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A B S T R A C T

In this work, the process of membrane-based solvent extraction was examined with 10% (v/v)
tributyl phosphate in kerosene/phenol/water as experimental system, involving solute mass trans-
fer from the aqueous phase (flowing in the shell or tube side) to the organic phase. Shell side mass
transfer performance was determined in two randomly packed membrane modules with different
packing densities. Experimental data of shell side mass transfer coefficient were compared with
model predictions from nine existing empirical correlations. Results showed that the correlations
of Gawronski et al. and Viegas et al. were found to give the good predictions in these modules.

Keywords: Hollow fiber membrane; Shell side mass transfer; Model prediction; Membrane
contactor

1. Introduction

Phenol and its derivatives are often pollutants in the
wastewater discharged by manufacturing processes
such as in the petrochemical and agrochemical indus-
tries and in coal gasification wastewaters [1]. Due to
their potential harm to human health, treatment pro-
cesses must be implemented before the waste streams
can be safely discharged.

In the literature, many researchers have extensively
studied phenol recovery with hollow fiber membrane
contactors in shell and tube configuration [2–6].
A number of empirical correlations have been pro-
posed in the past two decades, each with restrictions
on their range of application [5–16]. In these empirical
correlations, the shell side mass transfer coefficient,
expressed by Sherwood number, is a function of the
Reynolds and Schmidt numbers with a wide range of

exponents. They display quite large discrepancies, in
both the magnitude of mass transfer coefficient as well
as the general predictive trends. Some correlations also
include the effect of geometry, such as module length
and packing density. Often, inconsistent or conflicting
results are obtained from the use of comparable
empirical equations [4–6, 9].

Our aim in this paper is to compare the observations
and predictions from these empirical correlations of shell
side mass transfer, and to give a general view of these
discrepancies in different randomly packed membrane
modules using a liquid–liquid extraction system of 10%
(v/v) tributyl phosphate in kerosene/phenol/water.

2. Theory

2.1. Experimental shell side mass transfer coefficient

For phenol extraction in a hydrophobic membrane
contactor, the mass transfer from the aqueous to the�Corresponding author

Desalination and Water Treatment 17 (2010) 52–56
Maywww.deswater.com

1944-3994/1944-3986 # 2010 Desalination Publications. All rights reserved
doi: 10.5004/dwt.2010.1698

Recent Progresses in Membrane Science and Technology in Aseania 2009, presented at Fifth Conference of the Aseanian
Membrane Society, July 12-14 2009, Kobe, Japan.

Presented at the Fifth Conference of the Aseanian Membrane Society Aseania 2009 “Recent Progress in Membrane Science and 
Technology”, 12–14 July 2009, Kobe, Japan.



organic phase can be described with the conventional
resistance-in-series model [5–8]. If equilibrium distri-
bution at the interface was very fast, the following
expressions apply:
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where kt, km and ks are the local mass transfer coeffi-
cient in the aqueous tube side, through the membrane
pores and on the organic shell side, respectively. D is
the distribution ratio. din, dlm and dout are the inner, log
mean and outside diameters of the hollow fiber,
respectively.

In this work, two fluids in the membrane contactor
were operated in a once-through mode. The overall
mass transfer coefficient can be defined by considering
an overall mass balance based on the aqueous phase
side along the module [8]:

�Qaqdcaq ¼ Kaqðcaq � c�aqÞdA ð3Þ

Kaq ¼
Qaq

Am

ln
cin

aq

cout
aq

 !
; ð4Þ

where Kaq is the overall mass transfer coefficient. caq
� is

the concentration of solute in the aqueous phase that

would be in equilibrium with the solute concentration
in the organic phase at the same time and position. Am

is the effective interfacial area.
The values of shell side mass transfer coefficient

could be deduced combining the calculated kt and km

with the experimental values of Kaq.
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where Sh, Re and Sc are the Sherwood, Reynolds and
Schmidt numbers, respectively. Dd is the diffusivity
of solute, and l is the length of fibers [7].

Membrane: The transmembrane mass transfer coeffi-
cient can be calculated from the membrane parameters
of porosity (e), tortuosity (t) and thickness as well as
solute diffusivity (Dorg) as follows [7]:

km ¼
2eDorg

tðdout � dinÞ
: ð8Þ

Table 1
Empirical correlations for shell side mass transfer

Authors Correlations Conditions Cited Ref.

Prasad and Sirkar
Shs ¼ 5:85ð1� fÞ dh

l

� �
Re0:60Sc0:33 0 < Re < 500; 0.04 < þþ < 0.4 210 [9]

Costello et al. Shs ¼ ð0:53� 0:58fÞRe0:53Sc0:33 21 < Re < 324; 0.32 < þþ < 0.76 110 [10]

Wu et al. Shs ¼ ð0:3045f2 � 0:3421fþ 0:15ÞRe0:90Sc0:33 32 < Re < 1290; 0.08 < þþ < 0.70 44 [11]

Gawronski et al. Shs ¼ 0:09ð1� fÞReð0:8�0:16fÞSc0:33 0 < Re < 10; 0.21 < þþ < 0.80 32 [12]

Lipnizki et al.
Shs ¼ 1:615 1þ 0:14

ffiffiffiffi
f
p� ��0:5

� � dh

l

� �1=3

Re1=3Sc1=3
Laminar flow 34 [13]

Asimakopoulou et al.
Shs ¼ 1:615ð0:6þ 1:7fÞ dout

l

� �1=3

Re1=3Sc1=3
3 < Re < 78; 0.05 < þþ < 0.45 3 [14]

Zheng et al. Shs ¼ ð0:163þ 0:27fÞG0:60
z

178 < Re < 1194; 0.20 < þþ < 0.50 11 [15]

Viegas et al.
Shs ¼ 8:71

dh

l

� �
Re0:74Sc0:33 0.16 < Re < 7.30; þþ ¼ 0.3024 45 [16]

Yang and Cussler
Shs ¼ 1:25 Re

dh

l

� �0:93

Sc0:33
0.5 < Re < 500; 0.02 < þþ < 0.33 247 [17]
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2.2. Predictions of shell side mass transfer coefficient

The empirical correlations often cited in the litera-
ture are summarized in Table 1. In these correlations,
the shell side mass transfer coefficient, expressed
by the Sherwood number, could be predicted by using
correlations of the general form [5]:

Shs ¼ Af ðfÞ dh

l

� �a

RebScg; ð9Þ

where A, a, b and g are constants obtained from the
experimental data. f(f) is a function of packing frac-
tion. dh and l are the hydraulic diameter of shell side
and length of fibers, respectively. It is assumed that all
the empirical correlations are not restricted to their
experimental conditions and can be extrapolated to the
conditions used in this study.

3. Experimental

Two membrane modules used in this study were
carefully fabricated by potting a desired number of
hydrophobic polypropylene hollow fibers (Memtec,
Australia) into a cylindrical glass tube in a shell and
tube configuration.

The fibers are 0.545 mm OD and 0.255 mm ID. The
porosity and tortuosity are estimated to 0.65 and 2.5,
respectively. The characteristics of the membrane,
modules and tested solution are presented in Table 2.

A schematic diagram of experimental set-up in a
counter-current once-through mode was shown in
Fig.1. In the module No. 1, the 10% (v/v) TBP in Shell-
sol 2046 was pumped through the tube side and the
aqueous phase flowed through the shell side. In the
module No. 2, the aqueous phase flowed in the tube
side. A slight overpressure (about 5 kPa) on the aqu-
eous side was maintained to avoid organic break-
through of the membrane. The experiments were
performed by varying the flow rates of one phase and
at specific flow rates of another phase. The phenol con-
centrations were analyzed by high performance liquid
chromatography (Agilent 1200 HPLC). The mobile
phase was a mixture of methanol and water (56%/
44% (v/v)) at a flow rate of 1.0 ml min�1.

4. Results and discussion

4.1. Comparison between the observed and predicted shell
side mass transfer coefficient

Extraction equilibrium showed that the distribution
ratios were constant (D ¼ 33.50 + 2.0) in the system
of 10% (v/v) TBP in Shellsol/phenol/ water at pH
5.0–7.0. This value is consistent with our previous
results [5]. The experimental data of shell side mass
transfer coefficient in membrane contactor No. 1 were
compared with the predicted values calculated from
empirical correlations, as shown in Fig. 2.

The flow rates in the shell side were varied within
the range of 3.87–15.96 mL min�1 while the flow rate
of organic phase in the tube side was kept constant
(Gz ¼ 25). It can be found that the experimental shell
side mass transfer coefficients increased slightly as the
Reaq increased from 2.2 to 8.9. The corresponding Sher-
wood numbers changed from 1.22 to 2.46. However, the
predicted values vary in a very wide range from
1.0 � 10�7 to 9.0 � 10�6 m s�1. The predicted values
from the correlations proposed by Costello et al. [10],
Lipnizki et al. [13] and Asimakopoulou et al. [14] were
much greater than the experimental data. However,
the correlation by Prasad and Sirkar [9] and Yang and
Cussler [17] underestimated greatly. In case of
Gawronski et al. [12], Zheng et al. [15], Wu et al. [11] and
Viegas et al. [16], the correlations predicted the values
reasonably close to all experimental data in this work.

The observed Kaq and the predictions are plotted
against the Reynolds number of aqueous phase (Reaq)
as shown in Fig. 3. Results from resistance-in-series
model indicate that the shell side contributes major
resistance (>80%) in this process. It can be seen that the
experimental overall mass transfer coefficients ranged
from 1.2 � 10�6 to 2.5 � 10�6 m s�1 and generated a
similar trend with the predicted curves with the

Table 2
Module characteristics and parameters used in calculation

Module characteristics No. 1 No. 2

Contactor inside diameter, m 0.0075 0.0075
Number of fibers, N 70 81
Effective length of fiber, L, m 0.21 0.20
Packing fraction, þþ 0.37 0.43
Physical properties [5]
Viscosity of aqueous phase, m, cP (22�C) 0.98
Viscosity of organic phase, m, cP (22�C) 1.75
Diffusivity of phenol, m2 s�1 1.051�10�9

Diffusivity of TBP-phenol, m2 s�1 3.492�10�10

P

P
P

PPump 

Membrane contactor 
Valve 

Aqueous
stream 

Organic
stream  

Organic
stream  

Aqueous
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Fig. 1. Schematic diagram of experimental set-up.
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increasing Reaq on the shell side. The predictions using
the correlation of Gawronski et al. matched well with
the experimental data.

4.2. Validation in different modules

A set of experiments were carried out in a different
membrane module (No. 2) and different operation
mode in order to validate performance of the better
correlations observed in the module No. 1. The experi-
mental and predicted results were shown in Fig. 4.

In this module, the organic phase flowed in the shell
side. It can be seen from the Fig. 4 that there was a wide
range of discrepancies between the experiment and the
predictions. The predicted Sherwood number from the
two correlations of Gawronski et al. and Viegas et al.
agreed well with the experimental data. Model predic-
tions from correlations of Costello et al., Lipnizki et al.
and Asimakopoulou et al. had large positive discre-
pancies. The correlation of Prasad and Sirkar and
Dahuron and Cussler also gave poor predictions. These
observations were consistent with the aforementioned
results in the module No. 1.
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Distribution ratio  (pH6.5) :  33.50
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Fig. 2. Comparison between the experimental and predicted shell side mass transfer coefficient.
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Fig. 3. Discrepancies between the observed overall mass
transfer coefficient and model prediction.
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Fig. 4. Comparison between the experimental Sherwood
numbers and the predicted values in the module No.2.
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The results reported above indicate that the correla-
tion of Gawronski et al. predicted well the performance
of the two modules and the correlation of Viegas et al.
underestimated the mass transfer rate but within 30%.
It is noted that the experimental conditions are similar
to the boundary of these two correlations. Moreover,
the correlations of Gawronski et al. and Viegas et al.
were also proposed from the results in liquid–liquid
extraction systems. The other correlations except for
the correlation of Prasad and Sirkar were correlated
in gas–liquid experimental systems where liquid phase
flowed through the shell side and the shell side mass
transfer coefficients were considered to be controlling.

Therefore, in the case of a liquid–liquid system in a
membrane module with f around 0.40, shell side mass
transfer can be estimated from the empirical correla-
tions of Gawronski et al. and Viegas et al.

5. Conclusions

In this work, the empirical correlations for shell side
mass transfer in membrane contactors were summar-
ized. Experimental data were compared to existing
model predictions in two different modules. Consistent
results were observed. The correlations of Gawronski
et al. and Viegas et al. were recommended to predict
shell side mass transfer in a randomly packed hollow
fiber module.
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Symbols

A Membrane area of mass transfer, m2

C Phenol concentration, g /L
D Distribution ratio
din Inner diameter of hollow fiber membrane, m
dh The hydraulic diameter of shell side, m
dlm Logarithmic mean diameter of hollow fiber,

m
dout Outer diameter of hollow fiber membrane, m
Daq Diffusivity of phenol in aqueous phase, m2/s
Dd Diffusivity of solute, m2/s
Dorg Diffusivity of the organic phase, m2/s
K Local mass transfer coefficient, m/s

K Overall mass transfer coefficient, m/s
l Length of hollow fiber, m
Qaq Flow rate of the aqueous phase, m3/s
Re Reynolds number
Sc Schmidt number
Sh Sherwood number

Greek letters

e membrane porosity
m viscosity (kg/m s)
r density (kg/m3)
t tortuosity of membrane pores

þþ The packing fraction of membrane contactor

Subscripts

aq aqueous
m membrane
org organic
s shell
t tube

Superscripts

� Equilibrium concentration between two phases.
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