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of high-dispersibility nanosilica

Abstract: This article reports on experiments aimed at 
modifying nanosilica powder by adding a silane coupling 
agent, KH570, to achieve high dispersibility and strengthen 
the compatibility and interface bonding between it and the 
organic phases. Experiments were first done to prepare the 
common nanosilica powder, dried at 120°C for 4 h in a dry-
ing oven; second, an ethanol/water solution (volume ratio 
11:1, total volume not more than two-thirds of the capac-
ity of the flask) was blended in a three-necked flask with 
a reflux condenser and magnetic stirring; third, appropri-
ate amount of dried nanosilica powder and appropriate 
mass fraction ratio of the silane coupling agent KH570 
were added into the ethanol/water solution, and the pH 
of the mixture was adjusted to about 4–5 by adding acetic 
acid solution; fourth, the three-necked flask was placed in 
a water bath, and the modification reaction of the above 
mixing solution was sustained for an appropriate time in 
the appropriate temperature with magnetic stirring; fifth, 
the above mixing solution was separated by using a cen-
trifuge (10,000 rpm) for 3 min, and the precipitate at the 
bottom of the flask was obtained after the supernatant 
was poured out; sixth, the precipitate was dried at 120°C 
for 48 h in a drying oven after it was washed with acetone 
several times, finally yielding the high-dispersibility nano-
silica powder. The orthogonal test method was adopted 
to optimize three key test parameters: mass fraction ratio 
of the silane coupling agent KH570, modification reaction 
temperature, and modification reaction time. The disper-
sion effect of the high-dispersibility nanosilica powder 
was characterized by using infrared, X-ray diffraction, 
and scanning electron microscopic analyses from differ-
ent views. The results revealed that the best dispersibility 
effect was achieved when the mass fraction ratio of the 
silane coupling agent KH570 was 3%, the modification 
reaction temperature was 80°C, and the modification reac-
tion time was 2 h. Furthermore, the modification reaction 
resulted in chemical bonding, but not simple physical 

adsorption, owing to the presence of organic bond groups 
in the nanosilica modified by the silane coupling agent. 
The crystal structure of the nanosilica powder remained 
amorphous after the modification reaction.
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1  Introduction
Being called the “industrial monosodium glutamate”, nano-
silica is widely used in catalyst carriers, polymer composite 
materials, electronic packaging materials, and cosmetics 
and other industries. However, because of the high spe-
cific surface area, high surface energy, high ratio of surface 
atomic number, and the total number of atoms, agglomera-
tion of nanosilica powder is unavoidable, and it is difficult 
to eliminate it with the ordinary methods of vibration and 
dissolution. Besides the interior structure of nanosilica 
being polysiloxane, active Si-OH groups exist on the outside 
surface of nanosilica and the surface is surrounded by many 
empty chemical bonds showing hydrophilicity; moreover, 
it is also difficult to disperse in the organic resin phase. In 
an attempt to achieve high dispersibility and strengthen the 
compatibility and interface bonding between the nanosilica 
and the organic phases, thus improving its effectiveness and 
expanding its application areas, domestic and foreign schol-
ars have done many studies [1, 2]. Fu et al. [3] prepared nano-
silica by using the carbonization method, and enhanced its 
absorption value and specific surface area with a variety of 
surfactants. By using the supercritical fluid technique, Tang 
et al. [4] prepared nanosilica powder with greatly improved 
hydrophobicity. Wang et al. [5] used the gas-phase hexam-
ethyl disilylamine (HMDS) to modify nanosilica, and their 
experimental results showed that the ethoxy group on the 
surface of the aerogel was oxidized to hydroxy, which easily 
reacts with HMDS to form silicon methyl; thus, the hydro-
phobicity of nanosilica was strengthened considerably. 
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However, all the above studies have limitations. In the modi-
fication using a surfactant, the positive charge and the nega-
tive charge were absorbed on the surface of nanosilica, thus 
reducing its binding affinity to the other phases. Nanosilica 
modification by using the supercritical fluid technique is 
difficult to carry out in a large-scale production because this 
process is complex and requires much equipment. The dry 
method modification also has some disadvantages, such as 
the difficulty of surface treatment for homogenization, need 
for more modifier, high equipment requirements, and high 
product cost. In the experiments reported in this article, 
the wet method of modifying nanosilica powder by adding 
a silane coupling agent, KH570, has universal applicability 
owing to the simple process and good modification effect. 
The basic mechanisms of the modification method were as 
follows: first, the silane coupling agent was hydrolyzed in 
silicon alcohol (type 1 reaction). Second, the alcohol-based 
silicon was reacted with silicon hydroxyl groups on the 
surface of the nanosilica, and they were linked by chemical 
bonds [6, 7] (type 2 reaction).

Table 1 Performance parameters of nanosilica.

Type   SG-200

Appearance   White loose powder
Specific surface area (m2 g-1)  190–220
Residue/325 sieve   0.02%
Combustion loss/1000°C   2%
pH   3.7–4.3
Effective substance content   99.8%
Water    < 1.5%
Apparent density (g l-1)   40–60

Table 2 Performance parameters of the silane coupling agent 
KH570.

Appearance   Colorless or light yellow liquid
Boiling point (°C)   255
Density (20°C, g cm-3)   1.043–1.053
Refraction (ND25)   1.4285–1.4310
Flash point (°C)   88
Content of effective substances     ≥  95%
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2  Materials and methods

2.1  Experimental materials

The relevant parameters of nanosilica and the silane 
coupling agent KH570 in the experiments are shown in 
Tables  1 and 2. Other additional experimental materi-
als included absolute ethyl alcohol, acetic acid, sodium 
hydroxide, and hydrochloric acid. All the above experi-
mental materials were available in the market, and they 
were all in accordance with green environmental protec-
tion requirements.

2.2  Experimental methods

The experiments were carried out according to the fol-
lowing steps. First, the common nanosilica powder was 

dried at 120°C for 4 h in a drying oven; second, an ethanol/
water solution (volume ratio 11:1, total volume not more 
than two-thirds of the capacity of the flask) was blended 
in a three-necked flask with a reflux condenser and mag-
netic stirring; third, appropriate amounts of the dried 
nanosilica powder and the silane coupling agent KH570 
(mass fraction ratio, 3% of nanosilica powder) were added 
into the ethanol/water solution, and the pH of the mixture 

was adjusted to about 4–5 by adding acetic acid solution; 
fourth, the three-necked flask was placed in a water bath, 
and the modification reaction of the above mixing solution 
sustained for 2 h at a temperature of 80°C with magnetic 
stirring; fifth, separation of the above mixing solution was 
conducted on a centrifuge (10,000 rpm) for 3 min, and the 
precipitate at the bottom of the flask was obtained after 
the supernatant was poured out; sixth, the precipitate was 
dried at 120°C for 48 h in a drying oven after it was washed 
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with acetone several times, finally yielding the high-dis-
persibility nanosilica powder.

The three key experimental parameters of step four 
above were optimized and chosen with the orthogonal 
test method, and the experimental factors and levels are 
shown in Table 3.

The activation grade and the surface hydroxyl number 
were tested for each high-dispersibility nanosilica powder 
obtained from each set of the test conditions. A high activa-
tion degree means excellent dispersibility, whereas a low 
surface hydroxyl number means a strong bonding affinity 
between it and the organic phases. Repeated confirmatory 
tests for each of the above tests were carried out, and the 
activation grade and the surface hydroxyl number values 
were averaged. These values comprehensively character-
ized the modification effect of the nanosilica powder.

The dispersibility effect of the high-dispersibility 
nanosilica powder prepared with the test conditions opti-
mized and chosen with the orthogonal test method was 
characterized by infrared spectroscopy (IR), X-ray diffrac-
tion (XRD), and scanning electron microscope (SEM) anal-
yses from different views. IR analysis was conducted with 
a TENSOR27 Fourier transformation infrared spectrometer 
(measurement range: 400–4000 cm-1; Bruker Corpora-
tion, Germany), with the tablet specimen being diluted 
with KBr. The crystal structure of the dispersed nanosil-
ica powder was analyzed by XRD analysis using the D8 
Advance X-ray diffractometer produced by Bruker Cor-
poration, with CuKα being the radiation source, the tube 
current being 20 mA, and tube voltage being 30 kV. SEM 
observation was conducted using an S-3000N scanner 
produced by Hitachi Japan.

The activation grade, expressed as η, is the ratio of the 
weight of the floating part in water and the total weight of 
the sample. The test methods were as the follows: first, 
50 ml deionized water was placed into a 100 ml separatory 
funnel, and m1 grams of dispersed nanosilica powder was 
added into the separatory funnel; second, the mixture was 
vibrated for 5 min and then allowed to stand for 30 min; 
third, the powder sinking in water was placed into a fixed 
weight crucible; fourth, the powder sinking in water was 

Table 3 Experimental factors and levels.

Levels   Factor A 
 

Factor B 
 

Factor C

Mass fraction 
ratio of KH570

Modification reaction 
temperature (°C)

Modification 
reaction time (h)

1  2%  70  1.5
2  3%  80  2.0
3  4%  90  2.5

dried in a drying oven, and then the weight of the powder 
sinking in water was measured (m2 grams); finally, the 
activation grade was derived according to Formula (3)
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The surface hydroxyl number, expressed as N, was 
determined and calculated as follows: first, 25 ml of abso-
lute ethyl alcohol and 75  ml of 20% NaCl solution were 
placed in a 200 ml beaker, and m grams of dispersed nano-
silica powder was added into the beaker; second, vibration 
through magnetic stirring was conducted and the pH of the 
mixture was adjusted to 4 by adding 0.1 mol/l HCl solution; 
third, the pH of the mixture was adjusted to 9 by adding 
0.1 mol/l NaOH solution, and the volume of NaOH solution 
needed was recorded as V milliliters; finally, the surface 
hydroxyl number was derived according to Formula (4)

	
-310ACVN

N
Sm

×
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where C = concentration of NaOH solution, 0.1 mol/l; 
V = volume of NaOH solution need, ml; NA = Avogadro’s 
number; S = specific surface area of nanosilica, nm2 g-1; 
m = weight of nanosilica, g.

3  Results and discussion

3.1  �Results of the orthogonal test design 
and the corresponding analyses

The scheme of the orthogonal test design and the cor-
responding test results of the activation grade and the 
surface hydroxyl number are shown in Table 4.

On the basis of the calculation of the sum of the exper-
imental results (T), the average value (t), and the range 
(R), the superior levels, and the primary- and secondary-
influence experimental factors were measured, as shown 
in Table 5. The optimized combination of experimental 
parameters for the activation grade was A2B2C2, whereas 
that for the surface hydroxyl number was B2A2C2.

Thus, the superior levels for the activation grade and 
the surface hydroxyl number were all level 2, which means 
that the optimized combination of experimental para-
meters was as follows: mass fraction ratio of the silane 
coupling agent KH570, 3%; modification reaction temper-
ature, 80°C; and modification reaction time, 2 h. However, 
the optimized combination of experimental parameters 
above was not included in the scheme of the orthogonal 
test design. Therefore, repeated confirmatory parallel 
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Table 5 Analysis of orthogonal test results.

 
 

Activation grade (%)  
 

Surface hydroxyl number (1 nm-2)

Factor A   Factor B   Factor C Factor A   Factor B   Factor C

Sum of the experimental results, T
 T1   210   217.5   240.5   1.45   1.6   1.37
 T2   258.5   258   245   1.12   1.03   1.15
 T3   255.5   248.5   238.5   1.16   1.1   1.21
Average value, t
 t1   70   73   80   0.48   0.53   0.46
 t2   86   86   82   0.37   0.34   0.38
 t3   85   83   80   0.39   0.37   0.40
Range, R   16   13   2   0.11   0.19   0.08
Superior levels   2   2   2   2   2   2
Primary- and secondary-influence experimental factors   A2B2C2   B2A2C2

Table 4 Orthogonal test design and test results.

Sample 
number

 
 

Factor A 
 

Factor B 
 

Factor C 
 

Results

Mass fraction 
ratio of KH570

Modification reaction 
temperature (°C)

Modification 
reaction time (h)

Activation 
grade (%)

  Surface hydroxyl 
number (1 nm-2)

1  1  1  1  61  0.7
2  1  2  2  76  0.35
3  1  3  3  73  0.4
4  2  1  3  76.5  0.45
5  2  2  1  92  0.32
6  2  3  2  90  0.35
7  3  1  2  80  0.45
8  3  2  3  89  0.36
9  3  3  1  86.5  0.35

experiments with the above-mentioned optimized combi-
nation of experimental parameters were conducted. The 
results of the activation grade and the surface hydroxyl 
number are shown in Table 6. The IR, XRD, and SEM pat-
terns are shown in the Figures 1–3.

The optimized combination of experimental param-
eters meant that all factors were in the middle level. Only 
a single molecular coating layer around the nanosilica 
powder was needed;  > 3% silane coupling agent KH570 
would result in the deterioration of the modification effect 
because of the self-aggregation of the silane coupling agent 
KH570. However,  < 3% of KH570 could not eliminate the 
self-aggregation of the nanosilica powder because only a 
small quantity of the surface of the nanosilica powder was 
covered by KH570. Not enough energy could be afforded to 
the modification reaction at a low modification tempera-
ture. With the increase of modification temperature, the 
intermolecular thermal motion became intense, the prob-
ability of intermolecular collision increased, the percent-
age of grafting between KH570 and the nanosilica powder 
increased, and the modification effect became superior [8]. 

In contrast, the self-aggregation, decomposition of KH570, 
or even the reverse reaction between KH570 and the nano-
silica powder would be inevitable because of the intense 
intermolecular thermal motion in the higher modification 
temperature of  > 80°C; therefore, the modification effect 
would become negative. To consider the reaction time, it 
was found that regardless of the activation grade or the 
surface hydroxyl number, the results from different levels 
of experiments showed a narrow difference according to 
their ranges, R. Thus, it was concluded that the reaction 
time had a limited impact on the modification reaction [9].

3.2  IR analysis of the nanosilica

The IR spectrum of unmodified and modified nanosilica is 
shown in Figure 1A and B, respectively. Normal absorption 
peaks existed in the IR spectrum of the unmodified nano-
silica, including the stretching vibration absorption peak 
of Si-O at 808 and 1106 cm-1, bending vibration absorption 
peak of O-H at 1640 cm-1, stretching vibration absorption 
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Figure 1 Infrared spectroscopy of nanosilica.
(A) Unmodified. (B) Modified with KH570.

A

B

Figure 2 SEM of nanosilica.
(A) Unmodified. (B) Modified with KH570.

Table 6 Optimized parallel experiments results.

Sample no.   Activation 
grade (%)

  Surface hydroxyl 
number (1 nm-2)

1   93.26  0.33
2   92.66  0.32
3   93.25  0.31
4   91.68  0.34
5   92.31  0.31
Average   92.63  0.32
0 (Unmodified)  10.12  1.03

peak of Si-O-H and stretching vibration absorption peak 
of O-H at 3412 cm-1, as Figure 1A shows. However, there 
were new characteristic absorption peaks existing in the 
IR spectrum of nanosilica modified by the silane coupling 
agent KH570. There were vibration absorption peaks of 
C-C at 1505 cm-1 and of -CH3 and -CH2 at 2928 cm-1, which 
fully proved the presence of organic bond groups in the 
nanosilica modified by KH570, as Figure 1B shows. At the 

same time, owing to the obvious increase of peak intensity 
and peak area at 3460 cm-1, the increase of Si-O-H bonds 
in the modified nanosilica by KH570 was the evidence 
that Formula (1) was completed. Furthermore, owing to 
the much stronger stretching vibration absorption peak of 
Si-O at 808 and 1106 cm-1, the increase of Si-O bonds in the 
nanosilica modified by KH570 proved that Formula (2) was 
completed. From the chemistry viewpoint, the modifica-
tion was successful and the high dispersibility and hydro-
phobicity of the modified nanosilica was assured [10].

3.3  SEM analysis

Of course, the most apparent and intuitive evidence of 
the excellent dispersion effect was taken from the SEM 
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observation. The different SEM morphologies of the parti-
cle distribution between the unmodified and the modified 
nanosilica are shown in Figure 2A and B.

3.4  XRD analysis of the nanosilica

Moreover, no apparent changes occurred in the XRD pat-
terns of the modified nanosilica powder, proving that the 
crystal structure of nanosilica powder remained amor-
phous after the modification by the silane coupling agent 
KH570, as shown in Figure 3A and B.

4  Conclusions
(i)	 Adding the silane coupling agent KH570 with a mass 

fraction ratio of 3% to the nanosilica powder provided 
the nanosilica with the best dispersion ability after 
the modification reaction at 80°C for 2 h. The high-
est activation grade and the lowest surface hydroxyl 
number, which indicate the best dispersibility effect, 
were achieved with the optimized combination of 
experimental parameters mentioned above.

(ii)	 IR analysis verified that there were new bonds, Si-O-H 
and Si-O, that eliminated the empty bonds of the sur-
face of the modified nanosilica; thus, the modification 
was not just a physical absorption but also a chemical 
reaction. SEM analysis showed the good dispersibil-
ity of the nanosilica particles, whereas XRD analysis 
showed that the crystal structure of the nanosilica 

powder remained amorphous after modification by 
the silane coupling agent KH570.
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Figure 3 XRD pattern of nanosilica.
(A) Unmodified. (B) Modified with KH570.


