
Bio-Technology R&D: 
 Performance Enhancement & Innovative  

Product  Development Through Pore Structure 
 
 

Pore Structure Characteristics Governing Performance   
 
Innovative bio-technical products are currently being increasingly and widely used in health 
care, medical, and pharmaceutical industries. Some of the examples include substrates for tissue 
growth, drug delivery systems, implants, wound dressings, arterial grafts, filters for separation of 
bacteria from body fluids, and substrates for organ culture. Performance of all such products is 
dependent on their pore structure characteristic, because pore structure governs the flow and the 
kinetics of the bio-chemical processes which occur in the bio-technical applications. 
For example, implants must have certain critical pore size for the blood vessels to grow during 
tissue growth. Pores, smaller or larger than the critical pore, discourage blood vessel growth and 
hinder tissue culture.  
 
Pore structure characteristics important and relevant for bio-technical applications are pore 
diameter, through pore throat diameter, pore distribution, pore volume, porosity, surface area, 
hydrophobic and hydrophilic nature of pores in a mixture, gas and liquid permeability, water 
vapor transmission rate, and diffusional flow. During applications, the chemical environment, the 
operating temperature, the humidity, and the stresses generated during the operation can 
considerably alter the pore structure characteristic. Therefore, not only the determination of pore 
structure characteristic is important, evaluation of the influence of stress, temperature, and 
chemical environments on structural characteristics is also relevant. 
    

Techniques for Measurement of Pore Structure Characteristic 
 
Following techniques can be used for evaluation of pore structure characteristics relevant for  
bio-technical applications. 
 
Liquid Extrusion Porosimetry 
Measures through pore volumes, diameters, and distribution over a range of temperatures, 
stresses, and chemical environments including variable humid atmospheres. Can measure 
hydrophobic through pores as well as hydrophilic through pores. In a mixture, the characteristics 
of hydrophobic and hydrophilic through pores can also be determined.  
 
Capillary Flow Porometry 
Measures a wide range of through pore throat diameters, pore distribution, and gas permeability 
over a range of temperatures, stresses, and chemical environments including variable humid 
atmospheres.  
 



Permeametry 
Measures gas, vapor, and liquid transmission rates of many chemical species over a wide range 
of temperatures, pressures, and concentrations.  
 
Water Vapor Transmission Analysis 
Measures water vapor transmission rate as functions of humidity gradient, temperature gradient, 
and pressure gradient. 
 
Vacuapore 
It is a water intrusion porosimeter and it measures through and blind pore hydrophobic pore 
volume, diameter and distribution. Characteristics of hydrophobic and hydrophilic pores in a 
mixture can be determined in combination with mercury intrusion porosimetry.  
 
Mercury Intrusion Porosimetry 
Measures through and blind pore volume, diameter and distribution. 
 
BET Sorptometry 
Measures surface area, very small through and blind pore volume, distribution, chemisorptions 
of many chemicals over a wide range of temperatures and pressures.  
 
Pycnometry 
Measures true and bulk density of materials. 
 

How Can PMI Help? 
 
Porous Materials, Inc. is a company that designs, manufactures, and sells instruments for pore 
structure characterization. The company has vast experience in patenting of novel technology for 
pore structure characterization and developing custom instruments for a wide variety of 
applications. We have published many papers and presented many oral and poster papers in 
conferences on pore structure characterization of components used in biotechnology. Some of 
these papers will be found in our website. We have supplied instruments to many biotechnology 
industries and research laboratories all over the globe. 
 
Our Liquid Extrusion Porosimeter   and   Advanced Capillary Flow Porometer are specially 
designed for biotech industry. All other instruments needed for pore structure characterization 
of in biotechnology are also designed and manufactured by us. The products developed by 
biotechnology are often tiny. PMI instruments have the unique ability to test very small 
component that are less than a few tenths of a millimeter in size. Some of the components can 
retain their integrity in only certain specific environments. PMI instruments have the ability to 
operate over a wide range of temperature, pressure, and chemical environments.   
In all our instruments, test execution, data acquisition, data storage, and data reduction are fully 
automated. Windows-based menu driven operation of the instrument is very simple to use. The 
results are objective, accurate, and reproducible. Report generation is also highly versatile. 
 



We also have our in-house contract testing laboratory. We have tested biotech components of 
many customers from a wide variety of organizations including biotech companies, universities, 
and research organizations. 
 
 

Example of Application of PMI Instruments:  
Pore Structure Characterization of Substrates for Tissue Growth and Culture 

 
 

The PMI pore structure characterization instruments measured the very interesting pore structure 
characteristics of substrates used for tissue growth and culture. 
 
Through Pore Volume & Distribution  
 The instruments used for these measurements are summarized below.  

(i) Volume of the through pores:    Measured by PMI Liquid Extrusion Porosimeter 
(ii) Volume of through and blind pores:  Measured by PMI Mercury Intrusion Porosimeter 

Pore volume (Figure 1) and pore distribution (Figure 2) demonstrate interesting characteristics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                Figure 1 Pore volume of sintered metal implant   
 

• Only through pores relevant for biotechnology measured 
• Large 500 μm pores measurable 
• Highly repeatable  

 
 
 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Pore volume distribution in a nonofiber substrate 
                    (Distribution due to mercury shown for comparison) 

 
• Much higher resolution by liquid extrusion technique 
• Expected identical pore volume by both methods (No blind pore in nanofiber substrate) 
• Expected high Porosity, 81.7 % 
• Extrusion Technique completely avoided high pressure & toxic mercury 

 
Characteristics of Through Pores Throat diameters   
 
Through pore throat diameters determine nutrient and drug permeation rate  and govern 
separation of entities like bacteria from body fluids, drugs, drinking water, food and beverages. 
Characteristics of pore throat diameters of through pores were determined by PMI Capillary 
Flow Porometer.  This technique measures the largest pore throat diameter, the mean flow pore 
throat diameter, and the pore distribution. The pore throat distribution is shown in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Distribution of through pore throat diameters in a thin nanopore substrate 
 

• Narrow distribution demonstrated by both techniques ( The largest throat diameter is  
 2.91 μm and the mean is 1.65 μm)  

• The flow based mean throat diameter (1.65 μm) is close to the volume based median pore 
diameter (3.27 μm) 

• Results suggest inappreciable change in pore diameter along pore path  
 
Liquid Permeability 
 
Tissue in-growth occurs in fluid accessible passages. Low permeability samples show very little 
tissue in-growth. The PMI Liquid Permeameter was used to measure liquid permeability. 
Figure 4 shows excellent tissue in-growth in a high permeability substrate.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Tissue in-growth in high permeable reticulated foam substrate 

 



 
Results of liquid permeability were combined with the mean flow pore diameters measured by 
PMI Capillary Flow Porometer. Figure 5 shows the dependence of tissue in-growth on the 
ratio of liquid permeability and mean flow pore diameter. 
 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
Figure 5. Correlation between percent tissue in-growth and ratio of liquid permeability and mean 
flow pore diameter for an implant 

 
Special Needs 

 
You can visit our website to see the wide spectrum of pore structure capability that our 
instruments offer. If you have a special need that is not part of PMI’s standard test list, the 
engineers at PMI will be happy to talk to you about your testing requirements and come up with 
a suitable solution. Please free to contact us: 
 
Porous Materials, Inc. 
20 Dutch Mill Rd 
Ithaca, NY 14850 
 
Ph:  607-257-5544 
Toll Free (US & Canada only):  1-800-825-5764 
Fax:  607-257-5639 
 
Online:  www.pmiapp.com 
Email:  info@pmiapp.com 
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BET
SORPTOMETER

PMI’s BET Sorptometer accurately measures total surface area 
(via single and multi-point methods), adsorption and desorption 
isotherms, mean pore size, pore size distribution, pore volume, 
and pore structure. PMI’s BET Sorptometer can assess a wide 
variety of samples, including powders and bulk solids, and can 
analyze both micropores and mesopores. Chemisorption of a wide 
variety of chemicals is measurable.

PMI’s BET Sorptometer has a multitude of applications in industries 
worldwide. Industries that utilize the versatile BET Sorptometer include 
the automotive, battery, and pharmaceutical. Specific applications
include the characterization of catalysts in the chemical industry, pulp 
characterization in the paper industry, and testing of the powder
pre-cursors to predict adhesion and final porosity in the powder
metallurgy industry.

Applicable industries are:

• Automotive
• Chemical
• Ceramic
• Paper
• Battery Separator

• Fuel Cells
• Filtration
• Pharmaceuticals
• Powder Metallurgy

Description

Applications
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Principle

When a clean surface is exposed to a gas, an adsorbed film forms on the surface. Adsorbed films also form 
on the surface of pores within a material and vapor can condense in the pores. At a constant temperature, the 
amount of adsorbed/condensed gas on a surface depends on the pressure of the gas. Measurement of the 
amount of adsorption/condensation as a function of pressure can give information on the pore structure. The 
PMI Sorptometers use gas adsorption/condensation to analyze pore characteristics.  

Physical Adsorption
Weak van der Waal’s type interaction of molecules with a pore surface leads to physical adsorption. The 
Brunauer, Emmett and Teller (BET) theory of physical adsorption is normally used for analysis of adsorption 
data to compute surface area.

where:
W = amount of adsorbed gas
Wm = amount of gas adsorbed in a monolayer
P = gas pressure
Po = equilibrium (saturation) vapor pressure at the 
        test temperature
C = dimensionless constant that depends on the 
       temperature and the gas/solid system

When vapor pressure, P, is low compared with Po (0.05 < P/Po < 0.3), the plot of [P/W (Po – P)] versus [P/Po] 
is linear and the plot yields the magnitudes of C and Wm. The surface area S per unit mass, m, of the sample is 
computed using the cross–sectional area of the adsorbed gas molecule:

where:
No = Avogadro’s number
a = cross–sectional area of the adsorbed gas molecule
Wm = amount of gas absorbed in moles.

Vapor Condensation
As the relative vapor pressure (P/Po) increases, vapor eventu-
ally condenses in the pores utilizing the surface free energy 
available due to replacement of the solid/vapor interface by 
solid/liquid interface. The amount of vapor condensed in pores 
gives the pore volume, and the Kelvin equation gives the pore 
diameter.

where:
g = surface tension of condensed liquid       D = pore diameter
V = molar volume of condensed liquid         R = gas constant
q = contact angle                                          T = absolute test temperature

Adsorption and Desorption Isotherms
at Liquid N2 temperature

Adsorbed layers of molecules form on the pore walls before condensation fills the pores. Therefore, the actual 
pore diameters are computed by adding two times the thickness of the adsorbed gas layer to D.

A complete adsorption isotherm is determined by measuring the amount of vapor adsorbed as a function of 
increasing pressure. A desorption isotherm is determined by measuring the amount of adsorption as a function 
of deceasing pressure. Based on this technique, characteristics of materials related to adsorption, desorption, 
surface area and pore volume can be determined.
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Chemisorption Chemical reaction between a gas and a surface 
accompanied by a high heat of adsorption results in chemisorption. 
Chemisorption data can be analyzed using various theories. Langmuir 
equation yields:

Equipment

The PMI Sorptometer uses volumetric method to com-
pute the amount of gas. The sample chamber is connect-
ed through valves to the reference volume, gas supply, & 
vacuum line. For a test, a weighed sample is placed in the 
sample chamber. The sample chamber of known volume is 
heated and evacuated to remove moisture and adsorbed 
gases. The desired adsorption temperature is then estab-
lished in the sample chamber using a constant temperature 
bath, and the chamber is isolated. The reference volume is 
pressurized with adsorbate gas, and  isolated. The pressure 
of reference volume is measured. The gas is allowed to ex-
pand into the sample chamber. After equilibration the gas 
pressure is measured. The amount of gas adsorbed by the 
material is calculated by making use of the gas law.

Capabilities

Surface Area:
PMI BET Sorptometers are capable of testing samples with moderate to high surface areas by using nitrogen 
gas. For samples with very low surface area, a larger amount of sample or krypton gas can be used for greater 
accuracy. The number and spacing of data points in multipoint surface area measurement are user adjustable.

where:
W = amount of adsorbed gas
Wm = amount of gas adsorbed
        in a monolayer
K = equilibrium constant
P = gas pressure

Surface Area Analysis ― Nitrogen                               Surface Area Analysis ― Krypton

Ammonia Adsorption and Desorption 
Isotherms at 0 °C  



Adsorption and Desorption Isotherms

Adsorption and desorption of gasses on sam-
ples can be accurately measured using PMI 
BET sorptometers. The user has independent 
control over the quantity and spacing of pres-
sures used in both adsorption and desorption 
testing. Many different kinds of analyses are 
available to interpret data using the supplied 
report generation software. Pore size calcu-
lation for adsorption and desorption include 
Pierce, BJK, and DH models. Microporous 
solids can be analyzed using T–Plot and H–K 
analysis.

Chemisorption:

PMI BET Sorptometers can use specialty gas-
ses like NH3 and H2O for measuring chemi-
sorption. Other gasses can be used by creat-
ing additional gas specification files. The user 
can specify any temperature and pressure 
of gas, limited only by the capabilities of the 
instrument and the equilibrium vapor pressure 
of the gas at the temperature selected.

Adsorption and Desorption Isotherms – 
Water Vapor at 0 °C

Pore Volume and Pore Diameter

Pore volume, pore diameter and pore volume distribution can be determined accurately 
by the PMI Sorptometer. The distribution function is such that area under the function in any pore diameter 
range is the volume of pore in that range.  

Cumulative Pore Volume                                                     Pore Volume Distribution

T – Plot Method ― Micropore Volume Analysis



Specifications

Surface Area range: 0.01 m2 and higher.
Pore diameter range: Micropore to 2000Å.
Sample volume: Up to 10 cc (others available).
Pressure gauge: 10 torr to 500 psi.
          Resolution: 1 part in 20,000
          Accuracy: 0.15% of reading
Adsorption temperature: –195.6 deg C (liquid nitrogen) to 300 deg C. (higher temperature available)
Adsorbate: Any noncorrosive gas including N2, H2, CO, CO2, H2O, Kr, Ar.
Degassing system: Heater oven up to 500 deg C (Higher temperatures available). 
                                  Degassing and testing performed in–situ.
Power requirements: 110/220 Vac, 50/60 Hz

Unique Features

	 Adsorption of chemically active substances like NH3, CO & CO2
	 Adsorption of vapors of liquids like water, benzene and alcohol
	 Adsorption studies using H2, N2, Ar & Kr
	 Adsorption under pressures up to 500 psi
	 Adsorption under extra low pressures down to 10 – 5 psi
	 Adsorption studies at temperatures up to 300°C & higher
	 Use of flow method by QBET series permits fast and reproducible surface area measurements
	 Volumetric method employed measures equilibrium amount of adsorbed gas precisely without the  
             possibility of any contamination
	 Design features modifiable to satisfy your special requirement
	 Any number of user specified data points between specified pressure limits
	 Automated calibration routine for different sample chambers
	 Continuous status display
	 Continuous recording of equilibrium (saturation) pressure
	 Data reduction software allows data analysis by many available procedures
																	 Surface area: Single point, Multipoint
																	 Pore Size: Pierce, NJH and DH models
																	 Micropore: t–plot, Langmuir, D–R and H–K model
	 Software enables curvefitting and interpolation of data, output to be written in text and Excel files, and 
            multigraph analysis that can analyze up to seven graphs
	 Fully automated and minimal operator involvement
	 Windows based menu–driven procedure makes test execution, data acquisition, and data reduction 
            very simple
	 In–situ outgassing of samples at temperatures up to 800°C
	 No need for transfer from outgassing station to test station and increase possibility of contamination
	 Multiple sample chambers with provision to use different gases in different sample chambers, and 
            simultaneous testing of multiple samples
	 Unique design permits measurement of very low and high surface areas in the same instrument

PMI Analytical Services

PMI has many years of experience in analyzing porous materials using the gas adsorption technique. The 
analytical services division of PMI is well known for providing timely, accurate and reliable contract testing 
services. Contact PMI for details.
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Brief Descriptions of Selected Models

Model: QBET–N–V–1–A
This fully automated sorptometer is a single–chamber instrument that can determine single point surface area, 
multipoint surface area and pore volume using nitrogen as the adsorption gas. The instrument is small, robust 
and inexpensive. It requires very little maintenance. The sorptometer is ideal for applications such as quality con-
trol requiring rapid generation of reproducible data.

Model: CBET–N / Kr/Ar–D–2–A
This table top compact model can measure single point surface area, multipoint surface area and pore volume 
using N2, Kr or Ar as the adsorption gas. The instrument is fully automated and has two sample chambers. Two 
samples can be tested simultaneously. This option gives the opportunity to compare samples with the standard. 
The model is also robust and inexpensive.

Model: ABET–G–D–6–A–L–C–W
This is a sophisticated unit with many capabilities. It uses gases like N2, Ar, Kr, H2 and CO2 for adsorption and 
measures single point surface area and pore volume distribution. Chemical adsorption of substances like am-
monia, alcohol and benzene is measurable. The results are accurate and reproducible. The instrument is fully 
automated and requires very little operator involvement. The six sample chambers of the instrument permit 
simultaneous testing of six samples. The sorptometers are ideal for determination of a variety of physical and 
chemical characteristics.

Symbols	
A = fully automated                                                         L = very low adsorption pressure                                          
C = chemical adsorption of many chemical                    V = single point and multipoint surface area and                
        species                                                                              pore volume
D = surface area, pore volume and pore distribution     W = water vapor adsorption capability
G = adsorption gas that could be N2, Ar, Kr, H2       X = type of test            
       or others                                                                  Y = number of sample chambers                                  
      
	 																									

Models

QBET Series
Units in this series are basic simple instruments dedicated to quick generation of highly reproducible data on 
surface area using nitrogen or argon. Each unit has one sample chamber. Liquid nitrogen is the only accessory 
required to perform the test. Various models in this series are capable of measuring single point or multipoint 
surface area and pore volume. Theses units are least expensive, physically small, robust and require very little 
maintenance. Model Number: QBET–G–X–Y–A  

CBET Series
Instruments in this series are volumetric compact units, but the capabilities are much better than those of the 
QBET series. These instruments can measure surface area, adsorption and desorption isotherms, pore volume 
and pore volume distribution using nitrogen, argon and krypton. The results are reproducible and accurate. 
Models in this series are inexpensive, and robust. These models require very little maintenance. Model Number: 
CBET–G–D–Y–A  
ABET Series
Models in this series are the most advanced instruments in which many novel and advanced designs are incor-
porated. These instruments are capable of measuring very low adsorption, chemical adsorption and water vapor 
adsorption. The results are highly accurate and reproducible. Multiple sample chambers permit testing of as 
many as six samples at a time. A variety of gases may be used. The advanced series provides many options to 
the user. Model Number: ABET–G–D–Y–A–L–C–W  



Highlights of PMI BET Sorptometer Models

 Features     QBET SERIES    CBET SERIES   ABET SERIES 

 Principle               Flow                Volumetric            Volumetric

  Design:               Simple                 Moderately
      Complex          Complex       

  Gases                N2/Ar               N2/Ar/Kr             
N2/Ar/Kr/CO2/
H2/NH3/Others       

Liquid N2 
Bath:                  

Container 
with cover                  

Container with 
Cu–block and 
cover

Refill system

Measurable 
Properties:

Single point and 
multipoint surface 
area. Pore volume 

Single point & 
mulitipoint 
surface area. 
Pore volume. 
Pore distribution. 
Desorption. 

Single point &
multipoint 
surface area. 
Pore volume. 
Pore distribution. 
Desorption. Very 
low adsorption. 
Chemisorption. 
Water vapor 
adsorption.

Reliability:
Highly 
reproducible 

Highly 
reproducible 
and accurate 

Highly 
reproducible 
and very accurate 

Duration 
of Test:

Short Moderate Long 

Size: Small Table Top Floor Model

Maintenance: Very Little Very Little Regular

Cost: Low Medium High



In-Plane Porometer 
Microflow Porometer
Nanopore Flow Porometer 
QC Porometer
Diffusion Permeameter 
Gas Permeameter 
Liquid Permeameter 
Vapor Permeameter 
Water Vapor Transmission Analyzer
Liquid Extrusion Porosimeter
Mercury/Nonmercury Intrusion Porosimeter
Vacuapore 
Water Intrusion Porosimeter (Aquapore)  

Average Fiber Diameter Analyzer
Bubble Point Tester 
Capillary Flow Porometer
Capillary Condensation Flow Porometer 
Complete Filter Cartridge Analyzer
Clamp-On Porometer 
Compression Porometer
Custom Porometer 
Cyclic Compression Porometer 
Envelope Surface Area Analyzer 
Filtration Media Analyzer 
High Flow Porometer 
Integrity Analyzer  
 

BET Liquisorb 
BET Sorptometer
Gas Pycnometer 
Mercury Pycnometer

Also Available:
Testing Services
Consulting Services
Short Courses
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PORE VOLUME OF NANOFIBER NONWOVENS 
 
 

Akshaya Jena and Krishna Gupta 
Porous Materials Inc., 20 Dutch Mill Road, Ithaca, NY 14850, USA 

 
 
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. 
 
Key Words:  Pore Volume.           Pore Structure.     Nanofiber.     Liquid Extrusion.  
                     Mercury Intrusion.   Flow Porometry 
 
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]. 

D = - 4 γ cos θ / p          (1)   

where D is pore diameter, γ is surface tension of mercury , θ 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. 

 

 

 

 

 

 

 

 

 

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 = 4 γ cos θ / p          (2) 

 

where D is pore diameter, γ  is surface tension of wetting liquid, θ  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).  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Pore Volume     (b) Permeability 

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). 

 

 

 

 

 

 

 

 

 

 
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.  

 

 

 

 

 

 

 

 

 

 

(a) Pore diameters, permeability & through pore                       (b) Pore distribution 

     surface area 

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 
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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. 

 

 
 

 

 

 

 

 

 

 

 

 

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 
Pressure 

Porosity 

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.  

 

 

 

 

 

 

 

 

 

 

 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 µm 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 Fv 

 

 Fv = - (dV / d log D)          (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.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 = - [(Fw/Fd)×100] /dD         (4)                                

 
where Fw and Fd 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 µm. Characteristics of distributions are listed in Table 2.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Flow distribution over pore throat diameters of through pores of nanofiber mats. 

Table 2. Characteristic diameters of through pores. 

Characteristic Mercury Intrusion 
Porosimetry 

Liquid Extrusion 
Porosimetry 

Capillary Flow 
Porometry 

3. Median  pore 
diameter (Volume 
based), µm 

9.73 7.69 ― 

4. Peak of volume 
distribution, µm 

7.72 4.78, 7.83 ― 

5. Largest throat 
diameter, µm 

― ― 12.50 

6. Flow based mean 
throat diameter, µm 

― ― 3.36 

7. Peak of flow 
distribution, µm 

― ― 2.80 

 

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 µm 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 µm.  

 

 

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 

3. 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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