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A B S T R A C T

Molecular dynamics simulation was used to calculate the self-diffusion coefficients of ginger bioactive
compounds (6-gingerol and 6-shogaol) in subcritical water with the presence of ethanol as an entrainer
(0–10mol%) at temperatures from 373.15 to 453.15K. The all-atom optimised-potentials (OPLS/AA) were
employed for the ginger bioactive compounds and ethanol. The extended simple point charge (SPC/E)
model was adopted for water molecules. The self-diffusion coefficients increase from 1.00�10�9 to
2.70�10�9m2/s with increasing temperature from 353.15 to 453.15K. The self-diffusion coefficients also
increase from 1.71�10�9 to 3.00�10�9m2/s with increasing percentage of ethanol from 0 to 10mol% at
413.15K. The radial distribution functions between the ginger bioactive compounds and subcritical water
(solvent) illustrate a weak interaction between the ginger bioactive compounds and solvent. The
interaction increases with addition of ethanol as entrainer.

ã 2015 Elsevier B.V. All rights reserved.

1. Introduction

The extraction of bioactive compounds from natural plants
receive a great attention from researchers and industries due to
market demands [1]. Solvent extraction is one of the conventional
techniques to extract the bioactive compounds. However, this
conventional technique which requires extended extraction dura-
tion and high production cost due to solvent recovery causes the
researchers to use other alternative techniques. Subcritical water
extraction is an environment friendly technique of utilizingwater in
its liquid state under pressurized condition at a temperature below
the critical point. The subcritical water extraction is known as hot
compressed water extraction as the process operates at elevated
temperature (above boiling point of water at 373.15K and below its
critical value at 647.65K and 22.09MPa). The key point of operating
at such elevated temperature is due to the decreasing polarity of the
solvent hence improving suitability to extract non-polar

compounds. Previous studies also introduce entrainer to subcritical
waterextraction inorder to tune tothedesiredpolarityof thesolvent
[2,3]. Ethanol is commonly used as an entrainer since it has low
toxicity. Thus the contamination of ethanol in foods could be
neglected. The extraction from natural plants using this technique
has been applied on ginger [4], jabuticaba skin [5], and barberry
fruits [6]. Despite the increasing demands in bioactive compounds,
the application of hot compressed water technique for natural
extract is still scarce.

The phenomena of extraction are important for optimising the
recovery, which is commonly described through a mathematical
study [7]. The phenomena of extracting the solute in solid matrix
to bulk solvent involve mass transfer through solid–liquid
interface. The transportation occurs due to the concentration
gradient that is primarily controlled by effective diffusion
coefficient, Deff [8]. The Deff is determined by taking into account
the porosity, e and tortuosity, t of solid matrix [7]. In determining
Deff, the diffusion coefficient, D is firstly identified. The diffusion
coefficient, D describes the movement of solute from the outer
surface of solidmatrix into the bulk of solvent, i.e. themovement of
solute in solvent. In a complex matrix such as plant matrix, the
effective diffusion coefficient, Deff is by the following equation [9]:

Deff ¼
e
t
D (1)

Abbreviations: OPLS/AA, all-atom optimised-potentials; SPC/E, extended simple
point charge; MD, molecular dynamics; NPT, isothermal–isobaric ensemble; NVT,
canonical ensemble; MSD, mean squared displacement; SD, standard deviation;
ANOVA, analysis of variance; RDF, radial distribution function.
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As claimed by Takeuchi [8], the range of diffusion coefficients is
10�9–10�10m2/s for food solutes in different types of solvent.
Balachandran et al. [10] determined the diffusion coefficient of 6-
gingerol in supercritical carbon dioxide as 7.20�10�9m2/s using
an equation and Deff by fitting concentration gradient against time.
The calculated values of diffusion coefficients for gallic acid,
catechin and procyanidin from grape pomace at 313.15K are
2.22�10�9, 1.42�10�9 and 0.79�10�9m2/s, respectively [11].
Srinivas et al. [12] found the determination of diffusion coefficients
is difficult at temperatures higher than 352.15K but still the
diffusion coefficients can be predicted by Stokes–Einstein model.

A few techniques such as experimental, molecular dynamics
simulation, empirical or theoretical approaches are used to
determine the diffusion coefficients [13]. The experimental data
such as by using Taylor dispersion can be found in the literature
[13–17]. The literature data are limited to lower temperatures and
mostly for smaller compounds only. The empirical or theoretical
method often fails to predict reliable values of the diffusion
coefficients especially when it dealing with highly polar or
involving hydrogen-bonding [13].

Molecular dynamics (MD) simulation can be used to calculate
the self-diffusion coefficients of solutes in solvents [18] and is a
powerful tool with unique resolution down to Angstrom scalewith
picosecond calculation time [19]. However the application of MD
simulation for food based solutes in water as solvent is limited at
ambient temperature and to our knowledge it has never been
applied to bioactive compounds at high temperature. Delgado [20]
studied the effects of temperature on the self-diffusion coefficients
of organic compounds such as 2-naphthol, benzoic acid, salicylic
acid, camphor, and cinnamic acid in water below its boiling point
using MD simulation. In another study of using MD simulation,
Fioroni et al. [21] investigated the solvation phenomena of a
tetrapeptide in water at ambient temperature. Paul and Patey [22]
investigated the self-diffusion coefficients for urea in water also at
ambient temperature and pressure. The other papers using MD
simulation investigated the self-diffusion coefficients of methane
inwater at elevated temperatures from 296.15 to 650.15K [23] and
phenol in water in the range of 298.15–773.17K [17].

In this work, MD simulation is employed to calculate the self-
diffusion coefficients of the most abundant bioactive compounds
in ginger extract; 6-gingerol and 6-shogaol in subcritical water
with and without ethanol. The radial distribution functions which
describe the interaction between the bioactive compounds and
solvent are also studied. To the best of our knowledge, there are no
previous data for the self-diffusion coefficients and radial
distribution functions of larger compound+water and compound+
water/ethanol at subcritical conditions. Thus, from this paper, the
data can be expected to contribute to design the extraction
parameters, especially when the entrainer (ethanol) is added in
water at subcritical conditions.

2. Computational details

2.1. Intermolecular potential

The all-atom optimised-potential liquid simulation (OPLS/AA)
hasbeenused fordescribing the intermolecularpotentials ofphenol,
ethanol and the ginger bioactive compounds (6-gingerol and 6-
shogaol) since this force field is suitable for the organic and
biomolecular systems [24]. The united-atom optimised-potential
liquid simulation (OPLS/UA) was employed for CH3 of anisole group
in ginger bioactive compounds. This is because of the charge for CH3

of anisole group are different from that for CH3 of paraffins, and the
charges of CH3 of anisole group for OPLS/AA are not available in the
literature. The SPC/E model [25] was adopted for water molecules.

The torsional energies were calculated by the following
equation [24]:

Etorsion ¼
X
i

V1;i

2
1þ cosð’i þ f 1;iÞ
� �þ V2;:i

2
1� cosð2’i þ f 2;iÞ
� �

þ V3;i

2
1þ cosð3’i þ f 3;iÞ
� �

(2)

where fi is the dihedral angle, V1, V2 and V3 are the coefficients in
the Fourier series and f1, f2 and f3 are the phase angles. The bond
lengths and angles in the molecules were fixed to the equilibrium
values to reduce the computation time.

The non-bonded interactions were explained by a combination
of Coulomb with Lennard–Jones as follows [24]:

Eab ¼
Xona
i

Xonb
j

qiqje
2

rij þ 4eij
sij

12

rij12
� sij

6

rij6

 !" #
f ij (3)

where Eab is the interaction energy between molecules a and b for
sites i and j, respectively. The q, e, s and r are the charge, the energy
parameter, the size parameter, and the site distance, respectively.
Modification of Eq. (1) has been made by Jorgensen et al. [24] to
authorize the usage of the same parameters for inter- and
intramolecular interaction. Thus, the scaling factors fij for all cases
is 1.0, otherwise fij =0.5 for 1,4-interaction [24]. Lorentz–Berthelot
(LB) mixing rules were applied in determining the mixing pair of
sites [26]:

sij ¼
si þ sj

2
(4)

eij ¼
ffiffiffiffi
ei

p
ej (5)

The structure of ginger bioactive compound (6-gingerol) is shown
in Fig. 1. The parameters and the charges are listed in Table 1.

2.2. Operating conditions

Molecular dynamics simulationwas performed by the software
SCIGRESS ME Compact 2.0 (Fujitsu Ltd., Japan). The simulation cell

Nomenclature

Roman letters
V1,V2,V3 Coefficients in the Fourier series (parameter in Eq.

id=6#(2))
f1, f2, f3 Phase angles (parameter in Eq.id=6#(2))
q Charge,�e (parameter in Eq.id=6#(3))
D Self-diffusion coefficient, (m2/s)
Deff Effective diffusion coefficient, (m2/s)
N Number of time series
r Position vector of molecule, (Å)
g(r) Radial distribution function

Greek letters
’i Dihedral angle
e Energy parameter, (kJ/mol) (parameter in Eq.id=6#(3))
s Size parameter, (Å) (parameter in Eq.id=6#(3))
r(r) Local number density, (m�3)
r Bulk number density, (m�3)

Subscripts
i, j Sites
a, b Molecules
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was generated at 10.23MPa (1500psi) with temperatures range
from 353.15 to 453.15K. Nosemethod [27] and Parrinello–Rahman
method [28] were adopted for temperature and pressure control,
respectively. The isokinetic equations of motions were integrated
using the fifth-order Gear algorithm with time step of 1 fs. The
Ewald sum [29] method was applied for the coulomb potentials in
the periodic boundary. The cut-off distance for Lennard–Jones
potentials was set to 12Åwhich was close to half of the cell length.
The calculation was performed with NPT ensemble for 20ps to
calculate the equilibrium density. After 20ps, the initial confor-
mation is not significant since it changed quickly during the
simulation. ThenNVTensemblewas adopted for 700ps to calculate
the self-diffusion coefficients and radial distribution functions at
each condition. The procedurewas repeated for the entrainer effect
using ethanol from 0 to 10mol% at 413.15K.

The self-diffusion coefficients, D of phenol in subcritical water
were first calculated by molecular dynamics (MD) simulation to
compare with the literature values [15] and verify the methods

adopted in this work. To the knowledge of the authors, the paper of
Plugatyr and Svishchev [17] is the only reference that determined
the D in subcritical water using MD simulation. There are a few
studies that also determined the D of compounds inwater, but at a
lower temperature [20,30].

2.3. Calculation of self-diffusion coefficients

The Einstein relation was applied to determine the self-
diffusion coefficients through the mean squared displacement
(MSD) [31]:

D ¼ 1
6N

lim
t!1

d
dt

jriðtÞ � rið0Þj2
D E

(6)

where ri (t) is the position vector of centre of solute i at time t, N is
the number of time series and the angular bracket, <...> denotes
the ensemble average. The sub-average of self-diffusion coeffi-
cients was evaluatedwith the time length of 11.01 ps, the shift time
of 10 fs, and the number of time series of 4722. The procedure was
performed until 700ps for each solute to get ten sub-average of the
self-diffusion coefficients. The self-diffusion coefficients and the
standard deviation of each solute are obtained with the ten sub-
average of diffusivities.

2.4. Calculation of the radial distribution functions (RDFs)

The RDFs provide quantitative information on the interaction of
each site with solvent at the molecular level [32]. The radial
distribution function, g(r) is defined as follows [33]:

gðrÞ ¼ rðrÞ
r

(7)

where r(r) is the local number density, and r is the bulk number
density.

2.5. Statistical analysis

All determinations were carried out with standard deviation
and data expressed as mean� SD values. The level of significance
was set at p<0.05 and evaluated by a one-way analysis of variance
(ANOVA) [34], using the Microsoft Excel (Microsoft Professional
Plus, version 2010, Microsoft Corporation).

3. Results and discussion

3.1. Validation of self-diffusion coefficients using molecular dynamic
(MD) simulation

Table 2 shows the comparison of the calculated results of the
self-diffusion coefficients of phenol in water at two temperatures,
373.15 and 423.15K by Plugatyr and Svishchev [17] and this study.
The system size was 503 water molecules and 1 phenol molecule
which is the same as in the literature [17]. The SPC/E potential was
adopted by Plugatyr and Svishchev [17]. However, they did not
mention the potential parameters of phenol in the literature. The
results of this work are almost the same as those of Plugatyr and

[(Fig._1)TD$FIG]

Fig. 1. Structure of ginger bioactive compound (6-gingerol). 6-Shogaol obtains
similar structure except hydroxyl (atoms of number 15 and 16) is replaced by
hydrogen and double bond present between carbon 4 and 5 in the decyl chain.

Table 1
Potential parameters and charges.

Molecule Symbol Atom s (Å) e (kJ/
mol)

q(e) Ref

Water 1 O 3.166 0.481 �0.848 [25]
2 H 0.000 0.000 +0.424

Ginger bioactive
compounds,
phenol and ethanol

3 Car 3.550 0.293 �0.115 [24]
4 Har 2.420 0.126 +0.115
5 Ca 3.550 2.929 +0.150
6 Oa 3.070 0.711 �0.585
7 Ha 0.000 0.000 +0.435
8 Ob 3.000 0.711 �0.385
9 Cb 3.800 0.711 +0.250

10 Cc 3.500 0.276 �0.120
11 Hb 2.500 0.126 +0.060
12 Cd 3.750 0.439 +0.470
13 Oc 3.550 0.293 �0.470
14 Ce 3.500 0.276 +0.265
15 Od 3.120 0.711 �0.683
16 Hc 0.000 0.000 +0.418

Notes: (Car), C in aromatic ring; (Har), H in aromatic ring; (Ca), C in aromatic ring
connected to OH; (Oa), O connected to Ca; (Ha), H connected to Oa; (Ob), O connected
to CH3 and Car; (Cb), CH3 of anisole connected toOb; (Cc), C in alkane chain; (Hb), H in
alkane chain; (Cd), C in ketone; (Oc), O in ketone; (Cd), C in alkane chain connected to
OH; (Od), O in alcohol connected to Ce; (Hc), H in alcohol connected to Od.

Table 2
Comparison of experimental data [17] and MD simulations for self-diffusion coefficients of phenol in water at 25.0MPa.

Temperature (K) Self-diffusion coefficient, D�109 (m2/s) aDeviation (%)

MD simulation [17] MD simulation in this work Experimental data [17]

373.15 2.61 2.55 � 0.02 3.90 �35
423.15 4.72 4.25 � 0.03 6.64 �36

a Compared between MD simulation results in this work with experimental data.
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Svishchev [17] at both temperatures. Table 2 shows the compari-
son of the self-diffusion coefficients of phenol in water at
373.15 and 413.15K between the experimental data [17] and the
calculated results by MD in this work. The deviations at both
temperatures are about 35%. Shvab and Sadus [23] stated that the
deviation values of diffusivities using MD simulation is about 35%
when compared with the experimental data at higher temper-
atures. Yui et al. [30] measured the self-diffusion coefficients of
phenol inwater, but the operating temperaturewas lower than the
subcritical conditions. Still the increment of the self-diffusion
coefficients with temperature is found in their paper. In agreement
with the findings of this work, Wang et al. [35] found the self-
diffusion coefficients calculated byMD simulationwere lower than
those of the experimental data at temperatures higher than 340.0K
for most compounds they studied.

3.2. Factors affecting self-diffusion coefficients

The system size was firstly investigated. The simulated self-
diffusion coefficients of 6-gingerol at 413.15K and 10.34MPa were
1.85�10�9 and 1.77�10�9m2/s for 1000 and 503watermolecules,
respectively. Since the number ofwatermolecules has insignificant
effect on the result of the self-diffusion coefficients (p> 0.05), then,
the number ofwatermoleculeswas fixed to 503with onemolecule
of solute (either 6-gingerol or 6-shogaol) to minimize the
simulation time.

The self-diffusion coefficients depend on a number of factors
such as temperature, solvent properties and solute itself [36]. The
effect of temperature on the self-diffusion coefficients of ginger
bioactive compounds, 6-gingerol and 6-shogaol in subcritical
water is shown in Fig. 2. Both ginger bioactive compound
demonstrates have a similar trend on self-diffusion coefficients
at the lower temperature studied in the range of 353.15 to 393.15K,
respectively. However, at higher temperatures the self-diffusion
coefficients of 6-shogaol are slightly higher than those of 6-
gingerol. The self-diffusion coefficients of 6-gingerol increase from
1.14�10�9 to 2.45�10�9m2/s with increasing temperature from
353.15 to 453.15K. 6-Shogaol demonstrates similar trends as 6-
gingerol where the self-diffusion coefficients increase from
1.18�10�9 to 2.66�10�9m2/s between 353.15 and 453.15K. The
overall trends show the self-diffusion coefficients increases
proportionally with temperature (p<0.05), due to the increasing
of kinetic energy and decreasing density of water as the

temperature increases. Confirming the findings of this work,
Poudyal and Adhikari [37] also found the temperature dependence
of the self-diffusion coefficients of carbonmonoxide inwater using
MD simulation. The self-diffusion coefficients increase from
2.11�10�9 to 4.48�10�9m2/s from 293.15 to 333.15K. The self-
diffusion coefficients of methane in water increase from
2.00�10�9 to 4.00�10�9m2/s as temperature increasing from
300.15 to 350.15K [23]. As compared to 6-gingerol, the self-
diffusion coefficients of methane in water at the same temper-
atures are higher since methane is much smaller than the ginger
bioactive compounds.

The temperature dependency of the self-diffusion coefficients
can be described by Arrhenius equation. The activation energy
which gives information on the interaction between solute and
solvent is related to the self-diffusion coefficients through
Arrhenius equation. The relationship of the self-diffusion coef-
ficients, activation energy and temperature is expressed by
Arrhenius equation as follows:

lnD ¼ lnD0 � Ea
RT

(8)

where D and D0 are the self-diffusion coefficients at given
temperature and the initial self-diffusion coefficient, respectively,
Ea is the activation energy, and R is the universal gas constant
(8.314 kJ/mol K). By plotting lnD versus 1/T, the activation energies
and initial diffusivities of the ginger bioactive compounds were
determined. The linear correlations of lnD versus 1/T are obtained
as shown in Fig. 3. The activation energies for 6-gingerol and 6-
shogaol are 9.9 and 12.3 kJ/mol, respectively. The activation energy
of 6-gingerol is lower than that of 6-shogaol because it has higher
molecular weight (294.39). The activation energy of trans-
resveratrol is 29.0 kJ/mol [38], which is higher than those of 6-
gingerol and 6-shogaol since it has lower molecular weight of
228.2. The correlation of self-diffusion coefficients and molecular
weights has been postulated by Martins et al. [39] in their paper.

The discrepancy of the activation energies between 6-gingerol
and 6-shogaol could be explained by the properties of the
compounds itself. The higher activation energy calculated for a
particular compound indicates the lower reaction rate of that
compound [40]. 6-Gingerol has hydroxyl group that should further
enhance the interaction of its compound with subcritical water.
But, as mentioned earlier subcritical water at higher temperature
changes its properties to become slightly polar or nonpolar thus
the expected enhanced interaction between water and 6-gingerol

[(Fig._2)TD$FIG]
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Fig. 2. Self-diffusion coefficients of ginger bioactive compounds as a function of
temperature in subcritical water.
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is not observed due to the weaken OH charges in the solvent. This
findings is confirmed by Carr et al. [41] which found that
compounds with fewer hydroxyl group tends to have higher yield
that also results on the higher diffusion coefficients. This can be
related to 6-shogaol which has lower hydroxyl group compared to
6-gingerol.

The Wilke–Chang equation is widely used to correlate the self-
diffusion coefficients of solute A in solvent B. The equation is
expressed by the following equation [42]:

D ¼ 7:4� 10�8 fMwBð Þ1=2T
hBV

0:6
A

(9)

where MwB is the molecular weight of water, T is the temperature,
hB is the viscosity of water, VA is the molar volume of solute at its
normal boiling temperature, and f is the association factor of
water (f =2.6). The following equation can be obtained.

lnD ¼ ln
7:4� 10�8 fMwBð Þ1=2T

hB
� 0:6lnVA (10)

The first term of right-hand side in Eq. (10) can be calculated
from the properties of water and temperature. The densities of
organic liquids are almost the same. Thus, one can assume that the
molar volume of solute at its normal boiling temperature is
proportional to the molecular weight of solute. From Eq. (10), lnD
versus lnMw can be explained by a straight linewith slope of�0.6.
Fig. 4 shows the correlation of diffusion coefficients for various
soluteswithmolecularweights,Mw inwater as solvent at 298.15K.
TheWilke–Chang equation (the slope is �0.6 which is represented
by a solid line) is useful for relatively small solutes.

Over the wide range of molecular weights of solutes from
41.05 of acetonitrile to 691.03 ofmalvidin-3,5-diglucoside chloride,
the diffusion coefficients at 298.15K are proportional to Mw�1.0.
The correlation is not the same as the empirical correlation of
Wilke–Chang [42] with the slope of �0.6 (represented by a solid
line). The discrepancy is due to the association of the interaction of
high molecular weight compounds such as (-)-epicatechin,
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peonidin-3-glucoside chloride and malvidin-3, 5-diglucoside
chloride with water. The aggregation of solutes would increase
the substantial molar volumes of solvents [43]. Thus, the D of
solute in water is primarily controlled by the molecular size and
secondly by the interaction of solute and solvent [44].

Therefore, by multiplying the factor Mw1.0 to D which, the
trends for various solutes with temperature could be investigated

as shown in Fig. 5. It also can be seen the diffusion coefficients of all
solutes are close to each other since the values are the same
magnitude of order at givenparticular temperatures. A straight line
could be observed for phenol even though at higher temperature of
480.15K because of the lower molecular weight of 94.01. In
contrast, the inconsistency of DMw was illustrated for the larger
molecular size compounds such as peopeonidin-3-glucoside
chloride and malvidin-3,5-diglucoside chloride. The other factor
that contributes to the distortion of diffusion coefficients for
peopeonidin-3-glucoside chloride and malvidin-3,5-diglucoside
chloride is the ionic properties of those solutes. Thus, these
compounds have tendency to create small electric field in hot
water [12].

Fig. 6 shows the self-diffusion coefficients of ginger bioactive
compounds as a function of the percentage of ethanol from 0 to
10mol% in subcritical water. The total number of molecules of
ethanol +water in the cell were fixed to 500 molecules. The
individual number of molecules, i.e. ethanol and water depend on
the percentage of ethanol in the system. One molecule of the
ginger bioactive compounds was added in the cell. Ethanol has
been chosen as entrainer in this study since it has been identified
as the best organic solvent in extracting the ginger bioactive
compounds [48] and relatively safe to be use in food due to its low
toxicity. From the MD simulation, the self-diffusion coefficients of
both 6-gingerol and 6-shogaol increasewith increasing percentage
of ethanol. The self-diffusion coefficients of 6-gingerol increase
from 1.71�10�9 to 3.00�10�9m2/s with increasing the percent-
age of ethanol. This is in agreement with the results by Pa�rez et al.
[13] which indicated that the diffusion coefficients increase by the
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addition of a third compound, however the diffusion coefficients
are within the same order of magnitude. The increment of self-
diffusion coefficients in this study is not much higher although the
entrainer has been introduced. This is because of the properties of
subcritical water that appropriate to extract ginger bioactive
compounds. The solvent that been used in extract the compounds
should conform the principle of ‘like dissolve like’ [4]. Thus, the
results indicate that 6-gingerol is a slightly non-polar compound
that requires enhancement of self-diffusion coefficients through
the introduction of ethanol in subcritical water. Similar trend can
be observed for 6-shagoal in which the self-diffusion coefficients
increase from 2.11�10�9 to 4.05�10�9m2/s when ethanol is
introduced in the subcritical water up to 10%. This is due to the
similar structure between the two compounds. The fluctuation of
self-diffusion coefficients of the ginger bioactive compounds was
observed with increasing the percentage of ethanol due to the
fluctuation of local densities of ethanol around the ginger active
compounds. It was observed that the fluctuations of the self-
diffusion coefficients for both ginger bioactive compounds are
identical at 7mol% indicating a similar solute solvent interaction.

3.3. Radial distribution function

3.3.1. Effect of temperature
In order to investigate the interaction of ginger bioactive with

solvent, the radial distribution function (RDFs) were studied. Fig. 7
shows the calculated results of RDFs between the centres of mass
of 6-gingerol and water at 373.15, 413.15, and 453.15K by MD

simulation. As shown in Fig. 7, the increasing temperature does not
significantly affect the RDF. Only the results of 6-gingerol will be
further discussed since 6-shogaol has similar trends with 6-
gingerol.

3.3.2. Effect of ethanol as entrainer in subcritical water
As mentioned earlier, the self-diffusion coefficients of ginger

bioactive compounds in subcritical water with ethanol are higher
than those in subcritical water in the absence of ethanol. Fig. 8
shows the RDFs between centres of mass of 6-gingerol and water
for binary system, and those of 6-gingerol and ethanol in aqueous
solutions at 413.15K. From the figure, the RDF between centres of
mass of 6-gingerol and ethanol are shown in a broad peak and
higher than unity. This indicates that the interaction of the ginger
bioactive compound with the presence of ethanol in subcritical
water was stronger than absence of ethanol. In contrast, no peak is
observed for the RDFs between centres of mass of 6-gingerol and
water. The RDFs are related with the self-diffusion coefficients
which increases with the presence of ethanol. The RDFs describe
the interaction of solvent that surrounded the ginger bioactive
compounds. Ethanol has a weak network bonding compared to
water thus the ginger bioactive compounds easy to move by
addition of ethanol. The self-diffusion coefficients increase with
increasing the concentrations of ethanol in water. As claimed by
Carr et al. [41], the interaction of solute depends on the degree of
conjugation of the aromatic rings, position of hydrogen bonding
side groups around the rings and the presence of the side group in
each compound. The interaction between the ginger bioactive
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compounds and solvent increases with the presence of ethanol
since the ginger bioactive compounds are larger compounds with
aromatic ring, alkane chain and hydroxyl group as main groups.
The fluctuation of RDFs between 6-gingerol and ethanol in aqueous
solutions is due to the small number of samplings. The number of
ethanol molecules aremuch smaller than those of watermolecules
in the aqueous solutions.

3.3.3. Comparison of RDFs for 6-gingerol in water and ethanol
The RDFs between each site for 6-gingerol and water for binary

system, and those and ethanol in 7mol% ethanol aqueous solution
are also identified at 413.15K. Themain sites discussed are carbons
in aromatic and alkane chain, hydroxyl group, anisole (O��CH3)
and ketone (C¼O). Fig. 9 shows the RDFs between carbon in
aromatic and alkane chain for 6-gingerol and water, and those for
6-gingerol and ethanol. As shown in Fig. 9(a) and (c), the peaks of
the RDFs between both the sites for 6-gingerol andwater are broad,
and the heights are less than unity. It means that the interactions of
both the sites with water are weak. On the other hand, the
interactions of both the sites with ethanol are stronger than those
with water because of the peak heights of the RDFs between both
the sites for 6-gingerol and ethanol are higher than unity as shown
in Fig. 9(b) and (d).

The RDFs between alcohol sites (Ha and Oa) for 6-gingerol and
water sites, and those for 6-gingerol and ethanol sites are shown in
Fig. 10. Similar trends can be observed for the RDFs between Ha for
6-gingerol and ethanol sites and the RDFs between Oa for 6-
gingerol and ethanol sites. However, the different trends for the

RDFs between Ha for 6-gingerol and H for water and the RDFs
between Oa for 6-gingerol and O for water. In Fig. 10(a), two peaks
appear for Ha–O indicates that the hydrogen bond is found at first
and second outer shell. The maximum g(r) is observed at the first
outer shell which is 1.1 at 1.9Å. However, the g(r) for second outer
shell is less than unity thus shows that theweak interaction occurs
in this outer shell. While for Oa–O, only one peak appears at
r =2.75Å with g(r) of 1.492 which is associated with a weak
interaction with water from an outer first solvation shell
interaction.

Fig. 11 shows the RDFs between anisole site for 6-gingerol and
water sites, and those and ethanol sites. Similar to the previous
sites, the broad peak is observed for the RDFs between anisole site
for 6-gingerol and ethanol sites, and the g(r) is higher than unity.
Indeed, the interaction of this site with ethanol is higher than that
with water due to the g(r) of this site with ethanol is 1.7, and that
with water is only 1.0. From Fig. 11(a), the presence of hydrogen
bonds at Ob–H shows that the interaction still arises at this site
although the g(r) is less than unity. As shown in Fig. 11(c), the
positions of the peaks for hydrogen and oxygen are almost the
same for each site indicating the water molecules are located
randomly around the site. Only one peak is observed from the
figurewhich is at the outer of first hydration shell for Cbwithwater.
The peak heights of RDFs for Cb–O and Cb–H are 1.441 and 1.057 at
3.6Å, respectively. The carbon site in anisole has larger space and
more atoms surrounding it i.e. CH3 in this site are compared to
oxygen site of anisole. Thus, the interaction of Cb is higher than Ob

for both with water and ethanol.
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Figs. 12(a) and 10(b) represent the RDFs graph of Oc–water and
Oc–ethanol atomic pairs. It is clear that the interaction of this site
with ethanol is higher than that with water. The peaks of g(r) for
Oc–water can be observed. However, the heights are lower than
unity. Water molecules cannot easy to come around the site
because the alkane chain blocks the water molecules to come
around to the ketone site. As shown in Fig. 12(c), the positions of
the peaks for hydrogen and oxygen are almost the same for each
site. Water molecules are located randomly around the site.

4. Conclusion

The self-diffusion coefficients of ginger bioactive compounds
were predicted by the molecular dynamics simulation. Tempera-
ture significantly affects the self-diffusion coefficients of ginger
bioactive compounds which proportionally increase with temper-
ature about two folds from 1.14�10�9m2/s at 353.15K to
2.66�10�9m2/s at 453.15K. The self-diffusion coefficients of 6-
gingerol and 6-shogaol in water with the presence of ethanol as
entrainer indicate the enhancement of self-diffusion coefficients
and is related to the percentage of ethanol presence in subcritical
water. The studies of the radial distribution functions (RDFs) of 6-
gingerol in water with the presence of ethanol as entrainer shows
that ethanol plays an important role in changing the interaction of
compounds with bulk solvent. The interaction between ginger
bioactive compounds and solvent (subcritical water) increases
with the presence of ethanol. Thus, the self-diffusion coefficients of
the ginger bioactives increase by introducing ethanol as entrainer.

This information can be further utilized to design an effective
extraction process through further correlational study on effective
diffusion coefficients.
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