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Volatilized and Condensed Sb- and As-Bearing
Phases Produced During Roasting of Cu-Rich
Complex Concentrate in Nitrogen Atmosphere
with Oxygen in Traces

PANDE NISHANT PRASAD, ANDREAS LENNARTSSON, and CAISA SAMUELSSON

A Cu-rich complex sulpfide concentrate (containing Sb as sulphosalts and gudmundite, and As
as arsenopyrite) is roasted in Nitrogen atmosphere carrying traces of oxygen (pO2 � 10�5:3 bar).
In situ measurements through QMS indicated that the volatilized species are mainly elemental
sulfur, S2(g), and gaseous sulfur oxides. Sb- and As-bearing volatilized species could not be
detected, owing to their low concentrations in the gas phase. Characterization studies through
XRD and SEM-EDS confirmed that the condensates collected at room temperature during the
roasting experiments comprised of (1) cyclo-octa sulfur, S8(s) and polysulfur oxides, Sn�xOx(s);
(2) amorphous trisulfides of Sb and As; (3) and cubic crystalline trioxides of Sb and As. The
solid phases in the condensate were found to be fine-sized (sub-micronic) and widely intermixed.
Consequently, quantification of the solid phases in the condensates through direct measurement
techniques like QEMSCAN was not possible. A novel approach of partial quantification of
solid phases in the condensate through a stochastic model-based calculation approach is also
presented. The model results suggested the occurrence of vapor-phase complexation of sulfides
of Sb and As in the gas phase. Additional attributes of the volatilized species could be
determined through a thermodynamic equilibrium calculation showing that the formation of the
complex oxides, As4�nSbnO6(g), would be negligible compared to that of the complex sulfides,
As4�nSbnS6(g).
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I. INTRODUCTION

THE objectives of roasting the concentrates at a
copper-making facility are drying and enrichment of
incoming concentrate, partial oxidation of iron bearing
phases, and volatilization of deleterious elements (such
as Sb, As) for further pyrometallurgical extraction. In
the recent times, the roasting unit became optional with
the advent of continuous smelting and converting
technologies such as Flash, Noranda, Isasmelt, and
Ausmelt smelting. Nevertheless, the significance of
roasting has again renewed, with the primary focus on
volatilization of elements such as Sb and As, owing to
the depletion of clean deposits and the increased
production of complex concentrates.

There have been detailed studies evaluating the nature
of Sb- and As-bearing volatilized and condensed species
produced during roasting. The starting materials roasted
in these studies were either pure compounds (As- and
Sb-oxides and sulfides)[1–4] or dusts from non-ferrous
pyrometallurgical processes, high in Sb and As con-
tents.[5–8] These studies highlighted the attribute of
vapor-phase complexation of volatile species of Sb and
As leading to the formation of complex gaseous oxides,
AsnSb4�nO6(g) and sulfides, AsnSb4�nS6(g), n = 1, 2, 3.
Thermodynamic data for the vapor-phase complex
oxides, AsnSb4�nO6(g) (n = 1, 2, 3), were determined
by Li et al.[1] These calculations were based on the
exceptional property of zero heat of disproportionation
reactions of these mixed oxide compounds

[9,10]

and the
results of vapor transport experiments using As2O3(s)
and Sb2O3(s). However, for the sulfidic complexes,
AsnSb4�nS6(g) (n = 1, 2, 3), thermodynamic data are
available only for the species—AsSb3S6(g).

[11] Equilib-
rium calculations based on these thermodynamic
datasets supported the experimental findings that the
formation of these complex species of As and Sb in the
vapor-phase would facilitate an increased
Sb-volatilization.[8,12]
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Sb and As form non-volatile oxide compounds at the

oxidation potentials pO2>10�10 bar and pO2>10
�5:35

bar respectively.[13] Therefore, the volatilization of these
elements from the sulfide concentrates during roasting have
been studied in different controlled atmospheric environ-
ments.[14–22] However, the properties of volatilized and
condensed Sb- and As-bearing species emanating from the
sulfide concentrates during roasting have been rarely studied.
Also, the effect of simultaneous release of volatile species by
the other minerals such as pyrite present in the concentrate
(comprising of labile sulfur[23]) on the gas phase complex-
ation behavior of Sb and As has not been investigated. It is
important to bridge this knowledge gap in order to improve
the volatilization of As and Sb in industrial conditions
during roasting, especially when the concentrate blends with
increased proportions of complex concentrates are processed
for the Cu extraction.

In this article, the condensates collected from the
laboratory-scale roasting experiments performed by Pra-
sad et al.[24] on polymetallic Cu-rich sulfide concentrates
will be analyzed for the identification of condensed species.
The experiments in this preceding studywere carried out in
Nitrogen atmosphere having traces of oxygen

(O2< 5 ppm,H2O< 5 ppm, pO2 � 10�5:3 bar), represen-
tative of feebly oxidizing conditions in the gas phase. They
concluded through a low-temperature roasting experiment
on a concentrate high in both Sb and As (considered high
in As and Sb based on the smelter penalty limits[25]) that
substantial Sb-volatilization takes place from the mineral
gudmundite (FeSbS), owing to its decomposition between
300 �C and 400 �C into pyrrhotite and metallic-Sb.
However, themechanism activating Sb-volatilization from
metallic-Sbwasnot elaborated. The currentwork attempts
to further elucidate this Sb-volatilization process. Ther-
modynamic assessments are performed for (1) the stability
of possible Sb- and As-bearing gaseous species during
roasting and (2) the likelihood of Sb-As vapor-phase
complexation in such conditions.

Additionally, this current study will portray certain
limitations in the detection of Sb- and As-bearing
volatilized species from in situ analyses of the gas phase
through Quadrupole Mass Spectrometer during roasting
of the sulfide concentrates. Despite these limitations,
significant attributes of Sb- and As-bearing gaseous
species will be gauged through a novel stochastic
model-based calculation approach. This model will also
facilitate a certain degree of quantification of the
identified condensed phases in the condensate collected
during a roasting experiment.

II. MATERIALS

A Cu-rich polymetallic concentrate prepared by Minz
et al.[26] from laboratory-scale flotation of crushed
drilled core samples from the Rockliden deposit of
Sweden was used in this study. The chemical composi-
tion of this concentrate is listed in Table I.

This concentrate is considered to be high in Sb and As
based on the limits above which smelter penalties[25] are
generally imposed. The As-bearing mineral in the
concentrate is arsenopyrite (FeAsS) and the Sb-bearing
minerals are tetrahedrite ((Cu,Ag,Fe,Zn)12Sb4S13),
bournonite (CuPbSbS3), and gudmundite (FeSbS).[24]

The initial concentrate and the roasted calcines
obtained from the laboratory-scale roasting experiments
(to be described in the upcoming Section III–A) were
analyzed for their chemical compositions by ALS
Global AB, Luleå. The samples were melted in LiBO2

and digested in HNO3/HCl/HF. The measurements
were made using ICP-SFMS in accordance with SS EN
ISO 17294-2: 2016[28] and EPA method 200.8: 1994.[29]

III. METHODS

A. Roasting Experiments in Vertical Tube Furnace

The Rockliden S7574 concentrate was tested in a
vertical tube furnace setup described previously by
Prasad et al.[24] The sample was introduced in the
furnace and held in a cold chamber while the furnace
heating was started. After the attainment of the desired
furnace temperature, the sample was introduced in the
hot zone. The furnace temperature was set higher than
the aimed sample temperature, in accordance with the
wall and center temperature relationship of this setup
presented in a previous study by Prasad et al.[27] For
instance, the furnace temperature set-point was 404 �C
when the aimed sample temperature was 350 �C in the
Experiment ID 350-10. A controlled gas atmosphere
was maintained from the beginning by introducing
Nitrogen (Chemical Nitrogen 4.6 from AGA-Linde,
Purity ‡ 99.996 pct, H2O £ 5 ppm, O2 £ 5 ppm) as a
carrier gas. Details of the experiments performed in this
setup are listed in Table II.
Figure 1 presents a schematic of the vertical tube

furnace used in this study. An optional water-cooled
condensation plate was used in this apparatus for the
Experiment IDs 700-1 and 350-10 to facilitate the partial
condensation (at room temperature) of volatiles in the
gas phase before leaving through the outlet. During the
Experiment ID 350-10, the temperature was held at
350 �C for 10 hours, and a higher sample mass of 50 g
was used to obtain sufficient amount of the condensates
from this experiment for proper characterization.

B. TGA-DTA-QMS Study

The concentrate sample was also tested in a Netzsch
STA 409 instrument (sensitivity ±1 lg) to determine the
mass loss and phase transformations during heating
through Thermo-Gravimetric Analysis (TGA) and Dif-
ferential Thermal Analysis (DTA), respectively. A
Quadrupole Mass Spectrometer (QMS) connected to
the thermo-gravimetric setup performed in situ analysis
of the gas phase emanating from the sample. Quadstar
32-bit program was used to operate the mass
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spectrometer. Details of this equipment assembly are
mentioned in Ahmed et al.[30] The experiments per-
formed in this setup are listed in Table III.

The carrier gas used in these thermo-gravimetric
experiments was again Chemical Nitrogen 4.6 (addi-
tionally containing H2O(g) £ 5 ppm, O2(g) £ 5 ppm).
During the Experiment ID 1000-TG, the QMS was
operated in Scanning Bargraph mode for the detection
of gaseous species with mass-to-charge ratio (m/e) in a
specified range between 1 and 300. In the Experiment ID
350-TG, the mode of QMS was Multiple Ion Detection

(MID). In this mode, the ion current measurements in
QMS were performed only for a set of preassigned m/e
values.
Table IV presents the list of gaseous compounds

intended for detection in the MID-mode of QMS. In
case of the heteronuclear compounds of Sb andAs, them/
e values were assigned for both molecular and ionic
species (for instance, in case of As3SbO6(g), m/
e = 442-443 for its molecular form, and m/
e = 426-428 for its ionic form—As3SbO

þ
5
[2]). This was

to increase the possibility of the detection of these
complex gaseous species during the in situ measurements
in QMS. The Sb- and As-bearing compounds listed in
Table IV were those which were predicted to form during
the volatilization process by a thermodynamic model,
presented later in this article (Section V). Additionally,
the two complex sulfide species—As3SbS6(g) and
As2Sb2S6(g), were included in this list based on the
experimental evidences of their existence in the gas phase
in the work of Mauser et al.[2] These two gaseous species
were not estimated in the thermodynamic calculations
due to unavailability of their thermodynamic data.
An important limitation of the QMS setup used in

this work is that it cannot perform detection of species
with m/e>510. Therefore, m/e values for the compounds
with high molecular weights—AsSb3O6, As2Sb2S6,
AsSb3S6, Sb4S3, and Sb4O6 could not be assigned for
detection in the QMS (in the MID-mode) during the run
of Experiment ID 350-TG (Table III).

C. SEM/EDS Analysis

Figure 2 shows the images of the condensate collected
from the roasting Experiment ID 700-1 (Table II) in the
vertical tube furnace, illustrating the physical appearance
of the collected condensates from the roasting experiments
in the vertical tube furnace. In both the Experiment IDs

Table I. Chemical Composition of the Cu-Rich Complex Polymetallic Concentrate Used in This Study

Concentrate/Element (Wt Pct) Cu Zn Pb Fe Si Mg S Ag As Sb

Rockliden S7574 13.8 8.4 5.2 25.1 0.3 0.1 31.4 0.03 0.74 1.36

Data from Prasad et al.[27]

Table II. Details of Laboratory-Scale Roasting Experiments With the Rockliden S7574 Concentrate in Vertical Tube Furnace

Experiment ID
Carrier Gas;

Flow Rate, L/min T, �C Holding Time, min. Sample Initial Weight, g Sample Initial Size Fraction

200-1 N2; 5 200 70 10 38-53 lm
300-1 N2; 5 300 70 10 38-53 lm
400-1 N2; 5 400 70 10 38-53 lm
500-1 N2; 5 500 70 10 38-53 lm
600-1 N2; 5 600 70 10 38-53 lm
700-1 N2; 5 700 70 10 38-53 lm
350-10 N2; 2 350 600 50 below 38 lm

Fig. 1—Vertical tube furnace for roasting of concentrate. Adapted
from Prasad et al.[24]
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700-1 and 350-10, the collected condensates had soft and
polymeric texture. Each condensate was subsequently
crushedmanually in a mortar under liquidNitrogen into a
fine powder. A portion of the crushed powder was mixed
with liquid epoxy, and the solidified epoxy mount was
polished and carbon coated. These epoxy mounts were
analyzed in a Zeiss Merlin FEG SEM (Scanning Electron
Microscope) together with an Oxford Instruments X-Max
EDS (Energy-Dispersive X-ray Spectroscopy) detector.
The EDS was operated by AZtec software. A working
distance of 8.5 mm, probe current of 500 pA, and
accelerating voltage of 20 kVwere employed for operating
the SEM-EDS. Beam calibration in EDS was done using
pure copper. The elemental composition obtained from
EDS measurements is reported in mol pct after normal-
ization, ensuring the summation of the concentrations for
all identified elements to be 100 mol pct.

D. Powder XRD

The left over amount of powdered condensates after
epoxy-molding were analyzed with XRD. These mea-
surements were performed in a PANalytical Empyrean
X-ray diffractometer in h–h geometry using Cu Ka
radiation (k = 0.154184 nm), beam current of 40 mA,
20 deg £ 2h £ 90 deg with a step size of 0.026�/s, and
beam voltage of 45 mV. A PIXcel 3D detector was used.
A shallow sample holder with zero/negligible back-
ground was used to hold the condensate powders during
the measurement, as the obtained quantities of the
condensate powders were smaller than the normal
sample size for the XRD-measurement. The obtained
XRD patterns were evaluated in HighScore Plus (v4.7, a
software from PANalytical B.V., Almelo, The Nether-
lands) using the FIZ-NIST ICSD (Inorganic Crystal
Structure Database) database, version 2015-1.

Table III. Details of the Experiments Performed in Thermogravimetry QMS Setup

Experimental Conditions

Experiment ID

1000-TG 350-TG

Maximum temp., �C 1000 350
Measurements TGA, DTA, QMS TGA, QMS
Carrier gas; flow rate, mL/min N2; 100 N2; 50
Heating/cooling rates, �C/min 10 10
Holding time at max. temp., h 0 10
Sample wt, mg 150 150
QMS mode scanning bargraph multiple ion detection (MID)

Table IV. Gaseous Compounds and Corresponding Mass-to-Charge Ratio, m/e Values Fed in the Multiple Ion Detection (MID)
Mode of QMS

Sl. No. Gasous Compounds Mol Wt (g/mol) Mass-to-Charge Ratio in MID-Mode of QMS

1 As3SbO6 443 426, 427, 428, 442, 443
2 As2Sb2O6 489 472, 473, 474, 475, 476, 489, 490
3 AsSb3O6 536 518*, 519*, 520*, 521*, 522*, 523*, 524*, 536*, 537*
4 As3SbS6 539 506, 507, 508, 538*, 539*
5 As2Sb2S6 585 552*, 553*, 554*, 556*, 585*, 586*
6 AsSb3S6 632 598*, 599*, 600*, 601*, 602*, 603*, 604*, 632*, 633*
7 Sb2S3 340 339, 340
8 Sb2S4 372 371, 372
9 Sb4S3 583 583*, 584*
10 As4S4 428 427, 428
11 AsS 107 106, 107
12 AsO 91 90, 91
13 SbS 154 153, 154
14 SbO 138 137, 138
15 As4O6 396 395, 396
16 Sb4O6 583 583*, 584*
17 S2 64 64
18 SO2 64 64
19 SO 48 48
20 O2 32 32

*m/e> 510 could not be assigned for detection in QMS (in MID-mode) due to the equipment limitation.
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IV. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Evaluation of Volatilization During Roasting

Results of the Experiment ID 1000-TG (Table III) in
the TGA-DTA-QMS setup are presented in Figure 3.
The highest ion current in QMS was measured for m/
e = 32, representing O2(g). The nearly constant ion
current for this m/e value over the entire heating cycle is
also suggestive of it being the trace oxygen in the carrier
Nitrogen gas. QMS detected a gaseous species with m/
e = 64 as the predominant volatilized compound above
400 �C. m/e = 64 may represent either S2(g) or SO2(g),
owing to their similarity in molecular weight (� 64).
SO2(g) would evolve through the exothermic oxidation
of sulfide minerals like chalcopyrite and pyrite. How-
ever, the peaks in the DTA curve corresponding to the
QMS peaks for m/e = 64 are endothermic. Therefore,
S2(g) with m/e = 64 is the predominant volatilized
species, which is expected to be emanating from the
pyrolysis (endothermic process) of chalcopyrite[31] and
pyrite[23]. Simultaneous detection of SO(g) correspond-
ing to m/e = 48 further suggests that the trace oxygen
in the carrier Nitrogen partially oxidizes the S2(g).
However, the QMS does not detect any Sb- or As-bear-
ing gaseous species during this experimental run.

Figure 4 presents the molar quantities DS(mol),
DSb(mol), and DAs(mol) of the elements volatilized
during the roasting experiments on Rockliden S7574
concentrate in the vertical tube furnace at different
temperatures between 200 �C and 700 �C (experimental
details in Table II). Data in this plot are obtained from
the chemical analyses and weights of the initial concen-
trate and the roasted calcines, presented in an earlier
work by Prasad et al.[24] Evidently, at every temperature,
the moles of S volatilized are approximately two order
of magnitude higher than the quantities of Sb and As
volatilized. This implies that the concentration of the

volatilized Sb- and As-bearing gaseous species in the gas
phase would be comparatively much lower than that of
S2(g). Additionally, there will be a significant dilution
owing to a constant flow of carrier gas (N2), thereby
explaining the non-detection of Sb- and As- volatiles by
the QMS (Figure 3) during the run of Experiment ID
1000-TG in the TGA-DTA-QMS setup.

Fig. 2—Images of the condensate collected from the Experiment ID 700-1 of roasting Rockliden S7574 concentrate in the vertical tube furnace.
(a) Condensate as-deposited on the water-cooled Condensation plate (shown in Fig. 1); (b) Condensate peeled-off from the condensation plate
for further investigations, having soft, polymeric texture.

Fig. 3—TGA-DTA (top graph) and QMS (lower graph)
measurements during the heating of Rockliden S7574 concentrate up
to 1000 �C in Nitrogen atmosphere containing traces of oxygen
(H2O £ 5ppm, O2 £ 5ppm). Both the graphs have common x-axis of
temperature.
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Figure 4 in addition shows that noticeable
Sb-volatilization started above 300 �C. Also, in the
QMS measurements in Figure 3, S2(g) concentration in
the gas phase was low below 400 �C. Based on these two
observations, an experiment was planned in the
TGA-QMS setup for heating the concentrate in Nitro-
gen atmosphere upto a temperature of 350 �C (midway
between 300 �C and 400 �C), and holding at this
temperature for 10 hours under a reduced Nitrogen
flow of 50 mL/min (compared to 100 mL/min in the
Experiment ID 1000-TG, Table III). The possibility of
detection of Sb- and As-bearing phases in the QMS
measurement was expected to increase due to likely low
S2(g) volatilization at 350 �C.

Figure 5 presents the results of TGA and QMS
measurements in the experiment at 350 �C (Experiment
ID 350-TG in Table III). The QMS was set to measure
ion currents for the selected m/e values £ 510 mentioned
in Table IV. The concentrate experienced a total mass
loss of approximately 0.8 pct in this experiment. The ion
current measurements through QMS were in a wide
range comprising of both positive and negative values.
Consequently, a symmetric logarithmic scale developed
by Webber[32] was used in Figure 5 (the transformation
involved is y ¼ sgn xð Þ:log10ð1þ jðx=CÞjÞ; ‘sgn’ is the
Signum function, C = 15.7) for the plotting of these
widely scattered positive and negative ion current
values. The QMS measurements could again clearly
detect only O2(g) and the sulfur bearing S2(g) and SO(g)
in the gas phase at this low temperature. The ion
currents measured for rest of the m/e values corre-
sponding to different Sb- and As-bearing species were in
a narrow band of negative values below � 10-15 A.
Tamura et al.[33] associated such negative ion current
values to the offset error of ammeter in QMS, essentially
implying non-detection. However, sporadic positive ion
current values are also recorded for these m/e values in
Figure 5, suggesting that the Sb- and As- bearing species
did exist in the gas phase, but in very low concentra-
tions. This experiment, therefore, demonstrated the
limitations in the in situ detection of the Sb- and
As-bearing volatilized species through QMS during the
roasting of Cu-rich sulfide concentrates in inert
atmosphere.

B. Characterization of the Collected Condensates

Figure 6 presents the XRD pattern of the condensate
collected during the Experiment ID 700-1 (Table II) by
roasting Rockliden S7574 concentrate at 700 �C in the
vertical tube furnace. It shows that the condensate
primarily comprises of elemental sulfur in the form of
cyclo-octasulfur, S8(s).
Notably, similar to the failure in detecting Sb- and

As-bearing species in the gas phase during measurement
by the QMS, Sb and As compounds in the solid
condensate could again not be identified through
XRD. This was expected based on the fact that
S-volatilization was two orders of magnitude higher
than the quantities of Sb- and As-volatilization as
shown in Figure 4.
XRD pattern of the condensate generated during the

Experiment ID 350-10 of roasting the Rockliden S7574
concentrate at 350 �C is presented in Figure 7(a). It
suggests that this condensate primarily comprises of Sb-
and As-bearing compounds, unlike the elemental sul-
fur-rich condensate (Figure 6) from the roasting exper-
iment at 700 �C. Secondly, the XRD pattern indicates
that instead of the sulfides, expected to form during the
roasting of sulfide concentrates in Nitrogen atmosphere,
the condensate comprises of oxides. Most of the peaks
in Figure 7(a) match with both As2O3(cubic) and
Sb2O3(cubic) phases. Clearly, the traces of oxygen in
the Nitrogen flow have contributed to the oxidation of
Sb- and As-bearing volatiles. Figure 7(b) is the stem-plot
showing only the peak intensities of the measured

Fig. 4—Moles of elements (Sb, As, S) volatilized from 10 g of
Rockliden S7574 concentrate in the roasting experiments in the
vertical tube furnace at different temperatures between 200 �C and
700 �C in Nitrogen atmosphere.

Fig. 5—TGA-mass vs. time and temperature vs. time from
TGA-DTA measurements (top graph); QMS measurements vs. time
(lower graph) for heating Rockliden S7574 concentrate upto 350 �C
and holding for 10 h in Nitrogen atmosphere containing traces of
oxygen (H2O £ 5 ppm, O2 £ 5 ppm). Both the graphs having
common x-axis of time (min). Data of QMS being in a wide range
comprising of both negative and positive values are plotted in a
symmetric logarithmic scale.[32] Only the QMS curves with consistent
positive ion current measurements are labeled for the gaseous specie
corresponding to the m/e value.
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(> 5 pct) and reference patterns. Detailed examination
of this stem-plot suggests that both in terms of peak
positions and peak intensities, conformity of the mea-
sured pattern is relatively better with As2O3(cubic)
compared to Sb2O3(cubic). The dominance of As2O3(cu-
bic) over Sb2O3(cubic) in the 350 �C-condensate is
perplexing since the Sb-volatilization was relatively
much higher than the As-volatilization up to 400 �C in
the roasting experiments, as shown in Figure 4.

To further ascertain the constituting phases, the
epoxy mounts of these condensates were examined in
SEM-EDS. It was found through the EDS measure-
ments that these condensates comprised of the ele-
ments—S, O, As and Sb. Figure 8 presents the EDS
measurements of the elemental composition of the
condensates performed at numerous spots over the
polished surface of the epoxy mounts. The composition

values in mol pct are arranged in the decreasing order of
S-content along the x-axis. The nearly continuous
nature of the plots, especially for the S-content in both
the condensates indicates that the size of uniform phase
fields in the condensate is much lower than the spot-size
of EDS measurements. Otherwise, the measurement
values for the elemental compositions would be clus-
tered at the stoichiometric values corresponding to the
specific compounds (for instance near 40 mol pct for the
plot of As, if the EDS spot solely covers As2O3(cubic)).
Therefore, the individual compounds in these conden-
sates are fine-grained (in sub-micron sizes) and hetero-
geneously intermixed, evident from wide variation in the
compositions over different spots.
Following are the salient observations based on the

elemental compositions in Figure 8(a) for the
700 �C-condensate:

Fig. 6—XRD pattern of condensate obtained from roasting of Rockliden S7574 concentrate at 700 �C in Nitrogen atmosphere containing traces
of oxygen. XRD pattern of pure cyclo-octasulfur, S8(s) from the ICSD database included for reference in the lower graph.

Fig. 7—(a) XRD pattern of the condensate obtained from roasting of Rockliden S7574 concentrate at 350 �C in Nitrogen atmosphere
containing traces of oxygen. (b) Stem-plot showing only the peak intensities of the XRD pattern for the condensate (>5 pct), along with the
peak intensities of pure compounds—As2O3(cubic) and Sb2O3(cubic). Data of the pure compounds from ICSD database.
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a. It comprises of low concentrations of Sb- and
As-bearing phases in addition to the elemental sulfur,
S8(s) suggested by the XRD pattern in Figure 6.

b. There is substantial O-content of up to approx. 20
mol pct, much higher than the As- and Sb- contents.
Also, the trend of O-content and S-content are
opposite. These observations point towards the
existence of solid sulfur-oxide phases in the conden-
sate (possibly in the form of polysulfur oxides and
peroxides[34]).

c. The As- and Sb-contents increase with the increasing
O-content, implying that these elements exist mainly
as oxides in the condensate. Based on the findings
from the XRD-measurement of the 350 �C-conden-
sate in Figure 7, these oxide phases in the
700 �C-condensate are likely the compounds—
As2O3(cubic) and Sb2O3(cubic).

d. The Sb/As molar ratio is consistently very low at all
the spots (Sb/As � 0-0.2). However, as shown in
Figure 4, the moles of Sb volatilized was approxi-
mately half of moles of As volatilized at 700 �C. This
suggests that a significant amount of the volatilized
Sb-phase could not be collected on the condensation
plate. Notably, the trioxides of Sb and As condense
at widely different temperatures. Li et al.[1] demon-
strated this in their transpiration experiments where

Sb2O3(cubic) condensed at approx. 550 �C and
As2O3(cubic) condensed at approx. 220 �C. Coming
back to the present study, the condensation plate
being water–cooled and located far away from the
hot zone (Figure 1) would be relatively more efficient
in collecting As2O3(cubic) which condenses at a low
temperature. Supposedly, during the roasting exper-
iment, the Sb2O3(cubic) precipitated out of the gas
phase at a higher temperature as fines suspended in
the carrier gas. Most of these Sb2O3(cubic) fines
apparently escaped from the furnace through the gas
outlet (Figure 1) without depositing on the conden-
sation plate, thereby resulting in a low Sb/As molar
ratio in the 700 �C-condensate.

The prominent observations from the elemental
compositions of the 350 �C-condensate shown in Fig-
ure 8(b) are as follows:

a. In addition to the oxides confirmed from the
XRD-measurement in Figure 7, the 350 �C-conden-
sate also has sulfur-bearing phases in significant
proportion. This is confirmed from its wide range of
S-content between 7 and 85 mol pct over different
EDS spot measurements.

b. The O-content is low and nearly constant for S> 50
mol pct. In this range of S> 50 mol pct, the Sb and

Fig. 8—EDS composition measurements at numerous spots for the condensates obtained from roasting Rockliden S7574 concentrate at (a)
700 �C (Experiment ID 700-1 in Table II), and at (b) 350 �C (Experiment ID 350-10 in Table II). The composition values are in mol pct. along
the y-axes. The common x-axis represents the spot number. These numerous EDS spots are arranged along the x-axis in their decreasing order
of S mol pct content.
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As contents increase with the decreasing S-content.
These trends indicate that the elements Sb and As
exist in the form of sulfides at these sites of high
S-content (in addition to the trioxides confirmed
from the XRD-measurement in Figure 7). The Sb-
and As-sulfides are expected to be Sb2S3(s) and
As2S3(s) based on the findings of Komorova et al.[35]

and Hague.[36] The XRD-measurement shown in
Figure 7 could not detect Sb2S3(s) and As2S3(s) in the
350 �C-condensate as these two compounds generally
condense into their amorphous solid forms.[37,38]

c. For S< 50 mol pct, O-content starts to increase,
which is accompanied by a persistent increase in
As-content, but there is a sudden drop in Sb-content
to a low and nearly constant value. This behavior of
low Sb/As molar ratio at significant levels of O-con-
tent (O> 10 mol pct) is common in both the
350 �C-condensate and the 700 �C-condensate. The
more prominent drop of Sb/As molar ratio with in-
crease in O-content in the 350 �C-condensate can
again be attributed to the inefficient collection of
Sb2O3(s) over the condensation plate (owing to the
condensation of Sb2O3(s) starting from approx.
550 �C[1]).

Figure 9 presents the same compositional data for the
350 �C-condensate of Figure 8(b), but in the form of a
scatter plot between O mol pct vs. S mol pct. EDS
measurements on a hypothetical mixture containing
finely intermixed As2S3(s), Sb2S3(s), As2O3(cubic),
Sb2O3(cubic) would follow the line AB shown in this
plot. The actual measurements follow this line as a lower
limit of S-content. The measured data points above this
line indicate that the spots contain elemental sulfur in
addition to the trisulfides and trioxides of Sb and As.
The upper limits of S-content also nearly fit over a
straight line CD, almost parallel to the line AB. This line
having a slope of � 1, suggests that the elemental sulfur,
Sn(s) got partially oxidized to form polysulfur oxides,
Sn�xOx(s) via an equal replacement of S atoms by O

atoms (x-moles). Equal replacement of S by O means
that, for instance, if the unoxidized elemental sulfur in
the condensate was S8(s), the polysulfur oxide com-
pounds would be S7O(s), S6O2(s) etc., and not S8O(s),
S7O2(s) or S6O(s). Also, the S-content at O = 0 mol pct
not reaching 100 mol pct yet again indicates that the
elemental sulfur is fine-sized and much smaller than the
spot-size of EDS measurements, such that no spot
comprises of only the elemental sulfur.
Based on the above characterization investigations,

the condensates collected at room temperature in this
study during the roasting of Rockliden S7574 concen-
trate in Nitrogen atmosphere (bearing traces of oxygen)
were found to consist of the following compounds:

1. Elemental sulfur, Sn(s) and solid sulfur-oxides,
Sn�xOx(s);

2. Trioxides of Sb and As—Sb2O3(cubic), As2O3(cubic);
3. Trisulfides of Sb and As—Sb2S3(s), As2S3(s)

C. Evaluation of Mineral Transformations Leading
to Sb- and As-Volatilization at 350 �C
The Rockliden S7574 concentrate exhibited higher

Sb-volatilization compared to As-volatilization below
500 �C in Nitrogen atmosphere, as presented in Figure 4.
Arsenopyrite is the only As-bearing mineral in this
concentrate.[24] Figure 10 presents a BSE image of a
fully liberated particle of arsenopyrite in the calcine
obtained from the Experiment ID 350-10 (Table II). The
BSE gray-level throughout the particle is uniform,
suggesting lack of any perceptible transformationin
arsenopyrite at 350 �C. The elemental compositions at
the indicated spots in this figure measured via EDS are
presented in Table V. As content was found to be
slightly lesser than in the theoretical stoichiometry of

Fig. 9—Plot of S-content vs. O-content from EDS composition
measurements at numerous spots for the 350 �C-condensate.

Fig. 10—BSE image of a fully liberated particle of arsenopyrite in
the calcine obtained from roasting Rockliden S7574 concentrate in
Nitrogen atmosphere (containing traces of oxygen) at 350 �C via
Experiment ID 350-10 (Table II). Sites of EDS spot measurements
also indicated.
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arsenopyrite (33.3 mol pct Fe, 33.3 mol pct As, 33.3
mol pct S). Therefore, arsenopyrite experienced only
minor transformation at 350 �C, consequent to which
the As-volatilization was low below 500 �C (Figure 4).

Regarding substantial Sb-volatilization at low tem-
peratures, Prasad et al.[24] in a previous study attributed
this behavior to the thermal decomposition of gud-
mundite (FeSbS) into pyrrhotite and metallic-Sb
between 300 �C and 400 �C. They also demonstrated
that other Sb-bearing minerals in the concentrate did
not experience any noticeable transformation at 350 �C,

thereby concluding that the decomposition of gud-
mundite was the reason for a relatively high
Sb-volatilization at low temperatures.
Further results from the evaluation of gudmundite

transformation at 350 �C (Experiment ID 350-10,
Table II) will now be presented. Interestingly, minor
concentrations of As were found at the sites of partially
transformed gudmundite as shown in Figure 11. Gud-
mundite in Rockliden S7574 did not contain any As
from the beginning before roasting.[24] Figure 11 pre-
sents the EDS spectra of composition measurements at
two different sites in the roasted calcine—one inside a
fully liberated particle of gudmundite, and another in a
particle hosting gudmundite-chalcopyrite intergrowth.
As was detected in these spots of gudmundite in the
roasted calcine at statistically significant levels, con-
firmed from low values of the statistical error, r
(corresponding to the As-content) in the displayed
composition tables in Figure 11. (Composition for the
site at the gudmundite-chalcopyrite intergrowth com-
prises additional elements—Cu, Zn, owing to small size
of the uniform phase field in the complex intergrowth).
Presence of As at these sites points towards a mecha-
nism of Sb-volatilization which involves interaction of

Table V. Elemental Composition Obtained from EDS Spot

Measurements at Sites Indicated in Fig. 10 for the Mineral

Arsenopyrite in the Calcine from Experiment ID 350-10

Spot Number Fe, mol pct As, mol pct S, mol pct

Spectrum 166 33.8 31.3 34.9
Spectrum 167 33.3 31.6 35.1
Spectrum 168 33.7 31.7 34.6
Spectrum 169 33.0 32.3 34.7

Fig. 11—EDS spectra for the composition measurement showing minor concentration of Arsenic at the sites of originally gudmundite (partially
transformed) in the calcine obtained from roasting Rockliden S7574 concentrate at 350 �C (Experiment ID 350-10 in Table II) (a) in a fully
liberated gudmundite particle and (b) in a particle hosting complex intergrowth of gudmundite and chalcopyrite.
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As-bearing species in the gas phase with the metallic-Sb
generated from the thermal decomposition of gud-
mundite.[24] This observation is in line with the earlier
evidences of formation of complex Sb-As compounds
during volatilization when Sb and As coexist in the
material undergoing roasting.[1–3,9,10,15]

V. THERMODYNAMIC STUDY

The Sb- and As-bearing volatilized species could not
be consistently detected in the gas phase by QMS due to
their low concentrations. Consequently, a thermody-
namic calculation was performed for estimation of their
quantities produced during the Experiment ID 350-10
(Table II). This was done in a thermochemical software
FactSage 7.3,[39] using its ‘Equilib’ module and the
FactPS database of pure substances. An important
objective of this thermodynamic calculation was to
compare the theoretical equilibrium concentrations of
As- and Sb-bearing oxides and sulfides generated during
roasting at 350 �C. Additionally, the intention was to
investigate the possibility of formation of the Sb-As
complex gaseous species. The data for the three known
complex oxide compounds—AsnSb4�nO6(g) (n = 1, 2,
3), are available in the FactPS database. However, this
database does not consist of the data for complex sulfide
compounds AsnSb4�nS6(g) (n = 1, 2, 3). Among these
three complex sulfides, thermodynamic data are avail-
able in the literature only for AsSb3S6(g) (Westphal[11]

and HSC Chemistry[40]). Consequently, AsSb3S6(g) was
included in the equilibrium calculation in FactSage by
replicating its data from HSC chemistry. (Data of
AsSb3S6(g) taken from HSC Chemistry into FactSage is
presented in Appendix 1, Table A1.1).

A. Definition of Thermodynamic System and Initial
Conditions

The calculations were primarily based on the findings
from Prasad et al.[24] that Sb-volatilization at 350 �C
occurred through the thermal decomposition of gud-
mundite (FeSbS) into pyrrhotite (Fe1�xS) and metal-
lic-Sb. The thermodynamic framework, therefore,
involved a set of simplified initial conditions of Sb(s)
interacting with N2(g), O2(g), H2O(g) (components of
the carrier gas), and S2(g) (labile sulfur volatilized from
the concentrate) at 350 �C. An As-bearing sulfide vapor
phase As4S4(g) was also included for consideration in
the gas mixture. This was based on the detection of As
at the sites of the transformed gudmundite, presented in
Figure 11. The quantity of As4S4(g) was set as a study
parameter and varied in a range of relatively insignif-
icant values compared to the other gaseous components.
The small quantities of As4S4(g) in the gas mixture were
considered based on the observation of imperceptible
transformation in the As-bearing mineral, arsenopyrite,
at 350 �C (Figure 10, Table V). The model inputs of
initial quantities of the reactants were calculated on the
basis of 1 mole of Sb(s). Determination of the quantities
of the gaseous compounds commensurate with 1 mole of
Sb(s) is presented in Appendix 1, Table A1.2.

B. Results of the Thermodynamic Calculations
and Discussion

Figure 12 presents the quantities of Sb- and As-bear-
ing oxide and sulfide gaseous species (with available
thermodynamic data) equilibrating at 350 �C corre-
sponding to different initial quantities of As-sulfide in
the gas phase.
The results suggest that the concentration of individ-

ual oxide and sulfide compounds of As and Sb will be
much higher than those of the complex heteronuclear
Sb-As compounds—AsnSb4�nO6(g) and AsnSb4�nS6(g).
However, the equilibrium calculation does not include
the compounds—As3SbS6(g) and As2Sb2S6(g) due to
unavailability of their thermodynamic data. These two
compounds are expected to be present in much higher
concentration than AsSb3S6(g) at lower temperatures,
for instance at 300 �C as measured by Mauser.[2]

Therefore, the vapor-phase complexation of sulfides of
Sb and As might be prominent in reality, contrary to the
indications from thermodynamic calculation.
Secondly, in Figure 12, the concentration of all the

three heteronuclear oxide compounds—As3SbO6(g),
As2Sb2O6(g), and AsSb3O6(g), are much lower than
for the complex sulfide—AsSb3S6(g). Therefore, the
Sb-As complex oxides are likely to be relatively insignif-
icant in the gas phase compared to the Sb-As complex
sulfides

Fig. 12—Equilibrium quantities of gaseous oxide and sulfide
compounds of Sb and As at 350 �C. Initial condition prior to
equilibrium is 1 mole of Sb(s) together with a gas phase consisting of
N2(g), O2(g), H2O(g), S2(g), and As4S4(g) in quantities listed in
Appendix 1, Table A1.2.
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VI. MODELING OF CONDENSATE
COMPOSITIONAL DOMAINS

Phase quantification through direct measurements
like QEMSCAN could not be possible for these con-
densates due to the small size of uniform phase fields,
and the extensive heterogeneity in compositions over
different spots (Figure 8). With focus on the 350 �C-con-
densate comprising substantial Sb- and As-bearing
phases, an approach of partial quantification of solid
phases in the condensate aided by a stochastic modeling
approach is hereby presented.

The stochastic model calculates the elemental com-
position of the condensate by assuming random pro-
portion of the identified solid phases—As2S3(s),
Sb2S3(s), As2O3(s), Sb2O3(s), Sn(s), and Sn�xOx(s). Pro-
portions of these solid phases in the condensate are
assigned using random numbers between 0 and 1. The
chemical stoichiometry of these individual solid phases
are used subsequently to arrive at the elemental com-
position of the condensate in S, O, As, and Sb mol pct.
A composition calculated by the model, therefore, tends
to simulate the EDS measurement at a spot with
non-uniform phase field, comprising varying propor-
tions of the finely intermixed solid phases (in sub-mi-
cronic sizes, presented in Section IV–B).

The model is run multiple times with the same set of
inputs (explanation of the model inputs forthcoming) to
generate several distinct sets of random elemental
composition. Since the condensate comprises of the
four elements—S, O, As, and Sb, its composition can be
plotted in six different binary scatter plots (4C2 = 6).
Therefore, the scatter plots—S vs. O, S vs. As, S vs. Sb,
O vs. As, O vs. Sb, and As vs. Sb are generated, and
compositional limits/domains are obtained by bounding
the plotted compositions. A compositional limit in S vs.
O plot obtained by running the model with a specific set
of input parameters is illustrated in Figure 13.

A. Model Input Parameters

The input parameters of the stochastic model are
explained below:

1.
Sb2S3(s)

Sb2S3(s)þAs2S3(s)

� �
: Formation of the condensate

took place through the condensation of volatiles
produced during roasting. Therefore, the elemental
composition of the condensate could show some
correlations with the stoichiometry of the As- and
Sb-bearing compounds in the gas phase. The ther-
modynamic analysis in Section V suggested that the
Sb-As complex oxides, AsnSb4�nO6 gð Þ would be
negligible during roasting. However, due to the
unavailability of thermodynamic data for As3SbS6(g)
and As2Sb2S6(g), the significance of the complex
gaseous sulfides, AsnSb4�nS6 gð Þ could not be ther-
modynamically assessed. The stochastic model tests
the possibility of Sb2S3(s) and As2S3(s) in the con-
densate to originate from the below condensation
reaction, Eq. [1]:

2AsnSb4�nS6 gð Þ ! n As2S3 sð Þ þ 4� nð ÞSb2S3 sð Þ; n
¼ 1; 2; 3

½1�

The model runs in two different modes as described
in Table VI. When Mode = 1, it is considered that
As2S3(s) and Sb2S3(s) in the condensate originated
from the condensation of only the complex gaseous
sulfide compounds—As3SbS6(g), As2Sb2S6(g), and
AsSb3S6(g), in accordance with Eq. [1]. Conse-
quently, the molar proportion of the trisulfides in

the condensate,
Sb2S3(s)

Sb2S3ðsÞþAs2S3(s)

� �
at any site will

be a particular value � 1
4 ;

1
2 ;

3
4

� �
(as n � {1,2,3} in

Eq. [1]). A value from this set is selected randomly
by the model in each run as presented in Table VI.
Else, Mode = 2 considers the molar proportion of
the trisulfides in the condensate to be a random
value between 0 to 1, which would mean insignifi-
cance of the complex sulfide vapors AsnSb4�nS6 gð Þ
in the gas phase.

2. RO ¼ 100� Sb2O3(s)
Sb2O3(s) + As2O3(s)

� �
;RO 2 0; 100½ �:

EDS measurements over the 350 �C-condensate in
Figure 8(b) suggested a reasonably limited deposition
of Sb2O3(s) on the condensation plate compared to
As2O3(s). The model incorporates this effect through
an input parameter, RO � [0,100], signifying the rel-
ative inefficiency of the condensation plate in col-
lecting Sb2O3(s) compared to As2O3(s). Molar ratio
of the solid trioxides of Sb and As in the condensate
would, therefore, be related to RO as per equation
below:

Fig. 13—An illustration of compositional domains/limits obtained
from repeated runs of the stochastic model generating elemental
composition of the 350 �C-condensate.
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Sb2O3(s)

As2O3(s)
¼ 100

RO
� 1

� ��1

½2�

3. Smax: The condensate consists of sulfur in the form of
Sn(s) and Sn�xOx(s), in addition to the sulfur in
As2S3(s) and Sb2S3(s). S

max represents the maximum
value of this extra sulfur content which can be found
at any spot in the extensively heterogeneous con-
densate.

4. Hmax: Regarding the polysulfur oxides, Sn�xOx(s) in
the condensate, it is assumed that they were produced
by the partial oxidation of condensed elemental sul-
fur, Sn(s) via Reaction [3], and not by the oxidation of
gaseous elemental sulfur S2(g).

Sn sð Þ þ 3x

2
O2 gð Þ ! Sn�xOx sð Þ þ xSO2 gð Þ ½3�

Evidently, in the above reaction, it is also presumed
that there is an equal replacement of S atoms by O
atoms (x-moles) in Sn(s) to form solid sulfur oxides,
SnOn�x (s). This is based on the slope of � 1 for the
line CD representing sulfur upper limit in the
O-vs.-S plot in Figure 9. Hmax signifies the oxygen
content (mol pct) in the most oxidized polysulfur
oxide phase in the heterogenous condensate. Oxygen
content in Sn�xOx(s) is expressed as H, described in
the below Eq. [4].

H ¼ x

n
� 100

� �
;H 2 0Hmax½ � ½4�

For instance, if the condensate comprises of all of
these polysulfur oxides—S7O(s), S6O2(s), S5O3(s),
and S4O4(s) obtained from differing extents of oxi-
dation of S8(s), H

max should be equal to 50 mol pct,
corresponding to the oxygen content in the most
oxidized compound S4O4(s).

5. Nrandom = Number of times the model is run
repeatedly, generating a set of random elemental
composition of the condensate:
Xi; i 2 As, Sb, S, Of g in mol pct after each run.

These composition values satisfy the below condition
in Eq. [5]. X

i¼As;Sb;S;O

Xi ¼ 100 pct ½5�

A detailed description of the mathematical formula-
tion of the stochastic model is presented in Appendix 2.

B. Parametric Study

Appropriate values of the input parameters—Smax,
Hmax, Mode, and RO are obtained by performing
parametric analyses of the model and comparing the
results with the EDS measurements of elemental com-
position for the 350 �C-condensate (already presented in
Figures 8(b) and 9).
Figure 14 presents the parametric study results

obtained by changing the values of Hmax and Smax in
succession. The compositional limits in a S vs. O plot
form domain boundaries in the shape of trapezium.
Figure 14(a) shows that the value of Hmax decides the
orientation of the line AD, one of the non-parallel sides
in this trapezium (Lines AD1 to AD6 corresponding to
increasing values of Hmax from 0 to 100 mol. pct).
Superimposition of the EDS measurements suggests that
the appropriate value of Hmax is 60 mol pct, corre-
sponding to the line AD4, which offers the closest
confinement of the data points from EDS measure-
ments. Therefore, the most oxidized polysulfur oxide in
the condensate should be approximately S3O5(s), owing
to x � 5 in the chemical formula, Sn�xOx(s) (rounded
off from the exact value of x = 4.8, calculated by
substituting H = Hmax = 60 mol pct and n = 8 corre-
sponding to cyclo-octasulfur in Eq. [4]). Similarly, as
shown in Figure 14(b), the location of the line CD is
decided by the value of Smax and Smax = 75 mol pct
leads to an apt validation with the EDS measurements.
Consequently, the sulfur content representing elemental
sulfur, Sn(s) (excluding sulfur in the As, Sb trisulfides), is
below 75 mol pct at any site in the condensate.
After determining the suitable values of Hmax and

Smax, subsequently, the model is tested with changing
input values of Mode and RO. The effect of these
changes are studied in the As vs. Sb plot owing to the
higher relevance of Mode and RO in the modeled Sb-
and As-contents. Figure 15(a) shows that changing the
value of RO has no effect on the As-Sb compositional
domain when Mode = 2 (Table VI,

Sb2S3(s)
Sb2S3(s) + As2S3(s)

� �
2 0; 1½ �). The same domain

Table VI. Description of ‘Mode’ as an Input to the Stochastic Model for Condensate Composition

Mode Molar Proportion Mode Description

1 Sb2S3(s)
Sb2S3(s) + As2S3(s)

� �
2 1

4 ;
1
2 ;

3
4

� � As2S3(s) and Sb2S3(s) in the condensate produced predominently from
the condensation of As4�nSbnS6(g), n = 1, 2, 3

2
Sb2S3(s)

Sb2S3(s) + As2S3(s)

� �
2 0; 1½ � As2S3(s) and Sb2S3(s) in the condensate produced predominently from the

condensation of phases other than As4�nSbnS6(g), n = 1, 2, 3
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boundary-ABCDA is obtained irrespective of the dif-
ferent input values of RO = 0, 5, 10, 15, 20, 25, 40, 50,
75, 90, and 100 mol pct. Also, the superimposed EDS
measurements suggest that the modeled compositional
limits obtained with Mode = 2 are much wider than the
scattered variations in the actual measurements. Inter-
estingly, the modeled limits become responsive to the
changes in RO when Mode = 1, as shown in Fig-
ure 15(b). The domain boundary obtained in each set of
calculations is ApBpCqDqAp, where

– p = 0, q = 0 to 5 for RO £ 75 mol pct; and
– p = 1 and 2, q = 5 for RO > 75 mol pct.

Evident from Figure 15(b), the EDS measurements
are well confined by the modeled domain boundary
A0B0C2D2A0 (p = 0 and q = 2), corresponding to
RO = 10 mol pct and Mode = 1. The agreement
between the modeled composition limit and the EDS-
in Figure 15(b) when Mode = 1 points towards the
existence of the complex sulfide species, As4�nSbnS6(g)
in the gas phase during volatilization of Sb and As from

Fig. 14—Parametric analysis of the model performed by changing the input values for (a) Hmax and (b) Smax. The details of other input
parameters are included in these plots of S vs. O elemental compositions. These plots show only the modeled compositional limits obtained by
bounding modeled random composition data points (not shown in the plots). The plotted data points are from the data of EDS measurements
for the 350 �C-condensate..

Fig. 15—Parametric analysis of the model by changing the input values of RO and (a) when Mode = 2, i.e., considering that Sb2S3(s) and
As2S3(s) condensed from the individual gaseous sulfides of Sb and As; (b) when Mode = 1, i.e., considering that Sb2S3(s) and As2S3(s)
condensed from complex sulfide vapors As4�nSbnS6(g). Also, the data of EDS measurements for the 350 �C-condensate superimposed..
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Rockliden S7574 concentrate at 350 �C. Additionally, it

suggests
Sb2O3(s)
As2O3(s)

� 1
9 (ratio calculated by putting

RO = 10 mol pct in Eq. [2]) in the 350 �C-condensate.

C. Validation of Parametrized Inputs

Table VII lists the values of the input variables of the
stochastic model (described in Section VI–A) obtained
through parametric analyses and subsequent compar-
ison with the EDS measurements.

Until now, the S vs. O and As vs. Sb graphical
representations have been used to demonstrate the close
agreements of the modeled composition limits and the
EDS measurements. Figure 16 presents further valida-
tion of the modeled composition limits in the other four
possible binary scatter plot representations—Sb vs. S,
As vs. S, Sb vs. O, and As vs. O. These illustrations
prove the consistency of the modeled results generated
from the parametrized inputs in all the possible graph-
ical representations for the condensate composed of S,
O, As, and Sb.

VII. CONCLUSIONS

Following conclusions can be drawn based on eval-
uation of the gas phase and solid-condensates collected
during roasting of a Cu-rich complex sulfide concentrate
(containing Sb in the form of sulphosalts and gud-
mundite, and As mainly as arsenopyrite) in Nitrogen
atmosphere carrying traces of oxygen

(pO2 � 10�5:3 bar):

1. The condensate collected at room temperature com-
prises of the following phases:

a. Elemental sulfur as cyclo-octa sulfur, S8(s); and
polysulfur oxides, Sn�xOx(s)

b. Amorphous trisulfides of Sb and As: Sb2S3(s) and
As2S3(s)

c. Cubic crystalline trioxides of Sb and As: Sb2O3(cu-
bic) and As2O3(cubic).

2. Volatilization of Sb involves interaction of metal-
lic-Sb(s) (produced by thermal decomposition of
gudmundite) with vapors of As-sulfides in the gas
phase.

3. Thermodynamic analysis suggests that the Sb- and
As-bearing compounds in the gas phase would
mainly be their individual sulfides and oxides, and
not their complex forms As4�nSbnX6(g) (X = O,S
and n = 1, 2, 3). However, these thermodynamic
assessments are not confirmatory for the complex
sulfide phases (unlike for the complex oxides) owing
to the lack of thermodynamic data for As3SbS6(g)
and As2Sb2S6(g). The equilibrium concentration of
AsSb3S6(g) (the only complex sulfide compound with
available thermodynamic data) is much higher than
those for all of the complex oxides—As4�nSbnO6(g)
(n = 1, 2, 3).

4. The solid phases in the condensate are fine-sized
(sub-micronic) and widely intermixed leading to a
heterogeneity in elemental composition of the con-
densates over different microscopic sites. Conse-
quently, quantification of the solid phases in the
condensates through direct measurement techniques
like QEMSCAN is not possible.

5. A stochastic model-based computation of composi-
tional limits can facilitate partial quantification of the
solid phases in the condensate. Also, the model re-
sults can facilitate vital assessments regarding the
complexation of Sb- and As-gaseous species. The
following attributes of the condensate collected at
350 �C could be determined from the model:

a. The sulfur-content representing elemental sulfur,
Sn(s) (excluding sulphur in the Sb and As-sulfides), is
below 75 mol pct at any site in the condensate.

b. The most oxidized polysulfur oxide in the condensate
is S3O5(s).

c. The compositional limits in As vs. Sb mol pct repre-
sentation obtained from the model closely confine the

Table VII. List of Parametrized Values for the Input

Variables of the Stochastic Model

Input Variable Parametrized Value

Smax 75 mol pct
Hmax 60 mol pct
Mode 1
RO 10 mol pct

Fig. 16—Modeled composition limits obtained by running the
stochastic model with parameterized inputs listed in Table VII in
different graphical representations (a) Sb vs. S, (b) As vs. S, (c) Sb
vs. O, and (d) As vs. O. EDS measurements superimposed.

METALLURGICAL AND MATERIALS TRANSACTIONS B



plotted points from the numerous EDS measure-
ments. These modeled composition limits were cal-
culated by considering the formation of Sb2S3(s) and
As2S3(s) in the condensate only through the con-
densation of the complex sulfide vapors,
As4�nSbnS6(g) (n = 1, 2, 3). Therefore, the model
results suggest the occurrence of vapor phase com-
plexation of sulfides of Sb and As in the gas phase.

d. The condensate collected at room temperature dur-
ing roasting of the complex concentrate at 350 �C has

a molar ratio of
Sb2O3(s)
As2O3(s)

� 1
9. The relatively low

content of Sb2O3(s) compared to As2O3(s) can be

related to high condensation temperature of Sb2O3(s)
of approx. 550 �C as against approx. 220 �C for
As2O3(s). By all accounts, most of the Sb2O3(s) es-
capes as suspended fines along with the gas phase.
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APPENDIX 1: DETAILS OF THE
THERMODYNAMIC CALCULATION

IN FACTSAGE

The thermodynamic data of AsSb3S6(g) taken from
HSC Chemistry into FactSage is presented below in
Table A1.1.

Table A1.1. Thermodynamic Data of AsSb3S6(g) Replicated

from HSC Chemistry[40] into FactSage

Data Description Value

Temperature Range, K 298 to 2000
Phase Gaseous
DH298K, kJ/mol � 85.379
S298K, J/(mol-K) 509.829
Cp coefficient, A 221.547
Cp coefficient, B 27.882
Cp coefficient, C � 7.556
Cp coefficient, D 22.941

Cp Tð Þ ¼ Aþ B � T � 10�3þC�T�2 � 105þD�T2 � 10�6.
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The basis of input quantities to the thermodynamic
model was 1 mole of Sb(s). Table A1.2 below lists the
quantities of the initial reactants in the thermodynamic
system commensurate with 1 mole of Sb(s).

APPENDIX 2: STOCHASTIC MODEL
FORMULATION

Figure A2-1 presents a schematic representation of
the stochastic model formulation, depicting the calcula-
tion approach in each run of the model. The solid phase
constituents of the condensate are designated the
following individual segments in a pie-chart, represent-
ing their molar proportions in the 350 �C-condensate:

– Segment 1—elemental sulphur (Sn) and solid poly-
sulphur oxides(Sn�xOx)

– Segment 2—the trisulfides, As2S3(s) and Sb2S3(s)
– Segment 3—the trioxides, As2O3(cubic) and

Sb2O3(cubic)

Based on the overall balance of elemental composi-
tion of the condensate in mol pct,

nextraS þ nextraO þ n
sulðAs;SbÞ
S þ n

oxðAs;SbÞ
O þ n

sul

Sb
þ nsulAs þ noxSb

þ noxAs

¼ 100 pct

½A2� 1�
The extra sulphur (excluding S in Sb2S3(s) and

As2S3(s)) can be between 0 to Smax mol pct in the
condensate (its proportion in the condensate can be
mathematically expressed as p1 Smax, as shown in
Figure A2-1, where p1 � [0, 1]). Secondly, any extra
oxygen (excluding O in Sb2O3 and As2O3) would be part
of solid sulphur oxides, Sn�xOx(s) formed via Reaction
[3]. Since the model assumes equal substitution of S
atoms by O atoms (based on the slope of � 1 for the line

CD Figure 9), the sum of the molar quantities of Sn(s)
and Sn�xOx(s) in the condensate will not change due to
the occurrence of Reaction [3], Therefore,

nextraS þ nextraO ¼ p1 � Smax ½A2� 2�

Since the oxygen content in Sn�xOx(s) is between 0 to
Hmax , its composition can be visualized in a subsidiary
pie-chart elaborating the chemical composition of the
constituents in Segment 1 in Figure A2-1 (PIP chart 1).
The relationship can be mathematically expressed as

nextraO ¼ p1 � Smax � p2 �Hmax/100 ½A2� 3�

And using Eq. [A2-2],

nextraS ¼ p1 � Smax � p1 � Smax � p2 �Hmax100

½A2� 4�
Other than Sn(s) and Sn�xOx(s), the condensate has

the trisulfides Sb2S3(s)-As2S3(s) and the oxides Sb2O3(-
s)-As2O3(s), which would bear the following stoichio-
metric relationships:

nsulAs þ nsulSb

n
sulðAs;SbÞ
S

¼ 2

3
½A2� 5�

and,

noxAs þ noxSb

n
oxðAs;SbÞ
O

¼ 2

3
½A2� 6�

The sum of the moles of trioxides and trisulfides of As
and Sb would be ð1�p1 Smax). Also, the ratio of sulfide
to oxide forms of As and Sb in the condensate can be

random, i.e.,
p3

ð1�p3Þ
, as specified in Segment 2 and

Segment 3 in Figure A2-1. Accordingly, the total moles
of trioxides will be p3ð1�p1 S

max), and the total moles of
trisulfides will be ð1� p3Þð1�p1 S

max). Subsequently, the

Table A1.2Calculation of Initial Quantities of Reactants Commensurate with 1 Mole of Sb(s), as
Input to the Thermodynamic Equilibrium Calculation

Symbol Value Unit Specific Data Used in the Calculation/Remarks

Wconc 4.27 9 104 g/mol-Sb 1. 21 pct Sb-deportment as gudmundite in the initial concentrate, from
Prasad et al.[24]

2. 1.36 wt pct Sb in the initial concentrate, from Table I.
ninitialN2ðgÞ 4.57 9 104 mol/mol-Sb 1. 2 L/min flow rate of carrier gas, from Table II, Experiment ID 350-10.

2. 10 h duration of experiment at 350 �C, Table III, Experiment ID 350-10.
3. 50 g weight of the initial concentrate, Table II, Experiment ID 350-10.

ninitialO2ðgÞ 0.23 mol/mol-Sb 1. Same as for ninitialN2ðgÞ
2. 5 ppm, the upper limit of O2 content in the carrier gas, Chemical Nitrogen
4.6

ninitialH2OðgÞ 0.23 mol/mol-Sb 1. Same as for ninitialN2ðgÞ
2. 5 ppm, the upper limit of H2O content in the carrier gas, Chemical

Nitrogen 4.6
ninitialS2ðgÞ 5.33 mol/mol-Sb 1. 0.8 pct weight loss of the concentrate in the TGA experiment, shown in

Figure 5. It was assumed that the mass loss at 350 �C was essentially due
to volatilization of S2(g) from the concentrate.

ninitialAs4S4ðgÞ 10�21 to 10�15 mol/mol-Sb 1. Study parameter, varied in a range of small values
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following equations related to the quantities of elements
in the trioxides and trisulfides can be derived using
Eqs. [A2-2] to [A2-6].

nsulAs þ nsulSb ¼ 0:4� p3 � 100� nextraS � nextraO

� 	
½A2� 7�

n
sulðAs;SbÞ
S ¼ 0:6� p3 � 100� nextraS � nextraO

� 	
½A2� 8�

noxAs þ noxSb ¼ 0:4� ð1�p3) � 100� nextraS � nextraO

� 	
½A2� 9�

n
oxðAs;SbÞ
O ¼ 0:6� ð1�p3Þ � 100� nextraS � nextraO

� 	
½A2� 10�

The ratio of Sb2S3 to As2S3 in the condensate can be

mathematically expressed as
p4

ð1�p4)
by introducing

another random number p4. The assignment of p4 is
based on the value of the input parameter—Mode:

� In case of Mode = 1, the trisulfides of Sb and As are
considered to condense from their complex sulfide
vapors, Asn�xSbxS6(g), such that p4 2 1

4 ;
1
2 ;

3
4

� �
(Table VI). One value from this set is selected ran-
domly in each calculation run (graphical representa-
tions of this case are in PIP-charts 2(b)-2(d) in
Figure A2-1).

� When Mode = 2, p4 is a random number between 0
to 1 (PIP chart 2(a)), which implies that the conden-
sation of trisulfides of Sb and As are not from the
complex sulfide vapors, but instead from their indi-
vidual sulfide vapor phases.

Accordingly, using Eq. [A2-7],

nsulSb ¼ 0:4� p4 � p3 � 100� nextraS � nextraO

� 	
½A2� 11�

nsulAs ¼ 0:4� ð1� p4Þ � p3 � 100� nextraS � nextraO

� 	
½A2� 12�

The proportion of Sb2O3 to As2O3 in the condensate
is calculated based on the value of the input parameter
RO. Therefore, using Eq. [A2-9],

noxSb ¼ 0:4� RO

100
� ð1� p3Þ � 100� nextraS � nextraO

� 	
½A2� 13�

noxAs ¼ 0:4� 1� RO

100

� �
� ð1� p3Þ

� 100� nextraS � nextraO

� 	
½A2� 14�

Using Eqs. [A2-4] to [A2-5], [A2-8], [A2-10] to
[A2-14], the values of

nextraS ;nextraO ;n
sulðAs;SbÞ
S ;n

oxðAs;SbÞ
O ; n

sul

Sb ;n
sul
As ;n

ox
Sb;n

ox
As are calcu-

lated. The moles of individual elements are calculated
using the following equations:

Fig. A2-1—Stochastic model formulation depicting the relevance of input parameters and demonstrating the incorporation of random numbers
p1, p2, p3 in the calculation. The model calculates elemental composition of the condensate (shown as a model output in the pie-chart on the
right). Composition values are in mol pct.
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nO ¼ nextraO þ n
oxðAs;SbÞ
O ½A2� 15�

nS ¼ nextraS þ n
sulðAs;SbÞ
S ½A2� 16�

nAs ¼ nsulAs þ noxAs ½A2� 17�

nSb ¼ nsulSb þ noxSb ½A2� 18�

Finally, the elemental composition in mol pct is
derived using the below expression:

Xi ¼
niP
ni
� 100; i ¼ O; S;As; Sb ½A2� 19�

LIST OF SYMBOLS

m/e Mass-to-charge ratio
Wconc Weight of concentrate containing 1 mole

of Sb in the form of gudmundite, g/mol-Sb
ninitialN2ðgÞ N2(g) introduced per mol of Sb(s)

produced from gudmundite
decomposition, mol/mol-Sb

ninitialO2ðgÞ O2(g) introduced per mol of Sb(s)
produced from gudmundite
decomposition, mol/mol-Sb

ninitialH2OðgÞ H2O(g) introduced per mol of Sb(s)
produced from gudmundite
decomposition, mol/mol-Sb

ninitialS2ðgÞ S2(g) introduced per mol of Sb(s)
produced from gudmundite
decomposition, mol/mol-Sb

ninitialAs4S4ðgÞ As4S4(g) introduced per mol of Sb(s)
produced from gudmundite
decomposition, mol/mol-Sb

nextraS Sulphur content corresponding to Sn(s)
and Sn�x Ox(s) in the condensate, mol pct

nextraO Oxygen content corresponding to Sn�x

Ox(s)in the condensate, mol pct
pi¼1;2;3 Uniformly distributed random number �

[0, 1] generated at different stages in each
run of calculation

p4 A randomly selected number from the set
{0.25, 0.5, 0.75} when Mode = 1; a
random number � [0, 1] when Mode = 2

n
sulðAs;SbÞ
S Sulphur content corresponding to As2S3(s)

and Sb2S3(s) in the condensate, mol pct
n
oxðAs;SbÞ
O Oxygen content corresponding to As2O3(s)

and Sb2O3(s) in the condensate, mol pct
nsulSb Antimony content corresponding to

Sb2S3(s) in the condensate, mol pct
nsulAs Arsenic content corresponding to As2S3(s)

in the condensate, mol pct
noxSb Antimony content corresponding to

Sb2O3(s) in the condensate, mol pct

noxAs Arsenic content corresponding to As2O3(s)
in the condensate, mol pct

Xi¼Sb;As;S;O Elemental composition of Sb, As, S, O
calculated from the model in each run,
mol pct
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