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Abstract: α-guaiene is one of the primary sesquiterpene compounds used as a flavor and fragrance
agent in patchouli oil. The fraction of patchouli oil that is rich in α-guaiene has been successfully
isolated. In the present work, α-guaiene was isolated from crude patchouli oil through vacuum
fractional distillation followed by GC-MS identification. Three important process parameters—feed
volume, reflux ratio, and applied run pressure—were investigated and optimized using Box–Behnken
design. The research methodology was an experimental laboratory using response surface method-
ology (RSM) with a feed volume level from 75 mL to 125 mL, a reflux ratio from 10:1 to 30:1, and
an applied run pressure from 5 mmHg to 15 mmHg. The α-guaiene-enriched fraction was found in
the first distillate fraction patchouli. The optimum condition that generated α-guaiene fraction at
44.70% purity was the treatment with a feed volume of 75 mL, a reflux ratio of 24:1, and applied run
pressure of 14.80 mmHg. Results indicated that feed volume did not significantly affect the α-guaiene
content, while the applied run pressure and reflux ratio used had a significant effect. A quadratic
mathematical model with R2 0.861 and validation 96.14% was suitable for predicting the optimum
α-guaiene fraction content during the vacuum fractional distillation process.

Keywords: α-guaiene fraction; feed volume; reflux ratio; RSM; run pressure

1. Introduction

Patchouli oil is widely used in perfume industries, particularly as a binding agent for
the main constituents of perfume. It blends well with a variety of essential oils, and there is
no synthetic chemical that can be substituted for patchouli oil, which raises its value and
demand in the perfumery and cosmetics markets [1]. Patchouli oil is greatly valued for its
distinct and unique characteristics and long-lasting woody, earthy, and camphoraceous
odor [2]. Recently, patchouli oil has also been used as a natural additive for food flavoring.
Previous studies showed that a very low concentration (2 mg kg−1) of oil is used for
flavoring beverages, gelatin, frozen dry desserts, candy, baked goods, meat, and meat
products [3].

Patchouli oil is comprised of a complex mixture of volatile compounds; over 24 differ-
ent sesquiterpene hydrocarbons and their oxygenated derivatives have been identified so
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far [2]. Patchouli alcohol, a tricyclic oxygenated sesquiterpene hydrocarbon, is the predom-
inant constituent responsible for the quality of patchouli oil. Several other sesquiterpene
hydrocarbons affected the aromatic properties of patchouli oil, namely caryophyllene;
pogostol; α-, β-, γ-, and δ-patchoulene; cycloseychellene; α- and β-bulnesene; and nor-
patchoulenol [4]. Additionally, isoaromadendrene epoxide, cis-thujopsene, corymbolone,
and α-guaiene are also reported as important odor constituents [5].

Patchouli oil contains guaiene compounds such as α-guaiene and δ-guaiene. The
patchouli oil standard norm stated the allowed ranges of several constituents of patchouli
oil—for example, δ-guaiene (13–21%) and α-guaiene (11–16%) [6]. Several reports regarding
the GC-MS analyses on the quality of the sesquiterpenes for both α-guaiene and δ-guaiene
from patchouli oil were reported (Table 1). Differences in the chemical composition of
guaiene in patchouli oil, both qualitatively and quantitatively, might be affected by envi-
ronmental variables (location of origin), different harvesting times, and the existence of two
chemotypes, namely pogostone-patchouliol type and interim type [7]. The huge variations
are partly related to patchouli essential oil’s highly changeable ratio of hydrocarbons to
oxygenated components [8]. Additionally, the method of the distillation process will lead
to different oil constituents [4].

Table 1. Literature on α-guaiene and δ-guaiene constituent of P. cablin Benth.

Distillation method α-Guaiene (%) δ-Guaiene (%) References

Steam distillation 21.5 34.6 [9]
Steam distillation 15.6 16.7 [10]
Steam distillation 15–21.5 13.0–34.6 [11]

Pressurized liquid extractions 1.66–10.23 0.85–12.51 [7]
Steam distillation 20.62 16.18 [12]
Hydrodistillation 23.3 21.4 [13]
Hydrodistillation 3.17–22.2 9.86–20.3 [14]
Hydrodistillation 3.4–9.4 5.2–14.4 [15]

Fractional distillation 16.61–18.10 20.08–21.45 [16]

Both the food and pharmaceutical industries could benefit from guaiene. In industrial
applications, α-guaiene serves as a flavor and fragrance agent [17]. Recently, α-guaiene was
observed to be a universal precursor to fragrances rotundone (peppery aroma compound)
under simple aerial oxidation conditions [18–20]. The potential benefit of α-guaiene has
been investigated due to antimicrobial activities [21] and antifungal properties [22].

The engineering distillation method’s application for guaiene purification is limited.
Few studies relative to the isolation of guaiene have been performed to find an effective and
economical method for separating guaiene from patchouli oil. A previous study using the
molecular distillation technique effectively raised α-guaiene content from 18.67 to 23.53%
and δ-guaiene content from 15.30 to 33.10% during the 1.43 h distillation process [23].
Furthermore, the two-stage vacuum fractional distillations have successfully isolated
α-guaiene (31.05% purity) from the distillate fraction of patchouli oil after 19.23 h processing
time [24]. The process conditions did not allow for the production of α-guaiene with
high purity, and it was also less economical since the process took a long time to distill
the component.

The vapor pressure of a pure chemical is proportional to the temperature at which it
vaporizes. Vacuum fractional distillation is a distillation method for obtaining a high-purity
substance. In it, separation is based on partial vaporization of the mixture and separate
recovery of vapor and residue. Evaluating the time, temperature, and distillation rate
is crucial in the design of the fractional distillation process. Other fractional distillation
process specifications include the feed flow rate, composition, thermal properties of the
feed, the desired distillate composition, and the expected yield [25]. Some important
factors that affect fractional distillation are reflux ratio, pressure, temperature, column–tray
configuration, and fractional column length [16,25,26].
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The response surface method (RSM) is a set of mathematical and statistical approaches
for modeling and evaluating situations involving responses impacted by several variables
and is used to optimize these responses [27]. Box–Behnken design (BBD) is a popular
RSM tool for developing experimental trials. Experiments utilizing BBD are more efficient
than traditional approaches because they reduce the complexity of the experimental trials
required to analyze various variables and their interactions [28]. In recent years, RSM has
been widely used to optimize numerous variables in a variety of bioprocesses, including
agriculture, biology, food, chemistry, and others [29]. To the best of our knowledge, no
studies have been published on the application of RSM to the enrichment of α-guaiene
from patchouli oil through vacuum fractional distillation. The research objective was
to determine the optimum process conditions in isolating α-guaiene from patchouli oil
through vacuum fractional distillation by using a combination of three factors—feed
volume, applied run pressure, and reflux ratio to obtain α-guaiene-enriched fraction. The
color, specific gravity, and refractive index of the obtained material were also investigated.

2. Materials and Methods

The research material used as a sample was crude patchouli oil obtained from CV.
Putra Atsiri Distiller, Subang, Jawa Barat, Indonesia. The supporting chemical ingredients
were acetone as a cleaning solvent and a silicon oil vacuum pump.

2.1. Vacuum Fractional Distillation

The distillation equipment used was a fractional distillation system (B/R Instrument-
Model 36-100 (USA) integrated with the computer by the BR M 690 control program
(Figure 1). The fractionation distillation process was carried out with fractionation column
Teflon band 36-100-60 (60 cm). A stirrer was put inside the flask, then a 75–125 mL
patchouli oil sample was poured into a boiling flask which was connected to a fractionation
column. The computer was used to configure the process parameters, which included the
run pressure, boiling temperature, reflux ratio, equilibration time, initial heat, heat rate,
condenser temperature, and maximum pot temperature.
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Fractional distillation was conducted at a run pressure of 5–10 mmHg, equilibration
time of 15 min, initial heat of 25%, maximum pot temperature of 300 ◦C, heat rate of 17%,
reflux ratio of 10:1–30:1, and condenser temperature of 35 ◦C. The fractionation temperature
is modified based on the boiling point temperature of the components in the material. The
temperature setting of each fraction was set to vapor atmospheric equivalent temperature
(vapor AET), namely fraction 1 (249–254 ◦C), fraction 2 (254–259 ◦C), fraction 3(259–264 ◦C),
fraction 4 (264–269 ◦C), and fraction 5(269–274 ◦C). AET was a calculation of equivalent
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temperature at atmospheric pressure from the actual temperature and vacuum level. After
the process conditions were adjusted according to the distillation plan, the condenser, the
heater under the boiling flask, and the vacuum pump were turned on and the fractional
distillation process began. All of the samples were slowly distilled, then distillate and
residue were collected in their respective flasks.

2.2. Experimental Design

The research method used was a laboratory experimental method using the RSM-
type Box–Behnken design, and the number of treatments researched was predetermined
using the data processing software application Design Expert 13. This design was used
by merging three independent variables, namely feed volume, applied run pressure, and
reflux ratio. The dependent variable or response was the relative peak area of α-guaiene in
fraction 1. Each variable has a minimum value (−) and a maximum limit (+). Based on the
experimental design of each variable in this study was shown in Table 2.

Table 2. Level and code of independent variables of the Box–Behnken design.

Variable Independent
Level

Low (−1) Medium (0) High (1)

A: Feed volume (mL) 75 100 125
B: Reflux ratio 10:1 20:1 30:1

C: Applied run pressure (mmHg) 5 10 15

Reflux ratio is the ratio of boil up-rate (the number of drops that fall from the blue tip)
to take-off rate (the amount of distillate removed from the still in a given time. Therefore,
a 10:1 reflux ratio refers to 10 portions of liquid condensed from the rising vapor which
return to the boiling flask with 1 portion of distillate that is removed from the still and
collected. The reflux ratio range of 10:1 to 30:1 was simplified to 10–30 for the RSM study.

According to the number of factors and the Box–Behnken type level with software De-
sign Expert 13 experimental designs in the study, there were 17 treatments (run) consisting
of 5 central points per block. The results are shown in Table 3.

Table 3. The result of Box–Behnken design.

Run
Factor 1

A: Feed Volume
(mL)

Factor 2
B:

Reflux Ratio

Factor 3
C: Applied Run Pressure

(mmHg)

Response
Relative Peak

Area α-Guaiene
of Fraction 1 (%)

1 100 30 15 45.74
2 100 10 15 44.08
3 75 30 10 46.00
4 100 20 15 45.31
5 125 20 15 46.20
6 100 20 10 45.71
7 125 20 5 45.37
8 100 20 10 44.62
9 75 20 15 46.48
10 125 30 10 46.02
11 75 20 5 45.17
12 100 10 5 43.42
13 125 10 10 44.14
14 100 20 10 46.31
15 100 30 5 44.87
16 100 20 10 45.41
17 75 10 10 44.32
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The results of the experiment were evaluated and interpreted using statistical tools.
The analysis of variance (ANOVA), regression analysis, and charting of the response surface
were the three primary analytical stages. The first step in studying the response surface
was to use least square regression to estimate the model’s parameters and use ANOVA to
gain information about the fit. The Fischer variance ratio (F-ratio) and the coefficient of
determination (R-squared) were particularly important.

2.3. Gas Chromatography–Mass Spectroscopy (GC-MS) Analysis

The analysis of crude patchouli oil and distillate fraction distillation products was
performed on an Agilent Technologies 7890 Gas Chromatograph, where the carrier gas
was helium with a flow rate of 0.6 mL/min and a split ratio 250:1. A 1 µL patchouli oil
sample was injected into the equipment, the injection port temperature was 250 ◦C, ion
source temperature 230 ◦C, and detector temperature was 280 ◦C using an HP Innowax
Capillary Column 30 m × 0.25 mm, 0.25 (µm) film thickness. The initial oven temperature
was 60–150 ◦C at 2 ◦C/min and increased to 150–210 ◦C at 20 ◦C/min with an initial hold
of 2 min. GC-MS analysis was conducted in electron impact with the method of ionization
(EI) using a 5975 Mass Selective Detector. The peak area percentage was obtained in the
Chemstation Integrator, and then mass spectral data were identified using The National
Institute of Standards and Technology (NIST17.L) mass spectral library.

2.4. Physicochemical Characterization of α-Guaiene Enriched Fraction

Color characteristics that expressed the reflectance spectrum were quantified using a
Spectrophotometer Ultrascan Pro (D65, Hunter Lab, Reston, VA, USA). Specific gravity was
determined using a 1 mL pycnometer at 25 ◦C reference temperature. The refractive index
of the sample was measured at 20 ◦C using an Atago NAR-1T liquid Abbe Refractometer
(Atago, Tokyo, Japan).

3. Results
3.1. Composition of Crude Patchouli Oil

Prior to the vacuum fractional distillation process, the chemical composition of crude
patchouli oil was identified via GC-MS. According to the results of the GC-MS test, it
was found that crude patchouli oil contains 20 compounds consisting of 5 oxygenated
hydrocarbon compounds and 15 sesquiterpene hydrocarbon compounds. The chemical
compound presence in crude patchouli oil was dominated by patchouli alcohol (32.04%),
α-guaiene (19.33%), and δ-guaiene (19.25%) relative peak areas. The whole chemical
constituents of crude patchouli oil are presented in Table 4.

Table 4. Composition of Crude Patchouli Oil.

No. RT Relative Peak
Area (%) Chemical Compound Molecular

Formula
Molecular

Weight (mol)

Sesquiterpene hydrocarbons
1 18.803 3.21 β-Patchoulene C15H24 204.351
2 22.669 0.69 Cycloseychellene C15H24 204.351
3 24.630 19.33 α-Guaiene C15H24 204.351
4 24.446 5.12 α-Patchoulene C15H24 204.351
5 26.654 9.49 Seychellene C15H24 204.351
6 27.453 0.98 Patchoulene C15H24 204.351
7 28.413 0.52 Humulene C15H24 204.351
8 28.631 0.65 Germacrene-b C15H24 204.351
9 30.364 2.74 Aciphyllene C15H24 204.351
10 31.116 19.25 δ-Guaiene C15H24 204.351
11 33.243 0.6 β-Gurjurene C15H24 204.351
12 48.555 0.32 Isolongifolene,9,10-dehydro C15H22 202.330



Separations 2023, 10, 469 6 of 17

Table 4. Cont.

No. RT Relative Peak
Area (%) Chemical Compound Molecular

Formula
Molecular

Weight (mol)

13 49.084 0.84 Aciphyllene C15H24 204.351
14 49.473 0.21 trans-Caryophyllene C15H24 204.351

15 49.738 0.28
1,8-dimethyl-5-propane-2-
ylidenetricyclo [5.3.0.04,8]

decane
C15H24 204.351

Oxygenated hydrocarbon
16 48.379 0.69 Norpatchoulenol C14H22O 206.320
17 49.359 32.04 Patchouli alcohol C15H26O 222.000

18 49.530 0.55 Germacra-4(15),5,10(14)-
trien-1β-ol C15H24O 220.351

19 49.821 2.27 Pogostol C15H26O 222.366
20 50.594 0.23 Rotundone C15H22O 218.335

3.2. Determination of the Presence of α-Guaiene Enriched Fraction

Determination of the α-guaiene enriched fraction was carried out by GC-MS test on
the distillation results in the preliminary study of a sample of 75 mL which was given
a pressure of 5 mmHg, a heat rate of 25%, a reflux ratio of 20:1 to produce 5 fractions
(F1–F5) and residues. The contents of the three main components of each fraction, namely
α-guaiene, δ-guaiene, and patchouli alcohol, were further presented in Figure 2.
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Based on Figure 2, it was reported that fraction 1 (F1) was a fraction rich in α-guaiene
with a relative composition of 45.45%, fraction 5 (F5) was a fraction rich in δ-guaiene
with a relative composition of 57.33%, while the residue (R) contained 77.87% patchouli
alcohol. Furthermore, a comparison of the α-guaiene fraction was made to the results
of the first fraction of fractional distillation with a pressure of 5 mmHg and 10 mmHg,
45.45% and 46.03%, respectively. This showed that the rich content of the α-guaiene
fraction in the first fraction (249–254◦ AET) and the highest relative peak area was 46.03%
in fractional distillation with 10 mmHg. Therefore, the determination of GC-MS was
conducted only in F1.
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3.3. Analysis of Treatment and Response Optimization

Response gained for each run of the Box–Behnken design effect factor of the feed
volume (A), reflux ratio (B), and applied run pressure (C) on the experimental value for
α-guaiene content of fraction 1 (response) was considered. The experimental value obtained
for α-guaiene enriched fraction for each treatment combination was in Table 3. The response
α-guaiene content of fraction 1 varied greatly as a function of the parameter settings of the
experiments (from 43.42–46.48%). Experiment run number 9 had the highest relative peak
area of α-guaiene, whereas the lowest value was found in experiment run number 12.

3.3.1. Data Analysis, Data Processing, and Model Fitting

ANOVA analysis for the response to the relative peak area α-guaiene of fraction 1
used a quadratic model as suggested by the design expert application with a p-value of
0.0251, lack of fit 0.9597, adjusted R2 0.6823, and predicted R2 0.6523. The ANOVA results
for the response to the alpha guaiene of fraction 1 showed the suitability of the model, and
the interaction variables were presented in Table 5. The fit statistic results for the response
to the alpha guaiene content of fraction 1 showed the suitability of the model and the
interaction variables were presented in Table 6.

Table 5. ANOVA for quadratic model.

Source Sum of
Squares df Mean

Square F-Value p-Value

Model 10.81 9 1.20 4.82 0.0251 significant
A-feed volume 0.0072 1 0.0072 0.0289 0.8699 non-significant
B-reflux ratio 5.56 1 5.56 22.31 0.0021 significant

C-applied run pressure 1.5 1 1.5 6.00 0.0441 significant
AB 0.0100 1 0.0100 0.0401 0.8469 non-significant
AC 0.0576 1 0.0576 0.2311 0.6454 non-significant
BC 0.0110 1 0.0110 0.0442 0.8394 non-significant
A2 1.00 1 1.00 4.02 0.0850 non-significant
B2 2.61 1 2.61 10.45 0.0144 significant
C2 0.1618 1 0.1618 0.6490 0.4470 non-significant

Residual 1.74 7 0.2493
Lack of Fit 0.2627 4 0.0657 0.1329 0.9597 non-significant
Pure Error 1.48 3 0.4940
Cor Total 12.55 16

Table 6. Fit statistic of the response of percentage relative peak area α-guaiene of fraction 1.

Parameter Value

Std. Dev. 0.4993
Mean 45.25
C.V. % 1.10

R2 0.8610
Adjusted R2 0.6823
Predicted R2 0.6523

Adequate Precision 7.9217

The significance of the model was in accordance with the 95% confidence level, which
means it was significant if the value was below 0.05 (α = 5%). The results presented in
Table 5 demonstrate a p-value smaller than 0.05, and it could be concluded that this model
appears to be highly significant. The lack of fit value was more than 0.05, namely 0.9597,
which means that the response to α-guaiene of fraction 1 can be explained well by the
model. As a result, the model was appropriate for describing the response data. The
insignificant lack of fit indicates the suitability of the resulting model. The lack of fit, which
was not significant, confirmed that the conditions of the model were good.
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The value and intensity of the coefficients could be used to interpret the variable’s
effect on the response. The negative sign of the coefficient denotes a decrease in the reaction
as the level of the variable rises, whereas the positive sign denotes an increase in the
response. The ANOVA results showed that the variables that had a significant effect on
α- guaiene were reflux ratio (B), the applied vacuum pressure (C), and the quadratic of
the reflux ratio (B2). The p-value of the factor the reflux ratio (B), applied run pressure
(C), and the quadratic value of reflux ratio (B2) are all ≤ 0.05, which means these factors
have a significant effect on percentage of relative peak area α-guaiene in fraction 1. A
p-value ≥ 0.05 means the factors are not significant.

Based on Table 6, it could be seen that the R2 value obtained in this research was
0.8610, which means it was quite high because it was close to 1. The value of R2 shows
the magnitude of the combination of the independent variables that affects the response
value. The closer the R2 value to one, the better the model obtained because it shows that
there was a deviation in the data or that the error in the data research was not too large.
The adjusted R2 value for the yield response was 0.6823, the predicted R2 value was 0.6523,
and the difference between the two was 0.03. A good model should have a difference
between adjusted R2 and predicted R2 below 0.2 [30]. The value of the adequate precision
calculation, which was the comparison between the predicted value at each design point
with the average prediction error, produces a value of 7.9217, and this indicates that the
model can be used and accepted because the ratio obtained was more than four [30]. The
condition of each treatment point can be used to determine the quadratic model of the
response more clearly using the normal curve plot of residuals. If the condition of the
residual points was along the center line, it can be assumed that the normality of the
selected model was correct. The normality curve of the residual plot to the relative peak
area of α-guaiene of F1 response was presented in Figure 3a,b.
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Figure 3. (a) The normality curve of α-guaiene relative peak area of fraction 1 response; (b) the
residuals versus predicted using Design Expert software version 13.

Figure 3a expresses that the average residual point formed was along the line. There are
several points that are far outside the line, and this indicates a discrepancy in value, which
can cause deviations in the model. The points that were closer to the normality line show
that the data was normally distributed, which indicates that the significance of the actual
results approaches the predicted results produced by the design expert application. The
results of the model values between the residual conditions and the predictions generated
by the program were presented in Figure 3b.

The relationship of the three factors that affect the response of the α-guaiene of fraction
1 forms an equation model produced by RSM. The polynomial equations were presented in
coded equations and actual equations, both of which are used to make response predictions
for each factor. The coded equation displays the equation in the factors using a code,
such as a value of +1 for the high variable value of the factor used and a −1 value for
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the low variable value of the factor. The actual equation displays the equation with the
corresponding variable value for each factor and was not displayed in a scale model or
code. The model forms a quadratic-type mathematical equation, which means that the
response to α-guaiene of fraction 1 was influenced by the interaction between independent
variables. The polynomial equations generated from the coefficients in Table 7.

Table 7. Coefficients of polynomial equation of the response of relative peak area α-guaiene of
fraction 1.

Factor Coefficient
Estimate df Standard

Error 95% CI Low 95% CI High VIF

Intercept 45.47 1 0.2439 44.89 46.04
A-feed volume −0.0300 1 0.1765 −0.4474 0.3874 10.00
B-reflux ratio 0.8338 1 0.1765 0.4164 1.25 10.00
C-applied run

pressure 0.4123 1 0.1683 0.0143 0.8102 1.02

AB 0.0500 1 0.2496 −0.5403 0.6403 10.00
AC −0.1200 1 0.2496 −0.7103 0.4703 10.00
BC 0.0525 1 0.2496 −0.5378 0.6428 10.00
A2 0.4890 1 0.2439 −0.0877 1.07 1.01
B2 −0.7885 1 0.2439 −1.37 −0.2118 1.01
C2 −0.1965 1 0.2439 −0.7732 0.3802 1.01

Notes: df = degree of freedom, CI = confidence interval, VIF = variance inflation factor.

The mathematical model of the Box–Behnken type RSM experimental design was
shown for the predicted response value of the α-guaiene of fraction 1 (Y), with a factor
of the feed volume (A), reflux ratio (B), and applied run pressure (C). The equation was
modeled as follows:

Y = 45.47 − 0.0300A + 0.8338B + 0.4123C + 0.0500AB − 0.1200AC + 0.0525BC+
0.4890A2 − 0.7885B2 − 0.1965C2 (1)

The mathematical equation stated that the response to α-guaiene is directly propor-
tional to the increase in reflux ratio, pressure, the interaction between the number of
samples and the reflux ratio, the interaction between the reflux ratio and pressure, and
the interaction between the feed volume. This was indicated by a positive constant value.
The relative peak area of α-guaiene decreased with the increase in the feed volume, the
interaction of the feed volume and pressure, and the interaction between the reflux ratio
and pressure. This was designated by a negative equation constant.

3.3.2. Contour Diagram

To better visualize the substantial interaction effect of independent factors on the
α-guaiene content during fractional distillation, response surfaces were plotted. Three-
dimensional (3D) response surface graphs and contour plots for the α-guaiene content
response—namely between the feed volume (A) and applied vacuum pressure (C), reflux
ratio (B) and feed volume (A), and the ratio of reflux (B) and applied vacuum pressure
(C)—are shown in Figure 4a–c.

Figure 4 served visual appearance of results feed volume, reflux ratio, and applied
run pressure in the shape of a three-dimensional curve with distinct colors. The lower the
response value, the bluer the area; the higher the response value, the redder the region.
Because the model utilized was a quadratic model, the three-dimensional graphic design
was in the shape of parabola. All responses generated 3D curves in blue areas, or the
lowest-value α-guaiene, which was obtained via fractional distillation at (100 mL, 10:1,
5 mmHg); otherwise, the graph with the red region, or high α-guaiene, was obtained via
fractional distillation at the lowest volume (75 mL, 20:1, 15 mmHg).
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It can be observed from Figure 4a, the relation of applied run pressure to α-guaiene
increased in a straight line. The volume of feed with α-guaiene followed a parabolic curve.
At the midpoint, α-guaiene was decreased. On the other hand, the interaction between
applied run pressure and feed volume with α-guaiene was like a parabolic line. At the
midpoint, α-guaiene reached a peak. The higher the applied run pressure, the more the α-
guaiene produced will increase. This findings were in line with [24] in that the percentage
of high relative peak area of the distillate produced can be influenced by the pressure
employed and that the patchouli oil should be fractionated in a vacuum because high
pressure and temperature can cause the oil components to decompose.

Figure 4b demonstrated that α-guaiene was increased with the increase of reflux ratio.
The feed volume with α-guaiene followed a parabolic curve, with the α-guaiene content
decreasing at the halfway point. With α-guaiene, the interaction between reflux ratio
and feed volume was like a parabolic line, with α-guaiene peaking at the midpoint. The
higher the reflux ratio, the more α-guaiene is formed. This revealed that for α-guaiene, the
quadratic of the reflux ratio was significant. According to [31], for reflux ratio the purity
of the chemical was unaffected by fractional distillation. However, the ratio reflux has an
effect on the operating conditions, as the higher the reflux ratio, the longer the fractional
distillation process takes. Because of the shorter reflux period, the operating condition of a
reflux ratio of 20:1 was regarded as more efficient, saving processing time and producing a
high yield.

As shown in Figure 4c, curvatures in α-guaiene curves revealed that the fluctuation in
alpha guaiene could be described by a nonlinear function. The inverted parabola shape was
insignificantly related to feed volume. The interaction between applied run pressure and
reflux ratio exhibited a parabolic. The α-guaiene c raised as the applied run pressure and
reflux ratio increased, as seen in the graph. It can be concluded that those two parameters
had a favorable effect on α-guaiene rise. As can be observed, the main effects of the
parameters are in the following order: main effect of reflux ratio > quadratic of reflux
ratio > applied run pressure. The p-values of the parameters are 0.0021, 0.0144, and 0.0441,
respectively. These results were in agreement with earlier reports in the literature in [24],
which stated that the rise in α-guaiene content was considered due to the applied run
pressure that represented the vacuum fractional distillation, allowing more α-guaiene to
be separated.
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3.3.3. Determination of Optimum Point

Optimization was carried out after obtaining a mathematical model for the response
to α-guaiene content. The objective of optimization was to obtain the response or treat-
ment that best suits the desired process conditions in vacuum fractional distillation. The
target optimization for determining the optimum point of vacuum fractional distillation of
α-guaiene-rich fraction in RSM is presented in Table 8.

Table 8. The design target optimization of α-guaiene of fraction 1.

Component Variable and Response Target Lower Limit Upper Limit Importance

Feed volume (mL) In range 75 125 3
Reflux ratio In range 10 30 3

Applied run pressure (mmHg) In range 5 15 3
Relative peak area of α-guaiene of

fraction 1 (%) Maximize 43.42 46.48 5

Variable components or influencing factors are optimized in their respective ranges.
The importance of 3, the number of samples (mL), reflux ratio, and pressure (mmHg) will
affect the response results of α-guaiene content fraction 1. α-guaiene response fraction 1 is
optimized with a maximization target with an importance level of 5 because it was expected
that the α-guaiene produced could be maximized with the efforts of the effective variables
so as to obtain optimal process conditions. The weighting of importance can be adjusted
from 1 to 5 according to the importance of the variable and response. The more positive
signs given, the higher the level of importance of the response variable [32]. The level of
desire (desirability) shown for the α-guaiene of fraction 1 response analysis is presented in
more detail in Table 9.

Table 9. Desirability optimization of the response of α-guaiene of fraction 1.

No Feed
Volume

Reflux
Ratio Applied Run Pressure α-Guaiene of F1 Desirability

1 75.468 23.618 14.803 46.493 1.000 Selected
2 75.493 23.527 14.939 46.494 1.000
3 75.754 26.368 14.587 46.486 1.000
.. .. .. .. .. ..

79 75.297 25.482 13.923 46.484 1.000
Notes: ”..” Indicate that there are other process condition number 4 up to number 78 with the same desirability.

The design above produced 79 solutions suggested by RSM. The desirability value
or the level of desire that was closest to the value 1 indicates the optimal suitability of the
optimization process with the desired response variable. The RSM application provides
optimization conditions for the distillation fractionation of patchouli oil to obtain fraction 1
(a fraction rich in α-guaiene) with a sample size of 75.456 mL, a reflux ratio of 23.618, and a
pressure of 14.803 mmHg. The selected process conditions with a high level of desirability
that could predict α-guaiene fraction 1 was 46.49%; the recommended influence factor
was rounded up with a solvent volume of 75 mL, a reflux ratio of 24:1, and a pressure of
14.8 mmHg. The value of the desirability level of 1 indicated the accuracy of the results,
which implied that there was an optimal match between the conditions of the fractional
distillation process and the response variable containing α-guaiene fraction 1.

The results of optimization α-guaiene content of fraction 1 and desirability (optimiza-
tion targets) can be described in the form of a contour, which can be seen in Figure 5a–c).
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Figure 5. Contour graph of relative peak area of α-guaiene of F1 as a function of (a) feed volume (A)
and applied run pressure (C); (b) reflux ratio (B) and feed volume (A); and (c) the ratio of reflux (B)
and applied run pressure (C), using Design Expert software version 13.

3.3.4. Model Validation

Furthermore, model validation was carried out to determine the accuracy of the
mathematical model obtained. Model validation was the comparison of actual α-guaiene
with predicted α-guaiene The actual α-guaiene obtained from the experimental results.
The results of the model validation obtained are shown in Table 10.

Table 10. Confirmation of RSM optimal solution and model validation.

Response Predicted Actual
95% CI
Low for
Mean

95% CI
High for

Mean

Std.
Deviation

Validation
(%)

Relative peak area
of α-guaiene of

fraction 1(%)
46.49 44.47 43.39 49.59 0.49 96.14

Notes: CI = Confidence Interval.

Based on the data in Table 10, it can be observed that there was a significant difference
between the actual research α-guaiene and the optimization prediction using the Box–
Behnken-type RSM. It also contains confirmation of the RSM’s optimal solution, in which
the actual result values were still in the predicted range of 95% PI low and 95% PI high.
The accuracy of the validation results obtained from the RSM model was 96.14%. In other
words, the type RSM model obtained was reliable to be used as a reference for the fractional
distillation of α-guaiene.

Based on the results of the comparison of the verified data to the predictions made
by the application, the actual value was in the range of 95% PI low and 95% PI high. The
prediction interval (PI) was a range that indicates the desired measurement results or the
expectation of the next response under the same conditions [32]. The actual test results,
which are still in the prediction range, indicate that the model can be used to predict the
yield response well. The response value of the selected combination of factors and the
response in the prediction interval range shows that the model can be applied and the
response is good. Furthermore, the calculation of the validation percentage can be carried
out; the actual result is divided by the predicted result multiplied by 100%. The percentage
of validation obtained from the comparison of the actual and predicted value of α-guaiene
fraction 1 was 96.14%, and the result was close to the validation percentage value, which
was 100%. The model was suitable for predicting the conditions of the fractional distillation
process to obtain the optimum α-guaiene fraction 1.
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3.4. Characteristics of α-Guaiene-Enriched Fraction
3.4.1. Yield of α-Guaiene-Enriched Fraction 1

The yield was the ratio between the mass of α-guaiene-enriched fraction 1 produced
and the mass of the crude patchouli oil as a raw material. The yield of α-guaiene-enriched
fraction can be seen in Table 11.

Table 11. Yield α-guaiene-enriched fraction 1.

Run Feed Volume Reflux Ratio Applied Run
Pressure

Yield α-Guaiene-Enriched
Fraction 1 (% Mass)

1 100 30 15 10.3
2 100 10 15 10.84
3 75 30 10 16.6
4 100 20 10 14.13
5 125 20 15 8.98
6 100 20 10 20.16
7 125 20 5 10.15
8 100 20 10 9.19
9 75 20 15 14.72
10 125 30 10 14.54
11 75 20 5 10.45
12 100 10 5 5.61
13 125 10 10 14.43
14 100 20 10 18.09
15 100 30 5 8.58
16 100 20 10 11.85
17 75 10 10 8.14

Optimum
α-guaiene 75 24 14.8 15.92

It can be revealed that each treatment has a different partial yield of α-guaiene-enriched
fraction 1. Table 11 showed that the yield produced by each treatment was varied. The
highest total yield of 20.16% mass was produced by run 6, with feed a volume of 100 mL,
reflux ratio of 20:1, and applied run pressure of 10 mmHg. Meanwhile, the lowest partial
yield of 5.61% was produced by run 12, with with a feed volume of 100 mL, reflux ratio of
10:1, and applied run pressure of 5 mmHg. According to [31], variables which affect the
yield include the pressure and temperature used in distillation. However, the resulting
data of the partial yield were not affected by feed volume, reflux ratio, or applied run
pressure. This was presumably due to treatment with a small range (feed volume, reflux
ratio, and applied run pressure) producing a closed yield. In addition, the yield of the
α-guaiene-enriched optimum fraction was 15.92% mass.

3.4.2. Composition of Optimum-α-Guaiene-Enriched Fraction 1

As shown in Table 12, it was found that optimum-α-guaiene-enriched fraction contains
28 compounds consisting of 3 oxygenated hydrocarbon compounds, 24 sesquiterpene
hydrocarbon compounds, and 1 miscellaneous compound (C16H14N6OS). The composition
of optimum α-guaiene-enriched fraction was dominated by α-guaiene 44.47%, seychellene
15.54%, and β-patchoulene 11.98%. There were 18 chemical components that had molecular
formula similar to α-guaiene (C15H24). This proved that the separation process using
vacuum fractional distillation could successfully separate the sesquiterpenes of patchouli
oil compounds. The overall composition of optimum-α-guaiene-enriched fraction can be
seen in Table 12.



Separations 2023, 10, 469 14 of 17

Table 12. Composition of optimum-α-guaiene-enriched fraction 1.

SI No. RT Area (%) Chemical
Compound

Molecular
Formula

Molecular
Weight (mol)

Sesquiterpene hydrocarbons
1 17.776 0.33 δ-Elemene C15H24 204.351
2 18.227 11.98 β-Patchoulene C15H24 204.351
3 19.078 0.18 18-Norabieta-8,11,13-triene C19H28 256.425
4 20.858 0.17 3,5,11-Eudesmatriene C15H22 202.335
5 21.984 2.36 Cycloseycellene C15H24 204.351
6 22.996 0.21 Cycloisolongifolene C15H24 204.351
7 23.369 0.22 β-Elemene C15H24 204.351
8 21.127 44.47 α-Guaiene C15H24 204.351
9 25.813 7.54 α-Patchoulene C15H24 204.351

10 26.052 15.54 Seychellene C15H24 204.351
11 26.493 0.14 γ-Elemene C15H24 204.351
12 26.783 1.49 Patchoulene C15H24 204.351
13 27.416 0.13 α-Selinene C15H24 204.351
14 27.738 0.76 Humulene C15H24 204.351
15 27.945 0.37 1H-Benzocycloheptene C15H24 204.351
16 28.018 0.22 Caryophyllene C15H24 204.351
17 29.237 0.36 aR-Himachalene C15H22 202.330
18 29.663 1.49 Aciphyllene C15H24 204.351
19 29.824 2.50 γ-Gurjunene C15H24 204.351
20 30.395 8.27 δ-Guaiene C15H24 204.351
21 48.518 0.06 Aristolediene C15H22 202.330
22 48.684 0.05 Silphiperfola-4,7(14)-diene C15H22 202.330
23 48.830 0.05 Aromadendrene, dehydro C15H24 204.351
24 49.509 0.08 Solavetivone C15H22 202.330
25 49.670 0.05 δ-Guaiene C15H24 204.351

Oxygenated hydrocarbons
26 43.387 0.24 Caryophyllene oxide C15H24O 220.350
27 48.223 0.10 β-Caryophyllene oxide C14H22O 206.320
28 49.157 0.57 Patchouli alchohol C15H26O 222.000

Miscellaneous

29 49.899 0.06

2-[1-(4-Methoxy-phenyl)-
1H-tetrazol-5-

ylsulfanylmethyl]-1H-
benzoimidazole

C16H14N6OS 308.370

3.4.3. Color of α-Guaiene-Enriched Fraction 1

The hue value is a value that represents the dominant wavelength. Hue value is the
value obtained from the a * and b * values. The hue value obtained is then adjusted to the
chromaticity color range. Based on the data obtained, the hue value of crude PO was 34.2
(red). Hue values between 18 and 54 were classified as red [33]. The hue values for all runs
were between 95.34–109.44. Based on the previous literature, hue values from 90–126 were
classified as yellow. In addition, the optimum α-guaiene hue value was 103.70, which was
yellow in color. The detailed results of the color appearance test can be seen in Table 13.
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Table 13. Refractive index, specific gravity, and color of α-guaiene fraction 1, crude and optimum.

Run
Color Parameters Chromaticity

L * a * b * C H Refractive Index Specific Gravity

1 7.61 −0.85 3.09 3.20 105.31 1.501 0.925 Yellow
2 5.46 −0.83 3.45 3.55 103.46 1.499 0.926 Yellow
3 14.24 −2.53 13.38 13.62 100.73 1.498 0.930 Yellow
4 17.97 −2.37 16.03 16.20 98.41 1.498 0.925 Yellow
5 14.50 −2.10 14.51 14.66 98.25 1.498 0.921 Yellow
6 12.95 −1.30 13.90 13.96 95.34 1.499 0.921 Yellow
7 13.20 −2.16 14.49 14.65 98.47 1.498 0.919 Yellow
8 9.86 −1.00 6.53 6.61 98.69 1.499 0.917 Yellow
9 9.26 −1.42 8.64 8.75 99.36 1.498 0.913 Yellow

10 14.61 −1.86 16.08 16.19 96.59 1.499 0.903 Yellow
11 11.82 −2.21 11.17 11.38 101.17 1.498 0,920 Yellow
12 4.42 −1.23 3.67 3.87 108.44 1.498 0.919 Yellow
13 14.41 −2.07 13.93 14.09 98.46 1.499 0.920 Yellow
14 12.18 −1.30 11.81 11.89 96.28 1.499 0.923 Yellow
15 10.38 −1.98 9.27 9.48 102.07 1.498 0.920 Yellow
16 11.11 −1.96 10.76 10.94 100.28 1.499 0.920 Yellow
17 8.42 −1.82 6.97 7.20 104.65 1.498 0.919 Yellow

Crude PO 2.90 4.10 2.79 4.96 34.21 1.506 0.974 Red
Optimum α-guaiene 8.46 −1.06 4.35 4.44 103.70 1.499 0.918 Yellow

Notes: PO = Patchouli oil, L * is symbol for perceptual lightness or lightness value, a * is symbol for relative to the
green–magenta opponent colors or redness value, b * is symbol for represents the blue–yellow opponents color or
yellowness value.

3.4.4. Refractive Index and Specific Gravity of α-Guaiene-Enriched Fraction

The characteristics of patchouli oil in International Standard specifies certain char-
acteristics of the oil, such as refractive index and specific gravity. The refractive index of
patchouli oil at 20 ◦C was 1.505–1.515, while specific gravity at 20 ◦C was 0.952–0.975 [6].
The crude patchouli oil used in the experiment had values of 1.506 and 0.974, respectively,
which is in accordance with the patchouli oil standard. Furthermore, the specific gravity
of α-guaiene-enriched fraction varied from 0.903–0.930. The specific gravity of optimum
α-guaiene fraction was 0.918. This results were in line with the data of α-guaiene refractive
index, which were 0.8970–0.9030 [17]. In this study, the refractive index of α-guaiene
enriched fraction varied from 1.498–1.501. In addition, the refractive index of optimum
α-guaiene was 1.499. These findings matched the literature, which stated that the specific
gravity of guaiene was 1.499 [17]. The refractive index and specific gravity of all runs are
presented in Table 13.

4. Conclusions

The resulting mathematical model was statistically significant, with a quadratic form
at p value < 0.05 and R2 0.8610. The accuracy of the validation results obtained from the
Box–Behnken design was 96.14%. The model obtained was good enough to be used as
a reference for the vacuum fractional distillation. The variables that have a substantial
impact on α-guaiene response include reflux ratio (B), the quadratic of the reflux ratio (B2),
and applied run pressure (C), while the variables that that did not have a major impact
on α-guaiene content consist of feed volume (A), the interaction between feed volume
and reflux ratio (AB), the interaction between feed volume and applied run pressure (AC),
the interaction between reflux ratio and applied run pressure (BC), the quadratic of the
feed volume (A2), and the quadratic of applied run pressure (C2). When the independent
variables feed volume, reflux ratio, and applied run pressure are employed, this model
can be used to determine the α-guaiene that can be generated. Based on the highest desir-
ability, the combination of 75 mL feed volume, reflux ratio 24:1, and applied run pressure
14.8 mmHg resulted in an optimum fractional distillation condition with 44.47% α-guaiene
relative peak area, hue value 103.70 (yellow), refractive index 1.499, and specific grav-
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ity 0.918, respectively. The practical implication of the observed behavior in obtaining a
higher-percentage relative peak area of α-guaiene is in modulating the run pressure. This
allows more eficient vacuum fractional distillation, save processing time, and less energy
for separation.
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