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Abstract:  In recent years, the pollution of water sources has become an important concern for industrial
development. Especially, contamination with heavy metal ions leads to serious environmental problems and
water-borne diseases. Therefore, the synthesis of different low-cost adsorbent materials with high removal
efficiency are being researched extensively. In this study, biochar was obtained from torrefied hazelnut shell
and used during polyaniline synthesis to obtain Polyaniline/Biochar composite for removal of copper(II) ions
from  wastewater.  During  the  study,  optimal  temperature,  pH,  adsorbent  amount  and  contact  time
parameters were investigated. The removal efficiency of developed novel composite adsorbent was found to
be  89.23% under  the  optimum experimental  conditions.  Kinetic  studies  also  confirmed  the  adsorption
performance. The morphological analysis of adsorbent was characterized with thermal gravimetric analysis
(TGA).  A  new  nonlinear  model  was  developed  for  removal  efficiency  prediction  of  Polyaniline/Biochar
composite  adsorbent  since  the  adsorption  behavior  has  been  found  to  be  highly  complex.  The  batch
experiments of Polyaniline/Biochar were studied to train the model. The consistency between experimental
targets and model outputs gives a high correlation coefficient (R2=0.9943) and shows that the proposed
model can estimate the Cu(II) removal efficiency of adsorbent accurately. Modeling the behavior of Cu(II)
adsorption  will  be  helpful  to  describe  a  set  of  operating  conditions  for  amplifying  water  treatment
technology at the industrial level. Moreover, it can be supposed that the modeling approach developed in
this study will expedite the advancement of material science in various application fields for a data-driven
future wherein the knowledge can be aggregated.  
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INTRODUCTION

With rapid population and industrial  growth, many
types  of  contaminants  including  dyestuff,
pharmaceutical  compounds,  heavy  metals  can  be
found  in  water  sources  and  considerably  damage
the  environment  (1). Long-term exposure of heavy
metal  ions  occurs  water-borne  environmental
pollution that causes serious health problems thanks
to high-level toxin accumulation in human bodies (2,
3).  In  particular,  copper  is  a  common  pollutant

needed  in  various  industries  (automotive,  pipes,
valves, power plants, and electronics, etc.) due to its
high  electrical  and  thermal  conductivity.  However
copper is widely used in different technologies, the
toxicity of overload Cu uptake especially influences
the  liver  as  a  target  organ  and  causes  acute
poisoning.  These  environmental  concerns  have
boosted  the  investigation  of  alternative  recovery
technologies for the Cu(II) removal. 
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To date, a number of water treatment technologies
have  been  employed  for  the  removal  of
contaminants  from  water  sources  including
coagulation-flocculation,  biological  oxidation,  ionic
exchange,  electrochemical  oxidation,  adsorption,
and membrane filtration (4-8). It is thought that the
adsorption  technique  provides  the  most  suitable
alternative  recovery  to  other  treatment  methods
due to its more economical and simple application
(8,  9).  This  recovery  method  is  a  well-known
technology for heavy metal removal even at a very
low  ion  concentration  with  a  wide  range  of  raw
materials  availability  and  low  energy  requirement
(10).  Researchers  also  have  studied  a  set  of
adsorbents such as activated carbon  (11), zeolites
(12, 13), fly ash  (14), polymers  (15-20), clays  (21,
22) and  agricultural  wastes  (6,  23,  24) in  the
removal  of  heavy  metal  ions.  Nonetheless,  the
production  of  effective  adsorbents  for  acceptable
water treatment mechanisms is still a challenge.

Biochar  can  be  generated  from  almost  all
carbonaceous  materials  as  a  promising  adsorbent
for  wastewater  treatment  with  its  remarkable
chemical  properties.  As  a  waste  management
technique,  the  conversion  of  biomass  waste  into
biochar  has  attracted  attention  because  of  its
reusable  properties.  In  addition,  biomass  sources
have been identified as suitable adsorbent materials
for  different  adsorption  applications  due  to  their
enriched  surface  properties,  cost-effective
properties,  and porous structures providing a wide
surface area.  Therefore,  recent  studies  have been
focused on the production of biochar using a wide
variety  of  biomass  wastes  as  a  carbon  source
(straw, husk, sawdust, sludge residue, etc.) (25-28).
On  the  other  hand,  application  of  biochar  for
wastewater recovery has been limited due to its low
mechanical  durability  (29,  30).  In  studies  where
biomass  wastes  consisted  only  of  lignin  and
cellulose,  adsorbents  showed  low  selectivity  and
mechanical resistance to heavy metal ions (31, 32).
Therefore,  recent  studies  have  been  focused  on
improving  its  potential  practical  applications  for
heavy  metal  removal  through  incorporation  with
various sorbent materials. 

Modifying biochar with polymer matrices overcome
the  drawbacks  of  biochar  and improve  adsorption
efficiency.  In  current  decades,  electroactive
polymeric adsorbents such as polythiophene (PTh),
polypyrrole  (PPy)  and  polyaniline  (PANI),  find
applications in multiple fields such as rechargeable
batteries,  microelectronics,  composite  materials,
optics,  biosensors,  electronic  devices,  and
adsorbents  for  wastewater  recovery  due  to  their
doping and de-doping abilities (33-36). Among these
polymeric  composites,  polyaniline  (PANI)  and  its
derivatives have attracted attention because of their
specific  characteristic  properties  including  good
redox  reversibility,  low-cost  synthesis in  aqueous
solution, and ecological stability. Furthermore, PANI
conducting  polymer  has  shown  high  removal

efficiency  for  heavy  metal  ions  due  to  its  ion
exchange  properties,  and  porous  structure  (37).
Therefore,  PANI  adsorbents  with  their  remarkable
properties have been studied by researchers for the
removal  of  heavy  metal  ions  extensively  due  to
functional  amine and imine groups in  their  chains
(38, 39).

On  the  other  hand,  the  large  swelling  during
charge−discharge  process  often  disrupts  the
mechanical stability of PANI (40). Therefore, carbon-
based  materials  were  utilized  to  support  the
mechanical  structure  and  improve  the
electrochemical  stability  of  PANI due to synergetic
effect between PANI and carbon materials  (41-43).
However, some typical carbon-based materials used
for  PANI  composites  (such  as  carbon  nanotubes,
fullerene,  and  graphene)  were  synthesized  via
complex  processes  with  limited  and  high-cost
material sources  (44-46). This is a crucial obstacle
for  commercial  adsorbent  applications  of  PANI-
carbon based composites. Therefore, more attention
requires to be focused on synthesis of PANI-carbon
based  composite  adsorbent  materials  with
comparable  removal  efficiency  by  using
environmental, low-cost, and highly effective carbon
rich  materials  as  raw  materials.  On  that  note,
biochar  produced  from  different  biomass  sources
have  been  considered  as  a  promise  to  maintain
significant characteristics such as high surface area,
and  excellent  conductivity  to  the  polyaniline
structure  (47).  In  current  years,  the  utilization  of
PANI  polymer  onto  the  lignocellulosic  biomass
surface  has  been  also  examined  to  improve  the
properties and applicability of PANI  (48). The PANI-
based composites  such as PANI/sawdust  (49),  and
PANI/Argan-nut-shell  (50) have  indicated  high
removal capacity for  aqueous pollutants.  However,
according  to  the best  of  our  knowledge,  no study
has been reported for investigating the synergistic
effect between biochar and Polyaniline as a carbon-
based  PANI  composite  adsorbent  for  wastewater
treatment  applications.  Herein  we  synthesized  a
novel  Polyaniline/Hazelnut  Shell  Biochar  (PANI/BC)
via in-situ chemical polymerization as a PANI-carbon
based composite.

Beyond  these,  working  conditions  have  a  strong
influence  on  adsorption  capacity,  which  is  largely
dependent on all  process variables. But evaluating
the  removal  efficiency  of  synthesized  adsorbent
under different experimental  conditions is a highly
time-consuming  and  expensive  method.  Because,
the wastewater treatment process is highly complex
which  are  depended  on  all  process  variables  and
removal  mechanisms.  Therefore,  aside  from  the
experimental  researches  regarding  adsorption
studies, research is nowadays underway that seeks
to employ modeling approach to understand which
operational  condition  improves  the  removal
efficiency.  To  our  best  knowledge,  limited
researches have been announced that concern the
modeling and optimization of the removal process of
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adsorbent  materials  created  in  laboratories.
Modeling  of  the adsorption  process  to  understand
the  adsorption  behavior  is  developed  with  an
experimental  run.  The  determination  of  removal
percentage  is  the  main  factor  that  indicates  the
goodness  of  adsorption.  Thus,  it  is  essential  to
estimate  the  removal  percentage  in  different
experimental  conditions.  Therefore,  the  removal
percentage was assigned as an output variable of
the  proposed  model  to  clear  the  effect  of  each
experimental parameters on the removal process.

The  current  study  includes  the  development  of  a
new nonlinear regression model that describes Cu(II)
removal  along  with  various  operating  conditions.
The  objective  of  this  study  is  to  develop  and
evaluate a novel predictive model for exploring the
impact  of  different  experimental  parameters  on
Cu(II)  removal  efficiency  using  experimental
datasets.  The  affecting  parameters  include  the
following: adsorbent  dosage,  pH,  adsorption  time,
and temperature, and all of which were preferred as
input parameters and the model was developed by
using model input parameters. The proposed model
can  estimate  the  removal  efficiency  of  PANI/BC
composite adsorbent as an output parameter.  The
validation of the proposed model was determined by
investigating  the  adjustment  of  calculated  and
experimental  results.  A  comparison  between  the
calculated and experimental  results gives the best
fit  for  the  adsorption  efficiency  prediction.  This
indicates  the  model  is  feasible  for  predicting  the
behavior of removal efficiency of Cu(II) ions. Finally,
the nonlinear regression model we suggested in this
study may improve the understanding of adsorption
nature and may ease the conducting of adsorbent
designs  with  increasing  the  selectivity  towards
specified  heavy  metal  ions.  According  to  our

assumptions, the findings of this study also endow a
new  report  on  the  modeling  approach  to
demonstrate  the  opportunities  of  this  technology
having  an  advancement  on  material  synthesis  for
various  complex  engineering  approaches  involving
life and basic sciences in future.

EXPERIMENTAL SECTION

Preparation of the biochar
The hazelnut shells in the Black Sea region of Turkey
were used for the preparation of  the  biochar.  The
biochar production from hazelnut shell samples was
carried out under argon atmosphere using a vacuum
oven (51).  Biochar  was  produced  at  200°C  for  3
days.  At the end of  3 days,  the produced biochar
samples were soaked in 50% H2SO4 for 24 hours and
then  filtered  using  vacuum  filtration  technique.
Sulfuric acid used during biochar synthesis increases
the  surface  area  of  biochar,  removes  the  ash
content, and helps make biochar as a more effective
adsorbent.  Then,  the  biochar  was  purified  with
distilled  water  and  dried  at  110  °C.  The  dried
biochar  was  ground with RETSCH ZM 200 Grinder
device and was sieved using RETSCH AS 200 with
grain size below 250 µm for adsorption experiments.

Synthesis of PANI/BC composite
For  the  synthesis  of  PANI/BC  composite  hybrid
material, 5 mL of aniline and 1 g of prepared biochar
sample was dissolved in 70 mL of HCl (2 M) solution
for  12  hours  with  stirring  to  prevent  any  particle
aggregation. After 12 hours, 5 g of APS (Ammonium
Persulfate) was dissolved in 20 mL of distilled water
and slowly added to the solution for 10 minutes at
constant  stirring  speed.  Reaction  mechanism  of
aniline  polymerization  through  chemical  oxidation
was represented in Figure 1.

Figure 1. Polymerization mechanism of polyaniline (52, 53). 

The polymerization was continued for 12 hours at a
constant heating rate of 30°C and a constant stirring
rate of 200 rpm. The Polyaniline/Biochar (PANI)/BC

composite material was obtained as a result of the
reaction  and then was filtered.  After  filtration,  the
hybrid material samples were washed first with HCl
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(2M)  solution,  then  with  distilled  water,  and
adsorbent  samples  were  dehydrated  in  a  vacuum
oven at 90°C for 1 day (54, 55).

Batch experiments for adsorption of Cu(II) 
ions
To determine the adsorption features of Polyaniline/
Biochar  (PANI/BC)  composite,  heavy  metal
adsorption  experiments  were carried  out  by using
Cu(II)  adsorption  stock  solutions.  Chemicals  and
reagents were used of analytical grade. Cu(II) stock
solutions (1000 mg/L) were prepared by dissolving
copper(II)  nitrate,  Cu(NO3)2, in  distilled  water.  The
solutions  were  prepared  by  diluting  the  stock
solutions to specific concentrations.

Adsorption  experiments  were  performed  adding
certain  amounts  of  adsorbent  material  into  tubes
containing 50 mL of metal ion solution. Adsorption
process was conducted by mixing these solutions at
different  temperatures  and  at  a  constant  stirring
speed of 200 rpm. The pH values of  the solutions
were adjusted using HCl (1 M) or NaOH (1 M). On the
other  hand,  the  constant  temperature  of  the
adsorbent solutions was provided with a water bath.
Adsorbents  were  removed  from  the  solutions  by
using vacuum filtration technique at different time
intervals (5, 15, 30, 60, 120, 180, 240, 300, and 360
min)  and adsorption  capacities  were calculated  to
make  kinetic  calculations.  Copper  removal
experiments from aqueous solution was conducted
by  using  batch  experiments  according  to  various
experimental  conditions  such  as  pH  (2–8),
temperature (18,  20,  25,  30 °C),  contact  time (5–
360 min),  and  adsorbent  dosage  (5-150  mg)  to
observe the effect of operational parameters on the
removal efficiency. 

At the end of the experiments, the adsorbents were
removed  from  the  solutions  and  filtered.  The
concentration  of  metal  ions  remaining  in  the
solutions were determined using SHIMADZU, Double
Beam  UV-VIS  Spectrophotometer/UV-2600  device.
The percentage of metal ions was computed using
the following equation.

Removal%=
C0−Ce
C0

×100 (1)

Adsorption capacities were also computed using the
following equation.

qe=
(C0−C e)×V

W (2)

Where  C0 and  Ce are  initial  ion  concentration  of
heavy  metal  ions  (mgL-1)  and  equilibrium
concentration  of  heavy  metal  ions  (mgL-1)
respectively. V represents the volume of adsorbate
solution  (mL)  and  W  is  the  adsorbent  amount  in
(mg).

RESULT and DISCUSSION

Characterization
Thermal gravimetric analysis:  The thermal stability
of  pure  polyaniline,  and  Polyaniline/Biochar
(PANI/BC)  composite  were  determined  with
thermogravimetric  analysis.  Figure 2  indicates  the
thermal gravimetric plots of pure PANI (a) and PANI/
BC composite (b). The TGA characterization curve of
pure PANI (Figure 2) shows three steps of mass loss:
the first one takes place at around 100-200 °C with
6.98  %  weight  loss  accounting  to  the  loss  of
adsorbed  water  molecules  and  dopant  HCl
molecules  from  polymer  chains;  second  step  at
about 200-400 °C with a mass decline of 12.12 %
which was  likely  due to the discharge of  protonic
acid groups and  the third step at about 400-750 °C
with a weight decline of 37.22 % is due to thermal
decomposition of PANI chains and the fracture of the
polymer chain (56). The thermogravimetric analysis
of PANI/BC composite (Figure 2) demonstrates three
phases of mass loss: the first step initiating at about
100-200 °C with a mass loss of 3.84 %, regarded as
dehydration step of the adsorbed water molecules;
second  step  occurred  at  about  200-380°C  with  a
mass  decrease  of  11.41  % as  an outcome of  the
protonic  acid  groups  removal  and  the  final  stage
observed in between 380-700°C with a weight loss
of  33.12 % as a result  of  the fracture of  polymer
chain that governs the gas production. 
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(a)

(b)
Figure 2. TGA thermograms of PANI (a), and PANI/BC composite (b).

It  has  been  conducted  that  PANI  is  not  much
thermally stable as an organic polymer. In contrast,
the PANI/BC composite showed a lower weight loss
at  every  thermal  step  that  can  be  related  to
improved  thermal  stability.  This  indicates  that
biochar particles enhanced the thermal stability of

PANI  making  it  favorable  in  high  temperature
applications.

UV/Vis absorbance analysis
In the literature,  it  is  discovered that the removal
percentages of Cu(II) ions increase with an increase
of  initial  ion  concentration  between  50-600  ppm
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(57). However, a higher concentration of Cu(II) has
been found to reduce the adsorption capacity due to
the saturation of the adsorption sites. Therefore, in
this study the initial ion concentration of Cu(II) ions
was  determined  as  200  ppm  as  reported  from
literature (57, 58). 10 working solutions (20, 40, 60,
80,  100,  120,  140...200  mg/L)  were  prepared  by
diluting the stock solutions of copper(II) nitrate using
distilled water.

The absorbance  values  were determined  by using
SHIMADZU,  Double  Beam  UV-Vis
Spectrophotometer/UV-2600  device  at  proper
wavelength  for  Cu2+ ions  (450  nm).  These
absorbance  values  were  plotted  with  the
concentrations of solutions as shown in Figure 3.

UV/Vis  spectroscopy  is  widely  performed available
technique  for  adsorption  characterization  of
prepared adsorbent samples. Adsorption capacities
of prepared adsorbents for heavy metal ions can be
studied  by  using  UV/Vis  spectroscopy.  Spectral
analysis  was  applied  with  a  SHIMADZU,  Double

Beam UV-Vis Spectrophotometer/UV-2600 device as
collecting  spectra  from  200–1100  nm.  Deuterium
and  tungsten  lamps  are  preferred  to  obtain
illumination across the ultraviolet, visible, and near-
infrared electromagnetic spectrum.

Figure 3. The calibration equation and calibration
curve.

Table 1. Removal percentages determined with UV
spectrometry.

p
H

T
(°C)

Adsorbent
Dosage (mg)

Contact
Time (min)

Removal
(%)

2 30 20 60
62.76

3 30 20 60
80.31

4 30 20 60
84.66

5 30 20 60
84.57

6 30 20 60
82.40

7 30 20 60
83.12

8 30 20 60
81.70

4 18 20 60
79.85

4 20 20 60
87.72

4 25 20 60
86.66

4 30 20 60
84.69

4 20 5 60
88.17

4 20 10 60
89.23

4 20 15 60
87.72

4 20 20 60
87.72

4 20 30 60
86.66

4 20 40 60
86.51

4 20 50 60
86.66

4 20 100 60
86.51

4 20 150 60
85.30

4 20 10 5
85.45

4 20 10 15
86.21

4 20 10 30
83.34

4 20 10 60
88.17

4 20 10 120
87.42

4 20 10 180
88.33

4 20 10 240
88.03

4 20 10 300
88.48

4 20 10 360
88.33

Batch experiments
pH effect: The solute pH is important in adsorption
experiments  and  generally  the  influence  of  pH
parameter  was  examined  prior  to  the  other
experimental  parameters.  The  higher  removal
efficiencies of Cu(II) ions were founded when the pH
of solution is greater than 4 since the decomposition
rate occurred more slowly on the adsorbent surface
under pH 4. The decrease in solute pH showed the
lower tendency of removal efficiency for the PANI/BC
composite  adsorbents that  can be associated with

higher  acidic  conditions  due to  the protonation  of
the groups. 

In usual,  water adsorption can occur easily on the
surface  of  biochar,  which  is  due  to  the  covered
eventual  adsorbent  surface  layer  with  hydroxyl
groups. These hydroxyls groups can take and leave
protons  to  the  water  as  making  the  adsorbent
surface positively or negatively charged (59).
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Figure 4. At 30°C, the pH effect examination for 20-mg amounts of PANI/BC composite adsorbent for 60
min of contact time.

If the acidic properties of the adsorbent surface are
higher  than  the  solute,  the  surface  is  charged
negatively since the surface release protons to the
solvent. In contrast, the surface is charged positively
since the particle receives protons from the solvent
due  to  the  basic  characteristic  of  the  adsorbent
surface (59).

As shown in Figure 4, it can be concluded that the
pH values between 3 and 6 promote the adsorption

mechanism of Cu(II) ions due to nitrogen-containing
functional  groups in  the polymeric  chain  including
amine, imine, and protonated imine as responsible
sites for adsorption.

Temperature  effect:  Temperature  is  a  vital
parameter for both adsorption rate and equilibrium
conditions  as  it  is  changing  the  molecular
interactions and solubility (60). 

Figure 5. At pH 4 the temperature effect examination for 20-mg amounts of PANI/BC composite adsorbents
for 60 min of contact time.

The adsorption of Cu(II) ions on PANI/BC composite
adsorbent was examined at temperatures of 18, 20,
25, and 30 °C. As shown in Figure 5, the removal
efficiency of adsorbent samples at 20 °C is higher
than the removal efficiency at 18 °C, which can be
associated  with  the  increment  of  adsorption  rate
with  temperature  effect.  The  increase  of
temperature accelerates  the  mobility  of  Cu(II) ions
on the adsorbent surface. The increase of removal
efficiency of adsorbent from 18 to 20 °C also shows
the  spontaneous  and  feasibility  of  the  adsorption
mechanism. Adsorption efficiency can also decrease
with the decrease of temperature effect in physical
adsorption process due to the endothermic nature of
mechanism.  However,  it  was  observed  that  the
removal efficiency decreased with the increasing of
temperature  from 20  to  30°C  may be due  to  the

physical adsorption behavior. In physical adsorption
with  increasing  temperature,  weaker  physical
attractions  occur  between  the  adsorbent  surface
and aqueous solution(61).

Dosage effect: Experimental studies were repeated
with  different  dosages  of  PANI/BC to  examine  the
effect  of  adsorbent  dosage  on  removal  efficiency
and the results are given in Figure 6. The adsorbent
amount is a very effective parameter as it defines
the  extent  of  removal.  Increasing  the  adsorbent
amount  from  5  to  100  mg  resulted  in  a  sharp
decrease in the percentage removal for Cu(II) ions.
This behavior can be also observed probably due to
overlapping  functional  sites  at  higher  adsorbent
amounts.
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Figure 6. At pH 4, the adsorbent dosage effect examination of PANI/BC composite adsorbents for 20°C
temperature and 60 min contact time. 

Besides,  the  driven  forces  between  adsorbent
surface  and  solution  physically  obstruct  available
adsorption  sites  as  leading  to  adsorption  capacity
decrease.  In  general,  decreasing  effective  binding
sites can be associated with the agglomeration  of
exchange particles (62). 

On the other hand, the removal efficiency of Cu(II)
increased from 88.17% to 89.23% with an increase
of the adsorbent amount from 5 mg to 10 mg for 1 h
of contact time. This increase in the adsorption can
be related more availability of binding sites on the
adsorbent  surface  to  yield complexes  with  metal
ions.  The  copper  removal  almost  remains
unchanged  after  (0.3  g)  dosage  of  adsorbent  is
added since the adsorption equilibrium is reached.
The  maximum  removal  efficiency  for  PANI/BC

composite was found at an adsorbent dosage of 10
mg of the composite at 20°C and for 1 h of contact
time in the adsorption batch experiment as can be
seen from Figure 6.

The effect of contact time: The contact time explains
the rate of the binding possibility of metal ions on
the  adsorbent  surface  and  gives  the  optimum
contact time for removal process completion of the
metal ions. Figure 7 indicates the contact time effect
on  the  removal  efficiency  of  PANI/BC  composite
adsorbent.  The  removal  efficiency  increases  with
time and achieves equilibrium within 180 min. The
metal  ion  adsorption  changes  with  time  increase
thanks to saturation, considering that the possibility
of  monolayer  covering  of  metal  ions  on  the
adsorbent surface.

Figure 7. At pH 4, the contact time effect examination for 10-mg amounts of PANI/BC composite adsorbents
for 20°C temperature.

As shown in figures,  the relationship  between  the
effecting experimental variables such as pH, contact
time,  temperature,  and  their  related  removal
abilities contains highly non-linear complex behavior
for  various  adsorbent  substances.  Therefore,  it  is
generally  very  difficult  to  estimate  the  most
promising  operational  conditions  of  different
adsorbent  types  for  improving  the  adsorption
capacity. Besides, the experimental set up of these
mechanisms  can  be  time-consuming  and  highly
costly.  However,  models  are  one  of  the  best
alternatives to avoid these limitations.

Kinetic  analysis  of  PANI/BC  composite
adsorbent
The kinetic  studies  show the rate  of  the chemical
reaction during the adsorption processes and define
the effecting parameters of these reactions for the
equilibrium  access  with  an  acceptable  amount  of
time.  The  simulations  of  kinetic  models  give  also
hints  about  for  the  adsorption  mechanisms  and
adsorption capacities.
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One of  the most preferred kinetic  models  are the
Linearized  Pseudo  First-Order  and  Pseudo  Second
Order  models.  The  linearised  pseudo-first-order
kinetic model formulation can be expressed as the
following statement (63):

ln (qe−qt)= ln qe−k1t (3)

Where  k1 (min-1) denotes  the  pseudo-first-order
adsorption rate constant, whereas the qe and qt are
the expressions of  the adsorbed mass amounts of
adsorbent  (mg/g)  at  equilibrium  time  and  t  (min)
time, respectively. In general, the pseudo-first-order
kinetic models which change significantly according
to  the  adsorption  mechanism  are  appropriate  for
only  the  first  20  and  30  contact  minutes  of
adsorbents.

The  linearized  Pseudo  second-order  kinetic  model
can also be formulated as the following statement
(64):

t
qt

=
1

k 2qe
2
+
1
qe

×t
(4)

Where k2 (min-1) refers to the pseudo-second-order
kinetic model rate constant as can be related to the
experimental  conditions  including the initial  solute
pH,  temperature,  etc.  When  k2 decreases  the
required  time  is  increased  for  reaching  the
equilibrium conditions. The main assumption of the
pseudo-second-order kinetics is the adsorption rate-
limiting  step  occurs  due  to  the  valency  forces  of
interactions between adsorbent surface and heavy
metal ions. k2 (min-1)  and qe (mg/g) values can be
calculated  from  the  intercept  and  slope  of  the
plotted curves that were generated by plotting t/qt

versus  t  (min).  If  the  adsorption  process  follows
these kinetic model results, the plotted curve would
be straight line. One of the big advantages of this
type  of  kinetic  model  is  the  estimating  qe

parameters  with  a  relatively  small  experimental
error.

These two different kinetic models were utilized for
PANI/BC  composite  adsorbent  material  for  its
predetermined operational conditions such as pH 4
of solute and 20°C to investigate the compatibility of
the synthesized adsorbent samples with both kinetic
models. 

 
Figure 8. The comparison of PANI/BC composite adsorbent results with Pseudo Second Order Kinetic Model

(top) and with Pseudo First Order Kinetic Model (bottom).

As seen in Figure 8, the pseudo-second-order model
fits better with the experimental results because it
gives  a  higher  determination  coefficient  factor  (1)
than  the  pseudo-first-order  model  result  (0.9612).
Pseudo-second-order  kinetic  model  can  be
considered as the proper model for the adsorption
process  of  Cu(II)  onto  the  PANI/BC  composite
adsorbent due to its high determination coefficient
value and its validity for almost every contact time
variety. 

For the pseudo-first-order kinetic model, the k1 and
qe  values  can  be  determined  from the  slope  and
intercept  of  curves  obtained  by  plotting  of  t/qt
versus  t  whereas  the  k2 and  qe values  were  also
obtained  using  the  same method  for  the  pseudo-
second  model.  The  determined  parameter  values
were given in Table 2.

Table 2. Kinetic model parameters for adsorption of Cu(II) ions onto PANI/BC composite.

Pseudo First Order Kinetic Model Pseudo Second Order Kinetic Model

k1 (min-1) qe (mg/g) R2 k2 (min-1) qe (mg/g) R2

0.0141 4.036 0.9612 1.1295 0.8861 1
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Nonlinear regression model
Samples: The  effect  of  five  variables  on  the
efficiency  of  Cu(II)  adsorption  including;  pH,
adsorbent  dosage,  contact  time,  and  temperature
were selected as input parameters  and utilized to
develop  the  model.  All  experimental  results  were
divided into training and testing sets. Samples were
randomly selected by using the MATLAB software.
The  training  dataset  was  employed  to  develop  a
non-linear  regression model  and a  testing dataset
was applied for validation of the proposed model.

Model: Modeling  is  a  proven  and  accepted
engineering  approach  to  design  and  optimize
removal processes by using a nonlinear combination
of  experimental  parameters.  This  combination  is
defined  as  highly  complex,  which  is  affected  by
different  operational  conditions  and  adsorption
mechanisms. Thus, modeling of removal processes
is  encouraged by using nonlinear regression.  Non-
linear regression technique is a kind of  regression
analysis in which observational data are modeled by
a  function  that  is  a  nonlinear  combination  of  the
model  parameters  and  depends  on  one  or  more
independent variables. 

In  this  study,  an  innovative  approach  is
implemented  to  improve  the  accuracy  of  the
nonlinear  regression  and  its  estimation  ability  of
removal  efficiency.  The  aim is  to  define  optimum
operational conditions as input variables associated
with  removal  efficiency  and  to  perform  an
exponential  and  logarithmic  regression  on
developed  model.   The  developed  model  that  is
used  for  the  estimation  of  Cu(II)  removal,  is  the
following:

Removal Efficiency Prediction for Cu(II) = (-
0.0061916)×(𝑥1))+((-0.034073)×(𝑥2 ))+((
0.30832)×(𝑥3))+((-13272)×(𝑥4))+((-7.8883×10-

10)×(𝑥5))+((-4.5737×10-09)×(𝑥6))

where 𝑥1 is (temp3/ph3),  𝑥2 is ((time/ph)×cos(ph)),  𝑥3

is  (cos(mass2)×cot(time/sin(ph0.5)),  𝑥4 is
(ph3/temp2)/temp2,  𝑥5 is (temp7/cos(time2))/ph), 𝑥6 is
(mass4) , respectively, and the coefficients from 𝛾1 to
𝛾6 denote the regression coefficients.

The  comparison  between  the  model  results  and
experimental  datasets  gave  a  high  correlation
coefficient (0.9494) as indicating the Cu(II) removal
estimation  ability  of  the  model  for  PANI/BC
composite adsorbent.

Figure  9. The  comparison  between  the
experimental  results  and  the  predicted  results
obtained from the developed non-linear model.  

Regression  analysis  was  used  to  define  the
consistency  of  the  model  output  results  and  the
target values showing whether the training network
is acceptable or not (Figure 9). In addition, to obtain
a better understanding of the model ability, optimal
operating  parameters  obtained  from  experimental
studies were tested with model  simulation results.
According  to  experimental  results,  pH  of  the
adsorbate  solution  4,  the  adsorbent  dosage  of  10
mg, and temperature of 20 °C were determined as
the  optimum  experimental  conditions  with  a
removal efficiency of % 89.23 for PANI/BC composite
adsorbent.  This  value is  quite  high as considering
the  many  removal  percentages  obtained  from
copper removal studies in the literature (65-69). The
results  demonstrated  that  the  PANI/BC  composite
was found to be an ideal adsorbent material for the
removal of copper metals.

Figure 10. Agreement between the non-linear
model and experimental results as a function of

contact time.

The impacts  of  experimental  parameters  on Cu(II)
ions removal ability were utilized to comprehend the
process  when the  other  factors  were  fixed  at  the
optimum  value  that  conducted  in  experimental
studies. As can be seen in Figure 10, the prediction
ability of the proposed model was validated by using
the corresponding model simulation results with the
experimental  outcomes  of  PANI/BC  composite
adsorbent.

298



Yakışık H, Özveren U. JOTCSA. 2021; 8(1): 289-302. RESEARCH ARTICLE

CONCLUSION

In this study, the removal of Cu(II) toxic heavy metal
ions  from  aqueous  solution  using  a  novel
Polyaniline/Biochar (PANI/BC) composite adsorbents
was conducted in batch experiments. The effects of
operational  parameters such as adsorbent dosage,
pH,  contact  time,  and  temperature  were
investigated  on  the  Cu(II)  removal  process.  The
kinetic results showed that the Cu(II) removal occurs
in the 30 min of contact time, which implies a high
affinity  of  adsorbent  toward ions,  probably  due to
the  functional  adsorption  sites  such  as  hydroxyl,
carboxyl,  and  amine  groups  on  the  adsorbent
surface.  It  was also found that the utilization of  a
non-linear regression modeling approach is  a very
effective,  economic,  and  eco-friendly  method  for
comprehending of removal mechanism.  Moreover,
the  optimal  conditions  of  PANI/BC  composite  for
Cu(II)  adsorption  experiments  showed  good
agreement  with  our  proposed  model.  Modeling
results were compared with experimental results to
verify  the  predictive  accuracy  and  applicability  of
the  model.  According  to  our  expectations,  large
applicable  information  about  composite  materials
gained with ease of modeling approach will increase
the discovery of advanced materials for future green
synthesis components and clean energy systems.
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