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XPS characteristics of sulfur of bio-oxidized arsenic bearing
gold concentrate and changes of surface nature of
bio- oxidation residue”
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Abstract: During bio-oxidation of sulfides, the chemical state change of sulfur is a complex and key factor. It is not only an in-
dicator of the extent and intensity of the bio-oxidation, but also controls the property of bio-leaching medium and the period of oxr
dation. The chemical state of sulfur in sulfides oxidized by leaching bacteria was studied with XPS. Sulfide minerals in the arsenic-
bearing gold concentrate consist of pyrite, arsenopyrite, chalcopyrite, galena, sphalerite and so on. In order to probe the pattern
of the chemical state change of sulfur in the bio-oxidation residue of arsenic bearing gold concentrate, the structure of the grains,
and the surface nature of the residue, XPS test was carried out through different sputtering duration. The study of XPS clearly
shows that: sulfides is progressively oxidized from the surface of minerals to the core by leaching bacteria; the chemical valence of

D

sulfur changes from S or [So] 1o [SO4] >~ sulfur in the core is in a reduction state, $* or [S2]177, but exists in an oxida

tion state S°* on the surface; due to the chemical state change of sulfur, mineral phase of the bio- oxidation residue is also changed
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(sulfides inside, while sulfates outside) ; the layered structure is found in the grains of the bio-oxidation residue.
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1 INTRODUCTION

The bacterial leaching mechanism of sulfides has

(78] " Bio- chemical reactions on the

been studied for years
interface between bio-leaching solution and sulfides are
interrelated to the crystal structure and surface nature of
sulfides'”. The property of sulfide mineral and its surface
nature directly control the direction and duration of the
process of bacteria oxidation. The nature of a mineral ap-
pears to play an important role during bio-oxidation pro-
cess. A lot of membrane protein and many kinds of active
polar groups, such as —OH, —€OOH, —SH, —H»
are found on the mucous layer of leaching bacteria. These
active polar groups establish new equilibrium with chemi
cal bonds attaching on surfaces of minerals. After the sul-
fide minerals are oxidized with leaching bacteria, the sur-
face nature of sulfides is changed completely. Oxidized
mineral materials and bio-metabolic products are found on
the surface. These bio-metabolic products will definitely
influence the cyanidation process later on. The change of
crystal structure leads to the change of mineral phase in
the gold concentrate. The most direct evidences are the

change in valence of various elements with multiple va-

lences, the change in the nature of sulfide components,
the decomposition of sulfide crystals, and the final form of
new mineral phase. XPS is an important means to investi-
gate the valences of elements on the surface of a mineral.
Sulfur is a significant element showing the extent of bio-
oxidation of arsenic-bearing gold concentrate. The study
of XPS of sulfur of the bio-oxidized grains has revealed
the chemical behaviors of sulfur during bio-oxidation pro-
cess and its bio-oxidation characteristics in bio-oxidized

sulfides.
2 SAMPLE

Samples used in this study are arsenic-bearing gold
concentrate collected from Guangxi, China. The main
chemical compositions of different grain grades are shown
in Table 1. The mineralogical study shows that the metal
minerals mainly consist of arsenopyrite and pyrite, and a
little bit of chalcopyrite, galena, and sphalerite; stibnite
is very little. The gangue minerals mainly are quartz,
calcite.  Ultra-submicro

feldspar ~ and grains  of

gold are occluded in arsenopyrite or pyrite crys
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Table 1 Major elements of arsenic-bearing gold concentrate( mass fraction, % )

Sample grain/ mm Cu Pb Zn Fe As S Sh Au' Ag"
0.15270.442 0.05 0.13 0. 06 29.30 17.7 26. 88 0.08 148.0 32
0.088 = 0. 152 0.03 0. 06 0.04 33.70 20. 4 27.35 0. 08 146.0 36
0. 074 — 0. 088 0.03 0. 06 0.03 34.55 25.8 26.77 0.08 140.0 33

< 0.074 0.05 0. 06 0. 06 35.00 24.6 26.99 0.08 154.0 45
* Unit: g/t

tals. Test samples of bio-oxidation are arsenic-bearing
gold concentrate. The size of grains is below 0. 074 mm.
After the gold concentrate is oxidized with leaching bacte-
ria, the metal luster on sulfide minerals disappears com-
pletely. It is shown by the X-ray diffraction that some sul-
phates form in the oxidizing slags through bio-oxidation.
The surface of some sulfide grains is deeply corroded,
having rough surface and earthrluster. The corrosive ex-
tent of different minerals in the arsenicbearing gold con-
centrate is varied, which completely depends on their

mineralogical nature.

3 XPS CHARACTERISTICS OF BIO- OXIDATION
RESIDUE

3.1 XPS test

XPS is the most efficient technology to investigate
the chemical characteristics of the surface of minerals. It
can provide some key information, such as element distri-
bution on the surface of minerals, valences of elements,

chemical states''™ "', The instrument used in this study

was MICROLAB. MK [I-X made by VG Company,
Britain. The testing condition was Mg as excitation

source.

3.2 XPS characteristics of sulfur of bio oxidation
residue

In order to discuss oxidation extent of the bio-oxida-
tion residue and the change of the valence of sulfur, a
special technique, sputtering, was utilized. XPS test was
conducted through different durations of sputtering.

Through the study, XPS characteristics of sulfur at
the surface of samples and at different depths in different
samples were discovered. Changes of chemical state of
sulfur during bio-oxidation process have been well stud-
ied. Two bio-oxidation residue samples, &4-2 and & 1-
2, were tested. The results are listed in Table 2.

Fig. 1 shows XPS characteristic spectrum lines of
sulfur in sample &4-2. It shows XPS characteristics of
sulfur after different periods of sputtering. The XPS char-
acteristics reflect the change of the valence of sulfur on
the surface or at different depths of sample after bio-oxi-

Line 1 is the
characteristic line of sulfur on the surface of

dation.
XPS
the sample, which has two peaks. The main peak

Table 2 XPS characteristics of bio-oxidation residue

Test condition and result

Sample Sample

No. type XPS Sputtering Binding
No. duration energy/ eV
1684 MLantAens 6o g
_ Bio oxidation o suriace
&42 .
residue 1686 3 min 163. 10
1687 9 min 162. 60
Instantaneous
§1-2 Bio- ox.idation 1630 i siirfice 169. 85
residue
1689 6 min 162. 40
162.6
163.1
3
169.85 y)
1

176 172 168 164 160 156
Binding energy(shifiedyeV

Fig.1 XPS characteristic spectrum lines of
sulfur of sample 8&4-2

1 —Instantaneous on surface;
2 —3 min of sputtering; 3 —9 min of sputtering

of binding energy is 169. 85 eV. Line 2 is the XPS char
acteristic line of sulfur of the same sample after 3 min of
sputtering. It also shows two peaks, however, the main
peak is obviously displaced at 163. 10 eV. Line 3 is the
XPS characteristic line of sulfur after 9 min of sputtering.
It has only one peak with binding energy of 162. 60 €eV.
Beyond of peaks, the lines show dental feature. Fig. 2
shows XPS characteristic spectrum lines of sulfur of sam-
ple §1-2. Line 1 is the XPS characteristic line of sulfur
on the surface of the sample. The main peak is clear and
its binding energy is 169. 85 eV. Line 2 is the XPS char-

acteristic spectrum line of the same sample sputtered for 6
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min; the binding energy displaces from 169. 85 €V to
162. 40 eV. The obvious displacement of the binding en- 161.5
ergy indicates a big change of the valence of sulfur.
io24
169.85 162.4
2
1
i
178 174 170 166 162 |58

| — L

L 1 1
176 172 168 164 i60 156
Binding energy(shifted)/eV

Fig. 2 XPS characteristic spectrum lines of
sulfur of sample 8 1-2

1 —Instantaneous on surface;
2 —6 min of sputtering

3.3 XPS characteristics of sulfur of chemically
treated bio- oxidized residue

Samples &4-1 and 8 1-1 were collected from the ar-
senic-bearing gold concentrate that was bio-oxidized by
leaching bacteria and then treated through a chemical
medicament of acidification after bio-oxidation. Testing
was conducted after the oxidation layers and bio-metabolic
The XPS

characteristics of sulfur of samples &4 1 and & 1-1 are

listed in Table 3.

products of samples had been washed away.

Table 3 XPS Characteristics of

treated bio-oxidized residue

Test condition and result

Sample Sample . oo
No. type XPS Sputtering Binding
No. duration energy/ eV
legz  SPulering ) 4o
41 Treated surlace
sple 2 min
1688 . 161. 50
sputtering
&1 Treated 1677 Sputtering 162. 20
sample surface

Fig. 3 shows the XPS characteristics of sulfur in
sample &4-1, a sample of chemically treated acidification
of bio-oxidation residue. Line 1 shows the XPS character-
istic of the surface of the sample. The curve is smooth and
the peak is clear with binding energy of 162. 40 eV. Line
2 is the XPS characteristic spectrum line of the same sam-
ple after it was sputtered for 2 min. The peak binding en-
ergy is 161. 50 eV.

Binding energy(shifted)ev

Fig.3 XPS characteristic spectrum lines of
sulfur of sample §4-1

1 —Sputtering surface; 2 —Sputtering for 2 min

Fig. 4 shows the XPS characteristic of sulfur on the
surface of sample & 1-1. The sample was also treated with
the same chemical method. The binding energy is 162. 20

eV.

162.2

176 172 168 164 160 156
Binding energy(shifted}/eV

Fig. 4 XPS characteristic spectrum line of
sulfur of sample & 1-1

4 ANALYSIS OF XPS CHARACTERISTICS

4.1 Geo chemical characteristics of element sulfur
The electron configuration of sulfur is 3s*3p*, which

leads to sulfur having geo- chemical characteristics of mul-

tiple valences under different circumstances. Sulfur atom

state when it acts with
[12],

can be excited to S* state or S'”

other elements under redu('tion condition

3p 3In
S“”. H 52‘ []44] 4]
3s
s i II
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Sulfur can be excited to S'* or S** state under some
[12],

“033 3p - 3g  3p

sYmL L —=2 "
-e

3p

35
S|

condition

Sulfur have different valences and can show different
chemical behaviors under different reduction oxidation
conditions. With oxygen fugacity increasing, the chemical
state of sulfur will change as follow:

G- Tgl- T T g bt
H,S —FeS; —S —S0, —S03

~ Oxidation strengthening

—

Sulfur atom in the structure of sulfide minerals can
be presented as argon form and/or ultra argon form.
There are six types of charge, SRS LU S U Ll
S 12 1 fact, Geo-chemical characteristic of element
sulfur in the structure of sulfide minerals in nature is quite
complicated. Therefore, the oxidation of sulfide minerals
has become a growing interest in bio-hydrometallur
gy! 1% At present, study on bio-oxidation process of
arsenicbearing gold concentrate is just beginning, but
becomes more and more important. During biological oxi-
dation, sulfides are oxidized, their crystal structures are
broken, and then gold grains occluded in the crystals of
sulfides, such as arsenopyrite and pyrite, are exposed
through electrons being transferred from bacteria to sul-
fides. Later, gold will be extracted from the bio-oxidized

arsenicbearing gold concentrate with cyaniding process

ng.

4.2 Chemical state of bio-oxidized residue

The main mineral compositions of arsenic-bearing
gold concentrate are sulfides. The chemical state of the
bio-oxidation residue is changed dramatically after bacteri-
al oxidation. Because the duration of sputtering is differ-
ent, which means that bacteria reach into different depths
of the sample, the chemical states of sulfur are different at
different depths. For instance, Fig. 1 shows XPS charac-
teristic lines of sulfur of samples sputtered for different
durations( instantaneous sputtering on the surface, sput-
tering for 3 min, or sputtering for 9 min) . With the in-
crease of sputtering duration and sputtering depth, the
main peak of binding energy decreases( 169. 85 eV, 163
.10 eV, 162.60 €V) and the shapes of peaks of spectrum
lines are evidently different. Fig. 2 shows XPS character-
istic lines of sulfur of another sample after instantaneously

sputtering on the surface or sputtering for 6 min. The

main peaks of binding energy are 169. 85 €V and 162. 40

eV, respectively. As on Fig. 1, two lines are quite differ
ent. The peak at 169. 85 €V of XPS characteristic line of
sulfide with instantaneously sputtering is the binding ener-
gy of S 2p3/2, which reveals the electron lamella of atom
as S 2p. The chemical state of sulfur changes to
[ SO4]% , the valence of sulfur is S , the mineral phase
is sulfates, such as Fey(SO4)3. The binding energy has
an obvious displacement and becomes 163 €V after sput-
tering for 3 min. It is the binding energy of S 2py/2 and
indicates that the electron lamella of atom is S 2p, sulfur
is in reduced state, the valence of sulfur is S or
[S2]%, the phase of mineral belongs to sulfide minerals.
By sputtering for 9 min, the binding energy is 162. 6 €V,
which is the binding energy of S 2ps/2, sulfur exists as
S* or[S2]* . the mineral phase also belongs to sulfide

(17 18] " The XPS characteristic lines of sulfur of

minerals
sample &2-1 clearly show a displacement of binding ener-
gy and changes of chemical state of sulfur. Although the
mineral compositions are so complex, including sulfides
such as pyrite, arsenopyrite, sphalerite, galena, chal-
copyrite, and sulfates, that they can produce some inter-
ference, the general trend shows that the chemical state of
sulfur is changed dramatically from the surface to different
depths of grains of the bio-oxidized gold concentrate. The
study shows that a change of the main peak of binding en-
ergy of sulfur of the bio-oxidation residue has occurred
through bio-oxidation process.

Sample §-4-2

Sputtering duration:

Instantaneous 3 min 9 min

Binding energy:

69.85 eV 163 .10 eV 162. 60 &V

Chemical valence:

[S0417 ~ ST or[S]F 7 S or [$y]?

Chemical state:

Oxidized state~ Reduced state  More reduced state

Sample & 1-2

Sputtering period: Instantaneous ~ 6 min

Binding energy: 169. 85 eV 162.40 eV

Chemical valence: [ SO4]* 7S or [S2]%

Chemical state: Oxidized state  Reduced state

The data above demonstrate that bacterial oxidation
starts from surface to core of sulfides, which results in
changes of the chemical states of sulfur and its mineral
phase, sulfates on the surface to sulfides in the core. The
study of XPS characteristics of sulfur of the bio-oxidation
residue also reveals that grains of the bio-oxidation residue

possess a layered structure.

4.3 Surface modification of bio-oxidation residue
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Fig. 3 and Fig. 4 show XPS characteristics of sulfur
of samples &4-1 and 8 1-1, from which the oxidation film
and bio-metabolic products were washed away. Comparing
Fig. 3 and Fig. 4 with Fig. 1 and Fig. 2, it can be clearly
seen that the XPS characteristics of sulfur are very differ-
ent from those of samples with bio-metabolic products and
oxidation films. XPS characteristic spectrum lines of sul-
fur on the surface of chemically treated samples have
smooth single peaks. There is a big displacement of bind-
ing energy. The main peak is 162. 4 eV. The peak of
169. 85 eV disappears because of no S in sample &4 1
or sample 8 1-1. It also shows that the chemical state of
sulfur of the samples treaded chemically are S and
[S:]7.
surface of sulfides with S*™, [S]% is exposed again; in

Their mineral phases are sulfides. The fresh

turn, the surface energy will become higher. Therefore,
the bacterial oxidation will be further advanced.

S CONCLUSIONS

1) The chemical state of sulfur is changed during
bio-oxidation processing from the surface to the core of
bio-oxidation residue, which leads to changes of mineral
phase of sulfur. Sulfur on the surface of the residue is
presented as S* ; the main mineral phase is sulfates.
While, sulfur in the core is presented as S, and so the
main mineral phase is sulfides.

2) A layered structure is observed in the grains of
bio-oxidation residue. The outer sulfur is in oxidation
state, while the inner sulfur is in reduction state.

3) In order to accelerate bio-oxidation, it is neces
sary to chemically treat the bio-oxidation residue; there-
fore, the chemical valence of sulfur on the surface of
grains will change from S* to $* or [ $;]* . Through
the chemical treatment, grains can obtain higher surface
energy and then the bio-oxidation can be advanced fur-
ther.
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