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(LMW) organic acids. Iron oxidation by A. ferrooxidans R2 as well as growth on ferrous iron was
inhibited by a variety of dissolved LMW organic acids. Growth experiments with ferrous iron as
an oxidant showed that the inhibition capability sequence was formic acid >acetic acid > propionic
acid > oxalic acid > malic acid > citric acid. The concentrations that R2 might tolerate were formic acid
0.1 mmol L' (2 mmol kg~! soil), acetic and propionic acids 0.4 mmolL~" (8 mmol kg~! soil), oxalic acid
2.0mmol L-! (40 mmol kg~! soil), malic acid 20 mmolL-! (400 mmol kg~ soil), citric acid 40 mmol L-!
(800 mmol kg~ soil), respectively. Although R2 was sensitive to organic acids, the concentrations of LMW
organic acids in the contaminated soils were rather lower than the tolerable levels. Hence, it is feasible
that R2 might be used for bioleaching of soils contaminated with metals or metals coupled with organic
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compounds because of the higher concentrations of LMW organic acids to which R2 is tolerant.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The contamination of soils with heavy metals continues to be a
challenge when remediating many industrial sites [1]. Soil wash-
ing with acidic aqueous solution and organic solvents has been
studied. Although the process is efficient for heavy metal recov-
ery, the overall cost and difficulty of recovery of the solvent are the
main limitations of this technique [2]. It is necessary to develop
inexpensive and environmentally friendly extraction processes to
remove heavy metals from contaminated soils or sediments. Cur-
rently, bioleaching appears to be more attractive due to its lower
chemical consumption and low impact to the environment. Several
studies have indicated the feasibility of remediating contaminated
soils using Thiobacilli spp. [3,4].

The main microbial species associated with the leaching process
are Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans.
During the bioleaching process, metal solubilization can be
achieved by acidification through ferrous iron oxidation by A. fer-
rooxdians or sulfur oxidation by A. thiooxidans. However, the sulfur
based bioleaching process is inhibited by residual sulfur, which
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might lead to secondary pollution such as reacidification [5]. In the
iron-based bioleaching process, A. ferrooxidans can oxidize ferrous
ions, producing ferric ions, sulfate ions and sulfuric acid (Eq. (1))
[6]:

4FeS, + 1505 + 2H,0 — 4Fe3t 485042 +4H+ (1)

A. ferrooxidans is a gram-negative acidophilic chemolithoau-
totroph, which uses CO; as a carbon source and obtains its energy
for growth from the oxidation of ferrous iron, sulfur, and reduced
sulfur compounds [7]. The bacterium is of great importance for
the leaching of metals mostly from ore deposits, mine tailings [8],
sewage sludge [9-14], sediment [15-18] and fly ash in the incin-
eration of municipal waste [19,20]. Only a few efforts have been
made to apply bioleaching techniques to remediate contaminated
soils [3,21-23]. This is mainly due to the sensitivity of the leaching
bacterium A. ferrooxidans to a wide variety of organic substances,
especially the dissolved low molecular weight (LMW) organic acids
often present in soils [24,25]. Since Zagury et al. [26] demonstrate
some strains of Thiobacillus are tolerant to organic substances, we
attempted to investigate the tolerance to LMW organic acids of A.
ferrooxidans isolated from soil contaminated with heavy metals,
and to assess whether the isolate might be useful for remediating
metal-contaminated soils.

The specific objectives of this study are as follows: (1) to iso-
late A. ferrooxidans from soil contaminated with high levels of
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heavy metals; (2) to identify the strain on the basis of phylogenetic
analysis of PCR-amplified 16S rDNA sequences; (3) to investigate
the influence of certain low molecular weight organic acids on
oxidation of iron by A. ferrooxidans R2; and (4) to determine con-
centrations of organic aids in soil samples to assess the practicality
of bioleaching using A. ferrooxidans R2.

2. Materials and methods
2.1. Isolation of indigenous A. ferrooxidans

Indigenous A. ferrooxdians (strain R2) was isolated from a soil
collected from a site near Hong Tou Shan copper mine in the Liao
Ning Province, China, using modified Leathen medium (NH4),SO4
0.45gL-1,KC10.05gL"!,K,HPO,40.15gL"1,MgS0,4-7H,00.5gL 1,
Ca(NO3); 0.01 gL-1, FeSO4-7H,020¢gL~1; adjusted to pH 4.0 using
5M H;S04 [27]. Soil pH was 2.89 (soil to water, 1:2.5). The soil
total concentrations of Cu, Zn and Pb were up to 531.2mgkg™1,
3097 mgkg~! and 218.4mgkg 1, respectively.

[solation of colonies was performed by plating of enrichment
cultures onto 1.5% sulfate agar: (NH,4),S04 3.0gL~1, KC1 0.1gL"1,
K,HPO4 0.5gL-!, MgS0,4-7H,0 0.5gL~!, Ca (NO3), 0.01gL1,
FeSO4 22.2 gL, adjusted to pH 2.5 using 5M H,S04 [28].

Ten grams of soil sample was shaken with 100 mL sterile saline
solution (0.9%) for 2 h at 30°C in a conical flask. After deposition
of the solid phase, 10 mL of the supernatant was taken into 100 mL
of sterile medium and incubated on a HDL® rotary shaker (HZQ-C,
China) at 160 rpm and 30 °C until pH in the test run decreased to the
lowest. Then 10% of the incubated medium solution was mixed with
100 mL of fresh medium, after many times such successive transfers
into sterile fresh medium. Then the enrichment solution was spread
on solid medium plates. Small rust-colored colonies that appeared
after incubation for 20-30d at 30°C were selected and inoculated
into 100 mL of modified Leathen medium. The cultures were plated
again, and single colonies were selected to ensure purity. The mor-
phology of the isolate was checked by microscopy (Olympus, BH-2)
and scanning electron microscopy (SEM) (JSM-T300, JEDL, Japan),
and uniform morphology was taken as an indication of purity
[29].

2.2. Strain identification

Identification of the isolate was performed by phylogenetic anal-
ysis of sequenced PCR-amplified 16S rDNA gene [30]. Biomass was
harvested by filtration through 0.45-pm Millipore membranes and
cells were washed four times with 0.01 N H,SOy4, transferred to
1.5 mL Eppendorf tubes and added 50 uL TE (pH 8.0). Genomic DNA
extraction was completed following the procedures of the Bac-
terial DNA Kit (BioDev-Tech, Beijing, China). The 16S rDNA genes
were amplified using primers F27 (5-AGAGTTTGATCATGGCTCAG-
3’) and R1492 (5-TACGGTTACCTTGTT ACGACTT-3’). PCR reactions
(25 nL) contained 10x buffer 2.5wL; dNTP 2.0 uL, F27 1.0 nL,
1492R 1.0 L, DNA template 1.0 nL, Tag enzyme 2.0 uL; two-
distilled water 173 L. Amplifications were performed using a 2400
Perkin-Elmer DNA thermal cycler and included an initial denatu-
ration at 94°C for 5 min, followed by 30 cycles of 94 °C for 1 min,
55°C for 1min and 72°C for 2 min, and final extension at 72°C
for 10 min. The purity of PCR products was verified using the
BioDev-Tech kit (Beijing, China). Sequencing of the purified prod-
ucts was performed at Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd. The sequences were aligned using
Clustal x 1.8 software, and phylogenetic trees were constructed
using the Phylip 3.65 software using the neighbour-joining method
[31].

2.3. Culture procedures

Bacterial growth inhibition by iron was determined in 250-
mL conical flasks containing 85 mL of modified Leathen medium
plus 15 mL inoculum supplemented with an organic acid at a cho-
sen concentration. The modified Leathen medium was autoclaved
at 121°C for 20min and the 15mL inoculum was added after
cooling. The organic acids were sterilized by filtration through a
0.22-pm Millipore membrane filter, separately. The inoculum was
prepared by growing the bacterium in 500 mL conical flasks con-
taining 170 mL of modified Leathen medium and 30 mL of bacterial
suspension which was initially activated in fresh medium three
consecutive times. The flasks were shaken on a rotary shaker at
150 rpm and 30°C for 30 h, which was determined in a preliminary
experiment to delineate the time required for the highest biological
activity. After initial trial experiments, the final selected concen-
trations for each organic acids were as follows: for formic, acetic,
propionic and oxalic acids, 0, 0.1, 0.2, 0.4, 0.8, and 2.0mmolL~1;
for citric and malic acids, 0, 10, 20, 40, and 80 mmolL~'. Tripli-
cate flasks were used at each concentration. The flasks without
organic acids were used as controls. Samples were withdrawn from
the conical flasks at regular intervals for determination of ferrous
iron by using 1,10-phenanthroline method [32] with UNICO™ 7200
Spectrophotometer (Shanghai, China) at 530 nm.

2.4. Calculations

The iron oxidation rate was calculated from the initial and final
concentrations of ferrous iron according to Eq. (2),

(4000 — Cge2+)
4000 (2)
where IOR represents iron oxidation rate; Cp.2+ is the concentration

of FeZ* (mgL-1) and 4000 (mgL-1) is the initial concentration of
Fe2* [25].

IOR =

2.5. Determination of LMW organic acids in soils by HPLC

2.5.1. Soil samples

Soils A (a contaminated industrial soil) and B (a contaminated
agricultural soil) were obtained from far and close to the Shenyang
Smelter (123°49'411”E, 42°07’785”N) and from the Shenyang Zhang
ShiIrrigation Area (122°52'21”E, 41°31’11”) (China). These soil sam-
ples were air-dried, ground and sieved (<0.25 mm).

2.5.2. Reagents and standards

Malic and citric acids (Guaranteed Reagent, G.R.) were pur-
chased from Merck (Darmstadt, Germany), formic acid (HPLC
grade), diammonium hydrogen phosphate and phosphoric acid
(G.R.) were obtained from Kermel (Tianjin, China). Acetic, propi-
onic, oxalic and tartaric acids and 1,10-phenanthroline (G.R.) were
obtained from Pandeng Ltd. (Shenyang, China). Stock solutions
(1gL-1) were prepared in ultra-pure water (EASYpure RF, Barn-
stead, USA) and stored in darkness at 5°C. Deionised water was
purified with a Copact Ultrapure water system (USA).

2.5.3. Extraction of dissolved organic matter (DOM)

Procedures for isolation of the DOM are described in detail else-
where [33]. The DOM was extracted by shaking in the dark for 12 h
with deionised water (soil to water, 1:5) at 160 rpm and 20°C. The
suspensions were centrifuged for 30 min at 4000 rpm and filtered
through a 0.45-pwm cellulose acetate filter. The soil residues were
washed with deionised water, centrifuged and filtered. The process
was repeated three times and then collected the filtered solutions
containing DOM together. The DOM solutions were concentrated
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by a freeze-drying (FD-1C-50, China). The dissolved organic car-
bon (DOC) as representative of soil DOM was determined by a
total organic carbon (TOC) analyzer (Multi N/C, 3000). The con-
centrations of DOM (Soils A and B) were 24.22 mgDOCkg~! and
189.12mgDOCkg 1, respectively.

2.5.4. HPLC analysis

HPLC analysis of soluble LMW organic acids was done as
described in Van Hees et al. [34]. All data were corrected with
respect to a blank of deionised water prepared in the same
way (centrifugation, filtration, concentration). HPLC (Agilent 1100
Series) conditions were: Zobax C18 column, 250 mm x 4.6 mm,;
mobile phase 5gL-! (NH4),HPO4-H3PO4 (pH 2.5); flow rate
0.5mlmin~!; temperature 35 °C; injection loop 10 wL; diode array
detector (DAD) at 215 nm.

3. Results and discussion
3.1. Isolation and identification of bacteria R2

The soil samples collected from the mine site showed a high
level of acidity (pH 2.89). Following inoculation into modified

677

—1 409

—555

990

983

803

906

— 628

425

569

—539

1000

849 967

456

Fig. 1. SEM (scanning electron-microscope) analysis of A. ferrooxidans strain R2.
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Fig. 3. Effects of formic (A), acetic (B), propionic (C) and oxalic (D) acids on ferrous iron oxidation by A. ferrooxidans (mmol L-1): (W) CK; (¢) 0.1; (a) 0.2; () 0.4; (0) 0.8; (x) 2.

Leathen medium, turbidity and color changes were observed
after 1 week of incubation. The isolate presented as small
rust-colored colonies with regular margins after 20-30d of incu-
bation. Cells of the isolate, named as R2, were gram-negative
rods with size of (0.4 pum=+0.2 um)x (1.6 wum+0.4 wm), singly
or in pairs (Fig. 1). Furthermore, a phylogenetic tree was con-
structed by comparing with the published 16S rDNA sequences
of the relevant species. In the phylogenetic tree, strain R2
was most closely related to A. ferrooxidans strain TGS and A.
ferrooxidans strain ATCC33020 with 100% and 99.3% sequence
similarity, respectively (Fig. 2). The results strongly suggested
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that the acidophilic iron-oxidizing bacterium is a strain of
A. ferrooxidans.

3.2. Inhibition of iron oxidation during A. ferrooxidans growth
experiments

3.2.1. Effects of formic, acetic, propionic and oxalic acids on
ferrous iron oxidation
The experimental results for the ability of formic, acetic, propi-

onic and oxalic acids to inhibit iron oxidation by A. ferrooxidans are
given in Fig. 3. Virtually complete iron oxidation could be achieved
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Fig. 4. Effects of citric (A) and malic (B) acids on ferrous iron oxidation by A. ferrooxidans (mmolL~"): (W) CK; (#) 10; (a) 20; (O) 40; () 80.
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Table 1
HPLC calibration data for organic acids

Acid Concentration (ngmL-')  Replicates (n) Correlation LOD (pngmL-') Recovery (n=3) (standard Retention time
coefficient (r) addition 100 pgmL-1) (min)

Formic acid 5, 25,50, 100 3 0.9954 1.0 95+ 4 6.587

Acetic acid 5,25, 50, 100 3 0.9991 0.2 96 + 8 10.104

Citric acid 5,25, 50, 100 3 1.0000 0.2 99 + 3 12.755

Oxalic acid 5, 25,50, 100 3 0.9992 0.00075 102 £ 5 5.358

Malic acid 5,25, 50, 100 3 0.9990 0.1 97 £7 7.495

within 30 h of incubation with no addition LMW organic acid. At
concentrations of 0.2 mmol L~!, formic, acetic, propionic, and oxalic
acids all caused greater than 20% inhibition of iron oxidation after
incubation for 24 h. Of the tested organic acids, formic acid was
the most toxic. At a concentration of only 0.1 mmolL~!, formic
acid caused greater than 60% inhibition of iron oxidation after
incubation for 72 h. However, upon longer incubation, ferrous iron
was almost completely oxidized. This phenomenon indicates that
the bacterium R2 might be gradually adaptive to formic acid. The
presence of 0.2-2 mmol L~! formic acid led to nearly complete inhi-
bition of ferrous iron oxidation in the medium as compared to the
control.

Formic acid was also found by Tuttle and Dugan [24] to be
the most toxic to A. ferrooxidans of the tested simple acids.
Similarly, Gu and Wong [25] showed formic acid was the
most toxic simple acid with iron oxidation almost completely
inhibited at an extremely low concentration of 0.08 mmolL-1,
Strain R2 was not sensitive to acetic, propionic or oxalic acids
at a concentration of 0.1 mmolL~'; on the other hand, a small
quantity of these acids slightly stimulated iron oxidation. At
higher concentrations, these acids displayed a delaying inhibitory
behavior. Acetic acid was more inhibitory to the bacteria than
propionic acid in the range 0.2-0.8mmolL-!. Almost com-
plete inhibition occurred at the concentrations of 0.8 mmolL~!
acetic acid and 2.0mmol L~ propionic acid after incubation for
144 h.

These results are supported by earlier studies by Gu and Wong
[25] who showed that 10.8 mmol L1 acetic acid and 9.88 mmol L~!
propionic acid in sewage sludge increased lag period to 6d and
7 d during the solubilization of Cu and Cr, respectively. Of the four
acids, oxalic acid had lower inhibition to oxidation of ferrous iron
than formic, acetic and propionic acids. Oxalic acid (0.4 mmol L-!
and 2.0mmolL-1) caused 16% and 35% inhibition after growth of
24 h. Upon further incubation, ferrous iron was almost completely
oxidized.

Tuttle and Dugan [24] showed that rather low concentra-
tions (0.001 mmolL-!) of acetic and propionic acids resulted in
35% and 33% inhibition, respectively; oxalic acid (1 mmolL~! and
10mmol L-1) produced 10% and 100% inhibition. The concentra-
tions that strain R2 might tolerate were formic acid 0.1 mmol L1,
acetic and propionic acids 0.4 mmol L1, oxalic acid 2.0 mmol L1,
respectively. These observations suggest that strain R2 may be
more tolerant to acetic, propionic and oxalic acids and less tolerant
to formic acid than the bacterial strains investigated by previous
authors.

Table 2
Concentrations of LMW organic acids in the sample soils

3.2.2. Effects of citric and malic acids on ferrous iron oxidation

The results as seen in Fig. 4 (A) and (B) indicate that citric and
malic acids had the capability to inhibit iron oxidation. The pres-
ence of 40 mmol L~ citric acid and 20 mmol L~! malic acid led to lag
periods of 2d and 5d when iron oxidation was almost completed.
After incubation for 24 h, 10 mmol L~ citric and malic acids caused
60% and 55% inhibition of iron oxidation, respectively. Other stud-
ies showed that malic acid (1 mmolL~! and 10 mmolL~1) caused
25% and 39% inhibition of iron oxidation [24]. The results found
in the present study show that the bacterium R2 could tolerate
higher concentrations of citric acid (40 mmolL~1) and malic acid
(20 mmol L-1).

Inhibition of iron oxidation by organic acids depended on the
type of substitution group on the carboxylic acid and to the degree
of oxidation of the interior carbons. Longer chain length in straight-
chain monocarboxylic acids resulted in decreased inhibition, and
greater oxygenation resulted in decreased inhibition for dicar-
boxylic or multicarboxylic acids.

3.3. LMW organic acids in the soil samples

A satisfactory separation of a wide range of acids could be
achieved (Table 1). The performance of the HPLC method was eval-
uated with regard to limits of detection, calibration and recoveries
of standard additions. All calibration graphs were linear and had
a correlation coefficient r>0.99. Three replicates were carried out
for each analysis with duplicate injections for each standard. Recov-
ery studies were performed by standard addition of 100 g mL~!
of each acid.

The concentrated solutions from soils A and B were analyzed
for water-soluble LMW organic acids using the methods described
above (Table 2). The acids were detected by comparing reten-
tion times. Acetic, citric, oxalic and malic acids were detected
in both soil samples and the concentrations of those acids in
soil B were much greater than in soil A. Formic acid and tar-
taric acid were also observed in soil A. Since the sample B was
collected from a polluted agricultural soil, and sample A was
obtained from a contaminated industrial soil resulting from smelt-
ing activities, no similarity of concentrations of LMW organic acids
was expected. The level of oxalic acid in the sample soil B was
the highest obtained (3 mmol kg1 soil) of all acids. However, the
concentrations of LMW organic acids found in the sample soils
were well below those in which A. ferrooxidans R2 could tolerate
formic acid 0.1 mmolL~! (2 mmol kg~ soil), acetic and propionic
acids 0.4mmolL-! (8 mmolkg~1so0il), oxalic acid 2.0 mmolL~!

Soil Formic acid Acetic acid Citric acid Oxalic acid Malic acid Gluconic acid Tartaric acid Total acidity
Acid concentrations in the soils (x 102 mmol kg~ soil)

A 3.68 0.1 0.88 80 4 - 2.8 180

B - 27 1.96 300 11.8 - - 815.6

n.d., not detectable, area of peak smaller than intercept of calibration equation or below LOD; tr., traces, peak identified but not integrated.
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(40 mmol kg~ soil), malic acid 20 mmolL~! (400 mmol kg~ soil)
and citric acid 40mmolL~! (800 mmolkg~!soil), respectively.
Hence, it is likely that the strain R2 could be applied in bioleaching
studies of soils contaminated with heavy metals or heavy metals
and organic compounds.

4. Conclusions

(1) Thiobacilli that tolerate organic compounds were isolated from
a sampling site contaminated with heavy metals. The isolate
(Strain R2) was identified as A. ferrooxidans by phylogenetic
analysis of PCR-amplified 16S rDNA sequences.

(2) Iron oxidation was inhibited by all tested organic acids, how-
ever formic acid was the most toxic to the activity of strain
R2. When concentration of formic acid exceeded 0.2 mmol L1,
iron oxidation was almost entirely inhibited; acetic acid was
more inhibitory to bacteria than propionic acid in the range
of 0.2-0.8 mmol L. After 24 h incubation, 2.0 mmol L~ oxalic
acid caused 35% inhibition of iron oxidation; 10 mmol L~ cit-
ric and malic acids caused 60% inhibition. On extending the
incubation period to 72 h, the bacteria could still oxidize over
80% of the iron present with up to 20 mmol L~! citric acid and
up to 40 mmol L-! malic acid. Growth experiments with fer-
rous iron as an oxidant showed that the inhibition capability
sequence was formic acid > acetic acid > propionic acid > oxalic
acid > malic acid > citric acid.

(3) HPLC analyses showed that the contaminated soils contained
much lower concentrations of the tested acids. Since strain R2
could tolerate higher concentrations of low molecular weight
organic acids, the study contributes to recent efforts towards
development of cost effective, environmentally safe methods
for detoxifying soil contaminated with heavy metals or heavy
metals coupled with organic compounds.

Acknowledgements

This research was supported by the Key Program of Knowl-
edge Innovation, Chinese Academy of Sciences(kzcx1-yw-06-03),
the National High Technology Research and Development Pro-
gram of China(863 Program, No.2007AA061101), the National Basic
Research Program of China (2004CB418506).

References

[1] PK.A. Hong, C. Li, S.K. Banerji, T. Regmi, Extraction, recovery, and biostability
of EDTA for remediation of heavy metal-contaminated soil, J. Soil Contamin. 8
(1999) 81-103.

[2] R.C. Sims, Soil remediation techniques at uncontrolled hazardous waste sites,
a critical review, J. Air Waste Manage. Assoc. 40 (1990) 704-732.

[3] C. Gomez, K. Bosecker, Leaching heavy metals from contaminated soil by using
Thiobacillus ferrooxidans or Thiobacillus thiooxidans, Geomicrobiol. J. 16 (1999)
233-244.

[4] R.Naresh Kumar, R. Nagendran, Influence of initial pH on bioleaching of heavy
metals from contaminated soil employing indigenous Acidithiobacillus thiooxi-
dans, Chemosphere 66 (2007) 1775-1781.

[5] J.W.C. Wong, L. Xiang, L.C. Chan, pH requirement for the bioleaching of heavy
metals from anaerobically digested waste sludge, Water Air Soil Pollut. 138
(2002) 25-35.

[6] S.R.Hutchins, M.S. Davison, ].A. Brierley, C.L. Brierley, Microorganisms in recla-
mation of metals, Ann. Rev. Microbiol. 40 (1986) 311-336.

[7] WEE. Razzell, P.C. Trussell, Isolation and properties of an iron-oxidizing
Thiobacillus, ]. Bacteriol. 85 (1963) 595-603.

[8] L.C. Leduc, G.D. Ferroni, The chemolithotrophic bacterium Thiobacillus ferroox-
idans, FEMS Microb. Rev. 14 (1994) 103-119.

[9] S.M. Wang, L.X. Zhou, EY. Huang, Optimum condition in Cr3>* bloleachlng of
tannery sludge with Thiobacillus ferrooxiaans LX5, Thiobacillus thiooxidans TS6
and Rhodotorula sp.R30, Chin. Environ. Sci. 26 (2006) 197-200.

[10] L.S.Kim, ]J.U. Lee, A. Jang, Bioleaching of heavy metals from dewatered sludge by
Acidithiobacillus ferrooxidans, Chem. Technol. Biotechnol. 80 (2005) 1339-1348.

[11] J.W.C. Wong, L. Xiang, X.Y. Gu, LX. Zhou, Bioleaching of heavy metals from
anaerobically digested sewage sludge using FeS, as an energy source, Chemo-
sphere 55 (2004) 101-107.

[12] LX.Zhou, D.Fang, S.G. Zhou, D.Z. Wang, S.M. Wang, Removal of Cr from Tannery
sludge by acidophilic Thiobacilli, Environ. Sci. 25 (2004) 62-65.

[13] C. Solisio, A. Lodi, F. Veglio, Bioleaching of zinc and aluminium from industrial
waste sludges by means of Thiobacillus ferrooxidans, Waste Manage. (Oxford)
22 (2002) 667-675.

[14] D. Couillard, M. Chartier, G. Mercier, Bacterial leaching of heavy metals from
aerobic sludge, Bioresour. Technol. 36 (1991) 293-302.

[15] H. Seidel, K. Gorsch, A. Schiimichen, Effect of oxygen limitation on solid-bed
bioleaching of heavy metals from contaminated sediments, Chemosphere 65
(2006) 102-109.

[16] S.Y. Chen, J.G. Lin, Influence of solid content on bioleaching of heavy metals
from contaminated sediment by Thiobacillus spp., Chem. Technol. Biotechnol.
75 (2000) 649-656.

[17] S.Y. Chen, J.G. Lin, Effect of substrate concentration on bioleaching of metal-
contaminated sediment, J. Hazard. Mater. 82 (2001) 77-89.

[18] M. Chartier, D. Couillard, Biological processes: the effects of initial pH, percent-
age inoculum and nutrient enrichment on the solubilization of sediment bound
metals, Water Air Soil Pollut. 96 (1997) 249-267.

[19] H.Y. Wu, Y.P. Ting, Metal extraction from municipal solid waste (MSW) inciner-
ator fly ash-chemical leaching and fungal bioleaching, Enzym. Microb. Technol.
38 (2006) 839-847.

[20] C.Brombacher, R. Bachofen, H. Brandl, Development of laboratory-scale leach-
ing plant for metal extraction from fly ash by Thiobacillus strains, Appl. Environ.
Microbiol. 64 (1998) 1237-1241.

[21] H.L.Liu, C.H. Teng, Y.C. Cheng, A semiempirical model for bacterial growth and
bioleaching of Acidithiobacillus spp., Chem. Eng. J. 99 (2004) 77-87.

[22] K. Bosecker, Microbial leaching in environmental clean-up programmes,
Hydrometallurgy 59 (2001) 245-248.

[23] G.J.Zagury, K.S. Narasiah, R.D. Tyagi, Adaption of indigenous ironoxidizing bac-
teria for bioleahcing of heavy metals in contaminated soils, Environ. Technol.
15 (1994) 517-530.

[24] J.H. Tuttle, P.R. Dugan, Inhibition of growth, and sulfur oxidation in Thiobacil-
lus ferrooxidans by simple organic compounds, Can. ]J. Microbiol. 22 (1976)
719-730.

[25] X.Y. Gu, ]J.W. Wong, Identification of inhibitory substances affecting bioleach-
ing of heavy metals from anaerobically digested sewage sludge, Environ. Sci.
Technol. 38 (2004) 2934-2939.

[26] G.J. Zagury, K.S. Narasiah, R.D. Tyagi, Adaptation of indigenous iron-oxidizing
bacteria for bioleaching of heavy metals in contaminated soils, Environ. Tech-
nol. 15 (1994) 517-530.

[27] L. Xiang, L.C. Chan, ].W.C. Wong, Removal of heavy metals from anaerobically
digested sewage sludge by indigenous iron-oxidizing bacteria, Chemosphere
41 (2000) 283-287.

[28] Z.H. Zhang, G.Z. Qiu, Y.H. Hu, ].S. Liu, The investigation of the colony iso-
lation of Thiobacillus ferrooxidans, Multipur. Utiliz. Miner. Res. 1 (2002)
19-23.

[29] PH.M. Kinnunen, WJ. Robertson, J.J. Plumb, J.A.E. Gibson, P.D. Nichols, P.D.
Franzmann, The isolation and use of iron-oxidizing, moderately thermophilic
acdophiles from the Collie coal mine for the generation of ferric iron leaching
solution, Appl. Microbial. Biotechnol. 60 (2003) 748-753.

[30] Y. Yang, H. Peng, M.X. Wan, G.Z. Qiu, J.F. Huang, Y.H. Hu, Identification of new-
subspecies Acidithiobacillus ferrooxidans strain from complex sulfide mines,
Chin. J. Nonferrous Met. 16 (2006) 1094-1099.

[31] N.Saitou, M. Nei, The neighbor-joining method: A new method for reconstruct-
ing phylogenetic trees, Mol. Biol. Evol. 4 (1987) 406-425.

[32] RK. Lu, Soil Agriculture Chemistry Analysis Method, Agriculture Science Press
of China, Bei Jing, 1999.

[33] W.T. Ling, ].M. Xu, Y.Z. Gao, Dissolved organic matter enhances the sorption of
atrazine by soil, Biol. Fertil. Soils 42 (2006) 418-425.

[34] PAW. Van Hees, J. Dahlén, U.S. Lundstém, H.B.B. Allard, Determination of low
molecular weight organic acids in soil solution by HPLC, Talanta 48 (1999)
173-179.



	Effects of dissolved low molecular weight organic acids on oxidation of ferrous iron by Acidithiobacillus ferrooxidans
	Introduction
	Materials and methods
	Isolation of indigenous A. ferrooxidans
	Strain identification
	Culture procedures
	Calculations
	Determination of LMW organic acids in soils by HPLC
	Soil samples
	Reagents and standards
	Extraction of dissolved organic matter (DOM)
	HPLC analysis


	Results and discussion
	Isolation and identification of bacteria R2
	Inhibition of iron oxidation during A. ferrooxidans growth experiments
	Effects of formic, acetic, propionic and oxalic acids on ferrous iron oxidation
	Effects of citric and malic acids on ferrous iron oxidation

	LMW organic acids in the soil samples

	Conclusions
	Acknowledgements
	References


