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a b s t r a c t

The function of iron (ferric (Fe(III)) and ferrous (Fe(II))) in the hexavalent chromium (Cr(VI)) reduction
mechanism by bacteria in municipal landfill leachate (MLL) was assessed. Evidence of an “electron shut-
tle” mechanism was observed, whereby the Cr(VI) was reduced to trivalent chromium (Cr(III)) by Fe(II)
with the resulting Fe(III) bacterially re-reduced to Fe(II). Typically, investigations on this electron shuttle
mechanism have been performed in an artificial medium. As MLL comprises an elaborate mixture of bac-
teria, humic materials and organic and inorganic species, additional complexities were evident within the
cycle in this study. Bioavailability of the Fe(III) for bacterial reduction, availability of bacterially produced
Fe(II) for chemical Cr(VI) reduction and hydrolysis of Fe(II) and Fe(III) become prevalent during each phase
of the shuttle cycle when MLL is present. Each of these factors contributes to the overall rate of bacterial
Ferrous
Iron
Microbial reduction
E

Cr(VI) reduction in this media. This work highlights the need to consider local environmental conditions
when assessing the bacterial reduction of Cr(VI).

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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. Introduction

Chromium is a common pollutant in the environment result-
ng from widespread industrial use [1,2]. The toxicity of chromium
epends on its oxidation state. Hexavalent chromium (Cr(VI))
pecies, such as CrO4

2− and Cr2O7
2−, are toxic, mutagenic and car-

inogenic [2,3], whereas trivalent chromium (Cr(III)) is essential for
umans [3,4]. Cr(VI) has high redox potential, is soluble in water
nd can actively react with the immediate environment [2,5].

Cr(VI) can be reduced to Cr(III) by Fe(II) and sulfide via chemical
eaction and the reduction rates vary with experimental parame-
ers such as pH, temperature, dissolved oxygen and the ratios of
r(VI) and Fe(II) or sulfide [6–8]. The chemical reduction of Cr(VI)
y Fe(II) has been reported to be relatively fast, taking from tens
f seconds to several hours to reach completion [6,7,9]. Sedlak and
han [7] and Kim et al. [8] reported the kinetics of chemical reduc-
ion of Cr(VI) by Fe(II) and sulfide to be first-order with respect

o Cr(VI) and Fe(II) or sulfide. Fe(II) and sulfide are common in
educing environments, with Fe(III)-reducing and sulfate-reducing
acteria being reported to reduce Fe(III) to Fe(II) and sulfate to sul-
de [10–14], respectively. The iron-reducing bacterium, Shewanella

∗ Corresponding author. Tel.: +61 2 99955033; fax: +61 2 96462755.
E-mail address: gary.low@environment.nsw.gov.au (G.K.-C. Low).
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lga strain BrY, is capable of converting Cr(VI) to Cr(III) through
he microbial reduction of Fe(III) to Fe(II) [15,16]. Sulfide gener-
ted by sulfate-reducing bacteria is also capable of reducing Cr(VI)
17–19]. In these reactions, a bacterial process produces Fe(II) or
ulfide species which in turn reduce Cr(VI) via an indirect chemical
eaction [15,17,20].

Many bacteria are capable of reducing Cr(VI) to Cr(III)
hrough direct microbial reaction, either enzymatically or non-
nzymatically. Escherichia coli ATCC 33456 can reduce Cr(VI) via
n enzymatic reaction on the cell surface [21,22]. Cytochrome c3
as been identified as the enzyme responsible for Cr(VI) reduction
y Desulfovibrio vulgaris [23]. A Pseudomonad (CRB5), isolated from
decommissioned wood preservation site, also demonstrated an

bility to reduce Cr(VI) through an enzymatic reaction [24]. Some
acultative anaerobic bacteria, such as Pantoea agglomerans SP1,
an use Cr(VI) as an alternate electron acceptor for their anaerobic
rowth [25,26].

Despite the knowledge of Cr(VI) reduction by chemical and
icrobial processes, there remains limited understanding of Cr(VI)

eduction by microbial communities in the natural environment.

andfill leachate generated from municipal landfills typically con-
ains high concentrations of humic substances, large quantities of
norganic and organic pollutants, as well as a consortium of bacte-
ia [27,28]. Previous works have shown municipal landfill leachates
MLL) can reduce Cr(VI), whereas non-putrescible landfill leachate

ghts reserved.
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an not [29,30]. The reduction of Cr(VI) by MLL was observed to be
ue to bacterial presence and was related to the concentrations of
acterial biomass, organic matter and initial Cr(VI) concentration
29]. This study continues the prior work, seeking to clarify the

echanism for Cr(VI) reduction in MLL through the role played by
e(III)/Fe(II), as well as investigating the effects of sulfate on Cr(VI)
eduction.

. Materials and methods

.1. Landfill leachate

The MLL used in this study was taken from a municipal land-
ll in Australia with its characteristics provided in Table 1. It
ossessed a pH of 7.7 with a pH buffer capacity of 6.6 mmol
+/pH unit, a redox potential of −310 mV and contained high

otal organic and inorganic carbon levels as well as a range of
norganic pollutants. This included a 6.5 mg L−1 iron content. It
ontained a high concentration of bacterial biomass. An optical
icroscopy examination showed the bacteria in the MLL were rod

haped (length <10 �m). The dominant bacterial species was iden-
ified as Bacillus megaterium by API 50 CH fermentation assays
BioMérieus) [31].

.2. Cr(VI), Fe(III), Fe(II), sulfate solutions and bacterial growth
edium

A 1000 mg L−1 stock Cr(VI) solution (pH 4.2) was pre-
ared by dissolving K2Cr2O7 in deionised water. Stock solutions
5000 mg L−1) of Fe(III) (pH 1.7), Fe(II) (pH 4.3) and sulfate (pH 5.9)
ere prepared by dissolving FeCl3·6H2O, FeCl2 and Na2SO4, respec-

ively, in deionised water. A chemically defined growth medium
as prepared by dissolving 5.0 g glucose, 1.0 g (NH4)H2PO4, 5.0 g
aCl, 0.2 g MgSO4 and 0.2 g K2HPO4 in 1 L of deionised water [32].

he pH of the medium was adjusted to the same pH (7.7) as the MLL
sing NaOH and sterilised by autoclaving at 121 ◦C for 15 min. This
edium contained essential nutrients for bacterial growth but no

ron.

able 1
unicipal landfill leachate characteristicsa

H 7.7
alcium 140
hromium <0.1

ron (total) 6.5
ron(II) 5.2
otassium 630
odium 2300
hloride 2100
ulfate 2.1
mmonia-N 570
itrate 0.038
itrite 0.002
otal Kjeldahl nitrogen 830
otal phosphorus 6.1
otal organic carbon (TOC) 1600
otal carbon 4600
otal inorganic carbon (TIC) 3000
OD5 2600
OD 4900
onductivity (ms cm−1) 16
edox potential (mV) –310
H buffer capacity (mmol H+/pH unit) 6.6
eterotrophic count (CFU mL−1, 21 ◦C/3 days) 110000

a Leachate collected on one occasion. All values are in mg L−1 except where indi-
ated.
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.3. Leachate preparation

Landfill leachate was initially filtered through Whatman 541
lter paper (pore size 20–25 �m), which allowed the bacteria
o pass while removing larger particulate matter. The filtered

LL was treated with Chelex-100 (100–200 mesh, sodium form)
sing a solid/liquid ratio of 4 g/100 mL. This treatment reduced
he background concentrations of Fe(II) and total iron to 2.2 and
.6 mg L−1, respectively. A growth curve of the Chelex treated bac-
eria was determined by spiking 10% treated MLL in a Lurua–Bertani

edium and compared to that of untreated bacteria. The simi-
ar growth curves (not shown) indicated the growth activity of
he bacteria was not affect by the Chelex treatment. The ster-
lised leachate was obtained by autoclaving the sample and had the
ame TOC level as non-sterilised MLL. Sterilisation of the Chelex-
00 treated MLL oxidised the residual Fe(II) to Fe(III) and was
ssumed to have no effect on organic matter in MLL and its abil-
ty to form metal complexes. The prepared leachates were stored
t 4 ◦C and warmed to room temperature (22 ◦C) for 24 h prior to
se.

.4. Spiking MLL with Fe(III), Fe(II) or sulfate

To investigate the role of iron in Cr(VI) reduction, a series of
LL (75 mL) was spiked with 5000 mg L−1 Fe(III) (0–1.0 mL), fol-

owed by 1000 mg L−1 Cr(VI) (5 mL) and then diluted to 100 mL
ith deionised water. This gave samples containing 75% (v/v) MLL,

0 mg L−1 Cr(VI) and 0–50 mg L−1 Fe(III) (excluding background
ron, the same hereinafter). The sample containing MLL (75%, v/v,
he same hereinafter), 50 mg L−1 Cr(VI) and 50 mg L−1 Fe(III) was
repared in duplicate. The same procedure was used to prepare
amples containing (i) MLL, 50 mg L−1 Cr(VI) and 50 mg L−1 Fe(II);
ii) MLL and 50 mg L−1 Cr(VI); (iii) MLL and 50 mg L−1 Fe(III); (iv)
terilised MLL, 50 mg L−1 Cr(VI) and 50 mg L−1 Fe(III); (v) sterilised
LL, 10 mg L−1 Cr(VI) and (vi) 50 mg L−1 Fe(II) and sterilised MLL

nd 50 mg L−1 Fe(III). Limiting the spiking concentrations of Fe(III)
nd Fe(II) to 50 mg L−1 gives a maximum pH decrease of 0.1 units
ue to the buffer capacity of the MLL.

The procedure for spiking MLL with sulfate was similar to
he procedure for Fe(III), whereby samples comprising MLL and
0 mg L−1 Cr(VI) were spiked with various concentrations of sulfate
0–200 mg L−1, excluding background sulfate). A control sample
ontaining sterilised MLL, 50 mg L−1 Cr(VI) and 100 mg L−1 sulfate
as also prepared.

.5. Cr(VI) and Fe(III) reduction and bacterial growth

To overcome analytical problems deriving from the naturally
ark colour of the leachate, a chemically defined growth medium
as used to investigate the relationships between the chemical

eduction of Cr(VI), the microbial reduction of Fe(III) and the bac-
erial growth. These involved preparing samples comprising Fe(III)
10–50 mg L−1), 10% (v/v) MLL and 80% (v/v) growth medium. The
ample containing 50 mg L−1 Fe(III), 10% (v/v) MLL and 80% (v/v)
rowth medium and another sample containing 10 mg L−1 Cr(VI),
0 mg L−1 Fe(III), 10% (v/v) MLL and 80% (v/v) growth medium were
repared in duplicate. Control samples containing Cr(VI), Fe(II) and
terilised MLL in the growth medium were also prepared.

.6. Analytical methods
Aliquots (2.0 mL) of the respective sample were retained in the
ark in airtight tubes without headspace and at room temperature
22 ◦C) with continuous shaking (250 rpm). At a selected time inter-
al, a sample was analysed for Cr(VI) concentration. Depending on
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he investigated parameter, Fe(II) and/or sulfate content were also
etermined.

Cr(VI) and Fe(II) concentrations were ascertained by the
iphenylcarbazide and the phenanthroline methods [33,34],
espectively, using UV–vis Spectrophotometry (CARY 400, Varian,
ustralia). Bacterial growth was monitored using optical density
OD) readings, measured at 600 nm by spectrophotometry. Sulfate
as determined by ion chromatography (DX600, DIONEX, USA)

35].

. Results and discussion

.1. Effect of iron on Cr(VI) reduction

The influence of Fe(II) and Fe(III) loadings in MLL on Cr(VI)
eduction is provided in Fig. 1. Profile 1(a) shows no Cr(VI) reduction
s evident under sterilised conditions and in the presence of Fe(III).
his is to be expected as both Cr(VI) and Fe(III) are in their highest
xidation states. Alternately, when in the presence of Fe(II) in ster-
lised leachate (Profile 1(f)), Cr(VI) is rapidly reduced according to
q. (1).

r(VI) + 3Fe(II) → Cr(III) + 3Fe(III) (1)

Although both free and hydroxylated forms of Fe(II) can reduce
r(VI), Fe(OH)2 is reported to be more reactive [7]. At MLL pH (7.7),
he concentration of free Fe(II) ion is low, with Fe(II) predominantly
resent as insoluble Fe(OH)2 (Ksp = 1.6 × 10−14) [36]. A fraction of
e(II) may also exist as Fe(II)–organic complexes due to the high
rganic matter content of MLL. In Profile 1(f) Fe(II) is in excess and
omplete Cr(VI) reduction is achieved within 90 min.

Profile 1(b) indicates that under non-sterilised conditions Cr(VI)
s reduced at a comparatively higher rate over the first day than
ver subsequent days. At the end of the first day the Cr(VI)
oncentration has decreased to 37 mg L−1 whereby over the fol-
owing 10 days the reduction rate slows to a constant value of
.3 ± 0.4 mg L−1 day−1. Decreasing Cr(VI) concentration in the non-
terilised MLL compared with the sterilised leachate indicates the

acteria are necessary for promoting Cr(VI) reduction [29].

The addition of Fe(III) to the non-sterilised leachate may have
romoted a slight increase in the rate of Cr(VI) reduction over
he first day, decreasing the Cr(VI) concentration to 33 mg L−1 for
0 mg L−1 Fe(III) and 31 ± 2 mg L−1 for 50 mg L−1 Fe(III). Beyond

ig. 1. Variation in Cr(VI) concentration with respect to time in: (a) sterilised MLL
ontaining 50 mg L−1 Cr(VI) and 50 mg L−1 Fe(III); (b) MLL containing 50 mg L−1

r(VI); (c) MLL containing 50 mg L−1 Cr(VI) and 10 mg L−1 Fe(III); (d) MLL contain-
ng 50 mg L−1 Cr(VI) and 50 mg L−1 Fe(III); (e) MLL containing 50 mg L−1 Cr(VI) and
0 mg L−1 Fe(II); (f) sterilised MLL containing 10 mg L−1 Cr(VI) and 50 mg L−1 Fe(II).
LL concentration: 75% (v/v). Results in Profile (d) are means and S.D.’s from dupli-

ates.
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he first day, the rates slow to 2.5 ± 0.2 and 2.3 ± 0.2 mg L−1 day−1,
espectively, which are similar to the non-spiked system.

Although the apparent increase in initial Cr(VI) reduction with
ncreasing Fe(III) loading agrees with the findings by Xu et al. [37],

ho reported the addition of Fe(III) (5–30 mg L−1) significantly
nhanced Cr(VI) reduction by Cellulomonas flavigena, the similar
eduction rate for each profile after day 1 suggests the differences
re not significant in our system. The findings illustrate increasing
e(III) concentration in the MLL has little effect on the rate of Cr(VI)
eduction, particularly after day 1. This implies the Fe(III) concen-
ration is not governing the rate of Cr(VI) reduction in this system.
his is further discussed in Section 3.3.

The addition of 50 mg L−1 Fe(II) to the non-sterilised leachate
Profile 1(e)) also invokes an initial decrease in Cr(VI) concentra-
ion (to 25 mg L−1) over the first day whereby the rate again slows
o a value similar to the non-spiked and Fe(III)-spiked systems. The
nitial larger decrease in Cr(VI) concentration compared with the
on-spiked and Fe(III)-spiked systems may be ascribed to direct
hemical reduction of the Cr(VI) by the Fe(II). According to Eq. (1),
0 mg L−1 Fe(II) is capable of reducing 16.7 mg L−1 Cr(VI). The dif-
erence between the non-spiked/Fe(III)-spiked leachates and the
e(II)-spiked leachate is 9 ± 3 mg L−1 indicating a portion of the
e(II) chemically reduces the Cr(VI). Beyond the initial chemical
eduction by Fe(II) it appears the Cr(VI) reduction rate is controlled
y the same factors present in the Fe(III) systems.

.2. Fe(III) reduction by MLL

Variations in Fe(II) concentration with time during Cr(VI) reduc-
ion in sterilised and non-sterilised MLL are provided in Fig. 2. On
dding 50 mg L−1 Fe(III) to non-sterilised MLL the Fe(II) concen-
ration increases over 2 days to approximately 40 mg L−1 whereby
t remains constant. The final Fe(II) concentration (80% of initial
e(III) concentration) suggests the Fe(III) is not completely reduced
y this system. The reasons are further discussed in Section 3.3.
rofile 2(b) shows when Fe(III) is added to sterilised MLL there is
o Fe(II) produced. Comparing Profile 2(b) with Profile 2(a) it is
In the presence of 50 mg L−1 Cr(VI) (Profile 2(c)) 2 mg L−1 Fe(II) is
etected, suggesting the background Fe is entirely present as Fe(II)

n which induces the Cr(VI) reduction observed in Profile 1(b). On
dding 5 mg L−1 Fe(III) to the Cr(VI)-containing MLL (Profile 2(d)),

ig. 2. Variation in Fe(II) concentration with respect to time in: (a) MLL containing
0 mg L−1 Fe(III); (b) sterilised MLL containing 50 mg L−1 Fe(III); (c) MLL containing
0 mg L−1 Cr(VI); (d) MLL containing 50 mg L−1 Cr(VI) and 5 mg L−1 Fe(III); (e) MLL
ontaining 50 mg L−1 Cr(VI) and 10 mg L−1 Fe(III); (f) MLL containing 50 mg L−1 Cr(VI)
nd 50 mg L−1 Fe(III); (g) MLL containing 50 mg L−1 Cr(VI) and 50 mg L−1 Fe(II); (h)
terilised MLL containing 10 mg L−1 Cr(VI) and 50 mg L−1 Fe(II). MLL concentration:
5% (v/v). Results in Profile (f) are means and S.D.’s from duplicates.
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y day 1 the Fe(II) concentration has increased to approximately
mg L−1. Apart from the background Fe contribution, 3 mg L−1

60%) spiked Fe(III) is reduced. Adding 10 mg L−1 Fe(III) (Profile
(e)) sees an increase in the Fe(II) concentration to approximately
mg L−1 by day 4 while adding 50 mg L−1 Fe(III) (Profile 2(f))

nduces an increase in Fe(II) concentration to around 20 mg L−1 by
ay 11 whereby the concentration has not yet stabilised. Compared
ith the 80% Fe(III) reduction after 2 days seen in Profile 2(a), it is

pparent the percentages and rates of Fe(III) reduction are lower
n the presence of Cr(VI). This suggests a portion of the formed
e(II) has been consumed by Cr(VI) (Eq. (1)) or Cr(VI) is toxic to the
acteria and decreases its ability to reduce Fe(III).

Adding 10 mg L−1 Cr(VI) and 50 mg L−1 Fe(II) to sterilised
eachate (Profile 2(h)) results in a decrease in the Fe(II) concen-
ration by 30 mg L−1 in agreement with the stoichiometry of Eq.
1). Under non-sterile conditions and in the presence of 50 mg L−1

r(VI) (Profile 2(g)) the Fe(II) concentration decreases to 5 mg L−1

n day 1 whereby it begins to increase in a similar manner to the
e(III)-spiked systems. The initial decrease in Fe(II) can be explained
y the chemical reaction with Cr(VI), which is also evident in Pro-
le 1(e) (Fig. 1), with the resulting Fe(III) undergoing reduction in
manner similar to the Fe(III)-spiked solutions.

According to Fig. 1, the limited effect increasing Fe(III) concen-
ration has on the Cr(VI) reduction rate indicates the Fe(III) loading
s not rate limiting. Given the chemical reaction between Fe(II) and
r(VI) is quick it is anticipated any Fe(II) produced by the bacteria
hould be rapidly consumed by the chemical reaction with Cr(VI),
nd resulting Fe(II) concentrations in the non-sterilised system
hould be low. Fig. 2 shows otherwise with the Fe(II) concentra-
ion increasing with the initial Fe(III) concentration and time. The
ncreasing Fe(II) concentration with time suggests that, while Fe(II)
s produced by the bacteria, it may not be readily available to chemi-
ally reduce Cr(VI). The Fe(II) can bond with functional groups, such
s carboxyl groups (R–COO–) on bacterial cell walls [38] whereby
ts slow release governs the rate of Cr(VI) reduction.

.3. Fe(III) and Cr(VI) reduction by growth medium
Fig. 3 illustrates the capacity of the bacteria for reducing Fe(III)
n the absence of Cr(VI) in a chemically defined growth medium.
nder sterilised conditions there is no growth in bacteria (Profile
(d)) or change in Fe(II) concentration (Profile 3(h)). Under non-
terilised conditions and in the presence of 10 mg L−1 Fe(III), the

ig. 3. Variation in bacterial growth and Fe(II) concentration with initial Fe(III) con-
entration in chemically defined growth medium. Bacterial growth curve in medium
ontaining: (a) MLL and 50 mg L−1 Fe(III); (b) MLL and 25 mg L−1 Fe(III); (c) MLL and
0 mg L−1 Fe(III); (d) sterilised MLL and 50 mg L−1 Fe(III). Measured Fe(II) concen-
ration in medium containing: (e) MLL and 50 mg L−1 Fe(III); (f) MLL and 25 mg L−1

e(III); (g) MLL and 10 mg L−1 Fe(III); (h) sterilised MLL and 50 mg L−1 Fe(III). Concen-
ration of MLL and sterilised MLL: 10% (v/v); growth medium: 80% (v/v). OD, Optical
ensity. Results in Profiles (a and e) are means and S.D.’s from duplicates.
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acteria undergo growth following a lag period of 1 day where
o growth is observed (Profile 3(c)). Coinciding with the onset of
acterial growth is an increase in the Fe(II) concentration (Profile
(g)). The Fe(II) concentration reaches 9 mg L−1 by day 2 where it
tabilises at this value. Bacterial growth reaches a maximum by
ay 3 after which a slow decline in their numbers is observed.
he bacterial growth curve agrees with the Monod kinetic model,
eveloped by Liu et al. [38] for microbial reduction of Fe(III) to
e(II) by Shewanella putrefaciens strain CN32. They found the Fe(II)
oncentration reached a maximum once bacterial growth ceased.
he observed lag in the bacterial growth curve is typical [32] and
epresents the bacteria adjusting to the growth medium.

Increasing the Fe(III) loading does not significantly alter the bac-
erial growth profile as observed in Profiles 3(a and b) for 50 and
5 mg L−1 Fe(III), respectively. As the Fe(III) loading increases the
mount of Fe(II) formed increases with the concentration stabilis-
ng at 19 mg L−1 after day 3 for 25 mg L−1 Fe(III) and at 30 mg L−1

fter day 4 for 50 mg L−1 Fe(III). As was the case for the 75% (v/v)
LL system (Fig. 2) a discrepancy exists between the amount of

e(III) added and the amount of Fe(II) formed.
At the medium and MLL, pH (7.7), Fe(III) exists predominantly

s insoluble Fe(OH)3 [39,40]. A fraction of Fe(III) may also exist as
nsoluble Fe(III) complexes due to the presence of organic matter
41]. The solubility of Fe(OH)3 (Ksp = 1.1 × 10−36) [36] and activity
f Fe(III) ion are very low [39] at pH 7.7. In this case, the bacte-
ial Fe(III) reduction occurs on the particle surface of Fe(OH)3 and
e(III) complexes [14,42,43]. An increase in Fe(III) loading increases
he particle size of Fe species, but may not provide a proportional
ncrease in the total surface area. Furthermore, microbially gen-
rated Fe(II) species such as insoluble Fe(OH)2 and/or products
f the chemical reduction, such as Cr(OH)3, may coat the par-
icle surface of Fe(OH)3 and Fe(III) complexes and consequently
ecrease Fe(III) availability for bacteria for continuous reduction.
hese explain why complete Fe(III) reduction is not achieved in
rofiles 2(a) and 3(e–g). This is consistent with the rates of Cr(VI)
eduction shown in Fig. 1, where they are quicker over day 1 than
n subsequent days and the observation that Fe(III) loading does
ot govern Cr(VI) reduction rate. The similar Cr(VI) reduction rate
2.3–2.5 mg L−1 day−1) after day 1 (Fig. 1) suggests the bioavailable

e(III) in each system is similar and attains equilibrium regardless
f the initial Fe(III) loading. The interaction between Fe(III) and the
acteria may be described by Eq. (2).

e(III)(bioavailable) + e−
(bacteria) → Fe(II)species (2)

ig. 4. Variation in concentrations of Cr(VI) and Fe(II) with bacterial growth in chem-
cally defined growth medium containing 10% MLL, 10 mg L−1 Cr(VI) and 50 mg L−1

e(III). (a) Bacterial growth curve; (b) Cr(VI) concentration; (c) Fe(II) concentration;
d) Cr(VI) concentration in a medium containing sterilised MLL(10%, v/v), 10 mg L−1

r(VI) and 50 mg L−1 Fe(II). OD, Optical density. Results in Profiles (a–c) are means
nd S.D.’s from duplicates.
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ion in MLL using Fe(II)/Fe(III) as an electron shuttle.
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Fig. 6. The concentration of measured sulfate and the relationship between the
rate of Cr(VI) reduction and the initial spiked sulfate concentration in MLL. Cr(VI)
reduction rates in (a) MLL containing Cr(VI) and 0–200 mg L−1 sulfate. Measured
sulfate concentrations in: (b) MLL containing Cr(VI) and 0–200 mg L−1 sulfate; (c)
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Fig. 5. Postulated mechanism for Cr(VI) reduct

The relationship between Cr(VI) reduction, Fe(II) production and
acterial growth for media containing 10% (v/v) MLL, 10 mg L−1

r(VI) and 50 mg L−1 Fe(III) is described in Fig. 4. Profile 4(b) indi-
ates a linear decrease in Cr(VI) concentration over 6 days whereby
ll the Cr(VI) has been reduced. The bacterial biomass (Profile 4(a))
emains static over the first 3 days and then increases to a higher
evel where it again stabilises after a further 3 days. The difference in
acterial growth lag times between Figs. 3 and 4 is likely due to the
bsence and presence of Cr(VI), respectively. In Fig. 4 the Cr(VI) may
mpart some toxicity on the bacterial consortium in the decreased
D values compared with Fig. 3. Bacterial growth appears to occur
hen the Cr(VI) concentration decreases below 5 mg L−1 in this

nstance. An increase in the Fe(II) concentration (Profile 4(c)) indi-
ates that although there is no growth in the bacteria they remain
apable of reducing the Fe(III) to Fe(II). The Fe(II) concentration
ncreases in a similar manner as was observed in Fig. 3 until day

where a ‘jump’ in the Fe(II) concentration is seen. This increase
orresponds to the increase in bacteria levels with a days lag in
ffect. Beyond the fifth day the Fe(II) concentration stabilises at
round 4.4 mg L−1. Profile 4(d) illustrates complete chemical Cr(VI)
eduction achieved before day 1, in agreement with rapid chemical
eduction in MLL (Profile 1(f)). These results demonstrate bacterial
ctivity results in reducing Fe(III) to Fe(II), which is responsible for
r(VI) reduction in the system.

.4. The Cr(VI) reduction mechanism

Figs. 1–4 have indicated bacteria and Fe play a role in Cr(VI)
eduction in MLL. Wielinga et al. [15] and Hansel et al. [16,20]
eported complete Cr(VI) reduction by ferric hydroxide with She-
anella alga strain BrY in an artificial nutrient medium using lactate

s electron donor. Their results suggested bacteria reduced Fe(III) to
e(II), which was used to reduce Cr(VI) to Cr(III) and subsequently
e-oxidised Fe(II) to Fe(III). They proposed Fe was cycled in the sys-
em and behaved as a catalyst to constantly transfer electrons from
rganic material to Cr(VI). In this study, while the leachate is sup-
lemented by growth medium during experiments, it introduces
umic materials, organic and inorganic components and a bacte-
ial consortium which may introduce additional complexities to the
lectron transferring processes. Such complexity has already been
lluded in hydrolysis of Fe(III) and Fe(II), bioavailable Fe(III) and the
low release of Fe(II) from the bacteria in the system. Ultimately, the
r(VI) is likely to be converted to Cr(OH)3, possibly through forma-
ion and dissolution of a mixed Fe(III)–Cr(III) hydroxide with the
eneral formula Fe1−xCrx(OH)3 (0 < x < 1) (Eq. (3)) [9]. In this study,

recipitates were observed to form during Cr(VI) reduction which

s consistent with the formation of mixed Fe(III)–Cr(III) hydroxide
n the system. This pathway is supported by the findings of Hansel
t al. [16] who observed an enrichment in Cr relative to Fe with
ime in the mixed hydroxide, with the final product approaching

4

f
t

terilised MLL containing Cr(VI) and 50 and 100 mg L−1 sulfate; (d) MLL containing
0 and 100 mg L−1 sulfate. MLL concentration: 75% (v/v); initial Cr(VI) concentra-
ion: 50 mg L−1. Results in Profile (b) are means and S.D.’s of sulfate concentrations
etween days 0 and 11.

ure Cr(OH)3·nH2O. Incorporating Eqs. (1)–(3), the complexation
f Fe(III)/Fe(II) species and their bioavailability, the pathways for
r(VI) reduction in MLL are postulated as the electron shuttle mech-
nism in Fig. 5.

Cr(VI) + (1 − x)Fe(II) + 3H2O → Fe1−xCrx(OH)3 + 3H+ (3)

.5. Influence of sulfate on Cr(VI) reduction

Fig. 6 displays the sulfate concentration and the relation-
hip between the rate of Cr(VI) reduction (between days 0 and
1) and the initial spiked sulfate concentration in MLL. The fig-
re illustrates the variation in Cr(VI) reduction rate is small
3.5 ± 0.1 mg L−1 day−1) irrespective of the initial sulfate concen-
ration. Furthermore, there is no change in sulfate concentration,
egardless of time, in the presence or absence of Cr(VI) and with
he sterilisation of MLL. No evidence of microbial sulfate reduction
ndicates sulfate is not involved in Cr(VI) reduction in this system.
mith and Gadd [17] reported sulfate-reducing bacteria can reduce
r(VI) by using sulfate/sulfide as an electron shuttle, which implies
ctive sulfate-reducing bacteria are not present in this MLL or their
ctivities are restrained by Cr(VI) or Fe species in our system.
. Conclusions

Bacteria, Fe(III) and Fe(II) were found to be crucial components
or Cr(VI) reduction in MLL. Cr(VI) reduction occurred via an elec-
ron shuttle process where Fe(III) was microbially reduced to Fe(II)
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ith the Fe(II) then chemically reducing Cr(VI) to Cr(III). MLL, as
media for the bacterial reduction of Cr(VI), introduces a num-

er of complexities to the electron shuttle process as it comprises
umic materials, organic and inorganic compounds and bacteria.
hese components and the pH of MLL influence aspects such as
ioavailability of the Fe(III) for bacterial reduction and availabil-

ty of Fe(II) for chemical Cr(VI) reduction and impact on the Cr(VI)
eduction rate. Consequently, this study supports the idea of an
lectron shuttle mechanism as one manner by which Cr(VI) can
e bacterially reduced. Moreover, it clearly highlights the need to
onsider local environmental characteristics for regulating Cr(VI)
aste disposal, as well as for bioremediation or treating Cr(VI)-

ontaminated industrial effluents if Cr(VI)-reducing bacteria are
o be used. Results from this study further suggest the effects of
r(VI) waste on the environment can be attenuated by the nat-
ral presence of iron and iron-reducing bacteria. No evidence of
icrobial sulfate reduction was observed indicating sulfate did not

articipate in Cr(VI) reduction in this system.
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