in abundant amount
and at low cost (25). Wheat straw biomass is widely
used for  the  production of  biogas,  hydrogen fuel,
bioethanol, and other complementary products like
briquette production (26).

In the present study, textile wastewater is used as a
solvent  for  making  the  slurry  from  lignocellulosic
biomass  and  inoculums.  Lignocellulosic  biomass
gives  better  result  when  integrated  with  textile
wastewater  for  the  production  of  biogas.  The
process of biomethanation has been boosted up by
the use of textile wastewater.

MATERIALS AND METHODS 

Collection and Characterization of Wastewater
  TWW was treated with hydrogen peroxide (H2O2)
and sodium hypochlorite (NaOCl) before discharge
to minimize its hazardous effects. To avoid further
oxidation  and  degradation  of  wastewater
constituents, the sample was stored in an air-tight
plastic container at 4 °C without the addition of any
chemicals.  The  physio-chemical  characteristics  of
textile wastewater sample were determined in the
laboratory  as  per  Standard  Methods  for  the
Examination of Water and Wastewater, 21st Edition,
American Public Health Association/American Water
Works  Association/Water  Environment  Federation,
Washington DC, and are reported in Table 1. The
characterization of each parameter has been carried
out in triplicate.

Table 1: Characteristic of the textile wastewater sample.

S.No. Parameter Wastewater sample
1 pH 8.6±0.14
2 COD 1390±3.5
3 BOD(5 days) 760±2.8
4 TDS 3400±8
5 TSS 168±1.8
6 Sulfides 6±0.16
7 Chlorides 78±0.24
8 Nitrates 4.5±0.12
9 Phosphates 5.8±0.11
10 Electrical conductivity 964±3.2
11 Oil  & grease 12

*All the values except pH and EC are in mg/L.

Collection  and  Characterization  of  Wheat
Straw and Cow Dung (inoculum)
Wheat  (Tritium  aestivum)  straw  for  biogas
production  was  collected  from  agricultural  fields
located in Faridabad (India). The straw was cut into
pieces with a size smaller than 20 mm, prior to its
application. Cow dung was used as an inoculum for
the  source  of  methanogens,  which  was  collected
from a local dairy farm located in the same region.
The  characterization  of  feed  wheat  straw  and
inoculum has been performed in the laboratory. The
characteristics  of  wheat  straw  and  cow  dung  are
reported in Table 2. Wheat straw and inocula (cow

dung) were analyzed for evaluation of total  solids
(TS), total-Kjeldahl nitrogen (TKN), pH, and volatile
bolids  (VS).  TS  was  determined  by  drying  in  an
oven at 100 °C for 48 h. VS content was determined
by the mass of sample remaining after heating the
dried milled sample at 550 °C for 4 h (27). The TS
and VS of the substrate were determined before and
after AD by 2540B method (27). The total carbon by
Walkey&Black method (28),  total  nitrogen 4500-C
(27),  and  chemical  oxygen  demand  open  reflux
method (COD) by 5220B (27) of the substrate were
analyzed. The pH value was detected by a digital pH
meter (Cph-102).

603



Rani P, Pathak V, Bansal M. JOTCSA. 2022; 9(2): 601-612.  RESEARCH ARTICLE

Table 2: Compositional characterization of substrates.

Parameters Cow Dung Wheat straw

pH 6.2±0.12 7.1±0.14

TS% 32.4±0.11 76.4±1.22

VS% 21.2±0.01 86.23±1.35

TKN% 0.23±0.01 0.4±0.01

TOC% 4.75±0.21 8.82±0.22

COD(mgL-1) 80±1.2 200.0±4.3

C/N ratio 20.7±0.57 46.5±0.78

Celluloses% 19.6±0.16 39.5±0.56

Hemicelluloses% 21.8±0.24 26.8±0.34

Lignin% 1.9±0.14 6.6±0.12
*All the values except pH and C/N are in mg/L.

The wastewater was used at 25%, 50%, and 75% dilutions and at full concentration (100%). 

Anaerobic Digestion Experiments 
Anaerobic digestion experiments were performed in
triplicate at room temperature (25-30 °C). Aspirator
glass bottle  (1 liter)  was used as the bio-reactor.
Wheat straw and cow dung were mixed together in
1:1 ratio and the slurry was prepared in proportion
of 1:10 by using industrial wastewater diluted with
distilled water. This wastewater is used as a top-up
volume  in  collaboration  with  distilled  water  in
various ratios to improve the biogas production from
lignocellulosic  biomass,  i.e.,  wheat  straw.
Experimental  setups  have  been  prepared  using
wastewater and distilled water at 25%+75%, 50%

+50%, 75%+25%, and at 100%+0%, respectively.
A  control  set  up  was  also  tested  for  anaerobic
digestion by loading  wheat straw,  cow dung,  and
distilled  water  in  1:10  for  the  determination  of
enhancement  in  biomethane  potential  of  the
substrate, which is important to evaluate the exact
biomethane potential of wheat straw using industrial
wastewater.  Basic  operating  parameters  of  the
digester  set-ups  are  listed  in  Table  3  below.  The
slurry from all  experimental  set-ups was analyzed
for physico-chemical characterization as soon as it
was  prepared  and  after  completion  of  the
experiment. 

Table 3: Basic operating parameters of digester set up.

S. No. Parameters Particular detail 

1 Hydraulic retention time (HRT) 20 days

2 Operating temperature 25-35 °C

3 C/N 20-30

4 Substrate concentration(TS) 76.40%

5 Substrate/inocula ratio 1:1

Liquid Digestate Characterization 
After completion of experiments, the digested slurry
was collected from the anaerobic digestion reactors
and analyzed as per the methods discussed in the
section  titled  “Collection  and  Characterization  of
Wheat Straw and Cow Dung (inoculum).

Kinetic Study of Biogas Production
The yield of AD process depends upon the rate of
depolymerisation  of  substrate  by  the  microbes.
Thus,  the  kinetic  study  of  the  reaction  has  been

observed using modified Gompertz model. In order
to  understand  the  influence  of  the  addition  of
wastewater  instead  of  simple  water  (in  slurry
preparation)  on  biogas  production,  a  modified
Gompertz  model  was  employed  to  evaluate  the
cumulative biogas production.  (29, 30) 

Y(t)=Pexp{-expmPλ-1+1}  (1)

Where,  Y  (t)  is  the  cumulative  biogas  yield  (mL)
with  respect  to  time  t  (days), P  is  the  maximum
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biogas  production  potential  (mL),  µm is  maximum
biogas  production  rate  (mL/day),  λ is  lag  phase
(days).  All  parameters  were  estimated  by  using
nonlinear curve fitting by using PAST 4.03 statistical
software.

Statistics 
The  anaerobic  digestion  experiments  were
performed in triplicate.  The statistical  calculations,
modeling,  optimization,  and  graphical  work  were
performed using Microsoft Excel.

Economic Evaluation of Bioenergy Generation
Process
An economic analysis of the experimental yields of
the  present  study  has  been  performed  for  the
biomethane  production  process  in  this  study.  A
comparison of different yields from energy recovery
of bioenergy generation process and cost-effective
combination  was  observed  and  analyzed.  The
evaluation  is  also  compared  to  other  wastewater-
bioenergy  conversions  reported  earlier  by  several
researchers (31).

RESULTS AND DISCUSSION 

Textile Wastewater Characteristics
The  textile  sector  produces  large  amount  of
wastewater with lots of contamination and high pH
and COD value.  The  pH of  TWW samples  is  8.6,
which is alkaline in nature. COD and TOC of sample
are appropriate after dilution for growth and activity
of  microbial  population.  The  characterization  of
wastewater  has  been  listed  in  Table  2.  Oil  and
grease are low in value, but there is sufficiently high
amount  of  other  water  pollutants,  i.e.,  sulfides,
chlorides,  and  phosphates.  Total  suspended solids
and total dissolved solids are 168 and 1360 mg/L,
respectively.

Feedstock Characteristics

Feedstocks are the most important parameters for
designing and operating an anaerobic digester. The
initial  characteristics  of  the starting  material  have
an effective role in initiation,  process consistency,
and  bio-energy  production  during  anaerobic
digestion.  Hence,  the  target  of  enhanced  biogas
production  can  be  achieved.  Initial  pH  of  wheat
straw was 7.1, while it was 6.2 for cow dung. Table
2 shows the characteristics of raw wheat straw and
cow dung. Volatile solid content of wheat straw is
very good i.e. 86.73% as compared to cow dung,
i.e.,  21.6%.  The  cow  dung  manure  had  already
undergone the process of digestion, so it had a low
value of volatile solids. C/N ratios of inocula used in
the study were in between the optimal range of C/N
ratio for anaerobic digestion, i.e.,  20 to 30, while
that of substrate was quite high. The co-digestion of
lignocellulosic  biomass  with  animal  manure  can
adjust the C/N of slurry to an appropriate level.

Biogas  Yield  from  Different  Experimental
Slurries
During  the  anaerobic  digestion  of  all  types  of
digester slurry, a significant change in all selected
physico-chemical  parameters  was  observed.  The
time  course  reduction  in  the  selected  slurry
parameters has been given in Table 6. Among all
the  five  digesting  set  ups  of  wheat  straw,  the
highest percent reduction of pH, TS, TOC, VS, COD,
TKN, and C/N ratio for 75% dilution of wastewater
(SlurryA2)  has  been  encountered  at  room
temperature with maximum biogas production (588
mL). Table 4 shows that biogas production has been
increased when the slurry contained distilled water
and textile wastewater at 3:1 ratio. As the ratio of
wastewater  in the slurry increases,  the activity  of
methanogens  decreases,  thus  falling  off  the
production  of  biogas.  The  daily  and  cumulative
biogas production of all  the digesters is  shown in
Figures 1 and 2, respectively.

Table 4: Design of the experimental set ups after preparation of experimental slurry for digestion of wheat
straw with cow dung and yields obtained.

Set
ups

Wheat
straw:
cow
dung

Dilution  of
TWW  in
percentage

Distilled
Water
(mL) 

Textile
Wastewater
(mL)

HRT Biogas
production
(mL/kg VS)

A1 1:1 Control 600 0 20 Days 418

A2 1:1 75% 450 150 20 Days 588

A3 1:1 50% 300 300 20 Days 510

A4 1:1 25% 150 450 20 Days 456

A5 1:1 100% 0 600 20 Days 408

Daily biogas production of the anaerobic digesters is
shown in Figure 1. It has been found that the slurry

containing wheat straw and cow dung digested with
75% diluted wastewater has maximum production,

605



Rani P, Pathak V, Bansal M. JOTCSA. 2022; 9(2): 601-612.  RESEARCH ARTICLE

while the slurry digested with only wastewater (not diluted  with  distilled  water)  has  the  minimum
production.
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Figure 1: Daily biogas production from different slurries.

Daily and cumulative production showed that 75%
dilution  of  wastewater  provides  a  suitable
environment for the bacterial colostra to grow and

procure depolymerization of complex carbohydrates
into simple ones and then to methane.
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Figure 2: Cumulative biogas production of different slurries.

Effect  of  Wastewater  Composition  on  Biogas
Generation
The ions present in the slurry are crucial parameters
as they determine the granulation and stability  of
the  reactor  (32).Thus,  methanogens  perform
according  to  the  environment  they  are  provided
with.  Methanogens need some nutrients  that  help
the working capability of the microbes for methane
production (33). The experimental work performed
shows  that  higher  concentration  of  wastewater

lowers  the  biogas  production  due to  hindrance in
methanogens’ activity. Also, as the concentration of
wastewater remains at appropriate level, it provides
proper  nutrients  to  microbes,  thus  enhances  the
production  of  biogas.  This  can  be  properly
understood by the change in CODs before and after
slurry  of  each  sample. Chemical  oxygen  demand
(COD) of any biomass or slurry is calculation of the
oxygen  equivalent  of  the  organic  matter  content.
Change in COD is  amount of  oxygen removed by
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changing organic  compounds to  CH4,  a  significant
amount of CO2, H2, and negligible amounts of other
gases  like  H2S (34).  These  changes  in  CODs  are
shown in Fig 4. The decrease in CODs of all 5 slurry
samples are 56.23%, 26.60%, 31.36%,72.49% and
33.74% respectively. This shows that the maximum
decrease in CODs occurs in the digester having a

wastewater concentration of 25%, i.e., sample A2.
This can easily come to the fact that accurate ions in
limited  amount  can  enhance  the  potential  and
activity  of  methanogens  for  better  performance.
Similarly,  Manjula  and  Mahanta  (21)  showed  the
effect  of  the  change  in  CODs  in  boosting  biogas
production.
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Figure 3: Change in CODs of various slurries samples.

Statistical  Analysis  of  the  Results  of
Experiments
Data were analyzed for means and variances, and
statistical  significance  was  determined  using  non-

linear  regression  using  Excel  with  a  threshold  p-
value of 0.05. The analysis of samples shows that
coefficients and other values are best suited for A2
sample, satisfying the experimental work.

Table 5: Statistical analysis of slurry samples.

Sample Coefficients
Standard
Error t Stat P-value

Lower
95%

Upper
95%

A1 68.2 15.80438906 4.315257 0.000417 34.9962108 101.40379

A2 -30.03157895 21.03385729 -1.42777 0.170477 -74.222073 14.158915
A3 -9.105263158 13.21098212 -0.68922 0.499474 -36.860507 18.64998
A4 -22.8 11.0269566 -2.06766 0.053357 -45.966776 0.3667761
A5 -19.25789474 13.43097183 -1.43384 0.168761 -47.475319 8.95953

ANOVA  showed  a  significant  difference  in  biogas
yield from A2 slurry as compared to A1 slurry (p <
0.05). This increase in biogas production from A2
slurry  might  have  happened  because  textile
wastewater in appropriate ratio with distilled water
has  good  nutritive  value  for  methanogenic
microorganisms.  Thus,  it  would  have  provided  an
additional  microbial  workforce  to  degrade  and
convert  the  available  polysaccharides  into  biogas.
CD could have also alleviated the potential toxicity
of textile wastewater due to its complex composition
containing  chelating  agents  and  the  ability  to
enhance the degradation of recalcitrant compounds.
Moreover, the C/N ratio of the A2 mixture was also
in a particular range, i.e, 21–25.

The values of biogas produced by different set-ups
are  compared  with  the  predicted  values  obtained
from the statistical analysis of all the experimental
yields. This also helps to estimate the result that A2
gives  the  minimum  difference  between  predicted
and experimental yield. 

Kinetic  Study  of  Biogas  Production  Using
Modified Gompertz’ Model
It  is  well  known  that  the  action  of  microbes  on
substrate for depolymerization of carbohydrates or
complex  constituents  differs  in  response  to  the
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conditions of reactors such as temperature, pH, and
nutrient  availability.  Microbial  growth  was  also
analyzed at changing concentrations of wastewater
using  kinetic  study  of  reacting  and  found  that
microbial  action  is  good  in  25%  and  50%  of
wastewater  in  slurry,  not  much  in  75% and  was
decreased in 100% concentration. Kinetic study of
anaerobic  digestion  revealed  that  a  low
concentration  of  textile  wastewater  helps  in
microbial  growth  and,  hence,  enhanced  biogas
production. Also, 25% is the optimum concentration
for  increasing  the  yield  of  anaerobic  digestion  by

enhancing  depolymerization  of  lignocellulosic
biomass,  while  100%  concentration  lowers  the
production as compared to the control.

Biogas daily cumulative production data of each test
group  was  fitted  best  to  the  modified  Gompertz’
model. The kinetic parameters of biogas production
are  shown  in  Figure  4.  This  shows  that  the
correlation coefficient for the Gompertz’s model was
found to be 0.99 for all test groups, which shows a
good fit of the model with experimental data.

(a) (b)

(c) (d)
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(e)

Figure 4: Kinetics study and predicted biogas production from the slurry.

Economic  Analysis  of  Bioenergy  Production
Profit and Energy Recovery Capacity
The economic analysis for energy recovery and cost
effectiveness has been carried out for biomethane
production from textile wastewater. Energy recovery
from textile wastewater was measured in terms of
the biomethane production that  can be generated
per unit of substrate utilization and the energy value
of the produced energy. The assumption is based on
the experimental  study,  performed by Park  et  al.
(35). Biogas production from slurry A2 is maximum,
i.e., 588 mL/kg of VS, which estimates about 60%
of methane i.e. 353 mL/kg of VS, as suggested by
other researchers (31).

Methane  production  from  slurry  containing  25%
textile wastewater =353 mL/kg of VS = 0.35 L/kg of
VS

COD of slurry A2 after biomethane production = 115
mg/L

Economic  Profit  of  Methane  produced  (35)  =0.35
L /kg of VS * 0.57 $/m3 = 0.2 $/m3

Pollution Reduction in Textile Wastewater
Textile wastewater has pollutants that can cause a
bad effect on aquatic life. Thus, reduction in these
pollutants must be made before reviving to water
bodies. Anaerobic digestion helps in the reduction of
these  pollutants.  Analysis  of  pre  and  post-
characterizations of textile wastewater in this study
has  shown  that  the  chemical  moieties  that  may
cause  water  pollution  can  enhance  the  biological
activities of microbes.

Table 6: Analysis of pre- and post-characterizations of textile wastewater.

Conc. (%) 25 50 75 100

Parameters Initial Final R*(%) Initial Final R*(%) Initial Final R*(%) Initial Final R*(%)

Chloride 62 38 38.7 65 50 23 78 56 28.2 86 59 31.39

Nitrate 2.4 0.8 66.7 3.6 2 44.4 4 2.4 40 4.4 2.1 52.27

Phosphate 4.2 2 52.4 4.8 2.6 45.8 5.2 3.1 40.3 5.6 4.3 23.2

Sulfate 4.3 1.2 72 5.6 2.3 41 5.8 3.4 41.4 6 4.5 25

COD 1540 854 44.5 1765 1240 29.17 1778 1380 22.38 1840 1540 16.3

Table  6 has  shown that  the  value  of  chlorides  in
wastewater  reduced  by  38.7%  after  anaerobic
digestion  in  a  25%  concentration  of  slurry.  The

results  given  in  table  6  specifically  show  that
pollutants  are  effectively  reduced  in  all  slurry
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samples, with the highest level in 25% of the slurry
sample.

CONCLUSION 

In the present study,  the optimization and kinetic
modelling  of  biogas  production  potential  of  wheat
straw  biomass  co-digested  with  cow  dung  using
industrial wastewater was investigated. It has been
concluded that with the help of textile wastewater,
biogas  production  can  be  boosted  up.  Biogas
production  by  using  an  appropriate  amount  of
wastewater  enhances  the  depolymerization  of
polysaccharides  by  providing  proper  nutrients  to
microbes. It has been suggested that an appropriate
amount  of  textile  wastewater  helps  in  microbial
growth and enhances biogas production. The result
in  enhanced  biodegradability  was  observed  as
change in CODs and TOCs before and after of each
slurry  samples.  The economic  analysis  for  energy
recovery  and  cost  effectiveness  provides  a  smart
approach  to  use  textile  wastewater  in  bioenergy
production. A pollution reduction study of the textile
wastewater  has  shown  that  the  use  of  textile
wastewater in biomethane generation helps in the
control of water pollution.
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Optoelectronic Parameters of 2-oxo-2-(1-oxo-1H-isochromen-3-yl)ethyl
methacrylate Compound Thin Film
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Abstract: The UV/VIS spectrophotometric scans were obtained to determine the opto-electronic properties
of 2-oxo-2-(1-oxo-1H-isochromen-3-yl)ethyl methacrylate (other name: 2-(isocoumarin-3-yl)-2-oxoethyl
methacrylate) compound thin film. The refractive index of compound at 700 nm was found to be 1.61. The
values of the real part of the dielectric constant were higher than those of the imaginary part. The results
indicated that the electronic transition responsible for the absorption was the indirect allowed one. The
optical band gap constant and the Urbach energy corresponding to the width of the band tails of localized
states were calculated to be 3.19 eV and 1.05 eV, respectively. From the results obtained, it is predicted
that 2-oxo-2-(1-oxo-1H-isochromen-3-yl)ethyl  methacrylate (OICEMA) compound can take place in the
semiconductor class and play a role in the design of some electro-optic materials.
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INTRODUCTION

Isocoumarins or  1H-isochromen-1-ones,  are  the
most  important  members  of  the  heterocyclic
compound  class,  especially  in  the  natural  lactam
ring compound group (1). The chemical structure of
this compound consists of a lactonic α-pyranone ring
fused  to  the  benzene  ring  at  positions  5,6  (2).
These  compounds  form  the  basis  of  various
biologically and pharmacologically important natural
products  (3).  While  isocoumarins  and  derivatives
can be used directly by naturally  extracting  them
from  many  sources,  the  synthesis  of  these
compounds has also been carried out by using many
different  synthetic  methods  .  Some  of  these
commonly used methods are conventional synthetic
reactions,  microwave-assisted  reactions,  insertion,
cyclization, and bond cleavage reactions, and also
transition  metal  catalyzed  reactions  (3-6).  As  a
result  of  the  use  of  isocoumarin  derivatives  as
reagents  under  different  reaction  conditions,  new
types  of  hetero  or  carboxylic  compounds such  as

isocarbostyrils,  isoquinolines,  and  isochromenes
have  also  been  synthesized  (3,7).  Due  to  their
heterocyclic  structures,  isocoumarins  exhibit
important  biological-pharmacological  and  chemical
properties (2,8).  

Due  to  the  π-conjugated  bond  system  in  their
structures,  isocoumarins  and  derivatives  show
electrical-optical properties, and thus they may be
candidate compounds for optically active materials
similar  to  their  coumarin  isomers.  So,  as  it  is
known,  studies  on  the  optical  properties  and
application  areas  of  coumarins,  which  have  π-
conjugated  bonds,  are  frequently  seen  in  the
literature,  and  some  of  them  show  important
optoelectronic  properties  and  can  be  classified  as
semiconductor  materials  (9,10).  However,  the
majority  of  reported  studies  on  isocoumarins  are
concentrated on their biological or pharmacological
effects.  But,  there  are  still  some  publications
investigating  the  photophysical  properties  of
isocoumarins in literature. For example, Elmas and
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coworkers designed a novel fluorescent probe based
on an isocoumarin compound, 2-amino-4-phenyl-6-
(isocoumarin-3-yl)  -3-cyanopyridine,  for  mercury
and iron ions and for live cell imaging applications
(11). Pirovano and friends reported the synthesis,
characterization  and  photophysical  properties  of
some isocoumarin derivatives-based D-π-A systems
(12).  In  another  study,  Shoji  and  coworkers
synthesized various  benzofurans and isocoumarins
with azulene group using intramolecular cyclization
reaction  of  1-ethynylazulenes.  They  clarified  the
structures  of  molecules  by  single-crystal  XRD
analysis  and  investigated  the  optical  parameters
using  UV  spectroscopy  (13).  Zamani  and  friends
also  synthesized  and  characterized  some  novel
optically active 3-substituted isocoumarins and 3,4-
dihydroisocoumarins  containing  L-valine  and  L-
leucine moieties (14). 

As mentioned above, mostly the biological activities
of isocoumarin molecules have been investigated. In
addition to these, the synthesis of polymers based
isocoumarin molecules has also been encountered in
limited numbers in  the literature  (1,5,15). In this
context,  some  isocoumarin  derived
polymer/copolymer  systems  and  their  various
properties  have  been  reported  by  our  research
group in previous studies (5,15). Apart from these
aforementioned properties of isocoumarins, studies
investigating  the  optical  properties  of  isocoumarin
derivatives in detail have not been found within our
knowledge  of  the  literature.  In  order  to  make  a
contribution to the existing literature deficiency on
the electro-optical properties of isocoumarins or 1H-
isochromen-1-ones,  herein  we  aim  that  UV
measurements of 2-oxo-2-(1-oxo-1H-isochromen-3-
yl)ethyl  methacrylate  (OICEMA)  compound  are
recorded in the wavelength range of 330 - 700 nm.
Some optical  parameters  are  calculated using the
related equations  available  in  the  literature.  From
the  results  obtained,  it  is  predicted  that  OICEMA
compound can take place in the semiconductor class
and play a role in the design of some electro-optical
materials.

EXPERIMENTAL

Materials
The  used  solvents,  dimethyl  sulfoxide  (DMSO),
tetrahydrofuran  (THF),  chloroform,  and  ethanol
were purchased from Sigma-Aldrich. In addition, the
synthesis of OICEMA compound was achieved again
by the reaction of 3-(bromoacetyl)-1H-isochromen-
1-one and sodium methacrylate in the presence of
THF as  well  as  following a series  of  experimental
steps  according  to  our  previous  studies  (5,15).
Schematic representation of OICEMA compound was
illustrated in Figure 1. The FTIR and  1H-NMR data
are summarized below:  

FTIR  (cm-1):  1601  (aromatic  C=C),  1634  (vinyl
C=C),  1708  (acetyl  ketone  C=O),  1722

(isocoumarin ring C=O), 1741 (methacrylate C=O),
2993–2853 (aliphatic C-H), 3111–3041 (aromatic C-
H). 
1H-NMR (DMSO, δppm): 1.95 (vinyl -CH3), 5.45 (–
COOCH2), 5.82 and 6.17 (vinyl =CH2), 7.78 - 8.01
(aromatic =CH-), 8.27 (isocoumarin =CH-).

Figure 1: Scheme of OICEMA compound.

Instrumental Techniques
Spectral  characterizations  were  performed  with  a
Perkin  Elmer  Spectrum  100  FTIR  (ATR)
spectrometer and a Bruker 300 Mhz Ultrashield TM
nuclear  magnetic  resonance  spectrometer.  A  thin
film of  compound was prepared with  spin coating
technique.  Therefore,  a  Laurell  WS-400-6NPP-Lite
spin coater was used. For this process, 0.025 gram
of OICEMA compound was weighed and dissolved in
25 mL of dimethyl sulfoxide and coated onto a glass
at the conditions of 5 bar argon gas pressure and
2500 rpm for 25 seconds. The thickness of film was
measured  to  be  2  µm using  a  digital  micrometer
supplied by Mitutoyo Corporation Ltd Japan. Then,
UV  measurements  were  carried  out  by  a  Perkin
Elmer Lambda 25 UV/VIS Specrophotometer (330 –
700 nm).    

RESULTS AND DISCUSSION

The  spectral  characterization  of  the  OICEMA
compound was re-achieved with FTIR and  1H-NMR
techniques according to our previous studies (5,15).
Figure 2 shows the FTIR spectrum of the compound
in which the most characteristic bands are observed
at 3111–3041 cm-1 (aromatic C-H), 2993–2853 cm-1

(aliphatic  C-H),  1741  cm-1 (methacrylate  C=O),
1722  cm-1 (isocoumarin  ring  C=O),  1708  cm-1

(acetyl ketone C=O), 1634 cm-1 (vinyl C=C), 1601
cm-1 (aromatic C=C). 
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Figure 2: FTIR spectrum of OICEMA compound.

In  its  1H-NMR spectrum (Figure  3),  the  signal  at
8.27 ppm is attributed to the =CH- proton in the
isocoumarin ring. The chemical shifts between 8.01
ppm and 7.78 ppm are due to the aromatic =CH-
protons.  Both  signals  at  6.17  and  5.82  ppm  are
attributed  to  vinylic  =CH2 protons.  The  signal  at
5.45 ppm is reasoned by CH2 protons adjacent to
the methacrylate ester and the signal at 1.95 ppm is
also due to the -CH3 protons adjacent to the vinyl
group.

Figure 3: 1H-NMR spectrum of OICEMA compound.

The  optical  properties  of  organic  molecules
containing  multiple  π–bonds  are  reported  due  to
their opto-electronic applications (9,10). In order to
determine  the  optical  and  electronic  properties  of
molecules, UV–VIS spectroscopy is commonly used
(16).  Some physical  phenomena occur  when light
passes from an air medium to any dense medium,
such  as  a  solid  phase.  That  is,  the  fractions  of
incident light are partially reflected, transmitted, or
absorbed (16). This situation can be formulated as:
(T  +  R  +  A  =  1)  where  T:  transmittance,  R:
reflectance, and A: absorbance. Using these values,
a different set of optical parameters can be easily
obtained. 

Figure 4: Transmittance spectrum of OICEMA
compound.

Therefore, the UV/VIS measurements were obtained
between 330 nm and 700 nm for OICEMA compound
film. Its transmittance and reflectance spectra were
shown  in  Figures  4  and  5,  respectively.
Transmittance  spectrum  was  increased  depending
on  the  increase  in  wavelength  whereas  the
reflectance values were decreased. In addition, the
results  obtained  from  the  UV  absorption  data
showed that the absorption rate in the visible region
was  less  than  that  of  the  UV  region  (17).  The
absorption  exhibited  by  the  OICEMA  compound
around  330  nm  may  be  reasoned  from  n-π*
transitions of C=O groups in the molecule (18). 

Figure 5: Reflectance spectrum of OICEMA
compound.

The  refractive  index  (n)  is  an  important  optical
parameter and it may be easily determined from the
transmittance  and  reflectance.  Therefore,  a
relationship  between  these  parameters  can  be
explained by the following formula (19): 

n=[ 1+R1−R ]+[ 4 R
(1−R)2

−k 2]
1/2

(1)  

Where k is the extinction coefficient. This parameter
is also obtained as: 
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k=α λ
4 π (2)

Where  α  is  the  absorption  coefficient  and
corresponds to the following equation:

α=2.303 A
d

(3)

Where  d  is  the  film  thickness,  and  A  is  the
absorbance. Figure 6 shows that the refractive index
is inversely  related to the wavelength.  Depending
on  the  increase  in  wavelength,  a  significant
decrease in the refractive index was observed.  In
particular,  this  decrease  is  sharper  and  more
pronounced  in  the  UV  region,  as  pointed  out  by
Rodriguez et al (20). Towards the next wavelengths
(after about 400 nm) the decreasing rate is slower
and reaches an almost constant value. The n value
is found to be 1.61 at 700 nm. 

Figure 6: Refractive index dispersion curve of
OICEMA compound.

Figure  7  shows  the  variation  of  the  extinction
coefficient with the wavelength. As seen in Figure 7,
at the low wavelength range, the decrease in the
extinction  coefficient  is  quite  evident.  However,  a
stabilization  towards  higher  wavelengths  is
observed.  

Figure 7: Variation of extinction coefficient (k) as a
function of wavelength of OICEMA compound.

The  real  (εr)  and  imaginary  (εi)  parts  of  the
dielectric constant are:

ϵ r=n
2– k2  and ϵ i=2nk (4)

The  variation  of  these  constants  with  energy  is
given in Figure 8. As can be seen from this figure,
the imaginary part of dielectric constant is smaller
than  the  real  part.  The  real  and  imaginary  parts
values of OICEMA compound were found to be 2.68
and 0.0048 at an energy level of 2 eV, respectively.
  

Figure 8: The spectra of real (εr) and imaginary (εi)
parts of dielectric constant of OICEMA compound.

Dispersion energy parameters are obtained by the
Wemple  and  DrDomenico  relationship  (21).  The
relationship between n and single oscillator strength
is evaluated according to following relation: 

n2(hν )=1+
E0Ed

E0
2– (hν )2

(5)

Where Eo is the single – oscillator energy, Ed is the
dispersion energy. Eo is responsible of the electronic
excitations  in  the  compounds  and  shows  the
average of  the optical  band gap.  Ed indicates the
dispersion energy in the compounds and shows the
average  strength  of  interband  optical  transition
(22). Figure 9 shows the plots (n2−1)−1 versus (hν)2

values.  The linear  fit  of  this  figure  yields  a  slope
equal to (EoEd)-1 and an intercept equal to Eo/Ed. The
values  of  Eo  and  Ed for  OICEMA  compound  were
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found  to  be  3.96  eV  and  4.33  eV,  respectively.
These values were also listed in Table 1. 

Figure 9: Variation of (n2-1)-1 as a function of E2 of
OICEMA compound.

M−1 and M−3 moments of the imaginary part of the
optical  band  (21,23)  may  be  defined  as:  Eo

2=
M−1/M−3 and Ed

2= (M−1)3/M−3. Table 1 includes these
values. It is noted that M−1 value is greater than the
M−3 when compared to each other.

The single-term Sellmeier relation is used in order
to determine the relationship between the refractive
index and the wavelength (24): 

n2(λ) –1=
S0λ0

2

1−(λ 0/λ )2
(6)

Where λo and So are the average interband oscillator
wavelength and oscillator strength, respectively. To
determine both parameters, (n2-1)-1 values against
λ-2 values according to Eq. (6) are plotted.  These
plots are shown in Figure 10. From the slope and
intercept of line, the  So and λo values of OICEMA
compound are calculated and given in Table 1. 

Figure 10: Variation of (n2-1)-1 as a function of (λ)-

2 of OICEMA compound.

In  order  to  understand  the  interband  transition
theory of solid state materials, the absorption data
at the fundamental edge can be easily analyzed with
the following equation (25):

(α hν )=B (hν – E0)
n  (7)

Where Eg is the optical band gap, B is a constant,
and n is an index that shows the types of electronic
transitions.  These  n  values  can  take  different
values, like 2, 3, 1/2, and 3/2. Their interpretations
are well  known in the literature  (22).  In order to
determine  the  electronic  transition  type  of  any
material,  the  value  with  the  best  agreement
between  the  n  values  should  be  determined.  For
this, the (αhν)1/n values against energy (hν) values
for each n value are plotted and the n value with the
best linear regression value is selected. In our work,
we achieved the best fit for n=2, that is, for indirect
allowed  transition  for  OICEMA  compound.
Accordingly,  (αhν)1/2 versus  (hν)  values  were
plotted in order  to  calculate  the optical  band gap
(Eg).  This  is  shown  in  Figure  11.  From  the
extrapolation  of  this  line,  the  Eg  value  was
calculated as 3.19 eV.
  

Figure 11: Plot of (αhν)1/2 vs. E of OICEMA
compound.
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Table 1: Optical parameters of OICEMA compound.
Eu (eV) Eg (eV) E0 (eV) Ed (eV) S0.1013(m-2) λ0(nm)

1.05 3.19 3.96 4.33 1.11 313

M−1 M−3(eV)-2 β α0 n 
(700 nm)

T% 
(700 nm)

1.09 0.07 0.025 2.88.10-6 1.61 94.48
   
When  any  material  is  exposed  to  a  certain  UV
wavelength, some localized defect states can occur
in the band gap. These defect states can trap the
excited electrons and prevent their direct transition
to the conduction band (26). The tail width of these
defect states is defined as the Urbach energy and
can be determined by the following general formula
(27):

α=α 0 exp(
E
Eu

) (8)

Where α0 is a constant, and Eu is the Urbach energy.
The slope of the line obtained from the graph of (ln
α) versus energy E (eV) can be used to calculate it.
This  is  shown  in  Figure  12.  The  value  of  Urbach
energy  was  calculated  to  be  1.05  eV  while  α0

constant was 2.88x10-6. In addition, at a constant
temperature and in the Urbach tail range, the slope
of Figure 10 corresponds to σ/kT.  Where k is the
Boltzmann constant, and T is the temperature, σ is
the  steepness  parameter.  This  parameter  is
temperature  dependent  and  characterizes  the
broadening of absorption edge. This state is usually
caused  by  electron-phonon  interactions  (28).  The
steepness  parameter  of  OICEMA  compound  is
calculated as 0.0245 when T is 298 K. 

Figure 12: Plot of lnα vs. E of OICEMA compound.

CONCLUSIONS

The  UV  measurements  of  2-oxo-2-(1-oxo-1H-
isochromen-3-yl)ethyl methacrylate compound were
recorded to determine some optical and dispersion
parameters.  Transmittance  was  increased
depending on the increase in wavelength, whereas
the  reflectance  values  were  decreased.  The
refractive  index  and  wavelength  were  inversely
related, and a significant decrease was observed in

the refractive index with increasing wavelength. The
refractive index at 700 nm was 1.61. The real and
imaginary part  values were found to be 2.68 and
0.0048 at the energy level of 2 eV, respectively. For
compounds, the type of electronic transition allowed
was the indirect one. The optical band gap constant
and the Urbach energy were calculated to be 3.19
eV and 1.05 eV,  respectively.  These results  show
that  2-oxo-2-(1-oxo-1H-isochromen-3-yl)ethyl
methacrylate can take place in the semiconductor
class and play a role in the design of some electro-
optical materials. 
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Abstract: Magnesium is the sixth most abundant element, constituting 2% of the total mass of the earth's
crust. It is a metal that exists only in chemical compounds, and generally in carbonate and oxide forms.
The  most  important  mineral  forms  are  magnesite  (MgCO3),  dolomite  (MgCO3.CaCO3),  and  carnallite
(KCl.MgCl2-6H2O). Magnesium metal, which is obtained from different sources by various methods, has an
important place in the industry. There are approximately 16 billion tons of dolomite and 110 million tons of
magnesite reserves in Turkey. The aim of this study is to investigate the use of idle magnesium clay raw
material (in Eskişehir) for the production of magnesium fluoride and thus to propose a chemical process for
the relevant raw material to the industry. For the experiments, a 10 kg sample was taken and after the
whole was ground to  75 µm size,  XRF,  XRD, and DTA analyzes were performed.  As  a  result  of  XRF
analysis, it contains 44.28% MgO. For XRD analysis, it was determined that it is magnesite with MgCO3

structure,  and  that  it  also  has  dolomite  and  chlorite  group mineral  structures.  MgF2 was  created  by
employing HF from the relevant raw material as a result of the study, and it was discovered that the
efficiency was higher in the raw magnesite experiments.
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INTRODUCTION

Magnesium  is  the  third  most  commonly  used
structural metal after aluminum and iron. It has an
important  place  in  today's  technology,  both  as  a
metal and as a compound. Due to its abundance,
light  weight,  and easy alloying,  magnesium metal
has  great  potential  for  components  in  the
automotive,  aerospace,  and  military  industries.
While  magnesium is  expected to be more popular
due to its important mechanical properties, it seems
to  be in the  background due to the difficulties in
obtaining it. There are six sources of raw materials
for  the  production  of  magnesium:  magnesite,
dolomite, bischofite, carnallite, serpentine, and sea
water. These sources differ in magnesium content,

production  methods,  and  their  origin.  Dolomite
[CaMg(CO3)2]  and  magnesite  [Mg(CO3)]  are  the
most  widely  used  Mg  metal  ores.  Magnesite  has
more  Mg  content  than  dolomite,  but  large
magnesite  deposits  are  geographically  limited.
Magnesite mineral theoretically contains 52.3% CO2

and 47.7% MgO and it is the primary source for the
production  of  magnesium and  its  compounds.  On
the  other  hand,  this  mineral  almost  never  occurs
pure enough to be used directly in any significant
deposit.  Its  ores  contain  a  variety  of  gangue
minerals,  mostly  other  carbonates,  silicates,  and
oxides  (1).  World  magnesite  resources  are
estimated at over 12 billion tons and are primarily
located  in  China,  Russia,  North  Korea,  Australia,
Slovakia,  Brazil,  Turkey,  India,  and  Canada  (2).
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Although there is a considerable amount of dolomite
and  magnesite  reserves  (3;4),  magnesium  metal
was not being produced in Turkey (5) before 2016.
Magnesite  is  generally  used instead  of  its  natural
state  by  converting  it  to  MgO  by  calcining.  The
calcination of magnesite and the degree of reactivity
of  the  obtained  product  are  technologically
important (6). Magnesite that is to be used in the
production  of  metallic  magnesium  must  also  be
purified by calcining. Thus, the material is enriched
in magnesium. Magnesite has a porous structure as
it loses CO2 and H2O during the calcination process,
and  the  specific  gravity  of  calcined  magnesite  is
between  1.3  and  1.9  g/cm3   (1).  Magnesite  and
magnesite products in the world are evaluated and
priced in terms of chemical content, CaO/SiO2 ratio,
bulk density, and crystal structure. Ores containing
more  than  93.5%  MgO  on  a  calcined  basis  are
considered valuable raw materials. 

The methods used in the enrichment of magnesite
ore  can  be  listed  as  follows;  manual  sorting  and
optical  sorting,  enrichment  with  size  reduction,
heavy  medium  enrichment,  enrichment  by
electrostatic  and  magnetic  separation,  enrichment
by  hydration,  enrichment  by  calcination,  and
enrichment by flotation and agglomeration.

The studies were performed using the facilities of
Esan  Eczacıbaşı  Industrial  Raw Materials  Ind.  and
Trade Inc.

MATERIALS AND METHODS

Chemicals and Instruments 
The  following  chemical  substances  of  analytical
reagent  grade  were  purchased  from  the
corresponding sources. Hydrochloric acid (HCl) and
hydrofluoric  acid  (HF):  Merck  (Darmstadt,
Germany);  Lithium  tetraborate  (Li2B4O7),
hydroxylamine  hydrochloride  (NH2OH.HCl),  and
ammonium  fluoride  (NH4F):  Sigma-Aldrich
(Taufkirchen, Germany). 

Chemical analysis of the sample was performed with
X-Ray Fluorescence (XRF) Spectrometer (Panalytical
Axios Model) and structural analysis was performed
with X-Ray Diffraction (XRD) instrument (Panalytical
X-Pert Pro Model).  A differential  Thermal Analyzer
(DTA) (Orton ST 746 Model) was used for thermal
analysis of the sample.  Other laboratory equipment
used  in  this  study  is  jaw  crusher  with  tungsten-
carbide rim (Retsch BB 100 model), sample divider
(20 compartments) (Retsch), tungsten-carbide ring
grinder (Retsch-RS 200), precision balance (Mettler
Toledo  AB  204S  model),  fan  oven  (Electro-Mag),
ash furnace (max temperature 1200 °C) (Protherm
PLF  125  model),  grain  size  device  (Malvern
Mastersizer 2000 model).

Sample Preparation and Characterization
In  this  study,  a  clay containing magnesite,  which
was  obtained  from the  magnesite  quarry  of  Esan
Eczacıbaşı  company  located  in  the  Alpu  region  of
Eskişehir  (Turkey),  was  used  as  a  magnesium
source.   The  entire  clay  sample  was  laid  on  the
sample tray and dried in a 105 C fan oven for 15
hours. After the sample was dried, it was reduced to
4 mm size by passing it through a tungsten-carbide
jaw  crusher.  All  the  comminuted  material  was
passed  through  the  sample  crusher  3  times  and
then  reassembled.  Thus,  homogeneous  mixing  of
the crushed material was ensured. According to the
information  obtained  from  previous  studies,  the
reaction  rate  increases  as  the  particle  size
decreases. For this reason, the entire material was
ground  to  a  75  µm size  with  a  tungsten-carbide
grinder at 1200 rpm for 1 min. The entire ground
sample was passed through the sample grinder  3
more  times  and  then  recombined.  Thus,
homogeneous  mixing  of  the  ground  material  was
ensured.  After  the  final  milling,  a  representative
sample  of  500  g  was  taken  and  used  in  the
experiments. 

Loss on ignition of sample
The sample in the glass weighing bottle was dried in
an oven at 105 °C for 2 hours. The sample taken
out of the oven was taken into a desiccator, cooled
to room temperature, and 1 g was weighed with an
accuracy  of  0.1  mg  and  placed  in  a  porcelain
crucible, which reached a constant weight at 1000
°C. The sample in the porcelain crucible was heated
at  1000  °C  in  an  ash  furnace  for  1  hour.  The
crucible  removed  from  the  ash  furnace  was
transferred  to  a  desiccator,  cooled  to  room
temperature, and weighed.

Chemical Analysis with XRF
The sample in the glass weighing bottle was dried in
an  oven  at  105  °C  for  2  hours,  and  after  being
taken out of the oven, it was taken to the desiccator
and cooled to room temperature. 1 g of weight was
taken from this sample and after adding 5 g lithium
tetraborate, which was kept at 400 ÉC for 5 hours,
the  mixture  was  ground in  an agate  mortar.  The
ground mixture was placed in a platinum crucible,
and after the lid was closed, it was put into the ash
furnace  at  1150  °C.  At  the  end  of  20  min,  the
crucible was taken out of the furnace, ammonium
iodate was added, and the lid was closed and put
back into the furnace at the same temperature. Five
minutes  later,  the crucible was taken off  and the
content of  the crucible was transferred to the lid.
The material in the lid was put back into the ashing
furnace at 1150 °C and kept at this temperature for
5 min. After 5 min, the lid was taken out and left to
cool at room temperature. After cooling, the glassy
material on the cover was taken and loaded into the
XRF device for analysis under calibration.
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Thermal Analysis 
The  decomposition  characteristics  of  the  sample
were determined by simultaneous DTA (Differential
Thermal  Analysis)/TGA  (Thermogravimetric
Analysis) test using Orton ST 746 instrument. The
experimental conditions were intinuous heating from
room temperature up to 1200ºC at a heating rate of
10ºC  /min,  N2 –  gas  dynamic  atmosphere,  and
using  Alumina  as  a  reference  material.  The  data
obtained  by  thermal  analysis  is  reaction  peak
temperature  and  weight  loss  in  the  temperature
ranges.

Calcination of Sample
Magnesite that  is  to be used in the production of
metallic magnesium must be purified by calcining.
Thus, the material will have an enriched magnesium
content.  It  was  studied  at  different  temperatures
(900-1200 °C) and times (3-5 h) to determine the
optimum calcination conditions. Chemical, XRD, and
DTA analyses of the products obtained as a result of
calcination were performed.

Obtaining Magnesium Fluoride from Magnesite
It was aimed to obtain magnesium fluoride from raw
and calcined magnesite  material  by using HF and
NH4F  solutions.  As  a  result  of  the  XRD  analysis
results  made  on  the  samples  obtained,  it  was
determined  that  there  was  no  high  rate  of  MgF2

(Sellaite) formation as a result of the experiments
performed  with  NH4F  and  even  high  levels  of

impurities  were  formed due to the  NH4F.  For  this
reason, MgF2 production experiments were carried
out  using  concentrated  HF  in  a
polytetrafluoroethylene (PTFE) beaker and the most
suitable  conditions  were  determined.  In  this
process,  experiments  were  conducted  using
different  concentrations  of  HF,  and  two  different
experimental  methods,  called  "Drying"  and
"Filtration",  were  applied.  For  this  purpose,  10
different  experimental  sets  were  prepared.  XRD
analysis and chemical analysis were applied to the
products  obtained  as  a  result  of  the  trials.  The
experimental  sets  applied  using  different  reagent
concentrations  and  different  quantities  of  raw
magnesite and calcined magnesite are summarized
in Table 1. 

In the drying process,  the weighed main material
was taken into a PTFE beaker, a certain amount of
distilled water and concentrated HF was added to it
and  mixed  for  30  minutes.  The  mixture  was
evaporated to dryness on the heating plate, and the
residues in the beaker were analyzed.
In the filtration process, the weighed main material
was taken into a PTFE beaker, and a certain amount
of distilled water and concentrated HF was added to
it. The contents of the beaker were filtered through
a  blue-band  filter  paper  after  stirring  for  30
minutes. The residue on the filter paper was dried in
an oven at 105 °C.

Table 1: The experiment sets prepared to obtain MgF2.

Experiment
No.

Main
Material

Material
Quantity (g)

Reagent
Volume (mL)

Water
Volume

(mL)

Method
Used

1 MgCO3 10.415 20 20 Drying
2 MgCO3 10.835 20 20 Filtration
3 MgCO3 10.021 30 20 Drying
4 MgCO3 10.090 30 20 Filtration
5 MgCO3 10.053 30 - Drying
6 MgO 10.060 20 20 Drying
7 MgO 10.036 20 20 Filtration
8 MgO 10.135 30 20 Drying
9 MgO 10.017 30 20 Filtration

10 MgO 10.089 30 - Drying

RESULTS AND DISCUSSION 

Determination  of  Loss  on  Ignition  and
Chemical Analysis
As  a  result  of  the  analysis  performed  in  the
calibrated program by the XRF instrument,  it  was
determined  that  there  was  44.28%  MgO  in  the
material. The chemical structure of original sample

and also loss on ignition value is given in the Table
2. When the same sample was analyzed in a semi-
quantitative  program  with  the  XRF  instrument,  it
was  observed  that  it  contained  trace  amounts  of
chromium (0.024% Cr2O3),  nickel  (0.0182% NiO),
copper (0.0452% CuO),  strontium (0.0277% SrO)
and barium (0.0545% BaO).
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Table 2: Chemical analysis results for the clay containing magnesite.

Sample
Content (mass %)

LOI* SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O

Clay
containing
magnesite

44.90 6.90 0.96 0.72 0.10 2.02 44.28 0.01 0.09

*LOI : Loss on ignition

Structural Analysis
In the XRD spectra, peaks of clay minerals can be
seen in areas where °2 Theta is less than 10. When
the  XRD  spectrum  of  our  sample  (Fig.  1)  was
examined, it was thought that it contained chlorite
or  montmorillonite  according  to  the  distance
between the layers.  The sample  was treated  with
ethylene  glycol  to  examine  whether  the  peak
thought  to  be  chlorite  was  actually  a

montmorillonite  derivative.  As  it  is  known,  if  a
montmorillonite-derived  structure  is  found  in  the
sample,  it  is  expected  that  the  peak,  which  was
around 5 in the XRD analysis performed after the
treatment with ethylene glycol, will shift to around
17. However, as a result of the analysis after this
process, it was seen that there was no shift in the
relevant peak (Fig. 2), and it was thought that this
peak belonged to the chlorite derivative.

Figure 1: XRD spectra of original sample.
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Figure 2: XRD spectra of the original and ethylene glycol treated samples.

Thermal Analysis
The  typical  DTA/TGA  curve  of  the  sample  is
presented in Fig. 3. It is seen that there is a weight
loss in the range of 500-650 C in the TGA curve,
and endothermic peaks occur in the range of 500-
700  C and 800-1000  C in the DTA curve. The
weight  loss  in  the  TGA  curve  indicates  the
conversion  of  MgCO3 to  MgO  as  a  result  of  CO2

removal. This decomposition is also the cause of the
endothermic  peak  in  the  DTA  curve  in  the  same
temperature range. It can be said that the second
endothermic peak is caused by the decomposition of
CaCO3 in the dolomite structure by releasing CO2.
The  TG  thermogram  shows  a  loss  of  mass  of
approximately  45%,  which  is  consistent  with  the
determined loos on ignition value (Table 2).

Figure 3: DTA/TGA analysis curves of sample.
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Calcination of Sample
In the calcination method, hydrates and carbonates
in magnesite are broken down by using high heat.
The  raw  material  was  subjected  to  various

calcination  processes.  The  temperature  and  time
parameters of the calcination studies are given in
Table 3.

Table 3: Parameters for Calcination.

Sample Temperature (oC) Time 
(Hour)

1 900 3
2 1000 3
3 1000 4
4 1100 3
5 1200 3
6 1200 4
7 1200 5

Chemical analysis, XRD analysis, DTA, and particle
size analyses of the products obtained as a result of
calcination were performed. It was determined that

as time and temperature increased in the calcination
process, the sintering increased and the color of the
sample darkened. 

Table 4: Chemical analysis results for the calcinated samples.

No Sample LOI
(%)

SiO2

(%)
Al2O3

(%)
Fe2O3

(%)
TiO2

(%)
CaO
(%)

MgO
(%)

Na2O
(%) 

K2O 
(%)

4877-206646 Original    
44,90

6,90 0,96 0,72 0,10 2,02 44,28 0,01 0,09

4878-206647 900 oC- 3 
hours 
calcination

   
0,90

19,30 1,49 1,02 0,15 3,26 73,70 0,01 0,13

4879-206648 1000 oC-
3 hours

calcination

   
0,37

18,15 1,48 1,02 0,15 3,30 75,37 0,01 0,13

4880-206649 1000 oC-
4 hours

calcination

   
0,27

19,05 1,50 1,04 0,14 3,28 74,59 0,01 0,08

4881-206650 1100 oC-
3 hours

calcination

0,17 18,35 1,49 1,03 0,15 3,32 75,39 0,01 0,05

4882-206651 1200 oC-
3 hours

calcination

0,18 18,50 1,51 1,04 0,15 3,32 75,27 0,01 0,01

4883-206652 1200 oC-
4 hours

calcination

0,10 17,75 1,58 1,05 0,15 3,37 75,95 0,01 0,01

4884-206652 1200 oC-
5 hours

calcination

0,20 19,00 1,55 1,03 0,16 3,28 74,74 0,01 0,01

When the chemical analysis results of the calcined
samples were evaluated, it was decided that 3 hours
at 1000 °C was appropriate due to the MgO content
of  75.37%.  In  the  same  application,  the  CaO
content of the sample was determined as 3.30%. 

The loss  on ignition analysis  gives  us  information
about whether there is a volatile compound in the
material. When the results of the chemical analysis
were  examined,  it  was  determined  that  the

calcination process performed at 900 °C for 3 hours
(Ignition Loss of 0.90%) was not sufficient for the
completion  of  the  calcination.  It  has  been
determined that the presence of volatile compounds
(CO2 from MgCO3) still continues in the material and
the  calcination  process  has  not  been  completed.
However, when the calcination study was performed
at  1000  °C  for  3  hours  and  the  others  were
examined, it was seen that there was no significant
difference between the chemical analyses. 
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No Conditions Sample No LOI%

1 900 °C, 3h 4878-206647 0.9

2 1000 °C, 3h 4879-206648 0.37

3 1000 °C, 4h 4880-206649 0.27

4 1100 °C, 3h 4881-206650 0.17

5 1200 °C, 3h 4882-206651 0.18

6 1200 °C, 4h 4883-200652 0.1

7 1200 °C, 5h 4884-206653 0.2

Figure 4: LOI% Values of Calcinated Samples.

It was also observed that different phase formations
begin  to  occur  in  samples  where  calcination
conditions  exceed  1000°C  and  3  hours.  Phase
formation  is  undesirable  because  it  causes  the
structure to become more stable and the chemical
processes to be applied become more difficult.  In
this  case,  1000  °C  temperature  and  3  hours  are
considered  suitable  as  the  optimum  calcination
parameter.

In order to determine whether there are other trace
elements  in  the  calcined sample,  the  sample  was
analyzed  in  a  semi-quantitative  program with  the
XRF instrument. As a result of the analysis, it was
determined  that  there  were  traces  of  chromium,
nickel, copper, and strontium in the sample, among
other elements.

Obtaining Magnesium Fluoride from Magnesite
In  XRD  analysis,  how  pure  the  material  is
determined by the height and sharpness of the peak
density  of  the relevant substance.  When the XRD
spectra  of  MgF2 products  prepared  with  the
experimental  sets  given  above  (Table  1)  were
examined, two results were obtained:

(i) The yields of the experiments using MgCO3 as
the input material are higher than the experiments
using MgO.

(ii) When the main material is the same, the peak
intensity  of  the  products  obtained  by  the  drying
method is higher than the products obtained by the
filtration method.
Table  3  shows  the  peak  intensity  values  derived
from XRD examination of the products acquired as a
result of the applications listed in Table 1. 

Table 5: Peak intensity values of sellaite products obtained by using raw and calcined magnesite.
Experiment No. Main Material Method Used Sellaite peak intensity

1 MgCO3 Drying 384
2 MgCO3 Filtration 379
3 MgCO3 Drying 332
4 MgCO3 Filtration 285
5 MgCO3 Drying 319
6 MgO Drying 225
7 MgO Filtration 133
8 MgO Drying 242
9 MgO Filtration 106

10 MgO Drying 210

All the peaks seen in the XRD spectrum (Fig. 5) of
the product obtained as a result of experiment No. 1
in  Table  1  are  the  main  and  side  peaks  of  the
sellaite  mineral  (MgF2)  expected  to  be  obtained.

There is no impurity. Figure 6 also shows the XRD
spectrum of the product (experiment No. 2) with the
second highest peak intensity, which was obtained
as a result of the filtration process. 
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Figure 5: XRD spectrum of sellaite obtained experiment no 1.

Figure 6: XRD spectrum of sellaite obtained experiment no 2.

The sellaite formed by employing raw magnesite as
the main material and the drying technique has the
maximum peak  intensity  value,  as  shown  by  the
XRD spectra and data in Table 5. 

CONCLUSION 

The obtained results of experiments employing HF
and raw magnesite or calcined magnesite to obtain
MGF2 revealed  that  raw  magnesite  had  a  better
productivity than calcined magnesite. As a result, in
production  processes  that  do  not  need  heat
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processing,  it  is  not  necessary  to  calcinate  the
material.

CONFLICT OF INTEREST

The authors  declare  that  they have no conflict  of
interest.

ACKNOWLEDGMENTS

We  kindly  thank  Esan  Eczacıbaşı  Industrial  Raw
Materials Ind. and Trade Inc.

REFERENCES

1.  Gence  N.  Enrichment  Of  Magnesite  Ore.  Eskişehir
Osmangazi Üniversitesi Mühendislik ve Mimarlık Fakültesi
Dergisi. 2001 Dec 31;14(2):1–10. <URL>. 

2.  Wilson  I,  Ebner  F.  The  World  of  magnesite.  Ind
Minerals. 2006;462:54–9.

3.  Yucel  O,  Yiğit  S,  Derin  B.  Production  of  Magnesium
Metal  from  Turkish  Calcined  Dolomite  Using  Vacuum
Silicothermic  Reduction  Method.  MSF.  2005  Jul;488–
489:39–42. <DOI>. 

4.  Gunay  A,  Karadag  D,  Tosun  I,  Ozturk  M.  Use  of
magnesit as a magnesium source for ammonium removal
from  leachate.  Journal  of  Hazardous  Materials.  2008
Aug;156(1–3):619–23. <DOI>. 

5.  Demiray  Y,  Yücel  O.  Production  and  Refining  of
Magnesium Metal from Turkey Originating Dolomite. High
Temperature Materials and Processes [Internet]. 2012 Jan
6 [cited 2022 Apr 18];31(3). <DOI>. 

6.  Demir  F,  Dönmez  B,  Okur  H,  Sevim  F.  Calcination
Kinetic  of  Magnesite  from  Thermogravimetric  Data.
Chemical  Engineering  Research  and  Design.  2003
Jul;81(6):618–22. <DOI>. 

629

https://doi.org/10.1205/026387603322150462
https://doi.org/10.1515/htmp-2012-0007
https://doi.org/10.1016/j.jhazmat.2007.12.067
https://doi.org/10.4028/www.scientific.net/MSF.488-489.39
https://dergipark.org.tr/en/pub/ogummf/issue/30166/325550


Aras Ç, Demirata Öztürk B, Sözgen Başkan K. JOTCSA. 2022; 9(2): 621-630. RESEARCH ARTICLE

630


