Available online at www.sciencedirect.com

Innovative
scusncs(dplnsc1'® gzoodSuence
s 9. .. Emerging
S —— ' . ) , Technologies
ELSEVIER Innovative Food Science and Emerging Technologi€2@4) 27-36

www.elsevier.com/locate/ifset

Ohmic heating of strawberry products: electrical conductivity
measurements and ascorbic acid degradation kinetics

|. Castrd, J.A. Teixeird , S. Salengke , S.K. Sa8try , A.A. Vicénte *

&Centro de Engenharia Biologica, Universidade do Minho, Campus de Gualtar, 4710-057 Braga, Portugal
®The Ohio State University, Department of Food, Agricultural and Biological Engineering, 590 Woody Hayes Drive, Columbus,
OH 43210-1057, USA

Received 31 May 2003; accepted 6 November 2003

Abstract

The effects of field strength and multiple thermal treatments on electrical conductivity of strawberry products were investigated.
Electrical conductivity increased with temperature for all the products and conditions tested following linear relations. Electrical
conductivity was found to depend on the strawberry-based product. An increase of electrical conductivity with field strength was
obvious for two strawberry pulps and strawberry filling but not for strawberry topping or strawberry-apple sauce. Thermal
treatments caused visible chandesdecreaskin electrical conductivity values of both strawberry pulps tested, but the use of a
conventional or ohmic pre-treatment induces a different behavior of the pulps’ conductivity values. Ascorbic acid degradation
followed first order kinetics for both conventional and ohmic heating treatments and the kinetic constants obtained were in the
range of the values reported in the literature for other food systems. The presence of an electric field does not affect ascorbic
acid degradation.
© 2003 Elsevier Ltd. All rights reserved.
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Industrial relevance: Due to the ability of the ohmic heating technologies to achieve rapid and reasonably uniform heating of electrically
conductive materials its impact on food quality is of interest. This study shows interesting relationships between heat treatment and electrical
conductivity of strawberry pulps and also suggested the product dependency for optimum ohmic heating applications.

1. Introduction ered a high temperature short timM@TST) aseptic
process. The potential applications of this technique in
The ohmic heating concept is not new and was widely food industry are very wide and include, e.g. blanching,
used in the XIX century to pasteurize milk. Apparently evaporation, dehydration, fermentatidSastry et al.,
due to the lack of inert materials for the electrodes this 2001 and pasteurisation.
technology was abandonédxception made for electro- Ascorbic acid(vitamin C) is a very important nutri-
conductive thawing, Mizrahi, Kopelman & Perlaman, ent, being essential, e.g. for the synthesis of collagen.
1975. Ohmic heating technology has recently gained The lack of this vitamin leads to scurv§Gregory,
new interest because the products obtained are of clearly1993). Ascorbic acid is also a natural antioxidant used
superior quality than those processed by conventionalin foodstuff formulations in order to prevent browning,
technologies. This is mainly due to its ability to heat gjscolouring and also to enhance shelf-life. It is known
materials rapidly and uniformly leading to a less aggres- 1o pe thermolabile and its degradation mechanism is
sive thermal treatmer(which, otherwise, often leads to specific of a particular system, as it depends on several

over processed volumpsOhmic heating can be consid- 3 s (Tannenbaum, 1976ollowing either aerobic or
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Table 1
Kinetic parameters of thermal degradation of ascorbic acid in several fruits

Product Temperature PH °Brix Ea K, (s™Y) zZ D75 Ref.

range(°C) (KJ mol™%) (°C) (min)
Grapefruit  61.0-96.0 3.05 11.2 21.0 3002 49.3 1354 Saguy et al., 1978
juice
Grapefruit  60.0-91.0 3.05 31.2 22.0 64002 45.0 1228 Saguy et al., 1978
juice
Lime 20.0-92.0 5.92 6.3 58.1 1.58.0° 35.8 1186 Alvarado and Viteri, 1989
Lemon 20.0-92.0 2.94 6.0 46.5 3%90° 44.6 949 Alvarado and Viteri, 1989
Tangerine  20.0-92.0 4.10 13.4 44.6 2087 46.5 771 Alvarado and Viteri, 1989
Grapefruit  20.0-92.0 3.54 11.2 56.9 9:290° 36.5 1276 Alvarado and Viteri, 1989
Orange 70.3-97.6 3.60 125 128.3 32 19.0 24110 Johnson et al., 1995
Juice
Orange 70.3-97.6 3.60 36.7 97.4 1:620° 24.9 10447 Johnson et al., 1995
Juice
Orange 65-90 Not Not 12.6 3.3a.0 Not Not Lima, 1996
Juice (conventional heating reported  reported reported  reported
Orange 65-90 Not Not 125 3.2610° Not Not Lima, 1996
Juice (ohmic heating reported  reported reported  reported

pathway is independent of oxygen and is mainly driven  The objectives of this work were then:

by the storage temperature, lower temperature storage

being the only way to minimise degradation réfeam- To determine the effects of different electrical field

mell, Dalsis & Malone, 1986 When oxygen is present strengths on electrical conductivity values of several

the contribution of anaerobic degradation to the total commercial strawberry-based products.

vitamin C loss is small Compared to aerobic degradation To evaluate the effects of mUltlple thermal treatments

(Villota & Hawkes, 1992. Several studies were made ©On electrical conductivity of two industrial strawberry

to determine the kinetic parameters of thermal degrada-Pulps.

tion of ascorbic acid in food systems under conventional To study the effect of the electric field on the degradation

heating conditiongTable 1). rate of ascorbic acid, in strawberry industrial pulp.
Strawberry fruit jams are extremely important for the To determine the kinetic parameters of ascorbic acid

Portuguese fruit jams industry because they account fordegradation under conventional and ohmic heating

most of the salegapprox. 90%. The search for alter- conditions.

native processing technologies leading to higher quality

products is, therefore, one of the main goals and the

economic viability of this technology depends on the

possibility of applying it to most of the products proc-

essed by this industry. One of the possible indicators for 2-1. System description

the effectiveness of the process is ascorbic acid degra-

dation, leading to the need of establishing its degradation The heater and data acquisition system used are

kinetics when subjected to ohmic heating. represented in Fig. 1 and consisted of a cylindrical glass

tube of 30 cm total length and 2.3 cm inside diameter.

Three thermocouple openings were provided; two at an

equal distance of the centre of the tube and one at the

centre, where the thermocouple was placed. Two Tita-

2. Materials and methods

Thermocouple

- (7 Flestradses nium electrodes with Teflon pressure caps were placed
§ =) E at each end of the tube.
Samples were heated using an alternating current
e | source, of 50 Hz, with different field strengths. Temper-
atures were monitored using type-K thermocouples,
E — placed at the geometrical centre of the chamber.
-~ ] A dgta—logger was employed to_record continuously
supply and simultaneously, current intensity, voltage and tem-

perature. In order to measure voltage across and current
Fig. 1. Ohmic heater and data acquisition system. through the samples voltage and current transducers
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were used. Electrical conductivity was determined by which the electrical conductivity was measured. For

the following equation. ohmic heating pre-treatment, raw samples of approxi-
mately 20 ml were placed into the static ohmic heater
L and heated up to 108C once and were then collected
T AR ) for subsequent ohmic heatif@®H+ OH), for electrical
conductivity determination. The same procedure was
A. Inner cross sectional area of ohmic het@?): applied for the single ohmic heating treatmei@H),

L. Interval between electrodésn): were the samples were heated only once and electrical
R Resistancé Q): ' conductivity was measured.
G’ Electrical conciuctivity(Sm‘ 1, In all cases, the variation coefficient obtained between

_ _ the three replicates made for each experiment was below
Three replicates were made for each of the experi- 505,

ments described below.
2.5. Ascorbic acid degradation
2.2. Strawberry products
] _In order to compare the thermal degradation kinetics

~ Frulact S.A., a Portuguese company producing fruit of the ascorbic acid in industrial strawberry pulps,
jams, provided strawberry pulps and the other strawber-ascorbic acid(Merck, 1.00127.0250was added to the
ry-based productéstrawberry topping, strawberry filling  pyip P1 to obtain an initial concentration of approxi-
and strawberry-apple sauce . ~mately 0.5 g¢l. Care was taken during the homogeni-

Pulps were collected immediately before industrial zation process to avoid air incorporation into the samples
pasteurisation and were transported under refrigeratedyhich might accelerate ascorbic acid degradafivit-
conditions to the University of Minho. Experiments |ot3 & Hawkes, 1992
were conducted promptly in order to avoid microbiolog-  For the constant temperature experiments, the tem-
ical de'[eI’IOI’atlon, which m|ght affect the results ma|n|y perature range used was between 60 and®for both
due to the generation of carbon dioxide originating from heating processe&onventional and ohmjcusing pro-
the product's fermentation. cedures detailed below. The kinetic parameters were

The pulp P1 used had an initial pH value of 4.0, a cajculated(D, Z, E, and K). All the calculated kinetic

Brix value of 14.5 and 2.5%(w/w) of starch content  parameters have associated a variation coefficient lower
while pulp P2 had an initial pH value of 4.0, a Brix than 10%.

value of 26.8 and no starch. The other strawberry-based
products were used as commercialized.

logC,—logC,, 1
g A ; g A =B (2)
2.3. Field strength experiments
A set of experiments was conducted to determine the 10902—10gD, _ 1
, : . (3)
effect of field strength on the electrical conductivity T,—-T, Z

changes during ohmic heating. The strawberry pulp
samples were heated up to 180 using eight different E.
field strengths(from 25 to 100 Vemt) with a 2 cm k(t)=kOeXp(_ﬁ) 4@
gap between electrodes.
Strawberry based products were tested with four D, Decimal reduction timémin);
different field strengthgfrom 32 to 80 Vent!) and a  Z, Temperature sensitivity indicat¢fC);
2 cm gap between electrodes. E,, Activation energy(kJ-mol~1);
In all cases, the variation coefficient obtained between K, Frequency constarfs™1);
the three replicates made for each experiment was belowk,, Pre-exponential factofs™*).
5%.
2.5.1. Ascorbic acid quantification
2.4. Multiple thermal treatments For the quantification of ascorbic acid strawberry pulp
was centrifuged5 min, 10000 rpm and the supernatant
Changes in electrical conductivity of strawberry pulps was used, to avoid interferences with the detection
P1 and P2 during multiplé2) thermal treatments were method. A commercial enzymatic kit was used to
investigated. The pre-treatment by conventional heatingdetermine ascorbic acid concentrati¢kit Boehringer
was performed in the factory by pasteurization in a N° 409677, obtained from Boehringer, Manhein, Ger-
scrapped-surface heat exchanger and samples were colany (Castro, Goncalves, Teixeira & Vicente, 2002
lected for subsequent ohmic heatit@H+ OH), during Although not specifically required by the method’s
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V-cm~1) when compared to the ones used in the heating

. ,j T UJT phase of the samples.
: g E 5 For each sample, portions of 1.75 ml were taken and
1 placed immediately into ice to stop the thermal degra-
dation effect. Samples volume was small to minimize
Jocketed Uhmic temperature gradients due to heat transfer resistance.
Heater

3. Results and discussion

Fig. 2. Jackted ohmic heater.
3.1. Field strength experiments
instructions, a calibration curve was made in order to . ) o
minimize the error associated with the samples measure- Figs. 4-8 show the _electrlcal Conqluctlwty changes
ment. The presented results are the averaged values ofith field strength obtained for the different products
ascorbic acid so the other active compounds of vitamin With temperature although it may not be a linear relation.
C (such as dehydroascorbic akidre not considered in A linear relation between electrical conductivity and

this study. temperature is evident for the strawberry pulp P1,
strawberry filling and strawberry—apple saudegs. 4,
2.5.2. Conventional thermal degradation 7 and 8 but this aspect changes for the strawberry pulp

Samples of 1.75 ml of strawberry pulp were placed P2 and toppingFigs. 5 and 6 where a second order
in 2-ml Eppendorf tube<9 mm of internal diameter polynomial relation has been obtained. This second order
and 40 mm of height in a thermostated water bath of polynomial relation may be due to the presence of air
the desired temperature, depending on the temperaturén the products. In an unpressurized heater, if air is
assay. Samples were taken and placed immediately intooccluded in the sample, the air bubbles will expand
ice to stop the thermal degradation effect. The dimen- with temperature, with the pressure remaining constant.
sions of the Eppendorf tubes allowed to minimize If ideal gas behaviour is assumed, then, the expansion
temperature gradients due to heat transfer resistance. Will be linear in temperature. This would mean that

The thermal history of the samples, until temperature bubble volume would increase linearly with temperature.
stabilization, was monitored by the introduction of a However, the important parameter for electrical conduc-
thermocouple connected to the data acquisition systemtivity is the cross-sectional area of the bubbles in a
previously described. This procedure was made for eachplane perpendicular to the electric field. This will
temperature with only one of the samples, which was increase roughly as a two-thirds power of the volume.
not used to measure ascorbic acid because the introducThus air(which can be roughly considered to be of zero

tion of air could cause ascorbic acid oxidation. electrical conductivity will increase in area, tending to
reduce the electrical conductivity of the mixture. How-
2.5.3. Ohmic thermal degradation ever, the continuous phase in itself will increase in

These sets of assays were made in an ohmic heateelectrical conductivity with the temperature, so the net
and data acquisition system similar to the one previously effect will depend on the relative contribution of the
described except for the presence of a jacket in thecomponents. Thus, as temperature increases, the in
ohmic heater to allow temperature contrgfig. 2). electrical conductivity of air may not be linear with
Samples of approximately 30 ml of strawberry pulp temperature, so a non-linear model may well be justified.
were introduced into the heater and a type K thermo- The increase of electrical conductivity with field
couple was placed into the geometric center of the strength is clear for both strawberry pulB1 and P2
heater to continuously monitor system temperature.and strawberry filling. The heating process causes
Power source was turned on and electric field was membrane destruction and consequently the free water
varied in order to simulate the conventional thermal content increase@Bean, Rasor & Porter, 1960; Halden,
history of the samples. Comparison of the thermal De Alwis & Fryer, 1990; Sasson & Monselise, 1977
history of the samples is presented in Fig. 3. It is very The field strength application results in increasing fluid
important to have coincidence in the heating phase of motion through the capillaries, which is directly propor-
both processes because the objective is to compare théional to electrical conductivitHalden et al., 1990
thermal effects of each treatment only. On the other hand, the effect of field strength is not as

The temperature holding phase was assured by mak-evident for the strawberry topping or strawberry—apple
ing adjustments of the electric field intensity or the cold sauce and this behaviour may be either due to the small
water flow rate. It should be stressed that the electric quantity of strawberry in products’ formulation or to the
field strength used during the holding phase of the fact that their previous processing already lead to
experiments is very low(in every case lower than 20 membrane destruction so the increase of temperature
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consequently lower heating rat@.3 °Cs™* comparing
—— 40 V/em to 1.60°Cs™?! for P2 and 6.22Cs™ ! for the pulp P1
—a—60 V/em g that would indicate the use of a different ohmic heater
—o—70 V/cm e design for this product. This shows the importance of
—e—80 V/cm s> evaluating the electrical properties of a food intended to
be processed by ohmic heating by clearly demonstrating
the significant differences of electrical conductivity
between the several products tested.

0.004 -

0.003

0.002

0.001

Electrical conductivity (S.cm™)

3.2. Multiple thermal treatments

0 20 40 60 80 100
Temperature (2C) Analysing Figs. 10 and 11 it is evident that the
absolute values of conductivity are much different
Fig. 5. Electrical conductivity of strawberry pulp P2, for different field Petween pulps P1 and P2, leading to average heating
strengths. rates of 6.22 and 1.60Cs !, respectively. This differ-
ence is due to the higher content of ionic constituents
does not cause more structural changes and the mobility(citric acid and sodium citrajeof P1 as compared to
of the fluid and of the ionic components present is not P2. In fact, the higher the concentration of ionic con-
further affected. stituents, the higher the conductivity of the product
The differences in electrical conductivity values are (Halden et al., 1990
reflected in the heating curves presented in Fig. 9. When comparing samples treated with ohmic heating
Strawberry topping has considerably lower electrical alone (OH) and with a combination of conventional
conductivity (5% of the electrical conductivity of P1  heating and ohmic heatingCH-+ OH) or ohmic heating
and 19% of the electrical conductivity of Pand a plus ohmic heatinglOH-+OH) it is evident that the
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Fig. 6. Electrical conductivity of strawberry topping, for different field strengths.
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Fig. 7. Electrical conductivity of strawberry filling, for different field strengths.
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electrical conductivity decreases after the first thermal an increase of electrical conductivity are probably coun-
treatment for both caseFigs. 10 and 1L The raw terbalanced by water evaporation during the heating
sampled OH) present the highest electrical conductivity process, reducing the fluid motion and the electrical
value while the lowest value is found after two ohmic conductivity values. This has been confirmed by the
cycles. These results are opposite from the ones reportesneasurement of the Brix values before and after the
by Wang and Sastry1997) in vegetable samples. The treatment(Brix increased from 14.5 to 16.0 for pulp P1

structural changes caused by heating that should lead tand from 26.5 to 28.5 for pulp P2 The decrease in

electrical conductivity with thermal treatments is less
evident for P1 probably because starch gelatinization
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Fig. 10. Electrical conductivity changes of strawberry pulp P1 during Fig. 11. Electrical conductivity changes of strawberry pulp P2 during
multiple thermal treatments. multiple thermal treatments.
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Fig. 12. Ascorbic acid degradation when processed by conventional

fitting.

and ohmic heating: experimental data and first order degradation kinetic:

(2.5% w/w) and the resulting change in water binding greater subsequent increase in electrical conductivity,
capacity, thus preventing its loss to the atmosphere; alsothan ohmically heated sampléshere heating is very
viscosity may increase, which may reduce electrical rapid and sufficient time may not be available for
conductivity. In formulation P2 there are no hydrocol- complete gelatinisation On the other hand, P2 present-
loids present and therefore dehydration is facilitated. ed higher electrical conductivity when preheated by
The sample P1 pre-treated by conventional heatingohmic heating. This behaviour can be explained by
showed higher values of electrical conductivity than different formulation and lower electrical conductivity
when pre-treated by ohmic heating. This finding is values than P1 so the ohmic process might induce
consistent with work relating to starchy materials. Pre- structural changes causing the obtained increase.
vious work with starchy material§Wang & Sastry,
1997 has shown that preheating by conventional meth-
ods may result in greater starch gelatinisation and a The effect of temperature and time on the degradation

3.3. Ascorbic acid degradation
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Table 2 ductivity values (decreasing with thermal treatments
Kinetic parameters of thermal degradation of ascorbic acid in straw- for both strawberry pquQPl and P2 The effect of a
berry pulp . . . .

conventional or ohmic pre-treatment is different for the
Temperature°C) 60 70 75 80 90 97 two _samples. In strawberry pulp P1 a cpnventional pre-
heating process leads to higher electrical conductivity

f;“’””e““ma'(mm) 3.99‘;9 3?581 %7.9586 105.’598 15393 13;91 values thgn an ohmic process, probably.dge to its starchy
Dyprc (min) 256 192 169 154 130 114 composition. Sample _PZWlthout texturizing agenbs _
72 0.987 0.980 0.985 0.981 0.995 0.988 shows a higher electrical conductivity when an ohmic
Zeonventional(°C) 46.73 (r2=0.995 pre-treatment process is applied, as compared to the
Zotmic (°C) 46.73 (r*=0.999 conventional pre-treatment.

Ko conventionai(S™%) 0.15 (r2=0.986 The ascorbic acid degradation kinetics in strawberry
Ko onmic (871 0.14 (r2=0.99) industrial pulps for the temperature range of 60 to 97
Eq conventional(kd'mol™*)  21.36 °C were unaffected by lower values of the electric field
Eq ohmic (kJ:mol™) 21.05 strength (<20 V-cm~1). Ascorbic acid degradation

followed first order kinetics for both conventional and
ohmic heating treatments and the kinetic constants were
in the range of the values reported in the literature for
other food systems.

of ascorbic acid is presented in Fig. 12, for conventional
and ohmic heating.

Thermal degradation of ascorbic acid follows first
order degradation kinetics for both conventional and
ohmic heating, in the studied temperature rafge to References
97 °C).
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