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Anthocyanin stability was assessed over temperatures ranging from 30 to 90 °C for seven products:
blood orange juice [Citrus sinensis (L.) Osbeck]; two tropical highland blackberry juices (Rubus
adenotrichus Schlech.), one with high content and the other with low content of suspended insoluble
solids (SIS); and four roselle extracts (Hibiscus sabdariffa L.). The blackberry juice showed the
highest content of anthocyanins with 1.2 g/L (two times less in the roselle extracts and 12 times less
in the blood orange juice). The rate constant for anthocyanin degradation and isothermal kinetic
parameters were calculated according to three models: Arrhenius, Eyring, and Ball. Anthocyanins in
blood orange juice presented the highest rate constant for degradation, followed by the blackberry
juices and roselle extracts. Values of activation energies were 66 and 37 kJ/mol, respectively, for
blood orange and blackberry and 47—61 kJ/mol for roselle extracts. For the blackberry juices, a high
SIS content provided only slight protection for the anthocyanins. The increasing content of dissolved
oxygen, from 0.5 to 8.5 g/L, did not significantly increase the rate constant. For both isothermal and
nonisothermal treatments, all three models accurately predicted anthocyanin losses from different
food matrices.

KEYWORDS: Citrus sinensis; Rubus adenotrichus; Hibiscus sabdariffa; thermal degradation kinetics;
anthocyanins

INTRODUCTION Anthocyanins are flavonoids that are characterized by a
flavylium nucleus that exhibits maximum absorbance in the
green/blue spectrum at 510 nm. These pigments are widespread
throughout the plant kingdom and are responsible for the
attractive colors—salmon, pink, scarlet, magenta, violet, purple,
and blue—of most fruits, vegetables, flowers, leaves, and roots
and other storage organs.

Many edible plants are sources of anthocyanins and flavo-
noids (2—4). These include roselle calyx (Hibiscus sabdariffa),
blackberry (Rubus spp.), and blood orange (Citrus sinensis),
which are particularly targeted by the beverage industry. Roselle
calyx contains high amounts of anthocyanins that can be as much

Recent toxicological alerts have led to bans on several artificial
colorants for foodstuffs. The food industry is now using plant
sources to develop various additives that have both coloring and
antioxidant properties (/). Consequently, the market for natural
food colorants is growing by 4—6% per year, as compared with that
of artificial colorants, which is growing by only 2—3% per year (/).

The main groups of natural food colorants are anthocyanins,
betacyanins, carotenoids, curcuminoids, and chlorophylls. The
restrictions in the use of certain synthetic colorants greatly
reduced the color palette available to the food industry. No color
was spared, but that of red is, without doubt, the most affected.

The banning of FD&C Red No. 2 (also called Amaranth) in the as 2.5 g/l00 g DW (5=7). The calyx contains mainly two
United States by the U.S. Food and Drug Administration, anthocyamnss delphinidin _3-xylosylgluc0s1de and cyan1d1n_3-
Orange RN in Britain, and Ecarlate GN and Ponceau GR (both ~ Xylosylglucoside. Blackberries (Rubus spp.) also present high

concentrations of anthocyanins that may be as much as 3.9 g/
100 ¢ DW, depending on variety and cultivar (2, §). Various
anthocyanins have been identified in blackberries (9), but in the
wild tropical highland variety (Rubus adenotrichus), found in
tropical Latin America studied in this paper, only two anthocya-

*To whom correspondence should be addressed. Tel: 433/ nins predominate, cyanidin 3-glucoside and cyanidin 3-(6'-mal-
467614432. Fax: +33/467614433. E-mail: dornier@cirad.fr. onyl) glucoside (2). The anthocyanin content in blood orange

reds) in France has led to an increased use of natural sources for
red pigments (/). The largest group of water-soluble, natural, red
pigments that offers alternatives to synthetic colorants is com-
prised of the anthocyanins.
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ranges between 1 and 1.5 g/100 g DW. About 10 anthocyanins
have been identified in blood orange (/0), but cyanidin 3-gluco-
side and an acylated anthocyanin, that is, cyanidin 3-(4’-acetyl)-
glucoside, predominate.

Edible sources of anthocyanins are highly appreciated by
the food industry for their coloring properties, which can give
foods various hues of red and violet. In addition to their potential
health effects (/7), beneficial effects for controlling human
diseases have also been reported in the literature (/2), including
the reduction of risks of coronary heart disease, cancer, and
stroke (/3).

The main problem of anthocyanins as food colorants is their
instability in the presence of endogenous enzymes [e.g., peroxi-
dase, polyphenoloxidase, and f-glucosidase (I, /4)] and heat.
Indeed, thermal degradation of anthocyanins is a major problem
for the food industry. Degradation kinetics during heating
depends mainly on both the specific composition of anthocyanins
and the characteristics of the food matrix. For instance, the
presence of ascorbic acid (I5, 16), phenolic compounds (17),
micellar systems (/8), and soluble solids (/9) may alter degrada-
tion kinetics. Hence, thermal stability of anthocyanins has been
studied in different food matrices such as sour cherry (¢), red and
black raspberry (20), grape (21), strawberry (22), acerola (16),
roselle (23, 24), blackberries (25), and even juice blends (26).
Reported results show that rate constants for anthocyanin
degradation with respect to temperature can always be assumed
to follow a first-order reaction.

Even so, the Arrhenius model (eq 1)—an empirical collision
model based on the classic approach used for chemical reac-
tions—is often considered as a reference; other models can also be
used to describe the temperature dependence of the degradation
reaction rate of anthocyanins (25,27, 28). In this study, two other
models were investigated. The theoretical Eyring model, also
known as the Eyring—Polanyi model, is based on the transition
state theory in which the enthalpy of activation (AH*) and
entropy of activation (AS*) are the model’s parameters (eq 2).
The Ball model follows the approach commonly used in food
processing for microorganisms destruction. It defines a decimal
reduction time (D), which is related to temperature via a z factor
(eq 3). The aim of this study was to compare the classical
empirical approaches (Arrhenius and Ball models) and an ap-
proach based on statistical thermodynamics (Eyring). Then, the
ability of these three models to describe the thermal degradation
kinetics of anthocyanins was evaluated across different fruit juices
and plant extracts, with different contents of dissolved oxygen
and insoluble solids.

Eq

k = ke R (1)

with T expressed in K, k.. = pre-exponential factor = value of k at
T o (1/s), E, = activation energy (J/mol), and R = gas constant =
8.31 J/mol K.

_AGH
k:kh—BTXe RT

k _AH* —TAS*
7‘3 Txe — RT (2)

with T expressed in K, AG* = free activation enthalpy (J/mol),
AH* = activation enthalpy (J/mol), AS* = activation ent-
ropy (J/mol K), ki = Boltzmann constant = 1.381 x 107>* J/K,
h=Planck constant=6.626x10">*J s, and R=gas constant=8.31
J/mol K.

D= D10

M

3)

with T expressed in °C, Dy = value of D at T=0 °C (s), and z
factor (°C).
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MATERIALS AND METHODS

Plant Materials and Juice Preparation. Fully ripe blackberry fruits
(R. adenotrichus Schlech.) were harvested in Cartago (Costa Rica) at 1500 m
above sea level. A proportion of the collected fruits was pressed, using a dis-
continuous OTC 25 ton hydraulic press (OTC, Owatonna, MN) to obtain the
blackberry reference juice (BRJ). The remaining fruits were sieved with an in-
dustrial extractor (sieves 15 and 8 mm) to obtain blackberry pulpy juice (BPJ).

Blood oranges (cv. Sanguinelli, C. sinensis L. Osbeck) were purchased
from the collection of INRA-CIRAD at the Agronomic Research Station
of INRA (Corsica, France). Fruits were hand-squeezed and then filtered
through a stainless steel sieve (1 mm). Both blackberry and blood orange
juices were placed in amber-sealed vials (125 mL) under nitrogen and kept
frozen at —20 °C until analyzed.

Four varieties of roselle (H. sabdariffa L.) were used. One came from
Guatemala, and the others came from Senegal. The Senegalese varieties
were Koor, Vimto, and Thai (29) and were harvested in Thiaré Village,
Kaolack Region (central Senegal). Varieties Koor and Vimto were
of Sudanese origin, whereas Thai, as its name indicates, originated in
Thailand. To prepare the roselle extract, the dried calyces were mixed with
plain water at a mass ratio of calyx to water of 1:10 at a temperature of 25 °C
for 10 h. The extract was then filtered through a stainless steel sieve (1 mm)
and placed in amber-sealed vials (125 mL) under nitrogen and kept frozen at
=20 °C until analyzed. Commercially, these products are available mainly
as a single strength juice for the blood orange and as beverages formulated
with water and sucrose for the blackberry and roselle.

Physicochemical Analysis. All juices or extracts were analyzed for
pH, titratable acidity, and density using standard methods (30). The total
soluble solids (TSS) content was measured with an Abbe refractometer
(Atago, Japan), whereas the content of suspended insoluble solids (SIS)
was measured as described in ref (37). Polyphenols were evaluated as
described in ref (32). Vitamin C (ascorbic acid and dehydroascorbic acid)
was assessed by high-performance liquid chromatography (HPLC) (33,34)
using an Agilent 1100 system (Massy, France), as were sucrose, fructose,
and glucose (35). The amount of dissolved oxygen was measured with
a portable oxygen probe CyberScan DO 300 (Eutech Instruments,
Singapore). The total anthocyanin content was assessed by the pH
differential method (36). All absorbance readings were made against
distilled water, which acted as the control. Spectrophotometric measure-
ments were carried out using Shimadzu spectrophotometers (UV-1200 and
UV-1605, Kyoto, Japan). Concentrations were expressed as cyanidin 3-
glucoside (MW =449 g/mol) equivalents for blood orange and blackberry
and delphinidin 3-xylosylglucoside equivalents for roselle (MW = 577 g/
mol). The molar extinction coefficient at pH 1 and 510 nm, used for
calculation, was 26900 L/mol cm for cyanidin 3-glucoside (25). For
delphinidin 3-xylosylglucoside, we used 26000 L/mol cm as determined
experimentally using delphinidin chloride as the reference (Extrasynthese,
Genay, France). All of the other reagents used were of analytical grade and
were purchased from Sigma (L’isle d’Abeau, France).

Thermal Treatment. Juices or aqueous extracts (15 mL) were heated in
sealed Pyrex tubes (100 mm long, 16 mm i.d.). The tubes were immersed in a
thermostatic bath (AM 3001 K, Fisher Bioblock Scientific, Illkirch, France)
that was filled with oil or water. A Heidolph EKT 3001 digital temperature
controller (£1 °C), fitted to a filed sealed tube, was used as a control to
measure the product temperature during experiments. The time for the
solution to reach the temperature setup was between 20 s and 4 min,
respectively, for 30 and 100 °C. After the treatment, the tubes were
immediately cooled by submersion in an ice bath. The time to reach
25 °C was, at most, 1 min for all trials. Therefore, as compared with the
time lag at temperature setup, transient states were deemed to be negli-
gible, and the treatment was assumed to be isothermal. Residual anthocya-
nin contents were immediately assessed after thermal treatment. All trials
and measurements were made in triplicate. For trials with various dissolved
oxygen contents, the value was adjusted by bubbling in nitrogen or filtering
air through at 0.45 um. From these experimental data, the parameters of the
three kinetic models were identified using linear regressions.

For the nonisothermal treatment, the pasteurization values Fpc were
calculated, using 70 °C as the reference temperature and a z factor for
microorganisms of 10 °C, according to eq 4.

R i ]
F70°C:/ 10710 dr (4)
Jo
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Table 1. Main Characteristics of Juices and Roselle Extracts”

blackberry extract of roselle calyx”
blood orange reference pulpy Guatemala Koor Vimto Thai

pH 3.53(0.05) 2.67(0.05) 2.68(0.05) 2.462(0.05) 2.23b(0.05) 2.55¢(0.05) 2.35b(0.05)
TSS (g/kg) 115 (4) 123(5) 125 (4) 31a(2) 32a(2) 41b(2) 33a(2)
SIS (g/kg) 12(0.5) 12(0.5) 63(15) 0 0 0 0
titration acidity (g citric acid/kgTSS) 87(5) 202 (8) 194 (6) 180a(6) 199b (6) 185a(5) 190b (4)
glucose (g/kg TSS) ND 228 (10) 216 (11) 31a(2) 31a(2) 32a(2) 33a(2)
fructose (g/kg TSS) ND 228 (10) 224(12) 40a(3) 39ab(2) 35ab(3) 33b(3)
sucrose (g/kg TSS) 305 (6) 8(1) 8(1) 31a(2) 32a(2) 35a(3) 38b(3)
ascorbic acid (mg/100 g) 51(2) 44(2) 45(3) 30a(1) 30a(1) 34b(1) 27¢(1)
anthocyanin (mg/L)

cyanidin 3-glucoside 98(6) 1189 (55) 1233 (49) 315(23) 250 (18) 718 (54) 306 (25)

delphinidin 3-xylosylglucoside 245(18) 194 (12) 559 (35) 238(15)

“Numbers in parentheses indicate the standard deviation of three analyses. ND, not determined. © Values with similar letters are not significantly different (Tukey, P> 0.05).

Experimental Design and Statistics. For the BRJ and the Guate-
malan roselle extract, thermal degradation of anthocyanins was studied,
following a central composite rotatable design (CCRD) with two vari-
ables, temperature (X;) and dissolved oxygen content (X;), and five levels
for each variable. The temperature and dissolved oxygen content ranged
between 35 and 98 °C and 0.4 and 8.5 mg/L, respectively. The rate constant
k evaluated experimentally was used as a response and computed, using
multiple linear regression (JMP v.5.1; SAS, NC) to fit a second-order
polynomial equation (eq 5).

, ) 2000730 60 90 130 130 180 210 240 270 300
k= aotai X1+aXo+an X" +anXy +apX (Xo+e (5) Time (min)
where a, values are constant regression coefficients and & the error of IB
the model.
Statistical tests for evaluating the relevance of the models were the
correlation coefficient between the actual and the predicted response (R?), L:?
the probability that tests for the absence of at least one significant %
regression factor in the model (P), and the probability that tests if the =
lack of fit of the model is zero (Pyyf).
RESULTS AND DISCUSSION 2ol 3% 00000000
Physical and Chemical Characteristics of the Food Matrices. 0 30 60 90 12T(;m15((l)ni}l§0 210 240 270 30
The main physicochemical properties of the blood orange and
blackberry juices and roselle calyx extracts are shown in Table 1. IC 0004
The blackberry juices presented the highest levels of anthocya- 050 -
nins, followed by roselle extracts and blood orange juice. Con-
tents of the anthocyanin cyanidin 3-glucoside in the blackberry 107
juices are at least two times the content found in the roselle g 1509 e
extracts and 12 times that of blood orange juice. E 2001 a7cC
The roselle extracts presented significant differences in antho- A 80°C
cyanin contents and titratable acidity according to cultivar. The 2307 < 00°C
cultivar richest in anthocyanins is less acid, and in Senegal, 3007 e ¥
to produce a beverage from roselle, the calyces of the more acid 350 .

cultivars (Koor and Thai) are generally mixed with those of
cultivar Vimto to produce an extract with a strong red hue and
a more balanced acidity (29). Acidity and anthocyanin content
appear to be influenced by cultivar and climatic and geographical
conditions (37, 38).

Kinetics of Anthocyanin Degradation during Heat Treatment.
Examples of the degradation kinetics of total anthocyanins from
roselle cv. Thai extract, BRJ juice, and blood orange are shown in
Figure 1. The decrease of anthocyanins over time fit a first-order
equation with a good regression coefficient (0.93 < R* < 0.99).

The kinetic parameters k and D, respectively, corresponding to
Arrhenius and Eyring (eqs 1 and 2) and Ball models (eq 3), were
calculated. So, the k and D values ranged between 145 and 1660x
1077 1/s and 13—158x 10 s for the blood orange juice, 81—747 x
1077 1/s and 30—284x 10* s for BRJ, 67—671x 10”7 1/s and 34—
341x10% s for BPJ, and 10—751x 107" 1/s and 30—2280x 10 s for
roselle extracts. The reaction rate constant k& and D differed

o (C/Cy)

0 30 60 9 120 150 180 210 240 270 30('
Ti i

Figure 1. Examples of thermal degradation kinetics of anthocyanins vs
temperature in (A) roselle cv. Thai extract, (B) BRJ, and (C) blood orange
juice. Standard deviations were evaluated in triplicate.

significantly among the products tested. Anthocyanins from
blackberry juice with low SIS content (BRJ) presented the highest
reaction rate for lower temperatures, ranging from 81x1077 1/s at
30 °C to 582x 1077 1/s at 80 °C for the k parameter. At 90 °C,
anthocyanin from blood orange presented the highest reaction
rate being 145 x 10”7 1/s at 90 °C in agreement with previous
results (27). Differences among reaction rates k appeared to
increase at higher temperatures for blood orange juice being only
1.4 times more than the roselle cv. Vimto extract at 60 °C but
almost two times more at 90 °C. On the contrary, reaction rate
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constants for anthocyanins from the blackberry juices differed
significantly from roselle extracts at lower temperatures (between
30 and 40 °C), but at higher temperatures (70 and 90 °C),
differences became nonsignificant statistically (P < 0.05). Roselle
extracts presented the lowest reaction rates at low temperatures.
However, the roselle cv. Thai extract behaved significantly differ-
ently, as compared with the other cultivars, at lower temperatures.
For temperatures between 60 and 90 °C, the reaction rate of all
roselle cultivars grown in similar conditions in Senegal (Koor,
Vimto, and Thai) ranged between 100 and 600 x 10~ 1/s for ,
thus agreeing with previous data obtained by other authors (24).
The Guatemalan cultivar nevertheless presented a lower reaction
rate at 90 °C than did the other cultivars grown in Africa.

The variation between all of these products may be explained
by the chemical composition of both products, the content of
dissolved oxygen, and the anthocyanin structure. Blood orange
juice presented the lowest acidity (i.e., the highest pH) and the
highest sucrose and ascorbic acid contents. Previously, low
acidity and a pH higher than 3 were shown to considerably
reduce anthocyanin stability (39). In addition, although the effect
of sucrose on anthocyanins is still not clear, reducing sugars,
particularly fructose (40, 41), have been shown to indirectly
enhance anthocyanin degradation during heating because of the
formation of furfural and 5-(hydroxymethyl)furfural, which
accelerate the rate of anthocyanin degradation (42). The higher
content of fructose in the blackberry juices with respect to the
roselle extracts may also affect anthocyanin stability. For sucrose,
other authors (43) have shown that higher content in anthocyanin
solutions delays browning, suggesting that sucrose would con-
tribute to anthocyanin stability under heat. With the major
pigment in strawberries, pelargonidin 3-glucoside, fructose, ara-
binose, lactose, and sorbose provided greater pigment degrada-
tion than glucose, sucrose, or maltose (/4). The stability of
anthocyanins can also be affected by other components. The
presence of higher ascorbic acid content in some food matrices
is also believed to affect anthocyanins stability during heating
(3, 14, 25), although how this happens is not yet well under-
stood (44, 45). Anthocyanins are very reactive toward metals.
They will form complexes with tin, copper, and iron (/4). Cya-
nidin 3-glucoside will form a stable colored complex in the
presence of aluminum ions at pH 5.5. Anthocyanins can form
weak complexes with flavonols, amino acids, benzoic acids,
coumarin, and cinnamic acids.

The anthocyanin degradation rates for the blackberry juices
with different SIS contents (Table 1) clearly (P < 0.05) show that
the SIS have a slight protective effect. The two blackberry juices
presented similar characteristics, except for the SIS content,
which is almost five times higher in the pulpy juice. For the
blackberry juice with the high SIS content, rate constant k is
considerably smaller for all temperatures tested.

The difference in structure between the main anthocyanins in
the products is also a factor to consider. Indeed, the cyanidin-based
anthocyanins have quite different stability than delphinidin deri-
vatives. Hydroxyl groups and methoxyl groups on the B ring have
an effect on color intensity and stability of anthocyanins (46). For
roselle extracts, further study is needed using HPLC to differen-
tiate the two anthocyanins that are present into the products.

Effect of Dissolved Oxygen on Kinetic Constants. In addition to
intrinsic factors, anthocyanin stability may also be influenced by
external factors such as light, copigmentation, metal complexing,
and dissolved oxygen. This last factor, often enhanced by extrac-
tion procedures, was studied particularly for the BRJ juice and
the roselle extract from Guatemala (Table 2). For the roselle
extract, anthocyanin degradation is only 1.5 times higher at
7.5 mg/L of dissolved oxygen than at 1.5 mg/L at both 45 and

Cisse et al.

Table 2. Rate Constant k during the Thermal Degradation of Anthocyanins vs
Oxygen Concentration and Temperature in Guatemala Roselle Extract, with
Model Fittings at R2=0.98, P < 0.0014, and P,,;=0.15, and BRJ, with Model
Fittings at R?=0.98, P < 0.006, and Py;=0.75¢

kx 1072 (1/9)

0, (mglL) T(°C) Guatemala roselle BRJ
0.45 67.5 2.102(0.023) 1.770(0.053)
150 45.0 0.553 (0.001) 0.375 (0.004)

90.0 5.980 (0.051) 3.810(0.017)
35.0 0.585 (0.001) 0.286 (0.012)
4.50 67.5 2,750 (0.003) 2,120 (0.005)
98.5 7.990 (0.256) 7.514(0.345)
7.50 45.0 0.604 (0.003) 0.557 (0.001)
90.0 6.752 (0.008) 5.543 (0.002)
8.50 67.5 4,032 (0.002) 3.442 (0.001)

“Numbers in parenthesis indicate the standard deviation of three analyses.

90 °C. For the blackberry juice, it is only 1.1 higher under the
same conditions. Meanwhile, in both cases, the k value increased
almost 10 times if the temperature increased from 45 to 90 °C.
Dissolved oxygen appeared to have a slightly negative effect on
anthocyanin stability, at least immediately after thermal treat-
ment. Further impact during storage was not assessed. Other
works showed with the juices of blueberry, cherry, current, grape,
and strawberry that oxygen and temperature were the most
specific accelerating agents (/4). The effect of oxygen can be
explained either by a direct oxidation mechanism or through
oxidized compounds that react with anthocyanins to give color-
less or brown products. Packaging under nitrogen increased the
stability of powdered dyes based on phenolic molecules by
slowing the oxidation reactions (/).

Pressed juices show quite different stability from petals ex-
tracts. This may be caused by enzymatic activity. In fact,
anthocyanins can be degraded by a number of enzymes found
in plant tissue such as peroxidases, polyphenoloxidases, and
p-glucosidases (I, 14). The glucosidases hydrolyze the pigments
to sugars and anthocyanidins. The latter are unstable and degrade
to colorless derivatives or perharps become part of the polymeric
colored compounds. In our case, the enzymatic degradation of
anthocyanins could only take place at temperatures below 60 °C.

Model Validation and Predictions. The isothermal kinetic
parameters corresponding to eqs 1—3 for the three models
Arrhenius, Eyring, and Ball are presented in Table 3. All three
models were observed to fit well with the temperature dependence
of k and D (0.916 < R* < 0.996).

Blood orange juice and roselle cv. Thai extract with values of
66 and 61 kJ/mol, respectively, showed the highest activation
energies. Increased temperature will therefore degrade anthocya-
nins more rapidly in these products than in the other juices or
extracts. The degradation rate of anthocyanins from the black-
berry juices was less affected by temperature increase than those
from blood orange juice and roselle extracts, according to the z
value and enthalpy of activation AH* (Table 3). From this point
of view, anthocyanins from blackberry appeared less heat sensi-
tive than the other plant extracts with a stability that was two
times higher than that reported previously for a different black-
berry variety (R. fruticosus) (25). The lower acidity and, even-
tually, the presence of other compounds in tropical highland
blackberry may explain this difference. For the roselle cv. Thai
extract and blood orange juice, values of activation energy agreed
with those found by other authors (23, 24, 27).
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Table 3. Kinetic Parameters for Thermal Degradation of Anthocyanins, Following Different Models®
Arrhenius model Eyring model Ball model
k..x10% (1/s) E; (kJ/mol) R AH* (kJ/mol) AS* (J/mol.K) R Dyx10% (s) z(°C) R
blood orange 324 (14.8) 66.04 (1.64) 0.988 63.11(0.73) —149(1.56) 0.987 7.4(1.05) 36(1) 0.986
blackberry
reference 0.015(0.003) 36.99 (0.40) 0.964 34.24(0.50) —232(1.53) 0.961 (0.04) 57 (1) 0.981
pulpy 0.013(0.002) 37.23(0.32) 0.954 34.48(0.32) —233 (1.02) 0.916 (0.02) 56 (1 0.948
roselle extract
Guatemala 1.336 (0.095) 51.12(1.56) 0.953 48.31(0.45) —194(3.89) 0.976 4.6(0.89) 43(1) 0.938
Koor 1.211(0.810) 49.94 (1.55) 0.990 47.19(1.55) —195 (4.47) 0.989 3.7(0.47) 42(1) 0.982
Vimto 0.371(0.078) 47.48(0.72) 0.980 44.72(0.71) —205(1.83) 0.978 4.3(0.37) 44.(1) 0.989
Thai 44.20 (0.56) 61.60 (2.64) 0.996 58.78 (2.65) —165(1.43) 0.987 14.5(1.57) 34(1) 0.994
“Numbers in parentheses indicate the standard deviation of three analyses.
Table 4. Experimental and Calculated Losses of Anthocyanins as Compared to R 80
Different Isothermal and Nonisothermal Treatments of Roselle Cv. Vimto Extract 70 |
Isothermal
60
thermal treatment losses (%)
s 50
T(°C)  t(min) experimental” Arrhenius model Eyring model Ball model >, 100 °Q
g 40 |
35 60 1.0(0.3) 12 12 12 % 20 | 90 °C
75 30 4.3(0.2) 4.9 4.8 4.6 80 °C
85 30 6.6(0.5) 7.7 76 76 20 A
85 120 28.8(0.5) 27.3 27.0 272 1o 70 °C
85 240 49.9(0.4) 472 46.7 47.0
90 90 24.4(0.6) 25.8 255 26.5 0 - : ‘ ‘ : ‘ ‘
Nonisothermal (Figure 2) 0 20 40 Time6(()min) 80 100 120
Tsetup fsetup Froec Arrhenius  Eyring Ball
(°C) (min) (min)  experimental” model model  model IB 80 100
thermal treatment losses (%) 70 05 o
70 30 42 6.4(0.5) 5.4 5.4 5.3 60 |
85 30 1309 13.4(0.1) 16.3 16.2 16.8 90 °C
90 5 1070 2.0(0.5) 3.0 3.0 3.2 = 50
. - - s 40 - 85°C
“Numbers in parentheses indicate the standard deviation of three analyses. @ 80 °C
Q
o S Troatment - 30 75°C
9 | ™ o Treatment J 20 70 °C
80 | a a Treatment 10 |
70 A H 0
| 60 & 0 20 40 60 80 100 120
E so- o Time (min)
™ 40 ! . . .
20 o Figure 3. Examples of estimated anthocyanin losses during isothermal
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Figure 2. Time and temperature profile used to validate the models using
roselle cv. Vimto extract. Treatment 1, stage at 70 °C at 30 min, Fzpec
value = 42 min; treatment 2, stage at 85 °C at 30 min, F7q-c value = 1309
min; and treatment 3, stage at 90 °C at 5 min, F7q-c value = 1070 min.

To compare the accuracy of the three models in predicting
experimental results, additional trials were performed at different
isotherms for roselle cv. Vimto extract. Experimental losses were
then compared with calculated values (Table 4). In all cases, the three
models gave similar results, with estimates being close to the experi-
mental values. Model accuracy was thus verified, and the approach
followed in this study was validated for isothermal treatments.

The accuracy of the models was also assessed for nonisother-
mal treatments, simulating real heating processes. Hence, three

treatments with different time and temperature profiles were
tested (Figure 2). Treatment 1 (30 min at 70 °C) simulated classic
low-temperature pasteurization; treatment 2 (30 min at 85 °C)
simulated pasteurization at a higher temperature and longer
residence time; and treatment 3 (5 min at 90 °C) simulated a
flash pasteurization at a high temperature. Different F5o-c values
were calculated, and experimental losses were analyzed and
compared with predicted values (Table 4). As with the isothermal
treatment, all models gave similar results, and estimates were
close to experimental values.

Under isothermal conditions, anthocyanin losses for roselle cv.
Vimto extract and blood orange juice estimated for instance by
the Eyring model are plotted in Figure 3. Classic pasteurization
does not significantly damage anthocyanins, with estimated losses
being less than 5% for 5 min of pasteurization at 85 or 90 °C.
Also, the prediction of anthocyanin losses for a given F5gec value
at different setup temperatures can be easily calculated by the
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Figure 4. Estimated anthocyanin losses during isothermal treatments with
varied setup temperatures and different Fzgoc values using the Eyring
model. (A) BRJ and (B) roselle cv. Thai extract.

models, as shown in Figure 4. For example, for F5pc values
between 100 and 200 min, typically used for thermal treatment of
fruit beverages, temperatures above 80 °C maintained the losses
of anthocyanins at the end of the process below 10% for both the
BRIJ and the roselle cv. Thai extract.

Our study evaluated the impact of temperature (30—90 °C) on
anthocyanins degradation in blood orange juice, two tropical
highland blackberry juices, and four roselle extracts. The data
show that the thermal degradation of the anthocyanins can be
described using first-order reaction kinetics. Variation of degra-
dation rate constants with temperature and time can be described
using as well the Arrhenius, Eyring, or Ball equations. Antho-
cyanins in blood orange juice had the highest rate constant for
degradation, followed by the blackberry juices and roselle ex-
tracts. For the blackberry juices, a high SIS content provided only
slight protection against anthocyanin degradation. The effect of
the temperature seems to be predominant on the deterioration of
anthocyanins than the effect of dissolved oxygen. Using kinetic
parameters, Arrhenius, Ball, and Eyring models were developed
to predict the losses of anthocyanins during heat treatment.
Model accuracy in isothermal and anisothermal treatment con-
ditions was verified. These models could easily be used as tools to
predict losses during different heat treatments. The sensitivity
of anthocyanins in the various products may be explained

Cisse et al.

by the chemical composition, dissolved oxygen content, and
anthocyanin structure. However, this study on real products
was not able to separate the effects of the structure and the effect
of the food matrix, which will require further studies on model
solutions.

ACKNOWLEDGMENT

We are also most grateful to Vanesa Lopez for her technical
assistance.

Supporting Information Available: Table of isothermal
kinetic parameters £k and D vs temperature for the thermal
degradation of anthocyanins in blackberry and blood orange
juices and roselle extracts and figure of rate constant k (1/s) during
the thermal degradation of anthocyanins vs oxygen concentration
and temperature. This material is available free of charge via the
Internet at http://pubs.acs.org.

LITERATURE CITED

(1) Malien-Aubert, C.; Amiot-Carlin, M. J. Pigments phénoliques—
Structures, stabilité, marché des colorants naturels et effets sur la
santé. In Les Polyphénols en Agroalimentaire; Lavoisier: Paris, 2006;
pp 295—339.

(2) Mertz, C.; Cheynier, V.; Giinata, Z.; Brat, P. Analysis of phenolic
compounds in two blackberry species (Rubus glaucus and Rubus
adenotrichus) by high-performance liquid chromatography with
diode array detection and electrospray ion trap mass spectrometry.
I 2007, 55, 8616-8624.

(3) Mazza, G. Health aspects of natural colors. In Natural Food and
Colorants Science and Technology; Francis, G. J. L. F. J., Ed.; Marcel
Decker: New York, 2000.

(4) Cemeroglu, S.; Isik, V. S. Degradation kinetics of anthocyanins in
sour cherry juice and concentrate. Jonkaadmag 1994, 59, 1216-1218.

(5) Pouget, M. P.; Vennat, B.; Lejeune, B.; Pourrat, A. Extraction
analysis and study of the stability of Hibiscus anthocyanins.
i 1990, 23, 103-105.

(6) Wong, P.-K.; Yusof, S.; Ghazali, H. M.; Man, Y. B. C. Physico-
chemical characteristics of roselle (Hibiscus sabdariffa L.). Nutr,
Laad S 2002, 32, 68-73.

(7) Cisse, M.; Dornier, M.; Sakho, M.; Ndiaye, A.; Reynes, M.; Sock, O.
Le bissap (Hibiscus sabdariffa L.): Composition et principales
utilisations. Fugizs 2009, 64, 179-193.

(8) Benvenuti, S.; Pellati, F.; Melegari, M.; Bertelli, D. Polyphenols,
anthocyanins, ascorbic acid, and radical scavenging activity of
Rubus, Ribes, and Aronia. J. Food Sci. 2004, 69, 164-169.

(9) Wu, X.; Prior, R. L. Systematic identification and characterization
of anthocyanins by HPLC-ESI-MS/MS in common foods in the
United States: Fruits and berries. | R AR 2005, 53,
2589-2599.

(10) Krifi, B.; Metche, M. Degradation of anthocyanins from blood
orange juices. | NG 2000, 35, 275-283.

(11) Beattie, J.; Crozier, A.; Duthie, G. G. Potential health benefits of
berries. |GG 2005, /, 71-86.

(12) Stintsing, F. C.; Reinhold, C. Functional properties of anthocyanins
and betalains in plants, food, and in human nutrition. gesiciakead
Simbealigd. 2004, /5, 19-38.

(13) Wrolstad, R. E. Anthocyanin pigments—Bioactivity and coloring
properties. J. Food Sci. 2004, 69, 419-425.

(14) Francis, F. J. Food colorants: Anthocyanins. | RN
Nugr. 1989, 28, 273-312.

(15) Ozkan, M. Degradation of anthocyanins in sour cherry and pome-
granate juices by hydrogen peroxide in the presence of added
ascorbic acid. eadaeligds 2002, 78, 499-504.

(16) De Rosso, V. V.; Mercadante, A. Z. The high ascorbic acid content is
the main cause of the low stability of anthocyanin extracts from
acerola. faadbeked 2007, 103, 935-943.

(17) Ruenroengklin, N.; Sun, J.; Shi, J.; Xue, S. J.; Jiang, Y. Role of
endogenous and exogenous phenolics in litchi anthocyanin degradation
caused by poly-phenol oxidase. fuaacubmkgid. 2009, /15, 1253-1256.



Article

(18) Mulinacci, N.; Romani, A.; Pinelli, P.; Gallori, S.; Giaccherini, C.;
Vincieri, F. F. Stabilisation of natural anthocyanins by micellar
Systems. it 2001, 276, 23-31.

(19) Kirca, A.; Ozkan, M.; Cemeroglu, B. Effects of temperature, solid
content and pH on the stability of black carrot anthocyanins. Fgod
Chem. 2007, 101, 212-218.

(20) Daravingas, G.; Cain, R. F. Thermal degradation of black raspberry
anthocyanin pigments in model systems. jomitadmg 1968, 33,
138-142.

(21) Morais, H.; Ramos, C.; Forgics, E.; Cserhati, T.; Oliviera, J.
Influence of storage conditions on the stability of monomeric
anthocyanins studied by reversed-phase high-performance liquid
chromatography. piin) 2002, 770, 297-301.

(22) Garcia-Viguera, C.; Zafrilla, P.; Romero, F.; Abellan, P.; Artés, F
Tomds-Barberan, F. A. Color stability of strawberry jam as
affected by cultivar and storage temperature. Joskaaac 1999, 64,
243-247.

(23) Gradinaru, G.; Biliaderis, C. G.; Kallithraka, S.; Kefalas, P.;
Garcia-Viguera, C. Thermal stability of Hibiscus sabdariffa L.
anthocyanins in solution and in solid state: Effects of copigmenta-
tion and glass transition. feadeba. 2003, 83, 423-436.

(24) Aurelio, D.-L.; Gabriel, R.; Navarro-Galindo, E. S. Thermal kinetic
degradation of anthocyanins in a roselle (Hibiscus sabdariffa L. cv.
“Criollo”) infusion. | | N NN 2008, 43, 322-325.

(25) Wang, W.-D.; Xu, S.-Y. Degradation kinetics of anthocyanins in
blackberry juice and concentrate. Joslaaaambig. 2007, 82, 271-275.

(26) De Rosso, V. V.; Mercadante, A. Z. Evaluation of colour and

stability of anthocyanins from tropical fruits in an isotonic soft drink
systen. I 007, 5, 347-352.

(27) Kirca, A.; Cemeroglu, B. Degradation kinetics of anthocyanins in
blood orange juice and concentrate. Sagcaliedd. 2003, 81, 583-587.

(28) Dhuique-Mayer, C.; Tbatou, M.; Carail, M.; Caris-Veyrat, C.;
Dornier, M.; Amiot, M. J. Thermal degradation of antioxidant
micronutrients in citrus juice: Kinetics and newly formed com-
pounds. R 2007, 55, 4209-4216.

(29) Cisse, M.; Dornier, M.; Sakho, M.; Diop, C. M.; Reynes, M.; Sock,
O. La production du bissap (Hibiscus sabdariffa L.) au Sénégal.
Lrts 2009, 64, 111-124.

(30) AOAC. Fruits and Fruits Products; K. Helrich: Arlington, United
States, 1990.

(31) Vaillant, F.; Millan, A.; Dornier, M.; Decloux, M.; Reynes, M.
Strategy for economical optimisation of the clarification of
pulpy fruit juices using crossflow microfiltration. gl slis.
2001, 48, 83-90.

(32) George, S.; Brat, P.; Alter, P.; Amiot, M. J. Rapid determination of
polyphenols and vitamin C in plant-derived products. juniiitmistss
Chew. 2005, 53, 1370-1373.

(33) Kacem, B.; Marshall, M. R.; Mathews, R. F.; Gregory, J. F.
Simultaneous analysis of ascorbic and dehydroascorbic acid by

J. Agric. Food Chem., Vol. 57, No. 14,2009 6291

high-performance liquid chromatography with postcolumn deriva-
tization and UV absorbance. | NN 1986, 34, 271-274.

(34) Brause, A. R.; Woollard, D. C.; Indyk, R. E. Determination of total
vitamin C in fruit juices and related products by liquid chromatog-
raphy-inter-laboratory study. gmtieimmta. 2003, 86, 367-374.

(35) Englyst, H. N.; Cummings, J. H. Simplified method for the measure-
ment of total non-starch polysaccharides by gas-liquid chromatog-
raphy of constituent sugars as alditol acetates. dugluss 1984, 109,
937-942.

(36) Lee, J.; Durst, R. W.; Wrolstad, R. E. Determination of total
monomeric anthocyanin pigment content of fruit juices, beverages,
natural colorants, and wines by the pH differential method: colla-
borative study. yomitabimka. 2005, 88, 1269-1278.

(37) Babalola, S. O.; Babalola, A. O.; Aworh, O. C. Compositional
attributes of the calyces of roselle (Hibiscus sabdariffa). J. Food
Technol. Africa 2001, 6, 133-134.

(38) Maiga, A.; Diallo, D.; Bye, R.; Paulsen, B. S. Determination of some
toxic and essential metal ions in medicinal and edible plants from
Mali. I 2005, 53, 2316-2321.

(39) Laleh, G. H.; Frydoonfar, H.; Heidary, R.; Jameei, R.; Zare, S. The
effect of light, temperature, pH and species on stability of antho-
cyanin pigments in four Berberis species. jagdmbmbig. 2006, 5, 90-92.

(40) Jackmann, R. L.; Smith, J. L. Anthocyanins and betalains. In
Natural Food Colorants; Hendry, G. A. F., Houghton, J. D., Eds.;
Blackie Academic and Professional: London, 1996; pp 244—280.

(41) Shenoy, V. R. Anthocyanins—Prospective food colours. (i
1993, 64, 575-579.

(42) Debicki-Pospi, J.; Lovri, T.; Trinajsti, N.; Sablji, A. Anthocyanin
degradation in the presence of furfural and 5-hydroxymethylfurfur-
al. et 1983, 48, 411-416.

(43) Wrolstad, R. E.; Skrede, G.; Lea, P.; Enersen, G. Influence of sugar
on anthocyanin plgment stablllty in frozen strawberries. yoicm-
1990, 55, 1064-1065.

(44) Choi, M. H.; Kim, G. H.; Lee, H. S. Effects of ascorbic acid retention
on juice color and pigment stability in blood orange (Citrus sinensis)
juice during refrigerated storage. ittt 2002, 35, 753-759.

(45) Kirca, A.; Ozkan, M.; Cemeroglu, B. Stability of black carrot
anthocyanins in various fruit juices and nectars. fuaacnimtia. 2006,
97, 598-605.

(46) Mazza, G.; Miniati, E. Anthocyanin in fruits. Vegetables and Grains;
CRC Press: Boca Raton, FL, 1993; p 362.

Received March 13, 2009. Revised manuscript received May 28, 2009.
Accepted May 29, 2009. We thank for their financial support the
research network “Génie des procédés appliqué a I’agro-alimentaire”
of the “Agence Universitaire de la Francophonie” (www.gp3a.auf.org)
and the PAVUC-FP6-INCO project DEV-2, contract 015279 (www.
pavuc.soton.ac.uk).



