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Catalytic degradation of tetracycline by Mo-Fe catalyst
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ABSTRACT

Incorporating Mo into Fe-catalyst can enhance the catalytic activity and application range of pH value
of catalyst. Therefore, Mo-Fe compounds with different Mo:Fe molar ratios were prepared by a wet
chemical process, and then were used to degrade tetracycline (TC) by initiating a heterogeneous
Fenton-like system with H,O,. The results demonstrated that the Fe,(MoO,)./H,O, system most
efficiently degraded TC. At an initial concentration of 50 mg/L TC with natural pH value (about
5.5), about 99% of TC could be removed within 30 min by 0.8 g/L Fe,(MoO,), and 17.6 mM H,O,
at 299.15 K. Moreover, the pH value did not affect TC removal rate; but changed the total organic
carbon removal rate. The Fe leaching concentration was about 0.009 mg/L under the optimal condi-
tions. The TC removal rates in the Fe,(MoO,),/H,O, system were influenced by the complexity level
of practical wastewater. The scavenging experiment using several scavengers indicated that both
hydroxyl radicals (in solution and catalyst surface) and superoxide radicals played important roles in
the degradation of TC. A possible degradation mechanism and pathway for TC were proposed in the
Fe,(M00,),/H,O, system. Finally, a comparison was made between this study and some others, show-

ing that Fe,(MoO,),/H,0, was a preponderant system for TC removal.
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1. Introduction

The presence of antibiotic residues in environmental
matrices has attracted increasing attention due to the
worldwide use of antibiotics in human therapy and the
farming industry [1-3]. Especially, in China, approximately
162,000 tons of antibiotics were used in 2013, based on
the survey by Zhang et al. [4]. Among of these antibiotics,
tetracyclines (TCs) mainly including tetracycline (TC),
oxytetracycline (OTC) and chlorotetracycline (CTC) are
among the most important families of antibiotics that
contaminate the environment. To date, TCs have been widely
detected in different water sources, including rivers, streams,
lakes and ground waters, many of which are used as drinking
water sources [5-12]. The continuous releasing of TCs into
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aquatic environments increases the possibility of antibiotic
resistance among microbial populations, and the degrada-
tion by-products of TCs have been demonstrated to be even
more toxic than the parent compounds [13,14]. In particular,
TC is a typical one in TCs, which has been widely used, and
many researchers have focused on the removal of TC [1-3].
Therefore, it is urgent to develop efficient and economical
technologies to remove TCs (especially TC) from aquatic
environments.

At present, there are many methods for removing TCs
from water, including biodegradation [15,16], adsorption
[14,17], ozonation [18], photodegradation [19,20], chemical
oxidation [21-23], electrochemical oxidation [3,24,25] and so
on. Of these methods, traditional biological methods cannot
effectively destruct TCs due to their antibacterial nature and
complex structure. Adsorption has further disadvantages
because it only separates pollutants to another phase rather
than mineralizing them [14,26]. Compared with chemical
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oxidation, ozonation, photodegradation and electrochem-
ical oxidation might need additional equipment and more
investment for practical application. Therefore, chemical
oxidation is currently the preferred method for the removal
of TCs.

Fenton or Fenton-like catalysis has emerged as an
advanced oxidation technology to treat various non-
biodegradable organic pollutants [27,28]. TCs removal was
recently conducted by some researchers via advanced oxi-
dation technology. Sunaric et al. [29] reported the effect of
Cu(II)/H,O, on doxycycline removal from aqueous solu-
tion, and Liu et al. [30] prepared Fe,O,-graphite cathode
and it showed excellent electrocatalysis characteristic for
TC degradation in electro-Fenton system. Hou et al. [31]
used Fenton-based process (H,0,/Fe(Ill)) to remove TC, and
93.6% removal rate was obtained under optimal conditions.
However, most of these Fenton-like catalysts had higher cat-
alytic activity just at pH values around 3.0 resulting in the
acidification of the wastewater or the input of external energy
into reaction system [30,31], which generally increased the
costs of wastewater treatment process.

The catalytic activity in a Fenton-like system mainly lies
in the acid/base properties of the catalyst, which can be indi-
cated by the PZC (pH at the point of zero charge). Lower
PZC values correspond to a more acidic character [27], which
results in stronger catalytic activity. Although the PZC values
of a-Fe,0, FeOOH and Fe,O, are in a relatively low range,
respectively, 5.2-8.6, 6.5-6.9 and 6.3-6.7 [32], the catalytic
ability of these Fe-catalyst was limited under some conditions,
especially under alkaline condition. Recently, incorporating
other metal ions into Fe-catalyst could decrease the PZC and
improve the acidic character, which could ensure stronger
catalytic activity in a wide pH range [33]. Among these
metals, Mo was an attractive one which could effectively
decrease the PZC of catalyst. For example, the PZC values of
5 mol% Mo/TiO,, 10 wt% MoO,/ALO,, 7.6 wt% MoO,/ZrO,,
0.5 wt% Mo/SiO, and Fe (MoQO,), were found to be 2.2, 3.7, 2.5
and 2.9, respectively [27,34-37]. However, these reports did
not involve antibiotics removal.

This study has synthetized the Mo-Fe catalyst with
different ratios of Mo/Fe to degrade TC which was a typi-
cal one of TCs. The following aspects were investigated: (1)
characteristics of catalyst powder; (2) catalytic activity of
these different Mo—-Fe catalysts in the presence of H,O,; (3)
effect of operating factors of Fe,(MoO,),/H,O, system on TC
removal; (4) durability of Fe,(MoO,), and Fe leaching; (5)
degradation mechanism of TC in the Fenton-like system by
Fe,(MoO,),/H,0,; (6) application of Fe,(MoO,),/H,O, in real
wastewater under optimal conditions and (7) comparison
with other studies.

2. Materials and methods
2.1. Materials

Analytical grade ammonium molybdate(VI) tetrahy-
drate, iron(Ill) nitrate monohydrate, hydrogen peroxide
solution (30%, w/v), ammonium hydroxide (25%, w/v),
n-butanol, KI, benzoquinone, NaCl, HCl and NaOH were
purchased from Tianjin Kermel Chemical Reagent Co. Ltd.
(China). TC was purchased from J&K Scientific Ltd. (China).

The methyl alcohol, formic acid and acetonitrile were HPLC
grade and purchased from Tianjin Kermel Chemical Reagent
Co. Ltd. (China).

2.2. Preparation of catalysts

Fe,(MoO,), was prepared by a previously reported wet
chemical process [38,39]. Simply, a solution of 0.01 M ammo-
nium molybdate was mixed with certain volume of 2 M
ammonium hydroxide. Then a certain volume of 0.093 M iron
nitrate was slowly added dropwise at room temperature into
the mixed solution under vigorous agitation. After complete
addition of iron nitrate, the solution was stirred for 2 h at
room temperature. The resulting precipitate was filtered, and
sequentially washed with deionized water and then dried at
105°C for 12 h. Finally, the dried precipitate was calcined in a
muffle furnace at 550°C. The Fe-Mo catalyst with other Fe:Mo
molar ratios was prepared in a similar way.

2.3. Experimental procedures

All experiments were carried out in plastic tubes with an
effective volume of 10 mL. A given amount of catalyst pow-
der was added in the reaction tube; then, 5 mL of the designed
concentration of TC was added into the tubes. The concen-
trations of TC were set from 2 to 200 mg/L, which are the
common concentrations according to the existing literatures
[2,3,25]. The reaction was started by adding a known amount
of hydrogen peroxide to the reaction tube. The reaction tubes
were put into a concussion incubator working at 220 rpm.
After the oxidation reaction, the samples were filtered with
a 0.22 pm membrane to remove catalyst powder. Then, sam-
ples were diluted with deionized water and methyl alcohol.

2.4. Instruments and analytical methods

The morphologies of the catalyst powder at different
Fe:Mo molar ratios were performed on gold-coated samples
using field emission scanning electron microscope (FESEM,
Nanosem 430). The element composition of each powder
was determined by an energy dispersive spectrometer (EDS),
which is accessory equipment with FESEM. The patterns of
these catalyst powders were collected on powder X-ray diffrac-
tion (XRD, D/MAX-2500) using Cu-Ka radiation. Compound
identification in the samples was accomplished by compari-
son of the peaks with joint committee on powder diffraction
standards (JCPDS) data files. The pH at PZC was tested with
a zeta potential analyzer (Zetasizer Nano ZS, Malvern). Fe
leaching into solution during the reaction was detected by an
atomic adsorption spectrometer (Beijing Ruili WFX 1300). The
total organic carbon (TOC) at the optimized conditions was
determined using a TOC analyzer (Shimadzu TOC-V).

Concentrations of TC were quantified by LC-MS/
MS analysis, using Waters ACQUITY UPLC-AB SCIEX
QTRAP®4500 with a ACQUITY UPLC®HSS T3 C18 COLUMN
(2.1 mm x 100 mm, 1.8 um). The injection volume was 2 uL,
and the flow rate was 0.3 mL/min. The mobile phase A was
methanol and B was 0.1% aqueous formic acid. The gradi-
ent elution was programmed as follows: phase A was 10%
in 0-0.5 min, followed by ascending to 80% within 3.5 min,
held for 2 min, then rose to 90% to 4.4 min, followed by a
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ramp to 10% until to 5 min. The intermediates of TC were
also determined by the LC-MS method with a time-of-flight
mass spectrometer.

3. Results and discussion
3.1. Physicochemical properties of the catalyst

Different from previous study, different Mo/Fe ratios
were set to study the effect of Mo content on the TC removal
rate. Fig. 1 shows the XRD patterns of different catalyst pow-
ders with Mo and Fe at Mo:Fe =0, 0.1, 0.2, 0.5, 0.9, 1.5. From
the figure, it can be seen that powder with Mo/Fe =0 had high
XRD peaks at 20 of 33.1° and 49.5° which are associated with
a-Fe,O,. With the increase of Mo/Fe ratio, the XRD patterns
gradually showed more peaks. Powder with Mo/Fe = 0.5-1.5
all showed typical peaks at 19.4°, 20.4°, 21.7°, 22.9°, 23.6°,
24.9°, 25.7°, 27.5°, 27.8°, 30.2° and 34.1°, which are attributed
to monoclinic Fe,(MoO,),. All these results were in accor-
dance with a previous study [27].

Both SEM and EDS were performed to observe the ele-
ment composition and morphology of the catalyst powder
at different Mo/Fe ratios, shown in Figs. S1-S7. It can be seen
that the Mo content increased with the increasing of Mo/Fe
ratios, which indicated that incorporating into Mo worked
effectively. However, the measured values of Mo/Fe were
lower than the theoretical values, which may be due to that
EDS was a semi-quantity method.

In order to determine the effect of incorporating into Mo
on the PZC value of the Mo-Fe powder, two methods were
adopted: (1) determining the pH value at zero zeta potential
and (2) determining pH values by adding an increasing mass
of these powders in 10 mL water. From Fig. S7(a), the PZC val-
ues for Fe,O, and Fe,(MoO,), were, respectively, 2.58 and 4.25
which implied that incorporating Mo into Fe-catalyst could
decrease the PZC of catalyst powder. Seen from Fig. S7(b),
with the increase of the powder dosage, the pH value tended
to a constant point where PZC of these powders were
obtained. For example, PZC of Fe,O, and Fe,(MoO,), was
determined at about 5.08 and 2.69. The results were in accor-
dance with the reported results [32]. It was explained that
low surface deprotonation constant (pK s) ensured low PZC
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Fig. 1. XRD pattern of catalyst powder.

389

values [32,40]. pK,, an indicator of acidic strength, decreases
linearly as the ratio of charge to radius (z/r) increases [19,21].
Furthermore, Mo has an ionic radius of 0.59 A at the coor-
dination number of 6 [41]. It has very large z/r of 10.17 by
calculation, which contributes to the low PZC value and con-
sequently the high acidic strength of Fe,(MoO,),.

3.2. Catalytic activity of Fe,(MoO,),

In order to determine the catalytic ability of these catalyst
powders at different Mo/Fe ratios, TC removal rates with
catalyst powder were obtained under the same conditions,
shown in Fig. 2. We can see that Mo/Fe molar ratios of 0.2 and
1.5 resulted in higher TC removal rates at about 99.64% and
99.65%, respectively. However, evaluating the XRD patterns
of these powders, the powder with the Mo/Fe molar ratio of
1.5 had more anomalous crystal form. Therefore, Fe,(MoO,),
was optimal choice to create the heterogeneous Fenton-like
system.

To ensure the catalytic ability of Fe,(MoO,),, the effects
of H,0,-only, Fe,(MoQO,).-only and Fe,(MoO,), + H,O, were
compared in Fig. 3. It can be seen that the TC removal rates in
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Fig. 2. Catalytic ability of catalyst powder at different Mo/Fe
ratios (TC concentration 50 mg/L, catalyst dosage 2 g/L, H,0,
dosage 35 mM, natural solution pH, reaction time 60 min).
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Fig. 3. Catalytic ability of Fe,(MoO,), (TC concentration 50 mg/L,
catalyst dosage 2 g/L, H,O, dosage 35 mM, natural solution
pH 5.5, reaction time 60 min).
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the H,O,-only system or the Fe,(MoO,),-only system were so
marginal that could be neglected. For example, the removal
rates were about 4.69% and 1.02% in H,0O,-only system or
Fe,(MoO,),-only system after 60 min reaction. While in the
system with both H,O, and Fe,(MoO,),, more than 99% TC
was removed after 60 min reaction, which indicated that
Fe,(MoO,), could act excellently as catalyst to oxidize TC.
The Fenton-like reaction was created by the presence of H,0,
and Fe,(MoO,),.

3.3. Effect of operational conditions on TC removal
3.3.1. Effect of catalyst dosage and H,O, concentration

Catalyst dosage is a primary factor not only in initiating
the Fenton-like reaction by accelerating radical generation,
but also in controlling the economic cost of the Fenton-
like process by adjusting optimal dosage. Fig. 4 shows the
experiment conducted with catalyst dosage in a range of
0-5 g/L while other parameters were kept constant. It can
be seen that TC concentration in solution decreased sharply
with the increasing of catalyst dosage. In a 60 min reaction,
when the catalyst dosage increased from 0 mg/L to 0.8 g/L,
the TC concentration in solution decreased from 50 to
0.28 mg/L (with a removal rate of 99.4%). Increasing dos-
age of Fe,(MoO,), provided more Fe*/Fe*" active sites which
accelerated radical generation and result in higher TC
removal rate. However, another report showed that increas-
ing Fe,(MoO,), dosage from 0.8 to 1.6 g/L just resulted in
AOII removal rate increasing from about 80% to 97% [27].
Obviously, the Fe,(MoO,), dosage in this study was lower
and removal rate was higher, which means Fe,(MoO,),
could effectively start the Fenton-like reaction at very low
dosage for TC removing.

In addition, Fig. 4 shows that higher concentrations of
H,0O, resulted in higher TC removal rates. When the con-
centration of H,0, was increased from 7.0 to 17.6 mmol/L,
the removal rate of TC also increased from 84.4% to 98.8%.
However, a concentration of 88.2 mmol/L H,O, just increased
TC removal rate to 99.6%. It may be due to that higher H,O,
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Fig. 4. TC removal at different catalyst dosage and H,O,
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concentrations might result in the scavenging reaction of
*OH by H,0, as follows [31,42]:

*OH+H,0, »HO, ¢+ H,0 )

OH is consumed by H,O, to produce HO,* which is much
less reactive than *OH and can hardly contribute to the oxi-
dation of TC.

Therefore, the optimal catalyst dosage and H,0, concen-
tration were 0.8 g/L of Fe,(MoO,), and 17.6 mM of H,0,.

3.3.2. Effect of reaction time and initial TC concentration

In order to determine the effect of the Fenton-like system,
we conducted the experiments with different reaction times
and different initial concentrations, as shown in Fig. 5, TC
removal rates rose rapidly with reaction time at the initial
stage. Under different initial TC concentrations, TC removal
rates all reached >90% with the reaction time of 10 min.
Hence, a reaction time of 30 min was sufficient to ensure all
the removal rates in a range of 97%-98%, under different
initial TC concentrations. Moreover, initial TC concentra-
tion varied from 20 to 200 mg/L seemed to have no influence
on the TC removal rates, which demonstrated the excellent

catalytic effect of Fe,(MoQO,), on TC removal.

3.3.3. Effect of initial solution pH

The pH value is usually considered as one of the most
important factors during Fenton-like processes; it controls
the decomposition pathways of H,O, and catalyst activity.
In addition, the speciation of TC also depends on pH value
by the protonation-deprotonation equilibrium as shown
in Fig. 6. It is known that at low pH values (<3.3), TC was
fully protonated as H,L*; at slightly higher pH (>3.3), TC
was mainly in the form of H,L* by releasing enolic pro-
ton at C-3; at further higher pH (>7.7), HL~ was formed by
the dissociation of the hydroxyl proton attaching to C-12.
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concentration (TC concentration 50 mg/L, catalyst dosage 2 g/L
or H,0, dosage 35 mM, natural solution pH 5.5, reaction time
60 min).

Fig. 5. TC removal at different reaction time and initial TC
concentration (catalyst dosage 2 g/L, H,0, dosage 35 mM,
natural solution pH 5.5).
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Generally, when HL" formed at pH > 7.7, the catalyst sur-
face would become negatively charged causing repulsion
with negatively charged TC molecules, which was the rea-
son for the decrease of TC removal rate in many studies
[23,31,44,50,51]. However, in our study, Fe (MoQO,), seemed to
be unaffected by the initial pH values, as shown in Fig. 7. TC
removal rates were relatively stable with the pH values from
3.0 to 10.0, indicating that Fe,(MoO,), could maintain high
catalytic activity in a wide range of pH value. Up to now,
many reports have shown that the performance of catalysts in
oxidation processes would become poor with the increasing
of initial pH value. In a report where TC was treated with Fe—
Mn binary oxide, the removal rate was found to be maximum
in the pH range 5.3-6.2 [43]. In another report, Mahamallik
et al. [44] pointed out that acetic acid-sodium acetate buffer
solution could be used to maintain pH in the acidic range
3.4-6.1 for a higher TC removal rate. In this study, initial pH
values did not seem to affect TC removal rates, which means

pEa3

H;C CHs

~.J~
N

pKal pKal

HLt pKal=3.32 H, L pKa2=7.78 HL- pKa3=958 -

Fig. 6. Different ionic forms of TC molecule with respect to pK_
values.
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Fig. 7. TC removal at different pH value (TC concentration
50 mg/L, catalyst dosage 2 g/L, H,0, dosage 35 mM, reaction
time 60 min).
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the wide pH application scope of Fe (MoO,),. However, the
disappearance of TC did not mean the complete mineraliza-
tion of TC to CO,.

To evaluate the effect of the initial pH values on TC
mineralization, TOC was investigated at different pH values.
From Fig. 7, TOC removal rates changed with the solution
pH. The highest TOC removal rate was obtained at pH of
5.5, where no HCI or NaOH was added to adjust solution
pH. The TOC removal rates were somewhat lower at pH
of 3.0 and 7.5, which primarily because the adjusting pH
value made some inorganic ion adsorbed to the surface of
Fe,(MoQ,), particles. Moreover, the lowest TOC removal rate
was obtained at pH of 10.0. The reason was that the alkaline
environment made the catalyst surface coated with large
numbers of OH". Both tetracycline species and the catalyst
carried more negative charge under the alkaline condition,
leading to an enhancement in electrostatic repulsion between
TC molecules and the catalyst particles. This may account for
the decrease of the TOC removal.

3.3.4. Effect of ion strength (NaCl)

In oxidation processes, different ionic strength may affect
the removal of the target organisms. Therefore, the experi-
ment with different NaCl concentrations was conducted to
study the effect of ion strength on TC removal rates. From
Fig. 8, TC removal rates slightly decreased with the increase
of NaCl concentration. When NaCl concentrations were 0,
0.01, 0.05 and 0.1 mol/L, the TC removal rates were 94.99%,
93.02%, 91.88% and 87.71%, respectively. Overall, the pres-
ence of NaCl had little influence on TC removal rate in the
Fenton-like system with Fe (MoO,), and H,O,.

2

3.4. Durability of Fe,(MoO,), and Fe leaching

To investigate the stability of Fe,(MoO,),, TC removal
rate of the recycled Fe,(MoO,), was investigated under the
optimum conditions. After each degradation experiment, the
used catalyst powder was regenerated by drying in an oven
at 100°C for 4 h. Then the catalyst was reused under the same
condition to remove TC. The results demonstrated that the
catalyst activity just had a slight decrease during the three

N ===

Fig. 8. TC removal at different NaCl content (TC concentration
50 mg/L, catalyst dosage 2 g/L, H,0, dosage 35 mM, reaction
time 60 min).
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successive cycles (Fig. S8). This showed that Fe,(MoO,), had
strong stability.

Metals in heterogeneous catalysts tend to leach out
during the reaction, which could affect the durability of
catalyst resulting in influence on removal rate and reaction
pathways [45]. Concentrations of Fe in the solution under
different conditions were detected, as shown in Fig. 9. We can
see that Fe concentration was highest at pH = 3.0 than those
at other pH values. At under the natural solution pH of 5.5,
the Fe concentration had a little increase (0-0.026 mg/L) with
reaction time (0-60 min) under different initial TC concen-
trations. However, when the H,O, dosage was doubled, the
leaching concentration of Fe sharply rose to 1.28 mg/L at 120
min. Clearly, the reason for this is that more H,O, attacked
the catalyst resulting in a high Fe concentration. As a result,
under the optimal conditions of catalyst dosage 0.08 g/L,
H,O, dosage 17.6 mM, natural pH value, reaction time 30 min
and initial TC 50 mg/L, the Fe leaching concentration was
approximately 0.009 mg/L.

3.5. Degradation mechanism
3.5.1. TOC removal

TOC removal was evaluated to determine the extent of
TC oxidation. Then, the TOC removal rates were investi-
gated under different initial TC concentrations, which were
compared with TC removal rates under the same conditions
(Fig. 10). TOC removal mainly occurred during the initial
10 min of the reaction and after 10 min no obvious TOC
removal took place. This may be due to the pH change made
the catalyst unsuitable for further TC degradation [44]. The
most interesting finding was that TOC removal rates did not
change with the initial TC concentrations. The reason may be
that the degradation products of TC were definite, regard-
less of different initial TC concentrations. Furthermore,
TOC removal rates were compared with TC removal rates
in Fig. 10, showing that TC could easily be degraded under
different initial concentrations, but it was not thoroughly
degraded to CO,. The specific degradation intermediates
analysis will be shown in section 3.5.4.
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Fig. 9. Fe leaching at different conditions (catalyst dosage
0.08 g/L, H,0, dosage 17.6 mM).
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3.5.2. Effect of the presence of radical scavengers

In a Fenton-like system, there may be two kinds of radi-
cals that have strong oxidation ability to degrade organic pol-
lutants: *“OH and O,*. In order to understand the oxidation
mechanism, n-butyl alcohol (n-BuOH), KI and benzoquinone
(BQ) usually were used to verify the roles of the total hydroxyl
radicals both in the solution and on the surface of the catalyst
("OH,,), the hydroxyl radicals in solution (*OH,_) and O,
radicals, respectively [23,31,45]. Experiment 1 was conducted
with 350 mM n-BuOH, 7 mM KI and 2.5 mM BQ according to
the report by Li et al. [45]. However, according to Fig. 11, no
obvious decrease of TC removal rate was observed compared
to the run with no radical scavengers. This may be due to the
excess production of radicals to reduce TC and the radical
scavengers may have just quenched a fraction of total radicals.

Experiment 2 was conducted by adding excess of radical
scavengers with 1.0 M n-BuOH, 0.02 M KI and 0.02 M BQ.
It can be seen that TC removal rates were decreased to 21%,
45% and 82% after adding n-BuOH, KI and BQ, respectively.
These results revealed the important role of hydroxyl radi-
cals in the Fenton-like system and that the oxidizing process
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Fig. 10. TOC removal rate at different initial TC concentration

(catalyst dosage 0.08 g/L, H,O, dosage 17.6 mM, natural pH
value).
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Fig. 11. TOC removal rate at different radical scavengers (catalyst
dosage 0.08 g/L, H,0, dosage 17.6 mM, natural pH value, reaction
time 60 min, n-BuOH 350 and 1000 mM, KI concentration 7.0 and
20 mM, BQ 2.5 and 20 mM).
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is more relevant to the hydroxyl radicals produced from
the surface of Fe (MoQO,), than that of in the bulk solution.
Moreover, TC degradation efficiency was inhibited in the
presence of BQ which indicated that O,” was also an import-
ant reactive oxygen species during the Fenton-like process.
Based on the above analysis, TC degradation occurred by the
combined effects of “OH in the solution and at the surface of
the catalyst and O,".

3.5.3. Catalytic mechanism of Fe,(MoO,),

It is well known that the Fenton-like system of Fe/H,O,
involves the reduction of Fe* to Fe*" (Eq. (2)). Then, Fe* reacts
with H O, to generate *OH radicals (Eq. (3)), which is a kind
of very active radicals and can degrade the organic com-
pounds (Eq. (4)) [46].

=Fe® +H,0, »>=Fe* +eOOH + H" )
=Fe* +H,0, >=Fe” + «OH + OH" 3)
¢OH + organiccompounds — oxidized products 4)

From the result of section 3.5.2, *‘OH was the main radical
to oxidize TC, which clarify the presence of Eq. (2)—(4).

In addition, the MoO,*/H, O, system has been reported to
oxidize different organic compounds [27,47]. The mechanism
involves the formation of MoO,(O,), (Eq. (5)), which is a kind
of strong oxidant that can oxidize the organic compounds
by the direct oxygen transfer (Eq. (6)) [48] or by the singlet
oxygen ('O,) generated from the peroxo complex (Egs. (7)
and (8)) [27,49].

MoO?” +2H,0, - Mo0,(0,)> +2H,0 (5)
MoO,(0,); +organic compounds — ©)
oxidized products + MoO?”
Mo0,(0,)3” = MoO? +'0, %)
!0, + organic compounds — oxidized products 8)

Based on the above results, the oxidation mechanism
for degradation of TC by the Fe,(MoO,),/H,O, system was
proposed, as shown in Fig. 12. In the traditional Fe Fenton
system, H O, reacted with Fe/Fe’ to produce ‘OH/O,
which were the main species to mineralize TC in the solution.
However, in the Fe-Mo Fenton-like system, introducing into
Mo leads to two results: (1) Mo enhanced the surface acid-
ity of catalyst (blue area in Fig. 12), which accelerates the
existing mechanism in the Fe Fenton system resulting in more
*OH/O, in the Fe-Mo catalyst surface or reaction solution
and (2) MoO,(O,),* produces in the Fe-Mo catalyst surface
or reaction solution, which is an active species to oxide TC
(Eq. (6)). In addition, a kind of very active species of 'O, is

produced with MoO,(O,),* translating into MoO,* (Eq. (7)).
Above all, introducing Mo into catalyst not only improved
the existing oxidation reaction, but also produced additional
two kinds of active species. All this would result in higher TC
removal rate.

3.5.4. Degradation intermediates analysis under the optimal
operation conditions

To determine the degradation products of TC in the
Fenton-like system, LC-ESI-MS analysis was employed. The
samples were obtained at different reaction times to clarify
the oxidative degradation pathway of TC. Intermediates with
m/z values of 476, 406, 185 and 113 were formed during the
Fenton-like system at different reaction time. According to
the results, a plausible degradation pathway is proposed
in Fig. 13. The parent TC molecules were quickly oxidized

Fe-Mo Fenton system

g

Fe Fenton system

@

® -OH 03 Mo0:(02)F @ '0-

acid boundary

Fig. 12. Proposed mechanism of Fe,(MoO,),/H,O, system.
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C m/z=406

Fig. 13. Degradation intermediates of TC (catalyst dosage
0.08 g/L, H,0, dosage 17.6 mM, natural pH value, reaction time
60 min).
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and transformed into molecule B with m/z of 476 by open
double bonds in rings 4 and 5. Subsequently, intermediate
B lost the side chains of O=C-NH, and the double bonds
in ring 1 was opened, forming product C with m/z = 406.
Smaller molecules might be produced with the reaction, like
intermediates D and E. As reported by Dalmazio et al. [50],
products B and C formed in TC solution oxidized by ozone.
Moreover, products D and E were obtained by Fu et al. [21]
in a nanoscale zero-valent iron system to oxidize TC. Many
other products with m/z of 417, 415, 372, 304, 174, 134, 197
and 160 were proposed in other reports [21], but they were
not clearly determined in this study. The reason was that the
degradation pathway was complex and might be influenced
by many factors, including the catalyst, operating conditions
and impurities in solution.

3.6. Application in real wastewater

From the above analysis, we see that Fe,(MoO,), + H,O,
had excellent performance for TC removal in a pure water
solution. For oxidation process of TC, most studies focused
on the pure water solution of TC. However, the effect of

120

—
e~ =) =] [=]
(=] = (= (=]

TC removal rate (%)

[
(=

water type

Fig. 14. Degradation of TC in real wastewater (catalyst dosage
0.08 g/L, H,0, dosage 17.6 mM, natural pH value, reaction time
60 min).
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the oxidation process of TC will be weakened in practical
wastewater application. To date, few studies investigate the
oxidation of TC in practical wastewater applications. Fig. 14
shows the effects of Fenton-like system by the Fe,(MoO,),
and H,O, on TC removal in different wastewater solutions.
Regarding deionized water solution as reference, tap water
resulted in 13.82% decrease of TC removal (from 96.52%
to 82.68%) under the same conditions. When municipal
wastewater was used (municipal wastewater-1 in Fig. 14),
just a 63.87% removal rate of TC was obtained under the
same condition, compared with 96.52% in the deionized
water solution. However, when the catalyst and H,O,
dosages were doubled for municipal wastewater (municipal
wastewater-2 in Fig. 14), TC removal rate was increased to
94.85% which was approximately the same level as the deion-
ized water solution. Therefore, to obtain the same removal
rate of TC with deionized water, the dosage must be doubled
to eliminate the effects of matrix. For municipal effluent,
the obtained optimal catalyst and H,0, dosage resulted in a
79.05% removal rate of TC, which was higher than that of
municipal influent wastewater-1 (63.87%) under the same
conditions. Hence, the more complicated of wastewater was,
the lower the removal rate of TC, under same conditions.
In addition, pig wastewater and biogas slurry water were
obtained from a pig farm in Tianjin, to study the effect of
this Fenton-like system for TC removal in more complex
wastewater. From Fig. 14, we can see that pig wastewater and
biogas slurry (biogas slurry-1) resulted in removal rates of
51.14% and 50.47%, respectively. When the catalyst and H,O,
dosages were doubled for the biogas slurry (biogas slurry-2
in Fig. 14), the TC removal rate was increased to 60.02%, just
a9.55% increase of TC removal rate at the expense of the dou-
ble dosage of the catalyst and H,O,. From the above analysis,
it can be concluded that the more complex wastewater com-
position resulted in a lower TC removal rate, and increasing
the catalyst and H,0O, dosage may solve the problem to a cer-
tain degree which inevitably caused the cost increasing.

3.7. Comparison with other studies

The operating parameters and TC removal rates were
compared with some other relevant reports, which are sum-
marized in Table 1.

Table 1
Comparison of TC degradation in this study with other studies under optimal conditions
System type Initial TC Catalyst Oxidizing Ultrasonic Reaction  Solution  TC References
concentration (g/L) agent intensity time pHvalue  removal
(mg/L) (mM) W) (min) rate (%)
US/Fe,O,/H,O, 100 1.0 150 80 60 3.7 93.6 [31]
US/Fe,0,/Na,5,08 100 1.0 400° 80 90 3.7 89.0 [23]
MnO, 50 1.0 - - 20 4.0 55% [44]
Fe*/H,O, 40 5 71.5 - 75 2.7+0.1 60 [51]
Photo/Fe*/H,0O, 40 5 71.5 - 45 2.7+0.1 77
Fe,0,@C/H,0O, 43.7 0.11 1.97 - 44 3.0£0.2 79.25 [52]
Fe,(MoO,),/H,0O, 50 0.8 17.65 - 10 no pH >99 This study
limiting

°Oxidizing agent was Na,S,O,.
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(1) The TC removal rate in this study was close to >99%
which was superior to that in other reports; (2) it only took
10 min to reach to the maximum TC removal rate, while it
usually takes much more time in the comparison research;
(3) the most important was that the Fenton-like system could
remove TC in a large range of pH values. However, the pH
values in most of compared studies were limited to the acidic
range (usually around 3.0), which would increase investment
for adjusting pH value in practical application; (4) regard-
ing the catalyst and H,O, usage, it was less than that in most
other reports, except for Fe,O,@C/H,O, system in reference
[52]; (5) no excess energy in the forms of ultrasound, ultravi-
olet radiation or others was input in this study compared to
those in references [23] and [31].

Considering all conditions and results, the Fe,(MoO,)./
H,O, system is a beneficial method for industrial
application.

4, Conclusions

Mo-Fe catalyst with H O, was first used to degrade TC
under different operating factors. The results showed that
Fe,(MoQ,), could effectively initiate a heterogeneous Fenton-
like system to degrade TC. Initial TC concentrations and pH
values seemed to have no effect on TC removal rates, but
they affected TOC removal rates. Both hydroxyl radicals and
superoxide anions were the reactive species responsible for
TC degradation after conducting the scavenging experiment,
based on which a degradation mechanism was proposed.
LC-MS was used to determine the intermediates of TC in
the Fe,(MoO,) /H,0, system. The effect of Fe,(MoO,),/H,0,
system on TC removal was investigated in several practical
wastewater, and this system was compared with some other
studies in detail.
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Fig. S1. Element composition for catalyst powder at Mo:Fe = 0.

Fig. S2. Element composition for catalyst powder at Mo:Fe =0.1.
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Fig. 53. Element composition for catalyst powder at Mo:Fe =0.2.
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Fig. S6. Element composition for catalyst powder at Mo:Fe = 1.5.
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