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Abstract

:

The physical properties of porous silica nanofibers are an important factor that impacts their performance in various applications. In this study, porous silica nanofibers were produced via solution blow spinning (SBS) from a silica precursor/polymer solution. Two polyvinylpyrrolidone (PVP, Mw = 360,000 and 1,300,000) were chosen as spinning aids in order to create different pore properties. The effect of their physical properties on the adsorption of methylene blue (MB) in an aqueous solution was explored. After forming, the nanofibers were calcined to remove the organic phase and create pores. The calcined nanofibers had a large amount of micro and mesopores without the use of additional surfactants. The molecular weight of the PVP impacted the growth of silica particles and consequently the pore size. High Mw PVP inhibited the growth of silica particles, resulting in a large volume of micropores. On the other hand, silica nanofibers with a high fraction of mesopores were obtained using the lower Mw PVP. These results demonstrate a simple method of producing blow spun silica nanofibers with defined variations of pore sizes by varying only the molecular weight of the PVP. In the adsorption process, the accessible mesopores improved the adsorption performance of large MB molecules.
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1. Introduction


In recent years, silica nanofibers with a mesoporous structure have attracted considerable attention due to their high surface area, high pore volume and large pore size [1,2,3]. These physical properties are essential for many applications. For example, porous nanofibers comprised of different inorganic oxides proved to be effective adsorbents in the removal of toxic pollutants in wastewater presumably by facilitating the diffusion of target molecules to active sites exposed throughout the porous structure [4,5,6,7,8,9].



There are several techniques for the production of silica nanofibers, such as electrospinning (ES) [1,2] centrifugal jet spinning (CJS) [10], and solution blow spinning (SBS) [11,12]. In general, most spinning techniques used to synthesize silica nanofibers involve a sol-gel procedure that is intimately dependent on the precursor solution/sol properties and the polymeric aids used. Lately, SBS has been highlighted as a simple, affordable, versatile, high efficiency method of nanofiber production [13,14]. It is also preferred for its ability to produce nanofibers from a wide variety of polymers and solvents. SBS uses pressurized air to make fibers with a controllable and flexible morphology including highly porous nonwoven fiber mats formed by cross-layering nanofibers using a rotating collector. Nonwoven fiber mats can be useful for several applications due to the high accessibility of the pore network of the individual nanofibers and the ease of collecting and handling of fiber mats [14,15].



Typically, the mesoporous structure of the fibers can be obtained by using a template or surfactant as structure directing agent. The most common surfactants include pluronic P123 [1,7,16] and cetyltrimethylammonium bromide (CTAB) [2,17,18]. They are efficient in producing mesopore structures in several oxide nanofibers. However, their use makes the process complex and more expensive, as it is still necessary to add a spinning aid (organic polymer) to achieve a spinnable solution.



Spinning aids are essential in achieving the molecule chain entanglement required to improve the viscosity of the precursor solution and maintain a continuous jet that will reach the collector. Among the polymeric spinning aids, polyvinylpyrrolidone (PVP) is by far the most widely used for silica nanofibers production owing to its excellent chemical compatibility and stability [3,19,20]. Moreover, PVP has been used in the production of mesoporous polymer films [21] and carbon nanofibers [22] due to its amphiphilic character. Thus, due to its bifunctional properties, PVP can make the preparation and production of mesoporous silica nanofibers less complex and costly when used as a spinning aid polymer.



Studies indicate that polymer characteristics influence the physical properties of polymeric nanofibers produced by SBS [13,23]. However, there is no study on the influence of polymeric additives on the physical properties and/or dye adsorption capacity of blow spun ceramic nanofibers. Thus, the novelty of this investigation is to analyze the influence of polymers characteristics on the physical properties and dye adsorption capacity of silica fibers obtained by SBS.



To date, studies have investigated the effect of varying the amount of polymer in polymer solutions on the morphology and properties of spun polymeric fibers [24]. Molecular weight is known to affect the properties of polymer solutions as well as the properties of the nanofibers they produce. However, there is a lack of information on the effect of the molecular weight of PVP on the properties and morphology of oxide ceramic nanofibers. There are two common grades of PVP products for making silica nanofibers by electrospinning (Mw = 360,000 and 1,300,000). One objective of this study was to further improve the physical properties of silica nanofibers using a polymer (PVP) rather than surfactants. A further objective of this study was to compare the properties of porous silica nanofiber produced by SBS from the two common grades of PVP and without the use of surfactants. The fiber properties compared included fiber morphology, physicochemical properties, specific surface area, pore structure, and dye (methylene blue) adsorption behavior.




2. Experimental


2.1. Materials


Tetraethyl orthosilicate (TEOS, reagent 99%) and polyvinyl pyrrolidone (average Mw ~360,000 and Mw ~1,300,000) were obtained from Sigma-Aldrich (St. Louis, Mo, USA). Hydrochloric acid (HCl, Sigma-Aldrich, St. Louis, Mo, USA) and ethanol (200 proof—Pharmco-Aaper, Shelbyville, KY, USA) were used as catalyst and solvent, respectively. The cationic dye, Methylene blue (MB) (Merck Millipore, Burlington, MA, USA), was used in the adsorption experiments. The pH of dye solutions was adjusted with HCl or NaOH (1 M) (Sigma-Aldrich, St. Louis, Mo, USA). All chemicals were analytical grade and used as received.




2.2. Production of Nanofibers


To prepare the precursor solution, a sol containing 1 mL of TEOS, 1 mL of ethanol and 20 μL of HCl was prepared under vigorous stirring for 1 h. The mixture was then added to a solution of PVP (8 wt%) in ethanol and stirred for 1 h. The SBS apparatus consisted of a syringe pump that pumped the polymer solution through the inner nozzle of a specialized concentric nozzle. Pressure regulated air (345 kPa) was fed through the outer nozzle of the concentric nozzle. The process parameters were determined according to past experience with nanofiber formation by SBS [11,12].



The polymer solution was pumped through the inner nozzle at a rate of 110 μL min−1. The polymer solution was drawn into fibers by the shear effect of the pressurized air from the outer nozzle impinging on the polymer solution as it exited the inner nozzle. The jettisoned fibers passed through a heated metal tube until they reached the collector and formed a nonwoven mat. The working distance from the nozzle to the collector was 70 cm and the system temperature was controlled at approximately 60 °C. The fiber mat was kept in a lab oven (100 °C) for five days to complete condensation step. The fiber mats were calcined in air at 550 °C, using a dwell time of 3 h and heating rate of 10 °C min−1. The as-spun samples produced with the lower (Mw ~360,000) and the higher (Mw ~1,300,000) molecular weight PVP were denoted as SNFs/PVP-LMw and SNFs/PVP-HMw, respectively from silica nanofibers (SNF). Consequently, SNFs-LMw and SNFs-HMw were referenced to their corresponding calcined samples.




2.3. Characterization


The morphology of the fibers and fiber mats were analyzed by Scanning Electron Microscopy (SEM-FEG, S4700, Hitachi, Tokyo, Japan). Diameters of 100 individual fibers per sample were evaluated using ImageJ software (version 1.48, National Institutes of Health, Bethesda, MD, USA). Statistical analyses (t and Mann-Whitney tests) were performed at a 0.05 level of significance. Thermal gravimetric analysis (Pyris 1 model, Perkin-Elmer, Norwalk, CT, USA) was employed to evaluate the weight loss of the samples tested under a nitrogen atmosphere (20 mL min−1) at a heating rate of 10 °C min−1 from 30 to 700 °C. The FTIR spectra (Thermo Fisher Scientific, Waltham, MA, USA, KBr pellet (2/100 mg)) were recorded in the spectral range of 4000 to 400 cm−1, with 32 scanning and 4 cm−1 resolutions. X-ray diffraction (X’Pert Philips diffractometer, Malvern Panalytical, Malvern, UK) spectra were obtained using a CuKα anode (λ = 0.15406 nm) with a scanning step of 0.02° in the range of 10–60°. Elemental analysis (CHNS Elemental Analyzer, model 2400, Perkin Elmer, Akron, OH, USA) was used to determine CHN content. The physical properties for the silica nanofibers were determined from N2 adsorption/desorption experiments performed at 77 K (ASAP 2020, Micromeritics, Norcross, GA, USA). Brunauer-Emmett-Teller (BET) surface area was calculated from adsorption data and the Barrett-Joyner-Halenda (BJH) model was used to calculate the pore volume. The micropore volume and micropore surface area were obtained by the t-plot method [25] and Zeta potential values (nano-ZS, Malvern Instruments, Malvern, UK) were measured and recorded. Surface charge was analyzed by varying the pH from 3 to 10.




2.4. Adsorption Evaluation


Aqueous dye stock solutions (1.0 g L−1) were prepared for use in adsorption tests. Adsorption tests were performed by placing 5 mg of the fiber sample in flasks containing MB solution (10 mL) with initial concentration of 100 mg L−1. The pH of the solutions was controlled by 1 M HCl and 1 M NaOH in the range of 4, 5–10. The isotherm of adsorption of MB was performed by a series of solution at initial concentrations varying from 10 to 500 mg L−1 at pH 10, the tests were repeated three times. The solutions were stirred on an orbital shaker (MaxQ 4000, Thermo Scientific, Malvern, UK) at 250 rpm for 24 h while keeping the temperature constant at 298 K. After each experiment, the solution (1 mL) was taken and centrifuged (5000 rpm, 5 min) to determine the residual concentration of the dye. The concentration of the MB was measured by UV-Vis spectrophotometer at λmax 664 nm. The effect of pH on the adsorption of dyes was investigated at 298 K. Similar experiments were carried out at 308 and 318 K to determine the thermodynamic data. The effect of contact time and kinetic studies were carried out using a solution concentration of 100 mg L−1 for MB (pH 10). For this purpose, dye solution was added with the adsorbent at 298 K. The dye concentration was measured at various time intervals (15–480 min). The adsorption capacity was calculated using Equation (1) and the percentage removal efficiency was calculated using Equation (2). Equation variables were defined where Qe is the maximum capacity (mg g−1), C0 and Cf are initial and final dye concentrations, respectively, V is the volume of the dye solution (L) and m is the amount of the adsorbent (mg).


   Q e  =  (   C 0  −  C f  / m  )  V  



(1)






  %   R e m o v a l =  (   C 0  −  C f  /  C 0   ) 100   



(2)







2.4.1. Adsorption Isotherm Studies


The adsorption isotherm parameters obtained from the linear fitting of the Langmuir and Freundlich models were evaluated in order to determine the correlation between the amount of MB adsorbed onto the studied adsorbents. The Langmuir isotherm assumes uniform active sites and monolayer adsorption of molecules on the adsorbent surface. Mathematically, this is expressed using the linearized Langmuir Equation (3).


   C e  /  Q e  =  (   C e  /  Q e   )  +  (  1 /  Q m   K L   )   



(3)




where Qm represents the maximum adsorption (mg g−1), Qe is the amount adsorbed at equilibrium (mg g−1), Ce is the dye solution concentration at equilibrium (mg L−1), KL is the Langmuir constant (L mg−1) which is equivalent to the equilibrium constant of chemical reactions.



The Freundlich isotherm is applied in adsorption studies under heterogeneous surface energy and multilayer adsorption and can be expressed according to the linear Equation (4).


  l n  Q e  = l n  K f  +  (  1 / n  )  l n  C e   



(4)




where Ce is the concentration of dye at equilibrium (mg L−1), Kf [(mg g−1) (L mg−1) 1/n] and 1/n represent the Freundlich constants, Kf represents an approximate value of the adsorption capacity. The intensity of the adsorption process is represented as 1/n and is related to the heterogeneity of the surface where values between 0 and 1 are obtained and where values closer to 0 indicate a more heterogeneous surface.




2.4.2. Thermodynamic Studies


Thermodynamic parameters such as Gibbs free energy change (ΔG⁰), entropy change (ΔS⁰) and enthalpy change (ΔH0) were calculated from Equations (5)–(7). ΔG⁰ (J/mol) was estimation from Equation (5) by using K (dimensionless) as thermodynamic equilibrium constant. In this case, K was calculated as dimensionless by multiplying KL (L mg−1) as equilibrium constant (obtained from Langmuir model) by Madsorbate (molecular weight of adsorbate, mg mol−1) and by 55.5 (water concentration, mol L−1) (See Equation (6)) [26]. The slope and intercept obtained from the linear fitting (lnK versus 1/T) of Van’t Hoff Equation (7) was used to calculate ΔS⁰ and ΔH⁰. In both Equations (5) and (7) T is the temperature in Kelvin and R is the ideal gas constant (8.314 J mol−1 K−1).


  Δ  G 0  = − R T l n K  



(5)






  K =  K L  ×  M  a d s o r b a t e   ×   10  3  × 55.5 )  



(6)






  l n K = − Δ  H 0  / R T + Δ  S 0  / R  



(7)








2.4.3. Kinetic Studies


Equations (8)–(10) were used to investigate the mechanism of MB adsorption by fitting the experimental data through the kinetics models (i.e., pseudo-first-order, pseudo-second-order, and intraparticle diffusion, respectively).


  ln  (   Q e  − Q  )  = l n  Q e  −  k 1  t  



(8)






  t /  Q t  = 1 /  k 2   Q e 2  + 1 /  Q e  t  



(9)






   Q t  =  k  d i f   1 / 2     + C  



(10)




where Qe is the amount of dye adsorbed (mg g−1) at equilibrium, Qt is the amount of dye adsorbed at a determined time, t is the contact time (min), k1 (min−1), k2 (g mg−1 min−1) and Kdif (mg g−1 min−1/2) are the rate constant for the pseudo-first-order, pseudo-second-order and intraparticle diffusion, respectively. The C (mg g−1) parameter represents is the amount of dye adsorbed and is determined from the intercept of the linearized Qt versus C in Equation (10).




2.4.4. Statistical Parameters


Each model was validated for the adsorption of dyes onto the nanofibers through the applicable fit verified using correlation coefficients (R2), as well as the root mean square error (RMSE) and the standard deviation SD given in Equations (11) and (12), respectively.


  R M S E =    ∑    (  Q  e , e x p   −  Q  e , c a l   )  2  / n    



(11)






  S D =    ∑    (  Q  e , e x p   −  Q  e , c a l   )  2  / n − 1    



(12)




where Qe,cal and Qe,exp refer to the calculated and experimental data, and n is the total number of data points. The value of R2 closest of the unit and the lower values of RMSE and SD indicate the best fit of the model.






3. Results


Silica nanofibers (SNFs) were successfully prepared via the SBS technique with the aid of PVP as a porogenic agent and spinning aid. Figure 1a–d shows the morphologies of the as-spun and calcined nanofibers at different PVP molecular weight (360,000 and 1,300,000). SEM images show a structure comprised of randomly oriented nanofibers with a cylindrical and thin, elongated shape. The mean diameter of SNFs/PVP-LMw and SNFs/PVP-HMw was 432 ± 263 nm (Figure 1a inset) and 549 ± 356 nm (Figure 1c inset), respectively. Figure 1b,d show that the fibrous structure of the samples were well preserved after the calcination process. The mean diameters of the fibers were slightly affected by the differences the molecular weight of the PVP. Thus, the mean diameter of SNFs/PVP-LMw is lower than SNFs/PVP-HMw (t test, p < 0.001). There is a significant shrinkage in fiber diameter (t test, p < 0.001) due thermal degradation/removal of the organic polymer component and a consolidation/densification process for both samples. The fiber diameters were reduced to 164 ± 88 nm for SNFs-LMw (Figure 1b inset) and to 216 ± 106 nm for SNFs-HMw (Figure 1d inset). The mean diameter was lower in SNFs-LMw relative to the SNF-HMw fibers (t test, p < 0.001). However, differences in the mean fiber diameter between SNFs/PVP-LMw and SNFs/PVP-HMw were not significantly different (Mann-Whitney test, p = 0.0918), while differences in the range of fiber diameter s of calcinated samples are different (Mann-Whitney test, p < 0.001).



Figure 2 shows the thermal behaviors of pure PVP-LMw (Mw = 360,000), PVP-HMw (Mw = 1,300,000), and as-spun nanofibers (SNFs/PVP-LMw and SNFs/PVP-HMw). For pure PVP, the TGA curves exhibit two stages of mass loss. An initial stage with the maximal mass loss occurred approximately at 100 °C, which can be attributed to the evaporation of physiosorbed water. In this stage, mass loss is greater for PVP-LMw (~17%) than for PVP-HMw (~14%). The lower physiosorbed moisture in PVP-LMw can be attributed to its lower molecular weight and concomitant higher surface area on which to absorb water. Moreover, the thermal degradation of PVP chains (observed in the second stage) was lower for PVP-LMw (from 310 °C to 440 °C) than PVP-HMw (from 340 °C to 465 °C). This is also a function of molecular weight and chain entanglement since the greater entanglement of the PVP-HMw molecular chains can make its decomposition more difficult. In this stage of thermal degradation, C–H, C–C, C = O, and C–N bonds are broken and degraded into carbon oxide and nitrogen oxide compounds [27].



The size of the polymer chains also has a significant importance in the TGA curves of as-spun nanofibers. The curves revealed two stages of mass loss with the first occurring near 100 °C and was interpreted as a loss of physiosorbed water and residual free ethanol from the condensation of hydrolyzed TEOS to silica [27]. For SNFs/PVP-LMw, the evaporation phase of free liquid started at a lower temperature than that for SNFs/PVP-HMw. This was presumably due to the lower degree of chain entanglement which allowed the solvent molecules a less tortuous path for evaporation.



The second stage of mass loss occurred near 320 °C where the PVP in the hybrid fibers exhibited lower thermal stability than pure PVP. According to Bogatyrev et al. [28], the interaction of PVP and silica occurs only through the hydrogen bonds between the carbonyl (C = O) group in PVP and the silanol (SiO-H) group on the silica surface (Scheme 1A). This interaction can weaken the pyrrolidone ring bonds and their degradation can occur at lower temperatures. A greater mass loss during the second stage occurred between 300 °C and 435 °C, where carbon dioxide and pyrrolidone rings were the main components released. Over this temperature range, a continual loss of mass was observed for both SNFs/PVPs, which was believed to involve the thermal degradation of PVP chains closest to the surface of the silica phase [28,29,30] and the release of water in the silica framework by the condensation of silanols groups [31]. Mass loss was found to be slightly greater for SNFs/PVP-LMw (70%) than SNFs/PVP-HMw (64%) up to 550 °C.



This difference suggests that high Mw chains favor a higher packing and association with the silica network compared to low Mw PVP where more intimate carbonyl-silanol interactions may occur (Scheme 1A). It may be that the depolymerization of PVP at high temperatures may be slowed by the number of polymer units bound with silanol groups on the silica surface [28]. Hence, the residual mass is composed of the silica phase with small amounts of carbon. In contrast, low molecular weight PVP chains may have a greater intimate contact with ≡ SiOH groups to reach the oligomeric forms. Then, the condensation rate of the silanol groups was more pronounced, which released a greater amount of water and increased the size of the silica particles (Scheme 1B).



Table 1 shows the carbon (C), hydrogen (H), and nitrogen (N) content of the samples which verified the presence of polymer residues in the silica nanofibers after calcination. The results confirm that both samples have similar N content. However, the amount of C was three times greater for SNFs-HMw than for SNFs-LMw.



FT-IR analysis of the SNFs-LMw and SNFs-HMw are shown in Figure 3a. The spectra of both samples show characteristic IR bands of amorphous silica. The broad band between 3100 and 3700 cm−1, centered at 3460 cm−1 is attributed to O-H stretching frequency related to physiosorbed water and silanol groups on silica surface [32]. The symmetric and antisymmetric Si-O-Si (siloxane) stretching are observed at 1080 and 470 cm−1, respectively. Stretching vibration at 970 cm−1 and bending frequency at 799 cm−1 correspond to the surface silanol groups Si-O(H) [33,34,35,36]. However, the spectra for SNFs-HMw clearly showed peaks at 2913 and 2845 cm−1 which was attributed to CH2 absorption of PVP which confirmed that the existence of residual carbon content was more significant in this sample. The XRD analysis (Figure 3b) indicated the presence of amorphous silica for both calcinated samples, with only a small broad band in the 2-theta range of 15–30° [19,20].



N2 adsorption-desorption isotherms for SNFs-LMw shown in Figure 4a are identified as type IV, indicating a mesoporous material according to IUPAC classification. In the low relative pressure region (p/p0 < ~0.1) the uptake of nitrogen can be observed, which indicates the presence of micropores. Mesoporous structures are also observed when the relative pressure (p/p0) is more than ~0.5 which is associated with capillary condensation. This is where the nitrogen uptake increases and starts the typical H4 hysteresis loop [37] and indicates the presence of narrow slit pores [38,39]. On the other hand, plotted isotherms of SNFs-HMw can be classified as composites of type I + IV isotherms with a discreet hysteresis loop type H4 (See Figure 4b). Isotherms type I are typical of microporous materials [40], which have high surface areas.



The physical parameters of the samples are summarized in Table 2. BET analysis indicated the largest surface area (921.7 m2 g−1) for SNFs-HMw while in SNFs-LMw samples had a lower surface area in comparison (635.6 m2 g−1), which was indicative of mostly micropores. This result was confirmed by the t-plot results in which the micropore volume and micropore area were much high for SNFs-HMw than for SNFs-LMw. In contrast, BJH desorption cumulative volume of pore width between 1.7 nm and 300 nm indicates a high pore volume (0.74 cm3 g−1) and desorption average pore width of 3.67 nm for SNFs-LMw. For SNFs-HMw those values are 0.12 cm3 g−1 and 1.99 nm, respectively (Table 2).



The results of physical characterization indicate that both samples contained micro/mesopores. However, SNFs-LMw was predominantly comprised of mesoporous pores and SNFs-HMw was predominantly microporous in nature. This can be explained by the different sizes of the polymer layers, which impacted the PVP-silanol and silanol-silanol interactions. As mentioned above, the lower Mw PVP favored a greater intimate contact between the silanol groups. This contributed to the formation of nuclei that favored the growth of silica particles by the hydrolysis/condensation step, resulting in large particles. Therefore, large particles favored the formation of larger pores (Scheme 1B).



Based on isotherm data (the data represent the mean of three experiments and the error bars represent the standard deviations of triplicate tests (Figure 5a,b), the adsorption yield onto both adsorbents increased as initial MB concentration increased. This can be attributed to the high number of dye molecules colliding with the adsorbent, which provided a driving force that overcame the mass transfer resistance between them. On the other hand, the adsorption capacity decreased as the temperature increased, indicating an exothermic process. The influence of the physical properties of SNFs-LMw and SNFs-HMw on the adsorption capacity of MB was clearly demonstrated. Despite the higher specific surface area of SNFs-HMw, SNFs-LMw had higher adsorption capacity. As shown in Figure 5a,b, the maximum adsorption capacity of SNFs-LMw and SNFs-HMw at 298 K is 278.86 mg g−1 and 123.29 mg g−1, respectively. These differences can be attributed to the properties of the pores. The predominant mesoporous structure of SNFs-LMw may have facilitated the transport of the MB molecule into the porous fiber structure where more sites for adsorption could be accessed. In contrast, the molecular dimensions of MB molecule (1.70 nm × 0.76 nm × 0.33 nm) [41] is close to the average pore diameter of SNFs-HMw (1.99 nm), which may have made MB access to binding sites more difficult (resulting in less uptake).



Table 3 shows the results obtained from the adsorption parameters derived according to the linear forms of the two models (Equations (3) and (4)). The statistical parameters were also explored to identify the fit quality of each model. The best fit model was chosen based on the highest correlation coefficients (R2) and the lowest SD and RMSE values. Comparing the results, the adsorption of MB on both adsorbents was best fit by the Langmuir isotherm. Figure 6a,b show the experimental and Langmuir linear fit (best fit model) obtained when Ce/Qe was plotted against Ce at 298 K, 308 K and 318 K for SNFs-LMw and SNFs-HMw, respectively. Qmax(calc) and KL were evaluated from the slope and intercept. The Qmax(calc) of SNFs-LMw and SNFs-HMw is 275.5 mg g−1 and 121.9 mg g−1, which are very close to the experimental values (Qe). These results means that a monolayer coating of MB molecules was formed on the energetically homogeneous surface of the nanofibers. Therefore, the differences in the physical properties of the samples did not change the adsorption behavior of the dyes.



Zeta potential values of the adsorbents were determined varying the pH from 3 to 10 in order to verify the surface charge. Moreover, silanolate groups (SiO−) were expected to be the prevalent silica form in a large pH range due to the low isoelectric point of the silica surface (IEP ≈ 2–3) [41]. As shown in Figure 7a, for both adsorbents the surface is negatively charged for the range of all pH conditions tested. SNFs-HMw becomes more negative as the pH increases, and no significant change is observed for SNFs-LMw between pH 4 and 10. Thus, SNFs-LMw exhibited higher density of SiO− groups even at low pH conditions. Although SNFs-HMw has a significant carbon content that can modify the surface charge, there was no charge difference between HMw and LMw fibers at pH greater than 8. The high content of hydroxyl groups on the surface of the silica fibers surface develops negative charges in aqueous solutions, notably at high OH− concentrations. This means that the degree of deprotonation of hydroxyl groups increases at a high pH [33].



Under high pH conditions, the silanol groups are deprotonated and become negatively charged. Hence, ≡Si-O− can attract and bind the positively charged MB+ molecules. However, SNFs-HMw shows a low adsorption capacity in comparison to SNFs-LMw under all pH conditions (Figure 7b). Despite data showing that SNFs-HMw has a higher BET surface area and a zeta potential at pH 10 similar to the SNFs-LMw, the adsorption capacity of MB onto SNFs-LMw is three times higher than that of SNFs-HMw at this pH. This means that the amount of silanolate groups and total surface area are not the main factors that determine the adsorption capacity. Since SNFs-LMw have a much higher mesopore volume than SNFs-HMw, it is possible that mesopores are an important factor in governing the adsorption of MB dye. Indeed, MB binding may be strongly influenced by the combination of the physical characteristics of the SNFs and the high density of the SiOH groups.



Figure 8 shows FTIR analysis of SNFs-LMw (Figure 8a) and SNFs-HMw (Figure 8b) after adsorption of MB (blue line) in comparison with the adsorbents before removal (black line). For SNFs-LMw-MB and SNFs-HMw-MB, the peak at 1642 cm−1 corresponds to Si-O(H) shifted to 1610 cm−1. In addition, the -O(H) vibration peak centered at 3460 cm−1 also shifted and corresponds to 3432 cm−1 and 3422 cm−1 for SNFs-LMw and SNFs-HMw, respectively. These results may be attributed to the interaction between MB molecules and the adsorbents, through hydrogen bonds [42]. Furthermore, the new small peaks attributed to the stretching vibration of -C-N, -C-H and C = S in the MB molecule are shown at 1334 cm−1, 1395 cm−1, and 1492 cm−1, respectively [43,44].



The adsorption of MB on both SNFs was evaluated at different time intervals in the range of 15 to 480 min (Figure 9). As can be seen, approximately 65% of the MB adsorbed occurred in the first 15 min for SNFs-LMw. The rapid uptake could be due to an initial adsorption occurring on the external surface and on the larger mesopores of the adsorbent. For SNFs-HMw which have only a small fraction of mesopores, only 37% of MB was adsorbed at the first 15 min. Consequently, adsorption was relatively slow as the dye molecules diffused into the smaller pores. The adsorption equilibrium was achieved after 360 min for SNFs-LMw, which reached ~96% of MB removal. Adsorption equilibrium for SNFs-HMw occurred after 240 min with only ~65% of MB removal.



The kinetic parameters were determined by adjusting the kinetic data of the MB adsorption in the models of pseudo-first-order, pseudo-second-order and intra-particle diffusion. The results are summarized in Table 4. Intra-particle-diffusion occurred during the adsorption process due to porosity and high surface area. However, the kinetic constant of Kdif, and the relatively low R2 value confirmed that Intra-particle-diffusion is not the sole rate-limiting step for the adsorption process [18]. For pseudo-first-order and pseudo-second-order models, the values of the experimental adsorption capacity (Qe(exp)) were closer to the calculated adsorption capacity (Qe(cal)) by pseudo-second-order models for both adsorbents. The results confirm second-order adsorption kinetics best fit the adsorption behavior. This is in agreement with the high R2 values and the lower values of SD and RMSE and indicate that the chemisorption process is the main rate controlling step for MB dye adsorption for both SNFs.



Table 5 shows energy (ΔG⁰), entropy (ΔS⁰) and enthalpy change (ΔH⁰) estimated for both MB adsorption onto SNFs-LMw and SNFs-HMw at 298 K, 308 K and 318 K. Results show the influence of physical properties of the fibers on the thermodynamic parameters. Negative values and positive values of ΔH⁰ indicating that the adsorption process is exothermic and endothermic for SNFs-LMw and for SNFs-HMw, respectively. This is in agreement with the results in adsorption isotherms for SNFs-LMw, in which the adsorption capacity decreased with increasing temperature. For SNFs-HMw, the adsorption capacity with increasing temperature from 308 K to 318 K may not be considerable. The positive values of ΔS⁰ reflect the increase in randomness at the solid/liquid interface during adsorption for both SNFs. The more negative values of ΔG⁰ for SNFs-LMw indicate an adsorption more spontaneous and energetically favorable than that for SNFs-HMw.



Table 6 shows the comparison with the results of previous studies on MB adsorption capacities available in the literature [8,16,45,46,47,48,49]. Most of them are mesoporous materials with high surface area. This is a demonstration of the efficiency of mesoporous materials for application as dye adsorbents. Therefore, the SNFs-LMw adsorption capacity is higher than those observed in literature. This indicates that the improved adsorption capacity is attributed to the superior physical properties of the sample.




4. Conclusions


Mesoporous silica nanofibers were obtained by the SBS technique. Nanofibers with different specific surface area and pores features were obtained by using PVP of different Mw. The results revealed that SNFs contained mesopore and micropores. SNFs produced using PVP with lower Mw were rich in mesopores. while SNFs produced using PVP with higher Mw were rich in micropores. The PVP samples differed in the average chain length which likely governed the pore diameter. Although micropores allow the connection between mesopores. the high content of micropores negatively impacted MB removal. Adsorption tests showed the same behavior and mechanism. including electrostatic interaction of MB onto both SNFs-LMw and SNFs-HMw. However. the physical properties of SNFs-LMw made it a more promising adsorbent for MB dye molecules.
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Figure 1. SEM images and distribution of the diameter (inset) of: (a) SNFs/PVP-LMw, (b) SNFs/PVP-HMw, and (c) SNFs-LMw and (d) SNFs-HMw. 
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Figure 2. TGA curves of SNFs/PVP-LMw and SNFs/PVP-HMw. 
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Scheme 1. (A) Interaction between silanol groups and PVP unit and chain, and (B) schematic illustration of PVP chain and silica particle in precursor solution, as-spun fiber and pores size after calcination process. 
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Figure 3. (a) FT-IR spectra and (b) XRD pattern of SNFs-LMw and SNFs-HMw. 
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Figure 4. N2 adsorption–desorption isotherm of: (a) SNFs-LMw and (b) SNFs-HMw. 
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Figure 5. Effect of initial MB concentration and temperature: (a) SNFs-LMw and (b) SNFs-HMw. Error bars represent standard deviations of triplicate tests. 






Figure 5. Effect of initial MB concentration and temperature: (a) SNFs-LMw and (b) SNFs-HMw. Error bars represent standard deviations of triplicate tests.



[image: Nanomaterials 11 03135 g005]







[image: Nanomaterials 11 03135 g006 550] 





Figure 6. The Langmuir isotherm and linear fit for MB adsorbed by: (a) SNFs-LMw and (b) SNFs-HMw at 298 K, 308 K, and 318 K. 
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Figure 7. Comparative results of SNFs-LMw and SNFs-HMw adsorbents of (a) zeta potential and (b) pH effect of MB adsorption. 
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Figure 8. FTIR spectra before and after MB adsorption for (a) SNFs-LMw and (b) SNFs-HMw. 
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Figure 9. Effect of contact time on MB adsorption onto SNFs-LMw and SNFS-HMw. 
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Table 1. Elemental analysis.
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	Sample
	C[%]
	H[%]
	N[%]





	SNFs-LMw
	0.65
	1.71
	0.54



	SNFs-HMw
	1.86
	1.29
	0.56
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Table 2. Physical parameters of SNFs-LMw and SNFs-HMw.






Table 2. Physical parameters of SNFs-LMw and SNFs-HMw.





	Sample
	BET [m2 g−1]
	BJH Desorption (a) [cm3 g−1]
	Pore Diameter (b) [nm]
	Micropore Volume (c) [cm3 g−1]
	Micropore Area (d) [m2 g−1]
	External Surface Area (e) [m2 g−1]





	SNFs-LMw
	635.6
	0.747
	3.67
	0.05
	118.9
	516.7



	SNFs-HMw
	921.7
	0.122
	1.99
	0.23
	510.3
	411.3







(a) (BJH Desorption cumulative volume of pores between 1.7000 nm and 300.0000 nm width); (b) (Desorption average pore width); (c) (t-Plot micropore volume); (d) (t-Plot Micropore Area); (e) (t-Plot External Surface Area).
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Table 3. Langmuir and Freundlich parameters of SNFs-LMw and SNFs-HMw for MB derivate from isotherms adsorption.
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Sample

	
Temperature [K]

	
Langmuir




	

	

	
Qe [mg g−1]

	
Qmax (cal) [mg g−1]

	
KL [L mg−1]

	
R2

	
SD [%]

	
RMSE






	
SNFs-LMw

	
298 308 318

	
278.8 250.0 243.2

	
275.5 247.6 238.1

	
0.29 0.29 0.19

	
0.996 0.999 0.994

	
0.41 0.22 0.32

	
1.17 0.30 5.10




	
SNFs-HMw

	
298 308 318

	
123.3 72.9 69.9

	
121.9 72.8 69.7

	
0.05 0.11 0.09

	
0.987 0.997 0.997

	
0.18 0.01 0.03

	
0.49 0.01 0.03




	

	

	
Freundlich




	

	

	
1/n

	
KF [mg g−1] [L mg−1]

	
R2

	
SD [%]

	
RMSE




	
SNFs-LMw

	
298 308 318

	
0.14 0.10 0.14

	
122.4 126.7 141.2

	
0.883 0.867 0.897

	
39.12 30.82 25.50

	
78.2 24.7 20.4




	
SNFs-HMw

	
298 308 318

	
0.13 0.17 0.31

	
31.6 25.1 16.5

	
0.808 0.812 0.852

	
15.34 9.56 8.90

	
37.4 7.9 7.6
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Table 4. Kinetic modeling results of MB adsorption onto SNFs-LMw and SNFs-HMw.
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Pseudo-First-Order Model




	
Sample

	
Qe(exp) [mg g−1]

	
Qe(calc) [mg g−1]

	
K1 [10−3 min−1]

	
R2

	
SD

	
RMSE






	
SNFs-LMw

	
191.20

	
80.40

	
7.12

	
0.881

	
30.73

	
29.61




	
SNFs-HMw

	
135.67

	
80.22

	
7.34

	
0.913

	
15.38

	
14.82




	

	
Pseudo-Second-Order Model




	

	

	
Qe(calc) [mg g−1]

	
K2 [10−4 g mg−1 min−1]

	
R2

	
SD

	
RMSE




	
SNFs-LMw

	
191.20

	
181.82

	
4.42

	
0.998

	
2.51

	
2.42




	
SNFs-HMw

	
135.6

	
140.80

	
2.09

	
0.983

	
1.39

	
1.34




	

	
Intra-Particle Diffusion




	

	

	
C [mg g−1]

	
Kdif [mg g−1 min−1/2]

	
R2

	
SD

	
RMSE




	
SNFs-LMw

	
191.20

	
118.64

	
11.83

	
0.971

	
20.12

	
19.39




	
SNFs-HMw

	
135.6

	
58.65

	
14.04

	
0.938

	
21.34

	
20.56
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Table 5. Thermodynamic parameters of MB adsorption on SNFs-LMw and SNFs-HMw.
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SNFs-LMw

	
SNFs-HMw






	
T (K)

	
298

	
308

	
318

	
298

	
308

	
318




	
lnK

	
15.44

	
15.45

	
15.03

	
13.70

	
14.45

	
14.26




	
ΔG⁰ (kJ mol−1)

	
−38.25

	
−39.56

	
−39.74

	
−33.94

	
−35.98

	
−37.70




	
ΔH⁰ (kJ mol−1)

	
−15.49

	
21.16




	
ΔS⁰ (J mol−1 K−1)

	
76.90

	
186.30
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Table 6. Comparison of the MB adsorption capacity of different adsorbents.
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	Adsorbent
	BET [m2 g−1]
	BJH Desorption [cm3 g−1]
	Pore Diameter [nm]
	Qe (mg g−1)
	References





	Mesoporous carbon nanofibers
	392.3
	-
	3–5
	58.992
	[8]



	SBA15 Silica gel Mesoporous carbon MCSG60
	780 440 650
	-
	7 6 8
	~20 ~20 ~200
	[16]



	Porous carbon nanofibers
	885.551
	0.967
	3.928
	123.64
	[45]



	Graphene
	295.56
	-
	3.49
	153.85
	[46]



	N-doped mesoporous carbon-
	166.9
	-
	3.2 and 6.0
	163
	[47]



	meso/macro-porous silica microspheres coated with polydopamine MSM@PDA
	612.3
	0.91
	6 and 100
	83.30
	[48]



	γ-Fe2O3/SiO2
	74.35
	-
	-
	116.09
	[49]



	SNFs-LMw
	635.6
	0.747
	3.67
	278.8
	This work



	SNFs-HMw
	921.7
	0.122
	1.99
	123.3
	This work
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