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Natural pigments are alternatives to synthetic colorants with growing industrial interest for food and
non-food uses (e.g. textiles). However, they are generally thermally labile and therefore their practical
interest depends on the loss under typical processing conditions being acceptable. Penicillium strains
are producers of natural red pigments of potential interest. The loss of colour of these pigments was stud-
ied at relevant conditions for food and beverage pasteurisation. Thermal liability of colour was well
described by a first order model (with a constant off-set) at pH 6 up to 80 �C, and at 80 �C for pH 4–8,
with a z-value of 48.7 ± 0.9 �C and a D80C,pH6 of 981 ± 5 min. The stability was significantly affected by
pH, with an approximately linear increase of 173 ± 3 min in D80 per pH unit. The high z-value, which is
5 times the z of typical target micro-organisms in thermal processing, suggests a good scope for process
optimisation to minimise losses. At the middle point of pH 6 these kinetic parameters would suggest that
losses of red colour intensity (OD at 500 nm) of less than 1% in pasteurisation are feasible. Losses will be
higher in matrices of lower pH, where process optimisation will therefore be more relevant. It was con-
cluded that these red pigments are of industrial interest, as with further optimisation of industrial pro-
duction yields to minimise costs, and then going through the process of acceptance as new food
ingredients, they are potentially economically competitive.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Colour is one of the most important sensory attributes of foods,
contributing to their acceptance by consumers. Several studies
along with demographic observations showed the importance of
colour as a single factor on which food preference is often based
(Clydesdale, 1993). Recently, there has been a high interest in the
utilisation of natural ingredients by the food industry since various
synthetic pigments have been associated with toxic effects in foods
(Mapari et al., 2005). It has been reported (Cho et al., 2002;
Dufossé, 2006; Méndez-Zavala et al., 2011; Suhr et al., 2002) that
some microorganisms have the ability to produce pigments in high
quantities. Microorganisms are more feasible sources of pigments
in comparison to pigments extracted from plants and animals
because they do not have seasonal constraints, do not compete
for limited farming land with actual foods, and can be produced
in high yields (De Carvalho, 2004). Monascus pigments have been
suggested as food colorants, but they contain citrinin, which there-
fore limits the likelihood of their approval (Mapari et al., 2008). It is
therefore important to find non-toxic pigment microorganism pro-
ducers other than Monascus as an alternative. Recently, Penicillium
purpurogenum has gained attention as a pigment producer strain in
liquid fermentation (Méndez-Zavala et al., 2011; Santos-Ebinuma
et al., 2013) and furthermore Penicillium colorants have presented
antimicrobial activities and absence of toxicity against Artemia
salina (Teixeira et al., 2012).

The stability of natural pigments under processing conditions
has been a major challenge for food applications (Rawson et al.,
2011) because natural colorants tend to be thermally labile, which
limits their industrial interest. The application of heat is the most
common technology used in food processing and preservation.
However, heat is known to induce several chemical and physical
changes that may reduce the content or bioavailability of some
bioactive and functional compounds (Patras et al., 2010; Rawson
et al., 2011; Sánchez-Moreno et al., 2005). Thermal processing of
foods involves heating to temperatures from 50 to 150 �C, depend-
ing on the pH of the product and the desired shelf life. The stability
of natural pigments is therefore the main focus of many recent
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studies due to their abundant potential applications, their benefi-
cial effects and their use as alternatives to artificial colorants in
foods (Mapari et al., 2010; Puspita et al., 2012).

These studies have shown that natural pigments may have too
low stability for food processing and therefore it is necessary to
ascertain if pigments have sufficient stability for practical use
before expensive research is undertaken to have them accepted
as new food ingredients, under the constraints of modern legisla-
tion. Pigment stability is not only a function of the processing tem-
perature, it is also influenced by intrinsic properties such as pH,
chemical structure, enzymes, protein and metallic ions content,
and also extrinsic factors during storage, such as light and oxygen
availability (Ahmad et al., 2012; Chiste et al., 2010; Jing et al., 2012;
Mapari et al., 2009; Ranalli et al., 2005; Shi and Le Maguer, 2000;
Wada and Kishikawa, 2007). There are many studies on the ther-
mal degradation of food compounds such as anthocyanins, carote-
nes and enzymes (Aparicio-Ruiz et al., 2011; Hernández-Herrero
and Frutos, 2011; Rudra-Shalini et al., 2008), but there is scarce
information in literature on the kinetics of thermal degradation
of natural pigments produced by microorganisms. Mapari et al.
(2009) studied the photostability of fungal pigments produced by
Penicillium aculeatum IBT 14263 and Epicoccum nigrum IBT 41028,
concluding that fungal pigments presented higher photostability
in comparison with the controls. Recently, Terra-Silveira et al.
(2013) studied the thermal and pH degradation of red pigments
produced by the fungus Monascus purpureus, concluding that a
first-order kinetic model was suitable to describe the thermal
degradation of pigments.

Red pigments are very important for many sauces (e.g. tomato,
chilli) and some beverages (e.g. berries), so its most relevant appli-
cability would be in aqueous solution. In order for this process to
have practical application, it is necessary to establish that (i) it is
sufficiently stable and amenable to process optimisation to min-
imise losses under conditions of interest to foods and drinks; (ii)
it can be produced industrially with high yields; (iii) it is charac-
terised and tested in accordance with EU and FDA regulations for
use as a new food ingredient. This sequence of steps is listed from
cheapest to most expensive, as there is no point in engaging in
more expensive research if the economic feasibility of the applica-
tions is not assured.

The objective of this work was to quantify the kinetics of the
thermal degradation of the red pigment extract produced by fer-
mentation of P. purpurogenum GH2 at relevant conditions for pas-
teurisation of foods and beverages, in order to assess the extent of
its loss, and the potential to minimise it to acceptable levels with
process optimisation.

Thermal processing optimisation is based on achieving the pas-
teurisation target (lethality of target microorganisms) while min-
imising the loss of the valuable components. Due to the different
sensitivity to temperature of microbial lethality and most quality
factors, HTST (high temperature short time) conditions are ideal
(Awuah et al., 2007). Thermal processing is most commonly
defined on the basis of the Bigelow Thermal Death Time (TDT)
kinetic model, where temperature influence is quantified by the
z-value, which is of the order of 8–12 �C, depending on product
and microbial target. The higher the differential of the z-value of
the quality factor to this target, the greater the loss minimisation
achieved by HTST. Thus, the red pigment extract studied in this
work would be of industrial interest if it showed a high D value
and a high z value.

It could be visibly seen that loss of pigment resulted in loss of
colour intensity as well as light absorbance at this wavelength.
Thus, the Optical Density at 500 nm (OD500) is a measure of both
the pigment concentration and of the colour intensity sensorial
perceived.
2. Materials and methods

2.1. Microorganism

P. purpurogenum GH2 was used for pigment production. The
purified strain was donated by DIA-UAdeC (Cruz-Hernández
et al., 2001; Espinoza-Hernández, 2004). Cultures of this
microorganism were maintained on PDA (Potato dextrose agar,
39.0 g L�1) slants at 4 �C and sub-cultured periodically.

2.2. Media

The Potato Dextrose Broth (ATCC medium: 336) was prepared
by boiling finely 300.0 g of diced potatoes in 500 mL of water until
thoroughly cooked; the potatoes were then filtered through
cheese-cloth and water was added to the filtrate to complete a vol-
ume of 1.0 L. The filtrate was then heated to dissolve the agar.
Finally, 20.0 g of glucose was added before sterilization. The cul-
ture growth medium used was the Czapek-dox modified medium
reported by Méndez-Zavala (2011) for the production of pigments,
consisting in (g L�1): 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.

2.3. Inoculum preparation

Erlenmeyer flasks (125 mL)containing 25 mL of PDB medium
were sterilized and inoculated with a spore suspension
(1 � 105 spores mL�1) of P. purpurogenum GH2. They were culti-
vated at 30 �C for 3 days in an orbital shaker (Inova 94, New
Brunswick Scientific, USA) at 180 rpm.

2.4. Culture conditions for pigment production

The initial pH of the Czapek-dox modified medium was
adjusted to 5.0 before sterilizing by using 0.22 lm sterile mem-
branes (Millipore, USA). A mycelial suspension of P. purpurogenum
GH2 was inoculated at 10% (v/v) in 125 mL Erlenmeyer flasks con-
taining 25 mL of medium. The inoculated flasks were incubated at
30 ± 2 �C in an orbital shaker (Inova 94, New Brunswick Scientific,
USA) at 200 rpm for 6 days.

2.5. Pigment extraction

The pigment extraction was performed according to the
methodology reported by Méndez-Zavala (2005). The pigment
extract was centrifuged at 8000 rpm and at 4 �C for 20 min
(Sorball, Primo R Biofuge Centrifugation Thermo, USA). The super-
natant was then subjected to a second centrifugation at 8000 rpm
for 30 min and at 4 �C, and finally filtered through a 0.45 lm cellu-
lose membranes (Millipore, USA) for the subsequent analysis of
pigments. In this study only extracellular pigments were consid-
ered. The analysis of red pigment production was done by measur-
ing the absorbance of the filtered extract at 500 nm using a
spectrophotometer (Cary 50, UV–Visible Varian, USA) taking the
dilution factor of the samples into consideration. This wavelength
was selected by scanning the maximum sensitivity for the pres-
ence of the pigment (that is, the pigment absorbs maximum light
at this wavelength).

2.6. Mathematical modelling of colour loss kinetics

The most common kinetic model to quantify microbial lethality
is Bigelow’s Thermal Death Time (TDT) model, which assumes a
logarithmic decrease at constant temperature with the D-value
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being the time required for a 1 decimal log cycle reduction, which
is then postulated to vary also logarithmically with temperature,
with the z-value being the number of degrees of temperature
required to cause a one decimal log cycle reduction of the
D-value. This is mathematically indistinguishable from a first order
kinetic model, which states that the rate of loss is proportional to
the concentration of micro-organisms (or of quality factor indica-
tor), although the temperature influence on the rate constant is
expressed differently by assuming the Arrhenius model which
involves an exponential variation with the reciprocal of tempera-
ture instead of temperature itself. The thermal stability of chemical
components is more usually studied in literature with first order
and Arrhenius kinetic models and therefore it is useful to express
the outcome of kinetic studies with both sets of parameters: D
and z values to compare with pasteurisation targets and define
process optimisation conditions; rate constants (k) and activation
energy (Ea) values to compare with chemical kinetics.

Many authors have stated that thermal colour degradation also
follows first order kinetics (Yoon et al., 2003; Sharma et al., 2008;
Ndiaye et al., 2011). The important measure of quality for red pig-
ments is the intensity of its red colour. In fact, if the pigments
would degrade to molecules that were equally red in intensity,
the concentration of the pigments could change and that would
not actually matter. Thus, Optical Density (OD) at the relevant
wavelength for red pigments (around 500 nm) is the critical qual-
ity factor of interest. When following OD as an indicator of the
thermal stability of pigments, it is not possible to distinguish
between different mechanistic interpretations of the kinetics
observed. However, for practical purposes, an apparent first order
kinetics of the loss of red colour intensity would be all that would
be required for a straightforward application to thermal processing
optimisation. Fig. 1 shows the pattern of OD500nm loss at 80 �C for a
very long time (up to 40 h). It can be seen that the pigment is
indeed thermally labile (and hence the relevance of determining
its kinetic parameters to ascertain if the loss is acceptable under
processing conditions of interest), but it does not exhibit true first
order kinetics because OD does not tend to zero, and stabilises at a
value of 1.5. This could be due to the fact that the metabolites of
the pigment degradation still have some red colour, in which case
1.5 would be the OD of the molecules resulting from total degrada-
tion of the pigments, the concentration of which would indeed
tend to zero. It could however also be due to the degradation reac-
tion being reversible, and thus showing a point of equilibrium, in
Fig. 1. Loss of optical density during thermal treatment at 80 �C for an extended
period of time (up to 40 h). Different symbols denote different replicates and the
dashed line the equilibrium OD value of 1.5.
which case 1.5 measures the concentration of the pigments at
equilibrium at 80 �C. The mathematical developments are not
shown, but the end result is mathematically the same in terms of
OD: a first order kinetics applying to the OD minus an off-set,
which is the equilibrium value of OD, whatever the reason for that
equilibrium to exist. At constant temperature, the chemical kinetic
model is:

ðOD� ODeqÞ ¼ ðODo � ODeqÞe�kt ð1Þ

where OD is the optical density registered at time t of exposure at
constant temperature T, ODo its initial value, ODeq the off-set (resid-
ual OD at infinite time of exposure) and k is the first order rate con-
stant at temperature T. The fundamental meaning of the parameters
ODeq and k depends on the phenomenological interpretation. It can
be proven mathematically that (i) if the metabolites are transparent
and the reaction is reversible, then k is the real rate constant of the
degradation reaction multiplied by 1 � 1/Ke with Ke being the equi-
librium constant and ODeq would be the initial OD value multiplied
by the ratio between the real rate constant of the degradation reac-
tion and the equilibrium constant; (ii) if the reaction is irreversible
and proceeds to zero concentration of the pigments, but the
metabolites of the degradation are not transparent, then k is the
rate constant of the degradation reaction and ODeq is the ratio of cal-
ibration constants of the relationship between concentration and
OD of the metabolites to that of the original pigment extract.

The Arrhenius model expresses the temperature sensitivity of
the apparent 1st order rate constant:

k ¼ k80e�
Ea
R

1
Tþ273�

1
353ð Þ ð2Þ

where Ea is the activation energy, R the ideal gas constant, k80 the
rate constant at 80 �C (which is 353 K) and T the temperature in �C.

The corresponding TDT model expressions are that at constant
temperature:

ðOD� ODeqÞ ¼ ðODo � ODeqÞ10�
t
D ð3Þ

and the influence of temperature is given by:

D ¼ D8010�
T�80

z ð4Þ

It follows that there are simple mathematical relationships between
k and D and between Ea and z:

D80 ¼ ln10=k80; Ea ¼
RTTrln10

z
ð5Þ

However, the different distribution of errors in different models
implies that when handling experimental data k80 with Ea and D80

with z should be determined independently, with their own models
being fitted to the data, rather than fitting with one model and then
using Eq. (5) to obtain the other model parameter. The expression is
however useful to show that the two models describe different real-
ities: if the Arrhenius model is correct and thus Ea is constant, then z
will vary with temperature, and vice versa. However, given the low
range of temperatures of interest in thermal processing of foods
compared to chemical reaction engineering, and given the experi-
mental error and the variability that it causes, differences between
the two models are usually smaller than experimental variability
and it is therefore usually impossible to differentiate between the
two in food processing.

2.7. Experimental design

In order to validate that first order kinetics (with an off-set) are
applicable over the entire range of temperatures, it is advisable to
perform a set of experiments at different constant temperatures
and validate the model with one D or k value at each temperature,
and then verify that the temperature influence is appropriately
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described by Eqs. (2) or (4). pH is known to affect significantly the
thermal stability of many molecules and therefore, both tempera-
ture and pH are influential factors of interest. Thus, the influence of
both temperature and pH on the loss rate should be assessed.

A cross (one-dimensional) experimental design was used. Also
known as a ‘‘One-at-a-time’’ design, it provides a detailed scan of
the influence of each factor at a constant value of the other. This
provides a good coverage of the solution space to analyse sec-
ondary models of the influence of pH and of temperature on the
loss rate, although it can only be extrapolated beyond the central
cross if interactive effects are negligible. Pigment extracts were
kept for up to 270 min at 30, 40, 60 or 80 �C with a constant pH
of 6 (maintained by a buffer), and at 80 �C with pH kept at 4.0,
5.0, 6.0, 7.0 and 8.0 with appropriate buffers. The buffer solutions
used were 0.2 M sodium citrate–phosphate (pH 4.0, 5.0, and 6.0)
and 0.2 M sodium phosphate (pH 7.0 and 8.0).

This design provides a sufficiently detailed analysis of the kinet-
ics at pH 6.0, which is relevant for many products, testing the
kinetic model and its dependency on temperature, and then pro-
vides sufficient detail for the type of influence of pH on the rate
constant at the highest temperature, which is typical of pasteurisa-
tion of beverages and sauces. It provides an efficient analysis of the
influence of temperature and pH on the loss rate, but does not
assess the interactive effect, so it can only be extrapolated to other
pH and T if the z (or Ea) value is independent of pH and if the pH
influence on the rate is independent of temperature. Whether this
is a valid assumption or not depends on the specific matrix of
interest, but the kinetic parameters may change significantly with
compositional factors, so for a specific product application the
kinetic parameters should be evaluated for that particular product
anyway. The information obtained with this design is sufficient to
indicate whether the pigment is of potential interest, with an
indicative loss estimated with this model that neglects interactive
effects and compositional factors.
2.8. Experimental procedure for the analysis of the thermal stability of
the red pigment extract

The pigment extract was placed in sealed Pyrex tubes (20 mm
length, 3 mm id and 1 mm thick), ensuring adiabatic heating. The
tubes were immersed in a thermostatic water bath (Precision,
USA). During the thermal treatments, the temperature of the pig-
ment solution was measured using a thermocouple type K and data
acquisition system (PicoLog TC-08, Pico Technology, UK). At prede-
termined time intervals, the samples were removed and immedi-
ately cooled in an ice bath until analysis of the optical density.
All experiments were repeated 3 times. Each analytical determina-
tion was replicated, giving a total of 6 readings for each sampling
time at each temperature and pH. The centre of the cross design
(80 �C and pH 6) was performed twice (total of 6 replicates and
12 values for each sampling time).
2.9. Data analysis

It is important to validate the temperature dependency model
by checking the variation of k or D with temperature at pH 6,
according to Eqs. (2) and (4), and also ascertain if ODeq is indepen-
dent of temperature (and if not, which type of dependency it would
have). However, the values of Ea or z and of the pH influence model
should not be obtained from these secondary fits of the rate con-
stant, instead, the whole set of data should be processed in one sin-
gle fit from where the parameters k80 and Ea, or D80 and z are
obtained with multiple regression (Cunha et al., 1997,1998).
Likewise, analysing independently each set of data for each pH at
80 �C is important to verify what type of relationship might quan-
tify the influence of pH on the rate constant appropriately, but the
parameters should then be determined from a single fit of all data.

Each set of 3 replicates at a given pH and T was therefore first fit
with Eqs. (1) or (3). The dependency of D (or k) with temperature at
pH 6, the dependency with pH at 80 �C, and the possibility of ODeq

varying with temperature or pH were analysed. As will be shown
in the results section, the use of Eqs. (2) or (4) for the former
was validated, an approximately linear influence of pH on the rate
loss at 80 �C was found, and ODeq was deemed constant. Thus,
neglecting interactive effects results in the following global models
to fit the entire set of data with muliple regressions:

ðOD� ODeqÞ ¼ ðODo � ODeqÞe�ðk80;6�aðpH�6ÞÞ�e�
Ea
R

1
Tþ273�

1
353ð Þ

:t ð6Þ

ðOD� ODeqÞ ¼ ðODo � ODeqÞ10
� 10

T�80
z :t

D80;6þaðpH�6Þ ð7Þ

It is noted that Eqs. (6) and (7) are only valid for experiments at a
constant temperature such as those used in this work. The fit of
all data with Eqs. (6) or (7) could give 4 model parameters: ODeq,
the off-set, independent of pH and of temperature; k80,6 (or D80,6),
the rate constant (or thermal death time) at 80 �C and pH 6; Ea

(or z) the temperature dependency of the rate constant (or thermal
death time) at pH 6; a, the pH dependency of the rate constant (or
thermal death time) at 80 �C. Rate constants are notoriously
collinear with off-set values in model fitting (Cunha et al., 1997);
therefore the ODeq parameter was fixed at the experimentally
determined value of 1.5 (value of OD for a very long time, see
example in Fig. 1), leaving only 3 parameters to be determined by
least squares regression.

The sum of squared residuals of the entire set of data for each
model (SSR) was defined by:

SSR ¼
Xnr

k¼1

Xnt

i¼0

XnT

j¼1

Xnp

l¼1

ðODrk ;ti ;Tj ;pHl
� ODi;j;lÞ2 ð8Þ

where nr is the number of replicated measurements (2 analytical
replicates � 3 replicated experiments = 6 in this case), nt the num-
ber of experimental sampling times in the respective temperature
set (10 were used in all cases, including time zero), nT is the number
of different temperature sets at pH 6 (4 in this case, 30, 40, 60 and
80 �C), and np the number of pH values at 80 �C (including pH 6, as
there were two independent sets of 3 replicates in this case),
ODrk ;ti ;Tj ;pHl

is the experimental data point obtained in replicate k
at temperature T, sampling time ti and pHl, ODi,j,l is the value pre-
dicted by the model for processing for a ti time at a temperature
Tj and pHl as per Eqs. (6) or (7). The minimum of Eq. (8) was deter-
mined with the Solver Add-In of Microsoft Excel using the Simplex
method (Microsoft Excel version 2010, Microsoft, Seattle, USA). The
goodness of fit was quantified by the coefficient of correlation (R2),
which is the percentage of the variance of the data explained by the
model, given by 1 � SSR/SSD, where SSD is the total sum of squared
deviations of the data in relation to the their own global average.
The 95% confidence intervals of the parameters were given by:

ci95%;m ¼ sem � tS0:95;n�3 ð9Þ

where sem is the standard error of parameter m (m = 1 for k80,6 or
D80,6; 2 for z or Ea; 3 for a) and tS0.95,n�3 the t-Student distribution
value for a 95% confidence interval and n � 3 degrees of freedom,
where n is the total number of data points and 3 the number of
parameters of the fit, as ODeq was determined experimentally to
be 1.5. The standard error is given by:

sem ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SSR� dm;m

n� 3

r
ð10Þ
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where dm,m is the element of the diagonal of the inverse of the
Jacobian of the model in relation to its parameters (the product of
the vector of derivatives of the model by its transpose), for the
respective parameter m. For instance, for the TDT model in Eq. (8):
d ¼

Pnr
k¼1

Pnt
i¼0

PnT
j¼1

Pnp

l¼1
@OD
@Dr

� �2 Pnr
k¼1

Pnt
i¼0

PnT
j¼1

Pnp

l¼1
@OD
@Dr

� �
@OD
@z

� � Pnr
k¼1

Pnt
i¼0

PnT
j¼1

Pnp

l¼1
@OD
@Dr

� �
@OD
@a

� �
Pnr

k¼1

Pnt
i¼0

PnT
j¼1

Pnp

l¼1
@OD
@Dr

� �
@OD
@z

� � Pnr
k¼1

Pnt
i¼0

PnT
j¼1

Pnp

l¼1
@OD
@z

� �2 Pnr
k¼1

Pnt
i¼0

PnT
j¼1

Pnp

l¼1
@OD
@z

� �
@OD
@a

� �
Pnr

k¼1

Pnt
i¼0

PnT
j¼1

Pnp

l¼1
@OD
@Dr

� �
@OD
@a

� � Pnr
k¼1

Pnt
i¼0

PnT
j¼1

Pnp

l¼1
@OD
@z

� �
@OD
@a

� � Pnr
k¼1

Pnt
i¼0

PnT
j¼1

Pnp

l¼1
@OD
@a

� �2

2
666664

3
777775

ð11Þ
The partial derivatives were obtained from Eq. (8), and then
summed for all data points in the array. The inverse of the array
was calculated with the MINVERSE function in Excel.
3. Results and discussion

3.1. Kinetic parameters

Both the 1st order kinetics and the TDT model provided a good
fit of the data for the 4 temperatures at pH 6, with the parameters
given in Table 1. Fig. 2 shows just one example at 80 �C. The coef-
ficients of determination were good. Fitting with the constant
value of ODeq = 1.5 is therefore acceptable. Plotting log D versus T
and ln k versus 1/T (Fig. 3) suggests a linear relationship and there-
fore the temperature dependency models of Eqs. (2) and (4) were
validated.

Likewise, 1st order kinetics and the TDT model provided a good
fit of the data with ODeq = 1.5 for the 4 other pH values (4, 5, 7 and
8) at 80 �C, with the parameters given in Table 2. Fig. 4 shows that
a linear relationship would be an acceptable simple model to quan-
tify the influence of pH.

Fitting the entire set of data with the global models in Eqs. (6)
and (7) provided the parameters given in Table 3, with a high good-
ness of fit. The adequacy of the global model is further shown in
the diagnosis plots of Fig. 5 (points randomly places tightly around
the diagonal).
3.2. Comparison with other systems

The kinetic parameters shown in Table 3 compare very well
with those of similar systems reported in literature, and indicate
a good stability with a low sensitivity to temperature, which is
quite amenable for process optimisation (z value 5 times the aver-
age microbial target in thermal processing).

Terra-Silveira et al. (2013) studied the stability of fungal pig-
ments produced by M. purpureus in a temperature range of 30–
80 �C at pH 6 and reported that a simple first order model (with
no evidence of a non-zero equilibrium value) was appropriate.
However, the model obtained here, with a lingering residual value,
agreed with other studies previously reported to describe thermal
degradation of natural pigments such as carotenoids and lycopene
(Ahmed et al., 2002; Colle et al., 2010).
Table 1
Kinetic parameters and goodness of fit of the individual fits of the data at pH 6.

T (�C) k (min�1 � 103) D (min) R2 t1/2 (h)

30 0.21 ± 0.01 10,961 ± 50 96.2 50.3
40 0.42 ± 0.01 5527 ± 19 97.7 31.9
60 0.86 ± 0.03 2691 ± 12 96.2 12.8
80 2.48 ± 0.05 981 ± 30 95.0 4.66
The D values of the thermal degradation of P. purpurogenum
GH2 pigments ranged from 167 to 17 h at pH 6 in the temperature
interval of 30–80 �C (Tables 1 and 2). Reyes and Cisneros-Zevallos
(2007) reported D values of 50–108 h at 80 �C for the thermal
stability of anthocyanins of purple and red-flesh potatoes in aque-
ous extracts, which would be much more stable. Ndiaye et al.
(2011) studied the thermal degradation kinetics of chlorophyll
pigments and found values of 91–6 h at a temperature range of
60–95 �C, which corresponds to a higher sensitivity to temperature
than Table 3 indicates (lower value of z, or around 20 �C only), so
those pigments would be less stable than the ones used in this
work at higher temperatures (from Table 1, D values at 60 and
95 �C would be 42.7 and 8.7 h), and would be the same at 72 �C.

Some literature data reports half-life time as a kinetic parame-
ter, this being the time required to lose 50% of the initial quality
factor. From Table 1 it can be determined that the half-life of the
pigments tested ranged from 55 to 5 h in the 30–80 �C range at
pH 6. Hillmann et al. (2011) studied the thermal degradation of
anthocyanins in grape juice and found half-life values of 21.19–
2.46 h at 70–90 �C. Shao-Qian et al. (2011) also studied the thermal
effect on the stability of the anthocyanins in orange juice, reporting
values of t1/2 in the range of 8.21–2.79 h at a temperature interval
of 70–90 �C. All these have similar kinetics to those of Table 1. Ou
et al. (2009) studied the thermal degradation kinetics of Monacolin
K, a metabolite produced by Monascus spp., at a temperature inter-
val of 90–121 �C and reported t1/2 values in the range of 30.64–
1.38 h, which would be much more stable.

The z values for cooking and nutrient degradation (25–45 �C)
(Fellow, 1998) are slightly lower than the value in Table 3, which
is not statistically different from that reported by Terra-Silveira
Fig. 2. Loss of optical density during thermal treatment at a constant temperature
of 80 �C for up to 270 min at pH 6. Different symbols denote the different replicates,
the full line shows the fit provided by the Arrhenius model and the dashed line the
fit given by the Bigelow model.



Fig. 3. Diagnosis plots of the temperature influence on the rate parameters. (a)
Arrhenius representation of constants. (b) Bigelow representation of constants.

Table 2
Kinetic parameters and goodness of fit of the individual fits of the data at 80 �C.

pH k (min�1 � 103) D (min) R2

4 3.64 ± 0.05 631 ± 12 99.4
5 3.30 ± 0.05 662 ± 15 99.2
6 2.48 ± 0.03 981 ± 30 95.0
7 2.16±.04 987 ± 27 98.9
8 1.75 ± 0.06 1239 ± 33 96.2

Fig. 4. Influence of pH on the D80 values obtained by fitting each set of data at each
pH separately (open circles). The full squares and solid line show the D values of a
joint fit of all data forcing the D values to increase linearly with pH.
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et al. (2013) for red pigments produced by M. purpureus
(50.1 ± 2.3 �C). The z-value of 50 �C (or activation energy of
42.4 kJ mol�1) implies that the degradation of red pigments pro-
duced by P. purpurogenum GH2 is less susceptible to temperature
changes compared to other natural pigments reported in literature,
and will therefore benefit even more of HTST processing (lower
losses the higher the processing temperature).

The activation energy values for anthocyanins degradation and
visual colour degradation of blood orange juice studied at temper-
atures of 70–90 �C were 55.81 and 47.51 kJ mol�1, respectively
(Shao-Qian et al., 2011). Sharma et al. (2008) reported an activation
energy of 55.47 kJ mol�1 for thermal degradation of visual colour in
watermelon juice studied at 50–90 �C. Yoon et al. (2003) studied
the thermal stability at temperature range of 70–90 �C of the pig-
ments hydroxysafflor yellow A, safflor yellow B, and precarthamin
from Safflower (Carthamustinctorius) and reported values of
63.22–71.17, 74.52–64.47 and 62.80–84.15 kJ mol�1 respectively.
Verbeyst et al. (2011) studied anthocyanin degradation kinetics
during thermal and high-pressure treatments of raspberries
between temperatures of 90 and 130 �C and reported activation
energies values ranging from 50 to 85 kJ mol�1 with no specific
trend visible in function of pressure for each anthocyanin com-
pound. All these systems show a slightly to significantly higher
sensitivity to temperature compared to the red pigment extract
(see Table 3, activation energy of 46 kJ mol�1).

Regarding the results for pH influence, it is noted that there is
no scientific reason to expect a particular type of functionality
prior to experimentation. A system may show no influence of pH,
a proportional change, or even a point of maximum or minimum.
Fig. 4 and the goodness of fit of the global model Eqs. (6) and (7)
shows that in this case there is a significant influence of pH, which
roughly doubles the D80 from pH 4 to 8 (635–1327 min), and that a
simple proportionality quantifies well this influence. Carvalho et al.
(2005) studied the effect of pH on thermal stability for the
bio-pigments produced by M. purpureus, reporting that the pig-
ment maintained 49–69% in a pH range of 4–7.9 at a temperature
of 70 �C after 270 min. Terra-Silveira et al. (2013) reported stability
values of 81–85% for pigments produced by M. purpureus under
80 �C in a range pH of 6–8 after 180 min. Similar behaviour of nat-
ural pigments extracted from plants has been described in litera-
ture. Thermal stability of the pigments hydroxysafflor Yellow A,
safflor Yellow B and precarthamin from Safflower presented D val-
ues between 3–25 h at pH 3 in a range temperature of 70–95 �C
after 5 h of thermal treatment (Yoon et al., 2003).

3.3. Expected loss in thermal processing

The red pigment extract from P. purpurogenum GH2 was found
to have a good thermal stability, though not the highest of compa-
rable pigments, but with the highest z-value and lowest activation



Table 3
Kinetic parameters and goodness of fit of the global models.

1st-order Arrhenius model Bigelow TDT model

k80C,pH6 (min�1) Ea (kJ/mol) a (min�1 pH unit�1) R2 D80C,pH6 (min) z (�C) a (min/pH unit) R2

0.00248 ± 0.00008 42.40 ± 0.14 0.00044 ± 0.00009 98.1% 981 ± 5 48.7 ± 0.8 173 ± 3 98.5%

Fig. 5. Diagnosis plot of the goodness of fit of the (a) Arrhenius and (b) Bigelow
models, comparing all experimental data points with the model values. Different
symbols denote the different replicates and the solid line marks the diagonal.

Table 4
Thermodynamic parameter values of the thermal degradation of pigments produced
by Penicillium purpurogenum GH2 at pH 6.

T (K) DH– (kJ mol�1) DG–(kJ mol�1) DS–(J mol�1)

303 39.88 105.95 �218.06
313 39.80 108.14 �218.36
333 39.63 112.51 �218.86
353 39.47 116.89 �219.35
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energy (that is, lowest sensitivity to temperature), and therefore
susceptible to significant loss minimisation with process
optimisation.

Pasteurising criteria for various products (e.g. milk, fruit juices,
beers) are around 65 �C for 30 min, or 15 s at 80 �C (Fellows, 1988),
which would correspond to pigment losses of 3.3% and 0.4%,
respectively. Losses with HTST pasteurisation would thus be
negligible, and even losses in a lower temperature longer time
are manageable.

Application for sterilised products also seems promising.
Although this can only be inferred by extrapolation, which can
therefore be taken only as an indicative result, using the most sev-
ere thermal treatment, a sterilisation target of 12D for Clostridium
botulinum is equivalent to around 3 min of processing at 121 �C
(Fellows, 1988). Extrapolating the kinetics of the pigment to this
temperature gives a D value of 159 min, and therefore the frac-
tional loss of optical density predicted would be 4.2%, (which is
3.7% of the initial OD). This would be the minimum loss theoreti-
cally possible in a perfect HTST process.
3.4. Thermodynamic parameters of the thermal decay of pigments
produced by Penicillium purpurogenum GH2 at pH 6.0

While the TDT model with D and z values is useful for process
optimisation as the target microbial lethality is usually expressed
with these parameters, the chemical kinetics with 1st order model
and Arrhenius functionality of temperature is more useful for com-
paring the degradation kinetics of the pigments with chemical
reaction systems. For that purpose, it is useful to further calculate
apparent thermodynamic parameters of the reaction system that
allow to infer some fundamental observations about the underpin-
ning process, namely, activation enthalpy (DH⁄), free energy of
inactivation (DG⁄) and activation entropy (DS⁄) which are given by:

DH� ¼ Ea � RT ð12Þ
DG� ¼ �RTlnðkh=KBTÞ ð13Þ
DS� ¼ DH� � DG�

T
ð14Þ

where h and KB are the Planck and the Boltzmann constants, respec-
tively, and T the absolute temperature (K). Table 4 shows the values
obtained. In general, enthalpy DH⁄) is a measure of the energy bar-
rier that must be overcome by reaction molecules and is related to
the strength of the bonds that are broken and formed during the
formation of the transition state of the reaction. Entropy DS⁄) is
related to the number of molecules with appropriate energy cap-
able of reacting during processing. In this study, the enthalpy values
DH⁄) were always positive, as were the Gibbs free energy values
DG⁄); in contrast, the values of DS⁄) were always negative, implying
that the reaction is non-spontaneous. The value of DH⁄) was found
to decrease with an increase in temperature. This behaviour indi-
cates that the conformation of the pigment has been altered
(Bhatti et al., 2006). Negative entropy values suggested that there
was negligible disordeness of the molecules. Moreover high values
(105.84–117.09 kJ mol�1) for free energy of thermal denaturation
DG⁄) at a range temperature of 303–353 K indicated that the red
pigments exhibited a resistance against thermal unfolding at higher
temperatures. These observations were in agreement with previous
findings for fungal red pigments (Terra-Silveira et al., 2013).
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4. Conclusions

The thermal degradation kinetics of red pigments produced by
Penicillium purpurogenum GH2 in the temperature range from 30
to 80 �C at pH 6, and pH 4–8 at 80 �C, was well described by a first
order model with a constant off-set of 1.5, which can be due either
to a reversible process or to the metabolites of the degradation not
being totally transparent. In either case, the relevant conclusion is
that the pigments are quite stable in thermal processing, with
losses of less than 5% in the most demanding thermal processing
conditions, and less than 1% being feasible in pasteurisation.
These losses can be minimised to negligible values in HTST condi-
tions, as the z-value of the pigment degradation was around 50 �C,
5 times higher than typical microorganisms. A typical HTST pas-
teurisation at 80 �C would cause less than 0.5% loss. The pH affects
the stability significantly, with an approximately linear decrease of
stability with decreasing pH. At 80 �C, a decrease of 1 pH unit
caused a fall of the D value of around 135 min.

These results imply that this red pigment extract is worth
exploring further for use in the food industry. The next step is to
optimise its production yields in industrial-type fermenters to
minimise production costs, and then, of course, the expensive pro-
cess of having a new food ingredient accepted for commercial use
can be undertaken with confidence on the economic applicability
of its use. There are no known toxic components in the extracts
reported in literature, but every new food ingredient must go
through a comprehensive process of approval in the EU or US
FDA. It is noted that in addition to food uses, natural pigments
are also of increasing interest in the textile industry, where prod-
ucts (fibres) are also subjected to high temperature processing in
the dyeing process, so there are more immediate applications
there. Therefore, the conclusion that loss of colour intensity due
to thermal exposure can be minimised to residual levels is a critical
first stone in the development of industrial applications for this
extract.
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