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Dielectric Behavior of a Semi-Solid Food at II 
Low, Intermediate and High Moisture Contents* 
R.E. Mudgett1

, S.A. Goldblittti, 0.1.C. Wang2 and W.B. Westphal2 

ABSTRACT 
The dielectric behavior of a semi-solid food was essentially predicted at 3 GHz, 25°C,fora 

range of moisture contents and water activities, by an electrophysical model for two-phase 
heterogeneous mixtures based on !umped-circuit analysis. The model involved an active 
aqueous ionic phase and an inert solids phase whose properties were estimated from proximate 
analysis data. A critical level of water activity was seen for activation of conductive loss 
mechanisms which appeared to be related to the availability of water in mobile forms. This is 
seen to involve ionization of salts below saturation levels and salts bound to food solids at low 
moisture contents. Observed dielectric behavior was primarily associated with water and ion 
activities and is believed to result from the ionization and subsequent dilution of aqueous ions 
as moisture contents were increased by sorbing samples at progressively higher water activities. 
The state of water in semi-solid foods is seen in terms of relative mobilities which appear to be 
related to the kinetics of microbial growth and biochemical reactions of foods in prolonged 
storage at low and intermediate moisture contents. Results of this and previous work suggest 
that bound water relaxations are negligible at microwave frequencies. 

INTRODUCTION 
Previous investigation has shown that the dielectric properties of certain aqueous mixtures 

and semi-solid foods of high moisture content were generally predicted by electrophysical 
models based on observed mechanisms of interaction between water and the biochemical 
constituents of foods as broadiy classified in proximate analysis. Dielectric constants and loss 
factors of non fat dried milk solutions were predicted (Mudgett et al, 1974a) at high frequencies 
by the Hasted-Debye models (Hasted et al, 1948) for aqueous ionic solutions. Dissolved salts 
were seen to depress the dielectric constant and elevate the loss factor of milk solutions with 
respect to the levels of free warer. A substantial fraction of milk salts were in associated or 
bound forms (Mudgeit-et al, 1971) as seen by comparison of atomic absorption and ion
selective electrode measurements, indicaling effective salts concentrations considerably lower 
than those suggested by total ash contents. This appeared to result from binding interactions 
related to colloidal milk salts equilibria (Jenness and Patton, 1959; Waugh and Noble, 1965) 
and from non-binding interactions related to the formation of hydration complexes among 
dissolved ions by hydrogen binding (Von Hippe!, 1965). The dielectric properties of oil-water 
emulsions of varying composition were predicted at high frequency (Mudgett et al, 1974b) by 
the Fricke model (Fricke, 1955) for the complex conductivity of colloidal suspensions, as 
modified in terms of complex permittivity. The modified Fricke model reduces to the Maxwell 
model (Maxwell, 1881) for spherical inclusions and to the Rayleigh model (Rayleigh, 1893) for 
long cylindrical inclusions perpendicular to the applied field, for appropriate values of a 
geometric form factor. Intermediate values of the form factor were assumed by Fricke to repre
sent oblate spheroidal inclusions of random orientation to the applied field. Thus, the major ef
fect of suspended oil droplets of low relative permittivity in a continuous aqueous phase of high 
relative permittivity, and vice versa, was seen to be the volumetric exclusion of one phase by the 
other, subject to effects of droplet size, shape and orientation. These predictions were based on 
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pure component properties of the continuous and suspended phases, which were assumed to be 
chemically non-interactive. The dielectric properties of alcohol-water mixtures at high frequen-:
cy were also predicted (Mudgett et al, 1974b) by an empirical combination of the Maxwell 
model and the Debye models (Collie et al, 1948) for pure polar liquids. This was subsequently 
designated as the Maxwell-Debye model for chemically interactive mixtures. The model 
predicted synergistic loss effects, i.e., dielectric loss of mixtures higher than the loss of either 
pure component, previously observed in alcohol-water mixtures (Buck, 1965; Roebuck et al, 
1972) which were attributed to shifts in the critical wavelength of mixtures due to hydroxyl
water interactions through hydrogen bonding. Similar behavior has been observed in 
carbohydrate-water mixtures (Roebuck et al, 1972). 

Based on these results and a review of the literature, it was conceived that high-frequency 
dielectric behavior in semi-solid foods of high moisture content might be predicted by two
phase models for heterogenous mixtures which considered the physical and chemical properties 
of foods in terms of constituent interactions with water, as shown in Table 1, and in terms of 
biological structure. This was demonstrated for a meat and a vegetable (To et al, 1974; Mudgett 
et al, 1977) by models assuming an aqueous phase of free water and ions and a solids phase of 
bound water and ions and colloidal lipids, proteins and carbohydrates. Properties of the 
aqueous phase were estimated by the Hasted-Debye models for aqueous ionic solutions. Those 
of the solids phase were based on measurements of dried food solids (Westphal and Sils, 1972). 
Dielectric properties of the vegetable (raw potato) were consistent with Maxwell model 
behavior, those of the meat (lean beef) were more consistent with Rayleigh model behavior. 
This was attributed to structural differences associated with muscle fibers of the meat and 
carbohydrate constituents of the potato. However, reasonable estimates of dielectric behavior 
for both the meat and the vegetable were obtained by a Distributive model derived in lumped
circuit analysis (Mudgett et al, 1977), which assumed distribution of phase properties based on 
phase volume fractions. Measured dielectric constants from the literature (Bengtsson and 
Risman, 1971; Westphal and Sils, 1972) for a variety of meats and vegetables were also consis
tent with Maxwell, Rayleigh or Disuibutive model predictions based on proximate analysis 
data. In Llus respect, it is noted that good agreement was seen between measured values at 
similar frequencies and temperatures by standing wave and cavity perturbation methods. 
Similar results were obtained for model predictions of dielectric constant and loss of frozen 
meats at temperatures down to -40°C (Mudgett et al, 1979). Most of the water at low 
temperatures was seen to exist in immobilized forms which did not respond to the applied field. 
However, a significant fraction of water and ions was seen to exist in mobile forms which were 
dieiectrically active and thus capable of sustaining biological activity at low temperatures. 
Levels of mobile water and ions were generally predicted by an idealized thermodynamic model 
based on equilibrium between the liquid and solid phases at temperatures of measurement. 

Table 1 Observed Modifications to Dielectric Behavior of Water in Various Aqueous Mixtures (Mudgett et al, 1974a). 

Aqueous Model 
Proximate 

Modification Analysis 
Mixture Behavior Constituents 

Water - Debye Moisture 

Nonfat milk Dissolved ions Hasted-Debye Ash, protein 

Oil-water Suspended Fricke Lipid, protein 
colloids carbohydrate 

Alcohol-water Hydroxyl Maxwell- Carbohydrate 
interactions Debye 
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The purpose of the present work was to investigate the effects of moisture content and 
water activity on the dielectric behavior of a semi-solid food at a high frequency. The state of 
water in foods has been a subject of considerable interest in the literature for several decades, 
due to its effects in food spoilage. The stability of low and intermediate moisture foods has 
been related to a number of deteriorative processes, including microbial growth, enzymatic and 
non-enzymatic browning reactions, lipid oxidation and a variety of enzymatic processes that 
may lead to the production of off-flavors, color changes or microbial toxins (Labuza et al, 
1969). Such processes are significantly affected by moisture content and water activity. Water 
activity in foods is defined as the ratio of the vapor pressure of the food to the vapor pressure of 
pure water (Labuza, 1968) and may be determined by manometric or hygrometric · 
measurements. Moisture. contentand water activity are generally related by sorption isotherms 
which suggest regions of monolayer water binding, multilayer water binding and capillary con
densation. The monolayer region is seen to involve a single layer of tightly bound water 
molecules on the solid surfaces of food constituents (McLaren and Rowan, 1951) and is iden
tified by analysis of Brunauer-Emmett-Teller (BET) or other sorption isotherms (Labuza, 
1968). BET values in semi-solid foods generally range from 1-2 % of total moisture contents and 
from 5-IOOJo of dry solids (Duckworth, 1975; Karel, 1975). Additional layers of water molecules 
are then seen to be bound at successively lower binding energy levels in the multilayer region 
and porous regions of the structure to be occupied by loosely bound or free water in the region 
of capillary condensation. Water is also tightly bound in hydration sheaths around dissolved· 
ions (Hasted et al, 1948) and may also exist in ionic multilayers. Thus, levels of free and bound 
water are believed to be significant with respect to water and ion activities which influence their 
dielectric behavior. 

The dielectric behavior of bound water in two-phase mixtures has been described {Hasted, 
1961) in terms of frequency response: 

In both the liquid and solid phases, biological constituents bind some water irrotationally. 
This is indicated by dieiectric constant depression in the microwave region since tightly 
bound water cannot iespond to the field at such frequencies. 
Bound water may show relaxations at kilometer wavelengths with activation energies be
tween those of free water and irrotationally bound water of "ice-like" structure. 
Water in crystalline systems does not generally show dielectric loss in the microwave 
region. 
Aqueous solutions show a diffuse region of relaxation due to difference in dielectric 
behavior of their constituents. 
Bound water in foods may exist as tightly bound forms in surface or hydration monolayers 

of the monolayer and capillary regions or as loosely bound forms in the multilayer and capillary 
regions. Thus, mutually exclusive definitions of free and bound water are not easy to apply. 
Microwave measurements are believed to indicate relative mobilities of water and ions which 
may, to some extent, be distinguished in terms of differences in frequency response. 
Measurements of dissolved proteins (Oncley, 1943; Takashima, 1962; Schwan, 1965; Aaron et 
al, 1966) showed responses which were explained by additive Debye relaxations for water bound 
at various energy levels. Theoretical rotation rates were also obtained by applying Eyring's rate 
theory (Takashima, 1969) to dipole rotation based on free energies of activation calculated 
from experimental relaxation times. Thus, water binding energy levels may be estimated from 
dielectric measurements. High frequency measurements of hydrated protein crystals 
(Takashima, 1962) also showed low values of the dielectric constant up to 15-20% moistures, 
which increased rapidly up to 350Jo and then increased less rapidly at higher moisture contents. 
Takashima concluded that lack of polarizability at low moistures resulted from irrotational 
water binding in a hydration layer at protein surfaces and supposed the layer to have an "ice
like" structure with little coupling to the field at high frequencies. Similar variations of the 
dielectric constant have been observed in foods (Goldblith and Decareau, 1973). Water binding 
effects were also seen in carbohydrate-water mixtures {Abadie et al 1953; Volman et al, 1960; 
Roebuck et al, 1972) and alcohol-water mixtures (Davidson and Cole, 1951; Haggis et al, 1952; 
Buck et al, 1965). Dielectric response of such mixtures, which show synergistic loss effects, is at
tributed to chemical interactions between free water molecules and substituent hydroxyl groups _ 
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which stabilize liquid structure by means of hydrogen bonding and shift relaxation frequencies 

to intermediate values between those of their pure components. · 1 

While the constituents of biological materials are known to give anomalous dispersions, 

with respect to relaxation of free water, at submicrowave frequencies (Schwan, 1965; Cole, 

1972) such relaxations may not contribute significantly to high frequency dielectric behavior. 

The influence of water on the dielectric properties of heterogeneous mixtures has been in

vestigated for high m.oisture foods at frequencies from 1-10 GHz (de Loor and Meijboon, 

1966). Their measurements suggest that such materials are essentially linear in dielectric 

behavior. Dielectric properties in foods of plant and animal origin are believed to be similar at 

high frequencies and to depend primarily on water activity and ionic conductivity of fluids con

tained in their ceilular structure (Kent and Jason, 1975; Mudgett et al, 1977). Based on analysis 

of the origin of dielectric losses in heterogeneous mixtures, de Loor (1968) suggests that relaxa

tion of free water and ionic conductivity may be the major determinants of dielectric behavior 

in foods at high frequencies. But he also indicates the possibility of surface conductivity and 

bound water relaxation in such mixtures. The importance of moisture content and the state of 

water in foods is well-illustrated by dielectric measurements reported in the literature. These 

have been reviewed for a variety of food and agricultural products (Nelson, 1973; Goldblith 

and Decareau, 1973), and show interesting patterns of variation as a function of moisture con

tent. Thus, measurements of a semi-solid food at high frequency over a wide range of moisture 

contents and water activities are of interest in terms of the aqueous ionic environment for . 

microbial growth and biochemical activity. As the present work will show, such behavior was 

essentially predicted for a range of moisture contents by a model based on linear dielectric 

behavior which treated the samples as two-phase mixtures of aqueous ions and colloidal solids. 

EXPERIMENT AL 

Dielectric Measurements 
Standing wave measurements were made at 3 GHz, 25°C, for samples equilibrated to 

various moisture contents and water activities, by the method of Roberts and von Hippel (1946) 

on equipment previously described by Pace et al ( 1968). The water-sealed sample holder was im

mersed in a temperature-controlled water bath with internal flushing of the center conductor by 

means of a circulating pump. A tight-fitting Teflon cover was employed to provide a good 

moisture seal between the cover and the center conductor. Duplicate measurements were 

obtained for all samples. 

Sample Preparation 
Long Island potatoes obtained by street purchase were determined by proximate analysis 

methods to contain initially 80.3% moisture (wet basis), 1. 1 OJo ash, 2.1 OJo protein and 16.0% 

carbohydrate contents. The Long Island variety was chosen for detailed study because ofits 

high moisture and ash contents.- Proximate analyses were obtained for moisture, ash, protein 

and carbohydrate contents by AOAC methods (Horwitz; 1970) and lipid contents estimated by 

difference. More detailed data on the biochemical composition of this variety have been 

reported previously (Mudgett et al, 1977). Potatoes were peeled, sliced and freeze-dried in 

liquid nitrogen with moisture removal by heating in a vacuum oven (Virtis). Freeze-dried potato 

samples were then equilibrated at 25°C to constant weight over saturated salt solutions. 

Quadruplicate samples in Vycor crucibles were equilibrated in vacuum desiccators to 

equilibrium relative humidities indicated by Rockland (1960), as shown in Table 2. Final 

moisture contents were obtained by weighing cooled samples in carefully wiped covered 

crucibles on an analytical balance accurate to within 0.1 mg. Moisture contents were corrected 

for a residual moisture content of 2.7%, as determined by drying duplicate samples over 

magnesium perchlorate and phosphorus pentoxide in vacuum desiccators for three months. 
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Ta_ble 2 Equilibrium Relative Humidities of Saturated Salt Solutions at 25°C (Rockland, 1960). 

Salt Solution ERH (%) 

Lithium Chloride II 
Potassium Acetate 23 
Magnesium Bromide 31 
Lithium Nitrate 41 

,. Pmassium Nitrite ; ,. 48 ' I~-', ~ I 

Sodium· Bromide 57 
Copper Chloride 67 
Potassium Chloride 75 
Sodium Chloride 86 
Barium Chloride 90 
Potassium Nitrate 93 
Sodium Phosphate (dibasic) 97 

Sample Measurements 
Standing wave measurements at 3 GHz, 25°C were made for duplicate freeze-dried potato 

samples at each equilibrium moisture level. Sorbed samples of known moisture conte[!t and 
water activity were packed in a clean, prepared sample holder and re-weighed to determine sam
ple packing densities. Sample holder volume for density calculations was determined by 
calibrated wax measurements. Standing wave measurements were then corrected for packing 
density variations by a: density correction factor obtained in the following way. Freeze-dried· 
potato solids density was obtained at the residual moisture level from triplicate measurements 
in benzene at 25°C by pycnorneter. These measurements indicated a solids density of 1.5 g/cm3 

which, in conjunction with a water density of 1.0 g / cm1
, gave a weighted density of I .08 for raw 

potato of normal moisture content. This was verified by displacement measurements of raw 
potato . 

Normalized sample densities, representing the density of the sample holder packed without 
air voids, were estimated by weighting solids contents by the measured freeze-dried potato 
solids density and moisture contents py the density of water at 25°C. Values of dielectric pro
perties obtained in measuremems of packed samples were then multiplied by the ratio of the 
normalized-to-packed densities for each sample to give a basis of comparison over a wide range 
of moistures. The level of bound water in the monolayer was estimated by analysis of the sorp
tion isotherm obtained in a plot of moisture content vs water activity by the Brunauer-Emmett
Teller analysis suggested by Labuza (1968). Freeze-dried potato samples of low residual 
moisture content were also measured at 3 GHz, 5-65°C to determine temperature-dependence 
and levels of dielectric activity of the dry potato solids. 

RES UL TS AND DISCUSSION 
The sorption isotherm obtained by equilibrating freeze-dried potato samples in vacuum 

desiccators over salt solutions is shown in Fig. 1. Values of the hydration monolayer in sorption 
were calculated by Brunauer-Emmett-Teller analysis of the isotherm. This gave hydration 
monolayer values from 7.4-7.7 g HiOI 100g solid, which compare favorably with values 
published by Duckworth and Smith (1963), as shown in Table 3. 

Dielectric measurements of sorbed samples at 3 GHz, 25°C are presented in two ways. 
Variations of dielectric properties as a function of water activity, are shown in Fig. 2. The 
dielectric constant was seen to vary hyperbolically with water activity, increasing slowly at ac
tivities from I 1-86% equilibrium relative humidity (ERH) and then rising very sharply toward 
the value of 100% ERH for pure water. In contrast, dielectric loss levels increased slowly from 
11-86% ERH, rose very rapidly to a maximum value at about 97% ERH and then fell off 
sharply at higher water activities. These results suggest a critical water activity near 86% ERH, 
or 21 OJo moisture, for activation of dielectric loss mechanisms, which appears to be related ·10 
the availability of mobile water. The results also suggest tight water binding considerably 
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Figure 1 Sorption Isotherm for Freeze-Dried Potato. 
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beyond the BET monolayer, i.e., beyond 230Jo ERH or 7-8% moisture. Parenthetically, the pat
tern of loss variation suggested the possibility of synergistic loss effects at high moistures due to 
high sugar levels in the potato. But, as seen previously (Mudgett et al, 1977) dissolved sugar 
levels in cell-free extracts of raw potato were not high enough to give synergistic losses. Thus, 
an alternative explanation of dielectric behavior with moisture content was required. The data 
presented in Fig. 2 suggest an intermediate region between the BET monolayer and a critical 
water activity where salts are weakly ionized in multilayer water sorption. Dielectric loss in this 
region increased above minimum loss Ieveis at a low constant rate from 41-75% ERH but was 
almost negligible from 23-41 % ERH. It is noted for reference that the dielectric loss at 750/o 
ERH was approximately 1.0. This suggests that the effects of surface charge on membranes or 
cell walls may not contribute much to dielectric behavior of the potato at high frequencies ex
cept for surface binding of water molecules and ions. 

Dielectric measurements are also plotted against moisture content in OJo wet weight, as 
shown in Fig, 3. The results are similar to those of Roebuck et al, (1972) for granular starch
water mixtures except that intermediate and high moisture loss levels in the potato are con
siderably higher than starch. This is believed due to ash contents which are assumed to be much 
higher in the potato than in potato starch. But the results cannot be compared directly since 
proximate analysis data were not given for the starch-water measurements. Variation in dielec
tric behavior again shows regions which may be associated with water and ion activities. A 
point of possible interest at low moistures is the presence of a "hump" in the dielectric constant 
which may be related to multilayer water binding effects. But the data obtained are not 
sufficient to draw firm conclusions in this regard. 

Table 3 Comparison of Measured BET Monolayer Values with Published Values for Dehydrated Potato (Duckworth 
· and Smith, 1963). 

Measurements 
BET Monolayer Values 

(g H,0/ 100g solids) 

Experimental 7.4-7.7 
Duckworth 5.3-9.6 
Gorling 7.7 
Duckworth-Smith 6.9 
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Figure 2 Dielectric Constant and Loss Measurements at Various Water Activities. 
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Figure 3 Dielectric Constant and Loss Measurements at Various Moisture Con
tents. 

33 

Measurements were also made for freeze-dried potato samples at 3 GHz, 5-65°C to deter
mine temperature-dependence of dry potato solids and are shown in Table 4. These show little 
variation in dielectric constant or loss with temperature and are consistent with measurements 
at low water activities in sorption studies. The results suggest that dielectric activity at low 
moistures is relatively constant and temperature-independent and that low-moisture materials 
are dielectrically inert due to binding of water and salts. Thus, in the two-phase models 
employed, the dielectric properties of an inert solid phase were assumed to be constant at the 
level observed in these measurements. 
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Table4 Measured Dielectric Constants and Losses of Freeze-Dried Potato at 3 GHz. · 

Temperature (0 C) K' K" 

5 4.1 0.1 
25 4.3 0.1 
45 4.4 0.2 
65 4.6 0.2 

The pattern of loss variation with moisture content observed in sorbed freeze-dried potato 
measurements, as previously shown in Fig. 3, initially suggested the possibility of synergistic 
loss behavior in the potato. But models employed for the dielectric behavior of raw potato at 
high frequencies were not based on synergistic loss mechanisms and measurements of potato by 
de Loar and Meijboom (1966) also suggested linear dielectric behavior. Accordingly, a 
physical-chemical basis for observed behavior in raw potato was sought to explain variations in 
dielectric properties with moisture content. One possibility was to consider a combination of 
solvent depletion and salts conc~ntration which could result from moisture loss in dehydration. 
That is, as moisture is lost by mass transfer, potato salts were seen to be concentrated in the re
maining moisture. A comparison of Distributive model predictions, based on this premise, with 
sorption measurements is shown in Fig. 4. Close agreement was seen between predictions and 
measurements at moisture contents above 35%. But at moistures below 35%, considerable 
differences were seen. These results suggest three regions of moisture content with essentially 
different modelling characteristics, as seen in Fig. 4. In region A, dielectric properties are essen
tially linear at moistures below 10%, suggesting that at low moistures water and salts are in · 
tightly bound forms of low dielectric activity. In region B, from 10-35% moistures, dielectric 
constant and loss increase rapidly with moisture content, suggesting at intermediate moistures 
an exponential rate process for ionization of bound salts which is associated with the availabili
ty of loosely bound or free water. In region C, at moistures above 35%, the further availability 
of mobile water appears to dilute the dissolved salts to give a pattern of loss behavior similar to 
that observed in alcohol-water mixtures, but which is not inconsistent with the Cole-Cole plots 
of de Loar and Meijboom (1966). These were seen to be essentially linear in dielectric behavior. 
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Figure 4 Comparison of Dielectric Measurements with Model Predictions for 
Two-Phase Heterogeneous Mixtures. 

1· 
; 
I 
1 
~1· 
., 

'9 

i 
·1·· 

·' 

f 
1 
I 
I 

Such 
content a 
regions s 
authors (11 

response 
fects wer~ 
environmi 
kinetics q 
low andi~ 

ACKNO\ 
This 

DAAG-1" 
report are 

REFERE 
Aaron, M. 

presented 
Abadie, P.,, 

glucose erl 
Physique, 

Bengtsson, ~ 
tion techn; 

Buck, D.E. 
Cambridg 

Cole, K.S.·11 
Press, Ber 

Collie,C.H. 
(London), 

Davidson,[; 
Phys. 19(1 

deloor, G.I 
de Loor, GJ 

atmi_CTOWi 
Duckworth, 
Duckworth, 

Society Pr, 
Fricke, H. 1, 

Phys. Che, 
Goldblith, S 

Mass . 
Haggis, G.H 

20(9):1452 
Hasted, J.B. 

pp. IOl-14 
Hasted, J.T. 

Chem. PhJ 
Horwitz, W., 
Jenness, R.,; 
Karel, M. 19· 
Kent, M., an, 
Labuza, T.P. 
Labuza, T.P 

foods.Fo~ 
Maxwell, J.( 

England. 
McLaren.A. 
Mudgett, R.I 

foods of hi 
Mudgett, R.l 

meats.I. A 
Mudgett, R.! 

aqueous so 



:o 

\!I: ;. 
,1. 

at 11.' 
,y 

I\ 
a 11;•' 

in \I,' 
of Ii 
n. ,i,li: 
·e- r 
th '{. 
nd 
,le I!; II Hy I, 

·n- ' 

m I ric 
res 
iii- I ,ity 
to 

i otS 
IL 

MUDGETT ET AL: DIELECTRIC BEHAVIOR OF FOOD 35 

Such an interpretatiotj of dielectric behavior in semi-solid foods as a function of moisture 

.content ;md water activity is consistent with monolayer, multilayer and capillary condensation 

regions seen in sorption isotherm analysis. This is reinforced by dielectric measurements by the 

authors (unpublished) of aqueous cation exchanger suspensions which showed high frequency 

response based on free water and ion equivalents. That is, surface charge and bound water ef

fects were negligible at high frequency. Thus, results of this work suggest that the aqueous ionic 

environment in semi-solid foods, as seen by dielectric measurements, may be related to the 

kinetics of microbial gro~·th and biochemical deterioration of foods in prolonged storage of 

low and intermediate moisture contents. 
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