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ABSTRACT

Mentha % piperita is an important aromatic plant in the Lamiaceae family with great industrial
potential. In the first study, the research aimed to explore the potential of supercritical carbon
dioxide (SC-CO,) to extract essential oil from peppermint leaves as well as evaluate the scale-up
of the extraction process. A systematic investigation of processing parameters such as pressure
(100-400 bar), temperature (45-55 °C), CO2 flow rate (0.5 and 3 mL/min), time (15-180 min), and
co-solvent type (ethanol, acetone, and isopropyl acetate) was undertaken to maximize extraction
yield. Gas chromatography was employed to analyze the essential oil extracts, focusing on
quantifying menthol and menthone contents. The DPPH and FRAP methods were also used to
determine the antioxidant properties of extracts obtained. The highest extraction yield (1.97%) was
achieved at 400 bar and 50 °C for 120 min with a flow rate of 3 mL/min. However, superior
essential oil quality, with the highest menthol content (47.50%) and menthone content (2.29%)
was obtained at 110 bar and 50 °C for 120 min with a flow rate of 3 mL/min. Co-solvents enhanced
the extraction yield, though they influenced the menthol and menthone contents in the extracts.
Scale-up experiments resulted in yields of 0.94%, 0.79%, and 0.77% for 3-fold, 5-fold, and 10-
fold increases in peppermint powder loading, respectively, at 110 bar and 50 °C. In addition, these
scale-up processes resulted in menthol contents of 49.81%, 48.186%, and 47.362% and menthone
contents of 1.90%, 2.00%, and 2.13% in the extracts, respectively. Furthermore, peppermint
essential oil exhibited antioxidant activity, displaying its most significant scavenging activity of
77.9% and a ferric reducing power equivalent to approximately 82.253 pM ascorbic acid
equivalent at a concentration of 500 mg/mL. In the second study, the solubility of menthol in SC-
CO; was evaluated to further impregnate menthol on cotton gauze using SC-CO,. Solubility of

menthol in SC-CO» was carried out at various temperature (45-55 °C) and pressure (100-300 bar)
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conditions, with SC-CO> density varying from 337.2 to 890.3 kg/m?. Overall, the best solubility
of menthol was 1.25x102 mole fraction obtained at 120 bar and 45 °C. Then, the impregnation of
menthol onto cotton gauze was accomplished using SC-COz at 120 bar and 45 °C, and a
depressurization rate of 6 bar/min or 60 bar/min and a time of 30 min or 300 min. High
impregnation yields ranging from 6% to 30.65% were achieved with the long impregnation time
of 300 min and the lower depressurization rate of 6 bar/min. The impregnation process
demonstrated the successful dissolution of menthol and penetration into the cotton gauze matrix.
The FT-IR, SEM, and TGA analyses confirmed the effective impregnation of menthol without
significant alterations in the cotton's structural integrity. Overall, this study provides significant
insights into peppermint essential oil extraction by SC-CO., particularly relevant to the food and

pharmaceutical sectors.

Keywords: Supercritical carbon dioxide processing; Extraction; Scale up;, Mentha * piperita;

Menthol; Solubility; Impregnation.
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Chapter 1: Introduction
1.1. Rationale

The Lamiaceae family is one of the largest herbal plant families, which is grown worldwide except
in the Antarctic and Arctic region (Ansari and Goodarznia, 2012). The most important genus in
the Lamiaceae family is Mentha or Menthe, because it has essential oils with high economic value.
These essential oils can be extracted from Mentha, including corn mint (Mentha arvensis, the
source of natural menthol), peppermint (Mentha * piperita), scotch spearmint (Mentha % gracilis),
and native spearmint (Mentha spicata) (Lawrence, 2016). Currently, the cultivation and harvesting
of peppermint yield an annual output of about 4,000 metric tons of peppermint oil, with over 80%
of this production attributed to the United States.

Canada produces only a small amount of mint, mainly importing $3-8 millions of mint essential
oil from the United States annually. While mint is grown throughout most of Canada, large-scale
field peppermint production is concentrated in the prairie provinces including Alberta. In addition,
peppermint can be grown in greenhouses for the fresh-cut herb market (Wees, 2013). Peppermint
has therefore established itself as an economically important crop, particularly for the production
of essential oils. Peppermint oil, native spearmint oil, and scotch spearmint oil is produced in North
America, whereas China and India produce mainly corn mint oil and natural menthol (Lawrence,
2016).

According to the FoodData Central (2019), fresh peppermint contains 78.6% of moisture, 1.76%
of ash, 8% of fiber, 0.94% of lipids, 3.75% of proteins and 14.9% of carbohydrates.

To obtain essential oils, extraction is commonly used. According to the proximate composition of
peppermint, the oil accounts for 0.94%. Therefore, it is important to find an effective method to

extract essential oil from peppermint (Mentha x piperita). The extraction processes used to isolate



essential oils are steam distillation, supercritical carbon dioxide (SC-CO2) extraction and
subcritical water extraction.

Steam distillation, also known as hydrodistillation, is a method used to extract essential oils from
plant materials such as leaves, flowers, and stems. This process involves the use of steam to remove
the aromatic compounds from the plant material into a condenser, where the steam is cooled, and
the essential oil is collected. In steam distillation, the plant material is placed in a distillation flask
and heated with steam. As the steam passes through the plant material, it extracts the volatile
compounds, including the essential oil. The steam and essential oil vapour are then passed through
a condenser, which cools the vapour and causes it to condense back into a liquid form. The
essential oil separated from the water used to generate the steam is collected in a separate container
(Kant and Kumar, 2022).

On the other hand, SC-CO» extraction is a method used to extract essential oils, flavors, and other
compounds from plant material. This process uses CO: at the supercritical state - a state in which
the CO2 is heated and pressurized beyond its critical point (73.8 bar and 31.1 °C), where it exhibits
properties of both a gas and a liquid. In SC-COz extraction, the plant material is placed in a high-
pressure vessel, and SC-COz is used as a solvent to extract the desired compounds. The SC-CO2
dissolves the essential oils and other compounds from the plant material, and the COx is easily
separated from the mixture by lowering the temperature and pressure (Saldafia et al., 1999).
Subcritical water extraction, also known as pressurized liquid extraction (PLE) is a method used
to extract compounds from plant materials, and food products. It involves the use of water at
subcritical temperature and pressure as a solvent to extract the desired compounds. In subcritical
water extraction, the sample is placed in a high-pressure vessel, and water is added to the vessel.

The temperature and pressure of the water are controlled to maintain subcritical conditions,



allowing it to extract compounds from the sample. The extracted compounds are then separated
from the water using various techniques such as solvent extraction, solid phase extraction, or
filtration (Zakaria and Kamal, 2016).

As stated above, traditional hydrodistillation involves boiling the plant material in water to produce
steam, which is then condensed to obtain the essential oil. The high temperature and prolonged
exposure to water can cause some essential oils to degrade, leading to a loss of quality and quantity
of the extracted compounds. Moreover, the hydrodistillation method requires a significant amount
of energy and time to heat the water and maintain the boiling temperature for a prolonged period,
making it a relatively inefficient and costly process (Ansari and Goodarznia, 2012).

Earlier, Barton et al. (1992) extracted essential oils from peppermint and spearmint using SC-CO2
at 24- 43°C, 60-180 bar, and 4-9 h with CO2 mass from 6-30 g/g dry peppermint. They obtained
yields of 0.8-3.9% where the SC-CO: extracted essential oil had more menthofuran (4.78-11.05%)
than the essential oil extracted by steam distillation (4.01%). Goto et al. (1993) also investigated
the extraction of peppermint essential oil by SC-CO2 with ethanol at 40-80 °C, 88.3-196 bar with
a COz flow rate of 1.98-7.8 mL/min where the best yield was 0.45%. They used a semi-batch-flow
extraction apparatus, which may not accurately reflect industrial-scale extraction processes.
Reverchon et al. (1994) reported that the optimum SC-COz extraction condition was 90 bar and
50°C with a yield of 1.76%. Roy et al. (1996) used SC-CO: to extract essential oil and cuticular
waxes from peppermint leaves and evaluated the effect of CO2 flow rate (4.1-9.8x10- kg/s) and
pressure (100-300 bar) on the yield. All these past studies focused on SC-CO: extraction of
essential oil from peppermint, which had limitations in terms of scale. Some potential issues that
still need to be addressed include optimizing extraction conditions for maximum yield and purity

of essential oil, including time, pressure, and temperature. Enhancing these conditions could



improve the efficiency and cost-effectiveness of the process, as well as the evaluation of the impact
of co-solvents (ethanol, acetone, isopropyl acetate) on extraction yield and essential oil
components.

Industries have a high demand for essential oils, and therefore, any improvement in the extraction
method or optimal extraction conditions could have a significant impact on the production cost
and availability of these oils. Moreover, the main components of mint essential oils, menthol and
menthone, have a wide range of medicinal and therapeutic applications. Hence, finding the best
extraction method and optimal extraction conditions for peppermint essential oil is crucial to
improve its yield for further utilization in various fields.

Peppermint oil has been widely applied in the food, cosmetics, and pharmaceutical industries. The
essential oils isolated from mint leaves are composed of many valuable compounds. In peppermint,
the two most abundant compounds are menthone (45%) and menthol (25.4%) (Reverchon et al.,
1994). Menthone and menthol, as the main constituents of peppermint, have been proven effective
in providing protection to the gastrointestinal, liver, kidney, skin, respiratory, brain and nervous
systems and have effects on hypoglycemic and hypolipidemic conditions (Zhao et al., 2022). In
addition, menthol offers various benefits such as analgesic effect, reducing the threshold for cold
and mechanical pain (Binder et al., 2011). It also exhibits cytotoxic activity against several types
of cancer cells (Kim et al., 2012) and possesses anti-inflammatory properties by suppressing the
production of inflammation mediators (Juergens and Stober, 1998).

Solubility plays a crucial role in determining the efficacy of various SC-CO2 processes, which can
greatly influence their success and outcomes. In the case of impregnation, high solubility of the
compound in SC-COz is typically required. Impregnation involves the dissolution of a desired

compound into the supercritical fluid, allowing it to penetrate and impregnate a substrate or



material. The high solubility of the compound in SC-CO:2 ensures efficient and effective
impregnation, as it allows for a greater amount of compound to be dissolved and distributed within
the substrate. The solubility of menthol in SC-CO: has been investigated by Sovova and Jez (1994)
and Galushko et al. (2006). Sovova and Jez (1994) employed a dynamic method to measure the
solubility of menthol in SC-COz at pressures of 67-116 bar and temperatures of 35-55 °C. The
solubility values obtained in their study ranged from 6.7x10* to 9.13x10-3. Similarly, Galushko et
al. (2006) used a dynamic method to measure the solubility of menthol in SC-CO:z at pressures of
66-144 bar and temperatures of 30- 60 °C. The solubility values reported in their study ranged
from 3.5x10* to 3.98x102. However, none of the two studies measured the solubility of menthol
at high pressures exceeding 200 bar.

Menthol can be impregnated onto cotton gauze using SC-CO:2 as a solvent. This innovative
approach holds significant potential for a range of applications, including burn care and the
alleviation of muscle and joint pain. Earlier, Milovanovic et al. (2013) impregnated thymol on the
cotton gauze using SC-CO2 with a yield of 19.6%, and all impregnated cotton showed strong
antimicrobial activity. Later, Ivanovi¢ et al. (2014) also impregnated thyme extract on cotton gauze
using SC-CO2 with a yield of 8.99%. To date, there is no study that has impregnated menthol on
cotton gauze using SC-COz. Therefore, in this thesis, menthol as the main component of
peppermint essential oil was impregnated on cotton gauze as a possible wound care for burn and
sports injuries.

1.2. Hypothesis

The use of SC-CO2 optimal conditions being a combination of pressure, temperature, time, CO2

flow rate, and co-solvent will enhance the extraction yield of peppermint essential oil from Mentha

x piperita leaves. The addition of co-solvents will further improve the extraction efficiency and



alter the chemical profile of the extracted essential oil, depending on the type of co-solvent used.
Moreover, the analysis of the extracted essential oil by gas chromatography will provide valuable
information on the composition and relative abundance of menthol and menthone. Menthol will
be effectively impregnated onto cotton gauze by optimizing the impregnation time and

depressurization rate.

1.3. Objectives

The main objective of this study was to extract essential oil from peppermint leaves to obtain
valuable compounds, including menthone and menthol, for further impregnation of menthol on
cotton gauze using SC-COz. To achieve this main objective, some specific objectives were:

e To evaluate the effectiveness of SC-CO: technology in extracting essential oil from
peppermint leaves by investigating the impact of different extraction parameters, including
pressure, temperature, CO2 flow rate, time, and co-solvent type, on the yield and
composition of the extracted essential oil, and antioxidant property of extracts by DPPH
and FRAP.

e Toinvestigate the scalability of the essential oil extraction process from Mentha X piperita
leaves.

e To determine the solubility of menthol in SC-COz at various temperatures and pressures
using a dynamic method.

e To examine the impact of impregnation time and depressurization rate on the menthol
entrapment efficiency and analyze the thermal stability, colour and microstructure of both

original cotton gauze and menthol-incorporated cotton gauze.



Chapter 2: Literature Review
2.1. Mint

For thousands of years, mint has been featured prominently in the food industry worldwide. The
global demand for mint essential oil was at US$ 178 million in 2018 and is expected to grow at a
rate of 9.2% annually (Industry Report, 2018). As a result, mint essential oil is one of the most
economically important essential oils (Lawrence, 2006).

2.1.1. Mint Classification and uses

The Lamiaceae family is one of the most diverse and widely distributed plant families, which is
grown worldwide, excluding the Antarctic and northern regions. Besides the Lamiaceae being one
of the largest families of dicotyledonous plants, the presence of external glandular structure makes
many species in this family highly aromatic, which produces volatile oils (Giuliani and Maleci,
2008).

Mentha genus is a member of the Lamiaceae family. According to the chromosome numbers,
phylogenetic analysis of morphology and main essential oil components, the genus Mentha is
refined to 18 species and 11 named hybrids (Lawrence, 2016). Some of the most important species
of this genus are Mentha x piperita, Mentha gracilis, and Mentha spicata, all of which are grown
worldwide. Scotch spearmint (Mentha gracilis) is a hybrid mint between native spearmint (Mentha
spicata) and wild mint (Mentha arvensis), while peppermint (Mentha % piperita) is a hybrid
between native spearmint (Mentha spicata) and water mint (Mentha aquatica) (Ansari and
Goodarznia, 2012).

Both scotch spearmint and peppermint have many benefits and economical value, which are
important in the food, pharmaceutical, flavouring, fragrance, and cosmetic industries as shown in

Table 2.1.



Table 2.1. Applications of Scotch spearmint and peppermint.

Mint plant

Application

Scotch spearmint

(Mentha gracilis)

Leaves used as flavouring in salads or cooked meal, also in mint
sauce (Venkateshappa and Sreenath, 2013).

Essential oils from leaves used in the food and beverage industry,
fragrance, and oral hygiene products (Lis-Balchin, 2006).
Essential oils from leaves prevent the growth of bacteria, yeast,
fungi, and bacteriophage (Chao et al., 2000).

The stems can be macerated and used as a poultice on bruises
(Venkateshappa and Sreenath, 2013).

Safe to directly use the essential oils on skin with no toxicity, but it
may cause irritation on mucous membrane (Tisserand and Balacs,

1996).

Peppermint

(Mentha *

Diperita)

Most popular flavour used in sugar confectioneries, chewing gums,
toothpaste, chocolate fillings, pharmaceuticals and liqueurs (Roy et
al., 1996).

Essential oils from peppermint have many health benefits,
including ulcer healing, anti-spasmodic effects, anti-bloat effects,
anti-lipid peroxidation, anti-obesity, anti-cancer, anti-diabetic
activity, immunomodulation, reducing irritable bowel syndrome,
reducing symptoms of non-ulcer dyspepsia, anti-headache and
reducing gastrointestinal complications (Masomeh et al., 2017).
Essential oils have the effect on prevention of growth of bacteria,

yeast, fungi, and bacteriophage (Chao et al., 2000).

2.1.2. Essential oils market

Essential oils are combinations of volatile compounds predominantly found in aromatic plants,

mainly formed by terpenes (Dhifi et al., 2016). Plant essential oils are mostly used in cosmetics

and personal care, food and beverage industries, home care, and aromatherapy (Persistence Market



Research, 2023). In 2008, orange oil, cornmint oil, and lemon oil were the top three plant essential
oils in the world, with outputs of 51,000, 32,000, and 9,200 metric tons, respectively. The world
production of peppermint oil was 3,300 metric tons, where the United States, India and China
produced the highest amounts of peppermint oil in the world. Regarding the production of
spearmint essential oil, the United States and China were the main spearmint oil producers with
1,800 metric tons in 2008 (Schmidt, 2020).

Since 1990, essential oil production has tripled (45,000 tonnes) (Barbieri and Borsotto, 2018). Fig.
2.1 shows the estimated global production of essential oils in 2017 that was more than 150,000

tonnes valued at approximately $6 billion USD.

150,000

@ 1990 2011 @ 2007 o 2017 2020

Fig. 2.1. World production of essential oils in tonnes from 1990 to 2020 (Adapted from Barbieri
and Borsotto, 2018).



In Canada, several essential oils are produced. Lavender oil is produced in British Columbia,
Ontario and Quebec, peppermint oil is mainly produced in British Columbia and Quebec, and tea
tree oil is produced in British Columbia, Ontario and Quebec. In 2020, Canada exported $63.3
million and imported $119 million in essential oils (Essential oils in Canada, 2020).

Peppermint oil production reached a milestone in 2020, totaling 48,000 metric tons. This
significant figure marks more than tenfold increase compared to its production in 2007. These
values underscore the diverse and widespread cultivation of essential oils across different countries,
reflecting the continued demand for these aromatic and versatile natural extracts. In 2022,
worldwide consumption of essential oil was 497,959 metric tons valued at USD 18.66 billion. The
global essential oil market is projected to grow at a compound annual growth rate (CAGR) of 7.7%

to be valued at USD 39.1 billion by 2032 (Persistence Market Research, 2023).

2.2. Chemical composition and structure of peppermint essential oil

Table 2.2 shows some components of peppermint extract (cuticular wax and essential oil)
(Reverchon et al., 1994). They analyzed and identified the compounds with retention times shorter
than 65 min by GC. Generally, cuticular waxes have longer retention times (> 90 min). The
percentage composition of peppermint oils indicated that the most abundant compounds are

menthone (45.0%) and menthol (25.4%).
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Table 2.2. Percentage composition (%) of peppermint (Mentha X piperita) essential oils and
cuticular waxes isolated by supercritical CO2 extraction at 90 bar and 50 °C (Adapted from Barton
et al., 1992 and Reverchon et al., 1994).

Compound Percentage (%)
Essential oil
a-Pinene 0.4
B-Pinene 0.7
B-Myrcene 0.2
1,8-Cineole 5.3
cis-B-Ocimene 0.3
Menth-2-en-1-o0l 0.2
trans-Menthone 45.0
cis-Menthone 7.3
trans-Menthol 254
cis-Menthol 0.5
Pulegone 0.2
Piperitone 0.4
Neomenthyl acetate 0.2
trans-Menthyl acetate 9.0
B-Bourbonene 0.3
B-Elemene 0.4
B-Caryophyllene 1.8
y-Cadinene 1.6

Cuticular wax

n-Heptacosane 3.7
n-Octacosane 1.3
n-Nonacosane 15.5
n-Triacontane 3.6
Ethyloctacosane 1.4
n-Hentriacontane 37.7
Methyltriacontane 1.4
n-Dotriacontane 6.7
Ethyltriacontane 24
n-Tritriacontane 24.3
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Solubility*

Molecular Boiling (mg/L)

Compound Structure weight point

o Dimethyl
(g/mole) O Water Ethanol sulfoxide
Menthone SN
e I;[ 154.25 210 688 ) ]
0~ ~
Menthol /J
CioH200 j/j\ 156.27 212 420 30000 10000
HO™ ™" ™
*Solubility reported at 25 °C. Data sources: Milliporesigma,

https://www.sigmaaldrich.com/CA/en and U.S. National Library of Medicine, PubChem (2023),
https://pubchem.ncbi.nlm.nih.gov.

2.2.1. Menthol and biological activity

Natural menthol, obtained by extraction of peppermint leaves, is an important flavour additive and
fragrance compound with its unique cooling characteristic. Studies have shown that menthol
possesses the ability to scavenge free radicals and mitigate oxidative stress within biological
systems (Zhang et al., 2023). Its antioxidant potential can contribute to the protection of cells and
tissues from damage caused by reactive oxygen species, thus potentially reducing the risk of
various chronic diseases (Bastaki et al., 2018). Binder et al. (2011) reported the analgesic effect of
menthol, and they found that menthol decreased the thresholds of cold pain and mechanical pain
and increased mechanical pain sensitivity. Besides, menthol was tested against the growth of
Fusarium verticillioides at 200 ppm, reducing 75% of F. verticillioides (Dambolena et al., 2008).
Menthol also exhibits cytotoxic activity against several types of cancer cells by affecting the gene
expression of cancer cells (Kim et al., 2012). Juergens and Stober (1998) investigated the anti-
inflammatory activity of menthol, and the results showed that menthol suppressed the production

of inflammation mediators by monocytes. In addition, menthol can be used as a vehicle for
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transdermal drug delivery, working as a penetration enhancer. It can permeate the epidermis and

increase the accessibility of other drug molecules (Patel et al., 2007).
2.2.2. Menthone and biological activity

Menthone has multiple applications, including its known antibacterial, antioxidant, anti-

inflammatory, and antiviral properties (Chen et al., 2022; Dambolena et al., 2008).

2.3. Chemical composition and structure of spearmint

Table 2.3 reveals that the extracted oil from spearmint consists of 45.96% carvone and 12.81%
limonene (Shahsavarpour et al., 2017). Meanwhile, Table 2.4 provides information on the structure,
molecular weight, boiling point, and solubility in water and ethanol for the components found in

spearmint.

2.3.1. Limonene and its biological activity

Limonene is one of the most common terpenes found in nature and an ingredient in many citrus
essential oils. Limonene is a colourless liquid in the form of two optical isomers and racemic
mixtures called d- or L-limonene. Limonene is listed in the Code of Federal Regulation as
Generally Recognized as Safe (GRAS) (Sun, 2007). It has a pleasant lemon-like odour and is used
as a flavour additive, fragrance, and various beauty products (Vieira et al., 2018). Besides,
limonene has various biological effects, including anti-inflammatory activity (Kummer et al.,
2013), antioxidant activity (Roberto et al., 2010), anticancer activity (Zhang et al., 2014),
antidiabetic activity (Joglekar et al., 2013), treatment of metabolic syndrome (Santiago etal., 2012),
and effects in the respiratory tract (Hansen et al., 2013). All of these effects have been proven by

the authors by in vifro and in vivo assays.
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Table 2.3. Chemical composition (%) of spearmint (Mentha spicata) essential oil (Adapted from
Barton et al., 1992 and Shahsavarpour et al., 2017).

No Compound Percentage (%)
1 o - Thujene 0.609
2 Camphene 0.156
3 Sabinene 0.605
4 f - Pinene 0.912
5 Myrcene 0.586
6 Limonene 12.807
7 1,8 - Cineole 7.777
8 (Z) - B - Ocimene 0.153
9 (E) - B - Ocimene 0.073
10 Cis — Sabinene hydrate 0.082
11 Borneol 0.924
12 Isopulegone 0.785
13 o - Terpineol 0.251
14 Dihydro Carvone 3.440
15 Pulegone 13.893
16 Carvone 45.964
17 Piperitenone 1.841
18 [ - Bourbonene 1.263
19 B - Caryophyllene 5.515
20 o - Humulene 0.725
21 Germacrene D 1.241
22 Bicyclogermacrene 0.408

2.3.2. Carvone and its biological activity

Carvone is a monoterpene ketone and exists in two forms: (+)-carvone and (-)-carvone, which have
the same chemical and physical properties but differ in their rotary power. Carvone has a sweet
spearmint odour and is found in many plant species like Origanum spp., Rosmarinus spp., among
others (Bouyahya et al., 2021). To date, many studies have proven that carvone has many
promising biological properties. Carvone has antiparasitic effects, anti-arthritic effects, anti-

convulsant effects, immunomodulatory effects, neurological effects, anti-cancer effects, anti-
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inflammatory effects, antidiabetic effects, antifungal activity and antibacterial activity (Bouyahya
etal., 2021).

In general, carvone is produced by extraction and purification of essential oils from caraway, dill
and spearmint, and also by chemical and biotechnological synthesis (De Carvalho and Da Fonseca,

2006).

Table 2.4. Properties of essential oils in spearmint.

Molecular Boiling Solubility*
Name of . .
Compound Structure weight point (mg/L)
(g/mole) °O) Water Ethanol
Sabinene
CioHic 136.23 164 2.494 330
B - Pinene 136.23 166 6.95 20000
CioHis
Myrcene
CloHue 136.23 167 5.60 -
Limonene
CiroHie 136.23 176 7.57 330
1,8 — Cineole
C1oH1:0 154.25 176 3500 -
Borneol
C1oH1:0 154.25 212 738 -
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Table 2.4 Continued.

Molecular Boiling Solubility*
Structure weight point (mg/L)
(g/mole) °O) Water Ethanol

Name of
Compound

OH

a - Terpineol

CioHis0 154.25 219 7100 -
Dlhy(cjllr(())H(ljsév one 152.23 87-88 560 -
Carvone | 230-
CioH140 _ 150.22 231 367 -
Piperitenone 106-
CioH140 150.22 107 165 -
B - Caryophyllene 264-
CisHs 204.35 266 0.05 250

o - Humulene

CisHaa 204.35 99-100 0.01 -

*Solubility reported at 25 °C. Data sources: Milliporesigma,
https://www.sigmaaldrich.com/CA/en and U.S. National Library of Medicine, PubChem (2023),
https://pubchem.ncbi.nlm.nih.gov.

2.4. Solubility of a compound in supercritical carbon dioxide

The efficacy of various SC-CO2 processes is heavily influenced by solubility, making it a crucial
parameter. Table 2.5 shows selected published solubility data of different compounds in SC-COx.
Different processes may require either high solubility or extremely low solubility, depending on
the specific objectives. For instance, the supercritical fluid extraction process requires high

solubility, whereas the particle formation process, particularly the supercritical antisolvent (SAS)
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process, requires low solubility. Solubility plays a significant role in determining the yield, cost,
as well as size and morphology of the final product (Gupta and Shim, 2007).

During the extraction, the solubility of essential oil constituents like menthol, limonene, and citral
in SC-CO2 can significantly impact the extraction yield and composition. Researchers can
manipulate pressure and temperature conditions to enhance the solubility of specific compounds,
leading to optimized extraction results. Consequently, understanding the solubility behavior of
different constituents within SC-CO:2 provides valuable insights to achieve desired product
compositions and qualities.

On the other hand, the utilization of SAS technology enables the simultaneous precipitation and
microencapsulation of substances using SC-CO2 (Santos et al., 2020). In the SAS process, the
desired material is dissolved in a conventional solvent and then atomized alongside SC-CO: at a
moderate temperature and pressure through a nozzle. By acting as an antisolvent, the high-pressure
carbon dioxide reduces the solubility of the solute in the mixture, leading to supersaturation that
initiates nucleation and facilitates the formation of nano- or microparticles (Rosa et al., 2020). In
precipitation processes, supersaturation of solute relies on solubility, which greatly influences
nucleation and subsequently affects precipitation kinetics (Gupta and Kompella, 2009). For
example, Park et al. (2014) produced sub-micron particles of tadalafil solid dispersion. They
observed that the solubility of tadalafil in ethanol and methylene (volume ratio: 1:1) was 25 mg/mL.
Consequently, when the concentration of tadalafil surpassed the 25 mg/mL threshold,
recrystallization occurred, resulting in the formation of a cotton-like suspension. Rossmann et al.
(2013) employed SAS technique to produce acetaminophen particles and determined that the level
of supersaturation can be controlled by adjusting the concentration and pressure parameters.

Specifically, increasing the concentration above the solubility of acetaminophen in SC-CO2 and/or

17



reducing the pressure (resulting in low solubility) led to a higher degree of supersaturation, while
the opposite trend was observed when the concentration was decreased, or the pressure was
increased. Therefore, the low solubility of compounds in SC-CO: facilitated the attainment of
supersaturation and promoted the formation of particles.

In addition, the solubility of a compound in SC-COz plays a crucial role in the impregnation
process. When impregnating a compound onto a material using SC-COz, the solubility of the
compound determines its ability to dissolve and disperse within the SC-CO2 medium, which is
important to achieve uniform and efficient impregnation of the compound onto the material.

In a study conducted by Milovanovic et al. (2013), the solubility of thymol in SC-CO2 was
investigated using a static method, where temperatures of 35, 40, and 50 °C were evaluated along
with pressures ranging from 78 to 250 bar. The results indicated that at a temperature of 35 °C and
a pressure of 155 bar, the solubility of thymol in SC-CO2 was 1.1x10-? mole fraction. Based on
the solubility data, the impregnation of thymol on cotton gauze was carried out at 35 °C and 155
bar for 2 h. The impregnation yield achieved under these conditions was 11%. Similarly, Sanchez-
Sanchez (2017) impregnated mango leaf extract, known for its antioxidant and antibacterial
properties, into a polyester textile using SC-COz. To enhance the solubility of the mango leaf
extract in SC-CO2, 50% ethanol was utilized as a co-solvent. Under this condition, the impregnated
textiles exhibited the highest antioxidant capacity, as evidenced by the 2,2-diphenyl-1-

picrylhydrazyl radical (DPPH) assay, with a value of 4.04 pg DPPH/pug extract.
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Table 2.5. Selected solubility data of different compounds in SC-COa.

Temperature Pressure -
Compound Method °C) (bar) Solubility Reference
Essential oil
3 2
Thymol Static 35-50 75-250 0.9>107~ 1.47>10 Milovanovic et al. (2013)
mole fraction
Citral dynamic 35-50 30-110 031;%2 ;ricfo ;10'2
Di Giacomo et al. (1989)
Limonene dynamic 35-50 30-100 0.2x10-3 = 24.4x10-2
mole fraction
Others
Alendronate Dynamic 35-65 120-300  0.1x10** - 1.5x10* mole fraction Abourehab et al. (2022)
Caffeine Dynamic 40, 50, 70 140-240 200 —2047.6 mg/kg CO2 Saldana et al. (1999)
5 3
Cetirizine Static 35-65 150-400 105107 —4.92x10 Hezave et al. (2011)
mole fraction
-6 _ -6
Clemastine fumarate Static 35-65 120-280 1.61x10 9'4.“ <10 Sodeifian et al. (2021)
mole fraction
6 _ 5
Glibenclamide Static 35-65 120-300 0.8x10 8'0.3 <10 Esfandiari and Sajadian (2022)
mole fraction
4 4
Lenalidomide Static 35-65 120-300 0.02107~ 1.08x10 Sajadian et al. (2022)
mole fraction
5 4
Lansoprazole Static 35-65 120-270 1.15x10 7'?.)6X 10 Sodeifian et al. (2020)
mole fraction
5 _ 3
Loxoprofen Static 35-65 120-400 104107 —1.28x10 Zabihi et al. (2020)
mole fraction
3 2
Paconol Static 40-60 80-150 3.10x107~1.32x10 Jiao et al. (2019)

mole fraction

19



2.4.1. Methods to measure the solubility of a compound in SC-CO2
Solubility is typically defined as the mole fraction of a solute in the SC-CO2. Commonly, there are

two methods to measure solubility, static, and dynamic, which are discussed below.

2.4.1.1. Static method
The static method involves allowing the solute to remain in static contact with the SC-COz at the

desired pressure and temperature for an extended period of time to achieve equilibrium as shown

in Fig. 2.2.
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Fig. 2.2. Schematic representation of the SC-CO:z static system. (Adapted from Ciftci and Saldaia,
2015 and Ciftci and Temelli, 2014).

In this method, a known amount of compound is placed in a high-pressure vessel along with COx.
The vessel is closed, and the system is allowed to reach equilibrium by keeping it at a constant

temperature and pressure for a specific period of time. During this time, the solute and the SC-CO2
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interact, and solubilization occurs. After equilibrium is achieved, a sample of the SC-COz phase is
collected and analyzed to determine the solute concentration using analytical techniques such as
chromatography (HPLC or GC) or spectroscopy. The solubility of the compound in SC-CO: can

then be calculated based on the measured concentration using eq 2.1.

mole of compound

Solubility =

(2.1)

mole of CO,+ mole of compound

2.4.1.2. Dynamic method

The dynamic method is an alternative approach used to measure the solubility of a compound in
SC-CO:z. In this method, a continuous flow of SC-COz is directed over a fixed quantity of the
compound within a temperature- and pressure-controlled high-pressure vessel at a low CO2 flow
rate (Saldafia et al., 1999). The setup typically involves a high-pressure pump that delivers the CO2

to the reactor as shown in Fig. 2.3.
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Fig. 2.3. Schematic representation of the Supercritical CO2 Dynamic System. PG: pressure gauge,
V1-4: valves, TI: temperature indicator, TIC: temperature indicator controller, NRV: one-way
valve, and RV: relief valve.
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To initiate the process, the compound is loaded into the high-pressure vessel. When the desired
pressure and temperature are reached, the flow of SC-CO: is initiated. As the SC-CO2 passes
through the reactor, it comes into contact with the compound, leading to the dissolution of the
solute in the SC-COz. The resulting solution, containing the dissolved solute, continues to flow
through the system. To determine the solubility of the compound in SC-CO-, the concentration of
the solute within the SC-COz stream is analyzed using various techniques such as chromatography,

spectroscopy, or gravity measurements.

2.5. Extraction of essential oils from mint

2.5.1. Conventional extraction method

There are some conventional techniques used to extract essential oils from plants such as hydro
distillation, steam distillation and organic solvent extraction. The hydrodistillation process
involves immersing the plant material (Mentha species) in water and boiling them repeatedly to

condense the oil and separate it from the mixture of steam and oil as shown in Fig. 2.4.

(A) (B)

Plant powder ____

Water ——
B

Ve
Heating mantle
Essential oil+water Separatory funnel

Fig. 2.4. (A) Hydrodistillation setup for the extraction (B) essential oil separation (Adapted from
Dangkulwanich and Charaslertrangsi, 2020 and Sahraoui and Boutekedjiret, 2015).
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This method is useful for the separation of high boiling-point organic compounds from the plant
(Dangkulwanich and Charaslertrangsi, 2020).

Steam distillation occurs when water is boiled in a vessel and mint leaves are placed on a grid
above the boiling water to allow the wet steam to release the essential oil as steam, which
condenses and separates by a funnel as shown in Fig. 2.5. The extraction ends when there is no

more essential oil left to extract (Lawrence, 2016; Sahraoui and Boutekedjiret, 2015).

Water out l

. / «Water in

———— Condenser

EO
Water «——

Boiling
water

Heating mantle Separatory funnel

Fig. 2.5. Steam distillation setup for the extraction of essential oil (Adapted from Dangkulwanich
and Charaslertrangsi, 2020 and Sahraoui and Boutekedjiret, 2015). EO: essential oil.
Conde-Hernandez et al. (2017) compared SC-CO2, hydro distillation and steam distillation for the
extraction of essential oil from rosemary. They found the highest yield with the SC-CO: process
(2.53%).

In general, the conventional extraction methods take several hours and consume many chemical
solvents and energy. Also, the high temperature used in the distillation method is not suitable for

the extraction of valuable thermoliable compounds, as it can result in the reduction or loss of the

final product (Ansari and Goodarznia, 2012).

2.5.2. Supercritical CO: extraction
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The supercritical state is a state in which gases and liquids are compressible but have liquid density.
COz has a low critical temperature (31.3 °C) and moderate critical pressure (73.8 bar). SC-COz is
a good solvent, because the gas-type state has low viscosity and high diffusion coefficient, and the
liquid-type state has high solvating power. In addition, carbon dioxide is the most commonly used
solvent since it is environmentally non-toxic, inexpensive, and easily removable from the extract
due to its gaseous state at room temperature (Saldafa et al., 1999). Fig. 2.6 presents the number of
scientific publications on SC-COz extraction of essential oils from 2000 to 2022 with an increasing
trend based on the ScienceDirect database using the keywords “supercritical carbon dioxide
extraction” and “essential oil”. The number of publications in this field has experienced a
remarkable exponential growth, escalating from approximately 50 publications in 2000 to around
950 publications in 2022. Notably, until the year 2010, only 100 publications were recorded,
indicating a remarkable tenfold increase in twelve years, highlighting the escalating interest and

expanding research landscape in this area.
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Fig. 2.6. Scientific publications on SC-COz extraction of essential oils from 2000 to 2022 based
on the ScienceDirect database using the keywords “supercritical carbon dioxide extraction” and
“essential oil”.
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From the literature in Tables 2.6 and 2.7, pressure, temperature, mean particle size of the sample,
SC-CO: flow rate and co-solvent are the five processing factors that influence SC-CO:2 extraction
yield. Also, an increase in the extraction time led to a considerable increase in the extraction yield
at the same temperature and pressure using the same particle size and constant CO2 flow rate. This
trend was reported by Shahsavarpour et al. (2017) for the extraction of essential oil from spearmint,
Mentha spicata. Their analysis revealed that the yield in each fraction of 20 min was 0.036%, and
after 120 min of extraction, the yield was 0.188 % at 50 °C and 120 bar with a flow rate of 0.059
g/min and particle size of 2 mm.

Also, there is a direct relationship between the extraction pressure and yield, where the yield
increases when the pressure increases. However, the extraction yield of spearmint essential oil
from leaves with SC-COz2 has a complex relationship with the temperature and pressure. At the
constant pressure of 85 bar, the increase in the temperature from 38 to 50 °C reduced the extraction
yield from 0.207 to 0.156 with the particle size of 2 mm and extraction time of 120 min. However,
for extraction pressures of 100 and 120 bar, an increase in temperature from 38 to 45 °C led to an
increase in extraction yields, but with a further increase in the temperature from 45 to 50 °C, the
extraction yield decreased (Shahsavarpour et al., 2017). At pressures above 150 bar, the yield
increased as the temperature increased (Goto et al., 1993). The reason being that the increase in
extraction temperature reduced the density of SC-CO: and reduced the solvating power, whereas
the high extraction temperature improved the vapour pressure of the essential oils. Therefore, the
yield depended on these two competing factors.

Also, Shahsavarpour et al. (2017) examined the effect of CO: flow rate on extraction efficiency.

The increase in the flow rate from 0.059 g/min to 0.177 g/min resulted in an increase in the
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extraction yield for all particle sizes used (0.177, 0.5 and 2 mm), while with a further increase in
flow rate at the outlet from 0.177 to 0.354 g/min, the extraction yield decreased.

Regarding particle size, the small particle size led to a high extraction yield, especially at 50 °C.
At 120 bar, small particles resulted in a higher yield, but at the low extraction pressure (85 bar),
an inverse trend was observed (Shahsavarpour et al., 2017).

The most common co-solvent used with SC-COz to extract essential oils from mint was ethanol.
According to Goto et al. (1993), the use of 2 wt% ethanol in SC-CO:z2 increased the extraction yield
by three-fold, especially the extraction of l-menthol, but the further increase in ethanol
concentration led to a decrease in the extraction rate.

SC-COz can also be used to fractionate essential oils. According to the research of Gafidn and
Brignole (2011), they divided peppermint oil composition into two fractions: a more volatile
fraction (20.27%) including menthofuran, 1,8-cineol and menthone, and a less volatile fraction
(79.23%) including L-menthol, methyl acetate and their isomers. However, it was difficult to
separate these two fractions at temperatures of 40-50°C and pressures of 80-100 bar, as menthone
and L-menthol had relatively similar vapour pressures of 0.00021 and 0.00009 mbar at 25°C.
Ganan et al. (2015) used SC-CO:z to fractionate peppermint oil with low menthol content for the
recovery of piperitenone (a flavouring agent, US$36/mg, Cayman Chemical). They reported that
the operation temperature and solvent density influenced fractionation selectivity and oil solubility.
An increase in temperature from 40 to 50 °C at constant CO2 density led to an increase in essential
oil solubility from 6 to 8.5 g/kg and a decrease in selectivity from 4.8 to 3.4. The fractionation
selectivity is calculated by the volatility of fraction 1 (a more volatile fraction) with respect to

fraction 2 (a less volatile fraction). For the continuous countercurrent fractionation, they found that
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the optimal operating conditions were 40 °C, 90 bar and a solvent-to-feed ratio of 98 kg/kg with

approximately 91% piperitenone recovered.
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Table 2.6. Extraction of essential oils from mint and other plant sources by supercritical carbon dioxide.

. Sample Particle Processing Condition .
Essential Sample . : Yield
oil matrix loaded size Pressure Temperature Flow rate Time (%) Reference
(2) (mm) (bar) (°O) (mL/min) (min) °
Mint
. Mentha :
Spearmint o - ia 15 0.50 90 45 300 120 ga  Ansarictal
oil (2012)
(Iran)
Spearmint Spearmint Barton et al.
ol (USA) NR NR 100 33 - 252 3.9 (1992)
Spearmint ~ Mint leaves b Ozer et al.
oil (Turkey) 125 0.84-2 110 40 4.9 240 80 (1996)
. Spearmint
Spearmint leaves 30 0.18 120 45 96.7 120 0.5 Shahsavarpour
oil et al. (2017)
(Iran)
. Peppermint
Peppoei‘immt leaves 110 0.3 90 50 3/&; 160 NR RZYC(TSSZ‘)“
(Italy) & '
. Peppermint
Peppermint e ves 2 NR 8819 20-80 2.0-7.8¢ 40 NR o Cotoetal.
oil (1993)
(Japan)
. Peppermint
Peppermint =7 ves 2324 NR 100-300 40 2.8-6.6 0-550 032  Royetal
oil (1996)
(Japan)
Other plant sources
Essential ~ Rosmarinus Conde-
oil officinalis 25 0.6 172 40 126.2 180 2.5%  Hernandez et
al. (2017b)
. ) Zarrinpashne
Essjﬁtlal persian 590 NR 83 12 NR 720 275  and Gorji
Kandi (2019)
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Table 2.6. Continued.

. Sample Particle Processing Condition .
Essential Sample . . Yield
oil matrix loaded size Pressure Temperature Flow rate Time (%) Reference
(g) (mm) (bar) (°O) (mL/min) (min) °
Other plant sources
Essential Pi Conde-
" o 25 NR 172 50 126.2 180 3.1°  Hernandez et
o1 auritum al. (2017a)
Essential . . Frohlich et al.
ol Clove leaves 18 0.37 2200 40 2 g/min 80 1.1 (2019)
Essential Eucalyptus - a Singh et al.
oil globulus L. 50 0.30 350 80 12 g/min 120 3.6 (2016)
. Cymbopogon
Essential = i onella 200 0.18 250 35 300 120 gq0  Wuetal
oil (2019)
Leaves
Essential Pistacia . Aydi et al.
ol lentiscus L. 23 0.22 220 35 11.7 30 0.2 (2020)

aYield (wt%) = Mass of extracted oil (g) / Mass of raw material (g) x100, "Recovery (wt%) = Mass of extracted oil (g) / Max oil
extracted of feed (g) x100, “Flow rate recorded based on the pump. NR: not reported.
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Table 2.7. Extraction of essential oils from plants by supercritical carbon dioxide with co-solvent.

Particle Processing Condition Yield
Matrix size Temperature Pressure CO: flow rate Co-solvent Time (%) Reference
(mm) (°C) (bar) (mL/min) (min) ’
Turkish mint Ethanol »  Ozeretal
leaves 0.84-2 40 85 3.8 (3.0 mole%) 120 56.6 (1996)
Japanese
. Ethanol Goto et al.
Pell)permmt NR 20-80 88.2-196 2.0-7.8 (2.0 mole%) 40 NR (1993)
eaves
Lavandin Ethanol a Kamali et
flowers 0.60-0.85 48.5 108.7 5 (10 mL) 120 4.7 al. (2015)
Chamaecypa . Jin et al.
vis obfusa NR 50 120 40 Methanol 90 2.9 (2010)
Citrus . Ethanol . Mai et al.
erandis peel 1-2 50 120 0.5 g/min (80%) 120 24 (2022)

aYield (wt%) = Mass of extracted oil (g) / Mass of raw material (g) x100, ® Recovery (wt%) = Mass of extracted oil (g) / Max oil
extracted of feed (g) x100, NR: not reported.
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2.5.3 Scale-up of SC-CO: extraction

After four decades of development, supercritical fluid extraction has demonstrated its technical
and economic feasibility, the number of commercial plants worldwide utilizing are over 200
(Prado et al., 2011). Several studies have been conducted to investigate the scale-up of extraction
of plant materials. The identification of a suitable scale-up criterion is crucial. By adopting a
straightforward and practical scale-up criterion, the transition from laboratory-scale
experimentation to large-scale production can be streamlined, optimizing the overall efficiency of
SC-COz extraction development (Salea et al., 2017). The widely recognized four criteria used for
scale-up of an extraction process involve maintaining constant ratios such as (i) the ratio between
the masses of used COz2 and plant material; (ii) the ratio between COz2 flow rate and plant material
weight; (iii) both of the above ratios combined, (iv) or the combination of two ratios and the
Reynolds number (De Melo et al., 2014).

There are various studies that have utilized the first criterion for scaling up the extraction process.
Albuquerque and Meireles (2012) employed SC-CO:2 to extract fat from annatto seeds and
successfully scaled up the extraction by around 4 times with volume of extraction vessels of 6.57
mL and 290 mL. The maximum yield achieved was 2.2% at a ratio of 35 between the masses of
used CO2 and plant material at 400 bar and 60 °C with a CO2 flow rate of 0.2 g/s for 60 min.
Similarly, Eisenmenger et al. (2006) utilized SC-CO: for wheat germ oil extraction, with an
increase in the volume of the extraction vessel from 0.01 L to 4 L, they maintained a constant mass
ratio of COz and feed at 80. The highest yield obtained was 20% at 550 bar and 80 °C. Additionally,
Prado et al. (2012) conducted a scale-up investigation (17 times) for SC-CO: extraction of grape
seed oil, with the volume increasing from 0.29 L to 5.15 L, while maintaining a constant ratio of

mass of CO2 and feed at 6.6. The yield achieved was 13.42% at 350 bar and 40 °C.
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Han et al. (2009) achieved successful upscaling of SC-CO2 extraction of safflower seed, going
froma 0.5 L to a 260 L extractor, using the second scale-up criterion.

Furthermore, Berna et al. (2000) employed the third criterion, maintaining constant ratios of 72
between the masses of used CO2 and plant material, and 10 between CO2 flow rate and plant
material weight, for the scale-up extraction of essential oil from orange peel. The yield obtained
was 0.13% at 200 bar and 40 °C with a COz2 flow rate of 333 g/min for 420 min.

2.5.4. Subcritical water extraction

Subcritical water, or pressurized hot water, is the water heated to more than 100 °C, but below the
critical point (374 °C) and remains liquid due to its high pressure. Subcritical water has excellent
properties of high ionic products and low dielectric constant (¢). For the ionic products, the self-
ionization increases when the temperature increases, as well as, the molar concentrations of
hydrogen and hydroxide ions. For instance, the ionization constant (pKw) of water is 14 at 25 °C,
but drops to 11 when the temperature rises to 250 °C. As the temperature rises from 25 °C to
250 °C, the ionic products increase by a factor of a thousand, thus enhancing acid- or base-catalytic
hydrolysis (Chiou et al., 2019; Patrick et al., 2001; Saldafia and Valdivieso-Ramirez, 2015). The ¢
is the value associated with the polarizability. According to Alghoul et al. (2017), the influence of
temperature on the polarity of subcritical water is greater than that of pressure. At 25 °C, the
dielectric constant of water (¢ = 80) is higher than that of methanol (¢ = 33) and ethanol (g = 24).
However, when the temperature of water increases from 25°C to 250°C, its dielectric constant
decreases from 80 to 27 and its polarity is close to that of methanol and ethanol (Patrick et al.,
2001). Due to these properties of subcritical water including high ionic products and low dielectric
constant, subcritical water is considered an excellent solvent for extraction of valuable compounds

from plants, algae, and food.
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In Table 2.8, subcritical water was used to recover essential oils from plants. The extraction time
and temperature are the two key process parameters that have influence on the extraction yield and
composition of the mint essential oil. Chiou et al. (2019) reported that the extraction yield of
essential oils from Japanese mint increased from 23.6 to 29.5 mg/g-dry leaves when the extraction
time increased from 5 to 30 min at a temperature of 140 °C, but the yield decreased to around 25.5
mg/g-dry leaves with further extended extraction time (60 min). Additionally, they obtained a yield
of 30.3 mg/g-dry leaves at 180 °C with the extraction time of 5 min, so they concluded that the
higher temperature and shorter extraction time were the optimal conditions. In the research done
by Cam et al. (2018), essential oils were extracted from peppermint by subcritical water treatment.
They found an increase in temperature significantly increased the extraction yield up to 130 °C,
but no improvement above 130 °C at a constant pressure of 103 bar. After that, they performed
extractions with four different times from 1 to 30 min and found that the extraction yield increased
with the increased extraction time. Compared with conventional methods, subcritical water
extraction requires less processing time (generally 5-30 min) and delivers a higher oil yield and

quality (Samadi et al., 2020).
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Table 2.8. Extraction of essential oil by subcritical water.

Sample Particl Processing Condition Yield
Matrix loaded size (rl;nel) Temperature Pressure Flow rate Time ((l;) Reference
(g (°C) (bar)  (mL/min)  (min) °
: Chiou et al.
Japanese mint 5 - 180 - - 5 3 (2019)
Indian 10 - 130 103 - 30 - Cam et al. (2019)
peppermint
1 goil/ 20 Ravber et al.
Sunflower seeds 10 - 130 30 - 30 ml. water (2015)
Thymbra 1.5 ; 150 60 2 30 3.7 Ozel et al. (2003)
spicata
g 02¢g .
Aquzlarza‘ i i 295 i i 17 oil/mL Samadi et al.
makaccensis (2020)
water
Piper betle 1.0 0.25-1 50-250 20 1-4 10 1.5-34.6  Musact al. (2014)
Fernandez-Pérez
Laurel 3.0 - 150 50 2 15 - et al. (2000)
Rosa 1.5 . 150 60 2 30 0.2 Ozel et al. (2006)
damascena
. Zekovic et al.
Coriander seeds 10 0.47 100 88 - 10 1 (2016)
. Pavli¢ et al.
Coriander seeds - 0.47 200 30 - 20 22 (2015)

34



2.6. Applications of extracted essential oils

2.6.1. Hydrogel

Hydrogel is an aggregate of water molecules and cross-linked polymer network as shown in Fig.
2.7. The cross-linked polymer networks enable hydrogels to be soft and elastic. The high-water
content (> 95% by weight) of hydrogels makes hydrogels dissolve and transport ions and small
molecules such as gelatin (Cheng et al., 2017) and chitosan (Qu et al., 2001).

Hydrogels can be natural or synthetic. Natural hydrogels are found in muscle and cartilage in
animal tissues, and xylems and pholems in plants (Liu et al., 2021). There are a number of chemical
methods used to synthesize hydrogels, such as polymerization, parallel cross-linking of
multifunctional monomers, and using a cross-linking agent to promote polymers reaction (Ahmed,

2015).

L
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\ J \_/ polymer network

Water
molecule

Fig. 2.7. Structure of hydrogel using polymers.
Due to the diversity of natural and synthetic hydrogels with different polymer topologies and
chemical compositions, hydrogels can be applied in many fields. These applications include
agriculture, where they ameliorate water availability and increase water-holding properties
(Neethu et al., 2018); drug delivery systems (Li and Mooney, 2016); food science, where

antibacterial compounds are incorporated into hydrogels (Li et al., 2021); tissue engineering, using
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hydrogels as scaffolds for creating human-like collagen and carboxymethylated chitosan (Cao et
al., 2020); and biosensors (Yang et al., 2021).

Li et al. (2014) developed (-)-menthol-based hydrogel with thixotropic property. In their
experiment, menthol worked as a hydrogelator with L-lysine to form a stable and thixotropic
hydrogel at a pH range of 1-12. This hydrogelator was used to further gelate antibacterial agents
including Zn?>* aqueous solution and lincomycin hydrochloride. They found that the hydrogel
loaded with Zn?" showed better antimicrobial activity (with bigger bacteriostatic circles) to
Escherichia coli than to that of the Zn?" aqueous solution alone. Also, the hydrogel loaded with
lincomycin hydrochloride had a better inhibition effect on the proliferation of Staphylococcus
epidermidis. Jamshidi et al. (2020) developed a magnetic polyhydrogel based on acrylic acid-
menthol deep eutectic solvent (as a function monomer), ammonium persulfate (as inhibitor), and
acrylic acid-Fe3O4 nanoparticles (as cross-linker). This eutectic solvent based polymeric hydrogel
was used to extract pesticides from contaminated water. The results showed that the use of this
hydrogel significantly increased the extraction efficiency when compared with unpolymerized
acrylic acid-menthol deep eutectic solvent, and recoveries were in the range of 61%-120%.
Addtionally, Jiang et al. (2022) prepared a cellulose-based hydrogel as a wound dressing. They
used hydroxyethyl cellulose as a framework and epichlorohydrin as a cross-linking agent to form
the hydrogel that was loaded with ZnO and cationic-p-cyclodextrin encapsulated menthol. ZnO
nanoparticles and menthol provided analgesic and bactericidal effects, which are non-toxic to
normal human cells.

Huerta et al. (2020) produced clove essential oil emulsion-filled cellulose nanofiber hydrogel by
ultrasound with an entrapment efficiency of 33-34% with 0.5 wt% clove essential oil. They found

that the increase of clove essential oil content caused the decrease of water retention value and
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swelling capacity. The produced hydrogels with low viscosity and without cytotoxicity, as a result,

could be a promising scaffold material for tissue engineering.

2.6.2. Encapsulation of essential oil with lipids

Essential oils have been studied for more than 60 years, and most have antioxidant, anti-
inflammatory, antibacterial, wound-healing and anti-anxiety properties (Bakkali et al., 2008).
However, the hydrophobicity, instability, high volatility, and toxicity risks of essential oils limit
their utilization. One successful strategy to overcome these limitations is by using encapsulation
as the delivery system, increasing the bioavailability and chemical stability of essential oils while
reducing their volatility and toxicity. The most common delivery system is encapsulated essential
oil in lipids such as blends of mono-, di- or tri-glycerides, fatty acids, and waxes (Cimino et al.,
2021).

Earlier, Zhu et al. (2010) encapsulated menthol (the main component of peppermint essential oil)
in beeswax by SC-CO: with an efficiency of 60%. They produced menthol/beeswax particles in
the range of 2-50 um using the modified particle from gas-saturated solution (PGSS) process. The
results showed that the smaller particle size and narrower particle size distribution of the
menthol/beeswax particles can be achieved by increasing the pressure (150 bar), decreasing the
flow rate of the gas-saturated solution (0.11 mL/min) and decreasing the mass fraction of menthol
(10%). They proved that menthol/beeswax particles protect menthol from its volatilization loss
using the N2-blowing method.

Later, Aredo et al. (2021) formed avocado oil or Brazil nut oil-loaded beeswax microparticles
using PGSS particles from gas-saturated solutions. The particles were formed at the temperature

of 60 °C and pressures of 150-300 bar with a sponge-like morphology and sizes of 162-180 um

and 96-128 pum for avocado oil and Brazil nut oil-loaded particles, respectively. The internal

37



physical structure observed by a confocal fluorescence microscope indicated that the oils were

uniformly incorporated into the crystalline lattice of beeswax.

2.7 Impregnation of bioactives

2.7.1 Traditional impregnation processes

There are some traditional impregnation methods, which generally involve soaking or immersing
a solid material in a solution containing the desired bioactive. For example, Pan and
Tangratanavalee (2003) conducted impregnation of water in soybeans by soaking them at different
temperatures (10, 20, 30, and 40 °C) for up to 8 h, resulting in a final moisture content of up to
120%. In this method, soybeans were submerged in water, and they absorbed water. However,
soaking may not be suitable for impregnating certain materials with complex structures or
compositions.

Vacuum impregnation is a useful technique for quickly introducing external liquids into the porous
structures of animal and plant tissues (Zhao and Xie, 2004). For instance, Betoret et al. (2003) used
vacuum impregnation to impregnate probiotics (Saccharomyces cerevisiae and Lactobacillus
casei) into apples, achieving a content of 10° cfu/g.

In the case of pressure impregnation, the solid material is placed in a pressure chamber, and the
substance to be impregnated is forced into the material under high pressure (~100-6000 bar). This
method is often used for impregnating wood or porous materials (Lou et al., 2018). Vatankhah and
Ramaswamy (2019) conducted the impregnation of ascorbic acid and chitosan into apple cubes,
resulting in a yield of 250 mg/kg at 2000 bar.

Although these traditional impregnation methods have been used for various applications, they
have limitations in terms of control, uniformity, and efficiency, leading to the development of more

advanced and precise impregnation techniques in modern research.
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2.7.2 SC-CO:: assisted impregnation process

The SC-COr-assisted impregnation process is an effective approach for impregnating bioactives.

Among various options, COz2 is the preferred fluid because it is relatively chemically inert, not

flammable, has no taste or odour, is inexpensive, and has a low critical pressure (73.8 bar) and

temperature (31°C). In the supercritical state, bioactives have good solubility in COz2, which allows

it to dissolve numerous bioactive substances, and temporarily expand polymers. (Comin et al.,

2012). In this process, three steps are distinguished, including dissolution, sorption and

depressurization as presented in Fig. 2.8.
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Fig. 2.8. Schematic representation of SC-COr-assisted impregnation process (Champeau et al.,
2015 and Comin et al., 2012).

In the first stage, the ability of COz to dissolve bioactives depends on their polarity and molecular

weight, with nonpolar and low molecular weight solutes being more soluble than polar and high

molecular weight solutes such as proteins, synthetic polymers (e.g. polyethylene), and

polysaccharides. The solubility is influenced by temperature and pressure as discussed previously

in the solubility section (p 12-18) (Saldana et al., 1999).
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During the sorption stage, the CO:2 + bioactive solution comes into contact with the polymer, and
the solution diffuses into the polymer matrix, leading to the impregnation of the bioactive into the
polymer. The effectiveness of the diffusion is influenced by the operating conditions, which can
impact the ability of CO2 to swell the polymer.

In the third stage, depressurization allows COz to transition from its supercritical state to a gaseous
state, facilitating easy CO2 removal from the system. As the pressure is reduced, the solubility of
the bioactive in CO:2 decreases, causing it to precipitate to the bottom of the reactor or be carried
out with COz. Then, the impregnated polymer is ready where there is no solvent remaining. By
controlling the depressurization rate, the risk of foaming is minimized to maintain the structural
integrity of the impregnated material (Champeau et al., 2015).

Table 2.9 summarized studies reporting the SC-CO2-impregnation process of bioactives where the
typical temperature range investigated was 35-55 °C, with pressures of 90-150 bar. However,
certain studies have employed higher pressures ranging from 200 to 400 bar. The reported
bioactive compound loading generally remained below 30%. The impregnated polymers were
mainly biodegradable plastics such as polylactic acid films, linear low-density polyethylene films,
polyethylene terephthalate, as well as polypropylene films, and pieces of cotton. The effectiveness
of the impregnation process is commonly assessed using the partitioning coefficient, denoted as K
(Champeau et al., 2015). This coefficient determines the relative affinity of the bioactive
compound towards the polymeric phase and the CO:2 phase under specific pressure and temperature.

The calculation of K value is performed using Equation 2.2:

K = Cpolymer (2.2)

Cco,
where, Cpolymer represents the concentration of the bioactive compound in the polymer phase

(measured in grams of bioactive compound per gram of polymer), and Cco, represents the
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concentration of the bioactive compound in the CO: phase (measured in grams of bioactive
compound per gram of CO2).

One of the main benefits of the supercritical CO2 impregnation process is its ability to adjust
bioactive compound loading by modifying operational conditions like pressure, temperature,
depressurization rate and contact time. This ability is achieved through alterations in the solubility
of the bioactive compound, COz2 sorption in the matrix, and polymer swelling caused by pressure
and temperature changes (Champeau et al., 2015; Comin et al., 2011).

The forthcoming sections discuss how these operational conditions (pressure, temperature, time,
and depressurization rate) influence the loading of bioactive compounds and impregnation on the

polymer.
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Table 2.9. Impregnation of the bioactive compound on different polymers by SC-COx.

Process conditions Impregnation
Material Impregnated  P/B ; yield Application  Reference
bioactive (g/g) p T DPR Time Y
(bar) (°C) (bar/min) (min) (%)
Food-related applications
Polylactic acid Food Miranda-
y R-carvone 2:1 98 60 6 150 30 packaging and  Villa et al.
films )
preservation (2022)
Polypropylene, ) . . Markovic
corona-modified Thymol 3 "1 0 150 35 33 240 11 Antlmlgroblal et al.
3:8.5 textile
polypropylene (2015)
Linear low density 0.63 £ Food Gonli et al.
polyethylene films Eugenol 0.05 150 45 > 240 6 Packaging (2016)
Polylactic acid with )
Swivppolye-  rvmoland a0y 4 300 28 Food  Lukic et al.
carvacrol packaging (2020)
caprolactone
Polylactic Food Milovanov
acid/poly e- Thymol 1:1 100 40 14 300 35.8 ackagin ic et al.
caprolactone p ging (2018)
Pregelatinized corn . ) Nutraceutical ~ Comin et
starch Flax oil 5:5 300 80 NR 480 6.6 delivery al. (2012)
. 8
Polylactic acid . Food Torres et
films Thymol pl/eﬁges 90 40 10 180 20.5 packaging al. (2017)
. . 120 25, Medeiros
Lz)llle:‘fhlol\zn(ieglsrllz essecrllf[)i\;leoil NR and 35, NR 0-240 4 aflgao (in ctal.
polyethy 200 45 packaging (2017)
Polyethylene .
terephthalate/ Olive leaf ) 100- 35, Food Bastante et
Ivoronvlen extract and 4:1 400 55 1 1320 NR Pr tion L. (2017)
po y%ﬁ)gg ene caffeic acid eservatio al
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Table 2.9. Continued.

Process conditions Impregnation
Material Impregnated  P/B ; ield Application  Reference
ate (g/g) P T DPR Time n pp
(bar) (°C) (bar/min) (min) (%)
Food-related applications
Silica and alginate NR 2000 40 ) 1440 301 NR Mustapa et
aerogels al. (2016)
120, Milovanov
Cellulose acetate 15 100 35 NR O 63.8 Food ic et al.
films 1680, packaging (2016
1920 )
25, 180 Health-
Starch 1.3,1, 80- 40- 0.83-1.1 3 60’ NR romotin Almeida et
microspheres essential oil 0.7, 150 50 0o ’ Promotne = 41 2013)
0.3 1440 ingredient
Modified starch 100, 40- Varona et
Lavandin oil 1:1 110, 0.7-1.5 120 15 NR
powder 120 50 al. (2011)
5,
Alginate aerogel o 15, 60 to Panti¢ et
spheres Vitamin D3 NR 80 2. NR 1440 12 NR al. (2016)
35
Other applications
. 10 mg 600- Antifungal Gittard et
Cotton fabric Ag 21040 - 900 - textiles al. (2010)
Milovanov
Cotton gauze 0(')63 S5 3 3.3 1440 19.6 d\l‘;‘;‘;gld ic et al.
: & (2013)
Wound Ivanovi¢ et
Cotton gauze 1:20.6 150 35 6.5 600 9 dressing al. (2014)

DPR: depressurization rate, NR: not reported, P: pressure, P/B: polymer/bioactive, T: temperature.
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2.7.2. Effect of the processing parameters on the bioactive compound loading for
impregnation

2.7.2.1. Effect of pressure

The effect of pressure on the impregnation process depends on the properties of the bioactive
compound and the impregnated polymer. However, in the majority of cases, raising the pressure
under isothermal conditions results in a higher impregnation yield due to the increase in the
solubility of the bioactive compound, the COz sorption, and the swelling of the polymer (Cortesi
et al., 2000).

Comin et al. (2012) reported that the incorporation of flax oil in B-glucan aerogels increased when
the pressure was raised from 80 to 150 bar under isothermal conditions (40 °C) as a result of the
significant rise in the solubility of flax oil from 1.50 to 6.91 g/L.

According to Milovanovic et al. (2013), the incorporation of thymol in cellulose acetate films,
increased when the pressure was raised from 100 to 150 bar. However, further increasing the
pressure to 200 bar did not significantly affect the impregnation yield, as the cellulose acetate film
reached its maximum loading capacity at 150 bar after 24 h. This phenomenon was similarly
observed and reported by Torres et al. (2017). When the pressure was increased from 90 to 120
bar under a constant depressurization rate (10 bar/min) and temperature (40 °C), there was no
significant increase in the impregnation yield. Therefore, once the polymer has reached its
saturation point, raising the pressure does not lead to any further increase in the bioactive
compound loading on the polymer.

In addition, the phenomenon of decreased bioactive loading with increasing pressure has also been
observed by Varona et al. (2011), who reported this negative effect for the incorporation of
lavandin into a starch-based material with a pressure increase from 100 to 120 bar. As the pressure

increased, CO2 exhibited greater solubility in the starch-based material and the material
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experienced the increased swelling effect, leading to a weakening of the interactions between the
material and the bioactive compound. At the same time, higher pressure results in increased density
and solvent power of SC-CO2, leading to stronger interactions between SC-CO2 and lavandin,
ultimately resulting in lower impregnation yields. Earlier, Almeida et al. (2013) also found a
reduction in the incorporation of oregano essential oil into a starch-based material as the pressure
exceeded 100 bar. This behaviour was justified by two factors: i) as the pressure increases from
100 bar to 150 bar, the density of COz rises and the mass fraction of COz increases. Consequently,
the components of the essential oil become more diluted in the COz2, leading to lower impregnation
yields, and ii) other contributing factor is the extent of polymer swelling and the balance of
interactions between COz, starch, and essential oil (Almeida et al., 2013). Therefore, operating
impregnation at low pressure (< 100 bar) is expected to enhance the distribution of the bioactive

compound in favour of the polymer phase.

2.7.2.2. Effect of temperature

Temperature is a significant variable that can influence the impregnation of bioactive compounds
into a polymer structure during the SC-CO: assisted impregnation process. The loading of
bioactive compounds has been observed to exhibit different behaviours, such as increasing,
decreasing, remaining constant, or initially decreasing and then increasing, as temperature varies
under isobaric conditions.

The positive effect of temperature on impregnation yield has been reported by several authors.
According to Varona et al. (2011), increasing the temperature from 40 to 50 °C while maintaining
pressure values between 100 and 120 bar resulted in a higher incorporation of lavandin essential
oil in the modified starch powder by n-octenil succinate group. A similar effect was also reported

by Almeida et al. (2013), when raising the temperature from 40 to 50 °C at 100 bar led to greater
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incorporation of oregano essential oil into a starch-based material, resulting in higher antioxidant
activity. As temperature increases under isobaric conditions, several effects occurred in the SC-
COz-assisted impregnation process. First, the solubility of the bioactive compound in the CO2
phase decreases, reducing the affinity between the bioactive compound and COxz. This decrease in
affinity is beneficial for the incorporation of the bioactive compound in the polymer structure;
otherwise, the bioactive compound would be removed along with the CO2 (Duarte et al., 2009).
Additionally, with an increase in temperature, the density of CO2 decreases, resulting in a decrease
in the CO2 mass fraction. As a result, the bioactive compound becomes more concentrated in the
CO2 phase. Moreover, the increase in temperature can induce changes in the structural properties
of the polymer, impacting its transport characteristics. When the temperature is over the glass
transition temperature, the polymer's chain mobility improves, facilitating better diffusion of SC-
CO: and the bioactive compound. The increased mobility also enabled greater sorption of CO2 in
the polymer and enhanced polymer swelling (Rojas et al., 2022). However, Comin et al. (2012)
observed the highest impregnation of lipids occurred at the lowest temperature (40 °C) and
pressure (150 bar) conditions. Interestingly, when the temperature was increased to 80 °C, the
impregnation of lipids decreased due to temperature's influence on vapour pressure under isobaric
conditions.

Another effect of temperature was reported by Yu et al. (2011). When the operating pressure was
120 bar, the relationship between roxithromycin loading and impregnation temperature became
intricate. It exhibited an increasing trend from 40 to 50 °C, but a decreasing trend from 50 to 70 °C.
The reason was that the crossover pressure of the roxithromycin corresponded to 120 bar. They

also found that when pressures surpassed the crossover pressure increasing the temperature under
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isobaric conditions had a positive effect on impregnation yield, conversely, if pressures were below

the crossover point, raising the temperature led to a decrease in impregnation yield.

2.7.2.3. Effect of depressurization rate

The depressurization step is the final stage in the SC-COz-assisted impregnation process, which
involves the reduction of pressure in the system. The rate of depressurization plays a significant
role in enhancing the physical-chemical interactions between the polymer and bioactive compound.
Typically, depressurization rates range from 1 to 10 bar/min as shown in Table 2.9, which can
enhance the strength of physical-chemical interactions between the polymer and the bioactive
compound, ultimately affecting the impregnation yield (Rojas et al., 2019).

Torres et al. (2017) found that employing low depressurization rates of 1 and 10 bar/min resulted
in high impregnation yields of 18% and 20%, respectively. However, when a higher
depressurization rate of 100 bar/min was used, the impregnation yield significantly decreased to
approximately 14%. Similarly, Goiii et al. (2016) observed that a slow depressurization rate of 5
bar/min led to a higher impregnation yield of 5.7% of eugenol on linear low-density polyethylene,
while a depressurization rate of 50 bar/min resulted in a significantly lower impregnation yield of
only 1.3%. Under these conditions, the use of a slow depressurization rate had a positive effect on
the impregnation process due to the strong polymer/bioactive compound interactions, then, it was
recommended to establish a slow depressurization rate that can facilitate the absorption or
deposition of the bioactive compound into the polymer (Rojas et al., 2019).

Conversely, if the bioactive compound exhibits low affinity for the polymer, it can be readily
released with CO:z from the polymer matrix. In such cases, a high depressurization rate promotes
the entrapment within the polymer. According to Bastante et al. (2017), the depressurization rate

of 100 bar/min was the best condition for the impregnation of caffeic acid on polyethylene
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terephthalate/ polypropylene films. Similarly, de Souza et al. (2014) observed the decrease on the
impregnation yield (0.13-0.10%) of cinnamaldehyde in cassava starch biocomposite films with the

depressurization rate increasing from 1 to 10 bar/min at 150 bar and 35 °C.

2.7.2.4. Effect of impregnation time

The SC-COr-assisted impregnation process of bioactive compounds in polymers is governed by
both thermodynamics and kinetics. The kinetics of mass transfer in SC-COz-assisted impregnation
mainly depends on the diffusion of the bioactive compound into the polymer matrix. The diffusion
is much faster in SC-CO:2 impregnation compared to traditional soaking techniques due to the
“molecular lubricant” effect of SC-CO2, which arises from the fluid-like behaviour of SC-CO2
even at low viscosities (Champeau et al., 2015; Kazarian et al., 1997). SC-CO: has dual effects in
the impregnation process. First, it causes the physical alterations occurring in the amorphous and
crystalline structures of the polymer matrix like the swelling and plasticization effect and enhances
its free volume, in which the temperature and pressure play significant roles in this process.
Secondly, SC-COz acts as a solvent for the bioactive compound, promoting its solvation and
facilitating its diffusion into the polymer matrix (Ngo et al., 2003). According to Comin et al.
(2012), the incorporation of flax oil into pregelatinized corn starch increased over time under static
conditions. They used a COz-phase saturated with flax oil at 150 bar and 40 °C, and the equilibrium
condition was reached within 4 h of residence time.

2.7.3. Application of the SC-CQO: assisted impregnation process

The SC-CO:2 impregnation process can be applied in both food and biomedical fields. For food-
related applications, the SC-CO: impregnation process has been employed to create sustained
release materials. The first objective is to produce active food packaging materials, while the

second is to impregnate food-grade substances with nutraceuticals. Recently, Alvarado et al. (2018)
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developed poly lactic acid (PLA) films with poly(vinyl alcohol) (PV) nanofibers/cellulose
nanocrystals (CNC) and impregnated them with thymol using SC-CO:. The resulting
nanocomposite material showed improved mechanical and thermal properties, and the release rate
of thymol was significantly slower compared to nanofiber-free PLA. Also, Ubeyitogullari and
Ciftci (2017) used SC-CO2 to impregnate phytosterols into nanoporous starch aerogels. The
optimized conditions (90 °C and 450 bar) resulted in a high impregnation capacity of 99 mg
phytosterol/g nanoporous starch aerogels and the formation of phytosterol nanoparticles (59 to 87
nm) with reduced crystallinity. The method improved the bioaccessibility and water solubility of
the phytosterols, making it a promising approach for generating food-grade phytosterol
nanoparticles.

For the biomedical field application, Dias et al. (2013) loaded N-carboxybutyl chitosan,
collagen/cellulose, and hyaluronic acid-based polymeric matrices/dressings with an extract from
jucad (Libidibia ferrea) to develop wound dressings with anti-inflammatory activity. The
impregnation yield of the extract depended on the dressing material, with N-carboxybutyl chitosan
showing the highest loading (approx. 50%). The extract-loaded dressings demonstrated
cytocompatibility, reduced expression of pro-inflammatory cytokines, and exhibited suitable water
vapour and oxygen permeability for managing different types of wounds at various healing stages.
Kazarian and Martirosyan (2002) wused SC-CO:2 to impregnate ibuprofen into
poly(vinylpyrrolidone) (PVP) films with the employment of in situ ATR-IR spectroscopy to
examine the process. They observed molecular dispersion of ibuprofen within the PVP matrix,
with interactions occurring between ibuprofen and PVP's C-O groups. Furthermore, the presence
of ibuprofen influenced both the interactions with CO: and the sorption of water in PVP. Overall,

the impregnation of bioactives on polymers is still in its infancy and more studies are required.
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2.8. Sensory evaluation of essential oils

Essential oils are well-known for their characteristic aroma, which play a crucial role in their use
in various applications such as perfumery, aromatherapy, and flavouring. Sensory evaluation can
be used as a quality control tool to determine the overall sensory quality of essential oils. Trained
sensory panelists can detect any off-notes, deviations, or sensory defects that may impact the
essential oil’s quality, purity, and authenticity. This information is valuable for ensuring that only
high-quality essential oils reach the market. Table 2.10 presents various studies exploring the
application of essential oils as flavoring agents in different food products, along with their
respective concentrations and sensory evaluation results.

Recently, Zhao et al. (2023) investigated the aroma profile of Litsea cubeba essential oil by five
different attributes, which were lemon, fresh, woody, floral, and camphor. Each attribute was
evaluated with a 10-point interval scale at room temperature with an environment at 65% relative
humidity. The results showed that all kinds of Litsea cubeba essential oil had strong lemon flavor.
In addition, Chen et al. (2022) investigated the odor perceptions of nine essential oils, including
ester-alcohol type and terpene type under three concentrations. They investigated five attributes,
which were pleasantness, familiarity, subjective intensity, emotional arousal and emotional
perception with a scale from -10 to 10 levels. The research revealed that the chemical composition
of odours played a crucial role in influencing how they were perceived, and terpene-type oil evoked
stronger arousal and emotional responses compared to ester-alcohol type. Participants from the
southern Yangtze river region were more familiar with the odors tested. The individual's fragrance
usage habits had a notable impact on the perceived intensity and emotional response to certain

odors. However, gender did not show significant differences in most of the odor perceptions.
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Table 2.10. Selected studies on sensory properties of essential oil incorporated products.

Essential Concentration Sensory
ss(e)il ! Product of essential oil evaluation Results Ref.
in the product attribute
Apperance and EO of 0.5
White 0.5,0.75, 1.0, color, body and mL/kg had the Foda et
Spearmint cheese 1.5,2.0,2.5 texture, odor, taste, highest total al.
mL/kg overall acceptability (2010)
acceptability scores.
Colour, rancid, EO loaded
fermented flour, cheese
Oregano 0.2 gEO/100 g cream cheese Olmedo
Cream . prevented the
and fresh cream typical flavour, - oy et al.
cheese lipid oxidation
rosemary cheese sweetness, and (2013)
saltiness, )
. fermentation.
bitterness, sourness
Texture
Lempn EO (compactness, juicy EO increased  Alfonzo
Salted micro- and gummy), odour
Lemon . . . the overall et al.
sardines emulsion at 0.3  (salt sardines) and accentabilit (2017)
and 1.0% (v/v) flavours (ham taste, p Y.
rancid and putrid)
. Cinnamon EO .
. Milk Color, aroma, taste, (0.1%) had the llmi et
Cinnamon chocolat 0.1, 0.3, 0.5% . al.
appearance, overall highest level of
e bar (2017)
acceptance
Sunflower oil
flavoured by
Pomegran  Sunflow 200, 400, 800 Flavor, taste, pomegranate Wang et
ate er oil ppm appearance, over - g (800 ppm) al.
acceptability showed better (2019)
acceptability.
. Overall good, gy (45 5m)  Chiet
Chitosan appearance, aroma,
Oregano films 0, 45, 90 ppm flavour. texture was al.
’ ’ acceptable. (2006)

aftertaste

EO: essential oil, Ref: References.

By understanding the sensory characteristics of different essential oils, product developers can
select the most appropriate oils to achieve desired sensory attributes in products such as perfumes,
cosmetics, and food flavourings. Also, sensory evaluation helps in understanding consumer

preferences and acceptability of essential oils. By conducting sensory tests with a diverse group of
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consumers, manufacturers can gain insights into aroma preferences and sensory experiences of
potential customers. This information can guide marketing strategies, product positioning, and

formulation adjustments to meet consumer expectations (Kemp et al., 2009).

2.9. Conclusions

The literature review has examined the chemical composition of peppermint essential oil,
specifically focusing on menthol and menthone. These compounds are well-recognized for their
distinct biological activities (antioxidant, antibacterial, antifungal, and anti-inflammatory).
Furthermore, this review has discussed various extraction techniques, including conventional and
SC-CO:z extraction methods. The merits of SC-COz extraction, such as its selectivity and minimal
environmental impact, provide valuable insights into the research undertaken in Chapter 3, which
focused on the extraction of essential oil from Mentha x piperita. Additionally, this review has
described methods for measuring solubility, laying the groundwork for the investigation into
menthol impregnation onto cotton gauze in Chapter 4. In summary, this literature review has
provided a comprehensive context for the research presented in Chapters 3 and 4, emphasizing

their significance within the broader domain of essential oil research and the application of SC-

CO2 in this field.
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Chapter 3: Supercritical CO: + co-solvent extraction of essential oil
from Mentha x piperita

3.1. Introduction

Mentha x piperita, commonly known as peppermint, is a perennial herb that belongs to the
Lamiaceae family. Its essential oil is a colourless or pale-yellow oil with a strong, penetrating
odour of peppermint, a pungent taste and the sensation of coldness when air flows into the mouth
(Nair, 2001). Due to its medicinal and aromatic properties, it is a valuable ingredient in the food,
pharmaceutical, and cosmetic industries.

More than 30 compounds are identified in peppermint essential oil, but menthol (35-60%) and
menthone (15-30%) are the two main components (Nair, 2001). Menthol is a cyclic monoterpene
with four pairs of optical isomers: (—)- and (+)-menthol, (-)- and (+)-isomenthol, (-)- and (+)-
neomenthol, and (-)- and (+)-isoneomenthol, in which (—)- menthol is the most common isomer
existing in nature (Eccles, 1994). Menthol is one of the most important flavouring additives (4
mg/kg body weight), as it possesses analgesic, antifungal, antibacterial, antipruritic, anti-
inflammatory, antiviral and fumigant activities (Kamatou et al., 2013; Government of Canada,
2023). Menthone is recognized for its antibacterial, antioxidant, anti-inflammatory, and antiviral
properties (Chen et al., 2022).

The conventional methods of extracting essential oils from peppermint are organic solvent
extraction, hydrodistillation, steam distillation and Soxhlet extraction. However, they take a long
time (~10 h) and involve the use of organic solvents such as ethanol, benzene, and hexane which
are associated with environmental pollution and health hazards. Also, these conventional methods

are sometimes not suitable for valuable thermolabile compound extraction, as they could lead to a
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reduction or loss of product (De Castro et al., 1999). For example, Ibrahim et al. (2021)
investigated the extraction of the essential oil of Mentha X piperita by steam distillation. The
optimum yield (1.36%) was obtained at 80°C, for 9 h, where menthol only accounted for 3.54%.

On the other hand, carbon dioxide has a low critical temperature (31°C) and pressure (72.8 bar),
and 1s non-toxic, non-flammable, available in high purity with low cost, and easily removed from

the extract. Therefore, supercritical carbon dioxide (SC-COz2) extraction is an eco-friendly and
efficient method that has gained significant attention for the extraction of essential oils from
various natural sources (Diaz-Reinoso et al., 2006) such as clove leaves (Frohlich et al., 2019),
Eucalyptus globulus L. (Singh et al., 2016), Pistacia lentiscus L. (Aydi et al., 2020), and
Cymbopogon citronella leaves (Wu et al., 2019). However, to enhance the solubility of the
essential oil and improve its extraction efficiency, co-solvents such as ethanol, methanol, and
acetone are often added to the SC-COz2 to modify the selectivity and polarity of the SC-COo.

Earlier, the use of SC-COz extraction of essential oil from Mentha % piperita has been reported
(Barton etal., 1992; Goto et al., 1993; Reverchon et al., 1994; Roy etal., 1996). Barton et al. (1992)
extracted essential oil from peppermint at 24-43 °C and 60-180 bar with an extraction time of 4-9
h with yields of 0.9% - 2.5%. The best yield (2.5%) was achieved at 110 bar and 33°C. Goto et al.
(1993) extracted at a higher temperature of 40 - 80 °C and 88 - 196 bar and found that the quantity
of extracted menthol (the main component of peppermint essential oil) was smaller than the
solubility of menthol. Also, they used ethanol as a co-solvent to assist the SC-CO2 extraction,
where 2 wt% ethanol increased the extraction of menthol threefold. Reverchon et al. (1994)
performed GC-MS to analyze the composition of peppermint essential oil obtained through SC-
CO2 extraction as a qualitative aroma test. They found that the essential oil exhibited a better-

resembled fragrance, with higher percentages of the main aroma compounds, at the extraction
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conditions of 50 °C and 90 bar. The extracted essential oil contained the highest contents of
menthol (25.4%) and menthone (45.0%). Roy et al. (1996) extracted essential oil and cuticular
waxes, such as n-hentriacontane, n-tritriacontane, and n-nonacosane, from peppermint at 40 °C
and 100-300 bar. The highest yield of essential oil obtained was 3.4%, while the yield of cuticular
waxes ranged from 0.7% to 1.4%, with an increase in pressure from 100 to 300 bar.

Several previous studies have reported the scale-up of SC-CO2 extraction, with the criteria of
maintaining geometric, physical, and chemical relationships unchanged intentionally. In this study,
the ratio between the mass of CO2 used and the peppermint loading was intentionally kept constant.
There are some studies that used the same criteria to scale up. For instance, Prado et al. (2011)
successfully scaled up the extraction of clove and sugarcane residue from 290 mL to 5.15 L of the
extraction vessel while maintaining a constant solvent mass-to-feed mass ratio of 15. The pilot
scale yields were slightly higher compared to the laboratory scale, with a 20% increase for clove
and a 15% increase for sugarcane residue. Similarly, Albuquerque and Meireles (2012) maintained
a constant ratio of 35 for the SC-COz extraction of oils from annatto seeds, resulting in a yield of
2.2%.

Therefore, there are a few aspects that were not extensively explored including the use of co-
solvents (ethanol, acetone, isopropyl acetate), the influence of co-solvents and CO:2 flow rate on
yield and menthol and menthone contents, and the scale-up of the essential oil extraction. These
gaps in knowledge provide opportunities for further investigation and evaluation of the SC-CO2
extraction process for peppermint essential oil.

This study aims to investigate the impact of different process parameters (pressure, temperature,
time, CO:2 flow rate, co-solvent) on the extraction yield and the quality of essential oil extracted

from Mentha x piperita using SC-CO2 with or without co-solvents (ethanol, acetone, isopropyl
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acetate). Additionally, the scale-up essential oil extraction was investigated to assess the feasibility
of upscaling the extraction process. Furthermore, the antioxidant property of essential oils was
evaluated. The results of this study can provide insights into the optimal conditions for the
extraction of essential oil from peppermint using green SC-CO: technology and its potential to

scale-up envisioning industrial applications.

3.2. Materials and Methods

3.2.1. Plant material

The dried peppermint used in this study was supplied by Aratinga Inc (Calgary, AB, Canada). The
leaves and stalks of the peppermint were separated, and the leaves were then finely ground into a
powder using a centrifugal grinding mill (ZM 200, Retsch, Inc., Newtown, PA, USA) equipped
with a screen aperture size of 0.5 mm. The ground sample was placed in a plastic container and

stored at 4 °C in the refrigerator.

3.2.2. Reagents

All reagents used in this experiment were purchased from commercial suppliers: carbon dioxide
(Bone Dry UN1013, Linde, Edmonton, AB, Canada), ethanol (100%), acetone (Sigma-Aldrich,
270725, HPLC grade, > 99.9%), isopropyl acetate (Sigma-Aldrich, 537462, > 99.6%), menthol
(Sigma-Aldrich, 15785, analytical specification), menthone (Sigma-Aldrich, 218235, 90%),
dichloromethane (Sigma-Aldrich, 650463, > 99.9%), methanol (Fisher Scientific, 164474, ACS
specification), 2,2-diphenyl-1-picrylhydrazyl (Sigma-Aldrich, D9132), sodium acetate (Fisher
Scientific, 127-09-3, > 99.0%), iron (III) chloride (Sigma-Aldrich, 157740, 97%), 2,4,6-tri(2-
pyridyl)-s-triazine (Sigma-Aldrich, T1253, > 98%), hydrochloric acid (Fisher Scientific, A481-

212), and acetic acid (ACP chemicals, 64-19-7).
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3.2.3. Supercritical CO: + co-solvent extraction of essential oil

Fig. 3.1 shows a schematic of the laboratory apparatus used for the extraction of essential oil from
peppermint leaves. This system was previously used by Mekala et al. (2022), and mainly consists
of a CO; cylinder, an ISCO pump, an HPLC pump, a 25 mL high-pressure vessel, a preheater, a
temperature controller, an essential oil collection vial, a gas flow meter, and valves.
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Fig. 3.1. Supercritical CO2 laboratory extraction system 1 operating at a CO: flow rate of 0.5
mL/min. PG: pressure gauge, V1-4: valves, TI: temperature indicator, TIC: temperature indicator
controller, NRV: one-way valve, and RV: relief valve.

A similar extraction procedure reported by Saldafia et al. (1999) was followed to perform the
experiment for extracting essential oil from peppermint leaves powder. First, 4.5g of peppermint
powder was weighed and placed into a basket with filters on the bottom and top. Then, the basket
was loaded inside the high-pressure vessel. After that, the vessel was connected to the system with

high-pressure tubing. The high-pressure vessel was also connected to a temperature controller to

ensure that the desired temperature was achieved and maintained constant. The pressure in the
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system was monitored by a pressure gauge. A needle valve and a flow meter were used to warrant
the precise flow rate of COx.

By opening the valve V1, high-purity CO: passed through a filter and a cooling system (S&A CW-
5200, Guangzhou, China) and then was fed to the high-pressure system using the syringe ISCO
pump (Model 260D, Lincoln, NE, USA). The pressure was set constant in the ISCO pump. By
opening valve V3, carbon dioxide was pumped into the 25 mL stainless-steel high-pressure vessel.
Once the desired pressure and temperature were reached, the on/off valve V4 and needle valve,
were opened. The essential oil was collected in a glass vial immersed in an ice bath and carbon
dioxide was vented after flowing through the flow meter (Alicat M250SLPM, Tucson, USA). The
extraction experiment was carried out for 2.5 h.

For the use of a co-solvent, liquid ethanol, acetone or isopropyl acetate inside a glass HPLC bottle
was placed on the balance to know exactly how much co-solvent was used in each experiment.
Then, the co-solvent was delivered into the high-pressure system by an HPLC pump that
introduced the liquid co-solvent at a constant flow rate. Once the desired pressure was reached,
valve V2 was opened and the carbon dioxide and the co-solvent at the same pressure were mixed
before entering the high-pressure vessel to extract the essential oil from peppermint powder. Once
pressure and temperature were constant, the on/off valve V4 and needle valve at the exit line were
opened. The essential oil and solvent were collected for up to 180 min in a glass vial, which was
placed in an ice bath. All extractions were performed at least in duplicate. After the extraction time,
for the depressurization process, the pump was stopped, and the gas cylinder was closed. The
collection vial was removed and replaced with a pre-weighed new vial. Valve V4 was slowly
opened, along with the micrometering valve, until all the CO: in the system was released and the

pressure gauge returned to zero.
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To warrant that no essential oil and solvent remained in the tubing, the line was cleaned with the
co-solvent used to recover all extracted essential oil. After that carbon dioxide was used to dry the
system for 10 min before starting to load the high-pressure vessel for the next experiment.

As co-solvent together with the essential oil was collected in the glass vial, the solvent was
removed using a gentle flow of nitrogen gas to avoid the loss of any essential oil under the fume
hood.

The yield of extraction was calculated by the mass of extracted essential oil and the mass of total

peppermint powder loaded in the high-pressure vessel using Equation 3.1.

Extracted essential oil (g)
Total feed (g)

Yield (%) = ( ) x 100 3.1)

Table 3.1 shows the processing parameters, such as extraction time, pressure, temperature, use of
co-solvent, and CO: flow rate evaluated in this study for the extraction of essential oil.

Table 3.1. Process parameter range for the SC-COz extraction of peppermint essential oil.

No. Parameter Unit Range
1 Pressure bar 100-400
2 Temperature °C 45-55
3 Extraction Time min 15-180

Co-solvent (ethanol, acetone,
4 . mol% 3
or isopropyl acetate)

5 Flow rate mL/min 0.5-3

The extraction kinetic of essential oil in SC-CO2 was investigated by collecting and weighing
extracted essential oil at first 15 min and after that every 30 min up to 180 min. The pressure and
temperature conditions affect the solubility of the essential oil in SC-COa2. The pressure and
temperature must be carefully optimized to ensure that the target compound is adequately extracted

while minimizing the degradation of heat-sensitive compounds. A series of experiments were
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performed to optimize these two parameters. The use of co-solvent (ethanol, acetone, isopropyl
acetate) at a constant concentration of 3 mol% was also evaluated.

For the evaluation of the high COz2 flow rates, another SC-COz2 system set-up was used as shown

in Fig. 3.2.
. -
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v
Vl w ISCO Plep f ™ Electrical heater ‘r4 V3
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Fig. 3.2. SC-CO:z2 laboratory extraction system 2 operating at a high CO2 flow rate (3 mL/min). V:
check valve, V1: cylinder valve, V2 and V3: micro metering valves, V4 and V5: on/off valve, and
TIC: temperature indicator controller.

This SC-COz laboratory extraction system (ISCO SFX 220, Lincoln, NE, USA) operates at a
higher COz2 flow rate (3-10 mL/min). First, 3g of peppermint powder were accurately weighed and
placed inside an extraction cell equipped with filters at the top and bottom. The loaded cell was
then placed into the extraction chamber. The temperature inside the chamber was lowered to below

0 °C using a cooler, and the one-way valve between the CO2 tank and extraction chamber was

opened. The operating temperature of the extractor, the desired extraction pressure and time were
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then set. Once the desired temperature and pressure conditions were achieved, the extraction
process started. The essential oil was collected in a glass vial immersed in an ice bath and carbon
dioxide was vented.

The extraction experiment was carried out for 120 min. All extractions were performed at least in
duplicate. During the depressurization process, the pump was stopped, and the gas cylinder was
closed. The collection vial was exchanged with a pre-weighed new vial. Valves V2 to V5 were
gradually opened, allowing the release of all the CO2 from the system until the pressure gauge
indicated zero. The extracts were measured gravimetrically using a balance with an accuracy of

+0.0001 g. The extracts were stored at 4 °C for further analysis.

3.2.4. Scale-up of SC-CO: extraction of essential oil

Scale-up experiments were performed using a Newport Scientific, Inc. apparatus (Jessup, Md,
USA) equipped with a 300 mL extraction vessel and a 50 mL basket, as depicted in Fig. 3.3.

For each experiment, 9, 15, or 30 g of peppermint powder was loaded into the 50 mL basket, which
was then placed inside the 300 mL extraction cell. The procedure used was similar to the reported
method by Saldana et al. (2006). The carbon dioxide used in the experiments had a purity of 99.95%
(Bone Dry UN1013, Linde, Edmonton, AB, Canada) that was pressurized using a diaphragm
compressor. The pressure was regulated with a back-pressure regulator, maintaining a +£10 bar
tolerance. The extraction vessel was heated using a heating jacket, and the temperature was
controlled with a thermostat, ensuring a £1 °C accuracy.

The CO2 flow rate, measured at ambient conditions, was approximately 1.5 L/min and controlled
by a heated micro-metering valve. A glass collection vial was connected to the micrometering

valve and placed in a refrigerated bath at -20 °C. After each experiment, all tubings in the system
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were thoroughly cleaned with ethanol. Sample weights were determined gravimetrically, and the
collected samples were stored at 4 °C for further analysis with GC.

The scale-up criterion involved maintaining a constant ratio of solvent mass to feed mass. The
same ratio for peppermint essential oil extracted at laboratory scale was used as a reference where
the optimal operational conditions were 110 bar and 50 °C. The solvent flow rate was calculated
using this scale-up criterion so that the mass of CO2/mass of feed was ~ 78 which was maintained.

The experimental design with all runs is presented in Table 3.4.

. gas Meter

OnlOff Valve
(ES 1%
1 . On/OIf Valve ,Tz‘-"-‘m
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Valve
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Flowmeter

Efluent Filter

Filter Compressor

Valve

O

L
N
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Fig. 3.3. SC-COz scale-up extraction system. BPR: back pressure regulator, PG: tank pressure, PS:
system pressure, T1: extractor temperature, T2: heating sensor, E: extractor and basket inside, PE:
extractor pressure.
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3.2.5. Characterization of extracts by gas chromatography

A gas chromatograph (Varian 430GC, Walnut Creek, CA, USA) was connected to a flame
ionization detector. The inlet temperature was 250°C and the detector was 300°C. The column was
a Restek Stabilwax-DA (length: 15m, diameter: 0.25mm) using helium as the carrier gas at 10
mL/min and a split ratio of 50. The oven program was at 50°C held for 2 min, then increased to
200°C at 30°C/min then held at 200°C for 0.5min. The sample was dissolved in 1 mL of
dichloromethane and 1 pL was injected into the GC. The menthol and menthone contents were

calculated by the standard curve (See Figs. Al and A2 in the appendix).

3.2.6. DPPH radical scavenging capacity assay
The assessment of peppermint essential oil's (obtained at 110 bar, 50 °C) scavenging capacity
against the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical followed the procedure outlined in
Hejna et al. (2021) and Zhou et al. (2011). Briefly, different concentrations (50, 100, 200, 500
mg/mL) of the peppermint essential oil dissolved in methanol were added to 3.9 mL of DPPH
solution (25 mg/L in methanol). A control solution with DPPH and methanol was also prepared.
The mixture was then shaken and left to incubate at room temperature in a dark environment for
30 minutes, after which the absorbance at 517 nm was measured using a UV-Vis
spectrophotometer (Rose Scientific, Edmonton, AB, Canada). The inhibitory percentage of DPPH
was determined using Equation 3.2.

1—Az

DPPH inhibition % = AA_

1

x 100 (3.2)

Where, Al = the absorbance of the control reaction; A2 = the absorbance in the presence of the

sample.
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3.2.7. Ferric reducing antioxidant power (FRAP) method

The antioxidant property of peppermint essential oil, obtained at 110 bar and 50 °C, was evaluated
using the FRAP method at different concentrations of 50, 100, 200, and 500 mg/mL where
methanol was used to dilute the essential oil. The procedure described by Moller et al. (2020) was
followed. The FRAP solution was prepared by mixing FeCls-6H20 in distilled water (resulting in
a final concentration of Fe(Ill) of 20 mM), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) in 40 mM HCl
(resulting in a final concentration of TPTZ of 10 mM), and 0.3 M CH3COOH/CH3COONa buffer
solution at pH = 3.6. The FRAP reagent was freshly prepared by mixing acetic acid buffer, TPTZ
solution, and FRAP test solution in a volume ratio of 10:1:1.

In the FRAP assay, 3.0 mL of the FRAP reagent was mixed with 300 pL of deionized water and
100 pL of the peppermint essential oil solution (50, 100, 200, 500 mg/mL). The mixture was
vigorously shaken for 30 seconds and then incubated in the dark at 37 °C for 30 min. After
incubation, the absorbance was measured at 593 nm using methanol as the blank solution. The
obtained absorbance values were compared to the ascorbic acid calibration curve (ranging from 0
to 100 uM), and the FRAP values were expressed in pM ascorbic acid equivalent (AAE)
antioxidant capacity (See Fig. A3 in the appendix).

3.2.8. Chemical structure of essential oil by Fourier transform infrared spectroscopy

The FTIR spectra of peppermint essential oil was obtained using a Nicolet iS50 spectrometer
(ThermoFischer Scientific, Waltham, MA, USA) in the ATR mode. The spectra were recorded
with a resolution of 2 cm™' and covered the wavelength range of 500-4000 cm’!, similar to the
method employed by Zhao and Saldana (2019). This analysis allowed for a detailed examination

of the functional groups present in the peppermint essential oil.
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3.2.9. Statistical analysis

The data are presented as mean + standard deviation, derived from a minimum of two independent
experiments and analyses. Statistical analysis was performed with the Minitab version 18.0
(Minitab Inc., State College, PA, USA), utilizing one-way analysis of variance (ANOVA) and
Tukey's test for multiple comparisons of means at a significance level of p <0.05 and a confidence

interval of 95%.

3.3. Results and Discussion

3.3.1. Effect of extraction time on the essential oil extraction

Fig. 3.4 shows the effect of extraction time on the yield of essential oil extracted from Mentha x
piperita using two SC-COz extraction equipment with different CO2 flow rates at 50°C and 110
bar. The results indicated that the yield of essential oil extracted from Mentha * piperita increased
with increasing extraction time up to 180 min for equipment 1 and 120 min for equipment 2. In
the case of equipment 2, there was an initial extraction of approximately 0.5% of essential oil
within the first 60 min, primarily due to the solubility effect. From 60 to 120 min, the yield
increased further to 0.76%, indicating that the extraction process was dominated by solubility and

mass transfer, and above 120 min, the process was dominated by mass transfer.

65



[ury

o
w

Stage 1

o
=]

o
~

o
o

-B-Equipment 2

o
w

-8-Equipment 1

Yield (%)
o
B

o
w

o
]

0.1 F

1

0 30 60 90 120 150 180
Time (min)

Fig. 3.4. Effect of time on the extraction yield at 110 bar and 50°C using Equipment 1 (0.5 mL
CO2/min) and Equipment 2 (3 mL CO2/min).

The SC-COz extraction curves with respect to time can be divided into three main stages. In the
initial stage, the free essential oil present on the surface of the peppermint was dissolved in SC-
CO2 and transported by convection at a constant extraction rate, primarily influenced by solubility.
Typically, approximately 50% of the total essential oil can be extracted during this phase. The
second stage was marked by a decline in the extraction rate, as the available surface essential oil
decreased, and the diffusion of CO:2 began to dissolve the remaining essential oil. The final stage
corresponded to a diffusion-controlled regime, where the mass transfer mechanism was
predominantly governed by the diffusion of CO2 within the matrix of the peppermint powder (Fig.
3.4).

Beyond these times, the yield did not increase significantly, suggesting that the extraction had

reached its maximum yield. The observed increase in yield with increasing extraction time was
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likely due to the fact that longer exposure to SC-CO2 can improve the solubility of the essential
oil components and facilitate their transfer into the SC-CO..

A similar trend was reported by Shahsavarpour et al. (2017) for the extraction of spearmint
essential oil from Mentha spicata, where the yield had a positive relation (0.17 — 0.65%) with the
extraction time (20 — 120 min). Also, Wu et al. (2019) observed that the extraction yield of essential
oil from Cymbopogon citronella leaves increased from 2.2% to 4% as the extraction time was
extended from 30 to 150 min. A significant amount of essential oil was extracted from
Cymbopogon citronella leaves during the initial 60 min of the extraction process, which
corresponded to the first stage dominated by solubility. Furthermore, Zarrinpashne and Kandi
(2018) reported a 13% increase in the extraction recovery of essential oil from Persian black cumin
as the extraction time was extended from 2 to 12 h. Thus, the optimal extraction time varied,
depending on the specific characteristics of the plant material such as particle size, cell wall
structure and moisture content, and the extraction vessel used (dimensions). For example, the
differences in the optimal extraction time observed between equipment 1 and 2 could be attributed
to differences in the CO2 flow rate. A low flow rate increased the contact between the CO2 and the
essential oil in the matrix, facilitating its dissolution but requiring a longer time, while a high flow
rate enhanced the mass transfer efficiency (Mezzomo et al., 2009). As a result, equipment 1
showed a single stage of extraction predominantly dominated by solubility. The low flow rate of
equipment 1 limited its ability to efficiently extract more essential oil from the peppermint matrix.
Beyond a certain extraction time, prolonged exposure to SC-CO: can extract undesirable
compounds like cuticular wax such as n-Hentriacontane, n-Tritriacontane and n-Dotriacontane

from peppermint (Reverchon et al., 1994), which can compromise its quality and antioxidant
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property. Therefore, it is crucial to optimize the extraction time to achieve the maximum yield
while maintaining the quality and antioxidant activity of the extracted essential oil.

The following studies investigated the effect of different operating parameters, such as pressure,
temperature, co-solvent and flow rate on the yield of essential oil at a constant extraction time of

180 min and 120 min for equipment 1 and 2, respectively.

3.3.2. Effect of pressure and temperature on the essential oil extraction

The extraction process using SC-CO2 was affected by two crucial physical parameters, pressure
and temperature, which combined modified the density of the supercritical fluid (See Table A2 in
the appendix). Fig. 3.5 shows the effect of pressure and temperature on essential oil extraction
yield from peppermint. Increasing the pressure above 120 bar generally resulted in an increase in
essential oil extraction yield. At 50 °C, increasing the pressure from 100 to 400 bar resulted in a
significant increase in the yield from 0.060% to 0.340% due to the increased solubility of the
essential oil in SC-CO: at high pressures. As the pressure increased, the density and solvating
power of the SC-CO:z also increased, resulting in better penetration of the CO2 into the peppermint
matrix, hence better extraction of the essential oil (Carlson et al., 2001). A similar trend was
observed in the studies conducted by Shahsavarpour et al. (2017) and Wu et al. (2019) for the
extraction of essential oils from different plants. In the study by Shahsavarpour et al. (2017), the
extraction of essential oils from Mentha spicata showed an increase in yield, from 0.207% to
0.283%, when the pressure increased from 85 to 120 bar. The extractions were performed at 38 °C
with a CO2 flow rate of 0.177 g/min for 120 min. Likewise, Wu et al. (2019) reported an increase
in the extraction yield of essential oil from lemongrass leaves from 2.7% to 4.0% when the

extraction pressure raised from 100 to 250 bar at 40 °C with a COz2 flow rate of 333 mL/min.
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Fig. 3.5. Effect of pressure and temperature on essential oil extraction yield from Mentha x
piperita using Equipment 1 (0.5 mL CO2/min at pump).

Regarding temperature, Fig 3.5 illustrates a complex relationship between temperature and
extraction yield. The extraction yield of peppermint essential oil showed a significant increase as
the temperature rose from 45 to 50 °C. However, a decrease in extraction yield was observed as
the temperature was further increased from 50 to 55 °C, at each pressure level (100 bar, 110 bar,
and 120 bar). Near the critical point, even a slight change in temperature can cause significant
changes in the density of the solvent (Saldafia et al., 1999). When the temperature increased at a
constant pressure, the density of the SC-CO2 decreased, affecting the ability of CO2 to remove the
essential oil from the peppermint matrix. Also, according to Porter and Lammerink (1994), the
density of essential oils decreased as temperature increased at atmospheric pressure. For example,
when the temperature increased from 20 to 60 °C at atmospheric pressure, the density of parsley
essential oil decreased from 1.0660 to 1.0324 g/cm?, and the density of wild thyme essential oil

decreased from 0.9247 to 0.8939 g/cm?, respectively. Then, the solubility of essential oil in SC-
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CO2 also decreased with increasing temperature. Earlier, Frohlich et al. (2019) observed a decline
in the apparent solubility of eugenol from clove leaves in SC-COz2, decreasing from 0.0056 to
0.0043 g/g CO2 as the temperature raised from 40 to 60 °C at 220 bar. Consequently, the extraction
yields also decreased from 1.08 to 1.03%. However, when the extraction temperature increased, it
caused an increase in the kinetic energy of the essential oil molecules, leading to a rise in the
sublimation pressure of essential oil and a greater likelihood of removal (Shahsavarpour et al.,
2017). Furthermore, the increase in extraction temperature caused a reduction in the viscosity of
the supercritical fluid, leading to a subsequent increase in the diffusion coefficient of the fluid.
Additionally, the elevated temperature enhanced the Brownian motion of the essential oil
molecules within the peppermint sample, thereby accelerating the mass transfer process (Wu et al.,
2019). Hence, the impact of temperature on the extraction yield was determined by the combined
influence of these competing factors.

Table 3.2 presents the impact of pressure and temperature on the composition of the extracted
peppermint essential oil, with a particular focus on its main components, menthol and menthone,

using Equipment 1 and 2.
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Table 3.2. Yield of essential oil extracted from Mentha x piperita, and menthol and menthone
contents in the extract.

P T CO.Z P«_6 Yield Menthol Menthone
(bar) (OC) deHSIty o (0/ ) content content
(kg/m®) PaS8) 0 (%) (%)

Equipment 1 (0.5 mL CO2/min at pump)

100 45 506.55 38.09  0.055+0.010°F  24.838+2.254bdCDEF () 030+0.009°°F
100 50  384.40 2834  0.060+0.008°F 28.84941.8575CD 0.039+0.0035E
100 55 33720 26.04  0.040+0.012F  23.357+1.515%4CPEF  (0,049+0.009°E
110 45 55325 4291  0.067+0.002°F 32.796+0.235%BC 0.008+0.003¢E
110 50 44748 3398 0.158+0.017°F 38.853+2.629%AB 0.061+0.0135E
110 55 400.13  31.09  0.110£0.027%E  26.355+3.7720CDE 0.028+0.006"F
120 45 599.95 47.72  0.083+0.019°F 7.953+3.673MH! 0.033+0.0175E
120 50  510.56 39.62  0.100+0.013%E  25.588+1.059°CPEF  (),043+0.009"E
120 55  463.06 36.15 0.058+0.026°F 4.016+0.0481 0.010+0.003¢E
200 50  784.40 6893  0.210+0.008"EF 16.698+2.91949FGH  (.286+(.0372PE
300 50  870.60 85.50  0.270+0.010°F 9.709+1.610°GH! 0.199+0.0623PF

400 50 923.4  98.36  0.340+0.0212PE 4.480+0.1941 0.104+0.013

Equipment 2 (3 mL CO2/min at pump)

110 50  447.48 33.98 0.707+0.080°CP 47.539+1.156%4 2.287+0.07634
200 50  784.40 68.93  0.964+0.217°B¢ 38.809+4.6373AB 1.553+0.403%8
300 50 870.60 8550  1.165+0.291%8 18.536+2.031°EFG 0.546+0.015¢P

400 50 9234 9836  1.970+0.107%4 22.667+2.201°PEF 0.783+0.0815C

&¢ Different letters in the same column and same flow rate indicate significant differences (p<0.05),
Al Different letters in the same column and different flow rates indicate significant differences
(p<0.05), P: pressure, T: temperature, p: CO2 dynamic viscosity.
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Fig. 3.6 shows that the concentrations of menthol and menthone vary with changes in pressure and
temperature with the CO2 flow rate of 0.5 mL/min. The decrease in menthol content observed at
55 °C compared to 45 °C and 50 °C at the same pressures of 100 bar, 110 bar and 120 bar could
be attributed to the solubility of menthol in SC-CO: (Fig 3.6A). The solubility of menthol in SC-
COz2 decreased when the temperature increased at constant pressure (Galushko et al., 2006). For
example, the solubility of menthol decreased from 18.1 x1073 to 3.7x10 with the temperature
increasing from 50 to 60 °C at 113 bar.

The menthone contents were influenced by pressures of 200-400 bar, resulting in a significant
increase in menthone contents at a lower CO2 flow rate. The menthone content was lower than
values reported in the literature (11.07-26.26%) (Barton et al., 1992). The possible reason for this
low value in this thesis is the different growth environments or drying methods used, which may
result in a lower amount of menthone.

Nevertheless, both menthol and menthone content were significantly influenced by the CO2 flow
rate. As the flow rate increased from 0.5 to 3 mL/min, there was an increase in both menthol and
menthone contents due to the enhanced mass transfer efficiency at high flow rates (Table 3.2). The
highest menthol content (47.539%) and menthone (2.287%) content were obtained at 110 bar and

50 °C with a COz2 flow rate of 3 mL/min.
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Fig. 3.6. Effect of temperature and pressure on: (A) menthol and (B) menthone contents in SC-
COz extracted essential oil from Mentha X piperita using Equipment 1 (0.5 mL CO2/min at pump).
*Bars that do not share a letter are significantly different.

The obtained results in Table 3.2 revealed a remarkable selectivity for menthol under the specific

conditions of SC-COz extraction. Particularly, at 50 °C and 110 bar, with a CO: flow rate of 0.5

mL/min, the extracted essential oil had a high menthol content of 38.853% and a low menthone
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content of 0.061%. This high selectivity for menthol at this condition holds significant promise for

fractionation purposes.

3.3.3. Effect of co-solvent on the essential oil extraction

Table 3.3 shows data for the use of co-solvents such as ethanol, acetone, or isopropyl acetate with
SC-CO:z for essential oil extraction from Mentha x piperita. In general, ethanol and acetone are
recognized as safe solvents by the FDA and are commonly used in the food and pharmaceutical
industries. Isopropyl acetate is regarded as a Class 3 solvent by FDA, which means it is less toxic
and has a lower risk to human health (FDA, 2017). Also, isopropyl acetate is commonly used as a
solvent in the food and cosmetic industry and is considered safe for use in food and personal care
products.

Table 3.3. Comparison of extraction yield, menthol and menthone contents between neat CO2

extraction and COzx+co-solvent extraction at 110 bar and 50 °C using Equipment 1 (0.5 mL
CO2/min at pump).

Co-solvent Yield Menthol content Menthone content
(%) (%) (%)

Neat CO2 0.158+0.017° 38.853+2.6292 0.061+0.013b
Ethanol 0.241+0.077° 26.570+3.2432b 0.502+0.0452
Acetone 0.758+0.1572 18.619+2.270° 0.379+0.0082

Isopropyl acetate 0.337+0.083° 26.32944.677% 0.370+0.0532

b Different letters in the same column indicate significant differences (p<0.05).

The addition of co-solvent significantly affects the yield and composition of the essential oil

extracted from Mentha % piperita using SC-COz extraction (See Table A3 in the appendix). All

three co-solvents resulted in a significant increase in the menthone content, ranging from 0.061%
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to 0.502%. However, the addition of co-solvents led to a decrease in the menthol content, with
values ranging from 38.853% to 18.619% in the extracts.

Among the co-solvents evaluated (Fig. 3.7), acetone resulted in the highest yield (0.758%), more
than three times higher than that of neat COz extraction (0.158%) at 50 °C and 110 bar. Isopropyl
acetate also showed an increase in yield compared to neat CO:z extraction, with a yield of 0.337
+0.083%. However, the increase was not as high as that obtained with acetone. Although ethanol
did not significantly increase the yield of the extract (0.241%), it was the most suitable co-solvent
in terms of preserving the essential oil composition with high menthol content (26.570%) and

menthone content (0.502%).
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Fig. 3.7. Effect of co-solvent on extraction yield using Equipment 1 at 110 bar and 50 °C with a
flow rate of 0.5 mL CO2/min at pump. *® Bars that do not share a letter are significantly different.
Earlier, Bensebia et al. (2009) used 3% of ethanol to assist SC-COz extraction of essential oil from
rosemary and the yield increased from 1.7% to 2.3% at 40 °C and 100 bar, as the ethanol penetrated

the cellular walls and improved the mass transfer. Also, Quitain et al. (2006) showed that 10 mol%
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ethanol as an entrainer increased the recovery of oil components of okara by three times. Nemoto
et al. (1997) reported the effect of co-solvent on yield by changing the polarity, surface interactions,
matrix accessibility, and desorption kinetics of the bioactives. In summary, adding co-solvents to
SC-CO:z2 increases its polarity and solvent strength, resulting in greater solubility of the compounds.
Also, co-solvents have the potential to mask active sites on the surface of the sample matrix,
thereby preventing the re-adsorption or partitioning of the compounds onto the matrix active sites.
Co-solvents may alter the sample matrix to enable SC-COz to access distant sites in the matrix,
facilitating the transportation of the compounds to the bulk fluid. Finally, co-solvents can interact
with the compound-matrix complex and lower the activation energy barrier for desorption.
However, the increased yield did not correspond to an increase in menthol content, which remained
lower than that obtained with neat CO2 extraction as shown in Table 3.3. On the other hand, the
content of menthone increased with the use of co-solvents. Therefore, the use of co-solvents can
have both positive and negative effects on the quality of the extract.

For instance, it can increase the yield and improve the extraction of certain compounds like
menthone. However, it can also extract undesired compounds such as chlorophyll (greenish
coloration of the extract and an earthy or grassy taste), waxes (waxy texture or coating in the
extract), which can lead to potential alterations in the aroma, flavour, and purity of the essential
oil. This resulted in the menthol content being lower than in neat SC-COz extraction when the total
yield increased. Therefore, the selection of a co-solvent for SC-COz extraction of peppermint oil
should be based on the desired yield and target compounds of interest. Acetone can provide the

highest yield but may not be ideal for obtaining high menthol content.
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3.3.4. Effect of COz2 flow rate on the essential oil extraction

Fig. 3.8 shows the effect of CO2 flow rate and pressure at 50 °C on the SC-COz extraction yield
from Mentha % piperita. The results showed that increasing the CO: flow rate from 0.5 mL/min
to 3 mL/min led to higher extraction yields at constant temperature and pressure conditions.

At 110 bar and 50 °C, when the CO2 flow rate increased from 0.5 mL/min to 3 mL/min, the yield
increased from 0.158 to 0.707%. The essential oil obtained at 110 bar and 50 °C had the highest

menthol (47.539%) and menthone (2.287%) contents (Table 3.2).
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Fig. 3.8. Effect of CO: flow rate at pump and pressure on the extraction yield at 50 °C.

The results suggested that increasing the CO2 flow rate had a positive impact on the extraction
yield of essential oil from Mentha % piperita. Increasing the flow rate of CO2 during extraction
led to the enhancement of mass transfer of essential oil from peppermint matrix to SC-COz,
resulting in a higher quantity of essential oil being extracted from the system to enhance extraction
efficiency. Earlier, Shahsavarpour et al. (2017) observed a similar relationship between CO2 flow
rate (0.059 — 0.177 g/min) and yield (0.281 — 0.429%) of extraction of essential oil from spearmint

at a temperature of 45 °C and pressure of 100 bar. This indicated that an increase in CO2 flow rate
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resulted in enhanced mass transfer coefficient, which in turn reduced mass transfer resistance
through increased convection. However, Bensebia et al. (2009) observed that two different CO2
flow rates (1 and 5 g/min) had a negligible influence on the extraction yield of essential oil from
rosemary and concluded that the process might be controlled by internal mass transfer. Therefore,
different competing factors determine whether the flow rate can lead to an increase or decrease in

extraction efficiency.

3.3.5. Scale-up of essential oil extraction from Mentha x piperita

The scale-up of the SC-COz2 extraction of essential oil from Mentha x piperita was successfully
achieved with a 3-fold, 5-fold, and 10-fold increase in peppermint powder loading compared to
the laboratory scale. To ensure consistent scaling up, the ratio of CO2 mass to feed mass was
maintained constant at approximately 78. From the data presented in Fig. 3.9, it can be observed
that the ratio of total CO2 mass to feed mass was 77.8 for a 3-h extraction using a 10 mL extraction
vessel, resulting in a yield of 0.707% at 110 bar and 50 °C. When using a larger 300 mL extraction
vessel and feed loadings of 9g, 15g, and 30g, and maintaining the CO2/feed ratio at 78, the
extraction yields after a 5-h extraction were 0.937%, 0.787%, and 0.768%, respectively. Therefore,
the scale-up experiments yielded slightly higher extraction yields (0.937%, 0.787%, and 0.768%)
compared to the laboratory-scale extraction (0.707%) using a 3g feed loading (Table 3.4.). The
scale-up experiments yielded slightly higher extraction yields using 5h and the CO2 flow rate of 7

mL/min compared to the laboratory scale using 3h and the CO2 flow rate of 3 mL/min.
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Fig. 3.9. Extraction yield variation with constant CO2/feed (g/g) ratio at 110 bar and 50 °C.

Additionally, there was a slightly higher content of menthol (47.539-49.808%), but a significantly
lower content of menthone (2.287-1.899%) in the scale-up extracts. These results indicated the
potential for improved efficiency and productivity in the scale-up process.

Earlier, Prado et al. (2011) observed a similar pattern in their study on the SC-CO2 extraction of
clove. They conducted a 15-fold scale-up extraction, which was significantly larger (5.15 L)
compared to the laboratory-scale extraction (290 mL). The results revealed an increase in the
extraction yield, with a 20% higher yield for clove in the scale-up extraction. The researchers
attributed this improved yield to the higher flow rate of SC-CO: utilized in the scale-up extraction,
which led to mechanical dragging to entrain the essential oil that was not fully dissolved in SC-
COo. Later, Salea et al. (2017) similarly reported a higher yield of 3.83% during a 15-fold scale-
up extraction of ginger oil from Zingiber officinale var. Amarum using SC-COz, compared to a
yield of 3.10% obtained in the laboratory-scale extraction. These findings suggest that the
geometries of the extractor, as well as factors such as channelling and biomass aggregation, can

have an impact on the performance of the extraction process.
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In contrast, studies conducted by Kotnik et al. (2007) and Taher et al. (2014) reported different
results, showing a decrease in extraction yield during pilot-scale experiments. For example, a 67-
fold scale-up extraction of chamomile flower head with 1 kg loading resulted in a decrease in yield
from 3.81% to 2.5% at 500 bar and 120 °C with a CO: flow rate of 13 kg/h (Kotnik et al., 2007).
Similarly, Taher et al. (2014) maintained a constant ratio of reactor height and diameter at 3.3 and
conducted an eight-fold scale-up extraction of microalgae lipids with 25 g loading. However, the
scale-up extraction led to a drop-in yield from 7.06% to 6.2% at 500 bar and 53 °C, using a CO2
flow rate of 1.9 g/min. The variation in extraction yield observed during pilot-scale experiments
can be attributed to several factors. The scale-up process itself introduces changes in reactor
geometry, flow rate, contact time, and mass transfer dynamics, which can impact extraction
efficiency (Prado et al., 2012).

Table 3.4. Comparison of extraction yield, menthol and menthone contents between laboratory
and scale-up conditions with the same CO»/feed (g/g) ratio at 110 bar and 50 °C.

Extraction Peppermint CO: flow . Menthol Menthone
vessel . rate at Yield
loading content content
volume (@) pump (%) (%) (%)
(mL) (mL/min)

10 3 3.0 0.707+0.080*  47.539+1.156* 2.287+0.076*

9 0.937+0.149*  49.808+0.289* 1.899+0.107°

300 15 7 0.787+0.005*  48.186+0.759% 2.001+0.035%

30 0.768+0.007*  47.362+0.465% 2.128+0.064%

b Different letters in the same column indicate significant differences (p<0.05).

3.3.6. Antioxidant Activity of Mentha X piperita essential oil

The DPPH scavenging activity and ferric reducing antioxidant power (FRAP) of peppermint
essential oil were evaluated at various concentrations (50 mg/mL, 100 mg/mL, 200 mg/mL, and
500 mg/mL) using the method described earlier. Fig. 3.10 shows a dose-dependent increase in the

scavenging activity, indicating that higher concentrations of peppermint essential oil corresponded
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to higher inhibitory percentages of DPPH radical. At the lowest concentration of 50 mg/mL, the
scavenging activity was 34.7%, demonstrating the ability of peppermint essential oil to neutralize
free radicals. At the highest concentration of 500 mg/mL, the peppermint essential oil exhibited a

scavenging activity of 77.9%.
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Fig. 3.10. Antioxidant activity of peppermint essential oil obtained at 110 bar and 50 °C: DPPH
and FRAP assays at different methanol concentrations (50 mg/mL, 100 mg/mL, 200 mg/mL, and
500 mg/mL).

These findings align with results from previous studies that have highlighted the antioxidant
properties of peppermint essential oil (Hejna et al., 2021, Wu et al., 2019). The strongest response
(~70%) was observed at the highest concentration of peppermint essential oil (600 mg/mL).

Fig. 3.10 also shows the FRAP results of peppermint essential oil evaluated at various
concentrations (50 mg/mL, 100 mg/mL, 200 mg/mL, and 500 mg/mL). As the concentration of
the peppermint essential oil in methanol increased from 50 mg/mL to 500 mg/mL, the FRAP values

increased from 15.621 to 82.253 pM ascorbic acid equivalent (See Table Al in the appendix). It

has a similar trend with DPPH results, in which peppermint essential oil possesses dose-dependent
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antioxidant activity, where higher concentrations exhibited greater antioxidant capacity. A similar
trend was also reported by Hejna et al. (2021), as they found that 600 mg/mL of peppermint
essential oil exhibited an antioxidant activity of around 65 uM ascorbic acid equivalent, which is
consistent with this study.

The antioxidant properties found in peppermint essential oils are linked to its major
monoterpenoids, such as menthol, menthone, carvone, and 1,8-cineole. Additionally, minor
constituents containing active methylene groups, like terpinolene, a- and y-terpinene, have also

shown antioxidant activity (Wu et al., 2019).

3.3.7. Structural analysis of peppermint essential oil by Fourier transform infrared
spectroscopy

The structural analysis of peppermint essential oil was performed using FT-IR to investigate the
presence of chemical bonds and functional groups in the essential oil obtained at 110 bar and 50 °C.
Figure 3.11 shows distinct peaks within the wavelength range of 500 to 4000 cm™! in the spectrum.
The extracted essential oil exhibited significant bands, including a strong peak at 3540 cm!
attributed to -OH group vibrations. Additionally, bands at 2924 and 2854 c¢m™! indicated the
presence of -CH3 and -CH2 groups, respectively. The appearance of a peak at 1742 cm! indicated
C=0 vibrations (Yilmaztekin et al., 2019). The peak at 1464 cm™! was associated with C-H bonding
in the alkane methylene group, while the peak at 1378 cm! suggested phenol-alcohol group
presence (Sorour et al., 2021). These spectral features were consistent with previously reported

FT-IR analyses of peppermint essential oil (Sorour et al., 2021; Yilmaztekin et al., 2019).
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Fig. 3.11. FT-IR spectra of essential oil extracted from Mentha x piperita at 110 bar and 50°C.

3.4. Conclusion

This study demonstrated the effectiveness of using SC-CO2 and SC-COz2 + co-solvents to extract
peppermint essential oil from peppermint leaves. Through a series of carefully designed
experiments, the optimal extraction parameters were determined to be 110 bar, 50°C, 120 min, and
a COz flow rate of 3 mL/min. The extracts contained high levels of menthol (47.539%), which is
the most abundant compound in peppermint essential oil.

The addition of co-solvents had a significant impact on both the yield and composition of the
extracted oil. The three co-solvents evaluated showed a significant increase in the menthone
content, while causing a decrease in the menthol content. Among the co-solvents, acetone resulted
in the highest yield (0.758%), followed by isopropyl acetate (0.337%), while ethanol did not
significantly increase the yield (0.241%) but preserved the essential oil composition with high
menthol (26.570%) and menthone (0.502%) contents. The use of co-solvents altered the polarity,

surface interactions, matrix accessibility, and desorption kinetics of the compounds, thereby
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affecting the extraction process. It is important to consider the trade-off between yield and desired
compound composition when selecting a co-solvent for the SC-CO- extraction.

The scale-up of SC-CO: extraction of essential oil from Mentha * piperita demonstrated
successful scaling with 3-fold, 5-fold, and 10-fold increases in peppermint powder loading
compared to the laboratory scale (3g). The consistent maintenance of the CO2 mass to feed mass
ratio at approximately 78 ensured reliable scaling up. The scale-up experiments yielded slightly
higher extraction yields compared to the laboratory scale, with values of 0.937%, 0.787%, and
0.768% obtained using a larger extraction vessel and higher feed loadings. These results indicate
the potential for improved efficiency and productivity in the scale-up process. Furthermore, the
essential oil collected from the scale-up experiment exhibited a slightly higher content of menthol
(47.539 to 49.808%) and a significantly lower content of menthone (2.287 to 1.899%). Peppermint
essential oil at different concentrations showed remarkable DPPH scavenging activity and ferric
reducing power. The antioxidant activity of peppermint essential oil exhibited a concentration-
dependent pattern, with higher concentrations (500 mg/mL) leading to increased inhibition of
DPPH radicals (77.9%) and ferric reducing power (82.253 uM ascorbic acid equivalent). The
structural analysis of the extracted peppermint essential oil by FT-IR revealed distinct peaks
corresponding to various chemical bonds and functional groups, consistent with previous FT-IR
analyses of peppermint essential oil. These findings provide valuable insights into the extraction
of peppermint essential oil that can have practical applications in the food and pharmaceutical
industries. Further research and refinement of the extraction parameters are warranted to maximize
the extraction efficiency and quality of essential oil from Mentha X piperita using SC-CO2

extraction.
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In addition to the conclusions drawn from this study, there are also some limitations and future
perspectives to consider. One of the limitations of this study is to focus only on the extraction of
menthol and menthone, the two most abundant compounds in peppermint essential oil. Future
research could explore the extraction of other compounds found in peppermint essential oil such
as 1,8-cineole and menthyl acetate, as well as the potential health benefits associated with these

compounds.
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Chapter 4: Solubility of menthol in supercritical carbon dioxide and
its impregnation on cotton gauze

4.1. Introduction

Menthol [5-methyl-2-(1-methylethyl) cyclohexanol; 2-isopropyl-5-methylcyclohexanol or p-
methan-3-ol] is a cyclic monoterpene alcohol found as the main constituent in essential oils of
Mentha canadensis (cornmint) and Mentha x piperita (peppermint) (Kamatou et al., 2013).
Menthol ranks as the third most important flavoring substance, following vanilla and citrus. In
2022, a global production of approximately 34,000 metric tons was reported (Dylong et al., 2022).
Initially menthol was used as an additive in the 1920s. Then, menthol has been used in various
applications of several products, including toothpaste, preshave lotions, and numerous cosmetic
products (Etzold et al., 2009). In addition to its role as a flavour enhancer, menthol has valuable
applications in pharmacy and medicine. Its cooling (Yosipovitch et al., 1996), analgesic (Galeotti
et al., 2002), antifungal (Edris and Farrag, 2003), antibacterial (Kotan et al., 2007), antipruritic
(Koga et al., 2009), anti-inflammatory (Baylac and Racine, 2003), antitussive (Kumar et al., 2012),
and antiviral (Schuhmacher et al., 2003) effects make menthol a versatile ingredient in the
pharmaceutical and medical fields.

Earlier, Yosipovitch et al. (1996) conducted a study that demonstrated the cooling sensation of
menthol (10 wt%) on the skin. Their research revealed that in approximately 65% of human
subjects, this cooling sensation could persist for up to 70 min. However, a high concentration of
40% menthol could decrease the cold and mechanical pain threshold (Binder et al., 2011). When
applied topically, menthol functions as a counter-irritant by delivering a cooling sensation. It
achieves this by initially stimulating nociceptors (pain receptors) and subsequently desensitizing

them (Pergolizzi et al., 2018). The mechanism behind menthol's action involves the inhibition of
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Na" channels on concentration, voltage, and frequency. By promoting both fast and slow
inactivation states, menthol effectively reduces the activity of Na* channels in a use-dependent
manner. In the research of Gaudioso et al. (2012), it was observed that low concentrations of
menthol provided analgesic effects in mice, relieving pain caused by a toxin that targets Na*
channels. The anti-inflammatory property of menthol was reported by Juergens et al. (1998). By
an in vitro investigation, it was observed that menthol effectively suppressed the production of
three inflammation mediators by monocytes. At a concentration of 10”7 mg/mL, menthol exhibited
effects on inflammation mediators, which reduced IL-1-b (pro-inflammatory cytokines involved
in immune defence against infection) by 64 + 7%. Therefore, it was suggested that menthol could
be utilized as a promising compound in the treatment of wound healing for burns, muscle aches,
and some sports injuries by reducing pain, inflammation, and contributing to the overall comfort
of the affected area.

On the other hand, for an effective wound dressing system, it is crucial to possess specific
properties that align with its intended application. These properties include flexibility, controlled
adherence to the surrounding tissue, gas permeability, durability or biodegradability, as well as the
ability to absorb fluids released from the wound while simultaneously regulating water loss (Dias
et al.,, 2011). Woven absorbent cotton gauze has been utilized since 1891 to cover wounds and
facilitate the process of wound healing (Dhivya et al., 2015). The natural composition and
properties of cotton gauze meet all the requirements for an effective wound dressing, as it provides
a gentle and comfortable interface with the wound, absorbs exudate, and helps maintain an
appropriate moisture balance for optimal wound healing conditions (Katayama et al., 2012).

The conventional method used for impregnating bioactives in cotton gauze is immersion. In the

immersion method, the cotton gauze is fully immersed in the desired solution, allowing for
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thorough impregnation of the material. For example, Souza et al. (2019) dipped cotton gauze into
a chitosan solution with different concentrations of 0.063 to 0.5 wt% and dried it in the oven for
12h to achieve impregnation with the highest weight increase of 5.1%. Similarly, Rashmi et al.
(2020) prepared the iodine-loaded cotton gauze by immersing it into the iodine solution for 4h to
achieve the impregnation yield of 21.3 wt%. The drawback of the immersion method is the
potential for uneven distribution of the impregnating substance. Depending on the viscosity and
properties of the solution used, the impregnation may not penetrate the gauze uniformly, leading
to variations in the final product's properties or performance.

Supercritical carbon dioxide (SC-CO2) is known for its dual capabilities as a solvent for extracting
valuable compounds and its exceptional diffusion properties in organic materials when operating
above the critical conditions of 73.8 bar and 31.1 °C. This excellent diffusion ability can be
employed for impregnating polymers with natural bioactives. The SC-CO:x is selected due to its
high solvent capacity, cost-effectiveness, non-toxic nature, and non-flammability. The process of
SC-CO:2 impregnation can be considered as a reversed extraction process, where the performance
is determined by mass transfer and thermodynamic equilibrium (Alvarado et al., 2018). Some
studies have utilized SC-CO2 to impregnate various materials. Some examples include phytol-
impregnated silica aerogels (30.1%) (Mustapa et al., 2016), carvone-impregnated polylactic acid
films (30%) (Miranda-Villa et al., 2022), eugenol-impregnated polyethylene films (6%) (Goiii et
al., 2016), and thymol-impregnated cotton gauze (9% and 19.6%, respectively) (Ivanovi¢ et al.,
2014; Milovanovic et al., 2013). All these investigations highlighted the potential of SC-CO: as
an effective impregnation method, yielding impregnation efficiencies ranging from 6% to 30%.
To achieve efficient impregnation of menthol on cotton gauze, solubility data of menthol in SC-

COgz are essential. Earlier, Sovové and Jez (1994) measured the solubility of menthol in CO2 within
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the pressure range of 67 to 115.6 bar and temperature range of 35 to 55 °C, utilizing a dynamic
method. The highest solubility (1.3x10-?) was obtained at 90.7 bar and 40 °C. Subsequently,
Galushko et al. (2006) conducted a similar investigation, examining the solubility of menthol in
CO2 within the pressure range of 66 to 144 bar and temperature range of 30 to 60 °C, while the
highest solubility (4x10-?) was obtained at 143.7 bar and 60 °C. The results of Galushko et al.
(2006) and Sovova and Jez (1994) were similar with each other. However, to date, there is no
available data on the solubility of menthol in SC-CO: at pressures exceeding 150 bar. In this study,
the solubility of menthol in SC-CO2 was investigated at 100-300 bar, and 45-55 °C using a
dynamic method. Based on the obtained solubility data, this study identified the optimum operating
conditions for impregnating cotton gauze with menthol using SC-COa. In addition, the efficiency
of impregnation relies on various variables, such as the properties of the polymer such as porosity,
the chemical interactions between the impregnated compound and the SC-CO2, and operational
processing factors like impregnation time and depressurization rate (Goni et al., 2016). In this
study, the impregnation time and depressurization rate were assessed to determine their impact on
the impregnation process. Additionally, the colour, structure, and thermal properties of both the

original cotton gauze and the menthol-impregnated cotton gauze were investigated.

4.2. Materials and Methods

4.2.1. Materials

All materials used were purchased from commercial suppliers: carbon dioxide (Bone Dry UN1013,
Linde, Edmonton, AB, Canada), menthol (Sigma-Aldrich, 15785, analytical specification), and 5
cm x5 cm sterilized gauze pads (SAFE-TEX manufacturing company, Houston, TX, United

States).
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4.2.2. Solubility determination

Fig. 4.1 shows the schematic of the dynamic SC-CO2 system used for solubility measurements.
The system mainly consists of a CO, cylinder, an ISCO pump, a 25 mL high-pressure vessel, a
preheater, a temperature controller, a solute collection vial, a gas flow meter, and valves (Mekala
et al., 2022).

To perform a solubility experiment using the dynamic SC-CO: system, a similar solubility
procedure previously reported by Saldafia et al. (1999) was followed. Briefly, menthol powder (~
0.2 g) was placed inside a stainless-steel frit basket with 5 um openings equipped with a filter on
the top and loaded inside the high-pressure vessel (25 mL). Then, the vessel was connected to the
system with the high-pressure tubing. The high-pressure vessel was also connected to a
temperature controller (DINICO DZ47-63) to ensure that the desired temperature was achieved.
Then, pressure in the system was monitored by a pressure gauge. A precise micrometering valve
(Swagelok, Solon, OH, United States) and a flow meter (M250SLPM, Alicat Scientific, Tucson,
AZ, United States) were installed to warrant the low flow rates needed for the solubility

measurements.
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Fig. 4.1. Schematic representation of the SC-CO2 dynamic system. PG: pressure gauge, V1-3:
valves, TI: temperature indicator, TIC: temperature indicator controller, NRV: one-way valve, RV:
relief valve.

By opening the valve V1, high purity carbon dioxide (Bone Dry UN1013) liquefied through a
chiller (S&A CW-5200) was fed to the high-pressure system using the syringe ISCO pump (Model
260D). The system pressure was set in the ISCO pump. After, carbon dioxide was pumped into
the 25 mL stainless steel high-pressure vessel by opening valve V2. Once the desired pressure and
temperature were reached, the on/off valve V3 and the micrometering valve were opened. The

micrometering valve was used to control the flow rate. The menthol precipitated in a glass vial

immersed in an ice bath, and the carbon dioxide was vented after flowing through the flow meter.

The solubility experiment was carried out for 3 h at 100-300 bar and 45-55 °C as shown in Table
4.1, collecting samples every hour. To clean the system, the tubing was cleaned by pumping with

acetone or ethanol to recover all menthol that remained in the tubing. After that, carbon dioxide
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was used to dry the system for 1 h before starting to load the high-pressure vessel for the next

experiment. All measurements were performed at least in duplicate.

Table 4.1. Experimental design to measure menthol solubility in SC-CO2 using the dynamic
method.

Run Temperature Pressure CO: density

(9] (bar) (kg/m?)
1 100 506.55
2 110 553.25
3 45 120 599.95
4 200 812.15
5 300 890.30
6 100 384.40
7 110 447.48
8 50 120 510.56
9 200 784.40
10 300 870.60
11 100 337.20
12 110 400.13
13 55 120 463.06
14 200 754.10
15 300 850.30

The mass of menthol was calculated by the difference between the mass collected in the glass vial

and the mass of the empty glass vial.

The solubility value was determined by considering the mass of the collected menthol, along with
the mass and molecular weight of carbon dioxide and menthol. To calculate solubility, the masses
of menthol and carbon dioxide were converted into moles using their respective molecular weights.
Subsequently, the mole of menthol was divided by the total moles of CO2 and menthol to obtain

the solubility value using Equation 4.1.

mass of menthol (g)
s _ molecular weight of menthol (g/mole)
SOIUblhty - mass of CO5 (g) ] mass of menthol (g) (4 1)
molecular weight of CO, (g/mole) " molecular weight of menthol (g/mole)
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Carbon dioxide mass was calculated by the flow rate at the outlet multiplied by the time and density

at ambient conditions using Equation 4.2.
Mass of CO, = flow rate (L/min) X density of CO, (g/L) X time (min) 4.2)

4.2.3. Supercritical CO2 impregnation

The impregnation of cotton gauze with menthol was carried out using the apparatus described in
Chapter 3 (Fig. 3.1). The high-pressure stainless-steel vessel had a volume of 25 mL and was
equipped with a heater to reach the desired temperature of 45 °C. First, menthol was placed in a
stainless-steel frit basket positioned at the bottom of the vessel, and a stainless-steel mesh was
placed above the basket. Then, the cotton gauze (5 cm % 5 cm), folded twice to form four layers,
was positioned above the mesh. The gauze/menthol ratio was maintained at 2.5 + 0.05 g/g. This
ratio was chosen to prevent excessive menthol loading, as achieving complete impregnation of
menthol resulted in a yield of only 40%. The stainless-steel mesh with a pore diameter of 0.09 mm

was used to prevent menthol from splashing onto the gauze.

3
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Fig. 4.2. Schematic for the SC-CO2 menthol impregnation high pressure vessel: an inner high-
pressure basket with placement of menthol, cotton gauze, and stainless-steel mesh. Cotton
gauze:menthol mass ratio 2.5g/g.
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SC-CO2 impregnation operating conditions, such as pressure and temperature, were based on the
obtained solubility data (45 °C and 120 bar). Menthol loaded in a basket and cotton gauze were
placed inside the vessel, and the vessel was connected to the system with high-pressure tubing.
The high-pressure vessel was also connected to a temperature controller to ensure that the desired
temperature was achieved and maintained constant. The pressure in the system was monitored by
a pressure gauge, and CO:2 was introduced into the system using the ISCO pump until the desired
pressure was reached. Valve V2 was then closed, and the pump was turned off. The SC-COz
impregnation system was maintained at a constant temperature and pressure for specific time
intervals (30 or 300 min), as indicated in Table 4.2.

Table 4.2. Experimental design for the impregnation of menthol on cotton gauze using SC-CO: at
120 bar and 45 °C.

No Time Depressurization rate
) (min) (bar/min)
1 6
2 30 60
3 6
4 300 60

At the end of the process, either a slow decompression rate (6 bar/min) or a fast depressurization
rate (60 bar/min) was applied. The amount of impregnated menthol was determined
gravimetrically by weighing the impregnated gauze on an analytical scale with an accuracy of
+0.0001 g. The menthol loading was calculated by the weight of menthol impregnated divided by
the mass of raw cotton gauze using Equation 4.3. All experiments were conducted at least in

duplicate to ensure reliability of the results.

mf—

% 100 (4.3)

mi

Impregnation yield (%) =

where, mi and mr are the masses of cotton gauze before and after the SC-CO- impregnation process,

respectively.
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4.2.4. Characterization of the menthol-impregnated cotton gauze by SC-CO2

The impregnated cotton gauze was characterized using various methods, including color analysis,
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and
thermogravimetric analysis (TGA). In the color analysis, the impregnated cotton gauze was
examined for any visible changes in color or appearance. FTIR was used to identify any functional
groups present in the impregnated gauze, while SEM provided insights into the surface
morphology and microstructure. TGA was utilized to analyze the thermal stability and

decomposition behavior of the impregnated cotton gauze.

4.2.4.1. Color

The color characteristics of the control cotton gauze and the SC-CO2 menthol-impregnated cotton
gauze were assessed using a Hunter lab colorimeter (CR-400/410, Konica Minolta, Ramsey, NJ,
USA) following the ASTM D2244 method described by Billmeyer and Hammond (1990). Each
sample was placed on a glass plate with a diameter of 60 mm. The colour values, including L
(lightness), a (red to green), and b (blue to yellow), were recorded for both the control and menthol-
impregnated cotton gauze.

To quantify the difference in colour between the control and menthol-impregnated cotton gauze,

the colour difference (4E) was calculated using Equation (4.4):

AE = J(I* = L)2+ (a*— @) + (b* — b)? (4.4)

where, L”, a, and b" represent the color parameters of the control cotton gauze, while L, a, and b

represent the color parameters of the SC-CO2 menthol-impregnated cotton gauze. L represents
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darkness to lightness (0-100), a represents greenness to redness (-128 to +127), and b represents

blueness to yellowness (-128 to +127).

4.2.4.2. Chemical structure by Fourier transform infrared spectroscopy

The FTIR spectra of both the control cotton gauze and the cotton gauze impregnated with menthol
were obtained using a Nicolet iS50 spectrometer (ThermoFischer Scientific, Waltham, MA, USA)
in the ATR mode. The spectra were recorded with a resolution of 2 ¢m’! and covered the
wavelength range of 500-4000 cm™!, similar to the method employed by Zhao and Saldafia (2019).
This analysis allowed for a detailed examination of the functional groups present in the

impregnated cotton gauze compared to the control sample.

4.2.4.3 Morphology by scanning electron microscopy

The morphology of the original and menthol-impregnated cotton gauze by SC-CO: was analyzed
with a scanning electron microscope (SEM) (Zeiss Sigma SEM, Carl Zeiss AG, Oberkochen,
Germany) using methodology reported by Huerta and Saldafa (2018). Cotton gauze samples were
placed on aluminum specimen stubs using double-sided adhesive carbon tape and coated with

platinum. The photomicrographs were captured at an accelerating voltage of 20 kV.

4.2.4.4. Thermal stability by thermogravimetric analysis (TGA)

TGA was conducted using a TGA instrument (Q600 SDT, TA Instruments, USA) at a heating rate
of 10 °C/min to assess the thermal stability of the gauze samples at different temperatures. A small
amount of cotton gauze sample (~10 mg) was placed in a standard alumina crucible and positioned
in the sample slot of the thermogravimetric analyzer. The analysis was carried out within a
temperature range of 30-600 °C. Additionally, kinetic plots were generated using the thermogram

data to determine the order of decomposition.
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4.2.5. Statistical analysis

The data are presented as mean + standard deviation, derived from a minimum of two independent
experiments and analyses. Statistical analysis was performed using Minitab version 18.0 (Minitab
Inc., State College, PA, USA), utilizing one-way analysis of variance (ANOVA) and Tukey's test
for multiple comparisons of means at a significance level of p < 0.05 and a confidence interval of

95%.

4.3. Results and Discussion

4.3.1. Solubility of menthol in SC-CO:

Fig 4.3 shows solubility data of menthol in SC-CO: at different temperature (45-55 °C) and
pressure (100- 300 bar) conditions with SC-CO2 densities ranging from 337.20 to 890.30 kg/m?.
The solubility of menthol significantly increased with increasing pressure from 100 to 200 bar for
all isothermals. The solubility of menthol also significantly increased by decreasing temperature
from 55 to 45 °C for all isobars from 100 to 200 bar as depicted in Fig. 4.3.

At a constant temperature of 45 °C, as the pressure increased from 100 to 200 bar, the solubility
of menthol ranged from 9.20 £ 0.19x1073 to 1.25 £ 0.05x10-2 mole fraction. However, at a constant
pressure of 200 bar, as the temperature increased from 45 °C to 55 °C, the solubility of menthol
significantly decreased from 1.25 £ 0.05x1072 to 1.09 + 0.11x10"2 mole fraction (See Table B2 in
the appendix). These results indicated that higher pressure and lower temperature favoured the
solubility of menthol in SC-CO.. Saldafia et al. (1999) pointed out the retrograde behavior (a
decrease in solubility with the increase in temperature) at pressures lower than 190 bar. This
behaviour can be attributed to the increased density of COz2 at a higher pressure of 200 and a lower

temperature of 45 °C, providing more opportunities for interaction and dissolution of menthol

97



molecules. Additionally, lower temperatures reduced the kinetic energy of the system, allowing
for stronger intermolecular interactions between menthol and COx-.

Another factor that may contribute to the solubility was the change in CO2 viscosity with pressure
(See Table B2 in the appendix). The increased viscosity of SC-COz at higher pressures may hinder
the movement. According to the Fig. 4.3, the highest solubility was observed at 120 bar and 45 °C
compared to other conditions. As a result, a temperature of 45 °C and a pressure of 120 bar, were

selected for the impregnation process.
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Fig. 4.3. Solubility of menthol in SC-COz as a function of pressure and temperature.

In Table 4.3, the solubility of menthol in SC-CO2 measured in this study was compared to the
literature values reported in two studies that used dynamic methods (Galushko et al., 2006; Sovova
and Jez, 1994).

Atatemperature of 50 °C, the measured solubilities of menthol in SC-COx in this study at pressures
of 100 bar and 110 bar were 3.85 £ 0.11 x 10 and 9.62 £ 0.03 x 10-3 mole fraction, respectively.

These values were consistent with the solubilities reported by Sovova and Jez (1994) and Galushko
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et al. (2006) at similar conditions, demonstrating the accuracy and reliability of the solubility

experimental results.

Table 4.3. Comparisons of menthol solubility in SC-COz2 with published literature data.

Run Temperature Pressure So(l::ll;ill:ty Sovova and Jez Galushko et al.
°C) (bar) fraction) (1994) (2006)
1 45 100 09260.19x102 sl é), 9;91‘?;0
3 -3
6 50 100 3.8520.11x10° (500%?613195 bar) (5033,9;71.(3) bar)
! 30 10 9.6240.03x10° (5<)°9c',1 113?5bar) (soolé?llﬁ);bar)
2
8 50 120 1.02+0.02x107 G 0%31203 bar)
1 55 100 210:021x10° 502571’5;?;bar)
12 55 10 5.02:0.64x10° Sosc'fng);bar)
13 55 120 9.33+0.41x103 9.13x10°

(55°C, 115.6 bar)

The solubility of essential oil components in SC-COz can vary widely depending on the molecular
properties, such as polarity, molecular weight, and functional groups. Earlier, Milovanovic et al.
(2013) reported the solubility of thymol in SC-CO2 (9x10* — 1.47 x102 mole fraction) at
temperatures of 35, 40 and 50 °C and pressures ranging from 78 to 250 bar (SC-COz2 density range
335.89-849.60kg/m?) using a static method. This solubility range for thymol was almost similar
to the solubility range of menthol in SC-COz2, which may attribute to the similar molecular weight
(menthol: 156.27 g/mol; thymol: 150.22 g/mol). Among other essential oils, Di Giacomo et al.
(1989) investigated the solubility of limonene and citral in SC-COz using a dynamic method under

specific conditions of 95-100 bar and 35-50 °C. The results revealed that the solubility of limonene
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varied within the range of 2.2x10* to 4.38x1072 mole fraction, whereas the solubility of citral
ranged from 3x107 to 2.23x10°2 mole fraction. Overall, limonene exhibited a higher solubility in
SC-CO2 compared to menthol, thymol, and citral, indicating its greater affinity for dissolving in
SC-COz. Limonene has a relatively non-polar structure due to its hydrocarbon backbone, which is
less hindered by polar functional groups. In contrast, menthol (hydroxy group), thymol (hydroxy
group), and citral (aldehyde group) contain polar functional groups that can impede their
interaction with the non-polar SC-COz. Additionally, the molecular weight (136.24 g/mol) of
limonene may also play a role, as smaller molecules can more easily dissolve in SC-COx.

4.3.2. Preliminary studies on impregnation

In this preliminary study, the objective was to create peppermint essential oil-impregnated cotton
gauze by loading peppermint powder and cotton gauze in the high-pressure vessel. Initially,
peppermint powder was placed in a stainless-steel basket, while the cotton gauze was positioned
above it, separated by a stainless-steel metal. However, the impregnation yield was very low due
to the limited capacity of the stainless-steel basket, which accommodated only 3 g of powder, thus
resulting in approximately 0.03 g of peppermint essential oil. Consequently, the impregnation yield

was low. As a solution, pure menthol was employed to achieve the desired impregnation.

4.3.3. SC-CO2 impregnation of menthol in cotton gauze

The impregnation process of menthol onto cotton gauze using SC-CO: involved the following
steps: First, the SC-COz acts as a solvent, allowing the dissolution of menthol. Next, the high
menthol solubility in SC-CO2 and exceptional diffusion properties of SC-COz enable it to penetrate
the cotton gauze matrix and allow interactions of menthol and cotton gauze. The dissolved menthol
fills the void spaces within the cotton gauze, leading to its impregnation. The impregnation process

continues for a specific duration to ensure sufficient contact between the menthol and the cotton
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gauze. Lastly, the depressurization stage facilitates the transition of SC-CO: into gas and its
removal from the cotton gauze. During this stage, the depressurization rate plays a crucial role in
determining the impregnation yield. Rapid depressurization can result in the rapid expansion of
trapped CO2 and the formation of foam within the polymer, which can lead to undesirable
structural polymer changes (Champeau et al., 2015). Therefore, impregnation time and
depressurization rate need to be carefully controlled to optimize the impregnation process and
achieve the desired level of impregnation.

Table 4.4. Impregnation yields of menthol into cotton gauze at different processing conditions.

No Time Depressurization rate Impregnation yield
) (min) (bar/min) (%)
1 30 6 11.15£1.49¢
2 60 6.00+0.19¢
3 6 30.65+1.032
4 300 60 22.2240.87°

ad Different letters in the same column indicate significant differences (p<0.05).

Table 4.4 presents the impregnation yields, calculated using Equation 4.3, for all the experimental
conditions evaluated. Overall, significant menthol impregnation was achieved, resulting in
impregnation yields ranging from 6% to 30.65%, depending on the specific process variables. The
highest impregnation yield of 30.65% was obtained when employing a time duration of 300 min
and a depressurization rate of 6 bar/min.

The different concentrations of menthol-loaded cotton gauze in this study can be applied in
different areas. For example, 10% of menthol has been found effective in relieving thermal pain
and itch sensation (Yosipovitch et al., 1996), while topical application of low concentrations of
menthol (1-8% does-response) has been shown to increase blood flow in the cutaneous
microvasculature (Craighead and Alexander, 2016). Additionally, a 5% menthol concentration has

been reported to provide a strong cooling effect (Pergolizzi Jr et al., 2018). On the other hand, high
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concentrations of menthol (>30%) can induce cold hyperalgesia in humans, making it a valuable
tool for studying polyneuropathy (Pergolizzi Jr et al., 2018). The utilization of high concentrations
of topical menthol (>30%) for causing cold hyperalgesia in human subjects has recently been
demonstrated in research, providing a reliable model for assessing neuropathic pain features
(Pergolizzi Jr et al., 2018).

Furthermore, the range of loading values obtained in this study was consistent with those reported
in the literature for the impregnation of other compounds into cotton gauze. For example, previous
studies reported loading values of thymol ranging from 1% to 19.6% (155 bar and 35 °C ) on
cotton gauze (Milovanovic et al., 2013), as well as loading values of thyme extract ranging from
1.1% to 8.9% (150 bar and 35 °C ) on cotton gauze (Ivanovi¢ et al., 2014). However, Pajnik et al.
(2017) reported a much lower impregnation yield (0.5% and 1%) for SC-CO:-assisted
impregnation of pyrethrum extract on cotton fabric as a tick repellent. The difference in loading
can be attributed to the solubility variations of the compound or interest and application envisioned.
Pajnik et al. (2017) selected impregnation conditions with the lowest solubility of pyrethrum
extract to achieve the desired impregnation yield. This approach may have been influenced by
regulatory guidelines set by the United States Environmental Protection Agency (1250 mg/m?)
and the German Federal Institute for Risk Assessments (1300 mg/m?), which imposed limits on
the concentration of permethrin in textiles.

In general, the impregnation time had a positive effect on the impregnation yield. The results
presented in Table 4.4 demonstrated that increasing the time from 30 to 300 min led to a significant
increase in the impregnation yield, ranging from 11.15% to 30.65% and from 6.00% to 22.22% at
depressurization rates of 6 and 60 bar/min, respectively. This trend aligned with the findings of

Pajnik et al. (2017), who observed an increase in impregnation yield of pyrethrum extract on cotton
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fabric from 0.5% to 1% as the time increased from 1 to 2 h. Similarly, Rojas et al. (2018) conducted
experiments using a 100 mL high-pressure cell with 1 g of thymol placed in a vial. They tested
different impregnation times (30, 60, 120, 180, and 300 min) along with three CO2 pressures (90,
120, and 150 bar) and two different depressurization rates (100 bar/min and 10 bar/min) at 40 °C.
The study revealed that extending the impregnation time from 30 to 180 min at 90 bar and 40 °C
resulted in an increased impregnation yield of thymol on LDPE-based nanocomposites (Low-
density polyethene with organo-modified montmorillonite), showing a rise from 0.92% to 1.33%.
Milovanovic et al. (2013) reported an impregnation yield of 19.6% for pure thymol on cotton gauze
(17 threads/cm?) using SC-CO2 with a 24-h impregnation time, while they achieved a yield of 11%
with a 2-h impregnation time. However, as stated by Rojas et al. (2020), the impregnation time
was influenced by the diffusion process of the solute into the polymer matrix. This diffusion was
determined by the diffusion coefficient, which is influenced by the affinity between the active
compound and the polymer. The diffusion coefficient generally increases with pressure and
temperature, indicating that the active compound can be absorbed or deposited more efficiently
into the polymer matrix (Yu et al.,, 2011). The diffusion coefficient was determined by the
concentration of the compound in the polymer, the thickness of the polymer, the concentration of
the compound in SC-CO:2 and impregnation time (Rojas et al., 2018).

In terms of the effect of depressurization rate on impregnation yield, the results in Table 4.4
indicate that a low depressurization rate (6 bar/min) resulted in higher yields (11.15% or 30.65%)
compared to a high depressurization rate (60 bar/min) at 120 bar and 45 °C.

This suggests that a slow depressurization rate can facilitate the absorption or deposition of
menthol into the cotton gauze, so it is likely that menthol exhibited a greater affinity for cotton

gauze than for COa. Earlier, Almeida et al. (2013) reported that the highest antioxidant activity
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(678 pmol TEAC/g) of oregano essential oil (antioxidant, antimicrobial and anti-inflammatory
properties) impregnated native sorghum and rice starch was achieved when using a low
depressurization rate (0.83 bar/min). Similarly, Rojas et al. (2018) observed a higher impregnation
of thymol (0.42%) on LDPE when employing a low depressurization rate (10 bar/min) compared
to 0.26% impregnation at a depressurization rate of 100 bar/min. Also, Masmoudi et al. (2011)
reported that the impregnation yield of cefuroxime sodium (antibiotics) on intraocular lenses (0.2%)
was too low to be quantified gravimetrically at a rapid depressurization rate (few minutes).

Conversely, when the solute exhibited a low affinity for the polymer, it can be readily removed
from the matrix along with the CO:2. In such cases, a high depressurization rate promotes the
trapping of the solute within the polymer (Champeau et al., 2015). For example, Dias et al. (2013)
reported higher amounts (0.5%) of jucéd extract with anti-inflammatory properties impregnated
onto wound dressing polymers when employing a higher depressurization rate of 100 bar/min

compared to 30 bar/min.
4.3.4. SC-CO:2 menthol-impregnated cotton gauze characterization

4.3.4.1. Colour

Table 4.5 shows the colour difference (AE) between the original cotton gauze and the menthol-
impregnated cotton gauze under different SC-CO: impregnation conditions. Different
impregnation conditions resulted in varying impregnation yields that corresponded to colour
differences.

For example, impregnation times of 30 min and 300 min combined with depressurization rates of
6 bar/min and 60 bar/min, yielded different impregnation yields ranging from 6.00% to 30.65%.
These different impregnation yields, in turn, led to varying AE ranging from 0.25 to 0.68.

According to Hunter (1975), an AE value of around 0.3 indicates an excellent colour match, an AE
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value of around 1 indicates a fair match, an AE value of around 2 indicates a poor match and an
AE value of 3 or greater indicates an unsatisfactory match in the textile industry.

The measured AE values indicated that the colour difference between the SC-CO2 menthol-
impregnated cotton gauze and the original cotton gauze was < 1, indicating a good colour match.
This low value is important in applications where maintaining the fabric’s original colour is desired.
These results suggested that the impregnation of menthol onto cotton gauze by SC-CO2 had a
minimal impact on the overall colour of the fabric. Also, it was observed that the higher
impregnation yields of 30.65% and 22.22% resulted in slightly higher AE values of 0.68 and 0.65
compared to lower impregnation yields of 6.00% and 11.5% with the AE values of 0.30 and 0.25,
respectively. This suggests that the incorporation of more menthol into the cotton gauze
contributed to the non-significant change in colour.

For example, impregnation times of 30 min and 300 min combined with depressurization rates of
6 bar/min and 60 bar/min, yielded different impregnation yields ranging from 6.00% to 30.65%.
These different impregnation yields, in turn, led to varying AE ranging from 0.25 to 0.68.
According to Hunter (1975), an AE value of around 1 indicates a fair match, an AE value of around
2 indicates a poor match and an AE value of 3 or greater indicates an unsatisfactory match in the
textile industry.

The measured AE values indicated that the colour difference between the SC-CO:2 menthol-
impregnated cotton gauze and the original cotton gauze was < 1, indicating a good colour match.
This low value is important in other applications where maintaining the original colour is desired.
These results suggested that the impregnation of menthol onto cotton gauze by SC-CO2 had a
minimal impact on the overall colour of the fabric. Also, it was observed that the higher

impregnation yields of 30.65% and 22.22% resulted in slightly higher AE values of 0.68 and 0.65
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compared to lower impregnation yields of 6.00% and 11.5% with the AE values of 0.30 and 0.25,
respectively. This suggests that the incorporation of more menthol into the cotton gauze
contributed to the non-significant change in colour.

Table 4.5. Colour measurement of menthol-impregnated cotton gauze with SC-CO:z and colour
difference from original cotton gauze.

Experimental Colour AE
condition L a b
360 tﬁ?n?il:ld 22; :8:;2 ;:(7)1 0.30+0.16°
% E’;ﬁri?ﬂ 053 o o 0.25+0.02°
3201)2?/11111?2(1 .04 0 S 0.68+0.02¢
300&23;(1 » il o 2 0.65£0.28"

aThe same letter in the AE column indicates no significant color difference (p>0.05). L
(0-100): darkness to lightness; a (-128-127): greenness to redness; b (-128-127): blueness to
yellowness.

4.3.4.2. Structural analysis by Fourier transform infrared spectroscopy

Fig. 4.4 shows the FT-IR spectra of pure cellulose (A1), original cotton gauze (A2), menthol (B1)
and the SC-CO2 menthol-impregnated cotton gauze (B2) to understand any potential changes in
chemical structure. The FT-IR results revealed characteristic peaks in the spectrum of the original
cotton gauze (90-95% of cellulose) (Fig. 4.4 (A2)) that corresponded to different functional groups
present in cellulose (Fig. 4.4 (A1)), the main component of cotton gauze. For instance, a broad
peak at 3340 cm! indicated O-H stretching, while a peak at 2912 ¢cm™! represented asymmetric
stretching of C-H bonds (Chung et al., 2004). Other observed peaks included C-H plane bending,
deformation stretch, and wagging vibrations at 1410, 1368, and 1341 cm’!, respectively
(Milovanovic et al., 2013). The peak at 1243 ¢cm™! originated from plane bending vibrations of C-
H bonds, while peaks at 1085 and 1054 cm™' indicated the presence of asymmetric bridge C-O-C

bonds (Chung et al., 2004). The peak at 1015 cm™ corresponded to C-O stretching vibrations, and

106



the peak at 898 cm’! indicated the presence of B-glucosidic bonds (Ci1-O-Cs) in the cellulose
structure. Additionally, absorbed water was detected at 1715 cm™!. Overall, the observed FT-IR
bands in the original cotton gauze were consistent with the expected spectral features reported in
the literature (Chung et al., 2004).

Fig. 4.4 (B1) shows the FT-IR spectrum of menthol, where the peak at 3253 cm! indicated O-H
stretching vibrations of the hydroxyl group in the menthol molecule, while peaks at 2868 and 2929
cm’! represented C-H stretching vibrations of the methyl group (Al-Bayati, 2009). In addition, the
peaks at 1368 and 1445 cm™! were attributed to C-H bending vibrations of the isopropyl group, and
the peaks at 1025 and 1043 cm™! suggested the presence of C-O stretching vibrations (Mathur et
al., 2011).

In Fig. 4.4 (B2), the FT-IR analysis of the menthol-impregnated cotton gauze samples at different
impregnation conditions particularly at 300 min and 6 bar/min or 60 bar/min revealed specific
peaks at wavenumbers of 1025, 1043, 1368, 1445, 2868, 2929, and 3253 cm™!. These peaks were
associated with various vibrational modes related to the presence of menthol (Fig. 4.4 (B1)) in the
samples. These specific peaks provided evidence of the successful impregnation of menthol onto
the cotton gauze by SC-CO2. However, for the samples impregnated with 30 min and 6 bar/min,
and 60 bar/min, no significant shifts or distinct peaks were observed compared to the control cotton
gauze. This behaviour suggests that the impregnation process may not have caused significant
changes in the chemical structure of the SC-CO:2 menthol impregnated cotton gauze at these
specific conditions. These results were in agreement with the low values obtained for AE during

the 30-min impregnation process at different depressurization rates of 6 and 60 bar/min (Table

4.5).
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Fig. 4.4. FT-IR spectra of (A1) pure cellulose, (A2) original cotton gauze, (B1) pure menthol and (B2) SC-CO2 menthol-impregnated
cotton gauze at 120 bar and 45 °C.
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4.3.4.3. Morphology of impregnated cotton gauze by scanning electron microscope

Fig. 4.5 displays scanning electron micrographs of original cotton gauze, SC-CO2 6% menthol-
impregnated, and SC-CO2 30.65% menthol-impregnated cotton gauze samples at a magnification
of 300X. While the presence of menthol crystallites on the cotton surface was not visible as
discussed earlier in Table 4.5 by the low AE values (<1), noticeable changes in the fibre

morphology were evident.
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Fig. 4.5. SEM images of cotton gauze: (A) Original cotton gauze, (B) SC-CO2 6% menthol-
impregnated cotton gauze, and (C) SC-CO2 30.65% menthol-impregnated cotton gauze.

Previous research by Milovanovic et al. (2013) highlighted the formation of fine wrinkles running

parallel to the cotton fibre axis and an increase in specific surface areas on thymol-impregnated
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cotton gauze with a depressurization rate of 3.3 bar/min. A similar phenomenon of wrinkle
formation was observed in this study, following the treatment of cotton gauze with SC-CO: for
menthol impregnation (Fig. 4.5B and C). This formation of wrinkles can be attributed to the
degasification speed between the surface and interior of the cotton fibres during the
depressurization step, leading to differential shrinkage between these two segments (Milovanovic
et al., 2013). The formation of large pleat-like wrinkles (1 um wide) on the surface of cotton due
to the SC-CO: treatment was also confirmed by Katayama et al. (2012), who modified the surface
of cotton by SC-COz treatment. They observed that SC-CO2 promoted the formation of large pleat-
like wrinkles in the cotton at 200 bar and 40 °C with treating times of 60 min and a rapid
depressurization rate of 8 bar/min.

Furthermore, Rashmi et al. (2020) observed an increase in the thickness of cotton fibres in grafted
and iodine-loaded cotton gauze, resulting in a straighter appearance and improved absorbency of
exudates, making it a convenient dressing option for wound healing. This study aligns with these
findings, as the SC-COz2 33.65% menthol-impregnated cotton gauze exhibited more straightened
fibres (Fig. 4.5 C), while the original cotton gauze showed a more bent structure (Fig. 4.5 A).
Furthermore, the fibre thickness of SC-CO2 menthol-impregnated cotton gauze increased to 15

um, compared to the original cotton gauze thickness of 10 um, as measured using the scale.

4.3.4.4. Thermal stability by thermogravimetric analysis

Thermal analysis was conducted using TGA to examine the thermal stability and decomposition
behaviour of SC-CO2 menthol-impregnated cotton gauze in comparison to the original cotton
gauze. As depicted in Fig 4.6, the weight of the original cotton gauze displayed minimal loss
(approximately 5%) in the temperature range of 30-80 °C, primarily attributed to the dehydration

of cellulose fibres (Rashmi et al., 2020). However, beyond 300 °C, a single decomposition
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characteristic of polysaccharides was observed in the original cotton gauze, due to the rapid
breakdown of cellulose and the release of degradation products (Ciftici and Saldana, 2015).
Additionally, the residual weight of the original cotton gauze, after reaching 450 °C and up to

600 °C, remained relatively constant at approximately 10% (Hiriart-Ramirez et al., 2012).
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Fig. 4.6. Thermal analysis by TGA of original cotton gauze.

The iodine-loaded cotton gauze showed a different decomposition, including three stages (Rashmi
et al., 2020). The initial stage involved the dehydration of cellulosic fibers, followed by the second
stage (95-220 °C) where carbonization of cellulosic fibers took place. In the final stage (220-
386 °C), there was a weight loss of approximately 40% due to the destruction of bonds in the
poly(N-vinylpyrrolidone)-iodine complex and the intermolecular bonds of poly(N-
vinylpyrrolidone).

Recently, Romero-Fierro et al. (2022) reported the difference in decomposition stages between
original cotton gauze and poly (acrylic acid) and poly (methacrylic acid)-loaded cotton gauzes.

The modified gauzes underwent four weight losses at different decomposition stages. The first loss
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(30-100 °C) was due to the dehydration of grafted carboxylic groups, the second stage (200-350 °C)
involved decarboxylation processes, the third stage was related to the decomposition of the
cellulose polymeric matrix, and the fourth stage (above 380 °C) corresponded to the complete
decomposition of the graft polymer residue with the formation of various residue products like

anhydrous rings.

4.4. Conclusion

The solubility of menthol in SC-CO2 was investigated under varying temperature and pressure
conditions. The highest solubility of menthol in SC-CO2 was 1.25x102at 120 bar and 45 °C, while
the lowest solubility of menthol in SC-CO2 was 5.02x10- at 110 bar and 55 °C. Overall, the results
demonstrated that high pressures up to 200 bar and lower temperatures favoured the solubility of
menthol in SC-CO2, which can be attributed to the increased density of CO2 and stronger
intermolecular interactions at lower temperatures. However, at pressures above 200 bar and a
temperature of 45 °C, the solubility of menthol decreased due to the saturation effect and changes
in COz viscosity.

At the conditions of the highest solubility of menthol, the SC-CO2 impregnation of menthol onto
cotton gauze was successful, achieving impregnation yields ranging from 6 to 30.65% under
different processing conditions (30 min and 300 min, and depressurization rates of 6 bar/min and
60 bar/min). The impregnation process involved dissolution, penetration, and interaction between
menthol and the cotton gauze, and the impregnation yield was influenced by the impregnation time
and depressurization rate. Based on the results, it was observed that a longer impregnation time of

300 min and a slow depressurization rate of 6 bar/min resulted in a higher impregnation yield of

30.65%.
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The characterization of the modified cotton gauze revealed that the SC-CO2 menthol impregnation
had minimal impact on the colour of the cotton gauze, as indicated by low colour differences.
Fourier transform infrared spectroscopy and scanning electron microscopy confirmed the presence
of menthol in the impregnated samples, and SEM showed the formation of wrinkles on the cotton
surface.

In addition, the thermal analysis revealed the decomposition behaviour of the original cotton gauze,
which displayed different weight loss stages associated with the dehydration and degradation of
cellulose fibres.

Overall, this study provided valuable insights into the solubility behaviour of menthol in SC-CO2
at 100-300 bar and 45-55 °C and the successful impregnation process onto cotton gauze with
different yields, depending on the further potential application. These findings can have

implications for various applications, including wound dressings and textile treatments.
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Chapter 5: Conclusions and Recommendations

5.1. Conclusions

Peppermint (Mentha % piperita) is a perennial herb from the Lamiaceae family, cultivated
worldwide. Its essential oil is characterized by a pale yellow colour and refreshing flavour, due to
its distinct profile of monoterpenes like menthol and menthone. Among the more than 30
compounds found in peppermint essential oil, menthol (35-60%) and menthone (15-30%) are the
main compounds (Nair, 2001). Menthol serves as an important food additive at 4 mg/kg body
weight for imparting cooling and refreshing sensations to various food and beverage products
(Trident mint gum, Halls, Celestial seasonings mint magic herbal tea). Moreover, menthol finds
applications as a medicinal compound in topical analgesic and anti-inflammatory products (Binder
etal., 2011), and as a fragrance compound valued for its strong and recognizable minty aroma. On
the other hand, menthone possesses antibacterial, antioxidant, anti-inflammatory, and antiviral
properties (Chen et al., 2022).

To extract peppermint essential oil in an environmentally friendly manner while maintaining its
quality and purity, SC-COz2 extraction was employed. Furthermore, SC-CO2 was utilized as a
solvent for impregnating menthol onto cotton gauze.

In the first study of this thesis research, the extraction of peppermint essential oil was conducted
using SC-CO:2 with(out) co-solvents such as ethanol, acetone, and isopropyl acetate. Various
extraction processing parameters, namely pressure (ranging from 100 to 400 bar), temperature (45-
55 °C), CO2 flow rate (0.5 and 3 mL/min), extraction time (15-180 min), and co-solvent type
(ethanol, acetone, and isopropyl acetate), were investigated to assess their influence on the yield
and quality of the extracted essential oil. Gas chromatography analysis was employed to

characterize the extracts and determine their quality. Additionally, a scale-up study was conducted
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using a larger extraction vessel (300 mL) while maintaining the same COz/feed mass ratio of 78.
Finally, the antioxidant properties of the essential oil were evaluated.

The peppermint leaves were initially processed into a fine powder with particle sizes of 0.5 mm,
to facilitate SC-CO2 extraction under various processing conditions. The SC-CO2 extraction
process comprised three distinct stages. In the initial stage, the solubility of the desired compound
in SC-COz played a dominant role. As the extraction progressed into the intermediate stage, both
solubility and mass transfer mechanisms became crucial, allowing SC-COz to penetrate deeper
layers of the peppermint leaves to extract more essential oil. Finally, in the last stage, mass transfer
mechanisms primarily governed the extraction process.

Considering these principles, the extraction time was evaluated for two different equipment setups
(equipment 1 and equipment 2), resulting in 180 min and 120 min as the respective optimal
extraction times. Subsequent investigations focused on exploring the impact of pressure,
temperature, co-solvent usage, and flow rate on the yield and quality of essential oil while
maintaining a constant extraction time.

Under constant temperature conditions (50 °C), an increase in pressure from 100 bar to 400 bar
resulted in a significant rise in yield from 0.06% to 0.34%. However, this increase in pressure also
caused a significant decrease in menthol content from 28.85% to 4.48%, while the menthone
content increased from 0.04% to 0.10%. The rise in pressure led to an increase in the density and
solvating power of SC-COz2, which enhanced its ability to penetrate the peppermint leaves and
extract essential oil.

Regarding temperature, at constant pressure, an increase in temperature led to a decrease in the
density of SC-CO», affecting its ability to carry essential oil from the peppermint. Additionally,

the density of essential oil decreased with rising temperature. Simultaneously, high extraction
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temperatures increased the kinetic energy of essential oil molecules, resulting in a high sublimation
pressure and an increased likelihood of evaporation. Consequently, the effect of temperature on
extraction yield depended on the interplay of these competing factors. The most favourable
conditions for extraction were 110 bar and 50 °C, which yielded 0.16% essential oil with good
menthol content (38.85%) and menthone content (0.06%).

The addition of co-solvents (ethanol, acetone, or isopropyl acetate) to improve SC-COz extraction
led to increased yields, primarily due to changes in polarity, surface interactions, matrix
accessibility, and desorption kinetics of compounds. Among the evaluated co-solvents, acetone
yielded the highest extraction result (0.76%), surpassing neat CO2 extraction by more than three
times (0.16%) at 50 °C and 110 bar with a CO2 flow rate of 0.5 mL/min. All three co-solvents
resulted in a significant increase in the menthone content, ranging from 0.06% to 0.50%, and a
significant decrease in menthol content, with values ranging from 38.85% to 18.62% in the
extracted essential oil. These findings indicated the potential use of co-solvents for the
fractionation of peppermint essential oil.

Also, increasing the CO2 flow rate from 0.5 mL/min to 3 mL/min resulted in higher extraction
yields 0f 0.16% to 0.71% at a constant temperature and pressure of 110 bar and 50 °C, respectively.
This improvement in yield can be attributed to an enhanced mass transfer coefficient, which
reduced mass transfer resistance through increased convection. However, a high flow rate also led
to an increase in linear velocity, potentially reducing extraction efficiency by decreasing the
contact between the supercritical fluid and the peppermint. As a result, the net effect of these
competing factors determined whether the flow rate ultimately led to an increase or decrease in

extraction yield.
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The successful scale-up of the SC-COz extraction of essential oil from Mentha * piperita involved
increasing the peppermint powder loading by 3-fold, 5-fold, and 10-fold compared to the
laboratory-scale extraction. The scale-up experiments resulted in slightly higher extraction yields
(0.94%, 0.79%, and 0.77%) compared to the laboratory-scale extraction (0.71%). Additionally, the
menthol content remained consistent, with a significant decrease in menthone content.

The antioxidant property of peppermint essential oil was evaluated at various concentrations (50
mg/mL, 100 mg/mL, 200 mg/mL, and 500 mg/mL) using DPPH scavenging activity. The results
demonstrated a concentration-dependent increase in antioxidant activity, indicating that higher
concentrations of peppermint essential oil corresponded to higher antioxidant activity.

In the second study of this thesis research, the solubility of menthol in SC-CO2 was examined
across a range of temperature (45-55 °C) and pressure conditions (100-300 bar). The objective was
to impregnate menthol onto cotton gauze using SC-CO2, with different impregnation times (30 or
300 min) and depressurization rates (6 or 60 bar/min). Then, the original cotton gauze and menthol-
impregnated cotton gauze were subjected to analysis using colour assessment, FT-IR, SEM, and
TGA.

The solubility of menthol showed an increase with rising pressure from 100 to 200 bar, as well as
a decrease when temperature increasing from 45 to 55 °C. This behaviour was attributed to the
higher density of CO:2 at these conditions, facilitating extensive interaction and dissolution of
menthol molecules. Ultimately, a solubility value of 1.25x102 mole fraction at 120 bar and 45 °C
was selected as the optimal condition for the impregnation process.

The highest impregnation yield (30.65%) was achieved with an impregnation time of 300 min and

a depressurization rate of 6 bar/min. The slow depressurization rate promoted the absorption or
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deposition of menthol into the cotton gauze effectively. However, the different percentages of
menthol obtained through various processing parameters offer versatility for different applications.
The menthol-impregnated cotton gauze with a concentration of 6% can offer a robust cooling effect.
At an impregnation concentration of 11.15%, the menthol-impregnated gauze can alleviate thermal
pain and itch sensations. Meanwhile, the cotton gauze impregnated with 30.65% menthol
concentration can induce cold hyperalgesia in individuals.

In the characterization of cotton gauze, it was observed that incorporating a larger amount of
menthol into the cotton gauze did not result in a significant change in colour. The FT-IR analysis
provided evidence of successful menthol impregnation onto the cotton gauze, as indicated by the
presence of specific peaks corresponding to the hydroxyl (3253 cm™!), methyl (2868, and 2929 cm
1, and isopropyl (1368, and 1445 cm™") groups of menthol.

Furthermore, SEM analysis revealed noticeable alterations in the cotton gauze morphology, with
the appearance of wrinkles after impregnation with menthol. Additionally, the decomposition
behavior of the menthol-impregnated cotton gauze differed from that of the original cotton gauze.
Typically, the decomposition of the original cotton gauze involved processes such as cellulose
dehydration, breakdown, and the release of dehydrated cellulose. In contrast, the impregnated
cotton gauze exhibited a different decomposition pathway, involving the breakdown of chemical
bonds of menthol, leading to the volatilization of menthol molecules.

The results of this investigation demonstrated the immense potential of SC-CO2 as a highly
promising technique for extracting peppermint essential oil with exceptional quality and purity,
making it a practical choice for applications in the food and pharmaceutical industries. Moreover,
SC-CO: proved to be an effective solvent for impregnating menthol, the main component of

peppermint essential oil, into cotton gauze, thereby enabling diverse applications. The menthol-
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impregnated cotton gauze holds promise for applications in wound dressing and textile treatment.

In conclusion, this research has successfully accomplished its objectives, revealing the valuable

contributions of SC-COz in essential oil extraction and menthol impregnation, with potential

implications for various industrial sectors. This research represents the initial endeavor to scale up

the extraction of peppermint essential oil and the impregnation of menthol into cotton gauze.

5.2. Recommendations and future work

Some recommendations to advance research of Chapter 3 are:

Investigate the impact of particle size on extraction yield by varying the size of peppermint
leaves to 0.25 mm and 1 mm. This will provide valuable insights into the influence of
particle size on the efficiency of SC-CO2 extraction. The current study in Chapter 3
employed a particle size of 0.5 mm.

Explore the extraction of other valuable compounds present in peppermint essential oil,
such as 1,8-cineole (eucalyptol) at ~C$18/mL and menthyl acetate at ~C$5/mL, to further
enrich the understanding of the essential oil's composition and potential health benefits
associated with these additional components. Eucalyptol is recognized for its capacity to
promote respiratory well-being, whereas menthyl acetate is acknowledged for its ability to
alleviate digestive discomfort.

Conduct a comprehensive assessment of the stability of essential oil by observing physical
appearance, monitoring odour changes, analyzing chemical composition through
techniques like GC-MS, measuring the refractive index, and exposing the essential oil to
different conditions (e.g., temperature, light, air) to observe any changes. Also, evaluate

the shelf life of the extracted essential oil under different storage conditions, including
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room temperature (22 °C), refrigeration (4 °C), and freezing (-18 °C) to provide
information on the longevity and quality of the extracted essential oil over time.

e (Consider scaling up the extraction process beyond the 300 mL level, suchas 1 L, 10 L, or
even at industrial scale (20 L), to assess the feasibility and reliability of the findings on a
larger scale.

e Explore the fractionation of specific components within peppermint essential oil, such as

menthol and menthone, by employing varying pressure and temperature conditions.

Some recommendations to advance research of Chapter 4 are:

e Assess the oxygen permeability of the menthol-impregnated cotton gauze, particularly for
wound dressing applications, using a permeometer under controlled conditions of room
temperature and 100% relative humidity. Additionally, conducting water vapor sorption
studies to understand the gauze's moisture management properties involved exposing dried
samples to an atmosphere of 95% RH (at 23 °C) in a desiccator containing a potassium
sulfate saturated solution. The samples can then be periodically weighed to measure water
vapor sorption loading.

e Explore the antimicrobial activity of the menthol-impregnated cotton gauze by evaluating
its effectiveness against gram-negative bacteria E. coli, gram-positive bacterial strains S.
aureus, and fungus Candida albicans. This will provide valuable insights into its potential
as a wound dressing with antimicrobial properties.

e Conduct in vitro studies to investigate the potential cytotoxic effects of the menthol-
impregnated gauze on specific cell lines (dermal fibroblasts or keratinocytes) relevant to

the intended application, using established cell viability assays such as MTT or cell
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counting methods. This assessment will help determine the safety and biocompatibility of
the gauze for medical applications.
Explore the applications in other fields like menthol-impregnated food packaging (PLA

film) and menthol-impregnated pillows as aromatherapy to relieve stress.
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APPENDIX

Appendix A. SC-CO: + co-solvent extraction of essential oil from Mentha X piperita

5t y =1.2094x + 1.3442 )
R?=0.988

0 1 L 1 1 1 1
0 0.5 1 15 2 25 3 3.5

Log concentration (ug/mL)

Fig. A1. Standard curve of menthone for GC analysis.
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Fig. A2. Standard curve of menthol for GC analysis.
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Fig. A3. Standard curve of ascorbic acid for FRAP assay.
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Table Al. Ferric reducing antioxidant power of peppermint essential oil obtained at 110 bar and
50 °C at different concentrations in methanol(50 mg/mL, 100 mg/mL, 200 mg/mL, and 500

mg/mL).
Concentration FRAP
(mg/mL) (uM ascorbic acid equivalent)
50 15.621+1.0424
100 56.253+3.424¢
200 72.989+1.935%
500 82.253+2.0842

&¢ Different letters in the same column indicate significant differences (p<0.05).
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Table A2. Yield and menthol and menthone contents of SC-COz extraction of essential oil from peppermint.

Temperature | Pressure Mint Vial Vial+oil Oil Yield Menthol Menthone
©C) (bar) Loaded (@ (@) collected (%) content content
(2 (4] () (%)
Equipment 1 (0.5 mL CO2/min at pump condition)
100 4.5270 7.2359 7.2381 0.0022 0.0485¢f 26.4323b<d 0.0362°
4.5115 7.0437 7.0465 0.0028 0.0621¢f 23.2445b¢4 0.0233b¢
45 110 4.5188 7.0983 7.1014 0.0031 0.0686°" 32.9621% 0.0061°¢
4.5253 7.1084 7.1114 0.003 0.0662¢ 32.6297%® 0.0102°¢
120 4.5065 7.0993 7.1026 0.0033 0.0732¢f 10.5502f 0.0449b¢
4.5626 7.0906 7.0948 0.0042 0.0920¢°f 5.3565f 0.0209b¢
100 4.5572 7.0820 7.0845 0.0025 0.0548¢f 30.1628" 0.0365"
4.5480 7.2729 7.2759 0.003 0.0659¢f 27.5360°° 0.0407°
105 4.7050 7.1117 7.1139 0.0022 0.0467¢f NA NA
4.6054 7.1064 7.1079 0.0015 0.0325¢f NA NA
110 4.5261 7.1167 7.1233 0.0066 0.1458¢ 40.7117% 0.0703%
4.5189 7.0904 7.0981 0.0077 0.1703¢4 36.99382 0.0525b
115 4.5570 7.1564 7.1598 0.0034 0.0746¢" NA NA
50 4.5463 7.1084 7.1115 0.0031 0.0681¢f NA NA
120 4.5972 7.1254 7.1294 0.004 0.0870d%f 26.3366 0.0494b¢
5.0197 7.0412 7.0469 0.0057 0.11359%f 24.8386 0.0364°
200 4.0812 7.1693 7.1781 0.0088 0.2156 14.63454% 0.3125%
4.1531 7.1625 7.1710 0.0085 0.2046°° 18.7623% 0.2604°
300 4.0129 7.1245 7.1356 0.0111 0.2765° 10.8474°f 0.2427%
4.0096 7.1551 7.1656 0.0105 0.2618° 8.5702¢f 0.1550?
400 4.1145 7.0205 7.0349 0.0144 0.35102 4.6174f 0.1130°
4.0193 7.0811 7.0940 0.0129 0.3209* 4.3434f 0.0948°
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Table A2. Continued.

Temperature | Pressure Mint Vial Vial+oil oil Yield Menthol Menthone
©C) (bar) Loaded (@ (@) collected (%) content content
(4] (4] (%) (%)

Equipment 1 (0.5 mL CO2/min at pump condition)
100 4.5023 7.1023 7.1037 0.0014 0.0310f 22.2861¢ 0.0561°
4.5216 7.0959 7.0981 0.0022 0.0486f 24.4285¢% 0.0428"
55 110 4.6111 7.0598 7.0658 0.006 0.1301¢ 29.0222b¢ 0.0327°¢
4.5382 7.1133 7.1175 0.0042 0.0925¢% 23.6881%¢ 0.0236%
120 4.5398 7.1008 7.1043 0.0035 0.0770¢°f 3.9818f 0.0079°¢
4.5154 7.0952 7.097 0.0018 0.0398¢f 4.0511f 0.0121¢

Equipment 2 (3 mL CO2/min at pump condition)

110 3.0012 5.1486 5.1715 0.0229 0.7630° 48.3567* 2.3405%
3.1521 5.1099 5.1304 0.0205 0.6503° 46.7221?2 2.2328%
200 3.2213 5.1660 5.1921 0.0261 0.8102° 42.0880* 1.8377%
50 3.2500 5.2866 5.3229 0.0363 1.1169° 35.53012 1.26812
300 3.0320 8.8123 8.8414 0.0291 0.9597° 17.0997° 0.5352¢
3.1003 5.1360 5.1785 0.0425 1.3708° 19.9717° 0.5565¢
400 3.0620 5.2921 5.3501 0.0580 1.89412 21.1111° 0.8404°¢
3.1770 5.3610 5.4260 0.0650 2.0459? 242235 0.7257"

a¢ Different letters in the same column and same flow rate indicate significant differences (p<0.05). NA: Not analyzed due to low yields.

, o) — Extracted essential oil (g)
Yield (%) ( ey ) x 100 Eq. Al
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Table A3. Yield, menthol and menthone content of SC-CO2 + co-solvent extraction of essential oil from peppermint at 110 bar and
50 °C with a CO2 flow rate of 0.5 mL/min

mass of .
co- | Mint Loaded |  Vial Vial+oil oil Yield Menthol | Menthone
Co-solvent solvent (@) (@) (@) collected (%) cm;tent cm;tent
(@) (® (%) (%)
Ethanol 1 4.6086 7.1068 7.1144 0.0076 0.1649% 2427662 0.47002
1.1 4.5071 7.1548 7.17 0.0152 0.3372b 28.86342 0.53352
Acetone 1.3 4.7409 7.1146 7.1591 0.0445 0.93862 20.2248 0.38492
1.3 4.4579 7.1378 7.1678 0.03 0.67292 17.0141° 0.37362
Isopropyl 2.4 4.0198 7.16 7.1712 0.0112 0.2786° 29.63642 0.4077°8
acetate 2.4 4.0885 7.1639 7.1801 0.0162 0.3962° 23.02222 0.3323%

b Different letters in the same column indicate significant differences (p<0.05).
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Appendix B. Solubility of menthol in supercritical carbon dioxide and its impregnation on cotton gauze

Table B1. Solubility of menthol in SC-CO:a.

Solubility

T P CQz v Mass of En}pty Vial+ Menthol (mg Mole of Mole Solubility
©C) | (bar) density (mL) CO: vial menthol | collected menthol/g | menthol | of CO» (mqle

(g/mL) (®) (® (2 (2) COy) fraction)

45 100 | 050655 39.7 | 20.1100 | 7.1520 | 7.8245 0.6725 33.4410 | 2.14x10* | 0.0227 | 9.33x10-3"
' 40.2 | 20.3633 | 7.1398 | 7.8013 0.6615 32.4848 | 2.08x10** | 0.0227 | 9.07x10-%

45 110 | 0.55325 43.2 | 23.9004 | 7.1341 8.0972 0.9631 40.2963 | 2.58x10* | 0.0227 | 1.12x10-%®
44.7 | 24.7302 | 7.1795 | 8.1901 1.0106 40.8648 | 2.62x10* | 0.0227 | 1.14x10-2®

45 120 | 059995 39.5 | 23.6980 | 7.1364 | 8.1231 0.9867 41.6363 | 2.66x10* | 0.0227 | 1.16x10-%
37.1 | 22.2581 | 7.1665 | 8.2398 1.0733 48.2205 | 3.09x10* | 0.0227 | 1.34x102

45 200 | 0.81215 20 16.2430 | 7.1038 | 7.8589 0.7551 46.4877 | 2.97x10* | 0.0227 | 1.29x10*
25.3 | 20.5473 | 7.1064 | 8.0032 0.8968 43.6454 | 2.79x10* | 0.0227 | 1.21x10*

45 300 0.8903 24.8 | 22.0794 | 7.1648 | 7.9471 0.7823 354311 | 2.27x10* | 0.0227 | 9.88x10-3"
23.94 | 21.3137 | 7.1707 | 7.9312 0.7605 35.6811 | 2.28x10* | 0.0227 | 9.95x10-3®

50 100 0.3844 27.5 | 10.5710 | 7.1625 | 7.3046 0.1421 13.4424 | 8.60x10” | 0.0227 | 3.77x103«
294 | 11.3013 | 7.1411 7.2995 0.1584 14.0160 | 8.97x10” | 0.0227 | 3.93x10-3«

50 110 | 044748 36.5 | 16.3330 | 7.1456 | 7.7102 0.5646 34.5680 | 2.21x10* | 0.0227 | 9.64x1073"
354 | 15.8407 | 7.1582 | 7.7035 0.5453 34.4237 | 2.20x10* | 0.0227 | 9.60x10-3®

50 120 | 051056 30.3 | 15.4699 | 7.1762 7.734 0.5578 36.0569 | 2.31x10* | 0.0227 | 1.01x10-%®
31.6 | 16.1336 | 7.1697 | 7.7693 0.5996 37.1644 | 2.38x10* | 0.0227 | 1.04x10%®

50 200 0.7844 28.5 | 22.3554 | 7.1726 | 8.0645 0.8919 39.8964 | 2.55x10* | 0.0227 | 1.11x102d
29.4 | 23.0613 | 7.1894 | 8.0765 0.8871 38.4669 | 2.46x104 | 0.0227 | 1.07x1024

50 300 0.8706 304 | 26.4662 | 7.1515 | 8.0907 0.9392 354867 | 2.27x10* | 0.0227 | 9.90x10
' 29.2 | 25.4215 | 7.1498 | 8.2013 1.0515 413625 | 2.65x10* | 0.0227 | 1.15x10%¢
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Table B1. Continued.

T CO: Mass of | Empty | Vial+ Menthol Solubility Solubility
P . \4 . (mg Mole of Mole

©C) | (bar) density (mL) CO: vial menthol | collected menthol/g | menthol | of CO: (mqle
(g/mL) (® ) ) (® COy) fraction)
55 100 03372 33.9 11.4310 | 7.1662 | 7.2456 0.0794 6.9459 4.44x107 | 0.0227 | 1.95x10°3
32.6 10.9927 | 7.1318 | 7.2198 0.088 8.0053 5.12x107 | 0.0227 | 2.25x10-3¢
55 110 | 0.40013 37.6 15.0448 | 7.1464 | 7.4401 0.2937 19.5215 | 1.25x10* | 0.0227 | 5.47x10°%
35.9 14.3646 | 7.1601 | 7.3941 0.234 16.2899 | 1.04x10* | 0.0227 | 4.57x10%
55 120 | 046306 36.5 16.9016 | 7.1471 | 7.6948 0.5477 32,4050 | 2.07x10* | 0.0227 | 9.04x10-3®
' 34.9 16.1607 7.18 7.7373 0.5573 344846 | 2.21x10* | 0.0227 | 9.62x10-®
55 200 0.7541 35.3 26.6197 | 7.1462 | 8.1012 0.955 35.8756 | 2.30x10* | 0.0227 | 1.00x10-
36.1 27.2230 | 7.1438 | 8.1326 0.9888 36.3222 | 2.32x10* | 0.0227 | 1.01x1072
55 300 0.8503 13.5 11.4790 | 7.1493 | 7.5602 0.4109 35.7956 | 2.29x10* | 0.0227 | 9.98x10-3%"
14.8 12.5844 | 7.1038 | 7.6241 0.5203 41.3447 | 2.65x10* | 0.0227 | 1.15x10°%®

&¢ Different letters in the solubility column indicate significant differences (p<0.05). P: pressure, T: temperature, V: volume of COa.

mass of menthol (g)
molecular weight of menthol (g/mole)
mass of CO» (g) , mass of menthol (g)
molecular weight of CO, (g/mole)T molecular weight of menthol (g/mole)

Solubility = Eq. B1

Mass of CO, = Flow rate (L/min) X density of CO, (g/L) X time (min) Eq. B2

151



Table B2. Effect of temperature and pressure on CO: properties and solubility of menthol in SC-COa.

R Temperature Pressure CO2 den3sity CO2 dynz};nic viscosity Solubility

un °O) (bar) (kg/m”) (10 Pa §) (Mole fraction)

1 45 100 506.55 38.09 9.20£0.19x103°
2 45 110 553.25 42.91 1.13£0.01x1022
3 45 120 599.95 47.72 1.25+£0.13x1022
4 45 200 812.15 73.76 1.25+0.05x1022
5 45 300 890.30 89.95 9.91 +£0.05x103°
6 50 100 384.40 28.34 3.85+£0.11x103
7 50 110 447.48 33.98 9.62 +£0.03x103°
8 50 120 510.56 39.62 1.02 +0.02x102
9 50 200 784.40 68.93 1.09 +0.03x1022
10 50 300 870.60 85.5 1.07 £0.12x1022
11 55 100 337.20 26.04 2.10+0.21x1034
12 55 110 400.13 31.09 5.02 +£0.64x103°¢
13 55 120 463.06 36.15 9.33£0.41x103°
14 55 200 754.10 64.56 1.01 £0.01x102°
15 55 300 850.30 81.53 1.07 £0.11x1022
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Table B3. Impregnation yield of menthol into cotton gauze at different SC-COz processing conditions.

. o Menthol Cotton Impregnated Entrapment | Impregnation
Time Depressurization rate . .

No. (min) (bar/min) loaded gauze cotton gauze efficiency yield

(2 (2) (2 () (%)
1 6 0.1021 0.2523 0.2831 30.1665 12.2076°¢
2 30 0.1045 0.2645 0.2912 25.5502 10.0945¢
3 60 0.098 0.2423 0.2565 14.4897 5.8605¢
4 0.1052 0.2642 0.2804 15.3992 6.1317¢
5 6 0.104 0.2566 0.3371 77.4038 31.3717°
6 300 0.0994 0.249 0.3235 74.9497 29.91962
7 60 0.1003 0.2477 0.3012 53.3399 21.5987°
8 0.101 0.2566 0.3152 58.0198 22.8371°

d Different letters in the same column indicate significant differences (p<0.05).

Impregnation yield (%) = ——= x 100 Eq. B3

mj

Where, mi and mf are the masses of cotton gauze before and after the impregnation process, respectively.

Entrapment efficiency (%) — Mmenthol loaded (8)—Mmenthol impregnated ® x 100

Eq. B4

Mmenthol loaded (8)
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Table B4. Colour measurement of cotton gauze at different SC-CO2 menthol impregnation
processing conditions.

30 min 300 min
No.
6 bar/min 60 bar/min 6 bar/min 60 bar/min
83.11 83.54 83.45 83.53 83.46 84.04 83.47 83.32
a -0.58 -0.32 -0.40 -0.50 -0.42 -0.43 -0.47 -0.41
b 3.07 2.74 3.09 3.04 3.55 3.03 3.70 3.30
AE 0.4202 | 0.1886 | 0.2387 | 0.2624 | 0.6952 | 0.6659 | 0.8500 | 0.4501
Average AE 0.30+0.16° 0.25%0.022 0.68+0.02? 0.65+0.28*
4 Same letter in the same row indicates no significant difference (p>0.05).
AE = J(L* = L)2+ (a* — @) + (b* — b)? Eq. B5

where, L*, a*, and b" represent the color parameters of the control cotton gauze, while L, a, and b

represent the color parameters of the menthol-impregnated cotton gauze. L represents darkness to

lightness (0-100), a represents greenness to redness (-128 to +127), and b represents blueness to

yellowness (-128 to +127).
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Table BS. Visual documentation of SC-CO2 menthol impregnated cotton gauzes under different
experimental conditions.

Experimental condition Impregnated cotton gauze

30 min and 6 bar/min

30 min and 60 bar/min

300 min and 6 bar/min

300 min and 60 bar/min
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