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Abstract

This work studies the kinetics of metal ion extraction using an in situ chelation-SFE method with Cyanex 302 as
the chelating agent, which is commercially available, and supercritical carbon dioxide as the solvent, which extracts
the metal-chelate complex from aqueous solutions. Zinc(II) ion is studied as a model species. The experiments are
conducted in a 1.3-dm3 batch stirred tank. The effects of pressure and stirring rate were investigated. The extraction
efficiency at 313 K varies from 50 to 60% when the pressure varies from 8.3 to 13.8 MPa. A simplified model is used
to estimate the effective mass-transfer coefficient. The results show that the extraction rate of zinc(II) ion increases
with an increase in stirring rate, but decreases with pressure. The effective mass-transfer coefficient at 313 K and 8.3
MPa varies from 0.45 to 2.6×10−3 s−1 when the stirring rate increases from 7.2 to 17.7 s−1. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The presence of heavy metals in water and
wastewater is an issue of increasing importance
because of their hazardous properties to human
beings, such as toxicity, persistence, bioaccumula-
tion, and carcinogenicity. For example, zinc is one
of the heavy metals that exists in the discharged
wastewater from chemical plants that severely
contaminates rice, soil, and groundwater in Tai-
wan [1]. The most widely used process to remove
heavy metals is generally accomplished by the
precipitation process [2]. However, the precipita-
tion process usually results in contaminated
sludge that has to be landfilled, which later makes

Abbre6iations: a, area of mass-transfer surface per unit
volume of aqueous phase, m2/m3; CM

F , concentration of metal
species (metal complex) in SC CO2 phase, mol/m3; CM

L , con-
centration of metal species (metal ion) in aqueous phase,
mol/m3; d, impeller diameter, m; D, diffusion coefficient, m2/s;
k, mass-transfer coefficient, m/s; KF, SCF-side overall mass-
transfer coefficient, m/s; KFa, SCF-side effective overall mass-
transfer coefficient, s−1; m, equilibrium distribution coefficient
(CM,�

F /CM,�
L ); N, stirring rate, s−1; NM, molar flux per unit

surface area, mol/m2·s; P, pressure, MPa; Re, Reynolds num-
ber (Nd2r/m); Sc, Schmidt number (m/rD); Sh, Sherwood
number (kd/D); t, time, s; V, phase volume, m3; a, slope in Eq.
9; m, viscosity, kg/m·s; r, density, kg/m3.
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groundwater polluted. Although other methods
are available for the removal or recovery of heavy
metals such as conventional solvent extraction,
crystallization in a pellet reactor [3,4], adsorption
onto activated carbon [5], electrochemical meth-
ods, and biochemical methods, there are inherent
limitations in each of them. For example, extrac-
tion and stripping (reverse extraction) efficiency in
the conventional solvent extraction process is lim-
ited by the equilibrium distribution coefficient of
the solute between phases and the high ratio of
solvent to feed; the regeneration of activated car-
bon usually consumes excess energy; and electro-
plating is not effective for dilute solutions.

Owing to the increasing environmental prob-
lems caused by the pollution of organic com-
pounds and the increased environmental
legislation restricting the use of conventional sol-
vents [6], supercritical fluid (SCF) has become a
promising alternative medium of more environ-
mental soundness for replacement of conventional
toxic organic solvents. Among the supercritical
fluid mediums, carbon dioxide is the most favor-
able one due to its desirable properties, i.e. non-
toxicity, non-flammability, good transport
properties (density, viscosity, and diffusivity), low
critical conditions (304.2 K and 7.38 MPa) and
ready availability. In recent years, much effort has
been on the research of supercritical fluid extrac-
tion (SFE), which has become an important tech-
nique in several fields of engineering such as food,
chemical and environmental by using supercritical
carbon dioxide (SC CO2). Extensive literature is
available dealing with the solubility and extrac-
tion of organic compounds into SC CO2 [7]. The
Sherwood number has been correlated with
Reynolds number and Schmidt number for the
extraction of b-naphthol [8] and 1,2-dichloroben-
zene [9] in packed beds. However, carbon dioxide
is highly non-polar so that direct extraction of
metal ions using SC CO2 as solvent is inefficient,
due to the requirement of charge neutralization
and the weak solute–solvent interactions. Chela-
tion with a suitable organic ligand can convert the
charged metal species into neutral forms and thus
a method of conventional solvent extraction of
metal species has been developed [10,11]. In the
early 1990s, many researchers started to employ

SC CO2 with chelating agents for the extraction of
metal species from various matrices such as
aqueous solutions and soils [12–17]. Besides the
environmental soundness, the SC CO2 process has
at least two advantages over the conventional
solvent process, i.e. the ease of solvent recovery
and the reduction in equipment size. The former
can be achieved by a simple depressurization and
the latter is due to an increased surface area of
dispersed phase resulting from the lower surface
tension of SC CO2 than traditional organic sol-
vents. However, high-pressure equipment is al-
ways expensive. The most expensive piece in an
extraction process is probably the pump [6], which
compresses the gas of carbon dioxide into the
supercritical conditions. Besides, the operating
cost will rise if the carbon dioxide goes through
significant decompression/compression cycles.

The success of such an in situ chelation-SFE
method for metal extraction from aqueous solu-
tion depends largely on the effectiveness of chelat-
ing agent, but also on other important parameters
such as type of metal species and matrix, solubil-
ity and stability of the ligands and metal com-
plexes, pH, temperature, and pressure. Toews et
al. [18] reported that when water is in equilibrium
with CO2 under normal SFE conditions, the pH
of water is less than 3.0 due to the formation and
dissociation of carbonic acid. Therefore, acidic
reagents are more effective than other type of
reagents for metal extraction from a solution us-
ing SC CO2 as solvent. Recent reports show that
Cyanex 302 (diisooctyl-thiophosphinic acid) is an
effective organic ligand for SC CO2 extraction of
most metals from a variety of matrices such as
cellulose, sand, clay, wood, and soils [15,16].
Therefore, in this study, Cyanex 302 is used as the
chelating agent with SC CO2 as the solvent to
extract metal ion from aqueous solutions.

The current study of chelation in supercritical
fluids focuses on three potential applications in-
cluding environmental treatment, metallurgical
processing, and electronic materials/ceramics pro-
duction. For example, deposing fine particulate
metal-chelate complexes into electronic materials/
ceramics [19] for doping purpose [20], removal of
toxic metals [12], and recovery of precious metals
[13,14]. Many ions of metal species and various



C.Y. Tai et al. / J. of Supercritical Fluids 18 (2000) 201–212 203

kinds of chelating agents have been studied [21].
Laintz et al. [12] first investigated the extraction
of Cu(II) ion from an aqueous solution by chela-
tion with LiFDDC (Lithium bis(trifluoroethyl)
dithiocarbamate) using a dynamic extraction
scheme. Nearly one hundred percent of the metal
was removed from the aqueous sample after 1/2 h
at a CO2 density of 370 kg/m3 and a temperature
of 308 K. Lin et al. [13] studied the extractions of
U(VI) and Th(IV) ions from synthetic aqueous
solutions and U(VI) ion from mine waters at 333
K and 15.2 MPa using several different chelating
agents. Lin and Wai [14] also studied the extrac-
tions of La(III), Eu(III), and Lu(III) ions. Smart
et al. [15] investigated the extractions of Cu(II),
Pb(II), Zn(II), and Cd(II) ions from cellulose,
sand, clay, wood and soils with four commercially
available organophosphorus chelating agents:
Kelex 100, Cyanex 272, 301 and 302, and
D2EHTPA (bis(2-ethylhexyl)monothiophosphoric
acid). In these studies, the sizes of extraction cells

are often smaller than 0.02 dm3, and thus little
kinetic information for equipment scale-up can be
obtained. Recently, Murphy and Erkey [22] stud-
ied the extraction of copper(II) ion from aqueous
solutions in a much larger vessel of 0.3-dm3 and
proposed a thermodynamic model that can accu-
rately predicts the extraction efficiencies of cop-
per(II) ion from aqueous solutions. However,
kinetic information about the in situ chelation-
SFE technique was still lacking. From the view-
point of process development, both the
thermodynamic data and the kinetic information
are important and required. The aim of this work
is to study the kinetics of in situ chelation-extrac-
tion of zinc(II) ion from aqueous solutions in a
1.3-dm3 stirred tank and to propose a simplified
kinetic model for estimating the mass-transfer
rate. Operating variables such as pressure and
stirring rate that affects the extraction rate are
investigated.

2. Kinetic model for estimating mass-transfer
coefficient

The mass-transfer between phases for extrac-
tion of zinc(II) ion with the chelating agent in a
stirred tank is shown in Fig. 1. By dispersing the
SC CO2 into the aqueous phase, coarse droplets
of SC CO2 in water are formed. Zinc(II) ion is
transported to the liquid/SC CO2 interface and
reacts with the chelating agent, which is Cyanex
302 in this study, to form a SC CO2-soluble zinc
complex that then diffuses to the interior of the
droplet.

Zn2+ +2C16H35OPS
(Cyanex 302)

lZn(C16H34OPS)2
(zinc complex)

+2H+

(1)

Simultaneously, the hydrogen ion is released into
the aqueous phase. After a long period of opera-
tion, the dispersion is allowed to settle and the
closed system is in an equilibrium condition,
which can be described by the equilibrium distri-
bution coefficient, m [12]:

m=
CM

F*

CM
L*=

CM,�
F

CM,�
L (2)

Fig. 1. Concentration profile of metal ion (CM
L ) and metal

complex (CM
F ) in the neighborhood of a liquid/SC CO2, inter-

face.



C.Y. Tai et al. / J. of Supercritical Fluids 18 (2000) 201–212204

where, CM
L and CM

F are the concentrations of
metal ion in the aqueous phase and of metal
complex in SC CO2 phase, respectively. The su-
perscript (*) means the equilibrium condition and
the subscript (�) means the time to infinity. Since
the concentration of metal species in the wastewa-
ter is often below 2-kg/m3 (2000 ppm) [1], which
corresponds to the mole fraction of about 10−4,
the equilibrium distribution coefficient is often
assumed constant at low concentration when the
temperature and pressure are fixed. This assump-
tion is applied to the derivation of kinetic model
in this study to estimate the effective mass-trans-
fer coefficient. The kinetics of zinc extraction can
be interpreted using film theory for two-phase
reaction [23]. In our system the following mass-
transfer resistances exist: the mass-transfer resis-
tance in the liquid film, the resistance of the
chemical reaction between the zinc(II) ion and the
chelating agent, and the mass-transfer resistance
in the SC CO2 film. The characteristics of the
three resistances are discussed below.

For a solute crossing a mass-transfer resistance
film, the transfer time can be approximately esti-
mated by the following equation: [24]

transfer time=
(film thickness)2

(diffusion coefficient)
(3)

The film thickness is about 0.5×10−4 m [25] and
the diffusion coefficient is around 10−9 m2/s for
most of mass-transfer cases in liquid phase. The
estimated transfer time for a solute crossing the
aqueous mass-transfer resistance film is about 2.5
s. On the other hand, according to Taylor and
Krishna [25], the film thickness is assumed to be
10−4 m for a SC CO2 film because of the gas-like
and liquid-like properties of SC CO2. The diffu-
sion coefficient of solute in supercritical fluid is
around 10−8 m2/s [26] and thus the estimated
transfer time for a solute crossing a SC CO2 film
is about 1 s. In comparison with the shortest
extraction time of about 500-s required to reach
equilibrium state in this study, the total estimated
transfer time of 3.5 s is very short. Therefore, the
mass-transfer behaviors within both films of liq-
uid and SC CO2 closely approach the linear driv-
ing force model (LDF model) of film theory,
which assumes the concentration profile within

the film is linear. In fact, the LDF model of film
theory has been used to estimate the mass-transfer
rate across the liquid film for studies of mercury
extraction in a stirred tank under atmosphere
[27,28]. In order to estimate the mass-transfer rate
of the in situ chelation-SFE process, a simplified
LDF model is proposed here.

For the SC CO2 extraction of zinc(II) ion with
Cyanex 302 as the chelating agent, some facts
exist: (1) The chelation reaction is fast and the
kinetics of extraction were not limited by the rate
of complex formation on the time scale of minutes
[15]; (2) Zinc(II) ion is insoluble in the SC CO2

phase; (3) The oily chelating agent, Cyanex 302, is
hydrophobic and is sparingly soluble in the
aqueous phase; (4) The transport properties of
solutes in the SC CO2 phase is much better than
that in aqueous phase as far as the transport rate
is concerned. For example, the diffusivities and
viscosities of solutes in SC CO2 phase are about
ten times and a tenth of that in normal liquids,
respectively [26,29]. The first three facts suggest
the chelation reaction occur mostly at the liquid/
SC CO2 interface. The fourth fact suggests the
concentration profile be flat in the small SC CO2

droplet. Therefore, the SC CO2 extraction of
zinc(II) ion with Cyanex 302 as the chelating
agent is a mass-transfer limited process; the chela-
tion reaction occurs only at the liquid/SC CO2

interface, where zinc species are in reaction equi-
librium with Cyanex 302 as Eq. (1). The Cyanex
302 is in larger excess in comparison with the
small amount of zinc species for this study and
thus the concentration effect of Cyanex 302 is
assumed negligible. Furthermore, the hydrogen
ion concentration is assumed to remain constant
in aqueous phase because the diffusivity of hydro-
gen ion is high and the amount of hydrogen ion
generated in aqueous solution is small under a pH
of 2.9 in equilibrium with SC CO2 [18]. Based on
these assumptions, the in situ chelation-SFE pro-
cess can be regarded as a simple extraction of zinc
species without considering the chemical reaction.
The molar flux per unit surface area (NM) ex-
pressed in the form of an overall LDF model is as
follows:

NM=KF(CM
F*−CM

F ) (4)
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Fig. 2. Experimental apparatus: 1, CO2 vessel; 2, filter; 3,
cooler; 4, ball valve; 5, mini pump; 6, ball valve; 7, check
valve; 8, feeding valve; 9, stirred tank; 10, windows; 11,
thermometer; 12, agitator; 13, ball valve; 14, pressure gauge;
15, rupture disc; 16, sampling valve; 17, water bath; 18,
metering valve; 19, collector; 20, flow meter; 21, water vessel.

a=KFa
�VL

VF

+m
�

(10)

The mass balance equation of metal species at the
infinite time is as follow:

VFCM,�
L =VL(CM, load

L −CM,�
L ) (11)

where, the subscript, load, means the initial load-
ing of metal species in the stirred tank. Combine
Eq. (1) and Eq. (11), and then the equilibrium
distribution coefficient can be calculated by the
following equation,

m=
VL

VF

�CM, load
L

CM,�
L −1

�
(12)

Hence, by plotting the dimensionless concentra-
tion ((CM

L −CM,�
L )/(CM, 0

L −CM,�
L )) versus time

(t) on a semi-log plot, a linear equation that
passes through the origin is obtained, then, the
effective mass-transfer coefficient KFa is evaluated
from the slope a. The dimension of the effective
mass-transfer coefficient is time−1, which is not
affected by the units used for volume and
concentration.

3. Experimental section

Experiments were performed in a 1.3-dm3 batch
stirred tank. The inner diameter is 7.6 cm and the
inner height is 28.5 cm. The schematic diagram of
the experimental apparatus is shown in Fig. 2.
The system is mainly composed of three parts: (1)
a feeding system, (2) a pressurized reaction-extrac-
tion vessel, and (3) a pressure releasing system.
The feeding system is made up of a CO2 cylinder
loaded with liquid CO2, a filter for filtering out
the fine particles, a cooler for preventing liquid
CO2 from vaporization, and a piston pump (LDC
analytical mini pump) for feeding liquid carbon
dioxide. The pressurized reaction-extraction vessel
is a 1.3-dm3 stirred tank that is equipped with a
mechanical agitator for mixing, a heat transfer
coil for maintaining a constant temperature, a
sampling valve for drawing the liquid samples, a
feeding needle valve for loading the aqueous solu-
tion, a pressure gauge, a rupture disc (NUPRO
R3A-G relief valve), a thermometer, and two
pairs of viewing windows. The impeller is a tur-

where, KF is the overall mass-transfer coefficient,
and CM

F* is the concentration of SC CO2 phase in
equilibrium with aqueous phase of concentration
CM

L . The value of CM
F* is equal to the product of

the equilibrium distribution coefficient (m) and
the concentration of aqueous phase (CM

L ). There-
fore, the mass balance equations, describing mass-
transfer in a batch stirred tank, are written as
follows:In the aqueous phase

dCM
L

dt
= −KFa(mCM

L −CM
F ) (5)

and in the SC CO2 phase

VF

dCM
F

dt
=VLKFa(CM

L −CM
F ) (6)

where, a is the surface area per unit volume of
aqueous phase, VF and VL are the volume of SC
CO2 phase and aqueous phase, respectively. The
following conditions applies:

at t=0, CM
F =CM, 0

F , CM
L =CM, 0

L (7)

at t=�, CM
L =CM,�

L (8)

The Laplace transform technique can solve the
above set of equations and the result is:

ln
� CM

L −CM,�
L

CM, 0
L −CM,�

L

�
= −at (9)

where,
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bine impeller with a diameter of 2.8 cm and the
maximum stirring rate of the mechanical agitator
is 20 s−1. The water flowing inside the heat
transfer coil is supplied from a constant tempera-
ture bath. The sampling valve is a switching valve
(Rheodyne model 7010), which allows a slow flow
for maintaining a stable pressure. The pressure
releasing system consists of a metering valve for
controlling the rate of depressurization, a collec-
tor for collecting the entrained chemicals, a flow
meter for measuring the amount of CO2 used, and
a trap for absorbing the organic residue in the
effluent. The metering valve is heated to prevent
clogging due to the solidifying of carbon dioxide.

At the beginning of an experiment, 0.8 dm3 of
150-mg/l (2.29 mol/m3) aqueous solution of
Zn(NO3)2 was preheated to 313 K and then fed
into the stirred tank, which is maintained at 315
K, through the feeding needle valve at its bottom.
And thus the volume holdup of SC CO2 is about
38%. Besides, a 4-cm3 amount of Cyanex 302 of
Fluka technical grade (diisooctyl-thiophosphinic
acid, Fluka product No. 38 224, :85% pure,
density: 0.93 g/cm3) was injected into the stirred
tank through a top hole by a syringe. Cyanex 302
was floating on the surface of aqueous solution
because it is hydrophobic. When the experiment
was in progress, a stainless plug was used to seal
this top hole. Because of no available solubility
data of Cyanex 302 at the experimental tempera-
ture of 313.15 K, this amount of Cyanex 302 was
determined by trial and error method to insure
that no third phase present in the reactor. The
initial try of amount of Cyanex 302 is based on its
solubility of 8 g/dm3 at 11.2 MPa and 333.15 K
[15,21]. The test runs show that no third phase
present in the reactor when a 4-cm3 amount of
Cyanex 302 was introduced. The amount of
Cyanex 302 used was in excess, about 13 times of
that of zinc(II) ion on a molar basis. Therefore,
the concentration change of Cyanex 302 was
small and thus the concentration effect of Cyanex
302 is assumed negligible in the kinetic study.
These chemicals were used as received without
further purification.

The liquid carbon dioxide was then delivered to
the stirred tank until the desired pressure was
reached, which varied from run to run between

8.3 and 13.8 MPa. During the transient period to
reach the system pressure, the chelating agent
started to contact with the aqueous solution of
zinc(II) ion and the chelation reaction was in
progress, however, the concentration distribution
was not homogeneous in the stirred tank. Thus,
the concentration change of zinc(II) ion in the
aqueous solution is not suitable for kinetic analy-
sis. In this transient period, the system was kept
still without agitation in order to reduce the ex-
tent of reaction between zinc(II) ion and chelating
agent. When the desired pressure was reached, it
was found that the 4.0 cm3 of Cyanex 302 com-
pletely dissolved in the SC CO2. After that valve 6
was closed so that the stirred tank became a batch
system. Then, the agitator was started to mix the
solution. The stirring rate varied from 7.2 to 17.7
s−1 for different runs. After 30 s of stirring, the
solution was well mixed and the system pressure
and temperature became steady. Through the
viewing windows, a well-dispersed solution of fine
SC CO2 droplets in water was observed inside the
extractor. At this moment of steady condition, we
switched the timer on, and opened the sampling
valve 8 to draw 1 cm3 of liquid sample for the first
analysis. Then, the sampling interval was 120 s in
the first 1800-s period and then changed to 900 s
after that. The total experimental period was
about 7200 s, at which the zinc(II) ion concentra-
tion had leveled off for all experimental runs.
During this experimental period, no third phase
of metal complex was found in the stirred tank.
At the end of an experiment, the system was
depressurized through the metering valve 18. All
the samples were analyzed for the zinc(II) ion
concentration by an inductively coupled plasma
(ICP) spectrometer.

4. Results and discussion

In this work, the initial concentration of
zinc(II) ion and the mole ratio of zinc(II) ion/
chelating agent are kept constant to investigate
the effects of pressure and agitation rate. A typi-
cal result of the in situ chelation-SFE process in a
batch stirred tank is shown in Fig. 3. It can be
seen that the concentration profile of zinc(II) ion
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Fig. 3. A plot of zinc(II) ion concentration (CM
L ) in aqueous

solution against operating time (t) (temperature, 313 K; pres-
sure, 8.3 MPa; stirring rate, 13.2 s−1).

becomes steady at 8.3 MPa. According to Eq. (9),
the corresponding semi-log plot of dimensionless
concentration versus time is illustrated in Fig. 4.
It behaves just like the model description: a
straight line passes through the origin. The values
of correlation coefficients for all experiments are
between 0.986 and 0.998. Thus the simplified
model can be used to estimate the effective mass-
transfer coefficient (KFa). The calculated mass-
transfer coefficients are listed in Table 1. The
effective mass-transfer coefficients range from 0.2
to 2.6×10−3 s−1. These values are lower than
the effective mass-transfer coefficients (KFa) de-
termined for the stirred tank at atmospheric pres-
sure [30] and the packed bed at supercritical
conditions [8,9]. A comparison of data is summa-
rized in Table 2. Gollakota and Guin [30] studied
the mass-transfer in a batch stirred autoclave with
turbine impeller at atmospheric pressure. The di-
ameter is 3.0 cm for the impeller and 4.5 cm for
the vessel. The volume holdup of gas is 50%.
When the impeller is stirred at the range of 12.9–
17.5 s−1, they obtain a small interfacial area of
17.9–42.3 m−1, which is quite smaller than that
in a packed bed reported by Puiggené et al. [9].
The vessel diameter, the impeller diameter, and
the volume holdup of gas in the extractor used by
Gollakota and Guin are somewhat close to the

decays sharply at the initial period and then de-
creases smoothly to a steady value, at which the
condition is approaching equilibrium state. Be-
cause there is a transient period at the initial stage
of operation as stated in Section 3, the starting
concentration of zinc(II) ion is not the initial
concentration of 150 mg/l (2.29 mol/m3). Instead,
it is the concentration when the system pressure

Fig. 4. A plot of Eq. (9), log(CM
L −CM,�

L /CM, 0
L −CM,�

L ) against operating time (t) (temperature, 313 K; pressure, 8.3 MPa; stirring
rate, 13.2 s−1).
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Table 1
Effective mass-transfer coefficients for various operating conditions

Stirring rate (s−1) KFa (×10−3 s−1)Temperature (K) Efficiencya (% extraction)Pressure (MPa)

313 8.3 7.2 0.45 49
9.2 0.668.3 50313

8.3313 11.1 0.87 48
313 8.3 15.4 1.45 52

17.7 2.608.3 50313
8.3313 13.2 1.10 50

13.2 0.49313 5610.3
13.2 0.2013.8 60313

a The efficiency is expressed as % extraction at the end of a 2 h experiment.

Table 2
Mass-transfer coefficient for different systems

Device System Experimental results Interfacial area Reference

KFa=0.2–2.6×10−3 s−1, when N=7.2–17.7SCF/liquidStirred tank – This work
s−1

Packed bed SCF/liquid KFa=1.7–24×10−3 s−1 a=1214 m−1 Puiggene et al. [9]
SCF/solidPacked bed KFa=3.0–40×10−3 s−1 – Tan et al. [8]

kLa=4.9–19.8×10−3 s−1, when N=12.9–17.5 a=17.9–42.3Gas/liquidStirred tank Gollakote and Guin [30]
m−1s−1

experimental system used in this study. Therefore,
the low KFa obtained in this study is probably due
to a low interfacial surface area, a, associated with
a batch stirred tank.

4.1. Effect of stirring rate on mass-transfer
coefficient

When the system is operated at 8.3 MPa and
313 K, the concentration profiles of zinc ion
during a extraction process at various stirring
rates are plotted in Fig. 5. In order to see clearly
the concentration change at the initial period, the
time scale is plotted to 1800 s only. Because the
transient period to reach the system pressure
varies from run to run, the starting concentration
in the figure also varies. However, there is a trend
that indicates that the higher the stirring rate of
agitator, the faster the removal rate of zinc(II)
ion. Using Eq. (9), the calculated mass-transfer
coefficients at various stirring rates are listed in
the first six runs of Table 1 and are plotted
against stirring rate as shown in Fig. 6. The

calculated mass-transfer coefficient shows a 5.8-
time difference between the stirring rates of 17.7
and 7.2 s−1. From Fig. 6, it can be seen that a
higher stirring rate gives a larger effective mass-

Fig. 5. Zinc(II) ion concentration (CM
L ) in aqueous solution

against operating time (t) at various stirring rate (temperature,
313 K; pressure: 8.3 MPa).
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Fig. 6. Effect of stirring rate (N) on effective mass-transfer
coefficient (KFa) (temperature, 313 K; pressure, 8.3 MPa;
operation time, 7200 s).

transfer coefficient (KFa) increases with an in-
crease in the stirring rate of agitator. The steep
increase in the effective mass-transfer coefficient
at the highest stirring rate of 17.2 s−1 in Fig. 6
may be due to a tremendous increase in surface
area, resulting from the formation of a larger
number of small bubbles as observed through the
viewing windows.

4.2. Effect of pressure on mass-transfer
coefficient

In order to see the pressure effect on the zinc
extraction, the stirring rate of agitator was fixed
at 13.2 s−1 and the temperature was operated at
313 K. The concentration profiles of zinc ion
extraction at 8.3, 10.3, and 13.8 MPa are plotted
in Fig. 7. Again, the time scale is only plotted to
1800 s to see clearly the concentration change at
the early stage of extraction. It can be seen that a
higher pressure gives a flatter concentration
profile, which means that the increased pressure
retards the mass-transfer rate for zinc ion extrac-
tion from aqueous solutions. The calculated effec-
tive mass-transfer coefficients KFa are listed at the
last three runs of Table 1, which shows the same
trend shown in Fig. 7, i.e. the higher the pressure,
the smaller the effective mass-transfer coefficient.
In the literature, similar results for organic extrac-
tion in packed bed using SC CO2 as solvent have
been reported [9,32]. Usually the mass-transfer
coefficient can be predicted from the Frössling-
type equation:

Sh=ARebScc (13)

where A is a constant and c usually has a value of
1/3 [8,9,33–35]. The value of b depends on the
type of equipment and system, for example, Tan
and his coworkers [8] and Puiggené et al. [9]
reported a value of about 0.80 for b in packed
beds undergoing supercritical fluid extraction, on
the other hand, most of the theories predict a
one-half power on Reynolds number [24]. For
mass-transfer across liquid-liquid interface in a
stirred system, the Sherwood number is usually
defined as kd/D and Reynolds number as Nd2r/m,
where N and d are the stirring rate and the
impeller diameter, respectively [34–36]. If the con-

Fig. 7. Zinc(II) ion concentration (CM
L ) in aqueous solution

against operating time (t) at various pressures (temperature,
313 K; stirring rate, 13.2 s−1).

transfer coefficient, which consists with the results
in Fig. 5, i.e. the higher the decreasing rate of
zinc(II) ion, the larger the effective mass-transfer
coefficient. This is because increased stirring rate
produces much more number of bubble [31] and
thins the mass-transfer resistance film. The more
bubbles produce more mass-transfer surface (a).
The thinned mass-transfer film enhances the mass-
transfer rate and thus the overall mass-transfer
coefficient (KF). Therefore, the effective mass-
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stancy of the product of density r and diffusion
coefficient D in supercritical fluids under normal
SFE conditions can be assumed [26], the following
relation is obtained from Eq. (13).

k8Nbd2b−1D1−bm1/3−b (14)

In this system D is the diffusion coefficient of
zinc(II) ion in liquid and m is the viscosity of
liquid solution because the liquid-film control is
assumed. Since b falls between 0.5 and 0.8, we
have 1−b\0 and 1/3−bB0. Under a constant
stirring rate, the mass-transfer coefficient is a
function of diffusion coefficient and viscosity. For
liquid system, the diffusion coefficient is inversely
proportional to the viscosity according to the
Stokes–Einstein equation [37]. The increased
pressure results in a higher viscosity [38] and thus
a small diffusion coefficient. Therefore, it can be
seen from Eq. (14) that a high pressure gives a
small mass-transfer coefficient (k). If the mass-
transfer resistance on the SC CO2 side is consid-
ered, a similar trend is predicted because Paulaitis
et al. [26] reported that the viscosity of SC CO2

increases with pressure and the diffusion coeffi-
cient of solute in SC CO2 decreases with pressure.
On the other hand, an increase in pressure rang-
ing from 6.8 to 16.0 MPa results in a smaller
surface tension of SC CO2 [39] and thus the
smaller SC CO2 droplet size, which results in a
larger surface area (a) of dispersed phase for
extraction. Therefore, the effect of pressure on the
effective mass-transfer coefficient, which is the
product of mass-transfer coefficient and surface
area of dispersed phase, can go either way. The
obtained values of KFa listed in Table 1 show a
five-time difference between the highest and the
lowest pressure. Apparently, the effect of the re-
duction in mass-transfer coefficient (KF) exceeds
that of the increase in surface area (a) when the
pressure increases.

4.3. Extraction efficiency of Zn(II) ion

The extraction efficiency listed in Table 1 is
expressed as % extraction at the end of a 2-h
experiment. The % extraction is defined as
follows:

% extraction

=
metal ion loaded−metal ion remaing

metal ion loaded

×100% (15)

The change in stirring rate of agitator shows no
effect on the extraction efficiency from the first
five experimental runs. This is because the extrac-
tion efficiency depends on the equilibrium state.
The change of stirring rate can only change the
time required to reach the equilibrium state but
can not shift the equilibrium state. On the other
hand, as shown at the last three experimental runs
in Table 1, the extraction efficiency rises from 50
to 60% with the increase of pressure from 8.3 to
13.8 MPa when the stirring rate is operated at
13.2 s−1. This is because the system has reached
equilibrium condition and the solubility of zinc
complex is higher at higher pressure in supercriti-
cal CO2 [15]. Similar results of pressure effect on
the extraction efficiency are found in the extrac-
tions of different metals using various chelating
agents [12,15,16,22]. The change in extraction effi-
ciency with pressure is not great as compared with
the change in effective mass-transfer coefficient,
which shows a five-time difference between 8.3
and 13.8 MPa. Therefore, extraction rate will be
favored at low pressure. Besides, as shown in Fig.
5 and Fig. 7, the concentration of zinc ion in the
treated solutions is above 1.0 mol/m3, correspond-
ing to 65 mg/l, which is too high for the environ-
mental acceptance [40]. Therefore, the extraction
efficiency is too low by using a batch operation. A
process of multistage or continuous operation
should be developed.

5. Conclusions

Extraction of zinc(II) ion from aqueous solu-
tion by using an in situ chelation-SFE technique
with Cyanex 302 as the chelating agent was stud-
ied in a 1.3-dm3 batch stirred tank. The extraction
efficiency, which is expressed as % extraction at
the end of 2-h operation, varies from 50 to 60%
when the pressure varies from 8.3 to 13.8 MPa.
The stirring rate has no effect on the extraction
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efficiency. Under a few assumptions, the in situ
chelation-SFE process is regarded as a simple
extraction process without considering chemical
reaction and a simplified model based on the film
theory is developed to estimate the effective mass-
transfer coefficient. The calculated effective mass-
transfer coefficient (KFa) is lower than those
reported in the literature. The results show that
the effective mass-transfer coefficient increases
with an increase in stirring rate, but decreases
with pressure. Besides, the effective mass-transfer
coefficient is greatly affected by the stirring rate
and shows a 5.8-time difference between 7.2 and
17.7 s−1. As a result, the pressure effects on the
extraction efficiency and on the mass-transfer rate
are reversed and thus there exists an optimum
pressure for practical purpose. However, the
lower pressure in the range studied is favored,
because the extraction efficiency is affected to a
less extent. As far as process design and equip-
ment scale-up are concerned, much more effort
should be stressed on establishing a general corre-
lation for the estimation of mass-transfer coeffi-
cient. Future work will be on the development of
a continuous flow system, which is the common
type of a commercial process.
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