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ARTICLE INFO ABSTRACT

Keywords: The presence of antibiotics in soil and water raises great health concerns because they may increase the
Tetracycline development of harmful antibiotic-resistant bacteria. In this study, composite beads prepared from 2:1 or 1:1
Montmorillonite

ratios of montmorillonite (Mt) and sodium alginate (SA) were used to adsorb tetracycline hydrochloride (TC), an
antibiotic commonly found in aqueous systems. The equilibrium time for TC adsorption onto the Mt/SA was 8 h,
and the kinetic data were consistent with the pseudo-second-order model. The adsorption isotherm was
described with the Langmuir equation. The maximum amounts of TC adsorbed were 745, 689, and 445 mg g~ *
for the 2:1- and 1:1-Mt/SA and the original Mt, respectively. The Mt/SA composite beads exhibited porous
structures; however, this did not play a key role in TC removal, as previously reported. Cation exchange was the
major adsorption mechanism, and electrostatic attraction and hydrogen bonding between the SA and TC also
contributed to TC adsorption on the Mt/SA composite beads. In addition, the migration of a small amount of TC
into the inner spaces of the beads led to the intercalation of the TC in the Mt interlayers and enhanced TC
adsorption by the Mt/SA composite beads.

Sodium alginate
Cation exchange
Water treatment

1. Introduction

Tetracycline hydrochloride (TC) is a common medicinal drug used to
counter the negative impacts of gram-positive and gram-negative bac-
teria and many protozoan parasites in humans and animals (Roberts,
2002). This antibiotic has been classified as an emerging pollutant and
has raised increasing concern over environmental deterioration result-
ing from widespread use (Sarmah et al., 2006; You et al., 2020). The TC
compounds are very difficult to degrade in the natural environment, and
therefore, their residues remain in the environment for long periods of
time (Peng et al., 2022). The average concentrations of tetracycline
determined for groundwater, lake water, wastewater and influent
wastewater from pig farms ranged between 7.9 and 1172.3 ng L™ in the
summer and 5.8-409.5 ng L7! in the winter (Tong et al., 2009). The
seasonal change of water usage in pig farms and difference in

environmental conditions (especially the temperature and rainfall) were
responsible for the observed concentration variations of the analytes.
The rainfall could reduce the TC concentration by dilution with rain-
water. The effect of temperature on pollutant degradation in different
seasons could be another important factor. Tetracycline residues were
found at concentrations of 2.37 ng L1 in the Yangtze River Estuary (Yan
et al., 2013). The maximum detected TC concentration was 623.43 ng
L' in the Tiaoxi River of China (Lietal., 2016). Entry of TC into humans
through consumption of contaminated drinking water and food (accu-
mulated in the food chain through irrigation water) may cause lepto-
spirosis, amebiasis, and pelvic inflammatory diseases (Daghrir and
Drogui, 2013). Conventional water treatment systems such as chlori-
nation, membrane filtration, advanced oxidation, coagulation, and
biological treatment are not able to remove low concentrations (ng LH
of TC from water (Azanu et al., 2018). Adsorption methods are widely
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used due to their ease of operation and low costs (Yu et al., 2016). Many
adsorbents, such as activated carbon, biochar, single-layer graphene
oxide, nanoparticles, and carbon nanotubes, have been developed for TC
removal from water (Ashraf et al., 2022; Hu et al., 2022; Zou et al.,
2022). When choosing adsorbents, large specific surface areas, well-
developed pore structures, functional groups, easy availability, and
inexpensive materials must be considered. It is necessary to develop an
innovative, efficient, environmentally compatible, easy-to-handle and
low-cost adsorbent material to remove TC from water and limit transfer
from the water or soil to humans in order to achieve environmental
sustainability.

Sodium alginate (SA) is extracted from algae (~21%) and widely
used to prepare composite beads that remove contaminants from water
because SA is a biodegradable, renewable, economical, and environ-
ment friendly material (Mohammed et al., 2020) and is highly soluble in
water (Benavides et al., 2012). At room temperature, the addition of
divalent cations (such as Ca®!) into SA aqueous solutions results in
stable coagulation (Liao et al., 2017). The molecular structure of SA
contains many hydroxyl groups (—OH) and carboxyl groups (—COOH),
which are active adsorption sites used in removing organic contami-
nants such as dyes, pesticides, and antibiotics (Zhang et al., 2023).
However, the stability of SA is an issue; therefore, it has to be modified
by physico-chemical methods, such as introducing inorganic materials
into the SA matrix to prepare composite beads and improve their surface
specific areas and stabilities, before using it in aqueous systems for the
adsorptive removal of contaminants (Gao et al., 2018; Gao et al., 2019).

The preparation of composite beads containing SA as the active
substrate previously included a Y-immobilized graphene oxide-alginate
hydrogel (He et al., 2020), double-network polyvinyl alcohol-copper
alginate gel beads (Liao et al., 2022), Cu-immobilized alginate (Zhang
et al., 2019a), phenolic hydroxyl-derived copper alginate (Zhang et al.,
2019b), graphene oxide (Gao et al., 2012), magnetic graphene oxide
(MGO) (Huang et al., 2019), magnetic chemically reduced graphene
(MCRG) (Huang et al., 2019), and magnetic annealing-reduced gra-
phene (MARG) (Huang et al., 2019) exhibiting TC removal capacities of
477.9, 231.4, 53.3, 153.9, 313, 252, 104.5, and 24.2 mg g’l, respec-
tively. However, the preparations of these composite beads were
expensive and required complex synthetic procedures, and their use in
environmental remediation was limited by the lack of a standard
protocol.

Montmorillonite (Mt) clay mineral is inexpensive and widely used
for the removal of contaminants from aqueous systems (Zhu et al.,
2016). Mt is often introduced in the form of composite beads to enhance
the functional capacity and stability of biodegradable polymers such as
chitosan and alginate (Hou et al., 2015; Park et al., 2016). Furthermore,
atomic models for Mt such as SAz-2 show that the —OH on the surfaces
of the aluminosilicates form hydrogen bonds (Liang et al., 2016), which
significantly improved the pore architectures of alginate aerogels with
numerous hydrogen bonding networks. The present study is designed to
prepare and characterize novel Mt/SA composite beads and optimize the
proportions of the individual components for efficient removal of TC
from water. It was hypothesized that the stability of the Mt/SA com-
posite beads would differ with different Mt-SA ratios and that an opti-
mum ratio for the inorganic and organic components would provide the
maximum TC removal capacity of the Mt/SA composite beads, and this
has not been studied previously. Furthermore, the formation of sus-
pensions by Mt limits its use in environmental remediation, even though
Mt has an astonishing removal capacity. Consequently, the use of
composite beads could overcome the barriers to practical application.
Under this scenario, batch adsorption isotherms were generated, kinetic
studies were performed and various environmental factors (e.g., tem-
perature, ionic strength and pH) affecting TC adsorption were opti-
mized. A mechanistic understanding of TC removal by Mt, by SA alone
and by the Mt/SA composite was developed by characterizing the ad-
sorbents with X-ray diffraction (XRD), thermogravimetric analysis
(TGA) and Fourier transform infrared (FTIR) spectroscopy.
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2. Materials and methods
2.1. Materials

2.1.1. Montmorillonite (SAz-2), SA and TC

The SAz-2 used was a dioctahedral smectite obtained from the Clay
Minerals Society of the USA. The reported parameters of SAz-2 are listed
in Table S1. The SAz-2 contains 95% of Mt. The TC (tetracycline hy-
drochloride) used in the study was obtained from Calbiochem (Darm-
stadt, Germany) with a purity of 98% (CAS: 60-54-8). The
physicochemical properties of the TC are given in Fig. S1a, b. The water-
soluble nontoxic SA was purchased from Aladdin (Shanghai, China). The
SA contained many —OH (Fig. Slc).

2.1.2. Composite bead synthesis

To ensure the quality of the beads, we integrated the granulation
steps of previous studies and optimized this step to prepare composite
bead solid samples with Mt:SA = 1:1 and 2:1. In the preparation, two
250 mL beakers were filled with 100 mL of deionized water, 2 g of SA
was added to each beaker, and the mixtures were stirred with 600 rpm
magnetically for several hours until the SA was dissolved. Finally, 2 and
4 g of Mt were added to the beakers and magnetically stirred for 8 h for
even mixing. The stirred and mixed gel solution was poured into a 50 mL
syringe and used to soak particles dropped into a CaCl; (4%) solution for
6 h to facilitate shaping. Then, the 4% CaCl; solution was poured out,
the beads were washed three times with deionized water, soaked in
deionized water for 3 h to remove the residual CaCl,, and then washed
three times with deionized water to obtain raw beads with an average
size of 0.3 mm (Fig. S2). Finally, they were heated at 60 °C for 12h in an
oven to obtain composite beads with an average size of 0.1 mm.

2.1.3. Composite beads stability

During the granulation process, we found that the experimental
conditions were very important, otherwise, the granulation was found to
be unsuccessful. Thus, this process needed attention in several areas. For
example, the preparation vessel needs to use a beaker with a large
bottom area, otherwise magnetic stirring was not able to uniformly mix
the components due to the high viscosity of SA. Secondly, SA should be
used with high viscosity because low viscosity SA cannot be granulated
with Mt. Third, composite beads will gradually collapse when the pH
value of the mixture is >8, and they will not collapse when the pH value
is between 2 and 7. Fourth, in actual application of environmental
remediation, attention must be paid to the pH value of the solution in
order to achieve the beneficial effects of the composite beads.

2.2. Adsorption experiments

All batch experiments were run in duplicate and the amounts of
composite beads used was 0.10 g (about 12-13 bead numbers), while
the volume of solution used was 20 mL and they were combined in 50
mL centrifuge tubes and mixed on a reciprocal shaker at 150 rpm, room
temperature. The TC concentration was at the level of ng L ™! or pg L1 in
most aquatic environments, however, in order to understand the
mechanism of TC adsorption behavior on Mt/alginate beads, observable
changes in the physico-chemical properties of adsorbents were required,
which were obtained only with a high TC concentration in the batch
adsorption system. It is difficult to observe the above changes in a low
(environmentally relevant; ng L™1) TC concentration range.

For adsorption kinetic studies, the initial TC concentration was 1500
mg L™}, where the pH values were maintained at 3.0-3.3 without any pH
adjustment. The mixtures were shaken for 0.25, 0.5, 1.0, 2.0, 4.0, 8.0,
16.0, and 24.0 h. The effect of pH on TC adsorption was conducted at pH
values between 2.0 and 7.0 with a 1-unit increment at an initial TC
concentration of 1500 mg L™ 1. The poor mechanical strength of SA made
it unstable to conduct the pH edge experiment above pH 7. For ionic
strength experiments, the initial TC concentration was 1500 mg L™},
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Fig. 1. Adsorption kinetics of TC removal by origin Mt (a, b), 1:1 Mt/SA (c, d), and 2:1 Mt/SA (e, f) for pseudo-first order and pseudo-second order fitting,
respectively, under initial concentration of 1500 mg L1,
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Table 1
Estimated kinetic model parameters for TC adsorption onto 2:1, 1: 1 Mt/SA
composite beads, original Mt.

Kinetic models Parameters 2:1 Mt/SA 1:1 Mt/SA Original Mt

Pseudo-first order qe (mg g™ 365.55 317.55 310.25
ki (h7h) 1.01 1.39 3.45
R? 0.94 0.96 0.27
Ry 0.93 0.96 0.22
RMSEP 25.36 14.32 60.08
RPD 4.16 5.66 0.73

Pseudo-second Qe (mg g™ 397.66 340.82 333.27

order ky(gmgth™!)  0.0034 0.005 0.080

R? 0.99 0.99 0.33
Ry 0.99 0.99 0.28
RMSEP 7.76 4.77 57.66
RPD 12.83 15.97 0.24

while the NaCl molarity were at 0.001, 0.01, 0.1 and 1.0 mol L’l,
respectively. In temperature dependent adsorption, the temperature was
maintained at 298, 313, and 328 K with initial TC concentration 1500
mg L1, For adsorption isotherm study, the initial concentrations were at
100, 250, 500, 750, 1000, 1500, 2000, 2500, 3000 and 4000 mgLfl,
while the pH was maintained between 2.8 and 5.0. Under this pH range,
TC acted as a cation (Fig. S1).

The centrifuge tubes were wrapped in aluminum foil to prevent light
induced decomposition during mixing and storage processes. After
mixing, samples did not require centrifugation to seperate the liquid
because the beads quickly settled down by gravity at the bottom of the
tubes. The supernatants were passed through a 0.45 pm filter and
analyzed for equilibrium TC concentrations using UV/VIS spectroscopy
method. A control experiment (You et al., 2020) indicated that no TC
degradation or adsorption on centrifuge tubes occurred during the
mixing. The amount of TC absorbed was determined by the difference
between initial and equilibrium concentrations.

2.3. Instrumental analyses

The equilibrium concentrations of TC were analyzed by a SPECORD
210 PLUS UV/VIS Spectrophotometer (Analytikjena, Hamburg, Ger-
many). The detection wavelength was 254 nm for TC quantification.
Calibration was made with 4 standards between 5 and 50 mg L ™! with an
R? = 0.99. Some high concentration samples were needed to be diluted
before analysis to let the UV/VIS spectroscopy readings <1.0. The
concentrations of desorbed ions were detected by Dionex high-pressure
ion chromatography (Thermo Fisher Scientific™, Waltham, USA)
equipped with a Dionex IonPac™ CS12A-5 pm column (3 x 150 mm).
The mobile phase was 20 mmol L ! methanesulfonic acid (1.922 mL in
1 L of water), and the flow rate was maintained at 0.5 mL min~ L. The
retention times of calcium, magnesium, sodium, and potassium ions
were 2.7, 3.78, 5.92 and 7.38 min, respectively. XRD analysis was per-
formed using a PANanalytical X PERT PRO diffractometer (TEXAS In-
strument, Texas, USA) equipped with a Cu target radiation, and an
X’Celerator detector at a step size of 0.033 and a scanning speed of 5°
min~". The samples were measured at a 4-22° 20 range under 45 kV and
40 mA. The FTIR analysis was conducted via a KBr pellet suppression
method on a NEXUS FTIR spectrometer (Thermo Nicolet, Waltham,
USA). The spectra were collected between wavenumber 4000-400 cm ™
with 4 cm™! resolution and averaging 256 scans. The TGA was per-
formed under an N; environment, with a 10 °C min~! heating rate on a
TA-Q500 equipment (TA Instruments, Delaware, USA). A JEOL JSM-
7800F (OXFORD Instrument, oxford, UK) field-emission scanning elec-
tron microscope (FE-SEM) was used to determine the surface structure of
the beads. The microscopic images of composite beads were taken by the
Keyence VK-X1000 laser microscope (Analytikjena, Hamburg, Ger-
many). A laser scanning microscopy VK-X1000 (Keyence, Taipei,
Taiwan) was used to display the real morphologies of composite beads.

Applied Clay Science 245 (2023) 107127

3. Results and discussion
3.1. Kinetics of adsorption

The adsorption kinetic data are displayed in Fig. 1, and the results
revealed that a pseudo-second-order model provided the best fit to the
experimental data (a detailed discussion of the model equation and
fitting parameters is provided in the SI). The coefficient of determination
(R?) was 0.99 for an initial TC concentration of 1500 mg L1 (Table 1)
and indicated the possibility of chemical adsorption via chemical bond
formation or ion exchange (He et al., 2020; Hu et al., 2019; Liao et al.,
2022;). In addition, the TC adsorption equilibrium time was 8 h for both
Mt/SA ratios, but the amount adsorbed reached 90% within 4 h (Fig. 1).
The equilibrium time for TC adsorption in this study was superior to that
reported for an initial TC concentration of 1500 mg L1 (Table S2). An
equilibrium adsorption level close to that predicted from the pseudo-
second-order model would indicate that chemical adsorption and pore
mass transfer might have played pivotal roles in the adsorption process
(Chang et al., 2009a). In the first 0.25 h, the amounts of TC adsorbed in
our study were 200, 110, and 110 mg g~ for original Mt, 2:1- and 1:1-
Mt/SA (Fig. 1), respectively. The TC adsorption capacities for 2:1- and
1:1-Mt/SA ratios were both higher than 110 mg g~' for the kinetic
studies, indicating a high affinity between TC and the composite Mt/SA
beads. Although the amounts of clay in the composite beads were less
than the original amounts, the bead pore structure could have increased
the amounts adsorbed. Therefore, the increase in the amount of TC
adsorbed was likely due to co-adsorption involving the pore spaces and
cation exchange. The higher adsorption capacities were observed in the
kinetic adsorption experiments, especially for the 2:1 beads (Fig. 1). In
summary, the results showed that the 2:1- and 1:1-composite beads
displayed equilibrium times similar to that of the original Mt powder.

The kinetic model showed that the amount of TC adsorbed reached a
maximum after 24 h. Therefore, subsequent isothermal studies were
conducted over an equilibration time of 24 h.

3.2. Adsorption isotherms

The Freundlich and Langmuir isotherms for adsorption of TC on the
2:1- and 1:1-composite beads at pH 2.8-5.0 are plotted in Fig. 2. The
experimental data was well fitted with the Langmuir isotherm. The
maximum potential adsorption capacities were 745, 689, and 445 mg
g~ for the 2:1, 1:1 ratios and original Mt, respectively (Table 2). The
2:1- and 1:1-composite beads showed better TC adsorption capacities of
745 and 689 mg g~ compared to a cation exchange capacity of 123
cmol(,y kg™! for original Mt (SAz-2). Additionally, these 2:1- and 1:1-
composite beads both exhibited higher adsorption capacities
compared to those of many previous studies (Table S3). The original Mt
exhibited a TC adsorption capacity (445 mg g !) similar to that reported
earlier (Chang et al., 2009a). Interestingly, the amounts of Mt in the 2:1-
and 1:1-beads were less than the original amount of Mt. Therefore, if
adsorption occurred via a cation exchange mechanism, the amount of TC
adsorbed would decrease with decreasing amounts of Mt in the different
Mt/SA ratios. However, the adsorption capacities of the 2:1- and 1:1-
beads were greater than that of the original Mt (Fig. 2). In addition,
the best R value was found for the Langmuir model (Table 2), which
indicated monolayer adsorption, as reported in previous studies of TC
adsorption (Liao et al., 2022; Zhang et al., 2019b), instead of the
Freundlich model (He et al., 2020; Huang et al., 2019; Zhang et al.,
2019b). Furthermore, we were able to determine the separation factor
for the Langmuir isotherm model (Zhang et al., 2019b).

The value of Ry indicated the thermodynamic behavior of the iso-
therms. When R, = 0,0 < Ry < 1, R, = 1, and Ry > 1 corresponded to
irreversible, favorable, linear, and unfavorable, respectively (Li and
Zhang, 2010). The value of Ry (Fig. S3) ranged from 0.18 to 0.92,
indicating favorable adsorption of TC on the 2:1- and 1:1-beads.
Therefore, the higher amounts of TC adsorbed on the 2:1- and 1:1-
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Table 2
Estimated isothermal model parameters for TC adsorption onto 2:1, 1: 1 Mt/SA
composite beads, original Mt.

Isothermal models Parameters 2:1 Mt/SA 1:1 Mt/SA Original Mt

Freundlich Kf (mg g ™) 12.42 8.44 80.9
1/m@Lg™ 0.48 0.51 0.2
R? 0.96 0.98 0.89
Ry 0.95 0.97 0.89
RMSEP 36.34 24.93 40.09
RPD 4.64 6.02 2.69

Langmuir b (L mg™) 0.001 0.0008 0.010
Qm (mg g™ 745.0 689.5 445.6
R? 0.99 0.99 0.98
Rij 0.99 0.99 0.98
RMSEP 9.14 5.45 15.19
RPD 19.57 29.07 8.25
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beads were likely due to the pore structures. This was observed from the
ocular sign images of breaking beads (Fig. S4). Indeed, the SA beads
contributed approximately 160 mg g~! TC to the adsorption levels
(Fig. S5), and this may have involved electrostatic interactions between
the hydroxyl groups of the SA and the cationic TC within the pH range
3-5. However, the SA beads contained 100% SA, which was higher than
the proportions in the 2:1- and 1:1-beads; thus, the actual amounts of SA
adsorbed inside the 2:1- and 1:1-beads should be <160 mg g .
Nevertheless, the SA beads showed higher amounts of cationic com-
pounds or ions adsorbed on the composite beads made with SA-based
materials. This is a significant result that many previous studies did
not discuss.

Previous studies using energy dispersive spectroscopy (EDS) showed
that the Na™ in the interlayers of Na-montmorillonite were removed by
bead formation (Das et al., 2021; Fernandes et al., 2018). Thus, the in-
terlayers were saturated with the SA (Das et al., 2021). However, we
observed a different result for SAz-2 (Ca-montmorillonite) in this study.
The desorption of metal cations and the sorption of TC displayed a
positive correlation (Fig. 3). The amounts of K™ and Na™ released were
low and almost unaffected by the amount of TC adsorbed. However, the
amount of Mg?" released was slightly higher due to the 6.46% MgO
content in the original Mt (Table S1). The principal cation desorbed was
Ca?*, and the amount of Ca?" desorbed was much higher than the
amount of TC adsorbed; this indicated that cation exchange was
involved in TC adsorption, as reported previously (Chang et al., 2009a,
2009b; Chang et al., 2019). Similarly, the TC adsorption was higher at
low pH and under low Ca?* concentration which corroborated with our
results indicating that desorbed Ca?* was much higher which facilitated
the TC adsorption (Aristilde et al., 2016; Parolo et al., 2012). However,
the material used in this study was combined with Mt and SA, and the Mt
continued the cation exchange process, but the SA did not. The
maximum capacity of TC adsorbed on 0.1 g of SA was 160 mg g™, and
the amounts adsorbed on the 2:1- and 1:1-beads should be less than that
for 0.1 g of SA. Therefore, the influence of SA on the adsorption ca-
pacities of the 2:1- and 1:1-beads was not significant. Thus, the slope of
these curves (Fig. 3) still suggested that cation exchange was the main
adsorption mechanism based on the values of 0.98, 1.07, and 1.11 for
the original, 1:1, and 2:1 samples, respectively (Fig. 3). The cations
desorbed from the 2:1- and 1:1-beads could have been replaced by H*
because the pH of the medium was between 3 and 5 (Chang et al.,
2009b; Chang et al., 2019; Figueroa et al., 2004). The positive correla-
tion between the amounts of TC adsorbed and the cations desorbed
implied that cation exchange played a significant role in TC adsorption
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(Fig. 2). In a similar fashion, TC adsorption at low pH on the acidic Mt
clay occurred through proton uptake and the TC adsorption mechanisms
were explained by cation exchange and surface complexation (Figueroa
et al., 2004).

3.3. Impact of solution pH on TC adsorption

Because of TC having different forms (Fig. S1b), the pH of the solu-
tion was a pivotal factor in water treatment. In addition, the composite
beads collapsed at pH >8. Therefore, the solution pH for TC adsorption
was set from pH 2 to 7 (Fig. 4). The adsorption capacities were 395, 337,
and 400 mg g~ ! at pH 3 (Fig. 4) corresponding to 400, 333, and 400 mg
g~ ! at pH 3.2 (Fig. 2) for 2:1, 1:1 and original at the initial TC concen-
tration of 1500 mg L™}, respectively. For the original Mt, the trend of
adsorption amounts of TC was similar as reported in previous studies
(Figueroa et al., 2004; Li et al., 2005; Parolo et al., 2012; Chang et al.,
2019; Zhang et al., 2019b). Moreover, the decrease of adsorption
amounts with increasing pH (Fig. 3), displayed the efficiency of Mt on
TC adsorption, which was mainly dependent upon the charged forms of
TC (Parolo et al., 2012). In contrast, the adsorption amounts increased
with increasing pH for 2:1-1:1- beads (Fig. 3). Meanwhile, the amounts
of adsorption increased with increasing pH for SA. Significantly, the
higher amounts of adsorption of TC on 2:1-1:1- beads were due to SA at
pH 4-7. Since the SA molecule has a large number of —OH, the
adsorption capacity was contributed to electrostatic interaction between
the —OH of the SA and cations such as Ca®>* of Mt, and this behavior was
also identified in the 3.2 section. Moreover, since we confirmed the
filling of TC into the pore structure was not the main factor underlying
enhanced adsorption, and it was monolayer adsorption, therefore, the
efficiency of SA on TC adsorption under variable solution pH suggested
that pore filling was not the prime reason for TC adsorption. In addition,
we exclude the precipitation of TC at pH 1.5-8.7 by virtues of the results
of previous study (Chang et al., 2014). The SA played an important role
in the upliftment of adsorption when TC existed in a zwitteronic form at
pH 3.3-7.0 (Figueroa et al., 2004) (Fig. 3). Furthermore, the crosslinking
of Mt with SA introduced —OH which made the beads more hydrophobic
(Kotecka and Krysinski, 2015), which was conducive to the adsorption
of neutral species. TC contains several moieties that are capable of
participating in H-bonding by acting as H acceptors or as both OH ac-
ceptors and H donors (hydroxyl, amide, carbonyl, and amino groups).
Moreover, the gel beads are rich in oxygen-containing functional groups
(hydroxyl and carboxyl groups) that strengthen hydrogen bonding
under acidic solution conditions (Priya and Radha, 2017). Acidic
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solution can also activate the electron-acceptor capabilities of TC (Gao
et al., 2012). Therefore, PVA-CA gel beads are more likely to promote ©
electron-donor interactions such as n-t EDA interactions, cation-t bond
interactions, and cation-n bond interactions (Zhang et al., 2019b).

3.4. Effect of ionic strength on gel beads adsorption

Since cation exchange and electrostatic interaction has been shown
to be the key mechanism of TC adsorption on 2:1-1:1- beads, addition of
a second cation in the system is expected to decrease the TC adsorption
through competition effect (Hu et al., 2017; Yang et al., 2017). Indeed,
the competition was significant with an increase in concentrations of
Na™ (Fig. 5). At the highest concentration of NaCl, the TC adsorption
capacity became 135 mg g ™! from 400 mg g™ for 2:1 bead, which likely
resulted from the strong competition for adsorption sites. The influence
of ionic strength for the composite beads was not significant within the
concentration range of 0-0.1 mol L™! of NaCl for TC (Ingerslev and
Halling-Sgrensen, 2000), and of 0-0.1 mol L7! of NaCl for chlortetra-
cycline (Liao et al., 2022) adsorption on gel beads compared to 0-1 mol
L~! NaCl in this study. However, the concentrations of Na¥, Ca’t and
Mg?" were usually <100 mg L ™! (Liao et al., 2022), which was less than
the lowest value of 0.001 mol L™ NaCl in this study. Therefore, the
adsorption of TC on the Mt/SA gel beads will not be influenced by co-
existing cations during practical applications. TC adsorption on 2:1
and 1:1 composite beads was strongly dependent on the solution pH and
ionic strength which confirmed the electrostatic attraction and cation
exchange was the operative mechanisms for TC adsorption (Figueroa
et al., 2004).

3.5. Effect of temperature on gel beads adsorption

The TC adsorption capacity increased with increasing temperature at
an initial TC concentration of 1500 mg L! (Fig. 6), suggesting an
endothermic adsorption process. The correlated equations of the un-
derlying thermodynamics are listed below, and their parameters are
shown in Table 3. Negative AG value obtained for original Mt in this
study suggested a spontaneous adsorption process, however, the positive
AG values for 1:1 and 2:1 Mt/SA suggested that adsorption reaction was
non-spontaneous due to their relatively low positive AH and AS values
as compared with original Mt (Table 3). The positive AH value indicated
an endothermic adsorption process. The relatively positive value of AS,
a measure of increased molecular morphology disorder, suggested the
increase in system randomness as TC molecules were randomly
distributed across gel bead surfaces.
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Table 3
Thermodynamic parameters of TC uptake on composite beads of Mt/SA under different temperatures.
Adsorbent pH In K, AG (kJ mol™) AH AS
(kJ mol ™) (kJ (mol K)™H)
298 K 313K 328 K 298 K 313K 328 K
Original Mt 3-4 0.230 0.576 0.950 —0.546 —1.554 —2.562 19.483 0.067
1:1 Mt/SA 3-4 —0.948 —0.570 —0.254 2.338 1.508 0.678 18.831 0.055
2:1 Mt/SA 34 —-0.713 —0.521 —0.392 1.687 1.373 1.060 7.924 0.021

The thermodynamic parameters of TC adsorption were deduced from
the variation in where the equilibrium constant (K;) with temperature
using Eq. 1-3 (Edet and Ifelebuegu, 2020):

AG = —RT o InkK, (€H)
AG = AH — TAS &)
InK. = AH/RT — AS/R 3)

where, thermodynamic parameters T is the temperature (K), R is the
universal gas constant (8.314 J (moloK)*l), AH is the enthalpy change
(kJ mol_l), AS is the entropy change (kJ (moloK)_l), and the free energy
of adsorption AG (kJ mol ™). The K. is the C,/Ce. The C, is the amount of
adsorbate adsorbed at equilibrium (mg L D and C. is the concentration
of the adsorbate in the solution at equilibrium (mg L™1), respectively.

3.6. Derivative thermogravimetric (DTG) analyses

For the powder Mt, the thermogravimetric (TG) and derivative of TG
(DTG) exhibited a decomposition temperature (Tpear) at 60 °C with a
mass loss of 18%, which was attributed to the removal of adsorbed
water, and a subsequent Tpeak at 155 °C attributed to interlayer water
loss (Guggenheim and Groos, 2001) (Fig. 7a, b). When the amount of
intercalated TC was 0.77 CEC, the Tpeax at 155 °C disappeared, indi-
cating the absence of interlayer water. The total mass loss of adsorbed
and interlayer waters was about 20% for the original Mt, which grad-
ually decreased to 7 and 3% as the CEC increased from 0.59 to 0.77
(Fig. 7a). This indicated that TC replaced water in the interlayers. The
progressive increase in total mass loss from 0.59 to 0.77 CEC confirmed
the presence of TC either on the surface or in the interlayer of the
original Mt (Fig. 7a). In comparison, TC by itself exhibited 20% to 80%
of mass loss with a Tpear at 260 °C to a Tpeax at 570 °C (Fig. 7b). The
increase in TC Tpeak to 310 °C, 620 °C, and 700 °C after adsorption
(Fig. 7a) was attributed to TC-clay intercalation (Chang et al., 2014).

For 1:1 Mt/SA (Fig. 7c, d), the cations accompanied with two water
molecule layers in the interlayers of Mt, has been shown to exist by ion
chromatography (IC) according to the form of gel beads. Thus, the Tpeax
at 60 °C and 155 °C of adsorbed water and interlayer water, respectively,
should appear in 1:1 Mt/SA (Fig. 7c, d), but they disappeared. This
might be due to the protection of the SA structure that rendered this
Tpeak to enhance to Tpeax at 210 °C, as their mass loss was almost close to
0 (Fig. 7¢). The Tpeax of SA at 270 °C was the degradation temperature
(Kragovic et al., 2016) which decreased to 210 °C. Furthermore, the
peak of adsorbed water appeared again for 0.59 and 0.89 CEC of the
adsorbed samples and combined to a broad peak at Tpeax at 60 °C
(Fig. 7a). This Tpeax of TC at 260 °C and 570 °C increased to 290 °C and
710 °C (Fig. 7d), and this increasing trend also appeared for 2:1 Mt/SA
adsorbed samples (Fig. 7f). Besides, the total mass loss of 1:1 Mt/SA and
2:1 Mt/SA were almost the same (Fig. 7c, €). The Tpeak of SA at 570 °C
belonged to the decomposition temperature (Kragovic et al., 2016). It
was difficult to justify the Tpeax of adsorbed samples at 710° as owing to
TC or SA because both of them have the same T,k at 570 °C (Fig. 7d),
but these Tpears all shifted to a higher temperature (Fig. 7d, f) and
confirmed the enhancement of Tea of TC or SA for adsorbed samples.

3.7. XRD analysis of the Mt/SA beads

Since cation exchange was shown to be the main adsorption mech-
anism, many studies have shown that the d-value of Mt changed after the
adsorption of organic compounds (Hao et al., 2021). Because physical
grinding is not able to destroy chemical bonds, the raw gel beads and
adsorption samples were carefully ground to form powders for XRD
analysis (Fig. 8a, b, ¢). The XRD patterns of the original, 2:1- and 1:1-
beads remained almost similar (inserted figure in Fig. 8a), which indi-
cated that SA was not inserted into the Mt interlayers. The results
showed the 001 reflection for the raw Mt at 5.74° (260) (Fig. 8a), which
corresponded to a d-value of 15.4 A and indicated that the interlayer
cation was Ca®" with two layers of water associated for hydration
(Chang et al., 2014). After addition of the TC with different initial
concentrations, the 001 reflection became broader and reached a
plateau at 0.12 and 0.29 cation exchange capacity (CEC), respectively.
This plateau indicated that SAz-2 was a mixed-layered clay composed of
pure SAz-2 and SAz-2 intercalated with TC at this adsorption level
(Chang et al., 2014). Since the amount of TC intercalated was higher
than 0.46 CEC, an obvious shift in the 001 reflection to a lower angle and
a large increase in the full width at half maximum (FWHM) was
observed, and the basal spacing expanded to 21.03 A. At0.77 CEC, the
basal spacing of the 001 reflection increased to 21.20 A (Fig. 8a). Again,
the large FWHM showed that the crystallinity of the SAz-2 was much
lower after intercalation of the TC. Furthermore, 002 reflections
appeared at adsorption levels of 0.46-0.77 CEC, which was never found
for raw Mt (insert figure in Fig. 8a); this suggested a disordered transi-
tion of the SAz-1 structure and larger amounts of TC intercalated (Chang
etal., 2009a). Meanwhile, the d-value of the 002 reflection was 10.52 A,
almost half of 21.03 A, which corresponded to the mineral character-
ization via XRD.

The variations in the d-values for the 2:1- and 1:1-beads were the
same as those of the original Mt (Fig. 8b, c). They were presented as
transitions involving the formation of mechanical mixtures, materials of
intermediate layer thicknesses, and/or mixed layering of different or-
dered states during the intercalation process. In particular, the in-
tensities of the 002 reflections were larger than those of the original Mt,
again suggesting that there was more adsorption on the 2:1- and 1:1-
beads. Additionally, the 001 and 002 reflections showed regular ap-
pearances. In addition, the d-value was increased to 21.37 10\, which
exceeded 21.20 A, and this supported the higher amounts adsorbed by
the 2:1- and 1:1-beads (Fig. 8b, c).

Overall, for all samples adsorbed on the 2:1- and 1:1-beads, the trend
for order-disorder of the 00 1 reflections indicated transitions from
practically perfect situations of mixed-layer ordering to relatively low
degrees of ordering for the low-to-intermediate levels of intercalation,
and high levels of intercalation returned to a perfect ordering situation.
In addition, the consistencies of these reflections locations and in-
tensities strongly suggested that adsorption of TC occurred on the in-
ternal surfaces of the Mt (Fig. 8a).

3.8. FTIR analyses

For isotherm studies, the FTIR spectra of the samples with different
CEC values are illustrated in Fig. 9a, b, ¢, and the characteristic positions
are listed in Table S4. The characteristic bands for TC are those at
1200-1800 cm™!. Overall, the vibrational bands for the crystalline TC
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matched well with previously reported data (Priya and Radha, 2017). assigned to a skeletal vibration (Schlecht et al., 1974). They were all
The bands at 1616 and 1578 ecm ™! corresponded to the carbonyl groups shifted to higher frequencies (Fig. 9; Table S4) (Gu and Karthikeyan,
in the A and C rings, respectively, while the 1455 cm ! band was 2005; Leypold et al., 2003), in contrast to the shifts to lower frequencies
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1000 um

Fig. 10. Visible images (a-1-6) of 1:1 Mt/SA (a-1), 2:1 Mt/SA (a-2), and after in contact TC with 4000 mg L7 ! (a-3, 4), and their profile images (a-5, 6), respectively.
SEM images (b-1-8) of 1:1 Mt/SA (b-1), 2:1 Mt/SA (b-5). And, their structures for 1:1 Mt/SA (b-2, b-3, b-4) and 2:1 Mt/SA (b-6, b-7, b-8) under different
magnifications.
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reported for Mt (Caminati et al., 2002; Porubcan et al., 1978). Shifts to
higher frequencies resulted from a strong interaction between the Mt
surface and the intercalated TC (Kim et al., 2013), which suggested that
the amide functional group participated in TC intercalation. The other
peaks, present at 1227 em~! (Schlecht et al., 1974) and 1675 cm !
(Kulshrestha et al., 2004), confirmed that the amide group was involved
in adsorption. Furthermore, the peak positions for raw SA, 1:1 Mt/SA,
and 2:1 Mt/SA are shown in Table S5. The shifts indicated the existence
of (COO™) and (CH-OCH,) moieties in the SA, which indicated that the
interactions between the SA and oxides on the Mt surface involved the
formation of H-bonds (Gambinossi et al., 2004). Participation of the
amine and dimethylamino groups in TC required a horizontal orienta-
tion on the internal surfaces of the 2:1 and 1:1 composite beads, as
confirmed by the XRD and FTIR results.

3.9. Laser microscopy and FE-SEM images

The laser microscopy images (Fig. 10), such as those for the colorful
TC adsorbate, showed that the composite beads (Fig. 10a-1, —2) were
full of the yellowish TC (Fig. 10a-3, —4) or their profile (Fig. 10a-5, —6)
at the initial concentration of 1500 mg L™, indicated that these com-
posite beads made of Mt adsorbed ample TC even inside the beads. On
the other hand, some of the composite beads obtained after oven-drying
were full of fractures (Fig. 10a-3), and some of them showed a smooth
surface morphology (Fig. 10a-4). Nevertheless, these beads were stable
and did not collapse at pH between 2 and 7.

The FE-SEM images indicated that the composite beads were full of
pores (Fig. 10b-1, —2, —4, -5, —6, —7). Furthermore, the layered
structure of Mt was still visible after granulation with the SA (Fig. 10b-3,
—8). These structures indicated the possibility of cation exchange be-
tween the Mt and TC. These micron-scale pores provided pathways for
entry of the nanosized TC molecules into the interiors of the beads and
enhanced the adsorption capacities of the 2:1- and 1:1-Mt/SA beads.

3.10. Adsorption mechanism

We identified electrostatic attraction between the —OH of SA and the
cationic TC as one of the main adsorption mechanisms operating at low
solution pH (Fig. S6). In addition, several previous studies described the
adsorption mechanism between TC and composite beads made of Mt/
SA, and these included combinations of H-bonding, cation-n pair
bonding interactions, cation-t bond interactions, and n-t EDA in-
teractions (Zhang et al., 2019b). The multiple mechanisms for TC
adsorption were shown to include hydrophobic interactions, n-n EDA
interactions, cation bonding bridges, electrostatic interactions, and
hydrogen bonding (Farea et al., 2020; Liao et al., 2022). However, in this
study, we investigated the capacity for TC adsorption on the pure SA
beads and confirmed the adsorption capacities of the 2:1- and 1:1-beads.
Moreover, the desorbed cations confirmed that cation exchange was one
of the main adsorption mechanisms that increased the adsorption ca-
pacity potential up to 745 and 689 mg g~ for the 2:1- and 1:1-beads,
respectively. Many previous studies indicated that large adsorption ca-
pacities for powdered Mt clay were always caused by cation exchange
phenomenon (Chang et al., 2019; Figueroa et al., 2004). Moreover, the
d-value for Mt in the 2:1- and 1:1-beads increased with increasing
adsorption capacity, and the increased decomposition temperature for
TC indicated intercalation (Chang et al., 2019). Under these scenarios,
cation exchange between the Mt and TC was the main adsorption
mechanism, and H-bonding between the SA and TC was also involved in
the adsorption processes of the 2:1- and 1:1-beads (Fig. S6).

4. Conclusions and future research direction
In this study, novel Mt/SA composite beads were successfully pre-

pared using 2:1 and 1:1 Mt/SA ratios and evaluated for the removal of
TC antibiotic from aqueous system. The XRD, FTIR, FE-SEM and laser
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microscopy analyses revealed that Mt/SA composite beads were porous
and had significantly different physicochemical and morphological
properties than raw Mt. The 2:1 Mt/SA exhibited excellent TC adsorp-
tion capacity of 745 mg g~! compared to raw Mt (445 mg g~ %) and
reached equilibrium within 8 h. Cation exchange was proved as the
principal mechanism for TC adsorption. The Mt/SA beads were suc-
cessful to remove TC under pH 2-7. The significance of the study lies in
the successful formulation of beads from Mt/SA composites that pro-
vided an excellent TC adsorption capacity making the separation of the
beads quite easier from aqueous solution compared to a powdered
adsorbent. Overall, this study provides a novel, inexpensive and green
approach to remove TC from aqueous system. The stability of beads
under a wide range of pH, assessment of TC removal performance from
real wastewater and evaluation of ecotoxicological impacts of the beads,
if any, require future research attention.
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