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Abstract

Ascorbic acid degradation experiments were performed in buffer solution at pH 3.5 using a batch ohmic heater with
uncoated stainless steel electrodes. The electrical conductivity of the buffer solution was adjusted using sodium
chloride. The concentration of ascorbic acid was found using an HPLC technique. Kinetics of degradation can be
described adequately by a first order model for both conventional and ohmic treatments, but unlike conventional
heating, the temperature dependence of degradation for some ohmic treatments cannot be represented by the
Arrhenius relation. During ohmic heating, power, temperature and NaCl content affect the degradation rate. A
number of reactions, including electrode reactions, electrolysis of the solution, as well as reactions between electrode
materials and electrolysis products may influence the reaction mechanism as well as kinetic parameters. At the
highest power and salt content, citrate complexation and a significant loss of buffering capacity were noted,
resulting in an increase in pH. The results underline the importance of inert electrode coatings, or the use of high
frequency power for control of electrochemical reactions.

List of symbols

r electrical conductivity (mS cm)1)
Ac cross-section area of current path in the cell

(cm2)
C concentration of ascorbic acid at time t

(mol cm)3)
C0 Initial concentration of ascorbic acid (mol cm)3)
CI confidence interval
ET temperature coefficient (kJ mol)1)
I current (A)
k rate constant for ascorbic acid degradation

(min)1)
k0 frequency factor (min)1)
kc ohmic heater (cell) constant (0.078 cm)1)
L path length of current in cell (cm)
P electrical power (W)
R gas constant (8.3143 kJ mol)1 K)1)
t time (s)
T temperature (�C)
V voltage (V)
[NaCl] sodium chloride concentration (g per 100 ml)

1. Introduction

In recent years, electrical methods of food processing
have gained increasing industry interest. Beginning in
the 1980s with ohmic heating [1], to the current intense
activity of pulsed electric field processes [2], these
methods have gained renewed attention in an effort to
improve product quality. A number of studies have
addressed the basic engineering and heat transfer aspects
of the ohmic process, for example, [3, 4]. However, the
electrochemical aspects of such processes have been
restricted to a few studies [5, 6]. In particular, an area
that has not received attention has been the influence of
ohmic processes on reaction kinetics within food sys-
tems. Although food chemists have studied various
biochemical reactions and reaction rates over the years,
the influence of electric fields has not received attention.

Ascorbic acid or vitamin C is considered to be one
of the most heat sensitive nutrients in foods [7]. Its
degradation has been reported to vary with temperature,
pH, oxygen, enzymes, metal catalysts, initial concentra-
tion and light [8, 9]. Losses of such sensitive nutrients
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during processing is of great concern. To minimize
nutrient degradation, a kinetic model is necessary.
Temperature effects can be described by the Arrhenius
plot, with the activation energy (temperature coefficient)
depending on the other chemical and physical properties
of the reaction environment [8]. The degradation reac-
tion may follow various pseudo-orders depending on the
environment, however most common reactions can be
described by a first order model. Lee et al. [10] deter-
mined the reaction order of ascorbic acid degradation in
tomato juice under anaerobic conditions to be first order
with respect to concentration. Dennison and Kirk [11]
studied the oxygen effect in a dehydrated food system.
They found that reaction rates were dependent on water
activity and temperature and the reaction order was
described by first order kinetics. Saguy et al. [12] studied
the kinetics of ascorbic acid degradation in grapefruit
juice. Their results indicated an apparent first order
anaerobic reaction which was dependent on temperature
and solid content but not on the initial ascorbic acid
concentration. Degradation kinetics of ascorbic acid in
potato strips was investigated during blanching by
Kincal and Giray [13]; their results indicated that first
order kinetics was appropriate. Unlike the above stud-
ies, [10–13] a zero order kinetic model was found to be
adequate to describe the disappearance of ascorbic acid
in an intermediate moisture model food system [14].
Also, a study by Eison–Perchonok and Downes [9]
showed that the kinetics of ascorbic acid autoxidation,
as a function of dissolved oxygen concentration and
temperature, could be described by a second order (first
order each in ascorbic acid and oxygen concentrations)
reaction model. All the above studies related to the

degradation of ascorbic acid under conventional heat-
ing, and so far no similar information has been found
under ohmic heating in buffer systems. The kinetics may
differ as the heating mechanism differs; in particular the
effect of an electrical field needs to be understood.

The objective of this study was to compare the
degradation kinetics of ascorbic acid in a 3.5 pH buffer
solution under conventional and ohmic heating in a
stirred ohmic heater with stainless steel electrodes.
Although a wide variety of electrode materials could
have been studied, stainless steel was studied due to its
widespread use as a food contact surface. In particular,
the effects of temperature, electrical conductivity and the
applied electrical power were investigated. This system is
much simpler than a real food system, and is therefore
expected to be more amenable to analysis. The choice of
pH was dictated by a value representative of acidic
foods, which are typically easier to process than foods
characterized as ‘low-acid’ (pH > 4.6).

2. Materials and methods

2.1. Experimental set-up

Experiments were performed in a batch isothermal
stirred reactor, with ohmic heating at 60 Hz. The setup,
modified from Palaniappan et al. [15] is shown in
Figure 1. Temperature inside the ohmic heater was
controlled to ±2 �C. The cell constant of the ohmic
heater (kc¼L/Ac) was 0.078 cm)1 when filled to a
volume of 200 ml. The schematic diagram is illustrated
in Figure 2.
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Fig. 1. Schematic of experimental set-up.
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2.2. Experimental procedure

The buffer solution was prepared as indicated below.
The electrical conductivity was varied by changing the
NaCl concentration of the buffer solution. The reaction
temperature was kept constant in the following manner.
For ohmic heating treatments, 200 ml of the buffer
solution were continuously stirred inside the ohmic
reactor while cold water was circulating through the
reactor jacket. During conventional heating treatments,
200 ml of buffer solution was continuously stirred
within the same reactor vessel, with the electrical power
turned off; and heating was accomplished by heat
exchange with hot water in the jacket. The temperature,
voltage, and current were recorded every 30 s during the
treatment using a data logger. The electrical power was
monitored and maintained at the desired level by a
manual voltage controller. For the ohmic heating
treatments, the following control strategy was found
effective in achieving a constant solution temperature.
First, the buffer solution temperature was raised to a few
degrees above the desired temperature by conventional
(steam) heating, then the steam was turned off and the
heating medium was drained and replaced gradually by
cold water; thus the temperature of the buffer solution
gradually decreased to the set-point temperature. Once
the set-point was achieved, the ohmic heater was turned
on, while the control valve regulated the flow of cold
water to maintain the buffer temperature at steady state.
If steady state was not reached within three minutes

after turning on the ohmic heating, the buffer solution
was discarded to minimize the change of the buffer pH
before injecting ascorbic acid. As soon as a steady state
temperature was established, 1 ml of 8% L-ascorbic acid
solution (C6H8O6, Sigma Chemical Co., St. Louis,
Missouri) was injected into the 200 ml buffer solution
at time zero. Then, at least five samples were withdrawn
at different time intervals up to a maximum of 60 min.
Each sample (1 ml) was immediately mixed with 1 ml of
1% metaphosphoric acid (pH 2.0) (Mallinckrodt Chem-
ical Inc. Paris, Kentucky) at 4 �C, to prevent further
ascorbic acid degradation and to reduce other forms of
ascorbic acid so that only one species, the reduced form
(C6H8O6), would predominate at pH 2 for the purpose
of analysis. Samples were stored at 4 �C for up to 48 h
prior to analysis. It was verified that no significant
degradation occurred during this period. After the end
of each experimental run, a sample was taken to check
the pH. Also, a fresh surface of electrodes was contin-
uously presented to the buffer solution in each run by
brushing and cleaning the electrode surfaces to eliminate
most of the adherent layers of reaction product which
might have interfered with the succeeding run.

2.3. Buffer solution preparation

The buffer solution (1 l amount) was prepared using the
following materials: aqueous sodium chloride solution
(made from twice-distilled water and NaCl – J.T. Baker
Inc., Phillipsburg, NJ – in the ratios 994 g H2O:2.5 g
NaCl; 991 g H2O:5.0 g NaCl; and 986 g H2O:10 g NaCl
for the 0.25, 0.5 and 1.0% solutions, respectively);
dibasic sodium phosphate (2.39 g, J.T. Baker Inc,
Phillipsburg, NJ), and citric acid, monohydrate
(1.313 g, Jenneile Enterprises, Cincinnati, OH). All
solutions had an initial pH of 3.5 ± 2.5.

2.4. Ascorbic acid analysis

Ascorbic acid was estimated by a high performance
liquid chromatography technique using a Bio-Rad
system, (Bio-Rad Labs, Richmond, CA). The system
consisted of a Bio-Rad pump, model 1350; detector,
model 1706 UV/vis; and connected to an HP data
integrator (model 3394, Hewlett-Packard, Avondale,
PA). The chromatography column was a Microsorb-
300A type C18, size 4.5 · 250 mm (Rainin Instrument
Co. Inc., Woburn, MA) with a mobile phase of 10%
methanol, 90% HPLC grade water (Fisher Chemical,
Fairlawn, NJ) containing 0.1% of 0.85 M phosphoric
acid (Fisher Chemical, Fairlawn, NJ), at a 1 ml min)1

flow rate. The absorbance wavelength of the detector
was set at 244 nm [16].

Following all heat treatments, ascorbic acid samples
were filtered through a 0.45 lm Acrodisc HT tyffryn
syringe filter (Gelman Sciences, Ann Arbor, MI) to
remove possible solid contaminants. From each filtrate,
two samples (50 ll each) were injected into the Bio-Rad
system. The system was calibrated with standard test

Fig. 2. Schematic of ohmic heater. Key: (1) electrical motor to provide

60 rpm mixing rate; (2) T-type copper constantan, Teflon coated

thermocouple; (3) plastic tube for injecting and sampling purposes; (4)

mixer made of plastic to provide well-mixed environment; (5)

electrodes: stainless steel cylinder electrodes (dia. 0.6 cm). Electro-

chemical surface area �50 cm2; (6) outer cylindrical tube (dia. 7.5 cm);

(7) rubber seal; (8) removable inner stainless steel tube (dia. 5.0 cm)

coated three times with epoxy resin (Epoxy light 6001, Irvine, CA) to

provide electrical insulation as well as inertness (dia. after coating

4.46 cm); (9) inlet of cooling or heating medium; (10) outlet of the

cooling or heating medium; and (11) teflon cover.
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solutions of ascorbic acid, and showed a linear rela-
tionship with a concentration of ascorbic acid up to
0.08%.

2.5. Data analysis

The entire set of experiments was performed in the
sequence shown by the experimental flow chart in
Figure 3. After accomplishing all the desired treatments
in one category, the entire series was duplicated. The
pseudo-first order rate constant for degradation (k) was
obtained for each treatment by performing linear
regression of ln(C0/C) against time.

3. Results

3.1. Reaction rate order

The rate of ascorbic acid degradation can be described
by a first order model for both conventional and ohmic

heating. Typical data and regression lines are shown in
Figure 4. The rate constant for degradation was deter-
mined for each experimental run and averaged for each

Fig. 3. Experimental flow chart.

Fig. 4. Sample data fitted by first order model at 80 �C and 0.25%

NaCl. Key: (d) 0, (s) 100, (.) 150 and (,) 300 W.
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set of samples that were heat-treated in the same
manner, as listed in Table 1.

In general, the coefficient of determination (R2) values
for conventional heating treatments were higher than
that under ohmic heating. It was also noted that during
ohmic treatments, the pH of the buffer solution in-
creased above its initial value (3.5). These data are
summarized in Table 2, where it is clear that the most
significant changes occur under relatively low tempera-
tures, high power input, and high salt content condi-
tions.

The higher variability of the ohmically treated samples
may be partially explained by the observation that the
dissociation constant for ascorbic acid (pK 1) value is 4.2
[17]. Thus, as the pH of the buffer solution increased, it
passed through the pK 1, especially at 1% NaCl, where
the stability properties of the undissociated and mono-
anionic species of ascorbic acid differs. Thus, under
conventional heating, the regression curves ln(C0/C)
against time fitted the actual data nicely, while the fit was
not as good for the samples treated by ohmic heating.

3.2. Effect of temperature

The experimental data were tested for consistency with
the Arrhenius relation [ln(k)¼ ln(k0) ) ET/RT] by plot-
ting the natural logarithm of the degradation rate
constant, k, against reciprocal temperature as shown in

Figure 5 for 0.5% and 1.0% NaCl. In the case of
conventional heating, the Arrhenius relation was

Table 1. Summary of the experimental results, at pH 3.5 and using

uncoated stainless steel electrodes

NaCl

/%

Temperature

/�C
Current

/A

Voltage

/V

k

/min)1
R2

0.25 79.9 0 0 0.00536 0.97

80.4 2.98 33.03 0.00562 0.93

80.6 3.66 40.35 0.00727 0.96

80.6 5.26 57.18 0.01237 0.97

0.5 39.6 0 0 0.00409 0.97

49.5 0 0 0.00420 0.99

59.4 0 0 0.00595 0.99

79.4 0 0 0.00886 0.95

40.8 2.85 34.27 0.00215 0.95

49.8 3.07 32.28 0.00254 0.97

59.5 3.28 30.36 0.00357 0.91

79.5 3.66 27.20 0.00691 0.96

40.2 3.45 42.71 0.00685 0.98

50.0 3.71 39.85 0.00498 0.97

59.8 3.94 37.76 0.00541 0.92

79.8 4.43 33.90 0.00814 0.97

80.3 7.07 41.77 0.00778 0.91

1.0 40.2 0 0 0.00398 0.99

60.0 0 0 0.00633 0.96

79.9 0 0 0.00811 0.98

40.6 3.99 27.03 0.00409 0.81

60.7 5.06 24.26 0.00338 0.87

80.5 5.26 21.76 0.00352 0.81

40.9 4.57 33.21 0.01336 0.85

60.6 5.87 28.72 0.00511 0.81

80.5 7.38 26.27 0.00593 0.88

80.9 7.37 41.16 0.00196 0.93

Table 2. Final pH of samples (average of two replications) following

ohmic treatment (initial pH 3.5)

NaCl

/%

Temperature

/�C
Power

/W

Electrical

conductivity

/mS cm)1

pH

0.25 80.4 98.5 7.04 3.43

0.25 80.6 148 7.07 3.46

0.25 80.6 301 7.18 3.54

0.5 40.8 97.7 6.49 3.93

0.5 40.2 147 6.30 3.91

0.5 49.8 99.1 7.42 3.97

0.5 50.0 148 7.26 3.95

0.5 59.5 99.7 8.43 3.91

0.5 59.8 149 8.14 3.74

0.5 79.5 99.6 10.5 3.65

0.5 79.8 150 10.2 3.70

0.5 80.3 296 13.2 3.71

1.0 40.6 108 11.5 5.36

1.0 40.9 152 10.7 5.85

1.0 60.7 123 16.3 5.48

1.0 60.6 169 15.9 5.54

1.0 80.5 115 18.9 3.82

1.0 80.5 194 21.9 3.81

1.0 80.9 298 14.4 4.37

Fig. 5. Arrhenius relation at (a) 0.5% NaCl; (b) at 1.0% NaCl.

P0¼ conventional heating, P1¼ 100 W and P2¼ 150 W. Key: (d) P0,

(s) P1 and (.) P2.
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followed well over the temperature range. The activation
energy (ET), frequency factor (K0) and coefficient of
determination (R2) are listed in Table 3 for the purpose
of comparison between conventional and ohmic heating.
One factor affecting the apparent temperature-sensitivity
of ascorbic acid would be the decreasing amount of
dissolved oxygen as the temperature increased. Results
[14] showed a negative value for ET, which was attributed
to the low concentration of dissolved oxygen at high
temperatures. The samples that were heated ohmically
did not follow the Arrhenius relation especially at low
temperature (40 �C) and high NaCl (1.0%). In fact, the
activation energies sometimes had negative values (e.g.,
1% NaCl), indicating that factors other than tempera-
ture may have taken effect during ohmic heating.

The degradation rate under ohmic heating was not
significantly different from that under conventional
heating (Figure 6(a)) except at high power (150 W) high
NaCl content (1%) and low temperature (40 �C) con-
ditions (Figure 6(b)). Under these conditions the ohmic
heating degradation rate was significantly greater than
for conventional heating. A plot of the rate constants
versus power shows no significant differences, except
specific cases under low and high power inputs (Fig-
ure 7).

4. Discussion

The degradation of ascorbic acid under ohmic heating
conditions may be broken down into the following
phenomena:
ii(i) Chemical oxidation (either catalysed or uncataly-

sed) in the manner typical of most heating reac-
tions.

i(ii) Chemical degradation via the anaerobic pathway
[18, 19].

(iii) Electrochemical degradation by reactions at the
electrode.

The first two types of degradation are commonly
encountered in food processing, but, in the presence of
oxygen, oxidative degradation is the dominant mecha-
nism, exceeding by far, the anaerobic degradation rate
[18]. The presence of metal ions catalyses the above
reaction; in particular, ions such as Fe3+ and Cu2+

which may accelerate the reaction by several orders of
magnitude. In the absence of ohmic heating, it is

expected that these are the dominant degradation
mechanisms. The degradation rates are influenced by
the solubility of oxygen at the temperature of the
reaction. Although Fe3+ ions may have been present
during conventional heating, via diffusion from the
electrodes, the concentration of ferric ions will likely be
very small over the duration of the experiment.

Table 3. Frequency factor (k0) and temperature coefficient (ET) of

both conventional and ohmic heating treatments for temperature

range 40–80 �C, at pH 3.5 and using uncoated stainless steel electrodes

Power

/W

NaCl

/%

k0

/min)1
ET

/kJ mol)1
R2

0 0.5 7.09 19.5 0.91

0 1.0 2.41 16.6 0.98

100 0.5 1.31 · 102 29.0 0.98

100 1.0 8.57 · 10)4 )3.98 0.72

150 0.5 0.318 8.60 0.32

150 1.0 5.63 · 10)6 )19.9 0.65

Fig. 6. Effect of conventional and ohmic heating on the rate constant

of degradation at different temperatures (a) 0.5% NaCl and (b) 1%

NaCl. Key for (a): (d) 40, (s) 50, (.) 60 and (,) 80 �C. Key for (b):

(d) 40, (s) 60 and (.) 80 �C.

Fig. 7. Effect of applied power on the rate constant for degradation at

80 �C at various NaCl concentrations. Key: (d) 0.25% NaCl, (s)

0.5% NaCl and (.) 1% NaCl.
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Under ohmic heating conditions, the third mecha-
nism, electrochemical degradation becomes important,
and any differences in reaction rate between conven-
tional and ohmic heating are likely due to this pathway.
In the absence of convective transport, such reactions
may be localized in the electrode vicinity; however, our
reactor was stirred, thus some of the products of
electrolysis may have been dispersed into the bulk,
where further reactions may have occurred. Such
transport notwithstanding, it is likely that the microen-
vironment in the electrode vicinity differed markedly
from that in the bulk.

A complete and detailed delineation of all possible
reactions is beyond the scope of this work, however, it is
possible to discuss some of the important reactions that
may influence the degradation of ascorbic acid:
(a) Electrolysis of water, yielding hydrogen at the
cathode, and oxygen at the anode.

Cathode : 2HþðaqÞ þ 2e� ! H2ðgÞ ð1Þ

Anode : 2H2OðlÞ ! O2ðgÞ þ 4HþðaqÞ þ 4e� ð2Þ

Overall : 2H2OðlÞ ! 2H2ðgÞ þ O2ðgÞ ð3Þ

Since the voltage is alternating, both products may be
released at each electrode. The molecular oxygen gen-
erated by water electrolysis causes additional oxidation
of ascorbic acid. We note that if arcing or other such
discharges were to occur, that the formation of singlet
oxygen and a major increase in oxidation rate are
possible [20]. However, we do not expect that singlet
oxygen is produced in our system, since dielectric
breakdown did not occur.
(b) Electrode corrosion, either by direct metal oxidation
(as shown below) or by electrochemical generation of
corroding chemicals. In particular, for stainlesssteel
electrodes, the following reactions could occur:

Cathodic reaction : 2HþðaqÞ þ 2e� ! H2ðgÞ ð4Þ

Anodic reactions : FeðsÞ ! Fe2þðaqÞ þ 2e� ð5Þ

CrðsÞ ! Cr3þðaqÞ þ 3e� ð6Þ

NiðsÞ ! Ni2þðaqÞ þ 2e� ð7Þ

MoðsÞ ! Mo3þðaqÞ þ 3e� ð8Þ

The metal ions migrating into the medium can be
further oxidized and undergo other secondary reactions.
In particular, Fe2+ and Fe3+ ions in the solution would
serve to catalyse the oxidation of ascorbic acid. Indeed,
even if conditions were anaerobic, Fe3+ ions retain
catalytic activity independent of oxygen concentration
[18].

The net effect of the above reactions is complex, and
depends on the specific interactions that are favoured
under the conditions of experiment. Nevertheless, some
of our experimental observations may be explained by
the above processes. For example, we noticed a brown
color to the solution, indicating the presence of ferric
chloride. Insoluble brown deposits were also seen on
electrode surfaces, indicating the possible formation of
iron(III) oxide or iron chloride.

To investigate this point further, we analysed the
deposit to determine its chemical composition using
scanning electron microscopy – energy dispersive X-ray
spectroscopy (SEM-EDS). The quantitative distribution
of elements were as shown in Table 4. The results
indicated that the elements Fe, Cr, Ni, Mo, Mn, Si and
P (present within stainless steel electrodes) are found in
the deposit. The increase in phosphorus fraction from
less than 0.1% in the electrodes to 6.94% in the deposit,
indicates the formation of metal phosphates from the
solution. Some metal chlorides are also apparently
formed. Although the amount of oxygen is large, it is
not possible to distinguish whether this was due to the
formation of oxides and phosphates, or due to absorbed
water that hydrated these deposits. Still, the occurrence
of oxides is likely. The ingredients of the McIlvaine citric

Fig. 8. Rate constant for degradation (k) as affected by power

(P1¼ 100 W, P2¼ 150 W) at 0.5% NaCl (note decreased electrical

conductivity at P2). Key: (d) P1 ¼ 100 W and (s) P2 ¼ 150 W.

Fig. 9. Change of electrical conductivity at 80 �C as NaCl concentra-

tion increases. Key: (d–d) 100, (s� � �s) 150 and (d– – –d) 300 W.
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phosphate buffer used in our study are frequently used
in food formulations. In particular, citric acid is a well-
known chelating agent, and is used to inhibit lipid
oxidation in foods which might be accelerated by some
metal ions. The electrode corrosion yields metal ions
which then form chelated complexes with citric acid.
The formation constants for metal complexes with
organic ligands is far greater than that with chlorides
[21]. Once the free citric acid is utilized for such
reactions, the buffering capacity of the solution is lost,
and the pH of the buffer would be expected to increase
rapidly. This appears to be a reason for the significant
pH increase during some of the ohmic heating treat-
ments. Notably, this occurs under conditions of rela-
tively low temperature and high power input. Under
these conditions, large amounts of electrode metal ions
may find their way into solution, forming citrate
complexes and increasing the pH.

To verify this point, we analysed the solution from an
ohmic heating test with 1% NaCl at 300 W, for Fe(III)
citrate formation by two independent analytical tech-
niques, spectrophotometry and electrospray ionization
mass spectrometry (ESI-MS). Both sets of analyses
revealed the presence of Fe(III) citrate in the solution.
The system was also found to initially contain phos-
phate in the form of NaH2PO4. The solubility products
(Ksp) of Fe, Cr and Ni-phosphates are highly insoluble
in an aqueous medium; thus metal phosphates would be
expected to be deposited on electrodes. This is supported
by our SEM-EDS results for analysis of deposits, which
showed the presence of phosphorus in the deposit. This
chelation would be expected to lower the buffering
capacity of the solution and contribute to the rise in pH.

We also verified that buffering capacity was, in fact,
lowered, by conducting two separate sets of experi-
ments. In the first procedure, buffer solutions with and
without metal ions (e.g., FeCl3, with pH adjusted to the
same value as the buffer) were heated at 80 �C for
60 min, and allowed to cool. Buffer capacity (b) and pH
were measured for each sample, before and after each
treatment. In the second set of experiments, ascorbic
acid was mixed in buffer solution with or without Fe3+

ions (as FeCl3). Both samples were adjusted to the same
pH, and heated ohmically at 80 �C for 60 min. Buffer
capacities (at 80 �C) and pH (at 25 �C) were measured
after the heating period. The results of both sets of
experiments, tabulated together in Table 5 show that
when ascorbic acid is added, the buffer solution is
strengthened in comparison to buffer alone, and that
buffer capacities were reduced in the presence of metal
ions. For the samples with ascorbic acid or ascorbic acid
and metal ions, the decrease in buffering capacity during
ohmic heating is greatest at the highest power input
(300 W). It may also be noted that the greatest decrease
in buffering capacity is for the 300 W, 1% NaCl
treatment. A pH increase of 0.94 units was observed
for this treatment (the highest among all treatments that
included ascorbic acid and metal ions).

These results show that metal-citrate complexation
lowers buffer capacity during ohmic heating, contribut-
ing to a pH increase. Further analysis (by GC-MS) of
the buffer solution before and after ohmic (300 W, 1%
NaCl) heating to 80 �C, showed that more than 99% of
citric acid and phosphates were lost in comparison to
conventional heating at the same temperature. With
such a loss of buffering components, a change in pH is
hardly surprising.

The trends in ascorbic acid degradation may be
influenced by a complex interaction of the above
reactions. Our analysis of deposits suggests that oxide
formation is likely. At high power levels, oxidation of
iron may serve to use the available oxygen. This,
together with a loss in buffering capacity and a pH
increase would affect ascorbic acid degradation kinetics.

4.1. Prediction of the rate constant for degradation

The rate constant for ascorbic acid degradation can be
predicted by the following regression model, where all
variables were significant (p<0.005), and R2¼ 0.92;

Table 4. Composition of elements in electrode deposits determined

using SEM-EDS (results in atomic percentages)

Element Percentage in deposit

O 74.7

Na 2.62

Si 0.31

P 6.94

Cl 0.64

Mn 0.43

Fe 11.55

Ni 0.71

Cr 2.15

Mo 0.78

Table 5. Buffer capacities (b) and pH changes in buffer solutions, solutions with ascorbic acid (AA), and solutions with ascorbic acid and metal

ions, following ohmic heating treatments for various NaCl concentrations and power levels

NaCl conc.

w/v/%

Power

/W

b buffer

solution

pH change,

buffer

solution

b buffer +

Fe3+ ions

pH change, buffer +

Fe3+ ions

b buffer + AA+

Fe3+ ions

pH change, buffer +

AA + Fe3+ ions

0.25 100 4.83 ± 0.25 0.05 4.36 ± 0.20 )0.07 5.72 ± 0.53 )0.04

0.25 150 4.83 ± 0.25 0 4.43 ± 0.26 )0.05 5.46 ± 0.31 )0.09

0.5 150 4.77 ± 0.16 0.17 4.14 ± 0.25 )0.08 5.52 ± 0.40 þ0.06

1.0 300 4.82 ± 0.10 3.9 3.29 ± 0.32 )0.24 4.57 ± 0.54 þ0.94
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lnðkÞ ¼ lnðk0Þ � ðET=RT Þ ð9Þ

k0 ¼ 3:7735 ½NaCl
�13:2 expð½NaCl
2Þ I�12:92ðET=RÞ
¼ �32718 þ 246 V � 1:44 V 2 þ 25823ðI=V Þ
þ 26876 ½NaCl


where the above correlation and the real data points are
illustrated in Figure 10. The limitations of the above
model are 40 < T < 80 �C, 100 < P < 300 W, and
0.25 < [NaCl] < 1 (g (100 ml))1). Equation 9 is an
empirical relation, which is not applicable outside these
sets of conditions, but it is included in the hope that it
provides an approximate predictor of reaction rate
constants for the degradation of ascorbic acid.

In light of these experimental results, it is reasonable
to assume that the type of electrode material, solvent,
pH, type of electrolyte, and applied voltage might
significantly alter the reactions during food processing.
In particular, the incidence of Faradaic reactions [5]
appear to play a significant role in this case. Thus, the
question arises as to what affects oxygen concentration
in ohmically processed food with so many variables.
Basically, oxygen seemed to be generated by electrolysis
and partially consumed by the corrosion reaction.
Although it appears that the formation of oxides at
the electrode can limit oxygen availability for ascorbic
acid oxidation, such an option is unappealing when
considering that the processed product may be edible.
Perhaps, electrode corrosion can be limited using inert
coatings, high corrosion resistant metal, or maybe,
changing the reaction environment such as pH. Using
highly corrosion-resistant electrodes or changing the
reaction environment remain to be investigated in detail.
The studies of Tzedakis et al. [6] suggest that for real
food systems on a pilot scale, platinized titanium
electrodes may be a worthwhile option.

Even if it is possible to improve the stability of the
electrodes, the electrolysis (gas evolution) reaction
remains a problem that needs to be minimized. Most
processed food materials contain a high percentage of
water, which can be easily electrolyzed during ohmic

heating, causing oxygen evolution [22]. Minimization of
Faradaic reactions by the choice of high capacitance
porous electrodes may be hindered by the possibility
that bacterial colonies or proteinaceous materials may
adhere to interstitial spaces within electrodes. Another
option, the use of high frequency alternating currents, is
an increasingly attractive possibility, given the recently
lowered cost of such supplies.

The principal purpose of our study was to examine
ascorbic acid degradation in a simple buffer system, and
attempt to explain some of the phenomena in the ohmic
heating situation. A more detailed follow-up study
should attempt to quantify and characterize specific
reactions occurring at the electrodes. We further note
that a real food system is considerably more complex
than the simple buffer system used herein, and should be
the subject of separate studies.

5. Conclusions

Degradation of ascorbic acid during ohmic heating,
using stainless steel electrodes, can be described by a first
order model. The destruction rate during conventional
heating is different than that during ohmic heating with
the latter not being described by the Arrhenius relation.
Electrolysis and electrode corrosion reactions influence
the degradation rate. In particular, the formation of
oxides appears to consume electrogenerated oxygen,
making it unavailable for ascorbic acid oxidation.
Further, metal–citrate complexation results in lost
buffering capacity and increased pH, depending on the
applied power and the NaCl concentration. Thus,
changing the initial pH of the buffer solution might
result in a different pattern of ascorbic acid degradation.
These results are for a model buffer solution only, and
may not apply to the more complex real food system.
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