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Effect of ohmic heating processing conditions on color
stability of fungal pigments
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Abstract
The aim of this work was to analyze the effect of ohmic heating processing conditions on the color stability of
a red pigment extract produced by Penicillium purpurogenum GH2 suspended in a buffer solution (pH 6) and
in a beverage model system (pH 4). Color stability of pigmented extract was evaluated in the range of
60–90 �C. The degradation pattern of pigments was well described by the first-order (fractional conversion)
and Bigelow model. Degradation rate constants ranged between 0.009 and 0.088 min�1 in systems evalu-
ated. Significant differences in the rate constant values of the ohmic heating-treated samples in comparison
with conventional thermal treatment suggested a possible effect of the oscillating electric field generated
during ohmic heating. The thermodynamic analysis also indicated differences in the color degradation mech-
anism during ohmic heating specifically when the pigment was suspended in the beverage model system.
In general, red pigments produced by P. purpurogenum GH2 presented good thermal stability under the
range of the evaluated experimental conditions, showing potential future applications in pasteurized food
matrices using ohmic heating treatment.
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INTRODUCTION

Color plays an important role in the acceptability of
foodstuffs and is a basic aspect of the identification,
assessment, and judgment of quality. Also, it is the sen-
sorial attribute mostly employed by the food industry
to get the attention of consumers in order to increase
products sales (Vendruscolo et al., 2013).
Consequently, most of the food industries add color-
ants to final products in order to enhance/replace color
lost and to minimize product variations during process-
ing allowing to obtain homogeneous and high-quality
final products (Aberoumand, 2005).

Recently, research about natural pigments has risen
due to the growing demands for natural products and
also due to the association of synthetic dyes with toxic
effects on health (Mapari et al., 2005). Natural pig-
ments can be extracted or produced by different sources
such as plants; animals; minerals; and some micro-
organisms such as yeast, bacteria, microalgae, and
fungi (Dufossé, 2006). However, microbial pigments
have some advantages over plant-extracted pigments
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Julio Montañez, Department of Chemical Engineering. Universidad
Autónoma de Coahuila, Saltillo, Coahuila 25280, México.
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such as the absence of seasonal impediments and could
be produced in high yields (De Carvalho, 2004).

Recently, filamentous fungi have been reported as
potential sources of pigments with different chemical
structures and color hues (Mapari et al., 2009). To
date, the most well-known fungal pigments producer
is Monascus strains. For hundreds of years, Monascus
pigments have been used as food colorants in Asia,
mainly in China and Japan. However, a disadvantage
of pigmented extracts (EXs) produced by Monascus is
the coproduction of the mycotoxin citrinin (Mapari
et al., 2010).

Recently, it was reported the ability of Penicillium
strains including Penicillium purpurogenum species to
produce polyketides azaphilone pigments similar to
Monascus without synthesis of citrinin or other myco-
toxins making it a potential pigment producer strain for
future applications in food (Dufossé et al., 2014;
Mapari et al., 2008, 2009, 2010).

The implementation of these natural pigments at
industrial scale requires detailed knowledge of certain
aspects such as their stability under different processing
conditions, which will allow an optimal process design
and optimization (Fernández-López et al., 2013). In
food processing areas, the stability is considered one
of the critical aspects for application in a real food
system (Rawson et al., 2011).

Currently, conventional thermal processing is mostly
used in food industry to ensure the microbiological
quality of food and enzyme inactivation (Sarkis et al.,
2013). Ohmic heating (OH) technology is a promising
alternative to conventional heating (CH) technology
having the advantage to reach high temperatures in a
short period, also allowing rapid and uniform heating
(Bansal and Chen, 2006; De Alwis and Fryer, 1992;
Stirling, 1987). By not requiring extensive processing
times, it allows reducing the damage and degradation
of thermolabile compounds resulting in an improve-
ment in quality parameters’ retention and sensorial
properties (Bozkurt and Icier, 2012; Guida et al.,
2013). OH technology has been applied during the pas-
teurization of fruit juices in order to inactivate some
quality-related enzymes (Lee et al., 2015;
Samaranayake and Sastry, 2016a, 2016b). Regarding
the stability of food colorants under OH, some
researchers have studied the effect of OH process con-
ditions in anthocyanins degradation in acerola pulp
(Mercali et al., 2013), blueberry pulp (Sarkis et al.,
2013), jaboticaba juice (Mercali et al., 2015) grapefruit
and blood orange (Achir et al., 2016). However, studies
regarding the effect of OH technology on microbial
pigments stability have not been carried out yet.

The aim of this work was to analyze the effect of OH
processing conditions on the color stability of a red
pigment EX produced by P. purpurogenum GH2

suspended in a buffer solution and in a beverage
model system (MS) and to compare this effect with
CH processes.

MATERIALS AND METHODS

Microorganism

P. purpurogenum GH2 strain provided by the Food
Research Department (DIA-UAdeC) was used for pig-
ment production. This fungal strain was isolated from
Mexican desert plants of Coahuila, characterized, pur-
ified, and stored in the culture collection. The micro-
organism was maintained on potato dextrose agar
(PDA) slants at 4 �C and subcultured periodically.

Culture media

The inoculum was grown in potato dextrose broth
(ATCC medium: 336). This was prepared by boiling
300 g of little diced potato in 500ml of water until prop-
erly cooked. Then, the supernatant and potatoes were
filtered through cheesecloth and distillate water was
added to complete 1.0 l. Finally, 20.0 g of glucose was
added before sterilization. Czapek–Dox modified
medium was used as fermentation culture medium for
pigment production and prepared according to
Méndez-Zavala (2011) and Morales-Oyervides et al.
(2015) containing (g/l): D-xylose 15.0, NaNO3 3.0,
MgSO4�7H2O 0.5, FeSO4�7H2O 0.1, K2HPO4 1.0,
KCl 1.0, and ethanol 20.0.

Cultivation

First, P. purpurogenum GH2 strain was grown onto
plates with 30ml of PDA medium and incubated at
30 �C for five days (INO 650V-7, New Brunswick,
USA). After, a spore’s suspension was collected by
adding tween 20 solution (0.01% v/v). Inoculum (myce-
lium) was prepared by inoculating Erlenmeyer flasks
containing potato dextrose broth with 1� 105 spores/
ml and incubated at 30 �C and 200 r/min for three
days in an orbital shaker (Inova 94, New Brunswick
Scientific, USA). Pigment production was carried out
according to conditions reported by Morales-Oyervides
et al. (2015). Briefly, Erlenmeyer flasks containing
Czapek–Dox modified medium were inoculated with
10% (v/v) of mycelium and incubated at 30 �C and
200 r/min during six days.

Extracellular pigment extraction

Extracellular pigment recovery was carried out accord-
ing to the methodology previously reported by Méndez-
Zavala (2011) and Morales-Oyervides et al. (2015).
The aqueous EX was centrifuged at 10,000 r/min
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and 4 �C (Sigma-18KS, Germany) during 20min.
Finally, the EX was filtrated through 0.45mm cellulose
membrane filter (Millipore, USA).

Pigment determination

The red pigment produced during fermentation was
quantified by optical density at 500 nm using a spectro-
photometer (Unico UV 2150, USA) according to the
maximum absorbance wavelength previously deter-
mined by scanning the maximum sensitivity at the
light absorption for the presence of the pigment.
Different blank references to pigment quantification
were needed. The Czapek–Dox modified medium was
used as a blank reference to quantify the amount of
pigment produced by fermentation. During pigments
degradation as a result of processing, a citrate–phos-
phate buffer of pH 6.0 and 4.0 with the components
of the MS was used as a blank reference for the red
pigment EX and the beverage MS, respectively. For
this work, the red color intensity is the critical quality
factor of interest.

Samples preparation

Red pigments EX. The red pigment EX of P. purpur-
ogenum GH2 was used to prepare pigment solutions
adjusting the absorbance around 1.0 unit at 500 nm.
The EX was diluted in citrate–phosphate buffers to
maintain the pH value of 6.0 during processing with a
conductivity of 17.30mS cm�1 (Hanna, USA) (Silveira
et al., 2013).

Model beverage system. The model beverage system
was based on the formulation previously reported by
Dyrby et al. (2001) with some modifications. Model
beverage composition was as follows (g/l): sucrose
110.0, citric acid 5.0, potassium sorbate 0.18, and glu-
tamine 0.057. The color was adjusted by adding the
pigment EX in order to establish color intensity
around 1.0 absorbance units at 500 nm. The MS was
kept at pH 4.0 and conductivity (Hanna, USA) of
7.28mS cm�1 during different treatments using a cit-
rate–phosphate buffer.

OH process

The experiments were performed in a glass stirred reac-
tor with an OH system using a frequency of 60Hz. The
OH unit consisted of a variable power amplifier
(Superior Electric, Farmington, Connecticut, USA)
attached to a data acquisition system (PicoLog TC-
08, Pico Technology, UK) to monitor temperature
(Thermocouple type K) and voltage (Multimeter,
RS232C, Mul-600, Mexico).

The thermocouple was collocated in the center of the
vessel to obtain a uniform measurement.

The ohmic cell consisted of a 260ml Pyrex glass
vessel provided with a water jacket. The vessel height
was 13.0 cm and 7.0 cm wide. The electrodes were made
of stainless steel with a diameter of 4.7 cm and 5.0 cm of
height according to the vessel design. The distance
between electrodes in the cell was 4 cm.

The kinetic experiments were conducted at different
temperatures (60, 70, 80, and 90 �C). Samples were
withdrawn at various heating times (0, 15, 30, 45, 60,
and 75min) and transferred to an ice water bath
(Precision 183, USA) for subsequent optical density
measurement. The samples were stirred during all treat-
ment times by means of a magnetic stirrer plate
(Thermo Scientific, USA) in order to avoid temperature
gradients in the treatment chamber.

An extended processing time is needed to get import-
ant information regarding pigment stability even
though in practice, only a few seconds or minutes of
heating at high temperatures are necessary to get a suc-
cessful pasteurization or sterilization. Therefore, these
conditions (time and temperature) were chosen in order
to obtain a significant decrement in pigment concentra-
tion during the process and fit the data to a kinetic
model without overestimating model parameters.

For the OH process, the sample temperature was
increased by applying 20V to the pigmented EX sus-
pended in a buffer solution and 30V for the beverage
MS until reaching the target temperature. When the
sample reached the desired temperature, the first
sample was collected and considered as zero time. At
zero time, the color loss was less than 5% at the
maximum temperature employed in all cases. Then,
the voltage was controlled to maintain a constant tem-
perature by applying between 1.0 and 3.0V. This
strategy was followed in order to assess the effect of
OH and determine if the application of an electric
field exerts any additional effect on the color stability
of both studied systems compared with traditional
heating.

Figure 1 presents a temperature profile of the con-
ventional and ohmic processed samples at 80 �C.
Similar time–temperature profiles were obtained for
all conducted treatments (data not shown).

CH process

The CH process was carried out as control, following
the methodology previously reported by Morales-
Oyervides et al. (2015). Experiments were carried out
by using the same OH cell without the application of
the electric field. The temperature range was similar to
the OH process (60–90 �C). The samples were with-
drawn at the same heating time (0–75min). The
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temperature was monitored using type K thermo-
couples inserted in the center of the vessel.

Mathematical modeling of color degradation
kinetics

First-order kinetic model. Color degradation was fitted
to a first-order model (fractional conversion model),
considering a fraction of compound (pigment) remain-
ing after a long period of time as previously observed
by Morales-Oyervides et al. (2015)

OD ¼ ODeq þ ðOD0 �ODeqÞexp
�kt ð1Þ

where OD is the optical density at time t, OD0 is the
initial value, ODeq is the residual OD (obtained experi-
mentally), and k is the first-order rate constant at tem-
perature T.

The effect of temperature on the rate constant was
evaluated using the Arrhenius equation

k ¼ kref:exp �
Ea

R

1

T
�

1

Tref

� �� �
ð2Þ

where Tref is the reference temperature (70 �C), kref
(min�1) is the degradation rate at Tref, the Ea is the
activation energy (kJ mol�1), R is the ideal gas constant
(0.008314 kJmol�1 K�1), and T is the temperature (K).

Bigelow’s thermal death time (TDT) model. The cor-
responding expression considering a residual OD after
treatment in terms of decimal logarithms and a con-
stant temperature is

logOD ¼ logðODeq þ OD0 �ODeq

� �
10�

t
D ð3Þ

where OD is the optical density at time t, and D is the
decimal reduction time at the experimental tempera-
ture, T.

The effect of temperature on the decimal reduction
time can be expressed by

logDT ¼ logDTref
10�

T�Tref
z ð4Þ

where the value of the decimal reduction time at a ref-
erence temperature (DTref

) and the TDT parameter (z)
are the two parameters of the model.

Bigelow and Arrhenius’s models are related accord-
ing to a straightforward mathematical relationship
where Ea and z are related to each other through tem-
peratures T and Tref

Kref ¼
lnð10Þ

Dref
; Ea ¼

RTTreflnð10Þ

z
ð5Þ

The entire set of data was fitted in the global models by
least squares nonlinear regression under conditions of
constant temperature obtaining a more precise estima-
tion of the parameters. Thus, it was possible to obtain a
better prediction of the behavior of pigments degrad-
ation under all the range of temperature evaluated.
Based on the above, the global models describing the
effect of temperature and time on pigments degradation
were described by the following equations

OD¼OD0þðOD0�ODeqÞexp
� kref: exp �

Ea
R

1
T�

1
Tref

� 	h i
:t

n o

ð6Þ

logOD ¼ logOD0 þ ðOD0 �ODeqÞ10
�10

T�Tref
z

Dref ð7Þ

The sum of squared residuals by all data fitted in the
global models was estimated by

SSR ¼
Xnr
k¼1

Xnt
i¼0

XnT
j¼1

ðODr,t,T �ODi,jÞ
2

ð8Þ

where ODr,t,T are the experimental data points and
ODi,j are the data points predicted by the model.
Models discrimination was based on R2-values given
by 1�SSR/SSD, where SSD is the sum of squared devi-
ations of data points from the average of the sample.

STATISTICAL ANALYSIS

Three independent experiments were carried out for
each temperature and time combinations for pigment
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Figure 1. Temperature profiles of Penicillium purpuro-
genum GH2 pigment samples during ohmic and conven-
tional heating treatments at 80 �C.
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EX and beverage MS during ohmic and conventional
processes. The minimum of the SSRs was determined
with the Solver Add-In Microsoft Excel (Microsoft
Excel version 2013, Microsoft Corporation). The kin-
etics parameters were compared using ANOVA and
Tukey’s test. All the statistical analyses were performed
using Statistica 13.0 (Statsoft, Tulsa, Oklahoma, USA).

RESULTS AND DISCUSSION

Studies conducted in this research showed a high sta-
bility of the P. purpurogenum GH2 pigment using both
heating procedures. Pigment degradation varied
around 33 and 23% during OH and conventional ther-
mal processing, respectively, in all conditions analyzed.

Kinetic analysis of color degradation

Thermal stability of P. purpurogenum GH2 pigment has
been previously investigated by Morales-Oyervides
et al. (2015) in a buffer of pH 6. However, the range
of temperatures and treatment media used in this inves-
tigation for OH were different from those reported by
the referred study. Therefore, data in conventional
thermal treatment were obtained in order to avoid the
necessity of extrapolating the kinetics parameters and
being able to compare OH with CH.

Data corresponding to color degradation against
time were fitted to the first-order and Bigelow’s model
so that we could compare and analyze adequately the
impact of OH and CH in the color stability of red pig-
ment EX. Both models are the most used approaches
for describing the kinetics of quality losses in thermally
processed foods (Morales-Oyervides et al., 2015; Ocio
et al., 1994; Saraiva et al., 1996). Figure 2 illustrates an

example of the fitting of both models to the color deg-
radation curves of the beverage MS processed by OH
and CH at 90 �C. These models provided a good fit and
proved to be appropriated to describe the color degrad-
ation in all the range of experimental conditions inves-
tigated. Similar patterns were observed for all the
treatments analyzed (data not shown). The equation
parameters and the corresponding correlation coeffi-
cients describing the influence of temperature on degrad-
ation of red pigment are listed in Tables 1 and 2. The
time required for achieving the 50% of pigment degrad-
ation (t1/2) is also presented in Tables 1 and 2. The cor-
relation coefficients obtained were higher or equal to
0.90, indicating that the model used could be applied
satisfactorily to describe degradation curves. It can be
observed an increment in all rate constants by increasing
temperature for both treatments studied.

The first-order rate constant ranged from
(9.0� 1.0)� 10�4 to (8.1� 0.2)� 10�3min�1 and from
(9.0� 1.0)� 10�4 to (5.9� 1.0)� 10�3min�1 for pig-
ment EX processed by OH and CH, respectively. For
beverage MS, the first-order rate constant varied from
(1.1� 0.0)� 10�3 to (8.8� 0.2)� 10�3min�1 and from
(9.0� 0.0)� 10�4 to (5.3� 0.2)� 10�3min�1 for OH
and CH, respectively.

It can be observed from Tables 1 and 2 that heating
process type (OH and CH) did not show a statistical
difference (p> 0.05) in degradation rate constant in the
range of 60–70 �C temperature. Conversely, at higher
temperature significant differences in the rate constant
were observed. For example, at 90 �C the rate constant
corresponding to the pigment degradation was around
1.5 times higher for the OH than for the CH independ-
ently of the pigmented system. The higher degradation
of the pigment by OH as compared with a CH at the
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same temperature could be due to a collateral effect
caused during OH processing such as the occurrence
of electrochemical reactions such as water electrolysis
and the electrode corrosion causing electrochemical
degradation of pigments by reactions at the electrode
(Assiry et al., 2003). A second important effect in the
degradation pathways by sample processed under OH
could be the polarization phenomena that depend
strongly on molecular weight, mobility, and tempera-
ture (Icier and Baysal, 2004). When an electric field is
applied, the molecules of the sample tend to align with
the oscillating electric field producing the phenomenon
of polarization, being this dependent on the relaxation
time, which is the necessary time to reorganize the
random orientation of the molecules’ dipoles when an
electric field is removed. As it is mentioned above, the
differences in the rate constants only appear significant
in temperatures higher than 70 �C during OH. Icier and
Baysal (2004) have suggested that at high temperatures
frequency and relaxation time decrease, thus affecting
the polarization process.

The rate constants degradation obtained in the pre-
sent work permits to illustrate the high thermal stability
of P. purpurogenum GH2 pigment as compared with
other natural pigments treated for OH or CH.
Mercali et al. (2013) studied the stability of anthocya-
nins in acerola pulp in a temperature range of 75–90 �C
under OH and CH treatments. They reported that
anthocyanins degradation was well described by a
first-order reaction model and not significant differ-
ences were observed in the rate constants when OH
or CH was applied. The degradation rate constant at
the highest temperature (90 �C) was between two and
three times higher than the values here obtained for P.
purpurogenum GH2 pigments. Also, Mercali et al.
(2015) reported that monomeric anthocyanins degrad-
ation of jaboticaba juice was independent of the heating
procedure and also followed a first-order degradation
pattern. However, the degradation rate of anthocyanins
in the juice was similar to the rate values determined in
our study by using both technologies. On the other
hand, Sarkis et al. (2013) did not observe the difference

Table 1. Parameters of the first-order-type Arrhenius model for color degradation in the pigment extract during ohmic
and conventional heating

Process T (�C) k (min�1) D (min) R2 t1/2 (min)

Conventional heating 60 0.0009� 0.0001a 2612.87� 224a 0.91 786.55� 68a

70 0.0019� 0.0001b 1206.16� 42b 0.97 363.09� 13b

80 0.0032� 0.0003c 723.36� 65b,c,d 0.96 217.75� 20b,c,d

90 0.0059� 0.0001e 387.34� 5d 1.00 116.60� 1d

Ohmic heating 60 0.0009� 0.0001a 2151.98� 281b 0.96 647.81� 85b

70 0.0020� 0.0001b 1123.90� 50b,c 0.98 338.33� 15b,c

80 0.0041� 0.0001d 562.56� 11c,d 0.99 169.35� 3c,d

90 0.0081� 0.0002f 284.70� 6d 1.00 85.70� 2d

Results are the average values of three independents experiments (mean� standard error of three replicates per sample).
Different letters (a–d) indicate significant statistical differences (p< 0.05).

Table 2. Parameters of the first-order-type Arrhenius model for color degradation in beverage model system during
ohmic and conventional heating

Process T (�C) k (min�1) D (min) R2 t1/2 (min)

Conventional heating 60 0.0009� 0.0000a 2518.06� 122a 0.90 758.01� 37a

70 0.0016� 0.0001a,b 1410.21� 107c 0.94 424.51� 32c

80 0.0032� 0.0003c 712.13� 74d 0.93 214.37� 22d

90 0.0053� 0.0002d 431.30� 18d,e 0.98 129.83� 6d,e

Ohmic heating 60 0.0011� 0.0000a 2100.71� 49b 0.95 632.38� 15b

70 0.0021� 0.0000b 1078.37� 23d 0.98 324.62� 7d

80 0.0047� 0.0001d 493.85� 11d,e 0.99 148.66� 3d,e

90 0.0088� 0.0002e 261.10� 6e 0.99 78.60� 2e

Results are the average values of three independents experiments (mean� standard error of three replicates per sample).
Different letters (a–e) indicate significant statistical differences (p< 0.05).
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between CH and OH during degradation of anthocya-
nins in blueberry pulp when OH was applied at low
voltage gradient. However, as it was observed in the
present work, the degradation rate was greater when
OH at low levels of voltage was applied at higher tem-
peratures. Other studies indicated that ascorbic acid
and carotenoids presented similar degradation rate
when OH and CH were compared, suggesting that the
presence of oscillating electric field did not affect the
degradation mechanism during the OH process (Pez-
Jaeschke et al., 2016).

The decimal reduction values (D) and the half-time
(t1/2) values for each experimental condition evaluated
for pigment EX and beverage MS are presented in
Tables 1 and 2. For pigment EX, D-values and t1/2-
values ranged from 2152� 281 to 285� 6min and
between 648� 85 and 86� 2min for OH-treated sam-
ples, respectively. Meanwhile, D-values and t1/2-values
for CH were found between 2613� 224 to 387� 5 and
787� 68 to 117� 1min, respectively. D-values obtained
at 60 and 80 �Cwere in agreement with those reported by
Morales-Oyervides et al. (2015) in a buffer system at the
same pH value of 6.0. Also, for the beverage MS
D-values and t1/2-values ranged from 2101� 49 to
261� 6min and between 632� 15 and 79� 2min,
respectively, for OH, and from 2518� 122 to
431� 18min and 758� 37 and 130� 6min, for CH,
respectively. The observed differences in model param-
eters between ohmic and conventional treatment could
be the result of the effect of the electric field applied
under the conditions previously mentioned, considering
that these values are directly correlated to the rate
of degradation.

The D-values for OH obtained here represent a
marked effect of OH on pigments degradation; however,
the time required to reduce the number of viable cells by
1 log cycle is much lower for microbial inactivation.
Pereira et al. (2007) studied the effect of OH on
the death kinetics of Escherichia coli in goat milk
(55–65 �C, 50Hz, different field strengths) and Bacillus
licheniformis in cloudberry jam (70–90 �C, 50Hz, differ-
ent field strengths) and reported values of 14.2–0.86min
for E. coli and 59.6–1.19min for B. licheniformis. Sun
et al. (2008) reported D-values of 6.59–0.16min for
Streptococcus thermophilus inactivation in milk under
OH processing (70–80 �C, 20Hz, different field
strengths).

In general, red pigments produced by P. purpuro-
genum GH2 presented a very good thermal stability
when is subjected to OH technology conditions. In
the range of experimental conditions evaluated, P. pur-
purogenum GH2 pigments show a potential for appli-
cations in pasteurized food matrices. Treatments at
60 �C for 75min degraded pigment color less than 5%
independently of the heating procedure or treatment

medium. After OH and CH processing at maximum
condition evaluated (90 �C for 75min), the percentage
of color degradation for pigment EX was 30 and 24%,
respectively.

Modeling temperature dependence of color
degradation

Figures 3 and 4 illustrate the effect of temperature on
the rate constant k and Dt-values calculated according
to equations (2) and (4). These relationships have been
widely used to describe the thermal stability of chemical
compounds, allowing calculating Dt- and z-values that
are essential in the design and optimization of pasteur-
ization processes. The D-value at a reference tempera-
ture (Dref) and the z-value are the basis of TDT method,
which is the current procedure in industrial practice for
most pasteurization and sterilization processes.
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Table 3 presents the parameters obtained from equa-
tions (6) and (7). Both models provided a good fit to the
rate constants k and Dt-values and allowed to calculate
the activation energy (Ea) and the thermal resistance
coefficient (z-value) for both treatments and media
tested. The Ea corresponding to the thermal degrad-
ation of P. purpurogenum GH2 pigment EX for both
heating procedures was in the range of Ea previously
reported for thermal inactivation of the same pigment
or anthocyanins (Mercali et al., 2013, 2015; Morales-
Oyervides et al., 2015).

Statistical comparison of this parameter was per-
formed separately for the media treatment studied
(Tukey’s test). Only the evaluated treatments in the
beverage MS showed significant differences (p< 0.05),
Ea-value for OH was higher (71.04� 1.78 kJmol�1) in
comparison with the value obtained by CH
(59.07� 1.52 kJmol�1).

On the other hand, no statistical differences (p> 0.05)
were observed between the Ea-values corresponding to
the pigment EX processed by OH and CH processes.

However, the z-values for the pigmented EX pro-
cessed under OH and CH were 33.80� 0.40 and
38.19� 1.88 �C, respectively. In reference to beverage
MS, the z-values for OH and CH were 33.46� 0.84
and 40.11� 0.98 �C, respectively.

The z-values obtained here for both treatments are
significantly higher than other natural pigments like
carotenoids present in orange juice (Fratianni et al.,
2010) and citrus juice (Dhuique-Mayer et al., 2007)
with z-values ranged between 10.2 and 22.5 �C. Not
to mention that are higher than those for microorgan-
isms/enzyme inactivation. Onwnka et al. (2008)
reported z-values of 4 �C for E. coli and 20 �C for
Salmonella spp., presenting higher sensitive tempera-
ture than pigments here evaluated. Comparable values
were reported by Aghajanzadeh et al. (2016) obtaining
a z-value of 36.90 �C for pectin methylesterase in sour

orange juice during heat treatment. Even though the
obtained z-values are higher with CH than with OH,
the difference between both heating treatments is much
lower than that observed in microbial inactivation
(Pereira et al., 2007). Studies have reported that OH
may present nonthermal cellular damage due to the
electric field. Therefore, a considerable reduction of z-
value is observed for microbial inactivation under OH
when compared to CH methods (Pereira et al., 2007;
Sun et al., 2008).

Moreover, experiments demonstrated that the higher
sensitivity of the pigment to temperature leads to high
temperature and short time (HTST) conditions being
ideal. Ohmic processing enables heating at a high
rapid rate and thus makes possible to achieve HTST
conditions; these conditions are hardly achieved using
CH meaning that process optimization with OH tech-
nology should permit even greater retention of the
color intensity.

Thermodynamic analysis

The good fit of kinetic parameters provided by the first-
order-type Arrhenius model enabled the calculation of
apparent thermodynamic parameters that allowed to
infer about structure and stability aspects during the
degradation processes of P. purpurogenum GH2
pigments.

The change of activation enthalpy (�H 6¼), free
energy of inactivation (�G6¼), and activation entropy
(�S 6¼) for pigments degradation in the different systems
were calculated according to

�H 6¼ ¼ Ea � R:T ð9Þ

�G 6¼ ¼ �R:T:ln
k:h

kB:T

� �
ð10Þ

Table 3. Kinetic parameters of global models for pigments degradation during ohmic and conventional heating

First-order Arrhenius type model Bigelow TDT model

Process Ea (kJ mol�1) kref (min�1) R2 Dref (min) z (�C) R2

Pigment extract Pigment extract

Conventional 61.878� 3.30a 0.002� 0.00013a 0.99 958.58� 56.24a 38.19� 1.88a 1.00

Ohmic 70.318� 0.48a 0.003� 0.00003b 1.00 791.29� 15.34b 33.80� 0.40a 1.00

Beverage model system Beverage model system

Conventional 59.066� 1.52a 0.002� 0.00016a 0.98 999.01� 75.00a 40.11� 0.98a 1.00

Ohmic 71.036� 1.78b 0.003� 0.00003b 0.99 725.98� 18.55a 33.46� 0.84b 1.00

TDT: thermal death time.
Results are the average values of three independents experiments (mean� standard error of three replicates per sample).
Different letters (a and b) indicate significant statistical differences (p< 0.05).
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�S 6¼ ¼
�H 6¼ ��G 6¼

T
ð11Þ

where h is the Planck’s constant (3.3232� 10�34 J s) and
KB is the Boltzmann constant (1.3806� 10�23 J K�1).
Values of thermodynamic parameters are listed
in Table 4.

�H 6¼ values provide a measure of the energy differ-
ence between the reagent and active complex represent-
ing the energy barrier that must be overcome by the
molecules during the reaction. This parameter is related
to the number of noncovalent bonds broken resulting
in a structure alteration in the system (Bhatti et al.,
2006; Georgieva et al., 2012).

In this study, �H 6¼ values for the pigment EX
and beverage MS were statistically different between
the heating processes. �H 6¼ values for pigmented EX
varied from 67.30� 0.50 to 67.55� 0.50 kJmol�1 and
from 58.86� 3.30 to 59.11� 0.50 kJmol�1 for OH
and CH treatments, respectively. Similarly, �H6¼

values for beverage MS ranged between
68.02� 1.80 and 68.27� 1.80 kJmol�1 and from
56.05� 3.30 to 56.30� 1.59 kJmol�1 for OH and
CH treatments, respectively. OH processed samples
showed higher values of �H 6¼ indicating a greater
structure alteration due to the electric field applied.
Contrary to above described, several authors did not
observe significant differences in �H 6¼ values in
anthocyanins treated by OH and CH in acerola
pulp and jaboticaba juice (Mercali et al., 2013,
2015). The positive sign of �H 6¼ evidence that two
evaluated systems presented an endothermic reaction
with heat adsorption. Also, it can be observed that
�H 6¼ increased with temperature in both systems,
indicating that the pigment conformation could be
modified (Bhatti et al., 2006; Morales-Oyervides
et al., 2015).

�G6¼ is a criterion of equilibrium and spontaneity; in
all cases for both pigment EX and beverage model pro-
cessed under OH and CH �G6¼ presented positive
values, which means that P. purpurogenum GH2 pig-
ments degradation is a nonspontaneous reaction, pre-
senting a resistance against thermal unfolding.
Independently of the technology applied and system
evaluated, pigments presented similar values oscillating
between 100.82 and 105.26 kJmol�1, being this value
close to those reported by several authors for natural
pigments (Mercali et al., 2013, 2015; Morales-Oyervides
et al., 2015; Terra-Silveira et al., 2013).

Finally, �S6¼ measures the disorder change of the
system to a molecular level and negative entropy
values suggested that there were negligible disorders
of the molecules. �S6¼ values for pigment EX ranged
between �126.58 and �127.30mol�1K�1 and from
�100.52 to 101.24mol�1 K�1 for CH and OH,

respectively. Instead, �S6¼ values in beverage MS
were in the range of �134.85 to 135.57 and from
�97.74 to �98.46mol�1 K�1 for CH and OH, respect-
ively. Nevertheless, according to the negative values
obtained in all cases a low level of disorderliness in
the system during the degradation process (Bhatti
et al., 2006).

CONCLUSION

Pigment degradation kinetics of red pigments produced
by P. purpurogenum GH2 under ohmic and CH treat-
ment was well described by the Bigelow and Arrhenius
models (R2

¼ 0.98–1.00). Red pigments showed good
stability (degradation varying from less than 1.0% to
around 32.8%, depending on processing conditions).
No significant difference was obtained when the pig-
ment EX or the model beverage was submitted to
both heating treatments.

OH treatment showed a higher effect on the pig-
ments than CH treatment; however, this effect is less
pronounced than that observed for microbial inactiva-
tion. At optimum microbial inactivation conditions
with OH treatment, degradation can be negligible
depending on the target microorganism.

Table 4. Thermodynamic parameters obtained for pig-
ments degradation during ohmic and conventional heating

Process T (K)
�H6¼

(kJ mol�1)
�G6¼

(kJ mol�1)
�S 6¼

(J mol�1)

Pigment extract

Conventional 333 59.11a 101.26a �126.58a

343 59.03a 102.53b,c �126.83a

353 58.94a 103.80d,e �127.07a

363 58.86a 105.07e �127.30a

Ohmic 333 67.55a 101.02a �100.52a

343 67.47a 102.03b �100.77a

353 67.38a 103.04c,d �101.01a

363 67.30a 104.05f �101.24a

Model system
Conventional 333 56.30a 101.20a,b �134.85a

343 56.21a 102.55c �135.10a

353 56.13a 103.90d �135.33a

363 56.05a 105.26e �135.57a

Ohmic 333 68.27b 100.82b �97.74b

343 68.18b 101.79b �97.99b

353 68.10b 102.78c �98.23b

363 68.02b 103.76d �98.46b

Results are the average values of three independents experiments
(mean� standard error of three replicates per sample).
Different letters (a–d) indicate significant statistical differences
(p< 0.05).
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Fungal pigments showed a very good stability under
both CH and OH, showing promising results for future
applications in heat pasteurized food systems.
Nonetheless, red pigments produced by P. purpuro-
genum GH2 are potentially useful for products pasteur-
ized under HTST conditions, which can be easily
achieved by OH. Process optimization with this tech-
nology will allow achieving higher color retention.

RESEARCH HIGHLIGHTS

– Fungal pigments presented high stability under ohmic
heating technology.

– Degradation kinetics during ohmic and conventional heat-
ing processing were well described by first-order and
Bigelow models.

– Nonthermal effects could influence the color degradation

rate in fungal pigments’ extracts and beverage model
systems.
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