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1. Introduction
Adsorption using clay-based materials

represents an effective, low-cost, and eco-
friendly strategy for removing ions or prepar-
ing catalytic supports, owing to their abun-
dance, tunable surface chemistry, and abil-
ity to undergo physical or chemical activa-
tion [1, 2]. In kaolinitic clays, thermal ac-
tivation plays a central role: between 400
and 600 °C, partial dehydroxylation and re-
moval of organic matter occur, generating a
reactive metakaolinite phase characterized
by enhanced surface reactivity and modified
acid-base properties [3, 4].

Two key parameters govern potassium
dispersion and adsorption efficiency on ac-
tivated clays: particle size and precursor
nature [5]. Particle size determines the ex-
tent of external surface accessibility and
the degree of particle agglomeration. Very
fine particles (< 100 µm) tend to agglom-
erate and reduce the effective contact sur-
face, whereas coarse particles (> 500 µm)
offer limited external surface. Intermedi-
ate granulometric fractions (100–250 µm)
generally provide the most favorable com-
promise between accessibility and diffusion
pathways [6, 7]. The nature of the doping
precursor also plays a critical role: potas-
sium acetate, due to its higher solubility
and clean thermal decomposition near 350
°C, typically favors more homogeneous K+

incorporation, whereas potassium carbon-
ate may lead to less uniform distribution
because of its stronger alkalinity and slower
decomposition.

Modeling adsorption data using Lang-
muir, Freundlich, and Temkin equations
helps elucidate the interactions between
adsorbate and adsorbent. More complex
three-parameter models (e.g., Toth, Redlich-
Peterson, Radke-Prausnitz) may provide
better descriptions for heterogeneous sur-
faces [6]. Likewise, kinetic models, par-
ticularly the pseudo-second-order model,
are valuable for identifying chemisorption-

driven mechanisms [8,9]. Thermodynamic
parameters such as ∆G◦, ∆H◦, and ∆S◦

offer further insight into the feasibility, en-
ergetic nature, and interfacial changes asso-
ciated with adsorption processes [10–12].

In this work, we investigate the adsorp-
tion behavior of potassium ions on ther-
mally activated kaolinitic clay from Ag-
boville (Côte d’Ivoire), focusing on the in-
fluence of particle size and precursor type
(K2CO3 versus CH3CO2K). A comprehen-
sive experimental approach, combining FT-
IR spectroscopy, Thermogravimetric Analy-
sis, EDS elemental mapping, and adsorption
modeling (kinetic, isothermal, and thermo-
dynamic), was employed. The aim is to
determine how granulometry and precursor
chemistry govern K+ retention, dispersion,
and stability, thereby demonstrating the po-
tential of this local kaolinite as a low-cost,
thermally robust adsorbent and catalytic
support.

2. Materials and methods

2.1. Materials

The kaolinitic clay used in this study
was collected from the Agboville region
(Côte d’Ivoire; 5°55’ N, 4°13’ W). Potassium
carbonate (K2CO3, Merck) and potassium
acetate (CH3CO2K, Sigma-Aldrich) served
as doping precursors. Hydrochloric acid (37
%, Prolabo) was used to adjust pH. Grind-
ing and sieving were performed with an IKA
M20 mill and a Retsch AS 200 sieve (100–
500 µm). Calcination was carried out in a
Nabertherm muffle furnace at 400 °C for
3 h, a temperature chosen to obtain par-
tial dehydroxylation while preserving struc-
tural integrity. The doped samples were
dried at 105 °C (Memmert oven). Potas-
sium quantification was achieved using a
Thermo Scientific ICE 3300 atomic absorp-
tion spectrometer (AAS) operated with an
air-acetylene flame at the LAPISEN facility
(INP-HB, Yamoussoukro).
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Fig. 1. Map of clay sampling site.

2.2. Methods
2.2.1. Preparation of the calcined clay

The raw Agboville clay (> 2 µm par-
ticles) was calcined at 400 °C for 3 h in a
muffle furnace, then cooled in a desiccator.
The material was ground and sieved into
five particle-size fractions: X > 500 µm, 400
< X < 500 µm, 250 < X < 400 µm, 100 <
X < 250 µm, and X < 100 µm.

2.2.2. Impregnation procedure
For each experiment, 1.2 g of calcined

clay were contacted with 25 mL of an aque-
ous potassium salt solution (CH3CO2K or
K2CO3) prepared at a 35% K mass ratio
relative to the clay. The solution pH was ad-
justed to different values using dilute HCl or
KOH solutions to evaluate the effect of pH
on the impregnation process. The mixture
was magnetically stirred for 12 h at room
temperature, then filtered, and the result-
ing solid was dried at 105 °C for 2 h before
being stored in a desiccator for subsequent
analyses.

2.2.3. Determination of potassium content
Each doped sample (0.3 g) was digested

in 4 mL aqua regia (HCl : HNO3 = 3 : 1
v/v) at 100 °C for 2 h. After cooling, a small
amount of boric acid was added to neutral-
ize residual acid. The solution was filtered,

diluted to 50 mL with deionized water, and
analyzed by AAS. The potassium content
(mg kg-1 dry solid) was calculated from:

Csolid = Vfinal × Csolution

msample
(1)

where Csolution is the measured concentration
(mg L-1), Vfinal is the final digest volume (L),
and msample is the dry mass (kg).

2.2.4. Adsorption experiments
Batch adsorption tests were performed

at 25 °C with 100 mL solutions of known
initial K+ concentrations. The adsorbent
dose was 1 g L-1. After equilibration, sus-
pensions were filtered and analyzed by AAS.
The equilibrium capacity (qe, mg g-1) was
determined from:

qe = V (Ci − Ce)
m

(2)

where Ci and Ce are the initial and equilib-
rium concentrations (mg L-1), V the solution
volume (L), and m the adsorbent mass (g).

2.2.5. Adsorption isotherm modeling
– Langmuir model

This model assumes monolayer adsorption
on a homogeneous surface with a defined
maximum capacity:

qe = qmaxKLCe

1 + KLCe

(3)
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where qe is the amount adsorbed at equi-
librium (mg g-1), Ce is the equilibrium con-
centration in solution (mg L-1), qmax is the
maximum adsorption capacity (mg g-1), and
KL is the Langmuir constant (L mg-1).

– Freundlich model

qe = KF C1/n
e (4)

where KF is the adsorption capacity con-
stant (L mg-1), and n is the adsorption in-
tensity (adsorption is favorable when 1 < n
< 10).

– Temkin model
This model accounts for the linear decrease
in adsorption heat as surface coverage in-
creases:

qe = B ln(ACe) with B = RT

b
(5)

where A is the Temkin constant related to
adsorption capacity, b is the constant related
to adsorption heat, R is the universal gas
constant (8.314 J mol-1 K-1), and T is the
absolute temperature (K).

2.2.6. Kinetic modeling
– Pseudo-first-order model

This model assumes that the adsorption rate
is proportional to the residual concentration
of available sites. Using the experimental
data and the linearized kinetic equation:

ln(qe − qt) = ln(qe) − k1t (6)

– Pseudo-second-order model
The pseudo-second-order model is based on
the assumption that adsorption is governed
by chemical interactions (covalent or surface
bonding). The linear form of the equation
is:
t

qt

= 1
k2q2

e

+ t

qe

(7)

2.2.7. Materials characterization
– Point of zero charge (pHPZC)

The pHPZC was determined by the pH-drift
method (0.01 M NaCl background, initial
pH0 = 2–11 adjusted with 0.1 M HCl/NaOH,

clay dose 1.0 g L-1, 24 h equilibration at 25
°C). pHPZC is taken at the intersection where
∆pH = pHf - pH0 = 0.

– FT-IR spectroscopy
FT-IR spectra were recorded using KBr pel-
lets in the range of 4000–400 cm-1, with a
resolution of 4 cm-1 and 32 scans. The an-
alyzed samples included: the raw clay, the
calcined clay, the K/Clay-CH3CO2K.

– TGA and EDS analyses
Thermogravimetric analysis (TGA) was per-
formed under a nitrogen atmosphere (N2)
from 25 to 900 °C at a heating rate of 10
°C min-1. Polished powder samples were ex-
amined using EDS point analysis and area
mapping. For each sample, at least five re-
gions (~100 µm × 100 µm) were mapped
to quantify the spatial distribution of potas-
sium (K).

3. Results and discussion
3.1. Influence of clay granulometry

on K/Clay adsorption capacity
The granulometry of the clay support

is a determining parameter in the process of
impregnation and fixation of potassium ions
(Table 1). It directly affects the specific sur-
face area, porosity, and internal diffusion of
ions within the matrix [13]. Fine particles (X
< 100 µm) offer a larger specific surface area,
but are more prone to agglomeration and re-
duction of interparticle porosity, limiting the
homogeneous penetration of the precursor
solution [14]. Conversely, coarser particles
(> 500 µm) have a small specific surface area
and therefore fewer active sites available for
K+ fixation. The results obtained show that
the particle size range 100 < X < 250 µm
is optimal for the potassium adsorption ca-
pacity on clay modified by calcination, with
maximum values of 149.84 mg g-1 for K2CO3
and 198.91 mg g-1 for CH3CO2K. This parti-
cle size range provides an ideal compromise
between sufficient external surface area and
well-connected internal porosity, allowing
efficient precursor diffusion and maximum
interaction with exchange sites [15].
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Table 1
Influence of granulometry on the maximum adsorption capacity of K/Clay.

Granulometry (µm) K2CO3 (mg g−1) CH3CO2K (mg
g−1) Observation

X > 500 122.01 150.18 Low active surface area, limited
diffusion

400 < X < 500 107.57 186.47 Moderate diffusion, partial inter-
nal porosity

250 < X < 400 117.59 186.32 Good compromise but lower ex-
ternal surface area

100 < X < 250 149.84 198.91 Optimum – balance between sur-
face area and porosity

X < 100 125.99 189.32 High surface area but agglomera-
tion and heterogeneity

These results are in agreement with the
work of Shaban [16] and Lokman [17], who
report that intermediate granulometries op-
timize metal dispersion by impregnation and
minimize pore blocking or surface precipi-
tation phenomena. Thus, controlling the
particle size of the support is an essential
lever for optimizing final catalytic perfor-
mance.

3.2. Surface modification of clay by
calcination

Calcination is a key step in the prepa-
ration of clay supports intended to receive
a metallic or alkaline deposit by impreg-
nation. This thermal treatment, generally
performed between 300 and 700 °C, induces
partial or total dehydroxylation of alumi-
nosilicate layers, removal of organic matter,
and decomposition of thermally unstable
species [18]. These transformations modify
the surface chemistry of kaolinite and gen-
erate a more reactive metakaolinite phase,
characterized by a higher density of exposed
structural sites capable of interacting with
cationic species [14].

In our study, calcination of Agboville
clay at 400 °C for 3 h produced a mate-
rial with modified surface properties that
favored potassium uptake from K2CO3 and
CH3CO2K solutions. Thermal activation
reduces interlayer water content, increases

structural disorder at the local scale, and
exposes hydroxyl groups and Lewis acid
sites created during dehydroxylation. These
changes enhance the interaction between the
clay surface and added potassium salts, fa-
cilitating their retention and stabilization
during impregnation.

According to the literature, calcination
may also induce partial migration or reor-
ganization of exchangeable cations (Na+,
Ca2+, Mg2+), producing vacant sites with
higher affinity for incoming metal ions [17].
Combined with the removal of moisture and
reduction of surface-bound impurities, this
favors a more uniform distribution of alka-
line ions and limits the formation of local-
ized aggregates during drying or subsequent
heating steps [16]. Our results show that
potassium dispersion is markedly improved
when calcination is performed prior to im-
pregnation, in agreement with Alkhabbas,
who demonstrated that thermal pretreat-
ment strengthens the ability of clay matrices
to stabilize metal deposits [13].

Additionally, the nature of the precursor
significantly influences the final amount of
potassium fixed on the clay. Potassium ac-
etate, due to its higher solubility and cleaner
thermal decomposition, diffuses more effi-
ciently within the activated structure than
potassium carbonate, which explains the
higher adsorption capacities observed in our
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experiments.
Thus, calcination appears as an essen-

tial step to prepare the clay surface to re-
ceive a potassium deposit by impregnation,
optimizing both the pore structure, surface
chemistry, and reactivity towards the pre-
cursor.

3.3. Influence of pH on K dispersion
on calcined clay

pH plays a determining role in the pro-
cess of dispersion and retention of potassium
ions on calcined clay. Indeed, the surface
of clay minerals is characterized by edge hy-
droxyl groups (–Si–OH and –Al–OH) whose
net charge varies according to pH (Table 2).
At acidic pH, protonation of these groups
limits cationic adsorption by competition
with H+ ions, while at basic pH, their de-
protonation increases the density of nega-
tive charges, favoring cationic exchange with
K+ [18,19]. In our study, calcined clay (400
°C, 3 h) was impregnated with either K2CO3
or CH3CO2K, then tested in media at dif-
ferent pH. The results show that potassium
dispersion is optimal under slightly basic
conditions (pH 8) for both precursors, with
a higher adsorption capacity for CH3CO2K,
which can be explained by its greater sol-

ubility and better diffusion in the porous
matrix [16]. At pH < 5, retention decreases
significantly, which reflects the neutraliza-
tion of exchange sites by protons. Between
pH 6 and 9, a net increase in retention is
observed, corresponding to the zone of max-
imum negative charge on the clay surface.
For pH > 10, a slight decrease in capacity is
recorded, possibly due to the precipitation
of K2CO3 as KOH and the formation of in-
soluble carbonates or bicarbonates on the
surface [13].

These results confirm that K+ adsorp-
tion on calcined clay is governed by a bal-
ance between surface charge state and solu-
tion chemistry. The choice of precursor is
also determining: potassium acetate, more
soluble and less prone to alkaline precipita-
tion, allows for a more homogeneous disper-
sion and a higher maximum capacity. This
behavior is in agreement with the work of
Ooi [15], who showed that adsorption of
alkaline cations on modified clays presents
an optimum in the pH range 8–9, and with
that of Ahmaruzzaman [14], who empha-
size the importance of the ionic state of the
precursor in the kinetics and efficiency of
impregnation.

Table 2
Effect of pH on K retention on clay impregnated with K2CO3 and CH3CO2K.

pH qe (mg g−1)
K2CO3

qe (mg g−1)
CH3CO2K

Main Observation

3 45.2 58.4 Low adsorption, protonated sites
5 82.6 96.1 Increase, onset of OH deprotonation
7 125.3 146.5 Favorable adsorption, increased negative

surface
8 149.8 198.9 Optimum observed, strong affinity of K+

for exchange sites
9 146.1 192.4 Adsorption plateau
11 120.7 165.2 Slight decrease, possible formation of pre-

cipitates
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3.4. Comparison of Agboville clay
with other clays from Côte
d’Ivoire, West Africa, and Africa

The mineralogical and physicochemi-
cal characteristics of clays vary significantly
with their geological origin, influencing their
capacity to retain metallic or alkaline species
after thermal activation (Table 3). In Côte
d’Ivoire, a comparison between the main
deposits of Agboville (AGB), Bingerville
(BIN), and Katiola (KAT) indicates that
Agboville clay is predominantly kaolinitic
(~75.5%), with low iron/goethite content,
and contains ~14% illite and ~9% quartz.
Its cation exchange capacity (CEC ~6.7
meq/100 g) is typical of kaolinite-rich mate-
rials and, combined with its good thermal
stability, supports the formation of reactive
metakaolinite and facilitates uniform K+ re-
tention after calcination [20].

Bingerville clay, also kaolinitic (CEC
~6.2 meq/100 g), contains higher amounts
of iron oxides, which may interfere with alka-
line ion dispersion during heating. Katiola
clay, which contains a significant proportion
of smectite (~20%) with a higher CEC (~35
meq/100 g), promotes efficient ion exchange
but tends to undergo structural reorgani-
zations upon calcination, which limit the
stability of alkaline deposits [20, 21].

At the broader West African scale, Nige-
rian bentonites (montmorillonite-rich) ex-
hibit high CEC and strong adsorption ca-
pacities for both organic and metallic species
[23]. However, their swelling behavior and
sensitivity to ionic strength often reduce the
uniformity of alkaline ion distribution after
impregnation [22]. In Burkina Faso, kaolins
and lateritic clays show good potential after
chemical activation, although their behavior
upon alkaline deposition strongly depends
on the intensity of pretreatment [24]. Ac-
tivated kaolins from Ghana and Benin are
mainly optimized for exchange and complex-
ation processes rather than the stabilization
of alkaline species.

Overall, while smectitic clays from West
Africa perform well for ion exchange, Ag-
boville kaolinitic clay offers a more favor-
able combination for stable and homoge-

neous potassium retention after calcination.
This performance is linked to its dominant
kaolinitic composition, low iron content,
and good thermal stability. Experimen-
tally, the optimal granulometry (100–250
µm) achieved the highest adsorption capaci-
ties 149.84 mg g-1 with K2CO3 and 198.91
mg g-1 with CH3CO2K surpassing values re-
ported for several other Ivorian and regional
deposits under comparable conditions.

In summary, the main criteria governing
efficient potassium deposition after calcina-
tion are: (i) a thermally stable mineralogical
composition that forms reactive metakaoli-
nite without swelling, (ii) a low content of
ferric and iron oxide phases that may hin-
der alkaline ion dispersion, (iii) a surface
chemistry that becomes more reactive after
thermal activation, and (iv) an optimized
granulometry that ensures effective contact
and controlled diffusion of precursor ions.

Agboville clay meets these conditions
most effectively due to its predominantly
kaolinitic composition, low iron content, and
favorable thermal behavior. These charac-
teristics explain its superior ability to re-
tain potassium uniformly after calcination
compared with other West African deposits
[20,24].

3.5. Influence of potassium precursor
on K/Clay adsorption capacity

The nature of the potassium precursor
strongly influences the solution chemistry
(pH, ionic speciation), wetting behavior, and
redistribution of ions during drying, thereby
governing the dispersion and stabilization
of K+ on the calcined clay surface. Even
at identical metal loadings, precursor ef-
fects, well documented in supported cataly-
sis, remain decisive, particularly for acetate-
and carbonate-based salts [25–27]. Potas-
sium acetate (CH3CO2K) exhibits proper-
ties that promote efficient incorporation on
calcined kaolinite in the 100–250 µm size
range, mainly due to its high solubility,
which ensures rapid and homogeneous con-
tact with reactive surface groups.
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Table 3
Synthetic comparison of Ivorian and West African clays for potassium deposition after
calcination.

Origin and type of
clay Dominant mineralogy CEC

(meq/100 g) Behavior upon K deposition
after calcination

Agboville (CI)
Kaolinite ∼75%, illite
∼14%, quartz ∼9%,

low Fe/goethite
∼6.7 Very favorable: clean, sta-

ble surface; homogeneous K
dispersion (100–250 µm opti-
mum)

Bingerville (CI)
Dominant kaolinite,

higher goethite
content

∼6.2 Moderate: Fe phases interfere
with uniform dispersion

Katiola (CI) Kaolinite + ∼20%
smectite ∼35 High exchange capacity; lower

stability upon calcination
Bentonite (Nigeria) Montmorillonite-rich >80 Excellent ion exchange; poor

stability (swelling, salinity ef-
fects)

Kaolins (Burkina
Faso) Kaolinite/laterite 5–15 Performance dependent on

chemical activation; moderate
K retention stability

In addition, its clean thermal decompo-
sition between 300 and 400 °C releases pri-
marily H2O, CO2, and light volatile species,
resulting in well-dispersed potassium species
without persistent anionic residues. These
characteristics facilitate the interaction of
K+ with surface hydroxyls and Lewis sites
formed during dehydroxylation, improving
the homogeneity of potassium retention af-
ter drying and calcination.

Conversely, potassium carbonate
(K2CO3) presents specific limitations. Its
high intrinsic alkalinity (pH ~11.5) strongly
influences surface charge, which can promote
localized precipitation or uneven deposition
during impregnation. In addition, the ther-
mal stability of K2CO3 (persisting up to
~890 °C) means that carbonate species can
remain in the solid if surface reactions are
not sufficient, potentially reducing the uni-
formity of potassium distribution. Achiev-
ing homogeneous dispersion with K2CO3
therefore requires stricter control of solution

concentration, pH adjustment, drying rate,
and thermal treatment [28,29].

In summary, for calcined kaolinite in the
100–250 µm granularity range, CH3CO2K
is the most efficient precursor, providing
higher potassium loading and more uniform
dispersion. This behavior is consistent with
our experimental findings (higher adsorp-
tion capacities and more homogeneous EDS
mapping) and with the literature on pre-
cursor effects in aluminosilicate-supported
catalysts [25, 29].

3.6. Adsorption isotherm modeling
for K+/Clay (CH3CO2K, 100–
250 µm)

The analysis of adsorption isotherms
provides insight into the type of interactions
established between K+ ions and the clay
surface after calcination and impregnation.
The experimental equilibrium data obtained
for the K2CO3- and CH3CO2K-doped clays
(particle size 100–250 µm) were fitted us-
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ing the Langmuir, Freundlich, and Temkin
models (Table 4; Figures 2–4).

The Langmuir model, based on mono-
layer adsorption onto a surface with a finite
number of uniform sites, yielded theoretical
maximum capacities (qm) of 149.84 mg g-1

for K2CO3 and 198.91 mg g-1 for CH3CO2K.
However, the relatively low correlation coef-
ficients (R2 = 0.5246 and 0.5589) indicate
that adsorption does not follow a strictly ho-
mogeneous monolayer mechanism and sug-
gest the presence of heterogeneous binding
sites [6].

The Freundlich model, which accounts
for adsorption on heterogeneous surfaces
and allows multilayer uptake, provided bet-
ter fits, with R2 values of 0.8308 (K2CO3)
and 0.9249 (CH3CO2K). The n values
greater than 1 (1.42 and 1.56) denote fa-
vorable adsorption, while the KF constants
(18.62 and 24.75) reflect the stronger affinity
of CH3CO2K-treated clay for K+ ions.

The Temkin model offered the best de-
scription of the experimental data, with R2

= 0.9278 for K2CO3 and R2 = 0.9894 for
CH3CO2K. This model considers the pro-
gressive decrease in adsorption heat as the
surface becomes occupied. The obtained
constants B (212.02 and 184.70 J mol-1)
and KT (0.0002 and 0.0003 L g-1) confirm
that adsorption proceeds through energet-
ically non-uniform sites where adsorbate–
adsorbent interactions vary with increasing
surface coverage [7, 15].

Overall, the superiority of the Temkin
model indicates that potassium adsorption
on calcined Agboville clay involves hetero-
geneous energetic interactions rather than
a purely monolayer process. The better fit
obtained with CH3CO2K is consistent with
its higher experimental adsorption capacity
and more homogeneous potassium distribu-
tion.

All these results show that the granu-
lometry 100 < X < 250 µm offers an op-
timal compromise between specific surface
area and internal porosity, allowing efficient
diffusion of precursors into the porous ma-
trix. The superiority of CH3CO2K in terms
of adsorption capacity can be attributed to

its greater solubility and better dispersion
within the clay’s porous structure [16].

These results corroborate the work of
Alkhabbas [13], who highlighted that parti-
cle size and porosity strongly influence the
adsorption capacity of modified clays, as
well as that of Shaban [16], who demon-
strated that thermal and chemical modifica-
tion of kaolins and bentonites enhances the
diversity and reactivity of surface sites.

The Temkin model thus appears to be
the most relevant for describing potassium
adsorption onto calcined clay, highlighting a
process controlled by variable surface inter-
actions, typical of heterogeneous materials.

3.7. Kinetic modeling of K+/Clay
adsorption (CH3CO2K, 100–250
µm)

The kinetic study describes the rate
and mechanism of K+ ion binding onto the
surface of calcined clay impregnated with
CH3CO2K. Three approaches were consid-
ered: the pseudo-first-order model [30], the
pseudo-second-order model [9], and direct
experimental observation (Table 5 and Fig-
ure 5). The pseudo-first-order model as-
sumes that the adsorption rate is propor-
tional to the number of available free sites,
generally corresponding to physical adsorp-
tion on a homogeneous surface [7]. The
pseudo-second-order model is based on the
assumption that the rate-limiting step is
chemisorption involving the sharing or ex-
change of electrons between K+ ions and
active surface groups. Experimental results
show that the pseudo-second-order model
best describes the process, with a correla-
tion coefficient R2 = 0.998 and excellent
agreement between the theoretical adsorbed
amount (qe calc. = 198.9 mg g-1) and the
experimental value (qe exp. = 198.9 mg g-1).
This agreement confirms that K+ fixation
is dominated by a chemical mechanism in-
volving strong bonds with the hydroxyl and
aluminosilicate groups of the clay [15,16].

To complement the analysis, the tem-
poral evolution of the adsorbed amount was
compared to the values predicted by the
models.
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It can be observed that the pseudo-
second-order model almost perfectly fits the
experimental kinetics, including at short
times (5–30 min) where adsorption is fastest,
and during the equilibrium phase (60–720
min) where qt remains constant. The
pseudo-first-order model, although relatively
close, tends to underestimate the initial ad-
sorption rate and predict a plateau slightly
lower than the experimental value. These

results suggest that chemisorption is the
dominant mechanism, with a secondary con-
tribution from intra-particle diffusion in the
initial phase. The granulometry 100 < X
< 250 µm optimizes the balance between
specific surface area and pore accessibility,
reducing mass transfer resistance and allow-
ing homogeneous coverage of active sites by
K+ ions.

Table 4
Isotherm model parameters for K2CO3 and CH3CO2K on clay (100 < X < 250 µm).

Model Parameter K2CO3/Clay / CH3CO2K/Clay

Langmuir qm (mg g−1) 149.84 / 198.91
KL (L mg−1) 0.0035 / 0.0048
R2 0.5246 / 0.5589

Freundlich KF (mg g−1)(L mg−1)1/n 18.62 / 24.75
n 1.42 / 1.56
R2 0.8308 / 0.9249

Temkin B (J mol−1) 212.02 / 184.70
KT (L g−1) 0.0002 / 0.0003
R2 0.9278 / 0.9894

Fig. 2. Langmuir isotherms of K+/Clay adsorption (100–250 µm).

Page 298 of 307



M.C. Nongbé et al. / RAMReS Sciences des Structures et de la Matière Vol. 9, N◦ 2 (2025) 289-307

Fig. 3. Freundlich isotherms of K+/Clay adsorption (100–250 µm).

Fig. 4. Temkin isotherms of K+/Clay adsorption (100–250 µm).

Recent studies confirm that thermal
activation of clay followed by alkaline im-
pregnation increases the proportion of high-
energy sites, making chemisorption predom-
inant [13, 15]. This configuration is partic-

ularly favorable for catalytic applications,
where the stability and homogeneous dis-
tribution of potassium on the support are
essential.
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Table 5
Kinetic adsorption constants of K+ on K/Clay (CH3CO2K, 100–250 µm).

Model Parameters Values R2

Pseudo-first order k1 (min−1) 0.031 0.942
qe calc. (mg g−1) 196.5

Pseudo-second order k2 (g mg−1 min−1) 2.45 × 10−4 0.998
qe calc. (mg g−1) 198.9

Experimental qe exp. (mg g−1) 198.9 —

Fig. 5. Evolution of the adsorbed amount of K over time and comparison with kinetic models.

3.8. Thermodynamic model of
K+/Clay Adsorption (CH3CO2K,
100–250 µm)

Thermodynamic analysis complements
the isothermal and kinetic study by as-
sessing the feasibility (∆G◦), energetic na-
ture (∆H◦), and interfacial order (∆S◦)
of the K+/calcined clay impregnated with
CH3CO2K system. On activated alumi-
nosilicates, the expected trend is confirmed:
∆G◦ < 0 (spontaneity), ∆H◦ > 0 moderate
(endothermicity linked to partial desolvation
of K+ and strengthening of surface-K+ inter-
actions), and ∆S◦ > 0 (release of structured

water and increase in interfacial disorder), in
agreement with recent literature [16]. The
table below summarizes the main experi-
mental data (Table 6 and Figure 6).

In line with activated cation–clay sys-
tems, the expected thermodynamic trends
are observed: ∆G◦ < 0 confirming spon-
taneity, ∆H◦ > 0 of moderate magnitude
indicating an endothermic process linked
to the partial dehydration of K+ and the
strengthening of surface-K+ interactions,
and ∆S◦ > 0 reflecting the release of struc-
tured water and the increase in interfacial
disorder.
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Table 6
Thermodynamic adsorption parameters for K+/Clay.

Temperature
(K) Kc ln Kc ∆G◦ (kJ mol−1)

298 12.0 2.485 -6.16
308 15.0 2.708 -6.93
318 19.0 2.944 -7.78
328 23.0 3.135 -8.55

Fig. 6. Van’t Hoff Plot for K+/Clay.

For the optimal granulometry 100–250
µm, the Van’t Hoff regression over 298–
328 K yields ∆H◦ ≈ +17.8 kJ mol-1 and
∆S◦ ≈ +80.3 J mol-1 K-1, while the equilib-
rium constant Kc increases with tempera-
ture. From a physicochemical standpoint,
the negative ∆G◦ values across the entire
range confirm the feasibility of K+ depo-
sition; the moderate endothermicity and
the increase of Kc with T are consistent
with K+ desolvation and the activation of
high-energy sites generated by calcination;
the positive ∆S◦ reflects a favorable interfa-
cial reorganization through the desorption
of bound water and improved local mobil-
ity [13,15].

This triptych (∆G◦ < 0; ∆H◦ > 0;
∆S◦ > 0), typical of activated cation–
clay systems, supports the ability of the
CH3CO2K/clay (100–250 µm) system to en-
sure both stable and energetically favor-
able potassium dispersion, in agreement
with recent findings on modified aluminosil-
icate supports and potassium-doped clays
for catalytic applications, as well as with
the isotherm and kinetic analyses (pseudo-
second-order fit and higher capacity with
CH3CO2K) and the reference literature on
adsorption and modeling [10,11].
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3.9. Characterization of the obtained
material K/Clay-CH3CO2K

3.9.1. Point of Zero Charge (pHPZC)
The point of zero charge (pHPZC) char-

acterizes the acid–base nature of clay sur-
faces and their ability to interact with ions
[7]. It corresponds to the pH at which the
net surface charge is zero, i.e., when acidic
(≡Si–OH, ≡Al–OH) and basic (≡Si–O-,
≡Al–O-) sites are balanced (Figure 7). The
raw Agboville clay shows a pHPZC of 4.6,
typical of moderately acidic natural kaolin-
ites [18]. After calcination at 400 °C, this
value slightly increases to 5.1, due to par-
tial dehydroxylation and the formation of
exposed Al3+ Lewis sites in the metakaolin-
ite phase [31,32]. A more pronounced rise
to 6.2 is observed after potassium doping
(CH3CO2K), indicating the neutralization
of acidic sites and the creation of basic cen-
ters (≡O–K+) capable of interacting with
cations or polar molecules [16].

These results, consistent with Tran [33],
demonstrate that K+ doping increases the
surface basicity and reactivity, thereby im-
proving the material’s adsorption perfor-
mance in neutral to slightly basic environ-
ments.

3.9.2. Fourier Transform Infrared Spec-
troscopy (FT-IR)

FT-IR analysis highlights the evolution
of kaolinite functional groups during calci-
nation and potassium doping. The spectra
recorded between 4000 and 400 cm-1 (Fig-
ure 8) reveal structural changes related to
transformation and potassium fixation. The
ν(OH) bands at 3695 and 3620 cm-1, char-
acteristic of internal and surface hydroxyl
groups, decrease sharply after calcination
at 400 °C, indicating partial dehydroxyla-
tion and the formation of an amorphous
metakaolinite phase [18,31]. This transfor-
mation favors the appearance of Lewis acid
sites and more reactive Si–O–Al linkages,
promoting K+ incorporation [13]. The main
ν(Si–O) band near 1030 cm-1 broadens and
shifts slightly to 1010–1005 cm-1, suggesting
disruption of the SiO4 network and possible
formation of K–O–Si bonds [19, 32]. This

shift, also observed in alkali-metal-doped
clays [31,32], indicates a strong interaction
between potassium and the aluminosilicate
framework.

Furthermore, the acetate (1550–1410
cm-1) and carbonate (1460–870 cm-1) group
bands disappear after recalcination at 350–
400 °C, confirming the elimination of organic
ligands and the stabilization of K+ species
within the matrix [26,27].

Overall, these changes demonstrate that
potassium is firmly incorporated into the
aluminosilicate structure rather than merely
adsorbed on the surface, producing a stable
and functionalized material whose modified
surface exhibits favorable acid–base proper-
ties for adsorption applications.

3.9.3. Elemental Analysis by EDS Spec-
troscopy

Elemental Analysis by EDS Spec-
troscopy was used to determine the chemi-
cal composition and spatial distribution of
potassium in the doped materials. The spec-
tra and elemental maps (Figure 9) confirm
the presence of the dopant and the stabil-
ity of the aluminosilicate framework. The
raw and calcined clay samples contain only
0.1–0.2 at.% of K, corresponding to natu-
ral traces of feldspar or illite [18]. After
doping with CH3CO2K, the potassium con-
tent rises to 1.0–3.0 at.%, confirming the
effective incorporation of K+ onto the ther-
mally activated clay surface, in agreement
with observations reported in previous stud-
ies [13, 34].

The elemental mapping shows a ho-
mogeneous distribution of K signal (CV
< 15%), particularly clear for the acetate-
derived material, where the uniform disper-
sion reflects a more efficient ion-exchange
kinetics [26,27]. No agglomerate formation
was detected, confirming a stable and uni-
form surface distribution of potassium. The
atomic ratios K/Si and K/Al (~0.02–0.05)
indicate that potassium is predominantly as-
sociated with surface sites of the thermally
activated clay, in agreement with observa-
tions reported in previous studies [31,32].

These results confirm the good disper-
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sion of K+, in full agreement with FT-IR
and thermogravimetric analyses, and demon-
strate the successful potassium doping with-
out any structural degradation of kaolinite.

3.9.4. Thermogravimetric Analysis (TGA)
The Thermogravimetric analysis (TGA)

was performed to evaluate the thermal sta-
bility and decomposition behavior of the clay
before and after potassium doping. The ob-
tained curves (Figure 10) reveal four main
stages: (1) Between 25 and 150 °C, a 3–
5% weight loss associated with the removal
of physically adsorbed water; (2) Between
200 and 400 °C, the decomposition of or-
ganic residues from acetate ligands of the

CH3CO2K precursor; (3) Between 400 and
650 °C, the dehydroxylation of kaolinite into
metakaolin, with a weight loss of 8–10% asso-
ciated with a temperature between 520–550
°C; and (4) Above 700 °C, the thermal stabi-
lization of the amorphous matrix. After dop-
ing and post-treatment, the losses associated
with precursor residues disappear, confirm-
ing the stable incorporation of K+ and the
absence of carbonate or organic remnants.
This behavior indicates an enhanced ther-
mal resistance and neutralization of acidic
sites by potassium, in agreement with Djom-
goue [34], who reported that alkali dopants
improve the structural stability and basicity
of activated clays.

Fig. 7. pHPZC determination curves (∆pH = f(pH0)) for raw, calcined and K/Clay.

Fig. 8. FT-IR spectra recorded at the different stages of clay modification.
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Fig. 9. EDS spectrum of the K/Clay-CH3CO2K doped material and atomic composition.

Fig. 10. Comparative TGA curves of the raw clay, calcined clay and K/Clay.

4. Conclusion

This study demonstrated the effective-
ness of potassium doping of thermally acti-
vated kaolinitic clay from Agboville for the
retention of K+ ions in aqueous media. Par-
ticle size was identified as a key parameter,
with the 100–250 µm fraction providing the
best performance. Maximum adsorption ca-
pacities reached 149.84 mg g-1 for K2CO3
and 198.91 mg g-1 for CH3CO2K, the latter
yielding the highest affinity for K+ and the
most uniform distribution of potassium on
the clay surface.

Isotherm modeling showed that the
Temkin model best described the equilib-
rium behavior (R2 = 0.9894 for CH3CO2K),
suggesting heterogeneous interaction ener-

gies across the surface. Kinetic analysis re-
vealed that adsorption followed the pseudo-
second-order model (R2 = 0.998), with ex-
cellent agreement between experimental and
calculated equilibrium values (qe = 198.9 mg
g-1), confirming that chemisorption is the
dominant process. Thermodynamic parame-
ters (∆G◦ from -6.16 to -8.55 kJ mol-1, ∆H◦

= +17.8 kJ mol-1, ∆S◦ = +80.3 J mol-1 K-1)
indicated that adsorption is spontaneous, en-
dothermic, and accompanied by increased
disorder at the solid–liquid interface.
Characterization analyses supported these
findings. FT-IR revealed attenuation of
structural ν(OH) bands (3695–3620 cm-1)
and a shift of the ν(Si–O) vibration toward
~1010 cm-1, consistent with interactions be-

Page 304 of 307



M.C. Nongbé et al. / RAMReS Sciences des Structures et de la Matière Vol. 9, N◦ 2 (2025) 289-307

tween potassium ions and aluminosilicate
groups. The pHPZC increase from 4.6 to
6.2 confirmed the enhanced basicity of the
doped clay. EDS measurements showed ho-
mogeneous potassium incorporation at lev-
els ranging from 1.0 to 3.0 at.% (CV < 15%),
while TGA confirmed the removal of precur-
sor residues and the thermal stability of the
modified material above 700 °C.

Overall, potassium doping, particularly
using CH3CO2K, produces a thermally ro-
bust, chemically stable, and highly basic
clay material. These characteristics make
potassium-modified Agboville clay a cost-
effective candidate for use as an adsor-
bent and catalytic support in water treat-
ment and environmental remediation appli-
cations.
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