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ABSTRACT

Pore volume, pore diameter, pore volume distribution and pore throat diameters of nanofiber
mats were measured using mercury intrusion porosimetry, liquid extrusion porosimetry and
capillary flow porometry. Analysis of results showed that mercury intrusion distorts the structure
due to application of high pressure. Liquid extrusion does not require high pressures, gives good
resolution and measures pore structure relevant for application. Capillary flow porometry uses
low pressures, measures pore throat diameter, but does not measure pore volume.
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INTRODUCTION

Nanofiber nonwovens are finding increasing applications in filtration industry particularly in
processes involving biotechnology. For such applications, pore volume is very important.
Through pore diameter, pore throat diameter and permeability are also important pore structure
characteristics. Nanofiber mats are normally sensitive to pressure and are often brittle. Therefore,
the characterization technique should be such that the pore structure is not distorted. In this
investigation, the applicability of the techniques, Mercury Intrusion Porosimetry, Liquid
Extrusion Porosimetry and Liquid Extrusion Flow Porometry for pore structure characterization
of nanofiber mats have been investigated. The results obtained by the three techniques have been
critically examined.

CHARACTERIZATION TECHNIQUE

Mercury Intrusion Porosimetry

Mercury is non-wetting to most materials. It does not enter the pores spontaneously. Intrusion of
mercury into pores occurs due to pressure applied on mercury. Pressure is used to compute pore
diameter [1].

=-4ycosO/p (1)

where D is pore diameter, y is surface tension of mercury , 6 is contact angle of mercury and p is
pressure on mercury for intrusion into the pore. Intrusion volume gives pore volume.



The technique measures pore volume and pore diameter of through and blind pores. As shown in
Figure 1, all diameters and volumes of through and blind pores are measured.
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Figure 1. All diameters and volumes of through and blind pores measurable by mercury intrusion
porosimetry.

Liquid Extrusion Porosimetry

In liquid extrusion porosimetry, the pores are spontaneously filled with a wetting liquid and the
liquid is extruded from pores by a non-reacting gas. It can be shown that the differential pressure
is related to pore diameter [2,3].

D=4ycosO/p (2)

where D is pore diameter, y is surface tension of wetting liquid, 0 is the contact angle of the
wetting liquid and p is differential pressure.

In this method, the volume of extruded liquid is measured in addition to the differential pressure.
In order to allow the extruded liquid to flow out and prevent the gas to escape, a membrane is
placed under the sample such that the largest pore of the membrane is smaller than the smallest
pore of interest in the sample (Figure 3a). The pores of the sample and the membrane are filled
with a wetting liquid and pressure on gas is increased to displace the liquid from pores of the
sample. The gas pressure is inadequate to empty the pores of the membrane. Therefore, the liquid
filled pores of the membrane allow the extruded liquid from the pores of the sample to flow out
while preventing the gas to escape. The measured volume of the liquid flowing out of the
membrane gives through pore volume. Differential pressure yields through pore diameter and
variation of volume with pressure yields through pore surface area. Flow rate of excess liquid
maintained on the sample yields liquid permeability (Figure 3b).
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Figure 3. Principle of liquid extrusion porosimetry.

This technique measures only the volume and diameters of through pores (Figure 4) [3]. Blind
pores are not measured (Figure 1). As shown in Figure 4, only some of the diameters of the
through pore are measured, where as mercury intrusion measures all pore diameters (Figure 1).
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Figure 4 Pore diameters of a through pore measurable by Liquid Extrusion Porosimetry

Liquid Extrusion Flow Porometry (Capillary Flow Porometry)



In this method, the pores of the sample are filled with a wetting liquid, the liquid is emptied by a
pressurized gas permitting gas to flow through the empty pores. The differential pressure
required to empty a pore of diameter D is given by Equation 2 [1, 4]. It shows that the largest
pore is emptied at the lowest pressure and initiates gas flow. With increasing pressure smaller
pores are emptied and gas flow increases. The differential pressures and gas flow rates through
dry and wet samples are measured. In the dry sample, the flow rate increases with increase in
pressure. In case of the wet sample, initially there is no flow because all the pores are filled with
the liquid. At a certain pressure the gas empties the largest pore (Equation 2) and gas flow starts
through the wet sample. With further increase in pressure smaller pores are emptied and the flow
rate increases until all the pores are empty and the flow rate through the wet sample is the same
as that through the dry sample. This is schematically illustrated in Figure 5. The half-dry curve in
this figure is computed from the dry curve to yield fifty-percent of flow through dry sample at
the same pressure. The dry and wet curves yield the bubble point, the mean flow pore diameter,
flow distribution and pore fraction distribution of through pores. The dry curve yields gas
permeability and envelope (through pore) surface area. Liquid flow rate gives liquid
permeability.
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Figure 5. Through pore characteristics measurable by capillary flow porometry.

Capillary flow porometry measures only the throat diameter of each through pore (Figure 4).
One diameter per through pore is measured. Blind pores are not measured (Figure 1).

RESULTS AND DISCUSSION

Through Pore Volume

Mercury Intrusion Porosimetry yields volume of through and blind pores as a function of
intrusion pressure. However, nanofiber mats are not expected to contain appreciable amounts of



blind pores. Therefore, the measured intrusion volume is due to the volumes of through pores.
Extrusion porosimetry measures only the through pore volume as a function of extrusion
pressure. The pore volumes measured in both techniques are shown as function of pressure in
Figure 6.
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Figure 6. Through pore volume measured as functions of pressure in nanofiber mats using PMI
Mercury Intrusion Porosimeter and Liquid Extrusion Porosimeter.

The total pore volumes measured by both techniques are the same (Table 1). This observation
confirms that the blind pores in the nanofiber mats are negligible. However, the measurement
pressure for mercury intrusion is almost twenty times higher than the test pressure required for
liquid extrusion. The high test-pressure for mercury intrusion is likely to distort the pore
structure of nanofiber mats.

Table 1 Through pore volume, test pressure and porosity measured by the mercury intrusion and
liquid extrusion techniques.

Technique Through Pore Volume Approximate Test Porosity
Pressure

Mercury Intrusion 3.62 cc/g >100 psi 81.1 %

Liquid Extrusion 3.65 cc/g 5 psi 81.7 %

Porosity



Blind pores in the nanofiber mat are negligible. Therefore, porosity of the nanofiber mat is
computed from the measured pore volume and bulk density of the material. As expected porosity
is high for the nanofiber material. Both techniques yield the same value (Table 1).

Pore Diameter

Figure 7 shows a plot of pore volume against pore diameter measured by mercury intrusion
porosimetry and liquid extrusion porosimetry. Pore volume of wide pores measured by liquid
extrusion is less than the pore volume of wide pores measured by mercury intrusion. But pore
volumes of small pores measured by liquid extrusion are larger than those measured by mercury
intrusion. Such behavior is expected. As explained above, the diameters and volumes of wider
parts of a wide mouth pore (Figure 4) beyond the throat are not measured by liquid extrusion
porosimetry, but the volumes of these parts of the pore are measured as the volume of the small
pore of constricted diameter. Therefore, volume of large pores measured by liquid extrusion is
smaller and volume of small pores measured by liquid extrusion is larger than the volumes
measured by mercury intrusion.
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Figure 7. Pore volume plotted against pore diameter measured by liquid extrusion and mercury
intrusion.

High intrusion pressure of mercury can also shift the mercury intrusion curve relative to the
liquid extrusion curve by distorting the pore distribution. Before mercury intrusion could start,
the pressure of mercury can compress the sample and measure intrusion volume due to volume
reduction of the sample by compression. Thus, mercury intrusion will show higher intrusion
volume when the pores are large. With increasing mercury pressure smaller pores will be
reduced in diameter. Although, the volume reduction by compression of the sample is measured
as the pressure goes up, the volume of smaller pores are not measured. Therefore, volume of
small pores measured by mercury intrusion will be smaller than the volume measured by liquid
extrusion.



Liquid extrusion and mercury intrusion techniques do not give the pore throat diameter, the
largest pore throat diameter and the mean flow throat diameter of the nanofiber mat. Capillary
flow porometry is capable of such measurements. The results obtained with capillary flow
porometry are shown in Figure 8.
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Figure 8. Differential pressure and flow rate through wet and dry samples of nanofiber mat
measured by the PMI Capillary Flow Porometer.

The largest pore throat diameter (bubble point pore diameter) and the mean flow pore diameter
computed from the data in Figure 8 are 12.50 and 3.36 um respectively. Figure 8 shows that the
test pressure for this technique is also very low so that the influence of pressure may be taken to
be negligible.

Pore Volume Distribution

The pore volume distribution over pore diameter is expressed in terms of the distribution
function F,

F,=-(dV/dlogD) 3)

where V is pore volume. The function is such that area under the function in any pore diameter
range yields volume of pores in that range. Figure 9 shows the pore volume distribution
computed from data in Figure 7 based on mercury intrusion and liquid extrusion.
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Figure 9. Through pore volume distribution over pore diameter by mercury intrusion and liquid
extrusion

Mercury intrusion yields only a single peak where as liquid extrusion yields two peaks. The first
peak represents about 75 % of pore volume and the second peak represents about 25 % of pore
volume. Thus the resolution is much higher in liquid extrusion. In this technique, smaller pores
are more easily detectable because volume of pores beyond the pore constriction is associated
with the constricted pore diameter. The smaller pores are not seen by mercury intrusion because
of the high pressure. With increase in pressure mercury enters large pores and reduces the
diameters of small pores by compressing them. Thus, the peak due to the small pores is
suppressed.

The flow distribution is expressed in terms of distribution function F.

F = - [(Fy/Fq)x100] /dD 4)

where Fy, and Fy are flow through wet and dry samples respectively. The function is such that
area under the function in any pore diameter range is the percentage flow in that range. Figure 10



shows the flow distribution over pore diameter computed from data in Figure 8. The peak of the
flow distribution curve is at 2 um. Characteristics of distributions are listed in Table 2.
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Figure 10. Flow distribution over pore throat diameters of through pores of nanofiber mats.

Table 2. Characteristic diameters of through pores.

Characteristic Mercury Intrusion Liquid Extrusion Capillary Flow
Porosimetry Porosimetry Porometry

3. Median pore 9.73 7.69 —

diameter (Volume

based), pm

4. Peak of volume 7.72 4.78, 7.83 —

distribution, um

5. Largest throat — — 12.50

diameter, um

6. Flow based mean — — 3.36

throat diameter, pm

7. Peak of flow — — 2.80

distribution, um

Mercury intrusion yields a larger median pore diameter because the pore volume of large pores
measured by mercury intrusion is larger than that measured by liquid extrusion. The volume



distribution peak at 4.78 um is completely suppressed by mercury intrusion. The bubble point
diameter is similar to the median pore diameter suggesting that the widest parts of pores are not
much larger than the median value. The mean throat diameter and the throat diameter
corresponding to the distribution peak are close to the volume distribution peak at 4.78 pm.

Appropriate Technique for Characterization of Nanofiber Mats

Through pore volume of nanofiber mats can be measured by liquid extrusion porosimetry and
mercury intrusion porosimetry. However, mercury intrusion requires high pressures. High
pressures reduce pore diameter and further increase in pressure is required to measure the smaller
pores. Thus, pore diameters relevant for application are not measured. Pore distribution is
suppressed. Peak due to smaller pores is not observed. On the other hand, liquid extrusion
requires very little pressure (about 5 % of the pressure needed for mercury intrusion), produces
excellent resolution of peaks and yields the same total pore volume as mercury porosimetry. In
addition, liquid extrusion technique is capable of measuring liquid permeability and surface area
of through pores, which are important for attachment. Mercury intrusion cannot measure these
properties. Therefore, liquid extrusion technique is undoubtedly more appropriate for
characterization of pore volumes of nanofiber mats.

For filtration and tissue growth applications, pore throat diameters of nanofiber mats are required
in addition to pore volume. Mercury intrusion and liquid extrusion techniques cannot measure
pore throat diameter. Capillary flow porometry measures pore throat diameters without distorting
pore structure because this technique uses low pressures. Therefore, capillary flow porometry is
a good technique to use along with liquid extrusion technique when nanofiber mats are used for
filtration applications.

SUMMARY AND CONCLUSION

1. Mercury intrusion porosimetry, liquid extrusion porosimetry and capillary flow porometry
were used to characterize nanofiber mats. Through pore volume, pore diameter, volume
distribution and pore throat diameters were measured.

2. Analysis of results showed that both mercury intrusion and liquid extrusion yielded the same
total pore volume and porosity, but pore diameter and distribution were distorted by high
pressure applied during mercury intrusion. The pore diameters relevant for application were
not measured. Liquid extrusion technique did not have these disadvantages and had much
higher resolution. The peak due to small pores was clearly seen

Liquid extrusion technique is the appropriate technique for testing nanofiber mats.

4. Capillary flow porometry cannot measure pore volume, but uses low pressures and measures
pore throat diameters, which are not measurable by liquid extrusion or mercury intrusion.
This is the appropriate technique to support the liquid extrusion technique
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