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A method is descr ibed for determining the porosi ty of wa te r - sa tu ra ted  dielectr ic  mater ia ls  
on the basis  of the anomalous microwave dispers ion of water .  A study of the porous  s t ruc -  
ture of kaolin, clay,  a ce ramic ,  and silica gel is reported.  

The microwave loss in a moist  dielectr ic  mater ia l  is sensit ive to the mois ture  content [1, 2], because 
of the anomalous microwave dispers ion of water  (in the liquid phase). In the phase- t rans i t ion  region,  at 
negative Celsius t empera tu re s ,  the dielectr ic  proper t ies  of water  change abruptly, and the microwave 
energy loss is reduced by 2-3 o rde r s  of magnitude [3]. Since there is a stable relat ionship between the 
melting tempera ture  of ice and the capi l lary radius [4], this loss change can be exploited to study the 
porous s t ructure  of moist  dielectr ic  mater ia ls  [5]. 

If  we adopt a model consis t ing of a layer  of water and dry mater ia l  for the moist  mater ia l ,  and if 
we express  the microwave loss in decibels [6], then the loss is related to the porosity in a f irst  approxima-  
tion by the following equation (the sample is assumed plane-paral le l  and infinite, the wave is assumed plane, 
and the reflection loss is neglected):  

N = 8.686ax Vw?tv~ -- 8.686cr Vw : 8.686axH(dB), (1) 
m tv Vtv 

where II = Vw/Vtv is the porosi ty ,  V w is the volume of the open pores (equal to the water  volume at c o m -  
plete saturation) in the mater ia l ,  Vtv is the total volume of the sample,  ~ = ( 2 ~ / X ) ~ f ( e ' / 2 ) ~ - - 2 L ~  is the 
attenuation constant ,  and x is the thickness of the sample.  

We can find an equation descr ib ing  the microwave loss in a moist  mater ia l  within which phase t rans i -  
tions of water  occur  by assuming that the loss in crysta l l ized ice is on the same o rde r  as that in the dry 
skeleton of the mater ia l  and if we assume that the attenuation constant ~ in the liquid phase does not change 
at negative Celsius t empera tu res .  Under these conditions the crys ta l l iza t ion of water ,  accompanied by a 
reduction of the amount of liquid water ,  leads to a reduction of the effective porosity and thus of the mic ro -  
wave loss.  

At a negative Celsius tempera ture  T the loss N T is given by an equation like (1): 

Nr = 8.686ax/-/eff, (2) 

where 

//eft= Vr : V~.I1; (3) 
Vtv, Vw 

and VT is the volume of liquid water  at the given tempera ture .  

Using (3) we can rewri te  (2) as 

VT 
NT = 8.686czxH - -  (4) 

Vw 
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Fig.  1. In tegra l  (a) and di f ferent ia l  (b) dis t r ibut ions of 
pores  with r e s pec t  to radius  in clay (2) and kaolin (1). 
Here  V is in % and r is in/~.  

Accordingly,  the loss  turns  out to depend on VT/Vw if a ,  x, and i] a re  constant .  

F r o m  Eqs.  (4) and (1) we find 

N~ Vr 
- -  = - -  ( 5 )  

Y V w 

Using the exper imen ta l  t e m p e r a t u r e  dependence of the microwave  loss  in a sample  we can calculate  
the ra t io  VT/Vw (the fract ion of the pore  volume filled with liquid wa te r ,  exp re s sed  as a percentage  of the 
total  pore volume) or  V3, the f ract ion of the pore volume filled with ice at the given t e m p e r a t u r e  T (ex- 
p re s sed  as a percentage  of the total  pore  volume).  Equation (3) is  used to calculate  the effect ive poros i ty  at 
t e m p e r a t u r e  T (expressed  as a percen tage  or in cubic cen t ime te r s  per  gram);  a l te rna t ive ly ,  if we multiply 
V 3 by II, we can find the volume of ice-f i l led  pores  as  a f ract ion of the total  sample  volume.  

Using the data of [4] and the exper imen ta l  V3(T) dependence we can calculate  the function V3(r) o r  
V3(logr)~ a plot of e i ther  of these functions r e p r e s e n t s  the in tegra l  pore  dis tr ibut ion with r e spec t  to rad ius .  

A labora tory  microwave  appara tus  designed and const ructed for cor responding  exper imen t s  is de-  
scr ibed in [7]. The m e a s u r e m e n t  p rocedure  is descr ibed  in [8]. The samples  se lected for t he se  exp e r i -  
ments  are  of m a t e r i a l s  having a broad range  of pore  d imensions:  molded kaolin and c lay ,  c e r a m i c s  f ired 
at var ious  t e m p e r a t u r e s ,  and fine pore  c o m m e r c i a l  s i l ica gel. 
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Fig .  2. In tegra l  (a) and dif ferent ia l  (b) dis t r ibut ions of 
po res  with r e s pec t  to radius  in a c e r a m i c .  1) F i red  at 
973~ 2) 1273~ Here  V is  in cm3/g  and r is in A. 
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Fig. 3. Integral  (a) and differential  (b) distr ibutions of pores  
with respec t  to radius in f ine-pore sil ica gel. Here V is in 
cm3/g  and. r is in/~. 

The measured  microwave loss in a sample is used to calculate the effective porosity and the volume 
of pores  in which the water  is in the solid phase at a given negative Celsius tempera ture ;  integral  and 
differential  pore distr ibutions with respec t  to radius  are  constructed.  F igures  1-3 show the integral  d is -  
tr ibutions in clay and kaolin (Fig. 1), the ce ramic  (Fig. 2), and silica gel (Fig. 3), along with the c o r r e -  
sponding differential  distr ibutions.  We see that the integral  distributions for the var ious  mater ia ls  differ 
in shape and breadth.  The peaks of the differential  curves  are  not at the same position for the different 
mate r ia l s .  While the f i rs t  peak on the distribution for the moist micaceous clay (curve 2) occurs  at 3 .10  -~- 
4 .10  -7 cm,  that for kaolin, which ha~ a c o a r s e r  dispers ion,  occurs  at 2 .5 .10  -6 era. A ce ramic  fired 
at a relat ively low tempera ture  (curve 1; 973~ has a wide range of pore dimensions.  Most of the pores 
have dimensions approximately equal to those of sorbent  pores.  The peak occurs  at 2 .10  -6 cm. There  
are  an insignificant number  of pores  with radi i  6 �9 10 -6 cm. The ce ramic  fired at 1273~ on the other 
hand, has no pores  smal le r  than 4 . 1 0  -7 cm and very  few in the range 4 . 1 0 - 7 - 2  �9 10 -6 era; the f i rs t  peak 
of the distribution occurs  at 4 .10  -6 cm. Although this method does not permit  a quantitative determinat ion 
of the number  of l a rger  pores ,  the nature of the distr ibutions for the samples fired at 1273~ implies that 
such pores  exist.  

The distr ibutions for silica gel are par t icular ly  interest ing:  we see from Fig . .3a  and 3b that there 
are  no pores  la rger  than 4.3- 10 -7 cm in this sample,  and the peak of the distribution is at 3 .10  -7 cm. 
These resu l t s  agree sa t is factor i ly  with the technical specifications for this type of silica gel. 

Lacking the neces sa ry  apparatus we were not able to c a r r y  out comparat ive  tests  by other methods 
(e. g . ,  by the BET method) and were  thus unable to fully evaluate this method from the metrological  stand- 
point. Never the less ,  analysis  of the measurements  shows that the total e r r o r  consis ts  p r imar i ly  of the 
e r r o r  in measur ing  the microwave loss ,  which is + 0.65 dB for prolonged measurements  and �9 0.25 dB for 
b r ie f  measurements ,  and the e r r o r  due to the r m s  e r r o r  in the determinat ion of the melting tempera ture  
cor responding  to a given capi l lary radius.  The curve plotted f rom the data of [4] yields this value within 
~15%. 

This method has the obvious advantages that it is nondestructive and does not require  contact with 
the sample; it is also simple,  uses readily available apparatus (standard mic rowave-measu remen t  equip- 
ment can be used), and is highly sensit ive.  It can thus be hoped that new applications of this method will 
be found. 

N 

X 

a 

NOTATION 

is the microwave loss in a mater ia l  containing (liquid) water  at 273~ 
is the thickness of the layer  of moist  mater ia l ;  
is the attenuation constant  of the medium; 
is the microwave wavelength; 
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1, 
2. 
3. 
4. 

5. 

6. 
7. 

8. 

is the real  part of the complex dielectric constant; 
is the loss tangent; 
is the volume of open pores in the material; 
is the volume of the sample of moist material; 
is the poros{ty; 
is the temperature of the mater ia l  (~ 
is the loss at a negative Celsius temperature T; 
is the effective porosity; 
is the volume of pores filled with ice at temperature T; 
is the density of the moist material; 
is the pore radius. 
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