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Abstract— The effects of reaction parameters such as [NH,]. f(H,O/Si molar ratio) and temperature on hydrolysis, con-
densation and final silica particles, and the effects of electrolyte addition on the change of final silica particle sizes in the sol-
gel process were investigated. In our experimental conditions, the increment of [NH,] and r accelerates the hydrolysis and
condensation and increases the particle size. But particle size decreases when r=20 as compared to when r=10. The ac-
tivation energies of hydrolysis and condensation are 5.78 and 3.34 kcal/mol, respectively, and the increase of the tem-
perature decreases the particle size. The addition of salt to solutions does not affect the reaction rates, but increases the final
silica particle sizes. The increase of the electrolyte concentration and the number of counter ions in electric double layer in-
crease the final silica particle sizes due to the mobility of the counter ions in LiCl, NaCl and KCL These results are quite
compatible with DLVO theory in which the increase of (Debye-Huckel constant) decreases primary particle size and in-
creases final particle size. Correlating primary particle sizes to final particle sizes obtained by the aggregation growth
mechanism shows that the final particles grow through the aggregation of primary particles.
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where, I : the decay length
AS : precxponential factor
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=Si0 - deprotonated silanol
=8i-0-Si= : siloxane bond

k, : hydrolysis rate constant
k. : condensation rate constant
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Table 1. Experimental conditions
(a) Experimental conditions for [TEOS]=0.5M
Sample [NH,}(M) t(H,0/Si molar ratio) T(°C)
S1 15 8 25
S2 2.0 8 25
S3 2.5 8 25
S4 3.0 ] 25
Ss 20 4 25
S6 2.0 10 25
S7 20 20 25
S8 2.0 8 35
SY 2.0 8 45
(b) =50, [TEOS]=0.15M, [NH,]=2.0 M, T=25°C
Sample NaCl(M) KCI(M) LiCl(M)
S10 - - -
S11 07 - -
S12 10°° - -
S13 10 ° - -
S14 - 10’ -
$15 - - 10 °
100
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Fig. 2. Conductivity as a function of reaction times for S1, 82, S3
and S4.
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(e) S6 (f) S8

Fig. 6. Electron microscope photograph of silica particles for different experimental conditions.

(g) S9

Table 3. Average final particle size, standard deviation, equilibrium solubility and Debye-Huckel constant for different experimental conditions

Sample S1 S2 S3 54 S5 S6 S7 S8 S9
D.(nm) 338 406 449 478 187 483 442 400 369
Stand. dev.(o/D... %) 23 2.0 1.8 18 2.9 1.7 1.9 2.0 L5
K(m ) 4.94E+7 S5.37E+7 6.94E+7 9.27E+7 4.99E+7 5.49E+7 1.44E+7
[Si]. 6.43E-3 6.20E-3 5.40E-3 4.65E-3 6.70E-3 5.90E-3 1.20E-2
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Fig. 8. Electron microscope photograph of silica particles for dif-
ferent experimental conditions.
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Table 4. Primary particle size and final particle size for different ex-
perimental conditions (size: nm)

Sample Primary particle radius Final particle diameter
S1 6 338
S2 3 406
S3 3 449
S4 2 478
S5 11 187
S6 2 483
S7 2 442
S8 1 400
S9 1 369
S10 3 363
Si1 2 388
S12 2 445
S13 1 539
Si4 1 611
S15 1 532
N
| NN o
! Yo\ & (mT) = 3E6
I —
| \\\\‘;\\\5 lia ,""/_/«-«—-—‘ —
i 3E9
-0.3 i - L
0.0 4.0 8.0 12.0
RS_(TiJ"rj)

Fig. 9. Total particle interaction energy for different Debye-Huckel
constant.
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where, V : the total pair interaction energy for particle of i and j
R, : the pair separation
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T 4 n, Ny

where, <r> ., @ average final particle radius(nm)
T : primary particle radius(nm)
Ngs 1a constant value for the number density of stable par-

ticles
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where, J: proportional constant
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1 : particle radius
A, : Hamaker constant
A, : preexponential factor for silica
C, : concentration of counter ion
E activation energy [kcal/imol]
F : Faraday's constant
2.1 : the rate of production of primary particles
h : distance between particles
] : proportional factor
k, - hydrolysis rate constant [min ']
k : condensation rate constant {min "'}
K : Boltzmann constant
i : decay length

n(k. t) : the number density of particles containing k primary par-
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ticles at time t

: a characteristic number density

- a constant value for the number density of stable particles
: H.O/S1 molar ratio

: primary particle radius [nm]

s average final particle radius [nm]

: the pair separation

: equilibrium TEOS concentration {mol//}
sinitial TEQOS concentration [mol//]

: deprotonated silano}

: moles of silanol per volume

»moles of silane per volume

: silane

moles of siloxane per volume

silaxane bond

: reaction time

: absolute temperature [K]

: tetracthoxysilane

s initial moles of TEQS per volume

s the tomal pair interaction energy for particles of i and j
svan der Waals interaction potential

: maximum potential interaction

: repulsion potential

:solvation interaction potential

: the stability ratio for two particles of size i
s stability ratio between size 1 and j

s valence of counter ion

az2{ojA 22Xt

Bli.

: aggregation rate constant of particles of size i and j
: a characteristic aggregation rate constant

: dielectric constant of solution

: permittivity of free space

: Debye-Huckel constant

: medium conductivity

: the molar volume of solid silica [27.3 cm'/mol]

s particle surface potential

[29)
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