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bstract

FeOx-MoO3-P2O5 (x = 1 or 1.5) composite catalyst was prepared by solid reaction method and characterized by X-ray diffraction (XRD) and
-ray Photoelectron Spectroscopy (XPS). Its catalytic activities on degradation of a heteropolyaromatic dye, methylene blue (MB), were also
nvestigated under mild condition. In order to determine the optimum operating condition, the orthogonal experiments were devised. And the
esults revealed that initial concentration of MB was the key factor that affected the decoloration, while the catalysts dose has an insignificant
ffect. Environmental estimation was also done and the results showed that the treated wastewater have little influence on plant growth and could
otally be applied to irrigation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays the textile processing industries are available in
eveloping countries, so large volume of wastewater generated
rom the textile processing industries contains suspended solids,
n-reacted dyestuffs (color) and other auxiliary chemicals. Even
mall amount of dye in water (example 10–20 mg L−1) is highly
isible, the water transparency and the gas solubility of water
odies are affected as well [1]. In addition, some dyes can be con-
idered carcinogens or mutagens [2] and they may also contain
arious heavy metals that breach environmental standards.

Many studies have been carried out on the treatment of
astewater, including biological treatment [3], wet oxidation

4], ozone treatment [5] and chemical coagulation [6]. However,
n the biological processes, the lignin and its derivatives show
igh stability to degradation [7] and the inhibition potential of

henolics and the presence of other organic and inorganic is a
ajor drawback of the process [8]. Wet oxidation (catalytic and

on-catalytic) has been found to reduce COD in a large extent.

∗ Corresponding author. Tel.: +86 29 85308442; fax: +86 29 85307774.
E-mail address: hzmachem@snnu.edu.cn (H. Ma).
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owever, the energy requirement and the use of high-pressure
eactors and associated equipment make the wet air oxidation
f large volume of wastewater unviable and uneconomical [9].
ence, it is necessary to made attempts to find a new kind of

atalyst which works not only under mild condition but also less
f consumption.

Composite catalyst has attracted many researchers’ attention,
ecause synergetic effect was induced by a strong interphase
nteraction between the support and the supported materials,
uch as, the iron oxide carbon composite catalyst (Fe-C) used
n catalytic debromination process [10]; multi-walled carbon
anotubes-TiO2 composite catalysts [11] applied in visible
ight photodegradation of phenol; Mn-Ce-O composite cata-
yst showed high activity in terms of total oxidation of EG
s well as total organic carbon reductions (up to 99.3%)
12]. Al-Zn composite catalyst on the degradation of Poly
inyl chloride-containing polymer mixtures [13]; raschig rings-
e2O3 composite catalyst for degradation of 4-chlorophenol and

range II under daylight irradiation [14]; Fe2O3-CeO2-TiO2/g-
l2O3 composite catalyst for degradation of methyl orange azo
ye [15]. The high activity and versatility of the composite cata-
yst make them very promising candidates as potential industrial

mailto:hzmachem@snnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.08.017
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atalysts. While no mixed-valent composite catalyst has been
tudied in catalytic process.

For the degradation experiments, many factors affect the
egradation efficiency, such pH, the concentration of wastew-
ter, scavenging agents, anions, catalyst dosage and reaction
emperature, etc. To optimize design of an existing process, it
s necessary to identify which factors have the greatest influ-
nce and which values produce the most consistent performance.
xperimenting with design variables – one at a time or by trial
nd error – until a first feasible design is found is a common
pproach to process optimization. However, this approach can
ead to a very long and expensive time span for completing the
esign process. A technique for laying out the experiments when
ultiple factors are involved is popularly known as the facto-

ial design of experiments. This method helps researchers to
etermine possible combinations of factors and to identify the
est combination. Since it is extremely costly to run a num-
er of experiments to test all combinations, application of a full
actorial design of experiments is restricted when many factors
nd levels are studied. A commonly applied statistical method,
aguchi experimental design [16–18] and analysis of variance
ANOVA), where only a fraction of the combination of variables
ere considered, but covered a wide range of operating condi-

ions; it was appropriate for this optimization problem, can be
sed to analyze results of the experiments on the response and to
etermine how much variation quality influencing factors con-
ribute. A significant amount of research has been conducted
n experiments for identifying the optimum operation condi-
ion using the Taguchi method and the orthogonal experiment
esign. Lin et al. employed orthogonal collocation method to
olve the kinetic model [19]. Jian et al. [20] studied on separa-
ion of polyethyleneglycol by orthogonal array of the design of
xperiments.

In this paper, mixed-valent FeOx-MoO3-P2O5 (x = 1 or 1.5)
omposite catalyst was prepared by a solid reaction, and this cat-
lyst shows a high activity to decolor MB under mild condition.
o find the optimum operation condition, effects of four operat-

ng parameters (pH, the initial concentration of methylene blue,
he amount of catalysts and temperature) were studied using
aguchi experimental design [16–18]. Another objective is to

est the effect of treated wastewater on environment.

. Experimental

.1. Materials

All chemicals used in the experiment were analytically grade
nd used without further purification.

Certain concentration of MB represented the dyes.

.2. Preparation of catalyst

The catalyst Fe2O3-MoO3-P2O5 was prepared by a solid

eaction. Fe(OH)3, (NH4)3H4[P(Mo2O7)6]·0.5H2O were mixed
n relevant proportions. After careful grinding, the mixture was
ut into a crucible and heated at 300 ◦C for 6 h under air atmo-
phere. This treatment resulted in decomposition of ammonium

a
g
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olybdophosphate and Fe(OH)3. And then this compound was
alcined at 650 ◦C for 4 h to obtain Fe2O3-MoO3-P2O5 catalyst.

FeOx-MoO3-P2O5 (x = 1 or 1.5) was also prepared by a
olid reaction using Fe(OH)3, (NH4)3H4[P(Mo2O7)6]·0.5H2O
nd starch. Appropriate amounts of each reagent were used
o obtain (starch)/(Fe(OH)3 + (NH4)3H4[P(Mo2O7)6]·0.5H2O)
eight ratio of 4% and 25%, respectively, in the raw stuff. Starch

erved as reductant, and Fe3+ in the Fe(OH)3 was reduced to
e2+ in the calcination process. The others step was the same as
e2O3-MoO3-P2O5.

.3. Analytical method

Five cubic centimeter samples were taken at regular inter-
als without addition of fresh liquid, and then were filtrated to
he UV–vis detection. The maximum absorbency visible wave-
ength was detected and used as color removal index. Color
emoval ratio was calculated as follows:

color(%) = Absλmax
0 − Absλmax

Absλmax
0

× 100% (1)

Where, Absλmax was the maximum value of absorbency at
he maximum absorbency visible wavelength, Absλmax

0 was the
bsorbency of the initial solution. Color was analyzed by a dou-
le beam UV–vis spectrophotometer (UV-7504, China). The
hemical oxygen demand (COD) was chosen as the param-
ter by which to evaluate the process of oxidation and was
etermined according to standard methods [21]. The pH of
he solution was measured using an Orion 290 pH meter. X-
ay diffraction (XRD) measurements of the catalyst powder
ere recorded using D/Max-3c (Janpan Rigalcu) diffractome-

er equipped with Ni filtered Cu K� radiation (λ = 1.5406 Å).
ragg’s angles between 20◦ and 30◦ were collected at a rate of
◦ min−1. X-ray photoelectron spectroscopy (XPS) was carried
ut to analyze chemical state of surface elements for the cata-
ysts. PHI ESCA 5700 instrument, with a Al K� X-ray source
1486.6 eV) and pass energy of 29.5 eV operating at a pres-
ure of 9.33 × 10−11 kPa, was used. An IR spectrometer, model
R Eouinx55 (Germany) was used for sample IR spectrometer
nalysis. Total organic carbon (TOC) and total inorganic car-
on (TIC) analysis was carried out by means of a Shimaduzu
OC-5000A total organic carbon analyzer.

.4. Degradation of methylene blue

The degradation of methylene blue synthetic wastewater was
erformed in a glass reactor with a capacity of 150 ml equipped
ith a magnetic stirrer and a heat-exchanger. The reaction was

onducted at 25, 30, 35 and 40 ◦C and atmospheric pressure
or 30 min. After the degradation reaction, the wastewater was
rained to get the used catalysts.

.5. Environmental estimate
The experiment of environmental estimate of treated wastew-
ter was conducted in laboratory, in a climate controlled model
reenhouse with a heating system and an evaporative cooling
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ystem. The set point minimum and maximum temperatures in
he greenhouse were 15 and 20 ◦C. The minimum day and maxi-

um night relative humidities were 60% and 90%, respectively.
he plants were planted 2 cm apart and the irrigation was sup-
lied once a day at 8:00 a.m. Samples were collected sixth per
h a day from 8:00 a.m. to 18:00 p.m., including the soil and leaf
lade. The amount of chlorophyll a and b were determined by a
pectrophotometer at wavelengths of 645 and 663 nm, according
o Mackinney’s equation [22].

. Results and discussion

.1. Properties of catalyst

.1.1. X-ray diffraction
Fig. 1 shows XRD spectra for Fe2O3-MoO3-P2O5 (0%

tarch) and FeOx-MoO3-P2O5 (x = 1 or 1.5) and (25% starch). It
an also be seen from Fig. 1 that the line width slightly increased
ith an increasing of starch dose.
The size of the crystallites can also be estimated with the help

f Scherrer equation:

= 0.941λ

β cos θ
(2)

where D is the average grain size, λ is the X-ray wavelength
0.15406 nm), θ and β are the diffraction angles and full-width at
alf-maximum (FWHM, in radian) of an observed peak, respec-
ively [23]. The calculated average particle sizes (D) were found
o be 93.26 nm for as synthesized with 0% starch dose and
5.396 nm with 25% starch dose. Thus, the crystal size becomes
maller with increasing of starch dose, which were consisted
ith the theory that the grain size decreased with the line width

ncreasing.
.1.2. XPS
The XPS analysis mainly reflects the component and chem-

cal elementary state of the surface and the inferior surface of

ig. 1. XRD patterns of Fe2O3-MoO3-P2O5 (0% starch) and FeOx-MoO3-P2O5

x = 1 or 1.5) and (25% starch).
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amples. FeOx-MoO3-P2O5 (25% starch) catalyst power (before
nd after reaction) were dried in vacuo and tested by XPS. Fe
p peak (Fig. 2a before reaction) has been deconvoluted to two
ifferent valent components (Fe3+ and Fe2+) and the ratio of
wo atoms was 73.89:26.11 (molar ratio), indicating that iron
as the mixture of Fe2+ and Fe3+ before reaction. Compared

o that Fe3+ occupied 100% in the raw material, indicating Fe3+

as partly reduced to Fe2+ due to starch’s deoxidizing in calcina-
ion process. After reaction the ratio of Fe3+: Fe2+ (49.60:50.40)
Fig. 2b) was different from that of before reaction, indicating
hat FeOx-MoO3-P2O5 (25% starch) has good catalytic activ-
ty, thus also illustrating that Fe3+ or Fe2+ occupied a half,
espectively in catalytic cycle processing.

.2. Degradation of methylene blue

In order to enhance the catalytic performance, different mass
tarch was added into the raw material that was precursors of
e2O3-MoO3-P2O3 to obtain FeOx-MoO3-P2O5 (x = 1 or 1.5).
ctivities of these catalysts were exhibited in Fig. 3. The pres-

nce of starch in the raw material leaded to an amazing increase
n catalytic activity. The catalytic activity followed the decreas-
ng order of 25% > 4% > 0%. The reaction time for the 98% of
ecoloration and 85% of COD removal was as short as about
0 min for 25 wt.% starch addition, while the decomposition per-
ent was 84% for 4% starch within the same time and 45.47%
or 0% starch. It can be concluded that an appropriate amount
f starch introduced into the raw material well contributing to
egradation, which was maybe due to the existence of Fe2+

pecies: Fe2+ accouted for 26.11% in the whole ion species for
5 wt.% starch in FeOx-MoO3-P2O5 (x = 1 or 1.5), while no
e2+ was detected in 0% starch Fe2O3-MoO3-P2O5. This result
aybe indicates that Fe2+ was favor of the initiation stage of

atalytic cycle.
It can be seen from Fig. 4 that two major absorbance peaks of

ethylene blue can be seen at 291 and 663 nm, due to benzene
ing and heteropolyaromatic linkage. These two absorbance
eaks became weaker and weaker in intensity as the treat-
ent time prolong. After 30 min, these two peaks almost totally

isappeared, which indicated the benzene ring and heteropol-
aromatic linkage of methylene blue were almost destroyed.

The IR spectra in the region 2000–500 cm−1 of methylene
lue before and after treatment shows in Fig. 5. Characteris-
ic infrared absorption peaks of MB [24,25] were at 1600 cm−1

ring stretch), 1390 cm−1 (C N) and 1335 cm−1 ( CH3 sym-
etric deformation). The disappearance of these peaks after

reatment for 30 min indicated the total destruction of the
romatic part of a dye molecule, C N bond in heteropolyaro-
atic linkage and CH3 structure. The disappearance of peaks

etween 1030 and 1230 cm−1 indicated the total destruction of
N.
Moreover, the appearance of two new peaks at 1638,
388 cm−1, due to asymmetric stretching of N O bond, N O
tretching vibration and N H bonding vibration, respectively,
ndicated the production of intermediates in the degradation
rocess and more aliphatic and inorganic species were produced.
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Fig. 2. XPS of Fe 2p in FeOx-MoO3-P2O5 (25%

ig. 3. Removal efficiency of 0.3 g L−1 of MB with different catalyst (a) decol-
rization with Fe2O3-MoO3-P2O5 (0% starch); (b) decolorization efficiency
ith FeOx-MoO3-P2O5 (4% starch); (c) COD removal efficiency with FeOx-
oO3-P2O5 (25% starch); (d) decolorization efficiency with FeOx-MoO3-P2O5

25% starch).
starch) before (a) and after (b) reaction.

Fig. 4. UV–vis spectra of MB with different time.
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Fig. 5. Changes of MB in F

The results of stability tests conducted to assess the catalytic
ctivity of FeOx-MoO3-P2O5 (25% starch) catalyst through
hree consecutive experiments with the same catalyst load under
he same reaction conditions. The results show that the catalytic
ctivity kept in the successive runs, and the decolorization effi-
iency of 0.3 g L−1 of methylene blue in 30 min maintained from
8.67% for the first run to 98.4% for the third run. Fig. 6 indicated
PS spectra of FeOx-MoO3-P2O5 (25% starch) before (a) and

fter (b) reaction. Characteristic peak of element S can be seen
aintly in curve b (after reaction), indicating that a little bit of
ulfur was adsorbed on the surface of catalyst. The degradation
roducts containing element N did not appear in curve b. Then,
t can be concluded that the reason why the activity of FeOx-

oO3-P2O5 (25% starch) catalyst kept constant, maybe due to
hat few degradation intermediates of methylene blue contain-
ng N and S elements were absorbed on the surface of catalyst
nd covered the active sites. It also can be concluded that the
egradation of dye were mainly due to FeOx-MoO3-P2O5 (25%
tarch) catalysis rather than adsorption.

.3. Analysis of the Taguchi experiment

The Taguchi method is generally used to optimize a process
r product by a special design of orthogonal arrays. The experi-
ental results are analyzed using the Response (R) and Analysis

f Variance (ANOVA) to determine the optimal design parame-

ers and estimate the contribution of each design parameter to a
ertain characteristic. R has a different meaning from that of in
nalytical chemistry. Usually, there are three categories of the
haracteristic in the analysis of R, viz. the-lower-the-better, the-

able 1
xperimental variables: factors and levels

evel Factors

A: pH B: T ( ◦C)

3 25
5 30
7 35
9 40

s
t
t
[

s Materials 153 (2008) 44–51

spectra during degradation.

igher-the-better, and the-normal-the better. For all categories,
greater R is better. The optimal level of the design parameters

s the level with the greatest R. ANOVA is a statistical analy-
is of the variance and gives information about which process
arameter is statistically significant.

.3.1. Analysis of experimental data
Each variable (each factor) was tested at four levels and

he levels covered a broad range (Table 1). Fractional factorial
esign led to a total of 16 experimental runs listed in Table 2.
he response from each experiment was symbolically indicated
s R1, R2, R3. . . R16. The average response of each factor was
omputed at each level (Kij where i represented a factor and
represented a level); for example, the average response in
actor A at Level-2 was computed as (R5 + R6 + R7 + R8)/4.
he total mean Kij for 16 experiments shows in Fig. 7. Kij
an give us the optimal levels of design parameters with the
reatest Kij. From Fig. 7, it can be seen that the A1, B4,
2 and D4 was the optimal combination of the parameter

evels.

.3.2. Analysis of variance
To investigate which design parameter can affect the decol-

ration of MB more significantly, an ANOVA was introduced.
his was to be accomplished by separating the total variabil-

ty of R response, which was measured by the sum of the
C: Concentration (g L−1) D: Catalysts dose (g L−1)

0.1 1
0.2 5
0.3 10
0.4 15

quared deviations from the total mean R response, into con-
ributions by each of the design parameters and the error. The
otal sum of square SST from the Ri can be calculated as
26]:
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Table 2
Design matrix and measured response

Run no. Design matrix Measured response variable

Factors Response MB removal (%)

A B C D

1 1 1 1 1 R1 31.61
2 1 2 2 2 R2 60.26
3 1 3 3 3 R3 82.63
4 1 4 4 4 R4 98.65
5 2 1 2 3 R5 91.38
6 2 2 1 4 R6 81.39
7 2 3 4 1 R7 3.79
8 2 4 3 2 R8 79.47
9 3 1 3 4 R9 74.22

10 3 2 4 3 R10 12.05
11 3 3 1 2 R11 56.89
12 3 4 2 1 R12 88.42
13 4 1 4 2 R13 0.60
14 4 2 3 1 R14 9.80
15 4 3 2 4 R15 98.42
1

S

f

S

n
p
t
T

D

D

V

r
e

F

e
w
e
r
c
m
r
t
d
i
i

T
R

S

A
B
C
D

E

T

6 4 4 1

ST =
M∑
i=1

R2
i − 1

m

[
m∑

i=1

Ri

]2

(3)

where m is the number of the experiment. The sum of squares
rom the tested parameter SSp can be calculated as:

SP =
∑t

j=1(sRj)2

t
− 1

m

[
m∑

i=1

Ri

]2

(4)

Where, p represents one of the tested parameters, j is the level
umber of this parameter p, t is the number of levels for each
arameter (here, t = 4), sRj is the sum of the R response involving
his parameter and level j, m is the number of the experiments.
he total degree of freedom (d.f.) was

T = m − 1 (5)

while the degree of freedom of the tested parameter was

P = t − 1 (6)
The variance of the tested parameter was

P = SSP

DP
(7)

i
a
o
A

able 3
esults of the ANOVA analysis

ymbol Parameter d.f.

pH 3
T 3
Concentration 3
Catalysts dose 3

rror 3

otal 15
3 R16 6.00

Then the F-value for each design parameter was simply the
atio of mean-of-square deviations to the mean of the squared
rror

P = VP

Ve
(8)

The parameter with the bigger FP gave the more significant
ffect on decoloration. Table 3 shows the result of ANOVA. It
as found that concentration was the most significant param-

ter affecting the decoloration. This was due to the following
easons: the oxidant produced during decoloration processes
ollided with the dye molecule, which decolorized the MB
olecule. However, the collision was non-selective, which

esulted in an attack on intermediate products rather than on
he chromophore of the initial dye molecule, which caused
ecreasing of the decoloration ratio. It was also can be seen
n Table 3 that the change of the catalysts dose had an insignif-
cant effect on the decoloration. The addition of more catalyst

nto the solution offered more reaction sites which were favor-
ble to the decoloration reaction. It was observed that the
rder of the four factors’ effect on decoloration was C > D >
> B.

SSp Vp Fp

3828.8 1276.3 1.87
1728.1 576.0 0.85
6916. 7 2305.6 3.39
6590.0 2196.7 3.22

2043.1 681.0

21106.7
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Fig. 6. Survey XPS spectra of FeOx-MoO3-P2O5

.4. Environmental estimate

Many papers have studied environmental effect of the dis-
harged pollutants from the pulp and paper industry, such as
ater, air and land [27,28]. Less information was available today

oncerning the effect of irrigation of secondary treated water
n ecologies. In the present study, we investigated the effect
f irrigation of treated methylene blue wastewater on the soil

OC/TIC changes and the amount of chlorophyll changes of
lover.

ig. 7. Variation of mean response Kij with the parameter level for each designed
arameter. (�) Parameter A (pH), ( ) parameter B (Temperature), (<�) param-
ter C (Concentration) and (�) parameter D (Catalysts dose).

w
b
g
p

F
f

starch) catalyst before (a) and after (b) reaction.

It can be seen from Fig. 8 that the treated wastewater has
ittle effect on the content of chlorophyll, the overall chlorophyll
ontent gradually increased when the treated wastewater was
rrigated into the soil, and then the chlorophyll content reduced
apidly from 12:00 a.m. to 16:00 p.m., however, it was interesting
o find its content gradually recovered to normal level at 18:00
.m., which indicated that the treated wastewater could totally
pply to irrigate. As the figure depicted, when the treated water
as irrigated into the soil, the TOC and TIC increased at the
eginning and decreased to average level gradually with the time

one, which was probably attributed to the absorption effect of
lants’ root.

ig. 8. Changes of TOC, TIC and chlorophyll concentration of clover as the
unction of time.
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. Conclusions

A study was conducted with FeOx-MoO3-P2O5 prepared by
olid reaction method and employed as catalysts for degrada-
ion of methylene blue at mild condition. FeOx-MoO3-P2O5
xhibited an excellent catalytic activity under mild condition.
he orthogonal experiments were devised to determine the opti-
um operating condition. The activity of catalyst increased with

he increasing starch dose. 98% of color and 85% COD can be
emoved for 30 min by adding 13.3 g L−1 of FeOx-MoO3-P2O5
atalyst with 25 wt.% starch addition. Environmental estimate
ndicated that the treated wastewater have little influence on plant
rowth and could totally be applied to irrigation. Further stud-
es on the treatment of actual dye wastewater would be further
tudied.
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