Italian Journal of Food Science, 2023; 35 (4): 69-78

Release behavior and kinetic analysis of eugenol from clove particles using P&T-GC-MS method
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Abstract

In this study, the release behavior and kinetic characteristics of eugenol from clove particles under different tem-
peratures were investigated by using purge and trap and gas chromatography—mass spectrometry (P& T-GC-MS)
method. The results showed that the established P&T-GC-MS method could efficiently determine eugenol con-
tent in clove particles. The high temperature could promote the release of eugenol in the early stages of heating,
while low temperature delayed the time to reach the maximum ratio. Kinetic analysis showed that the release
behavior of eugenol at different temperatures was consistent with the first-order release model. The release activa-

tion energy for eugenol was calculated as 58.29 kJ/mol by using the Arrhenius equation.
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Introduction

Clove is a genus of the family Myrtle, with high pro-
duction as a natural spice in Madagascar, Indonesia,
and China (Golmakani et al., 2017; Guan et al., 2006;
Nabor et al., 2021). Clove is rich in a number of bioac-
tive compounds, and eugenol is its major constituent
with a content of about 4-14% (Ahmed et al., 2017;
Irovetz et al., 2006; Neveu et al., 2010; Yun et al., 2010).
Eugenol possesses a distinctive aroma, good antibacte-
rial (Moemenbellah-Fard et al., 2020), anti-carcinogenic
(Yassin et al., 2020), antioxidant (Sueishi and Nii, 2019),
anti-inflammatory (Esmaeili et al., 2016), and anthel-
mintic properties (El Ghannam et al., 2023). Therefore,
eugenol extracts from cloves are used extensively in food
processing, primarily as a flavoring agent, preservative,
and bactericide (Taleuzzaman et al., 2021; Yasuhiko and
Fujii, 2011).

In general, the extracted volatile aroma compounds used
in foods typically have a significant impact on the sensory

quality of foods (Zhu et al., 2022). Especially, the release
behavior of added volatile aromatics from the solid phase
to the gas phase in foods can significantly affect the con-
sumer’s perception of the corresponding food (Tamaru
et al., 2019).

In recent years, eugenol has been widely used in foods as
an additive to increase the quality of the product. Recent
eugenol-related studies have focused on its identifica-
tion, antioxidant activity, and bacteriostatic properties
in foods (Dehkordi et al., 2019; Giirbiiz and Irem, 2022;
Orlo et al., 2021). For instance, Konteles et al. (2022) used
extracts of clove, sideritis, and roselle to prepare a func-
tional drink enriched in flavor and prolonged shelf life.
Shan et al. (2011) reported that clove extracts exhibited
the highest antioxidant activity and bacteriostatic prop-
erties in cheese, compared to cinnamon, pomegranate
peel, grape seed, and oregano extracts. Moneera (2022)
reported that adding clove particles to cookies improved
physicochemical, nutritional, biological characteristics as
well as storage stability.
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However, less attention has been paid to the release
behavior of the characteristic aroma compounds in
extracts, especially that of eugenol found in clove parti-
cles. In general, the extracted aroma compounds exhibit
low thermal stability and result in rapid release proper-
ties, which could be an important consideration during
their application in final products (Zanin et al., 2020).
Consequently, investigation of the release behavior of
characteristic aroma components found in spice plant
particles or corresponding food could help to guide and
control the production process.

Purge and trap (P&T) is a dynamic headspace technique
that possesses the advantages of easy operation and high
sensitivity for the analysis of volatile compounds in differ-
ent substrates (Kanavouras et al., 2005). For this reason,
this technique has been widely applied in the qualitative
and quantitative analysis of volatiles in foods combined
with gas chromatography—mass spectrometry (GC-MS)
(Jing et al., 2019; Sevindik et al., 2019). For example,
Fredes et al. (2016) established a P&T-GC-MS method
for the qualitative and quantitative analysis of aroma
constituents in melons and watermelons, which vali-
dated the feasibility of this method on the basis of the 12
most abundant volatile compounds presented in melon.
Shen et al. (2017) used P&T-GC-MS to analyze com-
parative differences in the types and content of aroma
constituents in different forsythia varieties. Tamaru et al.
(2019) employed the P&T-GC-MS method to deter-
mine the release proportion of aroma components from
rapeseed oil, which demonstrated that the octanol-air
partition coefficient could be used effectively to predict
the release behavior of aroma components from essential
oils. In addition, our research established a method to
study the release kinetics behavior of limonene from
orange peels by using the P&T-GC-MS technique, and
a first-order release model could be used to describe the
release behavior of limonene at different purge tempera-
tures (Huang et al., 2017). These results motivated us to
investigate the release behavior of another characteristic
flavor of volatile compound in clove plant.

Herein, the determination method for eugenol in cloves
was established through the P&T-GC-MS technique.
The method was optimized in terms of purge flow rate,
time and temperature, desorption time, and temperature.
Then the release behavior of eugenol from clove samples
was investigated under different conditions. Three typ-
ical release kinetic models were employed to describe
the release process of eugenol to obtain the best kinetic
parameters that would describe the release of eugenol
from clove samples. This study provides a reference for
controlling the release characteristic of aroma compo-
nents from clove, and would help to broaden its applica-
tion in food and related fields.

Materials and Methods
Materials and sample preparation

Clove was purchased from Changbai Mountain, Jilin,
China; eugenol was purchased from J&K Scientific
(>98%). Dried cloves were selected and crushed
(ground) using a pulverizer to yield 0.15-0.30-mm
clove particles. Subsequently, 0.5-g clove granules were
weighed and put into a 500-mL conical flask with 300-
mL deionized water and extracted by ultrasonication.
The ultrasonic extraction conditions were as follows:
power: 400 w, time: 30 min, and temperature: 25°C. The
samples were stored in a refrigerator at 4°C before the
experiment.

P&T-GC-MS analysis

For the purge and trap method, 10-mL clove particle
extract was placed in a 40-mL headspace vial contain-
ing a clean magnetic stirring bar. The headspace vial was
immediately closed with PTFE silicone septa (Supelco,
Bellefonte PA, US). Subsequently, the 40-mL headspace
vial was placed into a purge and trap (Tekmar ASX-
7200HR), connected to the GC-MS spectrometer. Prior
to beginning the purge process, the sample was heated to
a preselected temperature (from 25°C to 70°C) and main-
tained at that temperature for 1 min (preheat time to
reach equilibrium). During purge time, the mixture was
agitated magnetically. The sample was then purged with
40 mL/min helium for 33 min at a set purge temperature
of 70°C. The volatile organic compounds were absorbed
into a trap maintained at 25°C. After sample loading, the
trapped sample components were desorbed at 240°C for
2 min, baked at 260°C for 2 min, and transferred directly
to the GC-MS system.

The identification of eugenol in the sample was con-
ducted by GC-MS analysis, for which an HP-5, 60 m
x 0.25 mm, and 0.25-um thick column (Agilent GC
7890B-MS 5977B; Agilent Technologies, US) was used.
The column was equipped with a mass selective elec-
tron impact ion (EI) source detector (NIST17; National
Institute of Standards and Technology Mass Spectral
Library, MD, US). The EI operating conditions were as
follows: the analysis was performed at constant pressure
mode with an inlet pressure of 20.16 psi; the oven tem-
perature used was 40°C held for 10 min, increasing at a
rate of 4°C-min’! to reach a final temperature of 250°C,
with a hold at 250°C for 20 min; ionization energy was
70 eV at a mass range (m/z amenable to analysis) of
35-400 amu in combined SCAN mode; the respective
temperature of MS transfer line and EI were 280°C and
230°C.
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Method validation

A series of standard solution containing 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, and 1.0 pug/mL of eugenol was prepared.
To investigate the linearity, accuracy, recovery, and
detection limits of the entire method, all samples were
prepared separately in triplicate and analyzed by P&T-
GC-MS. Next, the linear relationship between peak area
and compound concentration was established by analyz-
ing the samples with different concentrations. For each
compound, the limit of detection (LoD) and the limit of
quantification (LoQ) were estimated at a signal—-to-noise
ratio of 3 and 10, respectively.

Kinetic analysis

The purge temperatures of P&T equipment were set as
50, 55, 60, 65, 70, 75, and 80°C. The release amount of
characteristic eugenol from the trap tubes was recorded
at every 1 min for a total of 50 min under different
temperatures.

Calculation of release amount of eugenol
The release amount of eugenol from the sample at a spe-
cific time was denoted as H_and calculated according to

Equation (1):

]—[n =my 4 +m,, (1)

where H_is the total amount of released eugenol over a
specific time n, and m_is the release amount of eugenol
at the nth minute.

Calculation of release ratio

The release ratio of eugenol at a specific time was calcu-
lated according to Equation (2):

H
Q, =—2 x100%, o)
Hs

“_

where Q_ is the release ratio of eugenol in “n” minutes,
H, is the total amount of released eugenol over a spe-
cific time “n,” and H, is the released amount of eugenol
in 50 min.

Release kinetic analysis of eugenol

The release kinetics of eugenol was analyzed by adopting
three typicalkinetic models based on the above-mentioned

data. The three kinetic models were usually used for
describing the drug release process, which exhibited a
similar inherent physical mechanism as that of eugenol
release. Equations used for kinetic models were zero-
order release equation, the first-order release equation,
and the Higuchi release equation (Equations (3)—(5); Ana
et al., 2021; Yang et al., 2012):

Q=a+kt, 3)
Q=a[l-exp(-kt)],and (4)
Q _ kt1/2 (5)

where Q is the release ratio of eugenol from the
sample (%), “t” is the release time of eugenol (min),
“k” is the release-rate constant, and “a” is the nominal
parameter.

To obtain the most applicable kinetic model for describ-
ing the release behavior of eugenol, the above-mentioned
three models were used to fit the data of Q versus T.
Equation with the highest correlation coefficient, R?, is
described as an optimal model to describe the release
process. In addition, the activation energy (E) of the
release process is calculated from the Arrhenius equation
(Equation 6) as follows:

E
Ink =— —% +InA,
RT (6)

where k is the release ratio constant at temperature
“T; “E,” is the activation energy (kJ/mol), “T” is the
absolute temperature of the release process (K), “R” is
the molar gas constant (8.314 J-mol.K"), and “A” is the
pre-exponential factor.

Results and Discussion
Analysis of aroma components in clove particles

Clove particles were analyzed to determine key aroma
components. Figure 1 presents the total ion flux chro-
matogram (TIC) of the extract from clove particles,
and the identified substances are listed in Table 1. As
observed, the major aroma component in clove extract
was eugenol, which represented 71.26% of the total fra-
grance components. Therefore, eugenol was selected as
a characteristic fragrance component for optimization
and release behavior analysis of the subsequent detection
method.
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Detection method optimization by P&T-GC-MS

Purge and trap method is widely used to remove volatile
compounds from a liquid or solid matrix by flow of an
inert gas. Parameters of P&T equipment, namely purge
flow rate, purge time and temperature, desorption time,
and desorption temperature, were optimized to achieve
a good detection efficiency. The released content of euge-
nol under different conditions is shown in Figure 2. As
observed, the detection content of eugenol varied greatly
under different P&T parameters. The purge flow rate
was a key factor that affected the adsorption efficiency
of eugenol and determination time (Guan et al., 2016).
The detection content of eugenol exhibited an increasing
trend of 161.27 mg/g under the purge flow rate of 40 mL
and then remained stable.

Different purge time was examined to study its effect on
the released content of eugenol (Figure 2B). The content
of eugenol increased with purge time and maintained at a
high level of 196.94 mg/g at a purge time of 33 min.
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Figure 1. The total ion chromatogram (TIC) of aroma

components of clove particles in full scan-tracking mode.

The purging temperature is an important factor affect-
ing the release ratio and efficiency of volatile compounds
from the matrix. Here the effect of purge temperature
on the release of eugenol from clove particles was inves-
tigated. As shown in Figure 2C, the released content of
eugenol increased from 70.65 mg/g to 197.73 mg/g with
increase in purge temperature from 40°C to 70°C; how-
ever, the detection content decreased to 197.73 mg/g as
the temperature continued to increase to 80°C. This indi-
cated that excessive purge temperature was not condu-
cive to extract volatile compounds, and 70°C could be an
optimal extraction temperature.

In addition, desorption parameters are another import-
ant factors that affect the desorption of volatile com-
pounds from captured agents. As shown in Figure 2D,
the desorption time of 2 min ensured complete desorp-
tion of eugenol from matrix, and the detection content
was 181.23 mg/g. The effect of desorption temperature
on the extraction of eugenol is shown in Figure 2E. As
observed, the maximum eugenol release content was dis-
covered at a desorption temperature of 240°C.

Standard curve and validation of method

A series of standard solutions at particular concentra-
tions were analyzed by P&T-GC-MS under optimized
conditions. The results showed that a linear response was
obtained between eugenol concentration and the cor-
responding peak area. As shown in Table 2, correlation
coefficient (R?) is relatively high (>0.999), demonstrating
significant applicability; LoD and LoQ were 0.51 pg/mL
and 1.70 ug/mL, respectively.

In order to verify the feasibility of the new strategy devel-
oped here, extraction and analysis of eugenol were per-
formed according to the procedures described above.

Table 1. The relative content of volatile compounds in clove particles.
No. Retention time (min)  Chemical Abstracts Qualification Compounds Relative
Services # content (%)
1. 15.82 005921-82-4 80 1-Methylhexyl acetate 0.78
2. 16.97 000821-55-6 97 2-Nonanone 0.56
3. 17.24 000124-19-6 90 1-Nonanal 0.23
4. 18.71 000093-89-0 94 Ethyl benzoate 0.07
5. 19.26 000119-36-8 96 Methyl salicylate 0.19
6. 22.09 095910-36-4 91 (-)-Isoledene 1.25
7. 2213 000097-53-0 97 Eugenol 71.26
8. 22.24 003691-11-0 92 8-Guaiene 1.44
9. 23.25 000116-04-1 95 3-Humulene 3.73
10. 24.00 000087-44-5 96 [3-Caryophyllene 20.48
72 ltalian Journal of Food Science, 2023; 35 (4)



Behavior and kinetic analysis of eugenol from clove using P&T-GC-MS method

A 150 [ ®) 20
‘Tc-) 160 + —g— i —a ‘TCD 220 r
o) / &> 200 f m——
E 140 E 180F
2 S 160
5 120 / © 140t
> 100 | 2120 +
o 5}
- 2 100
= S 80}
& 60} S 60t
= € 40+
S 4 8 20}
20 " " " i ) 0 B " 2 M N
0 20 40 60 80 100 0 10 20 40 50
purge flow/mL-min-! purge time/min
(C) 220 (D) 200
200 | o
€180} " €160 \
E IS
@ 160 | & 120}
2 2
3 140 2
S 120 + s 80
[ [ ey
£10or £ 0}
8 80t 3 =
60 L— . . . . oL_= . " " .
40 50 60 70 80 05 1.0 15 2.0 25
purge temperature/°C desorption time/min
(E) _ 140
I(.j’ -—
()}
£ 0}
o
c
(0]
[®)]
3 100 |
‘S =)
5
L a0t
o
O
60

210 220 230 240 250 260
desorption temperature/°C

Figure 2. The effect of (A) purge flow rate, (B) time, (C) temperature, (D) desorption time, and (E) temperature on the release of

eugenol in clove sample.

Table 2. Linear equation, correlation coefficient, detection limit, and quantification limit of eugenol.

Compound Linear equation R? LoD (ug/mL) LoQ (ug/mL)
Eugenol y = 1x10%x +0.1240 0.9904 0.51 1.70
Table 3. Recovery ratio and precision of eugenol.
Compound Floor value Added Measured value Average recovery Relative Standard Deviation
(mglg) (mglg) (mg/g) (%) (%)
Eugenol 186.56 93.28 88.19 94.55 4.02
186.56 184.68 98.99 4.74
279.84 267.07 95.44 0.26
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Table 3 shows that the mean recovery of eugenol from
clove samples varied between 94.55% and 98.99%, and
the accuracy varied between 0.26% and 4.74% (n = 5).
These results demonstrated that the method proposed is
effective and can be used for determining and analysis of
the release of eugenol from clove samples.

Release behavior analysis for eugenol

Effect of temperature on the release behavior of eugenol
The temperature at which the sample is located is usu-
ally considered as a major control factor for the release
of volatile components. Then the effect of temperature
on the release content of eugenol is investigated, assum-
ing that other factors were constant. Figure 3A presents
the curve of released amount over time at different tem-
peratures of 50, 55, 60, 65, 70, 75, and 80°C. As observed,
the release amount of eugenol continuously increased
with time and reached a final of 195.89 mg/g at various
temperatures. This phenomenon indicates that the char-
acteristic eugenol could be removed from clove sam-
ples under set experimental conditions. Meanwhile, the
released amount increased with temperature at a specific
purge time, which was caused by the promoted Brownian
motion of eugenol molecules at a high temperature
(Lukasz et al., 2016).

However, the rate of release of eugenol at different
temperatures exhibited some differences. Therefore, the
release proportions of eugenol at every 5 min at differ-
ent temperatures were calculated as shown in Figure 3B.
It was observed that within the first 15 min, the release
proportion of eugenol increased with temperatures basi-
cally, but after 20-35 minutes, the released proportion
decreased with temperature. This phenomenon was
similar to that found in the study done by Balestri et al.
(2021), which indicated that the release rate of eugenol
in the interior of metal-organic framework increased and

Purge time/min

Figure 3. Release of eugenol in clove samples at (A) different temperatures, and (B) slope of the curve.
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Figure 4. The release ratio of eugenol in clove samples at
different purge temperatures.

then decreased with increasing temperature. In addition,
as for a specific temperature, changes in release rate ver-
sus time exhibited some difference. For instance, at low
temperatures of 50, 55, and 60°C, the release rate exhib-
ited an increasing trend before 20 min but became maxi-
mum at a time interval of 15-20 minutes. For example, at
50°C, the release rate increased from 2.77 mg-g'-min™ to
8.44 mg-g-min™ as the time interval changed from 0-5
min to 15-20 min. While at a relatively high tempera-
tures of 65, 70, 75, and 80°C, the release rate increased
rapidly at a time interval of 5~10 min. This phenomenon
indicated that high temperature promoted the release of
eugenol at an early stage of heating, while low tempera-
ture delayed release to reach the maximum rate. With
increase in time into the later stage of heating, the release
rate exhibited a general decreasing trend, especially at
high temperatures. This could be attributed to the low
concentration of eugenol in clove samples (Riyandari
et al., 2018).

For each time step, we calculated changes in eugenol
release rate as a function of temperature, as shown in
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Table 4. The release kinetics of the release behavior of eugenol in clove samples.

Kinetic equation R?
50°C 55°C 60°C 65°C 70°C 75°C 80°C
Zero-order release 0.9271 0.9346 0.9123 0.8607 0.8561 0.8001 0.7391
First-order release 0.9511 0.9626 0.9683 0.9900 0.9901 0.9819 0.9758
Higuchi release 0.9185 0.9409 0.9452 0.9553 0.9540 0.9234 0.8954
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Figure 5. (A-G) The first-order release models fit the release of eugenol in clove samples at different temperatures.

Table 4 and Figure 4. It was observed that the release ratio
of eugenol increased gradually with increase of purging
temperature from 0 to 20 min; for example, the release
ratio increased from 15.37% to 46.94% at a purging tem-
perature increasing from 50°C to 80°C at a purging time
of 10 min. The ratio of eugenol release increased slowly
with increasing purge temperature between 20 min and
50 min; this could be because eugenol in clove sam-
ples was essentially released within the first 20 min. For
increase in purge temperature from 20 min to 50 min, the
eugenol release ratio increased slowly, which was likely
due to the low mass concentration of eugenol in clove
samples over the course of first 20 min. Furthermore,
with increasing purge temperature, the time required to
achieve the same release ratio was gradually reduced and
required 30 min at a purge temperature of 50—65 °C and

only 20 min at 75-80 °C when the eugenol release ratio
was more than 80%.

Release kinetics of eugenol

The release kinetics of eugenol under different condi-
tions were studied by adopting three typical models,
namely, the zero-order release equation, first-order
release equation, and Higuchi release equation, which
are usually used for the description of the drug release
process. The correlation coefficients from the fitted
curves under different temperatures are listed in Table 4.
It can be observed that the first-order release equation
exhibited the best fitting effect with the highest R? value
of 0.9511-0.9901 under the selected temperatures. Ju
et al. (2020) reported that the release of eugenol from
corn porous starch microcapsules also followed the
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75



Liang M et al

70

[0}

o
T

L1}

Time/min
w S ()}
o o o

/

-

=
10F TTE—
ol— L L L L . L
50 55 60 65 70 75 80
Temperature/°C

Figure 6. The half-life of eugenol at different purging
temperatures.

first-order kinetics. This result indicated that the mass
concentration of eugenol in clove samples played a key
role in its release ratio and was the primary driving force
behind the release process of eugenol.

The first-order fitting curves and equations for the release
process of eugenol at different temperatures are shown
in Figure 5. The release process at the temperatures of
65—-80°C can be described by using a first-order release
model, compared with the temperatures of 50—60 °C. The
half-life time used for describing the release amount of
50% was calculated by using the fitted equation. It can be
seen in Figure 6 that half-life time decreased from 58.94
min to 9.90 min as temperature increased from 50°C to
80°C.

Arrhenius equation was used to calculate release activa-
tion energy, E , which represents the minimum activation
energy required for proceeding of the process. Figure 7
shows the fitted plot of Ink versus 1/T. The pre-exponential
factor was 2.45x10% The E_ was calculated as 58.29 kJ/
mol, which was similar to that reported by Chen et al.
(2012); they found that the activation energy required for
the release of eugenol from soy protein isolate films was
52.40 kJ/mol.

Conclusions

The P&T extraction method coupled with GC-MS anal-
ysis was an effective method for determining eugenol
content in clove particles, with the following optimal
conditions: purge flow rate: 40 mL/min, purge tempera-
ture: 70°C, purge time: 33 min, desorption time: 2 min,
and desorption temperature: 240°C. The optimization
method showed satisfactory results in terms of preci-
sion and accuracy. The eugenol content at each tem-
perature tended to rise rapidly and then slow down with
increase in release time. High temperature increased

Ink
w
N

T

y=-7010.8546x+17.3771
R?=0.9667

1T

Figure 7. The linear fitting of Ink versus 1/T for the release
ratio of eugenol in clove samples.

the release of eugenol at the early stages of heating (<15
min), while low temperature delayed release to reach the
maximum ratio. The release ratio of eugenol exhibited a
general decreasing trend with increase in release time
at a later stage of heating (>20 min), especially at high
temperatures. Kinetic analysis showed that the release
process of eugenol could be described by the first-
order release model at each temperature, with R? values
ranging from 0.9511 to 0.9901. The activation energy for
the release of eugenol was 58.29 kJ/mol as calculated
by Arrhenius equation. The results guided toward the
controlled release of flavor compounds from cloves in
related foods.
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