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ABSTRACT

The extraction of palladium from hydrochloric acid solutions into emulsion liquid membranes (ELMs) using LIX
984N-C as the extractant was investigated. The influential factors and the total capacities of palladium extraction were
determined by a batch method. The behavior of palladium extraction by ELMs under the operational conditions—pH of
the external feed phase, surfactant and extractant concentration, internal stripping phase concentration, treat ratio and
agitation speed were reported. Using LIX 984N-C, palladium was effectively extracted from the external acidic chloride
feed phase into the internal receiving phase of W/O emulsions. More than 92% of palladium could be extracted at a feed
pH of 2 with 3% Span 80, 9% LIX 984N-C and 7M HCI at a stirring speed of 300 rpm.
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1. Introduction

Recently, much attention has been paid on the develop-
ment of an efficient treating process for industrial wastes
because they have a probability of destroying the global
environment [1,2]. Palladium, one of the precious group
metals (PGMs) is a major pollutant from the chemical
industry which utilizes palladium as catalysts as well as
electrical and corrosion resistant materials. Solvent ex-
traction is a common hydrometallurgical process for the
recovery of palladium from most industrial plants. The
studies of palladium extraction using pyridinecarbox-
amides [3], thiosulfate, ACORGA® CLX50 [4], hexade-
cylpyridinium [5], phosphonium [6], NH,*-dibenzyldiaza-
18-crown-6 [7], Cyanex 471 [8], hydroxyoxime [9], Cya-
nex 301-immobilized material [10], a-benzoin-oximes and
Cyphos® IL/toluene [11], imidazolium nitrate immobi-
lized resin [12] as extractants have been reported. How-
ever, the metal extraction rates by solvent extraction are
generally low and the inventories of the organic solvent
and metal extractant are substantial for the separation
process. Emulsion liquid membranes (ELMs) [13], on the
other hand a promising technology for the separation of
heavy metal ions from aqueous effluent streams, has re-
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moved the limitations of solvent extraction by combining
extraction and stripping in a single operation. The reduc-
tion of metal concentration in the feed stream can be
achieved to very low level. The treatment of aqueous
streams contaminated with palladium by ELMs using a
bi-functional surfactant has been reported [14,15]. In
recent years, Cognis Inc. [16] has introduced oxime de-
rivatized extractants for copper, such as LIX 63, LI1X 65,
LIX 841-C, LIX 860N-IC and LIX 984N-C, showing
faster kinetics, easier phase disengagement and stronger
copper extraction. A combination of salicylaldoximes
with extractive strength and fast kinetics and ketoximes
with proven excellent physical performance and stability
led to the development of L1X 984N-C, which was found
to effectively extract copper from aqueous acidic me-
dium [17,18]. With similar coordination chemistry of
palladium with phenolic oxime ligands to that of copper
[19], this gives an insight for the use of LIX 984N-C for
palladium extraction.

In the present work, the extraction of palladium from
aqueous hydrochloric acid medium containing a low con-
centration of palladium (10 ppm) by ELMs using LIX
984N-C as an extractant is carried out. The behavior pal-
ladium extraction and optimum operating condition by
ELMs are also investigated.
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2. Experimental
2.1. Reagents

The chemical structures of the carrier (extractant) and the
surfactant are used in this study. The carrier, LIX 984N-C
obtained from Cognis Ireland is an equi-volume mixture
of L1X 860N-IC (5-nonyl salicylaldoxime) and L1X 841-C
(2-hydroxy-5-nonyl-acetophenone-oxime) (Figure 1(a))
in a high flash point hydrocarbon diluent and used as
such. Emulsifier, Span 80 (sorbitan monooleate) (Figure
1(b)) was supplied by Kao Industrial, Thailand. The com-
mercial extractant and surfactant were used as received.
The organic solvent, Exxol" D80 (dearomatized alipha-
tic hydrocarbon), supplied by ExxonMobil Chemical (Thai-
land) Co., Ltd., was used as the membrane material.

2.2. [PA(II)-L1X 984N-C] Complex Formation

Equivalent volumes (20 mL) of aqueous acidic feed solu-
tion (pH 2) containing 10 ppm of Pd(Il) and the organic
phase of LIX 984N-C in Exxol D80 were allowed to
contact each other for 60 min at room temperature (30 =
1°C). After gravitational settling the aqueous and organic
phases were separated for analyses. A Perkin-Elmer model
AAnalyst 100 AAS was used to determine the Pd(Il)
concentration in the aqueous portion. UV spectra of Pd(1l)
in aqueous feed solution were recorded before and after
the extraction process. [Pd(I1)-LIX 984N-C] complex in
the organic phase was also identified by a UV spec-
trometer equipped with a deuterium-halogen light source
DH 2000 and USB 2.0 fiber optic model USB4000 UV-
VIS detector.
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2.3. Pd(I1) Extraction into ELMs

Batch extractions were conducted in a glass-mixer-settler
(7" dia.) fitted with baffles, a stop-cock for easy sam-
pling and a variable speed 30 mm turbine impeller. The
primary W/O emulsion was prepared by gradually drip-
ping HCI solution into the oil phase in a beaker using a
high speed homogenizer (IKA, Ultra Turrax model T10
basic) at 12,000 rpm for about 30 min. The resultant
milky white emulsion was then dispersed into the aque-
ous feed phase containing 10 ppm Pd(Il) using a turbine
mixer at 250 to 300 rpm. Samples were drawn at fixed
intervals (5 min.) and the emulsion and aqueous phases
were allowed to settle in measuring test tubes. The con-
centration of Pd(I1) in the aqueous phase was determined
by standard procedures using Perkin-Elmer model AAna-
lyst 100 AAS. The parametric variation of the compo-
nents in the external aqueous feed phase, the membrane
phase and internal aqueous phase are described in Table 1.
Palladium extraction into ELMs is represented by
C./IC, as a function of time, where C, is the instantane-
ous concentration and C,q is the initial concentration of
palladium in the external aqueous feed solution.

3. Results and Discussion
3.1. [Pd(IN)-L1X 984N-C] Complex Formation

The UV spectra of Pd(Il) in aqueous solution that a pro-
minent peak at 244 nm with a maximum absorbance of
0.84 indicates the initial Pd(ll) in the aqueous phase (Fig-
ure 2(a)) and after extraction the absorbance was reduced
to 0.17 with a broadening of the peak (Figure 2(b)). The
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Figure 1. Chemical structure of (a) Carrier and (b) Surfactant.
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Table 1. Parametric variation of the components in the external aqueous feed phase, the membrane phase and internal
aqueous phase for Pd(11) extraction by ELMs.

Parameters Range used Remarks
External aqueous feed phase (W) V., =300 mL
(a) palladium concentration C,=10 ppm
(b) with buffer pH pH=1-3 Adjusted pH by hydrochloric solution
Oil Membrane phase (Op) V,,=25mL
(a) solvent Exxol D80 De-aromatized aliphatic hydrocarbon
(b) carrier LIX 984N-C®
C.=5-12wt%
(c) surfactant Span 80

C;=2.5-3.5wt%

Internal aqueous phase V;=25mL
(a) stripping acid HCI
C=3-7TM
Treat ratios T,=0.125 - 0.250
Agitation speed 250 - 350 rpm
The ratio of the phases 1:1 The emulsion is water-in-oil (W/O) type
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Figure 2. UV absorption spectra (a) Palladium in feed solution before extraction; (b) Palladium after extraction and (c);
[PA(I1)-LIX 984N-C] complex in organic phase.
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presence of the [Pd(I1)-LIX 984N-C] complex in the or-
ganic phase [20] was evident by the prominent peak at
319 nm with an absorbance of 0.65 (Figure 2(c)).

3.2. Permeation of Pd(Il) through ELMs

When the W/O emulsion is dispersed in the feed phase,
several emulsion globules are formed generating a large

surface area for the interfacial reactions and mass transfer.

Palladium exists mainly as Pd** ions in an external feed
solution containing hydrochloric acid with a low H" ion
concentration. At the interface of an emulsion globule and
the feed phase the following reaction takes place, leading
to a formation of a PdR, complex in the organic phase:

2+ +
2HR () +PA™ ) O PAR 0y +2H )

where HR represents the carrier in the organic phase. The
PdR, complex diffuses through the organic membrane
phase to the inner stripping phase, where the Pd** ion
gets stripped from the carrier into the internal phase of
emulsion droplets by the following chemical reaction:

+ 2+
2H" ) +PAR, [ Pd” o +2HR

This type of carrier facilitated transport mechanism
has been recognized already as a counter transport [21,22]
as schematically shown in Figure 3.

The counter transport mechanism for Pd(l1) extraction
by ELMs is confirmed by the result of the Pd** and H*
concentration in the external feed phase, shown in Table
2. A depletion of palladium concentration in the external
aqueous feed solution from 10.00 to 1.742 ppm and a
simultaneous fall of pH from 2.00 to 1.75 were found to
take place during the 60 minutes of extraction.

org. (org.)

3.3. Effect of Parametric Variations on
Palladium Extraction

In all experimental runs, the internal phase volume frac-
tion of the extracting emulsion was 1:1 and initial palladium

external organic internal
feed phase membrane phase striping phase
Pd* 2HR < pd*
2H* PdR, 2H"
Pd*
H

Figure 3. Schematic diagram of permeation mechanism of
Pd(Il) with ELMs.
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Table 2. Pd(1l) and H* concentration in the feed solution
during extraction process by ELMs.

Concentration

Run Time (min) pH
Pd(11), ppm H*

1 2.00 10.00 0.010
2 5 1.93 5.397 0.012
3 10 1.89 4.629 0.013
4 15 1.86 4.007 0.014
5 20 1.85 3.291 0.014
6 25 1.83 3.199 0.015
7 30 1.78 2.821 0.017
8 35 1.77 2.373 0.017
9 40 1.77 2.243 0.017
10 45 1.77 1.995 0.017
11 50 1.75 1.908 0.018
12 55 1.75 1.745 0.018
13 60 1.75 1.742 0.018

concentration (C,o) in the external feed phase 10 ppm.
Other operating parameters were varied to study their
effect; surfactant concentration, C, (2.5 - 3.5 wt%); ex-
ternal feed pH, (1 - 3); carrier LIX 984N-C concentration,
C. (3 - 12 wt%); internal acid concentration, C; (3 - 7 M);
agitation speed (250 - 300 rpm) and treat ratio, 7, (1:4 -
1:8). The amount extracted at any time was expressed as
a ratio of the instantaneous concentration to initial con-
centration of palladium (C./C,).

3.3.1. Effect of Surfactant Concentration

The influence of surfactant concentration in the mem-
brane phase of the emulsion on the extraction rates was
investigated at a concentration range of 2.5% to 3.5%
Span 80 by weight. Figure 4 indicates significant in-
crease in the initial extraction rate within 5 minutes, due
to a low surface tension of the membrane phase, resulting
in small-sized emulsion droplets, allowing faster mass
transfer for palladium extraction. A low concentration of
Span 80 (2.5%) renders the membrane weak and the
emulsion became unstable. Increasing the concentration
of Span 80 (3.5%) enhances mass transfer resistance due
to the increase in viscosity of the membrane phase [17].
Both results led to lower total extraction efficiency. With
3.0% Span 80 by weight maximum palladium extraction
could be achieved. Therefore, the surfactant concentra-
tion of 3.0% was chosen for further studies.

3.3.2. Effect of the Carrier Concentration

The effect of LIX 984N-C concentration was studied in
the range of 5% to 12% by weight of the membrane
phase at an external feed pH of 2, while maintaining all
other operating conditions constant. Figure 5 shows an
increase in the initial rate and total amount extracted with
increasing carrier concentration from 5.0% to 9.0% by
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Figure 4. Effect of surfactant concentration on palladium extraction.
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Figure 5. Effect of L1X 984N-C concentration on palladium extraction.
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weight. Increasing the carrier concentration in the mem-
brane phase phenomenologically increases the interfacial
solute concentration and hence the driving force for the
extraction leading to a high extraction rate [18]. Further
increasing the LIX 984N-C concentration to 12% by
weight did not show any change and the final amount
extracted remains the same. This demonstrates that chang-
ing the carrier concentration does not change the final
equilibrium conditions of the system, but affects how fast
the equilibrium is reached. Moreover, the carrier acts as a
thinner at high concentration due to the higher viscosity
in the membrane phase leading to enhanced stability of
the emulsion [21,22]. Therefore, the carrier concentration
of 9.0% was used to form the W/O emulsion.

3.3.3. Effect of Acid Concentration in the Internal
Stripping Phase

The experiments were conducted with HCI concentra-
tions of 3 M, 5 M and 7 M at a phase pH of 2. From
Figure 6, it is evident that both the initial extraction rate
and total Pd(Il) extraction depend on the stripping acid
concentration, increasing with higher HCI molarity as a
result of the difference in H* concentration between the
external and internal phases acting as a driving force in
the ELM process [23] and the ability of the internal
phase for stripping the [Pd(I1)-LIX 984N-C] complex at
the membrane/internal stripping phase. At 7 M HCI the

1.0

0.8

0.6

CE/ Ce(J

0.4

0.2

ET AL.

chemical reaction was found to be very fast, with the ex-
traction equilibrium being achieved in about 15 minutes.
[22], using hydroxyoxime extractant and hydrochloric
acid medium, found the stripping of palladium incomple-
te with hydrochloric acid concentrations below 6 M. The
optimum concentration for the internal stripping phase
regent of 7.0 M HCl is thus chosen.

3.3.4. Effect of Feed pH

The palladium extraction was carried out with the acidity
of the external feed solution being adjusted from pH 1 to
3 by hydrochloric acid. Figure 7 indicates that the palla-
dium extraction is strongly pH dependent. With a feed
pH of 1 and 3, only 10% of palladium was extracted.
However, almost 100% of palladium could be extracted
within 20 minutes at a feed pH of 2. [18] also found
similar behavior for copper extraction at pH 1 and 2 us-
ing LIX 984N-C, but with a higher amount extracted and
no further change at higher pH.

3.3.5. Effect of Treat Ratio

The ratio of the emulsion phase to the external aqueous
feed phase, treat ratio (Rew), is @ measure of the emulsion
holdup in the system. Figure 8 shows the extraction be-
havior for five diffent R, values. The rate and amount of
palladium extraction were found to increase with the R,
value during the 25 minutes of contact time. When the

O3M HCI
A5M HCI
0O7M HC1
= A
) 8 8 ] g O =) ‘A
0.0 T T T T T =
0 10 20 30 40 50 60

Time (min)

Figure 6. Effect of stripping acid concentration on palladium extraction.

Copyright © 2012 SciRes.

1INM



S.PRAIPRUKE ET AL. 19
1.0
0.8 - A N A AW
A A
1% DN
oI [ > o3 o (&) o o & ™
0.6
g O pH=1.0
QO
04 4
0O pH=20
A pH=3.0
0.2 4
0.0 ] T ] L} L} 1
0 10 20 30 40 50 60
Time (min)

Figure 7. Effect of external feed pH on palladium extraction.

emulsion holdup is low (Rey = 0.125, 0.140), the total
amount extracted after 60 minutes was less than 85%.
Increasing the emulsion holdup (Re,, = 0.200, 0.250), led
to larger extent of extraction (92%), back extraction was
later observed due to globule breakage, depicted as a rise
in C./C, versus t curve. With R, value of 0.167 the ex-
tension behavior was found to be optimal and is chosen
for the treat ratio.

3.3.6. Effect of Agitation Speed

A proper agitation speed was determined by conducting
experiments with a variation of speed from 250 rpm to
350 rpm as shown in Figure 9. The initial rate of palla-
dium extraction was found to increase with increasing
agitation speeds from 250 to 350 rpm, due to smaller
emulsion globules, which provide a larger mass transfer
area, forming as a result of the shear force of agitation
[24]. Total palladium extraction capacities with agitation
speeds of 250 and 275 rpm were less (80%) than with
300 rpm (92%). A further increase in the agitation speed
to 350 rpm, resulted in a decrease of the amount of palla-
dium extracted after 15 minutes with a total extraction of
less than 70%. At high agitation speeds the emulsion
globules coalesce resulting in enlargement of the glo-
bules, indicating two competing processes in the solute
transport: the diffusion of the solute through the emul-

Copyright © 2012 SciRes.

sion membranes into the internal phase and the leakage
of the internal solution due to globule breakage.

4. Conclusion

A new efficient carrier, LIX 984N-C, has been intro-
duced for the extraction of palladium from acidic chlo-
ride media by an ELM method. A stable W/O emulsion
was formulated with 7 M HCI solution, 3% Span 80 and
9% by weight LIX 984N-C in Exxol D80. The behavior
of palladium extraction by ELMs under the operational
conditions; pH of the external feed phase, treat ratios and
agitation speed were investigated. The feed pH was
found to be the most prominent factor, resulting in the
highest initial rate of palladium extraction at a pH of 2.
More than 92% of palladium could be extracted under
the optimum conditions with treat ratio of 1:6 and agita-
tion speed of 300 rpm. The permeation mechanism of
palladium extraction by ELMs was proved to be counter
transport involving a [Pd(I1)-L1X 984N-C] complex. It is
ascertained that LIX 984N-C allows efficient extraction
of dilute palladium solutions by ELMs relative to the
conventional solvent extraction method.
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