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ABSTRACT

The membrane extraction of phenol with linear monoalcyl cyclohexane (IMACH)
as an organic solvent was studied. The organic/water distribution coefficient was ob-
tained simply by equilibrating an aqueous solution of phenol with IMACH in a sepa-
ratory funnel at room temperature. The mass transfer coefficient of phenol in the sol-
vent extraction process was determined using the method of defined interface surface
area. The membrane extraction of phenol was carried out in a commercial capillary
dialyzer with a membrane surface area of 122ltrwas shown that a relatively high
extraction efficiency could be achieved (over 90%) in spite of a relatively low distri-
bution coefficient for the observed system (0.27) when the flow rate of the organic
phase was higher than the flow rate of the aqueous solution of phenol.

Key Words. Membrane extraction; Phenol; Linear monoalcycyclo-
hexane; Hollow fiber
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INTRODUCTION

Phenol and phenolic derivates are chemical products commonly found in
aqueous effluents from various industries. Concentrations of phenol in wastes
of this kind vary in a wide range from several ppm to 2-3% (1). Removal of
phenol from wastewaters has been accomplished by means of various purifi-
cation techniques that involve extraction, adsorption, evaporation, or biologi-
cal processes. One of the most widely used methods of removing phenol from
concentrated waste streams is solvent extraction using polar organic solvents
(2). An important disadvantage of this method is emulsion formation that may
increase the organic loading of the treated stream, requiring additional
cleanup. The membrane extraction process shows certain advantages over
classical solvent extraction (a smaller amount of extracting agent, negligible
loss of organic solvent, impossible formation of stable emulsion). A very large
surface area per unit volume can be achieved using microporous hollow fiber
extractors, which enables high separation factors, although the mass transfer
coefficient is not usually high (3, 4). Moreover, in hollow fibers the two fluid
flows are almost completely independent which precludes flooding, loading,
or channeling (5). Hollow-fiber-shaped membranes enable construction of
parallel-flow or crossflow multiphase contractors for integrated
extraction—stripping (pertraction) processes (5, 6).

The primary aim of our work was to test the suitability of linear monoalcyl
cyclohexane (IMACH) as an organic extractant for phenol, and the suitability
of polysulfone fibers so that a special module for multistage membrane per-
traction could be designed since, in our opinion, it is the optimal way for phe-
nol removal from wastewaters. Although it has a rather low distribution coef-
ficient compared to some polar solvents, IMACH was chosen because it has
several important advantages as an extragent for phenol, especially if the
membrane extraction, or even better, membrane pertraction is applied. First, it
is completely nontoxic and not harmful for the environment in any way, so the
recovery of residual dissolved solvent is avoided. Second, it is practically im-
miscible with water, and if a membrane contactor is applied it is impossible
that a water—-IMACH emulsion will be formed. Third, it is very convenient for
multistage membrane pertraction where the stripping is performed with an al-
kaline solution (our paper in the preparation) since it is also immiscible with
such a solution. Further, stronger solvents may require more chemically resis-
tant fibers (e.g., polypropylene) which are generally hydrophobic. We chose
polysulfone for the hollow fibers because of its hydrophilicity, so that the wa-
ter—IMACH contact will be at the organic side of the membrane surface. We
expect this will lower the overall mass transfer resistance for phenol, since the
highest resistance will be in the organic phase based on the low organic/water
distribution coefficient of phenol.
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EXPERIMENTAL

Three kinds of experiments were performed: distribution coefficient mea-
surements, mass transfer coefficient measurements, and permeation measure-
ments.

All experiments and solutions were maintained at room temperatif@) (21

Distribution Coefficient Measurements

The organic/water distribution coefficient of phenol was obtained simply
by equilibrating an aqueous solution of phenol (p.a. Merck) with IMACH in a
separatory funnel at room temperature. In general, it took about 5 minutes to
reach an equilibrium condition. The range of phenol concentration in distilled
water was 5-100 mg/dinThe pH values of aqueous solutions varied from 2
to 10. The hydrogen ion concentration in the aqueous phase was controlled by
adding HPO, or NH3, and it was measured using a pH-meter (Iskra, MA
5475). The extractant phase was pure IMACH (TMF Laboratories, Belgrade)
and IMACH 1:1 in gasoline (medical pure).

Mass Transfer Coefficient Measurements

The mass transfer coefficient of phenol in the extracting process was deter-
mined using the constant interfacial area method (7). The measurements were
carried out in the constant interfacial area apparatus (Lewis-type cell) shown
in Fig. 1. It is made of Pyrex glass with an interfacial area of 47.75Tme
stirrer blades were symmetrically located with respect to the interface, and the
stirrer was driven using a Labo-stirrer model “Iskra” 450. In our study of the
kinetics of extraction the stirring speed was varied from 50 to 200 rpm and the
initial phenol concentration in aqueous solution was varied from 10 to 100
mg/dn? at pH 6.0.

Procedure

First, an aqueous solution of 100 twolume was placed in the cell, and
then an equal volume of organic solution was carefully poured into the cell
along the interior wall of the cell. By doing this, the disturbance at the inter-
face was minimized. Then the mass transfer of phenol from the aqueous phase
to the organic phase started. A sample (0.3 evas taken at a certain time in-
terval from the agueous phase and analyzed.

Permeation Measurements

The membrane extraction of phenol was carried out in a commercial capil-
lary dialyzer (HEMOFARM, Vrac) (8) with the characteristics summarized

in Table 1.
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organic phase
.............................. mm
4
aqueous phase 1% mm
34 mm
78 mm

FIG. 1 A scheme of the constant interfacial area cell. Inter-facial ar8d.64 cm, and

volume of organic phase (or aqueous phas&po0 cn.

The experiments were carried out for a range of flow rates for a counter-
current feed/organic flow. A feed solution that contained 1.06 mmd|stie:
nol (pH 6.0) flowed around the capillaries, and the extractant phase (pure
IMACH) flowed countercurrently through the capillaries.

TABLE 1

Characteristics of the HEMOFARM Capillary Dialyzer
Parameter
Internal module diameter (m) 0.030
Fiber length (m) 0.23
Membrane area (f 1.2
Number of fibers in the module (—) 6000
Membrane material Polysulfone
Membrane porosity (—) 0.65
External fiber diameterjm) 225
Internal fiber diameten(m) 200

MaRcEL DEKKER, INC.
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MEMBRANE EXTRACTION OF PHENOL 655

Analysis

The concentration of phenol in the aqueous phase was measured spec-
trophotometrically by Specol (Carl Zeiss, Jena) at a wavelength of 510 nm af-
ter a complex with 4-aminoantipyrine and[Re(CN)] was formed (9). The
concentration of phenol in the organic phase was calculated using the material
balance.

RESULTS AND DISCUSSION

Distribution Coefficients

The distribution coefficient of phenol as a function of the concentration of

phenol in the aqueous phase and the pH of the aqueous phase is shown in Fig.

2 for the extractant IMACH. Inspection of the figure reveals that the distribu-
tion coefficient of phenol is practically independent on the initial concentra-
tion. However, it is dependent on the pH of the aqueous phase and has its
maximum at pH 6.0nf = 0.27). These results are not consistent with the
expected data according to the literature (2), but they are real, and we believe
that the explanation deals with the ionic strength and interphase surface ten-
sion of the solutions, and requires a more detailed analysis. However, this is

*D

*x k%% pH
Q0000 pH
Roooo pH
7 AALMA pH

00000 pH

nwnun
=000 RKRN

(= e LR AR R R R AN AEERE RN AEALEE LA RASRARAANA RALLEER IS TrTTerT XS A RIUULLE A SN B

6.00  20.00  40.00  60.00 80.00; 100.00 120.00 140.00

Co(mg/dm®)

FIG. 2 Distribution coefficient of phenol as a function of the concentration of phenol in the
agueous phase for a range of pH; extractant IMACH.
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not relevant to our present research, since we performed all experiments at the
same pH value (6.0). The same behavior was shown for an extraction system
of phenol in aqueous solution/IMACH in gasoline (1:1), but a lower value for
distribution coefficient was obtaineth(= 0.17). On the basis on distribution
coefficient data, pure IMACH was chosen as the extractant in further exami-
nations.

Mass Transfer Coefficients

Typical experimental data of the time-dependent concentration of phenol in
a kinetic run of the extraction process in the cell are shown in Fig. 3.

The mass transfer coefficiend, can be calculated from the experimental
data of the distribution coefficient (Fig. 2) and experimental data of the time-
dependent concentration of phenol (Fig. 3) by using the Wang—Hu equation

(7):

time(min)

(Ca B 1
P n —_— - .
mf + 1 _mr (1)
mf + 1
3
=l
8
=
B
Mmoo
E
©
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[o)]
£8 xxx %% 50 rpm 3
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aaass 150 rpm )
o 0009 190 rpm =
o <
® E
Q|IlIIllIl‘l]lr'll'll'Tl[lIlIl‘ll’ll[lllllllll]l(llll'lll ;)
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FIG. 3 The change in the concentration of phenol in the aqueous phase as a function of time:
Co = 10 mg/dnd, pH 6, and extractant IMACH.
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wheref is the volume ratio of the organic phase to the aqueous ph#gg) (

Cais the bulk concentration of phenol in the aqueous phase i, tandC, o

Is the initial concentration of phenol in aqueous phase, s6f@, C, = C, 0

In general, Eq. (1) is derived assuming that an equilibrium state is built up on
the organic—aqueous interface, and considering a constant value for the distri-
bution coefficient of phenah, which is independent on the concentration of

phenol in the aqueous phase, as itis in the present system. It was also assumed

thatf, m,andK values are independent of time. By letting the left side of Eq.
(1) beY, a plot of—Y value vs time exhibits a straight line with a slop&Af

as shown in Fig. 4A is defined as the interfacial area per unit volume of the
organic phase. This slope is used to calculate the mass transfer coefficient of
phenol between the IMACH and aqueous phase. It is obvious from Fig. 4 that
the mass transfer coefficient strongly depends on the stirring speed. At stirring
speeds over 190 rpm the interfacial surface was significantly disturbed, so that
the area was not defined and constant any more. For that reason only the well-
defined regime (up to 190 rpm) was observed. The highest vale(@@7

X 102 cm/s) was obtained at 190 rpm. In the simplest terms, this coefficient
should equal the diffusion coefficient, which is aroundeé/s for small
solutes (for phenol in IMACHD = 0.88x 10~ ° cn?/s) (10), divided by the
boundary layer thickness, around #@m (11). This gives a value close to the
highest one observed.

30.00 5 ~~~1
25.00 4
’; xkk*x*x 50 rem
J Q0000 75 rpm
2000 § ©mooo 100 rpm
o ] 44saa 150 rpm
o 3 00000 190 rpm
x 15.00 -:
> .
| 1o.oo-§
5.00 3
0.00 3
0.00

FIG. 4 A plot of—-Y given by Eq. (1) vs time to get the mass transfer coefficient of phenol at
various stirring speeds.
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]
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.
>
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FIG. 5 A plot of—Y given by Eq. (1) vs time to get the mass transfer coefficient of phenol
for different initial phenol concentrations.

It is also found that this mass transfer coefficient is insensitive to the initial
concentration of phenol in the agqueous phase, as shown in Fig. 5.

Membrane Extraction

Investigation of membrane extraction of phenol from aqueous solutions
with the extractant IMACH by using the hollow fiber membrane extractor re-
veals that a change in the feed flow rate (aqueous solution) does not affect the
bulk concentration of phenol in raffinate when the flow rate of the organic so-
lution is kept constant. However, an increase in the flow rate of the organic ex-
tractant decreases the bulk concentration of phenol in the raffinate. That
means that almost all the resistance to mass transfer is located at the organic
boundary layer. The efficiency of membrane extraction of phenol, defined by
the equation

Qr - Cro  Cro

is presented in Fig. 6 as a function of feed and extract flow @ten@Qg).
In Eq. (2),Cr andCg are the bulk concentrations of phenol in the water raffi-

0= o o= (1) @
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MEMBRANE EXTRACTION OF PHENOL 659

nate and organic extract, respectively, @adis the initial feed concentration
of phenol.

Inspection of Fig. 6 reveals that a significantly higher efficiency can be ob-
tained when the organic flow rate is higher than the feed flow rate. An effi-
ciency of 90% was obtained when this ratio was 5:1. Furthermore, from ex-
perimental observation, no emulsion formation occurred during the operation.

The overall mass transfer coefficient can be calculated from these concen-
tration measurements by using a transfer unit analysis. The capillary dialyzer
used can be considered to be an extraction column where the raffinate and ex-
tract phases flow countercurrently as schematically presented in Fig. 7. The
membrane is used to separate the water and IMACH phases. The feed, the
aqueous solution of phenol, enters the column at theRfate 24.42 mol/h
(0.44 dni/h) and a concentration of pher®k, = 1.06 X 102 mol/dn?
around the fibers, and leaves the column at the other end wiR,rat@2.22
mol/h (0.4 dn¥/h) and concentration of pher®k, = 0.101X 102 mol/dn?.

The extractant, IMACH, enters the column countercurrently at thégate
6.02 mol/h (1.8 driih) and a concentration of pher®t; = 0 inside the
fibers, and leaves the column at the other end withEate 4.68 mol/h (1.4
m®/h) and concentration of phenBk, = 0.213 X 10 2 mol/dn?. Since the
principal diffusional resistance lies in tegohase ih small and constant), the

o
Q
QL 1
O.J
-

.6 dm>/h

8|0.00

Q]
Q
/'\85
R ]
N~
Ll o o
Q. 5]
S e
N 2
o3 E
S =
Q1 S
N 7 =
b 8
8 =
O rrr-rrTTTT T T T T T T T T 1T PO 2L Bt et g 2
0.00 0.50 1.00 1.50 2.00 s
3 =
flow rate (dm°/h) °
FIG. 6 Efficiency of membrane extraction of phenol as a function of feed and extractant flow §
rates for initial feed concentration of pher@$,= 100 mg/dr.
MAaRrcEeL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016



Downl oaded At: 11:15 25 January 2011

ORDER | =

660 STEVANOVIC, MITROVIC, AND KORENMAN

o e

Cez2

R: E.

FIG. 7 Membrane extraction with continuous countercurrent contact.

following equation is used to determine the overall mass transfer coefficient
of phenol in theée phaseKg (12):

E-Nioe
Ke = H-A(1 — Xg)omCeaS (3)

whereN,oe is the number of transfer unitl; is the column height (module
length); A = 4/d is the interfacial surface area per unit volume of column,
whered is the internal diameter of the fib&js the cross-sectional area per-
pendicular to the diffusional direction (effective membrane surféigis the
average extract concentration of phenol; amlthe mole fraction of phenol

in solution. Subscripts E, O, and M indicate extract, overall, and mean, re-
spectively. For very dilute solutions and constanfl — xg) is near unity, and

R andE are substantially constant. The equationN@e then becomes ap-
proximately

1 ME\ [ Xg1 — MXgo mE 1 1-—Xe
Noe=—""—=In|[({1- + +—=In——= (4
‘OF mE {( ) (XEZ — MXRr2 R 2 1—Xg )
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and by rearrangement of Eq. (3) becomes

E—(':Nﬂ = Ke"A'SH (5)
Eav

Since in practice there are always slight variatiors amdR (in the present

case as a consequence of pressure drop in the hollow-fiber module), somewhat
more precise results are obtained by using values of these quantities at the di-
lute end of the systenit£{ andR,), since the transfer units are ordinarily con-
centrated at this end. Ag, = 0, the last right-hand part of the equation be-
comes zero. Thus,

1 mE, Xg1 — MXRo mE,
Nioe=——=—1In|(1— + 6
o8 1 - ME2 K Ry ) < —MXk2 ) R ] ©

1

Using Egs. (5) and (6) and experimental data, and adopting the same assump-
tions as above that valuesmof K,andE,/R; are independent on time, we plot-

ted the ternEN,oe/Ce4y VS time. Using an arithmetic average rather than a log-
arithmic average fo€g,,, in order to simplify the calculation, is justified by

the fact that an error of no more than 1.5% is incurred, which is about the same
as the experimental error. The slope of the straight line presented in Fig. 8 is

18

-

16+

144 QQ_cw_Oslope=1.28><_1_,0‘6 cm’/s
. Ke=0.71x10"™ cm/s

12+

%

ENiog/Ceav (10%cm®)
» o ® 3

N
TR

8 10 12 14 16
t (min)

e

FIG. 8 A plot ofENoe/Ceay VS time to get the mass transfer coefficient of phenol at an initial
feed concentration 1.08 10~ mol/dn¥.
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Ke-A-SH, from which the mass transfer coefficient was calculated. The mass
transfer coefficient could be calculated from data like those in Fig. 8 because
we know the surface area per volufké= 4/d). The value obtained fdg is

0.71x 103, which is of the same order of magnitude as the valui @ido-

tained with Lewis’s cell. The number of mass transfer units for a time of 1
hour isN;og = 5. Although the experiments were not performed in order to
develop correlations for contactor design nor to analyze the mass transfer
mechanisms, but to test the IMACH as a carrier and polysulfone fibers as the
hydrophilic membrane phase for a pertraction process, the results presented
above are sufficiently reliable to support the conclusion that the analyzed pro-
cess is diffusional controlled, with the main resistance in the organic bound-
ary layer in the case where a hydrophilic membrane is used. The membrane
apparently offers no resistance due to ultrafiltration; otherwise it would pre-
sumably retard the mass transfer coefficient.

CONCLUSIONS

This membrane extraction technique proved that the solvents such as
IMACH, with a very low distribution coefficient, can be successfully used in
the removal of phenol from water without any of the operational problems
characteristic for conventional dispersion-based processes. In addition, this
process completely avoids the additional contamination of treated waters. It is
also concluded that the membrane extraction of phenol with IMACH is a dif-
fusion-limited process, and the main resistance is in the organic boundary
layer. When a hydrophilic membrane is used, membrane resistance seems to
be significantly reduced. Considering the very low distribution coefficient of
IMACH, it might be even better used as a carrier in the multistage membrane
pertraction of phenol, and that will be the subject of our further research.

ACKNOWLEDGMENT

The authors are grateful to the Serbian Scientific Council for financial sup-
port.

REFERENCES

L. Boyadzhiev and S. Alexandrovggp. Sci. Technol., 27307 (1992).

Y. |. KorenmanExtraction of Phenolsvolgo-Viatsk Pub. House, Gorky, 1977.

R. Prasad and K. K. Sirkek|ChE J., 34177 (1988).

L. Dahuron and E. L. Cusslédbjd., 34 130 (1988).

A. Onijia, Z. Juric, S. Stevanovic, and M. Mitrowic Serb. Chem. Soc., @), 173 (1996).

arwONE

MAaRrcEeL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o

Copyright © Marcel Dekker, Inc. All rights reserved.



11:15 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

MEMBRANE EXTRACTION OF PHENOL 663

6.

11.
12.

S. Stevanovic, A. Onjia, and M. Mitrovic, “Pertraction of Solutes in Double Hollow-Fiber
Membrane Pertractors,” iIDIC Conference SerieERIS C.T. S.r.l., Milan, Italy, Vol.
1, 1995, p. 221.

M. L. Wang and K. H. Hu]. Chin. Inst. Chem. Eng., @3, 9 (1992).

S. Stevanovic, D. Markovic, M. Mitrovic, and Y. I. Korenmh, Prikl. Khim., 6710),
1743 (1994).

B. Ettinger, C. C. Ruchhoft, and R. J. Lishkaal. Chem., 231783 (1951).

R. H. Perry and C. H. Chiltoighemical Engineers Handbookth ed., McGraw-Hill,
Tokyo, 1979.

V. G. LevichPhysicochemical Hydrodynamijd@rentice-Hall, New York, NY, 1962.

R. E. TreybalMass Transfer Operation8rd ed., McGraw-Hill, New York, NY, 1980.

Received by editor October 17, 1997
Revision received June 1998

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



11:15 25 January 2011

Downl oaded At:

ORDER REPRINTS

PAGE 664 IS BLANK

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



Downl oaded At: 11:15 25 January 2011

Request Permission or Order Reprints|nstantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’ s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or itslicensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request
Permission/Reprints Here" link below and follow the instructions. Visit the
U.S. Copyright Office for information on Fair Use limitations of U.S,
copyright law. Please refer to The Association of American Publishers
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materialsis also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, alter or enhance the Materials. Please refer to our Website

User Agreement for more details.

Order now!

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS5100100672


http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=SS&title=Membrane+Extraction+of+Phenol+With+Linear+Monoalcyl+Cyclohexane&offerIDValue=18&volumeNum=34&startPage=651&isn=0149-6395&chapterNum=&publicationDate=03%2F08%2F1999&endPage=663&contentID=10.1081%2FSS-100100672&issueNum=4&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+11%3A34%3A04&publisherName=dekker&orderBeanReset=true&author=SLAVICA+M.+STEVANOVI%2C+MILAN+V.+MITROVI%2C+YAKOV+I.+KORENMAN&mac=IaYaLBThHwufUPe7G7WGjA--

