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Subcritical water extraction (SWE) is gaining popularity due to its ability to manipulate water properties at
high pressure and temperature. Here, the essential oil from Aquilaria Malacenssis wood was recovered using
the subcritical technique. The aim is to elucidate SWE mechanism or behaviour and mathematically dene
the process kinetics for future scaling up, designing unit operation and improving efciency. The extraction
processes were carried out at various subcritical conditions such as varying temperature and time. These
concentration-time prole data were analyzed using four models namely partitioning coefcient, one-site
desorption, two-site desorption and thermodynamic partition with external mass transfer. Concentration
(yield)-time prole indicated that the subcritical water extraction occurred in two simultaneous processes of
fast and slow desorption. The fast process persisted during the initial 10 minutes with large changes in the
essential oil yield. From this onwards until the end of extraction time, a gradual slow increment was seen till a
plateau was reached. Three models which are second order, two-site kinetic and partitioning coefcient with
external mass transfer were found to give reasonable SSR and R2 values. However, the two-site kinetic/second
order model emerged to best t the experimental data with low SSR of less than 0.002 and high R2 of greater
than 0.99. Using the two rate constants of k1 and k2 from the two-site kinetic model, activation energies were
calculated and found to be 16.5 KJ/mol and 28 KJ/mol for fast desorption and slow diffusion respectively. In
short, SWE has demonstrated good enhancement of the extraction yield and temperature being the critical
parameter. These ndings on kinetics and modelling can facilitate the reduction of energy and time for scaling
up and optimization.
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1. Introduction

Essential oil is the odoriferous organic compounds that
give specic aroma and avor to particular plants [1, 2].
It comprises of complex mixture of low molecular weight
compounds synthesized in different plant organs as the
secondary metabolites They typically accumulated in se-
cretory cells such as oil glands, trichomes (glandular hairs),
oil ducts, and resin ducts of the particular part of plants

like owers, fruits, bark, wood, seeds, and roots [1–3].

Aquilaria malaccensis essential oil, often referred to as
agarwood oil or oud oil, is a luxurious and highly cov-
eted aromatic substance derived from the resinous heart-
wood of the Aquilaria malaccensis tree. For centuries, the
oil extracted from the resin has been treasured for its in-
tricate and enchanting scent, making it a prized ingredi-
ent in the fragrance and perfume industry, as well as in
traditional medicine and spiritual practices [4]. Among re-
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ported bioactivities of Aquilaria Malaccensis EO are antibac-
terial or antimicrobial, antioxidant, anticancer, antifungal,
anti-inammatory, and insecticidal [2, 5, 6]. This makes A.
Malaccensis EO expensive and a litre of high-quality agar-
wood oils can cost from USD 30,000 to USD 50,000, depend-
ing on the oil purity, fragrance strength, longevity, resin
content and geographical origin. This indirectly demands
an effective technique for extracting valuable A. Malaccensis
EO.

The production of Aquilaria malaccensis EO is a labor-
intensive and intricate process that involves skilled arti-
sans and a deep understanding of the agarwood formation.
Among the two common but very time-consuming prac-
tices famously adopted by industries in obtaining essential
oil from Aquilaria malaccensis wood are hydrodistillation
and steam distillation [7–9]. Typical hydrodistillation and
steam distillation require one week soaking of the wood
prior to extraction [10, 11] and this is followed by addi-
tional 16 hours to recover the oil from the A.malaccensis
wood. These extensive processes in hydrodistillation and
steam distillation eventually lead to inefcient processes
with large energy consumption, loss of volatile compounds
and biodegradation of unsaturated compounds [12]. To
tackle these downsides, alternative extraction techniques
have been utilized.

Subcritical water extraction (SWE) is gaining increasing
attention as a sustainable and efcient method for obtain-
ing essential oils from plant materials [13]. SWE utilizes
water under controlled high temperature and pressure con-
ditions, typically within the subcritical range (100 ◦C to
374 ◦C). This innovative approach harnesses the unique
properties of water being liquid at these conditions, al-
lowing it to act as a selective and effective solvent for ex-
tracting essential oils from various botanical sources [14].
The basic principles originate from the fact that water is a
molecule with dipole moments, that forms hydrogen bonds
intermolecularly. Principally, at an increasing temperature
and pressure, either approaching or exceeding the water’s
critical point, several physicochemical properties of water
such as density, viscosity, permittivity (dielectric constant),
and surface tension of water are decreasing, while the dif-
fusivity is increased accordingly [15–17]. The properties’
changes are attributed to the disruption of intermolecu-
lar forces due to the thermal energy received from heating.
Thus, liquid water expands upon heating at saturation pres-
sure, lowering down the surface tension and leading to an
increase of vapor density, which then results in a decrease
of liquid density and viscosity [18, 19]. The decline in den-
sity and viscosity of water, enhance the mobility of ions
and increase the diffusivity characteristic [19]. An increase

in water diffusivity can improve the rate of solute-solvent
mass transfer [20].

One of the remarkable features of SWE is its ability to
capture a broader spectrum of compounds from plants com-
pared to conventional steam distillation or solvent-based
extractions. It has been employed for extraction of bioactive
compounds [21, 22], waste [23], oil, essential oil [13] and
many others. Since water’s properties change with temper-
ature and pressure, SWE can be ne-tuned to selectively
extract specic constituents from plants, preserving the in-
tricate chemical proles of essential oils. This precision in
extraction enables the capture of not only the characteristic
aroma compounds but also potentially valuable secondary
metabolites with potential therapeutic or industrial appli-
cations. SWE has also successfully produced larger yield
and better quality of essential oil using small amount of
raw material in a substantially lesser extraction time (two
to three times) [24].

Furthermore, SWE aligns with the growing global de-
mand for sustainable and eco-friendly extraction methods.
It minimizes the use of organic solvents, reducing both
environmental impact and potential health risks for op-
erators. Additionally, the reduced extraction times and
energy consumption associated with SWE contribute to its
environmental benets. As the interest in natural prod-
ucts and essential oils continues to rise, subcritical water
extraction stands out as a promising and green technology
that combines efciency, selectivity, and environmental re-
sponsibility in the extraction of essential oils from plants.
Extraction of essential oil from Aquilaria Crassna using SWE
has been successfully demonstrated by Yoswathana et al.
[8] in a shorter time and gave better quality. This is fol-
lowed by Samadi et al. [25] who also investigated the use
of SWE for recovering essential oil from Aquilaria Mala-
censsis. The researchers optimized the extraction process
using response surface methodology and concluded that
225 ◦C and 17 mins were the best operating conditions.
The kinetics modelling of the process pertaining to SWE of
A.Malaccenssis wood has yet to be reported.

Mathematical modelling is crucial for process optimiza-
tion, designing and production of essential oils at larger
scale. Typical empirical modelling approaches using soft-
ware like Response Surface Methodology are good in op-
timization and understanding the correlations between
process variables. In most cases of extraction, the models
reported are the quadratic polynomial equations that are
applied to decide the best combination of the operating
parameters. Therefore, the applicability of this model is
limited by the predetermined experimental range of the
studied variables which only represents the effect of the
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studied variable on the analysed response without under-
standing the underlying mechanism and fundamentals
of the process [26, 27]. Due to this reason, mathematical
models describing the kinetic, mass transfer, and thermo-
dynamic behaviours of the extraction process are also ex-
amined to ll this gap. Several models have been reported
for modelling SWE including thermodynamic based model,
synthetic models, kinetic absorption-based model, thermo-
dynamic separation with external mass transfer resistance
model and differential mass balance based model [28].

Thermodynamic model describes a simple model based
on thermodynamic distribution coefcient, kD (ratio of so-
lute concentration in matrix to solute concentration in ex-
traction uid). Here, the initial desorption step and the
separation of the lattice uid are assumed fast and have
no signicant effect on the extraction rate. Next under ki-
netic absorption models, there are the single-location or
one-site kinetic desorption model and the two-dimensional
or two-site kinetic desorption model. One-site kinetic des-
orption model or the pseudo-rst-order model is based on
the mass transfer model of Fick’s second law where the
extraction is controlled by intra-particle diffusion to yield
an exponential extraction curve. The two-site kinetic model
meanwhile is a modication of one-site desorption model.
It is a two-stages extraction involving the washing stage,
referring to the fast rate desorption of analyte from the bro-
ken cells, and the diffusion stage, referring to the slow rate
desorption of analyte from the intact cells [29]. Another
model is the second-order rate law that assume that the
extraction process consists of two mechanisms, involving
intense dissolution of compounds at the beginning of ex-
traction followed by a much weaker extraction due to the
external diffusion [30, 31].

The next model is thermodynamic with external mass
transfer resistance model where in this case external mass
transfer predominantly controls the extraction. The extrac-
tion is governed by external mass transfer coefcient (ke)
and partitioning equilibrium factor (kD). The last model
considered for SWE is differential mass balance equation
and is claimed to be the most comprehensive among all
models [23]. Here, a volumetric element with nite differ-
ence in height of a cylindrical extraction bed is selected and
mass balance is performed on it.

A synthetic model (SM) on the other hand, is created us-
ing self-contained software components that operate inde-
pendently of the model they constitute. These components
are systematically integrated to produce a unied entity.
When an SM is executed as a simulation, it manifests the
model’s behavior in accordance with a predetermined com-
putational blueprint.

A number of proposed models have been applied to
SWE essential oil recovery on abundant agricultural ma-
terials. In the SWE of essential oil from Zataria multiora
Boiss, Khajenoori et al. [32] applied all models except for
second order to explain the kinetics of the process and they
concluded that mathematical model based on the combi-
nation of partition coefcient (kD) and external mass trans-
fer tted well to the experimental results. Another study
on the SWE extraction of citrus avonoids found that the
two-site kinetic desorption model tted the entire extrac-
tion period very well, suggesting that the extraction was
mainly controlled by intra-particle diffusion [33]. Duba
et al. [34] also found that the two-site kinetic models tted
remarkably well with experimental data with root mean
square error in the range of 10−2-10−1 and average ab-
solute relative deviation of 0.5–4%. Their work focused
on extracting polyphenols from grape skins and defatted
grape seeds (cultivar: Pinot Nero) using subcritical water in
a semi-continuous mode. In addition, Islam et al. [35] used
four models (all mentioned above except second order) to
describe the SWE of polycyclic aromatic hydrocarbons and
two-site kinetic model was also found to best described
phenanthrene, uoranthene and pyrene. Another inves-
tigation on subcritical extraction of essential oil from A.
Malaccensis leaves meanwhile concluded that the second
order model being the best model for describing the SWE
process [36]. In the extraction of castor oil by SWE, a team
of researchers found that the process can be described by
what they called as irreversible consecutive unimolecular-
type rst order mechanism which is similar to two-site
kinetic model [13]. As for synthetic modelling, so far to our
knowledge, no SWE modelling has been reported.

All these studies related to modelling of SWE process
in extracting bioactive compounds from plant materials
shows diversity in the best model that ts for various ex-
traction process from different plant parts. The SWE ex-
traction controlling mechanism may differ in various in-
struments, samples, and conditions. For instance, some
bioactive compounds are extracted from the leave part,
while others are extracted from the skins, peels, seeds and
others. The bioactive compounds could be residing in vari-
ous locations in the plant matrix being it in the cytoplasm,
vacuoles, cell wall, organelles and others that may have
various resistance and thus affect the ease of extraction.

In this current work, the kinetics and thermodynamics
of the SWE of Aquilaria Malaccensis EO will be investigated
and presented. The modelling studies were performed by
tting the experimental data in various models including
thermo-dynamic partition model, one-site kinetic desorp-
tionmodel, second order, two-site kinetic desorptionmodel
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and thermodynamic partitioning with external mass trans-
fer resistance model. The thermodynamic parameters of
the extraction process including the Arrhenius equation
was determined. This study is signicantly important to
elucidate necessary information for precise controlling, bet-
ter optimizing and enhance efciency of the SWE process
particularly for Aquilaria Malaccensis [37].

2. Theory and formula

In SWE, six steps are known to take place, i) rapid entry
of uid into matrix, ii) desorption of solute from active
matrix, iii) penetration of solute through organic matter,
iv) penetration of analytes into stationary uids in porous
material, v) desorption of analytes into layer enveloping
the solid materials and vi) washing of solutes with moving
uid by thermodynamics. In modelling Subcritical Wa-
ter Extraction (SWE) of bioactive compounds from plant
material, only three main steps are considered which are
transfer of compound within plant matrix (internal penetra-
tion), external penetration through lm layer enveloping
the solid plant material and washing solutes with solvents.
Hence, several mathematical models are used such as one-
site kinetic model, two-site kinetic model, second order,
thermodynamic with external mass transfer partitioning
model [28, 32, 38, 39]. External mass transfer model plus
partitioning coefcient stems from the concentration gra-
dient between adsorbed solid and liquid phases (solute
desorption) which are dominant in the second and fourth
steps of subcritical mechanism. However, desorption of
both one-site and two-site models presumed distinct inter-
actions between chemicals and specialized adsorption [35].
Each of the models will be discussed in detail next.

2.1. One-site kinetic desorption model

Generally, one-site kinetic desorption is expressed using
simple rst order kinetic model and is governed by intra-
particle diffusion [28, 32, 35, 40]. This model assumes chem-
ical compounds to be uniformly dispersed throughout the
matrix and at the beginning of the extraction, the concen-
tration of chemical compounds in the matrix surface is
considered as zero (innite solubility). Hence, one-site ki-
netic desorption model for a uniform spherical matrix is
dened as Eq. (1) [28, 32, 35, 40].

cr
c0

=
6
π2

∞

∑
n=1

1
n2

exp
−Den2π2t

r2


(1)

Where Cr is the solution for the ratio of the mass of
the substance which stays in the matrix, t is the time of
extraction, C0 is the initial mass of extractable substance, n
is an integer, De is the effective diffusion coefcient of the

substances in the solid sphere (m2/s) and r is the radius of
sphere.

ln

cr
c0


= −0.4977− t

t0
(2)

Eq. (2) is linear form of Eq. (1). In practice, the y-
intercept value changes with the size distribution, particle
shape, and the distribution of solute within the matrix (near
surface or in the interior). Eq. (2) can be rewritten as ratio
of solute mass removed after time t to the initial mass, C0

as below:

Ct
C0

= 1− e−k1t (3)

where Ct is the mass of the solute isolated by the solvent
after time t (mg/g), C0 is the initial mass of solute in the
matrix (mg/g), Ct/C0 is the portion of the extracted solute
after time t and k1 is the rst order rate constant.

The tting of experimental data to this rst order model
is generally done by plotting a linear graph of ln Ct/C0

versus time and the constant k1 can be found from the
slope.

2.2. Second order model

The second order model also known as pseudo second
order, describes an extraction mechanism that occurs in
two simultaneous processes. Similarly, to the rst order
model, uniform distribution of materials, uniform size of
materials, and zero concentration of chemical compounds
at the time zero are assumed here. Eq. (1) describes the
rate of dissolution of the solute contains in the solid to the
solution. The differential equation is as follow [28, 38, 39,
41].

dct
dt

= k2 (c∞ − ct)
2 (4)

Where t is the time of extraction, Ct is the amount of
extracted essential oil at time t, C∞ is the absolute amount
of extracted essential oil at innite time and k2 is the second
order rate constant.

Integrated pseudo-second order kinetic will yield Eq. (5)
which was calculated for conditions between Ct = 0, t = 0
to Ct = Ct, t = t.

ct =
tc2∞k2

tk2c∞ + 1
(5)

Obviously, Eq. (5) can be linearised to various expres-
sions for determination of the constants involved including
Eqs. (6) and (7), while 7 being the most common forms.

1
(C∞ − Ct)

=
1
C∞

+ k2t (6)
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t
ct

=
1

k2c2∞
+

1
c∞

t (7)

The slope and intercept of the plot of t/Ct versus time
yields the second order rate constant (k2).

2.3. Two-site kinetic desorption model

Two-site kinetic is a modied form of the one-site kinetic
model. It describes the extraction to proceed in both “fast”
and “slow” modes [28, 32, 40] and hence additional rate
constant (k) were used. Fast process refers to rapid diffu-
sion of the solute residing near the surface or inside cells
with damage walls while slow process refers to slow diffu-
sion of solute to the surface of plant substances from intact
cells.

In this model, a portion (F) of the substance under anal-
ysis rapidly desorbs with a rate constant (k1), while the
remainder portion (1− F) desorbs more slowly with a rate
constant (k2). This model is characterised by two rst-
order expressions and can be elucidated using the follow-
ing Eq. (8) [28, 40]:

ct
c0

= 1−

Fe−k1t


−


(1− F)e−k2t (8)

where Ct is the mass of analyte extracted after time t
(mg/g), C0 is the initial total mass of the analyte in the ma-
trix (mg/g), F is the portion of the substance under analysis
rapidly desorbs, k1 is the rst-order rate constant describ-
ing the quickly released fraction i.e. F (min−1) and k2 is
the rst-order rate constant describing the slowly released
fraction i.e. (1− F) (min−1).

The concentration prole with time will yield a non-
linear trend and the constants (k1 and k2) can be determined
accordingly from the curve. The two-site kinetic model
excludes solvent volume, and only based on the extraction
time. Thus, changing the solvent owrate has no profound
effect on extraction efciency [32, 35].

2.4. Thermodynamic partition with external mass trans-
fer model

This model elucidates the process of extraction governed
by external mass transfer, with its rate being characterized
by a resistance-type model in the following structure [7,
28].

∂CS
∂t

= −keap


cs
kD


− c1


(9)

where C is the uid phase concentration (mol·m−3), Cs

is the solid phase concentration (mol·m−3), t is the time
of extraction, ke is the external mass transfer coefcient
(m·min−1), ap is the specic surface area of particles (m2·−3)

and kD is the partitioning equilibrium factor (kD = con-
centration of solute in matrix/concentration of solute in
liquid).

When the solute concentration in the bulk uid is low,
we can express the relationship between the solute concen-
tration in the solid matrix and that in the extraction uid
using a partitioning equilibrium factor kD. Then Eq. (9)
becomes:

cs = c0 exp

− keapt

kD


(10)

Eq. (10) can also be restated as the proportion of the
diffusing solute’s mass exiting the sample to the initial
mass of solute in the sample, represented as Ct/C0, as
shown below:

ct
c0

= 1− exp

− keapt

kD


(11)

Typically, ap and ke are assessed together as a combined
parameter called keap since it is challenging to isolate and
measure them individually. It represents the overall vol-
umetric mass transfer coefcient and depends on factors
such as size/shape of plant sample and water ow rate
through the extractor [32, 35]. The concentration prole
against time is normally non-linear and the suitability of
this thermodynamics model for describing any extraction
process is usually assessed by calculating the values of the
constants, kD and keap. The nature of the curve t remains
the same as the nature of the curve t for one-site kinetic
desorption model with keap/kD becomes equivalent to k1.

2.5. Thermodynamics

Thermodynamic behavior of a system or process could
be described by thermodynamic properties or parameters
such as equilibrium constant (K), enthalpy change (∆H),
entropy change (∆S), Gibbs free energy (∆G), and activa-
tion energy (Ea) [42, 43]. Several studies have been done to
evaluate the thermodynamic parameters for solvent extrac-
tion of plant compounds [44–47]. In this work, the focus
will be on calculating the activation energy and the rela-
tionship between the rate constant (k) with temperature
can be expressed by the Arrhenius equation as shown in
Eq. (12).

k = Ae−
Ea
RT (12)

ln k = − Ea

RT
− ln A (13)

Where A is the pre-exponential constant, R is the the uni-
versal gas constant (8.314 J/(mol.K), T is the temperature
in a unit Kelvin (K) and Ea is the the activation energy.
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The linear relationship between lnk and 1/T (Eq. (13))
can be used to estimate the activation energy of the process
based on the slope and interception of the curve. From
Eq. (12), it can be seen that the larger the ratio of Ea/RT, the
smaller the rate constant of reactions exponentially. This
means that high temperature and low activation energy
favor larger rate constants, and thus speed up the reaction.
Since these terms occur in an exponent, their effects on the
rate constant are quite substantial. Constant A meanwhile
can de expressed as a function of frequency factor and steric
factor.

3. Experimental setup

3.1. Wood sample preparation

Wood of Aquilaria malaccensis collected from Forest Re-
search Institute Malaysia (FRIM) garden. The wood was
allowed to dry naturally in a dark environment, away from
both sunlight and temperature-induced volatile losses. It
was then kept in a chilled room at 4°C until further used.
The preparation of wood started with chopping it into
smaller pieces using the saw, followed by further shred-
ding and grinding with a knife and grinder (Panasonic
miller) respectively to give samples size of approximately
0.2-0.5 cm.

3.2. Subcritical Water Extraction

Batch (static) laboratory-size subcritical water extractor
with the heating bath system (Model Celsius 600H, Thomas
Kagaku, Japan,) was used in this study. There are two dis-
tinct heating baths which is oil and salt bath. The oil bath,
which employs silicon oil for heating the reactor (contain-
ing the mixture of sample and water) during the extraction,
was used for temperatures ranging from 100 to 170 ◦C. The
salt bath (mixture of potassium nitrate salt and sodium
nitrate salt) meanwhile was used for temperatures rang-
ing from 180 to 271 ◦C. Both the heating baths an agitator/
mixer to distribute the heat uniformly during the extraction
process. Batch laboratory-size SWE also 1640 mm length
stainless steel reactors (SUS316) with inner reactor cap di-
ameter of 75/164 mm and outer reactor cap diameter of
180/270 mm) (Fig. 1). The inner volume of the reactor 8.0 x
10−6 m3 and the system can be operated until maximum
operating pressure of 22 MPa (around 374 ◦C).

For each extraction, a mixture of grinded, dried raw-
sample and distilled water was added to the reactor and
argon gas was used to remove the oxygen and air from
the mixture and reactor. Then, the cap was placed on the
reactor, and the reactor was sealed completely. When the 20
L heating bath (oil/salt) attained the required temperature
within 10 to 15 minutes, the reactor was immersed for a

Fig. 1. Schematic diagram of SWE system with its
components

specied time (1-34 min according to design of experiments
[25]). Once the reaction was completed, the reactor was
taken out and cooled down with water for 1 to 2 hours.

Next, the essential oil in the aqueous mixture (contained
water and essential oil) was recovered using liquid-liquid
extraction. In this step, the liquid mixture was transferred
into a separation funnel and hexane was added to remove
the essential oil from the mixture. Finally, the hexane was
eliminated using rotary evaporator (Buchi). Finally, sodium
sulfate anhydrous was utilized to remove any moisture or
water from the essential oil (Fig. 2). The extracted essen-
tial oils were stored in dark-sealed-vial at 4 ◦C for further
analysis. The yield of essential oil extracted was calculated
using the volume of collected essential oil (mL) divided by
weight of the plant material (g) [7]. The formula is as given
below:

y =
V × 100

W
(14)

where y is the yield of essential oil (% v/w), V is the vol-
ume of collected essential oil (mL) and W is the weight of
the plant material (g). The volume of the oil was measured
using small graduated cylindrical and weight of plant ma-
terial was measured using weighing scale.

Fig. 2. Liquid-liquid extraction process of essential oil
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3.3. Mechanism and Kinetic Study

The mechanism and kinetics of A. malaccensis’ wood oil
extraction via subcritical water were studied at different
temperatures of 115 ◦C, 182 ◦C and 250 ◦C based on the
values randomly suggested by Design Expert 7 software
[25]. These data were later assessed by tting to all four
models as mentioned previously. The mass transfer and ki-
netic models were solved using the non-linear least square
tting (NLSF) approach, facilitated by Microsoft Excel’s
SOLVER function as an interface and operated based on
the iterative algorithm that minimized the sum of squared
residual or error between the data points. Consequently,
the quality of the models’ t was assessed by evaluating the
sum of squared residuals (SSR) (Eq. (15)) and the coefcient
of determination (R2) through the correlations presented in
Eqs. (16) to (18). SSR nearing zero and (R2) nearing unity
indicate the model agreement to the observations data.

SSR = ∑

y(t) − ŷ(t)

2
(15)

R2 = 1− SSR
SST

(16)

SST is the total sum of squares obtained by the following
equation,

SST = ∑

y(t) − ȳ(t)

2
(17)

Hence, alternatively expressed as,

R2 = 1−
∑

y(t) − ŷ(t)

2

∑

y(t) − ȳ(t)

2 (18)

where y(t) is the observed or experimental value of the
data. ŷ(t) is the estimated value of the data. ȳ(t) is the mean
value of the data.

Finally, by knowing the rate constants, k of the extrac-
tion at different temperatures, the activation energy (Ea)
can subsequently be obtained through linearization of Ar-
rhenius equation.

4. Result and discussions

4.1. Reaction mechanism and kinetics modelling

Based on previous optimization studies by Samadi et al.
[36], the temperature was considered as the most signicant
parameter affecting the EO yield extracted through the
SWE method from Aquilaria Malaccensis wood. Thus, a
time-dependent experiment was performed to observe the
effect of temperature on the EO yield with time. The EO
yield extracted was plotted as a function of time for a varied
extraction temperature (115 ◦C, 182 ◦C, and 250 ◦C) as
suggested by optimization work conducted previously [25].

As indicated in Fig. 3, all graphs at different tempera-
tures exhibited an analogous trend, where the EO yield
increases progressively with an increasing extraction time,
up to 25 minutes, then gradually increases till 30 minutes
before remaining plateau or slightly decreased as the time
extended. A higher temperature could signicantly affect
the sample matrix and solvent characteristics and increase
yield [36]. Our ndings here conrmed this expectation
where the EO yield was the highest at 250 ◦C compared to
182 ◦C and 115 ◦C, due to the enhanced sample dissolution
and solvent solubility.

Fig. 3. Essential oil of A. malaccensis wood concentration
prole with time using subcritical extraction at the 115 ◦C,

182 ◦C and 250 ◦C

This outcome can be elucidated by the decrease in wa-
ter’s dielectric constant and polarity as temperature rises,
which enhances water’s effectiveness for extracting essen-
tial oils from wood at elevated temperatures, akin to or-
ganic solvents, as observed in previous studies [16, 30,
34, 35]. Additionally, the increased rate and yield of es-
sential oil at higher temperatures may be ascribed to the
greater availability of energy, which makes it easier to break
plant cell walls under these conditions. It is also important
to note that wood samples were used in this work. Un-
like other plant part such as leaves that has simpler struc-
ture comprising of cell wall with cellulose, non-cellulosic,
polysaccharides, proteins, phenolic compounds, and oth-
ers, wood samples however have more complex structure
comprising of long polymer of cellulose, hemicellulose im-
pregnated with membrane complex structure. The nature
of wood hence provides greater barrier to the extraction of
essential oil compared to other parts of plants.

With the extension of the extraction duration, the ex-
tracted essential oil (EO) yields at all three temperatures
began to diminish, indicating the initiation of degrada-
tion in the lower molecular EO compounds. This gradual
decline in EO yield becomes more noticeable over time,
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particularly at 250 ◦C and 182 ◦C, in contrast to 115 ◦C.
This suggests that elevated temperatures exceeding 150°C
can signicantly accelerate the deterioration of EO during
prolonged extraction.

Asmentioned earlier, the controllingmechanism of SWE
may differ in various instruments, samples, and conditions,
thus kinetic studies were performed by tting the exper-
imental data to four different models involving one-site
kinetic desorption model, second-order rate law model,
two-site kinetic desorption model, and partitioning coef-
cient with external mass transfer model. Here, SSR and R2
were selected as the values for best tting criteria.

The result in Table 1 and Fig. 4 showed that the rst
order model has a low average of R2 (<0.81) with k values
decreasing with increment of temperature. These results is
certainly not in coherent with results in Fig. 3, which shows
that the yield concentration prole with time increases
with time and proceeded in two signicant behaviours
of fast extraction and slow extraction. An increment of
yield with temperature as shown in Fig. 3 would mean
an increase in the value of rate constants, k. Furthermore,
the rst order model being a linear relationship having
only one kinetic rate constant, assumes that the extraction
process happens through one simultaneous process [32, 35,
40]. This obviously could not describe the behaviour of
the SWE of essential oil from Aquilaria Malaccensis wood
at all different extraction temperatures as seen in Fig. 3.
The decrease of rate constant, k with time also contradicts
with ndings from Samadi et al. [36] which stated that the
yield of essential oil increases with increasing temperature.
Hence, the rst order model was unable to properly explain
the extraction of the A. malaccensis wood essential oil by
subcritical water extraction.

Table 1. Kinetic and tting parameters of one-site kinetic
desorption model for SWE wood

Extraction One-site kinetic desorption model
Temperature k(min−1) R2

115 ◦C 0.03 0.43
182 ◦C 0.0105 0.65
250 ◦C 0.0004 0.81

Average 0.63

In contrast to rst-order model, the second-order model
showed very good t (R2>0.98) and low SSR value (<0.02)
with the experimental data and strongly suggested that
the subcritical water extraction of A. malaccensiswood oil
followed a second order model (Fig. 5 and Table 2). In con-
trast to the rst-order model, second-order model assumes
that the extraction happens in two simultaneous processes.

Fig. 4. A. malaccensis wood essential oil yield plot for
estimating the k1 values for rst order kinetic model

Ct
C∞

= 1− ek1t

at SWE temperature

Hence, this assumption might be the reason for the better
t between this model and experiment results. k values
which reect the rate of desorption of essential oil from
the sample particles [35], were determined by lineariza-
tion (Fig. 6) and was found to be signicantly increased
from 0.03 to 2.5 (Table 2) for temperature 115 ◦C and 250
◦C respectively. In other words, the increase of extraction
temperature, increased the desorption rate of A. malaccen-
sis wood essential oil (k value). Higher desorption rate
(k) and better extraction at higher temperatures may be
explained by the fact that both the surface tension of water
(i.e. solvent) and its viscosity tend to reduce with the rise
in extraction temperature [35]. So, the increase of temper-
ature resulted in increase in rate of the extraction due to
better performance of water (low polarity and dielectric
constant) [16, 30, 35]. Furthermore, the increase in the rate
of extraction may be explained by the availability of higher
energy in higher temperatures that facilitates the breakage
of cell-walls and consequently result in faster extraction.

Table 2. Kinetic and tting parameters of second-order
rate law model for SWE of wood

Extraction Second-order rate law model
Temperature k(min−1) SSR R2

115 ◦C 0.03 0.02877 0.989
182 ◦C 0.4 0.00512 0.993
250 ◦C 2.5 0.00584 0.994

Average 0.01324 0.992

The analysis of kinetics was continued with the two-site
kinetic model that assumes that extraction occurs in two
stages (fast and slow desorption). It assumes that the essen-
tial oil near the surface or inside damaged cells is quickly
extracted (fast desorption, k1), while the solute residing
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Fig. 5. Second order kinetic model of extraction of A.
malaccensis wood oil by SWE at various temperatures

Fig. 6. A. malaccensis wood essential oil yield plot for
estimating the k2 value for second order kinetic model

t
ct =

1
k2c2∞

+ 1
c∞ t


at SWE temperature

inside the interior of intact cells, slowly diffuses to the sur-
face of plant material (slow desorption, k2) simultaneously
[28]. In contrary to the rst and second-order models, two-
site kinetic model consists of two kinetic-rate constants for
describing fast and slow desorption of the essential oil.

From Fig. 7, most of the yield was extracted during the
rst 10 minutes of the extraction process (fast desorption)
at extraction temperatures of 182 and 250 ◦C and the rest of
the essential oil was extracted later after 10 minutes (slow
desorption). Hence, both the fast and slow desorption
phases of the essential oil from wood particles are very
apparent Fig. 7.

The results in Table 3 showed that both fast (k1) and
slow (k2) kinetic rate constant (determined by using Mi-
crosoft EXCEL solver by minimizing the errors) increased
with the rise in extraction temperature. This nding also
indicates that the increase of temperature resulted in faster
and easier desorption of volatile compounds from the A.
malaccensis wood particles. The improvement of the ex-
traction at higher temperatures can be explained again by

Fig. 7. Two-site desorption kinetic model of extraction of
A. malaccensis wood oil by SWE at various temperatures

the fact that both water viscosity and dielectric constant
have a tendency to go down when temperature rises [35].
The ndings indicated that there is a good t between the
experiment and two-site kinetic model at all temperatures
(Table 3 and Fig. 7) with R2 greater than 0.99 and SSR less
than 0.002.

In addition, the R2 and SSR values of two-site desorp-
tion model were also slightly higher and lower respectively
in comparison to that of second order model indicating
better tting with experimental data at all temperature
compared to second order model. In short, the two-site
desorption model was able to better describe the subcritical
water extraction of essential oil from Aquilaria Malaccensis.

Partitioning coefcient with external mass transfer
model includes two constants of kD (partitioning equilib-
rium) and keap (overall volumetric mass transfer coef-
cient). Based in Eq. (11), faster extraction rate favours lower
kD and high keap. Fig. 7 shows the analysis of the experi-
mental data with the external mass transfer/partitioning
model which presented a good tting based on kD (par-
titioning equilibrium) and keap (overall volumetric mass
transfer coefcient) values. The rise in extraction temper-
ature leads to an increase of keap as expected due to the
increment in the diffusivity (Fickian diffusion) and external
mass transfer (i.e. rapid hydroscopicity of the extraction
matrix) and shortens the time of extraction [30, 35].

On the other hand, kD values decreased with the in-
crease of the extraction temperature as predicted to yield
faster extraction rate at higher temperatures. kD is a par-
titioning equilibrium factor and dened as the solute con-
centration in the matrix to that in the extraction uid. The
decrease in kD values is because of the increased solubil-
ity of solute in water as temperature rise since at subcriti-
cal conditions, water-polarity turned lower and pressure
within the plant-cells became higher. This thus expedites
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Table 3. Kinetic and tting parameters of two-site kinetic desorption model for SWE of wood

Extraction
F

Two-site kinetic desorption model
Temperature k1(min−1) k2(min−1) SSR R2

115 ◦C 0.51 0.0055 0.0847 0.00015 0.999
182 ◦C 0.1009 0.0169 0.232 0.00236 0.997
250 ◦C 0.0155 0.02 0.788 0.00136 0.998

Average 0.00129 0.998

the extraction of essential oil at high temperatures [32].

The result of thermodynamic partition with external
mass transfer resistance model was consistent with other
studies [32, 35, 40], who also reported the increase of keap
and decrease of kD with the temperature. The ndings
showed a good t between the experiments data and the
proposed model at almost all temperatures (Fig. 8) with
R2 around 0.94, 0.97 and 0.99 for 115 ◦C, 182 ◦C and 250
◦C respectively. SSR values meanwhile range from 0.002
to 5.1 for the studied temperature. However, compared to
the two-site kinetic model, the portioning/external mass
transfer R2 values were lower and SSR values were bigger.

Fig. 8. Partitioning coefcient with external mass transfer
kinetic model of extraction of A. malaccensis wood oil by

SWE at various temperatures

In order to nd the kinetic model that best elucidates
the subcritical water extraction of essential oil from wood
of A. malaccensis, all the above-mentioned kinetic models
were compared with each other quantitatively based on
coefcient of determination, R2 and SSR values. The re-
sults indicated that “two-site kinetic”, “second order”, and
“partitioning coefcient with mass transfer” models were
suitable for explaining the extraction of wood essential oil
by subcritical water extraction. Both the second order and
two-site kinetic model desirably explained the subcritical
extraction of A. malaccensis wood essential oil across all the
temperatures kinetically, while partitioning coefcient with
mass transfer model described the extraction mechanism

thermodynamically.

Although all three models were able to explain the ex-
traction mechanism, the two-site kinetic model demon-
strated the highest coefcient of determination (R2) and
lowest SSR at all studied temperature compared to other
kinetic models (Tables 2 to 4). Thereby, despite the accept-
able t between all the models and experiment data, the
two-site kinetic model was concluded to be the best kinetic
model for explaining the extraction of essential oil from
A. malaccensis wood using SWE at all temperatures. This
result was in agreement with other kinetic studies on sub-
critical water extraction work. Those investigations include
the work done by Islam et al. [35] on the SWE of PAHs
from soil, Duba et al. [34] on the SWE of polyphenols from
grape skin/seed and Kim and Lim [33] on the extraction of
avonoids from citrus inshiu peels.

4.2. Determination of activation energy (Ea)

Once the rate-constants of the extraction at different tem-
peratures were obtained for the two-site kinetic models
(the best tted), the activation energy (Ea) was calculated
using the Arrhenius equation. The activation energy (Ea)
reects the amounts of energy required for a reaction to
occur [32] and the results are as in Fig. 9. For each stage of
the process, the Arrhenius plot appeared to be linear where
the logarithm of k decreased linearly with increasing 1/T.
Through best tting by linearization, the interception and
slope were obtained and the activation energies were cal-
culated. Ea values for fast and slow desorption steps in the
extraction of essential oil from A. Malaccensiswood using
SWE was found to be 16.6 and 28 KJ/mol respectively with
R2 of 0.90 and 0.98. The amount of activation energy was
found to be consistent with other studies using SWE [33,
34]. The values of Ea found here are consistent with the k
values found from the two-site kinetic model. k2 having
higher corresponds to higher Ea and vice versa for lower
k1 values.

Table 5 shows that low activation energy value was ob-
tained at the fast desorption (k1) where the essential oil near
the surface or inside damaged cells is quickly extracted
while high Ea was calculated for the slow diffusion (k2)
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Table 4. Kinetic and tting parameters of Partitioning coefcient with external mass transfer model for SWE of wood

Extraction Partitioning coefcient with external mass transfer
Temperature kD keap(min−1) SSR R2

115 ◦C 1.883 0.0525 0.01655 0.941
182 ◦C 0.525 0.306 5.16606 0.979
250 ◦C 0.472 0.315 0.00259 0.997

Average 1.7284 0.9723

Fig. 9. The plot ln k versus 1/T for SWE

of the solute residing inside the interior of intact cells to
the surface of plant. Our ndings are similar to Dao et al.
[44] whose work also tted two-site kinetic model. They
reported a low activation energy value for unhindered dif-
fusion (96 kJ/mol) and high activation values (167 kJ/mol)
for washing steps in the extraction of essential oil from
pomelo by simultaneous washing and unhindered model.
Their experimental data also agreed well with two-site ki-
netic model. These can be attributed to the characteristics
of an extraction process of a physical nature. In our work,
it was also found that the frequency value, A of the fast
phase was approximately 380 times greater than that of the
diffusion phase (Table 5) which maybe due to the nature of
samples that was used in this work.

Table 5. Parameters of Arrhenius Equation

Parameters Fast desorption Slow Desorption

Ea (kJ/mol) 16.6 28
A (min−1) 1.05 404

R2 0.9 0.98

5. Conclusion

A. malaccensis’ oil was extracted by subcritical method from
its wood and the behaviour was kinetically modelled. The
temperature is the most important parameter since dra-

matic changes in oil yield were observed with higher tem-
peratures improved extraction efciency. The experimental
extraction proles obtained at 115 ◦C, 182 ◦C and 250 ◦C
were described to one and two-site kinetic desorption mod-
els, second order model and partitioning coefcient with
mass transfer model. Based on high R2 and low SSR, the
two-site kinetic model appeared to be the best model to de-
scribe the Subcritical Water Extraction (SWE) mechanisms
which happened in two stages of fast and slow desorption.
Two values of rate constants for fast, k1 and slow desorp-
tion, k2 in the two-site kinetics model were calculated and
a higher k2 value than k1 was found. Further analysis of
the activation energy, Ea recorded a lower value for easy,
fast desorption compared to slow desorption. All these
results conformed well to the nature of fast desorption for
the movement of the essential oil residing in the cells with
broken walls or near to the surface and slow desorption for
diffusion of the solute at the interior of intact cells. Conclu-
sively, the model analysis has given greater insights on the
controlling steps of essential oil extraction in SWE process,
its optimization and practical scaling up approach.
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