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Abstract—In the present works the porous structure of silica particle was modified to the more open-packed net-
work of particles to provide greater porosity and pore radius by transfering nitric acid from the continuous phase of
TBP{tributyl phosphate)-ethanol containing nitric acid into the drops of sodium silicate aqueous solution, where the
soluble silica was transformed into active silica, simultaneously polymerized to the porous network of silica particles.
The structural characteristics of silica were improved to have large pore radius of 0.2-40 um, high pore volume of
3.0-4.1 cm®g and specific surface area of 20-800 m?/g by increasing the diameter of primary particle and the rate of
production of active silica. The resulting structural characteristics were compared to the particle formation model bas-
ed on the mass transfer rate of nitric acid and the polymerization kinetics of soluble silica, and the systematic research
results presented valuable information about the mechanism of particle formation and the porous structure of silica.
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Fig. 1. Formation of silica particle.
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Fig. 2. Experimental apparatus for polymeriza-
tion kinetics.
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2. Magnetic stirrer
3. pH & temp. sensor
4. Water jacket

5. Micro dispenser
6. Teflon cover
7. Magnetic bar
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Fig. 3. Experimental apparatus for formation of
silica particle.

by

3ol 481743 ARSIA, AFA AF-E Y v EA
Z3uks 459} 405 &xof dgEed 5
+ A7ty ok A= Adejgbe] 4 Y 2 £,
4ol FE 5o wgof oEFch, debd, FAkL
ool rxol EANY 455 Doz 25379
g4 Aelks da, 4889 u|zde] 1mmho °]
ot o wi7kx] FFrE AAE ok pHE 245
90+5CE 1047 Bt sA4A - SA4A oA
Ag7te delgz AlAdle 8- GFTE AYsln
105ColA 1047 F<t Az3idch,

oA Alelrte] TF2EAL £33 AYYA, A
ZH2} AlE-§ 9 v|EndHelel & & Yok £%A
& AEv|el 93 dAezYE 1 377} FAdE
< o 4 Uz 5010070 73S =AE gl &
BENE o dF ke sgici{14]. HEA AT
w34 BETHog £A%gom AFgz 2 &
24 oA oz 2AHGH15], YU
Fetdo|do g e AL odu 400-70070] Q17
244 ool TS FEAE 2 gEIFeZ I

<
s}
A
4



G54 A+

4, WHE 9 TN

11, dzistel FHUS &S

Fig. 4= A1) 3ol 9E £ A7l ¥58
olEsist vlm =AE Aelth, FYPUS 454 (24)
o st FEH sole FEPE AT Eelsn
t=t,0 28 E t=t,,,7h%) 2 ¥aad

1 _ 1
Cy (I+1) —c2(I+1) ¢, (1) -c*(I)

tnvy K EH]
S N

o] sl==2 pH Z}ii-rii FAHEH e
Cor Co 24E FHA ube S k5 AHscL,
A8 18)e] *é*d% oje} Zhg uio g A kg
424425 oS el Zog Aas} v
aslgich, pHHS 8-10004 A" uE Sx45+
HEAZ 4, 73m*/kg mol/seolr] = TFHzE 10,7
%19k, Aoz FAF Alelgl Fxof A o] &
e 4 Aty 271529 27 pH o 4 4%
A4 k,=4.73m*/kg mol/s o258 o3} o] F
s},

t=t,d i Si(OH),9} HSIO,~ o && Al2lzks}
G40l T M, IM(I), S(I), H()e=zr¥
FiRgol A= t=t,,, Y @ MI1+1), IMI+
1), SI+1), HA+1)ef =Hc},

olwl IM(I+1)9} M(I+D)& H¥o] fAxlmg u}
3 $n44et 2rjz7e] FojA whg 454 (49}
BYA (DEHE A1) Wslo)] g 4 4zl
T2} Faold FEF Tl PAdoz Yeplgch
AR 97| Fa e doiAl HhE &40 o] R

233

21, —
$I a.

- r Lo X AR Ot o i o oa

1

] L —_— kp-4.35
g 08 o) —Ky=4.73
2 | A
T-_-o‘ Cgpx 103 pH ™I~
F06f 01263 10008 TV ]
é l 0 8895  9.073 ST 1
- 7738 8138
S04 21T i N

0 10 20 30 40 50

Time, t [min]
Fig. 4. Comparison of experimental data with
predicted values in the polymerization
kinetics.

ZE A
_=

d 24| A AT 303

Ag Aol F2egda AL g £ Bl g
9 4 ggish,

42, daizle) F=ay

4-2-1, Aggtel 474

A2zt §lAo g F2E5A 2de Fe &
Soll it x|Ag He g shedl, 21 £x42
K,H*) kg-mol
(KD+ [H#])" ml‘s (15)
A9l 8 A7t HYEs o
Sloll SEqtct, At HYFEE 2AY 4 UE
Wele Bacond Willse) Q7R [1]el] olsjed ot
4 9l ket Zol [Si0,]=0. 38 kg mol/m?® o] Wejn.
2, Azt 94749 olEAe AYE Aty e
# {Si0.]=1.69-3, 30 kg mol/m*E 10¥j 2 3] 43}
[Si0.]=0. 169-0. 34 kg mol/m*¥ ol 4] A Abstgich,

Fig, 5= 2Z7[%¥% 0.202kg mol/m?, %7] pH
11,3, 4ol 45 5.83x10-?kg mol/m*Y W +
254 2rle] o] EXE =413 Aoz, As) Feot
ARUA 9 AR 25E, HE AYUA, 9
A A7l Hale] F-AR1E siqich, 42 Aty ¥
S Aale] BAolFEA ¥4 A} A4sn
pH 9 widlol] o} FYubgog Fizhed], 2 724
F2v 79 A FA=US, debs, FAe &
AolF St Wil geok] FPie 5% dF
A fAl"ebe g odn|jie), o|s} 7o Ao 2
AdTe 27l Es WM E e A4S sl Ao},
Fig, 50l olslal Al2]sl 4303 A9 AAY S
ARste wbg wrlol ARUAE Ak Ao A
7o, Aejst 43749 FYFFYA 4,k e 3

o}

r,=4.73(C,—c¥)?

L8 Foizu,

_=" ° 1w S =-SI+1)
ds ‘2_'-'. d? B,) 50)
Dimensionless time
0.99 0992 0.994 099 0.998 1 g
s 1! [Si05]=0.202 kg mo¥m3|! &
£ .08 pH=11.23 g
e 8
§ @ 0.6 ':’)
g3 0.1 5
2 E04 £
§a g
E&0.2
& &
0l 0.01E
0 02 04 06 08 10 £

Dimensionless time
Fig. 5. Transient behavior of particle formation.

HWAHAK KONGHAK Vol. 27, No. 3, June 1989



304
SEm g s 0 -5 ) 19
~ e M)
FAY 4 leve, 4 B2 B £
oF B4 Azjslel QLT ofsle] AMHG o &
°1n+ B4 Azt AAEA) e P12 249 48
2 pH Wl o3 YIS $xe xdsgion],
2 °4%°ﬂx% B2 243 4 & & & Ut A
e SAolEA e BE A §A8k o] 24
(13)o] webai Ay METT2E 4% 4 3 pHel
ogt 2ol TAHE HE 471 Y3

g, Azste £3xkE A2 BL*ﬂﬂol A3kl A5
HAg 4 ol alE (aggregation ratio) A,°|
rg(I+1) ry(I)
A, )= =7 ALY
U= Ve “7)
1dch a9 £gixte] 4 A 29
Flog A et 18t o 4Elxle &

© S0)-SI+1) .,
~3 I,(N)
NS (18)
& HEhE o sk Bl 401500 i3l 24 4

ol A5 dpot r,(N)/rp(0) 2
Aot 84 Ae]7irt A4S
rp(N) /rp(c0)o] F-3heholl A
2522 AR} FAEs Aol ohe} Azt A
o] odofzict,

Table 12 A7t §{7ol 23
22§ 2755 1082 3
Ag e} vlmd Ao
aF 21, 0% AgA el
= AgAS 1/2-1/3 wige

A 2el2 a=7s AP s <xﬂ’=2fL

o] A9 AP A 7175

AL ol
= Yo

Table 1. Comparison of silica particle size between measured and predicted values

feed mass transfer diameter of primary particle diameter of aggregate particle
sample No. composition, rate, kg mol/ : -
kg mol/m3 & pH  m3¥s x 102 measured, um  predicted, um measured, um predicted, um
11 4.30 0.22 116 100
12 [SiO5)=1.69 4.80 0.24 108 108
13 5.45 0.4 0.256 128 118
14 pH=11.20 6.07 0.26 83 128
15 6.40 0.26 101 130
21 4.80 0.22 66 87
22 [Si05]=2.02 5.61 0.23 107 96
23 6.76 0.5 0.24 94 110
24 pH=11.23 6.65 0.24 116 111
25 6.55 0.24 140 109
31 5.13 0.20 154 75
32 [Si09]=2.36 5.93 0.20 102 82
33 7.34 0.5 0.22 97 94
34 pH=11.25 7.35 0.22 105 94
35 6.79 0.22 135 89
41 5.90 0.18 139 81
42 [Si02)=2.70 7.78 0.21 133 95
43 7.94 0.5 0.21 111 99
44 pH=11.28 9.57 0.23 110 110
45 7.49 0.21 100 93
51 7.76 0.21 100 93
52 [Si05]=3.30 7.83 0.21 162 93
53 8.54 0.6 0.22 141 99
54 pH=11.31 8.69 0.22 145 100
55 8.96 0.22 135 100
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Fig. 8. Effect of pH during aging on the specific
surface area of silica.
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: concentration of hydrogen ion at t=t

NOMENCLATURE

: aggregation ratio at t=t,, dimensionless

: 1dr, build-up ratio, dimensionless

: build-up ratio at t=t,_ ,, dimensionless

: build-up ratio at t=t,, dimensionless

: concentration of soluble silica, kg mol/m?
: equilibrium concentration of soluble silica,

kg mol/m?

: initial concentration of soluble silica, kg

mol/m®

. diameter of aggregate particle, m

. diameter of aggregate particle at t=t,, m
DfI+1) :
: diameter of primary particle, m

: weight-average diameter of primary par-

diameter of aggregate particleatt=t, ,, m

ticle, m

. diameter of primary particle at t=t,, m

: diameter of primary particle at t=t,_;, m
: diameter of particle nucleus, m

: concentration of hydrogen ion at t=t,, kg

molim®

n+1t

kg mol/m*

: concentration of ionic silica at t=t,, kg

mol/m®

concentration of ionic silica at t=t,_ ;, kg
mol/m®

1092 jonization constant, kg mol/m®

: mass transfer rate of nitric acid, kg

mol/m¥s

: maximum addition rate of active silica,

kg/m/s

: rate constant of polymerization, m’kg

mol/s

: mean rate constant of polymerization,

m¥kg mol/s

: concentration of monomeric silica at t=t,,

kg mol/m®

: concentration of monomeric silica at

t=t,,,, kg mol/m*

: coordination number, number of primary

particles touching each particle, dimen-
sionless

: radius of pore, m
: rate of polymerization of soluble silica, kg

mol/m®¥s
rate of polymerization at t=t,, kg mol/
m¥s

: rate of polymerization at t=t,,, kg mol/

4 2Rl U3 A7 307
m¥s

r{N) : rate of polymerization at t=t,, kg mol/
m¥s

r{o0) : rate of polymerization at the time when

A(l)=1 after ty, kg mol/m¥/s

I, . rate of disapperance of soluble silica, kg
mol/m¥s

r{l) : rate of disapperance of soluble silica at
t=t,, kg mol/m%s

r{I+1) : rate of disapperance of soluble silica at
t=t,.,, kg mol/m*s

r{N) : rate of disapperance of soluble silica at
t=t,, kg mol/m%s

S() : concentration of soluble silica at t=t,, kg
mol/m?

S(I+1) : concentration of soluble silica at t=t,,,
kg mol/m?

S(N) : concentration of soluble silica at t=t,, kg
mol/m®

S(0) : concentration of soluble silica at t=0, kg
mol/m?

t : time, s

ty : time at the initiation step of aggregation, s

t, : time at the n' step, s

tas : time at the (n+ 1" step, s

e, : true density of silica particle, kg/m®

] : porosity, dimensionless
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