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ABSTRACT: The valorization of agricultural residues into functional adsorbents offers
a sustainable approach for the removal of phenolic contaminants from water. In this
study, activated carbon was prepared from pumpkin seed shells through carbonization
and chemical activation and evaluated for phenol removal from aqueous solution. The
physicochemical properties of the resulting carbon were investigated by scanning electron
microscopy (SEM) and Brunauer—-Emmett—Teller (BET) analysis, revealing a well-
developed porous structure with a specific surface area of 629.84 m? g™, pore volume of
0.227 cm? ¢!, and average pore diameter of 54.26 A. Batch adsorption experiments were
performed to assess the effects of adsorbent dosage, contact time, and solution pH. Under
the investigated conditions, an optimum adsorbent dosage of 0.20 g and pH close to 7
afforded an experimental adsorption capacity of 31.75 mg g7, with equilibrium
approached after approximately 150 min. Among the tested kinetic models, the pseudo-
second-order model provided the best fit (R? = 0.998), with a calculated equilibrium
capacity of 34.01 mg g™!. Equilibrium data were better described by the Freundlich model
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(R? = 0.981) than by the Langmuir and Temkin models, indicating adsorption on a
heterogeneous surface. Thermodynamic analysis yielded negative AG® values and a
negative AH® (—3.50 k] mol™), indicating a spontaneous and exothermic adsorption
process. Overall, the results demonstrate the potential of pumpkin seed shell-derived
activated carbon as a low-cost and sustainable adsorbent for phenol removal from
aqueous media.

1. INTRODUCTION

Phenol is a priority organic contaminant frequently detected in industrial effluents, particularly those associated with petroleum
refining, coal conversion, petrochemical processing, resin and plastic manufacturing, pharmaceutical production, and related
chemical industries. Its high-water solubility, toxicity, and adverse effects on aquatic ecosystems and human health make the
efficient treatment of phenol-containing wastewater an important environmental challenge [1-3]. Even at relatively low
concentrations, phenolic compounds can impair water quality and pose risks to biological systems, highlighting the need for
effective treatment technologies before industrial effluents are discharged into receiving waters [2,4]. A variety of
physicochemical and biological technologies have been investigated for phenol removal, including membrane separation,
advanced oxidation processes, biological degradation, solvent extraction, ion exchange, and thermal treatments [3—6]. However,
the applicability of these technologies can be constrained by factors such as energy consumption, operational complexity,
membrane fouling, generation of secondary pollutants, and treatment cost. Among the available approaches, adsorption has
attracted sustained interest because of its operational simplicity, versatility, relatively low energy requirement, and potential for
treating organic contaminants over a broad concentration range [4,7]. Recent reviews have confirmed adsorption as one of the
most extensively investigated approaches for phenolic wastewater treatment, while also emphasizing that adsorption
performance is strongly governed by the physicochemical properties of the adsorbent and operating conditions [4,8].

Activated carbon remains one of the most effective adsorbent classes for the removal of phenol and other aromatic organic
contaminants because of its developed pore network, high specific surface area, and tunable surface chemistry [1,9]. The
adsorption of phenolic compounds is influenced by several interrelated factors, including pore size distribution, surface
functional groups, adsorbate characteristics, solution pH, ionic strength, temperature, initial pollutant concentration, and
contact time [1,8,10]. Consequently, the development of activated carbons with suitable textural and surface properties is
essential for achieving efficient phenol removal. Recent studies have particulatly emphasized biomass-derived activated carbons
as promising alternatives to conventional carbonaceous materials because they combine pollutant removal with renewable-
resource utilization and waste valorization [11,12]. The production of activated carbon from lignocellulosic residues generally
involves carbonization followed by physical or chemical activation. Carbonization promotes the formation of a carbon-rich
framework through the removal of volatile components, whereas activation develops porosity and modifies the surface
chemistry, thereby generating adsorption sites with enhanced accessibility [9,11]. Physical activation commonly employs
oxidizing gases such as CO2 or steam at elevated temperatures, whereas chemical activation uses activating agents to promote
pore development and can provide substantial textural modification at comparatively lower temperatures [11-13]. The nature
of the precursor and activation route therefore plays a decisive role in determining the pore structure, surface area, surface

functionality, and ultimately the adsorption performance of the resulting carbon material.

Agricultural residues represent particularly attractive precursors because their abundance, renewable character, low economic
value, and carbon-rich composition can support the preparation of value-added adsorbents while contributing to waste
minimization [11-13]. A wide range of biomass residues, including nutshells, fruit stones, agricultural stalks, husks, shells, and
other lignocellulosic wastes, has been explored for the preparation of activated carbons for water treatment [11,12]. Recent
investigations have demonstrated that biomass-derived activated carbons can exhibit substantial adsorption performance
toward phenolic contaminants, while adsorption behavior remains highly dependent on activation conditions and the resulting
surface characteristics [12,14]. Despite the extensive literature on biomass-derived activated carbons, the valorization of
pumpkin seed shells as a precursor for phenol-removing activated carbon remains comparatively underexplored. Pumpkin seed
processing generates substantial quantities of shell residues that are commonly treated as low-value agricultural waste.
Converting this residue into a porous adsorbent could therefore provide a dual environmental benefit by reducing biomass
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waste while producing a material for wastewater remediation. Moreover, establishing the relationship between adsorption
performance and operational parameters is necessary for evaluating the practical potential of such a material [15,18].

Accordingly, the present study investigates the preparation of activated carbon from pumpkin seed shells through carbonization
and chemical activation and evaluates its potential for phenol removal from aqueous solution. The resulting material was
characterized in terms of surface morphology and textural properties using scanning electron microscopy (SEM) and Brunauer—
Emmett—Teller (BET) analysis. The effects of adsorbent dosage, contact time, and solution pH on phenol adsorption were
systematically investigated. In addition, adsorption kinetics were evaluated using pseudo-first-order, pseudo-second-order, and
intraparticle-diffusion models, while equilibrium behavior was assessed using Langmuir, Freundlich, and Temkin isotherms.
Finally, thermodynamic parameters were determined to clarify the spontaneity and thermal nature of the adsorption process.
This integrated approach provides insight into the adsorption behavior of phenol on pumpkin seed shell-derived activated
carbon and assesses its potential as a sustainable biomass-based adsorbent for aqueous-phase phenol remediation.

2. EXPERIMENTAL METHODS
2.1. Preparation of activated carbon

Pumpkin seed shells were collected, thoroughly washed with distilled water to remove adhering impurities, and dried at
107 °C for 24 h. The dried shells were subsequently subjected to thermal treatment at 310 °C for 50 min using a heating
rate of 7 °C min™'. The resulting carbonized material was ground and mixed with an aqueous NaOH solution using a
carbonized-material-to-NaOH mass ratio of 2:1. The mixture was allowed to stand for 24 h to promote impregnation
of the activating agent. The impregnated precutsor was then thermally activated at 590 °C for 1 h. After activation, the
material was treated with 1.0 M HCI to remove residual inorganic species and soluble reaction products, followed by
repeated washing with distilled water until the washing solution was free of residual acid. The resulting activated carbon
was dried at 107 °C for 24 h and stored in a sealed glass container until further use.

2.2. Characterization

The morphology and surface structure of the prepared activated carbon were examined by scanning electron microscopy
(SEM) using a VEGA 3 TESCAN microscope operated at an accelerating voltage of 20 kV. The textural properties of
the activated carbon were determined by nitrogen adsorption—desorption measurements using a Mercer instrument. The
specific surface area was calculated according to the Brunauer—Emmett—Teller (BET) method. The resulting surface area
and pore characteristics were used to assess the development of the porous structure following carbonization and

chemical activation.
2.3. Phenol adsorption experiments

Batch adsorption experiments were conducted to evaluate the performance of the pumpkin seed shell-derived activated carbon
toward phenol removal from aqueous solution. The effects of adsorbent dosage, contact time, and solution pH were
investigated over the experimental ranges of 50-350 mg of adsorbent, 0-300 min, and pH 411, respectively. Unless otherwise
specified, 200 mg of activated carbon was contacted with 100 mL of phenol solution in polyethylene tubes. The suspensions
were agitated at 150 rpm in a thermostatically controlled water bath. At predetermined contact times, the activated carbon was
separated from the suspension, and the residual phenol concentration was determined by UV—visible spectrophotometry. For
the spectrophotometric analysis, 1 mL of the phenol-containing solution was transferred to a clean colorimetric tube and
diluted with deionized water to a final volume of 50 mL. A 0.5 mL aliquot of buffer solution was then added to maintain the
required analytical conditions. The absorbance was measured at 270 nm using an EVOLUTION 220 UV-visible
spectrophotometer. The equilibrium adsorption capacity, qe (mg g1), and phenol removal efficiency, RERE (%), were
calculated using Eqs. (1) and (2), respectively [19]:

RE(%) = % x 100 1)

%
qe = W(CO - Ce) @
where Cy and Ce are the initial and equilibrium phenol concentrations (mg L™), respectively, V is the volume of the phenol
solution (L), and mm is the mass of activated carbon (g).
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2.3.1. Adsorption kinetic models

To elucidate the adsorption kinetics and identify the possible rate-controlling steps during phenol uptake, the experimental
kinetic data were analyzed using pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion models. The
PFO and PSO models were used to evaluate the kinetic behavior of phenol adsorption, whereas the intraparticle diffusion
model was applied to assess the contribution of diffusion within the porous structure to the overall adsorption process (19).
Comparison of the corresponding kinetic parameters and goodness-of-fit values provides complementary information on the
adsorption rate and the mechanisms potentially governing phenol transport and uptake.
2.3.2. Adsorption equilibrium models
The equilibrium adsorption behavior of phenol was evaluated using the Langmuir, Freundlich, and Temkin isotherm models.
The Langmuir model describes adsorption on a relatively homogeneous surface with a finite number of energetically equivalent
sites, whereas the Freundlich model accounts for adsorption on a heterogeneous surface with a distribution of adsorption
energies. The Temkin model additionally considers changes in adsorption energy associated with adsorbate—adsorbent
interactions as the surface coverage increases (19). Comparison of these models was therefore used to assess the equilibrium
characteristics and adsorption capacity of the prepared activated carbon.
2.3.3. Adsorption thermodynamics
The thermodynamic characteristics of phenol adsorption were investigated using equilibrium data obtained at different
temperatures. The standard Gibbs free energy change (AG®), standard enthalpy change (AH®), and standard entropy change
(AS®) were determined to evaluate the spontaneity, energetic nature, and entropy changes associated with the adsorption process
(19). These parameters provide a thermodynamic framework for interpreting the interaction between phenol molecules and the
surface of the prepared activated carbon.
3. RESULTS AND DISCUSSION

3.1 SEM tresults

The surface morphology of an activated carbon is closely related to its adsorption performance because surface texture and
pore development influence the accessibility of adsorption sites. Figure 1 presents SEM micrographs of the prepared activated
carbon at different magnifications. The images reveal a heterogeneous and relatively rough surface characterized by irregular
morphological features and visible cavities. Such surface characteristics are consistent with the development of a porous
structure during the activation process and may favor the accessibility of phenol molecules to the adsorbent surface [20,21].
However, SEM observations provide primarily morphological information and should therefore be considered together with
quantitative textural characterization. The N, adsorption—desorption analysis presented below provides complementary
information on the specific surface area and pore characteristics of the material.

[ N
SEM HV: 20.0 kV WD: 11.78 mm |
View field: 139 ym  SEM MAG: 2.00 kx 20 ym View field: 278 pm | SEM MAG: 1.00 kx50 pm
Det: SE Date(midly): 05/06/21 LPCMA-Biskra Det: SE Date(m/diy): 05106/21 LPCMA-Biskra

Figure 1. SEM images of the prepared activated carbon at different magnifications.
3.2. BET results

The textural properties of the prepated activated carbon were investigated by N, adsorption—desorption analysis. The
specific surface area, pore volume, and pore diameter are important parameters for evaluating the development and accessibility
of the porous structure and, consequently, the potential availability of adsorption sites (22). As shown in Figure 2, the prepared
activated carbon exhibited a specific sutface area of 629.8374 m?/g, a pore volume of 0.226960 cm?®/g, and an average pore
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diameter of 54.257 A (5.426 nm). The relatively high specific surface area indicates the development of an accessible porous
surface during activation. Moreover, the average pore diameter of approximately 5.43 nm falls within the mesoporous range
according to the conventional IUPAC classification. The coexistence of substantial surface area and mesopores may facilitate
the transport of phenol molecules toward accessible adsorption sites. Nevertheless, adsorption performance is governed not
only by sutface area but also by pore accessibility and the physicochemical interactions between phenol and the carbon sutface.
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Figure 2. N; adsorption—desorption isotherm of the prepared activated carbon.
3.3. Adsorption results

3.3.1. Effect of adsorbent mass

The effect of activated-carbon dosage on phenol adsorption was investigated by varying the adsorbent mass, and the
corresponding results are presented in Figures 3 (a, b) . Increasing the adsorbent dosage resulted in an increase in phenol
removal efficiency. This behavior is expected because increasing the mass of activated carbon increases the total number of
available adsorption sites and the overall surface area accessible to phenol molecules. As the adsorbent dosage increases, a larger
fraction of the phenol initially present in solution can therefore be removed. At higher adsorbent dosages, however, the increase
in removal efficiency becomes progressively less pronounced. This tendency indicates that the adsorption system approaches a
condition in which the amount of available phenol becomes insufficient to proportionally utilize the additional adsorption sites
provided by the increased adsorbent mass. In contrast to the removal efficiency, the equilibrium adsorption capacity (qe),
expressed per unit mass of adsorbent, decreased as the activated-carbon dosage increased. This apparent inverse relationship is
commonly observed in batch adsorption systems and can result from the distribution of a relatively fixed amount of phenol
among an increasing number of adsorption sites. At higher solid concentrations, particle aggregation may also reduce the
effective surface area accessible to the adsorbate, potentially contributing to the decrease in qe. Considering both the removal
efficiency and adsorption capacity, an activated-carbon dosage of 0.2 g was selected for the subsequent experiments. Under
these conditions, an equilibrium adsorption capacity of 31.75 mg/g was obtained. This dosage was therefore considered an
appropriate compromise between the amount of adsorbent used and the resulting phenol uptake.

80

50 (@) (b)
\ o
1 =
= a0
20 =&
- =
(=] [T}
E’a&- ;W_
& 3
%1 l\ 545-
7 20 4
20 4 L]
T T T T T T T zn T T T T T T T
005 010 015 020 025 020 035 005 00 015 020 025 030 035
m (adsorbent){(g) m (ad sorbent){g)

Figure 3. (a) Variation in adsorption capacity and (b) phenol removal efficiency as a function of activated-carbon dosage.
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3.3.2. Effect of contact time on adsorption

The influence of contact time on phenol adsorption is presented in Figure 4. The adsorption capacity increased progressively
with increasing contact time, indicating rapid initial phenol uptake followed by a slower approach toward equilibrium. After
apptroximately 150 min, the adsorption capacity reached 31.5 mg/g, indicating that the system had approached equilibrium
under the investigated conditions. A slight additional increase was observed after 24 h, giving a final adsorption capacity of
31.75 mg/g. The relatively rapid adsorption observed duting the initial stage can be attributed to the high availability of
unoccupied adsorption sites and the concentration gradient between the aqueous phase and the activated-carbon surface. As
adsorption proceeds, these sites become progressively occupied and the concentration gradient decreases, leading to a reduction
in the adsorption rate. The subsequent small increase in qe indicates that adsorption continued after 150 min, although at a
considerably lower rate, until a practically stable adsorption capacity was reached. The contact-time profile therefore indicates
a two-stage adsorption behavior consisting of a relatively rapid initial uptake followed by a slower approach toward equilibrium.
The equilibrium time determined from these experiments was subsequently used as the basis for the adsorption studies
performed under the selected experimental conditions.
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Figure 4. Variation in adsorption capacity as a function of contact time.

3.3.3. Effect of pH on adsorption

Solution pH is a critical parameter in phenol adsorption because it can simultaneously influence the ionization state of the
adsorbate and the surface-charge characteristics of the activated carbon. Changes in these properties can consequently modify
the interactions between phenol species and the adsorbent surface [19]. The effect of pH was investigated over the range 5.2—
10.1, as shown in Figure 5. The highest adsorption/removal performance was observed at pH 7.2. The obsetved dependence
cannot be attributed simply to the equality of H3O" and OH™ concentrations, since such equality corresponds to neutral pH
under specific temperature and solution conditions and does not, by itself, determine the adsorption behavior. The observed
optimum at pH 7.2 is more appropriately interpreted in terms of the combined effects of phenol speciation and the surface-
charge characteristics of the activated carbon. Phenol has a pK, of approximately 10, meaning that it remains predominantly in
its neutral molecular form throughout most of the investigated pH range, although increasing deprotonation becomes
increasingly relevant as the pH approaches the pKa. Consequently, the adsorption behavior in the investigated range may be
governed by a combination of surface—phenol interactions, hydrogen bonding, m-related interactions, and electrostatic
contributions associated with changes in surface charge. The maximum adsorption observed at pH 7.2 therefore identifies this
condition as the most favorable among those investigated. This pH was subsequently selected for the adsorption experiments

to provide a consistent basis for evaluating the effects of the other experimental parameters.

The adsorption behavior was strongly influenced by solution pH. The activated carbon surface contains functional groups
that can undergo protonation and deprotonation depending on the solution pH, thereby modifying its surface charge and its
interactions with phenol molecules. At lower pH values, the increased concentration of H3O* can protonate negatively charged
surface functionalities, altering the surface charge and the balance of adsorbent—adsorbate interactions. As the pH increases,
progressive deprotonation of surface groups can modify the electrostatic environment at the adsorbent—solution interface and
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consequently affect phenol uptake. The maximum adsorption petformance was observed at pH 7.2. This behavior is likely
associated with the combined effects of the surface charge of the activated carbon, phenol speciation, and the physicochemical
interactions established at the solid-liquid interface. Because the pKa of phenol is approximately 10, phenol remains
predominantly in its neutral molecular form throughout most of the investigated pH range, while increasing deprotonation
becomes increasingly important as the pH approaches 10. Therefore, the decrease in adsorption at higher pH values may reflect
changes in surface—adsorbate interactions rather than simply the presence of OH™ ions. Accordingly, pH 7.2 was selected as
the optimum condition for subsequent adsorption experiments.
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Figure 5. Effect of solution pH on phenol adsorption onto the prepared activated carbon.
3.4. Adsorption isotherm models

Adsorption isotherm analysis was performed to elucidate the equilibrium behavior of phenol on the prepared activated
carbon. Three classical models, Langmuir, Freundlich, and Temkin, were applied to the experimental equilibrium data. These
models provide complementary information regarding the surface characteristics, adsorption heterogeneity, and energetic
interactions involved in phenol uptake.

3.4.1. Langmuir isotherm model

The Langmuir model assumes that adsorption occurs on a finite number of energetically equivalent sites and that each site can
accommodate one adsorbate molecule. The model is based on monolayer adsorption, with no lateral interactions between
adsorbed molecules and no variation in adsorption energy among the available sites. The Langmuir equation used in this study
is expressed as follows [23]:

Ce ! + ! C (5)
q e CImaxKL Amax ¢
where: K, is the Langmuir constant (L.mg'), and ¢gme is the maximum monolayer adsorption capacity (mg.g'). The
corresponding Langmuir plot is presented in Figure 6.
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Figure 6. Langmuir isotherm plot for phenol adsorption onto the prepared activated carbon.
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3.4.2. Freundlich isotherm model

The Freundlich model is an empirical isotherm that describes adsorption on energetically heterogeneous surfaces
characterized by a distribution of adsorption affinities. Unlike the Langmuir model, it does not assume a uniform population
of adsorption sites or a single adsorption energy. The Freundlich equation used in this study is given by [24].:

InC,
4)

Whete: Kr is the Freundlich constant (mg.g”!'.mg'/".11/%), and 7 is the Freundlich constant related to adsorption intensity .The
corresponding Freundlich plot is presented in Figure 7.
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Figure 7. Freundlich isotherm plot for phenol adsorption onto the prepared activated carbon.

3.4.3. Temkin isotherm model

The Temkin model considers adsorbent—adsorbate interactions and assumes that the heat of adsorption decreases
approximately linearly with increasing surface coverage as a consequence of interactions between adsorbed species. The model
therefore provides information about the energetic characteristics of adsorption over the investigated concentration range. The
Temkin equation used in this study is expressed as follows [25]:

RT RT
qe = (—) InK; + (—) In C, 5)
br br
where: Kris the Temkin constant (I..g™!), &r is the equilibrium binding constant (J.mol'), R is the ideal gas constant (8.314 J.mol-
LK), and T'is the absolute temperature (K). The corresponding Temkin plot is presented in Figure 8.
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Figure 8. Temkin isotherm plot for phenol adsorption onto the prepared activated carbon.
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The experimental equilibrium data were fitted to the Langmuir, Freundlich, and Temkin models, and the corresponding
patameters are summarized in Table 1. Among the three models, the Freundlich model provided the best fit to the experimental
data, with an R? value of 0.981. The higher correlation obtained for the Freundlich model compared with the Langmuir and
Temkin models indicates that the equilibrium adsorption behavior is better described by a heterogeneous surface model than
by the assumptions of a homogeneous Langmuir surface.

The good agreement with the Freundlich model suggests that the prepared activated carbon possesses adsorption sites with
different affinities toward phenol, which is consistent with the heterogeneous nature expected for carbonaceous materials
containing different surface functionalities and pore environments. However, the superior Freundlich fit should not be
interpreted as definitive evidence of multilayer adsorption, since the Freundlich equation is an empirical model and its
parameters do not uniquely establish the number of adsorption layers. Rather, the results indicate that surface heterogeneity
and a distribution of adsorption energies play an important role in the equilibrium adsorption of phenol (Table 1). Thus, the
isotherm analysis indicates that phenol adsorption onto the prepared activated carbon is more appropriately described by
heterogeneous adsorption behavior than by an idealized homogeneous monolayer model.

Table 1. Different adsorption isotherms.

Langmuir isotherm model Freundlich isotherm model Temkin isotherm model
b,
I<l4 (max I<F
R2 n R K (kJ /mol R?
(/mg) | (me/e (mg/2) (/mey
0.0228 70.9220 0.977 6.4760 2.3261 0.981 0.2441 0.1636 0.959

3.5. Adsorption kinetics

The adsorption kinetics of phenol onto the prepared activated carbon were investigated using the pseudo-first-order (PFO),
pseudo-second-order (PSO), and intraparticle diffusion models. The corresponding model parameters are presented in Table
2, while the fitted kinetic plots are shown in Figures 10—12. Comparison of the correlation coefficients and calculated
equilibrium adsorption capacities was used to determine which kinetic model best represented the experimental adsorption
data.

3.5.1. Pseudo-first-order kinetic model

The pseudo-first-order model, originally proposed by Lagergren, assumes that the adsorption rate is proportional to the
difference between the equilibrium adsorption capacity and the amount of adsorbate adsorbed at a given time. The

corresponding equation used to describe the experimental data is given by [26]:
In(qe — q) = Inq, — Ky ()

where qe and q; are the adsorption capacities at equilibrium and at time t, respectively, and ky is the pseudo-first-order rate
constant. The corresponding linearized PFO plot is presented in Figure 9.
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Figure 9. Pseudo-first-order kinetic plot for phenol adsorption onto the prepared activated carbon.
3.5.2. Pseudo-second-order kinetic model

The pseudo-second-order model describes the adsorption rate as being proportional to the square of the difference between
the equilibrium adsorption capacity and the adsorption capacity at a given time. The equation applied to the experimental data
is given by [27,28]:

1 t

t
— =t — 7
9 q:K, q. )

where k; is the pseudo-second-order rate constant. The corresponding PSO plot is shown in Figure 10.
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o] w=0029«+ 0.569
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0 50 100 150 200 250 300
Time { min)

Figure 10. Pseudo-second-order kinetic plot for phenol adsorption onto the prepared activated carbon.
It should be noted that a better fit to the pseudo-second-order model does not, by itself, establish that adsorption proceeds
through covalent bonding or a specific chemisorption mechanism. The PSO model is a kinetic model, and its parameters should

therefore be interpreted primarily in terms of the rate behavior of the adsorption system. Evidence for chemisorption should
instead be based on complementary characterization or mechanistic analyses.
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3.5.3. Intraparticle diffusion model

The intraparticle diffusion model was applied to evaluate whether diffusion within the porous structure of the activated
carbon contributes to the overall adsorption rate. The model is expressed as follows [29]:

q. = kintt **+C ®

where q; is the adsorption capacity at time t, kinc is the intraparticle diffusion rate constant, and C is the intercept associated
with the boundary-layer effect. The corresponding plot is presented in Figure 11.
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Figure 11. Intraparticle diffusion plot for phenol adsorption onto the prepared activated carbon.

The kinetic parameters obtained from the three models are summarized in Table 2. The pseudo-second-order model
provided the highest correlation coefficient (R? = 0.998), compared with R? = 0.991 for the pseudo-first-order model and
R2 = 0.959 for the intraparticle diffusion model. In addition, the equilibrium adsorption capacity calculated from the PSO
model (ge,cal = 34.0136 mg/g) was reasonably close to the experimental value (ge,exp = 31.75 mg/g). These results indicate
that the pseudo-second-order equation provides the best mathematical description of the experimental kinetic data among the
models considered. However, the difference between ge,cal and ge,exp should also be acknowledged rather than describing the
agreement as exact. The intraparticle diffusion model exhibited a lower correlation coefficient (R? = 0.959), indicating that
intraparticle diffusion alone does not adequately describe the overall adsorption kinetics.

Table 2. Kinetic parameters for phenol adsorption onto the prepared activated carbon.

Model Parameter Value
PFO geexp (mg/g) 31.75
qecal (mg/g) 24.0949
kq (min™") 0.0211
R? 0.991
PSO qeexp (mg/g) 31.75
qecal (mg/g) 34.0136
k; (gmg ' min™") 0.0015
R? 0.998
Intraparticle diffusion | kin, (mg g”! min™) 1.4733
C (mg/g) 12.8380
R? 0.959

Furthermore, the non-zeto intercept obtained from the intraparticle diffusion model (C = 12.8380 mg/g) suggests that
intraparticle diffusion is not the sole rate-controlling step and that boundary-layer effects or other mass-transfer processes may
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also contribute to phenol uptake. Thus, the adsorption kinetics are better desctibed as a combination of surface and diffusion-
related processes rather than by a single transport mechanism.

3.6. Thermodynamic functions results

The thermodynamic characteristics of phenol adsorption onto the prepared activated catbon were evaluated using the
equilibrium data obtained at different temperatures. The selected experimental conditions included an adsorbent mass of 0.2 g,
an initial phenol concentration of 100 mg/L, a solution volume of 100 mL, and a contact time of 24 h. Under these conditions,
an equilibtium adsorption capacity of 31.75 mg/g was obtained. The standard Gibbs free energy change (AG®), standard
enthalpy change (AH®), and standard entropy change (AS°) were determined to assess the spontaneity and enetgetic

characteristics of the adsorption process. The corresponding equations are given in Egs. (9 —12) [19]:
AS°  AH°

_de
kg = (10)
AG® = —RTlInk, (11)

The values of AH® and AS® wete determined from the slope and intercept, tespectively, of the van’t Hoff plot (In Kq vs. 1/7T),
as presented in Figure 12.

As shown in Table 3, the negative values of AG® indicate that phenol adsorption onto the prepated activated catbon is
thermodynamically favorable under the investigated temperature conditions. The magnitude and temperature dependence of
AG?® provide an indication of the driving force of the adsorption process. The negative value of AH® indicates that the
adsorption process is exothermic, meaning that heat is released during phenol uptake. Consequently, increasing the temperature
is expected to be unfavorable to adsorption if the equilibrium data exhibit the corresponding decrease in adsorption capacity.
The exothermic character is consistent with the formation of favorable interactions between phenol molecules and the
activated-catbon surface. The sign and magnitude of AS® should be interpreted according to the experimentally determined
value. A negative AS® would indicate a decrease in the overall configurational freedom of the system upon adsorption, consistent
with the transfer of phenol molecules from the aqueous phase to relatively constrained adsorption sites on the carbon surface.
Conversely, a positive AS® would indicate an increase in the overall disorder associated with the adsorption process, potentially
resulting from changes in the hydration or interfacial structure accompanying adsorption. Thus, the thermodynamic parameters
provide complementary evidence that phenol adsorption is thermodynamically favorable and exothermic under the investigated
conditions, while the entropy contribution provides additional information about changes occurring at the adsorbent—solution

interface

v =42136x- 1277
= =0.996

Lok,

T T T
31073 2.1x1073 2.2x107 22ax1073 24x107

1T (K

Figure 12. The variations of Linkq as a function of 1/T.
Table 3. Thermodynamic parameter of the studied adsorption process.

T (K) Ka AG® (kJ/mol) AHP (kJ/mol) AS° (J/mol K)
298 1.15 -0.346360
310 1.08 -0.198500
320 1.04 -0.104290 -3.5032 -10.619
328 1.01 -0.269970
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4. Conclusion

This study demonstrates the potential of activated carbon derived from pumpkin seed shells as a sustainable adsorbent for
phenol removal from aqueous media. The activation treatment produced a highly porous carbon with a BET surface area of
629.84 m* ¢! and a pore volume of 0.227 cm?® g™, providing favorable characteristics for adsorption. The adsorption
performance was strongly dependent on the operating conditions, with an optimum adsorbent dosage of 0.20 g and a solution
pH close to 7. An experimental adsorption capacity of 31.75 mg g™ was achieved, with equilibrium approached after
approximately 150 min. The adsorption kinetics were best represented by the pseudo-second-order model (R* = 0.998), whose
calculated equilibrium capacity (34.01 mg g™') was consistent with the experimental value. Equilibrium analysis showed that the
Freundlich model provided the best correlation (R? = 0.981), suggesting that phenol adsorption occurs on a heterogeneous
adsorbent surface. The thermodynamic results further indicated a spontaneous and exothermic process, as reflected by the
negative AG® values and AH® of —3.50 kJ mol™*. Overall, the findings highlight the feasibility of converting pumpkin seed shell
waste into a value-added porous carbon material for phenol removal. The combination of agricultural-waste valorization,
favorable textural properties, and effective adsorption performance supports its potential application in sustainable wastewater
treatment. Further studies under continuous-flow conditions and with real industrial wastewater would be valuable to assess its

practical applicability and regeneration performance.
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