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a b s t r a c t

The effect of pH in the impregnation process on the phase formation, structure and catalytic potential
of Mo–Zn–Al–O catalysts synthesized by the co-precipitation and impregnation method was evaluated.
The materials were characterized by X-ray diffraction, UV–vis diffuse reflectance spectroscopy, Fourier
transform-infrared spectroscopy, X-ray photoelectron spectroscopy and N2 adsorption technique. The
catalytic efficiency of Mo–Zn–Al–O catalysts was evaluated with respect to the degradation of cationic
orchid X-BL by wet air oxidation under room conditions. The speciation diagram of Mo species in aqueous
solution as a function of pH value was established. At basic pH (pH > 8), MoO4

2− was the main anionic
in the solution. HnMo7O24

m− was formed with the decrease of pH values ranging from 8 to 4 due to
the combination of H+ and Mo7O24

6−. Molybdenum was present as solid of H2MoO4 when pH value
was below 4.0. Interestingly, the Mo–Zn–Al–O catalyst prepared under pH = 7 has lower surface tex-
turing values (S = 9.9 m2/g and V = 0.083 cm3/g) than the Mo–Zn–Al–O catalyst prepared under pH = 4
BET p

(SBET = 21.6 m2/g and Vp = 0.038 cm3/g). However, the Mo–Zn–Al–O catalysts prepared under pH = 7 shows
the highest catalytic activity with 94.6% of decolorization and 86.7% of TOC removal efficiency. This high-
est catalytic activity can be contributed to special Mo species, special crystalline phases, tetrahedral Mo
structure and highly dispersed Mo.

© 2014 Elsevier B.V. All rights reserved.
. Introduction

Catalytic wet air oxidation (CWAO) is supposed to have a great
otential for the treatment of effluent containing a high content of
rganic materials or toxic contaminants [1]. It has a good capac-
ty for breaking down biologically refractory compounds to simple,

hich are easily treated materials, before they are released into
he environment [2–4]. Hence, CWAO has been proved to be one
f the most effective methods to degrade organic wastewater.
nfortunately, the CWAO process requires high temperature and
igh pressure, which will increase the operating costs and limit
he application of the technology [5–7]. In recent years, many
ttempts have been made to investigate a heterogeneous catalyst
uch as molybdenum oxide with high activity under mild condi-
ions [8–10].
Chemical and physical properties of the metal catalyst are gen-
rally dependent on the synthesis conditions, such as preparation
ethods, preparation temperature, ratios of metals, pH of the

∗ Corresponding author. Tel.: +86 0731 58292231; fax: +86 0731 58292231.
E-mail address: xuyinlab@163.com (Y. Xu).
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926-3373/© 2014 Elsevier B.V. All rights reserved.
solution and so on [11–17]. The catalytic activity of metal oxide has
been influenced by the type of metal atom, the number of ligands
attached to the catalyst and the nature of the remaining ligands
in the coordination sphere. Therefore, very efficient and selective
synthetic procedures have been reported in recent years [18–24].
In a previous paper, we have investigated the contribution of metal
ratio to the catalytic activity of the Mo–Zn–Al–O catalysts and
found that the Mo–Zn–Al–O catalyst with 1:1 of Zn/Al molar ratio
has highest catalytic activity on the degradation of cationic red GTL.
The conclusion is that the catalytic activity of Mo–Zn–Al–O cata-
lyst depend upon the average metal–metal interatomic distance
Me· · ·Me [25]. Klimova et al. have established the diagram of Mo
species in aqueous solution as a function of pH, indicating that the
changes among NiMo/SBA-15 are related to the pH of the impreg-
nation solution due to the catalyst modifications by citric acid such
as morphology of active phase [26]. Therefore, we are working
on synthesizing Mo–Zn–Al–O catalyst in different impregnation
solution with different pH value and investigating the relationship

between the physicochemical morphology of active phase on
Mo–Zn–Al–O catalyst and catalytic activity in CWAO process.

In this study, the effect of pH in the impregnation process on the
phase formation, structure and catalytic potential of Mo–Zn–Al–O

dx.doi.org/10.1016/j.apcatb.2014.05.011
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atalysts synthesized by the co-precipitation and impregnation
ethod was evaluated. Briefly, Zn–Al LDHs was the support of the
o–Zn–Al–O catalyst due to high surface area, pore volume and

ppropriate pore size for the transformation of large molecular
aterials [27–29]. The catalytic activities of the Mo–Zn–Al–O cat-

lysts prepared in impregnation solution with different pH value
ere determined using the degradation of cationic orchid X-BL
astewater in CWAO process under room temperature and room
ressure. This work is devoted to interpreting the catalytic results

n terms of the pH value in impregnation process.

. Experimental

.1. Mo–Zn–Al–O catalyst preparation

The Mo–Zn–Al–O catalysts were prepared using the co-
recipitation and impregnation method [8]. First of all, co-
recipitation was used to prepare Zn–Al LDHs at pH 9.5–10 with
n(NO3)2·6H2O and Al2(NO3)3·9H2O. The suspension was stirred
t 70 ◦C for 1 h, heating and aging at 80 ◦C for 18 h. Then, 20 g Zn–Al
DH was added into 100 ml 0.28 mol/L ammonium heptamolyb-
ate aqueous solution at different pH values. The select pH values

n our experiment were 4–9. The impregnation solution was evap-
rated to dryness by water bath at 80 ◦C for 10 h after being kept
t room temperature for 12 h. In the end, the mixture was calcined
n air at 400 ◦C for 1 h and cooled to room temperature. We labeled
he catalysts prepared under different pH values in impregnation
rocess with Mo(4), Mo(5), Mo(6), Mo(7), Mo(8), Mo(9).

.2. Characterization

Medusa software was used to plot the aqueous speciation dia-
rams of impregnation solution. To observe different species in
queous solution, the Mo predominance area diagram was plot-
ed for a large concentration range and the Mo fraction diagram
as plotted for [Mo(VI)]aq = 0.28 mol/L.

UV–vis diffuse reflectance spectroscopy (DRS) of the catalysts
as acquired on a Japan shimadzu UV-2550 spectrophotome-

er where the spectra were recorded at the wavelength range of
00–800 nm.

X-ray diffraction (XRD) patterns of catalysts were recorded on
Philips Panalytical X’Pert PRO X-ray diffractometer using Cu K�

adiation at 40 kV and 30 mA. The patterns were recorded in the 2�
ange of 20–90◦ with a scan rate of 2◦/min. The XRD phases present
n the sample were identified with the help of the joint committee
n powder diffraction standards (JCPDS) files.

Fourier transform infrared spectrometer (FT-IR) of the samples
ere taken within the range of 4000–400 cm−1 on a Nicolet Nexus-

70 instrument made in USA and 2 mg of the sample mixed with
00 mg of dry KBr was pressed into a transparent disk.

The pore structure of the catalysts was analyzed by N2 adsorp-
ion measurements on the NOVA-2000E apparatus which was

ade in Quantachrome Company of America. The specific sur-
ace areas were calculated by the Brunauer–Emment–Teller (BET)

ethod and pore volume and pore size were determined by the
runauer–Joyner–Hallenda (BJH) method.

The X-ray photoelectron spectrometer (XPS) spectra of the cat-
lysts were carried out on the Thermo Scientific Escalab 250 X-ray
pectrometer made in Britain. The Al K� excitation source was
t 1486.7 eV, with a voltage of 15 kV and an emission current of
0 mA. The kinetic energy of photoelectrons was measured using

hemispherical electrostatic analyzer working in a constant pass

nergy mode. The charging effect of the sample was corrected by
eferring to the C 1s peak of contaminant carbon (binding energy
BE) = 284.6 eV).
Fig. 1. Predominance area diagrams for aqueous solution of Mo.

2.3. Catalytic activity measurements

The catalytic activity of Mo–Zn–Al–O catalysts was determined
by the wet air catalytic oxidation of 100 mg/L cationic orchid X-BL
corresponding to 640 times of chromaticity under room tempera-
ture and atmospheric pressure. The Mo–Zn–Al–O catalyst with 1 g
was used to degrade a 1 L solution of cationic orchid X-BL with
concentration of 100 mg/L. The solution was aerated by the sil-
ver lake SP-780 aeration equipment with a rate of 3.5 L/min. The
pH of the operating solution was not adjusted in the whole CWAO
process. The decomposition rate of cationic orchid X-BL was esti-
mated on the basis of the absorbency by UV–vis spectrophotometer
(Japan shimadzu UV 2550) and TOC analyzer (Japan shimadzu CPH
CN200).

3. Results and discussion

3.1. Compounds in aqueous solution

Fig. 1 shows the speciation diagram for Mo(VI) species present in
aqueous solution at different pH values. As described in the previ-
ous paper [26], the type and dispersion of Mo species was present in
aqueous solution of different Mo concentrations changed with the
pH value. From Fig. 1, at basic pH (pH > 8), MoO4

2− was the main
anionic in the solution. Heptamolybdate was predominant when
pH value was between 8 and 4. HnMo7O24

m− was formed with the
decrease of pH values due to the combination of H+ and Mo7O24

6−.
Molybdenum was present as a solid of H2MoO4 when pH value was
below 4.0. In this work, the impregnation solution with ammonium
heptamolybdate concentration of 0.28 mol/L, which corresponds to
the log[Mo7O24

6−] = −0.55. The percentage of molybdenum com-
pounds existed in the impregnation solution at different pH values
is shown in Fig. 2. Mixtures of H2Mo7O24

4−, HMo7O24
5−, Mo7O24

6−

and MoO4
2− are formed at pH value between 4.0 and 9.0. As the

increase of the pH values, Mo7O24
6− anionic where Mo is in octa-

hedral symmetry gradually transfers into MoO4
2− where Mo is in

tetrahedral symmetry. Associated Fig. 1 with Fig. 2, Mo anionic
entirely formed the solid of H2MoO4 at the pH value of 4.0. The frac-
tion of HMo O 5− was 0.62 and 0.68 under pH = 5.0 and pH = 6.0
7 24
which demonstrated HMo7O24

5− is the dominant species. When
the pH value was 7, the fraction of Mo7O24

6− and MoO4
2− was 0.42

and 0.48. A small part of Mo was transferred into Mo7O24
6− and
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Fig. 2. Fraction diagram of aqueous solution of Mo.

he most converted into MoO4
2− at pH = 8. The species of MoO4

2−

as the only species when the pH was 9.

.2. Structural characteristics of Mo–Zn–Al–O catalysts

.2.1. XRD investigation
Fig. 3 indicates the XRD patterns of Mo–Zn–Al–O catalysts pre-

ared by wet impregnation method at different pH values. All
he catalysts exhibited a well crystallized pattern. The patterns
f Mo(4), Mo(5) and Mo(6) demonstrates the typical diffraction
eaks of MoO3 (JCPDS 35-0609) phase at 2� = 23.3◦, 25.7◦ and
7.3◦. Furthermore, the intensity of this typical diffraction peak was
ecreased with the increase of pH values, suggesting a decrease in
he crystallinity size of MoO3. Interestingly, when the pH increased
y adding NaOH, a mixture of polymolybdate such as Na2MoO4,
a2Mo4O13 and Na2Mo2O7 phases was observed in the patterns of
o(7) and Mo(8). The main diffraction patterns of 2� at 25.7◦, 26.1◦

nd 30.5◦ were the characteristic diffraction peaks of Na2Mo4O13

hase. Very small line at 2� = 23.5◦, 27.6◦, 28.3◦, 28.5◦ and 29.1◦

ave also been ascribed to the phase of Na2Mo2O7. When the pH
ncreased to 9, these mixtures of polymolybdate phase suddenly
anish and the tall and thin peaks were attributed to Na2MoO4

Fig. 3. XRD patterns of Mo–Zn–Al–O cataly
mental 160–161 (2014) 115–121 117

(JCPDS 12-0773). For Na2MoO4, the main characteristic diffraction
peak of 2� value was 27.6◦, 32.6◦, 48.9◦, 52.1◦ and 57.1◦. This struc-
ture change is well in line with the results of Figs. 1 and 2.

3.2.2. FT-IR investigation
The results of FT-IR spectra are illustrated in Fig. 4. A major peak

at 3425 cm−1 represents in all the FT-IR spectra due to stretching of
hydroxide radical. In the fingerprint region range from 1618 cm−1

to 1634 cm−1, it shows a sharp band which is mainly assigned to
stretching vibration of Na O Mo. The stretching of Al O is found
at 1384 cm−1. From Fig. 4b, a few differences occur with the pre-
pared catalysts ranging from 400 cm−1 to 1000 cm−1. The band at
990 cm−1 is ascribed to the stretching modes of the Mo O termi-
nal bond presented in each octahedron of MoO3 in Mo(4), Mo(5)
and Mo(6) which was in accord with the XRD results. The peaks
at 870 cm−1 and 750 cm−1 caused by the stretching vibrations of
bridging Mo O and O Mo O confirm the assignment concerning
the Na Mo O formation [25]. The broadness of the 870 cm−1 band
in Mo(6), Mo(7) and Mo(8) explains that there was not completely
pure probably due to different crystal phase. The FI-IR of Mo(9)
presented typical bands at 840 cm−1, 750 cm−1 and 560 cm−1 in
conformity with XRD results validating the formation of Na2MoO4.

3.2.3. Optical absorption property
The optical absorption property of the catalyst has been rec-

ognized as the key factor in affecting its catalytic performance.
Fig. 5 illustrates the UV–vis DRS of Mo–Zn–Al–O catalysts. In the
200–400 nm region, the different absorptions are associated to
charge transfer transitions (O2–Mo6+) from the O2p valence bands
of the supported oxides to the Mo 3d orbital distanced to the bulk
individual oxides [30]. A wide band was found in the UV–vis DRS
of Mo(4), Mo(5) and Mo(6). This wide band can be divided into two
peaks. One was concentrated at about 244 nm, which is assigned
to the tetrahedral Mo. The other appeared at about 305 nm is
attributed to the octahedral Mo [31]. Both octahedral Mo and tetra-
hedral Mo species were present in MoO3 crystal which is confirmed
by the XRD results. The spectra of Mo(7), Mo(8) and Mo(9) was a
little different. Take Mo(7) for example, the band at 270–400 nm
was steep and there was no peak at 305 nm. That is to say, the

metal-oxide centers are different with the increase of pH value. An
electronic interaction between oxide-surface species occur through
oxygen bridging of the polyhedral structure, facilitated by a lower
equivalent overall coordination [32]. This phenomenon is similar

sts at different impregnation values.
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Fig. 4. FT-IR spectra of Mo–Zn–Al–O cataly

Fig. 5. Ultraviolet–visible absorbance spectra of Mo–Zn–Al–O catalysts at different
impregnation values.
sts at different impregnation values.

to the result of Mo species in different pH value and XRD patterns
of different Mo–Zn–Al–O catalysts.

3.2.4. XPS analysis
The surface composition and chemical states were further

analyzed by XPS based on the characteristic binding energies
of different elements on material surface. The XPS spectra of
Mo–Zn–Al–O catalysts are shown in Fig. 6. The binding energy for
C 1s peak at 284.6 eV was used as the reference for calibration. In
the full spectrum of XPS, the strength of Na 1s and Zn LMM spectra
became stronger with the increase of the pH value. It is clear that
NaOH was used in our work to adjust the pH of the impregnation
aqueous solution. So, the increase of Na content is not a surprise.
Chemical compositions obtained by XPS spectra of the prepared
Mo–Zn–Al–O catalysts are listed in Table 1. Notably, the fact that
the percentage of Mo dosing in the catalysts was a similar value in
all catalysts indicates that the catalytic activity is not affected by
content of Mo.

Fig. 7 shows the spectra of Mo 3d3/2 and 3d5/2 of the catalysts.

The binding energies of all samples exhibited the presence of a dou-
ble peak structure and the space between the two peaks was in
agreement with an early reported value of 3.2 eV [33]. All Mo 3d3/2
and 3d5/2 peaks were sharp, demonstrating that Mo exists mainly

Table 1
Chemical compositions obtained by XPS spectra of the prepared Mo–Zn–Al–O
catalysts.

Catalysts Mo (at%) Na (at%) Zn (at%) Al (at%) C (at%) O (at%)

Mo(4) 15.549 1.213 1.958 19.487 14.7 47.093
Mo(5) 15.939 1.214 1.771 19.002 18.382 43.693
Mo(6) 12.586 1.322 3.402 5.16 28.775 48.754
Mo(7) 10.98 4.253 2.072 23.502 17.263 41.93
Mo(8) 13.882 6.269 3.467 4.576 19.98 51.825
Mo(9) 13.867 11.223 2.923 2.339 18.059 51.589
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Fig. 6. The full spectrum of XPS of Mo–Zn–

n the form of Mo6+ on catalyst surface. The MoO3 reference spec-
rum has a peak at about 232. 8 eV and 235.9 eV which was found
n the spectra of Mo(4) sample. Compared with Mo(4), the shift
f Mo 3d to lower BE is related to the presence of Mo6+ existence
epending on the pH value in the preparation of the Mo–Zn–Al–O
atalyst. This shift movement of 0.2–0.5 eV indicates the catalyst

ransfers from MoO3 into Na2MoO4 with the increase of pH value
34,35].

ig. 7. Mo 3d3/2 and 3d5/2 peaks of XPS of Mo–Zn–Al–O catalysts at different
mpregnation values.
catalysts at different impregnation values.

3.2.5. Surface texturing properties
The porous structures of all prepared catalysts were determined

by N2 adsorption–desorption isotherm method. As illustrated in
Fig. 8, a type IV with an obvious H3 hysteresis loop (P/P0 < 0.4)
according to IUPAC classification was present, indicating the pres-
ence of mesoporous. H3 hysteresis loop is commonly attributed to
slit-shape pore generated of plate-like particles. In addition, though
isotherms for all samples are quite similar, there is difference in sur-
face area, pore volume and pore diameter (Table 2). Interestingly,
the Mo–Zn–Al–O catalyst prepared by wet impregnation method at
pH = 7 indicates lower surface texturing values (SBET = 9.9 m2/g and
Vp = 0.083 cm3/g) than the Mo–Zn–Al–O catalyst prepared under

pH = 4 (SBET = 21.6 m2/g and Vp = 0.038 cm3/g). This indicates that
the catalytic activity was not affected by surface area of the catalyst.

Fig. 8. N2 adsorption–desorption isotherm curve of Mo–Zn–Al–O catalysts.
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Table 2
The surface area, pore volume and pore diameter for the prepared Mo–Zn–Al–O
catalysts.

Catalysts Impregnation
pH

Specific area
(m2/g)

Pore volume
(cm3/g)

Pore diameter
(nm)

Mo(4) 4 21.6 0.083 3.78
Mo(5) 5 22.6 0.077 3.77
Mo(6) 6 16.6 0.081 3.82
Mo(7) 7 11.8 0.047 3.78

3
c

a
o
i

F
M

Table 3
The leaching rate of Mo after CWAO reaction by the prepared Mo–Zn–Al–O catalysts.

Catalysis Mo(4) Mo(5) Mo(6) Mo(7) Mo(8) Mo(9)

Leaching amount (g/g) 0.0042 0.0038 0.004 0.015 0.0184 0.0261
Mo(8) 8 9.9 0.038 3.83
Mo(9) 9 14.8 0.055 3.78

.3. Catalytic activities of Mo–Zn–Al–O catalysts in CWAO of
ationic orchid X-BL under room conditions
Fig. 9 shows the catalytic activity of prepared Mo–Zn–Al–O cat-
lysts on the decoloration and TOC removal efficiency of cationic
rchid X-BL under room conditions. It shows that the pH value
n impregnation process has a powerful influence on the CWAO

ig. 9. The decoloration and TOC removal efficiency of cationic orchid X-BL by
o–Zn–Al–O catalysts prepared at different impregnation values in CWAO process.
Fig. 10. The reproducibility of Mo–Zn–Al–O catalysts prepared with different pH
value in the impregnation process.

activity of Mo–Zn–Al–O catalysts. The catalysts of Mo(7) and Mo(8)
shows a good catalytic activity on the degradation of cationic
orchid X-BL under room conditions. However, the other catalysts
have barely removal efficiency. The Mo–Zn–Al–O catalysts pre-
pared under pH = 7 showed the highest catalytic activity with 94.6%
of decolorization and 86.7% of TOC removal efficiency. In order
to investigate the economic and practice property of these cata-
lysts, the leaching rate of Mo is tested after the reaction which is
shown in the Table 3. In our system, the fact that the leaching rate
of Mo increased with the increase of pH value indicates that Mo
species in the catalyst is from Mo-oxide to molybdate in the prepa-
ration process. The reproducibility is a more important parameter
for the evaluating the stability of a catalyst. The catalytic runs in
CWAO process by Mo–Zn–Al–O catalysts prepared under different
pH value in impregnation process are shown in Fig. 10. The result
indicates that the color removal efficiency by the Mo–Zn–Al–O cat-
alysts prepared under pH = 7 after six recycling runs experimental
cycles remained as the same as the first experiment.

4. Conclusion

In the present work, a series of Mo catalysts supported on Zn–Al
LDHs were prepared by wet impregnation method at different pH
values. The pH value in the impregnation solution has a great effect
on the catalytic activity of Mo–Zn–Al–O catalysts in CWAO pro-
cess at room temperature and atmospheric pressure. Of particular
interest, the existence of Mo species in the catalyst affected the sur-
face, crystal and morphological properties of the prepared catalysts.
It can be concluded that the optimum pH value in the impregna-
tion process of Mo–Zn–Al–O catalysts was 7 for the degradation
of the cationic orchid X-BL. This highest catalytic activity can be

contributed to special Mo species, special crystalline phases, tetra-
hedral Mo structure and highly dispersed Mo.
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