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The effect of the electric field frequency on ascorbic acid degradation and color changes in acerola pulp
during ohmic heating was evaluated and this technology was compared with the conventional heating
process. The electric field frequency was evaluated in the range between 10 and 105 Hz. The use of
low electric field frequency (10 Hz) led to greater ascorbic acid degradation and higher color changes
probably due to the occurrence of electrochemical reactions. Above 100 Hz these reactions were mini-
mized and, as a result, ohmic and conventional heating processes showed similar degradation rates of
ascorbic acid and similar color changes. The use of high electric field frequency did not affect the degra-
dation kinetics of ascorbic acid and pigment compounds. This indicates that the ascorbic acid molecule
predisposition for hydrogen donation in redox reactions was not affected by the rapidly varying electric
field.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Acerola (Malpighia emarginata D.C.) is a tropical fruit of great
nutritional value because of its high content of vitamin C (1000–
4000 mg/100 g) and the presence of other nutrients such as antho-
cyanins, carotenoids, iron and calcium. Loss of its vitamins and
pigments due to thermal treatment during food processing is a
major concern, which may be potentially mitigated by alternative
pasteurization processes such as ohmic heating.

Ohmic heating is based on the passage of an alternating current
through a sample which responds by generating heat internally
due to its inherent resistance (Fryer et al., 1993; Palaniappan and
Sastry, 1991a). The energy generation is proportional to the square
of the local electric field strength and the electrical conductivity of
the product (Goullieux and Pain, 2005; Ruan et al., 2001). This
technology is one alternative to thermal processing that allows
high-temperature/short-time processing (de Alwis and Fryer,
1992; Stirling, 1987). Ohmic heating can provide a fast and uni-
form heating with the ability to start/stop thermal processing
instantaneously (Bansal and Chen, 2006). These advantages allow
reaching the desire holding temperature of the process in a short
time, usually few seconds, reducing the treatment time that is crit-
ical to avoid excessive thermal damage to labile substances.
The ohmic heating consists of the application of AC voltage to
electrodes in contact with the product. When an electric field is ap-
plied to a sample, each molecule in the field suffers a slight distor-
tion of the electron distribution, called electronic polarization
(North, 1972). The electric field distorts the negative cloud of elec-
trons around the positive atomic nuclei in a direction opposite to
the field. This slightly separation of charges make one side of the
atom somewhat positive and the opposite side negative. The con-
sequence of each molecular dipole along the direction of the field
is a polarization of the whole sample. The rate of the polarization
process is determined by the charge mobility. This is irrelevant if
the electric field changes slowly, but if the electric field is altered
rapidly (as a high frequency alternating voltage) there is not time
for an equilibrium polarization to be established (North, 1972).

Studies have been performed to evaluate the effect of the elec-
tric field frequency during moderate electric field treatments on
food properties and process parameters (Bansal and Chen, 2006;
Imai et al., 1995; Kulshrestha and Sastry, 2006; Lima et al.,
1999b; Shynkaryk et al., 2010), diffusion and extraction of certain
constituents of foodstuffs (Kulshrestha and Sastry, 2003; Lakkakula
et al., 2004; Lima and Sastry, 1999; Wang and Sastry, 2002), stim-
ulation of microbial growth (Loghavi et al., 2008, 2009) and inacti-
vation kinetics of spores (Somavat et al., 2012). However, little is
known about the effect of the electric field frequency on nutrient
stability during ohmic heating.
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The nutritional components of the acerola pulp, such as ascorbic
acid and pigment compounds, are subjected to an electric field dis-
tortion when the ohmic heating technology is applied. High elec-
tric field frequencies do not allow the polarization to reach the
equilibrium and this phenomenon may influence on their degrada-
tion kinetics. For this reason, the objective of this work was to eval-
uate the effect of the electric field frequency (from 10 to 105 Hz) on
ascorbic acid degradation and color changes in acerola pulp during
ohmic heating and also to compare this technology with the con-
ventional heating process.
2. Materials and methods

2.1. Acerola pulp

The acerola pulp was supplied by EcoFruits Company (South Jor-
dan, USA). The nutritional properties of the product were evalu-
ated. The total dry matter and moisture content were determined
by the gravimetric method (AOAC, 2005). The soluble solid content
and pH values were determined using a refractometer (Sper Scien-
tific, model 300017, Scottsdale, AZ, USA) and a pH meter (Mettler
Toledo, pH-/Cond-/DO-/ISE-Meter model, USA), respectively.
Monomeric anthocyanins were analyzed using the pH-differential
method (Lee et al., 2005). Total phenolic content was determined
by the Folin–Ciocalteau method (Waterhouse, 2003). All analyses
were performed at least in triplicate.

2.2. Ohmic heating process

The ohmic heating apparatus comprised a power amplifier
(Industrial Test Equipment, model 500A, Port Washington, NY,
USA), a function generator (Tektronix Inc., model AFG3252, Richard-
son, Tex, USA), an Agilent 34970A data acquisition unit and HP
BenchLink Data Logger software (Agilent Technologies Inc., Palo Alto,
CA, USA), a computer and an ohmic cell. A schematic diagram of
the ohmic heating setup is presented in Fig. 1. The ohmic cell con-
sisted of a 500 ml jacketed glass vessel. The electrodes were made
of titanium. The electrodes were curved to conform to reactor
dimensions. The maximum inter-electrode gap was 7.5 cm and
the minimum gap was 5.7 cm. Electrode height was 5 cm and reac-
tor height was 9.9 cm. The temperature was measured by 2 type-T
thermocouples. One of the thermocouples was located close to the
electrode and the other away from the electrodes. Temperature
distribution in the sample during heating was homogeneous. The
difference between the two measurements was less than 2 �C. This
homogeneity was achieved due to the intense agitation of the
product (magnetic stirrer plate, Fisher Scientific, Model Isotemp,
USA). The current flowing through the circuit was monitored by
Fig. 1. Schematic diagram of the ohmic heating setup (V = voltage measurement;
A = current transformer and T = temperature sensor).
a Pearson current transformer (Pearson Electronics Inc., model
150, Palo Alto, CA, USA) with a working range of 40 Hz–20 MHz.

The kinetic experiments were conducted at 85 �C for up to 2 h,
using 30 V and 75 �C water in the jacket, simultaneously. This was
necessary to match the time–temperature histories of the conven-
tional and ohmic heating processes. This procedure allows the
evaluation of the non-thermal effects of the electricity during the
thermal treatment. Fig. 2 presents a plot of temperature against
time for the ohmic and conventional heating experiments con-
ducted at 85 �C. The time required to reach the desired holding
temperature was approximately 13 min.

The experiments were carried out using 350 g of acerola pulp.
Samples were withdrawn at various heating times (0, 20, 40, 60,
80, 100 and 120 min) and their ascorbic acid concentration and
moisture content were determined. The ascorbic acid content after
the sample reached the desired holding temperature was consid-
ered the initial ascorbic acid content. This was required to elimi-
nate the effect of heating the sample until reaching the desired
start-up temperature as a variable during the experiments. Trials
were conducted in triplicate for each frequency evaluated (10,
102, 103, 104 and 105 Hz).

2.3. Conventional heating process

The conventional heating process was carried out in the ohmic
cell without the presence of the electrodes. The same thermostatic
water bath (Brookfield Engineering Laboratories, model EX-100, MA,
USA) was used to heat the samples. The kinetic experiments were
conducted at the same temperature (85 �C) and the samples were
withdrawn at same heating times (from 0 to 120 min).

2.4. Determination of ascorbic acid content

The ascorbic acid content of the samples was determined using
a high performance liquid chromatograph (Hewlett–Packard, HP
Agilent 1100 system, Norwalk, CT, USA). The column used was a re-
verse C18 Luna� (5 lm, 250 � 4.6 mm, Phenomenex, Torrance, CA,
USA). Isocratic chromatographic separation was carried out using
a mobile phase of KH2PO4 (5%). The eluent flow-rate was 0.7 ml/
min and the column temperature was of 25 �C. Ascorbic acid was
identified by comparing the retention time of the sample peak with
that of the ascorbic acid standard at 254 nm.

The extraction of ascorbic acid consisted of adding 1.5 g of sam-
ple to 7.5 ml of 4.5% (w/v) meta-phosphoric acid solution. The mix-
ture was then homogenized for 30 s and centrifuged (5 min, 10 �C,
1500 � g). The supernatants were filtered through a 0.45-lm PTFE
membrane, diluted and injected into the HPLC system. Samples
were protected from light during all procedures.
Fig. 2. Thermal histories of acerola pulp during ohmic and conventional heating
treatments.



Table 1
Nutritional properties of acerola pulp.

Property Mean value

Total solids content (g/100 g) 12.81 ± 0.33
pH 3.27 ± 0.03
Vitamin C (mg/100 g) 1657 ± 45
Monomeric anthocyanis (mg/100 g) 2.16 ± 0.17
Phenolics (mg/100 g) 1445 ± 35
Soluble solids content (�Brix) 11.3 ± 0.3
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2.5. Color measurement

Color measurements were performed using a ColorQuest XE
colorimeter (Hunter Assoc. Laboratory, VA, USA). The CIELAB param-
eters a*, b* and L* were obtained with the light source D65 and
observation angle of 10�, using the reflectance specular included
mode. The L* coordinate represents the lightness of the color
(L* = 0 denotes black and L* = 100 denotes white), a* indicates the
position between green and red (a* varies from �80 to +100) and
b* is the extent of blueness/yellowness (b* varies from �50 to +70).

Total color difference (DE*) was calculated using the Hunter–
Scotfield equation (Hunter, 1975):

DE� ¼ ðDa�2 þ Db�2 þ DL�2Þ
1=2

ð1Þ

where Da� ¼ a� � a�0;Db� ¼ b� � b�0 and DL� ¼ L� � L�0; subscript ‘0’
indicates color at time zero.

2.6. Determination of the kinetic parameters

The results obtained for ascorbic acid degradation and color
changes were fitted to the first-order kinetic model:

C ¼ C0 expð�k � tÞ ð2Þ

where t is the time (min), k is the rate constant (min�1), C0 and C are
the quality parameters at time zero and time t, respectively.

The decimal reduction time (D-value) is the time needed for a
tenfold reduction of the initial concentration at a given tempera-
ture. It is related to k-values according to the following equation:

D ¼ lnð10Þ
k

ð3Þ

The half-life (t1/2) value of degradation is given by:

t1=2 ¼
lnð2Þ

k
ð4Þ
Fig. 3. Ascorbic acid degradation during ohmic and conventional heating processes.
The standard deviations were lower than 3%.
2.7. Statistical analysis

Three independent experiments were carried out for each fre-
quency studied during ohmic heating and also for the conventional
heating. The results were fitted to the first-order model by nonlin-
ear estimation using Statistica 7.0 software for Windows (Statsoft
@, Tulsa, OK, USA). Statistical significance was determined by Tu-
key test (5% of confidence level).

3. Results and discussion

3.1. Sample characterization

The nutritional properties of acerola pulp are presented in Ta-
ble 1. The product showed a good content of vitamin C,
1657 ± 45 mg/100 g. This result is in agreement with those found
by Vendramini and Trugo (2000). These authors investigated the
ascorbic acid content of acerola in three different stages of matu-
rity and found values between 1074 and 2164 mg/100 g. The solu-
ble solids content of the acerola pulp was approximately 11 �Brix.
Monomeric anthocyanins and phenolic contents were
2.16 ± 0.17 mg/100 g and 1445 ± 35 g/100 g, respectively. Lima
et al. (2005) analyzed the total phenolic content of acerola fruits
at three maturation stages harvested in dry and rainy seasons.
The values range from 536 to 4524 mg/100 g. de Rosso et al.
(2008) analyzed total anthocyanin content of two Brazilian acerola
varieties and found higher values than the one found in this study:
Waldy variety showed total anthocyanin content of 6.5–7.6 mg/
100 g; while 7.9–8.4 mg/100 g were found for Olivier variety.
3.2. Ascorbic acid degradation

Thermal stability of ascorbic acid from acerola pulp was evalu-
ated using different frequencies during ohmic and conventional
heating treatment. The relationship between the ascorbic acid con-
centration and time for all treatments is presented in Fig. 3. Error
bars were not added because it would be impossible to distinguish
between the different treatments. The standard deviations were
lower than 3%. The ascorbic acid degradation percentage after
120 min of ohmic heating at 10 and 105 Hz were approximately
17% and 13%, respectively. For the conventional heating process,
the degradation percentage after 120 min was 14%. The impact of
temperature and time on ascorbic acid degradation was lower than
the expected. It is possible that the oxygen dissolved in the med-
ium is a limiting reactant since the vitamin C content in acerola
pulp is very high. Lima et al. (2010) also found that temperature
impact on ascorbic acid degradation in ground cashew apples
was not as high as expected. They observed that after heat treat-
ment at 100 �C for 120 min, ascorbic acid content was only 30%
lower than the initial value. Lima et al. (1999a) used ohmic heating
to heat orange juice for 30 min at 90 �C and ascorbic acid degrada-
tion was approximately 21%. Leizerson and Shimoni (2005) found
that the reduction of vitamin C maintained at 15% (p > 0.05) for or-
ange juice treated with ohmic heating at temperatures of 90, 120,
and 150 �C for 1.13, 0.85, and 0.68 s. Mercali et al. (2012) evaluated
ascorbic acid degradation in acerola pulp during thermal treatment
by ohmic heating varying the solids content of the pulp (2 and 8 g/
100 g) and the heating voltage (120 and 200 V); the degradation
rates varied between 3.1% and 10.6% for a heating treatment at
85 �C for 3 min. Clearly, the literature values for ascorbic acid deg-
radation in food products vary. Studies have shown that its stabil-
ity is influenced by the intrinsic properties of the product and the
process characteristics (Eison-Perchonok and Downes, 1982; Este-
ve et al., 1999; Louarme and Billaud, 2012; Mercali et al., 2012;
Odriozola-Serrano et al., 2008; Serpen and Gökmen, 2007; Vikram
et al., 2005). Vitamin C degradation can occur through aerobic and/
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or anaerobic pathways, depending on a number of factors such as
pH, acidity, metal ions, light, humidity, water activity, temperature,
presence of amino acids, carbohydrates, lipids and enzymes,
among others (Gregory, 1996).

The results of ascorbic acid concentration against time were fit-
ted to the first-order equation by nonlinear estimation. The deter-
mination coefficients (R2) presented values higher than 0.98 for all
treatments. Table 2 summarizes the kinetic parameters obtained
for each frequency evaluated during ohmic heating and also for
the conventional process. The kinetic rate constants ranged from
1.1 to 1.6 � 10�3 min�1. The rate constant for the ohmic heating
process at 10 Hz was higher than the rate constants for all other
treatments. There was no statistical difference (p > 0.05) between
ascorbic acid degradation rates of the experiments carried out with
field frequencies ranging from 100 to 105 Hz.

Two mechanisms of ascorbic acid degradation are commonly
encountered in food processing: chemical oxidation and chemical
degradation via the anaerobic pathway (Gregory, 1996). The first
case, and the dominant mechanism, is characterized by reversible
oxidation of ascorbic acid into dehydroascorbic acid, which also
has biological activity. Further oxidation generates diketogulonic
acid, which has no biological function. (Furusawa, 2001; Gregory,
1996; Lee and Kader, 2000). After diketogulonic acid hydrolysis,
additional oxidation, dehydration, polymerization and reaction
with amino acids and proteins generate various nutritionally inac-
tive products (Gregory, 1996; Lee and Kader, 2000). The degrada-
tion of vitamin C under anaerobic condition is not yet elucidated
due to its complexity (Gregory, 1996).

Another relevant mechanism of degradation during the ohmic
heating process is electrochemical degradation by reactions at
the electrodes, such as electrolysis of water and electrode corro-
sion. Electrolysis of water releases hydrogen and oxygen in the
medium which may cause additional oxidation of the ascorbic acid.
On the other hand, electrode corrosion release metal ions that also
catalyze the oxidation process (Assiry et al., 2003).

Some experimental observations may be explained by the
above mentioned mechanisms of degradation. Higher degradation
rates at 10 Hz may be due to the occurrence of electrochemical
reactions, mainly electrolysis of water. Samaranayake and Sastry
(2005) noticed corrosion of electrodes and apparent (partial) elec-
trolysis of the heating medium with most types of electrodes at
low-frequency alternating currents. They demonstrated that
although the titanium electrodes showed a relatively high corro-
sion resistance, apparent electrolysis was seen at all the pH values.
In addition, experiments conducted by Assiry et al. (2006) showed
that at a given power level, higher electric field strengths are con-
ducive to increased incidence of faradaic reactions during ohmic
heating of pH 5.7 buffer solution. Moreover, some studies have
shown that electrochemical reactions are accelerated by the use
of high voltage and low frequency (Assiry et al., 2003; Mercali
et al., 2012; Palaniappan and Sastry, 1991b; Qihua et al., 1993).
Table 2
Kinetic parameters of the first-order model for ascorbic acid degradation in acerola
pulp during ohmic and conventional heating.

Frequency (Hz) R2 K (min�1)a D (min)a t1/2 (min)a

10 1.00 0.0016 ± 0.0001a 1480 ± 72a 446 ± 22a

102 0.99 0.0012 ± 0.0001b 1948 ± 50b 587 ± 15b

103 0.98 0.0012 ± 0.0001b 1927 ± 183b 580 ± 55b

104 0.99 0.0012 ± 0.0001b 1889 ± 124b 569 ± 37b

105 1.00 0.0011 ± 0.0001b 2145 ± 179b 646 ± 54b

Conventional 0.99 0.0012 ± 0.0001b 1860 ± 151b 560 ± 45b

a Mean of three replicates ± standard error; Means in the same column with
different lowercase letters (a and b) are significantly different (p < 0.05).
The rate constant for the conventional treatment was similar to
the ones found for the ohmic heating process using frequencies
from 100 to 105 Hz (Table 2). This indicates that above 100 Hz
the electrochemical reactions were probably minimized and the
mainly mechanism of degradation is the oxidation. Experiments
conducted by Bansal and Chen (2006) suggested the use of a high
frequency power supply can be a useful tool in controlling the cor-
rosion of electrode surfaces during ohmic heating. Leizerson and
Shimoni (2005) evaluated the effect of ultrahigh-temperature con-
tinuous ohmic heating treatment on fresh orange juice in compar-
ison to the conventional pasteurization; the results showed similar
ascorbic acid degradation for both technologies when the thermal
histories were matched. Lima et al. (1999a) examined ascorbic acid
degradation in pasteurized orange juice during conventional and
ohmic heating matching the time–temperature histories and the
type of heating had no significant effect on vitamin C degradation.
Castro et al. (2004) found that the presence of an electric field
(<20 V cm�1) does not affect ascorbic acid degradation during oh-
mic heating of strawberry products. Vikram et al., 2005 evaluated
the kinetic degradation of vitamin C during infrared, ohmic
(42 V cm�1 electric field) and microwave heating in comparison
with conventional heating. The destruction of vitamin C was influ-
enced by the heating method and the temperature of processing.
Out of the four methods studied, ohmic heating gave the best re-
sult, with better vitamin C retention at all temperatures.

In this study, the use of electric field frequencies above 100 Hz
during ohmic heating did not affect the degradation kinetics of
ascorbic acid. The ascorbic acid molecule predisposition for hydro-
gen donation in redox reactions was not affected by rapidly vary-
ing electric field. As field frequency increases, the time interval
between reverse movements in field polarity gradually becomes
of a similar order to the relaxation times of the molecules. Changes
in the time available for the molecules to respond and orientate in
accordance to the direction of field changes did not influence how
molecules react in the medium. In this manner, the hypothesis that
high electric field frequencies could influence on its degradation
kinetics was not confirmed.
3.3. Color changes

The acerola pulp showed initial L* value of 44.07 ± 0.41, a* value
of 7.84 ± 0.22 and b* value of 20.05 ± 0.51, which characterizes the
acerola pulp tonality as orange/red. Figs. 4–7 show color changes
during ohmic and conventional heating. Error bars were not added
because it would be impossible to distinguish between the
different treatments. The standard deviations were lower than
2%, 5% and 6% for L*, a* and b* parameters, respectively. The color
Fig. 4. Color changes (a* values) for acerola pulp during ohmic and conventional
heating treatments. The standard deviations were lower than 5%.



Fig. 5. Color changes (b* values) for acerola pulp during ohmic and conventional
heating treatments. The standard deviations were lower than 6%.

Fig. 6. Color changes (L* values) for acerola pulp during ohmic and conventional
heating treatments. The standard deviations were lower than 2%.

Fig. 7. DE* values for acerola pulp during ohmic and conventional heating
treatments.
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parameters values were fitted to the first-order model. The deter-
mination coefficients (R2) presented values higher than 0.89 for all
treatments. This suggests the first-order model satisfactorily de-
scribed color changes in acerola pulp during ohmic and conven-
tional heating. The kinetic parameters for L*, a* and b* values
obtained for each frequency evaluated during ohmic heating and
also for the conventional process are presented in Table 3.
Color is an important quality indicator to evaluate the extent of
deterioration due to thermal processing. As shown in Figs. 4–7, L*,
a* and b* parameters decreased over time for all treatments. This
indicates that samples were less red and yellow and also were dar-
ker after the heating process. The kinetic parameters (Table 3) can
be used as an alternative tool for estimating the degradation of
nutritional compounds during processing. Non-enzymatic brown-
ing of citrus beverages is an important quality deterioration factor.
More than one type of mechanism may be involved in the forma-
tion of brown pigments, such as the reactions between amino acids
and reducing sugars (Maillard reactions) and the aerobic and
anaerobic degradation of the ascorbic acid with further reactions
of the carbonyl compounds to yield brown pigments (Fustier
et al., 2011). In acerola pulp, L* parameter can be associated with
non-enzymatic browning especially due to ascorbic acid degrada-
tion. The rate constant for L* values ranged from 0.0010 to
0.0013 min�1. The experiment using the lowest frequency
(10 Hz) showed the highest rate constant. Moreover, data showed
no statistically significant difference between all others treat-
ments. These results are comparable to the ones found for ascorbic
acid degradation.

Sant’Anna et al. (2013) summarized studies that showed a
good correlation between the CIELAB parameters and the pres-
ence of bioactive compounds in a broad range of foods. According
to these authors, in the last years several studies have focused on
evaluating color instrumentation as an alternative to control the
presence of bioactive compounds with antioxidant activities, such
as carotenoids (Meléndez-Martínez et al., 2007; Spada et al.,
2012), anhocyanins and other polyphenols (Jiménez-Aguilar
et al., 2011; Larrauri et al., 1997), betalain (Esquivel et al.,
2007), and chlorophyll (Koca et al., 2006). Acerola is a good
source of anthocyanins which are the responsible for the red col-
or of the pulp. During food processing, anthocyanins can easily
degrade resulting in color changes in the final product. The a*

parameter is a good indicator of anthocyanin degradation. The
gradual degradation of red color, visually observed during the
heating process of the acerola pulp, was confirmed by the de-
crease of a* values (Fig. 4). The rate constants for the a* parame-
ter ranged from 0.0009 to 0.0018 min�1 (Table 3).

Acerola pulp also has a good amount of carotenoid pigments
which account for the natural yellow, orange or red colors of many
foods. Mezadri et al. (2005) identified 17 carotenoid pigments in
acerola fruit, in which the four major carotenoids were the yellow-
ish ones: b-carotene, b-cryptoxanthin, lutein, and violaxanthin.
These yellowish carotenoids when isolated presented positive val-
ues of b* (Fustier et al., 2011). In this manner, the b* parameter can
be correlated with the degradation of these important pigments. As
shown in Table 3, the rate constants for changes in b* values ranged
from 0.0022 to 0.0030 min�1, being the color parameter most af-
fected by the heating processing.

Overall, the behavior of the L*, a* and b* parameters with fre-
quency was similar. The experiment conducted at 10 Hz showed
the highest color changes (highest rate constants) for L*, a* and b*

parameters. This result is confirmed by total color difference
(DE*) curves shown in Fig. 7. DE* values were obtained taking in
consideration the three coordinates of the CIELAB space. This result
may be due to the occurrence of electrochemical reactions that
accelerate the degradation of the acerola pulp pigments. On the
other hand, for all color parameters, no statistical differences (5%
confidence level) were observed between the experiments carried
out at frequencies ranging from 100 to 105 Hz. As shown in Fig. 7,
the total color difference curves of these experiments were very
close to each other. Moreover, no statistical differences were ob-
served between the two heating technologies when frequencies
higher than 100 Hz were used.



Table 3
Kinetic parameters of the first-order model for color changes in acerola pulp during ohmic and conventional heating.

La parameter aa parameter ba parameter

FQ (Hz) k (min�1) D (min) R2 k (min�1) D (min) R2 k (min�1) D (min) R2

10 0.0013 ± 0.0002a 1812 ± 230 a 0.95 0.0018 ± 0.0002a 1318 ± 154a 0.93 0.0030 ± 0.0002a 772 ± 54a 0.99
102 0.0010 ± 0.0001b 2280 ± 130b 0.90 0.0011 ± 0.0001b 2062 ± 171b 0.90 0.0022 ± 0.0001b 1065 ± 51b 0.95
103 0.0010 ± 0.0000b 2255 ± 85b 0.94 0.0009 ± 0.0002b 2568 ± 562b 0.89 0.0024 ± 0.0003b 976 ± 122b 0.96
104 0.0010 ± 0.000 b 2285 ± 122b 0.97 0.0010 ± 0.0001b 2416 ± 230b 0.96 0.0024 ± 0.0002b 965 ± 69b 0.98
105 0.0010 ± 0.0000b 2324 ± 59b 0.97 0.0009 ± 0.0001b 2481 ± 357b 0.98 0.0024 ± 0.0001b 948 ± 35b 0.99
Conv. 0.0010 ± 0.0000b 2313 ± 102b 0.96 0.0009 ± 0.0001b 2476 ± 176b 0.98 0.0024 ± 0.0001b 981 ± 49b 0.99

a Mean of three replicates ± standard error; Means in the same column with different lowercase letters (a and b) are significantly different (p < 0.05).
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4. Conclusions

This work studied the effect of electric field frequency on degra-
dation kinetics of ascorbic acid and color changes in acerola pulp
during thermal treatment by ohmic heating. Ascorbic acid degra-
dation fitted a first-order reaction model and the rate constants
ranged from 1.1 to 1.6 � 10�3 min�1. Color parameters L*, a* and
b* decreased over time for all treatments, which indicates color
changes during the heating treatment.

Low electric field frequency (10 Hz) showed higher ascorbic
acid degradation and higher color changes probably due to occur-
rence of electrochemical reactions. Electrolysis of water releases
oxygen in the medium, which catalyzes the degradation pathways
of these compounds. Ohmic heating using frequencies above
100 Hz and conventional heating showed similar degradation rates
of ascorbic acid. This might be an indication that above 100 Hz the
electrochemical reactions were minimized and the mainly mecha-
nism of degradation is the oxidation. The use of electric field fre-
quencies above 100 Hz during ohmic heating did not affect the
degradation kinetics of ascorbic acid. This was observed even at
high frequencies where the time interval between reverse move-
ments in field polarity becomes of a similar order to the relaxation
times of the molecules. In this manner, high electric field frequen-
cies did not influence how ascorbic acid molecules react in the
medium. Further work in this area is required to achieve a better
understanding of the effect of the electric field frequency during
ohmic heating on the kinetic reactions of nutritional compounds.
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