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Abstract:  The effect of accelerator type on vulcanization characteristics and mechanical properties of
natural  rubber  was  investigated.  Also,  the  effect  of  growing  quantity  of  MBTS  on  vulcanization
characteristics and mechanical properties of natural rubber was investigated. The results show that the
fastest cure time is obtained with thiurams and dithiocarbamates for natural rubber. Sulphenamides,
especially TBBS gives the best tensile strength. Elongation at break first increases by increasing dose of
MBTS and then decreases. The higher elongation at break is obtained with DPG.

Keywords: Natural Rubber, accelerator, vulcanization, dithiocarbamates, thiurams, sulphenamides

Submitted: July 20, 2023. Accepted: December 06, 2023.

Cite this: Teker, M., Usluoğlu, A., & Öztürk, E. (2024). The Effect of Accelerators on Vulcanization of
Natural Rubber Compounds. Journal of the Turkish Chemical Society, Section B: Chemical Engineering, 7,
1–12. https://doi.org/10.58692/jotcsb.1330292 

*Corresponding author. E-mail: teker@sakarya.edu.tr. 

1 INTRODUCTION

Rubber  plant  was  first  introduced  by  a  French
botanist, François Fresnau (Savran, 2001). Natural
rubber is obtained from the latex of plant whose
name  is  Havea  Brasiliensis  (Bateman,  1963).
Christopher Colombus realized that Haitian natives
was playing with the ball  made of rubber during
these  Cond  voyage  to  America  in  1943
(kaucuk.org;  Sabu  et  al.,2014).  Vulcanization  is
the way to get the elastomers which is known as a
different type of rubbers. Also, vulcanization is the
one  of  the  most  significant  technology  in  the
modern  industry.  The  fundamental  part  of
vulcanization is to provide to form chemical bounds
or  ties  combining  rubber  macro-molecules  and
converting polymeric molecules to the cross-linked
form (Hoffman,  1989).  Formation  of  crosslink  is
the  primary  condition  in  order  to  emerge  the
elastomeric  features  of  the  rubber  (Walker  &
Rader, 1988). It is the most essential characteristic
of  an  elastomer  that  is  recovering  the  previous
state in the following of the processes of tension or
compression. In addition to this, the accelerators
have  the  most  vital  role  during  the  reaction  of
vulcanization by reducing the time (Susamma et.
al, 2001; Akiba & Hashim, 1997). Similarly, sulfur
can be beneficial for the reaction of vulcanization,
but that is neither profitable as commercially nor
time-saving without accelerators (Sadequil  et al.,

1998).  Moreover,  the  type  and  quantity  of
accelerators  and  the  ratio  of  sulfur-accelerator
have a different effect on the value of hardening of
rubber and its mechanical properties (Ismail et al.
2003; Fan et al. 2001; Pongdhorn et al. 2001).

NR  has  high  rate  of  cross-linking  along
vulcanization.  Natural  rubber  provides  a  good
interference with other non-polar rubber because
of  non-polar  formation.  In  addition,  if  it  is
intermixed  by  both  SBR  (styrene  butadiene
rubber) and BR (butadiene rubber), the resistance
of abrasion & heat and properties of low heat is
increased (Joseph et al., 1988). Similarly, in case
of mixing with NBR (nitrile rubber) the endurance
to oil and fuels can be enhanced and mixing with
chloropyrene  rubber  provides  high  air  resistance
(Sirishina et al., 2001; Choi, 2002).

The products from rubber a have great importance
in every part of our lives. The achievement of this
product  depends  on  the  interference  of  correct
polymers,  rubber  chemicals  and  extenders  with
suitable ratios (Loyd, 1976).

There are principally as what we call a prescription
goes  like  rubber,  sulfur,  zinc  oxide,  fatty  acid,
accelerator,  extender,  softener,  and  anti-oxidant
(Savran, 2001; Singh et al., 2015). 
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The effect of extender substances on textures of
rubber  in  regard  to  strengthening  can  be
monitored  by  measuring  two  main  features  of
extenders  which  are  ultimate  strength  and  the
value of modulus (Choi et al., 2003). The energy
needed to break up rubber by stretching is getting
greater  when  the  value  of  modulus  of  rubber
increases. Bonding between extender and polymer
is  related  with  their  surface  energy  and  active
functional  groups  and  the  extender’s  surface
energy should be same with polymer’s one or more
than that. The highest power gained by rubber is
provided by carbon black as an extender. Primary
extender  substances  used  in  rubber  industry  is
calcium  carbonate,  clay,  talcum,  silica(s),  zinc
oxide, and so on (Gungor, 2022).

Accelerators  are  used  to  make  fast  cross-linking
between  polymer  chains  by  means  of  sulfur.
Accelerators  and  activators  create  active
accelerator complex and this complex forms active
sulfurization  compound.  This  active  compound
provides  cross-linking  between  polymer  chains
(Puspitasari  &  Cifriadi,  2019). The  choice  of
accelerators and other chemicals is connected with
the type of elastomers and intended performance
characteristics (Frederick & Eirich, 1978).

The speed of vulcanization is affected by pattern of
rubber as well as accelerator texture. Number of
double bonds in polymer and the allylic hydrogen
count  influence  the  rapidity  of  vulcanization.
Entropy  starts  to  fall  down  due  to  too  much
reactive  groups  which  is  also  let  the  ratio  of
reaction  enhance.  Furthermore,  vulcanization
reaction  are  diffusion-controlled  reactions.  Zinc-
accelerator  complex  should  be  diffused  into  the
elastomer  (Mostoni  et  al,  2019).  As  the  surface
area  of  zinc-accelerator  complex  grows,  the
diffusion speed and in this way, the vulcanization
rapidity drops (Kresja & Koenig, 1993). 

In this study, the features of vulcanization of the
mixtures  of  natural  rubber  by  using  different
accelerators  and  the  features  of  this  after
vulcanization  was  examined.  Also,  it  was
investigated that how the physical characteristic of
the mixture of natural rubber can be changed with
varied amount of accelerators during vulcanization
and after vulcanization. 

2. EXPERIMENTAL SECTION

2.1. Materials and Method
The structure of  natural  rubber  is  99% cis-  and
1,4% trans- poly isopyrene (Bateman, 1963).

Figure 1: The structure of natural rubber (NR).

The  presence  of  double  bonds  is  necessary  for
vulcanization  of  sulfur.  Nevertheless,  this  double
bonds  cause  to  aging  effect  by  reacting  with
oxygen  and  ozone.  Since  the  heat  resistance  of
those is low, there is a tendency to reverse during
vulcanization. Poly sulfidic crosslinks are thermally
unstable and they are degraded into mono- or di-
sulfidic links. The name of this process is called as
reversion. In order to prevent this, the procedure
of  vulcanization  should  be  carried  out  at  low
temperatures  and  hardening  should  be  checked.
Even though the unsaturation rate is various, there
is  an  increment  in  mechanical  performance
(Sirqueira & Soares, 2003).

Initial: In this step, a free sulfur atom is degraded
and  amine  is  formed  with  MBT.  Active  sulfur  is
taken place as a result of reaction between amine
and  sulfur.  It  is  also  obtained  that  there  is  a
reduction  in  the  amount  of  sulfonamide  in
consequence of formation of accelerators & sulfur
accelerator-poly-sulfite  and  di-sulfite.  Until  poly-
sulfites reach at maximum level, this step ends.

Activation: Poly-sulfites’ accelerator and di-sulfites
begin  to  decrease  and  it  is  obtained  some
formations such as MBTSx. This step goes on until
the accelerator is out.

Sulfurization  and  cross-linking:  At  the  level  of
sulfonamide,  di-  and  poly-sulfite  is  finished,
polymeric bonds with the sulfur and cross-link is
formed at the same time.

Aging and Reversion: When free sulfur runs out,
accelerator  complex  goes  on  to  reaction  with
cross-links which is  poly-sulfidic.  These reactions
are  as  follows:  Removing the  sulfur  from cross-
links, breaking cross-links, development of cyclo-
sulfur  structure,  formation  of  conjugate
unsaturation  in  polymer,  and  collapsing  zinc-
sulfite.

2.2. Used Materials
SMR 10 CV and Dutralter 4038 as natural rubber
and EPDM were used, respectively. Carbon blacks
are labeled as FEF N 550 and HAF N 330. Along
with  these,  accelerators  used  are  MBT  (2-
mercaptobenzothiazole)  MBTS  (dibenzoidazole
disulfur),  CBS  (N-cyclohexyl-  2  benzimidazole
sulfonamide),  MBS  (2-benzimidazole-N-sulfene
morpholine),  TBBS  (N-tertiary  butyl-2
benzimidiazole  sulfonamide),  TMTD
(tetramethylthiuram  disulfide),  TMTM
(tetramethylthiuram  monosulfide),  ZDMC  (zinc
dimethyldithiocarbamate),  ZDEC  (zinc
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diethyldithiocarbamate),  ZEPC  (zinc  ethyl
phenyldithiocarbamate), DPG (diphenylguanidine).

2.3. Preparation of Rubber Mixture
The mixture was prepared in the open laboratory
two cylindered shaft. (ASTM D3182). 

In  the  first  trial,  Natural  rubber  and  various
accelerators and a series of mixture were attained.
There was a mixture prepared from the union of
natural  rubber.  This  mixture  contains  natural
rubber 100 phr, Carbon Black 78.94 phr, Aromatic
oil 6.31 phr, Zinc oxide 6.31 phr, stearic acid 1.84
phr,  sulfide  1.00  phr,  different  accelators  (MBT,
MBTS,  CBS,  MBS,  TBBS,  TMTD,  TMTM,  ZDCM,
ZDEC, ZEPC, DPG) 1 phr. Phr stands for parts per
one hundred rubber.

In  the  second  trial,  different  amounts  of  MBTS
were  used  as  accelerators  and  tests  were
performed. The recipe contains natural rubber 100
phr,  Carbon  Black  78.94  phr,  Aromatic  oil  6.31
phr,  Zinc  oxide  6.31  phr,  stearic  acid  1.84  phr,
sulfide  1.00  phr,  different  amounts  (0.40-0.60-
0.80-1.00-1.20-1.40-1.60) of MBTS.

2.4. Used Devices and Features
2.4.1. Rheometer
It  is  used  to  measure  the  vulcanization
characteristics  of  mixtures  and  to  save
vulcanization  curve.  It  also  applies  oscillating
stretch into mixture under high temperature and
pressure and as  a  consequence of  increase in  a
cross-link’s  intensity,  an  increment  in  torque  is
shown as a function of time. The unit of torque is
N-m or lb-in (pounds inch) (Rader, 1985).

Figure 2: Graphic of curve of vulcanization.

Ts2  :  Pre-vulcanization, Beginning  time  of
hardening (scorch time) (min.)
MH :  Maximum torque
T90 :  Time when 90% of the maximum torque is
reached (min) 
ML : Minimum torque

Vulcanization state which is made ready with each
distinctive accelerators was gauged by MDR-2000

Rheometer  device.  (ASTMD  5289).  NR  mix  was
tested throughout 5 minutes at 180 °C (Table 1).
Later,  hardening  characteristics  of  NR  mixture
blended  with  a  changing  amount  of  MBTS  was
measured  by  Rheometer  in  the  condition  of  5
minutes and at  180 °C.  (Table 2).  (Teker et  al,
2008).
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Table 1 : The feature of vulcanization of NR mixture prepared with different types of accelerators.

MBT MBTS CBS MBS TBBS TMTD TMTM ZDMC ZDEC ZEPC DPG
ML  (lb-
in)

2.00 1.73 1.45 1.83 1.74 1.33 1.28 1.54 1.46 1.29 1.48

MH  (lb-
in)

8.04 8.20 11.35 11.67 11.52 12.60 11.34 9.64 8.44 8.04 6.93

t90
(min)

1.38 1.28 1.47 1.75 1.59 0.69 0.94 0.61 0.73 0.76 1.46

ts2
(min)

0.57 0.57 0.70 0.75 0.69 0.41 0.62 0.36 0.43 0.41 0.53

Table 2: The feature of vulcanization of NR mixture prepared with changing amount of MBTS.

MBTS of amounts (phr)
0.40 0.60 0.80 1.00 1.20 1.60

ML (lb-in) 1.51 1.30 1.83 1.51 1.86 1.84
MH (lb-in) 7.57 7.84 9.35 9.42 10.16 10.99
t90 (min) 1.57 1.35 1.24 1.12 1.10 1.02
ts2 (min) 0.60 0.56 0.57 0.60 0.59 0.60

2.4.2. Shoremeter
Followed  by  vulcanization,  the  toughness
measurement was carried out with a Braiss Shore
A Durometer (ASTM D2240). The results are given
in Tables 3 and 4.

2.4.3. Tensometer
This  apparatus  makes  an  indication  of  both
extension  of  product  at  the  time  of  failure  and
fracture resistance of product after vulcanization.
The  thickness  of  sample  cut  as  bow-tie  was
measured  from  three  different  part  and  it  was
hanged on between two wangs of tensiometer and
the power was applied into sample. At the time of
failure  of  sample,  tensiometer  saves  failure-
extension curve and gives the values of them.

Breaking Point: Ratio of forces between at the time
of failure and at the of beginning.
Breaking  Elongation:  Ratio  of  length  between
changing  at  the  failure  and  changing  at  the
beginning.
Modulus: The amount of unit surface for the force
applying for a specific extension.

3. RESULTS AND DISCUSSION

3.1. The Effect of Accelerators on Features of 
Natural Rubber Mixture
Vulcanization  charactheristics  of  natural  rubber
mixture  prepared  with  different  accelerators
obtained after rheometer test were compared with
the  physical  features  of  the  ones  obtained  by
tensiometer test after vulcanization.

Figure 3: The effect of accelerators within natural rubber mix on ML value.
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Table 3: The feature of vulcanization of NR mixture prepared with different type of accelerators.

MBT MBTS CBS MBS TBBS TMTD TMTM ZDMC ZDEC ZEPC DPG
Hardness (Shore A)

58 59 62 59 65 62 62 63 61 61 53

Modulus (MPa)
10.17 10.59 15.64 13.72 16.74 15.90 15.46 13.03 11.26 10.71 7.19

Breaking   strength
(MPa) 16.53 17.82 21.46 20.90 23.18 18.60 19.79 20.62 19.15 17.94 12.39

Elongation at break
(%) 417.9 473.4 414.9 445.5 423.8 355.7 381.7 477.8 479.6 462.2 446.1

Table 4: The feature of vulcanization of NR mixture prepared with changing amounts of MBTS.

Amounts of MBTS (phr)

0.40 0.60 0.80 1.00 1.20 1.60

Hardness  (Shore A) 53.00 55.00 56.00 57.00 59.00 60.00
Modulus (MPa) 8.56 9.53 11.20 18.95 20.04 20.18
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According to Figure 3,  The maximum ML value is
provided with MBT, whereas the minimum ML value
is carried out with TMTM and ZEPC.

As  indicated  in  Figure  4,  the  maximum  and
minimum MH value is respectively reached by TMTD
and DPG. With the TBBS, and sulfur donor, TMTD, a

quite  high  MH  value  is  achieved.  Similar  results
were  obtained  with  previous  studies.  The  highest
MH  values  were  obtained  with  TBBS  and  TMTM,
while the lowest MH value was obtained with DPG.
(Setyadewi et al. 2020). Also, the same features of
dithiocarbamide providing rapid hardening is  quite
weak for rubber.

Figure 4: The effect of accelerators within natural rubber mix on MH value.

In Figure 5, the lowest hardening time, i.e., providing fastest hardening group, belongs to ZDMC and TMTD.
The longest hardening time is given by sulfonamide group and DPG. Dithiocarbamate accelerators are used
as ultra-fast accelerator for NR latex based compounds. Similar observations were presented in research
work published by Formela et al. (2015). 

Figure 5: The effect of accelerators within natural rubber mix on t90 value.

As demonstrated in Figure 6, sulfonamide has the
safest processing related with the highest value of
ts2.  Amines  also  facilitate  the  conversion  of
elemental sulfur (S8) and/or polysulfide into active
open  chain  sulfur  through  ring  opening  reaction.
Amines might attack polysulfidic crosslink, either by
direct reaction or by HS- generation (Heideman et
al., 2004).  

Also,  TMTD  and  dithiocarbamide  groups  are  the
fastest  one starting to  harden.  In  another  similar
study, the lowest T90 and ts2 values were obtained
using  TMTD  accelerator  (Koc&Tuken,  2019).
Generally,  TMTD  accelerated  vulcanization  offers

short scorch time as TMTD is designated as an ultra-
fast accelerator (Samarasinghe et al., 2020). 

The  comparison  of  toughness  values   after
vulcanization  is  shown  in  Figure  7.  According  to
that, the lowest is with DPG. Whereas the highest
toughness value is with TBBS. ZDMC, Thiuram have
also  shown  high  hardness  values.  The  crosslink
density  of  rubber  vulcanized  also  affects  the
hardness value. Their high stiffness was caused by
the decreased mobility of polymer chains, what was
also  confirmed  by  the  values  of  hardness  and
elongation-at-break (Nabil et al., 2014). 
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Figure 6: The effect of accelerators within natural rubber mix on ts2 value.

Figure 7: The effect of accelerators within natural rubber mix on hardness value.

The  modulus  value  obtained  with  different
accelerators  is  displayed  in  Figure  8.  The  top
number of the modulus is materialized with thanks
to  TBBS,  ZDMC  and  thiuram.  In  the  study  of
Markovic  et  al.  (2009),  in  the  mechanical

comparison  of  MBT,  TMTD  and  CBS  in  NR/CSM
mixtures,  it  was  found  that  mixtures  made  with
TMTD had higher tensile strength values  (Markovic
et al., 2009).

Figure 8: The effect of accelerators within natural rubber mix on modulus value.

The highest breaking strength is provided by TBBS
and  other  sulfonamide.  The  comparison  of  these
values  are  given  in  Figure  9.  In  contrast,  the
minimum value happens with DPG. However, it  is

realized  that  the  strengthening  properties  of  DPG
used generally as secondary accelerator is low. This
is due to the chemical structure of DPG. (Formela et
al., 2015)
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Figure 9: The effect of accelerators within natural rubber mix on breaking strength value.

When  the  elongation  amounts  are  compared,  the
maximum and minimum level is respectively given
by dithiocarbamate and thiuram groups (Figure 10).
Compared to Figures 7, 8, 9, 10, as the hardness
increases,  the  breaking  strength  increases,
elongation  decreases.  High  hardness  can  be
evaluated  as  providing  high  crosslink  density  of

these groups. The high crosslink density causes the
molecular chains to move less. Similar results were
obtained in  the study conducted by Comez et  al.
with  Thiuram  changes,  the  highest  hardness  and
breaking strength values and the lowest elongation
values are observed (Comez & Ozturk, 2023).

Figure 10: The effect of accelerators within natural rubber mix on elongation value.

Change in ML amount and MBTS increase in natural
rubber mixture prepared according to rise in MBTS
portion is demonstrated in Figure 11. ML value is

not changed more as the quantity of accelerators is
varying.  The cause for  that  can be said as being
affected by mixing condition within the shaft.

Figure 11: The change in ML value depending increase in MBTS.

As seen in Diagram 12, MH figure is generally raised
with the portion of accelerators used. On the other

hand, after this level, there is no such a tremendous
change.
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Figure 12: The change in MH value depending an increase in MBTS.

While  the  amount  of  accelerators  increases,  t90
value  decreased as  shown in  Figure  13.  In  other
words, vulcanization is accelerated.

Figure 13: The change in t90 value depending an increase in MBTS.

Ts2, the time to start hardening, becomes shorter a
little bit as the accelerator portion is gone up, but

then, it raises and does not undergo a change so
much. The values are compared in Figure 14.

Figure 14: The change in ts2 value depending increase in MBTS.

The crosslink density of rubber increases with the
rise  in  the  amount  of  accelerators.  So,  hardness
values increase.

9
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Figure 15: The change in toughness value depending increase in MBTS.

Modulus values increase with the rise in the amount
of  accelerators,  but  then,  they  do  not  undergo  a

change  so  much.  The  change  in  modulus  value
depending increase in MBTS is shown in Figure 16.

Figure 16: The change in modulus values depending increase in MBTS.

4. CONCLUSION

ML  value  named  as  number  of  minimum  torque
depends on mixing condition and time. ML values
give an idea about the viscosity of mixture. For the
natural  rubber,  the  medium  level  accelerator
provides  high  ML  values,  whereas  rapid  level
accelerator  gives  low  ML  values.  The  lowest  ML
values  were  obtained  for  Thiuram  and
dithiocarbamate  groups.  The  number  of  ML  is
interrelated  with  physical  features  such  as
stretching,  breaking,  and  tearing  resistance. The
highest  MH values  were  obtained  with  TBBS  and
TMTM, while the lowest MH value was obtained with
DPG.   TBBS  among  all  sulfonamide  provides  the
highest  cross-linking  intensity  as  an  accelerators.
Therefore,  it  shows  good  enough  strength
characteristics.  Also,  thiuram  gives  good  cross-
linking intensity in conventional systems and thus,
they provide great breaking strength values. As a
result of this, thiuram and sulfonamide having the
highest  MH  values  indicates  sufficient  breaking
strength  and  modulus  properties.  Moreover,  zinc
dithiocarbamides  give  good  breaking  strength.
Toughness  features  proportional  with  cross-linking
intensity are also high in the mixture prepared with
thiurams,  dithiocarbamides,  and  TBBS.  The
minimum t90 value is obtained with thiurams and

dithiocarbamides whose rapidity of vulcanization is
great.  On the contrary, medium level accelerators
such as mercapto compounds and sulfonamides give
longer  t90  value.  Sulfonamide  giving  quite  late
activation of vulcanization provides the greatest ts2
values. Dithiocarbamides whose processing safety is
pretty low and which reacts rapidly indicates very
low ts2 values. In other words, they react as quickly
as possible.

In the studies regarding to variance in the amount
of MBTS, if the portion of acceleration increases, t90
value goes down, i.e., vulcanization steps up. As the
intensity  of  cross-linking  bond  is  gathered,  MH
quantity  also  rises  and  thus,  breaking  strength,
modulus  and  toughness  level  increase,  too.
Additionally, ML and ts2 values are not affected so
much  from  such  kind  of  changes.  Hence,  the
stability  can  not  happen.  At  the  beginning  the
elongation  content  is  advanced  because  of
similarities in the value of sulfur and accelerators &
excess  poly-sulfidic  bonds.  Later  on,  it  can  be
diminished due to acting as an active system. Until
the MBTS proportion reaches to the level as 1.6 phr,
either MH or fall in toughness may be clarified with
reversion.
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Finally,  while  the cross-linking intensity  increases,
breaking strength, modulus, toughness values rises,
too. Increment in this textures is generally directly
proportional to augmentation in MH value. When t90
is short enough, MH becomes dominant, so intensity
of  cross-linking  bond  of  rapid  accelerators  is
greater.  Elongation  portions  for  natural  rubbers
except dithiocarbamate groups generally decreases
as the time of vulcanization becomes shorter.
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Abstract: In this work, effects of temperature and pH in batch treatment of pulp and paper mill wastewater 
using electrocoagulation has been investigated. Conductivity, temperature, and pH are selected as 

controlled variables; supporting electrolyte, cooling water, acid and base flow rates are selected as 

manipulated variables, respectively. Real time experimental multi input-multi output (MIMO) control of 
conductivity, temperature, and pH under constant current conditions are achieved using MIMO Proportional 
Integral Derivative (PID) control algorithms coded in MATLAB™. A central composite design (CCD) has 
been applied to the system under controlled conditions and optimum pH and temperature values are 
obtained using response surface methodology (RSM). Both controlled and uncontrolled experiments are 
performed using optimum values and results are compared in terms of removal efficiencies of pollutants. 
Results show that 34.47% chemical oxygen demand (COD), 98.06% total suspended solids (TSS), 99.80% 

turbidity, 99.93% color, and 13.40% SO4
2- removal is achieved in 45 minutes of process operation under 

controlled conditions and COD, TSS, turbidity, color and SO4
2-

 removal are increased by 10.92, 2.97, 4.06, 
2.89, 3.17 respectively in comparison with uncontrolled operation. The highest removal percentages are 
obtained under controlled operating conditions as 98.5% and 98.3% for turbidity and color, respectively, 
for 10 minutes operation. It is concluded that optimum process operating conditions for removal of turbidity 
and color of pulp and paper mill wastewater is obtained under constant 6.45 pH, 23.24 °C temperature, 
1.78 mS/cm conductivity, and power consumption is reduced by 25.3% under controlled conditions.  
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1. INTRODUCTION 

 
The pulp and paper industry has high pollutant 
discharges to the environment and they consume 
considerable amount of wood, water and energy. In 
terms of freshwater withdrawal, the pulp and paper 

making industry is one of the most water 
demanding industry and position third in the world, 

after the primary metals and the chemical industries 
(Sridhar et al., 2011). The industrial wastewaters 
cause several problems such as color, slime growth, 
thermal impacts, and scum formation in the 
environment. They also affect the ecosystem, 

enlarge the quantity of toxic substances in the 
water, and pollute scenic beauty (Pokhrel & 
Viraraghavan, 2004). Water turbidity generated by 
the presence of suspended solids and colloidal 
particles cannot be treated by conventional methods 
such as filtration and sedimentation (Özyurt et al., 

2021; Terrazas et al., 2010). Electrocoagulation 
process has been confirmed to be effective in 
destabilizing colloidal particles and color removal 
(Linares-Hernández et al., 2009). As an electrolytic 

technology, it consists of anodic dissolution of a 
metal electrode within the effluent to be treated, 
with the simultaneous formation of hydroxyl ions 
and hydrogen gas. Compared with traditional 

methods, electrocoagulation, in theory, has the 
advantage of removing the smallest colloidal 
particles; the smallest charged particles have better 

probability of being coagulated because of the 
electric field that sets them in motion (Mollah et al., 
2004; Terrazas et al., 2010). Treatment of pulp and 
paper mill wastewater by electrocoagulation is 
highly complex process and is greatly influenced by 
many factors such as electrode configuration and 
material, current density, electrolysis time, 

electrical conductivity, pH and temperature (El-
Ashtoukhy et al., 2009; Kalyani et al., 2009; Katal 

https://doi.org/10.58692/jotcsb.1353347
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& Pahlavanzadeh, 2011; Khansorthong & Hunsom, 

2009; Soloman et al., 2009; Uğurlu et al., 2008; 
Zaied & Bellakhal, 2009). Among these operational 

parameters, temperature and pH were found to be 
more significant than the others. Temperature 
affects the pollutant removal in many ways such as 
rate of reactions, solubility of metal hydroxides, 

liquid conductivity and kinetics of gas bubbles or 
small colloidal particles (Attour et al., 2014). It is 
reported that the increase in the temperature of the 
solution cause increasing the solubility of aluminum 
(Vepsäläinen et al., 2009). For that reason the 
precipitation of the aluminum is increased at lower 
temperatures, which results in a better removal 

(Katal & Pahlavanzadeh, 2011). In 
electrocoagulation process direct electrical current 
applied between metal electrodes immersed in 
wastewater causes the dissolution of aluminum or 
iron electrodes into wastewater. Chemical 
dissolution of metal electrodes is strongly influenced 

by the pH of the solution. The dissolved metal ions, 

at an appropriate pH, can form wide ranges of 
coagulated species and metal hydroxides that 
destabilize and aggregate suspended particles or 
precipitate and adsorb dissolved contaminants 
(Cañizares et al., 2005; Merzouk et al., 2009).  At 
low pH (2-3) cationic monomeric species Al3+ and 

Al(OH)2+ dominate. When pH is between 4 and 9, 
the Al3+ and OH− ions generated by the electrodes 
react to form various monomeric species such as 
Al(OH)2+, Al(OH)2

2+, and polymeric species such as 
Al6(OH)15

3+, Al7(OH)17
4+, Al13(OH)34

5+ that finally 
transform into insoluble amorphous Al(OH)3(s) 
through complex precipitation kinetics (Bayramoglu 

et al., 2004).  When pH is higher than 10, the 

monomeric Al(OH)4
− anion concentration increases 

(Alinsafi et al., 2005). It is reported that there is a 

1-2 units of increase in pH during electrocoagulation 
(Camcioglu et al., 2017b). Accordingly formations of 
ionic compounds that have high solubility in water 
cause a decrease in removal efficiencies. As a result 

control of pH and temperature in their optimum 
values come up as a necessity. 
 
In this study the effects of temperature and pH in 
treatment of pulp and paper mill wastewater with 
electrocoagulation has been investigated. A CCD 
has been applied to the system and optimum pH and 

temperature values are obtained using RSM. In 
order to determine the effect of constant electrical 
conductivity, pH and temperature on removal 
efficiencies during electrocoagulation, experiments 
were performed under controlled and uncontrolled 
conditions of operating parameters using optimum 

values and the results were compared in terms of 

COD, TSS, turbidity, color, SO4
-2 and Cl- removal 

efficiencies.  
 
2. EXPERIMENTAL SECTION 

 
2.1. Experimental Procedure 
Experiments were carried out in batch process using 
a 2000 mL electrocoagulation reactor made of flex-

glass. In each run, 1000 mL of sedimented pulp and 
paper mill wastewater was fed into the reactor. 
Characteristics of sedimented pulp and paper mill 
wastewater are given below in Table 1.

 
Table 1: Characteristics of pulp and paper mill wastewater. 

 

Chemical 

Oxygen 
Demand 
(mg/L) 

Total 

Suspended 
Solids 

 (mg/L) 

 

 
Turbidity 

(NTU) 

 

 
Color 
(CU) 

 

 
Conductivity 

(mS/cm) 

 

 
pH 

 

 
SO4

2- 

(mg/L) 

 

 
Cl- 

(mg/L) 

681.72 118 173 923 1.80 7.5 281 105.42 

 
Six electrodes made of aluminum with dimensions 
of 60 mm x 60 mm x 2 mm were positioned in 
mono-polar parallel arrangement with a gap 
separation between them of 10 mm. In order to 

conduct the experiments under constant current 
conditions, the electrodes were connected to a DC 
power supply (MAY 11-PS Constant Current Power 
Supply) operating in the range of 0-2 A. 0.04 M 
NaCl, 0.1 M HCl and 0.1 M NaOH solutions were 
added to the wastewater with peristaltic pumps 
(Longer Pump LEAD-2). A stirrer (MTOPS MS-3020) 

was used to maintain uniform concentration and 
temperature dispersion in the reactor. During 
experiments a heating/cooling water circulator 
(Hoefer RCB 20-PLUS) was used at 12 °C in order 
to keep temperature constant at a desired value and 
avoid possible temperature increase. 
 

A pH meter, conductivity meter and a thermocouple 
were used for on-line measurements of pH, 
conductivity and temperature during wastewater 
treatment. These probes were placed into a 

separate chamber inside the reactor to avoid the 
measurements to be influenced from charge 
distribution occurring in the reactor. Sample 
circulation between the chamber and reactor was 

carried out using a peristaltic pump (Aspen 
Standard Pump).  
 
On-line signals of pH, conductivity and temperature 
from measurement devices are sampled and 
transferred towards controller using data acquisition 
device (MAY 11-ESA Electrophoresis Control Unit) 

and calculated signals from controller is transferred 
to related manipulated variable via the data 
acquisition device and input variables are adjusted. 
In electrical control studies 0.04 M NaCl solution 
flow rate is the input variable and is adjusted by the 
electrical conductivity controller signals transferred 
to the peristaltic pump. pH control studies are 

carried out using 0.1 M HCl solution and 0.1 M NaOH 
solution flow rate as the input variables and their 
values are adjusted by the pH controller signals 
transferred to the peristaltic pumps. Temperature 
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control studies were performed using on/off position 

of cooling water valve as the manipulated variable 
and its position is regulated by the temperature 

controller. Experimental setup is given in Figure 1. 
 
Experiments were carried out in 1 A constant 
current and 45 minutes electrocoagulation time 

conditions.  

 

A multi-purpose real-time MATLAB/Simulink model 
and a PID controller program were designed for 

performing electrocoagulation studies, monitoring 
input and output variables, carrying out dynamic 
analyses and control experiments in electrochemical 
reactor. Real-time MATLAB/Simulink model is given 

in Figure 2.
 

 
 

Figure 1: Experimental set-up (1: electrocoagulation reactor, 2: electrocoagulation reactor 

heating/cooling jacket, 3: electrodes, 4: pH meter, conductivity meter, thermocouple, 5: sample 
circulation pump, 6: mechanical stirrer, 7: heating/cooling water circulator, 8: acid pump, 9: base pump, 
10: supporting electrolyte pump, 11: pH and temperature display, 12: conductivity display, 13: control 

unit, 14: power supply, 15: computer). 
 

2.2. Analytical Procedure 

50 mL of the samples were taken after treatment 
processes and kept 3 h at 20 °C for sedimentation. 
Supernatants were collected for analyses. COD 

analyses were performed according to SM 5220 D 
(Eaton et al., 2005). 2.5 mL of samples were treated 
with 1.5 mL of high range digestion solution and 3.5 
mL of sulfuric acid reagent in 16 x 100 mm culture 

tubes. Treated samples were digested at 150 °C for 
2 h using a thermoreactor (Velp ECO-16). After 
digestion process, tubes were cooled down to room 
temperature and absorbance of the samples were 
read at 600 nm using a spectrophotometer (PG 
Instruments T60V). The COD of the samples were 

calculated with a calibration curve prepared using 

potassium hydrogen phthalate standard. Color 
analyses were performed in accordance with SM 
2120 C (Eaton et al., 2005). Sample absorbances 

were read at 456 nm using the spectrophotometer. 
Color values were calculated by a calibration curve 
prepared previously using 500 CU Pt-Co stock 
solution. Sample turbidities were measured using a 

turbidity meter (Aqualytic AL250T-IR). TSS 
analyses were performed accordingly according to 
SM 2540 D (Eaton et al., 2005). SO4

2- and Cl- 
analyses are performed in accordance with SM 4500 
SO4

2- E and SM 4500 Cl- B (Eaton et al., 2005) 
respectively. 
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Figure 2:  Real-time MATLAB/Simulink model. 

 
 
3. RESULTS AND DISCUSSION 

 
3.1. Determination of Optimum pH and 
Temperature 
RSM was used to determine the model that gives 
the relation between dependent variables turbidity 

removal (y1) and color removal (y2) and the 
independent variables pH (x1) and temperature 
(x2). Experiments were also carried out to find the 

optimum values of operating parameters for 

maximum turbidity and color removal. CCD with 2 
factors was applied using Minitab 17 statistical 
software. A total number of 14 experiments 

consisting of 4 factorial points, 4 axial points and 6 
replicates in the center points were employed in this 
work. Experimental design matrix in terms of 
uncoded factors and measured responses are given 
in Table 2. 

 
Table 2: Design of experiments and results for electrocoagulation treatment. 

 

 
Run 

x1 
pH 

x2 
Temperature 

(°C) 

y1 
Turbidity removal 

(%) 

y2 
Color removal 

(%) 

1 7.50 22.50 100.00 100.00 
2 12.45 22.50 14.20 10.33 

3 7.50 22.50 99.99 100.00 
4 7.50 22.50 98.12 98.33 
5 7.50 11.89 98.68 99.23 
6 2.55 22.50 74.68 76.43 

7 7.50 33.11 99.34 99.17 
8 11.00 15.00 50.18 43.44 
9 7.50 22.50 100.00 99.52 
10 4.00 30.00 74.43 75.29 
11 4.00 15.00 69.43 70.29 
12 11.00 30.00 54.70 37.80 
13 7.50 22.50 98.83 98.53 

14 7.50 22.50 98.59 98.94 
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Color and turbidity removal results of the samples 
taken at 15 minute time intervals for each run are 

presented in Figure 3. A nonlinear regression 
method was used to fit the experimental data to 
second-order polynomial equation to identify model 
terms for turbidity and color removal using Minitab 

17 statistical software. Mathematical form of 
second-order polynomial equation considering all 
the linear, square and linear by linear interaction 
terms is given in Equation (1). 
 

𝑌 = 𝛽0 +∑ 𝛽𝑖𝑥𝑖 + ∑ 𝛽𝑖𝑖𝑥𝑖
2 +∑ ∑ 𝛽𝑖𝑗

𝑘
𝑗=2 𝑥𝑖𝑥𝑗 +

𝑘−1
𝑖=1

𝑘
𝑖=1

𝑘
𝑖=1 𝜀

                  
(Eq. 1) 
 

Where Y is the predicted response, xi and xj are the 
input variables (i and j range from 1 to k), β0 is the 
model intercept coefficient, βi, βii, βij are the 
regression coefficients for the linear, quadratic and 
interaction terms respectively, k is the number of 
independent variables and ε is the interaction effect 

(Korkmaz et al., 2017). 
 

       

        

         

          

 
 

Figure 3: Variation of turbidity and color removal with time for run 1-14. 
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The second-order polynomial equations for turbidity 
removal and color removal in terms of uncoded 

factors are given in Equation 2 (2) and Equation (3), 
respectively.  
 
𝑦1 = −30.7 + 32.03𝑥1 + 2.18𝑥2 − 2.432𝑥1

2 − 0.0446𝑥2
2 

           (2) 

𝑦2 = −36.1 + 33.02𝑥1 + 2.91𝑥2 − 2.577𝑥1
2 − 0.065𝑥2

2 

           (3) 

 

The statistical significance of the models were 
justified through analysis of variance (ANOVA) with 
F-test at 95% confidence level. Results of 
regression analysis are shown in Tables 3 and 4 for 
turbidity and color removal, respectively. 

 
Table 3: Regression analysis results for turbidity removal in terms of coded factors. 

 

Predictor Coef SE Coef T P 

Constant 99.25 2.73 36.35 0.000 
x1 -15.56 2.36 -6.58 0.000 

x2 1.31 2.36 0.55 0.596 
x1

2 -29.79 2.46 -12.11 0.000 
x2

2 -2.51 2.46 -1.02 0.338 

Analysis of Variance 

Source  DF SS MS F P 

Model  5 8614.04 1722.81 38.51 0.000 
   Blocks  1 107.88 107.88 2.41 0.159 
   Linear  2 1951.13 975.56 21.81 0.001 
       pH 1 1937.48 1937.48 43.31 0.000 
       Temp 1 13.65 13.65 0.31 0.596 

   Square    2 6555.03 3277.52 73.27 0.000 
       pH*pH     1 6554.68 6554.68 146.54 0.000 

      Temp*Temp 1 46.50 46.50 1.04 0.338 

Error 8 357.85 44.73   

   Lack-of-fit 4 354.37 88.59 101.77 0.000 

   Pure Error 4 3.48 0.87   

Total 13 8971.89    

 
P and t tests were used to determine the 

compatibility of second order polynomial equations 
with the experimental results. Terms including 

temperature were found to be the least effective in 
the model. ANOVA results presented in Table 4 and 
5 indicate higher F-values for regression of turbidity 
and color models than F distribution table value of 

3.69. The large F-value shows that most of the 
variation in the output can be explained by the 
developed regression model (Camcioglu et al., 
2017a). The associated P-value is also used as an 
indicator for whether F is large enough to indicate 

statistical significance. The P-values of reduced 

quadratic models are <0.001 which clearly confirm 
good fit of experimental data. The values of R2, 

adjusted R2, predicted R2 and lack of fit of models 
are obtained to investigate the accuracy of the 
suggested polynomials. In order to emphasize the 
relationships between factors and responses and 

also to determine the optimum conditions, 
Equations (2) and (3) are expressed as response 
surfaces. The value of R2 gives the correlation of 
total variation in the effluent removal efficiencies 
predicted by developed models. 
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Table 4: Regression analysis results for color removal in terms of coded factors. 

 

Predictor Coef SE Coef T P 

Constant 99.22 2.53 39.16 0.000 
x1 -19.73 2.19 -8.99 0.000 

x2 -0.09 2.19 -0.04 0.968 
x1

2 -31.57 2.28 -13.82 0.000 
x2

2 -3.66 2.28 -1.60 0.148 

Analysis of Variance 

Source  DF SS MS F P 

Model  5 10737.1 2147.42 55.76 0.000 
   Blocks  1 254.3 254.29 6.60 0.033 
   Linear  2 3113.5 1556.74 40.42 0.000 
       pH 1 3113.4 3113.41 80.84 0.000 
       Temp 1 0.1 0.07 0.00 0.968 

   Square    2 7369.3 3684.67 95.67 0.000 
       pH*pH     1 7358.1 7358.12 191.05 0.000 

      Temp*Temp 1 98.8 98.77 2.56 0.148 

Error 8 308.1 38.51   

   Lack-of-fit 4 305.8 76.44 129.81 0.000 

   Pure Error 4 2.4 0.59   

Total 13 11045.2    

 

For turbidity and color removal, R2 values are 
calculated as 0.9601 and 0.9721 for reduced 
quadratic models which ensure an acceptable fit to 
experimental data (Rai et al., 2016). Adjusted R2 
values for the models are 0.9352 and 0.9547 which 
also high enough to support acceptable correlation 
between experimental and predicted value. The 

predicted R2 values for the present models are 
0.7459, 0.8613 and suggest how good the models 
predict the effluent removal. The adjusted R2 and 
predicted R2 should be within 20% of each other to 
be in reasonable agreement (Bozoglu et al., 2015). 

These values offer 74.59 and 86.13% of variability 
in predicting new observation in comparison to 
approximately 96.01 and 97.21% variability in the 
original data. 
 
Main effect plot was drawn in order to determine the 
effects of factors causing significant changes in 

turbidity and color removal efficiencies when factor 
levels were changed. Mean turbidity and color 
removal efficiencies were drawn against pH and 
temperature with levels and shown in Figure 4. 

 

               
 

Figure 4: Main effects plot for turbidity and color removal. 

 
As can be seen from the figure, pH and temperature 
have various effects since the variation in factor 
levels from low to middle range caused increase in 
turbidity and color removal efficiencies while a 
significant decrease is observed in the middle – high 
factor levels range. 

 
Single interaction plots for two factors were plotted. 
An interaction plot is a plot of means for each level 
of a factor with the level of a second factor held 

constant. Interaction is present when the response 
at a factor level depends upon the levels of other 
factors. Parallel lines in an interaction plot indicate 
no interaction (Bozoglu et al., 2015). The greater 
the departure of the lines from the parallel state, 
the higher the degree of interaction. However, the 

interaction plot does not indicate statistical 
significance. The interaction of pH and temperature 
was examined in Figure 5. 
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Figure 5: Interaction plot for turbidity and color removal. 
 

The two-factor interaction of pH and temperature 
was observed for both turbidity and color removal 
cases. If low and high levels of factors were 

compared only, the results would be elusory. 

Although midpoint experiments indicated the 
interaction between factors, it could not be detected 
by experiments at low and high range for turbidity 
removal. The highest mean removal was reached at 
22.5 °C and pH 7.5 while the lowest mean removal 
was obtained at 22.5 °C and pH 12.45. 

 
The optimal condition giving maximum turbidity and 
color removal was determined by evaluating 

obtained models in Minitab 17 and reported as 6.45 

for pH and 23.25 oC for temperature. The surface 
response and contour plots of the reduced quadratic 
models for turbidity and color removal varying with 
temperature and pH are shown in Figure 6 and 7, 
respectively. 

 

 
 

 
Figure 6: Surface and contour plot for turbidity removal as a function of temperature and pH. 

 

 
 

 
Figure 7: Surface and contour plot for color removal as a function of temperature and pH. 
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3.2. Effect of Process Controlled Operation 
on Treatment Performance 

The conventional PID feedback control is the most 
frequently applied feedback control strategy 
because of its robustness, ease of operation and the 
lack of specified process knowledge required for the 

controller designs (Camcıoğlu et al., 2017). Real 
time experimental MIMO control of conductivity, 
temperature and pH under constant current 
conditions are performed using Simulink™ based 
digital MIMO PID controllers designed in our 
previous study (Camcioglu et al., 2017b). 

Algorithms are adapted to a designed real time 
Simulink™ model which has the ability to transfer 

real time data of input measurement signals from 
conductivity, temperature and pH sensors to 
designed controller and calculated controller output 
signals to supporting electrolyte, acid and base 

pumps and cooling water valve simultaneously. 
Conductivity, temperature and pH are selected as 
controlled variables; cooling water, supporting 
electrolyte, acid and base flow-rate are selected as 
manipulated variables. PID parameters of 
controllers are given in Table 5.  

 

Table 5: PID parameters of controllers. 
 

 
Controller 

Parameters 

Proportional Integral Derivative 

Conductivity 5 0.05 0.01 

Temperature 48 0.5 0.01 

pH (Acid) 1000 0.05 0.01 

pH (Base) 1 0.06 0.04 

 

In order to determine the effect of constant 
conductivity, pH and temperature on removal 
efficiencies and power consumption during 
electrocoagulation treatment, experiments were 
performed under controlled and uncontrolled 
conditions using optimum pH and temperature 

values and the results were compared in terms of 
turbidity and color removal. Initial values of pH and 

temperature were set to 6.45 and 23.24 ℃ 

respectively at natural wastewater conductivity in 
both uncontrolled and controlled electrocoagulation 
studies. Variation of pH and temperature under 
uncontrolled and controlled conditions are 
presented in Figures 8 and 9, respectively. 

 

 
 

Figure 8: Variation of operating conditions with time for uncontrolled case. 
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Figure 9: Variation of operating conditions with time for controlled case. 
 

Removal of turbidity and color by time were investigated for uncontrolled and controlled cases at the 
optimum operating conditions and the results were given in Figure 10.  
 

 
 

Figure 10: Removal of turbidity and color for uncontrolled and controlled cases. 
 

Results show that 10 minute batch process 
operation is sufficient for complete removal of 
turbidity and color under controlled conditions. 

Power consumption of uncontrolled and controlled 
cases are calculated as 26.14 kWh/m3 and 19.53 
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conductivity control leads to a 25.3% power 

consumption reduction. Treatment results of pulp 
and paper mill wastewater by means of 

electrocoagulation for 45 minutes under optimum 

operating conditions are given below in Table 6. 

 
Table 6: Effluent removal results. 

 

Treatment 
COD 
removal 
(%) 

TSS removal 
(%) 

Turbidity 
removal 
(%) 

Color 
removal 
(%) 

SO4
2- 

removal 
(%) 

Cl- 
removal 
(%) 

Controlled 34.47 98.06 99.80 99.93 13.40 - 
Uncontrolled 23.55 95.09 95.74 97.04 10.23 9.84 

 
Experimental results, throughout the present study, 
have shown that MIMO control of conductivity, pH 
and temperature increased removal efficiency of 
COD, TSS, turbidity, color and SO4

2- compared with 
uncontrolled condition. Besides less power 

consumption is required for a higher effluent 
removal. Cl- removal cannot be achieved under 
controlled conditions due to supporting electrolyte 

addition for conductivity control.  
 
4. CONCLUSION 

 
Removal of COD, TSS, turbidity, color and SO4

2- 
from pulp and paper mill wastewater is successfully 

achieved in a batch electrocoagulation reactor. 
Operating parameters of process were selected as 
conductivity, pH and temperature respectively. It is 
observed that under uncontrolled conditions 
conductivity was dropped 0.28 mS/cm, pH was 
increased 2.10 units and temperature was increased 

28.39 oC during 45 min process. Results show that 
87.9% turbidity and 82.9% color removal is 
achieved in 10 minutes of process operation under 
uncontrolled conditions. Removal percentages are 
increased as 7.8 and 14.1% for turbidity and color, 

respectively. Power consumption is reduced by 
25.3% under controlled conditions. The highest 

removal percentages are obtained under controlled 
operating conditions as 98.5% and 98.3% for 
turbidity and color, respectively, for 5 minutes of 
operation. Under controlled optimum operating 
conditions, COD, TSS, turbidity, color and SO4

2- 
removal is increased by 10.92, 2.97, 4.06, 2.89, 
3.17, respectively for 45 minutes of process 

operation in comparison with uncontrolled 
operation. It is concluded that optimum process 
operation for removal of turbidity and color of pulp 
and paper mill wastewater is obtained under 
constant 6.45 pH, 23.24 oC temperature, 1.78 
mS/cm conductivity and 5 minutes time. 
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Abstract: In this study, Response surface methodology (RSM) and innovative Group Method of Data Handling 
(GMDH) approaches are applied to investigate the optimal process conditions of Zinc Chloride activated cashew 

nut production process. The effects of activation conditions (i.e. activation temperature, activation time, and 
impregnation ratio) on the achievable BET surface areas were studied with the aid of Box Behnken Design (BBD) 
and GMDH. Comparative analysis of RSM and GMDH-type neural models were further researched. During the 
process, the polynomial model equations developed were modified and fine-tuned to predict the highest BET 
surface area(s) using regression analysis and GMDH multi-layered iterative algorithm (MIA). Analysis of Variance 
(ANOVA) revealed that the significant factor(s) were impregnation ratio, impregnation ratio product and the 2-
way interactions (activation temperature and impregnation ratio) for ZnCl2 activated cashew nut shell. The best 

activation conditions for producing highest BET surface area of 504 m2.g-1 was activation temperature (873K), 
activation time (60 min), and impregnation ratio (1.50).The proposed GMDH-type BET model was ascertained to 
be the best model with average correlation coefficient (R) and root mean square error (RMSE) of 0.925 & 32.0 
respectively. Sensitivity analysis conducted for GMDH-type neural network also revealed that the activation 

temperature and activation time with sensitivity values of 90.6% and 74.1% respectively were the most influential 
parameters in the basic (ZnCl2) activation process. The results of this study show that RSM and GMDH-type 
neural network could be applied as effective analytical tools for optimizing the ZCNS manufacturing process. 
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1. INTRODUCTION 
 

Industrial activities are major sources of effluent 
discharges into rivers, water bodies, streams and 
reservoirs causing serious environmental pollution 
(Howard et al., 1986). Many industries including iron 
and steel, battery manufacturing, mining, 
petrochemicals/refineries, tanneries, microelectronics, 
non-ferrous metals, textile & leather, breweries, metal 

processing, pharmaceutical, photographic, glassware,  
electroplating, paints, pulp & paper, pesticides 
manufacturing, dyeing, breweries, ceramics and 
chemical manufacturing generate significant volumes 

of effluent containing pollutants like biodegradable 
organics, cyanide, dissolved inorganic solids, 

suspended solids, phenols, chlorinated organic 
compounds, refractory organics, mineral oil, 
polychlorinated biphenyls (PCBs), dyes and heavy 
metals (Shi, 2009; Dawei, 2012; Ajemba, 2014; 
Kulkarni et al., 2014). Heavy metals are metals with 
molecular weight in the range of 63.5 to 200.6 and 
density greater than 5 g.cm-3 (Wang, 2011). Toxic 

heavy metals such as lead, chromium, mercury, 
arsenic & nickel are considered as major pollutants of 
great environmental significance (Wang., 2011; Singh 
et al., 2011). Wastewaters contaminated with toxic 
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heavy metals ions require exhaustive treatment in 

order to remove the toxic metal ions down to minimal 

(trace) outlet concentrations before discharge into 
receiving water bodies for economic and environmental 
reasons (Okiy, 2006).  
 
Numerous conventional separation techniques exist for 
the removal of toxic heavy metals from aqueous 

solutions/wastewater and these include adsorption, 
chemical precipitation, freeze crystallization, gamma 
irradiation, foam flotation, ultrafiltration, ozonation, 
vapour recovery, reverse osmosis, membrane 
separation, solvent extraction, ion exchange, 
electrodialysis, coagulation, evaporation, 

nanofiltration, flocculation, electrochemical process 
and biosorption methods. Whilst some of these 
treatment technologies have proven successful for 

treatment of heavy metal-contaminated wastewater, 
other methods have a number of downsides limiting 
their use such as fouling, high capital, and operational 
costs as well as the generation of bulk quantities of 

chemical sludge requiring proper disposal into the 
environment (Demirbas, 2008; Nwabanne and Okoye., 
2013; Srivastava et al., 2015; Malik et al., 2016). Amid 
these, adsorption method is considered as an excellent 
option and is widely utilized for the treatment of 
effluent emanating from chemical industries (Akinbiyi, 
2000; Xu et al., 2013). Activated carbon (AC) is the 

adsorbent of choice worldwide due to its high efficiency 
and versatility for adsorbing different pollutants 
present in municipal and industrial wastewater (Gupta 
et al., 2009; Malik et al., 2016). However, the price of 
commercial activated carbons normally produced from 

naturally occurring raw materials (precursors) such as 

lignite, peat, wood, petroleum residues, anthracite, 
and coal varies from 0.8 to 10 Euros per kilogram 
depending on process type and the activation method 
utilized (Stavropoulos and Zabaniotou, 2009). In order 
to reduce these exorbitant material costs, there is need 
for concerted efforts to be directed towards production 
of low-cost activated carbons from agro-wastes such 

as cashew nut shells. 
 
Cashew nut (Anarcadium occidentale L.) is 
predominantly found in Asian, African, and Latin 
American countries such as Vietnam, India, Tanzania, 
Cote d’Ivoire, Nigeria, and Brazil. Nigeria is the world’s 
second largest producer of cashew nuts with an annual 

production of 836,500 Metric Tonnes (Adeigbe et al., 
2015). Cashew nuts are commonly eaten as a snack 
and utilized in preparation of meals, desserts, and 
confectioneries. Nigeria is also a major exporter of 
cashew nuts, with a significant portion of the produce 
being sold to international markets. In fact, Nigeria is 

one of the largest producers and exporters of cashew 
nuts in the world. The export market provides income 
opportunities for farmers and contributes about 24 
billion naira to Nigeria's foreign exchange earnings. 
Nigeria is a major consumer of cashew nuts, both for 
domestic consumption and as an ingredient in various 
dishes (Adeigbe et al., 2015). Cashew nut shells are a 

byproduct of cashew processing and are typically 

discarded. The waste shells are hard and contain a 

toxic resin called cardol, which can cause skin irritation 

and other health issues if handled improperly. 
Improper disposal of the shells can lead to land and 
water pollution, as well as create breeding grounds for 
insects and pests. Thus, the proper disposal and 
management of cashew nut shells is a major area of 
environmental concern in Nigeria that requires 

attention and sustainable solutions. Efforts have been 
made to find alternative uses for cashew nut shells to 
mitigate these disposal challenges. For example, some 
companies and entrepreneurs have explored the 
utilization of cashew nut shells for energy generation, 
production of industrial materials like adhesives, or 

conversion into animal feed and organic fertilizers 
(Ademola et al., 2021). However, the scale of these 
initiatives is relatively limited. Hitherto, few studies 

utilizing cashew nut shells for the production of 
activated carbons have been conducted in the past. In 
this study, cashew nut shell was chosen for the 
production of activated carbon.  

 
According to Dyk (2000), the predominant 
characteristic for classifying activated carbons 
industrially is BET surface area. The manufacture of 
activated carbon is also affected by several process 
variables (factors) including activation temperature, 
impregnation ratio, and activation time (Essa et al., 

2013). The classical approach in dealing with many 
factors is the one factor at a time (OFAT) 
experimentation. This method entails studying the 
effect of each parameter on the response of interest by 
successively varying each parameter within a specified 

ambit, while maintaining the other parameters 

constant at the zero (median) level (Elibol, 2002). 
OFAT is painstakingly tedious and does not provide any 
information on the interaction (combined) effects of the 
process variables (factors) (Onu et al., 2021). Instead 
of considering each factor in isolation, it is also possible 
to combine the series of independent studies into one 
study.  

 
Response Surface Methodology (RSM) is a useful tool 
for studying the interaction of two or more parameters 
(factors) on a response. RSM is a compendium of 
mathematical and statistical techniques used for 
process development, upgrading and optimization. 
RSM approach encompasses four major stages (i) the 

design and conduction of experiments for measuring 
the studied response (ii) response surface modeling via 
non-linear model fitting over experimental data (iii) 
visualization of the interactive and main effects of the 
independent variables on the studied response via two-
dimensional (2-D) & three-dimensional (3-D) plots 

and, (iii) process optimization (Essa et al., 2013). A 
major benefit of RSM is the minimal material costs and 
less number of experimental runs needed to assess 
main and interaction effects of several parameters for 
the system under consideration (Montgomery, 2017). 
Interaction effects of the various factors could be 
attained using RSM with design of experiments (DoE). 

Box Behnken design (BBD) is one of the more 
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established statistical experimental designs for RSM 

modeling (Okewale et al., 2015). BBD comprises of the 

factorial 2k level designs and incomplete block designs 
with a number of core factorial runs in the design (nF), 
number of experimental runs at the high and/or low 
values of the factors in the design (ni) and the number 
of runs at the centre (median) point values of the 
factors in the design (n0) (Okewale et al., 2015). The 

BBD design is more suitable when the number of 
factor(s) is between 3 and 4, as minimal numbers of 
experimental runs are needed for optimal response 
(Ozer et al., 2009; Montgomery., 2017). However, 
statistical methods such as RSM are difficult to 
implement for modeling complex and non-linear real-

world problems. Unlike statistical approaches, other 
data driven models such as artificial neural network 
(ANN) feature exceptional ability to handle complex 

(noisy) non-linear problems (Palani et al., 2009; Nkurlu 
et al., 2020). Nonetheless, there are a number of 
drawbacks associated with standard ANN including 
poor model generalization ability (over-fitting), slow 

trial & error process associated with user-led 

specification of network architecture (i.e hidden layers, 

hidden nodes), and network algorithm convergence at 
local minimum. The group method of data handling 
(GMDH) is an improvement over the ANN technique, 
due to the GMDH algorithm’s self-organizing 
(intelligent) control in identification of optimal network 
structure and process modeling (Li et al., 2017).   

 
Group method of data handling (GMDH) is a grouping 
of mathematical modeling and non-linear regression 
algorithms (polynomial neural networks) for 
computational-based modeling of experimental 
dataset(s) characterised by fully automatic 

determination of model structure, hidden nodes, 
number of hidden levels and parametric model 
optimization (Madala & Ivakhneko., 1994; Voss., 

2002). Complex non-linear systems with several inputs 
and one output are modeled with GMDH employing the 
Kolmogarov-Gabor polynominal given as:

 
   

Y =  a0 + ∑ ai

m

i=1

xi  + ∑ ∑ aijxixj  +  ∑ ∑ ∑ aijk

n

i=1

xixjxk …

m

j=1

m

i=1

m

j=1

m

i=1

 
   

(Eq. 1) 

 

The GMDH method was initially proposed in 1968 at the 
Institute of Cybernetics, Kyiv by an Ukrainian scientist 
and mathematician named Professor Alexey 
Grigorevich Ivakhnenko (Stanley, 1981). The GMDH 
analysis protocol is based on an amalgamation of (1) 
the neural approach which uses the threshold logic 

(selection criterion) & network connectionism and, (2) 

the black box concept, which examines non-linear 
input-output variable relationships (Nkurlu et al., 
2020). The external criterion describes the 
requirements for selection of a model of optimal 
complexity that unravels the hidden law from input 
data. Whilst, network connectionism defines the 

mapping accuracy of the region between input and 
output dataset(s)(Li et al., 2017).  
 
GMDH-type neural network is computationally faster, 
circumvents over-fitting problems, objectively selects 
the optimum model, and eliminates the slow trial & 
error process of optimal algorithmic (i.e number of 

hidden layers, neurons) parameters selection required 

for efficient neural network design (Nkurlu et al., 
2020). The novel GMDH has never been utilized before 
for process modeling and optimization in the field of 
engineering. This marks the first time that GMDH is 
applied to model a chemical process such as the 
production of activated carbon from cashew nutshell 

(CNS) with chemical (ZnCl2) activation. In this present 
study, RSM (BBD) and GMDH methods will be 
employed to analyze the alkaline CNS activation 
process and predict the maximum BET surface area of 
ZnCl2-activated cashew nut shell (CNS). 
 
Therefore, this work aims to (i) explore the preparation 

of activated carbons from cashew nut shells with 

chemical (ZnCl2) activation (ii) select optimal CNS 
activated carbons with maximum BET surface areas 
based on RSM (BBD) design (iii) utilise GMDH 
technique for optimizing the manufacture of ZnCl2 
activated CNS under different preparation conditions of 
impregnation ration, time, and activation temperature 

(iv) comparatively analyse the ZnCl2-activated CNS 

production process using BBD with the RSM approach 
and a GMDH-type neural network to determine the 
optimal conditions for maximum achievable BET 
surface area. 
 
2. MATERIALS AND METHODS 

 
2.1. Adsorbent preparation 
The raw cashew nut shells were procured from Eke-
Awka market at Awka South Local Government Area, 
Anambra State in the Eastern part of Nigeria (N: 60 13’ 
8”; E: 70 5’ 13”). Chemical activation of cashew nut shell 
sample with Zinc chloride as reagent was performed 

according to the chemical activation procedure 

reported by Senthil Kumar et al., (2012) and 
Subramaniam & Ponnusamy, (2015) with minor 
modification. The experimental procedure for 
producing the cashew nut shell activated carbon is 
presented in Figure 1. 300 grams of raw cashew nut 
shell sample was pre-treated by washing with 5000 

grams of distilled water and 3945 grams of ethanol to 
remove dirt and other soluble impurities. 
Consequently, the washed avocado pear seed samples 
were dried in a Mermmert oven at a temperature of 
343K for 24 hours. Then, the dried cashew nut shell 
samples were ground into fine particles utilising a 
Jencod grinding machine and sieved using a standard 

Taylor Sieve with mesh size of 300 µm. 300g of cashew 
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nut shell sample was then carbonised at a 973K for 2 

hours. Thereafter, 300 grams of carbonised cashew nut 

shell was mixed with 88.4 grams of 30% Zinc chloride 
reagent according to the impregnation ratios (0.5:1, 
1:1, and 1.5:1) for 2 hours and heated in a Mermmert 
oven at 378K for 24 hours. The dried zinc chloride 
impregnated cashew nut shell was then thermally 
activated in a Muffle furnace at different activation 

temperatures (873K, 1023K,  and 1173K) and times 
(60, 90, and 120 minutes). The ZnCl2 treated sample 
was cooled, and repeatedly washed to remove 
disorganised carbon, products of decomposition and 

traces of sulphuric acid. The activated carbon samples 

were also transferred to a beaker containing 250 ml 

solution of HCl (about 0.1mol) for 1 hour and washed 
again with distilled water till a pH of 6-7 is achieved. 
The washed activated carbon sample was filtered with 
Whatman No.1 filter paper and dried in a Mermmert 
oven at 353K for 3 hours before usage. Textural 
characterisation of the Zinc chloride activated carbon 

sample was performed using a Quantachrome 
NOVA4200e BET Analyzer (Anton-Paar GmbH, Austria) 
to determine the texture feature (BET surface area).

 
 

 
 

Figure 1: Flowchart showing the method of producing Zinc chloride activated carbon from cashew nut shells. 
 
2.1.1. Design of experiment (DOE) for APS activation 
by BBD modeling 
Box Behnken (BBD) design was chosen for accurate 
and precise experimental data collection in only few 

runs to allow for adequate approximation of the 
response surface (Montgomery, 2017). The effect of 
independent variables (activation temperature, time 

and impregnation ratio) on the production of optimal 
APS activated carbons with highest achievable BET 
surface area (response variable) was studied using Box 

Behnken (BBD) design. The lower and upper limits of 
the independent variables (factors) chosen for the BBD 
are shown in Table 1.  
 

The ranges of the independent variables were chosen 
based on literature reviews and prior studies (Essa et 
al., 2013; Buasri et al., 2023). For the BBD design, the 

total number of experimental runs was determined 
using Eq. (2) (Melvin et al., 2015). 

 
N = K2 + K + +CP Eq. (2) 

 
Where, N is the number of experimental runs, CP is the 

replicate number of the central point, and K is the 
factor number.  
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Table 1: Independent Variables and Their Levels for Box Behnken Experimental design. 

 

Independent Variable(s) Range and Level 

-1 0 +1 

Activation temperature (A, 
0C) 

600 750 900 

Activation time (B, min) 60 90 120 

Impregnation ratio (C, 
Activating agent: raw 

material) 

0.5 1.0 1.5 

 
To improve the effectiveness of the BBD design and 
minimize random errors, the factorial and incomplete 
block (IBD) experimental runs were performed in 

triplets. In accordant with 9 centre (null) points, 

leading to a total of 54 experimental runs were utilized 
in the response surface methodology (RSM) analysis. 
The factorial points gave an equal variation of the high 
and low values, while the null points gave the estimate 
of experimental error and ensured reproducibility of the 
data (Essa et al., 2013; Onu et al., 2021).  

 
The Behnken design is an orthogonal design, with 
values of the experimental factors (points) at the 
midpoint of the edges and the centre of a multi-
dimensional sphere defining the experimental domain 
(Douglas and Montgomery, 2007; Anderson and 
Whitcomb., 2016). Box Behnken Experimental Design 

being of spherical (cubic) design, the independent 

variables were coded for low, medium, and high 
settings, as -1, 0, and +1 and uniformly spaced 
(Douglas and Montgomery, 2007) as afore-presented 

in Table 1.  

 
The statistical analysis was carried out using Design 
Expert Software version 13 (STAT-EASE Inc, USA) to 
predict the response of the studied system. The fifteen 
(15) experimental runs were performed in a random 
manner to avert systematic error. The analysis of 

variance (ANOVA) test was also used to evaluate the 
accuracy of the approximating polynomial model.  
 
Furthermore, the reduction empirical model utilized in 
describing the ZnCl2–CNS fabrication process is 
represented by the ensuing second-order 
approximating polynomial model equation, in terms of 

coded factors:
 

 

Y =  b0 + ∑ bi

n

i=1

Xi  +  ∑ bii Xi
2

n

i=1

 + ∑ ∑ bi,jXiXj  +  E

n

i=2

n−1

i=1

 
Eq. (3) 

 
Where, Y is the predicted dependent variable, b0 is the 
constant coefficient (intercept), n is the number of 
patterns, bi, bij, and bii are the regression coefficients 

of the linear, and interaction terms respectively, Xi, and 
Xj are the independent factors studied, i, and j are 
index numbers, and E is the error term. 
 
2.1.2. GMDH-type neural network 
 

GMDH-type neural network is structured as a feed-
forward neural network with multi-layered bi-nodal 
polynomial activation function(s) as depicted in Figure 

2. GMDH can be presumed to be a polynomial network 
(Ayoub et al., 2019). The GMDH analysis protocol 
harnesses the benefits of multi-layered neural 
networks and self-organizing ability to select the 
intrinsic affiliation(s) between input data and network 
(output) predictions. 
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Figure 2: Schematic diagram of GMDH algorithm (Adapted from Li et al., 2017 p.9). 
 
In Figure 2, xi is the initial input variable, yi(k) is the 
output of the partial polynomials. G is the partial 
polynomials with quadratic polynomial for each two 
input variables. The partial polynomials are obtained by 
fitting the input data. xi(k) is the mediator, filtered by 

each layer criteria from yi(k), used as the input variable 
in the subsequent layer (Li et al., 2017). 
 
During GMDH network design, the input dataset is split 

into training and test dataset(s). The training data is 
utilised to estimate the coefficients of the polynomial 

model, and the test data to choose the optimum model 
structure. The least squares minimization method is 
then applied to determine the polynomial coefficients 
for each of the nodal models. When all the possible 
outputs have been calculated, the estimated values of 
the neurons are crosschecked against the test data. 
The neurons whose mean-square-errors (MSE) are 

below the threshold (external criterion) were selected 
and the neuron with the smallest mean-square-error 
attained (minMSE1) also retained. The retained nodes 
are combined together to provide another set of inputs 
into the succeeding layer. The new layer’s nodes are 
checked for compliance with the external criterion 

(MSE). The neurons with acceptable measure of fit are 

kept and the remaining neurons disposed. The best 
neurons are combined and assigned to nodes in the 
subsequent layer. Thereafter, the neurons estimated 
values are checked against test data to evaluate 
measure of fit and the process is continued iteratively 
until the optimal output node with smallest MSE 

achieved is selected. The quadratic polynomial 
connected to the optimal neuron is the non-physical 
model of the system (Voss, 2002; Nkurlu et al., 2020).  

 
The experimental data collected for GMDH analysis was 
a statistic of evaluated BET surface areas for CNS 
activated carbon produced under different alkaline 
activation conditions. To improve GMDH modeling, the 

experimental dataset(s) were quadrupled to give a 
total of sixty (60) data-points (Onu et al., 2021), which 
were utilized in the GMDH analysis. The input dataset 
was subdivided into training and testing dataset(s), 

resulting in 51 training points utilized in estimation of 
the nodal polynomial equations, and 9 testing points 

utilized for ascertaining the fitness of the estimated 
polynomial equations in the network model.  
 
The neural model training was carried out using GMDH 
source code which automates the training process. 
 
3. RESULTS 

 
3.1. Response surface modeling of CNS basic 
(ZnCl2) activation process  
 
A total of 54 experimental runs of Box Behnken (BBD) 
design were conducted by using the prepared activated 

carbon samples and the BET surface area(s) were 

measured. The Sequential Model Sum of Squares 
(SMSS) measures the desirability of each model for the 
activation process based on the Sum of Squares (SS) 
value, where appropriateness of the model for the 
process increases as the SS value increases (See Table 
2). Consequently, the quadratic model was suggested 

by Design Expert Software for optimizing the 
achievable BET surface areas of produced ZnCl2-
activated carbon(s). 
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Table 2: Sequential Model Sum of Squares Analysis [Type 1] for ZnCl2 activated cashew nut shell. 

 

Source 
Sum of 
Squares 

df Mean Square F-value p-value  

Mean 
 
5671257.41 

 
1 

 
5671257.41 

   

Linear 
 
62129.44 

 
3 

 
20709.81 

 
3.43 

 
0.024 

 

2FI 
 
81834.17 

 
3 

 
27278.06 

 
5.82 

 
0.00183 

 

Quadratic 
 
153816.44 

 
3 

 
51272.15 

 
33.85 

 
1.69e-11 

 
Suggested 

Cubic 
 
66652.97 

 
3 

 
22217.66 

    

Residual 
 
0 

 
41 

 
0 

   

Total 

 

6035690.43 

 

 
54 

 

111772.05 

   

 
The main and interaction effects were estimated by 
performing the Analysis of Variance (ANOVA). The 
significance probability value (P-value) was utilized to 
determine the model terms that are statistically 

significant. If the P-value is less than 0.05 it is safe to 
conclude that the effect (factor) under consideration is 

significant at the 95% confidence level. The final model 
for the response was obtained by retaining only the 
significant factors (P < 0.05) based on the probability-
test. The results of the ANOVA Analysis for the ZnCl2 

activated carbons are presented in Table 3. 

 
Table 3: ANOVA Analysis for ZnCl2 activated carbon. 

 

Source Sum of 

Squares 

df Mean Square F-value P-value 

Model 2.978E+05 9 33086.67 21.84 < 0.0001 

A-Activation 
temperature 

1968.78 1 1968.78 1.30 0.2604 

B-Activation 
time 

48356.97 1 48356.97 31.92 < 0.0001 

C-Impregnation 
ratio 

8638.04 1 8638.04 5.70 0.0213 

AB 774.51 1 774.51 0.5113 0.4784 

AC 80599.21 1 80599.21 53.21 < 0.0001 

BC 0.2139 1 0.2139 0.0001 0.9906 

A² 79093.85 1 79093.85 52.21 < 0.0001 

B² 432.94 1 432.94 0.2858 0.5956 

C² 58504.03 1 58504.03 38.62 < 0.0001 

Residual 66652.97 44 1514.84 
  

Lack of Fit 66652.97 3 22217.66 
  

Pure Error 0.0000 41 0.0000 
  

Cor Total 3.644E+05 53 
   

 
The estimated response for BET surface area of ZnCl2 
activated cashew nutshell (CNS) is represented by Eq.  
4: 
 

BETArea = -1870.73 + 6.11×A – 3.70×B + 201.59×C + 0.00155×A×B – 0.946×A×C 
+ 0.0086×B×C – 0.0035×A² + 0.00648×B2 + 271×C2 

 

Eq. (4) 

 
From the ANOVA for ZnCl2-CNS presented in Table 3, 
it was observed that the P-value for the response 
surface model was less than 0.05 (p-value < 0.0001). 
This indicates that the second order polynomial model 

is significant at the 95% confidence level. likewise, 
from the ANOVA results shown in Table 4, it can be 
concluded that the linear effects, Activation 
temperature (A), Impregnation ratio (C), the 2-way 
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interactions A*C (Impregnation ratio and Activation 

temperature), and the square effects A*A (Activation 

temperature product), C*C (Impregnation ratio 
product) had a statistically significant effect on the 
response, as all their P-values were not greater than 
0.1 (Montgomery., 2017). On the other hand, the 
linear effect A (Activation temperature), 2-way 
interactions A*B (Activation temperature and 

Activation time), B*C (Activation time and 
Impregnation ratio), and the square effects B*B 

(Activation time product) were found to be insignificant 

as their P-values were greater than 0.1 (Montgomery, 

2017). Consequently, the conclusion can be reached 
that the studied response does not have any correlation 
with a change in these linear or combined independent 
variables i.e. A, A*B, B*C and B*B at specified values 
of the other variables (B&C), C, A, and (A&C) for the 
range of variables examined in Table 3. Therefore, 

eliminating all the insignificant terms, the final model 
is obtained as: 

 

BETArea = -1870.73 – 3.70×B + 201.59×C – 0.946×A×C – 0.0035×A² +  271×C2 

 

Eq. (5) 

 
The results of predicted response and experimental response are shown in Table 4.  
 

Table 4: Model Predicted and Experimental BET Surface area for ZnCl2 -activated CNS. 

 

Point BET Surface 
Area 

(Predicted) 

BET Surface 
Area 

(Actual) 

STD Error 
Fit 

Square 
Residual 

1 297.920 356.52 1.67387 3433.95 

2 299.693 285.53 -0.40455 200.58 

3 202.097 216.26 0.40455 200.58 

4 231.700 173.10 -1.67387 3433.95 

5 223.647 174.60 -1.40100 2405.63 

6 381.285 405.00 0.67741 562.41 

7 400.215 376.50 -0.67741 562.41 

8 273.953 323.00 1.40100 2405.63 

9 428.153 418.60 -0.27310 91.254 

10 345.987 392.50 1.36911 2163.45 

11 462.513 416.00 -1.36911 2163.45 

12 380.863 393.60 0.37312 162.23 

13 330.800 330.80 -0.00000 1.292E-26 

14 330.800 330.80 -0.00000 1.292E-26 

15 330.800 330.80 -0.00000 1.292E-26 

16 297.920 356.52 1.67387 3433.95 

17 299.693 285.53 -0.40455 200.58 

18 202.097 216.26 0.40455 200.58 

19 231.700 173.10 -1.67387 3433.95 

20 223.647 174.60 -1.40100 2405.63 

21 381.285 405.00 0.67741 562.41 

22 400.215 376.50 -0.67741 562.41 

23 273.953 323.00 1.40100 2405.63 

24 428.153 418.60 -0.27310 91.254 

25 345.987 392.50 1.36911 2163.45 

26 462.513 416.00 -1.36911 2163.45 

27 380.863 393.60 0.37312 162.23 

28 330.800 330.80 -0.00000 1.292E-26 

29 330.800 330.80 -0.00000 1.292E-26 

30 330.800 330.80 -0.00000 1.292E-26 

31 297.920 356.52 1.67387 3433.95 

32 299.693 285.53 -0.40455 200.58 

33 202.097 216.26 0.40455 200.58 

34 231.700 173.10 -1.67387 3433.95 

35 223.647 174.60 -1.40100 2405.63 

36 381.285 405.00 0.67741 562.41 

37 400.215 376.50 -0.67741 562.41 

38 273.953 323.00 1.40100 2405.63 
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Point BET Surface 
Area 

(Predicted) 

BET Surface 
Area 

(Actual) 

STD Error 
Fit 

Square 
Residual 

39 428.153 418.60 -0.27310 91.25 

40 345.987 392.50 1.36911 2163.46 

41 462.513 416.00 -1.36911 2163.46 

42 380.863 393.60 0.37312 162.23 

43 330.800 330.80 -0.00000 1.292E-26 

44 330.800 330.80 -0.00000 1.292E-26 

45 330.800 330.80 -0.00000 1.292E-26 

46 297.920 356.52 1.67387 3433.95 

47 299.693 285.53 -0.40455 200.58 

48 202.097 216.26 0.40455 200.58 

49 231.700 173.10 -1.67387 3433.95 

50 223.647 174.60 -1.40100 2405.63 

51 381.285 405.00 0.67741 562.41 

52 400.215 376.50 -0.67741 562.41 

53 273.953 323.00 1.40100 2405.63 

54 428.153 418.60 -0.27310 91.25 

 RMSE= 35.1 

 
The graphical plot of the measured BET surface area against predicted BET surface area is shown in Figure 3. 
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Figure 3: Plot of RSM predicted BET surface area against experimental data. 
 
Figure 3 shows that the data points are un-evenly 

distributed about the 450 line without forming a definite 

pattern, indicating normality in the data values 
(minimum residual errors). Thus, signifying that the 
response surface model is adequate for predicting 
achievable surface area(s) of ZnCl2-activated CNS. The 
high (correlation coefficient) R value of 0.90, confirmed 
that the achievable BET surface area for ZnCl2-CNS 
activation can be predicted satisfactorily by the 

response model.  

 

The normal plot of residuals depicted in Figure 4 was 

also utilised to check if the process data are normally 
distributed. The distribution of data points was similar 
at both the left and right portions of the plot, indicating 
normal distribution of the error residuals. This implies 
that there are no signs of problems with the process 
model or data (Antony, 2003). 
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Figure 4: Normal Probability Plot of Residuals for the ZnCl2 activated CNS. 
 
The statistical significance of the estimated linear 

factors, interactions, and their products on the 
achievable BET surface area (studied response), in 
order of significance is represented by the Pareto 
diagram shown in Figure 5. The vertical (red) line 

indicates the magnitude of the least statistically 

significant effect for a 95% confidence level and the 
corresponding t-test value is equal to 2.015. Any factor 
or its interaction that transcends the vertical line is 
considered significant (Montgomery, 2017). 

 

 
 

Figure 5: The Pareto plot for ZnCl2 activated CNS. 

 
Figure 5 shows that the most influential factors 
influencing the achievable BET surface area of ZnCl2-
activated CNS were the linear effect B (Activation 
time), 2-way interactions A*C (Activation temperature 
and Impregnation ratio), and the square effect C*C 
(Impregnation ratio product). Noteworthy, Prominent 

interactions are integral in attainment of overall 
process optimization.   

 
The three dimensional (3-D) response surface plots 
generated to visualize the relationship between the 
independent variables (activation temperature, time, 
impregnation ratio) and response of interest (BET 
surface area) in terms of main, and interaction effects 

and also facilitate optimization of the ZnCl2 activated 
CNS production process are showcased in Figure 6. 



Okiy, K. V., Nwabanne, J. T. (2024), JOTCSB, 7(1), 25-42.  RESEARCH ARTICLE 

35 

 

Each of the response diagrams were plotted as a 

function of two process variables in their respective 

ranges (-1 to 1), with the third independent variable(s) 

was maintained at median (zero) level. 

 
 

 

  
 

Figure 6: Response surface plots of BET surface area for (a) Impregnation ratio = 1.0 (b) Activation 
time = 90 min, and (c) Activation temperature = 750 0C. 

 

 

From Fig 6a, it is evident that the BET surface area of 
ZnCl2 activated carbon showed a slight decreasing 
trend with increase in activation temperature. 
Likewise, the estimated BET surface area of ZnCl2 
activated carbon showed a decreasing trend with 

increase in activation time. In Figure 6b, the BET 
surface area of ZnCl2 activated carbon showed an 
increasing trend with increase in activation 
temperature, whilst the BET surface area of ZnCl2 

activated carbon initially showed decreasing trend with 
increasing impregnation ratio towards a minimum, and 
subsequently plateaued to a constant level. It is also 

apparent from Figure 6c, that the BET surface area of 

ZnCl2 activated carbon showed a decreasing trend with 
increasing activation time. Whereas, estimated BET 
surface area showed an increasing trend with increase 
in impregnation ratio towards a maximum level. 
Notably, the adsorption capacity of the prepared 

activated carbons is contingent on impregnation ratio, 
which produces additional surface active (binding) sites 
(Marsh and Reinoso, 2006). Consequently, it is 
important that impregnation ratio is considered in 
future optimization studies.  
 
From the statistical optimization, the optimum BET 

surface area attained for ZnCl2 activated CNS was 

c b 

a 
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504m2.g-1 for activation temperature of 873K, 

activation time of 60min, and impregnation ratio of 

1.50 respectively. Lastly, additional experimental 
run(s) using the optimal conditions was carried out, 

and the empirical BET surface area for ZnCl2 activated 

CNS was found to be 492m2.g-1 (See Table 5). These 

results validated the polynomial model explicated with 
RSM. 

 
Table 5: Predicted and Observed Value(s) of BET surface area for ZnCl2 activated CNS utilizing optimal 

activation conditions. 
 

                                Optimal Conditions  BET Surface Area (m2/g) 

No of 
Replicates  

Activation 
Time, min 

Activation 
Temperature, K 

Impregnation 
ratio 

Experimental Predicted 

 
1 

 
60 

 
873 

 
1.50 

 
492 

 
504 

 
 

3.1.2. Modeling of the CNS base (ZnCl2) activation 
process using GMDH 
 
The GMDH-type neural model was implemented in 
MATLAB R2018a version 9.4. The architecture of the 
built GMDH network consists of one input layer, two 

hidden layers, in combination with one output layer as 

shown in Figure 7. A total of two neurons were included 
in the first layer, and one neuron in the second layer of 
the model. After completion of network training using 
the training dataset with three inputs (activation time, 
activation temperature and impregnation ratio), the 
simulated (output) result was checked with the test 

data to determine its computation accuracy.  
 

 
 

Figure 7: Architecture of proposed GMDH-type BET neural network. 
 
The regression plots of training, overall, and evaluation 
are displayed in Figure 8 for the GMDH-type neural 

model. The optimal model for ZCNS activation 
corresponded to correlation coefficient (R) of 0.864 for 
training, and 0.932 for testing yielding an average R 
value of 0.925, indicating strong connection between 

the input values and GMDH-type neural network 
predictions for achievable surface area (Nkurlu et al., 

2020). This finding is also corroborated by the 
relatively low value obtained for the performance 
function (RMSE = 32.0). 
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Figure 8: GMDH Regression plots for (a) overall (b) training, and testing data. 

 
The GMDH-type neural model was further studied by 
comparing the GMDH prediction (outputs) and 

experimental outcomes (targets) for achievable BET 
surface area(s), as depicted in Figure 9. 

 

 
 

Figure 9: Cross-plot of experimental (target) and simulated (output) results for the ZCNS activation process. 
 

 a 

  b 
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From Figure 9, it is lucid that the target (experimental) 

and simulated (output) values match well, as 

confirmed by the moderately low value of the error 
function (RMSE=32.0) hitherto obtained. Hence, the 
GMDH-type neural model was able to successfully map 
the experimental domain, allowing for reasonably 
accurate estimate(s) of intermittent variations in the 
achievable BET surface area(s) of ZCNS. 

 
3.1.3. Comparative Analysis of GMDH-type and RSM 
BET models  

 

The efficiency of the created RSM (BBD) and GMDH-

type BET neural models in predicting the achievable 
BET surface areas were evaluated using standard 
statistical indices-squared loss function and root mean 
squared error (RMSE) as shown in Table 6 (Ayoub et 
al., 2019; Chebii et al., 2022). The performance index-
squared loss function is a good indicator of model 

predictive ability, because it is very sensitive to outliers 
and non-negative (Gokcesu, and Gokcesu., 2023).  

 
 

Table 6: Comparison of GMDH-type and RSM BET models for ZCNS activation process. 

 

 
Run No 

             RSM                        GMDH 

Square Residual Square Residual 

1 3433.95 7747.10 

2 200.58 48.78 

3 200.58 1417.92 

4 3433.95 1655.27 

5 2405.63 1448.49 

6 562.41 417.059 

7 562.41 528.18 

8 2405.63 229.34 

9 
91.25 257.031 

10 
2163.45 65.191 

11 2163.45 0.0767 

12 162.23 10.31 

13 1.29E-26 21.634 

14 1.29E-26 21.634 

15 1.29E-26 21.634 

16 3433.95 7747.10 

17 200.58 48.790 

18 200.58 1417.92 

19 3433.95 1655.27 

20 2405.63 1448.49 

21 562.41 417.06 

22 562.41 528.18 

23 2405.63 229.344 

24 91.25 257.031 

25 2163.45 65.191 

26 2163.45 0.0767 

27 162.23 10.307 

28 1.29E-26 21.634 

29 1.29E-26 21.634 

30 1.29E-26 21.634 

31 3433.95 7747.10 

32 200.58 48.787 

33 200.58 1417.92 

34 3433.95 1655.27 

35 2405.63 1448.49 

36 562.41 417.06 

37 562.41 528.178 

38 2405.63 229.344 

39 91.254 257.031 

40 2163.45 65.191 

41 2163.45 0.0767 

42 162.23 10.307 
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Run No 

             RSM                        GMDH 

Square Residual Square Residual 

43 1.29E-26 21.634 

44 1.29E-26 21.634 

45 1.29E-26 21.634 

46 3433.95 7747.10 

47 200.58 48.79 

48 200.58 1417.92 

49 3433.95 1655.27 

50 2405.63 1448.49 

51 562.41 417.06 

52 562.41 528.178 

53 2405.63 229.344 

54 91.25 257.031 

 RMSE= 35.10 RMSE = 32.0 

 
The RSM and GMDH-type BET models generated 

squared-error residual values ranging from 1.29×10-26 
to 3434, and 7.67×10-2 to 7747 respectively for 
achievable BET surface area(s). The lower value(s) of 
the loss function ascertained for RSM BET model, 
suggests that the RSM BET predictive model performs 
better than GMDH. Consequently, the comparatively 

higher squared-error residual values obtained for 
GMDH, necessitated further error analysis. From Table 
7, Root mean squared error (RMSE) values of 32.0 and 
35.10 respectively were also recorded for the GMDH-
type and RSM BET models. According to Chebii et al., 
(2022), RMSE is a standard statistical index for 
valuating the performance of nonlinear regression 

models. The lower RMSE value ascertained for GMDH, 

confirmed that GMDH model is the more appropriate 
model for predicting the achievable surface area of 
ZCNS. Overall, RSM and GMDH techniques have been 
evidenced to be effective methods for delineating the 
ZnCl2-activated CNS production process. 
 

4. SENSITIVITY ANALYSIS 
 
Sensitivity analysis was carried out to investigate the 
influence of activation parameters (impregnation ratio, 
activation time, & activation temperature) on the 
predicted BET surface experimental data conducted 
utilising Eq. (6) (Nkurlu et al., 2020): 

 

S =
1

N
∑ (

𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡

𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑖𝑛𝑝𝑢𝑡
)

i

N

i=1

× 100 
Eq. (6) 

 
Where N is the total number of experimental runs, i is 
the respective data point, and S is sensitivity value. 
The lower the S value, the less the activation (process) 
variable affected the simulated BET surface area value. 

Contrariwise, the higher the S value, the greater the 
input activation variable influences the simulated BET 
surface area of ZCNS (Nkurlu et al., 2020).  

 

 
 

Figure 10: Effect of GMDH input variables on ZnCl2-CNS activation process. 
 
From Figure 10, both activation temperature and time 
had more significant impact on GMDH BET predictive 

model than impregnation ratio with S values of 90.6% 
and 74.1% respectively. The low S value of 36.9% 

obtained for impregnation ratio signifies that this input 
had little effect on the BET surface area prediction(s). 

 
5. CONCLUSIONS 
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In this study, Box Behnken design (BBD) of Response 

Surface Methodology (RSM)) and novel Group Method 
of Data Handling (GMDH) approaches were employed 
to optimize the conditions for production of ZCNS with 
high BET surface areas. The RSM and GMDH-type 
neural models obtained via regression analysis and 
multi-layered iterative algorithm (MIA) respectively, 

predicted the response of interest ((BET surface area) 
fairly accurately. The highest BET surface area for 
ZCNS obtained from RSM optimisation was estimated 
to be 504 m2.g-1 attained at optimal process conditions 
of activation time (60 min), impregnation ratio (1.50), 
and activation temperature (873K). The optimal 

GMDH-type BET model was identified to consist of 3 
input variables, and 2 hidden layer(s) having two and 
one neuron(s) respectively. The root mean square 

error (RMSE) and correlation coefficient (R) were 
chosen as statistical indices for evaluating the 
predictive models performance. With the least RMSE 
(32.0), and highest correlation coefficient (0.925), The 

GMDH-type BET model proved to be better compared 
to the RSM model. These findings confirmed that 
GMDH-type BET model has the best analytical 
performance. Lastly, the sensitivity analysis outcome 
unveiled that activation temperature and activation 
time had a predominant influence on the performance 
of the GMDH-type BET neural model. 
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Abstract: The packaging industry as a pioneer in waste production is looking for environmentally friendly 
and green solutions in these days. These factors are driving the development of packaging and forcing the 
industry to invest in research and development to make flexible packaging more sustainable than the 
existing packaging options. In this review, the factors of main ingredient’s selection on migration barrier 
properties have been investigated within the new designed heat-sealing lacquer. The new heat-sealing 
lacquer design has been carried out, which will ensure thermal sealing in Aluminum/Pet Blister Packaging 

structure, suitable for direct contact food, and at the same time prevent the migration of printed ink to the 
secondary packaging layer, Pet film side. Because of laboratory tests, the effects and results of heat-sealing 
lacquer formulations have been assessed and prevented the negative ink migration tendencies in existing 
heat-seal lacquers for blister packaging structure. That would be possible to use the obtained PET film by 
recycling processes as a green solution to flexible packaging sector. In this way, Pet films can be separated 
and used in recycling processes when blister packaging printed with new designed heat-sealing lacquer. 
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1. INTRODUCTION 
 
In our daily lives, flexible packaging plays an 
important role in the preservation, storage, 
distribution and marketing of food and derivatives. 

Packaging materials as a principal function is to 
keep food safe. It protects food from any damage 
during the transfer to consumer. The other 

important function is to attract the consumer's 
attention. Therefore, the design of packaging and 
the inks that are applied on packaging are important 
phenomena on the perspectives of marketing. 

Therefore, the widespread use of plastic based, 
flexible packaging materials have caused about the 
waste problem for environment in the last 50 years 
(TurkChem, 2020). Turkish Plastics Industry 
published a report on Turkey’s environment issues 
in 2020, report is pointing to 9.54 million tons of 

plastic are produced in Turkey market in a year. 
Packaging material wastes constitute 41.9% by 
weight of the plastic consumed plastic amount 
(Plastics Industry Report, 2020). Despite this high 
rate, just 4.46% of these consumed plastic wastes 

can be collected in our country for recycling 
(Pagder, 2020). Based on literature survey and on 
author’s knowledge at the situation in the world, the 

market research shows that 146 million tons 
thousand tons of plastic packaging is consumed to 
waste in world in 2015. Against that huge 

consumption, only approximately 29.2 million tons 
of this is collected for recycling in 2016 (Ritchie, 
2018).  
 

Figure 1 shows that packaging wastes are dominant 
for the waste generation globally accounting for 47 
percent between 2015 and 2021. The other sectors 
are others, textile, personal care, storage wastes, 
construction, and electrical equipment, 
respectively. Figure 2 represents the waste 

management percentages in world again between 
years 2015 and 2021.  It can be understood that 
only 19% of these collected packaging wastes are 
managed as suitable for recycling. A large portion of 

https://doi.org/10.58692/jotcsb.1404932
mailto:canan.uraz@ege.edu.tr
https://dergipark.org.tr/jotcsb
http://www.turchemsoc.org
https://orcid.org/0000-0001-6263-1017
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these wastes is going to landfilling or the natural 

environment and incineration (Ritchie, 2018). 

  

 
 

Figure 1: Waste generation in world between 2015 and 2021(Ritchie, 2018) 
 

 
Figure 2: Waste management in world between 2015 and 2021 (Ritchie, 2021) 

 

So that, recycling of these packaging wastes is a 
necessity. The increasing awareness of 
environmental protection and economic 
consideration direct us to regain these values, which 
are classified as a waste. These waste materials are 
our valuable raw materials stocks and energy 

stocks, which can be recyclable.  
 
The packaging industry is seeking for innovative 
environmental solutions to avoid depleting raw 
material reserves. The environmental pollution can 
be decreased by the help of new environmentally 
designs for packaging sector. The main result of that 

small amount of recycling rate can cause the 
impurities on consumed packaging materials. 
However, the inks and paints applied on packaging 
materials cause a migration that pollutes flexible 

packaging materials. As a result, consumed 
packaging material will not be suitable for recycling 
processes due to stain and impurities on it. A study 

by Pinter et al. also showed that contamination 
issues affect the quality of the recycled material in 
terms of opacity and densitometric color properties. 
Blushing and staining by any ink are considered as 
unrequested parameters for mechanical recycling. 
Because of these impurities in recycling processes, 

the recycling rates and repetition are reducing. 
Today, PET packages constitute the biggest 
consumption amount plastic wastes. Therefore, 
blister packaging has experienced noticeable growth 
over the past years. The blister packaging market 

was valued at USD 21.3 billion in 2020. Blister 
Packaging is projected to be worth USD 38.17 billion 
by 2027. The compound annual growth rate (CAGR) 
of 7.2% during the forecast period (2021 - 2027) 
(Blister Packaging Market Report, 2021). Thereof, 
recycling of PET wastes has become an important 

phenomenon because of increasing awareness of 
environmental protection, economic requirements, 
and raw material depletions. According to market 
research and available data, we can understand that 
PET is one of the most common thermoplastic 
polymers for packaging industry. Again, in 2021, 
Pinter et al, considered that PET would be the most 

recyclable food-packaging plastic. The use of this 
material is expected to increase. The reason behind 
is to ability of absorption of post-consumer 
contaminations at lower levels, when we evaluate 

with other plastics like polyethylene and 
polypropylene. That chemical characteristic of PET 
makes it more acceptable for the recycling process 

in terms of high recycling rate and percent of usage 
values (Pudack et al., 2019). 
 
These huge consumptions and forecast amounts 
again direct us to the necessity of recycling. The 
widespread use, chemical and commercial 

properties need to be evaluated in terms of the 
environment. Therefore, every product that is 
placed on the market should include some thought 
to its end-of-life and how its associated packaging 
will be disposed of and recycled. The biggest 
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parameter preventing this recycling of PET is that 

the material is contaminated with ink.  

 
The aim of this study is to design a heat-sealing 
lacquer, which will prevent contamination of ink to 
PET material used in blister packaging. The new 
heat-sealing lacquer design prevents the transfer of 

ink to secondary substrate, PET material after 
sealing. The migration of ink from aluminum 
material to PET film because of the heat-sealing 
process. The newly designed formulation of heat-
sealing lacquer prevents ink migration that pollutes 
flexible packaging materials. With the help of a new 
design heat-sealing lacquer, the obtained PET film 

after separation processes can be suitable to 
reprocess in recycling processes for sustainability. 
The new heat-sealing lacquer is also designed to 
allow recycling and at the same time, it will be 

suitable for direct food contact (DFC) product 

status. The improved packaging will provide food 

safety and help reduce the carbon footprint by the 
help of recycling of packaging material. Thereby, 
significantly contributing to the sustainability of the 
recycling of PET can be available. 
 

2. EXPERIMENTAL SECTION 

 
2.1. Packaging Materials 
The blister packs are combined with two different 
films. The primary material is aluminum film which 
the design to be printed with ink and the secondary 
(other) material is PET film. Both materials are 
adhered with thermally to create blister packaging 
(Allen, 2010).  

 
Figure 3: Blister Packaging Structure.  

 
The heat-sealing lacquer and the printing ink are 

two main components that accompany these two 
major layers. The first component ink supply 
packaging's visual design, aesthetic, and instructive 

aspects. Another component, heat-sealing lacquer 
is applied for giving adhesion between the two 
halves of the blister. Figure 3 shows the direction of 
heat seal lacquer application side and structure of 

the blister packaging. Heat seal lacquer applied on 
the primary material, which is aluminum foil on the 
top of ink printed designs. This application provides 
sealing between primary material and the 
secondary material, which is PET film by the help of 
heat-sealing lacquer. Sealing of flexible packaging 

film can be closed by the most common method 
which has been done by seal bar (seal jaw) sealing 
in the food industry (Ilhan et al., 2021). 
 

2.2. Methods 

After detailed literature and market research related 
the DFC HSL groups done, the formulations of heat-
sealant lacquer have been developed with various 

resin groups belongs to variable producer which 
learnt form literate survey and old experiences on 
heat-sealing lacquers. The heat-sealing lacquer 
designed in this study prevents the migration of ink 

to the PET film while providing thermal sealing in 
blister packaging applications with the help of 
compatible resin and additive selection. Thus, PET 
film is not contaminated and stained with ink. It is 
possible to use the obtained PET film by recycling as 
pure material source again. Therefore, heat-sealing 

lacquer allows excellent thermal sealing of used 
materials. Therefore, as a primary packaging level 
based on the product's proximity and intended 
usage of blister packs are in direct contact with the 
food products (Lalpuria et al., 2012). 

 

 
Figure 4: Current Heat- Sealing 
Lacquer Applied PE Film. 

 
Figure 5: New Heat- Sealing 

Lacquer Applied PET Film. 
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In Figure 4 shows that when the blister packaging, 

which applied with current heat-sealing lacquer, 

separated, the ink migrates from aluminum material 
to PET. Since the PET film is contaminated with ink, 
it cannot be recycled. However, with the new study, 
as seen in Figure 5, there is no ink contamination 
have been seen on separate PET film. When the PET 

film is separated from the aluminum after the heat-
sealing process, the PET film stays clean which is 
suitable for recycling.  
 
Experimental studies were first named ADHS coding 
system to understand the effect of resin types 
initially. Then, within selected resins, HSL 

formulation studies were followed to heat seal 
formulation roofs to find the best match with the 
desired design parameters. All the test 
measurements were carried out at Sun Chemical 

facilities. 
 
In laboratory tests, the selection of resin types has 

been evaluated according to their following 
fundamental requirements initially. 

➢ Adhesion  
➢ Heat sealing strength 
➢ Ink migration properties on PET, after 

separation of structure 

In all formulations, the solid contents of variable 
resins were set to 25% value for fair consideration 
of resin selections. Out of 28 commonly used resin 
types, 8 of them were chosen according to the 
performances below. The new formulations of heat-
sealing lacquer have been developed with these 
selected resin groups. 

➢ Film-forming properties  

➢ Adhesion 
➢ Sealing strength 
➢ Tear resistance 
➢ Resistance properties (heat, mechanical 

and chemical) 
➢ Solvent release 

➢ Anti-blocking property 

➢ Stability 

 
In addition, non-migratory resin type for protecting 
ink contamination to PET side was the most 
important phenomena for these selections. Extra 
performance and resistance properties that could be 

obtained with the use of more than one resin were 
evaluated. Thus, co-binder usage   was evaluated; 
the compatibility of resins was tested. As a second 
step of study, additive usage in formulations gives 
other wanted properties of formulations. Additives 
alter the lacquer physical properties to boost 
different situations, like enhancing the flexibility of 

the printed film, increasing mechanicals resistance 
such scrub, rub off. Additionally, they can promote 
adhesion, surface properties and other required 
special effects.  

 
Formulation structures that would not cause the 
migration of ink and any ink stain to the PET film 

side after separation of blister pack while providing 
thermal sealing in blister packaging applications 
were tested. 
 
3. RESULTS AND DISCUSSION 

 
3.1. Adhesion Control and Viscosity 

Measurements 

Adhesion as a control parameter is the primary 
requirement as mentioned before for designed 
lacquer. Therefore, the resistance of the coated 
substrate to mechanical and chemical deformations, 
which can cause the removal from that dried, solid 

coated substrate in terms area, were measured for 
that fundamental purpose. Also, for multicoating 

systems, as in that study the term of inter-coating 
adhesion force refers to the resistance of a heat-
sealing lacquer coating layer from the bottom ink 
coating layer.

 
 

Table 1: Viscosity and Dilution Rates of Formulations with Common Solvents Used.  
 

Formulation 

No 

Initial 

Viscosity 

(F4,@ 20
0

C)  

%Dilution 

Rate with 
ETAC to 
V=18'' 

% Dilution 

Rate with 
ETOH to 
V=18'' 

% Dilution Rate 

with 
ETOH:Ethoxy 

Propanol (1:1) 
to V=18'' 

HSL1 26 12 9 11 

HSL2 42 36 23 29 

HSL3 13 0 0 0 

HSL4 74 60 50 60 

HSL5 45 35 33 35 

HSL6 
(Final 

formulation) 

60 46 42 46 

 
Table 1 shows initial viscosity values of studied and 
existing-conventional lacquers. There are also 
percent of dilution rates are tabulated with different 

solvents to adjust 18 seconds printing viscosity, 

which is appropriate gravure printing. Final 
formulation HSL6 is compatible with all solvents as 
a good opportunity for variable applications. 
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3.2. Heat Sealing Strength 

Heat-sealing strength was the other important 

parameter for this study. The sealing quality and 
integrity are essential requirements for final design 
of blister packaging. Evaluations of sealing strength 
and adequate final sealing property were done at 
first varnish’s formulations with variable resin types. 

All prepared drawdowns of ADHS varnishes, sealed 

with heat sealing device at conditions were 1 bar 

during 1 second, and 180 ºC temperature as a 
condition 1 parameters. After heat-sealing process, 
the sealing strength measured in terms Newtons 
with Loyd device. 

 
Figure 6: HS Strengths in Newton at sealing condition 1 and 2. 

 
From Figure 6, it was seen that at both temperature 
conditions HSL 6 formulation has higher bond 
strength than other studied and existing, 

conventional heat seal lacquers. In addition, high 
temperature effect better bond strength was 
observed as expected. 

 

 
 

Figure 7: HSL 6 HS Profile at 180 °C. 

 

 
 

Figure 8: HSL 6 HS Profile at 220 °C. 
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In addition, Figure 7 and Figure 8 show the heat-

sealing strength profile of HSL 6 at sealing condition 
1 and condition 2. In figure’s X-axis, the load results 
plotted on the graph in terms of newton and Y-axis 
shows the length of measured printed the strips 
with printed full structure of design. In Figure 8, film 

tearing was observed at 2200C temperature sealed 
strip, while measuring the sealing force with the 
device. Therefore, that indicates quite a high 
enough bond strength that tears the aluminum film. 
 
3.3. Migration and Rub-Off Test Results  
The migration and rub-off were the main issue for 

this study. With the currently used heat-sealing 
lacquer design, the ink, which applied to main 
surface, aluminum side of blister, migrates to the 

secondary material (PET) surface. Because of that 

migration, the PET film was stained as seen below 
figure, which evaluated as one grade. Therefore, 
both surfaces of packaging are damaged by ink. 
Both surfaces cannot be recycled in this 
circumstance. Within the new design parameters, all 

ADHS varnishes were tested to find non-migratory 
resin types. Test results were rated between 1 and 
5 scale by visual controls in Figure 9.  
 
In results, grade 1 represents complete ink 
migration to PET side. Grade 5 represents the clear 
PET, no ink migration in Figure 9 after heat-sealing 

and cooling steps of prints. PET and aluminum were 
necessary to peel from each other. Then, PET film 
controlled for any removal, migration of ink.

 

 

 
 

Figure 9: Migration and Rub-Off on PET film. 

 

3.4. Fourier Transform Infrared 
Spectroscopy (FTIR) Results  

Migration and rub-off results were measured by 
FTIR for the HSL formulations. In FTIR tests, the 
peeled PET films after heat sealing and cooling 

processes were analyzed to be sure that there was 
no residual from the ink contamination, which 
indistinguishable by the visual tests on PET film 
side. FTIR analyses of four samples were performed 
with wave numbers between 4000 and 600 cm-1 on 
PET peeled film. Fourier Transform Infrared 
Spectroscopy was used to identify the surface of 

peeled PET film and neat PET film by using infrared 
light. Therefore, the result of FTIR analysis observed 
functional groups, characteristic peaks and 
impurities of the samples compared to neat, 

unprinted PET film. The sample results were 
interpreted as no migration when parallel to the 
scanned wavelength and peaks for the neat PET film 

surface. There were three trials done in that step as 

an elimination of all laboratory test results.  The 
below characteristics bands show these three 
peeled samples in red, blue, and green colors, 
respectively. In addition, the unprinted PET sample 
was represented in purple color. From the 

fingerprints of these four results, we can say that 
the green and purple peaks overlapped.  The other 
two characteristics bands had represented different 
peak and small vibrations due to absorption 
increasement and different chemicals migration 
from applied ink and HSL formulations of samples. 
  

FTIR was used to check the efficiency of the final 
design HSL 6, so from the result of spectrum, the 
green colored transmittance bond shows the same 
functional groups present on neat PET film. The 

spectrum of transmittance bond of HSL 6 and pure 
PET film showed higher than 95 % similarities with 
their transmittance bon with same vibrations as 

seen Figure 10.
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Figure 10: FTIR Result of HSL Formulations. 
 

3.5. Coefficient of Friction (CoF) Control 

Results 
Formulations HSL 5 and HSL 6 were tested to get 
the correct coefficient of friction levels to suit the 
prin-ting process requirements. The amount and 
types of used wax particles were adjusted for this 

purpose. In addition, the conventional lacquers CoF 
values were compared to new design because of  

their old industrial trials based on the positive 

feedback. As a target value, CoF set to between 
0.25 and 0.50.  Therefore, The CoF test results were 
shown in Table 2, HSL 6 formulation measured in 
the target value ranges and parallel results with 
respect to conventional lacquers in face-to-face and 

face to metal test methods with successfully. 

 
Table 2: CoF Test Results. 

 

 

Formulation No   

COF   

Face to Face Face to Metal 

HSL6 0.45 0.25 

HSL5 1.92 1 

 

3.6. Block Resistance Test Results 
When printing processes on non-absorbent, flexible 
materials like aluminum, the designed lacquer with 
a strong adhesion, elasticity and sealing properties 
it is getting very hard to balance the drying and anti-
blockage properties at the same time. The usage of 
appropriate wax compounds and additives to 

lacquer formulations gives positive effect also in 
terms of blocking properties as well as the tendency 
to migration, slip and scratching resistances (Leach 
at al., 1993). Furthermore, efficient drying 

conditions controlled to ensure that applied lacquer 
set to avoid blocking issues in the printing process 
indispensably. Figure 11 shows block test result of 
HSL formulations at different conditions. From 
drawdowns it was seen that some block and 
migration problems on HSL 4. Some part of coated 
ink migrates to other side of aluminum film. In 

addition, increased test temperature caused more 
block and migration tendency for HSL 4. Therefore, 
the HSL 4 formulation was eliminated because of the 
block resistance test by visually.
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Figure 11: Block Test Result of Drawdowns at conditions 45 0C, 3 days, 45 kg & 20-25 0C,  
1 week, 10 tons. 

 
Table 3 was tabulated according to block formation 
of drawdowns under both test conditions. Ass seen 
table HSL 6 and conventional heat-sealing lacquers 
had been evaluated 0 which means no formation of 

blocking. The aluminum film can be peeled off over 
the coating surface easily, Other HSL formulation 
could not passed this test. 

 
Table 3: Numerical Block Test Results. 

  
Block formation:  5 (high blocking) - 0 

(no block formation) 

Conditions: HSL 1 HSL 2 HSL 3 HSL 4 HSL 5 HSL 6 

450C, 3 days, 45 

kg 

2 0 0 5 2 0 

20-250C, 1 
week, 10 tons 

4 3 2 5 4 0 

 

3.7. Solvent Retention Test Results 
The presence of residual solvents in packaging 
changes the taste and odor of the finished products 
as the first to notice. Residual solvent prevents the 
packaging from closing by sealed securely. The 
formulation of lacquer designs is taken to ensure 
and tested in term of solvent release properties. In 

efficient drying or inappropriate resin and solvent 
selection in formulation structure cause blocking 

issues in the printed reels. The printed substrates 
that come in contact with food need to be controlled 
according to strict regulations and standards. 
Therefore, retained total solvents amount was 
limited with the 10 mg/m2 for various converters as 

a threshold in food packaging. By nature of solvent-
based lacquers, a gravure printed substrates still 
contains some amount of solvent after drying 
processes. When consideration is done for, the 
commonly used threshold values for residual 

solvent amount the formulations to be compatible 
low-odor and solvent retention grades. Figure 12 
shows the graphical representation of HSL 6 
formulation and conventional heat-sealing lacquer 
in the interval of different drying conditions to 
understand the solvent retention profile of final 
prints. From the graph, we can understand that HSL 

6 releases the solvent with a steeper acceleration 
and similarity in terms of drying and retention 

profile with conventional one. In addition, in Table 
4 the total solvent residual amounts are shown in 
terms of mg/m2. 
 
New design HSL 6 show lower solvent residual 

amounts in certain drying conditions compared to 
industrial threshold for solvent residual at 10 sec., 
80 °C and 5 min., 20 °C drying conditions which is 
lower values of currently used conventional heat-
seal lacquer. 
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Table 4: Residual solvent amounts [mg/m2] for different drying conditions. 

 

 Drying 
Conditions 

Conventional 1  HSL 6 (Final Formulation) 

30 sec, 20 0C 15.5 18.3 

10 sec, 80 0C 6.01 4.4 

5 min, 20 0C 2.54 3.05 

 

 
 

Figure 12: Residual solvent amounts [mg/m2]. 
 

4. CONCLUSION 

 
The study dealt with the heat-sealing lacquer which 
has ink migration barrier property and applicable for 

direct food contact for Aluminum / PET Blister 
packaging to used resin and additive types in 
formulation. With the help of these selected 
components, finished packaging material PET film 
will be suitable for recycling. The heat-sealing 
lacquer to be designed has been provided thermal 
sealing and other technical properties in blister 

packaging applications as like as currently used 
conventional lacquers, which are not recyclable due 
to migration issue. Since the blister, packages made 

with the newly designed heat-sealing lacquer 
observed that prevents ink contamination to the PET 
film side.  

 
Therefore, the PET film is suitable for use in 
recycling processes. Thus, the biggest consumed 
plastic waste of PET package is possible to use the 
obtained PET film by recycling as pure material 
source again when the new designed heat-sealing 
lacquer is used. In addition, recycled PET can be 

used as a resource again in raw material reserves.  
 
Environmental pollution will be decreased; new 
environmental solutions will be presented to the 
packaging industry. Environmental protection and 

economic saving can be done. According to 
laboratory tests and literature surveys, elastomeric 

PU was chosen as the main resin in the new design. 
Good sealing performance was achieved by using 
PVB resin with Elastomeric PU resin.  
 
1- 5 % amount of CAB resin gives excellent anti-
blocking and release property to heat-sealing 
lacquer formulation. On the other hand, it is 

experienced that adhesion promoter usage created 
migration tendency of ink to PET side.  
 
1 - 3 % PE wax usage improved rub, mar, and 
abrasion resistance of final formulation also, 

decreased FTF CoF value from 1.92 to 0.45, which 
is suitable for printing process.  

 
The new formulation has higher heat-sealing bond 
strength than existing conventional heat-sealing 
lacquers, which are not recyclable.  
Therefore, according to that observation the factors 
of resin and additive selection on migration 

properties of heat-sealing lacquer for Aluminum / 
Pet Blister structure was completed successfully 
with the laboratory results and industrial trial.  
 
In addition, another valuable output is this 
requirement carried out by using the resources of 
our country. The most importantly, the printed 
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blister packages with this new designed heat-

sealing lacquer can now be recycled and gain re-

value as a raw material and energy stock in comply 
with the circular economy plan.  
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Abstract: Chemical looping is emerging as a feasible alternative to carry out reduction and oxidation 
processes under different process conditions. This technology proves especially useful when reduction and 

oxidation processes proceed with different time constants. With the possibility of incorporation of solar 
energy to the endothermic end of the process, chemical looping technology has recently become more 
popular. Chemical looping air separation (CLAS) is an alternative to cryogenic separation, by utilizing solar 

thermal energy. In this process a reducible metal oxide is heated to a temperature such that the metal 
releases its lattice oxygen. In the second step, the metal oxide is exposed to air and oxygen is captured by 
the oxide while pure nitrogen is released at the outlet and the loop is closed. Mn2O3 is selected as the 
oxygen carrier to perform chemical looping cycles. Oxygen mobility of the metal oxide and reversibility 
through redox cycles are tested with thermogravimetric analysis (TGA). The redox cycles are designed such 
that the air oxidizes, and the steam reduces the material. The reduction behavior of manganese (III) oxide 

under inert atmosphere is tested in TGA. It is proved that steam acts as an inert gas under the reaction 
conditions. The use of steam at the reduction stage results in a more convenient separation of the sweep 
gas (steam) from the oxygen released from the oxide. It is demonstrated that a redox cycle between Mn2O3 

and Mn3O4 can be performed isothermally. The capability of the system to be coupled with solar energy 
makes it more alluring for environmentally friendly option seekers. The use of solar irradiation is tested 
with parabolic mirrors to observe the power output. Overall, CLAS process works on milder conditions which 
is crucial in reducing the energy and equipment costs, and its advantages regarding energy efficiency 

increase even more when solar energy is incorporated into the system.  

 

Keywords: Chemical Looping Air Separation, Solar Energy, Sustainable Production 
 
Submitted: December 13, 2013 . Accepted: February 06, 2024. 
 
Cite this: Bak, Y. G., & Üner, D. (2024). Solar Energy Driven Chemical Looping Air Separation. Journal of 
the Turkish Chemical Society, Section B: Chemical Engineering, 7(1), 53–60. 
https://doi.org/10.58692/jotcsb.1404612.  

 
*Corresponding author. E-mail: uner@metu.edu.tr.  
 
1. INTRODUCTION 
 
The importance of air separation arises from the 
necessity of supplying pure gases to chemical 

processes. Fresh air is almost 99% composed of 
nitrogen and oxygen, while the remaining is mainly 
argon along with some other noble gases and 
impurities. The details regarding the constituents of 
air can be seen in Table S.1 in the supplementary 
document. To the present day, the most successful 

method for air separation has been the cryogenic 
distillation of air, known as the air separation unit 
(ASU) in the chemical plants (Smith & Klosek, 
2001). Cryogenic distillation proves effective in 
terms of providing excellent purity and achieving 
high production rates (Tesch et al., 2020). However, 
immense energy intensity associated with 

complexity of the liquefaction process and required 

equipment make the cryogenic process unfavorable. 
In the cryogenic distillation, air is liquefied in a 
multi-step comprehensive process which includes 
compression, expansion, and heat exchangers 

leading to a limitation in thermodynamic second law 
efficiency to merely 25% (Krzystowczyk et al., 
2021). On the other hand, CLAS is a self-contained 
air separation process working at atmospheric 
pressures and temperatures that can be achieved 
by focusing solar irradiation. According to a 

computational study performed by Li et. al., CLAS 
works on a specific energy consumption of 0.66 
MJ/kg O2 while conventional cryogenic distillation 
consumes 0.78 MJ/kg O2 (Krzystowczyk et al., 
2021). This implies a 15% decrease in energy 
consumption in the separation of air with further 
potential when it is coupled with solar energy. 

 

https://doi.org/10.58692/jotcsb.1404612
mailto:uner@metu.edu.tr
https://dergipark.org.tr/jotcsb
http://www.turchemsoc.org
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Chemical looping air separation (CLAS) is an 

alternative to cryogenic separation, by utilizing solar 

thermal energy. In this process a reducible metal 
oxide is heated to a temperature where a lower 
oxidation state is more favorable, such that the 
metal oxide releases its lattice oxygen. In the 
second step, the metal oxide is exposed to air, and 

oxygen is captured by the oxide while pure nitrogen 
is released from the system and the loop is closed 
(Moghtaderi, 2010). The reactions for the proposed 
cycle are given below (K. Wang et al., 2013). 
 

Reduction   𝑀𝑒𝑂𝑥  
∆
→ 𝑀𝑒𝑂𝑥−𝛿 +

𝛿

2
𝑂2 

Oxidation   𝑀𝑒𝑂𝑥−𝛿 +
𝛿

2
𝑂2  

→  𝑀𝑒𝑂𝑥 

 

Although the pure and mixed metal oxides are 
evaluated in cyclic systems such as chemical looping 
oxygen uncoupling (CLOU) (Azimi et al., 2013; 
Shulman et al., 2011), and chemical looping 

combustion (CLC) (Abad et al., 2006; Adánez et al., 
2018), CLAS seems to be the most sustainable solar 
energy storage method considering the product 
yield in the system (Bulfin et al., 2017). The simple 
design used in chemical looping air separation 
technology makes it more appealing for gas 
separation applications on a small scale (V. Shah et 

al., 2022). As a result of working at milder 
conditions and possible energy intensifications, its 
power consumption is lower than the conventionally 
used processes (Tao et al., 2022; K. Wang et al., 
2016). Large scale applications of the CLAS process 

depend on selecting a convenient oxygen carrier 

and design of stable reactors that can withstand 
temperatures over 800 ℃ (Krzystowczyk et al., 

2021).  
 
The most important aspects in the selection of the 
oxygen carrier are showing favorable reaction 
kinetics, transportation of oxygen with sufficient 

capacity, high mechanical and chemical resistance 
over repeated redox cycles, low cost, and 
environmental compliance. Manganese oxides in 

this context are found sufficient to provide these 

effects in chemical looping air separation process by 

many researchers (K. Shah et al., 2012; Song et al., 
2014; W. Wang et al., 2016; X. Wang et al., 2021). 
It is found that dual mixed and supported copper, 
cobalt, and manganese oxides can show promising 
results when performing redox cycles and to create 

a powerful alternative to cryogenic distillation 
(Moghtaderi, 2010). However, the performance of 
unsupported single metal oxides (especially Mn 
oxides) in the steam-air redox cycle is not 
investigated thoroughly in the literature.  
 
At room temperature, the most stable form of 

manganese oxides is Mn2O3 which reduces to Mn3O4 
at around 900 ℃ under air atmosphere. The 

reversible reaction of manganese oxides during the 
redox cycle is given as follows (Mattisson et al., 

2009). 
 

6𝑀𝑛2𝑂3  ↔ 4𝑀𝑛3𝑂4 +  𝑂2 (𝑔)  ∆H850 = 

193.9 kJ/mol O2 
 

The reduction and oxidation of metal oxide can be 

triggered by inlet gas conditions in an isothermal 
process. Thus, energy and time saving in the 
process is improved by circumventing the time-
consuming thermal transfer between the two steps 
of the cycle. The actual partial pressure of oxygen 
in the reaction chamber must be lower than its 
equilibrium value in order for the material to be 

stimulated to release oxygen to establish the 
equilibrium. Feed gas conditions for such 
stimulation include air at the oxidation step, and 
steam at the reduction step. Sweeping the oxygen 

in the reaction chamber with steam allows for a 
simple separation process of the product from the 
sweep gas. At a constant working temperature of 

800-850 ℃ the material can be oxidized by air and 

reduced by steam. This method of pressure swing 
can facilitate the redox cycle by reducing the time 
needed to switch between reduction and oxidation, 
energy costs, and thermal stress on the material. 
The schematic of the proposed system is given in 
Figure 1. 

 

 
Figure 1: Chemical looping air separation experimental setup. 

 
Coupling with solar energy will be accomplished by 
integrating the process into a parabolic mirror. 
These parabolic dishes are very successful in 
providing thermal energy with minimal losses since 

they directly concentrate the sun rays to the focal 

point (Tescari et al., 2022). Reactor placement and 
focus adjustment are the crucial issues when 
coupling CLAS with solar energy (Khan et al., 2022; 
Patil et al., 2021). To utilize solar irradiation with 
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maximum efficiency, thermal losses should be 

minimized in the process. 

 
2. EXPERIMENTAL SECTION 

 
2.1. Materials 

Manganese (II) oxide (MnO) is supplied from Aldrich 
Chemicals (99%, powder, -60 mesh). The material 
is used as is supplied commercially. Prior to the 
experiments, MnO is pre-oxidized under air flow. 
 
2.2. Characterization 
2.2.1. Thermogravimetric Analysis (TGA) 

Thermal gravimetric analysis experiments are 
conducted with Shimadzu DTG-60H TG/DTA. The 
redox behavior of the material under dry air 
(99.9%, Oksan) flow is investigated with a 
temperature profile of 1 ℃/min up to 1000 ℃.  

2.2.2. Cyclic TGA 
To observe the reversibility of manganese oxides 

during the redox cycles, a cyclic analysis in TGA is 
performed. MnO is pre-oxidized to Mn2O3 and the 
cycle starts. Temperature ramp is altered 
throughout the experiment. Additionally, hold times 
are added to promote complete reduction and 
oxidation at the respective stage. 
2.2.3. TGA Under Inert and Inert-Humidified Gas 

Conditions 
To observe the effect of a non-oxidizing gas flow on 
the redox equilibrium, nitrogen gas (99.999%, 
Linde) is fed to the Mn2O3 in the analysis chamber. 
Temperature profile is 5 ℃/min up to 950 ℃. 

 
To reveal the effect of water vapor, nitrogen is 

passed through a wash bottle before entering the 

analysis chamber of the thermogravimetric 
analyzer. The temperature of the water in the wash 
bottle is adjusted to observe the effect of partial 
pressure of water in reduction of manganese oxides. 
Temperature profile is the same as dry nitrogen 
reduction. Wash bottle temperature is adjusted to 

25 ℃ and 50 ℃. 

2.2.4. Packed Bed Redox Cycle System 
Manganese (II) oxide is filled into a quartz reactor 
and fixed by quartz wool. Length and overall 
diameter of the reactor are 600 mm and 12 mm 
respectively. Mass of MnO in the packing is 10 
grams, corresponding to 0.14 moles. In the 

laboratory experiments, a homemade tubular oven 
is used to provide heat input to the system. 
Isothermal operation at 825 ℃ is conducted. Prior to 

redox cycle, pre-oxidation of MnO to Mn2O3 is 

carried out. During the oxidation cycle, material in 

the packing is oxidized under airflow at 80 mL/min 
feed rate from the dry air cylinder. The consecutive 
reduction cycle is accomplished by feeding steam 
into the reactor from a homemade steam generator. 
 

2.3. Instruments 
2.3.1. Oxygen Sensor 
A micro-fuel cell oxygen sensor module was 
procured from City Technologies company (model: 
CiTiceL AO2 Oxygen Sensor). Its circuit connections 
are assembled using an Arduino board and an 
additional ADS 1115 high-resolution analog-to-

digital converter. For the measurement of oxygen 
concentration in a control volume, a polyamide 
block is carved, and a tee connection is built inside 
for the gas flow path and sensor junction. The block 

was carved such that the control volume was kept 
as small as possible to avoid a reduction in the 
sensitivity of the sensor along with an increase in 

response time.  
2.3.2. Steam Generator 
The steam generator used in the system is built 
from the boiler of an out-of-use steam iron. The 
electronic connection of the boiler is separated from 
the iron so that the boiler works as a standalone 

steam generator. Steam output is directed into the 
system through a hose connection coupled with 
stainless steel junction at the end. The maximum 
power of the steam generator is 1400 W. 
 
3. RESULTS AND DISCUSSION 

 
3.1. Thermogravimetric Analyses 

3.1.1. Determination of The Working Capacity 
The oxygen mobility on the material through the 
redox cycles can be screened via an observation 
over the mass of the oxygen carrier. Oxygen 
permeates through the lattice of manganese oxide 

until it reaches the saturation limit, so total mass of 
oxygen carrier is the main criterion that has 
influence on the overall capacity. The mass increase 
due to oxygen uptake for different phases of 
manganese oxides is given in Table 1. Calculation is 
based on stoichiometric reaction and mass balance, 

the details for the calculation can be found in 
supporting information document. 

 
Table 1: Oxygen uptake of manganese oxides due to corresponding reactions. 

 
Reaction Oxygen Uptake (wt. %) 

𝟑 𝑴𝒏𝑶 +
𝟏

𝟐
𝑶𝟐 → 𝑴𝒏𝟑𝑶𝟒 7.52 

𝟐 𝑴𝒏𝑶 +
𝟏

𝟐
𝑶𝟐 → 𝑴𝒏𝟐𝑶𝟑 11.30 

𝑴𝒏𝑶 +
𝟏

𝟐
𝑶𝟐 → 𝑴𝒏𝑶𝟐 22.58 
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The calculation based on stoichiometric reactions 

will facilitate the comprehension of the materials 

phase conversion throughout the TGA experiments. 

The result of thermogravimetric analysis to 

determine the working capacity is given in Figure 2. 

 
Figure 2: Thermogravimetric analysis for observation on working capacity of manganese oxides. 

 
Results obtained from TGA indicate that the weight 
change of the material complies with reaction 
stoichiometries as well as shift point temperatures 
dictated by thermodynamic limits. It is seen that the 

material is oxidized from rocksalt manganese (II) 
oxide to bixbyite (Mn2O3) up to a certain saturation 
level and the rate of oxidation then slows down. 
Oxidation occurs over a wide range of temperatures 
relying on the chemical kinetics stimulated by the 
increase in temperature while reduction to 
hausmannite (Mn3O4) is sharp and distinct driven by 

the thermodynamic limit that lies around 900 ℃.  

3.1.2. Reversible Interaction with Oxygen 
When performing redox cycles with manganese 
oxides, it is possible to utilize temperature 
adjustments to induce the material to oxidize or 
reduce. Metal oxides usually prefer to be at a higher 

oxidation state at lower temperatures, holding a 
greater amount of oxygen in their lattice. As the 
temperature goes up, the oxygen carrier tends to 
release oxygen driven by thermodynamic phase 

equilibrium. The crucial parameter is the 
reversibility of the material between reduced and 
oxidized phases over consecutive cycles. 
Manganese oxide is tested in a cyclic temperature 
profile to observe its reversible interaction with 
oxygen as well as if a change in the capacity occurs 
over successive cycles. Different heating rates, 

temperature intervals, and hold times are used to 
interactively reduce or oxidize the material when 
necessary. The results regarding the TGA for 
temperature induced redox cycle are given in Figure 
3.

 

 
 

Figure 3: TGA cyclic temperature profile with manganese oxide. 
 



Bak, Y. G., Üner, D. (2024), JOTCSB, 7(1), 53-60.  RESEARCH ARTICLE 

57 

 

3.1.3. Effect of Inert Atmosphere and Steam on 

Reduction 

Previously oxidized manganese (II) oxide samples 
are reduced under the flow of dry and humidified N2. 
Oxidation is performed up to the Mn2O3 phase. 
Humidification in the reduction stage is carried out 

via wash bottles at 25 ℃ and 50 ℃. The results are 

shown in Figure 4. It should be noted that prior to 

all reduction experiments, the material was oxidized 
to Mn2O3 as indicated by weight increase in TGA and 
the profiles were identical. 

 

 
 

Figure 4: Mn2O3 reduction profiles under different gas flow conditions. 
 
It can be seen from the profiles that reduction under 

an inert atmosphere has resulted in a decrease in 
the reduction temperature to around 800 ℃. Effect 

of inert and humidified gas conditions did not show 
great significance on the redox equilibria. It is 

demonstrated that water vapor acts as an inert gas 
at the reaction conditions and has a reducing effect 
on the material by sweeping the released oxygen 

from the reaction chamber. 
 

3.2. Packed Bed Redox Cycle 

The performance of manganese oxide packing in 
chemical looping air separation is tested by an 
oxidation step with air feed and a reduction step 
feeding steam into the reactor. The oxygen 

concentration in the output gas is monitored using 
a micro-fuel cell oxygen sensor. In the first step, 

starting material MnO is oxidized to Mn2O3 with a 
temperature profile of 5 ℃/min up to 850 ℃ under 

dry air feed at 80 mL/min. The results of the output 
gas concentration and the temperature profile in 
preliminary oxidation are given in Figure 5. 

 

 
Figure 5: The oxygen concentration of the output gas and temperature profile during the oxidation of 

MnO to Mn2O3. 
 
The result given in Figure 5 is an investigation on 
the output gas concentration when temperature 
programmed oxidation of MnO is carried out. From 

the O2 concentration results, it is seen that a 
gradual decrease in the beginning occurs due to the 
limitation in oxidation kinetics. With the increase in 
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the temperature, oxidation rate also increases, and 

all the incoming oxygen molecules are reacted with 

metal oxide packing, allowing for pure nitrogen 
production at the outlet. Total amount of oxygen 
that is absorbed is found to be 0.034 mol by the 
curve area which agrees well with the reaction 
stoichiometry. The details for the curve area 

calculation can be found in the supplementary 
document. 
 
For the cyclic experiments, gas condition varied 
after the pre-oxidation of the material and a redox 

cycle between Mn2O3 and Mn3O4 is performed. When 

the saturation of the material for oxygen is 

established as indicated by the equilibration of 
oxygen profile in the sensor, inlet gas is switched to 
steam to favor reduction of the metal oxide. Then, 
the gas condition is switched to air to re-oxidize the 
material, completing the cycle. The process is 

conducted isothermally at 825 ℃. The result 

regarding the oxygen concentration profile during 
the redox cycle experiment is given in Figure 6. 

 

 
Figure 6: Oxygen concentration profile during redox cycle. 

 
Steam flow started at a certain point for a 15-
minute time interval. Due to the condensation units 

assembled after the reactor, steam condensed and 
did not sweep the oxygen gas further. Therefore, 
inlet gas condition is changed to air and a further 
sweep of the released oxygen is achieved. However, 

this caused simultaneous oxidation of the metal 
oxide bed that was oxygen deficit after a 15-min 
steam period.  
The oxygen mobility on the material can be 
calculated by the peak area in the oxygen molar 
flow rate with respect to time plots. The procedure 

for the calculation of peak areas is given in 
supporting information. The results indicate that 
0.0085 mol of oxygen is released during the 
reduction step. At the reoxidation step, 0.0053 mol 

of oxygen is incorporated into the structure. Even if 
any simultaneous oxidation of the material is 

ignored, the oxygen release corresponds to 70 
percent of the maximum capacity. 
 
3.3. Parabolic Dish Power Measurements 

The power output that can be obtained from a 
parabolic dish is tested with a 0.7 m diameter 
parabolic mirror. A water vessel with dimensions of 
5 cm height and 2.5 cm diameter is insulated with 
a cordierite block and placed at the center of the 
focal point. A thermocouple is inserted in the water 

mass and the actual temperature is observed 
throughout the experiment. The resulting 
temperature profile is given in Figure 7. 
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Figure 7: The temperature profile of water heated with parabolic mirror. 

 

The power input is calculated as given in 
supplementary information with the help of the 

definite temperature ramp and known water mass. 
It is found that the parabolic mirror has provided the 
focus with 100 W of power. Considering that the 
solar energy available at the time of the experiment 
was 152 W, an irradiation efficiency of around 66% 
is achieved in the insulation system. The details of 
the calculation for the energy obtained with solar 

irradiation are given in supplementary information. 
 
4. CONCLUSION 

 
Within the scope of the study, a unique reactor 
system is designed and constructed to perform 

redox cycles and test metal oxides for their 

performance in CLAS. The designed system led to 
the production of pure nitrogen at the outlet stream 
during the oxidation stage, and the production of 
oxygen at the reduction stage. The redox cycle is 
kept between Mn2O3 and Mn3O4 phases of 
manganese oxides. This is achieved by feeding air 

to oxidize, and steam to reduce the material at a 
constant temperature. The peak area calculations 
indicate that 0.034 mol oxygen is used in total 
throughout the oxidation of 10 g of manganese (II) 
oxide, which agrees well with the stoichiometric 
calculations. Considering that the redox cycle is 

performed between Mn2O3 and Mn3O4, the capacity 
is 0.012 mol O2 per cycle, 10 g of oxide basis. The 
volume equivalent of this value results in a cycle 
capacity of 30 mL of O2 and 110 mL of N2 per gram 

of metal oxide. Moreover, the redox cycle 
experiments have revealed that at least 70 percent 
reduction is achieved under steam flow. However, 

since air is fed midway to reduction, simultaneous 
oxidation occurs while sweeping. Material re-
oxidizes very slowly in the consecutive step since 
the condensation of water in the pipeline and wetted 
packing material cause an additional mass transfer, 
blocking the oxygen to penetrate through the lattice 
of the metal oxide. The use of superheated steam 

could be the solution to prevent this issue. 
 
The possible practical applications of CLAS in the 
industry rely on studies that aim to discover 

optimum operating conditions and materials that 
exhibit more favorable properties for the process. 

Since the CLAS allows the air separation process to 
be performed at a much smaller scale and under 
milder conditions, it is the most viable option for 
distributed plants that operate on renewable 
energy. Not only does it prove successful by opening 
a path where solar energy can be utilized to perform 
air separation, but it also offers advantages in terms 

of decreasing the specific energy consumption and 
reducing the fabrication costs for equipment. 
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investigated. Silica production process was developed by using optimum parameters of 67.3 °C temperature, 
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1. INTRODUCTION 

 
Serpentine is a general name used for minerals 
having the structure of magnesium hydrated 
silicates. The general composition of those minerals 

is as following: Mg3-x(M)xSi2-y(T)yO5(OH)4, where the 
site M could be Mg2+, Fe2+, Fe3+, Al3+, Ni2+, Mn2+, 
Zn2+ and the site T by Si4+, Al3+, Fe3+(Carmignano et 
al., 2020). The structural configuration of serpentine 
is shown in Figure 1. It is a layer with a thickness of 
0.72 nm in which the Mg trioctahedral sheet 
[MgO2(OH)4]6− is linked to the tetrahedral silicate 

sheet [Si2O5]2− (Carmignano et al., 2020; 
Fedoročková et al. 2014). 

 
Serpentine is found as chrysotile, lizardite and 
antigorite in nature. But their crystal structures are 

different from each other. Serpentine could 
transparent, white, grey and sometimes green tones, 
yellow and rose pink in colors. The most widely found 
serpentine mineral is chrysotile. Although lizardite, 
antigorite, and chrysotile have the similar chemical 
composition, serpentines have different layered 
structures ended up fibrous chrysotile, lamellar 

agglomerated antigorite and lizardite elongated 
mineral particles (Zhou et al., 2017; Pietrikova et al., 
2004). Serpentine is usually used in specific paint 
production, fire prevention, paper coating, and 

vehicle brake systems.
 

https://doi.org/10.58692/jotcsb.1435352
mailto:mehmetgonen@sdu.edu.tr
https://dergipark.org.tr/jotcsb
http://www.turchemsoc.org
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Çakan, Y., Gönen, M., (2024). JOTCSB, 7(1), 61-68.  RESEARCH ARTICLE 

62 

 

 
 

Figure 1. Basic structure of serpentine mineral (Carmignano et al., 2020). 
 
Serpentine minerals are formed by the hydration of 
olivine minerals which are known as forsterite and 
fayalite (Mg2+, Fe2+)2SiO4 as given in Eqn. 1 to 3. 
Carbonates and hydroxide are formed as by-products 
in the following equations (Çevik, 2006). The quality 

of dunite mineral is greatly affected during the 
serpentine formation. The weakened mineral 
structure enables the dissolution of the mineral in 
leaching.  
 

 
2Mg2SiO4 + 2H2O + CO2 → Mg3Si2O5(OH)4 + MgCO3    (Eq. 1) 

 
2Mg2SiO4 + 3H2O → Mg3Si2O5(OH)4 + Mg(OH)2     (Eq. 2) 

 
3Mg2SiO4 + 4H2O + SiO2 → 2Mg3Si2O5(OH)4    (Eq. 3) 

 
Serpentine a silicate mineral which has rich in 
magnesium and silicon. The structure of serpentine 
having 35-40%wt. MgO, 30-35%wt. SiO2 and 15-

20%wt. H2O. However, it has trace amounts of Fe, 

Al, Ca, Cr, and Ni. Serpentine mineral consists of 
silicate layers which are connected to magnesium 
hydroxide Mg(OH)2 by weak ionic bonds 
(Fedoročková et al., 2014). Serpentine minerals are 
easily dissolved due to the presence of these ionic 
bonds. Serpentine minerals are formed as 

concentrated waste of chromium production plant in 
Türkiye. The abundance of serpentine in Earth’s crust 
makes it is cheap and accessible. 
 
Silicon is the second most abundant element which 
are found as compounds after oxygen. The 25.7% of 

earth crust consist of silicon compounds (Norton, 
1993). SiO2, silicon dioxide, or widely known as 
silicate in industry make bond with metals 
(magnesium, aluminum, calcium and iron) to form 
magmatic and metamorphic rocks and silicate 

minerals (Flörke et al., 2000). Silica has many 
polymorphic structures such as crystalline silica, 

amorphous silica and synthetic amorphous silica. 
Crystalline silica can be found in nature as silicone 
dioxide and the most encountered type is quartz. 
Amorphous silica means that it has no crystalline unit 
in its structure. Synthetic amorphous silica can be 
produced via different techniques from silica sources. 
The use of synthetic amorphous silica has been 

increasing each year in the world. The global industry 
analysis reported that the worldwide demand for 

precipitated silica is US$ 3.8 Bn in 2022 and 
estimated to increase with rate of 4.4% from 2023 to 
2031 (Global Industry Report, 2023). The important 

producers of silica in the world are Evonik Industries, 

PPG Industries, Wacker Chemie AG, AkzoNobel N.V., 
Tosoh Corporation, Cabot Corporation, and Solvay 
SA. 
 
Hereinafter, the term “silica” will be used instead of 
“amorphous precipitated silica” in the text. Silica is a 

white powder having the density of 1.9-2.2 g.cm-3. It 
has SiO2 content of 95%wt or greater. The surface of 
area of silica varies between 50-400 m2.g-1 which 
enables it to be used as filling materials (Florke et al., 
2000). Silica produced is named according to the 
specific technique utilized, such as precipitated silica 

and pyrogenic silica (Lazaro et al., 2012). There are 
two main methods utilized in silica production: wet 
method and thermal technique. Pyrogenic silica is 
obtained in the gas phase reaction of 
tetrachlorosilane and hydrogen at an elevated 

temperature. HCl gas formed as by-product is 
separated by adsorption from the process to be 

reused in the production of SiCl4 (Flörke et al., 2000). 
Wet method consists of two steps: first steps is the 
synthesis of sodium silicate solution via the reaction 
between olivine and NaOH/KOH at high pressure and 
temperature (120-200 °C) in an autoclave and the 
second step is the reaction of sodium silicate with 
acidic solution to give precipitated silica as product 

(Raza et al., 2018). Commercially sodium silicate 
known as water glass is directly used in silica 
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production. When the process is evaluated overall, 

due to the high energy consumption and CO2 
emissions it is not sustainable and environmentally 

friendly.  
 
Precipitated silica can also be produced from natural 
silicate minerals like olivine, serpentine using the wet 
process. The production of precipitated silica from 

olivine mineral was studied by Lazaro and his co-
workers (Lazaro et al., 2019). Olivine mineral having 
particle size range of 0.1-0.5 mm and of 0.2-1.2 mm 
was dissolved by using 3 M H2SO4 at 50 oC for 24 h. 
A high quality ordered mesoporous silica production 
in a one-step synthesis with the use a micellar liquid 

crystal prepared from the non-ionic surfactant Triton 
X-100 was investigated. The produced mesoporous 
silica has the surface area up to 1000 m2/g and 
narrow pore size distributions around 2-4 nm (Lazaro 
et al., 2019). The production of Mg(OH)2 and MgO 
was investigated using serpentine mineral (Ballhorn 

and Franke, 1996). As the serpentine has less stable 

structure, it is easily digested by acids. The reaction 
between serpentine and sulfuric acid produces 
precipitated silica and sulfate salts as by-products 
depending on the impurity content of the mineral. 
 
Silicic acid is initially formed in an aqueous phase 
during acid dissolution of silicate minerals. Silicic acid 

monomers form oligomers and polymerize to form 
larger units at certain conditions pointed by Iler 
(1979). Silicic acid can be produced in both acidic and 
basic solutions. In acidic medium, viscosity of the 
mixture increases depending on polymerization 
degree of Si(OH)4 units. Aggregation and flocculation 

occur in an acidic medium regardless of charge 
balance. As the reaction progresses, released SiO2 
from mineral structure hydrolyzes to form silica 
polymeric units and silica gels. In the production of 

silica from minerals by using acids, product should be 
separated from the reaction media as soon as 
possible to prevent the gel formation. Recovery of Mg 

from H2SO4 leaching solution of serpentine was 
studied Chen and his coworkers (2023). Fe3+, Al3+, 
and Cr3+ in solution were precipitated increasing pH 
to 4 by adding MgO. After this step, 6 g/L Na2S 
solution was added to the filtrate and reacted for 1.0 
h to remove Ni2+, Co2+, and Mn2+ in the form of NiS, 
MnS, and CoS, respectively. Finally, diluted solution 

was mixed with ammonia to precipitate Mg(OH)2 at a 
temperature range of 40-70  oC; and the pregnant 
solution was further mixed with NH4HCO3 to 
precipitate (4 MgCO3.Mg(OH)2.4H2O). The purity of 
Mg(OH)2 was reported as 98.48% (Chen et al., 
2023). 

 

Production of potassium-magnesium chloride from 
the chromite ores concentration plant tailings was 
studied in the literature. Chromite ores concentration 
plant tailings used as Mg source was firstly 
threatened by wet magnetic separation. 
Concentrated raw material was dissolved by using 

concentrated HCl to produce magnesium chloride and 
amorphous silica. The purity of amorphous silica was 
reported as 95.75%wt. To produce purer magnesium 
chloride, Mg(OH)2 was added into solution to increase 
pH so that impurities can precipitate. Finally, KOH 

was added stoichiometrically into the purified MgCl2 

solution at 90 °C to produce carnallite (Top and 
Yıldırım, 2017). In most of the studies in literature, 

temperature, acid type, acid concentration and 
reaction time have been investigated and optimized 
(Pietriková et.al., 2004; Çiftçi et al., 2020). There is 
no information about the techno-economic analysis 
of the developed process. 

 
SuperPro Designer is a software which enables the 
modelling and simulation of the developed process to 
determine its feasibility. The process can be designed 
either in batch or continuous mode. The required 
data e.g. physical and chemical properties of raw 

materials and products, economic parameters, 
reaction parameters and utilities for the process can 
be selected from its database if available, or 
experimentally obtained from lab studies and from 
the market. After designing the process, mass and 
energy balances are calculated simulations are 

performed. The feasibility of boric acid production 

from colemanite mineral was investigated by using 
SuperPro Designer. The fixed capital investment and 
annual operating costs of the boric acid plant are 
calculated as US$170.7 M and US$70.1 M/y, 
respectively, for a 100 kt/y capacity. Boric acid 
production cost with the impurity of <100 ppm was 
calculated as US$0.70 kg−1. A 6.3 years of payback 

time was estimated for the developed process 
considering environmental effects (Gönen et al., 
2022). 
 
The feasibility analysis for silica (SiO2) production 
from the reaction of serpentine mineral and sulfuric 

acid has been aimed in this study. Silica production 
process was formed in SuperPro Designer software, 
version 9.0 (Intelligent Inc., USA). Mass and energy 
balances were made for the developed process for 

different plant capacities. Payback periods (PBP) for 
those capacities were estimated from the simulation 
results. 

 
2. EXPERIMENTAL SECTION  
 
2.1. Materials 
Serpentine mineral is an inert powder formed as a 
waste from the processing of chromite ores 
concentration plant tailings in Bursa, Türkiye. The 

serpentine mineral used in the experiments was 

supplied as -150 m from Hayri Ögelman Inc. In the 
experiments, sulfuric acid was used to digest the 
serpentine mineral to produce an amorphous silica. 
The sulfuric acid used in the experiments is 98%wt. 
Chemical analysis of the serpentine mineral used in 
the experiments was carried out using X-Ray 

Fluorescence.  

 
2.2. Methods 
In the production of silica from the reaction of 
serpentine mineral with sulfuric acid, solid/liquid 
ratio: 10%, stirring rate: 1000 rpm and particle size 
of serpentine mineral: -150 µm were kept constant. 
Temperature range of 50-70-90 °C, the acid 

concentration of 3.0-4.0-5.0 M and the reaction time 
of 20-40-60 min. were chosen as experimental 
parameters and optimized in the previous study 
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(Çakan and Gönen, 2022). Those optimized 

parameters were used in the process design and 
development in SuperPro Designer program. The 

heterogenous reaction between serpentine and 

sulfuric acid in an aqueous phase was carried out in 

a stirred glass reactor as given in Eq. 4.  
 

 
Mg3Si2O5(OH)4(s) + 3H2SO4(aq)  →  2Si(OH)4(s) + 3MgSO4(aq) + H2O(l)  (Eq. 4) 

 

 
The solid phase formed in the reaction was silica and 
the liquid phase containing the magnesium sulfate. 
Vacuum filtration method was used to separate the 
solid phase from the solution. The amorphous silica 
obtained in the filtration was washed with distilled 

water to purify and dried in an oven at 105 °C. X-Ray 
Fluorescence analysis was performed for determining 
the chemical composition of silica. FTIR analysis was 
performed for the bond structure of silica. Conversion 
in the reaction was determined by using the Mg 
concentration measured by ICP-OES analysis. A 4.8 
M acid concentration, 67.3 °C temperature and 57.1 

min reaction time were determined as the optimum 
conditions of the reaction.  
 
2.3. Economic Analysis 
Those optimized parameters were entered as a data 
into the SuperPro Designer program. Silica 
production process was designed in a continuous 

mode. After the continuous operation of the process 
is determined, the raw materials, by-products, 

utilities and products used in the whole process were 
defined in the program. Then equipment to be used 
in the process were selected. The silica production 
process consists of a continuously stirred tank reactor 
(CSTR), belt filtration, washing unit, drying unit and 
neutralization tank. The acid concentration of 4.8 M, 

reaction temperature of 67.3 °C and the reaction 
time of 57.1 min. were used as a reaction parameter 
in the SuperPro Designer program. The 
stoichiometric reaction was selected in the reactor. 
The reaction mixture at the end reaction was fed to 
the filtration unit. The amount of solid to be 
separated in the filtration unit was determined from 

the experimental results and used in the program. 
After the filtration unit, silica is fed to the washing 
units where soluble MgSO4 salt was removed. Finally 
wet silica was dried in drying unit. The magnesium 
solution obtained from filtration was neutralized with 
ammonia to obtain magnesium sulfate and 
ammonium sulfate solution. The flow diagram drawn 

with the SuperPro Designer program in line with 
these data is shown Figure 2. 

 
 

Figure 2: Flow diagram of the silica production process. 
 
The economic analysis of the proposed facility was 

carried out by evaluating the facility capacity and 
purchase costs and production costs of the serpentine 
mineral. As seen in Table 1, total capital investment 

is obtained by summing total direct cost (TDC), total 
indirect cost (TIC), contingency (CFC), working 
capital and startup costs. For direct cost (DC), it 
consists of piping, facility construction, equipment 

cost, installation, and other related costs. Indirect 
costs consist of engineering and construction-related 
expenses. The economic parameters (e.g., purchasal 
cost of raw materials and other consumables and 
selling price of products) were obtained from the 
market. 
 

The total production cost was estimated from the 

mass and energy balances, prices of raw materials, 
chemicals, labor cost, and utilities as shown in Table 
2. Transportation cost of raw materials and products 

to the plant and market was excluded from the 
production cost calculation, as it is assumed that the 
plant was built in close to the mining site. Labor and 
utility costs parameters were selected from the 

software database as given in Table 2. Reactor design 
parameters e.g., residence time, reaction 
temperature, conversion was obtained from 
experimental studies (Çakan, 2022). The solubility of 
magnesium sulfate was taken from the literature 
(Chen et al., 2023; Carmignano et al., 2020). A 
straight-line method was used for depreciation 

calculations in which a 10-year period and a salvage 
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value of 5% of the equipment purchase price were 

considered (Turton; et al. 2009). The feasibility of the 
suggested process is determined using the payback 

time (PBT) equation, which is given in Eqn. 5. 
 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑇𝑖𝑚𝑒(𝑦𝑒𝑎𝑟𝑠) =  
𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

Net Profit
 (Eq. 5) 

 
 

Table 1: Total capital investment (US$M) parameters and results for silica production process. 

 

 
 

Table 2. Operating cost parameters. 
 

 
 
3. RESULTS AND DISCUSSION 

 
Serpentine mineral Mg3Si2O5(OH)4 is a good source 
of Mg and Si. Especially, serpentine is produced as 
tailing waste of chromite concentration plants in 
Türkiye. The utilization of these waste mineral for 

production of magnesium products, such as MgSO4 
and Mg(OH)2; and precipitated silica can be economic 
and feasible. Another issue is that the quantity of 
tailings has been increased with respect to chrome 
ore production in Türkiye (Top and Yıldırım, 2017).  
 

Plant capacity (t./y)

Items

Estimation 

approach 4000 8000 12000 16000

Total Direct Cost (TDC)

Equipment purchase cost (PC) Listed equipment cost 3.33 4.21 5.84 7.79

Installation Equipment specific 1.22 1.60 2.15 2.89

Process piping 0.2 x PC 1.17 1.47 2.04 2.72

Instrumentation 0.1 x PC 1.33 1.69 2.34 3.12

Insulation 0.03 x PC 0.10 0.12 0.17 0.23

Electricals 0.1 x PC 0.33 0.42 0.58 0.78

Buildings 0.05 x PC 1.50 1.90 2.63 3.50

Yard improvement 0.1 x PC 0.50 0.63 0.87 1.17

Service facilities 0.2 x PC 1.33 1.69 2.34 3.12

Total Indirect Cost (TIC)

Engineering and supervision 0.25 x TDC 2.70 3.43 4.74 6.34

Construction expenses 0.35 x TDC 3.79 4.81 6.64 8.87

Contractor's fee & Contingency (CFC)

Contractor's fee 0.05 x (TDC + TIC) 0.86 1.10 1.52 2.03

Contingency 0.1 x (TDC + TIC) 1.73 2.20 3.04 4.05

Working Capital 1.19 2.36 3.54 4.72

Startup cost 1.00 1.26 1.74 2.33

Total Capital Investment 22.11 28.91 40.25 53.69

(TCI = TDC + TIC + CFC)

Items Estimation Approach & Assumption
Total variable produciton costs

Raw materials From mass balance

Labor- dependent Annual salary: 20,000 US$

Supervision factor: 0.15

Utility cost Electricity: 0.10 US$/kWh

Steam: 12 US$/MT

Stream (high pressure) 20 US$/MT

Process water: 0.12 US$/m3

Cooling water: 0.05 US$/m3

Chilled water: 0.4 US$/m3

Maintenance & repair for Equipments 7% of the TCI

Laboratory cost for QC and QA 15% of the total labor cost

Operating supplies 15% of the equipment maintenance and repair cost

Royalties 4% of the capital cost

Fixed Charges

Depreciation (10 year straight line) Depreciated 5% of the TCI

Insurance 1% of the TCI

Plant overhead costs 50% of labor, equipment maintenance and repair cost

General Expenses

Administrative costs 15% of operating labor cost

Distribution and marketing costs No less than 2% of the total operating cost
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Precipitated silica could be produced from both 

olivine and serpentine minerals. As the serpentine is 
more labile than olivine mineral based on the 

structural configuration, serpentine mineral is easily 
digested by acids. Secondly, as serpentine is 
obtained as a tailing waste during the chrome ore 
concentration, there is no need to extra mining 
processing. Because of those issues, serpentine 

mineral obtained from Ögelman Mining Inc., was 
used as raw material to produce silica and 
magnesium sulfate solution. The techno-economic 
analysis of silica production from serpentine mineral 
was performed using SuperPro Designer software. 
 

3.1. Total Capital Investment  
Technical and economic investigations of the silica 
production process from serpentine mineral were 
examined for different plant capacities. It allows the 
determination of annual operating cost (AOC), total 
capital investment (TCI) and unit production cost of 

amorphous silica. The necessary parameters in 

determining the technical analysis for the entire 
project were made using 2022 data. The construction 
of the facility, simulated with SuperPro Designer, 
started in 2022 and completion is expected to take 
30 months. The project life is determined as 15 
years, the number of annual working days is 330 
days and the commissioning period is 4 months. Net 

present value (NPV) is calculated using 4% interest 
rate. The amortization of the capital investment is 
assumed to be 10 years and the initial cost of the 
salvage fee is assumed to be 5% of the equipment 
initial cost (Peters and Timmerhaus, 1991).  
 

The total capital investment (TCI) equipment 
purchasing costs of the silica production facility were 
determined from the database of the program, and 
the costs of products and raw materials were 

determined from the global market prices. The size 
of the equipment and the number of equipment 
required for the capacity were calculated with the 

defined mass and energy balances. Care was taken 
to select stainless equipment suitable for the sulfuric 
acid used to dissolve the mineral in the reaction. The 
total capital investment of the amorphous silica 
production process is between US$ 22.11 M and US$ 
53.69 M, depending on the capacity of the facility (4–
16 kt/year), as shown in Table 2. In addition, it can 

be seen in Table 2 that the investment cost increases 
depending on the production amount in chemical 
plants. According to the examined facility capacities, 
the payback period of the investment was 

determined as 5.3 years for 4,000 t/year. It was 

observed that by increasing the facility capacity by 
12,000 t/year, the payback period decreased to 4.8 

years. It was observed that there was no change in 
the payback period because of further increasing the 
facility’s capacity. For this reason, 12,000 t/year was 
considered in the technical and economic analysis. 
The total capital investment required for the annual 

production of 12,000 t of amorphous silica was 
determined to be US$ 40.25 M.  
 
Increasing the capacity of the amorphous silica 
production facility had a direct impact on the number 
of equipment. Depending on the capacity, the 

purchasing costs of the necessary process units have 
increased. Total direct cost (TDC) is obtained by 
adding up the installation, process piping, 
instrumentation, insulation, electricity, buildings, 
facility construction, yard improvement and service 
facilities. These items are estimated by multiplying 

the equipment purchase cost by the coefficients 

specified in Table 1. For example, process piping is 
seen as 0.2 times the cost of purchasing equipment. 
The process piping cost was determined as US$1.17 
M and US$2.72 M. for production capacity of 4,000 
t/year and 16,000 t/year, respectively. After 
determining the total direct cost (TDC), total indirect 
costs (TIC) were calculated. Total indirect costs, 

engineering, and supervision are estimated at 0.25 
times the total direct costs. Total non-direct costs 
were determined as US$ 6.49 M at a production 
capacity of 4,000 t/year. Total indirect costs were 
determined as US$ 15.21 M. at a production capacity 
of 16,000 t/year. The total direct cost and non-direct 

cost varied in the same way as the contractor's fee 
and contingency (CFC). Total capital investment 
(TCI) was determined by the sum of these variables. 
In the study, US$ 22.11M, US$ 28.91M, US$ 40.25M. 

and US$ 53.69M TCI were obtained in the production 
capacities examined as 4,000 t/year, 8,000 t/year, 
12,000 t/year and 16,000 t/year, respectively. 

 
Figure 3 represents the variation of both total capital 
investment and production cost with annual plant 
capacity ranging from 4,000 t to 16,000 t. As the 
plant capacity is increased the investment cost 
increased as well, which is common for the most 
chemical plants. However, a decrease in production 

cost was observed when plant production capacity 
has been risen. The minimum production cost was 
determined as US$ 4.24/kg for the plant capacity of 
12,000 t/yr. 
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Figure 3: The effect of plant capacity on total capital investment and production costs. 
 
On the other hand, payback time is a good indicator 
whether the investment is a good choice or not. For 
this reason, payback time was calculated for each 
plant capacity and given in Table 3. The minimum 

payback time was obtained for 12,000 t annual silica 
production capacity. If there is a market demand for 
the silica where the plant would be constructed, this 
value is remarkable. 

 

Table 3: Payback period of investment according to the plant capacity. 
 

 
 

3.2. Annual Operating Cost 
Annual operating cost (AOC) was calculated as 
US$45,588,000 for an amorphous silica production 
capacity of 12,000 t. Raw material cost was 
determined as the most important expense with 

84.4% of the total cost of the facility. When the raw 
material cost was examined, it was seen that it the 

highest cost due to the price of sulfuric acid. The 
purchase price of sulfuric acid and serpentine was 
entered to the software as US$ 300/t and US$ 20/t, 
respectively. The second most important expense of 
the facility is facility maintenance, local taxes, 
insurance, equipment depreciation and other general 

expenses with 14.4%.  
 
The silica production cost for annual plant capacity of 
12,000 t using a purchasing cost of 20 US$/t of 
serpentine mineral, was determined as US$ 4.24/kg. 
The unit production income of the facility is calculated 
as US$ 5.03/kg. The most important factors on which 

the amorphous silica production cost depends are 
raw materials (84.4%) and facility expenses 
(14.4%). In the amorphous silica production facility 

from the serpentine mineral, the purchase price of 
sulfuric acid constitutes a significant part of the raw 
material cost. Sulfuric acid (98%) is sold in the 
market between US$ 250/t – US$ 350/t. The 

purchase price of sulfuric acid was entered into the 
program as US$ 300/t. 
 
In the silica process, the production rates of 
magnesium sulfate solution and amorphous silica are 
determined as 407,963 t/year and 11,855 t/year, 

respectively. The revenue prices of these products 

were entered into the program as US$0.06/kg and 
US$2.57/kg, respectively. In line with these data, the 
revenues of magnesium sulfate were calculated as 
US$ 24.48 M and the revenues of amorphous silica 
was calculated as US$29.65 M. The total revenue of 

the facility was determined as US$ 54.12 M. Annual 
operating cost (AOC) is determined as US$ 45.59 

M/year. The gross profit of the facility is calculated as 
US$ 8.53 M/year, taxes (40%) are US$3.4 M/year, 
and the net profit is US$ 8.44 M/year. 
 
4. CONCLUSION  

 
Serpentine mineral occurring as tailing waste in 
chrome ore mining was utilized for silica production. 
The feasibility analysis of the silica production 

process from serpentine mineral and sulfuric acid in 
an aqueous phase was performed from mass and 
energy balances calculated through modeling of the 
developed process at different annual capacities 
between 4,000 t - 16,000 t. The total capital 
investment for the silica production process was 

determined between US$ 22.11 M - US$ 53.69 M 

depending on the facility capacity ranging from 4,000 
t/year to 16,000 t/year. The production cost of silica 
was determined as US$4.24/kg for 12,000 t plant 
capacity. Total capital cost was determined to be 
US$40,247,000, annual operating cost was 
US$45,588,000, and total annual revenue for main 

product was US$54,122,000. The payback period for 
12,000 t/year amorphous silica production capacity 
was calculated as 4.8 years which is feasible value. 
 

Plant capacity (t./y) 4000 8000 12000 16000

Payback Time (y) 5.32 5.20 4.77 5.86
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Abstract: In this study, all solid state electrochromic devices (ECDs) without plasticizer such as propylene 
carbonate were fabricated by sol-gel spin coating method. WO3 nanoparticles and PEO based polymer 

electrolyte solutions with hBN and without hBN nanoparticles were prepared. These solutions were sol-gel 

spin- and dip-coated on ITO-glass, respectively. For determining the effect of hBN nanoparticles, four 
configuration of ECDs were fabricated. The fast bleaching and coloring times of fabricated ECDs were obtained 
with hBN nanoparticles in WO3 and PEO based polymer electrolyte thin films as 1.15 seconds. Glass/ITO/hBN-
WO3/hBN-PEO-based-polymer electrolyte/ITO/Glass electrochromic device is turned on and off 60 times. After 
60 cycle, the device coloring time changed to 2-3 seconds, bleaching times changed to 30 seconds.  
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1. INTRODUCTION 
 
Optical transmittance of electrochromic devices 
(ECD) are arranged reversibly and persistently by 
applying a small voltage (Pehlivan et al., 2014) . An 
ECD has an ion conductive layer (electrolyte) is 

sandwiched between an electrochromic and ion 
storage layer. Electrochromic and ion storage are 
coated on transparent conductive electrodes. The 
device is protected by coating transparent conductive 
electrodes on plastic and glass surfaces. Ions are 
transferred between the ion storage and 

electrochromic layers through the electrolyte layer 
(Fu, 2010; Eren, 2018). The electroyte layer, small 
ions such as protons H+ or lithium ions Li+, rarely Na+ 
and Ag+, are used (Eren, 2018; Solovyev et al., 
2016). 

 
Solid electrolytes have properties such as not 

leaking, easy to prepare, and perform good adhesion 
to electrolytes (Jeong et al., 2021). Polymer 
electrolyte consists of polymers and salt. PEO or PEO-
derived polymers dissolved lithium salts well that do 
not allow crystallization even at low temperatures. 
Despite the advantages, Solid polymer electrolytes 
have low room-temperature conductivity (Fullerton-

Shirey et al., 2010).  
 

Usually, both crystalline and amorphous phases are 
present in polymer electrolytes. Amorphous phases 
have higher conductivity than crystalline phases, and 
ionic conductivity increases by adding plasticizers to 
amorphous phases (Fu, 2010). Polymer electrolyte 
conductivity is increased by the addition of 

nanoparticle filler (Fullerton-Shirey et al., 2010).  
Additionally, device’s performance is increased by 
adding nanoparticles to polymer electrolytes 
(Pehlivan et al., 2014).  
 
Tang et al. (2017) fabricated LiClO4-PEO based ECD 

as an electrochromic layer, WO3 film was coated by 
thermal evaporation, as ion storage layer TiO2 film 
was coated by sol-gel dip coating method and the 
electrolyte layer LiClO4 /PEO/PC (1,3,3) were used. 
Optical modulation of 65% and 90k cycle stability 

were determined (Tang et al., 2017). The effects of 
SiO2 and ITO nanoparticles on the electrochromic 

properties of polymer electrolytes were investigated 
(Pehlivan et al., 2014). 
 
WO3 is the most promising among electrochromic 
materials. Coloration occurs with the entry of ions 
into the WO3 lattice, and bleaching occurs with the 
exit of the ions (Cremonesi et al., 2004). Adding 

metal nanoparticles such as Au, Ag and Pt enhances 
the coloration efficiency and durability of WO3 
nanoparticle films (Hoseinzadeh et al., 2017). hBN 

https://doi.org/10.58692/jotcsb.1435022
mailto:ozgeakpinar86@hotmail.com
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nanoplates improve mechanical properties, ionic 

conductivity and thermal stability in compassion bulk 
hBN microparticles (Hyun et al., 2019). Electrolytes 

consisting of PEO/LiTFSI/h-BN show high ionic 
conductivity. The PEO/LiTFSI/h-BN electrolyte has 
better cycling stability (140 cycles) than PEO/LiTFSI 
without h-BN electrolyte (39 cycles) (Li et al., 2020). 
 

The preparation methods are very sensitive to 
nanostructures. Also, there is a fragility of 
nanostructures and the deterioration of their 
structures when used with ECD devices with gel 
electrolytes (Xie et al., 2019).  
 

This study aims to fabricate of cost effective ECDs 
consisting of WO3 nanoparticles, polymer electrolyte 
without plasticizer such as propylene carbonate thin 
films by sol gel process, determining hBN 
nanoparticles effects on response times of these 
fabricated ECDs. 

 

To the best of our knowledge, WO3/PEO-LiTFSI-hBN 
without propylene carbonate-based ECD has hitherto 
been unexplored for electrochromic applications.  
 
2. EXPERIMENTAL SECTION 
 
2.1. Preparation of WO3 solutions with hBN and 

without hBN nanoparticles 
WO3 nanoparticles were dissolved with isopropanol 
(IPA) and deionized (DI) water (1:1:1 ratio) and the 
solution was mixed with a magnetic stirrer for 3 h at 
room temperature. For preparing the WO3 solution 
with hBN, %2 hBN nanoparticles were added to the 

solution. 
 

2.2. Preparation of PEO-based Polymer 

Electrolyte with and without hBN 
LiTFSI was dissolved in acetonitrile (ACN) at room 

temperature for 1 h. After adding PEO to the solution, 
it is mixed for 5 hours. To prepare polymer electrolyte 
solution with hBN, 1% hBN nanoparticles were 
added. 
 

 2.3. Fabrication of Four Types of 
Electrochromic Devices  
ITO/glasses were cleaned with acetone, ethanol, and 
IPA, respectively for 5 minutes in an ultrasonic 
cleaner. WO3 solutions were spin-coated on 
conductive transparent ITO-glass at 2000 rpm for 20 

seconds and annealed at 100 °C for 10 min. This 
process was adapted from Jeong (2021) to a 
thickness of 1 µ±0.1 (Jeong et al., 2021). Polymer 
electrolytes were dip coated at a speed of 1 mm/s on 
conductive transparent ITO-glass substrates and 
annealed at 100 °C for 10 min. These two processes 

are repeated three times. This process was adapted 

from Zhang et al. (2015) to a thickness of 30 µ±2. 
WO3 and polymer electrolyte thin films were 
sandwiched. Edges of ECDs were sealed with silicon 
guns so humidity that disturbs devices was 
prevented. Four types of ECDs were fabricated. WO3 
thin films were fabricated with hBN and without hBN 
by sol-gel spin coating method and polymer 

electrolytes were fabricated with hBN and without 
hBN by sol-gel dip coating method. They were 
sandwiched in four configurations as given in Table 
1.  

 
Table 1: Four configurations of ECDs. 

 

Device Cathode Electrolyte 

ECD1 WO3/hBN PEO/LiTFSI/ hBN 

ECD2 WO3 PEO/LiTFSI/hBN 

ECD3 WO3/hBN PEO/LiTFSI 

ECD4 WO3 PEO/LiTFSI 

 
 

 

 
 

Figure 1: Fabricated ECD based on WO3 with hBN, polymer electrolyte without hBN. 
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Figure 2: Fabricated ECD based on WO3 without hBN, polymer electrolyte without hBN. 
 

 
 

Figure 3: Fabricated Electrochromic Device based on WO3 without hBN, polymer electrolyte with hBN. 
 

 
 
Figure 4: Fabricated Electrochromic Device based on WO3 with hBN, polymer electrolyte with hBN. 

 
3. RESULTS AND DISCUSSIONS 
 
3.1. Scanning Electron Microscopy (SEM) Results of the WO3 and Polymer Electrolyte Thin Films  
Figure 5 shows SEM images of thin films. Figure 5a shows that the WO3 thin film is highly porous with a large 
active surface area. Figure 5b shows a polymer electrolyte thin film that has a smooth surface and clumps of 

hBN embedded unsmooth. 
 

 
 

Figure 5: SEM Image of WO3 at 2 kx and polymer electrolyte thin film at 1 kx. 
 

Figure 6 shows the EDX (Energy Dispersive X-Ray) 
spectra of thin films. Figure 6 a provides evidence for 

the chemical quality of WO3 thin film. The EDX 
spectrum exhibits the characteristic peaks of Oxygen, 
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Tungsten, Indium and Tin in the film. Tungsten and 

Oxygen peak from the Tungsten oxide phase and 
Indium and Tin peak from the ITO phase. However, 

the absence of any other peaks except these 
elements is evidence of the chemical quality of grown 
films without any elemental impurities. Figure 6b 
displays the EDX elemental analysis of polymer 

electrolyte. Au peaks are observed In EDX spectra. 

Au coating of samples was required in the SEM to 
enable the imaging of samples. Carbon and Oxygen 

are obtained from the PEO phase; Fluorine and sulfur 
elements are obtained for the formation of LiTFSI. At 
the same time, relatively smaller amounts of Pd and 
Cu are observed.  

 

 
 

Figure 6: EDX spectrum of a) WO3, b) polymer electrolyte thin film. 
 
3.2. Fourier Transform Infrared Spectroscopy 
(FTIR) Results of Polymer Electrolyte Thin 

Films  

 
FTIR spectrum of polymer electrolyte thin film is 
displayed in Figure 7. FTIR results show the bands 
appeared around 3500-3600 cm-1 were assigned for 
O-H group and intermolecular bonding. The 

vibrational frequency corresponding to CH2 rocking 
mode appears at 700-800 cm-1. For asymmetric SO2 

stretching mode and S-CF3 bonding mode, 

wavenumbers are spotted at 1447 and 2250 cm-1. 
For the C-SO2-N bonding mode of LiTFSI 
wavenumber is at 1377 cm-1. N-S bonding mode is 
obtained at 3170 cm-1 wavenumber. C-H bonding 
mode exists between 2900-3000 cm-1 wavenumbers. 
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Figure 7: FTIR spectrum of polymer electrolyte with LiTFSI. 
 

3.2. UV-Visible (UV-Vis) Spectroscopy Results 

of Polymer Electrolyte and WO3 Layer  
UV-Vis spectra of polymer electrolyte layer and WO3 
cathode layer are shown in Figure 8. The UV-Vis 
spectrum of polymer electrolyte thin film for the 
wavelength range of 300 and 800 nm is displayed in 
Figure 8a. It is clear that the transparency of the film 
increases with increasing wavelength. Transparency 

ranges between 80-90% which is ideal for ECDs. In 

Figure 8b, The UV-Vis image of a WO3 thin film for 

wavelength range of 300 and 800 nm is displayed. 
Transmittance of WO3 coated on PET-ITO increases 
with increasing wavelength. From the transmission 
spectrum, it is clear that the transparency of the film 
increases with increasing wavelength. Transparency 
of the film is suitable for electrochromic devices and 
similar to Zhang et al. (2022). 

 

        
 

Figure 8: UV-Vis spectra of polymer electrolyte and WO3 layer. The X axes are wavelength.  
 

3.2. X-ray Diffraction (XRD) 
XRD technique was used to obtain the 

crystallographic structure of WO3-coated on PET-

ITO. WO3 nanoparticles that were purchased from 
Nanografi company have a high purity of 99.99% 
in the orthorhombic phase and a size between 20-
60 nm. In Figure 9, XRD spectrum of WO3 thin film 
is displayed. Strong and sharp diffraction peaks are 

observed at 2θ = 23.1°,23.6°, 24.4°, 26.5°, 28.8°, 
33.3°,34.2°, 41.7°, 53.5°, 55.9°, all of which are 

associated to the (002), (020), (200), (120), 

(112), (022), (202), (222), (400) and (420) 
crystalline planes of the orthorhombic phase of 
WO3 with a good crystallization which is important 
for stability. 
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Figure 9: XRD spectrum of WO3 thin film. 

 
3.3. Performance of ECDs  
The bleaching and coloring time of fabricated ECDs in 
this study was obtained in nearly 1-2 seconds. 
Reasonably good response times are obtained 
compared to the coloration and bleaching times in the 
literature. Glass/ITO/hBN-WO3/hBN-PEO 

Electrolyte/ITO/Glass configuration of ECD cycled 60 
times. After 60 cycles, the device coloring time 
changed to 2-3 seconds and bleached times changed 
to 30 seconds. 

 
In Table 2, measured with standard deviation of 
these values, coloring (tc) and bleaching (tb) times of 
fabricated ECDs with hBN and without hBN are 
displayed. Results were determined by taking the 
average of 10 cycles of ECDs. Figure 9 shows adding 

hBN for both electrolyte and electrochromic layer 
decreases coloring (tc) and bleaching (tb) times of 
ECDs  

 
 

Table 2: Coloring and bleaching times of four configurations of ECDs. 
 

 
 

Figure 10: Graphics of coloring and bleaching times of four configuration of ECDs. 
 

The transmittance of ECD1 was measured by a 

fabricated Arduino-based electronic device in our thin 
film laboratory. In Figure 10, the transmittance of 

ECD1 is displayed for 10 s switching time. Coloring  

(tc) and bleaching (tb) times were obtained as a few 
seconds. Transmittance changes from 64 to 59% or 

Sample Cathode Electrolyte t c (s) t b 
(s) 

 STD 
( t c 

(s)) 

STD 
( t c 

(s)) 

ECD1 WO3 with 
hBN 

PEO/LiTFSI/ hBN 1.15 1.15 0.24 0.24 

ECD2 WO3 PEO/LiTFSI/hBN 1.65 1.51 0.21 0.44 

ECD3 WO3 with 
hBN 

PEO/LiTFSI 2.27 1.97 1.43 1.17 

ECD4 WO3 PEO/LiTFSI 1.50 2.14 1.28 1.49 
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vice versa. The results of transmittance in Figure 10 

are consistent with the results of Xie (2019). 
 

 

 

 
 

Figure 11: Transmittance over time of fabricated ECD1 for 10 seconds interval switching. 
 
4. CONCLUSION 
 

All solid-state electrochromic devices (ECDs) without 
plasticizers, such as propylene carbonate, were 
fabricated by the sol-gel spin coating method. PEO-
based polymer electrolytes and WO3 solutions with 
and without hBN were prepared successfully. WO3 
solution and polymer electrolyte were spin and dip 

coated respectively on ITO-glass substrate. After 
annealing, thin films were sandwiched and four types 
of ECDs were fabricated. Colored and bleached states 
were obtained by giving -3 V and +3 V voltage from 
the edges. The bleaching and coloring time of ECD1, 
ECD2, ECD3 and ECD4 are 2.14-1.5, 1.97-2.27, 
1.51-1.65, and 1.15-1.15 seconds, respectively. 

These results show that hBN nanoparticles for both 
electrochromic and electrolyte layers decrease the 
switching times. The fast bleaching and coloring 
times are obtained from ECD1. ECD1 was cycled 60 
times. After 60 cycles, the device coloring time 
changed to 2-3 seconds and bleached times changed 
to 30 seconds.  

 
For the characterization of WO3 cathode and polymer 
electrolyte layers, SEM, EDX, UV-Vis and FTIR 

characterization techniques were used. SEM results 
show that smooth and homogenous thin films are 
obtained. EDX spectrum shows chemical 

composition. EDX results prove the chemical quality 
of grown layers without any elemental impurities. 
UV-Vis results show that between 300-800 nm range 
polymer electrolyte and WO3 cathode layers have 
enough transmittance for ECDs. The WO3 film coated 
on ITO/Glass substrate exhibits %85 transmission at 
550 nm. Chemical bonds of the polymer electrolyte 

layer are determined with FTIR. 
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