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Abstract We investigated the reduction of lepidocrocite

(c-FeOOH) by Shewanella oneidensis MR-1 in the pres-

ence and absence of Cd. The results showed that Cd2?

retarded microbial reduction of c-FeOOH and avoided

formation of magnetite. The inhibitory effect on c-FeOOH

transformation may not result from Cd2? toxicity to the

bacterium; it rather was probably due to competitive

adsorption between Cd2? and Fe2? on c-FeOOH as its

surface reduction catalyzed by adsorbed Fe2? was elimi-

nated by adsorption of Cd2?.
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Lepidocrocite (c-FeOOH) is an iron oxide-hydroxide

commonly found in paddy soils. It is thermodynamically

unstable and can be transformed to magnetite (Fe3O4) by

Fe2? via a reaction of Fe2? ? 2c-FeOOH ? Fe3O4 ? 2-

H? (Sørensen and Thorling 1991), where Fe2? is not only a

reactant but also a catalyst. Recent studies showed that

coexisting metal cations can variously inhibit Fe2?-cat-

alyzed c-FeOOH transformation, but the inhibitory effects

of Cd2? have not been reported. This study examined the

effects of Cd2? on transformation of c-FeOOH during its

reduction by Shewanella oneidensis MR-1 (MR-1), a well

characterized iron reducer. The aqueous and adsorbed

species of Fe2? and Cd2? were quantified and the solid

phases were characterized. Our hypothesis was that Cd2?

could inhibit transformation of lepidocrocite to magnetite

during microbial reduction.

Three batch bioreactor systems were initiated, including

(1) c-FeOOH with 0.45 mg � L-1 aqueous Cd2? and live

MR-1, (2) Cd-loaded c-FeOOH with live MR-1, and (3) a

Cd-free system containing c-FeOOH and live MR-1.

Control systems with killed (autoclaved) MR-1 were also

set up for comparison. The reactors were serum bottles of

100 mL, and each contained 0.0889 g synthetic c-FeOOH

or Cd-loaded c-FeOOH, 47.5 mL PIPES buffer solution,

20 mM sodium lactate, and 2.5 mL suspension of live

(OD600 = 2.0) or killed MR-1 cells (Li et al. 2012). The

Cd-loaded c-FeOOH contained 0.019 mol% Cd, which

included 25% MgCl2-extractable [considered as

exchangeable (Poulton and Canfield 2005; Li et al. 2016)]

Cd2?. Each reactor was bubbled with filtered N2 gas for

40 min, sealed, and incubated in a shaker at 120 rpm and

30 �C in the dark. Three triplicate reactors were sacrificed

at a predesigned time for analyses of the aqueous and

MgCl2-extractable Fe2? and Cd2? concentrations using the

o-phenanthroline photometry method and ICP–OES,

respectively.

Figure 1 presents the XRD patterns of the solid phases

after reaction for 31 days. Magnetite was present only in

the Cd-free system, and c-FeOOH remained unchanged

when Cd was present in either solution phase or c-FeOOH.

Figure 2 shows the concentrations of both Fe2? and

Cd2? in aqueous and adsorbed forms as a function of

reaction in Cd-containing systems with either live or killed

MR-1. In the presence of live MR-1, the aqueous Fe2?

concentration increased from 0 to 35 mg � L-1 within
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3 days when Cd2? was added as a background electrolyte

and to approximately 60 mg � L-1 within 7 days when

Cd2? was added as an impurity bound to c-FeOOH. In

contrast, in the control Cd-containing systems with killed

MR-1 the concentrations of aqueous Fe2? were persistently

low. This indicated that the aqueous Fe2? in the live MR-1

systems was likely a product of biotic reduction of c-

FeOOH. The concentrations of MgCl2-extractable Fe2?

were consistently low in both Cd-containing systems with

live or killed MR-1. However, in the Cd-free system with

live MR-1, the aqueous and MgCl2-extractable Fe2? were

140 and 10 mg L-1, respectively, after reaction for

31 days. The high production of Fe2? coupled with for-

mation of magnetite indicated fast transformation of c-

FeOOH by MR-1 in the absence of Cd.

In the systems with c-FeOOH and aqueous Cd2?, the

sum of aqueous and MgCl2-extractable Cd2? decreased

after 31 days by 120 lg � L-1 when live MR-1 was added

compared to only 67 lg � L-1 when killed MR-1 was

added (Fig. 2). In the systems with Cd-loaded c-FeOOH,

the sums of concentrations of aqueous and MgCl2-ex-

tractable Cd2? on day 0 were around 130 lg L-1 and did

not change after 31 days when either MR-1 or killed MR-1

was added.

The results showed the presence of Cd retarded c-

FeOOH reduction by MR-1, but this might not be the

reason for the absence of c-FeOOH transformation. Ped-

ersen et al. (2006) found that c-FeOOH can be transformed

to magnetite by 1.0 mM Fe2?, which is close to the con-

centrations of aqueous Fe2? produced in the systems with

Cd and live MR-1. On the other hand, the high proportion

of MgCl2-extractable Cd2? in these systems indicated

Cd2? was adsorbed on the c-FeOOH surface. It is believed

that the transformation of iron oxides during microbial

reduction is catalyzed by Fe(II) produced, and the inhibi-

tion of coexisting metal cations including Cd2? on Fe(II)-

induced phase transformation has been reported for other

iron (hydr)oxides (Li et al. 2016; Liu et al. 2016). The

possible mechanisms include competition for adsorption

sites on the surface of iron (hydr)oxides (Liu et al. 2016).

The results also show c-FeOOH reduction could result

in immobilization of Cd in solution but no release of Cd

incorporated in c-FeOOH. The phase of c-FeOOH did not
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Fig. 1 XRD patterns of minerals on day 31. In the systems

containing Cd, lepidocrocite was the only identifiable mineral, but

in the system without Cd, magnetite was the identifiable mineral and

lepidocrocite disappeared
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Fig. 2 Time dependent

concentrations of aqueous and

MgCl2-extractable Fe2? (upper)

and Cd2? (lower) in batch

bioreactor systems containing c-

FeOOH and Cd2? (left) or Cd-

loaded c-FeOOH (right) with

live MR-1 (red circles) or killed

MR-1 (black squares)
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change in the presence of Cd (Fig. 1), but the shift of

aqueous Cd2? to MgCl2-extractable Cd2? was observed

(Fig. 2). Thus, it is likely that adsorption might be the

mechanism for Cd immobilization in the tested systems. As

iron reduction is a common biogeochemical process in

flooded soils (such as paddy soils), improved understanding

of the correlation between Cd geochemistry and iron

reduction may be key to better management of Cd-polluted

soils.
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