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The extraction and stripping of phenol using a solution of tributyl phosphate in kerosene in a hydrophobic
polypropylene hollow fiber membrane contactor has been studied. The effect of the aqueous and the
organic phase flow rates on the overall mass transfer coefficient for both extraction and stripping steps was
investigated. Experimental values of the overall mass transfer coefficient were determined and compared
with predicted values from the resistance in series model. Results showed that the overall mass transfer
coefficients for extraction were about one order of magnitude greater than those measured during the
stripping process. The experimental values were in good agreement with the predicted values for the
extraction module. However, the predicted values were slightly overestimated for the stripping module.
The individual mass transfer resistances were analyzed and the rate-controlling steps of mass transfer
were also identified in both extraction and stripping modules. The major resistance in extraction and
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stripping was in the aqueous phase and in the membrane phase, respectively.
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1. Introduction

Phenol and its derivatives are often present in the wastewater
discharged of manufacturing processes such as in the petro-
chemical and agrochemical industries and in coal gasification
wastewaters. Due to their potential harm to human health, most
are listed as priority pollutants by the US Environmental Protection
Agency [1]. Therefore, treatment processes must often be imple-
mented before the waste streams can be safely discharged.

One of the most widely used methods of removing phenol is
liquid-liquid extraction using esters, alcohols [1,2], alkylamines [3]
and trialkylphosphine oxides [4] as extractant solvents. The use of
tributyl phosphate (TBP) as an extractant is the focus of the present
work. Compared to other solvents, TBP shows good extraction per-
formance, has low solubility in water, a high flash point which
lowers the flammability potential and is relatively inexpensive [5,6].
Phenol forms a complex with TBP as a solvating reagent as follows
[6]:

CgH50H + TBP = CgH50H-TBP (1)

Solvent extraction is conventionally conducted in devices such
as mixer-settlers and pulsed plate columns. However, these devices
exhibit important drawbacks associated with the dispersion of the
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two phases, such as emulsion formation and organic phase carry-
over. As a result, the wastewater streams can become contaminated
by these organic chemicals, which are often equally as polluting.
These problems can be substantially eliminated using membrane
contactors [7].

The use of hollow fiber membrane contactors for non-dispersive
solvent extraction has been extensively studied for many applica-
tions [7-11]. In this case, the interface between the aqueous and
the organic phases is stabilized within the pores of the polymer
membrane. There are many advantages associated with this non-
dispersive configuration: they are highly compact devices with
large specific surface area; the dispersion-free operation eliminates
emulsion formation, phase entrainment and downstream phase
separation; there is no limitation on the phase flow rate ratio; no
need for density differences between the extractant and stripping
phases; and there is greater flexibility in equipment configuration.
Compared to dispersive extraction devices, the main drawback is
the additional membrane resistance which lowers the overall mass
transfer rate. However, this can be successfully offset by the greater
interfacial mass transfer area found within a hollow fiber mem-
brane unit [7].

In the literature, many researchers have studied solvent-based
phenol recovery within hollow fiber membrane contactors [11-21].
However, the use of tributyl phosphate (TBP) as a phenol carrier in
such a configuration has not been investigated. Further, there are
conflicting reports on the use of empirical correlations for estimat-
ing the shell side mass transfer coefficient within such a hollow
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Nomenclature

A membrane area of mass transfer (m?2)

c phenol concentration (gL~1)

D distribution ratio

din inner diameter of hollow fiber membrane (m)

dn the hydraulic diameter of shell side (m)

dim logarithmic mean diameter of hollow fiber (m)

dout outer diameter of hollow fiber membrane (m)

Dagq diffusivity of phenol in the aqueous phase (m%s~1)

Dorg diffusivity of the organic phase (m?s-1)

F; fractional resistance (%)

Jsol phenol mass transfer flux (gs—1)

k local mass transfer coefficient (ms—1)

K overall mass transfer coefficient (ms=1)

Keq the equilibrium constant of chemical reaction (Eq.
(6))

l length of hollow fiber (m)

M molar concentration (kmol m~—3)

Q defined in Eq. (5)

Quq flow rate of the aqueous phase (m3s-1)

Qorg flow rate of the organic phase (m3s—1)

Re Reynolds number

Sc Schmidt number

Sh Sherwood number

t time (s)

Vv defined in Eq. (4)

Vagq volume of the aqueous phase (m?3)

Vorg volume of the organic phase (m3)

Greek letters

membrane thickness (m)
membrane porosity

viscosity (kgm~1s-1)

density (kgm~3)

tortuosity of membrane pores
interfacial tension (Nm~1)

the contact angle

the packing fraction of membrane contactor
the constant, defined in Eq. (15)
defined in Eq. (2)

R HRDAADE O >

Subscripts
aq aqueous
m membrane
org organic
shell
tube

Superscripts
* the equilibrium concentration between two phases
0 the initial concentration

fiber contactor [11,16,18,20,21]. The aim of this study is to identify
the rate-limiting step for phenol extraction with TBP and to develop
a reliable model for predicting the extraction and stripping perfor-
mance in a hydrophobic hollow fiber membrane contactor. In order
to do this, distribution ratios were determined for a system with
10% (v/v) TBP/Shellsol2046 as the extractant and sodium hydrox-
ide (NaOH) as the stripping agent. The effect of phase flow rates
on the overall mass transfer coefficient for both the extraction and
stripping steps were studied and compared with predicted values
obtained from the mass transfer model.
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Fig. 1. Schematic diagram of experimental set-up for phenol extraction and strip-
ping.

2. Theory
2.1. Overall mass transfer coefficient calculation

The transfer of phenol from the aqueous phase to the organic
phase during the extraction process can be described in terms of
the overall mass transfer coefficient, Kqq, which is defined by

Jsol = KagA(Cag — C3q) (2)

where J,; is the phenol flux, A is the effective interfacial area, cqq is
the concentration of phenol in the aqueous solution at time t, and
C4q is the equilibrium concentration of phenol in the aqueous phase.

By making an unsteady state mass balance and assuming a con-
stant distribution ratio, Kqq can be determined from concentration
of phenol in the aqueous phase with time [12,22,23]. The equations
for recirculating co-current flow as shown in Fig. 1 are

Vedy o
=1yt TE Vexp(—yt) (3)
Kag = %m [1 _y (gzz) (113)] (4)
V= % (5)
0= gy ®)

cgq is the initial concentration in the aqueous feed solution. Qqq
and Qorg are the aqueous and organic phase flow rates, respectively.
Vag and Vyrg are the volumes of the aqueous and organic phases.
Am is the effective interfacial area, y is the fitting coefficient, that is
a function of flowrate, volume of solvent and mass transfer coeffi-
cient, and D is the distribution ratio.

In the stripping process, the transfer of phenol from the organic
phase back to the aqueous phase involves the following chemical
reaction [16,19]

CgH50H + NaOH — CgHs50Na + H,0 (7)

The phenol flux for stripping can be expressed based on the
permeation model of such a stripping process as follows [8,11,16]:

Jsot = KorgA(Corg — C5rg) (8)

where Jg,;, mols~!, can be calculated from the slope of the linear
part of the stripping curves multiplied by the volume of the organic
phase. Korg is the overall mass transfer coefficient. A is the effec-
tive area of mass transfer based on the inside diameter of hollow
fiber membrane and cyg is the bulk concentration of phenol in the
organic phase at time ¢ and ¢}, is the concentration of phenol in
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