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Summary
The effect of heating temperature (80–120 °C) and processing time (5–50 min) on the
stability of anthocyanins (cyanidin-3-glucosylrutinoside, cyanidin-3-rutinoside and cyanidin-3-glucoside), quercetin-3-glucoside and phenolic acids (chlorogenic, neochlorogenic,
p-coumaric and ferulic acids) in freeze-dried Marasca sour cherry pastes was studied. The
degradation rates of individual anthocyanins, quercetin-3-glucoside and phenolic acids followed the first order reaction kinetics. Cyanidin-3-glucoside was found to be the most
unstable among the anthocyanins, together with p-coumaric and neochlorogenic acids among
other phenols. Activation energies for anthocyanin degradation ranged from 42 (cyanidin-3-glucosylrutinoside) to 55 kJ/mol (cyanidin-3-glucoside), and for other phenols from 8.12
(chlorogenic acid) to 27 kJ/mol (neochlorogenic acid). By increasing the temperature from
80 to 120 °C, the reaction rate constant of cyanidin-3-glucosylrutinoside increased from
2.2·10–2 to 8.5·10–2 min–1, of p-coumaric acid from 1.12·10–2 to 2.5·10–2 min–1 and of quercetin-3-glucoside from 1.5·10–2 to 2.6·10–2 min–1. The obtained results demonstrate that at 80
°C the half-life of anthocyanins ranges from 32.10 min for cyanidin-3-glucosylrutinoside to
45.69 min for cyanidin-3-rutinoside, and of other phenolic compounds from 43.39 for neochlorogenic acid to 66.99 min for chlorogenic acid. The results show that the heating temperature and duration affect the anthocyanins considerably more than the other phenols in
terms of degradation.
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Introduction
Plant phenols comprise a great diversity of compounds, among which flavonoids and several classes of
nonflavonoids are usually distinguished. They show a
great diversity of structures, ranging from rather simple
molecules to complex polymers (simple phenols, phenolic acids, flavonoids, stilbenes, coumarins, isocoumarins, tannins, etc.) (1). Phenolic acids can be divided into

derivatives of benzoic acid and derivatives of cinnamic
acid (2). Anthocyanins are one of the numerous subgroups of flavonoids, and are water-soluble natural pigments responsible for the blue, purple, violet and red
colour of many fruits, vegetables, as well as their products (3). Phenols are biologically active compounds
(BACs) with strong antioxidant capacity (4,5), so numerous researchers reported about their capacity of reducing the risk of coronary heart diseases, cancer and several
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chronic diseases (6–8). The major sources of anthocyanins,
flavonol glycosides and phenolic acids in edible plants
are blueberry, aronia, sour cherry, cherry, raspberry, blackberry, strawberry, plum, black currants, purple grapes,
etc. (9). Among numerous fruit species, sour cherry Marasca (Prunus cerasus var. Marasca) is a rich source of polyphenols, especially anthocyanins, which contribute to its
intense dark red colour (10,11). Because of the specific
physicochemical properties, high dry matter content (21–
27.3 %) (12), specific aroma and presence of bioactive
compounds, it is an excellent raw material for processing into dry, frozen or freeze-dried cherries, jams, soft
and alcoholic drinks, juice, concentrate and powder. Compared to other drying methods (conventional, convective
air, vacuum oven, microconvection, solar drying, etc.)
(13), freeze-drying is the optimal method for the production of high quality dehydrated fruit products. Due
to the minimal degradation of BACs and microbiological
stability, freeze-dried sour cherry Marasca retains sensory properties of fresh fruit and therefore can be used
in the production of various functional products (14–16).
Stability of anthocyanins as the most unstable group
of polyphenols mostly depends on processing and storage conditions (pressure, temperature, water activity, process duration, pH, light, oxygen, metal ions, enzymes and
sugars) (17–21). Thermal treatments and storage temperature have the most important influence on anthocyanin
stability (17,22–24). As reported by Asafi and Cemerogh lu
(25), the rate of anthocyanin degradation in sour cherry
and pomegranate juices and their concentrates during storage increased with the increase of temperature, and was
higher in pomegranate samples.
According to Kopjar et al. (26), storage of sour cherry
puree extracts at room temperature and at 4 °C for 42
days decreased the content of anthocyanins, total phenols and flavonoids. Fracassetti et al. (27) observed the
thermal degradation of individual and total anthocyanins
in freeze-dried wild blueberry powder, stored at temperature range of 25–80 °C for 49 days. They concluded that
the degradation was significantly faster at higher temperatures. Considerable anthocyanin degradation occurred in the rubbery state of freeze-dried raspberries at
selected water activities during one year of storage (28).
There are numerous studies that describe the degradation of anthocyanins in different substrates, but only limited information is available about the stability of phenolic compounds and anthocyanins in freeze-dried cherry
paste.
The aim of this research is to study the kinetics of
individual anthocyanins, phenolic acids and flavonol
glycosides in freeze-dried sour cherry Marasca paste, in
order to advance the knowledge of the thermal stability
of the above-mentioned compounds, and to establish
mathematical models enabling the prediction of the degradation of these compounds during storage and thermal processing.

Materials and Methods
Sour cherry fruits
Sour cherry fruits (Prunus cerasus var. Marasca) were
harvested at the plantation of Maraska factory (Zadar,
Croatia) at technological stage of maturity during June

2011. After harvesting, the samples were immediately
transported to a laboratory in a portable refrigerator at 4
°C, subsequently pitted, frozen using liquid nitrogen, and
kept at –60 °C (ScanCool SCL210P, LaboGene™, Lynge,
Denmark) until freeze-drying.

Freeze-drying of sour cherries
For freeze-drying of pitted sour cherries (previously
frozen at –60 °C), 500 g of the sample were placed on
each tray. Six trays were placed in a laboratory freeze-dryer (CoolSafe PRO, LaboGene™) and the freeze-drying process was performed for 24 h under high vacuum
(13–55 Pa), with isothermal (heating) plate temperatures
of 20 °C. The final water content of dried fruits was 9.7 %.
Freeze-dried sour cherries were blended and homogenized
in a paste with a house blender (Clatronic, Kempen, Germany) and immediately underwent heat treatment.

Heat treatment of freeze-dried sour cherry
Samples (homogenised freeze-dried sour cherry paste,
approx. 5 g) were put in seven test tubes in inert nitrogen gas atmosphere and heated in an oil bath preheated
to a given temperature: 80, 90, 100, 110 and 120 °C. Temperature of the oil bath was measured by glass thermometer (Amarell GmbH & Co. KG, Kreuzwertheim, Germany). Samples were taken after 5, 10, 15, 20, 30, 40 and
50 min. After the treatment, the tubes were cooled down
in an ice bath to stop further thermal degradation. All
heating treatments were done in duplicate and were followed by the extraction of polyphenolic compounds for
further analysis.

Extraction of phenols
The extraction of phenols from heat-treated freeze-dried sour cherry was performed according to a previously described procedure (29). Phenols were extracted from
heat-treated cherry samples ((2±0.001) g) with 8 mL of
80 % aqueous methanol solution containing 0.1 % HCl
(by volume), in a water bath at 60 °C for 20 min. Afterwards, the extracts were filtered through Whatman No.
40 filter paper (Whatman, GE Healthcare Bio-Sciences,
Pittsburgh, PA, USA), transferred into 10-mL volumetric
flasks, and made up to volume with extraction solvent.
Each sample was heat treated in parallel, and extracted
twice (N=4). Extracts were stored at –60 °C in an inert
nitrogen gas atmosphere before the analysis.

HPLC analysis
The anthocyanins, hydroxycinnamic acids and flavonol glycosides were simultaneously analysed by a direct injection of the extracts, previously filtered through
a 0.45-mm pore size membrane filter (Macherey-Nagel
GmbH & Co. KG, Düren, Germany). Chromatographic
separation was performed using HPLC analysis with
Agilent 1260 Infinity quaternary LC system (Agilent
Technologies, Santa Clara, CA, USA) equipped with diode array detector (DAD), an automatic injector and
ChemStation software.
The separation of phenolic compounds (anthocyanins,
hydroxycinnamic acid and flavonol glycosides) was per-
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formed on a Nucleosil 100-5C18, 5 mm (250 mm×4.6 mm
i.d.) column (Macherey-Nagel). The solvent composition
and the gradient conditions used were as described previously by Miti} et al. (30), with some modifications: instead of 5 % the solvents contained 3 % of formic acid.

Quantitative determination was based on peak area
from HPLC analyses and from the mass fraction of the
compound. The results were expressed as mg per 100 g
of sample, as mean values±standard deviations (N=4 replicates).

For gradient elution, mobile phase A contained 3 %
of formic acid in water, while solution B contained 3 %
of formic acid in 80 % acetonitrile. The used elution program was as follows: from 0 to 28 min 0 % B, from 28 to
35 min 25 % B, from 35 to 40 min 50 % B, from 40 to 45
min 80 % B, and finally for the last 10 min again 0 % B.
The flow rate was 0.8 mL/min and the injection volume
was 5 mL.

Data analysis

Detection was performed with UV/VIS–photo diode
array detector by scanning from 220 to 570 nm. Identification of phenols was carried out by comparing retention times and spectral data with those of the authentic
standards (anthocyanins were identified at 520 nm, phenolic acids at 280 nm and flavonol glycoside at 360 nm).
The quantifications of anthocyanins, flavonol glycoside and phenolic acids were made by the external standard method. All anthocyanin standards, cyanidin-3-glucoside (Cy-3-G), cyanidin-3-rutinoside (Cy-3-R) and
cyanidin-3-sophoroiside (Cy-3-S), were prepared as stock
solutions in acidified methanol (1 % of formic acid in
methanol, by volume) at a concentration of 100 mg/L.
Working cyanidin standard solutions were prepared by
diluting the stock solution to yield five concentrations in
a range from 16.67 to 100 mg/L. Quantitative determination was carried out using the calibration curves of
the standards Cy-3-G: y=21.952x, R2=0.99; Cy-3-R: y=
14.969x, R2=0.99; and Cy-3-S: y=13.355x, R2=0.99. All
identified anthocyanins were cyanidin derivatives differing in sugar moiety bonded to the aglyconic part of molecule. For the anthocyanin lacking reference standards,
cyanidin-3-glucosylrutinoside (Cy-3-GR) identification
was done in comparison with Cy-3-G.
Standards of phenolic acids and quercetin-3-glucoside (Q-3-G) were prepared as stock solutions in ethanol
(ethanol/water=80:20 %, by volume) at following concentrations: chlorogenic acid (ChA) and caffeic acid (CA)
52 mg/L, p-coumaric acid (p-CA) 48 mg/L, ferulic acid
(FA) 46 mg/L and Q-3-G 400 mg/L. Working standard
solutions were prepared by diluting the stock solution to
yield five concentrations in the range from 10.4 to 52
mg/L for ChA and CA, from 9.6 to 48 mg/L for p-CA,
from 9.2 to 46 mg/L for FA, and from 80 to 400 mg/L
for Q-3-G. Quantitative determination was carried out
using the calibration curves of the standards (ChA: y=
14.571x, R2=0.99; p-CA: y=10.729x, R2=0.99; FA: y=19.291x,
R2=0.99; Q-3-G: y=10.79x; R2=0.99; CA: y=21.294x, R2=
0.99). For neochlorogenic acid (NChA) lacking reference
standard, identification was done in comparison with
ChA.
Identification was made by matching the retention
time of the separated peaks and the retention time of the
authentic standards. Additionally, identification was confirmed using characteristic UV/VIS spectra, polarity,
previous literature reports (30–33), and also in another
study on sour cherry Marasca products done with LC-MS/MS (results not shown).

The anthocyanin, phenolic acid and Q-3-G contents
in freeze-dried sour cherry during heating treatment were
plotted as a function of time. Previous studies had shown
that thermal degradation of anthocyanins followed a
first-order reaction kinetics (34–38). This kinetic type can
generally be expressed using Eq. 1:
w(t)=w0·exp(–k·t)

/1/

with w(t) as the mass fraction at time t, w0 as the initial
mass fraction (mg per 100 g of sample), t as the treatment
time (min) and k as the first order degradation rate constant (min–1).
The half-life (t1/2) of the reaction was calculated assuming the first-order kinetics as:
t1/2=–ln 0.5/k

/2/

The temperature dependence degradation rate constant can be expressed with the Arrhenius equation:
éE æ 1
ù
1 ö
÷
k(T)=krefT ·expê a ç
ç ÷ú
ë R è T Tref øû

/3/

in which the temperature dependence of k is quantified
by the activation energy Ea (kJ/mol) according to Eq. 2,
k is the degradation rate constant at temperature T (K),
krefT is the degradation rate constant at temperature Tref
(383.15 K or 110 °C) and R is the universal gas constant
(8.314·10–3 kJ/(K·mol)).
After integration of mass fraction as a function of
time, temperature can be analytically derived for each
isothermal experiment. Series of isothermal experimental data for each anthocyanin and other polyphenolic
compounds are pulled together by series of isothermal
integrations into a single function of two variables of
temperature and time (Eq. 4), which are represented as
projections of all the experimental data to a single surface in 3D plot.
é Ea æ 1
ù
1 ö
÷
ln w(t,T)=–ln w0·krefT · expê ç
/4/
ç ÷ú·t
ë R è T Tref øû

Results and Discussion
In the presented research, the major anthocyanins
determined in freeze-dried sour cherries were Cy-3-GR,
Cy-3-R and Cy-3-G, whereas Cy-3-S was detected in traces.
Their mass fractions were 73.55, 21.80 and 4.65 % of the
total anthocyanin content, respectively. The determined
phenolic acids were ChA, NChA, p-CA, FA and Q-3-G
from a subgroup of flavonol glycosides. Their mass fractions were 33.46, 28.66, 26.58, 1.12 and 10.18 % of the
total non-anthocyanin content, respectively. The quality
of dehydrated foods is dependent on the changes occurring during processing and storage, and it is well
known that freeze-drying produces the highest quality
dried food with very high retention of BACs. According
to Piasecka et al. (39), the stability of phenols was much
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higher in freeze-dried sour cherries and other fruits than
in convectively dried fruits. Temperature is one of the
most critical factors that affect product quality and shelf-life. In general, in literature, the effects of heating on the
degradation of biologically active compounds have been
assessed in terms of total anthocyanins, rather than changes in the levels of particular anthocyanins and other phenolics.
The content of anthocyanins and other phenolics in
freeze-dried Marasca sour cherries during heating at referent temperature of 110 °C was plotted as a function of
time and presented in Figs. 1 and 2. The degradation of
anthocyanins, phenolic acids and Q-3-G was carried out
at 80, 90, 100, 110 and 120 °C, and mass fractions at all
temperatures followed the first order reaction kinetics
(Eq. 1) with a coefficient of determination R2, ranging
from 0.85 to 0.99 (Tables 1 and 2). These results are in accordance with previous reports (36,38,40). After 50 min of
heating at 110 °C, Cy-3-G was the most unstable anthocyanin, and overall anthocyanins were significantly
decreased, by approx. 40 %, between 20 and 30 min of
heating. Total degradation of Cy-3-G was observed after
20 min of heating at 110 and 120 °C. Degradation was
substantially slower at lower, and faster at higher heating temperature, which indicates that the duration and
temperature of heating have a strong influence on the
anthocyanin stability (41).
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Fig. 1. Isothermal degradation of Cy-3-GR, Cy-3-G and Cy-3-R
in freeze-dried sour cherry paste treated at 110 °C
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Fig. 2. Isothermal degradation of NChA, p-CA, ChA, FA and
Q-3-G in freeze-dried sour cherry paste treated at 110 °C

The degradation of anthocyanins is primarily caused
by oxidation, cleavage of covalent bonds or enhanced
oxidation reactions due to thermal processing. Probably
during heat treatment, anthocyanins or their conjugated
sugars are broken down into small molecules such as aldehydes and benzoic acid derivatives or their corresponding anthocyanidins, respectively (41,42). Anthocyanin
degradation is accelerated with increasing temperature,
which supports the data of degradation rate constant k
shown in Table 1.
Due to the above-mentioned reasons, the rate constant, k, as well as t1/2 values at 100, 110 and 120 °C for
Cy-3-G were not calculated. For the Cy-3-GR as a predominant anthocyanin in freeze-dried sour cherries, the
degradation rate constant (k) increased from 2.2 to 8.5·
·10–2 min–1 with the temperature increase from 80 to 120
°C. For the Cy-3-R, the degradation rate also showed a
similar trend, with k increasing from 1.5 to 8.4·10–2 min–1
as a result of temperature increase. Increasing the temperature for 40 °C (from 80 to 120 °C), k increased by approx. 4- to 5-fold. The activation energy (Ea) for the anthocyanin compounds in freeze-dried Marasca cherries
was calculated according to the Arrhenius equation (Eq.
3). The resulting activation energies for anthocyanins
(Table 1) were 42 kJ/mol for Cy-3-GR, 55 kJ/mol for
Cy-3-G and 51 kJ/mol for Cy-3-R, with R2 values ranging from 0.97 to 0.99. The obtained results are similar to
the previously reported Ea for blackberry juice (58.95
kJ/mol) and raspberry juice (34.2 kJ/mol) (36,43). The Ea
for anthocyanin degradation was higher in sour cherry
concentrate than in juice; therefore, anthocyanins in the
concentrate are more susceptible to thermal degradation
(34).
The t1/2 values of anthocyanins are expressed in Eq.
2 and presented in Table 1. The half-life at 110 °C of Cy-3-GR and Cy-3-R was 9.30 and 9.52 min, respectively.
Cy-3-G was degraded after heating at temperatures higher than 90 °C. In this study, the half-life values of cyanidin glycosides in Marasca sour cherry paste ranged from
22.40 to 25.27 min at 90 °C. Cy-3-R was more susceptible
to high temperatures than Cy-3-GR, while Cy-3-G was
unstable. The half-life values of anthocyanin degradation in blackberry juice at 90 °C were from 3.85 to 4.97 h
(42). Cemeroglu et al. (34) reported that t1/2 value of anthocyanin degradation at 80 °C in sour cherry juice and
concentrate was 8.1 and 2.8 h, respectively. These results
for t1/2 values of anthocyanin degradation were considerably higher, compared to the freeze-dried Marasca cherries analyzed in the present study. Another study (44) on
pomegranate juices (clarified and cloudy) heated at 80
and 90 °C, reported higher t1/2 values in clarified than in
cloudy juices. This indicates that lower stability of anthocyanins in cloudy juices was due to the presence of
macromolecular matrix compounds. The anthocyanin degradation was more rapid in more concentrated juices
(35), probably due to increased solid content and reacting molecules (oxygen), which become closer and accelerate the rate of chemical reactions (34,36). Sugar and ascorbic acid present in fruits can also increase or decrease
the anthocyanin degradation depending on their concentration (45). Different food matrix and chemical structure
of anthocyanin-conjugated sugar (the type and place of
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Table 1. Effect of temperature on the anthocyanin degradation in freeze-dried sour cherry Marasca paste
Compound

Cy-3-GR

Cy-3-G

Cy-3-R

k·10–2/min–1

R2

t1/2/min–1

80

2.2±0.2

0.87

32.10

90

3.08±0.08

0.99

22.40

Temperature/°C

100

5.1±0.3

0.94

13.58

110

7.4±0.8

0.86

9.30

120

8.5±0.7

0.91

8.14

80

1.6±0.1

0.94

41.81

90

2.7±0.1

0.98

25.27

100

–

–
–

110

–

120

–

80

1.5±0.1

Ea/(kJ/mol)

R2

42±2

0.98

55±2

0.99

51±2

0.97

–
0.91

45.69

90

2.8±0.1

0.97

24.64

100

4.5±0.2

0.96

15.16

110

7.2±0.4

0.96

9.52

120

8.4±0.3

0.98

8.21

Cy-3-GR=cyanidin-3-glucosylrutinoside, Cy-3-G=cyanidin-3-glucoside, Cy-3-R=cyanidin-3-rutinoside; k=degradation rate constant,
t1/2=half-life, Ea=activation energy

Table 2. Effect of temperature on the degradation of phenolic acids and flavonol glycosides in freeze-dried sour cherry Marasca paste
Compound

NChA

p-CA

ChA

FA

Q-3-G

Temperature/°C

k·10–2/min–1

R2

t1/2/min–1

80

1.6±0.2

0.87

43.39

90

1.9±0.2

0.90

36.13

100

2.8±0.1

0.96

24.64
21.90

110

3.2±0.2

0.93

120

3.9±0.2

0.95

17.60

80

1.12±0.07

0.95

61.60
46.30

90

1.49±0.09

0.94

100

1.8±0.2

0.85

37.50

110

2.2±0.2

0.92

30.80

120

2.5±0.2

0.93

27.71

80

1.0±0.1

0.85

66.99

90

1.29±0.07

0.94

53.49

100

1.32±0.09

0.92

52.27

110

1.3±0.1

0.86

52.27

120

1.45±0.08

0.94

47.59

80

1.29±0.09

0.93

53.49

90

1.50±0.07

0.96

46.00

100

1.61±0.06

0.98

42.85

110

1.70±0.09

0.95

40.58

120

1.9±0.2

0.92

35.94

80

1.5±0.1

0.90

46.94

90

1.5±0.1

0.93

46.00

100

2.0±0.1

0.93

34.67

110

2.4±0.2

0.94

29.11

120

2.6±0.1

0.96

26.85

Ea/(kJ/mol)

R2

27±1

0.98

23±1

0.98

8.1±0.9

0.78

10.8±0.1

0.97

18.1±0.2

0.94

NChA=neochlorogenic acid, p-CA=p-coumaric acid, ChA=chlorogenic acid, FA=ferulic acid, Q-3-G=quercetin-3-glucoside; k=degradation rate constant, t1/2=half-life, Ea=activation energy
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glycosylation, the presence of hydroxyl groups) probably affect its thermal stability (46). Consistently with previous reports, in freeze-dried Marasca cherries all compounds present in the matrix are concentrated, which may
affect the anthocyanin stability.
The phenolic acids ChA, NChA, p-CA, FA, and Q-3-G are also among the most important BACs present in
freeze-dried Marasca sour cheeries. Results show that the
temperature and time of processing decreased the mass
fractions of phenolic acids and Q-3-G, but they are more
stable during heating compared to anthocyanins. The degradation of phenolic acids and Q-3-G in freeze-dried sour
cherry paste samples is the same as of anthocyanins, but
considerably slower (Fig. 2).
The most stable phenolic acids in freeze-dried Marasca cherry paste were ChA and FA because at the highest temperature they had the highest half-life. At 110 °C,
t1/2 values for ChA and FA were 52.27 and 40.58 min, respectively. Q-3-G had a lower t1/2 value (29.11 min) than
ChA and FA acids, but a considerably higher than cyanidin glycosides at the same temperature.
A considerable decrease in the mass fractions of ChA
and FA occurred at a temperature of 110 °C after 20 and
30 min, respectively (Fig. 2). The same trend was observed for Q-3-G at the same temperature and time; its
mass fraction decreased approx. 50 % after heating, respectively.
It is reported that the sugar moiety attached to the
C-ring of flavone skeleton (3-O-position) is more susceptible to thermal degradation compared to other positions
on it (47). According to van der Sluis et al. (48) various
quercetin glycosides are the most thermally sensitive
compounds, whereas chlorogenic acid is more stable in
enriched apple juice.
The results show that the phenolic acids and Q-3-G
in the freeze-dried Marasca cherry paste at higher temperatures (or during heat treatment) are more stable
compared to anthocyanins. The reason for their greater
stability compared to anthocyanins may be related to
their chemical structure. The hydrolysis of sugar moiety
at the position 3 of flavylium ring of anthocyanidin leads
to a formation of colourless phenolic aglycones (chalcone), while the possible degradation mechanism is due
to further transformations of aglycones into a coumarin
glucoside derivative with a loss of the B-ring (49).
By increasing the heating temperature from 80 to
120 °C, the degradation rate constant (k) is increased by
approx. 1.5- to 2.5-fold for phenolic acids and approx.
1.75-fold for Q-3-G. The degradation rate constant (k) of
the ChA and FA, as the most stable phenolic acids in
freeze-dried sour cherries, increased from 1.0 to 1.45·10–2
min–1 and from 1.29 to 1.9·10–2 min–1, respectively. Degradation rate constant (k) for Q-3-G ranged from 1.5 to
2.6·10–2 min–1 as a result of temperature increase. Increasing the heating temperature increased the k values,
and hence accelerated the degradation rate.
At 120 °C, ChA and FA also had the highest half-life, 47.59 and 35.94 min, respectively. Q-3-G had a similar t1/2 value to ChA and FA acids, respectively, and
compared to anthocyanins was considerably more stable
(Tables 1 and 2). Limited data concerning temperature

sensitivity of individual nonanthocyanin polyphenolic
compounds are available.
The activation energies (Ea) for phenolic acids and
Q-3-G in freeze-dried Marasca cherries paste were as
follows: ChA 8.1, FA 10.8, p-CA 23, NChA 27 and Q-3-G
18.1 kJ/mol, with R2 values ranging from 0.78 to 0.98.
Phenolic acids and Q-3-G had considerably lower Ea, but
due to lower k values, these polyphenols were more
stable to thermal degradation compared to anthocyanins.
The integrated models for temperature and time effects are presented as 3D surface plots in Figs. 3–5. They
show that a series of isothermal experiments are well
predicted by a single model (surface), which enables extrapolations of freeze-dried sour cherry Marasca prod-

Fig. 3. 3D plot of the logarithm of mass fractions of Cy-3-GR as a
function of temperature and time. The model is represented by the
surface and each experimental data is presented by a black dot

Fig. 4. 3D plot of the logarithm of mass fractions of p-CA as a
function of temperature and time. The model is represented by the
surface and each experimental data is presented by a black dot
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