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Abstract Fe;O4/multi-walled carbon nanotubes were
prepared, characterized and used as a nanocatalyst for
ozonation of p-hydroxybenzoic acid. The stability and
reusability of the catalyst was evaluated. Characterization
techniques including X-ray diffraction, Fourier transform
infrared absorption spectroscopy, scanning electron
microscope, high-resolution transmission electron micro-
scopy and physical property measurement were used to
analyze the reason for the decrease in catalyst activity. The
addition of #-butanol and bicarbonate were used to explore
the different process between hydroxyl radicals and ozone.
The experimental results showed that the catalytic ozona-
tion could significantly increase the degradation and min-
eralization of p-hydroxybenzoic acid. The initial pH value
was a crucial factor influencing ozone decomposition and
the surface property of catalyst or organic pollutant. The
degradation of p-hydroxybenzoic acid increased by 32 %
in catalyzed ozonation compared to single ozonation after
5 min reaction with unadjusted pH (about 5.4). In batch
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experiments, the removal efficiency of p-hydroxybenzoic
acid and total organic carbon decreased 36.1 and 6.8 %
after six run times. Bicarbonate significantly inhibited the
mineralization of p-HBA, but it had almost no influence on
the catalytic degradation of p-hydroxybenzoic acid. A
possible pathway for p-hydroxybenzoic acid degradation
was tentatively proposed.

Keywords Catalytic ozonation - Magnetic carbon
nanotube - Degradation pathway - Nanocatalyst

Introduction

Parabens are a series of substances commonly used as
preservatives, mainly in pharmaceuticals and personal care
products (PPCPs). Their endocrine-disrupting potentials
and the possible link with breast cancer have been widely
discussed recently (Giri et al. 2010). Parabens are produced
by the esterification of p-hydroxybenzoic acid (p-HBA)
with an alkyl (methyl, ethyl, propyl, butyl or heptyl) or
benzyl group under certain conditions (Jonkers et al. 2010).
p-HBA has always been used as a model compound. The
treatment processes include adsorption (Mittal et al. 2009),
biodegradation and oxidation (Gupta et al. 2012). Although
they are biodegradable, they always appear at low con-
centration levels in effluents of wastewater treatment plants
(Haman et al. 2015).

The ozonation technique has been used worldwide
because of its strong oxidizing capacity, environmentally
friendly to achieve the degradation of many contaminants
during wastewater treatment (Gharbani et al. 2008; Lee
et al. 2011). However, the application of ozonation is still
limited due to its selective reactions with organic pollutants
(Beltran et al. 2003). In order to overcome this limitation, a
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lot of improved ozonation was developed (Guo et al. 2015;
Lee et al. 2011). The heterogeneous catalytic ozonation
process has been developed as an emerging technology for
advanced wastewater treatment. As one kind of advanced
oxidation processes (Wang and Xu 2012), the production
of hydroxyl radical can oxidize the organic pollution
nonselective (Gupta et al. 2012).

The catalyst plays a significant role in heterogeneous
catalytic ozonation. Rare earth oxides (Faria et al. 2009;
Dai et al. 2014), transition metal oxides (Ichikawa et al.
2014; Turkay et al. 2014), carbon materials (Gupta and
Saleh 2013; Saleh and Gupta 2014; Wang 2015) and
molecular sieve (Li et al. 2014) are frequently used as
catalysts. Among them, carbon-based materials, espe-
cially multi-walled carbon nanotubes (MWCNTs), have
received increasing attention (Saleh and Gupta 2012a;
Gupta et al. 2013) owing to its excellent characteristics,
for example, (1) the high mesoporous area is favorable to
the fluidity and mass transfer of reactants on catalyst
surface; (2) the functional groups on MWCNTs surface
are beneficial to their dispersion in water; (3) the resis-
tance to abrasion and acidic/basic environments makes
them suitable for intense oxidation circumstances,
MWCNTs have been widely used as catalyst or catalyst
support in wastewater treatment (Saleh and Gupta 2011,
2012b; Zhang et al. 2013).

However, the effective separation and further reuse of
MWCNTs based materials are still a problem. Magnetic
separation using magnetic materials and external magnetic
field can solve this problem. Therefore, combining
MWCNTs with magnetic materials is a promising
approach. A number of materials, for instance, Fe;0y, y-
Fe;03;, FeCo, CoFe,O, and NiFe,O4, have magnetic
properties (Hosseini et al. 2014). Among these materials,
Fe;0y4 is in possession of unique electric properties, it can
be used as catalyst based on electron transfer of Fe?* and
Fe* ions in the octahedral sites, which can accelerate the
transformation of ozone into -OH radicals. Furthermore,
the high catalytic activity of nanoparticles has attracted
more attention due to their uniform pore size distribution
and high surface area (Saleh and Gupta 2012c). MWCNTs
and Fe;0, have been successfully used for wastewater
treatment, including adsorption (Gupta et al. 2011a, b),
catalytic ozonation system (Fan et al. 2014), and Fenton-
like system (Deng et al. 2012), but few studies using
Fe;O04,—MWCNTs as catalyst in heterogeneous catalytic
ozonation system.

The objective of this study was to prepare Fe;O4/
MWCNTs for the catalytic ozonation of p-HBA. The
effects of catalyst dosage, pH values and ozone concen-
tration on the degradation of p-HBA were investigated. The
stability and reusability of the catalyst were evaluated in
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term of the catalytic activity during the degradation of
p-hydroxybenzoic acid (p-HBA), the physicochemical and
morphological properties of the catalyst were determined
using X-ray diffraction (XRD), Fourier transform infrared
absorption spectroscopy (FT-IR), scanning electron
microscope (SEM), and high-resolution transmission elec-
tron microscopy (HRTEM). This work was conducted in
2014-2015, in the Laboratory of Environmental Technol-
ogy, Tsinghua University, Beijing, China.

Materials and methods
Materials

p-HBA was obtained from TCI (Japan). MWCNTSs were
purchased from Chengdu Organic Chemistry Co., Ltd,
Chinese Academy of Sciences. Their specifications are as
follows: purity: >95 wt%, outer diameter, 8—15 nm; inner
diameter, 3-5 nm; length, 10-0 um; average specific sur-
face area, >140 m2/g; bulk density: 0.15 g/cm3 ; true den-
sity ~2.1 g/em’. The reagents used for the experiments
including FeSO4-7H,0, Fe,(SO4);, NaOH, r-butanol,
NaHCO;3; and Na,S,0; were of analytical grade obtained
from Beijing Chemical Plant (China). Bicarbonate
(HCO3™) was provided in form of NaHCO;. All solutions
used in the experiments were prepared with deionized
water without further purification.

Synthesis of Fe304/MWCNTs

Nanocatalyst, Fe;0,/MWCNTs were synthesized through
the co-precipitation method. The whole reaction process
was occurred at a four-necked flask. Firstly, 100 ml NaOH
(0.2 M) solution and a quantity of carbon nanotubes were
added into it. Before use, MWCNTSs were washed in boiled
deionized water for 2 h and dried at 80 °C under vacuum
for 12 h. Then, FeSO4-7H,O (0.28 g), Fe,(SOy4); (0.41 g)
and H,SO, (0.2 mL) were dissolved in 100 mL of deion-
ized water under ultrasonic, the mixture solution was added
drop-wise into the flask. The weight ratio of Fe;O, and
MWCNTs was 1:1, the whole reaction process was stirred
vigorously under an argon gas protection at 80 °C. After
1.5 h reaction, resulting products were deposited and
washed with deionized water two times and finally dried in
a vacuum freeze dryer overnight.

Characterization of catalysts
In order to determine the complex phase, XRD measure-

ments were taken at room temperature on an XRD
diffractometer (D8-Advance, Bruker) with Cu Ko radiation
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at 40 kV and 40 mA. The morphologies were observed by
a Hitachi S-4800 SEM at 80 kV and HRTEM (TecnaiG2
F20 S-Twin). Magnetic measurements were taken at room
temperature with a physical property measurement system
(PPMS, 730T, Lakeshore, USA). Infrared spectra were
recorded using a FTIR spectrometer (V70 Hyper1000) at
room temperature in the range of 8000-350 cm™'. The
leaching of iron was quantified by flame atomic absorption
spectrophotometer (ZA3000, Hitachi).

Catalytic ozonation of p-HBA

Batch experiments were conducted with a 1.2-L cylindrical
reactor. The concentrations of ozone in inlet and outlet
were monitored by an ozone analyzer (BMT 963 Ger-
many). In catalytic ozonation experiments, 1 L of p-HBA
solution (20 mg/L) and catalyst were added into the reactor
firstly, the solution pH was adjusted using 1 M H,SO, and
NaOH solutions. Ozone gas was generated by an ozonizer
(3S-A3 Tonglin Technology, China) and continuously fed
into the solution through a porous aeration device at the
bottom of the reactor. At a time intervals, samples were
collected and filtered through a PTFE filter (pore size
0.22 mm) for analysis. An aliquot of 0.1 M Na,S,0; was
subsequently added to the sample in order to remove any
residual ozone. In order to study whether the free radical
was involved in catalytic reaction, radical scavengers
including 200 mg/L t-Butanol or bicarbonate were added
into the reactor when needed. Fe;O4/MWCNTs had strong
dispersion ability, so the whole process of the experiment
was not stirred.

In the reuse experiments, the reusability tests were done
for six times. The catalyst and wastewater were separated
by a strong magnet. Considering the possibility of practical
application, the catalyst was directly used for the next
reaction without washing. The experiment conditions was
similar except the reaction was stopped after 5 min reac-
tion, the samples were collected at that time. After six
times used, catalyst was separated and dried for further
characterization. Adsorption experiments were carried out
in the same reactor with oxygen instead of ozone bubbling
into the reactor.

The concentration of p-HBA was measured with high-
performance liquid chromatography (HPLC) (Agilent 1200
Series, Agilent, USA) equipped with a diode array detector
(DAD) with a detection wavelength of 255 nm and using
an XDB-C18 (4.6 x 150 mm) reversed-phase column at
flow rate was 1.0 mL/min. The column temperature was
30 °C and the injection volume was 10 mL. Separation was
carried out in isocratic mode using a mobile phase com-
posed of water: methanol: acetic acid mixture (88:10:2 in
volume). The total organic carbon (TOC) of the solution
were analyzed by a Multi TOC/TN Analyzer (2100,

Analytik Jena AG Corporation). All experiments were
carried out at least twice.

Results and discussion
Characterization of catalyst

The XRD patterns for Fe;O,/MWCNTSs composites are
shown in Fig. 1. It can be seen that the XRD patterns of
Fe;0O,4 with a cubic spinel structure were dominant with
space group Fd-3m (227), corresponding to the standard
card of Fe;04 (JCPDS No. 19-0629) assigned to the (220),
(311), (400), (511), and (440) planes. This was consistent
with our previous studies and confirmed the existence of
Fe?* and Fe*" ions by X-ray photoelectron spectroscopy
(Xu and Wang 2012a, b). The diffraction peaks at
20 = 26.3 can be indexed to the (002) reflection of
MWCNTs (Saleh et al. 2011). Deduced by Scherrer’s
equation, the average size of the new and used Fe;O,/
MWCNTs were 7 and 9 nm by analyzing the most intense
peak (311), respectively. The increased particle size may
be due to the agglomeration or dissolution of the catalysts.
Compared new with used Fe;0,/MWCNTs, the intensity of
MWCNTs peak became weak, which may be due to the
loss of MWCNTs.

Figure 2 shows the typical SEM and HRTEM graphs of
new catalyst. From Fig. 2a, the distribution of Fe;Oq4
granules on the surface of MWCNTs was not uniform,
globular Fe;O,4 clusters were agglomerated together. This
may be caused by the inadequate mixing or the fast drop of
mixture solution under synthesis of Fe;0,/MWCNTs. The
HRTEM shows the diameters of the Fe;O,4 clusters were
mainly spherical with 8-10 nm, the MWCNTs with
diameter range of 3—7 nm. Since the nano-Fe;O, particles
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Fig. 1 XRD patterns of a new catalyst and b used catalyst
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Fig. 2 SEM (a) and HRTEM (b) pictures of new catalyst
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Fig. 3 Magnetic hysteresis curves of a new catalyst and b used
catalyst

have magnetic properties, the particles exhibit a certain
mutual attraction. Similar observations were reported
(Gupta and Nayak 2012). This agglomeration and non-
uniform would decrease the interaction between Fe;O,4 and
MWCNTs, which further caused the loss of MWCNTs
during separate them from water.

The magnetic properties of the Fe;O,/MWCNTs are
shown in Fig. 3. The saturation magnetization values of
used catalyst significantly increased from 9.18 to
20.44 emu/g compared with new Fe;0,/MWCNTs, which
may be due to the enlarged particle size or the surface-
related effects (Salado et al. 2008). The catalyst can be
easily separated and recovered from solution by an external
magnetic field. In addition, after six times reuse, the loss of
MWCNTs increased the relative content of Fe;O,4, which
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Fig. 4 FTIR spectra of new catalyst and used catalyst

was also a reason for the increase in the saturation mag-
netization values after reuse.

FTIR spectra of new catalyst and used catalyst are
shown in Fig. 4. It can be observed that plentiful chemical
group existed on the surface of Fe;O,/MWCNTSs. This
main peak at 3434 cm ™' indicated the generation of —OH.
Spectra showed a band at 2916 cm™' resulting from an
asymmetric and symmetric stretching of C-H. Bands at
1630 cm ™' and 1585 cm ™" are due to C=O stretching band
and stretching vibrations of isolated C=C double bonds,
respectively. Feeble peak at 1099 cm ™' is attributed by C—
O and C-O-C stretching. Fe—O bending was shown at
576 cm™ ' on the spectra (Gupta et al. 201 1a, b; Saleh et al.
2011; Saleh and Gupta 2011; Moussavi et al. 2014).
Comparing the FTIR spectra between new catalyst and



Int. J. Environ. Sci. Technol. (2016) 13:483-492

487

used catalyst, an increase intensity of —OH band can be
observed, which suggested the generation of hydroxyl
radical during the ozonation reaction. Moreover, the C=0
stretching band was only occurred at used catalyst, which
could be explained by the adsorption of p-HBA or residual
intermediates product.

Based on the existence of Fe—O, C=0 and —OH bans on
the surface of Fe;04/MWCNTs, the hydrogen bond should
be formed by the aligned of oxygen atom of Fe;O,4 and
hydrogen atom of hydroxyl group of MWCNTs (Gupta
et al. 2011a, b), the attractive van der Waals forces is the
main power for their union. Moreover, the acid sites of
Fe;0, and the basic sites of MWCNTSs were the main
binding sites.

Effect of catalysts on p-HBA ozonation

Figure 5 displays the degradation of p-HBA with different
catalysts. It can be seen that P-HBA was completely
degraded within 20 min by ozonation alone. The addition
of Fe;04, MWCNTSs or Fe;O4/MWCNTSs could increase
the removal efficiency of p-HBA in different degrees. It
was noteworthy that Fe;O,/MWCNTs exhibited the high-
est catalytic activity, the removal efficiency of p-HBA
reached 100 % within 10 min. Moreover, the catalytic
activity of MWCNTs was slightly higher than that of
Fe;04. Meanwhile, the results of adsorption tests indicated
that only 18.83 % (MWCNTs), 1.44 % (Fe;O,4), and
8.91 % (Fe;04/MWCNTs) of p-HBA was adsorbed after
30 min. Hence, we concluded that the removal efficiency
increased was mainly due to the catalytic ozonation rather
than adsorption by the catalysts. In addition, the results also
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Fig. 5 Comparison of p-HBA ozonation at different conditions C,,.
uBa, 20 mg/L; pH, unadjusted; ozone dosage, 9 mg/min

indicated that the adsorption of p-HBA and ozone on the
surface of the catalyst was important step for catalytic
ozonation. Previous research (Dai et al. 2014) also revealed
that the utilization efficiency of ozone can be improved
when adding the catalyst, this improvement also acceler-
ated the degradation of p-HBA.

Effect of pH on p-HBA ozonation

The influence of initial pH on p-HBA, removal, including
adsorption, ozonation and catalyzed ozonation was inves-
tigated, and the results are shown in Fig. 6. It can be seen
that p-HBA was slightly removed by adsorption at all
tested pH conditions, and the absorption capacity decreased
with increase in pH. The basic sites (Xing et al. 2014) and
charged surface (Yang et al. 2014) have influence on
chemisorption, and the charged surface can be determined
by the pH of solution and pH,,. of catalyst (Parfiti 1976;
Usharani et al. 2012). According to our research, the pH,,.
of prepared Fe;O0,/MWCNTs was in acid range (3.43). It
was deprotonated and negatively charged in aqueous
solution when pH > 3.43. In addition, pK, of organic
pollutants should be taken into account when discussing
the process of catalytic ozonation (Kasprzyk-Hordern
2003). p-HBA positively charged in aqueous solution at its
pka (4.57). Consequently, the strong electrostatic adsorp-
tion happened at pH = 3.5. As pH increased, the strength
of electrostatic repulsions between deprotonated p-HBA
and negatively charged Fe;O4/MWCNTs surface
increased.

In ozonation system, p-HBA degradation was due to
both direct oxidation by ozone molecules and indirect
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Fig. 6 Adsorption, ozonation and catalyzed ozonation of p-HBA at
various pH conditions. C, ypa, 20 mg/L; ozone dosage, 9 mg/min;
reaction time, 5 min
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oxidation by hydroxyl radical generated from ozone self-
decomposition (Valdés and Zaror 2006). The degradation
rate of p-HBA was stable (from 52.4 to 59.3 %) at acid
conditions, but it increased rapidly (91.2 %) when pH was
9.5, because OH™ is a major initiator for aqueous ozone
decomposition to form hydroxyl radicals. In catalyzed
ozonation system, degradation of p-HBA was almost
independent on pH. When the initial pH was not adjusted
(about 5.4), p-HBA removal reached 91.3 % at 5 min, and
p-HBA removal increased by 32 % in catalyzed ozonation
compared with ozonation alone. This results indicated that
the catalyst did not act as an absorbent only, the positive
effect should be contributed by the electron transfer of
Fe?" and Fe®" (Tanaka and Abe 1997) ions, the reaction
between iron ions and ozone can produce hydroxyl radicals
from water (Egs. 1-5). Moreover, the active sites (acid
sites and basic sites) existing on Fe;O4/MWCNTs surface
could accelerate the decomposition of ozone and enhance
the generation of hydroxyl radicals (Kasprzyk-Hordern
2003; Yang et al. 2010).

Fe’* + O3 — FeO** + 0O,
FeO*t + H,0 — Fe** +.HO + OH~

(1)

(2)

Fe’* + 03 + H,0 — FeO*" + HO + O, + H™  (3)
Fe'™ +0,- — Fe’* + 0, (4)
(5)

Fe’™ + HO,- — Fe’' +H' + 0,

Effect of ozone and catalysts dosage on p-HBA
ozonation

As a powerful oxidizing agent, ozone dosage is a very
important factor in catalytic ozonation process. Figure 7a
showed that increase in ozone dosage remarkably accel-
erated the removal of p-HBA and TOC. After 5 min
reaction, p-HBA removal increased from 84.2 to 98.1 %
when ozone dosage increased from 6 to 12 mg/min.
Moreover, the removal of TOC increased from 25.5 to
35.9 % when ozone dosage increased from 6 to 9 mg/min.
However, further increase in ozone dosage resulted in
slight increase in TOC removal (to 39.1 %). These results
may be explained by the interactions between hydroxyl
radicals displayed in Eqgs. (6, 7) (Kasprzyk-Hordern 2003).
Furthermore, the residence time of reactive oxygen species
was reduced by increasing the speed of ozone gas. This
effect of increasing ozone dosage on the reaction was
consistent with the previous studies (Yang et al. 2014),
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Fig. 7 Effect of ozone dosage (a) and catalyst dosage (b) on the
catalytic ozonation of p-HBA

which could be due to the increase in the concentration of
dissolved ozone and more hydroxyl radicals produced.

‘HO 4 05 — 0, + H,0 (6)
‘HO + HO,- — H,0 + O, (7)

Figure 7b shows that the increase in catalyst dosage was
advantageous for p-HBA removal. At the oxidation time of
5 min, p-HBA removal in the presence of 0.2 g/L catalyst
was 83.6 %, whereas in the presence of 0.8 g/L catalyst the
removal was 91.2 %. The degree of mineralization also
increased from 34.1 to 48.8 % in 30 min. These results
were consistent with the previous studies (Yang et al. 2014;
Huang et al. 2015). Higher dosage of Fe;O,/MWCNTs
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resulted in more active sites for oxidation reaction, and
higher active sites induced more hydroxyl radicals, which
accounted for the obvious enhancement of p-HBA and
TOC removal.

The stability and reusability of Fe;O,/MWCNTSs

The reusability of the prepared catalysts in catalytic
ozonation was examined and shown in Fig. 8. Compared
to the fresh catalysts, the catalytic activity decreased
gradually for the recovered and reused catalysts, and the
removal efficiency of TOC and p-HBA decreased 6.8 and
36.1 % after the sixth run. However, leaching of irons
from catalysts to the liquid can be ignored because it was
lower than 20 pg/L even after the sixth time run. Con-
sequently, this loss of activity could be ascribed to the
decay of active catalytic sites caused by small amount of
MWCNTs loss, corresponding to the observation results
from XRD (Fig. 1) and SEM (Fig. 2). Similar results were
also observed by other researchers in catalytic ozonation
or Fenton-like reaction, the catalyst deactivation was
attributed to several factors, including the poisoning of
the active catalytic sites by absorbed organic species, and
the decrease in the catalyst specific area (Chen et al.
2012). In addition, the decrease in the activity was also
influenced by the adsorption of intermediates. Because the
catalyst was not washed before further reuse, the p-HBA
and its degradation intermediates remained on the surface
of catalyst may occupy the reaction sites and hinder the
reaction.

Possible pathway of p-HBA degradation

The influence of radical scavengers on pollutants removal
is shown in Fig. 9. It can be seen that +-Butanol and HCO3;™

HO /OH \
e CH—CH
\
HO OH

> CO, + Hy0

CH,;CH,COOH ~—— HCOOH J

CH;COOH

Fig. 10 Possible pathway of p-HBA degradation by hydroxyl radical and ozone
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are strong radical scavengers, their reaction rate constant
with hydroxyl radicals was 6 x 10*M~'S™' and
1.5 x 10" M~! Sil, but they do not react with ozone
(Buxton et al. 1988). Thus, t-butanol and HCO3;~ were
considered as the indicator and quencher for the radical
type reaction. As shown in Fig. 9, the addition of HCO;~
significantly inhibited the degradation of TOC, but it had
nearly no effect on the catalytic ozonation of p-HBA. This
result suggested that p-HBA can be degraded by ozone and
hydroxyl radicals, but the intermediates were difficult to
degrade by single ozone. Catalytic ozonation system can
produce more hydroxyl radicals, which played an impor-
tant role in the degradation of organic intermediates.

According to the above results, different oxidation
mechanisms existed for p-HBA removal by ozone and
hydroxyl radicals, which was proposed and shown in
Fig. 10. The electrophilic attack by hydroxyl radical on
p-HBA initially proceeded through addition of the hydro-
xyl to the aromatic ring and forming 3, 4-dihydroxybenzoic
acid (Duesterberg and Waite 2007). Then, 3, 4-dihydrox-
ybenzoic acid was broken down, resulting in the formation
of a wide range of cleavage compounds. Moreover, p-HBA
occurred in the decarboxylation reaction by the oxidation
of ozone and turned into phenol (Triki et al. 2011). Phenol
was degraded through further hydroxylation of the aro-
matic ring to hydroquinone and catechol, after that the
aromatic ring was broken down to form small molecule
acids. Finally, the cleavage compounds and small molecule
acids were mineralized.

Conclusion

Fe;0,/MWCNTs were synthesized, characterized and used
as a heterogeneous ozonation catalyst for degradation of
p-HBA. Fe;O4/MWCNTs catalyst could significantly
enhance the degradation and mineralization of p-HBA.
Solution pH, ozone dosage and catalyst dosage had
important influence on the catalytic ozonation. p-HBA was
completely degraded within 10 min, and TOC removal
efficiency was more than 35 % within 30 min. The use of
radical scavengers proved the existence of hydroxyl radical
and suggested the different mechanism for p-HBA oxida-
tion by radicals and ozone molecules. In batch experi-
ments, the removal efficiency of p-HBA and total organic
carbon (TOC) decreased 36.1 and 6.8 % after six run times,
indicating that the catalyst was relatively stable and can be
reused.
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