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ABSTRACT

Gold extraction from aqueous solutions has been performed by micellar enhanced
ultrafiltration (MEUF), using SDS and DTAC micelles. DTAC entraps 92% to 100% of the
metal, which is present in form of AuCl,’, owing to electrostatic interaction. Using SDS the
extraction of gold is unsuccessful. However, addition of PADA, as a metal extractor agent,
according to the ligand modified micellar enhanced ultrafiltration (LM-MEUF) procedure,
makes the extraction yield to approach 100% also with SDS. The recovery of gold entrapped
in the micellar pseudo-phase has also been investigated. Different stripping agents have been
used, the most efficient of them being a mixture of NaCl and NH3 which allowed the metal to
be expelled from the micelle with a yield of 85%. Finally, Au(lIl)/Cu(ll) separation is
achieved with DTAC or SDS between pH 3 and 5. Almost 100% of Au(lll) is retained on
DTAC micelles while all Cu(ll) remains in the agueous medium, while the opposite occurs in
SDS.
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1. Introduction

The gold demand for electronic, catalytic and biological applications has recently experienced
a rapid increase because of gold’s unique physical and chemical properties [1-5]. In contrast
with the rise of gold demand, mine production is considerably decreased [6, 7]. It has been
shown that recovery of this metal, especially from electronic waste, can constitute a promising
gold secondary source [8]. Actually, the gold concentration in mobile phone handsets is 300—
350 g/t and in computer circuit boards is 200-250 g/t, which is tens of times higher than that in
gold ores (5-30 g/t) [8]. As a consequence, the separation and recovery of gold from e-waste
has attracted much interest [9].

Gold recovery from industrial waste is performed by pyrometallurgy, hydrometallurgy, bio-
hydrometallurgy techniques [7, 10-23]. However, it has been recognized since long time that
growing demand for safety concern requires clean and efficient procedures [16]. In recent
years the research on metal extraction based on metal entrapping systems has lead to the
development of methods that could be favorably used to remove metal ions from waste
streams. Previous studies have demonstrated that the use of micelles, as metal adsorbing
agents, provides an efficient method to extract metal ions with high yields, up to 99.8% [24,
25]. With anionic surfactants, any cation present in solution will tend to be retained
preferentially on the micelle surface by virtue of the electrostatic attraction. On the other
hand, the metal, if in form of a negatively charged complex, will be trapped by cationic
micelles. In the presence of non-ionic surfactants, metal ions can still be blocked on the
(neutral) micelle surface if the surfactant heads can act like complexing ligands. The
separation of the micellar pseudo-phase from the aqueous pseudo-phase is achieved by the
ultrafiltration technique denoted as MEUF (Micellar Enhanced Ultrafiltration) using
membranes with pore diameter smaller than that of the involved micelles [26]. MEUF offers
many advantages (high yield extraction, less energy consumption and softer environmental
impact) over classical methods as distillation and evaporation; however it lacks of selectivity,
since it has been found that, using MEUF in its simplest version, metal ions as Ca**, Cu®,
Ni?* and Zn®" are extracted by negatively charged surfactants with almost the same yields
[27]. To enhance the selectivity of MEUF, a method has been developed that involves the
addition of suitable metal complexing ligands (metal extractors) that bind to the micelle by
hydrophobic interaction. This method, denoted as Ligand Modified Micellar Enhanced
Ultrafiltration (LM-MEUF) is based on the ability of the added ligand to interact selectively
with different metal ions [28].



In this paper we present the results of the extraction and recovery of gold using MEUF and
LM-MEUF. The Au(lll) complexing agent PADA has been used in LM-MEUF. A method for
the Au(I11)/Cu(Il) separation is presented as well.

2. Experimental Section

2.1. Materials

Tetra chloroauric acid (HAuCI4+3H,0), sodium dodecylsulphate (SDS), dodecyl-
trimethylammonium chloride (DTAC) and the metal extractor pyridine-2-azo-p-
dimethylaniline (PADA) were purchased from Sigma-Aldrich. Copper chloride, sodium
chloride, magnesium sulphate, ammonia and hydrochloric acid were obtained from Fluka. All
the reactants were analytical grade. Stock solutions of chemicals were prepared by dissolving
weighed amounts of solid in water. The stock solution of PADA was prepared by addition of
a suitable amount of ethanol to the solid in order to increase the ligand solubility and then
diluting the resulting solution with water up to a ratio ethanol : water = 1:100. The
concentration of Cu(ll) stock solution was checked by titrating with EDTA. Doubly deionized
water from a Millipore Milli-Q (Milan, Italy) water purification system was used to prepare
the solutions and also as a reaction medium.

2.2. Instrumentation and Methods

The pH of the solution was measured with a combined glass microelectrode connected to a
Metrohm 713 (Herisau, Switzerland) pH-meter and adjusted to the desired value by small
additions of HCI or NaOH.

The ultrafiltration studies were carried out in batch stirred cells (Amicon, model 8050), with a
capacity of 50 ml and an effective membrane area of 13.4 cm? Ultrafiltration membranes
made of regenerated cellulose (YM 3, Millipore) of diameter 44.5 mm and with a molecular
weight cut off (MWCO) of 3000 daltons were used. The surfactant loss was not higher than
the relevant cmc. Ultrafiltration membranes having higher MWCO have been tried, taking
into account the aggregation number of SDS [29] and DTAC [30]. The change of MWCO
resulted in a increase in the permeate flux but had only a minor role on the yield of metal
rejection. The membranes were pre-treated and stored according to the method recommended
by Millipore.

The extraction procedure is the following: the cell is initially loaded with 10 ml of the
investigated solution and then subject to ultrafiltration under an applied nitrogen pressure of

1 bar; the permeate solution contains the metal eventually not adsorbed on the micelle.



The recovery procedure is as follows: the retentate is mixed with 10 ml of stripping solution
and then an ultrafiltration step is performed which allows separation of the metal-containing
phase (the permeate) from the surfactant-containing phase (the retentate). Shortly after the
conclusion of the procedure the ultrafiltration membranes were flushed with deionized water
and, if necessary, they were regenerated according to the method recommended by Millipore.
The amounts of the metal ion extracted and recovered were determined by the atomic
absorption (AA) technique using a Perkin ElImer AAnalyst100 system and the samples were
atomized in an air/acetylene flame; in the case of low concentrations of gold or copper a
HGA-800 graphite furnace was employed. Hollow cathode lamps, specific for gold or copper
were used. Calibration curves were performed using standard solutions (Sigma). The
repeatability of concentration measurements was within + 3 %.

The optical absorption measurements have been performed using a Perkin-Elmer Lambda 35
spectrophotometer (Ueberligen, Germany) with temperature control. Note that Au(l11) absorbs
in the UV [31], hence, the UV-vis spectrophotometric technique could have been used to
quantify the gold content. However, spectrophotometry becomes unsuitable for low Au(lll)
concentrations (¢ = 7.1x10° M™em™ at 233 nm). So, AA has been preferred owing to its

greater sensitivity. Moreover, AA can be used also for not UV-vis absorbing metal ions.

3. Results and Discussion

3.1 Gold extraction by micelles

Solutions of Gold in form of tetrachloroaurate, AuCl, , were mixed with aqueous solutions

containing the surfactant and eventually the metal extractor (PADA) and salt. The percent of

metal retained by the surfactant, R, has been calculated using equation (1)

R :(1—%}100 1)
Mi

where M, is the metal amount in the permeate and M; is the metal amount in the initial

solution.

3.1.1. Gold-PADA Complex Extraction by SDS (LM-MEUF)

Some MEUF experiments have been performed in order to evaluate the eventual binding of

Gold to SDS despite the lack of affinity of AuCl, for the SO3 group. The values of R were

near to zero in the entire range of the investigated SDS concentrations (0.01 < [SDS] < 0.06),

in agreement with literature results [16].



The behavior is completely changed on adding the metal extractor PADA to the solutions of
AuCly .

PADA behaves as a diprotic acid (Figure 1) with pKa; = 3.4 and pKaz = 5.7 in SDS and is
totally adsorbed on the SDS micelles independently of the solution pH [32].

L C\%—N{%

Figure 1 Pyridine-2-azo-p-dimethylaniline (PADA) in its neutral (L) and protonated forms
(HL* and H,L?").

PADA reacts with Au(l11) giving a chelated species [31] according to the general reaction (2)

AuCl; +L-L =AuCl,L-L*" +2CI' (2)

where the ligand has been denoted as L-L to point out that PADA is a bidentate agent able to
bind the metal through the pyridine and the dimethyl-amino nitrogen atoms. Note that, while
AuCly4 anion is repelled by SDS, the complex AuCl,L-L* can in principle be retained on the
SDS surface owing to the hydrophobic properties of the ligand and to the positive charge.
Table 1 shows that in the presence of PADA the retention yield is almost unitary and
independent of the SDS concentration. Note that the addition of a relatively large amount of
NaCl does not affect noticeably the retention level in spite of the decrease of the surface
potential of SDS induced by the addition of sodium chloride [32]. This result indicates that
the Au(lll)-PADA complex is kept bound to SDS mainly because of the hydrophobic
interactions provided by the ligand, while the charge effect is of minor importance. Table 1

also shows that the retention of gold stays very high, independently of the solution pH and
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does not experiences important changes in the pH range between 2.5 and 6.5, thus revealing

that gold can be extracted under mild conditions.

Table 1 LM-MEUF: dependence of Au(lll) retention on the [SDS], [NaCl] and pH, in the
presence of PADA; [Aulinitia = 1x10 * M, [PADA]= 5x10 * M.

[SDS] (M) [NaCl] (M) pH Au(lll) retention (%)

0.016 0 3.5 92
0.024 0 3.5 99
0.032 0 3.5 100
0.047 0 3.5 89
0.016 0.1 3.5 100
0.024 0.1 3.5 99
0.032 0.1 3.5 100
0.040 0.1 3.5 92
0.047 0.1 3.5 86
0.040 0 2.5 100
0.040 0 3.5 100
0.040 0 4.5 91
0.040 0 5.5 93
0.040 0 6.5 92

3.1.2. Gold extraction by DTAC (MEUF and LM-MEUF)

Gold extraction has been performed using positively charged micelles of DTAC. The yield of

metal retention for different surfactant concentrations in the absence and in the presence of
0.1 M NaCl is shown in Table 2.



Table 2 Percentage of Au(lll) retention by DTAC in the absence (MEUF) and in the presence
of PADA (LM-MEUF) under different conditions; [Aulinitia = 1x10™ M.

[DTAC] (M) [PADA] (M) NaCl (M) pH Au(lll) retention (%)

0.01 0 0 5.0 100
0.02 0 0 5.0 100
0.03 0 0 5.0 89
0.04 0 0 5.0 90
0.06 0 0 5.0 87
0.01 0 0.1 5.0 101
0.02 0 0.1 5.0 99
0.03 0 0.1 5.0 96
0.04 0 0.1 5.0 97
0.06 0 0.1 5.0 96
0.04 0 0 2.5 99
0.04 0 0 3.0 99
0.04 0 0 4.0 98
0.04 0 0 5.0 96
0.04 0 0 6.0 99
0.01 5x10™ 0 5.0 100
0.02 5x10 0 5.0 100

Table 2 shows that the retention yields are very good and are independent of the level of
DTAC present, the salt concentration and pH. The conclusion drawn from the above results is
that MEUF using DTAC allows AuCl, to be extracted with high effiency, simply owing to
the electrostatic attraction. However, some extraction experiments have been performed in the
presence of PADA (Table 2). Note that, in this case, the species to be extracted is the Au(lll)-

PADA complex, which, owing to its positive charge, should be repelled by the positive



DTAC micelles. Nevertheless, the hydrophobic surface-ligand interactions are so strong that

the complex is totally retained in spite of the electrostatic repulsion.

3.2. Copper extraction using MEUF

The above procedure was applied to extract Cu(ll) from water using DTAC and SDS. Copper
has been extracted from CuCl, solutions using DTAC in the absence of added salts. Cu®* ions
are totally repelled by the DTAC micelles resulting in an extraction yield near to zero. In

contrast, Cu(ll) extraction using SDS provides excellent extraction yields. The results are

reported in Table 3.

Table 3 Yields of MEUF extraction of Cu(ll) by DTAC and SDS at different surfactant
concentrations; [Culinitias = 1x10™* M, pH = 3.5.

[DTAC] Cu(ll) retention (%) [SDS] Cu(ll) retention (%)

0.01 3.0 0.01 97
0.02 0.0 0.02 98
0.03 0.0 0.04 100
0.04 0.0 0.06 100
0.05 0.0 - -

3.3. Gold/Copper separation via MEUF

Copper is the metal that most frequently is found in alloy with gold. The results shown above
on the extraction of the single metals indicate that the separation of gold and copper from a
mixture could be achieved. Two procedures for the separation of the components of Au/Cu
mixtures are presented in this section. First, the MEUF process has been applied to a mixture
of AuCl, and Cu®* in the presence of 0.04 M DTAC at different pH values. While positively
charged copper ions are not adsorbed and pass through the ultrafiltration membrane in the
aqueous pseudo-phase, the negatively charged gold ions are retained on the micellar pseudo-
phase, thanks to the electrostatic attraction. The results are very good both if equimolar Au/Cu
mixtures are analysed (circles in Figure 2A), and if gold excess (triangles) or copper excess

(stars) are present.
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Figure 2 MEUF separation of Cu(ll) (open symbol) and Au(lll) (full symbol) present in a
mixture at different pH values using: (A) 0.04 M DTAC and (B) 0.04 M SDS. Circles:
[Aulinitiat = [Culinitial = 1x10 M; triangles: [Aulinitiar = 9x10™ M, [Culinitial = 1x10™ M; stars:
[Au]initia = 1x10™ M, [Culinitia = 9x10™ M the open square refers to an experiment in 0.1 M
SDS, [Au]initia = 1x10™* M, [Cu]initiar = 9x10™ M.

The process of component separation in the AuCl,/Cu®* mixture has been investigated also
using the negatively charged SDS micelles. Oppositely to the DTAC case, the AuCl, ions
passed through the ultrafiltration membrane while the Cu®* ions remain blocked in the
micellar pseudo-phase above the membrane. Figure 2B shows that also using SDS the
separation of the two metals is very effective, independently of the medium acidity. The
yields are very good both if equimolar Au/Cu mixtures are analysed (circles in Figure 2B),
and if gold excess (triangles) is present. Under conditions of copper excess (stars) the Cu(ll)
metal ion retention by SDS lowers to 52%, but this value can be enhanced to 89% if the SDS
concentration is increased from 0.04 M to 0.1 M (square). This behavior suggests that only
limited number of Cu(lIl) ions can be allocated on the SDS micelle surface.

The above described procedure shows that gold and copper can be separated by MEUF with
excellent yields using either SDS or DTAC, the latter showing the best results under

conditions of copper excess.

3.4. Gold Recovery from Micelles
Further experiments have been performed in order to find a convenient method allowing the

recovery of the gold adsorbed on the micellar phase. A suitable stripping agent was added to



the retentate and the resulting solution was subject to ultrafiltration. Different stripping
agents have been tested, such as salts or acid which reduce the surface potential of the
micelles, and NHgs, in order to convert the negatively charged AuCl, into the positively
charged Au(NHs),** complex which, in the case of metal adsorption on DTAC, is expelled
from the micellar to the aqueous phase by virtue of its positive charge. The percentage of gold

recovered has been determinated by equation (3)

% Recov ery = Meemese , 909 3

Initial

The results are reported in Table 4.

Table 4 Percentage of recovery of Au(lll) from DTAC using different stripping agents;
[Auinitial = 1x10* M, [DTAC] = 0.02 M.

[NaCl] [Na;SOs] [NH3] [HCI] %Recovery

(M) (M) M (M)

- 05 - - 17
0.3 - - - 5
0.5 - - - 20

1 - - - 31
15 - - - 5

2 - - - 2

- - - 0.1 20

- - - 0.2 33

- - - 0.3 31

- - 0.1 - 32

- - 0.2 - 18

- - 0.2 - 16

- - 0.5 - 17

- - 1 - 36
0.5 - 0.2 - 81

1 - 0.2 - 86

2 - 0.2 - 85
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Table 4 shows that the percentage of recovery by salt is rather low. The addition of HCI also
induces rejection of gold from the DTAC surface but the yield of recovery does not exceed
that obtained using NaCl. It should be noted, however, that experiments with acid were
limited to 0.3M because a higher acidity levels can damage the ultrafiltration membrane.
Replacement of salt by ammonia provides a little improvement of the recovery yield. On the
other hand, in the presence of mixtures of NH3 and NaCl, the recovery yield is largely
improved. The observed effect can be explained with the reduction of the surface potential of
DTAC operated by NaCl [32] which makes weaker the electrostatic attraction between DTAC
and AuCls". Moreover, the conversion of AuCl, to Au(NHs),*" and the consequent repulsion
of the latter complex provide the high recovery yields obtained.

An attempt has been made to recover gold from the system SDS-Au-PADA by adding to the
retentate different concentrations of NaCl, HCI and NHs. The results are reported in Table 5

which shows that the recovery yield is extremely poor under all the investigated conditions

Table 5 Percentage of Au(lll) recovery from SDS in the presence of PADA by addition of
stripping agents as respectively NaCl, HCI and NHs.

[NaCl] [HCI] [NHa] Total %
(M) (M) (M) Recovery
0.10 0 0 0
0.20 0 0 0.80
0.50 0 0 1.90

0 0.020 0 0.10
0 0.1 0 0.01
0 0 0.2 1.2
0 0 0.5 1.2

4. Conclusions
The extraction of Au(lll) using the MEUF procedure in the presence of DTAC provides
excellent yields and, under particular conditions, good recovery yields. It should be noted that

addition of salts and even of strong acid is not sufficient to strip the gold out of the micelle
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surface. On the other hand, addition of ammonia, as a stripping agent, does not improve
recovery of the metal from DTAC. The best results have been obtained using a mixture of
ammonia and sodium chloride, where the decrease of the surface potential induced by the salt
and the complexing power of ammonia act in the same direction.

The LM-MEUF procedure with SDS, yields excellent gold extraction thanks to the
hydrophobic properties of PADA but the subsequent recovery process provides, in contrast,
poor yields. An interpretation of this behaviour could reside on the fact that the Au-PADA
complex is too strongly adsorbed on the SDS surface owing to the combined action of
hydrophobic forces and charge that act both in the direction of increasing the retention of the
Au-PADA complex on the micelle.

The excellent yields of Au(ll1)/Cu(ll) separation achieved both with DTAC and SDS could
open favourable perspectives in the extraction of precious metals from mixtures using simple
MEUF.
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