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Abstract: Recently, sustainability in terms of making the life of humanity permanent is being by far the most
important subject. In this study, the production of cocoa bean shell fat, a by-product obtained from supercritical carbon
dioxide (SC-CO2) extraction, and cocoa butter were compared in terms of antioxidant capacity, fatty acid composition,
and flavor profile. In addition, Soxhlet method was used for the comparison of extraction yield. Extract of cocoa bean
shell was obtained by supercritical extraction method with 70% yield. Fatty acid composition and flavor profile were
determined using Gas Chromatography/Mass Spectrometry (GC-MS) and Dynamic Headspace-GC/MS, respectively.
The yield of the cocoa bean shell extract was 4.15% at Soxhlet and 15.09% and 10.31% at SC-CO2 extraction. The
fatty acid constituents extracted using SC-CO2 ranged from 23.62% to 23.72% palmitic acid, 30.83% to 31.28% stearic
acid, 32.19% to 32.41% oleic acid, and 9.35% to 9.61% linoleic acid. Physicochemical properties and fatty acid
composition of SC-CO2 extracted cocoa bean shell fats content were found to be comparable to that of commercial
cocoa butter. Antioxidant capacity of the obtained extract in terms of β-carotene linoleic acid method and total
phenolic content were found to be lower than that of cocoa butter.
Keywords: Cocoa bean shell; cocoa butter; antioxidant capacity; supercritical extraction; sustainability; green
chemistry. © 2022 ACG Publications. All rights reserved.
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1. Introduction
Since the adoption of the 17 Sustainable Development Goals for Sustainable Development Solutions
adopted by the United Nations on September 25, 2015, studies in the field of food and especially waste and
by-product valorisation have gained momentum [1,2]. In the studies conducted in the area of food
processing, it is observed that the issues related to waste management and efficient use of by-products have
become prominent [3-5]. The issue of production of cocoa sustainably has also become very important
recently [6]. Therefore, the pressure to increase cocoa production to meet the increasing chocolate demand
worldwide has negative effects on the environment, economy and society of the producer countries [7].
Besides, each year, more than 4000 tons of cocoa beans are expended/roasted around the world, according
to the International Cocoa Organization (ICCO) [8].
Cocoa name comes from the fruit of the cocoa tree (Theobroma cocoa L.) and cocoa seeds are
generally known as cocoa beans [9]. The latter is used as the most valuable ingredients of confectionery,
especially chocolate and of food, cosmetic and pharmaceutical industries [10]. Besides, cocoa bean is the
main raw material for chocolate production, one of the most important products in the confectionery
industry today. Cocoa mass, cocoa butter, and cocoa powder are produced from cocoa beans and they are
also the main ingredients for chocolate production [11]. During the cocoa beans transformations, cocoa
bean shells are produced as a by-product and sold as animal feed or used as fuel material. However, cocoa
bean shells include dietary fiber, protein, and phenolic compounds, such as theobromine, caffeine,
flavonoids, etc. Due to their rich nutrient compositions, they are recently used in various food formulations
[12].
Cocoa butter has a valuable property that allows chocolate and bars to stay molded and contraction
on solidification throughout their shelf life. The ratio of cocoa butter in the liquor used in chocolate making
may not be sufficient in the formation of the desired rheological and sensory parameters in the final product
chocolate. This problem is encountered especially in milky chocolate. Additional cocoa butter is added to
ensure quality parameters in consumers and producers such as rheological and sensory [13].
Cocoa bean shell is obtained as a by-product. One valuable output is cocoa butter obtained from the
cocoa bean shell, which is found between a 1.5-8.49 % ratio [14]. Because of the fact that economic gain
will be achieved if recovery is achieved. It is important that the extraction method used for the reuse of the
fat in the cocoa bean shell in food products does not leave any residue in the final product.
The quality of fat component extracts is strongly belonged to the extraction procedure and type of
solvent used, which must be carefully chosen to provide an adequate balance to enhance yield and
selectivity [15]. Hexane, toluene, chloroform and petroleum ether are traditional extraction solvents for fat
components, especially using traditional method Soxhlet, but all of them are known hazardous to human
health and pollutant [16]. Therefore, nontraditional procedures such as supercritical fluid extraction (SFE)
and pressurized liquid extraction (PLE), with green chemistry and environmental-friendly seem has been
becoming more prefer for extraction from different natural matrices for recently [17,18]. The techniques
using especially CO2 as green solvents due to its low polarity, mild critical conditions, non-flammability,
low cost and easiness to be removed from the extract are good alternative due to reduction in energy
consumption and because they ensure hazardous solvent free extracts [10, 19, 20].
According to studies, cocoa bean in its different forms including hull, shell, bean and seed are
extracted using different methods in terms of their functional properties and bio compounds. In previous
studies, Cocoa shells are investigated for their compounds and applications in the food industry. These
studies have revealed that cocoa shells have a variety of bio compounds, such as phenolic compounds,
dietary fibers, and lipid profiles similar to that of cocoa butter. In previous studies, researchers especially
have used traditional solvent extraction methods [14, 21, 22], however, some of them have preferred
untraditional methods such as SC-CO2, Deep Eutectic Solvents Extraction (DES), and PLE using a green
solvent [10, 20, 23, 24]. When studying the scientific studies conducted to up to date, it was found that the
volatile components of cocoa bean shell fat have not been studied in detail. There is one volatiles of cocoa
seed study in the literature, which is a study performed in different cocoa cultures extracts using solvent
extraction method and does not contain the necessary details [25].
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In this study, we aimed to develop the supercritical fluid CO2 extraction method necessary for the
recovery of fat in the cocoa bean shell and the obtained extracts were compared in terms of antioxidant
capacity, fatty acid composition, and flavor profile against reference cocoa butter.

2. Materials and Methods
2.1. Materials
Cocoa bean shell (Ivory Coast) was obtained from Onem Food Industry Trade Inc. Co. (Istanbul,
Turkey). It was stored at room temperature until being used. Ethanol, β-carotene, Trolox and α-tocopherol
used were analytical grade. Methanol and chloroform used were analytical grade purchased from Merck
(Darmstadt, Germany). Other chemicals also used were analytical grade purchased from Sigma-Aldrich
(Dorset, UK). The water used was processed with the Mili-Q water purification system. CO2, used in the
Supercritical extraction device, was supplied from the Habas (Kocaeli, Turkey).
2.2. Sample Preparation
2.1.1. Production of Cocoa Bean Shell
By processing fermented and dried cocoa beans, cocoa liqueur, the raw material of chocolate, is
produced. Cacao bean are cleaned physically and microbiologically first. Before pasteurization of cacao
beans for physical cleaning of cocoa beans including removing foreign materials, de-stoning and
classification process were applied.
Elimination of microbiological risk is done by pasteurization. Temperature-duration-pressure
parameters, the total microbiological load is either eliminated. The indicator microorganism is Salmonella
spp.

Removing
foreign materials

Destoning

Classification

Pasteurization

Roasting

Shredder/Milling

Physically and microbiologically cleaned cocoa
beans go through the roasting process to form the
precursors and components of the necessary flavour
[26]. One of the advantages of roasting is that it
facilitates the decomposition of the cocoa bean shell.
In the roasting process, the core bark becomes easily
decomposed because it loses water faster than nib.
The kernels that are broken in the mill prior to shell
separation are sent to the process of sequential sieves.
The vacuum in each sire sieve ensures that the shell
is separated from the nib. In the first sieve, larger
parts are separated, while the last sieve separates the
smaller parts. After processing roughly 10-12%
cocoa bean shell is obtained from the cocoa beans.
This process is called as winnowing. Process flow
diagram is shared at Figure 1.

Winnowing

Figure 1. Cacao bean shell process flow diagram.
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2.3. Fat Extraction from Cocoa Bean Shell
2.3.1. Supercritical CO2 Extraction
SC-CO2 extraction was operated using a Waters SFE 1000 supercritical fluid extraction system
(Milford,MA, USA) equipped with a 1000 mL extractor under 450 bar pressure and 125 gCO2/min CO2
mass flow rate. Selected parameters (temperature, time, pressure, CO2 flow rate) were optimized using a
method that one parameter was changed in each experiment when the others were kept constant.
In this study, the particle size was fixed from the parameters affecting extraction efficiency; changes
have been made to temperature, duration, pressure, CO2 flow rate parameters and co-solvent was not used
for the reuse of extracted fat in foods. In addition, standards require that cocoa butter should not include
solvents (except hexane 1 mg/kg, propane-2-ol and methanol 10 mg/kg) for use in the food industry.
Therefore, supercritical CO2 extraction method complied with the standards when co-solvent is not used
during extraction. Each study was replicated 3 times.
2.3.2. Soxhlet Extract
The fat content of the cocoa bean shells was calculated by weight loss after 12 h extraction with
hexane under reflux in a Soxhlet apparatus Traditional extraction method of Soxhlet extraction of cocoa
bean shell was performed according to Voigt et al. The obtained cocoa bean shell fat was stored in the
darkness until further analysis [27].
2.4. Determination of the Volatile Compounds
The volatile compounds and flavour profile of the extract were analysed by dynamic headspace
analysis -GC/MS (DHA/GC-MS). The total ion chromatogram was performed using a Gerstel DHS System
(Germany) connected to an Agilent 7890A GC and 5975C MS (Inert MSD with Triple Axis Detector,
USA. A total of 1 g of cocoa bean shell extract was placed in a 20 mL standard headspace vial. It was
placed in a tray of a Gerstel Multi-Purpose Sampler. Desorbed compounds were injected automatically into
a CP-WAX 52 GC column (60 m × 25 μm film thickness × 0.25 mm innerdia) (INNOWAX, Germany).
The flow rate of the Helium carrier gas was adjusted to 1.2 mL/min. Each sample was injected in the spitless
mode. The GC oven temperature was programmed from 40°C to 240°C at 5°C/min.
2.5. Analysis of the Fatty Acid Composition
The fatty acid composition analysis of deodorized cocoa butter, cocoa butter, and extracted cocoa
butter obtained from cocoa bean shells was performed using GC/MS.
Cocoa bean shell fat was obtained from SC-CO2-extraction method. Samples of the extracted fat
were analysed by gas chromatography using fatty acid methyl esters (FAMEs) preparation [28]. FAMEs
were analysed by a GC-MS, equipped with a flame ionization detector (FID) and a Hp-innowax 19091N136GC column (60 m × 0.25 μm film thickness × 0.25 mm innerdia). The oven temperature was
programmed from 40°C to 260°C at a 5°C/min heating rate. The injector and detector temperatures were
held at 260°C. A reference standard composed of a mixture of FAMEs (Supelco Inc., Bellefonte PA, USA)
was analysed under the same operating conditions to determine the peak identity. FAMEs value from the
results of duplicate analyses were reported.
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2.6. Antioxidant Capacity Analysis Methods
2.6.1. Determination of Total Amount of Phenolic Compounds
The total phenolic content of the samples was determined according to the method of Kabouche (2007)
[29]. The extract was dissolved in ethanol (1000 ppm) and sampled from 500 µL and 1000 µL extracts.
Approximately 0.1 mL Folin-Ciocalteu reagent was added to each sample. After 3 minutes, 0.3 mL of
anhydrous sodium carbonate was added to the samples and diluted to 5 mL with distilled water. The sample
was stored in the dark for 2 hours and the absorbance was recorded at 760 nm by using a Shimadzu UV‐
1280 spectrophotometer (Shimadzu, Kyoto, Japan). This study was conducted in triplicate.
2.6.2. β-Carotene-Linoleic Acid System Model
Antioxidant capacity of extracts was measured in β-carotene-linoleic acid system model [30].
Approximately 2.5 mg of β-carotene was dissolved in 5 mL chloroform and then 125 µL linoleic acid and
1 g Tween 40 were added. Chloroform was evaporated in a vacuum of 450 bar at a temperature of 40 °C,
and the residue was diluted to 500 mL with oxygenated water. Extract (2000 ppm) and synthetic antioxidant
(2000 ppm) standards dissolved in ethanol. Samples (700 µl) were removed from solution and kept for 120
minutes in a 50 °C water bath (Nuve BM402 Model, Turkey). Zero-time absorption (T0) was measured at
470 nm after waiting time. After waiting for another 2 hours, the reabsorbing value (T120) was measured
at 470 nm. Β-carotene-free control sample (T0) was prepared and measured. This study was repeated for
each extract and synthetic antioxidant reagent (α-tocopherol).
Table 1. Crude fat content of cocoa bean shells
Day
Shift
Crude fat content
(g/100 g)
1
1
4.0
1
2
4.0
1
3
3.9
2
1
4.0
2
2
3.5
2
3
4.7
3
1
3.9
3
2
3.3
3
3
3.8
4
1
5.2
4
2
4.5
4
3
5.0
5
1
3.9
5
2
3.6
5
3
3.7
6
1
5.6
6
2
5.0
6
3
3.7
7
1
3.9
7
2
4.6
7
3
3.6
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3. Results and Discussion
3.1. Soxhlet Extraction
3.1.1. Total Fat Analysis
Approximately 10-12% cocoa bean shell is obtained from the cocoa bean process as a waste. Soxhlet
analysis was performed based on fat in cocoa bean shells. Samples were taken in 7 days and 3 shifts to
observe the fluctuation in cocoa beans and processing. Table 1 presents the crude fat content determined
by the Soxhlet method of total cocoa bean shell. The average value was 4.15 ±0.6%.
After total fat analysis of cocoa bean shell obtained from production line, sieve analysis was the next
step aim to fix the particle size. Cocoa bean shells passed through five different sieves aim to a good
separation of shells from nib. Samples were taken from each sieve and fat content was analysed with Soxhlet
method (Table 2).
Tablo 2. The sieve-based analysis results
1.Sieve %
2.Sieve %

3.Sieve %

4.Sieve %

5. Sieve %

Run 1
Run 2
Run 3

1.6
1.5
1.6

1.0
1.0
1.0

1.8
1.9
1.9

9.2
9.2
9.2

12.9
13.0
13.0

Average Value

1.57

1.00

1.87

9.20

12.97

Analysis was carried out in samples encoded from each sieve. According to the sieve-based analysis
results, 12.98% fat was found on average in the cocoa bean obtained from the smallest size, called 5th sieve.
That is why, the study was progressed through the shells of cocoa bean extracted from sieve no. 5.
3.2. Process Yield of SC-CO2 Extraction: Parameter Optimization
The yield of the extract in SC-CO2 extraction is affected by several factors including pressure,
temperature, time, CO2 flow rate, and particle size. As a result of the Soxhlet analysis, cocoa bean shell,
obtained from the top of the 1 mm x 1 mm sieve (5th sieve) with the highest fat content, was used (Table
2).
Table 3. Process parameters
Run
Pressure
T
Order
(bar)
(°C)

Flow rate
(gCO2/min)

Time
(h)

Shell
(g)

Extract
(g)

Yield
(%)

1

250

60

40

6

130

9.83

7.56

2

350

60

40

6

130

11.95

9.19

3

250

70

40

6

130

9.10

7.00

4

350

70

40

6

130

12.63

9.72

5

250

60

60

6

130

9.84

7.57

6

350

60

60

6

130

19.62

15.09

7

250

70

60

6

130

11.90

9.15

8

350

70

60

6

130

13.40

10.31
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The selected process parameters (time, CO2 flow rate, pressure, temperature) were optimized using
a method that one parameter was changed in each experiment when the others were kept constant [31].
Process parameters are presented in Table 3.
3.2.1. Process Time
The extraction yield was meant to improve as the procedure time increased [29]. Studies shows that
6 h is sufficient to obtain the highest extraction efficiency and over 6 h of extraction time it remains
unchanged due to reaching equilibrium state level [32]. Process times were studied as 2 and 6 h while
pressure, extraction temperature, CO2 flow rate were kept constant. The extraction yield results are
presented in Table 4. Based on the yield values obtained, 6 h of process time was selected to be a constant
parameter for further analyses.
SC-CO2 extraction method introduces several advantages over traditional methods such as Soxhlet.
While the Soxhlet method is employed at 12 hours, SC-CO2 extraction method can be completed in a few
hours for yielding pure extracts with higher quality compared to traditional methods, which is the biggest
advantage of SC-CO2 extraction method for large-scale production in food industry.
Table 4. Comparison of extraction yields of 2 and 6 hours of process time
Pressure
T
Flow rate
Time
Shell
Run Order
(bar)
(°C)
(gCO2/dk)
(hour)
(gr)
1
250
60
40
2
130
2
250
60
40
6
130
3
350
60
40
2
130
4
350
60
40
6
130
5
250
70
40
2
130
6
250
70
40
6
130

Extract
(gr)
3.16
9.83
6.53
11.95
4.52
9.10

Yield
(%)
2.43
7.56
5.02
9.19
3.48
7.00

3.2.2. CO2 Flow Rate
The yield of an extraction process increases with increasing flow rate. When the flow rate is
comparably high, the mass transfer resistance around the feed particles decreases and the yield enhances
[33]. For this purpose of optimizing of the flow rate; pressure, extraction temperature, process time, and
feed amount were kept constant while 40 and 60 gCO2/min flow rates were applied on to cocoa bean shells.
Optimum CO2 flow rate was specified as “60 g CO2/min” because the maximum yield (15.09%) were
obtained with 60 g CO2/min of flow rate (Table 3).
3.2.3. Process Pressure
Pressure affects the yield and the selectivity of the extraction process. The solubility is increased,
and the volume of the fluid is decreased by increasing pressure at a constant extraction temperature [29].
Temperature, CO2 flow rate, process time and feed amount were kept constant while 250 and 350 Bar
pressures were applied during the extraction process (Table 3).
3.2.4. Temperature
When temperature increased at a constant pressure, density of a supercritical fluid decreased, and its
solubility is affected [34]. However, the process temperature is directly related to the raw material and the
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fat part which is expected to be extracted. While optimizing the temperature, heat sensitive raw materials
should be considered. SC-CO2 extraction of cocoa bean shells were performed at two temperatures (60 and
70°C) while keeping the other process conditions constant. 60 °C was confirmed to be the most suitable
temperature since maximum yield was obtained (Table 3).
The process yield of the cocoa bean shell extraction is related with the extraction efficiency. In SCCO2 method, detected optimum process parameters were used and extraction yield was calculated as
15.09% while in Soxhlet, it was 12.98%. Thus, SC-CO2 technique can be appreciated as a preferable method
to Soxhlet for cocoa fat extraction from cocoa bean shell.
3.3. Volatile Compounds of CBS Fat Extracts and Deodorized Cocoa Butter (DHA/GC-MS)
Cocoa Bean Shell fat extracts obtained by SC-CO2 extraction and deodorized cocoa butter as a
reference were performed using DHA/GC-MS. Cocoa volatiles generally occur during fermentation and
bean drying. During the roasting stage, due to the Maillard reactions and Strecker degradation of flavour
precursors and intermediates provide the characteristic chocolate flavour [35]. In a previous study, volatile
compounds such as alcohols, carboxylic acids, aldehydes, ketones, esters, pyrazines, etc. of cocoa products
and cocoa were identified as odour-active components [36].
In this study, 31 compounds were detected in run 6 and 28 compounds were detected in run 8, while
14 compounds were detected in deodorized cocoa butter which was used as a reference (Table 5). Table 5
summarizes the volatile compounds of CBS fat extracts and cocoa butter as a reference and also, includes
several chemical classes such as alcohols, acids, esters, pyrazines, etc.. In Table 5, “a” indicates unpleasant
flavours whereas “b” indicates pleasant flavours in cocoa butter and cocoa products.
According to flavour profiles of extracts and cocoa butter, due to the deodorization process of cocoa,
cocoa butter contains a few unpleasant flavour compounds. Another important parameter is that a small
amount of acetic acid is observed in cocoa butter, due to the improvement process of cocoa. Theobromine,
caffeine, and pyrazines are characteristic compounds of cocoa and cocoa products. Theobromine was only
observed in cocoa butter reference because of the production process. Cocoa butter is obtained from cocoa
nib directly. Hence, these types of compounds are naturally observed in the cocoa direct process than the
other extraction techniques.
In a recent study SC-CO2 cocoa hull extract was performed using GC/MS in term of its volatile
compounds. Caffeine, theobromine, tetramethyl pyrazine, ethyl oleate were not detected in cocoa hull
extract [10]. These volatiles are characteristics for cocoa butter, our analysis results are similar with
Mazzuti’s research.
In this study, it was observed that the characteristic flavouring compounds were higher in the extract
obtained run 8. There are two alcohols, five aldehydes and ketones, six acids, ten esters, 1 lactone, two
pyrrols, one pyrazine and one alkaloid. 2,3,5,6-Tetramehylpyrazine is detected only run 8. Benzyl alcohol,
1-phenylethanol, isovaleraldehyde, 2-phenyl-2-butanal, 5-methyl-2-phenyl-2-hexenal, phenylacetic acid,
ethyl laurate, ethyl oleate, 2-acetylpyrrole, Pyrrole-2-carboxaldehyde, tetramethyl pyrazine and caffeine,
which are considered the main contributors to the flavour profile and the key odour-active compounds of
cocoa products, are observed in run 8 [36].
In order to completely understand the changes in flavor profiles, sensory analysis should be
performed to quantify the variances in the final product's taste profile.
3.4. The Fatty Acid Composition of the Extracts and Cocoa Butter
In a previous study related to fatty acids profile from the cocoa nib, Okiyama et al. (2018) studied
cocoa shell fat. The major components of cocoa shell fat were stearic (C18:0), oleic (C18:1) and palmitic
(C16:0) acids, with concentrations of 12.1%, 28.2%, and 22.3% respectively [9].
In this study, the major components of cocoa bean shell extract of run 6 were stearic (C18:0), oleic
(C18:1), and palmitic (C16:0) acids, with concentrations of 31.28%, 32.41%, and 23.62%, respectively.
The major components of cocoa bean shell extract of run 8 were stearic (C18:0), oleic (C18:1) and palmitic
(C16:0) acids, with concentrations of 30.83%, 32.1%, and 23.72%, respectively. According to these results,
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run 6th and 8th were found to be similar for fatty acid compositions, while these findings are higher than
the results reported in literature. In conversely, these results were found to be lower than that of cocoa butter
in terms of palmitic acid, stearic acid, and oleic acid contents. The differences in fatty acid composition are
indicated that fats from cocoa bean shells and cocoa nib are not formed by the passage of fat from the shell
to the nib of cocoa.
Cocoa butter is obtained by using processes including pressing, centrifugations, and filtration.
Therefore, there is a high amount of sediment observed in the fat. For this reason, cocoa bean shell fat
obtained from SC-CO2 extraction was expected to contain a higher number of fatty acids than that of
deodorized cocoa butter. Nevertheless, both results of cocoa butter (deodorized and SC-CO2 extract) were
found to be similar.
Cocoa butter fatty acid composition included stearic (C18:0), oleic (C18:1) and palmitic (C16:0)
acids, with concentrations of 36.5%, 33.04% and 25.95%, respectively. In contrary, deodorized cocoa butter
fatty acid composition included stearic (C18:0), oleic (C18:1) and palmitic (C16:0) acids, with
concentrations of 36.5%, 33.12% and 26.05%, respectively. These results are higher than the literature
values.
The variation in fatty acid composition is attributed to the fact that cocoa nib is an agricultural product
that is affected by climatic conditions, soil type, and fermentation process.
3.5. Total Phenolic Content
The total phenolic content (TPC) of the samples is presented as the equivalent of gallic acid. The
solubility of phenolic components is relatively lower in CO2, while solubility in ethanol is higher [10].
Mazzutti et al. showed the lowest TPC was observed in the extractions obtained only by applying SC-CO2.
The average results of the TPC analyses conducted in our study were found to be 51.17±1.27 mg GAE/100
g in run 6 and 53.38±1.27 mg GAE/100 g in run 8 sample. The result of the reference cocoa butter sample
was observed to be 56.34±1.28 mg GAE/100 g. When the extraction samples obtained by applying SC-CO2
were compared with reference cocoa butter, the difference was found to be significant (p<0.05). Total
phenolic compounds of SC-CO2 extraction samples were found to be lower than reference cocoa butter.
In a study of HPLC analysis in extracts with SC-CO2, it was noted that there was no presence of phenolic
compounds [23]. In another SC-CO2 study with cocoa pod shell, ethanol was used as co-solvent. The total
phenolic compounds ratios in the extract obtained in the method where the highest yield was obtained were
determined as 12.87 mg GAE/g extract [37].
3.6. β-carotene-Linoleic Acid Analysis
Inhibition values, calculated from absorbance values measured at t=0 and t=120 in the study, were
21.5±1.28% in run 6th sample; run 8th measured as 21.7±1.37% in the sample. The inhibition percentage of
the reference cocoa butter sample was calculated as 26.3±0.26%. As standard α-tocopherol measurement
was also performed. α inhibition percentage of α-tocopherol was calculated as 36.7±2.43%.
Inhibition percentages of SC-CO2 extraction samples were found to be significantly higher compared to the
reference cocoa butter (p<0.05). Inhibition values (ID) of SC-CO2 extraction samples were found to be
lower than reference cocoa butter.
Inhibition rates obtained by β-carotene inhibition method in cocoa butter samples reported by
Mazzutti et al. [10] were 15-26%. It was also reported in the same study that samples obtained with SCCO2 did not have a significant difference in terms of antioxidant performance. In another study, it was
indicated that cocoa bean phenolic compounds poorly inhibited β-carotene oxidation [38].
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Table 5. Volatile compounds of cocoa bean shell butter and deoderized cocoa butter
Run 6 CBS butter
Run 8 CBS butter
Compounds

%
Area

Odor quality

Alcohols and phenols

Compounds

%
Area

Deodorized Cocoa Butter (Reference)
Odor quality

Compounds

Benzyl alcoholb

0.11

Sweet, floral

Benzyl alcoholb

0.07

Sweet, floral

Aldehydes and
Ketones
2-Heptadecanone

1-phenylethanolb

0.07

Honey-floral

1-phenylethanolb

0.04

Honey-floral

2-Nonadecanone

Chocolate

Aldehydes and
Ketones
Isovaleraldehydeb

Aldehydes and
Ketones
Isovaleraldehydeb
2-fenil-2-butenal

b

Alcohols and phenols

0.07
0.06

Sweet

2-fenil-2-butenal

2-Pyrollidinon

0.25

-

5-Methyl-2-phenyl-2hexenalb
Acids

0.39

Cocoa

Acetic acid

a

1.16

Isovaleric acid
Hexanoic acid

a

a

0.05
0.09

Octanoic acida

0.16

Phenylacetic acidb

0.67

Myristic acida

1.42

Pentadecanoic acid

0.32

b

pleasant flavour and is pleasant flavour

Sour, vinegar
Rancit, sour

b

%
Area

Odor quality

0.26

-

0.26

-

0.18

Sour, vinegar

0.47

Waxy, fatty,
soapy

Acids
0.05

Chocolate

Acetic acida
a

0.08

Sweet

Myristic acid

2-Pyrollidinon

0.18

-

Esters

5-Methyl-2-phenyl-2hexenalb
2-Heptadecanone

0.18

Cocoa

Ethyl myristatea

0.1

Soapy

0.17

-

Methyl palmitatea

Acids
Acetic acid

Ethyl palmitate
a

0.71

Waxy

a

1.39

Waxy

a

0.68

Fatty

0.75

Sour, vinegar

Methyl stearate

a

0.04

Rancit, sour

0.82

-

Sour,
astringent
Sweet, floral,
chocolate
Waxy, fatty,
soapy
-

Methyl octa-8decanoate
Ethyl oleateb

2.2

Methyl linoleate

0.33

Fatty, oily,
milky
Oily, fatty

Ethyl linoleate

1.63

-

Sour,
astringent
Yağsı

Isovaleric acid

Hexanoic acida

0.08

Sweet, floral,
chocolate
Waxy, fatty,
soapy
-

Phenylacetic acidb

0.65

Myristic acida

0.75

Pentadecanoic acid

0.14

Alkaloids
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Table 5. continued
Run 6 CBS butter

Run 8 CBS butter

Margaric acid (Heptadecanoic
acid)
Esters

0.4
5

Ethyl laurateb

0.2
3
0.0
5
0.3
9
0.5
6
4.1
2
0.1
9
0.4

Methyl myristatea
Ethyl myristatea
Ethyl palmitatea
Ethyl palmitatea
Ethyl heptadecanoate
Methyl stearatea

-

Esters

Floral, fruity

Ethyl
decanoate
Ethyl laurateb

Fatty

-

Ethyl
myristatea
Methyl
palmitatea
Ethyl
palmitatea
Methyl
stearatea
Ethyl oleateb

Fatty

Metil linoleatea

Soapy
Waxy
Waxy

Pyrroles
2-Acetylpyrroleb

0.0
9

Chocolate,
hazelnut

0.1
5

Brown, coffee
like

5.8

Coffee

Alkaloids
Cafeinb

a

is unpleasant flavour and b is pleasant flavour

0.0
6
0.1
5
0.3
5
0.4
5
2.9
2
0.2
4
1.9
9
0.5
3

Fruity (pear,
grape)
Floral, fruity

4.0
9

Coffee

Soapy
Waxy
Waxy
Fatty
Fatty, oily,
milky
Oily, fatty

Alkaloids

Tiazols
Benzothiazoleb

Deodorized Cocoa Butter
(Reference)
Alkaloids

Cafeinb

Teobromi
nb
Kafeinb

0.89

Cocoa

8.05

Coffee
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4. Conclusion
In the GC analysis, the difference in fatty acid composition between the SC-CO2 extraction
samples and the reference cocoa butter was examined. For cocoa butter, oleic, palmitic, and stearic acids
are known to be naturally present in cocoa butter. It was observed that the related fatty acid ratios in the
SC-CO2 extraction samples were lower than the reference. To better understand this difference, it is
necessary to measure their effectiveness in processes such as shelf-life test and tempering in the final
product.
It was observed that SC-CO2 extraction samples, for which flavour profiles were investigated,
contained more components compared to the reference cocoa butter. The fat obtained from the cocoa
bean shell by SC-CO2 extraction can be mixed with 5% of the amount of cocoa butter in the final product
formula.
It is known that cocoa beans can show antioxidant effect which is attributed to theobromine and
phenolic compounds. However, it was determined that the cocoa bean shell, which is a waste or
evaluated as an animal feed, was less effective than the cocoa butter. At the same time, its effect appears
to be lower than that of cocoa nib in its cocoa butter. It is lower than expected due to the excessive heat
treatment of the reference during manufacture. Accordingly, in this study, it was observed that cocoa
bean shell extracts obtained by SC-CO2 extraction do not have a significant antioxidant capacity. The
process parameters determined after optimization should also be tested and verified at industrial scale.

Acknowledgements
This work was supported by Pladis and Aromsa Flavours and Food Additives Industry and Trade
Inc. Co. The authors thank Pladis and AROMSA Inc. Co. and are also grateful to Arda DIRIBAS, Melis
YASA and Murat YASA for their support in this study.
ORCID

Ertan Sahin: 0000-0002-2961-4941
Esra Çapanoğlu: 0000-0003-0335-9433
Aslı Can Karaça: 0000-0002-4137-0644
Aslı Barla Demirkoz: 0000-0002-3261-0212

References
[1]
[2]

[3]

[4]

[5]

[6]
[7]

[8]

U.N. Desa (2016). Transforming our world: The 2030 agenda for sustainable development, 12–4. New
York, NY: Division for Sustainable Development Goals.
T. Niet, N. Arianpoo, K. Kuling and A.S. Wright (2021). Embedding the United Nations sustainable
development goals into energy systems analysis: expanding the food–energy–water nexus, Energy
Sustain. Soc. 12.
V. Oreopoulou and C. Tzia (2007). Utilization of plant by-products for the recovery of proteins, dietary
fibers, antioxidants, and colorants, Utilization of by-products and treatment of waste in the Food Industry.
209-232.
P. Singh, A. Borthakur, R. Singh, S. Awasthi, D.B. Pal, P. Srivastava, D. Tiwary and P.K. Mishra (2017).
Utilization of temple floral waste for extraction of valuable products: A close loop approach towards
environmental sustainability and waste management, Pollution 3, 39-45.
S. Kraithong and U. Issara (2021). A strategic review on plant by-product from banana harvesting: A
potentially bio-based ingredient for approaching novel food and agro-industry sustainability, J. Saudi Soc.
Agric. Sci. 20, 530-543.
K. Roos (2018). Cacao Together: A Model for True Sustainability in the Chocolate Industry. Capstone
Collection, SIT Graduate Institute https://digitalcollections.sit.edu/capstones/3138.
M. Perez, A. Lopez-Yerena and A. Vallverdú-Queralt (2021). Traceability, authenticity and sustainability
of cocoa and chocolate products: a challenge for the chocolate industry, Crit. Rev. Food Sci. Nutr. 62,
475-489.
ICCO 2020. The International Cocoa Organization.

39

[9]
[10]

[11]
[12]
[13]
[14]
[15]

[16]
[17]
[18]
[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

Sahin et.al., Rec. Agr. Food. Chem. (2022) 2:1 27-40
D.C.G. Okiyama, S.L.B. Navarro and C.E.C. Rodrigues (2017). Cocoa shell and its compounds:
Applications in the food industry, Trends Food Sci. Technol. 63, 103-112.
S. Mazzutti, L.G.G. Rodrigues, N. Mezzomo, V. Venturi and S.R.S. Ferreira (2018). Integrated greenbased processes using supercritical CO2 and pressurized ethanol applied to recover antioxidant
compounds from cocoa (Theobroma cacao) bean hulls, J. Supercrit. Fluids 135, 52-59.
S.T. Beckett (2009). Industrial chocolate manufacture and use. Fourth edition, Blackwell Publishing,
Iowa, USA.
J. Panak Balentić, D. Ačkar, S. Jokić, A. Jozinović, J. Babić, B. Miličević, D. Subaric and N. Pavlović
(2018). Cocoa shell: A by-product with great potential for wide application, Molecules 23, 1404.
G. Talbot (2012). Chocolate and cocoa butter—Structure and composition. In Cocoa butter and related
compounds, AOAC press 1-33.
O. Rojo-Poveda, L. Barbosa-Pereira, G. Zeppa and C. Stévigny (2020). Cocoa bean shell—a by-product
with nutritional properties and biofunctional potential, Nutrients 12, 1123.
W. Peschel, F. Sánchez-Rabaneda, W. Diekmann, A. Plescher, I. Gartzía, D. Jiménez, R. LamuelaRaventos, S. Buxaderas and C. Codina (2006). An industrial approach in the search of natural antioxidants
from vegetable and fruit wastes, Food Chem. 97, 137-150.
D.A.J. Starmans and H.H. Nijhuis (1996). Extraction of secondary metabolites from plant material: a
review, Trends Food Sci. Technol. 7, 191-197.
R. Waseem and K.H. Low (2015). Advanced analytical techniques for the extraction and characterization
of plant‐derived essential oils by gas chromatography with mass spectrometry, J. Sep. Sci. 38, 483-501.
M. Herrero, J.A. Mendiola, A. Cifuentes and E. Ibáñez (2010). Supercritical fluid extraction: Recent
advances and applications, J. Chromatogr. A 1217, 2495-2511.
B.A.S. Machado, C.G. Pereira, S.B. Nunes, F.F. Padilha and M.A. Umsza-Guez (2013). Supercritical
fluid extraction using CO2: Main applications and future perspectives, Sep. Sci. Technol. 48, 2741-2760.
N. Pavlovıć, M. Jakovljevıć, M. Mıškulın, M. Molnar, D. Ačkar and S.Jokıć (2019). Green extraction
techniques of bioactive components from cocoa shell, Croat. J. Food Sci. Technol. 11, 11-20.
J. Nsor-Atindana, F. Zhong, K.J. Mothibe, M.L. Bangoura and C. Lagnika (2012). Quantification of total
polyphenolic content and antimicrobial activity of cocoa (Theobroma cacao L.) bean shells, Pak. J. Nutr.
11, 672-677.
G. Grillo, L.Boffa, A. Binello, S. Mantegna, G. Cravotto, F. Chemat, T. Dizhbite, L. Lauberte and G.
Telysheva (2019). Cocoa bean shell waste valorisation; extraction from lab to pilot-scale cavitational
reactors, Food Res. Int. 115, 200-208.
M. Arlorio, J.D. Coïsson, F. Travaglia, F. Varsaldi, G. Miglio, G. Lombardi and A. Martelli (2005).
Antioxidant and biological activity of phenolic pigments from Theobroma cacao hulls extracted with
supercritical CO2, Food Res. Int. 38, 1009-1014.
D.C.G. Okiyama, I.D. Soares, M.S. Cuevas, E.J. Crevelin, L.A.B. Moraes, M.P. Melo, A.L. Oliveira and
C.E.C. Rodrigues (2018). Pressurized liquid extraction of flavanols and alkaloids from cocoa bean shell
using ethanol as solvent, Food Res. Int. 114, 20-29.
S. Elwers, A. Zambrano, C. Rohsius and R. Lieberei (2009). Differences between the content of phenolic
compounds in Criollo, Forastero and Trinitario cocoa seed (Theobroma cacao L.), Eur. Food Res.
Technol. 229, 937-948.
J.E. Kongor, M. Hinneh, D.V. de Walle, E.O. Afoakwa, P. Boeckx, K. Dewettinck (2016). Factors
influencing quality variation in cocoa (Theobroma cacao) bean flavour profile — A review, Food Res.
Int. 82, 44-52.
J. Voigt, B. Biehl, H. Heinrichs, S. Kamaruddin, G.G. Marsoner and A. Hugi (1994). In-vitro formation
of cocoa-specific aroma precursors: aroma-related peptides generated from cocoa-seed protein by cooperation of an aspartic endoprotease and a carboxypeptidase, Food Chem. 49, 173-180.
T. Jain, K. Grover and G. Kaur (2016). Effect of processing on nutrients and fatty acid composition of
garden cress (Lepidium sativum) seeds, Food Chem. 213, 806-812.
A. Kabouche, Z. Kabouche, M. Öztürk, U. Kolak and G. Topçu (2007). Antioxidant abietane diterpenoids
from Salvia barrelieri, Food Chem. 102, 1281-1287.
I. Oliveira, A. Sousa, J.S. Morais, I.C. Ferreira, A. Bento, L. Estevinho and J.A Pereira (2008). Chemical
composition, and antioxidant and antimicrobial activities of three hazelnut (Corylus avellana L.)
cultivars, Food Chem. Toxicol. 46, 1801-1807.
A. Barla Demirkoz, M. Karakaş, P. Bayramoğlu and M. Üner (2018). Analysis of volatile flavour
components by dynamic headspace analysis/gas chromatographymass spectrometry in roasted pistachio
extracts using supercritical carbon dioxide extraction and sensory analysis, Int. J. Food Prop. 21, 972981.

Chemical profile and antioxidant capacities of cocoa butter
[32]

[33]
[34]

[35]
[36]
[37]

[38]

40

D. Salajegheh, A. Vaziri and D. Bastani (2013). Supercritical extraction of cocoa butter from cocoa seed,
using pure carbon dioxide, carbon dioxide with ethanol as co-solvent and ethane, Middle East J. Sci. Res.
13, 1010-1015.
O. Döker, U. Salgın, I. Sanal, Ü. Mehmetoğlu and A. Calımlı (2004). Modeling of extraction of β-carotene
from apricot bagasse using supercritical CO2 in packed bed extractor, J. Supercrit. Fluids 28, 11-19.
L. Manna, C.A. Bugnone and M. Banchero (2015). Supercritical carbon dioxide co-extraction of tomatoes
(Lycopersicum esculentum L.) and hazelnuts (Corylus avellana L.): A new procedure in obtaining a
source of natural lycopene, J. Supercrit. Fluids 104, 204-211.
E.O. Afoakwa, A. Paterson, M. Fowler and A. Ryan (2008). Flavor formation and character in cocoa and
chocolate: A critical review, Crit. Rev. Food Sci. Nutr. 48, 840-857.
A.C. Aprotosoaie, S.V. Luca and A. Miron (2015). Flavor chemistry of cocoa and cocoa products—An
overview, Compr. Rev. Food Sci. 15, 73-91.
L. Valadez-Carmona, A. Ortiz-Moreno, G. Ceballos-Reyes, J.A. Mendiola and E. Ibáñez (2018).
Valorization of cacao pod husk through supercritical fluid extraction of phenolic compounds, J. Supercrit.
Fluids 131, 99-105.
A. Othman, A. Ismail, N.A. Ghani and I. Adenan (2007). Antioxidant capacity and phenolic content of
cocoa beans, Food Chem. 100, 1523-1530.

© 2022 ACG Publications

