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The production of porous amorphous nano-silica by the olivine route is an interesting alternative to the
existing commercial production methods because of the much lower energy requirements of this process.
The produced olivine nano-silica has a specific surface area between 100 and 400 m2/g and primary par-
ticles between 10 and 25 nm (agglomerated in clusters). The process conditions of the dissolution of oliv-
ine and the subsequent ripening treatment influence the specific surface area of the nano-silica in the
following ways. (1) The cleaner the nano-silica is, the higher the specific surface area is. Thus, high-purity
silicas presents an SSA between 300 and 400 m2/g. (2) The higher the filtration pressure is, the higher the
surface area will be. (3) The ripening treatment can diminish the specific surface of nano-silica by three
quarters and reduce the microporous surface area by 90%. A 99% pure nano-silica with specific surface
area controlled between 90 and 400 m2/g can be synthesized by ripening treatment in an alkaline solu-
tion at room temperature. Therefore, tailored olivine nano-silica can provide additional environmental
and economic benefits over the current commercial products.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Nanotechnology and nanomaterials have attracted a great deal
of attention in the previous years as can be seen from the fact that
the number of patents has increased by 600% from 1992 to 2002
[1] and the annual global turnover is estimated to increase up to
€ 1.5 trillion by 2015 [2]. Nano-silica is one of the compounds that
is boosting the field of nanomaterials with an annual rise of 6.3%
reaching 2.7 million metric tons in 2014 and with a total value of
$5.8 billion [3]. Nowadays, the two most important commercial
processes in the production of nano-silica are the neutralization
of sodium silicate solutions (commonly known as waterglass) with
acid and the flame hydrolysis of silicon tetrachloride. Both pro-
cesses are expensive and not environmentally friendly because of
the high temperature steps, usually above 1000 �C, involved in
these processes. In our previous work [4], it was stated that the
production of nano-silica by the dissolution of olivine is an inter-
esting alternative to the commercial methods because of the good
quality of the resulting silica, and the low temperatures required
(50–90 �C), which makes it cheaper and more sustainable.

The specific surface area (SSA) is a crucial parameter for nanom-
aterials conferring upon them special properties. This is because
materials with a huge surface area possess a huge surface energy,
and, thus, they are thermodynamically unstable or metastable
[5]. Therefore, the application of these materials strongly depends
on this parameter making it one of the most relevant parameters to
study in the field of nano-materials. Olivine nano-silica is agglom-
erated in clusters forming a porous 3-D network structure with a
high SSA. The agglomerated state of this silica can be beneficial
for some applications where high-porous agglomerates are needed,
such as nano-silica for ink-jet paper or catalytic materials. How-
ever, no research has been carried out regarding how to tailor
the SSA of olivine nano-silica in order to fit the requirements of dif-
ferent applications.

The main purpose of this research is to establish the influence of
the process conditions and the ripening treatment on the SSA of
olivine nano-silica in order to assess the possibility of having a
method to tailor olivine nano-silica. The results shown hear
demonstrate that olivine nano-silica (with purity above 99%) in
the range of 90–400 m2/g can be produced using an Ostwald ripen-
ing treatment of the olivine nano-silica at 20 �C. Therefore, tailored
olivine nano-silica can be produced for different applications, with
the environmental and economic benefits that the use of this new
nano-silica represents.

1.1. Olivine nano-silica process

The dissolution of olivine in acid at low temperatures produces
amorphous silica:
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Table 1
Summary of the properties of different amorphous nano-silicas.

Parameters Pyrogenic Precipitated Olivine route

Purity, SiO2 (%) >99.8 >95 >95
SSABET (m2/g) 50–400 30–500 100–400
d (nm) 5–50 5–100 10–25
dp (nm) None >30 20
Reference [19] [19] [4]

Where d is particle size and dp is pore diameter.
Table presented in [4].
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ðMg; FeÞ2SiO4 þ 4Hþ ! SiðOHÞ4 þ 2ðMg; FeÞ2þ

The dissolution yields a slurry consisting of a mixture of magne-
sium/iron salts, silica, unreacted olivine and inert minerals (see
Fig. 1). Once the reaction is complete, the unreacted olivine and in-
ert minerals are removed from the final suspension by sedimenta-
tion. Subsequently, the silica can be cleaned from the resulting
mixture by washing and filtering. After the filtration, a cake with
around 20% solid content of nano-silica is obtained.

In our previous work, an olivine nano-silica with an SSA be-
tween 100 and 300 m2/g, primary particles between 10 and
25 nm and purities above 95% was reported (see Table 1) [4]. The
primary particles were agglomerated in clusters (see Fig. 2) form-
ing a porous material with an average pore diameter above 10 nm.
In addition, it was stated that the SSA of olivine nano-silica de-
pends on the kinetics of the reaction of olivine and the amount
of magnesium sulfate remaining in the material. In the current
article we focus on the following points: (1) washing steps re-
quired to obtain purities above 99%; (2) influence of the sulfates
on the SSA (SSABET, SSAMP and SSAE); (3) influence of the filtration
pressure on the SSA; and (4) influence of post treatments, such as
the Ostwald ripening, on the SSA.

1.2. Ostwald ripening theory

The Ostwald ripening consists of a hydrothermal treatment at
basic pH in order to modify the equilibrium of the solubility of sil-
ica. The solubility equilibrium is reached when the rate of solution
is equal to the rate of the deposition/condensation. The solubility
of silica depends on the solution pH, the temperature, the radius
of curvature of the silica particles and the content of impurities.
In our particular case, the impurity content is not as relevant due
to the low content of magnesium and iron ions and the inability
of sulfate ions to alter the solubility of the silica [6]. Regarding
the pH and temperature, the solubility of silica increases when
these parameters rise [6]. In addition, the solubility of silica is high-
er for convex surfaces than for concave surfaces, and the radius of
curvature has two main consequences for the solubility: the first
consequence is that in a dispersion with individual particles of
two sizes, the smaller particles dissolve faster than the larger ones.
The second consequence is that in a dispersion with agglomerated
particles and individual particles, the individual particles dissolve
faster than the agglomerates, and the deposition of silica proceeds
Fig. 1. Schematic process flow diagram of the olivine nano-silica process.

Fig. 2. Transmission electron microscope photographs (89 kx and 175 kx, respec-
tively) of nano-silica produced by the dissolution of olivine.
most rapidly at the point of contact between particles in the
agglomerates due to the negative radius of curvature. These two
consequences are graphically described in Figs. 3 and 4. Thus,
when a silica dispersion is not in equilibrium, the more soluble
particles dissolve. Subsequently, the soluble silica condensates on
the surface of silica particles of lower solubility. The solution/depo-
sition process will continue until a new equilibrium is reached. An-
other important factor in the solubility equilibrium of silica is the
particle size distribution. This can be easily illustrated with the fol-
lowing example: a monomodal narrow particle size distribution
would not be affected by a change in pH from 4 to 11 because,
although the solubility of silica is much higher at pH 11 than at
pH 4 [6], when the size of all the particles is the same, the ripening
stops.



Fig. 3. Ostwald ripening representation when two individual particles of different sizes are present in a dispersion.

Fig. 4. Ostwald ripening representation when agglomerates are present in a dispersion.
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2. Experimental method

The nano-silica synthesis experiments were carried out in a stir-
red glass thermostated reactor of one liter. The reagents used were
500 ml of 3 M sulfuric acid and a stoichiometric amount of olivine,
previously dried. The ground olivine had a purity content of
89 wt.% of olivine with the composition (Mg1.84Fe0.153Ni0.007)SiO4.
The neutralization reaction was stopped when the concentration
of [H+] reached 0.1 mol/l. Then, the solution was separated from
the solid residue by sedimentation. Subsequently, the slurry was
washed and filtered either using a vacuum pump (Pabs = 0.2 bar)
or a filter press (Pabs = 3–5 bar).

The ripening experiments were performed in a stirred glass
thermostated reactor of two liters with an olivine nano-silica sup-
plied by Geochem. This material was supplied in a cake form with a
solid content around 20 wt.%. The Ostwald ripening treatment was
carried out in an alkaline solution using either NH4OH or NaOH.
The pH was adjusted to the desired value and kept constant during
the experiments. Experiments were carried out at 20 �C and 90 �C,
in the pH range between 4.6 and 11, and with a silica content be-
tween 3 and 6 wt.%. A high shear mixer (Silverson multifunctional
L5M laboratory mixer with a shear screen) and an ultrasound bath
(Powersonic 1100d with an effective power of 200 W) were used in
some of the experiments. During the ripening process, samples
were taken at regular intervals to determine the pH of the solution
and the SSA of the dried silica. The silica samples were filtered and
dried in an oven at 110 �C for about 15 h.

The nano-silica produced was characterized by nitrogen physi-
sorption, transmission electron microscopy (TEM), X-ray fluores-
cence (XRF), combustion infrared analysis (determination of
sulfur content) and laser light scattering (LLS). The XRF and the
infrared analyses were carried out in Canada by Actlab laboratories
using routines 4C and 4F, respectively. The LLS analyses were
performed using a Mastersizer 2000. A Micromeritics TriStar
Table 2
SSA, increase in the SSA between samples with consecutive filtration steps, particle size, po
branch.

Sample SSABET (m2/g) SSAMP (m2/g) SSAE (m2/g) DSSABET (%) DSSA

NS-3F 233 58 175 – –
NS-4F 324 122 202 39 110
NS-5F 346 142 204 7 16
NS-6F 348 142 206 0 0
NS-HP 433 125 308 – –

F refers to washing/filtration steps and HP to high pressure filtration.
3000 equipment using N2 and with a soaking time of 240 min at
190 �C was used for the gas physisorption analysis [7]. The physi-
sorption analyses were performed three times with a standard
deviation below 5%. The specific surface area (SSABET), the specific
micropore surface area (SSAMP), the specific external surface area
(SSAE) and the pore size distribution were calculated using the
BET [7,8], t-plot [9,10] and BJH methods [11], respectively. The
SSAE was determined with the slope of the t-plot [12]. The particle
size of the nano-silica was calculated from the geometrical rela-
tionship between surface area and mass given by

d ðnmÞ ¼ 6000
SSABET � q

ð1Þ

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. The micropore volume
(VMP) and the pore volume between 1.7 and 300 nm (VP) were cal-
culated using the BJH method [11].
3. Results

3.1. Influence of the process conditions

The olivine silicas were synthesized using several process con-
ditions. The process conditions studied were the number of wash-
ing steps using a vacuum pump and the filtration pressure during
the washing. Table 2 shows the SSA, the increase in the SSA
between samples with consecutive filtration steps, the particle size
(calculated using Eq. (2)), and the average pore size in the adsorp-
tion branch of the silicas; this table also shows the micropore
volume and the pore volume in the adsorption branch. Table 3
presents the chemical composition, the purity of silica, the
re size in the adsorption branch, micropore volume and pore volume in the adsorption

MP (%) DSSAE (%) d (nm) dp_A (nm) VMP (cm3/g) VP_A (cm3/g)

– 11.7 14.5 0.025 0.529
15 8.4 13.9 0.055 0.578

1 7.9 13.7 0.064 0.589
1 7.8 14.6 0.064 0.679

– 6.3 14.7 0.055 1.026



Table 3
Chemical composition, purity and conductivity of the olivine nano-silicas with different number of filtration steps, of a filter-pressed olivine nano-silica, and of the raw material
used in the Ostwald ripening experiments.

Sample SiO2 (%) Al2O3 (%) Fe2O3 (%) MgO (%) CaO (%) K2O (%) Cr2O3 (%) LOI (%) S (%) Psi (%) Cond. (mS) mT_im (%)

NS-3F 86.05 0.02 0.21 1.35 0.01 0.01 0.02 12.33 1.75 93.96 52.60 6.654
NS-4F 91.64 0.09 0.07 0.38 0.01 0.01 0.02 7.77 0.33 98.59 12.30 1.402
NS-5F 92.56 0.12 0.05 0.21 0.01 0.01 0.02 7.01 0.05 99.45 2.47 0.216
NS-6F 92.42 0.30 0.04 0.22 0.05 0.03 0.02 6.92 0.03 99.27 0.32 0.129
NS-HP 85.70 0.02 1.00 1.66 0.04 0.01 0.03 11.54 1.26 94.07 0.33 –
RM 90.29 0.05 0.21 0.26 0.03 0.03 0.02 9.10 0.06 99.24 – –

PSi was calculated using Eq. (3).
F refers to washing/filtration steps, HP high pressure filtration and RM raw materials.
In the Appendix, calculation of mT_im is shown.
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Fig. 5. Adsorption isotherms of the olivine silicas with different number of filtration steps.
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conductivity of the filtrate and the total mass of impurities (mT_im)
of different silicas. The purity of silica was calculated using:

PSið%Þ ¼mSiO2 þmLOI �mSO3 ð2Þ

and was above 99% after the five filtration steps showing the good
quality of the silica for the samples using vacuum filtration.

The adsorption isotherm and the t-plot curve for the silica
with different washing steps are shown in Figs. 5 and 6,
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respectively. There was an increase in the SSA with the number
of washing steps. During the washing and filtration, the sulfate
salts, which are soluble, were removed from the silica. The sul-
fate salts were adsorbed on the surface area of the silica, and
the cleaning could be regarded as an extraction of the salts from
the silica [13]. The specific surface area in the micropores for
clean silicas (samples with 5 and 6 filtration steps) is 40% of
the SSABET.
ness (nm)

0.4 0.5 0.6 0.7 0.8

x Not fitted points    
x Not fitted points

ith different number of filtration steps.



Table 4
Estimation of SSABET⁄ for a sulfate-free silica, volume of impurities, total volume in the micropores and SSAMP⁄.

Sample SSABET (m2/g) SSABET⁄ (m2/g) VMgSO4 (cm3/g) VFeSO4 (cm3/g) VH2SO4 (cm3/g) VT_im (cm3/g) VT_MP (cm3/g) VT_im (%) SSAMP⁄ (m2/g)

NS-24–3F 233 250 0.0182 0.0023 0.0096 0.0301 0.0551 54.61 127
NS-24–4F 324 329 0.0053 0.0008 0.0000 0.0061 0.0615 9.91 135
NS-24–5F 346 347 0.0009 0.0000 0.0000 0.0009 0.0652 1.36 149
NS-24–6F 348 348 0.0005 0.0000 0.0000 0.0005 0.0646 0.82 149

Where MgSO4 and FeSO4 are in monohydrate form.
SSABET⁄ was calculated using Eq. (4) and SSAMP⁄ was calculated using Eq. (5).

Table 5
Experimental conditions of the ripening tests.

Sample T (�C) pH mSiO2 (%) Base HM (rpm)

RP-1 89 8.4 4.4 NH4OH –
RP-2 90 10.0 3.1 NH4OH –
RP-3 90 8.3 2.6 NaOH –
RP-4 90 9.6 3.3 NaOH –
RP-5a 90 10.0 6.6 NaOH 5000
RP-6 RT 9.0 3.1 NaOH 1200
RP-7 RT 9.0 3.1 NaOH 5000
RP-8 RT 9.0 3.0 NaOH 7500
RP-9 RT 4.6 3.1 – 5000
RP-10 RT 7.1 3.1 NaOH 5000
RP-11 RT 11.0 3.0 NaOH 5000

RT refers to room temperature and HM to high shear mixer.
a In RP-5 the high shear mixer was used for 10 min in order to break the silica
lumps faster.
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Fig. 7. Reduction of the SSABET after the Ostwald Ripening treatment using the high
shear mixer.
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In order to investigate the influence of the sulfate salts on the
SSA of silica, two hypotheses are proposed: (1) the only influence
of the sulfates on the SSABET would be their mass, not having any
direct effect in the SSABET. In that case, an SSABET of the sulfate-free
silica (i.e., SSABET⁄) can be calculated taking into account that the
impurity mass does not contribute to the SSABET:

SSABET� ¼
SSABET

ð1�mT imÞ
ð3Þ

(2) The sulfates are located in the micropores partly blocking
them. Thus, an SSAMP⁄ could be estimated using the following
formula:
Table 6
Surface area, surface area reduction and particle size of the ripened olivine nano-silica.

Sample Time (h) SSABET (m2/g) SSAMP (m2/g) Red. SSAMP (%)

RM – 341 102 –
RP-1 6.0 140 20 80
RP-1 22.0 124 19 81
RP-2 3.0 150 22 78
RP-2 6.0 135 18 82
RP-3 1.5 181 25 75
RP-3 6.0 133 18 82
RP-4 6.0 133 19 81
RP-5 0.2 159 19 82
RP-5 6.0 139 19 81
RP-6 0.2 209 29 71
RP-6 1.0 197 27 73
RP-7 0.2 200 28 72
RP-7 1.0 199 26 74
RP-8 0.2 203 28 72
RP-8 1.0 191 26 74
RP-9 1.0 347 105 –
RP-10 1.0 283 70 31
RP-11 0.2 141 16 84
RP-11 1.0 90 12 89
RP-111 2.0 101 12 88

RM refers to the Raw material used (supplied by Geochem).
1 In sample RP-11 an ultrasound bath was used for 1 h.
SSAMP� ¼
SSAMP

1� ðVT imð%ÞÞ=100
ð4Þ
where VT_im (%) is the ratio between the total volume of impurities
and the total volume in the micropores (VT_MP). Table 4 presents the
following values: (a) SSABET⁄; (b) the volume of the impurities in
the silica using the densities of magnesium and iron sulfate mono-
hydrate (2.45 and 1.9 cm3/g, respectively) as well as sulfuric acid
(1.84 cm3/g); (c) the total volume in the micropores (VT_MP, see
Eq. (6)), with consideration that sulfates are only found in those
SSAE (m2/g) Red. SSAE (%) dp_A (nm) dp_D (nm) dBET (nm)

239 – 17 16 8
120 50 20 19 19
105 56 17 16 22
128 47 20 19 18
117 51 19 19 20
156 35 21 20 15
115 52 23 22 20
114 53 18 17 21
140 41 22 20 17
120 50 20 19 20
180 25 20 20 13
170 29 21 20 14
172 28 21 20 14
173 28 22 21 14
174 27 22 20 13
165 31 23 22 14
242 – 17 17 8
212 11 19 19 10
124 48 25 23 19

79 67 28 26 30
89 63 27 24 27
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Table 7
d10, d50 and d90 of the ripened olivine nano-silica dispersion.

Sample Time d10 (lm) d50 (lm) d90 (lm)

RP-6 10 6.9 16.9 36.0
RP-6 60 6.8 17.5 43.2
RP-7 10 6.3 15.0 31.6
RP-7 60 6.1 13.0 25.0
RP-8 10 5.7 13.8 32.7
RP-8 60 4.9 10.9 24.6
RP-9 60 6.0 14.1 31.5
RP-10 60 6.7 15.7 35.9
RP-11 10 6.54 14.5 29.2
RP-11 60 6.04 14.1 29.7
RP-11a 60 4.758 9.8 19.0

a In sample RP-11 an ultrasound bath was used for 1 h.
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locations; (d) the ratio of the impurity volume regarding this total
volume; and (e) the estimated SSAMP⁄.
VT MP ¼ VMP þ VT im ð5Þ

In the case that the only influence of the sulfates to the SSABET

would be their mass, the SSABET⁄ should be constant for all the
samples; however, SSABET⁄ increases from 250 to 348 m2/g. In
the case that hypothesis two is accurate, the SSABET⁄ should be
constant for all the samples. Although SSAMP⁄ increases from 127
to 144 m2/g, the increase is much lower than in hypothesis 1.
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Fig. 9. Particle size distributions of olivine nano-silica dispersions after the Ostwald
dissolution of olivine [15].
Hypothesis 2 is also in agreement with the fact that between con-
secutive filtration steps, particularly between filtration steps 3 and
4, the SSAMP had a higher increase (110%) than the SSAE (15%).

The purity content of sample NS-HP is lower than sample NS-6F
(see Table 3) even though the conductivity levels are similar. This
is due to the formation of preferential paths during the filtration of
NS-HP making the washing inefficient. Another remarkable fact of
sample NS-HP is that in spite of the low purity content, this sample
presents a high SSA. This might be due to the compression effect on
the bulk structure of the silica and would be in agreement with
what Madeline [14] stated about the influence of pressure on the
voids of a nanoparticle cake. This idea is also supported by the
highest volume of the pores (VP_A) for sample NS-HP. Thus, the fact
that the specific surface area does not decrease but increases
means that the filtration pressure was high enough to compress
the pores of the material, but not high enough to collapse them.
If the filtration pressure had been higher, the pores would have col-
lapsed, resulting in a drastic drop of the SSAMP and SSABET. There-
fore, it can be stated that the filtration pressure is a key
parameter influencing the specific surface area.
3.2. Ostwald ripening

The experimental conditions of the ripening tests are shown in
Table 5 giving the average values of the reactor temperature, the
pH, the silica mass percentage and the base used. Table 6 lists
the specific surface areas, the specific surface area reductions after
the ripening treatment, and the primary particle size (calculated
using Eq. (2)) of nano-silica for the raw material used and the trea-
ted samples.

The parameters of the ripening experiments were the type of
solution, the pH, the silica percentage, the temperature, the reac-
tion time, and the type and speed of mixer. As can be seen in Ta-
ble 6, the type of solution and the silica percentage do not affect
the final SSABET. In the first three experiments, it was noticed that
the silica lumps did not disappear earlier than three hours, but
after 10 min with the high shear mixer, the lumps were gone.
The speed of the high shear mixer does not affect the final surface
area (see RP-7, RP-8 and RP-9). Therefore, it can be stated that the
high shear mixer cannot modify the final result of the SSABET dur-
ing the Ostwald ripening, but it speeds up the ripening process. The
pH and the temperature are the most important factors influencing
the final properties of the silica due to the enhancement of
solubility.
100 1000

 (µm)

RP-7 RP-8

ripening treatment. Where Slurry refers to a nano-silica slurry produced by the



Fig. 10. Transmission electron microscope photographs (250 kx and 430 kx,
respectively) of olivine nano-silica after the Ostwald ripening treatment.
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The influence of the temperature can be seen comparing exper-
iments RP-3 and RP-4 (pH 8.3 and 9.6 and 90 �C), where the SSABET

decreased up to 133 m2/g, to experiment RP-6 (pH 9 and 20 �C),
where the SSABET decreased only up to 197 m2/g. The influence of
the pH is illustrated in Fig. 7, where the SSABET of the ripened sam-
ples at room temperature decreases with the pH (90 m2/g at
pH = 11). Fig. 8 shows the variation in the reduction of the SSAMP

and SSAE during the Ostwald ripening. As can be seen from the
slopes of the curves, the decrease of the SSAMP is greater than
the decrease for SSAE involving samples with a small reduction of
SSABET. For Sample RP-11, 89% of the micropore area is reduced
producing a material with low porosity.

In addition to the specific surface area results, particle size dis-
tribution (PSD) analyses were carried out as well (see Table 7 and
Fig. 9) for the samples where high shear mixer was used and for
the slurry of nano-silica produced by the dissolution of olivine
Table 8
The number of moles and masses of sulfur, magnesium and iron of different olivine nano

Sample nS (mol/g) nMg (mol/g) nFe (mol/g) nMg
⁄ (m

NS-24–3F 5.277E-04 3.214E-04 2.543E-05 3.214E-
NS-24–4F 1.027E-04 9.402E-05 8.743E-06 9.402E-
NS-24–5F 1.563E-05 5.222E-05 6.276E-06 1.563E-
NS-24–6F 9.349E-06 5.453E-05 5.005E-06 9.349E-

Where MgSO4 and FeSO4 are in monohydrate form.
[15]. The PSDs of the ripened dispersions are considerably lower
than the PSD of the olivine nano-silica slurry. The d50 particle size
of the ripened samples were in the range of 13 to 18 lm, and it de-
creased up to 9 lm in experiment RP-11, where the sample was
treated with ultrasounds for 60 min.

TEM photographs of RP-1 are shown in Fig. 10. Agglomerates
are still present, and the surface of the silica particles seems to
be more rounded than in samples without ripening.

Although the Ostwald ripening treatment of the olivine nano-
silica was successful in tailoring the SSA and partly reducing the
particle size of the agglomerate, this treatment was not able to
break the agglomerates into the primary particles of the olivine
nano-silica, not even when the high shear mixer was used.
4. Discussion

In the previous section, the results of the ripening of olivine
nano-silica are presented and show a drastic decline of the specific
surface area as well as a minor decrease in terms of particle size
distribution. In addition, TEM photographs also revealed that the
silica particles are more rounded. These changes are due to the Ost-
wald ripening, where the solubility equilibrium is shifted, and they
can be explained by the following hypothesis. The smallest individ-
ual silica particles (in the case that individual particles are present
in the dispersion) are dissolved into the medium when the solubil-
ity is increased by raising the pH or the temperature. Then, part of
the soluble silica condensates at the points of lower solubility,
which are the connection points between primary particles in the
agglomerates. When the individual particles have been removed
from the dispersion, and the equilibrium is not yet reached, the
external parts of the agglomerates dissolve to condensate after-
wards at the connection point between particles. This process con-
tinues until the equilibrium is reached and there are no silica
particles with different solubilities.

This proposed hypothesis can explain why the agglomerates are
still present after the ripening experiments; the decrease of the
SSAMP is greater than the SSAE for samples with a small reduction
of SSABET, and the silica particles seem more rounded (see Fig. 10).
The reasons why the agglomerates are still present after the ripen-
ing are because neither the high shear mixer can break them into
individual particles nor can they be dissolved during the ripening.
In fact, the agglomerates could be even stronger since soluble par-
ticles condense on the junction between particles strengthening
the union. The SSAMP is reduced more than the SSAE for samples
with a small reduction of SSABET because the soluble silica first con-
denses in these locations. As the ripening progresses, the reduction
of SSAMP gets slower and the reduction of SSAE speeds up, mainly
because the most accessible SSAMP has already been filled with
silica.

The solubility of silica cannot be increased much further than
pH 11; therefore, the SSABET cannot be further reduced by this
method. An alternative method to further reduce the SSABET would
be to add active silica to the solution. This method is known as the
building-up process [6,16,17] and is based on a continuous ripen-
ing of nano-silica due to continuous addition of active or reactive
-silicas.

ol/g) mMgSO4 (%) mFeSO4 (%) mH2SO4 (%) mT_im (%)

04 4.4478 0.4321 1.7737 6.6536
05 1.3010 0.1015 0.0000 1.4013
05 0.2163 0.0000 0.0000 0.2163
06 0.1294 0.0000 0.0000 0.1294
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silica. Using this method it is possible to further grow the nano-sil-
ica particles, but it has the inconvenience that the agglomerates
cannot be broken since the active silica will deposit on them.

5. Conclusions

The process conditions of the olivine nano-silica production
have a strong influence on the final specific surface area of this
material. Thus, modifying the process conditions, nano-silicas with
different specific surface areas can be synthesized. In addition,
treatment of the olivine nano-silica by the Ostwald ripening can
be a useful method to tailor the specific surface area between
100 and 400 m2/g.

The process conditions and the ripening process influence the
properties of nano-silica in different ways: (1) The cleaner the
nano-silica is, the higher the specific surface area is, reaching val-
ues between 300 and 400 m2/g for olivine silicas with low content
of salts or silica purities above 99%. The sulfate salts are located in
the pores of the silica agglomerates blocking them and drastically
reducing the SSAMP. (2) The higher the filtration pressure is, the
higher the surface area will be. This is due to a reduction of the
pore volume. However, if the pressure is too high, the pores of
the material collapse reducing the SSA drastically. (3) The ripening
process diminishes the specific surface of nano-silica by three-
quarters and could be further reduced if the material would be
treated gradually using the building-up process. In addition, this
treatment almost completely removes the microporous surface
area of the samples.

The results shown here demonstrate that olivine nano-silica can
be tailored in the range of 90–400 m2/g by the ripening treatment
in an alkaline solution between pH 8 and 11 at room temperature
and by using high shear mixers. Therefore, tailored olivine nano-
silica can be produced for different types of applications, with
the environmental and economic benefits that the use of this
new nano-silica represents regarding the existing commercial
products.
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Appendix A. mT_im calculation

Table 8 presents the number of moles and masses of sulfur,
magnesium and iron, where the magnesium and iron salts are in
a monohydrate form at 190 �C [18] (temperature at which the
gas physisorption analyses were conducted). In addition, the total
mass of impurities is also presented in this table. It is noteworthy
that the number of moles of magnesium is higher than the moles of
sulfur for samples with low sulfur content, e.g., NS-5F, NS-6F. This
is likely due to the different analysis techniques used for determi-
nation of oxides and sulfur. For these special cases we calculated
the number of moles of magnesium based on the sulfur content
(n�MG ¼ ns) and neglected the value of iron.
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