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G R A P H I C A L A B S T R A C T

The hydrophobic Si69 was successfully modified on precipitated, fumed and colloidal silica particle surfaces at high grafting density in aqueous solutions by
combining micro-injection with aqueous mixing, spray drying, and thermal treatment. The colloidal silica particles achieve the highest grafting density due to its
highest activity of silanol.
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A B S T R A C T

Effective modification of nanosilica particles in aqueous solution with the hydrophobic modifier bis[3-(trie-
thoxysilyl)propyl]-tetrasulfide (Si69) was developed. The modification was carried out through the route of
aqueous mixing, spray drying, and thermal treatment. The Si69 hydrolysate was maintained at a low con-
centration by using micro-injection and well mixed with the nanosilica particles to increase the hydrolysate
grafting density on the particle surfaces. Precipitated, fumed, and colloidal silica particles were modified up to a
high grafting density of 2.96 nm−2, 3.07 nm−2 and 3.25 nm−2, respectively. The dispersibilities of the Si69-
modified nanosilica particles were improved significantly. The modification performances of the three kinds of
nanosilica particles are different, which result from the silanol characteristics and the Brønsted/Lewis acid sites
present on the particle surfaces.

1. Introduction

Nanosilica particles, such as precipitated silica, fumed silica and

colloidal silica, have been widely used in the fields of composites,
catalysis, adsorption, biomedicine, etc. [1–8] However, unmodified
nanosilica particles exhibit a strong polarity due to the abundance of
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silanol on the surface, which results in easy agglomeration and poor
dispersion in polymer matrix. To obtain highly dispersed nanosilica
particles, surface modification is necessary. In addition, nanosilica
particles are employed in many functional applications, thus mod-
ification of the particle surface is also needed. Nanosilica is usually
added to rubber, resin, and other materials as a filler to produce com-
posites [1,2,9–11]. The nanosilica with a high dispersion is an ideal
filler, because it can not only effectively improve the performance of a
composite, but also increase the content of the filler in the composite by
up to 40–60 %, which greatly reduces the cost of the product.

Silane coupling agents are often used as modifiers to improve the
dispersion and affinity of nanosilica particles in organic matrix. The
most commonly used coupling agent in vulcanized rubber is poly-
sulfide silane [12,13], which includes bis[3-(triethoxysilyl)propyl]
tetrasulfide (Si69), bis[3-(triethoxysilyl)propyl]disulfide, and γ-
mercaptopropyltrimethoxysilane. The sulfur atom in polysulfide si-
lane can participate in the cross-linking reaction of the vulcanization
process with polymer chains [14,15]. Si69 is one of the most widely
used silane coupling agents, which acts as a bridge between the filler
and the matrix. The silanol on the hydrolysate of Si69 dehydrates
and condenses with the silanol present on the particle surface, while
sulfur atom crosslinks with the polymer chains to form a network
structure.

It has been reported in the literatures that in-situ synthesis of na-
nosilica particles in organic matrix by using sol-gel method results in a
high dispersion of particles and a narrow particle size distribution in the
matrix [16–18]. In this method, tetraethyl orthosilicate or other silanes
are used as raw materials for the preparation of nanosilica and a large
amount of organic solvents are needed, which results in high costs and
causes pollution during industrialization. In a practical production
process, the filler, coupling agent, and raw rubber are usually mixed
together at the same time [19–21]. The grafting amount of silica is
unknown and unguaranteed in the process. The improvement in par-
ticle dispersion and affinity with organic matrix through subsequent
blending is very limited [1,22]. Therefore, pre-modification of the na-
nosilica particles is necessary to guarantee dispersion and affinity in the
composite.

The modification of hydrophobic modifiers, as reported in the
literatures, is usually carried out in organic solvents, ethanol solu-
tion, or latex systems [23–27]. Although a hydrophobic modifier can
be well dispersed in organic solvents, the hydrophilic nanosilica
particles seriously agglomerate. It is difficult to achieve a high dis-
persion, adsorption, and grafting between the modifier molecules
and particle surface, which leads to a relatively low grafting density
that varies from 0.5 to 2.5 nm−2 maximum [28–33]. Further, this
process results in environmental and safety issues, as well as high
costs, which limit its practical application. There are few reports on
aqueous modification in the literature, because most of the coupling
agents are hydrophobic and the aqueous phase is not conducive to
the dehydration and condensation between agents and silanol on the
particle surface. In addition, the limitation of temperature in the case
of aqueous solutions also makes it difficult to achieve a high grafting
density.

Precipitated silica particles seriously aggregate during the synthesis
and subsequent drying process, leading to a poor dispersion in com-
posites, although the production cost is low. Fumed silica shows a
better dispersion, but it is only preferably used for special materials

owing to its high cost. Colloidal silica displays a narrow particle size
distribution and high dispersion in aqueous solution owing to the good
control during the preparation process [34,35]. The colloidal nanosilica
particles suspend stably in aqueous solutions owing to the high zeta
potential of the surface. The cost of colloidal silica with the same size
about 20 nm, is close to that of precipitated silica.

In this work, a novel aqueous modification process is developed, in
which hydrolysis of the hydrophobic modifier Si69 was enhanced by
micro-injection to produce the water-soluble hydrolysate of Si69 for
modifying the nanosilica particle surface via the route of aqueous
mixing, spray drying, and thermal treatment [36,37]. High grafting
density and high dispersibility were achieved for the Si69-modified
nanosilica. The different modification performances of precipitated si-
lica, fumed silica, and colloidal silica are confirmed to result from the
silanol characteristics and the Brønsted/Lewis acid sites present on the
particle surface. The colloidal silica achieved the highest grafting
density due to it has the highest activity of silanol on the surface, which
has great industrial application potential.

2. Materials and methods

2.1. Materials

Nanosilica particles synthesized by an aqueous precipitation process
(abbreviated as “Silica(p)”, Rhodia Silica White Co. Ltd, Qingdao,
China) were used as the first kind of nanosilica particles. The BET
surface area of the nanosilica particles is 165 m2 g−1, which was
measured by a surface area analyzer (Autosorb-iQ, Quantachrome
Instruments U.S.), and the diameter of the primary particles is about 20
nm. Unmodified fumed nanosilica (abbreviated as “Silica(f)”, AEROSIL
200, Degussa, Germany) was used as the second kind of particles. The
BET surface area is 215 m2 g−1 and the diameter of the primary par-
ticles is about 18 nm. Colloidal silica (abbreviated as “Silica(c)”, Suize
Eco-technology Co. Ltd, Guangzhou, China) was used as the third kind
of particles. The BET surface area is 151 m2 g−1 and the diameter of the
primary particles is about 20 nm.

Si69 (Yuanye Biological Technology Co. Ltd, Shanghai, China) with
the purity of 98 % was used as the modifier. Anhydrous ethanol
(Modern Oriental Technology Development Co. Ltd, Beijing, China) was
used as the reagent in ethanol washing. N-hexane (Beijing Chemical
Works, Beijing, China) was used as a non-polar dispersion reagent to
substitute the organic matrix like rubber.

2.2. Modification process

Si69 is a common silane coupling agent which is insoluble in
water, but the hydrolysate of Si69 is water-soluble. Micro-injection is
used to facilitate the hydrolysis by increasing the contact area of Si69
in water and is adjustable. The hydrolysate of Si69 contacts and
partly grafts on the nanosilica particle surface in water. The Si69
hydrolysate was maintained at a low concentration, which restrains
the mutual condensation among the Si69 hydrolysate themselves and
ennables the hydrolysate to mainly graft on the particle surface. The
particle surface was modified via the route of aqueous mixing, spray
drying, and thermal treatment. The modification process of Si69 is
shown in Fig. 1. The hydrolysis and grafting of Si69 are shown in Eq.s
(1) and (2).

Fig. 1. Modification route with micro-injection involving Si69.
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The modification process partially refers to our previous work
[36,37]. The mass content of the nanosilica particles (SiO2) was set to
3.6 wt% in the aqueous suspension without any organic solvents. To
examine the saturation grafting density, the mass ratio of SiO2/Si69
was set to 1:1 by considering the silanol number on the particle surface
as 4.5−8 nm−2 [38], and Si69 was kept in excess. The Si69 was micro-
injected into the suspension at a feed rate of 7 μL/min, meanwhile the
suspension was stirred at room temperature for 24 h to achieve good
mixing. After the aqueous mixing, the suspension was dried in a spray
dryer to obtain dried powder, which was sampled and labeled as Silica/
Si69(1:1)-sp. The powder was then thermally treated in a sealed steel
tube in a muffle furnace at a set temperature. After the thermal treat-
ment, the powder was sampled and sealed, and labeled as Silica/
Si69(1:1)-sp-tt for examination. In order to characterize the chemical
grafting, the modified powder was washed with anhydrous ethanol for
five times to remove any unreacted Si69, and the sample was labeled as
Silica/Si69(1:1)-sp-tt-ew. The five-times’ washing with anhydrous
ethanol ensures that the unreacted Si69 is removed from our previous
experiments [36,37].

2.3. Characterization

The BET surface area was measured by a surface area analyzer
(Autosorb-iQ, Quantachrome Instruments U.S.). The morphology of the
nanosilica particles was observed by using a high-resolution transmis-
sion electron microscope (HTEM; JEM-2011, JEOL Co., Tokyo, Japan).
The dispersibility of the modified particles was qualitatively examined
by HTTEM after ultrasonic treatment in ethanol and n-hexane, respec-
tively. The characteristic groups of Si69 and silanol present on the silica
surface were examined by FTIR spectrometry (Nexus 670, Nicolet, USA)
by using KBr as the matrix. The contact angles of the samples were
measured by using a contact angle analyzer (HARKE-SPCA, Beijing
Harke, China). The grafting amounts on the particle surface after
washing with ethanol were determined by using a thermogravimetry
analyzer (TGA/DSC 1, Mettler Toledo, Swiss). In TG analysis, the
heating rate was set at 10 K/min in the range 30−900 °C under a flow
of nitrogen gas.

2.4. Measurement of surface acid sites

The relative capacities of the total acid sites on the nanosilica par-
ticle surface were determined by temperature-programmed desorption
(TPD; ChemBET Pulsar TPR/TPD, Quantachrome Instruments U.S.),
using ammonia as the molecular probe. The particle samples were pre-
treated in helium atmosphere at 500 °C for 60 min, then the ammonia
adsorption was conducted at 50 °C for 45 min. After the adsorption was
completed, the gas was switched to helium for 45 min to remove the
physically adsorbed ammonia on the sample surface. Then the desorbed
ammonia was recorded in the range 50−800 °C under a heating rate of
10 K/min.

The Brønsted and Lewis acid sites were examined by in-situ FTIR
spectroscopy, using pyridine as the molecular probe. The samples were
pre-treated in vacuum at 350 °C and 10−5 Pa for 60 min, then the
pyridine adsorption was conducted at 50 °C for 30 min. The desorption
of pyridine was conducted at 150 °C and 350 °C (10−5 Pa, 30 min),
respectively, and the infrared spectra of samples after desorption were

recorded, from which the relative capacities of the Brønsted and Lewis
acid sites can be calculated.

3. Results and discussions

Three kinds of nanosilica particles, namely precipitated silica (Silica
(p)), fumed silica (Silica(f)) and colloidal silica (Silica(c)), were mod-
ified via the same procedure under the same condition. The different
results obtained for the three kinds of nanosilica particles were ana-
lyzed.

3.1. Thermal treatment

After aqueous mixing and spray drying, some of the Si69 hydro-
lysate is chemically grafted on the particle surface, while the others are
physically adsorbed on the particle surface or simply mixed with the
particles [36,37,39]. Si69 hydrolysate is uniformly mixed with the
nanosilica particles due to its water soluble. A subsequent thermal
treatment was performed to promote the conversion from physical
adsorption to chemical grafting. Experiments show that the modified
nanosilica particles turn to slight yellow at temperature higher than
about 160 °C. It is deduced that S4 in the Si69 molecules start to oxidize
and decompose. Since S4 takes an important role of a crosslinker during
vulcanization with the rubber matrix, the decomposition of S4 should
be avoided during the thermal treatment. Experiments also show that
both increasing the temperature and extending the time of the thermal
treatment can increase the grafting amount. To avoid the decomposi-
tion of Si69 molecules and achieve a high grafting density, as well as to
obtain modification results for the three kinds of silica that are com-
parable, the operating parameters of the thermal treatment process
were set at 100 °C and 24 h. Experiments showed that the grafting
amount on the particle surface under this condition from TG analysis is
higher than that at 180 °C and 30 min.

3.2. Surface hydrophobicity

Since Si69 has hydrophobic groups, high grafting amount of Si69 on
the particle surface brings high hydrophobicity of the particles. The
contact angles of the particles were measured to characterize the sur-
face hydrophobicity of the particles, and are listed in Table 1. Table 1
shows that the spray drying and the subsequent thermal treatment in-
crease the hydrophobicity of the three kinds of silica particles sig-
nificantly. The contact angles of Silica(p) and Silica(f) increase much
after thermal treatment. It indicates that Silica(p) and Silica(f) do not
reach the saturation grafting amount after spray drying, and the sub-
sequent thermal treatment increases the grafting amount significantly.

Table 1
Contact angles of unmodified and modified nanosilica particles after spray
drying and after thermal treatment.

Contact angles Silica(p) Silica(f) Silica(c)

Unmodified / ° 22.6 32.2 12.6
After spray drying / ° 70.5 54.5 93.9
After thermal treatment / ° 90.4 83.4 95.5

(1)

(2)
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However, the contact angle of Silica(c) increases much after spray
drying, and increases little after the subsequent thermal treatment,
indicating that the grafting amount of Silica(c) after spray drying is
close to saturation.

3.3. Saturation grafting density

The FTIR spectra of the unmodified and Si69-modified samples were
examined. Since Silica(p), Silica(f), and Silica(c) display similar spectra,
the spectrum of Silica(f) was taken as the representative, and is shown
in Fig. 2. Due to the Si69-modified samples have been washed with
ethanol for 5 times, the mixed and physically adsorbed Si69 is com-
pletely removed [36,37]. The small peaks at 2974 cm−1 and 2880
cm−1 are observed from the spectra of the Si69-modified sample, which
are assigned to −CH2 stretching vibrations, indicating that Si69 is
chemically grafted on the particle surface.

By analyzing and comparing the weight losses of the samples before
and after modification (ethanol washed and dried), the amounts of Si69
grafted on the particle surface were determined. The TG curves of the
particles before and after modification of Silica(p), Silica(f), and Silica
(c) are shown in Fig. 3.

In the range 200−900 °C, Silica(p/f/c)/Si69-sp-tt100 °C-ew shows
remarkable weight losses, which are attributed to the decomposition of
the Si69 grafted on the silica surface. It is known that the bond energies
of Si-O, C-Si, C-C, S-C and S-S are 460 kJ/mol, 347 kJ/mol, 332 kJ/mol,
272 kJ/mol, and 268 kJ/mol, respectively [40]. The bond energies of C-
C, S-C, and S-S are low, and the C-Si bond ruptures at around 450–510
°C [41]. It indicates that the decomposition and shedding of -C3H6-S4-
C3H6- groups contributes the most to the weight losses observed in the
range 200−900 °C.

Comparing the TG curves of the three kinds of unmodified and Si69-
modified nanosilica particles, the grafting amounts can be calculated
from the difference between the curves of the same kinds of particles in
the range 200−900 °C. Fig. 3 shows that all the three kinds of nano-
silica particles display a high chemical grafting amount after mod-
ification. From Fig. 3, the number of Si69 molecules chemically grafted
on the particle surface per square nanometer, nSi69

s (nm−2), can be
calculated.

The mole number of chemisorbed Si69, nSi69 (mol), can also be
calculated from the weight loss observed in the range 200−900 °C:

= ×n W m
M

(%)
Si

csc
69

200

(3)

where the weight loss (%) at 200−900 °C can be calculated as
= ×W m m m( )/ 100%200 900 200 , and MCSC (g/mol) is the molecular

weight of the –C3H6–S4–C3H6– group, i.e., 212 g/mol.
The corresponding surface area S (nm2) of the silica particles is

obtained from

= × ×S m S 10SiO BET SiO
18

2 2 (4)

where the mass of SiO2 in the Si69-modified sample is given by
= ×m m n MSiO Si Si200 692 *. To simplify the calculation, the molar mass

of the bidentate group is approximately used as the average molar mass
of the grafting group MSi* (298 g/mol); SBET SiO2 (m2/g) is the specific
surface area of the silica particles. Then, the number of Si69 molecules
grafted on the particle surface per square nanometer, nSi69

s (nm−2), is
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Fig. 2. Infrared spectra of pure Si69, unmodified nanosilica, and Si69-modified nanosilica (Silica(f).
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Fig. 3. TG curves of the three kinds of unmodified and Si69-modified nanosilica
particles.

Table 2
Modification results for three kinds of nanosilica particles.

SiO2:Si69 = 1:1 Silica(p) Silica(f) Silica(c)

BET / m2 g−1 165 215 151
Grafting density after thermal treatment /

nm−2
2.96 3.07 3.25

Chemical grafting proportion of Si69 / wt% 23.0 30.2 23.9
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calculated as

= × =
×

× × ×
n n N

S

N

M S(1 ) 10
Si
s Si A

W
M A

W
M Si BET SiO

69
69

(%)

(%) 18
CSC

CSC
* 2 (5)

The calculated results and the related parameters are listed in
Table 2.

Table 2 shows that Silica(c) reaches a high grafting density of 3.25
nm−2 after thermal treatment. The ratio of SiO2:Si69 = 1:1 was de-
signed by considering that Si69 is in excess relative to the silanol on the
nanosilica surface. From the chemical grafting proportion of the
modifier, it is confirmed that Si69 is significantly in excess and that the
grafting densities obtained above are the saturation grafting density
under these experimental parameters.

3.4. Effects of SiO2:Si69 ratio

Considering that the chemical grafting proportions of Si69 are about
20 wt% at the mass ratio of SiO2:Si69 = 1:1, and the mass ratio of Si69/
SiO2 in industrial production is only about 10 wt%, the experiments at
the ratios of SiO2:Si69 = 1:0.2 and 1:0.1 were designed and conducted
with the same procedures for comparison. The obtained TG curves are
shown in Fig. 4. The grafting density, nSi69

s (nm−2), was calculated ac-
cording to Eqs. (3)–(5). The grafting densities and chemical grafting
proportions of Si69 are listed in Table 3.

For SiO2:Si69 = 1:0.2, the grafting densities of the three kinds of
nanosilica particles are close, being 1.84 nm−2, 1.39 nm−2, and 1.74
nm−2 for Silica(p), Silica(f), and Silica(c), respectively. The chemical
grafting proportions of Si69 reach about 70 wt%. For SiO2:Si69 =
1:0.1, the grafting densities of the three kinds of nanosilica particles

decrease due to the decrease of Si69 concentration. The chemical
grafting proportions of Si69 for Silica(f) and Silica(c) increase ob-
viously, reaching up to 90 wt%.

3.5. Dispersibility of Si69-modified particles

Since the nanosilica particles are easily agglomerate and difficult to
be measured in primary size, the average size measured by dynamic
light scattering are usually larger than micrometers. In the application
process, the nanosilica particles are added and blended into rubber,
resin, etc., as a filler to produce composites. High dispersibility will
bring a high performance of the composite. Therefore, for reference in
applications, the TEM images of the unmodified and Si69-modified
particles in ethanol (polar solvent) and n-hexane (non-polar solvent)
under the same ultrasonic dispersion procedures were examined to
qualitatively compare the dispersibility of the particles, as shown in
Fig. 5. It is seen that the unmodified particles agglomerated severely,
while all the dispersibilities of the Si69-modified particles were overall
improved, which the number of the primary particles in the Si69-
modified agglomerates decreased significantly. High dispersion of the
modified nano-silica particles indicates that they are easier to be dis-
persed. Furthermore, the Si69 grafting on the particle surface will in-
crease the primary particle size slightly due to the size of Si69 mole-
cules, but which is too little to be observed by TEM.

Si69 modified particles were examined by FTIR and TG after un-
reacted Si69 was removed by washing with anhydrous ethanol for five
times. The grafting density of Si69 on the particle surface was de-
termined. Moreover, the contact angles and the dispersibility of mod-
ified nanosilica particles were also changed significantly. It is confirmed
that the hydrophobic Si69 was successfully modified on the nanosilica
particles by microinjection.

3.6. Effects of surface silanol

The TG curves of the Si69-modified particles (ethanol washed) after
spray drying and after thermal treatment are shown in Fig. 6. From
Fig. 6, the grafting densities of the Si69-modified particles were cal-
culated, as listed in Table 4.

Table 4 shows that the grafting densities of Silica(p) and Silica(f)
increase much after thermal treatment, indicating that the hydrolysate
of Si69 has a uniform mixing with the nanosilica particles and more
hydrolysates graft on the particle surface at high temperature. The
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Fig. 4. TG curves of three kinds of Si69-modified nanosilica particles at SiO2:Si69 = 1:0.2 and 1:0.1.

Table 3
Modification results of three kinds of nanosilica particles for different SiO2/Si69
ratios.

SiO2:Si69 = 1:0.2 SiO2:Si69 = 1:0.1

Silica(p) Silica(f) Silica(c) Silica(p) Silica(f) Silica(c)

Grafting density /
nm−2

1.84 1.39 1.74 0.78 0.84 1.14

Grafting
proportion of
Si69 / wt%

78.1 77.3 69.8 72.1 92.5 89.4
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thermal treatment increases the grafting density much for Silica(f) and
only a little for Silica(c). This indicates that the different activities of
the surface silanol affect the surface modification, rather than the
densities of silanol. The grafting densities of Silica(c) after spray drying
and after thermal treatment are the highest, being 3.13 nm−2 and 3.25
nm−2, respectively. The close grafting densities shows that Silica(c) is
easily grafted with the hydrolysate even without the thermal treatment
and has the highest activity of surface silanol among the three kinds of
particles.

Fig. 7 shows the infrared spectra of silanol on unmodified nanao-
silica particles, which include isolated silanol, geminal silanol, and
hydrogen-bonded silanol. The peak at 3200−3800 cm−1 is assigned to
the stretching vibration of silanol [42,43]. The peak at 3442 cm−1 and
a shoulder peak at 3637 cm−1 for Silica(c) are assigned to the hy-
drogen-bonded and isolated silanol, respectively, and are observed at
lower wavenumbers than the values reported in the literature, namely
3520 cm−1 and 3720 cm-1 [44]. It is difficult to distinguish isolated

silanol and geminal silanol in the infrared spectra, as their properties
are probably similar [45]. The highest intensity of the shoulder peak of
Silica(c) at 3637 cm−1 corresponds to the most isolated silanol on the
particle surface and the highest average activity of silanol. The higher
the average activity, the greater is the grafting density during aqueous
mixing and spray drying. Therefore, the grafting density of Silica(c)
during aqueous mixing and spray drying is the highest and the increase
during the subsequent thermal treatment is not obvious, compared to
the cases of Silica(p) and Silica(f).

3.7. Effects of surface acid sites

The surface of nanosilica particles contains abundant silanol, which
has the properties of a Brønsted acid that provides protons and/or a
Lewis acid that accepts electron pairs. The condensation between the
silanol of the particle surface and the hydrolysate of a silane coupling
agent occurs under the condition that the silanol on the particle surface

Silica(p) Silica(f) Silica(c)

Unmodified
in ethanol

Modified in
ethanol

Modified in
ethanol,
amplified

Unmodified
in n-hexane

Modified in
n-hexane

Modified in
n-hexane,
amplified

Fig. 5. TEM images of Si69-modified particles after ultrasonic dispersion in ethanol and n-hexane.
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provides a proton, that is, the surface has a Brønsted acid site [46,47]. A
high capacity of Brønsted acid sites means a high activity of silanol on
the particle surface.

The relative capacity of the total acid sites of the nanosilica particles
was examined by TPD, using ammonia as the molecular probe.
Ammonia molecules combine with the acid sites present on the particle
surface at set temperature and gradually desorb as the temperature
increases. The amount of ammonia desorbed indicates the capacity of
the total acid sites. A stronger acid results in firmer bonding of
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Fig. 6. TG curves of Si69-modified nanosilica particles after spray drying and after thermal treatment.

Table 4
Comparison of grafting densities after spray drying and after thermal treatment.

SiO2:Si69 = 1:1 After spray drying After thermal treatment

Silica(p) Silica(f) Silica(c) Silica(p) Silica(f) Silica(c)

Silanol density /
nm−2

10.1 5.7 7.8 10.1 5.7 7.8

Grafting density /
nm−2

2.28 1.79 3.13 2.96 3.07 3.25

Silanol grafting
ratio / %

22.6 31.4 40.1 29.3 53.9 41.7
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Fig. 7. Infrared spectra of silanol on three kinds of unmodified nanosilica particles.
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Fig. 8. Ammonia desorption curves of three kinds of unmodified nanosilica
particles.
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ammonia molecules to the surface, which is reflected at the higher
desorption temperature. The ammonia desorption curves for the un-
modified particles are shown in Fig. 8. From Fig. 8, the temperature of
the desorption peak and the approximate temperature at which deso-
rption is completed were determined for the three kinds of particles.
The area of the desorption peak of the sample was integrated, and the
relative capacity of the total acid sites per unit area of the sample was
calculated, as shown in Table 5. Table 5 shows that Silica(c) has the
highest desorption temperature, indicating the surface acids are strong.
Silica(p) and Silica(f) have weaker acids, and Silica(f) has the lowest
capacity of the total acid sites.

The Brønsted and Lewis acid sites were examined by in-situ FTIR
spectroscopy, using pyridine as the molecular probe. The absorption
peak at 1540 cm−1 or 1630 cm−1 is assigned to a Brønsted acid,
whereas the peak at 1450 cm−1 is assigned to a Lewis acid. By com-
paring the positions and intensities of the infrared absorption peaks of
the sample after desorption at 150 °C and 350 °C, the relative capacities
of the Brønsted/Lewis acid on different silica surfaces were obtained.
The infrared spectra of the three kinds of unmodified nanosilica parti-
cles with pyridine adsorbed are shown in Fig. 9. It shows that the ab-
sorption peaks of the Brønsted acid are observed at 1597 cm−1, and
that of the Lewis acid at 1446 cm−1. Comparing the two absorption
peaks in Fig. 9, it is seen that the relative capacities of the Brønsted and
Lewis acid sites for the same sample are almost equal, being about half

of the total acid sites. The absorption peak of the sample after deso-
rption at 150 °C represents the capacity of the total acid sites, including
weak, medium, and strong acids, whereas that at 350 °C represents the
capacity of a medium-strong acid. From Fig. 9 and with the relative
capacities of the total acid sites from TPD, the relative capacities of
Brønsted/Lewis acid sites of the three kinds of unmodified nanosilica
particles are calculated, as shown in Table 6.

From Table 6, it is seen that Silica(p) has the highest capacity of
total acid sites, but no medium-strong Brønsted acid sites. Silica(f) has
the lowest capacity of total acid sites, and a certain proportion of
medium-strong Brønsted acid sites. Silica(c) has the highest capacity of
medium-strong Brønsted acid sites, indicating a high activity of silanol.
This enables the modification of Silica(c) to achieve the highest grafting
density during the aqueous mixing and spray drying stages, and the
highest final grafting density among the three kinds of silica.

4. Conclusions

The hydrophobic modifier Si69 was successfully modified on na-
nosilica particle surfaces at a high grafting density in aqueous solution
by employing micro-injection in combination with the route of aqueous
mixing, spray drying, and thermal treatment. Precipitated, fumed, and
colloidal silica particles were modified up to a high grafting density of
2.96 nm−2, 3.07 nm−2 and 3.25 nm−2, respectively. The dispersibility
of the Si69-modified nanosilica particles is improved significantly. For
colloidal silica, the chemical grafting proportion of Si69 reaches about
90 wt% at the mass ratio of SiO2:Si69 = 1:0.1. Because of the existence
of sufficient isolated silanol as well as the highest capacity of medium-
strong Brønsted acid sites, the colloidal silica surface has the highest
activity of silanol, achieving the highest grafting density among the
three kinds of silica.
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Table 5
Desorption properties of three kinds of unmodified nanosilica particles.

Particles Silica(p) Silica(f) Silica(c)

Temperature of desorption peak / °C 134.8 126.5 180.6
Temperature of desorption completed / °C 300 230 400
Relative capacity of the total acid sites per

unit area
7.1 1.0 3.2

1700 1650 1600 1550 1500 1450 1400

-20

0

20

40

60

80

100

1597cm-1 1446cm-1

A
bs

or
pt

io
n

Wavenumber(cm-1)

 Silica(p)-150oC
 Silica(p)-350oC
 Silica(f)-150oC
 Silica(f)-350oC
Silica(c)-150oC

 Silica(c)-350oC

Fig. 9. Infrared spectra of the three kinds of unmodified nanosilica particles
with pyridine adsorbed.

Table 6
Relative capacities of Brønsted/Lewis acid sites of three kinds of unmodified
nanosilica particles.

Relative capacity per unit area Silica(p) Silica(f) Silica(c)

Total acid Brønsted 3.55 0.50 1.60
Lewis 3.55 0.50 1.60

Medium-strong acid Brønsted 0 0.18 0.46
Lewis 0 0.18 0.46
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