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ABSTRACT at 1Hz through the food material in tap wa-
High intensity electrical field pulse (0.22 to 1.60 kV/cm) pretreatment was tested ter (conductivity 0.8 mS/cm) placed be-
to accelerate the osmotic dehydration of carrot. Applied energy in the range of tween parallel electrodes. The electrodes
0.04 to 2.25 kJ/kg, increased cell disintegration index in the range of 0.09 to 0.84 were 140 crieach, spaced 3 cm apart.
with < 1 °C rise in the product temperature. The effective diffusion coefficients of Pulses for the HELP treatment had expo-
water and solute, determined using a Fickian diffusion model, increased expo- nential decay. The pulses were monitored
nentially with electric field strength according to D = A exp(-B/E). The rise in effec- on line with an oscilloscope, and voltage
tive diffusion coefficient may be attributed to an increase in cell wall permeability, and pulse duration were recorded during
facilitating transport of water and solute. Such increase was evidenced by cell treatment. The temperature increase due to
disintegration index and softening of product. HELP_ treatment at 18 °C was < 1 °C for all
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fer, carrot The specific energy input over the pulse

duration for exponential decayed pulse was
calculated as follows and reported (Table
1):

INTRODUCTION and Niranjan, 1998) could increase mass)
OSMOTIC DEHYDRATION PARTIALLY RE-  transfer rates during osmotic dehydration. Q = n(&,,,,Kt/10 p) [J/kg] (1)
moves water from fruits or vegetables imHigh intensity electrical field pulse (HELP)
mersed in a hypertonic solution. A drivingtreatment has been reported to increase thghere E,,, is the peak electric field
force for water diffusion is the higher os-permeability of plant cells (Knorr et al., strength (V/m), K is the electrical conduc-
motic pressure (or chemical potential) 0fL994; Geulen et al., 1997; Knorr and Antivity (S/m), p is the density of the product
the osmotic solution. Water loss is accomgersbach, 1998). Angersbach and Knorgkg/m?), t is the pulse duration (s), and n is
panied by simultaneous diffusion of solutg1997) showed an increase in permeabilitthe number of pulses.
into the food. Since the membrane inof potato tissue by HELP treatment, which
volved in the osmotic transport is not selecresulted in improved mass transfer durin@smotic dehydration
tive, other solutes in the solids are alsdluidized bed drying. Our objective was to HELP-treated as well as control sam-
leached into the osmotic solution (Dixonstudy potential acceleration of mass transples were subjected to osmotic dehydration
and Jen, 1977; Lerici et al., 1985; Giangiafer rates during osmotic dehydration, byafter adhering water was blotted with tissue
como et al., 1987). Mass transfer rate dupretreating the samples with high intensitypaper. The carrot pieces were pre-weighed
ing osmotic dehydration depends uporelectric field pulses. The effective diffusionand suspended in the vessel containing 50
many factors, such as temperature and coneefficients of water and osmotic solute irPB sucrose solution at 40 °C. The carrot-to-
centration of osmotic solution, the size andHELP treated carrot samples were experisucrose solution ratio was 1:25. Samples

geometry of the solid, solution to solidmentally determined. were withdrawn at 1 h intervals, rinsed
mass ratio and agitation of the solution. with tap water, and wiped gently with tis-
Much has been published on the influence MATERIALS & METHODS sue paper. The samples were then weighed
of such variables on mass transfer rates and dried in a vacuum oven at 70 °C for 18
during osmotic dehydration (Roult-Wack etMaterials h. All experiments were done in triplicate.

al., 1992; Torreggiani, 1993; Fito, 1994; Carrots were procured from a local su-

Roult-Wack, 1994; Rastogi and Raghavarpermarket, cut into discs 2 cm dia x 1 cmDetermination of effective diffusion
ao, 1994; 1995; 1996; Rastogi et al., 1997)[he carrots had an average moisture comoefficients of water and solute
Osmotic dehydration is relatively slow.tent of 78 % (wet weight basis), determined Fick’s second law for diffusion from a
Therefore, acceleration of mass transfely vacuum drying at 70 °C. Sucrose wasinite cylinder of dia 2 r and height 2 | was

would be advantageous. Application ofused as the osmotic agent.
vacuum during osmotic dehydration (Fito,
1994; Rastogi and Raghavarao, 1996) andELP pretreatment

solved by superposition of solution for an
infinite cylinder and a semi infinite slab
(Crank, 1975):

ultra high hydrostatic pressures (Rastogi The carrot pieces were subjected to
HELP treatment (Table 1). The average M, = (m — m)/(m, — m,) =
The authors are affiliated with the Dept. of Food Bio-electrical conductivities of control and ' = .

technology and Food Process Engineering, K6niginE| P-treated carrot samples were 0.35 and _ 2 12 4 q2/r2)| =
Luise-Strasse 22, Berlin Univ. of Technology, D- p Zcpnccn exq Dewt(qpn/I + gar )J

14195 Berlin, Germany. Author Rastogi is at the Dept}-22 MS/cm, respectively. A high voltage n=1
of Food Engineering, Central Food Technologicalgenerator (Pure Pulse Technologies Inc., CorCen eXd—Demﬁ(q%n/Az)J (2)
Research Institute, Mysore 570 013, India. Addres§an Diego, Calif., U.S.A.) produced a high n=1
mgﬁ’;ggﬁzgtageﬁ{nEg;’_” (E-mail: foodtech@ 1546 charge, which supercharged the C%’nd
pacitor. The capacitor was then discharge
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Table 1—Treatment schedule for HELP pretreatment conditions

S=(@-s)s—8s)=

© ] Electrical quse Total specific o CeIlI
;lcr;nccn exd_Dest(Q%n/'Z + qgn/rzﬂ = Tree:;r:ent Plr,:|§.e fleld(i;s\t/r/eczr;]g)th dureztlﬁg) energ)zklgﬁ(lat) d|5|nttv=ig(rjz:r>|(t?r1z R
> CprCon €XA —Dedt2/A?)] 3) 1 5 0.22 378 0.04 0.09
n=1 2 5 0.64 322 0.28 0.38
where M and $ are the moisture and sol- i 2 1:28 igg 2;23 8:;2

ute ratio; m and s represent the moisturg\verage of 5 determinations

and solid content; the subscriptsg,and t

represent the relevant concentrations at

t=0, t=1t, and t= «, respectively; R,

and D¢ are the effective diffusion coeffi-

cients of water and solute, respectively(Fig.1) of HELP-treated and control sam-gjgnificance of differences was defined at
The effective diffusion coefficients are in-ples of carrots were determined (Angersp < g g5,

dependent of water and solute concentrdach et al., 1997; Knorr and Angersbach,

tions. G, is equal to 2(1 + a)/(1 + a + 1998). The cell integration index (Fwas RESULTS & DISCUSSION
a?qy?) where, g, s are the non-zero posi-defined as:

tive roots of the equation tan, o= —ady,. Effect of HELP treatment on cell
Herea is the ratio of volume of solutionto  Z, = 1 — b{(Kf, — KD/(K, — K))J; disintegration

that of each piece. &= 4a(l+ )/ 0=Zp=1 (6) Moisture (Fig. 2a) and solid contents

(4 + 4o + a?qe,?) where, g,s are the non- (Fig. 2b) of control and HELP-treated sam-
zero positive roots of the equationwhere b= K /K K, and Kare the electri- ples were compared. Moisture and solute
aGendo(den) + 2 J(Aen) = 0. The J(qey)  cal conductivity of control and treated samgiiffusion increased as applied electrical
and J(q,,) are the roots of Bessel functionples at low frequency field (1 to 5 kHz),fjeld strength increased. As expected, sol-
of zero and first order, respectively. Whereand K, and K, are the electrical conductiv-
Ais defined as: 1/A= 1/r41 + (r2(q,y ities of control and treated samples in a
den)?- For an infinite cylinder > r and high frequency field (3 to 50 MHz). The
A=r cell disintegration index characterizes th¢
At Fourier numbers (R/A2) > 0.1, Eq proportion of cells with highly permeable| "®
(2) and (3) reduce to the first term (Mc-cell walls. Z, is between 0 and 1, corre-
Cabe et al.. 1993): sponding to 100% intact cells and total cell 3
disintegration, respectively. The conductiv
-1n(M/C,,C¢p) = [Dewt(qg,/l2 + 6g/rd)| ity for control and treated samples was dg
(4) termined with impedance measuremer
equipment (Electronic Manufacture Com-
and pany, Mahlsdorf, Germany) between paral
lel disc electrodes (9.7 mm diameter) *°/ ; 2 ; ) 5
=-1n(S/Cy,Cep) = [Dest(qglll2 + @/r?)| spaced 10 mm apart. The phase voltages Immersion Time (h)
(5) were each of equal amplitude (typically be
tween 1 to 5 V peak to peak), and the fre- ——Contral (b)
Values of R, and Qs can be obtained quency changed in the range from 3 kHz tp *°| | oz e
from the slopes of a plot —In(MC,,C;;) 50 MHz. oo e *
and —In(§ Cy;Ccy), respectively, against t, o o
as per Eq (4) and (5). Statistical determinations
The rate of change of moisture as well Statistical analyses were carried out us
as solids content (from Fig. 2a and 2b)ng SAS (SAS Institute Inc., 1985) soft-
were plotted against average solids andare package. Analyses of variance was
moisture content, respectively, (plot notperformed by ANOVA procedures. Signifi- 0 ) 7 P ) 5
shown) and the equilibrium moisture {n cant differences between means were detgr- fromersion Time ()
and solids contents (swere inferred from mined by Duncan’s multiple range testSgiy 2_variation of (a) moisture content and

slopes of such plots and reported (Table 2). (b) solid content with time during osmotic
dehydration at 40 °C.
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Determination of texture of the

HELP-treated samples 00
Texture was measured using a Texturg e ‘ '
Analyzer (Model TA-XT2, Stable Micro o < 180
System, Surrey, United Kingdom) with a § M ‘ E
25-kg load cell. The maximum compressive = 4o g 160
strength required to rupture the sample (digcz @
. B 3.0 =
2 cm dia x 1 cm) up to 3 mm depth on &3 ‘ g 1407
nonlubricated flat platform using a cylindri-| ¢ 2, Py c— g
cal probe (dia 11 mm) was recorded by thes 2 Seervem § 1207
texture analyzer and used as a measure |df ' Do o K ‘ 00
hardness. The cross-head speed was 1 mny/s.,. N . . ! \ o0 04 08 12 16 20
10 10 1|(=]r 10 10 10 E (kviom)
equency [Hz]
Determination of cell disintegration - .
index (Z.) Fig. 1—Frequency dependent electrical con-  Fig. 3—Variation of compressive strength
P . ductivity spectra of control and HELP- required to rupture the carrot sample as a
The conductivity—frequency spectraireated carrot samples.

function of field strength.
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Accelerated Mass Transfer during Osmotic Dehydration . . .

Table 2—Water and solute effective diffusion coefficients (D, , D, ) and equilibrium mois-
ture and solid content (m _, s_) during osmotic dehydration at different electric field strengths

Conditions D ., X 10° (m?/s) D, x 10° (m?/s) m . (kg/kg) s . (kg/kg)
Control 0.98 1.05 4.60 3.50
0.22 kV/icm 1.13 1.09 4.50 3.60
0.64 kVicm 1.39 1.31 4.40 3.95
1.09 kV/cm 1.51 1.36 4.20 4.20
1.60 kV/cm 1.55 1.44 4.10 4.25

(Table 2) showed an increasing trend with
an increase in electrical field strength. In-
crease in effective diffusion coefficients
was not very prominent after 1.09 kV/cm
electrical field strength was applied. HELP
treatment may have caused increased solute
and water diffusion coefficients, giving
shorter osmotic dehydration times.

Plots of —In(M/C;,Cy) and —In(§
CpiCcp) Vs t (Figs. 6a and 6b) showed the
fit of the assumed model (Eqgn. 4 and 5) to
experimental data. The curves indicated

ute infusion increased with increasing ap{R2= 0.952). As cell disintegration indexthat the increase in diffusion coefficients
plied electric field strength at all times. increased, the compressive strength was reras an exponential function of the electri-
The compressive strength (Fig. 3)duced indicating tissue softening (Fig. 5). cal field strength (Fig. 7). This supported

showed that softening of tissue resulted
from cell damage induced by the HELPEffect of HELP treatment on
treatment and the loss of turgor pressure reffective diffusion coefficients

the hypothesis that HELP treatment, which
increased the cell disintegration index)Z
increased cell permeability facilitating dif-

duced compressive strength. Above 1.09 The effective diffusion coefficients of fusion of water and solute. Under our ex-

kV/cm, further softening was very limited water (D.,) as well as of the solute (D
with increasing field strength. The cell dis-
integration index (Fig. 4) increased rapidly
with the increase in total energy up to
0.857 kJ/kg and beyond that value it did
not lead to much further increase in cel

5.0

membrane disintegration (Table 1). HELH (a)
. .  Control
application affected the cell wall structures ,,| | soz2kviem
leaving the cells more permeable for moist 400 e
— fem
ture and solute transfer. The hardnegssso| | xteokvem

(compressive strength) of the carrot tissugs
correlated with the cell disintegration index * *

il 1 2 3 4 5
Immersion Times (h)
5.0
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08 | @ 1.09 kviem
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N
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o -
0.0 0.4 08 1.2 1.8 20 R
£ (kViom) Fig 6—Plot of (a) -In(M,/C_,C_,) and (b) -In(S /
C,, C.,) vs time showing the agreement be-

tween the experimental data and the as-

Fig 4—Variation of cell disintegration index
sumed model.

(Z ) of carrot sample with electrical field
strength applied.
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Fig. 5—Correlation between compressive  Fig. 7—Plot of -In(D,) with E*, representing
strength required to rupture the carrot the exponential increase of diffusion coef-
sample and disintegration index (Zp). ficients with electrical field strength.
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perimental conditions, cell disintegration
index did not exceed 0.84 (Knorr and An-
gersbach, 1998). The effective diffusion
coefficient leveled after 1.09 kV/cm. To ex-
plain the exponential nature of effective
diffusion coefficients with the electrical
field strength, the following expressions
were fitted to the data:

Dew = AneXp(—B,/E) (R2=0.989) (7)
Des = AEXP(-B/E) (R2= 0.995) (8)

The values of 4, As B,,, and, B were
1.61 x 109 m?/s, 1.45 x 1€ m?/s, 0.80
kV/cm, and 0.06 kV/cm, respectively.

CONCLUSION
HELP RESULTED IN INCREASED PERME
ability index (Z,) of carrots up to 0.84,
which resulted in increased mass transfer
rates during osmotic dehydration. The ef-
fective diffusion coefficients of water as
well as sucrose increased after the HELP
treatment. The diffusion coefficients in-
creased exponentially with the electric field
strength applied. Cell disintegration index
increased, and compressive strength of
samples was reduced by the treatment.
Moisture and solid contents could be pre-
dicted accurately at any time by the diffu-
sion model.
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