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A B S T R A C T

Cinnamaldehyde and eugenol were extracted by supercritical carbon dioxide. The results of cinnamaldehyde and
eugenol recovery indicated that the data sufficiently fitted into a second-order polynomial model. The R2 and
adjusted R2 turned out to be 95.26% and 91.11% for cinnamaldehyde and 97.93% and 96.12% for eugenol. The
response surface methodology (RSM) modelling predicts the optimum operating conditions for cinnamaldehyde
to be the pressure of 2.3M Pa, temperature of 68.2 °C, flow rate of 1.8 ml/min and dynamic extraction time of
95.7 min with maximum recovery of 54.79 w/w%. The RSM modelling also predicts the eugenol maximum
recovery of 38.42 w/w%, which was obtained at optimal operating conditions of 42.04 °C, 2.7MPa, 2.3 ml/min
and 118min dynamic extraction time. Accuracy of modelling optimal cinnamaldehyde and eugenol recoveries
were validated using triplicate experiments providing the average extraction recoveries of 54 ± 1% and
38 ± 1.5%, respectively.

1. Introduction

Cinnamon essential oil is very functional in the medicine, food and
cosmetics industries due to its various components and properties [1,2].
Cinnamaldehyde is a major ingredient in cinnamon bark oil and has
imperative properties, such as antimicrobial activity [3,4], organic

activities such as antitumor, antifungal, cytotoxic and antimutagenic
effects [5–9] (the molecular structure of cinnamaldehyde is shown in
Fig. 1a). Another important component in cinnamon bark is eugenol
that is used in perfumes and for flavouring. The extracted oil with eu-
genol (antioxidants) is used as a local antiseptic for reducing the pre-
sence of Listeria monocytogenes and Lactobacillus sakei in food [10–12]
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(the molecular structure of eugenol is shown in Fig. 1b). Also, this
component inhibits production of a serious enzyme microorganisms by
cell wall destruction of them [13,14]. Eugenol can be useful in in-
creasing protection of Periodontal Ligament Fibroblasts in oxidative
injuries [15]. Eugenol also can have restorative and prosthodontic ap-
plications in dentistry [16].

Conventional methods to extract plant components are Soxhlet ex-
traction with organic solvents. But for drug and therapeutic uses, an
appropriate method of extraction to produce pure essential component
without toxic organic solvents is necessary. Supercritical carbon dioxide
because of its properties such as being nonexplosive, non-poisonous and
accessible in high sincerity with low cost, has been considered globally
to extract oils from enormous variety of materials [17–19]. There are a
lot of studies in the field of supercritical extraction such as separation of
ϫ-linolenic from boraginaceae [20], extraction of evening primrose oil
[21], extraction of hexachlorobenzene from soil [22], and supercritical
fluid extraction from Syzygium aromaticum buds [23].

The power of carbon dioxide ability to solve specific oils is based on
molecular polarity. Non-polar solvents such as CO2 most easily dissolve
non-polar compound, so as to improve solubility of polar compounds
like eugenol in SC-CO2, modifiers should be applied [24].

With regard to cinnamon bark oils, there are few studies in the
literature on SFE of cinnamon bark [25,26]. Miller et al. [25] used
small-scale SFE, Soxhlet extraction and solvent extraction through re-
flux method for isolating semi-volatile compounds from commercial
cinnamons. They found that SFE is superior to other methods. Bruno
et al. [27] extracted the volatile oil of cinnamon bark by means of SFE
extraction in different pressure and temperature conditions. Chemical
composition of the extracted oils was characterized by GC–MS analysis
through which they identified nineteen compounds. Baseri et al.
[28,29] also used SFE for extraction of cinnamon bark oil under dif-
ferent conditions of temperature, pressure and dynamic extraction time
by 12 different experimental conditions so as to estimate their effect on
the extraction yield. In this study, the extraction of cinnamon oil is
investigated by modified supercritical CO2 with constant volume of
methanol (1 ml) as a co-solvent (in solvent mixture of carbon dioxide
and methanol, methanol will be removed completely at the end),
20 min of static extraction time and with a mesh size of 20–35
(0.841–0.507mm) for cinnamon particles. Optimization of the oper-
ating conditions in order to achieve maximum cinnamaldehyde and
eugenol recovery was carried out with RSM using 31 experimental tests
(designed by statistical Minitab software 16) for finding an appropriate
response variables model according to fitting a polynomial equation to
the experimental data.

2. Experiment

Cinnamon bark was purchased from India. The samples were cru-
shed in a specific mesh size of 20–35 (0.841–0.507mm). Methanol
(purity ≥ 99.9%, Merck) and industrial grade carbon dioxide
(purity> 99%, Ardestan) were utilized for Soxhlet and supercritical
fluid extraction and GC analysis. Cinnamaldehyde and eugenol
(> 95%, Sigma–Aldrich) were used in the standard spectrum of GC
analysis.

2.1. Soxhlet extraction

Crushed cinnamon bark (2 g), was weighted and set in a Soxhlet
device and then extracted for 7.5 h without interruption using methanol
as solvent in Soxhlet extraction. After extraction, the solvent was eva-
porated and removed all residual solvent from extract.

Then, the amount of cinnamaldehyde and eugenol was determined
through GC method. The results indicated that Soxhlet extraction re-
sulted in 21.2 mg cinnamaldehyde/g cinnamon and 1.2 mg eugenol/g
cinnamon, which is regarded as the complete extractable cinnamalde-
hyde and eugenol in the recovery relations.

2.2. Supercritical fluid extraction: device and method

The supercritical extraction system used in the present study is
shown in Fig. 2. Detailed description of the various parts of the ex-
traction device is given in previous articles [21]. Cinnamaldehyde and
eugenol recovery are calculated based on the amount of supercritical
extracted Cinnamaldehyde and eugenol in compare of Soxhlet Cinna-
maldehyde and eugenol extraction amount (Soxhlet yield is assumed as
100% extraction yield, therefore the obtained amount is considered as
the total available cinnamaldehyde and eugenol in the cinnamon bark),
so recovery of Cinnamaldehyde and eugenol was calculated using the
following equations:

=

×

Recovery of cinnamaldehyde
mass of Cinnamaldehyde(mg)

total of extractabe (mg from soxhlet)

100 (1)

= ×Recovery of eugenol
mass of Eugenol (mg)

total of extractabe (mg from soxhlet)
100

(2)

2.3. Gas chromatography

A 3420 A gas chromatograph (SGE, Australia) equipped with a sol-
gel wax column (30m as a length× 0.25mm a dimeter× 0.25 μm as a
film thickness). The temperatures of injector and detector were kept at
250 °C. The injected samples volume was 5 μl and the carrier gas was
nitrogen. The oven temperature for the extracted oils was set linearly as
follows: 70 °C (1min), 70–250 °C (15 °C/min) and held for 15min at
250 °C.

The calibration curve for cinnamaldehyde (y=115.35x+3099.39)
and for eugenol (y= 132.39x + 4724.03) were plotted (Figs. 3 and 4)
by injecting different concentrations of standard solutions (Cinna-
maldehyde and Eugenol) with linear regression for cinnamaldehyde

Nomenclature

α0 Constant
αi Linear parameters coefficient
αii Quadratic parameters coefficient
αij Interaction parameters
n Variables numbers
P MPa( ) Extraction pressure

Q ml min( / ) CO2 flow rate
R% Recovery
t (min) Dynamic extraction time

∘T C( ) Extraction temperature

Greek letters

ε Residual associated with experiments

Fig. 1. Molecular structure of cinnamaldehyde and eugenol.
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(R2= 0.9998) and for eugenol (R2= 0.9997). Retention time of the
former was about 14min and retention time of the latter was 15min, as
can be seen in Figs. 5–7.

3. Design of the experiment

Among the different experimental design methods, RSM was chosen
in this research to evaluate the effects of extraction temperature (T),
pressure (p), dynamic time and SC-CO2 flow rate (F) on the recovery of
extracted oils in terms of cinnamaldehyde and eugenol quantity.

According to the following points:

• Five levels of central composite rotatable design (CCRD) with four
independent variables have been used (coded and decoded in-
dependent RSM design variables and their relative levels are gath-
ered in Table 1).

• Design of the experiment was based on coded levels of the in-
dependent variables in CCRD (32 experimental runs and obtained
responses shown in Table 2).

• RSM was carried out by Minitab software (version 16).

• All experimental trials were randomly performed to minimize the
effect of unexplained variability in the observed responses due to
extraneous factors [18].

• For estimation of pure error, seven replicate runs are performed.

• Extraction recovery (R) was considered as the response functions.

A second-order polynomial Eq. (3) was used to express the response
as a function of independent variables:

∑ ∑ ∑ ∑= + + + +
= =

R α α χ α χ α χ χ ε
i

n

i i
i

n

ii i
i j

ij i j0
1 1

2

(3)

In this Eq. (3), α0 is the constant value, n is the variables number, αi
is the linear parameters coefficients, χi represents variables, αii is the
quadratic parameters coefficients, αij symbolizes the interaction para-
meters coefficients and ε is the residual of the experiments.

4. Results and discussion

4.1. Model fitting and experimental data analysis

For calculating the second-order polynomial Eqs. (4 and 5) coeffi-
cients, experimental data (Table 2) were used by the least squares
technique. Tables 3 and 4 are included of regression coefficients and
their Significance that determined by absolute t-value and p-value
(terms with p < .001, .001≤ p< .05 and p≥ .05 are highly sign-
ificant, significant and insignificant, respectively). The second-order
polynomial model was obtained in terms of coded variables.

Cinnamaldehyde recovery (R) as a function of self-determining

Fig. 2. Schematic diagram of experimental setup for the supercritical extraction system.

Fig. 3. Calibration curve of pure cinnamaldehyde diluted with methanol.
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variables is shown in Eq. (4):

= + + + + − −

− − ×

T FR 0.5207 0.0238 0.0093P  0.0186 0.0278t 0.0142T
0.03190P 0.0175t - 0.01566F 0.00938( P T)

d

d

2

2 2 2 (4)

Eugenol recovery (R) as a function of self-determining variables is
shown in Eq. (5):

= + + + − −

− − + ×

R T P F t T
P F t T P

0.310 - 0.024 0.0127 0.0229 0.0318 0.0066
0.0232 0.0073 0.009 0.0088( )

d

d

2

2 2 2 (5)

The results indicated that linear terms of pressure, time, CO2 flow
rate and temperature were highly significant (p < .001) for both cin-
namaldehyde and eugenol. The quadratic terms of all variables were
highly significant (p < .001) for Cinnamaldehyde. For eugenol,
quadratic terms of pressure and time were highly significant
(p < .001) and quadratic temperature and CO2 flow rate were sig-
nificant (.001 ≤ p < .05). Moreover, all linear interactions between
different variables, except for (P×T), were not significant for both
cinnamaldehyde and eugenol.

The fitted model was confirmed by using the analysis of variance
(ANOVA) shown in Tables 3 and 4. The calculated coefficient of

determination (R2) and adjusted coefficient of determination (Adj. R2)
for cinnamaldehyde were 95.26% and 91.11% and for eugenol were
97% and 95%. The aforementioned values indicated that the model
predictions are highly confirmative of the experimental data.

4.2. Residual plots

Plots of cinnamaldehyde and eugenol residual using Minitab are
shown in Figs. 8 and 9. The probability plots of residuals indicate
normality due to the fact that the points are close to a straight line, so
assumption of normality seems to be acceptable for both cinnamalde-
hyde and eugenol. The histogram plots are almost symmetric and bell-
shaped and relatively small amount of parity are observed; therefore,
the normality assumption is acceptable for both cinnamaldehyde and
eugenol. The assumption of constant residual variance (Residual vs.
Fits) was examined with the use of plots. As the residuals in the plots
show, both are randomly scattered around zero horizontal line and no
special pattern is seen. Thus, the assumption of constant residual var-
iance is acceptable for both cinnamaldehyde and eugenol. The as-
sumption of independence of observations (Versus Order) was surveyed
with the use of plots. Since the residuals in the charts do not follow a

Fig. 4. Calibration curve of pure eugenol diluted with methanol.

Fig. 5. Gas chromatograph of pure cinnamaldehyde.
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specific structure, observed experimental data remain independent of
each other.

4.3. Extraction optimization

The maximum recovery for cinnamaldehyde was predicted by RSM
to be 54.79% at the optimal operating conditions of 2.3 MPa, 68.2 °C,
95.7 min (dynamic time) and 1.8ml/min (Fig. 10). Furthermore, the
maximum recovery for eugenol was 38.42%, at the conditions of
2.7 MPa, 42.04 °C, 118min (dynamic time) and 2.3ml/min (Fig. 11).
The compatibility of these predicted results was investigated via tri-
plicate experiments in which the average extraction recoveries of
54 ± 1% and 38 ± 1.5% were obtained at the optimal operating
conditions for cinnamaldehyde and eugenol, respectively.

Fig. 6. Gas chromatograph of pure eugenol.

Fig. 7. Gas chromatograph of cinnamaldehyde and eugenol in samples.

Table 1
Decoded and coded levels of independent variables used in the RSM design.

Coded
variables

Temperature (T) (◦
C)

Pressure (P)
(MPa)

Dynamic time
(t) (min)

Flow rate
of CO2
(Q) (ml/
min)

−2 40 10 40 0.5
−1 50 15 60 1
0 60 20 80 1.5
1+ 70 25 100 2
2+ 80 30 120 2.5
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4.4. Response surface analysis

A three-dimensional response surface model was applied for
reaching the interactions among different variables and optimum va-
lues in order to find the maximum recovery (according to Eqs. (4) and
(5)). The plots were designed by sketching the response (z-axis) versus
two independent variables (x and y coordinates) and the other two
independent variables were considered constant at zero levels (centre
points).

4.5. Effect of pressure on cinnamaldehyde and eugenol recovery

As the pressure increases, the SC-CO2 density improves, cinna-
maldehyde and eugenol solubility enhances as a result, and a higher

recovery is achieved (Figs. 12 and 13). Increasing the pressure also
decreased diffusivity of cinnamaldehyde and eugenol, lowered the
convective mass transfer, and caused a lower recovery. Accordingly, by
increasing pressure from 10 to 20.3 for cinnamaldehyde (Fig. 12) and
from 10 to 20.7 for eugenol (Fig. 13), recovery improved, but further
increase in pressure up to 30MPa leads to a decrease in recovery. As
shown in Table 4, these results have also a mathematical justification.
As predicted, pressure had a positive linear effect (p < .001) on cin-
namaldehyde and eugenol recovery at low levels (code = −2 to 0.06
(cinnamaldehyde) and code = −2 to 0.14 (eugenol)), which is most
likely due to solubility enhancement resulting from increased CO2

density with the rise of pressure. But at higher pressure levels
(code=0.06 to 2 (cinnamaldehyde) and code= .14 to 2 (Eugenol)),
however, the negative quadratic influence of pressure on both

Table 2
Central composite rotatable design for cinnamaldehyde and eugenol extraction and observed responses: recovery (R).

Exp.No Temperature
∘T C( , )

Pressure
P MPa( , )

Flow rate
f ml( , min)

Dynamic time
dt( , min)

Eugenol recovery((% Cinnamaldehyde recovery (%)

1 60 10 1.5 80 18.0 35.6
2 50 15 1 100 3.0 39.9
3 60 20 1.5 80 31.1 52.1
4 60 20 1.5 80 31.2 52.
5 50 25 1 60 22.6 37.9
6 60 20 1.5 80 31.0 52.
7 40 20 1.5 80 34.0 42.5
8 50 25 2 100 34.0 45.9
9 50 15 2 60 28.0 36.9
10 70 15 1 60 19.0 43.6
11 70 25 1 60 2.0 4.9
12 60 20 1.5 120 34.0 51.8
13 80 20 1.5 80 23.0 5.9
14 70 15 2 100 28.0 5.8
15 70 15 2 60 2.0 45.9
16 60 20 1.5 80 31.0 52.1
17 100 25 2 60 24.8 45.8
18 60 20 2.5 80 33.4 51.3
19 60 20 1.5 40 21.0 38.9
20 50 25 2 60 27.9 42.7
21 70 25 2 100 32.0 49.9
22 60 30 1.5 80 25.7 43.6
23 50 15 2 100 33.0 45.9
24 50 15 1 60 23.0 37.9
25 60 20 .5 80 23.0 4.9
26 60 20 1.5 80 3.9 52.0
27 60 20 1.5 80 31.2 52.2
28 70 15 1 100 22.0 47.9
29 70 25 1 100 26.8 47.3
30 50 25 1 100 3.0 44.7
31 60 20 1.5 80 31.1 52.1

Table 3
Regression coefficients of predicted second-order polynomial model for cinna-
maldehyde.

Term Coefficient SE Coefficient t-value p-value (P)

Constant 0.520714 0.006127 84.990 .000
tem 0.023833 0.003309 7.203 .000
press 0.009250 0.003309 2.796 .000
flow 0.018583 0.003309 5.616 .000
time 0.027750 0.003309 8.387 .000
tem*tem −0.014158 0.003031 −4.671 .000
press*press −0.031908 0.003031 −1.526 .000
flow*flow −0.015658 0.003031 −5.165 .000
time*time −0.017533 0.003031 −5.784 .000
tem*press −0.009375 0.004052 −2.313 .034
tem*flow 0.001125 0.004052 0.278 .785
tem*time −0.000750 0.004052 −0.185 .855
press*flow 0.002000 0.004052 0.494 .628
press*time 0.000125 0.004052 0.031 .976
flow*time 0.001125 0.004052 0.278 .785

Table 4
Regression coefficients of predicted second-order polynomial model for eu-
genol.

Term Coefficient SE Coefficient t-value p-value (P)

Constant 0.310714 0.003743 83.011 .000
tem −0.024125 0.002021 −11.934 .000
press 0.012708 0.002021 6.287 .000
flow 0.022958 0.002021 11.357 .000
time 0.031875 0.002021 15.768 .000
tem*tem −0.006751 0.001852 −3.646 .002
press*press −0.023376 0.001852 −12.623 .000
flow*flow −0.007501 0.001852 −4.051 .001
time*time −0.009251 0.001852 −4.996 .000
tem*press 0.008812 0.002476 3.559 .003
tem*flow −0.000188 0.002476 −0.076 .941
tem*time −0.000312 0.002476 −0.126 .901
press*flow 0.002687 0.002476 1.086 .294
press*time 0.002813 0.002476 1.136 .273
flow*time 0.001312 0.002476 0.530 .603
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Fig. 8. Residual Plots for cinnamaldehyde.

Fig. 9. Residual Plots of eugenol.
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cinnamaldehyde and eugenol recovery also became an important factor
(p < .001); therefore, recovery of both components was reduced.

4.6. Effect of temperature on cinnamaldehyde and eugenol recovery

When the temperature increases, a simultaneous double counter
effect occurs. At first, the cinnamaldehyde vapour pressure increases by
growing the temperature and thus, recovery improves; but further

Fig. 10. Temperature, pressure, dynamic time and flow rate in optimum condition for cinnamaldehyde recovery.

Fig. 11. Temperature, pressure, dynamic time and flow rate in optimum condition for eugenol recovery.

Fig. 12. Cinnamaldehyde recovery vs. Temperature & pressure.
Fig. 13. Eugenol recovery vs. Temperature & pressure.
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increase in pressure causes drop in SC-CO2 density and therefore, re-
duces the solubility of cinnamaldehyde and causes lower recovery.
Thus, increasing temperature from 40 °C (code=−2) to 68.2 °C (code
0.82) leads to more recovery for cinnamaldehyde extraction, but fur-
ther increase in temperature, from 68.2 °C (code=0.82) to 80 °C
(code= 2), leads to lower cinnamaldehyde recovery. Similar to the
effect of operating pressure, the results obtained from temperature
variation have also a mathematical justification. As predicted for cin-
namaldehyde recovery in Eq. (4), temperature had a positive linear
(0.001≤ p< .05) and negative quadratic (p < .001) effect, which can
be obviously detected in Fig. 13. When the two opposite effects of va-
pour pressure and density become equal, a maximum recovery is ob-
served and this specific point is called retrograde solubility, which

occurs at 68.2 °C for cinnamaldehyde.
For eugenol, temperature increase from 40 °C (code=−2) to

42.04 °C (code=−1.7) leads to higher extraction recovery, but further
increase, from 42.04 °C (code=−1.7) to 80 °C (code=2), leads to
lower eugenol recovery. Therefore, it may be concluded that the ret-
rograde solubility for eugenol occurs at the temperature of 42.04 °C. In
general, higher temperature has an overall negative effect on eugenol
recovery; as seen in Eq. (5) (Fig. 13).

4.7. Effect of dynamic time on cinnamaldehyde and eugenol recovery

In this study, 20 min was experimentally determined as the op-
timum static extraction time to improve the extraction recovery of both
extracted components (cinnamaldehyde and eugenol). The obtained
results of dynamic extraction time effect investigation on recovery was
also indicate that fresh solvent provides higher recovery due to the
existence of an operative mass transfer driving force between the fluid
phase (SC-CO2) and solid phase (cinnamon bark). According to Tables 3
and 4, dynamic extraction time had a positive linear effect on both
cinnamaldehyde and eugenol recoveries, equal to optimum dynamic
time of 95.7 and 118min (0.001 ≤ p < .05), respectively. On the
other hand, after 95.7 min (for cinnamaldehyde) and 118min (for eu-
genol), no further recovery enrichment was detected because of mass
transfer driving force dropping.

4.8. Effect of CO2 flow rate on cinnamaldehyde and eugenol recovery

In low CO2 flow rates, mass transfer resistance limited the mass
transfer of the solutes in the fluid, so unsaturated supercritical carbon
dioxide leaves the system. As the flow rate increases, mass transfer
resistance decreases, supercritical solvent saturates, equilibrium con-
ditions are achieved, and maximum recovery percentage is obtained
(for cinnamaldehyde 1.8ml/min and for eugenol 2.3ml/min) but by
further increasing of SC-CO2 flow rate, residence time (i.e., fluid bed
interaction time) decreases and overcomes the additive effects of film
mass transfer coefficient. Therefore, for supercritical fluid extraction in
semi-continuous mode, determining the optimum amount of solvent
flow rate is necessary. What is important is that the optimal flow rate is
dependent on the nature of solvent-soluble, solvent, extraction tem-
perature and pressure. Tables 3 and 4 show a positive linear effect of
SC-CO2 flow rate (0.001 ≤ p < .05) on both cinnamaldehyde and
eugenol response variables. As can be seen in Figs. 14 and 15, the ef-
fects of extraction dynamic time and CO2 flow rate on cinnamaldehyde

Fig. 14. Cinnamaldehyde recovery vs. flow & time.

Fig. 15. Eugenol recovery vs. flow & time.

Fig. 16. Main effects plot for cinnamaldehyde recovery.
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and eugenol recovery are observed at constant 20MPa and 60 °C.

5. Conclusion

Cinnamon bark oils were successfully extracted by supercritical
extraction and GC method. Optimal conditions for cinnamaldehyde and
eugenol recovery were studied using modified SC-CO2 with methanol as
a cosolvent. Optimization of extraction has been done by RSM and
experimental investigations and the data were adequately fitted to a
second-order polynomial model by Response surface analysis. The re-
sults shown that there is a multivariate effect on recovery, plots of the
main effect are used to draw the mean data. Figs. 16 and 17 shows that
carbon dioxide flow rate and dynamic time had positive effects and
pressure and temperature had positive and negative effects on recovery
for both cinnamaldehyde and eugenol. The predicted and experimental
results of this study could be applied by process engineers to design SCF
process equipment for production of cinnamaldehyde and eugenol in
the pharmaceutical and food industries.
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