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Abstract: Camellia seed oil, extracted from the seeds of Camellia oleifera Abel., is popular in South
China because of its high nutritive value and unique flavor. Nowadays, the traditional extraction
methods of hot pressing extraction (HPE) and solvent extraction (SE) are contentious due to low
product quality and high environmental impact. Innovative methods such as supercritical fluid
extraction (SCFE) and aqueous extraction (AE) are proposed to overcome the pitfalls of the traditional
methods. However, they are often limited to the laboratory or pilot scale due to economic or technical
bottlenecks. Optimization of extraction processes indicates the challenges in finding the optimal
balance between the yield and quality of oils and phytochemicals, as well as the environmental
and economic impacts. This article aims to explore recent advances and innovations related to the
extraction of oils and phytochemicals from camellia seeds, and it focuses on the pretreatment and
extraction processes, as well as their complex effects on nutritional and sensory qualities. We hope
this review will help readers to better understand the trends, challenges, and innovations associated
with the camellia industry.

Keywords: Camellia oleifera seed; extraction technologies; oil yield; flavors; byproducts

1. Introduction

Camellia oleifera Abel., a subtropical evergreen shrub or small arbor, belongs to the
genus Camellia of the family Theaceae; it is also called oilseed camellia [1]. Oilseed
camellia, together with oil palm, olive, and coconut (Cocos nucifera), are listed as the world’s
four woody oil plants. This plant originated in China, and it has been cultivated and utilized
there for more than 1000 years [2]. Moreover, the plant has been cultivated to some extent
in other countries, such as Japan, Thailand, Vietnam, and Malaysia [3]. Camellia oleifera
is well adapted to the warm and humid climates in the mountainous regions of southern
China, and it is distributed extensively across 14 provinces, including Hunan, Jiangxi,
Yunnan, Zhejiang, Fujian, and Guizhou [4]. The increasing demand for high-quality edible
oil, alongside the tree planting strategy promoted by the Chinese government, has caused
the explosive growth of C. oleifera plantations in China during the past few decades. Local
communities have reaped immense economic and environmental benefits from the camellia
industry. In 2020, the total cultivation area of C. oleifera in China was 4.46 million hectares,
and the production of camellia seed and oil reached 3,140,000 and 720,000 tons, respectively
(http://www.forestry.gov.cn/main/586/20211103/084728001949510.html, accessed on
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7 July 2022), which represents a more than 20-fold increase compared to the camellia seed
production of 150,000 tons in 1990 [5].

Camellia seed oil is extracted from the seeds of C. oleifera and its related species, such
as Camellia chekiangoleosa Hu. After oil extraction, the residual seed cakes can be used as raw
materials for preparing animal feeds, organic fertilizers, and biotic pesticides [6]. Camellia
seed oil is known as “oriental olive oil” because its fatty acid profile is similar to that of
olive oil. It has a high content of unsaturated fatty acids (up to 90%), mainly oleic acid
and linoleic acid [7]. Moreover, camellia seed oil is rich in bioactive compounds, such as
squalene, phytosterols, polyphenols, and tocopherol; has been recommended by the Food
and Agriculture Organization of the United Nations as a high-quality edible oil; and is
used widely throughout the world [8]. Furthermore, camellia seed oil is widely used for
cosmetic and medicinal purposes [9].

Local communities in China have been extracting oil from camellia seeds using wooden
presses since more than 1000 years ago. This technology can be dated back to the Song
Dynasty, as recorded in an ancient book named Tu Jing Ben Cao [10]. Nowadays, this
processing method has been listed as a non-material cultural heritage of China. However,
compared to other oil crops such as rapeseed and palm, owing to the relatively small scale
of production and lack of research on nutritional basis, quality, and safety, the modern
industrial production of camellia seed oil started late [1]. Mechanical pressing extrac-
tion (MPE) and solvent extraction (SE) are now the dominant technologies used for the
industrial-scale extraction of camellia seed oil, owing to advantages such as low capital
investment and easy operation [11]. However, these traditional methods have several
drawbacks, such as low yield, time inefficiency, and inferior quality due to hazardous
substance residue and excess refining [12,13]. Moreover, the utilization of co-products,
mainly fruit shells and seed cakes, is underdeveloped [8]. Innovative methods such as
supercritical fluid extraction (SCFE) and aqueous extraction (AE) have been developed
to address the drawbacks of the traditional methods. However, there are major pitfalls
obstructing their way to becoming commercialized, such as complex operation and high
capital investment [14]. Therefore, methods for the industrial processing of camellia seeds
need further refinement to fulfill the growing market demand [15].

This review is inspired by recent developments and innovations related to the extrac-
tion of oils and phytochemicals from camellia seeds. It aims to systematically evaluate the
feasibility of various technologies to extract oils and phytochemicals with high efficiency
and quality. Meanwhile, special attention is paid to the existing challenges and future op-
portunities pertaining to the industrial extraction of camellia seed oil. This information will
help readers to better understand the recent advancements in camellia seed oil extraction,
and facilitate the production of camellia seed oil with the desired yield and quality.

2. Components of Camellia Seeds

Camellia seeds are obtained from the fruit of C. oleifera Abel, and they are closely
covered by the shell of the fruit (Figure 1). Seeds account for 38–40% of the fresh fruit, and
they can be obtained through natural sun drying and manual shelling, or by mechanical
shelling of the fruit [16]. The camellia seed is composed of a hull and kernel, and the latter
accounts for 66–72% of the entire seed (Figure 1). Kernels typically contain 8.65–10.14%
water, 43.56–44.24% oil, 8.96–9.38% protein, 8.10–8.65% tea saponins, and other compo-
nents [17]. Oil inclusions are entrapped by the complex cell wall of the camellia seed. The
lipids are often linked with proteins or polysaccharides to form lipoproteins or lipopolysac-
charides. These networks deteriorate the mobility of oils and hinder the release of oils and
other phytochemicals from camellia seeds during the extraction process [18,19].
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Figure 1. Trees and fruits of Camellia oleifera Abel.

3. Composition of Camellia Seed Oil

Camellia seed oil is mainly composed of triglycerides (TAGs, 95–98%) and unsaponifi-
able matters (2–5%), such as squalene, phytosterols, polyphenols, and fat-soluble vita-
mins [1,20].

3.1. Fatty Acid Composition

TAGs are a mixture of glycerol molecules linked to three fatty acid residues with
different chain lengths and saturation levels. The content and composition of fatty acids in
camellia seed oil vary with the variety, source, and growth conditions of camellia trees [7].
Palmitic (C16:0), stearic (C18:0), oleic (C18:1), and linoleic (C18:2) acids are the four principal
fatty acids in camellia seed oil, and they account for 97.0–98.0% of the overall fatty acid
profile. In addition, a few low-abundance fatty acids are present in camellia seed oil,
as listed in Table 1 [7]. Similar to olive oil, unsaturated fatty acids (UFAs) are the main
components of camellia seed oil (>85%), with the content of oleic acid, a monounsaturated
fatty acid, being the highest (75.97–79.49%) (Table 1) [7].

Table 1. Fatty acid composition of camellia seed oil [7].

Fatty Acid Camellia Seed Oil (%)

Tridecanoic acid (C13:0) 0.0048–0.0066
Myristic acid (C14:0) 0.0297–0.0617

Pentadecanoic acid (C15:0) 0.0072–0.0140
Palmitic acid (C16:0) 7.4541–9.0572
Margaric acid (C17:0) 0.0635–0.0791

Stearic acid (C18:0) 1.8946–3.5695
Arachidic acid (C20:0) 0.0446–0.0987
Behenic acid (C22:0) 0.0160–0.0307

Tricosanoic acid (C23:0) 0.0150–0.0510
Lignoceric acid (C24:0) 0.0305–0.0746
Palmitoleic acid (C16:1) 0.1200–0.1821
Margaroleic acid (C17:1) 0.0553–0.0847

Oleic acid (C18:1n9) 75.9724–79.4949
Asclepic acid (C18:1n11) 0.5284–1.0959

Gadoleic acid (C20:1) 0.5268–0.6065
Erucic acid (C22:1) 0.0259–0.0383

Linoleic acid (C18:2n6) 7.4679–10.2809
Eicosadienoic acid (C20:2) 0.0144–0.0213
α-Linolenic acid (C18:3n3) 0.1869–0.3860
γ-Linolenic acid (C18:3n6) 0.0356–0.0687

Docosahexaenoic acid (C22:6n3) 0.0561–0.1047
Saturated fatty acid (SFA) 9.8917–12.4011

Monounsaturated fatty acid (MUFA) 77.2590–81.1909
Polyunsaturated fatty acid (PUFA) 7.8677–10.7537

3.2. Unsaponifiable Components

In addition to the excellent fatty acid composition, camellia seed oil is rich in bioactive
components, which make important contributions to its nutritional and sensory quality
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(Table 2). The content and composition of bioactive components in camellia seed oil can
vary with the species and planting environment [7], as well as the extraction process [21].

Squalene (122.02–751.64 mg/kg) and sterols (2860.18–6266.15 mg/kg) are the major
unsaponifiable components in camellia seed oil [7,22]. Camellia seed oil is an important
source of plant squalene in the daily diet of local people [7]. Squalene has various biological
effects, including anti-oxidant, anti-inflammatory, anti-atherosclerotic, immunity elevation,
and anti-neoplastic effects, in vivo and in vitro (Table 2) [23]. At least nine types of sterols
can be isolated and identified from camellia seed oil [7]. The major sterols are β-amyrin,
lupeol, β-sitosterol, cycloartenol, stigmast-7-en-3-ol, betulin, and lanosterol. Phytosterols
have been proven to have the following effects: cardiovascular disease prevention, anti-
obesity, anti-diabetic, anti-microbial, anti-inflammatory, immunomodulatory, and anti-
cancer [24,25].

Camellia seed oil is rich in fat-soluble vitamins. The major component of the to-
copherols (vitamin E) in camellia seed oil is α-tocopherol (115.86–204.60 mg/kg). The
contents of γ- and δ-tocopherol are 4.53–10.18 and 0.03–2.86 mg/kg, respectively [21].
Various biological effects of tocopherols include anti-oxidant, anti-inflammatory, anti-
cancer, and cardiovascular disease prevention [26]. Moreover, carotenoids such as lycopene
(0.17–10 mg/kg), β-carotene (0.36–21 mg/kg), and lutein (0.00–1.6 mg/kg) are present in
camellia seed oil [27]. Carotenoids have been proven to have biological effects, including
anti-oxidant and pro-vitamin A functions, and so on [28].

Plant polyphenols are another prominent group of bioactive components in camellia
seed oil (20.56–88.56 mg/kg) [29–31]. The content and composition of phenolic compounds
in camellia seed oil largely depend on the methods of pretreatment, extraction, and refin-
ing [30,32]. More than 20 types of phenolic compounds can be separated from camellia
seed oil, including at least thirteen types of phenolic acids, four types of catechins, and
six types of flavonoids [29]. Polyphenols are known to have various biological effects,
such as anti-inflammatory and anti-oxidative [33,34]. Moreover, they can quench radical
reactions, which are responsible for lipid oxidation, thus preventing the deterioration of
the oil and improving its stability [35].

Table 2. Major unsaponifiable matters in camellia seed oil.

Major Unsaponifiable Matters Content (mg/kg) Major Biological Effects Reference

Squalene 122.02–751.64
Anti-oxidant, anti-inflammatory,

anti-atherosclerotic, immunity elevation,
anti-neoplastic

[7,23]

β-amyrin 607.24–1189.29
lupeol 214.64–549.51

β-sitosterol 106.96–293.72
cycloartenol 578.87–1173.90

stigmast-7-en-3-ol 269.73–533.33
betulin 165.57–640.75

Sterols

lanosterol 715.19–1418.46

Cardiovascular disease prevention,
anti-obesity, anti-diabetic, anti-microbial,
anti-inflammatory, immunomodulatory,

anti-cancer

[7,24,25]

Tocopherols
α-tocopherol 115.86–204.60 Anti-oxidant, anti-inflammatory,

anti-cancer, cardiovascular
disease prevention

[21,26]γ-tocopherol 4.53–10.18
δ-tocopherol 0.03–2.86

lycopene 0.17–10.00
β-carotene 0.36–21.00Carotenoids

lutein 0.00–1.60

Anti-oxidant, pro-vitamin A function,
improved cognitive function and
cardiovascular health, anti-cancer

[27,28]

Polyphenols

benzoic acid 2.95–18.87

Anti-inflammatory, anti-oxidant,
anti-tumor, cardiovascular regulation [29,33,34]

p-hydroxybenzoic acid 0.83–22.56
cinnamic acid 3.72–16.69

catechin 0.62–2.17
naringenin 0.16–6.10
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3.3. Volatile Components

Camellia seed oil is preferred by local consumers for its specific flavor. According to
the results of a cluster analysis, the major volatile components present in camellia seed oil
include hydrocarbons, aldehydes, ketones, alcohols, acids, esters, and heterocycles [36,37].
Aldehydes and alcohols are the predominant volatile flavor components, and they account
for more than 74% of the total content [36]. Aroma recombination and omission studies
have demonstrated that aldehydes, esters, acids, and heterocyclic compounds significantly
contribute to the aroma profile of virgin camellia seed oil [38].

Owing to its excellent fatty acid profile and abundant bioactive and volatile compo-
nents, camellia seed oil has high nutritional quality and specific sensory characteristics. For
these reasons, it is popular in the Chinese market. The preservation of multiple nutrients
and volatile compounds is essential in camellia seed oil production. However, the physi-
ological action mechanisms of natural bioactive components in camellia seed oil remain
unclear, and only a few relative clinical trials have been reported [39]. All of these factors
limit the development of camellia seed oils with high nutritional value.

4. Pretreatment Methods

Suitable pretreatment procedures are usually needed to improve the yield and quality
of camellia seed oil. The major pretreatment steps include cleaning, deshelling, dehulling,
drying, and size reduction (grinding, crushing, and so on) (Figure 2). Depending on the
subsequent extraction technology, the pretreatment process may consist of different steps.
Moreover, enzymes can be used for pretreatment [40]. The main purposes of pretreatment
include—but are not limited to—modulation of the moisture content, disruption of the
cellular structure, improvement of oil mobility, and formation of flavor compounds [6]. The
traditional pretreatment methods, such as hot air treatment, roasting, baking, and cooking,
usually involve thermal treatments, with the risk of excess heating and undesirable chemical
reactions. Innovative pretreatment methods, such as infrared and microwave heating, as
well as steam explosion, are usually either athermal or high-temperature instantaneous
treatments [6].
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4.1. Drying of Camellia Seeds

The moisture content of freshly harvested camellia seeds can be 40–50% [41]. Drying
can reduce the moisture content of camellia seeds, in addition to minimizing microbiological
activity and undesirable chemical reactions [6]. Nowadays, natural drying of camellia
seeds is still used by local farmers and oil workshops. However, this process is usually
time-intensive, and is severely affected by weather conditions. Hot air drying is one of the
common methods used for agricultural products. However, it has disadvantages, such as
low heat transfer rate, long process time, and high energy consumption [42]. Novel drying
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methods such as infrared drying, microwave drying, vacuum drying, and hybrid drying
have been developed to improve the efficiency and quality of drying [43–48]. Drying
processes are energy-intensive; therefore, their efficiency is a primary concern. Moreover,
their effects on the storage stability of camellia seeds and the quality of oil products warrant
investigation [43]. Microwave-based methods exhibit high drying efficiency and quality,
as well as low energy consumption; however, the storage stability of the treated seeds is
poor [44,49,50]. Vacuum drying is characterized by high drying quality, low efficiency, and
high energy consumption [44,49,50]. Thus, the comprehensive effects of various drying
methods should be carefully assessed before their implementation.

4.2. Dehulling of Camellia Seeds

The dehulling of camellia seeds is usually performed using a percussive breaker,
and hulls and kernels are separated by an airflow separation system [51]. The degree of
dehulling largely depends on the subsequent extraction process. For traditional extraction
processes such as SE and hot pressing extraction (HPE), the seeds are not dehulled [52].
The reserve of hulls is important for the permeation of organic solvents. However, the hulls
of camellia seeds introduce unpleasant compounds and aromas, as well as waxes, to the
crude oil, which reduces the quality of the crude oil and increases the refining cost [53].
Because the kernels are oil-rich and low-fiber, their rheological properties are undesirable
for screw pressing [54]. For cold pressing extraction (CPE) conducted using a twin-screw
system, the hull content of the raw material was controlled to achieve a balance between
oil yield and quality [51]. Moreover, the hull residue in the raw material is important to
ensure efficient extraction of residual oil from the pressed cakes using the SE method.

4.3. Roasting or Baking

Roasting or baking are important steps in the traditional extraction process. They
contribute significantly to the flavor and color of the final products. The application of
heat to the oil-bearing materials can rupture the cell walls and facilitate the leaching of
oils and bioactive compounds [55,56]. Moreover, roasting may enhance several chemical
reactions, such as the Maillard reaction, which is essential for the formation of aroma-active
volatiles [57–60]. Moreover, the anti-oxidant capacity and oxidative stability of oils can
be improved by Maillard reaction products and endogenous anti-oxidants such as total
phenolics [60–62]. A linear interrelationship between the oxidative stability of the oil and
roasting temperature was identified within a certain temperature range (110–140 ◦C) [61].
However, roasting or baking at high temperatures can contribute to the formation of
undesirable compounds that have toxic effects on human physiological functions [63]. For
example, the benzo (a) pyrene content of camellia seeds increased from 3.1 to 14.1 µg/kg
during roasting [63]. Therefore, the roasting process of camellia seeds should be customized
in view of the nutritional quality, sensory characteristics, and safety requirements of the
oil products.

4.4. Microwave Puffing Pretreatment

Microwave treatment is an internal heating method that makes use of the energy
feature of high-frequency electromagnetic waves. The field energy of a microwave is
rapidly converted into the internal energy of the target materials. Elevated intracellular
temperatures generate growing pressures that can rupture the cell wall [64]. Microwave
heating offers multiple advantages, such as uniform heating, energy saving, high speed,
and environmental friendliness [48,65]. After microwave processing, the internal structure
of the sample is characterized by evident porosity and multiple irregular cavities owing to
the destruction of the cell structure [64]. The low moisture content of microwave-pretreated
camellia seeds increases their brittleness and susceptibility to tissue rupture [64,66]. Hence,
microwave pretreatment may increase the yield of oil extracted from seeds and improve the
oxidative stability of camellia seed oils [59,64,66]. The oil yield was found to increase from
53% to 95% after microwave treatment [66]. The parameters of microwave pretreatment
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should be well controlled. The pretreatment time was one of the key factors. The oil
yield increases with microwave time at first, however, the prolonged treating time would
reduce the oil yield due to the coking of seed material [67,68]. The combined effect of
treatment time and moisture content is important for optimizing the extraction process [64].
Microwave pretreatment has been verified in pilot-scale production units, which can serve
as the base for future industrial production [65].

4.5. Other Pretreatment Methods

Neutral protease pretreatment was used to improve the recovery and quality of
camellia seed oil [40]. Crushed camellia seed powder was hydrolyzed by neutral protease.
The residual oil rate of the camellia seeds subjected to such enzymatic pretreatment was
5.62%, while 9.97% of oil was left in the heat-pretreated samples. Irradiation pretreatment
has also been used for oil extraction from camellia seeds. This pretreatment can increase
the extraction speed, and the best irradiation dose is 6 kGy [69]. The oil yield was 96.58%
with irradiation pretreatment, which is higher than 79.75% of the control. Steam explosion
is a physicochemical pretreatment method that utilizes the thermal reaction and physical
tearing produced by instantaneous pressure release and expansion in a high-temperature
and high-pressure environment. It can destroy the cell wall and disconnect the oil body from
other cellular components, and its advantages include low energy cost and environmental
friendliness. An appropriate steam pressure (1.6 MPa) and residence time (30 s) can increase
the oil yield by 18.50% compared to that of the untreated control [70]. However, owing
to the required high pressure and temperature, it is difficult to maintain the intensity and
uniformity of the steam explosion process, and the current research on steam explosion is
still limited to the laboratory scale.

Pretreatment technologies have complex effects on the quality and yield of camellia
seed oil. The applied energy can rupture the cell structure of oilseeds and improve the yield
and quality of camellia seed oils [70]. However, excessive thermal treatment can deteriorate
nutritional elements and introduce harmful substances [58]. The innovative pretreatment
methods offer advantages such as low energy consumption and high efficiency, but their
economic and technical feasibilities warrant further investigation [40,43,70].

5. Extraction Methods

Various techniques have been reported for camellia seed oil extraction (Table 3). Con-
ventional extraction methods (MPE and SE) are widely used for the industrial production
of camellia seed oil. Innovative extraction technologies are currently being developed to ad-
dress the drawbacks of the aforementioned traditional methods. However, various pitfalls
must be overcome before these methods can be used at the industrial scale. The advantages
and disadvantages of camellia seed oil extraction techniques are listed in Table 3.

5.1. Mechanical Pressing Extraction

Mechanical pressing extraction (MPE) presses out the oil from camellia seeds by
applying external mechanical forces, and its advantages include simple operation, low
capital investment, and environmental friendliness [71]. MPE is suitable for extraction from
seeds with high oil contents (>25%) [71]. Nowadays, MPE accounts for the largest market
share among the processes used for camellia seed oil extraction in China [72]. However,
MPE is often hampered by low oil yield, and certain amounts of oils are left in the pressed
cakes. To increase the rate of oil recovery, MPE is usually combined with SE, which can
recover the residual oil from pressed cakes in the industry [51].
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Table 3. The advantages and disadvantages of camellia seed oil extraction techniques.

Extraction Method Advantages Disadvantages

Hot pressing extraction
(HPE)

Low investment cost and
simple operation

High processing temperature, resulting in
low quality of oil and seed, and complex
refining process required

Cold pressing extraction
(CPE)

Simple operation, better quality of oil and
seed compared with HPE, as well as
simpler refining

Low yield

Fresh pressing extraction
(FPE)

High yield and superior quality, allows
for simultaneous recovery of
multiple components

Increased investment cost, additional and
tedious operations needed

Solvent extraction (SE) Low investment cost and high yield

High processing temperature, as well as
hazardous solvent consumption and
residue, resulting in low quality of oil
and seed, and requires a complex
refining process

Aqueous extraction (AE)

Better oil quality, reduced solvent
consumption and less refining compared
with SE, and allows for simultaneous
recovery of multiple components

Low yield and prolonged extraction time,
increased investment cost, as well as
complex operation in wet conditions and
wastewater discharge

Wet extraction (WE) Developed from AE with significantly
reduced water consumption

Not viable for simultaneous recovery of
multiple components

Enzyme-assisted aqueous
Extraction (EAE)

Developed from AE with enhanced
extraction efficiency and specificity, and
milder operation condition

High cost of enzymes

Supercritical fluid extraction (SCFE)
High yield and superior quality,
environmentally friendly, and mild
processing conditions

High pressure, high capital and operating
cost, and low throughput

Subcritical fluid extraction (SFE)
using water

Better quality of oil compared with SE,
higher yield than AE, reduced processing
time and solvent use

High temperature and increased pressure,
high capital and operating cost

Subcritical fluid extraction (SFE) using
n-butane

Better quality of oil and seed compared
with SE, high yield, reduced processing
time, and mild processing condition

Increased pressure, high capital and
operating cost, requires additional
safety management

Microwave-assisted extraction (MAE) Improved yield and reduced processing
time

Applies high temperatures and extra
energy requirements

Ultrasound-assisted extraction (UAE) Improved yield and reduced
processing time

Extra energy requirements, difficult to
scale up for commercial application

The batch hydraulic press and screw press are the two main pieces of equipment
required for MPE. The hydraulic press is popular for small-scale extraction and on-farm
seed grinding operations owing to its low cost and high quality of oil products. However, at
the industrial scale, its application is limited by its low processing capacity [73]. By contrast,
the processing capacity of a continuous screw press is considerably higher, and therefore,
more suitable for industrial purposes [71]. Depending on the processing conditions, MPE
can be subdivided into hot pressing extraction (HPE) and cold pressing extraction (CPE).
High processing temperatures can denature the protein fraction of oilseeds, in addition
to causing the loss of thermolabile bioactive components and formation of hazardous
compounds, such as benzo (a) pyrene [63]. Therefore, CPE preserves more bioactive
substances in camellia seed oils than HPE. Moreover, CPE oil has low acid and peroxide
values, as well as reduced benzo (a) pyrene and phospholipid contents [74]. After simple
sedimentation or filtration, the physicochemical properties of CPE oil were found to comply
with the national standard for one-level camellia seed oil [51]. Single-screw extrusion is
usually employed in the oil industry, but twin-screw systems are more ideal for CPE of
camellia seed oil [51]. To improve the oil yield of single-screw operations, additional
pretreatment steps (such as flaking and cooking) are often necessary. In the case of a
twin-screw extruder, these pretreatment steps can be compensated by thermomechanical
treatment during extraction [51–53].
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The hull and water contents of kernels are important parameters that determine the
yield and quality of oil in twin-screw extrusion [51]. Maximum barrel temperature is
negatively correlated to water content and positively correlated to hull content. It was
discovered that when the water content of kernels increased from 4% to 6%, the residual
oil in the pressed cake decreased from 7.7% to 3.6% [51]. The residual oil rate in seed
meals can be reduced by increasing the hull content, but doing so would also increase
the maximum barrel temperature. The best hull content is 8%, which corresponds to a
maximum barrel temperature of 60 ◦C and residual oil rate of 3.6% [51]. The twin-screw
extruder can effectively satisfy the requirements of both CPE and HPE processing, and it is
widely used in new extraction plants.

MPE can be modeled using both experimental and theoretical methods. It is ideal for
achieving a high yield, high quality, and low energy consumption simultaneously. However,
these goals usually contradict each other. Theoretically, it is difficult to achieve multi-
objective optimization with the traditional single-factor and response surface optimization
methods, in conjunction with limited experimental works. One study indicated that oil
yield and energy consumption exhibit a negative correlation [75]. Another study indicated
that the maximum yield and best quality parameters (free fatty acid value and peroxide
value) are conflicting [76]. The pareto fronts solved using genetic algorithms provided a set
of optimal process parameters that are essential for multi-objective processing optimization.
These studies indicate that new mathematical tools are important for distinguishing the
complex effects of process parameters. Furthermore, these results provide a basis for
achieving a balance between oil yield and oil quality, as well as process cost.

5.2. Fresh Pressing Extraction

Fresh pressing extraction (FPE) is a novel method for camellia seed oil production. The
camellia seed oil obtained by FPE has been commercialized by several camellia oil produc-
ers, but its current price is considerably higher than that of CPE oil. In FPE processing, fresh
camellia fruits are skinned and pressed within a few hours after they are harvested. The
seriflux of the seeds is recovered and extracted using food-grade solvents. After heating
and stirring at 80 ◦C for 30–50 min, the three phases are separated by centrifugation, and
the oil phase is collected and refined by simple steps, such as dewatering and filtration.
The retting, heaping, and drying steps needed in traditional pressing are avoided. The
moldiness caused by fresh camellia fruit storage is reduced. The residual oil rate (2%)
of FPE is lower than that of MPE [51,77]. Meanwhile, FPE can be used to separate oil,
seed protein, and seed residue at the same time, as can AE [77]. However, this process is
relatively complex, which increases the cost of equipment and energy. Overall, this method
represents an attempt at producing high-value camellia seed oil of high quality.

5.3. Solvent Extraction

SE processing is widely applied in the edible oil industry owing to its high yield and
continuous production [13]. For camellia seed oil, the relatively small scale of production,
along with the high-quality requirement, has limited the application of SE processing.
Commercial-scale SE is usually applied as a supplement to MPE processing for recovering
residual camellia seed oil from pressed cakes [51,78,79]. In this process, camellia seed oil
is obtained through a combination of MPE and SE, which provides an overall oil yield in
excess of 95% [51,78].

Hexane and No. 6 solvent are the most commonly used organic solvents in camellia
seed oil production [13,80]. Camellia seed oil is dissolved in the solvent phase and recovered
in the evaporation step, and the solvents are collected and recycled [13]. However, hexane
and No. 6 solvent are inflammable and explosive, and they require more process safety
management than MPE. SE processing is considered a significant source of volatile organic
compound pollution, and stringent guidelines on hexane emissions have been issued [81].
In addition, hexane is a neurological toxin [82]. In the new national standard (GB 2716-
2018), the China Food and Drug Administration (CFDA) has stipulated that solvent residue
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should not exceed 20 mg/kg in edible oils. In addition to residual solvents, benzo (a)
pyrene is another substance to be concerned about when implementing SE processing
because of roasting at high temperatures and grinding without hulling [63,80]. To remove
organic solvents and other contaminants, complex refining processes are needed for the
crude oils produced by SE processing. This would probably result in the incorrect labeling
of camellia seed oil [83].

It has been proposed that one should replace the hexane with green solvents in oil
extraction [84]. Ethanol [13], n-butyl alcohol [85], second butyl-acetate [86], and dimethyl
carbonate (DMC) [87] are promising alternatives to hexane. However, these solvents have
pitfalls, such as high cost and high residue ratio. For example, the extraction yield of
second butyl-acetate exceeded 96% under optimum conditions, but its residue ratio was
11%, which is considerably higher than that of hexane [86].

5.4. Aqueous Extraction Process

In aqueous extraction (AE), pure water is the main extraction medium, and it is a po-
tential alternative to traditional SE methods. Moreover, AE is designed for the simultaneous
extraction of oil and byproducts, such as proteins and tea saponins [14,79]. AE processing is
divided into four main stages: crushing or grinding of raw materials, extraction, centrifugal
separation of different phases, and demulsification. The oil yield of AE is often lower than
that of SE [88]. Appropriate pretreatments such as steam explosion or microwave puffing
would facilitate oil release in AE processing [65,70,89].

To improve the extraction efficiency, the AE process parameters are often optimized.
At first, the seed particle size is considered. To ensure the destruction of the cell structure,
grinding of the seed particles to cell size is ideal. However, it is difficult to achieve this
level of fineness using the existing industrial equipment. A decrease in particle size will
increase the surface-to-volume ratio as well as the unit weight of the extraction mixture,
thereby improving the mass transfer and reducing the water/sample ratio [65]. The
rising extraction temperature can increase the viscosity of the oil, thereby facilitating the
release of oil from raw materials. However, protein coagulation and starch dextrinization
occurring at high temperatures would entrap the oil. Camellia seed oil yield usually peaks
at 60–70 ◦C [88–90]. Water is used to extrude oils in AE processing. However, excess
water can solubilize proteins and tea saponins, which can form stable emulsions with the
oil. The oil yield increases with the solvent-to-sample ratio at first, and then reaches a
maximum [88–90]. The extraction time should also be controlled. Plenty of time is essential
for diffusion of the oil from the particles to the liquid phase. However, excessive agitation
time would increase the chance of oil/water emulsion formation [65,88]. Increasing the
rate of mixing during extraction is helpful for oil release. However, strong agitation can
lead to the formation of an oil/water emulsion [89,90]. Recycling of hot processing water is
essential for reducing the energy cost, water consumption, and wastewater emission. The
recycled water phase increases the oil yield and maintains the product quality [65]. This
can be ascribed to the accumulated non-ionic surfactant tea saponins in the recycled water
phase, which can reduce the interfacial tension and increase the oil yield by 7.14% [91,92].

In AE processing, the extraction solution can be partitioned into four phases by
centrifugation: sediment residue, aqueous phase, emulsion phase, and oil phase [92]. Addi-
tional steps are needed to recover free oil from the emulsion phase. These demulsification
steps are time- and energy-intensive, and they represent one of the major limiting fac-
tors in AE processing. Ideally, emulsion formation can initially be reduced by process
designing [65]. Various demulsification methods have been developed to increase the
free and total oil yield. Ethanol exhibits a remarkable demulsifying ability. In previous
studies, the free oil yield improved from 84.23% to 90.33% when 15% ethanol was used as
the extractant [93], and the addition of salt (1.8 M sodium bicarbonate) improved the oil
recovery from 53.77% to 96.33% [90]. The freezing/thawing method (−20 ◦C/50 ◦C for
two cycles) can increase the oil yield up to 89.37%, which is higher than the yield of 83.05%
achieved with microwave-assisted AE processing [88].
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Nevertheless, multiple issues associated with AE processing must be addressed, such
as the immaturity of the recovery and utilization technologies for byproducts, such as tea
saponins and proteins. The typical oil residue rate of AE is 8.3%, which is higher than that of
SE [65]. Moreover, the seed cakes obtained after AE processing have high moisture contents,
and they must be dried before the residual oil can be recovered. Phase separation is
extremely important in AE processing. Small sedimentation centrifuges with low efficiency
are predominantly used, but they are unsuitable for continuous operation [94].

5.5. Wet Extraction

The AE methods employs the cohesion between hydrophilic molecules to extrude
oils. However, the excess water used in this method can lead to wastewater emission. Wet
extraction (WE) is designed to extract oil with limited water consumption. Ideally, a small
amount of water can satisfy the need for contact and binding with the hydrophilic groups in
the seed particles. Hydrophilic compounds and water aggregate through hydrogen bonds.
Oil bodies are replaced, evicted, and coalesced to form a free oil phase that can be collected
by centrifugation or pressing [95,96]. Extraction assistants can prevent and destabilize
emulsion and release carbon dioxide (sodium hydrogen carbonate) or solvent gas (n-hexane
and methanol), which relax the raw material [95,96]. This method can extract 94.79% of
camellia seed oil with 12% (w/w) water in the presence of an extraction assistant (1%
sodium chloride and 0. 8% sodium hydrogen carbonate) [96]. In another report, more than
86% of camellia seed oil was extracted using 12% water and 1% extraction assistant [97]. The
advantages of WE processing include high oil quality and water conservation. However,
this process is relatively complex, and thus far, it has been implemented only at the
laboratory or pilot scale.

5.6. Enzyme-Assisted Aqueous Extraction (EAE)

Enzyme-assisted aqueous extraction (EAE) has been developed from AE. Cells of
C. oleifera kernels are protected by a cell wall constituted of cellulose, hemicellulose, lignin,
and pectin. The oil bodies contained in these cells are stacked together with starch particles
and wrapped with protein networks [18]. Thus, enzymes such as carbohydrases (i.e., amy-
lase and cellulase) and protease can be used to degrade the cell walls of the seeds and the
ultra-microstructure components, such as lipopolysaccharide and lipoprotein [98,99]. En-
zyme treatment is environment-friendly and energy-saving, and it can be conducted under
mild conditions (i.e., mild temperature and pH) with low solvent consumption [98,99].
Compared to AE, EAE offers higher yield within a shorter time. Moreover, EAE processing
can be further intensified by other technologies, such as ultrasound treatment [100–102].
Similar to AE, EAE processing consists of four main stages: size reduction of raw materials,
enzymatic extraction, separation, and demulsification.

Enzymatic extraction can affect the camellia seed oil yield to a large extent. Enzyme
selection is the primary concern. Cellulase, protease, amylase, and pectinase are used
individually or combined in EAE processing. It is reasonable to assume that enzymes can
work synergistically [103]. However, the oil yield obtained using a single enzyme was
higher than with multiple enzymes in several studies [104–107]. Enzymes usually have
different optimal temperatures and pH values, which can hinder their synergistic effect.
For example, the optimal pH (8–9) of alcalase 2.4 L is different from that of cellulase (5),
amylase (6–8), and pectase (4.5) [15,108,109]. The optimal temperature of alcalase 2.4 L
(50–60 ◦C) is different from that of amylase (80–85 ◦C) and pectase (40–50 ◦C) [15,108,109].
A two-step two-enzyme process, consisting of a first step in which seed celluloses s are
hydrolyzed by cellulase, and a second step where seed proteins are hydrolyzed by alcalase,
was developed to allow all enzymes to operate under optimal conditions. This process
significantly increased the free oil yield and total oil yield at the same time [107]. In another
report, a two-step process consisting of an initial amylase step and a second acidic protease
step was established [103].
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The optimal temperature and pH of AE processing rely not only on the enzyme type,
but also on the substrate characteristics. The solubility of seed proteins at their isoelectric
pH (pI) (3.5–4.5) is poor, which can hinder oil extraction [110]. Therefore, alkaline proteases
that are active under alkaline conditions were preferred [101,106,107,111]. Enzymes are
only active over a special temperature interval. High temperature could deactivate enzymes
and destroy thermolabile substances [109]. Typically, EAE is conducted in the temperature
range of 40–60 ◦C. Enzyme dose is another factor that needs to be optimized. Camellia seed
oil yield was found to initially increase as the enzyme dosage increased, after which, the oil
yield remained unchanged [106,109] or even declined [100,103,108]. The optimal enzyme
dose varied significantly (0.1–2%) in different reports [100,103–105,107,108]. This can be
ascribed to the different sizes of oilseed particles, to a large extent. The lowest enzyme
dosage was reported when the seeds were first crushed using a grinder and then ground
to a slurry, which guaranteed the destruction of most of the cell structures [103,104,108].
A secondary grinding step increased the free oil yield from 63.32% to 84.71% owing to
the reduced particle diameter (from 468.7 to 40.92 µm) [105]. However, when the particle
size decreased to less than 37.92 µm, the total oil yield remained stable, while the free oil
yield decreased owing to the increased emulsion stability [106,112]. The camellia seed oil
yield increased with hydrolysis time, and reached a certain maximum value, at which it
remained stable or decreased. This can be ascribed to the dissolution of more proteins,
polysaccharides, tea saponins, phospholipids, and polysaccharides due to excessive agita-
tion. These amphiphilic compounds can form stable emulsions with oil [100,103,105–108].
The low solvent-to-sample ratio can restrain mass transfer and enzyme–substrate interac-
tions [100,105,109]. By contrast, a high solvent-to-sample ratio can lead to the dissolution of
more substances, such as saponins, which form stable emulsions with oils and reduce the
free oil yield [100,103,108]. Moreover, a high solvent-to-sample ratio can reduce the relative
concentration of substrates and enzymes [105,109]. The typical range of solvent-to-sample
ratio for the AE and EAE methods is 3–4:1.

In spite of the higher total oil yield obtained, lower free oil yield was obtained by EAE
in several reports. Various methods, including ethanol treatment, enzymatic hydrolysis, and
physical treatments (e.g., heating, freeze-thawing, and pH adjustment) have been employed
to break emulsions [101,107,113,114]. Owing to the composition of the cream layer (protein-
rich and lipid-rich), the addition of enzymes such as proteases and phospholipases can
be helpful for demulsification [101]. For example, alcalase can hydrolyze the proteins in
the protein-rich cream and help oil droplets to coalesce. After saponin movement due to
solvent extraction (70% ethanol or isopropanol), the yield of EAE oil extraction can be as
high as 95% or 94.4% [66,115]. Addition of calcium salts can improve the free oil yield from
62.1% to 86.6% [107]. This is attributed to the removal of tea saponins, cross linkage of
anionic polysaccharides, and destabilization of the cream emulsion by Ca2+.

For EAE processing, the cost of enzymes is an important factor that affects the overall
process economy. Increased oil yield and enzyme recycling can offset the high cost of
enzymes. Enzyme immobilization can be a promising choice. Immobilized alcalase and
cellulase can be reused for more than 10 cycles in the extraction of Camellia sinensis oil [115].
Moreover, the currently used enzymes are obtained from commercial sources, and the
design of special enzymes that are suitable for EAE processing has rarely been reported.

5.7. Supercritical Fluid Extraction

A supercritical fluid is any fluid that is above its critical pressure and temperature.
Supercritical carbon dioxide (SCO2) (critical point: 31 ◦C and 7.38 MPa) is the most widely
used because of its non-toxic nature and low cost [116]. SCO2 has high diffusivity, low
viscosity, and high solubility. Compared to traditional solvents, SCO2 has low surface
tension and high extraction speed [117]. The oil yield of supercritical fluid extraction (SCFE)
processing can reach 96.5%, which is considerably higher than that of MPE [117]. Compared
to SE, SCFE is more environment-friendly because SCO2 is non-flammable and recyclable.
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The products of SCFE are of a high quality because of the absence of solvent residue and
the low de-solvation temperature.

The strength of SCO2 can be tuned easily by changing the pressure and tempera-
ture [116,118], which facilitates process optimization. Increasing the extraction pressure
will increase the density and dissolving capacity of SCO2. However, high pressure would
increase operational dangers and cost, in addition to causing the extraction of undesirable
components that decrease the clarity of oil [11,118,119]. The typical range of extraction
pressure for camellia oil is 30–40 MPa, which can facilitate the extraction of constituents
under different bound states [11,68,120,121]. High extraction temperatures are preferred
for enhanced mass transfer and dispersion, but they reduce the density and dissolving
capacity of fluids. The typical range of extraction temperatures is 40–50 ◦C [11,68,120]. The
degree of seed grinding can determine the contact area and diffusion distance of the fluid,
and subsequently affect the oil yield [68,120]. A high flow rate would increase the mass
transfer, while reduce the contact time and increase the gas cost [120]. The acid value of
oils obtained by SCFE can be improved by means of molecular distillation [11].

The major limiting factor of SCFE is its economic feasibility owing to the high capital
and maintenance costs of high-pressure equipment [122]. On Chinese e-commerce websites,
the prices of SCFE oil are considerably higher than those of CPE oil. In conclusion, the oils
extracted using the existing SCFE process have high quality and high cost, and they may
be preferred by high-end consumers.

5.8. Subcritical Fluid Extraction

Subcritical fluid extraction (SFE) employs the two-phase change of the extraction
fluid at different pressures and temperatures to complete the extraction and de-solvation
steps [123,124]. Compared to SCFE, SFE is conducted at lower pressures, and therefore,
its capital and maintenance costs are lower. Subcritical fluid extraction is a continuous
countercurrent process. Compared to SE, SFE has low energy and solvent consumption,
high efficiency, and superior product quality [117]. Subcritical water [125,126] and n-
butane [117,127] have been used for camellia seed oil extraction.

In the SFE method using n-butane, the extraction and de-solvation steps can be con-
ducted at normal temperatures, which is beneficial for the preservation of thermosensitive
substances and preventing the formation of hazardous substances [127]. Moreover, the
amount of residual n-butane solvent in the crude oil is lower compared with hexane,
meaning that the process is suitable for the extraction of high-value oils such as camellia
seed oil. The highest extraction yield is 99.12% under optimized conditions (bulk density
0.7 kg/L, 50 min, 0.5 MPa, and 45 ◦C) [127], which is considerably higher than that of
MPE. Among the extraction variables, bulk density is the most important [127]. However,
the high volatility of n-butane can lead to operational dangers and increase the cost of
safety management.

Subcritical water is a non-toxic extractant with low cost and high diffusivity. Increases
in pressure and temperature can reduce the polarity of water and facilitate the continuous
extraction of water- and oil-soluble components. The camellia seed oil yield of the sub-
critical water extraction process is 92.06% (125 ◦C, 3 MPa, 32 min, and solvent-to-sample
ratio of 11:1) [125], which is higher than that of AE. Process optimization indicated that
extraction temperature, time, and solvent-to-sample ratio have significant effects on oil
yield, while pressure is insignificant [125,126]. However, subcritical water extraction is
usually conducted at high temperatures with high solvent-to-sample ratios, leading to
high energy consumption, degradation of heat-sensitive components, and wastewater dis-
charge [123]. Subcritical water is suitable for the selective extraction of various compounds,
meaning that it has the potential to extract camellia seed oils with different fatty acid
profiles and unsaponifiable component contents. Moreover, the influences of subcritical
water extraction on process economy should be further investigated because it is conducted
at high temperatures.
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5.9. Physical Field Enhanced Extraction
5.9.1. Ultrasound-Assisted Extraction

A growing interest in the use of ultrasound to extract high value-added compounds
such as vegetable oil has been observed over the last few decades. Ultrasound-assisted
extraction (UAE) employs the cavitation effect of high-intensity ultrasonic sound waves
to disrupt the cell walls of oilseeds, accelerate the penetration of solvent, and enhance
the dissolution and transfer of target compounds [128]. UAE has several benefits, for
instance, low solvent requirement, short extraction time, low extraction temperature, and
high extraction yield [129,130].

Ultrasound treatment, especially at low frequencies (<40 kHz), improves the extraction
yield. The camellia seed oil extraction efficiency of ultrasound-assisted solvent extraction
(UA-SE) was 7.08% higher than that of traditional SE [129], while the extraction time
decreased from 90 min to 30 min, process temperature decreased from 60 ◦C to 40 ◦C,
and solvent-to-sample ratio decreased from 7:1 to 6:1. Process optimization of UAE has
been performed in several studies [87,130]. The response surface methodology (RSM) has
often been used to improve the extraction yield of UAE, and two linear parameters (time
and temperature) and three quadratic parameters (time, ultrasonic power, and solvent-to-
sample ratio) were found to be significant [131]. The oil yield increased from 46.97% to
84.24% through process optimization (55 ◦C, 155 W, 31 min, and solvent-to-sample ratio of
5:1) [131]. In another study, it was found the solvent type, extraction temperature, solvent-
to-sample ratio, and time are the main factors that affect yield [130]. Extraction yield was
found to be negatively correlated to the polarity of the extractant, n-hexane was the best
and ethanol was the worst. Moreover, the extraction yield of UAE when using the green
solvent, dimethyl carbonate, was positively correlated to the extraction temperature and
solvent-to-sample ratio, and negatively correlated to the particle size. The yield increased
with ultrasonic power at first, but it eventually decreased [87].

To date, the application of the UAE to camellia seed oil extraction has been explored
mainly at the laboratory scale. The effects of ultrasound treatment on oil quality, especially,
lipid oxidation, warrant further investigation [129,130]. The economic feasibility, especially,
energy consumption level of UAE, should be further evaluated.

5.9.2. Microwave-Assisted Extraction

Microwave-assisted extraction (MAE) utilizes the microwave effect to exert intense
pressure on the cell wall, rupture the cell structure, and generate micropores, which lead to
the release of intracellular constituents [132]. MAE offers benefits such as shortened extrac-
tion time, environmental friendliness, and low cost, and it can be combined simultaneously
or sequentially with other extraction technologies [133,134].

The extraction efficiency of MAE is governed by various factors. A microwave-assisted
aqueous extraction (MAE-AE) processing scheme was reported [133]. Under optimized
conditions (70 ◦C, 800 W, 3 h, and solvent-to-sample ratio of 4:1), the oil yield was 91.85%,
which is considerably higher than that of the conventional AE process [133]. An increase in
microwave time and temperature would facilitate oil release at first. Then, the oil yield will
reach the highest value. Thereafter, oil-water mixing is intensified by microwave oscillation,
thereby increasing emulsion formation, and reducing the free oil yield [133]. The increased
microwave power can cause the rupture of cell structures and increase the mass transfer
efficiency, thereby increasing the camellia seed oil yield. To extract residual oil from defatted
camellia cakes, a microwave-assisted solvent extraction (MAE-SE) process that employs
an ethanol–water mixture was developed (320 W, 12.5 min, and solvent-to-sample ratio
of 10:1) [134]. A high oil yield (nearly 90%) was obtained [134]. However, the microwave
power was limited to 320 W owing to the severe bumping caused by the thermal effects. To
date, most of the studies on MAE have been conducted at the laboratory scale, and only
one study reported the microwave pretreatment of camellia seed at the pilot scale [64]. The
cost effectiveness of MAE at the industrial scale remains to be evaluated.
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6. Effects of Extraction Processes
6.1. Effects on Nutritional Quality

Camellia seed oil is the most preferred cooking oil in the daily diet of people in South
China, especially in the Hunan and Jiangxi provinces [4]. It can provide essential fatty
acids and other critical nutrients that are indispensable for maintaining the physiologic
health. The content of active substances in camellia seed oil are determined by the genetic
characteristics and planting environment of camellia trees at first. The technological
conditions of oil processing, such as parameters of pretreatment process and extraction
method, can additionally contribute to compositional discrepancies in camellia seed oil.

No significant differences were found between the fatty acid profiles of the camellia
seed oils obtained by different extraction methods [135]. The oil obtained by EAE had a
slightly higher content of monounsaturated fatty acids (82.67%) compared to those obtained
by HPE (81.94%), SE (82.19%), and SCFE (80.05%) [136]. Subcritical extraction led to a
slightly higher content of unsaturated fatty acids, such as oleic acid [117]. SCFE was able to
retain more less-abundance fatty acids than CPE and HPE [137]. The refining processes
of HPE or SE oils involve several steps that could affect their fatty acid profiles, such as
neutralization, decoloration, and winterization [21]. A decrease in oleic acid content (1.11%)
was observed in the neutralization and decoloration steps. The palmitic acid content was
reduced by approximately 2.24% in the winterization step [21].

Proper pretreatment is conducive for the release of sterols and other thermostable ac-
tive components from camellia seeds [64,135]. After pretreatment with hot air at 130 ◦C for
15 min, the total sterols (3297.26 mg/kg) and squalene (151.89 mg/kg) contents were higher
than those obtained by means of EAE, CPE, SE, and hot air at 100 ◦C [135]. Moreover, heat
treatment can increase the content of polyphenols, possibly because of the passivation of
polyphenol oxidase due to high process temperatures [138]. However, the form and bound
state of polyphenols in camellia seed oil can change with the heating temperature [24].
Moreover, long-term heat treatment can reduce the contents of vitamin E, β-carotene, squa-
lene, and steroids [135,139]. Internal heating methods such as microwave and infrared
irradiation are more effective for the extraction of some bioactive compounds than hot air.
When camellia seeds were pretreated with hot air (150 ◦C, 120 min), microwave (700 W,
20 min), and infrared radiation (150 ◦C, 120 min), the total polyphenol contents of the
pressed oils increased by 2.81, 11.0, and 12.4 times, respectively [140]. Meanwhile, after
steam explosion for 30 s, the total polyphenols, α-tocopherol, squalene, and sterol contents
of camellia seed oil increased 2.79, 1.59, 1.16, and 1.36 times, respectively [70,141].

The extraction technology could significantly affect the type and content of function
gradients in camellia seed oils (Table 4). However, it is hard to compare the effects of
extraction technologies with each other due to the difference between analytical methods
as well as the difficulty in precise data acquisition. The tocopherol and β-carotene contents
were relatively low in the HPE and SE oils owing to heat treatment [136]. The long
processing times of AE or EAE can reduce the contents of thermolabile components such as
tocopherol and β-carotene [135]. Phenolic compounds are soluble in the water phase. The
total polyphenol concentration was lower in the EAE oil than that in the HPE, SE, and CPE
oils [135,136]. SCFE and n-butane-based subcritical extraction offered advantages in terms
of reserving functional components such as vitamin E, squalene, steroid, and carotene
compared to other methods, which indicated their potential for the production of high-
quality oil [117,136]. However, the low polarity of pure SCO2 made it difficult to extract
polar components, and a combination of entrainers, such as ethanol, was employed to solve
this problem [13]. The polyphenol (87.08 mg/kg), vitamin E (264.6 mg/kg), phytosterol
(1115 mg/kg), squalene (444.9 mg/kg), and total flavone (151 mg/kg) contents of FPE oil
were higher than those of the HPE, CPE, and SE oils [77]. The quality of WE oil was better
than the corresponding index value of excellent camellia seed oil in the T/LYCY001-2020
standard [97].
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Table 4. Effects of extraction methods on unsaponifiable matters in camellia seed oil.

Extraction
Method

Squalene
(mg/kg)

Phytosterols
(mg/kg)

Tocopherol
(mg/kg)

Carotenoids
(mg/kg)

Polyphenols
(mg/kg) a Reference

CPE 163 1094 155 ND b [77]
HPE 87 994 83 16.3 [77]
SE 90 273 [119]

SE-refined 68 726 72 ND [77]
FPE 445 1115 265 87.1 [77]
WE 222 385 (β-sitosterol) 189 <10 [97]

SCFE 915 (β-sitosterol) 177 1.73 511 [117]
103 301 [119]

SFE 933 (β-sitosterol) 168 1.76 502 [117]
UAE 689 (β-sitosterol) 105 1.32 417 [117]
MAE 325 2468 288 4.52 [64]
AE 88 255 [119]

EAE 84 257 [119]
a The purification methods of samples are different in reference [77,117]. b ND: not detected.

To fulfill the stipulations outlined in the national standard for camellia seed oil, the
crude camellia oils must be refined, especially those obtained by HPE and SE. This would
significantly affect the nutritional quality of oil products. In one report, the refining
process of HPE oil led to the loss of 67.24% of vitamin E and 69.61% of squalene [21]. In
another report, the refining process caused the loss of 37.30% of vitamin E, 99.54% of total
polyphenols, 45.60% of squalene, and more than 30% of steroids [142]. To improve the
quality of oil products, appropriate refining process should be designed to reduce the loss
of active substances. The quality of AE-extracted crude oil is close to or partially compliant
with the first-grade pressed oil according to Chinese national standard [88]. The high
quality of the crude camellia seed oil obtained by means of CPE or EAE can reduce the need
for refining [100], ultimately leading to the preservation of greater amounts of bioactive
components such as polyphenols than HPE and SE [21].

In conclusion, the extraction process can affect the nutritional quality of camellia seed
oils in different ways. First, the extraction process might change the type and content of
active substances in crude camellia seed oil. Secondly, crude camellia seed oils are subjected
to different refining processes depending on their quality. To facilitate quality control of
camellia seed oil, the migration and transformation principles of active substances during
the pretreatment, extraction and refining processes should be analyzed more detailed.

6.2. Effects on Sensory Quality

The sensory quality of oils is an essential factor governing consumers’ preferences.
The delicate and unique flavor of camellia seed oil is highly appreciated by local consumers.
The sensory quality of camellia seed oil mainly includes its color, flavor, and taste. The
sensory indexes of camellia seed oils are affected by the extraction methods. A comparison
of the camellia seed oils extracted using different methods indicated that the AE and EAE
oils have the lightest color and best clarity. The HPE, AE, and EAE oils retain the inherent
odor of camellia seed oil, while the SE oil does not [119]. Compared to the HPE oil, the CPE
oil has a lighter color, better clarity, and softer taste, while the HPE oil has a rich flavor that
is popular with traditional camellia seed oil consumers [143]. This should be ascribed to the
heat treatment steps in HPE processing [137]. Microwave exposure significantly increases
the carotenoid contents of camellia seed oil, which is related to the b* color value [64].
The sensory indexes of the SFE and SCFE oils, determined by conducting color, clarity,
taste, heating, and freezing tests, are better than those of the UAE and MPE oils [117]. In
conclusion, most of these sensory quality indexes of the oils obtained using innovative
extraction methods are better than those of the traditional ones, except for rich flavor.

Flavor is one of the most critical criteria of edible oil. Volatile compounds are consid-
ered major contributors to the general flavor profile. The volatile compounds content is
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closely related to the oilseed resource [144,145] as well as the processing technologies used,
including the pretreatment, extraction, and refining steps (Table 5) [36,37,59,139,146,147].
Electronic nose (E-nose), headspace-solid-phase microextraction-gas chromatography–mass
spectrometry (HS-SPME-GC–MS), and headspace gas chromatography–ion mobility spec-
trometry (HS-GC–IMS) techniques combined with multivariate analysis are commonly
used to distinguish different camellia seed oils [146]. The lipoxygenase pathway is the
major source of aldehydes and esters in virgin camellia seed oil, followed by the Maillard
reaction and Strecker degradation for heterocycles [38,58].

Table 5. Characteristic aroma compounds of camellia seed oil.

Pretreatment or Extraction Methods Characteristic Aroma Compounds Reference
Control hexanal, phenethyl alcohol, phenethyl acetate [59]

Microwave 3-ethyl-2,5-dimethylpyrazine, methional, furaneol [59]

Frying 3-ethyl-2,5-dimethylpyrazine, 2,3-diethyl-5-methylpyrazine, methional [59]

Roasting
heptanal, octanal, nonanal, phenylacetaldehyde, (E)-2-octenal,
(E)-2-decenal,
2-pentylfuran

[59]

Steaming
heptanal, octanal, nonanal, phenylacetaldehyde, (E)-2-octanal,
2-pentylfuran [59]

MPE
octanal, nonanal, (E)-2-decenal, 2-heptenal, octyl formate, hexanal,
heptanal, heptanol,2-n-heptylfuran, (E)-2-octenal [147]

Refining
octanal, nonanal, (E)-2-decenal, 2-heptenal, octyl formate, hexanal,
heptanal, heptanol, (E)-2-octenal,2-n-heptylfuran [147]

SE
(E)-2-decenal, nonanal, octanal, 2-heptenal, heptanal, heptanol,
(E)-2-octenal, octyl formate [147]

The effects of different pretreatment methods on the volatile compounds in camellia
seed oil suggest that hydrocarbons are the major volatile compounds in untreated samples;
aldehydes and alcohols in the roasted and steamed samples; aldehydes and heterocyclic
compounds in the roasted and microwave treated samples [59]. Prolonged microwave expo-
sure reduces the concentration of alcohols and esters, which have a “fresh fragrance”, and
increases the content of aldehydes and heterocycles, which have a “strong fragrance” [37].
The presence of 2-furanmethanol implies the occurrence of the Maillard reaction during
steam explosion [70]. Heating temperature and time are sensitive factors governing the
diversity of volatile compounds [139]. To obtain aromatic camellia seed oil with a rich and
soft flavor, it was suggested that the seeds be fried at 80–90 ◦C for 15 min [36]. Further ex-
tension of the frying time would inhibit the Maillard reaction and reduce the concentration
and variety of flavor compounds [36,139].

The CPE oil retains more volatile species than the SE oil [147]. The diversity of esters
and heterocyclic compounds is significantly lower in SE oil than that in CPE oil. This can
be ascribed to the decomposition of esters at high temperatures [147]. In case of the SE oil,
the lack of several odors, such as green (fresh grass), reduces the desirability of its sensory
quality compared to that of CPE oil. Hexanal and 2-n-heptylfuran are the promising aroma
compounds used to distinguish camellia seed oil obtained by MPE and SE. W1W, W2W,
and W5S are the main sensors for distinguishing the flavor profiles of the HPE, CPE, SE,
AE, and SCFE camellia seed oils [36,37].

To date, the majority studies have focused on characterizing the aroma profiles of
camellia seed oils, while the key odorants have received scant attention. The identification
of important aroma-active compounds, as well at their formation mechanisms and control
techniques, should be the focus of future studies. Proper combination of pretreatment and
extraction methods is important for producing camellia seed oils with various flavors that
cater to the tastes of different consumers. In addition, the development of camellia seed
oils with new flavors is essential to reach a new generation of consumers.
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7. Byproducts Extraction and Utilization

The main byproducts of camellia seed oil extraction are fruit shells and seed cakes
(Figure 3). The fruit shells can be converted into activated carbon or fertilizer, as well as
health products [148]. Seed cakes, the annual output of which is 1.76 million tons, can
be used as pond cleaning reagents, animal feed, or simply discarded [148,149]. The seed
cakes contain residual oil and other functional ingredients, such as proteins, tea saponins,
polysaccharides, polyphenols, alkaloids, and tannins [148]. The residual oil is first extracted.
Then, tea saponins are extracted to reduce the bitterness and toxicity of the cakes, which are
detrimental to their palatability and feed conversion ratio (Table 6). The quality of the seed
cakes obtained by CPE is better than those of the cakes obtained by HPE and SE owing to
increased contents of crude protein, soluble sugar, and starch [51].
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Tea saponins are natural non-ionic surfactants with various functions. These small
molecules are bioactive as they possess comprehensive pharmacological effects [150]. They
are used in various fields, including washing, wool spinning, knitting, medicine, and daily-
use chemicals. Moreover, tea saponins can manipulate rumen fermentation and microbial
ecosystems of livestock with the aim of reducing methane and nitrogen emissions [151].
Tea saponins are traditionally extracted using organic solvents or hot water. Organic
solvent extraction has the disadvantages of complex operation, high solvent consumption,
and pollution [152]. Water extraction is simple and cost-efficient, but the product yield
(approximately 40%) and purity is unsatisfactory, which can be improved by employing a
continuous multi-stage countercurrent extraction process [153]. Innovative methods such as
SCFE and MAE were reported to offer high yields (89.21% and 83%, respectively) [66,154].

To simplify the extraction process, simultaneous extraction of residual oil and tea
saponins has been performed [85,125]. The yields of camellia seed oil and tea saponins
extracted simultaneously using pure n-butanol were 92.88% and 43.2%, respectively [85].
This process was further improved by employing a microemulsion system containing
23.43% n-butanol to extract 93.61% oil and 56.28% tea saponins [155]. Subcritical water was
employed to extract oil and tea saponins from the kernel simultaneously, and the extraction
rates of oil and tea saponins were 92.06% and 72.20%, respectively [125]. These results
prove the feasibility of simultaneous extraction, but the reported separation procedures of
oil and tea saponin mixture are complex and limited to the laboratory scale.

After oil extraction, the remaining seed cakes are high-quality protein sources (14–20%)
with proportional equilibria of amino acids. The methods employed for extracting seed
proteins include traditional alkaline extraction, as well as the newly developed UAE, AE,
and EAE methods. The operation of the alkaline extraction and acid precipitation method
is simple, but its yield is relatively low (44.57%) [156]. After pretreatment with amylase
and cellulose, the protein yield increased to 80.83% [157]. Steam explosion treatment of the
seed cakes can increase the protein yield to 71.01% [158].
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The AE and EAE methods can extract tea saponins and seed proteins, as well as oil [93].
Reportedly, more than 80% of tea saponins and 90% of seed proteins can be dissolved in the
water phase of AE and EAE processing [93,100]. The commonly used alkaline protease in
EAE processing can accelerate the release of both oil and protein, while cellulase adversely
affects protein extraction. In an AE processing, the yields of oil and protein were 74.61%
and 82.28%, respectively [111]. After ultrasonic pretreatment (45 ◦C, 30 min, 300 W), the
yields of oil and protein reached 89.70% and 90.64%, respectively [102]. These results
indicate that the simultaneous extraction of camellia seed oil, protein, and tea saponins
is feasible.

Table 6. Extraction of major byproducts in camellia seed.

Products Extraction Method and Condition Yield Reference

Tea saponins

Continuous extraction: 85% ethanol, sample-to-solvent ratio:1:2,
65 ◦C, 120 min 86.74% [152]

Single-stage extraction: water, sample-to-solvent ratio: 1:16, 80 ◦C,
85 min ~40% [153]

Continuous extraction: water, sample-to-solvent ratio: 1:16, 80 ◦C,
60 min ~90% [153]

MAE: 300 W, 70% ethanol, sample-to-solvent ratio: 1:7, 30 s 83% [66]

SCFE: 30 MPa, volume fraction of entrainer ethanol 75%, 45 ◦C,
3.5 h 89.21% [154]

Tea saponins
and oil

95% n-butanol, extracting times: 4, sample-to-solvent ratio: 1:1.36,
80 ◦C, 2.57 h

92.88% (oil)
43.20% (saponins) [85]

23.43% n-butanol, extracting times: 4, sample-to-solvent
ratio: 1:1.20, 76.4 ◦C

93.61% (oil)
56.28% (saponins) [155]

SFE using water: 3 MPa, sample-to-solvent ratio: 1:11, 125 ◦C,
32 min

92.06% (oil)
72.20% (saponins) [125]

Protein

pH 10, sample-to-solvent ratio:1:40, 50 ◦C, 60 min 44.57% [156]

Enzyme pretreatment: 2% amylase, 0.7% cellulase, pH 5, 50 ◦C,
120 min; Extraction: pH 10, sample-to-solvent ratio: 1:25, 45 ◦C,
80 min

80.83% [157]

Steam explosion pretreatment: 0.8–2.3 MPa, 30–120 s;
Extraction: pH 10, sample-to-solvent ratio: 1:10, 40 ◦C, 50 min 71.01% [158]

Protein and oil

AEE: 1.5% alkaline protease, sample-to-solvent ratio: 1:5, pH 8,
60 ◦C, 4 h.

74.61% (oil)
82.28% (protein) [111]

Ultrasound pretreatment: 300 W, 45 ◦C, 30 min; AEE: 1.5% alkaline
protease, pH 9, sample-to-solvent ratio: 1:5, 60 ◦C, 3.5 h

89.70% (oil)
90.64% (protein) [102]

In conclusion, innovative methods such as AE and EAE are more favorable for the
complete utilization of camellia seed components. However, the separation and purifica-
tion technologies for co-products are being developed slowly, as well as methods for the
recycling of wastewater and solvents. Membrane separation processes can be a promis-
ing solution for protein recovery and water purification in the edible oil industry [159].
Meanwhile, the physicochemical properties and functional characteristics of camellia seed
co-products warrant further study.

8. Conclusions and Future Perspectives

During the past few decades, the camellia seed oil industry has developed rapidly in
China to fulfill the growing demand for high-quality edible oils. Traditional extraction meth-
ods of camellia seed oil, such as HPE and SE, have been criticized by the new generation of
consumers due to low product quality and high environmental impact. Innovative methods
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have been proposed to overcome the pitfalls of the traditional methods, but they are often
limited to the laboratory or pilot scale owing to economic and/or technical bottlenecks.

CPE method offers higher product quality and simple process operation, but its yield
is relatively low. FPE and SCFE are viable technologies for producing high-quality oil, but
their operation and maintenance costs are high. AE is promising due to environmental-
friendliness and high material utilization rate, but its efficiency warrants improvement by
incorporating, for example, enzyme-, microwave-, or ultrasound-assisted methods. WE
has been developed from AE processing to reduce water consumption, but its operation
is relatively complex. Moreover, the utilization of byproducts is being developed slowly.
Therefore, there are numerous challenges to achieving the balance between oil yield and
oil quality, as well as process cost. Advanced research and technological improvement is
needed to ensure that these innovative methods can be applied at the industrial scale. To
obtain the “complete” flavor and nutrition profiles of camellia seed oil through green and
efficient processes, the future extraction processes should be combinations of appropriate
pretreatment, efficient extraction, and suitable refining methods, in addition to ensuring
maximum co-product utilization.
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35. Mikoajczak, N.; Tańska, M.; Ogrodowska, D. Phenolic compounds in plant oils: A review of composition, analytical methods,

and effect on oxidative stability. Trends Food Sci. Technol. 2021, 113, 110–138. [CrossRef]
36. Wu, S.; Huang, Y.; Wu, Y.; Wang, Y. Flavor differences of pressed oil-tea camellia seed oils with different heat treatments. China Oils

Fats 2020, 45, 14–20.
37. He, J.; Wu, X.; Yu, Z. Microwave pretreatment of camellia (Camellia oleifera Abel.) seeds: Effect on oil flavor. Food Chem. 2021,

364, 130388. [CrossRef] [PubMed]
38. Jia, X.; Deng, Q.; Yang, Y.; Xiang, X.; Zhou, X.; Tan, C.; Zhou, Q.; Huang, F. Unraveling of the aroma-active compounds in virgin

camellia oil (Camellia oleifera Abel) using Gas Chromatography-Mass Spectrometry-Olfactometry, aroma recombination, and
omission studies. J. Agric. Food Chem. 2021, 69, 9043–9055. [CrossRef] [PubMed]

39. Wu, M.Y.; Du, M.H.; Wen, H.; Wang, W.W.; Tang, J.; Shen, L.R. Effects of n-6 PUFA-rich soybean oil, MUFA-rich olive oil
and camellia seed oil on weight and cardiometabolic profiles among Chinese women: A 3-month double-blind randomized
controlled-feeding trial. Food Funct. 2022, 13, 4375–4383. [CrossRef] [PubMed]

40. Qian, J.; Zhao, X.; Zhao, C.; Yang, H.; Gou, L.; Wang, W.; Guo, H. Pretreatment camellia seeds by protease and application to
extraction of camellia oil. Eur. J. Lipid Sci. Technol. 2021, 123, 2000223. [CrossRef]

http://doi.org/10.1007/s10068-017-0002-9
http://doi.org/10.3390/pr9101839
http://doi.org/10.1111/1541-4337.12507
http://www.ncbi.nlm.nih.gov/pubmed/33319516
http://doi.org/10.1016/j.foodres.2022.111159
http://www.ncbi.nlm.nih.gov/pubmed/35651025
http://doi.org/10.1111/j.1365-2621.2011.02779.x
http://doi.org/10.1016/j.foodchem.2019.02.072
http://doi.org/10.1002/mnfr.201800136
http://doi.org/10.3389/fphar.2020.599959
http://www.ncbi.nlm.nih.gov/pubmed/33519459
http://doi.org/10.1002/ptr.7312
http://www.ncbi.nlm.nih.gov/pubmed/34729825
http://doi.org/10.1080/01635581.2019.1653472
http://www.ncbi.nlm.nih.gov/pubmed/31437022
http://doi.org/10.1016/j.foodchem.2019.03.067
http://doi.org/10.1016/j.abb.2018.06.001
http://doi.org/10.1016/j.foodres.2017.09.089
http://doi.org/10.3390/molecules26082178
http://doi.org/10.1016/j.foodchem.2020.128660
http://doi.org/10.1016/j.jff.2020.104242
http://doi.org/10.4155/fmc-2017-0109
http://www.ncbi.nlm.nih.gov/pubmed/28793800
http://doi.org/10.1016/j.tifs.2021.04.046
http://doi.org/10.1016/j.foodchem.2021.130388
http://www.ncbi.nlm.nih.gov/pubmed/34182360
http://doi.org/10.1021/acs.jafc.0c07321
http://www.ncbi.nlm.nih.gov/pubmed/33523671
http://doi.org/10.1039/D1FO03759E
http://www.ncbi.nlm.nih.gov/pubmed/35389391
http://doi.org/10.1002/ejlt.202000223


Processes 2022, 10, 1489 22 of 26

41. Wang, F.; Shao, W.; Yang, D. Effect of different drying methods on drying characteristics and quality of Camellia oleifera seeds.
J. Food Process. Preserv. 2021, 45, e15976. [CrossRef]

42. Pongpichaiudom, A.; Songsermpong, S. Characterization of frying, microwave-drying, infrared-drying, and hot-air drying on
protein-enriched, instant noodle microstructure, and qualities. J. Food Process. Preserv. 2018, 42, e13560. [CrossRef]

43. Long, T.; Wu, X.H.; Rong, O.; Yang, L.; Yi, Z.; Li, Y. Drying process of Camellia oleifera seed by combining hot-air with microwave.
J. South. Agric. 2016, 47, 1181–1186.

44. Xing, C.; Li, J.; Jin, Q.; Gu, J.; Wang, X. T The drying characteristics of Camellia oleifera and establishment of hot air drying model.
J. Chin. Cereals Oils Assoc. 2012, 27, 38–42.

45. Chen, G.F.; Song, C.F.; Cui, Z.W. Optimizing of coupled hot-air and microwave drying of tea camellia seeds by response surface
analysis. Sci. Technol. Food Ind. 2012, 33, 272–275.

46. Wu, X.; Long, T.; Wang, Z.; Lan, W. Drying characteristics and models for heat pump drying of Camellia oleifera seed. J. Chin.
Cereals Oils Assoc. 2018, 33, 111–117.

47. Huang, D.; Tao, Y.; Li, W.; Sherif, S.A.; Tang, X. Heat transfer characteristics and kinetics of Camellia Oleifera Seeds during
Hot-Air Drying. J. Therm. Sci. Eng. Appl. 2020, 12, 031017. [CrossRef]

48. Huang, D.; Men, K.; Tang, X.; Li, W.; Sherif, S.A. Microwave intermittent drying characteristics of Camellia oleifera seeds. J. Food
Process Eng. 2020, 44, e13608. [CrossRef]

49. Zhang, X.; Wu, X.; Li, C.; Kou, Q.; Li, L. Characteristics and mathematical description of hot-air drying of Camellia oleifera seed.
J. South China Univ. Technol. 2010, 38, 116–120.

50. Motevali, A.; Minaei, S.; Khoshtaghaza, M.H.; Amirnejat, H. Comparison of energy consumption and specific energy requirements
of different methods for drying mushroom slices. Energy 2011, 36, 6433–6441. [CrossRef]

51. Li, S.; Liu, X.; Zhang, Y.; Liu, Q. Pilot-plant-scale test of cold-pressed oil extraction with twin-screw pressing for camellia seeds.
Trans. Chin. Soc. Agric. Eng. 2014, 30, 300–308.

52. Hu, J.; Wei, Y.; He, D.; Liu, Y. Preparation of natural oil-tea camellia seed oil by dehulling and cold-pressing. China Oils Fats 2009,
34, 16–19.

53. Li, S.; Liu, X. Cold-pressed oil extraction of camellia seeds. In Proceedings of the 2011 International Conference on New
Technology of Agricultural, Zibo, China, 27–29 May 2011; pp. 135–138.

54. Wang, J.; Zheng, X.; Wan, N.; Lin, G.; You, Y. Fractal character of the pore structure of dehulled rapeseed cake based on scanning
electron microscopy image analysis. Trans. Chin. Soc. Agric. Eng. 2008, 24, 16–20.

55. Long, T.; Wu, X.; Rong, O.; Yang, L. Effects of preheating methods of camellia seed on camellia oil quality. J. Chin. Cereals Oils
Assoc. 2017, 32, 79–83.

56. Zhang, Y.; Li, X.; Lu, X.; Sun, H.; Wang, F. Effect of oilseed roasting on the quality, flavor and safety of oil: A comprehensive
review. Food Res. Int. 2021, 150, 110791. [CrossRef] [PubMed]

57. Zhong, H.; Bedgood, D.R.; Bishop, A.G.; Prenzler, P.D.; Robards, K. Effect of added caffeic acid and tyrosol on the fatty acid and
volatile profiles of camellia oil following heating. J. Agric. Food Chem. 2006, 54, 9551–9558.

58. Luo, F.; Fei, X. Maillard reaction derived from oil-tea camellia seed through roasting. J. Sci. Food Agric. 2019, 99, 5000–5007.
[CrossRef] [PubMed]

59. He, J.; Wu, X.; Zhou, Y.; Chen, J. Effects of different preheat treatments on volatile compounds of camellia (Camellia oleifera Abel.)
seed oil and formation mechanism of key aroma compounds. J. Food Biochem. 2021, 45, e13649. [CrossRef]

60. Zheng, X.; Zheng, L.; Yang, Y.; Ai, B.; Zhong, S.; Xiao, D.; Sheng, Z. Analysis of the volatile organic components of Camellia oleifera
Abel. oil from China using headspace-gas chromatography-ion mobility spectrometry. J. Food Process. Preserv. 2021, 45, e15670.
[CrossRef]

61. Yang, K.M.; Hsu, F.L.; Chen, C.W.; Hsu, C.L.; Cheng, M.C. Quality characterization and oxidative stability of camellia seed oils
produced with different roasting temperatures. J. Oleo Sci. 2018, 67, 389–396. [CrossRef]

62. Qin, Z.; Han, Y.F.; Wang, N.N.; Liu, H.M.; Zheng, Y.Z.; Wang, X.D. Improvement of the oxidative stability of cold-pressed sesame
oil using products from the Maillard reaction of sesame enzymatically hydrolyzed protein and reducing sugars. J. Sci. Food Agric.
2020, 100, 1524–1531. [CrossRef]

63. Wu, S.X.; Zhang, Z.M.; Liu, R.X.; Huang, S.S. Effect of production process on benzo (a) pyrene content in Camellia oil. Adv. Mat.
Res. 2012, 554–556, 1099–1102.

64. Ye, M.; Zhou, H.; Hao, J.; Chen, T.; He, Z.; Wu, F.; Liu, X. Microwave pretreatment on microstructure, characteristic compounds
and oxidative stability of Camellia seeds. Ind. Crops Prod. 2021, 161, 113193. [CrossRef]

65. Zheng, X.; Wan, S.; Li, L.; Zheng, Y. Pilot-scale practice of microwave pretreatment aqueous extraction of camellia seed oil.
China Oils Fats 2017, 42, 152–154+157.

66. Zhang, W.; Zhang, D.; Chen, X. A novel process for extraction of tea oil from Camellia oleifera seed kernels by combination of
microwave puffing and aqueous enzymatic oil extraction. Eur. J. Lipid Sci. Technol. 2012, 114, 352–356. [CrossRef]

67. Liu, R.; Yao, F.; Wu, S.; Huang, S. Effect of microwave treatment on the extraction speed and quality of Camellia seed oil.
Adv. Mater. Res. 2012, 549, 984–987.

68. Huang, S.; Wu, S.; Tan, C. Study on the supercritical carbon dioxide extraction process combined with microwave pretreatment
for efficiently extracting high quality camellia seed oil. Sci. Technol. Food Ind. 2014, 35, 253–257+263.

http://doi.org/10.1111/jfpp.15976
http://doi.org/10.1111/jfpp.13560
http://doi.org/10.1115/1.4045118
http://doi.org/10.1111/jfpe.13608
http://doi.org/10.1016/j.energy.2011.09.024
http://doi.org/10.1016/j.foodres.2021.110791
http://www.ncbi.nlm.nih.gov/pubmed/34865806
http://doi.org/10.1002/jsfa.9740
http://www.ncbi.nlm.nih.gov/pubmed/30977140
http://doi.org/10.1111/jfbc.13649
http://doi.org/10.1111/jfpp.15670
http://doi.org/10.5650/jos.ess17190
http://doi.org/10.1002/jsfa.10160
http://doi.org/10.1016/j.indcrop.2020.113193
http://doi.org/10.1002/ejlt.201000304


Processes 2022, 10, 1489 23 of 26

69. Yao, F. Effect of Microwave Treatment on the Extraction Speed and Quality of Camellia Oil. Master’s Thesis, Changsha University
of Science and Technology, Changsha, China, 2012.

70. Zhang, S.; Pan, Y.G.; Zheng, L.; Yang, Y.; Zheng, X.; Ai, B.; Xu, Z.; Sheng, Z. Application of steam explosion in oil extraction
of camellia seed (Camellia oleifera Abel.) and evaluation of its physicochemical properties, fatty acid, and antioxidant activities.
Food Sci. Nutr. 2019, 7, 1004–1016. [CrossRef] [PubMed]

71. Savoire, R.; Lanoisellé, J.L.; Vorobiev, E. Mechanical continuous oil expression from oilseeds: A review. Food Bioprocess Technol.
2013, 6, 1–16. [CrossRef]

72. Uitterhaegen, E.; Evon, P. Twin-screw extrusion technology for vegetable oil extraction: A review. J. Food Eng. 2017, 212, 190–200.
[CrossRef]

73. Luo, F.; Fei, X.; Li, K.; Guo, S.; Ye, X.; Wang, Y. The effect of different pretreatments on the efficiency and quality of camellia oil
before hydraulic pressing. J. Chin. Cereals Oils Assoc. 2016, 31, 94–99.

74. Prescha, A.; Grajzer, M.; Dedyk, M.; Grajeta, H. The antioxidant activity and oxidative stability of cold-pressed oils. J. Am. Oil
Chem. Soc. 2014, 91, 1291–1301. [CrossRef]

75. Huang, S.; Hu, Y.; Li, F.; Jin, W.; Godara, V.; Wu, B. Optimization of mechanical oil extraction process from Camellia oleifera seeds
regarding oil yield and energy consumption. J. Food Process Eng. 2019, 42, e13157. [CrossRef]

76. Huang, S.; Hu, Y.; Li, F.; Jin, W.; Wu, B. Multi-objective optimization of mechanical oil extraction from Camellia oleifera seeds using
Kriging regression and NSGA-II. J. Food Process Eng. 2020, 43, e13549. [CrossRef]

77. Meng, J.; Wei, B.; Qiu, L.; Lai, Q.; Tan, C.; Zhou, K.; Wang, L. Effect of different oil preparation processes on the main trace
components and oxidative stability of oil-tea camellia seed oil. China Oils Fats 2021, 46, 20–22.

78. Fei, X. Study on current status, problems and countermeasures of oil-tea camellia seeds oil processing industry. Sci. Technol. Food
Ind. 2011, 32, 449–452.

79. Yu, X.; Li, Q.; Du, S.; Zhang, R.; Xu, C. A novel process for the aqueous extraction of oil from Camellia oleifera seed and its
antioxidant activity. Grasas Aceites 2013, 64, 407–414. [CrossRef]

80. Wang, Y.; Fei, X.; Wang, K.; Yao, X.; Luo, F. Risk analysis of processing methods on benzo(a)pyrene contamination in oil-tea
camellia seed oil. China Oils Fats 2013, 38, 64–66.

81. De Moura, J.M.L.N.; Campbell, K.; Mahfuz, A.; Jung, S.; Glatz, C.E.; Johnson, L. Enzyme-assisted aqueous extraction of oil and
protein from soybeans and cream de-emulsification. J. Am. Oil Chem. Soc. 2008, 85, 985–995. [CrossRef]

82. Selkoe, D.J.; Luckenbill-Edds, L.; Shelanski, M.L. Effects of neurotoxic industrial solvents on cultured neuroblastoma cells:
Methyl-n-butylketon, n-hexane and derivatives. J. Neuropathol. Exp. Neurol. 1978, 37, 768–789. [CrossRef]

83. Shi, T.; Wu, G.; Jin, Q.; Wang, X. Camellia oil authentication: A comparative analysis and recent analytical techniques developed
for its assessment. A review. Trends Food Sci. Technol. 2020, 97, 88–99. [CrossRef]
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