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Abstract

Mango seed shells were used as a precursor for the synthesis of two adsorbent
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materials: an activated carbon (AC-MSS) and a modified biosorbent (MB-
MSS). The AC preparation process was optimised by evaluating the specific sur-
face area under various activation parameters, while the selection of the most ef-
fective MB-MSS was based on its paracetamol removal efficiency. Optimal con-
ditions for AC-MSS synthesis were identified as activation with 40% phosphoric
acid, an impregnation ratio of 1.5 (mass of chemical agent/mass of precursor),
and carbonisation at 450°C for 90 min. For MB-MSS, the sample prepared with
a sulphuric acid impregnation ratio of 2.5 exhibited the highest adsorption ca-
pacity. Both materials were characterised using X-ray diffraction (XRD), Fou-
rier-transform infrared spectroscopy (FTIR), scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM/EDX), and thermogravi-
metric analysis (TGA). Kinetic studies revealed that paracetamol adsorption
onto both materials followed a pseudo-second-order model. Additionally,
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equilibrium data for both adsorbents fitted well to both Langmuir and
Freundlich isotherm models. According to the Langmuir model, the maxi-
mum adsorption capacities were 44.84 mg/g for AC-MSS and 9.82 mg/g for
MB-MSS.

Keywords

Mango Seed Shells, Activated Carbon, Modified Biosorbent, Adsorption,
Paracetamol

1. Introduction

Activated carbon (AC) is one of the most widely used adsorbent materials in in-
dustrial applications due to its highly developed internal porosity, the diversity of
its adsorption sites, and its ability to efficiently retain a broad spectrum of pollutants.
Its regenerability and reusability further enhance its appeal in wastewater treatment
processes. AC is commonly employed across several sectors, including the food
and beverage industry, pharmaceuticals, chemicals, petroleum, mining, nuclear
energy, and automotive manufacturing [1]-[3].

Among emerging environmental pollutants, pharmaceutical compounds have
become a growing concern. These substances are molecularly diverse, exhibiting
various chemical functionalities, a wide range of molecular weights, and complex
environmental behaviours. Their high-water solubility and ability to cross biological
membranes facilitate their widespread dispersion in aquatic environments. Parace-
tamol, whose active ingredient is acetaminophen (N-acetyl-para-aminophenol),
and is one of the most extensively used drugs due to its analgesic and antipyretic
properties [4] [5]. It is classified as a micropollutant or emerging contaminant,
alongside personal care products, pesticides, and steroid hormones.

Paracetamol residues are frequently detected in wastewater and surface water,
indicating their persistence and potential ecotoxicological effects [6] [7]. Although
typically found at trace concentrations (usually below 10 ppm), paracetamol can
elicit significant biological responses. In Daphnia magna, exposure increases cata-
lase and glutathione S-transferase (GST) activity, suggesting an oxidative stress re-
sponse, while Daphnia longispina shows altered enzymatic activity [8] [9]. In the
clam Ruditapes philippinarum, exposure modifies oxidative stress biomarkers
such as superoxide dismutase and glutathione ratios, revealing significant bio-
chemical disruptions even at low concentrations [10].

Activated carbon has proven effective in removing various pharmaceutical
compounds, including paracetamol [11] [12]. However, its high production cost
limits its widespread application, particularly in developing countries.

In this context, the present study aims to compare the adsorption efficiency of
a modified biosorbent prepared via a simple, low-cost, and locally applicable

method with that of activated carbon possessing a high specific surface area. The
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ultimate goal is to identify an economically and environmentally sustainable al-

ternative for the treatment of pharmaceutical-contaminated water.

2. Materials and Methods

2.1. Collection and Pre-Treatment of Raw Material

Mango stone shells were used as precursors for the production of a modified bio-
sorbent and activated carbon. To collect the mango stones, a collection system was
established by placing a dedicated container within our residential area (in Lomé,
Togo), allowing residents to dispose of the stones after consuming the fruit.

The collected stones were thoroughly washed with water to remove surface im-
purities, then oven-dried (BINDER, Service-Hotline, France) at 105°C for 24 h.
After drying, the kernels were manually separated from the shells. The shells were
subsequently ground to reduce their particle size and used as raw material for the

synthesis of the adsorbent materials.

2.2. Optimisation and Preparation of Adsorbent Materials

Three parameters were optimised during the preparation of activated carbons: the
concentration of phosphoric acid, the impregnation ratio (mass ratio of acid to
precursor), and the carbonisation temperature. The aim of this optimisation was
to obtain activated carbon with a well-developed specific surface area. For each
variation of the selected parameters, the specific surface area of the samples was
measured using the BET method. The sample exhibiting the highest specific sur-
face area was considered to correspond to the optimal condition.

In contrast, for the modified biosorbent, only the impregnation ratio was opti-
mised. The various prepared samples were brought into contact with a solution
containing the target pollutant for a sufficient period to reach adsorption equilib-
rium. The sample that adsorbed the greatest amount of pollutant was identified as
the one corresponding to the optimal condition.

Activated carbon preparation was presented in a previous paper [13]. For the
preparation of the modified biosorbent, the pretreated material was impregnated
with concentrated sulfuric acid, using impregnation ratios ranging from 1 to 3. The
resulting material was then washed with distilled water until the eluate reached a
stable pH.

2.3. Physicochemical Characterisation

Thermogravimetric analysis (TGA) was carried out using a NETZSCH thermobal-
ance (model TG 209 F1). The measurements were performed in porcelain crucibles
over a temperature range from ambient to 900°C, with a heating rate of 10°C/min
under a nitrogen atmosphere. This analysis enabled the assessment of the thermal
stability of the materials, with the dual objective of determining, firstly, the opti-
mal conditions for converting biomass into high-quality activated carbon, and
secondly, evaluating the impact of chemical and thermal treatments on the ther-

mal properties of the resulting adsorbent materials.
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Scanning electron microscopy (SEM, Merlin compact model, Zeiss) was con-
ducted to examine the surface morphology and texture of the samples, with par-
ticular attention to the presence of pores and potential surface defects. This anal-
ysis was coupled with energy-dispersive X-ray spectroscopy (EDX, Merlin com-
pact model, Zeiss), which provided information on the elemental composition of
the material surfaces.

The specific surface area and pore size distribution of the adsorbent were eval-
uated using a Micromeritics ASAP 2020 analyser, based on the Brunauer- Em-
mett- Teller (BET) method. Nitrogen was employed as the adsorptive gas, and
measurements were conducted at 77 K, the temperature at which nitrogen is in its
liquid state. Prior to each analysis, the samples were degassed at 250°C for approx-
imately 13 h in order to remove any gas molecules previously adsorbed on their
surface.

The functional groups present on the surface of the biomass and the synthesised
adsorbent materials were identified using Fourier Transform Infrared Spectroscopy
(FTIR). The analyses were carried out on powdered samples using an IS50 FT-IR
spectrometer, over a wavenumber range of 400 to 4000 cm™, with a resolution of
4cm™.

X-ray diffraction (XRD) is a technique frequently used in materials science to
analyse powders, enabling the crystallised mineral phases present in a sample to
be identified. Measurements were performed with a powder diffractometer (D8
Advance Bruker) equipped with a copper anode (4 = 0.15418 nm). The samples
to be analysed were crushed into a fine powder, scattered in a quartz sample
holder and positioned in the diffractometer tower. Each sample was scanned for
20from 10° to 80°. All the XRD analyses were conducted at the Henri Longcham-
bon Diffractometry Centre (CDHL) in Lyon, France.

The pH at the point of zero (pHpzc) is a fundamental physicochemical property
of materials, defined as the pH at which the surface of the material exhibits no net
charge, meaning that the positive and negative surface charges are balanced. The
zeta potential of the adsorbent materials was measured using a Malvern Zetasizer
Nano ZS analyser (model C) operating at a temperature of 25°C. For each meas-
urement, 0.1 g of material was suspended in 50 mL of deionised water, previously
adjusted to the desired pH using 0.1 N HCl and 0.1 N NaOH solutions. The pH
adjustment was performed using a METTLER TOLEDO pH meter. The suspen-
sions were agitated for 1 h at 25°C to ensure proper homogenisation, then left to
stand for 10 min to allow particle settling. Aliquots were subsequently taken from
the supernatant for zeta potential analysis. The pH value at which the zeta poten-
tial is zero is considered the point of zero charge (pHpzc) of the material.

The determination of water-extractible compounds in the lignocellulosic bio-
mass was carried out according to the method described by Angelini et al [14].
For this purpose, a 4.5 g (W, ) sample of pre-dried biomass powder was mixed with
225 mL of distilled water, corresponding to a solid-to-liquid ratio of 1:50. The

mixture was stirred continuously using a magnetic stirrer at room temperature
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for 5 h. After extraction, the mixture was filtered using filter paper (W, ), and the
solid residue was thoroughly rinsed with distilled water to remove any remaining
soluble compounds. The entire filter-residue (W, ) assembly was then dried at
105°C for 24 h and subsequently weighed. The water-extractable content was cal-

culated using Equation (1):
water-extractible (%) = wao (1)

1

The determination of ethanol-extractible compounds in the lignocellulosic bi-
omass was carried out according to the NREL/TP-510-42619 protocol described
by Sluiter et al. [15]. For this purpose, 2.5 g of dried biomass powder (W, ) previ-
ously subjected to water extraction, was placed into a filter paper cartridge (W, ),
which was then inserted into a soxhlet extractor. Extraction was performed using
150 mL of 96% ethanol over a period of 10 h, with two extraction cycles per hour.
Following the extraction, the cartridge containing the solid residue (W, ) was first
air-dried, then oven-dried at 105°C until a constant weight was reached. The eth-
anol-extractable content expressed as a mass percentage, was calculated using

Equation (2) similar to Equation (1):

Wl_(WZ _W3)

ethanol-extractible(%) =
Wl

x100 (2)
The hemicellulose content was determined using biomass that had been previ-
ously dried and deprived of its extractable compounds. For this purpose, a 1.5 g
sample was treated with 80 mL of an aqueous sodium hydroxide solution (0.5 M).
The alkaline treatment was conducted at 80°C for 3.5 h to selectively extract the
hemicelluloses. Following the treatment, the mixture was filtered, and the result-
ing solid residue was thoroughly washed with distilled water until a neutral pH
was achieved. The residue was then dried at 105°C for 24 h until a constant weight
was reached [16]. The hemicellulose content was calculated using Equation (3):
hemicellulose(%)zwxwo (3)
1
where W, represents the mass of the dried, extractive-free biomass sample; W,
is the combined mass of the biomass residue and the filter paper after alkaline
pretreatment and drying; and W, corresponds to the mass of the filter paper
alone.

The lignin content was determined using biomass that had been previously
dried and freed from extractive sulphuric acid (72%) at room temperature under
continuous stirring overnight. Subsequently, 135 mL of distilled water were
added to the mixture, which was then heated under reflux in a water bath at
100°C for 2 h. After cooling to room temperature, the solution was neutralised
using a 5% sodium bicarbonate solution and filtered. The resulting solid residue
was thoroughly rinsed with distiller water and dried at 105°C for 24 h until a
constant weight was achieved [16]. The lignin content was calculated using Equa-
tion (4)
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lignin (%) — 4= (% =)

W

%100 (4)

where W, represents the mass of the dried, extractive-free biomass sample; Ww,
is the combined mass of the biomass residue and the filter paper after alkaline
pretreatment and drying; and W, corresponds to the mass of the filter paper
alone.

The cellulose content was calculated based on the respective contents of extrac-

tives, hemicellulose and lignin, according to Equation (5)

Cellulose (%) = 100 — ( water-extractible + ethanol-extractible

5
+ Hemicellulose + lignin ) % )

2.4. Removal of Paracetamol as the Model Pollutant

The adsorption of paracetamol onto activated carbon (CA-MSS) and the modified
biosorbent (MB-MSS) was carried out in batch mode using 250 mL Erlenmeyer
flasks containing a total solution volume of 100 mL. The experiments were con-
ducted at controlled temperature (22°C £ 2°C) under constant agitation at 200
rpm. The parameter investigated here is the concentration, with the aim of evalu-
ating adsorption kinetics and isotherms. After a sufficient contact time to reach
adsorption equilibrium, the different sampled solutions were filtered using a 0.2
pm pore size microfilter. The residual paracetamol concentration was then deter-
mined by UV spectrophotometry (METTLER TOLEDO) at a wavelength of 243
nm. The amount of paracetamol adsorbed, denoted as @,,, (mg-g™), was calcu-
lated using Equation (6).
(Co -G )V

qads = m (6)

where C; and C, (mgL™) represent respectively the initial concentration and
the concentration at time t in the solution, V (mL) the volume of the solution
and M (g) the mass of the adsorbent (activated carbon or biosorbent).

The removal efficiency of paracetamol was determined according to Equation
():

T= ﬁ x100 (7)
CO

To study the influence of contact time and initial concentration, 0.09 g of acti-
vated carbon or 0.18 g of modified biosorbent was brought into contact with 100
mL of a paracetamol solution, with initial concentration ranging from 10 to 30
mg-L™}, in an Erlenmeyer flask. The mixture was subjected to magnetic stirring at
200 rpm. At regular time intervals, aliquots were withdrawn, filtered through a 0.2
um microfilter, and subsequently analysed by UV spectrophotometry to deter-
mine the residual paracetamol concentration.

To investigate the influence of adsorbent dosage on the efficiency of the adsorp-

tion process, various masses of activated carbon (ranging from 10 to 70 mg) or
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modified biosorbent (ranging 10 to 100 mg) were brought into contact with a fixed
volume (100 mL) of paracetamol solution at a constant initial concentration of 10
mg-L™!, under the natural pH of the solution. The mixtures were subjected to mag-
netic stirring under the same experimental conditions as previously described, for
a duration exceeding the equilibrium time determined in preliminary experiments.
At predetermined intervals, aliquots were withdrawn, filtered using a 0.2 pm mi-
crofilter, and subsequently analysed by UV spectrophotometry to determine the
residual paracetamol concentration.

For the study of adsorption isotherms (Langmuir and Freundlich), the equilib-
rium residual concentrations (C, ) and the corresponding adsorbed amounts ( d, )
were determined for each adsorbent dosage. These data were subsequently used to
plot the adsorption isotherms and to estimate the characteristic parameters of
each model from their linearised equations.

The effect of pH on the adsorption efficiency was investigated by contacting
0.09 g of activated carbon or 0.18 g of modified biosorbent with 100 mL of an aque-
ous paracetamol solution at an initial concentration of 10 mg-L™". The experiments
were conducted in 250 mL Erlenmeyer flasks at constant room temperature. The
pH of the solution was adjusted within the range of 4 to 11 using 0.1 N NaOH or
0.1 N HCI solutions, depending on the desired pH value.

The experiments were performed in triplicate for both kinetic and equilibrium
data, and each point on the curves represents the average value of the results ob-

tained from these repetitions.

3. Results and Discussion

3.1. Optimal Conditions of the Prepared Activated Carbon and
Modified Biosorbent

Figure 1 illustrates, on the one hand, the effects of carbonisation temperature, phos-
phoric acid concentration, and impregnation ratio on the BET specific surface area
within the context of optimising activated carbon preparation conditions, and on
the other hand, the influence of the impregnation ratio with sulphuric acid on the
pollutant removal capacity for the preparation of the modified biosorbent.

The evolution of the BET specific surface area as a function of carbonisation
temperature (Figure 1(c)) reveals that the maximum value of 1238.9 m?/g is at-
tained at 450°C. Furthermore, variation in phosphoric acid concentration (Figure
1(b)) and impregnation ratio (Figure 1(a)) shows no significant improvement in
BET surface area below or above the respective value of 40% acid concentration and
1.5 impregnation ratio. These results indicated that the optimal conditions for
preparing activated carbon from mango kernel shells correspond to a carbonisa-
tion temperature of 450°C, a phosphoric acid concentration of 40%, and an im-
pregnation ratio of 1.5. Under these conditions, a material exhibiting a well-de-
veloped specific surface area is obtained. Conversely, for the preparation of the
modified biosorbent, the highest pollutant removal efficiency is achieved at an

impregnation ratio of 2.5 (Figure 1(d)).
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In previous published work focusing on optimising activated carbon prepara-
tion from wood sawdust, slightly different optimal conditions were found: a car-
bonisation temperature of 500°C, a phosphoric acid concentration of 40%, and an
impregnation ratio of 2, resulting in a BET specific surface area of 1724.7 m?/g
[13]. This difference underscores the decisive influence of biomass type on the
development of activated carbon porosity, highlighting the importance of specific
optimisation for each lignocellulosic precursor. This observation aligns with the
findings of Bhandari et al (2023), who compared different precursors (amla seeds
and harro seed) and demonstrated that the optimal conditions for activated car-
bon production depend on both the precursor type and the activation temperature
[17]. Moreover, several recent studies confirm the efficacy of the temperature
range employed in this work. Kumar et al reported an optimal temperature of
350°C for activated carbon derived from banana peels [18]. Purnamawati identi-
fied 450°C as the optimal temperature for sugar palm fronds activated with phos-
phoric acid [19]. Similarly, Ghibate and al. (2024) utilised 500°C for thermal acti-
vation of Punica granatum peels with orthophosphoric acid [20]. Finally, impreg-
nation ratios between 1.5 and 2 are consistent with previous reports; Malgorzata
et al [21] employed a WS/H;PO, ratio 1:2, whereas Mohd et al. [22] determined
that a 1:1 ratio was optimal for coconut shells activated at 700°C [23].

3/ A
N | N

2 8 3
g8 8 8

8

Surface BET (m’/g)
g
Surface BET (n’/g)
8 8

o——
900- D 800,
800 07 ¢
700+—— T . r r 600+— T T T T
1.0 15 20 25 30 20 40 60 80 100
Impregnation ratio Acid concentration (%o)
1400, . %, d
544
12004
—- $/ ' 52
2 1000 Ry
E S
= 48
= 80 g
& < %
=2 o4
L 600 =
o g 4.
‘é 400. =
= \ CRY
N - . 0]
35 400 45 500 550 600 10 15 20 25 30
Temperature (°C) Impregnation ratio

Figure 1. Influence of activation parameters on the BET surface area of activated carbons
(a, b and c) and on elimination capacity of the modified biosorbent (d).
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The performance of a biosorbent can be influenced by two main parameters:
the impregnation ratio and duration. In contrast, temperature has no effect, as the
sample is not subjected to a carbonization step. In this study, the impregnation
time was not optimized due to the nature and concentration of the activating
agent used. Indeed, when plant biomass is exposed to concentrated sulfuric acid,
the sample tends to liquefy if left for an extended period. To prevent this phenom-
enon, the mixture is immediately placed in an oven at 105°C for 24 hours to en-

sure proper drying.

3.2. Characterisation of the Precursor and Synthesised Adsorbent
Materials

The activated carbon exhibiting the highest BET surface area (1238.9 m?/g), along
with the modified biosorbent, which demonstrated a high removal efficiency,
were first characterised and subsequently employed to investigate the adsorption
of paracetamol from aqueous solution with the aim of comparing their perfor-
mance as adsorbent materials.

The thermogravimetric decomposition curves of the raw material (MSS), acti-
vated carbon (AC-MSS), and the modified biosorbent (MB-MSS) are presented in
Figure 2. The TGA/DTG curves obtained for the raw sample (MSS) reveal three
distinct decomposition phases: the first phase, spanning 20°C to 100°C, exhibits a
mass loss of 5.46%, with a thermal peak at 55.8°C. This stage is attributed to the
desorption of water and the release of volatile compounds, associated with the
presence of low molecular weight organic substances in the sample [24] [25]. The
second phase, from 100°C to 460°C, is characterised by a substantial mass loss of
the major component of the biomass, notably hemicellulose, cellulose, and partial
decomposition of lignin [24] [26]. Finally, the third phase beyond 460°C shows a
lower mass loss of 11.77%, indicating that the material attains thermal stability at
this temperature. The decomposition of the main organic constituents appears
complete; beyond this threshold, the residual mass consists mainly of ash and
minerals, which no longer undergo significant degradation.

Elemental analysis performed using energy-dispersive X-ray spectroscopy
(EDX) revealed the presence of elements such as carbon, oxygen, and magnesium
in the raw mango seed shells (Figure 3(a) and Figure 3(b)). The prominent peak
associated with carbon indicates a high carbon content, highlighting the suitability
of this biomass as a precursor for activated carbon production. Following chemi-
cal treatment of the mango seed shells with sulphuric acid (MB-MSS), the EDX
spectrum (Figure 3(c) and Figure 3(d)) showed the disappearance of the magne-
sium signal. This observation can be attributed to the reaction between magne-
sium and sulphuric acid, resulting in the formation of magnesium sulphate
(MgSO.), a highly soluble salt in acid media. Consequently, this compound is re-
moved during the filtration step, explaining its absence in the solid phase. The
EDX spectrum of the activated carbon derived from the treated shells (Figure 3(e)
and Figure 3(f)) further confirms the elimination of mineral elements such as
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magnesium, which is explained by their conversion into volatile species or their
direct volatilisation at elevated temperatures during pyrolysis, thereby enhancing
the purity of the activated carbon. The appearance of phosphorus is ascribed to
the terminal decomposition of phosphoric acid, employed as the activating agent,
into phosphate species. These phosphate groups may become anchored to the car-
bon surface, promoting the development of additional active sites. This surface
modification significantly improves the pollutant adsorption capacity of the acti-
vated carbon by increasing the density of functional sites [27] [28].

The textural characteristics of the activated carbon (AC-MSS) and the modified
biosorbent (MB-MSS), both prepared under optimal conditions, are presented in
Table 1. Analysis of these data reveals that the activated carbon exhibits a remark-
ably high specific surface area, whereas the modified biosorbent displays a negli-
gible value, indicating a lack of significant accessible porosity. Furthermore, AC-
MSS demonstrates a substantial pore volume (0.71 cm®/g) and an average pore
diameter of approximately 6.05 nm, which is indicative of a predominantly mes-
oporous structure. These findings are in full agreement with the adsorption-de-
sorption isotherm shown in Figure 4(a), which corresponds to a type IV isotherm
according to the IUPAC classification. This type of isotherm, characterised by a
distinct hysteresis loop, is typical of mesoporous materials with pore diameters
ranging between 2 and 50 nm. The very low BET specific surface area measured
for the modified biosorbent (MB - MSS) (0.13 m?/g) indicates an almost complete
absence of pore development, most likely resulting from carbonisation in the pres-
ence of concentrated sulphuric acid, which promotes extensive condensation and
pore blockage. In this case, the adsorption efficiency of the material is governed
not by its porosity but primarily by the abundance of surface functional groups
(such as C=0, C-0O, and C-N/N-H), which play a decisive role in chemical and

electrostatic interactions with paracetamol molecules.

Table 1. Textural characteristics of AC-MSS and MB-MSS.

Adsorbent BET surface (m?/g) Pore volume (cm?/g) Pore diameter (nm)
AC-MSS 1238.9 0.71 6.05
MB-MSS - - -

The X-ray diffraction (XRD) pattern of MB-MSS exhibits a single broad peak
centred around 23°, indicative of an amorphous or weakly crystalline structure.
This is characteristic of acid-treated materials that have not undergone carboni-
sation. In contrast, the diffractogram of AC-MSS displays two distinct peaks at
approximately 23° and 43° (Figure 4(b)), suggesting a more ordered arrangement,
potentially resulting from partial graphitisation induced by the carbonisation pro-
cess. In general, biosorbents exhibit a disordered structural organisation, which
may limit their adsorption performance. However, they retain a significant capac-
ity to interact with pollutants through mechanisms such as hydrophobic and ionic

interactions, making them suitable for specific environmental applications.
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Figure 2. Thermogravimetric curves of MSS, modified biosorbent (MB-MSS) and activated carbon (AC-MSS),
(a) TG, (b) DTG.
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Figure 3. SEM and EDX micrographs of MSS (a, b), MB-MSS (¢, d) and AC-MSS (e, f).
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Figure 4. Adsorption-Desorption isotherm of AC-MSS (a) and XRD spectrum of AC-MSS and MB-MSS (b).

The analysis of the infrared (IR) spectra of the adsorbents reveals three pre-
dominant absorption bands, whereas the spectrum of raw mango seed shell pow-
der exhibits four main characteristic signals (Figure 5(a)).

The FTIR spectrum of the raw mango seed shells shows a broad adsorption
band at 3333.4 cm™, which is associated with the hydroxyl (O-H) stretching vi-
brations of alcohols and phenolic compounds [29]. The peak at 2916.5 cm™ cor-
responds to the C-H stretching vibrations present in alcohols, fatty acids, or lipids
[30]. The band observed at 1653 cm™ is attributed to the C=0 stretching vibra-
tions of esters or carboxylic acids, while the peak at 1030.4 cm™ is assigned to the
C-O bending vibrations characteristic of ether linkages [31].

The FTIR spectrum of the acid-treated biosorbent (MB-MSS) exhibits a peak at
1156.3 cm™, corresponding to C-O stretching vibrations in ethers [29] [31]; a
band at 1539.2 cm™, which is attributed to C-N or N-H vibrations; and a signal at
1652.9 cm™, ascribed to carbonyl (C=0) group vibrations [29].

In the case of the activated carbon (AC-MSS), the FTIR spectrum shows a speak
at 973.7 cm™, assigned to C-H bending vibrations in aromatic structures [32]; a
peak at 1156.6 cm™, corresponding to C-O stretching in ethers [29]; and a band
at 1593.1 cm™, indicative of C=C stretching vibrations within aromatic rings [33].

The biochemical characterisation of mango stone shell (MSS) biomass reveals
a low content of extractable compounds, both in water (7.75% + 0.15%) and eth-
anol (3.3% * 0.06%). This low extractive content indicates a reduced presence of
soluble substances such as free sugars, simple phenols, organic acids and waxes,
which, if present in significant quantities, could lead to the formation of undesir-
able by-products during pyrolysis and hinder the development of a well-struc-
tured porous network. In parallel, the biomass exhibits a high proportion of struc-
tural lignocellulosic polymers, specifically hemicellulose (18.79% =+ 1.03%), lignin
(39.47% * 1.80%), and cellulose (30.69% + 1.30%). These components play an
essential role in the formation of cross-linked carbon structures during thermal
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treatment. Their controlled decomposition throughout the pyrolytic process con-
tributes directly to the development of porosity and specific surface area-two crit-
ical parameters for producing high-performance activated carbon.

Analysis of Figure 5(b) indicates that both activated carbon (AC-MSS) and the
modified biosorbent (MB-MSS) exhibit a similar point of zero charge (pH,..), lo-
cated around pH 5. This implies that at pH values below 5, the surface of both
materials is predominantly positively charged. The surface of the materials is neg-
atively charged at pH values above 5.
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Figure 5. FTIR spectra of MSS, MB-MSS and AC-MSS (a) and determination of pHp.c of MB-MSS and AC-MSS (b).

3.3. Study of Paracetamol Adsorption

In this study, paracetamol is employed as a model pollutant to assess the adsorp-
tion efficiency of the synthesised modified biosorbent for the removal of emerging
micropollutant from aqueous media. Activated carbon, widely recognised as a
benchmark industrial adsorbent [34], is used for comparative purposes to better
evaluate the performance of the modified biosorbent. The main physicochemical
characteristics of paracetamol are summarised in Table 2.

Figure 6 illustrates the adsorption capacity of paracetamol as a function of con-
tact time at a temperature of 22°C. The experimental data show that the time re-
quired to reach adsorption equilibrium varies depending on the adsorbent used.
Activated carbon and the modified biosorbent reach equilibrium after 50 and 90
min, respectively, regardless of the initial paracetamol concentration. At concen-
tration of 10 and 20 mg-mL™", the removal efficiency of paracetamol by AC-MSS
is very high, exceeding 99%. However, at a higher concentration of 30 mg-mL™, a
decrease is observed, with a removal efficiency of 92.8%. Similarly, MB-MSS
achieves a removal rate of 95.2% at 10 mg-mL™", but this efficiency declines with
increasing initial concentration. At 20 and 30 mg-mL™, the removal rate drops to
62.7% and 48.5%, respectively. The equilibrium adsorption capacities range from

10.9 to 30.8 mg-g ' for activated carbon and from 5.2 to 8.1 mg-g™* for the modified
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biosorbent, depending on the paracetamol concentration.

Table 2. Main physicochemical characteristics of paracetamol.

Molecular formula CsHoNO>
o OH
Molecular structure /©/
)l\ N
H
Molecular name N-(4-hydroxyphenyl) acetamide
Molecular weight 151.17 g/mol
Boiling point 420°C-430°C
Melting point 169°C-170°C
Solubility Highly soluble in water at 25°C
Acidity constant 9.5

These results demonstrate that activated carbon exhibits a faster adsorption ki-
netics compared to the modified biosorbent. This is mainly attributed to its well-
developed porous structure and high specific surface area, which enhance both
diffusion and accessibility to active sites. Conversely, despite its very low surface
area, MB-MSS shows considerable adsorption efficiency at low paracetamol con-
centrations. However, its limited porosity significantly restricts performance at
higher concentrations.

The presence of surface functional groups such as carbonyl (C=0) and amine
(N-H) on MB-MSS likely promotes specific interactions with paracetamol mole-
cules. These include hydrogen bonding with the hydroxyl (-OH) and amide (-
NH-C=0) groups of paracetamol, as well as dipole-dipole interactions involving
the polar group C=0 and C-O. These mechanisms contribute to the adsorption
process despite the low porosity of the biosorbent.

b
10- )
8.
?(J ~
o g
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: 2 A
] g 4 =10 mg/L
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0I 1 1 1 1) 1 1 0 U 1) 1 | 1 1}
0 2 4 & & 100 1w 0 20 4 60 8 100 120 140 160 180 200
Temps (min) Temps (min)

Figure 6. Kinetics of adsorption of paracetamol on AC-MSS (a) and MB-MSS (b) (G = 10 mg-mL™, V=100
mL, free pH, mac.mss = 0.09 g, mms-mss = 0.18 g, stirring = 200 rpm).
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Figure 7(a) illustrates the effect of the mass of adsorbents derived from mongo
seed shells on the percentage removal of paracetamol. Experimental results
demonstrate a progressive increase in removal efficiency with increasing adsor-
bent mass. This trend is consistent, as a greater mass provides a larger number of
active sites available for binding paracetamol molecules. For activated carbon, ad-
sorption efficiency increases markedly even at low masses, rising from 43% at 0.01
g 10 93.5% at 0.07 g. In contrast, the modified biosorbent exhibits a more gradual
increase, reaching a maximum removal percentage of 50.3% at 0.1 g. Furthermore,
site saturation does not appear to have been reached within the range of masses
investigated for either adsorbent.

Paracetamol contains a phenolic group attached to an aromatic ring, which in-
fluences its acid-base behaviour in aqueous solution. It is a weakly acidic com-
pound, with a pKa of approximately 9.5. This value indicates that under acidic to
natural conditions (pH < 9.5), paracetamol predominantly exists in its neutral
form, with the phenolic hydroxyl group remaining protonated. In contrast, at
basic pH values (pH > 9.5), deprotonation of this group occurs, resulting in the
formation of an anionic species that is more polar and potentially more reactive
in certain environments.

The results regarding the effect of solution pH on paracetamol adsorption by
the prepared adsorbents (Figure 7(b)) show that the adsorption efficiency is rela-
tively insensitive to pH variations. This suggests that the dominant adsorption
mechanisms are not solely governed by electrostatic interactions, but also involve
van der Waals forces and hydrophobic interactions. A slight decrease in adsorp-
tion is observed at pH 11, likely due to the deprotonation of paracetamol into its
anionic form, which may induce moderate repulsion from the negatively charged
adsorbent surfaces (pH > pHy,.).

The effect of reactor temperature on the adsorption of paracetamol by the two
prepared adsorbents is presented in Figure 7(c) and Figure 7(d). For both adsor-
bents, a decrease in adsorption capacity is observed with increasing temperature,
indicating that the adsorption process is exothermic. This suggests that the heat
released during adsorption is sufficient for elevated temperatures to reduce the
overall efficiency of the process.

In the context of this study, the pseudo-first-order Equation (8) and pseudo-
second-order Equation (9) kinetics models were applied to describe the adsorp-
tion mechanism of paracetamol onto the investigated materials. The mathemati-

cal expressions corresponding to each of these models are presented below:

In(q,—q,)=In(q,) -kt (8)
t 1 1
— =+t 9)
q kol g,

g, and q (mg/g) representing the quantities of triclosan adsorbed respec-
tively at equilibrium and at a time t (min), the kinetic constants of the adsorp-

tion reaction are k; (min™')and k, (mgmin'-g™).
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Figure 7. Influence of the mass (a), the solution pH (b) and the temperature (c, d) of adsorbents on the elimination of
paracetamol (G = 10 mg/L, V=100 mL, free pH, mac-wmss = 0.09 g, mwms-mss = 0.2 g).

The plot of In(g, —¢,) versus time t for activated carbon or modified bio-
sorbent exhibited a linear form (figure not shown). The values of k;, were calcu-
lated from the slope of these lines, and the equilibrium adsorbed quantity q,_,
derived from the y-intercept (in the case of the pseudo-first-order model) and the
plot of t/g, against t for activated carbon or modified biosorbent yielded a
linear form (figure not shown). The values of k, and q,, were determined
from the slope and the intercept at the origin of this straight line, respectively (in
the case of the pseudo-second-order model).

The kinetic parameters obtained from the pseudo-first-order and pseudo-sec-
ond-order models are presented in Table 3. Analysis of these results indicates that
the experimental data fit the pseudo-second-order kinetic model more accurately,
with high correlation coefficients ( R?>0.99) for both adsorbents. Furthermore,
the equilibrium adsorption capacities ( g, ), predicted by this model closely
match the experimentally observed values (g, ,, ). These findings suggest that the
adsorption mechanism of paracetamol onto both activated carbon (AC-MSS) and
the modified biosorbent (MB-MSS) is better described by the pseudo-second-or-

der model, likely involving chemisorption-based interactions.
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Table 3. Kinetic parameters of pseudo-first-order and pseudo-second-order kinetic models
for paracetamol adsorption onto the activated carbon and modified biosorbent.

Pseudo-first-order kinetic

C, (mg/L) .., (mg/g) 0. (mg/g) k; (min™) R2
AC-MSS 10 10.2 2.1 0.014 0.21
MB-MSS 10 5.2 2.8 0.001 0.96

Pseudo-second-order kinetic
C, (mg/L) C.., (mg/g) 0. (mg/g) k, (gmgimin?) R2
AC-MSS 10 10.2 9.9 0.140 0.99
MB-MSS 10 5.2 7.7 0.063 0.99

In order to assess the maximum adsorption capacities and to elucidate the na-
ture of the adsorption mechanism, the Langmuir and Freundlich isotherm models
were applied. The Langmuir model assumes monolayer adsorption onto a homo-
geneous surface comprising a finite number of identical and energetically equiva-
lent active sites. In contrast, the Freundlich model describes multilayer adsorption
occurring on heterogeneous surfaces with non-uniform energy distributions. The

linearised forms of these two models are given by Equations (10) and (11), respec-

tively.
11,1 1 w0)
qe qmax qmaxKLCe
1
In(qe):ln(KF)+HIn(Ce) (11)

where C, (mg/L) is the equilibrium concentration in solution, ¢, (mg/g) the

adsorption capacity of the adsorbate at equilibrium, q,,, (mg/g) the Langmuir’s
constant relating to the maximum adsorption capacity of the adsorbate on a mon-
olayer, K, (L/mg) represents the Langmuir’s equilibrium adsorption constant,
Ke ((mg/g) (L/mg)"'") Freundlich constants (that is the adsorption capacity of
the adsorbents) and N is the Freundlich isotherm constant related to the adsorp-
tion intensity.

The Langmuir and Freundlich isotherm constants, calculated using Equations
(10) and (11) as shown in Figure 8, are summarised in Table 4. All experiments

were conducted at a controlled temperature at 22°C £+ 2°C.

Table 4. Adsorption parameters of Langmuir and Freundlich isotherms for paracetamol.

Freundlich
Ke ((mg/g) (L/mg)¥")  R2
AC-MSS 44.84 0.110 098 2.09 7.96 0.99

Langmuir

Omex (mg/g) R (L/mg) R? n

MB-MSS 9.82 0.039 096 2.43 3.69 0.98

Based on the constants derived from the Langmuir and Freundlich isotherms,
the AC-MSS material exhibits a significantly higher maximum adsorption capac-
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0.16-

ity ( Q. =44.84 mg-g™') compared to MB-MSS (0, =9.82 mg-g™'), indicating
a greater affinity for the paracetamol. Furthermore, the correlation coefficients
(R?) suggest that the Freundlich model provides a slightly better fit to the experi-
mental data for both materials (R = 0.99 for AC-MSS and 0.98 for MB-MSS),
implying that the adsorption process predominantly follows a multilayer mecha-
nism on heterogeneous surfaces. This interpretation is further supported by the
values of the Freundlich constant 1, which are greater than 1 in both cases (12 =
2.09 for AC-MSS and n = 2.43 for MB-MSS), reflecting favourable adsorption.
Therefore, AC-MSS demonstrates superior adsorption performance and a more
pronounced surface heterogeneity, promoting efficient multilayer adsorption.
The adsorption capacity of paracetamol onto the synthesised adsorbents devel-
oped in this study was compared with that of adsorbents recently reported in the
literature (see Table 5). Analysis of the data indicates that activated carbon de-
rived from mango seed shells exhibits significant potential as a sustainable and
efficient alternative to conventional adsorbents. Although the modified bio-
sorbent obtained from the same precursor material shows a lower adsorption ca-
pacity (9.82 mg/g), it remains competitive due to its low cost, widespread availa-
bility, and ease of preparation. Furthermore, the relatively mild operating condi-
tion (free pH, ambient temperature) provides these materials with an additional

environmental and economic advantage.
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Figure 8. Linearisation of paracetamol adsorption isotherms according to the models: Langmuir isotherm (a) and Freun-
dlich isotherm (b) (G = 10 mg/L; T'=22°C; V=100 mL; free pH).

Table 5. Adsorption capacities of paracetamol on various adsorbents from the literature.

Adsorbent

Experimental conditions Maximum adsorption capacity (mg/g) Reference

Modified biosorbent from

mango seed shell

Activated carbon from

mango seed shell

Batch adsorption
G= 10 mg/L, free pH, T'=22°C, 9.82 this study
mac=0.18 g, feg= 90 min
Batch adsorption
G =10 mg/L, free pH, T= 44.84 this study
22°C, mps=0.09 g, feg= 50 min
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Continued

Activated carbon

Activated carbon

Activated carbon from or-
ange peel

Batch adsorption
G=20mg/L,pH=7, T'=25°C, 31.5 [35]
Mads = 0.005 g, feg = 120 min

Batch adsorption
G =10 - 1000 mg/L, pH = 2, 16.8 [36]
T=25°C, mas=0.1g

Batch adsorption
G =10 - 100 mg/L, free pH, 49 [37]
T=25C, naa:=0.02 g

4. Conclusions

In this study, three key parameters of the activation process were optimised for
the preparation of activated carbon derived from biomass: the carbonisation tem-
perature, the concentration of the chemical activating agent, and the impregna-
tion ratio. The results obtained were compared with those from our previous stud-
ies as well as with data reported in the literature using various precursors.

The analysis revealed that carbonisation temperature plays a predominant role
in the development of porosity and the enhancement of the specific surface area
of the material. Optimisation of this parameter enabled the production of acti-
vated carbon with a high specific surface area, thereby improving its effectiveness
in the adsorption of paracetamol from aqueous solutions.

The activated carbon produced exhibited a maximum adsorption capacity (qmax
= 44.84 mg/g), highlighting its potential as a sustainable and efficient alternative
to conventional adsorbents. Additionally, a modified biosorbent was also pre-
pared. Although this material showed a lower adsorption capacity (qmax = 9.82
mg/g), it remains competitive due to its low cost, abundant availability, simple
preparation process, and the use of mild operating conditions (natural pH and
ambient temperature), which offer additional environmental and economic ad-
vantages.

Thermogravimetric analysis (TGA) and scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM/EDX) demonstrated that both
chemical activation methods for the activated carbon and for the modified bio-
sorbent resulted in materials with good thermal stability. Furthermore, these
treatments effectively removed mineral elements originally present in the raw bi-
omass, which could otherwise lead to secondary pollution through leaching if the

untreated biomass was directly used in aqueous treatment applications.
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AC-MSS: activated carbon made from Mango Seed Shells.
MB-MSS: modified biosorbent made from Mango Seed Shells.
MSS: Mango Seed Shells.

DOI: 10.4236/msce.2025.1310004 84 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2025.1310004

	Synthesis of a Modified Biosorbent from Lignocellulosic Biomass: Comparative Adsorption Performance with an Activated Carbon of the Same Origin
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Collection and Pre-Treatment of Raw Material
	2.2. Optimisation and Preparation of Adsorbent Materials
	2.3. Physicochemical Characterisation
	2.4. Removal of Paracetamol as the Model Pollutant

	3. Results and Discussion
	3.1. Optimal Conditions of the Prepared Activated Carbon and Modified Biosorbent
	3.2. Characterisation of the Precursor and Synthesised Adsorbent Materials
	3.3. Study of Paracetamol Adsorption

	4. Conclusions
	Acknowledgements
	Conflicts of Interest
	References
	Abbreviations

