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1 Introduction
Silicon dioxide or silica (SiO2) is one of the 
most useful raw materials for many indus-
tries due to its abundance, geographic dis-
tribution and competitive cost. In its finely 
ground form, silica is employed in semicon-
ductors, composites, pharmaceutics, cos-
metics, agrochemicals, foods and inks [1, 2]. 
In the ceramics industry, silica has found 
application in refractory bricks and thermal 
shock-resistant crucibles, as a component 
of triaxial formulations (with feldspars  
and clays) and in the production of other 
raw materials, such as glass (with NaO, 
CaO, Al2O3 and other oxides), mullite 
(3Al2O3·2SiO2), porcelain (with kaolin and 
Al2O3) and silicon carbide (SiC).
The composition of the silica source and 
characteristics of the particles (size distribu-
tion, specific surface area, inner porosity 
and colour) are decisive in the choice of a 
raw material for a certain application. In 
particular, the use of synthetic grades is 
 required by specific applications, such as re-
fractories [3] and electronics and technical 
ceramics [4, 5] for better control of material 
composition and microstructure. Four main 

commercial methods have been employed 
in the production of SAS: a) precipitation of 
sodium silicate, b) pyrolysis of silicon tetra-
chloride (SiCl4), c) extraction from biomass 
(rice husks) and d) precipitation of metallic 
silicon (Si) vapour. They are critically re-
viewed in the following sections, with spe-
cial attention to microstructure formation 
and presence of impurities in the final 
product.

1.1 Silica precipitated from sodium silicate 
or “water glass” (PPT)
The production of this SAS grade (also 
known as “water glass”) starts with a reac-
tion of sodium carbonate (Na2CO3) and 
finely ground quartz (crystalline SiO2) in 
the 1400−1500 °C temperature range. This 
produces sodium silicate (nSiO2·Na2O) ac-
cording to the following formula:

Na2CO3(s) + nSiO2(s)  nSiO2·Na2O(s) + CO2(g)

(1)
Another route for attaining sodium silicate 
is the use of NaOH to dissolve sand (SiO2) 
under hydrothermal conditions (Fig. 1a−c). 
In this approach, a further filtering process 
is required for removal of undissolved SiO2 
(Fig. 1d−e). In both cases, the Na/Si ratio 
can vary significantly depending on appli-
cation parameters. For the production of 
more soluble products, this ratio is kept 
above 3 to yield orthosilicate (Na4SiO4); 

for the compound known as metasilicate 
(Na2SiO3), it is around 2. 
Sodium silicate dissolved in water generates 
silicic acid [6, 7]:

nSiO2·Na2O(s)+ H2O(l)  
(SiOx(OH)4-2x)

n–
(dissolved) + mNa+

(dissolved) (2)

Silica particles or nanoparticles are then 
precipitated by treating the silicic acid so-
lution with strong acids (H2SO4 or HNO3, 
Fig. 1f):

(SiOx(OH)4-2x)
n– + mNa+ + H+ + (SO4)

2–  
SiO2 (s) + Na2SO4(dissolved) + H2O(l) (3)

The sodium salt ions in solution must be re-
moved by filtration, dialysis or centrifuga-
tion (Fig. 1g−h), whereas solid SiO2 parti-
cles are recovered, dried (Fig. 1i−j) and 
milled (Fig. 1l−m). As in any soluble salt 
precipitation method, parameters such as 
the concentration of reactants, pH change 
rate, temperature, stirring and presence of 
impurities can affect the characteristics of 
the resulting particles. Generally, the faster 
the precipitation, the more intense will be 
the nucleation and aggregation of nanopar-
ticles, which generates coarser porous struc-
tures. The drying of the nanoparticles in 
suspension also affects their final morphol-
ogy [8]. As shown in the following sections, 
the precipitated particles tend to form large 
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agglomerates that are reduced by mechani-
cal milling to generate angular shapes. The 
purification step conducted after precipita-
tion does not completely remove Na+ and 
other ions created in the process. Therefore, 
purity levels below 98 % are typically found 
in the literature.

1.2 Pyrolysis of SiCl4 (PRG)
Unlike the sodium silicate precipitation 
method, SAS particles with high output and 
purity can be continuously produced by 
pyrolysis. The raw material for this process 
is silicon tetrachloride (SiCl4), which is pro-
duced from a silicon or ferrosilicon particu-
late precursor reacting with chlorine gas 
(Cl2) [9]:

Si(s) + 2Cl2(g)  SiCl4(l) (4)

The SiCl4 is burned by a hydrogen (H2) – 
oxygen (O2) oxidant flame at 1500 °C 
(Fig. 2):

SiCl4(l) + 2 H2(g) + O2(g)  SiO2(s) + 4HCl(g)

 (5)

The high temperatures involved in the 
process sinter the small silicate products 
together, forming aggregates of high specific 
surface area (100−400 m2·g–1 are typical 
values). These particles are continuously 
produced and exhibit silica content as high 
as 99.9 % due to the high purity reactants 
 employed in the process. The main control 
parameters in this case are SiCl4 flow rate, 
flame temperature and oxidizing power.

1.3 Silica attained from biomass  
(rice husks) (RCH)
Many living organisms use silica nano-
structures as structural elements [10]. Rice, 
for instance, has a natural skeleton com-
posed of cellulose, hemicellulose, lignin 
and 10−18 mass-% silica-rich minerals (de-
pending on irrigation conditions and sea-
sonal variations). This silica content can be 
extracted by several strategies. As a general 
method, raw rice husks (Fig. 3a) are initially 
leached with an acid solution (10 % acetic 
or citric acid, Fig. 3b) in a hydrothermal 
 reactor (typical conditions are 100−120 °C 
and 98–147 kPa pressure, Fig. 3c). This 
treatment spreads the cellulosic fibres in the 
husks and softens their lignin cover, ena-
bling a faster and more effective withdrawal 
of impurities, such as Na, Ca and Fe (around 
3 mass-%, Fig. 3d). After a neutralization 
step (usually with NH4OH, Fig. 3e), the 
husk pulp is vacuum-filtered and dried. The 
dried husks are then calcined at 500−700 °C 
(Fig. 3f) for removal of organic matter. Use 
of an oxidizing atmosphere avoids the for-
mation of SiC or coke. Specific surface area 
levels of 120−400 m2·g–1, silica content above 
99 mass-%, and process efficiency higher 
than 90 % can be achieved (Fig. 3g) [11].

1.4 Physical deposition of silicon vapour 
(MCS)
With this method, a combination of natural 
silica (quartz), coal, coke, and wood chips is 
used to produce silicon (Si), ferrosilicon and 
related alloys. The reactants are fed into an 
electric furnace and temperatures above 

2000 °C are applied. In the furnace, carbon 
reacts with oxygen in the silica producing 
silicon according to [12]:

SiO2(Quartz) + C(Coke)  Si(s) + CO2(gas) (6)

Due to the high temperatures involved, a 
significant amount of silicon vapour oxi-
dizes and generates particles of amorphous 
silica known as silica fume or microsilica. 
An important characteristic of these parti-
cles is that they are spherical and dense, with 
practically no meso/macro porosity. This 
morphology is exhibited because of the high 
temperature of the process. Few precipita-
tion nuclei are formed and each grows indi-
vidually and homogeneously. In compari-
son to other types of SAS, silica fume usual-
ly displays a smaller specific surface area 
(~10−30 m2·g–1), lower purity (90−95 mass-% 
of SiO2) and larger average particle size 
(50−200 nm).

Fig. 1 • Hydrothermal method of obtaining soluble sodium silicate and further 

precipitation of amorphous silica (PPT grade) – a) hydrothermal reactor  

(20 kg·cm–2), b) and c) gas venting system, d) filtration of unreacted sand, 

e) residue collector, f) precipitation reactor, g) separation of precipitate,  

h) waste treatment, i) and j) dryer, l) milling for granulometric classification, 

m) final product

1

Fig. 2 • Schematic view of the production of SAS from pyrolysis of SiCl4 

(PRG grade)

2

3Fig. 3 • Schematic 

view of the production 

of SAS from rice husks 

(RCH grade)



2 Experimental
Four samples of synthetic amorphous silica 
were obtained as follows: 
 • PPT – precipitated from sodium silicate 

silica (Tixosil 38A, Rhodia-Solvay, Brazil), 
 • PRG – pyrolysis of SiCl4 (Cab-O-Sil M5, 

Cabot Corporation, USA),
 • MCS – precipitated from silicon vapour 

(971D Microsilica, Elkem, Norway), 
 • RCH – extracted from rice husks. 

The RCH silica was obtained by treating 50 g 
of rice husk in 450 ml of citric acid  solution 
(5 mass-%, Synth, Brazil) under hydrother-
mal conditions (127 °C  5 K, 147 kPa) for 
1 h. The rice husks were washed with dis-
tilled water until neutral, dried at 110 °C for 
12 h and calcined at 700 °C (heating rate of 
10 K·min–1, 1 h hold). A detailed description 
of this preparation can be found in [11].
The chemical composition of the samples 
was determined by energy dispersion X-ray 
spectroscopy (Shimadzu EDX-720, Japan) 
and their crystalline structure was examined 
by X-ray diffraction (Rotaflex RV 200B, 
Rigaku-Denki Corp., Tokyo, Japan) with 
CuK  radiation (  = 0.15406 nm) in the 
2  range from 3° to 100° at a scan rate of 
2°·min–1.
The skeletal density of the samples was de-
termined by helium pycnometry (Quanta-
chrome Ultrapyc 1200e, USA). Before each 
measurement, the samples were dried over-
night at 120 °C. Five purges of the system 
were carried out to ensure equilibrium and 
completely remove gas. Each density value 
was an average of five consecutive measure-
ments. The specific surface area (SSA), pore 
volume (PV) and pore diameter (PD) were 
determined by the Brunauer-Emmett-Teller 

(BET) method (Quantachrome Autosorb 
1200e, USA). Prior to testing, the samples 
were degassed in vacuum at 200 °C for 24 h. 
Relative pressures (P/P0, where P0 is atmos-
pheric pressure) from 0.05 up to 1 of high 
purity N2 (99.999 %) were used to investi-
gate adsorption isotherms and assess the 
presence of micro (pore diameter below 
2 nm), meso (2−50 nm) and macro (above 
50 nm) pores [13].
Differential scanning calorimetry (Netzsch 
DSC 404, Germany) was carried out on 
samples of approximately 20 mg placed in-
side a platinum crucible under temperatures 
up to 1250 °C (with 10 K·min–1 heating rate) 
and synthetic air atmosphere.
For examinations by field emission gun 
scanning electron microscopy (FEG-SEM, 
FEI 7500F, USA) and transmission electron 
microscopy (TEM, FEI TECNAI G2 F20, 
USA), the samples were dispersed ultrasoni-
cally in propanone for 60 min, placed onto a 
metallic microgrid, and covered with thin 
films of gold and carbon, respectively. All 
TEM images were made at 200 kV.

3 Results and discussion
As expected, all the tested SAS grades ex-
hibited a typical low crystallinity XRD 
 pattern (Fig. 4), with a broad low intensity 
diffraction peak at 2  = 22°. The results 
were corroborated by the TEM electron 
diffraction patterns (Fig. 5), in which diffuse 
halos are observed in all the samples. The 
TEM and SEM images (Figs. 6−9) reveal im-
portant details on the microstructure of the 
particles. The PPT grade silica showed parti-
cles of broad size distribution and angular 
shape (Fig. 6). Under higher magnification 

SEM (Fig. 6b) and with TEM (Fig. 5a), la-
mellar structures can be seen due to the 
stacking of successive layers of precipitated 
nanoparticles. Similarly, the PRG and RCH 
particles were also irregular in shape and 
exhibited a structure formed by 3−10 μm 
aggregates of subunits smaller than 80 nm 
strongly bonded to each other (Figs. 5b, 5c, 
7 and 8). MCS is composed of individual 
spherical nanoparticles (Figs. 5d and 9). In 
contrast to the previous cases, the particles 
are highly dense, with no interpenetration 
amongst each other (Fig. 5d). This mor-
phology reveals that during synthesis each 
particle nucleus grew separately as more and 
more Si vapour was oxidized and deposited 
on its surface.
Microsilica exhibited the largest proportion 
of contaminants (only 92.5 mass-% silica 
content) [14]. Since MCS is produced at 
temperatures higher than 1800 °C, it is rea-
sonable to assume that during processing 
any contaminants melt, which increases the 
skeletal density (up to 2.39 g·cm–3) and re-
duces both pore volume (0.05 cm3·g–1) and 
SSA (24 m2·g–1) (Table 1). Impurities are  also 
responsible for the presence of a small SiC 
diffraction peak observed at 38° (JCPDS file 
no. 29−1128, Fig. 4d). On the other hand, 
the much greater SiO2 content in the PRG 
grade (99.90 mass-%) can be attributed to 
the high purity of SiCl4 (> 99.9 mass-%) 
used in its production. It had the lowest 
observed density level, which can be attrib-
uted to the presence of silanol groups ad-
sorbed on particle surfaces and micropores, 
as demonstrated elsewhere [10, 21]. Because 
PPT and RCH grades employed inter-
mediate purity reactants in their synthesis, 

4

Fig. 5 • Transmission electron microscopy (TEM) images and electron 

 diffraction patterns for (a) precipited silica (PPT), (b) pyrogenic silica (PRG),  

(c) silica from rice husks (RCH), and (d) microsilica (MCS)

5Fig. 4 • X-ray diffrac-

tion patterns for (a) 

precipitated silica 

(PPT), (b) pyrogenic 

 silica (PRG), (c) silica 

from rice husks (RCH), 

and (d) microsilica 

(MCS)



their final compositions contain an average 
amount of SiO2 (97.7 mass-% and 99.8 
mass-%, respectively).
Regarding thermal behaviour (Fig. 10), no 
typical phase changes observed in crystal-
line silica (such as crystobalite-tridymite 
phase change at 540 °C [10]) were observed 
for the SAS samples. The PPT and MCS 
grades exhibited exothermic events at 
1125 °C and 1187 °C (Figs. 10a and 10d, 
 respectively). Since these two samples also 
showed the lowest purity (Table 1), those 
events can be explained as crystallization 
aided by low melting point compounds. 
This crystallization has an important tech-
nological consequence. When crystalline 
silica sources are used in pressed structures, 
such as refractory bricks, initial heat-up 
must be carefully carried out to prevent the 
volumetric expansion that follows phase 
changes. Replacing crystalline silica sources 
by SAS materials can simplify the heating 
process.
The N2 adsorption/desorption isotherms 
(Fig. 11 and Table 1) reveal that the PPT, 
PRG and RCH samples exhibit a high frac-

Table 1 • Physico chemical characterization of SAS samples tested

Samples SiO2 / mass-%
Loss on ignition (L.O.I.) / 
mass-% (5 h at 900 °C)

Skeletal density /
g·cm–3

Pore volume / 
cm3·g–1

Average pore 
size / nm

Specific surface 
area / m2·g–1

PPT 97.70 4.90 2.3650 ± 0.0027 0.49 13 152

PRG 99.90 3.70 2.0628 ± 0.0076 0.40 8.6 186

RCH 99.80 7.70 2.2099 ± 0.0033 0.22 5.0 178

MCS 92.50 0.76 2.3930 ± 0.0028 0.05 8.6 24

Fig. 6 • Field emission gun scanning electron microscopy (FEG-SEM) of 

 precipitated silica (PPT)

6

Fig. 7 • Field emission gun scanning electron microscopy (FEG-SEM) of 

 pyrogenic silica (PRG)

7

Fig. 8 • Field emission gun scanning electron microscopy (FEG-SEM) of silica 

from rice husks (RCH)

8

Fig. 9 • Field emission gun scanning electron microscopy (FEG-SEM) of 

 microsilica (MCS)

9

Fig. 10 • DSC curves obtained with dynamic syn-

thetic air atmosphere (50 mL·min–1) and heating 

rate of 10 K·min–1 for a) precipitated silica (PPT), 

b) pyrogenic silica (PRG), c) silica from rice husks 

(RCH), and d) microsilica (MCS)

10

Fig. 11 • Nitrogen adsorption/desorption isotherms 

for a) precipitated silica (PPT), b) pyrogenic silica 

(PRG), c) silica from rice husks (RCH), and d) micro-

silica (MCS)

11



terials. After heating above 1000 °C, the less 
pure grades (PPT and MSC) showed some 
degree of crystallization, probably induced 
by the presence of low melting point com-
pounds. The results suggest that different 
particle packing, dispersion, rheology and 
sintering behaviours will result when alter-
native SAS materials are used as the SiO2 
source in a ceramic formulation. This hy-
pothesis is currently under investigation by 
the authors’ research group.
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tion of micro- and meso-scale pores in the 
interior of the particles, as well as high SSA 
values [15, 16]. As shown by the SEM imag-
es, these pores result from aggregation of 
smaller constituent particles. The hysteresis 
observed in Figs. 11a–c is typical of Type IV 
porous materials, as defined by IUPAC no-
menclature. The average pore sizes meas-
ured (13 nm, 8.6 nm and 5.0 nm) are similar 
to the levels described by other investigators 
[17, 21]. MCS, on the other hand, shows a 
significantly lower pore volume and SSA 
value, which can be explained by its dense, 
spherical morphology [19–21]. 

4 Conclusions
The raw materials and conditions of synthe-
sis strongly influenced the composition and 
physical properties of the SAS grades tested 
in this study. All the methods employed to 
produce synthetic amorphous silica are 
based on generation of a thermodynamic 
instability (a supersaturated solution or py-
rolysis of an organic compound, for in-
stance) followed by a reduction in the free 
energy of the system, manifested through 
nucleation and further precipitation growth 
of SiO2 nanoparticles. Depending on the 
nucleation/growth mechanism, different 
structures can be attained. PPT, PRG and 
RCH products consist of large aggregates of 
strongly bonded smaller units that contain 
high micro- and meso-scale pore volume 
(i.e. IUPAC type IV) and specific surface 
area values above 150 m2·g-1. On the other 
hand, the MCS material is made up of indi-
vidual dense spherical particles with low 
inner porosity and specific surface area. All 
the tested SAS samples exhibited amor-
phous structures and SiO2 content that 
ranged from 92.50 up to 99.90 mass-%, de-
pending on the purity of the input raw ma-
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