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Reductive immobilization of Cr(VI) has been widely explored
as a cost-effective approach for Cr-contaminated site remediation.
In soils containing manganese oxides, however, the immobilized
form of chromium, i.e., Cr(Ill), could potentially be reoxidized. In
this study, batch experiments were conducted to assess whether
there were any microbial processes that could accelerate Cr(1II)
oxidation in aerobic, manganese-containing systems. The results
showed that in the presence of at least one species of manganese
oxidizers, Pseudomonas putida, Cr(III) oxidation took place at low
concentrations of Cr(III). About 30-50% of added Cr(III) (10-
200 M) was oxidized to Cr(VI) within five days in the systems with
P. putida and biogenic Mn oxides. The rate of Cr(III) oxidation was
approximately proportional to the initial concentration of Cr(III)
up to 100 1M, but the growth of P. putida was partially inhibited
by Cr(III) at 200 1«M and totally stopped when it reached 500 M.
Cr(III) oxidation was dependent upon the biogenic formation of
Mn oxides, though the oxidation rate was not directly proportional
to the amount of Mn oxides formed. Chromium(III) oxidation took
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place through a catalytic pathway, in which the microbes mediated
Mn(II) oxidation to form Mn-oxides, and Cr(III) was subsequently
oxidized by the biogenic Mn-oxides.
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INTRODUCTION

Chromium (Cr) contamination has been found in many in-
dustrial and federal sites in the United States (Nriagu 1988;
Thornton and Amonette 1999). Since Cr chemicals are known
to be toxic and carcinogenic (Costa 1997), site remediation is
often needed to reduce its risk to humans and ecosystems. The
mobility of Cr in the environment largely depends on its oxida-
tion states. Cr(V1) species are quite mobile in soils and aquifers,
whereas Cr(II1) species are generally considered to be less toxic
and mostly precipitated as hydroxides and adsorbed onto mineral
surfaces. As a result, Cr(VI) could be immobilized and become
less bioavailable and toxic when reduced to Cr(III).

Such reductive immobilization for Cr has been widely ex-
plored for site remediation of Cr(VI)-contaminated water and
soils. Reductants used include zero valent iron (Blowes et al.
1997, Pratt et al. 1997), divalent iron (Eary and Rai 1988, 1989,
Seaman et al. 1999), Fe(Il)-bearing minerals (Eary and Rai
1989; Anderson et al. 1994), organic compounds (James and
Bartlett 1983; Wittbrodt and Palmer 1995; Deng 1996a, 1996b),
and H,S (Thornton and Amonette 1999; Kim et al. 2001; Hua
and Deng 2003). For example, In-Situ Gas Reduction (ISGR)
treatment system developed by the Pacific Northwest National
Laboratory (PNNL) uses H,S for effective reduction and im-
mobilization of Cr(VI) in soils (Thornton et al. 1999). Whether
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the immobilized Cr(III) species could be remobilized through
its reoxidation, however, has not been fully explored. Based
on the thermodynamics, molecular oxygen, hydrogen peroxide,
and manganese(111, IV) oxides are capable of oxidizing Cr(III)
to Cr(VI) at concentrations typically found in the aquatic envi-
ronment (Deng 1995). When considering the subsurface envi-
ronment, direct Cr(III) oxidation by O is limited due to the slow
kinetics (Nakayama et al. 1981; Rai et al. 1986). While Cr(1ID)
could be oxidized by hydrogen peroxide (Pettine and Millero
1990; Pettine et al. 1991), in the subsurface where hydrogen
peroxide production is limited, Cr(III) oxidation by this oxidant
is probably not important. Mn(II/IV) oxides could be impor-
tant oxidants in soil systems for Cr(IIl) oxidation. It has been
reported that in the aqueous suspensions, Cr(IIl) is oxidized
to Cr(VI) by y-MnOOH (Johnson and Xyla 1991), 8-MnO,
(Eary and Rai 1987), -MnO, (Fendorf and Zasoski 1992), and
NasMn4047-9H,0 (Silvester et al. 1995). Cr(IlI) oxidation by
Mn oxides in natural soils was also observed (Masscheleyn et al.
1992; Milacic and Stupar 1995; Kozah et al. 2000). Mn oxides
needed to be “fresh and amorphous’ for facile Cr(IlI) oxida-
tion; aged and well-crystallized MnO;, usually pyrolusite, was
quite weak and slow to oxidize Cr(IIl) (Bartlett 1996). Never-
theless, Cr(II1) oxidation by Mn oxides following the reductive
treatment may not be significant because the highly reactive Mn
oxides originally present in the soils should also be reduced.
Uncertainties on the long-term stability of immobilized
chromium arise from the effects of microorganisms that could
potentially accelerate Cr(IIT) oxidation. In the presence of Mn(1I)
species, Mn-oxidizing microorganisms could utilize Mn(II) to
obtain energy, forming various Mn oxides such as hausmannite
(Mn30,), manganite (y-MnOOH), vernadite (§-MnO3), and dis-
ordered y-MnO,, depending on specific chemical and physical
conditions (Ehrlich 1980; Tebo et al. 1997). These Mn-oxidizing
microorganisms were found to be widely present in the environ-
ments such as rock surface, soil, water and sediments (Gregory
and Staley 1982; Ehrlich 1990; Emerson 2000). It was found that
genus Pseudomonas was the major microorganisms involved in
the formation of manganese precipitates (Greene and Madgwick
1991). Some Pseudomonas species showed strong resistance to
Cr. For example, P. fluorescens LB300 and LB304 could grow
with as much as 1000 mg/L of Cr(VI) (Bopp and Ehrlich 1988).
This study investigated whether microbial processes could
influence Cr(IIl) oxidation in the presence of Mn through a large
number of aerobic batch experiments. The work focused ona Mn
oxidizer—Pseudomonas putida, because of its known catalytic
ability towards Mn(II) oxidation, resulting in the formation of
Mn-oxides that could potentially oxidize and remobilize Cr(III).

MATERIALS AND METHOD

Organisms and Growth Conditions

Pseudomonas putida was obtained from American Type Cul-
ture Collection (ATCC #23483). The bacteria were grown on the
modified LEP medium at 26°C under constant mixing conditions
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(Boogerd and de Vrind 1987; Caspi et al. 1998). The modified
LEP medium contained (per liter of deionized water): 0.50 g
of yeast extract (Difco Laboratories), 0.50 g of casamino acids
(Difco), 5.0 mM D(+)-glucose, 10.0~20.0 mM HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic sodium) (to buffer
pH at 7.0), 0.50 mM CaCl,, and 1.00 ml of trace element solu-
tion. The trace element solution contained (per liter of deionized
water): 10 mg of CuSO45H,0, 44 mg of ZnS04-7H,0, 20 mg
of CoCl,6H,0, and 13 mg of Na;MoQy-2H,0. The trace metals
had concentrations several orders of magnitude lower than the
added Cr and Mn concentrations in the experimental systems de-
scribed below, so they were unlikely to have a major impact on
the reaction between Cr and Mn-oxides. The medium was auto-
claved for 20 min at 121°C followed by adding HEPES, glucose
(both 0.2-pm filter sterilized), and Casamino acids (autoclaved
for 40 min at 110°C). Preliminary experiments showed that a
20 mM of HEPES buffer solution could maintain a constant
pH at 7.0 during the microbial growth and oxidation of Mn(lI)
and Cr(I1) in a wide range of concentrations (101000 mM),
therefore, this buffer was subsequently used in all experiments.

Experimental Systems

Microbial Growth and Cr(llI) Oxidation under Various
Mn(1l) and Cr(Ill) Concentrations. The tests were conducted
using 300 ml conical flasks containing 100 ml of the modified
LEP medium to determine the effects of Mn(II) and Cr(11I) con-
centrations on the microbial growth, formation of Mn oxides,
and Cr(111) oxidation. Cr(III) was added as CrCl; at a fixed initial
concentration ([Cr(III)]o) of 50 uM in a set of experiments ex-
amining the effects of Mn(II) concentrations (50, 100, 200, 500,
1000 M of MnCl,). Another set of experiments were conducted
at a fixed Mn(I)Cl, concentration ((Mn(1I)]¢) of 100 uM to ex-
amine the effects of varying Cr(IIl) concentrations (10, 20, 50,
100, 200, 500 M). Mn(II) and Cr(I1I) solutions were sterilized
with 0.2-pm sterile Nylon membrane filters (Fisher brand) and
added into the sterile medium followed by the inoculation of P.
putida. The cultures were incubated in a temperature-controlled
orbital shaker (at 150 rpm at 26°C). Three ml of samples was
taken from flasks at different time intervals for sample analy-
ses. The experiments were duplicated, with the average value
reported in the paper.

Determination of Adsorbed Chromium. In the presence of
bacterial cells and Mn oxides, Cr(II1) and Cr(VI) could be ad-
sorbed by cells and Mn oxides. A set of experiments was there-
fore designed to determine the adsorbed amount of Cr on Mn
oxides as follows. First, the P. putida culture in the LEP medium
containing 50-1000 xM of Mn(II) was incubated, leading to the
formation of Mn-oxides. Cr(III) was then spiked into the culture
at a total final concentration of 300 uM. After 120 h of reaction,
three ml of the incubated culture sample was taken and filtered
through 0.2 xm Nylon membrane filters (Fisher brand), and the
filtrate was used for the analyses of soluble Cr(VI) ([Cr(VD)]s)
by colorimetric method and total soluble Cr ([Crr]s) by induc-
tively coupled plasma spectroscopy (ICP). The solid phase was
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collected on the filter and washed three times, each with 1.0 ml
of phosphate buffer solution at pH 7. This filtrate solution was
collected and used for the detection of phosphate-exchangeable
Cr(VD) ([Cr(VD)],). To determine the total adsorbed Cron Mn ox-
ides, another 3.0 ml of sample was taken and adequately mixed
with 1.0 ml of 20 mM ascorbic acid and then filtered through the
0.2 um membrane filters. This process resulted in the reductive
dissolution of Mn-oxides and release of sorbed Cr. The filtrate
was acidified and used for analysis of total chromium ([Crr])
by ICP. The total sorbed Cr ([Crrl,) on Mn oxides was calcu-
lated as the difference between total Cr and total soluble Cr in
the system ([Crr], = [Crr] — [Crrls)- Preliminary experiments
showed that Cr(VI) was reduced in coupling with the reductive
Mn-oxide dissolution by ascorbic acid, but reduced Cr was still
present in the soluble phase in the experimental systems.

Analyses

Cell Density. Cell optical density (OD600) was measured
with spectrophotometric method at 600 nm. Biogenic Mn oxides
interfered slightly with the determination of optical density. To
correct this interference, OD600 values for different concentra-
tions (0 — 1.0 mM) of Mn oxides were measured and used as
blank controls. The cell density in the culture was calculated by
the difference in OD600 values between growth cultures and the
corresponding concentrations of Mn oxides.

Mn-(hydr)oxides. A spectrophotometric method, the Leuco
Berbelin blue assay, was adapted for the analysis of Mn(III, IV)
(hydr)oxides produced from the microbially mediated Mn(II)
oxidation (Boogerd and de Vrind 1987; Francis and Tebo 2002).
Samples (0.10—0.20 ml) were added to 0.50 ml of 0.04% Leuco
Berbelin blue in 45 mM acetic acid. The oxidation of Leuco
Berbelin blue proceeded within seconds with the development
of a blue color. The absorbance was measured at 620 nm. The
presence of microbial cells could interfere with the measure-
ment of Mn(III, IV) (hydr)oxides when cell optical density was
higher than 1.0 whereas Mn(111, IV) (hydr)oxides was lower than
10 uM. If samples were diluted by 5-10 times and the ab-
sorbance was measured within 15-24 hrs after the color devel-
opment, the interference was negligible. Standard curves with
0-5 uM of suspending MnO, showed that the absorbance was
linear up to the Agzo value of 1.50.

Chromium and Manganese. Total amounts of soluble Cr
and Mn were measured with inductively-coupled plasma spec-
troscopy after samples were filtrated through 0.2 pm mem-
brane filters, followed by acidification with 10% of concentrated
high purity HNO; suitable for trace metal analysis. Chromate
(Cr(VI)) was determined using diphenylcarbazide colorimetric
method (Deng and Stone 1996a; APHA 1998). The standard
Cr(VI) solution used for calibration was prepared using the con-
sumed LEP medium. The consumed LEP medium was collected
by filtering the culture of P. putida during the stationary phase of
microbial growth in the LEP medium with no Mn(Il) addition.
Soluble Cr(Ill) was calculated as the difference between total
soluble chromium and soluble chromate.
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TEM Analysis.  All high resolution transmission electron
microscopy (TEM) images and X-ray energy-dispersive spec-
tra (EDS) were obtained by using a JEOL 2010F FASTEM
equipped with Oxford Instruments EDS system and Gatan GIF
system. The precipitates collected through filtration were thor-
oughly washed using distilled water in order to eliminate inter-
ference from soluble salts and nutrients in TEM samples. TEM
samples were prepared by dropping precipitate-bearing suspen-
sions onto holey-carbon coated TEM cupper grids.

RESULTS

Mn(ll) and Cr(lll) Oxidation in the Presence
of Pseudomonas putida

Figure 1 shows microbial growth and oxidation of Mn(1I) and
Cr(II1) in the presence (sets A and B) and absence (set C)of P,
putida. The growth of P. putida was comparable for the systems
with 100 M of Mn(II) (A) and without Mn(II) (B), with the bac-
terial growth peaked at around 12 hrs, followed by the stationary
phase (Figure 1a). Apparently, Mn(II) did not significantly af-
fect the microbial growth kinetics. In the sterile control system
(C), no microbial growth was observed, as expected, during the
experimental time period. In terms of Mn(II) consumption and
Mn-oxide production (Figure 1b), [Mn(II)] dropped sharply fol-
lowing the bacterial growth phase in the experiment A, with con-
current rapid Mn-oxide production. In both the system without
initially added Mn(II) (B) and in the sterile control with Mn(II)
but not the active bacterial cells (C), no change in Mn(II) con-
centration and no Mn-oxide production were observed. It was
noted that the rapid formation of Mn oxides only occurred in the
presence of mature P. putida, consistent with the observations
reported in the literature (DePalma 1993).

Chromium oxidation clearly occurred in the experiment A
(Figure 1c), in which P. putida was active and Mn oxides were
formed. The formation of Mn oxides took place after the growth
phase of P. putida ended, followed by immediate Cr(VI) produc-
tion with concurrent decrease in Cr(IIl) concentration. Soluble
Cr(V1) concentration reached 25 uM during the 5 days of incu-
bation, indicating that at least 50% of the 50 uM Cr(I1l) origi-
nally present in the system was oxidized. Neither Cr(VI)increase
nor Cr(III) decrease, however, was as quick as the formation of
Mn-oxides. Low concentration of Cr(VI) was observed in the
experiment B when Mn(II) was not added; but its accumulation
rate was much slower than that in Experiment A. No Cr(VI)
was found in the experiment C in the absence of P. putida, indi-
cating that chemical oxidation of Cr(IIl) by oxygen alone was
insignificant in the experiments.

Cr(111) Oxidation Under Various Mn(lI) Concentrations
Concentration changes of Mn oxides and Cr(Ill, VI) in the
presence of P. putida under various initial concentrations of
Mn(I) were presented in Figure 2. Five treatments were com-
pared with initial concentrations of Mn(II) at 50 (Mn50), 100
(Mn100), 200 (Mn200), 500 (Mn500), and 1000 (Mn1000) uM.



164

(a)

A: Mn(Ih)=100 , M

8
@0
[a]
(e
120
Time (hrs)
®) 160 - A B c
—s— Mn02 —6—Mn02 —— Mn02
< 140 4 —a— Mn(1Y) —e—Mn(ll) —o— Mn(I)

0 24 48 72 96 120
Time (hrs)
() A B c
50 —a— Cr(Vl —o—Cr(Vl —o—Cr(VI
—a—Cr(ll —e—Cr(Ilt —o—Cr(lll
s 7 o .
2
= T
= 301
5
3] ——* %
o 204
o
2 e |
[}
@? 10 <
I -
o4 r—1
0 24 48 72 96 120
Time (hrs)
FIG. 1. Oxidation of Mn(II) and Cr(III} in the presence of P. putida. (a) mi-

crobial growth; (b) aqueous Mn(II) and solid Mn oxides; (c) aqueous Cr(IiI) and
Cr(VD).

Microbial growth curves were all very similar in the systems
with different initial Mn(II) concentrations, with the stationary
phase starting at around 24 hrs of incubation (data not shown).
As illustrated by Figure 2a, [Mn(II)] decreased quickly for all
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systems: it reached zero at lower concentrations (50, 100, and
200 M) by 24th hour and at 500 M, by 48th hours. With
1000 M of initial Mn(II), the concentration decreased to be-
low 200 uM within 24 hrs, but was not completely oxidized
during the 144 hrs of experimental time period. Mn-oxides
(Figure 2b) were generated concurrently to Mn(Il) consump-
tion and reached steady but various levels corresponding to var-
ious [Mn(Il)]o. The maximum amounts of Mn oxides detected
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FIG. 2. Cr(Il) oxidation under different initial concentrations of Mn(II). (a)
aqueous Mn(ID); (b) solid Mn oxides; (c) aqueous Cr(VI); (d) aqueous total
Cr(I1I, VI); (e) aqueous Cr(IlI). (Continued)
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FIG. 2. (Continued)

were approximately 60 (Mn50), 90 (Mn100), 160 (Mn200), 310
(Mn500), and 420 (Mn1000) uM. The amount of Mn oxides
accounted for all initially added Mn(II) at lower concentrations,
but at higher [Mn(1I)]g, the amount was lower than what was ex-
pected according to the stoichiometric Mn(II) oxidation. The re-
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sults suggested that Mn(If) was oxidized to Mn-oxides in the ex-
amined concentration range, but a fraction of the manganese was
sequestered, present neither as Mn-oxides nor as soluble forms,
when higher than 200 mM of Mn was added into the system.
Chromium(VI) production occurred in all systems treated
with various [Mn(I)]o (Figure 2¢). The increase in Cr(VI) con-
centration with time, however, was not as sharp as the increase of
Mn oxides. Soluble amounts of Cr(VI) were essentially the same
in Mn50, Mn100, and Mn200, reaching close to 20 M within
144 hrs. The amount was however only around 12 M for Mn500
and 5 uM for Mn1000. The production of Cr(VI) was coupled
with soluble Cr(III) consumption, as suggested by Figure 2d,
and occurred only after Mn-oxides were formed, suggesting the
importance of Mn-oxides for its oxidation. The time courses for
the tests Mn50, Mn100, and Mn200 were quite similar in terms
of both Cr(VI) production and soluble Cr(Ill) disappearance.
Soluble Cr(III) was stable within the first 24 hrs, but gradually
decreased afterward. Decreases in total soluble Cr (Figure 2e),
which included both soluble Cr(III) and Cr(VI), were less sig-
nificant compared to soluble Cr(IIl) in the tests Mn50, Mn100,
and Mn200, but comparable in the tests Mn500 and Mn1000.
Comparing the tests with high (Mn500 and Mn1000) and low
(Mn50, Mn100, Mn200) initial Mn(II) concentrations, the de-
tected soluble amounts of Cr(VI) in the high [Mn(ID)], systems
were much less than those with Tow [Mn(II)]o, despite that Mn-
oxides generated were significantly higher. The concentration
profiles for soluble Cr(Ill) and total soluble Cr were also dif-
ferent. Total soluble Cr was higher at low [Mn(II)]o and there
was no rapid drop during the time period from 19 -32 hours. At
high [Mn(11)]y, it decreased much more significantly in this time
period (Figure 2¢). The amounts of soluble Cr(I1I) were higher
at low [Mn(I)]o than at high [Mn(I1)]o, but all showed a rapid
drop during 19-32 hrs (Figure 2d). These results suggested that
more Cr was sorbed onto the solid phases in the system when
[Mn(IT)], was high, because more Mn-oxides were formed.
The sorption of Cr on biogenic Mn oxides/bacterial cells was
assessed following the reaction between 300 uM Cr(lll) and
various amounts of biogenic Mn oxides for 120 hrs (Table 1).
Soluble Cr(VI) ([Cr(VD)];) determined by the diphenylcarbarzide

TABLE 1
Adsorption of Cr on biogenic Mn oxides at the 5th day of incubation

Cr concentrations, uM

Phosphate-
Total ascorbic Total Soluble Total Crbound exchangeable
acid-soluble  soluble Cr Cr(VD) to Mn oxides Cr(VI)

Mn(D), uM  [CrdID)y  Cr([Crr]) ([Crrl)  (ICr(VD]) ([Crrla) (ICr(VD]e)
50 300 223 215 212 8 6
100 300 259 251 250 8 6
200 300 270 259 249 11 9
500 300 273 37 231 36 25
1000 300 206 112 115 94 59







