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Abstract

:

Sugarcane leaves were used to produce high-purity and low-density silica xerogels through a sol–gel method. The biogenic silica produced through a thermochemical method was reacted with sodium hydroxide (NaOH) to form sodium silicate and the produced sodium silicate was titrated with 1 M citric acid to form silica gel. The formed silica gel was washed, subjected to a solvent exchange process and later dried at 80 °C to produce low-density and high-purity silica xerogels. The produced xerogels were characterized with energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), nitrogen physisorption, elemental analysis (CHNS), X-ray fluorescence (XRF), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The produced silica xerogels had an amorphous structure and purity of 99.9 wt%. In addition, the textural properties analysis showed that the xerogel has a BET surface area of 668 m2·g−1, an average pore diameter of 7.5 nm, a pore volume of 1.26 cm3·g−1 and a density of 0.23 g·cm−3.
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1. Introduction


Sugarcane leaves are an agricultural waste material that is produced in very high amounts in countries that plant sugarcane [1]. Therefore, the usage of sugarcane leaves can yield a value-added material such as biogenic silica. Biogenic silica, obtained through the thermochemical treatment of sugarcane leaves, has been reported to yield silica with a high purity when either a mineral or organic acid is utilized in its treatment [1]. Through further treatment of biogenic silica, a silica product with higher purity and textural properties can be successfully produced [2].



Classical silica gel is produced through the gelation and ageing of a colloidal silica sol, which is commonly formed by an alkoxide precursor such as tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS) [3]. An alternative and relatively less expensive method of producing high-purity silica was reported by Kalapathy et al. [4], where silica ash was dissolved in an alkaline solution such as sodium hydroxide to form sodium silicate; this subsequently resulted in an aqua gel through the addition of an acid. The aqua gel was further aged, washed and dried to produce a silica aerogel or xerogel [5], depending on the aim of the study.



Silica aerogels are mainly mesoporous solids that comprise of a three-dimensional nanoparticle network with mesopores that are interstitial [3]. They are known to consist a range of utmost material properties [3]. They have various industrial applications due to their low density, high porosity, high surface-area-to-volume ratio, simple and flexible surface modification, high thermal stability and good insulation ability [6]. These types of silica gels are synthesized through a sol–gel method in which the produced gel needs to be dried through supercritical drying conditions. This, however, becomes problematic in large-scale industrial productions due to the high costs and danger involved in working at a high temperature and pressure during the supercritical drying process [6].



As a result, intensive research on the synthesis of xerogels on a large scale has been carried out over the years. Several researchers have utilized different low-cost xerogel precursors, such as rice husk [4], fly ash [7], kaolin [8] and oil shale ash [9], for the production of xerogels. Both xerogels and aerogels are prepared through the same sol–gel method; the only major difference is the way the resulting gel is treated/dried. Xerogels are less energy intensive because they are dried at low temperatures and ambient pressures [10]. Silica xerogels can be used in several applications, such as the following: thermal insulators, absorbents in the removal of fatty acids, oxidation products in oil and filtering media during water purification or of organic solvents [11]. They can also be used as chromatography columns and catalyst supports [12]. Among numerous drug delivery materials in the medical field, there has been an increasing interest in silica-based materials due to their biocompatible, nontoxic and stable nature [13]. Czarnobaj et al. [13] reported that, at the state of liquid sol, drug molecules can be readily loaded into the matrix without compromising the integrity of the drug. The drug molecules entrapped within the matrix are able to retain their physical characteristics and their biological and chemical properties within the silica material [13].



Several parameters, such as the solvent composition, chemical precursor, temperature and pH, have been reported by Estella et al. [14] to affect condensation and hydrolysis reactions; these, in turn, affect the porosity of silica xerogels. In addition, the washing step of the gel is crucial as it strongly determines the purity of the final product and its surface adsorption properties [4]. According to Kalapathy et al. [4], additional washing might be required after drying the gel in an attempt to produce a gel with lesser impurities. Silica xerogels that are pure or contain less impurities have a unique advantage because they can be used in applications that do not tolerate the presence of inorganic impurities. An example of such an application is the pharmaceutical industry, where they can be used as drug carriers.



Herein, we report the synthesis of high-quality silica xerogels from sugarcane leaves, which are regarded as a waste in the sugar production industry. The main purpose of this study was to produce silica with high-purity, low-density and good porous properties through a sol–gel method without the usage of a surfactant. Another batch of silica xerogel was produced using a surfactant (poly vinyl alcohol (PVA)) for comparison purposes. The xerogel produced in this study had improved properties compared to the biogenic silica that was produced in a previous study through a thermochemical route reported by Maseko et al. [1]. The xerogels reported in this study have superior properties, such as higher purity, a low density and better textural properties. Such characteristics make it possible for this silica xerogel to be used in a wide range of applications such as the ones mentioned above. This study further demonstrates that the method utilized produced silica xerogels from sugarcane leaves that have excellent properties in the absence of either a surfactant or harsh inorganic acids; these are still highly comparable to its counterparts in the literature, which were produced in the presence of a surfactant and strong mineral acids, which are environmentally unfriendly. To the best of our knowledge, no work has been published in the literature that utilized biogenic silica from sugarcane leaves in the production of silica xerogels by hydrolyzing sodium silicate with citric acid in the absence of a surfactant. In addition, this method further employed an ethanol solvent exchange method to increase textural properties and, in turn, enhance other properties, such as the density.




2. Materials and Methods


2.1. Materials


Citric acid, sodium hydroxide, poly vinyl alcohol (PVA) and absolute ethanol were purchased from Merck (South Africa). Sugarcane leaves were obtained from sugarcane growers in Verulam, South Africa.




2.2. Methods


2.2.1. Experimental


Biogenic silica was synthesized using a method reported by Maseko et al. [1]. In a 3-neck round-bottom flask, 5 g of biogenic silica was mixed with 250 mL of 1 M sodium hydroxide and the mixture was refluxed for 2 h at 80 °C. The resulting sodium silicate solution was then cooled to room temperature and later filtered to remove any present undigested matter. In a 500 mL beaker, the prepared sodium silicate solution was hydrolyzed with the addition of 1 M citric acid until the solution turned turbid at a pH of around 8.7. The formation of silica gel occurred according to the following reactions (1) and (2):


  S i   O   2   + 2 N a O H →   N a   2     S i O   3   +   H   2   O  



(1)






    3 N a   2     S i O   3   + 2   C   6     H   8     O   7   → 3   S i O   2   + 3   H   2   O + 2   N a   3     C   6     H   5     O   7    



(2)







After the solution turned turbid, it was continuously stirred for about a minute more until the solution turned into a soft gel. Then, the magnetic stirrer was removed and the gelled solution was covered with parafilm and left to age for 8 h at room temperature. After 8 h, the gel was broken, washed with distilled water and centrifuged five times to remove any present sodium citrate salt. Water solution was then added into the washed gel in different ratios (1:3, 1:1 and 1:0) and was left overnight in each of the solution ratios to stimulate solvent exchange where water molecules are eventually replaced by ethanol molecules. After solvent exchange, the gel was dried in the oven at 80 °C for 24 h. The sample was removed from the oven and labelled Xe-No surfactant. In another reaction, 250 mL of the same filtered sodium silicate solution was placed in a 500 mL beaker and 5 mL of 5 wt% PVA was added to the solution; the mixture was then stirred for 30 min before being titrated by 1 M citric acid until the solution turned turbid. After the solution turned turbid, it was continuously stirred for about a minute more until a soft gel formed. The soft gel (aqua gel) was then covered with parafilm and left to age for 8 h. After 8 h, the gel was broken then washed with distilled water and centrifuged 5 times to remove any present sodium citrate salt. Subsequently, the surfactant was removed from the prepared silica xerogels using a method reported by Jabariyan et al. [15]. The gel was later dried in the oven at 80 °C for 24 h. The sample was then removed from the oven and labelled Xe-PVA. This method was followed exactly as reported in order to achieve the complete removal of PVA from silica xerogel. Figure 1 illustrates the synthesis procedure for both routes.




2.2.2. Characterization of Silica Xerogels


FTIR spectra were attained using a Nicolet Avatar 360 FTIR spectrometer (Madison, WI, USA). For each sample, 32 scans in the 4000–400 cm−1 spectral range were recorded. Nitrogen sorption measurements were performed to measure textural properties using ASAP 2010, Micromeritics, Norcross, 157 GA (USA). The chemical analysis was conducted through an X-ray fluorescence analysis (S4 Explorer, WDXRF Bruker, Karlsruhe, Germany). An elemental analysis was carried out using a Vario EL micro analyzer system (Heraeus, Hanau, Germany). Scanning electron microscopy (SEM) and Energy Dispersive X-ray (EDX) images were obtained on a Zeiss Ultra Plus FEG SEM (Oberkochen, Germany), and TEM images were obtained from the usage of JEOL 2100 HRTEM (Japan). The phase identification was measured using a Seifert XRD 7 apparatus that is equipped with Ni-149-filtered Cu-Kα radiation (λ = 1.54 A).






3. Results and Discussion


3.1. FTIR Analysis of the Silica Xerogels


Figure 2 shows the FTIR spectra of silica xerogels that were produced from both gels. The broad peak at around 3410 cm−1 corresponds to the absorbed water and -OH stretching vibrations associated with silanol groups. All samples were kept in a desiccator but silica xerogels have been reported by [16,17] to be hygroscopic in nature. According to Darmakkolla et al. [17], silica xerogels are best kept in inert atmospheres to prevent the possibility of the reabsorption of ambient moisture, which will result in the presence of this peak at around 3410 cm−1. The absorption bands around 1635 cm−1 represent the -OH groups from water molecules that are physically absorbed in the network. The most prominent peak at around 1070 cm−1 corresponds to the asymmetric vibrations of siloxane groups (Si-O-Si) [18], while the peaks around 950 cm−1 correspond to the Si-OH stretching vibrations [19]. The symmetric vibrations of Si-O-Si are presented by the peaks at 795 cm−1 [5]. The peak at around 460 cm−1 is associated with the bending vibrations of Si-O-Si. The peaks related to PVA were not observed in the spectrum of Xe-PVA, indicating its successful removal.




3.2. XRD Analysis


The identification of possible different phases produced during the synthesis of silica xerogel from biogenic silica was performed by the means of XRD analysis and the results are displayed in Figure 3. Both of the samples exhibited only one broad peak at 21.9° and this peak is associated with amorphous silica [20]. No other peaks were observed in the xerogel samples, which means that the samples were completely amorphous, with undetected traces of crystalline phases. This was expected, since amorphous biogenic silica was utilized. According to Blond et al. [21], silica only begins to form a crystalline phase at temperatures above 900 °C and the maximum temperature used in this work was 80 °C.




3.3. Properties of the Pore System


Figure 4 demonstrates the isotherms for silica xerogels that were obtained through nitrogen sorption characterization. The isotherms have a closed hysteresis loop and comprise a knee at p/p0 = 0.6, which is immediately followed by a nitrogen uptake that is continuous until high relative pressure values [1]. These types of isotherms are categorized as type IV and are known to show low adsorption at low relative pressures, which is followed by a rapid increase at higher relative pressures [13]. According to Liu et al. [22], this is characteristic of mesoporous solids, which are known to have a pore diameter that is greater than 2 nm as per the IUPAC recommendation. Both silica xerogel samples followed the same type IV isotherm pattern, and their hysteresis loops have a slightly higher closure point at a relative pressure of 0.6; this can be classified as H2 [23]. The obtained hysteresis loop in the isotherms is due to the existence of larger mesopores [24]. No saturation is observed at relative pressure ratios close to unity, which means that the xerogel samples contain both meso- and macropores with a broad size distribution [25]. Based on the obtained isotherms, none of them reached a plateau at high values of p/p0. According to Schneider et al. [26] and Kumar et al. [27], an incomplete pore filling by an adsorbate took place, thereby suggesting that larger meso- and macropores were present in the xerogels.



The textural properties of the produced silica xerogels, such as BET surface area, pore diameter and pore volume, are summarized in Table 1. The method used to synthesize xerogels and the reaction conditions, such as the pH, synthesis temperature, aging time, drying temperature, washing method and time, strongly affect the textural properties of the produced xerogels. Optimized reaction conditions are considered in this study for the synthesis of silica xerogels in order to obtain the possible highest surface area and pore volume.



Table 2 demonstrates the results that other researchers obtained from their synthesis of silica xerogels or silica nanoparticles through the sol–gel method. The xerogel that was prepared in the absence of a surfactant had a BET surface area of 668 m2·g−1, while the one that was prepared with PVA as a surfactant had a BET surface area of 693 m2 g−1, which is 3.7% more. Both of these surface areas are higher than most of the ones that were found in the literature and are quite comparable to silica xerogel produced from a TMOS and TEOS of 670 and 697 m2 g−1, respectively; these are well-known silica gel precursors with well-established production methods. However, Purnawira et al. [28] reported silica xerogel with a BET surface area of 768 m2 g−1, using rice husk as a silica precursor and CTAB as a surfactant. The surface area obtained by these researchers is 10% higher than the one found in this study; however, the aim of their study was to form mesoporous silica nanoparticles of the MCM-41 type, which is a slightly different material from the xerogel produced in this study. The pore diameter of the silica xerogel produced without a surfactant was found to be 7.5 nm, which is approximately 22% less than 9.2 nm, which is the quantity of silica xerogel produced when using PVA as a surfactant. Both of these pore diameters corroborate the results obtained from nitrogen sorption isotherms, which demonstrated the presence of mesopores. Kaya et al. [6] reported a comparable pore diameter of 10 nm for SiO2, which was obtained from volcanic tuff without any usage of a surfactant; however, these researchers’ BET surface area was only 197 m2·g−1. The pore volume of xerogel produced without any surfactant was 1.25 cm3·g−1, which is 29% less than that of xerogel produced in the presence of a surfactant. Both the obtained pore volumes from this study are higher than the ones reported by researchers who have produced silica gel-based products. To the best of our knowledge, all the textural properties of the silica xerogels produced through a sol–gel method reported in the literature, with a higher surface area than the ones obtained in this study, were achieved through the utilization of a surfactant [28,29]. It is also worth mentioning that mineral acids were used to produce the gel in most of the work reported in Table 2, as opposed to the usage of an organic acid in this study. It can be summarized that the sample Xe-No surfactant had one of the highest BET surface areas of the porous silica materials synthesized on the basis of a biogenic silica source; this was also without a surfactant and using an organic acid as a catalyst in the sol–gel process via a completely sustainable route.



The density of the xerogels was determined by filing the gel to a perfect rectangle and then using a Vernier caliper to measure its sides so that its volume could be determined. The mass of the same xerogel rectangle was determined and its density was then calculated from   ρ =   m   v   .   The xerogel prepared in the absence of a surfactant was found to have a density of 0.23 g·cm−3, while that of the xerogel prepared in the presence of a surfactant was found to be slightly lower at 0.19 g·cm−3.




3.4. Elemental Analysis


Elemental analysis of the xerogel samples was carried out to determine any present carbon, nitrogen, hydrogen and sulfur (Table 3). The results obtained established that both the xerogel samples had neither carbon nor sulfur present, and had low percentages (less than 0.1%) of both hydrogen and nitrogen. These results agree with EDX analysis (Figure 5), which reflected that neither carbon nor sulfur were present in the xerogels. Both these elements were below the detection limits.



An XRF analysis was conducted to study the chemical composition of the xerogels produced and the biogenic silica that was used to prepare the gels; the results are displayed in Table 4. It can be observed that all the other inorganic impurities that were present in the biogenic silica reported in the previous study by Maseko et al. [1] were removed to beyond the detection limit in the xerogels, except for K2O and CaO. The reduction for K2O and CaO was 95% and 98%, respectively, for Xe-No surfactant. Meanwhile, for Xe-PVA, K2O and CaO were reduced by 70% and 95%, respectively. The obtained purity through XRF analysis of the produced Xe-No surfactant was 99.9 wt%, while that for Xe-PVA was 99.8 wt%. The biogenic silica used to prepare the gels had a purity of 95.4 wt%. The purity of the biogenic silica was improved by approximately 4.5% for both the Xe-No surfactant and Xe-PVA that were synthesized in this study.



Researchers such as Setyawan et al. [36] and Prempeh et al. [32] reported a presence of more than 5 wt% of Na2O in their xerogel product. It is worth noting that even though sodium citrate was formed as a by-product during the xerogel synthesis, no sodium was detected in the final product. The absence of sodium was achieved through the sufficient washing of the gels; the gels were washed 5 times and were shaken/agitated by hand every time before they were placed into a centrifuge for the separation of the gel and the liquid. The gels were later subjected to solvent exchange.



Figure 5 shows the results obtained from EDX analysis of the silica xerogel, where Figure 5A represents Xe-PVA and Figure 5B represents the Xe-No surfactant. It can be observed that both the purity of the Xe-no surfactant and Xe-PVA was quite high, with no carbon detected. These results agree with CHNS analysis, since no carbon is reported to be present or significant.




3.5. SEM and TEM Analysis


Scanning electron microscopy (SEM) was used to study the surface morphology of the produced xerogels and to determine any possible surface modifications that might have occurred due to the usage of a surfactant. The results are presented in Figure 6. Figure 6A,B show the Xe-No surfactant and Xe-PVA, respectively, at high magnification. Both of the presented SEM images demonstrate aggregation, which is caused by the presence of nanoparticles in the gels, as reported through nitrogen sorption. Figure 6C,D show the Xe-No surfactant and Xe-PVA, respectively, at lower magnification, and both of these images illustrate that the produced gels consist of particles with different sizes and shapes accompanied by some aggregation. According to [37], the type of silica produced in this study is known as heterogenous mesopore silica. Figure 6C,D further indicate that the produced xerogels have a rough and amorphous surface [38]. Amorphous silica is represented by the brighter surfaces while the pore cavities are indicated by the darker surfaces [37]. These findings support the results obtained through nitrogen sorption, where both of the synthesized xerogels were type IV silica with a mesoporous structure.



TEM images of the silica xerogels are presented in Figure 7A,B for the Xe-No surfactant and Xe-PVA, respectively. It can be seen that both xerogels produced silica particles that have no defined shape, with some agglomeration present. At this length scale, the small nanoparticles are most likely to agglomerate and form mesopores, as observed by nitrogen sorption. However, the degree of agglomeration for Xe-PVA is lower than that of the Xe-No surfactant, and also Xe-PVA appears to have larger pores than the Xe-No surfactant. This observation is in agreement with the results obtained from N2-sorption, since the reported pore diameters of Xe-PVA and the Xe-No surfactant are 9.2 nm and 7.5 nm, respectively. There is no regular geometry that can be confirmed, and this corroborates the amorphous nature of the produced silica gels, as detected by XRD [39].





4. Conclusions


This study demonstrated the synthesis of porous silica without the usage of a surfactant, which always requires an extra removal step. The results showed that silica xerogel, with a high purity of up to 99.9 wt% and also a low density of 0.23 g·cm−3, can be obtained through the sol–gel method, coupled with gradual solvent exchange between water and ethanol. The xerogel produced was completely amorphous, its particles had different shapes and sizes, and it was almost free of impurities. The synthesized silica xerogel had very good pore system properties, with a BET surface area of 668 m2·g−1, pore diameter of 7.5 nm and pore volume of 1.25 cm3·g−1. Specific and consistent aging times, washing and solvent exchange times were used to ensure precision.
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Figure 1. Schematic diagram for the synthesis of silica xerogels from sugarcane leaves biogenic silica. 
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Figure 2. FTIR spectra for Xe-No surfactant and Xe-PVA xerogels. 
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Figure 3. XRD pattern of Xe-PVA and Xe-No surfactant. 
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Figure 4. Nitrogen sorption isotherms of silica xerogels produced from sugarcane leaves with and without a surfactant. 






Figure 4. Nitrogen sorption isotherms of silica xerogels produced from sugarcane leaves with and without a surfactant.



[image: Sustainability 15 04626 g004]







[image: Sustainability 15 04626 g005 550] 





Figure 5. EDX spectra of xerogel produced from sugarcane leaves. (A) Xe-PVA, (B) Xe-No surfactant. 
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Figure 6. SEM images for silica xerogel from sugarcane leaves. (A) Xe-No surfactant (high magnification, (B) Xe-No surfactant (high magnification), (C) Xe-No surfactant (low magnification) and (D) Xe-PVA (low magnification). 
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Figure 7. TEM images of silica xerogels from sugarcane leaves. (A) Xe-No surfactant and (B) Xe-PVA. 






Figure 7. TEM images of silica xerogels from sugarcane leaves. (A) Xe-No surfactant and (B) Xe-PVA.



[image: Sustainability 15 04626 g007]







[image: Table] 





Table 1. Textural properties of produced silica xerogels determined by nitrogen sorption.
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	Sample
	ABET

m2 g−1
	Pore Diameter

(nm)
	Pore Volume

cm3 g−1





	Xe-No surfactant
	668
	7.5
	1.25



	Xe-PVA
	693
	9.2
	1.61
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Table 2. Porous silica xerogel properties from the literature.
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	Source of Silica Surfactant Used
	BET Surface Area

m2 g−1
	Pore Diameter

(nm)
	Pore Volume

cm3 g−1
	Reference





	TEOS—NA
	441
	2.2
	0.36
	Yingyu Guo [30]



	TMOS—NA
	670
	4.9
	0.73
	Czarnobaj et al. [13]



	TEOS—NA
	697
	nr
	0.42
	Estella [14]



	volcanic tuff—None
	197
	10.0
	0.50
	Kaya [6]



	Rice husk—CTAB
	768
	6.1
	1.17
	Purnawira et al. [28]



	Salacca Leaf—None
	93
	1.2
	0.03
	Fatimah et al. [2]



	Rice husk—CTAB
	706
	5.81
	1.03
	Purwaningsih et al. [29]



	Palm kernel—None
	438
	2.2–6.3
	nr
	Imoisili et al. [31]



	Corn cob—None
	57
	4.7
	0.67
	Shim et al. [20]



	Corn husk—None
	384
	3.8
	0.35
	Prempeh et al. [32]



	Rice husk—None
	653
	2.0
	0.65
	Hassan [33]



	Sugarcane waste ash—None
	131
	2.2
	1.05
	Rovani et al. [18]



	Sugarcane bagasse—None
	137
	3.4
	0.14
	Affandi et al. [34]



	Sugarcane bagasse—P123
	466
	3.1
	0.14
	Norsuraya et al. [35]







NA = Not Applicable, nr = Not Reported.
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Table 3. Elemental analysis (CHN) for xerogel samples synthesized from sugarcane leaves.
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	Xerogel
	Carbon

(%)
	Hydrogen

(%)
	Nitrogen

(%)
	Sulphur

(%)





	Xe-No surfactant
	n.d
	0.09 ± 0.01
	0.01 ± 0.00
	n.d



	Xe-PVA
	n.d
	0.07 ± 0.01
	0.01 ± 0.01
	n.d







n.d = not detected.
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Table 4. Chemical analysis of sugarcane leaves biogenic silica, Xe-No surfactant and Xe-PVA (determined by XRF).
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	Constituent
	Biogenic Silica

(wt%)
	Xe-No Surfactant

(wt%)
	Xe-PVA

(wt%)





	SiO2
	95.4
	99.9
	99.8



	Fe2O3
	0.2
	n.d
	n.d



	P2O5
	0.4
	n.d
	n.d



	K2O
	0.2
	0.01
	0.06



	CaO
	2.6
	0.05
	0.12



	MgO
	0.4
	n.d
	n.d



	SO3
	0.9
	n.d
	n.d



	Al2O3
	0.1
	n.d
	n.d



	Others a
	0.0
	0.0
	0.0







n.d: not detected, Others a: other metal oxides.
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