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Abstract:



In this work, halloysite nanotubes (HNTs) without modification were used as an efficient adsorbent to explore its natural adsorption capability, which showed excellent adsorption ability for low-concentration ciprofloxacin (CIP). The physicochemical properties of HNTs before and after adsorption were investigated by several characterization techniques, including scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), N2 adsorption–desorption analysis, X-ray diffractometer (XRD), and zeta potential analysis. The influences of temperature, initial CIP concentration, adsorbent dosage, and pH value on CIP adsorption performance were also studied. The kinetics analysis revealed that CIP adsorption on HNTs was a kind of monolayer adsorption process and followed a pseudo-second-order rate equation. The zeta potential result indicated that electrostatic interaction between HNTs and CIP molecules was possibly responsible for the adsorption performance. Moreover, HNTs showed no apparent loss in CIP adsorption capability after five cycles, exhibiting potential applications in wastewater treatment.






Keywords:


halloysite nanotubes (HNTs); adsorption; antibiotics; ciprofloxacin; natural adsorption capability












1. Introduction


Antibiotics have already become one of the important therapeutic medicines for human or animal diseases [1]; meanwhile, most antibiotics cannot be completely biodegraded in human or animal bodies and the residuals are excreted into the environment [2]. Among these antibiotics, ciprofloxacin (CIP) has attracted quite a lot of attentions and is one of the most important contaminants in the environment [3,4].



As is known that the residual CIP in water is toxic [5], which can result in antibiotic-resistant bacteria, a potential threat to human health [6,7]. It is thus of great necessity to dislodge ciprofloxacin from an aquatic environment. A large number of studies concerning chemical, physical, or biological treatments have been adopted to remove antibiotics [8]. In comparison, the chemical and biological methods have some drawbacks, such as a complex design process, low removal rate, high energy consumption, and so on [9]. Physical methods include ion exchange, solvent extraction, reverse osmosis, and adsorption [10,11,12,13]. Ion exchange, solvent extraction, and electrolytic processes are costly and sophisticated. Reverse osmosis is very effective, but the membranes are easily spoiled, which requires frequent replacement [11]. Adsorption is generally recognized as an effective way to remove pollutants due to its low cost, easy operation, and high efficiency. Active carbon with excellent adsorption characteristics is widely used as an adsorbent. However, its high cost restricts its commercial application. In contrast to active carbon, clays are considered to be promising adsorbent candidates because of their lost cost, wide availability, and high adsorption efficiency [14].



Halloysite [Al2Si2O5(OH)4·2H2O], a type of natural aluminosilicate clay mineral that is widely widespread in China [15], has a similar structure to kaolin, except that a monolayer of water molecules intercalates between the adjacent clay layers [16]. The sizes and polydispersity of halloysite depends on the specific geological deposit [17]. Halloysite nanotubes (HNTs) with negative charges on outer surface are a kind of outstanding hollow tubular material with an internal diameter of 20–30 nm and an external diameter from 30 to 70 nm [18,19], which exhibits excellent physical and chemical properties due to their large specific surface areas, abundant hydroxyl groups, porous structure, and great biocompatibility. HNTs are not toxic to humans [20,21], which represents a prerequisite for pharmaceutical and biomedical applications [22,23]. Most importantly, HNTs have been widely investigated as adsorbents for the removal of dyes and heavy metals in wastewater [24,25,26].



Herein, we used HNTs without any modification as adsorbent to investigate its natural adsorption performance toward CIP. The effects of various experiment conditions on adsorption capacity were thoroughly investigated, and pH value played an important role in regulating the adsorption efficiency. Furthermore, the adsorption kinetics and adsorption characteristics were discussed. The pseudo-second–order kinetic model fitted the data well and the equilibrium adsorption data were well described by the Langmuir isotherm model. It was found that the structure and surface property of HNTs were the key factors that affect the adsorption capacity toward CIP. It is also worth mentioning that the adsorbent HNTs could be efficiently reused for CIP adsorption for at least five cycles.




2. Materials and Methods


2.1. Materials and Chemicals


Ciprofloxacin (CIP), sodium hydroxide (NaOH), and hydrochloric acid (HCl) were purchased from Aladdin Co. Methylene blue (MB), acid red 88 (AR 88), acid blue 9 (AB 9), rhodamine B (RhB), acid orange 3 (AO 3), and methyl orange (MO) were purchased from J&K Scientific Ltd., Beijing, China. HNTs with purity of 98% were purchased from Wurun Material Technology Ltd., Guangzhou, China. The chemical compositions (%) of HNTs are SiO2 41.08, Al2O3 34.94, Fe2O3 0.30, MgO 0.18, CaO 0.21, Na2O 0.25, K2O 0.06, MnO 0.05, and TiO2 0.20; loss on ignition 22.76.



All the chemicals were used without further purification.




2.2. Analysis and Characterization Methods


The phase structure of the HNTs was recorded on a powder X−ray diffractometer (EmpypeanPanalytical) (PANalytical, Holland, Almelo, The Netherlands) with Cu Ka radiation (λ = 0.15406 nm), in which the generator voltage is 40 kV and the electric current is 40 mA. The detailed structure and morphology were observed by transmission electron microscopy (TEM) on a JEM-2010 apparatus with an acceleration voltage of 200 kV. Scanning electron microscopy (SEM) images were obtained on a Hitachi S-4800 apparatus with an acceleration voltage of 15 kV and a working distance of 6100 μm (Hitachi, Tokyo, Japan) Fourier transform infrared spectroscopy (FT-IR) was performed on a Bruker Tensor 27 spectrophotometer, the data were collected over the range of 500–4000 cm−1 using a KBr background. N2 adsorption–desorption isotherms were measured at 77 K using a Micromeritics ASAP 2020 system (Norcross, GA, USA) under liquid nitrogen temperature (−196 °C). Before the measurement, the halloysite was outgassed at 200 °C for 10 h. The specific surface area (SBET) was calculated by the multiple-point Brunauer–Emmett–Teller (BET) method [27]. Zeta potential was conducted on a Malvern Instruments UK, Zetasizer Nano ZEN3600 (Malvern, Worcestershire,United Kingdom) at different pH values and the disposable folded capillary cells are used in this test. Quality control was performed by repeating the experiments three times and average data was reported.




2.3. Adsorption Tests


The stock solution was obtained by dissolving 50 mg of analytically pure CIP in 1 L distilled water to get an initial concentration of 50 mg/L. The stock solution was further diluted with distilled water to get the desired concentrations. All batch adsorption experiments were carried out using beaker (50 mL) in a thermostatic magnetic stirring apparatus. The CIP concentration was determined by a UV-vis spectrophotometer at 277 nm (UV-750S, Jinhua, China).



The removal efficiency (%) and the adsorption capacity (qt) of HNTs were calculated as the following equations, respectively.
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where C0 (mg/L) is the initial CIP concentration and Ct (mg/L) is the CIP concentration at time t; qt is the adsorption capacity of per unit adsorbent at time t (mg/g); V is the volume of the CIP solution (L); and m is the mass of HNTs (g).



The recyclability of HNTs was also conducted. After adsorption, 50 mg of HNTs was added into the 50 mL of NaOH ethanol solution (0.01 M), then stirred for 60 min, and then centrifuged for 5 min. Subsequently, the adsorbent (HNTs) was collected, washed thoroughly with water, and dried. The obtained powder was then used for adsorption in the next adsorption cycle.



The adsorption experiments of organic dyes are as follows. Taking Methylene blue (MB) as an example, 20 mg of HNTs was added into 30 mL of MB (20 mg/L) with stirring for 90 min at room temperature. At certain time intervals, 3 mL of suspension was sampled and centrifuged. The concentrations of various organic dyes were measured by the UV-vis spectrophotometer.





3. Results


3.1. Adsorption Characteristics of HNTs Toward CIP


HNTs dosages varied from 0.01 to 0.05 g at an initial CIP concentration of 30 mg/L (30 mL). As shown in Figure 1a, the removal efficiency of HNTs toward CIP increases with an increase of adsorbent dosage from 0.01 to 0.05 g. It could be observed that the removal efficiency of CIP increases relatively rapidly when the HNTs dosage increases from 0.01 to 0.02 g. This phenomenon could be attributed to the abundant increase of active surface sites in the process of CIP adsorption, which significantly enhances the adsorption capacity [28,29]. Based on comprehensive considering the removal efficiency and the commercial cost, 0.05 g is selected as the optimal dosage for HNTs and used in the subsequent experiments.


Figure 1. Effects of adsorbent dosage (a), pH value (b), temperature (c), and initial ciprofloxacin (CIP) concentration (d) on the adsorption efficiency of halloysite nanotubes (HNTs) toward CIP. The comparison of adsorption efficiencies between HNTs and active carbon at various CIP concentration (e).
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As displayed in Figure 1b, the adsorption efficiency of HNTs toward CIP was studied under different pH value conditions. The results indicate that the removal efficiency of CIP increases with pH value varying from 3.0 to 6.0, and then decreases rapidly with further increases in the pH value. When the pH value reaches 11.0, HNTs show nearly no adsorption behavior toward CIP. The CIP molecules undergo protonation–deprotonation reactions in aqueous solution, which can form three species including cationic species (pH < 5.9), zwitterionic species (5.9 < pH < 8.9), and anionic species (pH > 8.9) [30]. Therefore, when pH value is less than 6.0, plenty of cationic species exist in solution, which is beneficial for CIP adsorption because of the electrostatic interactions. However, there would be an adsorption competition between H+ and CIP cationic species, which resulted in the decreased adsorption efficiency. When pH value is greater than 9.0, the emergence of CIP anion species enhances the electrostatic repulsion between HNTs adsorbent and CIP molecules, leading to the decrease of CIP adsorption. In contrast, when pH value is between 6.0 and 9.0, CIP zwitterionic species play the dominant role in the solution and there is little adsorption competition and electrostatic repulsion referred above. Thus, the electrostatic interactions between negative HNTs and CIP zwitterionic species contribute the excellent adsorption efficiency. The above result is consistent with the results of Zeta potential. Zeta potential of HNTs declines with the increase of pH value, indicating that there are more negative charges in the surface of HNTs, which is unfavorable for adsorption. Based on the above discussion, the optimum adsorption efficiency of HNTs toward CIP is obtained when pH value is 6.0, which is selected for further study.



Figure 1c shows the result of temperature effect on CIP adsorption efficiency over HNTs. As the temperature increases from 10 °C to 50 °C, the adsorption process has not been accelerated or slowed down, which means that the adsorption process is irrespective of temperature. Thus, a nearby room temperature 20 °C is chosen as the optimal condition for the following adsorption tests.



In order to investigate the effect of initial CIP concentration, batch experiments were performed by varying the CIP concentration from 10 to 40 mg/L (HNTs dosage = 50 mg, pH = 6.0, and temperature = 20 °C) (Figure 1d). In this study, the adsorption capacity of CIP increases from 5.70 to 20.32 mg/g with CIP concentration enhancing from 10 to 40 mg/L. A high initial CIP concentration would produce a high driving force to urge CIP molecules to transfer to the HNTs surface, which could induce a higher adsorption capacity [31].



Based on the above adsorption experiments, the maximum adsorption capacity of HNTs toward CIP is optimized in the condition of adsorbent dosage = 0.05 g, pH value = 5–6, temperature = 20 °C, and the initial concentration of CIP = 30 mg/L.



Moreover, the adsorption efficiency of active carbon toward CIP was also studied and the adsorption efficiency comparison between HNTs and active carbon was displayed in Figure 1e. It could be observed that HNTs display the equivalent adsorption efficiency in comparison with active carbon at lower CIP concentration, but little poorer adsorption efficiency than active carbon at higher CIP concentration.



It has been widely proposed that fast adsorption kinetics play an important role in the adsorption efficiency for an adsorbent [32,33,34]. To further investigate the adsorption kinetics, pseudo-first-order and pseudo-second-order kinetics models were adopted to analyze the adsorption process of CIP on HNTs and the obtained data are summarized in Table 1. The pseudo-first-order and pseudo-second-order kinetics models are expressed in Equations (3) and (4), respectively.


Table 1. Kinetic parameters for the pseudo-first-order and pseudo-second-order models.





	
Kinetic Model

	
Parameters




	
k1 (min−1)/k2 (g/(mg·min))

	
qe (mg/g)

	
R2

	
Fitting Error






	
Pseudo-first-order

	
0.0462

	
0.1443

	
0.80626

	
0.00788




	
Pseudo-second-order

	
0.4342

	
1.0172

	
0.99955

	
0.00735
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where qe (mg/g) and qt (mg/g) are the adsorption capacity at equilibrium and at time t, respectively; k1 (min–1) is the pseudo-first-order rate constant; and k2 (g/(mg·min)) is the pseudo-second-order rate constant, respectively.



The adsorption kinetics of HNTs toward CIP is presented in Figure 2. As shown in Figure 2a, the adsorbed data does not fit well with the pseudo-first-order kinetic model (R2 < 0.90). In contrast, the pseudo-second-order rate equation for CIP adsorption onto HNTs has a better fit with high R2 value. Related parameters are given in Table 1. Three steps are included in adsorption kinetics [35,36]: (i) the CIP molecules diffuse from liquid phase to a liquid–solid interface; (ii) the CIP molecules move from a liquid–solid interface to solid surfaces; and (iii) the CIP molecules diffuse onto the surface of HNTs [37].


Figure 2. Pseudo-first-order (a) and pseudo-second-order (b) for CIP adsorption onto HNTs.
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Two main isotherm models including the Langmuir model (LM) and Freundlich model (FM) are generally used to determine the equilibrium relationship between the adsorbent and the adsorbate molecules. LM adsorption isotherm indicates that adsorption takes place at specific active sites of the adsorbent and has found successful application for many adsorption processes of monolayer adsorption [38]. The linear form of LM is described as follows.
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(5)




where k is rate of the adsorption; Ce (mg/L) is the equilibrium concentration of the CIP molecules; and qmax (mg/g) and qe (mg/g) is maximum adsorption capacity and the amount of adsorbed CIP per unit mass of adsorbent at equilibrium, respectively.



The FM adsorption isotherm illustrates the surface heterogeneity and represents that the adsorption occurs at various sites with different adsorption energy. It is expressed by the following equation.
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(6)




where kF is Freundlich adsorbent capacity (L/mg) and n is the reciprocal of reaction order.



The linear plots of Langmuir and Freundlich adsorption isotherms are displayed in Figure 3. The Langmuir model has a better fit for CIP adsorption on HNTs (R2 > 0.96) than the Freundlich model, indicating that the adsorption process of CIP on HNTs is a monolayer adsorption. The values of qmax and k are calculated from the slope and the intercept of the plots using Equation (5). The Langmuir and Freundlich parameters are given in Table 2.


Figure 3. The linearized Langmuir (a) and Freundlich isotherm (b) for adsorption CIP on HNTs.
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Table 2. Parameters for the Langmuir and Freundlich models. HNTs—halloysite nanotubes.





	
Isotherm Model

	
Parameters






	
Langmuir model

	
qmax (mg/g)

	
k (L/mg)

	
R2

	
fitting error




	
HNTs

	
25.09

	
0.7425

	
0.96564

	
0.00431




	
Freundlich model

	
kF (L/mg)

	
1/n

	
R2

	
fitting error




	
HNTs

	
2.69

	
0.4927

	
0.74749

	
0.15675










Table S1 displays the qmax values of HNTs and other clays toward CIP. It is obvious that the qmax value of HNTs is much higher than kaolinite (6.99 mg/g), aluminum hydrous oxide (14.72 mg/g), and even modified coal fly ash (1.547 mg/g), but still lower than montmorillonite and bentonite. Moreover, this value is much lower than activated carbon and other modified adsorbents, because larger specific surface area and modification are favorable for improving the adsorption capacity [39,40].




3.2. Adsorbent Characterization


The XRD patterns of HNTs before and after adsorption are presented in Figure S1. The sharp peak at 2θ = 12.0° is the typical diffraction peak (001) of HNTs. Moreover, the reflection peak at 19.9° and 25° are characteristic peaks of tubular HNTs [41]. In comparison with XRD pattern of HNTs before adsorption, no significant change could be markedly observed for main reflections of HNTs after adsorption, which demonstrates the outstanding stability of HNTs. Moreover, CIP exists as CIP molecules other than CIP crystal phase on the surface of HNTs after adsorption, thus no XRD pattern for CIP could be observed.



The FT-IR spectra of HNTs before and after CIP adsorption are shown in Figure 4. For HNTs, the peaks at 3701 and 3626 cm−1 are ascribed to the stretching vibrations of inner-surface hydroxyl groups [42]. Interlayer water is indicated by the deformation vibration at 1631 cm−1. The band at 1105 cm−1 is attributed to the stretching mode of apical Si–O, while the band at 1006 cm−1 is assigned to the stretching vibrations of Si–O–Si. The band at 910 cm−1 is deformation vibration of Al–OH. The band observed at 554 cm−1 is assigned to Al–O–Si vibration. For CIP, the bands at 3520 and 3436 cm−1 are assigned to hydroxyl and N–H groups [43], respectively. The bands located at 1714, 1621, and 1270 cm−1 belong to C=O, C=C, and C–N band [43,44,45], respectively. After CIP adsorption, the band assigned to N–H vibration (3436 cm−1) for CIP emerges and the intensity becomes stronger with prolonging the adsorption time. Two new bands at 1492 and 1380 cm−1 belonged to deformation C–H2 vibration in CIP [46] could be obviously observed after adsorption for 10 min. Moreover, the bands related to hydroxyl groups for HNTs remains entirely unchanged, indicating that the adsorption of CIP onto HNTS is physical adsorption [47].


Figure 4. Fourier transform infrared spectroscopy (FT-IR) spectra of HNTs before and after CIP adsorption.
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Morphology and size of HNTs have an important influence on their property [48,49]. Scanning electron microscopy was used to observe the morphologies of HNTs before and after CIP adsorption and the results are shown in Figure 5. Figure 5a,b display the morphology of HNTs before CIP adsorption. HNTs display tubular morphology with smooth surface as well as high dispersion and relative regularity in morphology and diameter. The length and diameter of HNTs range from 0.2~1.7 μm and 40~70 nm, respectively. After CIP adsorption, the HNTs still remain original tubular structure and there is no change in distribution and diameter. However, the surface morphology of HNTs undergoes great changes after CIP adsorption. As clearly displayed in Figure 6d, the surface of HNTs becomes rough and defective after CIP adsorption.


Figure 5. Scanning electron microscopy (SEM) images of HNTs before (a,b) and after (c,d) CIP adsorption.
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Figure 6. Transmission electron microscopy (TEM) images of HNTs before (a,b) and after (c,d) CIP adsorption.
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Do the CIP molecules have the effect on the surface morphology of HNTs? To explore this phenomenon, the contrast experiment in which HNTs were immersed in deionized water without CIP molecules for 90 min was processed and the related SEM images are shown in Figure S2. It could be clearly observed that the surface of HNTs also became rough and defective after immersion in deionized water. Thus, the surface roughness and defects of HNTs are not related to CIP molecules. Do the generation of surface roughness and defects contribute to the adsorption behavior of CIP on HNTs? Then, another contrast test that the adsorption efficiency of HNTs after immersion in deionized water for 90 min was analyzed and the results are displayed in Figure S3. The results obtained from Figure S3 indicate that the immersion in deionized water nearly has no effect on the adsorption efficiency of HNTs.



TEM technique was also employed to further check the structure of the HNTs before and after CIP adsorption. Figure 6a,b present the morphology of HNTs before adsorption. It can be observed that HNTs consist of a transparent central area as tubular. The internal diameter and length of HNTs range from 20–30 nm and 0.2–1.7 μm, respectively, and the shell thickness of HNTs is about 15–20 nm. As displayed in Figure 6c, HNTs still maintain their original structure after adsorption. In Figure 6d, it is noteworthy that the surface of HNTs becomes rough and defective after CIP adsorption, which is consistent with the SEM result.



Figure 7 shows the N2 adsorption–desorption isotherms of HNTs before and after adsorption. The curves are approaching to type IV isotherm, indicating the presence of mesopores. The specific surface areas of HNTs before and after adsorption are 45.48 and 46.76 m2/g, respectively. After adsorption, CIP exists as CIP molecules other than CIP crystal phase on the surface of HNTs, thus the CIP adsorption has little impact on the specific surface area of HNTs.


Figure 7. N2 adsorption–desorption isotherm of HNTs before and after adsorption.
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Based on the fact that HNTs is an efficient adsorbent toward CIP, it is necessary to study the adsorption stability of the HNTs toward CIP. In the cycle experiment, the adsorption efficiency of HNTs could still maintain 95% after five cycles (Figure 8). The excellent stability of HNTs implies its promising application in CIP removal.


Figure 8. The recycle tests of HNTs as adsorbent for CIP removal.
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4. Discussion


There are possibly two aspects that contribute to the excellent adsorption efficiency of HNTs: one is the large surface area and the other is the electrostatic attraction between HNTs and CIP molecules. A large surface area could provide lots of readily available adsorption sites for CIP molecules. The sites have a profound effect on the properties and stability of HNTs [50]. Electrostatic attraction could provide a driving force to lead a fast diffusion and rapid equilibrium attainment.



Surface charge magnitude is extremely important for an adsorbent, and always should be referred when discussing the adsorption mechanism. Zeta potential measurement is a general method for identifying the surface charge magnitude. Figure 9 shows the zeta potential of HNTs before and after CIP adsorption at various pH values. As indicated in Figure 9, the surface of HNTs is negatively charged among the pH value of 2–12. Moreover, the surface charge becomes more negative with increasing the pH value. It can be deduced from Figure 1b and Figure 9 that when pH value is lower than 6.0, the adsorption efficiency of HNTs increases with enhancing the pH value. In this adsorption process, electrostatic attraction is predominantly responsible for the high adsorption efficiency of HNTs and the decreased adsorption efficiency at pH = 3.0 may be related to the adsorption competition between large amount of H+ and CIP cationic species. When pH value is higher than 9.0, the electrostatic repulsion between HNTs adsorbent and CIP anionic molecules results in poor adsorption efficiency. When pH value is between 6.0 and 9.0, the electrostatic attraction also plays the dominant role because of less adsorption competition and electrostatic repulsion in the adsorption process. After CIP adsorption, the zeta potential of HNTs is apparently positively enhanced and even positively charged among pH value of 2–6, demonstrating the efficient adsorption of CIP molecules onto the surface of HNTs. This result further confirms that the electrostatic attraction between HNTs and CIP molecules plays a vital role in the adsorption process [50,51,52].


Figure 9. Zeta potential of HNTs in different pH condition.
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For confirming this deduction, six organic dyes including positively charged dyes and negatively charged dyes are chosen to take adsorption experiments. As shown in Figure 10a, cationic dyes Methylene blue (MB) and Acid red 88 (AR 88) could be almost completely adsorbed by HNTs and Acid blue 9 (AB 9), as well as Rhodamine B (RhB), could be mostly adsorbed by HNTs. In contrast, there is very low adsorption efficiency for anionic dyes Methyl orange (MO) and Acid orange 3 (AO 3). The adsorption of four cationic dyes on HNTs is very rapid and could reach the maximum removal efficiency almost within 10 min (Figure S4). The actual industrial dye wastewater is usually composed of more than one kind of dyes. Therefore, a series of mixed dye solutions is prepared to examine the adsorption performance of HNTs adsorbent. Figure 10b displays the selective adsorption performances of HNTs toward mixed dye solutions. The result reveals that HNTs displays excellent selective adsorption performance toward cationic dyes in the mixed dye solutions.


Figure 10. The adsorption histogram of HNTs toward various separate organic dyes (a) and mixed dyes (b).
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5. Conclusions


In summary, we explored an efficient and low-cost adsorbent for the adsorption of CIP. Various conditions were investigated and pH value was found to be an important role in regulating the adsorption efficiency of HNTs. The qmax (25.09 mg/g) value was optimized in the condition of adsorbent dosage = 0.05 g, pH value = 5–6, temperature = 20 °C, and the initial concentration of CIP = 30 mg/L. Furthermore, the structure and surface properties of HNTs were the key factors that affect the adsorption capacities for CIP. The pseudo-second-order kinetic model fitted the adsorption data very well and the equilibrium adsorption data were well described by the Langmuir isotherm model. Most importantly, the adsorbent HNTs could be efficiently regenerated and reused for CIP adsorption over five cycles. High stability, low cost, and wide availability imply the potential applications for HNTs in wastewater treatment.
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