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Abstract

Experiments were conducted to investigate the extraction of 2-chlorophenol (2-CP) from aqueous solution by liquid membrane. Main
research efforts were focused on the identification of the optimal operating conditions for the liquid membrane system. An equilibrium
equation of the Langmuir-type was proposed for describing the equilibrium 2-CP distribution between the external aqueous phase and the
internal water-in-oil (W/O) emulsion phase. The proposed model predicts reasonably well the 2-CP phase equilibrium relation. Furthermore,
a mass transfer model based on the linear driving force principle was also adopted in this work for representing 2-CP mass transfer from the
external aqueous phase to the W/O emulsion. The simplified mass transfer model involved only a single parameter, i.e. the empirical mass
transfer coefficient, which was easily established using observed data generated under various operating conditions. The mass transfel
model considerably facilitates estimation of the 2-CP mass transfer rate in the liquid membrane system. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction this concentration level. Hence, efficient treatment of high
concentration phenolic wastewaters by chemical or physical
Phenol and phenolic derivatives appear in wastewatersalternatives is necessary.
from many chemical, petrochemical and oil refining indus-  There are various chemical or physical methods for
tries. Because of their toxicity to human and marine life, dealing with industrial wastewaters containing high con-
increasingly stringent restrictions have been imposed on thecentration phenolic compounds. These methods included
concentrations of these compounds in the wastewater forextraction by liquid membrane [4], adsorption by activated
safe discharge [1]. In Taiwan, for instance, the phenol con- carbon [5], macroreticular resin [6] and organoclays [7],
centration in the industrial wastewater for safe discharge haschemical decomposition by Fenton’s reagent [8], wet air
been reduced from 2 to 1 mg/I primarily due to health con- oxidation [9,10] and ozonation [11]. Among the various
sideration. Hence, treatment of industrial wastewater con- methods, extraction by emulsion liquid membrane is a good
taining phenolic compounds is mandatory. attractive alternative because of its high efficiency and recov-
Traditionally, activated sludge process has been the mostery of phenolic compounds for reuse as raw materials [12].
widely used method to treat phenolic wastewater because of Since its initial work by Li [13], liquid membranes have
its simplicity and relatively low cost [2]. However, the mi- demonstrated considerable potential as effective tools for
croorganisms in an activated sludge system, even well accli-an increasing variety of separation applications [4]. Among
mated, can only deal with chemical wastewater containing the various previous investigations, an aspect that received
relatively low concentration of phenolic compounds, usu- much attention is mathematical modeling of the liquid
ally less than 100 mg/l, due to low biodegradability and in- membrane extraction process. Mathematical modeling of
hibitory effects of these compounds [3]. Unfortunately, the the liquid membrane process not only helps us to eluci-
chemical wastewaters from many chemical and petrochem-date the extraction mechanism, but also provides a good
ical industries contain phenolic compounds far exceeding tool for process design. Many mass transfer models have
been considered by investigators for describing the various
* Corresponding author. Fax:886-3-455-9373. liquid membrane extraction processes [4,14-19]. Those
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many model parameters, identifications of which were not a wide range of globule sizes. At least microscopic pictures
really easy. To enhance the values of those models, propemere taken by a microscope at different cylindrical locations
simplification would be needed. of the extraction cell and the average W/O emulsion glob-
The objective of this study is first to identify the opti- ule size was estimated from these microscopic pictures to be
mum operating conditions of liquid membrane extraction of 2 4+ 0.14 mm that was in line with those observed by other
2-chlorophenol (2-CP) from aqueous solution. The model investigators [4]. An extraction run was started by putting a
compound (2-CP) was chosen because of its importance aslesired amount of 2-CP wastewater (with 1000 mg/I initial
a solvent or raw material in the many industrial processes. 2-CP concentration) in the extraction cell which was kept at
Second, a simplified mass transfer model was adopted fora constant temperature (26). The stirrer was turned on and
describing the liquid membrane extraction process. In con- maintained at a constant speed of 100 rpm. A desired amount
trast to the complex mass transfer models proposed by manyof prepared W/O emulsion was added to the 2-CP wastewa-
previous investigators which involve many model parame- ter. Then small samples of the continuous phase were taken
ters, the present simplified model contains only an empirical periodically and the 2-CP concentration was determined by
mass transfer coefficient. As demonstrated in this work, the a HP gas chromatograph (Model HP 5890, Hewlett Packard
empirical model coefficient can be easily evaluated using Instrument, Colorado, USA) equipped with an FID detector
the experimental mass transfer data obtained under variousand a GP80/100 Carbopack capillary column.
operating conditions. Finally, a Langmuir-type equilibrium
model is also proposed to represent the equilibrium extrac-
tion of 2-CP by liquid membrane. The proposed correlation 3. Results and discussion
offers a better alternative than the previous one in establish-
ing the equilibrium relation between the external aqueous 3.1 Effect of operating variables
phase and the water-in-oil (W/O) emulsion [20]. Test data
were gathered to verify the equilibrium model and to esti- |, the extraction test runs, both baffled and non-baffled
mate the model parameters. cells were employed. The effect of baffle on the 2-CP
extraction is demonstrated in Fig. 1. Significant difference
in the liquid phase 2-CP reductio/Cop) for baffled and
non-baffled extraction cells is obvious in this figure for the
first 20 min of the extraction operation. The improvement in

The composition of the W/O emulsion consisted of Sur- gyiraction efficiency for the baffled cell over the non-baffled
factant Span-80 (sorbitan monoleate) obtained from Aldrich 4q is apparently due to better mixing and suspension of

Chemical (Milwaukee, Wisconsin), kerosene (solvent) ob- \xo emuilsion globules in the aqueous solution. However,
tained from China Petroleum (Taiwan) and sodium hydrox- ater 20 min of extraction, a slight decrease in the 2-CP ex-
ide and 2-CP obtained from Aldrich Chemical (Milwaukee, action rate was observed for the baffled case and the two
Wisconsin). According to the manufacturer, Span-80 had eyiraction efficiencies became rather close to each other at
a relatively low HLB (hydrophile-lipophile balance) value = 5:0,ng 30 min. The decrease in the extraction efficiency is

of 4.3 which renders it appropriate for hydrophobic W/O ibytable presumably to swelling and break-up of some
emulsion preparation. The W/O emulsion was prepared

by putting appropriate amounts of kerosene, Span-80 and

2. Materials and methods

6000 rpm. In the present W/O emulsion preparation, a con-

stant speed of 4000 rpm was maintained for 20 min. After

homogenization was completed, the W/O emulsion was left

still for 30 min to insure emulsion stability. 0.01
The batch extraction tests were conducted in an extraction

b

NaOH in a 2| container in the homogenizing apparatus 1.00 ]

that was manufactured by Fu Chang Chemicals (Taoyuan, E\‘X |

Taiwan). The apparatus was equipped with a mixer that \\ (A Baffle J

had four 30 downward facing turbine blades. Driven by a B \_Y & No Baffle |

high speed motor, the mixing speed could reach as high as 0.10 T \ !
| |

C/Co
T

)

cell. The Pyrex cell had a diameter of 6.5 cm and was 13.3cm E

high. It was equipped with a cooling jacket for temperature r

control. The extraction cell had four pieces of baffles at- 0.001 | L] | ‘
tached to the cell wall 90apart and each baffle was 10cm 0 0o 2 30 40
and extended 1 cm from the wall. A four-blade impeller stir- Time, min

rer, located 3 cm from the cell bottom was provided so that ¢ 1 Efect of baffles on the 2-CP reduction with 1000 mg/l initial 2-CP
th_e wW/O emul_5|on in the phenolic vv_astewatercould be main- concentration, 5% Span-80, 1% NaOH, 0/4/Vy (emulsion to liquid
tained well mixed. The W/O emulsion was expected to have volume ratio).
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W/O emulsion globules in the baffled cell. This time frame 1.008
of 30 min serves as the upper limit of the 2-CP extraction
by liquid membrane. Such a short extraction time was made
possible because of very large surface area of the W/O

emulsion globules. Hence, for efficient extraction operation, 0.10 \ |
baffled extraction cell is definitely a good choice and was o T g :
adopted for the rest of all experimental investigations. O NN

The effect of the amount of surfactant (Span-80) on 2-CP &) | P
extraction is twofold. More surfactant in the W/O emulsion 001 [ - \_ T
tends to reduce the surface tension of the W/O emulsion TE NaOH Conc., wi% |
leading to smaller and more stable emulsion globules and [ A 05 o 3 |
much larger surface area for the same amount of W/O \ 5 ; ¢ s \
emulsion. This in turn enhances the extraction efficiency. —

. S 0.001 ! ‘ ‘ :

However, as more surfactant is added, the liquid membrane 0 10 20 30
thickness of the W/O emulsion globule is expected to in- Time. min

crease, leading to an increase in the 2-CP mass transfer
resistance which adversely influences the 2-CP extractionFig. 3. Effect of NaOH concentration on the 2-CP reduction with 1000 mg/|
rate. The combined effect of these two conflicting factors initial 2-CP concentration, 5% Span-80 and @dVy ratio.
is shown in Fig. 2. As the initial surfactant concentration
of W/O emulsion increases from 1 to 5%, the efficiency of
2-CP extraction improves steadily. The improvement in the an increase in the NaOH concentration would be beneficial
extraction efficiency, however, is drastically reversed as the to the liqguid membrane extraction. However, existence of the
surfactant concentration is further elevated from 5 to 11%. NaOH concentration difference between the external liquid
In this case, the reduced mass transfer of 2-CP due to thickephase and the W/O emulsion phase creates an osmotic pres-
emulsion layer apparently more than offsets the beneficial sure between these two phases [4], which causes water in
effect of reduced surface tension. Hence, 5% surfactantthe external liquid phase to diffuse through the liquid mem-
concentration offers the optimum choice for the present brane into the small W/O emulsion globules. Accumulation
liquid membrane system. It is further noticed in Fig. 2 that of water inside the W/O emulsion globules will cause glob-
10-15min appear to be a better time duration for the 2-CP ule swelling and eventually break-up, leading to a loss in
extraction which is in line with that observed in Fig. 1. the liquid membrane extraction efficiency. Furthermore, an

The sodium hydroxide (NaOH) inside the W/O emul- increase in NaOH can cause hydrolysis of the ester bonds
sion globules has two major effects on the liquid mem- of Span-80 [4], leading to a decrease in the W/O emulsion
brane extraction process. First, it serves to convert 2-CP stability. Hence, an increase in NaOH concentration will ad-
that has diffused through the liquid membrane, into sodium versely affect the extraction efficiency. The interplay of these
2-chlorophenolate. The chlorophenolate is retained within conflicting effects will strongly influences the 2-CP extrac-
the emulsion globules without back-diffusion [19]. Hence, tion efficiency. This overall NaOH effectis revealed in Fig. 3.
The adverse effect of NaOH is apparent for a NaOH con-
centration above 1%. In fact, with a 0.1 emulsion/liquid vol-
, ume ratio, 1000 mg/l 2-CP concentration in the liquid phase

[ and 0.5% NaOH concentration in the emulsion phase, the

[Surfactemt Conc., %, ) total NaOH in the emulsion globules is approximately the
\
|

stoichiometric amount required for complete reaction with
2-CP. A NaOH concentration above 0.5% is theoretically in
excess. This figure reveals that a NaOH concentration above
the stoichiometric one does not appear to yield any benefit
at all and for the case shown here 0.5% NaOH concentration
is optimum.

Another factor that deserves some attention is the relative
amounts of W/O emulsion and wastewater to realize the
best 2-CP extraction. Fig. 4 shows the 2-CP removal as a
| function of the volume ratio of W/O emulsion to wastewa-
10 20 30 ter containing 1000 mg/l initial 2-CP concentration. As the
volume ratio increases, the 2-CP removal increases rapidly
until it reaches 0.1 beyond which extraction efficiency
Fig. 2. Effect of surfactant (Span-80) concentration on the 2-CP reduction €Ssentially remains constant. Such an optimal volume ratio is
with 1000 mg/l initial 2-CP concentration, 1% NaOH, 0/4/V,, ratio. certainly related to the 1000 mg/I initial 2-CP concentration.

0.001 l . - -
0

Time, min
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Fig. 4. 2-CP removal as a function of the volume ratio of W/O emulsion to with 1000 mg/! initial 2-CP concentration, 1% NaOH and DV ratio.

aqueous solution with 1000 mg/l initial 2-CP concentration, 5% Span-80
and 1% NaOH.

adopted for this purpose. This isotherm is represented by

20
As the initial 2-CP concentration varies, the optimal volume [20]
ratio is bound to change. Qe = _abCe 1)
1+ bCe
3.2. Equilibrium extraction correlation in which Qe is the equilibrium extraction capacity of W/O

emulsion (in mg 2-CP removed per ml emulsio@), the
Depending on the pH of the aqueous solution, molecular 2-CP equilibrium concentration in the aqueous phase.(mgll),
two parameters, Eq. (1) is rewritten as

1 1 1
+ —_— == 2
PhCIOH< PhCIO™ +H 00" a + abCe (2

according to the following equation:

Based on the above equilibrium, an equation was establishedThe 2-CP equilibrium concentratiorC§) in the aqueous

to relate the 2-CP concentration in the external agueousphase was measured in a test run and the equilibrium extrac-

phase to that in the W/O emulsion [4,14-19]. This equi- tion capacity Qe) was readily calculated using the measured

librium equation correlates well the 2-CP concentrations in data and the known initial conditions. According to Eq. (2),

different phases only under well-defined conditions and a a plot of 1Qe vs. 1Ce would yield a straight line and the

mechanism was proposed by Cahn and Li [19] to explain model parameters(@ndb) are obtained from the slope and

the equilibrium of 2-CP between the external and internal intercept. In fact, the isotherm parameters in Eq. (1) could

phases. Adoption of this type of equilibrium relation to also be obtained using non-linear regression. For the present

a wide variety of practical situations is much hampered study, both methods yield essentially the same results. Fig. 5

because of shortage of experimental data for establishingreveals that the equilibrium Langmuir extraction model, rep-

the parameters in the equilibrium correlation [4,14—19]. To resented by the solid lines, describes reasonably well the

overcome this difficulty, an empirical equilibrium equation 2-CP equilibrium relation in the liquid membrane extraction

is proposed here. system. The constant parameters for this extraction system
Dispersion of W/O emulsion in the extraction cell un- obtained from the model fit are listed in Table 1. This table

der well-mixed conditions results in suspension of emulsion

globulesin the 2-CP wastewater [4,14,15]. This phenomenonypje 1

is in fact not much different from suspension of adsorbent Model parameters of 2-CP extraction by liquid membrane

in an agueous solution. By v_isualizing the W/Q emul_sion Surfactant Langmuir parameter

globule as an adsorbent particle, 2-CP extraction by liquid concentration (%)

membrane from the wastewater is functionally equivalent a b

to an adsorption process. Hence, an adsorption equilibrium 1 30.46 0.06
isotherm could be adopted for describing the 2-CP equilib- 3 35.90 0.06
rium between the external aqueous phase and the internal ® %ég 8'8(73

W/O emulsion. The empirical Langmuir isotherm is first
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reveals that the parameteis strongly influenced by the sur-

factant concentration, while the second parametemains

constant. The proposed equilibrium correlation offers signif-

icant advantages over the previous one [19] in that the model
parameters are much easier to establish from the experimen-

tal equilibrium data. Such an equilibrium correlation can be

adopted for use in stagewise liqguid membrane extraction of >
phenolic compounds from aqueous solution [19].

3.3. Extraction mass transfer model

2-CP transfer from the external aqueous phase through
the liquid membrane to the emulsion droplets could be gov-
erned by several potential mass transfer resistance between - ¢
the two phases. Different models of varying complexity Time, min
have been proposed for describing the mass transfer proceslgig_ 6. Comparison of the theoretical predictions by the adopted mass
[14-18,21,22]. Those models are not easy to use beCausgansfer model to the experimental data for various volume ratigh/y,)
of the difficulty in obtaining the solution and the many pa- with 1000 mg/l initial 2-CP concentration, 5% Span-80 and 1% NaOH.
rameters involved which are not easy to evaluate either. To

overcome this difficulty, a simplified version based on the fom Figs. 6 and 7 are the overall mass transfer coefficients
principle of linear driving force principle [23] is employed (k) \which are shown in Figs. 8 and 9 as a function of the
here. The simplified model assumes that the 2-CP concen-gmysion to liquid volume ratio and the NaOH concentra-
trations in the external aqueous phase and the internal W/Oyio  respectively. The overall mass transfer coefficient in
emulsion are uniform. The model can be represented by thegjq g jncreases with an increase in the volume ratio. This
following equation [23]: may be attributable to an increase in the number of emulsion
dc . - globules when higher emulsion volume is used. However, an
o = fa@ =0 3) excessive amount of the emulsion is not beneficial and hence
B the overall mass transfer approaches a constant value at high
whereC is the 2-CP concentration (mg/l) in the W/O emul-  V/V,, ratio. In Fig. 9, however, a distinct maximum value
sion droplet,C* is that under equilibrium condition (mg/l)  around 3% NaOH concentration is apparent. Occurrence of
andk_a the capacity coefficient (mirt). Integration of the maximum mass transfer at this NaOH concentration does

above equation yields not agree with the corresponding one (0.5% NaOH concen-
= tration) based on the maximum 2-CP reduction observed in
I (C* é) = (kLa)t 4) Fig. 3. The difference in the optimum NaOH concentration

could be due to the fact that the properties of W/O emulsion

Note that the 2-CP concentration in the W/O emulsion
droplet(C) is related to that in the external aqueous solution 10 (f
(C) by the following material balance: -

VL(Co— C) = VRC (5) 8-

NaOH Conc. wt% |
1

o ey

2
3
in which V| andVR are the volumes of the external aqueous ;
phase and the W/O emulsion (ml), respectively, &pdis
the initial 2-CP concentration in the external aqueous phase >
(mg/l). The equilibrium concentration of 2-Cf*) in the 4
W/O emulsion was determined using Eq. (5) wiiais equal
to Ce. In the test runs of liquid membrane extraction, the
2-CP concentration in the external aqueous ph&emMas
measured as a function of time. HenCewas calculated us-
ing Eq. (5). The quantityY) on the left-hand side of Eq. (4) 0
was thus obtained. Plot &fvs.t would yield a straight line
with a slope ok. Figs. 6 and 7 demonstrate the line plots of Time, min
Y vs.t as a function of the emulsion to liquid volume ratio . . -
(Ve/Vy) and NaOH concentration, respectively. The model Fig. 7. Comparison of the _theoretlcal predlctlgns by the adopted mass
] . . . . transfer model to the experimental data for various NaOH concentrations
(straight lines) is seen to fit the experimental data reasonablywith 1000 mg/l initial 2-CP concentration, 5% Span-80 and UelViy
well in both figures. The slopes of the straight lines obtained ratio.
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Fig. 9. Empirical capacity coefficienk(a) as a function of the NaOH
concentration with 1000 mg/l initial 2-CP concentration, 5% Span-80 and
0.1 Ve/Vy, ratio.

are altered by the NaOH in the system and such a property
change were not considered in the mathematical modeling.

4. Conclusions

Investigations on 2-CP removal from aqueous solution by

liquid membrane were conducted in this work. Experimen-

SH. Lin et al./Chemical Engineering Journal 87 (2002) 163-169

2. Five percent surfactant and 0.5% NaOH concentrations in

the preparation of W/O emulsion were observed to yield
the very good extraction results for all the cases tested
here. Also, an optimal 0.1 emulsion to liquid volume ratio
existed in the present liquid membrane system.

. A proposed equilibrium correlation of the Langmuir-type
described well the 2-CP equilibrium between the exter-
nal aqueous phase and the W/O emulsion. The model pa-
rameters are easy to estimate from the experimental data.

4. A simplified mass transfer model based on linear driving

force principle was adopted in this study and was found
to represent quite well the observed data. The model in-
volved only single empirical parameter which is easy to
establish from the experimental data.
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