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The alkali-resistant porous glass was prepared from the Si02-B203-RO (R = Mg, Ca, Sr, Ba 
and Zn) system containing Zr02. The porous glass skeleton contained 2-3 mass % Zr02 and 
the alkali resistance was greatly improved over that of ordinary Vycor-type porous glass. 
Because of the high alkali resistance, the elimination of the colloidal Si02 and Zr02 gelated 
during the acid leaching of the phase-separated glass, was promoted and as a result, a very 
sharp pore-size distribution of porous glass was attained. In addition, the limit of the available 
pore size of porous glass was widely expanded. 

1. Introduct ion  
The ordinary Vycor-type porous glass has been exten- 
sively used as membranes for ultrafiltration and liquid 
and gas separation, packing materials in chromato- 
graphy, adsorbents, and a carrier for catalysts and 
enzymes, though this type of porous glass has some 
defects. The water and alkali resistance is insufficient 
and the practically available pore diameter is re- 
stricted from 4-150 nm. In practice, it is important to 
obtain porous glasses with high alkali and water 
resistance for the following reasons. In the acid- 
leaching process of phase-separated glasses to obtain 
porous glasses, colloidal S i O  2 is deposited in the pores 
originating in the phase-separated structure [1]. This 
colloidal SiO2 is caused by the gelation of the SiO2 
component distributed in the acid-soluble borate-rich 
phase of the phase-separated glass during the acid 
treatment. In order to avoid the gelation of SiO 2, a 
very large quantity of acid solution is required. For 
instance, in a pipe-shaped sample 0.5 mm thick, the 
quantity of acid solution used to leach 1 g phase- 
separated glass (bath ratio), must be more than 1 dm 3 
[2]. Once the gelated SiO 2 forms, elimination is diffi- 
cult because powerful washing spoils the porous glass 
itself. If a porous glass has a sufficient chemical resist- 
ance, gelated SiO2 deposited in the pores can be easily 
eliminated without damage to the porous glass 
skeleton. Subsequently, a porous glass which has a 
sharp pore-size distribution can be obtained eco- 
nomically. Moreover, because amorphous S i O  2 has a 
water solubility of about 100 p.p.m, at room temper- 
ature [3], it is difficult to apply the ordinary Vycor- 

type porous glass in aqueous solution for a long time. 
This is a major barrier when porous glass is used as a 
membrane. 

Research and development of glass fibre-reinforced 
cement has clarified that alkali resistance of glass can 
be markedly improved by the addition of ZrO 2 to the 
glass composition [4]. The present authors have re- 
ported that ZrO 2 can be introduced into the siliceous 
skeleton of the porous glass using SiO2-B203- 
RO-ZrO 2 (R = Mg, Ca, St, Ba and Zn) glass as the 
mother glass [5, 6]. This system has not been studied 
as comprehensively as the mother glass of porous 
glass. Only a few reports have been published about 
this glass system by Voldan [7] and Taylor and Owen 
[8] in the research on potential host matrices for the 
incorporation of highly radioactive waste from nu- 
clear reactors. 

In this paper, a novel alkali-resistant porous glass 
prepared from mother glass based on this system, is 
described in detail. 

2. Experimental procedure 
2.1. Preparation of the mother glass 
The glass formation region and the stability against 
opacification during cooling were observed for the 
SiO2-B203 RO-ZrO 2 systems. The glasses were pre- 
pared by mixing the desired amount of optical-grade 
SiO2 and reagent-grade AI(OH)3 , H3BO3, NazCO3, 
ZrOz and RO or RCO 3. The powdered mixture was 
melted at 1400 ~ for 3 h in alumina crucibles in an 
electric furnace; and then cast on a steel plate. Each 
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TABLE I Composition of the mother glass of porous glass 

Mother glass Composition (tool %) 

SiO 2 B203 Ya20 RO ZrO 2 Al203 

Radius of R 2 + 
(nm) 

G O 66.4 22.8 5.7 
G-1 57.2 22.8 5.7 
P-Ca 57.2 22.8 5.7 
G-2 57.2 22.8 5.7 
G-3 57.2 22.8 5.7 
G-4 57.2 22.8 5.7 

- 3 . 2  1 . 9  

R = Mg 9.2 3.2 1.9 0.066 
Ca 9.2 3.2 1.9 0.099 
Sr 9.2 3.2 1.9 0.116 
Ba 9.2 3.2 1.9 0.136 
Zn 9.2 3.2 1.9 0.071 

time 250 g glass was melted. Two glass compositions, 
listed in Table I as P-Ca  and P-Zn,  were adopted as 
the mother glasses to study the characteristics of the 
porous glasses. 

2.2. Phase-separation treatment, acid 
and alkali leaching 

The phase separation was carried out at 600-800 ~ 
for 1-100 h. The borate-rich phase was leached with 
an aqueous solution of ly  HNO 3 for 48 h at 98 ~ 
The amount of acid used to leach out 1 g phase- 
separated glass (bath ratio) was 10 cm 3 g-  1. This cor- 
responds to less than 1/100 of that necessary to obtain 
ordinary Vycor-type porous glass without gelated 
SiO2. The use of H 2 S O  4 was  avoided in the first acid 
treatment to prevent the sedimentation of alkaline- 
earth metal sulphates. In the case of mother glasses 
which do not contain calcium, strontium or barium, 
this caution is not necessary. Thereafter, samples were 
leached again in an aqueous solution of 3N H z S O  4 at 
98 ~ for 48 h to dissolve colloidal ZrO2, which was 
produced from the ZrO 2 component of the soluble 
borate-rich phase and gelated during the first acid 
treatment similarly to the gelated SiO 2. The bath ratio 
of the second acid treatment was the same as the first 
HNO 3 treatment. Then glass samples were immersed 
in a solution of 0.4 N NaOH at 30 ~ for 5 h to remove 

gelated SiO 2. The bath ratio in alkali treatment was 
20 cm 3 g-1. Finally, the samples were washed with 
water and dried to obtain porous glass samples. 

2.3. M e a s u r e m e n t  of po re  cha rac te r i s t i c s  
Pore-size distribution of the porous glasses was meas- 
ured by the mercury penetrating method (Porosimeter 
Model 200, Carlo Erba Co., Ltd) for pore diameters 
larger than 10 nm. The pores with diameter less than 
10 nm were estimated from the nitrogen adsorption 
isotherms using the Cranston-Inkley method [91 with 
a Sorptmatic 1800 (Carlo Erba Co., Ltd). Prior to the 
measurement, the samples were heated at 150~ for 
2 h under a reduced pressure of 452 Pa. 

2.4. Analysis of porous glass constituents 
The porous glass samples were melted with sodium 
carbonate in a platinum crucible and analysed for 
SiO2 and B20 3 by the perchloric acid dehydration 
and mannitol methods, respectively [10]. The other 
constituents were analysed using an induction-cou- 
pled plasma (ICP) analyser model SPS 1200A (Seiko 
Co.) after dissolution in a solution of 46.5 % and 
HF 35% HC1 (HF: HC1 = 1 : 2 in volume ratio). The 
leaching solutions were also analysed to evaluate the 
composition of the soluble phase. 

ZnO 
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SiO2 + B203 + (mol %) ZrO2 
Na20 + AI203 

CaO 

100 / ,, x 0 
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Na20 + AI203 

Figure 1 Glass-forming region of the mother glasses: (�9 clear glass, (A) immiscible opaque glass, (x)  incomplete melting, and (O) 
composition adopted in this work. 
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Figure 2 Porous glass samples prepared from P-Ca glass. The 
length of the scale is 30 cm. 

2.5. Measurement of alkali resistance 
The porous glass samples were dipped in ly  NaOt t  
aqueous solution at 80~ for the prescribed time. 
After neutralization with 1N HNO 3 and rinsing, the 
sample was dried sufficiently at 130~ for 2 h in the 
evacuated condition and then weighed. The alkali 
resistance of the porous glass was determined from the 
weight loss ratio. All the porous glass samples tested 
had almost the same surface area, ~ 8 m 2 g 1. 

Figure 3 Scanning electron micrograph of the G-1 glass phase 
separated at 750 ~ for 10 h. 

2.6. SEM observation 
Porous glasses and phase-separated glasses were ob- 
served using an SEM model JSM-T100 (Nihon Elec- 
tron K. K.) after gold-coating. Figs 1 and 2 were taken 
after etching the phase-separated glasses with 3% HF 
aqueous solution for 30 s. 

Figure 4 Scanning electron micrograph of the G-4 glass phase 
separated at 750 ~ for 10 h. 

3. Results 
3.1. Glass-forming region 
The melt of the SiO  2 B 2 0 3 - R O  Z r O  2 system shows 
a strong tendency to opacify during the cooling pro- 
cess. However, the glass formation of this system is 
facilitated by adding Na20  and A1203. Fig. 1 shows 
the glass-forming region of the mother glass in the 
case of R = Ca and Zn. Among the glasses shown in 
Fig. 3, the glass with composition 57.2SIO2.22.8B203. 
5.7Na20" 9.2CAO. 3.2ZRO2' 1.9A120 a (tool %, P-Ca  
glass) and 67.5SIO 2. 14.9B203 �9 5.1NazO. 9.2ZnO. 
2.7ZrO2"0.6A1203 (mol%, P Zn glass) were con- 
firmed to be the best, because they were stable against 
the opacification during cooling and easily shaped. 
The glass samples were not damaged during the acid 
and alkali treatment and therefore shaped porous 
glass samples such as sheets, tubes, capillaries and 
rods were easily prepared [11] as indicated in Fig. 4. 
Therefore, they were adopted as the mother glasses to 
study the characteristics of the porous glasses. 

3.2. Tendency towards phase separation 
3.2. 1. Effect of RO constituent 
Table I shows the mother glass composition tested to 
clarify the effect of RO component where the addition 
of RO is fixed at 9.2 mol %. These glasses were heat 

TAB L E I I Pore characteristics of the porous glass 

Porous Median diameter (nm) Pore volume 
glass (cm 3 g 1) 

G-0  Collapse during alkali treatment 
G-1 Droplet decomposition (see Fig. 4) 
P-Ca 405 0.32 
G-2  217 0.85 
G-3 No phase separation 
G-4 Droplet decomposition (see Fig. 5) 

treated at 750~ for l0 h and then treated with 1N 
HNO a at 98~ for 48 h. Table II shows the pore 
characteristics of the porous glasses obtained from 
these mother glasses. Figs 1 and 2 show scanning 
electron micrographs of the phase-separation struc- 
ture of G-1 and G-4 glasses, respectively. G-1 glass 
containing MgO and G-4 glass containing ZnO show 
droplet structure and cannot be leached by the acid. 
G-1 glass, however, gives porous glass samples of 
73 nm pore diameter when phase separated at 700 ~ 
for 10 h. On the other hand, no phase separation was 
observed in G-3 glass containing BaO heat treated at 
750 ~ and even at 800 ~ This fact suggests that G-3 
has a low miscibility temperature or no tendency 
towards phase separation. 
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3.2.2. Effect of CaO addition 
Fig. 5 shows the median pore diameter of porous  
glasses obtained from the mother  glasses with 
composi t ion (59.5 - x)SiO2'  22.8B20 3 " 5 . 7 N a 2 0 '  
(6.9 + x)CaO" 3.2ZRO2" 1.9AleO3) (x = 0-2.3) after 
heat t reatment  at 750 ~ for 10 h. It is clear that  CaO 
is effective in promot ing  phase separation because the 
pore diameter of porous  glass considerably increases 
with increasing amount  of Ca O added in the mother  
glass�9 

3.3. Ef fec t  o f  h e a t - t r e a t m e n t  c o n d i t i o n s  
on phase  s e p a r a t i o n  

Fig. 6 shows the relation between median pore dia- 
meter and heat- treatment  conditions for phase separa- 
tion of P-Ca.  Fig. 7 shows the pore-size distribution 
curves of porous  glasses prepared from P-Zn .  The 
pore diameter of the porous  glasses increases with 
increase in the temperature and time of phase separa- 
tion. This is in agreement with the ordinary Vycor- 
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Figure 5 Relation between CaO content of mother glass and me- 
dian pore diameter of porous glass. Glass composition: (59.3 - 
x)SiO2 �9 22.8B203 �9 5.7Na20 (6�9 + x)CaO- 3.2ZrO 2 �9 1.9AlzO3,x 
= 0 2.3. Phase separation conditions: 750~ 10 h. 

IO, } 

E 
>o 1.0 
m 
0 

13- 

650 ~ 

2.0 

. . . . . . . . . . . .  . i~ 7 0 0 ~  

..i!! i z ooo 
: i i! 

. . . . . . . . . . .  ~.~.. ! i 800oc 

. . . . . . . .  ~:- .4- 
i7: .".i 
� 9  i i ,  

: !i i'. I 
: :i i t i , 

. "r ~ I 
0.0 i ... .4. :::.',M I 

1 10 102 103 104 

Pore diameter (nm) 

Figure 7 Pore-size distribution of porous glass prepared from P-Zn 
glass�9 Heat treatment time: 10 h. 

type porous  glass. The pore size of P - Z n  derived 
porous  glasses is smaller than that of P - C a  derived 
porous  glasses at the same heat- treatment conditions. 
The pore diameter obtained by this process ranges 
some tens of nanometres  to about  10 gm, as shown in 
Figs 6 and 7. The limit of the available pore size of 
porous  glass is thus widely expanded in compar ison 
with 4 - 1 5 0 n m  of the ordinary Vycor-type porous  
glass. 

3.4. C o m p o s i t i o n  o f  p o r o u s  g lass  
3.4. 1. Variation of composition of porous 

glass with acid and alkafi treatment 
Fig. 8 shows the variation of composi t ion of P - C a  
glass with acid and alkali treatment. The SiO z content  
increases with the dissolution of soluble borate phase 
during the first H N O 3  treatment and simultaneously 
the B20  3 content  decreases. The ZrO2 content de- 
creases after H2SO 4 treatment due to the dissolution 
of colloidal ZrO 2 gelated during the first H N O 3  treat- 
ment. The increase in pore size accompanied by the 
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Figure 6 Relation between temperature and time of phase separa- 
tion and median pore diameter of porous glass prepared from P-Ca 
glass. 

3436 

80- 

g 
t -  
O 

co 
O 

E 
O 
o 

60- 

40 

20 

SiO2 

[] Mother glass 
[] HNO3 
[] H2SO4 
[] NaOH 

[3203 Na20  CaO ZrO2 AI203 

Figure 8 Variation of composition of P Ca-derived porous glass 
with acid and alkali treatment. 



dissolution of gelated ZrO 2 is shown in Fig. 9, where 
the decrease in specific surface area and increase in 
pore volume are also noted. After the final alkali 
treatment, the ZrO z content of 2-3 mass % is ob- 
tained. Fig. 10 shows a scanning electron micrograph 
of the porous glass after the final alkali treatment. The 
pore structure originated in the phase separa{ion is 
clearly observed, verifying that the gelated materials 
are completely eliminated. 

The porous glass finally obtained contains a much 
higher concentration of B 2 0 3  and A 1 2 0 3  than the 
ordinary Vycor-type porous glasses and still contains 
the other components in considerable concen- 
trations. Accordingly, the S i O  2 content is as low as 
70-80 mol %. 
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Figure 9 Pore-size distribution of P Ca-derived porous glass after 
(a) H N O  3 and (b) H2SO 4 treatment. Heat treatment: 750 ~ 10 h. 
(a) Surface area = 101 m 2 g -  1, pore volume = 0.12 cm 3 g -  1; (b) sur- 
face area = 77 m2g  1, pore volume = 0.14 cm3g 1. 

3.4.2. Composition dependence of porous 
glass on phase-separation temperature 

Fig. l l shows the composition of the SiO2-rich and 
BzO3-rich phases in phase-separated P-Ca glass. The 
composition of the B203-rich phase was determined 
by chemical analysis of the leaching solution. Most of 
the CaO is transferred to the B203-rich phase and 
ZrO 2 and Na20 are also appreciably distributed in 
that phase. AlzO 3 is distributed in the SiO2-rich phase 
considerably, and in this phase the mole ratio 
NazO/A1203 approximately equals 1. This fact is 
confirmed by the results shown in Table III, where the 
composition of porous glasses prepared from P-Ca 
glass with varied heat-treatment temperature is com- 
pared. As shown in Table III, the CaO content is 
almost constant at different phase-separation temper- 
atures, though the Z r O  2 and A1/O3 contents increase 
with increase in heat-treatment temperature. Fig. 12 
shows ZrOz content of the porous glasses prepared by 
phase separation at 650-800 ~ for 5 h (P-Ca glass) 
and 10 h (P-Zn glass). The increase in the ZrO 2 
content of the porous glasses with increasing heat- 
treatment temperature is clearly shown. This is ascri- 
bed to the mutual approach of the composition of the 
silica-rich and borate-rich phases with increase in 
temperature, because the major part of ZrO 2 is dis- 
tributed in the soluble borate-rich phase, as shown in 
Fig. 11. 
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Figure 11 Composit ion of SiO2-rich and B203-rich phase of P - C a  
glass heat treated at 760 ~ 5 h. 

Figure 10 Scanning electron micrograph of the porous glass pre- 
pared from P - C a  glass. Heat treatment: 750~ 10 h. 

T A B L E  I I I  Composit ion of porous glass prepared from P Ca 
glass after heat treatment at various temperatures for 5 h 

Heat-treatment Composit ion (tool %) 
temperature 

(~ SiO2 BzO 3 N a 2 0  CaO ZrO 2 AI20 3 

730 73.7 18.6 2.1 1.96 1.18 2.45 
740 73.1 19.5 2.2 1.86 1.27 2.15 
750 75.5 16.6 2.6 1.95 1.27 2.14 
760 79.4 10.2 3.1 1.94 1.55 3.10 
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Figure 12 Dependence of ZrO2 content of porous glass, prepared 
from P-Ca and P-Zn, on the phase-separation temperature. Heat 
treatment time: 5 h (P-Ca), 10 h (P-Zn). 
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Figure 13 Alkali resistance of ordinary Vycor-type porous glass and 
P-Ca and P-Zn derived porous glasses. 

3.5. Alkali resistance 
Fig. 13 shows the results of the alkali resistance test of 
porous glasses prepared from mother glasses P-Ca  
and P-Zn. The alkali resistance of these porous glas- 
ses is by far greater than that of the ordinary Vycor- 
type porous glass. Moreover the pore size distribution 
of the porous glasses meticulously prepared from 
these mother glasses is very sharp as shown in Fig. t4. 
This is ascribed to the fact that the porous glass is free 
from the gelated SiO2 or ZrO2, at least in part. 

4, D iscuss ion  
4.1. Tendency towards phase separation 
In the SiO2-RO glass systems, the phase separation is 
caused by the competition for oxygen anions between 
metal ions and Si 4 + ions. Accordingly, the larger the 
cationic field of the metal ions, the larger is the 
tendency towards phase separation [12]. Here, the 
cationic field is expressed as F = z/r (z is the cationic 
charge, namely 2 for alkaline-earth metal and zinc, r is 
the cation radius). 

The RO component introduced into the 
S i O 2 - B 2 0 3  system alters the boron-oxygen coordina- 
tion structure from a [BO3] triangle to a [ B O g ]  

tetrahedron. The four oxygen ions forming the [-BO4] 

tetrahedron are substantially bridging in the composi- 
tion range of this work, and accordingly each [ B O J  
tetrahedron carries an electric charge of - 1. One 
R 2 + ion compensates the charge of t w o  [BO4] tetra- 
hedra, causing strain in the boron-oxygen network. 
As a result, the compatibility of the boron-oxygen 
network with the silicon-oxygen network decreases 
remarkably. Thus the tendency towards phase separa- 
tion is expected to increase with increasing cationic 
field of the R 2 + ions also in this system. 

In view of Table II and the facts described in Section 
3.2.1, the order of the effect of the RO constituent to 
promote phase separation is rated as MgO > 
ZnO > CaO > SrO > BaO, which coincides with the 
order of the cationic field. 

The tendency towards phase separation of the 
S iO2-B203-RO-ZrO 2 system without the addition of 
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Figure 14 The occurrence of a very narrow pore-size distribution 
obtained in P-Zn derived porous glass. Phase separation condi- 
tions: 800 ~ 6 h. 

3438 

I 
si  

i 

I 
o 

I i 
O Si - -  O - -  Si 

I I 
o 

Na+l I 
O AI -  O ~ Si 

I I 
o 

I 
Figure 15 Schematic representation of [AIO,~]-[SiO4] glass net- 
work. 



A1203 and Na20 is so large that it cannot be con- 
trolled, as already described. These additives make a 
strong combination to reduce the phase separation to 
a moderate level. The effect is explained as follows. 
A13 + forms [A104] tetrahedra and constructs a glass 
network with [SiO4] tetrahedra when their charges 
are compensated by the Na § ions, as pictured in 
Fig. 15. Thus the introduction of A1203 with Na20 
imparts an ionic character to the network and in- 
creases the compatibility of the network with the 
boron-oxygen network which also has an ionic 
character. Thus the tendency of the glass towards 
phase separation is reduced to a moderate level [12]. 
The fact that the mole ratio of Na/A1 in the SiOz-rich 
phase remains approximately 1, despite the composi- 
tion change with heat-treatment temperature, as 
shown in Table III, supports this argument. Con- 
sequently, the phase separation of this system can be 
controlled by the addition of these components. 
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Figure 16 Relationship between heat-treatment time and pore 
radius. P Ca glass, heat treated at 750 ~ 

4.2. C o m p o s i t i o n  of  porous  glass 
G-O mother glass without the RO constituent also 
undergoes phase separation and can be leached with 
acid. The glass structure is disintegrated during the 
following alkali treatment, however. The very low 
alkali resistance of the porous glass indicates that the 
ZrO2 content is low. Thus it is concluded that the 
addition of RO constituent to mother glass is effective 
in distributing ZrOz in the silica-rich phase and con- 
sequently in the skeleton of the porous glass. RO 
brings the other components such as B203 and AI203 
into the silica-rich phase as well. In addition, the 
contents of ZrO2 and A1203 of the silica-rich phase 
increase with heat-treatment temperature, though the 
CaO content remains constant as shown in Table III. 
The distribution of the glass components between the 
silica-rich and borate-rich phases is determined by the 
topology of the miscibility gap and the tie lines. It 
appears difficult to elucidate these subjects, however, 
because the composition of the mother glass system is 
complicated. The interaction of two immiscible re- 
gions originating from the SiO2-B203-RO system 
and the SiO2-B203-Na20 system is inferred to en- 
tangle the phase separation behaviour. Therefore, 
the elucidation of the subject requires further in- 
vestigation. 

4.3. Growth of phase-separa ted  structure 
Many investigators, using nuclear magnetic reson- 
ance- [13], ultraviolet-visible- [14], and Raman spec- 
troscopies [15], and the study of the chemical 
durability of Pyrex-type glasses [16], have indicated 
that many sodium borosilicate glasses are phase sep- 
arated on a nanometre scale even before the heat 
treatment for phase separation. The following phase- 
separation process corresponds to the growth of the 
phase-separated structure under interfacial energy as 
the driving force. Assuming that the process at the 
interface is rate controlling, Haller [17] has proposed 
the following equation for the change in surface area 
accompanied by the growth of a phase-separated 

structure 

1/(AZt) = Kexp[ - E/ (RT)]  (1) 

where A, T, t, K, E and R are the specific surface area 
of porous glass, the absolute temperature, the time of 
heat treatment for phase separation, a constant de- 
pendent on glass composition, the activation energy of 
diffusion, and the gas constant, respectively. Assuming 
that the shape of the pore is cylindrical, the relation- 
ship between pore radius, r, pore volume v, and the 
specific surface area of a porous glass can be re- 
presented as 

A = (2v)/r (2) 

Substituting Equation 2, Equation 1 gives 

r 2 = 4 K v 2 t e x p [  - E / ( R T ) ]  (3) 

Consequently, the following equation is obtained. 

r = K ' t  112 (4a) 

K '  = 4Kvexp[ - E / ( R T ) ]  (4b) 

Fig. 16 shows the relation between r and t 1/2. As 
shown, r is linearly related to t 1/2. This result indicates 
that the above assumption holds in the present system. 

5. C o n c l u s i o n  
The alkali-resistant porous glass was prepared from 
the SiO2-B203-RO system containing A1203, Na20 
and ZrO 2. The porous glass skeleton contained 
2-3 mass % ZrO2 and the alkali resistance was greatly 
improved over that of ordinary Vycor-type porous 
glass. Although the effects of RO on the ZrO 2 content 
in the porous glass skeleton are not yet clarified, they 
are considered to be controlling components. In par- 
ticular, CaO and ZnO are practically important in the 
production of porous glasses. Because of high alkali 
resistance, the elimination of the gelated SiO2 and 
ZrO2 was promoted and, as a result, a very sharp 
pore-size distribution was attained. In addition, the 
limit of the available pore size of the porous glass was 
widely expanded. 
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