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Ex situ modification of activated carbon through
hydrothermal oxidation and sulphur@amine
doping for highly efficient Pb2+ sorption:
experimental and modelling approaches

Idris-Hermann Tiotsop Kuete, *a Cyrille Ghislain Fotsop, b Alexandra Liebb and
Franziska Scheffler*b

Lead ions present a multitude of dangers to human health and the ecosystem, even at very low

concentrations. In this study, an ex situ approach was used to modify activated carbon (AC) derived

from Garcinia kola nut shells. The AC was either directly modified by oxidation using KMnO4, resulting in

an oxidized form (AC-KMnO4), or modified using an acid treatment leading to acid activated carbon

(ACH), which was subsequently doped with sulfur and nitrogen using L-cysteine (ACH-L-cyst). The

physico-chemical properties of ACH-L-Cyst and AC-KMnO4 obtained using ex situ approach assisted

hydrothermal oxidation, were evaluated by PXRD, FT-IR, SEM/EDX, Raman spectroscopy, and TGA/DTA

analysis. The ability of the compounds to remove lead was assessed using batch sorption and

mathematical modelling. The influence of four factors (pH, time, Pb2+ concentration and adsorbent

mass) on the Pb2+ removal process was investigated using the central composite design approach. The

experiments showed that the adsorption of Pb2+ by both adsorbents was favorable under the following

optimum conditions: pH (5), equilibrium time (122.5 min), initial concentration (210 mg L�1), and initial

mass of adsorbent (60 mg), with a maximum adsorption capacity of 113 and 141 mg g�1 for ACH-L-Cyst

and AC-KMnO4, respectively. Pseudo-first order and pseudo-second order nonlinear kinetic models

better describe the adsorption mechanism by highlighting the coexistence between physisorption and

chemisorption on heterogeneous material surfaces. Adsorption isotherm data of ACH-L-Cyst and

AC-KMnO4 were best described by the non-linear model of Langmuir–Freundlich. According to the

thermodynamic parameters, the adsorption reaction is endothermic (DH1 4 0) and spontaneous

(DG1 o 0). The adsorbents showed high stability after six adsorption cycles, demonstrating the potential

of these new materials for removing Pb2+ ions.

1. Introduction

The proliferation of heavy metal contamination has become a
pervasive global problem, with adverse effects on ecosystems
and considerable threats to human health. Lead (Pb2+) is
particularly important in industrial applications, particularly
in the automotive, emergency power and energy storage
sectors.1 However, activities such as printing, painting, mining,
metallurgy and chemical manufacturing, as well as the produc-
tion of lead batteries, result in the release of lead, which enters

the human body via food webs. Lead contamination is
increasingly recognised as a major environmental concern,
as wastewater containing this metal is persistent, resistant to
degradation and highly toxic.2,3 It is important to note that
lead is designated as a priority contaminant under the
framework established by the U.S. Environmental Protection
Agency (EPA), and the acceptable concentration of lead in
drinking water should not exceed 10 mg L�1 1,4 according to
World Health Organization (WHO) guidelines.1,5 Above this
acceptable concentration, lead is recognized as a mutagenic
and teratogenic element capable of inducing adverse toxico-
logical effects on various biological systems, including the
bone marrow, the nervous system, the renal system, and the
immune system, with particular sensitivity observed in
pediatric populations.1,6,7 It is therefore becoming increas-
ingly important and imperative to eradicate this category of
pollutants from the aquatic ecosystem or to reduce their

a Materials and Process Engineering Team, Research Unit of Noxious Chemistry and

Environmental Engineering (RUNOCHEE), Department of Chemistry, Faculty of

Science, University of Dschang, P. O. Box 67, Dschang, Cameroon.

E-mail: hermann.kuete90@gmail.com
b Otto-von-Guericke-University Magdeburg, Chemical Institute, Chair for Industrial
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concentration before discharging them into the natural
environment.

To this purpose, a wide variety of biological, chemical and
physical methods are used and constantly refined to treat and
recycle wastewater. It is clear from the scientific literature that
there are a multitude of lead remediation methods are avail-
able, including reverse osmosis, membrane filtration, coagula-
tion, ion exchange, precipitation, electrochemical deposition,
photocatalysis, and adsorption.8–12 Of the various methods
listed, many approaches have inherent limitations, including
inadequate removal systems, production of hazardous
by-products, significant operational difficulties, economic
inefficiencies, and excessive energy consumption. Conversely,
adsorption is considered to be the most advantageous due to its
superior removal efficiency, low operational costs, and ability to
effectively separate a broad spectrum of pollutants present in
industrial wastewater. The key to widespread application is to
develop inexpensive and efficient adsorbents. In this particular
context, a wealth of research has been carried out using
adsorbent materials including biochar,3,13,14 activated
carbon,15–17 lignocellulosic materials,18,19 Metal–organic fra-
meworks (MOFs).10,20,21 It is imperative to recognize that the
choice of adsorbents depends on several criteria, including
their porosity, thermal and mechanical stability, flexibility,
high specific surface area, the versatility of its production and
regeneration capacity. Activated carbon (AC) is one of the
adsorbents that meets most of these specified criteria, as its
adsorption properties result from its internal porosity and the
composition of its surface functional groups.

Recently, lignocellulosic materials have attracted increasing
research attention, which offer advantages in terms of cost-
effectiveness and renewability, and which could serve as pre-
cursors for the production of AC. The lignocellulosic materials
used include: shrimp (Penaeus monodon) shells and Cucumer-
opsis mannii Naudin seed shells,22 rubber seed hull,16 cocoa
pods,17 Shea Residue (Vitellaria paradoxa),23 walnut shell,24

date palm (Phoenix dactylifera L.).15 As part of this study,
Cameroonian residual biomass from garcinia cola shells, was
used as a precursor material for the production of oxidized
activated carbon and sulfur- and nitrogen-doped activated
carbon. The approach to modifying the adsorbents used in this
study, which highlights next-generation technology, is rarely
reported in the literature. However, several researchers have
studied the elimination of lead using different materials. For
example, Aloud et al. reported on the removal of Pb2+ using AC
obtained using microwave-assisted K2CO3 activation of
date Palm Leaf Sheath Fibers, with an removal capacity of
5.67 mg g�1 at pH 6.15 However, Singh et al. reported on the
adsorption of Pb2+ and Cd2+ in aqueous solutions using fly ash
and TiO2-modified form as adsorbent materials with a max-
imum adsorption capacity of 62.70 and 75.30 mg g�1 for Pb,
respectively at 308 K.25 Takele et al. reported on the adsorption
of Pb2+ using AC derived from african arrowroot (Canna indica)
Stem with a maximum adsorption capacity of 8.52 mg g�1 at
pH 5.5.11 Shanavaz et al. reported on the removal of Pb2+ ions
using stable imine linked covalent organic frameworks, they

showed that the adsorption capacity increased with the pH to
1–8, reaching a maximum adsorption capacity of 601.6 mg g�1

at pH 6.4 Gao et al. investigated on the quantitative adsorption
mechanisms of Pb by oxidized rape straw biochars. They
showed that chemical oxidation is an effective way of improving
the ability of biochar to remove metals. They showed that
among the different oxidized biochars (using HNO3, H2O2

and KMnO4), the one oxidized with KMnO4 adsorbs more Pb,
with an adsorption capacity of 1343 mmol kg�1 at pH 2 and an
initial concentration of 1.0 mol L�1.26 Zhu et al. reported on the
removal of Pb2+ by AC fibers modified by L-cysteine, a max-
imum adsorption capacity of 179.53 mg g�1 at pH 6 was
observed.9 Mahmoud et al. reported on the removal of heavy
metal ions from wastewater by polyvinyl alcohol-conjugated L-
cysteine with a maximum adsorption capacity of 45.25 mg g�1

for Pb.27 Amin et al. reported on the removal of Pb2+ and Cr3+

ions from contaminated water sources using poly imino-
phosphorane composite with a maximum adsorption capacity
of 55 mg g�1 for Pb2+.28 Malitha et al. reported on the rapid
adsorptive removal of Pb2+ ions from aqueous systems using a
magnetic graphene oxide calcium alginate composite with a
maximum adsorption capacity of 270.27 mg g�1.29 Neverthe-
less, successful removal of a contaminant requires considera-
tion of all the variables influencing its adsorption.

The application of mathematical optimization techniques
represents a significant methodological advance that
guarantees the experimental reproducibility of all designated
investigations. This methodology recognizes simultaneous
interactions and quadratic effects that may not be readily
observable by experimental means. To this end, the Response
Surface Methodology (RSM) focuses primarily on a factorial
design to determine optimal experimental parameters in line
with regulatory standards, while reducing errors and minimiz-
ing the duration of all experimental procedures. Centered
Composite design (CCD) enables simultaneous examination
of experimental, optimization and interaction variables to
effectively assess their impact on properties of interest in
multivariate settings.

The main objective of this study is threefold: firstly, the
doping of activated carbon surface with sulfur and nitrogen
using L-cysteine by the solvothermal method under reflux
heating and, secondly, the oxidation of activated carbon using
KMnO4 under magnetic stirring in an oil bath by the hydro-
thermal method. Finally, present an improved strategy for the
use of the newly obtained materials in lead removal using a
mathematical approach to optimize the adsorption conditions,
namely pH, adsorbent mass, metal concentration, and adsorp-
tion time, followed by recyclability.

2. Reagents and methods
2.1. Reagents

The Garcinia cola shells used to prepare the activated carbon
were collected in Mandjo, in the Moungo division of Camer-
oon’s Littoral region. Chemical reagents such as concentrated
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HNO3 (70% purity), and H3PO4 (99% purity), KMnO4 (99%
purity), Pb(NO3)2 (99% purity), ethanol (99.9% purity), DMF
(99.8% purity) NaOH (99% purity) and distilled water (DW)
were used. All reagents were purchased from Sigma-Aldrich,
expect for the DW.

2.2. Experimental protocol

2.2.1. Synthesis of ACH-L-Cyst and AC-KMnO4 adsorbents
using the ex situ approach. – Activated carbon preparation

Activated carbon (AC) was produced using the in situ
approach of chemical activation: 300 g of crushed and dried
biomass, with diameters ranging from 250 to 1000 mm, were
mixed with 0.20 mol L�1 phosphoric acid (H3PO4) at a mass
ratio of 1 : 1 (w/w) for impregnation, under magnetic stirring,
for 24 hours. After impregnation, the resulting product was
dried and placed in a porcelain crucible with a lid. It was then
introduced into an ISUNU electric furnace for calcination in an
oxygen-free environment at 500 1C for one hour, with a heating
rate of 5 1C min�1. After cooling to room temperature, the AC
was washed several times with DW by vacuum filtration. The
final product was then dried at 110 1C for 48 hours and
named AC.

– Hydrothermal oxidation and solvothermal doping using
sulphur@amine of AC

AC-KMnO4 composite was synthesized by hydrothermal
oxidation of AC using the ex situ approach. 4 g activated carbon,
previously synthesized, were mixed with 250 mL of KMnO4

solution (37% wKMnO4
/wAC, i.e. 1.5 g KMnO4). The mixture was

dispersed using an ultrasonic bath for 30 min, then kept under
heated magnetic stirring at 50 1C for 6 hours. The resulting
mixture was filtered under vacuum, and the composite
obtained was washed with distilled water until a neutral
solution was obtained and dried in an oven at 100 1C for
24 hours, then ground to obtain fine particles r100 mm.

ACH-L-Cyst composite was synthesized by doping S and N
from L-cysteine onto AC activated carbon by the solvothermal
method using an ex situ approach. 16 g of previously synthe-
sized activated carbon were mixed with 250 mL of 1 mol L�1

phosphoric acid in a 500 mL round-bottomed flask. The
mixture was stirred under reflux at 90 1C for 6 hours. The
new material obtained was washed with DW using vacuum
filtration until a clear filtrate was obtained, dried at 100 1C for
24 hours and then ground to fine particles. The resulting ACH-
coded material was doped with L-cysteine by the solvothermal
method. For this purpose, 2 g of ACH and 3 g of L-cysteine were
added to 100 mL of DMF and stirred for 36 h under reflux at
80 1C. The resulting composite was filtered under vacuum and
washed with distilled water to obtain a neutral pH filtrate. It
was then oven-dried at 100 1C for 24 hours and ground into
particles measuring r100 mm.

2.2.2. Adsorbents characterization. X-ray diffraction analy-
sis of the adsorbents was carried out using an Empyrean
diffractometer PAN Analytical Almelo, which is automated
and operates with anode-filtered Cu-Ka radiation (l: Ka1 =
1.540598 Å and Ka2 = 1.544426 Å) operating at 40 mA and
40 kV. All samples were scanned from 4–901 2y. Fourier

transform infrared (FTIR) measurements were performed on
a FTIR spectrometer (Thermo Scientific Nicolet iS50, USA) in
the 4000–200 cm�1 range. Raman spectroscopy was carried out
on a RAM HR evolution (Kyoto, Japan) using a monochromatic
laser with an excitation energy of 532 nm. An FE-SEM (XL30
ESEM from FEI, Hillsboro, fitted with a Genesis energy dis-
persive X-ray detector from EDAX, Mahwah, USA) was used to
evaluate the surface morphology. The TGA/DTA analysis was
performed using a thermogravimetric analyzer (STA 449C Jupi-
ter, Netzsch, Selb, Germany).

2.2.3. Adsorption experiments. The Pb2+ adsorption tests
using different adsorbents were carried out at room tempera-
ture in a batch process. Different amounts of adsorbent and
Pb2+ concentrations were measured; the pH of the solution was
then adjusted, and the mixture was stirred according to each
set of experiments. All tests were performed in a 100 mL beaker
stirred on a magnetic stirrer at 500 rpm. Following filtration, a
microwave plasma atomic emission spectroscopy (MP-AES,
Meinhard, TR-30-K1, Serie 5975) was used to determine the
residual concentration. Furthermore, every single factor study
was carried out twice. The influence of contact time, concen-
tration, temperature and interfering ions (Pb2+, Sr2+, Ni2+, In2+,
Cu2+, Ca2+, Co2+ and Mg2+) was studied using the previously
determined optimum value of each factor while varying the
contact time from 5 to 210 min, the concentration from 100 to
350 mg L�1, and the temperature from 25 1C, 35 1C, and 45 1C.
Eqn (1) and (2) were then used to calculate the adsorption
capacity (Qe) and adsorption efficiency (%R) of Pb2+ and
each ion.

Qads ¼
ðC0 � CeÞ

m
� V (1)

%R ¼ ðC0 � CtÞ
C0

� 100 (2)

where Ct is the concentration at time t, Ce is the equilibrium
concentration of the Pb2+, C0 is the beginning concentration, V
the volume of solution and m is the mass of the adsorbent. The
stages involved in ACH-L-Cyst and AC-KMnO4 preparation and
Pb2+ adsorption are presented in Fig. 1.

2.2.4. Designing experiments and optimization. A central
composite design (CCD) was used to optimize the four factors:
pH of solution (A), stirring time (B), initial metal concentration
(C), and amount of each adsorbent (D) as independent vari-
ables and the percentage of Pb2+ ion adsorption as the response
variable. Design Experts software version 13.0.5.0 was used for
experimental design for process optimization and statistical
analysis, featuring 4 central points (Table S1, SI). According to
eqn (3), the CCD generates 28 experiments.

N = 2f + 2f + fc = 24 + 2(4) + 4 = 28 (3)

N represents the total number of experiments, f symbolizes
the number of experimental variables and fc designates the
number of center points. The selection of the number of central
points is crucial for the evaluation of experimental errors and
the reproducibility of the results obtained. The 4 experimental
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factors are coded +1 and �1 for the minimum and maximum
values, and 0 for the central value, as shown in Table 1.

The 28 experiments were randomized within blocks to
minimize the impact of uncontrollable factors. For each series
of experiments, the expected response was the amount of Pb2+

ions adsorbed. A quadratic polynomial equation (see eqn (4))
was developed based on the independent variables and their
interactions, with the aim of establishing a link between the
amount of Pb2+ ions adsorbed.

Z ¼ a0 þ
Xn

i¼1
aixi þ

Xn

i¼1
aiixi2 þ

Xn

i¼1

Xn

j¼1
aijxixj þ e (4)

where Z is the predicted response, a0, aii, aij are the constant,
quadratic and interaction coefficient, respectively. xi and xj are
the coded values of the factors, and e is the uncertainty between
the measured and predicted values.

2.2.5. Isotherm, kinetic and error function analysis. The
mechanisms involved in adsorption of Pb2+ ions on ACH-L-Cyst
and AC-KMnO4 were investigated using non-linear pseudo-first-
order (PFO), pseudo-second-order (PSO), intra-particle diffu-
sion and Elovich kinetic models. The mathematical expressions

for these models are presented in Table S2. Adsorption iso-
therm are used to study how the metal ion is adsorbed by
different adsorbents. To fit the equilibrium adsorption iso-
therm of Pb2+ ions, the non-linear isotherm models of Lang-
muir, Jovanovic, Temkin, Freundlich, Dubinin–Raduskevish,
Langmuir–Freundlich and Redlich–Peterson were studied.
The mathematical expressions for these models are presented
in Table S3. The best fit of experimental kinetic and isotherm
data was evaluated based on the values of R2, w2, RMSE, ARE
and SCE which were fitted using Origin 2019b program. The
mathematical expressions for these models are presented in
Table S4.

3. Results and discussion
3.1. Analysis of characterization

3.1.1. PXRD, FT-IR and Raman analysis. Fig. 2a shows the
PXRD patterns of the different adsorbents. As shown, the AC,
ACH, and AC-KMnO4 adsorbents have amorphous structures,
while the ACH-L-Cyst adsorbent has a crystalline structure.
However, diffraction peaks observed at 2y = 18.7, 28.2, 33.0,
34.4, and 38.21 reveal the crystalline nature of ACH-L-Cyst, an
acidified activated carbon doped with sulfur and nitrogen using
L-cysteine. This finding aligns with the results of Han et al.
(2021),30 who demonstrated that L-cysteine-functionalized NH2-
MIL-53(Al) exhibits a crystalline structure. The PXRD diffracto-
gram of AC-KMnO4 reveals two new peaks (d = 2.4 nm and d =
1.4 nm), which could correspond to amorphous MnO2.26 This
finding agrees with that reported by Gao et al. (2019) when
oxidizing biochars from rapeseed straw with KMnO4.26

Fig. 1 Experimental methods for adsorbent synthesis and adsorption of Pb2+ ions.

Table 1 Codification of experimental factors

Factors and coded variable

Coded level

�1 0 +1
Actual level

pH: A 2 5 8
Time (min): B 5 122.5 240
Initial concentration (mg L�1): C 20 210 400
Mass (mg): D 20 60 100
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Fig. 2b shows the FT-IR spectra of different adsorbents. As
shown in this figure, the different bands in the spectra indicate
the presence of various functional groups. Additional bands are
observed in the infrared spectra of the modified adsorbents AC-
KMnO4 and ACH-L-Cyst. The ACH-L-Cyst spectrum shows the
presence of L-cysteine in the form of a peak at 3021 cm�1,
attributed to the stretching vibration of the hydroxyl group
(O–H).31 The peak at 2330 cm�1 in the AC, ACH, and AC-KMnO4

spectra is attributed to the C–H and CQO vibration absorption
peaks of aldehydes/ketones.32 The peak observed at 2099 cm�1

in the AC, ACH, and AC-KMnO4 spectra can be attributed to the
C–C stretching vibration of alkynes, C–N of nitriles, or C–N of
cyanides. This peak may also indicate Mn–C interactions in the
AC-KMnO4 adsorbent. In the ACH-L-Cyst spectrum, the peak at
2099 cm�1 is attributed to the S–H stretching vibration of the
thiol group. In the AC, ACH, and AC-KMnO4 spectra, the peak at
1578 cm�1 is attributed to the stretching vibration of the

aromatic ring’s CQC–C and the CQO of the carbonyl group.
In the ACH-L-Cyst spectrum, the peak at 1578 cm�1 can be
attributed to the N–H absorption vibration of L-cysteine.33

Similarly, the peaks observed at 1488, 1408, and 853 cm�1 are
absent from the AC, ACH, and AC-KMnO4 spectra and corre-
spond, respectively, to C–O stretching vibrations, H–C–H bend-
ing vibrations, and the stretching vibration of the –CN group.31

In the ACH-L-Cyst spectrum, the small peaks at 1211, 777, and
675 cm�1 are attributed to the CQS bond, the –NH2 bending
vibration, and the C–S bond vibration, respectively.9 The peak
at 538 cm�1 can likely be attributed to C–S stretching vibrations
or C–H bond vibrations. In the AC-KMnO4 spectrum, the peaks
at 500 and 432 cm�1 can be attributed to stretching or bending
vibrations of Mn–O and low-frequency vibrations of Mn–O. This
shows that the KMnO4 formed Mn–O bonds on the adsorbent
surface or that there are vibrations of C–Mn bonds on the
surface, respectively.

Fig. 2 PXRD pattern (a), FT-IR spectra (b) and Raman spectra (c).
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Fig. 2c shows the Raman spectra of different adsorbents.
The Raman spectra of AC, ACH, and ACH-L-Cyst show two
prominent peaks at 1353 cm�1 and 1591 cm�1, which corre-
spond to the D and G bands, respectively. The D peak indicates
that all three adsorbents contain amorphous carbon atoms
with structural anomalies corresponding to the characteristic
peak of disordered carbon.34 Peak G indicates that the sp2

carbon atoms of all three adsorbents are hybridized, which
corresponds to the characteristic peak of ordered graphite.34

Peak G represents the graphitic configuration related to the
2E2g mode of a two-dimensional network structure.35 The
intensity ratio of the D and G peaks, known as the ID/IG ratio,
provides an overview of the material’s structural characteristics.
The ID/IG ratio values for AC, ACH, and ACH-L-Cyst are 0.99,
0.968, and 0.952, respectively. These values suggest that the
adsorbents’ structures are predominantly composed of amor-
phous carbon with relatively low levels of structural disorder
compared to crystalline solids. The low ID/IG ratio of ACH-L-Cyst
compared to other AC and ACH adsorbents indicates that
incorporating L-cysteine increases the graphitization level of
activated carbon, reducing defects and disorder.36 For the AC-
KMnO4 adsorbent, the peak at 635 cm�1 corresponds to the
symmetric Mn–O stretching vibration in the octahedral MnO6

structure, providing confirmation of the successful synthesis of
the AC-KMnO4 composite. This result also highlights the
formation of MnO2 on the adsorbent surface, reflecting the
chemical and structural changes induced by processing. This
finding aligns with the results of Kim and Saito (2018), who
synthesized a one-pot, purple, benzene-derived MnO2-carbon
hybrid for removing cationic dyes.37

3.1.2. SEM images and EDX/EDX-mapping analysis of AC,
ACH, ACH-L-Cyst, AC-KMnO4. SEM analysis was performed to
examine the surface morphology. The AC, ACH, ACH-L-Cyst,
and AC-KMnO4 samples’ SEM images are displayed in Fig. 3.
The chemical composition of all samples was quantitatively
characterized through the use of EDX spectra, and EDX-
mapping which are also displayed in Fig. 4.

The morphological characteristics of AC, ACH, ACH-L-Cyst,
and AC-KMnO4 were ascertained by SEM analysis; the results
are displayed in Fig. 3. Analysis of this figure reveals that AC
and ACH adsorbents have a heterogeneous pore distribution
with irregular surface characteristics. This heterogeneous pore
distribution, consisting of micropores and mesopores,
observed in AC and ACH adsorbents is attributed to the thermal
decomposition of lignin, cellulose, and hemicellulose during
carbonization.38 EDX analysis of the elemental distribution and
EDX-mapping of the AC and ACH materials, as shown in Fig. 4,
revealed that they were made up of 2 atoms: carbon and oxygen,
not forgetting hydrogen, which cannot appear. SEM analysis of
the ACH-L-Cyst adsorbent showed that the pores initially
present on the ACH surface had been covered by L-cysteine.
ACH-L-Cyst presents a rough, irregular surface after ACH mod-
ification, testifying to the successful grafting of organofunc-
tional groups.9 EDX analysis of element distribution and EDX-
mapping images (Fig. 4) show the presence of the elements C,
O, N, and S in ACH-L-Cyst. This confirms that the sulfur and

nitrogen doping has been successful. The SEM image of the
adsorbent AC-KMnO4, obtained by modifying AC with KMnO4,
has a more irregular surface with cracks and numerous small
particles. This is due to the intensive oxidation of AC by
KMnO4, resulting in its degradation and transformation into
a brittle, opaque material.39 The distribution of these small
particles on the surface of AC-KMnO4 is rather irregular. It is
assumed that these small particles are MnO2.3,40 EDX analysis
of the elemental distribution and EDX-mapping (Fig. 4)
revealed that the AC-KMnO4 surface had been effectively
imbued with manganese (Mn), with the presence of carbon
and oxygen.

3.1.3. TGA/DTA analysis of AC, ACH, ACH-L-Cyst, AC-
KMnO4. The results of the TGA/DTA measurement to analyze
the thermal stability and mass loss of the various adsorbents
are shown in Fig. 5.

As shown in Fig. 5 above, the curve is divided into three
phases: the first extends from 20 1C to 250 1C, the second from
250 1C to 500 1C, 600 1C and the third from 500 1C, 600 1C to
1000 1C. The first weight loss values for AC, ACH, ACH-L-Cyst
and AC-KMnO4 are 6.70%, 6.20%, 38.35% and 7.88% respec-
tively, at a temperature of approximately 250–300 1C. This
corresponds to the elimination of water content and solvent
molecules that were obstructing the material pores from the
various adsorbents, indicating that physisorbed water remains
in their micropores and mesopores. The highest mass loss
value was observed during the second stage, with temperatures
ranging from 250–300 1C to 500–600 1C. This result can be
explained by the devolatilization of some of the organic matter
prior to activation at 500–600 1C,41 the decomposition of sur-
face chemical groups such as carboxyl and lactonic groups42 of
various adsorbents, and the formation of H2O, CO, and CO2

during calcination/activation and synthesis processes.12 This
adsorbent mass loss, which decreases significantly between
250–300 1C and 500–600 1C, is accompanied by a significant
exothermic peak at around 555 1C, 587 1C, 473 1C, and 492 1C,
respectively for AC, ACH, ACH-L-Cyst, and AC-KMnO4, as illu-
strated on the DTA curves. This observation could be attributed
to carbon oxidation within the adsorbent. Similar reports have
been presented by Van and Thi, 2014.42 Above 500 to 600 1C for
the different adsorbents, we observe the third, otherwise neg-
ligible, mass loss of 3.86%, 2.85%, 3.46%, and 2.79%, respec-
tively, for AC, ACH, ACH-L-Cyst, and AC-KMnO4. This mass loss
is most likely associated with secondary degassing or moisture
loss, as well as tar and oxide removal.

3.2. Heavy metal Pb2+ adsorption using ACH-L-Cyst and
AC-KMnO4

3.2.1. Impact of AC, ACH, ACH-L-Cyst, and AC-KMnO4

modifications on Pb2+ adsorption. The current work examines
the effects of altering AC, ACH, ACH-L-Cyst, and AC-KMnO4 on
Pb2+ adsorption at 210 mg L�1 during stirring for 240 minutes.
To choose the top-performing adsorbents, this work was done
before the optimization stage. As shown in Fig. 6, the maximum
adsorption percentage of ACH-L-Cyst and AC-KMnO4 is signifi-
cantly greater than that of AC and ACH.
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The new material functionalities, in particular the –SH and
–NH2 functions in ACH-L-Cyst and the Mn–O function in AC-
KMnO4, explain the significantly higher adsorption percentage
observed for these two doped materials compared with
undoped AC and ACH materials. This observation highlights
particularly strong interaction forces between the solute and
the surface of the two adsorbents ACH-L-Cyst, and AC-KMnO4.43

For the adsorbents AC, ACH, ACH-L-Cyst, and AC-KMnO4,
respectively, the percentages of Pb metal ion adsorption are
57.42%, 66.14%, 85.20%, and 98.47%. Clearly, this modifica-
tion has increased the amount of Pb2+ ions that can be
adsorbed. According to our study, the maximum adsorption
percentage of Pb by AC-MnO4 is significantly higher than that
of ACH-L-Cyst, AC, and ACH, which favored the creation of
MnO2 and improved the properties of the AC-MnO4 adsorbent.
However, Pb removal by AC-MnO4 could be mainly controlled
by cation exchange. In addition, a considerable release of Mn
into the equilibrium solution could occur, following the for-
mation of an inner-sphere complex between Pb and MnO2 and
their exchange with Mn.26,44 N- and S-doped ACH-L-Cyst adsor-
bent shows superior adsorption performance to AC and ACH
for Pb2+ removal. This finding can be attributed to exchange of
electrons between the functional groups present on the surface
of ACH-L-Cyst and Pb2+ ions during the adsorption process,
once the adsorbent pores have reached saturation. This can
also be explained by the fact that the amino and sulfide groups
are free and available for adsorption. Similar results have been

presented by Zhu et al. 2022.9 For the continuation of our
research, we have opted to use ACH-L-Cyst and AC-KMnO4

adsorbents, in line with previous results.
3.2.2. Optimization of Pb2+ adsorption by ACH-L-Cyst and

AC-KMnO4

– Analysis of variance
Using the CCD model, the analysis of variance (ANOVA) was

utilized to assess the simultaneous and individual effects of
factors involved in the adsorption of Pb2+ ions on ACH-L-Cyst
and AC-KMnO4. The factors taken into account have a signifi-
cant impact on the effectiveness of elimination. The CCD-
optimized model for Pb2+ elimination proposed a quadratic
model with adjusted R2 and predicted R2 values close to one, as
shown in Tables S5 and S6. High R2 values indicate that the
model fits the dataset well, confirming the validity of the
proposed model.45 Results, including linear, cross and quad-
ratic terms for all factors, are presented in Table 2.

Analysis of the table indicates that the ACH-L-Cyst model is
highly significant (F = 31.75; p o 0.0001), with a 0.01%
probability that this value is due to experimental noise. Terms
A, B, C, D, as well as interactions AB, AC, AD, BC, BD, and
quadratic terms A2, B2, C2, and D2 are significant (p o 0.05).
Similarly, the AC-KMnO4 model is highly significant (F = 59.69;
p o 0.0001). Factors A, B, C, interactions AB, AC, AD, BC, BD,
CD, and quadratic terms A2, B2, C2, and D2 contribute signifi-
cantly to the model (p o 0.05). For ACH-L-Cyst and AC-KMnO4

13 effects have p-values below 0.05, indicating that they are

Fig. 3 SEM images of AC, ACH, ACH-L-Cyst, AC-KMnO4.
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significantly different from zero at the 95.0% confidence level.
Similar results have been presented by Fotsop et al. 2025.46

However, pH, Pb2+ ions concentration, and stirring time

showed significant effects both linearly and crosswise for
adsorbed Pb2+ ions. This indicates that, when combined
together, the model is statistically significant at the 95.0%

Fig. 4 EDX/EDX-mapping analysis of AC, ACH, ACH-L-Cyst and AC-KMnO4.
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confidence level for both the crossover and quadratic terms of
all four factors. The Pareto diagram (Fig. 7a and b) and normal
adsorption probability diagram (Fig. S1a and b) show the
positive effect of pH compared to mass, stirring time and
concentration, which show a negative effect for ACH-L-Cyst,
meaning that the increase in the percentage adsorption of Pb2+

ions is strongly influenced by the pH of the medium. For AC-
KMnO4, we observe the positive effect of time and mass
compared to concentration and pH, which show a negative
effect, meaning that the increase in adsorption percentage is
strongly influenced by adsorption kinetics.

- The adsorption experiments’ experimental design
The adsorption percentages, coded experimental matrix,

observed and predicted values are presented in Table 3. P1
and P2 represent the percentages of Pb2+ ions adsorbed on
ACH-L-Cyst and AC-KMnO4 respectively. Eqn (5) and (6) repre-
sent the quadratic model illustrating the relationship between
the percentage of Pb2+ ions adsorbed, considered as a response,
and the independent variables: pH (A), time (B), concentration

(C) and mass (D). Positive values indicate a synergistic effect
between the variables, while negative values reveal an antag-
onistic effect. Residual values, corresponding to the difference
between observed and predicted values, are presented in
Table S7.

P1 = 55.6778 � 5.62054A � 0.510509B � 0.325367C

+ 2.86258D + 0.694188A2 + 0.0197062AB + 0.0088968AC

� 0.0432291AD + 0.00121636B2 + 0.000247078BC

+ 0.000604596BD + 0.000546713C2 + 0.000143247CD

� 0.0234121D2 (5)

P2 = 75.1024 + 14.2129A � 0.222977B + 0.0432102C

� 0.226996D � 1.27396A2 + 0.014416AB

� 0.00640524AC � 0.0388141AD + 0.000397921B2

+ 0.000146501BC + 0.000655029BD � 0.000112754C2

� 0.000302579CD + 0.00342447D2 (6)

The goodness-of-fit of the regression model was assessed by
means of the R2, adjusted R2, standard error of estimation and
mean absolute error. For P1, the R2 and adjusted R2 values are
97.16% and 94.10% respectively, while for P2 they are 98.47%
and 96.82% respectively. The close similarity between R2 and
adjusted R2 indicates a strong correlation between the factors
studied and the accuracy of the central composite design
adopted.47 For P1, the standard error of the estimate indicates
that the standard deviation of the residuals is 4.35615. The
mean absolute error (MAE) of 2.29756 corresponds to the mean
value of the residuals. For P2, the standard error of the estimate
shows that the standard deviation of the residuals is 1.84691.
The mean absolute error (MAE) of 1.0415 corresponds to the
mean value of the residuals. Taken together, these results show
that the model’s noise-to-ratio values are within the desirable
range.1 The accuracy of the regression model was assessed by
means of parity and residual plots, as shown in Fig. 8. Fig. S2

Fig. 5 TGA/DTA plot of AC, ACH, ACH-L-Cyst and AC-KMnO4.

Fig. 6 Comparison of maximum percentage adsorption at a high initial
concentration of 210 mg L�1 for AC, ACH, ACH-L-Cyst, and AC-KMnO4,
dosage of adsorbent 70 mg, time 240 min.
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illustrates the relationship between externally examined resi-
duals and Pb2+ ions adsorption, together with the corres-
ponding normalized residual plot.

Fig. 8a and c shows that the maximum data points lie almost
on the straight line that predicts the observed and predicted
values of Pb2+ ions and that they are almost identical, testifying
to the predictive effectiveness of the regression model.1,7

Fig. 8b and d shows that the residuals are randomly dispersed,
without any regularity that might justify fitting the experi-
mental data. It can also be seen that the maximum deviation
between predicted and observed values of Pb2+ ion removal is
less than 4%, indicating a good correlation between the two.
Fig. S2a & c shows a normal residual plot with a normal
distribution for Pb2+ ion adsorption. The residual plots show
almost linear behavior, indicating that the model prediction is
accurate. Similar results were obtained by Zaman et al.,7 and
Birniwa et al.48 in 2022. Fig. S2b & d illustrates the correlation
between externally analyzed residuals and Pb2+ ion removal. It
highlights a strong correlation between the variables. Birniwa
et al. obtained similar results in 2022.48

– Exploration of interaction factors related to Pb2+ ion
adsorption and model confirmation

The 3D evaluation of the response surface of the variables
pH (A), time (B), concentration (C) and mass (D) that interact
synergistically to optimize the uptake of Pb2+ ions by the two
adsorbents are displayed in Fig. 9 and Fig. S3. The 2D surface
plot of different variable are show in Fig. S4 and S5. The
percentage adsorption of Pb2+ ions was influenced by these
different process variables. These figures show how ACH-L-Cyst
and AC-KMnO4, respectively, interact and depend on pH, con-
tact time, concentration, and adsorbent mass to remove a
certain percentage of Pb2+ ions in aqueous solution. The results
indicate that the removal percentage rises with increasing pH
of solution, from 2 to 5. Above pH 5, increasing the pH of the
metal solution decreases the percentage of adsorption, depend-
ing on time and leads concentration (Fig. 9a-1, a-2; b-1 and b-2).
This is explained by the competition to occupy the adsorption
sites between the metal ions and the hydroxyl ions, modifying
the surface charge and causing electrostatic repulsion between
the adsorbent and the metal ions, which leads to the leakage of
the adsorbed ions. In addition, the combined impact of the
initial concentration of Pb2+ ions and pH was assessed (Fig. 9a-
2; b-2 and Fig. S3). This shows adsorption of 80% of Pb2+ ions
for ACH-L-Cyst and 85% for AC-KMnO4, from an initial Pb2+

Table 2 F-Value and p-value of the analysis of variance (ANOVA) for the adsorption of Pb2+ ions on ACH-L-Cyst and AC-KMnO4

Factors

ACH-L-Cyst AC-KMnO4

F-Value p-Value F-Value p-Value

Model 31.75 o0.0001 59.69 o0.0001
Linear term A-pH 77.34 o0.0001 8.97 0.0103

B-Time 8.72 0.0112 20.22 0.0006
C-Concentration 5.27 0.0390 252.14 o0.0001
D-Mass 5.26 0.0391 0.3644 0.5565

Cross term AB 40.69 o0.0001 121.13 o0.0001
AC 21.68 0.0004 62.52 o0.0001
AD 22.69 0.0004 101.76 o0.0001
BC 25.65 0.0002 50.18 o0.0001
BD 6.81 0.0216 44.46 o0.0001
CD 0.9993 0.3357 24.80 0.0003

Quadratic term A2 5.31 0.0384 99.41 o0.0001
B2 38.33 o0.0001 22.82 0.0004
C2 52.95 o0.0001 12.53 0.0036
D2 190.74 o0.0001 22.70 0.0004

*p-Value significant (p o 0.05).

Fig. 7 Pareto diagrams of the effects of factors A, B, C and D for Pb2+ adsorption onto ACH-L-Cyst (a) and AC-KMnO4 (b).
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ions concentration of 400 mg L�1, during 122 minutes of
agitation, at pH 8. The impacts of the concentration of Pb2+

ions and contact time on the sorption performance of Pb2+ ions
are shown in Fig. 9a-3 and b-3. Pb2+ ion removal efficiency
decreases as contact time and Pb2+ ions concentration increase.
Fig. 9a-4 and b-4 illustrate how contact time and mass affect
Pb2+ ions sorption. The percentage of Pb2+ ions sorption
decreased with increasing contact time. This is because over
time, more Pb2+ ions were adsorbed onto the surface of both
adsorbents, reducing the contact area and available sorption
sites. However, after 122 minutes, maximum adsorption is
reached with both adsorbents. The adsorption percentage is
higher at the beginning of the stirring time, because a large
number of free adsorption bonding sites are available.1 Opti-
mum conditions for the factors studied for the adsorption of
Pb2+ ions predicted by the Design-Expert 13 software are dis-
played in Table S8. Predicted values are close to those obtained
experimentally for the percentage of Pb2+ removed under these
optimal conditions. The close agreement between the predicted
and optimal experimental values corroborates the high R2 and
adjusted R2 values presented in Tables S5 and S6 for the
empirical models of Pb2+ ion adsorption by the two adsorbents
and suggests that the models employed to represent Pb2+ ion
adsorption by ACH-L-Cyst and AC-KMnO4 are valid. Fig. 9a-5
and b-5 show the factors’ perturbation graph. Fig. 9a-6 and b-6
show the percentage adsorption at each factor point.

In numerical optimization, the program aims to optimize
the objective function in order to determine the optimal
conditions.11,49 The maximum adsorption capacity of Pb2+ ions

on ACH-L-Cyst and AC-KMnO4, as well as the corresponding
optimal experimental conditions, were determined using the
desirability function (Fig. 10). We applied a multi-response
method to optimize combinations of four factors: pH (2–8),
time (2–240 min), initial Pb2+ ion concentration (20–
400 mg L�1), and adsorbent mass (20–100 mg). Our goal was
to identify conditions that would produce an optimal response
of 100%. The optimal conditions were found to be a pH of 5.0, a
time of 122.5 min, a Pb2+ ion concentration of 210 mg L�1, and
an adsorbent mass of 60 mg, resulting in maximum removal
efficiencies of 78.82% for ACH-L-Cyst and 98.85% for AC-
KMnO4, respectively with the desirability value of 1.00. Optimal
predicted conditions were verified experimentally, and the
results are presented in Table S8. Consequently, this model
can be used to optimize the removal of Pb2+ ions and predict
the percentage of lead removed.50

3.2.3. Modelling of adsorption kinetics. Pb2+ adsorption
kinetics under optimum conditions are shown in Fig. 11(a–c)
respectively. The results show a high adsorption capacity for the
AC-KMnO4 adsorbent compared with the ACH-L-Cyst adsor-
bent. Fig. 11a shows that for both adsorbents, the adsorption
of Pb2+ ions grows rapidly at first, then decreases and finally
stabilizes when equilibrium is reached after pore saturation, as
shown by the plateau obtained after 120 minutes with a
significantly high adsorption capacity of 67.676 mg g�1 for
ACH-L-Cyst and 86.274 mg g�1 for AC-KMnO4. The efficient
complexation of organic groups on both adsorbents’ surfaces
with Pb2+ is responsible for the quick rise in adsorption
capacity9,51,52 as well as electrostatic attraction or oxydation

Table 3 Observed and predicted values from the adsorption of Pb2+ ions using the central composite design

Run order pH
Time
(min)

Concentration
(mg L�1) Mass (mg)

P1: % Pb2+ removed by ACH-L-Cyst P2: % Pb2+ removed by AC-KMnO4

Observed value Predicted value Observed value Predicted value

1 +1 �1 �1 +1 70.31 66.71 88.65 86.77
2 0 0 0 0 61.77 64.95 90.30 91.02
3 0 0 0 0 65.33 64.95 90.34 91.02
4 �1 +1 +1 +1 55.54 56.11 90.11 90.34
5 0 +1 0 0 80.35 78.71 98.68 98.47
6 0 �1 0 0 84.20 84.77 95.33 94.55
7 +1 +1 +1 +1 93.53 87.83 80.60 81.28
8 �1 1 �1 �1 50.02 48.58 73.90 74.32
9 0 0 0 �1 30.14 29.84 95.26 96.23
10 0 0 �1 0 85.76 87.04 94.70 93.86
11 �1 0 0 0 62.39 62.16 80.02 80.85
12 0 0 0 0 65.51 64.95 90.03 91.02
13 �1 �1 �1 +1 86.06 83.06 98.44 101.55
14 �1 +1 �1 +1 58.55 57.75 96.78 94.92
15 +1 +1 +1 �1 90.52 95.05 90.13 88.51
16 +1 �1 +1 +1 60.31 63.28 53.43 54.50
17 �1 +1 +1 �1 40.25 42.58 78.31 78.94
18 0 0 0 +1 25.91 25.13 98.72 96.76
19 0 0 0 0 63.96 64.95 90.42 91.02
20 +1 �1 +1 �1 82.35 81.88 73.44 74.05
21 +1 0 0 0 81.07 80.22 80.07 78.25
22 +1 +1 �1 �1 85.50 80.77 98.57 98.50
23 �1 �1 +1 �1 62.53 57.19 85.09 84.81
24 +1 �1 �1 �1 88.68 89.65 95.86 97.12
25 �1 �1 +1 +1 55.89 59.35 85.06 83.89
26 +1 +1 �1 1 62.31 69.19 98.68 100.46
27 0 0 +1 0 84.68 82.33 80.18 80.03
28 �1 �1 �1 �1 80.82 85.26 95.20 93.27
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and precipitation. The plateau observed after 120 minutes
could be attributed to a decreasing number of available contact
sites and intense repulsive forces between Pb2+ ions.53 The
kinetic models PFO, PSO, intra-particle diffusion, and Elovich54

presented in Table S2 were used to fit the experimental data in
order to examine the Pb2+ adsorption behavior on both adsor-
bents. Fig. 11(b and c), displays the fitting curves, and Table 4
presents the non-linear fitting parameters that were found.
This table shows that the sorption mechanism of Pb2+ ions
on both adsorbents is best described by the PFO, PSO and
Elovich kinetic models, due to the R2 value 4 0.99 and which
are relatively close. However, Elovich’s model yields an R2 4
0.99 with an a value of 1022 mg g�1 min�1, which is extreme and
physically unrealistic. This implies an initial adsorption rate
exceeding the limits of molecular diffusion. This phenomenon
can be explained by a numerical artifact during nonlinear
regression, due to the strong correlation between a and b.
Thus, even though the Elovich model provides a satisfactory
empirical fit of the kinetic data, its parameters do not allow for
an interpretation of the adsorption mechanisms. Thus, we can
say that, in the medium, there is a coexistence of physical

adsorption such as ion exchange, electrostatic interaction, or
hydrogen bonding and chemical adsorption such as electron
transfer or complexation during the removal of Pb2+ from the
solution. This result also highlights the heterogeneous adsor-
bent surface. In addition, the Qads values determined by the
pseudo-first and pseudo-second order models are closer to
those obtained from the tests (Table 4). However, the pseudo-
first order model best explains the Pb2+ adsorption kinetics
given the low values of w2, RMSE, ARE, and SCE observed in
Table 4. This reveals a van der Waals-type interaction between
Pb2+ ions and the ACH-L-Cyst and AC-KMnO4 adsorbents and
indicates that multilayer adsorption dominates at the surface of
the adsorbents. Zbair et al. 201955 and El-Rayyes et al. 202556

have reported similar results.
3.2.4. Modelling of adsorption isotherms. Adsorption iso-

therms of Pb2+ ions by ACH-L-Cyst and AC-KMnO4 adsorbents
under optimal conditions are shown in Fig. S6. Different
isotherm models such as Langmuir, Freundlich, Jovanovic,
Temkin, Dubinin–Raduskevish, Langmuir–Freundlich, and
Redlich–Peterson were used to fit the experimental adsorption
curves concerning the removal of Pb2+ ions. The aim was to

Fig. 8 (a and c) Correlation between predicted vs. observed values of the Pb2+ removal efficiency and (b and d) plot between residuals and predicted
values.
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determine the favorable adsorption mechanism. Fig. 12(a–c)
show the corresponding curves and Langmuir separation fac-
tor, respectively. The AC-KMnO4 adsorbent has a greater capa-
city to remove Pb2+ ions compared to the ACH-L-Cyst adsorbent.
For example, the equilibrium adsorption quantities were
86.1 mg g�1 and 68 mg g�1 for the adsorbents AC-KMnO4

and ACH-L-Cyst, respectively. Effective removal was 98.47% for
AC-KMnO4 and 77.20% for ACH-L-Cyst, respectively. Fig. S6
shows that the higher the concentration of Pb2+ ions, the
greater the quantity adsorbed per gram of adsorbent. The
explanation for this phenomena is that, when initial Pb2+ ion
concentrations are low, the number of Pb2+ ions present in the
aqueous solution is less than the available active sites on
the surface of each adsorbent,57 thereby increasing adsorption
rate. The increase in adsorption capacity, which is linked to the
rise in the initial concentration of Pb2+ ions, can be elucidated
by the fact that the higher the concentration, the greater the
number of ions in solution and the more active sites on the
adsorbent surface are covered.57,58 We can also say that increas-
ing the initial concentrations of Pb2+ ions created stronger
interactions between the Pb2+ ions in solution and the surface
of each adsorbent.59 This can also be explained by the signifi-
cant mass transfer driving force at high concentrations of lead.8

For all the isotherm models studied, the parameters calculated
using their non-linear forms are reported in Table 5. This table
shows that R2 4 0.95 for all models is very good for both
adsorbents, with the exception of the Dubinin-Radushkevich
model for the ACH-L-Cyst adsorbent. Adsorption isotherm data
are best described by the non-linear models Langmuir–Freun-
dlich, Langmuir, Temkin, Redlich–Peterson, Freundlich, and
Jovanovic for ACH-L-Cyst and Langmuir–Freundlich, Redlich–
Peterson, Temkin, Jovanovic, Langmuir, and Freundlich for AC-
KMnO4. The Langmuir–Freundlich model indicates that the
adsorption energy is distributed between the different surfaces
and the adsorption surface is heterogeneous.60 It is assumed
that interactions between the adsorbate and the adsorbent
would also lead to adsorption provided that the adsorption
surface is homogeneous.60 With regard to the Redlich–Peterson
model, we can say that the adsorption of Pb2+ ions by both
adsorbents occurs on heterogeneous surfaces. The MLF and g
values obtained using the Langmuir–Freundlich and Redlich–
Peterson isotherm models differ from 1. This indicates that the
two adsorbents’ adsorption of Pb2+ ions can’t be simplified to
the Langmuir isotherm.61,62 The high R2 values obtained
demonstrate the relevance of all these models for the Pb2+ ions
adsorption in aqueous solution. Thus, these models are asso-
ciated with the adsorption of materials with a heterogeneous
surface.61,62 Concerning the Langmuir isotherm, we can state
that the adsorption of Pb2+ ions by both adsorbents corre-
sponds to monolayer sorption, with identical adsorption sites
finite on a homogeneous surface.14,63 The low KL value shows
that Pb2+ ions and the adsorbents ACH-L-Cyst and AC-KMnO4

have a strong interaction. Langmuir isotherm separation factor
values between 0 and 1 (Fig. 12c) suggest that Pb2+ ions are
favorably adsorbed by both adsorbents. Based on the Freun-
dlich model, we can conclude that there is also multilayer

Fig. 9 CCD response surface graphs in 3D illustrating the impact of pH,
time (min), concentration of Pb2+ (mg L�1) and mass (mg) on the adsorp-
tion of Pb2+ ions (%removal) using ACH-L-Cyst (a-1 to a-4) and AC-KMnO4

(b-1 to b-4), respectively; perturbation graph (a-5 & b-5) and %removal at
each factorial point (a-6 & b-6).
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adsorption on a heterogeneous surface for both adsorbents and
that interactions between the adsorbate and the adsorbent
surface are an important factor in the adsorption process.63,64

The Freundlich model’s 1/n values are less than 1, indicating a
strong affinity between the adsorbents’ surface and the
adsorbed Pb2+ ion solution. This also suggests that the adsorp-
tion sites are more heterogeneous and that adsorption is due to
a physical process. The Temkin isotherm indicates that an
electrostatic interaction may exist between the two adsorbents
and the Pb2+ ions. This indicates that the adsorption energy of
the surface reduces linearly when the active sites are invaded by

Pb2+ ions.8 According to Temkin’s model, the adsorption
process is exothermic since the change in adsorption energy
DQ is positive, regardless of the material considered. Jovano-
vic’s model, for its part, indicates that during the sorption of
Pb2+ ions by the two adsorbents, it is likely that a localized non-
ideal monolayer will form without lateral interaction. Among
the isotherms selected in Table 5, for which we have presented
the information that each can provide to describe the adsorp-
tion process, the Langmuir–Freundlich isotherm stands out for
its ability to best describe the adsorption process. Indeed, it has
the highest R2 and the lowest w2, RMSE, ARE and SCE error

Fig. 10 Desirability ramp for the numerical optimization of four factors, such as pH, time, concentration, and adsorbent mass using ACH-L-Cyst (a) and
AC-KMnO4 (b).
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functions, regardless of the adsorbent.65 The maximum adsorp-
tion capacities determined using the Langmuir–Freundlich
isotherm are 113 mg g�1 and 141 mg g�1 for ACH-L-Cyst and
AC-KMnO4, respectively.

3.2.5. Thermodynamic study of adsorption. The following
thermodynamic characteristics were assessed in order to ascer-
tain if the adsorption process is endothermic or exothermic:

enthalpy change (DH1), standard free energy (DG1) and entropy
change (DS1). The following formulas are used to compute
these thermodynamic characteristics of adsorption processes:

DG1 = DH1 � TDS1 = �RT ln KD (7)

lnKD ¼
�DH�

RT
þ DS

�

R
¼ �DG

�

RT
(8)

KD ¼
Qe

Ce
(9)

where KD is the distribution coefficient for adsorption, R is the
gas constant (8.314 J mol�1 K�1), T is absolute temperature (K),
Qe is the amount of Pb2+ ions (mg g�1) that are adsorbed on the
adsorbent at equilibrium, Ce is the Pb2+ ion’s equilibrium
concentration in the solution (mg L�1). Plot of ln KD = f (1/T)
and adsorption efficiency versus temperature is showed in
Fig. 13. Calculating the y-intercept and slope of the graphs
allowed us to get the values of DS1 and DH1.

By increasing the solution temperature from 298 K, 308 K
and 318 K, Pb2+ ion removal percentages also increase
(Fig. 13a). However, this increase is not very significant when
the temperature rises, showing the adsorbent’s effectiveness
even at low temperatures.66 Higher temperatures increase the
mobility of Pb2+ ions and decrease the viscosity of the solution,
promoting a more significant interaction between these ions
and the surface of each adsorbent.56 The values of the thermo-
dynamic parameters for Pb2+ adsorption are shown in Table 6.

According to this table, DG1 o 0 and decreases further with
increase in temperature, suggesting spontaneous adsorption
process of Pb2+ by ACH-L-Cyst and AC-KMnO4 and that sponta-
neity rises with temperature. These negative values of DG1 also
show that the adsorption process is thermodynamically possible.67

Pb2+ ion adsorption is an endothermic process, as demonstrated by
the positive value of DH1. DH1 values o 20 kJ mol�1, show that the
adsorption interactions that occur are physical in nature. Values of
DS1 4 0 suggest an aleatory nature at the solution–solid interface
during adsorption.66,68

3.2.6. Selective adsorption of Pb2+ ions towards different
cations. In order to verify the selectivity of ACH-L-Cyst and AC-
KMnO4 with respect to Pb2+, several other metals were mixed in
the same solution with the latter. This study offers an analogy
with reality, as it is difficult to observe a single type of ion in the
real medium. The adsorption results for the different metals by
ACH-L-Cyst and AC-KMnO4 are shown in Fig. 14a. It is clear that
Pb2+ ion selective adsorption is effective. Indeed, the high
adsorption percentage, equivalent to 97.064% for AC-KMnO4

and 76% for ACH-L-Cyst when the ions are mixed, is very close
to the adsorption rate when lead(II) ion is alone in solution.
This slight difference can be explained by competition between
ions to occupy the active sites of the adsorbent, although it is
insignificant or negligible. It is therefore clear that ACH-L-Cyst
and AC-KMnO4 have a strong affinity for Pb2+ ions, thereby
limiting the availability of adsorption sites for other competi-
tors. This affinity could be explained by the fact that the Pb of
the Lewis acid and the –SH–, –NH–, and –OH groups of the

Fig. 11 Time effects of Pb2+ adsorption (a) and non-linear kinetics studies
(b and c).
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Table 4 Parameters of kinetic models

Models Parameters Values R2 w2 RMSE ARE SCE

ACH-L-Cyst
Pseudo-first order Qads (mg g�1) 66.263 0.998 0.121 0.999 1.134 7.989

K1 (min�1) 0.534
Pseudo-second order Qads (mg g�1) 66.679 0.997 0.176 1.207 1.505 11.663

K2 (g mg�1 min�1) 0.046
h (mg g�1 min�1) 204.974
t1/2 (min) 21.691

Intraparticle diffusion C (mg g�1) 41.8617 0.497 17.942 11.068 12.653 980.017
Kid (mg g�1 min�0.5) 2.4479

Elovich a (mg g�1 min�1) 2.27 � 1022 0.994 0.355 1.710 2.048 23.406
b (g mg�1) 0.839

AC-KMnO4

Pseudo-first order Qads (mg g�1) 86.248 0.999 2.11729 � 10�4 0.015 0.012 0.002
K1 (min�1) 0.7267

Pseudo-second order Qads (mg g�1) 86.465 0.999 0.011 0.339 0.253 0.919
K2 (g mg�1 min�1) 0.095
h (mg g�1 min�1) 707.306
t1/2 (min) 10.571

Intraparticle diffusion C (mg g�1) 55.1555 0.512 23.769 14.418 12.400 1663.136
Kid (mg g�1 min�0.5) 3.145

Elovich a (mg g�1 min�1) 1.33 � 1022 0.999 0.256 1.648 1.456 21.73
b (g mg�1) 0.633

Fig. 12 Impact of concentration on the adsorption of Pb2+ ions, as well as adjusted non-linear experimental data for ACH-L-Cyst (a) and AC-KMnO4 (b),
Langmuir separation factor (c).
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Lewis base of the two adsorbents can produce a more stable
coordination compound.69

The distribution coefficient KD (mL g�1) is a factor that
confirms the selectivity of an adsorbent towards the ions tested,
which quantifies the adsorbent’s ability to remove ions. Adsorp-
tion is considered excellent if the KD value is greater than

1 � 104 mL g�1 (ref. 10 and 70) and a low a value indicates
the affinity of the adsorbed metal for the adsorbents.70 Analysis
of Fig. 14b shows that adsorption is excellent for Pb2+, Mg2+,
and In2+ ions with the AC-KMnO4 adsorbent. However, with the
ACH-L-Cyst adsorbent, adsorption is excellent with Pb2+ ions.
The KD value of AC-KMnO4 and ACH-L-Cyst for Pb2+ ions is

Table 5 Parameters of adsorption isotherms models

Models Parameters Values R2 w2 RMSE ARE SCE

ACH-L-Cyst
Langmuir Qm (mg g�1) 86.882 0.963 2.618 4.687 5.706 131.857

KL (L mg�1) 0.0265
Freundlich KF (L g�1) 10.571 0.961 2.87 4.811 5.744 138.871

1/n 0.384
Jovanovic Qm (mg g�1) 70.109 0.959 5.091 4.951 8.258 147.049

KJ (L mg�1) 0.025
Temkin DQ (J mol�1) 134.156 0.962 2.849 4.759 5.178 135.882

A (L g�1) 0.291
Dubinin–Raduskevish Qm (mg g�1) 59.610 0.865 9.279 8.940 13.212 479.528

b 30.401
Langmuir–Freundlich QMLF (mg g�1) 113 0.967 2.446 4.455 6.886 119.023

MLF 0.724
KLF 0.044

Redlich–Peterson KRP (L g�1) 3.624 0.964 2.606 4.607 7.201 125.763
ARP (L mg�1) 0.109
g 0.821

AC-KMnO4

Langmuir Qm (mg g�1) 297.302 0.980 2.353 5.247 5.732 165.245
KL (L mg�1) 0.021

Freundlich KF (L g�1) 8.949 0.971 3.367 6.282 6.727 236.838
1/n 0.754

Jovanovic Qm (mg g�1) 176.571 0.982 2.208 5.049 5.588 152.973
KJ (L mg�1) 0.034

Temkin DQ (J mol�1) 45.762 0.986 1.695 4.368 4.574 114.481
A (L g�1) 0.257

Dubinin–Raduskevish Qm (mg g�1) 111.272 0.961 8.650 7.295 9.159 319.368
b 13.896

Langmuir–Freundlich QMLF (mg g�1) 141 0.991 1.029 3.428 4.584 76.435
MLF 1.731
KLF 0.00987

Redlich–Peterson KRP (L g�1) 5.277 0.988 1.086 4.392 5.012 77.175
ARP (L mg�1) 3.883 � 10�4

g 2.050

Fig. 13 Impact of temperature (a) and plot of ln KD versus 1/T (b) of Pb adsorption on ACH-L-Cyst and AC-KMnO4.
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much higher (KD = 22 885.89 mL g�1 and 10 152.75 mL g�1,
respectively, for AC-KMnO4 and ACH-L-Cyst), which confirms
the high affinity of these two adsorbents for Pb2+ ions.

Although it allows the selectivity of an adsorbent towards a
pollutant to be easily deduced, the distribution constant does
not allow the competitive relationship between different ions in
the same system to be established. Thus, in order to measure
the adsorption affinity between the target ion and competing
ions, an additional factor known as the separation factor or
selectivity coefficient (a) is introduced.71 Fig. 14c illustrates the
various selectivity coefficients for each ion. It can be seen that
AC-KMnO4 has a strong affinity for Pb2+, Mg2+, and In2+ ions
compared to other ions, while ACH-L-Cyst has a particularly
strong affinity for Pb2+ ions, significantly higher than that for
other ions.

3.2.7. Study of the reusability of adsorbents. As a general
rule, two key factors, namely regeneration and structural sta-
bility, determine the practical application of adsorbents. The
use of a strong acid is very useful for the desorption of
pollutants. In this work, a mixture of distilled water and
ethanol in a 50% volume ratio was used to regenerate spent
ACH-L-Cyst and AC-KMnO4. The stability of ACH-L-Cyst and AC-
KMnO4 as adsorbent materials for the removal of Pb2+ ions was
evaluated through six consecutive adsorption test cycles carried
out under optimal conditions. The outcomes are displayed in
Fig. 15. This figure illustrates that the percentage of Pb2+ ion
adsorption decreases as the number of regeneration cycles
increases, falling from 77.002% to 59.4% for ACH-L-Cyst and
from 97.473% to 66.971% for AC-KMnO4. Table S9 shows the
percentages of Pb2+ ion removal by the two adsorbents during
the six cycles. The main reasons for the decrease in the removal
rate by both adsorbents are probably the small amount of
adsorbent lost during elution and the irreversible occupation
of active adsorption sites.

3.2.8. Mechanism of adsorption. In order to clarify the
adsorption mechanism, PXRD, FT-IR and SEM coupled with
EDX/Mapping characterizations were performed to observe
structural changes in ACH-L-Cyst and AC-KMnO4 after Pb2+

Table 6 Thermodynamic parameters

DG1 (kJ mol�1)
DH1

(kJ mol�1)
DS1
(J mol�1 K�1)298.15 K 308.15 K 318.15 K

ACH-L-Cyst �1.993 �2.287 �2.789 9.844 39.597
AC-KMnO4 �7.903 �8.731 �9.558 16.766 82.742

Fig. 14 Removal of various cations by ACH-L-Cyst and AC-KMnO4 in
ionic solutions containing a mixture of ions at an equal concentration of
210 mg L�1 (a), distribution coefficient (b) and separation factor (c).

Fig. 15 Reusuability of ACH-L-Cyst and AC-KMnO4 for six consecutive
cycles of adsorption–desoption.
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Fig. 16 (a) PXRD motif; (b) FT-IR spectra of ACH-L-Cyst and AC-KMnO4 after Pb2+ adsorption; and (c) SEM/EDX-mapping of ACH-L-Cyst and AC-
KMnO4 after Pb2+ adsorption.
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adsorption. The PXRD pattern (Fig. 16a) shows identical reflec-
tions with the same crystal planes as for fresh ACH-L-Cyst and
AC-KMnO4 adsorbents, suggesting that no change in the crystal
structure of these two adsorbents occurred as a result of the
adsorption process, confirming the stability of the adsorbents.
Fig. 16b shows the FT-IR spectra of ACH-L-Cyst and AC-KMnO4

after adsorption. In general, the FT-IR spectra are similar,
suggesting that the material after adsorption retains the same
functions as the initial material. However, for the ACH-L-Cyst
adsorbent, the shifts observed in certain stretching vibration
peaks and the appearance of peaks at 1398, 1305, and
1292 cm�1 after adsorption of Pb2+ ions reflect the complexa-
tion of the latter with thiol groups (–SH), carboxylate groups
(–COO�), and amine groups (–NH2). We can therefore say that
the adsorption process is both physical and chemical in nature.
For this adsorbent, the L-cysteine bound to the surface
of the activated carbon acts as a chelating ligand to effectively
capture Pb2+ ions by forming a stable surface complex. For the
AC-KMnO4 adsorbent, all of the stretching vibration peaks
initially present in the FT-IR spectrum before adsorption are
shifted. However, after adsorption of Pb2+ ions, a peak at
614 cm�1 attributed to stretching vibrations of the Pb–O bond
in the PbO2 crystal lattice appears. This band at 614 cm�1 is
evidence that the adsorption of Pb2+ ions by KMnO4-modified
activated carbon is accompanied by oxidation at its surface. The
SEM observation shown in Fig. 16c, compared to the sample
before adsorption (Fig. 3), reveals the accumulation of lead on
the surface of both adsorbents after adsorption. However, the
image of the ACH-L-Cyst adsorbent after adsorption of Pb2+ ions
shows that the adsorbent has been crushed, resulting in a final
adsorbent with a fibrous structure. The changes observed in
both adsorbents suggest, however, that the adsorption process
mainly involves surface interactions, such as ion exchange or
complexation for the ACH-L-Cyst adsorbent, and oxidation or
precipitation for the AC-KMnO4 adsorbent, rather than adsorp-
tion by infiltration and pore blocking.3,56 They also indicate
that the adsorption mechanism did not radically alter the
morphology of the adsorbents. Fig. 16d shows the results of
EDX mapping. These results confirm the presence of lead on
the surface of ACH-L-Cyst and AC-KMnO4, thus demonstrating
the effective adsorption of lead(II) ions.

A comparative study of the maximum adsorption capacity of
Pb2+ ions by the adsorbents in this study and some of those
reported in the literature is presented in Table 7 below.

4. Conclusion

This study demonstrated the effectiveness of modified acti-
vated carbons doped with sulphur and nitrogen (ACH-L-Cyst),
and oxidized by KMnO4 (AC-KMnO4), for the adsorption of Pb2+

ions in an aqueous medium. Structural and spectroscopic
analyses confirmed the incorporation of the doping elements
and an increase in the number of surface functional groups.
Under optimal conditions, the adsorption efficiencies obtained
were 77.20% and 97.22% for ACH-L-Cyst and AC-KMnO4,
respectively. Thermodynamic studies indicate an endothermic,
spontaneous and favorable physisorption process. Despite a
slight decrease in performance after several cycles, both adsor-
bents retain good reusability. The mechanisms involved are
surface complexation, ion exchange and cation-p interactions,
which confirm the high potential of these materials for treating
wastewater contaminated with heavy metals.
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