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Abstract

Gallium extraction from Jajarm Bayer process liquor (Jajarm, Iran) was investigated using microemulsions.
Also the behavior of aluminum was studied as an impurity. Kelex100 (4-ethyl, 1-methyl, 7-octyl, 8-
hydroxyquinoleine), iso-decanol and n-butanol, and kerosene were used as the surfactant, co-surfactant, and
oil phase, respectively. Ternary phase diagrams were produced using various co-surfactants at different C/S
ratios. The results obtained show that Winsor Il is the predominant region, and the least area was obtained
using iso-decanol at C/S = 4. Using n-butanol or iso-decanol at C/S = 2, 100% of gallium was extracted. The
equations of the statistical models for the gallium and aluminum extractions using different co-surfactants
were calculated. While the highest gallium extraction (100%) was obtained using n-butanol, due to the high
co-extraction of aluminum, the lowest separation and enrichment factors were obtained for this system. The
highest separation and enrichment factors were obtained using iso-decanol at C/S = 2. The point with the
compositions of Xar = 30, Xor = 20, and X5 = 50 was found to be a suitable choice, and led to 74% and

14% extractions for gallium and aluminum, respectively. An enrichment factor of 5.28 was obtained.

Keywords: Micro-Emulsion, Gallium, Bayer Process, Jajarm, Solvent Extraction.

1. Introduction

Gallium is an important material that is used in
the electronics industry. Its demand in the world
market has been increasing due to its applications
in semi-conductors, high temperature rectifiers,
transistors, batteries, and other devices in which
photo effects may be used [1-3]. In the recent
years, the main way to obtain gallium in viable
conditions for the industry is via extraction as a
by-product in the hydrometallurgical process of
bauxite, the so-called Bayer process. This process
consists of digestion of ores in a highly
concentrated solution of sodium hydroxide at a
high pressure and temperature. Finally, aluminum
is precipitated in the form of hydrate following
calcination to the final product [2].

The Bayer process liquor normally builds up in
the gallium concentrations of 100-300 ppm
depending upon the gallium content of bauxite
[4]. Many methods have been developed to extract
gallium from the Bayer liquor [3]. The solvent

extraction of gallium from the Bayer process
liquors has been studied extensively by several
authors from both the thermodynamic and kinetic
viewpoints [1-6].

Utilization of micro-emulsified systems in the
extraction of metallic cations has been a good
alternative since they have some characteristics
that can make them profitable when compared to
the conventional solvent extraction [7-11].

A micro-emulsion is defined as a system formed
by the dispersion of micro-droplets of two
immiscible liquids, stabilized by an interfacial
membrane formed by a surfactant and a
co-surfactant. They are thermodynamically stable,
homogeneous, and optically isotropic solutions. In
an excess amount of oil, the micro-emulsion is oil
continuous (Winsor 1), and in an excess amount of
water, it is said to be water continuous (Winsor 1)
[12].
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Dantas et al. have studied gallium extraction from
synthetic Bayer solution in micro-emulsified
systems [13]. They compared the two extractants
saponified coconut oil (SCO) and
8-hydroxyquinoleine (kelex-100). In system |
(SCO), the extraction percentages of 85.5% and
35.4% were achieved for gallium and aluminum,
respectively, and in system Il (kelex-100), the
yields were 100% and 99.9%, respectively. The
synthetic Bayer liquor used in their experiments
contained only gallium and aluminum.

Iran Aluminum Company (IRALCo) was the first
alumina producer in Iran. Jajarm bauxite mines
are located about 10 Km east of Jajarm. The
Jajarm alumina plant processes diasporic bauxite
into sandy alumina. The technology used for this
purpose is known as tube digestion.

Abdollahy et al. have proposed a flowsheet for the
extraction of gallium from Jajarm Bayer process
liquor [1, 14-15]. The process includes two
solvent extraction stages in mixer-settler using
kelex-100 and tributyle phosphate (TBP). Gallium
metal is recovered from the final stripping
solution via electrolysis.

In this work, gallium extraction from Jaram Bayer
process liquor by WII systems, composed of a
micro-emulsion phase in equilibrium with an
excess of aqueous phase, was studied. The effect
of different co-surfactants at different ratios as
well as the behavior of aluminum as an impurity
were studied.

2. Experimental

2.1. Bayer liquor

Bayer liquor was supplied from Jajarm Alumina
Company  (Jajarm, Iran).  The initial
concentrations of gallium and aluminum in the
sample were 120 ppm and 32 g/L, respectively.

2.2. Chemicals

Kelex 100 (4-ethyl, 1-methyl, 7-octyl,
8-hydroxyquinoleine) was supplied from Nanjing
Odyssey, China. n-butanol, iso-decanol, and
hydrochloric acid were obtained from Merck,
Germany. High-grade kerosene (Density = 0.78
glem® at 20 °C, B.P.=190-250 °C) was obtained
from Fluka, Germany.

2.3. Micro-emulsion region determination

Phase diagrams were constructed with the purpose
of assessing the influence of the co-surfactant and
C/S ratio on the phase behavior. The oil phase was
mixed with the surfactant/co-surfactant phase, and
the mixture was titrated with sodium hydroxide
solution (pH = 12) until it turned clear. The
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volume of the solution used was then recorded.
Titration was continued until the mixture became
turbid, and then the volme of the solution was
recorded again. The phase diagram was
constructed by plotting the amounts of aqueous
phase, oil phase, and surfactant/co-surfactant
phase used in the experiment.

2.4. Data analysis and iso-response curve plots
Statistical treatment was carried out using the
Excel software. The Origin Pro (version 8.6) was
used to create the iso-response curves.

2.5. Extraction procedure

For gallium extraction, the micro-emulsion was
brought into contact with the Bayer process liquor
in a 50-mm beaker using a magnetite stirrer for a
pre-determined time. The total volume of liquids
was about 30 mm. Afterwards, the mixture
obtained was kept under rest for phase separation.
The aqueous phase was collected, and the
concentrations of gallium and aluminum were
determined using an inductively coupled plasma
(ICP)  spectrophotometer.  The  extraction
percentages were calculated by the following
equation:

E=(W-W)/W x 100 1)

where W is the initial concentration of metal in
the aqueous phase and W~ is the metal
concentration in the aqueous phase after
extraction.

3. Results and discussion

3.1. Effect of nature of co-surfactant and C/S
ratio on micro-emulsion region

Phase diagrams were constructed using n-butanol
and iso-decanol at different co-surfactant to
surfactant ratios (Figure 1). As shown, Winsor Il
was the predominant region. This results obtained
could be explained by the high salinity of the
Bayer process liquor. Guering and Lindman [16]
have demonstrated that increasing the salinity
causes a transition between the Winsor regions
involving the absorption of oil and rejection of
water by the surfactant; this process is a lipophilic
exchange. According to Dantas et al. [13], the
extraction of metal ions in the Winsor Il system is
often very effective for the acceleration of
extraction as well as the improvement in
extractability.

Figure 1 shows that iso-decanol allows a smaller
micro-emulsion (Winsor 1V) region. The longer is
the alcohol chain, the smaller is the
micro-emulsion region. With an increase in the
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co-surfactant chain, a displacement of the alcohol
from the membrane to the micro-emulsion nucleus
direction occurs causing a non-stabilization of the
repulsive forces between the polar heads of the
surfactant.

Normally, an increase in the micro-emulsion
region (Winsor V) is observed with an increase in
the C/S ratio due to the resultant increase in the
amount of co-surfactant, which stabilizes the
micelles in the micro-emulsion region [8]. In the
present work, the C/S ratios of 2 and 4 were
investigated for iso-decanol, and little difference
was observed for that micro-emulsion existence
domain.

~@— C/S»= 2 Butanol
~p— C/S=2 Decarwl
~@~ C/S=4 Decanol

3.2. Extraction results

The extraction method consisted of a mixture of
the surfactant, co-surfactant, oil phase, and
aqueous phase (Bayer Liquor). The points were
chosen within the Winsor Il region in order to
carry out the extraction study (Figure 1). The
co-surfactants of n-butanol and iso-decanol were
tested. In the extraction stage, the gallium and
aluminum extraction percentages were evaluated,
concerning the selectivity study. Table 1 shows
the composition of the points and the
corresponding extraction percentages.

AF %

OF %

Figure 1. Ternary diagrams for systems composed of Bayer process liquor/kerosene/kelex100+alcohol (T=27 "C).

Table 1. Point compositions and extraction percentages for systems with different co-surfactants and C/S ratios;
T=27°C.

Extraction percentage (%)

Point composition

Points (massic fraction) n-g/ustigol n'gfstizm iso-Decanol C/S=2
Xess Xar Xor Ga Al Ga Al Ga Al
A 70.0 20.0 10.0 100.0 96.5 955 911 100.0 66.6
B 45.0 45.0 10.0 91.1 27.9 420 915 96.2 29.2
C 20.0 70.0 10.0 48.2 20.8 154 30.0 30.1 4.6
D 20.0 40.0 40.0 73.0 25.9 43.0 275 252 45
E 20.0 20.0 60.0 90.0 335 55.0 27.7 284 9.1
F 45.0 20.0 35.0 99.4 46.7 88.3 19.0 88.4 27.6
G 30.0 40.0 30.0 85.7 218 37.0 96.6 325 93
H 27.0 55.0 18.0 716 244 29.6 23.0 26.7 4.3
| 27.0 25.0 48.0 90.0 32.3 55.0 23.9 30.0 104
J 50.0 30.0 20.0 96.5 92.7 76.5 91.8 73.7 14.2
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3.3. Model for extraction percentages

Based on the experimental results obtained, a
statistical treatment was carried out using the
Excel software, whose outcome provided the
model for the extraction percentages. The results
obtained showed that the quadratic-like model
was the one that best represented the extraction
system. The software provided values for the
coefficients of the three studied parameters (Xo,
Xers, and X,q) as well as their interactions.
Further, the software determined the parameters’

coefficients, determined their significance, and
finally calculated the equations of statistically fit
models.

3.3.1. Modeling gallium and aluminum
extractions

Equations of the statistical models for gallium
and aluminum extractions using different

co-surfactants are presented in Tables 2 and 3.

Table 2. Equations of quadratic models for gallium extraction.

Co- CIs Equation of model Correlation
surfactant ratio q Coefficient
%E = 0.760 Xor — 0.257 Xag+ 0.709 X+ 0.006 XoeXar + 0.011
n-butanol 2 0.95
XorXers+0.027 XarXcss
%E =0.136 XOF +0.167 XAF +1.610 XC/S_ 0.002 XOFXAF +0.018
n-butanol 4 0.96
XorXcis—0.023 XarXeys
. %E = 0.403 Xor — 0.213 Xag+ 0.775 X¢js— 0.032 XoeXae + 0.017
iso-decanol 2 0.96
XorXcis + 0.030 XarXcss
Table 3. Equations of quadratic models for aluminum extraction.
Co- C/S Equation of model Correlation
surfactant ratio a Coefficient
n-butanol 2 %E = 0.115 X + 0.266 XAF; 2.)(257 Xesg+ 0.010 XoeXcys - 0.029 0.95
AF/\C/S
%E =0.270 Xop - 1.621 Xap + 0.573 X5+ 0.035 XopXar - 0.037
n-butanol 4 OF AF crs OF/2AF 0.97
XorXcss-0.071 XarXcss
0, = - -
iso-decanol 5 %E = 0.468 Xop + 0.140 X e + 1.485 X¢js- 0.009 XoeXar - 0.025 0.96

XorXgrs - 0.019 XaeXcss

Analyzing the equations in Table 2 shows that for
all the SyStemS, the XOFXAFy Xo;:Xc/s, and XAFXC/S
interactions had less effect on the gallium
extraction than the single mass fractions (Xor,
Xar, and X¢js). Comparing the interaction effects
on the extraction percentage verifies that the
XarXgss interaction has the most influence, while
for n-butanol, the effect of XoeXar is small, and
its effect on the system containing iso-decanol is
negative.

From Table 3, it is clear that the effect of XoeXar
interaction is not significant for n-butanol at C/S =
2. However, its effect is small for iso-decanol at
C/S = 2. While X5 has the most effect on the
aluminum extraction in the systems of n-butanol
and iso-decanol at C/S = 2 in a positive way, Xar
has the most effect on the aluminum extraction in
the system of n-butanol at C/S = 4 in a negative
way.

3.3.2. Iso-response for extraction
percentage

The iso-response curves (Figures 2 and 3) were
built from the extraction equations (E%),

Curves
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described in Tables 2 and 3. They allowed a better
evaluation of the behavior of the extraction yield
within the studied domain. Figures 2 and 3 are
useful to better understand how the choice of the
systems affects the results of gallium and
aluminum extractions.

According to Figure 2, using all the three micro-
emulsion systems gives the best extraction
percentages for the gallium range of 95-100%.
However, n-butanol at C/S = 2 has more effect on
the Ga extraction. The best results were found by
increasing the value for massic fraction of C/S.
Figure 3 shows that higher extraction percentages
were obtained for aluminum using n-butanol as a
co-surfactant. The extraction percentage increased
with increasing C/S.

The equations of the models were tested for some
points, and their experimental and calculated
values were tabulated in Table 4.

In some cases, a high deviation was encountered
for aluminum due to the high concentration of the
metal in the aqueous phase after extraction,
favoring the precipitation and making the
experiment reproducibility difficult.
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Figure 2. 1so-response curves for gallium extraction
percentage using different co-surfactants; a) n-
butanol at co-surfactant/surfactant ratio C/S = 2, b)
n-butanol at C/S = 4, and c) iso-decanol at C/S = 2.

3.3.3. Iso-response curves for separation and
enrichment factors

From an industrial point of view, gallium recovery
from Bayer liquor requires a selective extraction
method in order to separate it from aluminum.
When two metal ions are to be extracted from an
aqueous solution by an organic solvent, the
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Figure 3. Isoresponse curves for aluminum
extraction percentage using different
co-surfactants; a) n-butanol at
co-surfactant/surfactant ratio, C/S = 2, b) n-butanol
at C/S = 4, and c) iso-decanol at C/S = 2.

separation factor, B, of these ions is defined by
[17]:

B =Da/Dg 2

where D4 and Dg are the distribution coefficients
of the two metals. For the separation to be
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possible, B must not equal 1. The enrichment
factor, E, is given by [17]:

Va
i Dg + 2
_ Percent extraction of A V,

= =B x 0 3
Percent extraction of B B D 4 Va ®)
AT V2

0

To have a high enrichment, therefore, not only the
separation factor must be high but also the
aqueous/organic ratio should be taken into
consideration. Also the volume of the organic
phase should be as small as possible compared to
the aqueous phase [17].

To evaluate the performance of each system, the
separation and enrichment factors were calculated,
and the iso-response curves were plotted using the
equations of statistical models (data not shown).
As illustrated in Figure 4, the highest separation
and enrichment factors were obtained at C/S = 2
using iso-decanol, while the highest gallium
extraction (100%) was obtained using n-butanol
as a co-surfactant, and low separation and
enrichment factors were obtained for this system
because of high co-extraction of Al.

The best composition for the extraction should be
chosen in a way that the final goal of maximum
gallium extraction is obtained via the highest
enrichment factor. For example, using iso-
decanol, the point with the composition of Xar =
30, Xor = 20, and X¢is = 50 is a suitable choice,
and leads to 74% and 14% extractions for gallium
and aluminum, respectively. The related
enrichment factor was 5.28.

3.4. Aluminum scrubbing and gallium
stripping

Once gallium and aluminum were extracted by the
micro-emulsion, scrubbing of aluminum and
stripping of gallium were done. The method and
conditions were based upon an early work by
Abdollahy et al. [2].

First the loaded organic phase was brought into
contact with a 6 M HCI solution. Then the
micro-emulsion after aluminum scrubbing was
mixed with 1.5 M HCIl solution. The
organic/aqueous phase ratio was 1. The results
obtained showed that about 95% of gallium was
stripped out.

Table 4. Validity test of quadratic models for extraction percentage (E%0) of aluminum and gallium.

Co-surfactant
type and C/S  Points

Experimental
values (%)

Calculated
values (%)

Experimental

Calculated

values (%) Deviation Deviation

values (%)

ratio Ga Ga Al Al Al Ga
n-butanol: A 100.00 98.79 96.54 100.00 3.46 1.21
C/S=2 ’ E 85.72 85.84 33.52 29.76 3.76 0.12
G 85.60 83.29 21.85 32.00 10.15 2.31

n-butanol: A 95.46 97.40 91.13 90.89 0.24 1.94
C/S=4 ’ E 50.00 53.70 27.71 21.24 6.47 1.30
C 15.40 15.25 29.98 17.19 12.79 0.15

iso-decanol: A 95.50 94.58 91.10 90.89 0.21 0.65
C/S=2 ’ E 55.00 51.10 27.70 21.24 6.46 3.90
G 37.00 46.05 96.60 54.35 42.25 9.05
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Figure 4. Isoresponse curves for 1) separation and 2) enrichment factors of different systems.
a) n-butanol at C/S = 2, b) n-butanol at C/S = 4, and c) iso-decanol at C/S = 2.
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Figure 4. Continued.

4. Conclusions

Gallium extraction from Jajarm Bayer process
liquor (Jajarm, Iran) was investigated using
microe-mulsions. Kelex100, iso-decanol and
n-butanol, and Kerosene were used as the
surfactant, co-surfactant, and oil phase,
respectively. Ternary phase diagrams were
produced using various co-surfactants at different
C/S ratios. The results obtained showed that
Winsor 1l was the predominant region, and the
least area was obtained using iso-decanol at C/S =
4. Using n-butanol or iso-decanol at C/S = 2,
100% of gallium was extracted. Equations of
statistical models for gallium and aluminum
extractions were obtained using different
co-surfactants. It was found that single mass
fractions (Xor, Xar, and Xcss) had more effects on
Ga and Al extractions than the XoeXar, XoeXcss
and XaeX¢s interactions.

While the highest gallium extraction of 100% was
obtained using n-butanol as the co-surfactant, the
lowest separation and enrichment factors were
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obtained for this system because of the high
co-extraction of Al. The highest separation and
enrichment  factors were obtained using
iso-decanol at C/S = 2. The point with the
composition of Xar = 30, Xor = 20, and X5 = 50
is a suitable choice, and will lead to 74% and 14%
extractions  for gallium and  aluminum,
respectively. The enrichment factor will be 5.28.

Acknowledgments

The authors wish to thank Yazd University and
Iranian Alumina Company (IRALCO) for their
support in conducting this research work.

References
[1]. Lee, M.S., Ahn, J.G. and Lee, E.C. (2002). Solvent
extraction separation of indium and gallium from
sulphate solutions using D2EHPA. Hydrometallurgy.
63: 269-276.

[2]. Abdollahy, M. and Naderi, H. (2007).
Liquid-liquid extraction of gallium from Jajarm Bayer
process liquor using kelex100. Iranian Journal
Chemistry and Chemical Engineering (IJCCE). 26 (4):



Amani & Naderi/ Journal of Mining & Environment, Vol.8, No.2, 2017

109-113.

[3]. Zhao, Z., Yang, Y., Xiao, Y. and Fan, Y. (2012).
Recovery of gallium from Bayer liquor: A review.
Hydrometallurgy. 125-126: 115-124.

[4]. Puvvada, G.V.K. (1999). Liquid- liquid extraction
of gallium from Bayer process liquor using kelex100 in
the presence of surfactants. Hydrometallurgy. 52: 9-19.

[5]. Puwvada, G.V.K., Chandrasekher, K. and
Ramachandrarao, P. (1996). Solvent extraction of
gallium from an Indian Bayer process liquor using
kelex100. Minerals Engineering. 9 (10): 1049-1058.

[6]. Mihaylov, I. and Distin, P.A. (1992). Gallium
solvent extraction in hydrometallurgy: An overview.
Hydrometallurgy. 28: 13-27.

[7]. Dantas, T.N.C., Neto, AA.D. and Moura,
M.C.P.A. (2001). Removal of chromium from aqueous
solutions by diatomite treated with microemulsion.
Water Research. 35: 2219-2224.

[8]. Dantas, T.N.C., Neto, A.A.D., Moura, M.C.P.A.,
Neto, E.L.B., Forte, K.R. and Leite, R.H.L. (2003).
Heavy metals extraction by microemulsions. Water
Research. 37: 2709-2717.

[9]. Lou, Z,, Guo, C., Feng, X., Zhang, S., Xing, Z.,
Shan, W. and Xiong, Y. (2015). Selective extraction
and separation of Re (VII) from Mo (V1) by TritonX-
100/N235/iso-amyl alcohol/n-heptane/NaCl
microemulsion system. Hydrometallurgy. 157: 199-
206.

[10]. Lou, Z., Cui, X., Zhang, S., Feng, X., Shan, W.
and Xiong, Y. (2016). Extraction of Re (VII) from

276

hydrochloric  acid medium by N263/TBP/n-
heptane/NaCl microemulsion. Hydrometallurgy. 165
(2): 329-335.

[11]. Zheng, Y., Fang, L., Yan, Y., Lin, S., Liu, Z. and
Yang, Y. (2016). Extraction of palladium (II) by a
silicone ionic liquid-based microemulsion system from
chloride medium. Separation and Purification
Technology. 169: 289-295.

[12]. Moulik, S.P. and Paul, B.K. (2000). Structure,
dynamics and transport properties of microemulsions.
Advances in Colloid and Interface Science. 78 (2): 99-
195.

[13]. Dantas, T.N.C., Neto, M.H.L. and Neto, A.A.D.
(2002). Gallium extraction by microemulsions.
Talanta. 56: 1089-1097.

[14]. Abdollahy, M. and Naderi, H. (2009). Electrolytic
recovery of gallium from alkali stripping solution from
Jajarm Bayer process liquor. Proceedings of Iran
International  Aluminum Conference (I11AC2009).
Tehran. Iran.

[15]. Naderi, H., Abdollahy, M. and Pariyan, M.A.
(2010). Continuous solvent extraction of gallium from
Jajarm Bayer process liquor using kelex-100:
Laboratory scale. 4™ International Seminar on Process
Hydrometallurgy (HydroProcess 2012). Santiago.
Chile. 11-13 July.

[16]. Guering, P. and Lindman, B. (1985). Droplet and
bicontinuous structures in microemulsions from multi-
component self-diffusion measurement. Langmuir.

[17]. Habashi. F. (1999). Text book of
hydrometallurgy. MCtallurgie Extractive QuChec.


http://www.sciencedirect.com/science/journal/00018686

Oglgol 9550 (g5 3 ooliiwl b oyl A5, 51 Jolo 2L Jghomo 5l w8 N> L ]y

19.3[5 [ 9 el.o' >
Ol 03 ol&iils (55)8llin 9 (ydro (cwidieo 0uSAS1S
YAPINIY Gopdy YVPANR L))

naderi@yazd.ac.ir :olslse Jytuns odiwn g

RN

o poiogll JLE8; eizren 0 () sediol 9,500 i) Sl eolitl b ozl slieglT IS 1 Lol b Jsloms 5l oS il (aados a5
slnpl S it ool i, 6 5 o s S s s Sl & 00355 5 Mg 5 U35 331 )+ + SIS i el a3 i e
5 Sl (550 ds slapl Lo jo Lle Al T jguiyg a5 ols )lis ol .aius gpm CIS Gz lacans jo dilize slajle b loslainl b (556 aw
gl Gl (Sge 5y Jomo i el (JE VN - LIS =Y 3 Joilso by Jgilig 5l oolizwl b oel cws 4 CIS =% o J5ilSo b o] camasg o a8
et gl ol 82 Wl s & 350 gl ol Tyl S lisnd IS 4281 (o s sl o U ppnisagl 5 ol
4 CIS =Y jo g Jolss jloolinnl b Sas sé g Ll ol ,giS1 o 5Vb .Cons azgh B piams ol 6l (5losid 3 Giulaz ;66 polie pgaieagl]
2 il 5eiSLE 05 o poriagd] TN E 5 0B VYF zlseinl a4y poie (65 dn g ;0 Xeys =0+ 5 Xop =Y+ Xap =V oS5 b slalaii o] oo

Ll OIYA cl> oyl




