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n Introduction 
The use of polymer membranes in mod-
ern sportswear and protective clothing has 
become more and more common. Opti-
mal selection of membrane structure and 
physico-chemical properties is intended 
to ensure the directional transport of wa-
ter vapour, without its condensation, at a 
rate adapted to that of moisture release 
from the human organism. For that rea-
son, it is important to be familiar with the 
membrane’s structure, porosity, pore size 
and shape distribution, as well as sorp-
tion and diffusion properties. Such char-
acteristics of membranes can be obtained 
by various methods, more or less close to 
subsequent conditions of their use with 
variable temperature, relative humidity 
and outer air flow rate [1,2]. A method 
for membrane testing, based on the water 
vapour transport forced by the relative 
humidity of air under isothermal condi-
tions, has been developed at the Institute 
of Textile Materials Engineering [3]. 
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Abstract 
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The driving force of water vapour dif-
fusion through a membrane is the dif-
ference between the partial pressures of 
water vapour in air on both its sides. In a 
stationary state, an equilibrium is estab-
lished on both membrane sides between 
the water concentration on the membrane 
surface and the water vapour concentra-
tion in air that is dependent on the tem-
perature of the membrane surface and its 
surroundings. If the partial water vapour 
pressures on both membrane sides are 
different, a gradient of water concentra-
tion is established in the membrane. In 
porous membranes, the water transport 
consists of three processes: water diffu-
sion in the polymer, water diffusion in air 
that fills the pores of the membrane, and 
the sorption/desorption of water on the 
external membrane surface and internal 
pore surface. It is the polymer type and 
structure, i.e. the size, tortuosity and type 
of pores (closed/open), that is of decisive 
importance in water transport through 
membranes. Based on the analysed effect 

of the membrane structure on water va-
pour permeability, the water permeabil-
ity through polyurethane and polyester 
membranes of different structures has 
been determined. 

n Experimental 
Materials 
The following membranes were used in 
testing: standard filter track membranes 
(T) made by the Institute of Chemistry 
and Nuclear Technology (IChiTJ) in 
Warsaw from a polyester film manufac-
tured in Nitron-Erg (Krupski Młyn), with 
the characteristics given in Table 1, and 
hydrophobic polyurethane membranes 
(U) with the parameters listed in Table 2. 

Porosity ε=100(ρo - ρ)/ρo , % 
ρo - membrane polymer density, g/cm3 
ρ  - apparent membrane density, g/cm3 

calculated from surface weight and 
thickness. 

Assumed polyurethane density:
ρo=0.9 g/cm3. 

Testing the water vapour permeability 
The water vapour permeability was 
determined by the gravimetric method 
developed at the Institute of Textile Ma-
terials Engineering [3], and the scheme 

Table 1. Characteristic of track membranes T (according to IChiTJ). 

Sample Thickness, Diameter of 
pores, 

Number of 
pores per 

Porosity ε, Surface area 
of pores, 

μm μm cm2 % cm2

T-1 10 1.3 7.5 x 106 10 0.995
T-2 10 2.3 1.4 x 106 6 0.582

Table 2. Characteristic of polyurethane membranes U (*thickness was determined on 
membrane cross-sections under a stereoscopic microscope –at magnification 40×). 

Sample Mass per unit 
area, 

Thickness* l, Apparent density 
ρ, 

Porosity ε, 

g/m2 μm g/cm3 %

U-1 41.0 69 0.586 31.33
U-2 36.3 60 0.605 29.11
U-3 42.0 51 0.700 30.00
U-4 36.8 99 0.368 57.78
U-5 42.2 60 0.703 22.45
U-6 37.8 50 0.756 15.67
U-7 34.5 62 0.524 41.76
U-8 39.7 62 0.640 28.89
U-9 40.9 60 0.684 23.98

U-10 30.6 38 0.798 11.30

Figure 1. Scheme for testing water vapour 
permeability through membranes. 
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of the testing system is illustrated in 
Figure 1. 

Using the MK2-G5 microbalance (CI 
Electronics Ltd.), the weight of water 
vapour passing through the membrane 
was determined as a function of time. 
A polyethylene test-tube containing 
0.5 ml of water was tightly covered with 
the membrane under testing with a diam-
eter of 0.9 cm, and was then hung on the 
microbalance arm. Air dried over a layer 
of calcium chloride and a layer of silica 
gel was passed over the membrane. This 
system simulated the high humidity at 
the human skin and the low humidity on 
the outside of clothing. It was assumed 
in calculations that the humidity at skin 
is 100% and that of the air passing over 
the membrane is 0%. At this stage, the 
temperature gradient was omitted and 
the tests were carried out under isother-
mal conditions. In reality, as a rule, the 
outside temperature is lower than that at 
the user’s skin. The weight of the test-
tube with water was recorded at a rate of 
10 measurements per minute. Based on 
the test results of at least three samples, 
the slope of the straight line W, of the 
rectilinear dependencies of water weight 
loss in the test-tube on time (as shown in 
Figure 2), were determined. They were 
then used to calculate the membrane’s 
permeability to water vapour P. Exam-
ples of these dependencies for T and U 
membranes are shown in Figure 2. 

n Results and Discussion 
The term ‘molecular diffusion’ refers to 
the tumbling of molecules through a me-
dium, and its rate is proportional to the 
driving force (to the concentration gradi-

ent) and inversely proportional to the re-
sistance of the medium, and by extension 
to distance also. If the molecules collide 
frequently, as takes place in diffusion un-
der pressure which is not too low, and the 
diameter of membrane pores is relatively 
large in comparison to the mean free path 
of molecules λ, one can assume that the 
diffusion takes place according to Fick’s 
law. In the case of the membranes under 
testing, these conditions are satisfied. 

The flow of water molecules through the 
surface unit Jp, assuming the conditions 
of ideal gas, can be described by the fol-
lowing equation: 

Jp = Dp Δp/RTl                (1) 

where: 
Dp – the diffusion constant of water va-

pour through air, 
∆p – the drop in the partial pressure of 

water in the membrane, 
R  – gas constant, 
T  – absolute temperature, 
l  – membrane thickness. 

As the polymer itself of the porous mem-
brane is a partial hindrance to water va-
pour diffusion, and water molecules have 
to overcome a tortuous path through the 
network of linked pores in order to render 
the real diffusion through the membrane, 
a corrective coefficient ε/τ was added to 
this equation, where ε is the membrane 
porosity and τ is the path tortuosity factor: 

P = ε/τ Dm Δp/RTl             (2) 

In equation (2), Dm is an experimental 
factor of water vapour diffusion through 
the membrane, and P is the membrane 
permeability coefficient. The coeffi-
cient of water vapour diffusion through 
air, DP=0.2 cm2/s (at a temperature of 

295 K), was calculated from Gilliland’s 
semi-empirical equation [4]: 

where:                                                 
(3)

DAB – the diffusion coefficient of com-
ponent A through component B, 
cm2/s 

T  – the temperature, K 
p  – the total pressure, atm 
MA, MB – the molar weights of compo-

nents A and B, kg/mol 
νA, νB – the molar volumes of com-

ponents A and B in the state 
of boiling liquid at 1 atm, 
cm3/mol. 

The coefficient of water vapour perme-
ability P was calculated from the follow-
ing equation: 

 (4) 

where: 
ϕ  – the sample diameter = 0.9 cm 
Vw  – the specific volume of water va-

pour (STP) 2.063×105 cm3/g 
l  – membrane thickness, cm 
p  – the water vapour pressure at the 

measurement temperature t, Pa 
W  – slope of the straight line as in Fi-

gure 2, g/s. 

The experimental diffusion coefficients, 
Dm, were calculated from the following 
equation 

P = Dm ⋅ c/l                       (5) 

where c is the concentration of water va-
pour under the membrane corresponding 
to the vapour pressure at the measure-
ment temperature in cm3/cm3 of water 
vapour per volume unit. 

Figure 2. Dependence of the amount of water vapour passing through membranes T-1 and U-10 on time. 
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Comparing equations (1) and (2) and 
substituting the values of ε, and Dm 
and DAB=Dp, the tortuosity factor was 
calculated. The values of P, Dm, ε/τ and τ 
are given in Table 3. Figure 3 shows the 
dependence of water vapour permeabil-
ity on the porosity of the membrane. The 
permeability coefficient and diffusion co-
efficient increase with the increase in po-
rosity. The approximately rectilinear de-
pendence indicates a similar permeability 
mechanism in all the membranes, mainly 
through relatively large open pores. The 
comparison of membrane diffusion coef-
ficients of about 10-3 cm2/s with the free 
diffusion coefficient of water vapour 
in air amounting to 0.2 cm2/s, as well 
as those of polyurethane and polyester 
equal to 10-6 cm2/s [5] and 4×10-8 cm2/s 
[6] respectively, indicates that the pores 
in both types of membranes are open. As 
expected, the correlation of permeability 
coefficient and tortuosity factor is nega-
tive (Figure 4). 

Hence one may conclude that the increase 
in porosity in the polyurethane mem-

branes under testing is due to the increase 
in pore volume and not in the number of 
pores. In similar studies on porous poly-
ethylene membranes [7], a positive cor-
relation of these coefficients was found; 
it was also shown that the permeability 
increases with a simultaneous increase 
in the number of pores and a decrease 
in their diameter. In the case of track 
membranes, the tortuosity is clearly con-
nected with the diameter of pores in the 
membrane; it assumes low values due to 
the relative straight direction of the pores 
and that they go right through the mate-
rial . The tortuosity of the diffusion path 
in the T-1 membrane with smaller pores 
is at the level of the most permeable U-1 
and U-4 membranes, even though their 
porosity is several times lower. This also 
indicates that polyurethane membranes 
have large through-pores. 

n Summary 
A fast method for determining water 
vapour permeability through porous 

membranes has been developed. Based 
on the test results obtained, the character 
of porosity and the pore size have been 
assessed. The principle of the determina-
tion does not confine the use of this meth-
od to testing water vapour permeability, 
but it permits the method’s use for testing 
the permeability of other volatile liquids 
through membranes designed for various 
applications. 

Acknowledgement 
The authors would like to thank to the Institute 
of Chemistry and Nuclear Technology (Insty-
tut Chemii i Techniki Jądrowej) in Warsaw, 
Poland, and especially Dr. M. Buczkowski for 
the track membrane samples. 

References 
1.    Rossi R.M., Gross R., ‘Water Vapour 

Transfer and Condensation Effects in 
Multilayer Textile Combinations’, Textile 
Res. J., 74 (1), pp. 1-6 (2004). 

2.    Croskell R., ‘Determining water vapour 
permeability of clothing materials’, Tech-
nical Textiles International, April 2001, 
pp. 9-13. 

3.    Research Project of The Institute of Tex-
tile Materials Engineering, 2003. 

4.    Hobler T., ‘Dyfuzyjny ruch masy i absor-
bery’, WNT, 1976, p. 97. 

5.    Barrie J.A., Nunn A., Sheer A., Polymer 
Sci. Technology, Plenum Press, N. York 
1974, Vol. 6 p.167. 

6.    www.diffusion-polymers.com/
Liquid%20Diffusion.htm 

7.    Hale W.R., Dohrer K.K., Tant M.R, Sand 
I.D., Colloid and Surfaces A 187-188 (2001)
pp. 483-491. 

Figure 3. Relationship between the permeability coefficient and 
porosity. 

Figure 4. Relationship between tortuosity and the permeability 
coefficient. 
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Table 3. The calculated values of P, ε/τ, τ, Dm. 

Sample Slope of the 
straight line W, 

Test 
temperature t, 

Permeability 
coefficient P, 

ε/τ
10-3

τ Dm, 

10-4 mg/s °C 10-7 cm2(STP)/
sPa 10-3 cm2/s

U-1 12.4 23.7 9.61 7.50 46.55 1.37
U-2 10.5 23.7 6.98 4.32 75.88 0.86
U-3 6.5 24.4 4.15 2.57 86.46 0.44
U-4 11.2 23.6 12.48 12.85 45.93 2.55
U-5 11.3 24.1 7.92 4.90 44.67 0.98
U-6 4.8 24.1 2.59 1.34 119.85 0.27
U-7 9.5 22.8 7.30 4.95 84.36 0.93
U-8 8.0 22.9 5.76 3.69 78.40 0.74
U-9 6.2 23.0 4.25 2.62 91.53 0.53

U-10 4.2 22.4 1.90 0.75 150.67 0.15
T-1 9.9 22.3 1.60 2.21 45.25 0.03
T-2 9.3 21.4 1.62 2.32 25.86 0.03


