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Abstract: The aim of this study is to investigate new catalytic systems for the degradation of a dye that  
has  been  classified  as  first-degree  toxic  pollutant.  Advanced  oxidation  process  such  as  photocatalytic 
oxidation, ultrasonic oxidation, Fenton, and Fenton-like constitute a promising technology for the treatment 
of wastewater containing organic compounds. Waste effluents from textile industries are a major source of  
water pollution. These wastewaters contain dyes, which have high toxicity and low biodegradability. In this 
study, degradation of Nile Blue (NB), an azo dye, was studied using the photocatalytic oxidation (TiO2 and 
silver-loaded  TiO2 (Ag-TiO2)  as  catalyst),  ultrasonic  oxidation,  Fenton  (Fe(II)/H2O2),  and  Fenton-like 
(Cu(II)/H2O2, V(IV)/H2O2) processes. It was found that the photocatalytic degradation of NB increased with 
decreasing  pH,  and  the  degradation  rate  also  increased  in  the  presence  of  TiO2/UV  compared  to  UV 
irradiation alone. In addition, Ag loading on TiO2 dramatically reduced the degradation time. The ultrasonic 
degradation of NB was also studied using different initial dye concentrations at different pH values and 
amplitudes. Concentrations of Fe(II), Cu(II), V(IV) and H2O2 on degradation ratio were investigated. It is 
found that Fe(II) ion is more effective than Cu(II) and V(IV) ions in the degradation of NB. 
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1. INTRODUCTION

Today,  water  pollution is  one of  the main factors 
that  adversely  affect  human  health.  At  the 
beginning of the 21st century, mankind has to face 
the problem of water as a major threat. Especially, 
industrial  activity  generates  high  amounts  of 
wastewater,  which  resistant  the  biodegradability. 
Indeed,  azo  dyes  represent  a  significant  class  of 
synthetic organic compounds widely used in various 
industries,  including textiles,  cosmetics,  food,  and 
pharmaceuticals.  They  are  characterized  by  the 
presence of one or more azo (-N=N-) groups, which 
give them their distinctive color properties  (Hsueh 
et al.,  2005; Neamtu et al.,  2003; Chacón et al., 
2006).

These  industries  effluents  vary  widely  in 
composition,  containing  organic,  inorganic 
compounds and high color and COD levels. Colored 
textile wastewater contains persistent dyes. Many of 
these  dyes  have  been  reported  to  be  toxic  and 
carcinogenic  to  humans  (Anliker,  1979).  Direct 
discharge  of  these  effluents  can  result  in  the 

creation of toxic aromatic amines in the receiving 
environment  under  anaerobic  conditions.  This  can 
lead  to  soil  and  groundwater  contamination, 
necessitating  appropriate  treatment  before 
discharge  into  the  environment.  Various  methods 
are  used  to  remove  color  from  dye  wastewater. 
However,  these  methods  are  not  effective  when 
treating wastewater that contains both soluble and 
insoluble  dyes.  For  instance,  the  process  of 
ozonation  oxidation  can  efficiently  remove  color 
from wastewater that contains soluble dyes, such as 
reactive dyes  (Perkins et al., 1980).  However, it is 
important  to  note  that  ozonation  oxidation  is  not 
effective in the degradation insoluble dyes, such as 
disperse dyes.  Coagulation is  an effective method 
for  the  degradation  insoluble  dyes,  but  it  is  not 
effective for soluble dyes  (Netpradit et al., 2003). 
Finally, Fenton's reagent (Fenton, 1894) has been 
demonstrated  to  be  effective  in  the degradation 
both soluble and insoluble dyes (Kuo 1992).

The  Advanced  Oxidation  Techniques  (AOPs)  are 
primarily based on the generation of the hydroxyl 
radical (OHº), which has significant oxidation power. 
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The  destruction  of  pollutants  is  traditionally 
attributed  to  the  highly  reactive  hydroxyl  radical 
(OHº). The application of these methods for various 
chemicals  involving  different  processes  was  well 
reviewed by Titus et al. (Titus et al., 2004).

Photocatalytic  oxidation  processes  are  commonly 
known  as  AOPs.  When  a  photon  with  energy 
matching  or  exceeding  the  semiconductor's  band 
gap  energy  strikes  the  semiconductor  surface,  a 
conductive band electron will  move to its  valence 
band, leaving a positively charged hole (Saien et al., 
2003). The first step in this photo-oxidation process 
is  thought  to  be  the  creation  of  free  hydroxyl 
radicals  (Ollis  et  al.,  1991; Wu  et  al.,  1999). 
Hydroxyl  radicals  are  produced  through  the 
oxidation  of  water  (OH- ions)  by  valence  band 
positively  charged  holes. The  mechanism  of  TiO2 

based  photocatalytic  degradation  of  dyes  was 
described in previous work (Sökmen et al., 2001).

TiO2 (s)+hν→eCB
- +hVB

+
(1)

hVB
+ +OH (TiO2 surface)

- →OH.
(2)

hVB
+ +H2O(adsorbedon surface)→OH

.+H+
(3)

OH
.+Organic molecule→Degradation products

(4)

However,  the  dissolved  O2 molecules  are 

transformed into anionic superoxide ( 
2O ) radicals 

via electrons from conductive band.

eCB
- +O2 (adsorbed on surface)→O2

- .
(5)

Fenton's  reagent is  a  mixture of  ferrous (Fe (II)) 
ions  and  hydrogen  peroxide  that  produces  OHº 

radicals (as shown in equations 6-14). It has been 
widely used for the oxidation of organic matter in 
water  (Goldstein  et  al.,  1993; Nidheesh  et  al., 
2013). The main advantage of this method is the 
complete  destruction  of  contaminants,  which  are 
converted into  harmless  compounds  such as  CO2, 
water,  and inorganic  salts  (Xu et  al.,  2004). The 
mechanism of Fenton and Fenton-like oxidation of 
dyes was described in a previous work (Sökmen et 
al., 2011).

Ferrous ions react with hydrogen peroxide to form 
hydroxyl radicals:
Fe2+ + H2O2   Fe3+ + OH- + OH.    (6)

The following are the main stages:
Fe3+ + H2O2   Fe(OOH)2+  + H+   Fe2+ + HO2

.  + 
H+  (7)
OH- + Fe3+   Fe(OH)2+   Fe2+ + OH.            (8)
OH.  + H2O2 →  HO2

.  + H2O  (9)

HO2
.  + H2O2  

→
 OH.   + H2O +  O2  (10)

HO2
.  + HO-

2 →  OH.   + OH-  +  O2  (11)
Fe2+   +  OH. →  Fe3+   + OH-  (12)
HO2

.  + Fe3+   →  Fe2+   + H+ + O2  (13)

OH.  + HO2
.  →  H2O +  O2 (14)

Fenton  oxidation  has  been  used  to  degradation 
effluents from textile dyeing and dye manufacturing 
processes  (Kim et  al.,  2004).  Compared  to  other 
oxidation  processes,  such  as  UV/H2O2,  Fenton 
oxidation  is  relatively  inexpensive  (Dutta  et  al., 
2001).  Recently,  Fenton  oxidation  has  been 
increasingly  used  in  various  treatment  processes 
due to  its  ease  of  operation,  simple  system,  and 
ability  to  work  in  a  wide  range  of  temperatures 
(Solozhenko et al., 1995).

For  the  oxidation  of  organic  matter  in  water, 
Fenton's reagent has been widely used (Safarzadeh-
Amiri  et  al.,  1996).  Its  main advantage is  that  it 
thoroughly  removes  contaminants,  producing 
innocuous  materials  such  as  CO2,  water,  and 
inorganic  salts  (Neyens  and  Baeyens  2003).  As 
discussed  by  Goldstein  et  al.  (1993), new 
homogenous  catalyst  systems  producing  hydroxyl 
radicals  can  be  developed  for  the  oxidative 
degradation of organic compounds. Employing this 
type of catalyst systems would be an alternative to 
classical Fenton catalyst since it would help reducing 
hydroxide  mud.  On  the  other  hand,  it  was 
previously reported that (Allen et al., 2002) multiple 
hydroxylated oxidation products  were produced in 
Fenton-like  systems  employing  Cu2+,  V4+,  Ti3+ 

catalyst which were more effective oxidant in some 
cases (Sökmen et al., 2002). Therefore, application 
of  these  type  systems  should  be  studied  for 
oxidative  degradation  of  different  organic 
compounds. 

Heterogeneous  metal-supported  catalysts  are 
replacing  homogeneous  catalysts  (Wang  et  al., 
2016; Liu et al., 2021). The catalytic activity can be 
attributed  to  the  generation  of  hydroxyl  radicals 
from hydrogen peroxide, which are activated by iron 
ions  and  are  simultaneously  leached  from  the 
support material as a homogeneous catalyst (Jiang 
et al., 2010; Liu et al., 2007; Kumar et al., 2020; 
Sun et al., 2021; Abo-Farha 2010).

In  this  study,  the  degradation  of  NB  dye  from 
wastewater by AOP methods such as photocatalytic 
oxidation, ultrasonic oxidation, Fenton and Fenton-
like were investigated. Catalytic action of copper(II) 
and vanadium(IV) ions in the presence of hydrogen 
peroxide were studied and compared with Fenton’s 
reagent.

2. EXPERIMENTAL SECTION

Nile  Blue  (NB,  FW=  353.85  g  mol-1)  was  kindly 
supplied  from  a  textile  dye  branch  of  Ciba 
(Germany)  in  Turkey.  Deionized  water  (100  mL) 
was  used  to  make  the  NB  solutions  of  desired 
concentration (100 μM).

2.1.  Degradation  of  NB  by  Photocatalytic 
Process

Initially,  100 mL of  an aqueous dye (NB) sample 
and 0.1  g  of  TiO2 (either  neat  TiO2 or  Ag-loaded 
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TiO2) were placed in a 250 mL Pyrex flask, which 
was covered with aluminum foil  and fitted with a 
condenser.  After  adjusting  the  pH  of  the  dye 
solution, the stirred suspension was illuminated with 
one OSRAM-Ultra Vitalux 300W lamp at about 5.8W 
at  254nm.  To  separate  the  TiO2 for  residual  dye 
analysis,  3-mL  aliquots  of  the  irradiated  sample 
were  taken  at  regular  intervals  and  centrifuged 
twice  at  3500  rpm  for  10  minutes.  The 
concentration of the residual dye in the supernatant 
was  monitored  by  spectrophotometry  at  a 
wavelength of 600 nm for 60 minutes.

2.2. Degradation of NB by Fenton and Fenton-
like Processes 

Hydrogen peroxide (%33 w/w) was obtained from 
Merck and used at a various range of concentration. 
Required amount of catalyst was dissolved in 5 mL 
of  0.1  M  H2SO4 solution.  H2O2 concentration  was 
adjusted  to  desired  ratio  of  catalyst  to  H2O2. 
Catalyst and H2O2 concentration ratios were used as 
1:1, 1:5, 1:10 and 1:20. 

Experimental  studies  were  designed  in  a  sealed 
flask. In the first stage 100 mL stock solution of dye 
and desired amount of catalyst were placed and pH 
was adjusted to 2.0. H2O2 was then slowly added to 
the  reaction  mixture.  The  reaction  time  in  both 
Fenton and Fenton-like process was recorded after 
addition  of  H2O2 solution  and 3-mL portions  were 
withdrawn at certain intervals and absorbance of NB 
were measured at 600 nm. 

2.3. Degradation of NB by Ultrasonic Process

Sonolyses  were  performed  with  an  ultrasonic 
processor (Cole Parmer Instruments, Vernon Hills, 
Illinois, USA) operating at 20 kHz and 25 oC. In each 
experiment,  250 mL of  aqueous  dye sample  with 

desired concentration was placed in  to  a  500 mL 
pyrex flask and its pH was adjusted. The solution 
was  poured  into  ultrasonic  processor  and 
mechanical  stirrer  was  used.  At  certain  reaction 
intervals,  3  mL  of  sample  was  withdrawn. 
Concentrations  of  the  residual  dye  in  the 
supernatant were spectrophotometrically monitored 
for 60 min at 600 nm. 

The  following  equation  was  used  to  calculate  the 
degradation percentage from the relative abundance 
of the corresponding NB.

Degradation=
[NB ]0−[NB ]t

[NB ]0
×100 (15)

t: time of sample collection

3. RESULTS AND DISCUSSION

The structure of the NB is given in Fig.1. Absorption 
spectra  of  the  dye  solutions  were  recorded  and 
given in Figure 2 in the absence and presence of 
catalyst. NB has a maximum at 600 nm in aqueous 
solution at pH 2.0. From the observation it is visible 
that  no  new  absorption  peaks  occurred  near  the 
original maximum wavelength.

Figure 1: Chemical structure of NB.

Figure 2:  Spectrum of NB and spectra when Fe(II), Cu(II), V(IV) salts are added to the NB solution.
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3.1. Photocatalytic Degradation of NB

In the presence of TiO2 particles, with and without 
UV  illumination,  a  series  of  experiments  were 
performed using NB dye. The same procedure was 
repeated for Ag-loaded TiO2. The results are shown 
in Figure 3. Each data point shown in all the figures 
represents the average of three replicates.

It can be seen that the degradation time for the NB 
dye is dramatically reduced by the Ag-loading. While 
the undoped TiO2 degradation approximately 50% of 
the initial amount within 15 min, the Ag-loaded TiO2 

degradation 90% of the initial amount in the same 
time period. As shown in Figure 3, the degradation 
of the dye in the absence of TiO2 was very slow with 
UV irradiation, and the degradation with only TiO2 

without  UV  irradiation  (in  the  dark)  is  also  very 
slow. Complete degradation time is  approximately 
30-60 min with TiO2 and UV irradiation. Complete 
degradation of the dye took as little as 20 minutes 
with the Ag-loaded catalyst.

As  noted  previously,  the  Ag-loading  dramatically 
shortened  the  degradation  time  for  the  NB  dye. 
Increasing the amount of Ag-TiO2 steadily affected 
the degradation as shown in Figure 4.

Figure 3: Photocatalytic degradation of NB versus irradiation time for several systems at pH 2.0.

The increase in removal rate is due to: (i) increasing 
the amount of catalyst, which increases the number 
of adsorbed dye molecules, and (ii) increasing the 
density  of  particles  in  the  area  of  illumination 
(Woislawski  1953).  The  degradation  rate  is 

proportional  to  the  TiO2 concentration  at  TiO2 

concentrations below about 1.0 g L-1. It is likely that 
the degradation rate was limited above 2.0 g L-1 of 
TiO2 because the UV light  can be blocked by the 
catalyst itself.
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Figure 4: Photocatalytic degradation of NB versus irradiation time in TiO2/UV and different amount of Ag-
TiO2/ UV systems at pH 2.0.

3.2. Ultrasonic Degradation of NB
The  amplitude  is  another  important  factor  that 
influences the efficiency of  ultrasonic  degradation. 
The study examined the impact of amplitude within 
the  20-50% range.  The  results  are  presented  in 
Figure  5.  As  shown  in  the  figure,  the  final 

concentration  of  NB  decreases  as  the  amplitude 
increases.  According to reference (Kidak and Ince 
2006),  the reason for this is that as the volume 
decreases  at  the  same  energy  input,  there  is  a 
higher amount of energy dissipated to the system.

Figure 5: Effect of amplitude on the ultrasonic decolorization of NB at pH 2.0.

3.3.  Degradation  of  NB  with  Fenton  and 
Fenton-like processes

Time-dependent  degradation  of  NB  with  Fenton’s 
reagent  is  shown in  Figure  6  employing  different 
catalysts to hydrogen peroxide ratio at pH 2.0.
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Object 15

Figure 6: Time-dependent degradation of NB with Fenton’s reagent at pH 2.0.

Time-dependent degradation of NB with Fenton-like’s reagents are shown in Figure 7 and in Figure 8.

Figure 7: Time-dependent degradation of NB with Fenton-like’s reagent (Cu(II)/H2O2) at pH 2.0.
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Figure 8: Time-dependent degradation of NB with Fenton-like reagent (V(IV)/H2O2) at pH 2.0.

The  concentration  of  the  residual  dye  in  solution 
was  calculated.  Time  versus  concentration  of  the 
residual dye in solution results are shown Figure 9.

Figure 9:  The concentration of the residual dye in solution after every process as a function of reaction 
time at pH 2.0.

4. CONCLUSION

NB dye is a common chemical used in the dyeing 
and  printing  industries,  particularly  in  the 
production of cellulose acetate rayon, calico cotton, 
and  wool. Consequently,  the  compound  was 
selected  as  a  model  contaminant  with  which  to 

evaluate  the  photocatalytic, ultrasonic, Fenton 
processes and Fenton-like activity. Singha, j. et al. 
were  concluded  that  the  photocatalytic  oxidation 
shows  high  photocatalytic  activities  for  the 
degradation of  NB exhibited excellent  degradation 
(93% removal in 120 min). Saleem and co-workers 
degradation  NB  by  using  TiO2 nanoparticles  as 
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photocatalyst in the presence of H2O2 (95% removal 
in 100 min).

In a similar study, Yasmeen, S., et al. observed a 
97% reduction in NB in a 220-minute photocatalytic 
oxidation  process.  Yasmeen,  S.,  et  al.  also  found 
90% removal  of  NB in  5  hours  by  photocatalytic 
oxidation. Kushwahaa et al.(2019) and Kushwahab et 
al. (2018), obtained 66% removal of NB in 12 min 
and  92.46%  removal  in  20  min  by  Fenton  and 
Fenton-like  oxidation,  respectively.  The  results 
obtained  in  our  study  are  95.64%  for  Fenton, 
11.51% for Fenton-like(Cu(II)), 71.73% for Fenton-
like (V(IV)) after 2 minutes.  A comparison of  the 
results obtained in this study with those reported in 
the  literature  reveals  that  the  Fenton  process  is 
more  efficient  than  other  methods,  with  higher 
yields achieved in a shorter time.

In  this  work,  the  degradation  of  NB  by 
photocatalytic  processes,  ultrasonic  processes, 
Fenton  processes  and  Fenton-like  processes  is 
studied. Among these methods, Fenton and Fenton-
like  processes was found to be the most effective 
method. In this process, complete degradation was 
observed after 2 minutes of  treatment. Ag-loaded 
TiO2/UV photocatalysis  was  found to  be  the  most 
efficient method after Fenton oxidation to degrade 
NB. The Fenton and Fenton-like processes described 
here are more advantageous than other oxidation 
processes because they are faster, they require less 
energy, and the catalyst can be reused many times 
without the need for further treatment. It has been 
found that the H2O2 and iron concentration in the 
solution  were  the  main  factors  that  influence  the 
degradation.  FeSO4 and  H2O2 concentration  ratios 
were  studied  as  Fe(II):H2O2 ratio  (1:1),  (1:5), 
(1:10) and (1:20).  The optimum Fe(II):H2O2 ratio 
for  Fenton-like  processes  were found as  1:5.  The 
results are %95.64 for Fenton, %11.51 for Fenton-
like(Cu(II)), %71.73 for Fenton-like (V(IV)) after 2 
minutes.
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Abstract: In this work, the P1-approximation of the radiative transfer equation (RTE) was used for 
the description and optimization of the radiant field in a flat plate photoreactor under solar radiation 
with  three  commercial  brands  of  titanium dioxide  photocatalysts.  The boundary  layer  of  photon 
absorption ([δabs]), the average volumetric rate of photon absorption (VRPA), and a new apparent 

optical thickness (ζ app1
) were used as design parameters for optimization. A simple mathematical 

expression for the calculation of δ abs also called the best reactor thickness was formulated. For the 

three catalysts, varying the reactor height (L) resulted in a decrease in the local volumetric rate of 

photon absorption (LVRPA) from the top side to the bottom of the reactor for any value of the 

catalyst  loading  (Ccat).  It  was  also  observed  that  when  Ccat increases  the  VRPA increases 

exponentially until a fixed value where it remains almost constant. With L = 1 cm, the optimum Ccat 

(Ccat-op) was 0.2 g/L in 0.85 cm of thickness, 0.3 g/L in 0.82 cm of thickness, and 0.4 g/L in 0.89 cm 
of thickness for the photocatalysts Catalyst D P-25, Catalyst A, and Catalyst H, respectively. The 
optimum apparent optical thickness (ζ ap p1 , o p

) was 4.87, 4.62, and 3.7 for the photocatalysts Catalyst 

D P-25, Catalyst  A,  and Catalyst  H, respectively.  These results  are  in good agreement with the 
literature.  Results  found  in  this  work  give  predictions  on  radiation  absorption  in  flat  plate 
photocatalytic reactors with different heights.
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1. INTRODUCTION

Water pollution is one of the major global issues, 
primarily affecting developing countries. Several 
approaches  have  been  put  out  to  address  this 
situation. For many decades now, heterogeneous 
photocatalysis  has  been  considered  a  potential 
oxidation  method  for  disinfecting  and 
decontaminating water (He et al., 2021; Li et al., 
2022;  Nair  &  Jagadeesh Babu,  2017).  It  is  an 
advanced  oxidation  technology  based  on  the 
photo-excitation  of  photocatalysts  with  solar  or 
artificial  radiation.  The activation  of  a 
semiconductor with an energy equal to or greater 
than its band gap energy generates electron-hole 
pairs, which in contact with charge carriers (H2O, 
OH−,  O2,  etc)  produce radical  oxidative species 
such  as  hydroxyl  radicals.  These  radicals  are 
transitory  compounds  that  attack  contaminants 
present in the fluid phase through oxidative or 
reductive  reaction  pathways  (Li  Puma  et al., 
2020).  Research  on  solar  photocatalysis  as  a 
clean  technology  for  producing  hydrogen  and 
solar fuels, as well as a sustainable alternative to 
treating  industrial  wastewater  and  removing 
organic  pollutants,  dyes,  pesticides,  and 
emerging  contaminants,  has  increased 
dramatically as a result of the ongoing concern 

about  water  remediation  (Rizzo  et al.,  2019; 
Vaya  &  Surolia,  2020).  Because  mathematical 
modeling  is  crucial  to  the  design,  assessment, 
optimization,  and  efficiency  estimation  of 
photoreactors  at  various  sizes,  it  has  become 
more and more relevant in this field (Wang et al., 
2021).  The  mathematical  modeling of 
photocatalysis  processes  is  composed  of  a 
sequence of  sub-models including the modeling 
of  the  radiant  field  (Ochoa-Gutiérrez  et al., 
2018).  This  sub-model  includes  the  solar 
emission  model  and  the  absorption-scattering 
model for the quantification of the  LVRPA,  one 

of  the  key  parameters  of  the  intrinsic  kinetic 
equation  (Colina-Márquez  et al.,  2015).  The 

LVRPA depends  on  the  geometry,  radiation 

source,  catalyst  loading,  and  type  of 
photocatalyst, in some cases on the pollutant if 
this presents absorption of radiant energy.  For 
its determination, one should solve the RTE which 
remains  a  challenging  task  due  to  its  integro-
differential  form  (Illi  et al.,  2019).  Eq.  (1) 
traduces the steady-state and non-temperature-
dependence  of  the  RTE,  which  describes  the 
different phenomena that occur on the light when 
it  traverses  a  medium, such as  absorption,  in-
scattering, and out-scattering as represented in 
Eq. (1).

d Ι λ(S ,Ω)
d s

=−K Ι λ(S ,Ω)−σ λ Ι λ (S ,Ω)+
σ λ

4 π
∫

Ω=4 π

P (Ω'→Ω) Ι λ (S ,Ω')d Ω' (1)

where Ι λ
 is the photon irradiance (W/m2), Κ λ

 the 

absorption coefficient (m2/kg),  σ λ
 the scattering 

coefficient  (m2/kg),  P(Ω'→Ω)the  scattering 

phase  function,  λ the  wavelength  (m),  S the 

spatial coordinate (m) and Ω the directional solid 

angle  (Steradian)  (Fujii  et al.,  2022;  Ghafoori 
et al., 2020; Howell et al., 2021).

The  RTE  gives  an  account  of  how  light  is 
dispersed or absorbed within a specific medium. 
Numerous  numerical  techniques,  such  as  the 
discrete ordinate methods (DOM) and the Monte 
Carlo model,  were employed to solve the RTE; 
nevertheless, these methods are time-consuming 
and  need  significant  processing  resources 
(Acosta-Herazo et al., 2020; Moreno-SanSegundo 
et al.,  2020; Peralta  Muniz  Moreira  & Li  Puma, 

2021).  Alternative analytic methods such as the 
n-flux  or  the  Pn approximation  models  (n  is  a 
strictly positive integer) have been used to solve 
the  RTE,  to  describe  and quantify  satisfactorily 
the radiant field in various types of photocatalytic 
reactors  (Arancibia-Bulnes  et al.,  2009;  Cuevas 
et al., 2007). The P1-approximation is the lowest 
order  of  the  spherical  harmonics  method  (also 
known as the Pn-approximation), i.e., keeps only 
the  first  two  terms  of  the  Pn-approximation 
(Akdemir et al., 2022; Christenson et al., 2018; 
Harel et al., 2021). It is more versatile than two 
and four-flux models because it lends itself more 
easily  to  different  geometries  (Arancibia-Bulnes 
et al., 2009). It has been used to solve the RTE 
in one dimension in flat plate photoreactors and 
two  dimensions  in  cylindrical  photoreactors 
(Arancibia-Bulnes  et al.,  2009;  Cuevas  & 
Arancibia-Bulnes,  s. f.).  The  P1  approximation 
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saves computational time and effort by reducing 
the  mathematical  complexity  of  the  RTE  to  an 
analytical  equation  (Arancibia-Bulnes  et al., 
2009; Cuevas et al., 2007; Cuevas & Arancibia-
Bulnes, s. f.). Flat plate reactors can be scaled up 
and can be used with solar radiation, so they are 
very  attractive  and  also  provide  an  excellent 
configuration  for  efficient  activation  of  the 
photocatalyst  TiO2 (Li  Puma,  2005).  Their 
modeling  requires  a  complex  analysis  of  the 
radiation field inside the photoreactor  (Cassano 
et al., 1995).

In this paper, the P1 approximation was used to 
model  radiant  fields  and  to  find  the  optimum 
operational conditions in flat plate heterogeneous 
photoreactors  under  solar  radiation.  Three 
commercial  brands  of  titanium  dioxide 
photocatalysts  (Catalyst  D,  Catalyst  A,  and 
Catalyst  H)  were  used  and  some  comparisons 
were  made  between  them.  Design  parameters 
such  as  the  VRPA,  the  best  reactor  thickness 

δ abs, and a new apparent optical thickness ζ ap p1
 

were  used.  ζ ap p1
was  formulated  with  the  P1 

approximation  approach.  Kinetic  models  of 
pollution  degradation  and  hydrogen  production 
could benefit  from the information provided. In 
kinetic  models  of  pollution  degradation  and 
hydrogen  production,  determining  the  local 
volumetric rate of photon absorption might help 
to  improve  understanding  of  the  relevant 
processes.  It  makes  it  possible  to  calculate 
reaction  rates,  energy  transfer,  and  overall 
efficiency  precisely,  which  improves 
environmental  results  and  leads  to  optimal 
systems.

2. MATERIALS AND METHODS

2. 1. Radiant field
The radiant  field  was  estimated by  solving  the 
RTE in one dimension in rectangular coordinates, 
and then the  LVRPA was deduced. Eq. (2)  is 

the governing equation of the P1 approximation 
or the so-called Helmholtz’s equation which will 
be  solved  later  in  one  dimension  with  suitable 
boundary conditions.

ΔG λ=kd , λ
2 G λ

 (2)

 where,

k d , λ=βλ√3(1−ωλ)(1−gλ

ωλ

3
) (3)

where  gλ
is  the  asymmetry  Henyey-Greenstein 

phase  function  factor  corresponding  to  the 
monochromatic  radiation  of  wavelength  λ and 

which  is  proper  to  each  catalyst,  β λ
is  the 

monochromatic  extinction  coefficient  being  the 
sum of  κ λ

 and  σ λ
 which are the monochromatic 

absorption and scattering coefficients respectively 
defined as,

β λ=κ λ+σ λ
 (4)

All  of  these  coefficients  depend  on  catalyst 
particle concentration in a linear fashion as,

β λ=β λ
⋆ C c a t

,κ λ=κ λ
⋆C c a t

, σ λ=σ λ
⋆ C c a t

 (5)

where  C c at
is  the catalyst  concentration,  β λ

⋆ ,  κ λ
⋆  

and  σ λ
⋆ are specific  coefficients,  independent of 

this concentration (for values in the usual ranges 
for photocatalysis).

ωλ
is  the  scattering  albedo  which  gives  the 

probability  that  a  photon  is  scattered  when 
colliding with a particle defined as,

ωλ
=σ λ

βλ

 (6)

Instead of using the monochromatic parameters, 
one should use their average values in a defined 
wavelength  interval  [λmi n

,  λmax
]  using  the 

following equation,

Γ*=
∫
λm i n

λm ax

Γ λ I (λ)d λ

∫
λm in

λma x

I (λ)d λ

 (7)

where Γ λ
can be one of the parameters κ λ

 , σ λ
,β λ

or gλ
and λmi n

=280 nm, λmax
=395 nm given by 

the interception of solar emission spectrum and 
titanium dioxide absorption spectrum; 𝐼(𝜆) is the 
spectrum of  solar  emission  power  (Tourasse  & 
Dumortier, 2014).
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G λ
  is the local radiation which corresponds to the 

integration of the irradiance  I λ
 all over the solid 

angle  Ω. After finding the expression of  G λ
, one 

can  easily  deduce  the  local  volumetric  rate  of 
photon absorption  (LVRPA)  from Eq.  (8);  this 

parameter  is  very  important  for  the 
determination of the intrinsic kinetic rate of the 
photocatalytic  reaction  in  a  given  reaction 
system.

LVRPA=k λ Gλ
 (8)

In this paper, the concept of the boundary layer 
of  photon  absorption  introduced  yet  in  the 
literature (Otálvaro-Marín et al., 2014) and which 
allows  the  determination  of  the  best  thickness 
has  been  discussed  with  the  P1  approximation 
approach. Figure 1 represents a flat plate reactor 
with thickness  L, located perpendicularly to the 

source, where I 0represents the constant incident 

radiation intensity. The region where there is a 
gradient of energy absorption has been called the 
boundary  layer  of  photon  absorption,  and  its 
thickness  δ abs which can be understood as the 

reactor  thickness  measured from the irradiated 
surface where 99% of total energy is absorbed. 
Then  δ abs is  defined as  x-value which satisfies 

the following equation:

∫
0

δ abs

LVRPA (x)d x=0.99∫
0

L

LVRPA (x)d x (9)

This  definition  of  boundary  layer  thickness  for 
transport  phenomena and absorption of  radiant 
energy is analogous to the definition of thickness 
of  hydrodynamic,  thermal,  and  concentration 
boundary layer on a flat plate  (Incropera, s. f.; 
Otálvaro-Marín et al., 2014).

 

Figure 1.  Collimated incident radiation on a slab reactor.

Oversizing the reactor thickness could lead to the 
formation  of  a  dark  sublayer  with  very  little 
photon  absorption.  As  a  result,  while  choosing 
the  ideal  thickness  for  flat  plate  reactors,  the 
boundary  layer  thickness  becomes  a  design 
parameter  (Otálvaro-Marín  et al.,  2014).  It  can 
be  used  as  a  geometrical  parameter  that  is 
equivalent  to  the  optimal  reactor  thickness, 
depending  on  the  type  and  loading  of  the 
catalyst.  It  is  worth  mentioning  that  the  new 
apparent  optical  thickness  was  also  formulated 

here  with  the  P1  approximation  approach  and 
was used for a design purpose.

2. 2. Solution for the RTE in One Dimension 
Using the P1 Approximation Approach
Figure 1 shows a schematic representation of a 
flat  plate  reactor  with  thickness  L,  located 

perpendicularly to the source.
The  P1  approximation  in  one  dimension  in 
cartesian coordinates becomes:

90



Nchikou, C., JOTCSB, (2024), 7(1), 87-104. RESEARCH ARTICLE

∂G λ

∂ x
=k d , λ

2 G λ
 

(10)

The general solution of Eq. 10 is:

G λ=A ekd , λ x+B e−kd ,λ x 

(11)

where  A and  B are real constants to determine 

later.

2. 3. Boundary Conditions
For the determination of the constants  A and  B 

Marshak’s boundary conditions (Marshak, 1947) 
are considered in Eqs. (1-2), where I 0represents 

the photon flux reaching perpendicularly the top 
side of the reactor and with the assumption that 
the  photon  flux  does  not  reach  the  reactor 
bottom and that the inner reflectance of reactor 
glass is negligible.

G λ(0)−
2
3ξλ

dG λ( x)
d x x=0

=4 I0 

(12)

G λ(L)+ 2
3ξ λ

d Gλ (x)
d x x=L

=0 

(13)

where ,

ξ λ=β λ(1−g λ
ω
3

)

(14)

That leads to the following system of equations:

(1−
2kd , λ

3ξ λ

) A+(1+
2kd , λ

3ξ λ

) B=4 I 0 (15)

(1+
2kd , λ

3ξλ

)e
kd , λ L

A+(1−
2kd , λ

3ξλ

)e
−kd, λ L

B=0 (16)

Which yields

A=
4 (1−

2kd , λ

3ξλ

)e
−kd ,λ L

I 0

(1−
2kd , λ

3ξλ

)
2

e−kd, λ L−(1+
2kd , λ

3ξλ

)
2

ekd , λ L

 (17)

B=
−4(1+

2kd , λ

3ξλ

)e
kd, λ L

I 0

(1−
2k d , λ

3 ξλ

)
2

e−kd ,λ L−(1+
2k d , λ

3 ξλ

)
2

ekd ,λ L

 (18)

Finally, one finds,

G λ(x )=
4 (1−

2kd , λ

3ξλ

)e
−kd, λ(L−x)

−4 (1+
2k d , λ

3ξ λ

)e
kd ,λ (L− x)

(1−
2kd , λ

3ξλ

)
2

e
−kd , λ L−(1+

2kd , λ

3ξλ

)
2

e
kd ,λ L

I 0
  (19)

The local volumetric rate of photon absorption will be then,
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LV R P A (x )=
4κ λ((1−

2kd , λ

3ξλ

)e−kd, λ(L−x)−(1+
2kd , λ

3ξλ

)e
kd , λ(L−x)

)

(1−
2k d , λ

3ξλ

)
2

e
−kd , λ L−(1+

2kd , λ

3ξλ

)
2

e
kd ,λ L

I0
 (20)

2. 4. Parameters of the P1 Approximation

ωλ ,mod
, λmod

, and ζ ap p1
 are defined here as the 

P1  approximation  parameters,  their  equivalent 
are  ωc or r

,  λcor r
, and  ζ ap p

for the six-flux model 

(SFM)  respectively,  ζ ap p1
is  a  design  parameter 

as ζ ap p
is for the SFM (mod stands for modified). 

These parameters are defined as follows:

ωλ ,mod=√ωλ (1+
gλ

3
−

gλ

3
ωλ)

 (21)

λmod=
λ0

√3(1−ωλ, mod
2 )

 (22)

where λ0is the mean free path of photon defined 

as,

λ0=
1
βλ

 (23)

ζ ap p1
, is the apparent optimal thickness defined 

as

ζ ap p1=ζ √3 (1−ωλ ,mod
2 ) (24)

where  ζ  is the optical thickness, for a flat plate 

reactor expressed as,

ζ= L
λ0

 (25)

k d , λ=
1

λmod

(26)

LV R P A (x )=
4κ λ((1−

2
3ξ λ

λmod

)e
−L−x

λm o d −(1+

2
3ξλ

λmod

)e
L−x
λm od )

(1−

2
3ξ λ

λmod

)

2

e
−L
λm o d−(1+

2
3ξλ

λmod

)

2

e
L

λm od

I 0 (27)

The unique solution for Eq. (9) is given by:

δ abs=λmod l n( Σ+√Σ2+4 A B
2 A

) (28)

-

where,

Σ=0.99 (A e
L

λmo d−B e
−L
λm od −A+B)+ A−B

 (29)
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where A and B are constants defined in Eqs. (17-

18) respectively.

2. 5. Volumetric Rate of Photon Absorption, 

VRPA.

VRPA is defined as an average value of VRPAin 

the entire reactor volume. For a flat plate 
reactor, when the incident radiation intensity is 
constant along the reactor wall, the is expressed 
as:

VRPA= 1
L
∫
0

L

LVRPA (x ,C c a t)d x (30)

VRPA is  a  design  parameter  formulated  and 

validated  to  determine  the  optimum  catalyst 
loadings  in  photocatalytic  processes  (Brandi 
et al., 1996; Otálvaro-Marín et al., 2014).

3. RESULTS AND DISCUSSION

The simulation of the P1 approximation in a flat 
plate  photoreactor  was  performed  under  solar 
radiation  with  three  different  brands  of 
commercial  titanium  dioxide  with  their  optical 
characteristics  (albedo,  modified  albedo, 
scattering and absorption coefficient, asymmetry 
factor) reported in the literature  (Acosta-Herazo 
et al., 2016; Otálvaro-Marín et al., 2014) and in 
Table 1.  The reactor thickness L was considered 

to vary.

Table 1. Average optical properties of commercial photocatalysts based on titanium dioxide under 
solar  radiation  (Acosta-Herazo  et al.,  2016;  Otálvaro-Marín  et al.,  2014),  modified  albedo,  and 
asymmetry factor g.

Catalyst
σ *×10−4

(c m2g−1)
κ*×10−3

(c m2g−1)
β*×10−4

(c m2g−1)
ω ωmod g

Catalyst A 3.73 2.43 3.98 0.94 0.97 0.53

Catalyst D 5.42 2.87 5.71 0.95 0.99 0.53

Catalyst H 2.52 1.17 2.64 0.96 0.98 0.57

3.1.  LVRPA 

The  local  volumetric  rate  of  photon  absorption 
per unit of incoming radiant flux (LV R P A / I 0) in 

function of x-coordinate at different catalyst loads 
describes  the  distribution  of  the  photon 
absorption  inside  the  reactor  for  each  of  the 
catalysts Catalyst A, Catalyst D and Catalyst H as 
depicted  in  Figure  2  (L=1 cm).  For  each 

catalyst,  the  LV R P A / I 0 profile  shows  the 

decrease  of  the  absorption  from  the  top  side 
(Maximum value of  LV R P A / I 0) until the bottom 

of the reactor (minimum value of LV R P A / I 0) and 

that the absorption at the top side of the reactor 
increases exponentially with the increase of the 

catalyst  load  due  to  the  amount  of  surface-
exposed catalyst and the back-scattering energy 
absorption  from  the  internal  layer  inside  the 
reactor. Near the irradiated surface, the change 
LV R P A / I 0 with  respect  to  x is  linked  to 

extinction  coefficients;  a  rise  in  catalyst 
concentration  and  high  extinction  coefficients 
quickly extinguish the total energy of the system. 
These observations are in good agreement with 
the  literature  (Nchikou  et al.,  2021;  Otálvaro-
Marín et al., 2014). It is also observed that the 
more the catalyst loading increases the more the 
absorption at the reactor bottom decreases. The 
LV R P A / I 0 is negligible at the reactor bottom for 

Ccat greater  than  0.3  g/L  for  Catalyst  A  and 
Catalyst D, the same result was found by using 
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the SFM (Otálvaro-Marín et al., 2014) which was 
validated by comparing it to rigorous solution of 

the  RTE  (Brandi  et al.,  1999;  Zalazar  et al., 
2005).

Figure 2.  The LVRPA per unit of light intensity vs x-axis with different Ccat, (L=1 cm )
a) Catalyst A , b) Catalyst D, c) Catalyst H

The  LV R P A / I 0profile for each catalyst in Figure 3 

shows a good uniformization of photon absorption 
for Ccat  equal to 0.1 g/L (Figure 3 a, c, and e) but at 
0.5  g/L  (Figure  3  b,  d,  and  f)  of  Ccat  photon 
absorption decreases considerably at the inner zone 
of  the  reactor  while  increases  significantly  at  the 

zone around its wall. This could be explained by the 
fact that the cloudy effect starts which impedes the 
photon penetration in the inner part of the reactor 
due  to  the  saturation  of  the  absorption  at  the 
irradiated  reactor  surface  (Colina-Márquez  et al., 
2010).  With  Catalyst  H  the  clouding  effect  starts 
with Ccat greater than 0.5 g/L.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.  Absorption profile per unit of light intensity at 0.1 g/L of Ccat ( a), c), e) for Catalyst A, 
Catalyst D, and Catalyst H respectively) and at 0.5 g/L of Ccat ( b), d), f) for Catalyst A, Catalyst D, 

and Catalyst H respectively).
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3. 2. Optimal Operating Conditions in a Flat 
Plate Photoreactor
3. 2. 1.  VRPA
Based on the quantity of radiation absorbed by 
the catalyst,  the  VRPA is  crucial  for  assessing 

the quantum yield of photocatalytic reactions, it 
gives  more  significant  information  compared to 
the  quantum efficiency,  which  depends  on  the 
incident  photon  flux.  Additionally,  it  enables  a 
suitable  assessment  of  the  activity  of  catalysts 
with  various  optical  characteristics  (Colina-
Márquez  et al.,  2010). Figure  4  represents  the 

VRPA per unit of light intensity (V R P A /I 0) as a 

function of catalyst loading with different reactor 
depths  for  the  three  catalysts and  different 
reactor  heights.  It  shows  how the  V R P A /I 0 
increases exponentially and reaches a value from 
where  it  remains  almost  constant  due  to  the 
photon  saturation  at  the  upper  side  of  the 
reactor. The  V R P A /I 0 with Catalyst D is a little 

higher  than  with  Catalyst  A  for  Ccat  less  than 
0.15  g/L  approximately  for  L=0.5cm and 

L=1cm but  above  this  value,  the  reverse  is 

observed. For reactor height higher than unity, 
Catalyst A has the highest  V R P A /I 0 (see Figure 

4  a)  and  b));  meanwhile  Catalyst  H  has  the 
lowest  V R P A /I 0 for Ccat less than 0.25 g/L and 

almost  coincides  with  Catalyst  D  in  terms  of 
absorption  for  Ccat greater  than  0.25  g/L  (see 
Figure 4 c) and d)).
In the case when L=1cm, the V R P A /I 0 profiles 

present a weak absorption for Ccat less than 0.1 
g/L  and  from  0.1  to  0.4  g/L  an  exponential 
increase; catalyst loading above 0.2, 0.3 and 0.4 
g/L  respectively  for  Catalyst  D,  Catalyst  A and 
Catalyst H  would be a catalyst waste since the 
V R P A /I 0 will no more increase significantly and 

high value of  Ccat produces the clouding effect. 
The optimum values of Ccat are around 0.2, 0.3, 
and  0.4  g/L  for  Catalyst  D,  Catalyst  A,  and 
Catalyst  H,  respectively,  which  agree  with  the 
literature  (Otálvaro-Marín  et al.,  2014).  In 
comparison  to  the  catalyst  Catalyst  D,  the 
catalyst  Catalyst  A  VRPA maximum  is 

approximately  12  %  higher.  A  comparable 
pattern was observed, where Catalyst A is 19 % 
and 7 % more efficient than Catalyst D P-25 in 
the  case  of  UV  lamps  used  for  polychromatic 
radiation and in the case of solar radiation using 
the  SFM  approach  respectively  (Brandi  et al., 
1999; Otálvaro-Marín et al., 2014). As it is shown 
in Figure 4, although the V R P A /I 0 increases with 

Ccat, it decreases with the increase of the reactor 
height. it drops to 80% approximately for each of 
the  photocatalysts  for  reactor  height  varying 
from 0.5 to 3 cm.

(a)
(b)
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(c) (d)

  Figure 4.  The VRPA per unit of light intensity vs catalyst loading with different reactor depths for 

the three catalysts (a)L=0.5cm, b) L=1cm ,c)L=2cm ,d) L=3cm).

3. 2. 2.   Impact of the reactor height on the 
VRPA
Figure 5 shows how the reactor height affects the 
V R P A /I 0 for the three catalysts. In this figure, 

the V R P A /I 0 decreases with the increase of the 

reactor height for each of the three catalysts. For 
both  catalysts  Catalyst  A  and  Catalyst  D,  the 

VRPA maximum  (V R P Amax / I0)  is  reduced  to 

50% when L increases from 0.5 to 1 cm and to 

30% when L increases from 1 to 1.5 cm; over 2 

cm the  V R P Amax / I0 does  not  vary  too  much. 

The same observation is made with the catalyst 
Catalyst  H  except  that  the  V R P Amax / I0 
decreases  to  40  %  approximately  when 
increasing L from 0.5 to 1 cm. These reductions 

of  the  V R P Amax / I0 could  be explained by the 

fact that the more the reactor height increases 
the  more  the  photon  absorption  uniformization 
decreases  since  the  photon  pathway  becomes 
very long and it struggles to reach the inner part 
of  the  reactor.  Moreover,  for  the  catalysts 
Catalyst  A  and  Catalyst  D  the  optimum Ccat is 
about  0.15  g/L  for  L > 1 cm;  meanwhile  for 

Catalyst H, the optimum Ccat is about 0.15 g/L for 

L≥3 cm.  Thus,  for  high  values  of  L,  the 

optimum  Ccat is  very  low  but  unfortunately 
working with a very small amount of Ccat implies 
low  production  of  oxidizing  species.  Then 
oversizing  the  reactor  height  reduces 
considerably  the  average  value  of  the  LVRPA 

inside  the  reactor  and  therefore  could  disfavor 
the photocatalytic process.

          
         a)                                                                    b)
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          c)

Figure 5.  The VRPA per unit of light intensity vs catalyst loading with different reactor depths, 

L  =  0.5   cm   i n   b l u e   l i n e ,  L  =  1   c m   i n   r ed   l i n e
L  =  1.5   c m   i n   y e l l ow   l i ne ,  L  =  2   cm   i n  g r een   l i n e ,

L  =  3  c m   i n   o r a nge   l i ne

.

a) Catalyst A , b) Catalyst D, c) Catalyst H

4. REACTOR SIZING

4. 1.  Boundary Layer
Eq.  (28)   establishes  the  boundary  layer  of 
photon  absorption  (δ abs)  dependence  on  the 

catalyst,  catalyst  loading,  and  the  reactor 
thickness.  Figure  6  shows  how varies  δ abswith 

respect to Ccat and L for the catalysts Catalyst A, 

Catalyst D and Catalyst H. For any value of  L, 

δ abs decreases with the increase of Ccat since the 

more Ccat increases the more photons penetration 
to the inner part of the reactor becomes difficult. 
For low values of Ccat, δ absincreases linearly with 

L, probably because low Ccat means no saturation 

of catalyst particles, and therefore, photons can 
easily  move and reach the reactor  bottom and 
then be absorbed (δ abs is almost equal to L). It is 

worth  mentioning  that  the  more  the  boundary 
layer approaches the reactor height the more the 
absorption is uniform inside the reactor. Finally, 
for  high  values  of  Ccat (greater  than  0.5  g/L 
approximately), δ absincreases linearly with L until 

a fixed value where it remains almost constant. 
This is  obvious since in this  case,  the clouding 
effect occurs because of the presence of a high 
amount of catalyst particles at the reactor wall 
impeding photons penetration.

 

           a) Catalyst A                                 b) Catalyst D P-25                         c) Catalyst H

Figure 6. Boundary layer of photon absorption as a function of catalyst loading and reactor height for 
the three catalysts.
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Figure 7 shows how the boundary layer of photon 
absorption varies as a function of catalyst loading 
(L = 1 cm). Combining  Figures 4 and 7 one can 

find  helpful  details  to  specify  the  kind  and 
amount  of  catalyst  as  well  as  the  design 
thickness of a flat plate reactor. For each of the 
catalysts, for Ccat lower than 0.1 g/L, absorption 
takes  place  in  almost  the  whole  reactor  but  a 
very small value of the VRPA is produced (δ abs
 is almost equal to  L). For Ccat from 0.1 to 0.2 

g/L, photon absorption occurs over 85% of the 
entire reactor height while in the range 0.2-0.4 
g/L  of  Ccat,  the  VRPA maximum  is  obtained 

between  82  and  89%  of  the  entire  reactor 
thickness  as  shown  in  Table  2.  This  table 
summarizes the  optimum  catalyst  loading, 
maximum energy absorbed, and design thickness 

for different reactor thicknesses (0.5, 1, 2, and 3 
cm). Comparisons have been made between the 
three  catalysts  in  the  literature  using  the  SFM 
when  L  = 1 cm  (Otálvaro-Marín et al.,  2014), 

and the same observations were found here. As 
shown in Table 2, Catalyst D is the best catalyst 
since it needs only 0.2 g/L of Ccat to produce 0.43 
(1/cm)  of  V R P A /I 0 over  86  % of  the  reactor 

thickness. It was also found in the literature that 
for a reactor height of 1 cm,  the boundary layer 
of  photon  absorption  is  around  0.86  cm using 
different Catalyst D optical properties than those 
in this work (Acosta-Herazo et al., n. d.). Catalyst 
H comes in third position, it needs 0.4 g/L of Ccat 

to reach 0.43 (1/cm) of VRPA/Io even though it 
has the highest δ abs (0.89). For reactor thickness 

equal to 0.5 cm, Catalyst A stands as the best 
photocatalyst and then Catalyst D.

Figure 7. Boundary layer of photon absorption as a function of catalyst loading (L  = 1 cm).

For  L  = 3 cm, all the catalysts produce almost 

the same  V R P A /I 0 at  the same optimum Ccat 

(0.15 g/L) but Catalyst H performs as the best 

catalyst followed by Catalyst A since Catalyst H 
has the highest δ abs (2.61 cm) and Catalyst D the 

lowest (1.52 cm).
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Table 2. Optimum catalyst loading, maximum energy absorbed, and design thickness of flat plate 
reactor under solar radiation for different reactor heights (0.5, 1, 2, and 3 cm). The values in bracket  

in column 4 represent δ abs
L

×100.

catalyst Ccat-op 

(g/L)
V R P Amax / I0 
(1/cm)

Suggested 
thickness (cm)

Reactor 
height 
(cm)

0.5 0.88 0.4  (80%) 0.5
Catalyst D 0.2 0.43 0.86 (86%) 1

0.15 0.22 1.43 (72%) 2
0.15 0.15 1.52 (51%) 3
0.5 0.93 0.43 (86%) 0.5

Catalyst A 0.3 0.48 0.82 (82%) 1
0.15 0.24 1.64 (82%) 2
0.15 0.16 1.94 (65%) 3
0.5 0.73 0.47 (94%) 0.5

Catalyst H 0.4 0.43 0.89 (89%) 1
0.25 0.2 1.85 (93%) 2
0.15 0.14 2.61 (87%) 3

4. 2. Apparent Optical Thickness
The volumetric rate of photon absorption per unit 
of  reactor  length  V R P A /H  is  another  design 

parameter,  it  is  obtained  by  integrating  the 

LVRPA over the reactor width and height. It can 

also be found by multiplying the  VRPA by the 

cross-sectional area of the reactor. In this work, 
the reactor width was supposed to be unity. For 
the optimization of the radiation absorption inside 
the  flat  plate  reactor  of  any  height,  a  new 
apparent optical thickness  ζ ap p1

 was introduced 

with the P1 approximation (see Eq. 24) as it was 
the case of  ζ ap p

 with the SFM approach in the 

literature  (Colina-Márquez  et al.,  2010).  This 
dimensionless  design  parameter  removes  the 
dependence of the optimum catalyst loading on 
the  reactor  height  and  catalyst  albedo  as  it  is 
proved in Figure 8. Figure 8 a) shows how the 

V R P A /H  per unit of light intensity () varies as a 

function of ζ ap p1
 for different reactor heights with 

Catalyst  D  P25  catalyst  properties  taken  from 
(Colina-Márquez  et al.,  2010).  The  optimum 
value  of  ζ ap p1

 (ζ ap p1 , o p
)  remains  almost  the 

same (about 4.87) no matter the change in the 
reactor height. Figure 8 b) displays the variation 

of the  as a function of ζ ap p1
 at different catalyst 

albedo but with a fixed absorption coefficient (κ
=2.87  c m2g−1)  and  L=2  cm.  It  was  found 

almost  the  same  ζ ap p1 , o p
 for  different  albedo, 

about 4.87. ζ ap p1
 keeps the same concept as the 

ζ ap p
 with the SFM approach, therefore, reactors 

working  at  the  same  ζ ap p1 , o p
 have  the  same 

behavior in terms of radiation absorption (Colina-
Márquez  et al.,  2010;  Otálvaro-Marín  et al., 
2014). To prove this affirmation, it was supposed 
a flat plate reactor working at ζ ap p1 , o p

=4.87 with 

0.3 g/L of optimum Ccat and with ω=0.85. In this 
case, the reactor height was found about 1.37 cm 
using  Eq.  (24).  The  corresponding   was 
established  and  for  comparison  purposes,  its 
curve (curve in yellow in Figure 8 b) was drawn 
as a function of  ζ ap p1

 by taking ω=0.85 and  κ
=2.87  c m2g−1and it was found that it matches 

the curve in black (see Figure 8 b) ω=0.85). This 
proves the independence of the optimum catalyst 
loading on the reactor height and catalyst albedo. 

ζ ap p1 , o p
 values  obtained  were  4.62,  4.87,  and 

3.7  for Catalyst A, Catalyst D, and Catalyst H, 

100



Nchikou, C., JOTCSB, (2024), 7(1), 87-104. RESEARCH ARTICLE

respectively,  almost  the  same  values  of  the 
optimum  ζapp  obtained  (4.39,  4.08,  and  3.77) 
with  reactor  height  taken  1  cm  by  using  the 
features  displayed  in  Table  1.  The  best  design 
conditions  for  different  catalyst  loadings  and 
reactor  thicknesses  are  obtained  by  keeping 

ζ ap p1 , o p
 constant. For optimization purposes, it is 

recommended  to  use  ζ ap p
 when  the  reactor 

height  is  not  near  1  cm,  therefore,  the  same 
recommendation  should  be  considered  when 
using ζ ap p1

.

(a) (b)
 

Figure 8. a) Effect of the apparent  optical thicknesses  ζ ap p1
 on the  V R P A /H  per unit of reactor 

length and  per unit  of  light intensity with a fixed scattering albedo of the photocatalyst at three 
different reactor heights. Catalyst D P25 catalyst properties were taken from (Colina-Márquez et al., 
2010) (ω=0.88 and κ=1.74 c m2g−1). The boxed point in the figure corresponds to ζ ap p1 , o p

 = 4.87 

and  = 0.595 cm. b) Effect of the apparent optical thicknesses  ζ ap p1
 on the  V R P A /H  per unit of 

reactor length and unit of light intensity as a function of the scattering albedo of the photocatalyst. 
The specific mass absorption coefficient was kept constant (2.87  c m2g−1), and ω was varied, with 

reactor height equal to 2 cm. The yellow line refers to data of the VRPA obtained using ζ ap p1 , o p
 = 4.87 

(the reactor height was found about 1.37 cm using Eq. (24)), ω=0.85 and  κ=2.87  c m2g−1.  The 

boxed point in the figure corresponds to ζ ap p1 , o p
 = 4.87 and  = 0.653 cm.

5. PERSPECTIVES

In future works, our attention will be focusing on 
extending  this  present  work  to  flat  plate 
photocatalytic  reactors  with  incident  radiation 
varying  along  the  reactor  width  and  this  will 
imply  solving  the  RTE  in  2D  using  the  P1 
approximation.

6. CONCLUSION

In this study, it  was demonstrated that the P1 
approximation is a viable alternative approach for 

characterizing  the  radiant  field  in  a  flat  plate 
reactor  with  any  kind  of  catalyst  present  in  a 
high-scattering medium. The radiant field in a flat 
plate  photocatalytic  reactor  was  described  and 
optimized  using  it.  The  VRPA,  the  boundary 

layer of photon absorption, and the new apparent 
optical  thickness  were  established  for 
optimization purposes. These design parameters 
were  used  to  find  the  optimum  operating 
conditions  employing  the  catalysts  Catalyst  D, 
Catalyst  A,  and  Catalyst  H,  and  comparisons 
were made between the three catalysts as well. 
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While  the  new  apparent  optical  thickness 
established with the P1 approximation approach 
eliminates  the  dependence  of  the  optimum 
catalyst  loading  on  the  reactor  height  and 
catalyst  albedo,  the  VRPA and  the  boundary 

layer  of  photon  absorption  help  determine  the 
optimal  catalyst  loading  for  any  reactor  height 
and  reactor  sizing,  respectively.  Findings  are 
consistent with those obtained using the SFM and 
could help for scaling up. The significance of the 
information  provided  here  for  flat  plate 
photoreactor  design  resides  in  its  ability  to 
remove  the  necessity  for  statistical  analysis  of 
experimental  designs,  which  requires  a  major 
investment of time and resources. Establishing a 
rate  equation  to  explain  the  kinetics  of  the 
photocatalytic degradation of different chemicals 
could also benefit from this.
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Abstract:  The increasing presence of presistent synthetic dyes, like crystal violet (CV), in
wastewater poses a significant threat to aquatic ecosystems and human health due to its
genotoxicity and carcinogenicity. Biochar derived from agricultural waste offers a promising,
cost-effective, and eco-friendly approach for dye removal. This study explores the potential of
flamboyant pod biochar (FPB) as a novel  and sustainable adsorbent for CV removal.  FPB
offers a unique advantage as it utilizes readily available flamboyant pod waste, promoting
waste  valorization  and  a  cost-effective  approach.  FPB was  synthesized  through  a  simple
process involving milling, sun-drying, and pyrolyzing flamboyant pod waste at 300 °C. Batch
adsorption experiments were conducted to evaluate the influence of contact time and initial
dye  concentration  on  removal  efficiency.  Kinetic  modeling  using  pseudo-first-order  and
pseudo-second-order models explored the underlying mechanisms governing the adsorption
process.  The  pseudo-second-order  kinetic  model  exhibited  a  superior  fit  (R²  >  0.87)
compared to the pseudo-first-order model, suggesting a chemisorption mechanism governing
the  adsorption  process.  These  findings  demonstrate  the  potential  of  FPB  as  a  low-cost,
sustainable adsorbent for CV removal from wastewater.
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1. INTRODUCTION

Dyes,  a  ubiquitous  group  of  synthetic
aromatic compounds, find application across
a  vast  spectrum  of  industries,  including
textiles,  food,  and  pharmaceuticals.
However,  their  recalcitrance  towards
biodegradation  presents  a  significant
environmental  challenge.  Effluent  from the
textile  industry,  a  major  source  of  dye
contamination,  is  estimated  to  contain  10-
20%  of  unused  dyes.  Adsorption  has
emerged  as  a  promising  strategy  for  the
removal of these pollutants from wastewater
due  to  its  high  efficiency,  reusability,  and

diverse  range  of  adsorbent  materials
(Chahinez  et  al.,  2020;  Zamouche  et  al.,
2020).

Crystal violet (CV), a commonly used cationic
dye,  was selected for this study due to its
hazardous  nature  and  strong  adsorption
properties.  Cationic  dyes  like  CV  pose  a
greater  threat  to  human  health  and  the
environment  compared  to  their  anionic
counterparts.  This  is  attributed  to  their
strong  affinity  for  negatively  charged  cell
membranes.  This  electrostatic  attraction
allows  CV  to  readily  interact  with  and
penetrate  living  cells,  accumulating  within
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the cytoplasm  (Zamouche  et al., 2020). CV
exhibits  cytotoxicity  and  genotoxicity,
including  mutagenic  and  carcinogenic
properties  (Abbasi  et  al., 2020).  Therefore,
developing efficient methods for CV removal
from wastewater is crucial.

Delonix  regia pods,  commonly  known  as
flamboyant pods or flame tree pods, present
a promising renewable feedstock for biochar
production. These large, lignocellulosic pods
are  a  byproduct  of  the  flamboyant  tree
(Delonix  regia),  a  popular  ornamental
species  cultivated  throughout  tropical  and
subtropical regions. Following seed dispersal,
the pods naturally detach from the tree and
accumulate  as  a  significant  component  of
agricultural  waste.  Fortunately,  flamboyant
pods  possess  several  characteristics  that
make  them  ideal  biochar  feedstock.  Their
abundance, cellulosic composition, and ease
of collection and processing after falling from
the  tree  contribute  to  their  suitability.
Moreover,  utilizing  flamboyant  pods  for
biochar  creation  not  only  addresses
agricultural  waste  management  but  also
transforms this waste into a valuable product
for environmental applications, promoting a
sustainable waste valorization approach.

Biochar  has  emerged  as  a  promising
adsorbent  for  dye  remediation  due  to  its
exceptional  capacity.  This  stems  from  its
high  surface  area,  offering  a  multitude  of
binding  sites  for  dye  molecules,  and  the
presence of diverse functional groups on its
surface that can interact favorably with dyes.
While  traditional  methods  often  boast  high
efficacy,  their  economic  feasibility  can  be
hindered by the vast array of dye structures.
The  adsorption  capacity  and  specific
interaction  mechanisms  between  biochar
and  dye  pollutants  are  influenced  by  a
complex interplay of  factors.  These include
the inherent characteristics of the dye itself,
the  properties  of  the  biochar  (such  as
surface  chemistry  and  porosity),
environmental  conditions  (pH,  ionic
strength), and even the aging process of the
biochar  (Vyavahare  et  al.,  2019).
Understanding  the  impact  of  these  key
factors  is  crucial  for  optimizing  biochar's
application in dye removal.

In recent years, adsorption has emerged as a
preferred  method  for  dye  removal  from
wastewater  due  to  several  advantages,
including high efficiency, ease of operation, a
vast array of applicable adsorbent materials,
and cost-effectiveness  (Loulidi et al., 2020).

However,  optimizing  adsorption  processes
for  maximum  dye  removal  efficiency
necessitates  a  thorough  understanding  of
the various influencing parameters and their
impact  on  adsorption  capacity.  Traditional
optimization  techniques  often  rely  on  a
substantial  number  of  experiments,  which
can be both expensive and time-consuming
(Rosly  et  al.,  2021).  Furthermore,  these
methods might not adequately  capture the
intricate  interactions  between  process
variables and their combined effects on the
adsorption capacity (Rosly et al., 2021).

This  study  addresses  these  limitations  by
investigating  flamboyant  pod  biochar  (FPB)
as a novel, sustainable adsorbent for crystal
violet  removal.  We  explore  the  efficacy  of
FPB  by  examining  the  influence  of  key
adsorption  parameters  such  as  dye
concentration,  contact  time,  and  FPB
dosage.  Furthermore,  equilibrium isotherms
and error analysis are employed to elucidate
the  mechanism  and  correlation  governing
the adsorption process.

2. MATERIAL AND METHODS

2.1. Biochar Synthesis from Flamboyant
Pod 
The  acquired  flamboyant  pod  sample  was
washed  with  distilled  water  to  remove
surface impurities, sun-dried for 48 hours to
reduce  moisture  content,  milled  with  PMG-
100, power mortar grinder, and sieved using
a 2 mm mesh sieve size to obtain uniform
particle  size.  The  resulting  flamboyant  pod
sample  was  calcined  at  temperature  (300
°C),  particle  size  (2  mm),  flamboyant  pod
moisture (10 %), and pyrolysis duration (30
minutes)  in  a  muffle  furnace  to  produce
flamboyant pod biochar, referred to as FPB
(Barber et al., 2018).

2.2. Preparation of Adsorbate Solution
The  Crystal  Violet  (CV)  dye  (chemical
formula = C25H30N3Cl,  solubility  in water 16
g/L  at  25  °C,  Molecular  weight  =  407.98
g/mol) with a purity of 99% was used in this
study (structure shown in Table 1). A stock
solution of 1000 mg/L CV was prepared by
dissolving 1 g of the dye in 1 L of distilled
water  in  a  volumetric  flask.  The  stock
solution was stored in a dark environment to
avoid  depolarization.  All  working  solutions
with  desired  concentrations  were  prepared
by  diluting  the  stock  solution  with  distilled
water according to standard methods (APHA
1995).

 
Table 1: Characteristics and chemical properties of crystal violet.

Name Crystal Violet
Chemical formula C25H30N3Cl
Molecular weight 407.98 g/mol
λmax (nm) 590 nm
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Dye type Cationic

Chemical structure

2.3 Batch Adsorption Experiment
All experiments were conducted in triplicate,
and the reported values represent averages
with  associated  standard  deviations.  Initial
optimization  experiments  established  the
optimal  range  for  initial  dye  concentration
(50-250  mg/L)  and  contact  time  (10-225
minutes).  For  the  adsorption  experiments,
100  mL  of  dye  solution  with  an  initial
concentration of 50 mg/L was added to 250
mL conical flask along with a 1 g of FPB. The
mixture was agitated on a shaker (Bioshaker
BR-23FH) at 150 rpm for the desired contact
time (10-225  minutes).  After  agitation,  the
residual  concentration  of  the  dye  solution
were  obtained  using  a  UV-visible
spectrophotometer,  measuring  absorbance
at the maximum wavelength  of  CV (λmax =
590 nm). 

Removal Efficiency (%) (RE) = 
C0−Ce
C0

×100

(1)
Adsorption Capacity  (mg/g) @ equilibrium (qe=

(C0−C e ) MV (2)

Adsorption Capacity   (mg/g) @ any time ((q t )=

(C0−C t )
M
V

(3)

Where  C0  and  Ce are  the  initial  and  final
concentration of the crystal violet and m and
v is the mass of the biochar and volume of

the  adsorbate  utilized,  while  qe and  qt are
adsorption  capacity  (mg/g)  at  equilibrium
and any time, respectively.

2.4. Analysis of Experimental Data

2.4.1. Adsorption kinetic model 
Adsorption  kinetics  plays  a  pivotal  role  in
determining  the  pace  at  which  a  solute  is
taken up, while influencing the duration of its
interaction  at  the  solid-solution  interface.
Therefore, it is essential to comprehend the
reaction mechanism governing the sorption
process for the effective design of  sorption
treatment  facilities.  If  not  adequately
comprehended, the adsorption kinetics could
present  significant  challenges  in  the
development  of  treatment  systems
incorporating  adsorbents.  Furthermore,  it
serves as a tool to identify the rate-limiting
step  within  an  adsorption  process.  The
insights derived from adsorption kinetics are
invaluable  to  industry  operators  and
planners,  offering  crucial  guidance  for  the
appropriate  treatment  of  contaminated
wastewater  through adsorption.  In practical
or industrial settings, the rapid adsorption of
solutes  in  an  adsorption  system  is  highly
desirable.  Kinetic  parameters  aid  in
predicting  the  adsorption  rate  and
equilibrium  time,  providing  essential
information for the design and modeling of
adsorption  processes.  The  specific
adsorption kinetics examined in this research
are detailed below.

Table 2: Linear and non-linear forms of adsorption kinetic models (8).

Models Non-linear Equation

Zeroth order NA q t=ko t+qo
First order NA lnqt=k1 t+ lnqo

Second order NA 1
qt

=k2 t+
1
qo

Third order NA 1
qt

2 =k 3t+qo
2

Pseudo-first order
Type 1 q t=qt (1−e

−k1 t) log (qe−q t )−log (qe)=
−k1t
2.303
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Type 2 ln (qe−q t )−ln (qe)=−k1 t
Type 3

c t=coe
−k1 t ln ( ctco )=−k1 t

Type 4
ln (1− co−ct

co−ce )=−k1 t

Pseudo Second Order
Type 1

q t=qe [1− 1
1+k2 t ]

1
qt

= 1
k2qe

2 +
t
qe

Type 2 1
qt

= 1
k2qe

2
1
t
+ 1
qe

Type 3 ( 1
q t

−
1
qe )qe2= 1

k 2t
Type 4

q t=qe−( 1
k2qe )

q t
t

Type 5
(q t−qe )qe=−( q tk2 t )

Type 6 qt
t
=k2qe

2−k2qe qt
Type 7 1

qe−qt
− 1
qe

=k2t

Type 8 1
t=k2qe

2( 1
qt )−k2qe

Type 9 qe
qe−qt

−1=k2 t

Type 10 ϴ
1−ϴ

=k2 t

Type 11
C t−

1
C0

=k2 t

Type 12 1
Ct

− 1
C0

=k2 t

Type 13 1
C0−Ct

=k2 t+b

Pseudo-third
order q t=qe [1− 1

(1+2k3t )
1
2 ] 1

qt
2 =

1
qe

2 +k3 t

Esquivel kinetic model
Type 1

q t=qe ( t
t+K E )

1
qt

=
KE

qe t
+ 1
qe

Type 2 ( 1
q t

− 1
qe )qe=

K E

t
Elovich kinetic model

Type 1 q t=k5 ln (k5 keq )+k5 ( lnt )

108



Akinyemi, A. G. et al., (2024). JOTCSB, 7(2), 105-122. 

q t=
−k4

k5
te−k1qt

Type 2
q t=

1
k 6

ln (k6 k 7 )+ 1
k6
lnt

Avrami q t=qe−qeexp (−k t n)
ln (ln( qe

qe−q t ))=nlnk+nlnt
2.4.2 Statistical Error Analysis 
Over the years,  error  functions  have found
utility  in  the  selection  of  the  appropriate
adsorption model. Their primary utility lies in
quantifying the dispersion of the adsorbent,
facilitating a rigorous quantitative analysis of
the data, and, most significantly, confirming
the consistency of the experimental results,
which  underpin  the  construction  of  the

adsorption model (Benmaamar et al., 2017).
In this process, the most suitable equation is
derived  by  employing  established  special
functions  to  quantify  the  error  deviation
between  the  experimentally  observed  data
and the estimated values. The mathematical
equations  for  these  error  functions  are
presented in Table 3.

Table 3: Mathematical equations of error analysis function.

Error function Equation Reference
Sum square error

SSE=∑
i=1

n

(qexp−qobs)
2

(Batool et al.,
2018)

Hybrid function fractional
error HYBRID= 100

p−n∑i=1

p [ (qe ,exp−qe ,cal )
2

qe ,exp ] (Sivarajasekar &
Baskar, 2019)

Marquardt’s percent
standard deviation (MPSD) MPSD=100√ 1

n−p∑i=1

n

(1−
qe, cal
qe ,obs )

2 (Olafadehan,
2021)

Sum of normalized errors
SNE=∑

i=1

n f i
f i , max

(Adekunbi et al.,
2020)

Sum of absolute errors
SAE=∑

i=1

n

|qexp−qobs|
(Shojaei et al.,

2019)

Residual Sum of Squares
RSS=∑

i=1

n

|qexp−qobs|
2 (Elmorsi et al.,

2022)

Nonlinear chi-square test
X2=∑

i=1

n (qe ,obs−qe ,cal )
2

qe , obs

(Hami et al.,
2019)

Coefficient of determination
(R2)

R2=1−
∑
i=1

n

(qe , exp−qe, cal )
2

∑
i=1

n

(qe , cal−qe, exp )2

(Popoola, 2019)

Average relative error (ARE)
ARE= 1

n∑i=1

n |qe, obs−qe, calqe , obs | (Adekunbi et al.,
2020)

Standard deviation of
relative error (SRE) SRE=√ 1

n∑i=1

n

[(qe ,obs−qe ,cal )−ARE ]2
(Popoola, 2019)

Residual Root Mean Squared
Error (RMSE) RMSE= 1

n−2 √∑i=1

n

(qe ,obs−qe, cal )
2

(Elmorsi et al.,
2022)

ARED
ARED=100

n ∑
i=1

n |qe ,obs−qe ,calqe, obs | (Olafadehan,
2021)
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ARS

ARS=√∑i=1

n [ qe ,obs−qe ,calqe ,obs ]
2

n−1

(Hami et al.,
2019)

MPSED

MPSED=√∑i=1

n [ qe , obs−qe ,calqe ,obs ]
2

n−p

(Elmorsi et al.,
2022)

∆q (%) = 100*ARS

∆ q (% )=100√∑i=1

n [qe, obs−qe, calqe , obs ]
2

n−1

(Shojaei et al.,
2019)

   
In  this  study,  several  key  parameters  are
employed  to  evaluate  and  analyze  the
adsorption  of  crystal  violet  onto  FPB.  The
number  of  experimental  data  points,
denoted  as  "n,"  plays  a  crucial  role  in
shaping  the  analysis.  Additionally,  "qcal"
represents the calculated amount of crystal
violet  adsorbed  onto  FPB,  while  "qobs"  (or
"qexp") signifies the experimentally observed
data. The variable "p" indicates the number
of  parameters  utilized  within  each  kinetic
model,  reflecting  the  model's  complexity.
Further,  various  metrics  are  utilized  to
assess  the  quality  and  accuracy  of  the
analysis, including ARED, ARE, ARS, and the
dimensionless  parameter  "HYBRID."
Additionally, parameters such as SNE, MPSD,
MPSED, SAE , SSE, and q(%) are all examples
of  normalized  error  metrics  used  to
rigorously assess the adsorption process.

3. RESULTS AND DISCUSSION

3.1. Effect of Contact Time
The contact time has a major impact on the
performance  of  the  adsorption  process.  It
helps to determine how long it takes for CV
adsorption on FPB to attain equilibrium. An
initial  concentration  of  100 mg/L,  continual
agitation of 150 rpm, a dose of 1 g of FPB,
room  temperature,  and  contact  times
between 30 and 225 minutes were applied in
this  experiment.  Three  steps  of  adsorption
are visible in the result. Adsorption proceeds
fast  at  stage  1  of  the  process,  and  dye
molecules enter the process's huge pores on
the  adsorbent's  surface  instantly  shortly.
Stage  2  contains  a  slower  intra-particle
diffusion  process  when  dye  molecules
penetrate  the  tiny  pores  of  the  adsorbent,
and stage 3 is when equilibrium is attained.
Further adsorption was minimal as a function
of contact time after establishing equilibrium
(Çoruh  &  Geyikçi,  2012). The  FPB  reaches
saturation in roughly 66 minutes and has an
adsorption  capacity  and  removal  efficiency
that  improve  with  time.  There  are  several
accessible active sites on the FPB adsorbent
surface,  which  contributes  to  the  first

increase in the rate of adsorption capacity. In
contrast to the sluggish CV adsorption, which
was created by the saturation of the binding
sites,  the  slow  adsorption  of  dye  ions  was
caused by the repulsive forces between the
dye ions and the ions already adsorbed on
the adsorbent (Lairini et al., 2017).

The effect of contact time on CV adsorption
by  FPB  was  investigated.  Experiments
employed an initial CV concentration of 100
mg/L, continuous agitation at 150 rpm, a 1 g
FPB  dose,  and  room  temperature,  with
contact  times  varying  from  30  to  225
minutes. The results revealed a three-stage
adsorption process. Stage 1 exhibited a rapid
initial  uptake  as  CV  molecules  readily
occupied  the  abundant  pores  on  the  FPB
surface,  leading to a significant increase in
both  adsorption  capacity  and  removal
efficiency due to the presence of numerous
active sites. Stage 2 involved a slower intra-
particle  diffusion  process  where  dye
molecules  penetrated  the  smaller  pores  of
the FPB, resulting in continued adsorption at
a slower  rate.  Finally,  Stage  3  represented
the  achievement  of  equilibrium,  where
further  adsorption  became  minimal  with
increasing  contact  time  (Çoruh  &  Geyikçi,
2012).  FPB  reached  saturation  around  66
minutes. This three-stage process highlights
the interplay between available active sites
and  repulsive  forces.  The  initial  rapid
adsorption and subsequent slowdown can be
attributed to the depletion of active sites and
the development of repulsive forces between
incoming  CV  molecules  and  those  already
adsorbed on the FPB (Lairini et al., 2017).

3.2.  Pareto  Analysis  of  the  Effect  of
Time on QE and RE
The Pareto analysis (Equation 4), also known
as  the  80/20  rule,  is  a  valuable  tool  for
identifying  the  factors  with  the  most
significant  influence  on  a  process.  In  this
study,  we  employed  Pareto  analysis  to
assess  the  relative  importance  of  contact
time  on  the  adsorption  capacity  (QE)  and
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removal efficiency (RE) of CV by FPB  (Zarei
et al., 2010):

Pi(% )=[ (b i2 )
∑ bi

2 ] x100   (4)

The Pareto effect of each item in Equation 4
is  represented  in  Pi,  whereas  Bi shows the
regression  coefficients  from  the  regression
equation in terms of coded values. As shown

in Figure 1, the contact time between 0 and
45 minutes has the greatest impact on the
adsorption  capacity  and  the  removal
efficiency of CV dye by the FPB adsorbent,
with  the  first  45  minutes  accounting  for
about 80% of the adsorbent's activity in the
removal of dye, compared to the remaining
of the 225 minutes, which account for only
20%.  The  bulk  of  CV  dye  adsorption
happened  within  the first  five minutes  and
over  80% of  the  dye  was  absorbed  during
the (30 mins) rapid adsorption phase.
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Figure 1: Pareto chart of (top) adsorption capacity (bottom) removal efficiency for the effect
of contact time on CV dye.

3.3. Adsorption Kinetics
Several  linear and nonlinear kinetic models
were  applied  to  investigate  the  adsorption
kinetics  of  the  experimental  data  of
adsorption of crystal violet by FPB. Analyzing
the kinetic parameters obtained from these
models can provide valuable information for

estimating  the  adsorption  rate  and
optimizing adsorption processes  (Abbasi  et
al., 2020;  Patil  et  al., 2020). The  kinetic
constants  of  each  model  studied  in  this
inquiry are presented in Table 4-5 for linear
and nonlinear appropriate.
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Figure 2: Graph of (a) Zeroth order (b) First Order (c) Second Order (d) Third Order Kinetic
model.
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 Figure 3: Graph of Pseudo First Order (a) Type 1, (b) Type 2, (c) Type 3
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Figure 4: Graph of Pseudo Second Order (a) Type 1, (b) Type 2, (c) Type 3, (d) Type 4, (e)
Type 5, (f) Type 6, (g) Type 7, (h) Type 8, (i) Type 9, (j) Type 10, (k) Type 11, (l) Type 12, (m)
Type 13.

Figure 5: Graph of (a) Pseudo Third Order, (b) Esquivel Type 1, (c) Esquivel Type 2.
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Figure 6: Graph of Non-linear Kinetic Models.

Table 4: Parameters of linear kinetic models.

Model Parameter Value Model Parameter Value
Zeroth order K0 0.0150 PSO 7 K2 0.1519
First order K0 0.0028 PSO 8 K2 0.0126

Second order K0 -0.0006 PSO 9 K2 1.0163
Third order K0 -0.0003 PSO 10 K2 0.0956

PFO 1 K1 0.0283 PSO 11 K2 -0.1510
PFO 2 K1 0.0283 PSO 12 K2 7.56E-05
PFO 3 K1 0.0045 PSO 13 K2 -6.7E-05
PFO 4 K1 0.0050 PTO K3 -2.8740
PSO 1 K2 0.0598 Elovich 1 K4 15.2137
PSO 2 K2 0.0127 K5 0.2327
PSO3 K2 0.0128 Elovich 2 K4 0.7961
PSO 4 K2 0.0126 K5 1.5877
PSO 5 K2 0.0121 Esquivel 1 K4 11.7437
PSO 6 K2 0.0127 Esquivel 2 K4 523.6213

Table 5: Parameters of non-linear kinetic models.

Kinetic Model Parameter Value
PFO 1 QE 6.5238

K1 0.0403
PSO 1 QE 7.3192

K2 0.0569
PTO QE 8.4464

K3 0.0635
Elovich K4 1.4488

K5 0.7796
Esquivel QE 7.3108

K5 0.5753

3.4. Error Analysis 
As presented in Table 6, it is obvious that the
non-linear Elovich kinetic model is the best

fitting model for the experimental data of the
adsorption  phenomenon  studied  with  the
lowest  value  of  RSS,  ARED,  ARE,  MPSED,
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SSE,  HYBRID,  SAE=EABS,  ARS,  and  Q  =
100*ARS and the highest R2, Adj. R2 and (R-
Value) values were found when modeling the
experimental  data  using  the  pseudo-first-
order  model,  pseudo-second-order,  and
pseudo-third-order model. The pseudo third-
order  model  also  displayed  the  lowest
Reduced  Chi-Sqr  and  RMSE  values  for  the
experimental data. The linear pseudo-second
order  type  2  proved  to  be  the  best  fitting
model for the adsorption experiment data as
shown  in  Table  7  with  the  lowest  ARED,
MPSED, SSE, SAE=EABS, ARS, Q = 100*ARS,
and MPSD values. The lowest value of  RSS
was  attained  by  modeling  pseudo-second-
order  model  type  12  &  13  using  the
experimental  data  whereas  the  maximum
values of R-Square, Adj. R2 and Pearson's r
were obtained by modeling Pseudo second-
order kinetic model type 1. Esquivel Type 2
displayed the least value of ARE and SSE.

A swift comparison between linear and non-
linear analyses was conducted to identify the
most  suitable  error  function(s)  for  each
regression technique, employing the pseudo-
second-order  model  as  a  case  study.  Our
findings  revealed  that,  in  the  context  of

linear analysis, the regression coefficient (R2)
attained  the  highest  value  (pseudo-second
order type 1), making it the most acceptable
error  estimation  tool  for  identifying  the
optimal  kinetic  model  fit  within  a  linear
framework.  Conversely,  the  other  error
functions (ARED, ARE, SAE, ARS, MPSD, Δq,
SSE, MSPED, and HYBRID) exhibited superior
suitability  for  non-linear  analysis.  It's
important  to  note  that  the  transition  from
non-linear  to  linear  regression  procedures
introduces  a  shift  in  experimental  error,
presenting  a  unique  challenge  in  error
estimation that influences the validity of the
chosen  approach.  Furthermore,  the  linear
analysis  technique  implies  that  data  points
cluster around a Gaussian distribution, with
error estimates remaining consistent at the
equilibrium  liquid-phase  residual
concentration value (X-axis) (Olaosebikan et
al., 2022).  However,  this  behavior  is
inconsistent with equilibrium kinetic models,
given their non-linear nature. Surprisingly, a
non-linear  regression  approach  mitigates
such errors,  rendering  it  the most  suitable
analytical  method  for  obtaining  more
realistic isotherm parameters (Elmorsi et al.,
2022).

Table 6: Error analysis of the selected non-linear kinetic models.

Models PFO 1 PSO 1 PTO Elovich Esquivel

R. Chi-Sqr 0.1863 0.0444 0.0558 0.0809 0.0823

R-Square 1.0000 1.0000 1.0000 0.9808 0.9804
Adj. R2 1.0000 1.0000 1.0000 0.9790 0.9786
RSS 2.0492 44.3303 5.7355 0.8895 0.9048
R-Value 1.0000 1.0000 1.0000 0.9903 0.9902

RMSE 0.4316 0.2108 0.4058 0.2844 0.2868

ARED 5.3477 0.1293 2.6956 1.8947 3.4189
ARE 0.0535 0.0129 0.0270 0.0189 0.0342
MPSED 0.1206 0.0237 0.0577 0.0387 0.0729
SSE 1.8788 0.1105 0.4518 0.2269 0.7189
HYBRID 0.0642 0.0195 0.0323 0.0253 0.0410
SAE=EABS 2.5371 0.5347 1.2482 0.9482 1.6139
ARS 0.1150 0.0303 0.0550 0.0350 0.0695
Q = 100*ARS 11.5034 3.0280 5.5042 3.5003 6.9474
MPSD 0.2273 0.1395 0.1103 0.0781 0.1390
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Figure 7: Plot of nonlinear kinetic error analysis.
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Table 7: Error analysis of the selected linear kinetic models.

Kinetic
Models

RSS Pearson's
r

R2 Adj. R2 ARED ARE MPSED SSE HYBRID SAE=EABS ARS Q =100*ARS MPSD

Zeroth 4.632 0.8530 0.7276 0.7004 10.777 0.1078 0.1355 4.6316 0.1176 6.6411 0.1355 13.5484 0.2898
First 0.105 0.8948 0.8006 0.7673 12.324 0.1232 0.147 7.8734 0.1345 8.3549 0.147 14.7029 0.3487
Second 0.006 -0.8746 0.7649 0.7313 14.646 0.1465 0.1717 11.7751 0.1598 10.2293 0.1717 17.1702 0.4184
Third 0.001 -0.8838 0.7811 0.7446 14.646 0.1465 0.1717 11.7751 0.1598 10.2293 0.177 17.7021 0.4184
PFO 1 0.301 -0.9742 0.9491 0.9434 133.84 1.3384 1.9908 1921.15 1.4601 103.419 1.9908 199.079 5.1277
PFO 2 1.597 -0.9742 0.9491 0.9434 100.97 1.0098 1.8471 996.53 1.1016 58.2284 1.8471 184.714 4.1776
PFO 3 0.033 -0.9641 0.9294 0.9153 108.97 1.0977 1.7144 996.53 1.1566 58.8367 1.8714 184.737 4.7561
PFO 4 0.037 -0.9658 0.9328 0.9194 122.97 1.0098 1.8471 996.53 1.1016 58.2284 1.8471 188.714 4.1561
PSO 1 2.739 0.9987 0.9974 0.9971 4.7003 0.047 0.0014 0.9097 0.0513 2.5987 0.0014 0.1374 0.1114
PSO 2 0.003 0.9468 0.8965 0.8817 7.800 0.078 0.0061 0.2561 0.078 0.506 0.0061 0.610 0.0395
PSO3 5.700 0.9468 0.8965 0.8817 17.63 0.1763 0.0311 1.3078 0.1763 1.1436 0.0311 3.114 0.2016
PSO 4 0.134 0.9477 0.8981 0.8879 63.737 0.6374 1.0589 209.26 0.6953 32.2491 1.0589 105.887 2.1296
PSO 5 90.555 -0.9215 0.8492 0.8276 69.1724 0.6917 1.3086 252.97 0.7546 32.6196 1.3086 130.856 2.4935
PSO 6 0.003 0.9468 0.896 0.882 1.E+04 1.7E+02 2.4E+02 1.6E+07 1.5E+02 7.7E+03 2.4E+02 2.4E+04 5.3E+02
PSO 7 103.6 0.945 0.892 0.880 25.215 0.252 0.455 32.555 0.275 12.054 0.455 45.554 0.881
PSO 8 0.134 0.948 0.898 0.888 1.7E+04 1.7E+02 4.5E+02 6.8E+07 1.9E+02 1.1E+04 4.5E+02 4.5E+04 1.1E+03
PSO 9 4638 0.945 0.892 0.880 21.162 0.212 0.378 22.861 0.231 10.170 0.378 37.774 0.734
PSO 10 117.4 0.897 0.804 0.777 14.919 0.149 0.289 17.415 0.163 7.872 0.289 28.893 0.601
PSO 11 239.7 -0.915 0.837 0.814 14.986 0.192 0.289 17.454 0.127 7.723 0.289 28.930 0.604
PSO 12 0.000 0.952 0.906 0.892 19.919 0.492 0.889 17.154 0.175 7.831 0.293 28.759 0.643
PSO 13 0.000 -0.923 0.862 0.850 19.189 0.419 0.893 17.164 0.151 7.308 0.230 28.759 0.631
PTO 0.001 -0.884 0.781 0.745 40.438 0.404 0.654 94.482 0.441 21.319 0.654 65.439 1.373
Elovich-1 0.882 0.974 0.948 0.943 31.432 0.314 0.533 57.184 0.377 16.574 0.508 50.869 1.120
Elovich-2 0.882 0.974 0.948 0.943 31.232 0.332 0.352 57.358 0.319 16.427 0.569 50.876 1.118
Esquivel-1 0.003 0.947 0.896 0.882 5.420 0.054 0.064 0.748 0.067 1.679 0.064 6.379 0.129
Esquivel-2 255.20 0.9468 0.896 0.882 5.052 0.050 0.069 0.762 0.061 1.695 0.069 6.363 0.126
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4. CONCLUSION

The  efficacy  of  synthetic  FPB  for  the  removal  of
crystal  violet  dye  from  an  aqueous  solution  was
investigated in this research. Three parallel sets of
trials were conducted using RSM based on CCD to
investigate  the  effects  of  various  operational
elements  and  their  relationships  and  then  to
determine the optimal circumstances. According to
the  statistical  analysis  results,  a  quadratic
regression  model  may  successfully  grasp  the
experimental data. The Pareto chart was utilized to
show  the  effects  of  time  on  the  dye  adsorption
capacity and removal efficacy by the FPB adsorbent,
and  it  was  discovered  that  over  80%  of  the
adsorption  occurred  during  the  first  45  minutes.
Contour  and  surface  plots  demonstrated  that
increasing the time and decreasing the particle size
of the FPB adsorbent resulted in the best removal
performance of crystal violet dye. The surface plot
also revealed that reducing particle size can result
in the maximum adsorption capacity of crystal violet
dye, as temperature was shown to be ineffective in
the removal of crystal violet from wastewater. 

5. ACKNOWLEDGMENTS

The  authors  acknowledge  the  Bioenvironmental
Water  Engineering Research Group (BEWERG) and
the “Departments of  Chemical Engineering Ladoke
Akintola  University  of  Technology  (LAUTECH)”  for
the usage of their laboratories.

6. CONFLICT OF INTEREST

The authors uphold that there are no conflicts of 
interest related to the publication of this article.

7. REFERENCES

Abbasi, F., Tavakkoli Yaraki, M., Farrokhnia, A., & Bamdad, 
M. (2020). Keratin nanoparticles obtained from 
human hair for removal of crystal violet from 
aqueous solution: Optimized by Taguchi method. 
International Journal of Biological Macromolecules, 
143, 492–500. 
https://doi.org/10.1016/j.ijbiomac.2019.12.065

Adekunbi, E. A., Babajide, J. O., Oloyede, H. O., Amoko, J. 
S., Obijole, O. A., & Oke, I. A. (2020). Evaluation of 
Microsoft Excel solver as a tool for adsorption 
kinetics determination. Ife Journal of Science, 21(3), 
169. https://doi.org/10.4314/ijs.v21i3.14

Barber, S. T., Yin, J., Draper, K., & Trabold, T. A. (2018). 
Closing nutrient cycles with biochar- from filtration 
to fertilizer. Journal of Cleaner Production, 197, 
1597–1606. 
https://doi.org/10.1016/j.jclepro.2018.06.136

Batool, F., Akbar, J., Iqbal, S., Noreen, S., & Bukhari, S. N. A.
(2018). Study of Isothermal, Kinetic, and 
Thermodynamic Parameters for Adsorption of 
Cadmium: An Overview of Linear and Nonlinear 
Approach and Error Analysis. Bioinorganic 
Chemistry and Applications, 2018, 1–11. 
https://doi.org/10.1155/2018/3463724

Benmaamar et al. (2017). A batch study of adsorption 
equilibrium and kinetic for methylene blue onto 
synthesized zeolite. 
Http://Www.Jmaterenvironsci.Com/, 8(2), 539–550.

Chahinez, H.-O., Abdelkader, O., Leila, Y., & Tran, H. N. 
(2020). One-stage preparation of palm petiole-
derived biochar: Characterization and application 
for adsorption of crystal violet dye in water. 
Environmental Technology & Innovation, 19, 
100872. https://doi.org/10.1016/j.eti.2020.100872

Çoruh, S., & Geyikçi, F. (2012). Adsorption of copper (II) 
ions on montmorillonite and sepiolite clays: 
Equilibrium and kinetic studies. Desalination and 
Water Treatment, 45(1–3), 351–360. 
https://doi.org/10.1080/19443994.2012.692058

Elmorsi, R. R., Abou-El-Sherbini, K. S., Shehab El-Dein, W. 
A., & Lotfy, H. R. (2022). Activated eco-waste of 
Posidonia oceanica rhizome as a potential 
adsorbent of methylene blue from saline water. 
Biomass Conversion and Biorefinery. 
https://doi.org/10.1007/s13399-022-02709-5

Hami, H., Abbas, R., Jasim, A., Abdul Abass, D., Abed, M. A.,
& Maryoosh, A. A. (2019). Kinetics study of Removal
Doxycycline drug from aqueous solution using 
Aluminum Oxide surface. Egyptian Journal of 
Chemistry, 0(0), 0–0. 
https://doi.org/10.21608/ejchem.2019.5499.1483

Lairini, S.E, Mahtal, K, Miyah, Y, Tanji, K, Guissi, S, 
Boumchita, S, & Zerrouq F. (n.d.). Adsorption of 
Crystal violet from aqueous solution by using potato
peels (Solanum tuberosum): Equilibrium and kinetic 
studies. Journal of Materials and Environmental 
Sciences, 8(9), 3252–3261.

Loulidi, I., Boukhlifi, F., Ouchabi, M., Amar, A., Jabri, M., 
Kali, A., Chraibi, S., Hadey, C., & Aziz, F. (2020). 
Adsorption of Crystal Violet onto an Agricultural 
Waste Residue: Kinetics, Isotherm, 
Thermodynamics, and Mechanism of Adsorption. 
The Scientific World Journal, 2020, 1–9. 
https://doi.org/10.1155/2020/5873521

Olafadehan, O.A., (2021). Fundamentals of Adsorption 
Processes, ISBN: 978-620-3-30705-4, LAP Lambert 
Academic Publishing, Omni-Scriptum DUE GmbH.

Olaosebikan, A. O., Victor, E. B., Kehinde, O. A., & 
Adebukola, M. B. (2022). Isotherms, kinetic and 
thermodynamic studies of methylene blue 
adsorption on chitosan flakes derived from African 
giant snail shell. African Journal of Environmental 
Science and Technology, 16(1), 37–70. 
https://doi.org/10.5897/AJEST2021.3065

Patil, S. R., Sutar, S. S., & Jadhav, J. P. (2020). Sorption of 
crystal violet from aqueous solution using live roots 
of Eichhornia crassipes: Kinetic, isotherm, phyto and
cyto-genotoxicity studies. Environmental 
Technology & Innovation, 18, 100648. 
https://doi.org/10.1016/j.eti.2020.100648

Popoola, L. T. (2019). Characterization and adsorptive 
behaviour of snail shell-rice husk (SS-RH) calcined 
particles (CPs) towards cationic dye. Heliyon, 5(1), 
e01153. 
https://doi.org/10.1016/j.heliyon.2019.e01153

120



Akinyemi, A. G. et al., (2024). JOTCSB, 7(2), 105-122. 

Rosly, N. Z., Abdullah, A. H., Ahmad Kamarudin, M., Ashari, 
S. E., & Alang Ahmad, S. A. (2021). Adsorption of 
Methylene Blue Dye by Calix[6]Arene-Modified Lead
Sulphide (Pbs): Optimisation Using Response 
Surface Methodology. International Journal of 
Environmental Research and Public Health, 18(2), 
397. https://doi.org/10.3390/ijerph18020397

Shojaei, S., Ahmadi, J., Davoodabadi Farahani, M., 
Mehdizadeh, B. and Pirkamali, M.R. (2019). Removal
of crystal violet using nanozeolite-x from aqueous 
solution: Central composite design optimization 
study. Journal of Water and Environmental 
Nanotechnology, 4(1). 
https://doi.org/10.22090/jwent.2019.01.004

Sivarajasekar, N., & Baskar, R. (2019). Adsorption of Basic 
Magenta II onto H2SO4 activated immature 
Gossypium hirsutum seeds: Kinetics, isotherms, 
mass transfer, thermodynamics and process design.
Arabian Journal of Chemistry, 12(7), 1322–1337. 
https://doi.org/10.1016/j.arabjc.2014.10.040

Vyavahare, G., Jadhav, P., Jadhav, J., Patil, R., Aware, C., 
Patil, D., Gophane, A., Yang, Y.-H., & Gurav, R. 
(2019). Strategies for crystal violet dye sorption on 
biochar derived from mango leaves and evaluation 
of residual dye toxicity. Journal of Cleaner 
Production, 207, 296–305. 
https://doi.org/10.1016/j.jclepro.2018.09.193

Zamouche, M., Habib, A., Saaidia, K., & Bencheikh 
Lehocine, M. (2020). Batch mode for adsorption of 
crystal violet by cedar cone forest waste. SN 
Applied Sciences, 2(2), 198. 
https://doi.org/10.1007/s42452-020-1976-0

Zarei, M., A., Niaei D., Salari A., & Khataee A. (2010). 
Application of Response Surface Methodology for 
Optimisation of Peroxi-Coagulation of Textile Dye 
Solution Using Carbon Nanotube–PTFE Cathode. 
Journal Hazard Material, 173, 544–551.

121



Akinyemi, A. G. et al., (2024). JOTCSB, 7(2), 105-122. 

122



Demir, F., Akın, M. B., Yartaşı, A., (2024), JOTCSB, 7(2), 123-140.  RESEARCH ARTICLE

   

Heat Treatment Optimization and Nitriding Effects on Mechanical 
Properties of 32CrMoV12-10 Steel
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Abstract:  32CrMoV12-10 steel  is  widely  utilized  in  industries  where  high strength  and toughness  are 
crucial. This alloy is commonly used in manufacturing components like gun barrels, gears, and bearings, 
which demand exceptional mechanical properties. These parts typically undergo heat treatments, including 
hardening and surface enhancement techniques such as nitriding, to extend their fatigue life significantly. It  
is crucial to identify optimal heat treatment conditions to achieve desired material performance. In this 
study,  commercial  32CrMoV12-10  steel  was  selected  to  investigate  the  impact  of  heat  treatment 
parameters (temperature, duration time, and quenching media) on its mechanical properties. To analyse 
the  effect  of  these  parameters,  the  Technique  for  Order  of  Preference  by  Similarity  to  Ideal  Solution 
(TOPSIS) and the Taguchi Method were employed, facilitating a systematic examination of the process 
stages  and  subsequent  mechanical  testing  outcomes,  including  Charpy  V-notch  impact,  hardness,  and 
tensile strength assessments. An optimal heat treatment protocol was established based on these analyses, 
and the nitriding depth of  the optimally treated sample was examined using a micro-Vickers hardness 
tester. For comparative analysis, another sample with closely related outcomes was also evaluated. Results  
indicated that  the surface hardness  of  the optimally  treated Sample 10 reached 870 HV,  with  a  core 
hardness of 417 HV, compared to non-nitrided Sample 3, which showed a surface hardness of 860 HV and a 
core hardness of 415 HV. Despite the proximity in their values, Sample 10 exhibited slightly higher micro-
Vickers hardness than Sample 3. However, while Sample 3 fails to meet the specified tensile stress and  
hardness criteria, Sample 10, produced through optimization, meets criteria, ranging from 970 to 1040 
N/mm², underscoring the efficacy of the optimization process facilitated by TOPSIS. This optimization was 
notable  for  its  minimal  experimental  requirements,  proving  effective  in  conserving  time,  energy,  and 
resources while investigating the processed material.

Keywords: 32CrMoV12-10 steel,  TOPSIS based Taguchi  Method, Heat treatment,  Nitriding, Mechanical 
properties. 
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1. INTRODUCTION

The application of various coatings (such as laser, 
chrome,  etc.),  production  methods,  and  heat 
treatment techniques holds significant importance in 
conferring  specific  properties  to  steel  materials. 
These  processes  aim  to  enhance  the  material's 
resistance  to  both  corrosion  and  abrasion 
(Saklakoğlu et al., 2016). It has been reported that 
the parameters of the heat treatment process and 
the chosen production methods significantly impact 

the  material's  behavior  during  manufacturing, 
influencing surface hardness and tension, regardless 
of whether machining is involved or not (Toktaş et 
al., 2017).

Advancements in weapon technology have observed 
significant progress. Throughout this developmental 
journey, a marked improvement has been witnessed 
in  achieving  high  strength,  toughness,  enhanced 
wear resistance, and superior corrosion resistance. 
Consequently, gun barrels have become lighter and 
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have demonstrated superior  properties  concerning 
abrasion (GÖKSU, 2015).

Presently,  the  global  arms  market  specifies  an 
increase in the expected firing life for light, medium, 
and  high-caliber  barrels  compared  to  standard 
requirements.  The  barrel's  shot  life,  varying  by 
caliber,  stands at 50,000 shots for light weapons. 
However, this number decreases as the caliber size 
increases  due  to  heightened  pressure.  Material 
composition, heat treatment methods, and coating 
types  significantly  influence  the  firing  life  of 
weapons (Rutci, 2019).

Research  indicates  that  firearms  experience  high 
pressures and temperatures during operation. Upon 
the  ammunition  core's  exit  from  the  barrel,  a 
considerable increase in temperature and pressure 
occurs  in  the  barrel  chamber.  This  phenomenon 
stems  from  the  pressure  exerted  by  gunpowder 
against  the  barrel  walls,  along  with  a  rapid 
temperature surge within the barrel steel, leading to 
material stress. Therefore, the selection of materials 
should  prioritize  strength,  durability,  and  high 
impact  resistance  to  ensure  extended  life  with 
superior dimensional stability (Karslı et al., 2021).

A study examining the effect of heat treatments on 
the  mechanical  properties  of  42CrMo4,  a  steel 
known to be more expensive than 36CrB4, revealed 
that  by  adjusting  the  tempering  temperature  of 
36CrM4  steel,  similar  mechanical  properties  to 
42CrMo4 steel  could  be  achieved,  leading to  cost 
savings (Karslı et al., 2021).

Furthermore,  in  another  study,  XRD  (X-Ray 
Diffraction)  results  and  hardness  evaluations  of 
X40CrMoV51  high  alloy  steel  were  conducted 
following  ion  nitriding  post-tempering  and 
quenching. The study noted that the nitrided surface 
exhibited  twice  the  hardness  compared  to  the 
quenched  surface.  The  study  highlighted  that  in 
applications  where  hardness  is  crucial,  the 
material's  high  resistance  to  corrosion  and  wear 
significantly contributes to increased lifespan (Karslı 
et al., 2021).

Gas  nitriding  applied  to  32CrMoV12-10  steel  has 
been  observed  to  provide  a  surface  hardness  at 
least 1.5 times higher than that achieved through 
quenching and tempering processes (Karslı  et  al., 
2021).

Studies applying gas, plasma, and solid nitriding to 
AISI H13, N-8550, and AISI P20 steels reported an 
increase  in  surface  hardness  for  these  steels 
(Almeida et al., 2015).

In a separate study, plasma nitriding was performed 
on  AISI  420,  416,  410NiMo,  and  410 martensitic 
stainless steels at various temperatures, leading to 
an  enhancement  in  the  surface  hardness  of  the 
martensitic stainless steels. However, an exception 

was  noted  in  the  form  of  a  reduced  surface 
hardness, attributed to the precipitation of Cr alloy 
and CrN, which binds nitrogen. This was in contrast 
to the results at 450 °C, with the exception being 
the 410NiMo steel at 500 °C, where no decrease in 
hardness was observed (Ferreira et al., 2015).

Furthermore,  it  was  found that  the  application  of 
gas  nitriding  to  DIN1.2344  hot  work  tool  steel 
resulted in improved wear resistance (Bakdemir et 
al., 2020). To improve efficiency in the production 
process  by  reducing  time,  costs,  and  waste,  the 
effectiveness of materials whether they pass or fail 
the quality control tests during nitriding is assessed 
(Perraki & Orfanoudaki, 2004; Roussel et al., 2010; 
Scholte et al., 1984).

The  literature  review  highlights  numerous  studies 
focusing on the hardening of  steels  using diverse 
processes and methodologies. Nonetheless, there is 
a  noticeable  absence  of  research  employing  the 
TOPSIS-based  Taguchi  Method  for  optimizing  the 
heat  treatment  process  specifically  aimed  at 
hardening  32CrMoV12-10  steel.  This  study, 
therefore, addresses a significant gap in the current 
body of knowledge. In our approach, a three-factor, 
three-level  experimental  design  was  applied  to 
32CrMoV12-10 steel, which is typically supplied in 
either  rolled  or  forged  conditions  for  subsequent 
machining and forming operations. The decision to 
undertake machining on machine tools for this steel 
type was guided by the insights gained through the 
application  of  the  TOPSIS-based  Taguchi  Method. 
This  methodological  choice  aims  to  enhance  the 
efficiency  of  the  production  process  by  reducing 
time,  costs,  and  material  waste,  while  also 
considering the outcomes of quality control checks, 
particularly  focusing  on  the  steel's  performance 
post-nitriding treatment.

In this context, our study includes the application of 
various  heat  treatment  regimes  to  32CrMoV12-10 
steel  using the Taguchi  method and subsequently 
evaluates  the  resulting  mechanical  properties  to 
identify  the  most  effective  heat  treatment 
conditions. The investigation extended to examining 
the influence of nitriding on steel exhibiting optimal 
mechanical  strength  characteristics.  The  findings 
suggest that the proposed optimization process not 
only  fills  a  crucial  gap  in  the  literature  but  also 
demonstrates that significant process improvements 
are achievable with relative ease by adopting the 
suggested method.

2. EXPERIMENTAL SECTION

2.1. Materials
In  this  study,  32CrMoV12-10  steel  suitable  for 
hardening and tempering will be used. The chemical 
component analysis of 32CrMoV12-10 steel is given 
in Table 1 (SIJ GROUP 2020).
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Table 1: Chemical analysis of 32CrMoV12-10 Steel 
(% wt.).

Chemical 
Compound

% 
Component

C 0.32

Cr 3

Mo 1

V 0.30

Si Max. 0.35

Mn Max. 0.60

Three cylindrical specimens of 32CrMoV12-10 steel, 
each measuring 100 mm x 70 mm (height x radius), 
were supplied for the experiments. These specimens 
were cut with a minimum wall thickness of 15 mm 
using a saw, as illustrated in Figure 1. Additionally, 

each specimen was assigned a unique identification 
number.

After  conducting  the  tensile,  Charpy  impact,  and 
hardness  measurement  tests,  the  samples  were 
subjected to the nitriding process. This process was 
determined  based  on  two  test  conditions,  one 
yielding the best results and the other the worst, 
within  the  desired  value  range  according  to  the 
Taguchi  Method.  The  nitriding  capacity  of  the 
material  and  the  depth  of  nitrogen  penetration 
under two distinct test conditions were assessed and 
compared.

2.2. Sample  Preparation  and  Testing  for 
Heat Treatment
The  steel  test  specimens,  all  with  identical  wall 
thicknesses for heat treatment, were cut into nine 
separate  pieces  measuring  12x12  cm².  Figure  2 
illustrates the specimens sliced into plates.

Figure 1: Preparation of 32CrMoV12-10 steel for heat treatment.
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Figure 2: 32CrMoV12-10 steel specimens with equal wall thicknesses sliced and ready for heat treatment.

In determining the heat treatment parameters for 
commercial  32CrMoV12-10 steel,  the decision was 
made based on the region where the highest impact 
notch value was observed, which was derived from 
the literature and technical documents provided by 
the  manufacturer.  The  identification  of  the 
temperature  and  time  parameters  was  guided  by 
the  temperature-time  graphs  provided  for 
characteristic hardening. Similarly, the selection of 
the quenching media was informed by the literature 

and technical documentation from the manufacturer 
(ARMAD, Tekin).

The  experimental  design  followed  the  Taguchi  L9 

Method,  utilizing  predefined  factors  and  levels  as 
outlined in Table 2. Table 3 details the experimental 
setup comprising three controllable variables (Factor 
A, Factor B, and Factor C) with three corresponding 
levels for each factor (Level 1, Level 2, and Level 3). 

Table 2: The factors selected for the experimental design and their level values.

Factors Level 1 Level 2 Level 3

A- Temperature (°C) 925 950 975

B- Duration Time (min) 45 60 75

C- Quenching Media Water Heat Treatment Oil 10% salt water

The  graphs  depicting  the  heat  treatment  process 
applied to the specimens are presented in Figure 3. 
In this graph, the initial stage involves preheating, 
intended  to  mitigate  abrupt  cooling  effects, 
enhancing  temperature  penetration  within  the 
material  and  facilitating  the  formation  of  a  more 

ductile grain structure, namely pearlitic, within the 
heat-affected  zone.  Subsequently,  the  material  is 
heated to the specified treatment temperature, and 
once  the  specimens  reach  the  austenitizing 
temperature,  they  are  quenched  after  a  defined 
time interval to harden the material.  
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Table 3: Experimental setup determined by the L9 orthogonal array.

Exp. 
No

Factors
A B C

1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

The heat treatment process is  initiated within the 
retort,  depicted  in  Figure  4,  adhering  to  the 
assigned variables  and levels  according to  the L9 
orthogonal sequence. Following the preheating ramp 

of the furnace temperature and stabilization at the 
set  soak  temperature  for  a  specific  duration,  the 
specimens undergo the hardening process as they 
are transferred into the quenching media.

Figure 3: Heat treatment program applied for the specimens in the experiments.
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Figure 4: Heat treatment and quenching stages in the experimental.

As  depicted  in  Figure  3,  the  heat  treatment 
procedure  extends  up  to  a  maximum duration  of 
330 minutes. Subsequent to the quenching process, 
illustrated  in  Figure  4,  the  specimens  undergo 
tempering (held at 550 °C for 300 minutes) with the 
aim of enhancing material toughness.

The heat-treated specimens, illustrated in Figure 5a, 
were subjected to blasting using S170 steel shot to 
prepare  them  for  entry  into  the  testing 
environment,  as  shown  in  Figure  5b.  This 
sandblasting process effectively removes surface oil, 
rust,  and  metal  residue,  thereby  ensuring  the 
surface  of  the  material  is  suitably  prepared  for 
laboratory conditions.

Figure 5: (a) Crusted surface after heat treatment and (b) surface after blasting (S170).

2.2.1. Specimen preparation for Charpy impact V-
notch test
After  the  heat  treatment  process,  materials 
measuring  12x100  mm  were  processed  using  a 

milling  machine  to  create  Charpy  impact  test 
specimens following the guidelines outlined in  the 
ISO 148-1 standard (Figure 6). Subsequently, the 
notches  were  precisely  formed  on  the  milling 
machine, rendering the material ready for testing.
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Figure 6: Schematic representation of specimen conforming to ISO 148-1 standard for Charpy impact V-
notch test.

For the Charpy impact V-notch test, a notch, 9 mm 
wide and 2 mm deep, was created at the center of 
each  specimen,  conforming  to  the  specifications 
defined in the ISO 148-1 standard.

2.2.2. Application  of  the  Charpy  impact  V-notch 
test
The  Charpy  impact  test  aims  to  measure  the 
energy, recorded in joules, at the moment of initial 
impact when breaking a test piece. This is achieved 
by using a hammer capable of circular motion within 

a protective enclosure, as depicted in the schematic 
diagram in Figure 7a. 

The Charpy impact tester, illustrated in Figure 7b, 
comprises  an  internal  mechanism with  a  hammer 
moving in circular motion, a mechanism to hold the 
hammer in place, an anvil to position the specimen, 
and  an  outer  casing  encompassing  the  entire 
system with wire mesh to safeguard the specimen 
from  potential  splintering  or  damage  due  to  the 
impact of the hammer.

Figure 7: (a) Schematic illustration displaying the internal mechanisms of the Charpy impact tester, and 
outlining the operational principles of the device, and (b) Charpy impact test device.

In the Charpy impact test following the ISO 148-1 
standard, the test specimen is placed on the anvil 
with  the  notch  facing  inward.  Upon  releasing  the 
hammer from a specific  height  “h” behind the V-
notch, the specimens, positioned both vertically and 

horizontally, assume their final orientation. Figure 8 
illustrates the functionality of the impact notch test 
mechanism and the  resulting  specimens from the 
experiment.
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Figure 8: Images of the specimens before and after undergoing the Charpy impact test.

2.2.3. Tensile test specimen preparation
After  undergoing  heat  treatment,  the  specimens 
were machined using a universal lathe in compliance 
with the TS EN ISO 10002-1 standard to prepare 

them for the tensile test. M10 threads were drilled 
on both ends of the specimens using the lathe. The 
dimensions  of  the  specimens  are  illustrated  in 
Figure 9.

Figure 9: Dimensions of the tensile test bar specimen in millimeters along with a schematic representation.

2.2.4. Tensile Test Procedure
The 20-ton Galdabini brand tensile testing machine 
was utilized to measure the yield strength, ultimate 
tensile strength, and percentage of elongation of the 
samples.  The  specimen  is  affixed  to  the  tester's 
jaws in accordance with the drilled thread diameter 
for the part under examination. The tester applies 
an incremental upward and downward force “F” to 
the  fixed  portion.  The  maximum  tensile  force  is 
derived  from  the  resulting  graph  plotted  by  the 
tensile  tester,  correlating  “F”  force  with  plastic 
deformation.

Figure  10  displays  the  tensile  test  bar  connected 
between  the  two  jaws,  emphasizing  the  region 
denoted  by  the  red  ellipse  indicating  a  specific 
elongation, signifying the material’s  transition into 

plastic  deformation.  Additionally,  the  figure 
illustrates the outcome of the tensile test leading to 
the rupture of this material.

2.2.5. Brinell Hardness Testing Procedure
The measurements were conducted using a Wolpert 
brand  hardness  tester,  and  the  results  were 
evaluated and recorded in duplicate reports.

Hardness  measurements  were  carried  out  in  the 
laboratory  environment  using  the  Wolpert  device. 
The  process  involved  placing  the  material  on  the 
lower  table  and  applying  pressure  to  crush  the 
material by releasing the load. The hardness result 
was  determined  by  manually  measuring  the 
diameter of the impression with the aid of a ruler 
and under proper lighting conditions.
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Figure 10: Images of the tensile test specimen: before and after testing.

2.2.6. Microhardness Measurements
For the microhardness measurements, the samples 
were  encased  in  bakelite  and  compressed,  as 

depicted  in  Figure  11a.  Subsequently,  they 
underwent a polishing process, as shown in Figure 
11b.

Figure 11: (a) Samples taken on bakelite, and (b) surface cleaning of samples before analysis.

Using  the  Ness  brand  device,  the  nitration 
penetration and core hardness of the samples within 
the prepared bakelites were measured. The results 
regarding nitrogen diffusion were obtained from the 
software integrated with the device.

Following  the  calibration  of  the  Ness  brand 
microhardness  analyser,  the  samples  were 
positioned. Upon activation of the device, the lenses 
detected the positions, and data were collected after 
approximately  20  minutes  of  scanning,  employing 
100x  and  1000x  magnification  for  measuring  the 
initial trace and subsequently the opened trace.

2.3. Calculations for TOPSIS method
In  the  study,  responses  obtained  through  the 
Taguchi  method  are  processed,  and  the  TOPSIS 
(Technique for Order Preference by Similarity to the 
Ideal  Solution)  method  is  applied.  Naturally,  the 

targeted values are intended to be optimized either 
to their minimum or maximum levels. Through the 
TOPSIS method, values aimed at minimization are 
brought  to  the  lowest  possible  level,  and  those 
aimed at maximization are elevated to the highest 
possible level. This process thus simplifies reaching 
the most ideal solution in terms of proximity. After 
forming  the  decision  matrix,  it  is  necessary  to 
normalize  the  target  values  and  determine  their 
weights to obtain standardized measurement units 
(Hwang and Yoon, 1981).

The  initial  step  in  the  TOPSIS  calculation  of  the 
study  is  to  use  the  responses  derived  from  the 
Taguchi  method  to  create  a  standard  decision 
matrix.  This  standard  decision  matrix  is  generally 
expressed as Equation 1, and with the utilization of 
the results, the standard decision matrix as outlined 
in Equation 2 is obtained.

131



Demir, F., Akın, M. B., Yartaşı, A., (2024), JOTCSB, 7(2), 123-140.  RESEARCH ARTICLE

Rij=
a ij

√∑
k=1

m

akj
2

(1)

 Rij=[
r11 r12 … r1n
r21 r22 … r2n
. . . .
. . . .
. . . .
rm1 rm2 … rmn

] (2)

The  formation  of  the  weighted  standard  decision 
matrix  constitutes  the  initial  step.  In  the 
calculations, the total of the weighted values for the 
evaluation  criteria  is  determined  as  illustrated  in 
Equation 3 (Şimşek, 2014).

∑
İ=1

n

wi=1 (3)

Following  the  establishment  of  the  weighted 
standard  decision  matrix,  the  next  step  involves 
multiplying  each  value  in  the  columns  of  the 
standard  decision  matrix  by  the  corresponding 
weight  value  (w i)  to  construct  the  weighted 
standard  decision  matrix  as  demonstrated  in 
Equation 4 (Şimşek, 2014).

V ij=[
w1r11 w2 r12 … w11r1n
w1r21 w2 r22 … wn r2n
. . . .
. . . .
. . . .

w1 rm1 w2rm2 … wnrmn
] (4)

Subsequently, the formation of the ideal (A*) and 

the negative ideal (A-) solutions is undertaken. To 
generate the ideal solution set, the largest values 
for  the  standardized  criteria  within  the  weighted 
standard decision matrix are selected. The formula 
for  constructing  the  positive  ideal  solution  set  is 
given in Equation 5.

A*= V iji
max |jϵJ V iji

min | jϵ J ' (5)

Through Equation 5, the calculated set is expressed 

as A* = {v1
* , v2

* ,…,vn
*
}. 

Conversely,  when  identifying  the  negative  ideal 
solution set, the smallest values for the normalized 
criteria within the weighted standard decision matrix 

are chosen. The equation used to find the negative 
ideal solution set is presented in Equation 6 (Şimşek 
2014).

A-=❑∨❑ V iji
min |jϵJ V iji

max | jϵ J ' (6) 

Using Equation 6, the set calculated is expressed as 

A- = {v1
- , v2

- ,…,vn
-
}.

In both equations, the two expressions represent J 
as the benefit (goal is maximum) and J’ as the cost 
(goal is minimum) values. It is observed that either 
the positive or negative ideal solution set consists of 
n  elements,  corresponding  to  the  number  of 
evaluation factors. 

Upon  reaching  the  Calculation  of  Separation 
Measures step, determining the deviations from the 
ideal  and negative ideal  solution sets necessitates 
establishing  the  deviation  values  for  the  decision 
points.  These values emerge as the positive ideal 
separation  and  negative  ideal  separation, 
respectively denoted as Equation 7 and Equation 8 
(Şimşek 2014).

Si
*=√∑

j=1

n

(v ij−v j*)
2

(7)

Si
-=√∑

j=1

n

(v ij−v j- )
2

(8)

The numbers  Si
*
 and  Si

-
 to be calculated will be as 

many as the response numbers in the experimental 
design (Şimşek 2014). 

In  the  final  step,  calculating  the  distance  of  the 

decision  points  from the  ideal  solution  utilizes  Si
*
 

and  Si
-
values.  The  relative  closeness  to  the  ideal 

solution is the ratio of the Si
-
 value to the sum of the 

Si
*
 and Si

-
values (Equation 9) (Şimşek 2014).

C i
*=

S i
-

S i
-+Si

* (9)

Values  calculated  with  Equation  9  will  naturally 

range  between  0  and  1  (0≤  C i
*
 ≤1).  When 

considered independently,  the highest  C i
*
 value is 

selected.  However,  in  the  TOPSIS-based  Taguchi 

method,  C i
*
 values are further assessed using the 

Taguchi  method,  thereby  achieving  the  final 
optimization results.
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2.4. Nitriding process
Following  the  optimization  of  the  heat  treatment 
process with the Taguchi method, Sample 10 was 
produced.  Subsequently,  Sample  10  underwent  a 
nitriding process. Gas nitriding was applied for 72 
hours at 540 °C. After nitriding, comparisons were 
made between Sample 3, which had the best test 
results, and the nitrided Sample 10.

3. RESULTS AND DISCUSSION

The experimental design was completed using the 
levels automatically assigned to the factors in the L9 
orthogonal  array.  The  duplicate  results  from  the 
tensile strength, impact notch, and hardness tests 
are  presented  in  Table  4.  The  experimental  data 
were processed utilizing the Taguchi Method within 
the Minitab program.

Table 4: According to the L9 Taguchi Method, the results of the experiment.

Exp. No Tensile  Strength* 
(N/mm²)

Impact  Notch** 
(J)

Hardness*
(N/mm²)

1 874 877 181 178 930 965
2 940 945 180 175 965 995

3 1049 1035 133 138 1125 1120

4 929 935 180 177 965 962

5 976 983 150 149 1060 1045

6 1135 1129 124 127 1190 1155
7 1137 1142 124 123 1118 1155
8 997 986 153 150 1060 1045

9 1003 989 156 159 1060 1048

* It is desired to be in the range of 970-1040 N/mm²**It is desired to be greater than 40 J.
3.1. Optimizing Material Testing Outcomes 
Using Taguchi Method and TOPSIS Analysis 
The  analysis  of  duplicate  results  from the  tensile 
test, impact notch test, and hardness measurement 
experiment  was  conducted  following  the  Taguchi 
Method, employing both the "larger is better" and 
"nominal is best" criteria as applicable. This method 
was chosen to identify the highest achievable values 
considering various factors (Factor A, Factor B, and 
Factor C) and their levels (Level 1, Level 2, Level 3) 
across  the  experiments.  In  the  figures 
corresponding to each test (Figures 12, 13, and 14), 
factors are illustrated with green circles, levels with 

yellow circles, and the optimal values targeted are 
marked  with  red  circles.  The  objective  was  to 
pinpoint  the maximum value achievable  based on 
the defined factors and levels for each type of test. 
The  Minitab  software  package  was  utilized  to 
document  the  outcomes  of  these  analyses.  The 
insights  from  the  data  points,  particularly  those 
underscored by the red circles in the figures, were 
harnessed to synthesize the dataset into a singular 
result  using  the  TOPSIS  method,  thereby 
streamlining the analysis process and enhancing the 
efficiency  of  identifying  optimal  conditions  across 
different types of material tests.
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Figure 12: “Larger is better” recommendation for tensile experiment according to Taguchi Method.

Figure 13: S/N ratios of impact notch test according to Taguchi Method.
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Figure 14: S/N ratios of hardness test according to Taguchi Method.

3.2. TOPSIS Based Taguchi Method Results
The replicated results of  the tensile,  V-notch, and 
hardness  measurement  tests  underwent  analysis 
using the variable of “nominal is better” or “larger is 
better”  according  to  the  Taguchi  method,  as 
illustrated in Figure 12, Figure 13, and Figure 14. 
The  distribution  variation  of  three  factors  across 
different  levels  was  examined.  As  the  values 
highlighted  with  the  red  circle  influence  strength, 
fracture,  and  toughness  interdependently,  optimal 
values  were  selected  for  the  best  experimental 
design utilizing the TOPSIS method. 

The  data  obtained  after  the  application  of  the 
Taguchi  and  TOPSIS  methods  and  the  duplicate 

results  closest to the optimum desired values  are 
shown in Table 5.

The  data  derived  from  the  TOPSIS  method  were 
subsequently  integrated  back  into  the  Taguchi 
Method, employing the “larger is better” approach 
to  enhance  strength  and  toughness  within  the 
experimental  design,  and  an  analysis  was 
conducted.  In  the  results  depicted  in  Figure  15, 
green  circles  indicate  the  factors,  yellow  circles 
represent  the  levels,  and  red  circles  signify  the 
maximum  values  to  be  attained  based  on  the 
factors and levels.

Figure 15: TOPSIS based Taguchi Method “larger is better”.
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The  results  obtained  from  the  Minitab  software, 
utilizing the Taguchi method, were integrated into a 
cohesive  outcome  through  the  application  of  the 
TOPSIS Method, as detailed in Table 5. The optimal 
experiment,  as  determined  by  this  analysis,  was 

performed at a temperature setting of 950°C (A2), 
with a heat treatment duration of 75 minutes (B3) 
and employing a quenching process that uses heat 
treatment oil (C2), as illustrated in Figure 16.

Figure 16: Heat treatment program based on optimization results. 

The targeted range for the tensile test is 970-1040 
N/mm2. Upon conducting the tensile test, strength 
parameters  such  as  elastic  modulus,  yield  value, 
breaking strength,  as  well  as  ductility  factors  like 
elongation  at  break,  shrinkage  at  break,  and 
toughness, were determined. The material's ductility 
and  toughness  falling  within  the  specified  range 
affirm the  suitability  of  the  temperature,  duration 
time, and quenching media selected during the heat 
treatment process. Table 6 presents the values for 
sample  number  10,  which  underwent  a  72-hour 
nitration process at 540 °C.

The impact  notch test  is  conducted to assess the 
fracture  behavior  of  metals,  offering  insight  into 
their  mechanical  properties,  particularly  under 
conditions  conducive  to  brittle  fracture.  As  per 
literature, impact notch tests should yield results of 
≥40  J.  Table  6  indicates  that,  based  on  the 
experimental  design  applied,  values  falling  within 
the “larger is better” criteria range from 154 to 157. 
Brittle  fracture  occurs  when  the  sample  breaks 
before undergoing plastic deformation. However, as 
evidenced by these test results, plastic deformation 
often  occurs  before  fracture.  Under  applied  force, 
besides normal (perpendicular)  stress,  there is  an 
additional shear stress at approximately 45°. Once 
this  shear  stress  surpasses  the  material's  shear 
strength  (critical  shear),  elastic  deformation 

transitions  into  plastic  deformation,  followed  by 
fracture.  This  process,  known  as  ductile  fracture, 
results in an uneven and fibrous fracture surface, as 
depicted  in  Figure  10.  Consequently,  the 
experimental  design  aligns  with  literature 
expectations based on these findings.

The Brinell hardness measurement method involves 
determining the diameter of an indentation created 
by applying a specific load over a set period using a 
hardened ball of known diameter on the material's 
surface. Results obtained from the experiment fell 
within the range of 880-1030 N/mm2, aligning with 
literature  standards.  This  range  ensures  that  the 
material maintains an optimal balance: it is neither 
excessively hard, risking brittleness and breakage, 
nor  too  soft,  ensuring  maximum wear  resistance. 
Consequently, the material's hardness is maintained 
at an ideal point, delivering the desired outcome in 
the experiment.

The area under the elongation curve of a material 
signifies  its  toughness,  which  differs  significantly 
between brittle and ductile materials. However, it's 
crucial to note that this area illustrates the extent of 
plastic  deformation  the  material  can  withstand 
before  fracture,  rather  than  strictly  representing 
toughness against sudden impacts and forces.
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Table 5: TOPSIS Method application using S/N ratios with weighted application for heat treatment experiments.

      Decision Matrix (S/N Ratios) Weight Normalized Decision Matrix
Si* Si

- Ci*
Responses R1 R2 R3 vi1 vi2 vi3

Weights 0.333 0.333 0.333

R1
54.11 45.13 31.66  0.13b 0.11 0.09 0.05c 0,01d 0,14e

R2
49.34 45.06 33.29  0.12 0.11 0.09 0.05 0,01 0,22

R3 40.59 42.44 50.03  0.10 0.11 0.14 0.02 0,06 0,75
R4

47.27 45.13 53.14  0.11 0.11 0.15 0.01 0,06 0,83
R5

45.88 43.52 39.93  0.11 0.11 0.11 0.03 0,03 0,48
R6 48.21 41.94 33.51  0.11 0.11 0.09 0.05 0,01 0,24
R7

50.80 41.90 32.76  0.12 0.11 0.09 0.05 0,01 0,15
R8

42.09 43.61 39.93  0.10 0.11 0.11 0.03 0,03 0,52
R9 40.13 43.94 41.88  0.10 0.11 0.12 0.04 0,19 0,82
-

140.13a 130.94 120.74 A*= 0.11 0.11 0.14 -
- -

- - - - A-= 0.13 0.11 0.09 - - -

The expressions a,b,c,d,e indicate sample calculations made in matrices using the relevant equations.
a The sum of the squares of each element in the columns
b Equation 1 v1,1=0.333*[(54.11/140.13)]=0.13
c Equation 7 S1*={((0.13-0.11+… …+[(0.09-0.14)]}1/2=0.05
d Equation 8   S1

-={[(0.13-0.13+… …+[(0.09-0.09)]2}1/2=0.01
 Equation 9  C1*=0.01/(0.01+0.05)=0.14

137



Demir, F., Akın, M. B., Yartaşı, A., (2024), JOTCSB, 7(2), 121-138.  RESEARCH ARTICLE

Table 6: Experimental results determined according to Taguchi and TOPSIS methods (sample 10) and 
determined for comparison (sample 3).

Required Values
Tensile Strength Impact Notch Hardness

• Sample No 970-1040 N/mm2 ≥ 40 J 970-1040 N/mm2

• 10 1006 1009 154 151 1030 1028
• 3 1049 1035 133 138 1125 1120

The  data  derived  from  the  Taguchi  Method 
demonstrates  an  algorithm  that  enables  factors 
(Factor  A,  Factor  B,  and  Factor  C)  to  yield  an 
optimal  result  based  on  their  interdependence. 
Two  explanatory  test  results  reflecting  these 
outcomes as mechanical properties are presented 
in  Table  5.  Experiment  number  10  aligns  with 

literature  standards,  providing  data  that  reflects 
the  outcomes  obtained  by  executing  the 
experiment according to the specified factor  and 
level  suggested  by  Taguchi.  The  performance 
values  of  these  test  conditions  in  nitration  are 
shown in Table 7. 

Table 7: Microvickers test results for Sample 3 and Nitrided Sample 10

Nitriding Process
Top Surface Hardness 
≥ 700 HV

Core Hardness ≥ 
300 HV

Nitriding Depth ≥ 
0,1 mm

Sample 10 870 417 0.10
Sample 3 860 415 0.10

The  results  from  the  Microvickers,  Tensile 
Strength,  Impact  Notch,  and  Hardness  analyses 
reveal  that  Sample  10  is  the  only  material  that 
meets all the desired criteria. This result highlights 
the  significance  of  the  study.  The  production  of 
materials with desired values through the TOPSIS-
based Taguchi method has resulted in savings of 
time, materials, and energy.

4. CONCLUSION

The method emphasizes the relationship between 
various  factors  (A,  B,  and  C)  to  achieve  an 
optimized  outcome  in  terms  of  mechanical 
properties, yielding successful results in revealing 
the connection between the TOPSIS-Based Taguchi 
Method  and  factors.  The  optimization  results 
obtained are significant  as the first  study in  the 
literature  to  use  the  TOPSIS-based  Taguchi 
method.  Besides,  the  results  stand  out  by 
providing  detailed  statistical  outcomes  regarding 
the  optimization  of  the  process  conducted  with 
nitriding.

The analysis conducted in the study presents the 
two  most  influential  test  results  indicating  these 
outcomes  concerning  mechanical  properties  and 
shows effective results, notably displaying that the 
trials  of  Sample  10  are  in  alignment  with  the 
literature standards for mechanical properties.

Sample 5, Sample 8, Sample 9, and Sample 10 are 
within  the  targeted  tensile  strength  test  range 
(970-1040  N/mm²),  demonstrating  satisfactory 
performance.

Results obtained from the Impact Notch Resistance 
Test  exceeded  the  expected  level  (>40  J), 
indicating a positive performance.

The  findings  derived  from the  application  of  the 
Taguchi  method  were  systematically  synthesized 
into  a  coherent  outcome  utilizing  the  TOPSIS 
Method.  This  statistical  analysis  identified  the 
conditions  for  the  optimal  experiment  as  a 
temperature setting of 950 °C, a heat treatment 
duration of 75 minutes, and the use of oil as the 
quenching medium. This optimized process led to 
the  successful  production  of  a  material 
characterized  by  superior  performance  metrics 
post-nitration.

In the Hardness Test,  Sample 3 and Sample 10 
met  the  specified  hardness  level  (970-1040 
N/mm²) and exhibited the desired properties.

The  results  obtained  from  the  conducted  study 
appear to be better in comparison with the study 
by  Karslı  et  al.  (2021).  The  surface  hardness 
obtained in the mentioned study is reported as 800 
HV and the core hardness at a depth of 0.1 mm is 
reported  as  368  HV.  The  values  obtained  with 
Sample  10,  produced  through  optimization,  and 
Sample 3, selected as a comparison sample, are 
superior (Table 7).
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Abstract:  This study investigates the optimisation of hydrothermal carbonisation (HTC) parameters for 
transforming Whitewood biomass into hydrochar, focusing on bioenergy production and valuable chemical 
extraction as by-products. The optimal carbonisation was achieved at a process temperature of 240 -260 
°C, which optimised the higher heating value of the hydrochar to 27-30 kJ/g and ensured a structural 
integrity similar to lignite coal. Increasing the temperature beyond 260 °C did not significantly enhance 
the energy content or quality of the hydrochar, establishing 260 °C as the practical upper limit for the  
HTC process. Residence times between 30 to 60 min were found to have minimal impact on the yield and 
quality of hydrochar, suggesting significant operational flexibility and the potential to double throughput 
without increasing energy consumption. The study also revealed that the process water by-product is rich 
in furan compounds, particularly furfural  and hydroxymethyl furfural,  with their  highest concentration 
(125 mg/g of feedstock) occurring at 220 °C. The implementation of these findings could facilitate the 
development of a large-scale HTC facility, significantly reducing reliance on fossil fuels and enhancing 
economic viability by producing high-energy-density biofuels and high-value chemical by-products. 
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1. INTRODUCTION

The need for renewable energy sources has never 
been more critical. With an estimated 37.55 billion 
metric tonnes of CO2 released into the atmosphere 
in 2023  (Tiseo,  2024).  A rapid increase in global 
warming over the past few decades has brought 
the  need  for  innovative,  clean  energy  solutions. 
Many countries have been setting new policies and 
laws to reduce their  Carbon Emissions and undo 
the  near-irreversible  consequences  of  global 
warming (Global CCS Institute, 2018). In 2019, the 
UK Government committed to achieve net zero by 
2050.  To  meet  this  target,  the  UK  signed  an 
agreement  at  COP26 to  end investments  in  new 
coal power generation  (Smith et al.,  2022; WHO, 
2021). This follows the key policies in the Net Zero 
Strategy stating by 2035 the UK will  be powered 
entirely by clean energy, subject to the security of 
supply (UK-Government, 2021).

The undeniable potential of biomass and bioenergy 
to  replace  fossil  fuels  in  existing  processes  to 
produce  heat,  electricity,  and  fuel  for 
transportation makes it an attractive and promising 
energy  resource  (Güleç,  Samson,  et  al.,  2022; 
Güleç, Williams, Kostas, Samson, et al.,  2022). In 
order  to  valorise  the biomass  sources,  there  are 
many  thermochemical  processes  such  as 
hydrothermal  conversion,  pyrolysis,  gasification 
and  combustion.  Hydrothermal  Carbonisation 
(HTC) is an emerging thermochemical process that 
could be used in the bioenergy sector through the 
conversion of biomass into hydrochar  (Sharma et 
al., 2020; Shen, 2020). Compared to other thermal 
conversion  technologies  i.e.  pyrolysis  or 
gasification, HTC is favourable (Bevan et al., 2021) 
as  it  does  not  require  drying  of  the  feedstock, 
which  is  highly  energy-intensive  and  expensive. 
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The desired water content of the HTC feed is 75-
90%  (Kumar  &  Ankaram,  2019).  Hydrochar 
obtained  from  HTC  has  been  identified  as  a 
potential  biofuel  (Oumabady  et  al.,  2020), 
contributing  to  this  shift  towards  renewable 
energies and giving a major reason industries cite 
for  not  readily  adopting  biofuels  is  non-
compatibility with existing equipment (Singh et al., 
2022). Therefore, if it can be commercialised, HTC 
of  biomass  offers  an  attractive  way  to  produce 
cleaner  fuel  for  major  industries,  with  the global 
biofuels  arena  growing  at  a  rate  of  over  8% 
annually  (Powell,  2022) and expected to  surpass 
US$200 billion in value by 2030. HTC can therefore 
provide  an  effective  waste  management  system, 
and no ethical concerns arise from using second-
generation  biomass  waste  (Phang  et  al.,  2023). 
Furthermore,  hydrothermal  conversion 
technologies  including carbonisation,  liquefaction, 
and  gasification  align  well  with  Sustainable 
Development  Goals  (SDG7,  SDG9,  and  SDG12) 
fostering cleaner energy solutions and promoting 
sustainable industrialisation and innovation (Welfle 
et al., 2023).

The  selection  of  biomass  feedstock  and  the 
parameters  of  the  HTC  process  are  crucial  in 
ensuring  that  the  resulting  hydrochar  meets  the 
necessary specifications for its use as an industrial 
fuel.  The  presence  of  high-ash  fuels  can 
significantly  increase  fouling  and  slagging  in 
combustion equipment, while alkaline metals in the 
ash may catalyse the combustion of  hydrochars, 
altering their combustion characteristics compared 
to fossil coal  (Stirling et al., 2018). Consequently, 
the  ash  content  of  the  hydrochar  must  remain 
below 12  wt.% to  meet  industrial  standards  use 
(Agency,  2016). Due  to  their  relatively  low  ash 
content  and  widespread  availability,  woody 
biomasses are particularly attractive feedstocks for 
HTC processes (Daskin et al., 2024). These woody 
feedstocks  can  be  efficiently  converted  into 
hydrochar through HTC, making them a promising 
component  in  the  production  of  green  energy. 
Their  global  abundance  and  sustainable  nature 
further enhance their appeal, as they help reduce 
reliance  on  non-renewable  energy  sources  and 
contribute  to  the  mitigation  of  environmental 
impacts associated with energy production.

This  study  focuses  on  the  valorisation  of 
Whitewood  (WW)  biomass  using  a  lab-scale  HTC 
reactor,  aiming to produce sustainable hydrochar 
and  value-added  chemicals.  Operating  under  a 
range  of  conditions,  with  temperatures  between 
200-280 °C and residence times from 30 to 180 
min,  the  research  includes  a  thorough 
characterisation  of  the  solid,  liquid,  and gaseous 
products  generated during the HTC process.  The 
novelty of this research lies in its comprehensive 
evaluation  of  Whitewood  biomass  in  the  HTC 
process, assessing its applicability as a feedstock 
and  identifying  potential  value-added  products, 
including  biochemicals,  biogas,  and  hydrochar. 
Specifically,  this  paper  presents  the  chemical 
composition and thermal properties of hydrochar to 
determine its suitability for bioenergy applications. 

Additionally,  it  investigates  the  potential  for 
extracting value-added chemicals  from the liquid 
by-products through advanced chemical analyses. 
The study also assesses the gaseous products to 
understand  their  environmental  impact  and 
practical  implications,  thereby  contributing 
comprehensive insights into the effectiveness and 
sustainability of the HTC process.

2. EXPERIMENTAL SECTION

A Whitewood (WW) Northern Ireland, supplied by 
Wolseley, was used as the biomass feedstock for 
the HTC process. The WW came in pellets formed 
from sawdust  residues.  The material  was chosen 
due to its abundance and having been produced in 
the  United  Kingdom.  To  ensure  the  particle  size 
was below 1 mm, the WW was milled in a Ball Mill 
for 2 min at 600 rpm. The milling process ensures 
homogeneity of the particles. Particle size can play 
a major role in heat and mass transfer within the 
HTC process.  Larger particle sizes lead to slower 
reaction  rates  and  incomplete  conversion  of  the 
biomass.  Smaller  particle  sizes  are  exposed  to 
more  water  and  heat,  promoting  hydrolysis  and 
dehydration reactions.

2.1. Hydrothermal Carbonisation of 
Whitewood
The  HTC  experiments  were  carried  out  using  a 
batch  High-Pressure  Autoclave  Reactor  System. 
WW sample (4.00 ± 0.01 g) was loaded into the 
vessel along with distilled water (26.00 ± 0.01 g) 
and mixed thoroughly to ensure homogeneity. The 
reactor  vessel  was  sealed  and  flushed  with 
nitrogen ensuring no air was present in the vessel, 
before being pressurised to 5 bar. A fluidised sand 
bed  was  then  heated  to  the  carbonisation 
temperature of 200 °C – 280 °C using compressed 
air  entering at the bottom of the bed. When the 
sand-bed reach the set temperature, the autoclave 
was  placed  in  the  sand  bed  and  kept  at  the 
isothermal temperature for a residence time of 30 
min, 60 min, and 180 min. The temperature was 
monitored  using  an  additional  K-type 
thermocouple.  Following  the  carbonisation,  the 
reactor  was  moved  to  a  separate  cold  fluidised 
sand bed maintained at 20 °C for 1 h to allow the 
vessel to cool down. After the elapsed hour a gas 
syringe  was  used  to  collect  gaseous  products 
whilst  liquid  and  solid  hydrochar  was  separated 
using  a  vacuum  filtration  unit.  The  primary 
products  (solid,  liquid,  and  gas)  yields  are 
calculated  using  Eq1-Eq3  (Güleç  et  al.,  2021; 
Koechermann  et  al.,  2018).  Furthermore, 
hydrochar yield (Eq-4) is determined as the fixed 
carbon yield of the process. This is calculated by 
multiplying  the  fixed  carbon  content  by  the  dry 
solid  yield.  Specifically,  it  involves  assessing  the 
proportion of fixed carbon in the hydrochar relative 
to  the  initial  dry  biomass,  providing  a  clear 
measure of the efficiency and effectiveness of the 
hydrothermal  carbonisation process in  converting 
biomass to carbon-rich solid fuel.
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Solid yield (wt .%)=
mdrychar

mWW ,0

∗100 (1)

Gas yield (wt .% )=
mgas

mWW , 0

∗100 (2)

L iquid yield (wt .%)=100−Solid yield−Gas yield (3)

Hydrochar yield (wt .%)=[mdrychar

mWW ,0

∗100 ]∗FC (4)

Where,  mdrychar;  represents  the  dry  mass  of  solid 
char  collected  following  the  HTC  process,  mww,0; 
represents the initial dry mass of feedstocks (ww), 
mgas;  is  the  mass  of  the  gas  product  collected 
following the HTC process (as determined by GC-
MS  analysis),  FC  is  the  fixed  carbon  content  of 
hydrochar in wt.%.

2.2. Characterisation of Solid Hydrochar
2.2.1. Proximate analysis and thermal 
decomposition
Proximate  analysis  were  performed  by 
thermogravimetric analysis (TGA) using a TA-Q500 
using a slow pyrolysis procedure presented before 
(Güleç  et  al.,  2021;  Lester  et  al.,  2007).  This 
method provides proximate analysis  and enables 
further  information regarding the changes in  the 
composition  of  hydrochar  by  identification  of 
displacement  level.  Approximately  30  mg  of 
hydrochar was placed in a platinum pan of a model 
Q500  TGA.  Samples  were  then  heated  from 
ambient temperature to 900 °C, at a heating rate 
of 5 °C/min, under a nitrogen flow of 100 mL/min. It 
was then held isothermally for  10 min to ensure 
total devolatilisation before changing the gas flow 
to 100 mL/min of  air  for  15 min to combust the 
fixed carbon.  The temperature was then ramped 
down to 35 °C at a rate of 30 °C/min (Güleç et al., 
2021;  Lester  et  al.,  2007).  The mass loss before 
110  °C  was  assumed  to  be  moisture  as  the 
temperature is above the boiling point of water but 
below  the  temperature  range  for  the  thermal 
decomposition  of  hemicellulose,  cellulose,  and 
lignin.  Mass loss from 110 °C up to 900 °C was 
considered volatile matter (VM) as the sample was 
under  an  inert  nitrogen atmosphere.  The  rest  of 
the mass loss was under airflow and considered as 
fixed carbon (FC). The remaining mass represented 
the ash content of the hydrochar. Three samples of 
feedstock  and  three  hydrochars  produced at  the 
same process conditions were analysed to reduce 
systematic error.

2.2.2. Displacement
A  novel  characterisation  property,  suggested  by 
(Lester  et  al.,  2007),  called  “Displacement”  has 

been utilised to quantify the degree of hydrochar 
upgrade  in  HTC  process  using  Eq  5.  This 
dimensionless  quantity  provides  a  method  to 
quantitatively  compare  the  effectiveness  of  the 
hydrothermal  treatment.  It  has  been  calculated 
from  the  absolute  difference  between  the 
derivative weight loss from the feedstocks and the 
derivative weight loss from the hydrochar at each 
temperature, T.

Displacement=∑
T i

T f (|( dwdt bf ,T
)−( dwdt hc, T

)|) (5)

Where, Ti and Tf are the temperature limits of the 
devolatilisation; 110°C and 900°C respectively. The 
higher  the magnitude of  displacement,  the more 
structural decomposition has occurred during HTC 
process.

2.2.3. Ultimate Analysis
Ultimate (elemental)  analysis  was carried out  for 
each  hydrochar  and  feedstock  using  a  Leco 
CHN628  and  utilising  helium  as  the  carrier  gas. 
Multiple  pure  standards  of  BBOT  were  used  for 
calibration.  Approximately  75  mg of  sample  was 
used  per  analysis.  The  oxygen  content  was 
determined  by  difference,  assuming  the  total 
remaining  was  wholly  elemental  oxygen.  The 
elemental  analysis  was  triplicated  to  eliminate 
experimental error.

2.2.4. Fuel Characteristics
The higher heating value (HHV) of the hydrochars 
was estimated by a correlation with the ultimate 
analysis  data  (Callejón-Ferre  et  al.,  2011).  This 
particular correlation (Eq 6) was chosen based on a 
comprehensive  analysis  by  (Daskin  et  al.,  2024; 
Güleç,  Williams,  Kostas,  Samson,  et  al.,  2022)
which  showed  that  it  had  the  lowest  standard 
deviation  from experimental  data  of  11  different 
theoretical correlations for the same feedstock.

HHV=−3.440+0.517 (C+N )−0.433(H+N ) (6)
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Where, HHV is the higher heating value, C, N, and 
H  are  the  elemental  composition  of  Carbon, 
Nitrogen, and Hydrogen, respectively. 

2.3. Characterisation of Process Liquid
Dichloromethane  (DCM)  was  selected  as  the 
solvent to extract organic compounds for analysis 
from the process water by liquid-liquid extraction. 
It has mid-range polarity, meaning most organics 
will dissolve into it, plus DCM is immiscible with the 
water phase and denser, so can be easily drained 
off  from a  separating  flask.  Additionally,  DCM is 
highly  volatile,  so  it  readily  evaporates  leaving 
behind  the  extracted  compounds  of  interest. 
Extraction was performed by making 6 mL process 
water up to 15 mL volume with deionised water, 
then mixing with 15 mL DCM and settling for 5 min 
before draining off the solvent. This was repeated 3 
times to extract maximum organics. The DCM was 
left  to  evaporate  overnight,  and  a  standard 
solution  of  squalane  was  prepared  and  100  μL 
added to each sample. Squalane is a hydrocarbon 
not found in the process liquid, so its peak in the 
gas  chromatography  (GC)  output  was  used  as  a 
reference point to enable the quantification of all 
other  compounds.  The  organic  compounds  were 
analysed on a 6850 Agilent HP GC connected to a 
5975  Agilent  HP  quadrupole  mass  spectrometer 
(MS), (EI mode, 70 eV). GCMS was equipped with 
an  autosampler  and  a  split/splitless  injector. 
Compounds  were  separated  by  a  DB-1701  MS 
fused silica capillary column (60 m × 0.25 mm i.d. 
× 0.5 μm film thickness) with helium as the carrier 
gas, and an oven program of 50 °C (held for 2 min) 
to 280 °C (held for 25 min), heated at a rate of 4 
°C/min.   MS is  used for  qualitative analysis,  with 
compounds determined according to the NIST Mass 
Spectral  Library  from  the  National  Institute  of 
Standards  and  Technology,  Maryland,  USA. 
Compounds  were  then  quantified  with  a  Flame 
ionisation  detector  (FID).  FID  was  used  for 
quantification  over  MS  as  outputs  are  more 
reproducible  and  represent  the  composition  of  a 
mixture  more  reliably  (St  Gelais,  2014).  This  is 
because  MS  detects  ions  of  fragmented 
compounds,  with  fragmentation  and  ionisation 
potential varying between compounds (Cicchetti et 
al., 2008), so is not suited to accurately measure 
the  composition  of  a  mixture.  FID  is  inherently 
more quantitative as it  works on the principle of 
detecting  ions  formed  during  the  combustion  of 
organic compounds.

2.4. Characterisation of Gas Products
Gas products were collected in an airtight bag and 
immediately  analysed  using  Clarus  580  gas 
chromatography (GC) fitted with a Flame ionisation 
detector  (FID)  and  thermal  conductivity  detector 
(TCD) operating at 200 °C. The gas samples were 
analysed by injecting 100 μL of each gas sample 
(split  ratio  10:1)  into  the  GC  at  250  °C  with 
separation  performed  on  an  alumina  plot  fused 
silica  30  m  ×  0.32  mm ×  10  μm column,  with 
helium as  the carrier  gas.  The FID detector  was 
used to analyse the hydrocarbon compounds and 

TCD detector was used to analyse nonhydrocarbon 
compounds.  The  oven  temperature  was 
programmed from 60 °C (13 min hold) to 180 °C 
(10 min hold) at 10 °C/min.

3. RESULTS AND DISCUSSION

3.1. Hydrothermal Carbonisation of 
Whitewood
Figure  1  presents  the  yields  of  solid,  liquid, 
gaseous  primary  products  and  hydrochar  as 
functions of the hydrothermal carbonisation (HTC) 
process parameters: temperature (200 °C to 280 
°C),  residence  time  (30  to  180  min),  and 
autogenous pressure, using biomass to water mass 
ratio  of  1:6.5.  The  solid  hydrochar  product  is 
generated  through  the  decomposition  and 
carbonisation of the major structural  components 
of  biomass—namely  hemicellulose,  cellulose,  and 
lignin—which undergo hydrolysis, dehydration, and 
decarboxylation  reactions.  Specifically,  the 
temperatures  required  to  decompose  these 
components  range  broadly,  with  hemicellulose 
starting to decompose at temperatures as low as 
220  °C,  cellulose  at  around  280  °C,  and  lignin 
between 160 °C and 900 °C (Güleç, Samson, et al., 
2022;  Güleç,  Williams,  Kostas,  Samson,  et  al., 
2022). 

At  lower  temperatures  (200–220  °C),  the  HTC 
process has a limited effect on the yield of solid 
hydrochar.  The  hydrochars  produced  at  these 
temperatures  exhibit  only  partial  carbonisation, 
characterised  by  a  light  brown  colour  and  large 
particle  structure,  similar  to  the  original  WW 
feedstock. These conditions result in less than 37 
wt.% of the biomass being converted into gaseous 
and  liquid  products,  indicating  an  incomplete 
carbonisation process.  This is  akin to findings by 
(Musa et al., 2022), where low temperatures were 
insufficient  for  the  complete  decomposition  of 
major  biomass  components,  such  as  Pine  Kraft 
Lignin, leading to a higher yield of hydrochar. As 
the HTC temperature increases from 220 °C to 240 
°C,  there  is  a  notable  reduction  in  the  yield  of 
hydrochar from 64 wt.% to 49 wt.%, accompanied 
by an increase in the production of gaseous and 
liquid products. The hydrochars obtained at 240 °C 
are  transformed  into  a  homogeneous,  blackish, 
coal-like solid structure. This decrease in hydrochar 
yield can be attributed to the major decomposition 
and  carbonisation  of  hemicellulose  within  the 
feedstock,  as  this  temperature range is  ideal  for 
hemicellulose  breakdown  but  still  below  the 
decomposition  temperatures  for  cellulose  and 
lignin. Regarding residence time, Figure 1 shows a 
slight decrease in hydrochar yield from 65 wt.% to 
59 wt.% as residence time increases from 30 to 
180  min.  Concurrently,  the  gas  yield  increases 
from 1 wt.% to 8 wt.%, corroborating findings by 
(Musa et al., 2022).  (Ghanim et al., 2016) suggests 
that  the  increase  in  gas  and  liquid  products  at 
longer residence times could be explained by the 
degradation of soluble hemicellulose, cellulose, and 
lignin fragments in the aqueous phase.
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Figure 1. Solid (grey bar), liquid (blue bar), gaseous (green bar) and hydrochar (red triangle) product 
yields as a function of HTC process temperature (200 °C–280 °C), residence time (30-180 min) and 

autogenous pressure using biomass to water mass ratio of 1:6.5.

The linear increase in gas product yield across the 
experimental temperature range from 2.5 wt.% at 
200 °C to 12.5 wt.% at 280 °C highlights a strong 
correlation between process temperature and gas 
yield. Although liquid product yield also increases 
from 30.3 wt.% to 49.6 wt.% as the temperature 
rises  from  220  to  240  °C,  further  temperature 
increases  do  not  significantly  alter  liquid  yield, 
indicating  that  the  majority  of  solid  biomass 
decomposes primarily through liquefaction at these 
critical  temperatures  (220-240 °C).  Figure  1  also 
shows that the fixed carbon-based hydrochar yield 
increases  with  rising  process  temperatures  and 
residence  times.  For  instance,  at  a  constant 
residence  time  of  60  min,  increasing  the 
temperature from 200 °C to  260 °C results  in  a 
progressive increase in char yield from 11 wt.% to 
21 wt.%. This indicates that higher temperatures 
facilitate the conversion of biomass into hydrochar, 
enhancing  the  carbon  content.  At  220  °C, 
increasing the residence time from 30 min to 180 
min leads to a slight increase in hydrochar yield 
from 16 wt.% to 19 wt.%. This suggests that longer 
exposure to the HTC conditions promotes further 
carbonisation of the biomass, although the effect is 
less  pronounced  compared  to  temperature 
changes.

3.2. Fuel Characteristics of Hydrochars
3.2.1. Proximate analysis, Ultimate analysis, and 
HHV
Figure  2a  illustrates  the  proximate  analyses  of 
feedstock and hydrochars. The fixed carbon ratio 
shows a notable increase from 17 wt.% to 44 wt.% 
as  the  hydrothermal  temperature  is  raised  from 
200 °C to  280 °C.  This  increase in  fixed carbon 
content  correlates  with  a  significant  decrease  in 

volatile matter, which drops from 80 wt.% to 50 wt.
%. While residence time does affect carbonisation, 
with fixed carbon increasing from 25 wt.% to 31 wt.
% as residence time extends from 30 min to 180 
min, the impact of residence time is substantially 
less  significant  than  that  of  temperature  (Güleç, 
Williams, Kostas, Samson, et al., 2022; Musa et al., 
2022). The ultimate analysis results, as shown in 
Figure 2b, indicate that the carbon content of the 
biomass  increases  due  to  hydrothermal 
carbonisation. The increase in carbon content from 
47  wt.%  to  70  wt.%  is  more  pronounced  with 
higher process temperatures at 280 °C. Similarly, 
an increase in residence time also leads to a slight 
rise in carbon content from 54 wt.% to 60 wt.%, 
further emphasising the influence of temperature 
and  residence  time  on  the  carbon  yield  in  the 
hydrothermal carbonisation process.

Similar to the fixed carbon-based hydrochar yield 
(Figure 1), the HHV of solid products, as calculated 
and  shown  in  Figure  2a,  shows  a  considerable 
increase from 18 kJ/g to 30 kJ/g with the escalation 
of process temperature from 200 °C to 260 °C. In 
contrast,  increasing  the  residence  time  from  30 
min to 180 min at a constant temperature of 220 
°C results in a smaller increase in HHV, from 22 
kJ/g to 25 kJ/g. This suggests that temperature is a 
more  critical  factor  than  residence  time  in 
enhancing the energy content of hydrochars. Both 
hydrochar yield and HHV propose that optimising 
the temperature during the HTC process is crucial 
for maximising both the yield and energy content 
of  hydrochar.  Adjusting  the  residence  time  can 
further  fine-tune  these  outcomes,  but  its  effects 
are secondary to those of temperature.
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Figure 2. a) Proximate analysis and b) Ultimate analysis results of raw feedstocks and hydrochars 
produced with HTC (200°C–280°C, 30-180 min and autogenous pressure).

Additionally,  ash content  is  a  vital  parameter  for 
determining the suitability of hydrochar in energy 
production.  Initial  measurements showed the ash 
content in feedstock to be 0.23 wt.%. However, the 
hydrochars exhibited higher ash contents than the 
original  feedstocks;  this  increase  is  due  to  a 
reduction  in  solid  yield  rather  than  an  absolute 
increase  in  ash  mass.  Specifically,  hydrochar 
produced at 200 °C had an ash content of 0.42 wt.
%, which escalated to 2.42 wt.% at 280 °C, with a 
standard error of ±0.32%. The HTC process tends 
to  leech  organic  compounds  into  the  process 
water, increasing the relative ash proportion in the 
solid  residue,  although  the  inorganic  material  is 
somewhat removed from the biomass  (Hansen et 
al.,  2020).  Despite  these  increases,  all  samples 

maintained an ash content well below the 12 wt.% 
thresholds  considered  acceptable  for  bioenergy 
applications,  affirming  that  hydrochars  produced 
from  WW  are  suitable  for  use  as  fuel  in  green 
energy  generation.  The  hydrochars  in  this  study 
were  produced  in  a  batch  process,  which, 
compared  to  a  semi-continuous  HTC  process 
involving WW, tends to result in 50 wt.% lower ash 
content  (Güleç,  Williams,  Kostas,  Smson,  et  al., 
2022). This suggests that allowing process water to 
interact  with  the  hydrochars  during  the  reaction 
facilitates the transfer of inorganic material to the 
liquid phase, a crucial consideration for feedstocks 
intended  for  semi-continuous  processing  where 
slightly  higher  ash  content  might  still  be 
acceptable for combustion in industrial boilers.
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Figure 3. Van Krevelen diagram for raw biomass feedstocks (WW-Raw) and hydrochars produced as 
under HTC process conditions; 200°C–280°C, 30-180 min and autogenous pressure.
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The Van Krevelen diagram (Figure 3), which plots 
the  atomic  ratio  of  H/C  versus  O/C,  provides 
detailed  insights  into  the  fuel  characteristics  of 
produced hydrochars relative to conventional fuels 
such  as  peat,  lignite,  coal,  and  anthracite.  The 
diagram  shows  the  results  of  complex  reactions 
including  dehydration,  demethylation,  and 
decarboxylation,  as  noted  by  Güleç  et  al.(Güleç, 
Samson,  et  al.,  2022;  Güleç,  Williams,  Kostas, 
Samson,  et  al.,  2022).  Figure  3  indicates  the 
trends,  which  is  characterised  by  an  increase  in 
carbon content, leading to reduced atomic O/C and 
H/C ratios. This trend is a consistent dehydration 
pattern  as  both  temperature  and residence  time 
increase. The dehydration process provides lower 
hydrogen and oxygen content within the hydrochar 
(Funke & Ziegler, 2010). The hydrochars produced 
at  200  and  220  °C  are  categorised  within  the 
Biomass zone, while those at 240 °C align with the 
Peat-Lignite zone, and those at 280 °C approach 
the border between Lignite-Coal. This progression 
demonstrates  how  increases  in  temperature 
progressively  enhance  the  structure  of  the 
hydrochar,  fostering  a  coal-like  structure  by 
carbonising biomass.

0.0.1. Thermal Decomposition and Displacement
Figure  4  shows  the  thermal  decomposition  and 
derivative  weight  changes  during  the  slow 
pyrolysis  of  WW  and  hydrochars  produced  from 
WW.  This  analysis  provides  further  details  about 
the chemical composition of hydrochars following 
specific  HTC  processes.  The  degradation 
temperatures  of  biomass  constituents  are  known 
as hemicellulose decomposes between 220-315 °C, 
cellulose  between 315-400 °C,  and lignin  over  a 
broad range of 160-900 °C(Yang et al., 2007).

The hydrous nature of HTC plays a crucial role in 
the  process.  Hydrolysis  reactions,  which 
predominantly  involve  the  splitting  of  ester  and 
ether  bonds  in  biopolymers,  lead  to  their 
breakdown into oligomers and monomers (Funke & 
Ziegler, 2010; Güleç et al., 2023). For instance, the 
disappearance of the hemicellulose shoulder in the 
raw WW observed in Figures 4b indicates that the 
hemicellulose  structure  can  decompose  at 
temperatures above 200 °C, a process that begins 
as  low  as  180  °C  (Funke  &  Ziegler,  2010). 

Significant  peaks  (260-340  °C)  representing  the 
cellulose-lignin structure remain in the hydrochars 
produced  at  200  and  220°C.  However,  further 
carbonisation  at  higher  temperatures,  such  as 
240°C,  leads  to  the  breakdown  of  cellulose,  as 
evidenced by the decrease in the cellulose-lignin 
peak  shown  in  Figure  4b.  Increasing  the 
temperature further to 260 °C and 280 °C results 
in  almost  complete  disappearance  of  this  peak, 
indicating  significant  cellulose  decomposition 
(Güleç  et  al.,  2021).  At  the  highest  investigated 
temperatures,  a  new  peak  emerges  at 
approximately  390-450  °C,  correlating  with  the 
concentration  of  lignin  remaining  in  the  solid 
product. 

The  devolatilisation  profiles  of  hydrochars 
produced at  residence times of  30 and 180 min 
show more carbonisation than those processed for 
60  min  (Figure  4d).  Interestingly,  while  the 
increased  carbonisation  at  180  min  aligns  with 
expectations due to prolonged reaction time, the 
similar profile at 30 min contradicts other studies 
that  suggest  longer  times  lead  to  more 
carbonisation  (Cao et al., 2021; Reza et al., 2015; 
Smith  &  Ross,  2019).  The  unexpected  trend  in 
hydrochar  produced at  the  residence time of  30 
min and 60 min can be attributed to the cooling 
time. In these experiments, the cooling period lasts 
approximately one hour, which is longer than the 
actual residence times of 30 min and equal to 60 
min,  resulting  in  a  total  process  time  of  90-120 
minutes  from heating  to  cooling.  This  prolonged 
cooling  period  effectively  extends  the 
carbonisation  process,  reducing  the  differences 
between  hydrochars  produced  at  these  shorter 
residence  times.  Given  that  the  impact  of 
residence time has shown minimal enhancement in 
the  hydrochar  (Figure  1-3),  it  is  likely  that  the 
differences observed between the 30 min and 60 
min conditions are due to the short residence time 
of  the  process  rather  than  a  consistent 
experimental  trend.  (Smith  &  Ross,  2019) found 
that temperature has a more significant impact on 
hydrochar  characteristics  than residence time.  In 
order  to  enhance  the  understanding  of  short 
residence  time,  further  investigation  into  the 
thermal dynamics and reaction kinetics during the 
cooling phase could provide deeper insights.
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Figure  5  shows  the  displacement  levels  of 
hydrochars  across  various  temperatures  and 
residence times. At elevated temperatures of 240 

°C,  260 °C,  and 280 °C,  the displacement levels 
were notably high, ranging from 6000 to 7000, in 
stark  contrast  to  the  significantly  lower 

148



Güleç, F., (2024). JOTCSB, 7(2), 141-154.  RESEARCH ARTICLE

displacements of 2000 to 3000 recorded at 200 °C 
and  220  °C.  These  substantial  displacements  at 
higher temperatures correspond with the notable 
absence  of  hemicellulose  and  cellulose  in  the 
devolatilisation  profiles,  which  significantly 
contribute to the deviation in mass loss from the 
feedstock.  However,  it  is  interesting to note that 
the  displacements  at  220  °C  were  unexpectedly 
lower  than  those  at  200  °C.  Although  higher 
displacement is generally favorable for achieving a 
better hydrochar structure, this is not always the 
case,  particularly  when  biomass  decomposes 
completely  during  the  hydrothermal  process.  For 
instance,  during  hydrothermal  gasification, 
biomass may transform into inorganic compounds, 
resulting in  no char  formation at  the end of  the 
reaction. This process might theoretically yield the 
maximum displacement, yet it does not necessarily 
indicate that  the resulting material  has desirable 
fuel  properties.  This  suggests  that  displacement 
cannot  be  directly  correlated  with  fuel  quality 
based solely on displacement measurements.

3.3. Value-added Chemicals in Liquid 
Products 
Figure 6 illustrates the various compounds present 
in  the  process  water  and  the  relative  amounts 
between  samples  from  HTC  runs  under  varying 
conditions. It  is seen that the largest peak at 19 
min  residence  time,  a  furan  compound,  is  only 
present in process liquid from HTC at the lowest 
temperatures of 200 °C and 220 °C, and is also not 
present in the liquid when residence time was only 

30 min. The next most intense peak at 39 min is 
not present at all in the liquid from the hottest HTC 
run at 280 °C, and is noticeably less intense at 260 
°C, whilst several other compounds are detected in 
these two samples  which are not  present  in  the 
process  liquids  from  HTC  runs  at  reduced 
temperatures. 

The chemicals identified in the process liquid were 
categorised into four  groups:  Acids,  Aldehydes & 
Ketones, Furans, and Phenols. Table 1 shows that 
the organic group generally present in the highest 
quantity in the process water is furans. Across all 
samples,  the  total  amount  of  organics  in  the 
process water is highest for the HTC run at 220 °C 
and a 60 min residence time. Furans are the most 
prominent  chemical  group  found  in  the  process 
water by-product when HTC is carried out at 240 °C 
and  below,  and  residence  time  is  seen  to  have 
minimal impact on the quantities of furans present. 
Within this group, the main compounds are furfural 
and  hydroxymethyl  furfural  (HMF).  Furfural  is 
typically  generated  from  lignocellulosic  biomass 
such as WW (Zhang et al., 2022). The high furfural 
content  seen  in  liquid  from  lower  temperature 
hydrochars supports later findings in this research 
that HTC does not decompose cellulose structures 
when  the  reaction  occurs  below  240  °C.  Higher 
hydrochar  processing  temperatures  likely  caused 
furfurals  to  be decomposed into  other  molecules 
(Diaz  Perez  et  al.,  2023),  as  is  seen  by  the 
numerous  peaks  representing  compounds  only 
present in the liquid from HTC at 280 °C.
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Table 1. Comparison of process liquid from HTC runs under varying temperatures and residence time. 

Value-added chemical compounds

Liquid Samples*
200°

C
220°

C
240°

C
260°

C
280°

C
220°

C 220°C

60min
30mi

n
180mi

n
(mg/g Biomass Feedstock  ±0.19 mg/g)

Acids
Acetic Acid 0.00 1.91 0.00 0.00 0.00 0.00 1.16
Aldehydes & Ketones
Acetol 0.57 2.36 0.00 0.00 0.00 0.00 1.40
Acetoin 0.34 1.26 0.00 0.00 0.05 0.00 0.58
Butanone 0.30 3.37 0.19 0.00 0.59 0.00 4.42
Hexanedione (Diacetylethane) 0.00 0.70 0.00 0.00 1.40 0.00 0.81
Corylone (Hydroxy Methyl 
Cyclopentenone) 0.00 1.00 1.06 0.17 3.47 0.179 2.15
Vanillin (Hydroxy Methoxy 
Benzaldehyde) 0.87 2.11 1.92 1.83 2.07 1.696 1.11
Total Aldehydes & Ketones 2.08 10.80 3.17 2.00 7.57 1.87 10.48
Furans
Furfural 26.49 42.39 0.00 0.00 0.05 0.00 16.36
Ethanone (Furanyl) 0.26 0.70 0.00 0.00 0.09 0.00 0.52
Methyl Furaldeyde 1.13 2.16 0.00 0.00 0.23 0.00 1.40
Furyl Hydroxy Methyl Ketone 0.34 0.40 0.14 0.17 0.32 0.40 0.12
Furandicarboxaldehyde 0.26 1.00 0.34 0.00 0.00 0.49 0.23
Hydroxymethyl Furfural 34.39 78.86 53.84 4.43 0.32 60.87 36.79

Total Furans 62.89
125.5

2 54.32 4.60 0.99 61.77 55.42
Phenols
Methoxy Phenol 0.00 0.90 0.19 0.00 3.96 0.00 1.22
Methoxy Propyl Phenol 0.15 0.55 0.38 0.21 0.32 0.58 0.00
Hydroxy Methoxy Phenyl Propanone 0.19 0.65 0.86 1.53 1.98 0.45 0.76
Hydroxy Methoxy Phenyl Butanone 0.11 0.25 0.14 0.00 0.00 0.18 0.00
Hydroxy Methoxy Phenyl Propanol 0.60 0.90 0.82 2.47 2.66 0.80 0.99
Hydroxy Methoxy Phenyl Propanal 0.87 0.90 0.48 0.68 0.68 0.94 0.00
Total Phenols 1.93 4.17 2.88 4.90 9.60 2.95 2.97
*Amounts of organic compounds are presented in milligrams per gram of WW feedstock. Error is 
calculated from the standard deviation of analysis results repeated for the 220°C 1 hour liquid sample 
and is found to be ±0.19 mg/g, giving high confidence in the results. 

Furfural has been used as a chemical feedstock in 
synthesising plastics,  solvents,  and resins,  and it 
has  been  proven  that  furfural  and  HMF  can  be 
generated from biomass in high quantities at low 
cost (Siddarth H. Krishna, 2018). The global furfural 
market  is  valued around US$600 million in  2023 
(Statista,  2023) and  is  growing  due  to  rising 
demand  for  sustainably  produced  chemical 
feedstocks  for  plastics.  The  combination  of  HTC 
conditions producing the highest quantity of furans 
in the process liquid at 125 mg per gram of WW 
feedstock is 220°C and 60 min residence time. This 
translates to 1 g of furans (primarily furfural and 
HMF) in the process liquid for every 8 g of WW that 
undergoes  HTC.  This  relatively  large  amount  of 
furfural  and  HMF  is  a  key  finding  with  major 
impacts to HTC process economics, given furfural 
can  be  expected  to  sell  for  US$1000/tonne 
(Siddarth H. Krishna, 2018). 

The  next  most  prevalent  chemical  group  is 
phenols. These are present in small  quantities of 
<10 mg/g feedstock, and changes to HTC process 
conditions are not seen to correlate with a large 
change  in  phenolics,  suggesting  quantities  are 

more dependent on the biomass chosen for HTC 
rather  than  process  parameters.  Studies  have 
shown  HTC  can  be  integrated  with  anaerobic 
digestors producing biogas (Brown et al., 2020) by 
using  the  process  liquid  as  feedstock,  however, 
phenols inhibit methane production when present 
in  quantities  greater  than  1.5mg/L  (Poirier  & 
Chapleur, 2018). The process liquid from WW HTC 
is also suitable for use as a feedstock to anaerobic 
digestors,  as  total  phenol  levels  are  far  below 
inhibiting limits, as shown in Table 1.

3.4. Gas Products
Figure  7  shows  the  composition  of  gaseous 
products generated during HTC at temperatures of 
220 °C and 240 °C. Gas chromatography analysis 
reveals  that  the  predominant  component  of  the 
gaseous  products  at  both  temperatures  is  CO2. 
Specifically, at 220 °C, three repeated gas analyses 
yielded an average CO2 composition of 98 ±2.5 vol.
%,  with  a  95%  confidence  interval.  As  the 
temperature  of  the  HTC  process  increases,  the 
volume  fraction  of  CO2 in  the  gas  slightly 
decreases, while there is a noticeable increase in 
carbon monoxide (CO) production. At 240 °C, CO2 
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and  CO  account  for  92  vol.%  and  7.11  vol.%, 
respectively.  Additionally,  there  are  minor 
increases  in  methane  (0.1  vol.%),  hydrogen  (0.3 
vol.%), and trace quantities of light hydrocarbons 
such as ethene and butene. This finding aligns with 
and is supported by results from a study by (Musa 
et  al.,  2022),  which  identified  that  the  primary 
component of the gaseous phase product from HTC 
is  CO2,  accompanied  by  some  CO  and  trace 
amounts  of  hydrocarbon  gases.  Further 
quantitative  comparisons  can  be  made  with  a 
study  by  Basso  et  al.,  which  provides  additional 
insights into the composition of these gases (Basso 
et al., 2018).

While  the  gaseous  products  from  HTC  are  not 
typically  considered  high-value,  modifications  to 

the  facility  design  could  leverage  these  by-
products  effectively.  For  instance,  recycling  the 
gases produced back into the HTC reactor vessel 
could gradually increase the concentration of the 
gas product, resulting in a stream rich in CO2, CO, 
H2,  and  hydrocarbons.  This  enriched  stream 
presents  some  utilisation  options  such  as  fuel 
source or carbon capture. If  the concentration of 
hydrocarbons is sufficiently high, this stream could 
potentially  be  used  as  a  fuel  source,  thereby 
reducing the energy demands of the HTC facility. 
Predominantly consisting of CO2, this stream could 
be purified into a highly concentrated CO2 stream, 
which could then be used in carbon capture and 
storage applications, contributing to the creation of 
carbon-negative bioenergy fuel.
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Figure 7. Gas composition (vol%) within the gaseous products of HTC process at the temperatures of a) 
220°C and 60 min and b) 240°C and 60min.

4. CONCLUSION

This  study  systematically  evaluated  the 
optimisation  of  hydrothermal  carbonisation  (HTC) 
parameters for  the production of  hydrochar from 
woody biomass (whitewood),  aimed at enhancing 
its  suitability  for  bioenergy  and  value-added 
chemical  applications.  The  findings  show  that  a 
process temperature of 240-260 °C is optimal for 

achieving effective carbonisation,  maximising the 
higher heating value (27-30 kJ/g), and ensuring the 
structural  integrity  of  the  hydrochar  similar  to 
lignite-coal structure. Temperatures exceeding 260 
°C  do  not  yield  significant  improvements  in  the 
energy  content  or  quality  of  the  hydrochar, 
indicating that 260 °C is the upper limit for process 
temperature. Residence time has a minimal impact 
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on the yield and quality of hydrochar between 30 
min to 60 min, allowing for operational flexibility 
and  increased  throughput  without  additional 
energy  costs.  The  study  also  highlighted  the 
importance  of  managing  residence  times  to 
balance energy use with production efficiency. The 
process  water  by-product  contains  substantial 
quantities of furan compounds, specifically furfural 
and hydroxymethyl furfural. These compounds are 
most abundant when the HTC process is conducted 
at  temperatures  of  240  °C  or  lower.  Optimal 
production of furans, reaching as high as 125 mg/g 
of feedstock, occurs at a temperature of 220 °C. 
Implementing  the  findings  from this  study  could 
lead  to  the  development  of  a  large-scale  HTC 
facility  that  not  only  contributes  to  reducing 
dependency on fossil  fuels  but  also supports  the 
economic viability through the production of both 
high-energy-density biofuels and valuable chemical 
by-products.  This  aligns  with  Sustainable 
Development  Goals  (SDG7,  SDG9,  and  SDG12) 
fostering cleaner energy solutions and promoting 
sustainable industrialisation and innovation. 
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APPENDICES

Appendix A: Labelled FID spectra with 20 main peaks identified in the table.

Peak 
No

Molecular 
Mass (g/mol)

Compound
Group

Compound
Name

1 60 Carboxylic Acid Acetic Acid
2 74 Ketone Acetol
3 88 Ketone Acetoin
4 96 Furan Furfural
5 72 Ketone Butanone
6 110 Furan Ethanone (Furanyl)
7 114 Ketone Hexanedione (Diacetylethane)
8 110 Furan Methyl Furaldeyde
9 112 Ketone Corylone (Hydroxy Methyl Cyclopentenone)
10 124 Phenol Methoxy Phenol
11 126 Furan Furyl Hydroxy Methyl Ketone
12 124 Furan Furandicarboxaldehyde
13 126 Furan Hydroxy Methyl Furfural
14 152 Aldehyde Vanillin (Hydroxy Methoxy Benzaldehyde)
15 166 Phenol Methoxy Propyl Phenol
16 180 Phenol Hydroxy Methoxy Phenyl Propanone
17 194 Phenol Butyrovanilone (Hydroxy Methoxy Phenyl Butanone)
18 182 Phenol Hydroxy Methoxy Phenyl Propanol
19 178 Phenol Hydroxy Methoxy Phenyl Propanal
20 196 Alkane Squalane (Reference Compound)
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Eco-friendly and low-cost phytodyeing for wool, cotton and polyester 
textile materials using Parthenocissus Quinquefolia L. Fruit Extracts

Adem Önal , Sedanur Gökçe 

Tokat Gaziosmanpaşa University, Türkiye

Abstract:  This  study investigates the extraction of  natural  colorant  from fresh fruits  of  Parthenocissus 
quinquefolia L. and the application of the extracted dye to wool yarn, cotton, and polyester fabrics in the 
presence and absence of various mordants. The effect of mordant type on the dyeing quality with different  
mordanting  methods  was  examined.  Iron  sulfate,  tin  chloride,  alum,  copper  sulfate,  and  potassium 
dichromate were used as mordant. The effects of these mordants on the color of the dyed samples were 
investigated in terms of CIELab (L*, a*, b*) and K/S values. The light, washing and rubbing fastness of the 
dyed  samples  were  evaluated  according  to  ISO  standards.  While  dyeing  wool  yarn  without  mordant  
produces reddish brown, and dyeing with mordant produces a wide range of colors from green to purple,  
blue and lilac tones are obtained in cotton fabric dyeing, and green, purple and brown tones are obtained in 
polyester fabric dyeing. While polyester fabrics are dyed with synthetic dyes at 130 oC, in this study they 
were dyed with natural dyes at 90 oC. As a result of dyeing, colors with high fastness are generally obtained.
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1. INTRODUCTION

Dyes are generally used in textile, paper, cosmetic, 
food, pharmaceutical, and leather industries (Chiou 
et al., 2002; Banat et al., 1996). Water pollution due 
to discharge of non-biodegradable colored effluents 
from textile  dye  manufacturing  and  textile-dyeing 
sill  is  one of the major environmental concerns in 
the  world  today.  Strong  colors  transferred  by 
synthetic dyes to the receiving aquatic ecosystems 
poses  aesthetic  and  serious  ecological  problems 
such  as  inhibition  of  benthic  photosynthesis  and 
carcinogenicity  (Forgacs  et  al.,  2004;  Robinson  et 
al.,  2001).  Textile  industry  uses  high  amounts  of 
water, its wastewater being the main way by which 
dyes are discharged into  the environment.  Textile 
wastes  are  characterized  by  prominent  color  and 
high  concentrations  of  organic  and  inorganic 
compounds caused by residual dyes that were not 
fixed to the fibers during the dyeing process (Cooper 
et  al.,  1995).  These  environmental  problems  of 
public  health  concern  related  to  colored 
wastewaters  containing  synthetic  dyes  have 
diverted researchers urgently to look for eco-friendly 

products.  For  this  reason,  there has been a rapid 
return to natural  dyes in  the world (Tawfik et  al., 
2002).

The colorants of natural dyes that are obtained from 
animal  or  vegetable  matter  without  chemical 
processing.  Coloring  agents  of  plants  are  derived 
from  roots,  leaves,  barks,  and  trunks  or  fruits. 
Henna, madder, pomegranate, turmeric, walnut etc. 
are  well-known  examples  of  natural  dyes.  The 
introduction of natural dyes in textile dye houses is 
coupled to several requirements which have to be 
fulfilled, i.e., adaptation of traditional processes on 
modern  equipment,  and  selection  of  material 
leading  to  product  with  acceptable  fastness 
properties (Bechtold et al., 2003), However, natural 
dyes  possess  some  limitations  such  as  lesser 
availability,  poor  color  yield,  complexity  of  bond 
process and non-reproduce ability of shades. They 
offer  much  more  advantages  including  renewable 
sources,  minimal  health  hazard,  no  disposal 
problems and harmonization with nature (Adeel et 
al., 2009).
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Parthenocissus  quinquefolia L.,  is  a  deciduous 
climbing  plant  belonging  to  the  Vitaceae  family, 
native to North America and can be found in South 
Africa and Australia (Adel et al., 2021). This plant is 
a very widely known ivy and ornamental plant and 
its fruits are quite poisonous to humans. It can be 
said  that  there  are  many  flavonoids  such  as 
anthocyanin groups and many other substances in 
the chemical structure of the plant.  Parthenocissus 
quinquefolia L., is used for many different purposes 
today.  While  the  plant  itself  is  used  to  prevent 
erosion  of  the  soil,  it  is  known that  in  traditional 
medicine,  some  parts  of  it  are  used  as  an 
expectorant,  its  fruits  are  used  to  relieve 
rheumatism pain,  its  roots are used as a diuretic, 
and its bark and branches are used as cough syrup. 
It is also grown as an ornamental plant due to its 
pleasant appearance and perfect covering of fences 
and garden walls. (Benli, 2017). 

In the literature, the dyestuff properties of extracts 
obtained  from  various  parts  of  Parthenocissus 
quinquefolia L. have been investigated. Ticha et al. 
investigated a new phyto-dyeing process of natural 
fibers such as cotton, wool and silk using the natural 
aqueous  extract  of  Parthenocissus  quinquefolia L. 
(Ticha et al., 2017). In the study, anthocyanins, the 
main coloring components of the dye extract, were 
characterized by HPLC-MS analysis. Mentes Çolak et 
al.  dyed  wool  yarns  using  the  pre-mordanting 
method with  Parthenocissus quinquefolia L.  leaves 
(Çolak et al., 2020). The authors reported that matte 
colors were obtained from iron and copper salts, and 
light and bright colors were obtained from dyeings 
without alum and mordant. It has been reported in 
the literature that quinquefolia contains anthocyanin 
pigment as a natural dye. 

In this article, it was investigated in detail whether 
the ripe purple fruits of Parthenocissus quinquefolia 
L. could be a source of natural dye. For this purpose, 
the dyeing properties of wool yarn, cotton fabric and 
polyester fabric types were examined. Dyeing was 
carried out according to non-mordanting (additive-
free) and mordanting (pre-, meta-, post-mordanting) 
methods. The fastness of the colors, K/S values and 
Pantone  color  codes  were  determined  and 
interpreted  comparatively.  According  to  literature 
research,  the  dye  substance  in  Parthenocissus 
quinquefolia  L.  was  identified  as  cyaniding  (Benli, 
2019) (Figure 1).

2. EXPERIMENTAL SECTION

2.1. Materials and chemicals

2.1.1. Plant material
Parthenocissus quinquefolia L. fruits were harvested 
in  Tokat  (Türkiye)  in  November  2023.  The  ripe 
purple fruits of the plant were refluxed in the soxhlet 
device 2 hours after collection and purple solution 
was  obtained  (w/V,  50  g/500  mL).  The  resulting 
colored solution was used in the dyeing process. 

Figure 1: The chemical structure of cyanidine.

2.1.2. Textile materials 
Prescoured  wool  yarn  (2  nM)  were  obtained 
commercially  from  Tokat  (Türkiye).  Before  use,  it 
was bleached with a solution containing 200 mL of 
hydrogen peroxide and 50 mL of ammonia (30%) at 
50 oC for 60 minutes at a liquor ratio of 100:6. Then, 
the obtained material  was  neutralized with  formic 
acid solution, washed thoroughly with distilled water 
and dried at room temperature for 48 hours.

The bleached cotton (235 g/m2)  was commercially 
obtained from Toga Tekstil company, Tokat-Türkiye. 
The recommended process consists of preparing the 
fabric in a pre-bath containing a certain amount of 
cationizing agent at 50 oC for 30 minutes. Then the 
cotton was dried at room temperature.  
The polyester fabric (185 g/m2) was purchased from 
Toga textile company, Tokat-Türkiye.

2.1.3. Precationizing of cotton fabric 
The recommended process consists of preparing the 
fabric in a pre-bath containing a certain amount of 
cationizing agent at 50 oC for 30 minutes. Then the 
cotton  was  dried  at  room  temperature  and  the 
bleached  cotton  was  commercially  obtained  from 
Tokat Toga Tekstil company.

2.1.4. Chemicals and instrument
Mordants  (Iron  sulfate,  tin  chloride,  alum,  copper 
sulfate,  and potassium dichromate)  were obtained 
from Merck. Extraction was performed using Soxhlet 
apparatus. The color properties of the dyed samples 
were  evaluated  by  Premier  Colorscan  SS  6200A 
Spectrophotometer  in  terms  of  CIELab  values  (L*, 
a*,  b*,  C*)  and  color  strength  (K/S)  values.  Color 
codes were determined using Color Index numbers. 
Light  fastness  (Atlas  weather–ometer),  washing 
fastness (Launder–meter) and rubbing fastness (255 
model crock–meter) of all dyed samples, determined 
according to ISO 105–C06 and CIS, were tested.

2.1.5.  Extraction  of  dyestuff  solution  from 
P.quinquefolia L. fruit
50 g of fresh Parthenocissus quinquefolia L. fruit was 
refluxed using distilled water (500 mL) and became 
colorless in the Soxhlet apparatus. This process was 
continued until a total of 4 liters of colored extract 
was  obtained,  and  finally,  the  extracts  were 
collected when a stable color tone was obtained.

2.1.6. Plant dyeing method without mordant
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Woolen yarns,  cotton fabrics and polyester fabrics 
were dyed at a ratio of 50:1. The dyeing bath was 
kept at medium pH (6.55). The dyeing temperature 
was  maintained  at  85  °C  for  45  min.  The  dyed 
samples  were  then rinsed with  water.  Finally,  the 
fabrics  were  washed  thoroughly  with  cold  water, 
pressed and dried at room temperature.

2.1.7. Mondanting methods
Mordanting methods (Iron sulfate, tin chloride, alum, 
copper  sulfate,  and  potassium  dichromate)  were 
performed as  we  have  previously  reported  in  the 
literature (Önal et al., 2021; Önal et al., 2023).

Pre–mordanting method
The  textile  products  (5  g)  were  heated  in  0.1  M 
mordant solution (100 mL) for 1 h at 90  oC. It was 
heated in 0.1 M mordant solution (100 mL) for 1 h at 
90 oC. After cooling it was rinsed with distilled water 
and  put  into  dye–bath  solution  (100  mL).  It  was 
heated at  90  oC for  1  h.  The dyed samples  were 
rinsed with distilled water and dried.
 

Meta–mordanting method
0.1 M mordant solution, dyestuff solution and textile 
materyals were heated in the flask and heated at 90 
°C for 1 h. After cooling, it was rinsed and dried.

Post–mordanting method
The textile products (5 g) were firstly treated with 
the dyestuff solution at 90 °C for 1 h. After cooling, 
it was rinsed with distilled water and put into 0.1 M 
mordant solution (100 mL) and heated for 1h at 90 
°C.  The  dyed  samples  were  rinsed  with  distilled 
water and dried.

The dyeing diagram for all samples is given in Figure 
2. In meta-mordanting, solid mordant corresponding 
to 0.1 M 100 mL concentration value was added to 
the dyestuff solution extracted from P. Quinquefolia 
L fruits, and a Flotte ratio of 1:100 was applied. The 
dyeing process was carried out for 60 minutes at 90 
°C  with  a  temperature  increase  of  1.5–2  oC  per 
minute. At the end of the dyeing period, after it was 
left  to  cool  to  room  temperature  and   filtered, 
washed with distilled water, rinsed and dried.

CuSO4 FeSO4 SnCl2 Alum K2Cr2O7
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Figure 2: Dyeing temperature.

3. RESULTS AND DISCUSSION

Fastness values and color codes of dyed wool yarns, 
cotton fabrics, and polyester fabrics are presented 
in Table 1, Table 2 and Table 3, respectively.

When  Table  1  is  examined,  the  highest  score  in 
washing fastness in the final mordanting with iron 
sulfate was found to be 5,  wet fastness as 4,  dry 
fastness as 4–5, and light fastness as 4. Washing, 
wet, dry rubbing and light fastness values obtained 
with  copper  sulfate  are  close  to  5.  Dry  rubbing 
fastness in all three mordanting methods is 5. Light 

fastness is on average 4-5 and is higher than iron 
sulfate.  In  pre-mordanting with alum, the washing 
fastness  is  4-5,  and  the  dry  and  wet  rubbing 
fastness  for  the  three  mordanting  methods  is  5. 
Light fastness is 4 in pre- and meta-mordanting and 
3-4 in post-mordanting. The washing, dry and wet 
rubbing  fastnesses  obtained  with  alum are  higher 
than copper sulfate and iron sulfate, but are slightly 
lower  in  terms  of  light  fastness.  In  dyeing  with 
K2Cr2O7,  the  fastness  to  washing,  wet  and  dry 
rubbing is 5 for all three mordanting methods, and 
the fastness to light is 3-4. 
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Table 1: Fastness values and color codes of dyed cotton fabrics.

Method Mordant
Wash 

fastnessa
Rubbing 
fastnessb

(wet–dry)

Light 
fastnessc

Color code 
(Pantone)

Pre– FeSO4 4 – 5 4 – 4/5 3 – 4 7529CS
Meta– FeSO4 4 – 5 4 – 4/5 4 401 CS
Post– FeSO4 5 4/5 – 5 4 4675CS
Pre– CuSO4 5 5 – 4/5 4 – 5 7530 CS

Meta– CuSO4 4 – 5 5 – 5 4 – 5 413 CS
Post– CuSO4 4 – 5 5 – 5 4 – 5 726 CS
Pre– KAl(SO4)2 4 – 5 5 – 5 4 406 CS

Meta– KAl(SO4)2 5 5 – 5 4 454 CS
Post– KAl(SO4)2 5 5 – 5 3/4 5527 CS
Pre– K2Cr2O7 5 5 – 5 4 155 CS

Meta– K2Cr2O7 5 5 – 5 3/4 474 CS
Post– K2Cr2O7 5 5 – 5 3/4 473 CS
Pre– SnCl2 5 5 – 5 4 7437 CS

Meta– SnCl2 5 5 – 5 4 7436 CS
Post– SnCl2 5 5 – 5 3/4 434 CS

unmordant 3 – 4 5 – 5 2 – 3 686 CS
aWash and brubbing fastness 1 = poor, 2 = moderate, 3 = fairly good, 4 = good, 5 = very good, cLight fastness 1 = very 
poor, 2 = poor, 3 = moderate, 4 = fairly good, 5 = good, 6 = very good, 7 = excellent, 8 = outstanding.

In  dyeing  with  SnCl2,  the  washing,  wet  and  dry 
rubbing fastnesses for all three mordanting methods 
are 5, and the light fastness value is approximately 
the same as the K2Cr2O7 mordant. 

In  dyeing  without  mordant,  washing  fastness  was 
determined  as  3/4,  dry  and  wet  rubbing  fastness 
was  determined  as  5,  and  light  fastness  was 
determined  as  2–3.  Ranking  according  to  the 
fastness values of mordants: 

CuSO4> Kal(SO4)2>SnCl2>K2Cr2O7>FeSO4.

Ranking  mordanting  methods  according  to  their 
effectiveness:

Pre-mordanting>Meta-mordanting>Post 
mordanting>No mordanting
In dyeing cotton fabrics without mordant,  washing 
fastness was determined as 3–4 (medium), dry and 
wet  rubbing  fastness  was  determined  as  5  (very 
good),  and  light  fastness  was  determined  as  1–2 
(poor).  Higher  values  were  found  in  mordant 
dyeings. This result proves that the use of mordant 
increases fastness.

In  the  dyeing  of  cotton  fabric;  green,  light  brown 
color  tones  with  copper  sulfate;  gray,  lilac  light 
brown color tones with iron sulfate; light lilac, beige 
color tones with alum, cream tones with potassium 
dichromate; dark lilac and light lilac color tones were 
obtained with stannous chloride, while a matte gray 
color tone were obtained in dyeing without mordant.

Table 2: Fastness values and color codes of dyed wool yarn.

Method Mordant
Wash 

fastnessa
Rubbing 
fastnessb

(wet–dry)

Light 
fastnessc

Color code 
(Pantone)

Pre– FeSO4 4/5 3/4 – 3 2/3 444 CS
Meta– FeSO4 4 3/4 – 4 3 425 CS
Post– FeSO4 4 4/5 – 4/5 3 404 CS
Pre– CuSO4 5 4/5 – 4/5 3/4 416 CS

Meta– CuSO4 5 3/4 – 4 2/3 446 CS
Post– CuSO4 4/5 4/5 – 4/5 2/3 3995 CS
Pre– KAl(SO4)2 4/5 5 – 5 3 WmGy 4CS

Meta– KAl(SO4)2 4/5 5 – 5 3 402 CS
Post– KAl(SO4)2 4/5 5 – 5 2/3 WmGy 5CS
Pre– K2Cr2O7 5 4 – 5 3 – 4 7502 CS

Meta– K2Cr2O7 5 4 – 5 3 – 4 7509 CS
Post– K2Cr2O7 5 4 – 4/5 3 – 4 7511 CS
Pre– SnCl2 2/3 3 – 4 3 431 CS

Meta– SnCl2 3 3 – 3 3 – 4 451 CS
Post– SnCl2 5 5 – 5 3 4495 CS

unmordant 2/3 4/5 – 5 1/2 WmGy 2CS
aWash and brubbing fastness 1 = poor, 2 = moderate, 3 = fairly good, 4 = good, 5 = very good, cLight fastness 1 = very 
poor, 2 = poor, 3 = moderate, 4 = fairly good, 5 = good, 6 = very good, 7 = excellent, 8 = outstanding.
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Table  2  reveals  that,  the  washing  fastnesses  for 
wool yarn dyeing with iron sulfate are 4-4/5 for pre- 
and post- mordanting methods, while it is 4 points 
for  meta-mordanting.  However,  wet  rubbing 
fastness is lower than dry rubbing fastness (3/4).

The  washing  fastness  values  (5)  of  wool  yarn 
samples  dyed  using  CuSO4  mordant  are  slightly 
higher than the washing fastness values of FeSO4. In 
dyeing with CuSO4 mordant, the wet and dry rubbing 
fastnesses are 4 in meta- mordanting and 4/5 in pre- 
and post-mordanting methods. Light fastness is 2/3 
for all three mordants.

The  washing,  wet  and  dry  rubbing  fastnesses 
obtained in all three mordanting methods with alum 
mordant are on average 4-4/5 and are higher than 
other mordants. The light fastness was found to be 
approximately 3.

The washing fastness (5), wet rubbing fastness (4), 
dry rubbing fastness (4/5), and light fastness (3-3/4) 
were  found.of  wool  yarns  mordanted  with  K2Cr2O7 

mordant. In wool yarn dyeing using SnCl2 mordant, 
fastness  values  were  found  to  be  2/3  in  pre-
mordanting,  3  in  meta-mordanting  and  5  in  post- 
mordanting method. Light fastness is very close to 
other mordants in all three mordanting methods.

According to the no mordanting dyeing method, the 
washing fastness of wool yarn dyeing was found to 
be 2/3, while the dry rubbing fastness was found to 
be 5 and the wet rubbing fastness was found to be 
2/3.

In dyeing with wool yarn without mordant, washing 
fastness was determined as 2-3 (moderate), dry and 
wet rubbing fastness was determined as 4-5 (very 
good), light fastness was determined as 1-2 (poor). 
Higher  values  were  found  in  mordanted  dyeings. 
This result shows that the use of mordant increases 
the fastness.

If we were to rank them in terms of fastness values; 
we can write it as: 
CuSO4>  K2Cr2O7> KAl(SO4)2>FeSO4 >SnCl2

If we were to rank the mordanting method in terms 
of its effectiveness; we can write it as:

Pre-mordanting  >  Meta-mordanting  >  Post 
mordanting > No mordanting

In  wool  yarn  dyeing  with  P.  Quinquefolia extract, 
green  and  purplish  green;  bluish  green  with  iron 
sulfate; gray and light green with alum; brown with 
potassium dichromate; Bluish green, dark green and 
light brown color tones were obtained with stannous 
chloride.

Table 3: Fastness values and color codes of dyed polyester fabric.

Method Mordant
Wash 

fastnessa
Rubbing 
fastnessb

(wet–dry)

Light 
fastnessc

Color code 
(Pantone)

Pre– FeSO4 3/4 5 – 5 2/3 719 CS
Meta– FeSO4 4/5 4/5 – 4/5 4 Cl Gy 5 CS
Post– FeSO4 4/5 5 – 5 4 406 CS
Pre– CuSO4 3/4 5 – 5 3/4 Wm Gy5CS

Meta– CuSO4 3/4 5 – 5 4/5 Wm Gy3CS
Post– CuSO4 5 5 – 5 4/5 Wm Gy1CS
Pre– KAl(SO4)2 4/5 5 – 5 4 Cl Gy 1CS

Meta– KAl(SO4)2 4/5 5 – 5 4 Wm Gy4CS
Post– KAl(SO4)2 4/5 5 – 5 4/5 664 CS
Pre– K2Cr2O7 4/5 4/5 – 5 3 – 4 4685 CS

Meta– K2Cr2O7 4/5 4/5 – 5 3 – 4 489 CS
Post– K2Cr2O7 4/5 4/5 – 5 3 – 4 474 CS
Pre– SnCl2 4 5 – 5 3 – 4 503 CS

Meta– SnCl2 4/5 5 – 5 3 – 4 4755 CS
Post– SnCl2 4/5 5 – 5 3 482 CS

unmordant 1/2 3/4 – 4 1/2 727 CS

aWash and brubbing fastness 1 = poor, 2 = moderate, 3 = fairly good, 4 = good, 5 = very good, cLight fastness 1 = very 
poor, 2 = poor, 3 = moderate, 4 = fairly good, 5 = good, 6 = very good, 7 = excellent, 8 = outstanding.

Based on Table 3, while the washing fastness with 
iron sulfate mordant in polyester fabric dyeing with 
P.Quinquefolia fruit extract was found to be 4/5 for 
all three mordanting methods, wet and dry rubbing 
fastnesses  were  determined  to  be  close  to  each 
other (4/5-5). Light fastness was determined in pre-
mordanting (2/3), meta-and in the post- mordanting 
(4).

The fastness values found with copper sulfate are 
very close to those of iron sulfate.

Washing fastnesses obtained with alum for all three 
mordanting methods are (4/5), wet and dry rubbing 
fastnesses  are  (5),  and  light  fastnesses  are 
approximately  (4).  As  a  result  of  dyeing  with 
K2Cr2O7,  washing  fastness  (4/5),  wet  and  dry 
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fastness  (4/5)  and  light  fastness  (3/4)  were 
measured.

If we were to rank them in terms of fastness values, 
we can write it as:

CuSO4 > KAl(SO4)2 >  K2Cr2O7 > SnCl2 > FeSO4 

If we were to rank the mordanting method in terms 
of its effectiveness we can write as:

Pre-mordanting  >  Meta-mordanting  >  Post 
mordanting > No mordanting

In  dyeing  of  polyester  fabric  without  mordant, 
washing fastness was determined as 1-2 (poor), dry 
and  wet  rubbing  fastness  was  determined  as  3-4 
(moderate), and light fastness was determined as 1-
2  (poor).  Higher  values  were  found  in  mordant 
dyeings.  This  result  evidences  that  the  use  of 
mordant increase the fastness.

As a result, according to Tables 1, 2 and 3, it can be 
deduced  also  that  mordanting  improved  wash, 

rubbing,  and  light  fastness  properties  of  dyed 
cotton, polyester fabric and wool yarn.

Colors  obtained  from   polyester  fabric  dyeings; 
metallic light green- metallic light brown with copper 
sulfate;  metallic  light  brown  –  coffee  with  iron 
sulfate;  metallic  light  lilac  with  alum;  bright  light 
brown with potassium dichoromate; the color tones 
ranging from dark lilac to light lilac were obtained 
with stannous choloride.

3.1. Determination of color performance
The  pre–,  meta– and  post– mordanting  dyed 
samples were investigated for  fastness properties. 
The  spectral  reflectance  measurements  of  the 
naturally  dyed  samples  were  determined  using  a 
spectrophotometer  (Konica  Minolta  3600d).  Color 
strength was determined as K/S values of the dyed 
samples  using  the  Kubelka–Munk  equation 
(Džimbeg-Malčić  et  al.,  2011) .  K/S and  L*,  a*,  b* 
values  of  cotton  fabrics,  wool  yarn,  and polyester 
fabrics are given in Tables 4, 5, and 6, respectively.

Table 4: K/S and L* a* b* values of cotton fabrics.

Fabric Mordant/Method 
  

L* a* b* K/S

Cotton

FeSO4 (pre-) 61.88 –1.22 3.96 1.10
FeSO4 (meta-) 60.86 -1.86 3.61 1.11
FeSO4 (post) 68.64 0.16 12.44 1.05
CuSO4 (pre-) 63.11 -3.17 9.38 13.20

CuSO4 (meta-) 64.79 -3.97 8.16 1.15
CuSO4 (post-) 67.85 -0.71 15.29 1.27

KAl(SO4)2 (pre-) 72.63 -1.75 2.62 0.50
KAl(SO4)2 (meta-) 72.98 -3.10 8.47 0.66
KAl(SO4)2 (post-) 78.63 0.51 6.88 0.40
K2Cr2O7 (pre-) 77.47 -0.13 11.84 0.52
K2Cr2O7 (post-) 79.09 -1.47 13.19 0.55
K2Cr2O7 (pre-) 79.34 0.15 12.50 0.48

SnCl2 (pre-) 66.78 0.54 -4.93 0.70
SnCl2 (meta-) 70.55 -0.34 -2.65 0.50
SnCl2 (post-) 76.60 -1.43 -2.94 0.34

Non – mordant 71.68 -2.59 8.26 0.74
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Table 5: K/S and L* a* b* values of wool yarn.

Fabric Mordant/Method 
  

L* a* b* K/S

Wool

FeSO4 (pre-) 38.02 -2.56 6.64 7.02

FeSO4 (meta-) 27.52 -1.89 5.51 14.10

FeSO4 (post) 35.15 -2.24 6.54 8.33

CuSO4 (pre-) 41.27 -3.12 17.62 10.00

CuSO4 (meta-) 29.89 -4.14 7.54 13.01

CuSO4 (post-) 31.34 1.43 17.74 21.50

KAl(SO4)2 (pre-) 38.65 -1.61 9.39 8.97

KAl(SO4)2 (meta-) 42.18 -0.15 9.33 6.95

KAl(SO4)2 (post-) 43.04 -2.85 7.55 5.25

K2Cr2O7 (pre-) 56.88 1.77 23.04 4.20

K2Cr2O7 (post-) 52.78 1.39 26.00 7.00

K2Cr2O7 (pre-) 42.37 8.10 32.01 18.02

SnCl2 (pre-) 33.05 -3.75 3.93 13.15

SnCl2 (meta-) 36.43 -2.08 16.78 14.98

SnCl2 (post-) 45.42 0.37 22.56 7.95

Non – mordant 51.06 5.76 12.49 4.00

Table 6: K/S and L* a* b* values of polyester fabrics.

Fabric Mordant/Method 
  

L* a* b* K/S

Polyester

FeSO4 (pre-) 72.23 1.68 8.72 0.70
FeSO4 (meta-) 59.95 –1.08 0.99 1.11
FeSO4 (post) 69.20 -0.19 7.61 0.77
CuSO4 (pre-) 73.81 -2.63 3.73 0.50

CuSO4 (meta-) 67.47 -0.48 6.64 0.86
CuSO4 (post-) 70.41 –0.66 7.11 0.75

KAl(SO4)2 (pre-) 73.39 -0.94 1.98 0.61
KAl(SO4)2 (meta-) 68.90 -1.28 2.10 0.60
KAl(SO4)2 (post-) 70.47 -0.58 2.43 0.52
K2Cr2O7 (pre-) 73.85 -0.13 4.35 0.57
K2Cr2O7 (post-) 59.95 -1.08 0.99 0.42
K2Cr2O7 (pre-) 78.49 -0.10 8.43 0.51

SnCl2 (pre-) 73.19 -0.55 0.15 0.42
SnCl2 (meta-) 68.86 -2.08 0.38 0.65
SnCl2 (post-) 72.15 -1.02 0.35 0.55

Non – mordant 75.66 -3.13 8.83 0.55

Table 4 reveals that mordanting for cotton fabrics 
relatively increases color strength, especially in the 
case of CuSO4 mordanted fabrics.

The  color  strength  (K/S)  of  cotton  samples 
decreased in the following order: CuSO4  >  FeSO4 > 
SnCl2  > K2Cr2O7 > alum

Table  5  reveals  that  mordanting  for  wool  yarn 
relatively  increases  color  strength,  especially  in 
fabrics mordanted with CuSO4. Dyeing performances 
of  wool  fabrics  increase  especially  depending  on 
color  strength  (K/S)  values  as  follows:  CuSO4 > 
FeSO4 > K2Cr2O7 > SnCl2 > alum

According  to  Table  6,  mordanting  relatively 
increased the color strength, especially in the case 
of  polyester  fabrics  mordanted  with  FeSO4 

mordanting.

Dyeing performances  of  polyester  fabrics  increase 
especially depending on color strength (K/S) values 
as follows: CuSO4 > FeSO4 > K2Cr2O7 > alum > SnCl2

The  highest  K/S  values  for  cotton,  wool  and 
polyester fabrics are given in Figure 3.
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Figure 3: The highest K/S values for cotton, wool and polyester fabrics.

Figure  3  shows  the  highest  K/S  values  for  dyed 
cotton fabrics. While the highest value in the chart is 
13.20,  obtained  in  pre-mordanting  with  CuSO4 

mordant, these values are 1.11 in meta-mordanting 
with FeSO4, 0.70 in pre-mordanting with SnCl2, 0.66 
for  alum,  0.66  for  K2Cr2O7.  Figure  3  shows  the 
highest  K/S  value  for  dyed  wool  yarns.  While  the 
highest  value  of  21.50  was  obtained  in  pre-
mordanting with CuSO4 mordant, these values were 
18.02 in pre-mordanting with K2Cr2O7,  14.98 in co-
mordanting  with  SnCl2,  14.10  in  meta-mordanting 
for  FeSO4,  and  8.97  in  pre-mordanting  for  alum. 
Figure  3  shows  the  highest  K/S  value  for  dyed 
polyester  fabrics.  While  the  highest  value  of  1.11 
was  obtained  in  mordanting  with  FeSO4 mordant, 
these values were 0.86 in pre-mordanting for CuSO4, 
0.65  in  pre-mordanting  with  SnCl2,  0.61  in  pre-
mordanting for alum, and 0.51 in pre-mordanting for 
K2Cr2O7.

When the K/S values of cotton fabric, wool yarn and 
polyester fabrics are compared, the following order 
is given:

wool yarn>cotton fabric>polyester fabric

When  compared  in  terms  of  K/S  values,  it  is 
understood  that  the  meta  mordanting  method  is 
more effective  than the pre-  and post-mordanting 
method.

Samples of cotton fabrics, wool yarn, and polyester 
fabrics dyed with Parthenocissus quinquefolia L. fruit 
extract are shown in Figure 4.

3.2. Proposed Dyeing Mechanism
Mordant means fixative. It ensures better binding of 
the dye to the fiber or fabric and also increases the 
fastness  of  the  dyed  fiber.  As  mentioned  before, 
copper sulfate, iron sulfate, alum, tin chloride, and 
potassium dichromate were used as mordant in this 
study. According to the results, it is clear that the 
best  colorations  are  achieved by  meta-  and  post-
mordanting with FeSO4, which can be explained by 
its  good  binding  ability  with  anthocyanins  and 
functional  groups  of  fibers.  Additionally,  ferrous 
sulfate  has  the  capacity  to  form  coordination 
complexes and easily chelate with the dye molecule. 
From a mechanistic perspective and considering the 
length  of  the  bonds,  only  Cyanidin,  which  has 
hydroxyl groups in the ortho position on the ring, is 
capable of chelating with the iron atom. As a result, 
the  structure  of  the  dye-mordant  complex  with 
Cyanidin and FeSO4 is proposed in Figure 5. Since 
ferrous sulfate coordination numbers are equal to 6, 
some coordination  sites  will  remain  vacant  during 
their interaction. Functional groups of the fibers can 
then occupy these regions. In this way, the metal 
can  form  a  ternary  complex  in  which  one  region 
binds to the fiber and the other region binds to the 
dye. The wool yarn dyeing mechanism is given in 
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Figure  3,  the  cotton  fabric  dyeing  mechanism  is 
given in Figure 6,  and the polyester fabric dyeing 
mechanism  is  given  in  Figure  7.  Mordant  means 
fixative. It provides better bonding of the dyestuff to 
the fiber or fabric, and also increases the fastness of 

dyed  fiber.  As  mentioned  before,  in  this  study, 
copper  sulfate,  ferrous  sulfate,  alum,  stannous 
choloride and potassium dichromate were used as 
mordant. 

Figure 4: Samples of cotton, wool yarn and polyester fabric dyed with Parthenocissus quinquefolia L. fruit 
extract.

Figure 5: The proposed dyeing mechanism of wool yarn with cyanidine (Men+ : mordant cation).
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Figure 6: The proposed dyeing mechanism of cotton fabric with cyanidine (Men+: mordant cation).

Figure 7: The proposed dyeing mechanism of cotton fabric with cyanidine (Men+ : mordant cation).
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4. CONCLUSION

In  this  study,  the  extract  of  fresh  fruits  of 
Parthenocissus quinquefolia L.  was used in dyeing 
cotton fabric,  wool yarn, and polyester fabric.  The 
washing, dry and wet rubbing fastness of the dyed 
samples gave good results. Light fastness is medium 
to  below  average.  With  the  use  of  mordant,  the 
fastness  properties  of  cotton,  wool,  and  polyester 
fabrics are improved. Considering that natural dyes 
generally have poor fastness, it can be stated that 
the solidity  properties  of  various  dyed samples  in 
this  study  can  be  considered  good.  However, 
although polyester fabrics are dyed at 130 oC in the 
industrial process, they can also be dyed below 100 
oC. This result will also save energy and provide a 
significant advantage in dyeing synthetic materials. 
When all  the  results  obtained are  evaluated,  it  is 
clearly  seen  that  Parthenocissus  quinquefolia L. 
fresh fruits can be used in biomelecular wool yarn, 
cotton fabric and polyester fabric dyeing.
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Abstract: Caprolactam is most commonly used in the production of Nylon 6 in industry and is generally 
produced from cyclohexanone by the Beckmann rearrangement. Orthophosphoric acid is generally used in 
fertilizer production and is produced through two processes: wet and dry. In this study, detailed 

characterization of CL-PA was carried out by synthesizing CL-PA ionic liquid from orthophosphoric acid (PA) 
and caprolactam (CL). FTIR, Raman and UV-Vis spectroscopic analyses reveal that a bond is formed between 
CL and PA. The thermal behavior of CL-PA ionic liquid was inspected by TGA and DSC. It has been observed 
that the decomposition temperature of CL-PA ionic liquid is different from that of the starting materials (CL 

and PA). It was disclosed by DSC analysis that CL-PA ionic liquid only has a glass transition temperature. The 
room-temperature CL-PA ionic liquid synthesized from solid CL with melting point of 70.34 ℃ and 85 wt.% 

PA did not show any melting or freezing point and the glass transition temperature was found to be −27 ℃. 

It was revealed that CL-PA ionic liquid was more thermally stable than CL which alone almost completely 
evaporated at about 197 ℃. As a result of FTIR analysis of CL-PA ionic liquid and its constituents, it was 

demonstrated that –NH peaks of CL disappeared in the CL-PA spectrum and the peak of C=O group shifted 
to a lower frequency (i.e., 1604 cm⁻1). In the Raman analysis of CL-PA and its constituents, it was observed 

that the asymmetric C=O bending vibration and C=O stretching vibration of CL disappeared in the CL-PA 

spectrum. In the UV spectrum, it was observed that the maximum absorbance of CL-PA ionic liquid varied 
with respect to that of CL.  
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1. INTRODUCTION 

 
ɛ-Caprolactam is a water-soluble lactam (Kalinová et 
al., 2016) with a molecular formula of C6H11NO 

(Cherkasova et al., 2009) and a melting point of 69 
℃ (Kabo et al., 1992). Caprolactam is produced 

mostly from cyclohexanone by using NH2OH and then 
H2SO4 (Beckmann Rearrangement) (McGraw-Hill 

Concise Encyclopedia of Science & Technology, 
2005). However, the Beckmann rearrangement has 
disadvantages such as corrosion of the reactor by 

sulfuric acid and the formation of large amounts of 
ammonium sulfate as waste product (You et al., 
2008). Therefore, alternative methods for the 
Beckmann Rearrangement have been proposed. In a 
study (S. Sun et al., 2022) in which the deep eutectic 
solvent Choline Chloride-Trifluoromethanesulphonic 
Acid [ChCl][TfOH]3 was synthesized as catalyst and 

reaction medium, ɛ-caprolactam was obtained with 

98.8% yield and 100% conversion of cyclohexanone 
oxime at the end of a 2-hour Beckmann 
rearrangement at 100 ℃ in the presence of 

[ChCl][TfOH]3 and it has been reported that the 

[ChCl][TfOH]3 recovered after the reaction can be 
reused consecutive seven times without significantly 
losing its activity (the caprolactam yield obtained 
after the 7th reuse is up to 98%). In another study 

(Ren et al., 2023), Bronsted acidic caprolactam-
methanesulfonic acid [CPL][2MSA] ionic liquid was 

synthesized as a catalyst, and as a result of a 2-hour 
liquid phase Beckmann rearrangement at 90 ℃, 

caprolactam was obtained with 100% conversion and 
95% selectivity and it has been reported that under 
optimal conditions, [CPL][2MSA] can be reused ten 
times for CL synthesis. A review on the use of zeolite 
catalysts for the environmentally friendly 
manufacturing process of CL has also been published 

(H. Wang et al., 2023). Caprolactam is generally used 
in the production of Nylon 6 (Mather & Wardman, 

https://doi.org/10.58692/jotcsb.1473115
mailto:albayrak@iuc.edu.tr
https://dergipark.org.tr/jotcsb
http://www.turchemsoc.org
https://orcid.org/0000-0002-7755-7515


Albayrak, AT, 2024. JOTCSB, 7(2), 167-176.   RESEARCH ARTICLE 

168 

 

2015). The previously mentioned and other CL 

synthesis methods, including their advantages and 
disadvantages, are briefly summarized in Table 1. As 

can be seen from the table, in addition to the 
importance of high conversion and high selectivity for 
the reaction, low temperatures and low pressures are 
particularly more favorable in terms of cost. 
 

 Orthophosphoric acid is usually available as 
85 wt.% viscous aqueous solutions (House, 2020). 
Orthophosphoric acid has three different pKa values 
(pKa1 = 2.15, pKa2 = 7.21 and pKa3 = 12.36) in water 
(Lange & Speight, 2005). Pure orthophosphoric acid 
is an inorganic acid with a melting point of 42.35 ℃ 

(Ashurst, 2016) . H3PO4 is produced by two methods: 

wet process (Benvenuto & Plaumann, 2021), which 
involves the reaction of phosphate-containing 

minerals with sulfuric acid, and dry process (L. K. 

Wang, 2006), which involves the reaction of 
diphosphorus pentoxide with water. Orthophosphoric 

acid is generally used in fertilizer production 
(Gilmour, 2014). Biochars are chemically activated 
with orthophosphoric acid to increase their 
adsorption capacity (Chu et al., 2018). In a study 
(Chen et al., 2019) in which biochar prepared using 

chicken feathers was activated with orthophosphoric 
acid, it was reported that the adsorption of Cd2+ and 
Pb2+ ions was further increased by orthophosphoric 
acid-modified biochar. There are also other 
applications of orthophosphoric acid, such as the use 
of orthophosphoric acid in fuel cells (Q. Sun et al., 

2021). 

 
Table 1: Some synthesis methods of caprolactam. 

 

Materials Reaction 

Conditions 

Advantages Disadvantages Reference 

Cyclohexanone 
Oxime, 
[ChCl][TfOH]3 
as DES 

100 ℃, 2 hours Reusability of DES, 
low reaction time, 
easy recovery of 
DES, high CL yield 

(98.8%), 100% 
conversion of 
cyclohexanone 
oxime, No 
(NH4)2SO4 

 (S. Sun et 
al., 2022) 

Cyclohexanone 

Oxime, 
[CPL][2MSA] as 
Ionic Liquid 

90 ℃, 2 hours High conversion 

(100%) and high 
CL selectivity 
(95%), Reusability 
of Ionic Liquid, No 
(NH4)2SO4, 

environmentally 

friendly ionic liquid 
catalyst  

 (Ren et al., 

2023) 

Cyclohexanone 
Oxime, MFI 
zeolite catalyst 

280 – 400 ℃ High CL conversion, 
high CL selectivity, 
no (NH4)2SO4  

High temperature, 
catalyst requirement 
with high thermal 
stability 

(Ichihashi 
et al., 
2003; W.-
C. Li et al., 

2005) 

Aqueous 
solution of 
cyclohexanone 
oxime, 

Supercritical 
Water 

673 K and 40 MPa CL yield > 80% 
CL selectivity of 
100% 
No (NH4)2SO4  

High temperature 
and high pressure 

(Sato et 
al., 2005) 

SNIA viscosa 
Process, toluene 
as starting 
materials, air, 

hydrogen, 
nitrosyl sulfuric 
acid in the 
presence of 
oleum 

The first step: 
Co catalyst, 160-
170 ℃, 8–10 bar 

The second step: 

Pd-on-graphite 

catalyst, 170 ℃, 

10–17 bar 
The third step: 
80 ℃ 

72% CL yield 
90% CL selectivity 
ammonium sulfate-
free sythesis 

High temperature 
and high pressure in 
the first two 
consecutive steps 

(Maxwell, 
2005) 

 
 In addition to the application areas of 

orthophosphoric acid and caprolactam on their own, 
they have also been used in the preparation of deep 
eutectic solvents and ionic liquids. Deep eutectic 
solvents, consisting of a hydrogen bond donor and a 

hydrogen bond acceptor, and ionic liquids, composed 

of an organic cation and an inorganic or organic anion 
(Płotka-Wasylka et al., 2020), have many 
advantages (Bajpai, 2021) such as low volatility, 
wide liquid range, high thermal stability and the 
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capacity to dissolve inorganic and organic 

substances. 
 

CL-based ionic liquids have been used in the removal 
of H2S (Guo et al., 2011), absorption of SO2 (Liu et 
al., 2013), oxidative desulfurization (Yang et al., 
2016), and lipid recovery from microalgae (Naiyl et 
al., 2022). CL-based deep eutectic solvents have 

applications such as oxidative desulfurization of 
diesel fuel (Hao et al., 2018), natural gas 
desulfurization (Karibayev & Shah, 2020), extractive 
desulfurization of diesel fuel (L. Xu et al., 2022), use 
as electrolyte in energy storage systems (S. Wang et 
al., 2024; C. Xu et al., 2019), and isolation and 

recovery of valuable metals such as lithium and 
cobalt from waste lithium-ion batteries (Cao et al., 
2023). Besides, in a study (Celik et al., 2021) in 
which caprolactam-glycine was synthesized, it was 

reported that this substance has an antibacterial 

effect. Proton transfer in orthophosphoric acid-
trimethyl amine, orthophosphoric acid-imidazole, 

orthophosphoric acid-lidocaine and orthophosphoric 
acid-creatinine protic ionic liquids was investigated in 
detail using Gaussian 09 software and it has been 
demonstrated that unhindered proton transfer occurs 
in the orthophosphoric acid-creatinine ionic liquid 

(Zhu et al., 2020). In a study (Zhang et al., 2023) 
examining the recovery of metals from waste lithium-
ion batteries, it was determined that while the 
recovery of lithium and cobalt in the first cycle was 
100 and 92.8%, respectively, these recoveries were 
94.3 and 80.8%, respectively, after the fifth cycle. 

 
In this study, CL-PA ionic liquid was synthesized and 
its characterization was inspected in detail. 

 
2. EXPERIMENTAL SECTION 

 
2.1. Materials 
85 wt.% orthophosphoric acid aqueous solution from 
Balmumcu Kimya, 99 wt.% caprolactam and ≥ 99 

wt.% dichloromethane (as solvent) from Sigma-
Aldrich were provided. 
 
2.2. Synthesis 
0.25 mol of caprolactam was placed in a 250-mL 
conical flask and dissolved in 50 mL of 

dichloromethane. 0.25 mol of orthophosphoric acid 

was added dropwise to the caprolactam solution in 

the flask immersed in a salt water bath below 0 ℃ 

and stirring was continued for 30 min below 0 ℃. 

Then, stirring was carried out at room temperature 
for 24 h. Dichloromethane and water were removed 
from the ionic liquid at 60 ℃ and 40 mbar under 

vacuum using a rotary evaporator. A transparent and 
colorless viscous ionic liquid was obtained at room 
temperature. The synthesis reaction of CL-PA is 

shown in Scheme 1. 

 
 

 
 

Scheme 1. Synthesis of CL-PA ionic liquid. 

 
 

3. RESULTS AND DISCUSSION 
 
3.1. DSC (Differential Scanning Calorimetry) 
Analysis 
Thermal analysis was performed by Mettler Toledo 

DSC 3+. To observe the thermal behavior, CL-PA 
ionic liquid was cooled from 150 to −100 ℃ at a rate 

of 10 ℃/min under nitrogen flow and then heated 

from −100 to 150 ℃ at the same rate. As a result of 

the DSC analysis, as seen in Figure 1, no freezing 
point was observed in the ionic liquid and the glass 

transition temperature from the heating cycle was 
determined as −27 ℃. 

 

Thermal analysis of CL was performed by TA 
Instruments DSC250. CL was first heated from 20 to 
150 ℃ at a rate of 5 ℃/min under nitrogen flow, and 

then cooled from 150 to 0 ℃ at the same rate. As 

seen in Figure 2, the melting point taken as the peak 
temperature on the heating cycle was determined as 

70.34 ℃, and 41.44 ℃, taken as the peak 

temperature on the cooling cycle, was possibly 
considered the crystallization temperature. 
 
3.2. TGA (Thermogravimetric Analysis) 

Thermogravimetric analysis of CL-PA ionic liquid and 
CL was performed by Mettler Toledo DSC 3+. The 
ionic liquid was heated from 25 to 700 ℃ at a rate of 

10 ℃/min under nitrogen atmosphere. In Figure 3, in 

the first region up to 163 ℃, the remaining water in 

CL-PA ionic liquid completely evaporated and CL also 

started to separate from the ionic liquid (Fang et al., 
2018). In the second region between 163-217 ℃, CL 

was completely separated and orthophosphoric acid 

began to decompose into pyrophosphoric acid 
(Yankova & Tankov, 2021). In the third region at 
217-420 ℃, thermal degradation of orthophosphoric 

acid to pyrophosphoric acid is completed.
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Figure 1. DSC thermal analysis of CL-PA ionic liquid. 
 

 
 

Figure 2. DSC thermal analysis of CL. 
 

 
3.3. FTIR (Fourier Transform Infrared) 

Analysis 

FTIR analysis of CL-PA ionic liquid was carried out by 
JASCO FT/IR-4700 in the range of 4000–400 cm⁻1. 
The resolution and the number of scans as FTIR 
operating parameters is 4 cm⁻1 and 16, respectively. 

When the spectrum of 85 wt% orthophosphoric acid 
aqueous solution is examined in Figure 4, the peaks 
at 2777, 1635, 1111, 952 and 875 cm⁻1 are assigned 

to the intermolecular hydrogen bonding interaction of 

H3PO4, the bending vibration of the –OH bond, the 
stretching vibration of P=O bond, the asymmetric 

stretching vibration of P–OH bond, and the 

symmetric stretching vibration of P–OH bond, 

respectively (Wei et al., 2020). The peak at 3550 
cm⁻1 indicates the presence of water (Malek & Chong, 

2000). In the CL spectrum, the peaks at 3295, 3194 
and 3070 cm⁻1 belong to the –NH group, while the 

peak at 1652 cm⁻1 belongs to the C=O group (Zhou 

et al., 2020). It can be seen from the spectrum of CL-
PA ionic liquid that the –NH group peaks of CL 
disappeared and the carbonyl peak of CL at 1652 

cm⁻1 shifted to a lower frequency, that is, 1604 cm⁻1, 
due to the bonding of a hydrogen of PA to the 
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nitrogen in CL (Naiyl et al., 2021). In the ionic liquid 

structure, the characteristic peaks of PA appear to be 
preserved. 

 
 

Figure 3. Thermal stability of CL-PA ionic liquid and CL. 
 

 
 

Figure 4. FTIR spectrum of PA, CL and CL-PA ionic liquid. 

 
3.4. Raman Analysis 
Raman analysis of CL-PA ionic liquid was carried out 
using a Renishaw In Via Qontor model spectrometer 
in the range of 4000-100 cm⁻1. In Figure 5, in the PA 

spectrum, the sharp and strong band at 913 cm⁻1 (P–

O) and the weak and broad bands at 354 and 491 
cm⁻1 are the characteristic bands belonging to 

concentrated orthophosphoric acid (J. Li et al., 2011). 

The weak band at 1312 cm⁻1 belongs to the 

phosphoryl group (stretching vibration of P=O) 
(Cheremisina et al., 2015; Larkin, 2011) and the 
band at 1603 cm⁻1 belongs to the H–OH bending 

vibration, indicating the presence of water (Frost et 
al., 2013). In the CL spectrum, the bands at 584, 
701, 1495 and 1641 cm⁻1 are assigned to the 

asymmetric C=O bending vibration, N–H stretching 

vibration, C–N stretching vibration and C=O 
stretching vibration, respectively (Naiyl et al., 2021). 
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When the spectrum of CL-PA ionic liquid was 

examined, the wavenumbers and the peak intensities 
(consequently, peak areas) of the relevant peaks 

belonging to 85% PA solution and CL changed. In 
addition, the bands at 584 and 1641 cm⁻1 belonging 

to CL do not appear in CL-PA ionic liquid. All these 

changes are an indication of the formation of a bond 
between CL and PA. 

 

 
Figure 5. Raman spectrum of PA, CL and CL-PA ionic liquid. 

 
3.5. UV-Vis Spectroscopy 
UV-Vis spectra of CL-PA ionic liquid and CL were 
obtained in the wavelength range of 190-1100 nm 
using deuterium and tungsten lamps by Perkin-Elmer 
Lambda 35 UV-Vis spectrophotometer. For UV-Vis 
spectrum, CL and CL-PA were dissolved in water to 

be 0.5 mM. As shown in Figure 6, CL gave a 
maximum absorbance at 200 nm. In the spectrum of 
CL-PA ionic liquid, the maximum absorbance of CL at 
200 nm shifted to a shorter wavelength (197 nm) due 
to the decrease in the electron density of the CL 
molecule. 

 

 
 

Figure 6. UV-Vis spectrum of CL-PA ionic liquid and CL. 
 

 
4. OUTLOOK 

 
Protic ionic liquids are formed by a neutralization 
reaction between acid and base through proton 

transfer (Shiflett, 2020) and therefore CL-PA is a 
protic ionic liquid. This water-soluble ionic liquid can 

be used in the removal of sulfur from fuels and the 

absorption of acidic flue gases. Particularly in 
heterogeneous reactions, mass transfer is important 
for reaction conversion and high viscosity at 
relatively low temperatures can cause trouble. For 
this reason, accelerating mass transfer by increasing 
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the reaction temperature may favor the reaction 

conversion. On the other hand, when increasing the 
temperature, it is necessary to consider the 

decomposition temperature of the reactants and 
whether the reaction is exothermic or endothermic. 
The reusability of the ionic liquid after reactions is 
also of great importance in terms of cost. It should 
be evaluated how many times the ionic liquid can be 

reused in reactions without losing its effectiveness. 
Moreover, ionic liquid should not dissolve in the other 
phase, thus leading to loss of ionic liquid. The protic 
ionic liquid to be used should be stored in tightly 
closed, leak-proof containers as it may be sensitive 
to air and moisture. Ionic liquid can also be used as 

an antimicrobial agent, but its toxic effect must be 
evaluated. Besides, ionic liquids with high 
biodegradability and low toxicity can be preferred to 
minimize waste from an environmental perspective. 
Protic ionic liquids (PILs) can be used in four main 
applications (Bailey et al., 2024): Catalytic 

transformations (due to their ability to act as solvents 

and catalysts and their easy separation after 
reactions), biomass processing (due to their power to 
fractionate and dissolve biomass), energy storage 
and conversion (due to their negligible volatility 
unlike that of organic solvents, high thermal stability, 
and high ionic conductivity), and electrocatalysis 
(due to the efficient modulation of electrochemical 

reactivity of PIL electrolytes by changing anion and 
cation of PIL). CL-PA ionic liquid may have the 
potential to be used in the above-mentioned 
applications of protic ionic liquids. Based on its 
thermal stability, it may be used as catalyst in 
reactions, a thermal transfer fluid, and an electrolyte 

in fuel cells, at temperatures below about 163 ℃. 

 
5. CONCLUSION 

 
It was observed that the synthesized CL-PA ionic 
liquid was stable in liquid state at room temperature, 
and the glass transition temperature was determined 
to be −27 ℃ from DSC analysis. Additionally, it was 

revealed that the thermal decomposition of protic 
ionic liquid CL-PA occurred in three stages. Therefore, 
CL-PA ionic liquid has different physicochemical 

properties from the starting materials CL and PA. To 
prove the formation of ionic liquid, UV-Vis, Raman 
and FTIR analyzes were performed. The three 
spectroscopic analyses demonstrate that a bond was 
formed between CL and PA according to the inspected 
spectra. The synthesized CL-PA protic ionic liquid 
may have many potential applications, such as 

recovery of valuable metals from waste batteries, use 
as electrolyte and catalyst in reactions and use as an 

extractant. 
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Abstract: In this study, the use of interior dyes with antibacterial properties was examined. Boric acid 
(H3BO3), which is a cheap and easily obtainable boron compound from our country's resources, has an 

antibacterial effect. Within the scope of the study, firstly, boric acid mixtures were prepared in appropriate 
concentrations and antibacterial dye production studies were carried out by adding them to indoor dyes. 
The antibacterial properties of the obtained dye were investigated through the inhibition effect on E. coli 

bacteria and its antibacterial activity was tested, and then the brightness, density, film thickness, scorching, 
pencil hardness and drying time tests of the dyes and the suitability of their characteristics to TS 5808/2012 
and the applicability of these dyes were evaluated. The results showed that the antibacterial effect of boric 
acid did not have a negative effect on the dye quality, but maintained the standard values of the dye.  
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1. INTRODUCTION 

 
Boron and its compounds are frequently used in 
many industries. Due to the technology and its 
abundance, its applications are spreading over a 
wide area recently. Dyes are building materials that 
protect the surface of the material, provide an 
aesthetic appearance, and at the same time prevent 

factors such as rusting, contamination, corrosion, 
etc. It is a colored liquid material formed by the 
combination of metallic, organic, and plastic-based 
pigment, thinner and binding agents (Özkan, 2013). 
 
Boric acid (H3BO3) is one of the most widely used 

boron compounds in industry as a source of B2O3 
and is used in the preparation of many boron-
containing chemicals such as boron carbide and 
boron esters.  
 
Additionally, it is used in antiseptics, boron alloys, 
fire retardants, nylon production, photography, 

textile industry, glass and glass fiber production, 
enamel, and glaze. In recent years, it has also found 
use as a super slider.  
 

Boric acid has a molecular weight 61.83 g/mol, B2O3 

content of 56.3%, melting point of 171 °C, specific 
gravity of 1.44 g/cm3 is a crystalline substance with 
a temperature of formation of -1089 kJ/mol and a 
temperature of dissolution of +22.2 kJ/mol. 
Although its solubility in water is low at room 
temperature, its solubility increases significantly as 
the temperature rises. For this reason, it is generally 

considered sufficient to cool the saturated solution 
from 80 °C to 40 °C to crystallize boric acid in 
industry (Sarı, 2008; Kuru & Yarat, 2017). 
 
The antibacterial property is sterilization and 
minimization of microbial action. Disinfectant 

materials are generally used to prevent this effect.  
 
Disinfectants are chemicals used for places where 
pathogenic microorganisms exist or are likely to 
exist, and for devices or materials that may be a 
source of contamination. The pollution status of the 
environment in which the disinfectant will be used 

depending on many factors such as the type of 
microorganism, the surface to be disinfected, and 
the characteristics of the equipment, the 
characteristics of the disinfectant, and the cost 
(Abbasoğlu, 2007). 

https://doi.org/10.58692/jotcsb.1503140
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Microorganisms are creatures that can be found 
everywhere and reproduce rapidly if suitable 

conditions are provided. An adequate supply of 
moisture, temperature, and nutrients is necessary 
for bacteria to reproduce. The optimal growth 
temperature of bacteria is between 30-37 °C, while 

for fungi this temperature is 25-30 °C. Regional 
temperature changes in the body are among the 
factors that trigger the proliferation of bacteria 
(Akaydın & Kalkancı, 2014). 
 
Ensuring indoor air quality and removing surface 
contamination by using antibacterial materials are 

frequently applied. However, it does not provide 
assurance about decontamination due to reasons 
such as the use of water, detergents, and 
disinfectants creating difficulties. In reaching every 
area and the inability of the applied substances to 
provide a permanent effect. For this reason, coating 

large surfaces with antimicrobial materials are seen 

as a more permanent option to prevent cross-
contamination caused by microorganisms such as 
objects, devices or walls that are at risk (Bal & Şanlı, 
2020). 
 
Boric acid is a hydrophobic element that is 

considered to be non-toxic if it does not reach 
systemically significant amounts in studies, 
especially useful for various systems. Especially, 
boric acid shows antibacterial, anticandidal, and 
antifungal activity. It has been shown in various 
studies to be an active antibacterial agent against 
bacteria such as Staphylococcus aureus, Klebsiella 

pneumoniae, Candida albicans, Aspergillus Niger, 
Escherichia coli, and Pseudomonas aeruginosa 
(Kapukaya & Külahçı, 2020; Zer, Karabacak, & 

Manay, 2022). 
 
In different parts of the world, the research and 
development of new antibacterial agents effective 

against bacteria continues rapidly. Some 
researchers have focused on assessing the 
antibacterial effect of boric acid in this process 
(Haesebrouck et al. 2009; Concia et al. 2016).  
 
It has been reported that the solution, which is 

formed by mixing 2% boric acid and 2% acetic acid 
in equal proportions, inactivates S. 
pseudintermedius in the amount of 5×107 CFU/mL 
in 30 minutes when diluted at 1/2 and 1/4 ratios. It 
is stated that this effectiveness is increased more by 
the use of boric acid together with acetic acid. In a 
study conducted on humans in our country, it was 

reported that boric acid solution applied to the oral 
tract had strong antibacterial effects on 
Enterococcus faecalis (Zan et al. 2013) 
 

Dyes can be divided according to their place of use 

and the type of binder in their content. Decorative 
dyes, construction dyes, industrial and corrosion 

dyes, furniture dyes, auto dyes, peelable dyes and 
food dyes are included in this classification 
(Çalışkan, 2019). 
 

Especially in the Covid-19 pandemic we are 
experiencing, it has become clear how important 
hygiene is in public environment. Microorganisms 
can survive on surfaces for long periods of time, and 
contact with these surfaces can cause cross-
infections. This is especially important in places 
such as food processing plants, offices, and 

hospitals (Bal & Şanlı, 2020). 
 
In the selection of wall materials in hospital 
interiors, surfaces that do not emit dust, chemicals 
and vapors should be preferred. If the materials are 
fragmented, they should be used in large pieces and 

should not have a porous structure. In addition, it is 

recommended that the materials are easy to clean 
and have antibacterial properties (Kırbaş, 2012). 
 
The use of antibacterial materials has been 
important in environments where the public can be 
found collectively such as indoor spaces, schools 

and hospitals, and where the microbial load is high. 
Antibacterial dyes and coatings have gained 
importance in order to prevent the growth and 
spread of these bacteria on surfaces such as walls, 
door handles, and tables. The production of 
antibacterial dye with boric acid, which is not 
harmful to human health, shows its usability in 

every possible environment. The emergence of 
products by using boric acid, which is abundantly 
available in our country, and our own resources can 

be considered as a national gain. 
 
2. MATERIALS AND METHODS 
 

2.1. Materials 
Boric acid (H3BO3) was supplied by Eti Mining 
Enterprises. The contents of boric acid were 
represented in Table 1. Interior dye was supplied by 
Betek Dye and Chemical Industry Co. Inc. The 
features of interior dye were determined as 20 

000410-TSE-115/01 standard and also were shown 
in Table 2. Antibacterial test kits supplied from 
(Hytech Slide) DiaTek Diagnostic Products Tech. 
Comp. Hytech Slide is a product that can perform 
analysis by taking samples from personnel, 
equipment, solid and liquid surfaces from all 
surfaces for microbiological analysis.  

The storage temperature is 10 – 25 °C and the shelf 
life is 5-6 months. Each surface is divided into 10 
areas ,each area being 1 cm2. Thus, the results can 
be given as the number of colonies in a total surface 
area of 10 cm2. 

 
Table 1. The contents of boric acid. 

 

B2O3 SO4
2- Cl- Fe2+ 

%59.25 min 500 ppm max 10 ppm max 7 ppm max 
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Table 2. Features of interior dye (20 000410-TSE-115/01). 
 

Parameters TS 5808 

Brightness Checkmate 

Particle Size Thin 
Coating Power Class 2 (7 m2/L) 
Wet Scrubbing Resistance Class 3 

 

2.2. Methods 
2.2.1. Preparation of dye 
Firstly, boric acid solutions were prepared in 
different concentrations (3%, 4%, and 5%). 85 mL 
of water-based dye was taken and diluted with 15 
mL of pure water in three different experimental 
setups. 85 mL of the diluted dyes were taken and 

15 mL of 3%, 4%, and 5% boric acid solutions were 
added to them. 100 mL boric acid added dyes were 
obtained by volume (%v/v). 
 

2.3 Characteristic Dye Analyses 
2.3.1 Antibacterial test 
Water-based dye mixtures were prepared as 3%, 

4%, and 5% boric acid solutions with distilled water 
and the antibacterial properties of mixtures were 
tested. 10 mL of homogenized dye and boric acid 
mixtures were taken and spread over a certain area 
and left to dry for 48 hours at room temperature. 
Similarly, only 10 mL of the reference sample, which 

is the dye, was taken and left to dry. The drying 
antibacterial dye is stained with 108 Kob/g E. coli 
bacteria. The stained antibacterial dye samples 
were placed in the incubator to continue the 
bacterial activity.  
The antibacterial properties of the surfaces were 
determined by taking tests with antibacterial test 

kits containing E. coli medium.  

 
2.3.2 Brightness analysis 
Luminance is a property related to the reflection of 
light falling on a surface, and the degree of 
luminance refers to the clarity of the image created 
on the surface by the rays from a source. Gloss 

measurement is carried out using photoelectric 
devices. The gloss depends on the number of 
binders and fillers of the dye, the particle size of the 
fillers (Uğuz, 2019).  
 
2.3.3 Density analysis  

. In addition to being an important parameter for 
calculating dye consumption, dye density is also 
important during the packaging of the product. 
Density measurement is generally carried out with 
TS EN ISO 2811-1 standard methods.  

 
2.3.4 Film thickness analysis 

1 gram of dye samples was applied on the aluminum 
surface (150 μm) and the thickness of the dye film 
samples was measured with the Loyka-5202-25 
brand film thickness measuring device.  
 
2.3.5 Adhesion analysis 
The scanning method (squaring) is used. Areas of 1 

cm2 are marked and divided into 100 equal parts by 
drawing 10 horizontal and 10 vertical lines that 
intersect each other perpendicularly with an interval 

of 1 mm. It is adhered on an area of 1 cm2 using 
adhesive tape. The tape is drawn perpendicular to 
the surface and the scorching dye areas are 
calculated as a percentage. 
 
2.3.6 Pencil hardness analysis 
It is used to determine the hardness of dye surfaces. 

In pencil hardness analysis, pencils from soft to hard 
are used: 5B, 4B, 2B, B, HB, 3H, 5H. With 
sandpaper, the tip of the pens is shaped into a 
square section. The degree of hardness, which is 

one level softer than the softest pencil that leaves a 
permanent mark on the dye surface by scratching 
the dye surfaces with pencils, is determined as the 

pen hardness of the film (Uğuz, 2019). 
 
2.3.7 Drying time analysis 
Samples are applied on the aluminum surface. 5, 
10, 15, respectively. After minutes, the drying time 
is checked every 15 minutes for up to 4 hours, every 

30 minutes after 4 hours, up to 8 hours and up to 
24, 48 hours. First of all, it was tested whether the 
film sticks to our hands by touching our fingers, and 
after this stage, 1. For the degree of drying, a glass 
bead with a diameter of 0.2 mm was left on the dye 
surface from 5 cm above and it was checked 
whether it adhered to the surface. If it does not 

stick, the dye is 1. It has reached the degree of 

drying. Rounds 2 and 3 for drying degrees, the dye 
surfaces are covered with Kraft paper and masses 
of 0.05 N and 0.5 N, respectively, are applied for 1 
minute and if the dye does not stick to the paper 
surface, the dye is 2 and 3. It has reached drying 
degrees. Rounds 4 and 5 at drying degrees, after 

the Kraft paper is placed on the dye surface, force 
is applied with masses of 5 N for 1 minute, if there 
is no adhesion but leaves a trace, the dye is 4. It 
reaches the degree of drying. If there are no traces 
and adhesions, the dye is 5. It reaches the degree 
of drying. Rounds 6 and 7 by applying the same 

processes within the drying degrees, a force 
weighing only 50 N is applied (Uğuz, 2019).  
 
3. RESULTS AND DISCUSSION 
 

3.1 Antibacterial Test 
The obtained results showed that the effects of 

antibacterial dyes prepared at 3% and 4% 
concentrations on E. coli bacteria was less effective 
than the antibacterial dye prepared with 5% 
concentration. Since the percentage of boric acid 
will have a toxic effect after a certain concentration, 
optimum results have been obtained by keeping it 
at a concentration of 5%. In the boric acid dye 

mixture prepared with a concentration of 5%, the 
possibility of bacteria to survive on the surface 
decreased over time, and the antibacterial effect 
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decreased the number of E. coli over time. The 

surface of the test kits was divided into 10 areas of 
1 cm2, and the number of bacteria on these areas 

was counted at the end of t=0, t=1, and t=2 hours, 
respectively. As a result of the count, it was seen 
that the number of live bacteria was active in 3 units 
of the 10-unit area divided. Antibacterial tests were 

carried out with the help of kits that tested the 
expected hygiene environment on the surfaces.  
 
It is known that bacteria and disease-causing 
microorganisms are found in public areas. The fact 
of hygiene comes to the fore, especially during the 
Covid-19 period. The development of projects to 

prevent the spread of microorganisms are 

important, which is necessary for public health. In 

this reason, antibacterial dye using has been 
prioritized among the issues that need to be 

investigated. The low-cost antibacterial dye 
manufactured within the scope of the study can be 
easily applied to all areas (home, hospital, public 
transportation, etc.). It is envisaged that hygiene 

will be ensured indoors (especially in toilets). As can 
be seen in Figure 1, the antibacterial properties 
increase over time and the number of bacteria 
decreases.  
 
In Figure 1, in the reference sample, bacteria are 
present in every 1 cm2 area and continue their 

activities. 
 

 
a 

 
b 

 
c 

 
d 

 
Figure 1. Antibacterial test results of samples (a) reference (b) 0 hour (c)1 hour (d)2 hours.

 
3.2 Analysis of Brightness  The results of the gloss analysis are given in Table 

3. It is seen that the gloss values decrease with 
dilution and the contribution of boric acid. 

 

Table 3. Change of gloss values in dyes. 

Samples 20° 60° 85° 

Reference Dye 0.5 gloss 2.0 gloss 4.9 gloss 
Diluted Dye 0.5 gloss 2.0 gloss 3.6 gloss 

Boric Acid-Added Antibacterial Dye 0.4 gloss 1.9 gloss 3.1 gloss 

 
3.3 Density Analysis The results of the density analysis are given in Table 

4. It is seen that the density values decrease with 

dilution and the contribution of boric acid. 
 

Table 4: Change of density values in dyes. 
 

Samples Density (g/cm3) 

Reference Dye 1.6268 g/cm3 
Diluted Dye 1.5568 g/cm3 
Boric Acid Added Antibacterial Dye 1.4768 g/cm3 

 
3.4 Film Thickness Analysis The film thickness of the paints was measured with 

Loyka 5202-25 model micrometer. The results are 
given in Table 5.  

 
Table 5: Change of film thickness values in dyes. 

 

Samples Thickness (mm) 

Reference Dye 1.27 mm 
Diluted Dye 1.48 mm 
Boric Acid Added Antibacterial Dye 1.55 mm 
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3.5 Adhesion Analysis 
The results of the adhesion analysis for the dyes on 

the floor, which are given in Figure 2, are given in 

Table 6. Our dye samples (0) showed excellent 
adhesion by roasting. 

 

 
Figure 2. Adhesion analysis experiment set. 

 

Table 6. Change of roast values in dyes. 
 

Roasting Degree  Blank Frames/ 
Total Frames 

Reference Dye  0/100 
Boric Acid-Added Antibacterial Dye  0/100 

Diluted Dye  0/100 

 
3.6 Pencil Hardness Analysis The pencil hardness test set is given in Figure 3 and 

the analysis results are given in Table 7. There was 
no difference in film thicknesses. 

 
 

Figure 3. Pencil hardness analysis experiment set. 

 
Table 7. Change of pencil hardness values in dyes. 

 

Samples Degree of 

Hardness (g) 

Reference Dye 5B 
Diluted Dye 5B 

Boric Acid Added Antibacterial Dye 5B 

 
3.7 Drying Time Analysis 
Drying time analysis results are given in Table 8. 
Drying degrees can be listed as Antibacterial dye < 

Dilute dye < Reference dye, respectively. The 
admixture of boric acid had little effect on drying. 
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Table 8. Change of drying time values in dyes. 

 

Samples 2 h 4 h 8 h 24 h 48 h 

Reference Dye Sticks to the 
hand 

Sticks to the 
hand 

Grade 1 7th degree 7th degree 

Dilute Dye Sticks to the 
hand 

Sticks to the 
hand 

Sticks to the 
hand 

Grade 5 7th degree 

Boric Acid-Added 
Antibacterial Dye  

Sticks to the 
hand 

Sticks to the 
hand 

Sticks to the 
hand 

Grade 5 7th degree 

 
4. CONCLUSIONS 
 
Boron-based antibacterial dye was manufactured 
and the antibacterial activities of the dye samples 

were investigated. Traditional dye tests such as the 
degree of drying of the dye films, film thickness, 
gloss, and degree of spalling (adhesion) were 
carried out. The antibacterial dye properties 
produced are no different from the properties of the 
standard dye. Obtained results from 

characterization tests showed that the antibacterial 

dye did not lose its properties. There was no 
difference between standard dye and antibacterial 
dye in the drying degree, film thickness, gloss, 
roasting degree, density analysis. These dyes 
containing boric acid, which are generally used to 
dye the walls of hospitals, schools or crowded areas 

due to conditions that require hygiene, have gained 
antibacterial effectiveness from domestic and 
national resources and are promising for the dye 
market. It is predicted that the studies carried out 
are original within the scope of this information and 
will contribute to the antibacterial dye market and 
the literature. 
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Abstract: In this study, chitosan-bentonite beads were prepared by using bentonite and chitosan as 
fertilizer carrier materials and urea as fertilizer components. The prepared samples were named BUC0.2, 
BUC0.4 and BUC0.6 based on the bentonite ratios of 0.2%, 0.4% and 0.6% (weight/volume). In the FT-IR 
and XRD results, it was seen that the characteristic peaks of the bentonite structure became evident in the 
BUC0.6 sample, while chitosan peaks were dominant in the BUC0.2 sample, as expected. As the amount 
of bentonite increased, the swelling ratio generally increased from 31.6% to 48.6. In the nitrogen release 

experiments, a very rapid nitrogen release occurred in the first hours of release. It was thought to be due 
to the rapid dissolution of urea in water. The cumulative release percentage showed a slightly decreasing 
trend in the days following the release experiment. When nitrogen release profiles of the samples containing 
different amounts of bentonite were compared, it was observed that the nitrogen release curves were quite 
close to each other due to the lower bentonite ratio. Release percentages of the samples containing different 
amounts of bentonite were obtained between 61.2-67.7. Observations supported the efficient degradation 

of fertilizers in the soil environment. As a result, it was evaluated that the prepared materials were 
promising as environmentally friendly nitrogen fertilizer. 
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1. INTRODUCTION 

 
The increasing population increases the need for 
food in our country and in the world. However, land 
degradation occurs due to industrialization, 

urbanization, desertification, and floods, and as a 

result, arable land areas are decreasing day by day 
(Azeem et al., 2014). The necessity of increasing 
agricultural productivity to meet the increasing food 
demand necessitates the implementation of 
technological applications in the agricultural 
industry. Agricultural efficiency can be briefly 

defined as obtaining more product from less area. 
Some techniques are applied to increase agricultural 
efficiency. The most well-known of these methods 
include using high-quality seeds, leaving the soil 
fallow, ensuring that plant residues decompose in 

the soil without burning, and fertilizing (Azeem et 

al., 2014;Katip,2020). These techniques vary 
depending on land characteristics and soil type, and 
not every method can be applied to every land. 
Fertilization is one of the most practical and oldest 
known methods (Liu et al., 2019). 

 
All natural or artificial substances containing the 

components plants need for their development are 
defined as fertilizers. The purpose of fertilization is 
not only to provide nutrients to the plant but also to 
maintain productivity by preserving the soil's 
physical, chemical, and biological properties. 
Fertilizers also prevent diseases and root pests and 

support the plant in taking nutrients from the soil. 
Fertilizers generally contain phosphate, nitrate, 
ammonium, and potassium salts, the components 
the soil needs most, and can be found in solid, 
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liquid, and gas forms (Katip, 2020). Plants absorb 

approximately 90 different elements from air, 
water, and soil. About 20% of these elements are 

essential for the growth and development of the 
plant, while others contribute to growth and 
development. It is known that each element 
contributes to different functions of the plant. Figure 

1 shows the classification of essential nutritional 
elements that must be present in the plant. 
Elements found in plants are classified as "macro" 

and "micro" nutrients according to their abundance. 

Of these elements, carbon, hydrogen, and oxygen, 
which constitute approximately 95% of the plant, 

can be taken from air and water in sufficient 
quantities, while other elements can be taken as 
anions, cations, or molecules. Apart from the 
elements given in Figure 1, Al, Co, Na, Si, and V 

elements must also be present in some plants (Bolat 
and Kara, 2017).

 

 
Figure 1:  Classification of essential nutritional elements in plant. 

 
Nitrogen (N), the primary nutrient required for plant 
growth, plays a role in the synthesis of protein and 
chlorophyll in the plant. Nitrogen, which is the basic 

building block of the plant cell wall, is also 
responsible for accelerating growth, stimulating 
roots, improving the quality of fruits, timely 
flowering, fruit formation, and seed formation (Bolat 
and Kara, 2017; Jayanudin et al., 2021). Nitrogen 
is transferred to the soil by the breakdown of 

organic matter in the soil over time, and in this way, 
plants can benefit from nitrogen. However, most of 
the world's soil is poor in nitrogen (Bolat and Kara, 
2017). 
 
The most crucial problem in increasing agricultural 
efficiency is the unsensible use of fertilizer. Although 

the use of fertilizer is an effective method to 
increase agricultural productivity, excessive use of 
fertilizer causes pollution of the environment and 
water resources. As a result of unsensible 
fertilization, the soil's salt content increases, the 
microorganisms' activity decreases, and as a result, 
product quality and productivity decrease. The long-

term disadvantages of unsensible fertilization are 
significant environmental effects such as pollution 
of groundwater, increase in the amount of nitrate in 
water, erosion of the soil surface, increase in the 

amount of phosphate in streams and rivers, and the 
spread of nitrogen oxide into the atmosphere 

(Mushtaq et al., 2018). 
 
With the development of controlled-release 
technology, efforts to reduce the adverse effects of 
traditional fertilization have gained importance in 
recent years. The controlled release provides a 
component's slow and long-term release into the 

desired environment. In recent years, this 
technology has shown promise in medicine, 

pharmacy, chemistry, agriculture, and veterinary. 
Controlled-release fertilizers are fertilizers prepared 
by coating plant nutrients with a slow-release 

ingredient. Synthetic organic polymers (acrylic 
resin, polysulfone, polyurethane, polyolefin, etc.), 
natural organic biopolymers (lignin, starch, 
cellulose, etc.), and inorganic components (silicas, 
phosphates, sulfur, etc.) can be used as coating 
materials (Mann et al., 2019; Tian et al., 2019). 

These fertilizers have attracted attention in recent 
years due to their advantages, such as reducing the 
accumulation of traditional fertilizer-derived 
components in the soil, reducing fertilizer 
consumption, and minimizing the harmful effects of 
chemical fertilizers on the ecosystem (Rahman et 
al., 2021). Controlled-release fertilizers provide 

slow release of nutrients into the soil, thus 
preventing nutrient leaching and nutrient loss. Since 
these fertilizers dissolve slowly in water, they also 
prevent groundwater contamination, especially in 
case of heavy rains and floods. In addition, their use 
on sloping, erosion-prone, and flow-prone lands 
provides significant benefits. Due to these 

advantages, controlled-release fertilizer production 
has accelerated in recent years. Studies have 
focused on fertilizer production with more 
environmentally friendly and lower-cost 

components. 
 

The literature has determined that clays, 
hydroxyapatite materials, polymeric materials, and 
zeolites are used as support materials in controlled 
fertilizer release. Clays include double-layer 
hydroxides (Ureña-Amate et al., 2011; Berber and 
Hafez 2018; Bernardo et al., 2018), montmorillonite 
(Santos et al., 2015; França et al., 2018), kaolin 

(Liang et al., 2007; Mushtaq et al., 2018), bentonite 
(Daitx et al., 2019; Liu et al., 2019; Sarkar et al., 
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2021; Umar et al., 2022) are noteworthy. As 

polymeric materials, chitosan, which is a low-cost, 
non-toxic, natural, biodegradable biopolymer with 

swelling properties (Santos et al., 2015; França et 
al., 2018), cellulose (França et al., 2021), starch 
(Han et al., 2009; Perez and Francois, 2016; Giroto 
et al., 2020) are the most frequently used 

components.  
 
There are a few studies in the literature using 
bentonite. Liu et al. (2019) prepared biochar 
fertilizers loaded with urea by hydrothermal method 
for controlled release using bentonite and polyvinyl 
alcohol. After 28 days of incubation in water, 61.3% 

was released, and after 98 days of incubation in soil, 
54.6% was released. It has been evaluated that the 
water retention ability of the soil increases thanks 
to the water absorption properties of biochar and 
bentonite (Liu et al., 2019). In another study 
(Sarkar et al., 2021), diammonium phosphate 

fertilizer was prepared using starch, polyvinyl 

alcohol, and bentonite. Starch is an essential 
component used in encapsulated controlled-release 
fertilizers due to its adequate hydroxyl content, 
ease of access, biodegradability, and reactive 
compatibility with other molecules. It was stated 
that as the bentonite content increased, the relative 

crystallinity and density increased. It has also been 
stated that high bentonite content stabilizes the 
fertilizer structure, and encapsulation slows down N 
and P release. There are only a few studies in the 
literature on the preparation of fertilizer with 
chitosan and bentonite components. Haseena et al. 
(2016), bentonite-chitosan films were prepared and 

immersed in ammonium chloride solution, and their 
ability to retain NH4

+-N was tested. As a result, it 
has been stated that these materials can be used as 

fertilizer (Haseena et al., 2016). Hamid et al. (2013) 
carried out water absorption, soil degradation, DSC, 
and FTIR analyses of urea fertilizers prepared using 
chitosan and bentonite. In the study, the effect of 

changing the chitosan ratio on the properties of the 
fertilizer by keeping the amount of urea constant 
was evaluated. As a result, it was stated that 
chitosan can be used in fertilizer as a biodegradable 
material (Hamid et al., 2013). Qudus et al. (2021) 
used vinasse and bentonite-chitosan matrix to 

prepare slow-release organomineral fertilizer. In the 
conducted study, vinasse was used as an NPK 
source. As a result, it was evaluated that the 
chitosan-bentonite matrix provides slow release 
effectively (Qudus et al., 2021). In another study 
(Piluharto et al., 2017), phosphate fertilizer was 
prepared with chitosan-bentonite beads, and low, 

medium, and high molecular weight types of 
chitosan were used. The release behavior of 
fertilizer materials was evaluated in different pH (3, 
7, and 10) environments. It has been stated that 
chitosan polymer increases the water absorption 
capacity of fertilizer, and the most significant 
increase is observed with chitosan with high 

molecular weight. In addition, they have reported 
that the phosphate release decreased at decreasing 
pH values. There are no fertilizer studies in the 
literature that include chitosan, bentonite, and urea 

together. In this study, bentonite and chitosan were 

used as controlled-release fertilizer carrier materials 
and urea (nitrogen source) was used as the fertilizer 

component. Fertilizers were prepared in different 
bentonite contents (0.2%, 0.4% and 0.6% 
weight/volume). Prepared samples were 
characterized by FT-IR and XRD analyses. Swelling 

percentages of fertilizers, urea release behavior in 
water, and biodegradation in soil were determined.  
 
2. EXPERIMENTAL  

 
2.1. Preparation of the Chitosan-Bentonite 

Beads 
In this study, bentonite and chitosan were used as 
controlled-release fertilizer carrier materials and 

urea (nitrogen source) was used as the fertilizer 
component. First, bentonite was added to 400 mL 
of distilled water at 0.2%, 0.4%, and 0.6% 
weight/volume ratios. Urea (Sigma-Aldrich, >99%, 

CAS No.: 57-13-6), a nitrogen source, was added in 
a ratio of 4% weight/volume and stirred at room 

temperature for 24 hours. Chitosan (medium 
molecular weight, Sigma-Aldrich, CAS No.: 9012-
76-4) was added to the urea-bentonite mixture at a 
ratio of 2% weight/volume. Since the dissolution of 
chitosan requires acidic conditions, acetic acid 
(glacial, >99.5%, Isolab, CAS No : 64-19-7) was 
added to the mixture at 2% (volume/volume). The 

mixture was stirred at room temperature for 20 
hours until chitosan dissolved. Using a Pasteur 
pipette, macro spheres were formed by dropping 
the prepared fertilizer mixture into a beaker 
containing 0.1 M sodium tripolyphosphate (ZAG, 
94%). The materials prepared in this way were 
named BUC0.2, BUC0.4, and BUC0.6 based on the 

bentonite ratios of 0.2%, 0.4%, and 0.6%, 

respectively.  
 
2.2. Characterization Studies  
2.2.1. X-ray Diffraction (XRD) 
X-ray diffraction patterns (XRD) were performed to 

determine the crystallite phase of the prepared 
spheres using a Rigaku Ultima-IV diffractometer (Cu 
Kα radiation with a wavelength of λ=0.15406 nm, 
at 40 kV and 30 mA) at a scanning rate of 2o/min.  
 
2.2.2. Fourier Transform Infrared Spectrometry 

(FT-IR)  

Fourier transform infrared spectrometry (FT-IR) 
analyses were carried out in a Jasco 4700 ATR/FT-
IR spectrometer (in the medium infrared region of 
4000-400 cm-1 with 4 cm-1 resolution, 128 scans) to 
evaluate chemical structures and structural bonds 

of the fertilizers.  
 

2.2.3. Swelling Percentage 
Exactly weighed spheres were soaked in distilled 
water for 48 hours until sufficiently swollen. It was 
then taken out, excess water removed, and the 
swollen spheres weighed to calculate swelling 
percentage (Eq.1). 
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𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 % =
𝑤𝑡 − 𝑤𝑖

𝑤𝑖
 (1) 

 

Here, wt and wi were the weight of the swollen 

sphere at time “t” and the initial dried sphere, 
respectively. 
 
2.3. Nitrogen Release in Distilled Water 
A certain amount of fertilizers was taken, put into 
the flask, and added 50 mL of pure water. The flasks 
were placed in a water bath at 30⁰C. 5 mL samples 

were drawn at certain time intervals, and the same 
amount of purified water was added. Nitrogen 
analysis was performed for the samples taken to 
determine cumulative release. In the nitrogen 
release analysis, the reagent solutions were first 
prepared as follows. 
 

0.01 g of FeCl3.4H2O was placed into a 100 mL 
volumetric flask. 30 mL of pure water was added 

and mixed until dissolved. 10 mL of H3PO4 and 30 
mL of H2SO4 were added, mixed thoroughly, and 

waited to cool (Reagent 1). 0.25 g diacetyl 

monoxime (DAM, Supelco, >99%) and 0.005 g 
thiosemicarbazide (TSC, Sigma-Aldrich, 99%) were 
weighed and placed in another volumetric flask. 50 
mL of pure water was added and dissolved 
thoroughly (Reagent 2).  
 
Then, 2 mL of Reagent 1 and 1 mL of Reagent 2 

were added to 0.1 mL of the sample, shaken, and 
boiled for 5 minutes. It was cooled down to room 
temperature. Absorbance was measured at the 
wavelength of 526 nm in a UV spectrophotometer. 
 
Each experiment was carried out in duplicate, and 
the cumulative nitrogen release percentage was 

calculated using the following equation (Eq.2) 
(Altunkaynak et al., 2022). 

 

 

Cumulative release % =
(𝑉𝑜𝐶𝑛 + ∑ 𝐶𝑖𝑉𝑖)𝑛−1

𝑖−1

𝑊𝑜
∗ 100 

 

 
(2) 

 
Here, Vo is the initial volume of the release solution 
in mL, Vi is the sample volume in mL, Cn and Ci are 
the nitrogen concentration (mg/L) at i and n sample 
times, and Wo is the weight of total fertilizer in the 

release medium. 
 
2.4. Degradation in Soil 
Approximately 50 mg of fertilizer sample was placed 
3 cm below the soil surface in two different soil 
environments: Infertile garden soil (Soil1) and 

commercial soil (Soil2). The biodegradation 

behavior of fertilizers was observed by maintaining 
soil’s moisture for 15 days. 
 
3. RESULTS AND DISCUSSION 

 
In this study, chitosan/bentonite beads containing 
urea were prepared and the urea-nitrogen release 
properties of these beads were examined. The FT-

IR analysis results of the bentonite, chitosan, and 
prepared samples are given in Figure 2. In the FT-
IR spectra of pure bentonite, the peaks at 445, 523, 
790, and 1120 cm-1 were attributed to the presence 
of quartz in the bentonite structure (Chang et al., 
2020; Atkovska et al., 2016). A high-intensity peak 
at 1009 cm-1 and a small peak that appeared at 

1626 cm-1 were related to the amorphous SiO2. A 

small shoulder at 619 cm-1 and a small peak at 672 
cm-1 corresponded to the Al-O-Si-O bond (Zaitan et 
al., 2008; Atkovska et al., 2016). The presence of -
OH- groups was confirmed by the peaks at 912 (Al-
Al-OH), 3410 (Si-OH) and 3608 cm-1 (Al-OH) 
(Chang et al., 2020; Atkovska et al., 2016). In 

addition, the peak at 1626 cm-1 was the indication 
of H-O-H bending and stretching vibrations of O-H 
bonds of water molecules in the silicate matrix 
(Elgarhy et al., 2022; Chang et al., 2020).  

 
In the FTIR spectra of pure chitosan, the broad peak 
at 3200-3600 cm-1 indicated the stretching of -OH- 
groups. In this region, the -OH band and N-H 

stretching band overlapped. In the literature, the 
peaks at 3289 cm-1 and 3351 cm-1 were related to 
the N-H and O-H stretching and intramolecular 
hydrogen bonds. The peak at 2873 cm-1 belonged 
to the aliphatic C-H stretching. The peaks 
overlapped at 1593 and 1655 cm-1 and were 

assigned to the N-H bending of primary amine and 

C=O stretching of amide I, respectively. A small 
shoulder at 1327 cm-1 indicated the C-N stretching 
of amide III. At this region, bending vibrations of 
CH2 (1417 cm-1) and the symmetrical deformation 
peak of CH3 (1374 cm-1) were overlapped. The 
asymmetric stretching of C-O-C was observed at 
1150 cm-1. High-intensity peaks that overlapped at 

1030 cm-1 and 1059 cm-1 were the indication of C-O 
stretching (Altunkaynak et al., 2022; Queiroz et al., 
2015). In the BUC0.2, BUC0.4, and BUC0.6 
samples, the characteristic peaks related to 
chitosan and bentonite structures were observed. It 
is seen in Figure 2-c that the characteristic peaks of 

the bentonite structure became evident in the 
BUC0.6 sample, which has a high bentonite ratio, 
while chitosan peaks were dominant in the BUC0.2 

sample, as expected. It has been observed that the 
peaks belonging to SiO2 and -CH in the 
chitosan/bentonite structure have shifted to high 
wavenumbers. In the studies conducted, it has been 

stated that the vibration bands of the interlayer Si–
O− groups of bentonite in the chitosan/bentonite 
structure and the vibration bands of –CH in the –
CH2 and –CH3 groups at 2888 cm−1 and 2942 cm−1, 
have shifted to high wavenumbers, meaning that 
the reactive groups of chitosan interact with 
bentonite, respectively (Abdelkrim et al., 2020). 
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Figure 2: FT-IR spectra of (a) bentonite, (b) chitosan, and (c) prepared fertilizer samples. 

 
The presence of bentonite and chitosan in the 
structure was also confirmed by the XRD patterns. 
XRD patterns of the prepared samples are given in 
Figure 3. It is seen that the materials exhibit an 
amorphous structure. In the XRD pattern of the 

BUC0.6 sample, which has a high bentonite ratio, 
the main peak of the bentonite structure became 
evident at 2θ= 6.9o, expectedly (Atkovska et al., 
2016). 

 

 
Figure 3: XRD patterns of the prepared fertilizer samples. 

 
The degradation properties of fertilizer materials in 

soil are fundamental in terms of their environmental 
effects. For biodegradability analysis of the 
prepared fertilizers, this study used two different 
soil types: infertile garden soil (Soil1) and 
commercial soil (Soil2). Before the degradation 
tests, soil analyses were carried out for Soil1 and 

Soil2 samples, and the properties of soil types such 

as saturation in water, pH, conductivity, organic 

matter, phosphorus, potassium, calcium, and 
magnesium contents were compared (Table 1). It 
was observed that the water saturation, 
conductivity, organic matter, potassium, and 
calcium contents of the Soil1 sample were lower 
than those of Soil2. 
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Table 1: Properties of Soil1 and Soil2. 
 

Property Soil1 Soil2 

Saturation with water (%) 78 177 
Textural class Clayey Clayey 

Electrical conductivity (dS/m) 0.92 2.82 
Soil pH 7.06 6.66 

Lime, CaCO₃ (%) 5.30 3.60 

Organic matter (%) 6.03 25.26 
Available P₂O₅ (kg/daa) 55.10 47.20 
Available K₂O (kg/daa) 357.7 922.6 

Available calcium (mg/kg) 5320 9060 
Available magnesium (mg/kg) 849.5 969.0 

 
In this study, the degradation properties of 
nitrogen-containing chitosan/bentonite samples 
were examined in soil. For this purpose, 
chitosan/bentonite was prepared as a film. The films 
were cut into 1 cm*1 cm dimensions and placed in 

the soil, and photographs were taken on the 15th 

day (Figure 4). It was observed that the films placed 
in Soil1 were slightly deformed after 15 days. The 
samples could not be weighed because they stuck 
to the soil. BUC0.6 was degraded in the soil. These 

observations visually show the deformation of films 
placed in soil. The films placed in Soil2 could not be 
observed at the end of the 15th day. This situation 
was thought to be related to the higher organic 
matter content of Soil2. Hamid et al. (2013) stated 

that chitosan films containing urea in soil appeared 

brittle and decreased in size on the 15th day (Hamid 
et al., 2013). Eddarai et al. (2022) stated that 21 
days were sufficient for plasticized chitosan films to 
decompose in soil. 

 

with BUC0.2 
fertilizer 

with BUC0.4 
fertilizer 

with BUC0.6 
fertilizer 

   
 

Figure 4: Degradation of the samples in soil 1. 

 
The swelling percentages of BUC0.2-0.6 materials 
containing urea in an aqueous environment are 
calculated and given in Figure 5. The swelling 
percentage of the material containing 0.6 bentonite 
(BUC0.6) was found to be slightly higher than 

BUC0.2 and BUC0.4. As the bentonite ratio 
decreased, a decrease in swelling percentages was 
observed. The swelling percentages of materials 
containing 0.2 and 0.4 bentonite were found to be 
very close to each other. It was observed that the 
swelling rate was 31.6% with BUC0.2, 32.1% with 
BUC0.4, and 48.6% with BUC 0.6. The swelling test 

was followed for 120 hours, and it was observed 
that the swelling percentages fluctuated over time. 
This fluctuation may be due to nitrogen release 
during swelling experiments. Santos et al. (2015) 

stated that they observed a similar result in the 

release of phosphate from chitosan-montmorillonite 
microspheres. In their studies, fluctuations were 
observed in the swelling properties of chitosan-
montmorillonite microspheres over time (Santos et 
al., 2015). In another study, Chitosan-based urea 

fertilizer was prepared by Hamid et al. (2013). The 
water absorption percentages of these fertilizers 
were found between 10 and 20%. Piluharto et al. 
(2017), investigated the phosphate-release 
properties of chitosan-based composite beads. The 
water absorption by chitosan and chitosan-
bentonite composite beads was measured, and it 

was reported that water absorbance increases with 
chitosan molecular weight increase. Additionally, it 
was found that adding chitosan/bentonite 
composite beads resulted in lower water absorbance 

when compared to the chitosan addition. 
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Figure 5: Swelling properties of the prepared fertilizer samples. 

 
Figure 6 shows the nitrogen release profile from 
beads in water. Release experiments were followed 

for 32 days. It was observed that a very rapid 
nitrogen release occurred in the first hours of 
release in all three release profiles. This was thought 
to be due to the rapid dissolution of urea in water. 
It was observed that the cumulative release % 
showed a slightly decreasing trend in the following 
days of the release experiment. This meant that the 

amount of nitrogen in the release medium 
decreased over time. When nitrogen release profiles 
from spheres containing different amounts of 
bentonite were examined, it was observed that the 
nitrogen release curves were quite close to each 

other. The reason for the rapid release of nitrogen 
from the chitosan/bentonite structure at the 

beginning of the release experiments can be 
attributed to the sudden diffusion and dissolution of 
urea in the solution due to its weak hydrogen 
bonding to the outer surface of chitosan/bentonite 
(Arafa et al., 2022). Qudus et al. (2021) compared 
the nitrogen release properties of vinasse-based 
slow-release of organo-mineral fertilizer (SR-OMF) 

and vinasse organo-mineral fertilizer (OMF). SR-
OMF fertilizer was prepared by mixing OMF with 
chitosan-bentonite matrix, and it was found that 
chitosan-bentonite matrix decrease the nitrogen 
release about 10 %. 

 

 
 

Figure 6: Cumulative nitrogen release % from the prepared fertilizer samples. 
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4. CONCLUSION 

 
In this study, chitosan/bentonite beads containing 

urea were prepared, and the urea-nitrogen release 
properties of these beads in distilled water were 
examined. The FT-IR and XRD analyses confirmed 
the presence of bentonite and chitosan in the 

prepared fertilizer samples. It was seen that the 
characteristic peaks of the bentonite structure 
became evident in the BUC0.6 sample, which has a 
high bentonite ratio, while chitosan peaks were 
dominant in the BUC0.2 sample, as expected. It was 
observed that as the amount of bentonite increased, 
the swelling ratio generally increased. In the 

nitrogen release experiments, a very rapid nitrogen 
release occurred in the first hours of release for all 
three samples. This behavior was thought to be due 
to the rapid dissolution of urea in water. When 
nitrogen release profiles of the samples containing 
different amounts of bentonite were compared, it 

was observed that the nitrogen release curves were 

quite close to each other. The observations 
supported the degradation of fertilizers in soil 
environment. As a result, it was evaluated that the 
prepared materials were promising as nitrogen 
fertilizer.  
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