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Abstract: - Conventional water treatment plants are often not equipped to effectively eliminate micropollutants
such as antibiotics. Sulfamethoxazole (SMX) and trimethoprim (TMP) are widely used in human and veterinary
treatment. This study aims to remove these two antibiotics from aqueous solution using natural clay as an
adsorbent. A Box-Behnken matrix was used to model and optimize the process. the textural, structural, and
morphological properties of raw and purified natural clay were studied. Four independent variables were selected:
the initial concentration, pH, contact time, and temperature. Under the experimental conditions, the system
reached equilibrium in 80 min. The maximum adsorption of SMX and TMP was approximately 98%. The
maximum adsorption capacity was estimated to be 250 mg.g™! and 190 mg.g! at pH 6. According to the Box-
Behnken model, high correlation coefficient values and p values greater than 0.05 corresponded to a good fit to
the optimal combination of process parameters.
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1 Introduction and trimethoprim (TMP), commonly operated
Chemical and pharmaceutical pollution represent a together as co-trimoxazole (e.g., Bactrim®), are
negative impact on the environment and a serious bacteqostatl.c agents eff'ectwe.agamst'a range of
threat to global water quality, [1], [2], causing a bacterial  infections, including urinary tract
significant deterioration in aquatic ecosystems and 1r}fect10ns, respiratory illnesses, .and gas.tromtestlnal
endangering human health, [3]. These contaminants disorders, [7]. Hence, an extensive portion of these
of emerging concern (CECs) are released into the antibiotics is not meFabollzed by thf: organisms and
environment directly by pharmaceutical factories' released directly into surrounding waters by
discharges or by chemical reactions like human excretion or uneaten medicated feed, leading to
excrement, household waste, and hospital waste, [4]. antibiotic residues in aquatic ecosystems, [8].
Globally, over 600 pharmaceutical compounds have However, the 2030 UN Agenda Qf Sustamable
been detected in surface, ground, and drinking water Development Goals (SDGs) has highlighted the
at concentrations ranging from ng.L"! to pg.L, [5], importance of clean water, sustainable food
[6]. Focusing on the antibiotics are used in producqo'n, apd reSp0n51b1§ consumption,
aquaculture sector to prevent and treat bacterial emphasmng their mqtuallj[y within the model Of a
infections to ensure the healthy and productivity of circular economy, which aims to supply people with

farmed aquatic species, Sulfamethoxazole (SMX) food and save the planet from alteration, [9]. In this
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context, cost-effective removal of antibiotics from
aqueous effluents is crucial to maintaining ecological
balance, supporting safe food systems, and
promoting  resource efficiency, [10], [11].
Conventional wastewater treatment processes, such
as activated sludge systems, achieve only moderate
removal efficiencies (48—77%) for this sulfonamide
and diaminopyrimidine antibiotics, resulting in their
persistence in treated effluents, surface waters, and
even drinking water sources at concentrations
ranging from ngL' to pgL?, [12], [13]. This
persistence exacerbates the development of antibiotic
resistance genes (ARGs), potentially fostering
superbugs and disrupting microbial communities in
receiving waters. In terms of removal methods for
sulfamethoxazole and  trimethoprim  from
aquaculture effluents, several approaches are used,
such as physical and chemical treatments, including
adsorption, reverse osmosis, constructed wetlands,
electrooxidation, and advanced oxidation processes
like ozonation, [14]. Woodchip bioreactors have
shown an effective removal if SMX and TMP when
the microbial degradation is promoting with specific
conditions provides substantial reductions in
antibiotic discharge risk into the environment with a
removal retention have attended (~77-89%) for TMP
and (~63-77%) for the SMX, this innovative tool for
aquaculture effluent management can be considered
like green approach, [15], but their effectiveness is
depending always by the heavily on microbial
community health and the environmental conditions
such as  temperature, dissolved  oxygen,
environment’s pH and the hydraulic retention time.
Since not all antibiotics are equally well removed, for
example, florfenicol shows poor adsorption.
Moreover, the process is relatively slow compared to
some advanced oxidation methods, limiting rapid
treatment needs. In contrast, the adsorption method
offers distinct advantages for antibiotic removal in
aquaculture environments. The use of activated
carbon, biochar, and natural clay materials as
adsorption techniques is still one of the most reliable
and widely used methods for removing antibiotics
from aquaculture and municipal effluents.
Considering the high adsorption capacity, the natural
clays such as montmorillonite exhibit high adsorption
capacities for antibiotics like tetracycline (more than
227mg.L") and likely for sulfamethoxazole and
trimethoprim due to similar adsorption mechanisms
like electrostatic interactions and chemical bonding,
[16]. Also, the natural clays are abundant,
inexpensive, and require minimal processing, making
them highly economical for large-scale applications,
[17], [18]. In fact, modified and unmodified clays
possess favorable surface area, porosity, and
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chemical properties that enhance adsorption,
providing stable, reusable adsorbents with little
degradation.  Overall, natural clays are
environmentally benign and do not introduce harmful
byproducts during adsorption, making them
sustainable options for aquaculture effluent
treatment, [19], [20]. Adsorption methods are
considered the best technique for removing
antibiotics due to their high efficiency, design
simplicity, low cost, and minimal sludge. Response
surface methodology (RSM) has become widely
employed in the last few decades to examine the
interaction between the variable’s ant their effect to
responses  variables in chemical processes.
Experimental design methods could not only
maximize the antibiotic removal but also could
reduce treatment time and solvent use, adopting a
sustainable and cost-effective green strategy for
wastewater effluent management. Antibiotic removal
study used Box-Behnken design (BBD) and response
surface methodology (RSM) as an efficient
exploration of the effects of key process variables
such as contact time, adsorbent dosage, biomass, and
antibiotic  concentration. Despite the central
composite designs (CCD), the BBD does not include
experiments at the extreme vertices of the design
space; this characteristic is an advantage due to the
ability to operate under extreme conditions, which
can lead to the adsorbent degradation and be
impractical. Consequently, BBD is considered a safer
and more approach for experimental optimization in
environmental and  chemical  applications.
Consequently, BBD is considered a safer and more
stable approach for experimental optimization in
environmental and chemical handling applications,
[21]. Overall, the Box—Behnken Design offers an
optimal balance between experimental economy,
statistical robustness, and predictive capability,
making it a powerful tool for optimizing adsorption
processes and modeling pollutant removal
mechanisms. It has been reported that o the removal
of tetracycline and chloramphenicol by aquatic plants
using the BBD model has been evaluated by the
optimal interaction effect between the contact time,
plant biomass, and initial antibiotic concentration, to
attend to 84% removal, [22]. Box-Behnken Design
was applied to optimize oxytetracycline removal,
well showing the ability of the model to study the
complex interactions between the pH, Temperature,
and different antibiotic concentrations, with more
and best condition to identify the effective removal
condition by reducing the number of experiments and
solvent/ adsorbent application, [23], [24].

This study focuses on the characterization of local
natural clay as an adsorbent. The raw and purified
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clay has been characterized by different methods for
well-determinate their properties well. Furthermore,
the adsorption isotherm models were applied to
assess the adsorption mechanism, accomplished by
the thermodynamics studies to improve the
adsorption process. In addition, the parameters on the
efficiency of Sulfametaxazole and trimethoprim
removal from aqueous solution using a smectite
adsorbent were evaluated by the BBD-RSM
approach.

2 Materials and methods

2.1 Reagents and materials

Trimethoprim and Sulfamethoxazole were purchased
from Sigma Aldrich. The physicochemical properties
and the chemical structures of both compounds are
shown in Table 1 (Appendix). Individual stock
standard solutions at a concentration of 10 mg.L! ,
were prepared in methanol and stored at -18 “ in dark
glass vials. The standards solutions were prepared
daily by appropriate dilution of the stock solution
with water. Methanol and Acetonitrile (ACN) were
of HPLC grade. These solvents were obtained from
VWR (BDH chemicals). Sodium phosphate
monobasic monohydrate (Purity N99.0%) and
sodium phosphate (Purity N99.0%) were from VWR.

2.2 Sampling and preparation of the studied
clay samples

Tunisian natural clays have interesting potential for
the elimination of pollutants. Their use for
wastewater treatment is promising. The two natural
clays used in this study are of Tunisian origin, Ain
Mestir clay (noted AM). The nature of the AM clay
is not known previously; its purification was the
subject of the first step of the study. Its two raw and
purified fractions were characterized by the usual
techniques. The region of Ain Mestir, located in the

governorate of  Bizerte, northern Tunisia
(37°12'19"N, 10°11223"E). This area presents
interesting geographical and pedological

characteristics, particularly in terms of relief, soil,
and hydrology. This region, with a varied
topography, includes moderate hills and valleys
conducive to water retention, which promotes the
development of local vegetation. Like the entire
region of Bizerte, Ain Mestir is fed by shallow
groundwater tables, in interaction with seasonal
rivers, which undergo variations according to annual
precipitation. In order to determine the chemical
compositions of adsorbents as well as their physico-
chemical properties, the purification step of raw clays
is very important to isolate the fine fractions, and to
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obtain a swellable clay, of good dispersion in water
and high cation exchange capacity. The procedure
for purifying raw clays generally allows the
decomposition of carbonates, the dissolution of
hydroxides and metal oxides (Fe, Al), the elimination
of amorphous silica, as well as the oxidation of
existing organic matter. After the removal of
impurities by sieving large particles and coarse
impurities, the sample was removed using a 100-
micrometer sieve. This allowed the removal of
unwanted debris and particles.

2.3 Sorption studies

Batch system experiments were performed to carry
out the adsorption mechanism on the two clays. In
each experiment, the solution containing 45 mL of
antibiotic with a concentration of 100 mg. L-1 was
used. The solution’s pH was adjusted to 6 using 0.1
M HCl and 0.1 M NaOH. A quantity of 0.1 g of the
adsorbent was added to the solution and subjected to
an ultrasonic bath for 180 min. With the adsorbent in
glass vessels, using a Stuart rotator (SB3) at a
constant stirring speed (250 rpm) and a controlled
temperature (T =25°C and 80°C). When the
adsorption equilibrium was reached, the sample was
separated from the aqueous solution using a filtration
method with a 0.45um Whatman cellulose nitrate
membrane. Afterwards, the analysis of the residual
solution was performed by UV-visible absorption
spectrophotometry at Amax = 270 nm (UV Visible
spectrophotometer Secomam).

The percentage removal of the drug and the
amount of antibiotic adsorbed on clay (q) were
calculated by Eq. (1) and (2), respectively:

q="22xV ()

Where q: Quantity of drug adsorbed per gram of
adsorbent (mg.g-1); CO: Initial concentration (mg.1-
1); Ce: Equilibrium concentration (mg/1); m (g.L-1)
is the adsorbent dose used in the adsorption
experiments, and V (L): the total volume of the
solution.

R(%) = =% 100 (2)

2.4 Experimental design

To determine the optimal conditions for the
adsorption of the two antibiotics on two types of clay,
we selected the following independent variables for
this study are: the concentration of each molecule (10
mg. L-1 to 100 mg. L-1), pH (4-9), contact time
(10min-150 min) and the temperature (40°, 80°). The
four independent factors studied are: initial antibiotic
concentration, pH, temperature, and contact time.
Their areas of variation are presented in the following
table (Table 1):
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Table 1: Values of the independent variables
Source: created by authors.

Factor Unit  Centre variation
Path
X1 Temperature °C 60 20
X2 Concentration Mg. 55 45
L-l
X3 pH 6,54 2,5

X4 Contacttime  min 110,0 90,0

The studied plan is based on 27 experiments
presented in Table 2. The matrix of experiments
given in Table 2 gathers the tests given in order and
the values of adsorption rates obtained for each test.
The experimental data were fitted to a second-order
model (Eq. (3)):

Y 1=b0+b1X1+b2X2+b3X3+b4X4+b11X12+b22
X22+b33X32+b44X42+b12X1X2+b13X1X3+b14X
1X4+b23X2X3+b24X2X4+b34X3X4

With: Y is the measured response, b0 is the model
constant, bi are linear coefficients, and X1, X2, X3,
and X4 are coded variables. To generate the matrix
design, statistical analysis, and regression models,
the software used is NEMROD-W version 9901. The
significance of the second-order models was
evaluated by analysis of variance (ANOVA).

Table 2: BBD matrix for removal of SMX and TMP.
Source: created by authors.

Exp X1 X2 X3 X4
number

-1.000 -1.0000 0.0000 0.0000
1.000 -1.000 0.0000 0.0000
-1.000 1.000 0.0000 0.0000
1.000 1.000 0.0000 0.0000
-1.000 0.0000 -1.000 0.0000
1.000 0.0000 -1.000 0.0000
-1.000 0.0000 1.000 0.0000
1.000 0.0000 1.000 0.0000
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26 0.0000 0.0000 0.0000 0.0000

27 0.0000 0.0000 0.0000 0.0000

-1.000 0.0000 0.0000 -1.000

1.000 0.0000 0.0000 -1.000

-1.000 0.0000 0.0000 1.000

1.000 0.0000 0.0000 1.000

0.0000 -1.000 -1.000 0.0000

0.0000 1.000 -1.000 0.0000

0.0000 -1.000 1.000 0.0000

0.0000 1.000 1.000 0.0000

0.0000 -1.000 -1.000 -1.000

0.0000 1.000 0.0000 -1.000

0.0000 -1.000 0.0000 1.000

0.0000 1.000 0.0000 1.000

0.0000 0.0000 -1.000 -1.000

0.0000 0.0000 1.000 -1.000

0.0000 0.0000 -1.000 1.000

0.0000 0.0000 1.000 1.000

NS NSRE NS RN NS I NS N NS N e e e ey e e e P L
Lh-PWM—O\OQQ\]O\MJ;UJN,_O\DOO\]O\MJ;WNH

0.0000 0.0000 0.0000 0.0000
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Figure 1 (Appendix) shows that no other
interaction among X1, X2, X3 (pH), and X4 (contact
time) has been significant for either AMb or AMp.
This means that the combinations involving pH and
time of contact do not significantly influence
adsorption for both types of clay in this
configuration. These graphs present the results of the
tests of normality, showing that the residuals of the
two models are in accordance with the assumption of
normality, which is preferred for the justification and
validity of the models. It is noted that the Q-Q Plot
for TMP: The points continue approximately along
the red diagonal line, which indicates that the
residues follow a reasonable normal distribution,
with some slight deviations at the ends. The same, for
Q-Q Plot for SMX: the points are close to the line,
which also confirms that the residues for SMX follow
a normal distribution.

3 Results and discussion

3.1 Characterization of the adsorbent

The geological source and the formation process are
mainly responsible for the chemical composition.
Typically, the major elements are composed of
hydrated aluminum silicates and other minor
elements, such as iron or alkali and alkaline-earth
metals, [25]. The clay used in this study was collected
from a natural deposit in Tunisia and subsequently
purified to obtain two materials adsorbents: the raw
clay (AMb) and the purified clay (AMp). These
materials were characterized using complementary
techniques such as Energy Dispersive X-ray
Spectroscopy (EDS), X-ray Diffraction (XRD), and
Scanning Electron Microscopy (SEM), to determine
their chemical composition, mineralogical structure,
and physicochemical properties have used in
adsorption experiments for Sulfamethoxazole (SMX)
and Trimethoprim (TMP).

3.1.1 Chemical composition

Table 2 (Appendix) shows the chemical elements of
raw and purified clay, which show that there are
differences between the two types of samples, with
lower levels of impurities in the purified clays. EDS
analysis revealed notable differences between the
raw and purified clay samples. The raw clay (AMb)
contained high levels of oxygen (45.09 wt%), carbon
(23.62 wt%), silicon (11.36 wt%), and aluminium
(6.04 wt%), alongside smaller amounts of calcium
(9.02 wt%), fluorine (3.07 wt%), potassium (1.15
wt%), and magnesium (0.65 wt%). This composition
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indicates that the natural material is an
aluminosilicate rich in clay minerals (primarily
smectite, with minor kaolinite or illite), while also
containing non-clay impurities such as carbonates
(CaCO3) and organic matter. After purification, the
purified clay (AMp) showed enrichment in the main
clay-forming elements: oxygen (54.90 wt%), silicon
(17.67 wt%), and aluminum (9.30 wt%) were
dominant, with minor elements such as calcium
(13.79 wt%), magnesium (1.01 wt%), potassium
(1.76 wt%), and fluorine (1.58 wt%) present in trace
amounts.

The EDS analysis of natural clays confirms the
presence of elements usually contained in
aluminosilicate materials (SiO and Al,Os) (Figure 2
(Appendix)). Additionally, the absence of detectable
carbon confirms that organic matter and carbonates
were effectively removed. The high Si/Al ratio
indicates a predominance of silica-rich smectite
layers, contributing to a larger surface area and strong
adsorption potential. In this case, the SEM technique
has been used to study the morphological properties
of the natural clays. The analyzed samples showed a
gross fraction and a compacted structure, where a
porous structure can be evidenced, which provided
porosity to the clay materials. Also, SEM
micrographs provide insight into the texture and
morphology of the clay, revealing mineralogical
agglomerates. Images at different magnifications
(Figure 3 (Appendix)) show that calcite appears as
well-defined aggregates, while quartz is present as
small grains. These observations confirm the
heterogeneous nature of the raw clay and illustrate
the microstructural features that influence adsorption
capacity.

3.1.2 Mineralogical Structure

As can be seen in Figure 4 (Appendix), XRD analysis
typically shows that both AMb and AMp clays are
dominated by smectite-type layers, with traces of
montmorillonite and kaolinite, the typical assigned to
bentonite, consisted of montmorillonite (d spacing
M) = ~12.00 A, 4.65 A, 2.56 A), Kaolinite (d
spacing (K) = ~7.141 A, 3.56 A) a significant
proportion of Calcite (d spacing (Ca) =~3.07 A). The
purification strongly reduces the intensity of quartz
and calcite peaks, which is explained by the partial
removal of the crystalline impurities. The
purification improves the clay’s textural properties.
The removal of carbonates, iron oxides, and organic
matter increases the specific surface area, pore
volume, and cation exchange capacity (CEC), all
essential for efficient adsorption, [25], [26]. The use
of Tunisian clays for the adsorption of antibiotics
highlights their potential in the treatment of
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contaminated water. The clay can capture a
significant amount of these pollutants through
specific interactions such as the electrostatic
interactions, hydrogen bonding, and cation exchange
mechanisms, [17], [18]. Additionally, the
fundamental structural features of clays, including
the Si—Al-O arrangement, layered features, and
isomorphous substitutions in tetrahedral sheets,
provide additional active sites for adsorption and
contribute to the cation-exchange capacity to
improve their performance as adsorbents, [27], [28],
[29].

3.2 Response surface methodology (RSM)
results

In the field of experimental design, the Box-Behnken
plan is a very useful statistical approach for studying
interactions between several factors and optimizing
processes. This type of experimental design
considerably reduces the number of tests required
compared to a complete factorial design, while
retaining the possibility of modeling non-linear
responses. In this study, the Box-Behnken model
demonstrated an excellent fit of the experimental
data, with coefficients of determination that are
higher, R2= 0.99, and the adjusted R2 = 0.99, this is
providing the strong concordance between the
predicted and observed values. A coefficient of
determination close to 1.0 indicates that the second-
order polynomial accurately explains most of the
variability in the response as a function of the studied
parameters (pH, contact time, temperature, and initial
concentration). Using the ANOVA test to evaluate
the accuracy and validity of the model, Table 3
(Appendix) shows the results. The p-value
determines the statistical significance of the
relationship between the response and the parameters
in the model, and the interaction effects can be
considered significant when p < 0.05. A lower p-
value represents the rejection of insignificant values.

3.3 Response surface methodology (RSM)
analysis vs factor influence

To avoid extreme experimental conditions, the BBD
focuses on the mid-points and borders of the
experimental domain. These properties can make it
adapted to develop quadratic models to accurately
predict optimal conditions and examine the
complicated interactions between the independent
variables. To optimize SMX and TMP removal, BBD
identifies how factors interact to influence the overall
efficient removal. The results of the adsorption
removal of TMP and SMX on Amp and AMb are
shown in Table 3 (Appendix) and Table 4
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(Appendix). The data was generated, and it was then
analyzed and interpreted using NEMROD-W. The
actual values were similar to the predicted values, as
seen in Table 3 (Appendix) and Table 4 (Appendix).
The experimental conditions of the design, the results
obtained are the amount of R% measured (exp), and
the predicted result R% (Calcul). BBD yields 27 runs
(24 factorial + 3 center). Fit a second-order
polynomial. The concentration and contact time are
significant (p-value < 0.05) and strongly influence
the response. While the effects of the following
factors are not significant, their p-values > 0.05, and
do not influence the response: temperature factors
and the effect of T interactions *Contact time,
temperature *pH. These factors are removed from the
model equation.

Y1=72.000+5.592X1-11.725X2-22.467X3+0.1
50X4-13.925X12-2.950X22-19.812X32-14.687X
42—4.375X1X2+0.225X1X3-0.825X2X3+0.725X1
X4-8.975X2X4—0.200X3X4

With: X1X 1X1 is the temperature; X2X 2X2 is
the TMP concentration; X3X 3X3 is the pH;
X4X 4X4 is the contact time.

The model-corrected equation is written as
follows:

Y1=72.000+5.592X1-11.725X2-22.467X3
—13.925X1?-19.812X32-14.687X4>—8.975X2X4

Individual terms such as concentration and pH are
the most influential coefficients in both models.
However, their amplitudes may vary, indicating that
one of the two antibiotics is more sensitive to one of
these parameters than the other.

The analysis of the polynomial coefficients
revealed that pH (X3) is the post-dominant and
highly significant effect (p<0.001) for both
adsorption antibiotics by the purified clay (AMb)
when its linear and quadratic forms, confirming the
sensitivity of the process to medium acidity. Table 5
(Appendix). Additionally, the increasing of pH
markedly reduced removal efficiency due to
electrostatic repulsion between negatively charged
SMX molecules and the clay surface. The antibiotic
concentration (X;) also showed a significant negative
effect (p < 0.01), indicating active-site saturation at
higher initial loads. Meanwhile, quadratic terms for
contact time (X4?) and temperature (X,?) displayed
notable curvature, suggesting that adsorption
improves up to optimal mid-level conditions before
plateauing. Among the interaction terms, only
concentration—time (X;X,;) was significant (p <
0.05), implying that prolonged contact does not
compensate for site saturation at high concentrations.
Overall, the model demonstrates that optimal SMX
removal occurs at moderate temperature and
concentration, near-neutral pH, and intermediate
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contact time. This is explained by the electrostatic
interaction between the surface charge of the
adsorbent and the ionic charge of the molecules.
Hence, at a low pH value, the surface of the clay
could be more positively charged, which would
promote stronger interactions with negatively ionized
forms of antibiotics. The RSM Surface plots show
that modified clay (AMp) offers a higher adsorption
capacity (93.7%) than raw natural clay (80.7%),
Figure 5 (Appendix), demonstrating the effectiveness
of the modification to optimize antibiotics adsorption
under optimal conditions. In order to identify the
mechanism of the adsorption process, the adsorption
isotherms were evaluated and analyzed. Different
models of isotherms are available in the literature.

3.4 Adsorption isotherm

Kinetic studies of the adsorption process are needed
to identify the phenomenon where surfactant
molecules migrate from the bulk phase to the solid—
liquid interface. Hence, the adsorption behavior in
the porous system, as smectite, is a complex
phenomenon.

3.4.1 Influence of contact time

The adsorption kinetics of sulfamethoxazole and
trimethoprim on the two adsorbents are presented in
Figure 6 (Appendix), the elimination of
pharmaceuticals at different contact times, studied at
a clay concentration of 25 mg.L"!. The curves show
that the kinetics of adsorption is very fast during the
first ten minutes, due to the presence of vacant and
abundant active sites on the adsorbent, following the
molecular diffusion of ions towards the adsorption
sites, then they tend towards a saturation plateau,
where all the sites are occupied until reaching an
equilibrium time of a maximum of 110 min which
become saturated over time upon reaching
equilibrium. The comparison of the studied materials
allows us to conclude that the amount of SMX and
that of TMP adsorbed on purified clay (250mg.g™)
and (190mg.g™!) are greater compared to that of the
raw clay.

3.4.2 Adsorption isotherms and their modeling
The experimental results are modeled to better
interpret the adsorption mechanisms of compounds
such as sulfamethoxazole (SMX) and trimethoprim
(TMP) by clay. The models used are those with two
parameters (Langmuir and Freundlish) Table 6
(Appendix).

The results showed that the pseudo-first order
equation does not give values in agreement with the
experimental values for SMX and TMP because of
their low linear regression values (R2), quite far from
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1. Moreover, the calculated adsorption capacities
were much lower than the experimental values. The
pseudo-second order kinetic model provided the best
fit, with R2 values of 0.99 and 0.98, which strongly
confirms that the adsorption reflects a chemisorption
behavior where the interaction between the surface
and the availability of active sites on the clay (solid-
liquid interface) is more predominant than the
diffusion-controlled adsorption. Dual-site Langmuir
model, usually used for multilayer adsorption
systems, Figure 7 (Appendix) and Freundlich
isotherm is an empirical model that can be used for
multilayer adsorption on heterogeneous active sites,
Figure 8 (Appendix). Regarding the treatment of
isotherms, the results show that the adsorption
follows both the 1800s and Freundlich models, with
R2 correlation coefficients greater than 0.98 and
0.99, and values of the coefficient nf within the
interval [0.1 - 0.5] This model assumes that the
adsorption heat distribution and affinities towards the
heterogeneous adsorbent surface are nonuniform. In
addition, the results improve the role of the clay
minerals in the expansion, which could do interaction
on the internal and external surface, allowing the
catching of molecules ‘antibiotics into smectite
platelets

3.4.3 Effect of temperature and thermodynamic
analysis

The efficiency of the adsorption process is studied by
several interdependent factors. For the removal of
sulfamethoxazole and trimethoprim using natural
clay, a methodical approach is required to identify
and optimize these critical parameters. Smectites
have a permanent negative charge related to the
isomorphous substitution in the structure. This
charge allows cation exchange and the attraction of
cationic or neutral species. The BBD model
adequately explains the interaction of the temperature
and other adsorption parameters, and BBD provides
the framework to study these variables
systematically. The results for both molecules
indicated that the adsorption on smectite adsorbent
decreases when the temperature increases. The
temperature is a critical factor and important factor
because it controls the behaviour of the adsorption
process, and leads to affecting the adsorbate-
adsorbent interaction in their system, which is
strongly reliant on thermodynamic parameter values.
The Van't Hoff plot (In Ka vs1/T) is used to calculate
the values of AG, AH, and AS. Adsorption of SMX
and TMP on purified clay AMB have studied at
temperatures ranging from 313 to 333. The outcomes
are presented in Table 3. Under the experimental
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conditions, the SMX and TMP with negative AG°
showed a favourable and spontaneous behaviour.

Table 3: Thermodynamic parameters of SMX and
TMP adsorption on AMp. Source: created by authors.

T(K) AH° AG® AS°
(kJ.mol") | (kJ.mol?) | (KJ.mol
IK-I)
SMX | 313 | -49.3 -50.52 3.9
323 -50.56
333 -50.60
TMP | 313 -50.48 4.1
323 -49.2 -50.53
333 -50.56
AS®  AHC
(D) =%-% ©
AGo= AH’- AS®  (4)

Where T is the temperature in Kelvin, R is the gas
constant (8.314 J-'.mol"!. K-"). Determine the Slop and
intercept pf the plots between In (qe/Ce) vs 1/T to
engage the AGo, ASo, and AHo. The Combine of the
Box—Behnken statistical modeling and
thermodynamic analysis provides a comprehensive
understanding of SMX and TMP adsorption through
natural AMb clay. The BBD model identified that the
efficiency of the removal of TMP increases at lower
temperatures, while the thermodynamic results
revealed a spontaneous process and exothermic for
both TMP and SMX (AH° < 0). This is explained by
the favor strong adsorbate/adsorbent interactions at
low temperature, with the interparticle diffusion and
surface diffusion mechanisms. The positive entropy
(AS° =3.9 KJmol'K!' for the SMX and AS°
=4.1KJ.mol"'K-! for TMP) indicates that the
physicochemical adsorption mechanism involves
hydrogen bonding, electrostatic attraction, and n—mn
interactions. This combined approach predicted a
vigorous optimization of operating conditions for
efficient antibiotic removal using natural clays in
water treatment applications. Additionally, the
temperature is necessary to allow for the diffusion of

antibiotic molecules into the clay pores and
interaction with active sites, [29], [30]. The
adsorption mechanisms generally involve the

electrostatic interactions with surface hydroxyl
groups and ion exchange reactions at constantly
charged sites. Within the pH range of 5 and 6, the
SMX exists in its negative charge species due to the
deprotonation of the sulfonamide group above the
pKa =5.7, which could make the electrostatic
attraction and ion exchange favorable with positively
charged exchange sites on smectite surfaces. For the
TMP with pKa= 7, it is partially protonated under
these conditions, and it may easily enhance its
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affinity for the negative charge of the clay surfaces
through cation exchange and electrostatic attraction,
[31]. The Tow adsorbents, raw clay (AMb) and
purified smectite (AMb)shows a good adsorption
capacity for both SMX and TMP, attributed to the
removal of impurities and increasing the exposure of
active sites.

3.5 Analyzing the effectiveness of clay
compared to other adsorbents

Various treatment techniques have been studied to
remove sulfamethoxazole and trimethoprim from
wastewater and aquatic environments, including
adsorption on porous materials, using different
adsorbents, including other types of clay, resins, and
nanoparticles. As part of this study, it is important to
compare the efficiency and capacity of Tunisian
natural clay with other adsorbents. Table 7
(Appendix) present the works that use adsorbents are
considered environmentally friendly. These data
show that the natural clay based on smectite and
alumina used in this study is a very competitive
adsorbent, with an adsorption efficiency of SMX
exceeding 80%, and 90% for TMP. Natural clays
have many advantages as adsorbents, due to the fact
that its higher surface area, which offers numerous
active sites for pollutant binding, and a high cation
exchange capacity (CEC) that enables effective
adsorption of charged species [20], [28], [38]. Their
layered structure promotes intercalation and surface
interactions with organic molecules. Additionally,
clays are cost-effective and widely available, making
them suitable for large-scale and sustainable
environmental applications. Furthermore, their
modifiability through chemical or physical
treatments allows enhancement of adsorption
performance, selectivity, and capacity.

4 Conclusion

The persistent presence of pharmaceuticals
Sulfamethoxazole (SMX) and Trimethoprim (TMP)
in aquatic environments poses a crucial ecological
and health risks mainly contributing to antibiotic
resistance. Their widespread use means they are
frequently detected in wastewater and natural aquatic
environments. This study investigates the use of clays
in the treatment of water containing emerging
pollutants, particularly pharmaceutical products used
in the fish farming sector. The purification of AM
clay, based on the methods described in the literature,
was characterized by appropriate physicochemical
analysis methods to define its structural properties
and chemical composition. The parameters of this
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process, in batch mode, have been modeled and
optimized using a Box-Behnken (BBD) response
surface-type experimental design, where adsorption
removal on AAM is almost complete with a yield
exceeding 80% for SMX and 90% for TMP. Based
on the statistical model, optimal conditions that
maximize SMX and TMP removal are predicted.
These predicted optimal conditions are then
experimentally validated to confirm the model's
accuracy. Contour plots and three-dimensional
response surface plots have visualized the effects of
multiple factors and their interactions on the
adsorption efficiency. The pH control (5-6) and
initial concentration (55 mg. L-1) are highly
influential factors in optimizing the adsorption of
SMX and TMP, often having the most significant
impact on removal efficiency. While initial contact
time (80) has a moderate but important effect,
ensuring equilibrium is reached. Temperature,
despite being influential, may have a slightly smaller
direct impact than other parameters in typical
ambient conditions for batch adsorption studies.
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Fig. 4: XRD patterns (b) of the tested clay-based adsorbents. Source: created by authors.
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Fig. 5: Curves of isoresponses of the TMP and SMX adsorption.
Source: created by authors

a: Curve of the efficiency of the removal of TMP adsorption by AMp
b: Variation in the elimination rate of TMP adsorption by AMb

c: Curve of the efficiency of the removal of SMX adsorption by Amp
d: Variation of the elimination rate of SMX adsorption by AMb
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Fig. 6: Influence of the contact time on the adsorption of SMX and TMP on AMp and AMb (T =25°C; Co
:50 l’Ilg. L_l; Cadsorbantzzs mg. L_l).
Source: created by authors.
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Fig. 7: Isotherms of the Langmuir model.
Source: created by authors.
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Adsorption of SMX and TMP by AAMp. (Co =50 mg. L', T =25 °C and pH= 6).

Fig. 8: isotherms linearized by the Winchester model -

Source: created by authors.

Table 1: Physicochemical properties of the target antibiotics
Compound Molecular structure Log pKa Water
Kow solubility (mg. L)
Sulfamethoxazole 0.89 1.60- 77
‘ 5.70
|~ —
H pN-.,/" S
Trimethoprim 0.91 1.32- 400
o~ 7.45
o) N NH,
= Y
N
~o \\I
NH,
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Table 2: Chemical composition of the tested clay adsorbents

Purified Clay

Element | Weight% Atom %
) 54.90 69.76
F 1.58 1.69
Mg 1.01 0.84
Al 9.30 7.00
Si 17.67 12.79
K 1.76 0.91
Ca 13.79 7.00
Total 100.00 100.00

Raw Caly (AMDb)

Element | Weight % = Atom %

C 23.62 | 33.59
o) 45.09 | 48.13
F 3.07 2.76

Mg 0.65 0.46
Al 6.04 3.82
Si 11.36 6.90
K 1.15 0.50
Ca 9.02 3.85
Total | 100.00 | 100.00

Source: created by authors.
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Table 3: The 3-factor BBD matrix, experimental and predicted values for TMP removal by AMb and AMp.

N | Temperature | Concentration | pH | Contact Y1 exp Y1 Y2 exp Y2
time R(%) Calcul R (%) Calcul
Adsorption (R%) Adsorption (R%)

by (AMb) by (AMp)

1 40 10 6.5 80.0 64.6 56.883 76.7 75.146
2 80 10 6.5 80.0 85.5 76.817 95.7 86.763
3 40 100 6.5 80.0 42.3 42.183 54.8 60.779
4 80 100 6.5 80.0 54.7 44.617 75.3 63.896
5 40 55 4.0 80.0 53.4 55.363 85.7 80.929
6 80 55 4.0 80.0 61.0 66.096 75.8 78.146
7 40 55 9.0 80.0 15.8 9.979 19.3 15.396
8 80 55 9.0 80.0 24.3 21.613 29.7 32913
9 40 55 6.5 10.0 32.9 38.371 45.7 50.858
10 80 55 6.5 10.0 44.8 48.104 453 50.725
11 40 55 6.5 150.0 31.0 37.221 35.7 44.792
12 80 55 6.5 150.0 45.8 49.854 50.3 59.658
13 60 10 4.0 80.0 73.8 82.604 89.3 97.408
14 60 100 4.0 80.0 65.3 60.804 77.5 78.592
15 60 10 9.0 80.0 25.3 39.321 28.4 41.825
16 60 100 9.0 80.0 13.5 14.221 17.0 23.408
17 60 10 6.5 10.0 59.7 56.963 60.5 56.863
18 60 100 6.5 10.0 48.5 51.463 55.8 61.646
19 60 10 6.5 150.0 78.9 75.213 89.1 81.696
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20 60 100 6.5 150.0 31.8 33.813 37.6 39.679
21 60 55 4.0 10.0 65.4 59.617 68.9 65.596
22 60 55 9.0 10.0 18.3 15.083 22.8 13.313
23 60 55 4.0 150.0 65.9 60.317 73.6 70.129
24 60 55 9.0 150.0 18.0 14.983 213 11.646
25 60 55 6.5 80.0 72.0 72.000 85.6 85.600
26 60 55 6.5 80.0 72.0 72.000 85.6 85.600
27 60 55 6.5 80.0 72.0 72.000 85.6 85.600

Source: created by authors.

Table 4: The 3-factor BBD matrix, experimental and predicted values for SMX removal by AMb and AMP.

N | Temperature | Concentration | pH | Contact Y1exp Y 1 Y2 exp Y2

Time R(%) Calcul R (%) Calcul

Adsorption (R%) Adsorption (R%)

SMX by AMb SMX by
(AMp)

1 40 10 6.5 80.0 59.7 54.3 68.32 65.32
2 80 10 6.5 80.0 79.2 76.7 99.2 97.8
3 40 100 6.5 80.0 76.7 73.9 82.7 80.8
4 80 100 6.5 80.0 60.9 57.8 60.9 58.7
5 40 55 4.0 80.0 80.7 78.3 93.7 91.5
6 80 55 4.0 80.0 45.4 43.7 45.4 43.8
7 40 55 9.0 80.0 18.3 16.4 353 32.6
8 80 55 9.0 80.0 25.9 21.6 40.2 38.9
9 40 55 6.5 10.0 55.3 52.7 62.8 60.4
10 80 55 6.5 10.0 61.6 58.9 66.7 64.3
11 40 55 6.5 | 150.0 45.6 43.8 54.8 52.7
12 80 55 6.5 | 150.0 57.6 56.8 69.3 68.7
13 60 10 4.0 80.0 78.8 75.9 88.68 86.5
14 60 100 4.0 80.0 75.3 73.7 83.7 81.5
15 60 10 9.0 80.0 48.7 44.6 57.6 55.9
16 60 100 9.0 80.0 17.9 15.4 23.5 21.4
17 60 10 6.5 10.0 49.8 46.3 56.8 54.3
18 60 100 6.5 10.0 453 42.8 61.3 58.7
19 60 10 6.5 | 150.0 39.3 36.7 52.9 49.7
20 60 100 6.5 | 150.0 24.3 23.6 35.7 33.6
21 60 55 4.0 10.0 81.9 79.3 92.3 90.7
22 60 55 9.0 10.0 27.7 25.6 32.8 29.7
23 60 55 40| 150.0 68.4 67.3 75.8 75.4
24 60 55 9.0 | 150.0 14.3 11.9 14.9 11.6
25 60 55 6.5 80.0 353 35.1 47.1 45.8
26 60 55 6.5 80.0 35.7 35.1 46.8 443
27 60 55 6.5 80.0 35.9 35.1 46.8 443
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Table 5: Regression coefficients obtained for the RSM-generated model.

Nom Coefficient Value SD-Error t-value Signif. %
b0 85.600 5.552 15.42 hokok
bl 3.683 1.00 2.776 1.33 20.7%
b2 -9.308 1.00 2.776 -3.35 **
b3 -27.692 1.00 2.776 -9.98 hokok
b4 0.717 1.00 2.776 0.26 79.6%
bll -11.208 1.25 4.164 -2.69 *
b22 -2.746 1.25 4.164 -0.66 52.8%
b33 -22.546 1.25 4.164 -5.41 ok
b44 -22.883 1.25 4.164 -5.50 hokok
bl2 -2.125 1.00 4.808 -0.44 66.9%
bl3 5.075 1.00 4.808 1.06 31.3%
b23 0.100 1.00 4.808 0.02 98.1%
bl4 3.750 1.00 4.808 0.78 45.6%
b24 -11.700 1.00 4.808 -2.43 *
b34 -1.550 1.00 4.808 -0.32 75.0%

Source: created by authors.

Table 6: Parameters of isotherms and their modeling. Source: created by authors.

Model Parameter/Unity | SMX | TMP
Pseudo-first order ge (mg.g™h) 150 90
kinetic model k! (min!) 0,0205 | 0,0357
R? 0,2966 | 0,6316
Pseudo Second Order ge (mg.gh) 150 90
Kinetic model k2 (gmglmint) | 0,060 | 0,054
R2 0,9897 | 0.9993
experimental value ge (mg.gh)
150 90
Langmuir gmexp (mg.g ) | 0,332 | 7,136
KL 0,9768 | 0,0236
R? 0,6679 | 0,9693
Freundlich nf 0,2018 | 0,2533
Kf 5,645 | 5,725
R? 0.9804 | 0,9948
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Table 7: Comparing the results found with those found in the literature. Source: created by authors.
Co

Amount  of Time | Removal
Adsorbent Analyte (Iin_% adsorbent pH (min) R% Ref
Activate carbon F400 TMP 10 50mg 7 30 70,6 [32]
Granular Activate carbon SMX 25 4g 7 100 94,4 [33]
Soil with volcanic ashes TMP 4,5 0,01-0,05 7.5 45,5 77,59 [34]
Activated charcoal in TMP 15 100 mg 6 30 53 35]

vegetable powder
Hierarchical composite
based on magnetic zinc SMX 30 0,65g 5,6 60 90,4 [36]
oxideZnO@g-C3N4
Nano-composites carbone

Fe-MIL-88B NFH2 SMX 100 25mg 6 720 73,53 [37]
Natural clay @ Smectite- This
Alumine purified SMX 33 100 mg 6,5 80 85,5 study
Natural clay @Smectite- This
Alumine purified TMP 55 100 mg 6 80 927 | study
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