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Abstract: The interest in metal sulfide precipitation has recently increased given its capacity to effi-
ciently recover several metals and metalloids from different aqueous sources, including wastewaters
and hydrometallurgical solutions. This article reviews recent studies about metal sulfide precipi-
tation, considering that the most relevant review article on the topic was published in 2010. Thus,
our review emphasizes and focuses on the overall process and its main unit operations. This study
follows the flow diagram definition, discussing the recent progress in the application of this process
on different aqueous matrices to recover/remove diverse metals/metalloids from them, in addition
to kinetic reaction and reactor types, different sulfide sources, precipitate behavior, improvements in
solid-liquid separation, and future perspectives. The features included in this review are: operational
conditions in terms of pH and Eh to perform a selective recovery of different metals contained in an
aqueous source, the aggregation/colloidal behavior of precipitates, new materials for controlling sul-
fide release, and novel solid-liquid separation processes based on membrane filtration. It is therefore
relevant that the direct production of nanoparticles (Nps) from this method could potentially become
a future research approach with important implications on unit operations, which could possibly
expand to several applications.

Keywords: metal sulfide precipitation; critical metals; precipitates; AMD; metal recovery; wastewa-
ter treatment

1. Introduction

Metal sulfide precipitation is studied because it is a process that is applied to recover
or remove metals and metalloids from industrial effluents or hydrometallurgical leachates.
This process uses a sulfide source, typically H,S, NayS, CaS, (NH,4),S, or NaHS to react with
a cation contained in an aqueous solution, according to the reaction mechanism described
in Equations (1)—(4) [1]. Metal sulfides have low solubility (Table 1) with respect to other
precipitates such as hydroxides [2]. This characteristic is very attractive for environmental
purposes, particularly when a dangerous heavy metal is removed and disposed of safely,
because it is less likely to be leached in a wide pH range. In addition, a high pKsp value
translates into a favorable tendency for Equations (3)—(4) to form products, showing a high
conversion and, consequently, an efficient precipitation process.

Metal sulfide precipitation is naturally appealing for research, which can include the
removal of potentially toxic elements (metals and metalloids) from industrial effluents,
such as acid mine drainage (AMD) or copper smelter wastewater, and for recovering
valuable metals from leachates of hydrometallurgical plants treating ores, wastes, or
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tailings. Likewise, the application of this method has improved for different metals, such
as copper, cobalt, and nickel or metalloids such as arsenic.

H,S =2 HS™ + HY, pK, = 6.99 (1)
HS™ = S~ + HT, pK, = 17.40 2)
M2t 827 = MS(s) (3)

M2 4+ HS™ = MS(s) + H* (4)

Table 1. Solubility products (pKsp) at 25 °C for selected elements. Adapted from [2].

Element pKsp
Bi3+ 98.8
Hg?* 52.2
Ag* 492
Cu* 47.7
Cu?t 35.9
Cd? 28.9
Pb2* 28.1
Sn2+ 27.5
Zn%* 24.5
Co%* 22.1
Ni2* 21.0
Fe?+ 18.8
Mn?2+ 13.3

In 2010, a crucial review article published by Alison E. Lewis [1] consolidated the
background and improvements in the field. From that date onward, studies on metal
sulfide precipitation have expanded to different applications, and the number of articles
related to the precipitate characteristics and solid-liquid separation improvements have
also increased. Moreover, there is more industrial experience of sulfide precipitation-based
processes in the last decade, particularly considering the SART (Sulfidization, Acidifi-
cation, Recycling, and Thickening) process, which recovers copper and cyanide from
cyanide leachates solution in gold cyanidation [3], and the copper recovery from Acid Mine
Drainages (AMD) [4].

In order to provide a historical perspective on the development of research on the
topic, the Scopus (Elsevier) database was used to carry out a scientometric analysis of the
literature related to the terms “metal sulphide precipitation” and ‘metal sulfide precipitation’
in the research field topic (date exported: 21 July 2021). Consequently, these terms were
searched as text word in the title, abstract, and/or keywords of the documents. The results
were restricted for articles, reviews, and conference papers. The time span used to evaluate
the distribution of the scientific production was from 1935 to 2021. Following that, a
detailed analysis of their abstracts was carried out in order to identify those documents
directly focusing on metal sulfide precipitation processes, excluding articles related to
geochemistry. Then, a set of 140 documents was built. Documents published between
2000 and 2021 (n = 131) were considered to apply the scientometric analysis based on
documents by: year, year by source (>4 documents), country/territory (top 10), and subject
area (Figure 1).
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Figure 1. Results from the scientometric analysis, period 2000-2021. (A) Documents per year,
(B) Documents by source (journal), (C) Documents by the top 10 countries, and (D) Documents by
subject area.
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According to Figure 1, the scholarly output per year has significantly increased since
2017 (Figure 1A), where the subject area “environmental science” contained most of the
articles published (~28%) (Figure 1D). In particular, China was the country with the
most documents published between 2000-2021 (Figure 1C). This analysis shows that the
metal sulfide precipitation method has gained interest for environmental studies, but
also for engineering areas (~17%). The topic has also gained interest by journals related
to extractive metallurgy (Figure 1B). The current challenges of residue treatment, such
as circular economy and process optimization, will probably trigger more interest in
developing technology on this matter.

This article describes the breakthroughs conducted on metal sulfide precipitation since
the review article published by Lewis in 2010 [1], emphasizing the point of view in process
engineering. By this, the structure of this manuscript is based on the general flow diagram
of a typical metal sulfide precipitation process as shown in Figure 2.

Sulfide
source
Precipitation @ Cla1:1f1c.at1(?n Solution
reactor . . (solid-liquid treated
Prec1p1tate separation)

suspension

® /

Metal sulfide product

Figure 2. Schematic representation of the flow diagram of a typical metal sulfide precipitation process. Numbers are related

to the focus of the studies reviewed here.

Figure 2 contains numbers that represent the different areas or topics studied in the
articles reviewed and discussed in this work. Thus, the structure of this review is based
on the flow diagram of the metal sulfide precipitation process, with an emphasis on the
findings and challenges of the following issues:

e Applications for recovering and removing metals and metalloids from different
sources (feed solution);

Aspects regarding chemical reactions and reactor design (precipitation reactor);
Sulfide reagent sources (sulfide sources);

Characteristics of precipitates (precipitate suspension);

Advances in solid-liquid separation (clarification);

Future perspectives.

2. Applications for Recovering and Removing Metals and Metalloids from Different
Sources

The metal sulfide precipitation process can be applied to different aqueous feed
solutions to recover or remove some elements of interest (Figure 2). The application of
metal sulfide precipitation is significantly wide for diverse elements, such as those listed in
Table 1, and their content in different aqueous solutions.

In this context, the use of metal sulfide precipitation is still one of the most common
treatments to remove metals from AMD. This is particularly true for the synergic possibility
to generate a sulfide source given the action of a sulfate-reducing bacteria from the sulfate
contained in the same AMD. Furthermore, it can also be seen in the application of leachate
solutions from the hydrometallurgical treatment of ores, tailings, smelting waste, or even
electronic waste. The latter has been widely studied for recovering different metals of
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interest and the removal of toxic metalloids in recent years. Consequently, the application
of metal sulfide precipitation has been investigated to treat industrial effluents in general.

This section summarizes the most relevant studies found for the treatment of different
aqueous solutions in recent years. Table 2 summarizes the most important results obtained

for each study described below.

Table 2. Summary of applications for the metal sulfide precipitation process for different feed solutions and met-

als/metalloids.
Operational Conditions
Feed Solution Type Metals/Metalloids Sulfide Dosage,  Conversion, % Sulfide Reagent Reference
pH Molar Ratio Source
(S2-/M)
AMD As 4.0 Not reported 8-95.4 Biogenic HyS [5]
AMD As ~0 3-5 ~100 FeS [6]
AMD Sb 7 15 ~100 Biogenic H,S [7]
AMD Cu 2.34-2.56 Not reported 10-80 Biogenic H,S [8]
AMD (Z:E ;g Not reported ggg Biogenic H,S 9]
Cu 2.0 291 >95
AMD 7n 3.0 3.84 <95 Na,S 1M [10]
Cu 99.99
AMD Fe 6.7 Not reported 87.64 Biogenic H,S [11]
Zn 99.88
Cu >99.9
AMD Pb 3.2 Not reported >99.9 Biogenic H,S [12]
n >99.9
Cu >90
Cd >90
AMD ?; 3.0-7.0 Not reported igg Biogenic H,S [13]
Fe >88
Ni >82
Cu 93.3
AMD Fe 4.0 Not reported 99.2 Biogenic H,S [14]
n ~100
AMD Cu 2.2 Not reported 99 Biogenic H,S [15]
Cu 2.0-6.0 0.5-1.5 80.0-97.9 .
AMD Zn 3.0-8.0 05-15 57.5-99.95 Na;$5 solution 1ol
Cu >99
AMD Fe 4.0 Not reported >99 Biogenic H,S [17]
Zn >99
AMD Cu 7.0-8.0 Not reported >99 Biogenic H,S [18]
7Zn e >99
Cu 70
AMD Pb 22 Not reported 37 Biogenic H,S [19]
Zn ‘ 79
Fe 65
AMD Cu 1.7-3.3 1.0-1.5 75-100 1 M NaHS solution [20]
Tl >99
Cd >87
Industrial wastewater Pb 12.0 >250 >40 1 g/L Na,S solution [21]
Cu >94
Zn >67
Industrial wastewater gg 4.0 gg %80 NaHS [22]
Cu >99
Industrial wastewater Zn 7.0 Not reported >95 Biogenic HpS [23]
Ni >95
Industrial wastewater Cu 7.5 Not reported ~100 Biogenic H,S [24]
Cu >99.5
Industrial wastewater Zn 7.0-8.3 Not reported >99 Biogenic H,S [25]
Ni >99
Industrial wastewater As <1.0 1.65 ~100 Na;$ WF' 10% [26]
solution
Industrial wastewater I;j ;; (;) 65—_32705 g;g:gzg Biogenic H,S [27]
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Table 2. Cont.
Operational Conditions
Feed Solution Type Metals/Metalloids Sulfide Dosiage, Conversion, % Sulfide Reagent Reference
pH Molar Ratio Source
(S2-/M)
latine ind ial Cu 93.9
Plating industria Zn 10.0 Not reported 99.4 NapS [28]
effluent Cr 99.99
Cu Not reported >99
Plating industrial Zn 85-97 . .
ofuent Ni 1.7 176 25-90 Biogenic H,S [29]
Fe 2-99
L. . Ni 65.8-95.3
Plating industrial Zn 8-12 Not reported 93.8 Nay,S solution [30]
effluent Cu 100
Cu-laden electroplating Cu 6.5-8.0 Not reported 99.9 Biogenic H,S [31]
effluent o P ’ & 2
. Mo alkaline 98.2 Na,S wt. 40%
Co-Mo Catalyst leachate Co 1.0 >1000 98.0 solution [32]
Recycled mineral Mo 40.0-950
sludge leachate Co 1.0 10 52.0-98.0 1 M Naj,S solution [33]
Ni 48.0-98.0
Ni-Cd battery leachate Cd 02-14 0.5-2.0 ~100 NayS—-(NHy),S-FeS [34]
Waste printed circuit Cu 10.6 1.0-1.2 88-99.5 5.2 M NaHS solution [35]
boards leachate
Cathode ray tube NayS 10% w/v
powder leachate Zn 20-25 8.8 ~100 solution [36]
. Mo 2.0 36-72
Spent refinery catalyst Co 35 Not reported 16.0 Biogenic H,S [37]
leachate Ni 35 23.0
Lithium ion batteries (NHy4),S 10% v/v
(LIBs) leachate Co 29-31 20 992 solution [38]
Cu 3.5-5.0 93.0
Al 3.5-5.0 98.0
Co 10 99.9
Lithium ion batteries Ni 10 99.9 . .
(LIBs) leachate 7n 10 Not reported 08.4 Biogenic H,S [39]
Cd 10 98.6
Mn 10 98.9
Fe 10 99.5
Acidic wastewater from As 40-5.0 30 972-99 1 NayS 119 g/L [40]
smelters solution
Cu smelting ashes Pb >99 .
leachate 7n >12.0 2.0-25 <99 Naj,$S solution [41]
R 98.4-98.9
Acidic wastewater from CE -0 Not reported 94.8-98.4 Saturated NaS303 [42]
smelter As 1 ’ 6-1 5' 0 solution
Acidic wastewater from Synthetic monoclinic
smelter Cu ~0 1.5-3.0 70-96 FeS [43]
Acidic wastewater from H,S with UV )
smelter Re ~0 Not reported 99.0 irradiation [44]
Cu 3.2 >99.9
PLS from ore Zn 1.5 Not reported . . )
bioleaching Ni 20 Not reported 5999 Biogenic H,S [45]
Co 2.0 >99.9
PLS from tailing acid Cu 3.0 12 93.7 NayS wt. 0.5% [46]
leaching Zn 3.6 1.1 89.7 solution
Cu >99
PLS from tailing Pb 1.1 >99 .
bioleaching Zn 1.24 >99 Na;5 solution 471
Fe 2.5 75
Chloride PLS gg 4118 Not reported ggg Naj,S solution [48]
. C 3.5-5.0 0.4-0.6 81-99.9
Cyanide PLS Zn 3555 10-12 96.4-99.9 NaFHs solution (49,501
Cyanide PLS Cu 3.5-5.0 0.5-0.6 77.5-99.9 NaHS solution [51-54]
Alkaline Cu 10.0 1.0-1.6 71.2-96.5 NaHS solution after [55,56]

glycine-cyanide PLS

pre-oxidation
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2.1. Acid Mine Drainages (AMD)

AMD is one of the most harmful and challenging wastewater or liquid waste generated
from mining activities. This aqueous drainage can be produced from mine facilities exposed
to environment, such as tailings dams, waste rock dumps, or the mine pit [57-59]. AMD
can contain high concentrations of metals, metalloids, and sulfate, depending on the ore
mineralogy. In this regard, the metal sulfide precipitation has been studied to recover or
remove metals from AMD.

The application of metal sulfide precipitation has been widely studied. For example,
H;S has been used as a reagent, which is generated through a sulfidogenic process, so that
the sulfate contained in the AMD is reduced (biogenic sulfide precipitation, BSP). Recent
review articles show advances in BSP for different metals [60], or they are alternatively
based on arsenic [61]. These studies have described the bioreactors used to generate H;S,
the configuration options in the process to optimize the sulfate and metals/arsenic removal,
and future applications. Conversely, this work focuses on the metal sulfide precipitation
process itself and its downstream operations.

BSP has been used to selectively precipitate copper and zinc in a selective sequential
precipitation (SSP) process [9], reaching metal conversions closer to 100%. BSP has also
been used to remove arsenic from AMD. In this regard, Altun and colleagues [5] studied the
removal of As from an acidic influent solution, finding an As removal as low as 8% when
the reduction of sulfate was at a maximum, but increasing up to 95.4% after Fe addition
and the reduction of sulfide generation. The addition of iron promotes the As adsorption
onto FeS or the generation of arsenopyrite (FeAsS). Furthermore, the high content of sulfide
can re-dissolve the amorphous orpiment (As,S3) precipitated, according to the following
reaction [5]:

3/2As,S3 +3/2H,S = HyAs3S, + H', pK =5.0 5)

The control of sulfide content could be critical in the final As removal efficiency.
Arsenic removal from AMD was also assessed using FeS as a sulfide source [6], finding
an inhibition of As removal due to the generation of elemental sulfur by the oxidation of
sulfide with As(V).

The removal of Sb was studied using a BSP process, reaching higher efficiencies (closer
to 100%) at pH 7.0, but resulting in a high sulfide/metal ratio equal to 15 [7]. The sulfide
precipitate formed was Sb;Ss;. In this case, sulfide must reduce Sb(V) to Sb(IlI) before the
final precipitation, increasing the sulfide consumption.

Likewise, a recent study showed the production of metal sulfide nanopowder from
AMD using a continuous fluidized bed sulfidogenic bioreactor with two steps at different
pH values (7.0 and 3.0) [13]. The metal conversion was higher than 95% for Cu, Cd, Pb,
and Zn at pH 7.0, and higher than 90% in the second reactor operating at the lower pH.
On the other hand, the removal of Fe and Ni was lower than 90% and higher than 80% in
both reactors, respectively. In addition, copper nanoparticle production with a particle size
of ~50 nm was achieved using the BSP process treating an AMD synthetic solution [15].
The possibility to generate products with high values directly from waste sources should
increase in further research of metal sulfide precipitation. This issue is further discussed in
Section 7.6, considering different factors that are analyzed in the following sections.

Metal sulfide precipitation was applied in a mine pit by an in situ generation of HS
with a sulfidogenic process, removing copper and arsenic contained in the AMD [62]. This
research attempted on site conditions (oxidative and reductive) to assess the sulfidogenic
process and metal removal evolution.

Table 2 shows that the application of metal sulfide precipitation in the treatment of
AMD is mainly conducted by the use of the BSP process. For all these cases, the main
objectives have been addressed to optimize the sulfidogenic bioreaction stage. Hence, the
sulfide dosage in terms of molar addition has not been reported, probably due to the excess
H,S generated with respect to metals contained in the AMD.

On another note, the application of a chemical source of sulfide has been used to study
the selective recovery of metals [10] and the understanding [16] or optimization of solid—
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liquid separation of precipitates [20]. Selective precipitation of copper and zinc, after a rare
earth elements (REEs) recovery stage, was proposed by Zhang and Honaker [10] using
a 1 M Na,5 solution at different pH values. They achieved metal recoveries above 95%
with metal grades around 40% in each precipitate, demonstrating the selective separation.
Mn, Mg, Ni, and Co were the main impurities detected, with their contents reported below
1.5%.

The precipitation efficiency of metals using a sulfide source from AMD reaches values
higher than 90% in most cases. Moreover, the principal metals studied were Cu, Zn, and
Fe, which are the ones most typically found in AMD.

2.2. Industrial Wastewater

Studies reporting the application of the metal sulfide precipitation process in efflu-
ents with no specific identification, or that were focused on fundamental advances, were
classified as industrial wastewater.

The BSP process has been applied to industrial wastewater to remove or recover Cu,
Zn, and Ni [23,25]. Furthermore, this method was used to recover Pd and Fe from strip-
ping and scrubbing solutions, respectively, that were generated from a solvent extraction
stage [27]. This study was novel in the application of metal sulfide precipitation to recover
Pd as nanosized PdS.

Alternatively, a novel application of metal sulfide precipitation was proposed for thal-
lium removal from industrial wastewater [21]. In this study, the metal sulfide precipitation
stage was included to achieve a Tl concentration < 1.0 ug/L in the final effluent after Fenton
oxidation (i.e., the use of ferrous ion and hydrogen peroxide to promote co-precipitation
with ferric ions) and coagulation stages. This process was also able to remove Cd, Pb,
Cu, and Zn until reaching trace amounts. Moreover, the pKsp of TS reported by the
same study was 24.0, similar to ZnS. The reaction mechanism proposed for the TI sulfide
precipitation was the following [21]:

2T1T + 82~ 2 T1,S (6)

2T 4382~ = TS + 25 7)

In addition, metal recovery/removal from plating industrial wastewater has been
conducted by using metal sulfide precipitation to treat solutions containing Cu, Zn, and
Cr [28], and Cu, Zn, Ni, and Fe [29].

2.3. Leachates from Catalysts, Electronic Waste, and Battery Waste

The use of metal sulfide precipitation to treat leachates or solutions generated in
processes to recycle batteries, electronic waste (Waste Electrical and Electronic Equipment,
WEEE), or catalyst wastes has recently increased. This situation is triggered by the need for
novel methods to recover valuable metals from emerging wastes, particularly considering
the aims of circular economy.

In this vein, the selective recovery of Co and Mo from Co-Mo catalyst leachate
was studied using metal sulfide precipitation [32]. Optimum conditions were obtained
through the precipitation of Mo from the alkaline leachate generated in the leaching
stage. Next, the remaining solution was acidified at pH 1.0 to precipitate Co efficiently.
This process reached precipitation efficiencies higher than 98% for both metals, obtaining
products with high purity. In a previous study, Vemic and colleagues [33] evaluated the
efficiency of metal sulfide precipitation to recover Mo, Co, and Ni from a recycled mineral
sludge, reaching optimal efficiencies (>95%) for synthetic solutions, although these values
decreased dramatically to values below 60% for similar conditions of real solutions. The
recovery decline was attributed to the pH control and the additional sulfide consumption
of Zn.

The leaching and recovery of copper from waste printed circuit boards (WPCBs) was
conducted using sulfide precipitation on an alkaline glycine leachate [35], obtaining CuS
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with a recovery over 99% for a sulfide molar ratio of 1.2. Co-precipitation of lead, tin, and
zinc was also observed.

More significantly, the metal sulfide precipitation method has recently been applied
to recover metals from lithium-ion battery (LIB) leachates [63]. The selective Co recovery
from LIB leachate was recently studied by Choubey and colleagues [38], who reported a Co
recovery higher than 99% at a pH around 3.0, using ammonium sulfide as the precipitant.
Previously, Calvert and colleagues [39] studied the recovery of different metals from LIB
leachate using a BSP process, reporting high metal recoveries for Cu, Al, Co, Ni, Cd, Zn,
Mn, and Fe. However, the selective precipitation was only achieved for Cu and Al at
a lower pH (<5.0). Other metals formed a bulk precipitate at pH 10. In this case, the
performance of a selective precipitation was complicated due to the complexity of the feed
solution, given the number of different metals involved in the process.

2.4. Smelting Leachates and Effluents

Metal smelters can generate effluents from their gas scrubbing stages [40]. Likewise,
some smelters treat their dust by leaching to recover valuable metals [41]. For both cases,
the metal sulfide precipitation method has been proposed to remove or recover different
elements.

Arsenic removal associated with hydrothermal mineralization stabilization was as-
sessed to reach a stable arsenic sulfide precipitate as the residue [40]. The sulfide pre-
cipitation stage could remove ~97% of As, using sodium sulfate for the mineralization
stabilization and reaching 3.9 mg/L of As after the acid leaching of the residue. These
results were considered successful in terms of removal efficiency and residue stabilization.

The recovery of Re from the acidic wastewater of smelters has recently been
studied [42,44]. In these studies, the precipitation of Re was higher than 98-99%. In
the first study [42], sodium thiosulfate (NayS303) was used as a sulfide source in the
presence of SO, and SO3 contained in the acidic stream. Further, a selective precipitation of
copper was reached when the oxidation-reduction potential was controlled at 190 mV. In
the second study [44], the use of UV irradiation was assessed to increase the precipitation
rate of Re, obtaining a high conversion rate of Re;S; and a reduction in the reaction time
from 6 h to 35 min when UV irradiation was used.

The selective precipitation of copper with synthetic monoclinic pyrrhotite was stud-
ied [43], achieving high copper conversions (96%) with a small co-precipitation of As (<3%)
for a sulfide dosage molar ratio of 3.0.

2.5. Leachates Solutions from Ores and Tailings

An interesting application of the metal sulfide precipitation method is its use in the
downstream stage of leaching processes to recover metals from pregnant leach solutions
(PLS) or barren leach solutions (BLS) in hydrometallurgical circuits. For both cases, a
sequential stage of metal precipitation of Cu, Zn, and Ni/Co was studied using a BSP
process [45] from a bioleaching PLS, achieving metal recoveries close to 100%. This process
showed the feasibility to selectively recover valuable metals from a polymetallic ore through
the rigorous control of the precipitation pH. Similarly, the recovery of Cu and Zn was
conducted from a PLS generated using a tailing leach, obtaining conversions around 90%
for both metals [46]. Ye and colleagues [47] also applied the metal sulfide precipitation
method in a PLS that was a product of the bioleaching of a lead-zinc tailing, recovering Cu,
Pb, Zn, and Fe as a mixed precipitate.

Further, the metal sulfide precipitation has been applied in cyanide solutions to recover
cyanide and metals complexed with cyanide. In this system, the simultaneous acidification
and sulfide addition promotes the dissociation of cyanide and weak acid dissociable (WAD)
metals, such as copper and zinc, forming a sulfide metal precipitate and HCN, which can
then be recovered as a source of free cyanide (Equation (8)):

Me(CN)Y ™ 482~ + xH' = MeS + xHCN (8)
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where Me is a metal. This reaction can be applied at industrial scale in gold cyanidation
mining to remove copper and recover cyanide that could be recycled to the cyanide leaching
of gold [3,64]. The whole process has been called SART (Sulfidization, Acidification,
Recycling, and Thickening). The SART process has also been proposed to recover zinc
from cyanide solutions [65] and for treating cyanide PLS from gold—copper tailings [66].
Our research group has published different studies related to the application of Equation
(8) in cyanide solutions for recovering copper and zinc [49,50] or just copper [51-54]. The
successful application of the SART process at an industrial scale is an excellent referent for
the scaling-up of the metal sulfide precipitation process for other matrices or applications.

Recent studies of applications of metal sulfide precipitation in an alkaline glycine—
cyanide solution for recovering copper have shown conversions above 90% for a sulfide /Cu
molar ratio of 1.3 [55,56]. These Cu recovery values were achieved after a pre-oxidation
stage, where Cu* was oxidized to Cu?*. When sulfide precipitation was conducted without
pre-oxidation, copper recoveries were lower than 70% [55] because the cuprous ion is
associated with cyanide, forming a very stable complex at pH 10.5.

3. Features of Chemical Reactions and Reactor Design
3.1. Reaction Time

Studies focused on the reaction time and reactor design have recently been published.
Table 3 summarizes the main results reported to date in terms of reaction time for different
metals/metalloids.

Table 3. Summary of operational conditions and results of maximum conversion and reaction time.

Initial Sulfide Dosage, Maximum Reaction Time to
Element Concentration, pH Molar Ratio Temperature, °C C . o Reach Maximum Reference
- onversion, % . .
mg/L (82=/M) Conversion, min

Cu 500-1800 3.5-5.0 0.5-0.6 15 83-99 <1 [52]
Cu 300 10.0 14 25 96.5 5 [55]
Re 30 ~0 Not reported 25 97.01 360 [44]
%g igig >12.0 2.0 70 ~19%0 Zg [41]
Re 11.5-22.9 98.4 60
Cu 16.2-99.9 ~0 Not reported 70 98.4 60 [42]
As 21704381 11.6 120
Cu 5420 10.6 1.0-1.2 25 88-99.5 5 [35]
Mo 1000 95
Co 1000 1.0 10 20-25 96 75 [33]
Ni 1000 97
As 12,562 4.0 3.0 25 99.1 60 [40]
Co 11,900 3.0 2.0 30 98.2 30 [38]
As 1000-5000 ~0 2.5 Room temperature 99.5 60 [6]
%: gg gi Not reported Room temperature ggg ég [67]

As(V) 800-900 1.8 10-20 Room temperature 80-85 120 [68]
n 12,557 5.5 40-99.7 45
CNcli ?;g; A;g Not reported 45-85 gg_gg ig [69]
Cu 635 2.5 30-97 45

1 This result corresponds to the base case of this study, without the use of UV light and using H,S gas.

According to Table 3, the reaction time to reach a maximum conversion is lower than
120 min for all cases, except for Re recovery [44], which achieved 97% after 360 min. This
additional time could be a consequence of the use of H,S gas as a sulfide source, which
could incorporate an additional stage in the process related to the absorption of H,S gas in
the liquid phase that might be able to control the process [70]. However, a previous study
also used a HjS gas biologically generated to precipitate Re, Cu, and As [42], where the
maximum conversion for Re was obtained at 60 min. In this case, the effect of temperature
could explain a faster reaction.

Even though the results reported in Table 3 were conducted for different
metals/metalloids under different conditions of pH, sulfide dosage, and temperature,



Minerals 2021, 11, 1385

11 of 27

and even when the solution characteristics were different, there are some remarkable
patterns. In the case of Cu, the reaction times are significantly lower (<5 min) [35,52,55,67],
except in two cases. The first one reached the maximum conversion at 60 min [42] by using
gaseous H,S, which adds an absorption process as an additional stage. This fact could
limit the reaction time. In the second case, the sulfide source used was thioacetamide [69],
which requires a dissociation reaction to release H,S. On the other hand, studies reporting
fast reactions for Cu used a conventional sulfide source dissolved in liquid phase. Further,
the reaction time for a maximum As removal ranged from 60 to 120 min [6,40,42,68].

Unfortunately, there is a lack of research focusing on kinetic aspects, in terms of
estimating kinetic constants and Arrhenius parameters. This gap of knowledge limits the
extrapolation and scaling-up of lab-scale results to different operational conditions. Yang
and colleagues [71] reported the only study where a kinetic model for copper precipitation
was proposed, according to the following equation:

regr = ro = —k[Cu?"| [s27] 9)

where rcyp. and rgy_ represents the reaction