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1. Introduction
The ubiquitous presence of pharmaceutical residues

in wastewater treatment plant (WWTP) effluents has
emerged as a critical environmental challenge, exac-
erbated by rapid global industrialization and demo-
graphic expansion. Given their inherent persistence,
high bioactivity, and potential for deleterious ecotoxi-
cological impacts, these compounds are now classified
as contaminants of emerging concern (CECs) within
aquatic ecosystems [1]. Conventional secondary treat-
ment processes often prove inadequate or economically
unfeasible for the complete mineralization of these re-
calcitrant micropollutants.

Among the most prevalent CECs are non-steroidal
anti-inflammatory drugs (NSAIDs), specifically di-
clofenac [2-(2,6-dichlorophenylamino)phenylacetic acid]
(DCF) and ibuprofen [2-(4-isobutylphenyl)propanoic
acid] (IBU). Due to their extensive clinical and over-
the-counter consumption, DCF and IBU are frequently
quantified in surface waters, groundwater, and treated
effluents. Diclofenac, widely prescribed for inflamma-
tory and rheumatic disorders, is particularly notorious
for its poor biodegradability and high environmental
stability. Indeed, DCF frequently bypasses standard
wastewater treatment infrastructure, with removal effi-
ciencies often stagnating below 20% [2–4].

Ibuprofen, one of the most prescribed and over-
the-counter analgesics globally, is similarly found at
concentrations ranging from nanograms to several mi-
crograms per litre (10 to 30 ng L−1 up to 1.2 µg L−1)
in various water bodies [5–8]. These residues can cause
endocrine disruption, behavioural alterations in aquatic
organisms, and the potential development of antibiotic
resistance [9]. Therefore, finding a solution to this issue
is of great importance.

Several technologies have been developed to remove
such micropollutants, including chemical precipitation,
ion exchange, advanced oxidation processes, membrane
filtration, electrochemical methods, biological treat-
ments, and adsorption [3, 10–12]. However, these ap-
proaches often suffer from high operational costs, energy
demands, or limited effectiveness at trace contaminant
levels. Adsorption, on the other hand, has emerged as
a competitive alternative due to its operational simplic-
ity, cost-effectiveness, and scalability. Activated carbon
remains the benchmark adsorbent but is expensive
and energy-intensive to produce, leading researchers to
explore bio-based alternatives [6, 13,14].

Biochar, a carbon-rich porous material derived from
the pyrolysis of biomass, has gained increasing attention
for environmental remediation due to its high surface
area, surface functional groups, and tunable properties
[13]. Surface modification, particularly via acid or base
activation, is a well-established strategy to enhance
adsorption performance by increasing porosity and in-
troducing functional groups (e.g., –COOH, –OH) that
can interact with pollutants [11]. Nevertheless, most
reported biochars are derived from wood, agricultural
residues like rice husks and corn stalks, or even algae,
while less attention has been given to cocoa pod husks,

despite their global abundance.
Côte d’Ivoire is the world’s largest cocoa producer,

contributing approximately 42% of global supply with
an estimated 2.74 million tons in 2023 [15]. Cocoa pods,
which account for about 80% of the harvested fruit
mass, are largely discarded post-harvest and remain
underutilized, posing environmental disposal challenges
for smallholder farmers. Transforming this biomass
waste into functional biochar offers a dual advantage:
reducing the agricultural residue burden and creating
value-added products for environmental protection.

In this study, we investigate the adsorption poten-
tial of biochar derived from cocoa pod husks, both
untreated and nitric acid-functionalized, for the re-
moval of diclofenac and ibuprofen from aqueous me-
dia. The materials were characterized by Brunauer–
Emmett–Teller (BET) surface area analysis, scanning
electron microscopy (SEM), X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), and
thermogravimetric analysis (TGA-DTG). Adsorption
kinetics, isotherms, and thermodynamic parameters
were analysed to elucidate the mechanisms involved.
Additionally, regeneration experiments were conducted
to evaluate the reusability and sustainability of the
adsorbents. The results highlight the potential of func-
tionalized cocoa pod biochar as an efficient, low-cost,
and sustainable solution for removing pharmaceutical
contaminants from water systems.

2. Experimental
2.1. Materials

Sodium diclofenac (C14H10Cl2NNaO2, ≥ 98%),
ibuprofen (C13H18O2, ≥ 98%), sodium carbonate
(Na2CO3, 98%), sodium bicarbonate (NaHCO3, 98%),
absolute ethanol (C2H6O), sodium chloride (NaCl, >
99%), hydrochloric acid (HCl, 37%), and sodium hy-
droxide (NaOH, >98%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sodium thiosulfate
pentahydrate (Na2S2O3·5H2O), potassium iodide (KI,
99%), iodine (I2, 99.9%), and methanol (CH3OH) were
supplied by Chem-lab (Zedelgem, Belgium). Nitric
acid (HNO3, 69%) was obtained from Sisco Research
Laboratories (Mumbai, India). All chemicals were used
as received without further purification.

2.2. Methods
2.2.1. Preparation of Biochar and Functionalized

Biochar
Raw cocoa pods were collected from rural planta-

tions near Yamoussoukro, Côte d’Ivoire. The biomass
underwent a multi-step cleaning process involving tap
water and deionized water rinses, followed by manual
fragmentation and a two-week sun-drying period. To
ensure complete moisture removal, the material was
further dried at 105 ◦C for 24 h in a laboratory oven,
subsequently crushed, and sieved to a particle size ≤
2.5 mm. Pyrolysis was conducted by placing 30 g of
the prepared biomass in a ceramic crucible within a
muffle furnace (LHT 02/17 LB, Nabertherm GmbH,
Germany). Carbonization was performed at 300, 400,
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and 500 ◦C for 1 h, maintaining a constant heating rate
of 10 ◦C min−1. The resulting biochars were screened
based on their iodine and methylene blue adsorption
capacities to identify the optimal precursor for chemical
activation.

Surface functionalization was achieved by refluxing
100 g of the selected biochar with 250 mL of 5 mol L−1

HNO3 at 80 ◦C for 5 h. The oxidized mixture was then
cooled, washed repeatedly with deionized water until
a neutral pH was reached, and finally dried at 105 ◦C
for 24 h to obtain the functionalized adsorbent.
2.2.2. Adsorption experiments

Stock solutions of diclofenac (40 mg L−1) and
ibuprofen (30 mg L−1) were prepared by dissolving
appropriate amounts in distilled water, followed by 24
h of stirring. Working solutions (1 to 10 mg L−1) were
obtained by serial dilution. The absorbance of the
solutions was measured using a UV-Visible spectropho-
tometer (UV-1800, Shimadzu, Kyoto, Japan) at 267
nm (diclofenac) and 262 nm (ibuprofen).

Adsorption experiments were conducted by adding
0.05 g of biochar or functionalized biochar to 30 mL
of pharmaceutical solution in Erlenmeyer flasks. Af-
ter agitation at room temperature for predetermined
times, the mixtures were filtered, and the equilibrium
concentration was measured. The amount adsorbed
(Qe, mg g−1) and removal percentage (R, %) were
calculated using Equations (1) and (2), respectively.

Qe = (C0 − Ct)V
mACP

(1)

R = (C0 − Ct)
C0

× 100 (2)

where C0 is the initial concentration of the adsor-
bate (mg L−1), Ct is the equilibrium concentration of
the adsorbate (mg L−1), V is the volume of the solution
containing the adsorbate (mL), m is the mass of the
adsorbent (g), and R is the removal rate. The initial
pH and the initial concentration of the adsorbate in
solution are the parameters that have been varied to
optimize adsorption. The initial pH of the solutions was
adjusted using hydrochloric acid and sodium hydroxide
solutions of normality 0.1 mol L−1.
2.2.3. Thermodynamic study

Thermodynamic experiments were performed using
solutions with concentrations ranging from 30 to 70
mg L−1. A 0.02 g mass of adsorbent was added to 30
mL of solution and agitated for 20 minutes at tempera-
tures of 15, 20, 30, 40, and 50 ◦C. The filtrates were
analysed by UV-Visible spectrophotometry. The data
were used to calculate the standard Gibbs free energy
(∆G◦), enthalpy (∆H◦), and entropy (∆S◦) changes.
2.2.4. Material characterization

Textural properties, including specific surface area
(SSA) for both raw and functionalized biochars, were
characterized via N2 adsorption-desorption isotherms at
77 K using a V-Sorb 2800S analyzer (Gold APP Instru-

ments). The SSA was quantified through the multipoint
Brunauer-Emmett-Teller (BET) model [16]. Concur-
rently, pore volume and average pore diameter were
derived from the adsorption branch of the isotherms
using the Barrett-Joyner-Halenda (BJH) method. Scan-
ning electron microscopy (SEM) analysis, performed
using a HIROX SH-4000 M spectrophotometer, was
conducted to investigate the surface morphology of the
biochar and the functionalized biochar. Additionally,
energy-dispersive X-ray spectroscopy (EDS) analysis
was utilized to determine the elemental composition
and map the distribution of elements within the acti-
vated material.

Fourier-transform infrared spectroscopy was per-
formed to determine the functional groups present on
the biochar and functionalized biochar surfaces in the
range of 400 to 4000 cm−1. The method used was the
KBr pellet technique.

X-ray diffraction (XRD) was employed to investigate
the internal structure of the materials. XRD analysis
was conducted using a Siemens X-ray diffractometer at
the NGRL LABORATORY in Nigeria.

Thermogravimetric analysis (TGA) was performed
to monitor mass changes in the samples as a function
of temperature. The analysis was carried out using
a PerkinElmer thermogravimetric analyzer equipped
with differential thermal analysis (DTA) capabilities.
Experimental conditions included a heating rate of 10
◦C min−1, a sample mass of approximately 17 mg, and
a maximum temperature of 950 ◦C.

2.2.5. Boehm titration
The surface acidity and basicity of the prepared

materials were evaluated by Boehm titration. Func-
tional groups on the carbon surface were quantified
by titrating 0.1 g samples with 0.1 mol L−1 solutions
of NaOH, HCl, Na2CO3, and NaHCO3 for 72 h. The
resulting solutions were back-titrated to determine phe-
nolic, lactonic, carboxylic, and basic functional groups.

2.2.6. Zero-point charge pH (pHpzc)
The pHpzc defines the pH at which the total surface

charge of a material is zero. Determining the pHpzc
of the biochar and functionalized biochar consists of
preparing a NaCl solution of concentration 0.1 mol L−1

at pH ranging between 2 and 10 by adding NaOH
or HCl. A volume of 40 mL of each solution was in-
troduced into an Erlenmeyer flask containing 0.1 g of
adsorbent. The determination of this point makes it
possible to predict possible interactions between the
molecules of the adsorbent and those of the adsorbate
after plotting pHi = f(∆pH).

2.2.7. Regeneration studies
To assess reusability, 10 mg of exhausted adsorbent

was treated with 20 mL of 0.1 mol L−1 HCl, NaOH,
methanol, or distilled water for 1 h. The samples were
then washed, dried at 80 ◦C, and reused under iden-
tical adsorption conditions (0.02 g adsorbent, 20 mL
solution, 30 min). Adsorption efficiency was compared
across cycles.
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3. Results and discussion
3.1. Biochar physicochemical properties
3.1.1. Thermogravimetric analysis

The pyrolysis of cocoa pod husks, conducted be-
tween 300 and 500 ◦C based on TGA profiles, resulted
in a progressive yield reduction from 47% to 40%. This
downward trend is primarily attributed to the ther-
mal degradation of hemicellulose, cellulose, and lignin.
This decomposition triggers the loss of structural water
and volatile organic matter, alongside the evolution of
syngas components such as CH4, CO, H2, and CO2
at elevated temperatures [4, 17]. Process optimiza-
tion identified 300 ◦C as the favourable carbonization
temperature, yielding a product with balanced prop-
erties: a mass yield of 47%, an iodine value of 567.69
mg g−1, and a methylene blue adsorption capacity
of 82.02 mg g−1. The thermogravimetric (TGA), dif-
ferential scanning calorimetry (DSC), and derivative
thermogravimetric (DTG) curves of the cocoa pod raw
material in the temperature range of 30 to 700 ◦C
under an inert atmosphere and a heating rate of 10
◦C min−1 are presented in figure 1. From this figure,
we observe four mass losses: the first one (7.93%) at 77
◦C relates to the departure of water molecules adsorbed
on the precursor surface. The second and main mass
loss (53.46%) observed between 273 and 295 ◦C can
be attributed to the decomposition of hemicellulose,
which was the main constituent of the precursor. At
404 ◦C, we have a mass loss of 16.42% corresponding
to the decomposition of cellulose, and the last one at
442 ◦C with a mass loss of 5.72% was attributed to the
decomposition of lignin [17,18].
3.1.2. Textural characteristics (BET, ash content, hu-

midity percentage)
The biochar BET specific surface area provides an

indication of its adsorption capacity. The BET surface

area, a key indicator of adsorption capacity, was sig-
nificantly higher for the functionalized biochar (235.50
m2 g−1) compared to the reference biochar (213.765
m2 g−1). Nitric acid treatment enhanced the surface
area by increasing pore volume and introducing acidic
functional groups, improving interactions with polar
molecules. Nitric acid attack increased the specific
surface area by creating new micropores or widening
existing ones. The BJH average pore diameter of 2.1
nm (Table 1) indicates that HNO3 functionalization
shifts the biochar structure to the micropore-mesopore
transition threshold. This evolution is attributed to
oxidative etching, where nitric acid widens existing
micropores into narrow mesopores. This hybrid poros-
ity is advantageous, as it maintains a high surface
area while reducing mass-transfer resistance for large
molecules like diclofenac. The biochar and nitric acid-
functionalized biochar prepared from cocoa pods in
this study exhibited a higher or comparable specific
surface area to those reported in the literature, such
as medium-density fiberboard residues (2.3 m2 g−1)
[19], banana (4.7 m2 g−1), cassava (13.2 m2 g−1), pig
manure (3.4–63 m2 g−1) [20], rice husk (63–76 m2 g−1)
[21], and industrial Kraft lignin (111 m2 g−1) [22]. Ac-
cording to the European Biochar Certificate (EBC)
standard, the specific surface area of biochar must be
greater than 150 m2 g−1 [23]. These results exceed
the EBC standard (150 m2 g−1), demonstrating the
potential of these cocoa pod-derived biochars for ad-
sorption applications. According to ASTM D2867, a
good quality coal should have a moisture content of less
than 5%; however, the literature presents coals with
moisture content higher than this value that exhibit
good adsorption capacity [24].

Fig. 1. TGA, DSC, DTG analysis.
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Table 1
Textural characteristics.

Parameter Biochar Functionalized biochar
Specific surface area (multipoint BET, m2 g−1) 213.8 235.5
Pore volume (BJH cumulative adsorption, cm3 g−1) 0.1288 0.1321
Pore diameter (BJH cumulative adsorption, nm) 2.138 2.128
Ash content (%) 15 13
Moisture content (%) 5 5
pHpzc 6.5 4.3

3.1.3. Morphological features
The SEM images of biochar and functionalized

biochar are shown in figure 2.
Figure 2 displays images of the morphology of

biochar and functionalized biochar at two particle sizes
(100 and 20 µm) and two magnifications (500× and
3000×). Both biochar and functionalized biochar ex-
hibit significant structural heterogeneity. Scanning elec-
tron microscopy (SEM) reveals that all samples possess
a random and irregular structure. The particles are
characterized by sharp edges and rough surfaces, with
a wide range of sizes. They also demonstrate a high
degree of porosity, consistent with the results of BET
analysis. The surface morphology is highly irregular
and rough, featuring a porous, flaky structure typical
of lignocellulosic materials. The surface is marked by
large, uneven cracks, voids, and granular debris, all
contributing to increased roughness and a larger avail-
able surface area for adsorption, as reported in the
literature.

Nitric acid functionalization has induced slight mor-
phological modifications, characterized by the appear-
ance of larger pores within the biochar. Both samples
show notable porosity, resulting from the pyrolysis-
induced degradation of lignin and cellulose within the
biochar structure [24]. Nitric acid creates surface rough-
ness and cavities. This increase in roughness and poros-
ity translates into an increase in the specific surface
area of the functionalized material. Thus, the treated
biochar offers more active sites for molecule adsorption,
improving the retention capacities. We observe the for-
mation of new structures, such as aggregates or mineral
salt deposits, on the material’s surface (white colour).
The surface appears rougher and more irregular, indi-
cating the successful introduction of functional groups.
BET results show an increase in specific surface area,
thus confirming an increase in the adsorption capacity
of the functionalized biochar.

3.1.4. Zero charge point pH (pHpzc)
The BC and functionalized BC used in this study

exhibited a pH below 7 (Table 1 and figure 3), suggest-
ing a predominance of acidic functional groups on their
surfaces. This acidic surface favours the adsorption of
anions and is consistent with the general principle that
below the zero-point charge, carbon surfaces are posi-
tively charged and favour anionic adsorption [14,25].

3.1.5. Boehm titration
Surface functional groups of biochar are identified

and quantified using Boehm titration. Acidic oxygen

groups are distinguished based on their acid strengths.
Boehm titration results showed a high abundance of
acidic functional groups compared to basic ones. In
contrast, nitric acid-functionalized biochar exhibits an
acidic character owing to the predominance of basic
functional groups over acidic ones. This acidity of the
functionalized biochar surface stems from the use of
nitric acid as a functionalizing agent [14, 25]. These
results are in line with the point of zero charge (pHpzc)
value falling within the acidic range (Figure 4).

The Boehm titration results support the FTIR find-
ings of reduced intensity for certain oxygen-containing
groups.
3.1.6. FTIR analysis

The distribution of surface functional groups for
the cocoa pods and derived biochars is presented in
figure 5; a general decrease in group intensity is ob-
served across all samples before the adsorption process.
FTIR analysis revealed the presence of several func-
tional groups in the precursor. For the raw material,
a broad peak between 3500–3000 cm−1 suggests the
presence of hydroxyl (-OH) groups from oxygenated
functional groups, or even absorbed water. The hy-
droxyl (-OH) group acts as a primary donor/acceptor
for hydrogen bonding with the carboxyl and amine
groups of the pharmaceutical molecules. The presence
of aliphatic C-H stretching (near 2900 cm−1) points to
hydrophobic regions on the biochar matrix that attract
the non-polar moieties of the adsorbates.

Additionally, the weak peaks around 2500–2300
cm−1 indicate the presence of methylene groups or
the stretching vibration of C≡C bonds around 2200
cm−1. Peaks at 1650 and 1300 cm−1 indicate the pres-
ence of aromatic groups (Reddy et al., 2011). These
peaks confirm the graphitic nature of the biochar, which
facilitates strong π-π stacking interactions with the aro-
matic rings of both diclofenac and ibuprofen. This
structural feature facilitates strong π-π stacking inter-
actions between the sp2-hybridized carbon layers of the
biochar and the aromatic rings of both diclofenac and
ibuprofen.

The peak at 1056 cm−1 corresponds to the C-O
stretching vibrations of alcohols and phenols. At 815
cm−1, we have the aromatic C-H bending [3, 4, 12,26].
For the biochar and the functionalized biochar, we
observe a dihydroxylation group due to the increase
in temperature, resulting in the breaking of the O-H
bond and the loss of hydrogen. Furthermore, Fourier-
transform infrared spectroscopy (FTIR) analysis reveals
that carbonization and nitric acid functionalization
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have caused a deconstruction of the organic matter,
manifested by a simplification of the FTIR spectrum
(decrease in peak intensities, disappearance of the peak
at 1056 cm−1 characteristic of the C-O stretching of
alcohols and phenols) [4].

(a)

(b)

(c)

(d)

Fig. 2. SEM images of the biochar (a, b) and the function-
alized biochar (c, d).

(a)

(b)

Fig. 3. pHpzc of biochar (a) and functionalized biochar
(b).

(a)

(b)

Fig. 4. Boehm titration of biochar (a) and functionalized
biochar (b).
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Fig. 5. FTIR of cocoa pods, biochar (BC) and functionalized biochars (BCF) before adsorption.

3.1.7. Structural characteristics (XRD)
X-ray diffraction (XRD) analysis was employed to

evaluate changes in the crystallinity of biochars. Fig-
ure 6 shows the absence of sharp reflections, indicating
the amorphous nature of the prepared biochar and
functionalized biochar.

Figure 6 shows a broad band (halo) observed be-
tween 20◦ and 30◦ centred at 25◦, attributed to the
(002) Bragg reflections [27]. This is associated with the
parallel and azimuthal alignment of the aromatic and
carbonized structures, a characteristic of amorphous
materials. It indicates the presence of graphite crystal-
lites within the activated carbon (AC) structure. This
halo is even more intense for the functionalized biochar,
suggesting an increased proportion of the amorphous
phase. Concurrently, weak peaks emerge at 2θ = 25◦,
39◦, and 44◦ for the functionalized biochar, attributable
to cristobalite (a mineral composed of silica with the
formula SiO2 and containing traces of Fe, Ca, Al, K,
Na, Ti, Mn, Mg, and P). The peak at 44◦ on the
diffractogram of the functionalized biochar, which is
attributed to the (100) diffractions of graphitic and
hexagonal carbons, reflects the size of the aromatic
layer [28]. These results confirm the predominantly
amorphous nature of the studied materials, with slight
crystallization of cristobalite in the case of the function-
alized biochar. The presence of graphene structures,
evidenced by the diagrams, is common in biochars
derived from the pyrolysis of organic matter.

3.2. Adsorption studies
3.2.1. Influence of pH

The adsorption capacity of biochars for various com-
pounds is significantly influenced by pH. This is because
pH alters the charge of the surface functional groups on
the biochar, potentially affecting the ionization state of
targeted pollutants. The amphoteric nature of biochar
allows it to change its surface charge depending on the
solution’s pH. This behaviour is strongly influenced by
the biochar’s zero-point charge (pHpzc). The pKa of
the adsorbate (diclofenac: ∼4.15; ibuprofen: ∼4.91)
provides insights into the underlying mechanisms of
the adsorption process [29]. Indeed, as the pH of the
solution increases, the number of negatively charged

sites increases. The results display good adsorption
capacity at low pH. This result is attributed to the
increase in Coulombic interactions between adsorbate
molecules (which are negatively charged) and adsorbent
particles, which are positively charged at low pH [30].
While the thermodynamic optimum is observed at pH
= 1–2, the biochar maintains a robust performance at
neutral pH, thereby ensuring its practical applicability
for real-world water treatment scenarios. The adsorp-
tion performance of both pristine and functionalized
biochars was investigated across a pH range of 5.0 to
8.0 to simulate environmentally relevant aquatic condi-
tions. As illustrated in figure 7, the removal efficiencies
at pH = 5.0 reached 35% for ibuprofen and 25% for
diclofenac, whereas at neutral pH (7.0), these values
shifted to 30% and 21%, respectively. The marginal
decline in adsorption capacity observed as the alkalinity
increased toward pH = 8.0 is primarily attributed to the
electrostatic repulsion between the predominantly nega-
tive surface charge of the biochar and the anionic forms
of the pollutants (pKa of diclofenac is ≈4.1). Despite
this trend, the substantial removal rates maintained at
neutral pH underscore the material’s practical viability
for decentralized wastewater treatment in rural areas,
as it bypasses the logistical and financial constraints
of chemical pH pre-adjustment. Similar results were
obtained by De Luna et al. [31] during the adsorption
of DCF from cocoa husk-derived chars and by Bernardo
et al. [32] during their studies on the removal of DCF
by activated carbon from potato peels. These results
showed that adsorption is favoured in acidic solutions.
Similar results were also obtained in a study on the
removal of diclofenac by adsorption using activated
carbon prepared from olive pomace [4, 33].
3.2.2. Influence of time

Figure 8 presents the influence of time during the
adsorption process. Based on this figure, it has been ob-
served that the amount of pollutant removed increases
with time until reaching equilibrium at 10 minutes.
This curve suggests that the adsorption process occurs
in two phases. The increasing adsorption rate observed
during the first 5 minutes is attributed to the avail-
ability of free adsorption sites for pollutant molecule
retention [4, 34,35].
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(a) (b)

Fig. 6. XRD of biochar (a) and functionalized biochar (b).

Fig. 7. Influence of pH on the adsorption of ibuprofen and diclofenac by biochar (BC) and functionalized biochar (BCF).
Data points represent the mean of triplicate experiments (n = 3), with error bars indicating the standard deviation (SD).

The physicochemical affinity between the adsorbate
and the biochar matrix facilitates the formation of
molecular complexes, thereby promoting the sequestra-
tion of chemical species onto the adsorbent’s porous
framework. This mass transfer process continues until
a thermodynamic equilibrium is established, at which
point the rate of molecular attachment aligns with the
rate of desorption. Experimental data indicates that
the system reaches a steady-state distribution between
the solid and liquid phases within a 10-minute con-
tact period, suggesting rapid saturation of the primary

surface-active sites. Beyond 10 minutes, a plateau is
formed, which is explained by the saturation of the
solid surface due to the total occupation of the active
adsorption sites [25,36].
3.2.3. Influence of adsorbent mass

To evaluate the effect of adsorbent dosage on di-
clofenac and ibuprofen uptake, the mass was varied
from 0.02 to 0.06 g. Experiments were conducted over
a 10-minute contact time using initial concentrations
of 30 mg L−1 (at pH = 1.0) and 40 mg L−1 (at pH =
2.0), respectively.
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Fig. 8. Influence of time on the adsorption of ibuprofen and diclofenac by biochar (BC) and functionalized biochar (BCF).
Data points represent the mean of triplicate experiments (n = 3), with error bars indicating the standard deviation (SD).

As shown in figure 9, the adsorption profiles exhib-
ited similar trends for both pollutants. Based on this
plot, it can be observed that the amounts of diclofenac
and ibuprofen adsorbed decrease with increasing ad-
sorbent mass. This reduced adsorption capacity was
attributed to the fact that larger masses lead to an
increase in electrostatic interactions between adsorbent
molecules, which can cause the desorption of pollutant
molecules from the narrow sites of the adsorbent. There
was agglomeration of adsorbent particles (aggregate
formation). This agglomeration results in a decrease
in the contact surface area (due to the overlapping
of active biochar sites) and an increase in the diffu-
sion path of the ions to the active sites. With large
biochar masses, the cation exchange capacity available
in solution is insufficient to cover all the vacant sites
present on the adsorbent surface, leading to a lower
adsorption capacity for large masses [4, 12, 37]. This
reduced adsorption capacity could also be related to the
fact that the solution concentration remains fixed and
unchanged during the experiment, while the adsorbed
quantity is inversely proportional to the mass of the
adsorbent [38,39]. Similar results have been obtained
by Lekene et al. [4], Ankoro et al. [12], and De Luna
et al. [31].
3.2.4. Influence of initial concentration

It has been demonstrated that the adsorbate con-
centration is a crucial factor and needs to be considered
as it has an impact on the mass transfer of molecules
to the adsorbent surface [40]. The influence of initial
concentration was studied by varying the concentration
of diclofenac and ibuprofen from 30 to 100 mg L−1 for
10 minutes with 0.02 g of biochar at pH = 1 and 2

for diclofenac and ibuprofen, respectively (Figure 10).
The results demonstrate that adsorption increases with
increasing adsorbate concentration. This behaviour is
attributed to the fact that the adsorption capacity is
directly proportional to the initial concentration. Fur-
thermore, the observed increase can be explained by a
higher concentration gradient, which acts as a driving
force to overcome mass transfer resistance. This re-
duced resistance, coupled with a decrease in the mean
free path between adsorbate molecules, promotes more
frequent collisions with the adsorbent surface. Conse-
quently, a larger number of ions migrate toward the
available active sites, leading to enhanced pollutant
retention. The increase could also be attributed to
the limited availability of additional adsorption sites (a
higher number of pollutant molecules in solution per
mass of biochar) [41,42].

To further evaluate how the previously discussed
surface properties and pore structures influence the
removal capacity, the equilibrium behaviour was inves-
tigated through adsorption isotherm studies.

3.2.5. Adsorption isotherm studies

Adsorption isotherms are crucial for determining
the maximum adsorption capacity and identifying the
type of adsorption that will occur. They are obtained
by graphically representing qe = f(Ce), where qe and
Ce are the equilibrium adsorption amount per gram of
BC used and the residual concentration, respectively.
To ensure maximum statistical rigour and avoid the
inherent biases of linearization, all adsorption isotherm
parameters for the biochar were calculated via nonlinear
regression analysis.
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Fig. 9. Influence of mass on the adsorption of ibuprofen and diclofenac by biochar and functionalized biochar. Data points
represent the mean of triplicate experiments (n = 3), with error bars indicating the standard deviation (SD).

The fitting process was executed by minimizing the
objective function through the Solver. Regarding the
statistical indicators, while the R2 values demonstrate
a strong correlation, the recorded root mean square
error (RMSE) values provide a more realistic measure
of the fit quality. Nonlinear transformations of some
isotherm models are represented in figure 11 below and
were all found to be H-type according to the Giles
classification [43]. It can be seen that when the ini-
tial concentration of adsorbates increased, the amount
adsorbed also increased. However, this rise eventually
plateaued due to a limitation in available adsorption
sites on the adsorbent. This competition between ad-
sorbate molecules for the remaining sites suggests a
monolayer adsorption process. The observed behaviour
aligns with weak intermolecular forces, like van der
Waals forces, governing the adsorption of ibuprofen
and diclofenac [43].

In the present work, to describe the adsorption mech-
anism, two models with two parameters (Langmuir and
Freundlich) were chosen (Table 2).

For the biochar, based on the results obtained, the
Langmuir constant (KL) values are less than 1, indi-
cating favourable adsorption for both adsorbates [4].

The Langmuir model assumes that all binding sites
possess identical energy and are equally accessible,
which aligns with the observed plateau in qe at higher
Ce concentrations. Considering the obtained RMSE
and χ2 values, the Langmuir model provides a better
fit for ibuprofen adsorption with R2 coefficients of 0.99
and 0.99 for BC and BCF, respectively, while the Fre-

undlich model better describes diclofenac adsorption
with R2 values of 0.99 and 0.96 for diclofenac by BC
and BCF, respectively. This is further supported by the
high R2 values, close to 1 for both models, indicating a
strong correlation between the experimental data and
the fitted models.

These findings suggest that ibuprofen adsorption
on both BC and BCF follows the Langmuir isotherm,
implying monolayer adsorption onto a homogeneous
surface. In contrast, the better fit of the Freundlich
isotherm for diclofenac adsorption suggests a multilayer
adsorption mechanism onto a heterogeneous surface for
both adsorbents.

For the Freundlich isotherm, 1/n values are less
than 1, indicating favourable adsorption for both adsor-
bents [4, 43]. Since KL is less than 1, we can conclude
that adsorption is favourable for both adsorbates [44].
Given the relatively low RMSE and χ2 values and the
high R2 value, we observe monolayer adsorption on
a homogeneous surface for ibuprofen adsorption and
multilayer adsorption on a heterogeneous surface for
diclofenac adsorption [45].

3.3. Adsorption kinetics studies
Adsorption kinetics is a crucial aspect in the study

of pollutant removal [40] (Shan et al., 2015). It pro-
vides valuable information for understanding adsorption
mechanisms [46].

Adsorption kinetics is particularly important as it
allows for the determination of adsorption efficiency
by assessing the pollutant removal rate and the time
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required to reach equilibrium. Additionally, it helps in
predicting the rate-limiting steps of the process [12].

Four models were selected to evaluate this aspect:
pseudo-first-order, pseudo-second-order, Elovich, and
intra-particle diffusion models.

Based on the R2, RMSE, and χ2 values, both
pseudo-first-order (R2: 0.996–0.999; RMSE: 0.175–0.72;
χ2: 0.016–0.15) and pseudo-second-order models (R2:
0.985–0.999; RMSE: 0.24–0.63; χ2: 0.023–0.25) effec-
tively describe the elimination kinetics of ibuprofen
and diclofenac for biochar and functionalized biochar
(see Table 3 for complete data). The close agreement
between experimental and predicted adsorption values

suggests that these models well describe the adsorption
mechanism [4,47].

The removal mechanism likely involves a combina-
tion of physisorption and chemisorption due to the
good fit of both models. Additionally, the significantly
higher adsorption constants (α) compared to desorption
constants (β) confirm a chemisorption mechanism on a
heterogeneous surface. The non-zero intercept (C > 0)
implies that intra-particle diffusion is not the only rate-
controlling step. The initial resistance to mass transfer
indicates that film diffusion (boundary layer diffusion)
also contributes significantly to the overall adsorption
kinetics. Table 3 presents the different results.

Fig. 10. Influence of concentration on the adsorption of ibuprofen and diclofenac by biochar (BC) and functionalized
biochar (BCF). Data points represent the mean of triplicate experiments (n = 3), with error bars indicating the standard
deviation (SD).

Table 2
Langmuir and Freundlich isotherm adsorption parameters for the adsorption of ibuprofen and diclofenac by biochar and
functionalized biochar.

Model Parameter Biochar Functionalized biochar
Ibu Dicl Ibu Dicl

Langmuir

R2 0.99 0.99 0.99 0.91
Qm (mg g−1, theoretical) 138.31 273.24 137.18 193.37
KL (L mg−1) 0.0042 0.61 0.0046 0.068
RMSE 4.55 21.03 1.89 42.39

Freundlich

R2 0.98 0.99 0.96 0.96
KF (mg g−1 (L mg−1)−1/n) 1.70 0.19 5.15 5.25
1/n 1.2 2.22 0.96 0.98
RMSE 3.11 2.04 5.12 5.17
χ2 2.12 28.07 1.70 1.85
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Fig. 11. Isotherm models (Langmuir and Freundlich) of BC and BCF for diclofenac and ibuprofen.

3.4. FTIR after adsorption
Figure 12 shows the FTIR spectra of the biochar and

functionalized biochar after adsorption of diclofenac
and ibuprofen, respectively. It can be observed that
the spectra of the biochar before adsorption and that of
ibuprofen after adsorption are almost identical, which
suggests a physisorption process, and different for func-
tionalized biochar in which new absorption bands ap-
peared (chemisorption). Regarding the IR spectra of
the biochar before and after adsorption of diclofenac,
an increase in the intensity of all peaks and the ap-
pearance of new peaks, particularly between 1200–1000
cm−1, is observed.

3.5. Adsorption thermodynamics studies
To assess the temperature effect on ibuprofen and

diclofenac removal, five temperatures and five concen-
trations were tested. Data were collected for each ad-
sorbent and adsorbate. Standard adsorption enthalpy
(∆H◦), standard entropy (∆S◦), and Gibbs free energy
(∆G◦) were calculated using equations to describe the
thermodynamic behaviour of adsorption for various
adsorbates. Table 4 summarizes these parameters.

Analysis of the enthalpy (∆H◦) values obtained in
the table reveals positive values for almost all materials
except for the adsorption of ibuprofen onto function-
alized biochar. These positive values indicate an en-
dothermic process during the adsorption of ibuprofen
and diclofenac [4, 48]. The negative value observed for
the adsorption of ibuprofen onto functionalized biochar
suggests an exothermic process, illustrating an energet-
ically stable process.

It is important to note that the enthalpy values
for all cases, including biochar with ibuprofen and di-
clofenac (14.24 and 14.31 kJ mol−1), functionalized

biochar with diclofenac (13.77 kJ mol−1), and function-
alized biochar with ibuprofen (−10.41 kJ mol−1), are
lower than 80 kJ mol−1. This observation confirms the
involvement of physisorption in the adsorption mecha-
nism of the different adsorbates [4, 49]. Analysis of the
standard entropy (∆S◦) values reveals positive values
for all materials. This observation indicates an increase
in the disorder of diclofenac and ibuprofen molecules
at the solid-liquid interface [4, 49]. This increase in
entropy can be attributed to the increased degree of
freedom of diclofenac and ibuprofen molecules at the
surface of the adsorbent material. This also suggests an
increase in the randomness of interactions between the
adsorbent and adsorbate molecules during the adsorp-
tion process. The positive nature of the entropy values
also corroborates the endothermic nature of adsorption
[50]. However, entropy values decrease with increasing
BC functionalization. This could be due to the increase
in surface functional groups, which enhances adsorbent-
adsorbate interaction by minimizing the translational
disorder of the pollutant molecules. The thermody-
namic behaviour of the adsorption process was evalu-
ated through the Gibbs free energy change (∆G◦). The
negative values of ∆G◦ calculated for all adsorbents
confirm the spontaneity and thermodynamic feasibil-
ity of the pharmaceutical uptake. Furthermore, the
trend of increasingly negative ∆G◦ values with rising
temperature [4, 48, 49, 51] indicates that the adsorption
process becomes more favourable at higher tempera-
tures. This enhancement in spontaneity suggests an
endothermic nature of the interaction, likely due to the
increased mobility of the adsorbate molecules and the
enlargement of the adsorbent pore structure at elevated
temperatures.
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Table 3
Pseudo-first-order, pseudo-second-order, Elovich, and intraparticle kinetic fitting parameters for ibuprofen and diclofenac
onto biochar and functionalized biochar.

Model Parameter Biochar Functionalized biochar
Ibu Dicl Ibu Dicl

Pseudo-first-order

Qe (pred) (mg g−1) 37.50 14.44 18.16 39.02
k1 (min−1) 0.581 3.36 4.986 3.44
R2 0.996 0.998 0.987 0.999
RMSE 0.72 0.175 0.58 0.24
χ2 0.15 0.023 0.20 0.016

Pseudo-second-order

Qe (pred) (mg g−1) 37.929 14.44 18.45 39.019
k2 (min−1) 0.065 5.90 34 98.51
R2 0.998 0.996 0.985 0.999
RMSE 0.458 0.184 0.63 0.24
χ2 0.062 0.025 0.25 0.016

Elovich

α (mg g−1 min−1) 1.39 × 1012 7.8 × 1032 2.38 × 1021 6.40 × 1017

β (g min−1) 0.844 5.628 4.53 1.51
R2 0.998 0.993 0.956 0.990
RMSE 0.36 0.336 1.086 1.078
χ2 0.039 0.087 0.76 0.33

Intra-particle diffusion

kid 2.12 0.710 0.81 0.71
Ci (mg g−1) 20.73 8.75 11.49 8.74
R2 0.76 0.61 0.49 0.61
RMSE 8.14 3.43 4.51 3.43
χ2 10.13 4.61 6.375 4.61

(a)

(b)

Fig. 12. FTIR after adsorption of biochar (a) and functionalized biochars (b) for diclofenac and ibuprofen
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Table 4
Thermodynamic parameters of the adsorption of ibuprofen and diclofenac onto biochar and functionalized biochar.

Adsorbent Adsorbate T ∆G◦ ∆H◦ ∆S◦ R2

(K) (kJ mol−1) (kJ mol−1) (J mol−1 K−1)

Biochar Ibuprofen

288 −10.416

14.24 85.44 0.72
293 −10.317
303 −12.243
313 −12.638
323 −13.042

Biochar Diclofenac

288 −9.090

14.31 81.04 0.94
293 −9.331
303 −10.185
313 −11.344
323 −11.706

Functionalized biochar Ibuprofen

288 −14.337

−10.41 7.41 0.11
293 −10.775
303 −12.002
313 −12.896
323 −13.308

Functionalized biochar Diclofenac

288 −9.379

13.77 79.93 0.83
293 −9.273
303 −10.720
313 −11.461
323 −11.827

In order to evaluate the reusability of the prepared
adsorbents, regeneration studies were conducted on
biochar and functionalized biochar.

3.6. Regeneration studies
Table 5 presents the results of adsorption tests after

regeneration of adsorbents on diclofenac. From these re-
sults, it is evident that regeneration using hydrochloric
acid yields the best degradation rate for both adsor-
bents, followed by methanol, distilled water, and finally
sodium hydroxide. These results can be attributed to
the affinity between the adsorbent surface functional
groups and hydronium ions produced from hydrochloric
acid. The acidity of the solution allows for the breaking
of bonds between the adsorbed molecules and the ad-
sorbent surface functional groups, creating new pores,
which could be linked to the strong protonation of the
adsorbent surface. Table 5 presents the desorption
efficiency.

Table 5
Desorption efficiency of biochar and functionalized biochar
using various desorbing agents.

Desorbing agent
Desorption efficiency (%)

on diclofenac

Biochar Functionalized
Biochar

HCl (0.1 mol L−1) 63.54 47.77
Methanol (96%) 60.39 45.92
Distilled water 47.77 43.60
NaOH (0.1 mol L−1) 43.60 43.14

This could be due to the presence of oxygen-

containing functional groups such as nitro, carboxylic
acid, carbonyl, and hydroxyl groups, making the ma-
terial susceptible to easy desorption and regeneration
with an acidic desorption agent [52, 53]. Methanol, a
polar solvent with the ability to form hydrogen bonds,
is an effective solvent for extracting certain organic
molecules adsorbed on the biochar and functionalized
biochar surface. As for regeneration with distilled wa-
ter, it is limited and effective only for water-soluble
compounds. To determine the reusability of the pre-
pared biochar and functionalized biochar, the adsorp-
tion and regeneration processes were repeated three
times. Table 6 presents the obtained results.

Table 6
Desorption efficiency of biochar and functionalized biochar
using HCl.

Number of cycles
Desorption efficiency (%)

on diclofenac by HCl

Biochar Functionalized
Biochar

1 63.54 47.77
2 47.77 37.11
3 39.89 28.76

During the regeneration process, the biochar loses
some of its active sites in each cycle owing to the
strong chemical bonds due to chemisorption, which
negatively impacts the regeneration process [54, 55].
In this study, the results have proven the potential
of HNO3-functionalized biochar adsorbent and cocoa
pod biochar as a cost-effective precursor for the sustain-
able remediation of emerging pharmaceutical pollutants
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such as ibuprofen and diclofenac.

4. Cost evaluation and economic-
environmental analysis

The cost-effectiveness of large-scale biochar produc-
tion for wastewater treatment is crucial [4]. This study
assessed the production cost of cocoa pod biochar in
Côte d’Ivoire, focusing on the energy-intensive drying
and pyrolysis stages. Given the relatively low cost of
electricity in Côte d’Ivoire (around USD 0.16 kWh−1),
the estimated production cost for 1 kg of biochar was
determined to be USD 2.56. Further cost reduction

could be achieved through sun-drying of the raw ma-
terial, making biochar a promising, sustainable, and
economically viable solution for wastewater treatment.
Table 7 presents the cost evaluation.

A comparative analysis with existing literature (Ta-
ble 8) reveals that the current biochar exhibits signifi-
cant adsorption potential. Removal efficiency competes
with high-cost activated carbons. This performance is
largely governed by the presence of oxygen-containing
functional groups and the developed microporosity,
which facilitate strong π-π interactions and hydrogen
bonding with the aromatic rings of the pharmaceutical
molecules.

Table 7
Cost evaluation and economic-environmental analysis.

Component Sub-section Cost breakdown Total cost (USD)
Raw material
processing

Collection of raw
materials for BC
production

Cocoa pods were collected from a local market
for free

0.00

Preparation of
BC

Pyrolysis process Hours × power × cost per unit = 1 × 1.5 × 0.16 0.24

Functionalization Hours × power × cost per unit = 5 × 0.5 × 0.16 0.40
Drying process Hours × power × cost per unit = 24 × 0.5 × 0.16 1.92

Washing Washing process Deionized water used for washing was obtained
from a laboratory set-up

0.00

Total 2.56

Table 8
Comparison of adsorption capacities with literature.

Adsorbent Preparation
method

Qmax
(mg g−1)

pH, T (◦C)
concentration

(mg L−1)
Pollutant Reference

Cocoa pod AC Wet impregnation
with phosphoric
acid

46.95 6.4, 30, 1000 Fe(II) [56]

Cocoa pod AC Acid activation 37.49 4, 26, 60 2,4-Dichlorophenol [57]
Cocoa pod AC Alkaline-acid acti-

vation
100 6, 50, 40 Methylene blue [58]

Cocoa pod AC Acid activation 12 6, 80, 0.84 Methylene blue [59]
Cocoa pod
biochar

Mild HNO3 reflux
functionalization

127.48 1, 25, 30 Diclofenac Present study

Cocoa pod
biochar

Mild HNO3 reflux
functionalization

114.39 2, 25, 30 Ibuprofen Present study

5. Conclusion

Cocoa husk biochar was investigated for its potential
to remove diclofenac and ibuprofen from wastewater.
The biochar and the functionalized biochar were char-
acterized to determine their surface properties, pore
structure, and adsorption capacity. Batch adsorption
experiments revealed that both biochars effectively re-
moved the pollutants, with maximum adsorption ca-
pacities of 127.71–127.48 mg g−1 for diclofenac and
99.86–114.23 mg g−1 for ibuprofen on biochar and
functionalized biochar, respectively. Most importantly,
our optimized cocoa husk biochar exhibits a superior
adsorption capacity and faster kinetics compared to

several benchmark adsorbents reported in recent liter-
ature, such as raw agricultural residues and commer-
cially available activated carbons. The optimal pH for
adsorption was 1 for diclofenac and 2 for ibuprofen.
Pseudo-second-order kinetic models best described the
adsorption process, indicating monolayer chemisorp-
tion on an energetically heterogeneous surface. Lang-
muir and Freundlich isotherm models were well-suited
for representing the adsorption mechanism, suggest-
ing a combination of physisorption and chemisorption.
FTIR analysis confirmed the adsorption mechanism:
physisorption for biochar and chemisorption for the
functionalized biochar. Thermodynamic parameters in-
dicated an endothermic and spontaneous process under
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favourable conditions. The regeneration study showed
that HCl was the best regeneration agent, and after
four regeneration cycles, it was observed that the mate-
rial remains reusable. BET results showed an increase
in specific surface area after functionalization (from
213.8 to 235.5 m2 g−1), thus confirming an increase in
the adsorption capacity of the functionalized biochar.
X-ray diffraction revealed that the diffractogram of
biochar has no significant peaks, characteristic of an
amorphous material. Characterization of the function-
alized biochar confirms a predominantly amorphous
structure, with minor crystalline phases attributed
to cristobalite. SEM micrographs reveal significant
structural heterogeneity in both raw and functionalized
biochars; however, the nitric acid treatment effectively
enhanced the surface porosity of the functionalized ma-
terial. From an economic perspective, the estimated
production cost was determined to be USD 2.56 per kg.
These findings suggest that cocoa husk biochar, partic-
ularly after functionalization optimization, represents
a highly sustainable and cost-effective adsorbent for
large-scale wastewater remediation.
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