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Abstract: Understanding bacterial adsorption and the evolution of biofilms on arsenopyrite with different surface structures is of great signific-
ance to clarifying the mechanism of microbe—mineral interfacial interactions and the production of acidic mine drainage impacting the environ-
ment. In this study, the attachment of Sulfobacillus thermosulfidooxidans cells and subsequent biofilm formation on arsenopyrite with different
surface structures in the presence of dissolved As(IIT) was studied. Arsenopyrite slices with a specific surface were obtained by electrochemic-
al corrosion at 0.26 V. The scanning electronic microscopy-energy dispersion spectra analyses indicated that the arsenopyrite surface deficient
in sulfur and iron obtained by electrochemical treatment was not favorable for the initial adsorption of bacteria, and the addition of As(III) in-
hibited the adsorption of microbial cells. Epifluorescence microscopy showed that the number of cells attaching to the arsenopyrite surface in-

creased with time; however, biofilm formation was delayed significantly when As(I1I) was added.

Keywords: arsenopyrite; surface microstructure; bioleaching; sulfobacillus thermosulfidooxidans; attachment behaviors

1. Introduction

Arsenopyrite (FeAsS) is the most abundant material con-
taining arsenic and is often found in a range of ore deposits
such as high temperature hydrothermal deposits, pegmatite,
and metasomatic deposits [1]. Gold and silver are usually en-
cased in FeAsS [2-3]. As a result, FeAsS is often mined in
the Au and Ag extraction industries. The decomposition of
arsenic-bearing gold ore by bacterial oxidation to expose
gold grains is known as biological pre-oxidation. Recent re-
search has focused on bacterial oxidation because of its en-
vironmental friendliness, ease of operation, and low cost [4].
Under oxidizing conditions and interactions with microor-
ganisms, arsenic and sulfur from arsenopyrite are released in-
to the environment, resulting in a high concentration of dis-
solved As in acid mine drainage (AMD) [5] that can negat-
ively impacting the environment.

Multiphase interfacial interactions, such as microbe—min-
eral, mineral-mineral, and microbe—solution—mineral, are in-
volved in the bioleaching of minerals [6]. During biodissolu-
tion of minerals, macro phenomena, such as precipitation and
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transformation, occur which often results from micro-scale
interactions between microbes and minerals. The interfacial
interaction between a microbe and mineral is the main pro-
cess of bioleaching, and it is closely related to the physical
and chemical properties of the mineral surface, the structural
composition of the mineral, the topography of the exposed
outer surface, and the type of microorganism. The interfacial
interaction between a microbe and mineral is affected by the
microstructure of the mineral surface [7]. The physical prop-
erties of the mineral surface are strongly influenced by the
microstructure and interfacial interaction between the mi-
crobe and mineral [8—12].

Microbial attachment is the key to mineral-microbe inter-
action, and studies have shown that adsorbed microorgan-
isms are more effective than free microorganisms in promot-
ing mineral dissolution [13]. Previous studies also indicated
that the chemical speciation and microstructure of the miner-
al surface play an important role in the selective attachment
of microorganisms. For example, Lara ef al. [14—15] studied
the relationship between the attachment of Acidithiobacillus
thiooxidans on chalcopyrite and pyrite surfaces treated elec-
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trochemically and surface sulfur speciation, illustrating that
the cells were more spread on the surface containing S° than
on the surface containing S2~ or CuS. However, the micro-
scale interfacial interaction between the microbe and arsen-
opyrite, particularly the adsorption behavior on the surface of
arsenopyrite, is rarely studied [16].

Alternatively, the adsorption of microorganisms on the
mineral surface is affected by the chemical speciation, ele-
ment distribution, physical structure of the mineral surface,
and various environmental factors such as temperature, pH,
and toxic element concentration [17]. For example, the pres-
ence of toxic As and Hg can affect the formation of biofilm
by the structure of the organic matter of the biofilm [18-20].
Ramirez-Aldaba et al. [16] recently demonstrated that sup-
plementary As(V) could change the hydrophilicity and de-
crease the production of the extracellular surface proteins of
the biofilm on the arsenopyrite surface. Arsenic is a toxic
quasi-metallic element often associated with minerals. Ar-
senic has three valence states (—3, +3, and +5) and multiple
forms, in which the inorganic As in trivalent form has much
greater toxicity than the other forms [21]. A detailed evalu-
ation considering the effect of an adverse environment on the
bacterial attachment properties during arsenopyrite bioleach-
ing in the presence of dissolved As(IIl), and its influence on
the formation and evolution of biofilm need to be studied to
understand the effect of As(IIl) on the interaction between ar-
senopyrite and a microorganism.

In this study, the attachment behavior and biofilm forma-
tion of moderately thermophilic Sulfobacillus thermosulfi-
dooxidans on the surface of electrochemically treated arsen-
opyrite were investigated. The effect of an additional amount
of dissolved As(III) on the bacteria attachment of arsenopyr-
ite, the evolution of biofilm, and a change in the chemical
speciation on the mineral surface were also evaluated. These
studies are meaningful to understanding the microbe—miner-
al interfacial interaction and the leaching process reactions of
arsenopyrite in the presence of As(II) in industrial and natur-
al environments.

2. Experimental
2.1. Materials

2.1.1. Mineral samples

The arsenopyrite sample was obtained from Guangxi
Province, China. The X-ray diffraction (XRD) of the pristine
arsenopyrite was analyzed using an X-ray diffractometer
(DX 2000, Dandong Fangyuan Instrument Co. Ltd., China)
with Cu K, radiation (4 = 0.154 nm), and the result shows
that arsenopyrite is the main phase (Fig. 1). X-ray fluores-
cence spectroscopy shows that the main elements of the min-
eral sample were (Wt%): As 45.09, Fe 34.80, S 14.57, 0 2.25,
Si 1.44, A1 0.53, Cu 0.32, Pb 0.26, and Sn 0.23. The content
of As, Fe, and S were approximate to ideal results.
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Fig. 1. The XRD pattern of the arsenopyrite sample.

2.1.2. Strain and culture medium

The moderately thermophilic S. thermosulfidooxidans
YN22 (accession number of 16S rDNA in GenBank:
DQ650351) was provided by the Key Lab of Biometallurgy
of Ministry of Education, Central South University, China,
and the 16S rDNA analysis shows the strain is pure [22]. The
strain is a spore-forming facultative autotrophic bacterium
that is capable of utilizing Fe*', S°, and sulfides as energy
sources [23-25]. Its optimum growth is at approximately
45°C with a pH of 1.9-2.4 [26-28]. Prior to the experiment,
S. thermosulfidooxidans was cultured for several generations
in 9K medium with 10 g/ FeAsS as the only energy source
at 45°C and an initial pH 1.8 [23]. The cells were collected at
the logarithmic growth stage by centrifugation at 10000g for
5 min, and then washed twice with electrolyte (9K medium)
to obtain relatively pure bacteria. The 9K medium consisted
of the following components (per liter): (NH,),SO, 1.5 g,
KH,PO, 0.25 g, MgSO,-7H,0 0.25 g, and CaCl,-2H,0 0.01
g, and yeast extract 0.2 g.

2.2. Methods

2.2.1. Electrochemical experiments

Electrochemical experiments were performed using a po-
tentiostat PAR 283 (EG&G, Gaithersburg, MD, USA), in-
cluding forward and reverse cyclic voltammetry (CV) and
potentiostatic corrosion according to Ling ef al. [7]. A 500
mL glass electrochemical cell with a three-electrode system
was adopted, i.e., arsenopyrite working electrode, graphite
rod counter electrode, and a saturated silver chloride
(AgCl/Ag) reference electrode [29].

The arsenopyrite working electrode was prepared as fol-
lows: natural arsenopyrite samples were cut by a JKJQ-300
rock slicer (Taizhou Qiangtai Machinery Factory, China) to
obtain a cylindrical section (12—15 mm in diameter and ~5
mm in thickness) without obvious defects. Each arsenopyrite
slice was mounted in a polytetrafluorethylene matrix, and se-
quentially polishing with different grades of silicon carbide
paper from 200 to 3500 mesh. The slices were rinsed three
times with ethanol and distilled water before the electro-
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chemical experiments [7].

The electrolyte was 9K medium free of O, (to be com-
pleted by filling with N, (99.999%)), and the pH was adjus-
ted to 1.8 by H,SO, [7]. All electrochemical experiments
were conducted in 9K medium. The three electrodes and
electrolyte were placed in a water thermostat system to main-
tain the temperature.

2.2.2. Bioleaching experiments

Bioleaching experiments were performed on a rotary
shaker at 45°C and 170 r/min with 100 mL 9K medium in
250 mL Erlenmeyer flasks. The initial concentration of S.
thermosulfidooxidans cells and initial pH was 1.0 x 10°
cells/mL and 1.8 (adjusted by H,SO,). Three groups of bio-
leaching experiments were prepared according to the addi-
tion of arsenopyrite slices and/or As(IlI): (1) FeAsS eated
group with untreated arsenopyrite slices; (2) FeAsSieued
group with electrochemically treated arsenopyrite slices; and
(3) FeAsS;wed As(II) group with electrochemically treated
arsenopyrite slices and NaAsO,. The arsenopyrite slice
samples were removed at 1, 48, 120, and 200 h and stored
under nitrogen at —80°C until further analyses. Each experi-
ment was performed in triplicate at the same condition, and
the results were presented as averages.

During bioleaching, the pH was determined by a pH meter
(PHS-3C), and the redox potential (ORP) was determined us-
ing a platinum (Pt) electrode with an Hg/HgCl, reference
electrode [24]. The pH and ORP results at 0 h were meas-
ured immediately after the addition of different arsenopyrites
slices, S. thermosulfidooxidans, and As(I1).

2.2.3. Attachment behavior analysis

The attachment behavior of S. thermosulfidooxidans on
different arsenopyrite surfaces was studied at the initial at-
tachment stage and biofilm formation stage by scanning elec-
tronic microscopy-energy dispersion spectra (SEM—-EDS,
Quanta FEG 250, FEI, Thermo Fisher Scientific, Hillsboro,
OR, USA) and epifluorescence microscope (EFM, DM2500,
Leica, Buffalo Grove, IL, USA), respectively [7]. The num-
ber of cells initially attached to the arsenopyrite surface was
determined by the carbon atom amount (at%). The formation
and evolution of biofilm was observed by staining with fluor-
escein isothiocyanate (FITC) and 4'6-diamidino-2-
phenylindole (DAPI) [30-32]. For each EDS result, at least
six spots were used for statistical analysis.

2.2.4. Surface structure and chemical speciation analyses

During bioleaching, the surface morphology and element-
al composition of arsenopyrite were analyzed by SEM/EDS,
and the S speciation transformation on the arsenopyrite sur-
face was characterized by S K-edge XANES spectroscopy.
The S K-edge XANES spectra were recorded at 4B7A beam-
line, Beijing Synchrotron Radiation Facility (BSRF), Beijing,
China. The relevant samples were evaluated in fluorescence
mode at ambient temperature and scanned at a step width of

0.2 eV from 2460 to 2510 eV [33]. The XANES spectra were
normalized [34] and fitted by the IFEFFIT program with the
linear combination of the standard reference spectra, and the
fitting results were obtained [35].

3. Results

3.1. Characterization of the surface structure of arsen-
opyrite after electrochemical treatment

The surface morphology of the arsenopyrite treated elec-
trochemically changed obviously at 0.26 V (Fig. 2), which
determined by the results of previous studies. The normal-
ized molecular formula of several regions on the arsenopyr-
ite surface according to the elemental composition, indicat-
ing untreated regions of Fe, 3,AsS, 5, and regions treated 0.26
V were Fe, ,AsSys, (Table 1), indicating obvious S and Fe
defects on the arsenopyrite surface treated with 0.26 V. Ac-
cording to previous publications [7,11,29], the effect of the
electrochemical corrosion on the mineral surface was signi-
ficant for both microstructure and chemical speciation.

Fig. 2. SEM images of the surface of the FeAsS slice (a, ¢) and
FeAsS slice (b, d) treated electrochemically at 0.26 V: (a, b)
smooth area; (c, d) gully region.

3.2. Variation of pH and redox potential

The changes of pH and ORP values in different systems
during bacterial attachment with time are shown in Fig. 3.
The pH value of all the three groups increased initially (< 48
h), then decreased with time (> 48 h). The pH of the group
with NaAsO, was much greater than that of the other two
groups at 0 h, indicating the consumption of H" with the ad-
dition of NaAsO,. The pH of the FeAsS group and FeAs.
Sieated group were also different, i.e., the pH for the latter in-
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Table 1. The normalized EDS results of As, Fe, and S and atom percent (at%) of elemental carbon (C) for different arsenopyrite
surfaces with different bioleaching times
Ti h FeAsS FeASStreated FEASStreated_AS(IH)
ime
Normalized results C/ at% Normalized results C/at% Normalized results C/ at%
0 Fey 32A8S0.50 0 Fe;02AsS).54 0 Fey02AsS) 54 0
Fe; 11AsSoss 7 Feg95AsS0.57 6.51 Feg.97A85063 4.85
48 FelAgoASSOJS 14.37 Fel_ozASS()]l 12.06 FeOAggASSOA67 8.35
120 Fel_62AsSO_76 18.63 FC]_05ASSO_gg 20.88 Fel_ogASSO_52 13.70
200 Fel.14ASSO‘82 2451 Fel.OSASSO,84 20.95 F60.97ASS0A64 18.55
3.6 @ 600 ®)
a A —=— FeAsS
I_#_Hd_ ER*‘—__\_‘_‘_ 550 1 —o— FeAsS e
32F —a
—a— FeAsS,,., As(Il)
500 ¢
28l FeAsS >
= — FCASSH‘culcd \E
= s FeAsSyueq As(II) o 450¢
~
24+ o
400
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lLeb : : L . 300 & . . . .
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Fig. 3. Changes of pH (a) and ORP (b) during bacteria adsorption.

creased more at 48 h and decreased more at 120-200 h. The
increase of pH indicates that the initial process was domin-
ated by acid consumption. After 48 h, the generated acid was
more than the consumed acid, causing a gradual decrease in
the pH.

The ORP changes of the three groups were quite different.
Both the FeAsS group and FeAsS..q As(IIl) showed a
trend of increasing and then decreasing, while the ORP of the
FeAsS ieq group increased continuously. The ORP value of
the FeAsS,...q group was significantly greater than that of the
FeAsS cuca As(III) group, which may be because of the defi-
ciency in S and Fe on the surface after the electrochemical
treatment that is more conducive to bacterial attachment and
promoting the interaction between bacterial cells and miner-
als to release more Fe*. Therefore, the ORP continued to in-
crease.

3.3. SEM-EDS results

Fig. 4 and Table 1 showed the change in surface morpho-
logy and elemental composition in the physical adsorption
(for 1 h) and the late adsorption of bacteria on arsenopyrite,
respectively.

For the control group (Figs. 4(a)-4(d)), he attachment of
bacteria mainly occurred on the arsenopyrite surface at 1 h.
At 48 h, small pieces of biofilm appeared, and at 200 h, the
biofilm covered the surface of the arsenopyrite slice. Figs.
4(e—h) and 4(i—1) show that the adsorption sites of bacteria are
mainly concentrated in the gully/groove area. During the ini-

tial adsorption period (1 h), there was bacterial adsorption on
the surface of arsenopyrite with electrochemical treatment
(Fig. 4(e)); however, there were few bacteria. At 48 h, obvi-
ous adsorption could be observed, and the biofilm tend to be
tighter. However, for the group of electrochemical treatment
with As(IIl), there was no significant adsorption initially
(1 h) and then the cell accumulation was not visible.

The change in the normalized elemental composition
(Fe,As,S.) and the content of bacterial cells (in terms of car-
bon percentage, at%) on the arsenopyrite surface for two
groups of electrochemical corrosion are shown in Table 1.
The elements of these three groups were obviously different.
The content of C increased from 1 to 200 h. Before 48 h, the
cell quantities on the arsenopyrite slices were FeAsS > Fe-
AsS treated > FeAsS treated and with As(III), which means
that in the early stage, a surface deficient in S was unfavor-
able for the initial adsorption in the bioleaching.

3.4. Changes in cell attachment and biofilm formation on
the arsenopyrite surfaces

The attachment of bacterial cells labeled by FITC and
DAPI at different times during bioleaching are shown in Fig.
5 and Fig. 6, respectively.

The number of green spots (FITC-labeled bacteria) in the
three arsenopyrite systems all increased with leaching time
Figs. 5(a)-5(d) show the adsorption of S. thermosulfidooxid-
ans on the surface of untreated arsenopyrite. The adsorption
number of bacteria cells on the arsenopyrite surface in-
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Fig. 4. SEM images of attachment results on the different arsenopyrite slice surfaces by S. thermosulfidooxidans FeAsS (a—d), FeAs-
Streated (e_h)e and FeASStreated_As(III) (i_l)'

40 um 40 um 40 um 40 pm

) Dol  ID[@ DPoiSum SL|@ iy DORJE) DS 20D

40 pm 40 um

) |@ B0 € oA AT 1200 | @) FoleS AT 2000

40 um 40 um

40 um 40 um 40 ym 40 pm

Fig. 5. EFM images of FITC-labeled S. thermosulfidooxidans cells adsorbed for different times on the arsenopyrite surfaces for Fe-
AsS (a—d), FeAsSeatea (€—h), FeAsSqeatea_ As(III) (i-1).

creased from 1 to 48 h. Biofilm formed at 48 h, followed by a biofilm formed on the original arsenopyrite surface, the
slight decrease in fluorescence intensity. Compared with the biofilm in Figs. 5(e)-5(h) was different; at 1 and 48 h, there
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were no obvious fluorescence, indicating that the surface de-
ficient in S led to lower cell adsorption. The fluorescence in-
tensity and area on the arsenopyrite surface in the As(III) sys-
tem (Figs. 5(1)-5(1)) was less than the other two groups. At
120 h, the adsorption of bacteria on its surface also increased
significantly (Fig. 5(k)), which is consistent with the sudden
increase in C content at 120 h, as shown in Table 1.

The nucleic acid of bacterial cells was labeled with DAPI
to represent the number of adsorbed bacteria cells, and the
results are shown in Fig. 6. The overall change is similar to
Fig. 5. The adsorption of bacterial cells on the arsenopyrite
surfaces increased with time: from point shape, part of the
sheet shape, to the biofilm. Notably, the formation of biofilm
on corroded slice surfaces (Figs. 6(e)-6(h)) was more regular
from 1 to 200 h. The area of biofilm in Figs. 6(1)-6(1) was
less than Figs. 6(e)—6(h); however, the fluorescence intensity
was stronger than Figs. 6(a)-6(d), which may be because
As(III) was toxic to cells and inhibited biofilm formation and
expansion, resulting in greatly improved resistance capacity
of bacterial cells after the selection of As(IIl). Therefore, the
nucleic acid fluorescence intensity was stronger.

3.5. Sulfur speciation on the arsenopyrite surface

The S K-edge XANES results of arsenopyrite slice
samples are shown in Fig. 7. Fig. 7(a) shows that the S K-
edge XANES spectra of referenced samples were signific-
antly different in their peak positions and intensities. For the
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bioleaching groups of FeAsS (Fig. 7(b)), without NaAsO,
(Fig. 7(c)) and with NaAsO, (Fig. 7(d)), the intensity of the
characteristic peak (at 2.4724 keV) of arsenopyrite decreased
with time and the peak intensity at 2.4826 keV correspond-
ing to SO?” increased. However, the decrease in the intensit-
ies of peaks of arsenopyrite were not obvious in the experi-
ment with NaAsO,, and the intensities of peaks of SO in-
creased significantly at 200 h.

Table 2 further shows that the sulfur species of the surface
of arsenopyrite slices of FeAsS, FeAsS treated electrochem-
ically without, and with As(IIl) at 48 h were mainly com-
posed of 79.2% arsenopyrite, 10.8% S°,10% SO;~, 34.5% ar-
senopyrite, 45.9% S°, 15.3% SO3~, 4.3% S037,50.4% arsen-
opyrite, 46.9% S° 2.7% SOﬁ’, respectively. These results
demonstrate that the addition of As(III) affects the metabol-
ism of bacteria. The content of arsenopyrite decreased, while
the sulfur species changed. At 120 h, the surface sulfur spe-
cies were composed of 58.1% arsenopyrite, 32.5% S°, 7.6%
SOZ’, 1.8% Na,S,0; for the FEASS reaea group; 49.2% s,
42.7% SO5, 2.4% Na,S,0s, 5.7% SO3™ for the FeAsS e
group; 49.2% arsenopyrite, 43.3% S°, 7.5% SO?" for the Fe-
ASS eaca As(III) group, respectively. The results suggest that
the electrochemical treatment promoted the dissolution of the
minerals and produced more elemental sulfur and sulfate
minerals (schwertmannite and jarosite). Arsenopyrite is
barely detectable at 120 h on the surface of treated arsen-

40 pm

Doy 10D @) DoiSne  200B

ECA'sSTWAS(IIRI200h] [(1)RECASSERPAS(IT)E200)h

40 um

40 um

Fig. 6. The EFM images of DAPI-labeled S. thermosulfidooxidans cells adsorbed for different times on the FeAsS (a—d), FeAsSqcated

(e-h), and FeAsScaea_ AS(III) arsenopyrite slices (i-1).
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Table 2. The fitted S-K XANES results for Fig. 7.
. Percentage of contribution of reference spectra / mol%
Sample Time /h
FeAsS S? SO?{ Na,S,0; Na,SO;
1 89.4 3.4 7.2 — —
48 79.2 10.8 10 — —
FeAsS
120 58.1 325 7.6 1.8 —
200 20.6 55 22.5 1.9 —
1 57.9 325 7.8 1.8 —
48 345 45.9 15.3 — 43
FeASSlreated
120 — 49.2 42.7 24 5.7
200 — 55.1 429 2.0 —
1 87.7 4.6 4.1 35 —
48 50.4 46.9 2.7 — —
FeAsSireatea As(III)
120 49.2 433 7.5 — —
200 55.5 323 11.6 5 —
""" Arsenopyrit (b)
Isenopyrite 2472 keV  2.482 keV

@ 24718 keV
24726 keV Elemental sulfur
~.2.4811 keV

Sodium thiosulfate
2__.4826 keV

Sodium sulfite

2.4784 keV

24826 keV’ / Sodium sulfate
Jarosite

2.4826 keV

24826 keV Schwertmannite

2.46 2.47 2.48 2.49 2.50 2.51
Energy / keV

Normalized absorption / a.u.

(© 2.482 keV
2.472 keV
I

Normalized absorption / a.u.

2.46 2.47 2.48 2.49 2.50 2.51
Energy / keV

Fig. 7.
treated FeAsS with As(III) (d).

opyrite, which may indicate biofilm is too thick to cover the
arsenopyrite surface.

4. Discussion

In this study, the surface with crystal defects caused by
electrochemical corrosion attracted more cells attachment.

200 h

l1h

Normalized absorption / a.u.

2.46 2.47 2.48 2.49 2.50 2.51
Energy / keV

(d) 2472 keV
! 2.482 keV

Normalized absorption / a.u.

2.46 2.47 2.48 2.49 2.50 2.51
Energy / keV

The S K-edge XANES of arsenopyrite surfaces with bioleaching time with standards (a), FeAsS (b), treated FeAsS (c), and

After electrochemical treatment, there were obvious gullies
on the surface of the arsenopyrite, and the chemical composi-
tion was changed, forming a Fe/S-deficient surface (Fig. 2).
The crystal lattice defects of the mineral surface (caused by
different causes) can affect the attachment behavior of cells
because a surface with crystal defects is more readily at-
tacked by H' [11,36-37], the iron on the arsenopyrite surface
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can be released into solution as Fe*", which is then oxidized
to Fe’* by the planktonic cells in the solution, as shown in
Egs. (1)~(2). Through the above process, the surface of min-
eral corrosion is eroded by ferric iron ions, forming ferrous
iron ions and S° as in Eq. (3) [38].

4FeAsS +30, +2H,0 — 4HAsO, +4Fe** +48° . (1)

4Fe +4H* + 0, — 4Fe™ +2H,0 (2)
FeAsS + 7Fe’ +4H,0 — H3AsO, +8Fe** +S° . +5H"
3)

The structure and evolution of biofilms depend on the
properties of the substrate and its electrochemical properties
[16,39-40]. After electrochemical corrosion at 1.21 V, arsen-
opyrite surfaces in the presence of surface sulfur compounds
(i.e., S27/S°) are beneficial to the development of biofilm
[41], and the metabolic capacity of 4. thiooxidans was then
stimulated by the presence of S>~ and S° compounds on the
extracellular surfaces, allowing colonization of the substrate
[16]. However, in this study, after electrochemical corrosion
at 0.26 V, the surface that was deficient in S and Fe was not
conductive to the initial adsorption of bacterial cells (Fig.
5(b), Fig. 6(b)).

By contrast, a solid phase of arsenic was essentially innoc-
uous to biofilm evolution with soluble species, [42-43]. Ac-
cording to the EFM images of FITC analyses, the adsorption
number of cells on the arsenopyrite surface increased, and the
biofilm formed at 48 h, while with increasing time, the fluor-
escence intensity on the arsenopyrite surface decreased for
the experiment without dissolved As(IIl) (Figs. 5(a)-5(d)),
which may be because the biofilm formation entered the later
stage, and cells gradually diffused and detached from the
mineral surface [44]. However, for the experiment with
As(III), the initial adsorption of the bacteria was significantly
inhibited by As(Ill), and the adsorption increased when the
bacteria adapted to the environment containing As(III).

The adverse effect (damage) of As during biofilm evolu-
tion was in agreement with previous analyses and reports
[18,41-42,45]. Results in Figs. 4(i)-4(l) and Figs. 5(1)-5(1)
show that added As(III) inhibited the biofilm formation on
the arsenopyrite surface. Figs. 4(i)—4(1) show that the adsorp-
tion of bacteria was mainly in the uneven area and there was
no obvious biofilm formation; however, some attached,
spread cells were observed at 120 h. According to the EDS
analyses, the content of C in the groups of FeAsS qq and Fe-
ASSieaed As(III) was the lowest (Table 1), indicating that
As(IIT) was more toxic and excessive As(III) severely inhib-
ited bacterial attachment. The presence of As(IIl) likely in-
hibits the iron sulfur oxidation activity of leaching microor-
ganisms and the growth of bacterial cells [46—47], which also
affects the interactions between the microbe and minerals.

By considering the crystal chemical characteristics of sulf-
ide minerals, Jia ef al. [48] analyzed the relationship between
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the surface characteristics of the cracked surface of four kinds
of sulfide minerals and the selective adsorption of bacteria,
demonstrating that the types of metal ions on the fracture sur-
face of minerals were the primary elements that induce the
selective adsorption of microorganisms. Additionally, the
distribution and properties of metal ions and sulfur exposed
on the surface of minerals directly affected the adsorption
amount of cells on the surface of minerals, which were the
primary factors that induced the selective adsorption of cells.
The EDS results (Table 1) demonstrate that in the initial ad-
sorption process, arsenopyrite cannot meet the demand of S.
thermosulfidooxidans for energy substrates because of the
lack of S and Fe, thus influencing the interaction of S. ther-
mosulfidooxidans and arsenopyrite to reduce the adsorption
quantities.

The formation of secondary minerals on the mineral sur-
face also has an important influence on the adsorption of bac-
terial cells. For example, the reduced sulfur as an important
energy substrate is of great significance to the growth of bac-
terial cells. The sulfur K-edge XANES analysis in this study
showed that the electrochemical treatment promoted the
formation of S° and sulfate minerals (schwertmannite and
jarosite), which contributed to the rapid formation of biofilm
on the arsenopyrite surface (Figs. 5(a)-5(d), 6(a)-6(d)). Ad-
ditionally, potentiostatixc oxidation on the surface of arsen-
opyrite can rapidly produce surface sulfur compounds (i.e.,
S2-/S%), which promote the development of a biofilm in the
later [41]. However, according to Ramirez-Aldaba et al. [16],
the addition of As(V) did not hinder biofilm formation,
which is different with the addition of As(IIl) that leads to
significant inhibition of biofilm formation. These results
demonstrate that the attachment of cells and the growth of the
biofilm on the moderate thermophile S. thermosulfidooxid-
ans are affected by the surface structure chemical speciation
of minerals and by arsenic species.

5. Conclusions

The surface structure of arsenopyrite has defects after
electrochemical treatment, with a 0.26 V treatment resulting
in a distinct S and Fe deficiencies. The absence of S and Fe
was not conducive to the initial attachment of bacterial cells
and the attachment mainly occurred at the defect. When
As(IIT) was added, the bacterial cells showed a short stasis
period and metabolic activity was inhibited. The bacterial at-
tachment mainly occurred in the gully region throughout the
entire phase. This study indicates that the surface microstruc-
ture and the addition of As(IIT) significantly affected the ad-
sorption behavior and biofilm formation of bacteria on the
surface of arsenopyrite, which is helpful to understanding the
mechanism of microbe—mineral interfacial interactions in the
presence of As(Ill) in an AMD environment.
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