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Monomeric anthocyanin degradation and nonenzymatic browning (NEB) index have been deter-

mined in reconstituted blackberry juice heated at high temperature in a hermetically sealed cell.

Statistical analysis demonstrated that, when the temperature range (100-180 �C) was divided into

two subranges (100-140 and 140-180 �C) for anthocyanin degradation, reaction kinetics were well

represented by two sequential first-order reactions. The activation energy for NEB from 100 to

180 �C (106 kJ 3mol-1) was slightly higher than the anthocyanin value at the lower temperature

range (92 kJ 3mol-1), but was more than twice the value for the higher range (44 kJ 3mol-1). The

reaction rate constant at 140 �C for anthocyanin degradation (3.5 � 10-3 s-1) was two times that for

the NEB index (1.6 � 10-3 s-1). Hence, anthocyanin degradation was faster than the appearance of

NEB products. The non-isothermal method developed allows estimating kinetic parameters and

thereby generating temperature profiles of heat processes that would help preserve the nutritional

properties of foods during high-temperature processes.
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INTRODUCTION

Blackberries are particularly interesting because of their high
contents of phenolic compounds, especially of ellagitannins and
anthocyanins (1, 2). These compounds possess a significant
antioxidant capacity (free-radical scavenging and metal chelat-
ing). Hence, they play a potentially beneficial role in human
health by reducing risks of cancer, cardiovascular disease, and
other pathologies (3, 4).

Anthocyanins are polyphenolic pigments, responsible for the
red, blue, and purple colors of many fruits and vegetables.
However, they readily degrade during food processing and
storage, being highly reactive to factors such as oxygen, light,
pH, and temperature. The last two in particularmay dramatically
affect color quality and the nutritional properties of products (5).

Food processing usually involves the use of heat treatments to
effectively preserve foodstuffs and provide desirable sensory
properties. However, nutritional quality is often compromised.
If optimal color, and nutritional and functional qualities are to be
maintained, anthocyanin degradation must be minimized during
processing (6).

Several authors have studied the heat degradation of

anthocyanins (7-16) and have reported on kinetic parameters

(activation energy and reaction rate constant) for a wide variety

of anthocyanin-rich products (Table 1). The parameters were

obtained through first-order kinetics and modeling temperature

dependence according to the Arrhenius equation. Most of the

studies were conducted at temperatures below 100 �C, whichmay

be considered as isothermal treatments.
However, some heat processes for anthocyanin-rich foodstuffs

involve temperatures of more than 100 �C, for example, vacuum-

frying blue potatoes (17), sterilizing grape pomace (10), extruding

corn meal with blueberry and grape anthocyanins for breakfast

cereals (18), and spray-drying ac-aı́ pulp (19). Few kinetic data

obtained at higher temperatures have also been published (9,10).

Nonetheless, at temperatures of more than 100 �C, heat treat-
ments are non-isothermal, as the heating and cooling stages are

too long to be ignored. Non-isothermal methods must therefore

be used to estimate the kinetic parameters at these high tempera-

tures (9).
Suchmethods evaluate the cumulative effect of time-tempera-

ture history (T(t)) on anthocyanin degradation (C(t)) and non-

enzymatic browning (B(t)) through the determination of kinetic

parameters (Ea and kref). These parameters are obtained by
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minimizing the sum of squares error (SSE) between experimental
and predicted data. As the model is nonlinear for parameters, no
explicit analytical solutions are available for the confidence
intervals. Hence, the confidence interval for each parameter must
be determined bymethods such asMonte Carlo simulations (20).

This study aimed, first, to experimentally quantify in recon-
stituted blackberry juice the total monomeric anthocyanin con-
tent (C(t)), total polyphenol content, antioxidant capacity
(ORAC), and nonenzymatic browning index (B(t)) during heat
treatments; second, to develop a kineticmodel to describeC(t) and
B(t) in heat situations, using a non-isothermal method; and third,
to discuss the advantages of using high-temperature short-time
(HTST) treatments for blackberries to reduce the impact of heat
on product quality during different food processes.

MATERIALS AND METHODS

Blackberry Juice. Fully ripe tropical highland blackberries (Rubus
adenotrichus) were harvested inCartago region, Costa Rica (1500m above
sea level) and frozen at-10 �C. The frozen blackberries were then thawed
at 5 �C for 12 h and pressed with a discontinuous hydraulic press (OTC-
25-ton H-frame Hydraulic Shop Press, series Y125, Owatonna, MN) to
obtain the juice. The juice was then freeze-dried and vacuum-packed in
laminated metallic bags, and kept frozen at -18 �C.

Preparing Reconstituted Blackberry Juice. Lyophilized blackberry
juice was reconstituted by dilution at 10 g 3 100 mL-1 with distilled water
and mixed at 1800 rpm for 30 min in a vibrating shaker (Heidolph
MULTI REAX, Schwabach, Germany). The juice was degasified before
heat treatment by bubbling argon for 30 min until the dissolved oxygen
concentration was less than 1 mg 3L

-1, as determined by a MultiLine P3
pH/Oximeter with a CellOx 325 probe (WTW, Weilheim, Germany).

Heating Device and Conditions. Reconstituted blackberry juice was
pipetted into the test cell at room temperature (T0= 21( 3 �C). Juice was
heated in a hermetically sealed test cell (Figure 1) thatwas custom-designed
in stainless steel (type 316). The inner diameter was 50 mm and the
inner height 7 mm. Reactor capacity was 1 � 10-2 L of samples. To
improve heating uniformity, the test cell was divided into eight compart-
ments by plate-fin spokes that were 1 mm thick to increase heat exchange.
Sample temperatures within the closed reactor were recorded every five
seconds with a 1.5 mm thick Type J thermocouple with a stainless steel
sheath (model 405-163, TC Direct, Dardilly, France) located at the
geometrical center of one compartment and connected to a data logger
(ALMEMO 2290-8 V5, Ahlborn, Holzkirchen, Germany), using AMR
Data-Control V5.13 Software (Ahlborn, Holzkirchen, Germany).

The test-cell thermocouple was calibrated in an oil bath against a
precalibrated thermometer and all temperature measurements corrected.
A Viton O-ring (L = 56.82 � 2.62 mm) ensured the test cell’s hermetic
sealing, preventing mass transfer of water and oil, which could interfere in
component degradation.

Heat treatment was performed in two consecutive oil baths with

thermostats. The first bath, a four liter oil bath (MR Hei-End, Magnetic

Hot plate Stirrer, Heidolph Instruments, Schwabach, Germany), was
maintained at a high temperature (T¥ = 195 �C) to quickly increase

juice temperature. The bulk temperature (T¥) was achieved due to silicon

oil (Thermofluid P20.275.50, Huber K€altemaschinenbau, Offenburg,
Germany) and controlled with a Pt 100 temperature sensor (Heidolph

Instruments, Schwabach, Germany). The second bath, a five liter deep-fat

fryer (model KPB 50, Kenwood, Villepinte, France), was heated to trial
temperatures (T¥=100-180 �C). The time interval between the first and

second thermostat oil baths did not exceed 3 s. In each bath, the bulk of

the oil volume was stirred at 1200 rpm with a EUROSTAR electronic
overhead stirrer (IKA-Werke, Staufen, Germany). The radial flow of

the stirring unit produced turbulence and ensured homogenization of the

temperature field. When the reactor was first plunged into the oil, the
maximum local temperature variationwas 5 �CbelowT¥ . The test cellwas

held and maintained submerged with a wire.
For the kinetic experiments, samples were taken at different heating

times, which were chosen according to treatment temperatures. After each
heat treatment, the test cell was immediately cooled in an ice-water bath
and dried with paper towel. The sample was then removed from the cell
and stored at 4 �C overnight until analysis.

After heat treatment, the juice was centrifuged at 12074g for 10 min,
using a Sigma 1-15 Microfuge (Fisher Bioblock Scientific, Illkirch,

France). It was then filtered with a Minisart SRP 25 filter (0.45 μm pore

size; Sartorius AG, G€ottingen, Germany) to separate suspended solids
formed during heating and cooling.

AnalyticalMethods. Physicochemical Analysis.Reconstituted black-
berry juice was analyzed for pH, titratable acidity (citric acid at g 3L

-1),
and total soluble solids (g 3 kg

-1), using standard methods (21).
All analyses were done in quintuplicate and results reported with 95%
confidence intervals (standard deviation � 2.57, where n = 5).

TotalMonomeric Anthocyanin Content.Totalmonomeric anthocyanin
content (C) was determined by the pH differential method (22, 23). Juice
absorbance was measured at pH 1.0 and 4.5 at wavelengths of maximum

absorbance (510 nm) and at 700 nm to correct for haze. Measurements

were performed with a microplate spectrofluorimeter (Infinite 200, Tecan
France S.A.S., Lyon, France), using 96-well polypropylene plates.

Total monomeric anthocyanins were expressed as cyanidin 3-glucoside

Table 1. Published Data for Kinetic Parameters (Activation Energy Ea and Rate Constant k) of Anthocyanin Thermal Degradation of Some Products

ref product temp range (�C) anthocyanin determination Ea (kJ 3mol
-1) k (�10-6s-1)

7 blood orange juice 30-90 pH differential 66.0 14.6-166.0

blackberry juice 37.0 8.1-74.8

roselle extract 51.1 2.9-75.1

8 blood orange 70-90

cyanidin 3-glucoside pH differential 75.4 14.8-63.3

RP-HPLC 74.6 15.3-64.6

cyanidin 3-(60 0-malonyl) glucoside pH differential 79.5 10.3-47.8

RP-HPLC 75.8 16.4-70.7

9 blackcurrant juice 4-140 pH differential 81 ( 3 0.04-2765

10 grape pomace 126.7 HPLC 65 ( 33 2382 ( 100

11 purple corn cob (pH 4) 70-90 pH differential 18.3 16.6-25.7

12 blackberry juice (8.9 �Brix) 60-90 pH differential 58.9 11.5-65.7

13 purple-flesh potatoes 25-98 color retention 72.5 0.19-90.5

red-flesh potatoes 66.7 0.08-20.1

grape 75.0 0.17-79.2

purple carrot 81.3 0.03-27.9

14 black carrot (pH 2.5) 70-90 pH differential 78.1 7.7-34.5

15 sour cherry juice (15 �Brix) 50-80 pH differential 68.5 1.1-9.4

16 blackberry juice (BJ) 24-70 pH differential 61.8 0.7-196.4

BJ þ HMFa 54.6 1.2-232.5

BJ þ furfural 52.9 1.3-246.4

aHMF: 5-Hydroxymethylfurfural.
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equivalents, the most prevalent anthocyanin in R. adenotrichus at
95% (2):

C ðmg 3L
-1Þ ¼ A�MW�DF

ε� l
� 103 ð1Þ

whereA or absorbance= (A510nm- A700nm)(pH1.0)- (A510nm- A700nm)-
(pH4.5);MW or molecular weight = 449.2 g 3mol-1 for cyanidin 3-gluco-
side; DF or dilution factor= 10 to 50; ε or molar extinction coefficient =
26900 L 3mol-1

3 cm
-1; l or path length = 0.52 cm (calculated for the

specific well geometry with 200 μL of solution) and 103 = conversion
factor from g to mg.

The pHdifferential methodwas validated by comparing selected results
with the HPLC method (2), obtaining coefficients of variation between 3
and 7% (results not shown).

Total Polyphenol Content. The total polyphenol content (TP) was
determinedby theFolin-Ciocalteu assay asmodified according toGeorgé
et al. (24), and expressed as gallic acid equivalents in mg 3L

-1.

Antioxidant Capacity.Anoxygen radical absorbance capacity (ORAC)
assay was performed in accordance with Ou et al. (25), using a microplate
spectrofluorimeter with 96-well plates made in black polypropylene (26).
The ORAC value was expressed as Trolox equivalents (μmol 3L

-1).

Nonenzymatic Browning Index.Nonenzymatic browning index (B) was
calculated according to Buglione and Lozano (27) for red juices. A micro-
plate spectrofluorimeter was used, with 96-well plates made in transparent
polypropylene. The absorbance of reconstituted blackberry juice was
measured at pH 1.0 at two wavelengths: 510 nm for anthocyanin
maximum absorbance, and 420 nm for absorbance of both browning
products and anthocyanins. The nonenzymatic browning index was
calculated as follows:

B ¼ A510=A420 ð2Þ
The nonenzymatic browning equilibrium value (B¥) was determined

after prolonged heating at high temperature. Reconstituted blackberry
juice was heated at 180 �C for 30 and 45min in triplicate. The B index was
then calculated. No significant difference (p<0.05) was found between B
values for the two heating times, showing that the equilibrium value was
reached at B¥ = 0.25 ( 0.02.

Repeatability of the Heat Treatment and Subsequent Physicochemical
Analyses. To assess the standard error of the heat treatments and
subsequent analyses for the different responses, three replicates of the
experimentwere performed at 140 �C for 1, 2, 4, 6, and 8min. The resulting
standard error was found to be 5% for monomeric anthocyanin content
and 3% for the nonenzymatic browning index. For the other temperatures

(100, 120, 160, and 180 �C), only one experiment was performed for each
time.

Kinetic Model Development. Kinetic modeling was conducted to
develop a useful tool, which, in association with a heat transfer model,
could predict anthocyanin degradation and nonenzymatic browning in
reconstituted blackberry juice exposed to different heat processes (deep-fat
frying, spray drying, sterilization, extrusion, and others) under isothermal
or non-isothermal conditions (heating, maintaining, and cooling). Equa-
tions are therefore presented to evaluate the cumulative effects of any
time-temperature history (T(t)) on anthocyanin degradation (C(t)) and
nonenzymatic browning (B(t)).

Selecting Models. Two cases were considered for the description of the
anthocyanins content (C(t)) and nonenzymatic browning index (B(t))
behavior during heat treatment.

Case 1:C(t) andB(t) reactions were described in terms of one irreversible
first-order kinetic.

dX ðtÞ

dt
¼ -kX X

ðtÞ ð3Þ

where X(t) could be C(t) or (B(t)-B¥); kX represents the rate constants.
B¥ was determined experimentally as B¥ = 0.25 ( 0.02.

Case 2: C(t) and B(t) reactions were described in terms of two sequential
irreversible first-order kinetics.

dX ðtÞ

dt
¼ -ðkX1 þ kX2ÞX ðtÞ with

kX1 ¼ 0 at T ðtÞ > T transition

kX2 ¼ 0 at T ðtÞeT transition

8<
: ð4Þ

where X(t) could be C(t) or (B(t)-B¥); kX1 and kX2 are the rate constants
at the first and second temperature ranges.

The rate constant kX or kXi (s
-1) varied with the system’s absolute

temperature, T (K), according to the Arrhenius law, as follows:

kX i ¼ kX iref exp
-EaX i

R

1

T ðtÞ -
1

T refi

� �" #
ð5Þ

where kXiref, EaXi, and R were, respectively, the rate constant at the
reference temperature (s-1), the apparent activation energy (J 3mol-1)
for the rate constant during the i temperature range, and the gas constant

Figure 1. Schematic diagram of test cell. (a) General assembly, (b) cell
cap, (c) cell cupel, (d) lateral view of cell assembly.

Figure 2. Time-temperature profiles (T(t)) for reconstituted blackberry
juice samples heated from 100 to 180 �C in a hermetically sealed cell.
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(8.314 J 3mol-1
3K

-1). The reference temperature was chosen from the
middle of the i studied temperature range, expressed as follows:

T ref i ¼ 1

n

Xn
i¼1

Ti ð6Þ

During heat treatment, non-isothermal stages (heating, maintaining,
and cooling)were recorded. Each time-temperature profile (T(t);Figure 2)
was fitted with a cubic smoothing spline (MATLAB, version 6.5, The
MathWorks Inc., Natick, MA).

Parameter Estimation and Statistical Methods. The non-isothermal
degradation of compoundX during heat treatment was taken into account
in eqs 3 or 4 with 5. Hence, the X value, predicted at time t (X̂ (t)), was
calculated by time integration (general case 2), as follows:

X̂
ðtÞ
=X 0 ¼ expð-kX1refβX1 -kX2refβX2Þ with

kX1ref ¼ 0 at T ðtÞ > T transition

kX2ref ¼ 0 at T ðtÞeT transition

8<
:

ð7Þ
where X̂ (t) = Ĉ (t), or X̂ (t) = (B̂(t) - B¥), for anthocyanin content kinetic
or nonenzymatic browning index kinetic, respectively. βXi is the time-

temperature history forX during the i temperature range, and corresponds
to the equivalent isothermal time at the reference temperature (TrefI).

βX i ¼
Z t

0

exp
-EaX i

R

1

T ðtÞ -
1

T refi

� �" #
dt ð8Þ

The integral of eq 8was calculated as the direct analytical integral of the
cubic smoothing spline function of exp[-EaXi(1/T

(t) - 1/TrefI)/R] with a
regularization parameter of 0.99 (MATLAB, version 6.5,TheMathWorks
Inc., Natick, MA). There were two parameters (kXiref and EaXi) to be
estimated from the collected data.

As the model was nonlinear for parameters, the parameters cannot
be solved directly, but must be solved by nonlinear regression. The
parameters were iteratively adjusted to the goodness-of-fit merit func-
tion, using the minimization procedure of the Nelder-Mead simplex
method (28) with the MATLAB software (MATLAB, version 6.5,
The MathWorks Inc., Natick, MA). This merit function was the mean
of squares error (MSE) between experimental (X(t)) and predicted
(X̂ (t)) data:

MSE ¼ 1

ðn-pÞ
Xn
i¼1

ðX̂ ðtiÞ -X ðtiÞÞ2 ð9Þ

where n is the number of data and p the number of parameters (here,
p = 2).

The minimum of the merit function was searched with different initial
values for the parameters to avoid obtaining a local minimum (29).
Because the model was nonlinear for parameters, no explicit analytical
solutions could be obtained for the confidence intervals, resulting only in
approximate values (29). Consequently, the confidence interval for each
parameter was determined viaMonte Carlo method (20). There were four
steps involved in our method.

Step 1: The generation of a large number of simulated data sets from the
experimental values. Simulated data ( ~X (t)) was generated by superposition

Table 2. Main Characteristics of Reconstituted Blackberry Juice (Rubus
adenotrichus)Used for Kinetic Experiments (Mean Values( 95%Confidence
Interval with n = 5)

pH 2.8 ( 0.1

total soluble solids (g 3 kg
-1) 88 ( 3

titrable acidity (g of citric acid 3 L
-1) 25 ( 1

anthocyanins (mg of cyanidin 3-glucoside 3 L
-1), C0 554 ( 13

total polyphenols (mg of gallic acid 3 L
-1) 2936 ( 90

ORAC (μmol of Trolox 3 (g of DM)
-1) 306 ( 22

nonenzymatic browning index (A510/A420), B
0 2.43 ( 0.08

Figure 3. Residual plot of anthocyanin content (C(t)) and nonenzymatic browning (B(t)) at different temperatures for the single (a, c) and sequential (b) first-
order kinetics.
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of a pseudo random noise on the experimental data (X(t)). The noise
reflected the experimental uncertainty (uX(t)).

~X
ðtÞ ¼ X ðtÞ þ uX ðtÞδ ð10Þ

where ~X (t) is the simulated data; u X(t) is the uncertainty ofX
(t), determined

experimentally (equivalent to the standard deviation for a Gaussian
distribution); δ is a random number whose elements are normally
distributed, with a mean of 0 and a variance of 1. All uncertainties were
amplified as follows:

UX ðtÞ ¼ juX ðtÞ ð11Þ
wherej is the covering factor (j=1.96 for 95% confidence interval) (30).

Step 2: The estimation of kinetic parameters (kXiref and EaXi) from each
simulated data set. For a given operating condition,m sets of anthocyanin
content (C(t)) and nonenzymatic browning index (B(t)) datawere randomly
drawn, using eq 10 (m=2,000). Then, each simulated data set was fitted to
determine the best-fit values of the kinetic parameters (kXiref andEaXi), and
m values of parameters were identified fromm separate data sets. The kXiref
and EaXi were checked for normal distribution, using the Kolmogorov-
Smirnov test.

Step 3: The representation of histograms from the tabulated kinetic
parameters, to obtain discrete approximations of the model parameters
confidence probability distributions. The results were therefore expressed
as mean values of parameters (kXiref and E

_
aXi) associated with their

Table 3. Estimated Kinetic Parameters (E
_
a and k ref) of Anthocyanin Thermal Degradation and Nonenzymatic Browning

a

optimized parameters

reaction temp range (�C) Tref (�C) E
_
a (kJ 3mol

-1) k ref (�10-3 s-1) k140 �C
b (�10-3 s-1) RMSEc

anthocyanins (C(t )/C0) [100-140] 120 92 ( 8 0.90 ( 0.08 3.5 ( 0.5 0.06

[140-180] 160 44 ( 40 20 ( 3 11 ( 7 0.12

nonenzymatic browning (B(t ) - B¥)/(B0 - B¥) [100-180] 140 107 ( 3 1.62 ( 0.07 1.62 ( 0.07 0.04

aMean values( 95% confidence interval determined with Monte Carlo simulations: 2,000 sets of C(t ) and B(t ) data randomly with 5% and 3% of uncertainty. bReaction rate
constant at 140 �C. cRMSE: root mean square error between experimental and predicted C(t ) and B(t ) data.

Figure 4. Monte Carlo simulations to estimate the uncertainties in the parameters and their correlation for anthocyanin degradation and nonenzymatic
browning index. Histogram for activation energy values (solid lines are normal distributions) (a and b), and correlation between Ea and kref for different
temperature ranges (c, d and e). Results of 2,000 simulations.
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standard deviation. All these uncertainties were amplified by factor j =
1.96, corresponding to a 95% confidence interval for parameters. Relative
amplified uncertainty, expressed as percentage, was calculated with
reference to the mean value obtained after averaging the m values.

Step 4: The analysis of the correlation between the two parameters by
the representation of scatter plots (ΔkXiref versus ΔEaXi).

RESULTS AND DISCUSSION

Initial Characteristics of Reconstituted Blackberry Juice.

Table 2 presents the values of some physicochemical properties
of the reconstituted blackberry juice. Results are consistent
with those reported in literature for blackberry juice (7, 12) and
other berries belonging to the Rubus genus (31), particularly
R. adenotrichus (2). That is, blackberry juice is a good source of
natural antioxidants. The predominance of the anthocyanin

cyanidin 3-glucoside in blackberry juice (R. adenotrichus) was
confirmed by comparing the juice’s HPLC chromatograms with
those of standard kuromanine (cyanidin 3-glucoside), results not
shown.

Kinetic Parameter Estimation.Monomeric anthocyanin content
(C(t)), total polyphenol content (TP(t)), antioxidant capacity
(ORAC(t)), and nonenzymatic browning index (B(t)) weremeasured
experimentally in the juice for different time-temperature treat-
ments. The results for TP(t) and ORAC(t) are not considered in our
study, as neither presented a defined pattern. They are global
measurements that can be affected by the presence of water-soluble
Maillard reaction products that may have antioxidant activity (32).

For the monomeric anthocyanin content (C(t)) and non-
enzymatic browning index (B(t)), the non-isothermal method
was used to estimate kinetic parameters.

Figure 3 shows the residual plots of anthocyanin content (single
and sequential first-order kinetics) and nonenzymatic browning
index. In Figure 3a, for the single first-order kinetic, the residues
(C(ti) - Ĉ(ti)) of each experimental trial were calculated from the
parameters estimated for the temperature range 100 to 180 �C
(Ea = 101 kJ 3mol-1 and kref = 4� 10-3 s-1, for Tref = 140 �C).
An apparent trend was observed throughout the tests. In the
initial section most of the residual content of anthocyanins was
underestimated and, after 140 �C, most of the residual content
was overestimated. Distribution of residues was considerably
improved when a transition temperature of 140 �C for the
sequential analysis was considered (Figure 3b). Residual values
ofNEB index obtained from a single first-order kinetic are shown
in Figure 3c, and no specific pattern was observed.

Table 3 shows the optimized kinetic parameters for C(t)

and B(t), considering two sequential first-order kinetics for the
anthocyanin thermal degradation and one first-order kinetic for
nonenzymatic browning. The confidence intervals of these kinetic

Figure 5. Degradation kinetics of monomeric anthocyanins (C(t)) during
thermal treatment from 100 to 180 �C. Experimental data (O) and
predicted curves from two sequential first-order kinetics ([100-140 �C]
then [140-180 �C]). Bars represent 95% confidence interval (n = 5).

Figure 6. Arrhenius plot describing the temperature dependence of none-
nzymatic browning (NEB) and anthocyanin degradation rate constant (k)
of reconstituted blackberry juice (R. adenotrichus) from 30 to 90 �C (7) and
100 to 180 �C (present study).

Figure 7. Kinetics of nonenzymatic browning during thermal treatment
from 100 to 180 �C. Experimental data (O) and predicted curves for each
trial. Bars represent 95% confidence interval (n = 5).
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parameters were determined via Monte Carlo simulations, using
2,000 data sets that generate the same number of best-fit values
for the kinetic parameters (kXref and EaX). According to van
Boekel (33), theMonte Carlo method provides the most accurate
probability distribution of the model parameters, and it also
provides information on the correlation between parameters.
Figure 4 shows the results of the Monte Carlo simulations, where
a normal distributionof the parameterEawas obtained forC

(t) and
B(t) as shown in Figures 4a and 4b. In Figure 4a, a large standard
deviation was observed for the activation energy of anthocyanins
at temperatures above 140 �C, probably due to scarce experimental
data computedwithin this region.Figures 4c to 4e reveal the lack of
correlation between the kinetic parameters Ea and kref for both
responses, as a result of reparametrization (29, 33), through the
introduction of a reference temperature.

Monomeric Anthocyanin Content. Figure 5 illustrates the good
fit obtained between experimental data and the lower end of
predicted curves, using the optimized kinetic parameters shown in
Table 3 for the sequential analysis discussed above (Ttransition =
140 �C). The impact of temperature on anthocyanin degradation
is sufficiently significant at higher temperatures that the time scale
of the graphs must be changed from 0 to 6,000 s for the 100 �C
treatments, and from 0 to 200 s for higher temperatures. In fact,
anthocyanin degradation at high temperatures (T>140 �C) is so
sudden that, shortly after reaching the set temperature (Figure 2),
the residual concentration (C(t)/C0) is close to zero.

The temperature dependence of the anthocyanin degradation
rate constant (k) in reconstituted blackberry juice is shown
in Figure 6. Three regions can be seen: low temperatures (T <
100 �C), where Ea = 37 kJ 3mol-1 (7); intermediate temperatures
(100 < T e 140 �C), where Ea = 92 ( 8 kJ 3mol-1; and high
temperatures (T > 140 �C), where Ea = 44 ( 40 kJ 3mol-1.

Although differences in slopes suggest different anthocyanin
degradation mechanisms at each temperature range, conclusions

cannot be made because studies of reaction mechanisms have
been conducted only for low temperatures (T < 100 �C) (6). At
higher temperatures, many factors may be involved in anthocya-
nin degradation such as the formation of Maillard reaction
products. According to Debicki-Pospisil et al. (16) the presence
of furfural and 5-(hydroxymethyl) furfural accelerates the degra-
dation rate of cyanidin 3-glucoside in blackberry juice.

Although some kinetic data have been published for high
temperatures (9, 10), the optimized parameters shown in Table 3

present no significant difference with those reported by
Harbourne et al. (9) for blackcurrant juice at 140 �C (Table 1).
The relevance of considering heat treatments ofmore than 100 �C
as non-isothermal was confirmed when comparing the kinetic
parameters obtained by the traditional 2-step procedure (9) for
isothermal treatment with those of the non-isothermal method
used in our study. For example, in our case, the estimated
activation energy (Ea) for C

(t) was 92 ( 8 kJ 3mol-1 (T: [100-
140 �C]); whereas, for the same data, if the heat treatments were
assumed as isothermal the calculated Ea for C(t) would be
74 kJ 3mol-1. The latter value is closer to those reported in
literature for heat treatment at T < 100 �C (Table 1).

Nonenzymatic Browning. Figure 7 shows the good fit between
experimental data and the lower end of the predicted curves, using
the kinetic parameters presented in Table 3 for the nonenzyma-
tic browning index. Good fit is also confirmed by the low root-
mean-square error (RMSE = 0.04) and the analysis of residues
(Figure 3c). The apparent activation energy (Ea) for nonenzy-
matic browning (T: [100-180 �C]) was slightly higher than the
monomeric anthocyanin degradation Ea value at the lower
temperature range (92 kJ 3mol-1), but was more than twice the
value for the higher range (44 kJ 3mol-1). However, the reac-
tion rate constant at 140 �C (k140�C) for nonenzymatic browning
(1.62 � 10-3 s-1) was about half the value obtained for antho-
cyanin degradation (3.5 � 10-3 s-1) for T: [100-140 �C].

Figure 8. Simulated non-isothermal heating profiles, anthocyanin degradation curves and equivalent isothermal time (with Tref =140 �C) for different
applications: deep-fat frying, spray drying, extrusion, conventional and HTST sterilization.
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Therefore, monomeric anthocyanin degradation was faster
than the formation of nonenzymatic browning products in
reconstituted blackberry juice. This statement shows the impor-
tance of improving the understanding of reaction mechanisms
involved in anthocyanin degradation and nonenzymatic brown-
ing at high temperatures.

Model Applications. Figure 8 illustrates the effect of some
simulated high-temperature operations, commonly used in
agroindustry, on anthocyanin-rich foodstuffs, assuming similar
kinetic parameters (Ea and kref) as those of our study. From any
temperature profile, the behavior of residual anthocyanin con-
centrations (C(t)/C0) can be predicted throughout the heat treat-
ment.

For example, during deep-fat frying, the temperature range is
highly heterogeneous: a dried peripheral region is submitted to
high temperature (close to oil temperature), whereas the water-
rich core is maintained at temperatures close to 100 �C. As a
result, the degradation rate is higher in the food’s peripheral
regions than at the center (34). This may be considered as more
of a disadvantage for chips-type products (thin slices) than for
French fries-type products (thick slices), which possess a large
volume in relation to their surface.

Another example is to compare conventional with high-tem-
perature short-time (HTST) sterilization treatments, using the
same F-value (here F0 = 2.8 min, with Tref = 121.11 �C and z=
10 �C), thus demonstrating the advantages of using HTST heat
treatments for anthocyanin-rich products to reduce the impact of
heat on product quality during different food processes. The
equivalent isothermal time βX, calculated from eq 8 with
Tref =140 �C, permits the comparison of anthocyanin degrada-
tion across a variety of heat treatments. Figure 8 shows how the
deep-fat frying of thin slices can greatly affect anthocyanin
degradation, compared with other operations. Similar effects
are also found between spray-drying (tprocess = 13 s) and
HTST sterilization (tprocess = 150 s), despite different processing
times.

The application of the kinetic model therefore allows the
generation and adjustment of temperature profiles of heat pro-
cesses to better achieve expected results (35). Such results may
include the improved preservation of the nutritional qualities of
heat-sensitive fruits and vegetables during high-temperature
processing.

ABBREVIATIONS USED

C(t), monomeric anthocyanins content at time t (g 3L
-1); C0,

monomeric anthocyanins content at time t = 0 (g 3L
-1); B(t),

nonenzymatic browning index at time t; B0, nonenzymatic
browning index at time t = 0; B¥, nonenzymatic browning
index at time t= ¥; X(t) = C(t) or (B(t) - B¥) at time t; kX, reac-
tion rate constant of X(t) (s-1); kXiref, reaction rate constant of
X(t) at reference temperature (s-1); EaXi, apparent activation
energy of X(t) kinetic (J 3mol-1); R, gas constant (8.314
J 3mol-1

3K
-1); T, temperature (K); Tref, reference temperature

(K); t, time (s).
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