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ABSTRACT

Black pepper oil extraction has advanced significantly through technological innovations that have improved effi-
ciency, safety, and sustainability. Traditional methods such as steam distillation and solvent extraction are commonly
employed but often face limitations, including low selectivity, residual solvents, high energy consumption, and envi-
ronmental concerns. Recent developments in extraction techniques, notably supercritical fluid extraction and ultra-
sound-assisted extraction, have demonstrated higher yields, greater selectivity, and improved product quality while
reducing solvent and energy use. New approaches, such as subcritical water extraction and nanoemulsification,
further enhance extraction efficiency and product stability, in line with green processing principles. Beyond process
performance, these innovations support environmental sustainability by lowering carbon footprints and waste, and
promote food security by enabling the production of safer, natural antimicrobial agents for food preservation and
functional applications. This review critically analyses current methods for extracting black pepper oil, evaluates
their environmental impacts using energy and solvent indicators, and explores their implications for food security
and socio-economic sustainability. Emphasis is placed on identifying scalable and sustainable extraction strategies

that underpin safer food systems and long-term industrial viability.
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INTRODUCTION

Black pepper oil, extracted from the dried berries of Piper
nigrum L., is one of the most commercially significant
essential oils due to its broad applications in the food,
pharmaceutical, cosmetic, and nutraceutical industries.
Its distinctive aroma and pungency make it a highly
valued flavouring agent. The bioactive compounds,
especially piperine, are linked to antimicrobial,
antioxidant, anti-inflammatory, and bioavailability-
enhancing effects. [1-3]. Traditionally, black pepper oil
has been used to improve digestion and appetite, and
contemporary studies continue to affirm its therapeutic
potential and functional role in food preservation and
health-related applications [3-5].

The growing interest in essential oils from medicinal and
aromatic plants reflects broader trends towards natural
ingredients, clean-label products, and a decreased
reliance on synthetic additives [6-7]. Traditional
extraction methods such as hydrodistillation, steam

distillation, and solvent extraction are well-established
in the industry. However, they often involve lengthy
processing times, high energy consumption, substantial
solvent use, and can potentially damage heat-sensitive
compounds [8-9]. Increased awareness of the risks
linked to chemical usage has spurred more research into
plant-based extracts and greener processing alternatives
[10]. As a result, extraction efficiency alone is no
longer sufficient as the sole measure of performance;
environmental impact, product safety, and economic
sustainability are now equally important.

Although black pepper oil is widely studied, its
extraction technologies vary significantly in efficiency,
selectivity, and environmental impact. Recent advances
in green extraction techniques such as microwave-
assisted extraction (MAE), ultrasound-assisted extraction
(UAE), pressurised liquid extraction, and supercritical
fluid extraction (SFE) have demonstrated improved
yields, notably reduced solvent consumption, and faster
extraction times compared to traditional methods [8,
11-13]. Among these, SFE with carbon dioxide has
garnered considerable attention due to its solvent-free
process, tunable selectivity, and capacity to preserve
sensitive bioactive compounds, while also minimising
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post-processing requirements [13-14].

Although there is extensive literature on extraction
techniques, most reviews are descriptive and tend
to repeat known uses of black pepper oil without
systematically comparing extraction methods based
on sustainability, life cycle assessment (LCA), or
socioeconomic factors. There is a noticeable lack of
quantitative data on energy use, solvent recovery,
carbon footprint, scalability, and costs, particularly for
black pepper oil. Additionally, the connection between
extraction technology and food security issues, such as
safety, shelf-life extension, and industrial applications,
remains underexplored.

Therefore, a focused and critical synthesis is vital
to assess how advanced extraction technologies
correspond with environmental sustainability goals
and industrial requirements. This review compares
traditional and modern methods for extracting black
pepper oil based on yield, selectivity, and efficiency. It
also evaluates the environmental impact by examining
energy consumption, solvent usage, and carbon
footprint. Furthermore, it explores how the choice
of extraction technology affects food security and
socioeconomic factors. This review highlights SFE
and other eco-friendly extraction techniques to create
a clear framework that directs future research and
industry efforts towards sustainable black pepper oil
extraction. Figure 1 illustrates the conceptual framework
supporting this review, showing how improvements
in extraction technologies and solvent choices affect
process performance and environmental indicators,
which in turn impact sustainability, food security, and
socio-economic outcomes.

COMPARATIVE
METHODS

ANALYSIS  OF  EXTRACTION

The rising demand for high-quality essential oils, along
with stricter environmental regulations and increasing
production costs, has driven the development of
alternative extraction technologies to replace or enhance
traditional methods. Techniques such ashydrodistillation,
steam distillation, and solvent extraction are commonly
employed on an industrial level. However, they
often entail lengthy extraction periods, high energy
use, substantial solvent consumption, and potential
degradation of thermolabile bioactive compounds [15].
These issues not only reduce process efficiency but also
heighten environmental impact and operational costs.

In contrast, green extraction techniques, including
microwave-assisted extraction (MAE), UAE, ohmic-
assisted hydrodistillation, and SFE, have demonstrated
measurable improvements in extraction efficiency.
Reported studies show that MAE and UAE can
reduce extraction time by 30-70% and decrease
energy consumption by up to 50% compared with
conventional hydrodistillation, while achieving similar
or higher yields [11-12]. Ohmic and microwave-
assisted hydrodistillation further improve heat transfer,
enabling faster cell rupture and better mass transfer with
lower overall energy use [12]. These advancements are
important for essential oils, where prolonged thermal
exposure can negatively impact aroma profiles and
the integrity of bioactive compounds. Table I provides
a comparative overview of extraction methods for
essential oils.
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Fig. 1: Framework of extraction technology, solvent choice, sustainability, and food security in black pepper oil extraction.
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Table I: Extraction methods for essential oils

Extraction method Key operating features Z:::iy& effi- Sustainability profile Scalability Reference

Hydrodistillation High temperature, atmo- Low-moderate High enersy demand, thermal High 16-17
spheric pressure degradation

Steam distillation Steam heating, atmospheric Moderate E_n_ergy intensive, low selec- High 18-19
pressure tivity

Solvent extraction Low—moderate temperature, High Solvent residues, high environ- High 20-21
organic solvents mental burden

MAE Rapid dielectric heating Moderate-high Reduced time and energy use  Limited 11-12

UAE Acoustic cavitation at low Moderate-high Low thermal impact, moderate Pilotscale 11-12
temperature energy use

SFE (COy) High pressure, moderate High, selective Solvent-free, low emissions Industrial 13
temperature

Among advanced techniques, SFE using carbon  commercially in the food and nutraceutical industries.

dioxide stands out for its ability to operate at moderate
temperatures, eliminate the need for organic solvents,
and selectively extract target compounds through
pressure and temperature control [13]. Although
SFE often requires higher capital investment due to
high-pressure equipment, its operational advantages,
including solvent recyclability, reduced post-processing,
and consistent product quality, can offset costs at
medium to large scales [14, 22]. In contrast, solvent-
based methods typically incur recurring expenses related
to solvent purchase, recovery, and disposal, which also
significantly contribute to their environmental footprint.
In this study, black pepper oil yields varied depending on
the extraction methods. Conventional hydrodistillation
and steam distillation achieved 0.8% to 2.5% (w/w)
over 3 to 6 hours at 100 °C, often causing thermal
degradation of aroma compounds [8-9, 11]. Solvent
extraction increased vyields to 2% to 4%, but required
high solvent volumes (10 to 20 mL/g raw material) and
raised environmental concerns [15, 22]. Advanced
techniques showed clear improvements: microwave-
assisted extraction (MAE) and ultrasound-assisted
extraction (UAE) produced 1.5% to 3.2% oil in 15 to
90 minutes, reducing energy consumption by 30 to
50% compared to traditional distillation [11-13]. SFE
achieved the highest and most selective yields (2.0% to
4.5%) at 35 to 60 °C and 100 to 350 bar, preserving
bioactive compounds while avoiding organic solvents
[8, 13-14].

From a sustainability perspective, evaluating solely
based on extraction yield is inadequate. Life cycle
assessment (LCA) based indicators, including energy
demand, solvent consumption, emissions, and waste
generation, offer a more comprehensive basis for
choosing methods [23]. Studies comparing conventional
and green extraction techniques consistently show lower
carbon footprints for methods that minimise solvent use
and processing time, particularly SFE and intensified
thermal methods [14, 23]. However, scalability remains
a key consideration: while MAE and UAE are appealing
at laboratory and pilot scales, issues related to uniform
energy distribution and equipment design may hinder
large-scale implementation, whereas SFE is already used

Overall, the selection of an extraction method involves
trade-offs between yield, product quality, environmental
impact, cost, and scalability. A systematic comparison
across these parameters is essential to identify the most
sustainable options for black pepper oil production.

Conventional hydrodistillation requires 15 to 25 MJ/kg
extract, whereas MAE and UAE reduce this to 6 to 12
MJ/kg extract [12, 23]. SFE, despite using compression
energy, operates with 8 to 15 MJ/kg extract due to
solvent recyclability and minimal post-processing,
which results in a lower carbon footprint [23, 14]. These
trends demonstrate that SFE offers an optimal balance
of vyield, quality, and environmental performance,
especially suitable for industrial-scale production.

Overall, the comparative analysis shows that the choice
of extraction method significantly influences yield,
preservation of bioactive compounds, environmental
impact, and economic viability. Although conventional
techniques remain popular due to their simplicity
and scalability, their limitations in energy efficiency,
solvent use, and thermal degradation highlight the
importance of developing more sustainable alternatives.
Green extraction technologies, particularly SFE, MAE,
and UAE, offer notable improvements in efficiency,
selectivity, and environmental friendliness, making
them more attractive for industrial application. This
comparison considers factors such as processing time,
energy consumption, solvent use, and scalability to
create a logical basis for choosing the most appropriate
extraction methods. These approaches aim to optimise
productivity while supporting sustainability, thereby
aiding the development of environmentally friendly,
high-quality black pepper oil production.

TECHNOLOGICAL ADVANCES
ENVIRONMENTAL IMPACT  OF
EXTRACTION TECHNIQUES

AND
DIFFERENT

Exploring different extraction solvents reveals significant
differences in chemical profiles, emphasising the distinct
effectiveness of each method. The type of solvent and
extraction duration are crucial for efficiently recovering
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plant bioactive compounds [24]. Green synthesis
techniques use renewable natural resources such as plant
extracts and microorganisms, reducing reliance on toxic
chemicals and supporting green chemistry principles
by lowering environmental impact [25]. Modern green
extraction methods like SFE, UAE, MAE, accelerated
solvent extraction, and enzyme-assisted extraction are
becoming increasingly important as they enhance the
extraction of phenolic compounds and reduce energy
consumption, while employing environmentally friendly
solvents [26-27]. For instance, hydroethanolic solvents
demonstrate higher efficiency in extracting polyphenols
compared to acetone and water, emphasising the
significance of solvent polarity in recovering bioactive
compounds [28]. Water is commonly used due to its
effectiveness in extracting polar molecules, and aqueous
solutions can be adjusted to improve the extraction of
target compounds [24]. A comprehensive comparison
of these methods highlights trade-offs between yield,
bioactive compound integrity, energy input, solvent use,
and industrial scalability, as shown in Table 2.

Advanced techniques differ not only in their extraction
methods but also in their effects on yield, preservation
of bioactive compounds, energy efficiency, and
environmental impact [8-9, 13, 26-28, 31]. UAE
enhances mass transfer through acoustic cavitation,
increasing cell wall permeability and allowing rapid
release of essential oil components. It works at ambient
to moderate temperatures, preserving aroma and heat-
sensitive compounds while cutting extraction time by
up to 70% compared to hydrodistillation [11-12]. MAE
uses dielectric heating to break down plant tissues,
accelerating extraction processes. It often achieves
similar or higher yields than the UAE, although careful
control is necessary to prevent thermal degradation of
delicate molecules [12, 29]. SFE with CO, provides

solvent-free operation, high selectivity, and minimal
thermal degradation, making it especially suitable for
the industrial production of high-purity black pepper
oil [9, 13-14]. Despite high initial capital costs, SFE’s
operational benefits—such as CO, recyclability, reduced
post-processing, and consistent product quality—offer
clear environmental advantages, including lower energy
consumption (8 to 15 MJ/kg extract) and negligible
solvent emissions [14, 23].

Enzyme-assisted and combined methods further improve
extraction efficiency by increasing the solubility and
permeability of plant matrices, while using less energy
and solvents. However, costs and scalability are still
challenging. For black pepper oil, SFE provides the best
balance of selectivity, environmental sustainability, and
scalability, while MAE and UAE are good alternatives for
laboratory or pilot-scale production. Including energy
input, solvent recovery, and waste reduction metrics
in the method selection process offers a framework for
designing sustainable extraction processes that produce
high-quality black pepper oil with minimal ecological
impact.

The comparative framework in Table Il shows that
although UAE and MAE offer substantial reductions in
extraction time and energy use at pilot or laboratory
levels, SFE provides the most balanced mix of yield,
bioactive compound preservation, environmental
impact, and industrial scalability. These findings support
the observedtrends in thisstudy, in which SFE consistently
delivered higher, more selective black pepper oil yields,
preserved aroma and phenolic content, and reduced
solvent-related emissions. Including environmental
factors such as energy consumption, solvent recovery,
and carbon footprint in choosing the method reinforces

Table 1l: Comparative framework of advanced black pepper oil extraction techniques

Extraction Solvent  Typical Con- Yield Energy Solvent Advantages Limitations Scalability References
Method Type ditions (%)  Input Recovery &
(M)/kg Waste
extract)
UAE Water Ambient-60  1.5-  6-12 Low solvent Preserves Scale-up Pilot-scale 11-12
/ green °C, 20-90 3.2 use; mini- thermolabile challenges;
solvents  min mal waste compounds; non-uniform
fast energy
MAE Water/  60-120 °C, 1.5-  6-12 Reduced Rapid ex- Risk of Pilot/limited 12,29
ethanol ~ 10-60 min 3.2 solvent use; traction; ener-  overheating; industrial
/ green minimal gy-efficient equipment
solvents post-pro- cost
cessing
SFE CO; 35-60 °C, 2.0- 8-15 Closed- High selectiv-  High capital Industrial 9,13-14
100-350 bar, 4.5 loop CO, ity; preserves cost
1-3h recycling; bioactives; low
negligible emissions
waste
Enzyme-as-  GRAS Ambient— 1.5-  6-15 Minimal Enhanc:es cell  Cost; scale-up  Pilot-scale 32-34
sisted / solvents  moderate 3.5 solventand  permeability; complexity
Combined / NADES  temp, chemical eco-friendly
methods 30-120 min use
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SFE as the preferred option for sustainable, large-scale
production, providing an apparent reason for its focus
on the subsequent yield.

BLACK PEPPER EXTRACTION IN FOOD SECURITY
AND SOCIOECONOMIC PERSPECTIVES

Extraction technologies for black pepper oil are essential
for enhancing process efficiency, food safety, shelf life,
and socio-economic stability. Conventional extraction
methods often depend on large amounts of organic
solvents, which can leave residues, cause environmental
pollution, and pose health risks by limiting their use
in food-related applications. [13]. In contrast, green
extraction techniques using water, ethanol, carbon
dioxide, and other biodegradable solvents improve
product safety by reducing chemical residues. These
methods also protect bioactive compounds with
antimicrobial and antioxidant properties, contributing
to longer shelf life and less food spoilage [7, 31,35].

The shift to green solvents and the application of green
analytical chemistry principles bolster food security
by minimising environmental impacts throughout the
entire value chain. Substituting toxic organic solvents
with non-toxic, biodegradable alternatives aligns
with sustainability aims by decreasing waste, energy
use, and workplace risks [31,35]. In black pepper oil
production, supercritical fluid extraction (SFE) with CO,
illustrates this transition, providing solvent-free extracts,
high selectivity, and closed-loop solvent recovery
that collectively lower emissions and enhance food-
grade compliance [13-14]. These features are vital for
applications in food preservation and nutraceuticals,
where purity and safety are highly important.

From a socioeconomic perspective, the choice of
extraction technology impacts production costs,
scalability, and market access. Although advanced
methods like SFE require greater initial capital, their
operational advantages, such as solvent recyclability,
reduced post-processing requirements, and consistent
product quality, can enhance long-term economic
sustainability at industrial scales [14, 22]. Conversely,
pilot-scale green technologies such as MAE and
UAE offer lower entry barriers for small and medium
enterprises, enabling local producers to engage in value-
added processing and strengthen rural economies.
These technologies can enhance income stability for
black pepper growers by converting raw agricultural
commodities into higher-value functional ingredients.

The integration of data-driven optimisation tools, such
as artificial neural networks (ANNs) and convolutional
neural networks (CNNs), further enhances the link
between extraction technology and food security.
Machine learning models, especially ANNs, are
increasingly utilised to optimise extraction processes by
modelling the nonlinear relationships among operating
parameters like temperature, pressure, extraction time,

and solvent composition. For instance, ANN-based
optimisation has been shown to accurately predict
extraction yield and bioactive compound retention,
allowing the identification of optimal conditions while
reducing the number of experimental trials, energy
consumption, and solvent use [36]. These predictive
tools support resource-efficient and cost-effective
extraction strategies, particularly for advanced methods
like supercritical fluid extraction.

Overall, sustainable black pepper oil extraction
embodies a convergence of technological innovation,
environmental responsibility, and socioeconomic
development. By using green solvents, eco-friendly
extraction methods, and predictive optimisation models,
producers can boost food safety, lower environmental
impact, and build resilient food systems, all while
improving economic results. Thus, extraction method
selection should be viewed not only as a technical
consideration but also as a strategic lever for advancing
food security and sustainable development goals [26,
371.

CONCLUSION

This review highlights the importance of selecting the
appropriate extraction technology for black pepper oil,
as it affects yield, quality, environmental impact, and
scalability. Methods such as ultrasound and microwave-
assisted extraction perform effectively at both laboratory
and pilot scales. While supercritical fluid extraction
provides the most suitable overall solution for industrial
use, offering high selectivity and consistent quality with
less downstream processing, sustainability assessments
should consider not only yield but also factors like
energy consumption, solvent recovery, carbon footprint,
and economic aspects. Currently, comprehensive
quantitative data on the life cycle analysis and techno-
economic factors of black pepper oil are limited. Future
research should establish standardised LCA frameworks,
incorporate cost and environmental evaluations, and
develop data-driven optimisation tools to ensure
scalable, sustainable extraction methods that meet food
security and industrial demands.
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