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Abstract In the present work, a natural zeolite was first
treated with a sodium chloride salt and subsequently
modified with different cetyltrimethylammonium bro-
mide (CTAB) concentrations for dicloxacillin removal.
All the employed materials are characterized by several
analytical techniques. Antibiotic sorption behavior was
evaluated according to diverse parameters such as the
effect of contact time, initial concentration, and pH by a
batch system. Experimental results showed that the
cationic surfactant treatment benefited dicloxacillin
sorption. Kinetic results indicated that the equilibrium
time was reached at 54 h and a maximum adsorption
capacity of 1.072 and 1.051 mg/g for both modified
zeolites at 25 mmol/L and 50 mmol/L, respectively.
According to the kinetic data, the pseudo-second-
order model adjust the best. Obtained adsorption equi-
librium results, adsorption isotherms adjust well to the
linear model for both adsorbents with both materials,
indicating a partition mechanism. Dicloxacillin species
present at different pH values and the net surface charge
of the modified adsorbents influence the adsorption
process.
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1 Introduction

The high population growth, the rapid development in
technology, and the necessity to create numerous in-
dustries to beneficiate the society have caused an incre-
ment in contamination (Salgado-Gomez et al., 2014). In
this context, water pollution by antibiotics has been
considered a radical problem (Bu et al., 2013) due to
their indiscriminate use and continuous incorporation
into the environment by diverse sources (Behera et al.,
2011; Klein et al., 2018; Weng et al., 2018). Further-
more, the presence of antibiotics in diverse water bodies
negatively impacts the microbial community (Grenni
et al., 2018) and have adverse effects on human health
such as bacterial resistance (WHO), 2015; Bailon-
Pérez et al., 2008; Carlet et al., 2015; Cizmas et al.,
2015; W. C. Li, 2014; Wu et al., 2009) and the forma-
tion of super bacteria (Anthony et al., 2018). At the
same time, they can mix with other pharmaceutically
active compounds (Vasquez et al., 2014), causing the
possible bioaccumulation and pseudo-persistence
(Kemper, 2008).

In this research line, the dicloxacillin (DCX) is a
beta-lactam antibiotic widely used in humans and vet-
erinary medicine against Gram-positive bacterial infec-
tions (Ghauch et al., 2009). Its molecular formula is
C19H;6CILN;3NaOsS, its weight is 510.32 g/mol, and
the dissociation constants (pK,) are of 2.8 and 10.09

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-021-05114-2&domain=pdf

152 Page2 of 15

Water Air Soil Pollut (2021) 232: 152

(S. J. Khan & Ongerth, 2004). It is highly soluble in
water (3.63 mg/L at 20 °C), and in octanol/water parti-
tion, its coefficient (log K,,,) is 2.91 (Hansch et al.,
1996). A certain percentage (65 %) of this pharmaceuti-
cal product can be excreted without being metabolized
through urine (Hirsch et al., 1999; S. J. Khan & Ongerth,
2004; Rivera-Gutiérrez et al., 2020), and impacting neg-
atively in aquatic systems (Kong et al., 2016; Kiimmerer,
2009; Raki¢ et al., 2013). Its maximum permissible limit
(MPL) in water has not been reported yet, and its max-
imum residue limit (MRL) has been established only in
European Union of 300 pg/kg (milk, muscle, and kidney
fat) and 30 pg/kg (liver) (Pang, 2018).

Conventional methods have not demonstrated ef-
fective for dicloxacillin removal (Mirzaei et al.,
2018), and then new alternatives such as biological
degradation (Copete-Pertuz et al., 2018; Rivera-
Gutiérrez et al.,, 2020) and oxidation advanced pro-
cesses (Colina-Marquez & Castilla-Caballero, 2013;
Rodriguez-Narvaez et al., 2017; Villegas-Guzman
et al., 2015) have been applied. However, adsorption
has been considered as a low cost, accessible, and
simple process in water decontamination with differ-
ent solid adsorbent materials such as granular acti-
vated carbon, clays, and zeolites (Crisafully et al.,
2008; Misaelides, 2011); it has not reported yet for
this antibiotic.

In this context, natural zeolites are low-cost volcanic
porous minerals that have a three-dimensional structure
containing AlO, and SiO, tetrahedra (Ates, 2018).
Clinoptilolite zeolite is the most abundant, and its chem-
ical formula is (Na, K, Ca);AlsSizo07,%24H,0
(Sprynskyy et al., 2010). According to its negative
charge and hydrophilic surface, only allows inorganic
pollutant removal (Misaelides, 2011). Therefore, chem-
ical treatments with inorganic salts (Alshameri et al.,
2014) or cationic surfactants (Reeve & Fallowfield,
2018) have been applied, causing the organic as well
as anionic pollutant adsorption be possible (de Gennaro
et al., 2014; Roxana Elena Apreutesei & Carmen
Teodosiu, 2008; Rozi¢ & Miljani¢, 2011).

Even though the zeolite application for removing
diverse pollutants in water is a well-studied field, it is
worth mentioning specifically that CTAB-modified ze-
olitic materials for DCX removal have not been reported
yet. Therefore, the objective of this paper was to present
for the first time the dicloxacillin adsorption behavior
onto a natural zeolite previously modified with
cetyltrimethylammonium bromide.
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2 Materials and Methods

2.1 Reagents

DCX standard (90.4% purity) was from Fersinsa; a stock
solution of the antibiotic (100 mg/L) was prepared and
kept at 4 °C. Cationic surfactant cetyltrimethylammonium
bromide (CTAB) was from Sigma Aldrich. Acetonitrile
was HPLC grade; other chemical compounds such as
sodium chloride (NaCl), silver nitrate (AgNO3), sodium
hydroxide (NaOH), and formic acid were analytical-
reagent grade. All the water employed was deionized.

2.2 Material Preparation
2.2.1 Natural Zeolite

In this work, the used natural zeolite had been collected
from a San Luis Potosi, México, deposit. It is crushed in
an agate mortar and sieved down to a particle size
between 0.420 and 0.841 mm and identified as NZ.

2.2.2 NZ Material Treated with NaCl Salt

The natural adsorbent was firstly conditioned with a 0.1
mol/L. NaCl solution by a refluxing process for 6 h.
After this chemical treatment, the solids were separated
by filtration and washed with deionized water until no
presence of chloride ions (white precipitate) by Mohr
method. Finally, the sample was labeled as NaZ.

2.2.3 NaZ Material Modified with the Cationic
Surfactant

According to literature specialized, two CTAB solutions
were prepared at 25 mmol/L and 50 mmol/L; both
concentrations were higher than the critical micellar
concentration (CMC) of CTAB surfactant (0.9 mmol/L)
(Z. Lietal., 2008). The NaZ zeolite (100 g) was kept in
contact with cetyltrimethylammonium bromide (25
mmol/L) in a batch system for 48 h at 30 °C under
constant stirring at 100 rpm. Once the contact time is
finished, the supernatant was separated by decanting,
and the solids were then washed with deionized water to
eliminate the surfactant excess. The modified zeolite
was air-dried and identified as HZ-25. The same proce-
dure was performed with 50 mmol/L CTAB solution,
and it was then identified as HZ-50.
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2.3 Adsorbent Characterization

All the zeolites in the study were characterized by di-
verse analytical techniques such as X-ray Powder Dif-
fraction (XRD), Scanning Electron Microscopy (SEM)
with Energy-Dispersive X-ray Spectroscopy (EDS),
Fourier Transform Infrared Spectroscopy (FTIR), Ther-
mogravimetric Analysis (TGA), BET-specific surface
area (Brunauer-Emmett-Teller) analysis, and the deter-
mination of zero point charge (pHzpc).

2.3.1 X-ray Powder Diffraction

The X-ray analyzes were obtained with a SIEMMENS
D5000 diffractometer (Dresden, Germany) coupled to a
copper anode A = 1.5418 A, radiation at 40 kV with an
angular sweep interval, and a rate of 5~70° and 0.03 °s ™'
in the 20 region, respectively. The diffractograms are
compared with the diffraction patterns of the Joint Com-
mittee on Powder Diffraction Standards (JCPDS).

2.3.2 Scanning Electron Microscopy
with Energy-Dispersive X-ray Spectroscopy

The dried zeolites were characterized for their morphol-
ogy using a scanning electron microscope JEOL model
JSM 6510 (Tokyo, Japan), a low vacuum, operating at
an acceleration voltage of 20 kV, work distance of 11
mm, and x5000 of amplification by a backscattered
electron detector. All the materials were previously
mounted with a carbon tape and coated with gold for
2 min using a Denton Vacuum Desk IV platter
(Moorestown NJ, USA) to avoid charging effects.
EDS analyses were performed by energy-dispersive
spectroscopy Oxford PentaFetx5 (Oxford, England).

2.3.3 Fourier Transform Infrared Spectroscopy

Analyses by FTIR were performed in the mid-infrared
region (wavenumber interval of 4000 to 400 cm ') by
using a Nicolet 360 FT-IR ESP (Champaign IL, USA)
spectrometer. All materials were prepared with KBr
pellet and 1% of zeolite.

2.3.4 Thermogravimetric Analysis

Thermal analysis was carried out using an SDT Q600 TA
Instruments (New Castle DE, USA); all the samples were

heated up to 950 °C, with the following operating condi-
tions: a heating rate of 10 °C/min under N, atmosphere.

2.3.5 BET-Specific Surface Area
(Brunauer-Emmett-Teller) Analysis

Surface area determination was performed using the
Brunauer-Emmett-Teller (BET) method, through nitro-
gen adsorption isotherms with Autosorb IQ (Boynton
Beach FL, USA) equipment at 77 K. Samples were
previously heated at 100 °C for 24 h before surface areas
were measured.

2.3.6 Zero Point Charge

The pHzpc experiments were carried out with 0.1 g of
each zeolite and 10 mL of 0.1 M NaNOs solution at 25
°C and 100 rpm for 24 h. In this context, the initial pH
(pH,) was previously adjusted from 1.0 to 11 using a
potentiometer PHM210 (Assago, Italy), with 0.1 M HCI
or NaOH solutions. After the contact time, the final pH
(pH) was then measured in the remaining liquid too.
Each experiment was done in triplicate.

2.4 Analytical Method for DCX Determination

DCX concentration was measured by High-
Performance Liquid Chromatography (HPLC). All
measurements were performed using HPLC WATERS
equipment with a dual UV detector 2487 model (Arcade
NY, USA), an isocratic flow pump 1515 model (Arcade
NY, USA), and chromatographic conditions are shown
in Table 1.

The analytical method for the DCX quantification by
HPLC was validated; among the evaluated parameters
were detection limit (DL), quantification limit (QL),
system and method linearity, suitability, system and
method precision, repeatability, and accuracy according
to criteria established in the International Conference on
Harmonization (ICH) Guides (ICHQ2A 2009;
ICHQAZ2B 2009).

2.5 Adsorption Experiments
2.5.1 Effect of Contact Time
The unmodified (NZ) and CTAB-modified zeolites

(HZ-25 and HZ-50) were tested for DXC adsorption
by batch equilibrium technique at 25 °C and 100 rpm
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Table 1 Chromatographic conditions established to determinate
dicloxacillin by HPLC

Column Novapak Phenyl C18 5 pm
(3.9 x 150 mm)
Wavelength (nm) 225
Mobile phase Acetonitrile (eluent A)
and formic acid 0.1%
(eluent B) (60:40) (v/v)
Flow rate (mL/min) 0.5
Injection volume (uL) 20

in a temperature-controlled bathroom, by dispersing
0.1 g of each material by separate in 10 mL of 10 mg/
L DCX solution for different time periods (0.25, 0.5,
0.75,1,3,6,9,12, 15, 18, 21, 24, 28, 32, 36, 40, 44, 48,
54, 60, 66, and 72 h). Once the equilibrium conditions
have been reached, the samples were decanted and
filtered by using Millipore membranes with 0.45 pm
of pore size. The supernatants were analyzed by HPLC
to verify the concentration of the antibiotic released in
the solution. All the tests were done in duplicate using
two separate vials and the average value reported. For
reference, a stock solution without zeolite was prepared
and treated under the same conditions in parallel for
each time contact. The amount of antibiotic adsorbed
on zeolitic adsorbents at any time (g,) in mg/g was
calculated by Eq. (1):

(Co—Ce)V

4G@="—""" (1)
where ¢, is DCX amount per gram of zeolite (mg/g), C,
and C, (mg/L) are the concentrations of DCX at initial
and equilibrium times, respectively, V is the volume of
the solution (L), and m is the mass of the used zeolite (g).

Adsorption kinetics defines the equilibrium time, the
adsorption rate, the efficiency process, and mainly the
possible mechanism. In this context, different kinetic
models have been reported in specialized literature; among
them, the pseudo-first-order (Bellu et al., 2010), pseudo-
second-order (Ho & McKay, 1999), and second-order
(Low, 1960) models are the most widely studied. There-
fore, in this research, the kinetics models abovementioned
were used to describe the employed antibiotic adsorption
behavior onto NZ, HZ-25, and HZ-50 materials. The
relation between the experimental data and each predicted
kinetic model was determined by correlation coefficients
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(R) as well as the obtained experimental data evaluated by
the pseudo-first-order, pseudo-second-order, and second-
order kinetic models in their non-linearized forms using
Origin 8.1 computer program, such as represented by Eq.
(2), Eq. (3), and Eq. (4), respectively:

4, = q,(1-exp ") (2)
 Kaglt

q; = TF Kogt (3)

0= (1 + (apV) (4)

where ¢, and ¢, are DCX amounts adsorbed (mg/g) at
equilibrium and at time ¢ (h), respectively; K; is the
pseudo-first-order adsorption rate constant (1/h); K, is
the pseudo-second-order adsorption rate constant (g/mg
h), a is the Elovich adsorption rate constant (mg/g); and
[ is related to the extent of surface coverage (g/mg h).

2.5.2 Dicloxacillin Adsorption Isotherms

Adsorption isotherms tests at different pH values (4.0,
without adjust, and 9.0) were performed only with HZ-
25, and HZ-50 materials; by employing 10 mL of DCX
solutions at different concentrations (0.3, 0.5, 1.0, 1.5,
3.0, 5.0, 6.0, 8.0, 9.0, 10.0, 12.0, 14.0, 16.0, 18.0 and
20.0 mg/L) with 0.1 g of each material. The initial pH of
the solution was previously adjusted using 0.1 M HCl or
NaOH solutions and measured with a PHM210 Stan-
dard pH Meter (Assago, Italy). All the samples were
shaken for 54 h at 25 °C and 100 rpm by batch equilib-
rium technique. The pH was monitored and adjusted.
After reaching equilibrium time, the samples were treat-
ed and analyzed using HPLC as abovementioned in
Section 2.5.1. All adsorption tests were run in duplicate.
The equilibrium studies for an adsorption process can
be modeled by Langmuir (Langmuir, 1917), Freundlich
(Hashemian et al., 2013), and Langmuir-Freundlich
(Turiel et al., 2003) isotherm models because they are
the most frequently applied in specialized literature.
Then, the obtained data were evaluated with adsorption
isotherm models abovementioned, in their not linearized
form using Origin 8.1 computer program, such as rep-
resented by Eq. (5), Eq. (6), and Eq. (7), respectively:
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9max K.Ce
— dmax *L e 5
9= 11 K,C. (5)
'/
g = KrC* (6)
qmaxKLFCG/”
qde = T (7)
1+ KLFCe n

where C, is DCX concentration in solution at equilibri-
um (mg/L), g, is DCX amount adsorbed at equilibrium
(mg/g), and K; and ¢, are the Langmuir constants,
related to the affinity between an adsorbent and adsor-
bate (L/mg) and the maximum adsorption capacity (mg/
g), respectively. K is the Freundlich adsorption con-
stant, related to the adsorption capacity of the adsorbent
(L/g), 1/n is the energy of adsorption effectiveness of
zeolitic material calculated, and K5 is the Langmuir-
Freundlich adsorption constant related to the adsorption
capacity of the adsorbent calculated (L/g).

3 Results and Discussion
3.1 Adsorbent Characterization Results
3.1.1 X-ray Diffraction

The mineral composition and crystalline structure were
analyzed by XRD measurements as shown in Fig. 1,
which describes that all zeolites show well-defined peak
characteristics with high intensity.

Figure 1a shows the details of the NZ XRD pattern; it
can be observed that the main mineral component was
clinoptilolite (JCPDS 25-1349); also, other lower inten-
sity peaks such as quartz (JCPDS 33-1161) and Halite
(JCPDS 89-3615) were present too. In the NaZ
diffractogram (Fig. 1b) the same components that NZ
are shown; they do not differ in intensity reflection
peaks, and there are no changes in their position. This
result suggests that there were not any changes in the
zeolite structure after the NaCl treatment. On the other
hand, only in HZ-25 material, a slight shift and an
intensity magnification in one peak were only observed
in the interval 20-30° in 20 degrees, in comparison with
HZ-50 zeolite; this phenomenon can attribute to the
CTAB effect over the NaZ external surface. Therefore,
it is inferred that the clinoptilolite structure was main-
tained after CTAB treatment as shown in Fig. 1 ¢ and d.

@ Clinoptilolite
0O Halite
O Quartz
(d)
;:" (c)
s
2
‘h
c
3
£
(b)
° .'.
® o (a)
L M 1 v L M L] M L] M 1 v
10 20 30 40 50 60 70
20 (Degrees)

Fig. 1 X-ray diffractograms of zeolites: (a) NZ, (b) NaZ, (c) HZ-
25, and (d) HZ-50

All the XDR results agreed with other author results
(Davila-Estrada et al., 2016; Torres-Pérez et al., 2007).

3.1.2 Scanning Electron Microscopy
with Energy-Dispersive X-ray Spectroscopy

The morphology of the studied zeolites, performed by
SEM at x5000 magnification, is shown in Fig. 2. In all
the materials, can be appreciated a rough surface with
cavities, and the typical clinoptilolite crystals as
euhedral plates and laths characterized by a monoclinic
structure. The NZ material presents bigger and wider
cubic or coffin-shaped crystals (Fig. 2a) in comparison
with NaZ zeolite; the crystal size changes could be
attributed to the NaCl treatment (Fig. 2b). The CTAB-
modified zeolites (HZ-25 and HZ-50) maintained their
morphological features after treatment; only the crystal
sizes were affected (Fig. 2 ¢ and d). However, only in
the first CTAB-modified adsorbent that a slight coating
was observed due to surfactant presence on the zeolite
surface. The obtained SEM results were similar with
previously reported (Elsheikh et al. 2017).

@ Springer
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Fig. 2 Scanning electron micrograph of zeolites at X5000 magnification: (a) NZ, (b) NaZ, (¢) HZ-25, and (d) HZ-50

The chemical elemental composition of the
employed materials is reported in Table 2. All the sam-
ples were constituted mainly by Si, Al, and O which
form the aluminosilicates framework. Other elements

Table 2 Chemical composition of all the zeolites determined by EDS

such as Ca**, K*, Na*, Fe?*, and Mg>* are present in
minor proportion, in order of abundance. After NZ
material was treated with NaCl solution, and the amount
of sodium increased; also, it can be observed that the

Element NZ (wt. %) NaZ (wt. %) HZ-25 (wt. %) HZ-50 (wt. %)
(¢} 61.52+7.78 59.71 £ 9.64 62.11£4.51 63.03+ 1.73
Na 0.62+0.17 1.21+0.28 097 +0.16 1.08 +0.09
Mg 0.34 +0.04 0.34+0.10 0.24 +0.05 0.24 £ 0.08
Al 5.90 +0.48 541+ 0.84 4.04 £ 0.66 430 £0.50
Si 2534 +£3.35 2520+ 6.30 17.04+3.58 17.83 £2.02
K 1.91£0.79 1.53+0.74 1.32+0.64 0.95+0.17
Ca 221+0.98 1.70 £ 0.94 1.06 +0.56 0.91 +£0.20
Fe 0.44+0.26 0.47+0.37 0.22+0.17
N - e 6.34+2.94 4.94 £0.35
c e e 6.42+1.13 6.52+1.90
Cl e e e

B e e e
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amount of potassium and calcium decreased, which
indicates that salt treatment allowed the Na* incorpora-
tion to the clinoptilolite structure, and it preferably ex-
changed only with these ions. This behavior could be
due to their ionic radius, preference of monovalent ions,
and place in the zeolite structure (Rasouli et al., 2012).
Subsequently, carbon and nitrogen were only presented
in both modified zeolites. On the other hand, the amount
of sodium in HZ-25 and HZ-50 was lower than in NaZ
material due to the amino groups of the cationic surfac-
tant as reported (Sonia Alvarez-Garcia et al., 2019). The
Cl and Br absence confirm that the washings were
performed correctly.

3.1.3 Fourier Transform Infrared Spectroscopy

Figure 3 shows the FTIR spectra of the studied adsor-
bents. In all the spectra appear the same signals, the
bands related to internal tetrahedral vibrations of Si-O-
Si or Al-O-Si bridges in the 1200400 cm ™' region, two
bands characteristic of clinoptilolite in 3800-3420
cm ', and the OH-stretching vibrations of the molecular
water about 1640 cm ' The intensity of the band around
1000 cm ™' diminished after the conditioning with the
inorganic salt as shown in Fig. 3b; this was previously
reported by other authors (Montes-Luna et al., 2015).
Finally, CTAB modification caused changes in two
groups of bands: the first related to hydroxyls and mo-
lecular water and the second with the surfactant pres-
ence (Fig. 3 ¢ and d). In this context, the band around
3640 cm ' did not show any visual modification, but the
position and intensity of the bands in 3500-3050 cm ™'
regions decreased. Some researchers have mentioned
that the position and intensity depend on the surfactant
concentration (Mozgawa et al., 2011). On the other
hand, intense bands about 2939 ¢m ! and 2897 cm !
confirmed the CTAB presence; signals in the ranges of
29242918 cm' and 2851-2850 cm ' correspond to
the asymmetric and symmetric CH, stretching vibration,
respectively (Guan et al., 2010). As it is clearly evident,
their intensity increases when CTAB increases, and both
signals were shifted to lower wavenumbers; this phe-
nomenon has been observed in other studies (Barczyk
et al., 2014; Rasouli et al., 2012).

3.1.4 Thermogravimetric Analysis

Figure 4 describes degradation patterns of all the
studied zeolites through temperature ranges of mass

(d)

(c)

(b)

Transmitance (%)

O -—-—mmm—mmm R mmm———————

725

!

>

3616 3417
1

N -

—r 77

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 3 FTIR spectra of zeolites: (a) NZ, (b) NaZ, (¢) HZ-25, and

(d) HZ-50

loss. Full weight loss was of 11.80 %, 11.06 %, 14.38
%, and 12.19 % for NZ, NaZ, HZ-25, and HZ-50
materials, respectively.

According to diverse authors, thermal decompo-
sition of a zeolite involucres a first stage associat-
ed with a weight loss due to superficial water
desorption or a dehydration process by weak
bounds. Subsequently, a second stage was attribut-
ed to the crystallization water loss; in this case,
the water molecules are coordinated to the inter-
changeable cations within the zeolite structure.
And finally, a third stage associated with the re-
lease of hydroxyl groups from the clinoptilolite
structure (Corral-Capulin et al., 2018). In this con-
text, the natural zeolites contain large channels that
let access to some chemical species, and their
dehydration occurs below 400 °C; it , for this
reason, can be mentioned that the weight loss of
zeolite below this temperature does not affect the
zeolite structural stability (Colella & Wise, 2014).
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Fig. 4 Thermogravimetric curve of zeolites: (a) NZ, (b) NaZ, (¢) HZ-25, and (d) HZ-50

3.1.5 BET-Specific Surface Area
(Brunauer-Emmett-Teller) Analysis

The BET-specific surface areas for NZ, HZ-25, and
HZ-50 are shown in Table 3. Natural zeolite has the
largest surface area (28.4 m?/g); this value agrees
with the results reported by other authors (Sonia
Alvarez-Garcia et al., 2019). Regarding CTAB-
modified zeolites, their areas were lower (16.1 and
10.7 m?*/g, respectively) than NZ, as a result of the
surfactant dimensions blocked some main channels
of the clinoptilolite as previously mentioned in sev-
eral researchers (S. Alvarez-Garcia et al., 2018;
Reeve & Fallowfield, 2018).

3.1.6 Zero Point Charge
In this work, the adsorbent burden was determined to
understand the interaction between DCX antibiotic and

zeolite in the adsorption process; this parameter

@ Springer

indicates the material load at different pH values. There-
fore, pH,pc is the pH where the total charge of the
particles of the adsorbent surface is zero (M. N. Khan
& Sarwar, 2007). The experimental results for pHpc in
all the zeolites are presented in Table 4. The obtained
pHzpcwas 6.38,6.21, 5.86, and 5.75 for NZ, NaZ, HZ-
25, and HZ-50 materials, respectively. At pH values
lower than pHpc, the adsorbent surface is negatively
charged due to deprotonation reactions of OH ™ groups
present in the adsorbent, pH values equal to pHzpc
indicate a neutral surface charge, while at pH values

Table 3 Specific surface areas of all the zeolites determined by
BET method

Zeolite Specific surface area
Nz 28.4
HZ-25 16.1
HZ-50 10.7
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Table 4 Zero point charge of all the zeolites determined by
potentiometric determination

Zeolite PpHzpc
NZ 6.38
NaZ 6.21
HZ-25 5.86
HZ-50 5.75

higher than pHzpc, and the material surface has a pos-
itive charge as a result of the OH ™ protonation in the
zeolite structure.

3.2 Analytical Method for Dicloxacillin Determination

A solution of 100 mg/L DCX was prepared and ana-
lyzed by HPLC under the previously established chro-
matographic conditions. The obtained retention time
was 3.59 min as shown in Fig. 5.

The analytical method for the quantification of DCX
by HPLC demonstrated to be accurate, precise, and
trustworthy according to acceptance criteria established
in the International Conference on Harmonization (ICH)
Guides as shown in Table 5.

where #° is the coefficient of correlation, CV is the
coefficient of variation between each injection of the
samples, CI is the confidence interval, T is the tailing
factor that indicates the symmetry of the peak, and N is
the theoretical plates of the used column.

3.3 Adsorption Experiment Results
3.3.1 Dicloxacillin Adsorption Kinetic Results

Figure 6 shows the relationship between the contact
time (#) and the DCX adsorption capacity (g,) over NZ,
HZ-25, and HZ-50 materials. The results indicated that
dicloxacillin can be adsorbed only onto CTAB-

modified zeolites. The amount of antibiotic adsorbed
rises rapidly in the first 24 h and reaches equilibrium
adsorption at 54 h of contact time with a ¢, value of
1.072 mg/g and 1.051 mg/g for HZ-25 and HZ-50
materials, respectively. Therefore, it can be inferred that
the treatment with the cationic surfactant had a consid-
erable impact over the ¢, in comparison with NZ zeolite
due to the hydrophobic character of their surface.

The kinetic parameters were evaluated by pseudo-
first-order, pseudo-second-order, and second-order ki-
netic models by non-linear regression analysis as shown
in Table 6. According to the obtained results, it can be
inferred that the obtained data for the natural zeolitic
material (NZ) did not fit well with any model. On the
other hand, the pseudo-second-order model was the
most appropriate for describing the DCX adsorption
for both CTAB-modified adsorbents considering that
this presented the highest correlation coefficient (R%);
the obtained ¢, value was very close to experimental ¢,
in both materials, although the Residual Sum of Squares
(RSS) value was not the lowest in the two CTAB-
modified materials compared with the other two evalu-
ated models. Finally, it observed that the adsorption was
higher than desorption due to «w and /3 values obtained in
the second-order kinetic model.

Adsorption has been used as an alternative removal
method for diverse pharmaceuticals. Unfortunately, an
adsorption study with modified zeolites with CTAB has
not been reported before. However, Table 7 shows the
results determined by other authors using different re-
moval methods. As can be observed in the table, the
results in this work are very closed to the other methods.

3.3.2 Dicloxacillin Adsorption Isotherm Results
The pH of the adsorbate from the aqueous medium

that is fundamental in a removal process due to any
variation in pH influences not only on the present

Fig. 5 Chromatogram of 100
mg/L dicloxacillin by HPLC
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Table 5 Validation results of the method for the quantification of
dicloxacillin by HPLC

Table 6 Kinetic parameters of dicloxacillin adsorption from
aqueous medium onto zeolites

Kinetic models ~ Parameters Zeolites
NZ HZ-25 HZ-50
Pseudo-first q. (mg/g) Do not 0.939 0.979
order K, (1/h) adjusted 203  0.116
R’ 0.880 0.895
RSS 0.227 0.225
Pseudo-second ¢, (mg/g) Do not 1.033  1.112
order K> (g/mg h) adjusted (283 0.143
R’ 0.939 0912
RSS 0.116  0.189
Second order « (mg/g) Do not 15.999 12.024
3 (g/mg) adjusted 397 0410
R’ 0.961  0.908
RSS 0.074 0.171
go exp 0.148 1.072  1.051

Parameter Experimental result Acceptance
criteria
Detection limit* 01lmgL -
Quantification ImgL
limit*
System linearity ~ * = 0.999 7 >0.98 with
minimum
5 points
Method linearity = 0.999 ”>098
CV=124 CvV<150
CI (1) =98.65-101.13 % CI (1) must
include 100%
System precision CV=1.18 CV<1.50
Suitability CV=0.85 Cv<2.00
T=147 7<2.00
K'=2.56 K'>2.00
N =4042 N=>2000
Repeatability CV=190 Cv<2.00
and accuracy CI () =97.38-101.18 % CI (1) must
include 100%
Method precision CV=1.27 CV <2.00 for

2 analysts in
2 different
days

*Determined by the signal-to-noise method

species but also on the net surface charge of the
adsorbent (Misaelides, 2011; Reeve & Fallowfield,
2018. In this context, the performance of CTAB-
modified zeolites as a function of DCX concentra-
tions at different pH values (4.0, without adjusted of
pH, and 9.0) was evaluated using the adsorption
isotherms, as shown in Fig. 7. A contact time of

14

54 h was selected for the determination of the ad-
sorption isotherms to ensure that equilibrium sorption
has been reached. From the figure, it can be observed
that the amount of DCX adsorbed increases with
increasing concentration in the solution for both
CTAB-modified materials. However, the adsorption
behavior was different, in Fig. 7a,the highest DCX
adsorption is shown at pH 9.0, the isotherm without
adjusted pH shows an intermediate value, and the
lower adsorption is found at pH 4.0 with HZ-25
material. On the other hand, the maximum adsorption
capacity in the other modified zeolite was obtained
without adjusted of pH, the intermediate value was at
pH of 4.0, and the lower adsorption capacity is found
for the pH of 9.0, as shown in Fig. 7b.

The DCX contains -NH and -COOH, which can be
combined with the H* and OH™ groups in solution

Table 7 Dicloxacillin elimination with different removal
methods

® NZ
12] ¢ Hz2s
* HZ50
. “
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5} i (!
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= ]
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Fig. 6 Adsorption kinetics of dicloxacillin onto studied zeolitic

materials
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Removal method

% climinated References

Adsorption 95.39 This work
with HZ-25
Adsorption 96.52 This work
with HZ-50
Biodegradation 100.0 Rivera-Gutiérrez et al. (2020)

Indian almond leaf 86.93

Ghimire et al. (2019)
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Fig. 7 Adsorption isotherms of a) 24
dicloxacillin at different pH |
values onto (a) HZ-25 and (b) ®
HZ-50 materials 2.0 . b
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respectively so that the DCX can exist in solution in
three forms including cation, zwitterion, and anion.
According to its pK, value (pK,; = 2.8, pK,, = 10.09),
the antibiotic proportion in different forms can be cal-
culated as shown in Fig. 8.

When pH is lower than pK,;, -NH in DCX can form
DCXH™ by combining with H* in solution, which does
not benefit the DCX adsorption on the negatively
charged surface of HZ-25 zeolite. In the pH range of 3
to 10, most of DCX is cationic. With pH increasing, the
DCX cations in the solution decrease, while neutral ions
gradually increase. When pH = 5.86, the DCX almost
exists in electrically neutral zwitterionic form, and the
DCX cationic groups can easily adsorb on the positively
Fig. 8 Chemical species distribution of dicloxacillin charged surface of HZ-25 zeolite. On the other hand,

Molar fraction
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Table 8 Isotherm parameters for dicloxacillin adsorption onto HZ-25 and HZ-50 materials from aqueous medium

Isotherm model Parameters HZ-25 zeolite HZ-50 zeolite
pH 4.0 Without pH 9.0 pH 4.0 Without pH 9.0
adjusted of pH adjusted of pH

Langmuir Gmax (ME/g) Do not Do not 2.643 6.861 4.548 Do not
K adjusted adjusted 8.654 0.125 0.220 adjusted
R 0.881 0.993 0.957
RSS 0.706 0.033 0.239

Freundlich n 0.920 0.473 2.824 1.204 1.719 0.944
I/n 1.087 2.114 0.354 0.831 0.582 1.059
Ky 0.489 1.053 2.000 0.765 2.000 0.498
R’ 0.965 0.940 0.664 0.995 0.834 0.944
RSS 0.150 0.335 2.118 0.022 0.927 0.238

Langmuir-Freundlich ~ » 1.788 5.761 Do not Do not 1.630 2.735
I 0.559 0.174 adjusted adjusted 0613 0.366
K. r 0.140 1.574 8.976 0.169
Qmax (mg/g) 3277 2.059 2.302 2.103
R’ 0.964 0.991 0.964 0.952
RSS 0.144 0.047 0.183 0.185

Linear Ky 0.527 1.092 8.422 0.681 3.495 0.523
R’ 0.965 0.737 0.816 0.983 0913 0.946

with HZ-50 zeolite, the DCX adsorption behavior is
different; it may be due more for the arrangement of
the cationic surfactant.

In order to describe the adsorption isotherm further,
the experimental results were analyzed by non-linear
equations of Langmuir, Freundlich, and Langmuir-
Freundlich models using Origin 8.1 computer software.
However, some authors have proposed that the adsorp-
tion of organic pollutants by cationic surfactant-
modified zeolitic materials could be the partition mech-
anism (Krajisnik et al., 2011). Therefore, the experimen-
tal results were also analyzed by the linear model.

Although Freundlich and Linear model were the only
ones that presented adjustment at different pH as shown
in Table 8, the linear model presented the best adjust-
ment with the experimental data due to the visible linear
form of the figures, indicating a partitioning mechanism.
In addition, it can be observed that the adsorption ca-
pacity increases with increasing the initial concentration
of dicloxacillin in both modified zeolites at different pH;
this behavior matches with other authors (Davila-
Estrada et al., 2016). However, the value of partitioning
coefficient, K, only increases with increasing the pH
value for HZ-25 zeolite.

@ Springer

4 Conclusions

The present study demonstrated that a natural ze-
olite, such as clinoptilolite, modified with a cat-
ionic surfactant, in this case CTAB, allows the
removal of dicloxacillin in aqueous solution. The
kinetic model of pseudo-second-order (Ho) is the
one that best describes the adsorption behavior of
dicloxacillin in an aqueous medium for the modi-
fied zeolite at 25 mmol/L and 50 mmol/L of
CTAB. The adsorption isotherms at different pH
follow a linear behavior which indicates a partition
mechanism where the dicloxacillin dissolves with
the organic phase due to aliphatic chains of the
cationic surfactant. The modification of natural
zeolite (originally from San Luis Potosi) with the
cationic surfactant improved material efficiency to
dicloxacillin removal. The pH is a parameter that
directly affects dicloxacillin adsorption on the ze-
olite modified with CTAB.
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