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ABSTRACT

Adsorption-desorption behaviors of karingda (Citrullus lanatus (Thumb)
Mansf) seed, kernel and hull for nine equilibrium relative humidities (ERH)
ranging between 11 and 96 % at temperatures of 10, 20, 30, 40 and 50C were
studied following a static equilibriation technique using saturated solutions of
various salts. Under both the adsorption and desorption processes, the
equilibrium moisture contents (EMC) of the hull were found to be highest
followed by those of the seed and the kernel at all the corresponding tempera-
tures and ERH values. Analysis of these data using four sorption models
(modified Henderson, modified Halsey, modified Chung-Pfost and Guggenheim-
Anderson-de Boer) and taking the temperature dependence of the respective
coefficient into consideration, it revealed that both the Chung-Pfost and the GAB
models were acceptable indescribing EM C-ERH relationships for karingda seed,
kernel and hull over the entire range of temperatures. The excess heat of
sorption of all the samples, estimated from the Clausius-Clapeyron equation,
decreased exponentially with the increase in moisture content of the same.

INTRODUCTION

Karingda (Citrullus lanatus (Thumb) Mansf) belongs to Cucurbitaceae
family which is probably an ancestral type of watermelon. It is largely grown
in western and northern India as a single or mixed crop with pearl-millet or

! Present address: Rural Engineering Department, Gujarat Agricultural University, S.K. Nagar
(B.K.)-385506 (India).

2 To whom correspondence should be made: Dr. S.K. Das, Post Harvest Technology Centre,
Department of Agricultural and Food Engineering, Indian Institute of Technology, Kharagpur-
721302 (India).
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sorghum in both summer and rainy seasons (Joshi 1990) with an average yield
of green fruit of 8000-12000 kg/ha (Singh 1983). The immature fruit is usually
consumed as a vegetable while the whole or intact kernels, obtained by dehulling
the matured seeds and traditionally known as magaz, have a large demand as an
adjunct or condiment to many Indian sweetmeat and savory food items (Joshi
1990). The annual production of karingda seed is reported to be about 0.2
million tonne (Joshi 1990). The kernel contains about 38% protein and 47 %
crude fat. The karingda seed oil is highly unsaturated containing 67.3 % linoleic
and 11.1% oleic acids (unpublished data).

Moisture content is an important parameter that influences the storability,
handling, and processing of agricultural seeds. The moisture content of freshly
harvested karingda seeds is in the range of 35-40% (w.b.). This moisture needs
to be brought down to about 6% d.b. level for safe storage and subsequent uses.
Mechanical drying of agricultural seeds using warm, low relative humidity air
is generally preferred to natural sun drying for obtaining better and uniform
quality products within a reasonable period of time. Owing to the hygroscopic
nature of cucurbita seeds and their kernels (Akritidis et al. 1988; Ezeike 1988),
storing them under unfavorable conditions leads to adsorption of moisture from
the surrounding that accelerates the growth of undesirable microorganisms and
insects, development of free fatty acids in the extracted oil and deterioration of
edible quality of the kernels (Mazza and Jayas 1991). The hardness of the hulls
of various agricultural seeds has been reported to be largely dependent to their
moisture contents (Ezieke 1986). Dehulling of many oil bearing seeds is
considered to be affected by their moisture contents in equilibrium with their
surroundings. Some workers (Joshi 1993; Teotia and Ramakrishna 1984;
Subramanian et al. 1990) have recently reported that proper moisture condition-
ing is one of the decisive parameters for mechanical dehulling of pumpkin,
melon and sunflower seeds to obtain a reasonably high percent yield of whole
or intact kernels.

Undoubtedly, a knowledge of equilibrium moisture content (EMC) and
equilibrium relative humidity (or water activity of foods) relationships at various
temperatures and sorption paths are needed in optimizing the process variables
related to drying, storage, handling and dehulling of agricultural seeds. Much
data on moisture sorption behavior of many foods including cereals and oilseeds
(Iglesias and Chirife 1982) as well as various theoretical and empirical sorption
models (with limitations for each) about their applicability on the nature of foods
(Rockland and Stewart 1981) are available. Recently EMC-ERH relationships
for some cucurbita seeds such as pumpkin and its fractions (Akritidis et al.
1988) and melon seeds (Ezeike 1988) have been discussed. However, no study
in this area has been undertaken so far on karingda seed and its fractions.

The objectives of this study were to assess the sorption behavior of karingda
seeds, kernels and hulls at five temperatures and to quantify such behavior using
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some established sorption models those have been reported to be in good fit to
many cereals and oilseeds. Additionally, a relevant thermodynamic parameter,
i.e., the excess heats of sorption of all the three materials have been estimated
from the sorption data, and their correlation with the moisture contents of the
respective sample has been discussed.

MATERIALS AND METHODS

About one kilogram of karingda seeds was extracted from freshly harvested
matured fruits of the Rabi season crop. The initial moisture content of seeds was
estimated to be around 35.5% d.b. using an oven drying method (ISI 1966). The
seeds were packed in a polythelene bag and kept in a refrigerator at around 4C
for subsequent uses. About 100 g of these high moisture seeds (approximately
1200 in number) were taken out from the refrigerator at a time. Fifty grams of
these seeds were manually dehulled to obtain the kernels (approximately 35 g)
and hulls. The seeds along with kernels and hulls were taken for desorption
study. The moisture contents of the kernels and hulls were estimated to be 32.5
and 37.5% d.b., respectively. Part of these freshly harvested seeds (about 500
g) was dried under the sun for 3 to 4 days to bring down the moisture content
to around 7.5% d.b. The moisture contents of the corresponding kernels and
hulls were determined to be 5.8 and 10.2% d.b. These dried seed, kernel and
hull were taken for the adsorption study.

A static gravimetric technique based on isopiestic transfer of water vapor
(Glasstone 1968) was used for determination of the equilibrium moisture content
of karingda seed and its fraction for adsorption and desorption processes.
Saturated solutions of various inorganic salts were employed (Greenspan 1977)
to generate the controlled humidity environment in a closed chamber ranging
between 11 and 96% (9 levels). Studies of adsorption and desorption processes
were carried out at five temperature levels, namely 10, 20, 30, 40 and 50C. The
change of equilibrium relative humidity of the salt solutions due to the change
in temperature were estimated using the relations reported by Labuza er al.
(1985).

Nine desiccators were used for this study. Each desiccator was provided
with a perforated and raised platform on which to place three small glass
weighing bottles. The level of the saturated salt solutions in each desiccator was
such that it was below the perforated platform in order to avoid contact of the
salt solution and the weighing bottles. For each temperature-humidity condition,
about 2-3 g of karingda seed, kernel and hull were put into respective weighing
bottles, weighed and kept inside the desiccator. The desiccator lid was provided
with an outlet pipe fitted with a stopcock arrangement. Partial vacuum was
created inside each desiccator to accelerate the adsorption or desorption of water
vapor to and from the sample (Das and Chattoraj 1984; Moreyra and Peleg
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1981). All these desiccators were put in a controlled temperature oven
(fluctuation within + 1C over the set value), and the gain or loss in weights of
the samples in each desiccator was monitored periodically until two consecutive
readings were same. This took about 20-27 days, depending upon the nature and
initial moisture content of the samples. Each observation was replicated three
times and average values of EMC have been reported.

Samples placed in the high humidity environment, e.g., relative humidity
greater than 85%, became visibly infected with fungus within 10-12 days of
incubation. To minimize or avoid such a phenomenon, seeds, kernels and hulls
were treated under UV light for half an hour and then put into previously
sterilized weighing bottles. This technique was found to retard the fungus growth
considerably.

Four sorption isotherm models were used for the analysis of ERH-EMC
data for karingda seed, kernel and hull (Table 1). Models 1-3 are reported to be
a better fit for correlating these two parameters at different temperatures for
many cereal grains (Rizvi 1986) and oil seeds (Akritidis ef al. 1988; Mazza and
Jayas 1991). The three parameters GAB equation (Model 4), which is
fundamentally a refined extension of Langmuir and BET equations, has been
suggested to be the most versatile sorption model for fitting these two variables
(EMC and ERH) for many foods (Bizot 1983; Van den Berg 1984). Some
workers (Labuza et al. 1985; Rizvi 1986; Tsami et al. 1990; Sopade and
Ajisegiri 1994) have reported temperature dependence of the coefficients of the
GAB sorption model. The coefficients of the individual equations have been
computed by means of a standard regression technique (Snedecor and Cochran
1967). The models have been computed for their suitability in predicting EMC
of the sample on the basis of standard error of estimate, mean percent of error
and residual plot.

An important thermodynamic parameter usually obtained from sorption data
is the excess heat of sorption which provides useful information on the
energetics of water sorption processes in food (Rizvi 1986). The excess heat of
sorption, (Q,) which is greater than the latent heat of vaporization of pure water
at a particular temperature, can be considered as an indication of intermolecular
forces between the sorbate and the sorption sites. The trend of Q,, with the
change in moisture content of the sample gives an idea of availability of polar
sites to water vapor as sorption proceeds (Chung and Pfost 1967). Various
workers (Labuza 1968; Iglesias and Chirife 1976) have shown that a prediction
of water activity (or ERH) of foods at a particular moisture content but at
various temperatures can be obtained by applying the Clausius-Clapeyron
equation if the value of Q, of the food at that moisture content is known. The
values of Q,, at different moisture contents could be obtained from the following
equation.



MOISTURE SORPTION OF KARINGDA SEED 353

m [ERH] _ ey - |- & v ¢ ()
100 w RT,

Where, Q,, is the excess heat of sorption, J/mole; R is the universal gas
constant (8.32 J/mole K); T,, is absolute temperature in K; and C; is a constant
of integration. Q, is the slope of a plot of In (a,) vs 1/T,,.

TABLE 1.
MOISTURE SORPTION ISOTHERM MODELS USED TO ANALYZE EMC-ERH
DATA FOR KARINGDA SEED, KERNEL AND HULL

Modified-Henderson equation (Henderson 1952; Thompson et al.

1968) :
1 -RH = exp [-A(T+C)MB] I
Modified Chung-Pfost equation (Pfost et al. 1976)

- A BM
exp(-—)] e (2)
T + C 100

RH = exp [

Modified Halsey equation (Halsey 1948; Iglesias and Chirife
1976) :

RH = exp [-exp(A+BT)M'C] i s swi(3)

Guggenheim-Anderson-de Boer (GAB) equation (Bizot 1983; Van den
Berg 1984; Rizvi 1986; Tsami et al. 1990; Sopade and
Ajisegiri 1994):

CgKaw
M/ Mg = ssws (4)
(1 -Kay) (1 -Kay,+CqyKay)
Where, M, = Mg exp (E, / R Tgy) ... (4a)
g = Co exp (AHg / R Tup) ....(4b)
K = K, exp (AHp / R T,) oeme (4C)
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RESULTS AND DISCUSSION

The mean values of the equilibrium moisture content (EMC) of karingda
seed, kernel and hull, measured at different temperatures and relative humidities,
are presented in Tables 2 and 3 for adsorption and desorption, respectively.

TABLE 2.
EQUILIBRIUM MOISTURE CONTENT (EMC), % (d.b.) OF KARINGDA SEED,
KERNEL AND HULL DURING THE PROCESS OF ADSORPTION

Temperature, °C

10 20 30 40 50

ERH EMC ERH EMC ERH EMC ERH EMC ERH EMC

Seed

11.3 3.74 11.3 3.44 21..3 2.82 11.1 2:35 131 1.79
23.4 5.05 231, 4.65 21.6 4.06 22.8 3is-33 20.4 2.:76
33.5 6.47 33:1 6.02 32.4 5.28 31.6 4.31 305 373
43.5 7.74 43.2 T:s 17 43.2 6.19 42.0 5.43 41.4 501
57+9 9478 54.4 8.45 51.4 7.12 48.9 6.30 48.4 5.64
721 1131 69.9 10.46 69.7 9.84 66.1 8.56 64.5 7.22
75.5 12.04 75.5 11.64 75.1 10.29 74.7 9.81 74.4 8.84
86.8 14.52 85.1 13.25 83.6 12.27 82.3 11.43 81.2 10.16
96.3 18.74 94.6 16.02 89.1 13.83 85.4 12.19 84.8 11.56

Kernel

11.3 2.85 11.3 2.25 11.3 2.17 1.1 1.87 11:2 1.21
23.4 4.06 23:.1 3.41 21.6 3. 39 22.8 2.68 20.4 2.14
33.5 4.88 33.1 4.07 32.4 4.00 31.6 3.20 30.5 2.74
43.5 5.77 43.2 5: L7 43.2 4.87 42.0 395 41.4 3.:65
57.9 7.04 54.4 6.27 51.4 5.28 48.9 4.57 48.4 B 495
72.1 8.12 699 7.48 69.7 6.86 66.1 5.74 64.5 5.44
75.5 8.54 75.5 8.41 79:1 7.22 74.7 6.50 74.4 6.12
86.8 10.11 851 9.64 83.6 8.44 82.3 7.24 81.2 6.82
96.3 12.15 94.6 11.55 89.1 10.26 85.4 7.94 84.8 7 .39

Hull

11.3 5.12 11.3 383 11.3 3.08 11«1 2.58 11.1 2.02
23.4 7.25 23.1 5425 21.6 4.92 22.8 4.04 20.4 3.42
33.5 8.43 331 6.51 32.4 596 31,6 5:19 30:5 4.54
43.5 9.87 43.2 7.95 43.2 7.45 42.0 6:15 41.4 5 2612
57.9 12.04 54.4 9.56 51.4 8.34 18.9 7:12 48 .4 6.49
72.1 14.58 69.9 11.80 69.7 11.32 66.1 9.45 64.5 8.54
75.5 15.74 75.5 1.2..885 75.1 12.13 74.7 10.95 74.4 10.51
86.8 18.64 85.1 14.85 83.6 14.21 82.3 13.72 81.2 13.11
96.3 21.93 94.6 18.43 89.1 16.85 85.4 15.92 84.8 15.14

Average of three replicates
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TABLE 3.
EQUILIBRIUM MOISTURE CONTENT (EMC), % (d.b.) OF KARINGDA SEED, KERNEL
AND HULL DURING THE PROCESS OF DESORPTION

355

Temperature, °C

10 20 30
ERH EMC ERH EMC ERH EMC ERH EMC ERH EMC
Seed
11:3 4.39 11.3 4.05 11:3 3.47 11,1 2.88 11.1 226
23.4 6.42 23:1 5.69 21.6 502 22.8 4.52 20.4 3.48
33.5 7.67 33:1 739 32.4 6.84 31.6 5.54 30.5 4.62
43.5 9.34 43.2 8.51 43.2 7.94 42.0 6.66 41.4 5:../59
57.9 11.39 54.4 10.13 51.4 9.25 48.9 7.82 48.4 6.36
721 13.72 69.9 12.89 69.7 11.92 66.1 10.05 64.5 8.42
75.85 14.65 75.5 14.01 75.1 213.20 74.7 11.54 74.4 9.86
86.8 17.84 85.1 16.22 83.6 15.22 82.3 13.34 81.2 11.38
96.3 21.12 94.6 20.19 89.1 17.24 85.4 14.52 84.8 12.26
Kernel
11:3 3.16 11:3 3.13 11.3 2:58 11.1 2EANT 11:1 1.45
23.4 4.58 231 4.33 21.6 3470 228 3.09 20.4 2536
33.5 5.86 331 561 32.4 4.46 31.6 3.73 30.5 3.14
43.5 6.95 43.2 6.65 43.2 5.54 42.0 4.73 41.4 4.35
57.9 8.18 54.4 Tw97 51.4 5.94 48.9 5.47 48.4 4.90
72.1 9.98 69.9 9.72 69.7 7.82 66.1 6.95 64.5 6.21
75.5 210.75 755 10.61 75.1 8 ..32 74.7 7.93 74.4 7..33
86.8 13.07 85.1 12.38 83.6 9.94 82.3 8.52 81.2 8.07
96.3 16.26 94.6 15.43 89.1 10.98 85.4 8.98 84.8 8.91
Hull
11.-3 5.89 11.3 4.69 11:3 4.08 i 5 P 3.58 11:.1 297
23.4 7.96 23..1 6.97 21.6 6.35 22.8 5.36 20.4 4.89
33.:5 9.12 33.1 8.56 32.4 8.09 31.6 6.74 305 636
43.5 10.46 43.2 9.83 43.2 9.42 42.0 7.84 41.4 7.42
579 12«67 54.4 11.86 51.4 10.86 48.9 8.94 48.4 8.28
72.1 15.34 69.9 14.65 69.7 13.52 66.1 11.32 64.5 10.84
75.5 16468 75.5 15.47 75.1 14.76 74.7 13.50 74.4 13.04
86.8 19.49 85.1 17.93 83.6 17.94 82.3 16.25 81.2 15.77
96.3 24.25 94.6 23.40 89.1 21.56 85.4 19.10 84.8 17.70

Average of three

replicates

Figure 1 illustrates a typical adsorption isotherm for the karingda seed; the
trends for all other isotherms are quite similar (not shown). All isotherms are
sigmoid and belong to the type II according to the classification of Brunauer ez
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al. (1940). It is observed that the effect of temperature on EMC is as might be
expected for all these samples, i.e., the quantity of moisture sorbed at any
particular equilibrium relative humidity (ERH) decreases with the increase in
environmental temperature (Iglesias and Chirfie 1982). Comparing a particular
relative humidity and temperature, the EMC values for hull were found to be
highest for both desorption and adsorption processes which was followed by
those of seed and kernel. The difference in sorptive capacity of the materials
investigated should be due primarily to the difference in the availability of polar
sites (Chung and Pfost 1967). Porous structure of hull and its high cellulose
content might have contributed greater capillary forces and a larger number of
active sorption sites (Labuza 1975) that lead to higher EMC values. This
hierarchy in water sorption similar to other seeds, its kernel and hull, namely
pumpkin (Akritidis et al. 1988) and sunflower (Mazza and Jayas 1991). Similar
to pumpkin seed (Akritidis ef al. 1988) and other cereal grains (Chung and Pfost
1967; Igleslias and Chirife 1982; Sopade and Ajisegiri 1994), karingda seed,
kernel and hull exhibited hysteresis effect at all the temperatures and ERH
values; the EMC values are higher in the desorption process compared to those
in adsorption process. Figure 2 shows the typical hysteresis effect for karingda
seed at 10C.
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FIG. 1. A TYPICAL ADSORPTION ISOTHERMS OF KARINGDA SEED
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FIG. 2. ADSORPTION-DESORPTION ISOTHERMS OF KARINGDA SEED AT 10C
SHOWING HYSTERESIS EFFECT

The coefficients of the Henderson, Chung-Pfost, Halsey and GAB equations
(models 1-4 in Table 1) along with individual standard error of estimate (SE) on
EMC, mean relative percent error (P) and trend of residual plots are summa-
rized in Tables 4a and 4b. From these tables it is observed that, the standard
error of estimate as well as mean relative percent error for seed, kernel and hull
were lowest with the GAB equation followed by those of the Chung- Pfost
equation for both adsorption and desorption processes. The trend of residual
plots with respect to either ERH or temperature was found to be random in
nature for both these sorption models as shown in Figs. 3a and 3b. Besides high
values of standard error of estimates and mean relative percent error for the
Henderson and Halsey equations, the plot of residuals was also found to follow
particular trends (not shown). Thus, it suggests that, the sorption behavior of
karingda seed, kernel and hull could be explained better using either the Chung-
Pfost or the GAB sorption model. Figure 4 illustrates the deviation between the
observed and predicted values on EMC for seed and its fraction at 30C in the
entire range of ERH using four sorption models. Although, the level of such
deviation could not be generalized for all the temperatures and the sorption
processes, but it may be that the GAB model gives a very close estimate of
EMC of karingda seed, kernel and hull; similar to many foods as reported by
others (Labuza er al. 1985; Mazza and Jayas 1991; Sopade and Ajisegiri 1994).
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TABLE 4a.
THE COEFFICIENTS OF MODIFIED HENDERSON, MODIFIED CHUNG-PFOST AND

ADSORPTION AND DESORPTION PROCESSES

MODIFIED HALSEY MODELS FOR KARINGDA SEED, KERNEL AND HULL FOR

Seeds Kernel Hull

Coeffici-
ents

Hender- Chung- Halsey Hender- Chung- Halsey Hender- Chung- Halsey

son Pfost son Pfost son Pfost

Adsorption
A 9.9934x107* 286.4509  4.9797 12.9220x107% 320,023 4.4135 8.4520x107%  178.4121 5.9190
B 1.8042 21.8977  -0.0626 1.9647 40.7956  -0.0580  1.8262 21.8977 -0.0823
c -5.9134 35.4509  1.8805 -4.2049 30,7384 1.9958  -8.01254 12.3907 1.8827
SE 3.8180 1.9809 3.6777 0.7222 0.3645  2.1457 8.2183 0.8432 6.0627
P 31.9300 20,2172 22.5987 9.7821 5.3365  18.7369  47.8954 7.5066 30.6867
Residual
plot patterned randomn patterned patterned random patterned patterned randoa patterned
Desorption
A 5.8470x1074 493.0966  5.3397 10.0460x107 16,1811  4.6995 1.4800x1074  241.2603 §.420¢
B 1.8543 18.9330  -0.0604 1.9113 33,2418 -0.0576  1.9418 18.9330 -0.0776
c -4.4337 76.3905 1.9154 -4.6834 53.9953  1.9570  -4.05114 21.6867 2.0025
SE 3.4972 3.0121 3.9262 2.4268 0.6908 1.5406 4.7847 0.9944  5.2097
? 25,1113 18.3791  20.2950 21.1520 7.8185  18.2952  26.3105 6.6816 30.4212
Residual
plot patterned randoa patterned patterned randon patterned patterned randon  pattarred

Figure 5 shows the variation of Q, for karingda seed, kernel and hull with
moisture content for adsorption and desorption processes. These trends for
adsorption and desorption heat of sorption are similar to many cereal grains
(Chung and Pfost 1967; Sopade and Ajisegiri 1994; Muthu and Chattopadhyay
1993; Labuza et al. 1985); the values of Q,, decreased as the moisture content
of the sample increased. For each sample, the excess heat of sorption in the
desorption process were higher compared to those of adsorption process for the
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TABLE 4b.
THE COEFFICIENTS OF GAB MODEL FOR KARINGDA SEED, KERNEL AND
HULL FOR ADSORPTION AND DESORPTION PROCESSES

Parameters Seed Kernel Hull
Adsorption
M, 0.2469 0.6156 0.0762
Ea 7721.21 4792.19 10983.63
Co 0.0426 0.0232 0.0125
AHC 13690.66 15446.58 17048.69
Ko 1.7008 0.5169 4.2768
AHk -2174.11 602.76 —-4424.71
SE 0.3669 0.2566 1.6937
P 3.3782 3.9893 5.1576
Residual plot random random random
Desorption
Mg 0.2310 1.2879 0.5004
Ea 8397.97 3375.48 6679.47
C0 0.2116 0.0087 0.0201
AHC 9819.67 17836.02 16518.26
Ko 1.1911 0.2230 2.1961
AHk -1336.89 2756.09 -2756.92
SE 0.4484 0.4698 0.7132
P 3.9514 5.0415 4.0655
Residual plot random random random

entire moisture range considered for computation. This might be attributed to
more structural modification in the substance during the desorption process
(Iglesias and Chirife 1976). Further, the energies involved to desorb or adsorb
water vapor for the hull were more compared to those of kernel and whole seed.
It has also been found that the variation of Q,, with moisture content follows an
exponential relationships for all the samples. Table 5 summarizes the results
which shows excellent fit in each case.
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Residual EMC, % (d.b.)

Residual EMC, % (d.b.)

FIG. 3. PLOTS OF RESIDUAL EMC FOR KERNEL OF KARINGDA SEED DURING THE
PROCESS OF ADSORPTION AT VARIOUS LEVELS OF ERH AND TEMPERATURE:
(a) MODIFIED CHUNG-PFOST MODEL; (b) GAB MODEL
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TABLE 5.
EXCESS HEAT OF SORPTION - MOISTURE CONTENT RELATIONSHIP
FOR KARINGDA SEED, KERNEL AND HULL

Sample Equation Correlation Coefficient
Adsorption

Seed Qg = 8.91 exp (-0.202 M) ... r2 = 0.9854

Kernel Qgt = 8.33 exp (-0.234 M) ... r?2 = 0.9936

Hull Qgt = 22.07 exp (-0.251 M) ... r2 = 0.9667
Desorption

Seed Qgt = 7.83 exp (-0.143 M) ... r2 = 0.9927

Kernel Qgt = 6.77 exp (-0.154 M) ... r32 = 0.9728

Hull Qgt = 25.31 exp (-0.265 M) ... T2 = 0.9606

CONCLUSIONS

The trend of moisture sorption isotherms of karingda seed, kernel and hull
are sigmoid. For both the adsorption and desorption processes, the equilibrium
moisture content of hull at any particular equilibrium relative humidity was
highest followed by those of seed and kernel. Among the four sorption models
tested namely, the modified Henderson, the modified Halsey, the modified the
Chung-Pfost and GAB, the last two models were found to be suitable for
describing the sorption behavior of the karingda seed, kernel and hull. Hence,
these two models could be employed for the proper management of moisture
conditioning of seed or its fraction as required for their processing, handling and
storage. The heats of sorption for the seed, kernel and hull, estimated at
different moisture contents of the individual samples, showed an exponential
relationship between these two variables. The heat of sorption for the hull was
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the greatest while that of kernel was the smallest. Such equations relating heat
of sorption and moisture content would be very helpful in understanding the
energetics involved in the process of hydration (adsorption) and drying
(desorption) of karingda seed and kernel.

NOMENCLATURE

A, B, C Constants for Eq. 1, 2 and 3 (Table 1)
a, Water activity, decimal

C, Constant of integration for Eq. (1)

C Constant for Eq. 4 (Table 1)

C, Constant of GAB equation when the temperature nearing infinity
E, Activation energy, J/mole

EMC  Equilibrium moisture content, % d.b.
ERH  Equilibrium relative humidity, %
AH, Sorption enthalpy associated with the coefficient C, of Eq. 4 (Table 1),

J/mole

AH, Sorption enthalpy associated with the coefficient K of Eq. 4 (Table 1),
J/mole

K Constant for Eq. 4 (Table 1)

K, Constant of GAB equation when the temperature nearing infinity

M Equilibrium moisture content, % d.b.

M,/ Monolayer moisture content for Eq. 4 (Table 1), % d.b. when the
temperature nearing infinity

P Mean relative percent error

Qs Excess heat of sorption, kJ/mole

R Universal gas constant, 8.32 J/mole K

RH Equilibrium relative humidity expressed in decimal (a,) in Eq. (1-3) of
Table 1

SE Standard error estimate on moisture

T Temperature, °C

T, Absolute temperature, K
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ABSTRACT

Microbial inactivation kinetic models are needed to predict treatment dosage
in food pasteurization processes. In this study, we determined inactivation kinetic
models of Salmonella dublin in skim milk with a co-field flow high voltage pulsed
electric field (PEF) treatment system. Electric field strength of 15-40 kV/cm,
treatment time of 12-127 us, medium temperatures of 10-50C were tested. A new
inactivation kinetic model that combines the effect of treatment time to electric
field strength or medium temperature was developed.

INTRODUCTION

Application of high electric field causes electrical breakdown of the
microbial cell membrane. Electrical breakdown refers to the loss of the
semipermeable property of the cell membrane, and the permeation of large
molecules due to osmotic processes (Zimmermann 1986). One of the possible
mechanisms is the formation of local instabilities in the membrane by electro-
mechanical compression and electrical field induced tension which form pores
in the membrane (Zimmerman 1986). Applying an electric field to the medium
increases the transmembrane potential difference (Vm) and causes the cell
membrane to compress when the critical potential difference (V. ~ 0.75-1.25V)
is exceeded (Knorr ef al. 1994). This transmembrane potential difference causes
the formation of pores and increases the semipermeability and conductivity of
the membrane (Zimmermann 1986). Cell lysis occurs when this potential
difference is much greater than the critical potential difference (Zimmermann
1986). The breakdown potential is different for different microorganisms (Gupta
and Murray 1988; Hulsheger et al. 1983, Knorr ez al. 1994; Mertens and Knorr
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1992; Sale and Hamilton 1967; Zimmermann 1986). It does not depend on pH
but on medium temperature (Zimmermann 1986). For a given applied electric
field, potential difference developed across the membrane differs according to
size of the cell. The smaller the cell, the smaller the potential difference
developed (Gupta and Murray 1988; Knorr ef al. 1994; Zimmermann 1986).
Sensitivity of cells to electric field application reaches a minimum in the
stationary growth phase (Hulsheger er al. 1983). Sensitivity of cells depends
more on physiological status than type of microorganisms (Hulsheger er al.
1983). Membrane properties such as surface properties or elasticity have been
suggested as possible causes of differences in sensitivity to the electric field
(Knorr et al. 1994).

Short duration of high electric field pulses, i.e., pulsed electric field (PEF),
are used to inactivate microorganisms in order to reduce electrolysis (Matsumoto
et al. 1991, Mizuno and Hori 1988) and to minimize temperature rise (Sale and
Hamilton 1967, 1968).

The lethal effect of PEF on vegetative cells and yeasts have been commonly
acknowledged (Grahl er al. 1992; Gupta and Murray 1988; Hulsheger and
Niemann 1980; Hulsheger et al. 1981, 1983; Jayaram and Margaritis 1992;
Matsumoto et al. 1991; Mizuno and Hori 1988; Sale and Hamilton 1967, 1968;
Zhang et al. 1994a,b,c, 1995b). It is concluded that the lethal effect is not due
to heating or electrolysis. It is independent of current density but a function of
electric field strength and treatment time (Sale and Hamilton 1967, 1968; Zhang
et al. 1994a,b; Jayaram et al. 1992). The effect of electric field strength is more
significant than that of the number of pulses (Qin e al. 1994; Knorr et al. 1994;
Gupta and Murray 1988). However, the occurrence or release of gas bubbles in
the medium and subsequent arc-over limit the maximum electric field strength
that can be applied. The lethal effect is also a function of the suspension medium
temperature as is the change of susceptibility of the microorganisms to the
pulsed electric field with the change in temperature (Gupta and Murray 1988;
Hulsheger et al. 1981; Zhang et al. 1994b). Reports on dielectric breakdown
studies indicate that the critical transmembrane electroporation voltage (~1 V)
of cell membrane depends on electrical conductivities of the cytoplasm, o, the
membrane, o,,, and the suspending liquid medium, o, (Jayaram ef al. 1993;
Zimmermann 1986). Lowering the conductivity of the liquid medium increases
the difference between the conductivities of the medium and the microbial
cytoplasm, which weakens the membrane structure due to an increased flow of
ionic substances across the membrane (Jayaram er al. 1993). This is also
supported by the requirement of lower frequency to cause peak dielectrophoretic
response in low conductivity media compared to that required in high conductivi-
ty media (Jayaram et al. 1993).

Liquid food materials are, in general, electrolytic conductors because of the
presence of large concentrations of ions as electrical charge carriers. To
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generate a high electric field pulse of several kV/cm within a food, a large flux
of electrical current must flow through the treatment chamber for a very short
time in the order of microseconds. The time between pulses is much longer than
the pulse duration time.

Two practical wave forms are exponential decay and square wave forms in
the application of PEF. The square wave form is more efficient than the
exponential decay wave form in terms of energy usage (Zhang et al. 1994c).
The square wave does not cause as much increase in temperature as its
exponential decay counterpart (Knorr et al. 1994; Neumann et al.1989).

There are three main inactivation kinetic models offered for PEF treatment.
Similar to thermal inactivation Kkinetics, first order reaction models were
proposed for both electric field strength and treatment time. In addition, two
models combine the effect of electric field strength and treatment time. One is
offered by Hulsheger er al. (1981), the second one is given by Peleg (1995).
They differ in predicting survival fraction at higher values.

We studied the inactivation kinetic models of Salmonella dublin as related
to electric field strength, treatment time and temperature in milk with a
continuous flow PEF treatment chamber. We propose a new combination model
for predicting treatment dosage.

MATERIALS AND METHODS

Treatment Chamber Design

The treatment chamber, which holds the food materials during processing,
consists of two electrodes and insulating materials that hold the electrodes in
position and also form an enclosure for the food materials. Prevention of
electrical breakdown of the liquid medium is an important parameter in the
design of the treatment chamber. Electrical breakdown may occur because of
local field enhancement near an electrode, electrical tracking along an insulation
surface, and existence of gas bubbles in liquid foods (Qin ez al. 1994). This is
closely related to the electric field distribution in the chamber (Qin ef al. 1994).
Chambers which have uniform electric field distribution along both the electrode
surfaces and the gap axis will give uniform PEF treatment (Qin er al. 1994).
Electrode surfaces should be large compared to the treatment area and gap
between the electrodes should be small to have uniform electric field (Qin ez al.
1994).

For this research, a continuous co-field flow PEF treatment chamber was
designed and constructed. Figure 1 illustrates the conceptual design of this
co-field flow PEF treatment chamber. The actual treatment volume is the small
orifice volume. The special conical shaped electrodes and insulators were
designed to eliminate gas deposits within the treatment volume. The volume of
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the orifice and the conical regions were designed so that the electrical resistance
of the medium would be high enough for a tetrode high voltage switch tube to
handle, and the voltage across the orifice, the treatment zone, was almost equal
to the supplied voltage. A Cober Electronics Model 2901 field pulse generator
was used to supply the electrical pulses.

Food out

. Stainless Steel Electrodes
. Polycarbonate Insulator

Food in

FIG. 1. SIDE VIEW OF THE TREATMENT CHAMBER WHERE “a” COOLING WATER IN
AND “b” COOLING WATER OUT FROM THE JACKETS WITHIN THE ELECTRODES

Microbial Analysis

Salmonella dublin (ATCC 15480) was used as an indicator bacterium in
skim milk. Freeze dried cultures of S. dublin from ATCC were grown and
stored in small vials in a freezer according to ATCC procedures. A preculture
was prepared by inoculating 0.1 mL from previously frozen cultures to 10 mL
sterile nutrient broth and incubating for 12 h at 37C. The culture was prepared
by inoculating 0.1 mL of the preculture to 50 mL sterile nutrient broth and
incubating at 37C. The cultures were harvested at the early stationary phase.
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Cells were separated by centrifugation at 3000g for 15 min at 4C. The pellets
were re-suspended in 500 mL skim milk to give approximately 10° cfu/mL
viable cell density. Inoculated milk samples were treated with the PEF treatment
system.

Inactivation Kinetics

Temperature of milk entering the chamber was kept constant by passing it
through a temperature control coil immersed in a refrigerated water bath, and
circulating refrigerated water through the jackets built in the electrodes. The
medium temperature never exceeded 30C except in those tests used for
temperature effect determination. Inoculated milk was circulated through the
treatment chamber for desired treatment time under selected electric field
strength, pulse frequency, pulse duration time and volumetric flow rate. The
treatment time was calculated assuming that all the liquid had the same
treatment. Samples were taken for microbial counts before and after the
treatment. Surface plate count numbers were calculated by using the plates that
have the number of microorganisms between 25-250. The inactivation results
were analyzed by linear regression analysis.

Effect of medium conductivity was tested by treating microorganisms
suspended in solutions with different concentrations of KCI with the same
electric field intensity. All other tests were done by using skim milk. The effect
of electric field strength was tested by applying different electric field strengths
at selected frequency, pulse duration and volumetric flow rate. The inactivation
effect of temperature increase due to high voltage was minimized by adjusting
the inlet medium temperature. Thus, the arithmetic mean of the inlet and outlet
temperature at each electric field strength was kept constant. The effect of
treatment time was observed by treating inoculated milk samples at selected
electric field strength, frequency, pulse duration and flow rate. The volumetric
flow rate was adjusted so that the treatment time per pass was constant for each
pulse duration. Thus, inlet and outlet temperatures were the same for those two
pulse durations. The effect of temperature was tested at selected electric field
strength, pulse repetition frequency, pulse duration and volumetric flow rate.
Samples were taken at two different total treatment times, 50 and 100 us. The
temperature increment per pass was kept less than 1C for temperature effect
test.

Kinetic Modeling

For electric field strength effect, survival fractions versus electric field
strength data were evaluated for two different models. Calculations were
repeated at different total treatment times to show treatment time dependency of
the constant factors. Model 1 is a first order equation for electric field strength.
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——— 1)
Model 1 s =e ke

where s is survival fraction, E is applied electric field strength (kV/cm), E_ is
critical electric field strength (kV/cm), k_ is constant factor (kV/cm).

Model 2 is the equation offered by Peleg (1995). Critical electric field
strength, E_, and constant k, were given as functions of treatment time.

Model 2 S= TEC (2)

where;

k(@ =k e

E(t) = E e

where s is survival fraction, E is applied electric field strength (kV/cm), E. is
critical electric field strength (kV/cm), k., (kV/cm), k., (kV/cm), E. (kV/cm),
k, (1/ps) and k, (1/us) are constant factors.

For treatment time effect, survival fractions versus treatment time data were
evaluated for two different models. Calculations were repeated at different
electric field strengths to show the electric field strength dependency of the
constant factors. Model 3 is a first order kinetic model for treatment time.

B 3)
Model 3 s=e &

where s is survival fraction, t is total treatment time (us), t. is critical treatment
time (us), k, is constant factor (us).

Model 4 is the equation offered by Hulsheger et al. (1981).
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Model 4 s = (i]( k!

where s is survival fraction, t is total treatment time (s), t, is critical treatment
time (s), E is applied electric field strength (kV/cm), E, is critical electric field
strength (kV/cm), k' is constant factor (kV/cm).

Effect of temperature on the first order rate constant was evaluated by using
k values at different medium temperatures.

RESULTS AND DISCUSSION

The inactivation rate of microorganisms increases with decreasing
conductivity in spite of applying equal input pulse energy as illustrated in Fig.
2. Decreasing medium conductivity increases the difference in conductivity
between the microorganism cytoplasm and the medium. This causes additional
pressure on the microorganism membrane due to osmotic forces and makes it
more sensitive to the PEF treatment.

1.00E+00 _
—a0.0092 S/m
= 100E01 [{ - : ——0.1308 S/m
g —=0.4752 S/m
£ LOOE-02 1By o -~ ——0.9669 S/m
T 100E03 [P e e
4
& 100E-04 | \ . ¢—— -
1.00E-05 ‘ :
0 50 100 150 200

Treatment Time (1s)

FIG. 2. EFFECT OF CONDUCTIVITY ON SURVIVAL FRACTION
VERSUS TIME
Treatment conditions are: electric field strength 28kV/cm, pulse duration 1us,
pulse repetition rate 3.73 kHz.
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Both linear and nonlinear kinetic models were evaluated for kinetic study.
Electric field strengths of 25 to 40 kV/cm were tested. Increasing the electric
field strength increases the inactivation rate logarithmically as illustrated in Fig.
3 and Table 1. Table 1 shows the regression results at different treatment times.
For model 1, E_ is the critical electric field strength that gives survival fraction
as 1. For model 2, E, is the electric field that gives the 50 percent survival
reduction. For both equations, k, is the microorganism constant. The two models
fit the data well. On the other hand, model 2, second order kinetic equation,
also shows bending of the curve at lower electric field strengths. According to
data, it can be seen that critical electric field strength, E_, constants a and k, are
functions of treatment time.

1.00E+00 o

1.00E-01 ]
1.00E-02

1.00E-03 |

Survival Fraction

—m— 54.64 micro s
1.00E-04 } 5 109.28 micro s
—¢ 163.9 micro s

—e— 0O micro s ' s o = g = S

|

1.00E-05

15 20 25 30 35
Electric Field Strength (kV/cm)

FIG. 3. EFFECT OF ELECTRIC FIELD STRENGTH ON SURVIVAL FRACTION FOR
DIFFERENT TREATMENT TIMES
Treatment conditions are: pulse duration 1 us, pulse repetition rate 2000 Hz.

Increasing the treatment time decreases the survival fraction logarithmically
as seen from Fig. 4. Figure 4 illustrates the treatment time effect at two
different pulse duration, 2 and 8 us. Regression analyses were performed for 25
to 100 us at different electric field strength as tabulated in Table 2. Two kinetic
models fit the data, model 3 and 4. For model 3, the data give the critical
treatment time t, as zero. For model 4, t. is the minimum treatment time that
gives s of 1. As observed from Table 2, the constants, k, and a are functions of
electric field strength. This combined equation for electric field and treatment
time effect fits the data well. However, Hulsheger er al. (1981) obtained this
equation by neglecting the data at low electric field strengths and treatment
times. The equation is valid where s is lower than 0.5. Another combined
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TABLE 1.
MODELS FOR ELECTRIC FIELD STRENGTH EFFECT

_E-E.
k (3
Model 1 S=2¢€ :
Treatment time ke(kV/cm) E.(kV/cm) R
25 ps 7.26 13.76 0.98
50 us 3.23 16.21 0.98
75 us 2.90 14.92 0.99
100 ps 2.83 12.56 0.97
a te (us) R?
1
I t a
eke = (—) 0.16 921 0.91
tC
s 1
Model 2 - E-E,
1+ e *e i
Treatment time ke (kV/cm) E. (kV/cm) R
25 ps 6.58 16.24 0.98
50 ps 3.18 16.54 0.98
75 ps 2.88 15.04 0.99
100 ps 2.83 12.64 0.97
ki (1/pus) ke, (kV/cm) R?
ke(t) = ke k1" 0.0105 6.98 0.71
ka (1/ps) Ec, (kV/cm) R?
Ec(t) = Eg e™*2" 0.0034 18.58 0.80

a = 0.05 in all regression analysis
R? : Correlation coefficient for regression analysis

equation for treatment time and electric field effect is given by Peleg (1995), as
model 2. This equation shows the effect of critical electric field strength as a
function of treatment time, which is the case as seen on Table 1. At high electric
field strengths both equations give the same fit (Peleg 1995). Another factor that
should be considered other than the electric field strength and treatment time is
the temperature effect.
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FIG. 4. EFFECT OF TREATMENT TIME ON SURVIVAL FRACTION USING TWO
DIFFERENT PULSE DURATION
Treatment conditions are: electric field strength 30 kV/cm, pulse repetition rate 3kHz.

TABLE 2.

MODELS FOR TREATMENT TIME EFFECT

K
Model 3 S=¢€ L
Electric field strength ke (1s) te (1s) R?
40 kV/em 9.20 0 0.92
35 kV/em 11.25 0 0.91
30 kV/em 13.86 0 0.97
25 kV/em 22.30 0 0.87
ke (kV/cm) E. (kV/cm) R?
E-E
1 _(B-E) 238.1 13.59 0.99
k¢ ke
- a
[t
Model 4 S$=1T
t c
Electric field strength a t. (us) R?
40 kV/em 428 10.18 0.99
35 kV/em 3.61 10.76 0.96
30 kV/em 2.99 11.61 0.98
25 kV/cm 1.83 11.40 0.99
ke (kV/cm) E. (kV/cm) R?
E-E
a(E)= g 6.27 12.57 0.98

a = 0.05 in all regression analysis

R?: Correlation coefficient for regression analysis
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There is no model currently proposed for temperature effect in the
literature. Temperature effect was tested between the range of 10 to 50C.
Increasing the temperature increases the sensitivity of microorganisms to PEF
treatment as illustrated in Fig. 5. The regression results at different treatment
temperatures are illustrated in Table 3. A new model was developed as Eq. 5,
6 and 7. According to experimental data, there is no critical treatment time as
illustrated by model 3. The rate constant, k, first was evaluated as function of
electric field strength and then as function of medium temperature as illustrated
in Table 3. We verified that temperature effect followed Arrhenius relation. Two
first order rate constants in Table 3 should be equal to each other at same
treatment conditions. The final survival fraction equation should be in the form:

s = e—kt (5)

where;
k = k (E-E) or (6)
k =k e‘% 7

Eu

where E is applied electric field strength (kV/cm), E, is activation energy (J/kg
mole), E. is critical electric field strength (kV/cm), k is survival fraction rate
constant (1/us), ky, (cm/kV.us) and kg, (1/pus) are constant factors, R is
universal gas constant (1.9872 J/kg mole.K), s is survival fraction, and T is
medium temperature (K).

1.00E+00
—— 56Vrificro S _E
1.00E-01 { : - | —==100 micros 8

4

1.00E-02 |

Survival Fraction

1.00E-03 |

1.00E-04 . ; ,

t " T T

10 15 20 25 30 35 40 45 50

Temperature(°C)

FIG. 5. EFFECT OF TEMPERATURE ON SURVIVAL FRACTION FOR TWO
TREATMENT TIMES
Treatment conditions are: electric field strength 25 kV/cm, pulse duration 1 ps,
pulse repetition rate 1740 Hz.
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TABLE 3.

MODEL FOR SURVIVAL FRACTION AS FUNCTION OF TREATMENT TIME,

ELECTRIC FIELD STRENGTH AND TEMPERATURE

s=eX
Electric field strength k(1/ps) R?
25kV/em 0.045 0.87
30 kV/ecm 0.072 0.93
35kV/ecm . 0.089 0.91
40 kV/cm 0.109 0.92
k = 0.0042(E -1359) 0.99
Treatment conditions are: £=2.06 kHz, t=1ps, T=24 C
Medium temperature k(1/ps) R?
283.15K 0.044
293.15K 0.064
303.15K 0.059
313.15K 0.069
323.15K 0.083

_1218.8
k=351e T 0.84

Treatment conditions are: E=25 kV/cm, £=1.7 kHz, t==1ps

a = 0.5 in all regression analysis

R? : Correlation coefficient for regression analysis

In thermal processing, microbial death kinetics are first order. In the case
of PEF processing, the death kinetics also follows the first order kinetics. For
temperature effect on the rate constant, the Arrhenius equation was examined.
For electric field strength effect model 1 was used. This new equation combines
the effect of PEF treatment time to electric field strength or medium tempera-
ture. The equation defines the critical electric field strength and shows the strong
effect of electric field strength on the inactivation rate. To combine the electric
field strength and temperature effect in one equation further study is recom-
mended. Critical electric field strength, E_, can also be a function of temperature

as it is a function of PEF treatment time.
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NOMENCLATURE

E Actual peak electric field strength (kV/cm)
E, Activation energy (J/kg mole)

E. Critical electric field strength (kV/cm)
E. Constant factor (kV/cm)

k  Inactivation rate constant (1/us)

k' Constant factor (kV/cm)

k. Constant factor (kV/cm)

k. Constant factor (kV/cm)

kg Constant factor (1/us)

kT0 Constant factor (cm/kV.pus)

k, Constant factor (us)

k, Constant factor (1/us)

k, Constant factor (1/us)

s Microbial survival fraction (cfu after treatment/ cfu before treatment)
t  Treatment time (us)

t. Critical treatment time (us)

T Temperature (K)

V  Peak discharge voltage (kV)

V. Critical potential difference (V)

V., Transmembrane potential difference (V)

0. Conductivity of the microorganism cytoplasm (S/m)

o, Conductivity of the microorganism membrane (S/m)

o, Conductivity of the liquid medium (S/m)
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ABSTRACT

Textural changes of canned biscuit wheat dough during microwave and
conventional baking were described and contrasted using empirical methods.
Drastic increases of specific volume and modulus of elasticity were observed in
the beginning and the ending periods of both baking processes. Weight loss
showed a significantly (p < 0.001) linear relationship with baking time for both
baking methods, but the weight loss rate constant for microwave baking was
0.36 %/s significantly (p <0.01) higher than conventional baking. Multi-dimen-
sional Scaling showed that microwave baking for 50 s best resembles the textural
characteristics of wheat dough under conventional baking for 10 min. Stress
relaxation modeling indicated that microwave baking produced higher viscosity
and modulus of elasticity values which translates into baked biscuits with
undesirable tougher texture.

INTRODUCTION

Microwave heating techniques have many unique advantages when
compared to conventional heating methods because they are (1) convenient to
operate and control, (2) energy-efficient and (3) clean. These advantages make
microwave ovens common household appliances today (Giese 1992). Thus,
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besides trying to adopt these techniques into food processing operations such as
drying or pasteurization, the food industry has been developing microwavable
products for families and foodservice industry with various degrees of success.
However, development of acceptable microwave-baked goods is still a problem
because of the less desirable texture, color and aroma of the products. These
microwaved bakery products are often described by consumers as flat, with
tough and leathery crumbs but without crust and sufficient browning (Shukla
1993).

Wheat dough, the intermediate product in transformation from wheat flour
to breads, biscuits, crackers and other bakery foods, is characterized as a
viscoelastic material in rheology (Castell-Perez and Steffe 1992; Eliasson 1990).
The peculiar viscoelastic properties will not only determine the final product
texture but also affect many processing operations such as molding and sheeting
(Bloskma 1990a,b).

The change of predominantly viscous wheat dough into predominantly
elastic bread during baking/heating may be attributed to: (1) interactions between
gluten and gelatinized starches (Dreese ef al. 1988), (2) interactions between
lipids and gelatinized starches (Biliaderis and Tonogai 1991), (3) gluten/protein
denaturation (Bale and Muller 1970) and others (starch-starch interactions, etc.).
Different heating methods affect these physicochemical changes differently and
products usually have different textures (Umbach et al. 1992).

This study aims to observe and contrast the textural changes of canned
biscuit wheat dough in terms of modulus of elasticity, weight loss and density
during microwave and conventional oven baking, and to characterize the
viscoelastic changes of wheat dough by modeling its stress relaxation behavior
using an empirical approach. Results should aid to the understanding of quality
changes (texture) due to the baking treatment for further improvement of
microwavable baked goods.

MATERIALS AND METHODS

Preparation of Wheat Dough Samples

Chemically leavened, canned biscuit wheat dough samples (cylindrical shape
of 25 mm diameter and S mm height, 20 g weight with approximately 60%
water content (d.b)) were bought from a local store. Samples were divided into
two groups. The first group was baked in a countertop microwave oven (model
JE1468L, General Electric Appliances, Louisville, KY) for 10, 20, 30, 40, 50,
and 60 s at the full power level (900 watts with 2450 MHz frequency). One
biscuit was heated at a time and each sample was placed at a marked point at the
center of the oven. Before the baking proceeded, 1 L of water was heated for
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3 min to warm up the microwave oven. The second group was baked in a
conventional oven (model E36, Vulcan-Hart, Baltimore, MD) at 425F (218.3C)
for 2, 4, 6, 8, 10 and 12 min. Raw dough samples without any baking were
used as control. A total of 13 treatments with 2 samples each was replicated as
a block.

Determination of Texture Indicators

Three characteristics were selected as indicators of the texture of the baked
material because they are easy to measure and reveal different aspects of wheat
dough structure.

Weight Loss. In this study, weight loss represents mainly water loss, even
though carbon dioxide and volatiles are also lost during the heating process. The
weight of each dough sample was measured using an electronic balance (Model
610D, Sartorius Instruments Ltd., Edgewood, NY) immediately before and after
baking (samples were allowed to cool for 2 min). Weight loss was determined
according as:

L=((W,-W,)/W,) x 100 (@9)
where, L is sample weight loss percentage during baking (%)

W, is sample weight before baking (g)
W, is sample weight after baking (g)

Density. The value of density is a measure of the gas retention capability
of the dough and it is inversely related to specific volume, », which is an
essential texture indicator for dough and baked products set by the American
Institute of Baking (Matz 1960). Density was determined according to the
formula:

p=W,/V ?2)

where, p is sample density (kg/m’)
V is sample volume (m?),

and V = 7h, (d/2)?, where d is sample diameter (m) and h, is sample height
before compression (mm). The volume of the samples was calculated by
assuming a cylindrical geometry (Finney et al. 1949). The height and diameter
of each sample after baking (and cooling) were measured using a plastic ruler
(means of two readings).
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Modulus of Elasticity. After baking and cooling to ambient temperature,
the dough samples were compressed to 80 percent of their original height using
an Instron Universal Testing Machine (Model 1011, Instron Corp., Canton,
MA). Cross-head speed was 100 mm/min. A 50 kg capacity load transducer
mounted with a 36 mm diameter aluminum plunger was used. The chart
recorder speed was 200 mm/min. The secant modulus of elasticity was used to
express the softness or firmness of samples (Instron Corp. 1986). Even though
a course indicator, the use of the secant modulus reduces the error caused by
differences in sample heights and nonhomogeneity during cooking when
compared to force (N) or stress (Pa) as a hardness indicator. Thus,

G =0y 3)
where, G is secant modulus of elasticity (Pa)

o is stress (Pa)
7 is strain

and

o = F/A where F is peak force (N) and A is area of plunger (0.0010179
m?).

Stress Relaxation Tests

Samples baked in the conventional oven for 10 min or in the microwave
oven for 50 s were subject to 75 percent constant compressive strain for 1 min
by the Instron Universal Testing Machine to determine the force-time curves,
which were recorded and later converted into readings for further manipulation
and modeling.

Though many stress relaxation models are available, residual analysis as a
tool to detect model deficiency has never been performed on these models. In
a preliminary study (Pan and Castell-Perez 1994), a series of models were
evaluated including Peleg’s model (Peleg 1980), Nolan’s model (Nolan 1987;
Diefes et al. 1993), Generalized Maxwell models and others (Peleg and Pollak
1982).

Peleg’s Model. This model has been widely used by food scientists and is
expressed as

t/Y(t) = 1/ab + t/a 4)
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where, Y(t) is normalized decaying parameter (dimensionless) and
Y (t)=1-a(t)/0(0)
o(t) is stress at time the ¢ th second (kPa)
0(0) is stress at time the O th second (kPa)
a is hypothetical asymptotic level of stress not relaxed at infinite time,
dimensionless, and 0 < a < 1
b is stress decaying rate (1/s)
t is relaxing time (s)

Nolan’s Model. This model expresses Peleg’s normalized decaying
parameter as a power law function of relaxing time:

Yit) = c.to ®))
where, Y(t) is normalized decaying parameter (dimensionless)

c is fractional loss of the initial compressive force at t = 1 s (second ™)
n is rate of relaxation (dimensionless)
t is relaxing time (s)

Other Models. An inverse function model (Pan 1994) and the 5-parameter
Wiechert model, were also tested. The inverse function model is simple and its
parameters are easy to explain as expressed as

o))y, = G/(kt + 1) + G, (6)
where, G is relaxing modulus (Pa)

G, is equilibrium modulus (Pa)

t is relaxing time (s)

k is viscoelastic index or the ratio of viscosity to elasticity (s'). The smaller
the k value, the more elastic or less viscous the material; materials are purely
elastic when k=0 and purely viscous when k = oo. The 5-parameter arrheo-
dictic Wiechert model (or Generalized Maxwell model) was also used as
reference because it is a constitutive equation (Tschoegl 1989):

o))y, = G + L G*exp(-G*t/py) (i=2) )

where, o(t) is stress at time the ¢ th second
7, is strain (%), a known constant
G, is equilibrium modulus (Pa), and G,>0
G, is modulus of elasticity (Pa)
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w; is viscosity (Pa*s)
t is relaxing time (s)

The equilibrium modulus of the baked dough, G,, was determined using
nonlinear regression procedures (Gauss method). Parameter settings of the
Instron were the same as described in the previous section. Specific baking times
(10 min for conventional baking and 50 s for microwave baking) were selected
based on Multi-Dimensional Scaling analysis (Fig. 1). Parameter estimation and
analysis was conducted to determine the difference, if any, between the two
baking methods with respect to their effects on the change of the viscoelastic
properties of the dough.

1.5
1 30¢
N 0.5 ® é
40
s 62 o2
3 8 10
5 ° .
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3 -05 0% © %
12 2
-1 60® @ Conventional Baking
O Microwave Baking
-1.5
-4 -3 -2 -1 0 1 2 3 4

Dimension 1

FIG. 1. DERIVED SIMULUS CONFIGURATION EXPRESSING DISSIMILARITIES AMONG
DIFFERENT BAKING TREATMENTS BY MULTIDIMENSIONAL SCALING

Experimental Design and Data Analysis

A nested design (heating treatment and time within treatment) was
employed. Analysis of variance (ANOV A) and Multivariate analysis of variance
(MANOVA) were conducted using the Generalized Linear Models (GLM)
procedure of the Statistical Analysis System (SAS 1985). Residual analysis was
performed before the outputs were adopted. The Duncan’s multiple range test
at p<0.05 significant level was used for mean separation where treatment



CANNED BISCUIT DOUGH 389

effects were significant at p<0.05 significant level. Multidimensional scaling
(MSD) was performed using the PROXIMITIES and ALSCAL procedures in
Statistical Package for the Social Sciences (SPSS 1988).

RESULTS AND DISCUSSION

Changes on Texture Indicators During Baking

The three texture indicators are highly (p < 0.001) correlated with each
other. The modulus of elasticity and weight loss of wheat dough increased with
time while the density decreased with time for both baking methods (Table 1).
The following observations were made:

(1) The weight loss of wheat dough during baking showed a linear
relationship (p < 0.001) with time for both baking methods (Fig. 2). The
weight-loss-rate constant for microwave baking, 0.36%/s (or g water/g
dough/s), given by the slope of the line, was significantly (p < 0.001) higher
than that for conventional baking, 0.03 %/s.

(2) Density changes of wheat dough during baking can be divided into two
phases: (1) an early phase, in which dough density decreased dramatically due
to volume increase. Nearly 90% of density reduction occurred in the first 30 s
for microwave heating and the first 4 min for conventional heating; and (2) a
late phase, in which density decreased slowly due to weight/water loss. The total
volume of wheat dough actually changed little at this phase. The existence of the
late phase implies that density may not be a good texture indicator at some
ranges.

(3) The moduli of elasticity of wheat dough samples subject to microwave
baking had much larger standard deviations than those subject to conventional
baking. The increase in the modulus of elasticity of wheat dough was nonsignifi-
cant (p < 0.05) up to the first 40 s of microwave baking, but it increased
dramatically during the last 20 s of heating, exceeding the range of acceptable
firmness of 50-150 kPa (Matz 1960). A similar change was observed for the
wheat dough baked in the conventional oven (after 8 min of heating) but the
change was less dramatic. These results indicate that the change on sample
firmness due to microwave baking is more sensitive or less robust to changes on
baking time than in conventional baking. This is mainly due to the difference in
heating methods and it manifests the importance of accurate baking time control
for microwave baking operations.

A further overall textural comparison including all of the three studied
texture indicators (density, weight loss and modulus of elasticity) using metric
Multi-Dimensional Scaling (MDS) analysis suggested that 50 s in microwave
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baking would best resemble the textural characteristics of wheat dough baked in
conventional oven 10 min (Fig. 1).

TABLE 1.
TEXTURE INDICATORS' OF CANNED BISCUIT DOUGH SAMPLES

modulus of
Baking method elasticity weight loss density
and time (kPa) (%) (kg/m*)
control 12.85d 0.00 h 826.42 a
microwave (seconds)
10 10.58 d 203 g 688.48 b
20 19.13d 6.51f 425.87 c
30 29.06d 12.50d 356.65 cde
40 51.00 cd 14.20 ¢ 305.64 def
50 158.43 b 18.28 b 28543 fg
60 27343 a 20.97 a 246.10 g
conventional (minutes)
2.0 21.90d 278 g 700.27 b
4.0 36.29d 544 f 387.36 cd
6.0 47.34 cd 8.5%¢ 364.28 cde
8.0 53.74 cd 11.91d 358.01 cde
10.0 92.86 ¢ 14.56 ¢ 321.76 def
12.0 182.05b 19.42b 334.07 def

' Means in each column followed by the same letter are not significantly (p>0.05)
different (n>4).
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FIG. 2. CHANGE OF WEIGHT LOSS IN CANNED WHEAT DOUGH DURING
MICROWAVE AND CONVENTIONAL BAKING

Viscoelastic Analysis of Canned Wheat Dough

Figures 3 and 4 show typical stress relaxation curves and the residual plots
for Peleg’s and Nolan’s models for samples baked in a microwave oven for 50
s. Similar results were observed for the samples baked in the conventional oven.

Peleg’s model (Eq. 4) always overestimated t/Y(t) at the middle and
underestimated t/Y(t) at the two ends, as shown in the residual plot (Fig. 3).
Nolan’s model (Eq. 5) always overestimated Y(t) and thus underestimated the
equilibrium stress or modulus (Fig. 4).

The inverse function model (Eq. 6) fitted the data very well though it
showed some deficiencies in the residual plot (Fig. 5). The 5-parameter
Wiechert model (Eq. 7) gave a very good fit and showed a random residual
pattern (Fig. 6). Based on goodness of fit and residual analysis, these two
models were finally selected for further parameter estimation and comparison
of the viscoelastic properties of the baked sample.
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FIG. 3. STRESS RELAXATION CURVE USING PELEG’S MODEL AND ITS
RESIDUAL PLOT

Analysis of Viscoelastic Parameters

Analysis of parameters indicates that the equilibrium modulus, G,, of baked
canned wheat dough is significantly (p < 0.05) different from zero (arrheodictic
viscoelasticity). Differences between the two baking methods with respect to

their effects on the viscoelastic properties of wheat dough included two aspects
(Table 2):
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(1) The viscoelastic index, k (Eq. 6), of the wheat dough samples baked in
the microwave oven was significantly (p < 0.05) higher (0.92) than those baked
in the conventional oven (0.69). This seems to indicate that microwave baking
produced a product with higher viscous component than conventional baking.

(2) The estimated moduli of elasticity (G,, G;) for the canned wheat dough
samples baked in the microwave oven were much larger than those baked in the
conventional oven. This suggests that the wheat dough samples baked in a
microwave oven are more solid-like (more elastic) which relates to harder/firmer
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texture. This may be caused by protein denaturation/thermosetting, which can
be plasticized by water and lipids (Levine and Slade 1990), or it is likely that
starch gelatinization cannot proceed smoothly in microwave baking (Dreese er
al. 1988; Levine and Slade 1990). It is important to note that the values of G
are different from the values of G used as a texture indicator (Table 1). This is
due to differences in method of calculation. However, the trend observed was
the same: larger value for the microwaved samples.
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(3) The estimated viscosities (u, and p,, Wiechert model) for the wheat
dough samples baked in the microwave oven were also much larger than those
baked in the conventional oven, which offers an experimental support for the
high “macroscopic viscosity” in microwave-baked dough hypothesized by Levine
and Slade (1990).

These results support the general belief that high viscosity and modulus of
elasticity together cause the perceived tough/leathery texture of microwave-baked
foods (Levine and Slade 1990; Persaud et al. 1990).



396 B. PAN and M.E. CASTELL-PEREZ

TABLE 2.
MEANS OF PARAMETER ESTIMATES' OF THE 5-PARAMETER WIECHERT MODEL
AND THE INVERSE FUNCTION MODEL FOR CANNED BISCUIT DOUGH BAKED
IN A MICROWAVE OVEN FOR 50 S AND A CONVENTIONAL OVEN FOR 10 MIN

Wiechert Inverse Function
parameter microwave conventional microwave conventional
k (dimensionless) - - 092a 0.69b

G. (kPa) 158.63 29.19 154.58 29.21
G (kPa) 392.78 81.86 393.38 80.57

G, (kPa) 243.87 50.83 = -

G, (kPa) 148.91 31.03 — -
M (kPa*s) 161.51 41.53 = -
U2 (kPa*s) 1953.19 598.30 = -
t, (seconds) 0.66 0.82 = -
t (seconds) 13.12 19.28 = -

' All parameter estimates are significantly (p<0.05) different from 0 (n >2).
2 Relaxation time ti=p/Gi.

Although the differences in moisture loss and viscoelastic characteristics of
the baked samples have been described, further studies are needed to establish
relationships between baking process and thermal and moisture distributions
within the samples for different cooking patterns (power setting, power level,
holding time) and sample size. This line of work is currently in progress.
Preliminary data on thermal histories of the microwaved samples for this study
show that the center temperature reached a value of 98C in the first 10 s with
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a maximum of 130C at the end of baking. The surface temperature reached a
maximum of 110C with the microwave oven working on a continuous mode at
full power level (Naikar and Castell-Perez 1995). The effect of the inverse
temperature gradient within the microwaved sample on the gelatinization process
and gluten denaturation should be evaluated with structural studies.

CONCLUSIONS

Microwave heating of chemically leavened, canned biscuit dough results in
a baked product with tough and leathery texture, associated with a high modulus
of elasticity and ratio of elasticity to viscosity. Baking the dough samples for 50
s in the microwave at full power with similar textural characteristics results in
a product (modulus of elasticity, weight loss and density) than samples baked in
a conventional oven for 10 min. Further study is necessary to determine the
effect of surface changes on texture attributes and the rheological effects from
crust, cooked and uncooked portions of the dough using fundamental approach-
es.
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ABSTRACT

An analysis of mass transfer mechanisms in osmotic dehydration was carried
out by examining the profiles of concentration, shrinkage, transmembrane flux
and bulk flow velocity in the domain of time and space. The profiles were
obtained through simulations using a computer simulation model that described
mass transfer in osmotic dehydration based on cellular structure. It was shown
that bulk flow was the main resistance for solute penetration, and the magnitude
of bulk flow was affected not only by the transmembrane flux, but by internal
cellular structure changes. Since bulk flow often played an important role in
mass transfer during osmotic dehydration, precautions should be taken when
interpreting mass transfer in osmotic dehydration using a simple pure diffusion
theory.

INTRODUCTION

Osmotic dehydration is a water removal process that involves immersing
high moisture content materials in an osmotic solution. In this process, there are
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at least two simultaneous flows: the solids in the solution penetrate into the
material, and water flows out of the material into the solution. Osmotic
dehydration has, therefore, been recently referred to as a “water removal and
solute impregnation soaking process” (Raoult-Wack et al. 1994). It is a useful
technique in the food industry for partial concentration of cellular material, like
fruits and vegetables, because it offers minimized heat damage (Ponting er al.
1966; Contreras and Smyrl 1981), increased retention of volatile and pigments
(Flink and Karel 1970), and improved textural quality of dehydrated products
(Shipman et al. 1972).

The mechanism of mass transfer in osmotic dehydration is complicated and
still at the investigative stage (Yao 1994). When a cellular material is immersed
in an osmotic solution, the solute penetrates into the tissue along the extracellu-
lar volume first. The selective properties of the cell membrane restrict the solute
partially or fully from entering the intracellular volume (depending on the solute
characteristics), but allow water to pass through easily. The increasing solute
concentration in the extracellular volume destroys the equilibrium across the cell
membrane and induces a transmembrane flux of water in the direction from the
intracellular volume to the extracellular volume. The transmembrane flux tries
to bring the cell to a new equilibrium state by concentrating the solution in the
intracellular volume and diluting the solution in the extracellular volume. Since
the water coming out from the intracellular volume has to flow out along the
extracellular volume, the water forms an outflowing bulk flow starting from the
center and accumulating along the way towards the surface. The bulk flow
opposes the solute penetration and sharpens the concentration gradient. Yao and
Le Maguer (1996a) demonstrated that the bulk flow could transport up to 90%
of the water removed during osmotic dehydration of potatoes with mannitol
solution, and wash back about 60% of the mannitol diffused in. In addition, the
shrinkage of the whole tissue and the internal rearrangement of the cellular
structure makes the analysis of the osmotic dehydration process more complex.

The driving force for water removal in osmotic dehydration is the chemical
potential difference of water across the cell membrane, and this difference is
caused by the changing solute concentration in the extracellular volume. The
solute concentration in the extracellular volume is a net result of solute diffusion
from the osmotic solution into the tissue, dilution by transmembrane water flux,
and washout by bulk flow. The concentration, therefore, varies with time and
position. In addition, the concentration determined through experiments is the
lumped concentration of tissue at a specific position, which is different from the
concentration in the extracellular volume. Even the lumped concentration
profiles are quite limited (Yao 1994). Unfortunately, there is no information in
the literature concerning how bulk flow and transmembrane flux vary with time
and position in the extracellular volume. This lack of information makes
accurate modeling of mass transfer in osmotic dehydration difficult, greatly
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limiting the application of the osmotic dehydration processes in the food
industry.

The objective of this paper was to present a detailed analysis of mass
transfer mechanisms in osmotic dehydration by examining the profiles of several
dependent variables as a function of time and position. The dependent variables
investigated included: the concentration of solute in the extracellular volume, the
cell stage status which indicated changes in internal cellular structure, the
cross-sectional area of the extracellular volume, transmembrane water flux, and
bulk flow velocity (volume average velocity).

MATERIALS AND METHODS

The profiles used in the analysis of mass transfer in osmotic dehydration
were obtained using a mathematical simulation model developed by Yao and Le
Maguer (1996b, 1997a). The model was mechanistic and based on cellular
structure. The finite element method was incorporated in the model as a
numerical tool to solve partial differential equations. The model provided a
mathematical description of the changes with time and position of concentrations
in the intracellular and extracellular volumes, bulk flow in the extracellular
volume, transmembrane flux and shrinkage. The model was verified against
experimental data and shown to successfully represent mass transfer in cellular
tissue immersed in osmotic solutions (Yao and Le Maguer 1997a).

Potato slices, 0.001 m thick, immersed in 0.535 kmol/m® mannitol solution
at 20C was simulated. The potato slices were so thin that the edge effect could
be ignored, and one-dimensional mass transfer in the thickness direction could
be assumed. The one-dimensional case was easy to manipulate mathematically,
and allowed the analysis of the general mass transfer mechanism, rather than
focusing on individual cases. Mannitol was assumed to be membrane imperme-
able due to its large molecular size (Stuart 1973). The physical properties of
potatoes and transport parameters used in the simulation were the same as those
used by Yao and Le Maguer (1997a, 1997b).

Taking advantage of system symmetry, only half the thickness of the potato
slice was considered. The half-potato slice was then divided into 1000 linear
elements in the thickness direction with dense mesh near the interface between
the solution and slice to deal with the large concentration gradient in this region.
The initial simulation time step was 0.001 s and the time step was increased by
10% until the maximum time step of 1 s was reached. The total number of
elements and the maximum time step were chosen to ensure the convergence of
the numerical solution, i.e., the refinement of the mesh and decrease in the time
step do not affect the mathematical solution significantly.
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RESULTS

The independent variables (position and time) were plotted in dimensionless
form in all figures. The distance in the thickness direction measured from the
symmetrical plane divided by the half thickness of the slice at that moment was
used as dimensionless distance. Therefore the dimensionless distance included
the shrinkage of the tissue. The dimensionless time was the ratio of time to an
equivalent diffusion time corresponding to the initial conditions, i.e., the square
of initial half thickness of the slice divided by the diffusivity of mannitol at
infinite dilution. The dimensionless time was similar to the Fourier number for
mass transfer.

Concentration in the Extracellular Volume

The dimensionless mannitol concentration in the extracellular volume was
plotted in Fig. 1 versus dimensionless distance and time. The dimensionless
concentration was the ratio of the concentration at time t to the concentration at
time infinity or the concentration in the solution.
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FIG. 1. CONCENTRATION PROFILE OF MANNITOL IN 0.001 m THICK POTATO
TISSUE SLICES IMMERSED IN 0.535 kmol/m* MANNITOL SOLUTION
(C' - Concentration of mannitol in the extracellular volume; C* - Concentration of mannitol in
the osmotic solution; Z - Distance in the thickness direction measured from the symmetrical
plane; H - Half thickness of the tissue slice; D - Diffusivity of mannitol at infinite dilution;
t-Time; H, - Initial half thickness of the tissue slice).



ANALYSIS OF MASS TRANSFER 405

At a specific time, in general, there were three distinct regions on the graph
(Fig. 1). There was a flat high concentration region on the right, a flat low
concentration region on the left, and in between, a transient region with a steep
concentration gradient. The location of the transient region moved from the
surface (Z/H = 1 in Fig. 1) towards the symmetrical plane (Z/H = 0) as the
dehydration progressed. As it moved towards the symmetrical plane, the
transient region became wider, and the concentration gradient decreased. The
high concentration region was absent at the beginning, and the low concentration
and transient regions disappeared at the end of the process.

Cell Stage Status

Tissue cells in osmotic dehydration undergo three stages (Marcotte and Le
Maguer 1991). Stage I starts from full turgor to incipient plasmolysis or
isotonicity. At this stage, cell wall is under pressure and any water loss results
in a decrease of intracellular volume but the extracellular volume is constant at
a minimum. Stage II proceeds from the incipient plasmolysis to the critical state
point where the cell membrane starts to pull away from the cell wall. At this
stage, the cell wall is under tension and any water loss from the intracellular
volume is gained by the extracellular volume. The extracellular volume in stage
IT increases from its minimum to a maximum but the total volume is constant.
Stage III follows stage II and the extracellular volume remains constant at its
maximum. The decrease of the intracellular volume is equal to the decrease of
the total volume.

The stage status of cells was an important parameter that characterized the
changes in cross-sectional area and therefore, was plotted in Fig. 2 as a function
of dimensionless time and position. Initially, all cells were in stage I. However
after contacting with osmotic solution, the cells near the surface reached stage
II first, quickly passing this stage II, entering stage III. The last cells entering
stage II were the cells near the symmetrical plane (Z/H = 0) and those cells
stayed in stage II the longest. Similar to what was observed with the transient
region of the concentration profile in Fig. 1, the location of stage II moved from
the surface towards the symmetrical plane. The time that cells stayed in stage
II increased as the process continued. The low concentration region in Fig. 1
corresponded to the region where cells were in stage I, the transient region to
stage II, and the high concentration zone to stage III.

Cross-Sectional Area of Free Volume

The extracellular volume could be divided into cell wall fiber volume and
free volume (empty space in the extracellular volume). The variation of the free
volume was exactly the same as the extracellular volume because the cell wall
fiber volume was constant. The free volume was the true flowing channel and
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had a strong impact on the bulk flow velocity, an important parameter in the
analysis of mass transfer in osmotic dehydration (Yao and Le Maguer 1996a).
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FIG. 2. STAGE STATUS OF CELLS IN 0.001 m THICK POTATO TISSUE SLICES
IMMERSED IN 0.535 kmol/m*> MANNITOL SOLUTION
(Z - Distance in the thickness direction measured from the symmetrical plane; H - Half thickness
of the tissue slice; D - Diffusivity of mannitol at infinite dilution; t - Time;
H, - Initial half thickness of the tissue slice).

The variation of the cross-sectional area of the free volume against time and
position was simulated and shown in Fig. 3. The cross-sectional area of the free
volume was plotted as the ratio of the cross-sectional area of the free volume at
time t to its initial value. Similar to Fig. 1, there were three regions in Fig. 3.
A low value region (ratio = 1) on the left corresponded to the low concentration
region in Fig. 1 where cells were in stage I was evident, followed by a
transition region corresponded to the steep gradient zone in Fig. 1 where cells
were in stage II. The free volume increased quickly from a small to a large
value as cells passing stage II. A high value region (about 3.6 in Fig. 3)
corresponded to the high concentration region in Fig. 1 where cells were in
stage III. The increase in the cross-sectional area was most rapid at the surface
and slowest at the symmetrical plane.
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volume; Z - Distance in the thickness direction measured from the symmetrical plane;
H - Half thickness of the tissue slice; D - Diffusivity of mannitol at infinite dilution;
t - Time; H, - Initial half thickness of the tissue slice).

Transmembrane Water Flux

Transmembrane water flux of water is important in the analysis of mass
transfer in osmotic dehydration because it indicates the amount of water removed
from the intracellular volume where up to 90 % of tissue water is located (Nobel
1983). The transmembrane flux forms a bulk flow in the direction from the
tissue to the osmotic solution, and the presence of this bulk flow greatly
complicates the modelling of osmotic dehydration processes (Yao and Le
Maguer 1996a,b). Analysis of transmembrane flux is fundamental to the study
of bulk flow in osmotic dehydration.

The transmembrane flux as a function of dimensionless time and distance
was shown in Fig. 4. At a particular location, the transmembrane flux increased
from zero at the beginning to a maximum and then decreased to zero. The peak,
and the rates of the increase and decrease of the transmembrane flux were the
highest at the surface (Z/H = 1) and lowest at the symmetrical plane (Z/H =
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0). All cells lost the same amount of water through the membrane to reach
equilibrium, regardless of their locations. That meant that the area under the
curve along the time axis was the same at all locations in the tissue. However,
different cells took different amounts of time to reach this point, depending on
their location. The closer the cells were to the interface, the larger and
shorter-lasting the transmembrane flux, and vice versa. The location of the
maximum of the transmembrane flux (the ridge) corresponded to the beginning

of the transient region in Fig. 1 where cells were at the interface between stage
I and II.
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FIG. 4. FLUX OF WATER ACROSS THE CELL MEMBRANE IN 0.001 m POTATO
TISSUE SLICES IMMERSED IN 0.535 kmol/m* MANNITOL SOLUTION
(J - Water flux of water across the cell membrane; Z - Distance in the thickness direction
measured from the symmetrical plane; H - Half thickness of the tissue slice; D - Diffusivity
of mannitol at infinite dilution; t - Time; H, - Initial half thickness of the tissue slice).

Bulk Flow Velocity

As mentioned before, bulk flow played an important role in osmotic
dehydration. The bulk flow velocity (volume average velocity) determined the
amount of solutes washed out, and was affected by the transmembrane flux in

the whole tissue and the change of the cross-sectional area of the free volume
in the extracellular volume.
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The bulk flow velocity versus dimensionless time and distance was
simulated and then plotted in Fig. 5. At the beginning, the bulk flow velocity
increased from zero at the symmetrical plane (Z/H = 0) to a maximum near the
surface (Z/H = 1). Later, the velocity reached a peak somewhere between the
symmetrical plane and the surface. After this peak, it reduced to a very small
value, increasing only slightly afterwards. The location of the peak was shifted
from the surface towards the symmetrical plane as the process continued, and
disappeared at a dimensionless time of about five. Meanwhile, the peak value
decreased with increasing time. After a dimensionless time of approximately
five, the velocity increased very slowly from zero at the symmetrical plane until
it reached the surface.
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FIG. 5. BULK FLOW VELOCITY IN THE EXTRACELLULAR VOLUME OF 0.001 m
THICK POTATO TISSUE SLICES IMMERSED IN 0.535 kmol/m* MANNITOL SOLUTION
(v - Bulk flow velocity; Z - Distance in the thickness direction measured from the symmetrical

plane; H - Half thickness of the tissue slice; D - Diffusivity of mannitol at infinite dilution;

t - Time; H, - Initial half thickness of the tissue slice).

There were three regions in Fig. 5, one flat and low velocity region on the
left, which corresponds to the flat high concentration region on the right of Fig.
1 where cells were in stage III. On the right of Fig. 5, there was a region where
the velocity increased continuously, a region matching the low concentration
region in Fig. 1 (left) where the cells were in stage I. A peak, located between



410 Z. YAO and M. LE MAGUER

these two regions, matched the transient region in the concentration plot (Fig.

1.
DISCUSSION

Effect of Bulk Flow on Concentration Gradient

Because we are dealing exclusively with the concentration within the free
volume, bulk flow is the main reason for the difference between the concentra-
tion profile in osmotic dehydration and pure diffusion. The concentration
gradient dC,/0z of species i along the thickness direction is related to the bulk
flow velocity (v) through the following equation:

ac,
N, =Cv -D__! (1)
az

where N; is the flux of species i referred to the stationary frame and D; the
diffusion coefficient of species i. For mannitol penetrating from solution to
tissue, the bulk flow and the diffusion flux occur in opposite directions (bulk
flow from tissue to solution and diffusion from solution to the tissue). Both
terms in Eq. (1) are positive but the diffusion term (second term in Eq. 1) is
larger than the bulk flow term (first term). Therefore, the net flux, N;, is
negative, i.e., flowing from the solution to the tissue because the direction from
the tissue to solution is defined as positive. Consequently, for a constant flux
(N,), the larger the bulk flow velocity (increase in the first term), the higher the
gradient (increase in the second term), and vice versa. This is consistent with
the finding by Yao and Le Maguer (1996a) that the diffusion component is
proportionally associated with bulk flow component transported. Even though
diffusion is the cause of bulk flow, bulk flow controls diffusion by affecting the
concentration gradient.

In the beginning of the transient region where cells are just entering stage
II, the bulk flow velocity is largest at a specific position (Fig. 5), which results
in the steepest gradient in this region as shown in Fig. 1. As the transient region
moves from the surface towards the center, the peak of the bulk flow velocity
decreases (Fig. 5), resulting in a reduced steepness of the concentration curve
in the transient zone as shown in Fig. 1. By comparison, a pure diffusion case
would have a dimensionless concentration at the center line of 0.6 for
dimensionless time of 0.5 versus the value of 0.1 currently obtained. By the
time the dimensionless time would have reached 1.5, the total slab would be
practically in equilibrium with the solution for pure diffusion. By contrast, it
would take a value of 5.5 to achieve the same result (or 3.7 times larger) with
the presence of bulk flow. The influence of the bulk flow is consequently
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considerable and indicates that attempting to interpret osmotically driven
processes on the basis of pure diffusion would lead to serious underestimation
of the time.

It is, however, worth noting that this is similar to the behavior observed in
a packed bed where a step function in concentration is applied at the entrance
of the bed. It is diffusion which is responsible for spreading the boundary of the
travelling high concentration ridge. Here, the bulk flow generated by the cells
through water loss plays the role of the convection velocity obtained from the
pump in a packed bed system. A ridge of high concentration travels down from
the surface to the center and spreads as time passes, a direct result of diffusion.
It could be anticipated, therefore, that for a plug flow pattern, fast diffusing
molecules would lead to a wider front. However, because of the interaction
between the bulk flow velocity and the cell membrane flux, the phenomenon is
not as straight forward as in a packed bed.

Figure 1 shows that the flat high concentration region is narrow at the
beginning and located close to the surface, which agrees with the conclusion that
solute gain is first limited to a thin layer near the interface (Bolin e al. 1983;
Lenart and Flink 1984). Except for the transient region where the steep
concentration gradient occurs, the concentration does not vary much. This is the
reason why osmotic dehydration can be simplified as a bi-compartment model
(Raoult-Wack er al. 1991). The transient region corresponds to the interface
between the two compartments. The areas beside the transient region correspond
to the two compartments where the concentration was assumed as constant. They
consider the volume of the two compartments to be fixed, while the concentra-
tion curve shows that the volume of the flat high concentration region increases
and the volume of the low concentration region decreases with time.

Bulk Flow Analysis

The bulk flow is related to the transmembrane flux and changes in the
cross-sectional area of the free volume as (Yao and Le Maguer 1996b):
z _ z aA
(VA)|, = j(],vl) E dz - Jo.gt_dz 2

[4)

where v is the bulk flow velocity, A the cross sectional area of the free volume,
J, the transmembrane water flux, v, the partial molal volume of water, E the
area of the cell membrane per unit thickness and t time. Since the only
permeable species is water in this simulation we have only component 1 to deal
with. The left-hand side of the equation represents the volume flow rate at
position z. The first term on the right hand side is the total volume of water



412 Z. YAO and M. LE MAGUER

extracted from the intracellular volume in the region between the symmetrical
plane (z = 0) and position z. The second term is the contribution by the change
of the free volume with respect to time in the same region.

For a particular tissue, the transmembrane volume flux is determined by the
chemical potential difference across the cell membrane. As the solute in the
solution penetrates into the tissue, the chemical potential of water in the
extracellular volume decreases, which leads to the outflow of water from the
intracellular to extracellular volume. The outflow of water concentrates the
solution in the intracellular volume and caused the chemical potential of water
in the intracellular volume to decrease. On the other hand, the outflow of water
reduces the concentration and increases the chemical potential of water in the
extracellular volume. The penetration of solute is, therefore, counterbalanced by
the transmembrane water flux which tries to restore a new equilibrium.
Obviously the membrane permeability would be an important factor in
controlling this process.

Figure 1 shows that the highest rate of mannitol concentration rise with time
occurs at the surface and the lowest at the symmetrical plane. This leads to the
pattern of transmembrane flux shown in Fig. 4. The peak maximum is located
at the surface and the peak minimum is at the symmetrical plane. The peak of
the transmembrane flux is caused by the rapid increase of the mannitol
concentration in the free volume. The steep gradient of mannitol concentration
is located where the cells enter stage II (Fig. 1 and 2). Therefore, the
transmembrane flux peaks, the steep gradient of mannitol concentration
correspond to where the cells enter stage II.

The second term on the right hand side of Eq. (2) will disappear when cells
are in stage I and III because the cross-sectional area of the extracellular volume
in these stages is constant. The cumulative transmembrane fluxes between the
symmetrical plane and position z will contribute to the bulk flow at position z.
In stage I, the cross-sectional area of the free volume is constant at its
minimum. Then the bulk flow velocity increases from zero at the symmetrical
plane to its maximum before entering stage II. In stage II, the cross-sectional
area of the free volume increases rapidly to its maximum (it increased 3.6 times
in this analysis). This results in the bulk flow velocity falling down quickly from
its maximum to a small value as the cells pass through stage II (Fig. 3). Due to
the large cross-sectional area of the free volume, the bulk flow velocity in the
area where cells are in stage III is very low and increases slightly from the ridge
to the surface.

CONCLUSIONS

The presence of bulk flow makes the mass transfer in osmotic dehydration
much more complex than what would be observed with pure diffusion. The bulk
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flow not only retards the penetration of solute, but the water loss since the
presence of solute in the extracellular volume is the driving force for water
removal. The rate controlling region for solute penetration is where the cells
just pass incipient plasmolysis and the bulk flow velocity is the largest. The bulk
flow, therefore, has to be considered in the modelling of osmotic dehydration.
More research is required to accurately predict the bulk flow quantitatively
because it is affected not only by the transmembrane flux, but by internal
cellular structure changes.

NOMENCLATURE

cross-sectional area of the free volume (m?)
concentration of species i (kmol/m?)

diffusivity of species i (m?/s)

area of cell membrane per unit thickness (m)
transmembrane water flux (kmol/m?-s)

flux of species i referred to a fixed frame (kmol/m?-s)
time (s)

bulk flow velocity (m/s)

partial molal volume of water (m*/kmol)

coordinate of in the direction of tissue thickness (m)

Z=mo0»

N <<~
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ABSTRACT

The effects of processing on the thermal properties of white potatoes and
carrots were studied. The test samples were blanched, boiled, cooked and
canned. Whole potato tubers were baked to study the effects of starch gelatiniza-
tion. The thermal conductivity (k) and density (p) were measured and the specific
heat (c,) and thermal diffusivity («) were calculated. Results showed that in
general, o initially decreased and then increased during processing. Test
samples were found to have a gain in o when their moisture content increased
by more than 9%. The o of potatoes decreased after canning and increased after
boiling. In carrots, a similar trend was also observed but to a lesser degree. The
k of potatoes was unaffected after blanching or cooking. In all the processing
treatments of carrots, the k and the c, increased and the p was unaffected. The
baking study showed that gelatinization significantly decreased the k of potatoes.

INTRODUCTION

When establishing a thermal process, conservative procedures are used to
ensure food safety. In thermal processing of low-acid canned foods, this is
satisfied by calculating lethality based on the ‘cold spot’ temperature. The ‘cold
spot’ is the location in food materials which has the slowest heating rate during
the heat treatment. For conduction-heated food products, the ‘cold spot’ is
usually at the center of a particle located near the center of the can and its
temperature is measured with a thermocouple. In aseptic processing, where food
materials continuously move in a system of pipes, the particulate temperature
cannot be measured. An alternative is to predict temperature by using mathemat-

' The contents of this paper are solely the opinions of the author and do not necessarily represent
the official views of the U.S. Food and Drug Administration.
? Please address correspondence to the author. Phone: (708) 728-4163, Fax: (708) 728-4177
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ical models, which require knowledge of the thermal properties. For mathemati-
cal models to be conservative, the thermal properties must be measured at an
appropriate stage of processing, e.g., raw, blanched, or fully processed, such
that the model calculates the process parameters corresponding to the slowest
heat transfer. For conduction in particulates, this is the state when the thermal
diffusivity (o) of the product is lowest. It should be noted that heat transfer in
aseptic systems includes conduction and convection and the heating rate in
particulates is dependent on their thermal properties and the velocity profiles
around them, which are also affected by their density (p). This study considers
only the internal heat transfer in food particulates.

In aseptic processing, particulate foods are immersed either in water or in
water-based solutions like soup or saline solution. The thermal properties of
foods can change by absorbing/desorbing water and solutes and thermally
degrading some food components. Raw carrots and potatoes are predominantly
made up of water and their dry matter consists mostly of carbohydrates. Because
water has higher thermal conductivity (k) than carbohydrates (0.602 vs 0.25
W/m-°K) (Choi 1985), an increase in water content increases the k of potatoes
and carrots. Changes in the concentration of salt in food materials also affects
thermal properties. M.W. Kellogg Co. (1955) reported that an increase in salt
concentration lowered the k and increased the p of saline solution. Murakami
(1994) reported that shrimp and scallops blanched in saline solution had lower
thermal conductivities than those blanched in water.

Thermal processing can also alter the thermal properties of carrots and
potatoes by the thermal degradation of some of their components, such as starch
and protein. Lumbago and Hallstrom (1986) reported that potato starch started
to gelatinize at 5S5C and ceased at 75C, with the maximum gelatinization
occurring at 66C. Choi (1985) estimated that starch gelatinization decreased the
k of carbohydrate solutions by 13%.

Several studies have shown the relative effects of changes and measurement
errors in thermal properties on various process parameters. In a simulation of
several critical parameters in aseptic processing of particles, Larkin (1990)
showed that lethality (F,) was sensitive to errors in the thermal properties. He
calculated that lethality will be underestimated by 10% if p is overestimated by
2.5%, if specific heat (c,) is overestimated by 1.6%, or if k is underestimated
by 2.6%. Process time is directly proportional to holding tube length in
continuous aseptic processing systems. Simulations by Chandarana ez al. (1989),
Chandarana and Gavin (1989), and Sastry (1986) suggested that a 50 % increase
in o of particulate food requires a corresponding 29 % reduction in holding tube
length (Larkin 1990). An error analysis by Lee et al. (1990) indicated that a
1.0% overestimation in the o would result in a 0.5% reduction in the calculated
process time. Depending on the application, this can be significant since the
reported level of accuracy in o measurements varies widely, from +1% (Knibbe
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and Raal 1987) to +11% (Parson and Mulligan 1978). The accuracy of «
measurements is usually lower than k measurements (Nieto de Castro ez al.
1988).

The thermal properties of potatoes and carrots have been previously studied.
Rao er al. (1975) reported that the thermal conductivities, densities and thermal
diffusivities of five varieties of raw potatoes were 0.533-0.571 W/m-°K, 1.04-
1.05 g/cc and 0.165-0.184 x 10 m?*/s, respectively. The freshly harvested test
samples had a moisture content (X,,) range of 81.2-83.6%wb. Thermal
conductivity and thermal diffusivity were measured simultaneously by using the
line-heat source technique. Studies have shown that the k of potatoes is not
affected by temperature up to 70C (Wang and Brennan 1992) but does increase
at 130C (Gratzek and Toledo 1993). For fresh carrots (X,,=90%), Sweat
(1974) reported that their k was 0.605 W/m-°K and their p was 1.04 g/cc. The
objective of this study was to determine the effect of thermal processing on the
thermal properties of potatoes and carrots.

MATERIALS AND METHODS

Preparation of Carrots and Potatoes

The carrots and the potatoes (White Russet) were bought fresh from a local
grocery store and stored in a refrigerator. For comparison, commercially-canned
potatoes were included in the study. Commercially-canned carrots were not
included because their diameters were too small for the k probe apparatus. The
potatoes and carrots were peeled and shaped into cylinders (D=22.2 mm, L >50
mm) with a cork borer to provide uniform thermal treatment during blanching,
cooking and canning. For k measurements of raw and baked potatoes, the
ellipsoid tubers were cut in half along the minor axis. The peel was left intact
and the exposed areas were covered with a sheet of plastic wrap (low density
polyethylene) to minimize moisture loss. The k probe was pierced through the
plastic wrap and transferred to several locations in the half tuber for replica-
tions. The number of measurements for each half tuber was between 3-5, which
was equal to the number of cylindrical test samples that could have been made
with a 22.2-mm cork borer. For the baking and canning tests, the k data for raw
potatoes were measured from at least four half tubers. For cooking and
blanching processes, each potato tuber was cut in half and one-half was used as
raw sample and the other half was processed. At least two potato tubers were
used in those tests, giving a total of at least 6 replicates for both raw and
processed potatoes. For raw carrots, the k determination was conducted with test
samples that were at least 22.2 mm in diameter. There were at least five
replicates for raw and processed carrots.
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The processing operations used simulated the thermal processing of
particulate foods. The carrots were blanched and canned and the potatoes were
blanched, cooked, canned and baked. Although baking is not one of the unit
operations in thermal processing, potatoes were baked in a convection oven to
determine the effect of gelatinization without a change in X,,, on k. The canned
carrots were preblanched in steam kettles (Groen Kettle Co., Elkgrove, IL)
before they were placed in tin cans (300 X 404) and sealed using a manual
Dixie can sealer (Dixie Canner Equipment Co., Athens, GA). The carrots were
retorted in steam using a Dixie vertical still retort. The canned potatoes were
prepared using the same procedure except that they were not blanched (Table 1).

TABLE 1.
THE CANNING PROCEDURE AND THE PROCESS DATA
FOR CARROTS AND POTATOES

Samples Blanching Retorting

1. Potatoes | None a. Filled with 2% brine

b. Retorted to F,=3.7, 23.5 min
i. time = 16.5, 35.0 min
.y = 127
. f = 8.90

2. Carrots Boiled in water for 2 min | a. Filled with 2% brine

b. Retorted to F,=3.7, 27.9 min
1. time = 13.6, 35 min
ii. » = 0.80
m. f, = 7.89

Note:
T,=121.1 C(250 F), T, =37.8 C (100 F),
Can size = 300 x 404, Come up time = 2 min.

The carrots were blanched in boiling 2% saline solution for 4 min and the
potatoes in boiling water for 10 min and 2.5 h in a covered aluminum pot. The
extended blanching or boiling was used to evaluate the properties of potatoes
that had equilibrated during processing. The potatoes were cooked in boiling
cream of potato soup (CPS) for 60 min in the same cooking pot to simulate
aseptic processing. The CPS was prepared by mixing equal amounts of whole
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milk and commercially-available condensed CPS. In another treatment, test
samples were preblanched for 10 min in boiling water and then cooked in CPS
for 50 min.

The carrots and potatoes were canned following the procedure of Lopez
(1987) and the process parameters were determined from heat penetration tests
(Table 1). The carrots were pretreated by blanching them in boiling water for
2 min. Tin cans with 2% brine were filled with four pieces of carrots and
potatoes. There were 10 cans of each carrots and potatoes. Both carrots and
potatoes were given a thermal treatment equivalent to an F,=3.7 min. The
process parameters were previously determined by running a heat penetration
test for 35 min, as described by Murakami (1994). The carrots used in the heat
penetration tests had an F,=27.9 min and the potatoes had F,=23.5 min.

Three whole potato tubers were baked at 205C for 0.5, 1.0, 1.5 and 2.0 h
in a convection oven. Each tuber was wrapped in two layers of aluminum foil
to avoid moisture loss. Prior to the measurement of thermal properties, the
baked potatoes were allowed to cool overnight at room temperature before they
were unwrapped.

The paired t-test was used to determine the statistical significance of the
various treatments relative to the raw test samples and drift of the k probe. The
prepared samples for each thermal treatment were divided into reference and test
lots. The reference materials were kept raw and the test materials were
processed. Except for the test samples that were canned and baked, comparison
between raw and processed samples were based on data that were measured on
the same day. For the cooked and blanched potatoes, the raw and processed
samples were made from the same tuber and at least two tubers were used in
each test. The data presented for raw potatoes and carrots were calculated by
combining the measurements from the various processes. Although this approach
required repetitive measurements of raw test samples and cannot be used for
statistical comparison between the thermal treatments, it has several advantages.
It eliminated the errors due to sample-to-sample diversity, storage effects, day-
to-day variation of operator efficiency and equipment wear and tear. Moreover,
the paired t-test approach also allowed the completion of the various tests over
a long period of time. All statistical analysis were performed by using a 2-tailed
t-test with a 95% confidence interval. The statistical significance of changes in
the values of ¢, and o were not evaluated. Because their values were calculated
from mathematical models, the corresponding standard deviations and
significance of changes in properties could not be determined.

Thermal Properties

The thermal properties studied were thermal conductivity (k), density (p),
specific heat (c,) and in some cases, the volumetric expansion (») after
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processing. Thermal diffusivity (o) was calculated from k/pc,. Prior to
measurement the processed test samples, except those that were canned, were
cooled to room temperature (~25C) for about 2 h in the liquid in which they
were processed. The canned test samples were retorted in cream of potato soup
(arbitrarily chosen), stored at ambient conditions and analyzed 3 days after
processing. All processed test samples were assumed to have sufficient time for
temperature and X,, equilibration.

Measurement of Thermal Conductivity and Density

The k was determined by using a PC-based k probe apparatus (Murakami
1994). The k measurement was conducted for 10 s and the power input was
fixed at 11.4 W/m. Before the tests were started in a given day, the k apparatus
was calibrated with 0.6 % water-agar gel. At the end of the day, the system was
recalibrated to determine drift. Drift was evaluated by comparing the calibration
results using the t-Test (2 tailed, «’=0.05) and it was found that the drift of the
system was not significant.

To avoid moisture loss during k measurements, the raw and baked test
samples were wrapped in plastic sheets, and the processed test samples were
submerged in the liquid in which they were processed. The processed test
samples were shaped into cylinders; and to avoid errors with edge effects, their
size was maintained at D=22.2 mm and L=>50 mm. (Murakami 1994;
Murakami ez al. 1996). During the k measurements, it was difficult to place the
k probe at the exact geometric center of the cylinders, which caused a potential
problem with edge effects. Therefore, a test was devised to evaluate the effects
of off-center probe locations. Measurements were made with the k probe
positioned at the center (r=0), r/3, r/2 and 2r/3. To eliminate the effect of
sample-to-sample variations, all four probe locations were evaluated in each
cylinder and four different test samples were used. Results showed that the
readings from all the off-center probe positions were not different from those
taken at the center. It was possible that there were edge effects, especially at
2r/3, but they were negligibly small since the test samples and the surrounding
medium had similar thermal conductivities.

Density and volumetric expansion were measured gravimetrically (Mohsenin
1970) by using a 25-mL pycnometer bottle. The details of the procedure were
reported by Murakami (1994). The X, of all test samples was determined using
a vacuum oven set at 96.7C and 13.5 Kpa. and the drying time was at least 20
h, when the test sample weight became constant. The test samples were
shredded to small pieces and there were five replicates.

Calculations of Specific Heat, Thermal Diffusivity and Error or Uncertainty

Specific heat was evaluated by taking the sum of the heat contents of the
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various food components (i.e., water, protein, fat, carbohydrate, fiber and ash).
It was calculated from:

¢ =Y X'c, (1)
where:

¢, = specific heat of each food component

X% = weight fraction of each food component

The c, values of the various food components were determined at T=25C
using the equations developed by Choi (1985). The errors of Choi’s (1985)
equations were between 2-6%. The composition of carrots and potatoes were
calculated from the handbook by Adams (1975). The composition of raw test
samples were based on raw and unpeeled materials and the processed test
samples on those that had been boiled and pared. The composition was adjusted
for the appropriate X, of the test samples.

The « was determined from the following:

a=X @)
pc,

The uncertainties of the measured properties were equal to the standard
deviation of the replicates. The uncertainty of the c, equation was estimated
from the standard error of the equation for the carbohydrate which was reported
by Choi (1985) to be approximately equal to 6%. For calculated values, Kline
and McClintock (1953) (Huggins 1975) suggested that the uncertainty can be
derived from the partial differential of the working equation with respect to the
various variables. For «, the expression for uncertainty (E,) was derived from
Eq. 2 and the resulting equation is:

2 5 2 12
e Le e
pcp p Cp pcp ’

The variables E,, E,, E, are the uncertainties of the k, p and c,, respectively.

RESULTS AND DISCUSSION

The k, X,,, and p of fresh carrots were found to be 0.569 W/m-°K, 87.6 %
wb (wet basis) and 1.029 g/cc, respectively (Table 2). The X,,, value compares
favorably to the data (88.2 %wb) published by Adams (1975). Results show that
all the thermal treatments significantly changed the k and X, of carrots but did
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not affect the p (Table 3). Blanching the carrots in saline solution caused them
to absorb a significant amount of water (1.7 %), which consequently, increased
the k by 1.4%. However, the change in X,,, was not high enough to influence
the p. Compared with the thermal properties of water, the k of raw carrots was
5.5% lower and p was 2.9% higher. Thus, during thermal processing when the
potential for changes in X, is high, the k is more sensitive than p. This was

TABLE 2.
THERMAL PROPERTIES OF RAW POTATOES AND CARROTS

Raw Potatoes’ Raw Carrots®
T+ E® N T+ E° N
Xwb 77.8+£2.3 35 87.6+0.1 5
(%, wb)
p 1.089+0.022 23 1.029+0.003 10
(g/cc)
k 0.563+0.007 44 0.569+0.010 17
(W/m-K)
c,,c 3.603+0.216 3.849+0.231
(kJ/kg-"C)
a® 0.144+0.009 0.144+0.009
(m?/s, x10°)

* Evaluated from raw data from all processing operations and were not used to calculate change
in the values of properties.

b E= uncertainty, for p and k =standard deviation, for ¢, = 6% of c,, for a= calculated from eqn. 3

¢ Calculated.
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evident in the canned carrots. Although their X, increased by about 7%, the
change in p was negligible while in k it was significant. The c, of carrots
increased in all processes, especially after canning when the moisture absorption
was high. The « of carrots decreased slightly in all processes.

The average thermal properties of raw white potatoes were calculated by
using the values from all unprocessed samples (Table 2). After the standard
deviation was taken into account, it was found that the average k, p, and «
values in this study compared favorably to the values reported by Rao et al.
(1975). Relative to the thermal properties of water, the k of raw potatoes is
7.3% lower and their p is 8.9% higher. This means that when potatoes absorb
water, their k and p values are more likely to change than carrots. However, in
thermal processing of starchy materials the change in k can be counteracted by
starch gelatinization, which decreases k.

Blanching the potatoes for 10 min increased their X, by 5.9% and resulted
in a 1.7% decrease in p, while the k was unaffected (Table 4). The negligible
effect of the increase in moisture on the k of blanched potatoes may have been
neutralized by starch gelatinization. The c, of potatoes after blanching increased
and their « decreased. Boiling the potatoes for an extended duration increased
their moisture by 9.8% and k by 4.2% and the p decreased by 2.3%. The large
change in the X,, indicated that the potatoes did not reach equilibrium X,
during the shorter blanching process. Due to the large amount of water
absorbed, the c, of the boiled samples increased. However, due to the decrease
in p and increase in k, the « increased by 1.1%.

The X, of potatoes canned to an F,=3.7 min increased by 7.7% (Table 5).
The change was high enough to significantly change the p but not the k. The
longer F, treatment caused the test samples to absorb enough moisture to change
both the p and k. The commercially-canned potatoes had higher X, than those
canned to an F,=23.5 min. The X, of the commercial potatoes was so high that
their k was not significantly different from that of the liquid that it was canned
with (k=0.589+0.004 W/m-°K). Results also showed that the k of the liquid
from the cans was significantly lower than the plain water. Due to large amounts
of moisture absorption, the c, of all canned test samples increased by more than
4%. This resulted in decreases in « for the samples canned in the study.
However, the commercially canned samples gained moisture by more than 13 %,
causing the k to increase by more than 5% and consequently increase the «.

Statistically, the two cooking treatments had similar effects on the thermal
properties of potatoes (Table 6). Both treatments increased the X,,, but the k and
p were not significantly affected. Although the change in k of the unblanched
potatoes was higher than the standard deviation, it was not significant because
it was lower than the standard deviation of the unprocessed test samples.
Moreover, both cooking processes resulted in increases in ¢, and decreases in
o. Potatoes cooked in CPS did not absorb as much moisture as those boiled in
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TABLE 4.
THERMAL PROPERTIES AND VOLUMETRIC CHANGE
OF BLANCHED AND BOILED POTATOES

Blanched (10 min.) Boiled (2.5 h)
T+E N | A.%"| t-Test’ T+E N A, % | t-Test®
Xwb 80.2+1.0 10 5.9 s 85.1+0.3 5 9.8 S
(%, wb)
p 1.088+0.019 9 -1.7 s 1.064+0.001 5 -2.3 S
(g/cc)
k 0.551+0.007 22 -0.7 ns 0.567+0.006 3 42 s
(W/m-°K)
v 11.0+2.8 4
(“0)
! 3.666 +0.220 33 3.793+0.228 55
(kJ/kg-°C)
ol 0.138 + 0.009 -2.2 0.140 + 0.009 L.l
(m*/s, x10%)

* E= uncertainty, calculations of E for Xee, [0 and k =standard deviation, for ¢, = 6 % of ¢, and for OL= calculated from eqn. 3
® Change in values of processed with respect to raw products.

 Based on 2-tailed r-test at OL'=0 05 of raw vs processed products.
¢ Calculated

water. This may be due to the lower amount of available moisture in CPS. The
test samples that were preblanched prior to cooking had lower moisture intake
than those that were immediately cooked. The preblanching may have caused the
test sample surface to initially harden so as to decrease moisture diffusivity.
However, this effect seemed temporary since as previously discussed when
potatoes were boiled for an extended period, they absorbed more moisture
(Table 4).

The result of the baking tests showed that k decreased significantly for
potatoes that were baked for 1.5 h and longer and remained unchanged for those
baked for 1 h or less (Table 7 and 8). Although the average k of potatoes baked
for 1 h decreased by 1.6 %, it was found to be statistically insignificant since the
standard deviation was relatively high. The standard deviations of the k values
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TABLE 6.
THE THERMAL PROPERTIES OF COOKED POTATOES

Blanched + Cooked* Cooked®
X +E° N | A, %° | t-Test® X +E° N A, % | t-Test
X 81.440.3 5 55 s 82.2+0.4 5 6.6 s
(%, wb)
p 1.086£0.012 | 5 0.3 ns 1.08940.011 5 -0.1 ns
(g/cc)
K 0.557+0.010 | 6 0.2 ns 0.568+0.009 5 1.8 ns
(W/m-°K)
' 3.697£0.222 3.1 3.718+0.223 3.6
(kg/kJ-°C)
of 0.139+0.009 2.9 0.140+0.009 B
(m%/s, x10°)

* Blanched for 10 min. in boiling water and cooked in boiling cream of potato soup (CPS) for 50 min.

® Cooked in boiling CPS for 60 min.

© E= uncertainty, calculations of E for Xu, p and k =standard deviation, for ¢, =6 % of c,, and for a= calculated from eqn. 3
¢ Change in values of processed with respect to raw products.

© Based on 2-tailed r-test at a'=0.05 of raw vs processed products

! Calculated

of the test samples baked for 0.5 and 1 h were higher than those baked longer;
indicating that those baked longer had more uniform composition and were
cooked completely. Visually, the potatoes baked for 0.5 h had uncooked centers
while the others had a uniform cooked color. The baking test had no significant
effect on the X, of the potatoes. This indicated that the change in the k values
may be the result of starch gelatinization.

Because gelatinization can lower the k of potatoes by more than 2%, it can
counteract the effect of increasing X,,, e.g., potatoes that were canned to
F,=3.7 (Table 5) and cooked in CPS (Table 6). The X,, in those cases
increased by >5% but the k increased by only 2%. Thermal conductivity is
more sensitive to moisture increases in materials with low starch content. For
example, carrots canned to an F,=3.7 increased in X, by 6.7% and k by 3.5%
(Table 3). In comparison, similarly processed potatoes increased in X,, by 7.7%
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and k by only 0.5% (Table 5). The baking results showed that gelatinization is
an important factor in the k of thermally processed starchy materials. It should
be included in mathematical models that are used to calculate them. It is
especially important in potatoes which have k values much lower than water.

TABLE 7.

THE THERMAL CONDUCTIVITY POTATOES BAKED FOR 0.5 AND 1.0h

05h 1.0 h
X +E N | A % | t-Test® X% B N A, %? t-Test®
Xwb 82.5+4 .8 5 0.8 ns 81.9+0.6 5 0.1 ns
(%, wb)
k 0.567+£0.015 | 16 -0.4 ns 0.560+0.014 12 -1.6 ns
(W/m-"K)
® Change in values of baked with respect to fresh potatoes.
® Based on 2-tailed t-test at o =0.05 of raw vs processed products.
TABLE 8.
THE THERMAL CONDUCTIVITY OF POTATOES BAKED FOR 1.5 AND 2.0 h
1.5h 20h
XN+E N.| A.% | t-Test X:E N AL % t-Test®
Xt 81.1+1.0 5 -0.9 ns 81.8+0.8 5 -0.1 ns
(%, wb)
k 0.554+0.010 12 -2.6 s 0.556 +0.009 12 -2.2 s
(W/m-°K)

* Change in values of processed with respect to the fresh potatoes in Table 7.
® Based on 2-tailed z-test at o’ =0.05 of raw vs processed products.
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The results of this study show that the values of thermal properties that
provide the most conservative estimate of F, are those measured after potatoes
have been blanched and cooked and carrots have been canned to an F,=3.7 min.
Conversely, the least conservative values of thermal properties are those
measured for raw carrots or for potatoes boiled for a long time or canned and
stored for a long time. To illustrate the significance of this study and using the
analysis of Lee er al. (1990), if a product whose lethality is based on potato, and
if the thermal properties of potatoes that had been canned and stored are used
in the calculation, the process time would be underestimated by 2%. If the
lethality of a product is based on carrots and if the thermal properties of raw
carrots are used in the analysis, the process time would be underestimated by
less than 0.5%. It should be noted that this analysis is valid only for the
processes evaluated in this study.

SUMMARY AND CONCLUSIONS
The results of the study are summarized below:

(1) Processed potatoes expand more than 10%, 4 times as much as
carrots. In the development of heat and mass models for processing
of potatoes, it may be necessary to include volumetric expansion as
one of the variables. The determination of product loading, which is
volumetric fraction of particulates in a food product, for potatoes may
be based on processed materials and for carrots on raw materials.

(2) Materials with high starch content such as potatoes, have a lower
tendency to change their k values during processing. Thermal
processing increases the X,, of food materials and causes their k
values to increase. However, it also causes starch gelatinization which
decreases the k values. The combined effect of increases in X, and
starch gelatinization has a stabilizing influence on k values.

(3) Potatoes absorb less moisture in soup than in plain water. This is
important in product development where product texture is one of the
quality parameters.

(4) Generally, « decreased after thermal processing since the c, increased
more than k. However, in processes where the X, increased by more
than 9%, « increased due to larger increases in k than in c,.

(5) The results from this study show that the thermal properties of
blanched and cooked potatoes and carrots canned to an F,=3.7 min
provide the most conservative estimate of F,. Conversely, the least
conservative estimates are derived from potatoes that had been either
boiled for a long time or canned and then stored for a long time and
from raw carrots.
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(6) This study has shown that « changes with process time. In aseptic
processing, this implies that o changes as the product moves along the
holding tube. Depending on the state of the various materials in a
product as they enter the holding tube, « could either initially
decrease and then increase or just increase. In either case, a lethality
calculation should be based on the properties of the material when its
o is lowest.
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NOMENCLATURE

Cream of potato soup

Specific heat and specific heat of food component, kJ/kg-°C
Diameter

Uncertainties or errors of the various thermal properties
f-value in thermal processing, min

Lethality or sterilizing value, min

Lag factor

Thermal conductivity, W/m-°K

Length

Statistically significant and insignificant, respectively
Number of replicates

Sample radius, mm

Test time, s

Temperature, retort and initial temperature, respectively, °C
Volume of processed and raw samples, respectively, cc
Moisture content, % wb (wet basis)

Weight fraction of food component

Mean

Thermal diffusivity, m?/s

Coefficient of region outside the confidence interval
Density, g/cc

Change in a thermal property, %

Volumetric expansion, %
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Short notes will be published where the information is deemed sufficiently important to warrant rapid
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manuscript is dealing. Manuscripts that do not meet the requirement of importance and necessity for rapid
publication will, after notification of the author(s), be treated as regular papers. Regular papers may be very short.

Standard nomenclature as used in the engineering literature should be followed. Avoid laboratory jargon. If
abbreviations or trade names are used, define the material or compound the first time that it is mentioned.
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