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Abstract

The application of the Taguchi analysis to the experimental results of the extraction of
gold (IIl) ions by a three-phase W/O/W emulsion liquid membrane system has been
studied. Experiments were performed using alkaline aqueous sodium sulfite as the
internal phase and LK-80 as a novel emulsifier for the first time in emulsion liquid
membrane technology. The effects of various operational and compositional parameters
were studied. Results showed that nearly all of the Au (III) ions in the aqueous phase
were extracted in a few minutes. The analysis determined the effects and contribution of
each of the parameters on the extraction efficiency, interaction between the parameters
and also the optimum parameters to achieve the best extraction efficiency. The analysis
showed that the pH of the external phase with a contribution of 65% is the highest, and
the concentration of carrier with a contribution of 2% is the least effective in the final
system response.
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Introduction

The Taguchi method [1,2] is a systematic
application of design and analysis of ex-
periments for the purpose of designing and
improving product quality. In recent years,
the Taguchi method has become a powerful
tool for improving productivity during re-
search and development so that high quality
products can be produced quickly and at low
cost.

Optimization of process parameters is the key
step in the Taguchi method in achieving a
high quality without increasing the cost. This
is because the optimization of process para-
meters can improve performance charac-
teristics and the optimal process parameters
obtained from the Taguchi method are
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insensitive to the variation of environmental
conditions and other noise factors. Basically,
classical process parameter design is com-
plex and not easy to use, especially as a large
number of experiments have to be carried out
when the number of the process parameters
increases. To solve this task, the Taguchi
method uses a special design of orthogonal
arrays to study the entire process parameter
space with a small number of experiments
only. A loss function is then defined to
calculate the deviation between the experi-
mental value and the desired value. Taguchi
recommends the use of the loss function to
measure the performance characteristic de-
viation from the desired value. The value of
the loss function is further transformed into a
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signal-to-noise (S/N) ratio.

Usually, there are three categories of perfor-
mance characteristic in the analysis of the
S/N ratio, i.e. the lower-the better, the higher-
the-better, and the nominal-the-better. The
S/N ratio for each level of process parameters
is computed based on the S/N analysis.
Regardless of the category of the perfor-
mance characteristic, a larger S/N ratio
corresponds to a better performance charac-
teristic. Therefore, the optimal level of the
process parameters is the level with the
highest S/N ratio. This is true for the
optimization of a single performance charac-
teristic.

Extraction by emulsion liquid membranes
The idea to perform extraction in a three-
phase system with emulsion liquid mem-
branes (ELM’s) is relatively new. Emulsion
liquid membranes technology was first
proposed by N.N. Li for the separation of

EXTERNAL PHASE (Feed)

MEMBRANE PHASE

hydrocarbons [3-5]. From then on, several
applications have been developed concerning
the removal and recovery of several solutes
from either aqueous or organic solutions in-
cluding separation of hydrocarbons [5], re-
covery and removal of organic acids and
amines [6,7], waste water treatment [8-11],
recovery and purification of metal ions [10-
12] and biomedical applications such as
artificial kidney [7].

In this technology, solutes are not only
removed, but also concentrated: extraction
and stripping are carried out in a single step.
A schematic diagram of this technology is
presented in Figure 1.

Emulsion liquid membranes are typically
made by, first dispersing the internal phase in
an immiscible liquid and then dispersing this
emulsion in a third phase (called the external
phase). Normally, the internal and the ex-
ternal phases are miscible, but both are
immiscible with the membrane phase separa-
ting them [13,14].

INTERNAL

EMULSIFICATION

PERMEATION

EXTRACT

TREATED EFFLUENT

SETTLING

DEMULSIFICATION

Figure 1. Schematic of a continuous emulsion liquid membrane process
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The effluent to be treated is contacted with an
emulsion dispersed in globules (with dia-
meters in the 0.1-2mm range). Each globule
consists of droplets of an aqueous internal
receiving phase (with diameters in the 1-10
pum range) encapsulated in a membrane phase
containing a surfactant (Figure 2). The
emulsion was previously prepared by stirring
at high mixing speed (emulsification stage).
Depending on the nature of external and
internal phases, the emulsion can be W/O or
O/W type, so the three-phase extraction
system is either O/W/O or W/O/W type.
During the contact between wastewater and
emulsion globules (permeation), solute trans-
port occurs through the membrane and into
the internal receiving phase, where it is
concentrated. After the subsequent separation
of the effluent from the emulsion by gravity
(settling), splitting of the emulsion (demulsi-
fication) is carried out. Demulsification is
usually performed by applying an electrical
field, in order to separate the phases, which
make up the emulsion-the internal aqueous
phase and the organic membrane phase. At
the end of the process, the membrane phase
can be reused and the receiving phase-
enriched in the recovered solute-can be
recycled or recovered for solute. According
to its composition, the effluent may be
submitted to additional treatment processes
or simply discharged.

Five industrial plants of emulsion liquid
membranes have already been reported in the

Membrane Phase

literature: four applied to zinc removal from
wastewater of the viscose fiber industry and
one applied to the treatment of phenolic
waste water of a plastic factory in the
People’s Republic of China [13].

Besides the referred industrial application,
several batch studies with phenols are
known. The majority has been performed
with synthetic aqueous solutions of phenol
[15,9], but there are also studies using
aqueous solutions of other phenols, such as
cresols, chlorophenols and nitrophenols [16-
20]. Lack of work with industrial effluents
including modeling is, however, still noti-
ceable.

Solvent extraction has been widely used in
the recovery of metals from aqueous
solutions [21]. In these processes, metal ion
containing solution makes contact with a
large amount of selective solvent. After
extraction, this process is followed by strip-
ping. Solvent extraction is very difficult for
the separation of trace amounts of metal ions
because of low driving force, and also a large
amount of solvent is required. These make
the extraction and stripping of the desired
species very expensive. Extraction of metal
ions by ELM systems has been considered as
a powerful alternative for conventional
solvent extraction systems. Due to highly
expensive selective solvents for gold, gold
extraction using liquid-liquid extraction is
not economical.

Internal Droplets

Emulsion Globules

Figure 2. A schematic diagram of emulsion liquid membrane (emulsion globule)
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A brief comparison of liquid-liquid extrac-
tion and liquid pertraction has been done
[22]. Tt follows from the above that liquid
pertraction is a combination in time and
space of two well-known separation process-
ses-solvent extraction and solvent stripping.
This combination offers two substantial ad-
vantages over the classical liquid-liquid ex-
traction:

- Pertraction provides maximum driving
force so that the use of multistage and
counter-current processes is not re-
quired.

- Since the organic liquid is a short- term
mediator only, its extraction capacity is
of no essential significance. As a result,
a great variety of insoluble, inert and
harmless organic liquids can be used as
an intermediate liquid, containing only
a small amount of carrier. As a carrier,
new, highly selective and also solid
extractants can be synthesized.

In the previous works, separation of hy-
drocarbons, organic acids, amines, some
metal ions, wastewater treatment, etc. has
been studied, but little attention was paid to
the separation of gold ions. Several tech-
niques for gold extraction from aqueous
solutions have been invented such as solvent
extraction, carbon adsorption, ion exchange,
cementation, etc. [21]. In the case of con-
ventional solvent extraction technique for the
recovery of gold from hydrochloric acid
solutions, several studies have been perfor-
med using various types of extractants such
as basic extractants like amines, solvating
extractants such as neutral organophosphorus
compounds and other extractants containing
S as the donor atom. Few studies have been
done on the separation of gold ions by liquid
membranes [21, 23-25]. Most of them were
done by using supported liquid membranes
[23]. The only study of gold extraction by
emulsion liquid membrane was carried by
Yan et.al. [26].

In the present study, a novel emulsifier was
used for the preparation of the desired emu-
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Isions, which is very stable to highly alkaline-
reducing and acidic aqueous solutions. The
emulsifier has a natural base and so is
biodegradable. We named it LK-80. Chemi-
cally, it is a wax, being a complex mixture of
esters and polyesters of 33 high-molecular-
weight alcohols and 36 fatty acids. In this
work, methyl iso-butyl ketone (MIBK) was
used as the carrier and liquid paraffin as the
membrane phase.

Experimental

Apparatus

All experiments were performed at a constant
temperature of 25+0.2°C using a water bath
equipped with a P- type controller and an
agitator. Extraction experiments were carried
out in a cylindrical glass container with
105mm diameter and 145mm height equip-
ped with four round glass baffles with a 8mm
diameter. The stirrer for the extraction ex-
periments was made of glass with a 43mm
diameter and had four pitched blades with a
30 angle. The stirring driver was a laboratory
mixer model RE-166 from Ika-Werk Ger-
many with a variable speed of 50-6000 rpm.
The stirrer for the emulsion preparation was
made from stainless steel and coated with
LDPE to minimize the contamination of the
emulsion. It had six pitch blades with 45°
angle and 63mm diameter.

Sampling were done at predetermined time
intervals by disposable sanitary syringes and
centrifuged by a laboratory centrifuge in
order to separate the emulsion phase from the
external phase. To determine the concentra-
tion of gold ions in the external phase, an
atomic absorption spectrophotometer (Uni-
cam model 939) was used. pH measurements
were carried out using a Teb Azma pH meter.

Reagents

Sodium hydroxide (NaOH), sodium sulfite
(Na;S03), iso-butyl methyl ketone

((CH3) ,CHCH,COCHj3), nitric acid (HNO3)
and auric chloride (Au HCl4.4H,0) were of
reagent grade and purchased from Merck.

Iranian Journal of Chemical Engineering, Vol. 3, No. 1
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Emulsifier LK-80 was purchased from local
market. The HLB value for LK-80 was 4.5.
Liquid paraffin with a density of 0.82-0.84
gr/em’ at 20 C and a viscosity of 25-26 cP at
40°C was supplied from Rose Polymer Co.
Stock gold chloride solutions were prepared
by dissolution of pure metallic gold with
99.99 assays in a mixture of hydrochloric
acid and nitric acid with a defined volumetric
ratio (aqua regia). The solution that com-
pletely dried by evaporation was then dis-
solved in a mixture of hydrochloric acid and
distilled water with a defined proportion.
Distilled water was used throughout.

Procedure

All experiments were performed at 25+0.2°C.
Emulsions were prepared by mixing the lig-
uid paraffin and the emulsifier under mo-
derate heating. Then, the internal phase was
added to the mixture and mixed for 10
minutes at 6000rpm. Finally, the carrier was
added to the emulsion and mixed for an
additional 2 minutes. The final volume of the
emulsion was about 137 ml.

The external phases were prepared by
diluting the stock solution with distilled
water to 500ml followed by pH adjustment.
The external phases were placed into a water
bath for 20 minutes and then the emulsion
was added to the external phase with stirring.
The external phase solution was periodically
sampled at certain time intervals. The con-
centration of gold in the solution was
determined after separation of the emulsion
phase, by the atomic absorption spectro-
photometer at 242.8 nm.

Results and Discussion

Kinetic of pertraction

It is well established that an anion carrier can
act as a selective carrier for chemical species
in transportation processes [27]. In chloride
solutions, gold exists as complex anion
AuCl, . MIBK molecule presents oxygen-

unpaired electrons, so they tend to unite with
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protons (H") in acidic solution and then react
with AuCl, . The carrier MIBK extracts gold

on the external surface of emulsion droplets
according to the following reactions:

AuHCI, 4H,0 + H,0 — AuCl; +5H,0 + H*

(1

mC,H, —(CH,))C=01),, +H, =~ —

[(C.H, —(CH,)C=0,H] "~

)

[(C,H,—(CH,)C=0:),H| ~+AuCl; =

org ag

([{QHS, —(CH)C=02),H]| AuCI; )
forg

€)

The gold-MIBK complex transfers across the
membrane phase and reacts with the internal
phase at the outer surface of internal phase
droplets according to the following reaction:

2Na,50, + ([(QHg —(CH,)C=0:),H] 4uCl; |
L ovg

+NaOH — NaAuSO, + Na, SO, + n(C,H, —(CH,)

C=0:)_ _+2HCI+2NaCl

org

(4)

According to the above reaction, Au’"
reduces to Au" in the alkaline sulfite solution.
At the extraction condition, Au" ions are not
able to form a complex formation with
MIBK and move back to the external
solution [26].
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As the stoichiometric relation for the MIBK -
gold complex formation was considered as
equation of (3), then:

_ [(MIBK),H AuCl,],, )
= [MIBK), '[H"],[4uCI]],

arg

The experimental runs were performed at
25°C, using various MIBK concentrations
within the organic phase. Samples were taken
from the aqueous phase until equilibrium
conditions were established. The concentra-
tion of AuCl, in the aqueous phase was mea-
sured. The concentrations of the latter within
the organic phase were determined from the
differences between the initial concentrations
of AuCl, and those measured in the aqueous
phase.

From Figure 3, constructed by plotting the
. [(MIBK ) H *AuCl}]

[H "], [AuCl,],

it may be observed that a linear curve has
been formed, having a slope of 4.0081 and
intercept of —1.0034, then, n=4 and K¢ =
0.09922 (dm’ / mol)’.

72 vS. log[MIBK ]

org ?

y = 4.0081%- 1.0034
R’ = 0.9676

log ([(MIBK)"H" AuCT,J{[H 1[ACT 1))

-03 -0z -01 a 0.1 02 03 04 0s 06 07

Log [MIBK]

Figure 3. Equilibrium extraction of Au®>" by MIBK
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Consequently, the stoichiometric relation for
the reaction may be written as follows:

4(MIBK),_+H, " +AuCl;  =[(MIBK),H"

AuCI}] (6)

org

Effect of external phase concentration

An important parameter affecting the ex-
traction/stripping process appears to be the
initial Au®" concentration. The Au’" con-
centration in the source aqueous solution was
varied from 21.4 to 109.6 ppm. In Figure 4,
kinetic profiles of extraction (and also
stripping) degrees at different initial Au’*
concentrations, at a speed of agitation of 510
rpm, are demonstrated.

120
100
Q21.4 ppm
£ 90 W 50.3 ppm
g 5 Y A83.3ppm
2 ®90.6 ppm
40 4 109.6 ppm
20
0
0 10 20 30

time (min)

Figure 4. Effect of the external phase on the
extraction efficiency
C, =0.4M Na,S50,,04M NaOH:C, =1.1%:R_,=0.274;

pH=0:5101pm.

It is reasonable that by increasing the Au’"

concentration in the external phase, the time
for extraction also increases. The fixed amo-
unt of carrier in the experiments causes
nearly the same extraction rate. In other
words, the time for extraction increases by
increasing the external phase concentration.
This is true for all extraction processes.

Iranian Journal of Chemical Engineering, Vol. 3, No. 1
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Effect of the carrier concentration
The effect of MIBK as the carrier in the
membrane phase in the range of 0.365 to
2092 vol.% is shown in Figure 5.
It is well known that the rate of facilitated
transport of the analytes is directly affected
by the amount of carrier immobilized in the
corresponding liquid membrane.

120

100 l

0365 vol%
_ 80 - L
3 W 0.730 vol%
2 &l A 1.100v0l%
2 . X 2.190 vol%
40 ©2.920 vol%

20

0 T & @
0 10 20 30

time (min)

Figure 5. Effect of carrier concentration on the
extraction efficiency

C, =100 ppm :C, =04M Na,50,.04M NaOH: R, =0274:
pPH =0:510rpm.

Increasing the amount of carrier has two
effects. The viscosity of the membrane phase,
which limits the extraction rate, decreases by

120

increasing the carrier concentration, and
hence the carrier acts as a thinner for the
membrane phase. At the same time, increa-
sing the carrier concentration over a certain
limit decreases the stability of the emulsion
[28-32]. On the other hand, an increase in the
concentration of the carrier in the membrane
phase increases the ability of the membrane
phase for extraction. The best value of the
carrier concentration was found to be about
2.92vol%, based on the emulsion phase in
our experiments._

Effect of reagent concentration in the internal
phase

The effect of the internal phase concentration
on the extraction efficiency has been shown
in Figure 6. Increase in the internal phase
reagent concentration increases the ability of
the internal phase for stripping the gold-
MIBK complex at the external surface of the
internal droplets and reduces the concentra-
tion polarization at the surface; so the driving
force for the extraction increases [13]. The
results showed that the best concentration for
the internal phase regent was 0.5M for
sodium sulfite. These experiments were per-
formed at a constant NaOH concentration of
0.4M and different concentrations of sodium
sulfite.

100

Au (ppm)

00.1 MNa2503 ; 0.4 M NaOH
H0.2MNa2503 ; 0.4 M NaOH
A 0.3 MNa2s03 ; 0.4 M NaOH
¢ 0.4 MNa2503 ; 0.4 M NaOH
® 0.5 MNa2503 ; 0.4 M NaOH

time (min)

30

Figure 6. Effect of internal phase reagent concentration on the extraction efficiency
C,=100ppm;C.=1.1%; R, =0274;: pH=0;510rpm.
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Effect of the external phase pH

The effect of the pH at the external phase on
the extraction efficiency has been shown in
Figure 7. Any decrease in pH increases the
extraction efficiency.

This effect can be explained by Eqns. (2) and
(3): the rate of the complex formation
depends directly on the H™ concentration in
the external phase, so by reducing the pH
value for the extraction phase, the extraction

120

efficiency increases.

Effect of agitation speed

When the permeation stirring speed is
increased, the shear forces, which act on the
emulsion globules, increase, and then the
average emulsion globules radius decreases
and the interfacial area available for the mass
transfer increases. Thus, the mass transfer
rate increases as illustrated in Figure 8.

60

Au (ppm)

40

20 4

U T

100
80 l\n\;,_/‘

* 2NHC
m INHC

® pH=0.96
A pH=2.45

0 10

time (min)

20 30

Figure 7. Effect of external phase pH on the extraction efficiency
C, =100 ppm ;C. =0.4M Na,S0,,04M NaOH:C,=1.1%: R, =0274:510rpm.

Au (ppm)

[] T

+ 400 rpm
O 510 rpm
4 600 rpm

0 10

time (min)

20 30

Figure 8. Effect of speed of agitation the extraction efficiency
C, =100 ppm : C, =0.4M Na,SO,,0.4M NaOH:C. =1.1%: R, =0274:pH =0.
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As other authors have pointed out, the
external surface area of globules rather than
the internal phase droplet surface area control
the extraction process with ELMs [4,13,
14,33], so by increasing the speed of
agitation the area for mass transfer increases
and the extraction efficiency increases.
However, there is an upper limit for this
effect, caused by the non-ideality phenomena
in this system (namely membrane phase
leakage with exit of internal phase into the
external phase), thus reducing the efficiency
of the whole process. A lower limit for the
permeation stirring speed might also be
drawn: it should be high enough to disperse
the emulsion globules evenly in the external
phase. This situation depends on the per-
meation reactor geometry [29].

Analysis of the Results

In the present study, there are eleven degrees
of freedom owning to the four sets of three-
level and one level of three-level extraction

Table 1. Extraction parameters and their levels

process parameters. The degree of freedom
for the orthogonal array should be greater
than or at least equal to those for the process
parameters. The extraction parameters and
their levels are shown in Table 1.

In this study, a Mj¢ orthogonal array with
four columns and sixteen rows was used.
This array has fifteen degrees of freedom and
can handle four-level process parameters,
with 4 degrees of freedom for the error.
Sixteen experiments are required to study the
entire extraction parameter space when the
M ;¢ orthogonal array is used.

Sixteen experiments with the arrangement of
M;¢ were performed. The extraction rate was
measured after 20 minutes. The extraction
rate is the higher-the-better performance
characteristic. The results are shown in Table
2. The effect of each extraction process
parameter on the main effect at different
levels can be separated out because the
experimental design is orthogonal. Figures 9-
12 show the response value for each level.

Symbol Process Unit Level 1 Level 2 Level 3  Level 4
parameter
A C. Vol% 1.100 2.190 2.920
B G mol/lit 0.3 0.4 0.5
C pH - 2N HCl IN HCl 0.96 2.45
D N rpm 510 600 -
80
70 1
60 1
.E 50 4
8
& 40 |
b
< 30 1
20 1
10 4
0+ T T
0.365 1.1 219 292

C¢ (vol%)

Figure 9. Main effects of the concentration of carrier on the extraction efficiency
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Table 2. Experimental layout and the results for percent of extraction after 20 minutes

E’;ﬂﬁ;ﬁint Process parameter level Extraction % S/N ratio (dB)
A B C D
1 1 1 1 1 45.60 33.18
2 1 2 2 2 93.275 39.39
3 1 3 3 3 87.22 38.81
4 1 4 4 1 2.00 6.02
5 2 1 2 3 59.50 35.49
6 2 2 1 1 52.80 34.45
7 2 3 4 1 2.00 6.02
8 2 4 3 2 87.22 38.81
9 3 1 3 1 28.10 28.97
10 3 2 4 3 6.70 16.52
11 3 3 1 2 93.975 39.46
12 3 4 2 1 70.60 36.97
13 4 1 4 2 31.30 2991
14 4 2 3 1 87.22 38.81
15 4 3 2 1 93.21 39.39
16 4 4 1 3 61.50 35.77
a0
70 -+
60 -
5
"{;,- 50 +
E 40 -+
2
30 +
20 +
10
0 T T T
0.1 0.3 0.4 0.5
C; (mol/lit)

Figure 10. Main effects of the concentration of internal phase on the extraction efficiency
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a0
80

% Extraction

70 -
60 -
50
40 -
30
20 -
10
0- . .
2N 1N 0.95 245

pH

Figure 11. Main effects of the pH of external phase on the extraction efficiency

90

80 -
70 ~
60 -
50 +

% Extraction

40 -
30 -
20 -
10 -
0 .
400

510 600

Speed of agitation (rpm)

Figure 12. Main effects of the speed of agitation on the extraction efficiency

The above results show that there are some
interactions between the parameters. To find
the interaction between the parameters, the
response of each parameter against the others
must be constructed. The results of analysis
are listed in Table 3.

The results of interaction show that the main

Iranian Journal of Chemical Engineering, Vol. 3, No. 1

interactions are between C. - C; and C.-pH.
This is due to the dependence of the
extraction ability of MIBK to the pH of the
aqueous phase. This result is in agreement
with our experimental data and Eqns. (2) and

3).
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Table 3. Results of percent of interaction between the process parameters

parameter A B c 8
A i 29.55 2227 553
B 29.55 . 14.44 16.5
C 2227 14.44 i 18.15
D 5.53 165 18.15 .

Basically, the larger the response, the better
the performance characteristic. However, the
relative importance among the extraction
process parameters for the performance
characteristic still needs to be known so that
the optimal combinations of the extraction
process parameter levels can be determined
more accurately. By considering the above
results, it was found that the best combina-
tion of the extraction process parameters is
A,B,C,D, . In other words, by selection of

this combination of the extraction process
parameters, the best response with minimum
required conditions (cost) would be at-
tainable [34].

Analysis of variance

The purpose of the ANOVA is to investigate
which extraction process parameters signify-
cantly affect the performance characteristic.
This is accomplished by separating the total
variability of each level, which is measured
by the sum of the squared deviations from the
total mean of the responses, into contribution
by each extraction process parameter and the
error. The percentage contribution by each of
the process parameters in the total sum of the
squared deviations can be used to evaluate

Table 4. Results of the analysis of variance

the importance of the process parameter
change on the performance characteristic. In
addition, the F-test named after Fisher [35]
can also be used to determine which ex-
traction parameters have a significant effect
on the performance characteristic. Usually,
changing the extraction process parameter
has significant effect on the performance
characteristic when the F value is large.

The results of ANOVA that are shown in
Table 4, indicate that the pH value of the
external phase, speed of agitation and
concentration of sodium sulfite in the internal
phase are the significant extraction process
parameters for affecting the performance
characteristic. Furthermore, the pH value of
the external phase is the most significant
extraction process parameter due to its
highest percentage contribution (65.374%)
among the process parameters. Based on the
above discussion, the optimal extraction
process parameters are the concentration of
carrier level 4, concentration of the reagent in
the internal phase level 3, pH value of
external phase level 2 and speed of agitation
level 2 (4,B,C,D,).

Process parameter DOF | Variance | F-ratio | Contribution%
Concentration of carrier (A) 3 295.203 1.75 2.213
Concentration of internal phase (B) 3 544.990 3.232 6.579
pH of ext. phase (C) 3 3,908.600 23.183 65.374
Speed of agitation (D) 2 1,121.028 6.649 11.098
Other/Error 4 168.591 - 14.736
Total 15 - - 100.000%
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By use of the above analysis, both the effects
of each parameter on the extraction efficiency
and the counter effects of parameters on each
other can be observed. From the Fisher tables
[35] with 90% and 95% confidence,
Fy54=419,F,,,=432and

Fys54 =6.59, F s, ,=6.94. According to
these values, the F value for pH and the
speed of agitation are greater than the
corresponding values of Fisher tables, so the
tests are reliable with 90% and 95%
confidence, respectively, and these para-
meters have great effects on the performance

120

characteristic of the extraction process. The
contribution of the error is 14.7%, which is in
a reasonable range of errors.

The experiment with the optimal conditions,
which was predicted by the Taguchi analysis,
was performed. The results are presented in
Figure 13. The results showed that the
remaining gold ions concentration in the
aqueous solution, after 20 minutes, was
behind the detection limit of the spect-
rophotometer (less than 0.1ppm), so the
extraction efficiency was more than 99.9%.

100 ¢
80

60 *

Au (ppm)

20

L
L

time (min)

Figure 13. Result of extraction at the optimum conditions
C, =100 ppm ; C, =0.4M Na,SO,,04M NaOH;C,=292%:R,, =03; pH =0:310rpm .

Conclusion

the application of the Taguchi method as a
powerful technique for the analysis of the
experimental results of gold ions extraction
by ELM has been shown. The analysis of the
data shows that there are some interactions
between the extraction parameters and the
best experimental condition, which was
predicted using the Taguchi analysis is
(A,B,C,D,). The contributions of pH and

Iranian Journal of Chemical Engineering, Vol. 3, No. 1

speed of agitation on the extraction efficiency
are greater in comparison with the other
parameters, whereas the contribution of
carrier concentration is negligibly small. In
this study a new efficient emulsifier (LK-80)
has been introduced for the extraction of gold
(IIT) ions from acidic aqueous media using
MIBK as the carrier and alkaline sodium
sulfite solution as the internal reagent. The
extraction rate increases with the increase of
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the carrier concentration, internal phase con-
centration, agitation speed and decrease of

the

external phase pH. This emulsion is

capable of extracting, almost completely, the
total gold ions present in the external phase
within a few minutes [36].

Nomenclature

C

c

Concentration of carrier in the emul-

sion phase, vol%.

C,  Concentration of gold (III) ions in the

external phase, ppm.

C,  Concentration of sodium sulfite in the

internal phase, mol/lit.

R,, The ratio of emulsion phase to the

external phase, vol/vol.

N Speed of agitation, rpm.
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