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ABSTRACT

This work is a comprehensive study on the selective removal of Zn (II) from aqueous solution
using a flat-sheet polypropylene-supported liquid membrane system. Tri-ethanolamine (TEA)
dissolved in cyclohexanone was used as a carrier for extraction of zinc ions through
supported liquid membrane. Different parameters affecting the zinc ion transport were
studied. The experiments were performed at various operating conditions such as metal and
acid concentration in feed phase, strip phase concentration, and carrier concentration, to find
the best set of parameters that would yield the maximum extraction. The extraction time, flux
value, the stoichiometry of the complex formed, and membrane stability was also investi-
gated. The experiments were performed in co-transport mode. The optimized conditions
obtained for zinc ion transport are as follows: 2.30 x 10~* mol/dm’ of Zn** ions and 1 M of
HCl in feed solution, 50% TEA in cyclohexanone in membrane phase, and 0.7 M of NaOH in
stripping phase. Under these optimum conditions, the membrane is stable for about 10
consecutive experiments. The extraction efficiency was found to be 87% in 120 min.

Keyword: Supported liquid membrane; Extraction; Zinc ion; Tri-ethanolamine; Membrane

stability, and Extraction efficiency

1. Introduction

With the growing industrial development, the use
of various metals has been tremendously increased in
recent decades. The importance of these metals and
environmental pollution problems demand to avoid
the wastage and to remove and recover metals from
industrial process wastewater.

Removing and recovering metals from aqueous
solutions can be carried out, inter alia, by chemical pre-
cipitation, reverse osmosis, adsorption, ion exchange,
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and solvent extraction processes [1-4]. Due to the
inherent limitations of these techniques including low
efficiency, sensitive operating conditions, production
of secondary sludge, and high operating cost, more
efficient and cost-effective removal and recovery of
metals is now under intensive investigation which
mainly includes the removal of metals using liquid
membrane which is one of the most promising
techniques. Some of the important advantages of this
technique over the traditional separation techniques
are low capital and operating cost, low energy and
solvent requirements, etc. [5-7].
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In membrane separation techniques, the membrane
used is basically a thin film which is porous in nature
and acts as a semipermeable barrier for allowing cer-
tain species to transport and others to retain on one
side of the membrane. Membrane separation processes
are dependent on molecular size, charge, and charge
density of the species being permeated and other
parameters. The extraction reagents are dissolved in
an organic solvent and immobilized in microporous
inert support (membrane) for removal of metal ions
from a mixture [8,9].

Liquid membrane may be broadly classified into
three types: (1) bulk liquid membrane (BLM), (2)
emulsion liquid membrane (ELM), and (3) supported
liquid membrane (SLM). The ELMs and BLMs are
non-supported liquid membranes, while flat-sheet lig-
uid membrane and hollow fiber are supported liquid
membranes.

SLM has applications in both industries and
analytical fields for separation, pre-concentration,
treatment of wastewater, and hydrometallurgy [10,11].
Owing to its advantages over other separation
techniques, SLM has become the subject of intensive
studies in the arena of scientists.

In supported liquid membrane, usually an extrac-
tant or carrier, dissolved in organic liquid, is embed-
ded in small pores of inert polymer support and is
retained there by capillary forces. The organic layer is
immiscible with the aqueous feed and strip solutions,
thus separating these two aqueous phases. The
organic liquid is generally an inert organic solvent to
keep the viscosity at the optimum level and may also
contain a modifier to avoid so-called third phase
formation [12].

Extractants used in supported liquid membrane for
extraction of metals are chelating substances or may be
acids, which are commonly used in the hydrometal-
lurgical process for separating and extraction of various
metal ions such as Zn, Mn, Ni, Co, Cu, Fe, and
Mo [13,14]. The extractants or carriers are usually
tertiary amines and/or quaternary ammonium salts for
example tri-ethanolamine (TEA), tri-octylamine, tri-
dodecylamine, tri-iso-octylamine, and trioctylmethy-
lammonium chloride (Aliquat 336), which are used to
remove metal ions from acid solution through the liquid
membrane [15].

Fig. 1(a) shows the mechanism of SLM-based sep-
aration of ions. In this case, metal A from the feed
solution is selectively extracted from the -carrier
through an organic membrane. The carrier picks up
specie “A”, at the membrane—feed interface, diffuses
across the membrane as a complex, and finally
exchanges “A” with the charged specie “C” on the
strip side of the membrane. In this case, “C” has the
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Fig. 1. Mechanism of metal ion transport through the SLM
(a) facilitated coupled counter transport and (b) facilitated
coupled co-transport.

same charge as on “A”. Thus, the carrier acts as a
shuttle carrying “A” and “C” in the opposite direc-
tions. That is why the process is called facilitated cou-
pled countertransport. The typical example of this
process is the metal cation exchange with H" ions
facilitated by acidic carrier. Basic carrier, for example
amines, can be used to carry H" ions together with
negatively charged ions, such as Cl, in the same
direction. This process is called facilitated coupled co-
transport as shown in Fig. 1(b) [8].

Zinc makes up about 0.0075% of the earth crust,
making it the 24th most abundant element. Soil con-
tains 5-770 ppm of zinc. Seawater has only 30 ppb
zinc [16]. It is the fourth most common element in use
after iron, aluminum, and copper. It is extensively
used in galvanizing, making alloys, other industrial
and everyday used items [17,18].

Due to extensive use of zinc, a significant amount
of zinc is being dumped in the lakes and rivers from
various industrial wastewater which causes serious
environmental problems.

In this study, extraction of zinc has been carried
out using SLM based on TEA/cyclohexanone. After
optimizing the extraction operational parameters, the
technique has been successfully applied for extraction
of zinc from dry battery wastewater.

2. Materials and methods
2.1. Chemicals

The TEA (Acros, Organics, 98%) in the cyclohex-
anone diluent (Merck, 99%) was used without further
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purification. The zinc chloride (98%), HCl (A.G,,
35.4%), and NaOH (A.G., 99%) were obtained from
Fluka company.

The membrane was microporous polypropylene
film (Celgard 2400), with a thickness of 25 um, poros-
ity 41%, and pore size of 0.043 um.

2.2. Analytical techniques

The atomic absorption spectrometer (Perkin Elmer
model 400) was used for the measurement of

Flux (]) = dm’

Change in the zinc ion concentration (M) x volume of solution in strip or feed (dm’)
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about 1,500 rpm. This was necessary to avoid concentra-
tion polarization at the membrane faces. Samples from
the feed and the stripping solutions were taken after
regular time intervals and analyzed by atomic absorp-
tion spectrophotometer.

2.5. Flux measurements

The flux was calculated using the following
equation:

1)

concentration of zinc ions. The pH measurement was
carried out by a NeoMet pH meter 200L. The
viscosity measurement of TEA in cyclohexanone was
determined by Brookfield Viscometer/Rheometer
LVDV-III. The SEM analysis was carried out using
Scanning Electron Microscope model JSM-5910 JEOL
(Japan).

2.3. Membrane cell

Extraction experiments were performed at 25+1°C
in the simple batch like permeater (cell). The cell was
made of acrylic material having two compartments
with flanges to clamp the membrane between these
compartments. Each compartment had a volume
capacity of 250 cm®. The effective membrane contact
area was 24.64 cm®. Both the compartments had elec-
trical stirrers to agitate the liquid.

2.4. Procedure

The carrier TEA was dissolved in cyclohexanone to
get solutions of various concentrations (10-70%). The
liquid membrane was prepared by soaking the
polypropylene film for 24 h in a solution that was
prepared by diluting TEA in cyclohexanone. For the
extraction experiments, different concentrations of zinc
(9.8-19.6) x 10~* mol/dm® and HCl (0.1, 0.5, 1, 1.5, and
2 M) were used as feed solution, NaOH solutions (0.1,
0.3, 0.5, 0.7, 1, and 1.5 M) were used as stripping solu-
tion in strip phase. The feed and strip compartments of
the cell were filled with their respective solutions which
were separated by the membrane mounted in between
the two compartments. The solutions in each compart-
ment were stirred with an electric stirrer at a speed

membrane area (m?) x At

where At represents the time interval (Fig. 2).

3. Theory

The chemistry of metal ion transfer through SLM
is same as it is for liquid-liquid extraction. The extrac-
tion mechanism can be viewed as consisting of extrac-
tion by compound formation, ion-pair association, or
solvation. In this study, the mechanism of extraction
involves the ion-pair association. In this process,
extractant makes an ion-pair complex, which is neutral
and can be permeated through a hydrophobic mem-
brane phase. The following possibility of protonation
of TEA has been reported [19] in the acidic medium

TEA + H"=TEAH" ()
or in general form

TEA + nH™=[TEAH,]"" (I) 3)

17

where “n” may be 1, 2, 3, or 4, as TEA molecule has
one nitrogen and three oxygen atoms, and therefore,

Feed phase Membrane phase Strip phase
ZnCl, [TEANH,. ZnCl-,]
N NaOH
Vi W\
L
/)
HC1 P [ZnClJ=+ HyO
[TEA]

Fig. 2. Schematic representation of transport mechanism of
zinc ions.
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maximum protonation up to 4 can take place. Specie I
will associate with a zinc ion in the anionic form
associated with chloride.

Zn*" 4 2C1" =[ZnCl,] (4a)

ZnCl, + Cl‘:[ZnClﬂf (4b)

or in general, depending upon the association number

"1

n

ZnCl, + nCl” =[ZnCly,|" (1) (40)
Anionic species II will associate with a cationic com-
plex of TEA, specie I at the feed—membrane interface.

[TEAH,)"" + [ZnCl,.," =[TEAH, ZnCl,.,] (I}  (5)

Specie III permeates through the membrane and
releases zinc on the strip side at strip-membrane inter-
face, due to reaction of protons with OH™ of the strip
solution as follows:

[TEAH, ZnCly,,] + nOH =TEA + [ZnCl,,|""
+ nH,O (6)

The Zn-TEA complex is unstable in the basic medium
as H" of the complex spontaneous reacts with OH™
ion, destroying the charge balance, equilibrium of the
so-called complex, releasing thus TEA for further
transport of zinc ions.

From the aforementioned discussion, the overall
reaction can be written as

[ZnCly,,]"™ 4 [TEAH,]"" + nOH™=TEA + [ZnCl,.,,]"~
+ 1’1H20

()

For simplicity and specific mathematical purpose, Eq.
(5) can be written as

[ZnCly )"~ + [TEA] + n[H*]=[TEAH, ZnCl,,.,] (III)
®

The equilibrium constant for reaction 8 can be written
as

[TEAH, ZnCl,.,]

Kon = (ZaCho, JTEA] (T

)
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If 1z, denotes the distribution coefficient of zinc ions
for distribution between the membrane and aqueous
phases,

[TEAH,, ZnCly,,]
Agn = — (10)
T [(ZnClyy)™ ]

In light of Egs. (10) and (9) can be written as

;LZn
Kzn = =77 11
"~ [TEA] [H'] an
On rearranging Eq. (11), we obtain
Jzn = Kza[TEA] [H*]" (12)

According to the Ficks” First Law, the rate of diffusion
d2 of metal ions across an area A known as diffusion
flux and is given the symbol (J) [20].

dn DAdC

== DAL (13)

J

Where 4 is the concentration gradient of the metal
ions and dn is the amount of metal ions crossing the
area A in time dt.

Since solutions are stirred therefore, the metal ion
concentration in feed and strip phases, C; and C,,
respectively, is maintained at a uniform level. The two
solutions are separated by a membrane of thickness
“1”, as shown schematically in Fig. 3. The membrane
contains pores filled with extractant dissolved in dilu-
ent. At steady state, the rate of diffusion does not
change with time as long as the concentrations of

Feed phase Membrane phase Strip phase
Feed-membrane Strip-membrane
interface interface

G "} Can G
I
Thicknes

Fig. 3. Concentration gradient of zinc ions at the feed and
strip sides of the membrane.
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metal ions at membrane interfaces of feed and strip
sides, Cg, and C,,, respectively, remain constant. In
order for there to be a steady state, the concentration
gradient must be uniform across the membrane. In
other words, the concentration within the membrane
must fall linearly, as shown in Fig. 3. The concentra-
tion gradient is thus given by

de  Cpn — Com

T ] (14)

And by the Ficks” First Law, the rate of flow through
the membrane is

dn Cfm - Csm
o DA — (15)
The diffusion coefficient D is therefore calculated from
the measurement of the rate of flow; the area A, thick-
ness I, and concentration difference Cp,, — Csy are read-
ily determined.

Where, as mentioned earlier, D is the diffusion
coefficient. Since the distribution coefficient of Zn?* at
the membrane surface of the feed side and strip side
can be given by A and A, respectively, that is,

C
=" and =S

C C. (16)

where Cand C; represent feed and strip concentration
of Zn?*, respectively.
From relations (16), we obtain

Cqm = 4Cr and  Cgp = 4Cs (17)
and with the help of Eq. (17), Eq. (15) becomes

2Cr — AsC
J=DA <”l’b) (18)

As there is no extraction from the strip to the mem-
brane phase, so 4;—0 and as a result, 4, Cs ~ 0 and
Eq. (18) transform to

_ 4t
-on ()

In our case /s = 4z, as given by Eq. (12), thus Eq. (19)
becomes

19)
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Kz,[TEA] [H*]" [ZnCly1,)" C
j=pa KnlTEALL ]l[n“] ! 20)
According to Wilke-Chang relation
p-"T @
n

where T is the absolute temperature, 7 is the viscosity,
and k is constant and so

B @AKZH [TEA] [H"]"[ZnClo.])" C;

p i (22)

J

Since k’, Kz, T, 1 a,nd A are constants, combining all
these as K (i.e. K=kKz,T, I, A), we obtain

[ K[TEA] [H*]"[ZnCly "~ C;
n

(23)

However, if C; does not change rapidly, then for a
short interval of time, Cf may be taken nearly constant.
Rearranging Eq. (23)

Jn = K[TEA] [H*]"[ZnCly "~ C; 4)

Taking log of Eq. (24)

log Ji = log K + log[TEA] + nlog [HT] + log[(ZnCl,,)" "]
+ log C¢
(25)

Since a specially designed experiment was carried out
by keeping K, TEA, (ZnCly,)"", C as constants in
order to study the effect of H* concentration on
extraction of zinc ions, therefore, the terms involving
these parameters in Eq. (26) can be collected in a sin-
gle parameter as follows:

B = logk + log TEA + log[(ZnCly,,)" ] + log C¢ (26)
Thus, Eq. (25) becomes
logJn = B+ nlog [H'] (27)

Eq. (27) can be used to determine the number of H+
ion “n” associated with TEA in the form [TEAH,]"".
Eq. (27) is a straight line equation in which log [y can
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be plotted on y axis and log [H'] on x axis. The slope
of this curve will give “n” which gives the number of
protons associated with TEA.

4. Results and discussion
4.1. Effect of TEA concentration on the extraction of zinc

In this study, the extraction of zinc ion has been
carried out through tertiary amine and TEA, as a car-
rier. Different concentrations of TEA in cyclohexanone
diluent were employed to study the extraction of zinc
metal ion. The concentration range of TEA was from
10 to 70%. Samples from feed and strip phases, in a
single run of the experiment, were drawn simultane-
ously at different interval of time and analyzed for
zinc ion by AAS. In this manner, seven different
experiments were carried out with different concentra-
tions of TEA as mention above. It was observed that
with an increase in concentration of TEA, extraction of
zinc ion increases as shown in Figs. 4 and 5. From the
figures, it is clear that concentration of Zn”** ions
decreases in feed, while at the same time, it increases
in strip phase with the passage of time. It can be care-
fully analyzed that the concentrations of TEA in the
feed phase at any particular time supplement that of
in the strip phase i.e. it exhibits an additive behavior.

This has been shown in Fig. 6 wherein the two
curves show the said additive behavior which is clear
from their mirror image nature. By a careful observa-
tion, it can be analyzed that a decreasing trend in the
concentration of zinc in the feed side is observed,
however, the concentration goes to a minimum value
at 50% TEA where after, it increases for 60 and 70%
concentration which is an indication of smaller trans-
port of zinc toward the strip side. This might be due
to the increase in the viscosity of organic phase of the

8 m
7.5
-0
—o— 10% TEA
7 4
- 20% TEA
== 30% TEA

= 40% TEA

10-5 Zn(ll) conc(mol/dm?3)
[«2)
]

®1 ‘ " == 50% TEA

55 | 60% TEA

s | | | | | | 70% TEA
0 50 100 150 200 250 300

Time (mintues)

Fig. 4. Variation in Zn?* ion concentration with time in
the feed solution at various concentrations of TEA (Zn**
ions conc. = 8x107° mol/dm®, HCl conc. = 1M, NaOH
conc. = 1M, and TEA conc. = 10-70%).
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Fig. 5. Variation in Zn?>* ion concentration with time
in strip solution at various concentrations of TEA (Zn**
ions conc. = 8x107° mol/dm?® HCl conc. = 1 M, NaOH
conc. = 1 M, and TEA conc. = 10-70%).
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Fig. 6. Concentration of zinc ions vs. TEA composition.

membrane (Fig. 7), which hampers the movement of
complex through the membrane. This fact can
conversely observe from the feed side where the

Viscosity (cp)
N w £ (6} (2] ~ @

0 10 20 30 40 50 60 70 80
TEA conc.(%composition,v/v)

Fig. 7. Viscosity of TEA-cyclohexanone solutions.
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concentration of zinc increases with the increase of
TEA concentration, reaches a maximum at 50% con-
centration of TEA, and then decreases afterward. So
50% TEA concentration was an optimum condition for
zinc extraction.

4.1.1. Flux study

The flux of zinc ions was calculated using Eq. (1)
and represented in Fig. 8. It can be observed that flux
decreases from 10 to 20% TEA concentration and then
slightly increases up to 30% and then increases rapidly
and goes up to a maximum value of 50%, where the
value of flux was observed as 3.58 x 10! mol/m? s.
Then, there is a steep decrease from 60 and 70% TEA
concentration. This decrease in flux, as mentioned ear-
lier, is due to increase in viscosity of TEA solution
which hampers the transport of zinc ions due to
restricted movement of metal-TEA ion complex.

4.2. Effect of NaOH concentration on the extraction of zinc

The stripping agents in the stripping phase play an
important role in transport of metal ions through the
organic membrane phase to the stripping phase. The
membrane phase becomes saturated with the complex
if the metal complex is not properly stripped off.
Otherwise, this will adversely affect the permeation
rate. In this work, NaOH has been used as a strippent
reagent for the extraction of zinc. The concentration
range of NaOH from 0.1 to 2 M has been studied.

As indicated in Figs. 9 and 10, increasing the con-
centration of NaOH, the extraction as well as flux
value increases with time. Consequently, maximum
extraction was noted at 0.7 M NaOH. On further
increase in NaOH concentration, the extraction was

3.5
2.5

1.5 4

101" J(mol/m2.s)

0.5

0 T T T T T
0 10 20 30 40 50 60 70

TEA (%composition,v/v)

Fig. 8. Effect of TEA concentration on flux (Zn*" ions conc.
= 8x107° mol/dm® HCI conc. = 1M, NaOH conc. = 1M,
and TEA conc. = 10-70%).
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g 6 | N == 0.7M NaOH
N =¥= 1M NaOH
A |
S 5': 1.5M NaOH
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Fig. 9. Variation in Zn** ion concentration with time in the
feed solution at various concentrations of NaOH (Zn?*
ions conc. = 8.0x107° mol/dm?®, HCl conc. = 1 M, NaOH
conc. = 0.1-1.5 M, and TEA conc. = 50%).

3 -
&
£ 2.5
E 2 1 —o— 0.1M NaOH
3 —=— 0.3M NaOH
5 -
s ~#=— 0.5M NaOH
9 ,
= 1 — 0.7M NaOH
s %= 1M NaOH
2 07 1.5MN
o . aOH
- O -

0 50 100 150 200 250 300
Time(minutes)

Fig. 10. Variation in Zn** ion concentration with time in
strip solution at various concentrations of NaOH (Zn**
ions conc. = 8.0x107° mol/dm?® HCI conc. = 1M, NaOH
conc. = 0.1-1.5 M, and TEA conc. = 50%).

decreased abruptly. This could be because at higher
concentration of NaOH, precipitation of ZnO at strip-
membrane interface may be formed due to excess
amount of OH" ions. This precipitate gets penetrated
into the membrane pores and affects the transport of
zinc due to clogging of pores [21]. Therefore, 0.7 M
NaOH was an optimum condition for zinc extraction.
At the strip-membrane interface, the complex immedi-
ately dissociates and releases Zn*> and Cl” ions along
with H" ions which spontaneously react with OH™ to
form H,O into the strip solution.

[TEAH, ZnCly.,] + nOH —=TEA + [ZnCl,,,]""
+ nH,O (6)

This reaction was established by monitoring the pH
value of the strip solution which was decreased,
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10-"1J(mol/m2.s)
w

0 0.3 0.6 0.9 1.2 1.5
NaOH (mol/dm?)

Fig. 11. Effect of NaOH concentration on flux (Zn** ions
conc. = 8.0 x 107> mol/dm?, HCl conc. = 1 M, NaOH conc.
=0.1-1.5M, and TEA conc. = 50%).

showing the consumption of the OH  ions in the
above reaction.

The flux value increases gradually from 0.1 to 0.5
and then becomes maximum at 0.7 M NaOH, where
after the decreasing, trend can be seen (Fig. 11) up to
1.5 M NaOH concentration.

4.2.1. SEM analysis

The SEM images of the membrane before and after
the extraction are given in Fig. 12(a) and (b). It can be
observed that before the extraction, the membrane
was smooth with cracks therein whose approximated
length ranges from 0.2 to 6 um and width of the crack
is 0.025 um in average. A careful examination of the
SEM image after the extraction shows a material
deposition on the membrane with larger dimension of
the cracks. This deposition can be of ZnO which may
have been deposited after a number of consistent use
of the membrane [22].
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4.3. Effect of HCI concentration on the extraction of zinc

Figs. 13 and 14 indicate the effect of HCl concen-
tration, in the feed side, on extraction of zinc ions. The
concentration of HCI in the range of 0.1-2M was
studied while keeping the concentration of TEA at
50% in cyclohexanone and NaOH at 0.7 M in stripping
phase. It was observed that the extraction of zinc ion
increases with the increase in HCIl concentration, it
reaches at its maximum value at 1 M HCI where after
the extraction decreases. The Cl /Zn?* ratio would
have significant effect on extraction efficiency: Fewer
amounts of Cl™ result in the formation of ZnCl*, while
excess of ClI™ leads to the formation of ZnCl; or
ZnCly®” [21]. At very high concentration, common ion
effect causes the reaction to go in reverse direction
and inhibits the formation of Zn-TEA complex. So,
1 M HCI concentration was an optimum condition for
the extraction of zinc ions.

16.3
o 143 4
g 12.3
g 10.3 | == 0.1M HCI
E 8.3 =@ 0.5M HCI
E 6.3 - == 1M HCI
E— 43 == 1.5M HCI
2 23 == 2M HCI
- 0.3 T T T

0 50 100 150 200 250 300
Time(minutes)

Fig. 13. Variation in Zn** ion concentration with time in
the feed solution at various concentrations of HCl (Zn?*
ions cons. = 15.3x107° mol/dm® HCl conc. = 0.1-2 M,
NaOH conc. = 0.7 M, and TEA conc. = 50%).

*S0. 8200 0. Sum

Fig. 12. SEM analysis (a) before extraction and (b) after extraction.
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-

== 0.1M HCI
=@~ 0.5M HCI
1M HCI
== 1.5M HCI
== 2M HCI

10-5 Zn(ll) conc(mol/dm3)
O =~ N W B OO N © © O

T T T T T 7S

0 50 100 150 200 250 300
Time(minutes)

Fig. 14. Variation in Zn?* ion concentration with time in
strip solution at varlous concentrations of HCI (Zn** ions
conc. = 15.3x107° mol/dm?®, HCl conc. = 0.1-2 M, NaOH
conc. = 0.7 M, and TEA conc. = 50%).

Fig. 15 shows the pH change of the feed solution
with time during a single extraction experiment. The
increase in pH is slow at the beginning and rises
almost steeply between the 90th and 120th minutes of
the experiment. Initially, the protons of feed solution
were utilized by carrier (TEA) molecules to convert it
into a charged species by protonation at the feed-
membrane interface. Further increase in pH may be
attributed to the transport of H" ion from the feed to
the membrane phase and ultimately to the strip phase.

Fig. 16 reveals the flux of Zn** with the concentra-
tion of HCIl. The flux increases as the concentration of
HCI increases and goes to a maximum at 1M HCI
and then, it decreases. The highest flux value of 3.20 x
10”7 mol/m? s was noticed at 1 M HCL The decrease
in the flux beyond 1M HCI is due to the excess
amount of H" concentration which suppresses the
extraction in forward direction.

12 4

10 -

0 T T T T T )
0 50 100 150 200 250 300

Time(minutes)

Fig. 15. Variation in pH of feed solution with time (Zn**
ions conc. = 15.3 x 10 ° mol/dm?®, HCI conc. = 1 M, NaOH
conc. = 0.7 M, and TEA conc. = 50%).
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Fig. 16. Effect of HCI concentration on flux (Zn** ions
conc. = 15.3x107° mol/dm®, HCl conc. = 0.1-2 M, NaOH
conc. = 0.7 M, and TEA conc. = 50%).

4.3.1. Determination of “n”

The number of H" ion “n” associated with TEA in
the form of [TEAH,]"" can be determined using Eg.
(27) which is a straight line equation where log [y can
be plotted on y axis and log [H'] on x axis. The slope
of this curve will give “n” which gives the number of

protons associated with TEA.

logJn =B +nlog [H'] (27)
Fig. 17 shows log J5 vs. log [H"]. The first three values of
the data from Fig. 15 were taken from this plot because
these were showing an increasing trend in the flux with
increase in H" ion concentration. The slope of the curve
is showing a value of 1.098 which can be safely taken as
1. Thus, the complex [TEAH,)"" can be assumed to be
like [TEAH]", and analogously by intuition, we can say

y =1.0981x + 1.2992
R?=0.9879

LogJdn

0O
U

-1.2 -1 -0.8 -0.6 0.4 -0.2 0
Log[H *]

Fig. 17. Plot of log Jn vs. log [H'].
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that the zinc-chloride anionic complex has the form
[ZnCly44]". The zinc-TEA complex thus acquires the
form [TEAH, ZnCl,,,]. Thus, in light aforementioned
discussion, Eq. (5) can be written as

[TEAH]" + [ZnCl,.1]”=[TEAH ZnCl, 4] (28)

Thus, Eq. (28) predicts the stoichiometry of the com-
plex.

4.4. Effect of zinc metal concentration on the extraction of
zine

In order to investigate the effect of zinc ion concen-
tration on the extraction, 0.77-3.84 x 10~* mol/dm® con-
centrations of zinc were employed. During this study,
the other parameters such as concentration of HCl in
feed solution, NaOH in stripping solution, and TEA in
membrane phase were kept at optimum levels, i.e. 1 M,
0.7 M, and 50%, respectively. Figs. 18 and 19 show the
change in the zinc ion concentration with time in the
feed and strip phases, respectively. It can be noted
from Fig. 18 that maximum extraction was obtained
with a zinc concentration of 2.30x10* mol/dm>. A
decrease in the extraction can be observed from the
same figure by further increases in zinc ion concentra-
tion. This could be attributed to the following reason:
As the concentration of metal ions increases, the
requirement of HCl, to make zinc—chloride complex,
also increases, whereas we have kept HCl concentra-
tion at a constant level which is insufficient to cater for
the zinc-chloride complex [23].

The flux was also maximum at this concentration
and gives the value of 3.51 x 10" mol/m? s as shown

4
& 35 < = = 4
£
S 3
©°
g 25 ——0.77x10-4
g 2 —m—1.53x10-4
° 45 2.30x10-4
T 5§ —<3.07x104
N
I —=3.84x10-4
g 0.5 < — A A

0- :

50 100 150 200 250 300
Time(minutes)

o

Fig. 18. Variation in Zn?* ion concentration with time in
the feed solution at various concentrations of zinc metal
solution (Zn2* ions conc. = 0.77 —3.84 x 10~ mol/dm?, HCl
conc. = 1 M, NaOH conc. = 0.7 M, and TEA conc. = 50%).
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Fig. 19. Variation in Zn*' ion concentration with time in
strip solution at various concentrations of zinc metal
solution (Zn%* ions conc. = 7.72 x 107°-1.52 x 107* mol/dm?,

HCl conc. = 1M, NaOH conc. = 07M, and TEA
conc. = 50%).
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Fig. 20. Effect of Zn** ion concentration on flux (Zn** ions
conc. = 7.72x10°-1.52 x 10 * mol/dm’, HCI conc. = 1 M,
NaOH conc. = 0.7 M, and TEA conc. = 50%).

in Fig. 20. There was a decrease in the flux beyond the
aforementioned concentration of zinc ion due to the
reason mentioned above.

4.5. Extraction time

Fig. 21 shows the extraction of zinc against time at
optimum conditions of the extraction of zinc ion. It
can be noted that the extraction reaches to its maxi-
mum level (87%) at 120th minutes where after there is
no increases in extraction and it remains constant as
indicated by Fig. 21.

4.6. Membrane Stability

The stability of polypropylene-TEA-cyclohexanone
SLM was studied for 10 d by carrying out 10 indepen-
dent extraction experiments at optimum conditions for
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Fig. 21. Variation in Zn** ion concentration with time in
strip phase (Zn** ions conc. = 2.30 x 10~* mol/dm® HCl
conc. = 1M in feed phase, NaOH conc. = 0.7 M in strip
phase, and TEA conc. = 50% membrane phase).

extraction. These optimum conditions were zinc ion
concentration in the feed at 2.30 x 10™* mol/dm?>, 1M
HCl, 50% TEA concentration in cyclohexanone, 0.7 M
NaOH concentration in stripping phase, and at the
stirring speed of 1,500 rpm. Each experiment was of 5
h duration using the same membrane impregnated
only once, while fresh solutions were added into the
feed and strip compartments for every experiment. As
seen in Fig. 22, the extraction was not affected and
remained at 87% during all the experiments. This
shows that despite all deteriorating factors of mem-
brane, what so ever, the efficiency has not decreased
during these experiments.

4.7. Extraction of Zn (Il) ion from dry battery waste

One of the major applications of zinc is its use in
zinc—carbon dry battery [17]. The optimized conditions

108 J(mol/mZ2s)
w

0 2 4 6 8 10
Number of days

Fig. 22. Flux vs. time for stability study of SLM (Zn** ions
conc. = 2.30 x 107* mol/dm?, HCI conc. = 1 M, NaOH conc.
=0.7M, and TEA conc. = 50%).
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Fig. 23. Variation in Zn?* jon concentration in the feed and
strip solution vs. time (dry battery waste solution). (Zn**
ions conc. = 2.68 x 107 mol/dm?, HCI conc. = 1 M, NaOH
conc. = 0.7 M, and TEA conc. = 50%).

Table 1
Analysis of dry battery waste solution

Concentration of metal ions

S. No. Metal ion
Before extraction After extraction
1 Zn 2.68x107° 2.34x107°
2 Co 0.00 0.00
3 Ni 0.00 0.00
4 Mn 7.28%107° 0.00

were used for recovery of zinc from discharged
zinccarbon dry battery. The carbon black powder from
inside the heavy duty 1.5V, size D, power flash
zinccarbon dry battery was digested in acid for 4 h at
room temperature and filtered through Whatman®-41
filter paper to remove the residue (carbon powder).
This solution was analyzed for zinc, cobalt, nickel,
and manganese ions by AAS. However, only zinc and
manganese ions were found to be present in the
solution. A known volume of 250 cm® of the filtrate
was taken as the feed solution; the extraction experi-
ment was carried out keeping all other conditions at
the optimum level as mentioned before. The study
shows that almost 87% zinc ions were recovered
(Fig. 23), however, no Mn ions were detected in the
strip phase, showing selective behavior of TEA for
zinc ions (Table 1).

5. Conclusions

In the present work, SLM, containing Celgard 2400
as a support, TEA as carrier, and cyclohexanone as
solvent, in the separation of zinc (II) from their
aqueous acidic solution, have been investigated. The
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influence of various parameters on the transport of
zinc (II) has been studied to optimize the process. The
maximum extraction was obtained at 50% TEA con-
centration with a flux value of 3.58 x 107" mol/m? s.
In feed phase, 2.30 x 10™* mol/dm® of zinc ions and
1 M HCI were the optimum conditions for the extrac-
tion of zinc ions. The maximum flux value of 3.51 x
107" mol/m? s was noticed at 2.30 x 10~* mol/dm> of
zinc ion concentration, while 3.20 x 107" mol/m? s of
flux was observed at 1 M HCIl. While in case of strip
phase, the 0.7 M NaOH concentration gives the high-
est value of flux, that is, 5.23 x 1077 mol/m? s. Under
these optimum conditions, the maximum extraction of
zinc ions was achieved and gives 87% of extraction
efficiency. The extraction time for zinc ion transport
has been studied. The maximum extraction was found
at 120 min. The stoichiometry of Zn-TEA complex
[TEAH ZnCly;1] was evaluated through equilibrium
slope method, and it was found that 1:1 mol ratio of
TEA and H" ion was involved in the complex forma-
tion. The stability of SLM under optimum conditions
was investigated, and it was concluded that the mem-
brane was stable for up to 10 extraction experiments.
This SLM was applied to recover Zn (II) from the dry
battery wastewater, and about 87% zinc ions were
extracted. The whole study was replicated thrice with
relative standard deviation of *2%.
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