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Abstract − In this study, spherical fine pre-mullite particles were prepared by partial hydrolysis method to control the reac-

tion rate difference of two alkoxides, and by mixed solvent method to control the particle shape. Based on the adaptation of
Mie theory, the formation mechanism of pre-mullite particle in alkoxide-octanol-acetonitrile system has been investigated by

measuring of the turbidity of solution, the number density and the size of the particles during the reaction. As the acetonitrile

was added in the alkoxide-octanol solution, the solubility of the alkoxide decreased. A part of alkoxide was segregated from

solution in the form of droplets, whereas the rest of the alkoxide existed as dissolved state in octanol. The droplets are stabi-

lized with stabilizer (HPC). In the next step, hydrolysis and condensation reactions of the alkoxide droplets decrease the size of

droplets and, at the same time, fine particles are formed from the alkoxide dissolved in octanol. Subsequently, the final parti-

cles are produced by aggregation between the large particles through the droplet form and the fine particles. 

Key words: Mullite, Sol-Gel Process, Mixed Solvent, Partial Hydrolysis, Emulsion, Metal Alkoxide, Mie Theory
1. � �

��� ���� �	 �
 � �
 �� �� ���� �� ���

(SiO2)��, ��� ����(Al2O3)��,   �
� !"# 2/3 �$�

���� %�. Mullite� �&'   �
(� ��)* +, � -.�

/ $01� 23' $4� 56�7, 89:� ;<,# =�+� �

��� >?' @3$�: AB1 CD !EF �G* HIJK �L

+��. M&� NO1�� P# QRS� T: AB1 Al2SiO5# �	

U� V� H ��# NO W+(Sillimanite, Kyanite, Andalusite)� X

YZ(� mullite [\1 �� ]^S) _�. M&� NO `ab ]^

�c mullite HIJKb [\�d e8� f� -�$� 56�c g

Z, :hZ �i� j)*�. M&� 1970k �lEF mn �opq r

�e8# `ab ]^' s�t L�u� v�c �e8�7, -�$�

Z� wx' mulliteb L��: py�z�[1].

mn �opq# {| n8� mn �}# ~�1 �I �� ���

���. �, Si(OC2H5)4� W(OC2H5)6# �x
� {| n8� ���,

Zr(OC2H5)4 Ti(OC3H7)3 � Al(OC3H7)3 r# {| n8� �w ���.

�� �� mn �opq# {| n8# ��� mn �}# !:��

8� ��' $��h� %�[2]. �I� Zr-, Ti-, Al-�opqb ��

+,� ]^�c�� �.' �8 
�b V� ��# �
"b [\

�:� )��. �� �� B[;� �@�: �' �u �1 ��� �
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L^�u��. �L^�u1 #' �� mn R�+ [\� ^�1  

' �opq� +# ^�8� ¡��# ��b �^' ���. �, Zr-,

Ti-, Al-�opq r {|�� �¢ �opqb n-Octanol£ +� ^�

' Acetonitrile ̂ ¤1 ¥��d, +
9� ¡x� ^�¦ Acetonitrile

1 ^��S�, �opq� ^��S) %� E
£ ¤Z �4� $


�S� E
(� 56'�. M&§� +
9� �opq�# �¨� )

G© {| n8� ª«�/ S§� {| n8� �¢ ¬L �opq �

mn �opq�EF �� �
"# [\� �i��[3]. �I� �L

^�u1 #�c Mullite[4-6], TiO2[7] � Al2O3[8] r# �� �
"�

[\S­�. M&� ®¯� �L^�u1 #' �� �
" L�:�1

 ' O�� P# ��)�� T� %�. �I� ° O�1�� �L^

�u� �^�c gZ 23�£ �}1�# ±8� wx�c =�+,

w> ²X:, ³�8´ (radome)r# �}^ �\6a � W	6a, IC

:µ, �" !�,[9, 10] r1 �� �^S� %� 3Al2O3�2SiO2 \

�# mulliteb [\�z(7, Mie �¶� :·� �c {| \¸# ¹

�� �9 Q� X3 :�� º~ �9# »:1 �¼� ��1  �c

�½�z�. ¾1� ¿À�zÁ� �� �� Al-�opq� Si-�op

qb ]^�c mullite !�
"b L��� Âw,   �opq# �x


�� ÃL�L {| n8# �� AB1   �opqb Äp1 +£

{|pÅd �.' \�# mullite !�
"b L��:� Æ� T�.

�� �� B[;� �@�: ��c ° O�1�� {|n8� �Ç

tetraethosysilane(TEOS)b ÈÉ E
 �x
�pÊ l, aluminium sec-

butoxide(ASB)b ¥��c ÈÉ ¬L �opqb [\�z�. {| ¹

x�� 23�[� ¥�S� Hydroxy propyl cellulose(HPC)# Ë8�

[H2O]/[alkoxide]b Ì3�z�.

2. Mie ��� ��	 
� � 
��� ��	 
����

Í� EÎÏ npÐ# �9b �Ñ�� 
Rh# Ò8(τ= npR)� ��

£ �� ÓÔÕ�.

ln(Io/I)=npRx (1)

I0� 
Rh1 >]Õ Ö# ±8��, I� 
Rhb ×£�� �} Ö

# ±8��. x� Ö� ×£' Ø��7, RÙ� Í� ±8# !9Ú�

>]S­� A ��# �1 #�� RÛÕ !" Ö1Ü�(scattering

cross section)��.

Mie [11-12]�¶(�EF

(2)

rs� �9 {�Ý��, k* (k*=R/πrs
2)� Þ�` RÛ $x (scattering

coefficient)�7, ̂ ¤£ 
R �9# ßàá# â¦ m£ α (2πrs /λm ã

� πD/λm, D=�9# �Ý, λm=Ö# >Úx)# Ñx��. ρ1� �9#

�8, Cb 
R �9# Ë8 (g/cm3)I� �d

C=4/3πrs
3npρ1 (3) 

�7, Eq. (2)� ��£ �� ÓÔÕ�.

(4)

cb 
Rh 100 gÏ �9# ,ä�I� �d

(5)

ρ2� 
Rh !"# �8��.

�� �91 #' Ö RÛ1 Z^Õ Mie equation� ��£ �� U(

� ÓÔÕ�[9].

(6)

(7)

(8)

J�� �½ d� !9:Ú# *å ��£ x¯(� æ�S­(7 >]

Ú� Í� ±8b �, A γ�1 #�� 3#Õ ��(� ' Ð# �

91 #�� RÛÕ Ö# !" ±8��. J�� electric vector� xç

(� *Äè A# RÛÕ !" Ö# ±8��. An£ Bn� �� !9

E
Ú� 9: E
Úb #��7 an£ bn1 #� ��£ �� ÓÔÕ�.

(9)

(10)

c:�

an =

(11)

bn =

β = mα (12)

Sn(x)� Bessel function Jn+�(x)� �hS7 ��£ �� ÓÔÕ�.

�
Jn+�(x) (14)

Gn(x)� -]�/ ��£ �� 3#Õ�.

�
J−n−�(x) (15)

Sn' (x)� Gn' (x)� x1  ' �
 Ù��.


Rh# ̂ �� �9# EÎ â1  ' Ò8� ��£ �� ÓÔÕ�.

  

  (16)

φ� 
Rh =# �9# EÎ
á��, V� �9 ��# EÎ�7, (τ/π)o
1� o� φ� 0(� xéÑ� #�'�. � �9ê�# $ë {�ì�

Þp è x %8í îïÕ $4b #�'�.

U (16)� Ë81  �� ÓÔ�d ��£ ��.

(17)

τ k* πrs
2np=

τ k* πrs
2 3C

4πrs
2ρ1

---------------- k* 3C
4rsρ1

------------ 3k* C
2ρ1D
-------------= = =

200ρ1λm

3πρ2

--------------------- 
  τ

c
-- 

 
o

k*

α
-----=

J⊥
λm

2

4π2rs
2

-------------
AnPn′ γcos( )

sinγ
-----------------------------

∞

1
∑ Bn

d
dγ
-----Pn′ γcos( )+

2
=

J||
λm

2

4π2rs
2

------------- An
d
dγ
-----Pn′ γcos( )

∞

1
∑ BnPn′ γcos( )

sinγ
-----------------------------+

2

=

R
λm

2

2π
------

an
2 bn

2+
2n 1+

-----------------------
∞

1
∑=

An

an

n n 1+( )
------------------=

Bn

bn

n n 1+( )
------------------=

1–( )ni 2n 1+( ) mSn′ α( )Sn β( ) Sn α( )Sn′ β( )–[ ]

mSn′ α( )Sn β( ) Sn α( )Sn′ β( )– 1–( )ni mGn′ α( )Sn β( ) Gn α( )Sn′ β( )–[ ]+
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

1–( )ni 2n 1+( ) mSn α( )Sn′ β( ) Sn′ α( )Sn β( )–[ ]

mSn α( )Sn′ β( ) Sn′ α( )Sn β( )– 1–( )ni mGn α( )Sn′ β( ) Gn′ α( )Sn β( )–[ ]+
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

Sn x( ) πx
2

------ 
 =

Gn x( ) πx
2

------ 
 =

τ φ⁄( )0

npR

volume fraction of the spheres
------------------------------------------------------------------------- 

  np

φ
----- 

  R⋅= =

1

4 3⁄( )πrs
3

--------------------- 
  λm

2

2π
------

an
2 bn

2
+

2n 1+
-----------------------

∞

1
∑⋅=

3π
α3λm

------------
an

2 bn
2

+
2n 1+

----------------------- R
V
----=

∞

1
∑=

τ
c
-- 

 
0

0.01
ρ2

ρ1

----- 
  τ

φ
--- 

 
0

=
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c� 
Rh 100 gÏ �9 ,ä��. M&§� λm=589.32 nm, ρ2=3.17 g/cm3,

ρ1=0.8099(° O�#  ÓZ¦ �ð \¸)# Âw� ��£ �� Ó

ÔÕ�.

(18)

(τ/c)o# Í�� cm−1��.

U (5)# ñò ²� ó  �ðZ(� ô� x %� Ù�§� �ð�

v�c k*/α# Ù� ô� x %�. M�� U (18)� EF (τ/c)o� α#
�hb �d k*b �è x %(7, ã' α=2πrs

2/λm# U(�EF rsb

�è x %�. �� �� �' k*, rs � τb U (2)1  ��d ^¤ =

# �9x npb �è x %�. 

3. �� ��

50oC1� ��� `¦ Tetraethoxysilane(Si(OC2H5)4, Merck Co., �

� TEOS� Ó:), n-Octanol(CH3(CH2)6CH2OH, Yakuri Pure Chemical

Co., 99.5%) � õ�x �L ^¤1 �} ö÷ Õ õ�x� 20ø îïÕ

,R (HNO3, Merck, 65%)� ¨�� ¥��c ö{ �d� 50oC1�

24pù Ä2 {|pú ���� `¦ Aluminum sec butoxide(Al(OCH

[CH3]3C2H5)3, Fluka)1 â� $ Z(� {| n8� �Ç TEOS1  

' E
 �x
� {|� xå�z�. TEOS� E
 �x
�Õ ^¤

# }8b 80oC� û�� �ð \¸1 �I ����# �� +,¦

ASBb ¥�' �� ö{�d� 24pù Ä2 {|pú ¬L �opq

b [\�z�. M�� ¬L �opq ^¤# }8b 40oC� �±pÊ

l 23�[� ]^Õ Hydroxy propyl cellulose(Aldrich Chemical Co.,

Average M.W. 100,000)� ^�Õ octanol� �ð \¸1 �I ¥�'

�� 15
ù ö{�c HPCb ^¤1 �.�/ 
Rpü�. � ^¤1

õ�x, octanol � Acetonitrile(CH3CN, Yakuri Pure Chemical Co.,

99.5%) �L ^¤� ¥��� 1
ù ý��/ ö{' l 1pù Ä2 ²

}� -��d� ��þ {|pú �� mullite !�
"b [\�z�.

{|� ~aÕ l �9� c£ X3� v�c 
��� 100oC1� 24

pù Ä2 ¸\�z�. Table 11 ° O�# {|\¸� �ÿ=­�. .

3' {|pù1 �I ��' 5 ml# pab 50 ml# n-butanol1 îï

' ^¤# Ò8� UV/VIS spectrophotometer(JASCO, V-550)b �^�

c ò3�z�. �L^�# �8� � �
# ���(additive)(� �3

�z�. Q�Õ �
"# �8� mullite# �¶�8(3.17 g/cm3)� �3

�z�. Q�Õ º~ �9# �4� »: 
�� Scanning Electron

Microscope(SEM, Philips 535M)b �^�c 20 kV# \¸(� �½�

z�.

{|pù1 �I Q�Õ �
"# Þ/� ��£ �� ò3�z�. .

3' {|pù1 8��c ��' {|^¤ 5 ml# Þ/(Wtot)b ò3

�z�. {|^¤1 ¥�Õ \�£ Ä.' \�# ex' ���, ®H

<��	 � +# �L+ 5 ml# Þ/(Wsol1)b ò3�z�. (Wtot)£

(Wsol1)# ��b 1� ^¤=# �9# ,ä(WPar.1)(� �3��, �9

# �¶Z �8� ,ä# �h�EF {| ^¤ =1� ���� �9

# EÎ(VPar.1)b hR�z�. 5 ml� (VPar.1)# ��� {| ^¤ =1

56�� ^¤# EÎ(VMSol.1)� Õ�. Wtot£ (VMSol.1)# ,ä ��b

2� ^¤=# �9 Øä(WPar.2)(� hR�z�. �� �� {¬ hR

� 10−10 g/ml�� C� 
�1 8�è A�� xå�z�.

4. �� � ��

4-1. Mie ��� ��� Mullite  ���	 
� �
 ��� ��

��� �� �� ��

Mie theoryb �^�c {| pù1 �¢ �9# »: � �9# x

�8 ¹�b ò3�: ���� {| pù1 �I Q�Õ �9� �{

| �opq# {|� �ÍS�, �9� ]�# $ëy^1 #' 2�

RÛ� Þpè x %8í ^¤� Þ' îï $4� S)
 '�.

Fig. 1� Table 1# CH3 \¸1� �9b [\Ñ1 %) {| pù�

10· Â£�� A {| ̂ ¤ 5 mlb ���c 20-100 ml# butanol1 î

ïpÊ l 10
� Â£�� A butanol EÎ1  ' (τ/c)o# Ù� �ÿ

=� %�. Fig. 11 #�d 50 ml �$# butanol1 {| ^¤ 5 mlb

¥��c îïpÅd (τ/c)o# Ù� .3��� � x %�.

Fig. 2� CH3# \¸(� �9b [\è A {| pù� 10· Â£

�� A ^¤ 5 mlb ���c 50 ml# butanol1 ¥��� A# pù

Â£1 �¢ W×£á# ¹�b �ÿ=� %�. Fig. 21 #�d 30


38# pù� Â£��I8 W×£á# ¹�� P# �ÿ�� T� %

�� � x %�. �I� Fig. 1£ 21 #�d 5 ml# {| ^¤� 50 ml

# butanol ̂ ¤1 îï�d �{| �opq1 #' �9 �
�� �

Q� � �9 ]�# $ëy^1 #' 2� RÛ� .)�� T� Þ'

îï $4� -�Õ�� ]aÕ�.

τ
c
-- 

 
o

408.59
1

α3
-----

an
2 bn

2
+

2n 1+
-----------------------

∞

1
∑=

Table 1. experimental conditions

1. The effect of HPC contents.
[HNO3]=0.667×10−3 mol/l, Total H2O=0.5 mol/l, (unit=mol/l)

Name  HPC(g/l)
Partial hydrolysis of TEOS  ASB added  Octanol Condensation

TEOS  H2O  Octanol  ASB  Octanol  Octanol  H2O  Acetonitrile

 CH1  0.00  0.0333  0.0666  0.5  0.099  1.063  1.993  0.4334  7.65
 CH2  0.08
 CH3  0.10
 CH4  0.15
 CH5  0.30

2. The effect of water added at condensation reaction.
HPC=0.1 g/l, [HNO3]=0.667×10−3 mol/l

Name
Partial hydrolysis of TEOS  ASB added  Octanol Condensation

TEOS  H2O  Octanol  ASB  Octanol  Octanol  H2O  Acetonitrile

CW2 0.0333  0.0666  0.5 0.099 1.063 1.993  0.233 7.65
CW3 0.433
CW4 0.633
CW5 1.433
HWAHAK KONGHAK Vol. 41, No. 4, August, 2003
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4-2. αααα� �� (ττττ/c)o� ��

U (11)-(15) � U (18)# ��F ��M�(�EF �' α� m# ¹

�1  ' (τ/c)o# Ù� Fig. 31 �ÿ=­�. � MD�� Ö� �x�

� T� colloid x�# 
Rh# �9 »:b @3�: �' �?' 9

a� Õ�. Fig. 31 #�d (τ/c)o� mÙ� 1.3£ 1.05¦ Âw �� α
Ù� 5� 20�� Í\ õ�Ñ� � x %�. M&§� � MD�� ^

¤# Ò8 ò31 #�c ^¤ =# �9 »:b hRè x %�. ã'

Q�Õ �9# ßàá£ �8b �¶Z¦ mullite# Ù¦ RI=1.654�

3.17 g/cm3(� �3�(§� m=1.1821 Ì� ° O�1 Z^ � x %�.

4-3. �� � � �!" HPC #$� %&

Fig. 4� 5� �� HPC Ë8 ¹�1  �c {| pù1 �I Q�

Õ �9# »:� �9# x�8 ¹�b �ÿ=� %�. Fig. 6£ 7�

�� {| pù1  ' Ò8� xá# ¹�b �ÿ=� %(7, Fig. 8

� º~ �9# SEM 
ï @£��, Table 2� {| \¸1  ' [\

X3# ��� �ÿ=� %�. Fig. 81 #�d ó� \¸1� �� �

9� Q�S­(�, ¤Z# 23�[¦ HPCb ¥��� T� CH1#

Fig. 1. Specific turbidity as a function of butanol volume.

Fig. 2. Transmittance as a function of time after the 5 ml sample added
in the 50 ml butanol.

Fig. 3. The specific turbidity (ττττ/c)o with αααα.

Fig. 4. Dependence of particle sizes as a function of time for different
HPC contents.

Fig. 5. Dependence of particle number density as a function of time for
different HPC contents.
���� �41� �4� 2003� 8�
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\¸1� [\Õ º~ �9� ���' �4b �ÿ=� %�� � x

%�. �� �� Ô$(�EF HPC� ^�1 ^�Õ l ¤Z� Q�S

d ;��� ±' ��  � !�) ¤Z� 23' $4b -�è x

%/ �7 HPC� ¥�S� T(d ö{1 #�c ¤Z# �4� $


�Õ ¬L �opq� ��� -��� "�d� ÃL�L {|1 #

�c º~ �9� �
�: AB1 ���' �4� S­�� ]aÕ

�. Table 21 #�d #� Q�Õ �9# �Ý� â$�� HPC Ë8

� õ�èxí Q�ä£ �9# x�8� ª«Ñ� � x %�. M��

Fig. 4� 51 #�d CH2# Âw(HPC# Ë8� f� \¸)1� {|

·:1 �9# »:� Àýþ õ��� �9# x�8� õ���� À

ýþ ª«Ñ� � x %�. �� �� Ô$� HPC# Ë8� f(d {

| ·:1 $
�1 #�c Q�Õ ¤Z� 23� -��� "�� Fig.

9� �� L"(Coalescence) Ô$� .)�: AB�I� ]aÕ�. �,

¬L �opq# ¤Z� ��£ �� �x
� {|� v�c % ]&

# �opq:� -OH:� ¼÷S� ÃL�L {|� v�c -OH:�

-O-@L� ���d� �9# »:� ª«�/ Õ�.

Fig. 6. Dependence of turbidity as a function of time for different HPC
contents.

Fig. 7. Dependence of yield as a function of time for different HPC con-
tents.

Fig. 8. SEM images of premullite particles prepared at different HPC contents.
HWAHAK KONGHAK Vol. 41, No. 4, August, 2003
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arts.
=Al-O-CHCH3C2H5+H2O ' =Al-OH+HO-CHCH3C2H5

≡Si-O-C2H5+H2O ' ≡Si-OH+HO-C2H5

     (Hydrolysis)

=Al-O-H+H-O-Al= ' =Al-O-Al=+H2O

≡Si-O-H+H-O-Si≡ ' ≡Si-O-Si≡+H2O

≡Si-O-H+H-O-Al= ' ≡Si-O-Al=+H2O

(Condensation)
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Table 2. Characteristics of reaction process at different HPC contents

W.P.I. (g) P.D.I. (nm) N.D.I (×1010/ml)  T.D.I (sec) T.N.D. (sec) Yield (%) F.P.D. (nm) F.N.D (×1010/ml) SEM  (nm)

CH2 1.0648 470.00 2.82 0 60 75.2 640 1.20 647.5
CH3 0.8731 469.34 1.67 150 180 74.1 465.79 3.76 467.2
CH4 0.8220 467.00 1.58 600 600 72 432 3.99 431.5
CH5 0.7794 465.00 1.44 - - 71 410 4.56 412.3

W.P.I : weight of particle produced after 10 sec growth time
P.D.I : particle diameter after 10sec growth time
N.D.I : number density after 10sec growth time
T.D.I : reaction time for the beginning of increasing of particle size
T.N.D : reaction time for the beginning of decreasing of the particle number density 
F.P.D : final particle diameter
F.N.D : final number density of particles

Fig. 9. Mechanism of particle formation produced at low HPC content.
HPC is depicted by heavy line and slash indicates the reacted parts. Fig. 10. Mechanism of particle synthesis at high HPC content. 

HPC is depicted by heavy line and slash indicates the reacted p

Fig. 11. Dependence of particle size as a function of time for different
water contents.
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Fig. 12. Dependence of particle number density as a function of time
for different water contents.

Fig. 13. Dependence of yield as a function of time for different water
contents.

Table 3. Characteristics of reaction process at different water contents

W.P.I. (g) P.D.I. (nm) N.D.I (×1010/ml)  T.D.I (sec) T.N.D. (sec) Yield (%) F.P.D. (nm) F.N.D (×1010/ml) SEM  (nm)

CW2 0.4259 480 0.78 180 300 51.2 518.67 1.532 519.8
CW3 0.8741 469.34 1.67 150 180 74.1 465.79 3.762 467.2
CW4 1.065 372.2 3.91 90 150 87.8 350.1 8.554 347.5
CW5 1.4969 210 32.04 - - 97.9 218 39.4 216.2
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