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ABSTRACT

Iron molybdate (Fe;(MoO,)3) was used as a novel heterogeneous catalyst to activate persulfate
($,0%") for thodamine B (RhB) degradation. Results indicated 10 mg/L RhB can be completely
removed under the addition of 4 mM SZO§‘ and 0.4 g/L Fey(MoO,); within 240 min.
Fe;(MoOy); can be repeatedly used for six cycles and showed high stability with Fe leaching
amounts less than 2.9% in each run. Possible catalytic mechanism was proposed as follows: RhB
degradation intermediate products such as hydroxybenzene, quinone compounds and organic
compound radicals acted as electron transfer agents to reduce Fe’" to Fe*", which reacted with
persulfate to form Fe®" creating the redox cycling of iron, the RhB and those intermediate
products are oxidized directly by the molybdenum peroxo complexes which forming probably
with MoO3~ and persulfate, and the synergy between Fe** and MoOj ™~ occurring the catalytic
effect on the persulfate. Additionally, the major intermediates of RhB were identified according

to GC/MS and the possible degradation pathway was proposed.

Keywords: Fe,(MoO,); catalyst; Persulfate; Sulfate radical; Degradation

1. Introduction

Industrial productions produce a series of
environmental problems such as wastewater contain-
ing organic contaminants. It is urgent to explore the
effective processes for the treatment of organic pollu-
tants. Fenton reagent in advanced oxidation processes
(AOPs) has been widely applied [1,2]. However, the
required acidic pH has limited the application of
Fenton process for inhibiting hydrolysis of Fe’*.
Instead, AOPs based on sulfate radicals (SR-AOPs)

*Corresponding author.

have attracted great attention since SO, is more
selective for oxidation at neutral pH than "OH with
the similar oxidation ability [3,4].

Persulfate (PS), with higher solubility and better
stability than H,O,, has been proved to generate SO,
activated by ultraviolet light [5], heating [6], or transi-
tion metal ion (such as Fe®*) [7]. Nevertheless, some
drawbacks existed in the above homogenous ways,
such as the light filtering effect [8], consuming great
amounts of heat and the metal ions as secondary
pollution. To overcome the disadvantages of homoge-
nous ways, the method of persulfate activation by
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iron-containing heterogeneous catalyst has been
attached importance as iron is a relatively affordable,
non-poisonous reagent. Previous studies showed that
persulfate had been activated by zero-valent iron [9],
Fe;04 [10,11], core—shell Fe-Fe,O5 [12], ferrous hydrox-
ide [13], and iron sulfides [14] in heterogeneous mode.
Fe(Il) was found to be the most effective constituent in
these catalysts. However, it was so easy to be oxidized
that the ferrous-containing catalysts were difficult to
be preserved and reused. Therefore, it is necessary to
develop the iron-containing heterogeneous catalysts
with better stability and reproducibility.

Fe;(MoOy); had been wused as heterogeneous
catalyst to activate H,O, for the effective removal of
acid orange II in wide range of pH because of
Mo-containing systems with low PZC values (point
of zero charge) [15,16], and MoOﬁ‘ could react with
H,O, to form molybdenum (Mo) peroxo complex,
which is a strong oxidant and can oxidize the organic
compounds [17]. Moreover, H,O, and 8203’ both
have -O-O- bond in their structure, and it has been
proposed that Fe,(MoO,); could be suitable catalyst
for persulfate activation.

In the present work, Fe;(MoO,); was prepared by
co-precipitation and activated persulfate for rho-
damine B (RhB) removal. This study aimed to (1)
investigating the characterizations and activating abil-
ity of Fe,(MoQy)s, (2) surveying experimental parame-
ters including RhB initial concentration, PS and
Fe>(MoOy); concentration, and pH value, (3) identify-
ing the reactive radicals for the degradation and possi-
ble activation mechanism to persulfate, and (4)
exploring the possible degradation pathway of RhB.

2. Materials and methods
2.1. Materials

RhB was purchased from Sinopharm Chemical
Reagents (Shanghai, China). So did the following
reagents: ammonium molybdate(VI) tetra-hydrate,
iron(Ill) nitrate mono-hydrate, ammonium hydroxide
(25%, w/v), molybdenum(VI) oxide, and iron(IIl).
Potassium persulfate (PS) was from Aladdin Com-
pany. All those reagents used in this experiment were
of analytical grade. All solutions were prepared with
double-distilled water (DDW). And the pH of solution
was adjusted with 0.05 mol/L H,50, or NaOH.

2.2. Synthesis and characterization of catalyst Fe,(MoOy)3

According to the previous literatures [18,19],
Fe;,(MoQOy); catalyst was synthesized by co-precipita-
tion as the following procedures. Firstly, 5mL
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ammonium hydroxide with 1M was added into the
solution of 100 mL 0.005 M ammonium molybdate,
then adding iron titrate (50 mL, 0.0465 M) into the
mixed solution under vigorous agitation in 20 min at
room temperature (25°C), and the solution continued
to be vigorously stirred for 2 h and centrifuged. The
precipitate obtained was washed with double-distilled
water for several times and then drying at 80°C for
12 h. Finally, the dried solid was calcined at 550°C
(2°C/min rate) for 2 h in environmental air.

The X-ray diffraction (XRD) patterns of all the syn-
thesized Fe,(M0oO,); were determined on a X-ray
diffractometer (Rigaku D/Max-2200X) using Cu Ka
source. Fourier transform infrared spectra (FTIR) were
collected from 500 to 4,000 cm™! at room temperature
on KBr pellets using an Avatar 370 from Nicolet. The
chemical oxidation state was investigated by X-ray
photoelectron spectra (XPS) from ThermoFisher
Scientific with Al Ka radiation as the exciting source
(300 W).

2.3. Catalytic degradation experiment

In this work, all the RhB degradation experiments
were carried out in 1-L flask under mechanical stirring
at a temperature approximately 25°C without adjust-
ing pH unless specified elsewhere. The time of catalyst
and persulfate addition was considered as the begin-
ning of reaction. At scheduled time intervals, 5 mL of
the solution was taken out from the reactor as sam-
ples, and then, excess NaNO, was added into the
samples for consuming the residual S,03~ to prevent
further reaction. Finally, Fe,(MoO,); solid particles
were removed by centrifuging and the supernatant
was analyzed.

2.4. Analytical methods

The supernatant concentration was measured at
552 nm by UV-vis spectrophotometry (UNICO, UV-
2100), and the UV-vis absorption spectra of super-
natants were also recorded. The total organic carbon
(TOC) was determined by Analyfik Jena AGN/C 2100
instrument. The measurements of iron ion concentra-
tion in solution followed UV-vis spectrophotometry at
665 nm.

The intermediates generated during RhB degrada-
tion were detected by GC/MC (Agilent 5775C, USA)
as following The pre-treatment: the pH of 25 mL
reacted solution was adjusted to 2 with 10% HCI, and
the solution was extracted with 25mL dichloro-
methane for three times. The total extract flowed
through anhydrous sodium to remove water, and the
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dehydrated solution was concentrated to 1mL by
rotatory evaporator. 0.5 mL bis(trimethylsilyl)trifluo-
roacetamide (BSTFA) was added into the concentrate,
and then, trimethylsilylation of the total solution was
implemented under 50°C circumstance for 30 min.
Finally, 1.0 pL sample was injected into GC with fol-
lowing temperature programming mode: The initial
temperature 40°C was maintained for 4 min, ramping
to 80°C (10°C/min rate) and held for 2 min, finally rise
up to 280°C (10°C/min rate), which was held for
10 min.

3. Results and discussion
3.1. Characterization of Fe,(MoOy);

The synthesized Fe,(MoO,); is characterized via
the wide-angle XRD patterns and FTIR spectroscopy.
Fig. 1(a) illustrates that the main peaks appeared at
20 of 20.48°, 21.80°, 23.00°, 25.02°, 25.76°, 27.54°,
30.22°, and 34.1° and no peaks of other substances
such as MoO; and Fe,O; were observed, indicating
the catalyst synthesized by co-precipitation method
consisted of single phases, which were almost
the same as the previously reported data for
Fe>(MoOy); [16].

The FTIR spectroscopy of Fe;(MoQOy); is shown in
Fig. 1(b). The hydroxyl groups on Fe,(MoO,); surface
devoted the obvious peak at 3,420 cm L. The peaks at
840.70 and 600 cm ' represented the vibrance of
Mo-Fe and Fe-O [20], respectively. The peak at
1,039 cm™  corresponded to the Fe-O-Mo [21]
vibrance in the catalyst.

3.2. RhB degradation in Fe,(MoQOy)3/PS system

The RhB degradation in three different systems,
Fe>,(MoQy)3, PS, and Fe,(MoQO,)3/PS, is introduced in
Fig. 2. The results showed that when only Fe,(MoO,);
or PS in reaction system, RhB degradation was 2 and
60.16%, respectively. It could achieve about 99.01% in
the presence of both Fe,(MoO,)s; and PS. Although
achieving high degradation efficiency in only PS
system, no significant discoloration was observed,
demonstrating that persulfate itself could not com-
pletely mineralize RhB. But in Fe,(M0QO4)3/PS system,
the RhB degradation efficiency was obvious, accompa-
nied by significant fading, which might be caused by
the activation of persulfate.

In this section, main influencing factors, such
as initial RhB concentration, PS concentration,
Fe;(M0oOy); load, and initial pH, were performed to
clarify the effects on the RhB degradation.
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Fig. 1. XRD patterns (a) and FTIR spectra (b) of
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Fig. 2. The removal of RhB in different systems. Reaction
conditions: RhB concentration 10.0 mg/L, Fe;(MoO,); load
0.4 g/L, PS concentration 4 mM.
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3.2.1. Effect of RhB initial concentration

It is important in the process of wastewater treat-
ment to investigate the effect of the initial pollutant
concentration. Fig. 3(a) shows the dye efficiencies at
various RhB initial concentrations. It decreased from
98.09 to 85.58% with increasing RhB initial concentra-
tions from 10 to 50 mg/L. It was apparent that the
higher the initial concentration, the lower the molar
ratio of SO, /RhB, as the SO, produced would be
constant under the same concentration of Fe;,(MoQO,)3
and persulfate. Therefore, RhB solution with lower ini-
tial concentration was more likely to be degraded.
Moreover, the data for RhB degradation were further
analyzed by kinetic equation and followed the first-
order kinetic model In(C/C,) = —kt, where k is the rate
constant, Cy and C are the RhB concentration at ¢t =0

(a)
e o —— 10mg/L
—&— 20mg/L
—— 30mg/L
0.6 - —¥— s0mg/L
=
<]
3]
04 |
02}
0.0 . . .
(1] 60 120 180 240
Time (min)
=
<]
3]

0 60 120 180 240
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and time f, respectively. When RhB concentration
increased from 10 to 50 mg/L, the reaction rate con-
stant decreased from 1.51 x 1072 to 0.75 x 1072 min ",
consistent with the degradation efficiencies (Fig. 4(a)).

3.2.2. Effect of persulfate and catalyst concentration on
catalytic activity

The influence of PS concentration on RhB degrada-
tion process is presented in Fig. 3(b). It was found that
the PS concentration was higher and the greater
degradation efficiency was obtained. RhB degradation
reached 55.45% (2 mM PS) and increased to 94.57% at
6 mM PS, since SzOg‘ was the main driving force to
generate SO, in this system. The rate constant k also
increased from 0.28 x 107> to 1.00 x 102 min~" with

—&— ImM (b)
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—— 5mM

CiCy
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Time (min)
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Fig. 3. Effects of (a) RhB initial concentration, (b) PS concentration, (c) Fe,(MoO,); load and (d) initial pH on degradation
efficiencies. Reaction conditions: (a) Fe;(MoO,); load 0.4 g/L, PS concentration 4 mM, (b) RhB concentration 10.0 mg/L,
Fe;(MoQOy); load 0.4 g/L, (c) RhB concentration 10.0 mg/L, PS concentration 4 mM, and (d) RhB concentration 10.0 mg/L,

Fe;(MoOy); load 0.4 g/L, PS concentration 4 mM.
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Fig. 4. Effect of (a) RhB initial concentration on the rate constant, (b) PS concentration, (c) catalyst concentration, and (d)

initial pH on the rate constant of RhB degradation.

increasing PS concentration from 2 to 4 mM (Fig. 4(b)).
However, it was observed that the increase of RhB
degradation was little when PS concentration was
higher than 4 mM and k was slightly reduced from
1.00 x 1072 to 0.95 x 102 min"". It was mainly because
when PS concentration reached a certain value, it
was high enough for a given Fe;(MoO,); load, and
the influence of PS concentration on RhB degradation
would become less. What's more, superfluous
PS could be scavenger and react with SO, to form
SO;™ [22].

In the meanwhile, the RhB degradation increased
from 75.06 to 96.31% with increasing Fe;(MoO,); load
(Fig. 3(c)). RhB degradation also followed the pseudo-
first-order kinetics with the reaction rate increasing
from 049x1072 to 1.15x10°min' (Fig. 4(c)).
However, the degradation trend was not significant.
The reason was that enhanced Fe,(MoQO,); load would

provide more catalytic active sites for the activation of
persulfate to generate more sulfate radicals. But when
persulfate concentration was constant, there was a cer-
tain competition for S,03~ between Fe** and MoOj;~
in Fe,(MoO,); [16], indicated persulfate concentration
was the main factors in this system.

3.2.3. Effect of initial pH on catalytic activity

The RhB degradation was evaluated at various pH
in Fex(MoO,)3;/PS system, and the results are
displayed in Fig. 3(d). The RhB degradation efficien-
cies declined with increasing pH value and the
highest degradation (almost 100%) was obtained when
initial pH was 3.0. It could achieve 84.72% under the
neutral environment and was high as 64.56% at pH
11. Hence, Fe;(MoO,); displayed high catalytic activity
toward persulfate for RhB degradation in a wide
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range of pH. It could be explained by the solid acid
characteristics of Fe,(M0Q,)3;, which were the low PZC
and strong acid sites. The low PZC of Fe,(MoOg);
could easily lead to the occurrence of deprotonation,
and an acidic microenvironment was formed near the
surface of Fe;(MoOy); particles [16]. Additionally, sul-
fate radicals could react with hydroxyl in the solution
to generate hydroxyl radicals. Compared with SO, ,
‘OH is known to be unselective due to its high
reactivity with various organic and inorganic species
and more readily to be scavenged by non-target
species. Besides the short lifetime of SO, (4s) is much
longer than ‘'OH (20 ns), "OH cannot diffuse into the
surface of organic matter for degradation in time
and could be scavenged by CO3~ or HCO; being
present possibly in alkaline environment [23], thus
making the degradation efficiency lessen and the

1.2

—on (a)

Abs

300 400 500 600

Wavenumber (cm‘l)

(b)

TOC/TOC,

Time (h)

Fig. 5. UV-vis spectra (a) and TOC (b) removal of RhB
degradation. Reaction conditions: RhB concentration
10.0 mg/L, Fe,(MoO,); load 0.4 g/L, PS concentration
4 mM.
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reaction rate constant decreased from 1.49 x 1072 to
0.44 x 10> min " (Fig. 4(d)).

3.2.4. UV—uvis spectra and mineralization

Fig. 5(a) illustrates the UV-vis spectra of six
samples during RhB degradation process in
Fe;(M00Oy)3/PS system. Absorption spectrum of RhB
solution was mainly characterized by the band located
at 552 nm, due to the four ethylated groups existing in
RhB molecule [24]. A gradual fading of the absorbance
value at the characteristic band was found during the
experiment, and almost 100% removal efficiency was
obtained after 4 h reaction. Compared with the control
sample, there were blue shift of the main chro-
mophore band and no new bands appeared obviously
in another samples. The gradual fading was mainly
attributed to SO, attacking, which caused two com-
petitive processes occurred simultaneously during
RhB degradation [25,26], including N-deethylation and
the destruction of dye chromophore structure. The
blue shift might be ascribed to the intermediates of
N-deethylation.

High degradation of RhB was quite untypical of
being mineralized into CO, and H,O, as reaction
organic intermediates could be formed during oxida-
tion. In order to explore the extent of mineralization,
the TOC experiment was carried out since it is a suit-
able indicator of organic mineralization. As demon-
strated in Fig. 5(b), TOC removal increased gradually
when the reaction proceeded. Firstly, the reaction was
carried out for 0.5 h and TOC removal rapidly reached

08 —B— Blank
i —O— 1:50 TBA
L :Q: —A— 1:50 Ethanol
\N
0.6 | \5\

/
/

04 |

“r .\
0.0 R 1 . L R 1 . )
0 60 120 180 240

Time (min)

Fig. 6. Reaction of RhB in the presence of different radical
scavengers. Reaction conditions: RhB concentration 10 mg/L,
Fe;(MoO,); load 0.4 g/L, PS concentration 4 mM.
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36.25%. And then, it increased slowly, which was 46.66,
50.63, 56.58, and 59.88% after 1, 2, 3, and 4 h, respec-
tively. RhB was destroyed completely but not fully
mineralize, and for the reaction, organic intermediates
were very difficult to be mineralized [27].

3.3. Identification of reactive radicals

Sulfate radicals in aqueous solution can result in
radical inter-conversion reactions to produce hydroxyl
radicals. Both SO, and ‘OH have the strong oxidation
ability for the destruction of organic contaminants. In
order to confirm the generation of radicals species
from Fe,(M0QOg4)3/PS system, the tert-butyl alcohol
(TBA, without R-hydrogen) was chosen as scavenger
for ‘'OH and ethanol (EtOH, containing R-hydrogen)
as scavenger for SO, and '‘OH, which was based
on the different reaction rate constants between
quencher and radicals [28,29]. EtOH reacts with SO,
and ‘OH at high comparable rates, which were
1.6-7.7x10"mol L' s and 1.2-2.8 x10°mol L™'s ™",

wb o (a)

AN\

S
s 80 |- 0.6
9 _~
g ‘\A/‘ 3
2 )
£ E
= +
= 0F . H04
> —a—Removal Efficiency =
)
E —a—Fe3* concentration
~

60 - —0.2

50 L L L L 0.0

3 4 5 6

—_
IS}

Repetitions

Fig. 7. Iron leaching under different initial pH (a) and
regeneration times on RhB degradation. (b) Reaction condi-
tions: RhB concentration 10 mg/L, Fe;(MoOy); load 0.4 g/L,
PS concentration 4 mM, reaction time 4 h.
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respectively. However, the reaction rate of TBA and
‘OH (3.8-7.6 x 10° mol L ™" s™') was 418-1,900 times fas-
ter than the rate of TBA and (4-9.1 x 10° mol L' s™")
SO, [30,31].

TBA and EtOH indeed both inhibited RhB
degradation in Fig. 6. When 0.2 mol/L TBA (molar
ratio TBA/PS = 50) was introduced into Fe,(MoO,);/
PS system, the degradation efficiency decreased to
86.36% after 240 min, created about 11.73% difference
with regard to the blank value. On the other hand, the
addition of 0.2 mol/L EtOH (molar ratio EtOH/
PS =50) resulted in decreased degradation efficiency
of 36.34%. The loss of degradation efficiency caused
by EtOH was relatively higher than that with TBA,

25

20 Control Sample
- - —4h

Abs

250 300 350 400 450 500 550 600 650

Wavenumber(cm™)

Fig. 8. The UV-vis spectra of RhB degradation in only PS
system.
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M0 705 710 TIS 720 725 730 735 TH0 745
Binding Energy (eV)

Fig. 9. XPS spectra of Fe 2p regions of fresh and used
Fe2(M004)3.



Y.-S. Lu et al. | Desalination and Water Treatment 57 (2016) 7898-7909

100 |

A:Fe,0,+PS E:PS 7

B:M003+PS F:Fcz(.\/l004)3+PS+NasPO4

80 |- . S B S
C:Na,MoO +PS G:Fe,(MoO ), +PS

+ D:Fe203+M003+PS

60 |- ;2

40

Removal Efficiency (%)

20 -

Catalysis

Fig. 10. Comparison of the catalytic activity of various
compounds. Reaction conditions: RhB concentration
10 mg/L, Fex(MoOg; load 04 g/L, PS concentration
4 mM, reaction time 4 h.

indicated that SO, was predominantly produced over
‘OH during the Fe,(MoOy); for $,03~ activation pro-
cess without pH adjustment (about 5.6), while "OH
played a minor role in the degradation process.

3.4. Stability, reusability, and catalytic mechanism of
FEZ(MOO4)3

For a heterogeneous catalytic system, it is necessary
to evaluate the stable performance of catalyst. Based
on this purpose, the Fe leaching under different pH
and reuse experiment were carried out. Fig. 7(a) shows
the Fe leaching at various pH in Fey(MoO,);/PS
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system, and Fe leaching concentration decreased
slightly with increased pH. 2.24 mg/L concentration
was the highest at pH 3, accounted for 2.9% in the total
Fe content in Fe;(MoOy);. Therefore, it could be prefer-
able to maintain a high catalytic activity for a heteroge-
neous catalyst, and persulfate could not be activated
by leached Fe®* directly.

In reusable experiments of the catalyst, the filtration
was used to collect Fe,(MoOy); after the degradation
experiment. The collected catalyst was washed with
double-distilled water for five times and dried under
105°C environmental conditions, and the filtrate was
used to determinate the leached Fe®* concentration. The
degradation efficiency of RhB for every reuse run
almost was maintained unchanged, keeping the high
activity during the 6 runs (Fig. 7(b)). When Fe;(M0QOy);
was used for the sixth time, the RhB degradation effi-
ciency was still over 90% in 4 h reaction. The results
also showed that the leached Fe®* concentration was in
the range from 0.86 to 0.54 mg/L, which were below
2mg/L (European Union), at most accounting for
0.898% when Fe;(MoO,); was used firstly. The efficient
RhB degradation and the little Fe** leaching indicated
that Fe;(MoO,); catalyst was durable and could be
reused without loss of catalytic activity.

The chemical stability and efficient catalytic ability
of Fe,(MoO,); might be related to its high structure
stability, which was confirmed by XRD and FTIR mea-
surements on the used and fresh catalysts. The XRD
patterns and FTIR spectroscopy of Fe>(MoO,); after
several times used confirmed that the structure of
Fe;(M0Oy); did almost no change (Fig. 1).

It is believed that the mechanism in Fe®*/PS sys-
tem and heterogeneous Fe**/PS system is popular.

Table 1

Identification of intermediates during the oxidation degradation of RhB by GC/MS

Product R¢ (min) M,, Formula Name

1 8.303 90 C4H1(0, 1,4-Butylene glycol

2 8.487 90 C,H,0, Acetic acid

3 8.875 76 C3HO, 1,2-Propylene glycol

4 9.249 136 CoH;,0 1-p-Tolylethanol

5 10.054 62 C,HO, Ethylene glycol

6 11.974 90 C3HgO3 2-Hydroxypropanoic acid
7 15.664 192 C11H1,05 4,7-Dimethoxyindan-1-one
8 16.023 92 C3HgO; Propane-1,2,3-triol

9 17.067 184 CgHgOs5 3,4-Dihydroxymandelic acid
10 19.352 122 C,HgO, 3-Hydroxybenzoic acid

11 19.730 122 CgH;c0 2,6-Dimethylphenol

12 23.442 166 CgHeO4 Phthalic acid

13 24.411 278 C16H04 Dibutyl phthalate

14 25.005 118 C4HgO4 Succinic acid




7906

Y.-S. Lu et al. | Desalination and Water Treatment 57 (2016) 7898-7909

OH

HO
0;;: EOH

HO” Yo
\/ (0 OH
HO HO  OH HO™ ™Y
0
0 OH HO
Ho © /\lc;\ 0
CO, H,0

Fig. 11. Proposed pathway of RhB in Fe;(MoO,);/PS system.

Fe;(MoO,); as a heterogeneous catalyst was used to
activate PS for the efficient RhB removal in this study.
As shown in Fig. 2, almost the same RhB removal was
obtained at the beginning of the reaction in only PS
system and Fe,(MoQO,);/PS system and PS itself could
be used as the oxidizing agent to oxidize RhB incom-
pletely, producing some other organic compounds.

Compared with the control sample, a small increase of
absorbance was observed from 350 to 500 nm in the
UV-vis spectra of RhB degradation by PS alone (Fig. 8)
and this might correspond to quinone compounds
[32], which could be as electron transfer agents aiming
at reducing Fe(Ill) to Fe(Il), and then generated Fe(II)
could react with PS as an activator to form SO, . In
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the subsequent degradation process, large number of
intermediates including hydroxybenzene and quinone
compounds would be produced by SO, , and
hydroxybenzene was the same quinone and could be
used as electron transfer agents [33,34]. Francesco
Minisci [35] indicated that the SO, formed grabbed
an electron from oxidized organics during the
degradation process and then, oxidized organics might
surrender to the organic compound radical, which
could promote the Fe(Ill)/Fe(Il) redox potential to
generate Fe(Il) by reacting with Fe(Ill). Therefore,
activation of PS by Fe(Il) generated could oxidize com-
pletely RhB, while Fe(Il)was continuously produced
from Fe(IlI)/Fe(l) recycled in Fe;(MoO,); catalyst. To
verify the Fe(Ill)/Fe(Il) redox potential in catalytic
oxidation, the XPS spectra of Fe,(MoO,); before and
after degradation experiment were recorded (Fig. 9).
The peak of Fe 2p;,, was at 711.7 eV for the fresh
Fe>(MoOy); catalyst, which was mainly contributed to
Fe(ll) [36]. After the degradation experiment, the
binding energy of Fe 2ps;,, was slightly shifted to
711.4 eV value, proved the transformation of Fe(IIl) to
Fe() occurred during the catalytic process. Based on
the deconvolution of Fe 2p envelop, 36% Fe(Il) came
from Fe(IlI) reduction.

In order to clarify that there was synergistically
catalytic effect between Fe®* and MoO; in
Fe;(M0QO,);, we carried out comparable experiments
using Na,MoO, and Fe,O; (Fig. 10). It was observed
that the catalytic activity of Fe,(MoO,); was much
higher than that of Na,MoO, and Fe,Os, proving that
it actually existed a synergistically catalytic effect
between Fe®* and MoOi_ in Fe,(MoQOy)s.

Compared with Fe;(MoO,);/PS system, the dye
degradation efficiency in Fe;(MoO,);/PS/NazPO, sys-
tem was much lower (Fig. 10). This indicated that
adding the phosphate could cause significant inhibi-
tion on RhB degradation, since surface hydroxyl
groups could be substituted by phosphate owing to
the stronger affinity between phosphate and active
sites [37]. It was confirmed that the surface hydroxyl
groups of Fe;(MoOy)s could be active sites for persul-
fate.

There was another possible mechanism existing
between Fe,(MoO,); and PS. MoOﬁ_ /H0; system has
been used in the catalytic oxidation, which could form
the molybdenum (Mo) peroxo complex with strong
oxidant for the organic compounds degradation
directly. Tian [16] had verified that MoOi’ in
Fe;(MoOy); could catalyze H;O, to generate the
intermediate MOOZ(OZ)?. As persulfate and H,0O,,
both have the -O-O- band in their structure, speculat-
ing that persulfate could react with MoO?" to generate
molybdenum peroxo complex.
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3.5. Possible degradation pathway of RhB

Analysis of the reaction intermediates and final
products was useful for evaluating the efficiency of
catalytic systems and may reveal the reaction process
in details. The RhB degradation intermediates in
Fe;(MoOy);/PS system were identified by GC/MS.
According to GC/MS chromatograms, the major
intermediates could be divided into two groups: the
aromatic compounds with different substituent groups
and the resultants with relatively lower molecular
weights, which are shown in Table 1.

Based on the identification of GC/MS, seven
benzenoid intermediates were identified including
1-p-tolylethanol,  4,7-dimethoxyindan-1-one,  3-hy-
droxybenzoic acid, 3,4-dihydroxymandelic acid, 2,6-
dimethylphenol, phthalic acid, and dibutyl phthalate.
The reaction between sulfate radicals and aromatic
compound is usually considered to be the result of
electron transfer. Benzene was attacked by sulfate
radical losing an electron, formed unstable benzene
radical. Then, the benzene was opened and further
oxidized by SO, to form some lower molecular
organic as listed in Table 1. Corresponding to GC/MS
identification data, the possible degradation pathway
of RhB in Fe,(M0Og4)s3/PS system is depicted in
Fig. 11.

4. Conclusions

Results of this study demonstrated that Fe,(MoOy)3
as a novel heterogeneous catalyst had high efficient
activity, excellent stability, and strong reusability. In
Fe;(MoOy)3/PS system, 10 mg/L RhB could be com-
pletely removed and 59.88% TOC removal efficiency
was achieved under the addition of 4 mM SzO§* and
0.4 g/L Fe;(M0O,); within 240 min. Fe(IIl) /Fe(Il) recy-
cled, synergistically catalytic effect, and surface
hydroxyl groups in Fe,(MoO,); played important roles
in the catalytic mechanism for persulfate. Based on
GC/MS analysis, the major intermediates of RhB were
identified and the degradation pathway of RhB was
proposed. These revealed that Fe,(M0O,);/PS system
has great potential in printing and dyeing wastewater

and other refractory organic toxic pollutants
treatment.
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