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Abstract: Bioactive compound, namely piperine, was
extracted from Sarawak black pepper using supercritical
carbon dioxide extraction. Experiments were carried
out in the range of 3,000–5,000 psi (20.7–34.4 MPa)
pressures, 318–328 K temperatures, 0.4–1 mm mean parti-
cle sizes and 5–10 ml/min carbon dioxide flow rates.
Experimental data analysis shows that extraction yield
is mainly influenced by pressure, particle size and
coupled-interactions between these two variables.
Extraction process was modeled accounting for intraparti-
cle diffusion and external mass transfer. The kinetics para-
meters for the internal and external mass transfers were
evaluated and estimated. Mass transfer correlation was also
developed. From simulation results, good agreement
between experimental and simulated data has been found.
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1 Introduction

Pepper, being the “King of Spices,” is invariably popular as
an ingredient in sauces, seasonings and condiments.
Among the best peppers in the world, Malaysian pepper is
one of them. Pepper has been cultivated in Malaysia for
more than 100 years and this agricultural crop has placed
Malaysia as one of the leading pepper producer in the world.
The state of Sarawak accounts for 95% of Malaysia total
production [1] and this figure is about 25,000 tones annual

production rate. Generally, there are two main types of
peppers produced in Sarawak: black and white peppers
(Figure 1(b) and 1(c)) where black pepper contributes to
70% to 75% of the total production of Sarawak pepper [1].

Black pepper (Piper Nigrum L. (fam. Piperaceae)) is
derived from the pepper plant as shown in Figure 1(a).
It is a large woody vine where it can grow to the heights
of more than 30 feet in the hot and humid climates. The
benefits of black pepper are believed exceeding far
beyond its ability to add great taste to a wide variety of
dishes. Some scientific studies suggested that black pep-
per may have a number of important health benefits and
one of the most important benefits is its ability to
improve digestive system and promote intestinal health
[3, 4]. Moreover, recent research indicates that piperine,
the major bioactive compound in the black pepper
extracts, may act as antidepressant, antioxidant, anti-
proliferative and a pain-relief agent [5]. Additionally,
black pepper also contains approximately 2%–6% essen-
tial oil [1], where it plays a major role in the manufacture
of perfumery and confectionery products. Therefore, the
extracted oils of black pepper have sufficient resources
for nutraceutical medicines and specialty chemicals.

Beside its promising medical benefits above, another
advantage of having black pepper oil is that it can be stored
easily and safely than ground pepper [5]. Hence, there is
much interest in its extraction and recovery procedures.
Steamdistillation has traditionally beenapplied for essential
oils recovery from plant materials. However, the use of these
hydrodistillation methods, involving high temperature pro-
cess, may cause chemical alteration of the compounds and
these heat-sensitive compounds can be easily affected.
Hence, the quality of the extract is severely impaired [6–9].

Other alternative methods to isolate heat-sensitive nat-
ural active compounds are solvent extraction techniques
using organic solvents such as hexane or dichloromethane.
However, the massive wide scale use of organic solvents as
separation (extraction) agents by a diverse of global indus-
tries have been viewed as a serious threat to the environ-
ment. Consequently, there are pressures for industry to
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adopt new sustainable process which do not require the
use of environmentally damaging organic solvents. In this
regard, supercritical fluid extraction has been sought as an
alternative to the conventional extraction methods.
Supercritical fluid extraction is an attractive technique
because of its effectiveness, rapidness and non-toxicness.
The use of supercritical fluids, especially carbon dioxide, in
the extraction of plant volatile components has increased
during the past two decades due to the expected advan-
tages of the supercritical extraction process above.
Therefore, nowadays, supercritical fluid extraction techni-
que has gained popularity in bioactive compounds recov-
ery from plant materials as indicated by numerous
publications in the past 10 years [6–14]. These include
isolation and recovery of bioactive compounds from black
pepper.

Extraction of bioactive compounds from pepper is a
series of mass transfer processes. The mechanisms of
these mass transfer processes consist of two main steps:
internal and external mass transfers. Internal transfer is
the diffusion of bioactive compounds from the interior
sides to the surface of the solid particle of pepper. Then,
the compounds cross the particle film, separating the
particle surface from the fluid, travel to the fluid phase
and diffuse within the flow of the fluid phase in the super-
critical extraction bed (external transfer). These mechan-
isms can be represented by kinetic mathematical models
and they can be solved to obtain the kinetics parameters
(mass transfer coefficients). These appropriate models and

the kinetics parameters can be utilized to facilitate the
scale-up from laboratory data into industrial design.

A number of researchers have conducted supercriti-
cal carbon extraction of black pepper [1, 15–23]. Among
these existing works, few efforts also have been made in
addressing mass transfer modeling and kinetics of super-
critical carbon dioxide extraction of black pepper oil [17–21].
However, despite their promising results on the mod-
eling and kinetics studies, most of these works only
focus on finding mass transfer coefficients. To date,
the publications on the establishment of mass transfer
correlation for supercritical fluid extractions are limited
to extraction of wood [24], roasted peanut oil [25],
evening primrose [25, 26], rapeseed, rosehip seed and
olive husk [27], valerian root oil [28], microalgae [29]
and palm oil kernel [30]. Meanwhile, publications of
mass transfer correlation for black pepper oil extraction
using supercritical fluid are very scarce. Therefore, in
this work, experimental study and an integrated mass
transfer modeling in finding both mass transfer coeffi-
cients and correlation are presented.

2 Experimental

2.1 Materials

Ground black peppers with mean diameters of 0.4 mm,
0.8 mm and 1 mm were obtained from Malaysia Pepper

(b) 

(c) 

(b) 

(a) 

Figure 1 Pictures of pepper berries and black and white peppers [2]. (a) Pepper berries. (b) Black Pepper. (c) White pepper
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Board. Physical properties of the different types of black
pepper are shown in Table 1. The carbon dioxide used in
this study was supplied by Eastern Oxygen Industrial
Sdn. Bhd., with a purity of 99.99%.

2.2 Apparatus

The apparatus used in the experiment is a bench-scale appa-
ratus of Supercritical Fluid Technology Model 100 as shown
in Figure 2. It consists of a dual pistol pump producing high
pressures required for supercritical fluid work, a 100 ml
extraction chamber with 12,000 psi of design pressure and
a restrictor valve providingprecise control overCO2 flow rate.
The liquid CO2 is circulated through a pre-heating coil where
it is heated to a supercritical condition depending on the
operating pressure set in the extraction column. CO2 rapidly
diffuses into the porous particles, dissolves the bioactive

compounds and moves across a resistant film between the
solid surface and the bulk liquid.

2.3 Methods

In a typical experimental run, 40 g of ground Sarawak
black pepper was placed into the extraction vessel. Fiber
glass wool (thickness ¼ 5 mm) was also placed on both
sides of the column to prevent tubing blockage. Leak test
was performed to every nozzle of the tubing system
before the experiment. The column was then heated and
pressurized to the particular parameters. Static extraction
was carried out by soaking the pepper particle in super-
critical CO2 for 10 minutes. Saturated CO2 was drained out
by twisting the restrictor valves while the solvent was
continuously pumped to the chamber with specified
flow rate to maintain the pressure set point. Amber col-
lecting vial was used to collect the extracted oil as bioac-
tive compounds are sensitive to light. The collection steps
were completed when the solvent was drained out with
analyte and the column was re-pressurized for the next
cycles of experiments. The collected extract was weighted
at the end of each cycle. The process was ended when the
increment of solute mass is less than 0.15 wt%.

Experiments were performed for various coupling of
parameters: pressures of 20.7 MPa (3,000 psi), 27.6 MPa
(4,000 psi) and 34.4 MPa (5,000 psi); temperatures of 318

Figure 2 Schematic diagram of experimental apparatus and setup for liquid carbon dioxide extraction [31]

Table 1 Physical properties of different types of Sarawak black
pepper [1]

Types of black pepper Source Essential
oil, wt%

Density,
g/cm3

Low-density Sarawak
pepper

Malaysia/Sarawak
pepper board

3–6 0.9301

High-density Sarawak
pepper

Market 2–3 1.276
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K (45°C), 323 K (50°C) and 328 K (55°C); mean particle
sizes of 0.4 mm, 0.8 mm and 1 mm; and solvent flow
rates of 5 ml/min, 7.5 ml/min and 10 ml/min.

3 Experimental results

3.1 Extraction curve

To develop extraction curve, experiments were conducted
until constant mass of solute in the extract is reached. The
extraction yieldwas plotted against extraction time to obtain
an extraction curve as shown in Figure 3. The curvewas then
comparedwith the extraction curves fromZhiyi et al. [21] and
it is evident that all curves indicate similar patterns. As seen
in this figure, it is obvious that the extraction process con-
sists of three periods of extractions, and these are consistent
with extraction curves from other literatures [19, 32].
(i) Constant extraction rate (CER): At this period, extrac-

tion of easily accessible oil occurs. Therefore, the
highest extraction rate is achieved at this period as
represented by the highest slope compared with
slopes in other regions. Mass transfers mainly depend
on the solute solubility on those particular operating
conditions.

(ii) Falling extraction rate period (FER): The extraction
rate begins to decelerate due to depletion of the
easily accessible oil at the early stage of the fixed
bed column.

(iii) Diffusion-controlled period (DC): Solvent diffuses
into porous particle to dissolve the compounds
trapped in the solid substratum and then back-
diffuses the dissolved compounds to the solvent.
DC period is continued until the entire bioactive
compounds in the solid particle is extracted. Low
extraction rate is observed as represented by a flat
line (almost constant extraction rate).

3.2 Statistical analysis

Design-Expert Software was used to perform statistical
analysis of the experimental results. Two-factor interac-
tion model was selected to present the extraction yield.
Eq. (1) illustrated the experimental results by considering
linear effect and two-factor interaction of the parameters,
where T is temperature in °C, P is pressure in psi, Q is CO2

flow rate in ml/min and dp is particle size in mm.

Extraction yield ¼ 1:824� 0:036 T þ 4:901 � 10�4P

� 0:202 Q� 1:56 dp � 3:92 � 10�6TP

þ 3:271 � 10�3TQþ 0:038 Tdp

þ 1:36955 � 10�5 � 2:54 � 10�4Pdp

þ 2:73 � 10�3Qdp
(1)

The analysis of variance (ANOVA) for linear model
with interaction terms for each parameter, namely tem-
perature (T), pressure (P), solvent flow rate (Q) and
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Figure 3 Extraction curve
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particle size (dp) and their two-factor combinations
toward the extraction yield is presented in Table 2. It is
analyzed that P, Q, dp, Tdp and Pdp are the significant
factors with confidence level >95%. ANOVA in Table 1
also indicates that operating pressure and black pepper
particle size are two main influencing variables (repre-
sented by their mean squares are much greater than
P-values), followed by Pdp interaction. Meanwhile, sol-
vent flow rate and Tdp interaction have the moderate
influences to the extraction process.

4 Mathematical modeling

The following assumptions were used to develop the
process models [21]: (i) Uniform pepper particle size in
spherical shape was used. (ii) All the components to be
extracted behave similarly in the mass transfer and
therefore could be described by a single component
called the “solute.” (iii) CO2 flows uniformly through
every section of the extractor. Pressure drop and tem-
perature gradients within the column were neglected.
(iv) Volume of concrete remains the same. (v) Pepper
oil in the mobile phase is the function of time and height
of the extractor.

Flow diagram for a packed bed extraction column,
internal structure of the solid particle and concentration
profile of the solute within particle and fluid film can be
seen in Figure 4. In this work, the kinetic mathematic
models were derived based on the two main mechanisms
taken place during oil extraction processes: internal and
external mass transfers.

4.1 Internal mass transfer model

Internal mass transfer phenomenon is illustrated by
Figure 5. According to mass balance theory

Rate of

solute mass in

� �
� Rate of

solute mass out

� �

þ Rate of generation

of solute mass

� �
¼ Rate of accumulation

of solute mass:

� �

(2)

Since there is no mass generation during the process,
therefore the terms rate of generation of solute mass is
equal to zero. Eq. (2) becomes

Rate of
solute mass in

� �
� Rate of

solute mass out

� �
¼ Rate of

accumulation

� �

(3)

The internal mass transfer model then can be
obtained by applying Fick’s law of diffusion on eq. (3):

@Cp

@t
¼ �De

@Cp

@r

� �
4πr2
� �� �De

@Cp

@r

� �
4πðr þ ΔrÞ2
h i

(4)

Rearrange eq. (4) and divide it by Δr2:

@Cp

@t
¼

De
@Cp

@r

� 	
4π r þ Δrð Þ2
h i

� De
@Cp

@r

� 	
4πr2ð Þ

Δr2
(5)

Taking the limit as Δr→0 gives the final internal mass
balance equation:

@Cp

@t
¼ De

r2
@

@r
r2
@Cp

@r

� �
(6)

Table 2 ANOVA of the experimental data

Source Sum of squares Degree of
freedom

Mean square F-value P-value

Model 1.71 10 0.17 26.23 <0.0001
T 1.46 � 10−4 1 1.46 � 10−4 0.022 0.8826
P 0.85 1 0.85 130.19 <0.0001
Q 0.036 1 0.036 5.57 0.0297
dp 0.73 1 0.73 112.01 <0.0001
TP 4.112 � 10−3 1 4.112 � 10−3 0.63 0.4368
TQ 0.018 1 0.018 2.76 0.1142
Tdp 0.036 1 0.036 5.54 0.0302
PQ 0.013 1 0.013 1.93 0.1815
Pdp 0.065 1 0.065 9.94 0.0055
Qdp 4.656 � 10−5 1 4.656 � 10−5 7.161 � 10−3 0.9335
Residual 0.12 18 6.501 � 10−3

Lack of fit 0.12 17 6.872 � 10−3 33.68 0.1348
Pure error 2 � 10−4 1 2.04 � 10−4
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On the assumption that initially the solvent is solute free
and all particles have same initial solute content, then
the boundary conditions for the system are:

@Cp

@r
¼ 0 at r ¼ 0 (7)

De
@Cp

@r

� �
¼ kc Cf � Cp


 �
at r ¼ R (8)

4.2 External mass transfer model

External mass transfer of pepper oil can be described as
the movement of pepper oil outside the solid particle as
shown in Figure 6. This external mass transfer consists of
two processes: mass transfer of solute from the surface of
particle to the solvent by convection and diffusion of
pepper oil in the bulk flow of solvent.

Figure 4 Flow diagram for a packed bed extraction column, internal structure of the solid particle and concentration profile of the solute
within particle and fluid film [33]

Internal mass
transfer 

r + ∆r
R

r

Figure 5 Pepper particle model for internal mass transfer

z
z + ∆z
∆z

z = 0

z = L

CO2

Extract

Figure 6 External mass transfer process
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By assuming that only diffusion to axial direction
(z-direction) is significant and A is the cross-sectional
area of the column, hence, mass balance of external
mass transfer applied in the control volume A. Δz, is

Rate of solute mass in

and out by convection

� �
þ Rate of solute mass in

and out by diffusion

� �

þ Rate of mass transfer

across the film to solvent

� �

¼ Rate of accumulation

of solute mass:

� �
(9)

By applying Fick’s law of diffusion and steady-state pro-
cess occurs, eq. (9) becomes

uACf

��
z�uACf

��
zþΔz

� 	
þ �DLA

@Cf

@z

� �����
z
� �DLA

@Cf

@z

� �����
zþΔz

 �

� 1� "

"
ΔzA

3kc
R

ðCf � CpÞ
 �

¼ uA
@Cf

@t

(10)

By rearranging eq. (10), dividing it by A. Δz and taking the
limit as Δz→0, the final external mass balance equation is:

@Cf

@t
þ u

@Cf

@z
¼ DL

@2Cf

@z2
� 1� "

"

3kc
R

ðCf � CpÞ
 �

(11)

The initial conditions given as follows:

Cf ¼ 0 at t ¼ 0 (12)

Meanwhile, boundary conditions at the inlet of column as
well as at the outlet condition are as follows [34]:

uCf � DL
@Cf

@z
¼ 0 at z ¼ 0 (13)

@Cf

@z
¼ 0 at z ¼ L (14)

For the purpose of simplicity, it is easier to analyze variables
in the differential equations above in dimensionless form.
Therefore, several dimensionless groups are defined [34].

Xf ¼ Cf

Csat
; Xp ¼ Cp

Csat
; � ¼ r

R
; Z ¼ z

L
;

a ¼ uR2

DeL
; θ ¼ De

R2

� �
t; Pe ¼ uL

DL
; Bi ¼ kcR2

DeL

(15)

With these dimensionless groups, eq. (6) becomes

@Xp

@θ
¼ 1

�2
@

@�
�2
@Xp

@�

� �
(16)

and its dimensionless boundary conditions are

Xp ¼ 1 at � ¼ �c (17)

@Xp

@�

� �
�¼1

¼ Bi Xf � Xpð1Þ

 �

(18)

Meanwhile, eq. (11) becomes

@Xf

@θ
þ a

@Xf

@Z
¼ a

Pe
@2Xf

@Z2 � 1� "

"

3Bi Xf � 1
� �

1� Bi 1� 1
�c

� 	
2
4

3
5 (19)

and its dimensionless boundary conditions are

Xf ¼ 0 at θ ¼ 0 (20)

Xf � 1
Pe

@Xf

@Z
¼ 0 at Z ¼ 0 (21)

@Xf

@Z
¼ 0 at Z ¼ 1 (22)

4.3 Finite difference approximation

The dimensionless partial differential models in eqs. (16)
and (19) need to be numerically solved by applying finite
differential analysis (FDA). Through FDA using Crank-
Nicolson method, the matrix forms of the partial differ-
ential equation can be obtained and by using initial and
boundary conditions they are solved to obtain solute
concentrations within the solid and extract. Crank-
Nicolson method was chosen since it performs better
than explicit and implicit approaches [35]. The matrix
forms of FDA analyses for eqs. (16) and (19) are shown
as follows. Eq. (16) becomes

1þ 2Δ�
�

 �
Xp iþ1; jþ1
� �þ �2� 2ðΔ�2Þ

Δθ

 �
Xp i; jþ1
� �

þ 1� 2Δ�
�

 �
Xp i�1; jþ1
� � ¼ � 1þ 2Δ�

�

 �
Xp iþ1; j
� �

� �2þ 2ðΔ�2Þ
Δθ

 �
Xp i; j
� �� 1� 2Δ�

�

 �
Xp i�1; j
� �

(23)

and eq. (19) becomes

a
Pe

� a ΔZð Þ
h i

Xf iþ1;jþ1
� �

þ �2
a
Pe

� ΔZ2� �
C � 2

ðΔZ2Þ
Δθ

 �
Xf i;jþ1
� �

þ a
Pe

þ a ΔZð Þ
h i

Xf i�1;jþ1
� � ¼ � a

Pe
� a ΔZð Þ

h i
Xf iþ1;j
� �

� 2
a
Pe

� ΔZ2� �
C þ 2

ðΔZ2Þ
Δθ

Xf i;j
� �

a
Pe

þ a ΔZð Þ
h i

Xf i�1;j
� � � 2 ΔZ2� �

C

 �

(24)
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4.4 Mass transfer coefficients

Using experimental data, eqs. (23) and (24) were solved
simultaneously to obtain predicted solute concentration
in the solid’s pore and extract. To do so, three coefficients
in the square brackets [] need to be determined first.
These coefficients are important mass transfer coeffi-
cients: the effective molecular diffusion coefficient within
the solid (De), convective mass transfer coefficient from
solid surface to the solvent (kc) and axial diffusivity coef-
ficient of solute in the solvent (DL). External mass transfer
coefficient (kc) was determined by trial-and-error method
which is outlined in Figure 7. These procedures were
performed using MATLAB 7.1 software.

The effective molecular diffusion coefficient, De (m
2/s),

can be estimated using [8]:

De ¼ D12"p
2� "p

(25)

where D12 is the molecular diffusion coefficient (m2/s)
and "p is the internal particle porosity.

The molecular diffusion coefficient, D12 can be calcu-
lated using the Wilke and Chang equation [34]:

D12 ¼ 1:173� 10�13 ðβMÞ0:5T
μV0:6 (26)

where β is the solvent association constant, M is the
molar mass of solvent (kg/kmol), T is the solvent tem-
perature (K), μ is the solvent viscosity (mNs/m2) and V is
the solute molar volume at boiling point (m3/kmol).

For axial diffusion of solute in the solvent, dispersion
coefficient, DL is formulated as follows [34]:

DL ¼ uzdp
" Pe

(27)

where Pe is the Peclet number which can be calculated
by:

Pe ¼ 0:2
"

þ 0:011
"

ð"ReÞ0:48 (28)

Lastly, overall mass transfer coefficient (kp) is sometimes
preferable rather than individual coefficients such as
De, kc and DL. This overall mass transfer coefficient,
kp, is estimated according to Zhiyi et al. [21]:

kp ¼ 5kc
5þ Bi

(29)

Figure 7 Procedures to obtained external mass transfer coefficient (kc)
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with

Bi ¼ kcR
De

(30)

5 Simulation results and
discussion

Modeling and simulation were performed by solving
eqs. (23) and (24). Parameters and constants used in
these modeling and simulations are summarized in
Tables 3 and 4.

5.1 Mass transfer coefficients

The values of the estimated mass transfer coefficients are
summarized in Table 5.

The values are consistent with the data from Araus et
al. [38], de Valle and de Fuente [33], Ndocko et al. [8], de
Valle et al. [27], Fiori [39], Spricigo et al. [40], Salimi et al.
[28] and Uquiche et al. [41], where typical effective diffu-
sion coefficients for different systems of plant materials
origin are in the range of 10−13 and 10−7. Therefore, the
results from this work are within the range and consid-
ered acceptable. The values of kc and DL are also compar-
able with the ones found in other similar systems. Table 6

Table 3 Parameters used in modeling and Simulation (interpolated
from data provided by Macías-Sánchez et al. [29])

P, psi T, °C ρ, kg/m3 µ, kg/m.s

3,000 45 817.4036 7.6 � 10−5

50 789.9508 7.11 � 10−5

55 760.1348 6.67 � 10−5

4,000 45 871.8662 8.6 � 10−5

50 849.9286 8.21 � 10−5

55 827.0066 7.84 � 10−5

5,000 45 913.1463 9.58 � 10−5

50 894.7122 9.18 � 10−5

55 876.0018 8.81 � 10−5

Table 4 Constants used in modeling and simulation

Constant Symbol Value

Solvent association constant* Β 1
Solvent molar mass (kg/kmol)* M 44.01
Piperine density (kg/m3)** ρp 1,193
Piperine molar mass (kg/kmol)** Mp 285.34
Internal porosity*** εp 0.3
Column cross-sectional area (m2) A 7.07 � 10−4

Bed height (m) L 0.14
Internal diameter of the column (m) D 0.03
Bed voidage**** Ε 0.4

Source: *Geankoplis [36], **Wikipedia [37], ***Zhiyi et al. [21],****Goto
et al. [34].

Table 5 Mass transfer coefficients

Operating conditions D12, m
2/s De, m

2/s kc, m/s kp, m/s DL, m
2/s

T ¼ 45°C 1.24 × 10−9 2.52 × 10−10 2.38 × 10−4 1.17 × 10−5 5.45 × 10−5

P ¼ 5,000 psi
dp ¼ 0.8 mm
Q ¼ 5 ml/min

T ¼ 55°C 1.15 × 10−9 2.35 × 10−10 4.22 × 10−4 2.83 × 10−5 4.38 × 10−5

P ¼ 4,000 psi
dp ¼ 0.4 mm
Q ¼ 7.5 ml/min

T ¼ 55°C 1.22 × 10−9 2.47 × 10−10 3.24 × 10−4 2.49 × 10−5 3.08 × 10−5

P ¼ 5,000 psi
dp ¼ 0.4 mm
Q ¼ 5 ml/min

T ¼ 45°C 9.82 × 10−10 2.00 × 10−10 3.78 × 10−4 1.49 × 10−5 9.68 × 10−5

P ¼ 3,000 psi
dp ¼ 0.8 mm
Q ¼ 10 ml/min

T ¼ 50°C 1.08 × 10−9 2.2 × 10−10 2.87 × 10−4 1.11 × 10−5 9.13 × 10−5

P ¼ 4,000 psi
dp ¼ 1 mm
Q ¼ 7.5 ml/min
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summarizes comparisons of mass transfer coefficient
values obtained from this study and other works.

From the tables above, it is also evident that the
values of both internal (D12 and De) and external (kc and
DL) mass transfer coefficients varies depending on oper-
ating conditions. Therefore, optimal operating conditions
are essential to ensure the optimal extraction processes.

5.2 Mass transfer correlations

There are few existing mass transfer correlations for
supercritical fluid flow inside the packed bed. Lim et al.
[47] proposed eq. (31) to describe mass transfer correla-
tion between fluid and solid in a packed bed.

Sh ¼ f Re; Sc; Grð Þ (31)

where Sh is Sherwood number, Re is Reynold number, Sc
is Schmidt number and Gr is Grashof number. Re and Sc
are defined by eqs. (32) and (33).

Re ¼ uz � dp � ρ
"� μ

(32)

Sc ¼ μ
ρ� D12

(33)

The relation between Sherwood number, Sh, and external
mass transfer, kc (m/s) can be defined by equation
below [8]:

Sh ¼ kcdp
D12

(34)

where dp is the particle’s diameter (m).

Figure 8 Procedures to obtain optimum values of mass transfer correlation parameters (a, b and c)
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It has been agreed that at the same Reynold number,
the effect of buoyant forces in supercritical fluids is more
significant compared with in normal liquids. As indicated
by Debenedetti and Reid [48], the buoyant effects are one
of the main factors in supercritical fluids because for the
high densities or low dynamic viscosities, the fluids exhi-
bit very small variations in kinematic viscosities.
However, the effect of Reynold number is not significant
when natural convective mass transfer is controlling the
overall process. Therefore, mass transfer correlation
becomes

Sh ¼ f Sc; Grð Þ (35)

On the other hand, if forced convective mass transfer is
the controlling factor, Grashof number is no longer sig-
nificant and mass transfer correlation can be simplified
into the following equation

Sh ¼ f Re; Scð Þ (36)

Some studies suggested that generally the correlation of
Sherwood, Reynold and Schmidt numbers can be
expressed as follows [49, 50]:

Sh ¼ aRebScc (37)

Lim et al. [47] pointed out that above the critical pressure,
forced convection is the dominant process. Therefore, in
this work, forced convection was the dominant process
since all experimental pressures were greater than critical
pressure of CO2. Consequently, mass transfer correlation
adopted in this study is eq. (37).

Experimental data and obtained mass transfer coeffi-
cients were used to calculate Sherwood, Reynold and
Schmidt numbers. Then, these data were fit into eq. (37)
according to a flowchart shown in Figure 8. These

Table 7 Actual and predicted Sherwood number

Operating
conditions

Actual Sh
number

Sh ¼ kcdp
D12

Predicted
Sh number:

Sh ¼ 1:14Re0:60

Sc0:33

% of error ¼
jActual Sh�Predicted Shj

Actual Sh

�100%

P ¼ 3,000 psi 410.4425 410.5134 0.0173
T ¼ 45°C
dp ¼ 0.8 mm
Q ¼ 10 ml/min

P ¼ 4,000 psi 306.5967 306.6234 0.0087
T ¼ 50°C
dp ¼ 1 mm
Q ¼ 7.5 ml/min

P ¼ 4,000 psi 523.4197 523.3823 0.0071
T ¼ 55°C
dp ¼ 0.4 mm
Q ¼ 7.5 ml/min

P ¼ 5,000 psi 283.5315 283.5291 0.0008
T ¼ 45°C
dp ¼ 0.8 mm
Q ¼ 5 ml/min

P ¼ 5,000 psi 420.1429 420.2172 0.0177
T ¼ 55°C
dp ¼ 0.4 mm

Q ¼ 5 ml/min

Table 8 Benchmarks of the obtained mass transfer correlation toward existing correlations

Correlation Validity Extracted material Reference

Sh ¼ 1:31 Re0:54 Sc1=3 10 < Re < 500; Sc ¼ 1,680 – Delaunay et al. [51]
Sh ¼ 1:09 Re0:27 Sc1=3 0.055 < Re < 3.7; Sc ¼ 3.11 � 105 – Seguin et al. [52]
Sh ¼ 0:82 Re0:66 Sc1=3 1 < Re < 70; 3 < Sc < 11 Evening primrose and roasted peanut oil Catchpole [25]
Sh ¼ 0:380 Re0:83 Sc1=3 2 < Re < 40; 2 < Sc < 20 β-naphthol Tan et al. [53]
Sh ¼ 0:380 Re0:83 Sc1=3 – Valeriana officinalis L. Salimi et al. [28]
Sh ¼ 0:380 Re0:83 Sc1=3 – Wood Goto et al. [24]
Sh ¼ 0:380 Re0:83 Sc1=3 – Rosemary, basil and marjoram leaves Reverchon et al. [54]
Sh ¼ 0:380 Re0:83 Sc1=3 1.35 < Re < 21.22; 0.004 < Sc < 0.756 Carotenoids from microalgae Macías-Sánchez et al. [29]
Sh ¼ 0:206 Re0:80 Sc1=3 10 < Re < 100; 3 < Sc < 20 1,2-dichloro benzene and1,2,4-trichloro

benzene
Puiggene et al. [55]

Sh ¼ 0:206 Re0:80 Sc1=3 4.74 < Re < 13 Rapeseed, Rosehip seed and Olive Husk del Valle et al. [27]
Sh ¼ 0:206 Re0:80 Sc1=3 – Fig leaf gourd seed Bernardo-Gil et al. [56]
Sh ¼ 0:2548 Re0:5 Sc1=3 Re < 1; 70 < Sc < 100 Evening primrose oil King et al. [26]
Sh ¼ 0:98 Re Sc1=3 4.32 < Re < 4.79; 3.32 < Sc < 3.84 Palm Oil Kernel Norhuda et al. [30]
Sh ¼ 3:521 Re Sc1=3 4.08< Re < 4.67; 2.97 < Sc < 4.16 Palm Oil Kernel Norhuda et al. [30]
Sh ¼ 4:126 Re Sc1=3 3.84< Re < 4.51; 2.62 < Sc < 3.40 Palm Oil Kernel Norhuda et al. [30]
Sh ¼ 1:14 Re0:60 Sc1=3 750 < Re < 3,000; 70 < Sc < 110 Sarawak black pepper This study
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procedures result in the optimum values of a, b and c are
1.14, 0.60 and 0.33, respectively. Therefore, mass transfer
correlation is Sh ¼ 1:14 Re0:60 Sc0:33. To test the obtained
Sherwood formulae, the predicted Sherwood numbers
using this correlation were compared to the actual
Sherwood numbers calculated from the experimental
data and the obtained mass transfer coefficients. These
comparisons with the percentage of error are tabulated in
Table 7 and it was found that the percentage of error of
the predicted Sherwood numbers are less than 0.02%
compared to the actual Sherwood numbers. This correla-
tion is also benchmarked with some existing mass trans-
fer correlations as summarized in Table 8. The values of
parameters a, b and c greatly vary depending on the
system and validity regions. Nevertheless, the obtained
correlation, Sh ¼ 1:14 Re0:60 Sc0:33, is comparable with
other mass transfer correlations. Thus, this correlation is
acceptable and valid for the ranges of 750 < Re < 3,000
and 70 < Sc < 110.

6 Conclusions

Bioactive compound, namely piperine, was extracted
from Sarawak black pepper using supercritical CO2

extraction. Throughout the experiments and by perform-
ing statistical analysis of the experimental data, the
effects of pressures, temperatures, CO2 flow rates, particle
size of black pepper and the two-factor combinations of
them on the yields of pepper oil were respectively eval-
uated. The most effective parameters for pepper oil
extraction were found to be pressure and particle size
diameter. Thus, adjusting combinations of pressure and
particle size can give great impact to the yield of the
extraction.

Modeling and kinetic study of the supercritical
extraction of black pepper oil was performed based on
differential mass balance equations. These differential
equations were developed to describe both internal and
external mass transfer phenomena of the process. By a
series of finite difference analyses and estimation of con-
stants/parameters using empirical formulae, these equa-
tions were solved to obtain mass transfer coefficients.
Mass transfer correlation was also developed and it
was found that the best correlation model is
Sh ¼ 1:14 Re0:60 Sc0:33 where its validity is at the ranges
of 750 < Re < 3,000 and 70 < Sc < 110. These mass transfer
coefficients and correlations can serve as preliminary
data to scale-up supercritical CO2 extraction of bioactive
compound from Sarawak black pepper.

Nomenclature

A [m2] Surface area of transfer
Bi [–] Biot number ¼ kcR/DAB

Cf [mol/m3] Concentration of solute in solvent fluid
Cp [mol/m3] Concentration of solute in pores
Csat [mol/m3] Saturation concentration
D12 [m2/s] Molecular diffusion coefficient
De [m2/s] Effective diffusion coefficient
DL [m2/s] Axial dispersion coefficient
dp [m] Particle diameter
H [m] Total particle’s bed height
kc [m/s] External mass transfer coefficient
kp [m/s] Overall mass transfer coefficient
L [m] Total length of extraction column
M [kg/kgmol] Molar mass of solvent
Pe [–] Peclet number, Lu/DL

Q [m3/s] Flow rate of solvent in the extractor
R [m] Radius of pepper particle
R [m] Radius coordinate

rc [m] Radius of particle’s un-leached core
Sh [–] Sherwood number
T [s] Extraction time
T [k] Solvent temperature
uz [m/s] Solvent velocity
V [m3/kmol] Solute molar volume at boiling point
Xf [–] Dimensionless concentration in fluid phase,

Cf/Csat
Xp [–] Dimensionless concentration in pores, Cp/Csat
Z [m] Axial coordinate of extraction column
Z [–] Dimensionless bed height coordinates, z/L

Greek Letters
β [–] Solvent association constant
ε [–] Bed voidage
εp [–] Particle void fraction
θ [–] Dimensionless time, (DAB/R

2)t
μ [kg/m.s] Solvent viscosity
ξ [–] Dimensionless radial coordinate, r/R
ξc [–] Dimensionless radius of un-leached core, rc/R
ρ [kg/m3] Solvent density
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