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Patchouli (Pogostemon cablin Benth.) oil is Indonesia's flagship essential oil
export commodity, yet its extraction faces persistent challenges of low yield,
substandard quality, and high energy consumption. This study optimized
patchouli oil extraction using Microwave-Assisted Extraction (MAE) through
a completely randomized factorial design examining two particle sizes (fine: <5
mm; coarse: 20—50 mm) and two extraction power levels (700 W and 800 W),
each replicated three times. Particle size significantly affected oil yield (p =
0.006) and working capacity (p = 0.006), while extraction power showed no
significant effect. The coarse particle-800 W combination yielded the highest
average yield (4.88%) and the lowest production cost (IDR 8,716.53/ml), while
fine particle—800 W achieved the highest patchouli alcohol (PA) content
(39.14%). All treatments exceeded the SNI 06-2385-2006 minimum PA
requirement of 30%. A regression model was derived: y = 4.657 + 0.040x: —
0.001x2 (R?=0.5983). The coarse particle-800 W treatment is identified as the
technically and economically optimal condition for MAE-based patchouli
extraction.

Contribution to Sustainable Development Goals (SDGs):
SDG 8: Decent Work and Economic Growth

SDG 9: Industry, Innovation, and Infrastructure

SDG 12: Responsible Consumption and Production

1. INTRODUCTION

1.1.  Research Background

used in the perfume, cosmetics, and pharmaceutical industries
due to its distinctive aroma, fixative properties, and long-lasting
scent [3]. The primary quality indicator is patchouli alcohol (PA),
a sesquiterpene alcohol compound (Ci15H260), with a minimum of
30% required by Indonesian National Standard SNI 06-2385-

Indonesia is the world’s largest producer of essential oils,
possessing 40 of the 80 types traded on the global market, 14 of
which are internationally competitive [1]. Among these,
patchouli (Pogostemon cablin Benth.) oil is a flagship
commodity, dominating Indonesian essential oil exports at
approximately 85% of total volume (1,200-1,500 tons/year) with
market prices reaching IDR 1.5-3 million per liter [2]. Known as
the “King of Indonesian Essential Oils,” patchouli oil is widely

2006 [4].

Despite its economic significance, patchouli oil production in
Indonesia faces persistent challenges: (1) low oil yield that does
not meet market expectations; (2) oil quality that frequently falls
below SNI standards, particularly in PA content; (3) inefficient
and energy-intensive extraction processes; and (4) continuous
price fluctuation that discourages smallholder investment [5].
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Conventional distillation — the dominant method practiced by
most farmers in West Sumatra and Aceh — requires 6—8 hours of
processing, consumes large amounts of energy, and typically
yields only 1.78-1.80% of oil from dried leaf material [6],[7].
These limitations call for the adoption of more efficient and
economically viable extraction technologies.

1.2.  Literature Review

Microwave-Assisted Extraction (MAE) is a modern extraction
technique that utilizes electromagnetic microwave radiation at
2.45 GHz to heat the solvent rapidly, disrupt plant cell walls from
within, and release essential oil compounds into the extraction
medium. Compared to conventional distillation, MAE offers
several advantages: shorter extraction time, lower energy and
solvent consumption, higher yields, better temperature control,
and minimal degradation of thermolabile compounds [8],[9].
These characteristics make MAE a promising technology for
essential oil extraction, particularly for high-value commodities
such as patchouli.

Several studies have investigated MAE for essential oil
extraction. Ananda et al. [10] reported that Microwave-Assisted
Hydrodistillation (MAHD) of patchouli leaves at 450 W for 60
minutes produced the highest yield of 7.16%, with PA content of
42% at 300 W. Syahputra and Parasadi [11] found that MAHD
produced higher yields than solvent-free microwave extraction
(SFME) for dried patchouli leaves at 450 W. Muyassaroh [12]
demonstrated that MAE of ginger at 300 W for 120 minutes
yielded 2.01% oil with superior zingiberene content compared to
conventional methods, overcoming the thermal degradation
typical of conventional extraction. These findings collectively
confirm MAE’s superiority over conventional methods in both
efficiency and the preservation of quality.

Two critical parameters in MAE optimization are particle size
and extraction power. Reducing particle size increases the contact
surface area between the raw material and the solvent, facilitating
more uniform heat distribution and faster oil release. The standard
particle size for patchouli post-harvest processing is 5-10 cm
[13], but finer particle sizes have been shown to enhance
extraction efficiency in microwave-based methods. Extraction
power governs the microwave heating rate: excessively high
power can degrade thermolabile compounds and induce oil
darkening due to oxidation and mild Maillard reactions, while
insufficient power prolongs extraction time [14]. The optimal
combination of these two parameters has not been
comprehensively investigated for patchouli, particularly when
combined with economic analysis of production costs.

1.3.  Research Objective

This study aimed to optimize the patchouli oil extraction
process using MAE by: (1) examining the effect of raw
material particle size (fine: <5 mm vs. coarse: 20—50 mm)
and extraction power (700 W vs. 800 W) on oil yield,
working capacity, oil color, and patchouli alcohol content;
(2) developing a mathematical regression model relating
extraction parameters to oil yield; and (3) evaluate the
economic feasibility of each treatment through production cost
analysis, to identify the optimal conditions in the extraction
process using MAE.
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2. MATERIALS AND METHODS

2.1. Materials and Location

Patchouli (Pogostemon cablin Benth., Nilam Aceh variety)
leaves were obtained from Pasaman Barat, West Sumatra,
Indonesia. The study was conducted at Food and Agricultural
Product Processing Engineering Laboratory, Department of
Agricultural and Biosystems Engineering, Faculty of Agricultural
Technology, Universitas Andalas, Padang, and GC-MS analysis
was performed at the Central Laboratory of Universitas Andalas.
The raw material used was exclusively patchouli leaves, as leaves
contain the highest oil content (5-6%) among all plant parts [15].

2.2.  Experimental Design

A Factorial CRD (Completely Randomized Design) was applied
with two factors: (1) particle size — fine (F: <5 mm) and coarse
(C: 20-50 mm); and (2) extraction power — 700 W and 800 W.
This resulted in four treatment combinations (P1D1: fine-700W;
P1D2: fine—800W; P2D1: coarse—700W; P2D2: coarse—800W),
each replicated three times, yielding 12 experimental units. For
each run, 120 g of dried patchouli leaves (moisture content 14—
17% after one day of sun-drying) were extracted in a microwave-
based MAE apparatus (Sharp R-650GX(BS) Microwave Grill
Inverter Oven, 28 L capacity, maximum microwave power 1,000
W, grill power 1,100 W, frequency 2.45 GHz; modified with a
condenser and oil-water separator for continuous distillate
collections) using water as solvent. Extraction was monitored
hourly for 6 hours.

2.3.  Parameters Measured

The following parameters were measured: (1) Moisture content,
determined by the gravimetric method (oven-drying until
constant weight); (2) MAE Working Capacity (ml/hr), calculated
as the volume of oil produced per hour; (3) Oil Yield (%),
calculated as (output weight / input weight) x 100%; (4) Oil
Color, assessed organoleptically by 15 panelists (yellow or
brownish-yellow); (5) Patchouli Alcohol (PA) content (%),
analyzed by Gas Chromatography—Mass Spectrometry (GC-MS)
on the sample with the highest yield in each treatment; and (6)
Production Cost (IDR/ml), calculated based on fixed costs
(depreciation and interest) and variable costs (repair, labor,
electricity, raw material, water).

2.4.  Data Analysis

Data were analyzed using F-test (ANOVA) at 95% confidence
level. Prior to ANOVA, data passed the Shapiro-Wilk normality
test and Levene's homogeneity of variance test (p > 0.05),
confirming that the assumptions of ANOVA were met. Since
each factor consisted of only two levels (fine vs. coarse particle
size; 700 W vs. 800 W), post hoc testing was not required — a
significant ANOVA result directly indicates a significant
difference between the two groups. Additionally, multiple linear
regression was applied to model the relationship between the
independent variables (particle size and extraction power) and the
dependent variable (oil yield).
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3. RESULT AND DISCUSSION

3.1.  Moisture Content of Patchouli Leaves

The average moisture content of fresh patchouli leaves was
83.47%. After one day of sun-drying (approximately 10 hours),
moisture content was reduced to an average of 15.28%, which
falls within the recommended range of 14-17% for patchouli
extraction [16]. This pre-treatment is essential because excessive
moisture increases the energy needed for evaporation during
MAE, while insufficient drying can impede oil release.

3.2.  MAE Working Capacity

The working capacity of MAE — defined as the volume of oil
produced per hour — varied significantly among treatments.
During full 6-hour extraction, average working capacities were:
PIDI = 0.81 ml/hr, P1D2 = 0.72 ml/hr, P2D1 = 0.96 ml/hr, and
P2D2 = 1.02 ml/hr. F-test results showed that particle size had a
significant effect on working capacity for both 6-hour (p = 0.006)
and 4-hour (p = 0.011) extraction periods. In contrast, extraction
power and its interaction with particle size showed no significant
effect (p > 0.05) as shown in Table 1.
Table 1. F-Test Analysis of MAE Working Capacity (6-Hour
and 4-Hour Extraction)

Treatment 6-Hour Extraction 4-Hour Extraction

F Sig. Result F Sig. Result
Particle 13.744 | 0.006 | Sig.* 10.887 | 0.011 | Sig.*
Size
Extraction 0.088 0.774 | NS 0.027 0.873 | NS
Power
Interaction 1.379 0.274 | NS 1.159 0313 | NS

*Significant at o = 0.05; NS = Not Significant
3.3.  Oil Yield

Oil yield showed a consistent pattern across all treatments, with
peak extraction occurring between hours 3 and 4 in the coarse-
particle treatments. Beyond hour 4, yield declined significantly,
indicating that most of the available oil had been extracted and
that further processing only consumed energy without
proportional returns. Table 2 presents the average hourly yield per
treatment, and Figure 1 illustrates cumulative yields.

Table 2. Average Hourly Patchouli Oil Yield (%) per Treatment

Hour
Treatment 1 2 3 1 3 3
PIDI1 0.72 1.01 0.82 0.60 041 0.40
PID2 0.74 0.68 0.65 0.60 0.34 0.44
P2D1 0.40 0.65 1.36 1.38 0.47 0.42
P2D2 1.10 0.87 1.24 0.78 0.39 0.51

(a) Hourly yield per treatment
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Figure 1. Patchouli oil yield: (a) hourly trend per treatment; (b)
total average yield at 6-hour and 4-hour extraction.
Description:
P1 = Fine particle (<5 mm)
P2 = Coarse particle (2050 mm)
D1 =700 W
D2 =800 W
For 6-hour full extraction, average total yields were: P1D1 =
3.95%, P1D2 = 3.45%, P2D1 = 4.68%, and P2D2 = 4.88%. For
the optimal 4-hour extraction window, yields were as follows:
P1DI1 = 3.14%, P1D2 = 2.67%, P2D1 = 3.79%, P2D2 = 3.98%.
All values exceed the 3—5% range specified in SNI 8028-1-2014
for 6-8 hour distillation [17], confirming that MAE is more
efficient than conventional distillation which achieves only 1.78—
1.80% yield [6],[7]. F-test analysis confirmed that particle size
significantly affected yield (6-hr: p = 0.006; 4-hr: p = 0.012),
while extraction power and interaction effects were not
significant (p > 0.05) as shown in Table 3. Coarse particles
consistently outperformed fine particles in yield, likely because
the coarser structure allows better steam penetration and oil
migration pathways through intact glandular trichomes, whereas
fine particles may be more susceptible to degradation due to
increased surface exposure.
Table 3. F-Test Analysis of Patchouli Oil Yield (6-Hour and 4-
Hour Extraction)

https://doi.org/10.29165/ajarcde.v10i3.1118

6-Hour Extraction 4-Hour Extraction
Treatment F Sig. Result F Sig. Result
Particle 13.760 | 0.006 | Sig.* 10.443 | 0.012 | Sig.*
Size
Extraction 0.242 0.636 | NS 0.222 0.650 | NS
Power
Interaction 1.445 0.264 | NS 1.241 0.298 | NS

*Significant at o = 0.05; NS = Not Significant
3.4.  Oil Color (Organoleptic Assessment)

Organoleptic assessment by 15 trained panelists classified oil
color into yellow (Y) and brownish-yellow (BY) categories.
Table 4 presents the color frequency distribution.
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Table 4. Organoleptic Color Analysis of Patchouli Oil

Treatment Yellow (%) Brownish-Yellow (%)
P1D1 (Fine—700W) 75.56 24.44
P1D2 (Fine—800W) 46.67 53.33
P2D1 (Coarse—700W) 40.00 60.00
P2D2 (Coarse—800W) 26.67 73.33

Fine particles at 700 W produced the brightest oil with the highest
yellow frequency (75.56%), while coarse particles at 800 W
produced the darkest oil (73.33% brownish-yellow). Higher
extraction power induced greater thermal stress, promoting
oxidation and mild Maillard reactions, thereby darkening the oil
[14]. All treatments produced oil colors within the acceptable
range of SNI 06-2385-2006 (light yellow to reddish-brown),
confirming marketability. Notably, brighter oil color is positively
correlated with higher patchouli alcohol content [18].

3.5.  Patchouli Alcohol (PA) Content via GC-MS

GC-MS analysis was performed on the highest-yielding replicate
per treatment. As analysis was conducted on a single replicate per
treatment, PA data are presented descriptively and cannot be
subjected to inferential statistical testing. Results are presented in
Table 5.

Table 5. GC-MS Analysis Results of Patchouli Oil

Treatment (Replicate) Yield (%) Patchouli Alcohol (%)
P1D1 — Rep. 2 (Fine—700W) 4.46 35.05
P1D2 — Rep. 1 (Fine-800W) 3.58 39.14
P2D1 - Rep. 3 (Coarse—700W) 497 32.44
P2D2 —Rep. 1 (Coarse-800W) 5.41 3222
SNI 06-2385-2006 Standard 3-5% Min. 30%

All four treatments yielded PA content above the SNI minimum
of 30%, confirming that MAE with either particle size
combination is suitable for producing marketable patchouli oil.
Fine particle treatment at 800 W achieved the highest PA content
(39.14%), which aligns with findings by Fan et al. [19] showing
that fine particles combined with microwave irradiation can
enhance PA content by up to 166% compared to conventional
methods, due to greater surface area facilitating deeper cell
disruption and compound release. Coarse-particle treatments,
while producing higher yields, resulted in slightly lower PA
content (32.22-32.44%), consistent with the known trade-off
between quantity and quality in essential oil extraction [20].

3.6. Mathematical Model

Multiple linear regression analysis of oil yield (y) as a function of
particle size (x1) and extraction power (x2) produced the
following model:

y =4.657 + 0.040x: — 0.001x»

Where y = oil yield (%), xi = particle size code representing the
mean particle diameter in mm (3 for fine: mean =~ 3 mm from <5
mm range; 30 for coarse: mean = 30 mm from 20-50 mm range).
The model was statistically significant (F = 6.703, p = 0.017),
with R? = 0.5983 and Adjusted R? = 0.5090, indicating that
approximately 50.9% of yield variation is explained by the two
variables. Particle size (x1) was the only significant predictor (f =
0.040, p = 0.005), confirming its dominant role in determining
yield. Extraction power (x2) had a non-significant negative
coefficient (3 = —0.001, p = 0.636), suggesting marginal
diminishing returns at higher power settings.
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3.7.  Production Cost Analysis

Economic analysis was based on the fixed cost (IDR
1,491,000/year) and variable costs, with electricity cost (IDR
1,444/kWh) as the main differentiating factor between 700 W and
800 W treatments. Table 6 summarizes the average production
cost per treatment.

Table 6. Average Production Cost of Patchouli Oil Extraction

by MAE
Avg. Cost — 6h Avg. Cost — 4h
Treatment (IDR/ml) (IDR/ml)
PIDI (Fine_700W) 10,692.02 10,065.27
P1D2 (Finc—800W) 12,094.93 11313.65
P2D1 (Coarse—700W) 8,048.77 8,067.17
P2D2 (Coarse—800W) 8,716.53 7,797.62

The P2D2 treatment (coarse particles, 800 W) produced the
lowest production cost, at IDR 8,716.53/ml for a 6-hour
extraction and IDR 7,797.62/ml for a 4-hour extraction. This is
primarily attributable to its highest working capacity (1.02 ml/hr
for 6 hours), which distributes fixed costs more efficiently.
Conversely, the fine-particle treatments incurred higher costs due
to lower working capacity, despite their higher PA content. These
findings suggest that if the goal is maximizing economic return
from volume-based sales, the coarse-particle, high-power
treatment is preferable, while fine-particle treatment may be more
appropriate for premium-quality, PA-rich oil markets where price
per kilogram is substantially higher.

3.8. Optimal Treatment Determination

Considering all  technical and economic parameters
simultaneously, the coarse particle at 800 W (P2D2) treatment is
identified as the optimal condition for patchouli extraction using
MAE, with: highest average yield (4.88%), acceptable PA content
(32.22%, above SNI minimum), marketable oil color (brownish-
yellow, within SNI range), and lowest production cost (IDR
8,716.53/ml). The 4-hour extraction window is recommended as
the economically optimal duration, as oil yield plateaus after hour
4, and continuing extraction wastes energy without proportional
returns.

4. CONCLUSION

This study demonstrates that Microwave-Assisted Extraction
(MAE) is an effective and economically viable method for
extracting patchouli (Pogostemon cablin Benth.) oil. Particle size
significantly influenced oil yield and working capacity (p <0.05),
while extraction power had no significant independent effect. The
optimal treatment was coarse particle (20-50 mm) combined with
800 W extraction power, yielding an average of 4.88% oil,
patchouli alcohol content of 32.22% (above SNI minimum of
30%), and the lowest production cost of IDR 8,716.53/ml. The
regression model y = 4.657 + 0.040x: — 0.001x> (R? = 0.5983)
adequately  describes the  yield-process relationship.
Economically efficient extraction is achievable within 4 hours,
reducing operational costs without significantly compromising
yield. These findings provide practical guidance for smallholder
patchouli farmers and processors in West Sumatra to adopt MAE
as a competitive alternative to conventional distillation,
supporting increased income and product quality.
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