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Abstract

This paper reports an advanced statistical physics modeling to elucidate the adsorption
process of two relevant pharmaceuticals, namely amoxicillin (AMOX) and imipramine
(IMP), on aluminum-pillared clay. A double-layer model was used to interpret the adsorp-
tion mechanism of these pharmaceuticals at 298-318. This model indicated the presence of
molecular aggregation for IMP adsorption via the formation of dimers or trimers, and a
monomolecular AMOX separation process. The removal of both compounds was endother-
mic, showing better adsorption capacity for IMP (82 mg/g) than for AMOX (37 mg/g).
Calculated adsorption energies (AE;, AE; < 40 kJ/mol) confirmed a physisorption mecha-
nism, which may be governed by hydrogen bonding due to the adsorbent chemistry and
adsorbate molecular structure. Configurational entropy and free enthalpy were calculated
to analyze the thermodynamics of AMOX and IMP adsorption equilibria. These ther-
modynamic functions confirmed the molecular disorder during adsorption and system’s
spontaneity. This study contributes with new theoretical findings for unraveling complex
adsorption mechanisms, at the molecular level, of pharmaceutical molecules, with the aim
of intensifying water depollution systems.

Keywords: statistical physics modelling; organic pollutants; multilayer adsorption; water
depollution; adsorption thermodynamics; clay

1. Introduction

The widespread use of pharmaceuticals represents a major source of environmental
pollution mainly for water, which can pose risks to human health even at trace concen-
trations [1-4]. Amoxicillin (AMOX) is a common antibiotic with broad-spectrum effects
against different types of bacteria [5]. Water pollution by AMX has been documented in the
literature, highlighting that it can derive in the generation of more dangerous chemicals
than the original molecule because of its natural degradation under environment condi-
tions [6]. Similarly, imipramine (IMP) is a tricyclic antidepressant employed to treat mental
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disorders, and this compound has also been classified as an emerging contaminant [7].
Removal of both AMOX and IMP is necessary to address the water pollution, particu-
larly in urban wastewater treatment plants. Multiple techniques have been developed
for the depollution of water containing organic chemicals such as pharmaceuticals. They
include membrane filtration [8], nanofiltration [9], ozonation [10], electro-adsorption [11]
and adsorption [12]. The adsorption is a reliable technology for the removal of organic and
inorganic pollutants because it is easy to implement and operate [13] and has a competi-
tive separation performance even for purifying fluids with complex composition [14,15].
Various adsorbents can be used to remove water pollutants including organic compounds
such as IMP and AMOX from aqueous systems. Literature indicates that activated carbons,
composite, MOFs, biomass residues and other functionalized materials can depollute water
contaminated by pharmaceuticals [16-18]. The results showed that the best materials are
those with high specific surface area and with active sites that can promote hydrogen bond-
ing (via oxygenated functionalities) and stronger interactions with polar organic molecules.
Particularly, natural and modified clays have been effective to separate pharmaceutical
compounds in water treatment since they are characterized by their low cost and favorable
textural properties such as high surface area and suitable pore structure that enhance
adsorption capacity [19,20]. However, their adsorption equilibria have been poorly under-
stood. The literature indicates that classical models (e.g., Langmuir, Sips or Freundlich)
applied to the analysis of adsorption data of different adsorbents and pollutants generally
provide limited results useful for interpreting the interactions and adsorption mechanisms
at the molecular level. For instance, Allaoui et al. [21] have tested Langmuir, Freundlich
and Dubinin-Radushkevich models to study the adsorption isotherms of paracetamol
using natural and HDTMA-modified clay. However, these authors did not discuss physico-
chemical parameters associated with the adsorption mechanism of this system, such as the
potential molecular aggregation or adsorption orientation, due to the theoretical limitations
of tested models. The better understanding of surface properties of clays to improve their
application in water depollution systems demands a deeper analysis of the adsorption
equilibria of pharmaceutical molecules applying advanced theoretical models under dif-
ferent operating conditions. Advanced models based on statistical physics theory have
been successfully applied to study the adsorption mechanism of various pharmaceuticals
at the molecular level. They can calculate different physicochemical parameters that are
related directly to the interaction mechanism [22-24]. Contrary to the classical models,
these models can generate steric and energetic parameters and thermodynamic functions to
allow a better explanation of adsorption systems. For instance, these models can estimate
the number of formed layers during the adsorption process at different temperatures, the
interaction energies between adsorbate—adsorbent surface and adsorbate—adsorbate, the
aggregation degree of pharmaceuticals, and the molecules’ orientation on the adsorbent
surface. Statistical physics models have been applied to different systems, outperforming
classical models in the adsorption data analysis [25-28].

Therefore, this paper reports an advanced theoretical assessment of the adsorption
equilibria of AMOX and IMP on aluminum-pillared clay (AP-Clay) using a double-layer
model. This model was applied to analyze experimental data obtained under different
temperatures. The objective of this study was to discuss the main steric variables and
interaction energies linked to the removal of AMOX and IMP from aqueous solutions,
and to calculate and interpret their positional entropy and Gibbs free energy. This paper
contributes with theoretical findings to address current gaps in the understanding of
adsorption mechanism of organic pollutants using clays.
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2. Experimental Description and Isotherm Modeling

The experimental adsorption data used in this study were reported by [29]. Adsorption
isotherms were quantified using batch adsorbers at 298-318 K using 120 min of contact
time and HPLC for pharmaceutical quantification. Experimental adsorption equilibria
data are reported in Figure 1. They correspond to the classical L-type isotherm commonly
found in the adsorption of water pollutants where the adsorbent saturation is achieved at
high adsorbate concentrations. The profile of these isotherms indicates that the adsorption
sites on the clay surface were progressively occupied by AMOX and IMP molecules. As
the adsorbate concentration increased, the availability of free sites decreased, suggesting
the formation of one or more layers of pharmaceuticals adsorbed on clay surface. Two
adsorption models were selected to fit the experimental isotherms at different temperatures
under the assumption that adsorption proceeds via the formation of either one or two
layers. It is convenient to recall that both models were derived from grand canonical
ensemble in statistical physics. They were developed to explain the adsorption mechanism
of water pollutants on various adsorbents [25-28]. Tested monolayer and double-layer
models are described below.
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Figure 1. Experimental isotherms for the adsorption of (A) AMOX and (B) IMP on AP-Clay. Contact
time: 120 min.

2.1. Monolayer Model (MM)

This model assumes that AMOX and IMP molecules are adsorbed on energetically
equivalent active sites on the clay surface, leading to the formation of a monolayer. The
separation process is governed by an interaction energy that reflects the binding between
the pharmaceutical molecules and the clay surface. The relationship between the adsorbed
quantity (Q., mg/g) and equilibrium concentration (Ce, mg/L) in this model is expressed

as follows [25-28]:
n Ny,

1+ (%)

where n represents the number of pharmaceutical (AMOX or IMP) molecules adsorbed

Qe = (1)

per active site, Ny, (mg/g) is the density of adsorption sites, and C;/, (mg/L) is the
concentration at which half of the adsorption sites are occupied.
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2.2. Double-Layer Model (DLM)

DLM assumes that the pharmaceutical adsorption implied the formation of two
layers on material surface. Consequently, this adsorption mechanism is governed by
two interaction energies: the first accounts for the interactions between pharmaceutical
molecules (AMOX or IMP) and clay surface, whereas the second reflects the interactions
between the pollutant molecules (i.e., the formation of molecular aggregates). This model
is defined by [30-32]:

Qe =nN )

where C; and C; are the half-saturation concentrations (mg/L) of the first and second
adsorption layers, respectively.

The experimental adsorption isotherms of AMOX and IMP at different temperatures
were fitted using MM and DLMs. Nonlinear regression was performed with the Levenberg—
Marquardt algorithm and model performance was evaluated based on the coefficient of
determination (R?) with the aim of selecting the best model. The modeling results showed
that DLM outperformed MM, with R? values of 0.997-0.999 for both AMOX and IMP
isotherms. The analysis of the steric parameters also indicated that their calculated values
for different temperatures were consistent, confirming that the double-layer model is
reliable for interpreting the adsorption mechanism. DLM parameters are summarized in
Table 1, and the calculated isotherms are presented in Figure 2.

Table 1. DLM parameters for the adsorption of AMOX and IMP on AP-Clay.

T, K R? n Ny, mg/g Cpmg/L  Cp;,mg/L Qs mg/g
AMOX
298 0.999 1.063 5.684 44.322 107.570 12.075
308 0.998 0.963 12.416 68.229 197.094 23.827
318 0.997 0.96 20.862 107.914 316.939 37.130
IMP
298 0.997 2.731 9.079 3.130 7.315 49.52
308 0.996 1.43 27.69 4.58 13.80 79.19
318 0.999 1.87 22.085 3.93 10.29 82.57
80
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Figure 2. DLM modeling results for the adsorption of (A) AMOX and (B) IMP on AP-Clay.
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3. Analysis of Pharmaceutical Adsorption Mechanism Based on
DLM Parameters

3.1. Steric Parameters

As stated, the parameter n corresponds to a stoichiometric coefficient that estimates the
number of AMOX or IMP molecules adsorbed per active site on AP-Clay. The calculated
n values were 1.063, 0.963, and 0.960 for AMOX, and 2.731, 1.430, and 1.870 for IMP at
298, 308, and 318 K, respectively; see Figure 3. A comparative analysis highlighted a clear
difference in their magnitude with n (IMP—clay) > n (AMOX-clay). This trend suggests that
the active sites on the clay surface exhibit different affinities for the two contaminants. In
the case of IMP, the calculated n values indicate the occurrence of molecular aggregation
during adsorption, leading to the formation of dimers (n ~ 2) and trimers (n = 3). Therefore,
IMP removal from solution involves a multi-molecular adsorption. However, the presence
of IMP aggregates is affected by thermal agitation, which alters the intermolecular interac-
tions and destabilizes trimers in the aqueous solution. At high temperatures, a possible
redistribution of IMP molecules toward alternative adsorption sites with lower affinity can
be expected. This trend may reflect competition between the molecular aggregation in the
aqueous solution and site-specific adsorption on the clay surface, with temperature acting
as a driving factor that shifts the balance between these two processes. In contrast, n values
for AMOX remained close to unity for all tested temperatures indicating that adsorption of
this pharmaceutical predominantly took place in the form of monomers (n ~ 1) without
significant structural rearrangements. For the IMP molecule, the non-linear tend is related
to a change in the adsorption sites.

3
AMX
—o—IMP
2|
c
1+

300 305 310 315 320
T(K)

Figure 3. Calculated n values for the pharmaceutical adsorption on AP-Clay at 298, 308 and 318 K.

On the other hand, the calculated density of AP-Clay active sites that participated
in the adsorption of AMOX and IMP molecules is reported in Figure 4. Note that this
parameter reflects the material surface available for pharmaceutical removal. The trend
of Nm versus temperature exhibits an inverse relationship with respect to parameter #.
Specifically, when 7 increases, each active site on AP-Clay adsorbs more pharmaceutical
molecules, which reduces the overall density of the available active sites. In contrast, a
decrease in 1 reflects a more dispersed molecular occupation, implying that fewer molecules
are bound per active site and that a greater number of active sites remain accessible, thereby
increasing Nm. This inverse correlation between n and Ny, highlights the balance between
molecular aggregation at individual sites and global accessibility of adsorption sites across
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the clay surface. Such interplay provides an understanding of how steric effects influence
the adsorption capacity and distribution of pharmaceutical molecules adsorbed on the
material surface.
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Figure 4. Calculated Nm values for the pharmaceutical adsorption on AP-Clay at 298, 308 and 318 K.

The saturation adsorption capacity (Qs) was calculated using the equation:
Qs =2 x n X Dy, and Figure 5 illustrates the trend of Qs for AMOX and IMP molecules
as a function of aqueous solution temperature. Overall, Qs increased with the separation
temperature indicating that the adsorption of both pharmaceuticals is endothermic. This
result suggests that tested material can be more effective to purify industrial streams from
processes that operate at high temperatures. The saturation adsorption capacities for IMP
were greater than those for AMOX, demonstrating that the clay is more effective to remove
IMP from aqueous solutions. Maximum adsorption capacities of 82 and 37 mg/g for IMP
and AMOX, respectively, were estimated. These values outperformed those reported for
other adsorbents [33-35]. Overall, this analysis suggests that this material is particularly
suitable for IMP removal and can be effective in the treatment of urban wastewater.

100
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8oL | < IMP
> 60}
>
E
Gw 40 L
20

300 305 310 315 320
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Figure 5. Calculated Qs values for the pharmaceutical adsorption on AP-Clay at 298, 308 and 318 K.

3.2. Interaction Energies

DLM allows the estimation of binding energies involved in the pharmaceutical re-
moval mechanisms. The adsorption energy AE; characterizes the interactions between
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the adsorbate molecules and the active sites of the clay surface (adsorbate-adsorbent in-
teractions), while the interaction energy AE, represents adsorbate—adsorbate interactions
associated with the formation of second adsorption layer. The mathematical expressions
used to calculate these energies are as follows [30]:

AE; = RT~ln<CS> 3)
G

AE, = RT-ln<CS> @)
G

where R is the universal gas constant (8.314 J/mol-K) and C; is the aqueous solubility
(mg/L) of studied pollutants. The calculated AE; and AE; are summarized in Table 2, which
indicate the strength and nature of the adsorbate—-adsorbent interactions to understand
how AMOX and IMP molecules adsorb on AP-Clay surface.

Table 2. Calculated interaction energies for the pharmaceutical adsorption on AP-Clay at 298, 308
and 318 K.

T, K AEq, k] /mol AE;, k] /mol
AMOX
298 11.15 8.97
308 10.42 7.70
318 9.55 6.71
IMP
298 21.7 19.60
308 21.46 18.63
318 22.95 20.02

The adsorption energies reported in Table 3 reveal that both AE; and AE; for AMOX
and IMP are <40 kJ/mol, which indicates physisorption forces. These relatively low energy
values suggest that the interactions between the pharmaceutical molecules and the clay
surface are weak. It is believed that the adsorption mechanism is predominantly governed
by van der Waals forces and hydrogen bonding based on adsorbate molecular structure and
clay surface chemistry. This type of physical interaction can be advantageous for practical
applications because it implies that the adsorbent may be regenerated and reused for
subsequent adsorption cycles without affecting its chemical structure and possibly avoiding
a significant loss of removal performance. Note that the slight difference between AE; and
AE; highlights the strength similarity of adsorbate—adsorbent and adsorbate—adsorbate
interactions. This finding suggests that hydrogen bonding may play a relevant role in the
molecular aggregation and adsorption mechanism. However, additional experiments are
required to confirm these hypotheses.

4. Thermodynamic Study

A thermodynamic investigation based on the interpretation of configurational entropy
and free energy was conducted to complete the adsorption mechanism characterization.
The expressions for these parameters are given by [36]:
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Configurational entropy
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The surfaces of these thermodynamic functions versus the equilibrium concentrations
are shown in Figures 6 and 7, respectively. At low AMOX and IMP equilibrium concen-
trations, the entropy increased indicating that both pollutants have more accessible sites
for their adsorption, moving freely on the adsorbent surface to find active sites. At high
concentrations, the disorder was reduced indicating the active sites that are available for
adsorption become limited. The increment of temperature increased the entropy due to
the improvement of adsorption capacities. Figure 7 shows that the adsorption process was
spontaneous since the free energy values are negative.

280 Amox 208K BF e 208 K
—308K —308K
—318K S
il ol 318K
oM o
= 14 = 14
© ©
) »
7 7L
0 vl vl vl 0 o P B R R ETTY| B RS RTYT, =
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Figure 6. Calculated configurational entropy for the pharmaceutical adsorption on AP-Clay at 298,
308 and 318 K.
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Figure 7. Calculated free enthalpy for the pharmaceutical adsorption on AP-Clay at 298, 308 and 318 K.
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5. Comparison with Other Adsorbents for Pharmaceutical
Molecules Removal

Table 3 summarizes selected literature results comparing the adsorption capacities of
AMOX and IMP using various adsorbents. These results show that AP-Clay is an adsorbent
with adsorption capacities that outperform those of other functionalized materials. How-
ever, the cost of tested clay makes it an accessible alternative for purifying water polluted
by pharmaceuticals.

Table 3. Adsorption capacities reported for various adsorbents to remove AMOX and IMP.

Molecules Adsorbents Omax (mg/g) Reference
AP-Clay 37 This work
Mesoporous silica SBA-15 24 [37]
D-Mt composite 13.3 [38]
AMOX Kaolinite clay 26 [39]
NaOH-activated carbon 571 [40]
Magnetite iron nanoparticles 6.47 [41]
AP-Clay 82 This work
IMP Xanthium Strumarium 64.9 [42]
Phosphorus-doped 3D graphene oxide 458 [29]
6. Conclusions
This study shows that a double layer adsorption is involved during the removal of
IMP using an aluminum-pillared clay where molecular aggregates interact with the ad-
sorbent, while the adsorption mechanism of AMOX implies monomolecular interactions.
The removal of both pharmaceuticals is endothermic and associated with physisorption
forces and, particularly, it is expected that hydrogen bonding played a relevant role in the
molecular aggregation and binding on clay surface. This advanced model also allowed us
to estimate the number of molecules adsorbed per active site, the molecular aggregation
degree and interaction energies associated with the pharmaceutical removal mechanism.
The thermodynamic analysis showed that the adsorption of both pharmaceuticals on
tested materials is spontaneous. The results contribute to understanding and character-
izing the surface properties of clays and their derived materials for their application in
water treatment.
Author Contributions: Conceptualization: ED. and N.M.; methodology: N.B.M.M., N.S,, S.A. and
L.S.; formal analysis: A.B.-P; investigation: A.E. and A.B.-P,; writing—original draft: L.S. and E.D. All
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