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ABSTRACT 
The pore size rp in a gel is determined by the extent of shrinkage of the gel network during 

drying. Shrinkage is driven by the collapse of the gel network in response to the capillary pressure P, 
exerted by the pore fluid. The extent of shrinkage depends on the balance between the capillary 
pressure P, in the pore fluid and the bulk modulus I$ of the gel. The hydraulic pore radius, rH = 
2V,/S,, where V, is the pore volume and Sa is the apparent N, BET surface area, is often used to 
characterize the pore size of a gel. A series of acid catalyzed silica gels dried in pore fluids with 
different ylv showed that there is a limit to the minimum apparent rH obtainable in a gel, and when the 
volume fraction of porosity C#J 5 0.37, f H  becomes constant and -0.8 nm. In contrast, experimental 
data show that the true pore size rp of gels continues to decrease when 4 S 0.37. Analysis of their 
adsorption isotherms show that while f H  apparently stays constant: (a) the BET C constant continues 
to increase, (b) the width and average of their pore size distributions continue to decrease, and (c) as 
shrinkage continues the gels eventually become non-porous to N, at 77K but are still porous to CO, at 
273K. This paper reviews these results and addresses micropore formation in silica gels with the goal 
of determining how P, influences the final r,,, and why rp and rH diverge when 4 5 0.37. 

INTRODUCTION 
During drying the final density of a dry gel is determined by the extent of gel network collapse or 

shrinkage. In simple terms shrinkage stops when the capillary pressure P, exerted on the network by a 
pore fluid is balanced by the increase in stiffness or bulk modulus K, of the network'. P, is described 
by the Laplace equation, P, = 2ylvcos8/r,, where yIv is the surface tension, 8 is the contact angle, and 
rm is the radius of curvature of the meniscus of the pore fluid as it recedes into the pore. The modulus 
I$, exhibits a power law dependence on the extent of shrinkage: & = K,,(JI/~,)~, p is the density of 
the shrunken gel excluding the pore fluid, po is p at gelation, I& is K, at po,  and m is the power law 
exponent [ 11. The extent of shrinkage depends [ 11 on the dimensionless group P = S,y,cos(6)mpo/l&, 
where Sa is the surface area. Normally during drying the pore volume V, and the average pore size r, 
decrease as the extent of shrinkage increases. If the final rp is determined by the extent of shrinkage, 
i t  should depend on  the relative rates of increase of P, and I<p during drying. 

The force balance determining the extent of shrinkage and rp is influenced by several variables. 
The capillary pressure P, depends on ylv, 8 and r,. ylv depends on composition and temperature. A 
pore fluid leaves a residual adsorbed film of thickness t on pore surfaces as it recedes into the gel 
during drying, so it is completely wetting [ 1,2] and cos(@ = I .  For a given pore fluid the thickness 
of the adsorbed film t is determined by the relative pressure PIP,, in the pore, which depends on r, as 
described by the Kelvin equation [1,3]. In turn r, depends on the pore shape and t ,  so rm and t are 
intrinsically related. For cylindrical pore r, = rp-t, and P, = 2y,,cosO/(r,-t). For pore fluids with 
similar ylv, P, would increase as t increases, leading to more shrinkage. The bulk modulus K, depends 
on K,, m and po. For bulk gels, po is fixed by the initial sol composition. Both K, and m depend on 
the structure of the gel at gelation, determined by the chemistry of the gel, pH, and R = [H,OJ/Si in 
the initial sol. The change in structure of the gel during drying will also effect m. For a given extent 
of shrinkage K, is larger for gels with a larger initial strength I&, so they should shrink less. 

Geometrically, rH is the radius of a uniform pore, i.e., an open ended cylinder, with the pore volume 
The hydraulic pore radius, rH = 2V,/S,, is often used to describe the average pore size of a gel. 

More exactly the trinritiiwrr shrinkage occurs at this point. At the critical point of drying when the pore fluid 
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V, and apparent BET [4] surface area Sa of the gel, so f H  = 2V,/S, is the ratio of the pore volume to 
the apparent surface area of the gel. It is used because Sa and V, are easily measured compared to rp. 

NMR shows that during drying the real surface area in a gel only decreases slightly during drying 
(1,5], so r H  - V,, and the final pore size should be determined by the extent of shrinkage. Earlier 
studies [6,7] of porous gels showed what appeared to be a limit of rH- 1 nm for the pore size of silica 
gels during drying: as shrinkage increased beyond a certain limit, the pore size did not decrease 
below cH - 1 nm. But, gas transport measurements show that smaller pores form-in sol-gel derived 
silica membranes [8] when their condensation rate is minimized and their pore volume is quite small. 
This paper explains this contradiction by addressing the question of how small rp can be, which 
parameters determine the extent of shrinkage and rp, and the effect of the condensation rate on f H .  

This is done by drying a series of gels in pore fluids with different surface tensions ylv. 

EXPERIMENTAL PROCEDURE 

A2** gels are the same as A2 except that the HCI concentration is reduced, increasing the pH from 
1 .O to 2.1. This minimizes the average condensation rate and decreases &. They were cast in 
cylindrical molds (0.78 cm diameter, - 13 cm high), sealed, gelled at 50°C and aged for 3 days. In 
one set each of A2 gels (called A2 yb gels) and A2" gels (A,** ylv gels), the pore fluid was replaced 
by immersion in ethanol for 24 hrs. The ethanol was then exchanged for the solvents in Table 1 by 
immersing in ethanol/solvent mixtures in which the solvent content increased in 33% increments, 
followed by washing 3 times in the pure solvent. Another set of A2 gels (A2 H,O/Y,~ gels) was 
immersed in ethanol/H,O solutions in which [H,O] was increased in 33% increments, followed by 
washing three times in pure H,O. The water was then exchanged for the solvents in 25% increments 
(except hexane, which had an intermediate wash with ethanol to remove all the H,O). In another set 
of A2" gels (A2-R-2.1) the R ratio [H,O/Si] was varied from 4 to 10, before drying from the original 
pore fluid. All the gels were dried by heating at 6"C/hr to 180°C. A final A2 gel was prepared by 
aging the sol to t/&,., = 0.6, then drying 10 cm3 aliquots of the sol in an open petri dish at 25°C to 
form a gel by rapid solvent evaporation before normal bulk gelation. The N, adsorption isotherms of 
the gels were measured at 77K in an ASAP 2000M (Micromeretics, Norcross, GA) aFter outgassing at 
200°C for 12 hrs at 0.01 Torr. The apparent N2 BET Sa (m2/g) and C constant were calculated [3] 
using a N, cross-sectional area = 0.€62 nmz. The P/P, range used to calculate Sa was the largest 
linear region of the BET equation with a correlation coefficient R2 > 0.9999 for at least 5 adsorption 
points. This region decreased from 0.05 CI P/Po S 0.20 to 0.01 5 P/Po I 0.05 as V, decreased 
from 1.6 to 0.17 cm3/g. The V, was calculated from the volume of N, adsorbed at P/P, = 0.995. The 
CO, adsorption isotherm was measured at 273K for the A2 gel dried after t/$e,-0.60. 

Standard acid-catalyzed A2 (pH- 1) [3,6,7] and A2" (pH-2. I )  [8] silica gels were prepared. 

RESULTS 
Table 1 shows the pore volume V,, the apparent N, BET surface area Sa and C constant, and the 

hydraulic pore radius f H  of the A2 yIv, the A2 H,0/75v, and A2" ylv gels dried in different pore fluids. 
Figures 1 and 2 show rH and Sa versus V, for all the gels. Figure 3 shows the dependance on the yly 
at the boiling point Tb of each solvent of the V, and rH of the gels in Table 1. Figures 4 and 5 show 
the BET C constant [3] versus V, and r, for all the gels. Figure 6 shows the N, isotherms for some 
gels with a wide range of V, and rH. Figure 7 shows the N, and CO, isotherms of the A2 gel dried at 
25°C in an open petri dish after aging for tlt,,-0.6. 

DISCUSSION 
Figure 1 shows that rH decreases linearly from 2.4 nm to -0.8 nin as V, decreases from 1.6 

cm3/g to -0.3 cin3/g. In comparison, r,- 10 nm at gelation. When V, decreases from 0.3 cm3/g to 
0.01 cm3/g (as measured by N, adsorption), CH diverges and is constant at - 0.8, as seen in earlier 
work [6,7]. A pore volume of 0.3 cm3/g equates to a volume fraction of porosity 4 - 0.37, which is 
the same as for random close packing of spheres. If the extent of shrinkage is determined by P, 
induced shrinkage, then if everything else is held constant, V,, and therefore r,, should decrease as 
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< Table 1. (a) The boiling point, Tb, and the surface tension, y,,, (dynekm), at T,,, of the solvents in 
which the A2 and A2** gets were dried, @) The hydraulic pore radius, r,, apparent BET surface area, 
S,, and pore volume, V,,, of each gel dried in each solvent. 
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Figure 1. The dependance on the pore volume V, 
of the hydraulic pore radius rH for all the gels. 
The line is a visual guide for the eye. 

Figure 2. The dependance on V, of the apparent 
N, BET surface area S ,  for all the gels. 

y~,cos(O) increases. This is only true if the influence o f t  on r, is considered (Fig. 3 and Table 1). The 
A2 and A2" ylv gels show the same trends of rH versus y,,. for all the solvents. The smallest V, and rH 
were obtained in the A2 and A2" yl,, gels when dried in ethanol, acetonitrile, tetrahydrofuran, 1,4 
dioxane. or acetone. These solvents contain 0 or N in their structure so they are either polar (except 
1,4 dioxane, whose dipole moment is zero) and/or they can all form H-bonds. In contrast hexane, 
cyclohexane, xylene, and benzene do not form H-bonds. At a given P/P,, the thickness t of the 
adsorbed film of fluids which do not form H-bonds is expected to be smaller than t of fluids that do 
form H-bonds. The A2 and A2" yIv gels dried in these solvents all have larger V, than gels dried in 
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Figure 3(a). The dependance of the pore volume 
V, on the surface tension yIv of each pore fluid 
at its boiling point Tb for the gels in Table 1. 

Figure 3(b). Dependance of the hydraulic pore 
radius r, on the surface tension ylv of each pore 
fluid at Tb for the gels in Table 1. 
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Figure 4. The dependance of the N, BET C 
the pore volume V, for all the gels. 

Figure 5. The dependance of the BET C constant on 
on the hydraulic pore radius rH for all the gels. 

pore fluids which form H-bonds (Fig.3). Since they cannot form H-bonds, for a given r,, t should be 
smaller, so rm = (r,-t) is larger, and P, is smaller. Thus the balance between P, and K,, occurs after 
less shrinkage, so V, is larger. For the solvents which do form H-bonds, for a given rp, t should be 
thicker, so rm = (r,-t) is smaller, P, is larger and V, is smaller. This supports the idea that both ylv 
and t determine P,, V, and r,. 

strength of a gel so it does not collapse so far during drying in the low ylv solvents, producing the 
observed large f H  and V, values [1,6]. The combination of high yIV and the protic nature of water 
causes a A2 H,OlyIv gel to collapse further when dried in water, but it still does not collapse as far as 
expected, giving f H  - 1.3 nm. The A2 yIY and A2" yIV gels dried in water also have f H  - 1.3 nm, even 
though water has the largest ylv, because water drives the condensation reaction to form more 
bridging oxygen bonds, increasing K, of the gels more rapidly during shrinkage. In contrast &H,OH 
reduces K, as it depolymerizes the =Si-0-Si = network via alcoholysis [3], allowing more shrinkage 
to give the smallest V, and f H ,  even with a small ylv. 

For the A2 H,Olylv gels, r,-2.4 nm for all the solvents except water. A water wash increases the 
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Figure 6. The N, adsorption isotherms of some 
gels with a wide range of pore volumes V,. 
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Figure 7. The N2 and CO, adsorption isotherms 
of an A2 gel dried after aging for titge, = 0.60. 

The smallest rH -0.8 nm was obtained when the silica condensation rate was minimized and when 
gels were dried in H-bond-forming pore fluids. The A2 ylv gels dried in these solvents had larger V, 
than the A2** yIv gels. Increasing the pH of an A2 silica sol to pH-2.1 (giving A2** gels) reduces the 
condensation rate, which should decrease J&, allowing more shrinkage during drying. Experimentally, 
it is observed that after gelation A2" gels will break under their own weight. In contrast A2 gels can 
support their own weight, so A2" gels have a smaller K, than A2 gels. Thus Sa, Y ~ ~ ,  8, po, and m are 
very similar for A2*' and A2 gels, while K, and thus P = Saylvcos(0)mpo/K, are smaller for A2*' gels 
than A2 gels. Everything else being equal, A2" gels will shrink further than the A2 gel before P, is 
balanced by I&, producing smaller V, as observed. 

The BET C constant provides an estimate of the heat of adsorption of the first adsorbed N, layer 
in the pores, averaged over the region of fit of the BET equation. C increases as the extent of overlap 
of adjacent pore surface potentials increases, as the mean and width of the pore size distribution 
dV,/dr, decreases. Plotting the BET C constant against V, (Fig. 4) shows that as V, decreases below 
0.3 cm3/g, the heat of adsorption continues to increase. Therefore the mean and width of dV,/dr, 
continues to decrease, unlike f H  which stays constant. C becomes asymptotic at rH-0.8 nm (Fig. 5). 
If the pore size as characterized by f H  stopped decreasing during shrinkage then C should also stop 
increasing, which does not happen. Thus dVp/dr, continues to decrease as V, gets smaller, as you 
might expect if P, drives the shrinkage, so rH no longer represents rp below Vp - 0.30 cm3/g. 

Figure 6 shows the N, sorption isotherms of gels with extremes of V, (Table 1). The relationship 
between the r, of a pore in these gels and the P/Po at which the pore will adsorb N, molecules should 
be very similar for all these gels because they are same composition. Thus the derivative of each N2 
adsorption isotherm is directly related to dV,/dr,. Figure 6 shows that the shape of the low pressure 
end of the isotherms at P/Po 5 lo", and therefore the lower side of dV,/dr,, is very similar for all 
the gels. In contrast the higher pressure side of the isotherms, and therefore of dV,/dr,, decreases as 
V, (which is given by the intersection of the isotherm with P/Po = 1) decreases. Thus the mean and 
width of dVp/dr, decrease as V, decreases, supporting the C constant data. 

During drying, condensation occurs more slowly in A2" gels than in A2 gels, so for the same 
shrinkage A2" gels have a smaller K, and shrink further leading to smaller V, and rH. We found that 
@or gelation, increasing the heating rate of A2 and A2" gels dried in ethanol from 2 to 600 "C/hr 
has no influence on V, and r,, but that drying gels b@re gelation does intluence the minimum r, of 
gels. Figure 7 shows the N, and CO, adsorption isotherms of an A2 gel dried in a petri dish after 
aging for only t / tel  = 0.6. The Sa = 28.4 m2/g and V, = 0.011 cm3/g values calculated from the N, 
isotherm at 77K still fall on the SJV, plot (Fig. 2), but the true S,  and V, are actually much larger. 
At 273K the CO, isotherm gave an apparent CO, BET S, = 203 m2/g and V, = 0.15 cm'/g. This is 
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further evidence that the apparent t H  and rp diverge when 9 5 0.37. The discrepancy between the N, 
and CO, data occurs because the pores in this gel are so small that the dif is ion of the gas molecules 
into the pores during adsorption is an activated process and it occurs much more quickly at 277K than 
77K. This has been seen for coals and molecular sieve carbons 191. 

Based on the preceding discussion we believe that t H  becomes constant below a critical V, because 
the surface area accessible to the probe molecule decreases with V,. Thus r, calculated from N, 
sorption data no longer represents rp at (p 5 0.37 because as V, decreases some of the surface area 
becomes inaccessible to N, for steric and geometric reasons, and the apparent N, BET Sa decreases as 
V, decreases. As the polymer clusters which make up the gel network get closer together the surface 
area in the toroids at points of contact become inaccessible because molecules can no longer fit 
between them. This also depends on the size of the molecule, the measurement temperature and the 
increase in tortuosity as V, decreases. Thus as 4 5 0.37, the V,,/Sa ratio becomes constant (Fig. 2), 
so rH appears to level out. The hydraulic pore radius f H  is thus only an apparent pore radius, whose 
value depends on Sa and the technique used to measure it. If the true Sa could be measured r, would 
continue to decrease as V, decreased. 

CONCLUSIONS 

different surface tensions was calculated from their N, sorption isotherms. We found that the observed 
dependance of the apparent rH on ylV can only be understood if the thickness t of the adsorbed layer of 
pore fluid is included in the calculation of the capillary pressure, giving P, = 2ykcos8/(rp-t). Then rp 
is proportional to V,, confirming that the balance between capillary pressure in the pore fluid and the 
bulk modulus determines the mean and width of the pore size distribution. The smallest pore volume 
and pore size was obtained in gels dried in solvents which can form H-bonds. Such solvents have 
thicker residual adsorbed layers, so for a given pore size P, is larger, increasing the extent of 
shrinkage. In addition f H  does not accurately describe the average pore of a gel when the volume 
fraction of porosity I 0.37, when average pore radius continues to decrease below 1 nm. The true 
surface area is not measured by N, adsorption because some becomes inaccessible as shrinkage 
increases, so rH = 2V,/S, stops decreasing. If the true Sa could be measured, f H  would represent rp to 
a smaller V,. The pore size of an A2 gel decreases far enough to exclude N2 at 77K if it is dried 
before normal bulk gelation occurs. 

The hydraulic pore radius, f H ,  of a series of microporous silica gels dried in solvents with 
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