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Abstract: The removal of pharmaceutically active compounds present in relatively low concentration
in wastewater is critical. This is because they have a severe, negative impact on life and the envi-
ronment. To address this issue, adsorption was used, which is an effective wastewater treatment
method for removing substances found in low concentrations in water. This study compared the
adsorption performance of active carbon to three biosorbents derived from Adansonia digitata shells.
The adsorbents were prepared and characterized using TGA, SEM, EDX, and FTIR analyses and
pHpzc. To better understand the adsorption process, equilibrium and reaction kinetics studies were
conducted. The effect of contact time, initial phenobarbital concentration, adsorbent mass, and pH
was investigated in static conditions. The adsorption results revealed that the biosorbent B3 has a
higher affinity for the eliminated compound, with an equilibrium time of 60 min and an adsorption
capacity of 47.08 mg/g at an initial concentration of 50 mg/L. The experimental data are consistent
with Langmuir and Sips adsorption isotherm models, and with the pseudo-second order and Elovich
models for kinetics description. This indicates strong interactions between the adsorbent materials
and the pharmaceutical micropollutant. Based on these findings, it appears that, among the tested
materials, B3 biosorbent is the most efficient for removing phenobarbital present in low concentrations
in water.

Keywords: adsorption; phenobarbital; biosorbents; activated carbon; adsorption isotherms; particle
size; adsorption kinetics

1. Introduction

Environmental pollution is a major global issue. Water is a vital resource; in the
context of accelerated climate change, water resources and their quality are decreasing
rapidly. Lack of water resources affects human populations and natural ecosystems and
contributes to poverty in countries already experiencing slow development. The deteriora-
tion of the quality of water resources is primarily caused by human activities, agricultural
practices, and industrial discharges into waterways. These discharges frequently include
endocrine disruptors, surfactants, cosmetics, and active pharmaceutical ingredients that
considerably alter the quality of water resources. The latter, mostly emerging contami-
nants, are not completely eliminated by wastewater treatment plants and accumulate in
the environment, endangering biodiversity [1]. Among these contaminants, phenobarbital
(PHB), a barbiturate drug used to treat epilepsy, insomnia, and as a sedative, is especially
concerning [2]. It has been found in water and is regarded as a hazardous environmental
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pollutant [3]. It has, thus, been designated as a high-prevalence aquatic contaminant [4].
Scientific research studies have proposed several water treatment techniques, including
advanced oxidation [5], photo degradation [6], electrochemical degradation [7], and the
Fenton process [8]. However, these techniques have significant disadvantages, including
low efficiency, high implementation costs [9], and the generation of harmful byproducts [10].
Studies performed on samples taken from wastewater treatment plants showed that phe-
nobarbital is among the antiepileptics found in the water evacuated from the treatment
plants [11-13]. This suggests that the existent technologies are not yet adapted to satisfacto-
rily remove the pharmaceutical compounds from wastewater. Previous research studies
have shown that adsorption is a promising method for removing these substances, even at
low concentrations [14], due to its high efficiency, ease of use, and the regenerability of the
adsorbent, which limits the quantity of byproducts [15]. It is a surface process in which
the adsorbate and the adsorbent interact without affecting the latter’s properties. Several
adsorbents have been used over the years, but due to their poor performance in highly
polluted environments, researchers have introduced carbonaceous (activated carbons) and
non-carbonaceous (biosorbents) adsorbents derived from algae, wood, and agricultural
by-products. Because of its availability and high adsorption capacity, activated carbon
has received extensive research as an adsorbent in wastewater treatment. Another type
of effective adsorption materials are biosorbents, which have a high capacity to adsorb
organic compounds. Their adsorption capacity is due to the presence of functional groups
like hydroxyl, carboxyl, and amine groups, as well as their large specific surface area and
porosity [16]. These materials were found to have a high adsorption potential for heavy
metals [17], dyes [18], and organic contaminants [19]. Consequently, it is necessary to
develop low-cost, environmentally friendly adsorbent materials from renewable organic
resources, such as agricultural by-products, in order to set up efficient, sustainable wastew-
ater treatment technologies. The baobab, scientifically known as Adansonia digitata, is a
tree found in the dry, hot savannahs of Australia, and Africa. It belonged to the Bombaceae
family [20]. Obtaining baobab seeds, which are used by most people for medicine, food,
and drink [21], generates massive amounts of waste shells.

According to the data published by FAO (Food and Agriculture Organization), Cameroon
is harvesting a surface of about 760 ha annually (data valid for 2021 and 2022), cultivated
with trees producing fruits in shells [22]. The quantity of baobab shells released depends on
local production and fruit consumption. In the context of the circular economy concept, it
is desired to valorise these residues by using them as adsorbent materials for the advanced
elimination of some dangerous organic compounds from the wastewater.

Studies have been conducted to characterise these shells, and the findings indicate
that their properties are particularly promising. For example, baobab shells contained
54.08% lignin, 24.87% cellulose, 21.05% hemicellulose, 5.17% ash, 6.48% moisture, and
1.22% carbon [23]. These unique properties make baobab hulls promising adsorbents for
wastewater treatment [23].

Although much work has been done on the removal of emerging contaminants from
water, the waste generated by baobab shells drew our attention due to their potential as
a good candidate as adsorbent materials. In our study, we present materials (biosorbents
obtained without chemical treatment and activated carbon) manufactured from Adansonia
digitata (AD) hulls used to remove phenobarbital (PHB) in aqueous solution.

The goal of this research is to demonstrate the preparation of biosorbents of various
sizes and activated carbon based on AD shells, as well as to evaluate their effectiveness
against the PHB removal from water. The biosorbents used were freshly harvested and
collected for free in northern Cameroon, notably from the Adamaoua region (Ngaoundéré).
The characterization-employed techniques include Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy coupled to energy dispersive X-ray spectroscopy
(SEM/EDX), thermogravimetric analysis (TGA), and zero-charge point pH (pHpzc). Batch
experiments were conducted to assess the adsorption capacities, isotherms, and kinetics of
PHB adsorption on the prepared materials. An adsorption mechanism was suggested. By
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using agricultural waste materials, available at a relatively reduced cost and environmentally
friendly, we are minimizing waste production and contributing to sustainable agriculture.

To our knowledge, this study represents a novelty. We are presenting here, for the first
time, materials derived from Adansonia digitata (AD) shells as adsorption materials used
to eliminate phenobarbital from aqueous solutions.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals were used without further purification. Phenobarbital (C1,H;12N»O3,
99%), natrium chloride (NaCl) and sodium hydroxide (NaOH) were purchased from
Sigma-Aldrich (St. Louis, MO, USA); borax (Na;B4Oy7), and ammonium buffer solution
were purchased from Merck (Rahway, NJ, USA); ethanol (C;HgO, 99%), hydrochloric acid
(HCI) and phosphoric acid (H3POj4, 85%) were purchased from Riedel-de Haén (Seelze,
Germany). All the solution were prepared using deionized water. Adansonia digitata
shells were collected in northern Cameroon, more specifically, in the Adamaoua region
(Ngaoundéré), and were washed with tap water to remove dirt.

2.2. Preparation of Adsorbents
BIOSORBENTS

The AD shells were crushed and sieved into various fractions (greater than 1.6 mm,
greater than 0.16 mm and less than 0.16 mm). The particles were washed with distilled
water and oven-dried for 3 h at 110 °C. The obtained materials were labelled as B1, B2 and
B3, corresponding to each fraction, respectively.

AC ADSORBENT

Chemical activation was used to produce activated carbon, with phosphoric acid
serving as the activating agent. In total, 10.0 g of dried and ground AD shells were
impregnated with 6.3 mL of H3POj, solution at the ratio 1:1. The mixture was left at room
temperature for one hour to allow the reagents to be completely absorbed into the AD
shells network. The impregnated AD shells were dried in an oven at 110 °C for 2 h, then
cooled in a desiccator before being carbonized in a mulffle furnace (Carbolite Furnace,
Sheffield, UK) at 332 °C for 1 h and 37 min at a heating rate of 10 °C/min. We obtained
the best conditions for the preparation of activated carbon using the Minitab software,
version 18 applying the design of experiments methodology and, more specifically, using
the central composite design. After furnace cooled down to ambient temperature, the
obtained activated carbon was collected and washed with deionized water until neutral
pH was obtained. The resulting material was labelled as being (AC).

2.3. Preparation of the Phenobarbital Solution

A total of 1000 mg/L of the stock solution of phenobarbital (Table 1) was prepared by
dissolving 1000 mg of pure phenobarbital powder in a mixture of deionized water and ethanol
in a ratio of 49:1 (980 mL of deionized water and 10 mL of ethanol). The working solutions
with concentrations ranging from 1 mg/L to 250 mg/L were prepared by suitable dilution.

Table 1. Physico-chemical properties of phenobarbital [24].

HN NH
Molecular structure o 0
H3C
C12H12N>O3

Molecular formula (5-ethyl-5-phenylbarbituric acid)
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Table 1. Cont.

Molecular weight (g/mol) 232.2 g/mol

pKa 7.4

Appearance white powder

Melting temperature 140 °C

solubility Insoluble in water at 23 °C

2.4. Samples Characterisation

Various approaches were used to characterize the obtained samples. Thermogravi-
metric analysis data (TGA) coupled with Differential Scanning Calorimetric (DSC) was
recorded on a TGA/-IST instrument (Thermal Analysis System TGA 2, METTLER TOLEDO,
Greifensee, Switzerland), by heating the samples in an aluminium oxide crucible from 25 to
900 °C at a rate of 10 °C/min under a 50 mL/min nitrogen flow. The chemical properties
of the adsorbents were examined under Fourier transform infrared spectroscopy (FTIR)
using a Nicolet iSS50FT-IR (Nicolet, Dracut, MA, USA) spectrophotometer, equipped with
a DTGS detector which has a high sensitivity in the range of 4000 cm~! and 100 cm~!.
The FTIR spectra of ATR pellets of the prepared materials were recorded using a FTIR
spectrophotometer in absorbance mode with a resolution of 4 cm~! to determine their
surface functional groups. Each of the adsorbents were analysed using a scanning electron
microscope (Quanta INSPECT F50, FEI Company, Eindhoven, The Netherlands) with an
accuracy of 1.2 nm and an energy dispersive X-ray spectrometer (EDX) with a resolution of
MnK of 133 Ev.

2.5. Adsorption Experiments

All adsorption experiments were carried out at 20 = 0.6 °C, and the pH of the phe-
nobarbital solution was adjusted from 1 to 9 using ammonia buffer. In total, 25 mL of a
50 mg/L phenobarbital solution at the desired pH was mixed with 25 mg of the adsorbent.
The effect of the adsorbent dose was studied by varying the adsorbent mass in the range
of 0.025 to 0.25 g. The mixtures were stirred on a multi-stage stirrer (ORBITAL SHAKER)
for 60 min until equilibrium was reached. The suspension was then filtered through filter
paper and diluted with borax buffer solution to obtain a pH of 9; for a dilution factor of 5,
the phenobarbital concentration was then determined by UV-vis spectrophotometry with
a UV-1900 spectrophotometer (Shimadzu, Kyoto, Japan) at A = 275 nm. Phenobarbital ad-
sorption isotherms on different adsorbents were determined by varying the concentration
in the range of 1 to 250 mg/L. Similarly, the adsorption kinetics of phenobarbital on the
different adsorbents were determined at different times in the range of 1 to 240 min. The
quantity adsorbed at equilibrium and at time t was calculated according to Equations (1)
and (2), respectively:

_ (Cp—Ce) xV

qe - m (1)
- (Cop—Ct) xV

qt = m 2)

where, Cy, C. and C; represent the concentration of phenobarbital (mg/L) at the initial
stage, equilibrium and at any time, respectively, V is the volume of the solution, and m is
the mass of adsorbent sampled.

3. Results and Discussions
3.1. Thermogravimetric Analysis of Adsorbent Materials

Figure 1 depicts the TGA and DSC profiles of biosorbents and activated carbon. The
TGA curves show two stages of weight loss over a temperature range of 25 to 900 °C in
an inert atmosphere. The biosorbents experience an initial mass loss of 5.70%, 6.78%, and
7.80% for B1, B2, and B3 at temperatures ranging from 25 to 110 °C. For the AC, the initial
mass loss is 9.55% in the temperature range of 25 to 100 °C. This mass loss can be attributed
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to the loss of free water at the biomass surface and the onset of biomass decomposition, as
indicated by the endothermic peak in the DSC profile.
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Figure 1. TGA and DSC of biosorbents (a)—B1, (b)—B2, (¢)—B3 and the activated carbon (d)—(AC).

The main mass loss observed between 200 and 475 °C (B1), 200 and 484 °C (B2) and
200 and 378 °C (B3) can be attributed to the degradation of cellulose and one part of the
lignin. Because this process generates heat, it is accompanied by an exothermic reaction
observed on the DSC curves [25,26]. As a result, we can see that biosorbent mass loss is
proportional to particle size; as the particle size decreases, mass loss increases, which can
be explained by the fact that the finer the particle, the better the heat transfer, which also
improves its reactivity [27]. For activated carbon, significant mass loss occurred in the
temperature range of 95 to 846 °C; however, the percentage of mass loss decreases as the
pyrolysis temperature increases, as evidenced by an endothermic peak on the DSC. Mass
loss above 95 °C (9%) is due to the degradation and decomposition of lignin, which is still
present in the material because the pyrolysis temperature used to obtain activated carbon
was only 332 °C. Furthermore, mass loss can be linked to the degradation of inorganic
species such as CaCOj3, K,CO3, and MgCOj3 [28]. Activated carbon has the highest rate of
mass loss of all the materials, so we can conclude that it has the greatest reactivity.

3.2. Fourier Transform Infrared Spectroscopy

Figures 2 and 3 show the FTIR spectra of biosorbents B1, B2 and B3 (Figure 2) and of B3
and AC (Figure 3). Given the similarities presented in the literature, the following functional
groups can be identified from the characteristic peaks, representing the adsorption bands
typical for AD shells.
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Figure 3. FTIR spectra of activated carbon AC and biosorbent B3.

The peaks at 3300 cm ! (biosorbents) and 3205 cm ™! (AC) correspond to hydroxyl
group —OH (associated with alcohol or phenol). The presence of hydroxyl groups indicate
that the adsorbents can adsorb polar organic compounds or compounds with N-H bonds
associated with amines. The adsorption band at 2916 cm ™! (biosorbents) corresponds to an
absorption band caused by the vibrations of methyl groups (C-H) in organic molecules.
This could imply the presence of alkylated compounds in baobab shells. Peaks at 1730 cm !
(biosorbents) correspond to an absorption band characteristic of carbonyl bonds (C=0)
found in ketones, aldehydes, and esters. This suggests that there are carbonyl-containing
compounds in baobab hulls. Peaks at 1604 cm~! (biosorbents) are typically attributed
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to the vibrations of aromatic groups (C=C) found in phenolic compounds or aromatic
heterocycles. This could imply the presence of aromatic compounds in baobab husks. Peaks
at 1507 cm ™! (biosorbents) and 1577 cm~! (AC) correspond to the vibrations of aromatic
groups, confirming the presence of aromatic compounds in baobab shells. These groups
may contribute to the activated carbon’s adsorption capacity for aromatic compounds.
The bands at 1243 cm ™! (biosorbents) and 1181 cm~! (AC) are commonly associated
with C-O group vibrations (ether or alcohol bonds). These groups may be linked to
compounds like alcohols, ketones, esters, or ethers. The peaks at 1013 cm ! could indicate
vibrations of a C-O-C group (ether bond) or C-OH (alcohol group). The 428 cm ™! peaks
are generally associated with vibrations of C—C bonds in carbon chains or C-Cl vibrations
in halides [29]. The prepared activated carbon has less chemical function than biosorbents
due to carbonization.

3.3. SEM and EDX Analysis

The surface structure morphology of AD shells has been visualized using high-
resolution SEM (Figure 4). SEM and EDX analyses of biosorbents derived from AD shells
are shown in Figure 4a—c. The images show a complex structure with irregular girth,
smooth and criss-cross filaments that form a compact mesh, similar to an asymmetrical
box set. The illustration depicts spongy surfaces with irregular textures, routing duct,
surface cavities, and well-developed porosity because of the presence of a few randomly
distributed pores of various sizes. The adsorption capacity increases with the development
of the pore structure. The EDX graphs show that all the samples contain elements such as
K, O, Ca, P, Mg, Cl, and P, along with traces of other chemical elements.

t'm WD — - m .
2 000 x 28.8 mm Wi food upb.ro CNpSA

3.5

Figure 4. Cont.
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Figure 4. SEM of biosorbents B1 diameters >1.6 mm (a); B2 diameters > to 0.16 mm (b); B3 diameters
< to 0.16 mm (c); activated carbon (d).

Figure 4d depicts the SEM/EDX image of activated carbon formed by the chemical
activation of baobab shells with phosphoric acid. The use of phosphoric acid as an activator
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resulted in the development of porosity. As shown in Figure 4d, the surface appears to
be more porous than the raw material. According to the EDX results (Figure 4d), the high
percentage of phosphorus present in AC was expected because it was activated with H3POy,
resulting in the incorporation of phosphorus into the structure of AC. Furthermore, the
potassium content decreased until it vanished, in comparison to the biosorbents, allowing
the carbon to take its place, and the oxygen content decreased. The decrease is due to the
increase in temperature.

3.4. pH of Point Zero Charge (pHpzc)

The surface charge of the adsorbent is mainly determined by its point of zero charge
and the pH of the solution in which it is found. To determine the point of zero charge shown
in Figure 5, we followed the protocol proposed by Mehrabi et al. (2015) and Bakatula et al.
(2018) [30,31].

o] — B2

.~ B3

© 24 —— AC
s
T 2]
a “]
214
S 9
£ 0
I 4
Q...1=

Initial solution pH
Figure 5. pH of zero charge, pHpzc.

The determination of the point of zero charge was carried out using a decimolar
solution of NaCl. The pH was adjusted with a 0.1 M solution of NaOH and HCl in the
range of 1 to 11. Then, 0.1 g of adsorbents were mixed with 20 mL of solution and stirred
for 24 h. The pH of the filtrate was measured and the curve in Figure 5 was obtained (for
AC pHpzc = 3.2; for Bl pHpzc = 6.3; for B2 and B3 pHpzc = 6.8). At pH > pHpzc, the
surface of our adsorbents is negative and, at pH < pHpzc, it is positive. The pKa value of
phenobarbital is 7.4 and, below this value, it remains in neutral form [32].

3.5. Phenobarbital Adsorption Tests

To perform the PHB adsorption study, experiments with different pH solution, PHB
initial concentration, contact time, and adsorbent dose were carried out. The results are
represented in Figure 6a—d.
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Figure 6. Influence of working conditions: pH, (a); Initial concentration, (b); Contact time, (c);
Adsorbent dose, (d).

3.5.1. Effect of pH Variation

The study of the pH effect is an important step in the adsorption experiments since
it involves both the surface functional groups of the adsorbent and the ionization state of
the adsorbate. This phenomenon can cause electrostatic attraction or repulsion between
the adsorbent and adsorbate [33]. The surface charge of the adsorbent is mainly deter-
mined by its point of zero charge and the pH of the solution in which it is found. The
adsorbent surface charge is negative at pH > pHpzc and positive at pH < pHpzc, indicating
a positively charged surface in an acidic environment. This eliminates the possibility of
electrostatic interaction between adsorbents and phenobarbital in acidic media, explaining
why the amount adsorbed as a function of pH varies little from point to point. The high
values for adsorption capacity indicate the presence of 7-m interactions and hydrogen
bonds. Adsorption is hampered in basic media due to the electrostatic repulsion between
the adsorbent and adsorbate. In the range of the pH values studied, presented in Figure 6a,
the quantity of the phenobarbital adsorbed varies little from one point to another. Similar
findings were obtained by [33]. This small variation in pH tells us that the adsorption mech-
anism is not mainly due to electrostatic interactions but rather to the interactions between
phenobarbital and the different adsorbents involving 7-7 interactions and hydrogen bonds.
The biosorbents and activated carbon used in this study showed good adsorption capacity
for phenobarbital at the various pH values studied. For the remainder of the work, the
experiments were carried out at pH 7.4, which is close to the natural pH of phenobarbital.
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3.5.2. Effect of Initial PHB Concentration

The effect of the initial concentration was investigated by varying the PHB concentra-
tion in the range of 1 to 250 mg/L, using an adsorbent dose of 0.025 g and a contact time of
60 min. The results are depicted in Figure 6b. Increasing the initial concentration of the
solution increases the amount adsorbed for all materials until the active sites are nearly
saturated. This increase is because, as the concentration of the adsorbate increases, the
distance between the phenobarbital molecules decreases, allowing the pollutant to diffuse
more rapidly, thereby favouring adsorption.

3.5.3. Effect of Contact Time

The effect of contact time on PHB adsorption was investigated over a range of 1 to
240 min. Solutions were collected at various stirring times, filtered, and the results are
shown in Figure 6¢. The adsorbed quantity increases in time until equilibrium is reached
(rate of adsorption equals rate of desorption). At 10 min, the adsorbed quantities are 45.5,
25.4,41.9,41.5 mg/g for B1, B2, B3, and AC, respectively. At 60 min, when the adsorbent
surface is fully saturated, the equilibrium adsorbed quantities are 46.8, 47.0,47.1,43.6 mg/g,
for B1, B2, B3, and AC, respectively. Adsorption capacity was already high within the first
10 min, as demonstrated by [14]. Biosorbent B3 demonstrated a higher adsorption capacity
than B1, B2, and AC because it has the smallest particle size and, thus, has the highest
specific surface area. Biosorbents” high affinity for phenobarbital could be attributed to
the presence of chemical functions on their surface that are absent on the carbon surface,
such as the carbonyl function of aldehydes or ketones, as confirmed by FTIR analysis.
Furthermore, the higher PHB adsorption of B3 compared to AC could be explained by the
fact that the adsorption process in this case is not only determined by the specific surface
area, but also by the interactions between adsorbent and adsorbate.

3.5.4. Effect of Adsorbent Dose

The effect of varying the adsorbent mass on PHB removal was investigated by adjust-
ing the adsorbent mass in the range of 0.025 to 0.25 g. These were mixed with 25 mL of PHB
solution; after 60 min, the solutions were filtered, and the filtrate was analysed. Figure 6d
shows the amount of PHB adsorbed as a function of adsorbent mass. The adsorption pro-
cess is influenced by the adsorbent dose; as the adsorbent quantity decreases, the amount
of PHB adsorbed per gram of adsorbent increases (m = 0.25 g, e =4.394 mg/g; m=0.025g,
de =47.172 mg/g). The maximum adsorption capacity is achieved at a mass of 0.025 g. At
higher adsorbent mass, a decrease in the adsorbed quantity per gram of adsorbent was
observed; although the higher mass results in a greater number of active sites available for
interaction with the adsorbates, the adsorbed quantity tends to decrease. This is due to
adsorbent particle agglomeration, which limits the access to the available adsorption sites
by increasing the adsorption path [34].

3.5.5. Effect of Particle Size

Particle size is an important factor in determining the adsorption capacity. The effect
of particle size on PHB adsorption on various adsorbents was investigated. As explained
in the section “Preparation of biosorbents”, the materials B1 to B3 have different particle
sizes. The experimental results showed that the amount of PHB adsorbed increases as the
particle size decreases. This is explained by the fact that, for the same material, the smaller
the particle size, the larger the contact surface, and the adsorption process is intensified [35].
This is the case of biosorbents. However, it should be noted that the activated carbon,
having the smallest particle size (0.075 mm), was not the most effective adsorbent. This
could be explained by the fact that, in our case, adsorption is determined not only by the
adsorbent’s specific surface area, but also by the chemical functions that exist on its surface.
The adsorption isotherms confirmed that chemisorption is taking place.

For biosorbents, we conclude that, as the particle size decreases, the amount adsorbed
increases because the larger the particle size, the greater the diffusional resistance to mass
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transfer. Because the path length is longer in bigger particles than in smaller particles, the
adsorption capacity of larger particles is lower.

For comparison purposes, the obtained qe values and data reported in the literature
for several AC and biosorbents are given in Table 2. It can be seen that the materials we
have tested have values higher than other reported biomass-based adsorbents.

Table 2. Values of equilibrium-adsorbed quantities.

Sample qe mg-g~1 Reference
B1 46.8 This work
B2 47.0 This work
B3 47.1 This work
AC 43.6 This work
Powered AC 041 [36]
Granular AC 0.29 [36]
PES (polyethersulfone)—AC 0.31 [36]
Garcinia kola powdered seeds  30.3 [37]
Polymeric adsorbent 2.485 [38]

3.6. Adsorption Kinetics Studies

To determine the PHB adsorption mechanism on the four different adsorbents, four
non-linear kinetics models were used: pseudo-first order, pseudo-second order, Elovich,
and intra-particle diffusion. The fitting curves and relevant calculated parameters for all
kinetic models are shown in Figure 7 and Table 3.
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Figure 7. Cont.
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Figure 7. Pseudo-first order, pseudo-second order, Elovich kinetic model (a-d) and intra-particle
diffusion model (e-h).
Table 3. Parameters and fitting coefficients for kinetic models.
Unit B1 B2 B3 AC
qe(exp) (mg»g’l) 46.82 47.05 47.08 43.58
Pseudo-first order model
Qe(cal) (mg-g™) 46.225 46.114 44589 42.094
kq (min~1) 0.452 0.086 1.366 0.939
R? / 0.992 0.957 0.963 0.981
RMSE / 1.649 4.410 3.252 2.230
x2 / 0.610 16.643 1.424 0.719
Pseudo-second order model
Qe(cal) (mg-g~") 48.254 50.099 45971 43.706
K» (mg-g~!min~!) 0.016 0.002 0.049 0.033
R? / 0.994 0.977 0.985 0.998
RMSE / 1.484 3.102 2.109 0.679
X2 / 0.352 6.735 0.631 0.073
Elovich model
A (mg-g~!-min~1) 222 x 10% 22915 893,573.914 104,317.757
B (g-min1) 0.225 0.125 0.367 0.342
R? / 0.903 0.973 0.995 0.963
RMSE / 5.606 3.223 1.234 3.094
X2 / 5.403 1.550 0.207 1.579
Intra-particle diffusion model
Stage 1
Kia1 (mg-g~'-min~1/2) 12.28 5.54 2.39 7.14
e (mg-g~!) 8.19 6.78 3252 19.63
R? / 0.96 0.99 0.88 0.97
Stage 2
Kiqz (mg~g’1~min’1/2) 0.05 0.09 0.04 0.03
G (mg-g") 46.33 46.88 43.03
R? / 0.75 0.73 0.39 0.24
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Higher R? values correlate with lower RMSE and x? values. In comparison to other
models, the pseudo-second order model best describes the kinetic data for PHB adsorption
on Bl, B2, and AC, while the Elovich model best describes the adsorption kinetics of
B3 (Figure 7a—d). The pseudo-first order and pseudo-second order models indicate that
physical and chemical adsorption play important roles in PHB retention on the studied
materials [19]. In addition, the value of ge calculated from the pseudo-first-order model
was closer to the experimental value of qe. The error functions (RMSE and x?) of the
pseudo-second order model were very small compared to the other models, as shown in
Table 3. Table 4 shows the mathematical expression of the kinetic models. The Elovich
model’s initial rate constant (x) for B3 is higher than for Bl and B2, indicating that the
size of our adsorbents affects the adsorption mechanism due to their specific surface area.
The initial rate constant « for AC is higher than that of the biosorbents because it has a
larger specific surface area; but this value is close to that of B3 which suggests that B3
has characteristics close to AC. We note that, the initial rate constant (c) is higher than
the desorption rate constant, () which suggests that there is chemical reaction on the
heterogeneous surface of the adsorbents [39].

Table 4. Mathematical expression of kinetic models.

Kinetic Model Mathematical Expression

— _ o—klt
q=qr (1 —e K
q1: is the maximum amount of solute adsorbed on the solid
surface by mass of adsorbent at equilibrium (mg g~1)
qt: is the amount of solute adsorbed on the solid surface at
time t (mg gfl)
k;: is pseudo-first-order kinetic constant (min—1)

Pseudo-first order

kot

G = 1%q:kzt

ge: the maximum amount of solute adsorbed on the solid

surface by mass of adsorbent at equilibrium (mg g~?)
Pseudo-second order qt: is the amount of solute adsorbed on the solid surface at

time t (mg g_l)

ko: is pseudo-second order kinetic constant (mg g~! min~!)

t: contact time (min—1)

qe = Kigt"/2 + C

qt: absorbed mg g~! at the t and equilibrium times
Kig: (mg g_1 min~1) is constant intraparticle difusion
C: is the intercept of the plot

Intra-particle diffusion model

qt = % In (1 + xfPt)

«: initial rate constant

[: desorption rate constant
t: contact time (min—1)

Elovich

The Weber and Morris intra-particle diffusion model was used to assess the limiting
steps in PHB adsorption on the studied materials. The plot of ge versus t1/2 (Figure 7) shows
that PHB retention on all our adsorbents involve several steps. MutavdZi¢ Pavlovi¢ et al.
(2021), [40] found that the emerging contaminant PHB was retained on adsorbents following
three limiting steps: external diffusion of PHB from the bulk solution to the external surface
of the adsorbent; internal diffusion of PHB through the pores of the adsorbent; last step
achievement of the equilibrium.

Figure 7e-h shows us two linear sections with different values of slope and y-intercept.
This suggests that during PHB internal diffusion, various steps could be involved. Stage 1
corresponds to adsorption by macro and mesopores, on the outer surface of the adsorbents
and leads to the saturation of the latter. Once the outer layer is saturated, stage 2 begins,
and the phenobarbital gradually seeps into the micropores. This is characterised by the
values of the velocity constant (K;q) and the constant (C) describing the thickness of the
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boundary layer in the order Kjq1 > Kjgqo and C; > Cy, respectively (Table 3); similar results
were obtained by Sotelo et al. (2013) [41]. These values confirm the fact that the adsorption
rate decreases progressively while the effect on the boundary layer increases during the
phenomenon. The intra-particle diffusion model does not describe the adsorption mecha-
nism of PHB on our adsorbents in view of its poor agreement between experimental and
calculated data (low R? values).

3.7. Adsorption Isotherm Studies

Adsorption isotherms help us understand how the PHB molecules interact with the ac-
tive sites of the adsorbent [42]. To describe the behaviour of the contaminant phenobarbital
on the studied adsorbents, four nonlinear isotherm models were investigated: Langmuir,
Freundlich, Dubin-Kaganer-Radushkevich (D-K-R), and Sips. PHB adsorption isotherms
on the four adsorbents investigated are obtained by plotting the adsorbed quantity (qe)
against the equilibrium concentration (C.) for each material (Figure 8). These plots are
all part of the L-type isotherm, according to the Giles table [43]. L-type isotherms, also
known as Langmuir isotherms, show that the total number of adsorption sites remains
constant, whereas increasing the number of adsorbed molecules reduces the number of
available sites.
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Figure 8. Langmuir, Freundlich, D-K-R and Sips isotherm adsorption model for Bl (a), B2 (b), B3 (c)
and AC (d).

The values of the models’ parameters are given in Table 5 and the expressions of the
models’ mathematical representations are given in Table 6. The Langmuir model describes
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the PHB adsorption on B1 and B2 best due to its high R? values. The isotherm assumes that
adsorption occurs on a monolayer with strong interactions between the adsorbate and the
adsorbent. On the other hand, the fact that the separation factor Ry, is less than one for all
materials indicates that the adsorption process is favourable [44]. The Freundlich model
fitting values of 0 <1/n < 1 confirm this observation, indicating favourable adsorption [45].

Table 5. Langmuir, Freundlich, D-K-R and Sips isotherm adsorption parameters for PHB adsorption

on B1, B2, B3 and AC.
Unit B1 B2 B3 AC

Langmuir model
dm (mg~g‘1) 94.295 107.553 109.296 104.575
Ky (L-mgfl) 1.297 0.140 0.176 0.177
Ry / 0.025 0.192 0.159 0.159
R? / 0.964 0.922 0.851 0.973
RMSE / 8.529 12.895 18.420 7412
X2 / 17.826 60.812 128.493 21.342
Freundlich model
Kg (L-g—1) 32.131 20.134 23.354 22.818
1/n / 0.241 0.341 0.311 0.311
R? / 0.918 0.846 0.758 0.864
RMSE / 12.899 18.109 23.497 16.753
X2 / 47.589 81.417 124.158 60.902
D-K-R
gs (mg-g™1) 94.783 101.965 107.069 100.987
Kaq (mol?-J~2) 0.0003 0.001 0.001 0.001
E (KJ-mol~1) 36.863 18.393 18.637 18.686
R? / 0.958 0.912 0.839 0.973
RMSE / 9.372 13.828 19.420 7.568
X2 / 18.860 60.623 292.607 62.350
Sips model
qMs (mg-g~1) 309,067.602 238,102.362 248,308.508 99.589
Ks (L-g™h 0.0001 8.453 x 107 9.40 x 107> 0.109
ng / 0.242 0.341 0.311 1.394
R? 0.959 0.920 0.874 0.991
RMSE 13.932 19.559 25.379 6.482
X2 47.586 81.425 124.191 35.321

Table 6. Mathematical expression of adsorption isotherm models.

Isotherms Models

Mathematical Expression

Langmuir

— 9mKL-Ce
9e = 14K Ce
Qe: the amount of absorbate (mg g~')
Ce: absorbate equilibrium concentration (mg L™!)
qm: Langmuir constant related to adsorption capacity
Ky: Langmuir constant related to energy of adsorption

_ 9
RL = 51

Freundlich

Qe = KF'Cel/rl

Qe: the amount of absorbate (mg g~ 1)

Ce: absorbate equilibrium concentration (mg L™!)

Kg: Freundlich constant related to adsorption capacity
n: Freundlich constant related to adsorption intensit

D-K-R

_ .a—KDe2
9e = qm-€
qe: the amount of absorbate (mg g~ ')
e: polanyi potential

Kp: free energy

Sips

g5 (Ks-Ce™)
9e = T (Ks-Ce™)
gs: is the monolayer adsorption capacity (mg g~ !)
ns: describes the adsorbent surface heterogeneity
Ks: Sips isotherm constant related to energy of
adsorption (L mg™1)
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The data collected from the Langmuir and Freundlich models are typically not suffi-
cient to describe the physical or chemical nature of the adsorption process. The Dubinin—
Kaganer—Radushkevich (D-K-R) isotherm is widely used to describe an adsorption mecha-
nism with a Gaussian energy distribution over a heterogeneous surface [30].

This model is frequently used to distinguish between the physical and chemical
adsorption of adsorbate molecules based on their average free energy E.

According to Table 5, given the small values of the D-K-R adsorption isotherm’s K,4
and the energy constant (E) for all adsorbents above 8 kJ/mol, the chemisorption with
the creation of chemical bonds dominates the adsorption processes. This reinforces the
Langmuir model’s premise of strong interactions between adsorbents and adsorbates. With
R? values close to one, the Sips isotherm model accurately represents the adsorption mech-
anism on adsorbents B3 and AC. This isotherm, with a value of nS (representing surface
heterogeneity) other than unity, suggests that adsorption takes place on a heterogeneous
surface [46].

3.8. Adsorption Mechanism

Figure 9 depicts the proposed mechanism for PHB adsorption onto a biosorbent.
Various interactions have been proposed, including n-m, -7, hydrogen bonding [39,47],
and the Yoshida bond [48]. It is important to note that the adsorption mechanism is
determined by the adsorbent’s properties (surface functional groups, surface area, contact
area, and pore size distribution) as well as the adsorbate’s properties.

oo T o T Thom . NOT
Dipole-Dipole [( |

. . J
o HH—bonding interaction

= o
= < f
[ T >N - A,,//
I /e Hz} -
N—4

N\
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Figure 9. Mechanism of phenobarbital adsorption.

O The n-m interaction studied involves the carbonyl oxygen (as electron donor) on the
adsorbent surface and the aromatic rings of the organic pollutant (electron accep-
tor) [49].

O According to Zo6ttowska-Aksamitowska et al. (2018) [50], the 7-7t interaction between
the 7 electrons of the material (donor) and the 7t electrons of the aromatic ring of
the adsorbate (acceptor) plays a minor role in the adsorption of organic materials on
weak aromatic structures (biosorbents). This is in contrast to the activated carbon
behaviour [51].

O  Hydrogen interactions are important factors contributing to adsorption; they involve
a hydrogen atom and an electronegative atom (oxygen) [51].

The Van der Walls force is identified as a key contributor to adsorption because
adsorption of organic compounds onto biosorbents via a pore-filling mechanism is less
important compared to surface interactions [52].
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4. Cost Evaluation, Economic and Environmental Analysis

The cost of developing an adsorbent for wastewater treatment is an essential con-
cern [19,53]. This study calculated the cost of producing activated carbon and biosorbent
based on the cost of power in the AD production location (Cameroon). The raw ma-
terial (baobab shells) was collected for free in northern Cameroon, notably Adamaoua
(Ngaoundéré). The demineralized water used for washing was obtained from the labora-
tory’s own facilities; the impregnation, carbonisation, washing, and drying steps, as well as
the grinding stages for biosorbent production, were all considered in the cost evaluation of
activated carbon production (Table 7). Given that the cost of energy in Cameroon is around
0.16 USD/kWh, the projected cost of producing 1 kg of activated carbon is 8.19 USD, and
1 kg of biosorbent is 5.82 USD.

Table 7. Activated carbon and biosorbent production’s cost estimation.

. Total Cost (USD/kg
Step Sub-Sections Cost Break-Up of Material)
Raw material processing Collection of raw materials Cost of raw material 0.0
Transportation cost 0.48

Preparation of biosorbent

Washing cost

1 L of demineralized water

corresponds to 0.16 USD, for this step 0.8
we used 10 L of demineralized water.
5x0.16 =0.8

Washing process

Preparation of biosorbent

Drying cost
Hours x power X unit cost = 2.88
24 x 0.75 x 0.16

Drying process

Preparation of biosorbent

Crushing cost
1 kg crushed in the machine 1.66
corresponds to 1.66 USD

Crushing process

TOTAL 5.82

Impregnation with H3POy cost
. . . Hours x power X unit cost + amount

Preparation of AC Impregnation with H3POy of HsPO, x unit cost=2 x 0.75 x 1.6 2.84
+ 6.3 mL x 176.26/2500 mL
Carbonization cost

Preparation of AC Carbonization process (AC) Hours x power x unit cost = 1.37 X 0.39
1.8 x 0.16
Drying cost

Preparation of AC Drying process (AC) Hours x power x unit cost = 24 X 2.88
0.75 x 0.16
Washing cost
1L of demineralized water

Preparation of AC Washing process (AC) corresponds to 0.16 USD, for this step 1.6
we used 10 L of demineralized water.
10 x 0.16 = 1.6

TOTAL 8.19

5. Conclusions

This study compared the adsorption efficiency of biosorbents and activated carbon
derived from baobab shells for phenobarbital removal in wastewater. SEM images revealed
the presence of macroporous box set-like structures with an irregular shape. The adsorption
test results revealed that, in terms of biosorbent particle size, biosorbent B3 is the best
because it has the smallest particle size, promotes pollutant diffusion, and, thus, has a
higher adsorption capacity. Because activated carbon has a large specific surface area and
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adsorption capacity comparable to B3, we conclude that B3 is an effective material, making
it an affordable alternative for many other applications. EDX indicates that the biosorbent
is oxygen-rich, and, thus, has several functional groups containing oxygen on its surface,
as demonstrated by FTIR; Goertzen et al. (2010) [54] demonstrated that such functionalities
are active groups for efficiently adsorbing pollutants. FTIR revealed the presence of several
chemical functions on biosorbents that were not present on activated carbon; most notably,
—-C=0, which improves biosorbent performance in phenobarbital removal. The pseudo-
second order and Elovich model best described the kinetic data, whereas the isothermal
Sips and Langmuir models described the equilibrium data. Our materials could be used as
adsorbents for wastewater treatment due to their high adsorption capacities, low cost and
because they are environmentally friendly.

The adsorbents can be regenerated for reuse. This involves removing the adsorbed
compounds from the surface. In future studies, we plan to investigate the regeneration
of our materials and to perform experiments with real wastewater. The desorption tests
will tell us if regeneration is feasible, or the materials will be disposed of by other methods
(e.g., incineration).

Author Contributions: Conceptualization, C.5.D.N. and D.S.S.; methodology, C.5.D.N., D.S.S. and
M.B,; software, N.J.N. and K.D; validation, D.S.S. and K.D.; formal analysis, N.J.N. and K.D.; investi-
gation, C.S.D.N., K.D. and M.B.; resources, D.S.S.; data curation, C.5.D.N. and K.D.; writing—original
draft preparation, C.S.D.N., N.J.N. and K.D.; writing—review and editing, D.S.S. and M.B.; visual-
ization, C.5.D.N. and K.D.; supervision, D.S.S. and N.J.N.; project administration, D.S.S.; funding
acquisition, D.S.S. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by National University of Science and Technology Politehnica
of Bucharest.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data can be provided upon request.

Acknowledgments: Association of Francophone Universities, AUF, for the BOURSES DE POSTDOC-
TORAT «EUGEN IONESCU» 2022-2023. National University of Science and Technology Politehnica of
Bucharest, Faculty of Chemical Engineering and Biotechnologies, for technical and scientifical support.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Natarajan, R.; Saikia, K.; Ponnusamy, S.K.; Rathankumar, A.K.; Rajendran, D.S.; Venkataraman, S.; Tannani, D.B.; Arvind, V,;
Somanna, T.; Banerjee, K.; et al. Understanding the factors affecting adsorption of pharmaceuticals on different adsorbents—A
critical literature update. Chemosphere 2022, 287, 131958. [CrossRef]

Velayati, S.; Saadati, F.; Shayani-Jam, H.; Shekari, A.; Valipour, R.; Yaftian, M.R. Fabrication and evaluation of a molecularly
imprinted polymer electrochemical nanosensor for the sensitive monitoring of phenobarbital in biological samples. Microchem. ].
2022, 174, 107063. [CrossRef]

Souza-Chaves, B.M.; Bosio, M.; Dezotti, M.; Quinta-Ferreira, M.E.; Quinta-Ferreira, R.M.; Sagiorro, E.M. Advanced electrochemical
oxidation applied to benzodiazepine and carbamazepine removal: Aqueous matrix effects and neurotoxicity assessments
employing rat hippocampus neuronal activity. ]. Water Proc. Eng. 2022, 49, 102990. [CrossRef]

Cao, H,; Lin, X.; Zhan, H.; Zhang, H.; Lin, J. Photocatalytic degradation kinetics and mechanism of phenobarbital in TiO, aqueous
solution. Chemosphere 2013, 90, 1514-1519. [CrossRef] [PubMed]

Siara, S.; Elvis, C.; Harishkumar, R.; Velayudhaperumal Chellam, P. ZnAl,O,4 supported on lychee-biochar applied to ibuprofen
photodegradation. Mater. Res. Bull. 2022, 145, 111530. [CrossRef]

Awfa, D.; Ateia, M,; Fujii, M.; Johnson, M.S.; Yoshimura, C. Photodegradation of pharmaceuticals and personal care products in
water treatment using carbonaceous TiO, composite: A critical review of recent littérature. Water Res. 2018, 142, 26-45. [CrossRef]
[PubMed]

Barrios, J.A.; Cano, A.; Becerril, ].E.; Jiménez, B. Infuence of solids on the removal of emerging pollutants in electrooxidation of
municipal sludge with boron-doped diamond electrodes. J. Electroanal. Chem. 2016, 776, 148-151. [CrossRef]

Akhil, D.; Lakshmi, D.; Kumar, P.S.; Vo, D.-V.N.; Kartik, A. Occurrence and removal of antibiotics from industrial wastewater.
Environ. Chem. Lett. 2021, 19, 1477-1507. [CrossRef]


https://doi.org/10.1016/j.chemosphere.2021.131958
https://doi.org/10.1016/j.microc.2021.107063
https://doi.org/10.1016/j.jwpe.2022.102990
https://doi.org/10.1016/j.chemosphere.2012.07.066
https://www.ncbi.nlm.nih.gov/pubmed/22959719
https://doi.org/10.1016/j.materresbull.2021.111530
https://doi.org/10.1016/j.watres.2018.05.036
https://www.ncbi.nlm.nih.gov/pubmed/29859390
https://doi.org/10.1016/j.jelechem.2016.07.018
https://doi.org/10.1007/s10311-020-01152-0

Materials 2024, 17, 1591 21 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Magesh, N.; Annam Renita, A.; Senthil Kumar, P. Practice on treating pharmaceutical compounds (antibiotics) present in
wastewater using biosorption techniques with different biowaste compounds. A review. Environ. Prog. Sustain. Energy 2020,
39, €13429. [CrossRef]

Mohapatra, S.; Huang, C.H.; Mukherji, S.; Padhye, L.P. Occurrence and fate of pharmaceuticals in WWTPs in India and
comparison with a similar study in the United States. Chemosphere 2016, 159, 526-535. [CrossRef]

Jelic, A.; Gros, M.; Ginebreda, A.; Cespedes-Sanchez, R.; Ventura, E; Petrovic, M.; Barcelo, D. Occurrence, partition and removal
of pharmaceuticals in sewage water and sludge during wastewater treatment. Water Res. 2011, 45, 1165-1176. [CrossRef]

Jelic, A.; Fatone, F.; Di Fabio, S.; Petrovic, M.; Cecchi, E,; Barcelo, D. Tracing pharmaceuticals in a municipal plant for integrated
wastewater and organic solid waste treatment. Sci. Total Environ. 2012, 433, 352-361. [CrossRef] [PubMed]

Thomaidi, V.S.; Stasinakis, A.S.; Borova, V.L.; Thomaidis, N.S. Is there a risk for the aquatic environment due to the existence of
emerging organic contaminants in treated domestic wastewater? Greece as a case-study. J. Hazard. Mater. 2015, 283, 740-747.
[CrossRef]

Da Silva Bruckmann, F.; Ledur, C.M.; da Silva, I.Z.; Dotto, G.L.; Bohn Rhoden, C.R. A DFT theoretical and experimental study
about tetracycline adsorption onto magnetic graphene oxide. J. Mol. Lig. 2022, 353, 118837. [CrossRef]

Rathi, B.S.; Kumar, P.S.; Show, PL. A review on effective removal of emerging contaminants from aquatic systems: Current trends
and scope for further research. J. Hazard. Mater. 2021, 409, 124413. [CrossRef] [PubMed]

Subedi, N.; Ldhde, A.; Abu-Danso, E.; Igbal, J.; Bhatnagar, A. A comparative study of magnetic chitosan and graphene oxide
modified magnetic chitosan nanocomposites for efficient removal of Cr (VI) from water. Int. |. Biol. Macromol. 2019, 137, 948-959.
[CrossRef] [PubMed]

Mimanne, G.; Benhabib, K.; Benghalem, A.; Taleb, S. Etude de 1’adsorption des métaux lourds (Pb et Cd) en solution aqueuse sur
charbon actif et montmorillonite sodée de I'ouest algérien. J. Mater. Environ. Sci. 2014, 5, 1298-1307.

Alabi, A.H.; Oladele, E.O.; Adeleke, A.J.O.; Oni, E.C.; Olanrewaju, C.A. Equilibrium, Kinetic and Thermodynamic Studies of
Biosorption of Methylene Blue on Goethite Modified Baobab Fruit Pod (Adansonia digitata L.). ]. Appl. Sci. Environ. Manag. 2020,
24,1229-1243. [CrossRef]

Lekene, R.B.N.; Ntep, T.M.M.; Fetzer, M.N.A.; Strothmann, T.; Nsami, ].N.; Janiak, C. The efficient removal of ibuprofen, caffeine,
and bisphenol A using engineered egusi seed shells biochar: Adsorption kinetics, equilibrium, thermodynamics, and mechanism.
Environ. Sci. Pollut. Res. 2023, 30, 100095-100113. [CrossRef]

Tarachand, N.; Dipak, S. Baobab fruit shell (Adansonia digitata) as a natural adsorbent for copper and lead removal from industrial
effluent. Res. J. Chem. Environ. Sci. 2016, 4, 32-38.

Bamalli, Z.; Mohammed, A.S.; Ghazali, H.M.; Karim, R. Baobab tree (Adansonia digitata L.) parts: Nutrition, applications in food
and uses in ethno-medicine—a review. Ann. Nutr. Disord. Ther. 2014, 1, 1011.

Crops and Livestock Products. Available online: https://www.fao.org/faostat/en/#data/QCL (accessed on 19 March 2024).
Babiker, S.; Mirghani, M.E.S.; Matar Saleh, M.; Kabbashi, N.A.; Alam, M.Z.; Marikkar, ]. M.N. Evaluation of antioxidant capacity
and physicochemical properties of Sudanese Baobab (Adansonia digitata) seed-oil. Int. Food Res. J. 2017, 24, S441-5445.

Safety Data Sheet. Available online: https://cdn.caymanchem.com/cdn/msds/9001494m.pdf (accessed on 19 March 2024).
Elyounssi, K.; Collard, F.-X.; Mateke, ].-A.N.; Blin, J. Improvement of charcoal yield by two-step pyrolysis on eucalyptus wood: A
thermogravimetric study. Fuel 2012, 96, 161-167. [CrossRef]

Dias Junior, A.F; Oliveira, R.N.; Deglise, X.; Souza, N.D.; Brito, ].O. Infrared spectroscopy analysis on charcoal generated by the
pyrolysis of Corymbia citriodora wood. Rev. Mater. 2019, 24, €12387. [CrossRef]

Yang, Y.; Zhang, M.; Zhao, J.; Wang, D. Effects of particle size on biomass pretreatment and hydrolysis performances in bioethanol
conversion. Biomass Convers. Biorefin. 2023, 13, 13023-13036. [CrossRef]

Da Silva Veiga, P.A.; Schultz, J.; da Silva Matos, T.T.; Fornari, M.R.; Costa, T.G.; Meurer, L.; Mangrich, A.S. Production of
high-performance biochar using a simple and low-cost method: Optimization of pyrolysis parameters and evaluation for water
treatment. J. Anal. Appl. Pyrolysis 2020, 148, 104823. [CrossRef]

Mihayo, D.; Vegi, M.R.; Vuai, S.A H. Defluoridation of aqueous solution using thermally activated biosorbents prepared from
Adansonia digitata fruit pericarp. Adsorpt. Sci. Technol. 2021, 2021, 5574900. [CrossRef]

Mehrabi, N.; Soleimani, M.; Yeganeh, M.M.; Sharififard, H. Parameter optimization for nitrate removal from water using activated
carbon and composite of activated carbon and Fe,O3 nanoparticles. RSC Adv. 2015, 5, 51470-51482. [CrossRef]

Bakatula, E.N.; Richard, D.; Neculita, C.M.; Zagury, G.J. Determination of point of zero charge of natural organic materials.
Environ. Sci. Pollut. Res. 2018, 25, 7823-7833. [CrossRef]

Avdeef, A. Anomalous solubility behavior of several acidic drugs. ADMET DMPK 2014, 2, 33—42. [CrossRef]

Bohn Rhoden, C.R.B.; da Silva Bruckmann, F.; da Rosa Salles, T.; Kaufmann Junior, C.G.; Mortari, S.R. Study from the influence of
magnetite onto removal of hydrochlorothiazide from aqueous solutions applying magnetic graphene oxide. J. Water Process. Eng.
2021, 43, 102262. [CrossRef]

Shukla, A.; Zhang, Y.H.; Dubey, P.; Margrave, J.L.; Shukla, S.S. The role of sawdust in the removal of unwanted material from
water. J. Hazard. Mater. 2002, 95, 137-152. [CrossRef] [PubMed]

Barka, N.; Abdennouri, M.; El Makhfouk, M.; Qourzal, S. Biosorption characteristics of cadmium and lead onto eco-friendly dried
cactus (Opuntia ficus indica) cladodes. ]. Environ. Chem. Eng. 2013, 1, 144-149. [CrossRef]


https://doi.org/10.1002/ep.13429
https://doi.org/10.1016/j.chemosphere.2016.06.047
https://doi.org/10.1016/j.watres.2010.11.010
https://doi.org/10.1016/j.scitotenv.2012.06.059
https://www.ncbi.nlm.nih.gov/pubmed/22819886
https://doi.org/10.1016/j.jhazmat.2014.10.023
https://doi.org/10.1016/j.molliq.2022.118837
https://doi.org/10.1016/j.jhazmat.2020.124413
https://www.ncbi.nlm.nih.gov/pubmed/33183841
https://doi.org/10.1016/j.ijbiomac.2019.06.151
https://www.ncbi.nlm.nih.gov/pubmed/31238072
https://doi.org/10.4314/jasem.v24i7.16
https://doi.org/10.1007/s11356-023-29377-w
https://www.fao.org/faostat/en/#data/QCL
https://cdn.caymanchem.com/cdn/msds/9001494m.pdf
https://doi.org/10.1016/j.fuel.2012.01.030
https://doi.org/10.1590/s1517-707620190003.0700
https://doi.org/10.1007/s13399-021-02169-3
https://doi.org/10.1016/j.jaap.2020.104823
https://doi.org/10.1155/2021/5574900
https://doi.org/10.1039/C5RA03920G
https://doi.org/10.1007/s11356-017-1115-7
https://doi.org/10.5599/admet.2.1.30
https://doi.org/10.1016/j.jwpe.2021.102262
https://doi.org/10.1016/S0304-3894(02)00089-4
https://www.ncbi.nlm.nih.gov/pubmed/12409244
https://doi.org/10.1016/j.jece.2013.04.008

Materials 2024, 17, 1591 22 of 22

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Wang, T.; Yin, Z.; Wen, X.; Yu, B.; Deng, X.; Zhao, C. Polyethersulfone-Activated Carbon Hybrid Particles for Phenobarbital
Removal. Sep. Sci. Technol. 2010, 45, 142-147. [CrossRef]

Nnadi, C.O.; Nwodo, N.J.; Obonga, W.O.; Uzor, P.F. In vitro adsorption kinetic model of phenobarbital onto powdered seeds of
Garcinia kola. Afr. J. Pharm. Pharmacol. 2014, 8, 1079-1085.

Zhao, Y.-L.; You, Y.-X,; Chen, Y.-L.; Zhang, Y.; Du, Y.; Tang, D.-Q. Fabrication of a surface molecularly imprinted polymer
membrane based on a single template and its application in the separation and extraction of phenytoin, phenobarbital and
lamotrigine. RSC Adv. 2024, 14, 8353-8365. [CrossRef] [PubMed]

Keerthanan, S.; Bhatnagar, A.; Mahatantila, K.; Jayasinghe, C.; Ok, Y.S.; Vithanage, M. Engineered tea-waste biochar for the
removal of caffeine, a model compound in pharmaceuticals and personal care products (PPCPs), from aqueous media. Environ.
Technol. Innov. 2020, 19, 100847. [CrossRef]

Mutavdzi¢ Pavlovi¢, D.; Curkovi¢, L.; Mandi¢, V.; Macan, J.; Simi¢, L; Blazek, D. Removal of pharmaceuticals from water
by tomato waste as novel promising biosorbent: Equilibrium, kinetics, and thermodynamics. Sustainability 2021, 13, 11560.
[CrossRef]

Sotelo, J.L.; Ovejero, G.; Araceli Rodriguez, A.; Alvarez, S.; Garcia, J. Study of Natural Clay Adsorbent Sepiolite for the Removal
of Caffeine from Aqueous Solutions: Batch and Fixed-Bed Column Operation. Water Air Soil Pollut. 2013, 224, 1466. [CrossRef]
Chatterjee, S.; Chatterjee, S.; Chatterjee, B.P.; Guha, A K. Adsorptive removal of congo red, a carcinogenic textile dye by chitosan
hydrobeads: Binding mechanism, equilibrium and kinetics. Colloids Surf. A Physicochem. Eng. Asp. 2007, 299, 146-152. [CrossRef]
Giles, C.H.; D’Silva, A.P,; Easton, LA. A General Treatment and Classification of the Solute Adsorption Isotherm. Part IL
Experimental Interpretation. J. Colloid Interface Sci. 1974, 47, 766-778. [CrossRef]

Hernandez-Abreu, A.B.; Alvarez-Torrellas, S.; Agueda, V.I.; Larriba, M.; Delgado, J.A.; Calvo, P.A.; Garcia, J. Enhanced removal
of the endocrine disruptor compound Bisphenol A by adsorption onto green-carbon materials. Effect of real effluents on the
adsorption process. |. Environ. Manag. 2020, 266, 110604. [CrossRef] [PubMed]

Abuzalat, O.; Wong, D.; Elsayed, M.A. Nano-Porous Composites of Activated Carbon-Metal Organic Frameworks (Fe-BDC@AC)
for Rapid Removal of Cr (VI): Synthesis, Adsorption, Mechanism, and Kinetics Studies. J. Inorg. Organomet. Polym. Mater. 2022,
32,1924-1934. [CrossRef]

Nanta, P.; Kasemwong, K.; Skolpap, W. Isotherm and kinetic modeling on superparamagnetic nanoparticles adsorption of
polysaccharide. . Environ. Chem. Eng. 2018, 6, 794-802. [CrossRef]

Naima, A.; Ammar, F.; Abdelkader, O.; Rachid, C.; Lynda, H.; Syafiuddin, A.; Boopathy, R. Development of a novel and efficient
biochar produced from pepper stem for effective ibuprofen removal. Bioresour. Technol. 2022, 347, 126685. [CrossRef]

Da Silva Bruckmann, F; Viana, A.R.; Lopes, L.Q.S.; Santos, R.C.V.; Muller, E.I; Mortari, S.R.; Bohn Rhoden, C.R. Synthesis,
characterization, and biological activity evaluation of magnetite-functionalized eugenol. J. Inorg. Organomet. Polym. 2022, 32,
1459-1472. [CrossRef]

Mattson, J.A.; Mark Jr, H.B.; Malbin, M.D.; Weber Jr, W.J.; Crittenden, J.C. Surface chemistry of active carbon: Specific adsorption
of phenols. J. Colloid Interface Sci. 1969, 31, 116-130. [CrossRef]

Zo6ttowska-Aksamitowska, S.; Bartczak, P.; Zembrzuska, J.; Jesionowski, T. Removal of hazardous non-steroidal anti-inflammatory
drugs from aqueous solutions by biosorbent based on chitin and lignin. Sci. Total Environ. 2018, 612, 1223-1233. [CrossRef]
[PubMed]

Tran, H.N.; Wang, Y.-F; You, S.-J.; Chao, H.-P. Insights into the mechanism of cationic dye adsorption on activated charcoal: The
importance of 7— interactions. Process Saf. Environ. Prot. 2017, 107, 168-180. [CrossRef]

Mallek, M.; Chtourou, M.; Portillo, M.; Monclus, H.; Walha, K.; ben Salah, A.; Salvado, V. Granulated cork as biosorbent for the
removal of phenol derivatives and emerging contaminants. J. Environ. Manag. 2018, 223, 576-585. [CrossRef]

Chakraborty, P.; Show, S.; Banerjee, S.; Halder, G. Mechanistic insight into sorptive elimination of ibuprofen employing bi-
directional activated biochar from sugarcane bagasse: Performance evaluation and cost estimation. J. Environ. Chem. Eng. 2018, 6,
5287-5300. [CrossRef]

Goertzen, S.L.; Thériault, K.D.; Oickle, A.M.; Tarasuk, A.C.; Andreas, H.A. Standardization of the Boehm titration. Part I. CO,
expulsion and endpoint determination. Carbon 2010, 48, 1252-1261. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/01496390903255663
https://doi.org/10.1039/D4RA00294F
https://www.ncbi.nlm.nih.gov/pubmed/38469200
https://doi.org/10.1016/j.eti.2020.100847
https://doi.org/10.3390/su132111560
https://doi.org/10.1007/s11270-013-1466-8
https://doi.org/10.1016/j.colsurfa.2006.11.036
https://doi.org/10.1016/0021-9797(74)90253-7
https://doi.org/10.1016/j.jenvman.2020.110604
https://www.ncbi.nlm.nih.gov/pubmed/32310125
https://doi.org/10.1007/s10904-022-02237-9
https://doi.org/10.1016/j.jece.2017.12.063
https://doi.org/10.1016/j.biortech.2022.126685
https://doi.org/10.1007/s10904-021-02207-7
https://doi.org/10.1016/0021-9797(69)90089-7
https://doi.org/10.1016/j.scitotenv.2017.09.037
https://www.ncbi.nlm.nih.gov/pubmed/28892866
https://doi.org/10.1016/j.psep.2017.02.010
https://doi.org/10.1016/j.jenvman.2018.06.069
https://doi.org/10.1016/j.jece.2018.08.017
https://doi.org/10.1016/j.carbon.2009.11.050

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Preparation of Adsorbents 
	Preparation of the Phenobarbital Solution 
	Samples Characterisation 
	Adsorption Experiments 

	Results and Discussions 
	Thermogravimetric Analysis of Adsorbent Materials 
	Fourier Transform Infrared Spectroscopy 
	SEM and EDX Analysis 
	pH of Point Zero Charge (pHPZC) 
	Phenobarbital Adsorption Tests 
	Effect of pH Variation 
	Effect of Initial PHB Concentration 
	Effect of Contact Time 
	Effect of Adsorbent Dose 
	Effect of Particle Size 

	Adsorption Kinetics Studies 
	Adsorption Isotherm Studies 
	Adsorption Mechanism 

	Cost Evaluation, Economic and Environmental Analysis 
	Conclusions 
	References

