B 'vater MoPy

Article

Removal of Ciprofloxacin with Aluminum-Pillared
Kaolin Sodium Alginate Beads (CA-Al-KABs):
Kinetics, Isotherms, and BBD Model

Yuying Hu !, Cheng Pan %, Xiaohuan Zheng ?, Susu Liu ?, Fengping Hu ?, Li Xu 2, Gaoping Xu 2
and Xiaoming Peng *

1 School of Civil Engineering and Architecture, East China Jiaotong University, Nanchang 330013, China;
3036@ecjtu.edu.cn (Y.H.); 2018018085213037@ecjtu.edu.cn (C.P.); 2019018081403010@ecjtu.edu.cn (X.Z.);
2016011004000204@ecjtu.edu.cn (S.L); hufengping1968@126.com (F.H.)

2 Jiangxi Province Key Laboratory of Drinking Water Safety, Nanchang 330013, China;
JXSSWSKJ@163.com (L.X.); x764069647@163.com (G.X.)

* Correspondence: pengxiaoming70@gmail.com

Received: 2 March 2020; Accepted: 19 March 2020; Published: 23 March 2020

Abstract: In recent years, the problem of water pollution caused by antibiotics has attracted wide
attention. The common use of antibiotics represents a threat to both human health and
environmental safety. The modification of kaolin clay is promising due to its high efficiency, easy
operation, and low cost. In this study, a novel material, aluminum-pillared kaolin sodium alginate
beads (CA-AIl-KABs), was synthesized by gelling and solidification processes. The structure and
chemical properties were characterized by various analytical methods. The influencing factors (such
as adsorbent dosage, contacting time, pH, ion strength, temperature, and initial concentration) and
adsorption mechanism of ciprofloxacin (CIP) were studied. Furthermore, adsorption kinetics,
adsorption isotherms, and a Box-Behnken design (BBD) model were conducted. Moreover, CA-Al-
KABs’ adsorption efficiency towards other antibiotics were also evaluated. The adsorption
experiments showed that the acidic environment (pH = 4) was more favorable for the adsorption of
ciprofloxacin. The adsorption kinetics of ciprofloxacin by CA-Al-KABs microspheres were
confirmed to be more suitable with the pseudo-first-order kinetics model. The Langmuir isotherm
model showed that the maximum adsorption capacity of CA-Al-KABs microspheres to
ciprofloxacin was 68.36 mg/g at 308.15 K. The adsorption driving force of CIP near CA-Al-KABs
may be the electrostatic attraction. Further, CIP could also form complexes with Ca? and Al—Al—
OH on CA-AIl-KABs, and thus CIP was attracted to the adsorbent. Adsorption thermodynamics
showed that the adsorption process was exothermic, feasible, and spontaneous. In addition, the
adsorption performance on other antibiotics indicated CA-AI-KABs’ broad application in the
treatment of antibiotic wastewater.
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1. Introduction

Due to their common utilization in healthcare and animal feeding [1], antibiotics are considered
as one of the important emerging pollutants and thus elicit extensive concern. Water and soil
environments are easily deteriorated once they are not treated properly, and the presence of various
antibiotics in the environment could pose a threat to ecosystem safety. Thus, the proper treatment of
antibiotics is in urgent demand.

Chemical oxidation, photocatalytic degradation, membrane filtration, adsorption, and so on
were reported to be utilized for the removal of antibiotics [2]. Among them, adsorption was
promising in terms of practical application for its high efficiency, easy operation, and low cost.
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Furthermore, the adsorption of antibiotics on clays was promising due to the low cost, and has
attracted increasing attention.

It is widely accepted that clays such as Kaolin have the advantages of economic cost, abundant
availability, and environmental friendliness [3]. It is widely accepted that kaolin is abundant in
nature. Kaolin is mainly composed of kaolinite with the chemical formula of Al:Si2Os5(OH)4 [4]. The
kaolinite was reported to be 1:1 type layer silicate with the structure of a tetrahedral sheet of silica
(5102) linked with an oxygen atom and octahedral sheet of alumina (Al:0s) [5]. Kaolin’s molecular
was estimated weight to be 258.071 gm/mol. The cation exchange capacity of kaolin (the soil's ability
to hold cations by electrical attraction) was measured to be 1-10 meq/100 g with the surface area of
7-30 m?/g [5]. In this way, much effort has been put towards the modification of Kaolin clay for
enhancing its adsorption ability. Adekola et al. prepared hematite-kaolin composite for CIP
adsorption from aqueous solution, the optimum adsorption capacity was obtained at pH of 5 with
the adsorption capacity of 5.3 mg/g [6]. Moreover, a magnetically separable adsorbent (chitosan
(CTS)/kaolin/FesOs magnetic microspheres) was previously prepared by emulsion cross-linking for
the adsorption of CIP. The highest adsorption capacity of 15 mg/g, the adsorption-desorption
experiments of this material were also conducted and suggested the material was promising for
removing CIP [7].

For example, graphene hybridized polydopamine-kaolin composite was synthesized as an
effective adsorbent for the removal of methylene blue, and achieved the adsorption capacity of 39.663
mg/g [3]. Ibrahim et al. [8] prepared zeolites from kaolin, then they investigated its adsorption
behavior towards different heavy metals, such as Cu?, Cd?, Cr*, Ni*» and Zn?.

Among the modifications, metal pillared interlayered clays are attracting increasing attention. It
was noted that the adsorption capacity of such clay was enhanced to a large extent, and the modified
material was economical [9]. Zhou et al. [9] prepared a novel nano iron/zirconium-pillared
clinoptilolite (nano Fe/Zr-PC) and observed its efficient adsorption performance of ammonium,
phosphate, and cadmium (Cd (II)). Further, single and mixed pillared clay have been prepared to
adsorb the inorganic pollutant (e.g., the cadmium, cobalt, and copper) in water [10].

Alginate is a kind of natural polysaccharide, produced by brown algae and bacteria [11]. It is
composed of both 3-D-mannuronic acid and a-L-guluronic acid, and considered to be efficient in
pollutants removal. Furthermore, the combination of alginate and clay could form beads, and thus is
easier to separate and reuse.

In this study, aluminum-pillared kaolin sodium alginate beads (CA-Al-KABs) was prepared
with local kaolin clays. Then, its morphology was characterized by X-ray diffraction analysis (XRD),
scanning electron microscope (SEM) attached with energy dispersive X-ray spectroscopy (XPS),
elemental composition analysis (EDS), transmission electron microscope (TEM), thermogravimetric
(TG) analysis, and Fourier transform infrared spectrometer (FT-IR). Then, its adsorption capacity
towards CIP (CIP) was investigated at different environmental conditions (adsorbent dosage,
contacting time, pH, ion strength, temperature and initial concentration). A Box-Behnken design
(BBD) model was conducted for the optimal condition. Afterward, the adsorbing mechanism of CIP
on CA-AI-KABs was analyzed. CA-Al-KABs’ adsorption efficiency to other antibiotics (norfloxacin
and tetracycline) were also evaluated.

2. Materials and Methods
2.1. Fabrication of CA-Al-KABs

2.1.1. Preparation of Na-Kaolin

pH value was not specially adjusted during the preparation. The preparation of Na-kaolin was
conducted in neutral conditions. Briefly, kaolin with the amount of 20g was dispersed in 100 mL
deionized water and shaken for 8 h before being left to stand for 15min. In this way, kaolin suspension
was obtained. The kaolin loss proportion in supernatant accounted for about 40%. The suspension
was mixed with 50 mL NaCl solution (1.0 mol/L) and stirred for 12 h. After settling, the supernatant
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was removed. The solid part was washed with ultrapure water 3 times and then dried at 60 °C for 12
h before being ground to 100-200 mesh. In this way, Na-kaolin was obtained.

2.1.2. Preparation of Al-Kaolin

The preparation of Al-kaolin was conducted in alkaline conditions. With vigorous stirring in a
water bath at 60 °C, NaOH solution (0.96 mol/L) with the amount of 50mL was slowly added into 50
mL AICls-6H20 (0.4 mol/L) solution and stirred for 20 min. The Al column support solution was
obtained.

Then, Na-kaolin with the amount of 2.5 g was dispersed in 100 mL deionized water, and
dropwise added into 100 mL Al column support solution (0.2 mol/L), stirred for 22 h, and stood for
12 h. The resulting part was washed with ultrapure water for 3 times, then dried at 60 °C for 12 h
before grounded to 100-200 mesh to obtain Al-kaolin.

2.1.3. Preparation of CA-Al-KABs

Briefly, 2 g sodium alginate solid was added to 100 ml deionized water and vigorously stirred
for 20 min. Afterwards, the suspension was ultrasonicated for 10 min to remove air bubbles from the
solution. The sodium alginate solution with the concentration of 20 g/L was obtained.

Then, 2 g Al-Kaolin was added to 100 mL sodium alginate solution (20 g/L). The mixture was
stirred for 20 min before then ultrasonicated for 10 min. It was added to 500 ml calcium chloride
solution (0.5 mol/L). The beads were formed under stirring and were stood to harden for 20 min.
Spherical beads were obtained after being filtered and washed three times with ultrapure water. The
beads were then dried at 60 °C for 12 h.

2.2. Characterizations

The surface morphology of the material was characterized by scanning electron microscope
(Gemini, Zeiss300, Jena, Germany) attached with energy dispersive X-ray spectroscopy (EDS,
Gemini300, Zeiss Company, Jena, Germany). XRD analysis was performed by X-ray diffractometer
(D8 ADVANCE, Bruker, Madison, WI, USA). The thermal stability (TG) of microspheres was
analyzed with a synchronous thermogravimetric analyzer (TGA55, TA, New Castle, DE, USA). The
change of the functional groups in CA-Al-KABs microspheres before and after tetracycline
adsorption were investigated by using the Fourier transform infrared spectrometer (FT-IR, Nicolet-
6700, Thermo Fisher Scientific, Waltham, MA, USA) XPS was obtained using an electron spectrometer
(ESCALAB 250XI, Thermo Fisher, Waltham, MA, USA).

2.3. Adsorption Experiment

The influence factors of CA-Al-KABs’ adsorption capacity towards CIP were systematically
studied through batch adsorption experiments. The factors included the dosage of CA-Al-KABs (0.0
-0.1 g/50 mL), the initial pH of the solution (3-11), contact time (0-1440 min), temperature (288.15 K
-308.15 K), initial concentration of CIP (20-140 mg/L), and different ionic strengths. In addition, the
adsorption performance of CA-Al-KABs on different antibiotics was also studied. Batch adsorption
experiments were performed in a vapor-bathing constant temperature shaker. The accurately
weighed CA-Al-KABs and 50 mL CIP solution of a certain concentration were transferred into a 100
mL corked conical flask, and the pH of the solution was adjusted by adding 0.1 mol/L NaOH and
HNQO:s. Then, the flasks were placed in a constant temperature oscillating chamber in a gas bath for
oscillation (200 rpm). The maximum adsorption wavelength of CIP was determined to be 277 nm by
wavelength scanning and the concentration of CIP solution was measured using a UV-visible
spectrophotometer at a wavelength of 277 mm. All experiments including blanks were performed in
triplicate, and the correlation values in the figure were average values.

Relevant parameters of CIP adsorption process were calculated by the following formula:

Co—Ce)V
qp = CeX, M

m
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Re = "¢ x 100%, )

where qe (mg/g) and Re (%) represent the adsorption capacity and removal efficiency of CIP by CA-
Al-KABs respectively. Co and Ce are the initial and equilibrium concentrations of CIP respectively. V
(L) is the volume of CIP solution, and m (g) is the mass of CA-Al-KABs.

In batch adsorption experiments, the optimal pH was obtained by evaluating the adsorption
process at different pH (3-11). Further, CA-AI-KABs of different dosage (0.02, 0.04. 0.06, 0.08, 0.1 g/50
mL) were added to 50 mL CIP solution (20 mg/L) at the optimal pH to determine the optimal dosage.
The concentration of CIP was also measured after reacted for different times (0-1440 min) at different
temperatures (288.15-308.15 K). The adsorption capacity of CA-Al-KABs at different times was
calculated using Equation (3). Furthermore, the adsorption isotherm and thermodynamics at
different temperatures were studied by controlling the initial concentration of CIP (20-140 mg/L),
and the adsorption time was kept for as long as 24 h to ensure that the adsorption process reached
adsorption equilibrium.

_ (Co=CoV

Qe =—"7"— @)

m

where qt (mg/g) is the adsorption capacity of CA-Al-KABs at time t, and C: (mg/L) is the concentration
of CIP solution at time t.

In addition, the material was immersed in 0.001 M HCl for 4 h. After four adsorption-desorption
cycles, the adsorption capacity of the material can reach about 80%.

3. Results and Discussion

3.1. Characteristics

The overall and partial morphology of CA-Al-KABs before and after CIP adsorption were
studied, and the results are shown in Figure 1. It could be observed from Figure 1a that the diameter
of the CA-AIl-KABs was measured to be around 1.8 mm. The specific surface area of CA-AI-KABs
was measured to be 10.595 m?/g. The overall shape of the CA-Al-KABs was regular, and the surface
was rough. The uneven surface was covered with countless wrinkles, which led to the increment of
the specific surface area. In this way, the contact area and contact opportunity between CIP molecules
and CA-Al-KABs were increased. In addition, the pleated voids were filled with a large number of
fine particles (Figure 1d), which may be formed by the flocculation of CIP molecules on the surface
of CA-Al-KABs by local supersaturation.

Figure 1. Morphological characterizations of CA-Al-KABs (aluminum-pillared kaolin sodium
alginate beads) ((a) and (b)) and Post-CA-Al-KABs ((c) and (d)).
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EDS was performed on the CA-Al-KABs before and after CIP adsorption, and elemental
mapping analysis was also performed. The results are shown in Figure 2. The elemental composition
of CA-Al-KABs before adsorption was observed to be C, O, Al, Ca, Na, Si. In spite of C, O, Al Ca,
Na, Si, the unique N element was also observed after the adsorption process, and was closely related
to the CIP molecule (molecular formula: Ci7H1sFN3Os). This provided strong evidence for the
successful adsorption of CIP on CA-Al-KABs, and further demonstrated the adsorption ability of CA-
Al-KABs for CIP molecules.

W EE
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Si 5.88

6.37
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Figure 2. The elemental composition analysis (EDS) ( a,b) and elemental mapping spectra of CA-Al-
KABs (c), Post-CA-Al-KABs (d).
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In order to study the thermal stability of CA-AIl-KABs, thermogravimetric (TG) analysis was
performed in oxygen. The thermogravimetric curve of CA-Al-KABs was shown in Figure 3a, which
reflected the relationship between weight and temperature. It can be seen from Figure 3a that CA-Al-
KABs experienced six weightlessness stages as the temperature was increasing. When CA-AIl-KABs
were thermally decomposed, the first mass loss occurred at 59.95 °C. This was closely related to the
evaporation process of surface water and physical adsorption and elimination and volatilization of
bound water molecules. Subsequently, some functional groups (such as hydroxyl, carboxyl, ester
bonds, etc.) and cation bond bridges had undergone thermal cracking, of which the temperature
range was 172.52-233.79 °C. Starting from 412.18 °C, the breaking and decomposition of alginate
molecular chain and basic skeleton might occur in the final stage [12,13]. The TG curve reached
stability near 511.66 °C and the residual weight was above 51.42%. This was because of the cross-
linking of Ca (II) and alginate molecules, indicating the thermal stability of CA-Al-KABs.

The high-resolution FT-IR spectra of CA-Al-KABs before and after adsorption of CIP are shown
in Figure 3b. The broad absorption peaks at 3355 cm™ and 3232 cm™ corresponded to the O —H tensile
vibration (Al —Al—OH) in kaolin and the OH- in interlayer water. This was possibly related to the -
h characteristic stretching vibration of the alcohol and phenolic hydroxyl groups in the CA-AI-KABs
molecular skeleton [14]. It can be seen from Figure 3b that, after the adsorption of CIP by the CA-Al-
KABs, the absorption peaks at 3355 cm™ and 3232 cm™ significantly decreased and almost
disappeared. This was possibly related to the fact that the Al—Al—OH and the layer OH- in
interstitial water forms a complex with CIP molecules. The absorption peaks of 2932 cm™ and 2858
cm™ are mainly derived from the antisymmetric stretching and out-of-plane bending vibration
absorption peaks of alkyl C—H in the SA molecular skeleton [15]. The bonds near 1597 cm™ and 1420
cm™ corresponded to the strong asymmetric telescopic vibration bond (C=O) and the weakly
symmetric telescopic vibration bond (C—O) in the carboxyl group, respectively [16]. Both of the
absorption peaks shifted by about 5 cm™ after the adsorption of CIP, which may be related to the C—=
O bond in the CIP molecule. The band at 1077 cm™ is due to the stretching of the ether—C—O, and
the band at 1025 cm™ is due to the stretching of the alcohol—C—O [17].

The XRD pattern was used to verify the crystal structure of the material, and was shown in
Figure 3c. The main characteristic peaks of sodium alginate powder appeared near 13.0° and 20.0°
[18], while the peak of CA-Al-KABs disappeared at 13.0°. This indicated that sodium alginate was
cross-linked with Ca?* [19].

The change of surface elements in the chemical environment was studied using XPS technology,
and the results were shown in Figure 3d. It could be found that, after the adsorption of CIP, a
characteristic peak appeared near 400ev in the CA-Al-KABs (Figure 3d), which can be assigned to the
characteristic peak of N 1s, indicating that CIP was successfully fixed on the micro-surface of CA-Al-
KABs. In order to study the adsorption mechanism of CIP by CA-AI-KABs, the change of Ca element
before and after CIP adsorption was studied (Figure 3e). The results showed that after adsorption of
CIP, the characteristic peak of Ca 2p significantly decreased and shifted, indicating that Ca? was
involved in the adsorption process, and the carboxyl and keto groups in CIP may form complexes
with Ca?* [20]. Subsequently, the high-resolution Al 2p spectrum was studied (Figure 3f). It can be
seen from the Figure 3f that after adsorption of CIP, the characteristic peak at Al 2p shifted by about
lev, indicating that Al may also form a complex with CIP [21].
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Figure 3. (a) TG (thermogravimetric) analysis of CA-Al-KABs, (b) FT-IR spectra of CA-Al-KABs
before and after CIP (ciprofloxacin) adsorption, (¢) XRD (X-ray diffraction) patterns of SA and CA-
Al-KABs, (d) XPS (X-ray spectroscopy) spectra of wide scan, (e) Ca 2p spectra, (f) Al 2p spectra.

3.2. Effects of Dosage on Adsorption Capacity

Figure 4a shows the influence of different dosages on CIP adsorption of CA-Al-KABs
microsphere. It could be seen that with the increase of adsorbent dosage, the adsorption capacity of
CA-AIl-KABs microsphere to CIP decreased gradually. This might be because increasing the amount
of CA-Al-KABs microspheres will lead to an increase in the number of active sites and the total
effective specific surface area. However, in the solution of constant concentration, there were too
many exposed adsorption sites, such that a large number of adsorption sites did not reach saturation,
resulting in the decrease of adsorption capacity per unit mass of adsorbent [22]. However, the
removal rate of ciprofloxacin was lower when the dosage of adsorbent was lower. Therefore, in the
subsequent experiments, the dosage of adsorbent was 0.04 mg/50 ml, and the removal capacity was
also up to (6.93 mg/g).
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3.3. Effects of pH on Adsorption Capacity

CIP was an amphoteric organic molecule with weak alkaline dimethylamino and weak acid
phenolic hydroxyl. Its acidolysis constants pKa and pKa2 were 6.1 and 8.7 respectively [23]. When the
pH was less than 6.1, the CIP molecule mainly existed in the form of the cation (CIP*), which was
caused by the amine group being protonated [24]. Meanwhile, when the pH was > 8.7, the CIP
molecule existed in the form of the anion (CIP-) due to the loss of a proton of the carboxyl group.
Within the pH range of 6.1-8.7, the pH value of the carboxyl group was higher than pKai, making the
carboxyl group protonated into a negatively charged carboxylate [25]. Therefore, it was necessary to
study the effect of initial pH of the solution on CIP adsorption. In order to study the effects of pH on
CIP adsorption of CA-Al-KABs, batch adsorption experiments were carried out in the pH range of 3—-
11. As shown in Figure 4b, the adsorption capacity of CA-Al-KABs to CIP increased slightly and then
decreased as the initial pH value of the solution increased. The high adsorption capacity was obtained
at low pH of 3 and 4 respectively. This phenomenon could be explained as follows: (1) the zeta
potential on the surface of sodium alginate was negative [26], leading to negatively charged CA-Al-
KABs’ surface. CIP exists as a cationic form at low pH and thus form electrostatic attraction
interaction with CA-Al-KABs. (2) Together with the FT-IR spectral analysis finding that CIP could
form complexes with AI-Al-OH in CA-AI-KABs and OH- in interlaminar water, CIP in cationic form
could better complex with it. (3) COOH groups on CIP could form H-bonding with Al elements of
CA-Al-KABs, and the COOH groups on alginate (pKa1 around 4-5) could also interact with the CIP
at pH =4 [27]. When the pH was lower than 4, the zeta potential on the surface of CA-Al-KABs may
increase [22], and the negative charge point on the surface decrease, resulting in a slight decrease in
the adsorption effect. When pH = 4, the adsorption capacity reached its maximum value (qge = 8.77
mg/g).
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Figure 4. (a) Effect of adsorbent dosage on CIP adsorption capacity (initial CIP concentration: 20
mg-L™, initial pH:7), (b) effect of initial pH on CIP adsorption by CA-AI-KABs (initial CIP
concentration: 20 mg-L™!, m/v: 0.04 g/50 mL), (c) and (d) effects of cationic strength (c) and anionic
strength (d) on CIP adsorption in binary solution and in multicomponent solution by CA-Al-KABs
(initial CIP concentration: 20 mg-L!, m/v: 0.04 g/50 mL, initial pH:7).
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3.4. Effects of Iron Strength’s Effect on Adsorption Capacity

A large amount of different salts exist in the actual water environment, leading to the high ionic
strength, which affected the adsorption performance of antibiotics. For the purpose of evaluating the
anions and cations’ effects on the adsorption performance of CA-Al-KABs to CIP, K+, Na*, Mg?, CI,
S04, and COs* in the iron strength of 0-0.1 M were investigated in this experiment. As shown in
Figure 4c, the adsorption effects of CA-Al-KABs to CIP was inhibited by different cations (K*, Na,
Mg?*). As the concentration of cations in the solution increased, the adsorption capacity of CA-Al-
KAB:s to CIP decreased gradually. Among them, the inhibition of Na* on the adsorption effect of CIP
was the most obvious, and the inhibition of Mg?* on the adsorption effect of CIP inhibition was the
least. Moreover, the low concentration of K* (0.025 M) promoted the adsorption performance, but as
the concentration further increased an inhibition effect was observed. This may be possibly due to
the fact that in the structure of CIP, the carboxyl group of the acidic group and the imino group of
the basic group adsorbed to the surface of CA-AI-KABs by cation exchange, while the high
concentration of cations competed with CIP for the adsorption site. The cations basically occupied
the adsorption site of CIP and inhibited the adsorption reaction of CIP. Compared with the influence
of the cation strength, the adsorption effect of CA-Al-KABs to CIP changed little under different anion
strength (Cl, SO«?-, COs?) (Figure 4d). This suggested that the strength of anion showed fewer
significant effects on the adsorption of CIP by CA-AI-KABs.

3.5. Adsorption Kinetics

In order to study the effects of contact time on the adsorption of CIP by CA-AI-KABs, Figure 5
demonstrates the relative adsorption capacity at different contact times and temperatures. It can be
clearly observed in Figure 5a that the adsorption process of CIP by CA-AI-KABs was strongly time-
dependent. The adsorption capacity of CA-Al-KABs to CIP increased gradually with the increase of
contact time. The adsorption process was faster in the early stage of the adsorption experiment, and
the initial adsorption capacity at 360 min was 4.8 mg-g-1. After 360 min, the adsorption process of CIP
by CA-AI-KABs gradually slowed down, reaching an approximate equilibrium state in around 1080
min. The reason for this phenomenon was that the contact time between CIP molecules and the
surface active sites of CA-Al-KABs were limited at the beginning of the adsorption process, which
led to the insufficient adsorption process. The driving force in the solution transferred CIP molecules
to the outer surface of CA-Al-KABs as the contact time increased, which led to good contact between
CIP molecules and CA-Al-KABs. Subsequently, CIP attached to the external surface of the adsorbent
slowly reached the internal active site of CA-Al-KABs through the intra-particle diffusion mechanism
under the driving force of intra-particle mass transfer, and gradually occupied the internal active
sites, reaching adsorption equilibrium.

The study of adsorption kinetics was quintessential for the analysis of the adsorption process,
and provided a valuable experimental and theoretical reference for the design of the water treatment
system. Therefore, to explore the adsorption process and possible adsorption mechanism of CIP by
CA-AIl-KABEs, two frequently-used adsorption kinetic models were used in this study, including the
pseudo-first-order model and pseudo-second-order model. The pseudo-first-order and pseudo-
second-order adsorption processes represent two different adsorption processes respectively. The
pseudo-first-order assumes that physical adsorption dominated the whole adsorption process, while
the pseudo-second-order assumes that the whole adsorption process was controlled by chemical
adsorption. The formula of the adsorption kinetics model was as follows:

Pseudo-first-order kinetics:

In(qe — q¢) = Inge — kyt, 4)
Pseudo-second-order kinetics:

t 1 t

at - kpq3 ae )
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where qe (mg-g™) is the equilibrium adsorption capacity and qt (mg-g™) is the variable quantity of CIP
adsorbed by unit mass CA-Al-KABs over time. ki (min™) and k2 (g-(mg-min)~) are the rate constants
of pseudo-first-order and pseudo-second-order models, respectively.

The fitting results of the kinetic model are shown in Figure 5b,c, and the relevant parameters are
shown in Table 1. The R? values of the two kinetic models were both higher, indicating that the
adsorption process of CIP by CA-AI-KABs was a complex process controlled by both physical
adsorption and chemical adsorption. It can be seen from the data in Table 1 that at the low
temperature, the R? value of the pseudo-first-order fitting curve was higher than that of the pseudo-
second-order fitting curve, indicating physical adsorption played a dominant role at low
temperature. However, the R? value of the pseudo-second-order kinetics was higher than that of the
pseudo-first-order kinetics at the temperature of 308.15K, indicating that chemical adsorption played
a dominant role at this temperature.

In order to further investigate the adsorption of CIP on CA-Al-KABs at various stages of multi-
process control, this experiment studied the Weber and Morris intra-particle diffusion model, and
the formula was as follows:

Qe =kit/2 + ¢, 6)

where gt (mg-g™) is the adsorption capacity at time t, ki (mg-(g'min'?)?) is the Weber and Morris
intraparticle diffusion rate constant of step i (i =1, 2, 3) in the adsorption process, and C is a constant
associated with the thickness of boundary layer (mg-g™).

The fitting curve of the intra-particle diffusion model was shown in Figure 5d, and the relevant
parameters were shown in Table 1. From Figure 5d, it can be seen that the adsorption process of CIP
on CA-AI-KABs can be clearly divided into three stages, and the curve does not go through the origin.
This indicated that the intra-particle diffusion was not the only rate-control step. The CIP molecules
were first rapidly adsorbed to the outer surface of CA-Al-KABs under the driving force of solution,
and then slowly diffused to the inner surface of CA-AI-KABs under the driving force of
intramolecular mass transfer. Finally, the CIP molecules in the CA-Al-KABs completed the
adsorption process through the internal optimization of coordination and achieved the adsorption
equilibrium.

Table 1. Fitting parameters of adsorption kinetics.

Type Parameter T
288.15 298.15 308.15
el (Mg/g) 7.644 7.772 7.779
Pseudo-first-order kinetics k1 (min?) 246 x 1073 2.63x10°3 3.18 x 10
R? 0.995 0.996 0.994
ecal (ME/g) 10.113 10.124 9.686
Pseudoseco.nd'order k2 é-(mg.iﬁl)—u 216x104  238x10¢  3.37 x 10+
metics R 0.989 0.991 0.997
ki (mg:(g-min'?2)1) 0.315 0.332 0.318
R2 0.962 0.983 0.997
Intra-particle diffusion ko (mg-(g-min'?)1) 0.177 0.179 0.172
model R2 0.999 0.988 0.989
ks (mg-(g-min'2)7) 0.051 0.016 0.040
R2 1 1 1

Note: eca, the calculated equilibrium adsorption capacity; .T, temperautre; ki (min™) and k2
(g/(mg'min)?) are the rate constants of pseudo-first-order and pseudo-second-order models,
respectively; R? was the R square.
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Figure 5. (a) Effect of time on CIP adsorption by CA-Al-KABs, (b) the pseudo-first-order fitting plots
of adsorption kinetic model, (c) the pseudo-second-order fitting plots of adsorption kinetic model, (d)
the fitting plots of intra-particle diffusion model (pH: 4, initial CIP concentration: 20 mg-L-!, m/v: 0.04
g/50 mL). ge, the equilibrium adsorption capacity.

3.6 Adsorption Isotherms

The adsorption isotherm can be used to describe the equilibrium relationship between the
adsorption capacity and the concentration of the adsorbate in the liquid phase to maintain adsorption
equilibrium. Figure 6 showed the relationship between the adsorption capacity and the initial
concentration of CIP. It could be observed that in the temperature range of 288.15-308.15 K, the
adsorption capacity of CA-AI-KABs to CIP increased significantly with the increase of the initial
concentration of CIP solution. The adsorption process of CIP on CA-AI-KABs was saturated
gradually when the initial solution concentration was 120 mg-L-!, and the maximum adsorption
capacity was measured to be 42.96 mg-g? at 308.15 K. This phenomena may be due to the
unsaturation of a large number of active sites on the surface of CA-Al-KABs at low CIP concentration,
resulting in the increase of adsorption capacity of CIP as concentration was increased. In addition,
the increasing concentration promoted the driving force of mass transfer at the solid-liquid interface,
resulting in the increase of the adsorption capacity. As the concentration of CIP continued increased,
the surface active sites of CA-Al-KABs were saturated, and the adsorption capacity of CIP was no
longer improved.

In order to study the performance and mechanism of CIP adsorption by CA-Al-KABs,
Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich (D-R) isotherm models were used to fit
and analyze the adsorption equilibrium results. The Langmuir isotherm model assumed that the
adsorption process was carried out on homogeneous surfaces without intermolecular interactions
and all adsorption sites were equal. The Freundlich model was an empirical model, which assumed
that the adsorption process was multilayer adsorption on heterogeneous surfaces. It proposed the
hypothesis that ion binding to surface sites would affect adjacent sites. Temkin isotherm model was
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a chemical adsorption model based on strong electrostatic interaction between positive and negative
charges. According to the D-R isotherm model, adsorption was the process of filling adsorbent pores
with adsorbate under uniform surface conditions. The expressions of Langmuir, Freundlich, Temkin,
and D-R isotherm models were as follows:

Langmuir model:

_ KiCeqm

€ T 14K Ce’ 7)
Freundlich model:
1
qe = KFCe/n/ (8)
Temkin model:
qe = KrIn(fC,), )
Dubinin-Radushkevich model:
de = qmexp(—Pe?), (10)
1
e=RTIn(1+¢), (11

where ge (mg-g™) is the equilibrium adsorption capacity, while qm (mg-g™) is the theoretical maximum
adsorption capacity, Ce (mg-L™) is the concentration of tetracycline, Kt (L-mg™), Kr (mg-g™) (L-mg™)"»,
and n are adsorption constants. 3 (mol>J?2) was a constant with the adsorption energy and e is
Polanyi's potential. R and T are gas constants (8.314 J-mol™-K-') and absolute temperature (K),
respectively.

The fitting results and relevant parameters were shown in Figure 6 and Table 2. By contrast, the
Langmuir model had the highest fitting degree, indicating that the adsorption of CIP on the adsorbent
surface was a monolayer chemical adsorption process. At the same time, according to the model, the
maximum adsorption capacity of CA-AI-KABs to CIP was 68.36 mg-g at 308.15 K. In addition, the
R? value of the curve fitted by the Temkin model was relatively high, which further proved the
electrostatic attraction between CA-Al-KABs and CIP molecules.

The separation factor R. was used to evaluate the essential characteristics of Langmuir
isotherms. The isotherm characteristics indicated by Rw. value were as follows: R.>1 or Ri<1 indicated
that the reversible reaction was difficult to occur; Ri=1 indicated that the reversible reaction was
linear; 0 < Re < 1 indicated that the reaction was a good reversible reaction; Ri=0 indicated that the
reaction was irreversible.

_ 1
1+KLC0,max’

Ry, (12)

where Kt was Langmuir constant, Comax was the maximum initial concentrations (mg).
Figure 6f shows that all Rt values in this study were within the range of (0-1), indicating that the
adsorption process was a good reversible process under experimental conditions.
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Figure 6. (a) Effect of initial CIP concentration on CIP adsorption by CA-Al-KABEs, the fitting plots of
(b) Langmuir, (c) Freundlich, (d) Temkin, (e) D-R isotherm models, (f) calculated values of Rt (pH: 4,

contact time: 1440 min, m/v: 0.04cg/50cmL). Ce, the concentration of CIP.

Table 2. Fitting parameters of adsorption isotherm.

T (KD
Type Parameter

288.15 298.15 308.15

qm(mg-g™) 58.124 62.712 68.36

Langmuir Ki(L'mg) 0.0172 0.0178 0.0180
R2 0.973 0.967 0.963

Kr (mg-g?) (L-mg1)in 2916 3.193 3.387

Freundlich 1/n 0.555 0.555 0.562
R2 0.923 0.917 0.913

Kr (J-mol) 13.88 15.128 16.509

Temkin f (Lmg™) 0.142 0.144 0.144
R2 0.990 0.989 0.987

qm(mg-g?) 35.575 38.487 41.564

Dubinin-Radushkevich € (mol>]?2) 7.1094n5  6.1774n">  5.5834n"5

R2 0.940 0.954 0.959

Note: gm (mg-g™) was the theoretical maximum adsorption capacity, KL (L-mg) was the Langmuir
constant, KT (J'mol™) and f (L-mg™") were Temkin constant and Temkin binding constant, ¢ was

Polanyi's potential.
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3.7. Adsorption Thermodynamics

Temperature promoted the motion of the adsorbing molecules in the adsorption process and
showed an energy-dependent mechanism. Figure 7a shows the relationship between temperature
and the adsorption capacity of CA-Al-KABs on CIP. Within the range of 288.15-308.15 K, the
adsorption capacity of CA-Al-KABs on CIP increased slightly with the temperature, indicating that
a high temperature was more conducive to the adsorption process. This might because the high
temperature intensified the motion of CIP molecules, which resulted in full contact with the CA-Al-
KABs. Thereby, the adsorption capacity of the CA-AlI-KABs on CIP was increased. Adsorption
thermodynamics are defined by the widely used thermodynamic parameters related to temperature

calculated by the Van Huff equation [22], which was described by the following equation:
AHO 1 As®

anO:_TXE-I-T’ (13)

_ Qe
Ko =230 (14)
AG® = —RTInK,, (15)

where R is the general gas constant (8.314 J-(mol'K)) and T is the absolute temperature (K); AS°
(J-(mol'K)™), (H° (kJ-mol?) andAG? (kJ-mol?) are the thermodynamic constants in the adsorption
process, which are defined as the changes of entropy, enthalpy, and Gibbs free energy, respectively.

The relationship between temperature and InKo was shown in Figure 7a, and the values of
various parameters were shown in Table 3. As can be seen from the table, the AG? of the CA-Al-KABs
at three temperatures were all negative. This indicated that the adsorption of CIP on the CA-AI-KABs
occurred spontaneously. The absolute value of AG? increased with temperature, suggesting that the
degree of spontaneity increased with the temperature of the reaction system. AS® < 0 showed that
the randomness of CIP adsorption was decreased. AH? < 0 indicated that the adsorption process
was an endothermic reaction, and was consistent with the conclusion drawn in the isothermal
adsorption process.

Table 3. The fitting thermodynamic parameters for CIP adsorption by CA-Al-KABs.

AGO ( kJ]-mol™)
0 R -1 0 . . -1
AHE (kf-mol™) - AS? (J-(molK)™) hee 1o 29815 K 308.15 K
4543 0.198 0805  -0.944  -1.079

Note: AH?; AS%; AG? are the changes of entropy, enthalpy, and Gibbs free energy, respectively.

3.8. Adsorption Capacity of Different Antibiotics

For the purpose of investigating CA-AIl-KABs’ removal effects on other antibiotics, adsorption
experiments were performed on tetracycline and norfloxacin. The results were shown in Figure7b. It
could be observed that CA-Al-KABs’" adsorption efficiency on tetracycline and norfloxacin were
obvious. Compared with the adsorption capacity of norfloxacin, the adsorption capacity for
tetracycline was lower. This might closely related to the fact that pKa: of tetracycline was 3.3, while
the pKa1 of norfloxacin was 6.34. The adsorption experiment was conducted at pH of 5, norfloxacin
existed as cationic form while tetracycline existed as uncharged molecular form. Therefore, CA-Al-
KABs had an electrostatic gravitational effect on norfloxacin, while there was no electrostatic effect
on tetracycline. In this way, the adsorption effect of tetracycline was lower than that of norfloxacin.
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Figure 7. (a) The fitting plot of thermodynamic model, (b) Adsorption capacity of CA-Al-KABs to
tetracycline and norfloxacin (pH: 4, contact time: 1440 min, m/v: 0.04 g/50 mL), (c) Tetracycline
structure, (d) Norfloxacin structure.

3.9. Adsorption Modeling by RSM

3.9.1. Modeling Set Up

Box-Behnken design (BBD) under the response surface method (RSM) was used to study the
optimal adsorption conditions for CIP by CA-Al-KABs. Effects of solution pH, adsorbent dosage and
temperature on the adsorption were studied. Seventeen response surface model experiments were
carried out by regression, and graphical analysis of the results data was analyzed with the Design-
Expertrt software (8.0, Stat-Ease, Minneapolis, MN, USA). The model consisted of three levels, coded
values were -1, 0 and 1 (low, medium, high respectively). The response value was the adsorption
capacity of CIP by CA-Al-KABs. The experimental design and results were shown in Table 4.
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Table 4. Design experiments based on REM and their results.

Independent values(X) Responses
Standard Real values Coded values (Y)
orders Temperature Dosage Temperature Dosage
K) ® "M (K) (® & (mg/e)
1 7 288.15 0.1 0 -1 +1 2.67
2 7 298.15 0.06 0 0 0 4.42
3 11 308.15 0.06 +1 +1 0 2.47
4 7 308.15 0.02 0 +1 -1 5.71
5 3 288.15 0.06 -1 -1 0 5.57
6 7 298.15 0.06 0 0 0 4.42
7 7 298.15 0.06 0 0 0 4.42
8 11 288.15 0.06 +1 -1 0 2.28
9 11 298.15 0.02 +1 0 -1 3.88
10 7 308.15 0.10 0 +1 +1 7.65
11 3 298.15 0.10 -1 0 +1 4.78
12 3 298.15 0.02 -1 0 -1 742
13 7 288.15 0.02 0 -1 -1 5.54
14 3 308.15 0.06 -1 1 0 6.14
15 11 298.15 0.10 +1 0 +1 3.95
16 7 298.15 0.06 0 0 0 4.42
17 7 298.15 0.06 0 0 0 4.42

3.9.2. Regression Model Equation Establishment

The quadratic equation was obtained by predicting the optimal BBD and input variables. Then,
according to the experimental results, the empirical relationship between output variables and the
response of the coding unit was given as follows:

qe=4.72-142xA-044xB+074xC+0.68xAxB-0.095xAxC+120xBxC, (16)
where A, B, and C are the coding terms of the three independent variables of pH, a dosage of
adsorbent, and temperature, respectively.

3.9.3. ANOVA

Analysis of variance (ANOVA) was used to verify the goodness of the model, and the results
are shown in Table 5. F value, P value and sum of squares determined the significance of the
coefficient. According to the data in table 5, when F value was 6.46 and P value was less than 0.001,
the regression of qe response was significant statistically.

Table 5. ANOVA (analysis of variance) of quadratic model of g. response.

Source  Sum of Squares Degree of freedom Mean Square F-Value P-Value

Model 29.60 6 4.93 6.46 0.0052

A 16.05 1 16.05 21.01 0.0010

B 1.53 1 1.53 2.01 0.1872

C 4.37 1 4.37 5.72 0.0379

AB 1.84 1 1.84 2.40 0.1521

AC 0.036 1 0.036 0.047 0.8323

BC 5.78 1 5.78 7.57 0.0204
Residual 7.64 10 0.76
Lack of Fit 7.64 6 1.27
Pure Error 0.00 4 0.00

Cor Total 37.24 16
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3.9.4. Effect of Model Arguments and Their Interaction

Figure 8 depicts the 3D response diagram and 2D contour lines of the adsorption capacity (qe)
with the initial pH, temperature, and adsorbent dosage of the solution. According to the response
surface optimization analysis, when the temperature was around 308.15 K, the pH was around 4, and
the adsorbent dosage was less than 0.4 g, the ge value is at the highest level.
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Figure 8. 3D response surface(a, c and e) and 2D contour lines (b, d and f) for adsorption capacity of
CIP by CA-Al-KABs.

3.10. Adsorbing Mechanism

The mechsnism of CIP loaded on CA-Al-KABs was illustrated in Figure 9. In the initial stages of
adsorption, CIP was in the form of cationic first aggregated on the surface of CA-Al-KABs under
electrostatic attraction. Then, it slowly diffused into the interior of CA-AI-KABs under the driving
force of intramolecular mass transfer. FT-IR spectra of CA-Al-KABs showed that CIP in the form of
cationic which could form complexes with Al—Al—OH in CA-AIl-KABs with the OH- in interlayer
water. XPS spectra showed that Ca? in CA-AIl-KABs could also complex with CIP molecule, thus CIP
could be fixed on CA-AIl-KABs. The molecular structure of norfloxacin was similar to that of CIP
(Figure 8d), so CA-Al-KABs also had a certain similar adsorption effect on norfloxacin, and its
adsorption mechanism was similar to that of CIP.
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Figure 9. The mechsnism of CIP loaded on CA-AI-KABs.

4. Conclusion

In this study, a new type of calcium alginate microsphere adsorbent mixed with aluminum
kaolin was synthesized by a simple gel solidification process, and was used to adsorb ciprofloxacin.
CA-Al-KABs showed efficient adsorption ability to CIP and norfloxacin, and stable mechanical
properties due to mixed Al-Kaolin. The adsorption process of ciprofloxacin on CA-Al-KABs was well
described by the pseudo-first-order kinetic model and the Langmuir isotherm model. The maximum
adsorption capacity of ciprofloxacin was 68.36 mg/g at pH = 4. In addition, the corresponding
thermodynamic parameters showed that the adsorption process was endothermic, feasible, and
spontaneous. The adsorption driving force of CIP near CA-Al-KABs may be the electrostatic
attraction. Moreover, CIP could also form complexes with Ca* and Al—Al—OH on CA-AI-KABs,
and thus CIP was attracted to the adsorbent.
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