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Abstract

Regularities in catalytic oxidation of “Acid chrome dark blue” dye in water solutions are studied under
the effect of Fe-montmorillonite catalyst obtained by intercalation of iron polyhydroxocomplexes into the
montmorillonite clay from Mukhortalinskoye deposit (Buryatia). An impact of the initial concentrations of
reagents, temperatures, and pH on the reaction rate is studied. The outcomes of organic dyes oxidation
bear witness to the possibility of practical application of Fe-montmorillonite catalyst in the processes of

sewage decontamination from dyes.

INTRODUCTION

Presently, one of the topical environmental
problems remains the neutralization of sewage
from various pollutants, in particular from dyes.
More than 80 % of synthetic dyes show carci-
nogenic, mutagen, and allergic effect with re-
spect to living organisms. The maximum permis-
sible concentration of dyes in the sewage dis-
charged into the water bodies depends on the
dye type and can amount from 0.05 to 0.5 mg/];
meanwhile their content in the sewage of many
manufactures is as great as 5—10 mg/1 [1].

The catalytic methods using ecologically clean
oxidizers, specifically, ozone, oxygen, and
hydrogen peroxide are most advantageous for
sewage decontamination from dyes. Hydrogen
peroxide possesses a number of technological
benefits over ozone and oxygen, and finds ever-
widening applications in practice of sewage
decontamination from organic compounds [2].
Owing to their high activity, iron ions Fe?* and

Fe?* (Fenton and Raff systems) [3] are most
often used as catalysts. The need for the subsequent
additional treatment of water solutions to remove
iron ions from them and activity of the specified
systems in the limited range of pH stimulate a
search for heterogeneous catalysts based on iron
compounds [4, 5]. The layer-columnar structured
pillar materials obtained on the basis of natural
layered silicates and on the basis of hydroxocations
of transition elements, in particular iron, attract
great interest for their use as catalysts, since their
catalytic properties in water solutions are practically
unstudied. Previously we have examined textural
and adsorption properties of such materials
obtained on the basis of montmorillonite (MM) and
polyhydroxocomplexes of iron (III) [6], and showed
the possibility of their application as oxidation
catalysts of phenols in water solutions [7].

The purpose of this work is studying the
regularities of catalytic oxidation of anionic
organic dyes by hydrogen peroxide under the
effect of Fe-montmorillonite.



714 S. TS. KHANKHASAEVA et al.

¥

T, 111N

0 10 20 30

¥ ¥ v L

T T
4] 10 20 30 40 1. min

T T T T T

0 10 20 30 4

Fig. 1. Dependence of ACDB concentration on time at
different initial concentrations of dye (a), hydrogen
peroxide (b) and catalyst (c) (pH 2.0, t = 40°C): a — [ACDB],
1073 mol/1: 9.6 (1), 19.3 (2), 38.6 (3), 57.8 (4), 96.4 (5); [Fe-
MM] = 5.0 g/l, [H,0,] = 2.0 M; b — [H,0,], 107® mol/l:
50 (1), 6.9 (2), 3.45 (3), 1.72 (4), [Fe-MM] = 5.0 g/l,
[ACDB] = 192 10™* M; ¢ — [Fe-MM], g/1: 5.0 (1), 2.5 (2),
1.0 (3), 0.5 (4), [H,0,] = 0.05 M, [ACDB] = 1.92 107* M.

EXPERIMENTAL

To yield Fe-montmorillonite (Fe-MM) cata-
lyst, the clay from Mukhortalinskoye deposit
(Buryatia) presented predominantly by mont-
morillonite (90 %) has been used. The natural
mineral (composition, mass fraction, %: SiO,
65.5, Al,O; 14.3, Fe,O; 1.8, CaO 1.5, MgO 1.1,
K,0 0.2, Na,O 0.1, H,O 15.5) was suspended in
the distilled water, levigated, and fine-dis-
persed fraction was separated by centrifuga-
tion. The catalyst was obtained with the meth-
od described in [6] and exposed to heat treat-
ment at 500 °C within 2 h. Unlike [6], suspen-
sion of clay prior to sol introduction was treat-
ed with ultrasound of frequency 22 kHz for
5 min.

Iron content of the obtained catalyst was
determined photometrically with ortho-phenan-
throline [8] upon the catalyst standing in con-
centrated HCIl during 1 day. Iron content of
Fe-MM specimen was 37.5 mg/g.

Textural characteristics of Fe-MM were de-
termined similar to [6]. Specific surface of the
catalyst comprised 121.68 m?/g, average diam-
eter of pores 89.3A, total pore volume was
0.28 cm?/g.

Azo dye “Acid chrome dark blue” (ACDB)
of composition C;;HyO¢Na,ClS,N, was used in
the work. Kinetic experiments were conducted
in the temperature-controlled reactor with stir-
ring by a magnetic stirrer. Kinetics of dye ox-
idation was studied from changing of optical
density of the dye solution in time. The densi-
ty was measured in spectrophotometer Agilent
8453 UV-VIS at A, =590 nm. Dye concen-
tration was determined from the calibration plot
of optical density of dye solution versus dye
concentration. Dye concentration in the solution
varied in the range from 9.6 107 to 9.64 107*
M, that of hydrogen peroxide, from 1.72 1073
to 2.0 M, concentration of catalyst, from 0.5
to 5.0 g/1; pH changed from 2.0 to 5.0. The de-
gree of dye oxidation was determined from the
ratio of the quantity of the reacted dye to its
initial quantity multiplied by 100 %.

To determine the order of a reaction in re-
spect to components of the reaction mixture
(Fe-MM, H,O,, ACDB, HY), the experiments
were performed where the concentrations of
three components were kept constant, and the
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concentration of the fourth one varied. The or-
der of a reaction in respect to components was
determined with the method of initial veloci-
ties [9]. To determine activation energy, the re-
action of dye oxidation was conducted at the
temperatures of 25, 40, and 45 °C.

RESULTS AND DISCUSSION

According to the experimental data, dye
oxidation rate depends on the initial concentra-
tions of ACDB, H,0,, and Fe-MM catalyst
(Fig. 1, a—c). Experimental order of a reaction
in respect to ACDB dye was equal to 0.5, in
respect to the catalyst, 0.6. Reaction order in
respect to hydrogen peroxide at initial concen-
trations of the latter of 1.72 107® M comprised
0.5; at higher values, the order is close to zero.
Reaction rate of ACDB oxidation depends not
only on the initial concentration of reagents,
but also on pH (Fig. 2): it decreases, as pH
increases from 2.0 to 5.0. Reaction order in re-
spect to H" ions concentration was 0.83.

Dye oxidation rate increases with an increase
in the reaction temperature from 25 to 45 °C.
Activation energy of the reaction of ACDB
oxidation in the presence of Fe-MM, deter-
mined from the logarithmic form of the Ar-
rhenius equation, comprised 37.4 kJ/mol. The
obtained value of activation energy is in a good
agreement with the values characteristic of
radical-chain reactions in water solutions.

Since the conditions of the reaction in acid-
ic medium make possible washing out of iron
ions from the catalyst, we performed the ex-
periments on determination of the concentra-
tion of iron ions in the solution. Table 1 pre-
sents data on the kinetics of iron ions washout
from a specimen of Fe-MM catalyst at various
temperatures and pH. It is evident that the de-
gree of washing out of iron ions from Fe-MM
catalyst increases with increasing temperature
and with decreasing pH. The highest degree of
washing out of iron is evidenced at pH 2.0 and
comprises 0.7 % at 25 °C and 6.6 % at 40 °C that
is considerably lower than the degree of wash-
ing out of active metal for known iron-bearing
catalysts [4]. The data obtained suggest that the
reaction of ACDB oxidation at low pH values
proceeds through a homogeneous-heterogeneous
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Fig. 2. Dependence of ACDB concentration on time at
various pH: 2.0 (1), 3.0 (2), 40 (3), 5.0 (4); [Fe-MM] = 5.0 g/,
[H,0,] = 2.0 M, [ACDB] = 1.92 10™* M, t = 40 °C.

mechanism. To estimate the contribution of
homogeneous reaction, we performed additional
experiments on ACDB oxidation in the pres-
ence of FeCl; solution. The strength of FeCl,
solution in homogeneous reaction has been cal-
culated based on the degree of washing out
of iron from the catalyst at various tempera-
tures for 60 min. Data on kinetics of ACDB
homogeneous oxidation suggest that the con-
tribution of homogeneous reaction to the total
reaction rate is 8.3 % at pH 2.0 and 25 °C. As
the temperature increases, the contribution of
homogeneous reaction grows according to an
increase in quantity of iron ions passing into
solution. As is suggested by data from Table 1,
the degree of iron washing out from catalyst
at pH > 3.0 is insignificant and the reaction pro-
ceeds through a heterogeneous mechanism. This
is supported by the circumstance that the re-

TABLE 1

Kinetics of washing out of iron ions from Fe-MM
at various temperatures and pH

pH Degree of washing out (%), at a temperature of
25 °C 40 °C
during a period of T, min
10 20 30 60 10 20 30 60

2.0 04 06 07 0.7 30 35 39 66
3.0 02 03 03 0.3 1.0 15 18 23
4.0 <01 01 0.1 0.1 01 02 04 05
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action does not run in the mixture filtered off
from the catalyst.

Literature data on the mechanism of ACDB
dye oxidation under the effect of heterogeneous
iron-bearing catalysts are rather scarce; there-
fore, we performed a correlation of the ob-
tained kinetic data with the mechanism of
ACDB oxidation under the effect of iron ions
in water solutions. It is known [3] that ACDB
oxidation by hydrogen peroxide under the ef-
fect of Fe’" ions generates *OH and HO, radi-
cals, and reaction of ACDB oxidation at pH
2.0 proceeds by the following mechanism:

1. Fe’™ + ACDB - Fe’" ACDB - Fe’'+R,
.Fe’* + H,0, ~ Fe’" +°OH + OH”

.'"OH + H,0, - HO,;+ H,0

."OH + ACDB - R,

‘OH + Fe*" . Fe’" + OH"

.Fe’" + HO, - Fe*'+ HO;

.R, + Fe’" _, Fe’ + R (1)
.Fe’" + HO; - Fe’" + HO,

where R, R;, R, are the radicals being formed
in ACDB oxidation.

For the homogeneous ACDB oxidation rate
(W), the steady-state concentration method at
pH 2.0 gives an expression [3],
W =k, [Fe* ], [H,0,];°[ACDB])° , where k,, is
an effective kinetic constant of ACDB oxida-
tion under the effect of iron ions [see the
scheme (1)]. The kinetic equation obtained by
us for ACDB oxidation under the effect of Fe-
MM at pH 2.0 is of the following form:
W =k, [Fe’ Ji°[H,0,];°[ACDBY];”, where k,,,
is an experimental kinetic constant of ACDB
oxidation under the effect of Fe-MM. At rath-
er high [H,0,], when OH is consumed pre-
dominantly by the reaction with hydrogen per-
oxide (see the scheme (1), the stage No. 3),
ACDB oxidation rate is independent of [H,O,];
the similar dependence is observed also in the
case of Fe-MM catalyst, when [H,0,] is higher
than 0.05 M.

The experimental kinetic equation of ACDB
oxidation obtained by us under the effect of
Fe-MM is similar to that for ACDB oxidation
under the effect of iron ions, thus we can make
a conclusion that ACDB oxidation in the sys-
tem Fe-MM-H,0, may proceed through the
mechanism similar to the scheme (1). The set
of the kinetic data obtained allows thus far
making only qualitative remarks on the mech-
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anism of heterogeneous oxidation of dyes in
the presence of Fe-MM. A detailed determina-
tion of the reaction mechanism invites further
investigations.

We performed the experiments to evaluate the
degree of oxidation of ACDB dye (1.9 107* mol/1)
by hydrogen peroxide in the presence of Fe-
MM (5.0 g/1) with the various pH and temper-
atures. Oxidation was carried out for 110 min.
The obtained results are presented in Table 2.
It is evident that the degree of dye oxidation
grows with an increase in temperature and con-
centration of hydrogen peroxide up to 0.05 M.
Further increase in the concentration of hy-
drogen peroxide has practically no effect on the
change of the degree of dye oxidation owing
to the consumption of ‘OH radicals by the re-
action with Hy,O,. The catalyst is active through-
out the entire studied range of pH (2.0—6.2).
The greatest degree of dye oxidation (99.8 %)
is evidenced at pH 2.0 under conditions when
the reaction proceeds by a homogeneous-het-
erogeneous mechanism. However, as is suggest-
ed by data of Table 2, in conditions when wash-
ing out of iron ions from the catalyst is insig-
nificant and the reaction proceeds by a hetero-
geneous mechanism (pH = 3.0), the degree of
dyes oxidation remains rather high too. With
the re-use of the catalyst at pH 3.2, a decrease

TABLE 2

Outcomes of ACDB dye oxidation in water solutions in
the presence of Fe-MM

Experiment ¢, °C pH [H,0,], Degree
No. mol/1 of oxidation, %

1 40 2.0 0.01 83.8

2 0.02 98.5

3 0.05 99.8

4 0.10 99.6

5 0.20 99.5

6 2.00 99.3

7 3.0 2.00 99.1

8 4.0 91.8

9 5.0 62.5
10 25 2.0 0.05 89.6
11 3.2 85.1
12* 3.2 84.7

"The catalyst was re-used upon washing with water
and drying at 160 °C for 2 h.
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in the degree of ACDB dye oxidation was in-
significant (0.4 %), which confirms the evidence
on stability of the catalyst at pH = 3. Based on
the above data on the impact of the reaction
conditions on the degree of dyes oxidation and
stability of the catalyst, the optimum condi-
tions for the reaction to carry out may be con-
sidered the following: pH = 3, concentration of
hydrogen peroxide 0.05 M, the temperature
25—40 °C.

CONCLUSIONS

Kinetic regularities in oxidation of “Acid
chrome dark blue” dye in water solutions under
the effect of Fe-MM catalyst obtained through
intercalation of iron polyhydroxocomplexes into
the montmorillonite clay from Mukhortalinskoye
deposit are explored. An effect of the initial
concentration of reagents, of temperature, and
pH on the reaction rate is studied. The optimum
conditions of the reaction are determined,
which make it possible to attain a high degree
of dye oxidation and stability of the catalyst.
The results on oxidation of the organic dyes,
the use of which is made in textile

manufactures, bear witness to the possibility
of practical application of Fe-MM catalyst in
the oxidation processes of dyes solutions.
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