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Essential Oil Extraction for All: A Flexible and Modular
System for Citrus Biomass Waste
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The essential oil industry is a growing sector that generates 5.41 billion
USD annually worldwide. Essential oils are widely used in medicine,
agriculture, and perfumery. Although there are available systems in the
market for domestic essential oil extraction, replacing the entire equipment
in case of repair or malfunction can be costly. To address this problem, a
pilot-scale essential oil extractor system was developed that operates
through hydrodistillation. This system was used to process various citrus
wastes such as green and yellow lemons, oranges, grapefruits, and
Eucalyptus globulus. A factorial design was performed, and the best
conditions were used to extract other biomass residues. GC-MS analysis
revealed that the primary compound for orange, grapefruit, and green
lemon essential oils is D-imonene, with 95.4%, 95.5%, and 49.2%,
respectively. For yellow lemon the primary compound appeared to be D-
limonene with 73.0% content, though the GC/MS data were less clear, and
for eucalyptus, it is eucalyptol with 71.0%. The estimated production costs
were 0.01 USD/mL, 0.04 USD/mL, 0.06 USD/mL, 0.07 USD/mL, and 0.15
USD/mL for orange, grapefruit, green lemon, yellow lemon, and
eucalyptus essential oils, respectively. Therefore, the developed system
is a competitive option for pilot-scale essential oil extraction.
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INTRODUCTION

Plants have been widely used in medicine, agriculture, and perfumes throughout
history, but in recent years interest in essential oils (EOs) has increased noticeably due to
their properties and applications in the food, pharmaceutical, and cosmetic industries, as
well as having antioxidant and biocide activities (Maes et al. 2019; Manyako et al. 2022).
Essential oils (EOs) are synthesized in aromatic plants as secondary metabolites and are
distributed in multiple plant segments such as shells, bark, leaves, seeds, roots, stems,
flowers, peels, and fruits. EOs are heterogeneous mixtures of terpenes, sesquiterpenes,
acids, esters, phenols, and lactones (Aziz et al. 2018; Bailao et al. 2022; Jaramillo-
Colorado et al. 2022). EOs are composed mainly of terpenes but also contain other
chemical compounds (Maes et al. 2019).

The quality of essential oil may vary considerably, depending on factors such as
geographical origin, plant variety, extraction method, and storage (Uysal et al. 2011). It
can be determined by analyzing its organoleptic, physical, and chemical properties. The
chemical composition of essential oil is usually the primary parameter used to assess its
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quality, and GC-MS is the most widely used technique for this purpose (Yadav 2022).

In 2020, the global trade value of essential oils reached $5.41 billion USD. Orange
essential oils (OEO) alone accounted for a trade value of $440 million during the same
time (Observatory of Economic Complexity 2023). In 2021, worldwide orange production
reached 75.57 million t (United Nations 2017). It has been estimated that 34% of the
world's orange production is allocated for juice production, while 45% of the by-product
generated during the process consists of orange peels (Velasco et al. 2017).

Mexico was one of the top exporters of OEO in 2020, ranking just below Brazil,
the United States of America, and Germany (OEC 2023). Additionally, in 2021, Mexico
became the world’s fourth-largest producer of oranges (FAO 2023). The juice industry
takes advantage of all the byproducts and waste streams as a strategy to cover operating
costs. Therefore, it is not possible to take further advantage of the waste generated in this
industry. However, there are also commercial establishments that produce and sell juices
directly to customers. These businesses are not accounted for in industrial sector statistics.
Nevertheless, they generate waste in the form of peels with pulp and seeds, which presents
an attractive opportunity for revaluation. This waste represents an opportunity to develop
efficient, cost-effective, and profitable technological processes that can transform it into
raw material to produce high-value-added products.

Hydrodistillation is a common method for extracting essential oils from citrus fruits
(Weng et al. 2019). The method is utilized at a laboratory, pilot, and industrial scales. At
the laboratory scale, the equipment’s easy installation and intuitive use make it an ideal
option for didactic purposes, recreational activities, and preliminary experiments. At this
scale, the Clevenger is the most widely used device in essential oil extractions (Kant and
Kumar 2022). It has a processing capacity of 100 to 2,000 mL. At the pilot scale, processing
capacity ranges from 20 to 500 L, and the equipment used is typically constructed with
commercial steel, stainless steel, or copper. The work’s primary objective is to achieve
optimal distillation parameters and determine the technical and economic feasibility of
producing essential oils and floral water. This processing scale makes it possible to produce
important quantities of essential oils for commercial purposes (Sanchez et al. 2022;
Rodriguez et al. 2012). The industrial scale is typically geared towards distillation
processes with feed capacities exceeding 500 L. Its primary objective is to obtain EOs and
floral water of high value, maximum quality, and efficient production batches (Rodriguez
etal. 2012).

Small, integrated systems are available on the market for essential oil extraction.
These systems are domestic in scale, and their production and yields are like laboratory-
scale ones. One disadvantage of these systems is their lack of repairability and rigidity. In
the event of system failure, the entire system must be replaced. This issue represents an
opportunity for designing and developing modular essential oil extraction systems that are
flexible, easy to maintain, and scalable for increased essential oil production.

In this work, an essential oil extraction system was developed that operates through
pilot-scale hydrodistillation. Citrus wastes from green lemon (Citrus aurantifolia), yellow
lemon (Citrus limon), orange (Citrus sinensis), grapefruit (Citrus paradisi), and eucalyptus
leaves (Eucalyptus globulus) were processed. The extraction system was designed for
portability, flexibility, ease of use, and maintenance. The essential oil quality was evaluated
by gas chromatography coupled with mass spectrometry. The system's performance was
evaluated based on operation yields, production costs, and energy requirements.
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EXPERIMENTAL

Design and Installation of the Essential Oil Extraction System

The essential oil extraction system was developed using the hydrodistillation
technique. The extraction process involved stages of size reduction, heating, an extractor
tank, gas and steam piping, a condenser, and a decanter (da Costa et al. 2022). The
equipment was specifically designed to process peel, and a support was placed inside the
extractor to simulate steam distillation for leaves. Modularity, portability, flexibility, and
easy maintenance were prioritized during the development of the system.

A Retsch GM 300 mill with a 5 L capacity container was utilized during the size
reduction stage. A conventional blender can replace this equipment, repeating the process
as needed to obtain the desired volume. The significance of this stage lies in the fact that
when extracting essential oils from peels, volatile compounds are located between the peel
and the fruit’s albedo. Therefore, mechanical support is necessary to break the peel and
release the essential oil, favoring the mass transfer process between the peel and steam.

The heating source used was a liquefied petroleum (LP) gas stove with a double-
ring burner. It was chosen for its versatility and independence from electrical power. For
the extractor equipment, a 20 L aluminum hermetic container was considered, which
includes a pressure gauge and a relief valve. A 2/3-inch outlet was adapted to this extractor
to connect a food-grade gas hose, which was insulated and connected to a condenser.

The stainless steel condenser was designed as a single-pass unit with two concentric
tubes and two outlets for 3/8-inch hoses. Public water served as a cooling medium directly
connected between the water outlet and the condenser, operating in countercurrent. A 250
mL florentine was placed at the end of the exchanger to continuously separate the essential
oil from the water, functioning as a decanter and EO accumulator. Drinking water was used
for the essential oil extraction. The extraction system can be observed in Fig. 1.

@ Size reducer
@ Heating source

-10 kg gas tank
-Doble ring burner

20 L extractor

Water recirculation system
-Water pump
-208 L tank water

@ Condenser
@ Florentine

Fig. 1. Essential oil extraction system

Factorial Design Applied to the Essential Oil Extraction from Orange Waste

To characterize the extraction system and determine its optimal operating levels, a
23 factorial design was specifically developed for orange waste (OW) (Ghasemi et al.
2021). OW, which includes orange peels, pulp, and seeds, is easily obtainable from various
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commercial sources and is currently collected at no cost. Due to the size and complexity of
the other biomass wastes, they were not included in the factorial design. Using OW as a
representative biomass waste allows for easier management at pilot and industrial scales,
takes advantage of the moisture content in the pulp, and reduces pretreatment costs. The
key operating conditions identified for OW can also be applied to other biomass wastes.

In the experimental design, the orange peels processed included the peel, pulp, and
seeds. These were collected from a commercial establishment that specializes in producing
and selling juices.

Factor 1 in the extraction process was the ratio of OW to water volume, with values
of 1.7 and 1.9 L per kg of OW (Yumnam et al. 2023). This factor primarily affects the mass
transfer between the orange EO and water. Increasing the water volume also increases the
amount of EO produced up to a certain point, after which the volume of EO plateaus. In
other words, additional water no longer increases the volume of EO (Ayala et al. 2017).

Factor 2 involved the reduction of OW size (Karanicola et al. 2021; Wei et al.
2023). This size reduction creates more contact between the plant material and the water,
facilitating EO extraction. Grinding times of 5 and 10 s were selected. This operation was
performed with a fraction of the drinking water used in factor 1. The grinding times can
vary depending on the mill's power used. A conventional blender, for example, can take up
to 1 min. The ground waste should have a uniform and fine appearance to allow the passage
of bubbles.

Cold stream
outlet

Size reducer

Condenser

@ Steam mixture /

Liguid
T mixture

Cold stream P Essential oil
inlet
Extractor - Hydrosol

Citrus
waste

R

*

Decanter

Water

Heating
source

Variables and operating conditions

@-Purified water @ 20 L extractor @Counter current concentric tube condenser

-Test tube 500 mL Extraction for 50 min Cold stream inlet at 25 °C and 113.17 mL/s
@ Retsch GM 300 is used: @-10 kg gas tank @ 250 mL florentine

-3,000 rpm -Doble ring burner 250 mL decanter

-Right turn -Gas flow of 1.29 L/h 50 mL glass graduated cylinder

-Without intervals -Heat flow of 33.88 MJ/h

-5-10s

-4 batchs, each of 0.9-1.0 kg of orange
waste

-500 mL of water for batch

-Citrus waste is approx. 0.4545 kg citrus
peel/1 kg citrus waste

Fig. 2. Stages and parameters in the operation of EO extraction
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Without having a direct way to measure pressure and temperature inside the
hydrodistillation vessel, factor 3 was the amount of plant material, defined as 3.5 and 4.0
kg. The input mass is a critical factor in experimental design due to its direct impact on the
pressure within the extraction vessel. Pressure, in turn, increases or decreases the mixture's
boiling point. Hence making the amount of plant material a crucial factor for extraction
yield.

The response variable was the volume of EO in mL obtained in the extraction
process. OW was acquired from the same supplier on the day of extraction at the same time
to minimize variability in the experimental design. The supplier was a juice sales
establishment. After extraction, the EO was separated from the floral water using a funnel
decanter. The volume was measured using a 50 mL graduated cylinder immediately after
extraction and separation from the floral water to prevent losses due to volatilization and
hydrolysis. The extraction method remains constant in the parameters of the other process
stages and the system operated under batch conditions. These parameters are described in
Fig. 2.

Gas Chromatography-Mass Spectrophotometry Analysis

After selecting the operating conditions obtained in the factorial design, EO was
extracted from orange, green lemon, yellow lemon, grapefruit, and eucalyptus leaves
wastes. Gas chromatography coupled to mass spectrometry of the different EO was
performed at the University of Cartagena, Colombia.

The EO was analyzed using an Agilent Technologies GC-MS system model 7890A
Network GC coupled to a mass selective detector model 5975 equipped with a split/split-
less injection port (230 °C, split ratio 20:1). The mass spectra were obtained by electron-
impact ionization at 70 eV energy. The GC elements were an HP-5MS capillary column
(30 m x 0.25 mm id x 0.25 um df) with 5% phenyl-poly (methyl siloxane), and a stationary
phase was used for the separation of mixtures. The oven started at 50 °C for 2 min, and its
temperature increased at a rate of 5 °C/min, up to 250 °C. The carrier gas was helium, with
an inlet pressure at the head of the column of 12.667 psi at a rate of 1.172 mL/min at 50
°C. The samples were prepared by diluting 20 microliters of EO in 980 microliters of
dichloromethane. From the resulting solution, 1 microliter was taken for injection. The MS
range used was m/z 30 to 600. The results were compared with the NIST library ver. 2.0
from 2008 (Jaramillo et al. 2022).

Cost Analysis for EO Extraction

The authors constructed a metal structure to mount most of the components. Once
the entire system was assembled, and essential oil samples were obtained, a water
recirculation system was added. This system included a 208 L water storage tank and a
Trupper peripheral water pump with a maximum capacity of 42 L/min and a maximum
height of 45 m. The recirculation system reduced water consumption per extraction, and
the environmental impact caused by water misuse, lowered the cost of extracting essential
oil per mL, and increased the equipment's independence from a fixed installation.

Operating costs were determined by considering the necessary inputs for the
experimental runs, which included water and energy (Cruz-Sanchez et al. 2022; Leon et
al. 2022). The plant material was donated from various sources, so no cost was associated
with it. Citrus waste was donated from a local juice business and eucalyptus leaves were
gathered from the eucalyptus trees inside the university campus.
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The cost of energy inputs was calculated based on the energy requirements of the
extraction process stages. The size reduction stage required energy, and the extraction stage
needed heat. The Retsch GM300 equipment for size reduction has a power range of 1,100-
3,000 W and 13 A and is used for 5 to 10 s. The heat source operated on LP gas at a flow
rate of 1.29 L/h.

The cost of water was determined based on the price per m® of commercial water.
Two scenarios were considered: before and after the installation of the water recirculation
system. Potable water was used to feed the extraction equipment, and the amount of water
required varied from 5.95 to 7.6 L depending on the amount of plant material used. The
equations used to calculate the costs are described in Egs. 1, 2, and 3.

NPpinEtmn We
TCN =("”—) + (Wor Vo) + (Gt +( )
Fo 3600 grinding extexdbxtractor ( Op)Heater Qtcota condenser (1)
TlP 'llEtmill PpumpEtpump
REO 3600 Jyrinding T exVer Estractor +(G0n) seer + (™ 3600 pump (2)
TCgo
EO

where TCNEeo represents the total essential oil extraction cost of a given plant without water
recirculation (USD), and TCreo the total essential oil extraction cost of a given plant with
water recirculation (USD). The variable n denotes the number of grinding batches, Pmin the
mill power (kwWh), E the electricity cost (USD/kWh), tmin the grinding time (s,) Wex the
purified water price (USD/L), Vex the extractor volume (L), G the gas price (USD/h), top
operation time (h), Wc the public water price (USD/m3), Q water flow (m%/s), tcold the
running time of the condenser (S), Ppump the pump power (kWh), toump the pump operation
time (s), Yeo, essential oil volume price (USD/mL) and Veo the essential oil volume (mL).

Each essential oil extraction cost was determined, and an average cost was
calculated for multiple extractions of the same plant material. The inputs and electrical
energy costs were based on commercial tariffs, with commercial water costing 19.55
USD/m? and potable water costing 0.02 USD/L. The commercial electricity tariff was 0.2
USD/kWh, and the cost of LP gas was estimated at 0.66 USD/L.

RESULTS AND DISCUSSION

Extractor System for Essential Oils

The essential oil extraction system mounted on the steel structure is shown in Fig.
1. According to the characteristics of the plant material, it may be necessary to use a mill.
The plant material is loaded into the extraction equipment, and potable water is added
according to the appropriate ratio. The lid is closed, and the burner is turned on. After 5
min of flame, the recirculation pump is turned on to maintain the condenser at the
appropriate temperature. The first condensate drop occurs 20 min after the burner is turned
on. With these steps, the extraction process takes approximately 50 min from the burner
ignition. This operation time was established based upon prior observation on the EO
extraction in the extractor system. After 50 min of operation the amount of EO extracted
IS not significant.
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Design of Experiments Results

Table 1 shows the results of OW essential oil extractions for each of the factorial
design runs. The response variables were the volume of essential oil and the extraction
yield. The volumes were low for a grinding time of 5 s, a little less than 50% of those
obtained with 10 s of grinding. Additionally, in the 5-second grinding treatments, the oil
had a yellowish appearance, unlike the essential oil obtained in the 10-second treatments,
which had a colorless appearance.

Table 1. Factorial Design for Essential Oil Extraction from OW

RuUN Orange waste in | Grinding time in | Water/waste EO volume Yield in

kg (A) s (B) ratio (C) In mL mL/kg
1 35 5 1.7 30 8.6
2 35 5 1.7 30 8.6
3 35 5 1.9 65 18.6
4 35 5 1.9 58 16.6
5 35 10 1.7 32 9.1
6 35 10 1.7 27 7.7
7 35 10 1.9 64 18.3
8 35 10 1.9 58 16.6
9 4 5 1.7 33 8.3
10 4 5 1.7 38 9.5
11 4 5 1.9 65 16.3
12 4 5 1.9 69 17.3
13 4 10 1.7 30 7.5
14 4 10 1.7 30 7.5
15 4 10 1.9 67 16.8
16 4 10 1.9 68 17.0

The conditions for obtaining the highest amount of essential oil were found to be a
grinding time of 10 s, a water-to-waste ratio of 1.9 L per kg, and 4 kg of processed waste.
Conversely, the lowest amount of essential oil was obtained with a ratio of 1.9 L of water
per kg of OW, 5 s of grinding, and 3.5 kg of waste.

Table 2. ANOVA Analysis for the OW Essential Oil Extractions

EO volume EO Yield

Source Adj Adj F- P- . . F- P-

DF SS MS Value | Value DF| AdjSS | AdjMS Value | Value
Model 7 | 4,477 |639.57| 67.32 0 7 |313.728| 44.818 | 61.79 0
grange waste | ;| g1 | g1 | 853 | 0019 | 1| 1 1 138 | 0274
GrindingtimeB | 1 | 9 9 095 | 0359 | 1 | 059 059 | 0.81 | 0.394
Water/waste 1 | 4,356 | 4,356 | 458.53| O 1 |310.641 |310.641 | 428.3 0
relation C
AB 1| 4 4 042 | 0535 | 1| 0232 | 0232 | 0.32 | 0.587
AC 1] 9 9 095 | 0359 | 1 | 0141 | 0141 | 0.19 | 0671
BC 1] 9 9 095 | 0359 | 1 | 0562 | 0562 | 0.78 | 0.404
ABC 1] 9 9 095 | 0359 | 1 | 0563 | 0563 | 0.78 | 0.404
Error 8| 76 9.5 8 | 5.802 | 0.725
Total 15 | 4,553 15 | 319.531
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The highest yield was achieved by processing 3.5 kg of waste with 5 s of grinding
and a 1.9 water-to-waste ratio. On the other hand, the lowest yield was obtained by
processing 4 kg of OW with 10 s of grinding and a ratio of 1.7. Generally, yields obtained
with 10 s of grinding were comparable to the highest yields reported in the literature
(Manyako et al. 2022). The ANOVA result for the extraction of essential oil from OW is
shown in Table 2.

According to Table 2, only factors A and C were significant when evaluating the
volume of essential oil obtained as the response variable. Only factor C was significant
when analyzed with yield as the response variable in the factorial design. In both cases
factor C, defined as the water/waste ratio, was the most important factor in the extraction.
None of the interactions resulted in a P-value <0.05. Figure 3 shows the simultaneous
analysis of the response variables.

Figures 3a and 3b were created to identify the operational range in which a volume
of more than 55 mL of EO can be obtained with a yield exceeding 15 mL/kg. This region
is depicted in a white region in Figs. 3a and 3b, allowing for flexibility in the operating
conditions. Moreover, the optimization point for these conditions occurs using 4 kg of OW,
with 10 s of grinding and a ratio of 1.9. These conditions ensure the maximum volume of
EO with the highest yield, as per the factorial design data.

1.90 1.90

a) b)

1.801

1.804

Water/peel relation
Water/peel relation

Yield Yield
gvsnL/km (mL/kg)
1 = 0
1,75 -] 18.6 175 -1 18.6
EO volume EO volume
——E8 TR
------ 69 --e-e- 69

170
T T T T 170 T T T T
5 6 7 8 9 10 35 36 37 3.8 39 4.0

Grinding time (s) Orange peel (kg)

Fig. 3. Simultaneous response variable analysis, a) factor A constant, b) factor B constant

Essential Oils Gas Chromatography-Mass Spectrophotometry Results

Table 3 shows the compounds identified by GC-MS for the essential oils of orange,
grapefruit, green lemon, yellow lemon, and eucalyptus leaves wastes. The essential oils of
orange, grapefruit, and green lemon are mainly composed of limonene. According to the
default output, 1,5-dimethyl-1,5-cyclooctadiene was reported as the most representative
compound in the essential oil of yellow lemon, though this is due to similar m/z output, this
compound was tentatively assigned as D-limonene. Eucalyptol was found to be the major
component in the essential oil of eucalyptus leaf. These representative compounds were
detected with a retention time between 10.9 to 11.1 min.

The values obtained in the chromatograms coincide and fall within the range of
published literature. The content of D-Limonene in orange EO ranges from 71.26% to
above 90% (Moemenbellah-Fard et al. 2020; Li Yan et al. 2022).
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Table 3. GC-MS for the Essential Oils
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Peak RT % Composition
number | (min) Compound CAS OEO | GEO GLpEO YLEO | EEO

1 3.1773 | Glyodin acetate 000556-22-9 - - 0.3405 - -

2 3.2074 | (2)-9-Hydroxy-2,4-dimethyl-non-7-enoic acid lactone 1000144-65-1 - - 0.1353 - -

3 3.3204 | Desmethyldoxepin 001225-56-5 - - 1.2602 - -

4 6.9374 | B-Thujene 028634-89-1 - - 0.6088 | 0.3495 -

5 7.1333 |L-a-Pinene 007785-26-4 - - 2.6444 - 1.2372
6 7.1485 | D-(+)-a-pinene 007785-70-8 0.7994 | 0.7494 - 1.8689 -

7 7.6382 | Camphene 000079-92-5 - - 0.1714 | 0.0684 | 0.0551
8 8.6330 | Sabinene 003387-41-5 0.2292 | 0.1491 - - -

9 8.7008 | B-Pinene 000127-91-3 - 0.0174 | 18.7433 | 7.9132 -
10 9.3035 | 2,3-Dehydro-1,8-cineole 092760-25-3 - - 0.0411 - -
11 9.4166 |B-Myrcene 000123-35-3 2.1961 | 1.9881 | 1.0515 | 1.6305 | 0.0609
12 9.8309 |a-Phellandrene 000099-83-2 0.0681 - 0.0616 - -
13 9.8536 |a-Thujene 002867-05-2 - 0.0454 - 0.0909 -
14 9.9215 | Octanal 000124-13-0 0.1294 | 0.1239 - - -
15 |10.0797 | (+)-3-Carene 000498-15-7 0.2155 - - - -
16 10.3509 | a-Terpinene 000099-86-5 - - 0.0997 0.391 -
17 10.3736 | 4-(2-Methylamino)ethyl)pyridine 055496-55-4 0.0217 - - - -
18 10.7126 | o-Cymene 000527-84-4 - - 6.254 - -
19 |10.7278| p-Cymene 000099-87-6 - 0.0668 - 0.583 -
20 10.7352 | 4-Ethyl-m-xylene 000874-41-9 - - - - 18.9446
21 10.9689 | 1,5-dimethyl-1,5-Cyclooctadiene* 003760-14-3 - - - 73.0405 -
22 |11.0216 | D-Limonene 005989-27-5 95.4047 |95.5393| 49.1568 - -
23 11.0140 | Eucalyptol 000470-82-6 - - - - 71.0404
24 11.3983 | trans-B-Ocimene 003779-61-1 - - 0.1177 | 0.0665 | 0.204
25 |11.8203 | B-Ocimene 013877-91-3 - 0.1307 | 0.2572 - -
26 | 11.8355 | cis-Ocimene 003338-55-4 - - - 0.0799 | 0.0992
27 12.205 |y-Terpinene 000099-85-4 - 0.0542 | 4.8014 |10.3351| 2.7201
28 13.493 | Terpinolene 000586-62-9 0.0429 - 0.5317 0.604 -
29 |14.1713| Linalool 000078-70-6 - - 0.2871 - -
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30 14.1789 | cyclofenchene 000488-97-1 0.3714 - - 0.0857 -
31 15.505 | cis-Limonene oxide 013837-75-7 - - 0.1175 - -
32 15.716 |trans-Limonene oxide 004959-35-7 - - 0.0946 - -
33 15.7236 | trans-Pinocarveol 000547-61-5 - - - - 0.2662
34 16.0928 | 2-Methyl-1-nonene-3-yne 070058-00-3 - - 0.0794 - -
35 16.7936 | Pinocarvone 030460-92-5 - - - - 0.0956
36 17.0045 | endo-Borneol 000507-70-0 - - 0.0827 - -
37 17.517 | Terpinen-4-ol 000562-74-3 0.0306 | 0.0385 | 1.4375 | 0.5517 | 0.9139
38 18.0218 | m-Cymen-8-ol 005208-37-7 - - 0.1183 - -
39 18.0897 | trans-p-mentha-1(7),8-dien-2-ol 1000374-16-7 - - - - 0.2575
40 18.1801 | Terpineol 1000411-59-6 | 0.0463 - 1.4712 - 0.5491
41 18.1877 | a-Terpineol 000098-55-5 - - - 0.5622 -
42 18.210 | L-a-Terpineol 010482-56-1 - 0.0458 - - -
43 18.964 | Decanal 000112-31-2 0.0749 | 0.1468 | 0.169 - -
44 19.2727 | 3-Carene 013466-78-9 - - 0.0835 - -
45 19.3028 | Sabinol 003310-02-9 - - - - 0.1567
46 19.9358 | cis-p-mentha-1(7),8-dien-2-ol 1000374-16-8 - - - - 0.2401
47 20.4859 | 3,7-dimethyl-2,6-Octadienal 000106-26-3 - - 0.8086 - -
48 21.2469 | (+/-)-Lavandulol 000498-16-8 - - 0.1067 - -
49 21.8498 | Citral 005392-40-5 - - 1.0754 | 0.0857 -
50 |22.9725 | Thymol 000089-83-8 - - - - 0.418
51 23.3343 | 3-Methyl-4-isopropylphenol 003228-02-2 - - - - 0.1753
52 23.6206 | 3-Methyl-4-isopropylphenol 003228-02-2 - - - - 0.1806
53 24.9167 | 2-Acetoxy-1,8-cineole 057709-95-2 - - - - 0.1057
54 | 25.1653 | Hexestrol 000084-16-2 - - 0.0661 - -
55 26.0092 | Neryl acetate 000141-12-8 - - 0.1058 | 0.5865 -
56 26.243 | a-Copaene 1000360-33-0 - 0.1053 - - -
57 26.8381 | Lavandulyl acetate 025905-14-0 - - 0.2227 - -
58 26.899 |B-Copaene 018252-44-3 - 0.0714 - - -
59 28.021 | Phenylephrine 000059-42-7 0.0198 - - - -
60 28.036 | Caryophyllene 000087-44-5 - 0.3109 | 1.0245 | 0.1673 -
61 28.8199 | trans-a-Bergamotene 013474-59-4 - - 1.2988 - -
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62 28.8276 | cis-a-Bergamotene 018252-46-5 - - - 0.2739 -
63 29.4303| 1,4,7,-Cycloundecatriene, 1,5,9,9-tetramethyl-, Z,7Z,Z- 1000062-61-9 - - 0.1472 - -
64 29.807 | (-)-B-Santalene 025532-78-9 - - 0.118 - -
65 30.7791 | a-Selinene 000473-13-2 - - 0.3892 - -
66 31.6155 | cis-a-Bisabolene 029837-07-8 - - 0.124 - -
67 31.8416 | B-Bisabolene 000495-61-4 - - 2.4758 - -
68 32.377 | d-Cadinene 000483-76-1 - 0.116 - - -
69 33.5521 | Germacrene B 015423-57-1 - - 0.3288 - -
70 34.5694 | Caryophyllene oxide 001139-30-6 - - 0.1771 - -
71 34.6523 | (-)-Globulol 000489-41-8 - - - - 0.727
72 34.9462 | y-Selinene 000515-17-3 - - - - 0.147
73 36.4456 | Isospathulenol 088395-46-4 - - 0.1271 - -
Others 0.35 0.301 1.1868 | 0.6656 | 1.4058

OEO: Orange Essential Oil, GEO: Grapefruit Essential Oil, GLEO: Green Lemon Essential Oil, YLEO: Yellow Lemon Essential Oil, EEO: Eucalyptus

Essential Qil.
*Possible D-Limonene due to similar retention time.
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Table 4. Extraction System Comparative

assisted hydrodistillation

Present Work Literature
EO Main compound in | EO yield | Main compound in | EO yield . N
the EO (%) (mL/kg) the EO (%) (mL/kg) Operation Conditions Reference
O Limonene (75.3) 8.35 Laboratory scale, steam distillation Manyako et al. 2022
Orange D-Limonene (95.40) 16.8 Decanal (12) 5.9 Pilot plant, steam distillation Manyako et al. 2022
Pilot plant, 60 min operation, 4 kg of .
vellow 1,5-dimethyl-1,5- NA 339 yellow lemon peel, hydrodistillation Leon etal. 2020
Lemon Cyclooctadiene 7.74 Pilot plant, 100 min operation, 8 kg and
(73.04)* NA 5.13-5.15 |12 kg of yellow lemon peel, Ledn et al. 2020
hydrodistillation
Green D-Limonene (49.15) 8.11 Citronellol (10.67) 7.7 Laboratory scale, 4.h’. 0'5. kg of green Suresh et al. 2021
Lemon lemon peel, hydrodistillation
NA 542 Pilot plant, 60 min operation, 16.636 kg of | Justiniano-Medina et
' grapefruit peel, steam distillation al. 2022
Grapefruit | D-Limonene (95.53) 6.75 Limonene (92-96) 256 P|I(_)t plant, 0.5 kg of dry grapefruit peel, Trujillo-Juérez et al.
Twin-screw struder 2021
. Laboratory scale, 180 min operation, 0.25
Limonene (88.6) 4.4 kg of grapefruit, hydrodistillation Uysal et al. 2011
Laboratory scale, 180 min operation, 0.5 Torrenegra et al.
Eucalyptol (85.4) 0.72 kg of eucalyptus leaves, hydrodistillation 2019
Eucalyptus | Eucalyptol (71.04) 7 .55 Laboratory scale, 180 min operation, 0.5 Torreneara et al
Eucalyptol (89.9) 1.21 kg of eucalyptus leaves, microware g ’

2019

NA: Not Available in the study
*Possible D-Limonene due to similar retention time
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In grapefruit EO, D-Limonene content has been recorded from 81.86% to 96%
(Uysal et al. 2011; Trujillo-Juérez et al. 2021; Li Yan et al. 2022). For green lemon EO,
D-Limonene content has been recorded between 47.24% and 61.8% (Ashmawy et al. 2019;
Moemenbellah-Fard et al. 2020). The most abundant compound in yellow lemon EO was
found to be 1,5-dimethyl-1,5-Cyclooctadiene, comprising 73.04% of the oil’s composition.
Other studies have identified Geranial and D-Limonene as the primary compounds in
yellow lemon EO, with concentrations ranging from 29% to 44.3% for Geranial (Marongiu
et al. 2006) and from 48.28% to 71% for D-Limonene (Cardoso et al. 2022; Khang et al.
2022). Neither Geranial nor D-Limonene were reported in the results presented in Table 3.
However, it is worth noting that the retention time of 1,5-dimethyl-1,5-Cyclooctadiene is
very similar to that of D-Limonene (10.9689 min and 11.0216 min respectively),
suggesting that the reported concentration of 73.04% could be attributed to D-Limonene
as indicated by previous literature (Khang et al. 2022). Eucalyptol values in eucalyptus leaf
EO vary from 15.1% to 89.9% (Torrenegra et al. 2019; Moemenbellah-Fard et al. 2020;
Khedhri et al. 2022). The variations found in this EO are attributed to the extraction
method, process scale, and eucalyptus tree variety.

When scaling a laboratory process to a pilot one, certain changes occur in the
operating conditions. Those can impact the concentrations of essential oils. Table 4
presents a comparison of some systems for essential oil extraction and their operating level.

The compositions of the essential oils obtained in the extractor system are generally
within the range reported in the literature for laboratory and pilot scales. It should be noted
that a longer time is required to obtain the EO in pilot-scale equipment. The observed
increase in processing time may be attributed to differences in certain process parameters
when scaling up from laboratory to pilot scale. At the laboratory level, the hydrodistillation
process typically operates at temperatures between 100-110 °C. While this operating
temperature was achieved at the pilot scale, the amount of energy supplied per unit of
residue was not equivalent to that used at the laboratory scale. As a result, the net heat
applied during pilot scale processing was lower than that used at the laboratory level,
leading to an increase in operating time.

Essential Oil Extraction Cost

Table 5 presents the production cost information obtained by solving Egs. 1 through
3 for the optimal extraction conditions of the various plant materials. The cost presented in
Table 5 does not include investment costs, it is only the operating cost of the installed
system. Adding a water recirculation system can reduce the cost of essential oil production
by 75.4% on average, making it a crucial element in the process. The system lowers
operating costs and enables operation in regions with limited water resources. The most
cost-effective extraction was achieved with orange essential oil, costing only 0.01 USD per
mL.

Table 5. EO Production Cost

Essential Oil YEO without recirculation (USD/mL) YEO with recirculation (USD/mL)
Orange 0.05 0.01
Grapefruit 0.14 0.04
Green lemon 0.25 0.06
Yellow lemon 0.29 0.07
Eucalyptus 0.62 0.15
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There is a difference in the extraction costs of essential oils despite using the same
conditions in all cases. This may be attributed to the availability of essential oil, which
varies among wastes. For instance, orange peels have the highest availability of essential
oil, while eucalyptus leaves have the lowest. By redesigning the extraction system to
operate at larger scales, it may be possible to further reduce the production cost of essential
oil. It can be achieved by taking advantage of the availability and utilization of additional
energy streams as well as the potential to generate other valuable by-products. When
extracting essential oil from citrus fruits, it is crucial to reduce the size of the fruit to allow
the essential oil to flow freely through the interface of the peel and albedo into the water.
The volumes of essential oil produced were up to 20 times compared to laboratory
extractions using a standard Kimble Kem-Kit Taper 19/22. The comparison was based on
the volume of essential oil produced rather than the ratio of essential oil per kg of processed
waste. Additionally, the chromatography of essential oils demonstrates that the compound
profile, including their concentrations, is analogous to those obtained at the laboratory
level. These results make the developed system a pilot-level alternative capable of
extracting high-quality essential oil. Due to its flexibility and portability, the developed
extractor system can operate in remote areas and under water scarcity conditions by
maintaining a recirculation system. The costs associated with EO extraction by the
developed system are competitive.

CONCLUSIONS

1. Most of the pilot-scale essential oil extraction system was constructed using existing
market elements, with only the condenser and the support structure being custom-
designed and fabricated in a mechanical workshop. It makes the system easy to
replicate without adding unnecessary complexity. Furthermore, the system can be
adapted to the specific needs of any region where it may be utilized.

2. According to the experimental design, the best operating conditions for OW were 4 kg
waste with 10 s of grinding and a water-to-waste ratio of 1.9. These conditions were
used in all the extractions in the system.

3. One critical aspect of pilot-scale production is the identification of representative
compounds in the essential oil. The concentrations of D-limonene and eucalyptol, two
of the most important compounds, were within the acceptable range, producing
essential oils of comparable quality to those obtained on a laboratory scale.

4. The operating costs of the system are low, providing an affordable opportunity for
individuals or businesses interested in implementing an essential oil extraction system
for personal or commercial use.

5. To implement a similar extraction system, it is recommended to begin by conducting
laboratory tests to identify key extraction parameters and methods. The next step is to
select materials and equipment that are available on the market and are easy to repair
and maintain. Once a prototype has been constructed, its performance can be evaluated
through exploratory testing and experimental design. It is also important to select
appropriate analytical methods that are relevant to the specific case. By following these
steps, it is possible to develop a customized extraction system that meets the specific
applications needs.
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