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a b s t r a c t

Total concentrations combined with chemical partitioning of trace elements (Cd, Co, Cr, Mn, Ni, Pb, Tl,
and Zn) in raw pyrite ore and solid roasting wastes were investigated in order to elucidate their trans-
formations and partitioning during the roasting of raw pyrite ores in sulfuric acid production. In order to
better understand the behavior of these elements during roasting, mineral transformations accompany-
ing roasting were also investigated by using microscopy. Results indicated that the mode of occurrence of
trace elements in raw pyrite ore and the thermostability of trace element-bearing species formed during
roasting played major roles in the transformations of the selected trace elements. Silicate- and amorphous
iron (hydr)oxide-bound elements (Cr and Pb) were stable and mainly retained in their original phases.
However, acid-exchangeable and sulfide-bound elements tended to transform into other forms via dif-
lue gas
luidized-bed furnace

ferent pathways: elements that tend to form low thermostable species (Cd, Pb and Tl) were significantly
vaporized, whereas elements that tend to form high thermostable species (Co, Mn and Ni) mainly reacted
with iron oxides or silicates, which then remained in the solid residues. The volatility of trace elements
during the roasting has a significant effect on their subsequent partitioning in roasting wastes. Nonvolatile
element (Co, Cr, Mn, and Ni) partitioning was determined by settling of the particulate in which they are
bound, whereas the partitioning of (semi)volatile elements (Cd, Pb, Tl, and Zn) was controlled by the
adsorption of their gaseous species on the particulate.
. Introduction

Pyrite ore (FeS2) has been widely used in modern industry for the
roduction of sulfuric acid. Pyrite ore usually contains a wide range
f trace elements, such as Cd, Co, Cr, Mn, Ni, Pb, Tl, and Zn [1]—some
f which are highly toxic (e.g., Cd, Pb, Tl). During pyrite ore roasting,
series of physicochemical transformations occurs [2,3], result-

ng in potential dispersion of these trace elements from roasting
astes into the environment [4]. Several studies have shown that

race elements can be readily released into surrounding soil, water
nd sediment from the pyrite ore roasting wastes, posing poten-
ial threats to the environment [5–9]. It is essential to understand

he transformations and partitioning of these trace elements dur-
ng pyrite ore roasting, particularly in industrial settings, in order to
ontrol the potential pollution from the headstream. Unfortunately,
void in the literature exists regarding trace element behavior dur-

∗ Corresponding author. Tel.: +86 20 39366013; fax: +86 20 39366168.
E-mail address: chenyheng@eyou.com (Y. Chen).

1 Present address: Department of Earth Sciences, University of California-
iverside, CA 92521, USA.

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.01.067
© 2009 Elsevier B.V. All rights reserved.

ing pyrite ore roasting although the process of pyrite oxidation has
been well studied (e.g., [2,3]).

The behaviors of trace elements during other thermal treat-
ments (e.g., coal combustion, sewage sludge combustion) have
been investigated by many studies [10–13]. Trace elements may be
distributed to several output streams during thermal treatments,
including solid residues and flue gas which enters a downstream
pollution control device; elements in the flue gases may be present
in the vapor phase or bound on fine particles [14]. Trace ele-
ments have been classified into three broad groups according to
their partitioning behavior during combustion [14–16]. Group-I ele-
ments (nonvolatile elements) are concentrated in coarse residues
or equally partitioned between coarse residues and fine parti-
cles. Group-II elements (semivolatile elements) are vaporized in
the combustor but condense downstream and generally show
enrichment with decreasing fly ash particle size due to elemental
vaporization-ash surface deposition processes. Group-III elements

(volatile elements) are the most volatile elements and are depleted
in all solid phases. The extent of vaporization and subsequent depo-
sition of these trace elements during the thermal treatments were
believed to depend on the thermal treatment conditions (e.g., tem-
perature, atmosphere condition, etc.), on the mode of occurrence

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chenyheng@eyou.com
dx.doi.org/10.1016/j.jhazmat.2009.01.067
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f the trace elements in raw materials, and on the physical changes
nd chemical reactions of these elements with sulfur and other
ompounds during combustion [17–20].

Due to high concentrations of pyrite as well as gangue min-
rals in raw materials, pyrite ore roasting during sulfuric acid
roduction in an atmospheric fluidized-bed combustion system

s characterized by the production of a large quantity of roasting
astes enriched with iron oxides and silicates, and a high concen-

ration of sulfur compounds in flue gas; none of which is present
n other thermal treatments, such as coal, wood bark or other
ombustions [17–20]. In order to determine whether there any dif-
erences between trace element behavior during pyrite ore roasting
nd other thermal treatments, and to provide essential knowledge
egarding headstream control of related industrial pollution, we
onducted an extensive survey of the concentrations and the mode
f occurrence of trace elements (Cd, Co, Cr, Mn, Ni, Pb, Tl and Zn) in
aw pyrite ores, bottom slag and fly ashes from a real sulfuric acid
lant.

. Experimental

.1. Sampling

Sampling was carried out in a typical sulfuric acid plant in
hina—the Yunfu Sulfuric Acid Plant. Acid Plant located in Guang-
ong province which produces sulfuric acid from pyrite ore since
985. We chose Yunfu sulfuric acid plant for sampling because
nlike other sulfuric acid plants in China, this plant uses only ores
rom Yunfu pyrite mine. Thus, we avoid the possibility that the
yrite ore samples we collected might not represent the raw mate-
ials, which produced the observed partitioning in the downstream
one. In the Yunfu plant, raw materials are crushed (grain size
3–4 mm) before roasting in the fluidized-bed furnace (850 ◦C) for
enerating SO2 (Fig. 1). The produced SO2 is then purified through
hree-step precipitations in a boiler, a cyclone scrubber and a tower
asher at 450, 300 and <60 ◦C, respectively, before being oxidized

o SO3, which is finally used for producing sulfuric acid (Fig. 1).
Samples of roasting waste were collected from fluidized-bed fur-

ace bottom slag (FS), boiler fly ash (BA), cyclone scrubber fly ash
CA) and tower washer fly ash (WA). WA was obtained by remov-
ng the wastewater by centrifuging at 2000 rpm for 15 min. Pyrite

res were collected and analyzed for comparison. All of the samples
ere collected using a stainless steel shovel (except WA) and kept

n polyethylene containers until analyses. Notably, we continuously
ollected the slag and fly ash samples from running devices in about
n hour. Therefore, our slag and fly ash samples should come from

ig. 1. Conceptual diagram of SO2 production and purification in the Yunfu sulfuric acid
ottom slag; BA: boiler fly ash; CA: cyclone scrubber fly ash; WA: tower washer fly ash.
aterials 167 (2009) 835–845

the same raw materials, and are valid for the study of trace element
transformation and migration in industrial production of sulfuric
acid. Moreover, large-size slag grains in the FS, which were formed
from the melting of the slag, were not collected in order to avoid het-
erogeneity in the samples. In the Yunfu Plant, the inner walls of the
furnace and combustion chambers are lined with aluminosilicate
firebrick. No contamination from, or catalytic reactions associated
with, the aluminosilicate firebrick were observed to significantly
affect the partitioning of trace elements in collected samples (see
details in Section 3) and related literature. In addition, the plant
annually generates about 40,000–75,000 tons of roasting wastes.
Therefore, if there is any pre-existing contamination derived from
the reactor parts it must have been much diluted.

The pyrite ore and FS samples were milled and ground to
<250 �m prior to chemical analyses. The fly ash samples (BA, CA
and WA) were analyzed without prior grinding.

2.2. Characteristics analysis

The mineralogy of pyrite ores and roasting wastes was inves-
tigated by MPV3 microscope. Grain size distribution of roasting
wastes was measured by using combined sieve (>0.1 mm) and
microscopic observation (<0.1 mm). Sulfur concentrations in pyrite
ore and waste samples were measured by using weight method.
Details for these methods can be found in Yang et al. [8].

2.3. Reagent

Double-deionized water (Milli-Q Millipore 18.3 M�/cm resis-
tivity) was used for all experiments. All glassware used for the
experiments were soaked in 14% HNO3 (v/v) and rinsed with deion-
ized water prior to use. Superpure nitric acid, hydrofluoric acid,
perchloride acid, hydrogen peroxide, and analytical grade acetic
acid (CH3COOH), hydroxylammonium chloride (NH2OH·HCl) and
ammonium acetate (CH3COONH4) were used for sequential extrac-
tions and total digestion as described below.

2.4. Total digestion

Total digestions of pyrite ore and roasting wastes were con-
ducted according to the following procedures for determining the

total concentrations of studied trace elements. About 30 mg of sam-
ple was placed in a platinum crucible and moistened with a few
drops of water. Three ml concentrated HNO3 and 15 mL HF were
added to the crucible and the sample was swirled until completely
wetted. The samples were then digested on a hot plate at 120 ◦C

plant. Sampling locations are denoted by filled triangles. FS: fluidized-bed furnace
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n open air until near dryness; a second addition of HF (15 mL)
as made and the mixture was evaporated to near dryness again.

inally, concentrated HClO4 (3 mL) was added and the sample was
vaporated on the hot plate at 200 ◦C until near dryness. This step
as repeated. The residues from the HClO4 digestion were dissolved

y using 2 mL 8 mol/L HNO3 at low temperature and the sample
as brought to a final volume of 100 mL with water. Each sample
as stored in a capped polyethylene bottle at 4 ◦C for subsequent

nstrumental determination. Clear solutions were obtained for all
amples. Blanks were carried out through the same procedures as
he samples.

Limit of detection (LOD) for the total digestion analyses was
alculated based on 10 repeated analyses of procedural blank and
he result was normalized to the sample mass of 30 mg. The aver-
ge LODs (3 s) for the total digestion analyses in this study are
.0–16 ng/g for Cd, Co, Mn, Tl and 71–136 ng/g for Cr, Ni, Pb, Zn.
natural standard reference soil (GBW07406) from the National

esearch Center of China for Certified Reference Materials (NRCC-
RM) was prepared for trace element quantification in the same
anner as the samples. The accuracy and the repeatability of the

otal digestion analyses were evaluated by triplicate analyses of four
ertified reference soils (NRCC-CRM GBW07401, 02, 03, and 05). The
oefficients of variation (CVs) of the trace element analyses were
ess than 10% for the four reference soils. The accuracy obtained
or the reference materials are within ±15% which is well within
he accepted range of trace elements analyses using inductively
oupled plasma mass spectrometry (ICP-MS) [21,22].

.5. Sequential extraction

The sequential extraction procedure used in this study for deter-
ining the partitioning of studied trace elements in raw pyrite ores

nd roasting wastes was based on the standard method proposed
y the Community Bureau of Reference (BCR) [23] but modified to
e suitable for pyrite ore, slag and fly ash [8,24]. The extraction steps
nd conditions are summarized in Table 1. For a brief explanation
f the mode of occurrence of trace elements extracted in each step:

Step 1: Acid-exchangeable (Exc). Trace elements extracted in this
step include trace elements adsorbed on the raw pyrite ore or

roasting waste surfaces via relatively weak electrostatic inter-
action, trace elements that can be released by ion-exchange
processes, and acid-soluble trace element salts such as carbonates
and sulfates.

able 1
odified BCR sequential extraction procedure used in this study (for 0.3 g sample).

tep Extraction conditions Nominal target phase (s)

20 mL CH3COOH (0.11 mol/L,
pH 2.8), 25 ◦C, 16 h, continual
agitation

Exchangeable, water and acid
soluble species

20 mL NH2OH·HCl (0.5 mol/L,
acidified to pH 1.5 with nitric
acid), 25 ◦C, 16 h, continual
agitation

Reducible species, e.g., bound
to iron/manganese
(hydr)oxides

5 mL H2O2 (8.8 mol/L), covered,
25 ◦C, 1 h; 85 ◦C in a water bath,
1 h; uncovered and evaporated
to a small volume; repeated
with a second volume of H2O2;
25 mL CH3COONH4 (1.0 mol/L,
adjusted to pH 2.0 with nitric
acid), 25 ◦C, 16 h, continual
agitation

Oxidisable species, e.g., bound
to sulfides

HNO3-HF-HClO4, same as the
total digestion (see Section 2.4)

Residual species, e.g., bound to
silicates or crystalline iron
oxides
aterials 167 (2009) 835–845 837

Step 2: Easily reducible (Red). Trace elements extracted in this step
include trace elements bound to amorphous or poorly crystalline
iron/manganese (hydr)oxides which are unstable under reducing
conditions. Changing the redox potential (Eh) can induce the disso-
lution of these (hydr)oxides (e.g., limonite) and release their bound
trace elements.
Step 3: Oxdizable (Oxi). Trace elements extracted in this step
include trace elements bound to sulfides and organic matter. In
this study, trace elements released in this step are mainly derived
from the sulfide-associated fraction because of the extremely high
pyrite concentration in the raw ore and significant residual sulfides
in the roasting wastes.
Step 4: Residual (Res). Trace elements extracted in this step include
those trace elements held within mineral crystalline matrix,
which are not likely to be released under normal environmental
conditions. The minerals mainly include naturally occurring sil-
icates/crystalline minerals in the pyrite ore or roasting wastes,
or newly formed crystalline minerals, such as iron oxides (e.g.,
hematite, magnetite) in the roasting wastes.

After each extraction step, the acquired suspension was cen-
trifuged at 5000 r/min for 15 min and the supernatant was collected
with a pipette. The residue was washed with 10 ml of water and cen-
trifuged for 15 min, and then this second supernatant was collected
and combined with the first supernatant. One ml of 16 mol/L HNO3
was added into the combined supernatant, which was then evap-
orated close to dryness. One-fifth ml 8 mol/L HNO3 was added and
the volume was subsequently diluted to 10 mL with water. Blanks
were prepared by the same procedure as the actual samples. All
extracts obtained were stored in capped polyethylene bottles at 4 ◦C
until being analyzed by ICP-MS.

Limit of detection (LOD) of the sequential extraction was calcu-
lated based on 10 repeated analyses of procedural blank and the
result was normalized to the sample mass of 0.3 g. The LODs (3 s)
of four sequential extraction steps are 0.57–14.9 ng/g for Cd, Co and
Tl, 10.6–34.5 for Ni, and 6–250 ng/g for Cr, Mn, Zn and Pb. In order
to evaluate the uncertainties of the sequential extraction proce-
dure used for the selected trace elements, four replicate sets of two
test samples were taken through the extraction procedure and ana-
lyzed. One of the test samples is a sample of soil contaminated by
the sulfuric acid plant, while the other is a mixture of slag and fly
ash waste also collected from the sulfuric acid plant; both of them
have a similar range of trace element contents to our studied sam-
ples. The results show that the CVs of selected trace elements for
step 1–4 are mostly less than 15%; higher CVs (20–40%) were only
found in step 4.

The recovery of an element can be determined by comparing the
sum of the element extracted by all extraction steps with its total
digestion concentration: (sum/total) × 100. The mean recovery for
single trace element in actual samples was between 90% and 117%
except for Cr which has a mean recovery of 79%. The mean and
median recoveries for all studied trace elements in actual samples
were 97% and 96%, respectively. Compared to roasting wastes, pyrite
ore samples have a relatively wide range of recoveries of selected
trace elements probably due to the heterogeneity of the pyrite ore
samples. Our recoveries of sequential extraction in the present work
are similar to or better than those reported in available literature
[25–29] where BCR sequential extraction of trace elements was also
used.

2.6. Instrumental analyses
The analyses of trace elements from the total digestion and the
sequential extraction were performed on an Elan 6000 ICP-MS
(PerkinElmer, USA) [8]. Rhodium was used as the internal stan-
dard to eliminate short time variability and matrix effects during
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Table 2
Mineralogy and grain size of pyrite ores, wall rocks and roasting wastes.

Mineralogya Grain size (%)

Wall rocks Pyrite ores FS BA CA WA FS BA CA WA

Pyrite + ++++ >2 mm 30 0 0 0
Pyrrhotite + + + 2–1 mm 22 0 0 0
Hematite +++ +++ +++ +++ 1–0.5 mm 17 0 0 0
Magnetite +++ +++ +++ +++ 0.5–0.3 mm 6 0 0 0
Limonite + + + + 0.3–0.1 mm 17 10 0 0
Quartz ++++ + +++ ++ ++ ++ 0.1 mm–50 �m 8 55 20 5
Carbonate + + 50–10 �m 0 25 65 20
C ++
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lay ++ + +++ ++
ypsum + +

a Relative abundance: ++++, very abundant; +++, abundant; ++, minor; +, trace.

easurement [30]. The detailed analytical conditions can be found
n references [8] and [24]. The concentrations of major elements

ere determined by using a PerkinElmer PE 3100 atomic absorption
pectrometer for Na, Mg, K, Ca and Fe, and by using spectrophotom-
try for Al and Si.

. Results and discussion

.1. Mineral transformations during the roasting of pyrite ores

In order to better understand the behavior of trace elements
uring the roasting of pyrite ores, the mineral transformations
hat accompany pyrite roasting were mainly investigated by using

icroscopic observations and major element analyses. The mineral
ompositions and grain size distribution (for roasting wastes), and
ajor element contents of raw pyrite ores, wall rocks and roasting
astes are summarized in Tables 2 and 3, respectively.

Raw materials used in Yunfu sulfuric acid plant were mainly
omposed of pyrite-rich ore (15–42% pyrite; 8–22% sulfur) and
yrite concentrate (88–99% pyrite; >51% sulfur) with minor wall
ock contributions. Pyrite was the main mineral in the raw mate-
ials. Other minerals, such as quartz, clay, carbonate and limonite,
nly accounted for minor amounts in the pyrite concentrate, but
ere abundant in the pyrite-rich ore, wall rocks and gangues [31].
ccordingly, the relative abundances of gangue minerals in the
aw materials could have been significantly elevated when more
yrite-rich ores than pyrite concentrates were used in the sulfu-
ic acid production [31,32]. Under microscope, FS and fly ashes
emonstrated roughly similar mineral compositions: ∼50–70% of

ron oxides (magnetite, hematite and limonite), ∼20–40% of sili-

ates (quartz, clays or aluminosilicates), <5% of residual sulfides
pyrrhotite) and trace amounts of gypsum. The presence of resid-
al sulfides in the waste products analyzed by this study suggests
hat pyrite in the raw materials was not completely oxidized in the
uidized-bed furnace. As proposed by Srinivasachar et al. [2] and Hu

able 3
bundances of major elements in wall rocks, pyrite ores, and roasting wastes (mg/g).

lement Wall rocksa Pyrite oresa

nb Range Median Mean n Range

l 11 1.27–75.2 54.5 45.3 5 0.05–
a 11 0.71–10.0 1.07 3.9 5 1.29–
e 11 4.27–16.4 7.89 6.91 5 150–

11 0.75–25.2 4.31 11.9 5 0–
g 11 0.30–10.9 1.8 4.15 5 0.03–
a 11 0.37–8.98 0.45 3.69 5 0–
i 11 330–432 391.9 379 5 0–

11 0.2–6.5 0.2 2.45 5 236–

a Summarized from the data of this study and references [31] and [32].
b Number of measured samples.
c Not detectable.
++ <10 �m 0 10 15 75

et al. [3], in the case of incomplete combustion, pyrite will initially
decompose to form pyrrhotite (FeSx), which subsequently melts to
form iron oxysulfide droplets, from which magnetite (Fe3O4) crys-
tallizes out to finally form hematite (Fe2O3). As shown below, the
specific structure and morphology of the iron oxide particles exam-
ined in this study support this proposition.

Although microscopic observations suggested that iron oxides
had similar abundances in both FS and fly ashes, quantitative anal-
yses of Fe concentrations indicated that iron oxides were more
abundant in the fly ashes than in the FS (Table 3). Grain size analyses
showed that grain size decreases from FS to WA (Table 2), suggesting
that the iron oxides formed fine particles during roasting and were
migrated with the flue gas. Detailed microscopic examination indi-
cated that three main types of iron oxide particle remained in the
wastes: A-type—partially oxidized pyrite particles surrounded by a
porous pyrrhotite (FeSx) and magnetite (Fe3O4) mixture layer and a
hematite (Fe2O3) rim; B-type—completely decomposed pyrite par-
ticles with massive fissures; and C-type—angular, fine iron oxide
particles. Mineral compositions of B- and C-type particles are
mainly magnetite and hematite. Particle size analysis demonstrated
that the A-, B- and C-types of iron oxide particles are generally in
the sizes of >150, 50–150 and <50 �m, respectively. A-type particles
account for up to ∼70% of the iron oxide particles in FS and gradually
decrease in abundance in downstream fly ashes, with only a trace
amount in WA. B-type particles also show a similar decreasing pat-
tern of from ∼50% in BA to ∼0% in WA. In contrast, C-type particles
gradually increase in abundance from ∼10% in BA to ∼100% in WA.
FS only contains low amounts of B- and C- types of iron oxide par-
ticles. Therefore, the distribution of the three types of iron oxide
particles in the roasting wastes is consistent with the hypothesis

that fine iron oxide particles migrated with the flue gas. Quantita-
tive analyses of major elements indicated that, although the highest
concentration of Fe was found in BA due to the preferential subsi-
dence of heavy minerals in the boiler, substantial concentrations of
Fe were also observed in the CA and WA, indicating that the signifi-

FS BA CA WA

Median Mean

22.1 22.1 13.4 35.2 24.9 34.6 30.2
10.2 10.2 6.68 30.2 17.9 14.2 15.7
475 150 277 340 470 420 438
7.55 7.55 4.53 12.6 7.94 8.15 8.8
4.02 4.02 2.5 6.93 3.96 3.31 3.87
0.59 0.59 0.36 0.61 0.61 n.d.c n.d.
161 161 96.7 175 116 113 83
508 236 336 16.2 9.5 10.9 15.8
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Table 4
Abundances of trace elements in wall rocks, pyrite ores, and roasting wastes (�g/g).

Element Wall rocks and gangue mineralsa Pyrite oresa Clarke valueb FS BA CA WA

nc Range Median Mean n Range Median Mean

Cd n.a.d n.a. n.a. n.a. 2 0.27–2.06 1.17 1.17 0.15 8.77 10 32.7 14.8
Co 12 0.07–18.4 4.74 7.65 22 1.39–61.9 25.5 20.6 30 4.67 8.63 7.41 8.1
Cr 12 1.42–105 20.02 44.6 8 34.2–235 34.2 72.9 140 38.3 35.5 33.9 23.4
Mn 12 77.5–1007 310 490 5 897–3021 3021 2174 1100 3931 2132 1692 2552
Ni 12 23.8–111 28.33 36.7 22 21.7–68.0 39.5 38.2 90 18.6 26.4 19.3 22.1
Pb 9 33.3–603 245 269 7 813–11377 3865 4030 10 931 1184 2018 1699
Tl n.a. n.a. n.a. n.a. 22 1.9–56.4 4.8 11.7 0.53 44.7 49.6 51.1 70
Zn 12 1.91–2557 107.8 935 13 17.4–977 33.4 135 79 3295 3847 3438 3761
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a Summarized from this study and references [21,22,33].
b Abundance in Earth crust; cited from [34].
c Number of measured samples.
d Not available.

ant proportion of iron oxides that are retained in fine particles still
ould escape from boiler.

Based on the above discussion, the pyrite transformations dur-
ng the roasting must have been accompanied by significant particle
ragmentation, which produced the fine particles in the flue gas.
his fragmentation is related to S-release during the roasting [2]
ecause the sizes of iron oxide particles are substantially corre-

ated with the extent of pyrite combustion (see above). The porous
tructures and massive fissures observed in the larger iron oxide
articles also are consistent with S-release playing an important
ole in this fragmentation.

The disappearance of calcite and the occurrence of gypsum in
he wastes indicate that calcite has decomposed into calcium oxide,
hich subsequently reacted with sulfur oxides to formed gypsum.
luminosilicate minerals exhibited high thermal stability through

he roasting process although aluminosilicate glasses were occa-
ionally observed in the roasting wastes. Physical fragmentation
as the primary degradation process observed for quartz and alu-
inosilicates in the wastes: FS contains a significant amount of

arge-sized quartz and clay mineral particles, while mainly small,
ngular fragments of quartz and clay minerals were found in the
hree fly ashes. Si and Al having higher concentrations in FS than
n fly ashes is consistent with that coarse particles of quartz and
ilicates being mainly retained in FS and only minor fine parti-

les being emitted into flue gas. Amorphous limonite was mainly
ssociated with gangue minerals, particularly clays, in the raw
aterials; a similar distribution was also observed in the roasting
astes, suggesting that limonite might have survived the roasting
rocess.

ig. 2. Trace element partitioning in raw pyrite ores. Exc: acid exchangeable fraction;
ed: easily reducible fraction; Oxi: oxidisable fraction; Res: residual fraction.
3.2. Transformations and partitioning of trace elements during
the roasting of pyrite ores

The total concentrations of trace elements in raw pyrite ores,
wall rocks and roasting wastes are summarized in Table 4. The
results of the sequential extraction of the trace elements in raw
pyrite ore are shown in Fig. 2 and expressed as percentages cal-
culated as the proportion of one fraction concentration over the
sum of all four fraction concentrations. This expression enables
comparison among trace elements that are very different in concen-
tration. The results of the sequential extraction of the trace elements
in roasting wastes are shown in Fig. 3 and expressed as absolute
concentrations in order to demonstrate the changes in element con-
centrations within each fraction between different roasting wastes.
It should be noted that the rapid decrease of most of the studied ele-
ments in the first three fractions (i.e., Exc, Red, and Oxi) of WA may
only signify that these fractions have been dissolved in and removed
by the acidic washing water. On the other hand, the Res fraction in
WA is comparable to Res fractions in other roasting wastes due to
the high chemical stability of Res minerals in the acidic washing
water.

3.2.1. Cadmium
Cadmium is enriched in pyrite ore (0.27–2.06 �g/g) compared

with its Clarke value (0.15 �g/g). According to sequential extraction,
Cd primarily occurred as Exc- and Oxi-Cd in pyrite ore, indicating
that acid-exchangeable species and sulfides bound species are the
main forms of Cd.

Cadmium showed an increasing trend from FS to CA and was
significantly enriched in CA (32.7 �g/g), indicating that Exc- and
Oxi-Cd in raw ores was partially liberated as vapor during the roast-
ing. This is consistent with the thermodynamic prediction that
Cd tends to vaporize as Cd0(g) and CdO(g) at the furnace tem-
perature [35]. Significant enrichment of Cd in fly ashes was also
observed in fuel and coal combustion studies [11,15,36,37]. Ele-
ments partially or fully vaporized during roasting usually undergo
further transformations and partitioning downstream as the flue
gas cools, including condensation, physical adsorption, chemisorp-
tions or chemical reactions [38,39]. Sequential extraction results
show that Cd mainly occurred as Res-Cd (>89%) in roasting wastes
with only a minor amount associated with other fractions. In addi-
tion, Res-Cd showed lower concentration in FS and BA, but occurred
at the highest level in CA (Fig. 3), in which relatively high Al
was observed (Table 3). These observations indicated that gaseous

Cd that has entered the downstream cleaning system primarily
undergoes chemical reactions with aluminosilicates in the flue gas.
Thermodynamic calculations predict that thermally stable com-
pounds such as CdO(SiO2) and CdO(Al2O3) may be formed from
Cd-aluminosilicate interactions at temperatures of 600–1100 ◦C
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Fig. 3. Trace element partitioning in roasting wastes. Exc: acid exchangeable fr

40]. According to this prediction, the reactions between gaseous Cd
nd aluminosilicates in the flue gas accompanied volatilization of
d during the roasting of pyrite ores in the fluidized bed furnace and
esulted in the formation of fine Cd-aluminosilicate particles (i.e.,
es-Cd). The large amount of aluminosilicate compounds present in
he flue gas may have promoted the reactions between gaseous Cd
nd aluminosilicates. These Cd-containing particles subsequently
igrated to, and mainly settled within, the cyclone scrubber. Pre-

ious studies have also observed the retention of Cd in fly ashes

hrough chemical reactions between gaseous Cd and aluminosili-
ates [11,37].

Physical adsorption/condensation of gaseous species of trace
lements on fly ash particles may result in an increasing trend in
xc fraction concentration with decreasing particle size because of
; Red: easily reducible fraction; Oxi: oxidisable fraction; Res: residual fraction.

preferential deposition on the fine particles [15]. Exc-Cd shows a
slight increasing trend from FS to CA but only accounts for small
amount of Cd in all roasting wastes, suggesting that simple phys-
ical adsorption/condensation on fine particles only have a minor
effect on the deposition of gaseous Cd.

3.2.2. Cobalt and nickel
Cobalt and nickel have concentrations of <68 �g/g in pyrite ores

and are mainly associated with sulfides (both at 96% in the Oxi

fraction). Both Co and Ni do not show an increasing concentration
downstream in the roasting wastes, reflecting their weak volatilities
during the oxidation of Co- and Ni-bearing sulfides. This observa-
tion is consistent with the thermodynamic modeling result that
Co and Ni would not vaporize from raw materials at 850 ◦C [35].
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eak volatilities of originally pyrite-associated Co and Ni were
lso observed during coal combustions [15,37]. In roasting wastes,
o and Ni are mainly present in the Res fraction (>79%), suggest-

ng that most of sulfide-associated Co and Ni were incorporated
nto silicates or crystalline Fe-oxides during the roasting. Previous
tudies also suggested that Co and Ni could be easily incorporated
nto iron oxides via the formation of strong bonds during thermal
reatments [15,42,43]. Moreover, thermodynamic analyses predict
hat CoFe2O4, NiO·Fe2O3, and Fe2NiO4 will be major products of
he reactions of Co or Ni with iron oxides [35,40]. In our study, the
oncentrations of Res-Co and Res-Ni are positively correlated with
otal Fe, but do not show any correlations with Si or Al, supporting
he hypothesis that sulfides-associated Co and Ni in the pyrite ores
ere incorporated into iron oxides rather than silicates during the

oasting. These Co- and Ni-bearing iron oxides would readily appear
n fine particles, which dispersed into the flue gas and settled in the
ownstream zone as residual fraction.

.2.3. Chromium
Chromium ranges from 34.2 to 235 �g/g with an average of

2.9 �g/g in the pyrite ores. Sequential extraction shows that Cr
ainly occurred as Res-Cr (72%) in the pyrite ore, suggesting that

ilicates/crystalline minerals were the main hosts for Cr. In addi-
ion, 27% of Oxi-Cr was also detected in pyrite ore, showing that a
ignificant amount of Cr is retained in sulfides as well.

Cr is enriched in FS and shows a decreasing concentration trend
ith decreasing particle size in roasting wastes (Table 4), indicating

hat Cr did not vaporize during the roasting. The non-volatility of
r during the roasting of pyrite ores is consistent with predictions

rom the thermodynamic model [40]. However, high volatility of
r was reported previously for coal/fuel combustions [10,36]. The
iscrepancy observed here between the combustions of pyrite ore
nd the coal/fuel may have been caused by the different forms
f Cr in the raw materials. Previous studies indicated that ion-
xchangeable or organic-associated Cr in coal or other fuels tends
o be librated as gaseous species upon combustion, whereas Cr
ontained in silicates, non-soluble oxides and other minerals does
ot vaporize even at temperature >1000 ◦C [15,17]. As mentioned
bove, Cr is mainly retained in the silicates/crystalline minerals and
ulfides of the pyrite ores and accordingly should not vaporize dur-
ng roasting. In the roasting wastes, Cr is dominantly associated

ith silicates/crystalline minerals (>87% in Res; Fig. 3). Obviously,
he Res-Cr was mainly derived from the large proportion of Cr
etained in the initial silicates/crystalline minerals of the pyrite
res. In addition, Cr-bearing sulfides in the pyrite ores may have
een significantly transformed into Cr-Fe-oxides (i.e., Res-Cr) along
ith sulfide oxidation [44]. Accordingly, the partitioning of Cr in

he roasting wastes also supports the view that Res- and Oxi-Cr in
he pyrite ores did not vaporize during the roasting process.

Since Cr mainly occurs with silicates/crystalline minerals in the
yrite ores, the fine particles of silicate/crystalline minerals from
hysical fragmentation during roasting would be the main form for
r to be transported into the flue gas and the downstream cleaning
ystem. The fine Cr-bearing Fe oxide particles generated from the
ulfide oxidation should be important Cr-transportation vectors as
ell. Both of these two types of fine particles contributed the high

oncentrations of Res-Cr in the downstream wastes.

.2.4. Manganese
Manganese is abundant in the pyrite ores (ranging from 897 to

021 �g/g with an average of 2174 �g/g) and primarily occurred

s Oxi-Mn (92%) with a small amount as Exc-Mn (7%), indicating
hat sulfides are the main hosts for Mn in the pyrite ores. Mn is
nriched in FS but relatively depleted in fly ashes (Table 4), sug-
esting that Mn did not vaporize during the roasting process. This
nference is also consistent with thermodynamic modeling that
aterials 167 (2009) 835–845 841

shows that Mn is not volatile at 850 ◦C [40]. However, previous
studies on coal combustions offered different observations—either
non-volatility of Mn (e.g., [20]) or significant volatility of Mn (e.g.,
[10]) was observed. The enhanced volatility of Mn during some coal
combustions was probably caused by modes of Mn occurrence (e.g.,
carbonates, organic-bound) from which Mn could be easily liber-
ated and by the high concentration of Cl in the coal [45], which
could have resulted in the presence of abundant HCl in the flue gas
greatly favoring the formation of gaseous Mn chlorides [40]. In con-
trast, the presence of abundant SO2 in flue gas during the roasting
of pyrite ores may have favored the formation of nonvolatile Mn
sulfates [40].

The sequential extraction results show that Mn was mainly
present as Res- (58%) and Exc-Mn (37%) in FS and only trace
amounts of Red- (3%) and Oxi-Mn (2%) were found. This indi-
cates that sulfide-associated Mn in the pyrite ores has oxidized and
subsequently interacted with other minerals in the fluidized-bed
furnace. Thermodynamic prediction suggests that thermostable Mn
oxide species will initially form with stoichiometries such as MnO,
Mn3O4, Mn2O3 and MnO2, then other thermostable compounds
such as MnO·Fe2O3, MnSiO3 and MnO·Al2O3 will form through
reactions with Fe, Si, and Al compounds if they are present in the
thermal treatment system [40,41]. Obviously, the high proportion
of Res-Mn in FS resulted from the formation of these thermostable
compounds due to the presence of abundant iron oxides from pyrite
oxidation (see Section 3.1) and silicates. However, the significant
amount of Exc-Mn species in FS should be derived from Mn sul-
fates (see above). Exc-Mn species could also have resulted from the
production of acid-soluble Mn oxides by insufficient reactions with
Fe, Si, and Al compounds during the roasting probably due to the
super high concentrations of Mn in the pyrite ores, low temper-
atures in the furnace, short residence time and/or other possible
factors.

Significant amounts of Exc- (797 and 828 �g/g in BA and CA,
respectively) and Res-Mn (1029 and 628 �g/g in BA and CA, respec-
tively) were also observed in BA and CA, indicating that the
Mn-bearing thermostable compounds mentioned above entered
the flue gas as fine particles and settled with these particles in the
downstream zone. Higher concentration of Res-Mn in WA could
indicate that a large quantity of Mn migrated into the cleaning
system as fine Mn-bearing iron oxides particles.

3.2.5. Lead
Lead is highly enriched in pyrite ores (ranging from 813 to

11377 �g/g with an average of 4030 �g/g) compared to its abun-
dance in Earth’s crust (i.e., Clarke value) which is only 10 �g/g. Lead
is present mainly as Exc- (57%) and Red-Pb (30%) with minor as
Res- (10%) and Oxi-Pb (4%) in the pyrite ores, indicating that acid-
exchangeable species and Fe (hydr)oxides-bound species were the
main forms of Pb in the pyrite ores, although galena, a significant Pb
host, has been reported in the pyrite ores before [31]. The low pro-
portion of Oxi-Pb in the studied pyrite ores could simply be caused
by heterogeneity in the raw pyrite ores. On the other hand, galena
weathering could also result in the low proportion of Oxi-Pb (and
correspondingly high concentrations of Exc- and Red-Pb) observed
in the examined pyrite ore because galena is readily weathered
relative to other coexisting sulfides [46].

Lead is relatively depleted in FS (931 �g/g) but rich in fly ashes
(up to 2018 �g/g; see Table 4), indicating that Pb in pyrite ores was
liberated into the flue gas during roasting. This is consistent with
the thermodynamic prediction that Pb tends to vaporize as PbO(g)

and Pb0(g) at the furnace temperature [35]. However, the substan-
tial amount of Pb in the FS indicates that at least part of the Pb
in the pyrite ores still did not vaporize. The partial volatilization
of Pb has been also observed during coal and other combustions
[10,15,36]. The non-volatilization of part of the Pb could be caused
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y the occurrence of sulfur compounds and silicates with which Pb
eacted to form condensed PbSO4 and PbO·SiO2 [11].

Res- and Red-Pb dramatically increased in concentration from
S to CA, while Exc-Pb only showed a slight increase (Fig. 3). (i)
imilar to Cd, the increasing trend of Res-Pb in fly ash from FS to CA
as probably related to the formation of thermostable compounds

hrough chemical reactions between gaseous Pb species and alumi-
osilicates in the flue gas [20,40,47,48]. The highest concentration of
es-Pb was in CA, which is the main zone in the cleaning system for
ettling fine aluminosilicates out of the flue gas (see Table 3), pro-
iding supporting evidence for this view. (ii) The increasing trend
f Red-Pb in fly ashes from FS to WA implies that the chemical
dsorption to Fe (hydr)oxides could also play an role in the deposi-
ion of gaseous Pb. In addition, the proportions of Red-Pb in pyrite
res and in roasting wastes are the highest of the studied trace ele-
ents, suggesting that initial Red-Pb may be retained through the

oasting process because of the high thermostability of amorphous
ron (hydr)oxides (see Section 3.1). (iii) As discussed for Cd, the
light increase of Exc-Pb from FS to CA indicates that, although it is
ot the primary mechanism for Pb to sink out of the flue gas, sim-
le physical adsorption/condensation on fine particles also occurs.
he high concentrations of sulfur compounds in the flue gas may
ave significantly enhanced the physical adsorption of gaseous Pb
s condensed sulfate on the surface of fly ashes [40].

.2.6. Thallium
Thallium is enriched in pyrite ores (ranging between 1.9–56.4

ith an average of 11.7 �g/g) compared to its abundance in Earth
rust, which is only 0.53 �g/g (Table 4). Tl is primarily retained
s Res-Tl (55%), with the remainder mainly as Exc- (27%) and
xi-Tl (12%), indicating that Tl in the pyrite ores is largely asso-
iated with silicates/crystalline minerals although some occurs as
cid-exchangeable species and sulfides. As a lithophile and chal-
ophile element, Tl is readily enriched in silicates (e.g., micas)
nd sulfides (e.g., pyrite) in rocks [49]. Similar to the formation of
cid-exchangeable Pb species in pyrite ores (see Section 3.2.5), the
xc-Tl in the pyrite ores could have partially derived from Tl-sulfide
eathering.

Tl is relatively enriched in roasting wastes and a slight increase in
l concentration is observed from FS to CA (Table 4), suggesting that
l vaporized during the roasting. Gaseous Tl may have been derived
rom the liberation of Exc- and Oxi-Tl from the pyrite ores during
oasting since a significant percentage decrease relative to pyrite
res is observed for these two fractions in FS (4% and 8% for Exc- and
xi-Tl, respectively). Exc- and Red-Tl gradually increase in concen-

ration from FS to CA, whereas Res-Tl shows a slight decrease (Fig. 3),
ndicating that gaseous Tl was deposited with the fly ashes mainly
hrough physical adsorption/condensation or chemical adsorption
n amorphous Fe (hydr)oxides rather than through chemical reac-
ions with silicates or crystalline Fe-oxides. This is consistent with
he thermodynamic prediction that there are no chemical reac-
ions between gaseous Tl and Fe, Si, Al compounds in the flue gas
41].

A significant amount of Oxi-Tl is observed in the roasting wastes.
he Oxi-Tl concentration increases from FS to CA, supporting the
ypothesis that a significant amount of the Tl sulfides initially

n the pyrite ores vaporized into the flue gas prior to oxida-
ion. The high concentration of SO2 in the roasting system may
ave facilitated the volatilization of Tl sulfides, as was observed

or Zn by Frandsen et al. [35]. Rapid vaporization of trace ele-
ent sulfides before or during the first combustion period has
een reported in a previous study [16]. The relatively high volatil-
ty of Tl sulfides, as observed in this study, is probably related
o its high sulfur affinity (where sulfur affinity is as follows:
r3+ < Mn2+ < Co2+ < Ni2+ < Zn2+ < Cd2+ < Tl+ < Pb2+). The higher the
ulfur affinity of an element, the more stable its sulfides will be,
aterials 167 (2009) 835–845

and therefore the element is more likely to vaporize as a sulfide
species.

On the other hand, a substantial concentration of Tl is also
observed in the FS (44.7 �g/g), suggesting that much of the Tl did
not vaporize during the roasting. Based on thermodynamic predic-
tions, Tl should completely vaporize under oxidizing conditions at
temperatures higher than 227 ◦C [41]. Strong volatilities of Tl in coal
and biomass combustions have been observed [10,36,50]. The par-
tial non-valorization of Tl observed here may be related to its modes
of occurrence in the pyrite ores. Sequential extraction data indicate
that Tl is primarily present as Res-Tl in the roasting wastes with only
a small amount associated with other fractions. Res-Tl concentra-
tion is positively correlated with Si from FS to CA, indicating that
silicate-associated species were the main forms of Res-Tl. There-
fore, the initial silicate-Tl, the primary form of Tl in raw pyrite ores,
could have been remained associated with silicates throughout
roasting due to the high thermostability of the silicates and subse-
quently migrated as fine silicate particles (see discussion in Section
3.1). However, the highest concentration of Res-Tl is observed in
WA, implying that part of the Tl (particularly sulfide-Tl) could have
been incorporated into crystalline iron oxides during roasting and
subsequently migrated downstream with the fine Fe oxide parti-
cles. Taken together, although Tl is a highly volatile element, the
relatively high proportion of silicate-Tl in the pyrite ores and/or
chemical reactions with Fe oxides may have limited Tl volatilization
during roasting.

3.2.7. Zinc
Zinc occurs in the pyrite ores in concentration of 17.4–977 �g/g

with an average of 135 �g/g and is primarily present as Exc- (64%)
and Oxi-Zn (24%) with only minor amounts as Res-Zn (12%). The dis-
tribution of Zn indicates that acid exchangeable species and sulfides
(e.g., sphalerite, pyrite) are the main forms of Zn in pyrite ores. Zn
sulfides can be readily weathered to form hydrated Zn sulfates, car-
bonates or other acid-exchangeable species [46], which may have
contributed to the Exc-Zn in the pyrite ores. The inferred modes
of occurrence of Zn in the raw pyrite ores, based on the data from
this study, may not exactly represent Zn occurrence in the roasted
materials because the low concentration of Zn in the studied pyrite
ores is not consistent with the enrichment of Zn observed in the
roasting wastes (Table 4). However, Zn, primarily as sphalerite [31],
is present in high concentrations (ranging from 1.91 to 2557 �g/g
with an average of 935 �g/g) in the wall rocks and gangues, imply-
ing that lean ores incorporated into the roasted materials could be
responsible for the discrepancy in Zn concentration between the
raw pyrite ores and roasted wastes.

Zn is slightly enriched in fly ashes relative to FS (Table 4),
indicating that Zn has weak volatility during roasting. Differing
volatilities of Zn have been reported for coal or other combustions
[10,15,17,36]. Bool and Helble [17] found that acid exchangeable
Zn species in coals tend to volatilize, while sulfide-associated Zn
species tend to oxidize with limited vaporization, and subsequently
interact with other ash species during combustion at 1500 ◦C. In
contrast, as suggested by the slight increase in Exc-Zn with decreas-
ing particle size from FS to CA, only a small amount of Exc-Zn
in the raw materials vaporized during roasting of the pyrite ores.
One potential explanation for the difference in volatilities between
this and other studies is that the weak volatility of Exc-Zn in
this study actually reflects the incorporation of wall rocks and
gangue minerals. Thus, the 64% Exc-Zn measured in the pyrite
ore is not identical to the roasted materials because the propor-

tion of sulfide-Zn (i.e., Oxi-Zn) in the roasted materials could have
been greatly elevated by the addition of Zn sulfide-bearing wall
rocks and gangue minerals. Another possibility, as supported by
the high concentration of Exc-Zn in FS (976 �g/g), is that the weak
volatility of Exc-Zn is simply caused by the lower roasting tem-
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Table 5
Summary of trace element behaviors during roasting of pyrite ores in the sulfuric acid industry as inferred from this study, comparisons with thermodynamic predictions,
and coal or other combustions in literature.

Pyrite ore roasting in this study Thermodynamic predication
(850 ◦C) in literature: main
transformation

Coal or other combustions in
literature: main transformation

Main partitioning in
pyrite ores

Main transformation and
emission in fluidized bed
furnace (850 ◦C)

Migration and deposition in
cleaning system

Cd Acid-exchangeable;
Sulfide-bound

Vaporizes and mainly reacts
with aluminosilicates in flue
gas; mainly migrates as
aluminosilicate-bound species
and minor as gaseous species

Migrates by binding on
aluminosilicates and settles in
cyclone scrubber; gaseous
species physically adsorb or
condense on the surface of fine
particles and gradually deposit

Vaporizes as Cd0(g) and CdO(g)
[35,40]

Vaporizes at >1000 ◦C [15,37];
reacts with aluminosilicates in
flue gas [11,48]

Co Ni Sulfide-bound Reacts with iron oxides during
sulfide oxidation; mainly emit
into flue gas with fine iron
oxide particles

Migrates as iron oxide bound
particles which mainly
deposits in boiler and tower
washer

Non-vaporize; reacts with iron
oxides [35,40]

Pyrite-bound Co or Ni
non-vaporizes at ∼1000 ◦C
[15,37]

Cr Silicate-bound;
Sulfide-bound

Detains in silicates for
silicate-bound, or reacts with
iron oxides for sulfide-bound
during sulfide oxidation;
mainly emits into flue gas with
fine particles of silicates or iron
oxides

Migrates as fine particles of
silicates or iron oxides and
gradually deposits

Non-vaporize [40] Ion-exchangeable or
organic-associated Cr
vaporizes, but silicates- or
non-soluble oxides-associated
Cr not at ∼1000 ◦C [15,17]

Mn Sulfide-bound Be oxidized into Mn oxides or
further react with silicates and
iron oxides or SO2; emits into
flue gas as fine particles

Migrates as fine particles of
iron oxides, silicates, sulfate or
Mn oxides and gradually
deposits

Non-vaporize; Mn oxides or
further reacts with silicates
and iron oxides [40,41]

Have differing volatilities
[10,20]

Pb Acid-exchangeable;
Fe-(hydr)oxide-bound

Vaporizes and mainly reacts
with aluminosilicates in flue
gas for acid-exchangeable Pb;
detains in initial Fe
(hydr)oxides for Fe
(hydr)oxides-bound Pb; mainly
migrates as aluminosilicates-
and Fe (hydr)oxides-bound
species with minor as gaseous
species

Migrates by binding on
aluminosilicates (deposits
mainly in cyclone scrubber)
and Fe (hydr)oxides (gradually
deposits); gaseous species
physically/chemically adsorb
or condense on fine particles
and gradually deposit

Vaporizes as PbO(g) and Pb0(g)
[35,40]

Partially volatilizes [10,15,36];
reacts with aluminosilicates in
flue gas [20,47,48]

Tl Silicate-bound
Acid-exchangeable
Sulfide-bound

Vaporizes for
acid-exchangeable and
sulfide-bound Tl and emits as
gaseous Tl species; reacts with
iron oxides, then emitted into
flue gas as fine iron oxides
particles for sulfide-bound Tl;
detain in silicates and emits as
fine particles for
silicates-bound Tl

Migrates as fine particles of
iron oxides, silicates, and
gradually deposits; gaseous
species physically/chemically
adsorb or condense on the
surface of fine particles and
gradually deposit;

Completely vaporizes [41] Has high volatility [10,36,50]

Zn Acid-exchangeable;
Sulfide-bound

Vaporizes and emits into flue
gas as gaseous Zn species;
oxidized into oxides or further

Gaseous species physically
adsorb or condense on the
surface of fine particles and

posit;
n for

d

Non-vaporizes; reacts with
silicates [35,41]

Ion-exchanged Zn volatilizes;
sulfide-bound species
non-volatilizes [17]
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mainly reacts with iron oxides
and emits into flue gas with
fine iron oxide particles

gradually de
behavior as M
oxides-boun

erature of 850 ◦C which, in the presence of high concentrations
f SO2 [35], may have facilitated the formation of non-volatile
nSO4.

Res-Zn is the most abundant fraction in roasting wastes, which
s not compatible with the low Res-Zn in the pyrite ores. The ele-
ation of Res-Zn in the roasting wastes was probably caused by
he reactions between Zn (in particular, sulfide-Zn) and iron oxides
nd/or silicates during roasting. The concentration of Res-Zn in the
oasting wastes is positively correlated with the total iron (Table 3),
uggesting that Zn in the roasted materials reacted with iron oxides
uring roasting and migrated into the flue gas as fine Zn-bearing

ron oxide particles. Previous studies have reported the formation

f stable ZnO·Fe2O3(s) through interactions between Zn and iron
xides [50]. The high concentration of iron oxides in the combus-
ion system (Section 3.1) could have facilitated Zn and iron oxide
nteractions. In addition, thermodynamic models suggest that Zn
ould be retained in solid residues as thermostable ZnO (cr) or
same
iron

ZnO·Al2O3 and 2ZnO·SiO2 as a result of Zn-silicate interactions at
850 ◦C [19,35,41]. Therefore, the reactions between Zn and silicates
cannot be excluded from this study, given the high concentration
of silicates present during roasting.

Similar to Tl, Oxi-Zn is present in roasting wastes at a relatively
high concentration which increased from FS to CA, suggesting that
a significant amount of Zn sulfides vaporized prior to oxidation and
subsequently migrated into the flue gas. The discussion in Section
3.2.6 for Oxi-Tl is applicable to Oxi-Zn as well.

Studies of thermal treatments suggest that the total concen-
tration of a semivolatile element should increase with decreasing
waste particle size due to preferential adsorption on the surface

of fine particles [14–16]. In this study, the total concentration of
Zn does not increase with decreasing waste particle size. However,
the volatility of Zn still can be inferred from the concentrations
of Exc-Zn and Oxi-Zn, which do increase with decreasing waste
particle size. Accordingly, one should be cautious to address the
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olatility of an element during a thermal treatment with only total
oncentration pattern in wastes.

. Summary

In order to better constrain the potential environmental hazards
osed by trace element by-products of the sulfuric acid industry,
he transformations and partitioning of Cd, Co, Cr, Mn, Ni, Pb, Tl,
nd Zn during the roasting of pyrite ores in a functioning sulfuric
cid plant were investigated, primarily through analyses of trace
lement concentrations and chemical partitioning in both pyrite
res and corresponding roasting wastes. The raw materials used
or sulfuric acid production at the studied plant were mainly com-
osed of pyrite with minor amounts of quartz, clays, carbonates
nd limonite. During roasting, pyrite was oxidized to hematite and
agnetite, the fine fragments of which readily migrated into the

y ashes. Refractory minerals, such as quartz and clays, under-
ent physical fragmentation during roasting, and were mainly

etained in bottom slag. Carbonates decomposed into oxides and
ere retained with silicates in the bottom slag. Limonite was also

table through roasting and was mainly retained in the bottom slag.
ccompanying these mineral transformations, the eight studied

race elements demonstrated very different transformations and
artitioning behaviors, as summarized in Table 5. For comparison,
literature review of the thermodynamic predictions and behav-

ors during coal combustion of each trace element are also given in
able 5.

The conclusions that can be drawn from this research are:

(i) The mode of occurrence of trace elements in pyrite ores and
the thermostability of subsequently formed trace element-
bearing species played major roles in the transformations of
the selected trace elements during roasting. Those elements
associated with amorphous iron (hydr)oxides (e.g., Pb) and
silicates/crystalline minerals (e.g., Cr) were nonvolatile and
mainly retained in the initial solid phases. Those elements that
were present in acid-exchangeable species (Cd, Pb, Tl and Zn)
or associated with sulfides (Co, Mn, and Ni) in pyrite ores were
readily liberated during the roasting. Elements that tend to
form species with low thermostabilities (Cd, Pb, and Tl) were
primarily vaporized, while elements that tend to form species
with high thermostabilities (Co, Mn, and Ni) mainly reacted
with other minerals which then remained in the solid residues.
Due to the high concentrations of sulfur compounds (mainly
as SO2) in the roasting system, some of the semivolatile trace
element (e.g., Tl and Zn) sulfides were able to directly vaporize
and then condensed on the fly ash particles during cooling of
the flue gas.

(ii) The volatility of trace elements had a significant effect on their
partitioning in the roasting wastes. Nonvolatile elements (Co,
Cr, Mn, and Ni) were mainly retained in the bottom slag and
could migrate into the flue gas only via fine, trace element-
bearing particles. The partitioning of these particle-bound
elements in the roasting wastes was determined by settling
of the particles during cooling of the flue gas; distribution
of the trace element fractions was not correlated with the
particle size distribution of the roasting wastes. Semivolatile
elements (Cd, Pb, Tl and Zn) were primarily vaporized and
emitted into the flue gas as gaseous species. Once in the vapor

phase, these gaseous species physically adsorbed or condensed
onto particle surfaces (Cd, Zn, Pb, and Tl), chemically adsorbed
onto amorphous iron (hydr)oxides (Pb and Tl), or reacted with
Fe, Si, and Al compounds (Pb and Cd). The partitioning of
these semivolatile elements was determined by the adsorption
behavior of their gaseous species.
aterials 167 (2009) 835–845

(iii) The volatilities of Cd and Pb are similar to those observed in
coal combustions but lower than those predicted by thermo-
dynamic calculations. The reactions of their gaseous species
with silicates in the roasting system are responsible for their
reduced volatilities. The volatilities of Tl and Cr are lower than
those in coal and other types of combustions as well as in
thermodynamic predictions, probably due to their significant
association with the silicates/crystalline minerals of the pyrite
ores. The volatility of Mn is similar to that predicted by thermo-
dynamic calculations, but lower than the volatility observed
in coal and other types of combustions, probably because of
its major association with sulfides in the raw ores and its
reactions with iron oxides and silicates during roasting. The
observed volatility of Zn is higher than in thermodynamic pre-
dictions, but lower than those of the coal and other types of
combustions, probably due to its predominant association with
sulfides and acid-exchangeable factions, and its reactions with
iron oxides and silicates during roasting. The behaviors of Co
and Ni during roasting are consistent with other studies.

Since the analyses were conducted on samples from a real pyrite
roasting plant, it is difficult to completely exclude the possibility of
unknown variables from the industrial process itself affecting the
transformations and partitioning behaviors of the trace elements
observed in this study. Thus, one should be aware that the infer-
ences drawn from the observations of this study cannot simply
equate to those drawn from research into the fundamental science
of trace element transformations and partitioning during the pyrite
roasting process.
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