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Abstract

The use of ion exchange resins for the recovery of gold cyanide and other base metal cyanocomplexes has been hindered
by poor elution, among other factors. To overcome this drawback, saline solutions have been proposed as an eluant for the
loaded cyanocomplexes, with nitrate and thiocyanate being the most promising. In the present work, the elution of gold-
and copper-cyanocomplexes from polyacrylic- and polystyrene-based resins at 50 �C was studied. The results showed that
copper cyanide was easily eluted from polyacrylic- and polystyrene-based ion exchange resins using either 1 mol/L SCN�

or NO�3 . However, there was poor elution of the gold cyanide complex from the polystyrene-based resins using nitrate
solutions, reflecting the higher affinity that gold cyanide presents for the latter. Conversely, gold elution reached 90% using
thiocyanate. Therefore, the separation of gold and copper is possible using polystyrene resins, eluting first with nitrate and
then with thiocyanate. Raman spectra have shown the presence of gold and also copper complexes in the resin beads, as
well as in the eluate produced during elution of both the resins, suggesting that elution takes place by an ion exchange
mechanism. The better performance observed using thiocyanate, as compared to nitrate, is discussed, based on the features
of both ions.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Cyanocomplexes; Thiocyanate; Nitrate; Gold extraction; Raman spectroscopy; Polyacrylic resins; Polystyrene resins
1. Introduction

The application of ion exchange resins in the gold
industry has mainly focused on three different objec-
tives: (i) to replace activated charcoal as an adsor-
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bent for gold, especially in those cases where high
levels of organic matter in the ore block the carbon
sites for adsorption. This route was extensively stud-
ied in the 1980’s and 1990’s and resulted in a tai-
lored resin for selective gold adsorption [1]; (ii) to
concentrate cyanocomplexes as part of a cyanide
recycling process; the SART technology is an exam-
ple [2] and (iii) more recently, to load gold-thiosul-
fate complexes, since they are not adsorbed by
activated carbons. This latter is the result of
.
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environmental issues which compel the industry to
search for alternative gold lixiviants [3].

Regarding the uptake of cyanocomplexes by ion
exchange resins, it was soon recognized that loading
could be easily accomplished. However, resin elu-
tion was the main drawback. As the initial elution
approach was based on the AVR process (devised
to recover cyanide through acidification and volatil-
ization of free cyanide [4]), the loaded resin was
acidified with sulfuric acid. When piloted at the
Golden Jubilee Mine in South Africa, this proce-
dure failed due to the precipitation of metallic ferro-
cyanides that poisoned the resin. It was later
established that when either ferri or ferrocyanide
are loaded in the resin, a series of Prussian-blue like
compounds are precipitated as pH lowers [5]. Fur-
thermore, in those cases where high concentrations
of copper cyanocomplexes were loaded in the resin,
CuCN or even CuSCN (when thiocyanate is also
present) were precipitated [4]. These results have
made it clear that acidic elution could be applied
only in special situations; for instance, for cyanide
recycling from effluents containing basically zinc
cyanides. Unfortunately, this is not the rule in the
gold industry. Copper, nickel, and iron cyanocom-
plexes, as well as thiocyanate, are also present, in
addition to zinc, in both pregnant solutions and bar-
ren bleeds.

Later, it has been proposed that alkaline solu-
tions are a better option than neutral solutions for
cyanocomplex elution, since some ferrocyanide pre-
cipitates are formed also at neutral pH [6]. The alka-
line elution of resin-loaded cyanocomplexes has
been tested using zinc cyanide, chloride, thiocyanate
and nitrate ions, among others. The effectiveness of
these eluants varies widely – the yields depend on
the nature of the eluant as well as the resin and
the complexes loaded into it. Zinc cyanide was
applied in the Golden Jubilee Mine and was able
to elute gold and base metal cyanocomplexes. After
elution, the zinc-loaded resin was regenerated with
sulfuric acid, where the zinc cyanide complex
decomposed into Zn2+ and HCN [4]. The osmotic
shock that the resin is submitted to during alkaline
loading-acidic regeneration, is a matter of concern.
Furthermore, chloride solutions were extensively
studied by Australian researchers due to the saline
nature of that country’s process waters. It has been
shown that chloride solutions elute basically iron
and copper cyanides from polystyrene resins, failing
to extract gold [7]. So far, nitrate and thiocyanate
solutions seem to be the most effective saline eluants
for cyanocomplex-loaded resins. Nitrate is slightly
less efficient than thiocyanate, although high elution
yields can be observed if a proper salt concentration
is selected.

Elution performance relies on different mecha-
nisms. Acid elution of zinc cyanide is effective, since
the cyanocomplex is decomposed into Zn2+ and
CN� ions. None of them have affinity for strong
base resins and this enables elution. Complexation
with the ligand has also been proposed as an elution
mechanism [8]. This would happen in those systems
applying thiocyanate as eluant, since the latter can
complex gold and copper. Nevertheless, the most
common mechanism is ion exchange, where the
loaded cyanocomplexes is replaced by an ion with
higher affinity for the resin. Investigated here is
the effectiveness of both nitrate and thiocyanate as
eluants for gold and copper cyanocomplex-loaded
resins, addressing the elution mechanism by a
Raman study applied to the cyanide-loaded resins.

2. Materials and methods

Two ion exchange resins were investigated,
namely: (i) Bayer AP-247 (polyacrylic, macropo-
rous, exchange capacity: 1.0 meq-g/mL) and (ii)
Purolite A500 (polystyrene, macroporous, exchange
capacity: 1.15 meq-g/mL). These are commercial
strong-base anion exchange resins containing a qua-
ternary ammonium functional group.

Stock metal cyanide solutions were prepared by
dissolving metallic gold in aerated cyanide solu-
tions. Copper cyanide was produced by mixing cop-
per(I) cyanide, (CuCN, 99%, Aldrich), in distilled
water, at pH 10.5 ± 0.5. A sufficient quantity of
sodium cyanide (95%, Synth) was added to the solu-
tion to ensure a CN/Cu molar ratio of 3.5, and
additionally, at least 200 mg/L free CN� in solu-
tion. The loading solutions (at pH 10.5 ± 0.5) were
prepared by mixing copper and gold cyanide solu-
tions to produce a final solution containing
400 mgAu/L and 120 mgCu/L for the loading of
the polyacrylic resin (Bayer AP247). Similarly, the
polystyrene resin (Purolite A500) was loaded with
a solution containing 200 mgAu/L and 300 mgCu/
L. Raman studies showed the presence of the
[Au(CN)2]�, [Cu( CN)3]2� and [Cu(CN)4]3� com-
plexes in the solution at the loading pH. Eluant
solutions (1 mol/L) were prepared dissolving either
sodium nitrate (Aldrich) or sodium thiocyanate
(Aldrich) in distilled water. Sodium cyanide was
also added to produce a final solution containing



0 4 8 12 16 20
0

20

40

60

80

100
Au

Cu

El
ut

io
n 

(%
)

Bed Volumes

Fig. 1. Elution of Bayer AP247 ion exchange resin using sodium
nitrate. Experimental conditions: 1.0 mol/L NaNO3, pH 11.0–
11.5; [ CN�]free: 300–400 mg/L in solution; 50 �C. Resin loadings:
13.8 mgCu/mL-resin and 21.4 mgAu/mL-resin.
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300–400 mg/L free cyanide. These solutions had a
final pH in the range 10.0–11.0.

Prior to loading, both resins were conditioned
with a 1 mol/L NaCl solution to ensure that both
resins were in the chloride form. The resins were ini-
tially loaded with metal cyanocomplexes (at pH
10.0–11.0) using an orbital shaker, at 200 min�1.
A resin volume of 1 mL was stirred with 100 mL
of the loading solution, at 22 ± 2 �C. After 3 h of
loading, the system was stopped and the resins were
filtrated. Next, the gold and copper concentrations
in the aqueous phase were determined by atomic
absorption spectrometry (Perkin–Elmer AAnalyst
100). A mass balance was performed to determine
the quantity of each metal loaded on the resins.
The average metal loadings were 21.4 mgAu/mL-
resin and 13.8 mgCu/mL-resin in the polyacrylic
resin and 15.7 mgAu/mL-resin and 31.8 mgCu/
mL-resin in the polystyrene resin.

Elution experiments were carried out in a water-
jacketed column (0.7 cm internal diameter), at
50 �C, filled with 10 mL of the loaded resins. After
reaching the required temperature, a peristaltic
pump pumped the eluant (either thiocyanate or
nitrate solutions) upwards through the resin bed at
a constant flowrate of 4.8 bed volumes/h. This flow-
rate did not fluidize the resin and enabled adequate
sampling of the eluate (2BV fractions), so that the
elution profile of the resin could be determined.
Twenty (20) bed volumes (BV) were passed through
the column in each experiment. Air bubbles were
removed using a thin glass rod. The flowrate was
monitored periodically and no major change was
observed during the course of the elution experi-
ment. All piping and connections were made with
polyethylene tubing.

The Raman spectra were performed using a
Jobin Yvon/Horiba spectrometer model LabRaman
HR 800 coupled to an optical microscope (Olimpus
BX) with a HeNe Laser (k = 632.8 nm) as the exci-
tation source. The spectra were produced with a
1024 � 256 pixel CCD detector. The Raman spectra
were produced using an objective lens with 40�
magnification and the scattered light was collected
through the same objective in a back scattering con-
figuration. The entrance slits to the spectrometer
were 100 lm with a corresponding resolution of
2.0 cm�1. The spectra of all the solutions were
obtained by placing the cell, filled with the solu-
tions, at 4 cm from the laser source while those of
the resins were achieved by placing one resin bead
directly under the microscope lens. In order to min-
imize the effects of the conversion of free cyanide to
cyanate on the spectra, 10 scans were integrated
during a 20-s collection time. On the samples, a laser
power of 10 mW was used. The Raman spectra were
analyzed and optimized with OriginTM 6.0 software.
First the spectra were averaged and then the back-
ground was corrected and if necessary, normalized.
No peak deconvolution was performed.

3. Results

3.1. Elution

Previous works have shown that alkaline saline
solutions perform better than acid solutions during
elution of cyanocomplex-loaded resins [9]. Among
such solutions, thiocyanate and nitrate are the most
studied eluants. Usually, highly concentrated solu-
tions are applied, seeking to achieve a rapid and
efficient elution of the loaded cyanocomplexes
[10]. Nevertheless, in those conditions where ion
exchange resins are studied as an alternative to
reduce the environmental impacts of cyanide-con-
taining effluents, these concentrated solutions them-
selves may also become an environmental issue. For
this reason, the study of less concentrated systems is
justified.

The elution of the polyacrylic Bayer AP247 resin
with 1.0 mol/L NaNO3 solutions is shown in Fig. 1.
There is 91.0% gold elution whereas copper extrac-
tion is smaller and slower, reaching 70% after
20 BV. The rapid gold elution (90% at 8 BV) reflects
its lower affinity for polyacrylic resins. Unlike resins
with polystyrene matrix, polyacrylic resins present
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Fig. 3. Cyanocomplexes distribution as function of pH. Tem-
perature 25 �C, [CN�]free = 400 mg/L. The equilibrium constants
used in the plot are presented in Table 1.
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carbonyl groups (C@O) that enable the formation
of hydrogen bridges with water molecules [11] and
thereby weaken its hydrophobic character. In addi-
tion, the hydration of ions depends on the charge
density of the complexes, i.e. the ratio of the com-
plex’s charge/number of elements. As this ratio
increases more water molecules are needed to stabi-
lize the ions in solution [12]. The low charge density
of [Au(CN)2]� (1 negative charge in 5 atoms) justi-
fies its hydrophobic character and explains this ion’s
affinity for the largely hydrophobic activated car-
bon. This argument is corroborated by the fact that
the trivalent gold thiosulfate, [Au(S2O3)2]3�, with a
greater ionic character, is not effectively adsorbed
by activated carbon [13], but only by ion exchange
resins. Accordingly, gold cyanide-resin interactions
are weaker in the case of polyacrylic resins. These
affinities are reflected during elution of Bayer
AP247 resin with sodium nitrate (Fig. 1). As sodium
nitrate is not a very powerful eluant, the complexes
with a lower affinity for the resin, i.e. for example
gold, are easily and primarily removed.

The results obtained for the elution of the Bayer
AP247 resin with 1.0 mol/L nitrate should be com-
pared with those achieved with the 1 mol/L SCN�

solution (Fig. 2). The elution of gold is not affected
by the type of eluant, since its affinity for the resin is
small; on the other hand, as a more powerful eluant,
thiocyanate elutes copper more quickly and as such,
the extractions of both metals are similar. Respec-
tively, 78.8% copper and 88.0% gold are eluted
after 3 BV and 5 BV as shown in Fig. 2. Unlike
gold, copper forms three different cyanocomplexes:
[Cu(CN)2]�, [Cu( CN)3]2� and [Cu(CN)4]3� [14]
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Fig. 2. Elution of Bayer AP247 ion exchange resin using sodium
thiocyanate. Experimental conditions: 1.0 mol/L NaSCN, pH
11.0–11.5; [CN�]free: 300–400 mg/L in solution; 50 �C. Resin
loadings: 13.8 mgCu/mL-resin and 21.4 mgAu/mL-resin.
with the latter two being the predominant species
in the experimental conditions studied (Fig. 3).
These higher valence complexes are less hydropho-
bic than gold cyanide and therefore have a higher
affinity for the polyacrylic resin [12] and require
more powerful eluants.

Figs. 4 and 5 show, respectively, the results of
both the nitrate and thiocyanate (1 mol/L) elution
of copper and gold cyanocomplexes loaded in the
polystyrene-based resin Purolite A500. Unlike the
polyacrylic resin, Fig. 4 shows that gold elution with
nitrate is poor (less than 10% is eluted after 20 BV),
whereas much higher extraction is achieved in the
presence of thiocyanate (Fig. 5) with the latter
accounting for 90% gold elution from the same
resin. The low recovery in the presence of nitrate
0 8 12 16 20
0

20

40

60

80

100

Au

Cu

El
ut

io
n 

(%
)

Bed Volumes
4

Fig. 4. Elution of Bayer Purolite A500 ion exchange resin using
sodium nitrate. Experimental conditions: 1.0 mol/L NaNO3, pH
11.0–11.5; [CN�]free: 300 - 400 mg/L in solution; 50 �C. Resin
loadings: 31.8 mgCu/mL-resin and 15.7 mgAu/mL-resin.
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Fig. 5. Elution of Purolite A500 ion exchange resin using sodium
thiocyanate. Experimental conditions: 1.0 mol/L NaSCN, pH
11.0–11.5; [CN�]free: 300–400 mg/L in solution; 50 �C. Resin
loadings: 31.8 mgCu/mL-resin and 15.7 mgAu/mL-resin.
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Fig. 6. Raman spectra of single copper (a) and gold cyanide (b)
solutions containing 200 mg/L free cyanide. Copper concentra-
tion: 6000 mg/L; gold concentration: 7500 mg/L; pH 10.5 ± 0.5.
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reflects the higher affinity of [Au(CN)2]� for the
hydrophobic polystyrene beads, as compared with
polyacrylic resins. On the other hand, copper
elution was high, irrespective of the eluant applied:
76% and 90% copper elution are, respectively
observed with nitrate (Fig. 4) and thiocyanate
(Fig. 5). These results are consistent with those
observed by Riani [15] during the copper cyanocom-
plex elution from the polystyrene gel resin Dowex
1X8. Furthermore, Lukey et al. [10] studied the elu-
tion of the polystyrene resin Amberjet 4400 loaded
with copper, zinc, iron, silver, as well as gold cyano-
complexes with either 2.0 mol/L NH4SCN or
2.0 mol/L KSCN solutions. They observed com-
plete copper elution after 10 BV, while only 80%
gold was eluted after 18BV when 2 mol/L NH4SCN
(pH 7.0) were used. When KSCN was applied, the
elution of both metals took place more rapidly: cop-
per was eluted after 6 BV and 90% gold was recov-
ered with 16 BV. These results were attributed to the
higher pH of the KSCN solution (12.6) that hin-
dered the precipitation of the Prussian-blue com-
pounds, which occurs at acidic and neutral
conditions and poisons the resins.

The results of Figs. 1 and 2 show that thiocya-
nate accounts for a more rapid elution, from polyac-
rylic resins, without a significant increase in the
elution yield, especially in the case of gold, whereas
Figs. 4 and 5 indicate that NaSCN is the best eluant
for both metals from polystyrene resins. As thiocy-
anate has a greater affinity for the latter, its effect on
gold elution is remarkable: it increases yield and a
smaller volume of eluant is required. Furthermore,
comparing both resins (Bayer AP 247 and Purolite
A500), it can be noticed that elution is quicker from
polyacrylic than from polystyrene resins. This fea-
ture is important for industrial applications, since
a smaller inventory of saline solutions is needed in
the elution step where polyacrylic resins are applied.

3.2. Raman studies

Raman spectra of the metallic cyanocomplexes as
well as the eluant solutions were obtained so that
they could be compared with the spectra of the
loaded resins and the saline solutions tested.
Fig. 6a presents the Raman spectrum of a copper
cyanide solution in the presence of free cyanide.
This spectrum has been discussed previously [16],
but it is presented a second time (a new spectrum
was produced) to facilitate the analysis of the spec-
tra of the loaded resins and elution solutions.
Fig. 6a shows a peak at 2076 cm�1 assigned to the
weak asymmetric vibrational stretching of [Cu-
(CN)4]3�. The peak at 2076 cm�1 overlaps with
the vibrational stretch of free cyanide (CN�), which
occurs at a similar frequency (2078 cm�1). The cop-
per complex also has a second peak at 2094 cm�1

assigned to its polarized (strong) stretching. The
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peak at 2094 cm�1 is also assigned to the weak
vibrational stretching of [Cu(CN)3]2�. Finally, the
peak at 2107 cm�1 is assigned to the strong (sym-
metric) vibrational stretching of the latter. Gold
cyanide has only one absorption band, which is
assigned to the peak at 2164 cm�1 (Fig. 6b).

Regarding the eluants, Fig. 7a shows the Raman
spectrum of a 1 mol/L sodium nitrate solution
containing 300–400 mg/L CN�. A first peak at
721 cm�1 is assigned to the bending of the nitrate
ion through alteration of the N–O bond angles. This
assignment shows small intensity (almost negligible)
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Fig. 7. Raman spectra of 1 mol/L NaNO3 (a) and 1 mol/L NaSCN
10.5 ± 0.5.
in aqueous solutions [17]. There is also a strong
peak at 1050 cm�1 [18], whose exact position is
concentration-dependent. In saturated solutions
(�6 mol/L NaNO3), this mode appears at
1052 cm�1 but shifts to lower frequencies for lower
concentrations (1049 cm�1 at 0.5 mol/L NaNO3)
[17]. In addition, Fig. 7b depicts the Raman spec-
trum of a 1 mol/L sodium thiocyanate solution con-
taining 300–400 mg/L CN�. There is a peak at
746 cm�1, assigned to the stretching frequency of
the C–S bond. A second peak is noticed at
2068 cm�1, which is assigned to the vibration of
1200 1400 1600

 (cm-1)
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(b) solutions in the presence of 300–400 mg/L free cyanide. pH
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C–N bond in SCN�. These values are similar to
those observed by Taylor et al. [19] and Sasic
et al. [20], but are slightly lower than those deter-
mined by Rohman et al. [21] who observed that
both the C–N and C–S stretching bands are at
2071 cm�1 and 754 cm�1, respectively. Free cyanide
is not seen in Fig. 7b due to the low intensity of its
absorption band as compared with that of
thiocyanate.

The Raman spectra achieved for the Bayer
AP247 and Purolite A500 resins, loaded with copper
and gold cyanocomplexes, can be seen in Fig. 8. The
stretching frequencies observed at 2070 cm�1 and
2088 cm�1 are ascribed to [Cu(CN)4]3� and a small
peak at 2106 cm�1 corresponds to [Cu(CN)3]2�

loaded in the polyacrylic resin. Gold cyanide
absorbs at 2163 cm�1. The spectra of the cyanocom-
plex-loaded resin shows a shift in the position of the
peaks for the sorbed copper complexes, as com-
pared to those observed in aqueous solutions, simi-
larly to that observed by Leão et al. [22]. The low
intensity of the band observed at 2106 cm�1 sug-
gests that the concentration of [Cu(CN)3]2� in the
resin Bayer AP247 is small. A similar spectra is
observed for the polystyrene resins (Purolite
A500), although a higher intensity of the peak at
2106 cm�1 indicates that this resin presented a
higher concentration of loaded [Cu(CN)3]2� as a
result of its affinity for low charged cyanocomplexes
[12,23], as already discussed.
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Raman Shift 
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Fig. 8. Raman spectra for copper and gold cyanides sorbed on bot
13.8 mgCu/mL-resin and 21.4 mgAu/mL-resin (Bayer AP247) and 31.8
The Raman spectra of the solution produced
during the elution of Bayer AP 247 and Purolite
A500 resins with 1.0 mol/L sodium nitrate and free
cyanide (300–400 mg/L) are depicted in Fig. 9a and
b. The peak at 1050 cm�1 assigned to the stretching
of NO�3 was noticed in the eluate of both resins
(data not shown). The peak at 2164 cm�1 observed
in the spectrum of the loaded polyacrylic resin
(Fig. 9a) is assigned to the complex [Au(CN)2]�.
The latter is not observed in the spectrum of the elu-
ate of the polystyrene resin due to its low gold cya-
nide concentration (Fig. 9b). In addition, for both
resins, the peaks at 2078 cm�1 and 2094 cm�1 corre-
spond to [Cu(CN)4]3� or free cyanide (2078 cm�1),
as the latter is also present in the elution solution.
It must also be stressed that the peak at
2107 cm�1, characteristic of [Cu(CN)3]2�, cannot
be observed in the spectrum of the eluate of Bayer
AP 247, although the complex is present in the
loaded resin (Fig. 8). This behavior can be explained
considering that the ratio between the two copper
complexes ([Cu(CN)4]3� and [Cu(CN)3]2�) is deter-
mined by the free cyanide concentration in the elu-
ant. Fig. 3 shows [Cu(CN)4]3� as the predominant
species at pH 10.0–11.0 in systems containing
400 mg/L (at 25 �C, and I = 1). Therefore, as elu-
tion took place, the loaded [Cu(CN)3]2� (which
has a low concentration on the Bayer resin) was
converted to [Cu(CN)4]3� by the free cyanide pres-
ent in the eluant. This effect is corroborated by the
2150 2175 2200

[Au(CN)2]-

(cm-1)

Purolite A500 

Bayer AP247 

h the Bayer AP247 and Purolite A500 resins. Resin loadings:
mgCu/mL-resin and 15.7 mgAu/mL-resin (Purolite A500).
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Fig. 9. Raman spectra for the column effluent produced during the elution of the Bayer AP247 (a) and Purolite A500 (b) resins with 1 mol/
L NaNO3 and 300–400 mg/L free cyanide. Solution concentrations: 960 mgCu/L and 3200 mgAu/L (Bayer AP247) and 5800 mgCu/L and
65 mgAu/L (Purolite A500).
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intensity of the peak at 2078 cm�1 (Fig. 9a) which
represents the overlapping of the peaks of free cya-
nide and [Cu(CN)4]3�. The presence of free cyanide
in solution can be inferred from the intensity of this
peak. As it is a depolarized peak of [Cu(CN)4]3�, it
should be smaller than the polarized peak of the lat-
ter at 2094 cm�1. Nevertheless, the presence of free
cyanide in solution, results in the peak intensity
observed for the eluate of Bayer AP247 (Fig. 9a).
This phenomenon is not observed for the Purolite
A500 resin (Fig. 9b), as the latter loaded a higher
concentration of [Cu(CN)3]2� (Fig. 8). Therefore,
the peak at 2078 cm�1 (which corresponds to the
intensities of [Cu(CN)4]3� and CN�), does not show
a higher intensity than the one at 2094 cm�1
(assigned to both [Cu(CN)4]3� and [Cu( CN)3]2�),
as observed in the case of the Bayer AP247 resin.

Fig. 10 shows the Raman spectra of the solution
produced during the elution of both the Bayer
AP247 (10a) and Purolite A500 (10b) resins with
1.0 mol/L NaSCN and 300–400 mg/L CN�. The
peak assigned to the C–S bond at 753 cm�1 was
noticed (data not shown) and gold cyanide at
2164 cm�1 can be observed in both spectra. In addi-
tion, for the polyacrylic resin (Fig. 10a), the stretch-
ing band of C„N (SCN�) at 2068 cm�1 overlaps
with that of free cyanide (2078 cm�1) and with the
depolarized stretching of [Cu(CN)4]3� at
2074 cm�1, resulting (as noticed in Fig. 9a) in an
intensity higher than that determined for the polar-
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Fig. 10. Raman spectra for the column effluent produced during
the elution of the Bayer AP247 (a) and Purolite A500 (b) resins
with 1 mol/L NaSCN and 300–400 mg/L free cyanide. Solution
concentrations: 3800 mgCu/L and 5000 mgAu/L (Bayer AP247)
and 32 mgCu/L and 840 mgAu/L (Purolite A500).
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ized stretching of [Cu(CN)4]3�, at 2094 cm�1

(Fig. 10a). Unfortunately, this band could not be
deconvoluted. For the polystyrene (9b) resin only
the band associated with thiocyanate and free cya-
nide is observed, due to the low copper concentra-
tion in this system.

Among the mechanisms whereby elution can be
carried out, one possibility is complex formation
between the adsorbed metal and molecules of the
Table 1
Raman assignments for different species in aqueous solutions

Species Stability
constant, (logb)

[Au(CN)2]� 38.3
[Au(SCN)2]� 17.1
[Cu(CN)3]2� 28.0
[Cu(CN)4]3� 30.0
[Cu(SCN)4]3� 12.0
[Cu(SCN)3]2� 11.6
[Cu(SCN)2]� n.a.
CN� –
SCN� –
NO�3 –

n.a. Not available.
ligand. This approach was used to elute resins
loaded with copper cyanide [24]. In the present
work, as the polystyrene resin was loaded with
[Cu(CN)3]2�, the presence of free cyanide in the elu-
tion solution could have remove the former by its
conversion to [Cu(CN)4]3� (Fig. 9b) accounting
for 33% elution of the loaded copper in that form.
Considering that the polystyrene resin have also
loaded some [Cu( CN)4]3�, which could not be
eluted by free cyanide, complexation with the latter
would have a minor contribution to the elution
mechanism. Furthermore, this effect is not expected
for the polyacrylic resin, since it was loaded mainly
with [Cu( CN)4]3�. Similarly, elution by a complex-
ing mechanism would be also expected during
thiocyanate elution. Thiocyanate is able to complex
both gold and copper. Indeed, it was proposed as a
leaching agent for gold. It is unlikely that thiocya-
nate would replace cyanide, as thiocyanate forms
weaker complexes with both gold and copper
(Table 1). Regardless, the presence of such thiocya-
nate complexes would be observed in the Raman
spectra discussed here. Sodium and potassium salts
of the gold-thiocyanate complex show a strong
band at 2120 cm�1 [25], while the only copper thio-
cyanate complex whose Raman peaks could be
found is [Cu(SCN)2]� that shows two peaks at
2105 cm�1 and 2085 cm�1 [26]. The absence of char-
acteristic bands for [Cu(SCN)2]� at 2105 cm�1 and
[Au(SCN)2]� at 2120 cm�1 (Figs. 9 and 10) corrob-
orates the postulate that the elution does not occur
by complexation with thiocyanate. Nevertheless,
mixed complex formation could take place, espe-
cially in the experimental conditions of the present
work. It has been proposed that the labile cyanide
ion in the complex [Cu(CN)4]3� can be easily
replaced by one SCN� molecule [27] as follows:
Raman bonds (cm�1) Reference

2164 (C„N) [35,36]
2120 (C„N) [25,36]
2094, 2108 (C„N) [35,36]
2078, 2094 (C„N) [35,36]
n.a. [36]
n.a. [36]
2085, 2015 (C„N) [26]
2078 (C„N) [35]
749 (S–C), 2069 (C„N) [20]
721, 1050 [37]
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CuðCNÞ3�4 þ SCN�¡½CuðCNÞ3SCN�3�

þ CN� K ¼ 10�3 ð1Þ

During elution of the Bayer resin, the mixed com-
plex formed in Eq. (1) would not cause copper elu-
tion, since the valence of the mixed complex is
similar to that of [Cu(CN)4]3�, the predominant
copper species in that resin. Nevertheless, it would
also be reasonable that [Cu(CN)3SCN]3� could be
formed by the binding of one SCN� to [Cu(CN)3]2�

(Eq. (2)), increasing the valence of the complex and
as a result, facilitating copper elution from Purolite
A500. The stability of the mixed complex has been
discussed [27] and it was proposed that the equilib-
rium constants for Eqs. (1) and (2) are around 10�3

and 0.2, respectively. Using this value, the concen-
tration of the mixed complex is too small to be re-
garded as a relevant elution mechanism. More
importantly, from a thermodynamic point of view,
the formation of [Cu(CN)4]3� is more feasible than
the formation of [Cu(CN)3SCN]3� (Eq. (2)) i.e. the
[Cu(CN)4]3� concentration would be around 70
times higher than that of [Cu(CN)3SCN]3�. This
reinforces the argument that a mixed complex for-
mation mechanism cannot explain the achieved
results.

CuðCNÞ2�3 þ SCN�¡½CuðCNÞ3SCN�3� K ¼ 0:2

ð2Þ

The results here presented suggest that the main elu-
tion mechanism for both eluants is ion exchange,
where either thiocyanate or nitrate replaces the
loaded cyanocomplexes in the resin as shown in
Eqs. (3) and (4) for gold cyanide.

NO�3þ ‘ AuðCNÞ�2 ¡ ‘ NO�3 þAuðCNÞ�2 ð3Þ
SCN�þ ‘ AuðCNÞ�2 ¡ ‘ SCN� þAuðCNÞ�2 ð4Þ

Where ‘ represents the resin matrix.
It was observed that thiocyanate is a stronger

eluant than nitrate, which is consistent with a pre-
vious work studying gold-thiosulfate [13] and iron,
copper and zinc cyanides elution from the same
type of resins [28]. If the formation of a mixed
complex of either gold or copper cyanides with
thiocyanate does not account for elution behavior,
the different affinities may therefore be ascribed to
the electrostatic interactions between the fixed
ionic groups and the eluant (either SCN� or
NO�3 ). As discussed by Helferrich [29] electrostatic
affinity between the resin and the eluant is the
strongest in those conditions where the distance
between the fixed ionic group and the counter
ion is the smallest. Since both anions are monova-
lent, the key factors determining the electrostatic
affinity by the resin is the hydrated ionic radius
and the polarizability of each anion. Although
the hydrated radius of both species could not be
found, the determination of ionic radius of ionic
melts indicates the values of 1.80–1.90Å [30,31]
and 2.15 Å [32] for nitrate and thiocyanate, respec-
tively i.e. both anions have similar ionic radius.
The same behavior would also be expected in
aqueous solutions. Furthermore, thiocyanate is lin-
ear whereas nitrate is trigonal planar, thus some
steric effects could account for the better perfor-
mance of thiocyanate. More importantly, thiocya-
nate has an estimated isotropic polarizability of
7.7 Å3 [33], by virtue of the C to N triple bond,
which is higher than that determined for nitrate,
4.8 Å3 [34]. All these features will ultimately result
in different activity coefficients for both anions,
which can also explain the different behaviors.
Consequently, thiocyanate exhibits a greater capac-
ity than nitrate to elute metal cyanocomplexes
from the studied resins.

To devise a successful route to either recycle cya-
nide or recover gold applying ion exchange resins,
elution and regeneration must be addressed. As
already stated, ion exchange resins have a strong
affinity for metallic cyanocomplexes, especially
those with polystyrene matrixes. Nevertheless, elu-
tion is quite more difficult and depends on the nat-
ure of the eluant applied, although the different
behaviors observed during elution with saline solu-
tions can be utilized to devise an elution route.
For instance, as 1 mol/L NaNO3 does not remove
gold cyanide from the polystyrene resins, a proce-
dure can be proposed whereby 1 mol/L sodium
nitrate is used to elute copper followed by 1 mol/L
thiocyanate solution to elute gold. Another impor-
tant outcome is the faster elution observed for resins
with polyacrylic matrixes when compared with the
traditional polystyrene ones. For instance, gold
and copper cyanides can be eluted with less than
5 BV by sodium thiocyanate solutions (Bayer AP
247) at 50 �C, whereas, at the same conditions, only
30% gold is eluted from Purolite A500. These figures
should be compared, for instance, with those
observed by Lukey et al. [10] that stated that
16 BV of a 2.0 mol/L potassium thiocyanate were
required to elute gold from the polystyrene resin
Amberjet 4400. From a process point of view, there-
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fore, the results of the present work suggest that a
smaller inventory of saline solutions would be man-
aged when the overall process is designed to use
polyacrylic resins.

4. Conclusions

The results presented in this study show that
thiocyanate and nitrate solutions can be used to
elute polyacrylic- and polystyrene-based ion
exchange resins loaded with copper and gold cyano-
complexes. The feasibility of saline solutions to elute
gold and copper cyanocomplexes from polyacrylic
resins has been confirmed. Thiocyanate solutions
(1 mol/L) can extract both complexes within 5 BV
and achieve extractions higher than 80% for both
metals. Conversely, 1 mol/L nitrate did not elute
gold cyanide; only copper cyanide is extracted from
polysterene resins. In addition, the lower saline solu-
tion inventory, required in an industrial operation
with 1 mol/L saline solutions, would impact posi-
tively the management of these effluents.

Raman spectroscopy has also been used to deter-
mine the metal cyanide speciation onto the resins.
The presence of two copper cyanocomplexes and
gold cyanide on the loaded resins has been
observed. During elution, the complexes of both
metals were also observed in the eluate of both res-
ins. It is proposed that ion exchange is the main
mechanism for elution and that the better perfor-
mance observed with thiocyanate is ascribed to its
higher polarizability, since both anions have the
same charge and similar ionic radius.
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