Environ. Sci. Techne.. 1987, 271, 1187-1193

Kinetics of Chromium(I1I) Oxldation to Chromium(VI) by Reaction with

Manganese Dioxide

L. Edmond Eary*® and Dhanpat Ral

Battefle, Pacific Northwest Laboratories, Richland, Washington 99352 |

@& The kinetics of oxidation of aqueous Cr(IIl) to Cr(VI)
by reaction with pyrolusite [8-MnO,(s)] were studied in
aerated and deaerated solutions at 27 °C for pH 3.0-10.1,
for 10747-10-34 M Cr(IIl), and as a function of &MnOg(s)
surface area to assess the possible effects on Cr transport
in industrial waste materials. The oxidation of aqueous
Cr(I1I) is not appreciably affected by dissolved oxygen,
mdncatmg that Cr(III) reacts directly with 8-MnOQ,(s) to
produce Cr(VI) and not by catalyzed reactions with oxygen
at the 8-MnQ,(s) surface. In acidic solutions, the oxidation
of aqueous Cr(IIl) is highly nonlinear with time, possibly
because strong adsorption of the produced anionic

species limits the amount of Cr(Ill) species able to contact

active oxidizing sites on the §-MnOjy(s) surface. The fol-
lowing expression is derived from the rate data for pH
3.0-4.7 that empirically account for the nonlinear rate by
describing the reaction rate in terms of the. fraction of
Cr(VI) to total Cr, fc,, remaining in solution:

dfc,/dt (1) = )
k(A/V)[Cr.J (1.0 - fc,)** 0B for fe, < 1.0

where k = 2,0 (£1.6) X 10"!* molm2s?, A/ V is the 8-
MnO,(s) surface area to solution volume ratio in m?L"?,
and [Cr,] is the molar concentration of total dissolved Cr
In slightly acidic to basic solutions, the oxidation of
aqueous Cr(III) is very slow and is limited by the low
solubility of Cr(OH)4(s).

Introduction

Chromium may be present in aqueous environments in

either one or both of the Cr(IIT) and Cr(VI) oxidation
states. The mobility of aqueous Cr(IIl) is expected to be
limited in slightly acidic to basic waters by the low solu-
bilities of Cr(OH);(s) and (Fe,Cr)(OH),y(s) (1, 2). In con-
trast, the mobility of agueous Cr(VI) is expected to be
controlled primarily by adsorption and desorption reac-
tions. To use the available data on precipitation and ad-
sorption reactions for predicting the geochemical behavior
of Cr, quantitative data are needed for the reactions that
control the distributions of the aqueous Cr oxidation states.
The high concentrations of Cr in some fly ash transport
waters and boiler cleaning wastes (3) indicate that leaching
of Cr from utility wastes and mobility in groundwaters may
be of environmental concern.

Numerous reductants that could reduce Ct(VI) toCr-

(I1I), such as ferrous iron (4), reduced sulfur spemes 5),

and organic material (6), may exist in leaching environ- -

ments, Of these reductants, ferrous iron is ubiquitous in

both utility wastes and sofls. However, with the exception -

of the manganese oxides and dissolved oxygen, there are
no other generally occurring inorganic oxidants that con-
ceivably could oxidize Cr(III) to Cr(VI) in most waste
materials and soils. Manganese oxides have a high ad-
sorption capacity for metal ions (7). thus potentially pro-
vndmg & local surface environment in soils and solid wastes
in which the coupled processes of aqueous Cr(III) oxidation
and manganese oxide reduction may take place. Bartlett
. and James (8) observed that Cr(III) was oxidized to Cr(VI)
. more readily in soils with high elemental contents of Mn
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as compared to other soils. Schroeder and Lee (9) have
shown that a significant fraction of the aqueous Cr(IlI)
present in lake waters can be converted to Cr(VI) by re-
action with an unspecified form of MnO,(s). In other
environments, such as seawater at pH 8.1, Nakayama et
al. (10) found that Cr(IlI) was oxidized by MnOOH(s).
Manganese oxides have also been shown to oxidize aquecus
Co(I1) to Co(IIl) (11) and aqueous As(III) to As(V) (12).

In this paper, we present experimental data on the ki-

" netics of aqueous Cr(III) oxidation to Cr(VI) by reaction

with pyrolusite [8-MnO,(s)], primarily for acidic environ-

‘ments. We chose to use 8-MnO,(s) in this study because

it is expected to be & primary Mn-containing solid in coal
fly ashes and smelter wastes that are formed at high tem-
peratures, although it does not form in soil environments.
Additionally, 8-MnOQ,(s) is the most chemically pure and
crystalline form of MnQ,(s) compared to soil forms such
as birnessite [8-MnO,(s)] or cryptomalene [a-MnOQ,(s)].
Consequently, 8-MnO;(s) can be expected to have a lower
surface energy relative to the other manganese oxides.
Thus, if Cr(IIl) is oxidized to Cr(VI) by reaction with
B-MnO,(s), then it is logical to assume that similar and
probably more rapid reactions with other forms of man-
ganese oxides are likely to occur.

Experimental Method

Materials. The manganese oxide used in the experi-
ments was reagent-grade MnO,(s) and was determined to
be pyrolusite [8-MnO;(s)] by powder X-ray diffraction.
$-MnO,(s) was sieved to obtain the 0.105-0.149-mm
fraction. This fraction was washed repeatedly in deionized
water, leached in a 10% HCI plus water solution for 20-30
min, and again repeatedly rinsed in deionized water. The
purpose of the washing and preleaching of 8-MnO,(s) was
to remove most of the dust-sized particles that commonly
adhere to the surfaces of larger grains. The specific surface
area of prepared §-MnQO,(s) was measured by N, gas ad-

. sorption and determined to be 5.7 (+0.5) m%g™ by Bru-

nauer-Emmett-Teller (BET) calculation.

A '10'17% M Cr(III) stock solution that was made by
dissolving CrClg6H,0(s) in 0.1 M HCl and a similar stock
solution of Cr(VI) that was made with K,Cr,0,(s) were

_ used as the sources of Cr in the experiments. All chemicals

used were of reagent grade, and distilled-deionized water
was used in all experiments.

Experimental Conditions. The experiments were
conducted to determine how the rate of aqueous Cr(III)

oxidation is affected by dissolved oxygen, Cr(III) and

Cr(VI) concentrations, 8-MnO,(s) surface area, and pH.
Chromium(III) concentrations in the rate experiments

_ranged from 1.9 X 107 to 38.5 X 107 M, and the 5-MnO,(s)

surface area to solution volume ratios (4/V) ranged from
0.7 to 71.4 m*>L, The pH range of most experiments was

" limited to 8.04.7 because in more basic solutions aqueous

Cr(III) is constrained to very low concentrations by the
solubility of Cr(OH),(s) (1). We expected that the presence
of a solubility-controlling phase would obscure the factors
affecting the rate of aqueous Cr(I1I) ondatxon, thus, most
of the experiments were conducted in acidic solutions
where the possible complications caused by Cr(OH),is)
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precipitation could be avoided. However, three experi-
ments were conducted at pH values of 6.3, 8.3, and 10.1
to obtain a qualitative measure of the oxidation rate in the
" presence of Cr(OH);(s). A complete listing of the exper-
imental conditions and the Cr(III) oxidation rate data is
available in Rai et al. (13).

Procedure. The rate experiments were conducted with
800 mL of solution in 1.0-L polyethylene bottles that were
immersed in a constant 27 °C temperature bath. Air or
argon that was scrubbed of CO,(g) and saturated with
water vapor was bubbled through the experimental solu-
tions for 8-18 h before adding 8-MnQ,(s) and continuously
during the experiments. The continuous bubbling of the
solutions served to keep dissolved oxygen concentrations
constant and also thoroughly mixed the solutions without
abrading the 8-MnQ,(s) grains. Chromium concentrations
were adjusted by adding an aliquot of the Cr stock solu-
tions. The pH was adjusted to the starting value with 0.01
M HCl or NaOH. After the initial adjustment, the pH was
not readjusted but never varied by more than £0.3 pH unit
about the starting value, Experiments were started by
adding a weighed amount of 8-MnO,(s) to the solutions,
and solution samples were then periodically withdrawn for
analyses.- A total of 10~20 samples of 515 mL each were
collected from an experiment over a time span of 8-800
h.

Analytical Methods. All solution samples were passed
through 0.22-um filters immediately after withdrawal from
the reaction bottles. The concentrations of Cr(VI) were
determined within 15 min after sampling by a colorimetric
method using the diphenylcarbazide chromagen (14).
Total dissolved Cr was also determined with diphenyl-
carbazide after all Cr(III) was oxidized to Cr(VI) with
KMnO, (14). The Cr(III) concentrations were determined
by difference. The analytical precision on replicats sam-
ples was £5% for solutions that contained mora than about
50 ppb Cr. Between 10 and 50 ppb, analytical precision
decreased to about £25%. Dissolved Mn concentrations
were determined by atomic absorption spectroscopy with
an analytical precision on replicats samples of £10% to
a reliable detection limit of 50 ppb. Dissolved oxygen
concentrations were determined with an oxygen probe that
was standardized against atmospheric oxygen.

Results and Discussion

Dissolved Oxygen. The rate of oxidation of a 1.9 X
10° M Cr(III) solution by approximately 8.0 ppm dissolved

oxygen was measured at pH 4.0, 12.0, and 12.5, but no .

aqueous Cr(V]) was detected in thesa solutions even after
"as long as 24 days. This result differs from that of

Schroeder and Les (9), who observed that 2-3% of a 2.4

X 10 M Cr(III) solution was very slowly oxidized to Cr-

(VI) by dissolved oxygen over a 2-week period in buffered
* solutions with pH 5.5-9.9 and in natural lake waters." From
our results and those of Schroeder and Les (5), we con-
cluded that the oxidation of aqueous Cr(IIl) solely by
dissolved oxygen was too slow to be considered a significant
factor in further rate experiments with 8-MnO,(s). The
effect of dissolved oxygen on the rate of oxidation of
aqueous Cr(III) by 8-MnO,(s) at pH 4.0 was further
evaluated by comparing reaction rates for solutions that
were sparged with air (approximately 8.0 ppm dissolved
oxygen) or argon (approximately 0.5 ppm dissolved oxygen)
(Figure 1a). The oxidation rates in aerated solutions with
surface area to solution volume ratio (4/V) of 7.1 m%L"?

were slightly higher than in the comparable deaerated .

solutions, but in general, the differences in oxidation rates
were very small (Figure 1a). Previous workers (12) have
suggested that manganese oxide surfaces may catalyze
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Figure 1. Etfects of dlssolved oxygen and 8-MnO.{s) surface arsa to
solution volume ratio (A /V) on rates of (a) Cr(VI) formation and (b)
8-MnO{s) dissolution for initial [Cr(III)] = 9.8 X 10°M and pH 4.0.
Open symbois represent aerated solutions, and solid symbols represent .
solutions that were deaerated with argon.

metal oxidation by dissolved oxygen. In contrast, our
results (Figure 1a) show that dissolved oxygen does not
greatly affect the rate of aqueous Cr(IIl) oxidation by
8-MnQ,(s) and instead indicate that oxidation occurs by
direct reaction with 8-MnO,(s). ‘
Surface Area. The effects of the ratio of 8-MnOy(s)
surface area to solution volume, given by A/ V with units
of m*L™, on the rates of aqueous Cr(ITI) oxidation and
8-MnQ,(s) dissolution are also shown in Figure 1. An order
of magnitude increase in the 8-MnO,(s) surface area re-
sulted in nearly an order of magnitude increase in the
amount of aqueous Cr(VI) produced by the oxidation of
Cr(IIT) (Figure 1a). Similarly, the rate of 8-MnO,(s) dis-
solution was nearly directly proportional to the 8-MnO,(s)
surface area (Figure 1b). The results in Figure 1a are
typical of the oxidation rates observed in this study in that
the rates wers initially rapid before slowing significantly

- after 20-100 h. Schroeder and Lee (9) have also reported

a strongly nonlinear rate of Cr(III) oxidation by an un-
specified type of MnO,(s).

pH and Cr(III) Concentration. The rates of aqueous
Cr(VI) formation for solutions with pH between 3.0 and
4.7 are shown in Figure 2a for 9.8 X 10¢ M Cr(III) solu-
tions. At pH 3.0, there appeared to be a slight increase
in the rats of Cr(III) oxidation, but at higher pH the oz- )
idation rates wers not significantly different (Figure 2a).
Results (not shown here) from experiments with a lower
8-MnO,(s) surface area to solution volume ratio of 7.1
m*L! showed indistinguishable differences in Cr(III)
oxidation rates over a similar pH range. However, the

AR302599



15} @
12}~
5
5
E A/v =356
LN 9.6 x 107 Crilit)
X pH Crlll) + MnO2 MnOz
g 3.0 a a
o - 35 ° .
40 v v
43 o
1 | )

Mnil) x 10%, molar

]
0 100

200 300 400

Hours

Figure 2. Effects of pH on the rates of (a) Cr(V]) formation and (b
B-MnO,ts) dissolution {open symbols) for inttial [Cr{111)] =9.6 X 1
M. Solid symbols indicate rates of S-MnO,{s) dissolution measured in
Cr-free solutions.
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parallel rate of 8-MnOQ,(s) dissolution measured during the
oxidation rate experiments was markedly increased in the
lower pH solutions (Figure 2b). Also, in Figure 2b, the
rates of 8-MnQ,(s) dissolution in the Cr-containing solu-
tions (open symbols) are compared to the rates of purely
_ acidic 8-MnO,(s) dissolution that were measured in Cr-free

solutions (golid symbols) for comparable pH and surface

area to solution volume ratios. Murray (I5) has shown that
MnO,(s) dissolves more rapidly in low-pH solutions. Rates
of 8-MnO,(s) dissolution were significantly more rapid for
an initial period in the Cr solutions but eventually slowed
with increasing time to rates that were less than those
measured in the Cr-free solutions in which the rates of

© -MnOQ,(s) dissolution were observed to be approximately
linear over long periods (Figure 2b). This result implies
that an initial reaction between Cr(IIl) and $-MnO,(s)

‘increases the rate of -MnO,(s) dissolution above that
caused purely by the acidic dissolution of §-MnO,(s).
However, after & period of rapid reaction, the Cr{VI) re-
action products result in a decrease in the reactivity of
B-MnO,(s) and a consequent decrease in the rates of both
Cr(I1I) oxidation and 8-MnO,(s) dissolution.

5 s
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Figure 3. Effects of initlal C{ILI) concentration on the rates of (a)
Cr(V1) formation and (t'?lf—ﬂno,(s) dissolution {open symbols) for pH
40 and A/V = 85,6 m*L>'. Sold symbols indicate the rate of -
MnO,{(s) dissoiution measured In & pH 4.0, Cr-free solution.

00 600

" not increased by increasing the initial Cr(III) concentration

but were remarkably gimilar in magnitude as indicated by
the increases in Cr(VI) concentrations (Figure 3a). In
contrast, the overall rate of §-MnQO,(s) dissolution was
decreased by increasing the initial Cr(III) concentration
(Figure 3b). The rate of acidic 8-MnQ,(s) dissolution in .
a Cr-free solution at pH 4.0 is also included in Figure 3b.
A comparison of this rate to those in Cr solutions (Figure
3b) shows that concentrations of Mn increase in a linear
manner in the absence of dissolved Cr species but are
fncreased initially and then slowed in the Cr solutions, as

" was observed in previously described experiments (Figure

2b). The eventual depression in the initially rapid rates
of Cr(Ill) oxidation and $-MnO,(s) dissolution may be
caused by a slow rate of desorption of the produced Cr(VI)
species from the 8-MnOy(s) surfaces. The zero point of
charge for 8-MnQO,(s) is reported to occur at pH 7.3 (£0.2)
(16), thus the anionic Cr(VT) species (HCrO,” and Cr0 2"

" are likely to be strongly adsorbed in acidic solutions. The

direct adsorption of Cr(VI) species onto 8-MnO,(s) was

~ found to be increased greatly as pH was lowered from 8.0

Rates of Cr(III) oxidation at pH 4.0 and A/V = 35.0

m?L! for a range of initial Ce(IIT) concentrations indicate
a similar effect of the dissolved Cr on the rate of 8-MnOy(s)
dissolution (Figure 3). The oxidation rates of Cr(aﬂhwe e

30

2

to 2.0 in adsorption experiments that are not reported here.
We speculate that the strong adsorption of the anionic
Cr(VI) species reduces the number of active sites on the
B-MnO,(s) surface, thus causing & decrease in the reaction
rates for both Cr(III) oxidation and §-MnO(s) dissolution
over time as the Cr(VI) concentration increases. Various
gurface reactions between Cr and Mn redox species are

600
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Figure 4. Rates of Cr{VI) formation in solutions containing the
equvalem;:f 9'.6 % 107 M Cr(I11) pracipitated as Cr{OH)(s) with A/V
= 358 mL-\.

possible, and it is difficult to separate clearly their effects
on reaction rates from those caused by adsorption pro-
cesses on the basis of these experiments. However, con-
sidering the adsorption behavior of the anionic Cr(VI)
species under acidic conditions, we expect that adsorption
and desorption reactions are important for controlling the
rate of Cr(III) oxidation for the experimental conditions
described here.

Cx(III) Precipitation. In addition to the rate exper-
iments conducted in acidic solutions, thres experiments
at pH 8.3, 8.3, and 10.1 were also conducted. The equiv-
alent of 9.6 X 105 M aqueous Cr(II) was initially added
to each of the solutions, but a whitish green solid was

‘immediately precipitated, and the aqueous Cr(III) con-
centrations decreased to low levels. These observations,
along with the solubility data for Cr{(OH);(s) of Rai et al.
(1), indicated that Cr(III) was precipitated as Cr(OH)4(s).
This precipitats was allowed to age for 2-3 days before 5.0
g of 8-MnQy(s) was added to the suspensions to begin the
oxidation rate experiments. Although the solubility of
Cr(OH),(s) was expected to severely limit the Cr(II)
concentration between pH 6.3 and pH 11.0, soms oxidation
of the available Cr(III) to Cr(VI). by 3-MnO,(3) was ob-
served to take place (Figure 4). In neutral to basic solu-
tions, anionic Cr(VI) species are less strongly adsorbed onto
the 8-MnO,(s) surfaces, and all of the Cr detected in the
solutions was determined to be hexavalent. Oxidation had
increased the total Cr concentrations [(2-3) X 107* M] to
levels above what would bs expected from Cr(OH);(s)
solubility for this pH range [1.4 X 107 M, Rai et al. (1)}.
The dissolved Mn concentrations were below the detection
level. In qualitative terms, aqueous Cr(IIl) oxidation at
intermediate pH may involve the buffering of Cr(III) to
low but constant concentration by Cr(OH)4(s) solubility,
followed by adsorption of some of the aqueous Cr(ITI) onto

- the 8-MnO,(s) surfaces, subsequent oxidation to Cr(VI),

and desorption in these near-neutral to alkaline solutions.

Unfortunately, the low solubility of Cr(OH),(s) placed
analytical limitations on the amount of rate information
that could be obtained from these experiments. However,
the experiments do indicate that the oxidation of aqueous
Cr(IIl) at intermediate pH can result in total dissolved Cr

concentrations that are above what might be predicted .

from Cr{OH),(s) solubility.
Reaction Stoichiometry. In the simplest case, the
. reaction between Cr(III) and 8-MnQ,(s) to produce Cr(VI)
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Table 1. Reaction Stoichiometries Calculated from Slopes
of Plots of Mn(II) versus Cr(VI) by Least-Squares
Regression of the Rate Data from Figures 2and 3

slope, -
no. of Cr(1ID, Mn(1D)/ R, - L
points pH M Cr(Vl)* %
9 3.0 9.6 x 107 3.17 £ 0.54 976
11 35 9.8 x 10°* 2.53 £ 0.24 989 .-
9 40  96x10° 069+016 956 . -
11 43 9.6 x 107 0.40 = 0.14 89.8
10 4.0 1.9 x 10 5.08 + 0.74 979
11 4.0 48x10%. 1.53 £ 0.18. 98.6
9 40 9.6 X 10°* 0.69 £ 0.18 95.6
9 40 19.2 X 107 0.59 £ 0.18 923
9 490 385x10° 028020 - 744

¢Error limits indicate two standard deviations.

can be expresséd by the followihg reaciion. which is rele-
vant to the experimental pH range of 3.0-4.7 (1), i.e.

. CrOH?** + 1.58-MnO,(s) — HCrO,~ + 1.5Mn** (1)

Plots of dissolved Mn versus Cr(VI) (as HCrO,") were
made with the solution data from Figures 2 and 3 in an
attempt to compare the experimental results to the stoi-
chiometry of reaction 1. After an initial time period of
nonlinearity for 20-100 h, thess plots did show linear re-
lationships between dissolved Mn(I) and dissolved Cr{VI),
but tha slopes, which should be indicative of the reaction
stoichiometry, varied with pH and with Cr(III) concen-
tration (Table I). At pH 3.0 and 3.5, the slopes were
significantly higher than the 1.5 mol of Mn(II) to 1.0 mol
of Cr(VI) ratio predicted by reaction 1 (Table I), indicating
that the acidic dissolution of ﬂ-MnOa(s), ie.

B-MnO,(s) + 2H* — Mn?* + H,O + 1/,O,(aq) (2)

occurred as a parallel reaction at thesa lo@t pH values.
More rapid dissolution of - MnOz(s) was.@vident in the
lower pH solutions (ses Figure 2b). ‘At Igher pH, the
measured stoichiometry did decrease butth values lower
than the 1.5 value indicated from reaction’l (Table I). A
similar trend of decreasing Mn to Cr(VI) ratio with in-
creasing Cr(IIl) concentration was also evident for a single
pH of 4.0 (Table I). A possible explanation for these ob-
servations of changing reaction stoichiometry with solution
composition may be the formation of MnOOH(s) as the

* reduction product of 8-MnO,(s) at higher pH and higher

Cr(III) concentration instead of Mn2* as follows:

CrOH™ + 38-MnOy(s) + 3H,0 —
HCrO,; + 3MnOOH(s) + 3H* (3)

The formation of MnQOOH(s) has been observed on par-
ticles of birnessite that were reacted with Co(Il) to form
Co(III) at pH 8.5 by Crowther et al. (11), and MnOOH(s)
is known to be an intermediate product in the oxidative
reaction pathway between aqueous Mn(II) and the final
product of MnOy(s) (17). However, the formation of
MnOOH(s) was not directly observed in our experiments
and must be viewed as speculative at the present time.
Additionally, in studies of the oxidation of Fe(II) by bir-
nessite (18), the formation of MnOOH(s) was ruled out,
and deviances in the measured stoichiometries from the
postulated reactions leading to MnOOH(s) formation were
attributed to the adsorption of Fe(II) onto the birnessite
and associated ferric hydroxide reaction products. In our
studies, the adsorption of Cr(VI) species may have slightly
affected the measured concentration ratios at early times
before the adsorption capacity of 8-MnO,(s) was reached.
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However, adsorption would seem to be an unlikely cause
of such large differences in the apparent reaction stoi-
chiometries because of the relatively small differences in
total Cr(VI) adsorption that would be likely to occur over
the range of acidic pH used in the experiments (3.0-4.7),
which is far from the zero point of charge for 8-MnOQ,(s)
[pH 7.3 (16)). Also, the possibility exists that Mn(III)
rather than Mn(IV) species on the 8-MnO,(s) surface is
the dominant oxidant under some conditions. Clearly, the
combined processes of Cr(III) oxidation, Cs(VI) adsorption,
Mn redox speciation, and 8-MnO,(s) acidic dissolution
make the determination of the reaction stoichiometries of
oxidation-reduction reactions that occur at the surfaces
of manganese oxides extremely difficult. OQur data indicate
that a combination of reactions is probable under acidic
conditions.

Empirical Rate Expression. The experimental ob-
servations of (1) highly nonlinear reaction rates, (2} the
lack of strong dependence on pH or Cr(III) concentration,
and (3) the depression of f-MnO,(s) dissolution rate in Cr

solutions compared to Cr-free solutions indicate that the -

slow desorption of anionic Cr(VI) species from the g-
MnO,(s) surface is an important rate-limiting step for
Cr(II) oxidation by 8-MnOQ,(s) in acidic solutions, Ad-
sorption of Cr(VI) species was found to occur in acidic
solutions and appeared to cause eventual decreases in the
Cr(I1l) oxidation rate possibly by limiting the generation
of new reactive sites on the 5-MnO,(s) surface. As a result,
the Cr(I1I) oxidation rate was apparently more dependent
on Cr(VI) concentration than on Cr(III) concentration. An
empirical rate expression has been derived to account for
the rate-limiting effect of the produced Cr(VI) species and
is described below. This expression iz only applicable to
acidic solutions for which we have the most rate data. In
neutral and basic solutions, the precipitation of Cr(OH)y(s)
and the weaker adsorption of Cr(VI) species onto 8-
MnO,(s) would require a different approach, but the small
amount of rate data gathered for such conditions prevents
us from formulating an applicable expression.

The rates of heterogeneous reactions that involve com-
plex phenomena at mineral surfaces can be described, in
some instances, by expressions that relate the reaction rate
to the reaction affinity, which can be practically described
by the differences between steady-state reactant concen-
trations and actual concentrations to some power (19). To
apply such a rate expression to the rate of Cr(VI) forma-
tion, it is necessary to define a steady-state Cr(VI) con-
centration. However, in all the rate experiments, the
concentrations of Cr(VI) continued to slowly increase, even

after as long as 500 h, and steady-state concentrations were

never convincingly reached. To derive a rate expression,
we assumed that all of the aqueous Cr(IIl) in the exper-

_imental solution would be oxidized to Cr(VI) by reaction

with 8-MnO,(s), given sufficient time and S-MnO,(s).
Because the rate of Cr(IlI) oxidation is dependent on the

-amount of Cr(VI) produced, we express this assumption

in terms of the fraction of Cr(VI) to total dissolved Cr
remaining in solution, fc,, by the following limit:

foe = [Cr(VD]/[Cx(VI) + Cr(III)]) ~ 1.0 ast —~ = (4)

where the brackets refer to molar concentrations and ¢ is
time in seconds. Using this assumption, we propose that
the following rate expression is descriptive of the rate of
Cr(I1I) oxidation to Cr(VI) by reaction with 8-MnO,(s):

dfc,/dt = k(A/ Y)[Cr‘]'l(l.o = fco" for fc. < 1.0 (5)

where k is a rate constant with units of molm=s, [Cr,]
refers to the total dissolved Cr concentration (i.e., [Cr(VI)

B
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" Figure 8. log-log plot showing the knverse dependence of the fractional

rate of Cr{VI) formation on the concentration of total Cr. The slope
was calculated by least-squares regression, and the error kmits indicate
two standard deviations about the slope.

+ Cr(II1)]), and n is some positive number. By describing
the rate in terms of the fractional rate of Cr(VI) formation
in eq 5, the rate-limiting effects caused by the adsorption
of the Cr(VI) products onto §-MnO,(s) are empirically
taken into account. The inverse dependence on [Cr,] is
a result of describing the rate in terms of f¢, but is also
confirmed by the determination of a slope of approxi-
mately -1 for a plot of the logarithm of the initial fractional
rate of Cr(VI) formation (dfg,/dt) versus the logarithm of
the initial total Cr concentration [Cr}] (Figure 5). The

- rates plotted in Figure 5 were derived by normalizing the

Cr(VI) concentration data shown in Figure 3a to total Cr
concentration to obtain f, at successive times. The initial

‘rates were determined by fitting second-order polynomials

to the fc, versus time data by a least-squares method and
taking the derivatives of those polynomials at time equal
to zero. - o

The rate expression in eq 5 can be integrated with re-
spect to time and f¢, to give

1/ - fe -1/ - )™ = (n - D[CrJ A/ V)Rt
: , (6)

‘where f2, is the initial fraction of Cr(VI) to total Cr.

Equation 6 expresses the relationship between fc, and the
time that should be observed in the rate experiments if
the proposed rate expression is valid. To use eq 6 to
evaluate the rate of aquecus Cr(VI) formation, it is nec-
essary to determine the value of r, the empirical order of
the reaction. The value of #n was determined from two sets
of initial rate experiments that are described below, and
this value was tested against the rate data from longer term
experiments with eq 6 to determine the accuracy of the
rate expression.

The initial rate method es applied to this study involves
the determination of the fractiona!l rate of Cr(VI) forma-
tion as a function of the initial ratio of Cr(VI) to total
dissolved Cr (f2). These initial rates, if linear, can be
thought of es tangential lines along the reaction pathway -
as fc, increases nonlinearly with time. We assumed that
the anionic Cr(VI) species, which were added to solution
to create specific values of f, in the fractional rate ex-
periments, immediately caused a rate-limiting effect be-
cause of the reduction of reaction affinity through ad-
sorption onto f-MnO,(s) just as if they were produced by
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Table II. Summary of Initial Fractional Rates of Cr(VI)
Formation as a Function of £8,°

48 pH dfg/de x 10°*  RL %
0.0 3.0 2.7 (+0.6) 95.6
0.05 3.0 2.3 (£0.2) - 994
0.10 3.0 1.9 (+0.3) 98.4
0.20 3.0 1.9 (20.2) 96.8
0.40 30 0.6 (20.2) 934
0.0 4.0 3.2 (£0.6) 97.2
0.05 4.0 2.6 (£0.3) 98.9
0.10 4.0 1.9 (x0.4) 96.4
0.20 4.0 1.4 (£0.2) 98.2
0.30 4.0 1.0 (0.2) 97.1
0.40 4.0 0.5 (x0.2) 89.7

*A/V = 71.3 m*L.. *Error limits indicate two standard devia-
tions.

Cr(ITD) oxidation. If the initial reaction rate for fractional
Cr(VI) production, df%,/dt, is linear with time, then n can
be determined from a plot of log (df2,/dt) versus log (1 -
2,) as follows from the logarithmic form of eq 5, i.e.

log (A7 /dt) = log (k(A/V)[Cr ) + n log (1 - &) (T)

The value of n was determined from such a log-log plot
by using the rate data obtained from two sets of experi-
ments conducted at pH 3.0 and 4.0 in which the fractional
rates of Cr(VI) formation wers measured in separate ex-
periments with specific values of /2, that ranged from 0.0
to 0.40. The possibility exists that the apparent rate-lim-
iting effects of Cr(VI) may decrease at higher values of f2,,
possibly because of greater saturation of adsorption sites
on §-MnO(s), but the extremely slow reactions rates under
such conditions prevented the gathering of accurate data.

The fractional rate experiments lasted a total of -8 h,
during which a total of 810 samples were withdrawn and
analyzed to determine the change in the quantity fo, — /2
with time. The change in fo, - /& with time was observed
to be linear for each experiment for the 6-8-h period;
hence, the initial fractional rates were determined from
the slopes calculated by linear regressions of the experi-
mental data of f¢, - /2, at (4/ V)t and are given in Table
II. The quantity A/V was included in the independent
variabla for the rate calculations because of the change in
solution volume that occurs during a rate experiment as
solution samples are removed. We assumed that the
surface area of 3-MnQ,(s) did not change significantly.
Least-squares regressions of the log-log plot defined by
eq 7 gave slopes of 2.9 (+0.8) and 3.5 (+0.8) (Figure 6), and
the value of n is taken to be the average of thes two slopes,
3.2 (£0.9). In Figure 6, it is clear that there are some large
errors associated with the rate data. These errors reflect

scatter in the rats data and are a result of analytical dif-

ficulties encountered in determining the small changes in
Cr(VI) concentrations that occurred during some of the
fractional rats experiments conducted in solutions with tha
higher values of f2, such as 0.30 and 0.40.

The magnituds of the rate constant, k, was determined
from eq 6 rearranged as

1/(1 - fe)** ~ 1/Q - f&,*3/12.2(4/V)[CrJ ) = k:8)

A value for & for each rate experiment conducted in acidic
_ solution was determined from the slopes of plots of the left
side of eq (8) versus ¢, and these values of % are listed in
Table IIl. Using the average k from all of the experiments,
:he rats expression describing the fractional rate of Cr{(VI)

. e -
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Figure 6. log-log plot of the fractional rate of Cr{VI) formation showing
the slopes usad to determing n. The error fimits indicats two standard
deviations about the siopes.

Table III. Summary of Experimental Conditions, Rate
Constants, and Linear Correlation Cooftlcier_.-m (9-11 Data

" Points of Regression Analyses)
pH [Cf}x10* A/V  kx108e R, %
4.0 19 35.8 1.3 (£0.1) 98.3
40 48 35.8 2.5 (£0.9) 85.4
40 9.6 358 2.1 (£0.8) 88.9
40 19.2 35.8 1.2 (£0.5) 829
40 388 358 1.3 (£0.5) 846
30 9.8 35.8 3.3 (£0.8) 93.0
33 8.6 35.8 1.8 (+0.8) 81.1
43 9.8 35.8 1.8 (+0.6) § 823
3.0 9.8 71 2.3 (£0.6) 90.8
s - 98 A 2.3 {£0.7) 90.1
40 98 71 3.0 (20.8) 87.8
44 9.8 A 2.8 (£2.0) 84.4
4.7 9.8 71 2.4 (£1.0) 81.2
40 9.8 0.7 4.0 (£1.9) 817
4.0 9.8 713 2.3 (20.7) 81.7
4.0 9.8 7.1 1.4 (£0.5) 83.0
40 9.6 35.6 1.2 (20.5) 80.0
40 9.8 713 1.3 (£0.5) 75.3

SError lxmm indicate two standard deviations. Average k = 2.0

(£1.8) X 107 mol-m™st,

formation in acidic solutions can be written in final férm
as

dfce/dt = RA/VCTI UL - £6)3240D for £, < 1.0 (9)
whers
k = 2.0 (£1.8) X 10" mol-m257! (10)

Linear correlation coefficients, R?, are also listed in Table
III to provide an indication of the linearity of the plots of
the left side of eq 8 versus t. The R? values range from
75 to 98% for 9-11 data points, indicating that the em-
pirically derived rate expression given in eq 9 is generally
descriptive of the reaction rates observed in the experi-
ments with acidic solutions.

The rate expression in eq 9 can be used to calculate the
time required to oxidize a specific amount of Cr(IIl) to
Cr(VD). If we consider a hypothetical example of a 1.0-kg
mass of an acidic waste material containing 0.05 wt %
$-MnO,(s) with a specific surface area of 5 m*g™? and a
saturated porosity of 20%, then the resulting surface area
to volume ratio for 8-MnO.(s) is 10 m2L-1. With this value
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Table IV. Time Required for Fractional Conversion of &
10* M Cr(111) Solution to Cr(VI) for 1 kg of a 20% Porosity
Soil Containing 0.05 wt % B-MnO,(l) with a Specific
Surface Area of 5.0 msg!

foe days foe days
0.10 7 0.50 - 95
0.30 31 090 4140

and the integrated form of the rate expression given by
eq 8, the times required to oxidize 10, 30, 50, and 90% of
a static 10 M Cr(III) solution are given in Table IV.
Although this is a largely heuristic calculation, it points

out the highly nonlinear nature of the oxidation reaction

_ and indicates the long times needed to accomplish com-
plete conversion of Cr(III) to Cr(VI). In flowing systems
involving short residence times and acidic, oxygen-satu-
rated leachates, such as at some coal fly ash disposal sites,
only small amounts of Cr(III) may be converted to Cr(VD)
by reaction with 8-MnO,(s) before leachates encounter
reducing conditions in the underlying soils where Cr{VI)
would be reduced to Cr(III) and possibly precipitated as
Cr(OH),() depending on pH (I). However, we expect that
other forms of manganese oxides may cause more rapxd
rates of Cr(IIl) oxidation, and the calculations shown in
" 'Table IV represent a base-line case for which future com-
parisons might be made.

Conclusions

Our experiments indicate that the oxidation of aqueous
Cr(III) does not occur by surface-catalyzed reactions with
dissolved oxygen but by direct reaction with 8-MnO,(s),
although the exact reaction stoichiometry is complicated
by the parallel rate of acidic 8-MnO,(s) dissolution and
. possible formation of intermediate manganese oxide re-
action products such as MnOOH(s). The extent of Cr(III)
oxidation is limited probably by anionic Cr(VI) adsorption
in acidic solutions and by Cr(OH)4(s) precipitation in
neutral to alkaline solutions. It is important to note,
however, that soil forms of MnO,(s) are likely to have lower
zero points of charge (e.g., pH 2.3 for §-MnQ,(s) (15) versus
7.3 for 8-MnQq(s) (16)) and higher surface energies, im-
plying that these forms may cause more rapid oxidation
of Cr(III) than the 8-MnO,(s) used here. The high solu-
bilities of Cr(VT) solids in oxidizing environments imply

that Cr may be attenuated only by adsorption reactions

rather than by precipitation of a solubility-controlling solid.
The ready oxidation of Cr(III) to Cr{VI) by manganese
oxides indicates the need to examine the mineralogy and
oxidation potential of both the waste materials and the
underlying soils at sites where Cr-bearing wastes may be
deposited. The presence of manganese oxides would in-
dicate the potential for greater transport of aqueous Cr

as Cr(V1) species in groundwaters, whereas in the absenge -

of manganese oxides the oxidation of aqueous Cr(III) is
unlikely to occur.
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