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Abstract:

Introduction:

The effects of the grinding procedure on the supercritical fluid extraction (SFE) yields of eugenol, β-caryophyllene, α-humulene, and
eugenyl acetate from clove are discussed in detail in this paper.

Methods:

For this purpose, five grinding procedures were employed: 1) continuous 1-min grinding, 2) continuous 2-min grinding, 3) two 1-min
grinding periods with 6-min stop in between 4) continuous 4-min grinding, and 5) four 1-min grinding periods with 6-min stops in
between. After that, the extractor was filled with 12 g of milled clove obtained using one of the grinding procedures while the other
SFE parameters were kept constant (pressure of 150 bar, temperature of 40 °C, supercritical CO2 flow rate of 1.03×10−4 kg/s, static
time of 20 min, and dynamic extraction time of 15 min). Then, the composition of the extract was evaluated by gas chromatography
(GC).

Conclusion:

It was found that the grinding procedure has considerable effects on the recoveries of eugenol, β-caryophyllene, α-humulene, and
eugenyl acetate from clove, and employing four 1-min grinding periods with 6-min stops in between as the grinding procedure gave
the highest content of the aforementioned components in the extract.
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1. INTRODUCTION

The grinding procedure is one of the important factors that has not been sufficiently addressed in the field of SFE.
Although the effect of grinding time (GT) has been investigated on the SFE yields of other raw materials, those studies
were  limited  to  short  GTs.  For  example,  Wilkinson  et  al.  [1]  investigated  the  effect  of  GT on  the  SFE yield  from
soybeans at 483 bar and 80 °C. They placed 60 g of soybeans in a mechanical grinder for different GTs from 10 to 60 s.
They concluded that increasing the GT enhances the extraction yield due to the reduction in particle sizes. The SFE
yield  increased  from approximately  6% to  22% as  the  particle  diameters  decreased  from 0.20  mm to  0.07  mm.  In
another  study  by  Yahya  et  al.  [2],  the  SFE  yield  from  pandan  leaf  increased  up  to  50%  after  a  30-s  grinding
pretreatment step. Hatami et al. [3] investigated the effects of GTs (15 s to 20 min) and mass of raw material in the mill
(15 g to 35 g) on both the global SFE yield from fennel and the yields of its major compounds, namely, anethol and
fenchone. The extractor was subjected to a pressure of 200 bar, temperature of 40 °C, and supercritical CO2 flow rate of
1.67×10−4 kg/s for 10 min. The results showed that a GT of 6 min provided better results  than GTs of 15 s or 20  min in
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terms of contents of anethol and fenchone in the extract. According to this paper [3], although grinding can facilitate
SFE by decreasing particles sizes, it also has some disadvantages. One of such drawback is increasing the temperature
of the raw material in the mill, which leads to the evaporation of volatile components from the raw material [3]. To
avoid  this  complication  and  move  one-step  forward  in  grinding  process,  the  current  study  aimed  to  develop  new
grinding procedures to cool the raw material and prevent large increases in temperature. Clove bud was selected as the
model raw material for this purpose because it is rich in volatile oils, which makes it suitable for evaluating new SFE
techniques. Many researchers have studied SFE from clove [4 - 6], and they reported eugenol as its main component.
Eugenol  shows  anti-inflammatory,  anti-bacterial,  antioxidant,  and  neuro-protective  properties,  and  it  has  many
applications in cosmetics, food products, and dentistry [7 - 11]. GC-MS analysis showed that there are twenty-two other
compounds in the clove oils, and these compounds include β-caryophyllene, α-humulene, and eugenyl acetate [12]. In
this paper, the impact of grinding procedure was evaluated on the SFE of clove in terms of the extraction of these four
components.

2. MATERIAL AND METHODS

2.1. Sample Preparation

Clove buds were supplied from a municipal market, called “Temperos Brasil”, in Campinas, São Paulo, Brazil, and
they were stored in a domestic freezer at -18 °C. Prior to each grinding experiment, the raw material was removed from
the freezer to equilibrate at ambient temperature, 24 °C.

2.2. Grinding the Raw Material

The clove buds were ground in a mill (Marconi, model: MA 340, São Paulo, Brazil), and a photo of this mill is
available in our previous paper [3]. Its main components are a rotor, a crushing chamber, a collector container, and
stainless  steel  knives  (cutting  edge).  An  initial  study  was  performed  using  the  mill  to  determine  the  influence  of
grinding  procedure  on  the  physical  properties  of  the  clove  buds.  For  this  purpose,  five  grinding  procedures  were
considered (Table 1): 1) continuous 1-min grinding, 2) continuous 2-min grinding, 3) two 1-min grinding periods with
6-min stop in between 4) continuous 4-min grinding, and 5) four 1-min grinding periods with 6-min stops in between.
For simplicity, each grinding procedure has been assigned a letter abbreviation as shown in (Table 1). At the end of
each grinding procedure, the temperature of the clove buds was measured from the top of the crushing chamber by
using an infrared thermometer with an uncertainty of 0.1 °C. The average particle diameters of the milled clove were
then determined by screening the milled clove powder through a set of standard sieves with mesh sizes of 12, 16, 24,
48, and 80 in a sieve shaker (Bertel, model MAGNETICO, São Paulo, Brazil).

Table 1. Grinding procedures employed in the current study.

Index Grinding procedure
A 1-min grinding
B 2-min grinding
C Two 1-min grinding periods with 6-min stops in between
D 4-min grinding
E Four 1-min grinding periods with 6-min stops in between

2.3. SFE from Clove

A schematic diagram of the SFE system used is available in our previous paper [3]. In a typical SFE experiment, the
cooling and heating baths are turned on one hour before the extraction to ensure that the system reaches the desired
temperature (43 °C for the heating baths, and -5 °C for the cooling baths). The extractor is then charged with 12 g of
milled clove, and the remaining space in the extractor is filled with small glass beads to reduce the CO2 required for
pressurizing. Next, the pump is turned on to pressurize the system to the desired pressure (150 bar). The system was
kept at that pressure for 20 min (static time) before opening the exit valve of the extractor. After that, the shut-off and
micrometering valves were opened, and the CO2 flow rate was measured by a gas flow meter at the end of the line. The
mixture of CO2 and extract is then passed through a micrometering valve, and its pressure drops to the ambient pressure.
The extract is trapped in a collection vial, and the overall SFE yield is evaluated by collecting and weighing the extract
samples at the end of each run. Each SFE run was performed two times to ensure that the obtained results are reliable.
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2.4. Chromatographic Analysis

The contents of eugenol, β-caryophyllene, α-humulene, and eugenyl acetate in the extract were determined using
gas  chromatography  with  flame  ionization  (GC-FID)  (SHIMADZU,  CG  17-A,  Kyoto,  Japan)  with  a  fused-silica
capillary  column ZB-5  (length  of  30  m,  inner  diameter  of  0.25  mm,  and  film thickness  of  0.25  µm,  Phenomenex,
Torrance, USA). For this purpose, the analyzable solution was obtained by dissolving 5 mg of extract in 1 mL of ethyl
acetate  (99.5% purity,  provided  by  Dinamica,  Diadema,  Brazil).  The  carrier  gas  was  helium (99.9% purity,  White
Martins, Campinas, Brazil) at a total flow rate of 26 mL/min and a column flow rate of 1.11 mL/min. Split injection
was conducted with  an injection volume of  1  µL and a  split  ratio  of  20.  The injector  temperature  was 220 °C,  the
detector temperature was 240 °C, and the initial column temperature was 60 °C. Based on a program defined in our
previous publication [3], the column was heated from 60 °C to 240 °C at 3 °C /min, and then held for 2 min. The four
main compounds in clove oil were accurately identified by comparison to the retention times of the pure compounds.

3. RESULTS AND DISCUSSION

Fig. (1) shows the clove samples, the milled clove before and after extraction, the material distribution inside the
mill, and the extract oil. Clove is almost cylindrical in shape, but the milled clove is approximately spherical (A). The
distinct differences between the milled material before and after SFE (B and C in Fig. 1) indicate the high performance
of the SFE in obtaining the extractable oil. This figure (part D) also shows that the raw material mostly accumulates
close to the cutting edges of the mill. Part E of this figure shows that the color of essential oil is yellow (color is one of
the indicators of the quality of the essential oil of clove.

Fig. (1). A schematic of (A) the raw material before grinding, (B) raw material after grinding, (C) raw material after SFE, (D) clove
distribution inside the crushing chamber of the mill, (E) and extract oil obtained from clove using SFE.

Fig. (2) shows the SFE yields of eugenol, β-caryophyllene, α-humulene, and eugenyl acetate. The similarities in the
trends of the yields of these four components could be explained by the fact that their enthalpies of vaporization under
standard  conditions  are  very  close  to  each  other,  namely,  66.30  kJ/mol  for  eugenol  [13],  65.50  kJ/mol  for  β-
caryophyllene [14],  49.4 kJ/mol for  α-humulene [15],  and 56.80 kJ/mol for  eugenyl  acetate  [16].  As shown in this
figure, eugenol had by far the highest yield (9.61 to 11.20 g / 100 g clove), followed by eugenyl acetate (2.09 to 2.55 g /
100 g clove), and β-caryophyllene (1.34 to 1.58 g / 100 g clove). Grinding procedure “E” gave the highest extraction
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yield of the aforementioned components, while grinding procedures “A” and “C” gave the lowest yields.

Fig. (2). Effect of grinding procedure on the extraction yield (g / 100 g clove) of eugenol, β-caryophyllene, α-humulene, and eugenyl
acetate from clove by SFE at 150 bar, 40 °C, and a supercritical CO2 flow rate of 1.03 × 10−4 kg/s during a dynamic period of 15 min.

Among  the  continuous  grinding  procedures  (“A”,  “B”,  and  “D”),  grinding  procedure  “B”  provided  the  best
performance (Fig. 2). The superiority of grinding procedure “B” over “A” and “D” can be attributed to the average
diameters and the increasing temperature of the clove in the mill achieved for the various grinding procedures, and these
data are shown in (Table 2). It is clear from the table that the temperature was substantially influenced by the grinding
procedure, and it increased from 5.5 °C for “A” to 10.1 °C for “D”. According to Table 2, increasing the GT had two
opposing effects on the SFE yield. On one hand, the particle diameter decreased, which had a positive effect on the
extraction  yield  due  to  enhancing  the  specific  surface  area  of  the  particles  in  the  SFE bed.  On the  other  hand,  the
temperature of material in the mill was increased by increasing GT, and this accelerated the evaporation of the volatile
compounds, which tended to reduce the extraction yield of the aforementioned components. These results are in line
with those previously published by Hatami et al. [3] on the effect of GT on the SFE yields of anethol and fenchone from
fennel. Comparison of the performances of “B” and “C” on one hand and “D” and “E” on the other hand is interesting
as  each  of  these  pairs  have  the  same  particle  diameter;  0.39  mm for  “B”  and  “C”  and  0.37  mm for  “D”  and  “E”.
Although grinding procedure “B”, a continuous procedure, provided a higher yield than grinding procedure “C”, a non-
continuous procedure, comparing “D” and “E” showed the opposite trend; “E” gave a far higher extraction yield of the
aforementioned components than “D”. This can be justified based on the impact of another important factor, the total
GT, which includes the duration of both crushing and stopping. The second column of (Table 2) shows the values of
parameter for the whole grinding procedure. It is evident that increasing both the total GT and the temperature increase
the evaporation of the volatile components in the raw material. Based on the obtained results, it could be reasonably
concluded that for “B” and “C”, total grinding time is the key factor; thus, more evaporation occurs in “C” despite the
lower temperature reached. However, for “D” and “E”, the temperature increase is the key factor, which results in “E”
providing a higher yield than “D”. These results show that the total grinding time and the temperature increase might
have different effects in different grinding procedures.
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Table 2. The total grinding time (crushing + stopping), temperature increase, and average clove diameter for the various
grinding procedures.

Grinding procedure Total time (min) Temperature raising (oC) Average diameter (mm)
A 1 5.5 ±0.9 0.44 ± 0.01
B 2 8.4 ± 0.5 0.39 ± 0.01
C 8 7.7 ± 0.7 0.39 ± 0.01
D 4 10 ± 1 0.37 ± 0.00
E 22 8.2 ± 0.2 0.37 ± 0.00

To show the impact of the milling conditions on the extraction yield with respect to the influence of other typical
SFE parameters such as temperature, pressure, and CO2 flow rate, it is interesting to compare the results obtained in this
study with those reported in the literature. As the major component of clove oil is eugenol, the eugenol recoveries of the
various reports can be compared. (Table 3) compared the impact of the developed grinding procedure with the impact of
temperature, pressure, extraction time, and CO2 flow rate (F) reported by Chatterjee and Bhattacharjee [17], Wenqiang
et al. [12], and Yang et al. [18].

Table 3. The significance of temperature, pressure, extraction time, CO2 flow rate, and grinding procedure on the SFE yield
of eugenol from clove.

T (oC) P (bar) t (min) d (mm) F (g/min) Grinding
procedure

Change of
Eugenol yield Reference

40 → 60 250 90 0.5 3.64 Usual 112% [17]
60 250 → 500 90 0.5 3.64 Usual 16% [17]
60 250 90 → 150 0.5 3.64 Usual 15% [17]

30 → 50 300 120 3# → 1# 3.64 Usual 34% [12]
50 100 → 300 120 2# → 1# 3.64 Usual 19% [12]

30 → 50 100 → 300 120 1# 3.64 Usual 24% [12]
40 200 140 0.355 0.4 → 0.9 Usual 36% [18]
40 200 140 0.355 0.9 → 1.8 Usual 37% [18]
40 150 15 0.44 → 0.37 6.18 A → E 17% Current study

Chatterjee  and  Bhattacharjee  [17]  studied  the  extraction  of  eugenol  from  clove  buds  using  SFE,  and  they
investigated the effect of temperature (40 to 130 °C), pressure (250 to 500 bar), and extraction time (90 to 150 min)
using response surface methodology [17]. They charged the extractor with 20 g of clove powder with a diameter of 0.5
mm under a constant CO2 flow rate of 2 l/min. Despite obtaining the maximum eugenol yield (13.292 g eugenol / 100 g
clove) at 90 °C, they recommended a temperature of 60 °C, a pressure of 250 bar, and an extraction time of 90 min as
the optimum operational condition for maximizing the extraction yield of eugenol (12.986 g eugenol / 100 g clove). The
higher yield achieved at an extraction time of 90 min compared to that at 150 min in their work may be due to the
depletion of the oil in the clove particles for t > 90 min, which means that the flow of CO2 not only does not bring any
oil to the collection vial but also causes evaporation of the volatile oils from collection vial out the outlet tube. The
impacts of temperature, pressure, and extraction time on the yield of eugenol based on the results obtained by Chatterjee
and Bhattacharjee [17] are shown in the first three rows of Table 3. As shown in this table, increasing the temperature
from 40 to 60 °C increases the eugenol yield by 112%, while increasing the pressure from 250 to 500 bar or increasing
the extraction time from 90 to 150 min changed the eugenol yield by 16% and 15%, respectively.

Wenqiang  et  al.  [12]  extracted  eugenol  from  clove  buds  using  SFE  at  a  constant  CO2  flow  rate  (2  l/min)  and
extraction  time  (120  min)  but  at  various  temperatures  (30,  40,  and  50  °C),  pressures  (100,  200,  and  300  bar),  and
particle sizes (three degree index, 1#, 2#, and 3#). The best operating conditions for maximizing the eugenol yield were
a temperature of 50 °C, pressure of 300 bar, and particle diameter index of 1#. Under these conditions, 13.64 g eugenol
/  100  g  clove  was  recovered.  The  data  from their  study  are  summarized  in  the  fourth  to  sixth  rows  of  Table  3.  In
particular, increasing the temperature from 30 to 50 °C together with decreasing the particle size of clove from 3# to 1#
at a constant pressure of 300 bar enhanced the eugenol yield by 34%. It  should be noted that particle diameter and
grinding  procedure  are  dependent  of  each  other,  and  they  can  be  combined  in  one  variable  (grinding  procedure).
However, they are both reported in (Table 3) for clarity.

Yang et al. [18] compared traditional SFE to ultrasound-assisted SFE (USFE) for the extraction from clove buds
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with 0.355 mm mean particle diameter. They evaluated the impacts of static time (10 to 30 min), dynamic time (20 to
140 min), temperature (30 to 50 oC), pressure (100 to 200 bar), and CO2 flow rate (0.4 to 1.8 g/min) on the extraction
yield. The highest USFE yield of 22.04 g extract / 100 g clove buds was obtained at static time of 15 min, dynamic time
of 100 min, temperature of 40 oC, pressure of 150 bar, and CO2 flow rate of 1.4 g/min, while the corresponding numbers
for the highest SFE yield of 19.06 g extract / 100 g clove buds were, respectively, 30 min, 140 min, 40 oC, 200 bar, and
1.8 g/min. The current study, however, only focuses on the impacts of flow rate of CO2 on eugenol yield based on SFE
data of their  study (the seventh and eighth rows of Table 3).  Noticeably,  it  is  assumed in this part  of table that the
extract composition does not affected by CO2 flow rate. This table reports that increasing the flow rate from 0.4 to 0.9
g/min and from 0.9 to 1.8 g/min enhanced the eugenol yield by 36% and 37%, respectively.

A general analysis of the whole data in Table 3 reveals that temperature, in particular, and CO2 flow rate are by far
the  most  important  factor  in  the  SFE  of  eugenol  from  clove.  The  impacts  of  the  other  factors  like  pressure  and
extraction time are comparable to the impact  of  the grinding procedure in the current  study as  employing grinding
procedure  “E”  instead  of  “A”  increases  the  eugenol  yield  by  17%.  Nevertheless,  using  the  grinding  procedure  to
increase  the  SFE  performance  offers  many  advantages  over  changing  the  pressure  or  extraction  time  including  its
simplicity and lower costs.

CONCLUSION

This work highlights the impacts of five grinding procedures (A, B, C, D, and E) on the recoveries of eugenol, β-
caryophyllene, α-humulene, and eugenyl acetate in the SFE of clove. GC analysis of the obtained extracts showed that
eugenol had by far the highest yield (9.61 to 11.20 g / 100 g clove), followed by eugenyl acetate (2.09 to 2.55 g / 100 g
clove),  and  β-caryophyllene  (1.34  to  1.58  g  /  100  g  clove).  Grinding  procedure  “E”  produced  the  extract  with  the
highest contents of the aforementioned components, while grinding procedures “A” and “C” gave the lowest yields.
Among the continuous grinding procedures (“A”, “B”, and “D”), grinding procedure “B” provided the best performance
in terms of the SFE yield of the main components due to the crossover effect of the GT, which affects the particle size,
in one side, and the temperature of material in the mill, in the other side. The experimental results reveal that particles
diameter, temperature increases in the mill, and the total GT, which includes the duration of both crushing and stopping,
are  all  critical  factors  affecting the SFE yields  of  the key components  of  clove oil.  It  was revealed that  employing
grinding procedure “E” instead of “A” increases the eugenol yield by 17%, which is very comparable with the impacts
of pressure and extraction time in the literature data. The grinding procedure has the potential to play a critical role in
SFE for producing higher quality extracts.
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