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ARTICLE INFO ABSTRACT

Keywords: This study examined the adsorption capacity of natural zeolite (ZN) and zeolite treated with citric acid (ZCA) and
Acidic tfeatmem nitric acid (ZNA) to evaluate their effectiveness in removing the pharmaceutical compound diclofenac (DCF)
Adsorption from water in batch experiments. Fourier Transform Infrared Spectroscopy (FTIR) and textural properties (BET)
Diclofenac . . . . . . e s . as

Modification were used to investigate the changes in zeolite resulting from chemical modifications. The findings demonstrate a
Zeolite significant enhancement in surface area, pore volume, and the presence of acidic sites, resulting in an improved

adsorption capacity for DCF. The observed increase in the Si/Al ratio following acid treatment suggests the de-
alumination of the zeolite. Results have shown an increase in the percentage of DCF adsorbed to 76.8 % from
11.2 % using nitric acid-treated and untreated zeolites, respectively. In comparison, citric acid zeolite achieves
48.9 %. The adsorption kinetic was assessed using pseudo-first and pseudo-second-order models, and it was
observed that the pseudo-second-order provided the best fit for all adsorbents. Furthermore, the BET model
exhibited the best fit for the adsorption isotherm data. The maximum adsorption capacities were found to follow
the order: ZNA (85.9 mg/g) > ZCA (33.6 mg/g) > ZN (14.4 mg/g). These results indicate that the acidic
treatment enhances the adsorption capacity of the zeolite, and nitric acid treatment shows the most significant
improvement.

1. Introduction

Events like the pandemic of COVID-19, the seasonal flu, and some
diseases let grow the use of some medicaments. This increase, therefore,
leads to an increase in the quantity of these drugs in water and an in-
crease in the environmental consequences. For example, Cooper et al.,
2022 warned that, while the world struggled to face the challenges of the
pandemic, another problem arose as a consequence of the same in
wastewater. Several investigations warn about the quality of water,
since it has been overloaded by various types of contaminants, especially
pharmaceuticals products [1,2]. These contaminants reach water sour-
ces mainly after consumption since the body is not able to assimilate all
of the drugs, excreting a significant amount without alterations [3-5].
Therefore, this contamination problem becomes chronic as these con-
taminants are constantly introduced into the environment. In addition,
conventional wastewater treatments are not capable of removing them
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from water [6].

The variety of drugs is wide, but generic medications are the most
consumed due to their availability without a prescription, and their
consumption continues to increase every year. According to IMS-Health,
it is projected that the global market for generic drugs will grow from
$411.6 billion in 2020 to $650.3 billion in 2025 [7]. Among generic
medicaments, diclofenac is one the most consumed since 1970 [8].Itisa
non-steroidal anti-inflammatory drug (NSAID) with the ability to block
or inhibit cyclooxygenase, which is the enzyme responsible for pro-
ducing inflammation and pain. Therefore, along with other
anti-inflammatory drugs, it is commonly used to relieve pain and
inflammation. DCF is prescribed in oral tablets or topical gel forms.

Diclofenac primarily gets into wastewater after consumption, as
approximately 6-30 % of this medication is excreted in its original form
[9]. Vieno and Sillanpaa (2014) [10] demonstrate that diclofenac has
low degradability and a low elimination rate in treatment plants. It is
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also, among the most frequently detected in the effluents of treatment
plants [11-14]. Additionally, numerous studies have provided for the
detrimental effect of DCF on aquatic organisms. For instance, research
conducted by Refs. [9,14] has demonstrated that DCF can induce al-
terations in fish behavior, disrupt their development, and negatively
impact their reproductive capabilities. For this reason, the presence of
DCF in wastewater and surface water is of global concern, leading to the
search for various methods to remove it from water. Furthermore, the
review conducted by Ref. [2] about the presence of various drugs in the
environment warned of a potential increase in environmental effects and
suggested the need to seek efficient and economically viable processes to
remove these compounds.

Although many techniques have been tried for DCF degradation and
removal from water [15-18], adsorption is the most attractive technique
due to its simplicity and efficiency. The search is focused on efficient
[19,20] and low-cost adsorbent materials [18,21]. Clays are low-cost
natural materials used to remove contaminants such as oil, chemicals,
heavy metals [22,23], and other industrial uses [24]. Zeolite is a clay
widely distributed in the Earth’s crust, with significant deposits found in
sedimentary and volcanic rocks. It is composed of crystalline alumino-
silicates, characterized by a three-dimensional network of SiO4 and AlO4
tetrahedral, linked by oxygen bonds. This structure forms channels and
cavities of uniform size, resulting in a high specific surface area and
regular pore distribution. Its abundance makes it one most common
minerals and its wide geographic distribution makes it accessible for use
in various scientific and industrial applications [18].

Pérez-Botella et al. (2022) [25] affirm that a well-established trend
can be seen where zeolitic adsorbents are kept for industrial processes,
and new zeolitic materials are studied for emerging separations. Several
studies have reported DFC adsorption in natural zeolites and in zeolites
with treatments such as plasma, the use of surfactants, and others.
Garcia et al. (2019) [26] used plasma treatment of zeolites to increase
the capacity of adsorbing DCF in aqueous medium. Zhang et al. (2020)
[27] used coated zeolites with layers of Zn double hydroxides to remove
cadmium in water. Vargas et al. (2020) [28]; Khaksarfard et al. (2023)
[29], and Sun et al. (2017) [30] used zeolite in the presence of surfac-
tants to remove DCF, showing that the drug adsorption was on the
external surface of the adsorbent with a rapid removal rate and that the
interactions were due to the functional groups present. In this study, 35
mg/g of diclofenac was adsorbed. Chauhan et al., 2020 [31] tried pil-
lared clays to adsorb diclofenac and other drugs achieving a maximum
adsorption capacity of 23.05 mg/g of DCF. Furthermore, the effect of
sulfuric acid treatment on the physicochemical properties of kaolin was
investigated by Ref. [32], observing an increase in surface area.

Chemical activation of carbons is widely employed [33,34]. How-
ever, the chemical activation of clays with acids to use as adsorbents has
been less explored. Few studies have tested the effect of acidic modifi-
cation, Hosseipour et al. (2023) [35] modified NaY zeolite with sulfuric
acid. It is a simple technique and does not introduce additional com-
pounds into the stream to be treated. Therefore, the results in this article
will be novel and provide relevant information regarding the treatment
of currents with DFC.

Considering, first, the effects of DCF on aquatic organisms and the
need to eliminate it from water, and second, that the chemical activation
of clays to remove drugs has not been performed so far, it will be
effective to study the acid activation of clays to remove DCF from water.
Therefore, this work focused on the adsorption of DCF by natural and
modified zeolite using treatment with HNO3 y CgHgO7 to increase
adsorption capacity. The aims are to: 1) determine the differences in
characteristics between natural and acid-modified zeolites; 2) compare
the adsorption of DCF on the unmodified substrate and the substrate
modified with different acids; 3) explore the adsorption mechanisms of
DCF on the substrates; 4) select the optimal modified form.
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2. Materials and methods
2.1. Chemicals and reagents

Diclofenac (99 % DCF) supplied by Sigma Aldrich was used. Nitric
acid (HNO3 78 %) and citric acid (CH,COOH),C(OH)COOH were ac-
quired from Merck. Sodium hydroxide (NaOH) and hydrochloric acid
(HCI) were used to regulate the pH. All the above-mentioned chemicals
were analytic grade. DCF solutions were prepared using ultrapure water.
The physicochemical properties of DCF are detailed in Table 1.

2.2. Preparation and characterization of adsorbent

The zeolite used in this study is type Y, and it was sourced from
Ecuaminerales, MINMETEC in Ecuador, and possessed a particle size
ranging between 20 and 40 nm.

The objective of the chemical activation process using different types
of acids was to compare and evaluate the changes in the adsorption
capacity of zeolite when subjected to an inorganic acid (strong acid) and
an organic acid (weak acid).

In the acid modification, the zeolite was treated with nitric acid and
citric acid solution (1 N) at a radio 1g/10 mL. The acid-zeolite mixtures
were shaken at 80 °C for 3 hours. Then, the zeolites were washed
thoroughly with ultrapure water three times before drying them in an
oven at 50 °C for 24 hours. The zeolites were denoted by ZNA (zeolite
with nitric acid) and ZCA (zeolite with citric acid).

The characterization was used to verify possible changes in the
properties and solid structure of the zeolite due to the acid treatment,
through the following methods:

- Fourier Transform Infrared Spectroscopy (FTIR) was employed using
a Thermo Scientific spectrometer Nicolet iS5 to gather information
on chemical bonds and identification of functional groups. The
analysis was conducted within the range of 4000 to 500 cm .

- The determination of specific area was carried out through nitrogen
physisorption using an ASAP 2020 Micromeritics instrument,
employing the Brunauer-Emmett-Teller method (BET) following ISO
9277.

- The potential of zero charges (pHzpc) of adsorbents was measured
following the method described by Antunes et al. (2021) [36].

- The chemical composition of the natural and treated adsorbents was
analyzed.

2.3. Adsorption experiments

Solutions containing selected concentrations of DCF (5-50 mg/L) for
the adsorption experiments were prepared by diluting a pre-made stock
solution (100 mg/L). In order to find the optimal dosage of adsorbents
required to achieve the maximum percentage of adsorption, a specific
quantity of each adsorbent (0.01-0.4 g) was added to 50 mL of DCF

Table 1
The physicochemical properties of diclofenac.
Parameter Description
Molecular formula C14H;0ClI,NNaO,
Particle size (nm) 0.97 x 0.96
Molecular weight 318.1
(mol.g™)
pKa 4.2
pH dependence of DCF s >
speciation i 1}
&IV \I)'Q\WNS* »EP ?.Q\w
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solution with a concentration of 20 mg//L. The mixtures were stirred at
a constant rate of 150 rpm and maintained at a temperature of 20 °C.
The suspensions were agitated for 120 min, except for the kinetics,
which involved varying times ranging from 2 to 120 min. Subsequently,
the solutions were collected and filtered.

The residual concentrations were evaluated using a UV spectrometer
at 273 nm (Thermo Scientific GenesysTM 10S spectrophotometer, USA).
The effect of solution pH on the adsorption percentage of natural and
modified zeolites was determined by adjusting the pH values (ranging
from 2 to 10) of 20 mg/L DCF solutions with 0.1 N NaOH and HCI so-
lutions. The reported results in this study represent the average value
obtained from three experimental replicates, which was considered the
standard.

The amount of DCF adsorbed (mg/g) at time t, and the percentage of
CIP removal (%R) by ZN, ZNA, and ZCA were calculated by:

— (G, mC,)V 1
100 (C, — C,)

%R= C

@

where, C, y C; are the concentration (mg/L) of DCF at initial and at time
t (min), respectively. V is the volume of solution (L). m is the adsorbent
mass (g).

To analyze the experimental results and gain insights into the
adsorption process, various kinetic model such as the pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models, as well as
isotherm models including Langmuir, Freundlich, and BET were
employed.

2.3.1. Kinetic models
The pseudo-first-order model is expressed by linearized equation

in(q. —q))=Ingq. — Kt 3

where q; and g, are the amount of DCF adsorbed per zeolites (mg/g) at
time t (min) and at equilibrium respectively; K; is the rate constant of
equation (1/min).

Pseudo-second-order is expressed by linearized equation

t 1 t

q: - Kaq? ;

(€3]

where Kj is the rate constant of equation (g/mg.min).
The intraparticle diffusion model (Weber and Morris model) is
expressed by

q,:Kdto'S +C 5)

Gref

K4 is the constants of the intraparticle diffusion model (mg/g min”);
C is the intersection of the graph with the vertical axis (mg/g). R; is
defined as the initial adsorption factor and it is represented as the radio
of the initial adsorption amount (C) to the final adsorption amount qef.
Qref (mg/g) is the solid phase concentration al time t = t ref for an
adsorption system,; tref is the longest time in the adsorption process. R;

Table 2

Initial adsorption factor (R;).
R; Initial adsorption behavior
Ri=1 No initial adsorption
1>R; > 0.9 Weakly initial adsorption
0.9>R; > 0.5 Intermediately initial adsorption
0.5>R; > 0.1 Strongly initial adsorption
Ri < 0.1 Completely initial adsorption
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values have four zones, as show in Table 2 [37].

2.3.2. Isotherms models
The linearized Langmuir equation is

Cc, C, 1
_—_+—

= )
qe qm KLqm

1
Ri=—— 8
T4k C, ®

where g, is the equilibrium amount of DCF adsorbed by zeolites (mg/g),
Ce and C, are the equilibrium and initial concentration of DCF solution
(mg/L), qn is maximum adsorption capacity (mg/g) and Kg is the
Langmuir constant.

The Freundlich model can be expressed as:

1
log g, =log Kr + NIOg C. (C)]

1
where Kp is the Freundlich constant (mg/L) (mg/g) / " N refers to the
adsorption intensity (dimensionless).
The Brunauer-Emmet-Teller (BET) equation model is

qsCperCe.

(€ —C) {1 + (cBET71)<%>} 10)

ge =

ge and C, have the same meaning indicated above, qs is the theo-
retical saturation capacity in the first layer (mg/g), Cpgr is the BET
constant (L/mg), C; is the adsorbent monolayer saturation concentration
(mg/L).

Dubinin-Radushkevich model (D-R) was appliqued to distinguish the
physical and chemical adsorption by its mean free energy, E.

In g, =1n g, + K&

Kad is a constant related to free energy (mg2/J?), ¢ is the Polyani
potential (J/mol). gy, is the theoretical maximum adsorption capacity
(mg/g)E can be calculated using the following relation

1
\% 2Kud

an

2.3.3. Assessment of model fit

To mitigate the inherent bias caused by linearization, a nonlinear
error function was employed to determine the optimal fit of kinetic and
isotherm models to experimental data. Marquand percent standard de-
viation (MPSD) function was calculated using the equation provide (Eq.
(12)).

1 N de — 4i :
MPSD = {| — S 12
N—1 izl( 4. ) 12

3. Results and discussion
3.1. Characterization of adsorbents

3.1.1. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectrums of both the natural and acid-treated zeolites are
presented in Fig. 1. Notably, the acidic treated zeolites, particularly the
HNO3 treated zeolite (ZNA), exhibit distinct variations in the FTIR
spectra. Peacks corresponding to stretching vibrations of OH groups
appeared at approximately 3200 em ™Y, indicating the presence of hy-
droxyls within the mesopores. The IR peaks observed at 1022 cm ™! and
793 cm™! can be attributed to the vibrations Al-Al-OH, Al-Mg-OH, and
Si-O-Si bonds. The enhanced relative intensity of the peaks around
3200 cm™! in the ZNA samples suggests an elevated presence of hy-
droxyl groups, possibly resulting in an increase in acid groups. Chen and
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Fig. 1. FTIR spectrum.

Wu (2004) [38] postulated that the introduction of oxygen and nitrogen
functional groups occurs in the adsorbent material through nitric acid
oxidation. As a result, the appearance of a peak at 1342 cm™! in ZNA
spectrum can be attributed to nitric acid treatment, which would
introduce nitrate groups. It was observed that the intensity of the peaks
at 1022 cm ™! decreases as the acid strength increases in the acid treated
zeolite. This suggests that the process of de-alumination is accelerated
with nitric acid [39].

The ZN and ZCA samples exhibit a band around 3200 cm ™!, which
corresponds to the stretching vibrations of O-H bonds. Upon treatment
of the zeolite with citric acid, a weak acid, there were minimal alter-
ations in the peak pattern in 3200 em L. However, as the acid strength
increased (using nitric acid), the intensity of peak significantly
increased. This observation aligns with the findings of [39] during the
acid treatment of kaolin.

3.1.2. Textural properties

The Nj adsorption-desorption isotherms of all adsorbents are pre-
sented in Fig. 2. Table 3 shows the specific surface area (Sggr), size of
pores and micropore volume of the adsorbents obtained before and after
acid treatment.
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Fig. 2. The adsorption/desorption isotherms of Nj.
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Table 3
The physicochemical properties adsorbents.
Material Specific Surface Pore Volume Pore size PHzpc
m2.g! em®.g7! nm
ZN 41 0.07 6.50 7.6
ZNA 89 0.27 2.15 4.2
ZCA 61 0.09 3.16 4.9

The isotherms obtained for ZN, ZCA, and ZNA can be classified as
type IV, indicating the presence of meso and micropores and multilayer
adsorption. All three isotherms exhibit hysteresis loops, confirming the
presence of mesoporous structures. The observed hysteresis loop type,
H3 suggests the presence of non-rigid platy particles.

The H3 loop is observed when there are aggregates of plate-like
particles, resulting in the formation of slit-shaped pores [40]. Accord-
ing to Ref. [32] the relative pressure (P/Po) at which the adsorption
reaches the plateau shifts to higher values for samples with larger pore
diameters. This parameter, (P/Po) at 0.2, is commonly used to qualita-
tively compare the pore dimensions among different samples, with
higher values indicating large mesopore sizes. Acid treated zeolites
exhibit higher (Po/P) values, indicating the presence of mesoporous
structures.

According to the International Union of Pure and Applied Chemistry,
mesoporous materials typically have diameters ranging from 2 nm to 50
nm and surface areas between 10 and 200 m?/g. Based on the data
presented in Table 3, the acid treatment improves the surface area and
increases the pore volume, thereby improving the mesoporous charac-
teristic of zeolite. In comparison to the parent zeolite (ZN), both ZNA
and ZCA can be classified as high surface area mesoporous adsorbents.

The obtained results demonstrate that nitric acid treatment
enhanced the surface area more effectively than citric acid treatment.
This can be explained by the intensity of de-alumination, which was
more considerable than citric acid treatment. The results (Table 3)
indicate that the total pore volume increased after acid treatment, while
the average pore diameter decreased, as reported [41].

The decrease in pHzpc (point of zero charge) observed after the acid
treatment of the zeolite suggests that ZAN and ZCA exhibit higher
acidity compared to the natural material.

3.1.3. Chemical composition

The chemical analysis was carried out to know the chemical
composition of zeolites before and after acid treatment. Table 4 shows
the results obtained for the chemical composition of ZN, ZNA, and ZCA
expressed as oxides percentage. Raw zeolite sample contains Al,03 and
SiOy in high quantities whereas other oxides are present in low
percentages.

The reaction between zeolite and nitric acid can be described by

ALO; .28i0, . 2H,0+ 6HNOs— 2AI(NO5);+2Si0,+5H,0

While, the chemical equation between zeolite and citric acid is
described by

AlLOs .28i0, . 2H,0+ 6CsH;0s
— COOH— 2AIl(CsH;05 — COO);+28i0,+5H,0

The acid treatment induces compositional changes in the natural
zeolite. According to chemical analysis, in nitric acid treatment, the
contents of AlyOs, FeyO3, MgO, CaO, NapO, and KO decrease, this
decrease is lower with citric acid treatment, which suggests that the
greater de-alumination depends on the strength of the acid. Conversely,
the SiOy content increases, resulting in an increased SiO3/Aly03 ratio.
The reduction in AlyO3 content after acid treatment can be attributed to
the leaching of AlOT, AI** ions from the octahedral layer, which occurs
due to hydrolysis under acidic conditions. The de-alumination requires
partial rearrangement of aluminosilicate framework may be formulated
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Table 4
Chemical composition of the natural and treated adsorbents.
SiO2 % Al,03% Fe,03% Mg0% Ca0% Nap 0% K20% Si0y/ Al O3
ZN 57.61 15.55 4.25 1.49 0.45 6.76 1.15 3.70
ZNA 64.38 12.32 2.24 1.15 0.56 3.68 0.85 5.22
ZCA 60.91 13.62 3.29 1.25 0.25 4.15 1.02 4.47

as depicted in Fig. 3 [39].

The cation (Mg?", K*, Na*, Ca?*)/Al ratio should be maintained at
values close to 1 in order to achieve charge balance within the zeolite
structure. The reduction of this ratio subsequent to acid treatment is
believed to be indicative of the protonation level of the zeolites [42].

3.2. Adsorption studies of diclofenac

3.2.1. Maximum removal percentage by adsorbents

To determine the dosage of each adsorbent for achieving the
maximum percentage removal of DCF, adsorption experiments were
conducted using a concentration of DCF solution of 20 mg/L and pH 6.
The performance of ZN, ZNA, and ZCA was evaluated.

The effect of dosage on DCF adsorption capacities and removal
percentage is shown in Fig. 4. As can be seen, with increasing dosage, the
DCF removal increased for each adsorbent. Removal efficiency increases
with the adsorbent dosage increasing as a result of the availability of
more active sites and more surface area. This adsorption on ZCA and
ZNA was significantly higher compared to ZN. The zeolite traded with
the nitric acid sample was able to remove 76.8 % DCF compared to the
citric acid treated zeolite sample which was able to remove only 48.9 %
DCF, using the same dose (Fig. 4b). The doses required to achieve the
maximum adsorption percentage were determined to be 2 g/L para ZN
(48.5 %; qe = 5.1 mg/g), 1 g/L for ZCA (75.1; qe = 17.1), and 0.4 g/L for
ZNA (76.8 %; qe = 39.3 mg/g) (Fig. 4a). The increase in adsorption
capacity is due to the increase principally at the increase of surface area.
It is evident that nitric acid treatment significantly improves the
adsorption of DCF on the zeolite.

The adsorption capacity exhibited an increase with the augmenta-
tion of the surface areas (Sggr) of the adsorbents, where a higher Sggr of
the adsorbent (ZN < ZCA < ZNA) resulted in a greater adsorption ca-
pacity (ge). In order to understand the relationship between surface area
and the increase in adsorption capacity, the experimental values of g
were compared with the values of g estimated solely based on the
surface areas.

The surface area of the zeolite increased by 2.17 times with nitric
acid treatment (ZNA), which was expected to result in an increase in
adsorption capacity from approximately 5.1 to 11.0 mg/g. However, the
experimentally obtained adsorption capacity was 39 mg/g. With ZCA,
an increase in adsorption capacity from 5.1 to 7.5 mg/g was expected,

but the experimental capacity obtained was 16.0 mg/g. The experi-
mental g values showed a greater increase than expected solely based
on the increase in surface area, indicating other interactions in the
adsorption of DCF on modified zeolites (Fig. 4c).

The treatment with nitric acid caused the particle and pore size of
zeolite to become smaller and have a higher surface area, which enabled
it to have more active sites for adsorption. Previous studies using hier-
archical ZSM-5 zeolite, in which mesopores were created by means of
alkaline treatment, showed improvement over the non-treated zeolite
[43]. The acid treatment employed in our case also causes the creation of
mesopores, improving the accessibility of DFC to the zeolite surface. The
lack of mass transfer contribution to the adsorption rate confirms this
hypothesis. This effect, combined with the more acidic surface, may
explain the great improvement in DFC adsorption in the treated zeolite.

The optimal dosage of zeolites to achieve maximum removal per-
centage in each case is lower than those used with other materials for
DCF adsorption. For instance Ref. [44], used 1.5 g/L of the graphene to
remove DCF. In a study conducted by Ref. [45], a dosage of 2 g/L of
carbon nanotube-based beads was used, all with removal percentages
lower than those found in the acid treated zeolites in this work.

3.2.2. Effect of pH on the adsorption of DCF

The pH can influence the ionization state of functional groups on the
adsorbent surface, altering its charge and surface properties. Addition-
ally, the pH can also affect the degree of ionization of the adsorbate
molecules, influencing their affinity for the adsorbent surface. There-
fore, controlling and adjusting the pH of the solution is essential in
optimizing adsorption processes, as it can significantly affect the effi-
ciency and selectivity of the adsorption process.

Adsorption experiments were carried out at different pH values.
Fig. 5 shows the effect of solution pH on the DCF adsorption capacity on
ZN, ZCA, and ZNA.

At low pH values, the three adsorbent materials exhibit maximum
adsorption capacity and percentage of DCF removal, which decreases as
pH increases. The adsorption percentage for each adsorbent, based on
the DCF dissociation percentage, is illustrated in Fig. S1.

As illustrated in Fig. 5, the adsorption capacity of DCF on the three
adsorbents is higher at lower pH values and decreases with increasing
pH values. This behavior was also described by Refs. [30,46,47]. The
low solubility of DCF at pH values lower than its pg, may partly explain

P
R HO
— 0 —) .\QH A|O+
\__ CitricAcid/ HNO; .
2l _\ 0 4

Fig. 3. Equation of de-alumination of zeolite.
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Fig. 4. (a). The adsorption capacity achieved by each adsorbent with the optimal dosage (pH = 6, 20 °C). (b) Influence of dosage on the removal percentage of DCF
from aqueous solution. (¢) Comparing the estimated adsorption capacity based on increasing surface area with experimental adsorption capacity.

this trend. Bhadra et al. (2016) [48] demonstrated that the degree of
adsorption depends on the amount of acid functional groups. The pHzpc
of modified zeolites (Table 1) shows a higher acidity, which may explain
the increased adsorption capacity. The decrease in adsorption capacity
with increasing pH can be explained by electrostatic repulsion due to the
increase in negative charge of both zeolites and DCF. The electrostatic
interactions between functional groups on DCF and zeolites have been
illustrated in Scheme 1.

According to pHzpc, the surface of ZN carries a positive charge when
the pH is below 7.6, and a negative charge when the pH is above 7.6. The
charge of DCF molecule is determined by its dissociation constant
values. Since DCF has, a pg, of 4.2, it exists in its non-ionized form at a
pH below 4.2 but carries a negative charge at a pH above 4.2. At pH 6,
DCF is negative, as shown in Table 1, while ZN is positive, which favors
electrostatic attractions. At pH less than 6, as indicated above, the low
solubility of DCF favors adsorption. The increase in the removal of DCF
over ZCA and ZNA recorded at pH 4 and 6 could be attributed to the

dissociation of -COO groups on DCF, resulting in increased negative
charges over it; while at pH 4 ZCA is positive, and ZNA is neutral [31]. It
was noticed that DCF had no affinity to the zeolites at pH below 7.

3.2.3. Adsorption kinetic studies

The adsorption kinetic study provides essential information about
the adsorption rate and mechanism, the controlling step, and the overall
efficiency of the process. Analyzing the kinetic can determine how
quickly solutes are being adsorbed onto the solid surface and the factors
that influence this process.

In this study, the aim was to ascertain the time required to achieve
equilibrium by evaluating the adsorption capacity of DCF on both raw
and acid treated zeolites within the time frame of 5-120 minutes. The
adsorption kinetic was examined under a pH of 6 and a temperature of
20 °C for all adsorbents. To analyze the experimental data, the pseudo
first order, pseudo second order, and intraparticle diffusion models were
employed. The obtained data and the corresponding best fit plots are
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Fig. 5. Influence of pH on the adsorption of DCF (Co = 20mg/L, 20 °C), ZN
(dosage = 2 g/L), ZCA (dosage = 1 g/L), ZNA (dosage = 0.4 g/L).

presented in Fig. 6, while the calculated parameters of the model are
provided in Table 5.

As show in Fig. 6, uptake rate was rapid within the first 20 min. After
60 min to ZN and ZCA and 90 min to ZNA there was no significant in-
crease observed in the adsorption capacity, indicating that equilibrium
can be assumed to have been reached. Thus, the adsorption equilibrium
time for ZN and ZCA was reached within 60 minutes, whereas for ZNA, it
took 90 minutes. These equilibrium times are lower than the reported
values for DCF adsorption [30].

In the plots present in Fig. 6, the lines represent the linear models,
while the symbols correspond to the experimental data. Upon fitting
both the pseudo first order and pseudo second order models, the pseudo
second order exhibited the best fit for both raw and treated zeolites. This
conclusion is supported by the correlation coefficient (R? = 0.99).

The kinetic constant Ky was found to be higher for ZN compared to
ZNA, indicating a faster adsorption process and shorter time required for
ZN to reach adsorption equilibrium. The pseudo second order plot

Case Studies in Chemical and Environmental Engineering 9 (2024) 100575

reveals that the adsorption of DCF follows ZNA > ZCA > ZN.

Upon analyzing the adjusted experimental data to the intraparticle
diffusion model, it was observed that for ZN, a C value of 3.45 mg/g, and
a Ri value of approximately 0.3 were obtained. This value of Ri suggests
strong initial adsorption. For ZCA and ZNA, the Ri values were 0.51 and
0.59 respectively, indicating intermediately initial adsorption [36].

In the case of the two acidic treated zeolites, the intraparticle
diffusion model exhibited two linear regions that did not intersect the
origin, implying that intraparticle diffusion is not the rate-controlling
step. The first linear portion corresponds to rapid external mass trans-
fer, while the second region is associated with adsorption on the external
surface [49]. These results are in accordance with the textural properties
obtained for all the adsorbents, where ZN is mesoporous material, while
ZCA and ZNA possess more microporous and higher surface area Spgr
[50].

3.2.4. Adsorption equilibrium studies

Equilibrium models, known as adsorption isotherms, describe the
equilibrium relationship between the concentration of the adsorbate in
the bulk solution and the quantity of adsorbate adsorbed at adsorbent
while maintaining constant pH and temperature conditions.

The isotherms presented in Fig. 7 were derived from a concentration
range of DCF between 5 and 50 mg/L, under conditions of pH 6 and
20 °C. Although the adsorption processes were almost nearly complete
within 60 minutes for ZN and ZCA, and within 90 minutes for ZNA
(Fig. 6), the adsorption period was extended to 120 minutes to ensure
that equilibrium was reached. The obtained experimental data were
fitted to various models, and the corresponding parameters are sum-
marized in Table 6. The best fits of the models and D-R plots are shown
in Fig. 7.

The adsorption isotherm of ZN can be classified as type L-3 isotherm
according to the classification by Giles [51], indicating favorable and
multilayer adsorption. This type of isotherm is commonly observed in
mesoporous solids. Within the studied concentration range, the best fit
for ZN was obtained using the BET model, which supports the occur-
rence of multilayer adsorption. The DCF adsorption on the surface of ZN
is likely facilitated by van der Waals interactions between the two en-
tities. The fit to the D-R model suggests physical adsorption, as evi-
denced by the adsorption energy values of 6.9 KJ/mol. Additionally, the
BET model adequately describes the observed multilayer physical
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Scheme 1. Possible mechanisms of adsorption of DCF given interactions of their functional groups with zeolites.
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Table 5
Parameters of the pseudo first order and pseudo second order models.
Model Parameters ZN ZNA ZCA
Pseudo first order Qe (mg,gfl) 495 + 40.55 + 15.43 +
0.8 2.2 2.0
Ky (min1) 0.055 0.042 0.046
R? 0.91 0.96 0.95
Pseudo second q. (mg.g™1) 4.50 + 4219 + 16.36 +
order 0.6 1.8 1.2
Ko 0.005 0.010 0.008
(gmg '.min"1)
R? 0.99 0.99 0.99

adsorption.

The adsorption isotherms of the acidic treated zeolites (ZNA and
ZCA) exhibit a type L behavior. These zeolites demonstrate a better fit to
the BET model and the Freundlich model. Following the acid treatment,
the theoretical adsorption capacity in the first layer (qs) increases from
5.5 mg/g in ZN to 16.4 mg/g for ZCA and up to 45.05 mg/g for ZNA.
This enhancement in adsorption capacity in the monolayer suggests an
increase in the number of active sites due to the increase in the specific
surface area. The mean adsorption energy (E) values obtained from the
D-R model were 7.45 and 7.14 KJ/mol for ZNA and ZCA respectively,
indicating physical adsorption.

The qmax values from the Langmuir model for ZCA and ZNA are 2 and
6 times higher than that of ZN, respectively. These results confirm that

the ZNA is the most effective adsorbent among those studied for the
removal of DCF from water. The values of Ry, parameter, as shown in
Fig. S2, further support the favorable adsorption of DCF onto the ad-
sorbents. The lower Ry, values and higher K}, values observed onto ZNA
compared to ZCA are in agreement with the more favorable adsorption
of DCF onto ZNA.

3.2.5. Adsorption mechanism

In general, the quantity of adsorbate adsorbed onto any adsorbent
increases as the surface area increases, particularly with the increase of
activated sites. The results obtained demonstrated a significant increase
in the surface area of zeolite after acid treatment, resulting in an increase
in adsorption capacity. However, this increase was greater adsorption
capacity was observed. However, this increase was higher than expected
due to the increase in surface area.

To understand the possible interaction mechanism for the adsorption
of DCF over all adsorbents, adsorption over ZN was studied, and then
investigations were performed for both ZCA and ZNA.

The solution pH is a crucial parameter in the mechanism of
adsorption in the aqueous phase, as it influences the properties of both
the adsorbates and adsorbents. In the case being studied, the electro-
static attraction and repulsion are influenced by the pH of the study
solution, as described above. Therefore, electrostatic interactions alone
are insufficient to explain the observed adsorption capacities.

Several authors have provided explanations for the adsorption of
DCF through the formation of hydrogen bonds, n-n bonding, and hy-
drophobic attraction [48,52]. The increase of hydroxyl groups in zeolite
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Table 6
Equilibrium parameters of DCF adsorption onto natural and acid treated zeolites.
Adsorbent Langmuir Parameters Freundlich parameters BET parameters
Qumax (Mg/g) Ky, R? MPSD K n R? MPSD qs (mg/g) Cer R? MPSD
ZN 144 £1.2 0.063 0.91 0.081 1.3 1.65 0.98 0.055 5.5 15.91 0.99 0.032
ZNA 85.9 + 3.3 0.192 0.96 0.091 15.2 1.97 0.98 0.041 45.0 27.25 0.99 0.017
ZCA 33.6 £2.3 0.215 0.95 0.045 6.7 1.96 0.97 0.058 16.4 36.26 0.99 0.024

after acid treatment increases the possibility of hydrogen bond forma-
tion. Hydrogen bonding is a possible mechanism for the adsorption of
DCF, as the electronegative species in DCF (O and N) can form hydrogen
bonds with protons on ZNA and ZCA, thereby explaining the increase in
adsorption capacity. The increase in hydroxyl functional groups is
greater in the zeolite treated with nitric acid, which explains the greater
adsorption capacity achieved by this zeolite sample. Furthermore, the
presence of nitrogen in ZNA is one of the main differences between ZCA
and ZN, which possibly improves the adsorption capacity of ZNA. The
functional groups present in DCF such as carboxyl group (-COOH) and
phenyl group (-CgH4-) can interact with zeolite, which also has suitable
sites for hydrogen bonding (H+). Hydrogen bonds are weak partial
intermolecular bonds and are a special type of dipole-dipole moment.
They exist between hydrogen and some atoms such as oxygen, nitrogen,
and fluorine. For this reason, the presence of N in the ZNA favors
adsorption at different pH values. These interactions are despite in
Scheme 1.

In Scheme 1, the interactions between the hydrogen atoms of
diclofenac and the oxygen or nitrogen atoms present in the zeolite are
represented. These interactions are shown as lines or bridges between
the involved atoms. In addition to hydrogen bonds, n-n interactions
between the phenyl group of DCF and zeolite are represented. These
interactions would be shown as a superposition of the electron clouds of
the aromatic ring.

On the other hand, the zeolite treated with nitric acid exhibited a
higher degree of protonation, due to the decrease in the content of AloO3
and other oxides, suggesting an increase in the quantity of H+ cations
present. This greater protonation improves the adsorption capacity of
ZNA by attracting the negative charges of DCF.

Table 7 presents a comparison of the adsorption performance of DFS
with other modified zeolites in terms of their maximum adsorption ca-
pacity (qmax) using the Langmuir isotherm. Despite the fact that anionic
adsorbents are not effective at adsorbing anionic adsorbents such as
DCF, acid treatment improves the surface area in contrast to cationic
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Table 7
Comparison of the DCF adsorption by some modified zeolites from previous
literature.

Treatment Qmax Reference
Surfactant-modified 18.16 (mg/g) [29]
Cationic surfactant-modified 70.2 (mmol/Kg) [29]
Cationic surfactant-modified 14.8 (mg/g) [53]
Plasma-activated 4.2 (mg/g) [26]
Sulfuric-acid treatment 117.7 (mg/g) [35]

treatment [51]. The acid treatment promotes the de-alumination of the
zeolite, which in turn enhances hydrogen bonding and n-n interactions.
As a result, the adsorption capacity of DCF is significantly improved.
Based on this, it was concluded that ZNA could potentially be a prom-
ising adsorbent.

On the other hand, the use of clays as adsorbent materials offers a
significant advantage in terms of their ability to be regenerated and
reused in multiple cycles after adsorption. This is made possible through
various methods, such as thermal treatment, which involves subjecting
the clay to high temperatures. Chemical regeneration has also been
extensively studied and proven effective, especially for removing
organic contaminants. Additionally, alternative methods like solvent-
based regeneration and electrochemical regeneration can be
employed. Notably, studies carried out by Refs. [29,54] successfully
achieved clay regeneration through acid treatment, allowing for up to 5
adsorption/desorption cycles with a reduction in adsorption capacity of
up to 40 %.

4. Conclusions

In this study, a simple acid treatment method was found to be
capable of improving the adsorption of zeolite capacity. Nitric acid
showed superior performance in improving DCF adsorption compared to
citric acid. Chemical analysis, FTIR, and BET were utilized to further
understand the impact of acid treatment on the surface and structure
characteristics of both raw and treated zeolites. The acid treatment
resulted in the de-alumination of the zeolite, an increased surface area, a
decreased Si/Al ratio, and enhanced surface acidity. It was approved
that nitric acid causes a more effective de-alumination of zeolite than
citric acid and, consequently higher surface area and higher adsorption
capacity.

Batch adsorption experiments were conducted to determine the
optimal adsorbent dosage, contact time for equilibrium, and effect of
pH, on D F adsorption capacity. The results showed that a lower
adsorbent dosage was required with ZNA (0.4 g/L) compared to ZN (2 g/
L) to achieve the maximum removal efficiency. The pH study revealed a
good adsorption capacity and high percentage of adsorption at pH 6 on
the acid treated zeolites. According to the results of pH study, the main
mechanism of DCF adsorption on raw and acid treated zeolites was
hydrogen bond. Zeolites treated with acid, especially nitric acid, have a
greater number of functional groups that allow the formation of these
bonds. According to the results, nitric acid treatment is more effective in
improving the adsorption properties of zeolite and enhancing the
adsorption capacity of DCF than citric acid treatment.

The adsorption kinetic study followed the pseudo second order
model. For treated zeolites, the intraparticle diffusion model exhibited
that intraparticle diffusion is not the rate-controlling step. The adsorp-
tion equilibrium data were best fitted with the BET isotherm, confirming
the multilayer adsorption. The D-R model indicates physisorption. Ac-
cording to the results, nitric acid treatment is more effective in
improving the adsorption properties of zeolite and enhancing the
adsorption capacity of DCF than citric acid treatment. Accordingly, the
modification of zeolite with nitric acid can be considered an excellent
and effective method for adsorption of pharmaceuticals on zeolites.
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