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Ozonation process is a promising yet challenging method for the removal of refractory organic matter due
to the sluggish reaction for generating hydroxyl radical (‘OH) at a neutral pH condition. Herein, an efficient
heterogeneous catalytic ozonation system using CeO,/Al,Oz catalyst was developed to remove dimethyl
phthalate (DMP) from wastewater. Under a neutral condition of pH = 6, this system achieved almost
100% DMP removal within 15 min at an optimized catalyst dosage of 30 g L™ and the ozone flow rate of
22.5 mg min~t. Moreover, the catalytic ozonation system exhibited a stable degradation performance of
DMP in a wider pH range (pH = 5-10). The results of electron paramagnetic resonance (EPR) and
quantitative tests confirmed the ultrafast conversion of Oz to "OH (0.774 uM min~Y) on the surface of
CeO, based ceramic catalyst. The quenching experiments further supported the predominant role of
‘OH in the mineralization of DMP. These results highlight the potential of using the heterogeneous
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1. Introduction

Dimethyl phthalate (DMP) is of particular concern since it is
a prevalent refractory aromatic pollutant generated in various
industries such as plastics, rubber and cosmetics."” Recent
studies have highlighted that DMP is a typical environmental
endocrine disruptor, which can pose a health risk (e.g., endo-
crine disorders, reproductive dysfunctions, and aberrations) on
humans via the food chains.*® Effective approaches are thus
needed for removing DMP in water treatment and environ-
mental remediation.

To date, numerous technologies such as adsorption,”® bio-
logical treatment,”® and advanced oxidation process''~** have
been widely used to remove refractory organics from waste-
water. Among these technologies, the advanced oxidation
process (AOP) can effectively mineralize organic matters under
ambient conditions with no concentrated waste streams
compared to the physical adsorption.™® For such process,
hydroxyl radical ("OH) is one of the most effective mediators
since it possesses the non-selectivity and high second-order rate
constant in the reaction with pollutants.'” However, the gener-
ation of "OH is highly dependent on the pH value in terms of
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catalytic ozonation system for the efficient removal of refractory organic matter from wastewater.

Fenton reaction,'®?® which is regarded as a knotty problem in
the water treatment under the circumneutral pH conditions
(e.g., pH 6-9).

With the recent advances in ozonation oxidation, it is now
possible to achieve the conversion of O; to "OH at a wide pH
range.*' Nevertheless, the ozone has a low solubility in water,?>**
thus leading to a sluggish reaction for producing "OH and thus
inefficient pollutant removal. For addressing this issue, the
catalytic ozonation process has been developed, in which the
ozone is supplied to the vicinity of catalyst, accelerating the
decomposition of ozone and thereby facilitating the formation
of "OH. Previous studies have reported the feasible performance
of metal oxides (e.g., MgO,* C0304,2° MnO,,** and CeO, *"?*) for
the application of the catalytic ozonation in water treatment due
to their low toxicity. Different from other metal oxides, the
reversible reduction of Ce*" to Ce®* will effectively tune the
storage capacity of oxygen atoms in CeO,,***° which may
decrease the activation energy barrier of ozone decomposition.

Herein, we developed a CeO, based catalytic ozonation
system to facilitate the removal of DMP. The quantitative
measurements of the active species confirmed that the steady
state concentration of "OH was significantly higher than that of
the ozonation system. The quenching experiments clarified the
predominant contribution of ‘OH to the DMP removal. The
optimized system can achieve ~100% degradation efficiency of
DMP and the total organic carbon (TOC) removal rate could
achieve 44.16% under a neutral condition. Overall, this study
provides insight into the application of catalytic ozonation for
wastewater treatment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods

2.1. Chemical reagents

Dimethyl phthalate (C;0H1004, DMP, >99.0%), 5,5-dimethyl-1-
pyrroline-N-oxide (C¢H;;NO, DMPO, >97.0%), potassium iodide
(K1, >99%), dimethyl sulfoxide (DMSO, >99.7%) and acetylace-
tone (CsHgO,, >99%) were provided by Macklin (Shanghai).
Sodium hydroxide (NaOH, >96.0%), tert-butanol (TBA, >99.5%),
formaldehyde (HCHO, >99.5%) and chromatographic grade
methanol (CH;O0H, >99.9%) were purchased from Aladdin
(Shanghai). Concentrated sulfuric acid (H,SO,, 98 wt%) was
supplied by Sinopharm. Ultrapure water (>18.2 MQ cm) used in
this study was prepared from a Millipore Milli-Q water system.
High-purity oxygen (O,, =99.9%) and the catalyst were provided
by Chunyu Special Gas Company (Shanghai) and Shanmei
Shuimei (Beijing), respectively. All chemicals applied in the
experiments were at least of reagent grade and used as received
without further purification.

2.2. Experimental apparatus

As illustrated in Fig. 1, ozonation and catalytic ozonation
experiments were both conducted in a plexiglass column
reactor (internal diameter of 10 cm and effective volume of 1 L)
with a titanium aerator at the bottom. In the batch test, O; was
generated from pure oxygen via the laboratory ozone generator
(COM-AD-01, Germany) and continuously bubbled into the
reactor containing 70 mg L™" DMP solution. The catalyst was
added into the reactor before introducing the steady ozone flow
in the catalytic ozonation experiment. The real-time ozone
concentration could be adjusted by the gas valve and measured
by the ozone concentration detector (3S-J5000, China). The
exhaust gas (excess ozone) was absorbed in a bottle filled with
KI solution for preventing air pollution. The initial pH of DMP
solution was 5.6. The H,SO, and NaOH solutions (100 mM) were
used to adjust the pH of solution. Water samples were collected
at pre-determined intervals during the reaction and filtered
with the 0.45 um polyethersulfone filters. The degradation
experiments were repeated twice under the same conditions.

2.3. Characterization of the catalyst

The surface morphology and element composition of the cata-
lyst were investigated by Field Emission Scanning Electron
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Microscopy (FESEM, ZEISS Gemini 300, Germany) equipped
with EDS spectroscopy (OXFORD Xplore). X-ray diffraction
(XRD, Bruker D8 Advance, Germany) was used to characterize
the crystal structure of the catalyst. Elemental valence of the
substance on the surface of catalyst was analyzed by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, America).

2.4. Water quality analysis

The high-performance liquid chromatography (HPLC, Agilent
1200, Australia) equipped with an Agilent C18 column (150 mm
x 4.6 mm, 5 pm) and an Agilent 1200 ultraviolet detector (VWD)
was employed to quantify the concentration of DMP in water
samples. Before the quantification analysis, the withdrawn
water samples were filtered by a 0.45 pm polyethersulfone filter
for removing solid impurities. In the testing process, the mobile
phase was a 50/50 (v/v) methanol-water mixture with a constant
flow rate of 1.2 mL min~'. The injection volume and test
temperature were kept at 20 uL and 40 °C, respectively. The
wavelength of the Agilent 1200 ultraviolet detector (VWD) was
274 nm.** TOC of the water sample was measured by the total
organic carbon analyzer (TOC-L, Shimadzu, Japan). The iden-
tification of reactive oxygen species (ROS) was conducted by
electron paramagnetic resonance spectroscopy (EPR, Bruker
EMX X-plus, Germany), using DMPO as spin-trapping agent.
The test was carried out under the following conditions:
microwave frequency = 9.854 GHz, modulation frequency = 100
kHz, sweep width = 100 G, modulation amplitude = 1 G, center
field = 3500 G, static field = 3480.00 G, and microwave power =
20 MW. The quantification of hydroxyl radicals (‘OH) was
determined by the Hantzsch reaction method, and the wave-
length of UV-vis spectrophotometer was kept at 412 nm.*>*® The
inductively coupled plasma optical emission spectrometer (ICP-
OES, Agilent 5110, Australia) was used to characterize the
concentration of dissolved metal ions after a certain reaction
time. The pH of the reaction solution was measured by the pH
meter (pH-2s, Hach, USA).

3. Results and discussion
3.1. Characterization of the catalyst

The morphology of CeO,/Al,O; catalyst is shown in Fig. 2. A
large number of irregular rough structures could be observed on
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Fig. 1 Experimental apparatus and the catalytic ozonation system.
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Fig.2 SEMimages, elemental mappings, BET test, XRD patterns and XPS tests of the CeO,/Al,O3 catalyst. SEM image at 1000 x magnification (a)
and 8000x magnification (b); EDS mapping of Al (c), O (d) and Ce (e); BET test (f); XRD patterns (g); XPS tests (h) and (i).

the surface of the catalyst. This composite structure could
endow the catalyst with a larger specific surface area, which may
provide large amounts of active sites for catalytic ozonation. The
elemental mapping analysis (Fig. 2c-e) demonstrated that Al, O
and Ce were the main elements of catalysts. The BET surface
area and pore volume of the catalyst is 169.57 m*> ¢~ * and 0.44
cm® g7, respectively (Fig. 2f). The rough surface and porous
structure could provide a number of active sites for the catalyst.
Moreover, XRD tests (Fig. 2g) illustrated that the CeO,/Al,05
catalyst had characteristic diffraction peaks located at 52.9°,
63.0° and 76.3°, which correspond to CeO, based on JCPDS
standard cards (card numbers: 00-078-0484). Besides, the peaks
of 38.4°, 40.1° and 70.5° are associated with Al,O; by referring
to JCPDS standard cards (card numbers: 00-001-1305). The
existing forms of Al and Ce on the surface of the catalyst were
Al,O; and CeO,, respectively. The XPS analysis revealed that the
corresponding binding energy of Al 2p was 74.00 eV, which is
consistent with the standard data (73.40 eV), indicating that the
Al element was mainly in the form of +3 valence. Fig. 2i shows
that the Ce element state on the surface of the catalyst is mainly
in the form of +4 valence (with binding energy of Ce 3d;,, and
Ce 3ds5,), which is in line with the standard data of CeO,.** The
results of XPS are consistent with the XRD analysis.

31026 | RSC Adv, 2022, 12, 31024-31031

3.2. Optimization of catalytic reaction conditions

According to the previous reports, the performance of the
catalytic ozonation system to degrade pollutant might be
affected by catalyst dosage, ozone dosage and initial pH.**>” As
shown in Fig. 3a, the DMP removal shows a slight increase with
the increase of catalyst dosage. The system can achieve ~100%
DMP removal after 20 min. The catalyst dosage exerts a negli-
gible influence on the apparent rate constant (k,p,) of DMP
degradation (Fig. 3b). It is worth noting that catalyst dosage has
a significant effect on the mineralization of DMP.** For
instance, the TOC removal increased from 26.28% at the dosage
of 0 g L' to 45.09% at the dosage of 50 g L ™" (Fig. 3c).
Furthermore, the catalytic ozonation system achieved the opti-
mized performance for the mineralization of DMP when the
dosage of catalyst was 30 g L.

Based on these results, we hypothesized that the degradation
of DMP highly depended on the direct oxidation process of O;.
During this process, the structure of DMP might be changed
when the DMP molecules were oxidized by the dissolved ozone.
Since ozone has low solubility in water, the by-product of the
DMP oxidation such as formic acid and malonic acid will be
difficult to remove." For the mineralization of DMP, it might be
attributed to the indirect oxidation process. The catalyst

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of catalyst dosage on DMP removal efficiency. (a) The DMP removal rate under the conditions of different catalyst dosages; (b) the
kapp Of DMP degradation at different catalyst dosages; (c) the removal rate of TOC at different catalyst dosages. Experimental conditions: ozone

dosage = 22.5 mg min~%, pH = 6, [DMP], = 70 mg L%,

enhanced the conversion of O; to ROS, facilitating the miner-
alization of DMP.

To further explore the oxidation performance of catalytic
ozone system, the batch tests under different ozone flow rates
(7.5 mg min~", 15 mg min~*, 22.5 mg min~*, 30 mg min~") were
conducted. As shown in Fig. 4a and b, the ultrafast degradation
of DMP can be achieved with the increase of ozone flow rate.
Specifically, the k,, increased from 0.069 min ™" at the flow rate
of 7.5 mg min ™' to 0.295 min " at the flow rate of 30 mg min .
Fig. 4c illustrates the impact of ozone flow rate on the TOC
removal. After 60 min, the TOC removal achieved 44.2% when
the ozone flow rate increased to 22.5 mg min™~". This result is in
agreement with the previous studies, which is related to the
enhanced mass transfer and conversion under the sufficient
ozone supply.®® The effect of pH on the catalytic ozonation was
further investigated. As shown in Fig. S1,} this system exhibited
the promising DMP degradation in a wider pH range (pH = 5-
10) compared to literature (pH = 7-10).*

Furthermore, the catalytic ozonation system in this study
shows a superior higher DMP degradation efficiency than most
catalytic systems documented elsewhere."**** As shown in
Table S1,7 the catalytic ozonation system can achieve ~100%
DMP removal at a high concentration (70 mg L™ ') with a short
hydraulic retention time (within 15 min). The CeO,/Al,03
catalyst in this study exhibited a better performance in
degrading organic matters.

3.3. Determination of the active species

To validate the ROS in the catalytic ozonation system, EPR tests
under different quenching reagents (e.g., methanol and TBA)
were conducted. As illustrated in Fig. 5a, there was no DMPO-
OH characteristic peak in the ozonation system without intro-
ducing catalyst, confirming the ineffective conversion of O; to
'OH. In contrast to the ozonation system, the characteristic
peaks with an intensity ratio of 1:2:1:2:1:2:1 were clearly
detected in the catalytic ozonation system, which can be
attributed to DMPOX (5,5-dimethyl-1-pyrrolidone-2-oxyl).****
The high concentration of "OH may facilitate the overoxidation
of DMPO-OH, resulting in the formation of DMPOX (Fig. S27).
After the introduction of TBA, the characteristic peaks dis-
appeared. Similarly, there were no characteristic peaks in the
methanol-added solution which showed undetected concen-
tration of O," "~ in the catalytic system.** These results suggested
that the "OH should be the dominant ROS in the catalytic
ozonation system rather than that of O, .

Since the "OH possesses a strong oxidation ability towards
organic matters in the wastewater (oxidation-reduction poten-
tial = 2.80 V),* the quantitative measurements were used to
analyze the concentration of "OH in the ozonation and catalytic
ozonation systems (Text S1}). Fig. 5b shows that the "‘OH
concentration in the catalytic ozonation system (46.44 uM) is
significantly higher than that of the ozonation system (4.75 pM)
at 60 min. It confirmed the ultrafast conversion of O; to ‘OH
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Fig.4 Effect of ozone dosage on DMP removal efficiency. (a) The DMP removal rate under the conditions of different ozone dosages; (b) the k,pp,
of DMP degradation at different ozone dosages; (c) the removal rate of TOC in the system at different ozone dosages. Experimental conditions:

catalyst dosage =30 g L%, pH = 6, [DMP]q =70 mg L%,
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Fig. 5 Qualitative and quantitative tests of the active species in the system. (a) DMPO spin-trapping EPR spectra for the catalytic ozonation
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volume = 20 pL. (b) Quantitative test for ‘OH concentrations generated in different systems. Experimental conditions: catalyst dosage =30 g L%,

ozone dosage = 22.5 mg min?, pH = 6.

(0.774 uM min ") on the surface of CeO, based ceramic catalyst
compared to that in ozonation system (0.08 uM min~"). These
results supported that the system could achieve an efficient
heterogeneous catalytic ozonation for the ultrafast conversion
of O3 to "OH.

3.4. Quenching experiments

For further clarifying the contribution of "OH to the degradation
of DMP, the quenching experiments were conducted. The tert-
butanol (TBA) was used as the scavenger (k-oy, tpa = 3.8-7.6 X
10® M~ s7"),*° and the reaction rate constant between "OH and
TBA is much higher than that with bicarbonate (k-on, bicarbonate
=8.5 x 10° M~ ' s7!).* Therefore, in this quenching experiment,
we chose TBA as the scavenger of "OH. The DMP removal rate
was inhibited in both systems after the TBA was introduced into
the system (Fig. 6a and b). For example, the DMP removal was
~100% in both ozonation and catalytic ozonation systems,
respectively, after 60 min oxidation reaction. Furthermore, the
catalytic ozonation system still exhibited a considerable
performance for removing DMP during the quenching experi-
ments. This may be attributed to the fact that TBA can
predominantly react with the free ‘OH in bulk solution rather
than the "OH generated on the surface of catalyst."**® These
results indicated that the interfacial oxidation on the catalyst
surface was a predominant process to remove DMP.

As illustrated in Fig. 6¢c and d, the TOC removal was sup-
pressed in both systems during the TBA quenching experi-
ments. For instance, the TOC removal of the ozonation and
catalytic ozonation systems were 26.28% and 44.16% at 60 min,
respectively. After introducing TBA (1 mM), the TOC removal
decreased to 4.39% in the ozonation system and 32.37% in the
catalytic ozonation system. The quenching of "OH greatly
reduces the catalytic system's ability to mineralize organic
pollutants. Moreover, ozone was unable to mineralize TBA
(Fig. S471). Therefore, the addition of TBA had no effect on the
removal of TOC. These results further confirmed that the ‘OH

31028 | RSC Adv,, 2022, 12, 31024-3103]

generated on the surface of catalyst played the dominant role in
the oxidation of DMP.

3.5. Stability of catalyst and the effect of leached ions

The ICP test was conducted to measure the stability of the
catalyst after 60 min reaction. The result showed that the
aluminum ion concentration was 0.76 mg L™'. Meanwhile, the
cerium ion was undetectable. These results suggested that the
CeO, based catalyst possessed the durability during the catalytic
ozonation process. Considering that the aluminum ions can be
leached from catalyst, the effect of aluminum ions on the
degradation of DMP was further explored.” Fig. 7a and b illus-
trates the DMP and TOC removal among the ozonation system,
ozonation system introduced by aluminum ions (0.76 mg L™%),
and catalytic ozonation system. It is worth noting that the DMP
and TOC removal of the ozone system introduced by aluminum
ions were similar to that of the ozone system. Thus, the leached
aluminum ions had a negligible effect on DMP degradation in
catalytic ozonation system. Therefore, aluminum oxide was
used as the substrate while the loaded cerium may contribute to
the catalytic ozonation process.'*

3.6. Mechanisms of DMP degradation in the catalytic system

The results of batch tests and quenching experiments
confirmed the proposed ozone oxidation process, which could
be divided into two pathways of direct ozonation and ‘OH-
mediated indirect oxidation. It should be noted that the
ozone could act as the oxidant and directly oxidize a small
amount of DMP to CO, and H,O. In this study, the ozonation
system can achieve ~100% DMP removal after 20 min and
26.28% TOC removal rate without catalyst (Fig. 3a and c). Part of
DMP was oxidized and mineralized. However, this process is
limited by the low solubility and low redox potential (oxidation-
reduction potential of 2.07 V) of ozone.*® Compared to the direct
ozonation process, the ‘OH-mediated indirect oxidation was
more important for DMP degradation due to the stronger

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The effect of adding TBA on the DMP degradation in ozonation and catalytic ozonation systems. (a) DMP removal rate in ozonation
system (a) and catalytic ozonation system (b). TOC removal rate in ozonation system (c) and catalytic ozonation system (d). Experimental
conditions: catalyst dosage = 30 g L™, ozone dosage = 22.5 mg min~%, pH = 6, [DMP], = 70 mg L%,

oxidative ability of ‘OH (oxidation-reduction potential of 2.80
V).* In Section 3.5 about the effect of leached ions, aluminum
was proved to have no promoting effect in catalytic ozonation
process. Therefore, the cerium oxide is the active material. As
shown in Fig. 8, the electron transfer process through redox
couples of Ce*" and Ce®*" in the CeO, could enhance ozone

decomposition and ‘OH formation due to the high oxygen
storage capacity and oxygen release capacity of Ce0O,.***' Via
quenching experiments, the interfacial ‘OH ("OH;) was verified
to govern the DMP removal and mineralization while free ‘'OH
('OHg) made a less significant contribution to the catalytic
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Fig. 7 The effect of dissolved ions on DMP degradation. (a) The effect on DMP removal rate. (b) The effect on TOC removal rate. Experimental
conditions: catalyst dosage = 30 g L™, ozone dosage = 22.5 mg min~?, pH = 6, [DMP]o = 70 mg L™, [A®*]g = 0.757 mg L%,
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Fig. 8 The proposed mechanism of the DMP removal in the catalytic
ozonation system.

process. As such, the interfacial "OH generated by the CeO,
active layer played an important role in the DMP degradation.

4. Conclusions

In this work, a catalytic ozonation system was utilized to remove
a refractory organic matter (DMP) from wastewater. In a wider
pH range of 5-10, the system showed a stable degradation
efficiency towards the DMP. Especially in the circumneutral
condition of pH = 6, DMP could be completely removed from
wastewater within 15 min when 30 g L™ catalyst dosage and
22.5 mg min~ " ozone flow rate. Meanwhile, the TOC removal of
this system could achieve 44.16%. EPR analysis and quantita-
tive tests confirmed the efficient conversion of O; to ‘OH. The
free radicals quenching experiments verified that the interfacial
'OH generated by the catalyst governed the DMP deterioration
in the catalytic ozonation system. These results supported that
the CeO, based catalyst has a desirable potential for improving
the heterogeneous catalytic ozonation in water treatment and
environmental remediation.
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