ACCSCIENCE
PUBLISHING

Asian Journal of Water, Environment and Pollution. 2026;23(2):025380292.
doi: 10.36922/AJWEP025380292

ORIGINAL RESEARCH ARTICLE

Effectiveness of raw and activated laterite in removing
lead and copper from aqueous solutions: A Kinetic and
thermodynamic study

Corneille Bakouan'?3*®, Ollé Rodrigue Kam?®,
Anne-Lise Hantson*®, and Boubié Guel?

'Research and Development Laboratory, Faculty of Science and Technology,
Lédéa Bernard Ouédraogo University, Ouahigouya, Burkina Faso
2Laboratory of Molecular Chemistry and Materials, Faculty Exact and Applied Science,
Joseph Ki-Zerbo University, Ouagadougou, Burkina Faso
*Department of Chemical and Biochemical Engineering, Faculty of Polytechnic, University of Mons, Mons, Belgium
*Corresponding author: Corneille Bakouan (corneille.bakouan@uohg.gov.bf)

Received: September 16, 2025, Ist revised: November 1, 2025; 2nd revised: November 24, 2025,
Accepted: November 27, 2025, Published online: December 24, 2025

Abstract: The growing interest in local materials as natural adsorbents stems from their abundance, low cost, and
eco-friendliness, offering an effective, economical, and sustainable alternative to commercial options. The present
work investigates the removal performance of lead (Pb**) and copper (Cu?*) ions from synthetic aqueous solutions
using both raw and activated laterite (KN-Ac) under batch conditions. The experiments were carried out to examine
the effects of contact time, adsorbent dose, temperature, pH, and initial metal-ion concentration. High determination
coefficients obtained from the pseudo-second-order kinetics and Langmuir isotherm models indicate that these
models reliably describe the experimental adsorption behavior of the metal ions. The diffusion model-adjusted
data revealed that adsorption occurred rapidly at the beginning, with fast adsorption on the outer surface followed
by slower adsorption controlled by intraparticle diffusion. The KN-Ac, designated KN-Ac, proved to be highly
effective in removing both heavy metals, achieving removal percentages of 97.81 + 0.23% (4.07 + 0.01 mg/g) for
Pb* and 94.24 + 0.18% (1.18 £ 0.02 mg/g) for Cu** at an initial concentration of 10 mg/L. The AG values obtained
for the metal ions were all negative, indicating that the adsorption process is feasible and spontaneous for Pb(II)
and Cu(II) ions on the adsorbents, following the order of thermodynamic stability: Pb**(KN-Ac) > Cu*(KN-Ac) >
Pb*(raw laterite [KN]) > Cu?*(KN) in the temperature range of 303—333 K. The positive AH values for all metal
ions suggest that adsorption onto the adsorbents is endothermic and involves physisorption. The energy values
derived from the Dubinin—Radushkevich equation are all below 8 kJ/mol, indicating that the adsorption of Pb** and
Cu*" is physical in nature. Furthermore, the Fourier transform infrared spectra of adsorbent residues loaded with
heavy metals show no changes compared to the spectra of the unloaded adsorbents, confirming physisorption as
the main adsorption mechanism.
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1. Introduction

Heavy metal accumulation in environmental
compartments, such as water and soil may have
detrimental effects on both ecosystems and human
populations. The presence of elevated levels of heavy
metals in water and soil poses risks to ecosystems
and human health."? Their occurrence in waterways,
lakes, and groundwater reservoirs has led to several
serious health problems. Contamination of water and
soil by heavy metals can originate from both natural
and anthropogenic sources. Natural sources include
soil erosion, forest fires, volcanic eruptions, biogenic
processes, and the release of sea salt.** Anthropogenic
contamination occurs through activities, such as mining
operations, the use of fertilizers, herbicides, and
pesticides, and the irrigation of agricultural land with
untreated wastewater and industrial effluents.!>”’

Large areas of water and land have been polluted by
inorganic contaminants, such as pesticides, fertilizers,
sludge, and municipal waste, which often contain toxic
metals. Their carcinogenic properties pose risks to both
aquatic ecosystems and human health, making their
presence in water a significant environmental concern.*®
Although some heavy metals serve as essential
trace elements for human growth and development,
prolonged exposure to elevated levels can induce a
range of diseases.>

Copper (Cu) and lead (Pb) exhibit toxic properties,
and their discharge into the aquatic environment is
increasing significantly due to rapid urbanization and
industrialization worldwide. They are released into
the environment by battery and paint manufacturing
industries, as well as metallurgical, mining, and
smelting industries.® Consumption of water containing
Cu (2 mg/L)*!° and Pb (0.01 mg/L)° above the World
Health Organization (WHO) acceptable limits is
hazardous to human health and can cause diseases,
such as Alzheimer’s disease, headaches, vomiting, lung
disease, nausea, stomach cramps, brain disorders, liver
cirrhosis, intestinal irritation, liver damage, kidney
failure, and osteoporosis.**!!

In natural waters, Pb mainly exists in its soluble
divalent ionic form, Pb*", and as aqueous carbonate
species (PbCO,[aq]). Speciation analyses show that
in drinking water at pH 6.5-8.5, divalent Pb*" and
monovalent Pb hydroxide (Pb(OH)") predominate.
Under alkaline conditions, Pb primarily occurs as
Pb(OH)+ %~ and Pb(OH)s". For example, organic Pb
compounds can be metabolized by the liver, whereas
inorganic Pb tends to circulate between the bloodstream

and various body tissues without undergoing such
metabolism. '

Cu?* and Pb*" ions are non-biodegradable, and
once discharged, they can accumulate in living
organisms, adversely affecting all forms of life. It is
therefore important to reduce their concentrations in
drinking water and/or wastewater below WHO limits
to mitigate their harmful effects.® Several treatment
techniques have been used to remove heavy metal
ions from aquatic environments, such as adsorption,
ion exchange, coagulation/flocculation, chemical
precipitation, electrocoagulation, photodegradation, and
electrochemical oxidation.'®!*!* Nonetheless, methods,
such as chemical precipitation, coagulation/flocculation,
ion exchange, reverse osmosis, photodegradation,
and electrochemical oxidation possess inherent
limitations,'*!*" including high cost, hazardous waste
generation, inefficiency, and high energy consumption.
Among these techniques, adsorption is considered
one of the most effective due to its low operating cost,
simplicity, high removal capacity, and environmentally
friendly nature.'* However, further research is required
to identify locally available adsorbents suitable for
possible environmental applications, particularly for
the removal of heavy metals from water. Low-cost
adsorbents are generally preferred for removing heavy
metals from aqueous solutions and contaminated
water. Consequently, the search for new, inexpensive,
and highly effective materials for removing heavy
metals (Cu and Pb) from water and industrial effluents
is of significant environmental interest. Numerous
researchers have evaluated the effectiveness of various
adsorbents for removing Cu** and Pb** from aqueous
solutions, including natural and modified bentonite,'*2-?!
smectic clay,”*? natural and modified clay,'®?**" natural
zeolite,”® montmorillonite and illite,?>*° humic acid,’!
treated laterites.'?'432

Laterite is a widely used adsorbent consisting of fine-
grained, light-textured red, brown, and yellow residual
soils, as well as cemented soils that form on rock
surfaces through decomposition.** Laterite is abundant
in Burkina Faso and can be utilized for the removal
of toxic metals. It carries a positive charge under
acidic and neutral conditions and has been extensively
employed to eliminate various toxic anions, including
anionic heavy metals.'”**% However, the removal of
cationic species is not favored at reactive sites due to
electrostatic repulsions between the positively charged
laterite surface and the cations. Therefore, to increase the
efficiency of cation removal by adsorption, modification
of the laterite surface is necessary."
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The main objectives of this study were to: (i) Activate
raw laterite (KN) with acid to increase its specific
surface area; (ii) determine the sorption capacities of
KN and activated laterite (KN-Ac) for removing Pb**
and Cu?*; and (iii) elucidate the adsorption mechanisms
of Pb* and Cu?* at the laterite surface/aqueous
medium interface through Fourier transform infrared
spectroscopy (FTIR) characterization before and after
adsorption.

2. Materials and methods

2.1. Materials

2.1.1. Origin of laterite

The laterite sample was collected in the region of Kaya,
located 100 km from Ouagadougou, at the following
coordinates: 13°07°13.47’ North and 1°06°52.28” West.
The sample was ground to a particle size <180 um
before being used in the batch adsorption experiments.

2.1.2. Chemicals

All solutions used in this study were prepared using
Milli-Q water with a resistivity of 18.2 MQ-cm.
Stock solutions of 1,000 mg/L Pb* and Cu*" were
prepared from Pb(NO,), (=99%, Merck, Germany)
and Cu(NO,),-3H,0) (=99%, Merck), respectively, and
stored at 4°C. These stock solutions were diluted to
obtain the working aqueous solutions of Pb** and Cu?*
for the batch tests. The reagents nitric acid (HNO,; 69%,
Merck) and sodium hydroxide (NaOH; 99%, VWR,
USA) used for pH adjustment, as well as hydrochloric
acid (HCL; 37%, VWR) used for chemical modification
of laterite, were all of analytical grade.

2.2. Materials and methods

2.2.1. Characterization of the adsorbent

The characterization of KN was described in our
previous study.*® The analysis revealed that the laterite
sample contains major components, including quartz
(810,), kaolinite (AL,Si,0,(OH),), hematite (Fe,O,), and
goethite (FeO[OH]), and is rich in Fe,0, (20.8%) and
aluminum oxide (A1,0,; 14.09%).*° FTIR analyses were
performed using a Shimadzu FTIR-8400S instrument to
obtain the infrared spectra of the samples before and
after adsorption of the different metals, using potassium
bromide pellets containing 2% by weight of laterite.

2.2.2. Activation of laterite

For the acid activation of KN, experiments were
carried out by adapting the protocols proposed by
Karki et al’” and Chatterjee and De.”® In a 1 L glass

container, 100 g of KN with particle sizes ranging from
0.106 to 0.180 mm was treated with 200 mL of 4 mol/L
HCI and stirred for 4 h at 85 + 5°C. After stirring, the
solid phase was separated from the supernatant and
rinsed with 400 mL of distilled water. A 2 mol/L NaOH
solution was subsequently added and mixed at ambient
temperature to adjust the final pH to between 6.5 and
7.5. The mixture was stirred for 3 h and left to stand
for 1 day to allow decantation of the clear supernatant.
The wet solid material was filtered through Whatman
Grade 5122 qualitative cellulose filter paper, thoroughly
washed several times with distilled water, dried in an
oven at 60°C for 3 h, and then air-dried to obtain acid-
modified KN-Ac.

Thepurposeofacidactivationispartial dealumination,
which increases the specific surface area of the laterite
and enhances its ability to adsorb heavy metals. Under
alkaline pH conditions, the surface charge of laterite
becomes negative, thereby promoting the adsorption of
heavy metals, such as Pb, Cu, and cadmium (Cd)."

2.2.3. Evaluation of the pH-dependent behavior of
laterite before and after modification

Analyzing the behavior of an adsorbent in sodium
chloride (NaCl) solutions across different pH levels
before adsorption helps evaluate its stability and
anticipate its performance under varying environmental
conditions. To assess the behavior of KN and KN-Ac
under different pH conditions, the procedure described
by Chaari et al.*’ was followed. Ten flasks containing
50 mL of NaCl solution (0.01 mol/L) were prepared,
and the pH was adjusted from 2 to 11 using either
HNO, (0.2 mol/L) or NaOH (0.2 mol/L). Subsequently,
0.05 g of KN or KN-Ac was added to each flask. The
mixtures were stirred for 24 h at 20 + 2°C, after which
the final pH values were recorded.

2.2.4. Batch adsorption experiments
Batch adsorption studies were performed to assess the
removal efficiency of Pb?* and Cu*" by KN and KN-Ac
at room temperature. These experiments aimed to
determine the optimal values of parameters, including
equilibrium time, adsorbent dose, and solution pH.
A Consort C3010 multiparameter device (Fisher
Scientific, USA) was used for pH measurements.
Known masses of adsorbents were added to 250 mL
polyethylene bottles containing 50 mL of Pb*" and/or
Cu* solution.

The mixtures were stirred at room temperature
(20 £ 2°C) using a Heidolph REAX 20 mechanical
shaker (Germany) and then centrifuged using a
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BECKMAN J2-MI centrifuge (USA) at 1,308 g (radial
centrifugal acceleration) for 15 min. The supernatants
were filtered using nylon membranes with a diameter of
25 mm and a retention threshold of 0.45 um.

Residual concentrations of Pb?** and Cu?" were
quantified using an inductively coupled plasma optical
emission spectrometer (PerkinElmer Optima 8300,
USA). All experiments were performed in triplicate,
with a variability of <5%. The amount of metal ions
adsorbed at time ¢ (g, [mg/g]) and at equilibrium
(q,, [mgl/g]), as well as the percentage of adsorption
(Ads[%]) were calculated using Equations 1-3.

q,(@j{—c‘) _C’ij ()

g m

q. (@j - (—CO me j <v @)
g m

Ads(%) = (COC;CJX 100 (3)

0

where ¢, and ¢, represent the amounts of metal
adsorbed per unit mass of adsorbent (mg/g) at time
t and at equilibrium, respectively; Ads(%) denotes
removal efficiency; C, is the initial metal ion
concentration (mg/L); C, and C, are the metal ion
concentrations at time ¢ and at equilibrium (mg/L); V
is the total solution volume (L); and m corresponds to

the adsorbent mass (g).

2.2.4.1. Effect of contact time

The influence of contact time on the adsorption of heavy
metals by laterite was studied by varying the contact
time from 5 to 90 min at 20 + 2°C. To determine the
optimal retention time, static tests were carried out on
KN and KN-Ac at sample pH values of 5.34 £ 0.01 and
5.5440.07, respectively. A constant adsorbent dose was
applied: 2.0 g of laterite/L for Pb** and 4.0 g of laterite/L
for Cu*" in 50 mL of solution containing 10 mg/L of
heavy metal ions.

2.2.4.2. Effect of adsorbent dose

The influence of laterite dose on the adsorption of toxic
metals was evaluated under equilibrium conditions at
20 + 2°C. Working solutions of 10 mg/L of Pb*" or Cu**
(pH = 5.34-5.54) were mixed with varying masses of
laterite in 50 mL. Adsorbent masses ranged from 0.4 g/L.
to 3.2 g/L for Pb* and 0.8 g/L to 16 g/L for Cu*".

2.2.4.3. Effect of pH

The influence of pH was examined by adjusting
the pH of Pb* and Cu®" solutions using diluted
HNO, (0.2 mol/L) and NaOH (0.2 mol/L) at a
temperature of 20 & 2°C.

To avoid precipitation of Cu** and Pb** hydroxides,
which could hinder the adsorption process, the initial
pH of the solution was selected within the range of
2.0-6.0.

A mass of 0.12 g of adsorbent was brought into
contact with 10 mg/L of Pb**, and 0.4 g with 10 mg/L
of Cu* in 50 mL of solution. The mixtures were
stirred for 1.5 h, and the equilibrium quantities of
Pb* or Cu’" adsorbed, g, (mg/L), were evaluated
using Equation 2.

2.2.4.4. Influence of initial concentration of Pb** and Cu**
The experiment was carried out by varying the initial
concentration of Pb?" and Cu** (pH = 5.34-5.54) from
5 to 40 mg/L at 20 + 2°C. To each flask containing a
solution of Pb** solution, 0.12 g of adsorbent was added,
and 0.4 g of adsorbent was added to flasks containing
Cu?* solution in 50 mL. The mixtures were agitated
for 1.5 h, and the equilibrium amount of Pb** or Cu**
adsorbed per gram of adsorbent (¢,) was determined
using Equation 2.

2.2.4.5. Influence of temperature

To assess the influence of temperature and to
determine thermodynamic parameters, the amounts
of Pb** and Cu?" removed by the adsorbents were
evaluated at pH 5.34-5.54 and at temperatures
of 303, 313, 323, and 333 K. A mass of 0.12 g of
laterite in 50 mL of 10 mg/L Pb*" solution and 0.4 g
of laterite in 50 mL of 10 mg/L Cu*" solution were
placed in a water bath for 1.5 h at 200 rpm. The
equilibrium amount (g,, of Pb*" or Cu*" adsorbed per
gram of adsorbent at each temperature was evaluated
using Equation 2.

2.2.4.6. Co-adsorption of Pb>* and Cu’*

Pb*" and Cu*" were combined in the binary adsorption
system at varying concentrations, in contrast to the
single-metal adsorption systems. A volume of 50 mL
of solution containing 10 mg/L of both Pb** and Cu?" at
pH 5.34-5.54 was prepared and contacted with 0.12 g
of each adsorbent. The mixtures were stirred at 20 +
2°Cfor 1.5 h, and the adsorption rate of each heavy
metal was evaluated using Equation 3.
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3. Results and discussion

3.1. Characterization of laterite

The laterite used in this study is a reddish-brown
mineral composed of major oxides: Fe O, (20.8%),
ALO,(14.09%), and SiO, (50.16%).36 The cation
exchange capacity of KN was 52.3 + 2.3 cmol(+)/kg.
The surface area and pore volume measured by the
Brunauer-Emmett-Teller method were 58 m*g and
0.14 cm?/g, respectively.*® A detailed composition of the
laterite and its mineral characteristics can be found in
our previous study.

Figure 1 shows the nitrogen adsorption—desorption
isotherms of the acid-activated sample. The surface
area and pore volume were 75.14 m?/g and 0.89 cm’/g,
respectively. The increase in the specific surface area
of laterite after activation is attributed to a combination
of factors, such as increased porosity, reduced particle
size, and removal of impurities.

Assessing how adsorbents respond to different pH
levelshelpsdeterminetheirsurfacechargecharacteristics,
which directly affect electrostatic interactions with
target metal ions. Such insight is crucial for selecting
suitable pH conditions to enhance adsorption efficiency
across diverse aqueous environments,*!

Figure 2 shows that at pH values <5 for KN-Ac
and <6 for KN, the equilibrium pH exceeds the initial
pH, indicating surface protonation of the respective
materials. This favors anion adsorption, while cation
uptake is hindered due to electrostatic repulsion and
competition with hydronium ions (H,0"). Similar trends
were observed by Chu et a/.** during the adsorption
of Pb* and Cu?** on both raw and arginine-modified
montmorillonite. In contrast, at pH levels above 5, the
equilibrium pH falls below the initial value, indicating
surface deprotonation. This Pbs to a reduced H,O"

30 4
-o-Adsorption
25 4 -o-Desorption
20

15 1

10 A

Volume (cm?/g)

.2 .4 . . 1
0 0. 0. PIP, 0.6 0.8

Figure 1. Nitrogen adsorption/desorption isotherms
of activated laterite

concentration and an increased availability of negatively
charged sites, thereby enhancing the electrostatic
attraction of metal cations to the adsorbent surface.

3.2. Batch adsorption

3.2.1. Influence of contact time

The information acquired from the adsorption of Pb**
and Cu* on KN and KN-Ac adsorbents is presented in
Figure 3. The amount of each metal adsorbed indicates
a strong affinity of the adsorbents for the metal ions
from the 1* min of contact. As shown in Figure 3, the
percentage removal of the metal ions (Cu?* or Pb*)
increased with time until equilibrium was reached after
30 min.

The quantities adsorbed after 30 min were 4.75 mg/g
for KN-Ac (94.97%) and 2.89 mg/g of KN (57.82%) for
Pb*, and 1.25 mg/g of KN-Ac (50.02%) and 0.69 mg/g
of KN (27.70%) for Cu?*. Increasing the contact time
beyond 30 min had no significant effect on the amounts
of metals adsorbed.

Initially, Pb*" or Cu*" adsorption was rapid due to the
large number of active sites available on the adsorbents
and the high concentration gradient. Once the active
adsorbent surfaces began to be covered with cations, the
adsorption rate slowed down and gradually approached
a steady state.**¢ The gradual slowing down of the
adsorption process up to 90 min is attributed to the
decreasing concentration gradient and the saturation of
active binding sites of the adsorbents.*’

The ionic radius of Pb* is approximately 1.20 A,
while that of Cu*" is approximately 0.73 A. However,
ion adsorption depends more on their hydrated ionic
radius than on the bare ionic radius. The diffusion
rate of an ion in solution, essential for adsorption,

Es

== J‘. _________
i

pHf

6 7 8 9 10 11 1I2

pHi
Figure 2. Behavior of raw laterite (KN) and activated
laterite (KN-Ac) adsorbents as a function of pH
Notes: pHf: Final pH; pHi: Initial pH of the sodium
chloride solution.
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Figure 3. Effect of contact time on the adsorption of (A) lead (Pb[II]) and (B) copper (Cu[Il]) on activated

laterite (KNN-Ac) and raw laterite (KN)

Note: g: The amount of metal adsorbed per unit mass of adsorbent at time ¢

is inversely proportional to its hydrated ionic radius
(charge/naked ionic radius), which is influenced by the
ion’s charge density. A higher charge density results in
increased hydration due to a stronger attraction to water
molecules. Although Cu* has a smaller bare ionic radius
than Pb*', its charge density is significantly higher,
leading to greater hydration and a larger hydrated ionic
radius. Consequently, hydrated Pb**, being smaller than
hydrated Cu**, encounters less resistance in solution
and has higher ionic mobility. This greater mobility
enhances its transport from the solution to the adsorbent
surface.

As a result, Pb*" is adsorbed more efficiently than
Cu?* on the lateritic adsorbents KN-Ac and KN.
The higher percentage of Pb** removal indicates a
greater affinity of this ion for the adsorption sites of
the laterite. This increased affinity, combined with its
greater mobility due to its smaller hydrated ionic radius,
explains the preferential adsorption of Pb** over Cu?*.
Similar results have been reported by other researchers
for the adsorption of Pb** and Cu?* on clays, zeolites,
and laterites.**-*

Therefore, in subsequent tests, a contact time of
90 min was used. This ensures that all heavy metal ions
can be adsorbed onto the adsorbents within 90 min.

3.2.2. Adsorption kinetics

To thoroughly investigate the adsorption dynamics and
identify the rate-limiting steps, three kinetic models
were applied: the pseudo-first-order model, the pseudo-
second-order model, and the Weber—Morris intraparticle
diffusion model. These models are described by
Equations 4-6.'%4

%Zkix\/;"'cip (6)

where ¢, (mg/g) and ¢, (mg/g) represent the
quantities of heavy metals adsorbed at equilibrium
and at time ¢ (min), respectively; k (min') and
k,(g/mg.min) represent the pseudo-first-order and
pseudo-second-order rate constants; C, (mgl/g) is
the intercept; and k, (mg/g.min'2) is the intraparticle
diffusion rate constant.

The plots of these kinetic models are shown
in Figure 4, and Table 1 presents the parameters
derived from them. The coefficient of determination
(R? > 0.98) for the pseudo-second-order model was
higher, and the calculated g, values agreed well
with the experimental values (Table 1). This better
fit indicates that the adsorption kinetics of Pb*" and
Cu?" on the adsorbents follow a pseudo-second-order
model, suggesting chemical adsorption involving
electron exchange between the adsorbent and
adsorbate.*?

The adsorption process also involves intraparticle
diffusion, as indicated by the linearity of the plot of
q,=f (\/; ) (Figure 4C), with the parameters ki and C,
listed in Table 1. Intraparticle diffusion is the
predominant control step if the line passes through the
origin. If it does not pass through the origin, intraparticle
diffusion is not the only controlling step, and other
processes also influence the adsorption rate.**

In this study, the plots (Figure 4C) do not intersect
the origin, indicating that intraparticle diffusion
contributes to the rate-limiting step of the adsorption
process but is not the sole mechanism controlling
adsorption.*** Similar observations have been reported
by Khater et al.>* for the adsorption of heavy metals (Pb,
Cu, nickel) on activated carbon and by Wu et a/.> for
the removal of Pb*" and Cd*" on manganese dioxide.

ln(qe—q t) = Inqe—k1 Xt 4)
oLty (5)
qe k2 X Qe qe
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Figure 4. Adjustment of kinetic results according to (A) the pseudo-first-order model, (B) the pseudo-second-
order model, and (C) the Weber—Morris intraparticle diffusion model

Note: q and q - The amounts of metal adsorbed per unit mass of adsorbent at time t and at equilibrium, respectively.
Abbreviations: Cu(ll): Copper; KN: Raw laterite; KN-Ac: Activated laterite; Pb(Il): Lead.

Table 1. Kinetic parameters and correlation coefficients for the adsorption of lead (Pb[II]) and copper (Cu][lI])

Models Parameters Pb (D Cu (ID
KN-Ac KN KN-Ac KN
Pseudo- first- k, (min™") 0.044 0.006 0.02 0.016
order q__ (mglg) 0.778 0.765 0.219 0.180
q, ., (mg/g) 4.942 3.494 1.354 0.803
R? 0.976 0.926 0.821 0.847
Pseudo- k, (g/mg.min) 0.142 0.050 0.331 0.346
second- order q._.. (mg/g) 5.005 0.793 1.351 0.793
q, ., (mg/g) 4.942 0.803 1.354 8.03
R? 0.999 0.987 0.998 0.993
Intraparticle k, (mg/g-min'?) 0.083 0.116 0.028 0.019
diffusion C, (mg/g) 4216 2.347 1.075 0.591
R? 0.943 0.821 0.768 0.860

Notes: q,: The calculated (cal) and expected (exp) amounts of metal adsorbed per unit mass of adsorbent at equilibrium. Cl.p (mgl/g) is the

intercept.

Abbreviations: KN: Raw laterite; KN-Ac: Activated laterite; Cu (II): Copper; Pb (II): Lead.

3.2.3. Influence of adsorbent dose

Determining the optimal adsorbent dose is crucial, as it
determines the adsorbent—adsorbate equilibrium of the
system. The results of Pb** and Cu?' removal at different
adsorbent doses are shown in Figure 5. The adsorption

of heavy metal ions generally increased as the adsorbent
dose increased.

The results revealed that Pb** removal rates reached
97.81 £ 0.23% (4.07 = 0.01 mg/g) and 74.20 = 0.95%
(3.09 £+ 0.04 mg/g) for the KN-Ac and KN adsorbents,
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#KN-Ac_Pb(ll) AKN_Pb(ll)
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Adsorbent dose (g/L)
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Figure 5. Effect of adsorbent dose of KN-Ac and KN adsorbents on the adsorption (Ads) of (A) lead (Pb[II])

and (B) copper (Cu|lI])

Abbreviations: KN: Raw laterite; KN-Ac: Activated laterite.

respectively, when the adsorbent dose was 2.4 g/L. For
Cu*, the adsorption rates were 94.24 + 1.81% (1.18 £
0.02 mg/g) and 54.18 + 0.01% (0.68 + 0.01 mg/g) for
KN-Ac and KN, respectively, when the adsorbent dose
was 8 g/L.

When the amount of KN-Ac was increased beyond
2.4 g/L or 8 g/L, the removal rates of Pb* and Cu®*
reached 100%, indicating that most heavy metals in the
solution were removed. This demonstrates that acid-
treated laterite possesses a strong sorption capacity for
Pb* and Cu*".

Laterite is characterized by the presence of numerous
surface groups, such as =Si-O-H, =A4/-O-H, and
=Fe-O-H, which play an important role in the sorption
of Pb*and Cu?" ions, particularly in slightly acidic or
neutral environments. The sorption reaction can be
summarized by Equations 7 and 8.

=S-O-H+Pb** — =S-O-Pb"+H" @)

=S-O-H+Cu’* — =S-O-Cu'+H" (8)

where S represents silicon (Si), aluminum (Al), or
Fe.

The adsorption of solutes onto solid particles
involves several main steps: (i) Transport of the
solute from the liquid phase to the adsorbent surface;
(i1) migration to active sites through ion exchange; and
(ii1) uptake at these sites through mechanisms, such as
complexation, sorption, precipitation, or hydrolysis.! As
the laterite dose increases, the removal of Pb*" and Cu?*
also increases. This phenomenon may be attributed to
the greater number of functional groups on the laterite
surface, providing more sites available for complex
formation through surface complexation or for cation
exchange. 63456

This study aimed to evaluate the adsorption capacity
of natural lateritic materials modified with HCI as an
alternative to costly adsorbents for removing Cu*
and Pb*" from water. Adsorption capacities of 4.07 +

0.01 mg/g and 1.18 + 0.02 mg/g were obtained for Pb*
and Cu?', respectively. Similar results have been reported
by other researchers. For example, Nguyen reported
that lateritic soils exhibit adsorption capacities of 1.0—
1.2 mg/g for Pb and 0.5-0.8 mg/g for Cu at pH 5.7 The
researcher concluded that although the Cu adsorption
capacity is lower than that of Pb, it remains acceptable
for water treatment. In a similar approach utilizing local
materials in water treatment, activated bentonite was used
to remove Pb** from water, with a maximum adsorption
capacity of 1.73 mg/g.® Based on these results, the
adsorption capacity of the modified laterite examined in
this study is acceptable for water treatment.

3.2.4. Influence of initial adsorbate concentration

The adsorption percentages of Pb* and Cu?* at different
initial concentrations by the KN-Ac and KN adsorbents
are shown in Figure 6. At an initial concentration of
5 mg/L of Pb**, the adsorption efficiencies were 99.99%
(2.08 mg/g) and 84.91% (1.77 mg/g) for KN-Ac and
KN, respectively. For Cu** (5 mg/L), the removal
efficiencies were 99.99% (2.08 mg/g) and 77.08%
(1.61 mg/g) for KN-Ac and KN, respectively. It is
evident that the percentage of adsorption decreases as
the concentration of metal ions in solution increases.
However, the removal efficiency stabilizes once a
particular concentration threshold is reached.

This decrease can be explained by: (i) The reduction
in surface energy due to the occupation of active sites
as adsorption progresses on the laterite surface; and (ii)
increased cohesive forces between adsorbed metal ions
and free metal ions in solution, leading to the release of
ions from the adsorbed surface back into the solution.*”
Consequently, as the concentration gradient increases
and more ions accumulate per unit of adsorbent, the
adsorbent reaches saturation. The ions remaining in the
solution are therefore no longer adsorbed.*
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Figure 6. Influence of initial metal concentrations
on the removal efficiency of lead (Pb[II]) and copper
(Cu[lII]) using activated laterite (KN-Ac) and raw
laterite (KN)

Notes: g,: The amount of metal adsorbed per unit
mass of adsorbent at equilibrium. ce is the metal ion
concentration at equilibrium.

3.2.5. Adsorption isotherm models

The Langmuir, Freundlich, and Temkin isotherms were
employed to analyze the adsorption of heavy metals
onto the lateritic adsorbents. The linear equations of
these models are presented in Equations 9-11.4247:54

C__ 1 1. ©)
qe qmXKL qm
Inq, = InK +l><lnCe (10)
n
g, =Tk e (11)
T bT

where ¢, (mg/g) represents the amount of Pb*" or
Cu’* adsorbed at equilibrium and ¢, (mg/L) is the
equilibrium concentration. g, (mg/g) is the Langmuir
maximum adsorption capacity, and K, (L/mg) is the
Langmuir constant. K, (L/g) and n are the Freundlich
constants corresponding to adsorption capacity and
adsorption intensity, respectively. K is the Temkin
binding constant (L/mg), and b, is the Temkin constant
associated with the heat of adsorption (kJ/mol).

Table 2 shows the parameters calculated from the
Langmuir, Freundlich, and Temkin isotherms (Figure 7).
These models were selected for their comprehensive
description of the adsorption process. Adsorption
was best described by the Langmuir isotherm, which
exhibited higher coefficients of determination (R?) than
the Freundlich and Temkin models. This suggests that

adsorption occurs on a homogeneous surface of the

adsorbent, where heavy metal ions diffuse through
the pores and channels of the material to replace
exchangeable cations in the laterite.*

The agreement of the experimental findings with
the Langmuir model indicates monolayer adsorption of
cations on the outer surface of the adsorbent, reinforcing
the role of electrostatic forces in driving monolayer
adsorption on the heterogeneous substrate. %%

From the Temkin isotherms (Figure 7C), the values of
the Temkin constant (b,) related to the heat of sorption, are
listed in Table 2. For Pb*, the values were approximately
3.26 kJ/mol and 2.76 kJ/mol for KN-Ac and KN,
respectively. For Cu*, the b, values were 4.73 kJ/mol and
6.03 kJ/mol for KN-Ac and KN, respectively. These low
values indicate that the binding energies correspond to
physical adsorption for both Pb** and Cu?*. Similar results
were reported by Khater et al.>* for the adsorption of Pb**
and Cu?" on activated carbon, with Temkin constants of
1.046 kJ/mol and 0.241 kJ/mol, respectively.

In addition to the Langmuir, Freundlich, and Temkin
models, the Dubinin—Radushkevich model was applied
to confirm whether adsorption was chemical or physical.
This isotherm is described by Equation 12,506!

InQ=ImQ —kx*¢&

where Q is the equilibrium adsorption capacity
(mg/g), Om is the maximum capacity (mg/g), and k is
the activity coefficient related to the average free energy
of  adsorption (mol*kJ?). is the Polanyi

potential (kJ/mol)andisdefinedas: ¢ = RTIn {1 + (% ﬂ

(12)

where R is the universal gas constant (8.314 J/mol-K),
T is the temperature in Kelvin (K), and C, is the
equilibrium concentration of the adsorbate in the aqueous
phase (mg/L).

The average adsorption energy E (kJ/mol) was
calculated from & using Equation 13.

£=—(Y)

If £ is between 8 and 16 kJ/mol, adsorption proceeds
via ion exchange; if £ < 8 kJ/mol, the adsorption
is physical.®*®! The calculated values of £ and Om
are presented in Table 2. All £ values are <8 kJ/mol,
indicating that the adsorption mechanism in this study
is physisorption.

(13)

3.2.6. Influence of pH
One crucial factor in the adsorption of heavy metals onto
adsorbents is the pH of the aqueous solution. The pH
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Figure 7. Adsorption isotherm models for lead (Pb[II]) and copper (Cu[ll]): (A) Langmuir, (B) Freundlich,

(C) Temkin, and (D) Dubinin—Radushkevich

Notes: g, = The amount of metal adsorbed per unit mass of adsorbent at equilibrium. c, is the metal ion concentration
at equilibrium. is the Polanyi potential (kJ/mol). Q is the equilibrium adsorption capacity (mg/g).
Abbreviations: KN: Raw laterite; KN-Ac: Activated laterite.

can alter the forms in which metal ions exist in solution
and affect the chemical and physical characteristics of
the adsorbents. Figure 8 illustrates the effect of pH on
the removal of Pb?* and Cu?* ions by the KN-Ac and KN
adsorbents. As shown in Figure 8, the adsorption rates
of both metal ions increase significantly with increasing
pH. At pH < 5 the surfaces of the adsorbents are
positively charged. The predominance of Pb** and Cu?*
ions in this low pH range creates unfavorable conditions
for adsorption. On one hand, electrostatic repulsion
between the positively charged metal ions and the
adsorbent surface limits adsorption. On the other hand,
surface protonation, caused by competition from H,O"
ions for binding sites, also contributes to the reduced
adsorption.’®4>5%3 However, at pH > 5, the surface
becomes negatively charged, facilitating the adsorption
of positively charged metal ions and reaching removal
percentages of 65-99% at a pH 6.

At pH 2, the adsorption rate of Pb(Il) was 19.62
+ 0.2% (0.82 £ 0.01 mg/g) and 5.78 + 0.13% (0.24
+ 0.01 mg/g) for the KN-Ac and KN adsorbents,
respectively. For Cu(lIl), the adsorption rate was 12.53
+3.32% (0.16 + 0.04 mg/g) and 1.89 + 0.05% (0.020 +
0.001 mg/g) for KN-Ac and KN, respectively. At these
low pH values, the concentrations of H,O" ions are

much higher than those of Pb** and Cu?*; consequently,
H,O" ions compete with the metal ions for the adsorbent
surface, preventing the metals from reaching the binding
sites.?**? As the pH increased toward 6, the adsorption
values rose to approximately 65-99%. This increase
reflects the formation of more negatively charged
surface sites on the solid, associated with deprotonated
silanol (=Si-O-) or aluminol (=4/-0-) species.?! The
enhanced adsorption may be attributed to the decrease
in H,O’concentration, surface electronegativity, and
lower electrostatic repulsion.?**

The adsorption mechanism of Pb*" and Cu*" metals
on KN-Ac and KN adsorbents mainly involves ion
exchange and outer-sphere complexation. Heavy metal
ions replace Fe* and AI** ions at exchangeable sites.
Additionally, these metals may bind to terminal Al-OH,
Fe-OH, and Si-OH groups via inner- or outer-sphere
complexation, releasing protons (H") in the process.>*¢

3.2.7. Influence of temperature

A temperature range from 303 K to 333 K was used to
determine the temperature dependency of Pb*" and Cu**
adsorption (Figure 9). A positive response in adsorption
percentage was observed with increasing temperature up
to 333 K. The uptake rates of Pb** were 97.25 + 0.73%
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Table 2. Langmuir, Freundlich, Temkin, and Dubinin—Radushkevich isotherm parameters for the

adsorption of heavy metals by KN-Ac¢ and KN

Isotherm model Adsorbents Metals Parameters
0., (ng/g) K, (L/mg) R
Langmuir KN-Ac Pb (II) 5.45 0.75 0.99
KN Pb (II) 4.83 0.45 0.98
KN-Ac Cu (II) 3.81 2.15 0.99
KN Cu (IT) 2.71 0.73 0.92
Ky n R?
Freundlich KN-Ac Pb (1) 3.01 5.74 0.97
KN Pb (1) 1.96 3.71 0.95
KN-Ac Cu (II) 3.47 19.57 0.89
KN Cu (IT) 1.60 6.60 0.73
by (kJ/mol) K; (mg/g) R?
Temkin KN-Ac Pb (II) 3.26 44.12 0.97
KN Pb (1) 2.76 7.91 0.95
KN-Ac Cu (II) 4.73 251.04 0.92
KN Cu (IT) 6.03 38.94 0.92
0, (mg/g) E (kJ/mol) R?
Dubinin—Radushkevich KN-Ac Pb (II) 4.89 1.13 0.79
KN Pb (1) 4.31 0.66 0.73
KN-Ac Cu (IT) 4.02 4.98 0.31
KN Cu (IT) 2.59 0.53 0.37

Notes: E is the average adsorption energy. O, is the maximum capacity. b, is the Temkin constant. R is the determination coefficient.
K, is the Langmuir constant. K, and » are the Freundlich constants corresponding to adsorption capacity and adsorption intensity,

respectively. K is the Temkin binding constant.

Abbreviations: KN: Raw laterite; KN-Ac: Activated laterite; Cu (II): Copper; Pb (II): Lead.
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Figure 8. Effect of pH on the percentage adsorption of (A) lead (Pb[II]) and (B) copper (Cul[ll]) by activated

laterite (KN-Ac) and raw laterite (KN) adsorbents

(4.05 £0.03 mg/g) and 73.4 + 2.1% (3.06 £ 0.08 mg/g)
at 303K, rising to 98.79 £ 0.2% (4.12 = 0.01 mg/g) and
78.60+ 0.11% (3.27 £ 0.01 mg/g) at 333K for KN-Ac
and KN, respectively. For Cu?’, the adsorption rates
increased from 94.74 + 0.1% (0.118 £ 0.001 mg/g) and
57.58 £0.04% (0.72 £ 0.001 mg/g) at 303 K to 96.62 +
0.13% (1.21 = 0.001 mg/g) and 64.20 + 2.31% (0.80 +

0.02 mg/g) at 333 K for KN-Ac and KN, respectively.
The increase in removal rate with temperature indicates
an endothermic adsorption process.

The enhanced adsorption at higher temperatures may
be attributed to an increased number of available active
sites on the laterite surface or improved mobility of
metal ions in solution.*¢
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Figure 9. Effect of temperature on the adsorption
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activated laterite (KN-Ac) and raw laterite (KN)

3.2.8. Thermodynamic parameters

The thermodynamic characteristics of the system—
including energy and entropy changes—were
evaluated to further interpret the adsorption process.
The spontaneity of adsorption depends on changes in
Gibbs free energy (AG, kJ/mol), enthalpy (AH, kJ/mol),
and entropy (AS, kJ/mol K). These thermodynamic
parameters were determined using Equations 14-18. To
calculate the parameters, K, must be dimensionless, and
thus K was multipliedby the density of water.>>**

KEZ(CO—QJXLZ& (14)

m C, C,

K,=K, xp, (15)

AG =—RTInK, (16)

AG = AH — TAS (17

K, =85 A1 (18)
R R T

Here, T is the absolute temperature (K), R is the
universal gas constant (8.314 J/mol.K), K is the ratio of
adsorption capacity at equilibrium (L/g), and K, is the
adsorption distribution coefficient.

Figure 10 displays the thermodynamic parameters for

metal ion adsorption on the adsorbents. Evaluation of the

intercept (%j and slope (—%j of the plot of /nK , as

a function of (%j provides the values of AS and AH.

The AG values obtained for all metal ions were
negative, suggesting that the adsorption of Pb*
and Cu®*" onto KN-Ac and KN is spontaneous
and thermodynamically favorable. The order of
thermodynamic stability was: Pb** (KN-Ac) > Cu*
(KN-Ac) > Pb* (KN) > Cu?* (KN) (Table 3).

The wvalue of AH helps distinguish the
physicochemical nature of the adsorption.
Physisorption typically occurs when AH is between 0
and 40 kJ/mol, while chemisorption occurs when AH
exceeds 40 kJ/mol.*33 In this study, all enthalpy values
(AH) were positive, indicating that the adsorption
of metal ions on KN-Ac and KN is endothermic.
All values were below 40 kJ/mol, suggesting that
physisorption dominates the adsorption mechanism.
The positive AS values reflect an increase in disorder
at the solid—liquid interface during adsorption,
likely due to the release of water molecules from the
adsorbent surface.*’>*

Similar results have been reported in the literature
by Zhu et al.* for the removal of heavy metals from
wastewater using lateritic ceramics, by Abbou et al*
for Pb, Cu, and Cd adsorption on natural clay, and by
Ozdes et al.®® for Cd(II) and Pb(Il) adsorption using
Turkish illitic clay.

3.2.9. Co-adsorption of Pb>* and Cu**

The adsorbents KN-Ac and KN were used to remove
heavy metals from an aqueous solution containing
a mixture of Pb?" and Cu?* at 10 mg/L, using 2.4 g/L
of adsorbents, as shown in Figure 11. The adsorbents
exhibited a lower affinity for the mixture of heavy
metals.

The adsorption rate of Pb**, which was 97.81 £ 0.23%
in the single-metal system, decreased to 54.85 + 1.81%
in the mixture for KN-Ac, and from 74.20 + 0.95% to
46.69 + 0.07% for KN. For Cu*, the adsorption rate
decreased from 48.37+ 1.90 to 21.70 + 1.39% and from
32.46 + 0.01% to 17.30 £ 0.46% in the binary system
for KN-Ac and KN, respectively. The ability of the
adsorbents to retain Pb** remained greater than that
for Cu?* in both single and binary systems. Although
the ionic radius of Pb* (1.20 A) is larger than that of
Cu** (0.73 A), adsorption is primarily influenced by the
hydrated ionic radius. Thus, the observed decrease in
adsorption in the binary system (Pb* + Cu*") may be
related to differences in hydrated ionic radius, favoring
a higher proportion of Pb*".#
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Table 3. Thermodynamic parameters for the adsorption of Pb(II) and Cu(II) by KN-Ac and KN

Laterite type AG (kJ/mol) AH (kJ/mol)  AS (kJ/mol K) R?
303 K 313K 323K 333K
Pb (II)
KN-Ac —37,119.2 —51,936.9 —72,494.6 —94,182.6 23.61 0.16 0.99
KN -17.7 —-18.6 -19.5 -20.3 8.34 0.09 0.98
Cu (1D
KN-Ac -19.4 -20.7 -21.7 —22.6 12.32 0.10 0.90
KN —-12.9 -13.7 -14.3 —-14.9 7.64 0.06 0.98

Notes: AG: Gibbs free energy; AH: Enthalpy; AS: Entropy. R? is the determination coefficient.
Abbreviations: KN: Raw laterite; KN-Ac: Activated laterite; Cu(Il): Copper; Pb(Il): Lead.
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Figure 10. Plot of InK as a function of 1/T for estimating thermodynamic parameters for the adsorption of (A)
lead (Pb[II]) and (B) copper (Cu[lI]) on activated laterite (KN-Ac) and raw laterite (KIN)
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Figure 11. Removal rates of lead (Pb[II]) and copper

(Cu[lI]) from an aqueous solution containing a

mixture of heavy metals

Abbreviations: Ads: Adsorption; KN: Raw laterite;

KN-Ac: Activated laterite.

3.3. Interaction of Pb** and Cu?" with KN-Ac and
KN adsorbents

The FTIR spectra of KN and KN-Ac before and after
adsorption of Pb*" and Cu?" are shown in Figure 12.
The FTIR spectra of KN display bands around
3,695 cm 113176366 and 3,618 cm!, attributed to hydroxyl

groups (-OH). The absorption band at 3,430 cm’!
is attributed to groups in Fe, Al, and Si minerals,
while the band around 1,639 cm™' corresponds to
water molecules in the inner layer.'”* The bands at
1,110, 1,033, 914, and 786 cm™' arise from Si-O-Fe,
Al-OH, Fe-OH vibrations.'”%*¢” The bands at 536 and
470 cm™! correspond to Fe-O stretching in hematite.!7:6668
Following metal ion adsorption, the spectra preserved the
main functional groups, including Si-O-Fe (1,110 cm™),
Si-O-Si (1,033 cm™), AI-OH (914 cm™), Fe-OH
(786 cm™), and -OH (3,695-3,430 cm™'). Furthermore,
slight decreases in peak intensities were observed for
KN-Ac after adsorption of heavy metals compared to
the modified laterite (KN-Ac). For KN + heavy metals,
no significant changes in peak intensities were observed.
These slight decreases may be due to the low initial
concentration of heavy metals used during adsorption.

Fourier transform infrared spectra alone are
insufficient to conclusively determine the adsorption
mechanism, that is, to confirm or refute whether Pb?
or Cu*" ions were chemically adsorbed onto the lateritic
materials containing Fe and Al.

Similar observations were reported by Zhu et al.*° using
ceramic laterite for heavy metal removal and by Chatterjee
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Abbreviations: Cu(Il): Copper; KN: Raw laterite; KN-Ac: Activated laterite; Pb(Il): Lead

and De*® and He et al.,'” who also noted attenuated peak
intensities after Pb*" adsorption onto laterites.

4. Conclusion

Based on the experimental results, both chemically
treated and untreated KN possess surface functional
groups ((=Si-O-H, =Al-O-H, and =Fe-O-H) that play
an important role in the sorption of Pb*" and Cu?* metal
ions from aqueous solutions.

Maximum removal was observed at 2.4 g/L of KN-Ac
for Pb?* and 8 g/L for Cu*". At pH > 5, the adsorbent
surface becomes negatively charged, facilitating the
adsorption of positively charged metal ions, with removal
percentages reaching 65-99% at pH 6. Pb** and Cu** ions
were retained by laterite minerals, such as Fe O, and
AL O, through specific adsorption mechanisms. These
ions were adsorbed onto terminal OH groups, such as
Fe-OH and Al-OH on the mineral surfaces.

Adsorption was best described by the Langmuir
isotherm, which exhibited higher coefficients of
determination (R?) than the Freundlich and Temkin
models. This suggests that adsorption occurs on
a homogeneous surface, where heavy metal ions
must diffuse through pores and channels to replace
exchangeable cations, such as Ca?*, Mg*, potassium
ions (K*), and sodium ions (Na®) in the laterite structure.

The maximum adsorption capacities of KN-Ac for
Pb(II) and Cu(Il)—according to the Langmuir model—
were 5.45 mg/g and 3.81 mg/g, respectively, both
higher than the values for KN, which were 4.83 mg/g
and 2.71 mg/g.

The adsorption of Pb? and Cu** on KN-Ac and KN is
mainly due to physisorption, as demonstrated by the £
values obtained from the Dubinin—Radushkevich model
and by the low Temkin constants (b,), further supported
by the thermodynamic parameters and FTIR spectra of
post-adsorption residues.

The negative AG values for all metal ions indicate
that the adsorption of Pb(Il) and Cu(Il) is spontaneous
and thermodynamically feasible on both KN-Ac and
KN, following the order of stability: Pb*" (KN-Ac) >
Cu* (KN-Ac) > Pb* (KN) > Cu?* (KN). All AH values
were positive and below 40 kJ/mol, confirming the
endothermic nature of adsorption and the predominance
of physisorption.

In future work, we aim to further investigate
specific adsorption mechanisms using additional
techniques, such as X-ray photoelectron spectroscopy
or transmission electron microscopy, energy-dispersive
X-ray spectroscopy to reduce the uncertainty associated
with interpretations based on the pseudo-second-order
model, the Dubinin—Radushkevich model, and FTIR
spectra, which collectively suggest the dominance of
physical adsorption.
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