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" The dissolution of olivine produces
an amorphous nano-silica of high
quality.

" The SSA of this nano-silica is
between 100 and 300 m2/g.

" Olivine nano-silica has primary
particles of 10–25 nm agglomerated
in clusters.

" Olivine nano-silica is mesoporous
with an average pore size around
20 nm.

" The texture of this silica depends on
the olivine kinetics and the washing
steps.
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This study addresses the synthesis of amorphous mesoporous nano-silica by the dissolution of olivine in
sulfuric acid, showing the influence of the process conditions on the properties of nano-silica. The olivine
dissolution process is a convenient alternative to the traditional methods of nano-silica production; and
that is because the low energy requirement makes it possible to use this material in new fields where
previously its price was prohibitive. The produced nano-silica has a specific surface area between 100
and 300 m2/g and a particle size between 10 and 25 nm. These particles are agglomerated in clusters
forming a mesoporous material with an average pore diameter around 20 nm. The impurity content is
below 5%, and the silica yield of the process in the range of 54–83%. When the separation of the silica
is carried out by filtration, the textural properties of the material have a direct influence on the separation
efficiency. The texture and specific surface area of nano-silica depends on several factors of the process,
the main ones being the kinetics of the dissolution of olivine and the washing steps of the nano-silica.
Thus, the properties of this nano-silica can be tailored by changing the process conditions.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

At present a wide range of silica products are manufactured
industrially for various applications. Silicas are mainly used for
reinforcement of elastomer products, thickening of liquid systems
such as paints, thermosetting resins, and printing inks, and as fill-
ers in silicone rubber [1]. World demand for specialty silicas, which
ll rights reserved.
includes precipitated silica, fumed silica, silica gel and silica sol,
was 1.9 million metric tons in 2009 and will rise to 2.7 million
metric tons in 2014 with a total value of $5.8 billion [2], making
it one of the most used nano-materials. Nowadays, the two most
important commercial processes in the production of nano-silica
are the neutralization of sodium silicate solutions with acid (this
material is referred as precipitated silica) and the flame hydrolysis
(pyrogenic silica). Both processes are expensive because of the
price of the raw materials and the energy requirements. Nano-
silica could be applied even more widely if a new industrial, low
cost, production process could be developed.

http://dx.doi.org/10.1016/j.cej.2012.09.042
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Nomenclature

Roman
d diameter (lm) or (nm)
E efficiency (%)
[H+] concentration of hydrogen ions (mol/l)
LOI loss of ignition (% in mass)
m mass (g)
M molar mass (g/mol)
n number of moles (moles)
P purity (%)
RSD relative standard deviation (%)
SSA specific surface area (m2/g)
t time (h)
T temperature (�C)
X conversion (%)
Y yield (%)

Greek
q density (g/cm3)

Subscripts
BET Brunaer, Emmett and Teller
E external

exp experimental
i initial
im impurity
[H+] hydrogen ions
MP micropore
neu neutralized
NS nano-silica
ol olivine
ol_unr olivine unreacted
p pore size
p_A pore size calculated during the adsorption branch
p_D pore size calculated during the desorption branch
r reaction
Si silica
sep separation
t time
T total
th theoretical
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Initial research [3–10] has demonstrated that nano-silica can be
produced by dissolving olivine in acids following Eq. (1). Olivine,
(Mg, Fe)2SiO4, is the fastest weathering silicate and the Si–O–Si
bonds are broken more easily than in any other silicate mineral.
ðMg; FeÞ2SiO4 þ 4Hþ ! SiðOHÞ4 þ 2ðMg; FeÞ2þ: ð1Þ

The neutralization yields a mixture of a magnesium/iron salt
solution, precipitated silica, unreacted olivine and inert minerals.
Once the reaction is complete, the unreacted materials and inert
minerals are removed from the final suspension by sedimentation.
Subsequently, the silica can be separated from the resulting mix-
ture by washing and filtering.

The product of the dissolution of olivine is a colloidal solution
containing magnesium sulfate, iron (II) sulfate, colloidal silica
and nonreactive minerals. The colloidal chemistry of silica strongly
depends on the amount of salt and the pH of the solution. At the pH
conditions of olivine silica (�0.5 to 1), a colloidal solution is usually
unstable and the silica particles agglomerate and flocculate
[11,12]. The speed of agglomeration of silica particles is catalyzed
by the hydrogen ion [11,12]. The texture of nano-silica is a complex
topic reviewed by several researchers [13–16], but only Lieftink
[5,16] studied in depth the nano-silica produced from olivine.

Although the research of Lieftink [5] provided interesting re-
sults, more data about the following items are desired: (i) the ef-
fects of the process variables (surface area of olivine, hydrogen
ion activity and temperature) on the textural properties of the
resulting nano-silica; (ii) the influence of the mode of operation
on the process, particularly on the process yield; (iii) the chemical
composition of nano-silica produced in order to establish the
impurities left.

The main purpose of this research is to verify the good proper-
ties of the nano-silica synthesized (high specific surface area, mes-
oporosity and low content of impurities), in order to prove that
amorphous mesoporous nano-silica can be produced satisfactorily
by the dissolution of olivine in acid. An additional aim of this work
is to present new data and more details about the influence of the
process conditions on the textural properties (size of the primary
particles and size and shape of the agglomerates), the separation
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The experiments conducted in our research showed that nano-

silica can be produced by the dissolution of olivine. The nano-silica
produced is mesoporous, presenting impurities below 5% and a
specific surface area between 100 and 300 m2/g. The cost of this
nano-silica should be lower than the nano-silica produced by the
commercial methods due to the low price of the raw materials
and the low energy requirement of this method (the temperature
is around 70 �C and the reaction is exothermic). Therefore, the oliv-
ine nano-silica could be applied in new fields where it is now lim-
ited due to its price.
2. Texture of the olivine nano-silica

The main author in this area, Lieftink [5], studied the texture of
the silica produced by the dissolution of olivine, and he showed
that variation of the production rate and the total reaction time
led to different silica textures. Thus, the silica texture generated
during the reaction of olivine is mostly determined by the dissolu-
tion rate of olivine. Olivine dissolution has been widely studied
[4,6,17–23], but only Jonckbloedt [6] studied it in the olivine
nano-silica conditions. He stated that the dissolution of olivine in
these conditions is controlled by surface reactions and that it de-
pends on the surface area of olivine, hydrogen ion activity and tem-
perature [6]. Thus, increasing the surface area of olivine, the
hydrogen ion activity and the reaction temperature will increase
the reaction rate.

Experiments carried out by Lieftink [5] showed that when the
dissolution of olivine exhibited a slow rate, particle growth oc-
curred; and when the dissolution proceeded rapidly, particle
growth occurred as well, but slower. Particle growth proceeded
according to a particle agglomeration model, which means that
the final particle size was determined by the rate of formation of
2 nm particles and the agglomeration of these particles. Therefore,
when 2 nm particles were produced rapidly, the probability of
agglomeration of two small particles was larger than the probabil-
ity of accommodation of small particles into a larger, growing
particle.



Table 1
Surface area of the olivine nano-silica by Lieftink [5].

T (�C) Coarse (425–1000 lm) Fine (90–425 lm)

SSABET (m2/g) SSAE (m2/g) tr (h) SSABET (m2/g) SSAE (m2/g) tr (h)

40 140 110 145.8 227 151 71.7
50 – – 62.5 – – 7.2
70 280 186 22.5 310 209 5.7
90 340 263 4.3 399 312 2.5
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Another factor which influences the texture of nano-silica, espe-
cially the specific surface area, is the amount of magnesium sulfate.
The separation and washing of the olivine nano-silica increases the
specific surface area and the pore volume. Washing does not affect
the texture of the silica, but removes the magnesium sulfate from
the pores. Therefore, the washing of olivine nano-silica can be con-
sidered as the extraction of magnesium sulfate from the porous
system. Lieftink [5] reported that seven washing steps of 100 ml
of demineralized water were needed to remove almost all magne-
sium sulfate from 750 ml of colloidal nano-silica, increasing the
surface area from 50 to 300 m2/g.

The specific surface area (SSABET), the external specific surface
area (SSAE) and the reaction time (tr) of the olivine nano-silica sur-
face produced by Lieftink [5] at different temperatures are pre-
sented in Table 1, where the terms coarse and fine refer to the
particle size of olivine. This olivine nano-silica presented a SSABET

in the range of 140–400 m2/g and exhibited micropores, mesop-
ores and macropores.
3. Process yield of the olivine nano-silica

The process yield, YNS, is defined as the rate between the nano-
silica produced experimentally, NS_exp, and the potential nano-
silica present in the olivine calculated theoretically, NS_th1,

YNS ð%Þ ¼
mNS exp

mNS th1
� 100: ð2Þ

The theoretical nano-silica is expressed as

mNS th1 ¼ mol �MSiO2 �Mol; ð3Þ

where mol is the mass of olivine, MSiO2 is the molecular weight of
silica and Mol is the molecular weight of olivine. The mNS_exp is
calculated with

mNS exp ¼ mNS exp im �mSiO2 ; ð4Þ

where mNS_exp_im is the impure mass of nano-silica dried at 120 �C
and mSiO2 is the silica content of the dried material and can be deter-
mined if we know the other compounds present in the material. Be-
sides silica, silanol groups, physisorbed water and sulfates can also
be found in this dried nano-silica.

When the silica is thermally treated, the physisorbed water is re-
moved at about 150 �C. At 200 �C, all the physisorbed water from
the surface is gone, but all the silanol groups still remain. Above this
temperature, silanol groups condense, releasing water given by

Si—OHþ Si—OH! Si—O—SiþH2O: ð5Þ

This happens in three different steps: (i) at 450–500 �C vicinal
groups condense; (ii) at 600–800 �C internal silanol groups con-
dense; and (iii) up to about 1000–1100 �C, only isolated silanol
groups remain on the silica surface [24]. Iron and magnesium sul-
fate decompose around 460 and 800 �C [25], respectively; and sul-
furic acid decomposes at 340 �C [26].

The silica content, mSiO2 , can be calculated from the thermo-
gravimetric analysis (TGA) as the difference between the final mass
of the TGA at 1100 �C and the oxide content with
mSiO2 ð%Þ ¼ ðm1100 �mMgO �mFeOÞ � ð100�m20�120Þ; ð6Þ

where m20–120 is the mass loss in the interval 20–120 �C due to the
release of water adsorbed on the nano-silica.

Another important parameter of the process is the separation
efficiency, ESep, defined as the rate between the nano-silica pro-
duced experimentally and the potential nano-silica produced from
the reacted olivine, NS_th2,

ESep ð%Þ ¼
mNS exp

mNS th2
� 100: ð7Þ

In this case the theoretical nano-silica is expressed as

mNS th2ðgÞ ¼ nH neu �MSiO2 � 4; ð8Þ

where nH_neu is the amount of protons neutralized.
Generally, the process yield depends on the conversion factor of

the reaction and on the separation efficiency of post-reaction treat-
ments. Because in the olivine nano-silica process almost all the
olivine has reacted with sulfuric acid, the yield depends mainly
on the amount of nano-silica lost in the separation steps. When
the separation is performed by filtration, which is the most com-
mon method to separate the silica from the sulfate salts, the pro-
cess yield depends on the time required to produce the silica
cake and the properties of the silica cake. For the olivine nano-
silica process, Jonckbloedt [6] reported a production of 65 g of
nano-silica per kg of 3 M sulfuric acid and 190 g of olivine, result-
ing in a separation efficiency of 67%. This value is calculated from
the amount of [H+] neutralized because no data about the purity
of olivine was reported.

4. Experimental method

The ground olivine rock used in this study was Oliflux, which
was supplied by North Cape Mineral (Norway). The desired grain
size fractions were obtained by wet-sieving. Then, the sieve frac-
tions were ultrasonically treated with ethanol to remove any
adhering fines. The main mineral detected by X-ray diffraction
(XRD) was olivine. Others silicates, oxides and carbonates were
present in small quantities as well. The chemical composition of
the olivine was determined by X-ray fluorescence (XRF) analysis,
and the mineralogical composition was calculated from the XRD
and XRF analysis. Approximately 88.7 mass percentage of the rock
was olivine with the composition (Mg1.84Fe0.153Ni0.007)SiO4, with a
forsterite content of 92% (normally expressed as FO92) and a molar
mass of 145.7 g/mol.

Experiments were carried out at the following temperatures:
50, 70 and 90 �C and with a fraction size of 125–150, 250–300
and 500–600 lm in a vigorously stirred double-wall glass reactor
of one liter. The temperature was kept constant by circulating
water from a thermostat through the double wall. Particularly at
the beginning of an experiment, the control of the temperature
was rather difficult, resulting in an oscillation of up to 3 �C in the
fastest experiments. The reagents used were 500 ml of 3 M sulfuric
acid and stoichiometric amount of olivine, previously dried. The
concentration of hydrogen ions was determined by titration
with a 0.05 M Na2B4O7 solution at regular time intervals. The
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Fig. 1. Neutralization curve of the NS-8 experiment.
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neutralization reaction continued until the [H+] was below 0.1 mol/
l when it was stopped. After that, the stirrer was switched off and
the slurry was left for 10 min, after which the solution was sepa-
rated from the solid residue by sedimentation. Subsequently, the
remaining slurry was washed with 500 ml of 0.1 M sulfuric acid
solution and filtered over a Buchner funnel. Sulfuric acid was cho-
sen as the rinsing liquid to prevent oxidation of the iron. The wash-
ing and filtering processes were repeated four times, except in
cases where too much silica escaped with the filtrate.

The nano-silica produced was characterized by inductively cou-
pled plasma mass spectrometry (ICP-MS), combustion infrared
analysis, thermogravimetric (TG) analysis, gas physisorption and
transmission electron microscopy (TEM).

The chemical analyses were carried out with an ICP-MS X2
Thermo Scientific equipment and a Leco SC 632 (combustion infra-
red analysis). An STA 449 F1 Jupiter (Netzsch Instruments) was
used to perform the TG analysis. The temperature was increased
gradually from room temperature to 1100 �C at 1 �C/min, keeping
it constant for 2 h at 200 �C and 1100 �C, respectively.

A Micromeritics TriStar 3000 equipment using N2 and with a
soaking time of 240 min at 120 �C was used for the gas physisorp-
tion analysis [27]. The specific surface area, SSABET, the specific
micropore surface area, SSAMP, and the pore size distribution were
calculated using the BET [28], t-plot [29,30] and BHJ methods [31],
respectively. The physisorption analyses were carried out three
times with a standard deviation below 5% for the SSABET. The spe-
cific external surface area, SSAE, was determined as the difference
between the specific surface area and the specific micropore surface
area. The particle size of the nano-silica was calculated from the
geometrical relationship between surface area and mass given by

dðnmÞ ¼ 6000
SSA� q

; ð9Þ

where d is the particle size of nano-silica considered to be spherical
(nm), q the density of the material, 2.2 (g/cm3) for nano-silica, and
SSA the surface area (m2/g). This particle size is an average value,
considering that the particles are spherical. Lieftink [5] stated that
the correlation between the primary particle size, obtained from
the TEM images and the SSAE, is in good agreement for olivine
nano-silica. Depending on the surface area used (SSABET or SSAEXT)
in Eq. (9), different values of particle sizes are obtained (dBET or
dEXT). These particle sizes would only be the same if the material
analyzed did not feature microporosity.
5. Experimental results

5.1. Experimental conditions

The experiments carried out are shown in Table 2 together with
the amount of reagents used (mH2SO4 and mol), molecular ratio of
hydrogen ions/olivine, average particle size of olivine, dol, and reac-
tion temperature, Tr. Fig. 1 presents the neutralization curve of the
Table 2
Initial conditions of the olivine nano-silica experiments.

Sample mH2 SO4 (g) molivine (g) Ratio H+/Ol dol (lm) Tr (�C)

NS-1 589.1 109.8 4.5 138 48.7
NS-2 593.5 125.0 4.0 200 52.0
NS-3 555.8 121.7 3.8 400 55.0
NS-4 532.7 112.6 4.0 313 70.2
NS-5 593.9 122.9 4.0 400 70.7
NS-6 594.2 113.1 4.4 550 69.9
NS-7 593.7 119.4 4.2 275 87.7
NS-8 592.3 121.5 4.1 400 86.2

3 M sulfuric acid was used in all the experiments.
sulfuric acid for experiment NS-8. The neutralization curves of the
other experiments show a similar trend, but with different reaction
times.

Table 3 shows the key parameters for the production of nano-
silica. These parameters are the [H+]final at which the reaction
was stopped, the reaction time, tr, the time required to reach [H+]
of 1 mol/l, the aging time, the amount of unreacted olivine, mol_unr,
olivine conversion, Xol, and the filtration steps. The aging time was
calculated as the difference between the total reaction time and
the time when 90% of the olivine was consumed.

5.2. Kinetics and reaction time

While the purpose of this article is not to study the kinetics of
the dissolution of olivine under these acidic conditions, some com-
ments are required, because the kinetics influence the properties of
the nano-silica. As was mentioned previously, the kinetics of the
dissolution of olivine depends on the specific surface area of oliv-
ine, hydrogen ion activity, and temperature. The particle size of
olivine was used instead of the surface area because of its simplic-
ity. The times required to reach the [H+] of 1 mol/l versus the par-
ticle size of olivine at the different temperatures are plotted in
Fig. 2.

The reaction time required decreased when the temperature in-
creased and when the average particle size of olivine declined. This
change is in agreement with the kinetics of the dissolution of oliv-
ine. The value of the reaction time required for the NS-1 experi-
ment was not represented in this figure. This reaction time was
unexpectedly long compared with the rest of the experiments at
50 �C, because the ratio (H+/Ol) was too high and also because
the temperature was the lowest. The high ratio of (H+/Ol) was
due to smaller amount of olivine used in this experiment, which
means that most of the olivine is consumed and the pH is still sig-
nificantly high.

For industrial applications, the synthesis process can be carried
out under fast kinetic conditions to decrease the required reaction
time. Only 3 h are required to produce nano-silica at 87 �C, which
is a reasonable reaction time. The reaction time can be reduced
even further by operating at higher temperatures and higher H+/
Ol ratios.

5.3. Properties of the olivine nano-silica

The adsorption isotherms and the t-plot curves of the experi-
ments NS-1 and NS-7 are plotted in Figs. 3 and 4, respectively.
The adsorption isotherm NS-1 and NS-7 were selected as the sam-
ples with the lowest and the highest SSABET, respectively. The
adsorption isotherm curves of all the olivine nano-silicas are sim-
ilar in shape, but the volumes of gas adsorbed are higher for sam-
ples of higher specific surface areas.

The adsorption isotherm of olivine nano-silica can be classified
as type IV with H1 hysteresis loop [32,33]. This adsorption



Table 3
Parameters of the production of olivine nano-silica.

Sample [H+]final (mol/l) tr (h) tr [H+] = 1 M (h) Agingt (h) Mol_unr (g) Xol (%) Filt. steps

NS-1 0.93 46.0 43.4 11.5 4.6 95.1 2
NS-2 0.24 71.0 29.7 35.8 5.0 95.4 4
NS-3 0.31 75.0 37.2 5.9 10.0 90.6 3
NS-4 0.23 19.2 5.8 10.6 4.5 95.4 4
NS-5 0.27 42.2 10.1 25.3 3.7 96.6 4
NS-6 0.65 63.7 33.6 32.6 1.4 98.3 4
NS-7 0.62 6.0 3.5 1.9 4.9 93.5 4
NS-8 0.25 23.0 4.7 17.2 2.3 97.8 3
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isotherm is typical for mesoporous materials and is related to cap-
illary condensation taking place in mesopores [32]. Hysteresis H1
is associated with porous materials consisting of agglomerates
with narrow pore distributions [32].

Table 4 shows the values of the surface area, the average pore
size, the average particle size and the ratio between SSAMP and
SSABET of the olivine nano-silica. The specific surface areas for sam-
ples produced at 70 and 90 �C, and samples produced at 50 �C are
shown in Figs. 5 and 6, respectively. As Lieftink stated [5], the SSA
of the olivine nano-silica increases with the faster reaction of oliv-
ine. That means, the SSA of nano-silica rises with the reaction tem-
perature, the SSA of olivine and the [H+]. This trend can be
observed in Fig. 5. However, Fig. 6 does not exhibit this trend.
The reasons are that the temperature in these experiments (exper-
iments NS-1, NS-2, and NS-3) was not constant (being in the range
ressure (p/p°)

0.5 0.6 0.7 0.8 0.9 1.0

livine nano-silica NS-1 and NS-7.

ess (nm)
0.4 0.5 0.6 0.7 0.8

olivine nano-silica.



Table 4
Surface area, pore size, particle size and ratio SSAMP/SSABET of the olivine nano-silica.

Sample SSABET (m2/g) SSAMP (m2/g) SSAE (m2/g) dp_A (nm) dp_D (nm) dBET (nm) dE (nm) SSAMP/SSABET (%)

NS-1 131 27 104 21 21 26 21 21
NS-2 150 27 123 18 17 22 18 18
NS-3 165 43 122 18 18 22 17 26
NS-4 218 52 166 18 17 16 13 24
NS-5 198 58 139 19 19 20 14 29
NS-6 179 47 132 28 24 21 15 27
NS-7 266 72 194 25 22 14 10 27
NS-8 185 36 149 18 17 18 15 19
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Fig. 7. TEM picture (89 kx) of the olivine nano-silica NS-1.
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of 48–55 �C), the final concentration of [H+] was slightly different,
but most importantly, the number of filtration steps was not con-
stant. In the experiment NS-1, so much silica was being removed
during the washing steps that we decided to stop the cleaning after
the second step. A considerable amount of magnesium sulfate was,
therefore, still in the nano-silica pores (as can been seen in Table 5),
presenting an SSABET lower than expected for clean nano-silica.
Table 5
Chemical analysis (in mass%) of the olivine nano-silica.

Sample S (%) Na (%) Mg (%) Al (%)

NS-1 3.89 0.00 1.88 0.02
NS-2 1.18 0.00 0.18 0.01
NS-3 1.26 0.01 0.29 0.02
NS-4 1.17 0.00 0.16 0.01
NS-5 1.19 0.00 0.26 0.02
NS-6 0.92 0.02 0.39 0.04
NS-7 1.36 0.00 0.28 0.02
NS-8 2.16 0.00 0.96 0.03
Sample NS-3 resulted in a larger surface area, because the temper-
ature was 55 �C and because the ratio H+/Ol was slightly lower
than in the other two experiments. Because all the experiments
were done at the same initial concentration of sulfuric acid, the
lower ratio of H+/Ol indicates that the surface area of olivine was
higher, increasing the kinetics and the specific surface area of the
silica as well.

TEM images (89 kx magnification) are shown in Figs. 7 and 8,
for NS-1 and NS-7, respectively. Figs. 7 and 8 show a material of
particle size between 10 and 50 nm, with angular shape. The highly
agglomerated state, typical for silicas produced at low pH, can be
seen in both silicas. This highly agglomerated state is because be-
low the isoelectric point silica particles agglomerate, and the
agglomeration is catalyzed by the hydrogen ion [11,12]. Sample
NS-1 was more agglomerated than sample NS-7 probably because
in experiment NS-1 the reaction times was longer, giving more
time to the silica to agglomerate.

The primary particle size of the silicas (Eq. (9)) derived from the
SSA is in the range of 14–26 and of 10–21 nm for dBET and dE,
Ca (%) Cr (%) Fe (%) Ni (%) PSi (%)

0.05 0.00 0.36 0.02 86.01
0.03 0.00 0.04 0.00 96.20
0.08 0.00 0.06 0.00 95.76
0.03 0.00 0.03 0.00 96.26
0.04 0.00 0.05 0.00 96.06
0.05 0.01 0.05 0.00 96.68
0.04 0.00 0.06 0.00 95.52
0.03 0.00 0.15 0.01 92.34



Fig. 8. TEM picture (89 kx) of the olivine nano-silica NS-7.
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respectively. The general trend is that the primary particle size de-
creases with the speed of reaction of olivine. Thus, when the disso-
lution of olivine is faster, the amount of silica released into the
suspension is higher and the reaction time is shorter, resulting in
silica particles of smaller diameter than when the reaction is
slower.

In addition, the average pore diameter, dp_A and dp_D, is in the
same range as the primary particles, showing that the porosity is
due to the voids between the primary particles in the agglomerate.
Therefore, olivine nano-silica can be considered as the agglomera-
tion of primary particles and as a mesoporous material. In addition,
the SSAMP does not exhibit a particular trend regarding the SSABET

(see Table 4) and the ratio SSAMP/SSABET is almost constant, being
in the interval 18–29.

The chemical composition of the olivine nano-silicas is shown
in Table 5. The purity (PSi) is calculated as the difference between
100 and all the impurities considering that sulfur is in the sulfate
form. Thus, this value includes the content of silica and silanol,
and it is above 95% except for NS-1 and NS-8.

Table 6 shows the number of moles of sulfur, nS, magnesium,
nMg, and iron, nFe, together with the mass of total sulfate, mSO4 T,
the mass of sulfate related with olivine, mSO4 ol, the mass of free
sulfate, mSO4 H2SO4 , and the ratio magnesium/metal ions. The term
mSO4 T, refers to the equivalent amount of sulfate salts (MgSO4

and FeSO4). The free or extra sulfate, mSO4 H2SO4 is calculated from
the difference between mSO4 T and mSO4 ol. The nS, nMg and nFe are
plotted in Fig. 9. The mSO4 T and the filtration steps carried out
for the different samples are shown in Fig. 10. The number of moles
of these three components follows a similar trend, exhibiting high-
er sulfate values (and also magnesium and iron values) for samples
with fewer washing steps.

The mSO4 T decreases with the filtration steps, as can be
observed in Fig. 10. In addition, the free sulfate could be easily
removed adding extra filtration steps with distilled water.
Table 6
Sulfate content and ratio magnesium/metal ions of the olivine nano-silica.

Sample nS (mol/100 g) nMg (mol/100 g) nFe (mol/100 g)

NS-1 0.121 0.077 0.006
NS-2 0.037 0.007 0.001
NS-3 0.039 0.012 0.001
NS-4 0.036 0.007 0.001
NS-5 0.037 0.011 0.001
NS-6 0.029 0.016 0.001
NS-7 0.042 0.012 0.001
NS-8 0.067 0.040 0.003
Therefore, additional steps of washing with water would reduce
the total sulfate, increasing the purity of the nano-silica. In fact,
some additional experiments (which are not reported here) with
six washing steps, the last three of them with distilled water, have
shown purities above 99%.

Another interesting point is that the ratio of magnesium/metal
ions in the silica remains stable with an average value of 0.93, this
value being almost identical to the value reported for forsterite
content for Norwegian olivine, 0.92 [34]. It means that the magne-
sium and iron salts are adsorbed on the nano-silica with the same
ratio as present in the olivine and that they are desorbed with the
same ratio during washing as well.
5.4. Process yield of the olivine nano-silica

The TG analyses of NS-1, NS-2, NS-5 and NS-8 and the DTG of
NS-1are shown in Fig. 11. The higher mass loss of NS-1 is related
mSO4_T (%) mSO4_ol (%) mSO4 H2SO4 (%) nMg/(nFe + nMg)

11.655 8.05 3.60 0.92
3.535 0.77 2.77 0.92
3.775 1.26 2.51 0.92
3.506 0.69 2.82 0.93
3.565 1.09 2.48 0.93
2.756 1.62 1.14 0.95
4.075 1.21 2.86 0.92
6.472 4.07 2.40 0.93
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Table 7
The silica content and the purity of silica (PSi2) of the olivine nano-silica.

Sample m1100 (%) mMgO (%) mFeO (%) m20–120 (%) mH20 A (%) mOH (%) mSiO2
(%) PSi2 (%)

NS-1 77.86 3.12 0.46 8.59 9.34 4.19 81.26 87.80
NS-2 86.96 0.30 0.05 7.27 7.76 4.36 93.41 98.74
NS-3 85.20 0.48 0.08 8.25 9.09 3.95 92.25 97.68
NS-4 87.17 0.27 0.04 6.78 7.24 4.43 93.18 98.53
NS-5 84.13 0.42 0.06 9.81 10.52 4.07 92.75 98.24
NS-6 85.84 0.64 0.06 9.38 9.65 2.87 93.94 97.65
NS-7 89.85 0.47 0.07 3.65 4.38 4.46 92.69 98.15
NS-8 81.34 1.60 0.20 9.81 10.66 3.80 88.20 94.01

mH2 0 A is the water loss between 20 and 200 �C and mOH is the water loss in the range of 400–1000 minus mMgO and mFeO.

Table 8
Process yield and separation efficiency of the olivine nano-silica.

Sample mNS_exp_im (g) mNS_exp (g) mNS_th1 (g) YNS (%) mNS_th2 (g) ESep (%)

NS-1 26.72 21.71 40.16 54.06 38.20 56.84
NS-2 39.61 37.00 45.71 80.95 43.61 84.84
NS-3 31.91 29.44 44.51 66.13 40.35 72.96
NS-4 35.00 32.61 41.19 79.18 39.30 83.00
NS-5 36.70 34.04 44.95 75.73 43.42 78.39
NS-6 35.10 32.97 41.35 79.74 40.65 81.11
NS-7 39.01 36.16 43.66 82.81 40.84 88.53
NS-8 35.11 30.97 44.44 69.69 43.45 71.27
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to the higher amount of sulfates. The TG curves of NS-3, NS-4, NS-6
and NS-7 have a shape similar to the NS-5 curve, showing similar
values of sulfates. Five TG analyses of the sample NS-3 were con-
ducted showing an RSD of 5.0% in the loss of ignition between
400 and 1100 �C.

The process yield is obtained using Eq. (2), the separation effi-
ciency is obtained using Eq. (7) and the purity (PSi2), is calculated
as the difference between 100 and all the impurities determined
from the TG analysis. These parameters are shown in Tables 7
and 8. The values of purity obtained by the TG analyses are only
slightly higher than the purity values calculated from the ICP anal-
ysis. This difference is because the sulfate content calculated from
the ICP is slightly higher than these values from the TGA.

The nano-silica produced experimentally, theoretically and the
process yield are plotted in Fig. 12. The yield was in the range of
66–83%, except for the first experiment where it was 54%. The sep-
aration efficiency, Esep, was in the range 71–88 with the exception
of the first experiment. The process yield is only slightly higher
than the separation efficiency, which means that the main factor
affecting the process yield is the separation efficiency, and that is
because more than 90% of the olivine has reacted with the acid
in every experiment (see Table 3). The separation efficiency for
NS-1 was unexpectedly low, possibly due to the high value of
[H+]. Although in the present study nano-silica was produced with
a higher yield than Jonckbloedt [6], this parameter should be even
further improved, because around 30% of the produced material
was lost during the filtration. In order to raise the nano-silica
recovery, a more efficient separation process should be employed.
The separation process depends on the properties of the silica cake
obtained during the filtration and on the time involved in produc-
ing the filter cake, and the latter being controlled by the texture of
the nano-silica. Thus, the faster a filter cake (of good filtration
properties) is formed, the higher the yield will be.

The SSABET versus the Esep is plotted in Fig. 13. The general trend
is that the Esep increases with the SSABET. Therefore, it can be stated
that the specific surface area of nano-silica influences the separa-
tion efficiency. The yield of experiment NS-2 is depicted in a differ-
ent color, because its values were higher than expected. The reason
why the Esep was higher than expected is the long aging time of this
experiment compared with the short aging time of the rest of the
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Table 9
Summary of the properties of different amorphous nano-silica [5,35].

Parameters Pyrogenic Precipitated Lieftink This work

Purity, SiO2 (%) >99.8 >95 – >95
SSABET (m2/g) 50–400 30–500 100-400 100–300
d (nm) 5–50 5–100 8–25 10–25
dp (nm) None >30 >10 >10
Reference Ecetoc Ecetoc Lieftink –
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experiments carried out at 50 �C. A plausible explanation for the
phenomenon of increasing Esep with the aging time would be that
nano-silica particles agglomerate more with the aging time, form-
ing the filter cake faster and losing less material. However, the pri-
mary particle size of the material does not change during the aging.
In other words, the specific surface area of nano-silica remains con-
stant, but larger clusters are formed facilitating the filtration and
enhancing the silica yield. This phenomenon could be used to im-
prove (time and efficiency) the separation efficiency of the nano-
silica.
5.5. Comparison of different amorphous nano-silicas

Table 9 summarizes the physical and chemical properties of
pyrogenic silica [35], precipitated silica [35], olivine silica pro-
duced by Lieftink [5] and the olivine nano-silica produced in the
Table 10
Chemical analysis of the olivine nano-silica produced by Jonckbloedt [6].

SiO2 Al2O3 Fe2O3 MnO MgO CaO

78.5 <0.22 0.19 <0.006 0.3 <0.1
current study. All of them have a purity above 95%, a high SSA
and a low particle size. Olivine nano-silica is the material with low-
er pore size diameter and higher mesoporosity. The main differ-
ence between the two olivine nano-silicas is that the nano-silica
prepared here features a slightly smaller specific surface area than
Lieftink’s nano-silica. This difference in the surface area of olivine
nano-silica is due to the kinetics of the dissolution of olivine and
the content of impurities. Lieftink [5] produced nano-silica with
faster kinetics, as we can see from the reaction times in Tables 1
and 3. Because the temperature and concentration of sulfuric acid
are the same, the surface area of olivine is the factor that speeds up
the kinetics. Additional filtration steps would increase the specific
surface area and reduce the content of impurities.

An XRF analysis of the olivine nano-silica produced by Jonckb-
loedt [6] with waste sulfuric acid is shown in Table 10. The value
of the loss of ignition includes the water condensed from the
nano-silica as silanol groups. Considering that the mass of water
released is around 5%, the silica content is still under 85%, which
is much lower than the purity of our olivine nano-silica.

6. Conclusions

The synthesis of nano-silica by the dissolution of olivine is a fea-
sible method to prepare amorphous mesoporous nano-silica. This
nano-silica has a specific surface area between 100 and 300 m2/g
and a primary particle size between 10 and 25 nm. These particles
are agglomerated in clusters forming a mesoporous material with
an average pore diameter between 17 and 28 nm. The impurity
content is below 5% and can be further decreased by adding extra
washing steps using water.

The specific surface area of olivine nano-silica depends on the
kinetics of the reaction of olivine and the amount of magnesium
sulfate in the porous solution. Thus, increasing the temperature,
the surface area of olivine, the activity of the hydrogen ion and/
or the number of washing steps results in an increase in the
nano-silica surface area. In this way, different types of nano-silica
can be produced by changing the process conditions.

The separation efficiency increases with the specific surface
area of nano-silica and aging time. Even if the Esep is higher than
the one reported by Jonckbloedt [6], it could still be improved by
speeding up the formation of the cake during the filtration and/
or modifying the properties of the cake. One way to do that is to
keep the slurry aging for several hours before the filtration. Thus,
the nano-silica agglomerates, leading to a more efficient separation
process. Another possibility would be to add a recovery step to the
process.

The results shown here demonstrate that the dissolution of oliv-
ine in sulfuric acid is a feasible method to produce an amorphous
mesoporous nano-silica. In addition, the low energy requirement
makes it possible to use this material in new fields where previ-
ously its price was prohibitive. Therefore, the olivine dissolution
process is a convenient alternative to the traditional methods of
nano-silica production.
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