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Abstract: Catalysts for the efficient catalytic decomposition of ozone to generate reactive free radicals
to oxidize pollutants are needed. The graphite-supported CeO2 catalyst was optimally prepared, and
its activity in ozonation was evaluated using the degradation of diethyl phthalate (DEP) as an index.
The stability of CeO2/graphite catalyst and the influence of operating conditions on its catalytic
activity were investigated, and the mechanism of CeO2/graphite catalytic ozonation was analyzed.
CeO2/graphite had the highest catalytic activity at a Ce load of 3.5% and a pyrolysis temperature of
400 ◦C with the DEP degradation efficiency of 75.0% and the total organic carbon (TOC) removal
efficiency of 48.3%. No dissolution of active components was found during the repeated use of
CeO2/graphite catalyst. The ozone dosage, catalyst dosage, initial pH, and reaction temperature
have positive effects on the DEP degradation by CeO2/graphite catalytic ozonation. The presence of
tert-butanol significantly inhibits the degradation of DEP at an initial pH of 3.0, 5.8, or 9.0, and the
experimental results of the •OH probe compound pCBA indicate that the CeO2/graphite catalyst can
efficiently convert ozone into •OH in solution. The DEP degradation in the CeO2/graphite catalytic
ozonation mainly depends on the •OH in the bulk solution formed by ozone decomposition.

Keywords: graphite; ozonation; diethyl phthalate; cerium oxide; catalyst

1. Introduction

Heterogeneous catalytic processes are receiving increasing attention in water treatment
due to their advantages of low secondary pollution and recyclability [1]. Various catalysts
with different carriers and different active components have been prepared, studied, and
applied in organic pollutants removal in various catalytic processes, including Fenton-
like processes [2], persulfate processes [3], catalytic ozonation [4], photocatalysis [5,6],
electrocatalysis [7,8], and various combined processes, etc. Appropriate carriers and active
components loaded on them are particularly important for catalyst performance and its
stability [1]. Carbon materials have received extensive attention as catalysts or catalyst
carriers for ozonation in the past two decades [9,10]. As one of the carbon materials, the
specific surface area of graphite is relatively small, and its SBET usually does not exceed
20 m2/g [11–13]. Correspondingly, the total amount of active sites that graphite can provide
is relatively small [13,14], and the catalytic activity of graphite is usually not high if it is
used as a catalyst directly during ozonation [11–13]. Therefore, some researchers have
pretreated graphite (e.g., ball milling) to increase its specific surface area [13,15], or have
directly used high surface area graphite [14], expanded graphite [16–18], graphite felt [19],
graphene, and its oxides [19] with a larger specific surface area as catalysts or catalyst
carriers to improve its catalytic activity.

Our group has always preferred to directly use graphite as the catalyst carrier, and
Pt was used as the active component in the earliest studies, although the catalytic activity
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and stability are excellent [20]. Considering the high cost of Pt, we subsequently used ZnO
as the active component loaded on graphite, and the catalyst shows high catalytic activity
for DEP degradation, while its stability is not good [12]. The catalyst prepared by loading
CeO2 on activated carbon exhibits good catalytic activity and stability in ozonation [21,22].
Therefore, this study attempted to load CeO2 on graphite to investigate its catalytic activity
and stability in ozonation.

In the present study, a CeO2 supported on graphite (CeO2/graphite) catalyst was
optimally prepared, and its catalytic activity and stability were investigated. Diethyl
phthalate (DEP) is used as an indicator to characterize the activity of CeO2/graphite
catalyst because it is difficult to be oxidized by ozone (k = 0.14 M−1 s−1) [23] and is easily
oxidized by •OH (k = 3.98 × 109 M−1 s−1) [24]. The influence of reaction parameters on the
catalytic activity of CeO2/graphite was investigated, and the reaction mechanism of DEP
degradation by CeO2/graphite catalytic ozonation was discussed according to the results
of •OH quenching experiments and the evaluation experiments on its ability to decompose
ozone to produce •OH.

2. Experimental
2.1. Materials and Reagents

Commercial powdered graphite (1 µm ≥ 60%) was obtained from the Hendeli Graphite
Factory (Qingdao, China). All chemicals used for experiments were analytical grade
reagents, and ultrapure water was used for all experiments.

2.2. Preparation of Catalysts

Ce(NO3)2 was used as the metal precursor, and the CeO2/graphite catalyst was
produced by the equal volume impregnation method. The catalyst was dried in an oven
at 105 ◦C for overnight after impregnation. Subsequently, it was pyrolyzed at a certain
temperature for 3 h in an N2 atmosphere. Without special statement, the loading amount
of Ce and the pyrolysis temperature were 3.5 wt.% and 400 ◦C, respectively.

2.3. Characterization of Catalysts

The XRD patterns of CeO2/graphite catalysts were recorded on a D/max-rB XRD in-
strument (Rigaku, Akishima, Japan), using Cu Kα radiation (λ = 0.15406 nm) and equipped
with graphite monochromator, with an operating voltage of 45 kV and current of 50 mA.
The surface morphology of the CeO2/graphite catalyst was characterized using a field-
emission SEM (Quanta 200F, Hillsboro, OR, USA) and a TEM (Hitachi H-800, Maharashtra,
India). A mass titration method was adopted to measure the point of zero charge (PZC) of
graphite and CeO2/graphite catalysts [25,26].

2.4. Ozonation Alone and Catalytic Ozonation Procedure

The experiments of ozonation alone and catalytic ozonation were carried out in a semi-
batch mode. Ozone was produced from pure oxygen in a DHX-I ozone generator (Harbin
Jiujiu Electric Chemical Engineering Ltd., Harbin, China), then ozone was continuously
bubbled through a porous porcelain pellet into 1.0 L of aqueous solution containing DEP. In
the experiments of catalytic ozonation, ozone was introduced into the reactor immediately
after the catalyst being dosed into the solution, which corresponds to the start of the
reaction. The reaction temperature was controlled at 20 ± 1 ◦C. Without special statement,
the initial DEP concentration was 3 µM, the ozone flow rate was 0.38 mg min−1 when
oxygen flow rate was controlled at 50 mL min−1, and the initial pH of the DEP solution was
5.8 without any adjustment. The concentrated HClO4 and NaOH solutions were adopted
to adjust the initial pH of the reaction solution to investigate the influence of the initial pH
on the performance of the CeO2/graphite catalyst.

Urs von Gunten defined the ratio of •OH exposure to ozone exposure as Rct, which is
used to express the conversion of ozone into •OH in a given system [27,28]. To determine
the Rct values of ozone alone and catalytic ozonation in the present study, the initial pH
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of the reaction solution was adjusted to 7.1 using the concentrated HClO4 and NaOH
solutions, and a small stock solution of scavenger (tert-butanol, TBA) and •OH probe
compound (p-chlorobenzoic acid, pCBA) was added to the aqueous solution (1 L) to reach
concentrations of 1 µM and 80 µM, respectively. The ozonation experiment was started
by dosing a 50 mg/L catalyst and a small amount of ozone stock solution to the reactor
to achieve an initial ozone concentration of 2 mg/L. At a given reaction time, the sample
was withdrawn from the reactor and added directly to the indigo solution to quench the
residual ozone [29].

2.5. Analytical Methods

The concentrations of DEP and pCBA were analyzed by an HPLC-UV with a waters
symmetry C18 column (5 µm × 4.6 mm × 150 mm), and the methanol/water was used
as the mobile phase with a flow rate of 1 mL min−1. The TOC was measured with a TOC
Analyzer (Analytik jena Multi N/C 3100, Jena, Germany). The concentrations of ozone
in gas phase and in aqueous solution were measured by the iodometric method [30] and
the indigo method [29], respectively. The concentration of H2O2 that formed during the
reaction was determined using a photometric method [31].

After each cycle of the reaction, the CeO2/graphite catalyst was recovered by filtration,
then washed with ultrapure water and dried at 105 ◦C for 24 h. The Ce concentration in the
filtrate was determined by ICP (Perkin-Elmer optima 5300DV, Markham, ON, Canada).

3. Results and Discussion
3.1. Catalytic Activity Comparison of CeO2/Graphite Catalyst with Other Catalyst

The DEP degradation efficiency was 12.4%, 50.2%, and 56.7% for graphite adsorption,
ozonation alone and graphite catalytic ozonation, respectively (Figure 1a), and the TOC
removal efficiency increased from 4.1% for ozonation alone to 14.5% for ozonation with
graphite (Figure 1b). Zhang et al. have observed that graphite has the ability to promote
ozone decomposition to generate hydroxyl radical (•OH) at the solid–liquid interface [32],
which may be beneficial to the TOC removal.

As for the graphite supported metal oxide catalysts, the loading of ZnO or CeO2 sig-
nificantly improved the catalytic activity of graphite (Figure 1). The ZnO/graphite catalyst
showed better performance than the CeO2/graphite catalyst on DEP degradation as the
degradation efficiency was 93.8% and 75.0% for ZnO/graphite and CeO2/Graphite, respec-
tively (Figure 1a). However, the TOC removal was quite different as the CeO2/graphite
catalyst showed better performance (48.3%) than the ZnO/graphite catalyst (35.5%) (Fig-
ure 1b). The results indicate that the CeO2/graphite catalyst exhibited a better performance
than the ZnO/graphite catalyst on the oxidation of transformation products formed during
the DEP degradation process.

The concentration of metal ions in the solution after ozonation with graphite supported
metal oxide catalysts were detected. After 10 min reaction, the concentration of zinc ions in
the solution reached 0.54 mg/L, which means that the stability of the ZnO/graphite catalyst
is not very good. However, no dissolution of the active components of the CeO2/graphite
catalyst was detected (Figure 1b). These results indicate that although the CeO2/graphite
catalyst is inferior to the ZnO/graphite catalyst in terms of DEP degradation, it is signifi-
cantly better than the ZnO/graphite catalyst in terms of TOC removal and catalyst stability
(Figure 1).

In order to investigate the stability of the CeO2/graphite catalyst, repeated use of the
catalyst on DEP ozonation was conducted, and the results are shown in Figure 2. During
the four reuses, there was only a slight decrease on the performance of the CeO2/graphite
catalyst for DEP degradation and TOC removal. The concentration of metal ions in the
solution was detected after CeO2/graphite catalytic ozonation, and no dissolution of
cerium ion was found (Figure 1b). This result indicates that the CeO2/graphite catalyst has
good stability, which may be the reason why its performance only changes slightly in the
degradation of DEP and TOC removal during repeated use.
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ozone gas concentration = 0.38 mg min−1, catalyst dosage = 100 mg L−1.
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3.2. Optimization of CeO2/Graphite Catalyst

The CeO2/graphite catalyst with different amounts of cerium loading (1.0%, 2.0%,
3.5%, and 5.0%) was prepared to investigate its effect on the performance for DEP degrada-
tion during ozonation. As shown in Figure 3a, the DEP degradation efficiency increases
with the cerium loading amount from 1.0% to 3.5% and decreases with the cerium loading
amount from 3.5% to 5.0%. It is generally believed that the loading of metal oxides on
the surface of carbon materials mainly depends on the oxygenated surface groups at the
edges of plane and π electron structures at the inert basal plane of carbon materials [33–35].
The surface groups, such as carboxyl, hydroxyl, and carbonyl groups, are beneficial for
nucleation of metal ions, which are reduced to nanoscale particles. As for the inert basal
plane, the surface π electron structures act as Lewis basic sites and would lead to electron
donor–acceptor complexes, which are strong interactions between metal particles and the
carbon materials. Due to the fewer defects in graphite, the loading sites of metal oxides
on the graphite surface may be mainly dependent on its π electron structures [36,37]. As
for the present CeO2/graphite catalysts, the binding sites on the graphite surface are pro-
gressively occupied with the increase in cerium loading amount from 1.0% to 3.5%. Hence,
the available binding sites would be not enough with a further increase in cerium loading
amount to 5.0%, and the agglomeration of CeO2 nanoparticles may occur due to the limited
binding sites on the graphite surface, leading to the decrease in catalytic activity just like
other carbon supported metal oxides [12,33,38].
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Figure 3. Effect of (a) cerium loading amount and (b) pyrolysis temperature on ozonation of DEP
with CeO2/graphite catalysts. Reaction conditions for ozonation: T = 20 ◦C, initial pH = 5.8, initial
DEP concentration = 3 µM, ozone gas concentration = 0.38 mg min−1, catalyst dosage = 100 mg L−1.
Reaction conditions for catalyst preparation: T = 400 ◦C for (a), cerium loading amount = 3.5% for (b).

The pyrolysis temperature usually has a significant impact on the activity of the
prepared catalyst. A series of CeO2/graphite catalysts were prepared to investigate the
effect of pyrolysis temperature (300 ◦C, 400 ◦C, and 500 ◦C) on DEP degradation during
catalytic ozonation. As shown in Figure 3b, the DEP degradation efficiency increases with
the pyrolysis temperature from 300 ◦C to 400 ◦C and decreases slightly with the pyrolysis
temperature from 400 ◦C to 500 ◦C.

3.3. Characterization of CeO2/Graphite Catalyst

The prepared CeO2/graphite catalysts were characterized by SEM, TEM, and XRD.
The cerium loading and pyrolysis did not have significant impacts on the surface morphol-
ogy of the graphite (Figure 4a), except that a lot of small particles with good dispersion
are attached to the surface of graphite (Figure 4b) which should be cerium oxide formed
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by pyrolysis of the active component Ce impregnated on graphite. XRD patterns of
CeO2/graphite catalysts prepared under different conditions are shown in Figure 4c,d. For
comparison, the XRD result of graphite (0% cerium loading amount) is also presented. The
CeO2/graphite catalysts prepared under various conditions exhibited CeO2 characteristic
diffraction peaks at 2θ of 28.44◦, 33.16◦, 47.34◦, and 56.46◦ [39,40], which demonstrates that
the active component of the prepared CeO2/graphite catalyst is in the form of CeO2.
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for catalyst preparation: T = 400 ◦C for (a–c), cerium loading amount = 3.5% for (a,b,d).
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As shown in Figure 4c, the intensity of diffraction peaks for CeO2 gradually increases
with the increase in cerium loading amount, indicating that the CeO2 grains generated on
the graphite surface gradually increase. Since the active component of the CeO2/graphite
catalyst is in the form of CeO2, the increase in CeO2 grains on the graphite surface is helpful
for the increase in active sites. At this point, an appropriate increase in cerium loading
amount (from 0% to 3.5%) can increase the active sites on the catalyst surface, thereby
enhancing its catalytic activity for ozonation of DEP (Figure 3a). However, the sites on the
graphite surface that can bind the active component is limited. When the cerium loading
amount further increases (from 3.5% to 5.0%), CeO2 can only deposit on the original sites
due to the lack of binding sites on the graphite surface. The agglomeration of CeO2 grains
may lead to a decrease in the active component dispersion on the graphite surface, which
in turn leads to a decrease in the activity of the Ce/graphite catalyst (Figure 3a).

Figure 4d shows the effect of pyrolysis temperature on XRD patterns of the CeO2/
graphite catalyst. The intensity of diffraction peaks for CeO2 gradually increases with the
increase in pyrolysis temperature. On the one hand, increasing the pyrolysis temperature is
beneficial for the crystallization of the active component, forming structurally intact CeO2
grains, which is conducive to the catalytic activity improvement of the CeO2/graphite
catalyst (Figure 3b). On the other hand, increasing the pyrolysis temperature makes CeO2
grains more prone to agglomeration, leading a decrease in the active sites, which in turn
leads to a decrease in the activity of the CeO2/graphite catalyst (Figure 3b).

3.4. Effect of Operation Conditions on the Performance of CeO2/Graphite Catalyst
3.4.1. Effect of Ozone Dosage and Catalyst Dosage

The influence of ozone dosage on the DEP degradation was investigated during
ozonation with CeO2/graphite, and the results of ozonation alone are also presented for
comparison (Figure 5). Ozone dosage had a remarkable influence on the DEP degradation
during both ozonation alone and CeO2/graphite catalytic ozonation, as the DEP degra-
dation efficiency increased from 42.6% to 76.9% during ozonation alone and from 59.2%
to 84.6% during CeO2/graphite catalytic ozonation with ozone dosage increasing from
0.14 mg/min to 0.68 mg/min, respectively. It should be pointed that although increasing
ozone dosage can improve the primary DEP transformation efficiency, ozonation alone
may not be able to convert other organic substances, such as organic intermediates during
the DEP degradation, which is clearly different from CeO2/graphite catalytic ozonation as
the latter shows good performance on TOC removal (Figure 1b).

The influence of catalyst dosage on the DEP degradation were investigated during
ozonation with CeO2/graphite, and the results of ozonation with graphite are also shown
for comparison (Figure 6). Catalyst dosage only had a slight influence on the DEP degra-
dation during graphite catalytic ozonation, but had an apparent influence on the DEP
degradation during CeO2/graphite catalytic ozonation, as the DEP degradation efficiency
increased from 55.7% to 60.6% during graphite catalytic ozonation and from 68.1% to 88.5%
during CeO2/graphite catalytic ozonation with catalyst dosage increasing from 50 mg/L
to 200 mg/L, respectively. Compared to graphite catalytic ozonation, the improvement
on DEP degradation efficiency was 12.4%, 17.9%, and 27.9% with CeO2/graphite catalyst
dosage of 50 mg/L, 100 mg/L, and 200 mg/L, respectively (Figure 6). Since the ozone
dosage is enough for the reaction, the more CeO2/graphite catalyst is dosed, the more
active sites that can play catalytic roles. In this case, the reaction of ozone conversion into
strong oxidizing free radicals is enhanced, thus improving the oxidation efficiency of the
target organic compound.
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concentration = 0.38 mg min−1.

3.4.2. Effect of Initial DEP Concentration and Initial pH

The influence of initial DEP concentration on the DEP degradation were investigated
during CeO2/graphite catalytic ozonation, and the results are shown in Figure 7. The DEP
degradation efficiency increased from 68.6% to 75.0% with an initial DEP concentration
increasing from 1 µM to 3 µM. However, further increasing the initial DEP concentration
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from 3 µM to 10 µM can lead to a decrease in the DEP degradation efficiency. For ozonation
alone, the DEP degradation efficiency increased with initial DEP concentration increasing
from 1 µM to 5 µM and decreased with initial DEP concentration increasing from 5 µM to
10 µM (inserted figure of Figure 7).
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The influence of initial pH on the DEP degradation was investigated during CeO2/
graphite catalytic ozonation, and the results of ozonation alone are also presented for
comparison (Figure 8). DEP degradation efficiency by ozonation alone significantly in-
creased with the increase in the initial pH. It has been reported that ozone can hardly
self-decomposed to generate •OH in aqueous solution at an initial pH of 3.0 [41]. Thus,
the DEP degradation efficiency is low since it mainly relies on the slowly direct oxida-
tion by ozone (k = 0.14 M−1 s−1) [23]. Increasing the pH value of aqueous solution can
increase the ozone decomposition rate to generate more •OH and can maintain a stable
concentration of •OH in the aqueous solution [27], which may lead to a remarkable in-
crease in the DEP degradation efficiency due to the fast reaction between DEP and •OH
(k = 3.98 × 109 M−1 s−1) [24].

With the presence of the CeO2/graphite catalyst, ozone decomposition was accelerated
and generated •OH in aqueous solution even at an initial pH of 3.0, thus DEP degradation
efficiency increased from 7.9% of ozonation alone to 56.9% of CeO2/graphite catalytic
ozonation (Figure 8). The metal ion in the solution after ozonation with CeO2/graphite
catalyst at the initial pH 3.0 was determined to be 0.18 mg/L. To investigate the possible
influence of the leaching metal ion on DEP degradation during ozonation, the experiment
was carried out and the results are presented in the inserted figure of Figure 8. The
DEP degradation efficiency was 38.5% during ozonation with 0.18 mg/L Ce4+, which is
much higher than that of ozonation alone (7.9%) but lower than that of CeO2/graphite
catalytic ozonation (56.9%). This result indicates that the metal ion (Ce4+) leaching from
CeO2/graphite catalyst does have a certain catalytic effect in ozonation, but the CeO2
supported on the graphite surface also plays a catalytic role in the DEP degradation.

At an initial pH of 5.8, the DEP degradation efficiency during CeO2/graphite catalytic
ozonation was 75.0%, which is significantly higher than that of ozonation alone (50.2%)
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(Figure 8). However, at an initial pH of 9.0, the improvement effect on DEP degradation
efficiency by CeO2/graphite catalyst addition is not as remarkable as in the acidic or neutral
solution. A reasonable explanation is that ozone self-decomposes more quickly at an initial
pH of 9.0 [27], and the effect of CeO2/graphite catalyst in promoting ozone decomposition
at this pH is not as significant as that at lower pH. Though ozonation alone in alkaline
solution can achieve similar effects as CeO2/graphite catalytic ozonation, for the conve-
nience of subsequent treatment and to save reagents, most water treatment is recommended
to be carried out under neutral or near neutral conditions, and CeO2/graphite catalytic
ozonation have advantages over ozonation alone from this point of view.
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3.4.3. Effect of Reaction Temperature

The influence of reaction temperature, ranging from 10 ◦C to 40 ◦C on the DEP degra-
dation, was investigated during CeO2/graphite catalytic ozonation, and the results during
ozonation alone are also presented for comparison (Figure 9). Within the temperature range
of this study, raising the reaction temperature is beneficial for DEP degradation both in
ozonation alone and in CeO2/graphite catalytic ozonation, especially in the range of 10 ◦C
to 30 ◦C. Though DEP degradation efficiency during CeO2/graphite catalytic ozonation
is always better than that during ozonation alone, the gap between these two processes
significantly reduces at high reaction temperature (above 20 ◦C). A reasonable explanation
is that the increase in water temperature can not only promote the decomposition of ozone
to produce more •OH [27], but also accelerate the reaction between the generated •OH and
DEP [24], which makes the catalytic effect in promoting ozone decomposition and DEP
degradation not as remarkable as that at low temperature. However, most water treatment
is carried out at room temperature (around 20 ◦C) since raising the water temperature
requires a significant energy consumption. Thus, CeO2/graphite catalytic ozonation has
advantages over ozonation alone from this point of view.



Water 2024, 16, 1274 11 of 18
Water 2024, 16, x FOR PEER REVIEW  12  of  20 
 

 

 

Figure 9. Effect of reaction temperature on DEP degradation during CeO2/graphite catalytic ozona-

tion. Reaction conditions: initial pH = 5.8, initial DEP concentration = 3 µM, ozone gas concentration 

= 0.38 mg min−1, catalyst dosage = 100 mg L−1. 

3.5. Reaction Mechanism of CeO2/Graphite Catalytic Ozonation 

3.5.1. Evolution of Ozone Concentration and Hydrogen Peroxide Concentration 

The variations of both aqueous ozone concentration and gaseous ozone concentration 

were  investigated  for ozonation alone, graphite catalytic ozonation, and CeO2/graphite 

catalytic ozonation (Figure 10). It was found that the difference in gaseous ozone concen-

tration was almost negligible among the three processes during the whole reaction. How-

ever, the aqueous ozone concentration  in the three processes showed significant differ-

ences as the reaction prolonged and the order of dissolved ozone concentration was ozo-

nation alone > CeO2/graphite catalytic ozonation > graphite catalytic ozonation  (Figure 

10). The consumption of ozone during the ozonation process comes from the self-decom-

position of ozone, the catalytic ozone decomposition, and the DEP oxidation. For the ozo-

nation alone process, only the self-decomposition of ozone and the DEP oxidation would 

consume ozone, resulting in the highest residual ozone concentration in the aqueous so-

lution (Figure 10). For graphite and CeO2/graphite catalytic ozonation processes, in addi-

tion to the self-decomposition of ozone and the DEP oxidation, the presence of catalysts 

also catalyzes the decomposition of ozone to generate free radicals (such as •OH) to pro-

mote the DEP degradation, thus their residual ozone concentrations in the aqueous solu-

tion are lower than that of the ozonation alone process (Figure 10). It is interesting that the 

residual aqueous ozone concentration in the CeO2/graphite catalytic ozonation process is 

higher than that of graphite though the DEP degradation efficiency by CeO2/graphite cat-

alytic ozonation is higher than that of graphite catalytic ozonation. It is well-known that 

different catalysts have different catalytic efficiencies on decomposition of ozone into •OH 

[42], hence, a possible reason for the above results is that the CeO2/graphite catalyst can 

more effectively transfer ozone into •OH than the graphite catalyst, resulting in better DEP 

degradation efficiency with less ozone consumption (Figures 1 and 10). 

Figure 9. Effect of reaction temperature on DEP degradation during CeO2/graphite catalytic
ozonation. Reaction conditions: initial pH = 5.8, initial DEP concentration = 3 µM, ozone gas
concentration = 0.38 mg min−1, catalyst dosage = 100 mg L−1.

3.5. Reaction Mechanism of CeO2/Graphite Catalytic Ozonation
3.5.1. Evolution of Ozone Concentration and Hydrogen Peroxide Concentration

The variations of both aqueous ozone concentration and gaseous ozone concentration
were investigated for ozonation alone, graphite catalytic ozonation, and CeO2/graphite
catalytic ozonation (Figure 10). It was found that the difference in gaseous ozone concentra-
tion was almost negligible among the three processes during the whole reaction. However,
the aqueous ozone concentration in the three processes showed significant differences
as the reaction prolonged and the order of dissolved ozone concentration was ozonation
alone > CeO2/graphite catalytic ozonation > graphite catalytic ozonation (Figure 10). The
consumption of ozone during the ozonation process comes from the self-decomposition
of ozone, the catalytic ozone decomposition, and the DEP oxidation. For the ozonation
alone process, only the self-decomposition of ozone and the DEP oxidation would con-
sume ozone, resulting in the highest residual ozone concentration in the aqueous solution
(Figure 10). For graphite and CeO2/graphite catalytic ozonation processes, in addition
to the self-decomposition of ozone and the DEP oxidation, the presence of catalysts also
catalyzes the decomposition of ozone to generate free radicals (such as •OH) to promote
the DEP degradation, thus their residual ozone concentrations in the aqueous solution
are lower than that of the ozonation alone process (Figure 10). It is interesting that the
residual aqueous ozone concentration in the CeO2/graphite catalytic ozonation process
is higher than that of graphite though the DEP degradation efficiency by CeO2/graphite
catalytic ozonation is higher than that of graphite catalytic ozonation. It is well-known
that different catalysts have different catalytic efficiencies on decomposition of ozone into
•OH [42], hence, a possible reason for the above results is that the CeO2/graphite catalyst
can more effectively transfer ozone into •OH than the graphite catalyst, resulting in better
DEP degradation efficiency with less ozone consumption (Figures 1 and 10).

The variation of H2O2 concentrations during ozonation alone, graphite catalytic ozona-
tion, and CeO2/graphite catalytic ozonation was investigated (Figure 11). It has been
reported that the reducing sites on the surface of carbon materials (such as π electron
structures and basic oxygenated groups) can reduce dissolved oxygen to produce a certain
amount of H2O2 in aqueous solution [38,43,44]. In this study, the generation of H2O2
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during the CeO2/graphite adsorption process was also investigated by replacing O3 with
O2 (Figure 11). The loading of CeO2 had little effect on the evolution of H2O2 concentration
on graphite during adsorption process but had a significant effect on the evolution of H2O2
concentration in catalytic ozonation, and the order of H2O2 concentration is ozonation
alone > graphite catalytic ozonation > CeO2/graphite catalytic ozonation (Figure 11). It
has been reported that the intermediate product H2O2 reacts with the ozone adsorbed
on the surface of AC to generate •OH [45], resulting in a lower H2O2 concentration in
AC catalytic ozonation compared to ozonation alone [45–47]. This is consistent with the
lower concentration of H2O2 during catalytic ozonation with graphite or CeO2/graphite
compared to ozonation alone in this study. Additionally, CeO2 also has a strong ability to
decompose H2O2 [48], which may be the reason for the lowest H2O2 concentration in the
CeO2/graphite catalytic ozonation among the three oxidation processes.
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concentration = 0.38 mg min−1, catalyst dosage = 100 mg L−1.
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3.5.2. Effect of the Presence of TBA

It is generally believed that the DEP degradation in ozone-based advanced oxidation
processes follows the •OH reaction mechanism [49–53]. Thus, the role of •OH in the present
study was investigated using TBA as a radical scavenger, as TBA reacts very quickly with
•OH (k = 6 × 108 M−1 s−1) [27] and very slowly with ozone (k = 0.001 M−1 s−1) [23,52]. The
effect of TBA addition on ozonation of DEP with or without the CeO2/graphite catalyst is
shown in Figure 12.
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The DEP degradation was almost completely inhibited with TBA addition during
ozonation alone at pH 3.0, 5.8, and 9.0 (Figure 12) which should be because the •OH derived
from ozone decomposition has been completely quenched by TBA and the reaction rate
between DEP and ozone is very slow as aforementioned. The DEP degradation significantly
decreased with TBA addition during CeO2/graphite catalytic ozonation at pH 3.0, 5.8,
and 9.0, as the DEP degradation efficiency did not exceed 15% at all the three initial pH
values (Figure 12) while it was 56.9%, 75.0%, and 84.3% at pH 3.0, 5.8, and 9.0 without TBA
addition, respectively (Figure 8). These results demonstrate that •OH plays an important
role in DEP degradation during CeO2/graphite catalytic ozonation.

3.5.3. Discussion of the Reaction Mechanism

As mentioned above, the quenching experiments of TBA show that •OH plays a
key role in the DEP degradation during CeO2/graphite catalytic ozonation. Urs von
Gunten proposed the concept of Rct (Equation (1)) [28] and thought that it could be used
to characterize the ability of catalysts on ozone decomposition to generate •OH [53,54], as
shown in Equation (1).

Rct =

∫
[•OH]dt∫
[O3]dt

=
ln[pCBA]t/[pCBA]0

−k•OH,pCBA
× 1∫

[O3]dt
(1)

The terms of
∫
[O3]dt and

∫
[•OH]dt represent the time-integrated concentration of

ozone and •OH, which is equal to ozone exposure and •OH exposure, respectively. The
Rct values for ozone alone and ozonation with different catalysts can be obtained using
Equation (1) to process the data in Figure 13. As shown in Table 1, the Rct value for ozone
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alone was 1.13 × 10−9, which is similar to the Rct value of 1.0 × 10−9 previously reported in
the literature [55]. The Rct value for ozonation with graphite and graphite supported metal
oxides catalysts in this study is similar to that of graphene oxide [56] and some granular
activated carbon [53,55], but smaller than that of carbon nanotubes [55] and graphene oxide
supported metal oxides [56]. Interestingly, although the graphite catalyst is not as effective
as the CeO2/graphite catalyst in the degradation of DEP and pCBA (Figures 1 and 13a),
it had a larger Rct value (Table 1). Although the •OH exposure of the graphite catalytic
ozonation is smaller than that of CeO2/graphite (Figure 13a), it decomposes more ozone
than CeO2/graphite (Figure 13b) and makes its ozone exposure smaller (Table 1). Thus, the
graphite catalyst has a larger Rct value in ozonation since Rct is the ratio of •OH exposure to
ozone exposure. Overall, the graphite catalyst has greater Rct value than the CeO2/graphite
catalyst, mainly because it improves ozone utilization efficiency rather than •OH yield [57].
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Table 1. Rct and ROH,O3 values of ozonation alone and ozonation with different catalysts.

Process O3 Exposure (M•s) •OH Exposure (M•s) Rct ROH,O3 (s)

O3 3.78 × 10−2 4.26 × 10−11 1.13 × 10−9 9.84 × 10−7

O3 + Graphite 9.38 × 10−3 4.75 × 10−11 5.21 × 10−9 1.63 × 10−6

O3 + ZnO/Graphite 9.21 × 10−3 7.30 × 10−11 7.26 × 10−9 1.94 × 10−6

O3 + CeO2/Graphite 1.60 × 10−2 7.13 × 10−11 4.10 × 10−9 2.29 × 10−6

In order to better characterize the ability of catalysts to decompose ozone to generate
•OH, we introduced the concept of ROH,O3 proposed by Kwon et al., which is the ratio of
•OH exposure to the amount of ozone consumption (Equation (2)) [58].

ROH,O3 =
Rct

kO3

=

∫
[•OH]dt∫

[O3]dt × kO3

=

∫
[•OH]dt

[O3]0 × (1 − ekO3•t)
=

∫
[•OH]dt

[O3]0 − [O3]t
=

∫
[•OH]dt
∆[O3]t

(2)

The term of ∆[O3]t represents the total ozone consumption at time t of the reaction.
Similarly, the ROH,O3 values for ozonation alone and ozonation with different catalysts
can be obtained by processing the data in Figure 13 with Equation (2). As can be seen
from Table 1, the ROH,O3 value increased in the order of O3+CeO2/graphite > O3+ZnO/
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graphite > O3+graphite > O3. An interesting thing is that although the CeO2/graphite
catalyst is not as effective at degrading DEP and pCBA as the ZnO/graphite catalyst
(Figures 1 and 13a), it has greater ROH,O3 value (Table 1). This means that the CeO2/graphite
catalyst is more efficient at converting dissolved ozone into •OH than the ZnO/graphite catalyst.

Different researchers have different views on the reaction mechanism of ozonation with
carbon materials [10]. Some believe that the degradation reaction of organic compounds
follows the surface reaction mechanism, some believe that it follows the bulk solution
reaction mechanism, and some researchers believe that it follows the combined effect of the
surface reaction and the bulk solution reaction [32,59–61]. In the present study, if surface
reactions play a role in the DEP degradation, when the initial pH of the solution changes
from 3.0 to 9.0, it will cause a change on the surface charged state of CeO2/graphite catalyst
from positive to negative as the pHPZC of this catalyst is 7.2 [62], which will inevitably
affect the adsorption and decomposition of ozone on its surface due to the electrophilic
property of ozone [27]. Subsequently, the contribution of surface reactions will change, and
the degradation efficiency of DEP will also be affected.

Previous studies have shown that TBA has little adsorption on the surface of carbon
materials [60], so it can completely inhibit the DEP degradation through the bulk solution
reaction, but it is difficult to inhibit the DEP degradation through surface reactions [32].
However, the degradation efficiency of DEP is almost the same at different initial pH
(3.0, 5.8, or 9.0) in the presence of TBA during ozonation with CeO2/graphite (Figure 8).
Therefore, it can be inferred that the contribution of surface reaction to DEP degradation
is almost negligible, and the DEP degradation mainly depends on the •OH generated by
the bulk solution reaction during CeO2/graphite catalytic ozonation. Actually, the above
discussion of Rct and ROH,O3 has proven that the CeO2/graphite catalyst has a good ability
to convert ozone into •OH in bulk solution (Table 1). In general, CeO2/graphite is a good
catalyst, both in terms of its effectiveness in DEP degradation and TOC removal, and from
the perspective of catalyst stability.

4. Conclusions

The CeO2/graphite catalyst can not only decompose DEP effectively during ozonation,
but also remove TOC effectively, and the active component CeO2 loaded on graphite shows
good stability during repeated use. The optimal preparation conditions for CeO2/graphite
catalyst were a Ce loading of 3.5% and a pyrolysis temperature of 400 ◦C.

The degradation efficiency of DEP increases as the ozone dosage increases within
the range of 0.14 mg/min to 0.68 mg/min for both ozonation alone and CeO2/graphite
catalytic ozonation. Catalyst dosage (50–200 mg/L) has a remarkable influence on the DEP
degradation during CeO2/graphite catalytic ozonation. The degradation efficiency of DEP
first increases and then decreases with the increase in its initial concentration (1–10 µM)
for CeO2/graphite catalytic ozonation. The increase in both initial pH (3.0–9.0) and re-
action temperature (10–40 ◦C) can promote the degradation of DEP for CeO2/graphite
catalytic ozonation.

The DEP degradation is significantly inhibited with the addition of TBA during
CeO2/graphite catalytic ozonation for initial pH 3.0, 5.8, or 9.0, and the results of Rct and
ROH,O3 indicate that the CeO2/graphite catalyst has a good ability to convert ozone into
•OH in bulk solution. The DEP degradation should mainly depend on the •OH generation
in the bulk solution during CeO2/graphite catalytic ozonation.
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