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Abstract

:

Cellulose nanofibers were modified by TiO2 gel layer (~25 nm in thickness) via hydrolysis reaction on the surface of the cellulose nanofibers. After the TiO2 coating, the surface charge of the nanofiber dramatically changed from negative to positive. A high efficiency (~100%) of capturing negatively charged Au nanoparticles (5 nm) was successfully obtained by effectively utilizing the electrostatic interaction of surface charge between the TiO2-coated cellulose nanofibers and Au nanoparticles. Therefore, this technique of surface modification will be potentially used in improving filtration efficiency for membrane applications.
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1. Introduction


The membrane filtration technique has attracted much attention in broad application regions involving food technology, biotechnology, the pharmaceutical industry, and wastewater treatment, and has been known to be superior to conventional thermal separation techniques [1,2]. A synthetic membrane can be prepared from a large number of different inorganic and organic materials, generally including metal, ceramic, and polymer [3]. Cellulose, which is most naturally abundant on earth and found in green plants, wood, cotton, and other planted materials, is light (1.5 g/cm3), tough, and soft. It is one of the commonly known polymers and organized as a network of microfibers used for fabricating membrane as a primitive and traditional raw material [4].



To improve the performance of cellulose or make it applicable to some specific uses, the surface modification of cellulose is generally employed and has been reported in literature, e.g., cellulose nanopapers after being modified by adsorption of polymer, such as moisture buffers [5], microfibrillated cellulose after the surface modification of aminosilane to obtain better mechanical properties [6], cellulose nanocrystals grafted with polystyrene chains to improve capacity of pollutant absorption [7]. Interestingly, except polymer modifications mentioned above, coating cellulose uniformly with ultrathin metal oxide gel layer has been successfully achieved by using a surface sol-gel process via a layer-by-layer deposition technique. Typically, Huang et al. [8,9,10] reported a surface sol-gel process to prepare metal oxides of ZrO, SnO2, and TiO2 with nano-precision replication of natural cellulosic substance. Later, based on this strategy, they coated hierarchical cellulose nanofibers with titania-gel layers in nanometer thickness as biomolecular modification and effectively achieved abundant immobilization of protein molecules [11].



Recently, effective separation of nanoscaled substances, like viruses, proteins, microbes, and organics, has been highly demanded in biomedicine [12], pure water treatment [13], and the pharmaceutical industry [14]. For the cellulose nanofiber as a promising component material of filtration membrane, the improvement of capture efficiency of a nanofiber surface has been known as one of the dominant factors that prevail over the whole separation performance for filtration membrane.



Therefore, based on the strategy of preparing ultrathin gel layer of metal oxide by utilizing adsorption of metal alkoxides from a solution and the subsequent hydrolysis of the chemisorbed alkoxides [15,16], in this work, a continuous ultrathin layer of TiO2 gel was successfully coated around cellulose nanofibers. After the TiO2 layer coating, nanoparticles of 5 nm, which almost equals to the size of a virus, were found to be proficiently captured by the TiO2-coated cellulose nanofibers that acted as adsorbents; and the mechanism of the significantly improved capture efficiency was systematically investigated.




2. Materials and Methods


2.1. Preparation of TiO2-Coated Cellulose Nanofibers


Two grams of the as-received cellulose nanofibers (BiNFi-s cellulose nanofibers, 2 wt.% concentration stocked in aqueous media, WMa-10002, Sugino Machine Ltd., Toyama, Japan) were dispersed into a TiO2 precursor under stirring for 24 h. The TiO2 precursor was prepared by mixing 40 mL of ethanol (C2H5OH) (99.5% purity, Nacalai Tesque Inc., Kyoto, Japan) as a solvent, 2 mL of titanium (IV) tetrabutoxide (Ti(OC4H9)4, TTBO) (Wake Pure Chemical Industries, Ltd., Osaka, Japan) as a titanium source, and 1.85 mL of diethanolamine (HN(OC2H5)2, DEA) (Wake Pure Chemical Industries, Ltd., Osaka, Japan) at a molar ratio of TTBO:DEA = 1:3. Herein, DEA was used as a reagent to suppress serious hydrolysis of TTBO reacting with H2O that was from an aqueous solvent of the cellulose nanofibers. However, in order to allow slight hydrolysis of the chemisorbed TTBO we proceeded to form a continuous gel layer of TiO2 coating around the cellulose nanofibers. After the coating, the TiO2-coated cellulose nanofibers were collected by centrifugation separation, washed with ethanol three times and then reserved in aqueous media.




2.2. Evaluation of Capture Efficiency for Au Nanoparticles


Six milliliters of commercial Au colloidal aqueous suspension (BBInternational, gold colloid: 5 nm, concentration: 5.81 × 10−9 mol/L, and solvent: water, BBI Solutions OEM Ltd., Crumlin, UK) was added into the prepared TiO2-coated cellulose nanofibers that were contained in aqueous media under continuous stirring for 1 h. The Au colloids with a particle size of 5 nm and zeta potential of approximately −27 mV, were used to simulate a nanosized virus with a negative charge in water [17,18]. In order to capture the Au nanoparticles, the mixed suspension of Au nanoparticles and TiO2-coated cellulose nanofibers was filtrated by employing the suction filtration method, as exhibited in Figure S1.



The filtrated suspension was collected and then measured by UV-Vis spectroscopy. The intensity of absorption peak at ~520 nm from the Au nanoparticles that remained in the filtrated suspension was used to evaluate the capture efficiency of the Au nanoparticles by the TiO2-coated cellulose nanofibers. Comparatively, the as-received cellulose nanofibers were also used to capture Au nanoparticles by using suction filtration under the same conditions mentioned above.




2.3. Characterizations


Phase identification was performed by X-ray diffraction (XRD) on an X-ray diffractometer (model RINT 2200, Rigaku Corp., Tokyo, Japan) with nickel-filtered Cu Kα radiation at 40 kV and 40 mA operation and a scanning speed of 2θ = 4°/min. Fourier transform infrared (FT-IR) spectra were recorded by FT-IR spectroscopy (model 4200, JASCO, Tokyo, Japan), using the standard KBr method. Morphology and cross-section were observed by a field-emission scanning electron microscopy (FE-SEM) (model S-4800, Hitachi, Ltd., Tokyo, Japan). Element mapping was detected by an energy dispersive X-ray (EDX) spectrometer (model EDAX Apollo XL, EDAX Inc., Mahwah, NJ, USA). Zeta potential and pH were measured by a zeta potential analyzer (model Zetasizer Nano Z, Malvern Instrument Ltd., Malvern, Worcestershire, UK) and a pH meter (model ss973, Horiba, Ltd., Kyoto, Japan) with a pH electrode (model 6261, Horiba, Ltd., Kyoto, Japan), respectively. Absorption spectra of the filtrated suspension were measured by ultraviolet-visible light (UV-Vis) spectroscopy on a spectrophotometer (Jasco V-570, Jasco Corp., Hachioji, Tokyo, Japan).





3. Results


Figure 1 exhibits (a) XRD patterns and (b) FT-IR spectra of the cellulose nanofibers without and with the TiO2 coating. As demonstrated in the XRD patterns (Figure 1a), some unresolved XRD peaks were observed for the cellulose nanofibers owing to their low crystallinity but are still identified by referring JCPDS-ICDD:50-2241. Comparatively, after the TiO2 coating, these XRD peaks became more unresolved, due to the surface of cellulose nanofibers covered by amorphous TiO2 gel. In the FT-IR spectra (Figure 1b), for the cellulose nanofiber, a wide band in the region between 3575 and 3210 cm−1 was specified as a free O–H stretching vibration of OH groups in the cellulose molecules [19], a characteristic C–H stretching vibration appeared at around 2899 cm−1 [20]. The vibration peak detected at 1637 cm−1 was related to the O–H bending vibration of adsorbed water [21]. The peaks between 1160 and 1015 cm−1 were assigned to a C–O–C asymmetric stretching vibration at the β–glucosidic linkage in a cellulose chain [22], and the peak at 897 cm−1 was associated with the glycosidic linkage between glucose units in cellulose [23]. Regarding the TiO2-coated cellulose, the features of functional group of hydroxyl (OH) and carbonaceous presented at a wavenumber ranging from 3500 to 2800 cm−1 and 1700 to 1300 cm−1 [24,25], and the fingerprint of Ti–O bond was corresponding to the peaks located between 800 to 400 cm−1 [26].



Figure 2 demonstrates the FE-SEM micrographs of (a) the morphology of a single TiO2-coated cellulose nanofiber with a locally enlarged image and its EDX element mapping, and (b) the layer thickness of the TiO2 coating estimated from a cross-section image of the TiO2-coated cellulose nanofiber. As seen from Figure 2a, the single cellulose nanofiber has ~10 μm in width and ~500 μm in length. Moreover, from the locally enlarged image in Figure 2a, it was observed that the surface of the cellulose nanofiber became rough after the TiO2 coating, unlike the case of the smooth surface in the uncoated cellulose nanofiber (Figure S2), and the surface element composition of the TiO2-coated cellulose nanofiber was detected as C, O, and Ti by the EDX element mapping. In addition, the thickness of the TiO2 coating layer was estimated from the cross-section observation of the TiO2-coated cellulose nanofiber (Figure 2b) as ~25 nm.



The UV-vis spectra of the suspensions before and after filtration using cellulose nanofibers and TiO2-coated cellulose nanofibers are shown in Figure 3 including (a) UV-Vis spectra of the Au colloidal suspensions before and after the filtration using uncoated and TiO2-coated cellulose nanofibers, (b) the photographs of color appearances in the Au colloidal suspension, and (c) filtrated uncoated and TiO2-coated cellulose nanofibers. Based on the intensities of absorption peaks at ~520 nm before and after the filtration (Figure 3a), the capture efficiency of the Au nanoparticles of the cellulose nanofiber is ~47%. In contrast, the capture efficiency was significantly improved up to nearly 100% after the TiO2 coating. Such significant improvement in the capture efficiency of the Au nanoparticles was also observed in quite different color appearances of the Au colloidal suspensions before and after the filtration (Figure 3b). After the filtration, the wine-like color of the Au colloidal suspension became pale when using the cellulose nanofiber, but appreciably, turned to almost colorless, water-like when employing TiO2-coated cellulose nanofiber. Furthermore, high capture efficiency of the Au nanoparticles was also conceived from the images of filtrated cellulose nanofibers with and without the TiO2 coating (Figure 3c). Dark purple in the TiO2-coated cellulose nanofibers indicates that more Au nanoparticles were effectively captured onto the surface of the nanofibers as a contribution from the TiO2 gel layer, compared with light-purple color of the uncoated cellulose nanofibers.



Figure 4 demonstrates (a) FE-SEM micrograph of a single TiO2-coated cellulose nanofiber after filtrating Au colloidal suspension, with (b) EDX element mapping upon its surface, and (c) a schematic illustration showing the mechanism of high capture efficiency of the Au nanoparticles after the TiO2 coating. After the filtration, it is quite difficult to distinguish the existence of the filtrated Au nanoparticles on the surface of the TiO2-coated cellulose nanofiber from Figure 4a, due to the nanosize (5 nm) of Au particles. For this reason, element mapping was employed upon a local surface area of the coated nanofiber after the filtration by EDX element mapping. The EDX mapping not only detected the component elements of C and O from the cellulose and coating elements of Ti from the TiO2 coating layer, but also distinguishably evidenced the existence of Au elements at the nanofiber surface. This indicates that the Au nanoparticles were efficiently captured at the surface of the TiO2-coated cellulose nanofibers. To understand the highly effective capture of the Au nanoparticles achieved after the TiO2 coating, a schematic illustration was used to explain the capture mechanism of the Au nanoparticles during the filtration in Figure 4b,c. Based on the theory of electrostatic interactions from surface charges [27], for the cellulose nanofibers, their negative surface charge (zeta potential = −12 mV measured at pH = 8.49) made them strongly repulse the Au nanoparticles (zeta potential = −27 mV measured at pH = 8.45) and, therefore, lowered the filtration efficiency. After the TiO2 coating, the zeta potential of the cellulose nanofibers turned to +32 mV measured at pH = 8.47, resulting in effective adsorption of the negatively charged Au nanoparticles onto the positive-charged surface of the TiO2-coated cellulose nanofiber, and hence enhanced the capture efficiency. Similar research concerning the electrostatic interactions utilized in the membranes, that has also been found elsewhere, reveals that the influence of positively or negatively charged filtration substance and membrane on filtration performance [28,29,30,31,32]. In particular, Breite et al. [33] reported that electrostatic attractive/repulsive interactions play a role in the oppositely/evenly charged membrane surface and fouling reagent as a dominant driving force by tailoring membrane surface charge.




4. Conclusions


A coating layer of amorphous TiO2 (~25 nm in thickness) was prepared around cellulose nanofibers by hydrolyzing TiO2 precursor chemisorbed on the surface of cellulose. The surface of the cellulose nanofiber changed from smooth to rough after the TiO2 modification, and interestingly, the surface charge was changed from negative to positive. The TiO2-coated cellulose nanofibers as adsorbent gave a significantly high capture efficiency (~100%) for the Au nanoparticles (5 nm), much higher than that (~47%) by using the uncoated cellulose nanofibers, by effectively utilizing the electrostatic interaction between the negatively charged Au nanoparticles and positively charged cellulose nanofibers after the TiO2 surface modification.








Supplementary Materials


The following are available online at https://www.mdpi.com/2079-6412/9/2/139/s1, Figure S1: Photographs of (a) TiO2-coated cellulose nanofibers stocked in aqueous media, (b) after adding Au nanoparticles, (c) on-going filtration to capture Au nanoparticles, and (d) Au nanoparticles captured by the TiO2-coated cellulose nanofibers after the filtration; Figure S2: FE-SEM micrograph showing morphology of the cellulose nanofibers without the TiO2 coating.
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Figure 1. (a) XRD patterns and (b) FT-IR spectra of the cellulose nanofibers before and after the TiO2 coating. 
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Figure 2. FE-SEM micrographs of (a) morphology of a single TiO2-coated cellulose nanofiber with a locally enlarged image and EDX element mapping and (b) a cross-section observation of the TiO2-coated cellulose nanofiber. 
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Figure 3. (a) UV-vis spectra of the Au colloidal suspensions before and after filtration using uncoated and TiO2-coated cellulose nanofibers, and (b) their photographs of color appearances in the Au colloidal suspensions and (c) filtrated cellulose nanofibers without and with TiO2 coating. 
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Figure 4. (a) FE-SEM micrograph of a single TiO2-coated cellulose nanofiber after filtrating Au colloidal suspension, with a locally enlarged FE-SEM image and EDX element mapping, (b) and (c) a schematic illustration explaining the mechanism of electrostatic interaction to achieve a high capture efficiency for the Au nanoparticles after the TiO2 surface coating. 
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