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Two oxidaﬁon states of chromium commonly occur in natural soil/water systems, Cr(III) and
Cr(VI). The oxidized form, Cr(VI), exists as the chromate ion and is more mobile and toxic
than CrGID. Therefore oxidation of Cr(IIl) by various Mn-oxides in natural systems is a very
important ?nvironmental concern. Organic substances can inhibit the Cr(III) oxidation by bind-
ing Cr(IlI) strongly and also by dissolving Mn-oxides. Most of Cr(IIl) oxidation studies were
carried out using in vitro systems without organic substances which exist in natural soil/water
systems. In this study effect of organic acids — oxalate and pyruvate —on Cr(III) oxidation by
birnessite(§-MnQ,) was examined. The two organic acids significantly inhibited Cr(III) ox-
idation by birnessite. Oxalate showed more significant inhibition than pyruvate. As solution pH
was lowered in the range of 3.0 to 5.0, the Cr(IlI) oxidation was more strongly depressed. Ad-
dition of &ore organic acids reduced the Cr(IIl) oxidation more extensively. Different in-
hibition effects by the organic acids could be due to their ability of reductive dissolution of Mn-
oxides andfor Cr(III) binding. Organic acids dissolved Mn-oxide during the Cr(IIl) oxidation
by the oxide. Dissolution by oxalic acid was much greater than that by pyruvate, and the dis-
solution was more extensive at lower pH. Inhibition of Cr(IIl) oxidation was parallel to the dis-
solution of Mn-oxide by organic acids. Although the effect of Cr(III) binding by organic acids
on Cr(II) ioxidation is not known yet, Mn-oxide dissolution by organic acids could be a main
reason for the inhibition of Cr(IIl) oxidation by Mn-oxide in presence of organic acids. Thus
oxidation of Cr(Il) to Cr(VI) by various Mn-oxides in natural systems could be much less

than the oxidation estimated by in vitro studies with only Cr(III) and Mn-oxides.

Trivalent and hexaiyalcnt Cr, the two environmentaily
significant oxidation states, behave very differently. Ch-
romium(VI) is present as a chromate anion which can
move through the sdil and vadose zone. On the other
hand, cation Cr(IIl) i% strongly adsorbed on soil constitu-
ents and is highly immobile. The mechanisms which con-
trol interconversions of Cr between the two oxidation
states in the soil have'l, a major influence on the transport
and toxicity of Cr in|terrestrial systems and on transfers
to groundwater or surface water systems.‘)

Although Cr reduc#ion can occur via many pathways
in soil systems below pH 9.0, the only known oxidants
of Cr(Ill) are Mn-oxid\es.z) Manganese oxides, widely dis-
tributed as suspended particles in surface waters and coat-
ings in soils and sedif‘nents, are potential oxidizing agents
of natural and xenobjotic organic compounds. The ox-
idant strength and reactivity of Mn-oxides make them im-
portant participants 111\ environmental oxidation-reduction
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reactions. Both the highly crystalline pyrolusite and the di-
sordered birnessite Mn-oxides are capable of oxidizing Cr
(III) to Cr(VI).*> Manganite, buserite and hausmanite also
have strong oxidizing capacities.*”

However, in natural waters, Cr(Ill) oxidation is much
slower than could be expected from the laboratory stu-
dies.” Inorganic and organic compounds can affect the rate
of Cr(Ill) oxidation by competition with and binding of Cr
(IlI). Some organic substances can also dissolve Mn-0x-
ides.” Manganese oxide particles and crusts in natural wat-
ers and soils can be reduced and dissolved by organic
compounds, increasing the mobility of manganese.” La-
boratory experiments showed that synthetic Mn-oxides are
reduced and dissolved at appreciable rates by the mi-
crobial metabolites such as oxalate and pyruvate. Root ex-
udates are also very effective in the dissolution of hydrous
MnO; through chemical reduction and chelation.”

In this study, the effect of organic acids on Cr(Ill) ox-
idation by birnessite (6-MnO-) was examined to explain
the restricted oxidation of Cr(IIl) in natural soil/water sys-
tems comparing to the oxidation evaluated in laboratory
studies.
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Materials and Methods

Preparation and characterization of birnessite. Bir-
nessite was prepared by adding HCI to an excess of KMnO,
as described by McKenzie."” The resulting oxide was wash-
ed with deionized water and 0.5 N HCIO; alternatively
until the residual K content was less than 1% and then
dried at 40°C, and ground to pass through an 80-mesh
sieve.

To identify the prepared Mn-oxide, ZPC, O/Mn ratio,
and surface area were measured using a salt titration meth-
od,'"” the iodometric method," and the ethylene glycol
monoethyl ether method™ respectively. It was also
characterized by X-ray powder diffraction'® and transmis-
sion electron microscopy.

The birnessite prepared in this study was poorly cry-
stalline and considered of characteristic clumps or balls
of needle. Electronmicrograph of the prepared bimessite
is available in the author's previous publication.'” Zero
point of charge, surface area and O/Mn ratio determined
for the synthesized oxide corresponded very well with pu-
blished criteria of bimessite preparation.'® The data are
summarized in Table 1. In X-ray diffraction analysis, four
broad peaks characteristic of birnessite were observed : the
most intense peak was at 0.75 nm with weaker signals at
0.33, 0.25 and 0.14 nm,

Cr(II) oxidation experiments. Manganese oxide was
suspended in 250 mL 0.001 M NaNO; solution in 300
mL erlenmeyer flasks to yield an initial solid surface
area to solution volume ratio of 25 m’L"". Solution pH
was adjusted to 3.0 and 5.0 with 0.5 M HNO;. Chro-
mium nitrate was used as a Cr(Ill) source. The initial Cr
(IIT) concentration in the suspension was 50 UM. Sodium
salts of organic acids were added to give the concentra-
tion of 0.2 and 1.0 mM for oxalate and 0.2 mM for py-
ruvate. Prior to the studies at pH 5.0, the solution was
purged of CO, with N, gas. The suspensions were stirred
using a magnetic stirring plate at 25°C, and 3 mL samples
were taken during the reaction period ranged from 0.5 to
50 min. The samples were centrifuged at 8,000 g for 20
min and filtered using 0.45 pwm pore membrane filter.
Chromium(VI) was determined by s-diphenyl carbazide
procedure' and solution Mn(Il) was determined by using
atomic absorption spectrophotometry.

Results and Discussion

Birnessite is a naturally occurring, poorly crystalline

Table 1. Some characteristic properties of the prepared bir-
nessite.

ZPC Surface area, m%/g O/Mn ratio
2.9 263.3 1.94

oxide of tetravalent manganese and very effective ox-
idant of Cr(lIT). Chromium(III) oxidation by bimessite has
been examined by several researchers.>>'® The oxidation
reaction occurs over a range of pH values and Cr(III) con-
centrations. The reaction stoichiometry of Mn(Il) to Cr(VI)
appears to be 1.5:1. Chromium(Ill) concentration, pH and
the amount of intial available surface are the parameters
controlling the degree of oxidation. Although thermody-
namic calculations indicate that the reaction should con-
tinue until reactants are limiting, the reaction is limited
as pH and Cr(Ill) concentration increase.'” Fendorf et al.
proposed that surface nucleation could explain the inhi-
bition on birnessite surface at pH 4.0~5.0 with high in-
itial Cr(Ill) addition."”

In this study a kinetic method was used to elucidate
Cr(Ill) oxidation by birnessite and effect of organic acids
on the reaction. A relatively low initial Cr(III) concentra-
tion was used to avoid inhibitions of the reaction by Cr
(III) nucleation on Mn-oxide surface. Cumulative Cr(VI)
produced during the oxidation reaction as a function of
time was determined. With 50 uM of initial Cr(TIl), most
of the added Cr(IIl) was oxidized within the 50 min reac-
tion period at both pH 3.0 and 5.0 (Fig. 1 and 3; no ad-
dition of oxalate or pyruvate). The rate of reaction at pH
3.0 was slower, but continued for prolonged times rela-
tive to that at pH 5.0. Oxidation was extremely rapid at
pH 5.0 in the early reaction period.

Addition of organic acids showed significant inhibition
effects in the Cr(Ill) oxidation (Fig. 1 and 3). The in-
hibition effect was more significant at lower pH. With in-
creasing organic acid addition, Cr(Ill} oxidation was fur-
ther inhibited. At pH 3.0 the oxidation was almost com-
pletely inhibited by 1.0 mM of oxalate addition. Although
pyruvate could also inhibit Cr(IIl) oxidation by birnessite,
the inhibition was much less than that by oxalate.

Such inhibition of Cr(Ill) oxidation by organic acids
can be attributed to; (1) dissolution of Mn-oxides by or-
ganic acids, (2) Ci(Ill) complexation by organic acids, and
(3) adsorption of organic ligands on the oxide surface.
Since various aromatic and nonaromatic compounds are
known to dissolve Mn-oxides,” in this study the effect
of Mn-oxide dissolution by organic acids on Cr(Ill) ox-
idation was examined and discussed. Oxalate and pyru-
vate are microbial metabolites found in natural soil/water
systems and they participate in many oxidation-reduction
reactions.

Manganese(IV) oxide undergoes reductive dissolution
in the presence of organic acids. The following stoichio-
metric reaction can be written for the dissolution of Mn-
oxide by oxalate.

MnO, + C2042_ +4H +“—>an+ +2C0O; + 2H,0O

Xyla et al. compared oxalate and dissolved Mn(II) con-
centration during the dissolution reaction, and found that
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Fig. 1. Effects of oxalate on Cr(III) oxidation by birnessite at
pH 3.0 and 5.0. Initial \birnessite surface area to solution volume
i

ratio was 25 m’L".
|

the ratio of oxalate cq‘?)nsumed to Mn(Il) produced was 1:1
for the Mn(IV)-oxideEblg)

- As expected, inhibition of Cr(Ill) oxidation had a good
correlation with Mnioxide dissolution by organic acids.
When 1.0 mM of oxalate was added at pH 3.0, nearly
80% of the added Mn-oxide was dissolved during the
reaction period and the dissolution was found to be direct-
ly proportional to gxalate concentration (Fig. 2). This
behavior indicates that surface coverage by oxalate is be-
low saturation with tlte concentration range (0.2~1.0 mM)
employed. This dissolution could be one of the main rea-
sons for the decreased Cr(Ill) oxidation under such reac-
tion conditions in Fig} 1.

The different inhibition of Cr(lll) oxidation by organic
acids at different solution pHs in Fig. 1 and 3 would be
due to the pH-dependence of reductive dissolution of
Mn-oxide. pH had a Fubstantial impact on rates of reduc-
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Fig. 2. Dissolution of birnessite by oxalate at pH 3.0 and 5.0.
Initial birnessite surface area to solution volume ratio was 25
mLh

tive dissolution of Mn-oxide (Fig. 2 and 4). Rates of
reductive dissolution increased as the pH was decreased
for both oxalate and pyruvate. The effect of pH on dis-
solution rate is more pronounced for oxalate than for py-
ruvate. Linear regression of Mn(Il) produced as a func-
tion of time up to where 10% of the oxide has been dis-
solved was used to calculate initial rates of reductive dis-
solution. For oxalate (0.2 mM), in the early stage of the
reaction, the rate of reductive dissolution at pH 3.0 was
10 times faster than at pH 5.0. For pyruvate (0.2 mM),
on the other hand, a similar change in pH only increased
the reaction rate by a factor of 5. The proposed dissolu-
tion mechanism includes the formation of a precursor sur-
face complex with oxalate followed by electron transfer
and release of the reduced metal center into the solution.””
pH influences rates of reductive dissolution through its
impact on the chemical speciation of reductant molecules,
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Fig. 3. Effects of pyruvate on Cr(IIl) oxidation by birnessite
at pH 3.0 and 5.0. Initial birnessite surface area to solution
volume ratio was 25 m?L"%,
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Fig. 4. Dissolution of birnessite by pyruvate at pH 3.0 and 5.0.
Initial birnessite surface area to solution volume ratio was 25
myL.~",

oxide surface sites, and reaction intermediates. Protona-
tion equilibria on Mn-oxide surfaces can be represented
by the following reactions:

=MnOH,'==MnOH + H* K.
=MnOH==MnO~ +H" K.

Surface of oxides can carry no net charge when the pH
is equal to the pHy. value. Since the pH,. of birnessite
is 2.9, the oxide surface can carry a net negative charge
in the pH range 3.0 to 5.0 used in this study. Therefore
the pH dependence of dissolution parallels the pH de-
pendence of the adsorption of oxalate on the surface. Pro-

tonation of the oxide surface could accelerates the non-
reductive dissolution of oxide minerals, and may, sim-
ilarly, accelerate the detachment of reduced surface man-
ganese ions. Readsorption of Mn(II) becomes more im-
portant with increasing pH and may at higher pH, block
the oxide surface, thus limiting adsorption of oxalate or
pyruvate.

Oxalate (pK. values of 1.26 and 3.82) is predom-
inately a divalent anion at pH above 4.0, while pyruvate
(pK. of 2.35) is a monovalent anion. Protonated forms of
either reductant are minor components above in the pH
range used in this study, and their concentrations decrease
by an order of magnitude for every one-unit increase in
pH.

Oxalic and pyruvic acids are oxidized by metal ion
complexes in two one- equivalent steps.””*"

Oxalic acid:
HOOC-COCH 2 -OOC-COCH+H" +e~
-O0C-COOH = 2CO,+H" +e”

Pyruvic acid :

CH;(CO)COOH = CH;C=0+CO,+H" +e”

CHyC=0 =2 CH:C=O+e”

As mentioned above, the observed dependence of dis-
solution rates on the initial organic acid concentration
suggests that the dissolution rates are directly related to
the surface concentration of organic acid. This is very
common observation in dissolution studies of sparingly
soluble minerals in the presence of ligands. The general
mechanism for the reductive dissolution of a metal oxide
includes the following steps: (1) surface complex forma-
tion between the adsorbed ligand and the surface metal
center; (2) electron transfer within the surface complex,
resulting in a reduced surface metal center and the ox-
idized ligand; and (3) detachment of the reduced surface
metal center. At pH 3.0, between the first and second
pK. of oxalate, some of the added oxalate will be pro-
tonated to form the species HC;O, . If, however, most
of the added oxalate is consumed in the reaction, the pro-
tonation of oxalate will have little effect on the overall
stoichiometry expressed above.

The rate of dissolution depended quite strongly upon
the organic reductant employed (Fig. 2 and 4). Thus
steps that do not involve the organic substrate such as de-
sorption of Mn(Il) cannot be rate limiting. Two mechan-
isms have been postulated for the oxidation of organic
compounds by metal complexes in homogeneous solu-
tion:bonded and nonbonded electron transfer.”” Reac-
tion via a bonded mechanism involves direct bonding be-
tween the metal center and organic reductant (inner sphere
complex formation) prior to electron transfer. If this me-
chanism is correct, an organic reductant with high affini-
ty for surface sites will react more quickly than one with
low affinity. Reaction via nonbonded mechanism, in con-
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trast, involves outer—éphere complex formation prior to
electron transfer. In thjs case the inner coordination sphere
of the metal ion rem%lins intact, and no direct bond be-
tween oxidant and reductant is formed. Rates of reaction
for different organic ireductants may vary considerably,
however, because of differences in the activation energy
required for electron hansfer. The differences in Mn-ox-
ide dissolution by different organic acids can be elucidat-
ed by considering al“tove reaction mechanisms. At this
point the reason for the different dissolution of Mn-oxide
by different organic sybstances is not clear.

Although dissoluti():n of Mn-oxide would be a main
reason for the depression of Cr(Ill) oxidation by organic
acids, metal binding c¢apacity of organic acids should be
also considered as another factor for the inhibition. To
address this issue, ﬁln}xer researches are needed.

In conclusion, the ijrnhibition effect must be taken into
account in the assessment of whether the Cr(IIl) oxida-
tion reaction on Mn-toxides plays an important role in
the Cr cycle in naturalf soil/water systems.
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