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Oxidation of Cr(III) in tannery sludge to Cr(VI):
Field observations and theoretical assessment
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Abstract

Sludge, soil and leachate samples collected from a chromium-contaminated tannery waste dumping site in Kanpur, India, were found to
contain considerable amounts of Cr(VI), despite the fresh tannery sludge containing little or no Cr(VI). Literature reports suggested that dry
Cr(III) precipitates could be converted to Cr(VI) when heated in the presence of oxygen. Also, Cr(III) in aqueous phase could be oxidized
through interaction with manganese dioxide (MnO2) surface to Cr(VI). Measurement of manganese in the sludge samples collected from the
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ite showed concentrations up to 0.6 mg/g. Based on equilibrium calculations, it was determined that both dry phase Cr(III) ox
tmospheric oxygen and aqueous phase Cr(III) oxidation by MnO2 surface were thermodynamically feasible. It was further suggeste

n aqueous phase, manganese may act effectively as an electron transporter between Cr(III) and dissolved oxygen during Cr(III
eading to regeneration of MnO2 solid phase. Further, as dissolved Cr(III) is oxidized, dissolution of Cr(OH3) will take place to maintain th
quilibrium between the dissolved and solid phases of Cr(III). In the pH range of 3–10, and at oxygen partial pressure (PO2) of 10−6 atm or
igher, equilibrium conditions stipulate nearly complete conversion of Cr(III) to Cr(VI). AtPO2 of 10−20 atm or lower, very little Cr(VI) is
xpected to be present under equilibrium conditions. In the intermediatePO2 regions, incomplete dissolution of the Cr(OH3) solid phase an
nly partial conversion of chromium from +3 to the +6 oxidation state is expected, especially at lower pH values.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Chromium is used in various industries such as metallur-
ical, refractory, chemical pigments, electroplating and tan-
ing. The tanning industry is an especially large contributor
f chromium pollution in India[1]. Sustenance of tanner-

es, particularly of the small units, is becoming increasingly
ifficult due to alarming levels of environmental pollution
aused by various tanning operations and practices[2,3]. It
s estimated[4] that in India alone, about 2000–3000 tonnes
f chromium escape into environment annually from the tan-
ing industries, with chromium concentration ranging be-

ween 2000 and 5000 mg/L in the aqueous effluent, com-
ared to the recommended permissible limit of 2 mg/L. Of
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E-mail address:pbose@iitk.ac.in (P. Bose).

late, installation of wastewater treatment plants in tan
ies has considerably reduced the chromium content of
effluents[5,6]. However, one of the major emerging en
ronmental problems of the tanning industry is the disp
of chromium-contaminated sludge that is produced as
product of wastewater treatment. Since scientific solid w
disposal practices are almost absent in India, large am
of chromium-contaminated sludge is regularly dispose
unlined and ill-maintained solid waste dumping ground
over the country. Fate of chromium in such disposal sit
a cause of ongoing concern.

2. Field observations

Field studies were carried out in 2002–2003 in one s
chromium-contaminated tannery sludge dumping groun
the city of Kanpur, India. The prevailing site conditions
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this site called ‘Rooma Usar’ were as follows:

• The whole site was unlined and chromium-contaminated
tannery sludge was dumped in heaps on the ground.

• During rainy season, orange/yellow colored leachate from
the sludge heaps get collected in the nearby land depres-
sions, and possibly percolates down and mixes with ground
water. There is no leachate collection or treatment system
at the site.

• Sludge heaps of various colors, viz., black, yellow, brown
and gray, could be seen.

• In dry weather, some sludge heaps were found to be burn-
ing, with temperature as high as 250◦C inside the heaps.
The cause of such burning could not be ascertained.

Based on the field observations, it was decided to collect
grab samples of: (i) yellow surface water collected in the
depressions, (ii) soil through which the sludge leachate has
seeped and (iii) sludge portions with different colors. These
samples were collected on July 11, 2002, by a team from
IIT Kanpur. Samples were brought to the Environmental
Engineering Laboratory of Civil Engineering Department
at IIT Kanpur on the same day and analyses started im-
mediately. Hexavalent chromium in the soil and sludge
samples was extracted as per USEPA (Method No. 3060A)
alkaline digestion procedure and measured colorimetrically
by the Diphenyl Carbazide method[7]. Total chromium
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version of trivalent chromium to the hexavalent form in large
quantities was immediately evident. Literature review was
carried out to determine whether any natural chromium ox-
idation mechanisms existed, which could explain the high
hexavalent chromium concentrations observed at the ‘Rooma
Usar’ site. Based on this review, it was determined that dis-
solved trivalent chromium could be oxidized through interac-
tion with manganese dioxide (MnO2) surface to hexavalent
chromium[11–14]. This reaction occurs at room tempera-
ture, in a time frame of days, and over a wide range of pH
and Cr(III) concentrations. Measurement of manganese in the
sludge samples collected from the site using atomic absorp-
tion spectrophotometer (Varian AA 20 BQ, Australia) after
acid digestion[8] showed concentrations up to 0.6 mg/g. The
source of this manganese could not be ascertained but it was
concluded that the detected concentration was low enough
to be attributed to natural sources. Additionally, since evi-
dence of sludge burning was available at the ‘Rooma Usar’
site, it was hypothesized that trivalent chromium precipi-
tate (Cr2O3) could also be thermally oxidized to hexavalent
chromium (CrO3) at high temperature prevalent inside the
burning sludge piles.

Based on the information gathered through field studies
and literature review, it was apparent that a thorough sci-
entific study was needed to assess the extent of chromium
oxidation, and the rate of such transformation under vari-
ous environmental conditions prevalent at the site. Thus, an-
other objective of this study was to derive a theoretical as-
sessment of the extent of chromium oxidation possible under
various natural conditions. In addition, experimental evalu-
ation of the rate of chromium oxidation under various en-
vironmental conditions prevalent at the site was also car-
ried out, but these data will be discussed in a subsequent
paper.

3. Theoretical analysis

Equilibrium calculations described in this section were
carried out using the software MINEQL+[15]. Various spe-
ciation equations and values of corresponding equilibrium
constants were obtained from the database available with this
software.

3.1. Chromium speciation

Chromium exists in natural systems primarily in +3 or
+6 oxidation states. Major trivalent chromium species are
Cr3+, Cr(OH)2+, Cr(OH)2

+ and Cr(OH)3(aq), along with a
solid phase of Cr(OH)3(amorphous). Speciation of Cr(III) is
governed by the equations (Eqs.(1)–(4)) given below:

Cr(OH)2
+ + 2H+ → Cr3+ + 2H2O,

K = [Cr3+]

[Cr(OH)2
+] · [H+]2

= 109.62 (1)
ontent in the sludge and soil samples was estimated
cid digestion[8] using atomic absorption spectrophotom

er (Varian AA 20 BQ, Australia). Hexavalent and to
hromium concentration were also measured in the su
ater samples collected. Analysis of various represent
ludge, soil and leachate samples collected from the
howed hexavalent chromium concentrations of up
2.5 mg/g in aged sludge, up to 92 mg/L in leachate, u
.30 mg/g in soil and 2.50 mg/g in fresh sludge. Deta
eport of the analyses results from the site is given elsew
9].

In summary, despite the fresh sludge dumped at
ooma site having little or no hexavalent chromium, c
iderable concentrations of hexavalent chromium ware
ured in sludge samples resident at the site for some l
f time. Also, considerable hexavalent chromium cont

nation of the surrounding soil and surface water was
erved. Hexavalent chromium is a ‘Class A’ human carc
en and is considerably more mobile in soil and water

ems than the most prevalent trivalent chromium species
hromium hydroxide precipitate found in natural conditi
10].

These analysis results were surprising, since no o
us source of hexavalent chromium contamination ex
t the site. The sludge dumped at the site contained
mounts of trivalent chromium (up to 50 mg/g), but this fo
f chromium, being relatively insoluble in water under n
al conditions, is considered to be quite non-toxic[10]. Also,

rivalent chromium is considered to be relatively stable
er natural conditions, and no obvious mechanism of
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Cr(OH)2
+ + H+ → Cr(OH)2+ + H2O,

K = [Cr(OH)2+]

[Cr(OH)2
+] · [H+]

= 105.62 (2)

Cr(OH)2
+ + H2O → Cr(OH)3(aq)+ H+,

K = [Cr(OH)3(aq)] · [H+]

[Cr(OH)2
+]

= 10−7.13 (3)

Cr(OH)2
+ + H2O → Cr(OH)3(amorphous)↓ +H+,

K = [H+]

[Cr(OH)2
+]

= 100.75 (4)

Major hexavalent chromium, Cr(VI), species are CrO4
2−,

HCrO4
− and Cr2O7

2−. Speciation of Cr(VI) is governed by
the equations (Eqs.(5) and(6)) given below:

2CrO4
2− + 2H+ � Cr2O7

2− + H2O,

K = [Cr2O7
2−]

[CrO4
2−]

2 · [H+]2
= 1014.557 (5)

CrO4
2− + H+ � HCrO4

−,

K
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Fig. 1. Equilibrium partitioning of chromium between +3 and +6 oxida-
tion states at various pH–PO2 values in a system containing chromium
and dissolved oxygen (total Chromium: 0.2 M).Note: PO2 in atmospheres
(1 atm = 101.325 kPa).

dissolved trivalent chromium species predominate at lower
pH values. AtPO2 value of 10−10 atm (Fig. 1C), chromium
in both +3 and +6 oxidation states are present together un-
der equilibrium conditions, often in equilibrium with a solid
phase of Cr(OH)3(amorphous). Here, Cr(III) is the predom-
inant species in the low pH conditions, while Cr(VI) is pre-
dominant in high pH conditions. Almost entire amount of
chromium is present in the +6 oxidation state in systems
with PO2 of 10−6 and 0.21 atm (Fig. 1B and A, respectively),
with Cr2O7

2− and HCrO4
− being the predominant species

at lower pH values and CrO42− being predominant at higher
pH value.

Thus, from purely thermodynamic considerations, i.e., un-
der equilibrium conditions, Cr(VI) is the predominant form of
chromium expected in oxidizing of even moderately anoxic
environments, while Cr(III) is expected to be the predom-
inant chromium species only in severely reducing environ-
ments. However, in natural systems containing chromium,
non-equilibrium conditions may prevail due to kinetic lim-
itations on the chromium conversion between the oxidation
states. In fact, aqueous phase oxidation of Cr(III) to Cr(VI)
by dissolved oxygen is so kinetically unfavorable at ambient
= [HCrO4
−]

[CrO4
2−] · [H+]

= 106.509 (6)

istribution of chromium between the +3 and +6 oxida
tates is governed by the equation (Eq.(7)) given below:

r3+ + 4H2O � HCrO4
− + 7H+ + 3e,

= [HCrO4
−] · [H+]7 · {e}3

[Cr3+]
= 10−70.487 (7)

onsidering oxygen (Eq.(8)) to be the electron acceptor
he chromium oxidation reaction (Eq.(7)), i.e.,

2 + 4H+ + 4e→ 2H2O,

= 1

PO2 · [H+]4 · {e}4
= 1083.210 (8)

qs. (1)–(6) and the two half-reactions (Eqs.(7) and (8))
ere used to construct chromium speciation diagrams

unction of pH and at variousPO2 values, wherePO2 is the
xygen partial pressure (in atmospheres) of the gaseous

n equilibrium with the aqueous phase containing chrom
uch speciation diagrams corresponding to total chrom
oncentration of 0.2 M are shown inFig. 1. These diagram
epict the scenario to be expected under equilibrium
ition, with no consideration given to kinetic limitations
eaching the equilibrium condition. Trivalent chromium
resent as the overwhelmingly predominant species ove
H range of 3–10 only in the system with very lowPO2 value
10−25 atm) shown inFig. 1D. Here, trivalent chromium
ostly present as the precipitate, Cr(OH)3 at high pH, while
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temperatures that Cr(III) is considered to be practically stable
[13,16] under conditions where oxygen is the only electron
acceptor available for chromium oxidation.

3.2. Manganese speciation

Existence of manganese has been reported in +2 or +4
oxidation state in natural systems. Manganese may also be
present in the +7 oxidation state in highly oxidizing environ-
ments, generally not encountered in natural systems. Speci-
ation of manganese between the +2 and +4 oxidation states
is governed by the equation (Eq.(9)) given below:

Mn2+ + 2H2O � MnO2 ↓ +4H+ + 2e,

K = [H+]4 · {e}2

[Mn2+]
= 10−41.539 (9)

Oxidation of manganese from the +2 to the +4 oxidation state
requires an electron acceptor, which is molecular oxygen in
most natural systems (see Eq.(8)).

Manganese speciation diagrams constructed by combin-
ing the two half-reactions (Eqs.(9)and(8)), i.e., as a function
of pH andPO2, using MINEQL+ are shown inFig. 2. Un-
der equilibrium conditions, [Mn2+] is present in appreciable
concentrations only in systems with lowPO2 values, and es-
pecially under low pH conditions. AtPO2 = 0.21 atm, i.e., in
a eric
o ,
i -
c aer-
o n
w lly at

F n
s
( a).

higher pH values. In highly reducing environments, reduc-
tive dissolution of MnO2 to Mn2+ is possible, but the process
is kinetically limited in the absence of appropriate reducing
agents to effect such transformation. Due to kinetic limita-
tions on the manganese conversion between oxidation states,
non-equilibrium conditions may exist under some circum-
stances. For example, in aerobic systems at low pH, Mn2+

concentrations considerably higher than those predicted by
equilibrium calculations may be observed due to the slowness
Mn2+ conversion process to MnO2 under such conditions.
Also, in highly anaerobic, but high pH systems, considerably
lesser amount of Mn2+ than those predicted by equilibrium
calculations may be present because the reductive dissolu-
tion of MnO2 to Mn2+ may be kinetically limited under such
conditions.

3.3. Interaction between manganese and chromium

Thermodynamic considerations stipulate that in sys-
tems open to the atmosphere (PO2 = 0.21 atm), Cr(VI) and
Mn(IV) species should be overwhelmingly predominant
(see Figs. 1 and 2) over the entire pH range of 3–10.
However, due to kinetic limitations on conversion of man-
ganese and chromium across their respective oxidation states,
non-equilibrium conditions prevail in natural systems con-
t solid
p
M nd
M pH.
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erobic systems which are at equilibrium with atmosph
xygen, manganese is mainly present as MnO2 precipitate

.e., in the +4 oxidation state. If [Mn2+] is present in con
entrations higher than stipulated by equilibrium under
bic conditions, its conversion to MnO2 through interactio
ith dissolved oxygen is fast and spontaneous, especia

ig. 2. Equilibrium partitioning of manganese between dissolved (M2+)
tate and solid phase (MnO2 at +4 oxidation state) at various pH–PO2 values
total manganese: 0.2 M).Note: PO2 in atmospheres (1 atm = 101.325 kP
aining chromium and manganese. In such systems,
hases of both chromium and manganese, i.e., Cr(OH)3 and
nO2, along with dissolved species of Cr(III), Cr(VI) a
n(II) may all be observed irrespective of the prevalent
urther, chromium conversion within its oxidation sta

.e., HCrO4
− + 7H+ + 3e� Cr3+ + 4H2O, and mangane

onversion within its oxidation states, i.e., Mn2+ + 2H2O �
nO2 ↓ +4H+ + 2e, will be ongoing simultaneously

uch systems, until equilibrium conditions are attained.
To determine the thermodynamic feasibility of

hromium conversion and manganese conversion rea
ccurring as an oxidation–reduction pair, the respective
eactions are combined as below:

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

= [HCrO4
−]2 · [Mn2+]

3 · [H+]2

[Cr3+]2
= 10−16.257 (10)

or the above reaction, the reaction quotient,Q, is defined a
he product to reactant ratio of non-equilibrium concen
ions. When theQ

K
ratio is less than 1, the reaction is spon

eous to the right.
Developing the concept further, based on Eq.(10), at equi-

ibrium:

[HCrO4
−]

[Cr3+]
=
(

10−16.257

[Mn+2]3 · [H+]2

)1/2

(11)

hus, equilibrium[HCrO4
−]

[Cr3+]
ratio is a function of pH of th

ystem and the concentration of [Mn2+] in the system. As
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suming that [Mn2+] in such a system is present in equilibrium
with a MnO2 solid phase, as per Eq.(9):

[Mn2+] = [H+]4 · {e}2

10−41.539
(12)

where

{e} =
(

10−83.210

PO2 · [H+]4

)1/4

(13)

which is calculated from Eq.(8).
Thus, knowing pH andPO2, and hence, the equilibrium⌊

Mn2+⌋ concentration of a system, equilibrium[HCrO4
−]

[Cr3+]
ra-

tio may be calculated. Consequently, equilibriumCr(VI)
Cr(III) ratio,

where Cr(III) and Cr(VI) are the total dissolved trivalent and
hexavalent concentrations in the system, can be also be cal-
culated as follows. Based on Eqs.(1)–(3):

Cr(III) = [Cr3+] ·
{

1 + 105.62

[H+]2 × 109.62
+ 1

[H+]2 × 109.62

+ 10−7.13

[H+]3 × 109.62

}
(14)

and, based on Eqs.(5) and(6):

C
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Fig. 3. Equilibrium partitioning of chromium between the +3 and +6 oxi-
dation states through interaction with manganese at various pH–PO2 values:
equilibrium dissolved Cr(VI)/Cr(III) ratios (total chromium: 0.2 M).Note:
PO2 in atmospheres (1 atm = 101.325 kPa).

calculations assume that any dissolved
⌊
Mn2+⌋ present is at

an approximate equilibrium with MnO2 solid phase, i.e., rate
of
⌊
Mn2+⌋ formation due to chromium oxidation as per Eq.

(10)is much slower than the rate of re-conversion of
⌊
Mn2+⌋

formed to MnO2 solid phase through oxidation by dissolved
oxygen (see Eq.(9)). Oxidation of chromium through inter-
action with manganese is only feasible when MnO2 solid
phase is present in the system, i.e., above the feasibility lines
for existence of MnO2 solid phase as shown inFig. 3A and
B. Results presented inFig. 3A and B further suggest that
for a system not at equilibrium with respect to chromium,
i.e., if the dissolvedCr(VI)

Cr(III) ratio in the system at a particular
pH andPO2 value is less than the equilibrium value shown
in Fig. 3A and B, Eq.(10) will proceed to the right and dis-
solved Cr(III) will continue to be converted to Cr(VI) until
equilibrium is attained. As Cr(III) is consumed, dissolution of
Cr(OH)3 solid phase, if present, will take place to maintain
the equilibrium between the dissolved and solid phases of
trivalent chromium. Within the feasibility region, total man-
ganese concentration in the system will not be a factor in
such conversion, since any [Mn2+] formed due to chromium
oxidation will be re-converted to MnO2 solid phase through
oxidation by dissolved oxygen.
r(VI) = [HCrO4
−] + [HCrO4

−]

[H+] × 106.509

+ 2 · 1014.557 · [HCrO4
−]2

1013.18
(15)

herefore,
Cr(VI)

Cr(III)

=
[HCrO4

−] + [HCrO4
−]

[H+]×106.509+2 · 1014.577·[HCrO4
−]2

1013.18

[Cr3+] ·
{
1 + 105.62

[H+]×109.62+ 1
[H+]2×109.62+ 10−7.13

[H+]3×109.62

}
(16)

n cases where a chromium solid phase,
r(OH)3(amorphous) precipitate is present:

Cr3+] = [H+]3 × 109.62

100.75
(17)

hich is calculated from Eq.(4).
In such cases,Cr(VI)

Cr(III) can be calculated explicitly using E

16), when [HCrO4
−]

[Cr3+]
is known. If no chromium solid pha

s present, but total dissolved chromium concentration in
ystem, i.e., Cr(III) + Cr(VI) is known, Eq.(16)may be solve

teratively to calculate theCr(VI)
Cr(III) ratio.

Equilibrium Cr(VI)
Cr(III) ratio calculations based on the ab

rotocol are presented inFig. 3A and B for systems contai
ng 0.2 and 0.001 M total manganese, respectively. The
hromium concentration in both systems was 0.2 M. T
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Comparison betweenFig. 3A and B shows that the feasi-
bility line is shifted upwards when total system manganese
concentration is lower because the pH–PO2 region where
MnO2 solid phase can exist becomes less extensive at lower
manganese concentrations. However, as mentioned earlier,
inside the region of feasibility, manganese concentration in
the system will have no impact on the equilibriumCr(VI)

Cr(III) ratio,

since the concentration of dissolved
⌊
Mn2+⌋ in the system is

assumed to be effectively constant at a particular pH–PO2

condition, irrespective of amount of MnO2 solid phase
present in the system. Below the feasibility line, chromium
oxidation–reduction is no longer controlled through interac-
tion with manganese, but by other species, e.g., S2−/SO4

2−,
which may be present in natural environments. Thus, if MnO2
and Cr(III) is present under non-feasible pH–PO2 conditions,
i.e., where re-conversion of

⌊
Mn2+⌋ to MnO2 is not possi-

ble through interaction with dissolved oxygen, a one time
conversion of MnO2 to

⌊
Mn2+⌋ and corresponding forma-

tion of a stoichiometric amount of Cr(VI) may occur, as per
Eq. (10). After reduction of all MnO2, the system may sub-
sequently approach equilibrium with another species. Under
such circumstances, Cr(VI) concentration in the system may
increase initially, as Cr(III) is oxidized through interaction
with MnO2. However, a decline of Cr(VI) concentration may
be noticed subsequently, as chromium is reduced when it ap-
p
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r H)
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Fig. 4. Equilibrium partitioning of chromium between the +3 and +6 oxi-
dation states through interaction with manganese at various pH–PO2 values:
equilibrium dissolved Cr(VI) and Cr(III) values (total chromium: 0.2 M, total
manganese: 0.2 M).Note: PO2 in atmospheres (1 atm = 101.325 kPa).

Aerobic thermal oxidation of chromium involves interaction
of the anhydrous forms as per the following equation:

2Cr2O3 + 3O2 → 4CrO3, K = 1

(PO2)3
= 1079.42 (20)

wherePO2 is the oxygen partial pressure in the gaseous phase
in contact with the chromium solid phase. Hence, thermody-
namic calculations stipulate that the above reaction will take
place spontaneously as written provided the prevalentPO2

is greater than 10−26.47atm. However, such reaction is lim-
ited by slow kinetics at room temperature, where almost no
conversion of Cr2O3 to CrO3 is observed.

4. Discussion

Conclusions derived from the thermodynamic calcula-
tions presented above are in qualitative agreement with
several experimental studies[11–13,17,18]which report
chromium oxidation in certain natural conditions. Studies
on the interaction between dissolved oxygen and Cr(III) re-
vealed very little[13] or no[16] oxidation of Cr(III) even for
experiments conducted at pH as great as 12.5 for 24 days.
Therefore, the transformation of Cr(III) by dissolved oxygen
roaches equilibrium with another species.
Equilibrium dissolved total chromium and Cr(VI) conce

rations corresponding toFig. 3A are presented inFig. 4A
nd B, respectively. In the pH range of 3–10, if the pre

entPO2is 10−6 atm or higher, equilibrium conditions stip
ate nearly complete conversion of Cr(III), whether initia
n dissolved or precipitated state, to soluble Cr(VI). IfPO2

s 10−20 atm or lower, very little Cr(VI) is expected to
resent under equilibrium conditions, irrespective of the

em pH. In the intermediatePO2 regions, incomplete dissol
ion of the Cr(OH)3 solid phase and only partial convers
f chromium from +3 to the +6 oxidation state is expec
esulting in Cr(III) and Cr(VI) dissolved phases and Cr(O3
olid phase co-existing under equilibrium conditions at
H, while nearly complete oxidation of chromium to the h
valent form is expected at higher pH values.

.4. Thermal oxidation of chromium in the presence of
xygen

In solid state and under anhydrous condition, triva
hromium exists as Cr2O3, while the corresponding hydro
orm is Cr(OH)3:

r2O3 + 3H2O → 2Cr(OH)3 (18)

n solid state and under anhydrous condition, hexav
hromium exists as CrO3, while the corresponding hydro
orm is H2CrO4:

rO3 + H2O → H2CrO4 (19)
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is not likely to be important mechanism for the oxidation of
Cr(III). Manganese oxides, present in reactive forms almost
universally in fresh, moist, non-acid field soil samples, may,
however, serve as the electron link between the added Cr(III)
and dissolved oxygen[11], and lead to Cr(III) oxidation. The
oxidation of Cr(III) by soil manganese oxides is controlled by
the surface characteristics of the oxides and by the availabil-
ity of the Cr(III) to the surface[13]. The drying of the soil
alters the manganese surface, decreasing its ability to oxi-
dize Cr(III). The oxidation of Cr(III) to Cr(VI) is also limited
by the concentration of water-soluble chromium, pH, initial
available surface area and ionic strength[14]. A large portion
of Cr(III) in soil will not be oxidized to Cr(VI), even in the
presence of manganese oxide and favorable pH conditions,
due to unavailability of mobile Cr(III)[12].

A study on fractionation and oxidation of chromium in
tannery waste amended soils[19] indicated that the initial
increase in Cr(VI) during the first five months after the tan-
nery waste application was followed by a decrease of water-
soluble chromium and Cr(VI) concentrations. The theoret-
ical basis for such observations, which involve competitive
oxidation–reduction of chromium, has also been presented
in this paper. In a study[20] concerning the impact of waste
chromium of tannery agglomerates in east Kolkata, India, on
the surrounding wetland ecosystem, observed Cr(VI) concen-
tration in sludge/sediment/soil samples varied form 0.00765
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• Thermodynamic calculations suggest that chromium oxi-
dation is possible through interaction of dissolved Cr(III)
species with MnO2 solid phase.

• It is also suggested that manganese may act effectively as
an electron transporter between Cr(III) and dissolved oxy-
gen during Cr(III) oxidation. In the process, MnO2 solid
phase is reduced to [Mn2+] during chromium oxidation.
However, this [Mn2+] may subsequently be re-converted
through interaction with oxygen to MnO2 solid phase, and
participate in further chromium oxidation. Thus, the total
manganese concentration in such systems may not have
substantial effect on the extent of Cr(III) oxidation.

• Also, presence of Cr(III) as precipitate may not hamper its
eventual oxidation, since as dissolved Cr(III) is oxidized,
dissolution of Cr(OH)3 solid phase, if present, will take
place to maintain the equilibrium between the dissolved
and solid phases of trivalent chromium. This dissolution
process will continue until equilibrium conditions are at-
tained.

• In the pH range of 3–10, if the prevalentPO2 is 10−6 atm
or higher, equilibrium conditions stipulate nearly complete
conversion of Cr(III), whether initially in dissolved or pre-
cipitated state, to soluble Cr(VI).

• If PO2 is 10−20 atm or lower, very little Cr(VI) is expected
to be present under equilibrium conditions, irrespective of
the system pH.
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o 24.319 g/kg, though fresh tannery effluent and sludge
osed at the site contained almost no Cr(VI). Another s

21] reported chromium speciation in receiving estuar
olligan, Ireland, as a result of discharge of tannery efflu
exavalent chromium was undetected in the estuary d
eld sampling. However, in laboratory studies, some s
ent from the surrounding areas were found to oxidize Cr
resent in the tannery effluent.

. Conclusions

Field observations by Verma[9] regarding Cr(VI) pollu
ion at a tannery sludge dumping site in Kanpur, India
he main motivation behind this study. The theoretical
essment of chromium oxidation potential presented in
tudy is also in general agreement with the experimenta
ervations and field studies by other researchers, which r
hromium oxidation in the natural environment under cer
onditions. Specifically, this study has led to the follow
onclusions:

Sludge and soil samples collected from a chromi
contaminated tannery sludge dumping site in Kanpur
dia, contained considerable amounts of Cr(VI). Also,
face runoff collected in land depressions near this site
reported to contain high concentrations of Cr(VI). It w
observed that the sludge dumped at this site was
burned, and the leachate from burnt sludge also cont
high concentrations of Cr(VI).
In the intermediatePO2 regions, incomplete dissolutio
of the Cr(OH)3 solid phase and only partial conversion
chromium from +3 to the +6 oxidation state is expected
sulting in Cr(III) and Cr(VI) dissolved phases and Cr(O3
solid phase co-existing under equilibrium conditions,
pecially at low pH.
Conversion of Cr2O3 to CrO3 under aerobic condition
was shown to be thermodynamically feasible under
ural conditions, though kinetic limitations on such c
version will probably limit substantial conversion at ro
temperature.

It is again emphasized that the conclusions above pe
o the expected system state under equilibrium condit
ith no consideration given to rate at which such equilibr

s attained. Thus, in natural systems, complete oxidatio
r(III) to Cr(VI) may never be observed in environmenta
ignificant time frames.

eferences

[1] K.T. Sarkar, Theory and Practice of Leather Manufacture, Ajoy
car, Madras, India, 1981.

[2] T. Ramasami, S. Rajamani, J.R. Rao, Pollution Control in Lea
Industry: Emerging Technological Options, CLRI, Adyar, Mad
India, 1995.

[3] A.S. Naidu, Indian leather industry in 21st century: challenges
opportunities, Yojana, March, 2000, pp. 13–21.

[4] P. Chandra, S. Sinha, U.N. Rai, Bioremediation of chromium f
water and soil by vascular aquatic plants, in: E.L. Kruger, T.A.
derson, J.R. Coats (Eds.), Phytoremediation of Soil and Water



222 A.D. Apte et al. / Journal of Hazardous Materials B121 (2005) 215–222

taminants, ACS Symposium Series No. 664, American Chemical
Society, Washington, DC, 1997.

[5] A. Sahasranaman, Occupational safety and health in the tan-
ning industry-emerging challenges, in: Proceedings of International
Union of Leather Technologists and Chemists Societies (IULTCS)
Congress, Chennai, 1999, pp. 4–29.

[6] M. Mariappan, Environmental protection initiatives in Indian
tanneries—a perspective view, in: Proceedings of Leather Research
Industry Get-Together (LERIG), CLRI, Adiyar, Chennai, 1997, pp.
150–165.

[7] APHA, WEF, AWWA, Standard Methods for Examination of Water
and Wastewater, 19th ed., APHA, Washington, DC, USA, 1995.

[8] R. Miroslav, N.B. Vladimir, Practical Environmental Analysis, Chap-
ter 5: Soil, Sludge, Sediments and Dust Analysis-367, The Royal
Society of Chemistry Publications, Cambridge, UK, 1999.

[9] S. Verma, Fate of chromium in the environment through tannery
effluents. M.Tech. Thesis, Department of Civil Engineering, Indian
Institute of Technology, Kanpur, 2003.

[10] S.A. Katz, H. Salem, The Biological and Environmental Chemistry
of Chromium, VCH Publishers Inc., New York, 1994.

[11] R.J. Bartlett, B. James, Behavior of chromium in soils: III. Oxidation,
J. Environ. Qual. 8 (1) (1979) 31–35.

[12] R.J. Bartlett, Chromium cycling in soils and water: links, gaps and
methods, Environ. Health Perspect. 92 (1991) 31–34.

[13] L.E. Eary, D. Rai, Kinetics of Cr(III) oxidation by manganese diox-
ide, Environ. Sci. Technol. 21 (1987) 1187–1193.

[14] S.E. Fendorf, R.J. Zasoski, Chromium(III) oxidation by�-MnO2. I.
Characterization, Environ. Sci. Technol. 26 (1992) 79–85.

[15] MINEQL+, Version 4.x. Environmental Research Software, Hallow-
ell, ME, USA, 2002.

[16] D.C. Schroeder, G.F. Lee, Potential transformations of chromium in
natural waters, Water Air Soil Pollut. 4 (1975) 355–365.

[17] M.C. Chuan, J.C. Liu, Release behavior of chromium from tannery
sludge, Water Res. 30 (4) (1996) 932–938.

[18] M.L. Rock, B. James, G.R. Helz, Hydrogen peroxide effects on
chromium oxidation state and solubility in four diverse, chromium-
enriched soils, Environ. Sci. Technol. 35 (20) (2001) 4054–
4059.

[19] R. Milacic, J. Stupar, Fractionation and oxidation of chromium tan-
nery waste and sewage sludge-amended soils, Environ. Sci. Technol.
29 (1995) 506–514.

[20] B. Chattopadhyay, S. Datta, A. Chatterji, S.K. Mukhopadhyay, The
environmental impact of waste chromium of tannery agglomerates in
the east Calcutta wetland ecosystem, J. Soc. Leather Technol. Chem.
84 (1999) 94–100.

[21] A.R. Walsh, J. O’Halloran, Chromium speciation in tannery
effluent—I. An assessment of techniques and the role of organic
Cr(III) complexes, Water Res. 30 (1996) 2393–2400.


	Oxidation of Cr(III) in tannery sludge to Cr(VI): Field observations and theoretical assessment
	Introduction
	Field observations
	Theoretical analysis
	Chromium speciation
	Manganese speciation
	Interaction between manganese and chromium
	Thermal oxidation of chromium in the presence of oxygen

	Discussion
	Conclusions
	References


