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] Atan initial pH of 2, while abiotic oxidation of aqueous Fewas enhanced by a flux of 40, at micromolar
Published  concentrations, bio-oxidation of aqueous #ecould be impeded due to oxidative stress/damage in

13 June 2013 Acidithiobacillus ferrooxidansaused by Fenton reaction-derived hydroxyl radical, particularly when the
molar ratio of F&* to H,0,was low. When pyrite cubes were intermittently exposed to fluxes of micromolar
H-0,, the reduced F2-Fe* conversion rate in the solution (due to reduced microbial activity) weakened
the Fé* -catalyzed oxidation of cubic pyrite and added to relative importance gO=driven oxidation in
) the corrosion of mineral surfaces for the treatments with high®, doses. This had effects on reducing the

requests for materials build-up of a passivating coating layer on the mineral surfaces. Cell attachment to the mineral surfaces was
should be addressed to only observed at the later stage of the experiment after the solutions became less favorable for the growth of
C.L. (Chuxia.Lin@usq. planktonic bacteria.

edu.au)

Correspondence and

yrite (Fe$) commonly occurs in the Earthes surface environne@seat efforts have been made for the

past decades to understand the mechanisms and kinetics of pyrite oxdd&tehnich is the driving force

leading to the widespread ecological degradation caused by the formation of acid mine drainage (AMD) and
acid sulfate soils (ASS)1'The established model to describe pyrite oxidation consists of the following overall
chemical equations:

FeSz 350,z H,0? Fe? z 2SQ% 7z 2H? alp
AF& z O,z 4H? ? 4F€? z 2H,0 &b
FeSz 14F& z 8H,0? 15F& z 2S0OA z 16H° &p

Initially, oxidation of pyrite by molecular oxygen results in generation of sulfuric acid and ferrous sulfate

(Equation 1). This process only completes the conversion of pyrite-S fréorS3 . The aqueous Peof pyrite

origin may further react with molecular oxygen to forn¥FéEquation 2), which subsequently acts as a more

effective oxidant for pyrite oxidation (Equation 3) if the pH is sufficiently low to prevéhttfyerolysis. Abiotic

oxidation of F& is very slow under acidic conditions but the process can be catalyzed by iron-oxidizinghacteria
Hydrogen peroxide (bD,) is an aggressive oxidant and it is commonly present in rainifat2especially

during thunderstorm®. H,O, can also be generated through radiolysis of water in geological formations or

industrial wastes containing radioactive materials such as uranium ores, spent nucleaf*ftielT bézefore,

contacts betweenj@, and pyrite grain surfaces or/and aqueou? laee likely to occur in natural environments.

Moreover, HO, has potential applications in hydrometallurgy for the extraction of base metals from sulfide

ores*-?@and in desulfurization of codl There is therefore a possibility for the leaking/residugdHo be in

contact with pyrite in the non-target areas surrounding the heap leach piles. Furthermore, it was also suggested

that H,O, could be spontaneously generated when pyrite reacted w@hthe absence of oxyg&or during

the oxidation of pyrite with molecular oxyg@d? From a planetary perspective, the presence of atmospheric

H,0. in other planets such as Mars may represent an important factor that has been affecting the acid sulfate-

producing processes in Martian environméhts
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It is well established that powerful oxidative intermediates (fré&* scenarios (Fig. 1b and d). For the lovi*Fecenario, the initial
radicals) are generated as a result of the chain reactions initiateddpid drop in Fé" was observed for all the treatments. The aqueous
contact between D, and Fé' i.e.so-called Fenton reactioli§> Fe&* evolution patterns in T3 and T4 were similar to those in T3 and
Therefore, HO, may have a dual role to play: (a) as a strong oxidaié of the abiotic experiment, respectively. However, the aqueous
for abiotic oxidation of pyrite and aqueousFend (b) as a toxicant F&* in T1 and T2 continued to decrease after the initial drop with
(through the generation of free radicals) to cause oxidative stres3inshowing a generally rapider rate of reduction, relative to T2
iron/sulfide-oxidizing bacteria and consequently affect their abili(Fig. 1b). When the initial concentration of #en the solutions
to catalyze P& oxidation. was increased to 558 mgY_there was no significant difference in

Surface oxidation of pyrite by millimolars, (2...200 mmoPE) the aqueous Peevolution pattern among the control, TLand T2. T3
in molecular oxygen-free conditions has been examined by Lefticaiso had a very similar evolution pattern aqueods feethe control
et af**%n abiotic systems. The role 068, spontaneously generatedexcept that it dropped much quickly during the first5 min and took a
from oxidation of powdered pyrite by molecular oxygen was invesightly longer time to disappeared in the solution. T4 was the only
tigated by Schoonen efalin AMD and ASS scenarios, it is hardlytreatment showing marked delay in aqueol’ Bepletion (Fig. 1d).
possible that iron/sulfide-oxidizing bacteria are not involved in the The curves of viable cell population during the incubation experi-
process of pyrite weathering. Therefore, while the abiotic oxidatimrents for both the low and high Fescenarios are provided in
research provides a fundamental basis for understanding the rol&upplementary Fig. S1la and b. In general, the cell density decreased
H,0, in pyrite oxidation, it has some limitations in explaining comwith increasing dosage level of®}. Fig. S2 is a selected SEM image
plex systems involving microbially mediated processes. showing the cellular damage in the affected microbes.

We previously examined the oxidation of pyrite cubes that wereln the low F& scenario, there was a high degree of similarity in the
exposed to arAcidithiobacillus ferrooxidarstrain (an iron- and curves of dissolved oxygen (DO) among the control, T1, T2 and T3.
sulfide-oxidizing bacterial species commonly present in natulddwever, T4 showed much higher DO in the earlier stage of the
environments), ambient dissolved oxygen and intermittent fluxésubation experiment, as compared to the others. This gap was
of H,0, at micromolar levels under circumneutral (initial g1  closed at the 40h of the experiment (Supplementary Fig. S3). The
6.8). It was found that Equation 3 did not operate observably dagrves of DO were highly consistent among the control and all the
to low Fé' solubility. The more aggressive nature gDk as an treatments for the high Fe scenario (data not shown).
oxidant (as compared to molecular oxygen) caused marked surface o . .
corrosion of the pyrite cubes. It was observed that cell colonizatib®Xic response ofcidithiobacillus ferrooxidansto H,0, under
on the mineral surfaces was inhibited at highCH levels (initial various conditions Figure 2 shows that when the bacteria were
concentration of HO, . 100mmol L2%). However, at a kD, con- exposed to 5émol L2* H,O, for 30 min (BH), the cell population
centration of 50mmol L22, cell attachment was enhanced, as conid the solution significantly reduced, as compared to the control (BI,
pared to the no-added }@, treatment®. without added HO) and in the treatment (BHA) with a reactive

In this article, we report on the experimental results for the acidXYgen species scavenger (ascorbic acid), which has the capacity to
scenario (initial pHb 2). This represents a step forward in simulattapidly decompose #,. When comparing KO, only systems (i.e.
ing pyrite weathering involving 3, in field conditionse.gpyrite  BH and BIH) with H,0,-F€" reaction systems (i.e. BIH and BIHA),
grains in tailings dams, inundated mine waste impoundments afi¢@n be seen that the cell population was denser inGténly
constructed wetlands that receive cyclic flux of micromolg®H System than in its corresponding@,-Fe* system (Fig. 2), indi-
caused by intermittent rainfall events. Pyrite cubes instead of pdv#ing that more severe oxidative stress in the cells in the latter than
dered pyrite were used in this study in order to minimize the possitfethe former.
interference from the spontaneously generatgddias reported by
Schoonen et & who found that it was a challenge to achieve qual
itative measurements of the spontaneously generatg€a}.Hlo

r{,[A_queous phase of the pyrite oxidation experimenthe viable cell
count on the & day after inoculation oAcidithiobacillus ferrooxi-
obtain further insights into the response of planktosicidithio- danswas lower than the number of cells added at the time when the

bacillus ferrooxidarts toxicity of Fenton reaction-derived free radi-noculum was introduced into the solution for the control and all the
cals and the resulting impacts on the oxidation rate of aquedtisEe treatments. The total number of viable planktonic cells was in the

separate experiment was also conducted to observe the evoluticfﬁlbqwmg decreasing order: CPTP15 TP2. TP3. TP4on this

cell population, aqueous ¥eand other relevant chemical para-gcc?sr'pna.-r hereforea z:flpproi;qmatelr t35%f ant(:] 91% toflthe da(tjﬁed
meters following a single 4@, flux. The objective of this study hgche '? Cl)sagpeare i rotm f _IS_CF’,Z ion for i € lconAfrto ?l: ne
was to examine the effects of micromolaiCi flux on the micro- Nighest HO, dosage treatment (TP4), respectively. After this ini-

bially involved oxidation of aqueous?e@nd cubic pyrite by com- tial dr_op in _planktonic cell population, th_e nu_mber of plank_tonic
parison between the control (no added®$) and the treatments cells in various treatments fluctuated with different evolutionary

with varvina dosage levels o under the same preset experiPatterns during the peri_od of_the incubation expe_riment. In gene-
Snental czn(?itions 9 2 P P ral, the cell count was higher in CP and TP1 than in the treatments

with higher HO, doses (TP2, TP3 and TP4). TP4 had the lowest cell

count at any sampling occasion during the period of the experiment.
Results The cell population in the control and the treatments consistently
Aqueous F& oxidation experiments For the abiotic experiments, dropped to the lowest level on the7diay and remained low until the
the concentration of aqueous #eremained little change when end of the incubation experiment (Fig. 3a)
exposed to molecular oxygen only (i.e. the control) for both theOn the 3% day of the experiment, the concentration of aqueous
low and high F& scenarios. The injection of B, (the treat- Fe&* was in the following decreasing order: CAHP4. TP1. TP2
ments) caused a sudden decrease th Wehin the first 5 min of . TP3.The F& concentration in TP1, TP2 and TP3 maintained at a
the experiment. The aqueousthen maintained at a stable levelevel, 5 mg L?*during the entire period of the experiment. After the
throughout the entire duration of the experiment after this initiasudden drop from 9.6 mg?Lt on the 3¢ day to 4.5 mg £* on the 6
drop. There was a tendency that the magnitude &f Beop in- day, the F& concentration in CP also maintained at a lev&l mg
creased with increasing dosage level @dHFig. 1a and c). L2* for the remaining period of the experiment. In contrast, TP4

In contrast with the abiotic experiment, the concentration of aquexhibited a different Pe variation pattern during the period of the

ous Fé& in the control (no added kD-) rapidly decreased in the experiment; the concentration offaharply increased from 8.3 mg
presence oAcidithiobacillus ferrooxidarier both the low and high L?*onthe 3*dayto 26.6 mgi*and 26.7 mgt*onthe 12'and 18"
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Figure 1| Evolution of agueous P& in the solution when exposed to micromolar concentrations 0f®b. (a) abiotic oxidation experiment at
an initial F&* concentration of 55.8 mg?yZ, (b) biotic oxidation experiment at an initial Pe concentration of 55.8 mg2Z, (c) abiotic oxidation
experiment at an initial P& concentration of 558 mga2, and (d) biotic oxidation experiment at an initial Peconcentration of 558 mga2. C: control;
T1: 50mmol L2* H,0,; T2: 100mmol L2* H,0,; T3: 300mmol L2 H,05; and T4: 100Gmmol L2* H,0..

day, respectively and then rapidly decreased to 4.6 fraplthe 22¢

concentration over time. However,*Feoncentration in TP4 was

day; after this, the Feconcentration maintained at a leyeb mg always much lower, relative to the control and other treatments on

L2, with fluctuation, until the end of the experiment (Fig. 3b).

any sampling occasions, and nd'Feas detected during the initial

The aqueous Pehad a similar temporal variation pattern for thel9 days of the experiment. In the early part of the experiment, the
control and all the treatments, showing a general trend to increasea@ggleous F& concentration tended to be markedly higher in CP and
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Figure 2| Comparison of cell population among different treatments.

Acidithiobacillus ferrooxidangre exposed to 3D, (50 mmol L2?) for
30 min. BI: without added HO,; BH: 50mmol L?* H,0, only; BIH:
50 nmol L>* H,0, and 55.8 mg £* F&*; BHA: 50mmol L?* H,0, and
50 mmol L?* ascorbic acid; and BIHA: 58mol L2* H,0,, 55.8 mg B*
Feé' and 50nmol L?* ascorbic acid. Error bars represent standard
deviation of five replicates.

TP1 thanin TP2 and TP3. However, this gap was gradually reduced
in the latter part of the experiment (Fig. 3c).

There was a clear tendency that the aqueous sulfur concentration
increased with increasing incubation time. This was accompanied by
an opposite trend for the solution pH. Closer examination found that
on most sampling occasions, TP4 had a higher pH and lower S
concentration, as compared to the control and other treatments
(Fig. 3d and e).

Scanning electron microscope EM) observations and X-ray
photoelectron spectroscopy (XPS) analysis of the pyrite cube
surfacesNo attached cells were observed on the surface of pyrite
cubes that were taken on the"28ay of the experiment for the
control and various treatments. Pitting corrosion was clearly
observable for CP and TP1 but not for other treatments (Fig. 4a, d,
g, j and m). The micro-morphological features of the reacted pyrite
surfaces were markedly different at the end of the experiment, as
compared with those observed on thé' 2&y. Except for TP4, all

the treatments and the control exhibited marked surface cracking
and partially flaking corrosion (Fig. 4b, e, h, k and n). Attached cells
were clearly observed to occur on the flakes that were still tightly or
loosely attached to the pyrite substrate for TP1, TP2 and TP3 (Fig. 4f,
i and I). Scattered cell-shaped objects were also observed on the
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Figure 3| Changes in (a) planktonic cell population, (b) ferrous ion concentration, (c) ferric ion concentration, (d) sulfur concentration, and (d) pH in the
solution during the period of incubation experiment for the control and various treatments.

mineral surfaces for CP and TA4 (Fig. 4c and 0), but they were notd&€* decreased with increasing®, level. F& (in Fe-S bond) was
clear as those observed for TP1, TP2 and TP3. not detected for CP and TP1but dominated the surface Fe species for

The XPS results showed that within 8...5 nm thick surface layefTP2, TP3 and TP4. In agreement with surface Fe speciafion, S
of the reacted mineral surface, oxygen accounted for a large progteminated the surface S species for TP2, TP3 and TP4 while CP
tion (52...79% on a molar basis) of the sum of iron, sulfur and oxyg#td TP1 only contained small amount of surfateThe percentage
There was a trend that the oxygen percentage decreased with incréfzgirface sulfate-S was greater in CP and TP1 than in TP2, TP3 and
ing dosage level of4@, in the solution (Fig. 5a). The Fe/S ratio of thel P4. Small amount of thiosulfate-S was also detected for CP and TP1.
reacted surfaces ranged from 0.183 to 0.257, which was much lowéyiter HCI treatment, the chemical states of Fe and S were highly
than the value (0.5) of the theoretical Fe/S ratio for pyrite. Aftépnsistent among the control and the treatments, showing the
treatment of the reacted pyrite cubes with the boiling HCI to removedominant presence of surface”Fand $ (in Fe-S bond).
the oxidized materials, the proportion of oxygen in the sum of iroff0lysulfides with varying valences (including the end product ele-
sulfur and oxygen marked|y decreased for the outermost |ayer (msntal S) were also present at Signiﬁcant amOUnts. Trace amounts of
, 3...5 nm thick) of the corroded surface (Fig. 5b). The Fe/S ratigh@nosulfide (3) were also detected. F4¢€* (in Fe-O/Fe-S
the corroded surface ranged from 0.173 to 0.239, which was Repds) accounted for about 34%3%) (Table 2).
markedly different from those prior to HCI treatment.

There was a trend that XPS peaks of Fg,2md S 2p shifted to Discussion
lower binding energies with increasing dosage leveLb@bHNndi-  In the presence of dissolved oxygen alone (the control), no clear sign
cating that higher level of }@, resulted in increased proportion of of F&* oxidation was observed. This is consistent with the estab-
lower-valence species of Fe and S on the reacted pyrite surflisked theory that oxidation of aqueous*Fby molecular oxygen
(Table 1). CP and TP1 exhibited the dominance &f fie Fe-OH under acidic pH was kinetically sléwConsequently, the sudden
bond) in the surface Fe species. There was a trend that the percerdagje in aqueous P& concentration for the treatments with the

}3:1979 | DOI: 10.1038/srep01979 4



Figure 4| SEM images showing the micro-morphological characteristics of the reacted surfaces of pyrite cubes taken oh dag »8the

experiment. (a) control (CP), (d) TP1, (g) TP2, (j) TP3, and (m) TP4; pyrite cubes taken at the end of the experiment {tlia@p (b) control (CP),

(e) TP, (h) TP2, (k) TP3, and (n) TP4; (), (i) and (I) show the presence of attached cell clusters on the reacted mineral surfaéedayhéBa P1, TP2

and TP3, respectively and the arrows point to such example clusters in these three treatments; (c) and (0) point to the scattered cell-shapati®bjects o
reacted mineral surfaces (the"8gay) for the control (CP) and TP4, respectively.

added HO, can be interpreted as the result of®}-driven oxida- F& z HO™ Fe? z OH! Fp
tion of aqueous B&. The sestandstilles of aqueoud Fevel after this

initial rapid oxidation indicates that the J@, was already depleted The decomposition of 1 mole o0&, leads to simultaneous oxida-
within a few minutes. The rapid consumption o§®b through F&  tion of 1 mole of F& and generation of 1 mole of HgEquation 4),

oxidation can be expressed by the following chemical equationswhich may further oxidize another mole of*FgEquation 5). If
spontaneous decomposition 0@} takes place, elevated concentra-

F& z H,0,? Fe? z HOY OH! oAb tion of DO is expected according to the following equation:

}3:1979 | DOI: 10.1038/srep01979 5



Figure 5| Comparison of chemical composition (normalized to oxygen, sulfur and iron) in (a) the reacted pyrite cube surface and (b) the corroded pyrite
cube surface among the control and various treatments.

2H,0,? 2H,0z O, &b | Table 1| Chemical state of iron and sulfur on the reacted surfaces
of pyrite. BE and At% denote binding energy and atomic percent-
The trend lines showing the evolution of DO were very simuli age, respectively. Peak assignment was done by comparison with
among the control and T1...T3 for the low Fecenario, indicating | jiterature values (Table S1 in the Supplementary Information)
that spontaneous decomposition of®}, if any, was not significant
for these treatments (Supplementary Fig. S3). The higher DO in|T4 Peak BE (eV) Species At%
suggests that spontaneous decomposition.afHiiid occur for this | -, 205
high-dose treatment. This is supported by the fact that the ratio of the
converted F2 to H,O, was less than 1, indicating that over half ofC a 708.6  Fe*'/Fe*! (Fe-O/Fe-S) 435
the added HO, was not consumed through Feoxidation. b 709.1 Fezi (Fe-S) 12.7
By comparison with the abiotic oxidation results, it is evident th ¢ 7123 Fe” (Fe-OH) 438
. . . L 1 a 708.9 Fe?*/Fe3* (Fe-O/Fe-S) 3.2
microbes played a crucial role in further oxidation of aqueods Fe b 7089  Fe?'/Fe (Fe-O/Fe-S) 38.2
following the initial HO,-driven oxidation in the corresponding c 7120  Fe® (Fe-OH) 58.7
biotic systems. However, the ability of microbes to catalyze the oxidg a 707.1  Fe? (Fe-S) 46.4
tion of agueous P& was markedly affected by the initial concentra- b 707.6  Fe?' (Fe-S) 18.6
tion of agueous Fé. When the initial concentration of aqueougFe c 711.0  Fe®' (Fe-O/Fe-OH) 35.0
was 55.8 mg 1%, the microbially mediated Pe oxidation was |T3 a 707.3  Fe® (Fe-S) 63.5
impeded for all the treatments, as compared to the control. The b 7083  Fe*'/Fe* (Fe-O/Fe-S) 189
oxidation rate of aqueous Fetended to decrease with increasing ¢ 7112 Fe* (Fe-OH) 17.6
dose of HO,. This was consistent with the observed decrease in gﬁ s ;8; ? E:Zl /g;i'lsglz e-OlFe-S) gg'g
population and cellular damage in the affected microbes (Supple- c 7117 Fe® (Fe-OH) 78
mentary Fig. Sla and Fig. S2) in response to the toxicity of hydroxyl
radical that was generated through Fenton reaction (Equation 4). R£P
shown in Fig. 2, HO, at an initial concentration of 56mol L** | a 163.1 S° 6.6
could cause marked oxidative stress in the cells. However, the pres- b 1639 S,2/S° 48.1
ence of hydroxyl radical did increase the degree of oxidative stress in c 165.1  S2/S° 334
the cells. d 166.2  S?' (503%?) 1.8
In comparison with the low initial aqueous®e&cenario (55.8 mg e 169.7  S°* (SOs*?) 10.1
L21), the microbial oxidation of aqueous®avas not retarded for | T1 a 1623 % 2.8
the treatments except for T4 ¢8> at 1000mmol L?*) when the b 122‘2 2“420 jg'g
initial concentration of aqueous #ewas increased to 558 mg'L g 1655 S.2/s0 275
The reduced microbial toxicity level due to the presence of higher e 1666 S (S,0522) 17
initial concentration of aqueous®ecan be attributed to the effect of f 169.9  S° (SO,??) 14.0
excessive FPeon scavenging H®as shown in Equation 5. T2 a 161.6  S? 43
Rapid disappearance of most addeitithiobacillus ferrooxidans b 162.6  S2 53.3
from the nutrient solution containing powdered pyrite was observed c 163.7  Sp*/S° 34.6
and attributed to the colonization of the bacteria on the pyrite min- d 1648 Sp*/S° 16
eral surfacé$® However, the lack of evidence showing the presen € ig?g 222 S g'i
of attached cells and cell-shaped corrosion pits on the surfaces of s 1627 s? 58.5
pyrite cubes taken on the'28ay of the experiment suggests that this c 163.8 S,2/S° 30.1
was not the case in this study. The general trend that the viable d 164.6 S,2/S° 43
planktonic cell population decreased with increasin@®tdosage e 168.5  S°! (S04%?) 3.7
level suggests that the,®,-derived HCO'resulted in the growth | T4 a 161.6 S22 2.2
inhibition or even killing of som@cidithiobacillus ferrooxidarisl- b 1626  S? 471
lowing inoculation. Ferrous ion was present in all the solutions [at c 163.7  Sy°/S° 23.2
least after the'8day of the experiment. Consequently, free radical g ig‘é‘é 221/(550 22) 13'5;
generation was possible. : 4 :

}3:1979 | DOI: 10.1038/srep01979 6



. ) possibly thiosulfate £83%) in the solution rather than the struc-
Table_ 2| Chemical state of iron :_:mo! sulfur on the corrode_d surfa:estura”y bound F& and reduced S species.
of pyrite. BE.and At% denotg binding energy and atomic perce n.t- The absence of Pein TP4 until the 19 day of the experiment
age, respectively. Peak assignment was done by comparison With, gicates that P& oxidation was negligible during this period. This
literature values (Table S1 in the Supplementary Information) | resyited in the accumulation of#en the solution. Clearly, the weak
Peak BE (eV) Species At% | Microbial activity resulting from the high dosage level gdkiwas
responsible for the inhibition of Peoxidation while the HO, itself
Fe 2p3/2 as an oxidant had limited effect on the abiotic oxidation of the aque-
C a 707.1 Fe?! (Fe-S) 63.3 ous Fé& under the set experimental conditions. The aqueotfs Fe
b 708.1 Fe?!/Fe3 (Fe-O/Fe-S) 36.7 concentration reflected the combined effect of thé peoduction
T1 a 707.2 Fe?! (Fe-S) 66.4 from Fe&* oxidation and the F& immobilization due to precipita-
b 708.5  Fe®/Fe® (Fe-O/Fe-S) 33.6 tion of iron compounds (precipitates were observed during the
T2 a 707.2 Fez (Fe-S) 65.2 experiment but they were not produced in sufficient quantity to allow
T3 2 ;gg'g ';eeulgfe_ SgFe'O/ Fe-S) Zg'g chemical and mineralogical analysis). Therefore, the steady increase
b 708.2 Fe?'[Fe®! (Fe-O/Fe-S) 310 in aqueous F% in CP and TP1 until the 28d_ay of the_ experiment
T4 a 7071 Fe?! (Fe-S) 62.8 indicates a higher rate of the?~eéF€" conversion, relative to the rate
b 708.0  Fe?'/Fe® (Fe-O/Fe-S) 37.2 of F€* immobilization during this period. This more or less corre-
sponded with a period when the bacterial population rapidly
S2p increased, reflecting an interdependency relationship between the
c a 161.6 g22 26 Fe' -Fe* conversion rate and the bacterial density. The subsequent
b 162.5 S2 46.8 plateau and decline phase of aqueou$ Eeolution was likely to
c 163.6 Sp?/Se 291 represent a period of reduction in ¥eproduction as a result of
d 163.7  Sp/S° 214 reduced rate of Pk release. This can be supported by the fact that
T a 1617 S* 3.6 the bacterial population tended to decrease during this period. The
b 162.6 S 2 e 524 high similarity of F& evolutionary pattern between CP and TP1
c 163.8  S.2/S 246 21 )
d 164.1 S,2/S° 19.4 suggests that .ajﬂ)? Ie\(el of. Smmol L was unlikely to cause a
™ a 161.6 S22 4.0 marked reduction in microbial oxidation of aqueous'Render the
b 162.6 S2 52.9 set experimental conditions. However, the increased dosage level of
c 163.7 S.2/se 24.6 H,0, tended to result in lower Feconcentration in the solution. It
d 164.0 Sn?Ise 18.5 is interesting to note that the Peconcentration remained low dur-
T3 a 1616  s*= 3.6 ing the entire period of the experiment for the,®} treatments
b 162.6 522 . 54.9 except for the earlier stage of TP4. This indicates that the Fe
g igi'z g’”z g o ig'i Fé* conversion rate more or less kept pace with tHé peoduction
T4 a 1615 S22 56 rate. Therefore, the reduced rate of*Feelease from the mineral
b 1625 S? 50.9 surface was a more upstream cause responsible for the lower solution
c 163.6  S,2/S° 23.3 Fe' concentration in these treatments.
d 163.7 S.2/S° 23.3 The molar ratio of Fe to S in the solution ranged from 0.15t0 0.22,

which were much smaller than the theoretical value of 0.5 assum-
ing that equal amount of Fe and S was liberated from the pyrite

However, it cannot be excluded that insufficient supply &f e cube surfaces during the experiment. In fact, it was likely that more
' than S entered into the solution during the experiment, as evi-

feed all the bacteria also contributed to the decrease in the vi%ﬁe - .
planktonic cell population during the initial stage of the exper _e_nced by the presence of the Fe-deficient reacted pyrite surfaces
This explains the initial drop in planktonic cell count foFi9: 58). Therefore, much more Fe than S was removed from the

the control, which contained no added®h. solution through iron compound precipitation. Schwertmannite
The marked recovery of the bacterial population after the initidl %OB(OH)GSQ‘) and jarosite (K_FQOH)G(SQOz) have a Fe_/ S
drop for CP and TP1 can be attributed to (a) the adaptation of tEolar ratio of 8 and 1.5, respectively. Therefore, the formation of

ment®.

bacteria to the bO,-induced oxidative stress, (b) the increased sup@Sic s#lfqteb nrinera:; such as scrcljwertmﬁnnit? and ja;:_os_ite ex
ply of F& released from the mineral surfaces, and (c) possibly, tR@&"S t ?r']mh aa;)nce eijtvveen Fe ande in td,e SO l(th;)on. les IS con-
reduced concentration of free radicals as a result of the increaS&iENt With the observe ge_neratlo_n ds indicate _ypH rop)
release rate of Pe which alleviated the oxidative stress ifS @ result of Fe hydrolysis leading to the formation of these

Acidithiobacillus ferrooxidanas discussed above. minerals:

The decreasing trend in cell density at the later stage of the experi- E&? A 5 141,07 F H 20HF b
ment for CP and TP1 was likely to be caused by the reduced rate of 8F€" 2 SO 7 14H,0? Fe0p®0 8SQz or

Fe* release from the mineral surface during this period (the reas 7 z 2 z

for this have been discussed previously), as evidenced by the ove\j z K°2 25Q7 z 6H,0? KFetOHREQ Bz 6H &P
concentration of aqueous Feand negative to very slow increase The Fe-deficient nature of the corroded surfaces (after HCI treat-
in aqueous F& during the period from the 28day to the end of the ment to remove the coatings) indicates that the pyrite-Fe was pref-
experiment. This made the solutions become less and less favouralgatially liberated from the mineral surface, as compared to the
for the growth of the planktonic bacteria. Consequently, the bactegirite-S. This can be explained by the relative easiness of the
had to seek alternative sfoods sources by landing on the minpyaite-Fe liberation reaction, as shown in the following chemical
surfaces and feeding on the sulfur-rich substrates. This is in contregtiations:

with the scenario at the earlier stage of the experiment (excluding the

initial 6 days) when sufficient amount of¥fevas constantly released Pyrite substrafe S { Fe* °{ € ?
into the solution. The results obtained here indicates that the ) A P op
Acidithiobacillus ferrooxidangreferentially fed on free Peand Pyrite substrafe S { F
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Z5 encountered in field conditions. Our recent widso suggests that

3lop the Fé'-H,O, combinations that are likely to be encountered in
Pyrite substrae S{ z F a0 natural waters resulted in significant degradation of agricultural her-
) ) ] ] bicides. There is, therefore, a strong rationale for conducting addi-
The completion of the above chemical reactions requires only qfhal laboratory-based investigations to obtain further insights into
electron transfer from pyrite-Feto an electron acceptor (oxidant) the exact chemical mechanisms and kinetics, and the subsequent
in the solution, leaving structurally bound polysulfideg Y®n the  fie|d-scale study, which can be used to better evaluate the envir-
mineral surfaces. In contrast, the liberation of pyrig€-Sequires onmental risk of the toxic surface runoff from acid sulfate soils
multiple steps of electron transfer from the pyrite surface to electrgfq sulfidic mine sites, and develop cost-effective management strat-

acceptors. The minimum number of electrons needed to be traRgjies and techniques to minimize its environmental impacts.
ferred to the external oxidants in order to liberate two pyrite-S atoms

Pyrite substrae S { Fé?

is 6 according to the equation below: Methods
. 2 © Pyrite specimens and pretreatmenthe pyrite specimens used in this study were
Pyrite SUbStra‘{e Fe” { S { 6e ? a1p natural pyrite cubes purchased from the Anhui Tongling Siling Mineral Ltd. For this

study, the purpose was to examine the effects of externally origingBdH
microbially involved oxidation of aqueous?and pyrite grain surfaces. Therefore,

. i . . . powdered pyrite with high specific surface area was not appropriate due to its
Consequently, the oxidation of pyrite?Sdid not keep pace with the potential for causing the production of spontaneoy®H?. Pyrite cubes with similar
oxidation of pyrite-F& , leaving sulfur species of intermediate oxidasize (approximately 1% 1.53 1.5 cnf) were selected for the mineral-solution

tion states remained structurally connected with the pyrite substrai@tact experiment. Pyrite surfaces are readily reactive when exposed to air. Pyrite

- . " . idation products are expected to be present on the surfaces of any naturally
The presence of a surfur-rich surface layer in oxidized pyrite Crys@ﬁ.ﬁurring pyrite specimens. It is necessary to remove these coating materials prior to

was also observed by otrférd pyrite oxidation experiment. The surfaces of the mineral crystals were treated with a
The XPS results indicate the presence of oxidation products coeiing 6 mol 12* HCI solution to remove any oxides, (oxy)hydroxides and

taining Fé& and SQ% withinthe, 3...5 nm thick outermost layer of(oxy)hydroxysulfates of iron that were possibly present on the original mineral
: IS, . rface¥. The sscleanede« pyrite cubes were immediately used for the experiment after
the reacted pyrite surface. This suggests the formation of Coam hing with distilled water twice and acetone for three times to further remove

materials such as ferric (OXy)hydrOX}’SU”?teS. and (Oxy)hy.dm)(idgﬁmental sulfur that is possibly present on the mineral surfaces.
Xia et af? observed the presence of jarosite in the microbially oxi-
dized pyrite surfaces at acidic pH and suggested that the formatioBesteria, culture conditions and inoculum preparatiomA strainof
surface-jarosite was the major cause responsible for the passiv hiobacillus ferrooxidansas purchased from the China Marine Microbial

. . - ture Collection Center (MCCC). The bacterial culture was maintainadCan
of the sulfide mineral surfaces. The tendency that the proportionk nytrient mediunt® containing 3.0 g of (NB>SQ, 0.01 g of Ca(Ng)s, 0.5 g of
surface-F8 and -SQ?* decreased with increasing dosage level B§sq,.7H,0, 0.5 g of KHPO,, 0.1 g of KCl and 44.3 g of FeSDH,0 in 1 L of
H,0, appears to suggest that the presence.0itaffected the build- distilled water with pH adjusted to 1.6 with &%, solution.

; _ i i The inoculum was prepared prior to the experiment. An adequate amount of the
up of the ferric (oxy)hydroxysulfate-containing coating layer on trLea(:teriarequired for the experiment was produced by facilitating bacterial growth ina

m'neral surfacgs alth(?th the e.X_aCt mec_hamsmls are n.Ot Cl@@?ile 9 K medium at 3€, coupled with shaking (130 rpm) on a rotary shaker for

Possibly, the differential composition of oxidants in the differest..s days. The cells in the enriched suspension were firstly separated from the iron

H.O,-treated systems was an upstream factor that needs to be qoeeipitates (formed during the incubation) by centrifugation at 3000 rpm for 3 min

sidered for the interpretation of the observed phenomena. From topllow t_he settlement of the solid‘iron compound;. The cells remained in the

to TP4. th lative i t a.-dri h idati suspension were then transferred into a new centrifuge tube and harvested by cent-

,O v erelative importance OE 2 rven §ur ace oxiaal Ion_WaS rifugation at 5000 rpm for 10 min to allow the settlement of the cells. After washing

likely to increase as a result of the increase in f@doncentration  twice with sterile distilled water (adjusted to pH 2 with 358 solution), the

and the simultaneous decrease i#t E®ncentration. The weakenedinoculum was formed by adding an appropriate amount of the same acidified distilled

role of F& as a driving oxidant for mineral surface oxidation mig h\‘.;’ft?f i”t? thefce””ifﬁ%e tuﬁ’e Corgai”ing_ thz E'e"di_”ed Ce':ls- The cell CQ”CE”tg’idt_i(?” in
2 : : the inoculum for each batch was determined by direct cell counting prior to addition

.reduce the frequency quzeSQ‘. contact at the sqlutlon-mlneral of the inoculum into the experimental reactors in an experiment.

interfaces, and consequently disfavour the formation of ferric (oxy)-

hydroxysulfate coatings, as described by the followp@ptdriven  Aqueous F& oxidation experiment Both biotic and abiotic experiments were

Pyrite substrafe F&* z 2§ as in $0:% (5

oxidation reaction: conducted to observe the oxidation of*Ffellowing a single injection of }D,. The
abiotic experiment was to account for the effect fdkhas an oxidant on the chemical
f oA O ) oxidation of aqueous Pewhile the biotic experiment was to examine the integrative
Pyrite substrate Fe* { % z THx0;" effects of HO, (as an oxidant and a toxicant to iron-oxidizing bacteria) oft Fe
Pyrite substra{e Fe22 z ZSQZ{ z 6H,0z 2HZ oxidation. One control (C, without added,8,) and four treatments with different

initial H,0O, concentrations were established: (a) Treatment 1 (T1)madl L>*; (b)

L . . S . Treatment 2 (T2): 100mol L?%; (c) Treatment 3 (T3): 306mol L2*; and (d)

ThIS Isin ContraSt Wlth the Pé"d.”\{en oxidation rgactlon, aS.ShownTreatment 4 (T4): 100émol L**. For either biotic or abiotic experiment, two

in the following equation describing the formation of jarosite:  separate experiments with different initial levels 8f Fieere conducted: (a) 55.8 mg
L2*and (b) 558 mg £

Pyrite substrate Ee? { 822{ Oz 17F& 7z K? z 14H,0? For all the experiments, a Fe-free 9 K medium (without added J8B&D) was
dl3b used as the basal solutidre(the solution prior to the addition of various ingredi-
Pyrite substrate Fe z KFedOH Q&Q Rz 14F& 7 22 ents). A 150 mL conical flask was used as a batch reactor to contain 100 mL of a

reacting solution with a pre-set,@,-F&* combination. The pH of the reacting
Since no surface*Swas detected by XPS for CP and TP1, itis rea@i%l?me\zlvt?iz?ggf;i?i;?eitisﬁge?zgtisr?glgurtrl\?argium was inoculated with
onable to believe that the thickness of the coating layer on the pyrAE%ithiobacillus ferrooxidamjt an initial cell concentration of 13L 10’ cells m2*
cube surfaces was3...5 nm when the mineral crystals were exposgfthe lower F& treatments and 1.8 107 cells m2* for the higher F& treatments.
to H,O, at a dosage level below Bfhol L. The coating layer Allthe conical flasks were loosely wrapped by aluminum foil to allow entry of air but
became thinner with increasing dosage level gb4iresulting in  not dust during the entire period of the experiment except at the time of sample

Ho Q2 Ly . _ collection. The reactors were shaken at 130 rpm on a rotary shaker with temperature
the occurrence of bulk pyrite-S*(Swithin the, 3...5 nm thick out set at 30C. A small amount of sample was taken at different time to determine

ermost |5}yer of the original reacted pyrite surfag:es,.which Was CR¥3rdual F& concentration, cell density and other relevant parameters. The experi-
sistent with the XPS results for the treatments with higbjtloses. ment was performed in triplicate.
The research findings obtained from this study shed some li ht:%the abifﬁg expet”memsy(?o in the ,St_O'Utions W"?(S EII'SO nt]ohimf;]d to examine
on the possible complication of the biogeochemical proces %g er marked spontaneous decomposition gbytook place during the
) . . ; i -~ mttbation experiment according to Equation 6.
associated with the weathering of pyrite and other sulfide mineral$re_experiment tests indicated that the adde®¥was almost depleted within

due to the presence of,B, in the concentration range that may bes min in the reaction systems investigated for the current study. Consequently,
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monitoring of H,O, was not performed due to the following reasons: (a) the resear8h Singer, P. C. & Stumm, W. Acid mine drainage: the rate-determiningsiepce.
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