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Abstract: The adsorption behaviors and mechanisms of gold from thiosulfate solution on strong-base anion exchange
resin were systematically investigated. The comparison experiment of adsorption ability and selectivity for gold showed
that gel Amberlite IRA-400 resin with Type I quaternary ammonium functional group had better adsorption
performance. The increases of resin dosage, ammonia concentration and solution pH were favorable to gold adsorption,
whereas the rises of cupric and thiosulfate concentrations were disadvantageous to gold loading. Microscopic
characterization results indicated that gold was adsorbed in the form of [Au(S;03).]*~ complex anion by exchanging
with the counter ion Cl in the functional group of the resin. Density functional theory calculation result manifested that
gold adsorption was mainly depended on the hydrogen bond and van der Waals force generated between O atom in
[Au(S205),]*" and H atom in the quaternary ammonium functional group of the resin.
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[18,19] and thiosulfate [20,21]. Among them,
thiosulfate is widely considered the most promising
because of its advantages of non-toxic reagent,

1 Introduction

Gold is widely used in electronics, chemical,
aerospace, medical, national defense and other
fields [1-3]. Cyanidation has long been dominant in
gold extraction due to its advantages of mature
process and low cost [4,5]. However, cyanide is
highly toxic, and the treatment of cyanide-
containing waste water and waste residue puts great
environmental pressure on gold enterprise [6—9]. In
addition, the method is generally ineffective for
gold extraction from refractory gold ore containing
carbon and copper [10,11]. Therefore, the
development of non-cyanide gold extraction
method is a general trend.

At present, the main non-cyanide gold
extraction methods include thiourea [12,13],
chloride [14,15], thiocyanate [16,17], glycine

quick leaching rate, weak corrosivity to equipment
and being insensitive to impurities such as carbon
and copper [22]. Nevertheless, numerous studies
have shown that it is difficult to recover gold
from thiosulfate solution due to the simultaneous
existence of many kinds of metal ions (Au and Cu)
and ligands (S,03 ", NH; and OH") [23,24].
Precipitation [25], electrodeposition [26],
solvent extraction [27], photocatalytic reduction
[28], activated carbon adsorption [29], mesoporous
silicon adsorption [30] and resin adsorption [31]
are the primary methods of gold recovery from
thiosulfate solution. Nevertheless, precipitation
has the disadvantages of high metal powder
consumption, low gold product purity and difficult
barren solution recycling [32]. Electrodeposition
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suffers from low current efficiency, high energy
consumption and low product purity [33]. Solvent
extraction is generally suitable for treating clarified
solutions with high gold concentration, and the
selective extraction of gold is also difficult [34].
The particle size of the used molybdenite material
in photocatalytic reduction is nanoscale, leading to
the difficulty of subsequent solid—liquid separation
[35]. Activated carbon has extremely low affinity
for [Au(S20:3):]* and thus it is unsuitable for
recovering gold from thiosulfate solution. The
gold-loading capacity of modified activated carbon
is evidently improved, but toxic modification
reagents are used [36]. Mesoporous silicon has high
gold-loading capacity, but its particle size is also
small and thus the solid—liquid separation is
difficult. In addition, Na* exhibits serious negative
effect on gold adsorption, which means that only
the much more expensive (NH4)2S,03 rather than
cheap Na;S;0; can be used in gold leaching,
therefore greatly increasing the gold extraction
cost [37].

Compared with the above methods, resin
adsorption is a better choice owing to its fast
adsorption speed, high loading capacity, low
requirements on the solution clarity and easy
solid—liquid separation [1]. However, previous
studies were mainly focused on the difference of
gold-loading capacity among different types of
resins [20], and there has been less systematic study
on the key factors affecting gold adsorption such
as cupric, ammonia, thiosulfate and solution pH.
Furthermore, little research has been performed on
the mechanism of gold adsorption on the resin such
as the gold adsorption form, adsorption force and
action atom. The above problems hinder the
application of resin adsorption method for gold
recovery from thiosulfate solution.

In this study, the adsorption behaviors and
mechanisms of gold from thiosulfate solution on
strong-base anion exchange resin were deeply and
systematically researched. First, a suitable resin was
selected from several typical gold adsorption resins
based on their differences of adsorption ability and
selectivity for gold. Then, the effects of resin
dosage, solution pH and concentrations of cupric,
ammonia and thiosulfate on gold adsorption were
systematically ~ studied.  Finally, microscopic
characterization and density functional theory
(DFT) calculation were adopted to deeply explore

the mechanism of gold adsorption on the resin.
Especially, the prevailing DFT method was adopted
to reveal the gold adsorption mechanism at the
atomic level. The research result will effectively
promote the industrial application of thiosulfate
process for gold extraction.

2 Experimental

2.1 Material and reagents

Weak-base resins have low gold-loading
capacities when they are used for recovering gold
from thiosulfate solution [21]. Thus, four typical
strong-base resins were selected in this study and
their appearances are shown in Figs.S1 in
Supporting Information (SI), and their main
physicochemical properties are displayed Table 1.
Amberlite IRA-400 and Amberlite IRA-410 were
gel resins that were yellow and milky white
transparent spherical particles, whereas Amberlite
IRA-900 and Amberlite IRA-910 resins were
macroporous resins which were light yellow and
milky white opaque spherical particles. In addition,
the two gel/macroporous resins had the same
loading capacity but different types of quaternary
ammonium functional groups, as presented in
Figs. S2 in SI.

Table 1 Main physicochemical properties of four
strong-base anion exchange resins

Functional Loading capacity/

Resin Type group (meg'mL™)

Amberlite Gel Ti’p cl 14

IRA-400 ¢ quaternaty :
ammonium

Amberlite - ) Ta?ejfng 1.4

IRA-410 quaternaty :
ammonium

Amberlite Macropor ngriell 1.0

IRA-900 croporous ~ quaternary .
ammonium

Amberlite Macroporous l;}ilearenlal 1.0

IRA-910 porous - quaternary :
ammonium

2.2 Experimental methods

Unless otherwise noted, for each adsorption
experiment, 200 mL simulated thiosulfate solution
was prepared and its initial compositions are as
follows: [Au] 20 mg/L, [Cu*"] 0.02 mol/L, [NHs]
1 mol/L and [S203] 0.2 mol/L. First, 2 mL HAuCls
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solution ([Au] 2 g/L) was transferred into a 300 mL
beaker and the pH was regulated to be 6—7 with
0.5 mol/L NaOH solution. Then, 9.928 g Na,S,0s-
5H,O was added to react with [AuCls]” to form
[Au(S20:)2]* complex. Meanwhile, 1 g CuSO4-5H,O
and 15 mL NH3-H,O were successively added into
another beaker to generate [Cu(NH;3)4]*" complex.
Finally, [Au(S20:):]*" and [Cu(NH;)4]** solutions
were mixed to prepare synthetic thiosulfate solution
whose pH was adjusted to be 11.0 with 1 mol/L
H>SO;4 solution. At the beginning of the adsorption
test, 0.5 g resin was added into the solution which
was then agitated at 300 r/min with magnetic stirrer
at 25 °C. 0.5 mL solution was regularly taken out
during the adsorption to detect the gold and copper
concentrations for drawing adsorption curves.

2.3 Analytical methods

The gold and copper concentrations in
solutions were detected by an inductively coupled
plasma optical emission spectrometer (ICP-OES,
Optima 5300DV, PerkinElmer, USA). The surface
composition and morphology of the resins were
characterized with an scanning electron microscope
(SEM, MIRA3 LMS, TESCAN Brno,s,r.0., Czech
Republic) equipped with an energy dispersive
spectroscope (EDS, Xplore30, Oxford Instruments).
The Fourier transform infrared spectroscopy (FTIR,
Nicolet iS50, Thermo Fisher Scientific, USA) was
utilized to characterize the resins. The spectra were
recorded in the 4000—400 cm™ region on samples
dispersed in KBr. The chemical composition and
accompanying changes of valence state on surface
of the resins were identified through an X-ray
photoelectron  spectrometer (XPS, ESCALAB
250Xi, Thermo Fisher Scientific, USA). DFT
calculation was carried out using Gaussian 16
program at B3LYP/6-311+G(d) level with
DFT-D3 corrections, and wave function analysis
was performed with Multiwfn 3.6 program [38].

3 Results and discussion

3.1 Resin selection
3.1.1 Adsorption ability for gold

To obtain the suitable resin for gold adsorption,
the adsorption abilities of four resins for gold
in the thiosulfate solution were compared. The
compositions of the used simulated solution were:
[Au] 20 mg/L, [Cu*7] 0.02 mol/L, [NH;] 1 mol/L,

[S2037] 0.2 mol/L and pH 11.0. The resin dosage
was 2.5 g/L, and the results are shown in Fig. 1. As
displayed in Fig. 1(a), the gold concentrations in
residual gold-containing solutions first decreased
with the increase of adsorption time and the decline
extent of gold concentration was the largest for
Amberlite IRA-400 resin, indicating its fastest
adsorption rate. However, when the adsorption
time was beyond 60 min, the gold concentrations
basically stopped falling, because the limited active

(a)

[\®}
[e=]
T

—a— Amberlite IRA-400
—e— Amberlite IRA-410
—a— Amberlite IRA-900
—v— Amberlite IRA-910

—
W
T

Gold concentration/(mg-L™")
=

5+
O -
0 20 40 60 8 100 120
Adsorption time/min
b
100 (®)

80

60 -

—a— Amberlite IRA-400
—o— Amberlite IRA-410
—A— Amberlite IRA-900

Gold adsorption rate/%
N
S

207 —v— Amberlite IRA-910
0 L
0 20 40 60 80 100 120
Adsorption time/min

8r(©
% 6
=
E
S 4r
g
) —=— Amberlite IRA-400
S 2t —o— Amberlite IRA-410
8 —A— Amberlite IRA-900
% —¥— Amberlite IRA-910
O 0

6 210 4l() 610 8I0 160 12I0
Adsorption time/min

Fig. 1 Variations of gold concentration (a), adsorption

rate (b) and loading amount (c) with adsorption time for

four resins
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site of the resin was completely occupied by the
anions in the solution.

There were slight increases in the gold
concentrations after 80 min, meaning that some of
the gold on the resins was returned to the solution.
This may be because that this part of adsorbed
gold was displaced by high concentration of
polythionates (mainly S;0; and S40F) originated
from the gradual oxidation of S,0; by
[Cu(NH;3)4]** with the augmented adsorption
time [21]. Correspondingly, the gold adsorption rate
and loading amounts of four resins rose with time
and achieved the highest points at 80 min, after
which they descended slightly, as presented in
Figs. 1(b, c). Based on the above results, Amberlite
IRA-400 resin possessed the strongest adsorption
ability for gold.

3.1.2 Adsorption selectivity for gold

For thiosulfate leaching of gold, cupric ion is
generally added to promote gold dissolution. Also,
copper-containing associated minerals can be
inevitably dissolved during leaching. Thus, copper
ion concentration is usually high for the actual
thiosulfate solution, and part of the them exists as
[Cu(S203)3]°. It is well-known that both copper and
gold are Group IB elements which have the same
numbers of outermost electron and are chemically
similar. As the center atom for forming
[Cu(S205)3]° and [Au(S»05)2]*" complexes, copper
and gold have the same charge of plus one and
electron configuration. Also, they have the same
S,03 ligand and S coordinating atom. Thus, the two
complexes have similar geometry configuration.
Moreover, the adsorption reaction of [Cu(S,03)3]°"
and [Au(S:0:)2]* on the resin occurs between O
atom in S,0; of the two complexes and H atom in
the quaternary ammonium functional groups of the
resin. Therefore, [Cu(S205):]> and [Au(S:05)2]*"
have similar adsorption property. Based on the
above analysis, [Cu(S;0;3);]>" has similar physico-
chemical properties with [Au(S205),]*", and thus it
can compete with gold for active sites of the resin.
Therefore, the adsorption of four resins for copper
was also considered.

As exhibited in Figs. 2(a—c), the adsorption
rules of copper were similar to those of gold for
four resins, i.e., as the adsorption proceeded, the
copper concentrations in residual gold-containing
solutions first decreased to the lowest values and
then increased gradually, and the adsorption rates
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Fig. 2 Variations of copper concentration (a), adsorption

rate (b) and loading amount (c) with adsorption time for

four resins

and loading amounts showed the adverse trend.
Among the four resins, Amberlite IRA-400 resin
had the strongest adsorption ability for copper.
Compared with Fig. 1, the copper adsorption rate
was much lower than that of gold, because only a
small part of copper in the solution occurred as
[Cu(S205);]° anion, and most of the copper existed
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as [Cu(NH3)4]*" cation that could not be adsorbed.
However, the copper loading amount was larger
than that of gold since compared with [Au(S:05)2]*,
[Cu(S205)3]° concentration was higher due to its
evidently higher initial concentration. Furthermore,
the decreases of adsorption rates and loading
amount of copper were more pronounced, because
the affinity of the resin for [Cu(S.03);]> was
weaker than that for [Au(S20s)2]*", and thus it is
easier for the adsorbed copper to be replaced.

Selectivity coefficient [39], the ratio of
distribution coefficient, K4 (Eq. (1)), was used to
quantify the selectivity of four resins for gold
adsorption:

K4 {2—“—1}% (1)

€

where Cp is the initial gold/copper concentration,
mg/L; C. is the gold/copper concentration after
adsorption equilibrium, mg/L; V is the solution
volume, mL; M is the mass of the resin, g. As
indicated in Table 2, the selectivity coefficients of
four resins were all greater than 1, so they were all
selective for gold adsorption. Nevertheless, the
selectivity coefficient of Amberlite IRA-400 resin
achieved 203.8, which was much higher than that
of the remaining three resins. Therefore, Amberlite
IRA-400 resin had the best selectivity for gold
adsorption. Based on the above results of
adsorption ability and selectivity of four strong-
base resins, Amberlite IRA-400 resin possessed the
optimal adsorption ability and selectivity for gold,
and thus it was used to study the behaviors and
mechanisms of gold adsorption.

The reason that Amberlite IRA 400 resin
exhibited the optimal adsorption performance for
gold in thiosulfate solution can be explained as
follows. First, the loading capacity of Amberlite
IRA 400 and Amberlite IRA 410 resins was
1.4 meq/mL that was higher than that (1.0 meg/mL)
of Amberlite IRA 900 and Amberlite IRA 910
resins. This indicated that Amberlite IRA 400 and
Amberlite IRA 410 resins had more active sites for
gold adsorption, i.e., their theoretical gold loading
amounts were higher, which was supported by
the experimental result in Table 2. Furthermore,
compared with Amberlite IRA 410 resin, Amberlite
IRA 400 resin had better selectivity for gold, which
might be because its pore radius was closer to
the size of [Au(S203).]*", making it easier for

[Au(S20;:)2]* to diffuse from the pore in the resin
surface into its interior.

Table 2 Experimental results of gold adsorption by four
resins

0533;222321 / Distribution Selectivi
: - coefficient  Selectivity
Resin (mg-L™") coefficient
Gold Copper  Gold Copper
Amberlite
IRA-400 1.4 1201 5.3  0.026 203.8
Amberlite
IRA-410 2.5 1207 2.8 0.024 116.7
Amberlite
IRA-900 4.7 1216 1.3 0.021 61.9
Amberlite
IRA-910 5.7 1221 1.0 0.019 52.6

For the resin loaded with copper and gold, the
selective pre-desorption of copper could be realized
using NH3'H20+(NH4)QSO4 or (NH4)ZSZO3 solution,
during which gold was not desorbed. After that, the
gold on the resin could be efficiently desorbed with
the mixed solution of Na;SO; and NaCl.

3.2 Behaviors of gold adsorption on resin
3.2.1 Effect of resin dosage

The effect of resin dosage on gold adsorption
is presented in Fig. 3. When the resin dosage was
1 g/L, the gold concentration initially decreased
rapidly. However, when the adsorption time was
beyond 30 min, the adsorption curve basically
remained steady, indicating that the resin no longer
absorbed gold. With small dosage, the active sites

25

20+

Gold concentration/(mg-L™")

0 20 40 60 80 100 120
Adsorption time/min

Fig. 3 Effect of resin dosage on gold adsorption (Solution
compositions: [Au] 20 mg/L, [Cu?'] 0.02 mol/L, [NHs]
1 mol/L, [S20357] 0.2 mol/L and pH 11.0)
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of the resin were quickly occupied by the anions
such as [Au(S:03):]%, [Cu(S:05):]° and S,07 in
the solution, and the adsorption quickly reached the
saturation. With the increase of resin dosage, the
decrease rate of gold concentration accelerated.
This indicated that the gold adsorption performance
was improved, which was attributed to the increase
of active sites for gold loading. After adsorption for
120 min at the resin dosage of 3 g/L, the gold
concentration dropped from initial 20 to 0.56 mg/L.
The above results showed that the increase of resin
dosage was beneficial to gold adsorption.
3.2.2 Effect of cupric concentration

The effect of Cu?" concentration on gold
adsorption is shown in Fig. 4. When the Cu?"
concentration was 0.01 mol/L, gold concentration
declined rapidly, i.e., the adsorption rate was quick.
After 60 min, the gold concentration decreased to
9.59 mg/L. With the prolongation of adsorption
time, the gold adsorption was not -effectively
improved, and absorption equilibrium achieved
basically. As Cu*" concentration augmented, the
decrease rate of gold concentration became slower,
which was ascribed to the increase of the
concentration of [Cu(S203);]°" impurity anion that
can compete with [Au(S,0s);]*". After adsorption
for 120 min at 0.03mol/L Cu*, the gold
concentration only descended to 14.68 mg/L. The
above results showed that the increase of Cu?'
concentration was unbeneficial to gold adsorption.
3.2.3 Effect of ammonia concentration

The effect of NH3; concentration on gold
adsorption is shown in Fig. 5. As NH3 concentration
increased from 0.5 to 2 mol/L, the decrease rate of
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Fig. 4 Effect of Cu®" concentration on gold adsorption
(Solution compositions: [Au] 20 mg/L, [NH3] 1 mol/L,
[S203710.2 mol/L and pH 11.0)
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Fig. 5 Effect of NHj concentration on gold adsorption
(Solution compositions: [Au] 20 mg/L, [Cu®*]
0.02 mol/L, [S>05] 0.2 mol/L and pH 11.0)

gold concentration became quicker, meaning that
the gold adsorption was easier. In fact, S,05 and
NH; can separately complex with Cu(I) and Cu(Il)
to form [Cu(S:0:);]> and [Cu(NH3)4]*", the two
main forms of copper ions in the solution. At
higher NH; concentration, more copper exists as
[Cu(NH3)4]*" cation that cannot be adsorbed by the
resin, therefore improving gold adsorption. The
above results manifested that the increase of NHj;
concentration was advantageous to gold adsorption.
3.2.4 Effect of thiosulfate concentration

The effect of S;0; concentration on gold
adsorption is exhibited in Fig. 6. As S;035
concentration rose from 0.1 to 0.3 mol/L, the
decrease rate of gold concentration became slower,
indicating that gold adsorption was hindered. Two
reasons can be accounted for the result. First, at
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Fig. 6 Effect of S,0% concentration on gold adsorption
(Solution compositions: [Au] 20 mg/L, [Cu?'] 0.02 mol/L,
[NHs] 1 mol/L and pH 11.0)
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higher S;03 concentration, more copper exists as
[Cu(S,05)3]° anion that can easily occupy the finite
active sites of the resin. Second, S,03 itself is an
anion which can also compete for gold adsorption
on the resin. The above results showed that the
increase of S,03 concentration was disadvantageous
to gold adsorption.
3.2.5 Effect of solution pH

The effect of solution pH on gold adsorption is
displayed in Fig. 7. When solution pH augmented
from 9.0 to 11.0, the decrease rate of gold
concentration was quicker. This is because the
increase of solution pH shifts the ionization
equilibrium of ammonia to the left (Eq. (2)), which
benefits the stability of NH;. As a result, the
concentration of [Cu(S203);]> anion decreased, thus
promoting gold adsorption. In addition, with the
increase of adsorption time, S,03 can be oxidized
by [Cu(NH3)4]*" into polythionates that can exert
strong competitive adsorption with [Au(S205)2]*" on
the resin. At higher solution pH, the stability of
S40; declined and was decomposed into S,O3
and SO;3 that had evidently weaker competitive
adsorption with [Au(S,05)2]* compared with S40%,
which also improved gold adsorption. The above
results demonstrated that the increase of solution
pH was conducive to gold adsorption.

NH; - H,O=-NH;+OH" (2)
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Fig. 7 Effect of solution pH on gold adsorption (Solution
compositions: [Au] 20 mg/L, [Cu?>"] 0.02 mol/L, [NHs]
1 mol/L and [S20357] 0.2 mol/L)

3.3 Mechanisms of gold adsorption on resin
3.3.1 Microscopic characterization
3.3.1.1 SEM—EDS analysis
To investigate the adsorption mechanism of

gold on the strong-base resin, SEM—EDS analyses
on the origin resin and gold-loaded resin were first
performed, and the results are shown in Fig. 8. The
original resin was yellow (Fig. 8(a)), its surface was
relatively flat and only some small holes were
observed (Fig. 8(c)), because it is a gel type resin
which will swell enough to open up the holes in its
surface when it is placed in aqueous solution. C, N,
O and CI elements were detected in the EDS
spectrum (Fig. 8(e)).

After the resin was loaded with gold, its color
became dark yellow (Fig. 8(b)), and there was a
dense uneven covering layer on the surface where
no holes were found (Fig. 8(d)) since they were
occupied by the anions in the solution. The peaks
of Au and S elements appeared while those of
Cl element disappeared in the EDS spectrum
(Fig. 8(f)), indicating that gold was adsorbed
through  the exchange reaction Dbetween
[Au(S:0:)2]* in the solution and CI- on the
functional group of the resin.
3.3.1.2 FTIR analysis

The infrared spectra of the original resin and
gold-loaded resin are exhibited in Fig. 9. The resin
had abundant groups [40]. The peak at 3381 cm™!
corresponded to O—H stretching vibration of
hygroscopic water. The peak at 3020 cm™' was
assigned to C—H stretching vibrations of benzene
rings. The peak at 2922 cm™' was attributed to
asymmetric C—H stretching vibrations of CH»
and CH; in CH;—N. The peak at 1615 cm™!
corresponded to C=C stretching vibrations of
benzene rings and deformation vibrations of
— CH, — N*(CH3);CI". The peaks at 1484.36,
1220.01 and 1125.67 cm™! were assigned to C—N
stretching vibrations of —CH,—N*(CHj3);CI". The
peaks at 976.15, 924.97 and 707.87 cm™! were
attributed to C — H out-of-plane deformation
vibrations of benzene rings.

When gold was adsorbed on the resin, new
peaks appeared at 528.74, 652.95and 629.71 cm™..
The first two peaks were assigned to the
characteristic vibrations of S—S and S—O bonds
in $,03, and the third one was Au—S bond in
[Au(S:20;5):]*, indicating that gold was adsorbed
in the form of [Au(S:0;):]>". Moreover, the peak
of quaternary ammonium functional group at
1125.67 moved to 1107.48 cm™!, which showed that
the functional group involved the gold adsorption.
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Fig. 8 Appearances (a, b), SEM images (c, d) and EDS spectra (e, f) of original (a, c, ¢) and gold-loaded (b, d, f) resins
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Fig. 9 Infrared spectra of original and gold-loaded resins

3.3.1.3 XPS analysis

The XPS analysis results of the origin resin
and gold-loaded resin are displayed in Fig. 10. As
shown in Fig. 10(a), for the original resin, the peaks
at the binding energies of 531.8, 399.8, 284.8 and
197.1 eV were separately attributed to O 1s, N s,
C 1s and Cl2p. As for the gold-loaded resin, the
new peaks of Au4f and S2p appeared at the
binding energies of 84.8 and 167.8 eV, respectively,
whereas the peak of CI 2p disappeared. The above
results proved that gold was successfully adsorbed
on the resin through the exchange reaction
between [Au(S:0:):]* in the solution and CI-
on the functional groups of the resin, which was in
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Fig. 10 Full XPS spectra of original resin and gold-
loaded resin (a) and Au 4f (b) and S 2p (c) XPS spectra
of gold-loaded resin

agreement with the EDS analysis results.

The peak-differentiation-imitating results of
Au4f and S2p XPS spectra of the gold-loaded
resin are exhibited in Figs. 10(b, ¢). The peaks at
the binding energies of 88.3 and 84.6 eV were
assigned to Au 4fs, and Au 41y, respectively, which
was typically Au(I) [29]. This indicated that gold

adsorbed on the resin was still Au(I) without any
state change in [Au(S20s)2]*". Three binding energy
peaks of S2ps;, appeared at 161.8, 163.3 and
167.5 eV. The peaks at 161.8 and 167.5 eV were
attributed to S* and S® in S,03, and the peak at
163.3 eV was assigned to S’in elemental sulfur that
was derived from $,03 decomposition.
3.3.2 DFT calculation
3.3.2.1 Binding energy calculation

DFT calculation was performed to study the
adsorption mechanism of gold on the strong-
base resin at the atomic level. The optimized
configurations of CI~ and [Au(S205),]* adsorption
on Amberlite IRA-400 resin are shown in Fig. S3
in SI. The binding energies (Eginding) Of the
configurations can be calculated using Eq. (3):

Eginding=FEa+B—EAr—EB (3)

where Fa+p is the single point energy of adsorption
configuration, and Ea and FEp are the single
point energies of ClI7/[Au(S205),]*>" and Amberlite
IRA-400 resin, respectively [41—43]. If the binding
energy is negative, the adsorption reaction can
occur spontancously. The greater the absolute value
of the negative value is, the easier the adsorption
reaction is to happen. The calculation results of
binding energy are displayed in Tables 3 and 4.

The binding energies of Amberlite IRA-400
resin for CI- and [Au(S,05),]*" are —137.85 and
—157.53 kl/mol, respectively, and thus the resin
can adsorb the two anions. Moreover, the binding
energy of the resin for [Au(S:0:).]*" is more
negative, and thus this adsorption reaction is more
likely to occur, which is in accordance with the
result that the counter ion ClI” on the functional
group of the resin could be replaced by
[Au(S20;3)2]* in the thiosulfate solution.

Table 3 Calculation result of binding energy of Cl-
adsorption on Amberlite IRA-400 resin

. . Binding Binding
Single point
Configuration energy energy for  energy for
(kJ-mol™") one CI/  three ClI7/
(kJ'mol™")  (kJ'mol™")
Cr —1208768.59
Amberlite
IRA400 resin 1220185 4505 13785
Adsorption 4151639
configuration
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Table 4 Calculation result of binding energy of
[Au(S:203),]* adsorption on Amberlite IRA-400 resin

Single point  Binding
Configuration energy energy/
(kJmol™  (kI'mol™)
[Au(S205)2]* —5724391.57
Amberlite IRA-400 resin ~ —7132491.85 —157.53
Adsorption configuration —12857040.94

3.3.2.2 Atom charge analysis

The Mulliken charge distributions of
[Au(S:0;5):]*, resin and adsorption configuration
are shown in Tables S1-S3 in SI, and the
corresponding atomic numbers are displayed in
Figs. S4-S6 in SI. For [Au(S,05),]*", the O atoms
in S$,05 (03, 04, 06, 07, 010 and O11) have high
negative charges. As for the resin, the H atoms in
—CHs of quaternary ammonium functional group
and adjacent —CH,— (H98, H99, H100, H101,
H127, HI128, H129, -+, H166) possess high
positive charges. Thus, these O and H atoms are
more likely to attract each other. Furthermore, the
net charges of [Au(S20:):]*" and resin are —3 and
+4 before adsorption, while those become —2.93
and +3.93 after adsorption. Therefore, the electron
transfer occurs during the adsorption, indicating
that the mutual interaction between
[Au(S20;):]* and the resin.
3.3.2.3 Electron density difference analysis

The mutual interaction between [Au(S:03)2]*
and resin can cause the electron redistribution,
and thus the electron density difference map of
[Au(S203):]*~ adsorption on Amberlite IRA-400
resin was plotted, as displayed in Fig. 11. The blue
and purple isosurfaces represent the regions where
electron density is increased and decreased after
the interaction between [Au(S:0;):]*~ and resin,
respectively.

Purple isosurfaces appear around the two O
atoms (0172 and 0173) of S0 near the
quaternary ammonium functional group of resin.
This indicates that the electron densities of the
regions drop, i.e., the electrons transfer outward.
Meanwhile, directly opposite the two O atoms,
purple isosurfaces are observed round the two H
atoms ((H100 and H164)) on the —CHs of the
functional group and the adjacent — CH, —,
showing that the electron densities of the regions
are also decreased. Theoretically, the electron

exists

densities between the two O atoms and opposite
two H atoms are very small when only
[Au(S20:)2]> or Amberlite IRA-400 resin is
present. However, in adsorption configuration, blue
isosurfaces occur between the two O atoms and
opposite two H atoms, indicating the increase of
electron density in the regions. This is because the
electrons transfer from O and H atoms to the
regions. Moreover, of the two blue isosurfaces, the
one between the O atom of S;035 and opposite H
atom on the —CH; of the functional group is
evidently larger, that is, the electron density
increases more, showing that they are the main
interaction atoms. Based on the above result, during
gold adsorption, the main interaction atoms are O
atom in [Au(S,0s).]*" and H atom on the —CHj5 of
the quaternary ammonium group in the resin.

Fig. 11 Electron density difference map of [Au(S,05)2]*
adsorption on Amberlite IRA-400 resin

3.3.2.4 Electrostatic potential analysis

Electrostatic potential is a very important real
space function for interpreting and predicting
possible electrostatic interaction between a
molecule and environmental molecules [44]. The
electrostatic ~ potential map can intuitively
characterize the electrostatic potential distribution
of molecule surface. The electrostatic potential
maps of [Au(S205)2]*", resin and their adsorption
configuration are shown in Fig. 12. The red and
blue parts separately represent the regions in which
the electrostatic potentials are negative and positive.

The surfaces of [Au(S20;3):]* and resin are red
and blue (Figs. 12(a, b)), which indicates that their
electrostatic potentials are negative and positive.
Moreover, the colors are darker at the positions of
S,03 and quaternary ammonium functional group,
which means that the electrostatic potentials of
these two parts are more negative and positive. As a
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0.200

Fig. 12 Electrostatic potential maps of [Au(S:03):]*~ (a), Amberlite IRA-400 resin (b) and their adsorption

configuration (c)

result, they are more likely to be the active sites
where the adsorption reaction occurs, which makes
the generated adsorption configuration more stable
because of its lower energy. The electrostatic
potential map in Fig. 12(c) further demonstrates this
result. When the resin adsorbs [Au(S:0s),]*, the
color of the interaction region is obviously lighter,
i.e., the electrostatic potential here is significantly
reduced. This is because the electrostatic potential
is complementary as they approach each other. The
surfaces of the two quaternary
functional groups far away from the interaction
region are still in dark blue since the mutual
interaction between the functional group and
[Au(S:03):]* is weak at a long distance, and the
electrostatic potential change is small.
3.3.2.5 Independent gradient model analysis
Reduced density gradient (RDG) and
independent gradient model (IGM) are the two most
popular methods for analyzing the region and
feature of weak interactions [45]. Compared with
RDG, IGM is more convenient to analyze the
interaction between molecules through user-defined
fragments. Therefore, to identify and visualize the
region and feature of weak interaction between
[Au(S:05):]* and resin, IGM analysis for their
adsorption configuration was performed, and the
result is shown in Fig. 13. The blue, green and red

ammonium

isosurfaces represent hydrogen bond, van der Waals
force and steric hindrance, respectively.

Two green isosurfaces appear between the two
O atoms (0172 and O173) of [Au(S:0:):]* and
two H atoms ((H100 and H164)) on the —CH3 of
functional group and the adjacent —CH,—, which
shows that there are obvious van der Waals forces
between [Au(S203),]* and resin. Also, two small
blue isosurfaces are observed on the green
isosurfaces, so hydrogen bonds also exist. In fact,
hydrogen bond occurs in molecules when a
hydrogen atom bonded to a small electronegative
atom attracts an electron pair on an electronegative
atom on an adjacent molecule. Thus, hydrogen
bonds (C68—H164---0173 and C30—H100---0172)
can be formed.

Based on the above results, it can be concluded
that [Au(S205),]* adsorption on the resin is mainly
realized through the interactions of van der Waals
forces and hydrogen bonds generated between
the O atoms in [Au(S:0;):]*" and H atoms on the
—CH3 of functional group and the adjacent —CH,
in the resin. According to the above result of
electron density difference analysis, the main
interaction atom of the resin is the H atom
on the —CHj3 of functional group. Therefore, gold
adsorption on the resin primarily is depended on the
hydrogen bond and van der Waals force formed
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between the O atom in [Au(S»0;3):]*and H atom on
the —CH3 of quaternary ammonium functional
group in the resin.

~
Van der Waals
interaction

Strong repulsion:
Steric effect in ring
and cage...

~
Strong attraction:
H-bond, halogen-bond...

Fig. 13 Independent gradient model map of
[Au(S205)2]*" adsorption on Amberlite IRA-400 resin

4 Conclusions

(1) The experimental results of adsorption
ability and selectivity of four resins for gold
indicated that among four strong-base resins, gel
Amberlite IRA-400 resin with Type I quaternary
ammonium functional group possessed the optimal
loading ability and selectivity for gold in thiosulfate
solution. The increase of resin dosage augmented
the active site amount, and the rise of ammonia
concentration and solution pH decreased the
concentration of [Cu(S:03);]°" that has strong
competitive adsorption with [Au(S20:)2]* on the
resin, which thus were all favorable to gold
adsorption. The increase of cupric and thiosulfate
concentrations deteriorated gold adsorption due to
the increase of [Cu(S203);]> concentration.

(2) The original resin contained C, N, O and CI
elements; Au and S elements occurred while Cl
element disappeared in the EDS spectrum of
gold-loaded resin. Meanwhile, Au—S, S—S and
S—O bonds, and Au’, S* and S®" were detected in
the FTIR and XPS spectra of the gold-loaded resin.
These results indicated that gold was adsorbed in
the form of [Au(S.03).]>” on the resin through
exchanging with the counter ion ClI on the
functional group of the resin.

(3) The binding energy calculation result
showed that the resin adsorbed [Au(S,05),]*~ more
readily than Cl, and thus CI- on the functional

group of the resin could be substituted by
[Au(S20:)2]*. Atom charge, electron density
difference, electrostatic potential and independent
gradient model analysis results indicated that the O
atom in [Au(S20:):]*" and H atom in the —CH; of
quaternary ammonium group of the resin are the
main interaction atoms where hydrogen bond and
van der Waals force are formed for gold adsorption
on the resin.
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