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Abstract

Extractive treatment of phenol-containing aqueous streams by two coupled hollow fiber modules (for simultaneous extraction and
stripping) is experimentally and theoretically studied. The effects of hydrodynamic conditions (linear velocities of all three liquids)
and concentrations (initial phenol concentrations) are explored and an optimal combination of these process parameters is found for
maximisation of the phenol fluxes in both modules. The extraction/stripping performance of the coupled HF modules was compared
when using different organic solvent (alcohols and alkanes). Analysis of the mass-transfer resistances of the different liquid layers in both
modules is presented based on mathematical model and experimental data from equilibrium measurements and kinetic experiments. It is
found that an important part of the overall resistance is located in the aqueous phase’s boundary layers. A substantial improvement of the
stripping yield is reached by using a series of stripping modules.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction For the above mentioned reasons, many researchers in-
vestigate intensively various applications of the hollow
Membrane-aided liquid—liquid extraction (ME) is re- fiber membrane contactors (HFMC) for development of
garded as a promising innovative extraction method which separation processes in liquid—liquid systems. Most of the
is based on the incorporation of microporous membranesstudies have been devoted to the removal of organic acids
in the extraction systems. The membrane separates thgrom agueous solutions to examine the practical applica-
aqueous and organic bulk solutions and supports the inter-tion of ME to downstream processing (lactic agid-4];
face between them. By maintaining an appropriate pres- citric acid [5]; valeric acid[6]). Dispersion free extraction
sure difference on both sides of the membrane, stableutilizing microporous HFMC has been demonstrated to be
dispersion-free extraction conditions can be easily created.an advantageous method for extraction of pharmaceutical
This new approach to design dispersion free mass transferproducts such as penicillin —9], cephalosporin-C and
processes in liquid-liquid systems offers some important cephalexin[10]. Other experiments have been focused on
advantages in comparison to the classical dispersive ex-removal and separation of metal ions ({11,12} Cu and
traction: no separation problems because there is no needNi [13]; Cr [14]; Cu and Mo[15]) from their aqueous
for agitation, no fear of back mixing, flexibility in equip-  solutions.
ment configuration and relatively easy scale-up because of Although hollow fiber liquid—liquid contactors have been
the modular design. The main disadvantage, the additionalextensively studied during the past years, they have seldom
resistance of the membrane itself, which lowers the massbeen used for extractive treatment of aqueous streams con-
transfer rate, is successfully compensated by using mem-taining toxic organic compoundd6]. Some liquid mem-
brane contactors, which contain plenty of fine hollow fibers, brane techniques using hollow fibers like “hollow-fibres in
with large surface area per unit apparatus volume. tube pertraction]17-20]and “supported liqguid membrane”
(one module in which the hollow fibers are impregnated
" Correspondence author. Tek43-50-550-3426: with the organic soluti(_)n, fe_,\ed and strip!oing liquids are cir-
fax: +43-50-550-3452. culated on the opposite sides of the fibeja)—25] have
E-mail address: zdravka.lazarova@arcs.ac.at (Z. Lazarova). been applied for removal of phenol from agueous solution.
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Nomenclature it has the greatest potential of an industrial application

8,9,26,27]

List of symbols
C concentration (g/)
d hollow fiber's diameter (m) 2. Experimental
D diffusion coefficient (m/s)
E extraction degree (%) 2.1. Chemicals and analytical methods
J phenol flux (g/m's)
k individual mass transfer coefficient (m/s) The following chemicals were used to perform the exper-
km (km = 21 De/(IN(rout/ ri)) = 2me D/ iments: phenol (LOBA Chemie, Fischamend, Austria) and

(rIn(rout/ri)) membrane mass transfer two kinds of organic solvents: alcohols (octanol and decanol,

coefficient (m/s) Fluka) andn-paraffines (Go—Cya-fraction, Neftochim, Bul-
K overall mass transfer coefficient (m/s) garia). The pH-values of the aqueous solutions were adjusted
m distribution coefficient (-) using aqueous solutions of HCI (Valerus, Bulgaria) or NaOH
N hollow fiber numbers (-) (HIMSNAB, Dimitrovgrad, Bulgaria).
Q flow rate (n¥/s) The phenol concentration in the aqueous solutions (feed
r hollow fiber’s radius (m) and stripping) was determined spectrophotometrically at
R resistance (-) a wavelength of 280 nm (UV-vis spectrophotometer, Ger-
R stripping degree (%) many), whereas the concentration in the organic phase was
t time (s) calculated by the material balance of the two phase system.
v linear velocity (m/s)
v volume (n?) 2.2. Hollow fiber modules
z length coordinate (m)
& membrane porosity (-) Hollow fiber modules (with fibers made of polysulfone)
T tortuosity factor (-)

produced for ultrafiltration were used in this study, but for
. another purpose—immobilisation of interface in ME and
Superscripts membrane stripping (MS).The modules were kindly sup-
0 initial value plied by the Chinese Academy of Sciences (Institute of
In value at the entrance of HF-module Chemical Physics, Dalian, China). The relevant characteris-

* equilibrium value tics of each unit are given ifiable 1

Subscripts 2.3. Equilibrium measurements

aq(A) agueous

e effective Equilibri . ¢ f d by intensi

EXTR (E) extraction Equilibrium experiments were performed by intensive

i inner mixing of equal volumes (20 ml) of both phases, organic

and aqueous, using separatory funnels and a shaking device

M membrane A . o

org (s) organic (at 20°C). As equilibrium in the phenol distribution be-

out outer tween both phases was attained, the heavier aqueous phase

ph phenol was separated and analysed to determine the residual phenol
- : concentration in this solution. The distribution coefficient

R stripping solution “nri’ (ratio of the phenol tration in th ic bh

S organic solvent (ratio of the phenol concentration in the organic phase

to that in the aqueous one), which characterises the power
of a given organic solvent to extract phenol from aqueous
solutions, was then calculated:

STR (R) stripping

Unfortunately, because the stability of the liquid membrane Cph(org) Vorg 1)
technique is a continual problem, the industrial application Cph(ag Vaq
of the above mentioned methods is a scarcity. )
The aim of this work is to study the performance of whereCpnorg Was recalculated from the balance equation:
an extraction equipment consisting of two coupled HFMC _ 0
(one—for extragtio% and the otherEfor strippingF; for simul- VorgCphtorg) = Vaal Cpnag ~ Cotiaa) @
taneous removing of toxic phenol from wastewater streams In this study, two kinds of organic solvents, alkanes (a frac-
and concentrating it in acceptor-solutions which can be tion n-paraffins), which are practically insoluble in water, as
re-used. Our experience in the field of ME proved that well as classical solvents like alcohols (octanol and decanaol),
the coupled HFMC-configuration ensures the most stable are selected as organic solvents and the corresponding phe-
membrane-aided extraction/stripping process and, therefore nol distribution coefficients were determined and compared.
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Table 1

Hollow fiber membrane modules used

Module NHE Hollow fiber diameter (mm) Catridge diameter (mm) Effective fiber  Effective internal

number length (mm) surface area (cf)
Internal Outer Internal Outer

1 300 0.74 1.03 28 31 160 1115.3

2 35 0.74 1.03 10 13 130 105.7

3 20 0.74 1.03 8 11 210 97.6

2.4. Kinetic experiments using coupled HFM contactors which are filled by the same solution); then, from the

organic—aqueous interface to a reaction plane (irre-

As mentioned above, the kinetic studies were carried  versible reaction phenol-NaOH) in the stripping aqueous
out using an experimental set-up consisting of two coupled  layer[28].
hollow fiber modules (one for extraction and the second
for stripping) with continuous recirculation of the organic
solvent between both modules. In all the experiments, the
aqueous phases were pumped in a closed loop through
the lumen side of the hollow fibers whereas the organic 3-1. Mathematical description of the processes in the
solvent was circulated through the shell side. Since the &traction module
organic phase preferentially wetted the membrane walls
(hydrophobic pores), the aqueous phases were maintained Atany axial location in one HF of the extraction module,
at a pressure higher than that of the organic phase to avoidthe phenol flux per unit fiber length is a function of the
the undesirable mixing of both solutions. following elementary transfer steps:

In some experiments, not only one stripping module but 1 - bt sjon rate of the phenol molecules through the feed
series of them were installed to improve the efficiency of aqueous layer:
the second mass transfer step—the back extraction of phe-
nol from the loaded organic solvent into the regenerating J1 = kand;(Ca — Cp) 3)
aqueous NaOH-solution.

To look at the possibility of practical application ofthe ME 2. Equilibrium distribution at the feed-membrane interface
method, the effects of flow rates and initial phenol concen-  (the membrane is wetted better by the organic solution)
tration on the extraction/stripping efficiency were explored. ~ €xpressed by the phenol distribution coefficient
The flow rates of all the three phases were widely varied to C* C

. . L. . M1 S1
receive experimental data characterising the behaviour of the mi = cr (C_>
systems at different hydrodynamic conditions and to found A A Jeq
out the optimal combination of them.

At regular time intervals, samples from the aqueous
phases (feed and stripping) were taken out and their phe-

The concentration profiles of the phenol (molecular state)
around the fibers in both modules are showifrig. 1

(4)

3. Diffusion rate through the organic solution in the mem-
brane pores:

nol concentration was analysed. A material balance of the J2 = km1tdm(Cyp; — Cm1) (5)
three-phase system was used for calculation of the phenol o )
concentration in the organic solvent. 4. Diffusion rate through the organic layer:

J3 = ksydout(Cm1 — Cs) (6)

3. Permeation mode of phenol 5. At pseudo steady state conditions, all the fluxes are equal,

i.e.:
The mathematical model proposed is based on the Fick’s Jextr=J1=J2=J3 @)
first low and the following main assumptions:
1. The system is at steady-state conditions. By combiningEgs. (3)—(7)the following equation is ob-

2. The phenol concentration change with time in both mod- tained describing the phenol flux through one HF in the ex-
ules can be neglected in comparison to the concentrationtraction module:

change due to the axial convection transport. Cs1
3. Following permeation steps of the phenol molecules in JExTrR = Kemd; (CA - m—1> (8)
the second module were supposed: diffusion through
the organic phase (first, from the bulk phase through 1 1 d; d;
g P ( P g here — = —+ + 9)

the organic layer; second, through the membrane pores"’ Ke  ka  dmkmimi  doutksimi
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Fig. 1. Concentration profiles of phenol (undissociated) in both HF-modules fcasd). Extraction module: (1) Ca (phenol concentration in the bulk
feed aqueous phase), (2); (equilibrium phenol concentration at the feed layer—-membrane interface) y{3)(equilibrium phenol concentration at
the membrane—feed interface), (@u1 (phenol concentration at membrane—organic solvent layer interfacey;s{5§phenol concentration in the bulk
organic solvent phasegripping module: (6) Cs> (phenol concentration in the bulk organic solvent phase),gi) (phenol concentration at organic
solvent layer—membrane interface), @}, (phenol concentration at the membrane-aqueous layer interface)y;g9fequilbirum phenol concentration
at the agueous layer—-membrane interface), (don (sodium hydroxide concentration in the bulk stripping aqueous solution).

Further, the differential phenol balance over the section d 3. Equilibrium phenol distribution at the membrane—aqueous

of the extraction module containing; hollow fibers may (stripping) interface:
be formulated as follows: C*

dc c mp = M2 — (C—82> (15)
—QA—A = Kgnd; N1 (CA — ﬂ) (20) >xl\</I*2 Cr eq

dz my

_ 4. Rate of phenol transfer from the interface to the re-
forr=0 Ca=Cjp (11) action plane in the stripping aqueous layer, where an
instantaneous irreversible chemical reaction takes place

And the balance equation of the phenol concentration in the (CeH5OH + NaOH = CgHsONa-+ HoO):

organic solution S1 is given by:

Jo = ndikrCys: (16)
. QA in 6 iKRU M2
Cs1=Cg1+ —(Cp —Ca) (12) .
St gg A 5. Pseudo steady state holds thus, we obtain:
3.2. Mathematical description of the processes in the JsTRIP= Ja = J5 = Jo 17)

stripping module
By combiningEgs. (13)—(17)the following expression de-

) . scribing the phenol flux in one HF of the stripping module
1. Rate of phenol transfer through the organic layer outside i gptained:

the membrane wall:

JsTrRIP = KsndoutCs2 (18)
Ja = ksondout(Cs2 — Cm2) (13)

_:i dout doutm2
Ks  ksz  dmkwm2 dikr

. For the differential material balance (sectiar) th the strip-
Js = kmzdm (Cmz — Cyyp) (14)  ping module withN, hollow fibers, we have:

2. Diffusion through the pores of the membrane wall wetted Where (19)

by the organic solvent:
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dCs>
—Qsd—Z = KsmdoutN2Cs2

The phenolate concentration in the receiving solut®n
could be obtained by the following balance equation:
in , 9s
CR — Cln + =
R 0r

(20)

(C&— Cs2) (21)
Differential mass balances for the three tanks containing
aqueous phenol solution (A), organic solvent (S) and regen-
erating aqueous solution (R) were expressed by the follow-
ing equations:

in
A

—Va=g = QA(CIR — C™ (22)
dcin .

Vs df = Qs(C' - D) (23)
dcin i

Ve—3 = OR(CR" = CR) (24)

forr=0 Cl=c%; cl=0; R =0 (25)

4. Experimental results and discussion
4.1. Equilibrium phenol distribution
For the three organic solvents used, phenol distribution

coefficients fn” were determined at different pH-values and
phenol concentrations in the aqueous ph#&sg. 2 shows

133

the pH-dependence of the phenol distributions coefficients
m using the solvents-paraffins, octanol and decanol. It is
seen that there is a broad pH-range (from 2 to nearly 9) in
which m remains practically constant in all the three cases.
At higher pH-values, howevem drops strongly because of
dissociation of the phenol molecules at these alkaline condi-
tions. Moreover, the influence of the chemical composition
of the organic solvent (polar or nonpolar) om™is quite
apparent.

In Fig. 3 the three extraction isotherms are illustrated. It
is obvious that at the three solvents used, there is a linear
increase in the phenol concentration in the organic phase
with the equilibrium concentration in the aqueous phase.
Then, it can be concluded that the distribution coefficients
are constantin the phenol concentration range studied, which
can be considered as an infinite dilution range.

The correspondingtvalues resulting from the slopes of
the lines obtained by linear regression of the data, are also
presented in the figure. These values were used later in the
mathematical analysis of the HFMC performance.

4.2. Kinetics of phenol extraction/stripping using coupled
HFMCs

4.2.1. Effect of hydrodynamic conditions

Kinetic experiments were carried out to study the effect
of the linear velocities of all the three liquids in the ranges
shown inTable 2 For this purpose the flow rate of one of
the phases was changed while the rates of the other two
phases were maintained constant. The phenol concentration

100 ¢ , —
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Fig. 3. Extraction isotherms of phenol at different organic solvents=p&i0).

profiles in the liquid phases were presented as dependencémodule 2) is related to the organic solution in the second
of the dimensionless phenol and/or phenolate concentrationmodule.

C‘A/R/CR versus time. The corresponding mass transfer co- The K-analysis given below refers to the system
efficients k were evaluated by simultaneously solving the phenolh-paraffins (extraction: module 1/stripping: module
system of differential equations given above (see the mathe-2). As shown inFig. 43 as the aqueous feed veloci
matical model) and fitting the calculated concentration val- increases from 0.007 to 0.035 m/s, the individual coefficient
uesC’A/R/CX to the experimental one. Furthermore, the cor- ka increases about three times. As a result, the overall co-
responding mass transfer resistances were also calculate@fficient Kextr also increases and becomes a value which
and compared. is higher than that one of the coefficigfigTrip in the strip-

The effect of the hydrodynamic conditions in each phase ping module. InFig. 4h the changes of all mass transfer
on the mass transfer coefficients was illustrated as the in-resistances wittVa are shown. It can be seen, that the ex-
dividual (ka, ks12, k) and overall mass transfer coeffi- traction process is controlled by the aqueous phase mass
cients KexTr, KsTr) were plotted against the mean linear transfer Ra > Rm1 > Rsi). Moreover, in the range of
velocities of the three phaseBigs. 4—§. The coefficient Va > 0.015m/s, the extraction resistance becomes lower

KexTtr (module 1) is water phase based, wherkasgip than the stripping one.
Table 2
Experimental conditions
m3/s
Qa 1,008 x 1076 1,833x 10°° 2,800x 107 3,583 x 10°° 4,417 x 1076
Qs 2,500 x 10°° 2,500 x 107 2,500 x 107 2,500 x 107 2,500 x 1078
Qr 9,500 x 10~7 9,500 x 10~/ 9,500 x 10~ 9,500 x 10~7 9,500 x 10~
Qa 1,833 x 107 1,833x 10°© 1,833x 1078 1,833x 1076 1,833x 107 1,833x 1076
Qs 0,458 x 1076 1,183 x 10°° 1,875x 10°° 2,500 x 10°° 3,142 x 107 3,833x 10°©
Qr 9,500 x 107 9,500 x 107 9,500 x 10~7 9,500 x 107 9,500 x 10~ 9,500 x 107
Qa 4,417 x 1076 4,417 x 1078 4,417 x 1076 4,417 x 1078 4,417 x 1076
Qs 2,500 x 10°° 2,500 x 107 2,500 x 107 2,500 x 10°° 2,500 x 1078

Qr 6,667 x 107 9,500 x 1077 1,417 x 1076 1,833x 1076 2,667 x 107
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Fig. 4. Influence of aqueous feed phase linear velocity on: (a) mass transfer coefficients; (b) mass transfer resistances. Experimental conditions:
€% =0.1g/dn?; Q; = 3.42dnP/h; Qs = 9.0dmP/h; Va = V; = 0.150dn?; Vs = 0.45dnr.

Similar experiments were conducted by raising the flow Atthe experimental conditions studied, the resistances in the
rate of the stripping aqueous phase while keeping other con-organic solution (in organic boundary layers and in mem-
ditions constant (module 2). The experimental data show brane pores) are lower than these in the aqueous layers (see
that an increase in the velocity; from 0.05 to 0.17m/s  Fig. 4bandFig. 5b.
leads to a two-fold rise in the values lgfand, respectively, The results on the effects of aqueous and organic phase
KsTr (SeeFig. 5a and b The observation that the stripping flow rates are important from technology point of view. Op-
rate increases with aqueous stripping phase velocity is per-eration at high aqueous phase flow rates should be advanta-
haps sufficient to conclude that at the given experimental geous.
conditions the stripping rate is controlled also by the aque-
ous stripping phase resistance.FrbBig. 6a and bvirtually 4.2.2. Effect of phenol initial concentration
no dependence can be seen of kgemass transfer coeffi- Animportant parameter affecting the membrane-aided ex-
cients on the organic flow rate although the organic phasetraction/stripping process appears to be the initial phenol
velocities were varied by factor more then an order of mag- concentration. The experimental data shown in this part of
nitude (for example, from 0.001 to 0.01 m/s in module 1). the paper refer also to the system phemplaraffins. The
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Fig. 5. Influence of aqueous stripping phase linear velocity on: (a) mass transfer coefficients; (b) mass transfer resistances. Experimental conditi
€8 =0.1g/dn?; Qa = 159dnP/h; Qs = 9.0dnP/h; Vo = V; = 0.150dn¥; Vs = 0.45dn?.
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Fig. 6. Influence of organic phase linear velocity on: (a) mass transfer coefficients; (b) mass transfer resistances. Experimental Cﬁndilﬁbngfdm"’;
Oa = 6.6dnP/h; O = 3.42dnv/h; Va = Vi = 0.150dn%; Vs = 0.45dn?.

phenol concentration in the source aqueous solution was4.2.3. Improvement of stripping efficiency
varied from 0.2 to 2.1 g/df The experimental results shown kig. 8 illustrate one

In Fig. 73 kinetic profiles of extraction and stripping de- possibility for improvement of the stripping efficiency. In
grees (respectivelfg andR) at different initial phenol con-  this case, instead of only one stripping module, a series
centrations are demonstrated. It could be seen that at lowerf HF-modules are used (one module 2 and three modules
phenol concentrations, both and R values are higher. It  3).The data represented here refer to a system containing
means that the method is more effective in treatment of very octanol as an organic solvent.
diluted phenol containing solutions. IRig. 7h the E(R) When using several modules for the second step, the
end-values, which are reached at experimental time 300 min,contact time between the loaded organic solution and the
are given as a function of the initial phenol concentration. stripping NaOH-reagent increases. In this way, a substantial
It can be seen thaE and R decrease with higher phenol improvement of the stripping efficiency could be reached.
concentration but there is a difference in the shape of both Moreover, it can be also seen that the stripping process influ-
experimental curves: the extraction degiedecreases lin-  ences back the first, extraction step: the higher the stripping
early, wherea® falls asymptotically. degree of phenol (i.e., the more effective the regeneration of
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1 1 ] | I
—0—CA0=0,1601 g/dm3 1 | 1
90 + - Fe—t == A m - = — ]
—O— CAo=1,1698 g/dm3 l | |
80 - | A Cho=2.1787 giam3 : : {
l | l i
I | | 1
<504 Lo Lo Lo [
= [ 1 | |
S g 1 1 1 °E (%)
g :I"I: 40-———————:———————:————————: ——————— oR (%) |-
m z | | | |
I R Sk SEEEEEE
I I I 1
I I I 1
I I I I
20 - S T Y F
El"'\__‘ | | | |
\.._‘...\- I I I
[ —— e T S
T fon., | |
| | [ = N b 1
| | | —n T a
0 f f t
0 0.5 1 1.5 2 25
(@) time [min] (b) C.° [g/dm?]

Fig. 7. Influence of initial phenol concentration on extraction/reextraction degrees: (a) time plots extraction/reextraction degt&380as a function
of the initial phenol concentration. Experimental conditiofs; = 15.9dnd/h; Q; = 7.0dn?/h; Qs = 9.0dnP/h, Va = V; = 0.150dn?; Vs = 0.45dn?.
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Fig. 8. Membrane extraction/stripping of phenol using series of stripping modules: kinetics concentration profiles in feed and stripping &gi@wis so
Experimental conditions€ = 0.1g/dn®; Qa = 5.0dn/h; Q; = 5.0dn¥/h; Va = V; = 0.150dn?; Vs = 0.350dnf.

the circulating organic solvent), the faster the first step—the
extraction.

4.2.4. ME of phenol using different organic solvents
In Fig. 9 the kinetic curves (extraction: module 1
and stripping: module 2) for the three organic solvents

1.0 m O n-paraffins =
A A decanol
v v octanol
0.8
™ extraction
module 1
(=}
Q o0s .y
5 \.\
s
© \\
\
0.4 n
stripping
module 2
0.2 .\<{
0.0 ‘ A e T
0 50 100 150 200 250
time [h]

Fig. 9. Membrane extraction/stripping of phenol using different organic
solvents: kinetics concentration profiles in feed and stripping aqueous
solutions. Experimental conditionga = 15.9dnf/h; O, = 7.0dnP/h;

Qs =9.0dnP/h, Vo = V; = 0.150dn?; Vs = 0.45dn?.

(n-paraffins, decanol and octanol) are shown. Under oth-
erwise identical conditions of phase flow rates, aqueous
phase pH-values and initial phenol concentrations, the di-
mensionless extraction concentration is substantially lower
(i.e. extraction degree is higher) when using polar organic
solvents (alcohols) apparently due to the larger values of the
phenol distribution coefficients. The stripping degree, how-
ever, remains practically almost unaffected by the physical
characteristics of organic solvents.

5. Conclusions

The features of the membrane-aided extraction/stripping
method using two coupled hollow fiber modules for treat-
ment of aqueous phenol-containing streams are studied.

The overall mass transfer coefficieisytr andKstr are
found to be a function of the linear velocities of the aqueous
streams which flow in the lumen side of hollow fibers in both
HF-modules. These coefficients are nearly independent on
the organic solution flow rate in the shell side of the modules
and the membrane resistance.

The performance of the membrane-aided process in the
stripping stage was substantially improved by using a se-
ries of stripping modules to increase the stripping contact
time.

It is proved that the method is appropriate for treatment of
diluted phenol-containing agueous streams because higher
extraction and stripping degrees are achieved at lower phenol
concentrations.
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