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Abstract—For a formation reaction of silica particles through hydrolysis and condensation of TEOS by
sol-gel method, the effects of [NH;] concentration, r(H,O/Si molar ratio), temperature and kinds of solvents
are investigated. When hydrolysis and condensation reaction in the sol-gel process take place under the
basic conditions of solution, hydrolysis is proved to be the rate-limiting step, and water-forming condensation
is dominant over alcohol-forming condensation. The rate constants of hydrolysis and water-forming condensa-
tion are proportional to the concentration of NH; while the increase of r accelerates the hydrolysis. The
activation energies of hydrolysis, alcohol-forming, and water-forming condensation are 5.99, 15.4, and 3.69
kcal/mole, respectively. The transesterification of alkoxide occurs through the change of solvents and the
steric effect exists due to the exchange of alkoxy group in the reaction. Steric effect and the molecular
weight of alcoholic solvent, it is observed, have a great influence on each reaction rate.
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8 4F Q] AHE(ie. particle uniform in size, shape
& composition) el #g FAl= A A 54 A
AAANE HFsHe Ee3E Bof ¥ opzt Fo,
Az, 98, A 2l AR 5 233k 4
gl M= o4 F83}ct

o]E 7 WAk {IAMES F A= W FY st
‘Zo FA otk o] AL Aol Lol 53
uk-gol 9ale] 7] AT E YA THE LI
o, 53] ‘AL TA 9 A 7]Adsld 2e=9
AbHE, ARSHE Al zel| w2 @E a4 2%, a2l 4
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F Yoz dAEe A
A (precursor)S o3 2=
24 EE 2FF0E o|FoA gith £UEA AY
gutdel P4 AL ubS ofAde] £8E 5 glelok
s, 2.4 FA Gl E FEI w3l ook
o2, 3]

Metal alkoxidet® E3} g7 w-3-38lr] W&ol @ol
A4EE Aot F-A4 Wl A (D 3]
el = ol 7k 2o 7 e R sk
2 g Ba52] 235§ condensation, 4] (2), (3)]
ueg S3le] & ¥ EHE Ak

M(OR),+yH,0 = M(OR),, (OH),+yROH ¢))

1714, M
R : alkyl group

: metal or metalloid

OR : alkoxy group

(RO),,M(OH), + (RO),,M(OH), =
(RO).,(OH), M-O-M(RO).,.(OH),+ROH  (2)

-
=

(RO),,M(OH),+ (HO),M(OR),, =
(RO),,(HO),,M-O-M(OR),,(OH),, +H,0  (3)

z.7 yge 24 gAd g FHE %3 dey
2Ae] B og] 7 BAAE olaslr]rt oE %
Aoln, o)2jdt Bt TAHH EdFHe B H
FEol 7]ddch

AR5 FAZzAe) W3 Hy0/Si molar ratio, Zvl 2]
229 =5 (pH), &4, €= S1& o8 A4 A7}
AREe HAANHE Aol Be AT A}SelA o}
ehdc}[4-8].

o]l AFHEo| &5k, W& r(H,0/Si molar ratio)
ez A o3 Whgal A $ol= ‘23 branch

R

81318} X322 N4E 19944 8%

23S sHE polymeric solution’ - A 3lm, wiwel
2 r @ 7 dEE EuiE ukgdl FASele 't
Z32gto] 2185 particulate solution’ & PAgcin
4ex it

B Aol -4 g o]&sle sl 3iAE

2. Kinetic Study

22 ol we TEOSZHH A7 JaE d&
Bee T w2 229 £ Aok F A w5
FEG Bgolth £ FUFY WL F 0E ARE
S ol shie Bol Y4sE 2UFY U
o, gg shhe dmge] YHHE FUFY W
ok webd Absd W ohest Rol vy &
alek

hydrolysis

=S5i-OR+H,0 =S5i-OH+R OH (4)

esterification

alcohol-forming

—Si-OR + HO-Si= condensatl'on
alcoholysis

=Si-0-Si=+RO H (5)

alcohol-forming

fi
~Si-OH + HO-Si= condensa %on @
hydrolysis

=Si-0-Si=+H,0 (6)

Kay$} Assink®) 7 Zztol| q}2d[9], Z¢F3
Aul-g-o FA19 ¢ glow, 3 Keeferol] w2m[10],
U2E FNollA] FppRae] A whe-S A 2713}
e 3% ofAdA 3 7H(protonation) el ©]Fte], 2
gl 714 2AsMAAE d2-82 gofAd st (depro-
tonation) o] 2jsto] dojup=d], dubH oz =7 ¥
oA ol gEE ot 27sY *TE DFREE
A z78kY ot:g kAR Hrlrch dejur|st o
ok g3 ok webd 9] A vbEAleA oul
22 FAF F gleow, g o] 7] Wk 3}
Hog vjepd 4

Si-OR+H,0 _Ki 5 .OH+ROH D

Si-OR+ HO-Si ket &i.0.si+ROH (8)
k N

Si-OH + HO-Si — % Si-0-Si+H,0 (9)
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&J7] A, ky : hydrolysis rate constant
kea : alcohol-forming condensation rate con-
stant
kew: water-forming condensation rate con-
stant

AAe DA 7] sk, W SEE Si FY
Amol etk e, 4 (D-(ORVE W
SE4E e ol vehd & gtk

_ d[Si-OR]

m =ky[Si-ORI[H,0]
+kea [Si-OR]{Si-OH] 10
- -d—[%(l =2kew[ Si-OHI?

+kea [Si-OR][Si-OH] —ky[Si-OR1[H,0] (1D

d[Si-0-Si]
dt
+kew [Si-OH? (12)

=kea [Si-ORI[Si-OH]

=% 3% WL ohest o) vehd 4 niLl.

nSi(OR)s+n{(4—a+b)/2]H,0 —
n(4—a) ROH+n[Si(OR)a(OH)b(O)(4*ufh)/2] (13)

o]7]A, a: no. of unreacted ethoxy group per No.
of Si([Si-ORJ/[TEOS],)
b: no. of unreacted hydroxyl group per No.
of Si([Si-OH)/[TEOS],)
n: no. of moles of Si

Al (13) o 2 8E

[H.0]=[H:01],
— (2[TEOS],— ([Si-OR]—[Si-OH1)/2) (14)

[ROH]=[ROH], +4{TEOS],—[Si-OR] (15)

[Si-O-Si]= (4[TEOS], — [Si-OR]—[Si-OH1)/2
(16)

o} 714, [H0J, : initial moles of H;O per unit vol-
ume
[ROH], : initial moles of ROH per unit vol-
ume
[TEOS],: initial moles of TEOS per unit vol-
ume
[Si-OR] : moles of Si-OR per unit volume
at time t

[Si-OH] : moles of Si-OH per unit volume

at time t
[Si-O-Sil: moles of Si-O-Si per unit volume
at time t

ol ROHS| AA &z H,09 axaks o 4 glow,
[Si-OR], [Si-OH] =] [Si-0-Silgt& 21(14)-(16)
225y 78 ¢ ek o] gEH A (N-(9Z Fo
A whe FEHE o) g8l S dT5 T3
et

Hel Ase 42 AL Es 42E5) Si-ORe o
ZA717b &L ASeln, Wl ¢tFZe] Si-ORH thE
4 7|(R'OH) & 7HA I & Al A (17) 3 2
of| A8 2 Ehek-S-(transesterification) o] &l ojdc}.

Si.OR+R'OH —»$i.0R' + ROH an

4 D met SbrEdst 5834 Bee e
el vebd % glek,

Si-OR+ HQOﬂSi-OH +ROH (18)
Si-OR'+ H20~kH—R'>Si-OH +R'OH (19)
Si-OR + Si-OHﬂ»Si-OSi +ROH (20)
Si-OR'+ Si-OHMSi-O-Si +R'OH @
Si-OH+ Si—OHﬂSi-O-Si +H,0 (22)
o37]4, kr :transesterification rate constant

kug : hydrolysis rate constant of Si-OR

kug' : hydrolysis rate constant of Si-OR’

keag : alcohol-forming condensation rate con-
stant of Si-OR

keax': alcohol-forming condensation rate con-
stant of Si-OR’
[(R'OH]=[R'OH],—[Si-OR’] (23)

[ROH]=4[TEOS],— ([Si-OR'J+[Si-OR])  (24)

[H,01=[H,0],—2[TEOS],+ (([Si-OR']
+[Si-OR]~ [Si-OH])/2) (25)

[Si-0-Si]= (4[TEOS],— [Si-OR’]—[Si-OR]
—[Si-OH])/2 (26)

o] ASoIE FnL(ARET} gol) To w2g
oF 5 glom, A (23)-(26) 2 ¥E 24 FEs| A7
dg Wse 2g 5 ook meby ¥ wyYE A
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o4, &l 2 42 &S, 181 $4EAR= TEOSE
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H}-2-7] & ‘ultra-sonic vibrator’ o] A&gc), ¥k-E-7]o
TEOSE 37isha ubg-o] NAH o, ub-g F7bof] A 85
A 3ke] wbg Azl mE B 47 L] wseks
ZA s}

Z3 ukg A|7bel] W AR BA)-2 gas chromatogra-
phy stgdond, H=(8ft*1/8 inch SS) ¢ FHEAe
Porapak Q(80-100 mesh) & A1-4-3tsic}. o9 49
exi 7h7h 180T ¢ 150C & #-33klen) & v
Ae F25 28 WP ZFEAL oMHES A
sttt

Table 13} 2% £ dFoll A 2183 A]2FE59] spec.3t
7t A 2708 b gl

4. Zdot o OF

4-1. gk20] HEE o|xl= r(H.0/TEOS molar ra-
tio)el &=}

Fig 2= oA 278}l 4(S2) [Si-OR], [Si-OH]

!
"NHOH

eluowwe Y)ix
pajeinjes [OYod[y

Gas
Chromatograph

Water bath

Ultra—sonic vibrator

Fig. 1. Experimental apparatus.
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Table 1. Specification of reagents used

Reagent Company Grade
TEOS Merck 99.5%
Ethanol CARLO ERBA 99.7%
Methanol  James Burrough Ltd. 99.85% w/w min
Propanol  Junsei Chemical Co. 99.5% w/w min
NH,OH Junsei Chemical Co. 99.5% w/w min

Table 2. Experimental conditions
TEOS [NHs] r(H,O/TEOS

Sampl
ample {(mol/l) (mol/l) molar ratio) T(C) Solvent
S1 2.0 4 25 ethanol
S2 2.0 8 25  ethanol
S3 2.0 10 25 ethanol
S4 2.0 20 25 ethanol
S5 15 8 25 ethanol
S6 25 8 25 ethanol
S7 0.5 3.0 8 25 ethanol
S8 2.0 8 30 ethanol
S9 2.0 8 35 ethaonl
S10 2.0 8 45  ethanol
S11 2.0 8 25 methanol
S12 20 8 25  propanol
2.0 )
——— cal.data
0anoa Si-0R
~ L5 an6as Si—0ll
.y +++++ Si—-0-S§i
S
£
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0.04 - i FAW e — A M—— ]
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Fig. 2. Variations of remaining groups as a function of
time for S2. Where X is OR, OH or O-Si.

2] 3 [Si-0-Si]¢) k5 Aj7tel ub2 A3 =]} o] &9
Wl ZAelck. Ay A (14)-(16)% E3ted GC
EAof o)3t A RE Tl e, o|2xx= 4 (10)-
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Table 3. Reaction rate constants for different molar ratios
of r

r 4 8 10 20
(H,O/Si molar ratio)
ky(l/mol- min) 6.16E-3 6.22E-3 6.38E-3 647E-3
kea(l/mol- min) 156E-4 1.64E-4 136E-4 152E-4
keudl/mol - min) 1.28 1.33 143 1.34

-—-— cal.data
o0 = 4
1.5 t oonooyr = 8
- anansr = 10
+++++t r = 20

Si-OR (mol/1)

0.5

B

. I S e |
0 100 200 300 400
Time (min)

Fig. 3. Variations of Si-OR as a function of time with r.
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§k°l Z7Vetoll atet Si-OR9| Zhaie whes| aoju,
olele Az rE Bol Erke ArpaE 2471
A% o 4 sleh Fig 4= re] Wste] 9E Si0-Sig
e et T o, o] Aol o3, re] F7)el
wreh 353 whge) o] SAgE 4 5 ek ol
ol £ ATANA Rt &5 Aoy, o
2tA 7lpis)e] Frtel wrel &35 whse] e
HAE e 7o)zt ARt

s b &b
e
vl
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=
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-_ COOO0r = 4
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Fig. 4. Variations of Si-O-Si as a function of time with
r.

4-2. 9120l &2 o|xl= HoHS| FH 1t

Fig.5& A% =7 Sool diste & 7 &Y
WS- 2| 7bel) whE w3} S xdol e, A 73}l 4 [NHa]
FEE A TIEA QL 74 9 S5 A4ES Table
4ol viebdigict,

ofzte] z7Aslel|A], -4 el @& TE0SY 7}
3l OH 9 Si bl digt 84 %) uh-g(Sp-2)
o 9Jate] dojdtdm deiA glri[12].

ro QR RO OR ro SR
N N N |

HO" + sli—OR———— HOL.Si-2OR —» HO—Si + OR-
OR OR OR

wab] W3- 559 R ol BS slefA]A, Ay

F4b7] 01 &(OH )& sk, o=l ¢2Yol ¥
29 Zrhe= 29 #g]E a7} 2)2E Table
49 Asps} zro] [NHy] Z7lel uwhe} 7pisl 4%
A%, ka7t 27bEE Al Abasn, o) F-A
o4 TEOSS| 7Hgali reuiofell &g Zuhel o
e wm UEe & F AUk

w3k obzte] ZAsIN FHEH S 34l Sp2

2 orelA glci12].
=Si-OH+OH —=Si0~ + HOH

t

RO or o
, |/ s }
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Fig. 5. Variations of remaining groups as a function of
time for SS5.

Table 4. Reaction rate constants for different concentra-

tions of NH;
[NH3](mol/l) 15 2.0 25 3.0
ky(!/mol- min) 4.16E-3 622E-3 7.13E-3 8.69E-3
kea(l/mol- min) 267E-2 164E-4 5.19E-5 994E-6
kewdl/mol - min) 865E-1 1.33 1.83 2.15

(deprotonation) =™, &Ad#3kd SiO~ 7} SiE A
A 283 E2 H3FE o] sRREg T g A
At} Table 4°“ w2, oA 2718}l A %% HA s
S5 S S5 AT ket 2 &S YA F
Ry B-}‘F ﬁE A5 ke ot & @& %H%Cﬂ, o2&
olfri= A A3 Si0 71 SiE F APl wet OR7)
Brh= A7) 4%/ oS & OH7I7b Adxez o
o4x yzpr] 7] dFelet AtEgel =3 [NH;17b
Z7Vdl wel, sl Sxb Fbstai, Si dA
ZF3]oll thsled ORoll4 OHES] A Fo] t] & wo] o
ojupAl =, mhebry Si YAt 912 A} E7](electron-
withdrawing) 43 £Aud] OH™ o] &9 F7}e ¢
sto Sio) "ok Alslrl & dejyde). zejr 2 [NH;]
Z7te ot 45 Ex S7hEE Helet Alsd
o, Table 49| A= o F sU=e] [NHz] F7}el
w2} kew?b F7HECE e RS A 5T
g wrg &5 A ket 2o i3 ol
(OH )& AEA)3} 0] &(CH:0) B}t A7) §4=7}
3, wp2bA =4k o] &3 A4 o] A At F
gl OH™ o]&9] Z7iol| e} M7 4% zlolel
oste] o EA|F} of o] Weix rlr] ojH A,

3|28 32 H4E 19944 8%

1.00 }
GO — 0
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~
-1.00 |
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°)
~
D — —t —a
hydrolysis rate constants, ky
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~5.00 : ! 1 1
0.10 0.20 0.30 0.40 0.50 0.60
log NH,y

Fig. 6. Relationships between rate constants and ammonia

concentrations.
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Fig. 7. Variations of remaining groups as a function of
time for S8.
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Table 5. Reaction rate constants for different tempera-
tures

T(C) 25 30 35 45
kg(!//mol-min)  6.22E-3 731E-3 841E-3 1.18E-2
kca(//mol-min) 1.64E-4 4.12E-4 6.38E-4 9.26E-4
kewdl/mol- min) 133 1.56 1.74 1.98

Ag mqeh ohe
k=k,exp(—E/RT)

Fig. 8- Table 5¢] Zz}o| @t & In ke} 1/T9] A&
ez 9led, A4 7127125, £ AP 275}
A} TEOSS 7pEslldl digt &3t A= 599
kcal/mol, 42L& A sk HFHlHE 154 keal/
mol 28] E& HAsH= E3¢ETol A= 3.69 keal/
mole]gich. o] ZHES M.W. Colby E[14]e js}]
z225 gkE7) vlwste] E9i(Table 6, 7 3x), 7 vk
ol A FA3) o= 7k 2ol Kol 9l
£, 023t o] f= Ful e FFo ws-E(eg TEOS,
H,0, EtOH) Fxo] @& At Alg o

4-4. 8k30f| &2 o|xl= B0l &#1

Fig. 9% Z2#&& $l& Al43te] 92(S12) =
AEEo ws FAelrt o] Afele Fig 28t 24
Lo Wzt 7]aldte] o 22 mEhb-go gt [Si-
OR'17} 8A"S ¢ 4 gled, oalx TEOS?} o8
47 138 7= L) o AH E wEulS-(transeste-
rification) & d°3-2 o 4= 3lch Table 82 &vf ¥

Table 6. Previous works on temperature effects[14]

O{N
b
=
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2
Eu)
apr
3l
b
2
2
4
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2.00 C——

water-forming rate constants
o—
-G

©

R Rt = A

-2.00 |-

In k

hydrolsis rate constants
-6.00 -

E——

T—

—d

) 0
alcohol-forming rate constamts—

-10.00 L -
3.10 3.20 3.30 3.40

1000/T(K)
Fig. 8. A plot of Arrhenius equation for hydrolysis alcohol-
forming and water-forming condensation of TEOS
in basic conditions.

sl e 7 W S5 45ES e U
UNHOZ o 2|2 WS WA A HukEo
olstel odri(12],

=Si-OR+R'OH — =Si-OR’'+ROH

Z o] ukg-& o) E(steric effect)ol] FeL ut=
o dHAH ded, £ A7) 23 (Table 8)ol A=
o F 9lRe], Z2FE ¥k d=kgedA JlaHE
aghibgo] o] wEA dodS o4 4= qck st
w&h-g-ql 7%l Si-OC;Hs9} Si-OCH;ell ol & 7445l
kg H 5 A Si-OCH;el 39 6% & 718 &
Flem, =2 329l 7%= Si-OCH. 2o} Si-OC,H;

System Comments

Tetraethoxysilane
Tetraethoxysilane, HCI

Activation energy for hydrolysis equal to 6.8 kcal/mole
Activation energy for polycondensation varies from 9 to 18 kcal/mole depen-

ding on the water concentration

Tetraethoxysilane, HCl and NH,OH
Silicic acid
sation

Activation energy for hydrolysis equal to 6.3 kcal/mole
Activation energy for polycondensation 8.0 to 30.5 kcal/mole, various conden-

Table 7. Systems and their polycondensation activation energies[ 14]

System

Activation energy Temperature range

1 TMOS :4 MeOH : 4 H,O

1 TMOS : 4 MeOH : 4 H,O 0.05 HCI
1 TMOS : 4 MeOH : 4 H,O 0.05 HF
1 TEOS:4 EtOH: 4 H,0

1 TEOS: 4 EtOH : 4 H,O 0.05 HCI
1 TEOS:4 EtOH:4 H;O 0.05 HF

1 TEOS:x EtOH :3 H,0 0.05 HF
1 TEOS: x EtOH:35 H;0 0.05 HF

14.63 25-70
10.54 4-65

9.10 0-54

464 40-70
13.19 25-70
14.62 4-70
14.53 40-70
19.31 40-70
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——— cal.data
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*%xx%x §Si—0R’
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Si-X (mol/1)
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Time (min)

Fig. 9. Variations of remaining groups as a function of
time for S12.

Table 8. Reaction rate constants for different solvents

Solvent Methanol Ethanol Propanol
kr 3.22E-3 - 6.49E-4
kur 9.37E-3 6.22E-3 5.08E-3
Kug' 1.88E-2 - 446E-3
kcar 7.85E-5 1.64E-4 4.35E-2
kcax’ 4.18E-2 - 7.31E4
Kew 1.75 133 1.01
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log ky=1.03Xlog [(NH;]—2.55
log kew=1.34X1log [NH;]—0.289

(3) 2 APolA 4P L% Welol A e 7w
<o B4 AUAE he R,

hydrolysis reaction: 5.99 kcal/mol
alcohol-forming condensation reaction: 15.4 kcal/mol
water-forming condensation reaction: 3.69 kcal/mol
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ABY|E
M : metal or metalloid
R : alkyl group
OR : alkoxy group

=Si-OR : silane bond
=Si-OH : silanol bond
=Si-0-Si: siloxane bond

r : HO/TEOS molar ratio

[H;0] :moles of HO per unit volume at time t
Cmol/1]

[ROH] :moles of ROH per unit volume at time t
[mol/]

[TEOS] : moles of TEOS per unit volume at time t
[mol/]



date] 2738t A -2 H#ell o]gk TEOSS 715 &alel E35¢ ub-go W3k

ky : hydrolysis rate constant [{/mol-min]

kea : alcohol-forming condensation rate constant
[{/mol-min]

kew : water-forming condensation rate constant
[{/mol-min]}

kr : transesterification rate constant [//mol- min]

kur : hydrolysis rate constant of Si-OR [//mol-
min]

ke’ : hydrolysis rate constant of Si-OR’ [//mol-
min]

kecar : alcohol-forming condensation rate constant
of Si-OR [//mol‘min]

keaz' : alcohol-forming condensation rate constant
of Si-OR’ [//mol-min]

a :no. of unreacted ethoxy group per No. of
Si

b :no. of unreacted hydroxyl group per No. of
Si

n : No. of moles of Si

T : temperature

k, : frequency factor

E : activation energy [kcal/mol]

g : gas constant [1.987 cal/mol-K]
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