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Arsenic is a common contaminant in refractory gold ores/concentrates and it's accepted that total pressure
oxidation (POX) is the most appropriate technology to treat these due to their refractoriness and ability to
stabilize arsenic via ferric arsenate compounds (Fe-As). However, information gaps about the behavior and
stability of the various Fe-As’s formed at high temperatures in downstream gold processing steps remain and may
have significant practical implications. This paper focuses on the precipitation behavior of arsenic during
autoclaving of various arsenopyrite containing ore concentrates from around the world. The first portion
involved the precipitation of different synthetic precipitates at POX conditions found in the gold industry by
varying Fe/As ratios in the feed solutions. Mineralogical characterization results showed that arsenate-containing
basic ferric sulphate (As-BFS), basic ferric arsenate sulphate (BFAS), and ferric arsenate sub-hydrate (FAsH)
formed. In the second portion, five pyrite/arsenopyrite concentrates received from gold mines around the world
were submitted to batch POX and mineralogical analysis. We observed that the mechanism of precipitation for
pyrite/arsenopyrite concentrates appears to be different vs. synthetic solutions. Upon processing of the gold
concentrates under POX, the initial Fe/As ratio in the concentrates was retained to the final generated residues.
The major Fe-As’s generated in the POX residues from the concentrates were As-BFS and BFAS, while non-As
containing ferric phases included hematite and some small fraction of jarosite. Finally, we observed that as
the Fe/As molar ratio in the concentrate feed increased, the amount of As-BFS decreased while that of BFAS
increased.

Anderson, 2018; Coudert et al., 2019; Fernandez et al., 2010; Nan et al.,
2014; Twidwell, 2019; Wang et al., 2019; Yaozhong and Smith, 2004).

1. Introduction

Arsenic (As) is a common impurity in refractory gold sulphide ores
and concentrates from primary minerals such as arsenopyrite, arsenian
pyrite, chalcopyrite, enargite, tennantite, and to lesser extents orpiment
and realgar (Adams, 2016; Conner-Mills and Anderson, 2018; Coudert
etal., 2019; Twidwell, 2019). Roasting may be applied to refractory gold
ores or concentrates and as of 2011, it accounted for ~21% of processing
from major global gold producers (Gold Exploration, 2012). However,
roasting is deemed unfavorable to treat high arsenic containing gold
ores due to toxic gas environmental concerns and economic costs. This is
especially true now and in the future as global depletion of high grade
and native gold ores with low As occurs (Adams, 2016; Conner-Mills and

* Corresponding authors.

Therefore, the need to treat high As containing Au ores and concentrates
to efficiently leach the Au and simultaneously precipitate unwanted
elements (e.g. As, Fe, Sb) to produce waste solids that are environ-
mentally stable under several conditions is of the utmost importance. As
such total pressure oxidation (POX) leaching under acidic conditions is
the preferred option for the pre-treatment of refractory gold ores and
concentrates with higher As content (1-10 wt%) due to various pro-
cessing and environmental benefits (Adams, 2016; Filyanin and
Vorobev-Desatovskiy, 2014; Fletcher, 2012; Frostiak and Haugard,
1992; Robins and Jayaweera, 1992).

Under POX acid leaching conditions where typical oxidation
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acidities (10-50 g/L H3SO4) and temperatures (180-230 °C) are used
(Adams, 2016), Arsenic-bearing primary minerals undergo complex
reactions that may form hematite (Fleuriault, 2016), jarosites (Das et al.,
1996), basic ferric sulfate (Cheng and Demopoulos, 2004; Dutrizac,
1987; Fleming, 2009) and a range of possible Fe(IlI)-AsO4-SO4 phases
(Dutrizac and Jambor, 2007; Gomez et al., 2008, 2011; Robins and
Jayaweera, 1992; Swash and Monhemius, 1994).

The first set of studies on the formation of Fe(III)-AsO4-SO4 phases
that may form during POX leaching of gold ores and concentrates
occurred at the Imperial College in London (Swash and Monhemius,
1994). Effects of temperature (150-225 °C), Fe/As molar ratio [As(V)
varied] at a fixed retention time of 24 h were studied. This yielded 4
distinct phases (Table S1) labeled as Basic Ferric Sulphate (BFS), Scor-
odite (Sc), Type I, and Type II. Later in 2007, CANMET investigated
effects of temperature (175-225 °C), time (1-24 h), initial acidity (0-69
g/L H2S04), and Fe/As ratios [both initial Fe(IlI) and As(V) varied]
(Dutrizac and Jambor, 2007). Herein BFS, Sc, and two new phases
(Phase 3 and 4) precipitated (Table S1). Recently, McGill's Hydromet-
allurgical labs and the Universita di Bari Aldo Moro investigated effects
of temperature (150-225 °C), Fe/As molar ratio [As(V) varied] and time
(1-24 h) (Gomez et al., 2008, 2010, 2011, 2013). Four phases were
determined (Table S1), confusion about the old and newly formed
phases resolved, more explicit chemical names and formulae were given,
anew precipitation diagram was determined, and the monoclinic crystal
structure of the infamous BFAS/Phase 3/ Type II solid solution was
determined and revised (Ventruti et al., 2020). Furthermore, the general
reaction which describes the formation of these phases (Table S1) fol-
lows:
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Formation of these Fe(III)-AsO4-SO4 phases in real industrial gold
POX residues and/or tailings were first reported by Ugarte and Mon-
hemius (1992) who indicated a Zykaite-like phase formed in a pilot
plant. Dutrizac and Jambor (2007) observed a Phase 3 (Type 2 = BFAS)
with a solid Fe/As ~1.99 to exists from Campbell Mine Tailings
(McCreadie et al., 1998, 2000) were high As concentrates (~ 18.5 wt%)
had been processed. Unfortunately at this time, no crystal structure for
the BFAS polytypes existed (Gomez et al., 2013; Ventruti et al., 2020) so
is unclear which form was observed. In 2010, Gomez and co-workers
suggested via ATR-FTIR the presence of BFAS from a pilot plant POX
residue (Fe/As ~9) from Barrick's Donlin Creek (Gomez et al., 2010).
Finally, Paktunc et al. (2013) reported BFAS (= Type 2 = Phase 3) with a
Fe/As ~1.32 to occur in a POX residue of a gold commercial operation
via As K-edge EXAFS. Unfortunately in this work, the use of TEM-ED to
attempt to solve the crystal structure of BFAS was done but yielded an
incorrect structure due to the fact it can only be used to obtain a rough
estimate (Li and Sun, 2017) and should be followed by synchrotron XRD
determination (Gomez et al., 2013).

However, there still lacks a clear understanding as to when such Fe
(II1)-AsO4-SO4 phases may form from the real POX processing of arsenic
containing sulfidic gold ores. Thus far in the literature, the use of lab-
based equipment (e.g. small volume 2 L, no additional Oa) over-
pressure, lack of final stage flash tanks) has been done. However, solu-
tion complexation and precipitation/dissolution reaction mechanisms
(kinetics and thermodynamics) during the formation of these phases
may also be subject to operational physical and chemical factors (e.g.
mixing, Kpa-volumetric oxygen transfer coefficient, mass transfer,
volumetric mass transfer, and dissolution-reprecipitation of unwanted

Fe(SO4), 5 + H3AsO, + (W +2/2)H,0—Fe(AsO4)x(SO04)y(OH)z wH,0 + (1.5 — y)H,SO04 @

Thus from all these works, we can observe that the precipitation and
composition of these phases are more complex than in pure Fe(IlI)-SO4
systems (Cheng and Demopoulos, 2004; Fleming, 2009; Fleuriault,
2016) because they depend on several operational parameters such as
temperature, acidity, Fe/As ratio, and residence time. For example, Sc is
generally formed at temperatures <175 °C but can be extended to
200 °C (via FAsH) if the residence time is short enough (Gomez et al.,
2011). Meanwhile, the formation of FAsH and BFAS occurs at >175 °C.
Formation of Sc and FAsH occurs at a low Fe/As ratio (< 1), while BFAS
and As-BFS precipitate at higher Fe/ As ratios. The AsO4 rich-BFAS
consists of a single-phase, isotypic with the monoclinic form of BFS
and is identical to Type 2 (Swash and Monhemius, 1994) /Phase 3
(Dutrizac and Jambor, 2007). In contrast, the SO4 rich-BFAS consist of a
mixture of monoclinic AsO4-BFAS and BFS with minor Fe;O3 (Gomez
et al., 2013). As-BFS undergoes substitution of SO4 with AsO4 in the
orthorhombic polytype structure of BFS (Gomez et al., 2011, 2013), but
only 9.8-10 wt% incorporates (Dutrizac and Jambor, 2007; Paktunc
et al., 2013). Beyond this incorporation, the arsenate rich-BFAS with a
monoclinic polytype crystal structure precipitates. The BFAS is also
described by the AsO4 < SO4 solid-solution reflected by the inversely
proportional SO4 content. It has been reported that the AsO4-rich BFAS
(SO4-rich BFAS) can have AsO4 and SO4 variations in content from 39 to
50 wt% (26-33 wt%) and 13-22 wt% (26-31 wt%), respectively.
Although a detailed study on what exact compositions of AsO4/SO4 are
needed for the AsOy4-rich BFAS < SOg4-rich BFAS transition remains.
However, the solid-solution substitution is greater in the monoclinic
compared to the orthorhombic polytype (Dutrizac and Jambor, 2007).
Apart from the Fe(II)-AsO4-SO4 phases, pure Fe-containing phases (BFS,
jarosites, hematite) may precipitate once excess iron is available.

phases during autoclave cooling periods). All of which may or may not
be distinct in real industrial operations.

As such in this study, we decided to investigate the precipitation as
well as the chemical and mineralogical characterization of various
synthetic Fe(III)-AsO4-SO4 precipitates. Thus for the first time in the
existing literature of such systems, our work here was done at more
typical industrial conditions with the aid of a larger scale autoclave, a
flash tank, and additional Ox(g) overpressure. The first part of the study
was conducted on precipitates generated using synthetic solutions. A
similar approach was utilized previously (Dutrizac and Jambor, 2007;
Gomez et al., 2011; Swash and Monhemius, 1994) in terms of using
synthetic based systems but lacked the use of more typically used in-
dustrial conditions and equipment as noted above. This allowed to
eliminate the potential interferences and produce pure precipitate for
chemical and mineralogical characterization. Batch POX leaching of 5
arsenic-containing sulfidic concentrates from different operational
mining sites around the world with varying Fe/As ratios (2.7-199) was
also piloted. To date, the piloting of real industrial arsenic-containing
sulfide concentrates to systematically compare with an ideal synthetic
system is not existent in the literature of this topic. Thus our work herein
presents the first of such studies. Hence, detailed solution and solid
mineralogical analysis were conducted on these to get a clearer picture
of how more complex industrial concentrate samples behave in associ-
ation to the results obtained in the synthetic system.

2. Materials and methods
2.1. Hydrothermal POX synthesis of synthetic precipitates

Analytical grade AsyOs.xHoO (Sigma-Aldrich), Fe(SO4)3.xH20
(ACE), and 98% H3SO4 (ACE) were used for the synthesis of the selected
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phases. The starting solutions of various Fe/As molar ratios were pre-
pared. The solutions were prepared at fixed Fe and H,SO4 and varied
AsO4 concentrations. Concentrations of Fe and H,SO4 were approxi-
mated composition of the slurry (Fe and S content) processed via the
pressure leaching of base metal sulphide concentrates. The Fe/As molar
ratio studied was from 0.99 to 46.17. A solution with no As added was
also prepared as a control sample.

The starting concentrations of the solutions used for precipitation of
the various phases are listed in Table S2. Fe and H,SO4 concentrations
were kept constant at 18.2 g/L (except test-J where the Fe was 6.2 g/L)
and around 38 g/L, respectively. Meanwhile, the AsO4 content was
varied between 0.00 and 16.2 g/L. These conditions are typical for the
pressure oxidation of refractory gold ores and concentrates and similar
to conditions employed by other studies (Dutrizac and Jambor, 2007;
Gomez et al., 2011). All solutions were prepared with deionized (DI)
water. The experiments were carried out using a 4.46 L solution, except
the last 2 tests (I and J) where a 2.40 L solution was used.

Arsenic pentoxide (AsyOs) was used as the source of AsO4 to avoid
the introduction of alkali ions and the precipitation of jarosite-type
compounds. In all cases, the starting solutions were heated to 40 °C
and stirred for at least 2 h to ensure the complete dissolution of As;Os in
the Fey(S04)3-H2SO4 mixture. The clear solutions with no visible pre-
cipitate were subsequently transferred to a 1 or 2 gal (3.78 L or 7.57 L)
Parr autoclave, sealed in the reactor, and heated to 205 °C where it was
maintained at 205 + 2 °C for a retention time of 90 min. The heating
period was approximately 50 min. During the synthesis tests, the
impeller speed was 500 rev/min and 5 bar Ox(g) overpressure was added
to the reactor vapor space to maintain an oxidative atmosphere. The
total operating pressure was 23.40 bar. This type of reaction condition
was chosen because it is a typical condition used in the POX leaching of
gold refractory ores and/or concentrates (Adams, 2016). After the test
was complete, the slurry was flashed from the Parr reactor into a flash
drum, collected and pressure filtered. Finally, the precipitates were
washed with DI water and air-dried before subsequent test work. Both
solution and solids were submitted for chemical analyses. It's worth
noting here that our study presents the first work on the synthetic system
that uses larger volume autoclaves, and the addition of an Oy over-
pressure to the reactors vapor headspace that may be more similar to
real industrial operations and may or may not affect mixing, mass
transfer, volumetric mass transfer coefficient and chemical reactions
(solution/solid). Other previous studies (Dutrizac and Jambor, 2007;
Gomez et al., 2011; Swash and Monhemius, 1994) have mainly used
smaller volumes (< 2 L) and maintained an oxidizing atmosphere by the
air initially sealed. As such may not be so close to those encountered in
real industrial autoclaves. Furthermore, our study is the first to use a
flash drum at the end so that the precipitated solids may be flashed out at
representative reaction temperatures. This is preferred to the cooling
down method to avoid the precipitation/dissolution of phases that may
or may not occur during the cooling periods (up to 1.5 h) as previously
reported on this system (Dutrizac and Jambor, 2007; Gomez et al., 2011;
Swash and Monhemius, 1994).

The precipitates were washed 10 times by re-pulping in a wet mass to
water ratio of 1:5. The first wash was conducted with an acidic solution
with a concentration similar to the acid concentration of the final syn-
thesis solution, the second wash was conducted with pH 2 HySO4
adjusted water and the remaining eight washes were conducted with
deionized water. Upon washing of the solids, no significant amounts of
Fe and As (127-1.66 mg/L and 128-0.20 mg/L) were leached during our
washing cycles and no possible phase transformations under washing
can occur as these phases are formed under high temperature and
pressure. However, a notable amount of S as SO4 (18400-7.00 mg/L)
was observed to leach after the first wash which steadily decreased per
cycle upon washing of the solids. Such leaching of SO4 we can attribute
to residual adsorbed SO4 to the solids from the existing HoSO4 in the
system. This is because if such amount of leached SO4 was tied up with
our generated solids, then a comparable amount of Fe and As should
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have also leached simultaneously but this wasn't the case. The pre-
cipitates were air-dried before subsequent test work. In cases where a
small amount of precipitate was formed, test precipitates were combined
for the downstream test work. When sufficient precipitate was pro-
duced, only a single test precipitate was utilized. All synthesis tests were
duplicated or triplicated here to ensure the reproducibility of the work
presented here and generate a sufficient amount of solids for further
analysis.

2.2. Batch POX of Au refractory concentrates

To dissolve carbonate minerals in the samples, all concentrates were
pulped to 50 wt% solids with DI water and pre-acidified (with 98%
H5SO4) to an initial free acid concentration of approximately 5 g/L.
After agitating the slurry for 1 h, the pre-acidified slurry was filtered and
the cake was washed, air-dried, and submitted for chemical assays. The
pre-acidified concentrates were oxidized under conditions specified in
Table S3 that are typical of industrial POX autoclaves (Adams, 2016).
The pre-acidified concentrates were pulped with DI water to the
“autogenous” slurry density, which may be calculated per Eq. (2)
(Conway and Gale, 1990):

100

Pulp density (%) = 03[S™] + 05825

(2)
The slurry was transferred to a 1 gal (3.78 L) Parr autoclave, the
autoclave sealed and heated to 205 °C while the impeller was stirring
slowly at 100 rev/min. After the target temperature was reached, the
impeller speed was increased to 500 rev/min and a small amount (11 to
20 g) of acid (98% H3SO4) was injected into the autoclave with 700 kPag
of oxygen, bringing the initial acid concentration to 5 g/L. The slurry
was maintained at 205 °C and 7 bar oxygen partial pressure for 90 min.
After the leach, the slurry was “flashed” from the reactor into a flash
drum, collected and pressure filtered. The POX residues were washed
and air-dried before the subsequent test work. All residues, solutions,
and wash waters generated were analyzed for Mg, Al, Si, Ca, Cd, Ti, V,
Mn, Fe, Co, Ni, Cu, Zn, As, and Pb. Solids were analyzed for Total S,
sulfide S, Mg, Al, Si, Ca, Cd, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, As, and Pb.

2.3. Characterization of samples

All precipitates and solutions generated were analyzed for Fe, Ca and
S (in solution) using inductively coupled plasma optical emission spec-
trometry (ICP-OES) while inductively coupled plasma mass spectrom-
etry (ICP-MS) was used for As. All other elements of interest were
analyzed via ICP-OES. Both techniques have a detection limit of 0.01
mg/L in solutions and 10 mg/kg in solids. Total S and Sulphides in solids
were analyzed with the LECO combustion technique with a detection
limit of 0.01 wt%. The sulfate content was determined via the difference
of the total S and sulfide. Solids were further analyzed using Scanning
Electron Microscopy Energy Dispersive X-ray Spectroscopy (SEM-EDX),
X-ray Diffraction (XRD), ATR-FTIR, and Raman spectroscopy. Polished
sections were prepared from the selected samples for analysis on the
SEM. A Zeiss EVO MA15 scanning electron microscope was used to
identifying the minerals/phases present in the sample. Elemental maps
of the samples were produced by using Energy-Dispersive Spectrometry
(EDS). Backscattered and elemental maps images were captured to
illustrate the textural relationships of the different phases.

Powder XRD was conducted using a Bruker D8 Advance X-Ray
Diffractometer with a LYNXEYE detector operated at 35 kV and a cur-
rent of 40 mA. The diffractometer was equipped with a Co Ka radiation
(A =1.7889) X-ray source and scans were collected from 3 to 80° 20 with
a 0.02° 26 step size and a counting time of 3 s per step. The observed
peaks were matched to known minerals/compounds using DIFFRACplus
EVA and X'Pert Highscore softwares, the PDF database, and our previous
published data (Gomez et al., 2011, 2013). The quantitative phase
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analyses (QPA) of all powder patterns were performed utilizing the
Rietveld refinement technique using the GSAS software (Larson and Von
Dreele, 2004) with the graphic user interface EXPGUI (Toby, 2001).
Refined parameters were: shifted Chebyschev function background co-
efficients, zero-shift error, cell parameters, and pseudo-Voigt function
peak shape parameters. The preferential orientation correction was also
refined for phyllosilicate phases.

The FTIR spectra of the samples were recorded using a Varian 640-IR
FTIR spectrometer with a Miracle single bounce diamond ATR (atten-
uated total reflectance) cell from PIKE Technologies. The FTIR was
operated at a resolution of 4 cm™! in the range of 4000 to 550 cm ™! over
200 scans. Following analysis, the spectra were baselined using the
Varian Resolutions Pro software and compared with our previously
published data (Becze et al., 2009; Gomez et al., 2010, 2011, 2013).
Raman microscopy was conducted by a Perkin Elmer Raman microscope
operated at 785 nm and 60% of the laser power (350 mW excitation
source) at the microscope exit. Spectra over the range 3500-100 em™?
were obtained with the accumulation of 5 exposures and an exposure
time of 30 s. Raman spectra were compared with our previously pub-
lished spectra (Becze et al., 2009; Gomez et al., 2010, 2011, 2013).

3. Results and discussion
3.1. Synthetic precipitates

3.1.1. Hydrothermal synthesis, solution data and chemical analysis of
precipitates

Results obtained for the precipitation and solid composition of the
generated solids are reported in Tables 1 and 2. Based on the chemical
composition of the precipitates and previous characterization of similar
products by Dutrizac and Jambor (2007), the different phases likely to
have precipitated are namely BFS, As-BFS, BFAS, and FAsH (Table 2).
Empirical formulae of precipitates were determined based on As/Fe and
S/Fe ratios calculated using chemical analysis, OH was calculated to
maintain charge balance, while HoO was determined by difference.

Some scatter in the data was observed in Table 1. Thus, tests D and E
conducted at the same feed solution composition showed different
performance in terms of AsO4 and Fe precipitation. The composition of
precipitates formed, however, was similar. This effect was also observed
for tests F and G and was reported by Dutrizac and Jambor (2007) for
low AsO4 concentrations and attributed to the formation of different
compounds at the same conditions.

3.1.1.1. Iron and arsenic precipitation. The effect of Fe/As molar ratio on
Fe and AsOy4 precipitation was investigated. Mass of precipitate formed
after 90 min of heating in the autoclave at 205 °C was calculated per liter
of the solution treated. This allows the comparison of results from tests
done in 1 and 2-gal (3.78 L and 7.57 L) vessel and results reported by
Dutrizac and Jambor (2007) for 1 L solution. Results are reported in

Table 1
Precipitation results.
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Fig. S1 and Table 1. At conditions tested, Fe precipitation was reported
for test A where no AsO4 was added. We can observe that as the AsO4
concentration in the feed increased from 0 to 3.28 g/L, the mass of
precipitate formed decreased initially reaching a minimum value of
around 6.3 g/L solids formed. Then, the mass of precipitate increased
again as the AsO4 concentration in the feed solution increased.

Precipitation results reported by Dutrizac and Jambor (2007) under
similar conditions showed the same trend. However, masses of pre-
cipitates obtained at AsO4 < 2.7 g/L were lower in their study and could
be attributed to longer residence time (3 h vs 1.5 h) and dissolution of
some metastable Fe-As compounds initially formed.

The As rejection during the hydrothermal synthesis is an important
parameter in view of the desire to fixate all AsO4 entering the autoclave
as a possible stable Fe-As precipitate. The Fe and AsO4 precipitated, as a
percentage of the amount introduced into the feed solution, are shown in
Fig. 1 and Table 1. Data obtained in the current study indicated that with
increasing Fe/As ratio, both Fe and AsQO4 precipitation passed through a
minimum at a value of about 15. The amount of iron precipitated, in
general, was lower than that of arsenic. It can be attributed to the high
Fe/As ratios used in this study, up to 46. At this condition, iron was
partially combined with arsenate to form various mineral phases while
the rest remained in solution.

Precipitation results reported by Dutrizac and Jambor (2007) under
similar solution concentrations were different from data discussed above
with the biggest discrepancy at Fe/AsO4 ratio above 15 where low AsO4
and Fe rejections were reported by these authors. This discrepancy could
again be attributed to the difference in residence times.

Iron and arsenic precipitation behavior was further analyzed in
terms of precipitated Fe/As molar ratio. According to Fig. S2, with an
increase of Fe/As ratio in the initial solution (Fe/As,,)), the precipitated
Fe/As ratio (Fe/Aspp) increased but not linearly. At Fe/Asg, < 20,
similar values for Fe/As in solution and precipitated Fe/As were re-
ported, thus indicating a comparative Fe and AsO4 precipitation. How-
ever, a further increase of Fe/Asg, resulted in lower ratio of Fe/As,,c (~
23 and 46) reflecting changes in the amount of arsenate contained in
solid phases formed.

3.1.1.2. Acid generation. The precipitation of iron/arsenate compounds
observed was associated with acid generation as reported in Table 1.
Final HySO4 concentration in the solution varied between ~47 and 66 g/
L while the initial HSO4 concentration was around 38 g/L, indicating
that the reactions and generation of the various Fe-AsO4-SO4 phases
were acid-generating. This result is in agreement with our previous work
(Gomez et al., 2008, 2011). The molar ratio of HySO4 generated per
AsO4 was calculated. In general, it was found that the H2SO4gen/Asppt
was in direct correlation with Fe/AsOj4 in the feed (Fig. S3 and Table 1),
hence indicating that the acid generated was directly correlated with
AsOy4 precipitation even at the larger volume scales used in this work.
Noteworthy is the fact that for tests D and E, lower HySO4gen/ASpp Versus

Test  Feed solution, g/L Fe/As molar ratio in Final solution, g/L Mass of precipitate, g/L Precipitation Molar ratio HySO4 (gen)/AsO4
feed solution efficiency?, % (ppt)
AsO4 Fe H,S04 AsOy4 Fe H,S0,4 AsO4 Fe
A 0.00 18.23 38.02 n/a 0.01 4.11 60.95 41.03 n/a 77.07 n/a
B 0.98 18.23  37.89 46.17 0.02 4.16 61.54 39.19 88.67 75.75  42.78
C 1.97 18.22  37.81 23.06 0.19 9.34 66.45 26.40 81.28 49.10 18.93
D 2.83 18.24 37.97 16.02 0.88 14.76 53.16 16.72 66.94 25.18 9.02
E 2.83 18.24  38.12 16.02 1.45 17.20  49.86 9.75 45.13 11.35  10.04
F 3.28 18.25  37.97 13.84 1.39 1559  49.85 9.74 48.39 17.18  13.39
G 3.28 18.25  38.00 13.83 1.73 16.88  46.64 6.28 36.96  8.69 12.91
H 3.93 18.25 38.04 11.56 2.04 15.29 52.31 13.12 50.53 22.93 12.01
I 16.14 18.47 38.63 2.85 4.27 7.11 55.34 21.81 55.51 46.95 6.31
J 1556  6.17 37.31 0.99 1.69 0.81 53.68 16.28 77.41  80.15  2.09

Note: a. precipitation efficiency is the average value calculated using the solution and precipitate analysis.
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Table 2
Composition of synthesized precipitates.

Hydrometallurgy 203 (2021) 105616

Precipitate name Precipitate composition AsOQ4 /Fe SO,4/Fe Fe/AsO4 Fe/(AsO4 + SO4) Likely phase Stoichiometric formula
AsO4 Fe SO4
wt% molar ratio
A 0.00 33.45 59.76 - 1.04 - 0.96 BFS Fe(S04)1.04(0H)p.02
B 1.99 34.10 55.72 0.02 0.95 42.60 1.03 As-BFS Fe(As04)0.02(S04)0.95(0H)1 03
C 5.51 32.55 50.93 0.07 0.91 14.69 1.02 Fe(As04)0.07(S04)0.91(0H)g 08 0.13 H20
D 10.85 31.20 52.42 0.14 0.98 7.16 0.90 SO4-BFAS Fe(As04)0.14(S04)0.08(0H)o 63
E 12.03 31.10 50.63 0.16 0.95 6.43 0.91 Fe(As04)0.16(S04)0.95(0H)o.64 0.02H,0
F 12.68 31.20 43.14 0.16 0.80 6.12 1.03 Fe(As04)0.16(S04)0.80(0H)0.00 0.44H20
G 14.19 31.80 43.89 0.18 0.80 5.57 1.02 Fe(As04)0.18(S04)0.80(0H).g6 0.18H,0
H 15.12 32.23 40.97 0.19 0.74 5.30 1.08 Fe(AsO4)o.19 (S04)0.74(0H)g 06 0.22H,0
I 27.01 26.27 22.35 0.41 0.49 2.42 1.10 AsO4-BFAS Fe(As04)0.41(S04)0.49(0H)g 77 2.15H20
J 61.68 27.30 0.87 0.91 0.02 1.10 1.08 FAsH Fe(As04)0.01(S04)0.02 0.93H,0
[Fe(AsO4)x(SO4)x(OH), were 0 < x < 0.12,0.91 <y <1.02and 0.80 < z
100¢ < 1.02].

X 9 fFe 0
:Z_i 80 & . 2" = o BFAS. In tests D to I at initial molar feed ratios of 2.9 < Fe/As <16.0
3 0 N, =i = = basic ferric arsenate sulphate (BFAS) was precipitated. Unlike other
5 60 F 7;\ o L 4 e = types of precipitates identified, BFAS composition ranges were much
5 50 ?6’\‘ oL PO A wider. Fe content in the products was 26 to 32 wt% but arsenate and
’3_‘ PP S s, R ’\ % 2L sulphate contents varied in connection to each other. We can observe
;i i \ .o' ¢ ,,’ that as the Fe/As ratio in the feed solution increased, the amount of
% 5% ‘o\, 3 9.08 .? % 4 s arsenate in the solids formed decreased from 27.0 to 10.8 wt% and
E o N e ,"oo the amount of sulphate correspondingly increased from 22.3 to 52.4
@ e wt%. Such variations in AsO4<S0O4 are typical of the BFAS polytype

0 5 T o ;o %0 N as we have previously described (Gomez et al., 2010, 2011). Our

Fe/As molar ratio in feed
oFe 0AsOy

Open symbols, current work, 1.5 h; Filled symbols (Dutrizac and Jambor, 2007), 3 h

Fig. 1. Fe and AsO, precipitation as a percentage of the feed vs. Fe/As ratio in
the feed solution.

the Fe/As molar ratio in feed was observed and is likely because more
SO4 was tied up in the solid phase (Table 2). Acid generation per mol of
AsO4 precipitated was investigated in our previous work (Gomez et al.,
2011) but only for FAsH and BFAS formed at initial Fe/As ratios from 0.7
to 4, and as such our work here expands this range to what may be more
realistically found in the processing of real refractory gold ores and/or
concentrates.

3.1.1.3. Chemical composition. The chemical composition and formulae
of all precipitates generated during hydrothermal precipitation is re-
ported in Table 2 and and their corresponding experimental conditions
can be found in Table 1. The composition of the possible phases iden-
tified in our work compared to the data reported previously can be found
in Table S4.

BFS. The composition obtained in tests A was similar to the BFS re-
ported by Dutrizac and Jambor (2007) and the theoretical compo-
sition of BFS. The empirical formula of BFS determined in this work
was Fe(S04)1.04(OH)g.92 and is close to its ideal formula.

As-BFS. In our work it was found that As-BFS was precipitated when
the initial feed molar ratio ranged from 23.1 < Fe/As <46.2 (tests B
and C). Our solids composition was similar to that reported by
Gomez et al. (2011) for a arsenate containing BFS with an initial Fe/
As = 12, and the BFS compound incorporating up to 9.8 wt% AsO4
reported by Dutrizac and Jambor (2007) with Fe/As = 15.

Empirical formulae determined for our As-BFS were Fe(AsO4)g.02(-
804)0.95(0H)1.03 and Fe(AsO4)0.07(S04)0.91(0H)0.080.13H20 which are
comparable with the formula derived by Dutrizac and Jambor (2007)

BFAS phase generated herein is identical to the Type II, Phase 3, and
BFAS described previously (Dutrizac and Jambor, 2007; Gomez
et al., 2011; Swash and Monhemius, 1994).

Both existing BFAS polytypes, firstly described as Type II + BFS and
Type II (Swash and Monhemius, 1994) or Phase 3 + BFS and Phase 3 by
Dutrizac and Jambor (2007) and then defined by Gomez et al. (2010,
2013) as arsenate and sulphate rich BFAS were identified in the current
study. Noteworthy is the fact that tests conducted at the Imperial College
or McGill's Hydrometallurgical labs did not include the initial addition
of HySO4. Herein, AsO4-BFAS was precipitated at an initial Fe/As feed
ratio of 2.85 (test I) while SO4-BFAS was formed at higher Fe/As ratios of
11.6 < Fe/As <16.0 (tests D to H). In comparison, Dutrizac and Jambor
(2007) reported precipitation of pure Phase 3 (AsO4-BFAS) at similar
test conditions and 2.7 < Fe/As <3.3, while the mixture Phase 3 + BFS
(now referred to as SO4-BFAS) was formed at 4.3 < Fe/As <12.0.

Our Basic ferric arsenate sulphate produced had formula Fe
(As04)x(SO4)y(OH),-wH20 where 0.14 < x < 0.41, 0.49 < y < 0.98,
0.63 <z <0.96 and 0 < w < 2.15. There is a similarity between the
empirical formulas obtained in this study and the generic formula for
BFAS Fe(AsO4)1.x(SO4)x(OH)xe (1-x)H20 with 0.3 < x < 0.7 proposed in
our previous work (Gomez et al., 2011). Data presented here are also in
line with Dutrizac and Jambor's (2007) generalized formula of their
Phase 3 that is Fe[(AsO4)(SO4)1y-1(OH, H20)y; and the compositional
range from Fe(AsO4)0.25(504)0.75(0H)g.75 to Fe
(As04)0.54(504)0.46(OH)o.36-

The current study also allowed to differentiate the composition of the
SO4-rich BFAS from AsOg4-rich BFAS while having the same general
formula Fe(AsO4)x(SO4)y(OH),-wH>O. In the case of SO4-BFAS, it had a
composition of 0.14 <x < 0.19, 0.74 <y < 0.98,0.63 <z < 0.96 and 0
< w < 0.44 while the AsO4-BFAS had higher x = 0.41, lower y = 0.49, z
=0.77 and w = 2.15.

FAsH. In test J, at a initial molar feed of Fe/As = 1.0, the ferric
arsenate sub-hydrate (FAsH) product was formed whose composition
corresponded well with that of FAsH, Type I, and Phase 4 reported
previously (Dutrizac and Jambor, 2007; Gomez et al., 2011; Swash
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Fig. 2. Precipitate composition vs. AsO4 addition in the feed solution.

and Monhemius, 1994). The empirical formula determined for our
FAsH was Fe(AsO4)0.91(S04)p.020.93H20 which contains slightly
larger amounts of water than previously reported but this is because
it was not accurately measured via TGA but rather from the differ-
ence. By comparison, formulae derived previously were FeAsO4 e
wH20 with w = 0.54 reported by Dutrizac and Jambor (2007) and w
= 0.72 by Gomez et al. (2011).

The composition of all precipitates A to I, as a function of AsO4
addition in the feed, is graphically shown in Fig. 2. The Fe content was
similar, ranging between 26.3 and 34.1 wt%. However, an inverse
relationship, evident of substitution between the AsO4-group and the
SO4-group, was observed. This relationship was also previously noted by
Dutrizac and Jambor (2007). The data published from their studies,
which confirmed this trend, is included in Fig. 2. It is noted that the
precipitates produced by Dutrizac and Jambor (2007) contained slightly
less arsenate and more sulphate compared to the precipitates produced
during the current work. A possible reason for this is the difference in
retention time (i.e., 1.5 h vs. 3 h). According to observations done by
Dutrizac and Jambor (2007), the ratio of arsenate to sulphate in the
precipitate is a function of retention time, and increased contact with the
synthesis solution will result in the gradual displacement of arsenate by
sulphate which can also be observed spectroscopically (Gomez et al.,
2008).

3.1.2. Mineralogical characterization

Six of the ten precipitates in Table 2 were selected for SEM-EDX
analysis. These precipitates were most likely to represent the BFS, As-
BFS, BFAS and FAsH phases from previous works based on their bulk
chemical compositions (Dutrizac and Jambor, 2007; Gomez et al., 2011;
Swash and Monhemius, 1994). The images of these precipitates are
shown in Fig. S4. All precipitated particles, except for precipitate J, had
similar sizes of about 10 pm to 70 pm. The precipitated BFS with no As
showed nucleation and growth processes where dendritic growth was
common. Its point analysis chemical composition was close to that found
in the bulk (Table 2) and expected for the BFS phase (Fleming, 2009;
Gunaratnam et al., 2018). The particles with lower AsO4 content (< 5.5
wt% AsO4) had dendrites at the edges of the particles whereas particles
with AsO4 content >15.1 wt% were smooth at the edges (Fig. S4d). Thus
indicating that for the BFS and As-BFS, the particle formation may not
have formed under ideal equilibrium development conditions as their
growth occurred along more energetically preferred crystallographic
directions. This often occurs due to concentration gradients from su-
persaturated values in solution to the concentrations in equilibrium with
the crystals at the surface. This is in contrast to the sulfate-rich BFAS,

arsenate-rich BFAS, and FAsH phases where non-dendritic particles
were found to precipitate. This may be an indication that when they are
nucleated and formed, their growth rate is not only limited by the rate of
diffusion of the solute atoms at the interface. And that their concentra-
tion gradients from the supersaturated values/regions in solution may
be similar to the concentration values/regions in equilibrium with the
crystals at the surface. Arsenic was not visible in the elemental maps of
Precipitate B and Precipitate C, due to low concentrations, but was
detected by EDS on the selected points. It is worth pointing out that both
precipitate B and C showed particles that had similar chemical compo-
sitions to the bulk results (Table 2) but some particles analyzed showed
significantly less concentration of AsO4. Such differences in the AsO4
concentration observed for certain particles may arise from the variance
in solution concentration gradients from supersaturated regions to those
concentrations that exist in equilibrium with the crystal at the surface
that leads to dendritic growth. In contrast to the red/orange-colored
particles of Precipitates A, B, and C (Fig. S4), a yellow/green color
dominated the particles of Precipitate H and I, which clearly showed
AsOy in both elemental mapping and EDS point analysis. From the EDS
analysis of precipitate H and I, we could observe that their chemical
compositions were slightly distinct to the observed bulk composition
(Table 2) for the predicted AsO4 and SO4-rich BFAS phases but followed
a similar trend. Furthermore, based on the micro-particle elemental
analysis, we could observe that a notable replacement of SO4< AsOy4
occurred while the Fe concentration remained fairly similar as previ-
ously observed for the BFAS solid solution (Gomez et al., 2010, 2011).
Furthermore, it is worth noting that both H and I precipitates displayed
point analysis of different particles that were similar in AsO4 concen-
tration (unlike those of particles B and C) which may again highlight the
difference in the way the BFAS phase nucleates and grows vs. that of As-
BFS/BFS. Precipitate J, which contained the highest amount of arsenic,
appeared to consist of smaller particles vs. other precipitates in this
study. Point EDS analysis of Fe and particularly AsO4 were found to be
higher than those found in the bulk analysis (Table 2) and expected for
the previously reported FAsH (Dutrizac and Jambor, 2007; Gomez et al.,
2011; Swash and Monhemius, 1994). Such differences may be a result of
the fact that ICP-OES is more accurate at the bulk scale in comparison to
SEM-EDX analysis (Einhauser, 1997) which is more locally sensitive to
variations.

The FTIR spectra of Precipitates A to J are displayed in Fig. 3 while
the Raman spectra of Precipitates A to I are shown in Fig. S5 and sug-
gested vibrational assignments are presented in Tables S5-S6. The SO4
and AsO4 bands are indicated on these plots. The theoretically published
spectra for the SO4-BFAS, AsO4-BFAS, As-BFS, FAsH, scorodite, and
jarosite were also included for comparison purposes. The suggested
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Fig. 3. Comparison of FTIR-IR spectra of synthesized precipitates.

vibrational assignments for these may be found in our previous works
(Gomez et al., 2010, 2011, 2013; Becze et al., 2009). It should be noted
that at low AsO4 content (<2 wt% - sample B), our experimental data
and the theoretical published FTIR and Raman As-BFS spectra matched
only that of BFS (Gomez et al., 2013; Powers et al., 1975). This is
because such lab-based techniques are not sensitive enough to detect
such low molecular concentrations. However, for the 5.5 wt% AsO4
sample C, the characteristic v3 (AsO4) IR active band at ~850 cm ! and
the corresponding Raman band were observed. As seen on both FTIR and
Raman plots, with an increase in precipitate AsO4 content, the AsO4
vibrational band strength increased. On the one extreme, the FTIR and
Raman spectra of Precipitate A-C which contained 0-5.5 wt% AsOyq,
largely matched our standard and published spectra for As-BFS (Gomez
et al., 2013). The Raman and FTIR spectra of Precipitate D-H with
10.8-15.1 wt% AsOy4 correlated with that of the standard and our pub-
lished SO4-BFAS (Gomez et al., 2013). Precipitate I with the AsO4 con-
tent of 27.0 wt% had an FTIR spectrum which is difficult to identify as it
has bands corresponding to both the SO4-BFAS and AsO4-BFAS (Gomez
et al., 2013). However, its Raman (Fig. S5) indicated that the sample is
AsO4-BFAS. This fact confirmed that the AsO4-BFAS phase exists at a
wider AsO4 solid content range than it was previously reported (Gomez
et al., 2010). The spectra of Precipitate J which contained 61.7 wt%
AsOg4, matched well the theoretical FAsH (Gomez et al., 2011) and not Sc
as expected for such high temperature used in the POX processing of
gold concentrates and ores. A high correlation between published and
measured spectra, therefore, confirms the nature of the precipitates
produced at the two extremes. Meanwhile, precipitates with interme-
diate compositions therefore likely consist of SO4-rich BFAS and AsO4-
rich BFAS along with As-BFS. Thus indicating that the larger volume
used for the autoclave, the addition of Oy (5 overpressure, initially
added H,SO4 and the use of flash drum at the end to avoid dissolution/
reprecipitation of unwanted phases did not significantly affect the
products formed in comparison to previous works (Dutrizac and Jambor,
2007; Gomez et al., 2011; Swash and Monhemius, 1994). However, our
precipitates formed herein may be more representative of precipitates
that can be found in autoclave residues after the pressure oxidative
treatment of auriferous arsenical concentrates versus previous studies.
The XRD diffractograms for Precipitates A to H in comparison to our
reference standards are presented in Fig. S6. It is worth noting that BFS,
As-BFS, and the BFAS solid solution essentially belong to the family of
OD polytypes where the orthorhombic and monoclinic are the most
favorable but the monoclinic has a slightly greater activation energy of
formation (Gomez et al., 2013; Ventruti et al., 2005). In the case of the
BFAS solid solution, the AsO4-rich BFAS variety favors the monoclinic
while the SO4-rich BFAS is a mixture of the former, and monoclinic BFS

and hematite. Therefore, based on our XRD work (Fig. S6), the exact
phase (i.e. As-BFS, BFS, SO4, or AsOy-rich BFAs) generated for samples
A-H couldn't be assigned without a doubt due to the high similarity of
the diffractograms that arises from the fact they belong to this family of
OD structures. This is in agreement with previous reports (Dutrizac and
Jambor, 2007; Gomez et al., 2011) without the use of synchrotron-based
XRD and crystallographic modeling (Gomez et al., 2013; Ventruti et al.,
2005) to further verify structural results. However, based on the
chemical, vibrational, and XRD data as well as previous works, we can
indicate that samples A belongs to BFS, samples B-C belong to As-BFS
and D-H are in the form of the SO4-rich BFAS. To further verify the
identity of our sample with the second-highest amount of AsO4 (27%, 1),
additional Rietveld refinement was conducted (Fig. 4 and Table S7).
This showed that sample I was indeed composed of a single monoclinic
phase (Ventruti et al., 2020) the AsO4-rich BFAS, in agreement with our
vibrational analysis and previous reports (Gomez et al., 2011, 2013).
Finally, in the case of sample J with the highest amount of AsO4, Riet-
veld refinement (Fig. 4 and Table S7) showed it to belong to the FAsH
phase (<1.5% Sc), in agreement with the chemical and vibrational
analysis.

3.2. Real concentrates and ores

3.2.1. Chemical characterization of concentrates

Five sulphide concentrates were sourced from various operational
gold mines around the world and whose chemical composition is shown
in Table S8. The As content varied between 0.2 and 8.3 wt%, while the
Fe content varied between 8.9 and 24.3 wt%. Consequently, the molar
ratio between Fe and As ranged between 2.7 and 199.5. The sulphide
content constituted the majority of the total sulfur present as expected in
the range between 8.2 and 33.8 wt%. Other impurity elements included
Sb, Si, K, Na, Mg, Al, and Ca.

3.2.2. Mineralogical characterization of concentrates

The mineralogical composition of the concentrates determined via
XRD is included in Table S9. All concentrates contained pyrite as the
main sulphide bearing mineral, ranging between 12 and 52 wt%. Apart
from pyrite, samples #2 and #3 also contained pyrrhotite as an iron-
sulphide mineral, ranging in content between 10 and 25 wt%. The
main source of As is arsenopyrite which ranged between 1 and 15%,
with the highest content found in sample #5 and lowest sample #1,
leading to the respective Fe/As molar ratios (Table S8). Although not a
focus of this work, the primary source of Sb was stibnite (SbySs) which
was present in four of the five concentrates in varying proportions
ranging between 1.4 and 3.8 wt%.
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Fig. 4. XRD diffractograms showing Rietveld refinement for Precipitate I and J.

Table 3
Batch POX solution tenors.
Sample # Al AsO4 Ca Fe K Na Mg Si Sb Fe?* Fe** Fe/As molar ratio H,S04 Slurry density
mg/L g/L %
#1 991 61 39 5790 70 38 21 645 0 204 5586 235.4 60 9
#2 1320 1686 438 7210 50 40 2440 652 1 288 6922 12.9 45 21
#3 789 1640 862 8405 347 55 261 913 5 264 8141 12.7 52 15
#4 1620 1993 933 5830 147 107 475 793 2 264 5566 7.2 54 29
#5 1600 1552 544 4790 54 25 651 647 0 168 3980 7.6 35 15°

Note: b. Test not conducted at autothermal slurry density due to sample limitations; slurry cooled i.e., not flashed.

3.2.3. Batch POX

The concentrates were submitted to batch POX testing as outlined in
Section 2.2. As may be observed from Table 3, batch tests were con-
ducted at different slurry densities based on the sulphide content in the
concentrates (see Eq. (2)). This was done for all concentrates except for
the test conducted on concentrate #5 which had been done at 15 wt%
instead of the autogenous slurry density of ~20 wt% due to sampling
limitations. The composition of the batch POX solutions and free acid
concentrations after oxidation are presented in Table 3.

Based on Table 3, we can observe that relatively high levels of sol-
uble Fe remain in all POX solutions (4.1-8.4 g/L). It has been reported
(Fleuriault, 2016) that in general, more Fe remains in solution after POX
when BFS forms vs. hematite since the former has a lower solid Fe
concentration. Moreover, BFS solubility's under hydrothermal condi-
tions is greater than hematite. Similarly, the precipitation of SO4-BFAS
has been documented (Gomez et al., 2011) to have lower Fe precipita-
tion efficiencies (53-79%) as the Fe/As molar ratio increases. In
contrast, the AsO4-rich BFAS has higher Fe precipitation efficiencies of
76-88%. In our case, the amount of Fe precipitated in the POX residue
(Table 4) relevant to the initial sulphide concentrate content was >86%,
thus been similar to those previously observed for the BFAS system
(Gomez et al., 2011). The remaining AsO4 in solution after POX

Table 4
Batch POX solid residue composition.

processing of the concentrates ranged between 0.06 and 1.99 g/L, while
the AsO4 precipitation efficiencies of the POX residues (relative to the
initial sulphide concentrates) were observed between 88 and 100%.
Thus indicating that the majority of AsO4 was removed into the solid
phase (i.e. POX residue) as desired (Fig. S7). Comparison of the possibly
generated synthetic phases in our work (Table 2) and our previous works
(Gomez et al., 2011) indicate that the observed precipitation efficiencies
in the POX concentrate lie in the range of As-BFS and the BFAS poly-
morphs. In general, the AsO4 rejection reported for concentrate samples
was high (88-100%). Both, Fe and AsO4 rejection was however higher
than values reported for synthetic precipitates (Table 1) generated at a
similar Fe/As ratio in the feed. The difference in the behavior of the
synthetic studied system and actual samples could be due to (1) complex
mineralization of actual samples and presence of Fe and (2) As in
different mineral phases such as arsenopyrite, pyrite, and pyrrhotite
which have different oxidation kinetics during pressure oxidation.
Therefore, the dissolution-precipitation ratio of soluble Fe/As in the
POX reactor is different from the observed ratio of the total amount of
elements. Furthermore, the presence of Al, K, Mg, and Na in the sulphide
concentrates could also potentially promote the formation of jarosite-
alunite phases in the POX residues.

The free acid levels in the POX solutions ranged between 35 and 60

Sample # Al As Ca Fe K Na Mg Si Sb §2- Total S SO4 Fe/As molar ratio
wt%

#1 3.3 0.2 0.1 22.9 0.6 0.1 0.1 9.5 0.0 0.03 12.1 36.2 153.6

#2 2.4 2.6 0.7 17.5 0.4 0.2 6.2 20.6 0.0 0.11 3.5 10.1 9.0

#3 1.4 6.4 2.3 22,5 0.3 0.1 0.1 10.0 6.6 0.10 4.5 13.1 4.7

#4 7 4.5 0.2 10.3 1.3 2.8 0.3 24.1 0.8 0.13 2.4 6.7 3.1

#5 5.1 8.2 0.2 14.4 1.5 0.1 0.2 17.4 3.5 0.03 1.8 5.2 2.4
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g/L (Table 3). Assuming an initial free acid concentration of 5 g/L, we
observed that all concentrates generated ~30-55 g/L net free acid.
Based on synthetic previous works (Fleming, 2009; Fleuriault, 2016), it
was assumed that the formation of BFS (and jarosites) is favored at >20
g/L initial free acidity, > 40 g/L final free acidities while a net increase
of ~ > 41 g/L marks the limit for its formation. Below these initial/final
free acidities or net increases >41 g/L, hematite formation dominates.
Reasons for this lie in the fact that hematite is normally associated with
greater production of HoSO4 while BFS consumes it, thus this is why we
may expect high acidities to promote BFS formation. However, BFS has
been proven in some cases to form even when hematite would yield
favorably, especially under real processing conditions where solution
chemistry and mineralization are complex. Thus in concentrate samples
that have final free acidities of >40 g/L, we may expect to have BFS
(and/or jarosites) precipitate but to be further verified by XRD. Inter-
estingly, sample # 2 with a final free acidity of 45 g/L and a net increase
of ~40 g/L lies in the middle of the theoretical BFS-hematite synthetic
acidity boundary and as such we may infer it to have some hematite
formation. Moreover, filtrate produced during leaching of sample #2
had 2.44 g/L Mg and according to the finding from Sasaki et al. (1994)
buffering effect of Mg may lead to increasing stability region at which
hematite forms. The formation of BFAS is acid generating (Gomez et al.,
2011), where its precipitations makes ~2 mol of H3SO4/mol of As
precipitated or 1 mol of HySO4/mol of Fe precipitated. Furthermore,
based on available data, the AsO4-rich BFAS is associated with a greater
final and generated free acidity versus that of the SO4-rich BFAS (a
mixture of AsO4-rich BFAS, BFS, and hematite). These free acidities for
the BFAS polytypes (Gomez et al., 2011) tend to be lower than those
observed for the BFS system and as such we may expect to have the
formation of the BFAS polytypes in the majority of the concentrate
samples studies, except for sample #1 who had the largest free acidity.

As can be observed in Table S10, near-complete sulphide oxidation
was achieved during all tests as the sulphide content was <0.70 wt% in
the residues. Hence, indicating that the selected batch-test conditions
were appropriate to fully leach the gold from its refractory matrix
(Adams, 2016). It is interesting to note that the Fe/As molar ratios ob-
tained in the batch POX residues (Table 4) were 2.4-153.6 and roughly
corresponded to the same ratios observed in the initial sulphide
concentrate feed (Table S8) of 2.7-199.5. Thus further indicating that
the operational parameters chosen in our study to leach the sulphide
concentrates were efficient in the removal and entrapment of Fe and
AsOy4 in the solid residue phase. The presence of sulphate in the POX
solid residue (Table 4) was highest in sample #1 (36.2 wt%), and lowest
in sample #5 (5.2 wt%), thus indicating the possible existence of sul-
phate based phases (e.g. BFS, As-BFS, BFAS polytypes and/or jarosites).
However, further mineralogical characterization is needed and are dis-
cussed in the following section.

3.2.4. Mineralogical characterization of POX residues
The mineralogical phase composition as determined by XRD of the
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POX residues is included in Table S10. Based on this analysis, we
observed that the majority of Fe and As precipitated as Fe-As hydroxy
sulphates (i.e., BFAS or As-BFS and BFS). In terms of Fe-containing
phases which may or may not contain AsOa, jarosite, BFS, and iron
oxides were detected. Notable amounts of jarosite phases were found in
samples # 1 to 5 while residue #2 contained noticeable amounts of
hematite.

It is worth noting that even though residues #3 and 5 contained a
significant amount of Sb (3.5-6.8 wt%), Sb-bearing phases were not
detected in the residues (Table S10). Thus indicating that Sb-containing
POX precipitates were not identified by the DIFFRACplus EVA nor X'Pert
Highscore softwares based on the built-in database of known com-
pounds. Thus additional refinement of published diffractograms of Sb-
oxides and possibly Sb-Fe-SO4 phases not in the databases against the
measured XRD diffractogram will have to be done in the future but for
now, it is out of the scope of this study.

To further compare the POX residues in terms of As and Fe deport-
ment, the various Fe and As phases found in this work were normalized
to the sum of all Fe-AsO4-SO4 phases in each POX residue (Fig. 5). As
expected, when the Fe/As ratio in the sulfide feed and final POX residue
was high (sample #1), As-BFS/BFS was formed. However, at a lower Fe/
As ratio in the industrial samples (feed and residue), As precipitated as
BFAS in the POX residue. This trend observed for the industrial samples
is in agreement with what we observed in our generated synthetic
samples (Section 3.1) and previous literature works (Dutrizac and
Jambor, 2007; Gomez et al., 2011, 2013; Swash and Monhemius, 1994).

The FTIR (Fig. 6) of the generated POX residues was further collected
to verify the possible Fe(III)-AsO4-SO4 phases detected via XRD. Sug-
gested vibrational assignments can be found in Table S11. In general, all
samples exhibited strong vq,3 (SO4) modes between ~950 and 1250
em™! that were found to split in degeneracy as expected for BFS, BFAS,
and jarosite type of phases (Gomez et al., 2010; Powers et al., 1975;
Spratt et al., 2013). In contrast, the definitive v 3 (AsO4) modes between
700 cm ! to below 950 cm ! as observed for BFAS phases (Gomez et al.,
2013) were only clearly observed for samples # 3 and #5. As expected,
sample #1 resembled only that of As-BFS/BFS meanwhile samples #2
and #4 also showed this signature but its v; 3 (SO4) modes appeared to
be mixed with symmetry also generated by the BFAS polytypes. It is
worth noting that for sample #4, its FTIR spectra largely resembled that
of Albite (McKeown, 2005), in agreement with our XRD phase analysis.
In this case, the v1 3 (AsO4) modes of samples #2 and 4 were not clearly
defined to be able to separate if they occurred in the specific type of
group symmetry as observed for the BFAS polytypes (Gomez et al., 2010,
2013). For sample #3, the vy 3 (SO4) region also exhibited a mixed
vibrational band symmetry between that of the As-BFS/BFS and the
BFAS polytypes. However, the vq,3 (AsO4) modes between 750 and 850
em ™! were typical of those observed for the BFAS polytypes (Gomez
et al., 2010, 2011, 2013) thus supporting the XRD findings. It is worth
noting that the incorporation of AsOy4 into the BFS or jarosite structures
(< 9.8-10 wt%) does not evidently break the degeneracy of the v3

i 100
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z 60 u Hematite
£ S0
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2 s u FASH
£ 20
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Fig. 5. Normalized phase contribution Fe-As phases in POX residues.
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Fig. 6. FTIR-IR spectra of POX residues.

(AsOg4) IR active mode based on data collected here and literature data
(Aguilar-Carillo et al., 2018; Dutrizac and Jambor, 2007; Gomez et al.,
2013; Paktunc and Dutrizac, 2003; Powers et al., 1975; Reyes et al.,
2017; Savage et al., 2003). This is in contrast to the BFAS polytypes for
which the degeneracy of the v3 (AsO4) IR active mode is broken (Gomez
etal., 2010, 2013). It is worth mentioning that SiO3 is an inherent part of
the POX residues and generates SiO4 bands at 694, 778, and 794 cem!
(Madejova et al., 2017; Ojima, 2003) which may be observed in all
samples except for #1. However, for sample #3 (and #5), the v3 (AsO4)
band ~830-867 cm™! was observed and the band at ~779 cm™! may
also be tentatively assigned to the v; (AsO4) mode from the BFAS pol-
ytypes (Gomez et al., 2010, 2013) since the As content is sufficient
enough to detect via ATR-FTIR and is in agreement with the XRD
analysis.

4. Conclusions

For the synthetic Fe-As phases produced under larger volumes and
conditions more closely to industrial operations, we found that as more
H3AsO4 was introduced to the Fey(SO4)3-H2SO4 mixture, the Fe and As
rejection efficiencies decreased. This is unlike our previous synthetic
work under different operational parameters (e.g. retention time and
initial HSO4) which may affect the precipitation and solubility of the
Fe-AsO4-SO4 phases. The highest As precipitation efficiency (~ 88%)
was observed when As-BFS formed at an initial feed of Fe/As = 46 while
a decrease in efficiency (~ 81 to 37%) occurred at Fe/As = 23 to 3 and
was accompanied by the precipitation of BFAS. Mineralogical charac-
terizations indicated that BFS, As-BFS, AsO4/SO4-rich BFAS, and FAsH
were dominant. All reactions generated acid with BFS/As-BFS producing
the largest amounts in comparison to all other phases. Finally, the
confirmation of the AsOy4-rich BFAS at an initial Fe/As feed of 2.8 ex-
pands its formation domain.

Given the synthetic results, POX batch tests on real concentrates with
similar feed Fe/As ratios were conducted for comparison. It was found
that the solution Fe and As rejection behavior was different than in these
synthetic tests but similar to some of our previous work. Thus high-
lighting that operational parameters (e.g. residence time, initial acidity,
and volume) have an impact in comparing ideal synthetic systems and
likely arise from the complex dissolution-precipitation that occurs in
real concentrate POX. Mineralogical analysis indicated that jarosite,
hematite formed but As-BFS/BFS dominated at a high initial Fe/As feed
ratio (199) while BFAS precipitated at Fe/As 2.7 to 9.6. Acid generation
was common to all tests and similar to these synthetic tests, the greatest
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amounts produced were associated with the formation of As-BFS/BFS
versus all other phases formed.
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