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ABSTRACT: Consumers are increasingly demanding natural colorants that are safe and offer health benefits. In
addition to their ornamental characteristics, Kanzan cherry (KC) blossoms present a promising source of red-hued
natural colorants and functional bioactive substances. This research utilized distilled water to extract KC petals (KCP)
and their ground powders (KCPP) under varying temperatures (30○C–90○C) and times (30–180 min). The total
monomeric anthocyanins (TMAC) and total phenolics (TPC) in the extracts were evaluated via the pH differential and
Folin–Ciocalteu methods. Antioxidant capacities were assessed by DPPH free radical scavenging ability and reducing
power. Results indicated that the optimal extraction of TMAC and TPC from KCP occurred at 90○C for 30 min,
and the resulting extracts exhibited the highest antioxidant activities among all tested temperatures and durations.
Compared to different particle sizes, the finest KCPP generally produced extracts with the highest TMAC, TPC, and
antioxidant activity, due to enhanced mass and heat transfer. When compared with the acidified alcohol method, hot
water extraction resulted in 68.23% and 71.41% TMAC yields for petals and powders, respectively, while TPC levels
were similar or higher. TMAC or TPC showed a significantly positive correlation (p < 0.01) with the antioxidant
activities. These findings demonstrate that hot water extraction is a viable and environmentally friendly alternative
for phytochemical recovery from KC. Additionally, elevated extraction temperature and pH accelerated anthocyanin
degradation and shortened its half-life, while higher pH also lowered the activation energy, enthalpy, entropy, and Gibbs
free energy. Thus, red–orange KC extracts with rich bioactivity may serve as promising ingredients for functional foods
having acidic pH levels.
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1 Introduction
The flowering cherries or cherry blossoms (CB), scientifically known as Prunus spp. or Cerasus

(subgenus) spp., belong to the Rosaceae family and is an ornamental plant widely cultivated in Japan,
China, the USA, Canada, and other countries. Cherry flowers display a range of colors—including red,
pink, greenish-yellow, and white—depending on the variety. Prunus serrulata ‘Kanzan’, commonly known as
Kanzan cherry (KC), is a well-known cultivar of the Japanese late-blooming cherry. Renowned for its lush,
double-petaled pink flowers, KC is a beloved ornamental variety commonly found in parks and gardens.
Popular red—purple sweet cherries consumed as fruit generally come from Prunus avium or other related
species [1].
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Cherry flowers exhibit in vitro activities such as antioxidant, anti-inflammatory, antiviral, α-glucosidase
inhibitory, and anticancer effects, owing to their rich contents of bioactive compounds including antho-
cyanins, flavanols, polyphenols, and polysaccharides [2–5]. Total anthocyanin content as well as various
anthocyanin species and amounts were the main factors determining the color difference of CB [6]. Red
cherry flowers had higher flavonoids and polysaccharides and stronger α-glucosidase inhibition than white
flowers [5]. Cherry flowers have long been used in food products such as sakura-cha (salted cherry blossom
tea), cakes, and ice cream, serving both as natural pigments and sources of health-promoting compounds [7].
In 2022, China’s National Health Commission granted regulatory approval to KC as a novel food ingredient,
authorizing its incorporation into common food products. This reclassification from ornamental plant to
food-grade material spurred significant attention within the functional food sector.

Anthocyanins, natural pigments commonly found in flowers, are composed of anthocyanidins, sugars,
and/or organic acids [8]. Cyanidin and petunidin were identified as the main anthocyanins in the petals
of 11 cherry varieties, while peonidin and malvidin were also detected [6]. The chemical stability of these
pigments is influenced by various conditions, including their molecular configuration, ambient temperature,
pH, and water activity [9,10]. Blue anthocyanins (ternatins) found in butterfly pea flowers exhibited high
stability at acidic and neutral pH levels due to acylation in their structure [8,11–13]. Anthocyanin extract from
roselle calyces showed a higher degradation rate constant at elevated temperatures and pH levels [14]. The
stability (half-life) of anthocyanins from saffron petals during storage was enhanced by microencapsulation
with alginate and maltodextrin [15]. Acidic methanol or ethanol is a typical solvent for anthocyanin
extraction [16,17]. However, water also serves as an effective and environmentally sustainable solvent for
extracting anthocyanins from ornamental plants for food industry [10,18].

Research on cherry blossoms has largely focused on ornamental horticulture, including the effects
of light irradiation on flower color and anthocyanin content of CB, and elucidating the biosynthetic
mechanisms of anthocyanins [19,20]. Suo et al. [4] indicated dried CB petals produced by vacuum freeze-
drying exhibited a superior appearance, higher contents of total anthocyanins, polyphenols, and flavonoids,
as well as stronger antioxidant activity compared to those produced by the other six drying methods.
Brozdowski et al. [2] reported that ground powders of black cherry flowers were extracted using three
solvents: 60% methanol (ice-cooled ultrasonic bath for 45 min), 40% ethanol (room temperature for 5 days),
and water (infusion with boiling water for 10 min). The results showed that 40% ethanol was most effective at
extracting hydroxycinnamic acids, flavanols, and polyphenolic compounds, while water produced the lowest
yields. Using an orthogonal design, the optimal extraction parameters for total flavonoids from KC were
determined to be: 400 W of microwave power, 1:40 g/mL of material-to-liquid ratio, and 50% ethanol at
75○C [21]. Despite these efforts, comprehensive evaluations of post-harvest cherry blossoms—particularly
regarding the aqueous extraction of phytochemicals and their antioxidant efficacy—remain sparse. We
conducted studies on the water-based extraction of phytochemicals and their antioxidant activities from
butterfly pea flowers, roselle, and grape skins under various temperatures and durations [22,23]. However,
these studies did not include a detailed comparison of the effect of particle size on extraction efficiency,
nor did they include an analysis of the relevant thermodynamic parameters related to thermal degradation
of anthocyanins. In our previous work, the control extractions used 60% ethanol—rather than acidified
ethanol—which was shown to be more effective in extracting anthocyanins. Therefore, the present study
sought to examine how different extraction parameters, including temperature, duration, and particle size,
affect total anthocyanin and polyphenol yields as well as antioxidation capacity in aqueous KC extracts.
Furthermore, we compared the efficiency of extraction using water and acidic alcohol. Finally, the stability,
and kinetic and thermodynamic parameters of anthocyanins from KC extract were evaluated under varying
heat treatments (60○C–90○C), durations (0–5 h), and pH values (2.6–5.6).
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2 Materials and Methods

2.1 Materials
Dried Kanzan cherry petals (KCP) with a moisture content of 9.949% and approximate dimensions of

18–20 mm in length × 14–15 mm in width were purchased from Yiduojia Food Co. (Sihong, Jiangsu). All
reagents employed for food-related analytical procedures were of analytical grade quality.

2.2 Preparation of KC Petal Extracts
For this experiment, 1000 g of dried Kanzan cherry petals (KCP) were pulverized and separated through

mesh sieves of 20, 40, and 60 mesh sizes. This process yielded KC petal powders (KCPP) with particle
ranges of 0.85–0.42 mm, 0.42–0.25 mm, and less than 0.25 mm, respectively. The powders were stored in
a desiccator to prevent moisture absorption before extraction. Both intact petals and their powdered forms
were extracted using distilled water as the solvent. Aqueous extracts with a concentration of 2% (w/v) were
prepared by combining 2 g of sample with 100 mL of distilled water. The mixtures were incubated in a water
bath shaker at temperatures between 30○C and 90○C for durations of 30 to 120 min under agitation at 100 rpm.
After extraction, the solution was filtered and rapidly cooled. As a comparative control, an ethanol-based
extraction was conducted using 60% ethanol containing 1% HCl at 40○C for 30 min [16,24].

2.3 Total Monomeric Anthocyanin Content (TMAC)
The TMAC in KC extracts was analyzed using the pH differential method as described by Lee et al. [25].

In this procedure, 1 mL of the extract was separately mixed with 4 mL of two buffer systems: one at pH
1.0 containing 0.025 M potassium chloride (acidified with HCl) and the other at pH 4.5 composed of
0.4 M sodium acetate. The absorbance readings were recorded at wavelengths of 520 and 700 nm using a
spectrophotometer. TMAC values for both KCPE and KCPPE were calculated according to the following
formula:

TMAC (mg/kg, DB) = A × F ×MW × 1000 ×V
ε ×X ×W

(1)

where A = [(A520 nm−A700 nm)pH 1.0−(A520 nm−A700 nm)pH 4.5]; F = dilution factor; MW = 449.2 g/mol
(molecular weight of cyanidin-3-glucoside); ε = 2690 L/mol mm (molar extinction coefficient of cyanidin-
3-glucoside); and X = path distance (mm); V = volume of extract (mL); W = KCP or KCPP weight (g);
DB = expressed on a dry weight basis.

2.4 Total Phenolic Content
According to the method [18], the TPCs of aqueous and ethanolic KC extracts were determined using

the Folin–Ciocalteu reagent, employing gallic acid as the calibration standard. Results were reported as mg
of gallic acid equivalents per kg of dry sample (mg GAE/kg).

2.5 Antioxidation Activity
The DPPH free radical scavenging activity of KC extracts was evaluated following the method of

reference [26], using Trolox as the reference compound. The outcomes were presented as milligrams of Trolox
equivalents per kilogram of dry sample (mg TE/kg). Furthermore, the reducing ability of these KC extracts
was measured based on the procedure described by Oyaizu [27]. Specifically, 2.5 mL of extract was combined
with 2.5 mL of 0.2 M phosphate buffer (pH 6.6) and 2.5 mL of 1% potassium ferricyanide solution. This
mixture was incubated for 20 min at 50○C. Then add 2.5 mL of 10% trichloroacetic acid, and centrifuge the
resulting mixture at 3000 rpm for 10 min. Subsequently, 2.5 mL of the supernatant was thoroughly mixed
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with 2 mL of distilled water and 0.5 mL of 0.1% ferric chloride solution, and the mixture was left at room
temperature for 15 min. The absorbance was then read at 700 nm, and the reducing power was reported as
mg TE per gram of dry sample.

2.6 Heat Stability of KC Anthocyanin
The heat stability of anthocyanins from KC was investigated under different conditions, including

heating temperatures of 60○C, 70○C, 80○C, and 90○C, durations of 0, 1, 2, 3, 4, and 5 h, and pH levels of 2.6,
3.6, 4.6, and 5.6. In the experiment, 4 mL of KC extract was placed in a screw-capped glass test tube, and then
4 mL of a buffer solution (0.1 M citric acid and 0.2 M Na2HPO4) was added to adjust the pH to the targeted
value (ranging from 2.6 to 5.6). The mixture was thoroughly blended and subsequently subjected to heating
for different time periods at the designated temperatures.

The degradation kinetics of anthocyanins under thermal treatment was analyzed based on a first-order
reaction model, as shown in Eq. (2):

ln(Ct

C0
) = −k × t (2)

where C0 represents initial TMAC, Ct denotes the concentration remaining after heating for t hours at a
specific temperature and pH, k is the rate constant of the degradation reaction.

The half-life (t0.5), defined as the time required for the anthocyanin concentration to reduce by half, was
determined using the following expression:

t0.5 = (ln 2)/k (3)

2.7 Experimental Design and Statistical Analysis
The experimental design and brief flowchart of this study are shown in Fig. 1. IBM SPSS Statistics 20 was

used to analyze the data, which were obtained in triplicate for each treatment. One-way ANOVA, Duncan’s
new multiple range test, and Pearson correlation analysis were performed to determine the statistical
significance of differences among the values (p < 0.05).

Figure 1: Schematic diagram of the experimental design and procedures
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3 Results and Discussion

3.1 pH and Color of Extracts
The pH values of KCPE prepared at extraction temperatures of 30○C–90○C (at 15○C intervals) for 30 min

were 5.32, 5.19, 5.08, 5.08, and 4.93, respectively. This indicates that more acidic bioactive substances can be
extracted at higher temperatures. The color changes of KCPE under different pH values are shown in Fig. 2.
At pH 1–4, the extract exhibits a deep red to pink color, consistent with the typical color characteristics of
anthocyanins in acidic environments. At pH 5–8, the color shifts to orange and yellow. When the pH is
between 9 and 12, the yellow tone of the extract deepens and darkens, appearing as dark brown.

Figure 2: Color changes of KC extract at different pH levels (pH 1–12, from left to right)

3.2 Phytochemicals and Antioxidative Activities of KC Extracts
3.2.1 Extraction Temperature

Fig. 3 depicts that the influence of different extraction temperatures (30○C–90○C) on the phytochemical
contents and antioxidant activities of KCPE at a constant extraction duration of 30 min. A marked increase
in TMAC and TPC of KCPE was observed as the extraction temperature increased from 30○C to 90○C.
In the temperature range, the TMAC and TPC of KCPE were significantly (p < 0.05) increased by 105.2%
and 72.8%, respectively. These enhancements were likely due to increased molecular internal energy and
thermal disruption of plant cell membranes, which improved the release of bioactive compounds. Likewise,
antioxidant properties, including DPPH radical scavenging ability and reducing power, were significantly
(p < 0.05) enhanced at higher extraction temperatures—rising by 123.6% and 107.5%, respectively (Fig. 3).

Figure 3: Influence of different extraction temperatures on the phytochemical contents and antioxidant activities of
KCPE at a constant extraction duration of 30 min. Means with different letters ‘a–e’ in the same curve are significantly
different (p < 0.05)
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These results are consistent with the findings [22], in which butterfly pea flower and grape skin were used
as raw materials and extracted for 30 min at temperatures between 30○C and 90○C. However, temperatures
higher than 60○C were reported to be detrimental to the extraction efficiency of roselle calyx [22,28].

3.2.2 Extraction Time
Extraction temperature and time are important factors affecting the yield of phytochemicals and

their bioactivity. Generally, a longer extraction time can increase the extractability of heat-stable soluble
substances. Based on the results in Fig. 3, KC petal extraction at 90○C appears to be a relatively optimal
condition. KCP extracted at high temperatures is similar to preparing flower tea, where cherry blossoms are
infused directly in 90○C hot water. Therefore, we selected 90○C at different extraction times to investigate
their effects on bioactive characteristics.

As shown in Fig. 4, extending the extraction time from 30 to 120 min at 90○C led to a gradual decline
in the TMAC of KCPE, with the value at 120 min reduced to 53.83% of that measured at 30 min. However,
TPC (ranging from 79.01–81.48 mg GAE/g) was insignificantly (p > 0.05) influenced by the extraction time.
This suggests that anthocyanins in KC are unstable under prolonged extraction at high temperature (90○C),
whereas polyphenols remain relatively stable. Yu et al. [22] reported that the TMAC and TPC of butterfly
pea flower extracts obtained at 90○C remained relatively stable as the extraction duration extended from 30
to 90 or 120 min. In contrast, the anthocyanin content of roselle calyx extracted at 60○C steadily declined as
the extraction time increased from 30 to 120 min. Since no literature was found on the influences of various
extraction temperatures and durations on the bioactive compounds in cherry blossoms, it is not possible to
compare or discuss the results of this study.

Figure 4: Influence of extraction time on phytochemicals and antioxidative activities of KCPE at 90○C of extraction
temperature. Means with different letters ‘a–d’ in the same curve are significantly different (p < 0.05)

Regarding antioxidant activity, the DPPH radical scavenging ability of KCPE declined significantly
(p < 0.05) by 8.80% after 120 min of extraction at 90○C. However, the reducing power remained relatively
stable regardless of extraction duration, similar to the trend observed for TPC in Fig. 4. Based on the data
presented in Figs. 3 and 4, the most favorable extraction conditions for obtaining total anthocyanins and
phenolics from KCP were determined to be 90○C for 30 min.

3.2.3 Particle Size
Table 1 presents the influences of varying sample sizes on the phytochemicals and antioxidant activity

in KC extracts. As expected, KCP exhibited the lowest TMAC, TPC, DPPH scavenging activity, and reducing
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power among all the treatments tested, since the intact petals (18–20 mm in length × 14–15 mm in width)
had a significantly larger size than their powdered forms. Grinding KC petals into powders (KCPPs) led
to the breakdown of tissue and cellular structures. Generally, the finest KCPP facilitated better mass and
heat transfer due to the largest surface area, resulting in its extract having the highest TMAC, TPC, and
antioxidant activity. To the best of our knowledge, studies investigating the effects of different particle
sizes on the extraction of anthocyanins and polyphenols from cherry blossoms are not found. The use of
powdered Clitoria ternatea flower and Hibiscus sabdariffa calyx resulted in a shorter optimal extraction time
for anthocyanins and polyphenols compared to the use of intact plant material [23,28].

Table 1: Effect of sample size on phytochemicals and antioxidant activity of KC flower extracted for 30 min at 90○C

Sample Particle size
(mm)

TMAC
(mg/kg)

TPC (g
GAE/kg)

DPPH scavenging
activity (g TE/kg)

Reducing power (g
TE/kg)

Petal 14–20 129.39 ± 3.31d 78.57 ± 2.08b 140.61 ± 2.76b 173.99 ± 4.34c

Powder 0.42–0.85 139.27 ± 3.11c 83.04 ± 3.06ab 153.36 ± 1.94a 186.21 ± 4.15b

Powder 0.25–0.42 162.23 ± 5.02b 84.57 ± 2.73a 155.43 ± 3.96a 191.96 ± 4.26ab

Powder <0.25 178.68 ± 5.03a 87.02 ± 2.68a 158.57 ± 2.48a 196.75 ± 4.70a

Note: Data are expressed as means ± standard deviations (n = 3). Different letters ‘a–d’ within the same column
indicate statistically significant differences at p < 0.05.

3.2.4 Comparison of Extraction Methods
Table 2 lists the comparisons of bioactive substances and their antioxidant activities from the petals and

powders of KC extracted by the optimal hot water extraction (OHWE) for 30 min at 90○C and traditional
acidic ethanol extraction (AEE). The extract from KCP powders using OHWE or AEE method had higher
TMAC, TPC, DPPH scavenging activity and reducing power (by 13.08%–38.09%) than their petal forms,
similar to the results in Table 1.

Table 2: Comparisons of phytochemicals and antioxidant activity of KC extracts using hot water and acidified ethanol
extraction methods

Items Hot water extraction Acidified ethanol extraction

KCPE KCPPE KCPE KCPPE
TMAC (mg C3G/kg) 129.39 ± 3.31d 178.68 ± 5.03c 189.63 ± 3.44b 250.22 ± 3.63a

TPC (g GAE/kg) 78.57 ± 2.08b 87.02 ± 2.68a 72.57 ± 2.87c 89.78 ± 0.96a

DPPH scavenging activity (g TE/kg) 140.61 ± 2.76c 158.57 ± 2.48a 121.13 ± 2.18d 144.57 ± 3.55b

Reducing power (g TE/kg) 173.99 ± 4.34 c 196.75 ± 4.70 b 179.48 ± 2.48c 213.89 ± 3.23a

Note: Data are expressed as means ± standard deviations (n = 3). Different letters ‘a–d’ within the same row indicate
statistically significant differences at p < 0.05. Extraction conditions: hot water for 30 min at 90○C, and 60% ethanol
with 1% HCL for 30 min at 40 C. Particle size of KCPP: <0.25 mm.

The TMAC values of both KCP and KCPP in the OHWE group were notably lower than those in the
AEE group (p < 0.05), with ratios of 68.23% and 71.41%, respectively. Acidic ethanol extraction demonstrated
significantly higher anthocyanin extraction efficiency, which may be attributed to the greater stability of
anthocyanins under acidic and low-temperature (40○C) conditions, as well as the higher permeability of
cell membrane caused by acidic alcohol, thereby enhancing anthocyanin solubility. However, the TPC of KC
petals in the OHWE group was significantly more (by 8.27%) than that in the AEE group, while these two
extraction methods had no significant effect on the TPC of KC powder. This indicates that most polyphenols
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in KC are heat stable during aqueous extraction at high temperature. The DPPH radical scavenging activities
of both KCP and KCPP in the OHWE group were significantly greater than those observed in the AEE group,
showing increases of 16.08% and 9.68%, respectively (p < 0.05). The AEE group of KCPP was significantly
higher (by 8%) reducing power than the OHWE group, whereas no significant difference was observed
between the two extraction methods for KCP.

Lee et al. [3] reported that CB of Prunus serrulata var. spontanea was extracted overnight at room
temperature using different solvents (water, methanol, ethanol and acetone). The methanolic extracts of CB
exhibited the highest TPC, free radical scavenging capacity, and reducing power. The ethanolic extracts had
higher TPC and radical scavenging capacity than the aqueous extracts, though their reducing power was
similar. Additionally, Park et al. [29] reported that ethanolic extracts of CB consistently indicated higher TPC
and antioxidative capacity than water extracts across all plant parts tested (flower, branch, flesh, fruit, leaf,
and seed).

Polyphenol-rich foods are generally associated with strong antioxidant properties. In the case of KC
extracts, TMAC showed a significant positive correlation (p < 0.01) with both DPPH radical scavenging
activity and reducing power, with correlation coefficients (r values) ranging from 0.756 to 0.814. Similarly,
TPC exhibited a strong positive correlation with the two antioxidant assays, yielding an r value of 0.984
(p < 0.01). The contents of total phenols and total anthocyanins in CB petals were positively correlated with
the antioxidant capacity indexes [6].

3.3 Heat Stability and Degradation Behavior of Anthocyanins from KCP Extracts
3.3.1 First-Order Model, Rate Constant and Half-Life of Degradation

Thermal degradation of aqueous anthocyanin extracts from KC petals was investigated under varying
conditions, including temperatures ranging from 60○C to 90○C, durations from 0 to 5 h, and pH levels
between 2.6 and 5.6. The results indicated that the degradation behavior of KC anthocyanins conformed well
to a first-order kinetic model (Eq. (2)), with determination coefficients (R2) ranging from 0.93 to 0.99. Fig. 5
illustrates the thermal degradation patterns of anthocyanins from KC petal extracts across different pH values
(2.6–5.6).

The kinetic parameters associated with the thermal degradation of KC anthocyanins under different
heating temperatures and pH conditions are depicted in Fig. 6. The degradation rate constants (k) varied
from 0.0266 to 0.3320 h−1. At a constant pH level (2.6–5.6), increasing the temperature from 60○C to
90○C led to a 3.86–4.43-fold rise in the k value. Likewise, at a fixed temperature (60○C–90○C), raising
the pH from 2.6 to 5.6 resulted in a 2.85–4.22-fold increase in the k value. The highest degradation rate,
0.3320 h−1, was observed under the condition of 90○C and pH 5.6 (Fig. 6a). According to Eq. (2), after 2 h
of heating at 90○C, the anthocyanin content would be expected to decrease to 21.68% of the original value.
Therefore, the observed decrease (46.17%) in TMAC of KCP after extraction for 120 min at 90○C, as shown
in Fig. 2, is reasonable. Fig. 6b shows that the half-life (t0.5) of KC anthocyanins decreased noticeably as
both temperature and pH increased. Among all the experimental conditions, the longest half-life (26.06 h)
occurred at 60○C and pH 2.6, while the shortest (2.09 h) was found at 90○C and pH 5.6.
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Figure 5: Thermal degradation profiles of anthocyanins from KC extracts subjected to heating at different pH levels:
(a) pH 2.6, (b) pH 3.6, (c) pH 4.6, and (d) pH 5.6

Figure 6: Thermal degradation kinetics of anthocyanins from KC petals under various temperatures and pH levels:
(a) degradation rate constants, (b) half-life values. Means with different letters ‘a–d’ in the same curve are significantly
different (p < 0.05)
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Under highly acidic conditions, anthocyanins predominantly exist in the form of a stable flavylium
ion [9]. During storage at room temperature, the degradation rate constant of red onion anthocyanins
increased by approximately 17 times as the pH level rose from 1.0 to 9.0 [16]. The primary anthocyanins in
butterfly pea flowers are ternatins, which demonstrate good stability in both acidic and neutral conditions
due to their polyacylated structure [11]. Furthermore, the pea flower anthocyanins exhibited a lower rate
constant (0.0541 h−1) of thermal degradation at 90○C and pH 5.5 [22]. As far as we are aware, there have been
no reports examining the thermal degradation kinetics of anthocyanins derived from cherry blossoms.

3.3.2 Arrhenius Model and Activation Energy
The temperature dependence of anthocyanin degradation kinetics can be described by the Arrhenius

equation (Eq. (4)), which is commonly used to model chemical reaction rates:

k = k0e−
E a
RT (4)

In this equation, k represents the rate constant, k0 is the pre-exponential (frequency) factor, Ea denotes
the activation energy (J/mol), R is the universal gas constant (8.314 J/mol K), and T refers to the absolute
temperature (K).

As shown in Fig. 7, the temperature dependence of the rate constants aligns with the Arrhenius equation,
with R2 values ranging from 0.94 to 0.99. The calculated activation energies for anthocyanin degradation
were 51.95, 49.70, 47.35, and 46.63 kJ/mol, respectively, and showed a decreasing trend as the pH increased
from 2.6 to 5.6. This indicates that anthocyanins are more susceptible to temperature-induced degradation
at lower pH (2.6) compared to higher pH levels. Similar trends were reported for Hibiscus sabdariffa extracts,
where the activation energy dropped from 75.6 to 53.6 kJ/mol over a pH range of 2.0 to 5.0 [14]. Additionally,
the activation energies for butterfly pea flower extracts (pH 7) and blackthorn extracts (unknown pH) were
83.21–101.15 kJ/mol and 53.96 kJ/mol, respectively [30,31].

Figure 7: Arrhenius equations of KC anthocyanins at different pH values

3.3.3 Thermodynamic Parameters
The thermodynamic parameters of anthocyanin degradation reactions were calculated by

Eqs. (5)–(7) [32]:

ΔG≠ = −R ⋅ T ⋅ ln( k ⋅ h
kB ⋅ T

) (5)

ΔH≠ = Ea − R ⋅ T (6)
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ΔS≠ = ΔH≠ − ΔG≠

T
(7)

where ΔG≠ represents the Gibbs free energy of activation (J/mol), R is the universal gas constant
(8.314 J/mol K), T denotes the absolute temperature (K), k is the reaction rate constant (s−1), h is Planck’s
constant (6.6262 × 10−34 J s), kB is Boltzmann’s constant (1.3806 × 10−23 J/K), ΔH≠ stands for the activation
enthalpy (J/mol), Ea is the activation energy (J/mol), and ΔS≠ refers to the activation entropy (J/mol K).

Table 3 lists the thermodynamic parameters for the thermal degradation process of KC anthocyanins
at different temperatures and pH levels. The ΔG≠ values, ranging from 111.32 to 120.70 kJ/mol, increase
with rising temperature and decreasing pH value. The positive ΔG≠ values indicate that the thermal
degradation of KC anthocyanins proceeds through a non-spontaneous process. A higher ΔG≠ reflects greater
difficulty in transitioning from reactants to the transition state. The positive enthalpy values in Table 3 show
that the activation of anthocyanin degradation is endothermic. The relatively small ΔH≠ values (43.61 to
49.18 kJ/mol) suggest that the energy required to form the activated complex is minimal, indicating a
favorable transition to the activated state. The results also show that pH has a greater influence on ΔH≠ values
than temperature. The activation entropy values in this study ranged from −196.4 to −205.1 J/mol K, all of
which were negative. As the pH value increases, the activation entropy becomes more negative. A negative
ΔS≠ value reflects a decrease in molecular disorder during the formation of the transition state, implying
that the thermal degradation of KC anthocyanins proceeds through a more ordered intermediate structure,
potentially involving proton transfer or rearrangement of solvent molecules. For ethanolic anthocyanin
extracts from blackthorn fruits, the activation parameters at 2○C–75○C were: ΔG≠ = 65.82–69.85 kJ/mol,
ΔH≠ = 51.07–51.67 kJ/mol, and ΔS≠ = −51.45 to −55.65 J/(mol K) [31]. Both ohmic and traditional heating
of anthocyanins in Barbados cherry pulp showed similar values for all thermodynamic parameters at
75○C–90○C: ΔG≠ (100.19–101.78 kJ/mol), ΔH≠ (71.79–71.94 kJ/mol), and ΔS≠ (−80.15 to −82.63 J/mol K) [32].
As far as we know, no literature has reported the thermodynamic parameter analysis of cherry blossom
anthocyanins during thermal degradation.

Table 3: Thermodynamic parameters in thermal degradation process of KC anthocyanins

Temperature (○C) pH ΔG≠ (kJ/mol) ΔH≠ (kJ/mol) ΔS≠ (J/mol K)
60 2.6 114.57 49.18 −196.4
60 3.6 113.36 46.93 −199.5
60 4.6 112.45 44.58 −203.8
60 5.6 111.32 43.86 −202.6
70 2.6 117.63 49.10 −199.8
70 3.6 114.99 46.85 −198.7
70 4.6 115.09 44.50 −205.8
70 5.6 113.66 43.78 −203.7
80 2.6 118.89 49.02 −197.9
80 3.6 117.05 46.77 −199.1
80 4.6 116.57 44.42 −204.4
80 5.6 115.32 43.70 −202.9
90 2.6 120.70 48.93 −197.7
90 3.6 119.34 46.68 −200.2
90 4.6 118.77 44.33 −205.1
90 5.6 117.54 43.61 −203.6
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4 Conclusions
Kanzan cherry blossoms serve as a promising source of natural pink to red pigments and are abundant

in bioactive constituents. When the extraction duration was fixed at 30 min, increasing the temperature
from 30○C to 90○C led to significant enhancements in TMAC, TPC, DPPH radical scavenging capacity, and
reducing power of the KC petal extract. However, at 90○C, the TMAC and DPPH scavenging activity of KCPE
gradually decreased as the extraction time increased from 30 to 120 min. In contrast, TPC and reducing
power were not significantly affected by extraction time (p > 0.05). Particle size significantly influenced the
yield of phytochemicals and the antioxidant properties in extracts from KC petals. In general, the finest
KCPP resulted in extracts with the highest TMAC, TPC, and antioxidant activity, likely due to improved
mass and heat transfer. A strong positive correlation (p < 0.01) was observed between TMAC, TPC, and
the antioxidant activities. Acidic ethanol extraction exhibited significantly higher anthocyanin extraction
efficiency. However, the TPC of KC petals and powders in the OHWE group was equal to or higher than that
in the AEE group. Therefore, hot water extraction at 90○C for 30 min appears to be an effective and feasible
method for extracting phytochemicals from KC petals and powders.

The thermal decomposition of anthocyanins in KC extracts conformed to a first-order kinetic model.
As both heating temperature and pH increased, the degradation rate constants (k) also rose. The temperature
dependence of the degradation rate was well characterized by the Arrhenius equation. The calculated activa-
tion energy (Ea) for anthocyanin degradation ranged between 46.63 and 51.95 kJ/mol, showing a decreasing
trend with increasing pH. The associated thermodynamic parameters were as follows: ΔG≠ ranged from
111.32 to 120.70 kJ/mol, ΔH≠ from 43.61 to 49.18 kJ/mol, and ΔS≠ from −196.4 to −205.1 J/mol K. Therefore,
the aqueous red extract derived from KC petals, being abundant in phytochemicals and exhibiting strong
antioxidant activity, shows promise for application in acidic food systems and health-promoting products.
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