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bstract

Catalytic wet hydrogen peroxide oxidation of acid dye has been explored in this study. Manganese(III) complex of N,N′-ethylene bis(salicylidene-
minato) (salenH2) has been encapsulated in super cages of zeolite-Y by flexible ligand method. The catalyst has been characterized by FT-IR,

RD, TG/DTA and nitrogen adsorption studies. The effects of various parameters such as pH, catalyst and hydrogen peroxide concentration on

he oxidation of dye were studied. The results indicate that after 20 min at 30 ◦C, 0.175 M H2O2 and 3 g/L catalyst, about 90% dye removal was
btained. These studies indicate that manganese-salen complex immobilized on zeolite framework can act as a good heterogeneous catalyst for
emoval of dye from wastewaters.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Dyes find potential applications and are omnipresent in many
ndustries like textile, leather, food, paper, etc. The effluent
rising from these industries is obviously colored and causes
reat concern owing to their negative impact on the environ-
ent [1,2]. Treatment of dye-loaded effluent has been a very

ctive area of research in recent times. A variety of tech-
iques are being used for the removal of dyes from wastewaters,
.g. adsorption, oxidation, microbiological, photocataylsis, etc.
3–6]. Though activated carbon demonstrates its potential to
emove the dyes, the high initial cost of carbon, coupled with
roblems associated with regeneration/reuse necessitates search
or other alternatives. The ability of biological treatment pro-
esses for decolorization of industrial effluents has limitations
n that it is affected by the concentration, non-biodegradable,
oxic and inhibitory nature, alkalinity and elevated temperature

f the dye effluents. Owing to these reasons chemical oxidation
ethods are preferred.

∗ Corresponding authors. Tel.: +91 44 2441 1630; fax: +91 44 2491 1589.
E-mail address: clrichem@mailcity.com (B.U. Nair).

b
t
w
r
t
z
i

304-3894/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2006.05.052
emoval

Various advanced oxidation processes (AOP’s) have been
eveloped to meet the increasing need of effective wastewater
reatment [7]. Elimination of dyes in wastewater by oxidation
ith molecular O2 and sunlight is the most environment friendly
ollution treatment method. Hydrogen peroxide is a powerful
um environment friendly oxidizing agent since the products of
ts reduction are H2O and O2. H2O2 oxidation with UV-light,
eat, etc. has been investigated [8,9]. Fenton reagent is an effi-
ient oxidant of various organic substances in aqueous solutions.
enton reagent has received great attention as means for decol-
rization of synthetic dyes [10]. However, homogenous Fenton
ystems have limitations like limited pH range, production of
ron-containing waste sludge and catalyst deactivation by some
ron complexing agents like phosphates anions [11]. Hence, one
f the promising methods to remove dyes effectively is the use
f heterogeneous catalysts [12–15].

Heterogeneous catalysis eliminates the need of adding solu-
le catalytic substances and also the need for treating the resul-
ant sludge. The most attractive properties of zeolites are their
ell-connected nano-pores and nano-channels, which serve
eadily as hosts for various molecules. Several studies on syn-
hesis and catalytic activity of encapsulated metal complexes in
eolites have been carried out [16–20]. A photocatalytic system
nvolving iron(II) bipyridine supported on Na-Y zeolite has been

mailto:clrichem@mailcity.com
dx.doi.org/10.1016/j.jhazmat.2006.05.052
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tudied for degradation of malachite green [21]. Degradation
f reactive dyes by catalytic wet hydrogen peroxide oxidation
sing Fe-exchanged Y zeolite as catalyst has also been studied
22,23].

Fenton kind of process is a very promising AOP, wherein
astewater reacts with H2O2 in a non-pressurized reactor, at

ow temperature, in the presence of a catalyst; yielding CO2
nd water or other oxidation products [24]. Oxidation of many
rganic substance with H2O2 is improved by the addition of a
atalyst to activate the H2O2 molecule, leading to the formation
f hydroxyl radical (OH•). These are the true oxidant species,
hich exhibits a very high oxidation potential of 2.8 V [25]. The

imiting step in these kinds of oxidation reactions is the forma-
ion of hydroxyl radicals (OH•) through the following reactions
24]:

e2+ +H2O2→ Fe3+ +OH− +OH• (1)

ron(II) is slowly regenerated through the so called Fenton like
eaction between Fe(III) and H2O2 [26]:

e3+ +H2O2↔ Fe–OOH2+ +H+ (2)

e–OOH2+→ HO2
• + Fe2+ (3)

e3+ +HO2
• ↔ Fe2+ +O2+H+ (4)

he OH• species formed through Eq. (1) will then attack the
rganic substrates present the wastewater.

In this present work, the characterization of Mn-exchanged
a-Y zeolite and the kinetics and catalytic activity of the same

or degradation of acid dye Dermapel brown has been studied.

. Experimental

.1. Materials

The zeolite Na-Y purchased from Süd Chemie India
td., India, was used. The ligand N,N′-bis(salicylaldehyde)-
thylenediamine (salenH2) was prepared by procedure reported
elow. The other chemicals used were of AR quality.

.2. Synthesis of ligand

A solution of 1 mM ethylenediamine in 25 mL methanol
as slowly added to a stirred solution of the salicylaldehyde

2 mmol) in 50 mL of methanol. The reaction mixture was then
efluxed for 30 min, during which the yellow colored Schiff base
igand precipitated. After cooling the ligand was filtered, washed
ith cold methanol and dried.

.3. Preparation of metal exchanged zeolite

3.67 g of manganese(II) acetate was dissolved in 300 mL of

arm distilled water. Five grams of Na-Y was added under stir-

ing. The system was heated under reflux for 8 h and cooled. The
olid was filtered and washed thoroughly with hot demineralized
ater till the washings were colorless. The exchange process was

a
d
H
6
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epeated twice more. The solid Mn-Y zeolite obtained after third
xchange was dried at 80± 5 ◦C overnight in an air oven.

.4. Ligand encapsulation (flexible ligand method)

The ligand-encapsulated zeolite was prepared by taking salen
n a round bottomed flask immersed in an oil bath at 90± 5 ◦C.

n-Y zeolite was then added (salen:Mn ratio is 3:1). After being
tirred at this temperature condition for 24 h, the solid formed
as taken out and Soxhlet extracted with methanol for 24 h,

ollowed by diethyl ether and acetonitrile for 8 h, respectively,
ill all the unreacted salen was removed and the extract was
olorless. The brown color material obtained was then dried at
00 ◦C.

.5. Characterization of catalyst

The FT-IR spectra of the zeolite, solid catalyst and the neat
omplex were recorded between 400 and 4000 cm−1 using
erkin-Elmer Spectrum RX I FT-IR system, using the KBr disk

echnique. The TG/DTA analyses of the neat metal complex and
he catalyst were recorded using NETZSCH STA 409C, ther-

al analyzer. The X-ray powder diffractograms of the zeolite
nd solid catalyst were recorded using Shimadzu XD-D1 X-ray
iffractometer with Cu K� radiation (λ = 1.5405 Å). Manganese
ontent present in the zeolite was measured using atomic absorp-
ion spectroscopy.

.6. Catalytic activity studies (decomposition of H2O2)

0.25 g of catalyst was added to 50 mL of 0.175 M H2O2 (30%)
t ambient temperature and the reaction mixture was kept stir-
ing. After 2 h of stirring, the catalyst was filtered and a small
liquot of the filtrate was titrated against standard potassium per-
anganate solution after the addition of 10 mL of 2 M H2SO4

nd distilled water.

.7. Preparation of synthetic dye solution

The dye solution was prepared by dissolving the acid dye
ermapel brown obtained from Clariant India Ltd., India, in
eionized water to produce a stock solution of 500 mg/L (pH
.45). This stock solution was diluted in accurate proportions to
roduce solutions of different initial concentrations.

.8. Effect of pH and temperature on discoloration

The effect of pH on discoloration was studied using 50 mL of
0 mg/L dye solution taken in stoppered conical flask containing
.15 g of catalyst and 0.175 M H2O2. The pH of the solution was
aried from 2.0 to 8.0 using 0.1N H2SO4 and 0.1N NaOH. The
olution at the respective pH was agitated for a period of 2 h in a
otary mechanical shaker (70 strokes per min) at room temper-

ture (30± 1 ◦C). For temperature studies, 50 mL of 50 mg/L
ye solution was agitated with 0.15 g of catalyst and 0.175 M
2O2 for a period 2 h for various temperatures (30, 40, 50 and
0 ◦C).
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and second step due to the decomposition of the chelating lig-
and. An endothermic loss of 15.8% corresponding to the loss
of intra-zeolite water occurs between 100 and 200 ◦C for Mn-
salen-Y. Thus the thermal stability of Mn-salen complex was not
54 R. Aravindhan et al. / Journal of Ha

.9. Role of H2O2 and catalyst

The role of H2O2 in the oxidation of dye was studied by
arying the amount of H2O2 used for the experiment (0.175,
.350, 0.525, 0.700 and 0.875 M) with 0.15 g of Mn NaY cata-
yst. The solutions were agitated in a rotary mechanical shaker
or a period of 2 h at room temperature. The effect of the cat-
lyst dosage on the dye oxidation was also studied. To 50 mL
f 50 mg/L dye solution, different catalyst concentrations vary-
ng from 0.2 to 5 g/L were added along with 0.175 M H2O2.The
asks were agitated in rotary mechanical shaker at room temper-
ture for a period of 2 h. The reduction in color was measured
t various time intervals ranging from 10 min to 2 h for each
rial using Perkin-Elmer Lambda 35 UV–vis spectrophotome-
er.

.10. Rate of discoloration

In order to determine the time required for complete removal
f color, 50 mL of 100 mg/L dye solution was taken in 100 mL
toppered conical flask containing 0.15 g of the catalyst and
.175 M H2O2. The contents of the flask were agitated in
rotary mechanical shaker at room temperature (30± 2 ◦C)

nd the absorbance was measured at various time intervals
anging from 15 min to 5 h for each trial. The dye concen-
ration was estimated by measuring absorbance at 436 nm
sing Perkin-Elmer Lambda 35 UV–vis spectrophotometer.
n order to study the effectivity of the catalyst against var-
ous initial concentrations of the dyes, the following experi-

ents were carried out. Fifty milliliters of five different con-
entrations of dye, viz., 10, 25, 75 and 100 mg/L were taken
nto five stoppered conical flasks containing 0.15 g of cata-
yst and 0.175 M H2O2 each and the flasks were agitated in
otary mechanical shaker at room temperature for a period of
h, after which the concentration of dye remaining was mea-

ured.

. Results and discussion

.1. Synthesis and characterization of catalysts

Synthesis of Mn complex of salen encapsulated in the super
ages of zeolite-Y was carried out by the flexible ligand method.
n this method, a flexible ligand able to diffuse freely through the
eolite pores, complexes with a previously exchanged metal ion.
he resulting complex becomes too large and rigid to escape out
f the cages. Salen ligand offers the desired flexibility hence this
ethod was adopted. Moreover, it has been shown in the case of

eolite encapsulated copper complexes that catalysts obtained
y synthesizing the complexes in situ in the cavities of zeolites
y flexible ligand method contain a higher concentration of com-
lex than those obtained by synthesizing the zeolites around the
reformed metal complex [27]. The Mn-exchanged Na-Y cata-

yst was characterized by various physico-chemical techniques
ike AAS, IR, XRD, surface area analysis and thermal analysis.
he manganese content present in supercages of catalyst is 5.2%

w/w).
us Materials B138 (2006) 152–159

.2. IR spectral studies

The IR spectra of neat complex and the catalyst showed
ssentially similar bands though the intensity of bands in zeo-
ite matrix is low. Peaks due to the zeolite dominate the spectra
f Mn-salen-Y. These include the OH vibrations in the range
700–300 cm−1. Some of the bands characteristic of the com-
lex could, however, could be distinguished. The bands appear-
ng between 1600 and 300 cm−1 can be considered as signature
f the complex. Vibrational bands due to C N, C O and C C
n encapsulated complexes occurred around 1540, 1360 and
600 cm−1, broadly similar to those of the neat complex.

.3. Thermogavimetric analysis

Thermal analysis for neat complex and the catalyst was car-
ied out to study the stability of Mn-salen-Y to heat. The thermal
egradation pattern for Mn-salen and Mn-salen-Y are depicted
n Fig. 1. The decomposition occurs in two stages, the first step
orresponding to the loss of four intra-zeolite water molecules
Fig. 1. TG/DTA profiles of (a) neat complex and (b) catalyst.
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Table 1
Surface area and pore volume of NaY and Mn(III)-salen-Y

Name Surface area
(m2/g)

Monolayer
volume (cm3/g)

Pore specific
volume (cm3/g)

N
M

a
m

3

c
c
s
f
o
t

F

p
o

3

o
c
M
b
c
t
s

3

a-Y 319 73.16 0.262
n-salen-Y 158 36.3 0.120

ffected much by the incorporation of the same into the zeolite
atrix.

.4. Surface area and pore volume analysis

The surface area and pore volume of the zeolite and the
atalyst are shown in Table 1. The inclusion of Mn(III)-salen
omplex dramatically reduces the adsorption capacity and the

urface area of the zeolite. It has been reported that BET sur-
ace area of zeolite Na-X containing Mn-salen complexes are
f order 75–135 m2/g [28]. It could be seen from Table 1 that
he catalyst has lower surface and pore volume indicating the

ig. 2. X-ray powder diffraction spectrum of (a) Na-Y zeolite and (b) catalyst.
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resence of Mn(III)-salen complex within the cavities and not
n the surface.

.5. XRD studies

In order to study the changes in the crystallinity of zeolite
n incorporation of metal complex, powder XRD studies were
arried out. The X-ray powder diffraction patterns of Na-Y and
n-salen-Y are depicted in Fig. 2a and b, respectively. It can

e seen that XRD patterns of both are similar though slight
hange in the intensity of bands is noticed. This indicates that
he framework of the zeolite has not undergone any significant
tructural changes during encapsulation of Mn-salen.

.6. Catalytic activity study

Metal complex encapsulated Y-zeolite matrix was tested
or its catalytic activity towards the decomposition of H2O2.
he catalytic activity was observed at different reaction times.
he data are presented in Table 2. It is clear from the data

hat the decomposition of H2O2 up to 1 h is relatively slow
4%) with the catalyst. There was above three-fold increase
n the percentage of decomposition (14%) after 2 h in com-
arison to the observed value within 1 h. These results indi-
ate that catalyst [Mn (salen)]-Y requires a longer contact time
o improve decomposition of H2O2, which in turn would be
elpful in improving the oxidation reactions using this as an
xidant.

.7. Role of H2O2 and catalyst

In order to study the catalytic activity of Mn-salen-Y zeolite
nd the role of H2O2 in catalytic oxidation of dye, dye degrada-
ion studies with H2O2 alone, catalyst alone and both H2O2 and
atalyst together were carried out. The residual concentrations
f dye in the solution after treatment with H2O2 alone, cata-
yst alone, and H2O2 with catalyst are given in Fig. 3. It can be
een that system with both H2O2 and catalyst gives maximum
emoval of dye. The residual concentration of dye is 29 mg/L
ith both H2O2 and catalyst whereas it is 42 and 41 mg/L for
2O2 alone and catalyst alone, respectively, for an initial con-

entration of 55 mg/L of dye. This clearly indicates that the
ctivity of H2O2 is enhanced in the presence of the catalyst.

he presence of catalyst also leads to enhancing the rate of the

eaction. This can be seen from the figure, which shows that for
he same amount of dye removal, the time taken for the system
mploying both catalyst and H2O2 is less.

able 2
ercentage decomposition of H2O2 by the catalyst after 1 and 2 h of contact

ime

ime (h) % H2O2 reacted TOF

4 25.1
14 87.5

OF, turn over frequency: moles of substrate converted per mole of metal in
olid catalyst per hour.
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ber of zeolite particles. Above certain level, the dye molecules
ig. 3. Role of H2O2 and catalyst in the reduction of dye concentra-
ion in the effluent. Initial conditions: dye concentration = 55 ppm; tempera-
ure = 30± 3 ◦C; pH 8.0.

.8. Effect of H2O2 concentration

The influence of hydrogen peroxide concentration on the
xidation of the dye by Mn-salen-Y as catalyst is presented
n Fig. 4. The dependence of the oxidation rate on the initial
oncentration of hydrogen peroxide was studied by varying its
oncentration between 0.175 and 0.875 M, while maintaining
onstant the quantity of catalyst used, dye concentration, pH
nd temperature. As expected, the increase in H2O2 concentra-
ion accelerated the dye decolorization at the beginning of the
eaction. This can be explained by the effect of OH• radicals
roduced additionally. However, it can be seen from the figure
hat after a period of 1 h there was no significant reduction in %

ye removal on increasing the concentration of H2O2. After a
eaction time of 1 h, with a 0.175 and 0.350 M of H2O2, color
emoval of about 78 and 79%, respectively, was obtained. After

ig. 4. Effect of H2O2 concentration on the oxidation of acid dye. Initial con-
itions: dye concentration = 55 ppm; temperature = 30± 3 ◦C; pH 8.0.
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period of two hours the % color removal increased to 84–85%.
hus the effective concentration of H2O2 was fixed as 0.175 M.

The addition of H2O2 is known to increase the rate of dye
egradation by allowing an enhancement in the quantum yield
f formation of hydroxyl radical. Consequently, the degradation
ate is expected to be enhanced. But at high dosage, H2O2 is a
owerful OH• scavenger.

2O2+OH• → HO2
• + H2O (5)

2O2+OH2
• → OH• + O2+H2O (6)

O2
• + OH• → H2O + O2 (7)

hus, the addition of higher concentration of H2O2 did not
mprove much the degradation, could be due to the hydroperoxyl
adicals (HO2

•) generated in the presence of a local excess of
2O2. Although HO2

• promotes radical chain reactions and is
n effective oxidant itself, its oxidation potential is much lower
han that of OH•. The hydroperoxyl radicals are much less reac-
ive and do not contribute to the oxidative degradation of organic
ubstrates, which occur only by reaction with OH• [22,29].

.9. Effect of catalyst concentration

The effect of catalyst concentration on removal of dye was
tudied by varying the catalyst concentration from 0.2 to 5 g/L
nd the same is depicted in Fig. 5. It can be seen that with
ncreasing concentration of the catalyst, there is decrease in the
esidual concentration of dye in the solution indicating increase
n the degradation of dye. It can be seen from the figure that
bove 3 g/L, the removal of dye is not significantly higher. As the
oncentration of the catalyst was increased, the number of dye
olecules adsorbed is increased owing to an increase in the num-
vailable are not sufficient for adsorption by the increased num-
er of zeolite particles. Hence, the additional catalyst powder
s not involved in the catalysis activity and the rate does not

ig. 5. Effect of catalyst concentration on the oxidation of acid dye. Initial
onditions: dye concentration = 55 ppm; temperature = 30± 3 ◦C; pH 2.0.
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Table 3
Effect of temperature on dye degradation

Temperature (◦C) Concentration of dye (mg/L)a % reduction

30± 1 5.75 81.56
40± 1 6.73 84.25
50± 1 6.85 84.52
60± 1 8.02 86.76

a Initial concentration of dye = 43.46 mg/L.

F
c

3
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ncrease with an increase in the amount of catalyst beyond a
ertain limit. The aggregation of zeolite particles at high concen-
ration must also be considered, which causes a decrease in the
umber of the surface active sites available. Further, for the cat-
lyst concentration of 3 and 5 g/L the amount of dye removed is
he almost same (about 86%) after 2 h of treatment time. Hence,
g/L has been taken as optimum catalyst concentration for fur-

her experiments.

.10. Significance of pH

The influence of pH on the dye oxidation was studied using
ve solutions with pH values determined initially (2, 3, 4, 5 and
) and without any modifications or control of the pH during
he process. The results obtained for dye removal as a function
f the initial pH of the solution at various reaction times are
resented in Fig. 6. The maximum conversion of about 90%
as achieved after 2 h from the start of the reaction for a pH
f 2.0. It can be seen from the figure that there is a decrease
n % removal as the pH is increased from 2 to 8. The reason
ould be that Fenton type reactions are known to work better in
cidic pH range. Earlier studies on heterogeneous Fenton system
ave shown that lower pHs are favored for maximum removal
f dyes [22,23]. At higher pH, many transition metal complexes
re known to form hydroxo species and such species are less
ffective in a Fenton type reaction. Thus the optimum pH for
ther experiments was maintained at 2.0.

.11. Role of temperature

The influence of temperature on the dye removal using Mn-
alen-Y was studied by varying the temperature from 30 to
0 ◦C. The % reductions in dye for the different temperatures are

hown in Table 3. It can be seen from the table that the increase
n the % reduction of dye is only marginal on increasing the
emperature. Hence, further experiments were carried out at the
oom temperature (30± 1 ◦C).

ig. 6. Effect of pH on the oxidation of acid dye. Initial conditions: dye con-
entration = 55 ppm; temperature = 30± 3 ◦C; catalyst concentration = 3.0 g/L.

i
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l
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c
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T
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1

ig. 7. Pseudo-first order kinetic plot at various initial concentrations. Initial
onditions: temperature = 30± 3 ◦C; catalyst concentration = 3.0 g/L; pH 2.0.

.12. Kinetic studies

Kinetic study is important for any catalytic reaction and helps
n identifying the reaction pathway and rate dependence on the
imiting reaction systems. The kinetic measurements were car-
ied out under pseudo-first order conditions with respect to the
cid dye. The observed rate constant, k0, was determined from
raphical fit (Fig. 7) to the following equation:

n Ct = ln C0 − k0wt (8)

here Ct is the concentration of dye at time = t, C0 the initial
oncentration of dye and w is the amount of the catalyst used.
he k1 (Table 4) value per gram of the dry catalyst was deter-
ined from the slope of the plot−ln(Ct/C0) versus time (t). The
traight lines in the plot indicate that the decolorization rate is
seudo-first order with respect to C0.

able 4
inetic constants of the first order plot

oncentration of dye (mg/L) k1 (×10−4 min−1) R2

10 3.5 0.935
25 6.9 0.863
50 9.97 0.937
75 10.77 0.938
00 13.3 0.974
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.13. Reaction mechanism

The possible mechanism for the degradation could be
xplained as follows. In the redox sites of the zeolite, Mn3+

s converted into Mn2+ by protons of the reaction medium. Then
y a Fenton type reaction OH• is formed by reaction with H2O2
hat can carry out the electrophilic attack to the aromatic ring
f the substrate. This highly active intermediate can be decom-
osed in the rate-determining step, giving the final oxidation
roducts as follows:

–[MnIIIS]
3+ + H2O2

k1−→←−
k−1

Z–[MnIIIS(HOO−)]
2+ + H+

(9)

–[MnIIIS(HOO−)]
2+

k2−→Z–[MnIIS]
2+ + OH• + 1

2 O2 (peroxo-complex) (10)

B+ OH• k3−→AB(OH•) (dye/radical adduct) (11)

B(OH•) k3−→oxidation products (12)

–[MnIIS]
2+ + OH• k4−→Z–[MnIIIS]

3+ + OH− (13)

H− +H+→ H2O (14)

rom Eq. (9), the concentration of the peroxo-complex is given
y:

–[MnIIIS(HOO−)]
2+ = K1[Z–MnIIIS]

3+
[H2O2]

[H+]
(15)

here K1 = k1/k−1.
Applying steady state approximation for the determination

f [OH•] and [AB(OH•)]:
d[OH•]

dt
= k2[Z–MnIIIS(HOO−)]

2+ − k3[AB][OH•]

− k5[Z–[MnIIS]
2+

][OH•] = 0 (16)

ssuming that

–[MnIIIS(HOO−)]
2+ = Z–[MnIIS]

2+

nd by substituting from Eq. (15) in Eq. (16), we get:

OH•] = k2K1[Z–(MnIIIS)
3+

][H2O2]

k3[AB][H+]+ k5K1[Z[MnIIIS]3+][H2O2]
(17)

nd

d[AB(OH•)
dt

= k3[AB][OH•]− k4[AB(OH•)] = 0 (18)

hus by substituting from Eq. (17) in (18), we get:
AB(OH•)] = k2k3K1[AB][Z–MnIIIS]
3+

[H2O2]

k3k4[AB][H+]+ k4k5K1[Z–[MnIIIS]3+][H2O2]

(19)

4

c
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he rate-determining step, Eq. (12) expresses the rate equation
nd is given by:

ate = k4[AB(OH•)] (20)

hus by substitution from Eq. (19) in (20), we get:

ate = k2k3K1[AB][Z–(MIIIS)
3+

][H2O2]

k3[AB][H+]+ k5K1[Z–MnIIIS]3+[H2O2]
(21)

sing the initial concentrations of both reactants, [H2O2]0 and
AB]0 and since,

H2O2]0 = [H2O2]free + [Z–[MnIIIS(OOH)−]
2+

]+ [OH•]

(22)

hus substituting from Eqs. (15) and (16) and assuming that:

3[AB][H+]� k5K1[Z–[MnIIIS]
3+

][H2O2]

herefore:

H2O2]free =
[H+]{k5[H2O2]0 − k2}

k5[H+]+ k5K1[Z–[MnIIIS]3+]
(23)

lso,

AB]0 = [AB]free + [AB(OH•)] (24)

ubstituting from Eq. (19) and assuming that:

3k4[AB][H+]� k4k5K1[Z− [MnIIIS]
3+

][H2O2] (25)

[AB]free =
[AB]0k4k5

k4k5 + k2k3
,

rate = k2k3k4k5K1[AB]0x[Z–[MnIIIS]
3+

][H2O2]o

k3k4k5[AB]0x{[H+]+K1[Z− [MnIIIS]
3+

]}
+K1k5[Z–[MnIIIS]

3+
]x[H2O2]0{K1k5k4 + k2k3}

rom Eqs. (21), (23) and (25), the rate is given by assuming that
4k5K1 > > k2k3, therefore, we get:

ate = k2k3K1[AB]0x[Z–[MnIIIS]
3+

][H2O2]0

k3[AB]0x{[H+]+K1[Z–[MnIIIS]
3+

]}
+K2

1k5[Z–[MnIIIS]
3+

][H2O2]0

(26)

q. (26) shows that at lower [AB]0, the first term in the denom-
nator becomes very small compared with the second and can
e neglected. Therefore, the rate attaining a first order depen-
ence on the [AB]0. However, with increasing [AB]0, the rate
ecreases and attains a limiting rate at higher concentration.
his equation also predicts that reaction rate has a first order
ependence on [H2O2]0 at low concentrations. With increase in
oncentration of H2O2, the rate decreases and attaining a limit-
ng value at high concentrations.
. Conclusion

It is evident from the above studies that Mn-salen-Y can suc-
essfully be employed for the oxidative removal of dyes from
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astewaters. This is a simple and cost effective method for the
reatment of dye containing wastewater. Flexible ligand method
as been adopted for the incorporation of the metal complex
n to the zeolite matrix and the IR studies confirm the same.
G/DTA studies show that the stability of complex is not affected
n encapsulation. XRD studies show that crystallinity of the
eolite matrix is unaltered after incorporation of the metal com-
lex. Optimum conditions required for 90% removal is 20 min
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