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bstract

Decolorization of an anthraquinone dye, Reactive Brilliant Blue KN-R by hydrogen peroxide was examined using Fe-containing Y and ZSM-5
eolites as heterogeneous catalysts. Catalysts were prepared by ion-exchange and coprecipitation methods, and calcined at different temperatures.
he surface morphologies, crystalline phases, and chemical-state of the catalysts were characterized by scanning electron microscopy, X-ray
iffraction and X-ray photoelectron spectroscopy. Influences of reaction conditions, such as dye concentration, catalyst dosage and solution pH,
ere evaluated and the relations between catalytic capacity and surface microstructures were discussed. The results showed that Fe-containing

and ZSM-5 zeolites generally exhibited similar or better catalytic efficiency compared with homogeneous Fenton reagent, with Fe-containing

SM-5 being more efficient. Synthesis method and calcination temperature affected catalytic efficiency and the stability of catalysts. Fe-containing
SM-5, which was prepared by coprecipitation and calcined at 450 ◦C, displayed the greatest decolorization capacity. Under the conditions of

nitial pH 2.5, 30.0 mmol/L H2O2 and 4.0 g/L catalyst, 250 mg/L KN-R could be decolorized over 90% within 20 min.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Advanced oxidation techniques (AOTs), which can decom-
ose or mineralize organic pollutants efficiently through
enerating highly oxidative radicals (such as •OH), are power-
ul technologies for treating wastewaters containing persistent
rganic pollutants. Among AOTs, Fenton oxidation which uses
ydrogen peroxide as oxidant and Fe(II) ions as catalyst, has
een widely applied in treating wastewaters containing organic
ollutants [1,2]. But it has the shortcoming that Fe ions remain in
he treated water, and additional step is needed to remove them.
fforts have been made to develop heterogeneous Fenton-like
atalysts to overcome this shortcoming, which include sup-
orted Fe ions, clusters or oxides [3–10]. Mesoporous molecular
ieves have drawn much attention due to their great surface

rea, high uniformity and easily controllable pore size. However,
esoporous molecular sieves have lower hydrothermal stability

nd mechanical strength than microporous zeolite-type molec-

∗ Corresponding author. Tel.: +86 22 23509241; fax: +86 22 23509241.
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rogeneous Fenton-like oxidation

lar sieves, their applications are hence limited in many cases
11,12]. Recently, several papers have reported that heteroge-
eous zeolite-based Fe catalysts, such as FeY and FeZSM-5,
ould provide similar catalytic activities as homogeneous Fe(II)
ons [13–17]. However, their catalytic activity and stability
epend much on synthesis methods in addition to their compo-
ition and framework structure. Moreover, leakage of iron ions
rom the supporter would result in new pollution of the treated
ater, which is an important factor that should be considered

18]. Till now, no systematical research has been conducted to
onfirm the actual heterogeneity of iron species supported on Y
nd ZSM-5 zeolites as heterogeneous Fenton-like catalysts.

Hence, in the present study, two types of Fe-containing
atalysts were developed using ion-exchange and coprecipita-
ion methods on Y and ZSM-5 zeolites, which have different
ramework structure. Their catalytic activity was examined by
xidation of a model organic pollutant (Reactive Brilliant Blue
N-R). The objectives of this study were to: (1) find the rela-
ionships between microstructural characteristics of the catalysts
nd their catalytic efficiency; (2) optimize reaction conditions of
he heterogeneous Fenton-like oxidation and (3) investigate the
eakage of iron ions in reactions to select more stable samples

mailto:sunhongwen@nankai.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.12.059
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nd minimize the possible secondary pollution of Fe-containing
ludge.

. Experimental

.1. Materials and chemicals

The zeolites used in this study were NaY and ZSM-5 sup-
lied by Heng-Ye Chemical Company (Shanghai, China). They
ere exchanged with 2 mol/L NH4Cl for 12 h and calcinated at
00 ◦C for 2 h to activation [13,14]. Anthraquinone dye KN-R
ame from Tianjin Dye Chemical Company (Tianjin, China).
imulated dye wastewater was made up by dissolving specific
mounts of KN-R in deionized water.

.2. Synthesis and characterization

Fe-containing Y and ZSM-5 zeolites were synthesized using
oprecipitation and ion-exchange methods [13–15]. In copre-
ipitation, FeSO4 aqueous solution was adjusted to pH 4.0, and
hen zeolite powders were slowly added into the solution under
tirring. After the suspension was subsequently stirred for 6 h,
0% NH3·H2O solution was added drop by drop under stirring
ntil the solution pH reached 9.0. The suspension was stirred
or another 1 h. The precipitates were recovered by centrifu-

ation, washed with deionized water for three times and dried
t room temperature overnight. The supernate solutions of the
rst centrifugation and following washing were combined, and

he amount of total iron ions in it was measured using 1,10-

2

a

Fig. 1. SEM micrographs of (a) FeYie, (b) FeY
Materials 156 (2008) 568–575 569

henanthroline spectrophotometric method [19]. Iron-loading
ontent on the catalysts was calculated through mass bal-
nce. The catalysts acquired by coprecipitation method are
alled FeZSM-5co and FeYco, respectively. In ion-exchange,
a2CO3 powder was slowly added into FeSO4 aqueous solution

[Fe]:[Na](mol/mol) = 1:1) under stirring, and then the solution
as continuously stirred for 1 h. Subsequently, zeolite powders
ere slowly added in. Other procedures were the same. The

atalysts acquired by ion-exchange are called FeZSM-5ie and
eYie, respectively. Parts of the finished catalysts were calcined
or 2 h at 250, 350, 450 and 550 ◦C, respectively.

The crystalline structure of the catalyst was analyzed using a
/Max2500 X-ray diffractometer (Rigaku, Japan) with Cu K�
onochromatic radiation, operated at 40 kV and 100 mA. The
icrostructure at external surface of the catalysts was observed

sing an X-650 Scanning Electron Microscope (Hitachi,
apan). XPS spectra (X-ray photoelectron spectroscopy) were
ecorded using an Axis Ultra DLD spectrometer (Kratos,
ngland) employing a monochromated Al-Ka X-ray source

hν=1486.6 eV), hybrid (magnetic/electrostatic) optics and a
ulti-channel plate and delay line detector (DLD). All XPS

pectra were recorded using an aperture slot of 300 × 700�m,
urvey spectra were recorded with a pass energy of 160 eV, and
igh-resolution spectra with a pass energy of 40 eV.
.3. Decolorization of KN-R

Catalytic decolorization of KN-R was performed in 0.5 L
queous solution containing 250 mg/L KN-R. Initial solution pH

co, (c) FeZSM-5ie and (d) FeZSM-5co.
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XPS survey and high-resolution surface scans for Fe 2p were
obtained for the catalysts. The results of binding energies and
atomic ratios are summarized in Table 1. The atomic ratio of Fe

Table 1
Binding energies (eV) and atomic ratios of the catalysts obtained by XPS

Samples Binding energies (eV) Atomic ratios

Si Fe 2p3/2 Fe/Si Fe(II)/Fe(III)
(%/%)

FeYie 101.1 (68%) 710.8 (59%) 0.83 100/0
104.1 (32%) 712.8 (42%)

FeY250
ie

101.1 (71%) 710.7 (44%) 0.80 55.8/44.2
104.0 (29%) 712.7 (56%)

FeY350
ie

101.1 (69%) 711.2 (56%) 0.82 43.8/56.2
103.7 (31%) 713.6 (44%)

FeY550
ie

101.1 (67%) 710.5 (31%) 0.84 10.5/89.5
103.6 (33%) 713.2 (69%)

FeZSM-5co 101.3 (52%) 711.1 (46%) 0.78 46.3/53.7
104.6 (48%) 713.3 (54%)

FeZSM-5450
co

101.2 (100%) 710.3 (49%) 0.76 48.9/51.1
711.8 (51%)
ig. 2. XRD spectrogram of (a) FeYie and (b) FeZSM-5co (a–e represent the sa

as adjusted using 1.0 mol/L H2SO4 and NaOH. Four grams
er liter catalysts were added into the solution followed by
0 mmol/L H2O2 to initiate the reaction. Electromagnetic stir-
ing was applied during the reactions. Five milliliters suspension
as taken out at designated times, and immediately amended
ith a few drops of 0.2 mol/L Na2S2O3 to stop the reaction. The

amples were centrifuged to remove the solid catalyst. Residue
olution concentration of KN-R was measured using a UV-vis
pectrophotometer (Model-UV752, Lei-Ci Precision & Scien-
ific Instrument Company, Shanghai, China) at 594 nm. Fe (total
ron ions) leaching during decolorization was measured using
,10-phenanthroline method [19].

The experiments were repeated under different initial dye
oncentrations (250–500 mg/L), initial solution pHs (2.0–11.0),
atalyst doses (2.0–8.0 g/L) and H2O2 doses (2–50 mmol/L) to
ptimize the reaction conditions. Each experiment was con-
ucted in duplicate.

. Results and discussion

.1. SEM images and X-ray microanalysis of the catalysts

Fig. 1 shows SEM imagines of FeY (a and b) and FeZSM-5
c and d) acquired from two kinds of synthesis methods. The
eolites appeared as conglomerate of irregular polyhedra, each
f approximately 0.4–1.0 �m. No differences are observed in
urface morphologies between the original and Fe-containing
eolites derived from different synthesis methods. The surface
s smooth without any obvious deposit of iron species. This
mplies that iron species distributed mainly homogeneously into
he micropores of zeolites, which is thought to be benefit for the
tability and activity of the catalysts.

Crystalline phases of FeYie and FeZSM-5co calcined at 250,
50, 450 and 550 ◦C were observed using powder XRD analysis

Fig. 2) [20]. The peak intensity of ferrites and iron oxides are
uite low. This is because that most iron species might distribute
nside the cage structures of zeolites that cannot be reached by
-ray.

F

T
n

s without calcination and calcined at 250, 350, 450 and 550 ◦C, respectively.).

Calcinations significantly changed Fe speciation on FeYie
Fig. 2a). Only FeO was detected in the sample without cal-
ination, and sekaninaite (Fe2Al4Si5O18) occurred in FeY250

ie .
n FeY350

ie and FeY450
ie , only sekaninaite was found, while

n FeY550
ie , �-Fe2O3 and Fe3O4 presented beside FeO and

ekaninaite. The crystalline phases of immobilized irons on
eZSM-5co were all chlorite (Al–Fe–SiO2–O) in spite of cal-
inated or not (Fig. 2b). However, with the increasing of
alcination temperature, ZSM-5 itself was found to be dehy-
rated and dealuminated from H1.61Si94.22Al1.78O192·H2O241
o Si O .
eZSM-5550
co

101.4 (58%) 710.8 (36%) 0.77 75.9/24.1
104.2 (42%) 713.6 (64%)

he values in parentheses represent the relative percentages of the peak compo-
ents.
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already below 0.5 mg/g and 90% majority of the catalytic capac-
ity remained. Hence, FeYie and FeZSM-5co are better from the
view of both catalytic activity and stability, and were used for
further studies.

Table 2
Pseudo first-order rate constant of KN-R decolorization

Catalyst Dosage ka (1/min)a R2 b

Fe(II) ion 15.0 mg/L 3.7 × 10−2 c 0.9974
FeYco 4.0 g/L 1.9 × 10−2 0.9837
FeYie 4.0 g/L 1.4 × 10−1 0.9948
FeZSM-5co 4.0 g/L 1.8 × 10−1 0.9983
FeZSM-5ie 4.0 g/L 1.0 × 10−1 0.9998
ig. 3. Fe 2p XP-spectra of (a) FeYie and (b) FeZSM-5co samples, which we
eZSM-5co, (b) FeZSM-5450

co and (c) FeZSM-5550
co in right figure (b).

o Si was very high (>0.75), but the actual iron-loading content
as below 1% of the catalyst’s dry weight. These indicate that

he majority of immobilized Fe species on zeolites are located
ear the surface of the samples. Thus, together with the results
rom SEM, which indicates that no obvious surface Fe species
ayer could be seen, and very low peak intensity of Fe species by
RD, we draw a conclusion that iron species distributed mainly

nto the cage structures of zeolites’ near surface.
Fe 2p3/2 peak at approximately 707 eV corresponds to Fe0

21,22]. So, it is clear that no Fe0 appeared in all samples.
he over lapping peaks for Fe(II) and Fe(III) were observed

n 710–713 eV range, indicating the simultaneous existence of
errous or ferric sulfate and the formation of ferrous or ferric
xides on zeolites.

Fe 2p XP-spectra of FeYie without calcination presents a
road band at approximately 711 eV (Fig. 3a), corresponding to
eSiO3 and FeSO4·7H2O [22]. After calcination, Fe3Al(SiO4)3
nd FeSO4·7H2O were detected in FeY250

ie . FeSO4 and Fe(OH)O
ccurred in FeY350

ie , Fe2(SO4)3 and Fe3O4 presented in FeY550
ie .

hese results imply that, ferrous species were oxidized to form
layer of Fe3O4 near the surface of the zeolites along with the

ncreasing of calcination temperatures. It agrees with the results
f XRD analysis. Fe 2p XP-spectra of FeZSM-5co without cal-
ination also presents a broad band at about 712 eV (Fig. 3b),
hich corresponds to Fe2(SO4)3 and FeSO4·7H2O. After cal-

ination, FeO and Fe(OH)O occurred in FeZSM-5450
co , FeSO4

nd Fe3O4 were detected in FeZSM-5550
co . Similar to FeYie, the

xidation of iron species formed a Fe3O4 layer finally.

.2. Influence of synthesis method

Decolorization kinetics of 250 mg/L KN-R by 50 mmol/L
2O2 and 4.0 g/L the catalyst were examined at initial pH of
.5. At the same time, decolorization by 15 mg/L Fe(II) ions was
lso observed (Fig. 4). The data within the first 20 min were used
or kinetic correlation according to pseudo first-order equation

ln(C/C0) = −kat] [7,8], and the apparent first-order rate constant
ka) are listed in Table 2. The catalytic activities follow the order
f FeZSM-5co > FeYie > FeZSM-5ie > Fe(II) > FeYco. FeZSM-
co has the highest KN-R decolorization capacity, whose ka is 5
ig. 4. KN-R decolorization kinetics catalyzed by FeY/FeZSM-5 prepared by
oprecipitation and ion-exchange methods (pH 2.50, KN-R 250 mg/L, H2O2

0.0 mmol/L and catalyst dose 4.0 g/L or Fe(II) ions 15 mg/L).

.8 × 10−1 1/min, which is four times higher than homogeneous
enton reactions catalyzed by 15 mg/L Fe(II) ions.

Fe-loading contents in FeZSM-5co, FeYie and FeYco are all
pproximately 65 mg/g, while in FeZSM-5ie is only 4.5 mg/g.
he leakage of dissolved iron ions from FeY and FeZSM-5
uring decolorization was a little high in the first run (about
1.0–12.0 mg/g). However, after the third run, Fe leaching was
a ka: pseudo first-order rate constant of KN-R decolorization.
b R2: correlation coefficient.
c Under the condition of initial pH of 2.5, KN-R of 250 mg/L and H2O2 of
0.0 mmol/L.
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Fig. 5. Influence of KN-R initial concentration on its decolorization (pH 2.50,
H2O2 50.0 mmol/L and catalyst dose 4.0 g/L or Fe(II) ions 30 mg/L). Histograms
describe the decolorization times (min) according to KN-R initial concentrations
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mg/L). Decolorization time is the time when 95% dye KN-R was decolorized.
nd line charts present the apparent decolorization rate constants (/min) at
arious KN-R initial concentrations (mg/L).

.3. Influence of KN-R initial concentration

Decolorizations of KN-R catalyzed by FeYie and FeZSM-5co
nder different KN-R initial concentrations of 250, 300, 350,
00, 450 and 500 mg/L were studied (Fig. 5). Decolorization
atalyzed by 30 mg/L Fe(II) ions was done as a comparison.
ith the increasing of KN-R initial concentration, ka of KN-R

ecolorization catalyzed by FeYie and FeZMS-5co decreased,
nd their decolorization efficiency was higher than Fe(II) ions
nly when KN-R initial concentration was <300 mg/L. When
N-R initial concentration was 500 mg/L, FeYie had ka of only
.0 × 10−2 1/min, hence, FeYie was unsuitable for the treatment
f high concentration dye wastewater compared to FeZSM-5co.

The decline of catalytic efficiency with the increasing of KN-
initial concentration could be attributed to interface reaction

rocesses. KN-R molecules need to be adsorbed onto zeolites
efore they can contact with Fe(II)/Fe(III) active sites in the
atalysts. Along the elevation of dye initial concentration, the
ercentage of dye molecules which could be absorbed on zeolites
ecreased. In addition, the intermediate products of KN-R oxi-
ation might compete for the limited adsorption sites with KN-R
olecules, which blocked their interactions with Fe(II)/Fe(III)

ctive sites. Hence, dosage of heterogeneous catalysts is an
mportant factor that should be considered when applying this
echnology to the treatment of wastewaters of different chemical
xygen demand (COD) loadings.

.4. Influence of catalyst dose

At pH 2.5, decolorizations of 250 mg/L KN-R catalyzed
y FeYie and FeZSM-5co at different doses (2.0, 4.0 and
.0 g/L) were examined with 50 mmol/L H2O2 to evaluate the
nfluence of catalyst dosage. Fenton decolorization processes

y 3.0–40.0 mg/L Fe(II) ions were observed for compari-
on (Fig. 6). KN-R decolorization apparent rate constant (ka)
eached the maximum of 4.0 × 10−2 1/min when dissolved
e(II) was higher than 15.0 mg/L. The excessive addition

w
c
d
i

ig. 6. Influence of initial catalyst dose on KN-R decolorization (pH 2.50, KN-R
50 mg/L and H2O2 50.0 mmol/L).

f FeYie resulted in lower decolorization efficiency, and its
ighest ka of 1.4 × 10−1 1/min was achieved at the dose of
.0 g/L. For FeZSM-5co, ka increased continuously and reached
.3 × 10−1 1/min at the dose of 8.0 g/L.

To explain this, the main reaction mechanism is described
Eqs. (1)–(6)) according to references [7,8,23,24]:

ye + hν → dye∗ (1)

e(III)sites + dye∗ → Fe(II)sites(e−) + •dye+ (2)

H2O2 + Fe(II)sites(e−)

→ Highly Oxidative Radicals + Fe(III)sites (3)

Highly Oxidative Radicals + •dye+

→ CO2 + H2O + Mineralization Products (4)

Highly Oxidative Radicals + Fe(II)sites

→ Deactivated Radicals + Fe(III)sites (5)

dye+ + Fe(II)sites → dye + Fe(III)sites (6)

Eqs. (1)–(4) describe the formation of highly oxidative radi-
als and the degradation processes of the dye, and Eqs. (5) and
6) describe the quenching of highly oxidative radicals and the
eactivation of the free radical intermediate of the dye. When
he dosage of heterogeneous catalysts was low (2.0–4.0 g/L),
ncreasing catalyst dosage provided more active catalytic sites
f Fe(II)/Fe(III) species to enhance decolorization (Eqs. (3)
nd (4)). However, when catalyst dosage continued to increase,
uperficial Fe(II) sites, which can catch highly oxidative rad-
cals, also rapidly increased. Compared to organic chemicals,
norganic reducible Fe(II) species has much greater rate to
apture and consume oxidative radicals (such as for •OH,
≈ 4.0 × 108 L/(mol s)) [7,8,23,24]. The excessive Fe(II) sites

ould mainly react as capture agents for highly oxidative radi-

als, and themselves were transformed to Fe(III) (Eq. (5)). KN-R
ecolorization was consequently suppressed. In addition, dur-
ng the electron transmission processes by iron compounds, the
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is benefit for the adsorption and oxidation of hydrophobic
molecules [27–29]. Therefore, the catalytic activity of FeZSM-

450
A. Chen et al. / Journal of Haza

ation dye free radical with a lost electron can capture electron
rom Fe(II) species, and lost its activity (Eq. (6)). These two
nti-efficiency reactions possibly occupied the dominant posi-
ion, and led to lower dye decolorization efficiency at 8.0 g/L
eYie.

For FeZSM-5co, the tendency was a little different. FeZSM-
co had a higher adsorption capacity (10.0 mg/g for 250 mg/L
N-R) compared with FeYie (only 3.7 mg/g). Hence, majority
f Fe(II)/Fe(III) sites on ZEM-5 might be occupied by the acti-
ated dye molecules, and anti-efficiency reactions (Eqs. (5) and
6)) could not play a leading role even when FeZSM-5co was
ncreased to 8.0 g/L. However, the enhancement of decoloriza-
ion was slight when FeZSM-5co dose increased from 4.0 to
.0 g/L, the optimal catalyst dosage was chosen at 4.0 g/L from
he view of cost.

.5. Influence of initial solution pH

In order to evaluate the influence of initial solution pH,
he decolorization of 250 mg/L KN-R under the conditions of
0 mmol/L H2O2 and 4.0 g/L catalyst was examined, as solu-
ion pH was adjusted from 2 to 11 (Fig. 7). With the elevation of
nitial solution pH, the catalytic efficiency decreased dramati-
ally, and no significant decolorization could be observed above
H 3.0. Acidic condition was needed for this heterogeneous
atalytic dye decolorization. This is consistent with the proved
pinion that the optimum pH of Fenton oxidation mostly falls
n the pH range of 2.5–3.5 [24,25].

pH can influence the oxidation efficiency via several path-
ays [6,23–25]. Firstly, low pH favors •OH generation.
econdly, since pKa of HO2

• is 4.8, the equilibrium is shifted
owards HO2

• at acidic pH [25], which can help to avoid the
nvalid consumption of Fe(II) by •O2

−. Thirdly, pH strongly
ffects the oxidation of Fe(II) to Fe(III) [6]. Fe(II) tends to be
xidized and formed Fe(III) oxohydroxides at close to neutral
H, and its availability is strongly limited. Finally, the oxidation

otential of highly oxidative radicals decreases with increasing
H [26]. •OH has oxidation potential of 2.65–2.80 V at pH 3.0,
hile only 1.90 V at pH 7.0 as a weaker oxidant. On the other
and, leaching of irons increased dramatically (histograms in

ig. 7. Effect of solution initial pH on KN-R decolorization catalyzed by
eYie/FeZSM-5co (KN-R 250 mg/L, H2O2 50.0 mmol/L and catalysts dose
.0 g/L).

5
h

F
b
d
o
o
c
c

Materials 156 (2008) 568–575 573

ig. 7) at low pH, especially <2.0. Therefore, pH of 2.5 was
onsidered the most suitable.

.6. Activity and stability of the catalysts after calcination

Under pH of 2.50, H2O2 of 50.0 mmol/L, and catalyst dosage
f 4.0 g/L, the decolorization of 250 mg/L KN-R was measured
sing FeYie and FeZSM-5co calcinated for 2 h at 250, 350, 450
nd 550 ◦C, respectively (Fig. 8). KN-R decolorization apparent
ate constant (ka) catalyzed by FeYie decreased obviously after
alcinations. Meanwhile, XPS analysis (Fig. 3) showed that,
bove half of the ferrous species on FeYie were oxidized by
hermal treatments. Therefore, ferrous species could be deduced

ore important as the active centers on FeYie.
Decolorization was enhanced after FeZSM-5co calcinated at

ome temperatures, and FeZSM-5450
co (the number in the super-

cript represents calcination temperature, and the same below)
ad the highest ka of 2.4 × 10−1 1/min. The immobilized iron on
eZSM-5co (XRD in Fig. 2) was all chlorite (Al–Fe–SiO2–O),
nd the data of XPS (Fig. 3) suggested no decline in the per-
entage of Fe(II) species on FeZSM-5co during the thermal
reatments. However, FeZSM-5co was found to be dealumi-
ated after calcination (XRD in Fig. 2), which might affect its
ecolorization capacity.

Si/Al molar ratio of zeolites has remarkable effects on the
atalytic activity of zeolites-based catalysts [27,28]. Aluminum
ncorporated in the framework of zeolites results in Brønsted
cidity, while extra-framework aluminum (or more accurately
luminum oxyhydroxides) results in Lewis acidity. Incomplete
ealumination may transfer the framework aluminum to extra-
ramework aluminum, which prompts Lewis acidity. Zeolites
ith more Lewis acid sites favor the oxidation of molecules
hich cannot enter pore system. Moreover, dealumination of

eolites could provide a more hydrophobic surface, which
co increased after thermal treatments, and FeZSM-5co had the
ighest KN-R decolorization efficiency in the present work.

ig. 8. Influence of calcination temperatures on KN-R decolorization catalyzed
y FeYie/FeZSM-5co (pH 2.5, KN-R 250 mg/L, H2O2 50.0 mmol/L and catalysts
ose 4.0 g/L). TIL: total iron-loading content; WC: FeYie and FeZSM-5co with-
ut calcination. Histograms describe the iron-loading content and the leaching
f irons during decolorization according to calcination temperatures. And line
harts present the apparent decolorization rate constants (/min) under different
alcination temperatures.
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ig. 9. Influence of H2O2 dose on KN-R decolorization catalyzed by
eYie/FeZSM-5co (pH 2.5, KN-R 250 mg/L and catalysts dose 4.0 g/L).

However, complete dealumination would lead to a reduction
n total acidity on zeolites, which in turns would greatly decrease
he catalytic activity [27,29]. When calcination temperature
as increased to 550 ◦C, the catalytic activity of FeZSM-5co
ecreased obviously (Fig. 8), because ZSM-5 zeolite itself has
een completely dealuminated to Si96O192.

The stabilities of FeYie and FeZSM-5co after calcination are
hown in histograms of Fig. 8. Except FeZSM-5250

co , FeYie and
eZSM-5co became more stable after calcination and FeY350

ie
as the most. Thus, according to the decolorization efficiency

nd stability, FeZSM-5450
co was the best choice for KN-R decol-

rization.

.7. Effect of initial H2O2 concentration

Under pH of 2.50, 250 mg/L KN-R was decolorized by
.0 g/L catalysts using 2, 4, 10, 20, 30, 40 and 50 mmol/L
2O2, respectively (Fig. 9). The results showed that KN-R
ecolorization was slow under low H2O2 dose of 4–10 mmol/L,
ith ka less than 2.0 × 10−2 1/min. When H2O2 dose was

levated to 30–50 mmol/L, ka reached the maximums about
.8 × 10−1 1/min for FeZSM-5co and 1.4 × 10−1 1/min for
eYie, and KN-R was decolorized above 95% within 30 min.

Regarding homogeneous Fenton-like reactions, with the
ncreasing of H2O2 dose vs the catalyst dose, reaction efficiency
resents the tendency of increasing first, then reducing, and the
est dose ratio is about 4:1 ([H2O2]:[Fe] mg/L:mg/L) [18,29].
n the present work, KN-R decolorization efficiency nearly did
ot change when the ratio of oxidant to catalyst ranging from 4:1
o 7:1, which means an easy control of the oxidation reactions
ompared to conventional Fenton-like processes. The optimal
ose ratio between H2O2 and catalyst was chosen at 4:1 from
he view of cost.

. Conclusions

Fe-containing zeolites, FeY and FeZSM-5, were synthesized

n this study, and their surface chemical-states and structures
ere investigated by SEM, XRD and XPS. Catalytic activi-

ies of the catalysts were examined using KN-R as a model
rganic chemical. Generally, the heterogeneous Fe catalysts had

[

[
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he similar or better catalytic activity as dissolved Fe(II) ions.
ynthesis methods influenced the catalytic activity obviously.
he decolorization could only be achieved at pH < 3.0, and

nitial dye concentration, catalyst and H2O2 doses influenced
ecolorization dynamics. The optimum conditions for KN-R
ecolorization were chosen as pH of 2.5, 4.0 g/L catalyst and
0 mmol/L H2O2. FeZSM-5co was better than FeYie in term of
atalytic efficiency and stability (measured by total dissolved Fe
ons in reaction solutions) after calcinations. FeZSM-5450

co was
he best for the heterogeneous catalytic dye decolorization.
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