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ABSTRACT 

Equilibrium data needed in modeling of osmotic dehydration are reported for 
unblanched diced potato in contact with aqueous solutions of sodium chloride. 
Diced potato, 1 cm cubes, were equilibrated with 0-12% (w/w) aqueous NaCl 
solutions at three temperatures (8, 21 and 35°C). The mass fraction of total solids 
nonsalt (w;)  in potato at equilibrium was modeled as a function of mass fraction 
of total solids in the fresh material at full turgor (w.:), concentration of NaCl in the 
external solution (w,,) and temperature. Using w; and w,, and assuming that the 
activity of NaCl in the potato tissue and the external solution at equilibrium are 
equal, equilibrium densities were calculated based on the principle of volume 
additivity. The predicted and experimentally measured equilibrium densities were 
in close agreement. 

INTRODUCTION 

Osmotic dehydration is defined as a process in which part of the natural 
moisture in plant materials is removed by immersion in aqueous solutions of 
sucrose, glucose, fructose, sodium chloride or other osmotic agents. As moisture 
is removed, soluble solids in solution penetrate the material, and some soluble 
solids present in the material may leach out (Ponting et al. 1966; Biswal et al. 
1991. 

Osmotic dehydration has been applied to concentrating fruits and vegetables 
prior to freeze dehydration (Hawkes and Flink 1978), air drying (Kim and Toledo 
1987) and freezing (Torreggiani et al. 1988; Biswal and Bozorgmehr 1989). In 

1 

Correspondence: Dr. R. N. Biswal, Department of Food Technology & Science, The University of 
Tennessee, P.O. Box 1071, Knoxville, TN 37901-107 1 ; Phone (615) 974-7334. 
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238 R.N. BISWAL and K. BOZORGMEHR 

addition to reducing process energy requirements, osmotic dehydration has been 
shown to improve product quality (Hawkes and Flink 1978). A comprehensive 
review of the osmotic dehydration process is given by Le Maguer (1988). 

To date, more work has been done on osmotic dehydration of fruit than 
vegetable tissues. The potato is one vegetable tissue that several researchers have 
successfully concentrated by osmotic means in recent years. The feasibility of 
obtaining dehydrofrozen potato by osmotic means was demonstrated by Hartal 
(1967). End point criteria for osmosis and the spatial distribution of the osmotic 
effect (water and solute concentrations) in potato tissue in contact with aqueous 
solutions of sodium chloride and sucrose were studied by Lenart and Flink 
(1984a,b). Osmotically induced mass transfer in potato and other plant storage 
tissue was studied by Toupin and Le Maguer (1989) and Toupin et al. (1989). 
Recently, Barcenas et al. (1990) obtained the diffusional parameters for osmotic 
dehydration of potato in aqueous solutions of sodium chloride. 

Modeling the kinetics of osmosis for concentrating vegetable tissue would 
require data on surface properties of the material in contact with the osmotic solu- 
tion. Examples of these properties are composition and density of the material at 
the surface. Assuming that surface of the tissue is in equilibrium with the contact 
solution, these properties can be obtained by equilibrating the whole tissue in the 
osmotic solution (Biswal and Le Maguer 1989). 

Objectives of this research were to collect and to model the equilibrium data 
for osmotic concentration of potato in aqueous solutions of sodium chloride. 

REVIEW OF THE MODEL 

Biswal and Le Maguer (1989) reported that the system of diced potato soaked 
in aqueous solution of sodium chloride can be considered to consist of NaCl, 
water, and total solids nonsalt. Water and NaCl are the only components that are 
exchanged between diced potato and external solution, while the total solids non- 
salt, present in potato, is assumed to remain constant (no leaching). 

The concentration of NaCl or water in diced potato in equilibrium with an 
external solution of known composition, was calculated using the following 
equation as suggested by Biswal and Le Maguer (1 989). 

In Eq. ( I ) ,  the subscript i represents component 1 (salt) or 2 (water). B represents 
bath or external solution and superscript * represents equilibrium. Accordingly, 
w; is the mass fraction of total solids nonsalt of the material in equilibrium with 
the external solution. 

Neglecting the terms beyond quadratic, the model for wf,  as suggested by 
Biswal and Le Maguer (1989) is: 
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where A. = Bo + B l t  + B 2 t  2  

wlB =mass frac. of salt in the bath, kg NaClkg soln. 

w: =mass fraction of total solids-nonsalt (TSNS) in fresh 
material, kg TSNSkg total. 

t =contact temperature, "C 

It should be mentioned that Eq. (1) is based on the assumption that the mean 
molal activity coefficients of sodium chloride in the material and the bath are 
equal. This assumption implies that the total solids nonsalt in the material act 
only as inert support. 

MATERIALS AND METHODS 

Osmotic solutions of 5%, 10%. and 15% NaCl by weight were prepared by 
mixing reagent grade sodium chloride in water. Two batches of large size Idaho 
white potatoes were obtained from a local produce market. Batch 1 potatoes were 
used to conduct one set of all experiments (replicate l), and batch 2 potatoes were 
used for replicates 2 and 3. Potatoes were hand peeled and cut into 1 cm dices. 
The potato cubes were washed and standardized for initial moisture by soaking 
them in tap water for 1 h. 

The diced potatoes were allowed to contact NaCI-water solutions at four con- 
centrations (0%. 5%, 10% and 15% NaCl by weight) and three temperatures (8, 
21 and 35°C) in flasks mounted in a constant temperature shaking bath. A 
so1id:liquid ratio of 1:5 was maintained. Shaking the flasks produced good 
mixing of the potato cubes with the solution. Contact time was fixed at 24 h. 
Potato cubes were then removed from the solution, blotted dry and analyzed for 
reduction in mass; moisture (70°C under partial vacuum overnight); and salt by 
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titration (AOAC 1984). The final salt content of the osmotic solution was also 
measured by titration (AOAC 1984). Density of the potato cubes was measured in 
wide mouth pycnometers using hexane. All experiments were replicated three 
times. 

RESULTS AND DISCUSSION 

Equilibrium data (experimental) for diced potato in contact with aqueous solu- 
tions of sodium chloride are given in Table 1. At any given temperature, (m,,m,,)*. 

TABLE 1 
EQUILIBRIUM DATA FOR DICED POTATO IN CONTACT WITH 

NACL-WATER SOLUTIONS 

* * * 
Temperature w 1B me/mo "1 W3 P 

( ' C )  ( ks/m3 

8(1) Blank 
0.0 
0.0394 
0.0768 
0.1147 

8(2) Blank 
0.0 
0.0427 
0.0866 
0.1246 

21(1) Blank 
0.0 
0.0384 
0.0817 
0.1186 

21(2) Blank 
0.0 
0.0407 
0.0893 
0.1264 

35 (1) Blank 
0.0 
0.0408 
0.0782 
0.1142 

Number 1 in parentheses indicates re~licate 1. Number 2 in 
parentheses indicates average of two- replicates (replicates 
2&3). 
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the mass ratio of potato at equilibrium relative to initial, increased as 
concentration of NaCl in external solution increased. The increased mass ratio is 
attributed to NaCl uptake by potato. 

Published equilibrium data on potato/NaCI-water system is limited to Lenart 
and Flink's (1984a) work on Hansa potato in contact with 10% NaC1-water 
solution at 23°C. Solids gain (SG) and water loss (WL), calculated using Eqs. (I) 
and (2), respectively, of Lenart and Flink (1984a) was reported to be 5% and 20% 
of the original weight, respectively. In the present study, the closest condition to 
Lenart and Flink's (1984a) was 10% NaC1-water at 21°C. The average SG and 
WL calculated for this condition were 4% and 14% of the original weight, respec- 
tively. The differences in SG and WL values in both studies are attributed, to 
some extent, to the differences in contact temperature but greatly to the 
conditions of potato tissue used (varietal and storage condition differences). 

As mentioned earlier, Eq. (1) was based on the assumption that at equilibrium 
the activities of NaCl in potato and the external solution are equal. This assump- 
tion was validated using w; values calculated from Eq. (1) for each combination 
of w,, and w; (Table 1)  and plotting (Fig. 1) against the experimental values of 
w;. The close agreement between w; (calculated) and w; (experimental) (Fig. 1) 
validates the assumption of equality NaCl activities in potato and the external 
solution at equilibrium. 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 

W, (EXPERIMENTAL) 

FIG. I .  VERIFICATION OF THE ASSUMPTION THAT NaCl ACTIVITIES IN 
POTATO TISSUE AND EXTERNAL SOLUTION ARE EQUAL 

w,': equilibrium mass fraction of NaCl in potato. 
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Using the data of Table 1, the cofficients of Eq. (2) were estimated using the 
multiple regression capabilities of SAS (1985). Initially, the coefficients Boy B, 
and B, that constitute &portion of the model [Eq. (2)] were estimated from the 
data on "blank" fresh) potato and the potato soaked in pure water by dropping the 
A, and higher order terms in Eq. (2). Then, the coefficients for the A, and A, 
portions of the model were estimated by incorporating the numerical values of B,, 
B, and B, in Eq (2) and using the remaining data of Table 1. Estimated values of 
the regression coefficients (5% level of significance) and their respective R' 
values are listed in Table 2. 

TABLE 2 
PARAMETERS FOR POTATO IN EQUILIBRIUM WITH 

NACL-WATER SOLUTION (EQ. 2) 

Parameter (*) Estimated R~ 
value 

Bo 0.8177 0.98 

(*) 5% level of statistical significance. 

The statistically significant coefficients (Table 2) were B,,, B,, C,,, C, and D,. 
Incorporation of the remaining coefficients in a stepwise regression of the model 
did not improve the fitting. Substituting for B,, B,, C,,, C, and Do, and dropping 
the remaining terms in Eq. (2), 

It should be mentioned that Eq. (3) is purely an empirical relationship and can 
only be applied to potato/NaCl system. 

In the case of an unknown situation where only the composition and 
temperature of the external solution and w: of fresh potato are known, w; of 
diced potato is calculated from Eq. (3), and w; and w; are calculated from Eq. (1). 
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Knowing w;, w; and w;, the equilibrium density of potato, p*, is calculated on a 
volume additive basis using Eq. (4). 

In Eq. (4), V,, V2and V, are the partial specific volumes of NaCl, water and total 
solid nonsalt, respectively. The correlations for 5, and V,, and a numerical value 
for v, are available in Biswal and Le Maguer (1989). 

Applicability of the model was verified by calculating, the equilibrium 
densities of potato, p*,,,,, for all experimental conditions used in the study. 
Plotting p*,,,, against the experimentally measured equilibrium densities of 
potato, p*,,,, (Fig. 2), close agreement between the experimental and predicted 
equilibrium densities is demonstrated. 

A point that needs to be addressed is the use of constant 5, in the volume 
additive relation [Eq. (4)]. This assumption implies that the relative shrinkage of 
potato tissue, from treatment to treatment, was negligible. The appropriateness of 
this assumption for products with higher moisture and more porous structure, 
however. needs to be verified. 

0 POTATO 
CARROT 

1150- 
n- 

u 

n 
Q. 

1000 1050 1100 1150 1200 

FIG. 2. COMPARISON OF PREDICTED AND EXPERIMENTAL DENSITIES 
OF POTATO IN EQUILIBRIUM WITH NaCI-WATER SOLUTIONS 

Carrot data from Biswal and Le Maguer 1989. 
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CONCLUSIONS 

Equilibrium mass fractions of NaCl and water in potatoes equilibrated with 
aqueous NaCl solutions can be effectively modelled and from the model these 
values can be correctly predicted from the mass fraction of total solids in the 
fresh material at full turgor, the temperature of the treatment, and the NaCl 
fraction of the original soaking solution. 

SYMBOLS 

m, Mass of potato at time zero, kg 
m, Mass of potato at time theta, kg 
t Temperature, "C 
- 
'i 

Partial specific volume of component i, m3/kg 

wi Mass fraction of component i, kg i/kg total 
P Density of potato, kg/m3 
Subscripts: 
1,2,3 Components 1, 2, and 3 
B Bath (external solution) 
EXP Experimental 
1 Components 1,2, or 3 
PRED Predicted 
Superscripts: 
F Fresh (Material at full turgor) 
* Equilibrium 
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ABSTRACT 

A device was developed to determine the electrical conductivities of foods under 
ohmic or conventional heating conditions. Orange and tomato juices (serum and 
various solids contents) were tested in the device. The electrical conductivity of 
juices increased with temperature and decreased with solids content. The tempera- 
ture dependence of conductivity was linear, both under conventional and ohmic 
heating. Experiments on suspensions of carrot juice solids, and polystyrene 
spheres in sodium phosphate solution showed an increase in electrical conductivi- 
ty of the suspension with decreasing particle size. 

INTRODUCTION 

Ohmic heating is considered to be a promising technique for aseptic processing 
of foods. This method relies on electrical resistance heating which takes place 
when alternating current is passed through an electrically conducting food product. 
Since most foods requiring thermal processing contain ionic constituents such as 
acids and salts, electric current can be passed through them. The food is internally 
heated due to its electrical resistance, without involving any heating medium and 
heat transfer surface. Assuming a purely resistive material, the basic principle 
which governs heat generation is given by: 

Salaries and research support provided by State and Federal Funds appropriated to the Ohio Agri- 
cultural Research and Development Center, The Ohio State University. References to commercial 
products and trade names is made with the understanding that no discrimination and no endorse- 

, ment by The Ohio State University is implied. 
- Corresponding author. 

Journal of Food Process Engineering 14 (1991) 247-260. All Rights Reserved. 
@Copyright 1991 by Food & Nutrition Press. Inc., Trumbull, Connecticut. 
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where, R = U(Ao) (2) 

A number of attempts have been made over the years to use electrical resis- 
tance heating in several areas of food processing. One of the earliest and success- 
ful applications of electricity in food processing was in milk pasteurization 
(Getchell 1935). Electric pasteurization of milk was widely accepted as a safe 
method in five states in the U.S., and as a result, by 1938 there were about 50 
milk pasteurizers in the nation serving about 50,000 consumers (Moses 1938). 
However, this method of pasteurization called "Electropure Process," lost its 
application due to the high cost of processing (de Alwis and Fryer 1990). In their 
review paper on resistance heating, de Alwis and Fryer (1990) have included a 
variety of techniques used in the past for thawing, blanching, pasteurization, ster- 
ilization and cooking of foods using electricity. 

Using the principle of ohmic heating, a heater was developed by the Electricity 
Council Research Center (ECRC) at Capenhurst, U.K., and licensed to APV 
Baker who have developed it into a commercial process in the U.K. (Biss et al. 
1987). It has been reported that ohmic heating is suitable for viscous products and 
foods containing particulates. 

The heating rates of foods under ohmic heating conditions should be known for 
proper design of the process to ensure product sterility. Since heat generation in 
foods depend on electrical conductivity (o), process design requires accurate 
determination of o. Standard methods and commercial conductivity meters are 
available for electrical conductivity measurement (Anon. 1982), but devices are 
needed for continuous in situ measurement for complex heterogeneous systems 
under ohmic heating conditions. Electrical conductivities of foods have been 
found to increase with temperature (Dedek 1946; Biss et al. 1987; Halden et al. 
1990). For purposes of process design, it is important that the relation between 
electrical conductivity and factors such as temperature, solids content, and parti- 
cle size be known. 

The objectives of this study were (1) to develop a device for electrical conduc- 
tivity measurement during conventional and ohmic heating, (2) to measure elec- 
trical conductivities of selected juices over the process temperature range, and (3) 
to determine the effect of temperature, solids content, applied voltage, and parti- 
cle size on electrical conductivity of juices. 

MATERIALS AND METHODS 

Electrical Conductivity Device 
An electrical conductivity device (Fig. 1) was developed using a steel tube 

with a teflon sleeve within it (for electrical insulation and inertness) to make a 
cylindrical sample chamber. A thermocuple opening was provided at the center 



FI
G

. 1
. 

E
X

PL
O

D
E

D
 V

IE
W

 O
F 

T
H

E
 O

H
M

IC
 H

E
A

T
IN

G
 D

E
V

IC
E

 

-
-

 
TE

FL
O

N 
PR

ES
SU

RE
 C

AP
S 

15
/1

8'
 

ID
, 

12
.5

' L
aJ

O
 

RE
M

O
VA

BL
E 

HE
AT

lN
O

 1
 

CO
O

LI
N0

 M
ED

IA
 J

AC
KE

T 
'. 

EL
EC

TR
O

DE
S 



250 S. PALANIAPPAN and S. K. SASTRY 

and rhodium plated stainless steel electrodes were secured at both ends by teflon 
pressure caps. A metallic jacket with a thermocouple opening, and an inlet and an 
outlet for circulating heat exchange fluids was fitted to the steel tube. The entire 
unit was attached to a stand in a horizontal position. 

The schematic diagram of the experimental set-up is shown in Fig. 2. A T-type 
copper-constantan, teflon coated thermocouple with a compression fitting was 
used to measure the temperature at the geometric center of the sample. Voltage 

V = VOLTAGE TRANSDUCER A = CURRENT TRANSDUCER 

&= FLOW DIVERT VALVE STEAM TRAP 

Kh = MANUAL BALL VALVE $= FLOW CONTROL VALVE 

FIG. 2. SCHEMATIC DIAGRAM OF THE EXPERIMENTAL SETUP 
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and current transducers were used to measure voltage across and current through 
the samples. A computer control system (Rosemount) was used to maintain con- 
stant voltage during heating. A data logger linked to a microcomputer was used to 
obtain the experimental data at constant time intervals. The accuracy of the con- 
ductivity data obtained using this device was tested by determining the electrical 
conductivities of two salt solutions. 

Methodology 

Preliminary experiments were conducted using commercial samples of tomato 
(no salt added) and orange juices. The pH of tomato and orange juices were 4.05 
and 3.7 1, respectively. The samples were poured through the thermocouple port, 
the thermocouple was inserted, and the system was sealed before ohmically heat- 
ing to a temperature range of 80-85°C using 140 V a.c. of 60 Hz frequency. The 
electrode gap was 3.3 cm and the area of cross section of the sample chamber was 
4.3 cm2. Voltage, current, time and temperature data were logged every second 
during heating. The temperature of each sample was assumed uniform since the 
difference between the measured values at different locations was within 1 .5"C. 

The experiments were repeated for varying amounts of insoluble solids in the 
juices. This was done by resuspending a known amount of previously separated 
(by centrifugation) solids to the juice serum. Visual observation showed no sig- 
nificant settling of juice solids for a period of less than 30 min, indicating that 
suspensions did not change significantly during the duration of the experiment. 
Experiments were also conducted for several power supply voltages, with an 
electrode gap of 1 cm. The electrical conductivities of tomato and orange juices 
during conventional heating (using hot water) were also determined by providing 
low voltage pulses (4-6 V) to the sample at constant time intervals. 

Another set of experiments was conducted to determine the effect of particle 
size on electrical conductivity of juices. Samples used for this study were pre- 
pared using carrot juice solids (20%) in 0.1 M sodium phosphate buffer solution. 
The electrical conductivity of carrots and the phosphate solution at 25°C were 
measured as 0.035 S/m and 0.68 S/m, respectively. Samples with different mean 
particle sizes were obtained by subjecting the solids to various periods of time in 
a blender. The particle size distribution was measured using a Malvern laser parti- 
cle size analyzer with an attached sample presentation unit for emulsions. The 
average particle sizes of carrot solids were 560,505,484,453, and 405 Fm. 

Analysis 

Electrical conductivities of samples were calculated from voltage and current 
data, using the following equations: 
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a = 1/R (UA) 
or 

0 = (IN) K, 
Electrical conductivity was plotted against the corresponding temperature to 

obtain electrical conductivity curves. The electrical conductivities of the juices 
were modeled as a linear function of temperature and solids content. The electri- 
cal conductivity of juice serum at 25°C was considered as a reference value for 
modeling. The general form of the equation fitted was: 

Heating rates can be calculated assuming uniform heat generation throughout the 
sample and negligible heat loss to the surroundings. 

RESULTS AND DISCUSSION 

Table 1 shows a comparison of electrical conductivities for salt solutions mea- 
sured in our device, and values either from the literature (CRC 1972), or mea- 
sured using a commercial conductivity meter. Most of the measured values were 

TABLE I .  
COMPARISON O F  REFERENCE (u~,)  AND MEASURED (o,") 

ELECTRICAL CONDUCTIVITY VALUES AT 25°C 

Solution Concentration, M a,, Slm a,, Slm Difference, % 
- - 

Sodium Chloride' 0.02 0.20 0.19 5.0 
0.05 0.57 0.55 3.5 
0.1 7 1.76 1.79 1.7 

Sod. Phosphate" 0.03 0.19 0.19 0.0 
0.05 0.34 0.36 5.5 
0.10 0.63 0.67 6.3 

~eference values are literature values (CRC, 1972) " 
Reference values are conductivity meter values. 
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FIG. 3. ELECTRICAL CONDUCTIVITY CURVES OF TOMATO JUICE 
FOR VARIOUS AMOUNT OF SOLIDS CONTENT 

1.4 

0.4 3 I I 

2 5 35 45 55 65 7 5 85 

Temperature ("C) 

FIG. 4. ELECTRICAL CONDUCTIVITY CURVES OF ORANGE JUICE 
FOR VARIOUS AMOUNT OF SOLIDS CONTENT 
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within 5% of the reference values, and the maximum difference determined was 
6.3%, indicating satisfactory accuracy for our device. 

Electrical conductivity of tomato and orange juices for various amounts of 
solids content are shown in Fig. 3 and 4, respectively. The conductivities of juices 
increased linearly with temperature and decreased with solids content. The con- 
ductivities of tomato juice with and without solids were higher than those of 
orange juice at any given temperature. Since the tomato juice had no salt, and its 
pH was higher (4.03) than that of orange juice (3.7 l ) ,  the results may indicate that 
the conductivity of orange juice is suppressed by nonionic constituents such as oil 
and sugars. The presence of other ionic constituents within tomato juice cannot be 
ruled out on the basis of these data; however detailed chemical analysis of differ- 
ences between juice samples is outside the scope of this investigation. For the 
same amount of solids added, the decrease in a was greater for tomato than for 
orange juice. It can also be seen that the conductivity curves for tomato juice sam- 
ples are almost parallel, whereas changes in solids content changed the slopes of 
the orange juice curves. 

Time (s) 

FIG. 5. HEATING CURVES FOR TOMATO AND ORANGE JUICES 
WITH AND WITHOUT SOLIDS (16.7%) DURING OHMIC HEATING 

The heating curves for tomato and orange juices, with and without solids are 
shown in Fig. 5 These nonlinear heating curves have increasing slopes, since a 
increases with temperature. Tomato juice had higher heating rates than orange 
juice at all temperatures (Fig. 5), which is as expected from the conductivity 
curves shown in Fig. 3 and 4. 
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The electrical conductivity of liquids is affected by the nature of ions (chemical 
composition), ionic movement and viscosity of the liquid, which are all tempera- 
ture dependent (Anon. 1982). It has been reported that cr of liquids increases with 
increasing temperatures, opposite to metals but similar to graphite. Increase in 
electrical conductivity with temperature has been explained (Anon. 1982) by 
reduced drag for the movement of ions. The drag for ionic movement increases 
when solids content increases, which may be a reason for the decreasing trend in 
electrical conductivity with increasing solids content. The drag for ionic mobility 
may also depend on the size, shape and orientation of particles in the juice solids. 

1.75 
0-0 ,560 microns 

n 

E 0-0 505 microns 

2 1 -50 -- &-A 484 microns 
w 0-0 453 microns 
A 
4 .- v-v 405 microns 
> 
z 1.25-- 
0 
3 
-0 

- 
0 
0 . - 

Temperature (OC) 

FIG. 6. ELECTRICAL CONDUCTIVITY CURVES FOR CARROT SOLIDS OF VARIOUS 
PARTICLE SIZES SUSPENDED IN SODIOUM PHOSPHATE SOLUTION 

Results of investigations on the role of particle size for carrot juice samples is 
illustrated in Fig. 6. The conductivity of all samples increased with temperature 
and decreased with the particle size. Since the solids contents of all samples were 
the same, the increase in cr with reducing particle size could be due to reduced 
drag for ionic movement. Another reason considered was the possible release of 
intracelluar fluids from carrot tissue to the solution which might increase the 
effective/overall conductivity of the juice. The role of particle size was further 
investigated by determining electrical conductivities of suspensions of 
polystyrene spheres (diameters 0.95 and 1.65 cm) in sodium phosphate solution, 
while maintaining solid volume fraction constant at 0.48. The results of these 
investigations, as well as those of a mathematical model of Palaniappan and Sas- 
try (1991) showed a slight decrease in electrical conductivity with increasing 
("on-ionic) particle s ize .~his  suggests that the particle size dependence is likely 
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due to structural rather than chemical effects. Further work is necessary to study 
other factors such as particle shape and orientation, which affect the electrical 
conductivity of juices. 

The electrical conductivity curves for juices during conventional heating are 
presented in Fig. 7. The change in a with respect to temperature is fully linear 
and the data are in the range of values obtained under ohmic heating conditions. 

- a  orange 

4-4 tomato ,**. ** 
1.57 ,*.* 

*/* 

m-I wN 
/* 

/ 

Temperature (OC) 

FIG. 7. ELECTRICAL CONDUCTIVITY CURVES FOR TOMATO AND ORANGE JUICES 
DURING CONVENTIONAL HEATING USING HOT WATER 

Table 2 shows the conductivity of juice serum at 25°C (a,,,), temperature con- 
stant (K,), solids content constant (K,) and the coefficient of determination (r2) of 
linear electrical conductivity models for both juices under ohmic heating condi- 
tions. Tomato juice had higher values of a,,, and K,, whereas orange juice had 

TABLE 2. 
PARAMETERS OF THE ELECTRICAL CONDUCTIVITY MODEL OF EQ. (5) 

Juice KI K2 1.2 (2%) ("C)" (Slm % solids) 

Tomato 0.863 0.174 0.101 0.978 
Orange 0.567 0.242 0.036 0.984 
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Temperature (OC) 

FIG. 8. ELECTRICAL CONDUCTIVITY CURVES FOR ORANGE JUICE 
SUBJECTED TO SEVERAL VOLTAGE GRADIENTS 

Temperature ("c) 

FIG. 9. ELECTRICAL CONDUCTIVITY OF ORANGE JUICE 
DURING STEAM HEATING 
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higher value of K,. The conductivity, particle size, shape and orientation of toma- 
to juice solids may have more effect on reducing a of juice serum than the orange 
juice solids. 

The data used for regression curves were obtained during heating up to 
8045°C. Above this temperature, the current flow through the sample decreased, 
due to a sudden decrease in conductivity. Visual observation of samples revealed 
that this transition was caused by the presence of small gas bubbles near the elec- 
trodes. Further studies were conducted to determine whether bubble formation 
arose from electrolysis or from release of dissolved gases. Repeated heating and 
cooling of the same sample resulted in little or no change in the behavior. Tests 
with varying field strengths revealed an increase in transition temperature with 
decreasing field strengths (Fig. 8). However, under conventional heating (zero 
field strength) no such transition temperature or gas bubbles were observed (Fig. 
9). These observations point to the likelihood of electrolytic gas production in the 
ohmically heated samples. Notably, both juice samples were acidic, resulting in 
the potential for electrolytic hydrogen bubble formation. 

The decrease in transition temperature with increasing field strength (Fig. 8) 
indicates the acceleration of gas-producing reactions by increasing electric field 
strengths. This type of phenomenon has been discussed briefly by Crow (1988) 
who indicates that for field strengths greater than a few volts/cm, the reaction rate 
constant for dissociation of weak acids increases with the applied voltage. Thus 
the hydrogen production rate in a simple weak acid system would depend on the 
rate balance of the following dependent reactions, both of which would accelerate 
with increasing field-strength. 

This may help explain the observed field-strength dependency of the bubble 
formation temperature. However, while this explanation is useful to gain prelimi- 
nary insight into electrolytic processes in juices, it must be noted that food sys- 
tems are inherently complex, and a number of unaccounted factors may be 

!' involved in the process. Headspace gas analyses were not performed in these 
e)cperiments, since they were not part of the objectives. 

It is important to note, however, that electrolytic phenomena are highly depen- 
dent on the material and condition of the electrode coating used. The present 
studies did not involve the use of APV electrode material; therefore our results do 
not imply the occurrence of electrolysis in commercial heaters. 
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CONCLUSIONS 

The electrical conductivity device is useful for measuring conductivities of 
foods during conventional or ohmic heating. Electrical conductivities of tomato 
and orange juices increase with temperature and decrease with solids content. The 
effect of temperature is greater for orange juice, whereas the effect of solids con- 
tent is greater for tomato juice. Reducing the particle size of juice solids increases 
the effective conductivity of the juice. Electrolytic gas bubble formation was 
observed above a field strength-dependent transition temperature; however, these 
are likely electrode-specific results, and point to the importance of electrode mate- 
rial selection in ohmic heating processes. 

NOMENCLATURE 

Area of cross section of the sample (m2) 
Specific heat (J/kg°C) 
Current through the sample (A) 
Cell constant (K, = L/A) 
Temperature compensation constant 
Solids content constant 
Electrode gap or length of sample (m) 
Mass of the sample (kg) 
Amount of heat liberated (W) 
Resistance of the sample (ohm) 
Solids content (%) 
Temperature (OC) 
Voltage across the sample (V) 
Energy generated per unit volume (W/m3) 
Time (s) 
Volume of the sample (m') 
Density (kg/m3) 
Specific electrical conductivity (Slm) 
Electrical conductivity of juice serum at 25°C (S/m) 
Measured value of electrical conductivity (Slm) 
Reference of value of electrical conductivity (Slm) 
Electrical conductivity at any temperature T (Slm) 
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ABSTRACT 

The effect of rice varietal characteristics, namely, length (L): breadth (B), 
ratio, amylose and protein contents and processing conditions namely, 
extent/degree of hydrothermal treatment, degree of milling and percentage of salt 
addition to rice, on pufing quality were studied in detail. The L:B ratio of vari- 
eties tested showed a positive correlation ( r  = 0.69) with expansion ratio (ER) of 
puffed rice produced. Total amylose and hot water insoluble amylose contents 
revealed a definite pattern of relationship, with ER showing predicted peaks at 
28.5% total amylose (db) and 13.5% insoluble amylose (db) for highest ER. Pro- 
tein content showed a negative relationship (r  =-0.79) with ER. A new method for 
determining extent/degree of starch gelatinization, based on Brabender hot paste 
peak viscosity value (viscosity of 15% slurry retained at 95°C for 20 min.) was 
used in this study. Normal parboiled and pressure parboiled rice having 425 BU 
and 240 BU peak viscosities produced highest ER of 7.5 and 9.7, respectively. A 
6% milling (minimum) and a 2% salt (NaCI/CaCl,) addition during precondition- 
ing of rice resulted in maximum ER. 

'Correspondence should be sent to Dr. P.R. Chandrasekhar. 

Journal of Food process%ngineering 14 ( 199 1) 26 1-277. All Rights Reserved. 
@Copyright 1991 by Food & Nutrition Press. Inc., Trumbull, Connecticut. 
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INTRODUCTION 

Puffed rice is popular as breakfast cereal as well as a snack in many countries 
including India. It is prepared from parboiled (hydrothermally treated) milled 
rice by high temperature short time (HTST) heating of the dried milled rice in 
air, oil or sand and also by gun puffing of raw milled rice. After puffing, rice 
grains expand manyfold to a thoroughly cooked, ready to eat, crisp and porous 
product. 

Apart from proper puffing technique, two important aspects for producing 
good quality puffed rice are selection of proper paddy varieties and utilization of 
proper hydrothermal treatment of paddy (rough rice). It is well known to the 
processors in the cottage industry that all paddy varieties do not expand equally 
well and hence they invariably choose, by historical evaluation, specific vari- 
eties for their trade. 

Various research workers (Roberts et al. 1951; Antonio and Juliano 1973; 
Chinnaswamy and Bhattacharya 1983b; Villareal and Juliano 1987) have stud- 
ied the different varietal characteristics that affected expansion, e.g., total amy- 
lose, hot water insoluble amylose, protein content and length, breadth ratio; 
however, contradictions exist amongst their reported findings which call for fur- 
ther investigation. 

Proper hydrothermal treatment in terms of optimum combinations of steam- 
ing pressure and time of moist paddy to produce good quality puffed rich have 
been investigated by Roberts et al. (1954) and Chinnaswamy and Bhattacharya 
(1986), but their findings did not provide quantitative measure of the severity of 
hydrothermal treatment which would be optimum irrespective of the method 
adopted. 

Few authors have attempted the quantitative assessment of the degree of 
starch gelatinization in processed foods. Tanaka and Yukami (1969) assessed 
the degree of gelatinization of starch in precooked rice by incubation with P- 
amylase followed by estimation of the maltose produced. Birch and Priestly 
(1973) attempted to quantify the degree of gelatinization in rice based on the 
amylose/iodine blue value after dispersion in two different concentrations of 
alkali and related this to a hydrogen bonding effect observed in the infrared 
absorption spectrum of rice. These methods, however, are relatively slow and 
complicated. Ferrel and Pence (1964) used amylographs to study the extent of 
cooking in steamed rice and reported that the reduction in viscosity, when the 
paste was held in 95°C for 20 min, decreased as steaming or other cooking pre- 
treatment of rice was increased until it reached zero. In the present study, the 
extentldegree of rice starch gelatinization that took place during parboiling was 
correlated with Brabender hot-paste peak viscosity values. 

It is a common practice for the processors in the rice puffing cottage industry 
to add common salt solution to the milled parboiled rice and to dry it before 
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puffing. Optimum milling and addition of salt treatments for obtaining maxi- 
mum expanded puffed rice were also studied during the present investigation. 

MATERIALS AND METHODS 

Paddy Varieties 

Samples of 12 paddy varieties consisting of short, medium and long types 
including some traditionally known good puffing varieties were chosen and col- 
lected for studying the varietal characteristics (Table 1). They were shade dried to 
12-1 3% moisture content (wb), cleaned and stored in metal containers till further 
use. However, to study the effect of parboiling, milling and salting on puffing, 
"Panloi," a commercially used good puffing variety (L = 7.19 mm; B = 2.55 mm; 
T = 1.7 1 mm) was used. 

TABLE I .  
PHYSICAL DIMENSIONS OF 12 BROWN RICE VARIETIES AND THEIR CLASSIFICATION 

S1.  Length (L) Breadth (8) L:B ~ l a s s i f i c a t i o n *  
Variety  (mn 1 (mm 1 r a t i o  (IS11 

No. - 
1 Palmal 6.37 2.34 2.72 Fine 

2 Panloi 7.19 2.55 2.82 Fine 

3 Kaviraj S a l  7.41 2.17 3 4 Superfine 

4 W a i  6.16 2.28 2.70 Fine 

5 Bashkata 7.86 2.37 3.32 Superfine 

6 nasuri  5.59 2.16 2.59 Fine 

7 Kakhura 6.02 2.70 2.23 Common 

8 Patnai 6.91 2.36 2.93 Fine 

9 Lata s a l  6.63 2.43 2.73 Fine 

1 0  ~ h u t i a ( b 1 a c k )  5.99 2.75 2.18 Comnon 

1 1  Maul 5.65 2.68 2.11 Colnmon 

1 2  Bhutia (white ) 5.63. 2.62 2.15 Common 

CO-n - ~ B L  2.5: Fine = 2.5 5 L/B 5 3; Superfine L / B 9 3 .  
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Physical Dimensions and Classification 

The length (L) and breadth (B) of paddy varieties collected were measured 
using a travelling microscope and were classified according to Indian Standards 
Institution (I.S.I.) standards as shown in Table 1. 

Particle Density and Bulk Density 

The particle density (true density) of each sample was determined using an Air 
Comparison Pycnometer (Model-930, Beckman Instruments, USA) and bulk den- 
sity was determined using an Ohaus bulk density apparatus (Ohaus Scale Corp., 
NJ) both measured at 11-12% moisture (wb). 

Total Amylose, Water-Insoluble Amylose and Protein Contents 

The total amylose content of milled rice was estimated by dispersing rice flour 
in dilute alkali; neutralizing and measuring the blue color with iodine (Sowbhagya 
and Bhattacharya 1971). Hot water insoluble amylose of milled rice was estimated 
by extracting rice flour with hot water, measuring the blue color with iodine, and 
subtracting resulting soluble amylose value from the total amylose value as deter- 
mined above. Protein content of milled rice was estimated according to AOAC 
(1970). 

Parboiling and Milling 

Paddy samples of 500 g each were soaked in hot water maintained at 70°C to 
attain approximately 30% moisture content (wb). Each fully soaked paddy sample 
of 500 g was then subjected to steaming at different steam pressures and time 
periods, as shown in Table 2, to obtain normal parboiled rice samples with differ- 
ent extentsldegrees of starch gelatinization. 

TABLE 2. 
STEAMING AT DIFFERENT STEAM PRESSURES AND TIME PERIODS TO 

OBTAIN NORMAL PARBOILED RICE 

S1. Steaming pressure Steaming t i m e  
No. (RQ/& ,gauge 1 (minutes 1 
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In another lot, two 500 g paddy samples were washed with water and then sub- 
jected to steam at 2.5 kglcm' gauge pressure for 20 and 30 min, respectively, to 
obtain pressure parboiled (as traditionally known in India) rice samples. 

Each sample was then shade dried to 12-13% moisture content (wb), dehusked 
in a Satake testing husker (Type - THU) and further milled in a Satake Polisher 
(Type - TM-05) to approximately 10% by weight bran polish removal for com- 
plete removal of bran. 

Milling to Different Degrees of Polish 

In order to study the effect of degree of milling on quality of puffed rice, sam- 
ples of different degrees of polish were prepared by milling the brown rice sam- 
ples for different periods of time. Accordingly, samples at 9 levels of polish 
(1.64, 2.8, 4.0, 4.5, 5.63, 5.8 1, 6.85, 8.35 and 10%) were prepared from pressure 
parboiled paddy samples. 

Amylograph Technique 

The standard model Brabender amylograph (Brabender OHG, Duisburg) was 
used to measure the peak viscosities of parboiled rice samples showing their 
extentsldegrees of starch gelatinization. 

Rice was ground to pass the 40 mesh screen of the No. 3 Wiley mill. A 15% 
slurry was prepared by placing 60.0 g ground rice (adjusted to the moisture con- 
tent) in a Waring blender and approximately 300 g of the required 400 g (adjust- 
ed for the actual weight and moisture content of the rice) of distilled water was 
added. The mixture was slurried 1.5 min and transferred to the amylograph bowl. 
The remaining water was used to rinse the blender and then transferred to the 
amylograph bowl. The slurry was initially heated to 30°C. The chart was then 
adjusted to a zero minute marking and the slurry was heated to 95°C at a rate of 
1.5"C per minute. The paste was held at this temperature for 20 min to obtain the 
peak viscosity value. 

Samples were used on the same day of grinding. The Brabender viscograph 
used was fitted with a 250 cmg sensitivity cartridge and the rpm was kept con- 
stant at 75 during the experiments. 

Brabender hot paste peak viscosity measurements were carried out for all the 
16 rice samples with different extentsldegrees of rice starch gelatinization 
obtained from normal parboiling treatment as well as two rice samples obtained 
from pressure parboiling treatment. Each measurement was replicated two times. 

Salting Treatment 

Sodium chloride (NaCl) and calcium chloride (CaC12) were used as additives 
(0.5, 1 .O, 1.5, 2.0, 2.5, and 3.0% by weight) to study their effects on puffing qual- 
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ity of rice. Each salt was added to the parboiled milled rice sample in the form of 
saturated solution and thoroughly mixed before drying t~ the required moisture 
content for puffing (10.5-1 1 % wb). 

Puffing Technique 

Salted and dried samples were puffed in hot air at about 250°C in the continu- 
ous heated air fluidized bed puffing machine developed for this purpose (Chan- 
drasekhar and Chattopadhyay 1988). 

RESULTS AND DISCUSSION 

Paddy Varietal Characteristics in Relation to Puffing Quality 

The estimated physical and chemical characteristics of samples of 12 rice vari- 
eties (namely, bulk and particle densities, total amylose, hot water insoluble amy- 

TABLE 3. 
PROPERTIES OF 12 RICE VARIETIES AND THEIR EXPANSION RATIOS AFTER PUFFING 

Bulk P a r t i c l e  T o t a l  Hot water  P r o t e i n  Ekpan- 
v a r i e t y  d e n s i t y  d e n s i t y  amy- i n s o l u b l e  s i o n  

NO. pb pb lole amylose (%d.b) r a t i o  ( rn /m3)  ( ~ g / m ~ )  ( ~ . b )  (% d.b) (ER) 

Palmal 

Pan 101 

Kaviraj  Sal  

Mugai 

Bashkata 

Masuri 

Kakhura 

Pa tna i  

Lata S a l  

Bhutia (blacl:) 

Iiau 1 

Bhutia (white)  

Paddy w a s b d  wi th  w a t e r  and t h e n  sub jec t ed  t o  s team a t  2.5XQ/~m~ 
f o r  30 minutes dur ing  hydrothermal t rea tment .  
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TABLE 4. 
CORRELATION COEFFICIENT BETWEEN DIFFERENT RICE PROPERTIES 

* Propert ies  o f  - rice 
No. 

Correlation wi th  
expansion r a t i o  

1 L;B r a t i o  

2 B u l k  dens i ty  

3 P a r t i c l e  dens i ty  

4 Protein 

lose and protein contents)and expansion ratios of these samples obtained after 
puffing are given in Table 3. The correlations obtained, if any, between these 
properties and expansion ratios are shown in Table 4. 

As seen in Table 4, the shape of rice (namely, L:B ratio) was well correlated 
with the expansion ratio (ER), but bulk density and particle density did not show 
any signticant correlations. The possible reason for obtaining a comparatively 
high ER for rice varieties having higher L:B ratio suggested by previous investi- 
gators (Chinnaswamy and Bhattacharya 1983b) is that higher amylose contents 
for longer varieties were responsible for producing higher expansion ratios. This 

Tota l  dmylose  d.b.) 

FIG. 1. RELATION BETWEEN TOTAL AMYLOSE CONTENT AND 
EXPANSION RATIO OF RICE OBTAINED IN THE PRESENT STUDY 
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T o t o l  amylose d. b.) 

FIG. 2. RELATION BETWEEN TOTAL AMYLOSE CONTENT AND 
EXPANSION RATIO OF RICE 

Reported by Chinnaswamy and Bhattacharya (l983b). 

Tota l  amylose ( %  d . b . )  

FIG. 3. RELATION BETWEEN TOTAL AMYLOSE CONTENT AND 
EXPANSION RATIO OF RICE 

From data reported by Villareal and Juliano (1987). 

could not be collaborated with the present study. Rice varieties chosen in the pre- 
sent study all had high amylose contents and did not show any definite relation- 
ship between L:B ratio and total amylose content. 

Though the analysis revealed a consistent variation of amylose content with 
variety, it can be seen from Table 3 that the varieties chosen for the study were 
all with high amylose content ranging from 23.95-3 1.55% (db), and almost all of 
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Insoluble amylose ( %  d.b.) 

FIG. 4. RELATION BETWEEN HOT WATER INSOLUBLE AMYLOSE CONTENT 
AND EXPANSION RATIO OF RICE OBTAINED IN THE PRESENT STUDY 

them (except two varieties) showed comparatively higher expansion ratios 
(7-10). When the observed values were fitted to a curve (2nd order, with good- 
ness of fit, r' = 0.77) as shown in Fig. 1, the predicted optimum total amylose 
content was found to be about 28.5% (db) for maximum expansion which was 
similar to the reported data of Chinnaswamy and Bhattacharaya (1983b). The 
reported data of these investigators, shown in Fig. 2, revealed that among the rice 
varieties having an amylose content ranging from 5 to 32% (db), comparatively 
higher expansion ratios were obtained for varieties with higher total amylose con- 
tent of approximately 24-29% having a peak at 27.5% of total amylose content 
for highest ER. On the contrary, the data for rice varieties having total amylose 
content ranging from 2.8-28.6% (db), presented by Villareal and Juliano (1987), 
showed a negative correlation when fitted to a first order curve. However, a clos- 
er observation revealed that when their data were fitted to a smooth curve (6th 
order, < = 0.53), as shown in Fig. 3, a negative relationship with ER existed at 
lower range of total amylose content, and at higher total amylose range, a similar 
curve as mentioned above was obtained. Although the third peak was observed at 
about 28% total amylose content, similar to the present findings, the correspond- 
ing expansion ratios were comparatively much lower as compared to the expan- 
sion ratios obtained for varieties having lower total amylose content. 

Hot water-insoluble amylose contents of rice varieties studied in the present 
case also showed a definite relationship as shown in Fig. 4 in relation to the ER 
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lnsolubte amylose (% d.b.) 

FIG. 5. RELATION BETWEEN HOT WATER INSOLUBLE AMYLOSE CONTENT 
AND EXPANSION RATIO OF RICE 

Reported by Chinnaswamy and Bhattacharya (l983b). 

7 

similar to the pattern obtained for total amylose content. This curve (2nd order, i 
= 0.52) predicted the peak ER for 13.5% (db) hot water-insoluble amylose con- 
tent. Although in the present investigation, a variety having optimum total amy- 
lose content (28.5% db) and optimum hot water-insoluble amylose content 
(1 3.5% db) to give maximum expansion was not available, the predicted combi- 
nation very closely matched with the reported values of Chinnaswamy and Bhat- 
tacharya (1983b), as shown in Fig. 6 for comparison. Possibly a further study 
with isolated starch from waxy and nonwaxy rices may be required to bring for- 
ward the exact reason behind this observed phenomenon. 

It may be noted that Chinnaswamy and Bhattacharya (1983b) observed com- 
paratively lower ER values for all the rice varieties as compared to the values 
obtained in the present study. This was presumably due to normal parboiling 
treatment adopted for their samples (fully soaked paddy was steamed at 1.5 
kg/cm2 gauge for 10 min) giving lower extentldegree of starch gelatinization as 
compared to the present samples, which were pressure parboiled at 2.5 kg/cm2 
for 30 min giving highter extenvdegree of starch gelatinization, as discussed in 
detail in the following section. It may be further noted that the method of puffing 
adopted by the above investigators was sand roasting at 250°C, which was simi- 
lar to the present study where puffing was done with hot air at 250 "C with 
preconditioned rice. Villareal and Juliano (1 987) reported comparatively much 
higher expansion ratios for all their varieties, which was presumably due to the 
gun-puffing technique adopted for puffing raw rice with 13-15% moisture con- 
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tent (wb) and gun chamber pressure of 11.3 kg/cm2 which was very different as 
compared to the other two methods. 

The correlation analysis further showed a negative relation between protein 
content and ER (r r0.79) for the rice varieties studied as shown in Fig. 6. Higher 
protein content in the grain seemed to tend to inhibit the puffed volume expansion 
and, as the protein content increased, starch content automatically decreased 
showing the observed effect. 

~ r o t e ~ n  c o n t e n t  ("I. d.b.1 
FIG. 6. RELATION BETWEEN PROTEIN CONTENT AND EXPANSION RATIO OF RICE 

Quantification of the Extent of Rice Starch Gelatinization 
in Relation to Puffing 

The extenddegree of starch gelatinization as obtained by varying the intensity 
of hydrothermal treatment with different steaming pressures and periods, was corre- 
lated with Brabender hot paste peak viscosity values and their effects on the ER of 
puffed rice produced were also studied. The data so obtained are given in Table 5. 

The variation of Brabender hot paste peak viscosity values of parboiled rice 
samples with steaming pressures and periods is shown in Fig. 7 confirming the 
reported data of previous investigators (Ferrel and Pence 1964). For all the steam- 
ing pressures studied, the slopes of the peak viscosity curves were higher during 
the initial period of steaming, and thereafter the curves slowly flattened showing 
higher initial rate of starch gelatinization. As the steaming pressure increased, 
higher extenddegree of starch gelatinization resulted within a lesser period of 
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TABLE 5. 
BRABENDER PEAK VISCOSITY VALUES OF PARBOILED RICE SAMPLES AND 

EXPANSION RATIOS OF CORRESPONDING PUFFED RICE SAMPLES 

Steaming Treatment Brabender v i s ~ ! o s i t y  Expan- - 
No- Press?!re Time ~t 95-12 Peak Vi s -  'Ion 

(kg/~m (minutes)  ) cosity r a t i o  o f  gauge (BU) p u f f e d  
rice 

- 

I Normal Parbo i l ing  

1 0.5 

2 0.5 

3 0.5 

4 0.5 

5 1.0 

6 1 .o 

7 1.0 

8 1.0 

9 1.5 

10 1.5 

11 1.5 

12 1.5 

13 2.0 

14 2.0 

15 2.0 

16 2.0 

11 Pressure  p a r b o i l i n g  

17 2.5 

18 2.5 

time. The peak viscosity values obtained for pressure parboiled samples were- 
comparatively lower (Fig. 7). Also, the increasing trend of the Brabender viscosi- 
ty values after reaching 95°C in all the cases (Table 5) indicates that the intensity 
of hydrothermal treatment applied in the present study produced samples either 
completely cooked or overcooked. 
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NP -NORMAL PARBOILING 

PP - PRESSURE PARBOILING 

S T E A M  PRESSURE - 0.5 kg / c r n * ( t ~ ~ )  - I o k g  / cm2  (NP  1 
2 

-0--6 1.5 k g l c r n  ( N P )  

1- 2.0 k g / c r n 2  ( N P )  

o--a. 2 . 5 k g / c r n 2  ( P P )  

0 5 10 15 2 0 25 30 

steaming t ime (rnin) 

FIG. 7. EFFECT OF STEAMING PRESSURES AND PERIODS ON BRABENDER 
PEAK VISCOSITY VALUES OF PARBOILED RICE SAMPLES 

Data in Table 5 show that for producing maximum expansion of puffed rice, 
there was an optimum steaming time at each steaming pressure, i.e., 20 min at 0.5 
kg/cm2 with reduction of 5 min in steaming time correseonding to 0.5 
kg/cm2increase in steaming pressure. However, beyond 2 kg/cm steaming pres- 
sure the ER decreased due to excessive grain bursting and, other grain deforma- 
tion caused during steaming. Normal parboiling at 1.5 kg/cm2 steaming pressure 
for 10 min corresponding to peak viscosity of 425 BU produced the highest ER of 
7.5 for the puffed rice amongst normal parboiled samples. Pressure parboiled 
samples at 2.5 kg/cm2 steaming pressure for 30 min, corresponding to peak vis- 
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cosity of 240 BU, produced highest ER of 9.7 for the puffed rice. 
The variation of ER of puffed rice with Brabender hot paste peak viscosity val- 

ues is shown in Fig. 8. This experimental data clearly show that the lower the 

Peak viscosity (BU ) 

FIG. 8. EFFECT OF BRABENDER PEAK VISCOSITY VALUE ON EXPANSION 
RATIO OF RICE 

Degree o f  milling ( per  cent ) 

FIG. 9. EFFECT OF DEGREE OF MILLING ON PRESSURE PARBOILED RICE 
ON ITS EXPANSION 
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TABLE 6. 
EFFECT OF ADDITION OF NaCL AND CaCL, ON ER OF PUFFED RICE 

Salt Percentage Percentage 
of s a l t  ER S a l t  of s a l t  

added added added added ER 

(by weight)  (by weight ) 

peak viscosity value, indicating higher degree of starch gelatinization, the higher 
the ER of puffed rice obtained. The minimum peak viscosity values obtained for 
the samples, without any deformation of the rice kernels, by normal parboiling 
method was 425 BU and by pressure parboiling method was 240 BU. These vis- 
cosity values correspond to the highest expansion ratios for the "Panloi" paddy 
variety cooked under the respective conditions. Beyond these limits the severity 
of treatment deformed the rice kernels, which resulted in lesser peak viscosity 
values but lesser expansion of the product. It may also be noted that higher 
extenvdegree of starch gelatinization for the pressure parboiled rice could be 
achieved without deforming the rice kernels, because of comparatively lesser ini- 
tial paddy moisture content (about 17%, wb) involved during steaming in the 
pressure parboiling method. 

Optimum Milling and Salting Treatments for Obtaining Maximum 
Expanded Puffed Rice 

The expansion ratios of puffed rice obtained from rice samples having different 
degrees of milling are shown in Fig. 9. It was observed that a minimum of about 
6% degree of milling was necessary to produce optimum expansion for the puffed 
rice, beyond which the degree of milling showed no appreciable effect on ER. 
This might be due to the higher resistance offered by the existing bran covering at 
lower degree of milling against the spontaneous release of high pressure steam 
formed inside the grain at the time of puffing. 

Table 6 shows the increase of ER of puffed rice with the addition of NaCl/CaCI, 
at different percentages. The result shows that addition of NaCVCaCl, up to 2% by 



276 P.R. CHANDRASEKHAR and P.K. CHATTOPADHYAY 

weight increased the ER by a maximum value of 3 beyond which no significant 
variation in ER was observed. The above findings confirmed the results of 
Gerkens and al'Arnaud (1963) who observed that salt helped in increasing the 
starch expansion by facilitating heat conduction inwards and moisture exit out- 
wards. Two percent salt addition was also found to be optimum during the senso- 
ry evaluation of the puffed rice samples. It was also interesting to note that addi- 
tion of salt produced a smoother surface for the puffed rice, while rice puffed 
without addition of salt showed uneven blistered surface. 

CONCLUSIONS 

L:B ratio of all the varieties tested showed a positive correlation with expan- 
sion ratio (ER) of puffed rice. 

The amylose content and hot water insoluble amylose content of different 
paddy varieties tested revealed a pattern of relationship with ER showing predict- 
ed peaks at 28.5% (db) and 13.5% (db), respectively, for highest ER. 

Protein contents of different paddy varieties showed a negative correlation with 
puffed rice ER. 

The extenddegree of starch gelatinization, which was inversely proportional to 
the Brabender hot paste peak viscosity value, was dependent on the severity of 
hydrothermal treatment of paddy sample, and showed a definite positive correla- 
tion with puffed rice ER. 

With hot air puffing, normal parboiled rice sample with 425 BU peak viscosity 
value produced highest ER of 7.5, whereas traditionally known pressure par- 
boiled rice sample with 240 BU peak viscosity produced highest ER of 9.7 for the 
same paddy variety tested. 

Minimum 6% degree of milling was necessary to produce optimum expansion 
of the puffed rice kernel. 

An optimum of 2% salt addition (NaCIICaCI,) during preconditioning of rice 
increased the ER by a maximum value of about 3. 
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ABSTRACT 

Pineapple juice samples were ultrafiltrated using a polysulfone 10,000 molecu- 
lar weight cut-off (MWCO) membrane. However, to facilitate operations, the 
ultrafiltration experiments were preceeded by fractionation of juice samples 
using sequentially MicrofiltratiodDiafiltration and UltrafiltratiodDiafiltration 
with 8 pn; 0.4 pn; 0.2 pn and 0.1 pn membranes, using three specific experi- 
mental procedures. The 10,000 MWCO membrane was cleansed using a 40°C IN 
NaOH solution for a minimum of 30 min, to restore optimal membrane waterper- 
meation flux. The effects of selective fractionation processes, pretreatments 
(using antifoaming agent, hemicellulase, and ammonium sulfate saturation), on 
permeation rates, concentration levels, protein rejection and protein yields were 
determined. Water permeation fluxes, measured before and afrer each UF opera- 
tion showed a dramatic flux drop from 313 LlhmZ to 91 Llhm2 within seven suc- 
cessive 10,000 MWCO membrane experiments. This occurred inspite of suitable 
membrane washing conditions, pretreatments and selective fractionation process- 
ing of samples. The modification, mainly due to fouling, of the integrity of the 
10,000 MWCO membrane relative to concentration level was investigated. 

INTRODUCTION 

Ultrafiltration (UF) applications have been successfully used for fruit juice 
processing (Yu and Chiang 1986; Rao et al. 1986; Thomas et al. 1987), and the 
preparation of protein isolate and concentrate (Olsen 1978; Berot et al. 1987; 
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cotechnie et Biopharmacie, UniversitC de Montpellier I, Avenue Charles Flahault, 34060 Montpel- 
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Tzeng et al. 1988; Deelsie and Cheryan 1988). Besides reducing production 
costs, these applications have revealed several other advantages, such as improv- 
ing quality and production yields. 

In membrane processing of fruit juices, the main problem in UF is the gradual 
decrease in flux due to membrane fouling (SHEU et al. 1987). Several methods 
have been tried to prevent this phenomenon, such as increasing shear forces, 
backflushing, and cleaning (Goldsmith 1971; Watanabe et al. 1978; Rudie et al. 
1984; Chiang and Yu 1987; Rushton and Zhang 1990). The most important UF 
performance indices are permeation flux, rejection and energy consumption (Chi- 
ang and Cheryan 1986; Gathenholm et al. 1988; Finnigan 1988; Wu et al. 1990). 
However, less attention has been directed towards the irreversible changes of the 
membrane behavior, due to foulants. 

UF of pineapple juice have been experimented for protein and proteolytic 
enzyme separation (Doko 1990; Doko et al. 1991). Thus, the aim of this study 
was to determine, using specific membrane processing systems for pineapple 
juice, the optimal efficiency of UF with regard to membrane integrity (as mea- 
sured by water flux), volume and protein concentration ratios, and percent protein 
recovered. The aim was to minimize fouling of the UF membranes. 

MATERIALS AND METHODS 

Pineapple Juice Preparation 

Fresh pineapples, Ananas comosus L., Merr., variety smooth cayenne, im- 
ported from the Ivory Coast were used in the experiments. Fresh juice extraction 
was carried out from unskinned, cut fruit using a pilot double-screwed press ex- 
tractor with a yield of 50% of the fruit mass. The juice was then screen (0.5-1.0 
mm) to remove broken shell, blossom cup and to reduce excess pulp (Doko 
1990). The resulting juice was then used for membrane processing experiments. 

Membrane Processing Equipment 

Tubular mineral composite membrane modules (Ceram-Filtres, 34 Lunel- 
France), with pore size 8 p, 0.4 p, 0.2 p and 0.1 pn with 0.2 m2 of mem- 
brane area each, were used with a pump type LCF4G (PCM-Pompes moineau, 
Vanves France). The 10,000 molecular weight cut-off (MWCO) Millipore mem- 
brane (PTGC 000 05 UF cassette Millipore Corp., Bedford, MA) with a surface 
area of 0.46 m2, used in a Millipore HPCF 230 F2 pilot plant, was made of poly- 
sulfone with polypropylene as support. Batch process experiments were carried 
out using specific membrane combinations and treatments as outlined in fraction- 
ation procedures shown in Table 1. The permeate was collected separately, while 
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the retentate was returned to the feed tank. Before the first use, the new polysul- 
fone 10,000 MWCO membrane was cleaned with aqueous 0.5N NaOH at 40°C, 
flushed with water and then rinsed with distilled water as recommended by the 
manufacturer. Water flux (L/hm2) was measured after 15 min. 

At the completion of each UF experiment the unit was immediately drained, 
flushed twice with water for 5 min, cleansed, and rinsed with distilled water. 
Membrane washing and water recycling was continued until the initial water flux 
was fully restored. Subsequent membrane water fluxes were recorded as soon as 
inlet and outlet pressures reached 4 and 2 bars, respectively, and the flow rate of 
permeate and retentate had stabilized. Membrane water flux was measured before 
and after each experiment to obtain information about the decline in membrane 
permeability. At the conclusion of the experiment, the membrane, was cleaned and 
stored in 0.05% sodium azide solution until required for further experiments. 

The polysulfone 10,000 MWCO membrane was used successively for UF pro- 
cessing of pineapple juice using different kinds of initial feed solution (Table 1). 
This series of UF processes was conducted for seven experiments. Water flux, vol- 
ume concentration ratio (VCR), protein concentration ratio (PCR), protein rejec- 
tion and yield were recorded at the conclusion of each experiment. Permeate flux- 
es (L/hmz) were calculated by dividing the volume of permeate (L) by the surface 
area (mz) and the time taken (h) during the corresponding membrane processing. 
Water flux decline was expressed as the percentage difference in flux before and 
after each UF experiment. Protein determination (N x 6.25) assays were carried 
out in feed juice permeate and retentate by the Kjeldhal method. Feed concentra- 
tions were expressed as VCR and PCR. VCR is the initial batch volume of the 
feed divided by the final volume of the retentate and PCR represents the retentate 
protein content divided by the initial feed protein content. Protein rejection and 
protein yield were expressed as: 

- % Protein rejection = (1 - Cp/Cr) x 100 

- % Protein yield in retentate = (CrVr/CfVf) x 100 

- % Protein yield in permeate = (CpV p/CfVf) x 100 

where C,, C, and C, represent protein concentrations in the feed, permeate and 
retentate, respectively, and V,, V, and Vr are the corresponding volumes (Omo- 
saiye and Cheryan 1979; Nichols and Cheryan 1981). This results (under optimal 
operating conditions, i.e., with overall fractions including retentate and permeate 
collected) in the solute mass balance equation expressed as: 

- CfVf = CrVr + CpVp + Lm 
where L, corresponds to solute loss (L) due to adsorption on the membrane (m). 
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Pretreatments 

As the main objective of the operations was rather the separation of proteins 
and enzymes (i.e., proteolytic enzymes named bromelains) from pineapple juice, 
different types of pretreatments have been carried out. The pretreatments of the 
pineapple juice prior to membrane processing included enzyme treatment at pH 
8.5 to hydrolyze pectic substances, thus reducing viscosity and improving the fil- 
tration rate in membrane processing. Antifoam (12.5 ppm Rhodorsil silicone oil 
HV 47 350, Rhane Poulenc, France) was used to prevent protein loss and to stabi- 
lize the flow rate during membrane processing. The pH of the pineapple juice 
samples was first raised from 3.4 to 8.5 by the addition of 30% aqueous NaOH 
solution, after which, the enzyme treatment was conducted at 20°C for 5 h using 
200 ppm hemicellulase REG (Gist-brocades Food Ingredients) with moderate 
stirring. 

Time ( mln. ) 

-. 

FIG. 1. WATER FLUX RESTORATION OF PTGC MEMBRANE RELATIVE 
TO CLEANSING CONDITIONS 

(I) water at 19S°C, (11) water at 25OC and 40°C. (111) 0.5N NaOH solution at 40°C; 
(IV) IN NaOH solution at 40°C; (A) new membrane water permeation flux profile; 

(- - -) water permeation flux profile recorded from the two first procedures. 
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RESULTS AND DISCUSSION 

For membrane cleaning efficiency, optimal membrane washing conditions 
were evaluated using processes A and B (Table 1). The effects of cleaning meth- 
ods on membrane water flux restoration carried out after these processes are 
shown in Fig. 1. These demonstrate that a combination of pH and temperature of 
the cleaning solution, and the washing time is required to restore or to optimize 
membrane cleansing. Compared to 313 L/hm2 (= WF,,) water flux of the new 
10,000 MWCO cassette, the first experiment, i.e., process A) revealed a signifi- 
cant drop to 183 L/hm2 (= WF,), whereas following process B, the resulting water 
flux (= WF,) profile indicates none variation, at the end of experiment with a con- 
stant 183 L/hm2. However, this shows that despite good membrane cleaning, 
which included 1N NaOH solution at 40°C for a minimum of 30 rnin, restoration 
of the membrane water flux did not occur in all cases. In addition to the mem- 
brane cleaning efficiency, for processing of pineapple juice where insoluble 
solids and viscous materials are ultrafiltrated, other specific procedures or precau- 
tionary measures seem obvious to enhance the processing performance. 

Selective fractionation procedures and/or pretreatments significantly influ- 
enced membrane performance (Table 2). With regard to UF permeation rates, the 
sequential fractionation procedures and DF processes removed a major part of 

TABLE 2. 
UF FRACTIONATION PROCEDURES OF PINEAPPLE JUICE, USING A 

10,000 MWCO PTGC MEMBRANE 

Experiment 
Feed solutions 

Flux 
(Vh.rn2) VCR 

X Protein 
retentate 

Fractionation procedure nr. 1 
A 0.1 tun permeate 47 82 27.0 0.20 3.3 

Fractionation procedure nr. 2 
B 0.4 p permeate 43 32 7.0 0.15 1.7 

Fractionation procedure nr. 3 
C 8 pm permeate 190 17 6.3 0.40 5.1 
D 8 pm permeate 190 10 7.4 0.75 7.5 
E 8 p u  permeate 100 25 30.0 0.40 4.0 
F 8 permeate 100 34 26.7 0.45 5.0 
G 8 pm permeate 100 24 17.1 0.80 8.9 

%e Diafiltration expressed as X DF -.I00 x (volume of water added / volume of feed 
solution) 

Operating conditions: 0.461112 effective membrane area; T"c meximum = 30 + 2 '~ ;  and 
the inlet and outlet membrane presures were 4 bar and 2 bar, respectivel< The data 
obtained represent average values of triplicate analysis. 
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constituents including fibers, pectic substances, sugars, and other suspected solids 
from the pineapple juice, thus reducing dry matter and viscosity (Doko 1990). As 
shown for procedure nr. 1 (i.e., Process A in Table I), this facilitates the UF mem- 
brane processing, giving a permeate flux of 82 ~ / h m ~ .  This was much higher than 
those recorded for processes using single steps of 8 p MF, in spite of high DF 
processes in both MF and UF operations. Thus, in procedure nr. 3, juice fluxes of 
17 L/hm2 and 25 L/hm2 were obtained using, respectively, enzyme treatment (pro- 
cess C) and antifoaming agent (process E), whereas the maximum juice flux of 
only 34 L/hm2 was obtained with combined pretreatments (using both 12.5 ppm 
antifoaming agent and 200 ppm hemicellulase for process F). As shown in process 
D, ammonium sulfate saturation of the feed solution reduced juice flux to 10 
L/hm2, probably by increasing the viscosity of the circulating fluid. However, 
enzyme treatment of pineapple juice with 200 ppm hemicellulase, plus addition of 
antifoaming agent prior to significantly increased juice flux to 24 L/hm2, despite 
ammonium sulfate saturation for process G. 

As far as protein separation efficiency is concerned, the reduction of the frac- 
tionation steps to a single 8 p MF step, provided better conditions for subsequent 
protein concentration, using the 10,000 MWCO UF membrane. Therefore, in 
Table 2 the protein content in the resulting retentates ranged from 0.40 to 0.80% 
by contrast with the low average of 0.20% protein obtained from the first two 
procedures (i.e., processes A and B). In addition, when combined with UF pro- 
cessing, the ammonium sulfate saturation (known and experimented as a good 
protein extracting process), resulted in an optimal 0.75% protein at 7.4 fold VCR 
and 7.5 fold PCR, for, a highest 17.1 fold VCR revealed no further significant 
improvement as indicated the relatively low 0.80% and 8.9 fold PCR. 

As expected, 99% protein rejection (Table 3) showed that virtually no protein 
permeated the membrane. This, indicating that the separation of proteins having 
molecular weight (MW) higher than 10,000 daltons was completely controlled by 
the membrane selective screening, as outlined in procedure nr. 3. Furthermore, 
97% of the protein was recovered. So, as concentration level increases simultane- 
ously with the fouling of membrane, the amount of protein loss due to adsorption 
is strongly influenced at the same time. Therefore, besides ammonium sulfate 
extraction, and any other pretreatment, the limiting factor for suitable protein sep- 
aration, i.e., with a membrane fouling reduced as low as possible is the balance 
between PCR and VCR. A ratio of PCRNCR 1 represents the ultimate condi- 
tion, since reduced fouling is still preferred for ease of UF application. 

Thus, despite the fact that the use of ammonium sulfate for protein precipita- 
tion reduced the permeation flux by increasing viscosity, maximum protein 
recovery and the maximum reduction in the amount of protein accumulating on 
the internal membrane surface were obtained at VCR of 7.4. This can probably be 
explained by the limitation of chemical interactions between proteins and other 
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foulant components, between proteins and membrane, and by the increase of pro- 
tein-protein aggregations. These lead to low adsorption of macromolecules on the 
membrane and/or within pores, and to high protein yields. However, at VCR 
greater than 7.4, despite preventative methods, the increase in membrane fouling 
and the involvement of proteins in the build up of the adsorbed gel becomes 
inevitable. As a result, protein losses and the irreversible adsorption of macro- 
molecules on the membrane lead to further membrane spoilage. In addition, it 
was noticed that even if the action of antifoam relative to flux permeation is 
effective, at increased VCR, the fouling effects of such an additive, due to its con- 
centration, can prevail with severe negative consequences such as macromolecule 
adsorption onto the UF membrane, and a resulting decrease of protein recovery. 

As concentration increases, the accumulation of macromolecules, such as 
hemicellulose, proteins and enzymes by the membrane results in the formation of 
a low water soluble gel matrix on the membrane surface. This gel layer became 
increasingly compact and tightly attached to the membrane, in spite of DF pro- 
cess. However, the amount of low-MW juice constituents (glucose, fructose and 
sucrose, citric acid, ascorbic acid, etc.) and minerals are not involved in the for- 
mation of the gel, which reduces their proportion in the resulting retentates. 
Moreover, the effectiveness of the optimal washing conditions for loosening the 
gel from the membrane was gradually reduced. 

The irreversible adsorption of pineapple juice constituents on the membrane 

UF experiment number 

FIG. 2. VARIATION OF THE WATER FLUXES WITHIN SEVEN SUCCESSIVE 
UF EXPERIMENTS. USING A POLYSULFONE PTGC MEMBRANE 

FOR PINEAPPLE JUICE PROCESSING. 
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leads to modification of its structure by reducing membrane pore dimensions. As 
shown in Fig. 2, this results in an increase in the hydraulic resistance and results 
in a decline in water flux, as the nupber of UF experiments increased. Average 
water flux dropped from 313 L/hm to 91 ~ / h m '  (i.e., WF,), with as shown in 
Table 2, a 42% decline after the first experiment (process A), even though this 
procedure had the m s t  fractionation steps. 

CONCLUSION 

Membrane processing of pineapple juice is a complex process. Macro- 
molecules from such a complex solution resulted in severe plugging of pores 
andor in a buildup of a dense sublayer on the surface of the membranes. The effi- 
ciency of UF is essentially governed by the foulants. The gel-like layer behaved 
as a second "dynamic" membrane, which effectively reduces the pore size of the 
membrane, causing a decline in flux and changing solute rejection. With use, the 
gel layer deposits become increasingly compact and tightly attached to the mem- 
brane, this, in spite of good cleansing conditions. The effectiveness of the optimal 
washing conditions for loosening the gel from the membrane become gradually 
inefficient. Since fouling may occur on the membrane surface and/or within the 
membrane pores, the appropriate pretreatment, such as selective fractionation, 
and the type of cleaning, and the solute and specially concentration ratios become 
quite important for optimum filtration of juice and extending the operating life- 
time of the membrane. 
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ABSTRACT 

Recovery and concentration offlavor compounds from an apple essence (x 500) 
was attempted by pervaporation using a silicone rubber (polydimethylsiloxane) 
membrane at room temperature. The flavor components were identified by GC- 
MS method, and the ratio of concentration of the flavor compound in the permeate 
to that in the feed was determined for each component. It was found that pervapo- 
ration is indeed an effective measure for the above purpose. Concentration ratios 
above 20 were achieved for flavor components with boiling points lower than 
1oo0c. 

INTRODUCTION 

Pervaporation is one of the newly emerging membrane separation technologies. 
Although its history is relatively short, pervaporation has found practical applica- 
tions in dehydration of alcohols and other organic solvents and in the removal of 
volatile organic pollutants from water (Brueschke 1989). In pervaporation, while 
one side of the membrane is in contact with a feed liquid mixture, vacuum is 
applied on the other side of the membrane to induce permeation of vapors through 
the membrane. The separation characteristics of the membrane are governed pri- 
marily by the nature of the surface of the membrane that is in contact with the feed 
liquid; membranes are preferentially permeable to water when the surface is 
hydrophilic whereas they are preferentially permeable to hydrophobic organic 
compontents of the feed mixture when the surface is hydrophobic. The latter type 
of pervaporation (membranes with preferential permeability to organic com- 
pounds) is currently limited in applications to remove volatile organic compounds 

Journal of Food Process Engineering 14 (1  99 1 ) 29 1-296. A l l  Rights Reserved. 
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such as hydrocarbons and halogenated hydocarbons from water (Huang 1991). It 
is a logical consequence, however, to extend the above application to the concen- 
tration of volatile flavor compounds in food liquid, which is obviously an impor- 
tant area of food processing. 

The objective of this work is to recover and concentrate by pervaporation some 
of the important flavor components of apple essence. The flavor components are 
identified by GC-MS and the concentration ratio of the permeate to the feed solu- 
tion is obtained for each flavor component. This work is novel in its nature, since 
the application of pervaporation in the food processing is still scarce in the litera- 
ture (Bengtsson et al. 1989; Voilley et al. 1988, 1989). 

EXPERIMENTAL 

Materials and methods 
Natural apple essence (500 X) supplied by F & C International Co. was used 

for pervaporation experiments without further treatment. An unbacked silicone 
(polydimethylsiloxane) membrane of 25.4 pm thickness was generously supplied 
by General Electric Co. 

A static cell with an effective membrane area of 9.6 cm2 built for reverse osmo- 
sis purpose was used for pervaporation experiments with a slight modification. 
The details of the cell design (Sourirajan and Matsuura 1985) and the pervapora- 
tion experiments (Okada and Matsuura 1991) are described in the literature. The 
flow diagram of the pervaporation system is shown in Fig. 1. Briefly, vacuum 
was applied on the permeate side of the membrane and the permeate collected in 
a cold trap for analysis. The pervaporation conditions were: operating tempera- 
ture, 22°C; downstream pressure, 2.16 mmHg. During 10.2 h of pervaporation 
period 1.33 g of total permeate was collected in the cold trap. Therefore, the per- 
meation rate was 2.17 X 10" glmin. Since the initial feed weight was 25.0 g, the 
yield of the permeate is 5.32%. 

Analysis 

A Finningan Model 4010 GC-MS equipped with a 30 m, 0.52 mm I.D. fused 
silica column coated with a layer of 1.5 pm thickness DBI megabore was 
employed for the analysis. An interface for the TEKMAR desorber was attached 
to the column. The interface was used to freeze the sample at - 150°C and then 
rapidly heated to 200°C before the sample was delivered to the chromatography 
column in order to produce sharper peaks. The helium gas flow rate was 6 
mllmin and the oven temperature was programmed to 5"CImin increase in the 
temperature range -10-150°C. The MS sensitivity was 10,';' A N ,  ionization cur- 
rent 0.15 rnA and electron voltage 50 V. The electron multiplier was set at 1200 V. 
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(5 )  
( 1 )  N 2  Tank  
( 2 )  Pervapora t ion  Cel l  
( 3 )  Magnet ic  S t i r r e r  
( 4 )  Manometer 
( 5 )  Cold  T r a p  
( 6 )  Vacuum P u m p  
(7) C o n t r o l  Valve f o r  

Downst ream P r e s s u r e  

FIG. 1. SCHEMATIC FLOW DIAGRAM OF PERVAPORATION EQUIPMENT 

A Nova computer system supplied by Data General (Westboro, MA) was 
attached to GC-MS to identify volatile components in the feed and the permeate 
samples. Chemical ionization spectra were obtained and compared with standard 
mass spectra obtained from the National Bureau of Standards (NBS) computer- 
ized library (Finnigan 1980). Fifty pL of 5% ethanol solution of 1-phenyl 
ethanone was added to 1000 pL of the sample as an internal standard. The 
amount of the chromatography sample injected was 0.3 pL. Then, the column 
interface was rapidly heated from - 150 to 200°C. The air and ethanol p e ~ k s  were 
diverted at the outlet of the chromatography column. 

RESULTS AND DISCUSSION 

The permeate sample of pervaporation experiment consisted of an aqueous 
solution with a few oily droplets. Apparently, the solubility limit in the aqueous 
solution was surpassed for some organic components. The amount of the oil 
phase was negligible compared to the aqueous phase, and, therefore, the analysis 
was carried out only for the aqueous phase. It should be noted, however, the con- 
centration ratios reported in this paper are conservative values. 
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TABLE 1. 
GC-MS ANALYTICAL RESULTS 

Feedn Permeaten Boiling point, 
Samde 1 Samule 2 "C 

1 Acetic acid, Ethyl Ester 0.2 4.5 77.1 

1-Propanol, 2-Methyl- 

1-Butanol 

Propionic acid, Ethyl Ester 
Ethane, 1,l-Diethoxy- 
1-Hexene, 4-Methyl- 

Propionic Acid 

Propionic Acid, 2-Methyl-, Ethyl Ester 

Hexanal 

2-Furfural 
Propanoic Acid, 2-Methyl- 

2-Hurenal 
Butanoic Acid, 3-Methyl-, Ethyl Ester 

1-Hutanol 
1 f -Dioxolane, 2-Ethyl- 

1,3-Dioxolane, 2-Propyl- 

3-Heptanol, 3-Methyl- 
Ethanone, 1-Phenyl- 

Hexane, 1,l-Diethoxy- 

H-e,l-(1-Ethoxyethoxy)- 
21 2-Furfural, 5-(Hydroxymethy1)- 28.4 33.2 114-116 

peak area ratio (%) of flavor component 
to the internal standard (Ethanone,l-Phenyl- ). 

Both chromatography retention time and mass spectral data were used to iden- 
tify the solution components. Table 1 shows 20 such components that were iden- 
tified. Note that number 18 is the internal standard added to the sample. They are 
four esters, four alcohols, four aldehydes, two acids and six ethers. Compared 
with components of apple essence found in the literature (Flath et al. 1969) the 
boiling points of components found in this work are significantly higher, indicat- 
ing that flavor components of lower boiling points were lost during the process of 
preparing concentrated apple essence that has been used as feed in this work, or 
they could not be detected by our analytical technique. 

The peak area ratio of each component to the internal standard is also given in 
Table 1. In some cases the component was detected only in the permeate, indicat- 
ing that pervaporation is a powerful tool for the identification of minute compo- 
nents in the solution by increasing their concentrations to a detectable range. Only 
in one case [2-furfural, 5-(hydroxymethy1)-] did a relatively large quantity found 
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Boiling point (OC) 

FIG. 2. CONCENTRATION IN THE PERMEATEICONCENTRATION IN THE FEED VERSUS 
BOILING POINT OF FLAVOR COMPONENTS 

in the feed disappear: in the permeate. This is because volatility of this com- 
pound was too low. Division of the peak area ratio in the permeate by that in feed 
allows us to calculate the concentration ratio of the permeate to the feed. The con- 
centration ratio so calculated was plotted versus boiling point in Fig. 2. Eleven 
flavor compounds for which both concentration ratio and boiling point data are 
available are included in this figure. The boiling point cover a range from 77 to 
163°C. A tendency for concentration ratio to decrease with an increase in boiling 
point is clearly observed. This is quite natural, since the vapor pressure of the 
solution component decreases with an increase in the boiling point, resulting in a 
decrease of the driving force for the membrane transport. 

CONCLUSIONS 

Pervaporation was proven to be an effective method for the concentration of 
flavor compounds in the apple essence. The concentration ratio depends on the 
boiling point of the compound. With respect to the flavor components of relative- 
ly low boiling points (100°C) the concentration ratio was above 20. 
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ABSTRACT 

A nondestructive method to measure the internal moisture distribution and to 
determine the effective moisture diffusion coeficient for a potato during drying 
and absorption was developed using NMR imaging and numfrical modeling tech- 
niques. The coeficients obtained were 1.04 to 7.28 x 10-IU m /s, for moisture con- 
tents between 40% and 55% (wb), during drying with a sample temperature of 
40°C; and were 9.78 x 10"~ to 2.33 x 10"' m>s, for moisture contents between 56% 
and 60% during absorption at 23°C. 
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INTRODUCTION AND OBJECTIVES 

Potatoes are the leading vegetable crop in the world with an annual farm value 
of nearly $30 billion for more than 340 million tons. Water is one of the most 
important components affecting the physical properties and quality of potatoes and 
potato products. 

The way water affects the physical nature and properties of potatoes and their 
products is complicated. The internal moisture distribution and moisture diffusion 
coefficient are very important parameters for studying the quality and structural 
changes during storage, handling and processing. Understanding the basic rela- 
tions governing the transfer of moisture within a potato will lead to better process 
control. 

Tremendous efforts have been directed towards investigating this subject 
(Callaghan and Eccles 1979; Chu and Hustrulid 1968; Crank and Park 1976; 
Kashkina 1979; Lomauro and Bakshi 1985; Meyer and Brown 1988; Syrief et 
al. 1987). Several methods for determining moisture diffusion coefficients have 
been developed. Crank and Park (1976) grouped these methods into five different 
categories: (1) permeation methods, (2) sorption and desorption methods, (3) con- 
centration distance curve methods, (4) radio tracer methods, and (5) nuclear mag- 
netic resonance and self-diffusion methods. Until recently, none of these 
techniques have used NMR imaging to measure moisture profiles nondestructively 
for the determination of the diffusion coefficient. 

Magnetic resonance imaging (MRI) has become a premier method for produc- 
ing anatomical images from humans and animals. Recent developments in MRI 
instrumentation have greatly improved the spatial resolution, and images on a 
microscopic scale are now possible. Lauterbur (1986) reported microscopic 
images of a snail and Zhou et al. (1989) used three-dimensional projection recon- 
struction volume imaging to obtain microscopic images of rat spleen. Applications 
of MRI in the field of medicine have been highly successful, and now innovative, 
nonmedical applications are being introduced. Blackland and Mansfield (1986) 
studied diffusion in liquid-solid systems by NMR imaging. The sample was 
removed from the water before the MRI data was acquired, which made the water 
absorption a discontinuous process. One-dimensional spin projections were used 
for the integration of moisture movement. Guillot et al. (1989) used NMR imaging 
to monitor the drying of a porous rock. Rothwell et al.. (1984) suggested that MRI 
may be a powerful new technique for applications in the study of absorption and 
diffusion processes in polymers, but MRI has had only a few applications in the 
study of food materials (Bell 1986; Jenner et al. 1988; Perez et al. 1988; Song and 
Litchfield 1988; Ruan and Litchfield 1989; Chen et al. 1989; McCarthy and Perez 
1989; Heil et al. 1990; McCarthy 1990; Song et al. 1990). 

The objectives of this study were to: (1) develop a method based on nuclear 
magnetic resonance imaging for measuring the internal moisture distribution pro- 
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files of a potato cylinder during drying and absorption and (2) develop a method to 
estimate the moisture diffusion coefficient in potato based on the moisture content 
data collected from the NMR images. 

THEORY AND METHODS 

Fick's law has been applied to some mass transfer problems in food materials. 
Fick's second law of diffusion written in cylindrical coordinates (r,O,z) is: 

Where D is the effective moisture diffusion coefficient (m2/s), M is the moisture 
content (%, wb), t is time (s), and r is the radius (m). This equation is valid when: 
(1) the pressure and temperature gradients in the potato are negligible, (2) the 
moisture gradients are the sole driving force for mass transfer, and (3) the flow of 
moisture within the potato cylinder occurs by diffusion (liquid and/or vapor). 
Assuming that mass transfer resistance at the end surfaces of the cylinder is negli- 
gible and that moisture transfer is one dimensional in the radial direction, the 
above equation can be simplified, so that the moisture movement in the central 
slice of a long potato cylinder during drying and absorption is governed by the 
following partial differential equation (Welty et al. 1984): 

with the initial condition M(O,r), for time t = 0, and radius 0 I r I R, and the 
boundary condition M(t,R), for r = R and any t > 0. Both sets of conditions can be 
measured by MRI. 

Measurement of Moisture Profiles and Prediction 
of the Diffusion Coefficient 

At any time, ti, the moisture content M(ti,r,) at any radius, rj, can be measured 
from moisture profile data obtained from NMR proton density images. The mois- 
ture content can also be calculated using Eq. (2). The effective diffusion coeffi- 
cient, D, corresponding to a particular average moisture content of the sample, 
was determined by iterating different values for D to minimize the error (ERR) 
between the MRI measured moisture contents (M,) and the moisture contents 
predicted (M,) by Fick's law in the following objective function: 
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The relationship between the diffusion coefficient and moisture content was 
obtained by determining D for different moisture contents. 

Cylindrical potato samples were used. The samples were 20 mm in diameter 
and 70 mm in length. The ratio of length to diameter of the sample was greater 
than 3 to help ensure that the moisture transfer in the center of the sample was not 
influenced by the ends of the sample. In addition, the two end surfaces were coat- 
ed with wax. The sample was then suspended by a sample holder mounted in the 
center of an 8.8 cm inside diameter imaging probe (Fig. 1) for drying. In the 

FIG. 1. A SCHEMATIC DIAGRAM OF THE DRYING SYSTEM 

absorption experiments, the potato sample was first dried (since the moisture con- 
tent of the fresh potato is already very high), then the sample was put into a tube 
full of water for absorption. Both the initial and the transient proton density pro- 
files during drying and absorption were measured using a Spectroscopy Imaging 
Systems (SIS) 4.7 Tesla NMR imaging system (Fig. 2). 

A spin-warp sequence was employed for the acquisition of free induction 
decay (FID) data. The spin-lattice relaxation time, T,, was measured using the 
inversion recovery pulse sequence (Stark and Bradley 1988). The spin-spin relax- 
ation time, T,, was measured using the Hahn spin-echo sequence (Stark and 
Bradley 1988). The T, values obtained with this technique are apparent T, values, 
which include the magnetic field inhomogeneity, molecular diffusion, and other 
effects. If the obtained moisture profiles were not accurate enough, measurement 
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FIG. 2. NMR IMAGING SYSTEM 

of the local TI and true T, values would have been necessary. However, the results 
of the moisture profiles were accurate to within 3% moisture content, as compared 
to profiles from vacuum oven measurements, so no localized TI and T,mappings 
were obtained. Both TI and T, were measured as functions of time and average 
sample temperature during drying as shown in Fig. 3 and 4, respectively. Since the 
TI of the potato ranged between 0.9 and 1.8 s, the interexperiment delay variable, or 
time of replication, TR, in the MRI system was set to 8 s, which was more than 4 
times larger than the greatest T, value. The value of TR was selected to decrease the 
spin-lattice effects. Since T, changed with drying time and temperature, as shown in 
Fig. 3 and 4, each echo time, TE, in the spin-warp sequence was selected to corre- 
spond to the appropriate T, values. Thus the approximate signal intensity, S, where 

and K is a constant, was only affected by the change in hydrogen nuclei density, p. 
The parameters used to obtain 2-D images were as follows. The slice selection 

gradient (Z direction in Fig. 1) was 1.18 x 10.' Teslalmeter, so the thickness of the 
potato slice excited by the gradient was 2.1 mm. The read out magnetic field gradi- 
ent (Y direction in Fig. 1) was 1.00 x Teslalmeter. The increment of the phase 
encoding gradient was 1.2 x lo4 Teslalmeter. There were 64 phase encoding steps. 
More phase encoding steps will give better image resolution, but more time is 
required to collect each image. It took about 8 min to obtain each set of FID data. 

The drying system was controlled so that the potato sample was dried with air at 
60°C, 0.008 kgWaterkgAir absolute humidity, and 1.2 m/s velocity. The Sher- 
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Time (t. hr) 
FIG. 3. SPIN-LATTICE RELAXATION TIME (TI) AND SPIN-SPIN RELAXATION 

TIME (T,) VERSUS TIME (t) 

FIG. 4. SPIN-LATTICE RELAXATION TIME (TI) AND SPIN-SPIN RELAXATION 
TIME (T,) VERSUS SAMPLE TEMPERATURE (T) 

wood number, which is the ratio of external to internal moisture transfer rates, was 
calculated and found to be much larger than 10.0. With the airflow rate of 1.2 m/s, 
a diffusivity of 7.28 x 10 '~  m2/s, and a mass conductivity of 0.295 m/s, the Sher- 
wood number was 2.8 x 10'. Therefore, the assumption of internal, not external, 
resistance to mass transfer was reasonable. 
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FIG. 5. TEMPERATURE PROFILES SIMULATED BY THE COUPLED MODEL 
AND OBSERVED IN THE SAMPLE DURING DRYING 

The absorption tests were performed at room temperature at about 23°C. The 
initially dried sample was first set at ioom temperature to reach a uniform inside 
temperature profile before it was put into the tube of water for the absorption test. 

For the water absorption experiments, the obtained proton density profiles were 
converted into moisture profiles by scaling the value of the proton density of pure 
water to 100% moisture. For drying experiments, the average MRI signal intensity 
of the samples at each different drying time was compared with the average mois- 
ture content of the sample obtained by oven drying method, to scale the moisture 
profiles obtained by the MRI. A sample for each condition was also cut into five 
concentric rings using sharp end pipes of 6,8,  10, and 12 mm in diameter and 0.3 
mm in wall thickness, and the moisture content of each ring was determined 
(103°C oven, 24 h). The scalings were verified by moisture profiles obtained with 
the oven drying of these concentric rings. The difference in the MRI and oven 
measurements was less than 3% moisture content. Although the ring-cutting tech- 
nique is certainly inaccurate, there are not other accurate noninvasive methods to 
verify the MRI results. The converted moisture content data were input to a finite 
difference computer program, which solved equation (2) and minimized the differ- 
ence (ERR) between the MRI and the oven moisture contents [M(t,r,)'s in Eq. (3)], 
to determine the effective moisture diffusion coefficient, D. 

The temperature profiles inside the potato cylinder were measured outside the 
MRI system at the same conditions as those used for the MRI experiment. Ther- 
mocouples were inserted in the potato cylinder, and temperature readings were 
taken at 30 min intervals (Fig. 5). 
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Prediction of Moisture and Temperature Profiles 
with a Coupled Model 

A numerical model was written to simulate the transfer of moisture and heat 
through the sample. If the moisture diffusivity is allowed to vary spatially in the 
sample, the governing equation (Eq. 2) can be written as: 

For temperature diffusion, the governing equation can be written as: 

where T is the temperature, C, is the heat of vaporization of water (2385 
KJ/KgH,O), and K is the thermal diffusion coefficient. 

Taylor series approximations to these equations provide the following one- 
dimensional, explicit (forward in time), centered in space numerical solutions. 

For moisture diffusion, the equation is: 

For temperature, the equation is: 

where 6t is the model time step; 6r is the model grid distance; subscripts i, i+l, and 
i-l indicate the current grid point, the adjacent grid point toward the exterior of the 
sample, and the adjacent point toward interior of the sample, respectively; sub- 
scripts t and t+l indicate the values at the beginning of the current time step and 
the values at the beginning of the next time step, respectively; M(R) is the mois- 
ture content of the grip at the surface of the sample. The term C,[M(t,R)- 
M(t+l,R)] is the means of coupling mass and heat transfer, as this term calculates 
the heat required to evaporate the moisture loss during each time step. 

The model assumes axial symmetry, and simulates from the center of the sam- 
ple along a radius to the edge of the sample. The model was used to simulate 
simultaneous heat and mass (moisture) transfer and shrinkage of the sample as a 
result of water loss. Boundary conditions for the model were (1) a zero flux for 
both heat and mass transfer at the center, and (2) the temperature obtained by the 
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couples and the equilibrium moisture content for the drying air at the external 
boundary. 

The simulation procedure, for each time step, was to calculate moisture diffu- 
sion, then to calculate the moisture loss from the sample, and use this moisture 
loss to calculate the heat loss due to evaporation, and then calculate the heat trans- 
fer. Shrinkage was simulated by reducing the radius for each step based on the 
average rate measured from the sample during drying. These steps were repeated 
for each time step for the entire period of drying simulation. 

An average shrinkage rate was estimated based on the reduction in radius of 
the sample over the entire period of drying. An average thermal diffusion coeffi- 
cient was estimated by iterating different values of K to select an empirical best 
fit to the temperature gradient measured after 30 min of drying. 

RESULTS AND DISCUSSION 

Moisture Profiles-NMR Images 

Two dimensional NMR proton density images of potato samples during drying 
and absorption are shown in Fig. 6 and 7 respectively, where intensity is propor- 
tional to moisture content. Figure 6, window 1 is a cross-sectional image of pro- 
ton density in the potato cylinder before drying. Windows 2 through 8 show the 

FIG. 6. NMR PROTON DENSITY IMAGES O F  POTATO DURING DRYING 
(TIME STEP = 1 H) 
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FIG. 7. NMR PROTON DENSITY IMAGES OF POTATO DURING ABSORPTION 
(TIME STEP = 1 H) 

proton density in the same cross section at 60 rnin intervals during drying at 
60°C. The initial moisture distribution was not uniform inside the potato. As the 
drying proceeded, the sample shrunk, and the moisture distribution became more 
uniform as the moisture decreased. The observed moisture profiles did not follow 
the theoretical curve predicted by Fick's law, but tended low and a uniform gradi- 
ent inside the sample with a sharp gradient at the interface with the air. These 
results may be caused by (1) lower diffusivities at lower moisture contents and 
(2) case hardening of the outer surface with an increased resistance to mass trans- 
fer. Figure 7, windows 1 through 8 show the proton density images in a cross sec- 
tion at 60 min intervals during absorption at 23OC. 

The contour images with the moisture profiles in the potato after 60 min of 
drying and 60 min of absorption are shown in Fig. 8. Each contour stands for a 
constant moisture content line in the sample, the actual value of these lines can be 
found from the corresponding points in the moisture profile for an axis through 
the center of the sample shown right above the contour image in Fig. 8. The one- 
dimensional moisture distribution profiles of the potato cylinder obtained from 
the imaging system during drying and absorption are shown in Fig. 9, from which 
the moisture distribution of the potato during drying and absorption can be com- 
pared at different times and at different radial positions. The shrinkage during 
drying and expansion during absorption may be measured from Fig. 6 and 9. 
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(a) during drying 
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FIG. 9. MRI MOISTURE PROFILES DURING DRYING AND ABSORPTION 

Figures 6 and 9(a) show that at the beginning of drying the moisture movement 
was very fast, while toward the middle and end of drying the movement was 
much slower. For example, it took only 30 min for the moisture content to drop 
from 75% to 60%, but it took 360 min for the moisture content to drop from 60% 
to 45%. 

Comparing Fig. 8(b) with 8(a), it was found that the rate of absorption for the 
dried potato was much lower than the drying rate of the fresh potato. The hard 
layer produced during the drying process served as a barrier for moisture absorp- 
tion. In turn, the volume expansion was very slow and small due to the structural 
changes in the hard layer. 
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Moisture Diffusivities 

The effective diffusivity data were modeled as an exponential function of mean 
moisture content, using a least squares fit. The expressions obtained effective 
moisture diffusion coefficient (m2/s) for during drying and absorption, respective- 
ly, were 

D = 5. 128x1@13 e0.135M for drying at 40°C (9) 

D = 2 .805~10-~~  eO.lm for absorption at 23°C (10) 

where M is the mean moisture content (%, wb). The squares of the correlation 
coefficient, r2, were 0.96 and 0.99 for Eq. (9) and (10) respectively. These diffu- 
sivities give best fit for a mean moisture content of the sample, averaged in the 
radial direction. The effective moisture diffusion coefficient versus average mois- 
ture content for drying with a sample temperature of 40°C and for absorption at 
23°C are shown in Fig. 10. With high resolution moisture and temperature pro- 
files, and a better conceptional model of mass transfer, this method can also be 
used to map the actual transport coefficient data inside the sample. 

Moisture Content (%, wb) 

FIG. 10. MOISTURE DIFFUSION COEFFICIENT VERSUS MOISTURE CONTENT 



3 10 R. RUAN, S.J. SCHMIDT, A.R. SCHMIDT and J.B.LITCHFIELD 

Chirife (1983) reported the diffusivity in a potato during drying as D = 
1.0~10-lo m21s, at a 65OC sample temperature and for moistuy contents less than 
15%. The results we obtained, D = 1.04~10- '~  to 7.28~10-lo m Is for moisture con- 
tents from 40-55% at a sample temperature of 40°C, appeared reasonable in com- 
parison. Differences might be due to the lower temperature and higher moisture 
contents used in the present study. 

We have not found data for the moisture diffusion coefficient during absorp- 
tion, but there are resu&~for ~imilar material, such as for floury endosperm of 
corn, D = 1.767~10-I' e (m Is) (Syarief et al. 1987). For a moisture content of 
60%, the moisture diffusion coefficient predicted by the equation for corn 
endosperm i: 3.08xl0-~ m21s. At the same moisture, the potato diffusivity was 
2.33~10~" m Is. The difference may be because the model for corn endosperm is 
only valid for low moisture contents, below 25%, and the structure of the floury 
endosperm is different from the potato. 

Predicted Results from the Coupled Model 

Simulation results from the coupled model indicate that the Fickian diffusion 
equation does not adequately predict temperature and moisture movement through 

0 2 4 6 8 10 

RADIUS, MILLIMETERS 

FIG. 1 1. SHRINKAGE SIMULATED AS CONSTANT RATE AND OBSERVED 
IN THE SAMPLE DURING DRYING 



POTATO DRYING AND ABSORBTION BY NMR IMAGING 31 1 

Measured diameter 

S i t e d  diamda 

14 

13 1 . . 1 . . 1 . . 1 . . 1 . .  

0 3 0 80 9 0 120 150 180 

T i e  since start of drying (minutes) 

FIG. 12. MOISTURE CONTENT SIMULATED WITH CONSTANT-RATE SHRINKAGE 
MODEL AND OBSERVED IN THE SAMPLE DURING DRYING 

the sample during drying. Simulated and observed temperature profiles (Fig. 5) 
indicate that the model, with a constant thermal diffusion coefficient of 3.2 x 
m2/s underestimates heat transfer at the early stage of the simulation, but overpre- 
dicts heat transfer as the simulation progresses. 

Shrinkage was simulated as occurring at the average rate observed from the 
sample by MRI (2.75 x 10.' rn/s). Simulated and observed shrinkage of the sample 
are shown in Fig. 1 1. Moisture profiles from this simulation and from MRI images 
of the sample are shown in Fig. 12. The MR images show greater moisture con- 
tents near the edge of the sample than the simulated profiles, while the average 
simulated moisture content agrees with that observed. 

Some of the reasons why the moisture profiles predicted by the model were 
steeper than the ones obtained by the NMR images (Fig. 12) might be: (1) the dif- 
ferent procedure used to estimate the moisture diffusion coefficients in the model, 
the coupled model estimated moisture movement through the sample using mois- 
ture diffusion coefficients from Eq. (9) as local diffusion coefficients, however, 
Eq. (9) estimated the effective diffusion coefficient for the entire sample at a mean 
moisture content; (2) the temperature dropped dramatically for the drying air near 
the surface of the sample according to the temperature profile obtained by the ther- 
mocouples, this surface boundary layer was not considered in the model; (3) the 
coupled model did not account for changes in the moisture diffusion coefficient 
due to case hardening at the sample; and (4) the temperature gradient, although 
very small, that did exist in the sample. Therefore, shrinkage, case hardening, and 
boundary layer studies are needed to further understand these transport processes. 
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SUMMARY AND CONCLUSIONS 

A new method using nuclear magnetic resonance imaging was developed to 
determine the transient moisture profiles and effective moisture diffusion coeffi- 
cient values for a potato during drying and absorption. The determination of the 
moisture diffusion coefficient was based on NMR images of moisture distribution 
during drying and absorption and on numerical modeling of the diffusion process. 
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