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Abstract

:

The present study aims to investigate adsorptive removal of molecular ciprofloxacin using protein-modified nanosilica (ProMNS). Protein was successfully extracted from Moringa seeds while nanosilica was synthesized from rice husk. Fourier-transform infrared (FTIR), ultraviolet visible (UV-Vis) and high-performance liquid chromatography (HPLC) were used to evaluate the characterization of protein. Adsorption of protein onto nanosilica at different pH and ionic strength was thoroughly studied to modify nanosilica surface. The removal efficiency of antibiotic ciprofloxacin (CFX) increased from 56.84% to 89.86% after surface modification with protein. Effective conditions for CFX removal using ProMNS were systematically optimized and found to be pH 7.0, adsorption time 90 min, adsorbent dosage 10 mg/mL, and ionic strength 1 mM KCl. A two-step model was successfully used to fit the adsorption isotherms of CFX onto ProMNS at different ionic strength while a pseudo-second-order model could fit adsorption kinetic of CFX onto ProMNS very well. Maximum adsorption capacity was very high that reached to 85 mg/g. Adsorption of CFX onto ProMNS decreased with increasing KCl concentration, suggesting that adsorption of CFX onto ProMNS is mainly controlled by electrostatic attraction between positively charged ProMNS surface and anionic species of CFX. Adsorption mechanisms of CFX onto ProMNS were discussed in detail based on adsorption isotherms, the change in surface charge by zeta potentail and the change in functional groups by FT-IR. The removal of CFX after three regenerations was greater than 73% while CFX removal from an actual hospital wastewater using ProMNS reached to 70%. Our results suggest that ProMNS is a new and eco-friendly adsorbent to remove antibiotics from aqueous solutions.
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1. Introduction


Antibiotics, which are synthetic chemicals or natural products, are a powerful medicine to bacterial infections. Ciprofloxacin (CFX), which is one of the second generated group of synthetic Fluoroquinolones (FQs), is an important antibiotic for the treatment of both gram-negative and positive bacterial infections. The CFX makes a large broader antibacterial spectrum so that it can exhibit greater intrinsic antibacterial activity [1,2,3]. The CFX can also make a resonance with other antibiotic groups such as beta-lactam or aminoglycosid that have very high performance in disease treatment. Nevertheless, one unexpected thing is that CFX resistance is rapidly increasing to seriously high levels in developing countries. The antibiotic residual including CFX is also very toxic to organisms in an aquatic environment although the concentrations are low [4].



Removal of antibiotic is important for environmental concern, because antibiotic residual in aqueous solution can cause antibiotic resistance. Various techniques have been developed and used for antibiotic removal, such as membrane process [5,6,7], photocatalytic degradation [8], advanced oxidation [9], and adsorption [10,11,12]. Many studies indicate that adsorption is one of the most effective and suitable method for antibiotics removal toward green chemistry by using low eco-friendly adsorbents [13,14].



Protein is a mixture of various amino acids that is an origin of life [15,16]. Protein adsorption onto particle surface plays an important role in the biological environment so that numerous researches on protein adsorption onto solid surface have been investigated [17]. Conformation of stable protein on a negatively charged surface has been found, demonstrating that protein adsorption onto particles can be applied to modify a solid surface [18]. It is reported that Moringa (MO) seeds contain a high amount of protein, which have anti-macrobial potential [19]. Protein extracted from MO seeds as an effective coagulant reagent for water treatment was thoroughly studied [20,21]. Nevertheless, application of adsorption of protein MO seeds for antibiotic removal has not been reported.



Silica, which is one of the most popular oxide in nature, is basically negatively charge. Silica is also easily synthesized from agricultural sub-product rice husk [22]. Due to the low charge density and non-porous structure of nanosilica from rice husk, the low adsorption of antibiotic onto nanosilica is evident. Surface modification of nanosilica by protein adsorption may be useful to remove of antibiotic. Many studies investigated adsorption different kinds of proteins onto silica to find the characteristics of protein on silica surface [15,18]. However, protein adsorption onto nanosilica to enhance removal of antibiotic CFX has not been studied.



An understanding of adsorption mechanisms of antibiotic onto protein-modified nanosilica (ProMNS) is needed for further application to a real system in the presence of many interferences. For this purpose, adsorption isotherms by different modes is often evaluated. The two-step model proposed by Zhu et al. [23], with a general adsorption isotherm equation, was successfully applied to various types of antibiotic adsorbates for numerous systems [4,24,25]. Additionally, the two-step model is able to evaluate the growth of adsorbed layers [26,27]. Therefore, the two-step model is suitable to fit adsorption isotherms of CFX onto ProMNS.



In this paper, for the first time, we report adsorptive removal of CFX using nanosilica fabricated from rice husk with surface modification by adsorption of MO seeds protein. The effective conditions on CFX removal were systematically studied. Adsorption mechanisms are suggested based on surface modification by Fourier transform infrared spectroscopy (FTIR), the change in surface charge by ζ potential measurements, and adsorption isotherm. The application of the optimum condition for CFX removal for actual hospital wastewater is also investigated in the present study.




2. Experimental


2.1. Materials


The Moringa (MO) seeds used in the present study were purchased from Minh Tue Company (Hanoi, Vietnam) while rice husk was collected from Bacninh, Vietnam. Nanosilica was synthesized and characterized by the hydrothermal method according to our previously published papers [4,22,24]. Ciprofloxacin hydrochloride monohydrate (CFX) (CAS 86393-32-0) with purity higher than 98% (HPLC grade) was supplied by Tokyo Chemical Industry (Tokyo, Japan). The chemical structure of CFX is shown in Figure 1. Solid ammonium sulfate (NH4)2SO4 and acetone to synthesize protein was purchased from Scharlau (Spain, EU). Amino acid standards were acquired from Sigma Aldrich (St. Louis, MO, USA). Methanol and Acetonitrile for HPLC were supplied from Merck. The KCl, HCl, and KOH (p.A, Merck) were used to study the effect of ionic strength and adjust pH solution. Solution pH was measured using an HI 2215 pH meter (Hanna, Woonsocket, RI, USA). Before use, the pH electrode was calibrated with three standard buffers of 4.01, 7.01, and 10.01 (Hanna). Other chemicals with analytical grade were also supplied from Merck. An ultrapure water produced from the ultrapure water system (Labconco, Kansas City, MO, USA) with a resistivity of 18.2 MΩcm was used to prepare all aqueous solutions.




2.2. Fabrication and Purification of Protein from Moringa Seeds


Protein was extracted from Moringa (MO) seeds according to Kwaambwa et al. [16,20,28], with a modification. The MO seeds were shelled before drying at 40 °C for one week and milling to powder by mortar and pestle (Figure 2A). About 50.0 g of milled MO seed powder was mixed and extracted by with 100 mL petroleum ether to remove oil for 10 h using Orbital shaker. The extraction process was repeated 4 times with every 50 mL petroleum ether. The solids were dissolved in 200 mL pure water and filtered by filtration paper. To remove MO oil completely, liquid–liquid extraction was repeated 3 times with every 10 mL petroleum ether. Then, protein in aqueous filtration was precipitated by slowly adding solid (NH4)2SO4. Protein was obtained by centrifuging. Finally, powder of protein was formed with acetone before freeze-drying (Figure 2B). Purification of protein was conducted with dialysis using cellulose membrane (Sigma Aldrich). The lyophilized protein powder was kept at a fridge in a dark glass bottle.




2.3. Characterization and Analytical Methods


The protein synthesized from Moringa (MO) seeds was characterized by ultraviolet-visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FT-IR), and high-performance liquid chromatography (HPLC) with fluorescence detection (FLD) and photo diode array detection (PDA).



The UV-Vis measurements were carried out by a double-beam spectrophotometer using a couple of quartz cuvettes with a 1 cm optical path length using (UV-1650 PC, Shimadzu, Japan).



The FTIR spectra were conducted with an Affinity-1S spectrometer (Shimadzu, Japan). All spectra were obtained at a resolution of 4 cm−1 and at 25 °C and atmospheric pressure.



The HPLC-FLD and HPLC-PDA with two columns were used to quantify amino acids in MO seeds protein [29,30]. Amino acids were hydrolyzed by 6 M NaOH for 24 h at 125 °C. Then, the samples adjusted to neutral pH by HCl. After that, the solutions were filtered and diluted appropriated before injecting into HPLC systems. The reversal phase column RP18 AccQ Tag (150 mm × 4.6 mm × 3.9 µm) (Water, Milford, MA, USA) and mobile phase using acetate phosphate buffer (pH 5.05) and acetonitrile with gradient elution were used. The total time for separation with a flow rate of 1.0 mL/min was 23 min. Eluted peaks were monitored by PDA detector with a wavelength of 260 nm [30]. To quantify Tryptophan, the column Xbridge (150 mm × 4.6 mm × 5 µm) (Water, Milford, MA, USA) and mobile phase using H2O:acetonitrile (v/v: 95:5) with isocratic elution were used. The excited wavelength and emission wavelength were λex = 295 nm and λem = 345 nm, respectively [31].



The surface charges of nanosilica, protein-modified nanosilica (ProMNS), and ProMNS after CFX adsorption were examined by zeta (ζ) potential measurements. The ζ potential was calculated from electrophoretic mobility with Smoluchowski’s equation [32]:


  ζ =    u e    η    ε  r s      ε 0     



(1)




where  ζ  is the zeta potential (mV),    u e    the electrophoretic mobility (µms−1/Vcm−1),  η  is the dynamic viscosity of the liquid (mPa s),    ε  r s      is      the relative permittivity constant of the electrolyte solution, and    ε 0    is the electric permittivity of vacuum (8.854 × 10−12 F/m).




2.4. Adsorption Studies


All adsorption experiments were conducted by batch mode in 15 mL Falcon tubes at 25 ± 2 °C controlled by an air conditioner. Initial amount of protein was precisely weighed and then diluted with ultrapure water to a stock solution of 2500 mg/L. Then, the stock solution was appropriately diluted to prepare a series of protein concentration for protein adsorption isotherms.



A 10 mg/mL nanosilica was mixed in 10 mL of protein in the range of 50 to 2600 mg/L for 2 h. After that, the protein solutions were separated using ultra-centrifuging at 12,000 rpm (5 °C) for 10 min with a refrigerated centrifuge (MR23i, JOUAN, France). The effects of pH and ionic strength on adsorption of protein were systematically studied. The concentrations of protein were quantified by UV-Vis spectroscopy and HPLC-PDA. The adsorption capacity Γ (mg/g) of protein or CFX onto nanosilica, ProMNS was calculated by Equation (2):


  Γ =    C i  −  C f   m   



(2)




where Ci (mg/L) and Cf (mg/L) are the initial and the final concentrations of protein or CFX, respectively, while m (mg/mL) is adsorbent dosage.



For adsorptive removal of CFX, a different adsorbent dosage was mixed well with 10 mL protein using an orbital shaker orbital OS-350D (Digisystem laboratory, Taiwan) under optimum conditions to modify the nanosilica surface. The adsorbent was then washed with ultrapure water before adding the concentrations of CFX. The concentrations of CFX were determined by UV–Vis spectroscopy. The relationship between the concentrations of CFX and measured absorbance and at a wavelength of 272 nm as standard calibration curves in different conditions with a correlation coefficient of at least 0.999 was confirmed.



The removal (% R) of CFX was calculated by Equation (3):


  R e m o v a l    (  % R  )  =    C i  −  C e     C i    × 100 % .  



(3)







The adsorption isotherms of CFX onto ProMNS were fitted by two-step model using a general isotherm equation that was successfully described beta-lactam onto polyelectrolyte modified nanosilica [24]. The general isotherm equation [23] is


  Γ =    Γ ∞   k 1  C  (   1 n  +  k 2   C  n − 1    )    1 +  k 1  C  (  1 +  k 2   C  n − 1    )       



(4)




where    Γ ∞    (mg/g) is the maximum CFX adsorption,    Γ ∞    can be determined from the data of adsorption isotherm at high CFX concentrations,    k 1    (g/mg), and    k 2    (g/mg)n−1 are equilibrium constants for first layer adsorption and clusters of n molecules. C (mg/L) denotes the equilibrium concentrations of CFX in solution.





3. Results and Discussion


3.1. Characterizations of Protein from Moringa Seeds


The protein extracted from Moringa (MO) seeds was characterized by UV-Vis, FTIR, and HPLC methods.



The UV-Vis spectrum of MO seeds protein was indicated in Figure 3.



The UV-Vis spectrum of MO seeds shows a broadened peak with maximum absorbance at 278 nm, which indicate the natural characteristic of protein [33].



The FTIR spectrum of the MO seeds protein indicated in Figure 4 indicates that the peaks of 1643.35, 1537.27, 1514.12, and 1409.96 cm−1 were assigned for C=O stretching amide I, NH amide II, NH amide I bending, and C-H stretching amide III, respectively. These results are in good agreement with previously published paper [34]. In addition, the peaks at 2983.88 and 2931.80 cm−1 associated with C-H alkyl in amino acids structures. The FT-IR results confirmed that the presence of amino acids with functional groups are evident.



The content of existed amino acids in MO seeds protein determined by HPLC-PDA and HPLC-FLD indicated Table 1 shows that the positive amino acids such as Arginine and polar side chain amino acid such as Glutamine have higher content of 4.41% and 5.00%, respectively. These results agree well with protein extracted from MO by Kwaambwa et al. [20]. It implies that high positive charge of amino acids in protein is dominant than negative ones. This results in high isoelectric point (IEP) of MO seeds protein, which is good for surface modification of nanosilica.




3.2. Adsorption of Protein onto Nanosilica


3.2.1. Effect of pH on Protein Adsorption


Figure 5 indicates that MO seed protein adsorption capacity calculated form Equation (2) increases with increasing in the pH range of 3–10 because of an increase of absolute negative charge of nanosilica with increasing pH. From pH 10 to 11, adsorption decreased dramatically due to the dissolution of silica at high pH [35]. Another reason is due to the IEP of protein is about 10 [28], so that protein becomes negative charge at pH > 10. The electrical repulsion force causes the less adsorption between protein and nanosilica. Therefore, pH 10 is optimum to modify nanosilica surface that is kept for further studies.




3.2.2. Effect of Ionic Strength on Protein Adsorption


Adsorption isotherms at different salt concentrations can demonstrate the effect of ionic strength because the influence of salt strongly induce the electrostatic interactions [36].



Figure 6 shows that at pH 10, adsorption capacities of MO seeds protein onto nanosilica using Equation (2) is independent on ionic strength. Although KCl concentration increased 10 times, the adsorption capacity did not change for different initial concentrations of protein. This trend is similar to adsorption of β-lactoglobulin onto nanosilica at pH 6 [18]. Also, all experimental data are highly repeatable with very small standard deviations of replications. When increasing ionic strength, the number of counter cations increase on the negatively charged nanosilica surface. As a result, a decrease of electrostatic attraction between of protein nanosilica occurred. Nevertheless, protein adsorption onto nanosilica still remains so that other interactions, such as hydrogen bonding, hydrophobic, and lateral interaction can control adsorption [37], demonstrating that protein adsorption on nanosilica is induced by both electrostatic and nonelectrostatic interactions.



Adsorption of MO seeds protein onto nanosilica at different ionic strengths reaches equilibrium when protein concentration is 2000 mg/L. Thus, the initial protein concentration of 2000 mg/L is suitable for modification of nanosilica surface to enhance removal of CFX.





3.3. Adsorptive Removal of Ciprofloxacin (CFX) Using Protein-Modified Nanosilica (ProMNS)


3.3.1. Effect of pH


The solution pH plays the most important role for CFX adsorption onto ProMNS. The removal of CFX calculated by Equation (3) is strongly influenced by pH because of CFX charging behavior and surface charge of ProMNS. Figure 7 shows the effect of initial pH on CFX removal from pH 3 to 11 in 1 mM KCl.



As seen in Figure 7, CFX removal increased dramatically with an increase of pH in the range of 3–7, then the removal decreased significantly from pH 7 to 11. At pH < 6.09 (pKa,1), CFX has positive charge while at pH higher than 8.62 (pKa,1), CFX has a negative charge [38]. It implies that at pH 7, CFX is zwitterionic form. However, the maximum removal of CFX is achieved at pH 7, suggesting that CFX adsorption onto ProMNS due to non-electrostatic interactions. On the one hand, at pH < 6.0, CFX removal is low due to the repulsive force between positive CFX species and positively charged ProMNS surface. On the other hand, at pH > 9.0, CFX removal is also low due to the desorption of protein and the dissolution of silica at high pH [39,40]. It should be noted that isoelectric point (IEP) of MO seeds protein is about 9.0 so that the negative form of protein can be taken place at pH > 9.0 [28]. Therefore, solution pH 7.0 is optimum for CFX removal using ProMNS and pH 7.0 was fixed for further investigation.




3.3.2. Effect of Adsorption Time


Adsorption time influences the equilibrium process of CFX onto ProMNS. The effect of adsorption time on CFX removal using ProMNS is indicated in Figure 8. As can be seen in Figure 8, CFX removal using Equation (3) increased sharply with increasing adsorption time from 5 min to 30 min. Then, CFX removal still increased when adsorption time increased to 90 min. After 90 min, removal of CFX changes insignificantly, indicating that adsorption equilibrium reaches 90 min. The adsorption time for CFX using ProMNS in this case is faster than CFX adsorption onto tea leaves biochar in which the equilibrium adsorption time is 540 min. Thus, adsorption time 90 min is kept for further study on CFX removal using ProMNS.




3.3.3. Effect of Adsorbent Dosage


The adsorbent dosage is effective effect on the adsorption process, because it influences the total surface area and charge density of the adsorbent [4,41,42,43]. The dosage of ProMNS varied from 1.0 to 50.0 mg/mL (Figure 9).



Figure 9 shows that CFX removal using ProMNS calculated by Equation (3) increased dramatically with an increase of adsorbent dosage from 1.5 to 10 mg/mL. This phenomenon is due to a large number of binding sites for adsorption or the enhancement of specific surface area with increasing adsorbent amount [44]. Nevertheless, when increasing adsorbent dosage higher than 10 mg/mL, CFX removal changed insignificantly. The error bar showing the deviations of three replicates with 10 mg/mL is also smallest comparing with other dosages. It implies that an adsorbent dosage of 10 mg/mL is suitable for CFX removal through adsorption technique using ProMNS.




3.3.4. Effect of Ionic Strength


Ionic strength influences the electrostatic interaction between the positively charged ProMNS surface and CFX molecular. Figure 10 shows the results of CFX removal using ProMNS calculated by Equation (3) at KCl concentration from 0 to 100 mM. As can be seen, at CKCl < 1 mM, CFX removal change slightly. However, CFX removal decreases dramatically when increasing salt from 1 to 100 mM KCl. It implies that the electrostatic interaction between CFX molecular and ProMNS is screened with an increase of KCl concentration. As a result, CFX removal using ProMNS is highly influenced by the screening of electrostatic force. The effect of ionic strength is investigated and discussed in detail by adsorption isotherms described below.





3.4. Adsorption Isotherms of CFX onto Protein-Modified Nanosilica (ProMNS)


Adsorption isotherms of CFX onto ProMNS were achieved with initial concentrations of antibiotic in the range of 20–1600 mg/L. The two-step adsorption model was used to fit adsorption isotherms of CFX onto ProMNS (Figure 11).



Figure 11 shows that the higher KCl concentration is, the lower adsorption capacity is. At different initial CFX concentrations, adsorption at 100 mM KCl is always lower than that at 10 mM and 10 mM is lower than 1 mM. The CFX adsorption increased with decreasing KCl concentration due to a decrease of various cations K+ on the ProMNS surface with positive charge. As a result, an increase of the electrostatic attraction was obtained. Figure 11 also indicates that adsorption isotherms of CFX onto ProMNS at three KCl concentrations could be reasonably represented by two-step adsorption model with Equation (4) using the fitting parameters in Table 2. The fitting values for k1 and ΓCFX were calculated from the Langmuir isotherms while other fitting parameters (k2 and n) at different salt concentration are calculated by trials and error method using OriginPro 8. Although some experimental points have quite high deviations compared with modeling, almost experimental values matched the calculated one from the model. In this case, the deviations are higher than beta lactam cefixime adsorption onto strong polycation, polydiallyldimethylammonium chloride (PDADMAC) modified nanosilica rice husk because the charging properties of protein is less than that of PDADMAC. However, the two-step model used in the present study to represent adsorption isotherms of CFX onto ProMNS is much better than the fit of cellulose-based polymer adsorption isotherms onto cotton fibers [45]. It can be seen that all error bars show standard deviations of three replicates are suitable and close to the solid lines fitted by two-step adsorption model. The Table 2 shows that the value of k1 decreased with increasing KCl concentrations from 1 to 100 mM while the k2 values are constant for 1 and 10 mM and slightly decrease for 100 mM. Furthermore, the values of n increased slightly with increasing ionic strength for CFX adsorption. It implies that k1 and n are useful parameters to evaluate the influence of ionic strength on CFX adsorption onto ProMNS.



Table 2 also shows that the maximum adsorption capacity of CFX reaches to 85 mg/g at 1 mM KCl. Adsorption capacity in our case is highest compared with different adsorbents for CFX removal [46], demonstrating that ProMNS is a novel, eco-friendly material for CFX removal from aqueous solution due to the low cost of nanosilica synthesized from rice husk and natural protein extracted from MO seeds.




3.5. Adsorption Mechanisms of CFX onto Protein-Modified Nanosilica (ProMNS)


In this section, adsorption mechanism of CFX onto ProMNS are discussed in detail on the basis of the surface charge change by ζ potential, the change in surface functional group by FT-IR, and adsorption isotherm of CFX onto ProMNS.



Surface charge change by monitoring ζ potential calculated by Equation (1) before and after adsorption of protein was thoroughly studied [18,47]. In the present study, the ζ potential was used to evaluate charging behavior of nanosilica rice husk without adsorption, after protein adsorption, and CFX adsorption to suggest the adsorption mechanism of CFX onto ProMNS. Figure 12 shows that charge reversal occurred after modification of nanosilica by protein adsorption. Nanosilica with negative ζ potential −35.9 mV changed to positive (ζ = 31.3 mV) after modification with protein (ProMNS). However, after CFX adsorption at pH 7.0 (pKa1 < pH < pKa2), with the zwitterionic species of CFX, a decrease in positive charge of ProMNS is observed. These results are in good agreement with the effect of pH on the CFX removal (Section 3.3.1).



The FT-IR is useful tool to evaluate the surface functional groups in adsorption technique [48]. Figure 13 shows the spectrum of protein-modified nanosilica (ProMNS) after CFX adsorption in the range of wavenumber 400–4000 cm−1.



The FT-IR spectrum of nanosilica synthesized from rice husk [24]. The surface modification of nanosilica by protein adsorption (ProMNS) was achieved in the presence of the peaks with the wavenumbers of 1645.28, 1539.20, and 1514.12 cm−1 (not shown here). Nevertheless, after CFX adsorption, only the peak of 1514.12 cm−1 assigned for NH amide I bending occurred. In addition, a small peak appeared at 1338.60 cm−1 indicating aromatic nitro compound of CFX in the FT-IR spectra of ProMNS after CFX adsorption [49]. Also, the characteristics of stretching vibration C=O at 1045.42 cm−1 and phenolic C-OH stretch at 1267.23 cm−1 of molecular CFX disappear after adsorption indicate that CFX adsorption occurs onto ProMNS surface by carboxyl groups. Therefore, the less positive charge of ProMNS was obtained. These results agree with the changes in surface charge of ProMNS after CFX adsorption are further in accordance to adsorption isotherms presented above. The driving force inducing the CFX adsorption is mainly by electrostatic attraction between negative CFX species with positively charged ProMNS surface.




3.6. Adsorption Kinetics of CFX onto Protein-Modified Nanosilica (ProMNS)


The adsorption kinetics of CFX onto ProMNS were carried out at the three initial CFX concentrations of 20, 200, and 1200 mg/L from 0 to 210 min.



The pseudo-second-order was used to predict the adsorption kinetic.


   t   q t    =  1   k k  ·  q e 2    +    1   q e    t    



(5)




where qe and qt (mg/g) are adsorption capacity of RhB onto SML at equilibrium and time t, respectively; kk (g/mg·min) is reaction rate constant of pseudo-second-order adsorption kinetic.



Figure 14 shows that the pseudo-second-order fitted experimental kinetic data for three concentrations of CFX concentrations very well. All excellent of R2 (greater than 0.997) indicates that the adsorption kinetics of CFX onto ProMNS are in good agreement with the pseudo-second-order model. These results are similar to CFX adsorption onto biocomposite fibers of graphene oxide/calcium alginate [50] in which pseudo-second-order achieved the best fit comparing with other kinetic models.




3.7. Adsorptive Removal of CFX Using Nanosilica without and with Surface Modification by Protein


To emphasize the role of surface modification with protein adsorption, we compared the removal of CFX using nanosilica without and with protein. Figure 15 indicates that CFX removal with an initial concentration of 20 mg/L in 1 mM KCl using the same adsorbent dosage of 10 mg/mL increases about 1.6 times from 56.84% to 89.85% with protein modification. The enhancement of CFX removal due to the increase of electrostatic attraction between the molecular CFX and the positively charged ProMNS surface. This implies that ProMNS is better than nanosilica synthesized from rice husk without any modification in term of CFX removal.




3.8. Comparison of the Effectiveness of ProMNS and Other Adsorbents for Removal of CFX


Recently, many studies have reported various adsorbents for CFX removal. However, adsorptive removal of CFX using ProMNS has not been investigated. In addition, the ProMNS in this study has highest removal efficiency and capacity compared to other adsorbents (Table 3). Another feature is that ProMNS is a green and low-cost adsorbent because MO seeds protein is natural product while rice husk is agricultural sub-product. This implies that ProMNS is not only a new material, but also an eco-friendly material for antibiotics removal from aqueous solutions.



Although nanosilica synthesized from rice husk with surface modification with protein extracted from MO seeds is low-cost adsorbent, the adsorption cycles needed to evaluate the reuse potential and stability of ProMNS. The regeneration of ProMNS by using 0.2M HCl was repeated three times. Figure 16 shows the CFX removal using ProMNS after three cycles. Although the removal was decreased, it was still higher than 73% after three regenerations. The error bars show the standard deviations for all cycles are very small, demonstrating that ProMNS is novel and reusable adsorbent.




3.9. Removal of CFX from Hospital Wastewater Using Protein-Modified Nanosilica (ProMNS)


The removal of antibiotics from actual wastewater sample is important to understand the implication for real system. We used ProMNS to removal CFX from hospital. An actual wastewater sample, which was selected from a big hospital in Hanoi, Vietnam was used to attempt to remove CFX using ProMNS under optimum conditions. An actual hospital wastewater sample remained in a dark bottle in a refrigerator before carrying out removal experiment in our laboratory.



For CFX removal with an actual sample, the experiments were conducted within 48 h. The optimum conditions for CFX removal using ProMNS were pH 7, adsorption time 90 min, and adsorbent dosage 10 mg/mL. Due to the very low CFX residual concentration to evaluate the performance, a 10 mg/L CFX was added into an actual sample to evaluate removal efficiency. Figure 17 indicates the UV-Vis spectra of CFX in the actual hospital wastewater samples before and after treatment using ProMNS. For the actual wastewater sample without addition, the spectrum is dramatically decreased, indicating that not only CFX, but also other organic pollutants were treated. In addition, the specific wavelength of 272 nm for actual sample with 10 mg/L CFX decreases sharply. By basic calculation at the maximum absorbance, the removal efficiency of CFX using ProMNS was achieved about 70%. This results again demonstrate that ProMNS is a novel, eco-friendly adsorbent for antibiotics removal from hospital wastewater.





4. Conclusions


The removal of emerging pollutant, antibiotic ciprofloxacin (CFX) using the Moringa (MO) seeds protein-modified nanosilica rice husk (ProMNS) was systematically investigated in the present study. Protein extracted from MO seeds had 18 amino acids with high purity, which was characterized by FTIR, UV-Vis, and HPLC. Adsorption of protein onto nanosilica was induced by both electrostatic and non-electrostatic interaction at pH 10. The CFX removal increased about 1.6 times using nanosilica after surface modification with protein. Optimum conditions for CFX removal from aqueous solution using ProMNS were thoroughly studied and found to be pH 7.0, adsorption time 90 min, adsorbent dosage 10 mg/mL, and ionic strength 1 mM KCl. Under optimum conditions, the maximum adsorption capacity reached 85 mg/g, which is much higher than many common adsorbents. Adsorption isotherms of CFX onto ProMNS at three KCl concentrations were fitted well by a two-step adsorption model while adsorption kinetics are in good agreement with the pseudo-second-order model. Adsorption of CFX onto ProMNS was mainly controlled by electrostatic attraction between anionic species of CFX and positively charged ProMNS surface. After three regenerations, the CFX removal was still higher than 73% and a high CFX removal of about 70% was achieved with an actual hospital wastewater when using ProMNS. We indicate that ProMNS is an excellent and new eco-friendly material to remove antibiotics from hospital wastewater.







Author Contributions


Conceptualization, T.D.P.; methodology, T.D.P.; software, T.D.P.; validation, T.D.P.; formal analysis, T.N.V., H.L.N. P.H.P.L., and T.S.H.; investigation, T.D.P.; resources, T.N.V., T.S.H.; data curation, T.N.V., H.L.N. P.H.P.L., and T.S.H.; writing—original draft preparation, T.D.P.; writing—review and editing, T.D.P.; visualization, T.D.P.; supervision, T.D.P.; project administration, T.D.P.; All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kapetanovic, V.; Milovanovic, L.; Erceg, M. Spectrophotometric and polarographic investigation of the Ofloxacin-Cu(II) complexes. Talanta 1996, 43, 2123–2130. [Google Scholar] [CrossRef]

	



Khaliq, Y.; Zhanel, G.G. Fluoroquinolone-Associated Tendinopathy: A Critical Review of the Literature. Clin. Infect. Dis. 2003, 36, 1404–1410. [Google Scholar] [CrossRef]

	



Zhanel, G.G.; Ennis, K.; Vercaigne, L.; Walkty, A.; Gin, A.S.; Embil, J.; Smith, H.; Hoban, D.J. A Critical Review of the Fluoroquinolones. Drugs 2002, 62, 13–59. [Google Scholar] [CrossRef] [PubMed]

	



Pham, T.D.; Bui, T.T.; Trang Truong, T.T.; Hoang, T.H.; Le, T.S.; Duong, V.D.; Yamaguchi, A.; Kobayashi, M.; Adachi, Y. Adsorption characteristics of beta-lactam cefixime onto nanosilica fabricated from rice HUSK with surface modification by polyelectrolyte. J. Mol. Liq. 2019. [Google Scholar] [CrossRef]

	



Radjenović, J.; Petrović, M.; Ventura, F.; Barceló, D. Rejection of pharmaceuticals in nanofiltration and reverse osmosis membrane drinking water treatment. Water Res. 2008, 42, 3601–3610. [Google Scholar] [CrossRef] [PubMed]

	



Tran, N.H.; Chen, H.; Reinhard, M.; Mao, F.; Gin, K.Y.H. Occurrence and removal of multiple classes of antibiotics and antimicrobial agents in biological wastewater treatment processes. Water Res. 2016, 104, 461–472. [Google Scholar] [CrossRef] [PubMed]

	



Tran, N.H.; Gin, K.Y.H. Occurrence and removal of pharmaceuticals, hormones, personal care products, and endocrine disrupters in a full-scale water reclamation plant. Sci. Total Environ. 2017, 599, 1503–1516. [Google Scholar] [CrossRef] [PubMed]

	



Dao, T.H.; Tran, T.T.; Nguyen, V.R.; Pham, T.N.M.; Vu, C.M.; Pham, T.D. Removal of antibiotic from aqueous solution using synthesized TiO2 nanoparticles: Characteristics and mechanisms. Environ. Earth Sci. 2018, 77, 359. [Google Scholar] [CrossRef]

	



Karthikeyan, S.; Gupta, V.K.; Boopathy, R.; Titus, A.; Sekaran, G. A new approach for the degradation of high concentration of aromatic amine by heterocatalytic Fenton oxidation: Kinetic and spectroscopic studies. J. Mol. Liq. 2012, 173, 153–163. [Google Scholar] [CrossRef]

	



Grimes, K.L.; Dunphy, L.J.; Loudermilk, E.M.; Melara, A.J.; Kolling, G.L.; Papin, J.A.; Colosi, L.M. Evaluating the efficacy of an algae-based treatment to mitigate elicitation of antibiotic resistance. Chemosphere 2019, 237, 124421. [Google Scholar] [CrossRef]

	



Le, T.H.; Ng, C.; Tran, N.H.; Chen, H.; Gin, K.Y.H. Removal of antibiotic residues, antibiotic resistant bacteria and antibiotic resistance genes in municipal wastewater by membrane bioreactor systems. Water Res. 2018, 145, 498–508. [Google Scholar] [CrossRef] [PubMed]

	



Tran, N.H.; Hoang, L.; Nghiem, L.D.; Nguyen, N.M.H.; Ngo, H.H.; Guo, W.; Trinh, Q.T.; Mai, N.H.; Chen, H.; Nguyen, D.D.; et al. Occurrence and risk assessment of multiple classes of antibiotics in urban canals and lakes in Hanoi, Vietnam. Sci. Total Environ. 2019, 692, 157–174. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, M.B.; Zhou, J.L.; Ngo, H.H.; Guo, W. Adsorptive removal of antibiotics from water and wastewater: Progress and challenges. Sci. Total Environ. 2015, 532, 112–126. [Google Scholar] [CrossRef] [PubMed]

	



Homem, V.; Santos, L. Degradation and removal methods of antibiotics from aqueous matrices—A review. J. Environ. Manag. 2011, 92, 2304–2347. [Google Scholar] [CrossRef]

	



Coglitore, D.; Janot, J.M.; Balme, S. Protein at liquid solid interfaces: Toward a new paradigm to change the approach to design hybrid protein/solid-state materials. Adv. Colloid Interface Sci. 2019, 270, 278–292. [Google Scholar] [CrossRef]

	



Kwaambwa, H.M.; Hellsing, M.S.; Rennie, A.R.; Barker, R. Interaction of Moringa oleifera seed protein with a mineral surface and the influence of surfactants. J. Colloid Interface Sci. 2015, 448, 339–346. [Google Scholar] [CrossRef]

	



Shemetov, A.A.; Nabiev, I.; Sukhanova, A. Molecular Interaction of Proteins and Peptides with Nanoparticles. ACS Nano 2012, 6, 4585–4602. [Google Scholar] [CrossRef]

	



Meissner, J.; Prause, A.; Bharti, B.; Findenegg, G.H. Characterization of protein adsorption onto silica nanoparticles: Influence of pH and ionic strength. Colloid Polym. Sci. 2015, 293, 3381–3391. [Google Scholar] [CrossRef]

	



Chen, R.; Wang, X.J.; Zhang, Y.Y.; Xing, Y.; Yang, L.; Ni, H.; Li, H.H. Simultaneous extraction and separation of oil, proteins, and glucosinolates from Moringa oleifera seeds. Food Chem. 2019, 300, 125162. [Google Scholar] [CrossRef]

	



Kwaambwa, H.M.; Hellsing, M.; Rennie, A.R. Adsorption of a Water Treatment Protein from Moringa oleifera Seeds to a Silicon Oxide Surface Studied by Neutron Reflection. Langmuir 2010, 26, 3902–3910. [Google Scholar] [CrossRef]

	



Moulin, M.; Mossou, E.; Signor, L.; Kieffer-Jaquinod, S.; Kwaambwa, H.M.; Nermark, F.; Gutfreund, P.; Mitchell, E.P.; Haertlein, M.; Forsyth, V.T.; et al. Towards a molecular understanding of the water purification properties of Moringa seed proteins. J. Colloid Interface Sci. 2019, 554, 296–304. [Google Scholar] [CrossRef] [PubMed]

	



Pham, T.D.; Vu, C.M.; Choi, H.J. Enhanced fracture toughness and mechanical properties of epoxy resin with rice husk-based nano-silica. Polym. Sci. Ser. A 2017, 59, 437–444. [Google Scholar] [CrossRef]

	



Zhu, B.Y.; Gu, T. Surfactant adsorption at solid-liquid interfaces. Adv. Colloid Interface Sci. 1991, 37, 1–32. [Google Scholar] [CrossRef]

	



Pham, T.D.; Bui, T.T.; Nguyen, V.T.; Bui, T.K.V.; Tran, T.T.; Phan, Q.C.; Pham, T.D.; Hoang, T.H. Adsorption of Polyelectrolyte onto Nanosilica Synthesized from Rice Husk: Characteristics, Mechanisms, and Application for Antibiotic Removal. Polymers 2018, 10, 220. [Google Scholar] [CrossRef] [PubMed]

	



Pham, T.D.; Tran, T.T.; Le, V.A.; Pham, T.T.; Dao, T.H.; Le, T.S. Adsorption characteristics of molecular oxytetracycline onto alumina particles: The role of surface modification with an anionic surfactant. J. Mol. Liq. 2019, 287, 110900. [Google Scholar] [CrossRef]

	



Guzmán, E.; Ritacco, H.A.; Ortega, F.; Rubio, R.G. Growth of Polyelectrolyte Layers Formed by Poly(4-styrenesulfonate sodium salt) and Two Different Polycations: New Insights from Study of Adsorption Kinetics. J. Phys. Chem. C 2012, 116, 15474–15483. [Google Scholar] [CrossRef]

	



Pham, T.D.; Do, T.U.; Pham, T.T.; Nguyen, T.A.H.; Nguyen, T.K.T.; Vu, N.D.; Le, T.S.; Vu, C.M.; Kobayashi, M. Adsorption of poly(styrenesulfonate) onto different-sized alumina particles: Characteristics and mechanisms. Colloid Polym Sci 2019, 297, 13–22. [Google Scholar] [CrossRef]

	



Kwaambwa, H.M.; Maikokera, R. A fluorescence spectroscopic study of a coagulating protein extracted from Moringa oleifera seeds. Colloids Surf. B Biointerfaces 2007, 60, 213–220. [Google Scholar] [CrossRef]

	



Castellanos, M.; Van Eendenburg, C.V.; Gubern, C.; Sanchez, J.M. Ethyl-bridged hybrid column as an efficient alternative for HPLC analysis of plasma amino acids by pre-column derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate. J. Chromatogr. B 2016, 1029, 137–144. [Google Scholar] [CrossRef]

	



Szkudzińska, K.; Smutniak, I.; Rubaj, J.; Korol, W.; Bielecka, G. Method validation for determination of amino acids in feed by UPLC. Accredit. Qual. Assur. 2017, 22, 247–252. [Google Scholar] [CrossRef]

	



Naffa, R.; Holmes, G.; Zhang, W.; Maidment, C.; Shehadi, I.; Norris, G. Comparison of liquid chromatography with fluorescence detection to liquid chromatography-mass spectrometry for amino acid analysis with derivatisation by 6-aminoquinolyl-N-hydroxysuccinimidyl-carbamate: Applications for analysis of amino acids in skin. Arab. J. Chem. 2019. [Google Scholar] [CrossRef]

	



Delgado, A.V.; González-Caballero, F.; Hunter, R.J.; Koopal, L.K.; Lyklema, J. Measurement and interpretation of electrokinetic phenomena. J. Colloid Interface Sci. 2007, 309, 194–224. [Google Scholar] [CrossRef] [PubMed]

	



Vance, S.J.; Desai, V.; Smith, B.O.; Kennedy, M.W.; Cooper, A. Aqueous solubilization of C60 fullerene by natural protein surfactants, latherin and ranaspumin-2. Biophys. Chem. 2016, 214–215, 27–32. [Google Scholar] [CrossRef] [PubMed]

	



Kebede, T.G.; Dube, S.; Nindi, M.M. Removal of Multi-Class Antibiotic Drugs from Wastewater Using Water-Soluble Protein of Moringa stenopetala Seeds. Water 2019, 11, 595. [Google Scholar] [CrossRef]

	



Pham, A.L.T.; Sedlak, D.L.; Doyle, F.M. Dissolution of mesoporous silica supports in aqueous solutions: Implications for mesoporous silica-based water treatment processes. Appl. Catal. B 2012, 126, 258. [Google Scholar] [CrossRef] [PubMed]

	



Guzman, E.; Ritacco, H.; Rubio, J.E.F.; Rubio, R.G.; Ortega, F. Salt-induced changes in the growth of polyelectrolyte layers of poly(diallyl-dimethylammonium chloride) and poly(4-styrene sulfonate of sodium). Soft Matter 2009, 5, 2130–2142. [Google Scholar] [CrossRef]

	



Mészáros, R.; Thompson, L.; Bos, M.; de Groot, P. Adsorption and Electrokinetic Properties of Polyethylenimine on Silica Surfaces. Langmuir 2002, 18, 6164–6169. [Google Scholar] [CrossRef]

	



Sharma, P.C.; Jain, A.; Jain, S.; Pahwa, R.; Yar, M.S. Ciprofloxacin: Review on developments in synthetic, analytical, and medicinal aspects. J. Enzym. Inhib. Med. Chem. 2010, 25, 577–589. [Google Scholar] [CrossRef]

	



Buergisser, C.S.; Scheidegger, A.M.; Borkovec, M.; Sticher, H. Chromatographic Charge Density Determination of Materials with Low Surface Area. Langmuir 1994, 10, 855–860. [Google Scholar] [CrossRef]

	



Kobayashi, M.; Juillerat, F.; Galletto, P.; Bowen, P.; Borkovec, M. Aggregation and Charging of Colloidal Silica Particles: Effect of Particle Size. Langmuir 2005, 21, 5761–5769. [Google Scholar] [CrossRef]

	



Chu, T.P.M.; Nguyen, N.T.; Vu, T.L.; Dao, T.H.; Dinh, L.C.; Nguyen, H.L.; Hoang, T.H.; Le, T.S.; Pham, T.D. Synthesis, Characterization, and Modification of Alumina Nanoparticles for Cationic Dye Removal. Materials 2019, 12, 450. [Google Scholar] [CrossRef] [PubMed]

	



Pham, T.D.; Do, T.T.; Ha, V.L.; Doan, T.H.Y.; Nguyen, T.A.H.; Mai, T.D.; Kobayashi, M.; Adachi, Y. Adsorptive removal of ammonium ion from aqueous solution using surfactant-modified alumina. Environ. Chem. 2017, 14, 327–337. [Google Scholar] [CrossRef]

	



Pham, T.D.; Nguyen, H.H.; Nguyen, N.V.; Vu, T.T.; Pham, T.N.M.; Doan, T.H.Y.; Nguyen, M.H.; Ngo, T.M.V. Adsorptive Removal of Copper by Using Surfactant Modified Laterite Soil. J. Chem. 2017, 2017, 1986071. [Google Scholar] [CrossRef]

	



Mazloomi, F.; Jalali, M. Ammonium removal from aqueous solutions by natural Iranian zeolite in the presence of organic acids, cations and anions. J. Environ. Chem. Eng. 2016, 4, 1664–1673. [Google Scholar] [CrossRef]

	



Hoffmann, I.; Oppel, C.; Gernert, U.; Barreleiro, P.; von Rybinski, W.; Gradzielski, M. Adsorption Isotherms of Cellulose-Based Polymers onto Cotton Fibers Determined by Means of a Direct Method of Fluorescence Spectroscopy. Langmuir 2012, 28, 7695–7703. [Google Scholar] [CrossRef]

	



Fei, Y.; Li, Y.; Han, S.; Ma, J. Adsorptive removal of ciprofloxacin by sodium alginate/graphene oxide composite beads from aqueous solution. J. Colloid Interface Sci. 2016, 484, 196–204. [Google Scholar] [CrossRef]

	



Huang, Y.; Yamaguchi, A.; Pham, T.D.; Kobayashi, M. Charging and aggregation behavior of silica particles in the presence of lysozymes. Colloid Polym. Sci. 2018, 296, 145–155. [Google Scholar] [CrossRef]

	



Hind, A.R.; Bhargava, S.K.; McKinnon, A. At the solid/liquid interface: FTIR/ATR—the tool of choice. Adv. Colloid Interface Sci. 2001, 93, 91–114. [Google Scholar] [CrossRef]

	



Li, J.; Yu, G.; Pan, L.; Li, C.; You, F.; Xie, S.; Wang, Y.; Ma, J.; Shang, X. Study of ciprofloxacin removal by biochar obtained from used tea leaves. J. Environ. Sci. 2018, 73, 20–30. [Google Scholar] [CrossRef]

	



Wu, S.; Zhao, X.; Li, Y.; Zhao, C.; Du, Q.; Sun, J.; Wang, Y.; Peng, X.; Xia, Y.; Wang, Z.; et al. Adsorption of ciprofloxacin onto biocomposite fibers of graphene oxide/calcium alginate. Chem. Eng. J. 2013, 230, 389–395. [Google Scholar] [CrossRef]

	



Ferreira, V.R.A.; Amorim, C.L.; Cravo, S.M.; Tiritan, M.E.; Castro, P.M.L.; Afonso, C.M.M. Fluoroquinolones biosorption onto microbial biomass: Activated sludge and aerobic granular sludge. Int. Biodeterior. Biodegrad. 2016, 110, 53–60. [Google Scholar] [CrossRef]

	



MacKay, A.A.; Seremet, D.E. Probe Compounds to Quantify Cation Exchange and Complexation Interactions of Ciprofloxacin with Soils. Environ. Sci. Technol. 2008, 42, 8270–8276. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Ni, R.; Yuan, T.; Gao, Y.; Kong, W.; Zhang, P.; Yue, Q.; Gao, B. Effects of green synthesis, magnetization, and regeneration on ciprofloxacin removal by bimetallic nZVI/Cu composites and insights of degradation mechanism. J. Hazard. Mater. 2020, 382, 121008. [Google Scholar] [CrossRef]

	



Nassar, M.Y.; Ahmed, I.S.; Raya, M.A. A facile and tunable approach for synthesis of pure silica nanostructures from rice husk for the removal of ciprofloxacin drug from polluted aqueous solutions. J. Mol. Liq. 2019, 282, 251–263. [Google Scholar] [CrossRef]

	



Gu, C.; Karthikeyan, K.G. Sorption of the Antimicrobial Ciprofloxacin to Aluminum and Iron Hydrous Oxides. Environ. Sci. Technol. 2005, 39, 9166–9173. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 12 00057 g001 550] 





Figure 1. Chemical structure Cirofloxacin (CFX). 
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Figure 2. Photos of (A) milled Moringa seeds, and (B) synthesized protein. 
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Figure 3. The UV-Vis spectrum of Moringa (MO) seeds protein. 
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Figure 4. FTIR spectrum of Moringa (MO) seeds protein in the wave number range 400–4000 cm−1. 
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Figure 5. Effect of pH on Moringa seeds protein adsorption onto nanosilica. (Ci (protein) = 100 mg/L, adsorbent dosage 10 mg/mL, 10 mM KCl). Error bars show standard deviations of three replicates. 
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Figure 6. Adsorption isotherms of Moringa (MO) seeds protein onto nanosilica at different KCl concentrations (pH 10). Error bars show standard deviations of three replicates. 
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Figure 7. Effect of pH on removal of CFX using protein-modified nanosilica (ProMNS). (Ci (CFX) = 20 mg/L, contact time 90 min, adsorbent dosage 10 mg/mL, 1 mM KCl). Error bars show standard deviations of three replicates. 
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Figure 8. Effect of adsorption time on removal of ciprofloxacin (CFX) using protein-modified nanosilica (ProMNS). Ci (CFX) = 20 mg/L, pH 7.0, adsorbent dosage 10 mg/mL, 1 mM KCl). Error bars show standard deviations of three replicates. 
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Figure 9. Effect of adsorbent dosage on removal of CFX using protein-modified nanosilica (ProMNS). Ci (CFX) = 20 mg/L, pH 7.0, adsorption time 90 min, 1 mM KCl). Error bars show standard deviations of three replicates. 
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Figure 10. Effect of ionic strength on removal of CFX using protein-modified nanosilica (ProMNS). (Ci (CFX) = 20 mg/L, pH 7.0, adsorption time 90 min, adsorbent dosage 10 mg/mL). Error bars show standard deviations of three replicates. 






Figure 10. Effect of ionic strength on removal of CFX using protein-modified nanosilica (ProMNS). (Ci (CFX) = 20 mg/L, pH 7.0, adsorption time 90 min, adsorbent dosage 10 mg/mL). Error bars show standard deviations of three replicates.



[image: Polymers 12 00057 g010]







[image: Polymers 12 00057 g011 550] 





Figure 11. Adsorption isotherms of CFX onto protein-modified nanosilica (ProMNS) at different KCl concentrations. Points are experimental results and solid lines are fitted by two-step adsorption model. Error bars show standard deviations of three replicates. 
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Figure 12. The ζ potential of nanosilica rice husk, protein-modified nanosilica (ProMNS), and ProMNS after CFX adsorption. Error bars show the standard deviations of three replicates. 
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Figure 13. FTIR spectrum of nanosilica with protein modification after Ciprofloxacin (CFX) adsorption in the wave number range 400–4000 cm−1. 
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Figure 14. Adsorption kinetics of CFX onto protein-modified nanosilica (ProMNS) for three initial CFX concentrations. Points are experimental results and solid lines are fitted by pseudo-second-order model. 
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Figure 15. Removal of CFX using nanosilica without and with protein modification. Error bars show standard deviations of three replicates. 
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Figure 16. Removal of CFX using protein-modified nanosilica (ProMNS) after three regenerations. Error bars show standard deviations of two replicates. 
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Figure 17. UV-Vis spectrum of CFX of the actual hospital wastewater samples before and after treatment using protein-modified nanosilica (ProMNS). 
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Table 1. The amino acids contents in protein extracted from Moringa (MO) seeds.
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	Amino Acid
	Content (%)
	Standard Deviation





	Histidine
	0.70
	0.02



	Serine
	0.67
	0.08



	Glycine
	1.14
	0.19



	Arginine
	4.41
	0.38



	Aspartic
	0.68
	0.21



	Glutamine
	5.00
	0.62



	Threonine
	0.56
	0.07



	Alanine
	0.88
	0.12



	Proline
	1.55
	0.12



	Cystine
	0.38
	0.04



	Lysine
	0.35
	0.10



	Tyrosine
	0.57
	0.01



	Methionine
	0.52
	0.01



	Valine
	0.92
	0.07



	Isoleucine
	0.91
	0.11



	Leucine
	1.49
	0.13



	Phenylalanine
	1.40
	0.03



	Tryptophan
	0.36
	0.03



	Total
	22.10
	0.20
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Table 2. The fitting parameters for CFX adsorption onto protein-modified nanosilia (ProMNS) at different KCl concentrations.
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	CKCl (mM)
	ΓCFX (mg/g)
	k1 (g/mg)
	k2 (g/mg) n−1
	n





	1
	85
	10.0 × 102
	4.0 × 106
	3.0



	10
	70
	9.0 × 102
	4.0 × 106
	3.1



	100
	58
	7.0 × 102
	3.5 × 106
	3.2
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Table 3. Adsorption capacity and removal efficiency of protein-modified nanosilica (ProMNS) and other absorbents for ciprofloxacin (CFX) removal.
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	Adsorbent
	Adsorption Capacity (mg/g)
	Removal Efficiency (%)
	References





	Graphene oxide/calcium alginate biocomposite
	39.06
	NI
	[50]



	Activated sludge
	10.87
	59
	[51]



	Kaolinte
	7.95
	50
	[52]



	Nanoscale zerovalent iron (nZVI) -Cu
	NI
	81.6
	[53]



	Silica nanoparticle
	30
	78
	[54]



	Hydrous oxides of Al (HAO)
	13.6
	NI
	[55]



	ProMNS
	85
	89.86
	This study







NI: no information.
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