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ARTICLE INFO ABSTRACT

Keywords: Water contamination with pharmaceuticals such as Carbamazepine (CBZ) presents a significant
Phenomenological modeling environmental challenge. This study investigates the use of activated carbon derived from waste
Date pits

date pits (DPAC) for the removal of CBZ from water. The impact of several parameters such as pH,
temperature, CBZ concentration, and flow rate on the adsorption were assessed. The generated
DPAC demonstrated a specific surface area of 309 m?/g, a pore volume of 0.264 cm®/g, and the
pores are mainly distributed at 1.86, 2.73, and 3.43 nm. The Langmuir, Freundlich, Sips, and Toth
isotherms were used to fit the experimental data, and the results indicate the occurrence of
monolayer adsorption and heterogeneous surface conditions. The Linear Driving Force model was
used for kinetic analysis, showing improved fit at higher concentrations. Thermodynamic ana-
lyses revealed the process to be endothermic, spontaneous, and entropically driven. The DPAC
achieved an adsorption capacity of 14.89 mg/g and maintained 94 % effectiveness after the first
regeneration cycle and 70 % after four cycles. This study highlights the potential of DPAC as a
sustainable adsorbent for advanced water purification.

Activated bio-waste material
Low-cost adsorbent
Carbamazepine

Linear driving force

1. Introduction

The occurrence of pharmaceuticals in water bodies and their impact on the environment has received considerable attention over
the last two decades [1]. Although pharmaceutically active compounds are designed to exhibit low half-lives, they are persistent even
after wastewater treatment [1,2]. Pharmaceuticals find their way into natural waters as result of several aspects of human activity [1,
2] as well as the improper disposal of expired drugs [3]. One of the most commonly detected pharmaceuticals in water bodies is CBZ,
which is used to treat epilepsy in humans and animals as well as bipolar disorders. It is used worldwide and has been recognized as one
of the most significant priority pharmaceuticals in several regions in the world [4] as it exhibits a low removal efficiency in sewage
treatment plants and is highly persistent in the aquatic environment [5]. Its low degradability gives CBZ its title as a persistent organic
pollutant (POP). Samples have shown that CBZ is present in most natural waterways including freshwater, seawater, and groundwater
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thus proving the low degradability of this compound [1]. According to Kahle et al. [6] the concentrations of CBZ in natural waters and
wastewater treatment plants (WWTPs) can range from 0.14 pg/L to several micrograms per liter. The authors detected CBZ levels
between 2 and 70 ng/L in lakes, and up to 42 ng/L in ground water aquifers influenced by wastewater discharges from WWTPs.
Consequently, CBZ may progress through the food chain since it has already been detected in insects [7] and in plant tissue [8].
Almeida et al. [9] detected environmentally relevant concentrations up to 9 pg/L of CBZ in the edible clams. Several tertiary processes
have been used for the elimination of trace pharmaceuticals from water systems. Chemical processes, such as advanced oxidation
(AOP) [10] can degrade pharmaceutically active molecules, including complete mineralization of pollutants in some cases [11].
However, these processes can also be associated with higher operational costs and complexity, depending on the specific context of
their application [10]. Physical processes, such as adsorption by activated carbon (AC), are otherwise efficient and economical and
they are widely applied in the treatment of contaminated water [12,13]. The reduction of pharmaceutical residuals in aqueous systems
via the use of various adsorbents, including carbonaceous material [14], clays [15], silica [16], polymeric sorbents [17], and AC [18]
has been the subject of extensive research interest. Multiple researchers worked on developing ways to utilize organic waste to produce
the AC required for the removal of several types of contaminants. Nevertheless, it is important to acknowledge that adsorption does not
degrade the pollutant but rather concentrates it into a new phase, which requires subsequent handling or disposal. Each treatment
method has its own set of advantages and limitations, and the choice of method should be based on the specific requirements of the
treatment scenario. Liang et al. [19] used organic matter from cauliflower roots and copper oxides to generate and activate AC. Ahmed
[20] described the preparation of AC using palm stones for wastewater treatment purposes and compared the resulting yield when
using different activators. Naghdi et al. [21] derived nano biochar from pine-wood residue, Vinayagam et al. [22] compared the
effectiveness of multiple eco-friendly adsorbents and compared their effectiveness on multiple pharmaceuticals. The adsorption of CBZ
from aqueous solutions onto AC produced from various precursors that are not biowaste has been addressed by several workers.
Nielsen et al. [23] carbonized sewage sludge and fish waste to create AC to generate a low-cost alternative for CBZ removal by
adsorption. Li et al. [24] investigated the removal of CBZ in synthetic wastewater using powder-activated carbon (PAC) and they
reported a high removal rate. Ek et al. [25] used granular activated carbon (GAC) on treated wastewater effluent [26]. Yu et al. [27]
measured the adsorption of CBZ onto two common ACs produced from coal and coconut shells; the results indicated that both types of
AC could remove a substantial amount of CBZ. A number of workers have investigated the adsorption of CBZ onto other types of
adsorbents. Shan et al. [28] and Fallou et al. [29] reported good removal percentages of CBZ using carbon nanotubes (CNTs) and AC
fiber cloths respectively. Bui and Choi [26] and Suriyanon et al. [30] investigated the removal of CBZ using mesoporous silica-based
materials while Dai et al. [31] adopted molecularly imprinted polymers (MIP). Baghdadi et al. [32] used magnetite nanoparticles and
nitric acid-treated AC while Dominguez-Vargas et al. [33] used macro-porous polymeric adsorbents. Marjan Alaghmand [34] utilized
humic acid, Humasorb and Montmorillonite to remove CBZ by adsorption and obtained maximum removal percentages ranging be-
tween 83.5 % and 90.5 % in deionized water and between 78.2 % and 87.0 % in wastewater. Décima et al. [18] compared different
physiochemical properties and operational conditions on the sorption capacity of both AC and biochar focusing on the adsorption
capacity of CBZ. It was determined that an increase in surface area and pore volume is directly linked to an increase in CBZ adsorption.
Adeyanju et al. [35] explored the different types of CBZ-AC interactions where they concluded that the major mechanisms were -1
interaction, electrostatic interactions, and hydrogen bonding. They also concluded that CBZ exhibits favorable competition with other
impurities because of its hydrophobic behavior and its molecular size. On the other hand, Mondal et al. [36] enhanced the adsorption
of naproxen by transforming AC into a blended composite of nano-sized materials. Aldeguer Esquerdo et al. [37] investigated the
removal of CBZ and diclofenac in a hybrid process using adsorption followed by oxidation, using ozonation.

From the previous discussion, it is evident that adsorption using various materials is an efficacious process for the elimination of
CBZ from aqueous solutions; however, the adsorption capacities show significant variation amongst the different adsorbent types as
shown in the supplementary materials Table S1. It is important to mention that most of the laboratory-scale studies were performed
with high concentrations of CBZ in the aqueous phase (at the mg/L scale) whilst pharmaceuticals are encountered in the environment
at trace concentrations (in the pg-ng/L range).

The efficiency of activated carbon adsorption is dependent on several important factors, such as pH, temperature, initial adsorbate
concentration, contact time, and adsorbent dosage. pH affects both the ionization of the adsorbate and the surface charge of the
adsorbent [38]. Temperature influences adsorption kinetics and thermodynamics. Initial concentration drives mass transfer, while
contact time determines the equilibrium capacity [39]. Adsorbent dosage impacts the available surface area and overall adsorption
capacity [40].

The objectives of this work are to explore the removal of a persistent pharmaceutical on activated carbon material produced from
biomass waste material, date pits were used to produce an inexpensive and sustainable adsorbent material. and to determine whether
the spent activated carbon can be regenerated. While the use of date pits as a precursor for activated carbon has been previously
reported, this study differentiates itself by providing a comprehensive kinetic and thermodynamic analysis of CBZ uptake on date pit-
derived activated carbon (DPAC). Moreover, the analysis carried out at both higher concentrations (mg/L range) and trace ambient
concentrations (ug/L range) opens a greater variety of applications in real-world scenarios. The effects of physical parameters such as
pH, temperature, and high versus low CBZ concentrations were also investigated. Dynamic adsorption behavior was also investigated
by conducting column breakthrough analysis. The use of biomass waste to produce an inexpensive and sustainable adsorbent waste
management challenges but also upholds the circular economy’s principles. This alternative is less expensive and more useful at
eliminating pharmaceuticals from water treatment than typical activated carbons.
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2. Materials and methods
2.1. Materials

CBZ standards were purchased from Sigma-Aldrich, with a purity of >98 %, HPLC grade solvents including methanol, acetone, and
ethanol were supplied by Sigma-Aldrich (Milwaukee, WI). Waters Oasis hydrophilic-lipophilic (HLB) cartridges (10 mg/1 cc and 200
mg/6 cc) were purchased from Supelco S.A.L. AC was prepared from date pits and olive stones obtained from a local farm in Lebanon.
PAC was purchased from Supelco S.A.L. PTFE tubing, SPE supplies, and inert PTFE syringes used in these experiments were purchased
from Ibrahaddad, Lebanon. Phosphoric acid (85 %) and hydrochloric acid (10 %) were also obtained from Sigma-Aldrich/Ibrahaddad,
Lebanon. Nitrogen gas with a purity of >99.99 % was supplied by Chehab Gas, Lebanon. The key physicochemical characteristics of
CBZ are presented in Table S2 in the Supplementary Material.

2.2. Preparation of adsorbent by HsPOy4 activation and characterization

The activated carbon was prepared from date pits, a readily available and cost-effective biomass waste product. Date pits were
chosen due to their high carbon content and low ash content, making them an excellent precursor for producing high-quality activated
carbon. Additionally, utilizing date pits contributes to waste valorization and environmental sustainability. HsPO. was used for
activation due to its ability to produce activated carbon with a high surface area and well-developed pore structure. Compared to other
activating agents like KOH, phosphoric acid is less corrosive, easier to handle, and generates fewer environmental hazards during the
activation process. Furthermore, phosphoric acid activation tends to retain more oxygen-containing functional groups on the carbon
surface, which can enhance adsorption capacity for polar contaminants.

Using HsPOs to activate the generated carbon comes with a disadvantage in that phosphate ions might be adsorbed by activated
carbon. The adsorption of phosphate ions by the generated AC can be reduced or avoided by making the sample undergo a thorough
wash with distilled water. This will ensure the removal of residual and soluble phosphate compounds. In this study, the procedure to
generate the AC from a carbon precursor is as follows. Firstly, the date pits were washed and then dried for 24 h at 60 °C to eliminate
residual water. Secondly, the carbon precursor was mixed with a phosphoric acid solution (85 %) at an impregnation ratio of 3:1. The
sample was mixed continuously for a day to allow maximal contact between the acid and the carbon before being allowed to dry
overnight at 120 °C. The reason for using H3POy is that this acid is very effective in enhancing porosity and functional group formation
in hydro-chars developed from cellulosic materials [41]. The activation process was carried out at 550 °C with a nitrogen flow of 150
cm®/min thus increasing the total surface area and the pore size of the AC. Thirdly, the mix was rinsed with a 10 % solution of HCl
commonly used in activated carbon production due to its efficiency in removing residual activating agents and impurities. The
effectiveness of HCl in this context has been documented in previous studies, which demonstrate its ability to produce high-purity
activated carbon with minimal residual contaminants [42,43]. Furthermore, Yang et al. [44] found that pretreatment with diluted
hydrochloric acid significantly increased the specific surface area and pore volume of AC, leading to enhanced adsorption capacity
when compared to washing with alkali solutions such as NaOH. This supports the choice of HCl in our study for improving the quality
of activated carbon to ensure the removal of leftover impurities. Fourthly, the resulting AC was washed with distilled water twice, at
60 °C and room temperature, respectively. This would rid the AC of any impurity that was left from the previous stages. Fifthly, the AC
was dried at 110 °C for 24 h. The standard procedure followed, ensured high-quality activated carbon was produced. The same
procedure was followed to generate activated carbon from olive stones (OSAC) for comparison to DPAC. A commercial PAC was also
utilized for comparative analysis.

A high-speed surface area analyzer was used to measure the AC’s capacity for nitrogen adsorption/desorption (Nova 2200e;
Quantachrome instruments). Before Ny adsorption, the DPAC sample was subjected to continuous degassing for a period of 2 h at a
temperature of 200 °C. To determine specific area, pore sizes, and pore volumes of the DPAC, Brunauer-Emmett-Teller (BET) theory
and Non-local density functional theory (NL-DFT) method which was reported to be superior to Barrett-Joyner-Halenda (BJH) method
for characterizing micropores were used, sample were analyzed using Micrometrics Gemini VII with MicroActive software version 6
[45,46]. Fourier Transform Infrared Spectrometry (Thermo Nicolet 4700) was used to characterize the adsorbents. A scanning electron
microscope (SEM) operated at a voltage of 30 kV was employed to examine the AC before and after the adsorption of CBZ (Tescan). To
gain further knowledge regarding the surface chemistry of DPAGC, it is advisable to experimentally determine (pHp,), which is the pH
value at which the surface of the material has a zero net charge (neutral charge). Below this pH, the surface is positively charged, while
above this pH, the surface is negatively charged. This parameter is critical in adsorption studies as it influences the electrostatic in-
teractions between the adsorbent and the adsorbate. For instance, when the solution pH is below the pHpzc, the positively charged
surface of DPAC will favor the adsorption of negatively charged species, while at pH levels above the pHpzc, the negatively charged
surface will attract positively charged species.

2.3. Sample preparation

Standard stock solutions were prepared using HPLC grade ethanol then transferred to amber shaded glass bottles, all standards
were stored in a dark environment at —20 °C to avoid or reduce the chance of degradation. Working solutions were prepared by further
diluting the stock solutions with ethanol resulting in ten nominal calibration standards in the range of 0.2-5 mg/L; 0.2 mg/L was the
lowest detection limit (LDL). Sodium Azide (NaNs) added to the working solutions to ensure the inhibition of any biological activity.
The sample solutions for adsorption tests were prepared by adding the stock solution to ultrapure water to achieve the target
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concentration. All the CBZ adsorption experiments were conducted in autoclavable bottles that were positioned in a Thermo-fisher
shaker/incubator, MaxQ 6000 equipped with ambient temperature control and operated at 120 rpm. An initial amount of adsor-
bent was added to the test solution, at a set pH and temperature, after reaching equilibrium, samples were taken out and filtered using
1.2 mm glass microfiber filters.

2.4. Analytical technique

Solid Phase Extraction (SPE) was used for sample preconcentration and elution with 50 % ethanol, using Waters Oasis HLB car-
tridges. High-Performance Liquid Chromatography (HPLC-DAD) was performed with an Agilent 1260 Infinity system equipped with a
quaternary pump (G1311C) and DAD detector (G1315D), utilizing an Agilent SB-C18 column (2.1 x 50 mm, 1.8 pm) [47-49].

For low concentration measurements, Agilent 6460 Liquid Chromatography-Mass Spectrometry (LC-MS/MS) was employed,
following EPA Method 1694. Before use, HLB cartridges were conditioned and prepared for loading as per manufacturer’s recom-
mendations. After loading the solution, cleanup steps were employed followed by elution with 10 mL of methanol. The resulting
filtrate was dried using a gentle nitrogen stream at 40 °C and reconstituted in a solution of 50 % ethanol. It is important to note that
throughout the SPE procedure, PTFE syringe filters and inert syringes were used to avoid the uptake of CBZ. The EPA analytical method
1694 was validated and the statistical data analysis and the response calibration curve are presented in Table S3 and Fig. S1
respectively.

2.5. Adsorption isotherms, kinetics, and thermodynamics of CBZ solution

Understanding the adsorption kinetics is crucial for elucidating the adsorption mechanism and optimizing the design of adsorption
systems. Kinetic studies provide insights into the rate of adsorption and the time required to reach equilibrium. By analyzing kinetic
data, the most suitable models that describe the adsorption process, such as the pseudo-first-order or pseudo-second-order models, can
be established. This information is essential for designing efficient and effective water treatment systems. Numerous studies have
explored the kinetics of pharmaceutical adsorption, and this study aims to contribute to this body of knowledge by providing a
comprehensive analysis of CBZ adsorption using DPAC. The experiments were conducted at two different ranges of CBZ concentra-
tions. The first part of the experiment investigates the concentrations of CBZ in the range of 50-200 pg/L, which is normally noted in
surface water and waterways contaminated with residual pharmaceuticals resulting from poorly treated or untreated wastewater. This
part of the study is crucial for situations where only conventional water treatment methods are used since such practices were deemed
inefficient in removing pharmaceutical residues from the effluent water [50,51]. The work was carried out using two adsorbents, the
generated DPAC and commercially purchased PAC. Under these conditions, the batch was run with 10 mg of adsorbent, and the test
solution was added before placing the mixture into a temperature-controlled shaker. Kinetics were evaluated at 25 °C for a duration of
24 h. Under the lower range of CBZ, several experimental runs were conducted to determine the effects of varying process conditions
on the adsorption of CBZ. Temperature (25, 35, and 45 °C.), adsorbent dosage, and CBZ concentration were varied independently. The
effect of the solution pH, in the range of 2-11, was also investigated. A portable pH meter (Sension + MM156 Portable Multi Meter)
was utilized for the measurements. Additional experiments compared olive stone activated carbon (OSAC) and PAC for lower CBZ
concentrations. OSAC was produced following the same procedure as DPAC to ensure consistency.

The second part of the study aimed at replicating typical CBZ concentrations found in wastewater effluents ranging from 2 to 10
mg/L [52]. The higher concentration batch runs were particularly useful in assessing the need for phenomenological modeling to
overcome the shortcomings of pseudo first and second-order experiments to model CBZ removal with DPAC. To that end, a series of
additional experiments were designed to assess the impact of fluctuating CBZ (2, 5, 8, and 10 mg/L) concentrations and pH levels (3, 7,
and 10). Utilizing a traditional bottle-point approach, multiple sets of batch experiments were conducted over 24 h. Each set involved
adding 25 mg of DPAC to 0.1 L of distilled water, which was then spiked with CBZ. In total, 9 experiments were carried out to fulfill this
purpose, and throughout these experiments, samples were continuously agitated at 120 rpm and maintained at a constant temperature
of 25 °C. The samples were collected at predetermined time intervals and sacrificed for analysis. Controls without DPAC were run
concurrently with each experiment to establish a baseline.

The influence of temperature on CBZ adsorption was also examined to determine thermodynamic parameters such as changes in
Gibbs free energy (AG), enthalpy (AH), and entropy (AS). The amount of CBZ adsorbed at equilibrium (q.) was determined using:

q.= M 1)
m
where g, is in mg/g, C, is the initial CBZ concentration in mg/L, C, is the equilibrium CBZ concentration in mg/L, V is the total solution
volume in L and m is the mass of adsorbate in g. The models (Table S4) Langmuir, Freundlich, Dubnin-Radushkevich, Toth and Sips
were selected to fit the sorption isotherms [53]. Statistical analysis and mathematical modeling were carried out using RStudio [54]
and Microsoft VS code. Each experiment was conducted in triplicate to ensure the robustness and reliability of the results.

2.6. Regeneration experiments

The regeneration of the spent AC using methanol as the regeneration solvent was investigated. 0.5 g of spent adsorbent was
separated from the solution and placed in a clean beaker containing a measured volume (50 mL) of solvent. The solvent-exhausted
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carbon mixture was shaken for 4 h and the regenerated DPAC was rinsed and washed with distilled water. The wet DPAC was dried at
80 °C. Adsorption experiments were conducted on the regenerated DPAC using the procedure described in section 2.3 and the
experiment was stopped when equilibrium was reached. The adsorption/regeneration experiments were repeated for four cycles. The
adsorption capacity applicable for one cycle was determined from:
Coi — Cei
gu= (G Ceily, @
m
where the subscript i represents the cycle number. The regeneration efficiency, RE, is required to determine the effectiveness of the
regeneration method:

RE:% » 100 % )

e

where q. is the adsorption capacity of fresh DPAC in mg/g, g, is the adsorption capacity of the regenerated DPAC after completion of all
the adsorption-desorption experiments, in mg/g.

2.7. Fixed bed adsorption study

Understanding the behavior of CBZ adsorption onto the generated adsorbent in a fixed bed continuous mode is required to
determine design parameters for CBZ removal and to evaluate and optimize the systems performance. This is done so by running a
column breakthrough analysis. This approach is also intended to establish the mathematical models that may be used to provide
accurate predictions of the CBZ-adsorbent interactions for larger scale operations. CBZ was introduced into the column at a rate of 5
mL/min and concentrations of 2, 4, and 10 mg/L. Moreover, to determine the effects of the flow rate, one CBZ concentration was
maintained while the rest were subjected to varying flows. Additionally, the experiments were conducted with three iterations for
higher redundancy. To ensure the reliability and robustness of the results, each experiment was conducted in triplicate.

Quartz columns were packed with 70 g of the DPAC produced in this work and another set of columns packed with Ottawa sand
(inert material) were run as controls. All columns were mounted with identical metallic screens at both ends to ensure that the
respective packing material did not escape from the column. The flow of the solution was maintained using low flow pumps
(Cerampump FMI QG 50) with a maximum of 10 mL/min as well as a CSC-W stainless steel head fitted pump and PTFE tubing.

3. Results and discussion
3.1. Adsorbent characterization

The BET analysis of the derived DPAC revealed a specific surface area of 309 m?/g, and a pore volume of 0.264 cm®/g. The NLDFT
pore size distribution analysis further substantiated the hierarchical nature of the DPAC’s pore structure, with the majority of pores
predominantly concentrated at 1.86 nm, 2.73 nm, and 3.43 nm as illustrated in Fig. 1a.The BET surface area of the DPAC falls within
the range of data reported in the literature for date pits (78.89-770 m?/g) [55-57]. The total pore volume obtained in this work is also
comparable with earlier studies on date pits (0.17-0.66 cm®/g) [55-57]. The nitrogen adsorption-desorption isotherms are shown in
Fig. S2 where it can be noted that the adsorption volume increased rapidly up to a relative pressure ratio, P/Py, of 0.1, which may be

a. Pore Volume vs. Pore Size b. XRD Pattern of DPAC

60

2.73 26.70

dV/dW Pore Volume (cm?/g-nm)
Intensity (a.u.)

43.68

2 4 6 8 10 10 20 30 40 50 60 70
Pore Size (nm) 26 (Degrees)

Fig. 1. (a) NL-DFT pore size distribution and (b) XRD Patterns of DPAC.
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attributable to the existence of micropores [58]. Moreover, a gradual and steady increase in the adsorbed volume throughout the range
of relative pressures is typical for mesoporous materials. In addition, desorption isotherm exhibited a hysteresis loop at P/Py above 0.4,
which is a feature of a type IV isotherm and is often linked with the occurrence of pore condensation [55].

The XRD pattern of DPAC in Fig. 1b showed that the activated carbon had a structure characterized by the presence of (002) and
(100) planes at 20 = 26.7 °C and 43.68 °C [59,60] The presence of these peaks indicates that the activated carbon derived from date
pits contains both graphitic and amorphous carbon structures.

SEM images shown in Fig. 2 reveal the surface morphology of the adsorbent precursor and AC produced by chemical activation. The
examination of raw date stones shows interconnected porosity and formation of aggregates. After chemical activation, the porosity is
more developed and relatively large and abundant and non-uniform in shape with elliptical pores. The images indicate that the
chemical activation of date pits results in a relatively smooth surface with scattered pores of various sizes. Physical sorption of
pharmaceuticals is more likely to occur on highly porous AC.

Fig. 3, which depicts the FTIR spectrum for the adsorbent precursor, indicated the presence of several different functional groups
namely alkene, aromatic, alcohol, ester, ether, and hydroxyl. The sample shows IR bands at 3400- 3600 cm ™! which are ascribed to the
-OH stretching of the hydroxyl groups [55,57]. The sample also shows peaks at 2926 and 2870 cm-!, which correspond to C-H
stretching in alkyl groups. The bands appearing at 1400-1600 cm™! are ascribed to C=C stretching in aromatic rings, and the ones at
1000-1200 cm! are attributed to C-O stretching in ether groups. Finally, the bands appearing at 1600-1700 cm™' correspond to the
carbonyl group. The IR spectrum of the activated carbon exhibits the same shape, which indicates that both materials have the same
functional groups. The peaks observed at 2926 and 2870 cm™! in the raw precursor disappear once the material is impregnated with
HsPOa. Also, the FTIR spectrum of DPAC shows lower transmission (thus higher adsorption) percentages at all observed bands
compared to the raw precursor, suggesting a greater density of functional groups on the surface of DPAC than on raw date pits.
Furthermore, the pH,,. of the AC was found to be equal to 3.4 (Fig. S3).

There are several factors to consider when choosing a material for a particular application, including the kind of pollutants, cost-
effectiveness, and operating circumstances. When comparing DPAC to granular activated carbon (GAC) and PAC, DPAC exhibits
similar adsorption efficiencies due to its high surface area and pore volume, which are critical factors in adsorption capacity. However,
there are several disadvantages to using DPAC. For example, it has been observed that in the presence of organic matter and micro-
contaminants, the adsorption capacity is lower than that of GAC [61]. Reduced efficiency and competitive adsorption may result from
this. However, materials such as biochar, which is made by pyrolyzing biomass, have been shown to work as well as or better in
environments with a lot of pollutants due to their unique surface chemistry and pore structure [62]. Understanding the impact of
different ions found in actual water matrices on DPAC’s adsorption performance is essential to comprehending its wider applicability.
Studies reveal that the adsorption capacity of carbamazepine and related pollutants can be considerably impacted by common anions
such as C1~, NO3, SO%~, and cations such as Ca>*, and Mg2+ due to competitive adsorption and surface charge variations. Viegas et al.
[63] investigated the effect of these ions on the adsorption of carbamazepine onto organoclays and found that certain ions, particularly
divalent cations, can hinder the adsorption efficiency by occupying active sites on the adsorbent surface or altering its charge prop-
erties. The study’s findings demonstrated that while organoclays could effectively adsorb CBZ, the adsorption capacity was decreased
by more than 20 % when ions like Ca?* were present, highlighting the necessity of considering ion interference in real-world water
applications. It is expected that DPAC would behave in a similar manner and active sites might be depleted in the presence of
competing contaminants.

3.2. CBZ adsorption isotherms

Results for the lower concentration experiments and the calculated model parameters are shown in Table 1, Adsorption capacities
predicted by the models (qcq) Were compared to the experimental values (gexp) using several statistical parameters. These included the
standard deviation method, the R? coefficient, and the Chi-square y? test. These are given by the following formulae:

MIRA3 TESCAN SEM HV: 30.0 kV WD: 24.63 mm MIRA3 TESCAN
View field: 62.5 um View field: 150 ym Det: SE 20pm
SEM MAG: 1.08 kx| Date(midly): 04112/16 AUB-CRSL SEM MAG: 2.22 kx _| Date(midly): 0411216 SEMMAG:922x | Date(midy): 1210116 AUB.CRSL

Fig. 2. SEM images of (a) raw date pits and (b) DPAC (c) DPAC washed.
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Table 1
Parameters of adsorption equilibria isotherms under lower concentrations of CBZ.
Parameter Adsorbent
Model ; .
ode DPAC" 0SAC” PACS
25°C 35°C 45°C 25°C 25°C
Langmuir qm (mg/g) 7.08 7.17 7.23 7.44 14.39
K, (L/mg) 9.37 10.12 10.32 8.37 12.79
Ry 0.45 0.43 0.42 0.50 0.36
R? 0.999 0.998 0.999 0.997 0.999
DS 0.30 0.26 0.24 0.26 0.67
X2 0.03 0.04 0.03 0.02 0.08
Freundlich 1/n 0.73 0.73 0.72 0.76 0.69
Kf (mg/g)(1/mg)" 19.58 20.30 20.38 20.60 42.10
R 0.997 0.995 0.997 0.994 0.992
DS 0.22 0.21 0.22 0.22 0.26
x? 0.07 0.06 0.07 0.07 0.24
Sips qm (ng/g) 6.83 6.64 7.01 5.65 11.74
K (L/mg)"* 10.52 12.85 11.32 20.60 28.54
S 0.99 0.96 0.99 0.87 0.87
R? 0.964 0.956 0.960 0.928 0.910
DS 1.08 1.28 1.57 2.10 3.26
x? 0.56 0.79 0.61 0.81 3.81
Toth qm (mg/g) 6.75 6.64 6.63 4.69 10.30
K, (L/mg)"" 10.88 14.26 13.49 58.88 72.05
T 1.04 1.11 1.09 1.66 1.57
R? 0.966 0.963 0.963 0.955 0.910
DS 0.98 0.92 1.13 0.80 1.26
X2 0.51 0.51 0.55 0.31 1.58
Dubnin Radushkevich qm (mg/g) 6.47 6.67 6.79 6.50 14.37
1078 (mol?/J?) 1.80 1.55 1.65 1.88 1.64
E (kJ/mol) 5.26 5.67 5.50 5.16 5.51
R? 0.999 0.998 0.999 0.999 0.998
DS 1.00 0.99 1.00 1.01 1.00
x? 0.19 0.15 0.48 0.20 0.33
% DPAC: Date pit AC.
 OSAC: Olive stone AC.
¢ PAC: Powdered AC.
2
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where n and N in equations (3) and (5) represent the number of experimental points, DS and y? should be as small as possible, while R?
should be as close to one as possible. When more than one model is statistically acceptable, the Chi-square y? test was used, and the
lowest y? value corresponds to the best-fit model. The experimental and fitted data are shown in Fig. 4 for the five models. A com-
parison of the adsorption models shows that experimental data show a high correlation with two isotherm models, namely the
Langmuir and Freundlich models.

From the data in Table 1, g, the maximum monolayer coverage capacity estimated from the Langmuir isotherm, was determined
to be 7.08, 7.17, and 7.23 mg/g at 25, 35, and 45 °C respectively. From the data calculated, R;, the separation factor, is greater than
0 but less than 1 indicating that adsorption on DPAC is favorable. Other studies investigating the removal of CBZ onto carbonaceous
adsorbents have also reported that the adsorption was best fitted to the Langmuir isotherm [33,64]. The Freundlich model also appears
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Fig. 4. Equilibrium adsorption isotherm for DPAC by (a) Langmuir model, (b) Freundlich model, (c) Sips model, (d) Toth model, (e) Dubinin-
Radushkevich model.
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to be a good fit for the experimental data of adsorption of CBZ onto DPAC as the constant n lies between 1 and 10 for all three
temperatures (1.3652, 1.3739, and 1.3842 at 25, 35, and 45 °C respectively). The results suggest that chemisorption may take place
since the resulting 1/n value is below unity [53]. Other studies also showed the Freundlich model to be the best-fit model for the
adsorption of CBZ on various other types of AC [25,26].

It is noted from Table 1 the Langmuir and Freundlich models also provide the most satisfactory representation of the equilibrium
data for the OSAC and commercial PAC, which implies that similar adsorption mechanisms govern CBZ behavior in the presence of the
three adsorbents. OSAC shows a slightly higher adsorptive capacity than DPAC. However, the commercial AC achieved a removal
capacity of 14.4 mg/g, being significantly higher than those observed for DPAC and OSAC. This variation may be due to the signif-
icantly higher surface area of commercial carbon.

From Table 2, qp,, estimated from the Langmuir isotherm, was determined to be 14.74, 14.86, and 14.89 mg/g at 25, 35, and 45 °C
respectively for DPAC at higher CBZ concentrations. It is important to note that qn, is significantly higher at ~15 mg/g for higher CBZ
concentrations compared to ~7 mg/g for lower concentrations. This indicates higher adsorption capacity is achieved when more
adsorbate is available.

The Langmuir model, which assumes monolayer adsorption on a homogenous surface, provided the best fit to the experimental
data. When assessing the variation in the Langmuir constant Ky, representing the affinity between the adsorbate and the adsorbent, it is
generally expected that Ky, will increase with a higher concentration gradient due to the greater driving force for adsorption. However,
in this study, the opposite effect was observed: a decrease in the K value at higher CBZ concentrations. This reduction may be
attributed to the saturation of the higher energy adsorption sites on the DPAC surface. Once these sites are occupied, adsorption occurs
on sites with lower binding affinities, leading to the observed decrease in the K value. This phenomenon indicates that while the initial
adsorption at lower concentrations occurs at high-affinity sites, further adsorption at higher concentrations may involve less ener-
getically favorable sites, thereby lowering the overall K;, term. These findings suggest that the adsorption process of CBZ onto DPAC is
governed by a balance between the availability of high-affinity sites and the concentration of CBZ in the solution.

The separation factor Ry, is between 0 and 1 indicating favorable adsorption, similar to the lower concentration results. The
Freundlich model also appears to fit the experimental data well, with 1/n values below 1 suggesting that a similar mechanism to that of
lower CBZ concentrations may be taking place, however, K¢ is higher and 1/n lower at higher concentrations, indicating more
favorable adsorption which aligns with the higher adsorption expected. Both the Toth and Dubinin-Radushkevich models gave high R?
values (>0.95) across the temperatures, indicating it may also accurately describe the adsorption behavior. The gy, values from the
Toth model were slightly higher than the Langmuir model. The model also fits the data reasonably well based on the high R? values.
Sips, Toth, and Dubinin-Radushkevich models show similar trends of higher qm values at higher CBZ levels due to greater adsorption.

Table 2
Parameters of adsorption equilibria isotherms using DPAC under high CBZ concentration (2-10 mg/L).

Parameter DPAC high CBZ concentration

Model 25°C 35°C 45°C

Langmuir qm (Mg/g) 14.74 14.86 14.89
K, (L/mg) 1.98 2.12 2.29
R, 0.40 0.45 0.43
R? 0.988 0.978 0.989
DS 0.20 0.22 0.22
x2 0.01 0.02 0.02

Freundlich 1/n 1.22 1.35 1.28
Ky (mg/g)(1/mg)" 9.14 11.62 10.42
R? 0.999 0.999 0.999
DS 0.20 0.24 0.20
X2 0.04 0.03 0.03

Sips qm (Mg/g) 15.06 14.96 14.83
K (L/mg)"/* 1.98 2.12 2.29
S 0.89 0.84 0.91
R? 0.957 0.960 0.970
DS 0.80 0.77 0.62
x2 0.45 0.72 0.77

Toth qm (mg/g) 16.01 15.67 15.50
K, (L/mg)*"* 2.75 2.33 2.12
T 0.91 0.88 0.93
R? 0.961 0.968 0.979
DS 0.61 0.62 0.82
x? 0.28 0.21 0.22

Dubnin Radushkevich qm (Mg/g) 13.45 13.58 13.64
£1078 (mol?/J?) 0.024 0.020 0.018
R? 0.956 0.959 0.969
DS 1.11 1.12 1.33
X2 0.24 0.25 0.25
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K, K¢, and E values vary inconsistently between concentrations across models, indicating a complex impact on bonding affinity.

In summary, Langmuir, Freundlich, Sips, Toth, and Dubinin-Radushkevich models were used to characterize the adsorption of CBZ
on DPAC. While the Langmuir model assumes homogeneous adsorption sites with uniform adsorption energies, the Sips and Toth
models are particularly suited to systems where adsorption sites exhibit varying affinities, thereby capturing the heterogeneity of the
adsorbent surface. The application of these models, which all showed good fits to the experimental data, allows for an omprehensive
understanding of the adsorption mechanism, indicating that the adsorption of CBZ on DPAC involves both homogeneous and het-
erogeneous sites with varying affinities and potential mechanisms.

3.3. Phenomenological modeling using LDF

Fig. 5 depicts the change of CBZ with time while Table 3 summarizes the parameters for pseudo-first order and the pseudo-second-
order kinetic rates, the model parameters fit the lower concentration experimental data quite well (R?>0.9). The pseudo-first-order
rate model assumes that physisorption is dominant where adsorption occurs through weak interactions such as van der Waals
forces. On the other hand, the pseudo-second-order rate equation is often linked to chemisorption, which involves stronger chemical
interactions between the adsorbate and the adsorbent surface. Given the results of our kinetic modeling and the supporting FTIR
analysis, it can be inferred that both physisorption and chemisorption mechanisms are involved in the adsorption of CBZ onto DPAC.
This dual mechanism is consistent with the observations discussed in section 3.2, where the minimal changes in FTIR spectra suggest
that while chemisorption occurs, it may not be the dominant mechanism, and physisorption plays a significant role in the adsorption
process. It is important to mention that physisorption normally occurs where the CBZ pore size is approximately equal to 10 A, which is
below the average pore size of DPAC (31 A), justifying the assumption that CBZ molecules will be able to penetrate the interior surfaces
of the adsorbent.

As opposed to the accurate fit observed at lower concentrations of CBZ, the pseudo-first and second-order models were inadequate
in representing the adsorption data at higher concentrations. This discrepancy indicates that these models demonstrate theoretically
inconsistent trends with experimental data, a finding that has been corroborated in multiple studies [65-67]. [65-67]. The observed
inconsistencies led to the adoption of the Linear Driving Force (LDF) model. LDF is a widely recognized approach in adsorption ki-
netics, offering a more mechanistic insight into the adsorption process [68], and unlike empirical models, is grounded in the principle
of mass transfer [69]. Due to its flexibility, the model is particularly effective in describing the rate of adsorption, accounting for the
resistance to mass transfer [70], especially in scenarios involving higher solute concentrations [71].

The fundamental equation of the LDF model is expressed as:

dq

Tt:kL (e —@:)

t ()

where q; is the amount of adsorbate on the adsorbent at time t, qe is the equilibrium concentration of the adsorbate on the adsorbent, k;,
is the LDF rate constant. Across a range of pH levels and starting CBZ concentrations, the derived model parameters, which are dis-
played in Table 4, show an overall high degree of correlation between the LDF model predictions and the experimental data. R? values
varied between 0.92 and 0.98 indicating a strong correlation between the model predictions and the experimental outcomes. This
observation further establishes the reliability of the LDF model in capturing the kinetics of CBZ adsorption and indicates the likelihood
that sorption process is more efficient and predictable in a neutral pH environment. The kinetic data presented in Fig. 6 show the fitted
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Fig. 5. Adsorption kinetics of CBZ concentrations by pseudo-first-order and pseudo-second-order models.

10




R.M. Zayyat et al. Heliyon 10 (2024) e39068

Table 3
Pseudo-first order model and pseudo-second-order model constants and correlation coefficients for adsorption of CBZ onto DPAC at 25 °C.
Qe exp (mg/g) Pseudo first order Pseudo second order
C
o mg/L R? K; (min™1) qe cal (mg/g) R? K, (g.mg 1.min~1) Q. cal (mg/g)
0.05 0.41 0.940 0.0346 0.41 0.960 0.1625 0.42
0.1 0.69 0.980 0.0200 0.67 0.999 0.04398 0.71
0.2 1.34 0.940 0.0146 1.28 0.972 0.01881 1.35
2 7.68 0.991 0.0991 7.51 0.980 0.02385 7.68
5 14 0.977 0.0854 13.25 0.978 0.00988 13.86
8 13.2 0.967 0.0408 12.18 0.986 0.00438 13.01
10 12.4 0.963 0.04635 11.37 0.983 0.00542 12.11
Table 4
Derived model parameters for each experiment.
Experiment pH Initial CBZ concentration R? RSS Ky
Experiment 1 7 2 0.9863 1.0 0.093688
Experiment 2 7 5 0.9533 18.6 0.069125
Experiment 3 7 8 0.9644 34.2 0.017188
Experiment 4 7 10 0.9854 17.7 0.027141
Experiment 5 3 2 0.9737 1.8 0.124438
Experiment 6 3 4 0.9307 31.9 0.047438
Experiment 7 3 8 0.9906 11.8 0.016797
Experiment 8 10 2 0.9627 3.02 0.021625
Experiment 9 10 5 0.9273 10.7 0.013625
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Fig. 6. LDF model fittings for high concentrations of CBZ.

LDF model (red curve) aligning closely with the experimental points (blue dots) for CBZ adsorption onto DPAC. A somewhat con-
tradictory observation could be interpreted from experiment 5 (pH = 3, C; = 2 mg/L) resulting in the highest k;, suggesting that acidic
conditions may enhance the adsorption rate for lower contaminant levels. When comparing initial CBZ concentrations, the model
suggests that lower concentrations tend to have higher k;, values, indicative of a more rapid approach to equilibrium. The optimal
conditions appear to be at a neutral pH with the lower initial CBZ concentrations as reported with the R? and residual sum of squares
(RSS) values. However, the utility of the LDF model across varying pH levels and higher concentrations also suggests its adaptability
under various treatment scenarios.

3.4. Adsorption thermodynamics

The changes in the enthalpy and entropy are determined from a plot of In Kp vs. 1/T as shown in Fig. S5. The lower concentration
experimental results reveal that AH®° was endothermic and equal to 31.55 kJ/mol while AS° was equal to 0.1393 kJ/mol/°K. On the
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other hand, AG° was equal to —9.96, —11.36, and —12.75 kJ/mol at 25, 35, and 45 °C respectively. This increase in negative
magnitude with the increase in temperature can signify the spontaneity of the adsorption of CBZ onto DPAC. Table 5 shows the results
under the higher CBZ concentration range.

Because of the weak connections between the carbon adsorbent and adsorbate, heat is needed to enhance adsorption, as evidenced
by the positive enthalpy change (AH), which suggests an endothermic reaction. Concurrently, it is postulated that the release of
hydration water and the unhindered mobility of the adsorbate molecules following adsorption were responsible for the positive en-
tropy change (AS) which indicates a greater randomness at the solid-solution interface. The adsorption process’ intrinsic spontaneity
was confirmed by the fact that the Gibbs free energy change (AG) was negative under all examined settings. AG became increasingly
negative as the temperature rose from 25 °C to 45 °C, which was in line with the endothermic behavior. It is not clear from the table
alone how AG will fluctuate with the increase in the initial concentration (C;). The thermodynamic viability of the process is deter-
mined by several criteria, including the availability of adsorbent sites, the strength of the interaction, and the total adsorption capacity,
as demonstrated by the trends in AH, AS, and AG with varying initial adsorbate concentration.

It has been previously reported that for physisorption, AG® falls in the range of —20 to 0 kJ/mol while for chemisorption it is
between —80 and —800 kJ/mol [72]. Hence, for the values of AG° obtained in this study, the adsorption of CBZ onto DPAC falls within
the physisorption range. The change in AG° with the temperature change may be a result of the adsorbate molecules becoming more
mobile in the solution leading to a higher affinity of adsorbate on the adsorbent at the higher temperatures [73]. It has been postulated
that during physical adsorption AH° falls in the range of 2.1-20.9 kJ/mol, while for chemical adsorption AH° falls in the range of
80-200 kJ/mol [73]. Given the magnitude of AH® calculated in this work, the adsorption of CBZ by the DPAC can be attributed to
physio-chemical processes. A positive value of AS° reflects the affinity of CBZ towards the adsorbent and corresponds to increased
randomness at the solid/liquid interface.

3.5. Effect of operating conditions

3.5.1. Effect of temperature
The activation energy E, for the adsorption of CBZ onto DPAC was determined using the Arrhenius equation:

k—Are CYRT )

where:

k is the rate constant of the reaction performed at 25, 35 and 45 °C.

Ag is the Arrhenius pre-exponential factor or frequency factor.

E, is the activation energy.

R is the gas constant (8.314 J/(mol-K)).

T is the temperature in Kelvin.

For this purpose, Ink was plotted vs 1 and the activation energy was determined from the slope and found to be equal to 25.73 kJ/
mol as can be seen in Fig. S6. It has been postulated that E, for physical adsorption varies between 5 and 40 kJ/mol, whereas for
chemical adsorption, E, is reported to be in the range of 40-800 kJ/mol since chemical adsorption is more specific than physical
adsorption and involves stronger forces [73]. In this study, the value for E, indicates that the adsorption of CBZ onto DPAC is of the
physisorption type.

3.5.2. Effect of pH

When compared to temperature variation, the adsorption affinity of CBZ showed less significance when assessing the impact of
change in solution pH, which is attributable to CBZ’s high pK, value of 13.96. Given the nature of CBZ molecules, such an observation
could be related to the negligible variation in the ionic state from the neutral to the ionized form of CBZ which ensures that the
adsorbate remains neutral throughout the pH range considered. Given that CBZ is composed of two benzene rings, one azepine group,
and an amide group, adsorption involves hydrogen bonding between the oxygen groups present on the DPAC surface and nitrogen
atoms of CBZ and/or van der Waals forces. However, as noted in section 3.3 lower pH seemed to improve the uptake kinetics, this
showed the need to perform further statistical analysis to accurately determine the significance of pH variations. To that end, a two-
way ANOVA test was conducted the output p-values at 95 % confidence for the effect of pH was greater than 0.05 which suggests that
there are no statistically significant differences in Kj, due to pH variations. Furthermore, the Tukey HSD post-hoc tests confirm these
findings. It should be noted that p-values are relatively close to the cutoff, which might indicate a trend that could become significant
with more data points or in a more controlled experimental setup.

Table 5
Experimental results for high CBZ concentrations.
C; (mg/L) AH (kJ/mol) AS (kJ/(mol*K)) AG at 25 °C (kJ/mol) AG at 35 °C (kJ/mol) AG at 45 °C (kJ/mol)
2 82.89 0.31 —-10.83 -13.97 -17.12
5 30.37 0.13 —8.03 —9.32 —10.6
8 7.68 0.04 -5.67 —-6.12 —-6.57
10 10.76 0.05 —4.89 —5.42 —5.94
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3.6. Suggested CBZ removal mechanism

When CBZ is adsorbed from an aqueous solution onto AC, the following sequence of steps are postulated to take place: transport of
CBZ in the solution; transport of CBZ from the solution to the external surface of DPAC, this is known as “boundary film diffusion”;
transfer of CBZ from the external surface to the intra-particle active sites, known as “the intra-particle diffusion”; finally, the incor-
poration of CBZ onto the active sites [74,75]. [74,75]. When rapid mixing is employed, the first step is often omitted; this is also valid
for the last step of this process i.e., the adsorption of CBZ on the internal surfaces of the AC. The underlying assumption is that organic
molecules are adsorbed onto porous adsorbents at an accelerated pace and therefore the impact of this steps is negligible [75].
Therefore, in principle, the “boundary layer diffusion” step and the “intra-particle diffusion” step are the only possible rate controlling
processes. The intra-particle diffusion model, suggested by Weber and Morris [75], is usually adopted to establish the potential
rate-limiting step. The equation for this model is given by:

q: =K 1°° + Gy ©)

where q; is the quantity of adsorbed CBZ, K;; is the intra-particle diffusion parameter and Cj is the boundary layer thickness. If the
intra-particle diffusion was the rate-controlling step, then a plot of q; versus t®5 will yield a straight line passing through the origin.
However, the plot for the experimental data obtained at 25 °C shows a non-linear behavior as ] seen in Fig. 7. The adsorption process
plot exhibits multi-linear regions, which can be divided into two portions. The first portion, with a steep slope, likely represents
external diffusion by macro-pores and meso-pores [76]. The second portion, with a very low slope, represents intraparticle diffusion by
micropores. This multi-stage behavior suggests that different mechanisms are involved at different stages of the adsorption process.

During the early stages of CBZ adsorption onto DPAC, external diffusion appears to be an important rate-limiting step. The change
of CBZ concentration with time during this initial stage can be evaluated using the following equation:

%: —kA(C—Cy) 10)
where kj, is the external mass transfer coefficient, A is the surface area (416 rnz/g) available for mass transfer, C is the CBZ bulk
concentration and C; is the CBZ surface concentration in mg/L. At t = 0, C = Cp and the surface CBZ concentration is negligible, which
implies that the intra-particle diffusion is not relevant. Consequently, the change of CBZ concentration can be expressed as:

dC‘/C0

dt o kA (1)

The value of kA is determined from the slope of a C/Cy vs t plot. Kinetics data obtained at three initial concentrations were used to
calculate the external mass transfer coefficients. As shown in Table S5, an increase in the initial concentration of CBZ resulted in a
decrease in mass transfer to the surface. Accordingly, the external mass transfer resistance is significant during the first period of
adsorption and, as has been noted by several previous studies, cannot be negligible even at high agitation velocities. In the second
portion of the plot, it appears that diffusion of CBZ from the external surface to the intra-particle active sites is the rate-limiting step
and the rate constant K is determined using the Webb-Morris model described earlier (eq. (8)). The values of K are listed in Table S5
and as can be seen they tend to increase with the increasing CBZ initial concentration; this may be attributed to a larger driving force
enhancing adsorption at the higher concentrations.

CBZ adsorption onto DPAC was initially suggested to involve both physisorption and chemisorption mechanisms. To better

=== A
i I
1.24 St
VA
——————— 777 A
/
/
/
/
1.0 Y
/
/
/’I //
/ /
/ J
S 081 / y
=) » -
Il ,/ N
g I/ ,/ ___________ ._ _____________________________ -
S 0.6+ o st -
/ /
//A /z /’/
% Jd
041 /- B PR —e .
/ / -
/ , _-
« o &
Pt e
/’r”
0.2
.:/" ® 50ug/L
) ® 100 ug/L
A 200 ug/L
0.0
0 5 10 15 20 > - -

time®> (min®>)

Fig. 7. Plot of g, versus t*° at 25 °C at various concentrations.

13



R.M. Zayyat et al. Heliyon 10 (2024) e39068

understand these interactions, FTIR spectra were analyzed for DPAC before and after CBZ adsorption, as shown in Fig. 8. FTIR spectra
of DPAC before and after the adsorption of CBZ show minimal changes in the characteristic absorption bands, indicating that most of
the adsorption process involves weak physical interactions. These could include van der Waals forces and hydrogen bonding, which do
not significantly alter the functional groups on the DPAC surface.

Despite the evidence for physisorption, as indicated above, the presence of functional groups such as carbonyl (C=0) and hydroxyl
(-OH) groups on DPAC implies the possibility of chemisorption mechanisms occurring. There is the possibility of chemical interaction
between the amine groups (-NHz) of CBZ and the carbonyl groups on DPAC, which could lead to the formation of imine bonds (C=N).
This interaction would result in the release of water molecules, signifying the occurrence of chemisorption. However, the FTIR spectra
indicates that these chemical changes are subtle, which may be attributed to the relatively low adsorption capacity of DPAC for CBZ
(3.25 mg/g). This suggests that while chemisorption occurs, it may not be the dominant mechanism, and the adsorption process is
primarily driven by physisorption. To quantify the ratio of these two mechanisms, further studies such as desorption analysis or
temperature-programmed desorption (TPD) could be conducted.

3.7. Regeneration

The chemical regeneration of spent DPAC was evaluated over four cycles and the results are shown in as can be seen in Fig. S7.
Solvent regeneration achieved a regeneration efficiency of 94 % after a single regeneration, and the adsorption capacity of the re-
generated DPAC leveled down after four regenerations to a value of 70 % of the fresh carbon capacity and the adsorbent characteristics
appeared to remain relatively intact during regeneration. The decrease in the adsorption capacity after solvent regeneration as shown
in Fig. S8 is possibly due to the chemical bonding between a portion of CBZ and the DPAC surface or of “competitive adsorption”
whereby methanol molecules replace CBZ on the DPAC surface. Hence, the adsorbent surface sites, occupied by methanol molecules,
become unavailable for CBZ adsorption in the next adsorption cycle. It should be noted that a large proportion of the CBZ adsorbed on
the DPAC surface was recovered after every methanol wash, which may indicate that the dominant mechanism in the adsorption of
CBZ on DPAC is hydrophobic interaction. Fig. 9 illustrates the surface morphology of DPAC after CBZ adsorption and regeneration.

3.8. Comparison with other findings

CBZ is known for its chemical stability and recalcitrant nature, which contributes to its persistence in the environment and low
removal rates in conventional water treatment processes [77]. Due to its inertness, CBZ serves as a model compound to understand the
adsorption behavior of other pharmaceuticals with similar structural features. Farghal et al. [78] demonstrated that structurally
related compounds such as oxcarbazepine, imipramine, and clomipramine are similarly resistant to breakdown in water and waste-
water. These drugs share the same tricyclic structure as CBZ, although they differ in physicochemical properties including solubility
and pKa values. As adsorption processes, these chemicals typically display n-n stacking, hydrogen bonding, and hydrophobic
interactions.

A general comparison between the results obtained from this study and previous studies of BET surface area, equilibrium time,
adsorptive capacity, isotherm, and kinetics models is presented in Table 6. The adsorption of CBZ onto carbonaceous adsorbents seems
to be well described by both the Langmuir and the Freundlich isotherms individually or in combination in addition to Sips isotherm.
This study’s findings align with previous research [79-84] which consistently demonstrate that the adsorption of CBZ onto carbo-
naceous adsorbents is well described by both the Langmuir and Freundlich isotherms. Additionally, multiple studies reviewed confirm
that the adsorption kinetics data fit best with the pseudo-second-order rate equation.

Most investigations were conducted at high concentrations of CBZ (at the mg/L scale), this study was aimed at exploring conditions
high CBZ levels in addition to more representative of environmental contamination levels (ug/L range). Nevertheless, the adsorption
equilibria and kinetics reported in this study agree with earlier findings. Therefore, it appears that when an isotherm or kinetic model is
fitted at a certain concentration range, predictions beyond the range of experimental measurements may yield relevant results con-
cerning the mechanisms involved in the adsorption. Extrapolation from an adsorption isotherm, obtained at high concentrations, to
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Fig. 8. FTIR spectra of DPAC before and after CBZ adsorption.
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Table 6
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Fig. 9. SEM images of (a) CBZ saturated DPAC and (b) Regenerated DPAC.
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Comparison of BET areas, equilibrium time, adsorptive capacity, isotherm, and kinetics models for CBZ adsorption on various types of adsorbents.

Reference Adsorbent BET Initial CBZ Equilibrium time Ads. capacity Isotherm Kinetic model
(mz/g) conc. (mg/L) (hours) (mg/g)
Torrellas et al. [81] AC from peach stones 956 100 72 335 Sips NA
Calisto et al. [79] Calisto ~ Paper mill waste NA 5 0.083 12.6 Langmuir pseudo-second
etal. [79] Freundlich
Fernandez et al. [80] AC from orange peels 618 12-473 24 5.73 Langmuir pseudo-second
Fernandez et al.
[80]
Nielsen et al. [82] AC from coconut shell 1042 1-100 NA 333 Langmuir NA
Freundlich
Shan et al. [83] Shan Biochar/Fe;04 from 486 5 72 62.7 Langmuir NA
et al. [83] coconut shell
Sotelo et al. [84] Commercial GAC 997 1.2-2.5 360 500 Freundlich NA
Stoykova et al. [85] Activated Charcoal 447.1 1-20 NA 14.49 Langmuir NA
Freundlich
Yu et al. [27] Bituminous coal 1030 6-16 NA 3.2 Freundlich NA
[14] Flax shive
This study AC from date pits 416 0.05-0.2 8 7.22 Langmuir pseudo-second,
Freundlich pseudo first
2-10 15
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Fig. 10. Breakthrough curve for varying CBZ concentrations.
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predict the capacity at a much lower concentration may lead to erroneous results and a gross overestimation of the removal capacity
[27].

The adsorptive capacity achieved using DPAC was comparable to those obtained by AC prepared from orange peels, bituminous
coal, and non-treated carbon prepared by paper mill pyrolysis. However, the adsorption capacity of DPAC is lower than that of
Biochar/Fe304 prepared from coconut shell [83] and activated charcoal [85] despite the comparable BET surface area values. The
difference in adsorptive capacity may be attributed to the presence of specific surface functional groups that would enhance the
adsorption process. Finally, equilibrium using DPAC was reached after 8 h which represents a major positive characteristic since other
adsorbents showed much slower kinetics. Therefore, the preparation of AC from date pits presents a potentially viable application for
the removal of CBZ from aqueous solutions.

3.9. Fixed bed adsorption analysis

To study the effect of the inlet CBZ concentration on the column analysis, the concentration was taken to be 2,5, and 10 mg/L while
the flow rate was chosen to be constant and fixed at 4 mL/min. The corresponding breakthrough curves at varying concentrations is
shown in Fig. 10. The breakthrough curves indicate that the DPAC is consumed at a higher rate for the larger CBZ concentrations; the
time for breakthrough decreases. This is due to faster saturation of binding sites in the column. Conversely, when the inlet concen-
tration is higher, the breakthrough curve is extended which means that one can treat a larger volume of solution [86,87]. This is
because lower concentrations cause slower transport due to a decrease in the diffusion coefficient and mass transfer coefficient [88].

The effect of varying flow rates was studied by repeating the experiments for a fixed concentration of CBZ of 5 mg/L with flow rates
of 4, 10, and 15 mL/min. The resulting breakthrough curves shown in Fig. 11 imply that a lower flow rate allows for higher contact
time thus delaying the breakthrough time. It can also be noted that there is very little difference between the 10 and 15 mL/min curves.
A two-way ANOVA statistical test was used to quantify the respective effect of flow rate and inlet CBZ concentration on the break-
through time of the columns. The variation of flow rate was evaluated to be insignificant compared to inlet CBZ concentration with 95
% confidence, i.e., p-value <0.05 and with R? = 99.5 %.

The sorption performance of the cations through the column was analyzed by the linear forms of Thomas, Yoon-Nelson, and Adams-
Bohart models at concentration ratio, cut-off points set for 10 % and 97 % breakthrough (0.1<C./C, < 0.97). Model equations, plots,
and parameters are shown in Table S6. The effects of varying concentrations for a fixed flow rate and the effects of varying flow rates
for a fixed concentration were investigated and the results are shown in Tables 7 and 8.

It can be seen that kry decreases as the inlet concentration of CBZ increases while gy increases with the increase in the inlet
concentration. A high correlation with the Thomas Model indicates that internal and external diffusion processes will not be the
limiting factor processes [89]. These assumptions revolve around the fact that the process follows pseudo-second-order reversible
kinetics and the Langmuir isotherm. This also assumes that external and internal diffusion resistance can be neglected during the
reaction processes [90]. As for the Adams-Bohart Model (ABM), the trends observed for kap and N, are comparable to the behavior of
kry and qo for the Thomas model. As the inlet concentration of CBZ increases, the values of k4 decrease while the values of N, increase.
ABM is usually used to quantify the correlation between the data and the model at the early stages of the breakthrough curve. From
these results it may be concluded that the external mass transfer rate is dominant in the system’s kinetics. The assumptions that were
used by Adams and Bohart are that the equilibrium of the reaction is not reached instantaneously and that the adsorption capacity of
the AC and the adsorption rate of the reaction are proportional [90]. The Yoon-Nelson Model shows completely different trends. Both
R? and 7 increase as the inlet concentration of CBZ increases while the values of Ny show an opposite trend. The overall highest value of
R? for the experiment was 0.9875 for the Yoon-Nelson Model at an inlet concentration of CBZ of 2 mg/L.

As for the variable flow experiment, the results are somewhat contradictory. The Thomas Model, shows an increase in the kry
values with increased flow rate but then the k7 values decrease when the inlet flow rate increases beyond 10 mL/min. The values of g
and R? showed the opposite trend; they decreased at the beginning and then increased again when the inlet flow surpassed 10 mL/min.
AS for the ABM model, the value of ksp decreased when the inlet flow was increased from 4 to 10 mL/min and then increased again
when the inlet flow reached 15 mL/min; the values of R? followed an increasing pattern before showing a plateau when the inlet flow
reached 15 mL/min. Finally, for the YNM model, the values of kyy peaked when the inlet flow reached 10 mL/min; t followed a
decreasing trend and R? followed an increasing trend. The overall highest value of R? for the experiment was 0.9778 for the Adams-
Bohart Model at a flow rate of 10 and 15 mL/min.

4. Conclusion

This study demonstrated the effectiveness of DPAC in removing CBZ from water. The generated DPAC demonstrated a specific
surface area of 309 m?/g, a pore volume of 0.264 cm®/g, and the pores are mainly distributed at 1.86, 2.73, and 3.43 nm. The effects of
pH and temperature were significant, with the validation of Langmuir, Freundlich, Sips, and Toth isotherms showing monolayer
adsorption and heterogeneous surface conditions. The experimental data were fitted to several theoretical models, such as the Thomas
Model, the Bohart-Adams Model, and the Yoon-Nelson Model. Quantitative analysis suggests that adsorption is partially controlled by
intra-particle diffusion and may also be determined by the surface chemistry of the adsorbent. The LDF model proved to be a valuable
tool for elucidating CBZ adsorption kinetics onto DPAC. However, the model performance was influenced mostly by initial adsorbate
concentration and to a lesser extent by acidic pH levels. Thermodynamic analysis revealed the adsorption process to be endothermic,
spontaneous, and entropically driven, significantly impacted by temperature and adsorbate concentration. The regeneration of the
spent DPAC was carried out using methanol and the regenerated adsorbent was used for four regeneration cycles and showed a
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Fig. 11. Breakthrough curves for varying inlet flowrate.

Table 7
Adsorption parameters for different models with varying CBZ concentration with a fixed inlet flow rate of 4 mL/min.
Model parameter Inlet CBZ concentration (mg/L)
Column adsorption model
2 5 10
Thomas kry (L/min.mg) 5.251E-03 2.207E-03 1.318E-03
Qo (mg/g) 76.30 150.93 183.04
R? 0.9328 0.9747 0.883
ABM kap (mL/min.mg) —3.198E-03 —3.050E-03 —1.445E-03
N, (mg/L) 287 437 470
R? 0.9565 0.9745 0.8449
YNM kyn (L/min) 1.081E-02 1.273E-02 1.312E-02
T (min) 683 536 324
R? 0.9875 0.9213 0.8231

Table 8
Adsorption parameters for different models with varying inlet flow with fixed inlet CBZ concentration of 5 mg/L.
Model parameter Inlet flow (mL/min)
Column adsorption model
4 10 15
Thomas kry (L/min.mg) 2.207E-03 2.363E-03 2.056E-03
Qo (mg/g) 150.93 130.95 131.59
R? 0.9747 0.928 0.9588
ABM kap (mL/min.mg) —3.050E-03 —3.362E-03 —3.198E-03
N, (mg/L) 437 998 1445
R? 0.9213 0.9778 0.9778
YNM kyn (L/min) 1.273E-02 1.378E-02 1.229E-02
T (min) 536 477 469
R? 0.9213 0.9230 0.9588

regeneration efficiency of 94 % on the first iteration and then dropped to 70 % after the fourth iteration. Future research should focus
on optimizing activation processes and exploring DPAC’s effectiveness for other contaminants, contributing to the development of
cost-effective and environmentally friendly water treatment technologies. Customizing and optimizing adsorption settings based on
the unique properties of the adsorbate and the chemistry of the solution is crucial for enhancing the efficiency of pharmaceutical
contaminant removal from wastewater using DPAC. The application of activated carbon produced from biomass for wastewater and
water treatment is not a new topic since their use in this field is well established. However, with continuous development and research,
the treatment evolved. While this study shows that DPAC is effective in removing CBZ, there are some important limitations that
should be highlighted. To fully comprehend the adsorption mechanism, particularly the equilibrium between chemisorption and
physisorption, more research is required. Moreover, a four-cycle fall in efficiency followed DPAC’s short-term remarkable regeneration
potential, highlighting the need for optimized regeneration processes. Future research should examine the consequences of compet-
itive adsorption in more complex water matrices, where additional contaminants may reduce DPAC’s adsorption ability. It is also
important to assess the scalability of DPAC in larger water treatment systems, ensuring its efficiency and cost-effectiveness when
applied at an industrial or municipal scale.
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