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ABSTRACT 

The production of amorphous mesoporous silica nanoparticles can be achieved using sodium silicate 

(Na2SiO3) solutions prepared from South African coal fly ash waste. The first part of this study 

compared two processes for the preparation of Na2SiO3 solutions. The first process, hereafter called 

sequential acid-alkaline leaching (SAAL), is a two-stage process, which involves (i) a H2SO4 leaching 

step for the preferential extraction of reactive aluminium over silicon, followed by (ii) the preferential 

extraction of silicon over aluminium from the resulting residues using NaOH. The second process is a 

direct alkaline leaching (DAL) process, which consists of a single-stage elemental extraction from ash 

using NaOH, i.e. without the preceding acid leaching step used in SAAL. The two processes generated 

Na2SiO3 solutions with identical pH (11.8), similar silicon (10.2-10.3 g/L), iron (ca. 200 mg/L) and 

potassium (ca. 800 mg/L) content, and low calcium concentrations (≤ 29 mg/L). However, the inclusion 

of the acid leaching step in the SAAL process yielded a Na2SiO3 solution with significantly lower 

aluminium content (166 mg/L vs 1158 mg/L). The Na2SiO3 solutions obtained from the SAAL and DAL 

processes were then used as silica precursors to synthesise silica nanoparticles via a sol-gel method 

using polyethylene glycol (PEG) as surfactant and sulphuric acid as catalyst. All samples of synthesised 

silica nanoparticles were characterised by a high level of purity (up to 99.3 wt% SiO2). The insight 

gained is now being used to improve existing processes for the production of high-grade ultra-pure 

silica nanoparticles (i.e. ≥ 99.9 wt% SiO2) for catalyst support applications. 

GRAPHICAL ABSTRACT 
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STATEMENT OF NOVELTY 

This paper successfully demonstrates the synthesis of amorphous mesoporous silica nanoparticles 

from sodium silicate solutions which were prepared from a South African classified coal fly ash. Two 

processes for the preparation of Na2SiO3 solutions were tested and compared in order to assess 

whether pre-treatment for the removal of reactive aluminium from ash is beneficial to SiO2 

nanoparticles synthesis. Na2SiO3 solutions prepared using the two processes were then used as silica 

precursors to synthesise silica nanoparticles via a sol-gel method. The insight gained is now being used 

to improve existing processes for the production of high-grade ultra-pure silica nanoparticles, while 

the pure nanoparticles synthesised in this study are currently being tested for catalyst support 

applications. 

1. Introduction

Coal fly ash (CFA) is a by-product generated during the combustion of pulverised coal in thermoelectric 

power stations. South Africa’s public electricity utility, Eskom, consumes about 120 million tons of coal 

per annum, which produces 34 million tons of CFA [1]. Only about 5% of South African CFA is recycled, 

mostly in the cement and construction industry. Current legislative requirements impose stringent 

measures to be in place for ash storage facilities, which result in expensive management practices.   

Due to its high silicon (Si) and aluminium (Al) content, South African CFA could represent valuable 

secondary resource of purified silica and alumina, provided suitable economically-viable processes can 

be developed. The economic importance of silica nanoparticles is evidenced by its widespread 

inclusion in various industrial applications. Examples of applications include catalysts and catalyst 

supports, pigments, electronic substrates, thin film substrates, electrical and thermal insulators, filters 

for exhaust gases, and adsorbents [2–7]. 

Numerous synthetic methods for the preparation of silica nanoparticles have been proposed, 

including vapour-phase reactions, sol–gel synthesis, thermal decomposition techniques, and 

ammonification [8–10]. The sol-gel technique presents many processing merits, mainly due to its 

versatility and the ease by which modification of material properties may be achieved by changing 

synthesis parameters [11]. It is cost-effective and produces homogeneous and non-toxic silica particles 

of high purity [12]. Although alkyl orthosilicates are the most commonly used silica source, their high 

cost, flammability, and difficulties in handling and storage call for alternative sources [13]. Aqueous 
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solutions of Na2SiO3 are known to be alternative silica sources for the production of silica nanoparticles 

via the sol-gel synthetic process [14–16]. 

Commercial preparation of Na2SiO3 solutions is achieved by reacting SiO2-containing material, such as 

quartz sand, with carbonates or sulphates of alkali metals at temperatures exceeding 1300ᵒC, with 

subsequent dissolution in water below 200°C for several hours [17]. This synthesis route is energy-

intensive and generates carbon dioxide and sulphur trioxide emissions that must be managed, which 

make the synthesis of silica nanoparticles expensive [18]. The development of simple, affordable, and 

low-energy methods for the production of Na2SiO3 solutions is therefore needed. For instance, Na2SiO3 

solutions have been prepared from the reaction of commercial amorphous silica with NaOH solution 

at 90°C [19]. However, the starting SiO2 source can also be obtained from widely-available waste 

materials. 

Preparation of Na2SiO3 solutions from solid waste materials using acidic and/or alkaline leaching 

processes has been the subject of several studies. Examples of solid waste materials that have been 

investigated include rice hull ash [20,21], rice straw ash [5], bagasse ash [22], and oil shale ash [23]. 

Na2SiO3 solutions have also been prepared from CFA. The methods discussed in the literature 

generally involve an acid leaching pre-treatment step with the purpose of removal of Al and other 

elements as impurities from the solid waste material, followed by a NaOH leaching step to selectively 

extract Si in preparation of the Na2SiO3 solution, although their reported efficiency vary somewhat 

owing to differences in mineralogy and reactivity between coal ashes generated in different countries 

from various coals and combustion conditions. For instance, 37.3% [24] up to 62% SiO2 [25]  were 

extracted from Chinese CFA via leaching in 20-30 % w/w NaOH solution at 100-125°C for 1-2 h. Na2SiO3 

solutions were also generated from Malaysian CFA via alkali fusion at 550°C followed by aqueous 

dissolution [26]. In South Africa, the preparation of Na2SiO3 from CFA is limited to a single study for oil 

well cement applications using an non-classified (≤ 112 µm) ash sample from a non-specified power 

station [27]. 

The primary objective of this paper was to demonstrate the successful production of SiO2 

nanoparticles from a South African classified CFA. A second objective was to test whether the removal 

of reactive aluminium from CFA prior to silicon extraction for the production of intermediate Na2SiO3 

solutions is beneficial to SiO2 nanoparticles synthesis.  
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2. Experimental 

2.1 Materials tested and chemical reagents 

A representative sample of a classified, ultrafine siliceous CFA sample was obtained from Ash 

Resources (Pty) Ltd’s ash beneficiation site at Eskom’s Lethabo Thermal Power station. This 

commercial-grade CFA is air-classified on site and is specified to have a mean particle size between 

3.9 and 5.0 μm, with more than 90 % of the volume distribution of its particles having a diameter 

smaller than 11 μm. The CFA sample was sub-divided using a rotary splitter to obtain representative 

homogeneous sub-samples.  Deionised water (analytical grade, electrical conductivity < 1 μS cm-1) was 

used for all experiments. H2SO4 (analytical grade, 98 % w/w) and polyethylene glycol (PEG, 6000) were 

obtained from Merck (South Africa). The NaOH solution (analytical grade, 50.0 % w/w) and n-butanol 

(analytical grade) were obtained from Radchem (South Africa).  

 

2.2 Preparation and characterisation of sodium silicate solutions from CFA 

CFA was subjected to two distinct leaching processes in order to prepare Na2SiO3 solutions of different 

grades (Figure 1). The first process, hereafter called sequential acid-alkaline leaching (SAAL), is a two-

stage process, which involves (i) a H2SO4 leaching step for the preferential extraction of Al over Si, 

followed by (ii) the preferential extraction of Si over Al from the resulting residues using NaOH. The 

second process is a direct alkaline leaching (DAL) process, which consists of a single-stage elemental 

extraction from CFA using NaOH, i.e. without the preceding acid leaching step used in SAAL. The 

leaching procedures are discussed in more details below (sections 2.2.1 and 2.2.2). At completion of 

the leaching experiments, the suspensions were centrifuged to separate the solid and liquid phases. 

The supernatants were filtered under reduced pressure through 0.4 µm membranes filters (Whatman 

Nucleopore® Track-Etched polycarbonate, Whatman UK Ltd.) in closed polycarbonate filtration vessels 

(Sterifil, 47 mm Millipore) and stored at 4 °C. The concentrations of dissolved Al, Si and other elements 

were determined by ICP-MS at an accredited laboratory (Waterlab Pty Ltd, Pretoria, South Africa). 

These ICP-MS data were used to calculate elemental extraction efficiencies, i.e. the mass fraction of 

elements extracted from the mass of these elements present in CFA, by comparing them to the XRF 

data of untreated CFA. The non-dissolved residues were washed thoroughly with deionised water and 

dried at 80 ᵒC, before being characterised. 
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Figure 1. Process flow diagrams for the sequential acid – alkaline leaching (SAAL) and direct alkaline leaching 

(DAL) extraction of Al, Si and other major elements from CFA. 

 

2.2.1 Sequential acid - alkaline leaching (SAAL) 

Step 1 - H2SO4 leaching for selective Al extraction 

10 g of CFA was dispersed in 100 mL of deionised water (control solutions) or H2SO4 of varying 

concentrations (1; 3; 5; 8 and 10 M; treatment solutions). The suspensions were heated to 95 ± 3 °C 

in a silicone oil bath, while stirring constantly at 300 rpm using a magnetic stirrer. The reaction mixture 

was refluxed for different durations ranging between 30 and 480 minutes. The solid residues and 

supernatants were labelled CFAAc-sq and SAc-sq respectively (Figure 1). 
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Step 2 - NaOH leaching for preparation of Na2SiO3 solution 

The solid residues generated in the first step were dispersed in 100 mL of deionised water (control 

solutions) or NaOH of varying concentrations (5; 10 and 15 M; treatment solutions). The suspensions 

were heated in closed high-density polyethylene bottles to 95 ± 3 °C in a silicone oil bath, while stirring 

constantly at 300 rpm using a magnetic stirrer. The reaction mixture was allowed to react for different 

durations ranging between 30 and 360 minutes. The solid residues and supernatants were labelled 

CFAAlk-sq and SAlk-sq, respectively (Figure 1). 

 

2.2.2 Direct alkaline leaching (DAL) 

10 g of CFA was dispersed in a 100 mL solution of 10M NaOH. The suspensions were heated in closed 

high-density polyethylene bottles to 95 ± 3 °C in a silicone oil bath for 60 minutes, while stirring 

constantly at 300 rpm using a magnetic stirrer. The NaOH concentration and the reaction duration 

used were selected since they promoted the highest Si extraction efficiencies in the 2nd step of the 

SAAL process. The solid residues and supernatants were labelled CFAAlk-d and SAlk-d respectively 

(Figure 1). 

 

2.3 Preparation of silica nanoparticles from sodium silicate solutions 

Silica nanoparticles were prepared from the sodium silicate solutions obtained from the SAAL and DAL 

processes via a sol-gel method. 20 mL of a 3% w/w  polyethylene glycol (PEG) solution was sonicated 

in a 20 Hz ultrasonic water bath at 55 °C for 30 minutes. 80 mL of sodium silicate solution (SAAL or 

DAL) equilibrated at 55 °C was slowly added to the PEG solution in the ultrasound bath while 

monitoring the pH of the solution. To initiate the hydrolysis-condensation reaction, 0.5 M H2SO4 was 

gradually added to the sodium silicate solution until a pH of 4 was reached; sonication was continued 

for another 30 minutes. The resulting gel mixture was aged overnight at 55 °C in a laboratory oven 

after which the wet-gel silica slurry was separated from the mother liquor by centrifugation. The gel 

was thoroughly washed with deionised water to remove any remaining Na+ and SO4 2− ions. A number 

of successive washing cycles was performed to ensure the removal of SO4
2− ions and BaCl2 was used 

to test for the presence of SO4
2− ions in the washing water. This was followed by centrifugation and 

vacuum-filtration. The resulting filtration cake was distilled using 100 mL n-butanol for 2 hours, 

followed by overnight drying at 120 °C. The resultant powders were subsequently calcined in a 
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laboratory furnace at 650 °C for 2 hours to remove the remaining PEG and n-butanol. The product 

masses were recorded to calculate the yield of silica nanoparticles based on the CFA composition and 

purity of the final silica nanoparticles, using XRF data. The solid products were labelled SiSAAL and SiDAL 

respectively. 

2.4 Characterisation of solid samples 

The elemental composition of the solid samples was determined by XRF fused bead analysis 

(ARL9400XP+ XRF spectrometer, Thermo ARL, Switzerland) while their mineralogy was determined 

using XRD (PANanalytical X’Pert PRO X-ray diffractometer). Detailed description of these analyses was 

given elsewhere [28]. A Zeiss Ultra SS (Germany) FESEM, operated at an acceleration voltage of 1 kV, 

was used under dry high-vacuum condition to observe morphological changes of CFA particles before 

and after leaching. For this purpose, the powder was mounted on a double-sided carbon tape by 

dipping carbon stubs into the samples. Excess material was removed by gentle blowing with 

compressed nitrogen. The sample was sputter-coated with carbon in an Emitech K550X (Ashford, 

England). A JEOL JEM 2100F TEM was used to study the topography of the silica nanoparticles. The 

samples were first dispersed in 100% ethanol with the aid of sonication. A drop of the diluted 

suspension was poured onto a copper grid, which was then placed into the sample injection holder 

for analysis. Particle size analysis of silica nanoparticles was performed using a Malvern Zetasizer Nano 

ZS system (Malvern Instruments, Malvern, UK). Approximately 0.01 g of the silica sample was 

dispersed in 25mL ultra-pure water, and ultrasound was applied at 10% amplitude using an ultrasound 

probe (Q700 equipped with ¼ inch micro-tip; QSonica, USA) for 1 minute. The sample was equilibrated 

for 120 seconds prior to particle size measurement. A TriStar II surface area and porosity analyser 

(Micromeritics, USA) was used with nitrogen gas as adsorbent to determine the bulk surface area by 

the Brunauer-Emmet-Teller (BET) theory. The samples were degassed at 300 °C for 3 h before 

performing the gas adsorption tests. FTIR spectra were recorded on a Bruker Alpha Platinum ATR FTIR 

instrument. Measurements were recorded between 400 to 4000 cm-1 at a resolution of 2 cm-1; 64 

scans were signal-averaged in each interferogram. Thermogravimetric analyses were performed on a 

TA Instruments SDT Q600 Thermogravimetric Analyzer (TGA) and Differential Scanning Calorimeter 

(DSC). Approximately 20 mg of sample was heated from 25 to 1000°C at a heating rate of 20 °C min-1 

in alumina pans under a dynamic nitrogen atmosphere at a flow rate of 100 mL min-1. 
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3. Results and discussions  

3.1 Characterization of untreated CFA 

A detailed surface and bulk characterisation of a similar classified, ultrafine CFA was performed and 

reported elsewhere [28]. The sample used in this study was obtained from a different batch of this 

sample and therefore varies slightly in composition; it contains mainly SiO2 (51.50 wt%), Al2O3 

(33.60 wt%), CaO (5.18 wt%), Fe2O3 (3.40 wt %), TiO2 (1.89 wt%), MgO (1.02 wt%) and K2O (1.07 wt%) 

(Table 1). The mineralogy of CFA consists of an amorphous alumina silica glass phase (64.2 wt%) and 

two crystalline phases, mullite (28.5 wt%) and quartz (7.2 wt%) respectively (Table 2, Figure 2). Fly ash 

particles are predominantly spherical in shape with a relatively smooth surface texture and their sizes 

vary from sub-microns up to ca. 10 µm (Figure 3, top micrograph; and Figures 3 and 4 in van der Merwe 

et al. [28]).    

Table 1.  Chemical composition of  untreated CFA and solid residues following the acid leaching step of the 

SAAL process (CFAAc-sq, obtained from 5 M H2SO4 over 240 min), alkaline leaching step of the SAAL 

process (CFAAlk-sq), and alkaline leaching step of the DAL process (CFAAlk-d). (CFAAlk-sq and CFAAlk-d 

both obtained from 10 M NaOH over 60 min).   

 
 Concentration (wt. %) 

Composition CFA CFAAc-sq CFAAlk-sq CFAAlk-d 

SiO2 51.50 45.15 36.60 32.50 

Al2O3 33.60 24.20 36.70 30.80 

CaO 5.18 2.57 2.93 5.20 

Fe2O3 3.40 1.37 2.11 2.80 

TiO2 1.89 1.12 1.81 1.74 

K2O 1.07 0.78 0.27 0.21 

MgO 1.02 0.44 0.66 1.10 

P2O5 0.70 0.10 0.06 0.24 

SO3 0.44 0.46 0.13  0.14 

Na2O 0.16 0.18 9.68 14.00 

LOI 0.92 23.4 7.33 10.40 
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Total 99.88 99.77 98.28 99.13 

SiO2/Al2O3 ratio    1.5 1.9 1.0 1.1 

Si/Al ratio 1.4 1.7 0.9 0.9 

Table 2. Mineralogical composition of untreated CFA and the solid residues following the acid leaching step 

of the SAAL process (CFAAc-sq), alkaline leaching step of the SAAL process (CFAAlk-sq), and  alkaline 

leaching step of the DAL process (CFAAlk-d). Experimental conditions given Table 1. 

Mineral/Phase 
Chemical 

composition 

Abundance (wt. %) 

SAAL process DAL process 

CFA CFAAc-sq CFAAlk-sq CFAAlk-d 

Amorphous - 64.2 59.8 39.5 70.3 

Mullite Al6Si2O13 28.5 28.0 44.3 14.7 

Quartz SiO2 7.2 7.6 9.5 2.7 

Anhydrite CaSO4 - 4.5 - - 

Hydrosodalite Na8[AlSiO4]6(OH)2·nH2O - - 6.8 12.3 

Figure 2.  XRD analysis of untreated CFA, CFAAc-sq, CFA Alk-sq and CFAAlk-d.
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Figure 3. FESEM images of (a) CFA, (b) unwashed CFAAc-sq and (c) CFAAc-sq washed with water. 

3.2 Sequential acid - alkaline leaching (SAAL) process 

3.2.1 Acid leaching step 

Extraction of Si and Al from CFA may occur from the amorphous alumina silica glass phase and/or the 

crystalline phases (i.e. mullite and quartz). It was anticipated that extraction of Si and Al from the 

crystalline phases would be minimal. For this reason, elemental extraction efficiencies were calculated 

and presented both as percentage extracted from the amorphous phase, and as a percentage of the 

total Al and Si present in CFA, as done in our previous study [29]. The total content of Al in CFA, 

expressed as Al2O3, was 33.6 wt%, which corresponds to 17.8 g Al/100 g CFA. The speciation of Al in 

CFA was two-fold: it occurs in the crystalline phase as mullite (CFA contains 28.5 wt% mullite, which is 

theoretically composed of 38 wt% Al), while the remainder of the total Al is contained in the 

amorphous glass phase. This implied that 10.9 g of the total 17.8 g Al/100g CFA was confined in the 

potentially unreactive mullite fraction, while the remaining 6.9 g of Al occurred in the more reactive 

amorphous glass phase. Similar calculations for the extraction of Si indicated that 16.9 g of Si was 

contained in the amorphous phase, with the residual 7.1 g trapped in the less reactive silicon-

containing crystalline phases (i.e. mullite and quartz).  
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Figures 4(a) and (b) show the results of the extraction efficiency of Si and Al from CFA as a function of 

reaction time for leaching experiments performed using various concentrations of H2SO4. This acid 

leaching step was performed to attempt maximum removal of reactive Al and other impurities from 

CFA, with minimum loss of Si. A low H2SO4 concentration (1 M) caused the rapid co-extraction of Al 

and Si (37% and 11% from the amorphous phase respectively) within 30 min, with no improvement 

with increased leaching time. Co-extraction of Si and Al from South African coal fly ash in dilute 

aqueous solutions of H2SO4 was already reported elsewhere [30]. Using H2SO4 concentrations of 3 M 

and above was successful in minimising Si loss (< 0.6% total Si). The low extraction efficiency of Si at 

increased H2SO4 concentrations can be attributed to silica gel formation, leading to low solubility of Si 

under strong acidic conditions (i.e. very low pH). Verbaan and Louw [30] reported a reduction in Si 

extraction from CFA into aqueous solutions containing high concentrations of H2SO4, due to silica gel 

formation. 

Increasing the H2SO4 concentration up to 5 M enhanced Al extraction up to 82% from the amorphous 

phase (32% total Al), whereas 8 M and 10 M H2SO4 solutions caused lower Al extraction (17-26% from 

amorphous phase, 7-10% total Al).  The best extraction of Al was obtained using 5 M H2SO4 for all 

leaching times studied (Figures 4(a) and (b)). Increasing the reaction time from 120 to 240 min resulted 

in a substantial improvement in Al extraction (57 to 82% from the amorphous phase) when using 5 M 

H2SO4; this was not observed in experiments using other concentrations of H2SO4. This prompted 

further experiments with 5 M H2SO4 that showed lower Al extraction efficiencies with longer leaching 

durations (Figures 4(c) and (d)). Reduction in Al extraction was explained by the secondary 

precipitation of aluminium sulphate (Al2(SO4)3) with and without the oxonium ion in its 

structure(Figure S1). The occurrence of anhydrite (CaSO4) was also observed. The presence of 

Al2(SO4)3-phases was further confirmed by FESEM observation (Figure 3(c)) of particles having their 

typical hexagonal plate-like habit  [29,31]. These particles are highly water-soluble and were not 

observed in the FESEM micrographs (Figure 3(b)) and XRD spectra (Figure 2, Table 2) of washed solid 

residues. Elucidation of their mechanism of precipitation falls outside the scope of this paper, although 

it is most likely that these phases would have occurred via direct precipitation in solution, or via 

precipitation at the surface of the fly ash particles. The latter mechanism was observed during acid 

dissolution of Al from waste aluminium dross, a waste residue remaining after the melting of 

aluminium in the presence of air [32].  
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(a) (b) 

(c) (d) 

Figure 4.  Effect of leaching time and H2SO4 concentration on (a) Si and Al extraction efficiency from the CFA  
  amorphous phase and (b) corresponding total Si and Al extraction from CFA; and the effect of increasing    
  the leaching time in 5 M H2SO4 on (c) Al extraction from the amorphous phase and (d) total Al extraction 
  from CFA. Concentrations in the legend refer to H2SO4 concentration (n = 3).
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In brief, the most favourable conditions for the extraction of the most reactive phases of Al (82% from 

the amorphous phase, 32% total) with minimal loss of Si (< 0.6% total) during the acid leaching step 

of the SAAL process were 5 M H2SO4 and a leaching time of 240 min at 95 °C. This extraction efficiency 

is comparable to the results obtained previously on the same CFA sample [29,33] where total Al 

extraction efficiencies between 30.5 – 37.3% were obtained via thermochemical treatment of CFA 

with ammonium sulphate and ammonium bisulphate followed by aqueous leaching. It was also similar 

to that achieved (85% from the amorphous phase) on unclassified South African CFA via direct leaching 

in 6 M H2SO4 at 75 °C over a period of  8 h 45 min [34]. Comparison of our results to that of Shemi et 

al. [34] indicate that similar Al extraction efficiencies may be reached upon decreasing the 

temperature of the acid leaching step (95 °C vs 75 °C) and increasing the leaching time (6 h vs 8 h 45 

min) at a H2SO4 concentration between 5 - 6 M. 

3.2.2 Alkaline leaching step 

The Si-enriched solid residue (CFAAc-sq; Figure 1) obtained from the acid leaching step (Section 3.2.1) 

was used as starting material for the preparation of sodium silicate (Na2SiO3) solutions via leaching in 

NaOH solution during the alkaline leaching step. The chemical and mineralogical compositions of 

CFAAc-sq are reported in Tables 1 and 2 respectively. Figure 5 shows the results of the total extraction 

efficiency of Si and Al from CFAAc-sq as a function of reaction time, for leaching experiments performed 

at 95 °C using various concentrations of NaOH. The purpose of this alkaline leaching step was to 

achieve maximum extraction of Si with minimum co-extraction of Al and other contaminants. 



15 

Figure 5. Effect of leaching time and NaOH concentration on Si and Al extraction efficiency from CFAAc-sq. 

Concentrations in the legend refer to NaOH concentration (n = 3). 

Rapid co-extraction of Si and Al was observed under all alkaline conditions, with the highest amount 

(ca. 9.2%) of extracted Al measured after 30 min of leaching (Figure 5). This was followed by a decrease 

in dissolved Al over time, with the lowest percentage of total Al (ca. 1.6%) being obtained after 60 min 

of leaching in 10 M NaOH or after 120 min in 5 M NaOH. The lowering in dissolved Al concentration 

was most probably due to secondary mineral precipitation, for instance of zeolite crystallites in the 

form of hydrosodalite (Na8(AlSiO4)6(OH)2.nH2O) as identified by XRD (Figure 2), although it was not 

observed during FESEM imaging (Figure 6(a)).  This mineral represented as much as 6.8 wt% of CFAAlk-sq 

produced from leaching CFAAc-sq in 10 M NaOH for 1 hour at 95°C (Table 2), which can only partially 

explain the lowering of dissolved Al. Its occurrence explained the increase in the content of Na2O from 

0.16 wt% in untreated CFA to 9.68 wt% in CFAAlk-sq following treatment (Table 1). The formation of 

hydrosodalite during NaOH leaching of coal fly ash was previously documented [35,36]. Other types 

of zeolite minerals (such as analcime [36] and herschelite [37]) were also reported.  
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Figure 6.  FESEM images of (a) CFAAlk-sq, and (b) CFAAlk-d. 

FESEM was useful in illustrating changes in the surface topography of CFA particles, from smooth 

surfaces in untreated CFA (Figure 3(a)) to the presence of small pores at the surface of CFAAlk-sq 

residues after leaching in NaOH (Figure 6(a)). This suggested substantial dissolution of Si from the 

amorphous CFAAc-sq surface under alkaline conditions. This was confirmed by ICP analysis of leachates, 

which showed that up to 89% of Si had been extracted from the amorphous phase of CFAAc-sq 

(corresponding to a total extraction efficiency of 59%; Figure 5) for leaching performed in 10 M NaOH 

over 60 minutes. These values correspond to extraction efficiencies of 61% of Si from the amorphous 

phase of the original CFA sample, or a total extraction efficiency of 42%. XRF analysis of the solid 

residues (Table 1) further confirmed extensive Si removal from CFAAc-sq, with its SiO2/Al2O3 ratio of 1.9 

being higher than that of CFAAlk-sq (SiO2/Al2O3 ratio of 1.0). These conditions also corresponded to the 

minimal Al extraction reported earlier (ca. 1.6%). Lowering the NaOH concentration to 5 M had a 

negative effect on Si extraction efficiency from CFAAc-sq (80% from amorphous phase, i.e. 53% total; 

Figure 5). Extensive extraction of Si from the amorphous aluminosilicate glass phase contained in CFA 

under alkaline leaching conditions, and low extraction from the crystalline mullite and quartz phases, 

have been widely reported (e.g. [38]). XRD confirmed a lower proportion (39.5%) of amorphous 

material in CFAAlk-sq than in the starting material CFAAc-sq (59.8%; Table 2), which was in agreement 

with the dissolution of the amorphous phase. 

In brief, the most favourable conditions for Si extraction from CFAAc-sq (89% from the amorphous 

phase, 59% total) with minimal loss of Al (< 2% total) during the alkaline leaching step of the SAAL 

process were 10 M NaOH and a leaching time of 60 minutes at 95 °C.  
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3.3 Direct alkaline leaching (DAL) 

In this process, simultaneous co-extraction of Al and Si was evaluated under direct alkaline leaching 

condition, i.e. in the absence of a preceding acid leaching step. The experiments were performed using 

the optimal experimental conditions obtained for the alkaline leaching step of the SAAL process (i.e. 

10 g CFA / 100 mL NaOH 10 M at 95 °C for 1 hour). Substantial extraction of Si (60.4 % from amorphous 

phase, 42.4 % total) was achieved under these conditions, with as much as 16.6% from amorphous 

phase or 6.4% from the total content of Al extracted. These results were reflected in the change in 

SiO2/Al2O3 ratio between untreated CFA (1.5) and the solid residue CFAAlk-d (1.1) (Table 1). These 

results are comparable to that of Sedres [39] who reported total extraction efficiencies of 48 % for Si 

and 3% for Al under alkaline leaching of CFA using 6.25 M NaOH at 100oC for 2 hours. 

The formation of hydrosodalite in CFAAlk-d (Figure 2) was observed in greater proportion (12.3 wt%; 

Table 2) than in the solid residue CFAAlk-sq (6.8 wt%) obtained from the SAAL process. Its occurrence 

explains the Na2O content of 14.0 wt% in CFAAlk-d (Table 1) and was confirmed by direct observation 

using FESEM (Figure 6(b)), which showed its characteristic morphological features as spherical 

structures with protruding surfaces [36]. The formation of zeolite during Si extraction was not a 

limiting factor in the extent of Si that could be recovered, as alluded in other studies [37], since in the 

present work 12.3 wt% hydrosodalite would only account for <1% of the total Si contained in 

untreated CFA.    

3.4 Extraction of major elements from CFA during SAAL and DAL 

Extraction efficiencies of major elements from CFA using the two processes are summarised in 

Figure 7. Similar extraction efficiencies for Si (42%) were achieved for the two processes, but the SAAL 

process provided the added advantage of selectively extracting Al and Si in two distinct processing 

stages, which resulted in minimising their co-extraction. In particular, < 2% of Al was extracted during 

the Si extraction step (alkaline leaching) of the SAAL process, compared to 6% obtained with the DAL 

process. 

In addition, the inclusion of the acid leaching step in the SAAL process assisted with the substantial 

extraction of other major elements (> 48% for Fe and Ti; > 88% for Mg), with minimal loss of Si (< 0.6% 

total). Ca extraction, which was calculated from ICP analysis of leachates, appeared low (2.5%), but 

the result is misleading. XRD demonstrated the formation of anhydrite (CaSO4, 4.5 wt%; Table 2) via 

secondary precipitation, which led to lower Ca concentrations in solution. The secondary precipitate 
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represents approximately 30% of the total Ca contained in untreated CFA. This Ca extraction efficiency 

was low compared to those previously achieved for a similar South African CFA sample using 

thermochemical treatment with ammonium sulphate (57%; [29]), or ammonium bisulphate and 

mixtures of these two ammonium-based reagents (45%; [33]). 

The acid leaching step of the SAAL process could arguably be replaced by thermochemical treatment 

of CFA with ammonium sulphate followed by aqueous dissolution at 25°C. The latter was shown to 

achieve similar co-extraction of reactive Al (31%), and reasonable but lower extraction of other major 

elements, with < 0.6% of extracted Si [29].    

Figure 7. Summary of extraction efficiency of the main elements from CFA using the sequential acid – alkaline 

leaching (SAAL) vs direct alkaline leaching (DAL) extraction processes (n = 3).  
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Table 3. Elemental composition (mg/L) of the sodium silicate solution following sequential acid - alkaline 

leaching (SAlk-sq) and direct alkaline leaching (SAlk-d) (n = 3). 

Al As Au B Ba Be Ca Co Cr Cs 

SAlk-sq 166.39 0.17 0.08 2.89 1.68 0.13 29.42 0.09 0.09 0.93 

Std Dev 6.98 0.08 0.04 1.07 0.13 0.02 11.90 0.01 0.08 0.36 

SAlk-d 1158.33 0.64 0.02 2.67 4.40 0.15 7.19 0.24 0.17 1.39 
Std Dev 94.19 0.09 <0.01 0.49 2.12 0.05 1.45 0.08 0.06 0.31 

Cu Fe Ga Ge Hf In K Li Mg Mn 

SAlk-sq 0.25 158.00 2.43 1.12 0.04 <0.01 806.23 15.72 8.24 3.86 

Std Dev 0.27 27.35 0.84 0.46 0.02 0.00 312.49 2.79 2.29 0.65 

SAlk-d <0.01 231.73 5.18 0.45 0.06 0.02 901.30 16.59 3.79 5.57 
Std Dev <0.01 35.27 1.26 0.10 0.01 0.01 124.71 3.75 2.47 0.96 

Mo Na Nb Ni P Pb Rb Sb Sc Se 

SAlk-sq 0.11 188750.00 0.02 0.97 44.35 2.10 5.53 0.21 0.03 0.59 

Std Dev 0.04 2757.72 0.00 0.06 15.07 1.10 2.37 0.06 0.01 0.52 

SAlk-d 0.41 187833.33 0.02 0.60 96.30 7.92 8.39 0.11 0.11 0.38 
Std Dev 0.06 5558.18 0.01 0.01 17.08 2.85 1.80 0.03 0.01 0.04 

Si Sn Sr Ti Tl U V W Zn Zr 

SAlk-sq 10261.57 1.01 0.10 6.08 0.01 0.12 4.49 0.34 2.92 0.47 

Std Dev 33.54 0.39 0.02 1.71 0.00 0.11 1.91 0.13 0.57 0.13 

SAlk-d 10320.00 1.42 0.40 7.78 <0.01 0.14 19.43 0.72 3.10 1.26 
Std Dev 173.21 0.24 0.16 1.51 <0.01 0.01 3.10 0.08 0.66 0.16 
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3.5 Chemical composition and pH of sodium silicate solutions obtained from SAAL and DAL  

The chemical compositions of Na2SiO3 solutions obtained from the two processes are summarised in 

Table 3. The purpose of studying the two processes was to yield Na2SiO3 solutions containing low 

concentrations of Al and other contaminants, as precursor for silica nanoparticle synthesis. The pH of 

the two Na2SiO3solutions was identical (i.e. 11.8). They exhibited similar Si content (10.2-10.3 g/L), but 

their Al content differed greatly. Inclusion of the acid leaching step in the SAAL process yielded a 

sodium silicate solution with significantly lower Al content (166 mg/L vs 1158 mg/L). Similar amounts 

of Fe (± 200 mg/L) and K (± 800 mg/L) were measured as impurities in the two solutions. The amount 

of Ca (29 mg/L vs 7 mg/L) was higher in Na2SiO3 obtained from SAAL. 

 

3.6 Characterisation of silica nanoparticles obtained from sodium silicate solutions 

Silica nanoparticles prepared from SAAL and DAL sodium silicate solutions via the sol-gel method were 

characterised in terms of chemical (Table 4) and mineralogical (Figure 8) compositions, and structural 

and textural properties (Figure 9, Table 5). All samples of synthesised silica nanoparticles were 

characterised by a high level of purity (96.3 - 98.6 wt% SiO2), with most of the deviation from 100% 

being due to moisture as a result of the hygroscopic nature of the samples, as confirmed by TGA 

(Figure S2). Conversion of the XRF data to a dry weight basis indicated that the actual purity of the 

synthesised silica nanoparticles ranged between 98.8 – 99.3%. The product obtained from the DAL 

process contained a marginally greater amount of Al2O3 (0.45 wt%) than that from SAAL (0.13 wt%), 

while the CaO (0.2 - 0.3 wt%), MgO (0.1-0.2 wt%) and Na2O (<0.1 wt%) content of the products were 

similar. Very low amounts (<0.03 wt%) of Fe2O3, TiO2, K2O, P2O5 and SO3 were observed (Table 4). The 

content of these impurities accounted for about 0.68 wt%, and indicated that the synthesis process 

requires further optimisation in order to prevent their undesired inclusion and therefore to yield ultra-

pure Si nanoparticles (i.e. ≥ 99.9 wt% SiO2). The presence of the broad band centred at 2θ=22.5° and 

the absence of sharp peaks in the XRD spectra (Figure 8) confirmed the amorphous nature of the silica 

nanoparticles [14]. FTIR spectra (Figure S3) displayed characteristic peaks related to Si−O-Si vibrational 

modes detected around 460 cm-1  (Si-O rocking), 800 cm-1 (Si-O bending) and 1070 cm-1 (Si−O−Si 

asymmetric stretching) which are typical of silica nanoparticles [40,41]. The disappearance of the 

additional peaks between 520-1800 cm-1 for SiSAAL and SiDAL following calcination indicated the 

effectiveness of the calcination process in removing n-butanol and PEG used during the synthesis. This 

result was confirmed by TGA analysis of the samples before and after calcination (Figure S2). 
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Dehydration of the silica nanoparticles, and decomposition and oxidation of PEG and n-butanol, was 

evident from the high mass loss (ca. 35 wt%) observed up to 600°C [23]. After calcination, SiSAAL and 

SiDAL exhibited a low mass loss (< 3 wt%), which was ascribed to the loss of absorbed surface water, 

over the same temperature range. 

FESEM and TEM illustrated that primary silica nanoparticles were approximately spherical with sizes 

≤ 200 nm and had aggregated to form micron-size agglomerates (Figure 9). Although the samples 

appeared monomodal when analysed by dynamic light scattering (DLS) (data not reported), the 

technique provided limited information on the size of primary nanoparticles since the polydispersity 

index (PDI) was greater than 0.1, ranging between 0.4 and 0.7. Since FESEM and TEM indicated limited 

polydispersity, the high value of PDI was likely due to particle aggregation which could not be 

prevented by ultrasound.  

 Textural parameters (Table 5) of SiSAAL and SiDAL indicated surface areas exceeding 500 m2 g-1, pore 

volumes around 0.4 cm3 g-1 and average pore diameters in the range of 2.5 nm. According to IUPAC 

classification, the prepared silica powders can be classified as mesoporous materials, for which pore 

size is in the range of 2–50 nm [42].  

Table 4.  Chemical composition (wt. %) of silica nanoparticles obtained from the sodium silicate solutions 

prepared via the SAAL and DAL processes. 

 SiO2 Al2O3 CaO MgO Na2O Fe2O3 TiO2 K2O P2O5 SO3 Total 

SiSAAL 98.62 0.13 0.21 0.16 0.08 0.01 0.02 0.03 0.02 0.02 99.3 

SiDAL 96.30 0.45 0.33 0.21 0.08 0.02 0.02 0.03 0.02 0.02 97.5 
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Figure 8. XRD analysis of silica nanoparticles, SiSAAL and SiDAL, obtained from fly ash derived sodium silicate 

solutions. 
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Figure 9.  FESEM (a, c) and TEM (b, d) images of silica nanoparticles prepared from SAAL (a, b) and 

DAL (c, d) sodium silicate solutions. 

 

Table 5.  Textural parameters and average particle size of the silica particles obtained from the sodium 

silicate solutions prepared via the SAAL and DAL processes. 

 BET surface area  
(m2 

g-1) 
Average pore 
diameter (nm) 

Pore volume   
(cm3 g-1) 

Average particle size 
(nm; FE-SEM and TEM data) 

SiSAAL 515.3 2.74 0.353 ≤ 200 nm 

SiDAL 651.2 2.52 0.411 ≤ 200 nm 

 

3.7 Estimated economic feasibility 

On the basis of our laboratory studies, the synthesis of amorphous mesoporous silica nanoparticles 

from South African coal fly ash waste is feasible and economically promising. The treatment of 1 ton 
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of ash yields about 0.155 ton of nano-SiO2. This volume could be valued at R607 million if optimal 

specifications are achieved; e.g. based on the price of nano-SiO2 taken as R3 920 per gram for 

mesoporous silica nanoparticles with mean particle size of 190-250 nm and pore size of 3.5-4.5 nm 

sold by Sigma-Aldrich [43]. This compares favourably with the input costs of the main raw materials: 

coal fly ash and the reagents. The cost of the commercial-grade coal fly ash used in this study is R161/t. 

The transport cost of ash is site-specific and cannot be estimated for the process. It was therefore not 

taken into account, although it is most likely to represent the bulk of the input costs related to the 

main raw materials. The process leads to the generation of approximately 740 kg of solid residue per 

ton of processed ash. The residue is characterised by a Si:Al of 0.9 (Table 1), which may be suitable as 

starting material for the preparation of geopolymer bricks or ceramics with a strong, rigid 3D 

aluminosilicate network [44], or of other lightweight construction materials [45]. The former 

application is currently being tested in the authors’ laboratories and if successful, could demonstrate 

the concept of circular economy in the context of the South African electricity generation landscape. 

Another major advantage of the process of conversion of coal fly ash to commercial-grade products 

lies in the savings on ash waste disposal costs. Long-term storage and management of ash waste 

dumps present economic as well as potential environmental challenges. Not only are these dumps 

unsightly, but they also occupy large areas of land and require long-term expenditures for 

maintenance and monitoring. 

 

4. Conclusions 

Two processes for the preparation of Na2SiO3 solutions and the subsequent synthesis of silica 

nanoparticle from coal fly ash waste were studied. During the sequential acid-alkaline leaching (SAAL) 

process, preferential extraction of reactive Al over Si was achieved via H2SO4 leaching, while 

preferential extraction of Si over Al occurred from the resulting residues using NaOH. In comparison, 

the direct alkaline leaching (DAL) process consisted of a single-stage elemental extraction from fly ash 

using NaOH. The two extraction processes generated Na2SiO3 solutions with identical pH (11.8), similar 

Si (10.2-10.3 g/L), Fe (ca. 200 mg/L) and K (ca. 800 mg/L) content, and low Ca and Mg concentrations 

(≤ 29 mg/L). Selective extraction of Al and Si was achieved by the SAAL process, resulting in a Na2SiO3 

solution with significantly lower Al content (166 mg/L vs 1158 mg/L). 

Sub-200 nm amorphous mesoporous silica nanoparticles can be successfully produced from sodium 

silicate precursors extracted from South African coal fly ash via either sequential acid - alkaline 

leaching or direct alkaline leaching processes. The SAAL process is preferred when production of high-
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purity of silica nanoparticles (> 99 wt% SiO2) is required, whereas the more affordable DAL process 

can be used for applications where silica nanoparticles of lower purity are suitable. Produced 

nanoparticles are currently being tested for catalyst support applications. 
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Supplementary material 

 

 

Figure S1. XRD analysis of unwashed CFAAc-sq. 
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Figure S2. TGA analysis of silica nanoparticles, SiSAAL and SiDAL, before and after calcination. 
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Figure S3. FTIR analysis of silica nanoparticles, SiSAAL and SiDAL before and after calcination. 

 

 

 




