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a b s t r a c t

Inorganic arsenic is the most toxic form and has been classified in group 1 as carcinogenic to humans
which induces lung, urinary bladder and primary skin cancer. Worldwide concern over its presence in
water bodies have prompted much research and policy development focusing on the removal of this
chronic human carcinogen. It has been observed that the ash of Unio (Lamellidens marginalis – the fresh
water mussel) can be used successfully for the removal of arsenic(V) from the aqueous solutions at low
eywords:
exacyanoferrate(III)

ridium(III) chloride
odium arsenite
nio Shell ash

pH (∼9.0). Initially the kinetics of oxidation of arsenic(III) by alkaline hexacyanoferrate(III), both with and
without adding iridium(III) chloride was studied. Subsequently after complete removal of ferrocyanide,
the removal of arsenic(V) produced in the spent reaction mixture was taken up. Out of the five ashes
obtained from different sources, the ash of Unio was found to be the best which results in decreasing
arsenic(V) concentration from 1000 ppb to >10 ppb, TDS from 16.9 ppt to 8.5 ppt and conductivity from
33.8 mS to 17.1 mS. Kinetic results show the possibility of graphical separation of the reaction proceeding

(III) fr
in the absence of iridium

. Introduction

Arsenic contamination of groundwater is a global problem.
ecent studies reported serious health risks due to arsenic in drink-

ng water. Out of two forms of arsenic existing in water, As(III) is
ore toxic and mobile than the As(V) species. Additionally As(III)

xist in nonionic H3AsO3 at pH 8, which is not adsorbed effi-
iently to the mineral surfaces. In comparison As(V) present as
nions, H2AsO4

− and HAsO4
2− is adsorbed easily to the solid sur-

aces. Therefore, pre-oxidation of As(III) to As(V) is necessary for
ts easy removal. Various salts and complexes of iron have been
sed as oxidants. Recently extensive work has been done on fer-
ate (iron in +6 oxidation state) [1–3], which has been used in the
xidation of various organic and inorganic substrates and also in
he removal of arsenic from water. Hexacyanoferrate(III) has long
een used as an oxidant presumably due its cheap availability, less
omplexity involved in the estimation and its capability to act in
cidic and alkaline medium both [4]. Based on the assumption that
light interaction of the electronic levels of oxidant and reductant
s sufficient to permit electron transfer hexacyanoferrate(III) func-

ions in the oxidation–reduction reactions as a simple one electron
bstracting reagent and oxidation invariably occurs via a direct

∗ Corresponding author. Tel.: +91 9415310943, fax: +91 532 2461236.
E-mail address: ptandonk@yahoo.co.in (P.K. Tandon).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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om that proceeding in the presence of iridium(III) chloride.
© 2010 Elsevier B.V. All rights reserved.

charge transfer process.

Fe(CN)3−
6 + e → Fe(CN)4−

6

Recently from our laboratory oxidation of iodide ion by hexa-
cyanoferrate(III) has been reported in the presence of Pd(II), Ru(III),
and Ir(III) in the presence of various acids like hydrochloric acid,
sulphuric acid and perchloric acid [5–7].

Catalytic activity of transition metal ions is well known in
organic reactions but little work using these ions to catalyze the
inorganic reactions has been done. Iridium(III) chloride has been
reported to catalyze the oxidation of organic compounds in acidic
medium [8–11]. To our knowledge, there have been only three
uncatalyzed kinetic studies [12–14] of the reaction of arsenic(III)
with hexacyanoferratre(III) in aqueous alkaline medium and the
catalyzed study of the reaction has not been reported till now which
prompted us to investigate the kinetics of this reaction both in the
presence as well as in the absence of iridium(III) chloride. Present
scenario of arsenic problem in many parts of world including India,
further motivated us to extend the work for subsequent removal of
arsenic(V) from the spent reaction mixture. The present method of
converting arsenic(III) into arsenic(V) and its subsequent removal
from water may well be extended for the arsenic problem in drink-

ing water also as the present method apart from removing arsenic
contents also appreciably decreases the total dissolved substances
and conductivity after the treatment.

Thus, main objective of this study was to investigate the kinet-
ics and mechanism of oxidation of As(III) by hexacyanoferrate(III)

dx.doi.org/10.1016/j.jhazmat.2010.09.109
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ptandonk@yahoo.co.in
dx.doi.org/10.1016/j.jhazmat.2010.09.109
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oth in the presence and absence of iridium(III) and the subsequent
emoval of arsenic [as arsenate(V)] from the spent reaction mixture,
sing the ash obtained from upper shell of dead Unio (Lamellidens
arginalis, the fresh water mussel) generally found in fresh water
onds, lakes, streams etc.

. Experimental

.1. Materials

Analytical grade chemicals were used as such without further
urification. Solutions were prepared in doubly distilled water. It
as not essential to always prepare a fresh solution of potassium
exacyanoferrate(III) (Qualigen) as spectrum of this solution does
ot change appreciably for over a period of months, even in dif-

used daylight. Solutions of sodium arsenite (NaAsO2, BDH) were
repared fresh by dissolving the sample in double distilled water.
ffects of change of hexacyanoferrate(II) and KCl concentrations
n the reaction rate were determined by adding the salts exter-
ally. Strength of sodium hexachloroiridate(III) (Johonson Matthay
Co.), prepared by dissolving the sample in minimum amount of

.R. HCl (0.62 × 10−2 mol dm−3) was 3.35 × 10−3 mol dm−3.

.2. Kinetic study and stoichiometry

Reactions were performed at constant temperature with an
ccuracy of ±0.1 ◦C. Progress of the reaction was measured at
ifferent time intervals by measuring the absorbance of 3.0 ml
liquot of the reaction mixture at 420 nm with the help of a
ouble-beam spectrophotometer (Systronics 2203, India). At this
avelength only hexacyanoferrate(III) absorbs strongly and hex-

cyanoferrate(II) or other reactants do not absorbs. Absorbance
alues thus are directly proportional to the remaining amount of
exacyanoferrate(III) in the reaction mixture. Total amount of hex-
cyanoferrate(III) consumed for complete oxidation of one mole
f sodium arsenite was determined under the condition when the
oncentration of hexacyanoferrate(III) � arsenic(III) concentration.
toichiometry of the reaction may be shown by the following equa-
ion

sO2
− + 2Fe(CN)6

3− + 4OH− → AsO4
3− + 2Fe(CN)6

4− + 2H2O (1)

.3. Determination of kinetic orders

Oxidation of sodium arsenite by hexacyanoferrate(III) in aque-
us alkaline medium proceeds even in the absence of iridium(III)
hloride therefore, the reactions in the presence and absence of irid-
um(III) chloride were studied separately under similar conditions.
nitial slope value for each set, was calculated from the individual
raph plotted between the values of absorbance at corresponding
ime (or log absorbance versus time), Rate of the reaction (−dc/dt)
as then obtained by dividing the initial slope value with ε (the
olar absorption coefficient). Orders, with respect to various reac-

ants were confirmed by plotting log absorbance versus time (for
xidant variation only), by plotting −dc/dt values versus concentra-
ion of the reactant, by calculating slope of the double logarithmic
raphs between rate versus concentration and by calculating the
ate constant for molar concentrations. Tables and figures contain
nitial concentrations of the reactants. Study could not be made at
onstant ionic strength of the medium (�) due to large volumes of
otassium chloride required to keep the ionic strength constant.

owever, to find out whether the reaction is taking place between

he charged species or one of the reactant is a neutral molecule, the
ffect of change of ionic strength of the medium on the rate was
tudied separately with the help of a standard solution of potassium
hloride.
ous Materials 185 (2011) 930–937 931

3. Kinetic results and discussion

3.1. Probable species of iridium(III)

It is known that IrCl3 in HCl medium gives IrCl63− species
[15,16]. Further the aquation of [IrCl6]3− gives [IrCl5(H2O)]2−,
[IrCl4(H2O)]1−, [IrCl3(H2O)3] species [17] as shown by the following
equilibrium.

[IrCl6]3− + nH2O → [IrCl6−n(H2O)n]3−n + Cl−] (2)

Since positive effect of chloride ion was observed in our stud-
ies hence the hydrated species can not be the reactive species as
the equilibrium in Eq. (2) will be shifted towards the left hand
side. Thus, [IrCl6]3− has been considered as the reactive species
of iridium(III) chloride in the present study.

3.2. Reactive species of sodium arsenite in aqueous alkaline
medium

From Raman spectral study Loehr and Plane [18] have reported
that predominant forms of arsenic present in hydroxide solutions
are As(OH)3, AsO(OH)2

−, AsO2(OH)2− and AsO3
3−. Similar views

have been expressed by others [19] too. It has also been reported
[20] that the addition of [OH−] to As(OH)3 converts three coordi-
nated AsIII to four coordinated As(OH)4

−, which differs only in the
degree of hydration and it is difficult to predict the precise form of
AsIII in such solutions. Equilibrium Eqs. (3)–(5) have been suggested
[13,14] in alkaline solutions of H3AsO3.

H3AsO3 + OH−K1�H2AsO3
− + H2O (3)

H2AsO3
− + OH−K2�HAsO3

2− + H2O (4)

HAsO2−
3 + OH−K3�AsO3

3− + H2O (5)

Hexacyanoferrate(III) reacts with all of the species and hydrox-
ide ion dependence shows that the order of reactivity of these
species is AsO3

3− > HAsO3
2− > H2AsO3

1− and that H3AsO3 is either
not reactive at all or much less reactive than H2AsO3

1−.

3.3. Kinetics of As(III) oxidation

First order plots (log absorbance versus time) show straight lines
in major part of the reaction both in the absence (Fig. 1A and B) and
in the presence of iridium(III) (Fig. 1C and D). When iridium(III) was
present in the reaction mixture it can be seen that the reaction is
quite fast in the beginning but after a brief period it slows down.
Rate values (−dc/dt) increase proportionately with increasing con-
centration of oxidant (Table 1 ) both in the presence and absence of
iridium(III) and the first order rate constant values for molar con-
centration (k*) are practically constant among themselves. In the
presence of iridium(III) rate constant values, obtained graphically
(kgraphical) and those obtained by using the standard first order rate
equation (kcalculated), show fair constancy separately in themselves
both for the fast and slow reactions. Constancy in k*, kgraphical and
kcalculated values is also observed when the reaction takes place in
the absence of iridium(III). On plotting rate values (−dc/dt) versus
concentration of the oxidant, straight lines passing through the ori-
gin are obtained in both the cases when reaction takes place in the
absence as well as in the presence of iridium(III) (Fig. 2). Finally
slope values of 1.00 were obtained on plotting double logarithmic

graphs between the rate and the oxidant concentrations in both the
cases. All these facts collectively confirm that in the absence as well
as in the presence of iridium(III) both, rate of the reaction through
out follows first order kinetics with respect to oxidant concentra-
tions. However, possibility of a faster reaction in the beginning can
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Fig. 1. Sample individual time plots for the consumption of hexacyanoferrate(III) in
the oxidation of arsenic(III) at 30 ◦C.
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0−3 mol dm−3 and D – 0.45 × 10−3 mol dm−3 [NaOH] = 10.00 × 10−2 mol dm−3,
NaAsO2] = 1.00 × 10−2 mol dm−3, [IrCl3] = 6.68 × 10−5 mol dm−3 (reaction with cat-
lyst only) (reaction without catalyst – A and B; reaction with catalyst – C and
).

e seen in when the reaction takes place in the presence of catalyst
Fig. 1C and D). It appears that the reaction starts at a faster rate
ut subsequently it slows down. It may be presumed that the com-
lex formed between the substrate and catalyst reacts at a much

lower rate with oxidant compared to the reaction in which the
xidant directly reacts with the arsenic(III) species. Comparison of
he first order rate constant values (kgr and kcalc) further confirm
he assumption that in the presence of catalyst, rate of the reac-
ion increases to a large extent in the beginning but subsequently

able 1
ffect of variation of hexacyanoferrate(III) concentrations on the rate of oxidation of arse

[K3Fe(CN)6] (×103 M) −dc/dt (×106 M min−1) k* (×102 min−1)

(A) (B) (A) (B)

0.45 12.00 12.50 2.66 2.27
0.55 13.60 – 2.47 –
0.66 15.00 12.00 2.27 1.81
0.71 19.50 16.66 2.74 2.34
0.83 21.40 – 2.57 –
1.00 22.20 – 2.22 –
1.11 – 22.00 – 1.98
1.25 30.00 25.00 2.40 2.00
2.00 – 40.00 - 2.00

NaOH] = 10.00 × 10−2 M (for both A and B), [sodium arsenite] = 1.00 × 10−2 M (for both A
eactions with catalyst. k∗ −dc/dt

[K3Fe(CN)6]

able 2
ffect of variation of sodium arsenite and hydroxyl ion concentrations on the rate of oxid

[NaAsO2]( (×102 M) −dc/dt (×106 M min−1) k* (M−1 min−1)

(A) (B) (A) (B)

0.50 6.25 9.00 2.27 3.27
0.57 6.25 – 1.99 –
0.66 8.58 8.12 2.36 2.24
0.83 10.00 12.00 2.19 2.62
1.00 12.50 15.00 2.27 2.73
1.17 14.28 – 2.22 –
1.33 16.25 16.66 2.22 2.28
2.00 26.66 25.00 2.42 2.27

NaAsO2] = 1.00 × 10−2 M (for * only), [OH−] = 10.00 × 10−2 M (for # o
∗ −dc/dt

[K3Fe(CN)6][NaAsO2] k∗∗ −dc/dt

[NaOH]2[K3Fe(CN)6]
Fig. 2. Effect of variation of hexacyanoferrate(III) concentrations on the rate of oxi-
dation of arsenic(III) at 30 ◦C.
A (without catalyst) and B (with catalyst); captions are same as in Fig. 1 (except for
[K3Fe(CN)6]).

it decreases with increasing concentration of the complex formed
between the catalyst and the substrate. Association of arsenic with
platinum group metals like Pt, Ir, Os is well known at least in the
natural deposits [21], which are capable of both entering the major
(Fe–Co–Ni) arsenides and forming their own arsenide minerals.
Similar products of oxidation in both the cases, whether the reac-
tion takes place in the absence or in presence of catalyst discard the
possibility that retarding effect is produced by one of the products.
The rate values (−dc/dt) increase with increasing concentration of
sodium arsenite in both the cases (Table 2), indicating direct pro-

portionality of the rate with respect to the concentrations of sodium
arsenite. This trend becomes clear on plotting rate values (−dc/dt)
versus concentration of sodium arsenite in which a straight line
passing through the origin is obtained (Fig. 3). Slope values of 0.80
and 1.0 respectively, were obtained on plotting double logarithmic

nic(III) at 30 ◦C.

kgr (×102 min−1) kcalc (×102 min−1)

(A) (B) (A) (B)

Fast Slow Fast Slow

2.30 6.14 1.79 2.32 5.73 2.75
2.16 – – 2.34 – –
2.30 5.11 1.53 2.10 4.30 2.18
2.42 3.16 1.68 2.37 3.52 2.25
2.16 – – 2.08 – –
2.04 – – 2.12 – –
– 5.11 2.30 – 3.17 2.66
1.84 3.06 1.97 1.85 3.22 2.29
– 2.68 1.81 – 2.69 2.08

and B), [IrCl3] = 6.68 × 10−5 M (only for B). A for reactions without catalyst and B for

ation of arsenic(III) at 30 ◦C.

[OH−]* (×102 M −dc/dt (×106 M min−1) k** (M−2 min−1)

(A) (B) (A) (B)

3.33 1.80 1.59 2.91 2.61
4.00 2.85 1.36 2.95 1.55
5.00 4.00 3.63 2.91 2.64
6.66 6.66 7.14 2.73 2.93
8.33 8.00 17.50 2.10 4.58

10.00 12.50 12.50 2.27 2.27
14.28 28.00 26.66 2.50 2.34
20.00 50.00 55.00 2.27 2.50

nly) [K3Fe(CN)6] = 0.55 × 10−3 M, [IrCl3] = 6.68 × 10−5 M (for B only).
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raphs between the rate and inorganic substrate concentrations
n the presence and absence of catalyst which finally confirm that
rder of the reaction with respect to sodium arsenite concentra-
ions is one in both the cases. Rate increases to a large extent
n increasing hydroxyl ion concentration. Straight lines passing
hrough the origin were obtained in both the cases on plotting rate
gainst the square of hydroxyl ion concentration (Fig. 4), indicat-
ng that the reaction follows second order kinetics with respect
o OH− ion concentrations. Slope values of 2.15 and 1.80 respec-
ively on plotting double logarithmic plots in the presence and
bsence of catalyst further confirm that rate of the reaction is pro-
ortional to the square of hydroxyl ion concentrations. This nature

s contrary to the previously reported results [14]. Interestingly, on
lotting −dc/dt values versus concentration of IrCl3, a straight line
as obtained with a positive intercept at y-axis (Fig. 5). Slope of

his line shows the rate of reaction which takes place after adding
ridium(III), while the positive intercept gives the extent of the reac-
ion, which takes place in the absence of the catalyst. Proportionate
ncrease in −dc/dt values with increasing catalyst concentrations
nd fair constancy in k* values indicate that the reaction follows first
rder kinetics with respect to iridium(III) chloride concentrations
Table 3).
To find out whether hexacyanoferrate(III) is reduced before the
ate determining step or not, concentration of hexacyanoferrate(II)
as changed adding the ions externally. Practical constancy in

he rate values at 31.06 ± 0.01 and 28.3 ± 0.01 (×10−6 M min−1)
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ig. 4. Effect of variation of hydroxyl ion concentrations on the rate of oxidation of
rsenic(III) at 30 ◦C.
aptions are same for A (without catalyst) and B (with catalyst): [K3Fe(CN)6] =
.55 × 10−3 mol dm−3, [NaAsO2] = 1.00 × 10−2 mol dm−3, [IrCl3] = 6.68 × 10−5

ol dm−3 (only for reactions with catalyst).
Fig. 5. Effect of variation of iridium trichloride concentrations on the rate of
oxidation of arsenic(III) at 30 ◦C.
[K3Fe(CN)6] = 0.83 × 10−3 mol dm−3, [NaAsO2] = 1.00 × 10−2 mol dm−3, [NaOH] =
10.00 × 10−2 mol dm−3.

(Table 4) clearly shows that the change in hexacyanoferrate(II) con-
centrations does not affect the rate of oxidation of arsenic(III) in
the absence or in the presence of catalyst. Change in ionic strength
of the medium (() with the help of a standard solution of potas-
sium chloride shows that both in the absence and presence of
catalyst, rate of reaction increases with increasing ionic strength
of the medium (Table 4). Thermodynamic parameters viz. energy
of activation, entropy of activation and free energy of activation
values were found to be 8.31 kcal and 15.24 kcal, −32.34 e.u. and
−51.12 e.u., 18.11 K cal mol−1 and 30.73 K cal mol−1 respectively for
the reactions taking place in the absence and presence of catalyst.
These values confirm that formation of activated complex is easier
in the case when reaction takes place in the presence of catalyst.

3.3.1. Mechanism of reaction in the presence of iridium(III)
chloride

Suggested path of oxidation of arsenic(III) by aqueous alkaline
hexacyanoferrate(III) in presence of iridium(III) chloride is shown
in Scheme 1, Under the experimental conditions shifting of equilib-
rium towards the left hand side in Eq. (2) results in the formation
of reactive species of catalyst in step I. Loehr and Plane have shown
that H3AsO3, H2AsO3

−, HAsO3
2− and AsO3

3− exist in basic solu-
tions. It has been reported [14] that predominant form of H3AsO3
is H2AsO3

− when [OH−]/[AsIII] ratio is less than one. In the present
work, the above ratio is much more than unity. It is therefore sug-
gested that H2AsO3

− further reacts with OH− to give [HAsO3
2−]

species, which is the reactive form of arsenic(III) in the present
study. In step II of Scheme 1 these two steps have been shown col-

lectively. In the step III the reactive form of catalyst obtained in
step I combines with the reactive form of arsenic obtained in step II
giving rise to the activated complex. It appears that a competition
for complex formation takes place between hexacyanoferrate(III)

Table 3
Effect of variation of iridium trichloride concentrations on the rate of oxidation of
arsenic(III) at 30 ◦C.

[IrCl3] (×105 M) −dc/dt (×106 M min−1) k* (M−1 min−1)

2.67 14.00 6.32
4.00 17.50 5.27
5.34 20.00 4.51
6.68 22.00 3.97
8.01 25.00 3.76
9.35 26.60 3.35

10.68 26.60 3.00
12.02 30.00 3.01

[K3Fe(CN)6] = 0.83 × 10−3 M; [NaAsO2] = 1.0 × 10−2 M; [NaOH] = 10.0 × 10−2 M.
k∗ −dc/dt

[K3Fe(CN)6][IrCl3]
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Table 4
Effect of variation of hexacyanoferrate(II) and chloride ion concentrations on the rate of oxidation of arsenic(III) at 30 ◦C.

[K4Fe(CN)6]* (×103 M) −dc/dt (×106 M min−1) [KCl]# (M) −dc/dt (×106 M min−1)

A B A B

0.50 33.33 30.00 0.04 17.14 23.33
0.55 32.00 27.50 0.09 24.00 35.00
0.70 30.00 30.00 0.14 27.50 40.00
0.90 30.00 27.50 0.19 40.00 70.00

[ nly);

a
A

o
a
o
r
H
o
o
[
i
b
p

3
i
(

[

c

[

[

[

I

[

c

1.00 30.00 26.66

K3Fe(CN)6] = 0.55 × 10−3 M; [NaAsO2] = 1.0 × 10−2 M; [IrCl3] = 6.68 × 10−5 M (for B o

nd the iridium(III) species and in the presence of iridium(III),
sO2(OH)2− species of AsIII preferably forms the complex with IrIII.

Reactive species of catalyst and the inorganic substrate are
btained in steps I and II of Scheme 1, which combine to form the
ctivated complex in step III. Reaction of complex with a molecule
f hexacyanoferrate(III) in the slow and rate determining step
esults in the reduced form of oxidant along with the formation of
AsO3 and IrCl64−. In the subsequent fast steps another molecule
f oxidant regenerates the reactive form of catalyst and hydration
f HAsO3 by a water molecule converts it into arsenic acid H3AsO4
22]. Proposed Scheme 1 gets support from the positive effect of
onic strength of the medium on the rate of oxidation of arsenic(III)
y hexacyanoferrate(III) which indicates that the reaction is taking
lace between the similarly charged ions.

.3.1.1. Derivation of rate law for the reaction in presence of
ridium(III) chloride. At any moment total concentration of AsIII

[AsIII]T) may be given as

AsIII]Total = [H3AsO3] + [AsO2(OH)2−] + Complex (6)

Concentration of IrCl63−, and H3AsO3 and AsO2(OH)2− may be
alculated from steps I, II and III of Scheme 1, respectively

IrCl6
3−] = K1[IrCl5(H2O)2−][Cl−]

[H2O]
(7)

H3AsO3] = [AsO2(OH)2−][H2O]2

K2[OH−]2
(8)

AsO2(OH)2−] = [C5−]

K3[IrCl6]3− (9)

Concentration of AsO2(OH)2− after substituting the value of

rCl63− from Eq. (7) may be written as

AsO2(OH)2−] = [C5−] [H2O]

K1K3[IrCl5(H2O)2−][Cl−]
(10)

IrCl5(H2O)2- + Cl- IrCl6
3- + H2O

H3AsO3 + 2OH- [AsO2(OH)2-] + 2H2O

[AsO2(OH)2-] + IrCl6
3- complex5-

omplex5- + Fe(CN)6
3- HAsO3 + Fe(CN)6

4- + IrCl6
4-

HAsO3 + H2O H3AsO 4

IrCl6
4- + Fe(CN)6

3- IrCl6
3- + Fe(CN)6

4-

K1

K2

K3

k

slow r.d. step

(I)

(II)

(III)

(IV)

(V)

(VI)

fast

fast

Scheme 1. Mechanism for the reaction in the presence of catalyst.
0.24 43.30 100.0
0.29 55.00 110.0

[NaOH] = 10.0 × 10−2 M (for # only), [NaOH] = 20.0 × 10−2 M (for * only).

Substituting the value of AsO2(OH)2− in Eq. (8) we get

[H3AsO3] = [C5−] [H2O]3

K1K2K3[OH−]2 [IrCl5(H2O)2−][Cl−]
(11)

Now putting the values of H3AsO3 and AsO2(OH)2− from Eqs.
(11) and (10) into the Eq. (6), total concentration of AsIII may be
given as

[As]T = [C5−] [H2O]3

K1K2K3[OH−]2 [IrCl5(H2O)2−] [Cl−]

+ [C5−] [H2O]

K1K3 [IrCl5(H2O)2−] [Cl−]
+ [C5−] (12)

From this the concentration of the complex C comes out to be

[C5−] = K1K2K3 [OH−]2 [IrCl5(H2O)2−] [Cl−] [As]T

[H2O]3 + K2 [OH−]2 [H2O] + K1K2K3 [OH−]2 [IrCl5(H2O)2−] [Cl−]
(13)

Rate of reaction in terms of decreasing concentrations of hexa-
cyanoferrate(III) is given by

−
d
[
Fe(CN)3−

6

]

dt
= k

[
C5−] [

Fe(CN)3−
6

]
(14)

Substituting the value of the concentration of complex [C5−]
from Eq. (13) into Eq. (14) and multiplying the equation by 2
because two molecules of oxidant are used for regenerating the
original active form of catalyst i.e. IrCl63−, we get the rate law in
terms of decreasing concentrations of hexacyanoferrate(III) as

− d[Fe(CN)3−
6 ]

dt
= 2kK1K2K3[Fe(CN)3−

6 ] [OH−]2 [IrCl5(H2O)2−] [Cl−] [As]T

[H2O]3 + K1[OH−]2 [H2O] + K1K2K3 [OH−]2 [IrCl5(H2O)2−] [Cl−]

(15)

As the oxidation was studied in aqueous medium thus
the inequality [H2O]3 � K1[OH−]2[H2O] + K1K2K3[IrCl5(H2O)2−]
[OH−]2[Cl−] may be consider valid and the final rate law reduces
to

Rate = −
d
[
Fe(CN)3−

6

]

dt

= kc
[
Fe(CN)3−

6

] [
IrCl5(H2O)2−] [

OH−]2 [
Cl−

] [
AsIII

]
T

(16)

In this equation kc is another constant and equals to 2 kK1K2K3.
kc represents the overall rate constant for the reaction taking place
in the presence of iridium(III) chloride. With the help of Eq. (16) the
values of kc were calculated from the slopes of the graphs of rate

versus the concentrations of [Fe(CN)6

3−], [AsIII], [OH−]2 and [IrIII]
which were found to be 1.40, 1.51, 1.81 and 1.11 (×106 M−5 min−1).
Fair constancy in the rate constant values obtained from four dif-
ferent variations of the catalyzed reaction indicates the validity of
the proposed mechanism and the final rate law (16).
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H3AsO3 + 2OH- [AsO2(OH)2-] + 2H2O

[AsO2(OH)2-] + [Fe(CN)6
3-]

K1'

k' HAsO3
- + Fe(CN)6

4-

[VII]

[VIII]

HAsO3
- + Fe(CN)6

3- HAsO3 + Fe(CN)6
4- [IX]

HAsO3 + H2O [X]H3AsO4
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Scheme 2. Mechanism for the reaction in the absence of catalyst.

.3.2. Mechanism of reaction in the absence of iridium(III)
hloride

According to Scheme 2 sodium arsenite in alkaline medium
ives rise to AsO2(OH)2− which in turn combines with hexacyano-
errate(III) in the slow and rate determine step to give HAsO3

1−.
AsO3

1− is quickly oxidized by hexacyanoferrate(III) in the sub-
equent fast step giving rise to HAsO3. Conversion of HAsO3 into
3AsO4 in aqueous medium is well established [22]. In the present
ork it was observed that increase in ionic strength of the medium
ith the help of a standard solution of potassium chloride also

ncreases the reaction velocity indicating that the reaction is taking
lace between similarly charged species. The proposed mechanism

s consistent with the experimental findings.
The path by which AsIII is oxidized by one and two equivalent

xidants has been discussed by previous workers [12–14]. Evi-
ence of formation of AsIV as an unstable intermediate is found

n a number of publications ([22] and the references cited therein).
t appears that a competition for complex formation takes place
etween hexacyanoferrate(III) and the iridium(III) species. Under
he conditions when reaction takes place in the presence of cat-
lyst, AsO2(OH)2− species of AsIII preferably forms the complex
ith IrIII. In the absence of iridium(III) chloride, which is the case
hen reaction takes place in the absence of catalyst, hexacyanofer-

ate(III) being one electron transfer oxidant abstracts one electron
rom AsO2(OH)2− giving rise to AsO2(OH)1− which in turn is further
xidized by a second molecule of hexacyanoferrate(III) giving rise
o HAsO3.

.3.2.1. Derivation of rate law for the reaction in absence of iridium(III)
hloride. Concentration of AsO2(OH)2−, calculated from equilib-
ium step (VII) of Scheme 2 is given as

AsO2(OH)2−]
=

K ′
1 [H3AsO3]

[
OH−]2

[H2O]2
(17)

Rate in terms of decreasing concentrations of hexacyanofer-
ate(III) is given by step (VIII) as

ate = −d[Fe(CN)3−
6 ]

dt
= k′[AsO2(OH)2−] [Fe(CN)6

3−] (18)

Now putting the value of AsO2(OH)2− from Eq. (17) into Eq.
18) and multiplying the equation by 2 because two molecules of
xidant are involved in the reaction, the rate is given as

ate = −d[Fe(CN)3−
6 ]

dt
=

2k′K1
′ [Fe(CN)3−

6

] [
OH−]2

[H3AsO3]

[H2O]2
(19)

In this case also as the reaction was studied in aqueous medium
he final rate law (19) takes the form as-

d
[
Fe(CN)3−]

[ ] [ ]

ate = 6

dt
= ku Fe(CN)3−

6 OH− 2
[H3AsO3] (20)

ku is the overall rate constant for the reaction which takes place
n the absence of catalyst. Values of ku were calculated with the
elp of the slopes of the graphs plotted between the rate and Ta
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Fig. 6. Efficiency of various natural adsorbent for arsenic(V) removal.
Adsorb. I = ash of endocorp of coconut, Adsorb. II = ash of Bagasse, Adsorb. III = ash of
dead Unio shell, Adsorb. IV = activated charchoal and Adsorb. V = coal.
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AsIII], [OH−]2 and [Fe(CN)6
3−] and these values were found to be

.14, 1.14, 1.10 (×102 M−3 min−1). Fair constancy in the rate values
btained from three different variations confirms the validity of the
roposed Scheme 2 and the rate law (20).

Interesting part of study is that a straight line with positive
ntercept at y-axis was obtained on plotting rate values against
he concentration of catalyst. Slope of this graph gives the rate
nd extent of the reaction taking place in the presence of cat-
lyst, while the intercept at y-axis gives the rate and extent
f the reaction which takes place in the absence of catalyst.
t may be pointed out that the reaction which takes place in
he presence of catalyst includes the reaction which proceeds
n its absence. This results in the intercept at y-axis. Rate and
xtent of the reaction taking place in the absence of catalyst
as calculated from the intercept of the catalyst graph and was

ound to be 0.63 × 102 M−3 min−1, which closely resembles with
he value of the rate constant calculated with the help of Eq.
20). Close resemblance between the values finally confirms the
alidity of the rate laws (16) and (20) and the proposed mecha-
isms.

. Arsenic removal studies

.1. Method

The arsenic removal experiments were performed in the solu-
ion obtained after completion of the reaction. The present study
nvolves three steps; (i) Study of the kinetics of oxidation of As(III)
o As(V) by hexacyanoferrate(III) (ii) precipitation of hexacyano-
errate(II) with the help of iron(III) nitrate as Prussian blue and
iii) the subsequent removal of the As(V) by its adsorption on
sh of endocarp of coconut (adsorbent-I), ash of Bagasse (adsor-
ent II), ash of dead Unio shell (collected from shores of rivers
nd ponds) (adsorbent-III), activated charcoal (adsorbent-IV) and
oal (adsorbent-V). Hexacyanoferrate(III) reduces to hexacyano-
errate(II) during the oxidation of arsenic(III) to arsenic(V). After
ompletion of the reaction the spent reaction mixture was acidified
nd ferric nitrate was added to the reaction mixture which precipi-
ates hexacyanoferrate(II) as Prussian blue in the reaction mixture.
emoval of hexacyanoferrate(II) is necessary to improve the quality
f water from the drinking point of view and also due to its inter-
erence in the identification of arsenic(V) with the arsenic test kit
Orlab Pvt. Ltd.). The resultant solution was filtered and was mixed
ith 1.0 g each of different adsorbents with constant stirring for

0 min. Solid contents of the mixture were allowed to settle. With
he help of arsenic test kit, supernatant liquid was analyzed after
0 min to check the total arsenic contents (as arsenic(V)). Mecha-
ism of adsorption of arsenic(V) was studied by Fourier transform

nfrared analysis (FTIR).

.2. Results and discussion

Decrease in pH, conductivity and total dissolved substances
TDS) along with the decrease in total arsenic concentration in the
pent reaction mixture obtained from the kinetic study support the
rsenic removal (Table 5). As shown in Fig. 6; 1.0 g of ash of dead
nio shell (Adsorbant III) effectively removes arsenic(V) species by

owering the arsenic(V) concentration from an initial 1000 �g l−1 to
elow 10 �g l−1 (10 ppb). According to EPA, USA, level of 10 ppb of
rsenic(V) satisfies the regulation level for drinking water. Chitin,

natural polysaccharide, is found in diatoms, nematodes, mol-

usks etc. consisting of (1,4)2-acetamide-2-deoxy-d-glucose units
ome of which are deacetylated and are known as chitosan [23].
hitin and chitosan are highly basic polysaccharides with unique
roperties like the ability to form films [24] to react with polyan-
Fig. 7. IR spectra of ash of Unio (a) pure ash (b) ash after adsorption of arsenic(V).

ions [25–26] as well as to chelate and to remove metal ions [27].
Amide group (–NH–) of chitin in acidic medium is protonated and
bears a positive charge (–NH+–) which facilitates the adsorption of
negatively charged AsO4

3− at the surface of the ash of Unio. Pres-
ence of electrostatic forces between the oppositely charged ions
(AsO4

3− and CH3CO·NH2
+ ) gets support from the IR spectral stud-

ies which were performed on the important suggestions given by
the referees. In IR spectra of Unio ash before and after adsorption
of arsenic(V) species (Fig. 7) major change are found only in the
increase in intensity and the shifting of peak of amide group stretch-
ing frequency from 3432.9 cm−1 to 3413.6 cm−1. This shift indicates
that the amide group attached to the ash of Unio is affected by the
arsenic(V) molecule. This result further confirms that arsenic(V) is
bound to the ash and the functional group mainly responsible for
arsenic(V) binding is the amide group of chitin which is present
in the ash. As calcium carbonate is the major component of ash,
the possibility of precipitation of arsenate in the form of CaHAsO4
can be ruled out on the basis of spectra in which no change in
the characteristic peaks [28] of calcium carbonate (1796.8 cm−1,

1416.6 cm−1, 1083.5 cm−1, 876.1 cm−1, 712.2 cm−1) are obtained.
Schematic arsenate anion-sorption mechanism may be given as
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. Conclusion

Homogeneous catalysis by iridium(III) chloride in the oxida-
ion of arsenic(III) in alkaline medium may be extended to other
eactions also involving the inorganic substrates which are very
mportant from the industrial point of view. Further, the removal of
rsenic(V) from aqueous solutions is extremely important from the
nvironmental point of view. The present study may lead to find out
cost effective and safe method to purify drinking water contami-
ated with arsenic. Generally arsenic containing reaction mixtures
re thrown away in the laboratories and industries, which causes
rsenic contamination of the soil and environment. The present
tudy gives an economical solution to check this type of arsenic
ontamination.
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