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ARTICLE INFO ABSTRACT

Keywords: Porous-activated carbons (ACs) derived from Moroccan pine cones (PC) were synthesised by a
Porous activated carbon two step-chemical activation/carbonisation method using phosphoric acid (PC-H) and zinc
Pine cones . chloride (PC-Z) as activating agents and used for the adsorption of bisphenol A (BPA) from water.
Adsorption-desorption Several techniques (TGA/DTA, FT-IR, XRD, SEM and BET) were used to determine the surface

Bisphenol A
Regeneration
Water

area and pore characterisation and variations during the preparation of the adsorbents. The
modification significantly increased the surface area of both ACs, resulting in values of 1369.03
m? g~! and 1018.86 m? g~! for PC-H and PC-Z, respectively. Subsequent adsorption tests were
carried out, varying parameters including adsorbent dosage, pH, initial BPA concentration, and
contact time. Therefore, the highest adsorption capacity was observed when the BPA molecules
were in their neutral form. High pH values were found to be unfavourable for the removal of
bisphenol A from water. The results showed that BPA adsorption kinetics and isotherms followed
pseudo-second-order and Langmuir models. Thermodynamic studies indicated that the adsorp-
tion was spontaneous and endothermic. Besides, the regeneration of spent adsorbents demon-
strated their reusability. The adsorption mechanisms can be attributed to physical adsorption,
hydrogen bonds, electrostatic forces, hydrophobic interactions, and n-n intermolecular forces.

1. Introduction

Water is an essential ingredient for all living beings, required to sustain life. However, the rapid growth of anthropogenic activities
has created unbearable pressure on the environment by generating large amounts of new chemicals called emerging contaminants
(ECs) that seriously threaten water quality on a global scale [1]. Thus, water contamination has become a crucial issue in several
countries that do not have effective water treatment processes. ECs include endocrine disruptors, pesticides, pharmaceuticals, personal
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care products, flame retardants, polycyclic aromatic hydrocarbons, microplastics, viruses, etc [2,3]. These substances can enter source
waters and affect human life and biota ecology, even at very low concentrations (ug-ng L™1) [4]. However, some researchers have
investigated their presence in the aquatic environment, including surface water, seawater, groundwater, drinking water, and
wastewater [5-7]. According to reported studies, existing conventional wastewater treatment technologies are ineffective in removing
this new type of pollutants from wastewater, allowing them to be discharged into receiving water bodies and threatening the sus-
tainability of the ecosystem [8].

Bisphenol A (BPA) is an endocrine-disrupting compound widely used to produce polymeric materials such as polycarbonates and
epoxy resins [9]. Exposure to BPA can lead to numerous effects in humans, including ovarian and testicular cancers, diabetes, obesity,
hypertension and heart disease [10]. BPA has been detected in various water environments such as groundwater (71.1 ng/L), industrial
wastewater (1468.3 ng/L), drinking water (2230 ng/L), surface water (1085.3 ng/L), and seawater (4160-16920 ng/L) [6,11] at trace
levels (from ng/L to pg/L) and even in low concentrations it can cause serious damage to humans and aquatic species. Its toxicity and
endocrine-disrupting properties have prompted industry and researchers to seek effective methods to remove it from wastewater
before its release into the receiving environment [12]. Several treatment techniques have been applied to handle this toxic chemical,
including electrocoagulation, advanced oxidation, membrane filtration, biodegradation, and adsorption [13]. Among these, adsorp-
tion is regarded as an effective technology for the treatment of various contaminants in water and wastewater streams due to its
simplicity, high efficiency, low cost, versatility to remove a wide range of pollutants, and absence of harmful by-products [14]. As well,
it can be applied for large scale water and wastewater treatment scenarios.

Carbon-based adsorbents are the most widely used materials for separating and purifying both gaseous and liquid phase mixtures
[15]. Unfortunately, the cost of commercial activated carbon is quite expensive, which remains one of the main drawbacks of its use.
However, a growing research interest is in developing low-cost, environmentally friendly materials with good pollutant adsorption
potential from available sources [16]. The cost involved in the production of the AC using waste as a precursor was pointed out by the
authors as quite lower than the price of a commercial AC used for wastewater treatment (DARCO 56€/250 g, Norit PK 52€/250 g, and
Norit*SX2 66€/250 g) as referred by Bhomick et al. [17]. In this regard, biomass waste valorisation has become a research hotspot
[18]. In recent years, a significant amount of waste materials (such as forestry and agricultural residues, municipal solid waste and
industrial by-products), which are abundant in nature, have been successfully used to develop effective materials as a new generation
of carbonaceous materials that can replace current adsorbents [19]. These materials are characterised by the high capture capacity of
different substances, large surface area, large pore volumes, high micropores, and better adsorption capacity [20,21]. Indeed,
biomass-derived AC was intensively investigated from different feedstocks such as wheat straw, palm shell, potato peels, coffee waste,
tea Leaves, coconut shell, Croton caudatus and Prosopis juliflora [15,22-28].

However, the most important challenge is selecting favourable biomass types from a wide range of efficient, green, and sustainable
materials. Pine tree is one of the most economical tree species worldwide because of its wood [29]. It is widely available in many areas
of Morocco and generates large amounts of pine cones as waste that have not been widely used so far. Indeed, pine cones (PC) are
forestry by-products that are present in the environment without being properly used for any purpose and can be converted into
value-added materials such as activated carbon. They are mainly composed of hemicelluloses, cellulose, lignin and resins that contain
various organic compounds [30]. The possibility of using PC as a raw precursor for the preparation of ACs is very advantageous owing
to its abundantly, readily available, economic, and is formed annually in considerable quantities (renewable nature), which makes it a
promising and low-cost biomaterial for environmental applications.

Although the literature has reported the synthesis of porous carbon from pine cones and their use for the removal of emerging
contaminants, dyes, and metals from aqueous solutions by adsorption, no study has been carried out to date on Moroccan pine cones as
a precursor for AC synthesis, nor on the evaluation and comparison of BPA adsorption performance using different activating agents, to
the best of our knowledge. Therefore, the present study evaluated the performance of Moroccan pine cones (Pinus halepensis) as a
natural source for the preparation of activated carbons for removing bisphenol A (BPA) from water using the batch adsorption process.
Pine cones were used to produce ACs after chemical activation with H3PO4 and ZnCl; and carbonisation under the same preparation
conditions. The schematic preparation process of the adsorbents is illustrated in Fig. 1. The prepared carbon materials were
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Fig. 1. Schematic preparation process of adsorbents for BPA removal.
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characterised using various techniques and comparatively analysed. The influence variables, such as adsorbent dosage, pH, initial BPA
concentration and contact time, were investigated. Moreover, the adsorption isotherm, kinetic, thermodynamic, and regeneration of
the saturated carbons were analysed.

2. Materials and methods
2.1. Chemicals and reagents

Moroccan pine cones (Pinus halepensis) were collected locally from a forest in the province of Sefrou, in the Fez-Meknes region,
Morocco. Zinc chloride (ZnCly), and ortho-phosphoric acid, (H3PO4, 85 % w/w.) were purchased from Scharlau (Spain). Bisphenol A
(>99 % purity) was procured from Sigma Aldrich (Germany). Hydrochloric acid (HCI, >37 %), and sodium hydroxide (NaOH, >97 %)
were purchased from Fluka (Germany). Ethanol was supplied by Biosmart (Morocco). Reverse osmosis (RO) water was prepared in the
laboratory using an RO purification system (Elettronica Veneta) and used to prepare BPA solutions for adsorption experiments. All
reagents were used as received without further purification. Table 1 presents the representative emerging contaminant selected for
assessing the performance of the prepared activated carbons for water treatment: bisphenol A (BPA).

2.2. Preparation of activated carbons

Prior to pyrolysis, the pine cones were washed repeatedly with clear water, then with osmosis water to remove dust and impurities
and dried at 353 K for 24 h. The cones were ground in a domestic blender and sieved through a 0.5-1 mm sieve. The lab-made activated
carbons were prepared by chemical activation of the biomass, using phosphoric acid HsPO4 and zinc chloride ZnCl,. In a typical
synthesis [17,31,32], 50 g of PC was mixed in a beaker with H3PO4 (50 %) or ZnCl, (100 g of ZnCl, in 200 ml of osmosis water)
solutions with the impregnation ratios of 1:2 of the weight of biomass/impregnation reagent. The mixture was stirred continuously at
room temperature for 24 h and then dried at 383 K for 24 h. Next, the impregnated samples were pyrolysed in an electrical furnace
(Nabertherm GmbH, Germany) at 773 K under N5, flow of 100 mL min~! at the heating rate of 283 K min ' from room temperature to
773 K and kept at 773 K for 90 min. After pyrolysis, the furnace was cooled to room temperature in a nitrogen gas stream overnight.

Lastly, the excess activating agents were removed by washing the prepared samples with NaOH (0.1 M) and hot osmosis water until
neutral pH and dried at 353 K for 24 h. The activated carbons thus prepared were designated with PC (from pine cones) followed by the
letter H (PC-H) for phosphoric acid and Z (PC-Z) for zinc chloride activation.

2.3. Characterisation

PC, PC-H, and PC-Z were characterised using various advanced techniques. Thermogravimetric analysis (TGA/DTA) was performed
using LINSEIS STA PT 1600, to determine the raw PC’s thermal behaviour from room temperature to 973 K (in air, 283 K).
Accordingly, the morphology of materials was analysed on a Hirox SH 4000 M Scanning Electron Microscope (SEM) at 10 kV, the
sample surface was scanned at 2500 x and 3500 x magnification ratios. Diffractograms (XRD) were obtained through a D8 ADVANCE
(Bruker) diffractometer, in the 20 range from 10° to 80°, with 40 kV voltage and 40 mA current. Fourier transform infrared spectra
were recorded on an FT/IR-4X, JASCO spectrometer in the 400-4000 cm ™~ range. Specific surface area analysis was determined using
Brunauer-Emmett-Teller (BET) method, and pore size distribution was performed using the Barrett-Joyner-Halenda (BJH) method
from the nitrogen adsorption-desorption isotherms using a Micromeritics Gemini VII system, USA. Operating at a liquid nitrogen
temperature of 77 K. Before these measurements, the samples were degassed at 523 K for 12 h under vacuum.

2.4. Experimental setup

The performance of prepared activated carbons was evaluated and compared towards the adsorption of the BPA through batch
adsorption experiments that were conducted in at least triplicate. All experiments were carried out in 250 ml flasks using the initial
concentration of 50 mg L™! at 293 K and a constant stirring (180 rpm). One-factor-at-a-time (OFAT) method was applied. Parameters
influencing the adsorption process, including adsorbent mass (0.01-0.12 g), pH (2-12), and temperature (293-313 K) were

Table 1

General physicochemical properties of BPA [19].
Properties Bisphenol A
Molecular Formula C15H1602

Chemical structure ,
F\
3

—~
H0~</—\\/—(‘:—&—)—OH
—f
CH,

Density (g.cm %) 1.20
Molecular weight (g.mol™") 228.291
Water solubility (mg. L™1) 120-300

Dissociation constant, pK, 10.29
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investigated. Otherwise, initial BPA content, pH, and temperature were equal to 50 mg L7}, 6.7, and 293K, respectively. The different
pH solutions were prepared by regulating the initial solution with 0.1 M HCl or NaOH solution as required.

Kinetics experiments were carried out using 100 ml of 50 mg L™! BPA solution with 0.04 g and 0.1 g mass of PC-H and PC-Z,
respectively, with time intervals from 15 to 1800 min at 298 K, taking samples at regular time intervals until the adsorption equi-
librium was reached. Adsorption isotherms were performed using various initial BPA solutions ranging from 5 to 200 mg L ™" at a fixed
adsorbent dosage and were agitated for 1440 min, which is the optimum time. The thermodynamics experiments were also evaluated
at temperatures of 293, 298, 303, 308 and 313 K. Kinetic and isotherm models were used to fit the experimental data using non-linear
equations. All models and formulas are given in the results section.

After each study, 2 mL of the suspensions were extracted and filtered using syringe filters with a pore size (0.45 pm), transferred
into a cuvette. Then, a double-beam UV-visible spectrophotometer (SPECORD 250 PLUS, Analytik Jena AG) measured the absorbance
at the corresponding (Amax = 276) wavelength. The linearity of Beer-Lambert law was checked for BPA concentration ranging from 5 to
200 mg L~ with a correlation coefficient R? = 0.9999. The equilibrium adsorption capacity qe (mg/g) and the removal rate R (%) were
calculated as follows (Egs. (1) and (2)):

g.=(Co—C)*V/m (1

R (%) =(Cy— C.) / Co % 100 )

Cp and C, (mg/L) are the initial and equilibrium pollutant concentrations, respectively. V (L) is the volume of the solution, and m
(g) is the adsorbent amount.

The regeneration performance of the saturated adsorbents was evaluated by washing with ethanol as a desorption eluent. The first
adsorption was carried out using the optimised adsorption conditions. Afterwards, saturated PC-H and PC-Z were immersed in 50 ml
ethanol solution and stirred for 2 h at 293 K. Next, the BPA-loaded adsorbent was filtered and washed thoroughly with osmosis water,
dried in an oven, and used for the next adsorption cycle. The same adsorption-regeneration was further repeated for five consecutive
cycles.

3. Results and discussion
3.1. Characterisation of activated carbons

3.1.1. Thermogravimetric (TG-DTA) analysis

Fig. 2 depicts the thermogravimetric (TG) and derivative thermogravimetric (DTA) curves of raw pine cone (PC) from room
temperature to 973 K in the air. Fig. 2 shows the TG curve has three main weight losses when the temperature increases. The initial
mass loss of 2.23 % (below 423 K) indicates the release of moisture, residual volatile content, and hydrocarbon [33,34]. The highest
weight loss, of 48.92 %, was noticed between 473 and 613 K, and a steep weight loss of 42.17 %, was observed between 613 and 843 K,
indicating thermal decompositions of various biomass components as volatile matter, including the hemicelluloses, cellulose, and
lignin. The DTA profile exhibits two main weight-loss steps between 473 and 843 K. The first devolatilisation occurred between 473
and 613 K with a maximum weight loss rate of 593 K, and the second took place between 613 and 833 K with a maximum weight loss
rate of 753 K, showing a sharp weight decrease. Thus, the first peak is related to hemicellulose and cellulose degradation, and the
second mass loss to a relevant contribution from lignin and char degradation [35]. Above 843 K, no further mass reduction was
noticed, revealing that the basic carbon structure was formed. The TG-DTA profiles described in the literature using pine cones as a
precursor [33,35,36] are comparable to those found in the present work.
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Fig. 2. TG and DTA curves of pine cone (in air, 10 °C min ).
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3.1.2. FTIR analysis

The FTIR analysis was used to analyse and determine the surface functional groups of pine cones derived activated carbons along
with the raw material in the range of 400-4000 cm ™!, and the results are depicted in Fig. 3.

The FTIR spectra for the pine cone sample (PC) present a wide range of peaks of varying intensity. The highest peak observed at
1025 cm ™! was assigned to C-O stretching in alcohol and asymmetric stretching of ester and ether functional group [17], whereas the
band around 3300 cm ™! could be attributed to stretching vibrations of H bonded hydroxyl groups from phenols, carboxyls and alcohols
or the presence of moisture content in the material [37]. Accordingly, this band is not visible in the spectra of the PC-H and PC-Z
samples due to thermal carbonisation where the volatiles are released. The peak at 2930 cm ™' accounts for asymmetric and sym-
metric C-H stretching vibration for aliphatic groups [38], and the peak at 1612 cm ™ is related to the combination of the C=C
stretching vibrations of the aromatic ring and the conjugated systems such as the diketone, the ketoester, the quinone [15]. The peak
near 1370 cm ™! is related to COO- vibrations [37]. As expected, the spectra of activated carbons prepared after activation with H3PO,4
and ZnCl, are simplified, with missing peaks due to the liberation of functional groups and volatiles during the carbonisation. Both
activated carbons displayed similar surface chemical groups. Peaks at about 750-876 cm ™! can be associated with the C-H bending of
aromatic structures, the peaks at 2355 cm™! observed in the spectra of all samples correspond to the presence of the C=;N bond,
whereas for PC-H and PC-Z a moderate peak can be seen at 1550 cm ™! which can be related to oxygen functionalities, such as C-O
stretching and conjugated C—O stretching in carboxylic groups [39].

3.1.3. XRD analysis

The crystal structure of prepared PC-H and PC-Z were analysed by X-ray diffraction (XRD); the adsorbents’ diffraction patterns are
presented in Fig. 4. The results showed that both samples display similar profiles, with two broad diffraction peaks centred at 26 values
of 24° and 42°, which are assigned to the (002) and (100) crystal planes of graphitic carbon, respectively, showed that the structure of
the obtained ACs corresponded to typical amorphous carbon and graphite [40,41] which can be explained by the rupture of C-C bonds
on the surface during preparation. Therefore, the prepared ACs can be considered as materials with disorganised structures [42], which
help produce adsorbents with more developed pore structures, making them ideal for the adsorption of various contaminants. These
results are in line with the research studies by Sharafinia et al. [41], Zhang et al. [43], and Shi et al. [22].

3.1.4. SEM analysis

To investigate the change in surface morphology after activation, scanning electron microscopy (SEM) characterisation was per-
formed on PC-H (Fig. 5A-B) and PC-Z (Fig. 5C-D) at x 2500 and x 3500 magnifications. The SEM images of activated samples PC-Z
and PC-H exhibit a significant distinction in the microscopic morphology and porous structure with different sizes and shapes [44].
Both materials show a hierarchical porous structure with several pore sizes and rough surfaces. Although, PC-Z sample featured an
irregular surface with different pore volumes, distributed randomly (Fig. 5C-D), while PC-H had an extremely uniform size distribution
with a large number of pores (Fig. 5A-B), these characteristics were consistent with the higher specific surface area and average pore
diameter as indicated by the BET analysis. Overall, H3PO4 and ZnCl; activation seems to have a significant impact on enhancing the
morphology of pine cones carbon.

3.1.5. BET analysis

The materials’ specific surface area (SSA) and pore characteristics before and after chemical activation have been evaluated. The N;
adsorption-desorption isotherm curves for activated samples are presented in Fig. 6-A, whereas the pore size distribution by the BJH
method is illustrated in Fig. 6-B. Calculated SSAs, pore volume and pore size for PC, PC-H and PC-Z are listed in Table 2. Results showed

3300 2930 2355
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Transmittance (%)

2355 1550 816

PC-Z
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Fig. 3. FTIR spectra of PC, PC-H and PC-Z.
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Fig. 4. XRD patterns of activated carbons.

Fig. 5. SEM micrographs with different magnifications of PC-H (A-B) and PC-Z (C-D).

that both PC-H and PC-Z present higher SSAs (1369.03 m?/g and 1018.86 m?/g, respectively), pore volume (0.12 cm®/g and 0.37 cm®/
g, respectively) and the average diameter (2.65 nm and 3.01 nm, respectively) compared to the raw material (Table 2). Nitrogen
adsorption-desorption isotherms indicated that the materials show intermediate characteristics between type 1 and 4 isotherms, ac-
cording to the International Union of Pure and Applied Chemistry (IUPAC) classification [45], which confirms the contribution of a
mixture of micropores and mesopores in the porous structure of the studied ACs. BJH average pore diameter of PC-Z was higher than
PC-H which may be due to the formation of macro- and mesopores in the PC-Z surface.

On the other hand, Fig. 6-B illustrates the pore size distributions of ACs by the BJH method. Both samples had different pore size
distributions, with most of the pores concentrated between 2 nm and 5 nm. Compared with PC-Z, the number of micropores/small
mesopores in the PC-H structure was significantly higher. Moreover, the dimensions of emerging organic molecules are accessible to
the carbon micropores. This suggests that micropores/small mesopores and the extent of their volume are important for the adsorption
of these kinds of substances. Indeed, the trend of their adsorbed amount depends on the predominance of smaller pores in the sample,
which can enhance the adsorption capacity [45,46]. The BET and BJH analysis results show that the prepared ACs have different SSAs
and pore volumes, which are expected to have various adsorption capacities for bisphenol A.
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Fig. 6. (A) Nitrogen adsorption-desorption isotherms at 77 K for samples activated carbon, and (B) Incremental pore volumes by BJH desorption

branch of the isotherm.

Table 2

Surface area (Spgrr) and pore characteristics of PC, PC-H and PC-Z.

Adsorbents BET Surface Area (m%/g) t-Plot micropore volume (cm®/g) BJH Desorption average pore width (nm)
PC 0.15 0 11.50

PC-H 1369.03 0.12 2.65

PC-Z 1018.86 0.37 3.01

3.2. Adsorption experiments of BPA

3.2.1. Effect of adsorbent dose

Fig. 7 shows the effect of the adsorbents dose on BPA adsorption. The removal efficiency increased with the increase of the
adsorbent dose till the dose of 0.04 g and 0.1 g for PC-H and PC-Z, respectively, with up to 96 % of removal efficiency. This can be
attributed to the increase in adsorbents surface area and the presence of more adsorption sites [17]. However, further increases in the
adsorbent dosage had no significant changes in the removal efficiency. A similar finding was also reported for phenol adsorption by
biochar prepared from pine fruit shells [38]. These results can also be explained by the high specific surface area of PC-H compared to
PC-Z which leads to saturation of the material with a lower adsorbent mass. Therefore, the optimum adsorbent dosage was 0.04 g for
PC-H and 0.1 g for PC-Z for subsequent adsorption experiments.

3.2.2. Effect of pH

During the adsorption study, pH variation is a key factor as it can alter the surface properties of the adsorbent and the pollutant
molecules, and thus influence the adsorption process [47]. BPA is a weak acid with a pKa value of 10.3 [48]. The effect of the initial pH
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Fig. 7. Effect of adsorbent dose on BPA adsorption (solution volume = 100 ml, initial concentration = 50 mg L™}, temperature = 293 K, pH = 6.7).
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of the BPA solution on adsorption by PC-H and PC-Z in the range of 2-12 was investigated (Fig. 8A). The results showed that both
activated carbon adsorption capacity toward BPA remained quite stable at pH between 2 and 10. For a pH value exceeding 10, the
adsorbed amount dropped rapidly. The amount of BPA adsorbed gradually decreased between pH 10 and 12 by 50.4 % for PC-H (from
121 to 61 mg/g) and by 26 % for PC-Z (from 50 to 37 mg/g).

Regarding the literature, it was reported that when pH was below the dissociation constant of the pollutant (pKa (BPA) = 10.3),
most of the BPA molecules in the solution were neutral and could be adsorbed by hydrogen bonding [22]. As the pH of the solution
increases, neutral BPA is gradually deprotonated to BPA~ and BPA2~. Thus, the hydrophobic interactions of BPA~ and BPA2~ with
PC-H and PC-Z decreased with increasing pH, which may inhibit the adsorption of BPA at higher pH solutions [49]. Therefore, the
adsorption of BPA by the prepared activated carbons is maximum in the pH range of 2-10, as hydrogen bonding was dominant between
the adsorbents and the molecule. Therefore, adsorption isotherms, kinetics, thermodynamic parameters, and regeneration experiments
are determined using an initial pH solution (between 6 and 7).

The surface nature of prepared adsorbents was determined by the parameter pH point of zero charges (pHpzc) method. The pHpzc
of the PC-H and PC-Z are 5.8 and 6.8, respectively as presented in Fig. 8B. Results show that all the pHpzc of the synthesised ACs is less
than 7, signifying the domination of acid groups on the adsorbents’ surface. Therefore, chemical activation leads to the formation of
oxygenated groups of an acidic nature on the surface of the activated carbons. The high BPA removal between pH 2.0 and 6.8 indicates
the active role played by the positively charged groups on carbons, Above pH 6.8, functional groups on the surface of the adsorbents
would impart an overall negative charge due to OH™ functional groups that could be involved in electrostatic interactions with BPA.
However, a marked reduction in BPA uptake was recorded above pH 10.0. As discussed earlier, the molecular form of BPA could
interact with the charged surface of the carbonaceous materials at high pH. Given that the adsorbents (PC-H and PC-Z) and adsorbate
(BPA) are negatively charged above pH 10. The found pHpzc is comparable to others found in the literature. For instance, the pHpzc of
microalga Chlorella sp. derived AC activated with K,CO3 was 5.21 [50].

3.2.3. Effect of initial concentration - adsorption isotherms

The effect of initial BPA content on BPA adsorption on prepared adsorbents in the range of 5-200 mg L™} was studied at a fixed
adsorbent dosage of 0.4 g L' and 1 g L™! for PC-H and PC-Z, respectively, and pH 6.7. Fig. 9-A displays the amount of adsorbed BPA
(Qe) as a function of the aqueous medium’s equilibrium concentrations (C.). As shown in Fig. 9-B, the absorption capacity of BPA
increased from 13.07 to 216.92 mg g~ ! and 5.19-73.53 mg g ! for PC-H and PC-Z, respectively, upon increasing the BPA concentration
within the range of 5-200 mg L™. Therefore, increasing the BPA initial concentration produced a higher driving force between the
adsorbent surface and the molecule, promoting rapid mass transfer [51]. At all concentrations, the adsorption capacity of PC-H on BPA
was significantly higher than that of PC-Z due to its unique structure and higher surface area.

Equilibrium isotherms were obtained to evaluate the adsorption capacity of BPA for each prepared carbon. Adsorption isotherm
studies are essential and provide in-depth knowledge of how the adsorbed molecules distribute between liquid solutions and the
surface of the adsorbent at equilibrium. Therefore, they used to understand the adsorption mechanism and select the appropriate
adsorbent [52]. The most prevalent adsorption isotherm models, Langmuir (Eq. (3)), Freundlich (Eq. (4)), and Temkin (Eq. (5)), were
applied to analyse equilibrium data for the adsorption of bisphenol A on activated carbons. The linear representation of the isotherm
models is expressed below:

Langmuir isotherm model:

C, /qe = KL/qmax + Ce/qmax 3)

Freundlich isotherm model [53]:

—a—PC-H A —=—PCH
W1 o pcz A 21 Pz
W] -

Qe (mg/g)
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Fig. 8. (A) Effect of pH on the amount of BPA adsorbed (solution volume = 100 ml, temperature = 293 K, adsorbent dose = 0.04 g (for PC-H) and
0.1 g (for PC-Z), initial concentration = 50 mg L’l), (B) pH point of zero charge of PC-H and PC-Z.
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log q. =log C./np + log kr “4)
Temkin isotherm model [54]:

qe=1InAr «RT/br + In C, * RT /by 5)

where q. is the uptake of BPA per unit weight of the carbon (mg/g), qmax is the maximum BPA uptake (mg/g), C. is the residual
concentration of BPA at the equilibrium (mg L’l), Ky, is the Langmuir constant (L/mg), K is the Freundlich constant (mg g*1 (L mgfl)
1/n), 1/ng is the intensity of the adsorption, At (L g’l) is the Temkin isotherm constant and by (J mol™) is associated to the heat of
adsorption.

Fig. 9B-C shows the adsorption isotherms of BPA by PC-H and PC-Z, as well as data fit by using Langmuir, Freundlich, and Temkin
models, also the parameters of these three isotherms, along with the corresponding R? are shown in Table 3. As commented, the values
of R? of the Langmuir isotherm in all cases were higher than that of the Freundlich and Temkin isotherms. Furthermore, the value 1/ng
less than one suggests that the adsorption process is normal Langmuir. These results further demonstrate that the Langmuir model
better represents the adsorption equilibrium of BPA on the two activated carbons, suggesting that the adsorption occurs on the surface
of the materials as homogeneous monolayer adsorption [24,39]. The maximum monolayer adsorption capacity (qmax) at 293 K was
217.39 mg g ! and 73.53 mg g~ * for PC-H and PC-Z, respectively. Meanwhile, PC-H has shown a much higher adsorption capacity than
PC-Z prepared under similar conditions.

Table 3
Isotherm parameters calculated for BPA adsorption.
Materials Langmuir Freundlich Temkin
PC-H Qmax = 217.39 kr = 55.768 br = 82.739
ky, = 0.4646 ng = 2.7616 Ar =22.19
R? = 0.9994 R? = 0.9157 R? =0.9717
PC-Z Qmax = 73.53 kg = 23.432 by = 284.147
ky, = 0.4359 np = 3.5612 Ar =67.1279
R? = 0.9982 R? = 0.8281 R?=0.976
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3.2.4. Effect of contact time - kinetics study

The contact time for the adsorption of the Bisphenol A molecules on the prepared adsorbents plays a crucial role in the adsorption
process, as it explains the time taken to reach equilibrium as well as the diffusion of the adsorbate into the pores of the adsorbent. The
adsorption data for the uptake of BPA as a function of contact time onto PC-H and PC-Z at a constant initial concentration is illustrated
in Fig. 10-A. A two-stage kinetic behaviour accompanies the adsorption of BPA on two activated carbons: initially, the adsorbed
amount increases significantly up to 24 h, followed by a second stage with a quasi-stable removal rate for 24-30 h. In fact, the steep
increase in adsorption efficiency during the initial adsorption phase induces a large number of adsorption sites available and, thus an
increase in the mass transfer rate from the solution to the adsorbent surface [55]. However, a second stable phase is observed. During
this phase, a saturation level is obtained due to the occupation of the adsorbent sites by the BPA molecules. This reveals that equi-
librium is established after 24 h for BPA solutions at 50 mg. L.

To better understand the adsorption mechanism, mathematical models corresponding to the present adsorption study were used to
simulate the adsorption kinetics of BPA by applying the pseudo-first-order (Eq. (6)) and the pseudo-second-order kinetic models (Eq.
(7)):

Pseudo-first-order model:

log(ge — q:) =log g. — kit )
Pseudo-second-order model:
t/q =1/Kq. +1/q. @

where q. (mg/g) and q; (ng/g) are the adsorption amounts of bisphenol A at equilibrium and time t, k; (min™") and k, (g mg™! min™!)
are the equilibrium rate constants of the pseudo-first-order and pseudo-second-order models.

The kinetic models, pseudo-first order and pseudo-second order were used to fit the experimental data and plots are shown in
Fig. 10-B and C. Table 4 lists the kinetic parameters derived from the fits of the two models and the corresponding coefficients of
determination, R2. The results reveal that the pseudo-second-order model describes the adsorption process for BPA by PC-H and PC-Z
well, as the R? value was found to be highest compared to the R? of the pseudo-first-order model. Furthermore, the adsorbent amount at
equilibrium (ge, exp) Was found to be closer to the experimental value in the case of pseudo-second-order kinetics [56,57]. Thus, BPA
adsorption by our adsorbents fits the pseudo-second-order kinetics better, which indicates that the adsorption process is mainly a
monolayer process dominated by physisorption [58]. Besides, the hierarchical structure and the significant Sggr results showed that
the adsorption capacities of PC-H (126.58 mg g~ 1) are much higher than those of PC-Z (58.48 mg g™ 1), indicating a faster PC-Z
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Fig. 10. The adsorption performance of BPA (A), pseudo-first-order and pseudo-second-order kinetics model of BPA onto PC-H (B) and PC-Z (C).
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Table 4
Fit parameters of Pseudo-first order and Pseudo second order kinetics for experimental BPA data.
Materials Qe, exp (Mg gh Pseudo first order Pseudo second order
PC-H 121.9 Qe = 64.08 Qe = 126.58
k; = 0.0033 ky = 0.0140
R? = 0.9649 R? = 0.9998
PC-Z 50 Qe =111.63 Qe = 58.48
k; = 0.0003 ky = 0.0027
R? = 0.9485 R? = 0.9829
saturation.

3.2.5. Thermodynamic study

To investigate the internal energy changes during the adsorption process of BPA. Thermodynamics parameters, including Gibbs
free energy change (AG®), standard enthalpy variation (AH®) and entropy change (AS°®) were calculated based on the effect of tem-
perature within the range 293-313 K. It can provide valuable information on the mechanism of the underlying processes and the
energetic changes. The values of AS° and AH® for BPA adsorption were determined from the intercept and slope of the plot between
InKq4 versus 1/T. The thermodynamic variables (AG®, AH®, and AS°®) were calculated using the following formulas (Egs. (8)-(11)):

Ki=4./C. (8)
AG® = — RTInk, 9
AG’ = AH° — TAS® (10
InK;=AS°/T — AH° /RT an

where Ky is the thermodynamic distribution coefficient, qe (mg~g’1) is the amount of BPA adsorbed at equilibrium and C. (mg-Lfl) is
the concentration of BPA at equilibrium, R represents the universal gas constant (8.314 J mol ! "K’l), and T (°K) is the system
temperature.

Table 5 shows the calculated thermodynamic parameters of the adsorption of BPA on prepared adsorbents at temperatures of 293,
298, 303, 308 and 313 K. Both PC-H and PC-Z showed negative standard free energies (AG®) at all temperatures, indicating that the
biosorption of BPA onto activated carbons was thermodynamically spontaneous. As shown in Table 5, the AG® values became more
negative as the temperature increased from 293 to 313 K, indicating a greater affinity of the adsorbents toward BPA at higher tem-
peratures. In addition, the (AG®) value of the tested samples was less than 40 kJ mol}, confirming that the adsorption process was
governed by a physical adsorption mechanism [38]. Furthermore, the positive values of standard enthalpy variation (AH®) reflect an
endothermic nature of the adsorption process, and the positive entropy change (AS®) values indicated an increase in the randomness at
the solution-adsorbent interface throughout BPA adsorption development. Moreover, the (AS®) value for PC-H (0.135 kJ mol 'K
was relatively low compared to that of PC-Z (0.251 kJ mol K1), suggesting an increase in affinity between BPA molecules and PC-H
[39,591.

3.3. Desorption-regeneration studies

In any adsorption process, the regeneration step is essential to determine the adsorbent’s durability and economic viability. Thus,
different desorption agents have been studied for BPA desorption, including HCl, NaCl, NaOH, Ethanol, and Methanol [28,39], among
which ethanol showed high desorption efficiency for BPA bound by hydrophobic interaction, making it a better desorption solvent.
Therefore, the regeneration of the exhausted PC-H and PC-Z loaded with BPA was conducted for up to five cycles using desorption
solutions of ethanol. Initially, 0.04 g and 0.1 g of PC-H and PC-Z were stirred with 100 ml of 50 mg L ™! BPA solution until equilibrium

Table 5
Thermodynamic parameters of BPA adsorption onto PC-H and PC-Z at different temperatures.
Adsorbent T (°K) Ln K4 AG® (KJ mol ™) AH° (KJ mol™) AS° (KJ mol ' K1)
PC-H 293 3.474 —8.445 31.125 0.135
298 3.651 —-9.121
303 3.876 —9.796
308 4.169 —10.471
313 4.235 —11.146
PC-Z 293 2.234 —4.876 68.837 0.251
298 2.327 —6.134
303 2.507 —7.392
308 3.727 —8.650
313 3.800 —9.908

11



Y. Jari et al. Heliyon 10 (2024) 29645

for saturation of the adsorbents. Then, saturated carbons were immersed in 50 ml of ethanol solution and stirred for 2 h at 298 K. They
were then filtered and washed several times with osmosis water, oven-dried at 353 K, and used again for the next BPA adsorption. The
results of five consecutive adsorption-desorption experiments are graphically presented in Fig. 11. It can be observed that the amount
of adsorbed BPA decreased slightly after five-time regeneration. Hence, the initial BPA removal rate was reduced by 4.47 % and 9.42 %
for PC-H and PC-Z, respectively, after 5 successive cycles, remaining at about 80.33 % and 57.68 % of the first adsorption capacity. This
slight decrease in adsorption capacity could be attributed to the occupation of the binding sites by BPA molecules, which can block
some pores. The results confirm that the current adsorbents can be reused at least five times, which could eventually prove to be
economically viable.

3.4. Possible adsorption mechanism of BPA

The adsorption of BPA by carbon adsorbents is generally determined by the adsorbent’s textural (microstructure) and surface
properties. PC-H and PC-Z exhibited a very high SSA and microporosity, which is confirmed by the BET and SEM analysis. This
promotes the diffusion and adsorption of BPA. Thus, the possible mechanisms of BPA uptake by ACs may be assumed as follows:

- First, the solute molecules are transported from the bulk solution to the boundary layer, with subsequent diffusion from the
boundary layer to the external surface of the adsorbent (external diffusion), and then to the surface pores (intraparticle diffusion).
- Second, the uptake of BPA molecules occurs in the pores of the carbonaceous materials.

The desorption/regeneration process results indicated that physical interactions were very likely between BPA and the adsorbents,
as only a small number of BPA molecules remained on the AC’s surface.

The hydrogen bonds are an important factor that may play a key role in the uptake of BPA. As reported by de Lima et al. [39], the
hydroxyl groups of BPA and the oxygen groups of the Acs may have formed hydrogen bonds. FTIR spectra of activated samples
indicated a moderate peak at 1550 cm ™! which can be related to oxygen functionalities, such as C-O stretching and conjugated C=0
stretching in carboxylic groups. This outcome shows that hydrogen bonds can be involved in BPA adsorption by PC-H and PC-Z, but
they might not be the most significant force.

Further, the zero potential point was measured for both adsorbents and found to be close to the value of 6.8, with the surface of the
ACs being positively charged at pH below 6.8. Electrostatic interactions between the ACs and BPA could occur at pH < 10, where the
molecular form of BPA could interact with the charged surface of the adsorbents. The intermolecular force, such as n-n interaction
between rings of the carbonaceous materials and electrons in BPA could also be a dominant mechanism for the adsorption of BPA.
Some studies have confirmed that hydrophobic interaction represents an important mechanism in the adsorption of BPA. For example,
it has been reported by Ndagijimana et al. [60] that the high value of the octanol-water partition coefficient (1ogK,y) indicates a higher
hydrophobic property which consequently increases the adsorption efficiency of bisphenols. In short, the possible mechanisms of BPA
adsorption onto PC-H and PC-Z in batch mode may involve pore texture, hydrogen bonds, n-n interactions, electrostatic forces and
hydrophobic interactions.

3.5. Comparison of prepared activated carbons with other existing adsorbents

The efficiency of the prepared materials was compared with other adsorbents reported in the literature. The BET surface area,
maximum adsorption capacity, and operating conditions of BPA adsorption on different adsorbents (as parameters of comparison) are
summarised in Table 6. PC-H material exhibits a better removal capacity, which outperforms some adsorbents. This shows that pine
cones activated H3POy, one of the good adsorbents and could be used as an alternative to activated carbon for BPA removal. The focus
on green carbon-based local waste makes our study both environmentally friendly and effective for the Removal of emerging con-
taminants, especially BPA from water.

4. Cost analysis of the adsorbent

The production cost has been done by comparing the synthesised adsorbents (PC-H and PC-Z) with the cost of other commercially
available carbons. In the present work, around 2.5 Kg of pine cones have been utilised to produce about 1 Kg of activated carbon (with
a yield of 40 %). This estimation only includes the mass and energy consumption associated with (i) the raw material, (ii) the raw
material preparation (washing and drying), and (iii) the adsorbent production (carbonisation, activation, neutralisation). However,
the pine cones used in this study were collected locally without any associated cost.

The cost involved in the process was estimated based on the study carried out by Jaria and al [68]. on the economic costs of
waste-based AC for application in water treatment and was found to be around 75.04€ for PC-H and 68.64€ for PC-Z. Sample collection
0€ (waste biomass), chemical activation (H3PO4 (50 %) = 45.6€; ZnCly = 39.2€), carbonisation at Nitrogen atmosphere heating (773 K,
90 min, flow rate 100 ml/min = 10.24€), washing and drying (13.2€), grinding and neutralisation (4.8€), electricity (1.2€). Table 7
shows the comparative study of the prepared adsorbents with commercial carbons.

According to the above, it can be seen that the cost of the prepared activated carbon is quite lower as compared to the commercially
available carbons, suggesting that pine cone biomass can serve as a cheaper precursor for the preparation of activated carbon.
Demonstrate the possibility of producing cost-effective and environmentally friendly materials.
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Table 6
Comparison of the adsorption capacity of BPA on pine cone-based activated carbons with other agro-waste adsorbents.
Adsorbent BET surface area Maximum adsorption gy, Conditions Reference
2 1
(m/8) (mgg ) Adsorbentdosage (g~ PH T (°K)
Lh
Activated carbon from kraft lignin 1053 220 0.36 - 298 [56]
Oil palm empty fruit bunch 86.62 41.98 1.5 2-9 - [61]
Coconut shell-based hydrophobic 933.12 327.60 0.2 3-9 298.15 [62]
MAC modified with nanoscale zero-valent
iron (NZVI@MAC)
Corn cob - 51.25 0.2 3-7 - [63]
Activated carbon from Tithonia diversifolia 854.44 15.69 0.2 7 298 [64]
Palm shell 770 45.45 - 3 303 [65]
Coffee grounds 1039 123.2 - 2-4 - [66]
Rice straw activated carbon treated with KOH 1304.8 181.19 0.1 2.35 303 [67]
Pine cones activated ZnCl, 1018.86 73.53 1 2-10 298 Present
study
Pine cones activated H3PO4 1369.03 217.39 0.4 2-10 298 Present
study
Table 7
Cost Analysis of PC-H and PC-Z with some other commercial activated charcoal.
PC-H PC-Z Activated Charcoal Norit Norit*SX2 DARCO*
Surface area (m?/g) 1369.03 1018.86 ~900-1000 ~900-1000 ~600
Cost/1 Kg (in €) 75.04 68.64 241 133.4 141

5. Conclusion

In this study, porous activated carbons from Moroccan pine cones were successfully uptake, synthesised, and used as adsorbents to

uptake an emerging contaminant (BPA) from water. The experimental adsorption results of the present research can be summarised as
follows:

1) Porous activated carbons with a high BET surface area (1369.03 m? g_1 and 1018.86 m? g_l) were prepared via chemical activation
of PC followed by carbonisation, using H3PO4 and ZnCl; as the activating agent.
2) The lab-scale adsorption studies revealed that the maximum adsorption performances (> 96 %) of BPA were obtained at neutral

pH, initial BPA concentration of 50 mg L™}, a retention time of 24 h, and PC-H and PC-Z dosage of 0.4 g L™ and 1 g L},
respectively.
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3) Equilibrium adsorption experiments revealed that PC-H showed the highest BPA uptake values (217.39 mg g~ '), compare to PC-Z
adsorption capacity (73.53 mg g~ 1), which could be attributed to PC-H large specific surface area and micropore volume which
facilitate the capture of BPA.

4) The adsorption of BPA by both samples followed the pseudo-second-order model, whereas BPA isotherms were satisfactorily fitted
to the Langmuir model, suggesting that the adsorption of BPA is homogeneous monolayer adsorption. Furthermore, the thermo-
dynamic parameters confirmed that the adsorption process was spontaneous and endothermic.

5) Used PC-H and PC-Z could be easily regenerated up to five cycles using ethanol as a desorption agent.

6) The possible mechanisms by which prepared materials adsorbed BPA may involve the pore texture, hydrogen bonds, hydrophobic
interaction, electrostatic forces, n-r interaction.

Therefore, the present study proves that porous activated carbon prepared from pine cones would make a promising low-cost
adsorbent because of its high surface area and adsorption behaviour towards emerging contaminants in the prospect of future
application in large-scale wastewater treatment technologies.
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