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Abstract

Calculations show that oxidation of chromium oxide (Cr2O3) by oxygen and oxidation of chromium hydroxide (Cr(OH)3) by manganese
dioxide (MnO2) are thermodynamically feasible in both aerobic and mildly anoxic environments. Experiments were carried out to determine
the rate and extent of chromium oxidation under various conditions, i.e., when Cr2O3 was heated in the presence of oxygen, when Cr(OH)3

and MnO2 mixtures were suspended in aerobic or anoxic aqueous media at various pH values, when Cr(OH)3 and MnO2 mixtures interacted
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n moist aerobic conditions and when chromium assumed to be Cr(OH)3 and manganese assumed to be MnO2 interacted in the presen
f competing electron donors/acceptors, as is the case in chromium-contaminated sludge. Results indicate that trivalent chromiu2O3

ould be readily converted to hexavalent chromium at a temperature range of 200–300◦C, with conversion rates of up to 50% in 12 h.
queous media, Cr(OH)3 was slowly converted to dissolved Cr(VI) in the presence of MnO2, both in aerobic and anoxic conditions, w
onversion rates of up to 1% in 60 days. In moist aerobic conditions and in the presence of MnO2, Cr(OH)3 slowly converted to hexavale
hromium, with up to 0.05% conversion observed in 90 days. Chromium oxidation also occurred in sludge samples, especially un
onditions. However, such transformation was found to be transitory, with the Cr(VI) formed being ultimately reduced back to Cr(I
he presence of various reducing agents in the sludge. Nevertheless since up to 17% conversion of Cr(III) to Cr(VI) occurred in slu
erobic conditions by 30 days, there is real danger under field conditions of spreading Cr(VI) pollution due to possible intervenin
unoff and percolation.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Empirical observations suggest that in natural environ-
ents and especially at pH > 6, trivalent chromium, Cr(III) is
resent predominantly as Cr(OH)3 (s). It is also known that

n pH range of 3–10 andPO2 > 10−6 atm, equilibrium condi-
ions stipulate nearly complete conversion of Cr(III), whether
n precipitated or dissolved form, to hexavalent chromium,
r(VI) [1]. Therefore, presence of Cr(III) in an appar-
ntly stable form in natural environments may be attributed

o the exceedingly slow rate of conversion of Cr(III) to
r(VI), even under thermodynamically favorable conditions.

∗ Corresponding author. Tel.: +91 512 2597403; fax: +91 512 2597395.
E-mail address: pbose@iitk.ac.in (P. Bose).

In general, mobility and hence, distribution of chromium
environmental media is controlled by oxidation–reduct
precipitation–dissolution and sorption–de-sorption[2], with
Cr(VI) being more mobile than Cr(III). In neutral or ba
conditions, chromium predominantly occurs as Cr(OH)3(s)
and hence, has limited mobility. According to Rai et al.[3]
(Cr, Fe)(OH)3 (s), another common precipitate of Cr(III)
natural soil, has even lower solubility than Cr(OH)3. The
Cr(III) solubility and hence, mobility in soil may be enhanc
to some extent by complexing of Cr(III) with root exuda
such as organic acids, which react strongly with metal
in the soil aqueous phases[4].

Under certain conditions, Cr(III) may be oxidized
Cr(VI) in natural environments, a process that can lead to
ous environmental consequence[5–9]. Only two constituent
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in the environment are known to oxidize Cr(III) to Cr(VI),
oxygen and manganese dioxide[8]. Interaction between dis-
solved oxygen and Cr(III) revealed very little[10] or no[8]
oxidation of Cr(III), even for experiments conducted at pH
12.5 for 24 days. Bartlett and James[6,11] first reported that
added Cr(III) oxidized readily to the hexavalent form under
conditions prevalent in many field soils. The key to the oxi-
dation appeared to be the presence in the soil of oxidized
manganese, which served as the electron acceptor in the reac-
tion. Oxidation of Cr(III) is not possible in highly reducing
soils and in soils developed on natural mineral deposits due
to the prevalent anaerobic conditions[9]. Palmer and Wit-
tbrodt [12] monitored Cr(VI) concentrations in batch tests
using three different geologic media containing both Cr(III)
and manganese oxides from a mine site and observed large
increases in Cr(VI) concentration.

Eary and Rai[8] reported that the oxidation of Cr(III)
by soil manganese oxides is controlled by the surface
characteristics of the oxides and by the availability of
dissolved Cr(III) to the manganese oxide surface. Drying of
the soil alters the manganese oxide surface, decreasing its
ability to oxidize Cr(III). The oxidation of Cr(III) to Cr(VI)
is also limited by the concentration of dissolved Cr(III),
pH, initial available surface area and ionic strength[8,13].
A large portion of chromium in soil will not be oxidized
to Cr(VI), even in the presence of manganese oxide and
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water soluble chromium and Cr(VI) concentrations. A part
of the soluble chromium was either washed out with rain-
water or became bound in the organic and sparingly soluble
fractions. At maximum, Cr(VI) concentrations up to 1.1% of
chromium from the tannery waste was found in clay, 0.45% in
sand and 0.03% in peat soils. Based on this study, it was con-
cluded that larger amounts of tannery waste could be disposed
of on peat soil without hazardous effects of toxic chromate
on the terrestrial environment, while in clayey and sandy
soils rich in manganese(IV) oxides, this application should
be carefully controlled. Walsh and O’Halloran[15] reported
chromium speciation in a receiving estuary of river Colligan,
Ireland, as a result of discharge of tannery effluent. Hexava-
lent chromium was undetected in the estuary during field
sampling. However, in laboratory studies, some sediments
from the surrounding areas were found to oxidize Cr(III)
present in the tannery effluent. This suggested that oxidation
of Cr(III) is likely to be transient in fine grain sediments, due
to large anoxic zone and associated organic material, Fe(II)
and H2S below the surface capable of rapidly reducing the
Cr(VI) produced[10,16]. Chattopadhayay et al.[17] reported
the impact of waste chromium of tannery agglomerates in east
Calcutta (India) on the surrounding wetland ecosystem. Total
chromium concentration in water and sediment samples was
in the range 0.025–1.70 mg/L and 0.125–59.86 g/kg, respec-
tively. An astonishing fact was the presence of Cr(VI) in sedi-
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avorable pH conditions, due to unavailability of dissol
r(III) [5]. In studies involving addition of dissolved Cr(I

o suspensions containing various concentrations of�-MnO2
aintained at various pH values in both aerobic and an

onditions, Eary and Rai[8] concluded that the oxidatio
f aqueous Cr(III) occurs through direct interaction with
-MnO2 surface. The reaction stoichiometry was, howe
omplicated by the parallel rate of intrinsic�-MnO2(s)
issolution under acidic conditions and possible forma
f intermediate manganese oxide reaction products,
s MnOOH(s). The rate of Cr(III) oxidation was proba

imited by slow de-sorption of anionic Cr(VI) formed d
o Cr(III) oxidation from the�-MnO2 surface in acidi
olutions and by Cr(OH)3 precipitation in neutral-to-alkalin
olutions. Fendorf and Zasoski[13] reported that chromium
xidation by�-MnO2 occurred over a range of pH values a
r(III) concentrations. The reaction stoichiometry, i.e., r
f Mn(II):Cr(VI) formed appeared to be 1.5:1. Rate of form

ion of Cr(VI) became slower as pH and Cr(III) concentra
n the aqueous matrix increased. It appeared that Cr(III)
entration, pH and the amount of initial available�-MnO2
urface were the parameters controlling the degree of o
ion. Cr(III) adsorption on�-MnO2 surface also caused t
lectrophoretic mobility of�-MnO2 particles to become le
egative and induced a surface charge reversal under c
onditions.

Milacic and Stupar[14] studied long-term fractionatio
nd oxidation of chromium in tannery waste-amended s
he initial increase in Cr(VI) during the first 5 months a

he tannery waste application was followed by a decrea
ent/soil samples of the area in concentrations, which v
orm 0.00765–24.319 g/kg, though no Cr(VI) was prese
resh tannery effluent or sludge samples.

Since no solubility-controlling precipitates exist
r(VI), it is relatively mobile in natural environments a
ence, might cause widespread pollution. Aqueous con

rations of Cr(VI) under acidic to slightly alkaline conditio
ill primarily be controlled by adsorption/de-sorption re

ions. Hexavalent chromium can adsorb on mineral s
hat have exposed inorganic hydroxyl groups on their
aces, including iron and aluminum oxides, kaolinite an

lesser extent, montmorillonite[18]. On all of these solids
r(VI) adsorption increases with decreasing pH[18]. In the
nvironment, iron oxides are the predominant adsorben
hromate in acidic to neutral oxidized soils and ground
er, with occasional significant contributions from adsorb
arrying Al–OH groups[19].

Based on the literature review presented above, it ap
hat oxidation of Cr(III) to Cr(VI) in natural environme
s quite common and may potentially occur whenever m
anese oxides are present along with Cr(III) in aerobic co

ions. Considering the relatively greater mobility of Cr(V
his may lead to widespread Cr(VI) pollution. Field obs
ations by Verma[20] regarding Cr(VI) pollution in Kan
ur, India is, however, the main motivation behind the w
escribed in this study. Verma[20] made astonishing obse
ations during field sampling at the “Rooma Usar”, a p
f land used for dumping of Cr(III)-contaminated slud
roduced from a 36MLD up-flow anaerobic sludge b
et (UASB)-based plant treating a mixture of tannery
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domestic wastewater containing high Cr(III) concentrations.
Though the fresh sludge dumped at the site contained lit-
tle or no Cr(VI), the surface runoff collected in nearby land
depressions, as well as aged sludge and soil samples from the
surrounding area contained high concentrations of Cr(VI).
Sludge dumped at this site was often burnt, with temperatures
as high as 250◦C measured inside sludge heaps during such
burning. The leachate from burnt sludge-ash also contained
high concentrations of Cr(VI). Based on the observations at
the above site, it was concluded that oxidation of Cr(III) to
Cr(VI) at this and other similar sites may occur in several
ways: (1) when Cr2O3 is burned in the presence of oxygen;
(2) when Cr(OH)3 and MnO2 are submerged or suspended
together in aerobic or anoxic aqueous media at various pH
values; (3) when Cr(OH)3 and MnO2 interact in moist aero-
bic conditions; (4) when chromium assumed to be Cr(OH)3
and manganese assumed to be MnO2 interact in the pres-
ence of competing electron donors/acceptors, as is the case in
chromium-contaminated sludge, also containing manganese
dioxide. This study involves evaluation of chromium oxida-
tion in these varied conditions.

2. Experimental procedures and analytical methods

2.1. Experimental procedures
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2.1.2. Type II experiments
Experiments of this type were carried out in either aerobic

or anoxic environments. Aerobic experiments were carried
out in 500 mL bottles with a sample port at the bottom and
maintained open to the atmosphere; 500 mL of de-ionized
water was placed in the bottle and the pH adjusted to the
desired values (see below) with 1 mM HCl solution. Desired
amounts (see below) of chromium hydroxide and�-MnO2
were added to the bottle. The contents were maintained in
completely mixed condition through stirring for the experi-
mental duration of 30–80 days. Samples were collected peri-
odically from the sampling port, filtered using a 0.45�m filter
and analyzed for pH, Cr(VI) and dissolved manganese. Six
experiments of this type were carried out. Trivalent chromium
added in all cases was 0.8 g/L, i.e., 2.15 g chromium hydrox-
ide per bottle. The initial pH in three of these experiments was
5, with �-MnO2 surface area to reactor volume ratio being
67, 45 and 22 m2/L, i.e., 6, 4 and 2 g, respectively, of�-MnO2
was added per bottle. The fourth and fifth experiments were
carried out at initial pH values of 3 and 7, respectively, with
�-MnO2 surface area to reactor volume ratio in these cases
being 67 m2/L. The sixth experiment was carried out at initial
pH of 5, with a much lower�-MnO2 surface area to reactor
volume ratio of 0.945 m2/L. Anoxic experiments were carried
out in 2 L bottles with a sample port at the bottom and main-
tained under a nitrogen atmosphere; 1.5 L of de-ionized water
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Four types of experiments were carried out during
tudy: (1) dry Cr2O3 was maintained in aerobic enviro
ent at high temperature; (2) Cr(OH)3 and�-MnO2 mixtures
ere added to de-ionized water and the suspension was

ained under completely mixed conditions either in aerob
noxic environments; (3) Cr(OH)3 and�-MnO2 were mixed

ogether and maintained in moist aerobic environment
ludge samples from effluent treatment plants, conta
oth chromium and manganese, were maintained in m
erobic or anoxic environments. In all cases, the exte
onversion of trivalent chromium to the hexavalent form
onitored with time.

.1.1. Type I experiments
A typical experiment of this type involved taking 250 m

f dried and powdered Cr2O3 in a petri-dish and keeping
n an oven (Mahendra Scientific Instrument Company, In
et at a pre-determined temperature of either 200 or 30◦C.
ufficient numbers of identical petri-dishes were used,

hat two petri-dishes could be extracted after every 2 h
ample analysis. Normal duration of an experiment of
ype was 12–14 h. After the required experimental dura
he perti-dishes were taken out from the oven and co
n a desiccator. The cooled sample was suspended in 5
f de-ionized water and vortex-mixed (SPINIX, India)
min. The sample was then filtered using a 0.45�m fil-

er and analyzed for Cr(VI). The results were expre
s mg Cr(VI) produced per gram of chromium ad

nitially.
as placed in each bottle and de-aerated by bubbling
en. Then, pH of the water was adjusted to the desired
ith 1 mM HCl solution, followed by additions of chromiu
ydroxide and�-MnO2. The contents were maintained i
ompletely mixed condition through stirring for the exp
ental duration of 60 days in a nitrogen atmosphere. Sam
ere collected periodically from the sampling port, filte
sing a 0.45�m filter and analyzed for hexavalent chromi
nd dissolved manganese. Three experiments of this
ere carried out. Trivalent chromium added in all cases
.8 g/L, i.e., 6.45 g chromium hydroxide per bottle. The

ial pH in these experiments was 3, 5 and 7, respectively
-MnO2 surface area to reactor volume ratio in all cases
7 m2/L, i.e., 18 g�-MnO2 was added per bottle.

.1.3. Type III experiments
For experiments of this type, dry chromium hydrox

nd manganese dioxide [�-MnO2] were mixed together in
etri-dish and placed in a closed container under moist
ic conditions. Duration of an experiment of this type wa
ays. Samples were taken from the petri-dish (in triplic
fter every 30 days for sample analysis. To determine Cr

he sample was suspended in 50 mL of de-ionized wate
ortex-mixed (SPHINX, India) for 2 min. The suspens
as then filtered through a 0.45�m filter and hexavalen
hromium concentration measured in the filtered sample
olids retained on the filter were dried for determinatio
ry weight, based on which the total chromium concentra

n the sample could be determined. Cr(VI) concentration
eported as mg Cr(VI)/g total chromium. Four experime
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Table 1
Cr(OH)3 and�-MnO2 proportions used in solid phase experiments

Experiment Cr(OH)3 (g) �-MnO2 (g) Mn:Cr ratio (g/g)

1 6.45 4.500 2.371
2 6.45 3.000 1.581
3 6.45 0.030 0.016
4 6.45 0.015 0.008

of this type were carried out. The chromium hydroxide and
�-MnO2 amounts used in these four experiments are given
in Table 1.

2.1.4. Type IV experiments
Experiments of this type were carried out using

chromium-contaminated sludge obtained from two sources.
For aerobic experiments, 2.5 g of dried sludge was moistened
with a little water and kept in a petri-dish. Nine petri-dishes
were prepared for each type of sludge. These were placed in
a closed box containing water to maintain moist conditions.
Three petri-dishes of each type were taken out after 30, 60
and 68 days for determination of Cr(VI) concentration after
alkaline digestion. For anoxic experiments, 2.5 g of dried
sludge was moistened with a little water and kept in sealed
bottles with rubber caps. Nine bottles were prepared for
each type of sludge. After preparation, two needles were
pierced through the bottle cap and the bottles de-aerated
by purging the headspace with nitrogen applied through
one of the needles. The needle holes on the cap were
sealed after purging and removal of the needles. Three
bottles of each type were sampled after 30, 60 and 68 days
for determination of Cr(VI) concentration after alkaline
digestion.

2.2. Analytical methods
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Table 2
Sludge characteristics

Parameter Activated sludge-based
plant at Unnao

UASB-based
plant at Kanpur

Total chromium (mg/g of dry
sludge)

29.7 14.1

Total manganese (mg/g of
dry sludge)

0.13 0.23

Hexavalent chromium (mg/g
of dry sludge)

0.58 0.16

Total carbon (%) 14.9 18.8
Total nitrogen (%) 2.0 2.5
Volatile suspended solids (%) 33.6 37.2

‘Aqua-regia’ digestion method[23] was used to extract total
chromium and manganese in solid samples.

2.3. Experimental materials

The manganese dioxide (MnO2) used in the experiments
was predominantly�-MnO2 (80% purity), whose specific
surface area was determined to be 5.671 m2/g. Reagent-grade
chromium oxide (Cr2O3) was powdered in mortar and pestle
to roughly uniform size and then dried in a desiccator before
use.

For preparation of chromium hydroxide precipitate,
chromium chloride was dissolved in de-ionized water. The
pH of this solution was then raised to 9.0 by adding 0.5 M
NaOH to facilitate chromium hydroxide precipitate forma-
tion. The precipitate was separated from solution by centrifu-
gation and then dried in desiccators at 25◦C. Dried precipitate
was finally powdered and stored in desiccators. Chromium
content of the dried precipitate was determined by atomic
absorption spectrometry after ‘aqua-regia’ digestion to be
0.186 g/g of precipitate.

Chromium-contaminated sludge samples were collected
from the sludge drying beds of two plants in the Kanpur
region treating tannery effluent. One of the effluent treatment
plants was up-flow anaerobic sludge blanket (UASB)-based
and situated in Jajmau, Kanpur. The other was activated
s sam-
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a tions
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3

3
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2 ant
pH was measured using a combination pH elect
Toshniwal CL-51, India) connected to a digital
eter (Toshniwal CL-54, India). Hexavalent chromium w
easured colorimetrically by diphenyl carbazide met

Method No.: 3500-Cr[D][21]). A spectrophotometer (Spe
ronic, 20 D+, India) with Borosil glass absorbance ce
aving 1 cm path length were used for this purpose. T
hromium and manganese was measured using a
bsorption spectrometry (Varian AA 20 BQ, Australia).�-
nO2 specific surface area was measured using the
ethod (Instument Make, Coluter SA3100, USA). Car
nd nitrogen content of sludge samples were measured
CHNOS analyzer (Instrument Make, Leeman Laborato
E440, USA). Volatile fraction of sludge was measure
er the relevant method (Method No.: 2540[G][21]). A muf-
e furnace (Mahendra Scientific Instruments, India) was
or this purpose. All measurements described above
erformed in triplicate and the average values reported.
tion between replicate measurements was within 10%
ases. Alkaline digestion method (SW-846–3060A[22]) was
sed for extraction of hexavalent chromium in solid samp
ludge-based and situated in Unnao near Kanpur. Sludge
les collected were powdered, dried in desiccators and s

n airtight containers. Total chromium and total mangan
ontent of sludge samples were determined by atomic ab
ion spectrometry after ‘aqua-regia’ digestion. Hexava
hromium content of sludge samples was also determ
fter alkaline digestion. Measured chromium concentra

n sludge samples are presented inTable 2.

. Results and discussion

.1. Type I experiments: thermal oxidation of trivalent
hromium in aerobic conditions

Experiments involving the heating of samples of Cr2O3 to
00 and 300◦C under aerobic conditions show that signific
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Fig. 1. Chromium oxidation by oxygen in air at elevated temperatures:
Cr(VI) produced over 14 h.

amounts of Cr(VI) production at these elevated tempera-
tures occurred (Fig. 1). Also, the initial rates of conversion
increased with increase in temperature. However, almost no
conversion to Cr(VI) was observed when similar samples
were maintained at room temperature. As discussed in Apte
et al. [1], aerobic thermal oxidation of chromium involves
interaction of the respective anhydrous forms as per the fol-
lowing equation:

2Cr2O3 + 3O2 → 4CrO3, K = 1

(PO2)3
= 1079.42 (1)

Hence, the above reaction will take place spontaneously as
written provided the prevalentPO2 is greater than 10−26.47

atm. However, experimental results indicate that the above
reaction is limited by slow kinetics at room temperature. At
higher temperatures, the rate of formation of Cr(VI) is depen-
dent on the specific Cr2O3 surface area (Asp) available, the
prevalentPO2and the intrinsic kinetic rate of conversion (k)
of Cr(III) to Cr(VI),

d [Cr(VI)]

dt
= k(PO2)Asp (2)

At constantPO2 and at low rates of conversion, i.e., when
Asp≈ constant, the rate of formation of Cr(VI) was pseudo-
zero-order. In such cases, a plot of Cr(VI) produced versus
time is a straight line with slope “k”, the intrinsic rate of
c at
2 n
i
t ction
t
f .

ions
w 3 in
a ound
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v of

Table 3
Hexavalent chromium concentration observed before and after burning of
chromium-contaminated tannery sludge samples obtained from a tannery
sludge-dumping site

Sample description Hexavalent chromium
(mg/g dry weight)

Total chromium
(mg/g dry weight)

Oven-drieda Burntb

Brown sludge 21.4 25.4 35.7
Yellow-green sludge 22.5 24.8 30.3
Black sludge 2.5 5.8 39.7
Soil contaminated with

leachate
4.3 5.9 9.8

a At 100◦C for 24 h.
b At 550◦C for 30 min.

sludge burning. Grab samples of sludge portions of differ-
ent colors and soil through which sludge leachate had seeped
were collected. Total and hexavalent chromium content in
these samples were determined after drying and hexavalent
chromium content was also measured after burning (Table 3).
Results presented inTable 3indicated that burning of sludge
in all cases resulted in the increase in hexavalent chromium
content. In summary, despite the fresh tannery sludge having
a maximum hexavalent chromium content of 0.5 mg/g dry
weight (seeTable 2), considerably higher concentrations of
hexavalent chromium was present in sludge resident at the
dumping site for some length of time. Subsequent burning of
these samples in the laboratory resulted in further enhance-
ment in hexavalent chromium concentrations in all cases.

3.2. Type II experiments: aqueous phase interaction
between Cr(OH)3 and β-MnO2

As proposed by Bartlett and James[6] and subsequently
verified by Fendorf and Zasoski[13], interaction between
Cr(OH)3 and MnO2 occurs in aqueous media due the inter-
action between dissolved Cr(III) present in the aqueous media
in equilibrium with the Cr(OH)3 solid phase and the MnO2
surface. The consequent reaction may be described as,

2Cr3+ + 3MnO2 + 2H2O � 2HCrO4
− + 3Mn2+ + 2H+

3
effect

o to
C
M (see
F all
t pec-
t nt to
1 ini-
t ntal
p 5,
i ame
n lso
o no
onversion as shown inFig. 1 for experiments conducted
00◦C. For experiments conducted at 300◦C, the conversio

s pseudo-zero-order initially and with a higher “k”. However,
he conversion rate declined precipitously at higher rea
imes, which may be attributed to the decline inAspdue to the
ormation of a surface coating of Cr(VI) on Cr2O3 particles

Support for such conversions under natural condit
ere obtained from field studies carried out in 2002–200
chromium-contaminated tannery sludge-dumping gr

n the city of Kanpur, India[1]. Visual inspection of th
ite showed the presence of sludge heaps of various c
iz., black, yellow, brown and gray, along with evidence
(3)

.2.1. Aerobic conditions
These experiments were carried out to ascertain the

f initial pH on rate and extent of conversion of Cr(III)
r(VI) in aqueous suspensions containing Cr(OH)3 and�-
nO2 and maintained under aerobic conditions. Results
ig. 2A) indicate that dissolved Cr(VI) concentration in

hree reactors, initially at pH values of 3, 5 and 7, res
ively, increased from zero at the start of the experime
5 mg/L or more after 60 days. The pH in the reactor

ially at pH 7 remained nearly constant over the experime
eriod, while the pH in reactors, initially at pH 3 and

ncreased to approximately 7 fairly rapidly and then bec
early constant (Fig. 2B). Three additional reactors were a
perated under similar conditions as above, except that�-
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Fig. 2. Aqueous phase chromium oxidation in aerobic conditions. Effect
of initial pH on Cr(VI) produced over 60 days (chromium added, 0.80 g/L;
reactor volume, 500 mL): (A) hexavalent chromium, Cr(VI) produced and
(B) reactor pH changes.

MnO2 was added. Detectable concentrations of Cr(VI) was
not observed in these reactors in 60 days, though pH increase
pattern similar to the corresponding reactors with added�-
MnO2 was noticed in all reactors. This proved that oxidation
of Cr(III) to Cr(VI) is occurring with the aid of the�-MnO2
surface.

In all reactors containing�-MnO2, Cr(VI) production con-
tinued even after 20 days of reaction time, i.e., after pH
became nearly constant (at pH 7) in all reactors. In fact,
increase in dissolved Cr(VI) beyond 20 days in all reactors
are far greater than the expected dissolved Cr(III) concen-
trations in such systems at equilibrium with chromium solid
phase at pH 7. This is only possible, if Cr(III) oxidation and
dissolution occur as coupled reactions. Under such circum-
stances, as dissolved Cr(III) in equilibrium with the Cr(OH)3
solid phase is oxidized to Cr(VI), the resultant decline in dis-
solved Cr(III) concentration upsets the equilibrium between
the Cr(III) solid and dissolved phases and triggers dissolution
of the chromium solid phase. Equilibrium calculations pre-
sented in Apte et al.[1] suggests that under aerobic conditions
and at pH 7, progressive dissolution of chromium and oxida-
tion of dissolved Cr(III) to Cr(VI) will continue until nearly

all Cr(III) is converted to Cr(VI). This will occur irrespective
of the amount of�-MnO2 surface area provided, since any
Mn2+ formed during chromium oxidation (see Eq.(3)) will
be converted back to MnO2 at pH 7 and in the presence of
dissolved oxygen, i.e., under aerobic conditions.

The increase in pH of reactors initially at pH 3 and 5 to
approximately 7 (Fig. 2B) can be explained by considering
the partial dissolution of Cr(OH)3 when added to water,

Cr(OH)3 ↓→ Cr3+ + 3OH− (4a)

Cr(OH)3 ↓→ Cr(OH)2+ + 2OH− (4b)

Cr(OH)3 ↓→ Cr(OH)2
+ + OH− (4c)

Cr(OH)3 ↓→ Cr(OH)3 (aq) (4d)

Reactions(4a)–(4c)are predominant in reactors initially at
pH 3 and 5. Since these reactions release [OH−] ions, pH of
the solution increases. In the case of the reactor initially at pH
7, initial dissolution of the chromium solid phase is primarily
through reaction(4d), which does not increase the solution
pH. Subsequently, a buffering action is established between
chromium dissolution (Eqs.(4a)–(4d)) and chromium oxida-
tion reactions (Eq.(3)), through which any release of [H+]
ions due to chromium oxidation is neutralized by the release
of [OH−] ions due to chromium dissolution. This explains the
nearly constant pH in all reactors once the pH has reached
a still
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The actual reaction mechanism for chromium oxida
n the above experiments would probably involve adsorp
f dissolved Cr(III) ions on the�-MnO2 surface, oxidatio
f adsorbed Cr(III) to Cr(VI) and subsequent release of
olved Cr(VI) and Mn(II) ions to the aqueous phase. Ba
n this supposition, it is probable that surface charge o
nO2 surface will have a major role to play in determ

ng the rate of the above reaction[13]. The ‘point of zero
harge’ for�-MnO2 surfaces is at pH 7.3[24]. Therefore
n the pH range of 3–7,�-MnO2 will present a positivel
harged surface for the initial reaction step (more positi
harged at lower pH), i.e., adsorption of positively char
issolved Cr(III) species on the�-MnO2 surface. Under suc
ircumstances, Cr(III) adsorption on�-MnO2 surface will be

ess at low pH and will increase with increase in pH. A
dsorption of Cr(VI) species formed due to chromium
ation was found to increase greatly as pH was lowered
.0 to 2.0[8]. Thus, any Cr(VI) formed due to Cr(III) ox
ation at low pH may not desorb readily, thus, lowering
easured dissolved Cr(VI) concentration at low pH. C

idered in totality, the above mechanisms suggest tha
f production of dissolved Cr(VI) species will be lower

ow pH values when�-MnO2 surface is used for chromiu
xidation. The results presented inFig. 2A show that initia
ate of Cr(VI) production is indeed lower for the reacto
hich the initial pH was 3. It is also observed that this
ffect is nullified at higher reactor pH values, as electros
arriers to Cr(III) adsorption to and Cr(VI) de-sorption fr
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the�-MnO2 surface are lowered. Thus, there is no measur-
able difference between Cr(VI) oxidation rates in reactors
with initial pH of 5 and 7 and even for the reactor initially at
pH 3, though the initial rate of Cr(VI) formation is observed
to be low, as the pH increases, the rate of Cr(VI) formation
increases to be comparable with that in the other two reac-
tors. It is also observed that in reactors with initial pH of 3
and 5, there is an increase in the rate of Cr(VI) formation
at times beyond 40 days. This increase may be explained by
postulating that Cr(VI) which remained adsorbed on the�-
MnO2 surface after formation at lower pH values was being
desorbed as the�-MnO2 surface becomes less positive with
increase in pH.

Though Mn2+ is expected to form as a result of chromium
oxidation in all the above experiments[8], measurement of
dissolved manganese indicated concentrations below detec-
tion levels in all cases. This seems to suggest that the man-
ganese, which evolved due to chromium oxidation, was oxi-
dized back to MnO2 under the prevailing aerobic conditions.
Equilibrium calculations presented by Apte et al.[1] also
suggests that under aerobic conditions and at neutral pH val-
ues, manganese is present predominantly in the +4 oxidation
state, i.e., as MnO2(s).

3.2.2. Effect of β-MnO2 surface area
Two additional experiments, where 6.45 g of Cr(OH)
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Fig. 3. Aqueous phase chromium oxidation in aerobic conditions. Effect
of �-MnO2 surface area on Cr(VI) produced over 30 days.Inset: effect of
very low�-MnO2 surface area on Cr(VI) produced over 80 days (chromium
added, 0.80 g/L; reactor volume, 500 mL).

carried out. Cr(VI) formation during this experiment was
monitored for 80 days and the data are presented inFig. 3
(inset). These results indicate that provision of very much
less�-MnO2 causes the surface area to become a rate limit-
ing factor in Cr(VI) formation, leading to drastic decline in
Cr(VI) formation rate.

3.2.3. Anoxic conditions
Three experiments were carried out under anoxic condi-

tions. The conditions for these experiments were the same for
experiments described inFig. 2carried out under aerobic con-
ditions, except that air in the headspace of these reactors was
replaced by nitrogen to maintain anoxic conditions. Cr(VI)
formation during these experiments are shown inFig. 4A.
For comparison, data (presented earlier inFig. 2A) obtained
under aerobic condition corresponding to�-MnO2 surface
area of 67 m2/L and initial pH 7 is also presented in the same
figure.

Based on results presented inFig. 4A, it appears that there
is no difference between chromium oxidation rates at pH 5
and 7 under anoxic conditions. This is similar to observa-
tions about chromium oxidation under aerobic conditions,
obtained based on results presented inFig. 2A. However,
rate of chromium oxidation at initial pH 5 and 7 is less
under anoxic conditions as compared to aerobic conditions. It
a
i onsi-
3
amorphous) and 4 and 2 g, respectively, of�-MnO2were
dded to 500 mL of un-buffered de-ionized water mainta
t pH 5, were conducted to determine the effect of�-MnO2
urface area on Cr(III) oxidation. The�-MnO2 surface are
rovided was 45 and 22 m2/L, respectively, in these two cas
ther experimental conditions remained the same as in p
us cases. Evolution of Cr(VI) during these two experim
ere monitored for a period of 30 days. These results
resented inFig. 3. For the purpose of comparison, data (p
ented earlier inFig. 2A) obtained under similar condition
ut corresponding to�-MnO2 surface area of 67 m2/L is also
resented in the same figure. The results indicate no de

n Cr(VI) formation rate with decrease in�-MnO2 surface
rea under the experimental conditions investigated. T
esults are surprising, since according to Eary and Ra[8],
n a reactor maintained at pH 4 and containing 5 mg/L in
issolved Cr(III) concentration, increasing of�-MnO2 sur-

ace area by an order of magnitude, i.e., from 7.1 to 71.3 m2/L
esulted in an increase in Cr(VI) concentration, as meas
fter 300 h of reaction time, from 0.1 to 1 mg/L. These ap
ntly anomalous results may be reconciled by noting tha
issolved Cr(III) concentration interacting with the�-MnO2
urface in our case is controlled by the Cr(III) solubility
he pH range of 5–7, which is an order of magnitude or m
ower than the Cr(III) solubility at pH 4. This low dissolv
r(III) concentration in our case ensured that the�-MnO2
urface provided is in excess and hence, the effect of su
rea on Cr(VI) formation is not apparent. To further elucid

his point, another experiment, similar to others in all resp
ut with very low�-MnO2 surface area (0.945 m2/L), was
ppears that enhanced manganese dissolution when�-MnO2
s added to water under anoxic conditions may be resp
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Fig. 4. Aqueous phase chromium oxidation in anoxic conditions. Effect of
initial pH on Cr(VI) produced over 60 days (chromium added, 0.80 g/L;
reactor volume, 1500 mL): (A) hexavalent chromium, Cr(VI) produced; (B)
soluble manganese concentration changes; (C) reactor pH changes.

ble for this phenomenon. Ross and Bartlett[25] observed that
adsorption of added Mn2+ on soil manganese oxides blocked
chromium oxidation, until the adsorbed Mn2+ is re-converted
to MnO2. Thus, it is probable that the�-MnO2 surface under
anoxic conditions will be partially covered with adsorbed
Mn2+ ions, thus, reducing the number of sites available for
Cr(III) adsorption and subsequent Cr(VI) formation.

Chromium oxidation rate in the reactor at initial pH 3 (see
Fig. 4A) was markedly slower compared to reactors main-
tained at initial pH 5 and 7. This is surprising because the
pH in all three reactors reached the steady state pH value
of approximately 7 quite quickly (seeFig. 4C). However,
measurement of dissolved manganese concentration in the
three reactors (Fig. 4B) showed that while dissolved man-
ganese was undetectable in the reactor initially at pH 7,
dissolved manganese concentration of approximately 1 mg/L
was consistently measured in the reactor initially at pH 5 and
6–10 mg/L in the reactor initially at pH 3. It appears that man-
ganese dissolution on addition of�-MnO2 to anoxic water
was more in reactors initially at acidic pH. This dissolved
manganese competes with dissolved Cr(III) for adsorption
on the�-MnO2 surface, with increased competition occur-

Fig. 5. Chromium oxidation in moist aerobic conditions. Effect of dimin-
ishing Mn:Cr ratios on Cr(VI) produced over 30, 60 and 90 days.

ring at lower pH values. This results in a lower rate of Cr(VI)
formation in the reactor initially at pH 3. Even when the pH
of this reactor increases to pH 7, dissolved Mn2+ concentra-
tion in the reactor does not decrease appreciably because of
the slowness of MnO2 re-formation under anoxic conditions.
Thus, the competition between dissolved Cr(III) and Mn2+

for adsorption on the�-MnO2 surface persists even at higher
pH values. This explains the lower rate of Cr(VI) formation
in the reactor initially at pH 3, even when the pH increases
to become comparable with reactors initially at pH 5 and 7.

3.3. Type II experiments: Cr(OH)3–β-MnO2 interaction
in moist aerobic conditions

These experiments involved mixing various amounts of
dry Cr(OH)3 and�-MnO2 (seeTable 1) and maintenance of
the mixtures in moist aerobic conditions. The objective was to
determine whether such mixtures could absorb moisture from
the atmosphere and the chromium oxidation could occur in
such moist conditions. A mixture of Cr(OH)3 and�-MnO2
was kept under dry conditions in a desiccator as a control.
Cr(OH)3 with no�-MnO2 added was also kept in moist con-
ditions as a control. No Cr(VI) formation was detected in
either control sample.

Results of these experiments presented inFig. 5 indicate
that formation of Cr(VI) was possible under these condi-
t te of
C f
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ment. For example, in the reactor having�-MnO2 specific
surface area of 0.945 m2/L (seeFig. 3 (inset)), with corre-
sponding Mn:Cr ratio of 0.131, conversion of approximately
0.062% of added chromium to Cr(VI) was noticed in 80 days.
In comparison, the solid phase experiment corresponding to
a much higher Mn:Cr ratio of 1.581 showed comparable,
i.e., 0.055% conversion (seeFig. 5) of added chromium to
Cr(VI) in 90 days. This difference in rates is probably due
to non-saturated conditions prevailing and diffusion-limited
transport of dissolved Cr(III) ions to the�-MnO2 surface in
case of the solid phase experiments due to the absence of
mixing.

3.4. Type IV experiments: chromium oxidation in
tannery sludge samples

In addition to chromium–manganese interactions lead-
ing to chromium oxidation, several pathways for reduction
of oxidized chromium may also be present in chromium-
contaminated tannery sludge samples. For example, in anaer-
obic sludge samples, organic matter, ferrous ion and sulfide
ions are some of the species that may reduce chromium.
Even in stabilized sludge samples or compost, organic mat-
ter or humic substances can act as a reducing agent effecting
chromium reduction. Under such conditions, chromium oxi-
dation is defined by an inter-play between competing oxida-
t
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Fig. 6. Chromium oxidation in activated sludge and UASB reactor sludge
samples under aerobic and anoxic conditions: Cr(VI) produced over 30, 60
and 68 days.

same sludge, when maintained in anoxic conditions, did not
show significant increase in Cr(VI) concentration over 30
days and the Cr(VI) concentration in the sludge declined
after 30 days. These results indicate that in the sludge samples
studied, parallel mechanisms are at work, simultaneously oxi-
dizing Cr(III) to Cr(VI) and reducing Cr(VI) to Cr(III). In the
sludge samples containing lesser concentrations of reducing
agents capable of reducing chromium, i.e., the sludge sample
from activated sludge process, the initial chromium oxidation
process is more rapid than the parallel chromium reducing
process. This results in a build up of Cr(VI), which is then
reduced back to Cr(III) as chromium reduction reactions gain
precedence. This happened irrespective of whether the sludge
was maintained in aerobic or anoxic conditions, but interme-
diate formation Cr(VI) was more in the aerobic case. Again,
irrespective of aerobic or anoxic conditions, in the sludge
sample containing higher concentrations of reducing agents
(e.g., sulfide) capable of reducing chromium (i.e., sludge
sample from the USAB process), the reduction reactions are
more predominant and hence, high Cr(VI) concentrations
are never encountered. The pattern of chromium oxidation
reported here is very similar to that reported in a study involv-
ing flooded soils[5]. In that study, it was found that a thin
redox interface of electron acceptors, e.g., manganese oxides,
developed on soil surface, sandwiched between the anaerobic
soil below and the oxygenated water above. As a result, the
a by
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ive and reductive pathways.

.4.1. Sludge characteristics
Chromium-contaminated tannery sludge from two e

nt treatment plants treating tannery effluents was obta
esults of analysis of the sludge samples are provide
able 2. Both sludge samples were found to contain con
rable amounts of Cr(III), probably, as Cr(OH)3 and relatively
mall amounts of Cr(VI). Both sludge samples also c
ained manganese, probably as MnO2. Organic content o
oth sludge samples was around 35%, and approxim
0% of this organic content was organic carbon.

.4.2. Chromium oxidation–reduction
Moistened sludge samples were maintained in both

ic and anaerobic conditions and analyzed for Cr(VI) ov
eriod of 68 days. The results of this analysis are prese

n Fig. 6. In case of the sludge from the activated slu
lant maintained in aerobic conditions, the Cr(VI) conc

ration increased from an initial value of 0.58–5.15 mg/
ry sludge in 30 days, after which the chromium concen

ion decreased to below 1 mg/g of dry sludge over the
8 days. The same sludge, when maintained under a
onditions, also showed the same trend in results, th
he Cr(VI) concentration was only 1 mg/g dry sludge a
0 days. The sludge from the UASB plant, when m

ained in aerobic conditions, showed only marginal incr
n Cr(VI) content, i.e., from the initial value of 0.155 mg
ry sludge to 0.195 mg/g in 30 days. As in previous ca

he Cr(VI) content in the sludge declined after 30 days.
ddition of Cr(III) resulted in its rapid oxidation followed
decrease in Cr(VI) concentration over time. This decr
as thought to be due to the Cr(VI) produced diffusing ac

he redox interface, where it was reduced in the under
naerobic region.

It may be concluded that oxidation of Cr(III) is likely
e transient in un-stabilized sludge samples, where i
apid oxidation of chromium is followed by reduction ba
o the trivalent state due to the presence of reducing a
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like organic material, Fe(II) and sulfide in sludge samples,
capable of rapidly reducing the Cr(VI) produced[10,16].

4. Conclusions

Investigations carried out at a chromium-contaminated
tannery sludge-dumping site in Kanpur, India revealed evi-
dence of widespread hexavalent chromium pollution, though
the fresh tannery sludge dumped at the site contained little
or no hexavalent chromium. Based on a subsequent litera-
ture review, it was determined that trivalent chromium oxide
could be oxidized by atmospheric oxygen at high tempera-
ture. Trivalent chromium could also be oxidized to hexavalent
form through interaction with manganese dioxide surface.
Experiments were carried out to determine the rate and extent
of hexavalent chromium formation under conditions expected
in the natural environment. The results of these experiments
may be summarized as follows:

• Dry trivalent chromium oxide, i.e., Cr2O3 could be read-
ily converted to hexavalent chromium when heated in the
presence of oxygen at temperatures of 200–300◦C. The
conversion rate was up to 50% at 300◦C in 12 h (Fig. 1).

• Burning of chromium-contaminated tannery sludge sam-
ples obtained from a tannery sludge-dumping site in the
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from an UASB plant did not exhibit similar transitory
chromium oxidation when maintained under either aerobic
or anoxic conditions (Fig. 5). It is postulated that strong
reducing agents like sulfides present in this sludge pre-
vented chromium oxidation.

It is likely that burning of the chromium-contaminated
tannery sludge samples investigated in this study will pro-
duce ash rich in hexavalent chromium. Also, though Cr(VI)
formation through interaction with manganese oxide at nor-
mal temperature was determined to be transitory in sludge
samples from the activated sludge plant, it is still undesir-
able. Cr(VI) is mobile and hence, may not be confined to
the location of its initial production. It can potentially spread
relatively rapidly through environmental media via surface
runoff and percolation, thus, polluting a larger area.
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