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Abstract

In this work, a low-cost activated carbon derived from walnut shells (WSAC) was developed through pyrolysis coupled
with chemical activation using ZnCl,. The preparation process was statistically optimized using the Box—Behnken
design (BBD) to assess the influence of impregnation ratio, carbonization time, and carbonization temperature on the
textural properties of the material. The optimal conditions, predicted by Design Expert, corresponded to a carbonization
temperature of 450 °C, a carbonization time of 90 min, and an impregnation ratio of 1:1 (w/w). Under these conditions,
the WSAC achieved a high specific surface area of 873 m?/g and a total pore volume of 0.490 cm?®g, indicating a
predominantly mesoporous structure. The physico-chemical properties of WSAC, including thermogravimetric
analysis, crystalline structure, morphology, functional groups, and surface area, were investigated using various
techniques such as TGA-DTG, SEM, XRD, FTIR, pHzpc, and BET analysis. The adsorption behavior of paracetamol
(PCT) from aqueous solution was systematically evaluated as a model pharmaceutical contaminant. The effects of
solution pH, temperature, initial concentration, and adsorbent dosage were investigated. The adsorption data were
best described by the Langmuir isotherm, with a maximum monolayer adsorption capacity of 62.06 mg.g1, while the
kinetic results followed a pseudo-second-order model (R2 =0.999). It was found that the adsorption mechanism involves
hydrogen bonding and n—r interactions. Thermodynamic parameters revealed that the adsorption process is
spontaneous and exothermic. These results show that WSACs can be an efficient adsorbent for the removal of PCT or
other pharmaceutical pollutants from water.

Copyright © 2027 by Authors, Published by BCREC Publishing Group. This is an open access article under the CC
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1. Introduction wastewater, are frequently resistant to
traditional treatment methods and are
continuously released into water bodies [1].

The pharmaceutical most commonly detected
in surface water, groundwater, and wastewater is
paracetamol [2]. This compound is a non-steroidal
anti-inflammatory drug and is present in
numerous medicines. Given their functions for

In recent years, the continuous discharge of
pharmaceutical compounds into water sources
has emerged as a critical environmental issue
worldwide. These micropollutants, which come
from industrial, hospital, and residential
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pain relief and fever reduction, these medications
are among the most utilized globally, thus
constituting pervasive environmental
contaminants [3]. It has been noted that the world
production of paracetamol is around 145,000 tons
annually. Additionally, it is readily accessible in
numerous countries and it can be bought without
a prescription; thus, its consumption 1is
excessively occurring [4]. However, excessive or
prolonged exposure to PCT can lead to adverse
health effects, including digestive disorders,
diarrhea, and stomach cancer [2]. Furthermore,
even at low concentrations, PCT has a toxic effect
on organisms living in both aquatic and terrestrial
environments [5]. Therefore, it is important to
develop effective and affordable technologies to
remove PCT from wastewater before its discharge
into the environment.

Currently, many technologies of water
treatment have been applied for the removal of
paracetamol, including aerobic degradation [6],
fenton-based processes [7,8], membrane processes
[9], like electrolysis [10] and nanofiltration [11—
13], photocatalytic ozonation [14,15], and ion
exchange [16]. However, these technologies are
generally costly, can be generate harmful by-
products, and do not sufficiently fulfill such
discharge requirements. In the last decades,
adsorption has been regarded as a promising
method for PCT removal due to its simplicity, high
efficiency, and eco-friendliness. In this regard, it
is consistently recommended to use low-cost and
biodegradable materials adsorbents. Indeed, the
most commonly used adsorbents for PCT
adsorption include natural clay [69], silica gel
[18], zeolite [19], nanocomposite [20], and biochar
[21]. However, the activated carbon stands out as
the most effective adsorbents, due to its
paramount properties, such as a high surface
area, porous structure, regeneration possibility,
and the ability to remove many contaminants
selectively [22-25].

This study focuses on the synthesis and
optimization of activated carbon derived from
walnut shells (WSAC) for the efficient adsorption
of paracetamol from aqueous media. The
preparation conditions were optimized using
Response Surface Methodology (RSM) based on
the Box— Behnken design (BBD). The response
surface methodology stands out for its many
advantages. Firstly, it minimizes the number of
requisite experiments. Secondly, the methodology
incorporates analysis of variance (ANOVA) to

Table 1. Elemental analysis of walnut shells.

verify the precision and statistical robustness of
the obtained results. Thirdly, it enables the
assessment of both individual factors and their
synergistic interactions, providing a
comprehensive understanding of their effects.
Lastly, RSM also employs 3D surface plots to
visualize variable effects, facilitating the
interpretation of complex interactions.
Furthermore, the influence of process variables
such as solution pH, temperature, initial
paracetamol concentration, and adsorbent dosage
on adsorption performance was systematically
investigated. Kinetic, isothermal, and
thermodynamic studies were conducted to
elucidate the adsorption mechanism and evaluate
the spontaneity and nature of the process.
Overall, this work highlights the potential of
walnut shell biomass as a sustainable, low-cost
precursor for high-performance activated carbon
and advances the development of an effective
adsorbent for the removal of pharmaceutical
contaminants from water.

2. Materials and Methods
2.1 Materials

Walnut shells, sourced locally from Tunisia,
were used as the biomass precursor for the
synthesis of the activated carbon. Chemical
activation was performed using zinc chloride
(ZnCl,, 98% purity) as the activating agent.
Paracetamol (CgHoNO,) was selected as the target
pollutant for the adsorption studies. All other
reagents used in this work, including hydrochloric
acid (HCl), sodium hydroxide (NaOH), sodium
chloride (NaCl), and potassium bromide (KBr),
were of analytical grade and were used as received
without further purification.

2.2. Synthesis of Walnut Shell-Derived Activated
Carbon

The initial preparation of the raw material
involved thorough washing with distilled water to
eliminate any surface dust and inorganic
contaminants. The washed precursor was then air
dried at ambient temperature for 48 hours to
minimize its residual moisture content.
Subsequently, the dried material was crushed and
sieved to obtain a uniform particle size fraction
within the 1 to 2 mm range. The elemental
analysis of the final prepared precursor is detailed
in Table 1 [26].

Sample Elemental analysis (wt.%)
C 0 H N S
Walnut shell 47.74 45.61 6.03 0.40 0.22
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To efficiently optimize the activation and
carbonization parameters while minimizing the
number of experimental trials, a Box-Behnken
design (BBD) with three factors and three center-
point replicates was applied. The total number of
runs was calculated as N = 2k(k — 1) + C,, where
k 1s the number of factors and C, is the number of
center-point replicates, giving 15 experiments.
The three independent variables investigated
were the impregnation ratio, the carbonization
time, and the carbonization temperature. The
sample was chemically activated with zinc
chloride (ZnCl,) at an impregnation ratio of (1-2
w/w). It was then pyrolyzed at a temperature
range of (350-550 °C), using a heating rate of
10 °C/min and residence times of (30-90 min)
under a nitrogen atmosphere. Afterwards, the
impregnated material was rinsed with hot
distilled water to remove excess zinc chloride until
reaching a pH of 6-7, and finally dried in an oven
at 80 °C for 24 h.

2.3. Experimental design

In this work, response surface methodology
(RSM) based on a Box-Behnken design (BBD) was
used to investigate the effects of three
independent variables, namely impregnation
ratio (A), carbonization time (B), and
carbonization temperature (C), on the BET
surface area (Seer) and total pore volume (Vp) of
the activated carbon. Table 2 lists the
experimental ranges of the independent variables
together with their coded levels.

Design-Expert software (version 13) was used
to generate the experimental design and analyze
the data. The relationship between each response
and the independent variables was described by
an empirical second-order polynomial model
(Equation (1)). The influence of the operating
factors was evaluated through analysis of
variance (ANOVA) and the coefficient of
determination (R?). The F-values were used to test
the adequacy of the models, while the p-values
were used to assess the significance of each model
term.

Y=by+b XxA+b,XB+byXC+byy xA2+
byy X B2+ b33 X C? + by, X AB + by X AC + byg X
BC 1)

Table 2. Independent variables and their coded levels.

Where Y is the predicted response, bo is the
constant coefficient, (b1, b2 and bs) are the linear
coefficients, (b11, b2 and bs3) are the quadratic
coefficients, (b12, b1z and bss) are the interaction
coefficients, and A, B, C are the independent
variables.

2.4. Characterizations Techniques

Several characterization techniques have
been applied to analyze the properties of the
optimum activated carbon and the precursor.
Thermal analysis (TGA/DTG) was carried out
from 25 to 1000 °C at a heating rate of 10 °C min™.
The surface area and pore volume of the material
were determined using the BET (Brunauer—
Emmett-Teller) method through nitrogen
adsorption—desorption isotherms at 77 K on a
Micromeritics 3 Flex analyzer. X-ray diffraction
(XRD, D2 PHASER, Bruker) was employed to
examine the crystal structure of the material.
Morphology and particle size were investigated
using scanning electron microscopy (SEM, JEOL
JCM-7000). Fourier-transform infrared
spectroscopy  (FT-IR, Thermo-Fisher) was
performed with KBr pellets over the 4000-400
cm™ range to identify surface functional groups.
The zero-point charge (pHzpec) of the materials was
determined using the pH drift method described
by Rawat et al. [27]. Finally, the concentration of
paracetamol was quantified using a UV-VIS
spectrophotometer (PG Instruments T80) at a
wavelength of 242.5 nm.

2.5. Adsorption experiments

In this study, the paracetamol adsorption
experiment was conducted in batch mode. Various
operational parameters were examined, including
the solution pH (3 to 12), the adsorbent dose (0.4
to 3 g.Li'1), and the initial PCT concentration (20
to 50 mg.LY). The adsorption isotherms were
analyzed to gather detailed information on the
adsorption process efficiency. Additionally, the
solution temperature varied between 308 and 338
K to determine the thermodynamic parameters
associated with the adsorption process.

The removal efficiency R (%) and adsorption
capacity ge (mg.g!) of this activated carbon were
computed according to the following expressions:
Equations (2) and (3).

Coded variables levels

Factors Code Unit

-1 +1
Impregnation ratio A wiw 1 2
Time carbonization B min 30 90
Carbonization temperature C 350 550
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R= % x 100% 2)
0
(Co=Ce)XV
=T ®)

where Co and C. are the initial and equilibrium
concentrations of paracetamol (mg.L-1), V is the
volume of solution (L), and W is the mass of
activated carbon (g).

2.6. Analytical Methods

The residual PCT concentration was
measured at 242.5 nm with a PG Instruments T80
UV-VIS spectrophotometer, after filtering each
sample through a 0.45 um syringe filter to remove
the adsorbent particles. All experiments were
performed in triplicate, and the results are
expressed as mean values, with a relative error of
about 3%.

2.7. Adsorption Kinetics

The study of adsorption kinetics describes the
rate at which a solute is adsorbed and the contact
time required between the adsorbent and
adsorbate to reach a steady state or pseudo-
equilibrium in the system [28]. This knowledge is
of considerable practical significance, as it can
help save both time and energy. The pseudo first
order (PFO), pseudo second order (PSO), and
intraparticle diffusion (IPD) kinetic models are
commonly employed to investigate adsorption
processes in aqueous solutions [29].

The PFO kinetic model (Equation 4) is
written as:

g = qe (1 —e7faf) 4)

Where ge and ¢: are the amounts adsorbed at
equilibrium and at time ¢ respectively, (mg.g!)
and K is the PFO model's rate constant (min-1).
The PSO kinetic rate (Equation 5) is expressed as
follows:

qé Ko t
1+ qe Ky t

qr = (5)

where K> corresponds to the pseudo-second-order
rate constant (g.mgl.minl). The IPD model is
expressed by the following equation (Equation 6):

1

qc = Kigtz + G (6)

where Kia is the intraparticle diffusion rate
constant, (mg.g-l.min-¥2), and C; is a constant
related to the boundary layer thickness, (mg.g-).

2.8. Adsorption Isotherms

Adsorption  isotherms  illustrate the
interaction between the adsorbent and the
contaminant. They are widely used to evaluate
adsorption capacity, the affinity of the adsorbent,

the performance of the adsorption system, and
the underlying adsorption mechanism. Several
isotherm models exist, with the most common
being the Langmuir single layer and the
Freundlich multilayer adsorption models.

The Langmuir isotherm assumes that
adsorption occurs as a monolayer on a
homogeneous surface, with constant enthalpy
and sorption activation energy. Equation (7)
expresses the nonlinear form of the Langmuir
model.

ge = dmKjCe (7)

1+K|Ce

where ge 1s the quantity of paracetamol adsorbed
(mg.g1), Ce is the equilibrium PCT concentration
(mg.LY), Ki is a Langmuir constant (I/mg), and
gm 1s the maximun adsorption capacity (mg.g1).
A dimensionless constant (Rr) also can be added
(Equation 8).

1
T 1+4K.Co

®)

L

The value of the separation factor makes it
possible to characterize the nature of the
adsorption process: it is considered unfavorable
when Ry, > 1, linear when Ry = 1, favorable when
0 < R1. < 1, and irreversible when Ry = 0.

The Freundlich isotherm is an empirical
model used to describe heterogeneous systems. It
can be described by Equation 9.

1

e = KiC? (9)

where Kris a Freundlich constant (mg!-Vn L1/ g-1)
and n is the adsorption intensity.

To evaluate how well the theoretical
adsorption models fit the experimental data,
three commonly reported error functions were
calculated: the sum of squared errors (SSE), the
root mean square error (RMSE), and the chi-
square (x?). These error functions are expressed
by the following equations:

ESS = Z?:l(qe,exp - qg,cal)z (10)
1
RMSE = J;Z?=1(qe,exp - qg,cal)z (11)
_ 2
X2 — ?zl (QE,ex;)e Cq:l,cal ) (12)

where Qeexp and geca are the experimental and
calculated adsorption capacities at equilibrium
(mg.g™), respectively, and n i1s the number of
experimental data points.

2.9. Thermodynamic Studies

Thermodynamic studies are carried out to
determine the spontaneity of a reaction and its
endothermic or exothermic nature. The
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thermodynamic equations were computed using
the following expressions (Equations 13 and 14):

AG®° = —RTInK,
AG® = AH° — AS®

(13)
(14)

where AG°, AS°, and AH° represent the Gibbs free
energy, entropy change, and enthalpy change
respectively. R 1is the universal gas constant
(8.314 J/mol.K), T'is the absolute temperature (K),
and kaq is the thermodynamic equilibrium constant

calculated by Equation 15, with Kq = %.

e

AS°  AH®

InKy == =7

(15)

3. Results and Discussion

3.1. Optimization of Process for Production of
Activated Carbon from Walnut Shell

The study investigated the correlations
between the BET surface area, total pore volume,
and three independent variables: impregnation
ratio (A), carbonization time (B), and
carbonization temperature (C). Table 3 presents
the results for Sger and Vp for each experimental
run. The outcomes show the specific surface area
ranged from 224 to 876 m2/g, while the total pore
volume was in the range of 0.13-0.496 cm?3/g.

The experimental results were fitted to a
quadratic model, and the final equations in terms
of coded factors are given in Equations (16) and
(17) for Sger (Y1) and V; (Y2), respectively.

Sger (M2/g) = 401.445 + 120.892 C — 70.944 AB +
138.708 A% + 179.192 B2 — 143.826 C?2 (16)

Table 3. Experimental design matrix and responses.

Ve (cm3/g) = 0.236 + 0.066 C — 0.044 AB +
0.071 A2 + 0.096 B%2 — 0.088 C? 17
Synergistic and antagonistic effects on the
response are indicated by positive and negative
signs, respectively [30,31]. Regression equations
(16) and (17) indicate that carbonization
temperature has a significant linear effect on both
the BET surface area and total pore volume of the
activated carbon. Additionally, the interaction
between carbonization time and impregnation
ratio was found to be significant. Quadratic effects
of the impregnation ratio, carbonization time, and
carbonization temperature were also significant.

Analysis of Variance (ANOVA) is a
fundamental statistical technique used to identify
the sources of variation in data. It is employed to
determine the most significant factors and their
interactions. Additionally, ANOVA can evaluate
the reliability of a model [32]. To assess the
adequacy of the proposed model in fitting the
experimental data, parameters such as R? F-
value, p-value, and lack of fit were analyzed
[33,34]. The results of the ANOVA for the
response models of BET surface area and total
pore volume are presented in Tables 4 and 5,
respectively.

The ANOVA results show that the model F-
values for Sper and Vp were 21.13 and 18.32,
respectively, indicating that the quadratic models
are statistically significant for both responses.
The non-significant lack of fit further confirms
that the models adequately represent the
experimental data. The  coefficients of
determination (R? = 0.9744 for Sger and 0.9706 for
Vp) and the adjusted R? values (0.9283 and 0.9176,

Activated carbon preparation variables Responses
Run  Impregnation Carbonization Carbonization BET surface Total pore volume

ratio (w/w) Temperature (°C) time (min) (m2/g) (cm3/g)
1 1 350 60 324 0.18
2 1 550 60 441 0.24
3 2 350 60 263 0.15
4 2 550 60 556 0.31
5 1.5 350 30 224 0.13
6 1.5 550 30 623 0.34
7 1.5 350 90 371 0.21
8 1.5 550 90 529 0.31
9 1 450 30 599 0.33
10 2 450 30 705 0.4
11 1 450 90 876 0.496
12 2 450 90 698 0.39
13 1.5 450 60 403 0.25
14 1.5 450 60 427 0.25
15 1.5 450 60 374 0.21
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respectively) indicate good agreement between
the experimental and predicted values. The
significance of the individual and interaction
terms was evaluated, and terms with p-values
lower than 0.05 were considered significant.
Factors A and B were found to be non-significant
for both responses and were therefore excluded
from the models, whereas only the interaction
between impregnation ratio and carbonization
time (AB) was significant. In addition, the
adequate precision values (15.5 for Sper and 14.65
for Vp) were greater than 4, indicating an
adequate signal-to-noise ratio and a good
relationship between the experimental and
calculated results. The low coefficients of
variation (C.V. = 9.87% for Seer and 10.46% for
Vp) also confirm the reliability of the models for
describing the process under study.

Figure 1 presents the regression plots of
predicted versus actual values (b, d) and the

normal probability plots of the residuals (a, c) for
Seer and Vp, respectively. The data points are
distributed close to the diagonal line, indicating
good agreement between the experimental and
predicted values and confirming the adequacy of
the quadratic models. In addition, the residuals
follow an approximately straight line on the
normal probability plots, indicating that they are
normally distributed and that the assumption of
normality underlying the ANOVA is satisfied. No
obvious outliers or systematic deviations were
observed, which suggests that the models
adequately describe the relationship between the
process variables and the responses.

One of the main advantages of RSM is that it
allows the combined effects of the variables on
the responses to be visualized in three-
dimensional (3D) plots. Figure 2 (a) and (b) show
the 3D plots of the interaction between
impregnation ratio and carbonization time (AB)

Table 4. Analysis of variance (ANOVA) for the response model of BET surface area.

Source  Sum of squares dF  Mean Square F-value p-value
Model 4.525E5 9 50275.90 21.13 0.0018 Significant
A 37.91 1 37.91 0.0159 0.9045
B 13068.92 1 13068.92 5.49 0.0661
C 1.169E5 1 1.169E5 49.14 0.0009
AB 20132.35 1 20132.35 8.46 0.0334
AC 7797.86 1 7797.86 3.28 0.1300
BC 14464.03 1 14464.03 6.08 0.0568
A2 71039.62 1 71039.62 29.86 0.0028
B2 1.186E5 1 1.186E5 49.83 0.0009
C2 76378.82 1 76378.82 32.10 0.0024
Residual  11896.29 5 2379.26
Lack of Fit  10503.33 3 3501.11 5.03 0.1704 not significant
Pure Error 1392.96 2 696.48
Cor. Total 4.644E5 14
R2=0.9744 Rag2 = 0.9283 Rprea?2 = 0.6314

Table 5. Analysis of variance ANOVA for response model of total pore volume.

Source Sum of squares dF Mean Square F-value p-value
Model 0.1405 9 0.0156 18.32 0.0026 Significant
A 2.000E-0.6 1 2.000E-0.6 0.0023 0.9632
B 0.0052 1 0.0052 6.11 0.0564
C 0.0351 1 0.0351 41.22 0.0014
AB 0.0077 1 0.0077 9.09 0.0296
AC 0.0025 1 0.0025 2.93 0.1474
BC 0.0035 1 0.0035 4.09 0.0992
A2 0.0187 1 0.0187 21.95 0.0054
B2 0.0341 1 0.0341 40.09 0.0014
C2 0.0285 1 0.0285 33.44 0.0022
Residual 0.0043 5 0.0009
Lack of Fit  0.0032 3 0.0011 2.00 0.3511 not significant
Pure Error  0.0011 2 0.0005
Cor Total 0.1447 14
R2=0.9706 Ragi2 = 0.9176 RpreaZ = 0.6305
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on the BET surface area and the total pore
volume, respectively.

Although  the individual effects of
impregnation ratio (A) and carbonization time (B)
were not statistically significant, their interaction
(AB) had a significant influence on both responses.
This indicates that the effect of one factor depends
on the level of the other. As illustrated in Figure 2
(a) and (b), a low impregnation ratio combined
with a long carbonization time was the most
favorable combination. This suggests that a small
amount of activating agent requires a longer time
to develop the porosity, whereas an excess of agent
promotes pore widening and partial collapse of the
porous structure. In addition, the decrease in Sger
observed when the carbonization temperature
increased beyond 450 °C can be attributed to
several factors. At higher temperatures, the
decomposition of volatile components and the
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softening of the char produce an intermediate
melt within the char structure, which can lead to
pore closure. At the same time, secondary
volatiles continue to be released. The
combination of pore closure by this intermediate
melt and the further structural rearrangement of
the char results in a lower BET surface area at
higher carbonization temperatures [35].

The desirability function is employed for
process optimization; it has values between 0 and
1. A value closer to 1 indicates higher reliability
of the optimization. According to the data
illustrated in Figure 3, the optimal conditions,
with a desirability of 1, were identified for the
maximum specific surface area and maximum
total pore volume of the activated carbon. The
identified optimal preparation parameters were a
carbonization temperature of 450 °C, a time of 90
min, and an impregnation ratio of 1 w/w. The

Predicted vs. Actual
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Figure 1. (b, d) Predicted versus actual values and (a, ¢) normal probability plots of the residuals for

surface area and total pore volume.
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model predicted the following optimal responses:
a BET surface area of 833 m2/g and a total pore
volume of 0.473 cm3/g. To validate these
predictions, confirmatory experiments were
carried out in triplicate under the optimal
conditions. The experimental values of the BET
surface area (873 m?/g) and the total pore volume
(0.490 cm?®/g) were in good agreement with the
predicted ones, with relative errors of 4.6% and
3.47 % respectively, confirming the reliability and
predictive capability of the quadratic models. The
activated carbon prepared under these conditions
was therefore selected for the adsorption
experiments.

3.2. Characterization of the Biomass and Optimal
Activated Carbon

3.2.1. Thermogravimetric analysis

The TGA/DTG thermal curves of the biomass
and the optimal activated carbon are depicted in

(a)

Surface area (m2/g)
Design Points:
@ Above Surface
© Below Surface
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X2=8
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Figure 4. The thermal decomposition process of
walnut shells is illustrated in Figure 4a. The raw
material shows two noticeable stages of weight
loss. The peak appearing between 200 °C and
400 °C 1s mainly linked to the breakdown of
hemicellulose, cellulose, and lignin [36], with a
mass loss of approximately 61%. The mass
reduction between 400 °C and 1000 °C is due to
the gasification of derivatized carbon precursors
in the crystalline region [37], with a mass loss of
approximately 13%. The thermal analysis of
activated carbon is presented as a function of
temperature in Figure 4b. The initial peak,
observed between 30 °C and 100 °C, corresponds
to the evaporation of water molecules within the
sample, resulting in a mass loss of approximately
3% [38]. A further mass loss of around 20% was
recorded in the temperature range of 200 °C to
900 °C. Additionally, a distinct peak appearing
between 700 °C and 1000 °C is associated with
the secondary devolatilization process, where
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Figure 2. 3D surface plots for surface area and total pore volume responses for the effect of carbonization
time and impregnation ratio.
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Figure 3. Optimal conditions for preparation of ACWS (Desirability = 1.000, Solution 11 out 100).
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hydrogen and methane are released as the sample
decomposes [39].

3.2.2. pHzpc analysis

In this study, 50 mL of a 0.1 M NaCl solution
was introduced to separate beakers, and the pH of
each solution was adjusted to values between 2
and 12. Subsequently, 0.05 g of activated carbon
was added to each beaker and the mixtures were
stirred for 48 hours. A control experiment without
activated carbon was conducted simultaneously.
After 48 hours, the pH of each solution was
recorded, and the changes were plotted. The point
at which the final pH intersected the initial pH
was identified as the zero point charge (pHzpc) of
the activated carbon. The pHzpc was determined
to be 5.4 (Figure 5). This result suggests that the
surface charge of the AC is neutral at pH of 5.4.
Below this pH, the surface charge becomes
positive, while above this pH, the ACWS surface
acquires a negative charge.
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3.2.3. BET analysis

The BET technique (Brunauer-Emmett-
Teller) is instrumental for accurately
characterizing the material’s specific surface
area. This is accomplished by quantifying the
multilayer adsorption of high-purity nitrogen at
a cryogenic temperature of 77 K, which 1is
measured as a function of the relative pressure
[40]. As evidenced in Figure 6a, the N
adsorption-desorption isotherm for the activated
carbon, synthesized at a temperature of 450 °C,
shows an wuptake profile characteristic of
microporous  structures [41], particularly
noticeable at lower relative pressures.
Furthermore, adhering to the internationally
recognized ITUPAC classification, the shape of the
adsorption-desorption curve clearly aligns with a
Type IV isotherm, which is typically associated
with materials exhibiting mesoporosity [32]. This
mesoporous dominance is further supported by
the pore size distribution (PSD) curve (Figure

02
100 4 L]
90 L 00
80 4
0] L 02 g
§ 60 =
I 0¥
'gn 50 4 ]
B o4l L 06 2
30 4
L 08
20 <
10 - 10
0

T T T T T T T T T
100 200 300 400 500 700 800 900 1000
Temperature (°C)

Figure 4. Thermogravimetric analysis of (a) raw material and (b) activated carbon.
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6b), indicating that the sample's porosity is
overwhelmingly composed of mesopores (2-50
nm), with only minor contributions from
macropores (>50 nm) [42]. Quantification of the
WSAC's porous metrics yielded the following
detailed results: a BET surface area of 873 m?/g, a
total pore volume of 0.490 cm3/g, and an average
pore width of 2.85 nm.

3.2.4. SEM analysis

The surface morphology of the activated
carbon prepared under optimal conditions was
analyzed using scanning electron microscopy
(SEM). The activated carbon from walnut shells
displayed highly porous surfaces, resulting from
the interaction between carbon and ZnCls. These
interactions generated numerous mesopores,
considerably increasing both the surface area and
pore volume [43]. As illustrated in Figure 7, the
activated carbon exhibited a variety of shapes and
pore sizes. A significant portion of organic
material was removed during the activation

process, leading to pore formation [41]. Moreover,
the external surface showed abundant cavities
likely formed due to the release of chlorine gas
and other volatile organic compounds during
carbonization [38].

3.2.5. FTIR analysis

The FT-IR spectra of the walnut shell and
the optimized activated carbon are presented in
Figure 8. The spectrum of the raw material
reveals the presence of several surface functional
groups. The wide band at 3448 cm™ was linked to
O-H stretching from hydroxyl groups or adsorbed
moisture, while the signal at 2926 cm™
corresponds to C—H stretching in methyl and
methylene groups [44]. The peak at 1743 cm™
reflects the C=0 stretching of aldehyde or ketone
groups associated with hemicellulose. The band
appearing 1510 cm™ was characteristic of
aromatic C—C stretching. The features at 1465
and 1428 cm™ originate from C—H deformation
modes [45]. Peaks found between 1378 and 1336

Aad L b J

Figure 7. The scanning electron microscopy (SEM) of activated carbon.
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cm™ indicate carboxylic functionalities typically
present in cellulose, lignin, and hemicellulose
[46]. The signals at 1235 cm™ and 1051 cm™ arise
from C-O stretching in alcohols, phenolic
compounds, and ethers [47]. The weak peaks at
897 and 831 cm™ are associated with C-H
vibrations in benzene rings [44]. In contrast, the
FT-IR spectrum of the activated carbon shows
fewer functional groups, reflecting the
decomposition of the precursor’s surface
functionalities during high-temperature
pyrolysis. The band around 1582 cm™ corresponds
to C=C stretching [45], and the peaks detected in
the 600-800 cm™ region are attributed to out-of-
plane C—H bending vibrations [41].

3.2.6. XRD analysis

The crystal phase composition of the walnut
shell waste and the optimized activated carbon
were determined via XRD (Figure 9). The
precursor exhibited a semi-crystalline structure.
The amorphous region was indicated by the broad
reflection in the 20 range spanning from 10° to
40°, which can be attributed to the lignin content
present in the material [48]. The crystalline phase
was associated with a peak observed at
approximately 20 = 22°, which can be attributed
to the presence of crystalline cellulose in the
biomass waste. This XRD diffraction pattern is
commonly observed in lignocellulosic materials
[45]. However, the XRD profile of the activated
carbon shows only two typical peaks located at
around 22.53° and 43.3°, attributed to the
graphitic carbon crystal planes (002) and (100),
respectively [49,50]. The weak, broad peaks
indicated the amorphous nature of the activated
carbon, which is composed of small domains
formed by disordered graphene sheets, suggesting
a low graphitic degree in the carbon [51]. Similar
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Figure 8. FTIR spectrum of precursor and

activated carbon.

Intensity

diffractograms of poorly crystalline carbon
materials can be found in the following works [52,
53].

3.3. Adsorption Studies
3.3.1. Effect of pH

Paracetamol adsorption was investigated
over a pH range of 3-12 using an initial PCT
concentration of 20 mg.LL”! and an activated
carbon dosage of 1 g.L."!, with a contact time of 4
h at ambient temperature. As illustrated in
Figure 10A, the adsorption capacity remains
nearly unchanged between pH of 3 and 9. Beyond
pH of 9, a pronounced decline is observed, with
the capacity decreasing from 17.78 to 10.3 mg.g™*.
This trend reflects the influence of solution pH on
the surface charge of the adsorbent, driven by
protonation in acidic media or hydroxide
adsorption under alkaline conditions [53].

In acidic to neutral conditions, PCT exists
predominantly in its neutral molecular form.
Although the WSAC surface is positively charged
below its pHzpc (5.4) and negatively charged
above 1it, electrostatic interactions play a
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Figure 9. XRD patterns of walnut shell (WS) and
activated carbon (AC).
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negligible role owing to the uncharged nature of
the PCT molecule. Instead, adsorption is mainly
governed by non-electrostatic interactions, such
as mn—n electron donor-acceptor interactions
between the aromatic ring of PCT and the
graphitic basal planes of the adsorbent, and pore
filling within the mesoporous structure of the
activated carbon. Conversely, in strongly alkaline
media (pH > pK. 9.5), paracetamol undergoes
deprotonation at its phenolic group, converting
from its neutral form into its negatively charged
anionic species [54]. Consequently, strong
electrostatic repulsion occurs between the
negatively charged WSAC surface and the anionic
PCT molecules [55]. Furthermore, the high
concentration of hydroxyl ions in alkaline solution
exerts competitive adsorption for active surface
sites.

3.3.2. Effect of adsorbent dose

The adsorption efficiency was evaluated by
varying the adsorbent mass from 0.4 to 3 g.L-! at
an initial PCT concentration of 20 mg.L-1, pH of 6,
and a contact time of 4 h at room temperature. The
results displayed that adsorption capacity (g.) and
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removal efficiency (R) varied inversely (Figure
10B). The removal efficiency of PCT increased
when the activated carbon dose was increased to
3 g.I'1, with the adsorption rate increasing from
69.54 % to 94.71%. However, the adsorption
capacity decreased from 34.77 to 6.31 mg.gl.
Indeed, as an increase in the adsorbent dose
increased the number of active sites, which led to
greater PCT removal [56]. However, not all
binding sites are readily accessible to the drug
molecules, which leads to overlapping between
the sites [57]. For this reason, the adsorption
capacity of paracetamol decreased with
increasing adsorbent dose. Based on the removal
efficiency, the optimal dose of activated carbon
was determined at 2 g.L-1.

3.3.3. Effect of initial concentration of PCT

The influence of initial paracetamol
concentration on adsorption capacity was
evaluated by performing experiments at
concentrations ranging from 20 to 50 mg.L-1, at
pH of 6 with an adsorbent dose of 2 g.I-1 and a
constant temperature of 28 °C. As shown in
Figure 10C, the maximum adsorption capacity
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Figure 10. (A) Effect of initial pH on PCT adsorption capacity, (B) effect of adsorbent dose on PCT
adsorption, (C) effect of initial concentration on PCT adsorption, (D) effect of solution temperature on

paracetamol adsorption capacity by WSAC.

Copyright © 2027, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 22 (1), 2027, 81

increased from 10.37 to 22.63 mg.g! with
increasing initial concentration. During the first
20 minutes of the process, adsorption happens
quickly. After that, the rate of adsorption
progressively drops until equilibrium is reached.
The high specific surface area and well-developed
mesoporous structure of CACN, which offer
numerous easily accessible active sites for PCT
molecules, are responsible for this quick initial
uptake. Higher starting concentrations also raise
the concentration gradient, which serves as an
encourage PCT mass transfer from the solution to
the adsorbent surface.

3.3.4 Effect of temperature

The effect of temperature on PCT adsorption
was investigated at three temperatures (30, 45,
and 65 °C) under the optimal conditions, as shown
in Figure 10D. At a WSAC dosage of 2 g.I.”!, a pH
of 6 and an initial PCT concentration of 40 mg.L.?,
the adsorption capacity decreased from 18.61
mg.g7! at 303 K to 13.8 mg.g™* at 338 K after 45
min. This decrease with increasing temperature
indicates that the adsorption process 1is
exothermic. Similar trend was reported by
Natarajan et al., who observed reduced
paracetamol adsorption at elevated temperatures
of 303 to 317 K, indicating potential degradation
of PCT at high temperatures [58].

= Ln(qeqt)
PFO Fitting

Ln (ge-q¢)
o

Time (min)

3.3.5. Adsorption kinetic

In this work, several kinetic models have
been proposed to study the mechanism of
paracetamol adsorption such as the pseudo-first
order, the pseudo second order, and the
intraparticle diffusion. Table 6 presents the
equations for the linear kinetic models, their
parameters (geca, K1 and K»2), and regression
coefficients (R2). The analysis of PFO parameters
requires plotting In (ge — gt) versus time (Figure
11 A). While the estimation of PSO parameters
involves plotting t/q: versus time (Figure 11 B).
The intraparticle diffusion IPD model plot did not
pass through the origin exhibiting a multilinear
profile. This suggests that intraparticle diffusion
represents only one stage of the adsorption
process and is not the sole rate limiting step [12].
The kinetic parameters were determined by
fitting the models under conditions of 40 mg.L1
initial PCT concentration, pH of 6, an activated
carbon dosage of 2 gL, and a temperature of
28 °C.

The PSO Kkinetic model yielded a higher
determination coefficient (R2 = 0.999) and a
computed adsorption capacity that closely
matched the experimental value, as indicated by
the results displayed in Table 6. Historically,
chemisorption involving electron sharing or
exchange has been linked to a good fit to the PSO

» Ln(ge-qt)
—— PFO Fitting
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T T
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Figure 11. (A) The linear fitting of pseudo first-order and (B) pseudo second-order kinetic models.

Table 6. Parameters of the kinetic models.

Models Pseudo-first-order Pseudo-second-order
Equations In(q, — q,) = In(q, — K, t) t 1 1
R > + —
qe KZ qe qe
Qeexp Qe cal K R2 Qe,Cal K> R2
(mg.g) (mg.g?)  (min") (mg.g) (g.mg!.min-)
18.66 17.45 0.0844 0.824 18.698 0.0509 0.9998
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model. However, PSO is an empirical model by
nature, reflecting the overall control of adsorption
rate, which can also be driven by strong physical
interactions instead of exclusive covalent bond
formation, such as hydrogen bonding,
electrostatic attraction, and o-m interaction [59].

3.3.6 Adsorption isotherm

The adsorption isotherm of PCT onto WSAC
was determined at pH of 6, with an adsorbent dose
of 2 g.L.”! and a temperature of 30 °C (Figure 12).
To describe the equilibrium data were fitted to the
Langmuir and Freundlich models using nonlinear
regression. Table 7 shows the calculated
parameters and error analysis of the isotherms
under study. With a maximum adsorption
capacity (gqm) of 62.06 + 5.87 mg.g™ and a
Langmuir constant (Kv) of 0.155 + 0.040 L.mg™
(95% confidence interval), the results indicated
that the Langmuir model (R? = 0.995; SSE = 5.79)
better described the experimental data than the
Freundlich model (R? = 0.969; SSE = 37.00). The
range of the dimensionless separation factor (Rr)
was 0.244 to 0.047. These values, which are all
between 0 and 1, verify that paracetamol
adsorption onto WSAC is advantageous
throughout the whole concentration range
examined. Although a good fit by itself cannot

© Experimental data
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Figure 12. Langmuir and Freundlich adsorption

isotherms.

prove surface homogeneity or the adsorption
mechanism, this behavior is consistent with
monolayer-type adsorption on a finite number of
sites [65]. The value of n =2.37+0.71, which falls
between 1 and 10, also suggests a favorable
adsorption of paracetamol onto WSAC, despite
the Freundlich model providing a less
satisfactory fit.

3.3.7. Adsorption thermodynamic

The standard Gibbs free energy change (AG°)
was calculated using Equation (13), whereas the
standard enthalpy (AH®) and entropy (AS°)
changes were determined from the slope and
intercept, respectively, of the plot of In (Ka) versus
1/T (Figure 13). The thermodynamic parameters
are shown in Table 8. The negative AG® values
confirm  the  spontaneous nature and
thermodynamic feasibility of the adsorption
process of PCT onto WSAC. It has been reported
by several authors that the Gibbs free energy can
estimate the type of adsorption, either
chemisorption (-400 < AG° < -80 kd.mol!) or
physisorption (-20 < AG® < 0 kd.mol!) [60,61].
Based on the data shown in Table 8, it appears
that the mechanism of adsorption is governed
predominantly physisorption with the possibility
of stronger forces like hydrogen bonding and -t

12
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0,0029 0,0030 0,0031 0,0032 0,0033
T

Figure 13. Van't Hoff plot for the adsorption of
paracetamol onto WSAC.

Table 7. Nonlinear fitting parameters and error analysis of the Langmuir and Freundlich models for PCT

adsorption onto WSAC.

Langmuir isotherm

Freundlich isotherm

gm (mg.g?t) 62.06 + 5.87
K1 (L.mg-?) 0.155 +0.040
R2 0.995
RMSE 0.983
SSE 5.795
X2 0.460

KF (mgl-l/n.Ll/n.g-l)

13.065 + 4.483

n 2.37+0.71
R2 0.969
RMSE 2.483
SSE 37.0
x? 1.661
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interactions. The negative value of AH® (-37.29
kd.mol1) signifies that energy is released in the
form of heat, which indicates the exothermic
character of the adsorption process [62,63].
Furthermore, a decrease in randomness at the
solid/liquid interface is indicated by the negative
value of AS° (-32.68 J.moll.K1), which 1is
consistent with similar findings in research by
Cazetta et al. [61].

3.3.8. Comparison study

A comparative evaluation of various activated
carbons reported in the literature for paracetamol
removal i1s summarized in Table 9. WSAC
demonstrates a highly competitive adsorption
capacity (qm) compared to several carbons
prepared from other precursors. These variations
stem primarily from differences in experimental
parameters across studies such as initial pH,
temperature, adsorbent dosage, and initial PCT
concentration, as well as distinct textural
characteristics (specific surface area and total
pore volume), synthesis protocols, and activation
methods. Overall, WSAC, a low-cost adsorbent
derived from walnut shell, exhibits a competitive
adsorption capacity for the removal of PCT under
the conditions studied.

4. Conclusions

This study presents an innovative approach
for the valorization of walnut shells, an abundant
agricultural waste, by converting them into high-
performance activated carbon (WSAC) wvia
chemical activation using ZnCl,. The synthesis
process was systematically optimized using
Response Surface Methodology (RSM), which
allowed precise determination of the optimal
preparation conditions: 90 min, an impregnation

Table 9. Comparison of the maximum adsorption
capacity of WSAC versus other adsorbents for
PCT removal.

Adsorbent gm (mg.g1) References
RSAC 26.04 [64]

MSAC 11.47 [65]

HCAC 1.48 [66]
WD-Extra 29.3 [67]

PPAC 37.17 [68]

WSAC 15.90 [69]

WSAC 62.06 The present study

ratio of 1 w/w, and a temperature of 450 °C.
Under these conditions, WSAC exhibited
exceptional physicochemical properties,
including a high BET surface area of 873 m?/g
and a total pore volume of 0.490 cm?g,
highlighting the efficiency of the activation
process in generating a well-developed porous
structure. The adsorption performance of WSAC
was evaluated using paracetamol as a model
pollutant. The material demonstrated
remarkable removal efficiency, with an
adsorption capacity of 18.66 mg.g-! under an
adsorbent dose of 2 g.I'1, pH of 6, and an initial
concentration of 40 mg.Li1 at room temperature.
Importantly, the adsorption process remained
stable across a broad pH range (3-9), indicating
that WSAC can perform effectively under diverse
water chemistries. Kinetic studies revealed that
the adsorption followed a pseudo-second-order
model, while equilibrium data were best
described by the Langmuir isotherm (R? = 0.995),
with a maximum adsorption capacity of 62.06 +
5.87 mg.gl. Thermodynamic analysis further
confirmed that the process is spontaneous and
exothermic, reinforcing the material’s suitability
for practical water treatment applications. In the
next phase of our work, we will focus on the
regeneration and reusability of WSAC, on the
environmental effects of ZnCl, activation,
including the recovery or treatment of the Zn-
containing washing solution, and an economic
evaluation to assess large-scale applicability.
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