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Abstract − Silica fine particles were synthesized from the hydrolysis of Si(OC2H5)4 by using a semibatch process in order to

overcome difficulties in production of fine particles by a batchwise reaction. To predict the particle size distribution, mean par-

ticle size and the yield of silica fine particles prepared by using a semibatch and a batch process, in this work, nondimensional

reaction rate equations for TEOS, Si(OH)4, and SiO2 of each system were suggested. The change of the concentration with

time and the yield, therefore, were compared, respectively. As a result of the test, silica fine particles obtained by semibatch

process were better than those prepared from batch system in particle size distribution, yield, and mean particle size. Espe-

cially, it was found that semibatch process was a successful method for controlling the size, i.e., a narrow distribution of a par-

ticle size which ranges to several microns. Also, the theoretical results for the yield were in good agreement with the

experimental data.
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1. � �

�� ��� ��� 	
 �� 
� ���� ��� ��� ���

�� ���� ��  !� "� #$%� &'� (), *+� ,�

� ��-. /0� 1�� #' �2� 345�6 -�7, 8 ��

� ��9:�� ;�< +'� =5� #$� 	
 �� >?� ��

� @A BCD� EF� GH� ID� JK�L[1]. �M N� ��

JK� @O�� 1�� #$�., #P �5� QR SC TU%�

V� 
� WX� ��Y "ZL. 8E �[ \�,] ,�� #$ S

C�� ^-_U, `a bcd�eU, �fgU hi N� j>U[2]�,

kl ,�� #$� SC-�7 =5�� �>U[3]� 
� d�-)

=�7, j>U� m� n+0 oD�� pq-L� rs� ��) =

� tu, �>U V� #$� vw� x) #P �5� y� zL� 1

s� =ZL. { |}�� �~� ;��� ����, �����M N

� #$%i� �� �v�� a'� �� j>U��' #P �5�

8L� 5�� z� B�� ��) =9., Stöber h[4-7]� ���


� d�%� ��� SC TU%� >�� ��"ZL. 8
k �


� TU%' V��� ��� n+� �� SC�� JK� vw� x),

#P� ���v� ��� �m, #' �2� �� z� �i� ��

) =L[8].

��� { |}��� t�� ��") =� /� t� � ¡ ¢:

~`£ ¤�"5�� t��� n+� d�¥9:¦ �§� ��� n

+�L #P �5� ��-) vw� (9., /0� #' �2' ¨

©� #$� 6%5 >�ª9: «� �¬� n+9:�� ��� �

� �­ $!� �0-�7 8 ®ª� ¯ZL. 8�) ;°� ±� t

��i ��� n+��� ;�� SC0 mC"� E²  ³i @A
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 ³� V� t� a'�� ´´ µ¶ <-	 �� ·¸ �i� ;°

�iM >© �¹ º»-¼L.

2. ��� ��

2-1. ��� �� � ��	
 �� �
� �� ����

*tª9: #$ mC 1¡� P½ LaMer model[9]� �-u, �v

��: ¾� 1¿À(monomer)� i2<'� �m-� 1¡, �5� Á

� mC-Y "� 1¡ 8�) \�Â9: 1¿À� Ã'� ��'�

�� JÄ� Á� Cr-Y "� Á Cr 1¡� � 1¡: kÅ5 �

Y ÆL. 8�) Ç�, #$� Cri /0� 1�� #$� �� ��

~È9:� LÉ� % v =�7 ÊË, Á mC 1¡� Ì� 0² /

� �m-	 Á mCi /0� Cr� *5k� Í� T�-	� -)

[10], ÎË, 1¿À� Ã'� ��' vÏÄ� ÐO-Y "� Cr a

'� �Ñ�� Ò6-	� �L. �� Ó: 1�� #$%� Cr a

'� Ô 8ÕY �Ö�� V� ���) ×� v =L[11]. �iª9:

1�� #$� �� ���� Á mC a'� Ø�), Cr a'� �

�Y �5-� Í� ÙF-L� Í� b v =L. ��� t���i

��� n+�� mCÆ ;�� IÚ$� #Pi #' �2� ¸+-

� Û� Üp ´´� t� a'�� ��� Á mC Ý Cra'�

�¹ º»¥9:¦ 8 �i� ·¸-'� -ÞL.

2-2. ��� ���� �� ���

;�� IÚ$ mC� LÉi N� �v��M ES t�� ¯ ��

t�9: k�ß v =L[12].

K1
Si(OC2H5)4+4H2O2�Si(OH)4+4C2H5OH(�v�� t�) (1)

K2
Si(OH)4�SiO2+2H2O(ESt�) (2)

K3

>� t� a'�� ��, ES t�� ÒÛ� �v ��Æ  ³ d�

��6 *5àL) �+-u �v �� t�� V� a'�� LÉi

NL[13].

(3)

8�) áâ��� ã�: d�") áâ���  � V� �ä< t

�� )�"5�Lu � (3)� LÉi N� Óå5 æ v =L[14]. 

(4)

�ç Iler� silicic acid� ES t�� ã� èé� �ê-	�6 -),

8M tV� ët�� [H2O]2� �ê�L) ��-¼L[15]. ���

silicic acid� V� a'�� LÉi NL.

(5)

2-3. � �� !"#$� �� ���

t��� n+� rs� 
� ì]"5í î�7, 8E Vïª9: Lund

M Seagrave[16]� �ðñ< t��� d�-� Í�  -�  ³� vw

� ��0ò v� =L) -¼L. ç�> � (1)�� Si(OC2H5)4� A, H2O

� B, Si(OH)4� C, C2H5OH� D 8�) SiO2� E: Óå5 ï0�

ó t�  A� t�  B� =� t��: ôô� ¤�"5�� t�

�� n+� V� v��� �½u LÉi NL.

FA0−0+rAV(t)=(dNA/dt) (6)

�ç, (6)�� Ã'� õ9: Óå5 ï0-u, (7)�� ÆL.

q(CA0−CA)+rAV=(VdCA/dt) (7)

(7)�� ¨ñ� V: kö ó V=V0+qt� V#-	 (dCA/dt)� V-	

+�� -u LÉ� (8)�� �Y ÆL.

(8)

(8)��� rA=−K1CACB
1.5 [NH3]

0.5��6, t�  A� �¿9: ��Y

¤�"5�� tu, B ³� Ã'� ­�� i÷9: =9ø: CB� CB0

: ù v =L. ��� rA=−K'
1CA�., 	�� >v K'

1=K1CB0
1.5 [NH3]

0.5�

ÆL. (8)�� rA ú� V#-u (dCA/dt)� V� @A �� �5�L.

K'
1CA (9)

N� TU9: E�� C:� ët�� >û� ��L) �+-) CC

M CE� V� t� a'�� k�¢u LÉi NL.

K'
1CA−K2 CC (10)

(11)

>�� (9)-(11)�9:�ü �L *tª¾ �i� �� ��� α=(K'1/

K2)
2/3CA, β=(K'

1/K2)
2/3CC, γ=(K'

1/K2)
2/3CE, ω=(K'

1/K2)
2/3CB, τ0=K2(V0/q), τ

(t���* P½)=K2(V0/q+t), τ(���* P½)=K2tM N� µ¶ 

ñv� d�-	 ñý-'� -$. 8 �i (12), (13), (14)� µ¶ 

�� �� v =L.

(12)

(13)

(14)

2-4.  �� !"#$� �� ���

��� n+��' t��� n+i N� TU9: CA, CC, CE�

V� ´´� t� a'�i µ¶  ñv� ª�� µ¶  a'�� k

�¢ �u LÉi NL.

K'
1CA (15)

K'
1CA−K2CC (16)

(17)

(18)

(19)

d TEOS[ ]
dt

----------------------- = −K1 H2O[ ] OH−[ ] TEOS[ ]

d TEOS[ ]
dt

----------------------- = −K1 H2O[ ]1.5 NH3[ ]0.5 TEOS[ ]

d Si OH( )4[ ]
dt

----------------------------- = K1 H2O[ ]1.5 NH3[ ]0.5 TEOS[ ]

K2 Si OH( )4[ ]+K3SP H2O[ ]2
–

dCA

dt
---------= 

CA0 CA–( )
V0

q
------ t+ 

 
------------------------ rA+

dCA

dt
---------= 

CA0 CA–( )
V0

q
------ t+ 

 
------------------------ − 

dCC

dt
---------- = 

CC0 CC–( )
V0

q
------ t+ 

 
------------------------- +

dCE

dt
---------= 

CE0 CE–( )
V0

q
------ t+ 

 
------------------------ K2CC+

dα
dτ
------- = 

α0 α–( )
τ

-------------------  − αω0
1.5

dβ
dτ
------ = 

β0 β–( )
τ

------------------+αω0
1.5−β

dγ
dτ
----- = 

γ0 γ–( )
τ

----------------+β

dCA

dt
---------= −

dCC

dt
---------- = 

dCE

dt
---------= K2CC

dα
dτ
-------= −αω0

1.5

dβ
dτ
------ = αω0

1.5−β
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3. 	 


3-1. %&

�v��  ³¾ Si(OC2H5)4(Tetraethylorthosilicate, TEOS)� *{� )&

' <þ|}�� 0ÿ(99.999%)� d��9.,  � { |};�� �~

� ��v�, TEOSM H2O� n� �é: d�"� �� b��(C2H5OH)

� James Burrough(F.D.A) L.t.d(99.9%)� Í�, èé¾ áâ��v(28%)

� *{� ç� <þn� ���d� Í� d�-¼L.

3-2. �'()

Fig. 1� t�� n+� ;°rD� V� ��'� kM =9., 	�

�� ,Y õä~M \�,: �	(EYELA MP-3, JAPAN): k
5

ù v =L. �ç, ��� n+� ;°� t�  ³%� /0� �S�

�� \�,: �	� d�D z
� � 8 �� Í� /*-¼L.

3-3. �'*+

Si(OC2H5)4� �¿-	 �� b�� 100 ml: ��� �j (A)M NH4

OH(aq), H2O� �� b��: �¾ 100 ml �j (B)� 6�L. t� 

� Ã'� �j (A)M (B)� �S ó Ã'� ´  ́ Si(OC2H5)4 0.1-0.5mol/

L, H2O 6.0 mol/L, èé¾ NH4OH 0.7 mol/L� "Y �L. ;°� Ü

p (B)�j� t�� ¢� �5¯), (A)�j� â¯ ¤�-� ��

�9: ;°-), Ç ��� \�,: �	: 0.33-5.0 cc/min� �¿9

: ~`£ ¤�-� t��� n+9: ;°-¼L. 8�) \�Â9:

tV� ;° �, (A)�j� Üp ¤�Æ >?�� (B)�j� ���

¤�-� t��� n+� ;°� -¼L. >� ;°� â¯ 150 rpm

� ¹t a'M 15oC� t� ä': �-), ³� ��� -�� È

~-¼9., #$ ,�M #' �2� ¸+-� �� � 0!û 5��

SEM(JEOL JSM-35 CF)d�� �5 ´´� d��� �� ��� #

$� OHP��� â¯ 8Ö ó, image analyzer(Q520, Leica Co.)�

��, �� #P� ¸+-) #$ ,�V� �w(%)� ´  ́¡�� ó,

#'�2 8�	� k�¢ZL. { |}��� vw� �� ³(TEOS)

� �vM SCÆ mC (SiO2) #$� �v� �: +�-¼9., m

CÆ SiO2 #$� E¿ ¸+� t�� �à �j� ÿ 80oC�� 3*

/� È~0� �é� �ì� ó ¸+, ¡�-¼L. Ç�, particle number

density[17]� ;�� #$�  '(ÿ 0.97 g/cm3)� d�-	 �� #P

i vw:�ü ¡�-¼L.

 

4. �� 
 ��

4-1. ,-. ���/012� 3� 45

t���i ��� n+� V� ´´� µ¶ � (12), (13), (14)M

(18), (19), (20)� |Ú I� T+�� !5 τ(time)� V� α(TEOS), β
[Si(OH)4], γ(SiO2)� 8�	: t���i ��� n+� �¹� �u

LÉi NL.

Fig. 2� τ(time)� V� α(TEOS), β[Si(OH)4], 8�) γ(SiO2)� ñ<

8�	:� Üp α(TEOS)� P½, τ� ��¥� �� α� ú� t�

��i ��� n+ â¯ "�-� PH� ���7 t��� n+�

��� n+ V� "� a'� # �Ö Í� ù v =L. ��� TEOS

� �v�� a'� t��� n+�� # ��Y �m-) =É� ·

¸� v =L. LÉ9: E² mC  β[Si(OH)4]� P½��, t���

n+� ��� n+ V� β� "�a' �Ñ�� $� ��'� ��

� 0²� %& ' Í9: ·¸� v =L. \�Â9: τ(time)� V�

@A mC  γ(SiO2)� P½, t��� n+��� #$ mC� ���dγ
dτ
----- = β

Fig. 1. Schematic diagram of the semibatch reactor system.
1. Water bath 5. N2 gas
2. Micro feed pump 6. H2O solution
3. Stirrer 7. TEOS soltion
4. Reactor

Fig. 2. Change of αααα(TEOS), ββββ[Si(OH)4], and γγγγ(SiO2) with ττττ(time).

Fig. 3. Change in the relative yield of SiO2[(γγγγ−−−−γγγγ0)/(αααα0−−−−αααα)] and Si(OH)4
[(ββββ−−−−ββββ0)/(αααα0−−−−αααα)] with TEOS.
���� �38� �3� 2000� 6�
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n+ V� 
� JK� vw� # 
� Í9: d!ÆL. Fig. 3� τ
(time)� V� (γ−γ0)/(α0−α)M (β−β0)/(α0−α)� ñ< 8�	:� TEOS

� ñ<¿� �( SiO2 Ý E² mC  Si(OH)4� >V vw� �	Ï

L. SiO2 >V vw� P½, t��� n+� )*� ��� n+� )*

V� �+� �D-) =� Í9: �� @A #$� V� >V vw

� ÿ 1.2, # (� Í9: ·¸� v =L. �
� �i� Fig. 4�

���i t��� n+�� TEOS� V� ;�� IÚ$� >V vw

� 0²� �� ¸+� ;° data� 8�	��' �-� �����

ÿ 26%, t��� n+��� ÿ 38%:� ��� n+ V� ÿ 1.5

,� ��� �	 Fig. 3� PHi /*� �i� �¼L. 8
k ��

¿ ¸u��� ;°DM ÿ²� ¶�� ���7, �� ;�� IÚ$

� t� a'� o+, ¡�0 �m� .¶M vw ¸+�� �m� ;

° .¶�� �¾Æ �i: d!ÆL. Ç� #$� ,� Ý particle

number density� P½ t��� n+�� mCÆ #$� ,�� ��

�* J�L # ,� JK�(Fig. 5), t��� n+��� #$ �v

(1015�/cc)� ��� n+(1016�/cc)�L ªZ), ¯ P½ â¯ 0²�

Pi¥� �� *+��� Í� ù v =ZL(Fig. 6).

�ç, Fig. 3�� E² mC  β[Si(OH)4]� P½' t��� n+�

)*� ��� n+� )* V� ë0 �+� �D¥9:¦ E² mC

 � >V vw� (� Í9: ·¸� v =L. �iª9: E² mC

  Si(OH)4� >V vw� (�v� @A mC  SiO2� vw' (�

Í9: d!"�7, 8 ��� LÉi NL. �, t�� TEOS/Si(OH)4
/SiO2M N� |0t� Ç� |a t�� P½ �r EF� ñv�

Fig. 4. Change of the yield with reaction time for 0.1 M Si(OC2H5)4,
6.0 M H2O and 0.7 M NH4OH.

Fig. 5. Change of the particle size with reaction time for 0.1 M Si(OC2H5)4,
6.0 M H2O and 0.7 M NH4OH.

Fig. 6. Change of the particle number density with reaction time for
0.1 M Si(OC2H5)4, 6.0 M H2O and 0.7 M NH4OH.

Fig. 7. SEM micrographs of particles made at following conditions(H2O
6.0 M, NH4OH 0.7 M).
(a) Si(OC2H5)4 0.5 M batch, d=175 nm, (b) Si(OC2H5)4 0.5 M sem-
ibatch, 1.66 cc/min, d=392 nm
HWAHAK KONGHAK Vol. 38, No. 3, June, 2000
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0²¾7, �J  -� mC � SiO2* P½ t� ~È Ý BC� �

�� SiO2� V� vw� �+"5 �L. 6ÿ 1É t�� ��) ¯

�Ë t�� Ø�Lu, mC  Si(OH)4� 2iª9: ��� 5�Ñ

Í�L. 8
k 8M tV: 1É t�� Ø�) ¯ �Ë t�� ��

Lu (� vw� Si(OH)4� �� v =Y ÆL. �
� ¸u9: ù

J ó$� P½� �û"� t��� n+� vw ¸u�� ��� n

+�L� L� ��� Í9: m´ÆL. ��� { |}��� Si(OH)4
 ³� 
� mC"5 �iª9: SiO2  ³' 
� mC"� t��

6e�7 ­s� 34ZL.

 

4-2.  �� � � !"/012 6
7 ��� 89 45

Fig. 7� 6.0 M H2O, 0.7 M NH4OH 8�) 0.5 M� TEOS� ´

´ ��i t�� n+�� t�04� J� SEM d��L. (a)� �

� n+� ��� mCÆ �i:� ;�� #$� ,�� ÿ 175 nm

�ZL. (b)� P½, N� Ã' ~È-�� ���� �5 t�� n+

9: ;°� �i #P� 392 nm:� (a) V� ÿ 2, �>9: ��

-¼L. �iª9: N� Ã'~È� ��  ³��� t��� n+*

J� t� 0²� Pi¥� �� #P� ��-) =É� b v =Z

L(Fig. 8). Ç�, Fig. 9�� k�à Í16 #' �2� �i' t��

�* J� ��� �L >û� ¨©¥� ù v� =L.

Fig. 10� t��� n+�� TEOS� Ã' ñ<� �( 2i� 7

8{ ;° �i�L. (a)� TEOS 0.1 M* J: ;�� #$� ,�

� ÿ 300 nm�Z9., (b)��16 TEOS� Ã'� 0.5 M: ��

04� J, #$� ,�� 365 nm: ��¥� ù v =ZL. � P½

Fig. 8. Change of the particle size with reaction time for H2O 6.0 M
NH4OH 0.7 M, Si(OC2H5)4 0.5 M.

Fig. 9. Particle size distribution of the silica with variable condition for
H2O 6.0 M, NH4OH 0.7 M, Si(OC2H5)4 0.5 M.

Fig. 10. SEM micrographs of particles made at following conditions
(H2O 6.0 M, NH4OH 0.7 M).
(a) Si(OC2H5)4 0.1 M semibatch, d=300 nm, (b) Si(OC2H5)4 0.5 M
semibatch, d=365 nm

Fig. 11. Change of the yield with reaction time for 6.0 M H2O and 0.7 M
NH4OH in semibatch reactor.
���� �38� �3� 2000� 6�
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vw' ��-	(Fig. 11) Ã'� �( #$� ,�M vw� >© �

ê¥� b v =ZL.

4-3. :; <=# >? �� � @A 45

t��� n+�� �¿ ñ<� �( ;�� #$� #P Ý vw�

ñ<� Fig. 12� k�k =L. TEOS 0.5 M� �j� 0.33-5.0 cc/min

� �¿9: ñ<0�u� t��¢: ¤�� J �¿� ���v�

#Pi vw â¯ "�-� PH� �¼L. �
� �i� �\' �

¿� ��¥� ��� ��� n+i �d-Y "5 Cr )*� �Ñ

�� ��¥9:¦ #$� ,�� $��) /0� vw' ª5��

Í9: d!ÆL.

4-4. ��B� CD E$# >? FG 45

t��¢� H2O �j� ¤�Æ >?�� TEOS �j� ¤�-�

± ;°i� �� TEOS �j� t��¢� =), H2O�j� ¤�-

� P½ Fig. 13� SEM d��� k�à Í16 ;�� #$� 9?

� }9� 9?� �5 �� :>� �m-¼L. (a), (b) â¯ 0²�

Pi� ó�' �� :>� ¡a "ZL. �
� :>� ¯ ��  ¾

� ;Sª9: $�� Í9: o<� v =L. ÊË� �]>9: TEOS

� �$û H2O = �$� ÙF�7 � P½� TEOS� �j V� >V

ª9: ª� ¨� H2O�j� �¿9: ¤�"5�� P½�ø: TEOS

�$� H2O �$M �: t�-�) -� JK¾ Í�), ¯ �Ë�

|aª9: ~`£ ¤�"5�� H2O �j(B)¢� morphological catalyst

� ë�� -� NH3� �� =9ø: t� ­�� pH� TEOS �j(A)

� |aª9: ¤�� P½M L� v =� JK� �� :>� �m

� Í9: d!ÆL.

5. � �

��i t�� n+� �� mCÆ ;�� IÚ$� BC� W� �

¹ ;°�i LÉi N� �]� �ZL.

(1) t��� n+� �� ;�� IÚ$� mC� ��� n+ V�

#' �2 ¨©, 2, �>� #P �� 8�) ÿ 1.5,� vw ��

� �i� �¼L. �
� �i� t���i ��� n+��� t�

a'�� µ¶ <-	 >© �¹� >9:¦ ?Ð Ç� ²Ðª9:

·¸� v =ZL.

(2) t��� n+�� �¿� ��¥� �� #P Ý vw� "�-

� PH� �¼�7, �� �¿� ��¥� �� t��� n+� �

�� n+9: ÐO-Y @9:¦ k�kY Æ �i: d!ÆL.

(3) t��� n+� ��� n+ V� �v�� a'� ��) #$

Cr )*� �Ñ�� $� JK� � TU� �� mCÆ IÚ$�

1���) #P� A� �iª9: vw� (� Í9: m´ÆL. �

�� Hó, B #Pi ¥C (� vw�  � P½�� t��� n+

�, $� ,�� ;�� IÚ$� ��7� ��� n+� ªD-��

d!ÆL.

����

CS : solubility

C*min : minimum concentration for nucleation

C*max : maximum concentration for nucleation

CA : concentration of Si(OC2H5)4

CA0 : initial concentration of Si(OC2H5)4

CB : concentration of H2O

CB0 : initial concentration of H2O

CC : concentration of Si(OH)4

CC0 : initial concentration of Si(OH)4

CE : concentration of SiO2
CE0 : initial concentration of SiO2
FA0 : initial molar flow rate of Si(OC2H5)4

K1 : hydrolysis rate constant

Fig. 12. Change of the particle size and yield with flow rate for H2O 6.0 M,
NH4OH 0.7 M, Si(OC2H5)4 0.5 M.

Fig. 13. SEM micrographs of particles made at following conditions[Si
(OC2H5)4 0.5 M, H2O 6.0 M, NH4OH 0.7 M].
(a) 180 min (b) 420 min
HWAHAK KONGHAK Vol. 38, No. 3, June, 2000
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K2 : condensation rate constant

K3 : reverse rate constant

NA : moles of A[Si(OC2H5)4]

q : volumetric feed rate of reactant

rA : reaction rate of A[Si(OC2H5)4]

SP : total surface area of silica

t : time

V0 : initial volume of reactor

H�IJ K�

α : dimensionless concentration of A

α0 : feed values for α
β : dimensionless concentration of C

β0 : feed values for β
γ : dimensionless concentration of E

γ0 : feed values for γ
τ : dimensionless time

τ0 : integral constant

ω : dimensionless concentration of B

ω0 : feed value for ω
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