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Abstract: The adsorption behavior of gold from copper-tartrate-thiosulfate solutions with ion-
exchange resins was studied in this paper. Experimental parameters include resin dosage, pH,
temperature, copper, tartrate, and thiosulfate concentration. A moderate increase in resin dosage,
pH, temperature, and tartrate concentration is beneficial for gold adsorption, but an excessive
tartrate concentration or higher temperature depresses the adsorption process. Increasing copper and
thiosulfate concentrations may competitively occupy the active sites on the resin surface, leading
to a reduction in the gold adsorption capacity. The XPS and FI-IR analyses indicate that copper
and gold on the resin after adsorption mainly exist in the form of Cu* and Au*, and sulfur mainly
exists in the form of SO42~ and S,032~. This implies that the use of resin for gold recovery from
thiosulfate leachate may face critical challenges because there is inevitably a higher content of copper
and thiosulfate.
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1. Introduction

Cyanidation has been used in the gold mining industry for hundreds of years due to
its mature process, relatively low cost, and considerable leaching efficiency. The carbon-
in-pulp or carbon-in-leach (CIP/CIL) as the premier process for gold extraction greatly
promotes the commercial application of gold recovery from cyanide solutions [1]. However,
gold cyanidation has faced critical challenges since the day of its birth because cyanide is
extremely toxic and easily causes ecological and health problems [2,3]. With the growing
awareness and concern about public security and environmental protection, non-cyanide
gold leaching techniques have attracted increasing attention [4,5].

Thiosulfate is one of the most promising substitutes that shows some encouraging
performance in dealing with carbonaceous or copper-bearing gold ores, while the cyanide
process is undesirable to treat these minerals [6,7]. Moreover, thiosulfate is nontoxic and
cost-effective and shows good selectivity toward gold. Without a catalyst, gold dissolution
in thiosulfate solutions is very slow [8]. Copper and ammonia generally act as the leaching
catalyst to accelerate the gold dissolution process. Copper ions serve as the oxidant, while
ammonia works as a stabilizer to prevent copper precipitation in alkaline media. Ammonia
can also act as the complexing agent with aurous ions, accelerating the gold dissolution
process [9-11]. It was reported that gold dissolution in copper-ammonia—-thiosulfate so-
lutions can be described as an electrochemical process [12]. In the anodic area, metallic
gold is oxidized to aurous ions and then complexes with thiosulfate ions to form the
Au(S,03),3~ complex. Meanwhile, the Cu(NHz)42* complex in the cathodic area will be
reduced to the Cu(S,03)3°~ complex. Dissolved oxygen plays a critical role in maintaining
the conversion between the Cu(Il)/Cu(I) redox couple. However, the use of ammonia
greatly restricts the commercial application of thiosulfate because ammonia is unstable
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and easy to volatilize, which may be poisonous to the working environment and life safety.
The threshold limiting value (TLV) for ammonia gas in air is 14 mg/ m3 according to the
standard of MAK 2017, which is classified as similar to that of HCN (15 mg/m?) [13].
Therefore, non-ammonia thiosulfate-based solutions are considered much greener and
more feasible for gold extraction from ores or concentrates [14,15].

The introduction of tartrate or citrate in copper—thiosulfate solution shows some en-
couraging performance in dealing with carbonaceous or sulfide gold minerals [16-18].
The capability of gold leaching in copper-tartrate-thiosulfate solutions is comparable to
that of cyanidation or copper-ammonia-thiosulfate leaching systems, while the consump-
tion of thiosulfate can be significantly reduced. However, a critical issue that should be
considered is the lack of an economical and sustainable gold recovery technique from
copper—tartrate-thiosulfate solutions. It is worth noting that resin adsorption is considered
the most promising method among the various gold recovery techniques, including carbon
adsorption, solvent extraction, electrowinning, and precipitation [19,20]. Adsorption of
gold using ion-exchange resins shows a fast adsorption speed and high gold loading capac-
ity, requires low requirements for the clarity of solutions, and can regenerate at ambient
temperature [21,22]. Dong et al. (2017) summarized the resin adsorption technique for
gold recovery from pregnant thiosulfate solutions and proposed that the current research
about gold recovery using ion exchange resins from pregnant thiosulfate solutions is in
its infancy and a large number of further work is needed to make the recovery technique
more efficient, economical and environmentally friendly [19]. To weaken or eliminate the
competitive adsorption effects of copper (I) thiosulfate complexes and polythionates, one
feasible measure is to minimize their generation during leaching through the elaborate con-
trol of reaction conditions. Another more effective measure is the replacement of traditional
copper-ammonia catalysis with other metals, such as nickel- and cobalt-based catalysts.
Arima (2003) studied the gold recovery from nickel-catalyzed ammonium thiosulfate solu-
tion by strongly basic anion exchange resin [23]. The results indicated that 95 kg-Au/t-resin
can be obtained under the optimal gold loading conditions on a 1 g/dm? strongly base an-
ion exchange resin. The maximum gold recovery by 2.5 mol/dm? ClO;~ was around 98%,
with the stripped resin assayed as 0.2 kg/t Au. Xu et al. (2019) conducted the test of gold
recovery by resin adsorption from cobalt-ammonia-thiosulfate pregnant solutions [24]. The
results demonstrated that the competitive adsorption of cobalt with gold did not occur ow-
ing to the weak affinity of the strong base anion resin for cobalt complex ions. Therefore, the
elution of gold on loaded resin only needs to perform a simple one-stage process instead of
the complex two-stage elution process for the copper-ammonia-thiosulfate system, which
will contribute to reducing the cost of gold recovery from the pregnant solution.

However, to the best of our knowledge, studies on the performance of gold adsorption
from copper—tartrate-thiosulfate solutions by ion-exchange resins have not been reported.
Thus, three different types of ion-exchange resins were selected here for gold recovery from
copper-tartrate—thiosulfate solutions. Effects of experimental parameters, including resin
dosage, solution pH, temperature, and copper, tartrate, and thiosulfate concentration, have
been examined. The XPS and FT-IR analyses were performed to illustrate the adsorption
mechanism of gold thiosulfates onto resins. The potential challenges of using ion-exchange
resins for gold recovery from copper—tartare-thiosulfate solutions are also discussed.

2. Material and Methods
2.1. Materials

Reagents of analytical grade include sodium thiosulfate, sodium tartrate (NayC4H4Og,
henceforward indicated as Na;L), copper sulfate, sodium hydroxide, sulfuric acid, and gold
standard solution, all from Shanghai Chemical Sinopharm Reagent Co. LTD (SCRC, Shang-
hai, China), were used in the tests. The resins (D201, 717, D301) used in these adsorption
tests were of analytical grade and obtained from Tianjin Jinda Zhengtong Environmental
Protection Co., LTD (Tianjin, China). Table 1 shows the main physicochemical properties
of the resins. The D201 and 717 resins belong to strongly alkaline resin, while the D301
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resin is a weakly alkaline resin. The concentration of the standard gold solution and its
acidic matrix was 1000 mg/L. Before each experiment, a certain amount of the sample was
diluted with deionized water to a required concentration of gold for subsequent use. The
lixiviant was prepared with the required content of copper sulfate, sodium tartrate, sodium
thiosulfate, and deionized water. Detailed adsorption conditions were specified for each
experimental session.

Table 1. Some physicochemical properties of the resins.

Resin D201 717 D301
CAS 9050-97-9 9002-24-8 201615-38-5
Type Strongly alkaline Strongly alkaline Weakly alkaline
Functional group [-N(CH3),] [-N(CH3)5] [-N(CH3),]
pH 1-14 1-14 1-9
Particle size
>95% >95% >95%
(0.315-1.25 mm) 2957 295% 2957
2.2. Methods

The resins were conditioned with a 10% HCI solution for 12 h to remove the metal ions
and then washed with deionized water until neutral. Thiosulfate solution was used to dilute
the gold standard solution, and the volume was fixed at 100 mL; the pH of the prepared
gold solution was then adjusted with diluted NaOH to 9.0 to stabilize the Au(S,03),3~
anion [25]. The concentration of gold used in these experiments was 30 mg/L (unless
otherwise specified). Effect of resin dosage (0.10-1.00 g), solution pH (8.5-11.5), adsorption
time (10-360 min), temperature (25-70 °C), concentrations of copper (0.001-0.2 mol/L),
tartrate (0.05-0.4 mol/L), and thiosulfate (0.10-0.50 mol/L) on the gold adsorption process
were systematically studied. Mixing was provided by a thermostatic oscillator at a constant
frequency of 150 rpm/min. A water bath was used to maintain the required temperature.
Solution samples were withdrawn with a set time to determine the gold concentration in
the solutions by atomic adsorption spectrometry (AAS) (AA240FS, Agilent Technologies
Inc, Santa Clara, CA, USA). Fourier transform infrared spectroscopy (FI-IR) was used
to obtain the infrared transmission spectra of the materials, and the data were recorded
in the range of 400-4000 cem ! (Nicolet iS10, Thermo Fisher, Waltham, MA, USA). X-ray
photoelectron spectroscopy (XPS) was performed to study the chemical composition on the
surface of the samples (ESCALAB 250, Thermo Scientific, Waltham, MA, USA).

The adsorption capacity (q) of gold onto the resins was calculated according to the

following equation:
Co—Cy)-V
q = (G=C)-V @

m
where
q; is the adsorption capacity of Au(S,03),>~ at time t,
Cp and C; are the gold concentrations at time 0O (initial) and t, respectively,
V is the volume of the solution,
m is the mass of the resin.
Pseudo-first-order and pseudo-second-order models were conducted to describe the
process of Au(S,03),%~ adsorption.
Pseudo-first-order model:

In(q, —q;) =Inq, —k; -t )
Pseudo-second-order model:
t 1 t

— =t — ©)
% kg’ g
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where

ge and q; are the Au(S,03),3 adsorption at equilibrium and time t,
k; and k; are adsorption rate constants.

3. Results and Discussion
3.1. Adsorption Kinetics

Three basic ion-exchange resins (D201, 717, D301) were selected for the comparative
test of the adsorption of gold from copper—tartrate—thiosulfate solutions, and the results
are shown in Figure 1. It is clear that the capacity of gold adsorption onto resins increases
with increasing time in the initial stage of adsorption. Peak adsorption was observed at an
adsorption time of approximately 180 min, and then the gold adsorption process reached a
steady state, indicating that the equilibrium adsorption of gold onto resins was basically
established. Moreover, the performance of gold adsorption using D201 resin is much more
pronounced than that of the 717 and D301 resins. The equilibrium gold adsorption capacity
of the Au(S;03),°~ complex following 180 min on D201 resin reaches up to 159 mg/g,
which is higher than that of 717 and D301 resins with 9.7 mg/g and 5.8 mg/g, respectively.
Thus, D201 resin was selected for the subsequent adsorption tests.

18
[ —=u
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—A
—&— D201 resin
—&— 717 resin
—4A— D301 resin

0 | | | | | | | | | | | |
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Figure 1. Kinetics of gold adsorption with three ion-exchange resins (initial Au 100 mg/L, 0.3 mol/L
$,03%7,0.05 mol/L Cu?*, 0.1 mol/L L?>~, pH = 11.5, 25 °C, and 0.5 g resin).

3.2. Effect of Resin Dosage

Figure 2 illustrates the effect of the resin dosage on gold adsorption performance. The
capacity of gold adsorption on resins increases with increasing adsorption time. The rate
of gold adsorption onto the resins is very fast in the initial 30 min, and then the amount
of gold adsorption increases slightly with the extended time. When the adsorption time
exceeds 30 min, however, the gold adsorption rate gradually decreases. The adsorption
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process basically attains equilibrium after 180 min, and the amount of adsorbed gold on
the resins tends to be stable.
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Figure 2. Effect of the resin dosage on gold adsorption performance (initial Au 100 mg/L, 0.3 mol/L
$,03%7,0.05 mol/L Cu?*, 0.1 mol/L L?>~, pH = 11.5, and 25 °C).

It is noted that the total amount of adsorbed gold in the resins increases with the
increasing amount of resin, but the amount of gold per unit mass of the resin gradually
decreases. When the initial amount of resin was 0.10 g, the amount of adsorbed gold in the
resin reached 15.0, 21.0, and 25.5 mg/g after adsorption for 30, 60, and 180 min, respectively.
However, when the resin mass was 1.00 g, the gold content of the resin was 6.45, 7.75, and
9.10 mg/g following adsorption for 30, 60, and 180 min, respectively. The results indicate
that increasing the amount of resin is beneficial to the adsorption of gold in the solutions,
but excessive resin may adsorb more impurities from the solutions, which may affect the
eluent process and increase the operation cost [19]. Thus, a suitable amount of 0.5 g resin
was used for the subsequent adsorption tests.

Table 2 summarizes the parameters fitted to pseudo-first-order and pseudo-second-
order adsorption kinetic models. The results indicate that the pseudo-second-order kinetic
model exhibits a higher linear correlation (R? = 0.985) for the gold adsorption kinetics than
the pseudo-first-order kinetic model. Moreover, the equilibrium gold adsorption capacity
of the Au(S,03),3~ complex on resins was 17.27 mg/g according to the fitted line (Figure 3)
when the resin was 0.50 g, which is closer to the experimental result of 16.20 mg/g.

Table 2. Parameters related to pseudo-first-order and pseudo-second-order kinetic models.

9e (mg/g)
Calculated  Experiment

Pseudo-first-order 100 0.839 8.69 16.20
Pseudo-second-order 100 0.985 17.27 16.20

Kinetics Model Concentration of Gold (mg/L) R?
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Figure 3. Pseudo-second-order kinetic model for gold adsorption onto D201 resin (initial Au
100 mg/L, 0.3 mol/L $,032~, 0.05 mol/L Cu?*, 0.1 mol/L L?~, pH = 11.5, 25 °C and 0.5 g resin).

3.3. Effect of the Composition of Solutions
3.3.1. Effect of Solution pH

Figure 4 shows the effect of solution pH on gold adsorption from copper—tartrate-thiosulfate
solutions. The capacity of gold adsorption dramatically increases with increasing solution
pH from 8.5 to 10.5 and then slightly increases with a continuous increase in solution pH
to 11.5. The adsorbed gold on resin increases with increasing adsorption time over the
entire range studied. The gold adsorption capacity of the Au(S,03)23~ complex on D201
resin reached 3.5, 6.4, 9.3, and 9.9 mg/g following 360 min adsorption when the initial
solution pH was 8.5, 9.5, 10.5, and 11.5, respectively. Apparently, the performance of gold
adsorption is more encouraging under strongly alkaline conditions with the D201 resin.

12
—m— pH=8.5
—o— pH=9.5
10 A pH=10.5
- —vprZII.Sv

0 60 120 180 240 300 360 420 480 540

time/(min)

Figure 4. Effect of solution pH on gold adsorption performance (initial Au 30 mg/L, 0.3 mol/L
$,0327,0.05 mol /L Cu?*, 0.1 mol /L L>~, 25 °C and 0.5 g resin).



Metals 2023, 13, 1443

7 of 13

3.3.2. Effect of Temperature

Figure 5 illustrates the effect of temperature from 25 °C to 70 °C on the gold adsorption
performance. In the first 60 min, the capacity of gold adsorption onto resins increases with
increasing temperature. However, when the adsorption time exceeds 60 min, the adsorbed
gold in the resins gradually increases until 540 min with the temperature at 25 and 40 °C
but rises just a little more and reaches a plateau with the temperature at 55 and 70 °C. This
shows that the resin adsorption process of the gold thiosulfate complex is an endothermic
process; however, high temperatures may accelerate the decomposition of thiosulfate. The
sulfur-bearing species may competitively occupy the active site of the resin with gold,
resulting in a decline in the adsorbed gold. This shows that the D201 resins also readily
adsorb other undesirable anions, such as S3042~, S406%~, SO32~, 5,032, and SO4%~, and
consequently show poor selectivity for the Au(S,03),3~ complex [19]. The gold adsorption
capacity toward the resins was 9.9, 10.6, 8.2, and 7.6 mg/g following 360 min adsorption
when the temperature was 25, 40, 55, and 70 °C, respectively. The presence of these
competitive anions will greatly decrease the gold loading capacity of the resins.

12
—a—25°C
—e—40°C
0F A 550C

—v—70°C

q/(mg/g)

ob— v v vy
0 60 120 180 240 300 360 420 480 540

time/(min)

Figure 5. Effect of temperature on gold adsorption performance (initial Au 30 mg/L, 0.3 mol/L
$,032~,0.05 mol/L Cu?*, 0.1 mol/L L2~ pH=115and 0.5 g resin).

3.3.3. Effect of Copper Concentration

Copper ions play a key role in accelerating the gold dissolution process, and there is
inevitably a higher copper ion concentration than that of gold in the solutions [3]. Thus, it is
necessary to consider the effect of copper ions on the gold adsorption performance, and the
results are shown in Figure 6. The gold adsorption capacity on the resins increases with an
increase in adsorption time and then attains a steady state but significantly decreases with
an increasing copper concentration in the range from 0.001 mol/L to 0.200 mol/L. Copper
ions can also oxidize thiosulfate to tetrathionate (S,04?~), which may further oxidize to
S3042~, 5032~ and SO4%~, as shown in Equations (4)—(7). Meanwhile, copper ions will be
reduced to cuprous ions, and the Cu(S,03)3°~ complex is the dominant form of cuprous
ions. The adsorption capacity of the resins toward the gold thiosulfate complex reached
13.9, 11.8, 9.9, and 5.4 mg/g following 360 min of adsorption when the initial copper
concentration was 0.001, 0.010, 0.050, and 0.200 mol/L, respectively.
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Figure 6. Effect of copper concentration on gold adsorption performance (initial Au 30 mg/L,
0.3 mol/L S,03%2~, 0.1 mol/L L2~, pH = 11.5, 25 °C and 0.5 g resin).

Probably, the copper- or sulfur-bearing species may competitively occupy the active
sites on the surface of the resin, resulting in a reduction in the gold adsorption capacity. In
addition, although the affinity of the resin for the Cu(S,03)3°~ anion is weaker than that
for the Au(S;03),3~ anion, the concentration of the Cu(S;03)3°~ anion is much higher than
that of the Au(S,03),%~ anion in copper—tartrate—thiosulfate solutions [19]. As a result, the
simultaneous loading of a considerable amount of copper with gold on the resins has be-
come one of the primary factors affecting gold recovery from pregnant thiosulfate solutions.

2Cu?" + 85,0327 = 2Cu(S,03)3° + 54062~ (4)
45,04%" + 60H~ =55,03>" +25304%~ + 3H,0 (5)
255042~ + 60H ™ =S,05% + 45052~ + 3H,0 (6)
$,052” +20H™ =50, +$*~ + H,0O 7)

3.3.4. Effect of Thiosulfate Concentration

Thiosulfate is the only complexing agent for aurous ions, which provides the driving
force for gold dissolution in copper—tartrate-thiosulfate solutions [26]. Figure 7 illustrates
the effect of thiosulfate concentration on gold adsorption performance. The rate of resin
adsorption toward the gold thiosulfate complex is very fast in the first 60 min and then
slightly increases with prolonged adsorption time. Increasing the thiosulfate concentration
provides the driving force for gold leaching, thus accelerating the gold dissolution pro-
cess [12]. However, excessive thiosulfate content may depress the gold adsorption process
because thiosulfate ions can also competitively occupy the active sites on the surface of
resin [3]. The equilibrium adsorption capacity of the resins toward the gold thiosulfate
complex reached 10.5, 9.9, and 8.3 mg/g following 360 min of adsorption when the initial
thiosulfate concentration was 0.1, 0.3, and 0.5 mol/L, respectively. These results indicate
that thiosulfate ions may have a great impact on the equilibrium loading of gold.
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Figure 7. Effect of thiosulfate concentration on gold adsorption performance (initial Au 30 mg/L,
0.05 mol/L Cu?*, 0.1 mol/L L>~, pH = 11.5, 25 °C and 0.5 g resin).

3.3.5. Effect of Tartrate Concentration

Tartrate does not participate in the gold dissolution process directly but works as
a copper ligand to prevent copper precipitation in alkaline media [26]. Figure 8 shows
the effect of tartrate concentration on gold adsorption performance. The adsorption ca-
pacity of the resins toward the gold thiosulfate complex was 8.1,9.9,11.1, and 9.0 mg/g
following 360 min of adsorption when the initial tartrate concentration was 0.05, 0.1, 0.2,
and 0.4 mol/L, respectively. A moderate increase in tartrate concentration is beneficial for
the gold adsorption, but excessive tartrate depresses the adsorption process. Increasing
the tartrate concentration can effectively complex with copper ions (Equation (8)) and
then eliminate the occurrence of side reactions and cause a reduction in sulfur-bearing
species content. Therefore, the effect of decomposition products on the adsorption of
gold thiosulfates with resin can be obviously reduced. However, excessive tartrate may
competitively occupy the active sites on the surface of the resin, leading to a reduction in
the gold adsorption capacity.

Cu®* +2L% +40H™ = Cul,H.4% +4H,0 (8)
12
A
10 - ®
[ ]
8 -
| ]

q/(mg/g)
-

—a— (.05mol/L L*

4+
—e— (.10mol/L L*
—A— (0.20mol/L L>”
2 —v— 0.40mol/L L>~
O N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1
0 60 120 180 240 300 360 420 480 540

time/(min)

Figure 8. Effect of tartrate concentration on gold adsorption performance (initial Au 30 mg/L,
0.05 mol/L Cu?*, 0.3 mol/L S,032~, pH = 11.5, 25 °C and 0.5 g resin).
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3.4. Characterization of the Resin
3.4.1. FT-IR Analysis

Figure 9 shows the FT-IR analysis of the resin. The peaks at approximately 1490 cm !,
1631.5 cm~1, 2920 cm 1, and 3246 cm~! were related to the benzene ring skeleton, C=C,
-CHjy, and N-H stretching vibrations, respectively. Some new infrared peaks were present in
the resin at 1230 cm 1, 1116 cm ™!, and 1015 ecm 1, which belonged to the sulfonic acid S=O
asymmetric stretching peak, sulfonic acid S=O symmetric stretching peak, and sulfonate
5=0 symmetric stretching peak. This shows that the functional groups of the D201 resin
and thiosulfate or sulfate in the solutions may have a chemical reaction to generate a new
sulfonate functional group.

45
40

N (a) 40

35
30

30
1230 1015

3426

25

Transmissivity/(%)

25

Transmissivity/(%)

20 20

3426 i

15 . \ L L ) .
1s L L L L L L
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers/(cm ") Wavenumbers/(cm ')

Figure 9. FT-IR spectra of the resin (a) before adsorption and (b) after adsorption (initial Au 30 mg/L,
0.05 mol/L Cu?*,0.20 mol/L L?~, 0.3 mol/L $,032~, pH = 11.5, 25 °C and 0.5 g resin).

3.4.2. XPS Analysis

Figure 10a illustrates the full XPS spectra of the resin. New peaks of Cu 2p, Au 4f, and
S 2p were present on the resin surface after adsorption. It is noted that the peaks of Cu?*
2p1/2and Cut 2p1/2, and Cu?* 2p3/2 and Cu* 2p3/2 are very close; therefore, it is difficult
to distinguish Cu?* from Cu* directly by the binding energy of Cu 2p peaks. Severino
et al. [27] studied the locations of different binding energies of Cu?*, Cu*, and Cu® under
X-ray photoelectron spectroscopy, and their results showed that the characteristic satellite
peak of Cu®* 2p was in the range of binding energies from 938 eV to 945 eV. However,
no obvious characteristic peak of divalent copper was observed (Figure 10b). Moreover,
Hayez et al. [28] proposed that the Cu?*, Cu*, and Cu" peaks can be distinguished by
satellite peaks of Cu 2p presented in the range of 940 eV to 945 eV. Thus, it proves that
Cu mainly exists in the form of Cu* on the resin [21]. Figure 10c shows that there are
two obvious peaks at binding energies of 88.29 eV and 84.55 eV. According to the analysis
results of Deutsch et al., [29] the photoelectron peaks at the 4f 5/2 and 4f 7/2 levels of Au*
correspond to binding energies of 88 eV and 84 eV, respectively. Therefore, it is proven that
Au exists in the form of Au* on the resin surface. The peaks of S 2p appear at 167.7-168.9 eV
and 162.9-164.2 eV, which are likely derived from SO42~ and S,032~ [30]. The results show
that sulfur mainly exists in the form of SO42~ and S,032~ on the resin surface. The peaks
of O 1 s shown in Figure 10e at approximately 532 eV, 531 eV, and 530 eV correspond to
the electron binding energies of C-O-, C=0, and O?~, respectively [31]. The O 1 s electron
binding energy is between 531.5 eV and 533.6 eV, and its value depends on the type of
organic groups and their chemical environment. Moreover, the peaks of C 1 s shown in
Figure 10f at approximately 285 eV, 286 eV, and 287 eV correspond to the binding energy of
C, C-O-, and C=0, which is consistent with the results of Terzyk et al. [32] These results
indicate that oxygen- or carbon-containing groups in the resin have no significant change
after adsorption.
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Figure 10. XPS spectra of (a) full spectrum, (b) Cu 2p, (c) Au4f, (d) S2p,(e) O1s,and (f) C 1s of the
resin (initial Au 30 mg/L, 0.05 mol/L Cu?*, 0.20 mol/L L2~, 0.3 mol/L S,03%~, pH = 11.5, 25 °C and
0.5 g resin).

4. Conclusions

The adsorption behavior of gold from copper-tartrate—thiosulfate solutions with
ion-exchange resins has been investigated in this paper. The main conclusions can be
summarized as follows:
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(1) The gold adsorption capacity with the D201 resin is much higher than that of
the 717 and D301 resins under experimental conditions. A considerable gold adsorption
capacity of 25.5 mg/g was achieved with an initial concentration of 100 mg/L gold at an
initial pH of 11.5 and 25 °C following adsorption for 180 min.

(2) The adsorption kinetics of the gold thiosulfate complex onto D201 resin conform to
the pseudo-second-order model, indicating that gold adsorption may belong to a chemical
reaction process. Under the experimental conditions, a moderate increase in resin dosage,
pH, temperature, and tartrate concentration is beneficial for gold adsorption, but excessive
tartrate concentration or higher temperature depresses the adsorption process.

(3) XPS and FT-IR analyses indicate that copper and gold on the resin after adsorption
mainly exist in the form of Cu* and Au*, and sulfur mainly exists in the form of SO4>~ and
$,052~. Increasing the copper and thiosulfate concentrations may competitively occupy the
active sites on the surface of the resin, leading to a reduction in the gold adsorption capacity.

(4) These results indicate that the use of ion-exchange resins for gold recovery with
copper—tartrate-thiosulfate solutions may face critical challenges because there is inevitably
a higher content of copper and thiosulfate.
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