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Abstract  

The pore size distributions (PSDs) of microporous glass, which were controlled by acid 
leaching subsequent to phase separation of CaO-A12Oa-B203-SiO2 glass, were determined via 
both mercury porosimetry and thermoporosimetry (thermal porosimetry). As a result, the pore 
radii, the eumulative pore volumes, and the surface areas determined via thermoporosimetry 
were in good agreement with those determined via mercury porosimetry. It was revealed that 
thermoporosimetry could be applied to pore structure analysis for porous materials having pore 
sizes at least up to 58 nm in radius. 

Keywords: DSC, mercury porosimetry, pore size distribution, porous glass, thermoporosi- 
metry, water 

Introduction 

Ther~oporosimetry (thermal porosimetry) is a technique for determining 
the pore Size distribution (PSD) of a porous material from the melting and 
freezing curves of liquid, conventionally water, confined in the pores. This has 
been accomplished by the determination of the thickness of nonfreezable pore 
water with an optimization using differential scanning calorimetry (DSC) 
[1, 2]. The detailed procedure regarding the transformation into the PSD from 
the distribution of the freezing or melting temperature has previously been re- 
ported in the literature [1, 2]. 

By applying thermoporosimetry to 12 kinds of commercial silica gels, the 
peak radii of the PSD, the pore volumes, and the surface areas obtained via 
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thermoporosimetry were found to be consistent with those obtained via both ni- 
trogen gas adsorption-desorption and mercury penetration porosimetry [2]. 

In addition to the silica gels, thermoporosimetry was applied to hydrogel- 
hollow-fiber membranes for artificial kidneys such as poly(methyl methacry- 
late) (PMMA), cellulose triacetate (CTA), polyacrylonitrile (PAN), and 
polysulfone (PS) [3, 4]. For PMMA membranes, the average pore radii ob- 
tained via thermoporosimetry have proved to be in good agreement with those 
obtained via water permeability on the basis of hydrodynamics [3]. The PSD 
curves of the PMMA membranes were also found to change before and after 
freeze-drying. As far as the freeze-dryed samples of PMMA, CTA, PAN, and 
PS membranes are concerned, the pore structures determined via ther- 
moporosimetry were consistent with those determined via nitrogen gas adsorp- 
tion-desorption [4]. 

In this study, the pore structure of microporous glass (MPG, registered 
trademark of Asahi Glass) was investigated using both thermoporosimetry and 
mercury penetration porosimetry. The PSD is known to be narrow because of 
the controllable pore structure manufactured from CaO-AI203-B203--SiO2 glass 
by phase separation and acid leaching [5]. The comparisons of the pore radii, 
the pore volumes, and the surface areas of MPG obtained via both 
porosimetries are reported. 

Experimental techniques 
Preparation of samples 

Eleven types of MPG as given in Table i were manufactured by Asahi Glass, 
Co. Ltd. The manufacturing process for MPG was as follows [5]: At first, the 
primary glass, CaO-A1203-B203-SiO2, was made and formed into a plate or 
tube. The primary glass was heated at 600 to 750~ for several hours. This 
treatment caused the homogeneous primary glass to undergo phase separation 
into a SiOz-Al203 rich glass and a CaO-B203 phase. The latter is easily dis- 
solved in acid. The desired MPG was obtained by immersing this heated pri- 
mary glass into dilute hydrochloric acid. The samples were broken into pieces, 
and the samples that passed a net of 80/120 mesh (177-125 gm), except for 
MPG80, were used for thermoporosimetry and mercury porosimetry. For 
MPG80, blocks of 1-2 mm size prepared by breaking a hollow tube were used 
for the porosimetries. The average pore radius, Rm, which is defined by 2Vm/S,~ 
(where Vm is the pore volume and Sm is the surface area), determined via mer- 
cury porosimetry ranged from 6 td 58 nm. 

Mercury penetration measurements 

After drying the samples under vacuum at room temperature for 15 min, the 
mercury penetration porosimetry of ca. 500 mg samples was carried out using 
a Carlo Erba penetration porosimeter Model 220. 
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Scanning electron microscopy 

The samples of MPG300 and MPG475 were examined in a Hitachi S-900 ul- 
tra-high-resolution scanning microscope (UHR SEM). Each specimen was 
lightly coated with platinum before being placed in the microscope. 

Figure 1 shows two representative micrographs (a, b) of MPG. The pores are 
voids formed by dissolution of the CaO-B203 phase. The width of the A1203- 
SiO2 matrix in MPG475 was thinner than that in MPG300, and hence the size 
of the pores of MPG475 was larger than of MPG300. 

Fig.  1 Typical scanning electron mierographs of MPG300 (a), and MPG475 (b) 

DSC measurements 

The samples containing water were prepared by first immersing them in dis- 
tilled, deionized water and then maintaining the system under reduced pressure 
to remove air trapped in the pores. About 5 mg of the sample saturated with 
water was hermetically sealed in a high-pressure aluminum crucible that was 
covered with aluminum oxide. 

A Perkin-Elmer differential calorimeter model DSC-II attached to a cooling 
apparatus and equipped with a data processing system developed by the author 
was used to measure the melting and freezing curves of water in the MPG. All 
scans were conducted at a low scanning rate, 0.31 K rain -1, to avoid thermal 
and time delays in the DSC curve. The heat fluxes were calibrated using the 
heat of melting of the distilled water, while the temperature of the heating curve 
was calibrated using tile onset temperature of the melting peak of the distilled 
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water. The temperature calibration of the freezing curve was carried out by ex- 
trapolating the melting onset temperature of the distilled water as a function of 
scanning rate to -0.31 K rain -1, because during cooling it is difficult to calibrate 
the temperature using crystallization of a standard sample due to supercooling. 
In addition, when the PSD curve was calculated from the DSC curves, the tem- 
perature calibration was performed for correcting thermal and time delays in a 
way similar to the purity analysis by DSC, in which the slope of melting of in- 
dium was utilized. The accuracy of the heat flux is estimated to be about +3 % 
or better. At the end of each DSC measurement, a small hole was made in the 
crucible and then it was dried under vacuum in an oven at 383 K for determin- 
ing the mass of water. 

The PSDs were calculated from the melting endotherms and the freezing 
exotherms using a computer program executed in Windows 3.1, which was 
written by the author with a Microsoft-C compiler and System Development 
Kits for Windows [1, 2]. 

Results and discussion 

O 

e- 
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r 
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Freezing and melting behavior of pore water in MPG 

Figures 2 through 4 show typical freezing and melting curves concerning 
water confined in the pores of MPG. The first cooling curves shown by the dot- 
ted and broken curves and the continued heating curves shown by the solid 
curves were measured over the temperature range of 284-225 K. Furthermore, 
the samples had previously been cooled to 225 K and then heated to 272.7 K. 
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Fig .  2 The  DSC curves  of  M P G 4 0  sa tura ted  wi th  w a t e r  
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Fig. 3 The DSC curves of MPG80 saturated with water 

After the thermal equilibrium, the second cooling curves shown by the solid 
curves were measured over the temperature range from 272.7 to 225 K to avoid 
significant supercooling. 

Two distinct endothermic peaks were observed in the heating curves of all 
samples. The endotherms at the higher temperature are assigned to the melting 
of bulk water, while the endotherms at the lower temperature are assigned to the 
melting of  freezable pore water in the pores of  MPG. In contrast, the aspects of 
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Fig. 4 The DSC curves of MPG100 saturated with water 
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the cooling curves depend considerably on the samples. The freezable pore 
water in the pores larger than the size of the primary nucleus of bulk ice was 
supercooled, but the freezable pore water in the smaller pores was not signifi- 
cantly supercooled. As illustrated in Fig. 4, an exotherm was not detected over 
the temperature range from 260 to 273 K in the first cooling scan for MPG100. 
However, in the second cooling scan, an apparent exotherm on the freezing of 
the freezable pore water present in the pores was observed in that temperature 
region. These findings suggest that the freezable pore water would be super- 
cooled up to the freezing temperature of bulk ice unless the nucleus of the bulk 
ice was present and also that the size of the pores in MPG100 would be larger 
than the size of the primary nucleus of bulk ice as speculated from Eq. (1) be- 
cause the freezable temperature of freezablg pore water in MPG100 was higher 
than that of bulk water. For MPG80, as illustrated in Fig. 3, the freezing peak 
in the first cooling scan had a slow decay at lower temperatures, and the tail of 
the freezing curve was superimposed on that in the second cooling scan, al- 
though the tails of the freezing curves on the higher temperature side above the 
peak temperature were quite different. On the other hand, for MPG40, as illus- 
trated in Fig. 2, the freezing peak of the freezable pore water appears even in 
the first cooling scan, which is located below the freezing temperature of bulk 
water and overlaps the freezing peak in the second cooling scan. Consequently, 
if the size of the pores is smaller than the size of the primary nucleus of bulk 
ice, it is concluded that significant supercooling of the freezable pore water 
does not take place. These findings above are essentially the same as those ob- 
tained with silica gels [1] and poly(methyl methacrylate) hydrogels [3]. 

Besides freezable pore water and bulk water as described above, the pres- 
ence of nonfreezable pore water that seems to be present near the surface of the 
pores was revealed in MPG. The amounts of nonfreezable pore water were de- 
termined by subtracting the freezable water content from the total water content 
using the procedure reported in the previous paper [6]. 

Procedure for transformation of DSC curves to pore size distribution 
curves 

The PSD curves were determined from the freezing and melting curves of 
freezable pore water via thermoporosimetry, following the procedure reported 
in the literature [2]. In the present study, the shapes of pores for MPG were sim- 
ply assumed to be cylindrical, the same as used for silica gels [2] and for 
poly(methyl methacrylate) hydrogels [3]. 

For determination of the PSD curve, first the abscissa of the DSC curve, 
temperature T, is transformed into pore radius R [ 1] by the equation 

R = or(T) +[3 (1) 
AT 
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where R is the pore radius, AT (= T-To; To is the triple point of water) is the 
depression of the melting or freezing temperature of the freezable pore water, 
and c~(T) is a coefficient as a function of temperature which was determined to 
be 56.36AT-0.90 during freezing and 33.30AT-0.32 during melting in nm K 
[1, 2]. The first term on the right side of Eq. (1) represents the radius of freez- 
able pore water, while the second term, 13, is the thickness of nonfreezable pore 
water adsorbed near the surface of the pores, which was estimated by iterative 
optimization [2]. 

Subsequently, the ordinate of the DSC curve, heat flow, dQ/dt, is trans- 
formed into a derivative change of volume in the pores using the equation 

dV_ dq dt 1 R ~ 
dR dt dR mM-I(T)p(T) ( R -  13)z 

(2) 

where V is the cumulative pore volume as a function of the pore radius, m is the 
weight of MPG, M-I(T) is the enthalpy change in the melting or freezing of 
freezable pore water, which was assumed to be the same as that of bulk water 
as a function of temperature, and p(T) is the density of the freezable pore water 
as a function of temperature, which was approximated as the density of bulk ice 
during melting and as that of supercooled water during freezing [1]. Moreover, 
z is defined as a factor of the shape of the pore, which equals 2.0 for a cylindri- 
cal pore and 3.0 for a spherical pore [1]. In the present study, the value ofz was 
assumed to be 2.0. 

The value of 13 was determined by repetitional optimization until the peak 
area of the PSD curve equaled the entire pore volume, Vp, calculated from the 
equation 

v. = vf~ + v.f (3) 

where 

o 

(4) 

v.f = Wnf (5) 
Pnf 

where V,f is the volume of nonfreezable pore water, and Pnf is the density of 
nonfreezable pore water that is approximately similar to the density of bulk ice 
[6]. 
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Pore size distribution of MPG 

The typical PSD curves of MPG100 obtained via both thermoporosimetry 
and mercury porosimetry are shown in Fig. 5. The solid and dashed curves 
were determined by transforming the freezing and melting curves, respectively, 
shown in Fig. 4. Although noise spikes were observed in the PSD curve ob- 
tained via mercury porosimetry, the peak radius of the PSD curve was generally 
consistent with those obtained via thermoporosimetry. The noise may be asso- 
ciated with the pore shape, e.g., constricted in the middle. 

All the PSD curves for MPG determined via thermoporosimetry are summa- 
rized in Figs 6 and 7. The peak radii of the PSD curves calculated from the 
freezing curves are generally consistent with those from the melting curves; 
whereas, the peak heights calculated from the freezing curves were slightly 
higher than those from the melting curves. 

The thickness, 13, of the layer of nonfreezable pore water determined by the 
optimization is tabulated in Table I. The 13 values for MPG40, MPG80, 
MPGI00, MPG145, MPG475, MPG750 and MPG1000 ranged from 0.2 to 
1.2 nm, indicating that the thickness of the layer of the freezable bound water 
corresponds to 1--4 monolayers of water near the surface because the van der 
Waals radius of water is about 0.3 nm. On the contrary, the 13 values for 
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~E~ 6 ~ 60~ I ! /DSC( f reez ing )  
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Fig. 5 The PSD curves determined via both thermoporosimetry and mercury porosimetry. 
The dotted curve represents the result of mercury porosimetry, and the solid and bro- 
ken eurves represent the PSD curves calculated via thermoporosimetry from the 
freezing and melting curves of water, respectively, shown in Fig. 4. The inside figure 
on the left-middle side is the PSD curve from mercury porosimetry on an expanded 
scale 
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Fig. 7 The PSD curves determined from the melting curves of water in MPG 

MPG300, MPG480, MPG500 and MPG530 ranged from 1.4 to 3.2 nm. The 
reproducibilities of the 13 were about +10% or better; however, they would be 
too large because the hypothesis of two or three monolayers of adsorbed water 
on some materials has been proposed in the literature [6-11]. The origin of 
these extraordinary 13 values, in particular for MPG300, was speculated to be 
due to the presence of small pores less than 1 nm, because all of the water in 
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the small pores should become nonfreezable pore water. If these small pores are 
present, the 13 must be estimated to be too large using the algorithm of the opti- 
mization. In any case, the errors in the peak radii of the PSD curves that arise 
from the errors in the estimation of 13 are less than 20%. 
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Fig. 8 The comparison of pore radii obtained via both thermoporosimetry and mercury 
porosimetry. The open and closed circles represent Ra,~ and Rdsef, respectively 

The peak radii, Rds~m and R,~cf, of the PSD curves obtained from the melting 
and freezing curves, respectively, and the average radii, Rmercu~y, obtained via 
mercury porosimetry are also tabulated in Table 1, and the relationships among 
the pore radii are shown in Fig. 8. At first glance, Rasof was found to be consis- 
tent with the Rmercury. T h e  R&cm was in good agreement with both Rmercury and 
P~sof regarding MPG that has pores less than 10 nm in radius. However, the 
Rdscm was larger than both Rmr and Ras~f regarding MPG that has pores more 
than 20 nm. This difference would originate in the thermal and time delays in 
the DSC melting curves, as reported in the previous paper concerning silica 
gels [2]. Based on the above findings, it is concluded that thermoporosimetry 
can determine pore sizes of less than at least 58 nm; howeyer, it seems to be dif- 
ficult to determine with high accuracy the PSD curve more than 20 nm from the 
melting curve measured at a scanning rate of 0.31 K min -1. 

The relationships among the pore volumes, Vdscm and Vds~f, evaluated via 
thermoporosimetry from melting and freezing, respectively, and the pore vol- 
ume, Vm~u~y, evaluated via mercury porosimetry are shown in Fig. 9. The pore 
volumes of Vd,~m and Vds~f were found to be in good agreement with Vm~o~y, 
similar to the findings obtained for silica gels [2]. 

In addition to the pore radii and the pore volumes, the surface areas of the 
pores in MPG were calculated from the PSD curve using the equation 
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The calculation results are also listed in Table 1. Here Sd,~m and Sd,cf refer to 
the surface areas calculated using the PSD curves obtained from the melting and 
freezing curves, respectively. Figure 10 depicts the results for Sdscm and Sdsce cal- 
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Fig. 9 The comparison of the cumulative pore volumes determined via both ther- 
moporosimetry and mercury porosimetry. The open and closed circles represent Vd~cm 
and V~f, respectively 
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culated as z = 2.0, plotted against Sm~rcu,y. For MPG80, both S d ~  and Sdscf 
were quite a bit larger than Smoro~, which would be associated with the differ- 
ence in the shape of the PSD curves; i.e., as shown in Figs 6 and 7, the double 
peaks in the PSD curves of MPG80 were detected by thermoporosimetry, while 
only single peak in the PSD curve was detected by mercury porosimetry due to 
being beyond the limit of measurement of mercury porosimetry. On the con- 
trary, for all MPG except for MPG80, both Sasof and Sasom were quite consistent 
with the Sm~rc,W. 

C o n c l u s i o n  

The pore structure for microporous glass was determined via both ther- 
moporosimetry and mercury porosimetry. The pore radii, the pore volumes and 
the surface areas determined via thermoporosimetry were in good agreement 
with those determined via mercury porosimetry. Thermoporosimetry has 
proved to be an effective technique for determining pores less than at least 
58 nm. 
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