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n of silver sulfide by heterolytic
C–CN bond cleavage of acetonitrile†
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and Kusum K. Bania *a

Extraction of silver as silver cyanide from silver sulfide was made possible using acetonitrile as the source of

cyanide. The process of cyanidation took place through the oxidation of sulfide to sulfur oxides and

cleavage of the C–CN bond of acetonitrile. The reaction was found to be catalyzed by vanadium

pentoxide and hydrogen peroxide. The different species involved in the cyanidation process were duly

characterized using FTIR, ESI-MS, HRMS, XPS and UV-vis spectroscopic analysis. The mechanism of the

cyanidation process was confirmed through in situ FTIR analysis.
Silver (Ag) is a precious noble metal that has found applications
in photography, nanocatalysis, antibacterial agents and
jewelry.1–3 Most importantly, it contributes to the economic
growth of numerous countries. Silver metal extracted from its
main ores contributes to a high percentage (�30%) of the total
world production of Ag. Silver sulde (Ag2S) is the most
common ore from which it is extracted.4,5 However, the tradi-
tional way of extracting Ag from Ag2S ore has many disadvan-
tages, as it involves the use of poisonous sodium cyanide
(NaCN) or potassium cyanide (KCN), which are also used in gold
(Au) extraction.4,5 The use of cyanide to achieve Ag leaching has
led to great public concern, due to the damage it can cause to
both human health and the environment. Because of the high
toxicity of cyanide salts, strict regulation has been imposed to
regulate or to ban the leaching of cyanide into the environ-
ment.6 It has been reported that the use of such cyanide salts in
Au mining industries has led to the death of people working in
those industries.7 Because of the devastating impacts of cyanide
poisoning, researchers are constantly searching for alternative
methods and new lixiviants to replace cyanide salt in silver
extraction from Ag2S. So far, researchers have adopted various
alternative methods for silver extraction, such as leaching of
Ag2S using ferricyanide-cyanide solution.8,9 Some have also used
the precipitation method using high pressure and so on.10

Recently, the use of thiosulfate solution with buffer solution,
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most commonly ammonium acetate buffer at pH ¼ 4, has
drawn great attention, and has been found to be a potential
candidate for Ag extraction from its ores.11 Although themethod
is cheaper, it consumes a high concentration of the reagent and
also depends on different conditions such as pH and the
kinetics of oxygen reduction.11,12 The reaction of silver ions (Ag+)
with thiosulfate solution in the presence of a base (NH3) is
thermodynamically favorable, but the slow oxygen reduction
process leads to deliberate leaching of Ag as silver thiosulfate
complex, Ag(S2O3)3

5�.12 Hence, the search for an alternative
method is still an ongoing research process.

Apart from alkali cyanides, alkyl nitriles such as acetonitrile
(CH3CN) are much less toxic and can be used as a source of
cyanide ions (CN�).13 However, the thermodynamic stability
and high bond energy associated with the C–CN bond restrict
the application of this green solvent as a source of cyanide
(CN�) in the silver extraction process.14 Literature reports
suggest that organometallic catalysts can scissor the C–CN bond
very effectively.15–17 However, to the best of our knowledge, there
is no such report that applies CH3CN as a lixiviant in silver
extraction as AgCN from Ag2S. Recently, we reported that
CH3CN can be a suitable solvent to act as a cyanide source for
the direct cyanidation of silver nitrates (AgNO3) in the presence
of vanadium pentoxide (V2O5) and hydrogen peroxide (H2O2).18

However, Ag is mostly extracted from Ag2S in mining industries.
Therefore, with our growing interest in nding a solution to
replace cyanide salt, herein we demonstrate a highly effective
method that allows for the direct precipitation of AgCN from
Ag2S within a very short period of time.

Initially, to achieve the cyanidation of Ag2S and obtain silver
(Ag) as silver cyanide (AgCN), silver sulde (Ag2S) and vanadium
pentoxide (V2O5) were mixed in a 1 : 1 ratio using a mortar and
pestle. The mixture was ground for few minutes and then dried
in oven at 100 �C. The process of grinding and heating was
continued for 2 h by making a paste using an ethanol/water
This journal is © The Royal Society of Chemistry 2020
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Table 1 Optimization of V2O5 using 10 mL of CH3CN
a

Ag2S mg (mmol) H2O2 (mL) V2O5 (mg) AgCN mg (mmol) % Yield

247.8 (1) 2 181.8 (1) 258.6 (1.9) 96.6
2 90.9 (0.5) 240.6 (1.8) 89.9
2 60.6 (0.3) 230.8 (1.7) 86.2
2 45.4 (0.25) 218.0 (1.6) 81.6

a The values in the parentheses represent the amounts in mmol.
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mixture as a solvent. The whole solid mixture was transferred to
a 25 mL round bottom ask, followed by dropwise addition of
2 mL of hydrogen peroxide (30% w/v) in 10 mL CH3CN as
a solvent. The reaction mixture was then stirred for 90 min at
room temperature. The solid material became completely dis-
solved and formed a homogeneous mixture, and the color of the
solution was found to transform from black to yellow and nally
to red, as shown in Scheme 1. Along with the change in color,
white particles also began to precipitate from the solution, and
this precipitation process was completed upon allowing the
solution to stand overnight. The white precipitate was obtained
by ltration using Whatmann lter paper, and was washed
several times with double deionized water, and collected for
further characterization. The obtained red ltrate was also kept
for further analysis.

The formation of AgCN was found to be dependent on the
amounts of V2O5 and the oxidant H2O2. The optimization values
for these are depicted in Tables 1 and 2. From Table 1, it was
found that when 1 mmol of V2O5 reacted with 1 mmol of Ag2S in
presence of 2 mL of H2O2 in 10 mL CH3CN, the amount of AgCN
was found to be at its maximum value. On decreasing the
amount of V2O5, keeping all other values constant, the % yield
of AgCN was found to decrease. Therefore, a 1 : 1 ratio of Ag2-
S : V2O5 was considered as the optimum amount (Table 1).
Similarly, from Table 2, it was ascertained that 2 mL of H2O2

was sufficient to give 96% of AgCN. 10 mL of CH3CN was found
to be the most appropriate amount for complete precipitation
of AgCN.

The white precipitate obtained from the reaction was char-
acterized by XRD (Fig. 1a) and FTIR (Fig. 1b) and was found to
be exactly the same as that of our previous reports that
conrmed the white precipitate to be silver cyanide (AgCN).18,19

The presence of peaks at 2q values of 23.9, 29.8, 38.4, 49.3, 52.8,
58.5 and 61.8 conrmed the formation AgCN (Fig. 1a). The FTIR
spectra also revealed the formation of AgCN with the presence
of a weak vibrational band at 2166 and sharp, intense bands at
2139 cm�1 for –C^N and 476 cm�1 for Ag–C (Fig. 1b). The AgCN
material was found to be highly pure without any
contamination.

In order to investigate the role of vanadium oxide and H2O2,
different analyses were performed. From the XRD analysis it was
evident that the 1 : 1 mixture of V2O5 and Ag2S formed
a composite containing the crystalline planes of both Ag2S and
V2O5 (Fig. 2).20–22 For example, the planes at 2q values of 15.4
(200) and 20.1 (001) were present in V2O5 and the composite but
Scheme 1 Synthesis of AgCN by cyanidation of Ag2S.

This journal is © The Royal Society of Chemistry 2020
were absent in Ag2S. Similarly, the planes at 2q values of 28.9
(110), 36.7 (121) and 43.4 (202) were absent in V2O5 but were
found in Ag2S and the composite.20–22 This alternation of XRD
planes clearly conrmed the goodmixing of V2O5 with Ag2S. The
Raman spectra of Ag2S, V2O5 and V2O5–Ag2S composite were
also compared. However, the Raman signals in the V2O5–Ag2S
composites were mostly dominated by the signals of the strong
vibrational bands of V2O5 (Fig. S1†), as the Raman signals for
Ag2S were much weaker than those of V2O5. The scanning
electron microscopy (SEM) images of the composite (Fig. S2†)
were also found to differ from those of Ag2S (Fig. S3†). The
elemental compositions of the composite (Fig. S4†) and Ag2S
(Fig. S5†) were assessed through energy dispersive X-ray (EDX)
analysis. The presence of all the elements, i.e., Ag, V, S and O,
clearly revealed the formation of the composite and also the
purity of the Ag2S ore which was used as the source of silver.

FTIR analyses were performed before and aer the addition
of H2O2 (Fig. 3). When the ground mixture of Ag2S and V2O5

(1 : 1) was kept at 100 �C overnight, a new band was found at
1109 cm�1 in the FTIR spectrum, characteristic of the S–O bond
(Fig. 3a).23 The appearance of this new band in the region of
�1100 cm�1 implies the oxidation of sulde (S2�) to sulfur
oxides (SxOy, x ¼ 1–2, y ¼ 2–4).24 The appearance of this peak
was dependent on temperature, as it was not clearly visible
when the sample was treated below 100 �C (Fig. 3a). The peak
was found to become more intense upon treatment with
different amounts of H2O2 (0.5 and 1 mL), keeping the amount
of CH3CN xed (1 mL), as shown in Fig. 3b. The conversion of
S2� to SxOy was also conrmed from the XPS analysis. The
presence of S (2p3/2) at 168.7 eV and 166.0 eV, corresponding to
S2O3 and SO3

2� ions, conrmed the oxidation of S2� to SxOy

(Fig. S6†).25,26 Usually, the binding energy values of sulfur (S) in
suldes are observed in the range of 162–164 eV.27,28 It is
pertinent to mention that the oxidation of S2� to SxOy did not
happen in the absence of V2O5. This clearly suggests that the
Table 2 Optimization of H2O2 in a 1 : 1 ratio of V2O5 : Ag2S

V2O5 (mmol)
Ag2S
(mmol)

CH3CN
(mL)

H2O2

(mL)

%
Yield
AgCN

1 1 10 0.5 —
1 1 10 1 58
1 1 10 1.5 79
1 1 10 2 96

RSC Adv., 2020, 10, 8314–8318 | 8315
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Fig. 1 (a) XRD pattern and (b) FTIR spectra of AgCN.

Fig. 2 XRD pattern of V2O5 (black), Ag2S (brown) and V2O5–Ag2S
composite (blue).
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oxidation of S2� to SxOy was catalyzed by V2O5 in the presence of
H2O2. Various other reports are also available in the literature
supporting the oxidation of S2� to SxOy by vanadium-oxide
catalysts.29,30 Thus, from these analyses, it was conrmed that
Ag2S in the presence of V2O5 and H2O2 became oxidized and
formed ionic silver sulfur oxide (AgnSxOy) compounds that
easily dissociated in solution to form nAg+ and SxOy

n�.
Electron Spray Ionization-Mass Spectrometry (+ESI-MS)

analysis was performed to detect the formation of silver ions
(Ag+) in solution. The mass spectrum of the solution just aer it
became reddish in color showed a sharp intense peak with m/z
values of 106.9, 109 and 148 corresponding to molecular ion
peaks of Ag+ (m/z ¼ 107), its isotope (m/z ¼ 109) and [Ag(CH3-
CN)]+ species (m/z ¼ 148), as shown in Fig. S7.† The presence of
an isotopic mass signal for [Ag(CH3CN)]

+ was also conrmed
Fig. 3 (a) FTIR spectra of the composites recorded at different
temperatures and (b) FTIR spectra of the composite after treating with
H2O2 and CH3CN; (1 mL H2O2 + 1 mL CH3CN, red line) and (0.5 mL
H2O2 + 1 mL CH3CN, black line).

8316 | RSC Adv., 2020, 10, 8314–8318
from the High Resolution Mass Spectrometry (HRMS) analysis
of the same sample showing isotopic m/z values at 148 and 150,
as shown in Fig. S8.† HRMS analysis of the solution recorded
aer separating the AgCN precipitate gave sharp signals at m/z
values of 171, 153, 150 and 148, corresponding to
[OV(O2)(H2O)4]

+, [OV(O2)(H2O)3]
+, [109Ag(CH3CN)]

+ and
[107Ag(CH3CN)]

+, as shown in Fig. S9.† These m/z values for the
peroxo-vanadium species were completely matched with those
previously reported by Conte and his co-workers.31 This implied
the formation of peroxo-vanadate species in solution during
AgCN precipitation.

The presence of peroxovanadate species was also conrmed
from the UV-vis analysis of the red solution. The UV-vis spectra
presented a weak band at 378 nm due to ligand to metal charge
transfer (LMCT) originating from the peroxo to vanadium (O2

2�

/ V) transition.32 As the absorption behavior of peroxo-
vanadate species is pH dependent,32 the UV-vis spectra were
recorded with the addition of 10 mL of 0.1 M HCl solution. Aer
titrating with dilute HCl, two sharp new bands were observed at
219 and 286 nm. The band at 219 nm is due to the LMCT
transition of ph* / ds*.33 The band at 286 nm was attributed to
the formation of [VO(OH)] species resulting from the proton-
ation of peroxo-vanadate species (Fig. 4a).34

Based on the above analysis, a plausible mechanism for the
formation of AgCN has been proposed in Scheme 2. In the
presence of V2O5 and H2O2, the Ag2S transforms into silver
sulfur oxides, as is evident from the FTIR spectroscopy. This
ionic compound then becomes dissociated to release the Ag+. In
the meantime, the CH3CN becomes activated by the anionic
yellow diperoxo species [V(O)(O2)2]

� generated during part of
the reaction (Scheme 2). The formation of diperoxo species was
assumed based on the change in the color of the reaction
mixture from black to yellow, and then nally to red. Further,
the formation of such species was evident from UV-vis analysis
(Fig. 4a). Li et al. also proposed the generation of such diperoxo-
vanadium species upon treatment of H2O2 with V2O5.35 This
anionic diperoxo species abstracts a proton from CH3CN to
form �CH2CN, which then binds to the vanadium center
(Scheme 2).36 A similar mechanism was also proposed by
Brazdil et al. on the gas phase oxidation of CH3CN at high
temperature.36 In the subsequent step, this �CH2CN species
gets transformed into hydroxyacetonitrile (OHCH2CN) and
nally produces the CN� ion, and HCHO or HCOOH. The
released CN� ion then combines with Ag+ to form AgCN. The
Fig. 4 (a) UV-vis spectra of the solution titrated against of 0.1 M HCl by
addition of 10 mL at a time, and (b) in situ FTIR-analysis performed at
273 K (red) and 300 K (black).

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Plausible mechanism for CH3CN oxidation and AgCN
formation.
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formation of this species was conrmed from in situ IR opera-
tion at 273 K where a band for surface-absorbed free CN� ions
was observed at 2077 cm�1 (Fig. 4b).37 In addition to this, a few
other peaks were also observed at 1716, 1400 and 1204 cm�1

corresponding to the C]O vibration (inset) and the C–H
bending mode vibration,23 as shown in Fig. 4b (red line). The
O–H vibrations were observed at 3434 and 3260 cm�1. These
results match well with those reported by Danger et al.38 The
appearance of these vibrational bands truly implies the oxida-
tion of CH3CN to formic acid via the formation of methanol
with the liberation of CN�. The vibrational frequency band for
CN� was clearly visible when the in situ operation was per-
formed at 300 K, as the C–H vibration disappeared and the C–N
vibration became more prominent along with the presence of
the S–O vibration at 1113 cm�1, as shown in Fig. 4b (black line).

In summary, the long-term challenge in nding an alterna-
tive approach for the direct cyanidation of silver sulde ore in
the absence of alkali metal cyanide has been realized by using
acetonitrile as the cyanide source or as a green lixiviant for the
direct precipitation of silver as silver cyanide. We are currently
optimizing the process towards the batch-scale production of
silver cyanide from silver sulde. We believe that the current
approach offers an alternative green pathway for silver
extraction.
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