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Abstract:

 Nanomaterials in water present an array of identifiable potential hazards to ecological and human health. There is no general consensus about the influence of anionic or cationic charge on the toxicity of nanomaterials on environmental ecology. One challenge is the limited number of scalable technologies available for the removal of charged nanomaterials from water. A new method based on polymer coating has been developed in our laboratory for rapid sedimentation of nanomaterials in aqueous suspension. Using colloidal silica as a model inorganic oxide, coating of polyvinylpyrrolidone (PVP) around the SiO2 nanoparticles produced SiO2@PVP particles, as indicated by a linear increase of nephelometric turbidity. Purification of the water sample was afforded by total sedimentation of SiO2@PVP particles when left for 24 h. Characterization by capillary electrophoresis (CE) revealed nearly zero ionic charge on the particles. Further coating of polydopamine (PDA) around those particles in aqueous suspension produced an intense dark color due to the formation of SiO2@PVP@PDA. The SiO2@PVP@PDA peak appeared at a characteristic migration time of 4.2 min that allowed for quantitative CE-UV analysis to determine the original SiO2 concentration with enhanced sensitivity and without any ambiguous identity.




Keywords:


capillary electrophoresis; coating; ionic charge; polydopamine; polypyrrolidone; nanomaterials; nanoparticles; sedimentation; silica








1. Introduction


Nanomaterials are well known for their technological importance due to unique biological, chemical and physical properties at the nanoscopic scale [1]. Maynard has estimated that the production of engineered nanomaterials will reach 58,000 tons between 2011 and 2020, which represents a large increase from the 2004 estimate of only 2000 tons [2]. Nanoparticles are used in a wide range of products for biomedicine, cosmetics, electronics, environmental technologies, pharmaceuticals and textiles [3,4,5,6,7]. In the field of photodynamic therapy, photosensitizers have been linked to silica nanoparticles in order to combine their photophysical and biological properties [8], for conditioning the uptake into target cells. Disposal of these products will inevitably lead to unintended contamination of downstream wastewaters [9,10,11,12]. The presence of nanomaterials in nature may cause hazardous biological effects due to frequent interactions with biotic and abiotic components of the ecosystems [13], and nano-silica has been found in the gastrointestinal tract [14]. Researchers are concerned about the surface charge of nanomaterials, especially the cytotoxicity of cationic nanoparticles due to their strong interaction with cell membranes [15,16]. Anionic silica (SiO2) nanoparticles can aggravate cardiovascular toxicity by involving oxidative stress in inflammatory reaction [17], apoptosis [18], and endothelial dysfunction in rats [19]. They can also induce acute inflammation in the liver, generate mitochondrial dysfunction, and eventually cause hepatocyte necrosis in mice [20]. The synergistic toxicity of SiO2 nanoparticles with cadmium chloride has been reported [21]; Cd-SiO2 nanoparticles induced mortality (about 50%) at 1 μg/mL and CdCl2 at 25 μg/mL [22]. SiO2–COO− NP had a slower agglomeration rate, formed smaller aggregates, and exhibited lower cytotoxicity compared to SiO2 and SiO2–NH2 [23].



Currently the biggest challenge is the limited number of scalable technologies available for the removal of nanomaterials from water. W.L. Gore & Associates and CT Associates have discovered a method for removing nanoparticles from ultra-pure water, which is highly useful for semiconductor manufacturers [24]. Their method involves evaporating water into an aerosol, which enables the capture of nanoparticles since they are forced to remain in the gas phase. Another strategy would be binding of nanomaterials with specific agents and surfactants for coagulation and subsequent sedimentation in water treatment [25]. Liu and coworkers added aluminum chloride to modify the surface physicochemical properties of nanosilica in order to produce aggregates. More than 99% of the turbidity was removed after sedimentation [26]. Critical coagulant concentrations of 0.01–0.1 mM cetyltrimethylammonium bromide were also determined for the aggregation of silica nanoparticles in the size range from 30 to 75 nm [27], and the adsorption films of silica nanoparticles modified by a cetyltrimethylammonium bromide at the air–water interface were investigated by dilational surface rheology and optical methods [28].



Generally, surface coatings of nanomaterials are applied in order to selectively change distinct particle properties such as their ionic charge. Polyvinylpyrrolidone (PVP) is soluble in water and is non-toxic [29,30]. It has been used as a coating agent for iron oxide nanoparticles to enhance magnetic resonance imaging (MRI) contrast [31], and palladium nanoparticles for the study of H2–O2 reaction kinetics in water [32]. The primary objective of our present work was to investigate the growth of PVP on nanomaterials suspended in water that could result in precipitation within 24 h. Colloidal silica (SiO2) is commercially available and can be used as a model inorganic oxide nanomaterial. SiO2 nanoparticles were chosen as a good model mainly for the reason that DNA damage was evident at 0.1 μg/mL and cytotoxicity was observed at nanoparticle concentrations above 1 μg/mL [33]. Insight into the PVP growth mechanism was gained through UV-visible spectroscopy and turbidimetry. Our ultimate goal would be to attain an efficient and cost-effective method for the removal of nanomaterials in water. Simultaneous removal of other hazardous compounds in water would be possible using the SiO2@PVP nanoparticles as a solid phase extraction (SPE) substrate.




2. Experimental Section


2.1. Materials


The compound 2,2'-Azobis(2-isobutyronitrile) (AIBN) was bought from Pfaltz & Bauer (Waterbury, CT, USA). Absolute ethanol (EtOH, reagent grade, ≥95%), disodium hydrogen phosphate (Na2HPO4, ≥99%), dopamine hydrochloride (DA.HCl, ≥99.5%), hydrochloric acid (HCl, reagent grade, 37% aqueous solution), mesityl oxide (MO, ≥90%), sodium dodecyl sulfate (SDS, ≥99%), sodium hydroxide (NaOH, 99.99%) and 1-vinyl-2-pyrrolidone (VP, ≥99%) were all obtained from Sigma-Aldrich (Oakville, ON, Canada). Titanium dioxide nanopowder was purchased from Anachemia Chemicals (Montreal, QC, Canada). HPLC-grade methanol (MeOH) was purchased from Caledon (Georgetown, ON, Canada). LUDOX® AM colloidal silica (SiO2, 30% suspension in H2O) was commercially available from Sigma-Aldrich with a surface area of 198–250 m2/g [33]. Analysis of a dry sample by TEM revealed nanospheres with a mean diameter of 14 ± 3 nm.




2.2. Polypyrrolidone and Polydopamine Growth on Nanomaterials in Water


Coating of nanomaterials with VP was adopted from a method previously reported [34], with modifications. Different amounts of dopamine (DA) (0 or 10 g/L), colloidal SiO2 (1.5 mL of 30 wt%) and VP (20–50 µL) were added into 2 mL of 20 mM Na2HPO4 (pH 8.5 ± 0.2) background electrolyte (BGE) in a glass vial, and the mixture was left at ambient condition for PDA growth on the nanoparticles. Measured amounts of DA and colloidal SiO2 were directly added into another glass vial without BGE. The pH was increased to 13.0 by adding 60 µL of 1.5 M NaOH, and a temperature of 90 °C [35] was applied using a BioShake iQ 3000-rpm thermoshaker (Quantifoil Instruments, Jena, Germany) to study the formation of a PDA coating around the SiO2@PVP particles by CE-UV analysis.




2.3. Ultraviolet-Visible Spectroscopy


Ultraviolet-visible (UV-Vis) spectroscopy was done to monitor the growth of PVP on SiO2 particles under different pH and temperature conditions. A Genesys 10S series UV-Vis spectrophotometer (Thermo Scientific, Madison, WI, USA) was used to measure the UV-Vis absorption spectra of VP (1 g/L) solution and SiO2@PVP (SiO2 = 10 g/L, VP = 1 g/L and AIBN = 10 mg/L) particles in aqueous suspension to study the polymerization kinetics.




2.4. Turbidimetry and Dynamic Light Scattering


After ultrasonication for 15 min, particles in aqueous suspension were analyzed for turbidity on a Hach 2100 turbidimeter (Loveland, CO, USA) at 15–45 min and the results were expressed in nephelometric turbidity units (NTU). Dynamic light scattering (DLS) analysis of freshly prepared particles in aqueous suspension was performed on a Brookhaven nanoDLS analyzer (Holtsville, NY, USA) to determine their hydrodynamic diameter and to measure their size distribution (n ≥ 50).




2.5. CE-UV Analysis


CE analyses were performed on a lab-built system including a Spellman CZE1000R high voltage power supply (Hauppauge, NY, USA). The fused silica capillary was purchased from Polymicro Technologies (Phoenix, AZ, USA). The BGE was composed of 10–20 mM Na2HPO4 in distilled deionized water to attain pH 7.5–8.5. The capillary was equilibrated with the BGE at an ambient temperature of 22 ± 2 °C. The colloidal silica particles were suspended in water at pH 8.6–9.3, which were loaded into the capillary by electrokinetic injection at 17 kV for 3–6 s. Electrophoretic separation was conducted under an applied voltage of 20 kV. A Bischoff Lambda 1010 (Leonberg, Germany) UV detector was employed to monitor the migration of particles at a wavelength of 190 nm. The detector output signal was acquired by SRI Instruments Peak Simple model 203 (Torrance, CA, USA) chromatography data software. At the end of each CE analysis, the capillary was conditioned by running the buffer for an additional minute before starting the next analysis. A neutral marker, mesityl oxide, was analyzed separately by CE-UV for determining the migration time of uncharged analytes.





3. Results and Discussion


3.1. Model Nanomaterial


Silica nanoparticles have enhanced adsorption to allow polymer coating through adhesion [36]. This property is related directly to the surface area of the nanoparticles, which is dependent on their size. The smaller the SiO2 nanoparticle is, the higher the concentration of Si–H and ≡Si–OH groups on its surface. These two hydrogen related species increase the chemical reactivity of the nanoparticles. The nanoparticles also contain neutral Si bonds, neutral oxygen deficient centers (≡Si–Si≡) and self-trapped exciton which can alter the extent of PVP adhesion. Furthermore, the surface of SiO2 nanoparticles is negatively charged with zeta potentials of −45 to −52 mV for 20–100 nm diameters [37]. This high negative potential creates repulsive forces that prevent aggregation of the nanoparticles in the BGE during CE analysis.




3.2. Polyvinylpyrrolidone Growth on Nanomaterial in Water


In order for a polymer to coat SiO2 nanoparticles in an aqueous suspension, it must have unique properties such as adhesion, solubility, cross-linking, and rapid polymerization with no heat required. As illustrated in Figure 1, N-vinyl-2-pyrrolidone (VP) is a strong proton acceptor, and cross-linkable. The radical polymerization of VP can be initiated with azobisisobutyronitrile (AIBN) which forms two 2-cyanoprop-2-yl radicals. These radicals will then react with VP to form a long chain until the propagation is terminated by reaction with a hydroxy radical [38]. Polyvinylpyrrolidone (PVP) is adhesive to metals, plastics, and nanoparticles [39]. Its solubility remains the same regardless of the pH of water. As a proton acceptor, PVP will interact with hydrogen-rich functional groups (such as silane and silanol) on the surface of SiO2 particles. The PVP coating gradually grows around each SiO2 nanoparticle to form SiO2@PVP particles that appeared white in the aqueous suspension just as a normal colloidal phenomenon. The white particles settle down at the bottom if the sample is left standing for 24 h or more. Nathanson and co-workers had previously tagged PVP directly onto SiO2 nanoparticles for the purification of human blood monocytes by isopycnic centrifugation on discontinuous density gradient [40]. In our work, PVP-coating of SiO2 nanoparticles started with the monomer VP. Their interaction became a very important phenomenon to study. Luckily the growth of PVP on SiO2 particles could be visually observed as a white coloration in the sample vial. No modification of the nanoparticles through surface absorption or reaction with small molecules (such as silane coupling agents) was necessary [41]. All samples prepared using different initial concentrations of SiO2 and VP were analyzed by FTIR to confirm a coating of PVP on SiO2. Several instrumental methods were employed to determine the rate of PVP growth around the nanoparticles as detailed below.


Figure 1. Molecular structures of monomers: (a) N-vinyl-2-pyrrolidone; and (b) dopamine.
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The polymerization of dopamine is initiated by oxygen radicals. A re-arrangement occurs, at pH 8.8 when NaOH is added/present, leading to the formation of 5,6-dihydroxyindole. The propagation then leads to the formation of polydopamine.



Different concentrations of VP were added to SiO2 nanoparticles in aqueous suspension, followed by addition of AIBN to initiate the polymerization. The samples were then either left on the bench for thirty minutes, or heated continuously at 60 °C for 10 min to speed up the polymerization. The physical changes are shown in Figure 2. Precipitation of SiO2@PVP was visible 24 h later to complete this procedure.


Figure 2. Formation of SiO2@PVP (polyvinylpyrrolidone).
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The formation of PDA layer on SiO2@PVP is due to the addition of 10 g/L of dopamine followed by the addition of 60 µL of 1.5 M of NaOH. The samples were then heated using the bio-shaker at 90 °C for 10 min.




3.3. UV-Visible Spectroscopy


A range of samples containing SiO2@PVP particles were analyzed by UV-visible spectroscopy. The VP spectrum exhibited a peak with maximum absorption at 287 nm. Each carbonyl group behaved as a chromophore unit with nπ* and ππ* excited states [42]. The PVP spectrum showed an absorption peak at the same wavelength, albeit with a higher intensity due to a large number of repeating carbonyl groups in the macromolecule. In Figure 3, the UV-Vis spectra for four samples containing the same amount of silica, AIBN, but increasing concentration of VP show a pattern of increasing absorbance after polymerization over four days. A higher monomer concentration leads to the formation of a larger amount of polymer. The rate of polymerization is directly related to the monomer concentration, as expected for ideal kinetics. The higher the rate of polymerization, the higher the PVP growth, with less monomer left. Furthermore, different concentrations of silica were analyzed using UV-Vis at a wavelength of 279 nm to obtain different absorbance results.


Figure 3. The UV-Vis spectra for samples #1 to #4 containing 10 mg of AIBN, 1.5 mL of 30% silica and 20, 30, 40 or 50 µL of N-vinyl-2-pyrrolidone, respectively.
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3.4. Turbidimetry


The particle size and concentration had a direct effect on the turbidity of samples containing nanoparticles. At low concentrations of SiO2, the turbidity result would stay the same regardless of the particle size [43]. The higher the SiO2 concentration, on the other hand, the higher the variation of turbidity results with different particle sizes. It is not scientifically possible to determine the concentration of particles based on turbidity without knowing the nature of particles. Also, the concentration can only be known if the particles are mono-dispersed. In our work, the purpose of measuring turbidity values was to monitor the extent of polymer growth on the silica colloid used (30% by weight with an average particle size of 14 ± 2 nm). An increasing trend of turbidity value versus polymerization time was observed in Figure 4 to indicate PVP growth. The turbidity of samples just containing silica had an average value of 100 ± 5 NTU. After the addition of 50 µL of VP and 10 mg of AIBN to one SiO2 sample, it was heated at 60 °C for 60 min and its turbidity was then tracked for 4 days. As PVP grew around the SiO2 nanoparticles, the turbidity increased linearly due to increasing particle sizes with time. On the other hand, visual observations over the four days served as another indication of growth of PVP around silica. The sample after one day was visualized to be a suspension of white particles. The suspended particles increased their sizes as the next three days went by. On the fourth day, the sample had suspended white particles along with many white precipitates on the inside wall of the vial.


Figure 4. Turbidity values versus polymerization time for a sample containing 10 mg of AIBN, 1.5 mL of 30% silica, and 70 µL of N-vinyl-2-pyrrolidone.
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Several samples containing SiO2@PVP particles prepared from 30% SiO2 and different concentrations of VP were heated for an hour at 60 °C. Their turbidity values were then measured every fifteen minutes for plotting in Figure 5. The heat led to faster polymerization for all four samples, giving each a linear trend of increasing turbidity over just 50 min. The sample with the highest VP concentration had the highest polymerization growth and hence the highest turbidity values. On the other hand, the sample with the lowest VP concentration had the lowest polymerization growth and hence the lowest turbidity values. All samples started with a very high turbidity value (as indicated by the point labeled AIBN at 0 min) due to the presence of AIBN before heating. Once the heating started, the AIBN got used up and hence the turbidity value decreased precipitously to the data point measured at 15 min. As the polymerization continued to propagate for every fifteen minutes of heating, the turbidity of each sample increased linearly corresponding to the growth of PVP around the SiO2 nanoparticles.


Figure 5. Turbidity values versus heating time at 60 °C for four samples containing 10 mg of AIBN, 1.5 mL of 30% silica and different volumes (a) 60 µL; (b) 50 µL; (c) 40 µL; (d) 30 µLof vinyl-2-pyrrolidone (VP) in a total volume of 2.0 mL. A reference value is included for 2,2'-azobis(2-isobutyronitrile) (AIBN) at 0 min.
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3.5. Dynamic Light Scattering (DLS)


The hydrodynamic diameters were measured for SiO2, SiO2@PVP and SiO2@PVP@PDA using DLS. Average values of 90 ± 1 nm, 96 ± 2 nm and 100 ± 2 nm were obtained. Obviously the larger size of SiO2@PVP verified the coating of SiO2 with PVP, in accordance with the higher turbidity results presented in Figure 4 and Figure 5. The DLS measurements were meant to be characterization of the particles only; no aggregation or sedimentation over time was measured.






3.6. CE-UV Analysis


Capillary electrophoresis (CE) with ultra-violet (UV) detection is a highly efficient technique available for the separation of nanomaterials in water [44,45,46]. The use of CE is advantageous due to its ability to separate any anionic and cationic analytes from neutral ones, low sample volume requirement, simple instrumentation, short analysis time, small buffer volumes, and excellent separation efficiency. The behavior of bare SiO2 nanoparticles in CE-UV analysis has previously been reported in our early work [47]. As shown in Figure 6a, a migration time of 2.9 ± 0.2 min is observed for a neutral marker such as mesityl oxide (MO). In Figure 6b, only a VP peak appears at 3.0 ± 0.1 min followed by an irregular SiO2 peak at 4.5–6.4 min. With AIBN present, Figure 6c exhibits a strong PVP peak at 3.1 ± 0.1 min and a weak SiO2 peak. This diminishing SiO2 peak serves as good evidence for the coating of SiO2 by PVP. The newborn SiO2@PVP peak is probably covered by the PVP peak. A higher initial concentration of VP in Figure 6d leads to a strong SiO2@PVP peak at 3.4 ± 0.2 min and no SiO2 peak. Apparently, coating of PVP around the SiO2 particles effectively covered up their negative charges to produce the SiO2@PVP peak at a migration time that suggested a small negative charge. The only drawback is that the SiO2@PVP peak can be confused with the PVP peak to make the quantification of SiO2 rather ambiguous.


Figure 6. Capillary electrophoresis with ultra-violet detection (CE-UV) electropherograms of (a) mesityl oxide (20 mM) in 10 mM Na2HPO4 BGE; (b) a mixture of N-vinylpyrrolidone (14 g/L) and 30 wt% silica suspension; (c) residual N-vinylpyrrolidone (initial concentration = 28 g/L), polyvinylpyrrolidone, and polyvinylpyrrolidone-coated silica nanoparticles; and (d) residual N-vinylpyrrolidone (initial concentration = 42 g/L), polyvinylpyrrolidone, and polyvinylpyrrolidone-coated silica nanoparticles. Electrokinetic injection at 17 kV for 3 s; CE analysis at 20 kV. UV detection at 190 nm; y-scale is presented in milli absorbance units (mAU).
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3.7. Polydopamine Coating


For better analytical visibility, DA and NaOH were introduced to the white SiO2@PVP particles in aqueous suspension. Coating of PDA around the particles was observed through the production of an intense dark color. As shown in Figure 7, four samples contained different concentrations of SiO2 and VP (albeit at a constant mole ratio of 1:1) but same amounts of AIBN, DA and NaOH. This dark color proved that PDA formed a coating around the SiO2@PVP particles. However, the lower the concentrations of SiO2 and VP in the sample, the darker it became after addition of DA and NaOH. These samples were next analyzed by UV-visible spectrophotometry and the results are summarized in Table 1 to confirm the visual observation. Further investigation will be needed to unravel the mechanistic details.


Figure 7. All samples contained 10 mg AIBN, 250 µL of 10 g/L DA, 60 µL of 1.5 M NaOH. (a) 50 µL of VP + 1.50 mL of 22.5 wt% SiO2; (b) 40 µL of VP + 1.25 mL of 22.5 wt% SiO2 (in duplicate); (c) 30 µL of VP + 1.00 mL of 22.5 wt% SiO2; and (d) 20 µL of VP and 0.75mL of 22.5 wt% SiO2.
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Table 1. UV-visible spectrophotometric analysis of four samples containing different concentrations of SiO2 and vinyl-2-pyrrolidone (VP) (albeit at a constant mole ratio of 1:1) but the same amounts of azobisisobutyronitrile (AIBN) (10 mg), DA (250 µL of 10 g/L) and NaOH (60 µL of 1.5 M).


	Sample components
	Wavelength of maximum absorbance (nm)
	Maximum absorbance (a.u.)
	Color





	50 µL of VP + 1.50 mL of 22.5 wt% SiO2
	298
	3.31
	Light brown



	40 µL of VP + 1.25 mL of 22.5 wt% SiO2
	492
	3.56
	Dark brown



	30 µL of VP + 1.00 mL of 22.5 wt% SiO2
	525
	4.64
	Very dark brown



	20 µL of VP + 0.75 mL of 22.5 wt% SiO2
	599
	4.52
	Black



	2 mL of 22.5 wt% SiO2
	230
	4.12
	Colorless













A typical electropherogram obtained from the CE-UV analysis of one sample containing SiO2@PVP@PDA particles is shown in Figure 8a. All the VP, PVP, DA and PDA peaks appeared in the range of migration time from 3.1 to 4.0 min. As this sample was prepared using 14 g/L of VP (which is lower than the 28 g/L used in Figure 6c), incomplete coating by PVP is evidenced by the residual SiO2 peak at 6–8 min. The CE-UV electropherogram of another sample containing 42 g/L of VP is shown in Figure 8b, where the VP, PVP, DA and PDA peaks are observed in the range from 3.8 to 5.6 min. No peak for SiO2 can be seen due to complete coating by PVP. Although these electropherograms look similar to those in Figure 6, the peaks at 3.8–5.6 min are actually stronger (because the full y-scale is 400 mV rather than 90 mV) due to the high molar absorptivity of PDA. The SiO2@PVP@PDA peak appeared at a characteristic migration time of 4.2 ± 0.2 min that allowed for both quantitative CE-UV determination of the original SiO2 concentration with enhanced sensitivity analysis and without any ambiguous identity.


Figure 8. CE-UV electropherograms of SiO2@PVP@PDA particles prepared using 10 mg of AIBN, 1.5 mL of 22.5 wt% SiO2, 10 g/L of DA, 60 µL of 1.5 M NaOH, and either (a) 14 g/L or (b) 42 g/L N-vinylpyrrolidone. Electrokinetic injection at 17 kV for 3 s; CE analysis at 20 kV. UV detection at 190 nm.
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3.8. Electron Microscopy


Transmission electron microscopy (TEM) of the three kinds of particles is illustrated in Figure 9 to clarify many questions such as thickness of the polymer layers, size and size distribution of the particles, surface morphology, roughness etc. Clearly SiO2 particles (13.02–13.09 nm), SiO2@PVP particles (14.16–16.22 nm) and SiO2@PVP@PDA particles (16.48–18.28 nm) are distinguished from each other. These results support those obtained above by UV-visible spectroscopy and DLS; they are also consistent with Figure 5 in our previous report that showed the progressive growth of PDA on SiO2 particles (from 15.7 ± 2.3 nm to 19.9 ± 2.3 nm) over eleven days [47].


Figure 9. Transmission electron microscopy of SiO2, SiO2@PVP and SiO2@PVP@PDA particles.
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4. Conclusions


This report puts the spot light on the polymerization of vinylpyrrolidone to form a neutral coating around anionic SiO2 nanoparticles in aqueous suspension for rapid sedimentation. Only 1 g/L of VP is necessary to remove 10 g/L of SiO2 from the water phase. The resulting SiO2@PVP particles can be further coated with PDA to enhance the sensitivity of quantitative analysis by CE-UV. Eventually these particles settle down over 24 h to enable facile removal from the water. Coating of charged nanomaterials with non-toxic neutral polymers can prevent direct contact between the toxic nanomaterials to cells [48]. Three other nanomaterials (CeO2, TiO2 and Fe3O4) will also be tested as model inorganic oxides in water to further validate this method for water treatment. Simultaneous removal of other hazardous organic compounds in water would be possible using the PVP-coated nanoparticles as a solid phase extraction substrate.
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