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Abstract—The separation of a mixture of Cu(ll), Cr(VI) and Zn(I1) simultaneously from a sulfate media using two
consecutive hollow fiber microporous liquid membrane extraction systems has been studied. The experiments were
made in the one-through mode. LIX84-1 and Aliquat336 were used as carrier extractants for copper and chromiumin
the first and second hollow fiber modules, respectively. Pure copper and pure chromium ions are extracted and stripped
from first and second hollow fiber modules, respectively, but zinc ions cannot be extracted by both extractants due to
pH conditions used in this study and remain in the raffinate. Results indicate that the percentage of extraction is highly
dependent on pH of the feed solution and the pH value is 2.5 for the maximum extraction. The percentage of extraction
of copper and chromium ions is enhanced when the concentration of LIX84-1 and Aliquat336 is increased of which
both maximum vadue is 0.5 M, and these results aso occur in stripping phase. The influence of sulfuric acid and sodium
hydroxide concentration in strip solution of each column was examined, and it was found that the percentage of
extraction and stripping is further increased due to the difference of driving force. The maximum percentage of extrac-
tion for copper is 33% and 92% for chromium. The experimentd results indicated the feasibility of separation and re-

covery of these metals from the dilute solution by using membrane technology.
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INTRODUCTION

The presence of copper, chromium and zinc ionsin the environ-
ment is a mgor concern due to their toxicity to many life forms.
These heavy metds are widdly used in various gpplications. Chro-
mium has numerous indugtrid gpplications including thelr use in
dainless geds, nonferrous dloy, metd plating, refractory materia
and dectroplate coating chromate preservetive. Copper is currently
used in kitchen utendls, as thermd and dectric conductors, and in
sanitation. Copper solution is used in various chemical processes,
and zinc and its compounds are used in production of dloys (brass,
bronze) as anticorrosion coatings (gavanization) of sted and iron
products, in dectricd goparatus, especidly dry cdl batteries, in the
rubber and textile indugtry, glass ceramic manufacture, and chemi-
cd manufacture [Seiler, 1994]. The mgor components of effluent/
wadtes of some metd lurgica/plating industries are zinc and copper.
Cementates of the zinc industry are obtained during the hydromet-
dlurgicd zinc-winning process, and the weste contains Cu (28.6%)
and Zn (22.4%). Similarly, the plating industry waste contains zinc,
copper and some chromium [Sarangi, 2004].

For this reason, the sdlective extraction and separation of these
metals from their mixed solution is of great interest in hydrometal-
lurgical processes due to the possibility of recovering the metd va-
ues, as wdl as addressing the environmenta pollution problems.
This separation or remova of copper, zinc and chromium can be
achieved by liquid membranes systems that have been widdly ap-
plied to the extraction and recovery of metd ions from solutions.
The smultaneous extraction and Stripping operation is very dtrac-
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tive because metd ions can move from low to high concentration
olutions. The membranes contain an extractant or a carrier which
possesses the potentid for selective permestion by using the facili-
tated transport mechanism [Gherrou and Hacene, 2002]. Thistech
nique has been widdy gpplied to the extraction and recovery of me-
td ions. One promisng technique of liquid membraneis the use of
micro porous hallow fiber modules as liquid-liquid phase contac-
tors The badc principle of hollow fiber supported liquid membrane
(HFSLM) isthe immohilizaion of organic extractant into the pores
of a hydrophobic membrane [Loiacono et d., 1986; Sheng et d.,
2004].

The potentid advantages of HFSLMSs over traditiond separa
tion techniques are: lower capitd and operating costs, low energy
and low extractant consumption factors and high fluxes compared
to solid membranes[Loiacono et d., 1986; Sheng et d., 2004]. Due
to these advantages, SLMs may be very useful for the recovery of
metals from solutions

The processes of most of researches that ded with the separa
tion of copper, zinc or chromium or other mixed ions cannot purely
separate from their mixed solution: 100% sdlectivity cannot be ob-
tained [Sarangi and Das, 2004; Kyuchoukov, 2000; Qwusu, 1993].

In this paper, we focusad on the separation of three component
ions—copper, Zzinc and chromium--from mixture by using one-through
flow. Two modules of hallow fiber supported liguid membrane were
connected in series. Because of high sdlectivity of extractant, pure
copper and pure chromium ions were separated from the first and
second module, respectively. 100% sdlectivity could be achieved.

LIX84-1 was usad for extracting copper (Cu”) from mixture of
three component ions because LIX84-1 is a srong copper extract-
ant [Fernado and Haris,, 2000]. Aliquat336 was used for extracting
chromium (HCrO;) because quaternary ammonium sdlt is known
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to be an efficient extractant of many solutes, such as anionic gpecies
[Bertaet d., 2004]. Copper and chromium are extracted sdectively
and dmultaneoudy, and zinc wasinthe residue.

THEORY

A liquid membrane an extractant; carrier was immohilized in
the pores of a hydrophobic microporous supporter which binds one
of the components very sdectively from the feed solution. The SLM
separated the agueous feed solution and the gtrip solution. The spe
desare accumulated in the rip a a concentration generdly greet-
er then that in the feed solution. The permestion of the species is
due to a chemicd potentid gradient (the driving force of the pro-
cess) exigting between two opposite Sdes of the .M [Schulz, 1988;
Ramakul and Pancharoen, 2003].

The trangport of metd ions by extractant, the fadlitated trans-
port [Alguecil, 2002], is described asfollows [Porter, 1990]:

The metd ions are complexed by extractant & the interface feed-
phasgmembrane and the complex formed diffuses through the mem+
brane phase to the interface membrang/strip-phase where the de-
complexaion of the metd ions occurs. In the case thet the carrier
is being an acidic extractant (HA), the Smple extraction reection is
shown asfollows [Porter, 1990; Ramakul and Pancharoen, 2003]:

Cu?*+2HR <> CuR,+2H" 6

The driving force is achieved by the hydronium ion (pH) gradient.
The hydronium ion is counter-trangported with metd ion. This case,
cdled counter-transport, is presented in Fg. 1. The forward reec-
tion occurs a the feedk-membrane interphase and the backward reec-
tion occurs a membrane/strip interphase.

The other case occurs when the metd carrier is abasic or neu-
tra extractant. This process, shown in Fg. 2, cdled co-trangport, is
driven by the concentration gradient of the OH". The hydroxide ion
is counter-transported with meta ion. As a result, hydrogen and
metd ions are transported in the same direction, co-transport, and
metd ionsmugt bein anion complex form [Porter, 1990]. The chem+
idry of extraction is shown in Eq. (2). X is denoted as CI~ for the
firgt cyde of extraction of extractant and denoted as OH™ for the
next cycdle [Nakararueng, 2004].

Phase I Phase II1
Feed Strip solution
solution
Cu2+
cu®*
2H" 2H"
State 1 State 2

Metal solution Sulfuric solution

Fig. 1. Counter-transport scheme for acidic extractant.
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Phase 111
Strip solution

HCrO4
NaHCrOq4

NaX

Aliquat in kerosene
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Fig. 2. Cotrangport schemefor basic extractant.

Microporous hollow fiber Liquid membrane

" feed solution

Fig. 3. Flow pattern in hollow fiber supported liquid membrane

HCOj oy *RCHINX gy <> (RCHN)HCIO, g +X @)

The extraction and stripping stepsin Fig. 1 and Fg. 2 occurred
in hallow fiber modules as shown in Fig. 3. The hollow fiber mod-
ule consgts of aliguid membrane and two Sdes for aqueous olu-
tions. The liquid membrane was trapped in hydrophobic micropore
due to capillary force [Schulz, 1988] and separated feed and dtrip
solution. Feed solution and strip solution flow countercurrently and
liquid membrane was between them [Ramakul and Pancharoen,
2003].

Inthiswork, two kinds of metd ions, copper, zinc and chromium
were mixed together in feed solution. Copper and zinc arein cation
(Cu* and Zr?*) but chromium isin an anion complex form (HCrQ;).
Copper ions can be extracted by an adidic extractant, LI1X84-| from
firg hollow fiber module while HCrO; can be extracted by abasic
extractant, Aliquat336, from the second one.

In this experiment, the percentage of extraction was determined
asfollows

Citeed “Cirar

%extraction = C
i,feed

x100 3

and the percentage of recovery:
Korean J. Chem. Eng.(Val. 21, No. 6)



1214 R. Prakorn et d.

=Cus
Cis

The sHlectivity is defined asfallow:
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where G e, G 1 G 4, @€ the concentration of feed, raffinete, outlet
grip of component i, respectively.

EXPERIMENTAL

1. Chemicals

For afeed solution, Cu(SO),-5H,0, Zn(S0),-7H00 and K,CrO,
were supplied by Merck, LIX84- from Henkd Thal Ltd. and Meth-
yltrioctylammonium Chloride (Aliquet336) from Merck were used
asliquid membrane. H,SO, and NaOH were used as strip solution.
All chemicdswere A.R. grade.
2. Apparatus

Two of the Ligqui-Cd® Bxtra-How modules offered by CELGARD
LLC (Charlotte, NC; formerly Hoechst Cdlanese), were used asa
support material. This module uses Celgard® microporous poly-
ethylene fibers thet are woven into fabric and wrapped around a
central tube feeder that supplies the shellsde fluid. Woven fabric
alows more uniform fiber spacing, which in turn leaeds to higher
mass trandfer coefficients than those obtained with individud fibers
The properties of the hollow fiber module are shown in Teble 1.
The fiber is potted into a solvent-resgtant polyethylene tubesheet
and shdll casing in polypropylene.

The Licui-Cd® Laboratory Licuid/Liguid Extraction System was

A
0 '|\i N
¢ CH
\CH |1| g Cl
’ CgHi7~ | CsHiz
gH17
CoHig
(a) (b)
Fig. 4. Chemical gructure of the extractant. (a) LIX84, (b) Ali-
quat336.

Table 1. Properties of hollow fiber module [Ramakul, 2002]

Properties Description
Materids Polypropylene
Inside diameter of hollow fiber 240 pm

Outside diameter of hollow fiber 300 um

Size of pore 0.05 um

Porosity 30%

Maximum pressure drop 4.2 kg/cn? (60 psi)
Contact area 139 m?

Dimension of module (2.5x8inch)

November, 2004

usad. It is composed of three gear pumps, three variable speed con-
trollers, three rotameters and three pressure gauges.

* pH was measured by pH-meter HI8418A.

* The concentrations of three metd ions were meesured by In-
ductively Coupled Plasma Spectroscopy (ICP).
3. Procedure

The feed solution was made by dissolution of CuSO,-5H,0, K,
CrO, and ZnSO,, and pH was adjusted by H,S0,. Theliquid mem+-
brane phase was prepared by dissolution of LIX84-1 for the firg
hallow fiber module and Aliquat336 for the second hollow fiber
module Both extractants were dissolved in kerosene. The gtrip solu-
tion was H,S0O, and NaOH for the first and second hollow fiber
modules, respectively. The organic solution which contained L1X84-
| and Aliquet336 was circulated in the tube and shell sde of the
firgt and second hollow fiber modules, respectively, for 20 minutes.
Then, the experiment was sarted by flowing the feed solution into
the tube sde of both hallow fiber modules. Smultaneoudy, the srip
solution was pumped into the shell Sde of hollow fiber module coun-
tercurrently and once-through-mode operation was used. The flow
diagramisshownin FHg. 5[Nakararueng, 2004].

RESULTSAND DISCUSSTION

1. The Effect of the pH of Feed Solution

The effect of pH on concentration of stripping solution from the
firgt and the second hollow fiber module and the raffinete is shown
in Table 2. Good agreement of amaterid baance can be obtained.
The SHectivity was cdculated by using Eq. (5) and 100% sdlectiv-
ity of copper and chromium can be achieved.

The percentage of extraction and stripping was caculated by using

Egs (3) and (4), respectively, as shown in Table 2. The dependence
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Fig. 5. Schematic counter-current flow diagram for one-through-
mode operation in hollow fiber supported liquid membrane.
1. Feed reservoir to first hollow fiber module
2. Gear pump
3. Inlet pressure gauges
4. Outlet pressure gauges
5. Flow meters
6. Strip outlet reservoir for copper extraction
7. First hollow fiber module
8. Second hollow fiber module
9. Raffinate reservair
10. Inlet strip reservair for chromium extraction
11. Inlet strip reservoir for copper extraction
12. Strip outlet reservoir for chromium extraction
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Table 2. Effect of pH on concentration of stripping solution from firg, second column and raffinate while using 1% (v/v) Aliquat336,
100 ppm Cu*,HCrO, and Zn**, 0.1 M H,S0O, and 0.5M NaOH for Strip solution in thefirst and second hollow fiber modules,

respectively

Concentration of stripping

Concentration of stripping
pH solution from first column (ppm)  solution from second column (ppm)

Concentration of
reffinate (ppm)

Percentage of
stripping (%)

Percentage of
extraction (%)

Cu Cr Zn Cu Cr Zn Cu Cr Zn Cu Cr Zn Cu Cr <2Zn
1.0 15 0 0 0 11.3 0 98 84 100 2 16 0 15113 0
15 35 0 0 0 12.8 0 95 8 100 5 18 0 35128 O
20 8.1 0 0 0 16.8 0 90 78 100 10 22 0 81 168 O
25 11.6 0 0 0 253 0 86.5 69.8 100 135 302 0 116 253 O
3.0 11.2 0 0 0 235 0 86.3 729 100 137 271 0 112 235 0O
35 121 0 0 0 175 0 854 79 100 146 21 0 121 175 O
40 122 0 0 0 15 0 854 83 100 14.6 17 0 122 15 0

35

30

—&—ExCu
—#—Ex Cr
—&—ExZn
--<%--StCu
--#--StCr
--4&--St Zn

25

20

15

10

Percentage of Extraction or Stripping (%)

0 05 1 15 2 25 3 35 4 45
pH of feed solution

Fig. 6. Plot of percentage of extraction and gripping againg pH
of feed solution for the membrane usng mixture of 1%
L1X84- and 1% Aliquat336 and using 100 ppm Cu*, HCr-
0; and Zn?*" in fesd solution and 0.1M H,S0,, 05M NaOH
for grip solution in first and second hollow fiber module,
respectively.

of the percentage of extraction and stripping of copper and chro-
mium ions on the pH vaue of feed solutionisshownin Fg. 6.

In the firgt hollow fiber module, the extractant that carries cop-
per ions from the feed solution through the liquid membrane is acid-
ic extractant (L1X84-1) in which the concentration gradient of hy-
drogen ion is the driving force, and countercurrent trangport occurs
It is evident thet the percentage of extraction increases with incress-
ing pH vaue in the range of 1.0 to 2.5. When pH vaue is higher
than 2.5, the percentage of extraction is congant and dl of these
results aso occur in the stripping phase as shown Fg. 6.

Sdectivity of Cu and Cr was cdculaed by usng Eq. (5). The
concentration of gripping solution from firgt and second hollow
fiber column is pure Cu and Cr, respectively, as shown in Teble 2.
The 100% of sdectivity can be abtained in both Cu and Cr.

The extracted reaction of copper ionsby LIX84-1 in thefirg hal-
low fiber module can be expressed asin EqQ. (1). From Le Chete-
liers principle, when hydronium ion concentration decreased (pH
increass), the metd ions were extracted more and converted to the
product. AsLIX84-| is an adidic extractant, it can react with meta

ions in an acid solution only. Therefore, the percentage of extrac-
tion reeches a congtant when the pH is higher than 2.5.

In the second hollow fiber module, the chromium ions are car-
ried by Aliquat336 from the raffinate solution of the firgt hollow
fiber module through the liquid membrane. Aliquat336 is a besic
extractant in which the concentration gradient of hydroxide ion is
the driving force and counter-current (or co-current with the hydro-
nium ions) trangport occurs. The dependence of the percentage of
extraction of ions on the pH vaue of feed solutionisshown in FHg.
6. It is found that the percentage of extraction increases with de-
creasing pH vaue in the range of 4.0 back to 2.5. At pH vdue of
2.5, the percentage of extraction is maximum. When the pH vaue
is lower than 2.5, the percentage of extraction aoruptly decresses
and these resullts aso occur in the stripping phase.

The extracted reaction of chromium ions in the second hollow
fiber module by Aliquat336 can be expressed as in Eq. (2). From
Le Chatdier’s principle, when the concentration of hydroxide ions
was decressed (pH decreass) the chromium ions were extracted
more and converted to the product. As Aliquat336 is a badc extradt-
ant, it can react with metd ionsin a basic or low acidity solution
only [Thornton, 1992]. Therefore, the percentage of extraction de-
creases when the pH is lower than 2.5. From the result of the ex-
periment, the pH for the maximum percentage of extraction of cop-
per and chromium from their mixed solution was 2.5 and the pH
of the following experiments wasfixed at 2.5.

It should be nated that ahigh pH vauein the aqueous phase may
cause the metd ions to precipitate and these would hinder the ex-
traction [Campderrés et d., 1998]. In the firgt column, copper was
extracted by L1X84-1 only because L1X84-1 is a strong copper ex-
tractant which acts by cation exchange in achdate-type complex for-
mation. Cu(ll) is able to form a cheae complex with the oximic
extractant and release a hydrogen ion into the aqueous solution from
which the metd was extracted. Under the pH conditions used in
these experiments, Zn(11) cannot be extracted [Fernado and Haris,
2000]. Hydroxyoximes, the active components of L1X84-1, contain
two chemicdly active groups: a phenalic group of low acidity and
oximino group containing nitrogen with afree dectron par. Asare-
ault, agtable complex with the sructure as shown in FHg. 7 isformed,
epecidly with Cu(ll) ions [Francisco and Antonio, 1999). In the
second column, zinc aso cannat be extracted by Aliquat336 because
Aliquat336 only reactswith anion metd complex. Consequently, zinc

Korean J. Chem. Eng.(Val. 21, No. 6)
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H3C/ Fig. 9. Plot of percentage of extraction and recovery againg Ali-
quat336 concentration while usng 25% (viv) L1X84- for
the membrane, 100 ppm Cu*, HCrO; and Zn* in feed so-

R lution and 0.1 M H,S0,, 0.5M NaOH for strip solution in

Fig. 7. The sructure of the copper-Lix84-1 complex [Francisco and
Antonio, 1999).

ionsremained in the raffinate.
2. The Influence of LI1X84-l and Aliquat336 Concentration
in Liquid Membrane

The variation of percentage of extraction L1X84-1 concentration
vs the extractant concentration isshown in FHg. 8.

When LIX84- concentration was 1-2.5% (v/v), the percentage
of the extraction of copper ions rase aoruptly by incressing its con-
centration, as shown in Fig. 8. As the concentration of L1X84-1 was
2.5% (viv), the percentage of extraction and stripping was maxi-
mum. For the extraction of chromium ions in the second column,
the percentage of extraction rase gradudly when the Aliquat336 con-
centration increased and LIX84-1 concentration wes fixed a 2.5%
(Viv), as shown in Fig. 9. When the concentration of Aliquat336
was 4% (Viv), the percentage of extraction was maximum. How-
ever, with the concentration of LI1X84-1 and Aliquat336 exceeding
2.5% (viv) and 4% (viv), repectively, both percentages of extrac-
tion were condant due to the viscosity of membrane being incressed
according to the molecular kinetic interpretation of Nerngt. The dif-
fusion coefficient (D) can be defined as[Schulz, 1988].

35

S
on
£ 30
£ -\"‘Iﬁ\—;—;.: —&—%Ex Cu
(‘E 25 n —— %Ex Cr
K] g/ A--A. —A&— %Ex Zn
Z 20 N--m
g - @ - -%StCu
E 15 -- 1 --%StCr
& - A - %St Zn
s 10
S
<]
§ 5
£ 0 A ——h——h A —h——h—&

0 1 2 3 4 5

Concentration of LIX84-1 (M)

Fig. 8. Plot of percentage of extraction and recovery againg
L1X84-1 concentration whileusng 1% (v/iv) Aliquat336 for
the membrane, 100 ppm Cu*, HCrO; and Zn* in feed so-
lution and 0.1 M H,SO,, 0.5M NaOH for Strip solution in
thefirgt and second hollow fiber modules, respectively.
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thefirst and second hollow fiber modules, respectively.

e
where n isthe viscosity of the liquid membraner; and T the radius
of the diffusion component and process temperature, repectively.
Hence, dl the following LIX84-1 and Aliquat336 concentrations
will befixed a 2.5% (viv) and 4% (VIv), regpectively.
3. The Influence of Sulfuric Acid and Sodium Hydroxide Con-
centration in Strip Solution

The efect of H,30, and NaOH concentration in the first and sec-
ond hallow fiber modules on the gripping was shown in Fg. 10 and
Fig. 11, respectively.

The dtripping of copper ions by LIX84- infirg hallow fiber mod-
ule and chromium ions by Aliquat336 in the second hollow fiber
module can be expressed asin the backward reaction of Eg. (1) and
(2), respectively. From the principle of Le Chatdier, when hydro-
nium ion concentration increeses, the concentration difference of
hydronium ion between feed and gtrip solution increases. Therefore,

100

90

80

—&—Ex. Cu
—®&—Ex. Cr
<-4 --Ex.Zn
--St. Cu
--St. Cr
--St. Zn

70
60
50

40

R

30

20

Percentage of Extraction and Stripping (%)

10

0 0.5 1 15 2 2.5

Sulfuric acid concentration (M)

Fig. 10. Plot of percentage of extraction and recovery againg sul-
furic acid concentration in firs hollow fiber modulewhile
usng 25% (Vi) LI1X84- for themembraneg 100 ppm Cu?,
HCrO; and Zn* in feed solution and 0.1 M H,S0,, 05M
NaOH for gtrip solution in thefirst and second hollow fi-
ber modules, respectively.
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Fig. 11. Plot of percentage of extraction and recovery againg so-
dium hydroxide concentration in second hollow fiber mod-
ulewhileusng 2.5% (v/V) L1X84-I for the membrane, 100
ppm Cu?, HCrO; and Zn* in feed solution and 0.1M H,-
0,,05M NaOH for grip solution in first and second hal-
low fiber module, respectively.

more copper ions were extracted into liquid membrane and stripped
into the grip solution. Similarly, when the hydroxide ion concen-
tration increased, more chromium ions were extracted and sripped
more into its strip solution. However, when the H,SO, and NaOH
concerttrations were higher than 0.5 M, the percentage of Stripping
was condant due to the limitation of mass transfer area of hollow
fiber [Nakararueng, 2004; Pettaweskongka, 2002].

Materid balances were nat shown for al experiments. However,
good material balance agreement can be obtained.

CONCLUSIONS

The hollow fiber supported liguid membrane can be used to ex-
tract the copper, chromium ions by one-through flow. Copper ions
can be purdy extracted by L1X84-1 and chromium ions can be pure-
ly extracted by Aliquet336, but zincions cannot be extracted by any
extractants under the experimenta conditions investigated in this
sudy.

The percentage of extraction and stripping is highly dependent
on pH of feed solution, which has a maximum vaue of 2.5. The
appropriate concentration of LIX84-1 and Aliquet336 was 2.5% (v/
V) and 4% (viv), repectively. When sulfuric acid and sodium hy-
droxide concentration in the gtrip solution were incressed, the cop-
per and chromium ions, respectively, were extracted and sripped
moreinto its trip solution.

NOMENCLATURE

C. 1 - CONcentration of feed of component i [ppm]

C.. :concentration of raffinate of component i [ppm]
C. 4 :concentration of outlet strip of component i [ppm]
HR : acidic extractant

S sdectivity [%]

X~ :chlorideion or hydroxideion
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