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Abstract. Measurements of the eomplex permittivity of dried proteinaceous material 

(white fish meal),£*= £ 1 -j£'', at 10 GHz show a marked dependence on both tempera

ture and moisture content. At constant temperature both components of£* increase 

with increasing hydration with a change in the rate of increase around a value of 

hydration presumably related to completion of the first uni-molecular layer. It is 

shown however that the effective €'' of the system at all levels of hydration can be 

.considered as arising from water molecules in the 'liquid' multilayers. When the 

monolayer is incomplete, the multilayers · arise through simple thermal activation 

from the lower energy monolayer. From the results, in particular the temperature 

dependence at low moisture contents, ail act_ivation energy for sorption of water 

molecules from the multilayer onto monolayer sites is determined as 6·4± 3·0 kJ moI.-1 

1. Introduction 

The use of microwave absorption as a means of measuring the moisture content of 

mai.erials is becoming well established, but little has been published about the physical 

mechanism of this phenomenon. Certainly it is known that the absorption is due to the 

dipolar losses of the water present, which are assumed free to orientate with a relaxation 

time such that the maximum loss is in the region of the frequency of measurement. 

It is commonly observed that for proteinaceous materials, foodstuffs in particular, the 

. calibration curves obtained for micrmvave attenuation versus hydration fall into two 

distinct regions: a low sensitivity region where attenuation increases only slightly with 

hydration and a higher sensitivity region where the gradient is much steeper. The tran

sition, it is usually assumed, occurs in the region where the monolayer becomes filled. 

The low attenuation per unit of hydration below this value is attributed to the fact that.the 

· monolayer is more tightly bound arid thus not free to relax at the same rate as 'liquid' 

· multilayer states above it. In this paper an attempt will be made to explain the observed 

behaviour in more detail. It will be suggested that far from being due to the effective loss 

1 
:· ,fllct~r of the monolayer water, as suggested for example by Windle and Shaw (1954) for 

· W,ool.,,-~~ter.,systems, the observed losses for hydration below the critical hydration could 

1, , be due to water molecules thermally activated into multilayer states. The activation energy 

for. this should be identical with the heat of sorption as obtained from studies of the sorption 

. isother.ms. 

I~!'\/~- ::• •~\' ~: • , '• ' 

]!_::r>Jf:Mat~rials and methods 

-~~, 
1,~.t):1:The material. investigated in this instance was fish meal prepared from white fish species. 

:l'f ~11;.,:1,hi$ ·is of low oil and salt content containing by weight some 62 % protein, 6 % lipid, 

,(:t!:-t\~·¼:ash; the remainder being water. . · . 
jlJ· , ...... , . .- , . , ,·, . . . , 

;.!1·~~~l't~J;i~ work describeq in this paper was carried out as part of the programme of the Torry 

,-. 11. }.lesearcb ·Station. 
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The technique u~cd for determination of E* at 10 GHz was the vector-balance null' 

method of Buchanan (1952). This is a bridge method in which phase and amplitude 

variations <Jf the wave travelling through the sample are matched with suitable components 

in a reference arm to provide a null output. The technique is well known in the field of· 

diclt.:ctric measurements and no more need be written about it since no instrumental 

innovations were made. · :,, 

Initial experiments were performed to establish e* at constant temperature for a numbet:.',i,;, · 

<Jf' different samples of fishmeal of various moisture contents. Twenty grams of each··: '· · · 

lintly ground fhh meal sample were packed into standard x-band waveguide between:: 

teflon plugs. These were tapered to ensure good matching into the sample, minimizing · 

the cffocts of ~tan ding waves and thus reducing one of the principal sources of error in this. 
technique. · · .. 

Maintaining the dcmity constant, 0·67 g cm-3, the length of the sample was gradually ! 

red uccd by removing small weighed quantities, and the attenuation and phase shift per unit· 

lt.:ngth were obtained from direct measurement with the bridge components. In this' 

manner a baseline was established for later measurements where only a single length of· 

~amrle would be used, the total phase shift being inferred from 1m + 0 where 0 was the 

rha,e shifter reading and n an integer (allowing for the reading with the empty guide). 

This required, in addition, a measurement of the attenuation and phase shift through the 
1 

emrty sample waveguide: empty, that is, except for the teflon wedges. This is quite in 

order hut the possibility of error due to standing waves in the bridge and sample is increased. 

The longer the sample, the smaller is this error, both as a percentage of the total phase shift 

and because the increased attenuation reduces the effects of standing waves. However, 

desrite the increased possibility of error this method enabled extensive measurements to be 

made on the same sample at different temperatures. 
/\ quantity of fish meal was then divided into aliquots, each being placed into desiccators 

containing atmospheres of various relative humidities from Oto 75 %- Several weeks were 

allowed f'or equilibration after which measurements of attenuation and phase constani at 

dillcrcnl temperatures were made as described above. 

Both the sample arm and an equivalent length of the reference arm were immersed in a 

water bath, the temperature of which was controllable to ± O· l °C. The temperature of the 

sample was thus varied over the range 10°C to 90°C in increments, thermal equilibration 

being allowed to take place at each temperature before a measurement was made. At the 
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Figure I. Relative loss factor f."/Eo versus percentage hydration (wet basis) for white fish meal at . 
different temperatures. 
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end of each run the temperature was brought down from 90 °C to a lower value to check the 

reproductbility of the measurement and ensure that any loss of moisture by evaporation 

would be detected. However, no such losses were ever observed, the teflon plugs and the 

bulk of the fish meal itself presumably being a sufficiently gas-tight seal. The increase in 

phase silift through the teflon plugs with temperature was found to be negligible with 

respect t~i the overall phase shift. 
From the results, graphs of E' and E" versus moisture content with temperature as a 

parameter were plotted (figures· 1 and 2). 

Moisture contents were determined by drying in a vacuum oven at 80 °C for 20 days, 

dully measurements of weight loss being obtained. From this data, delayed time plots 
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Figure 3. E" and E' versus frequency for whitefish meal at 2·4% hydration (wet basis). 
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were made after the manner of Mangelsdorf (1959) to establish the asymptotic values,~n'cttf1 

thus the true moisture content (or total volatiles). · . .- ,,. :·) \ 
The accuracy of the complex permittivity measurements was checked by making me~su~;;, ' 

men ts on certain samples using the method of Roberts and Von Rippel (1946). 0-opcf <; 1 

agre~ment was ob_tained between both techniques after corrections for differences in pa~~\iig /, ' 
density were applied. , . ,:-, , -

1
. 1 

The standing wave method was also used with co-axial line to find the frequ~ncy''.<~/,;, r 
dependence of some samples over a range from l ·7 to 4· l GHz. e' and e" as furn;:tiQhs')( '

1 of wavelength are shown in figure 3. ·· :,: }'\r{. 
1 The sorption-desorption isotherm (no hysteresis evident) for white fish meal was_ obtiµn~\t· 

1
;., 

at 23 °C by the method of Landrock and Proctor ( 195 l) (figure 5). · ·, · · 
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Figure 4. A, (E" -Ep")/Eo plotted on a logarithmic scale versus 103/T for whitefish meal at a 
hydration of 2·5% (wet basis). Gradient is -/iE/2·3 R. B, Slope corrected for changes in 

E2" with temperature: position of line adjusted for 
clarity. 

3. Results 

From the determination of ex, the attenuation per unit length, and </,, the phase difference 
per unit length between the reference and sample filled waveguide, the complex propagation 
constant y =ex+ i/3 was computed. The components of this yield e*, the complex permit
tivity, in the following manner. 

e*= e' -ie" 

E' [32 + f3c2 - cx2 

Eo = /3o2 

E" 2cxf3 
EQ = /3o2 

where ex is the attenuation in nepers per meter, f3 is the waveguide phase constant in the 
material, f3c is the free space phase constant for the waveguide cut-off frequency, f3o is the 
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free space phase constant for the frequency of measurement. e' and e" are of course 

the real and imaginary components of e* and eo is the permittivity of free space. 

The estimated error for e', largely arising from inability to determine the true value of rp, 
is J 3 % and for e" is ± 5 % rising to 7 % for the lowest values of e" measured. At high 

values of e" the major contribution is from the ± 3 % error on the attenuator calibration 

and at low values from the residual effects of standing waves in the sample and phase shifter. 

Because of the difficulty in estimating the effects of these standing waves, the error in 

£" from measurement on a. was deduced from the deviation of the total attenuation from its 

expected linear dependence on the length of the sample as this was changed. This amounted 

lo arms deviation of no greater than 5 to 6 % for the lowest value of attenuation measured. 

The variation of e' and e" with hydration at different temperature is shown in figures 

1 and 2. As can be seen, the curves have the characteristic behaviour of proteinaceous 

materials as discussed in the introduction to this paper. 

It is also seen that as the temperature rises both e' and e" also increase for all levels of 

hydration. This is often an indication of a relaxation process with a critical frequency 

lower than that of the measurement (in this case 10 GHz). However, the frequency 

dependence of e" and e' for low hydrations shows only evidence of a broad relaxation 

spectrum of undefined type which is relatively flat over the region measured from 1 ·7 GHz 
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Temperature dependence of .2" obtained from the linear portions of figure 1 when 
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to 4· 1 GHz. There is an indication that some other mechanism is also contributing to th.f}.l" \ 
observed temperature effects, since after Gevers (1946) the theories of corresponding stat~s· \t!::, 
shows that change in temperature should be equivalent to change in frequeriof '');"·,; 
oe*/o(l/T)=(q'/k){oe*/o(ln w)} where q' is the activation energy for the dipolar rotation . ;,c} 
concerned with the relaxation process, w is the angular frequency and k is Boltzmann•s';ri:\b,: 
constant (after Morley 1969). At low moisture contents small changes in e' produced bf;,/' ; 
changing the temperature are accompanied by larger changes in e" than are seen fo(th~.1 ·· , : 
same change in e' with frequency in figure 3. The possible causes of this will be discusse&. ; 
in the next section. · · '}' >-:f· .· ~ 

From figure 1 the loss factor, E11 
/ Eo, for dry fishmeal is found to be 0·008 ± 10 % fof'a'r>,; j:} 

bulk density of 0·67 g cm-3• From the BET isoth~rm (figure 5) the va~ues of X~ an,4.<{:i:}?\ 
(defined below) found at 23 °C are 6·25 %, wet basis, and 12 ± I respectively. This yields,•',;',· "i:. 
avaluefortheheatofsorptionof5·9kJmol-1. ' . · .. : _:.,1

·,
1
.,, '/; 

.. ,·/ :. -~,• .. ·)' .{, l '. 
4. Discussion · · •· · / 1' / •. ' : 1#: , , 

Since it is apparent that the temperature dependence of e" observed for hydrations les~ if,'~ · · · 
than X m, is not directly att~ibutable to th~ adsorb~d monolaY_er, another explan~tion illust , :: ;'.'\~ ;:.,, ,". 
be sought. We shall examme the properties of a simple multimolecular absorption ~ode!. , .,i,' 
In this model, all available monolayer absorption sites will be filled at 0 K if sufficieµt , . ~; . 
numbers of adsorbate molecules are present to do this. At any temperature' above this', , >J 
application of Boltzmann statistics predicts that a certain fraction will be thermally excited ';\• ·~ 
into multilayer states. · We will assume that the system thus consists of only two energy· ' : .11,, 

lev~~ ~~~ '!:i!r::~ei~p~;~~: :~~~;;~~~ ~;~nfh~t that at the frequency' and temperature ' }i, I ' I 
of measurement (IO GHz), the contribution to the loss factor from monolayer water is '·, 
negligible with respect to multilayer losses, at all levels of hydration. · · .· . ;' i; 

The implication here is that the change in e" with increasing hydration, for hydration .. w:: ft'. . : 
levels below completion of the monolayer results not from monolayer molecules, but fr'oni 
that fraction thermally activated into the more rotationally free 'liquid' state of the multi-
layers. · 

The fractions in each layer may be expressed thus . . . 

X1 =X1o{l-exp_(-f!.E/RT)} 

X2 = X20 + X10 exp ( ,- t!.E/ RT) .. \, . 

(1) 

(~) 
where X10 and X20 refer to monolayer and multilayer values at 0 I( Obviously if X10 < Xm 
the completely filled monolayer, th~n X2o=0. A similar effect is implicit in the .multi- . 
molecular absorption theory of Brunaeur et al. (1938). Following Brunaeur (1945), the 
total volume of water adsorbed at a given temperature is given by 

X= XmCx (4)., 
(1-x) (1-x+Cx) 

where Xm is the volume of the filled monolayer, C is ·a constant and x=p/p~, p being the 
equilibrium vapour pressure of the absorbed water and p0 the saturation vapour pressure 
for liquid water. · · 

The quantity absorbed in the monolayer can be shown to be given by 

X1 = X(l -·x). (5) 

Obviously, therefore, the difference is the amount in the multilayers 
i.e. 

but 

x=p__ =exp ( -t!.Q/RT) 
po 

(6) 

\ t, ~ ; 

,; ' •< , / I 

. ; 
J,/ 

I,•; 
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derived from the well-known Clausius-Clapeyron equation assuming X to be constant with 
tempcratu!"c and l!:.Q to be the isosteric Gibb's free energy of adsorption. 

EquaLiPn (6) thus becomes, while the BET theory holds, 

X2=Xexp(-l!:.Q/RT). (7) 

· For the levels of hydrations investigated it is assumed that BET theory does apply and that 
this is demonstrated by figure 5. The term l!:.Q contains entropy changes being a differential 
Gibb's frc(; energy but is not necessarily identical with the energy term !!:.E described above 
which is assumed independent of X. 

Let us now assume that the dipolar losses in this system are additive. This assumption 
follows largely from the foregoing since it is there assumed that !!:.Eis independent of the 
Jcgrce or tilling of the monolayer, i.e. there are no intermolecular forces between neigh
bouring water molecules. 

Hence 

e"= ~e1"X1 

where E1" and Xi refer to the individual components. 
In this case 

e"= ev"Xv+ e1"X1 + e2"X2 

where 1: 11 " and Xv relate to the dry adsorbent and 

X1+X2=X 
Xv=(l-X). 

Inserting (10), (2) and (I) into (9) we obtain 

(8) 

(9) 

(10) 

E
11 

- Ep"(l-X)- e1X10- E2"X20=X10(e2"-e1") exp (-!!:.E/RT). (11) 

,\'10 is much greater than X2 therefore X1 '::'. X10-
Now if X ~ X m then X20 = 0 and X10 = X. Furthermore let us reduce the number of 

variables by assuming that e1" ~ E2" and may be neglected in comparison. Equation (11) 
then becomes · . 

E
11 

- Ep"(l -X)= E2 11 X10 exp ( -!!:.E/RT). (12) 

Now take as an example the skewed arc Cole-Davidson type of relaxation spectrum 
1i · 

E2" = llE(cos <p)P sin /3<p 
llE= Eo- E 00 

~here e."' is the relative permittivity at w = r:tJ and Eo the static relative permittivity. 
,given by. 
,,, I tan <p= WT 

(13) 

<pis 

(:. ,W~ere -r is the di polar relaxation time at temperature T. f3 i, the distribution parameter for 
i:',,i l~e re.laxation spectrum. When w->-oo the tangent to the curve makes an angle {3(rr/2) 
:T · ~1!~ the abscissa. (The intercept of the bisector of this angle with the curve gives Ac, the 

·' 'i Cfitical wavelength, where Ac=2rrcr.) · . 
:; :,; · , :·,; .Jnserting (13) into (12) gives us 
1.•. " ' ' {; ,, t~ 

1 

~ L 

\,{ .· . e" - Ep"(l - X) = ~EX10 exp ( - ~E/RT) {_!_(_1_)2} 11 sin /3<p (14) ,.,. ··; }· + WT 

,, {l:',>'~~tsin ,8~-/3<p-·>/3(rr/2) when w-;,.oo therefore we may write as an approximation when 
,it;' ... , WT~ I that 

Ii ft\:' . 
4/· li 

e" - Ep"(l-X)= flEX10,8; (wT)-2P exp ( - ~E/RT) (15) 

~~t,h ,1-

. , .. ~/:;,.~' 
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Tis given by 
T=To exp (ER/RT) 

where ER is an average activation energy for dipolar rotation, hence 

e" -ep"(I -X)= wTo-2Pb,.eX10~ i exp (- b,.£'/RT) 

where 
>' 

Similar expressions are obtained using other distributions, e.g. Cole-Cole, . 
b,.£'=b,.£+(1-~)£R and Fuoss-Kirkwood, !J.E'=b,.E+cxER where ex and~ have the· 
usual significance as distribution parameters. · 

It is clear that under the conditions described above, (i) e1" ~ e2"; (ii) X ~ Xm; (iii) 
X m = constant, a plot of In { e" - ep"( I - X)} versus I/Tin the usual manner will yield D..E' ., • 
from the gradient (figure 4(a)). It must be remarked that a similar treatment of e' is not 
considered because of the much smaller changes observed in that parameter and the strong 
possibility of other temperature effects. ep" is found from extrapolation of figure I to 
zero hydration whence the above procedure yields b,.£' = 12 ± 2·5 kJ mot-1. 

As discussed above, this term b,.£' contains not only a term resulting from the presence 
of relaxation effects, but also entropy changes for the phase change from monolayer to 
multilayers. The former may be eliminated in two ways. Firstly, the relevant distribution 
parameter could be determined from complex plane loci and a value for Eit could either be 
assumed from published data on liquid water or could he deduced from further experi
mental studies of the relaxation phenomena. 

A more convenient way is to estimate e2" from the gradients of the parts of the e" against 
X curves where X> X m and the curves are essentially linear. When this is achieved, 
equation (12) may be plotted as In [{ e" - ep"(l - X)}/ e2"] against 1/T. The corrected line is · 
shown in figure 4(b) and yields a value for b,.£ of 6·4 kJ moJ- 1. 

This value should be compared with that obtained from the isotherm parameters of 
figure 5 which is 5·9 kJ mol-1. Similarly, Jason (1958) obtained 5· 1 kJ mol-1 from sorption 
studies of dried fish muscle. It is worth noting that Cassie (I 945) pointed out that in the 
BET theory Co= C exp (b,.£/RT) is assumed unity and that this is erroneous. He 
claimed that lower values of Co are often encountered and this has the effect of increasing 
the values of b,.£ computed from knowledge of C and T. He quotes a value for wool-water 
systems of C0 =0·03 but to account for the higher value found here by dielectric measure
ments, Co would only need to be 0·34. It is doubtful whether this is significant when 
possible errors are considered. 

5. Conclusions 

The agreement between the various determinations of 11£, it is believed, indicates the 
validity of the hypothesis that the losses arise in the multilayer at all states of hydration. 
That is to say it would appear that it is possible to explain the dielectric loss factor for 
proteinaceous material at IO GHz entirely in terms of multilayer water. At low hydrations 
this multilayer water arises from thermal activation out of the monolayer states. lt may 
still be considered as 'bound' water, however, since its characteristic relaxation time is much 
longer than that for liquid water. 

Provided the assumptions made are valid, measurements of the dielectric loss factor at 
centimetre wavelengths as a function of temperature would thus appear to offer a direct 
means of determining 11£, the heat of sorption of water on to dry protein materials, without · . 
the laborious procedures necessary to obtain the sorption isotherms. · ' 

The initial value of 11£' found here for whitefish meal is 12 kJ mol-1. That this is. 
higher than previous estimates is due to the contribution of relaxation effects in the multi-. 
layer states to the observed temperature dependence of the loss factor. If this is allowed <•1 _, 

for the value becomes 6·4 kJ mol-1. 
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We intend to investigate this method further in .relation to pure crystalline protein and 

other suitable materials. 
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