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ABSTRACT

This study proposes a new fabrication of fresh perovskite-based Zr-Ca catalysts. The catalytic behav-
iors of the bifunctional catalysts prepared by the co-precipitation method were examined during
ozonation of m-cresol, a model organic pollutant. The catalysts outperformed the other tested
catalysts in the catalytic ozonation of pollutants. The catalytic activity was favored by an aging
temperature of 140°C and a calcination temperature in the 700°C-900°C range. The samples were
characterized by X-ray diffraction, scanning electron microscopy, and high-resolution transmission
electron microscopy. The most active catalysts were composed of two phases, CaZrO, and ZrO,.
From X-ray photoelectron spectroscopy and in situ Fourier transform infrared studies, we inferred
the nature of the active sites and a possible reaction mechanism. The mechanism was suggested

as a non-radical mechanism.
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1. Introduction

Rapid industrial developments have proliferated the
amounts of effluents from industrial plants. Unless prop-
erly treated or discharged, effluents such as coal conver-
sion products, petrochemicals, and pharmaceuticals cause
severe environmental contamination [1]. Despite intense
efforts to improve eco-environments and develop technol-
ogies that remove toxic organics from aqueous solution,
the continuing deterioration of water environments [2]
demands much more attention. One of the most important

* Corresponding authors.

chemical products, m-cresol, is also a common wastewa-
ter pollutant. Listed as a priority pollutant by the United
States Environmental Protection Agency, m-cresol has
been adopted as a model pollutant in various research
studies [3,4]. As m-cresol cannot be effectively removed
by traditional approaches, it requires advanced oxidation
processes (AOPs) with strongly oxidizing, non-selective,
and environmental friendly characteristics [5,6].

One promising AOP is ozonation, which has efficiently
degraded and mineralized recalcitrant pollutants [7,8].
Catalytic ozonation has been applied to effluents showing a
certain refractory character toward non-catalytic ozonation.
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Catalytic ozonation research has focused on catalysts such
as activated carbon, metal ions, metal oxides, and nat-
ural minerals [9,10], which play a key role in oxidizing
pollutants. Heterogeneous catalysts more efficiently pro-
mote both conversion and mineralization of organics than
homogeneous catalysts, and are readily separated from
wastewater [11,12].

Perovskite-type oxides with the general formula ABO,
(where A is a rare or alkaline earth metal and B is a first-
row transition metal) have dominated photocatalysis
research [13,14]. Moreover, perovskite-type catalysts have
been successfully utilized in catalytic wet peroxide oxi-
dation and catalytic ozonation [15-18]. Such catalysts are
stable at high temperatures and in aggressive media. The
perovskite structure stabilizes the transition metal ions in
rigorous oxidation states and enhances the oxygen mobil-
ity. Taran et al. [17] tested five perovskite oxides (LaCuO,,
LaFeO,, LaMnO,, LaNiO,, LaCoQ,) in the catalytic wet per-
oxide oxidation of phenol. The total organic carbon (TOC)
depletion was 86% over LaCuO,, 44% over LaFeO,, and
0% over the others [17,19], demonstrating great variety in
catalytic ability.

Calcium zirconate (CaZrQ,) is an important perovskite-
type material with many applications, such as luminescent
materials [20,21], humidity sensors [22], ceramic capaci-
tors [23], and protective materials at ultra-high tempera-
tures [24,25]. However, in theoretical analyses of catalytic
applications, this material has been much less studied than
other perovskite oxides. Hence, investigating the catalytic
ozonation potential of CaZrO, in the degradation of biore-
fractory organics is a worthwhile task. In our preliminary
experiments, a combined catalyst of CaZrO, and ZrO,
delivered excellent catalytic ozonation performance. In this
study, we synthesized and newly tested a series of Zr-Ca
bifunctional catalysts for catalytic ozonation of m-cresol.
Given the decisive impact of preparation methods on the
textural properties and phase purity of perovskites, our
main objective is to understand how the synthesis condi-
tions (namely, the aging and calcination temperatures) affect
the catalytic activity of m-cresol removal. From the struc-
tures, morphologies and components of the catalysts fabri-
cated under various conditions, we illuminate the catalytic
activity, mechanism, and stability in catalytic ozonation.

2. Experimental setup
2.1. Preparation of catalysts

Specified amounts of eight-hydrated zirconium chlo-
ride and anhydrous calcium chloride were weighed sep-
arately and transferred into 100 mL deionized water.
Ammonium oxalate (1.9280 + 0.0005 g), polyvinyl alco-
hol (molecular weight 20,000) and deionized water were
added, along with ammonium hydroxide for pH regula-
tion at 9.0-9.5. The solution was stirred at 500 + 10 rpm for
1 h by a magnetic stirring apparatus. The colloid was aged
at various temperatures and then vacuum filtrated. The
obtained sample was washed with deionized water, dried
at 120°C for 12 h, and calcined at four different tempera-
tures. Two batches of CaZrO, perovskites were prepared
for exploring the impacts of both aging and calcination

temperatures on the catalytic performance. For the first
batch, the aging temperature was set at 60°C, 100°C, 140°C,
or 180°C, and the calcination temperature was set to 900°C.
These samples were named Zr-Ca-60, Zr-Ca-100, Zr-Ca-140,
and Zr-Ca-180, respectively. The second batch was fabricated
at constant aging temperature (140°C) and different calcina-
tion temperatures: 700°C; 800°C; 900°C; 1,000°C; 1,100°C; or
1,200°C, forming samples Zr-Ca-700; Zr-Ca-800; Zr-Ca-900;
Zr-Ca-1,000; Zr-Ca-1,100; and Zr-Ca-1,200, respectively.

2.2. Characterization of catalysts

X-ray diffraction (XRD) tests were performed on a
German Bruker X-ray diffractometer (Bruker D8 Focus,
Germany) with a CuKa radiation source. The wide-angle
and small-angle scanning ranges were 20 = 10°-90° and
20 = 1°-6° respectively. Scanning electron microscope
(SEM) images of the catalyst were collected using a FEI
Quanta 200 F instrument (province, country). The parti-
cle sizes of the active components were determined from
transmission electron microscope (TEM) and high-res-
olution TEM (HRTEM) images of the catalyst collected
at 100 kV by a HT7700 instrument (Hitachi Corporation,
province, country). The elemental valence states of the
catalysts were analyzed by X-ray photoelectron spec-
troscopy (ESCALAB 250Xi, Thermo Corporation, USA).
The compositional changes during the reaction were
detected as changes in the characteristic peaks of the ele-
ments detected by an attenuated total reflection sensor at
the probe tip of a ReatIRTM15 instrument (Mettler Toledo,
province, country), which monitored the changes in situ.

2.3. Reaction procedures and equipment

The catalytic ozonation reaction of m-cresol was car-
ried out at room temperature as follows (Fig. 1 for the
apparatus). In each run of experiments, 200 mL m-cresol
(100 mg/L, no pH adjustment) and the catalyst (5 g/L) was
placed in the reactor. The ozone concentration generated
by the ozonator (CF-G-3-20g, Guolin Qingdao, China) was
50 mg/L (3.2 times the theoretical quantity), and the gas
flow velocity was 160 mL/min. After 30 min of reaction,
the samples were withdrawn from the aqueous phase and
analyzed for TOC amount and m-cresol concentration.
Additionally, the ozone concentrations in the gas phase of
the inlet and outlet were measured by an Anseros Ozomat
ozone analyzer (province, country). The ozonation efficiency
was calculated as follows:

E= Qici =Qu6

.C.

il

x100 1)

where Q, and Q, represent the volume flow rates of ozone
at the reactor inlet and outlet, respectively, and c,and c,
are the mass ozone concentrations at the reactor inlet and
outlet, respectively.

3. Results and discussion

To investigate the m-cresol degradation performance
of perovskite-based Zr—Ca composite in the catalytic
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Fig. 1. Equipment of the catalytic ozonation analysis.

ozonation system, we compared the results of the cata-
lysts made in our laboratory: ZSM-5, Fe/ZSM-5, ALQ,,
1%CeO,/ALO,, 1%ZnO/ALO, 1%NiO/ALO, 0.5%Fe,O,-
0.5%MnO,/AlO,, and 0.5%Fe,0,-0.5%CuO/ALO, (Table 1).
In the absence of catalyst, the TOC removal was extremely
low (10.1%). In the catalytic systems, the TOC removal
was more than doubled from that of the no-catalyst case.
The highest and second-highest TOC removal rates were
61.4% (Zr-Ca-140) and 49.8% (19%CeO,/AlO,), respectively.
Zr-Ca-14 also exhibited the highest O, utilization. These
results demonstrate the enormous potential of the newly
synthesized CaZrO,-based Zr-Ca bifunctional catalysts in
treating organic effluents with a refractory nature. Therefore,
we prepared a series of Zr—Ca bifunctional samples at dif-
ferent calcination and aging temperatures, and investigated
the effects of these temperatures on the catalyst preparation.

The catalytic performances and characterizations
were investigated on the 10 samples described in section
2.1. Both the aging and calcination temperatures signifi-
cantly influenced the ingredients of the perovskite cat-
alyst (Fig. 2). The XRD patterns of the catalysts aged at
different temperatures exhibited a multiphase crystalline
structure of CaZrO, and ZrO, [26] (Figs. 2a and b). The
polymorphs of CaZrO, and ZrO, were orthorhombic and
cubic, respectively. Most of the synthesized samples were
composed of CaZrO, and ZrO,. In the XRD patterns of sam-
ples Zr-Ca-60 and Zr-Ca-180, the intensities of the ZrO, and
CaZrO, peaks were higher and lower, respectively, than in
the patterns of the other samples. Following the study by
Gang and Sui [27], the molar ratios of CaZrO, and ZrO,
were calculated as 1/2 (Zr-Ca-60) and 1/1.5 (Zr-Ca-180),
respectively. Meanwhile, the relative intensities of the
7Zr0O, and CaZrO, peaks in the XRD patterns of samples

Table 1
Capabilities of various catalysts in the catalytic ozonation of
m-cresol

Catalyst Xiocto O, utilization
mg TOC/gO,
O, without catalyst 10.1 6.41
ZSM-5 23.4 15.10
Fe/ZSM-5 35 22.44
ALO, 26.1 14.3
1%CeO,/ALO, 49.8 314
1%Zn0O/ALO, 443 25.6
1%NiO/ALO, 43.6 28.3
0.5%Fe,0,-0.5%MnO,/AlO, 43.9 27.4
0.5%Fe,0,-0.5%CuO/ALO, 47.5 28.4
Zr-Ca-140 61.4 30.7

Zr-Ca-100 and Zr-Ca-140 were reversed from those of
Zr-Ca-60 and Zr-Ca-180. Accordingly, the molar ratios of
CazZrO, in Zr-Ca-100 and ZrO, in Zr-Ca-140 were deter-
mined as 1/1.2 and 1/1, respectively. As shown in Fig. 2b,
the TOC removal was higher on the Zr-Ca-100 (58%) and
Zr-Ca-140 (61.4%) ozonation catalysts than on the Zr-Ca-60
(32%) and Zr-Ca-180 (45%) catalysts. Similarly, the highest
O, utilization was achieved by Zr-Ca-140 (39.28 mg TOC/
g0,). It seemed that the molar ratio of CaZrO, and ZrO,
significantly influenced the catalytic ozonation capacity of
the Zr-Ca bifunctional catalysts.

The XRD patterns of the catalysts calcined at differ-
ent temperatures (700°C-1,000°C at 100°C intervals) also
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Fig. 2. X-ray diffraction patterns and TOC removal performances of the perovskite catalysts synthesized at different aging

and calcination temperatures.

exhibited a multiphase crystalline structure of CaZrO, and
ZrO, (Figs. 2c and d). At the low calcination temperatures
(700°C and 800°C), the ZrO, peak was extremely strong,
while the CaZrO, peak was insignificant. When calcined at
these temperatures, the samples were dominated by ZrO,
and only a small amount of CaZrO, was formed. When the
calcination temperature increased to 1,000°C, the peak inten-
sity of CaZrO, was significantly enhanced while the peak
intensity of ZrO, declined. At higher calcination tempera-
tures (1,100°C and 1,200°C), the XRD peaks of ZrO, nearly
disappeared, implying that when the samples were calcined
at these temperatures, the ZrO, was almost completely
transformed to CaZrO, [27]. As shown in Fig. 2, raising the
calcination temperature from 700°C to 900°C improved the
pollutant degradation performance, but at higher calcina-
tion temperatures (from 900°C to 1,200°C), the performance
decreased.

Relatively low calcination temperatures (700°C-900°C)
favored the abatement of organics and the TOC removal
reached around 40%. Conversely, raising the calcination
temperature from 900°C to 1,200°C appreciably reduced the
TOC removal from 58% to 28%. As also depicted in Fig. 2, the

ozonation utilization echoed the trend of TOC removal. The
rather low TOC removal at calcination temperatures above
1,000°C was related to the uniform structure of the catalyst,
in which the ZrO, was synthesized almost as single-phase
CazrO,.

Fig. 3 compares the catalytic ozonation performances
of the Zr-Ca composite catalysts. As shown in panels
(a) and (c), 100% of the m-cresol was converted during
the ozonation process. When the catalysts were intro-
duced to the reaction, 100% conversion was achieved after
just 9 min of reaction, demonstrating the strong catalytic
capacity of the Zr—Ca composite catalysts. The high cata-
lytic capacity of Zr—Ca composite was reconfirmed in the
TOC removal curves (Figs. 3b and d). On the Zr-Ca-140
(Zr-Ca-900) catalyst, the TOC removal was maximized
to more than triple that of the TOC removal without cat-
alyst (21%). From Figs. 2 and 3, it was inferred that both
excessive zirconia and calcium zirconate were detrimental
to catalyst activity, suggesting that CaZrO, and ZrO, play
a synergistic role that boosts the pollutant degradation
effect [28]. Fig. 4 compares the XRD patterns (Fig. 4a) and
Brunauer-Emmett-Teller (BET) results (Figs. 4b and c) of
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the Zr-Ca-140 catalyst before and after the reaction. The
small post-reaction changes indicate the excellent stability of
the Zr-Ca-140 catalysts. The BET specific surface areas of the
Zr-Ca catalyst were extremely low (no more than 10 m%/g;
Fig. 4b), indicating that a very small amount of the pollutant
was removed by adsorption to the Zr—Ca composites.

Fig. 5 displays the SEM and HRTEM images of cata-
lysts fabricated at the four aging temperatures. The surface
topography of the sample aged at 140°C exhibited a more
normally distributed crystallite size and better developed
porosity than the other samples. As seen in the particle size
distributions (top row of Fig. 5, insets), lowering the aging
temperature reduced the size of the formed particles. The
average particle size of the catalyst aged at 140°C (2.55 pum)
was larger than those of the catalysts aged at 60°C and
100°C (1.77 and 2.07 um, respectively), but smaller than
that of the catalyst aged at 180°C. From the HRTEM images
(bottom row of Fig. 5) and pore size distributions (Fig. 4c),
the four ZrO,-CaZrO, composite samples were inferred to
be assembled as typical nanosheets smaller than 10 nm in
width [29]. The HRTEM images also demonstrated a ZrO,
and CaZrO, composition of the samples, consistent with the
XRD patterns in Fig. 2.

Fig. 6 shows the XPS spectra of Ca and Zr in the com-
posite catalysts aged at different temperatures. Typical
asymmetrical peaks appeared in the Zr 3d and Ca 2p
regions (Fig. 6a and b). The peaks located at 183.4-183.5 eV
and 180.9-181.5 eV were associated with Zr 3d,, and Zr
3d,, respectively, indicating the presence of Zr* [27].
Meanwhile, the peaks at 349.6-350.3 and 346.2-346.7 eV
were assigned to Ca2p,, and Ca2p,, respectively, pos-
sibly indicating Ca-OH. Such Ca-OH bonds might
appear at the adsorption sites of m-cresol. As the aging
temperature rose from 100°C to 180°C, the binding energies

s

R 0. 250m
Calr0y

of the Zr 3d,, and Zr 3d,, peaks shifted leftward, implying
that electrons were transferred from Ca to Zr and then to
oxidizing agents (e.g., O,) at the catalyst surface [27,29].
Water adsorbed on the CaZrO, surface induced hydrolytic
dissociation to Ca-OH, aided by the O, adsorbed on the
ZrQ, surface.

To investigate the O variation in the surface chemistry
as the aging temperature increased, the O 1s spectra were
deconvoluted into two peaks (Fig. 6¢). The peaks centered
at 529.4-529.7 eV (termed the O, peaks) and 531-531.5 eV
(termed the O, peaks) represented surface lattice oxy-
gen and surface adsorbed oxygen, respectively [30]. As
shown in Fig. 6¢, the proportion of the O, peak was low-
est in the XPS Ols spectra of Zr-Ca-140 (63.19%), suggest-
ing that on this catalyst, more surface active sites were
available for adsorption of the O, bubbled into the system
than on the other catalysts. The proportions of O, in the
Zr-Ca-180 and Zr-Ca-60 catalysts were 67.31% and 68.75%,
respectively. It was inferred that the usual active sites of
the catalyst were O, [31] and that surface-adsorbed oxy-
gen (O,) restricted the adsorption of O,. Electron para-
magnetic resonance (Fig. 7), detected no hydroxyl radicals
in the ozonation of m-cresol with the Zr-Ca-140 catalyst.
This result clarifies the high performance of Zr-Ca-140 in
the ozonation of m-cresol.

Zhang et al. [32] proposed a non-radical ozonation
mechanism in the catalytic ozonation system. They con-
sidered that O, adsorbs on the PdO sites of the catalyst,
where it decomposes into surface atomic oxygen (*O) [32].
They attributed the high activity of the catalyst to the syn-
ergetic function of bi-component catalysts. Fig. 1 implies
that the high catalytic performance of the Zr-Ca-140 and
Zr-Ca-100 samples was also conferred by a synergetic
function of their bi-components (ZrO, and CaZrO,). The

Fig. 5. Scanning electron microscope and TEM images of the perovskite catalysts synthesized at different aging temperatures.
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catalytic ozonation mechanism in this paper can thus be
summarized as follows (Fig. 8):

210, +0, > Z10,("0)  +0, @)

®)

CaZrO, + m-cresol - m-cresol — CaZrO,

m-cresol — CaZrO, + ZrO, (O) s CazZrO,

+ZrO, +CO, + H,0O" 4)

First, O, adsorbs to the surface active O, sites of ZrO,
where it decomposes into atomic O (*O) (Eq. (2)). Aided by
the Ca—OH bonds, the pollutant (m-cresol) adsorbs to the

surface of CaZrO, (Eq. (3)). Finally, the O atoms adsorbed
on ZrO, oxidize the m-cresol adsorbed on CaZrO, into
CO, and H,O (Eq. (4)).

To obtain further insights into the aforementioned
TOC removal, the intermediate products during the cata-
lytic oxidation were scrutinized by monitoring the situ deg-
radation of m-cresol with an in situ IR monitoring system
(React IR). The React IR results are shown in Fig. 9. The
instrument captured the characteristic peaks of m-cresol
centered at 1,156; 1,279; 1.491; and 1,592 cm™. The peaks
at 1,156 and 1,279 cm™ were associated with stretching
vibrations of C-O and C=C, respectively. The peaks cen-
tered at 1,491 and 1,592 cm™ represent the deformation
vibrations inside and outside of the benzene ring [33,34].
As the reaction proceeded, the intensity of the featured
peaks weakened rapidly, indicating fast degradation of
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m-cresol in the reaction system. In contrast, the absorp-
tion peaks located at 1,592; 2,170; and 2,206 cm™ initially
decreased and then intensified as the reaction proceeded.
This behavior probably reflects the formation of inter-
mediate products during the degradation of m-cresol.
When the peaks representing m-cresol diminished, the
absorption peaks of the newly generated substances
strengthened correspondingly. As the 1,592 and 2,206 cm™
characterize C=C and -COO-, respectively, the probable
intermediate substances were unsaturated carboxylic acids.

The above analysis clarified the degradation mechanism
of m-cresol on the Zr-Ca composites. Furthermore, the
stability of the Zr-Ca catalysts was explored through con-
tinuous reaction experiments (Fig. 10). A columnar Zr-Ca-
140 catalyst obtained by the tableting method (Fig. 10a)
was applied to the continuous degradation reaction of
m-cresol by catalyzed ozonation. The reaction results are
shown in Fig. 10b. With or without the catalyst, the ozona-
tion reaction converted 100% of the m-cresol within 100 h.
However, the TOC removal by ozonation largely depended
on the catalyst. Without the catalyst, the m-cresol ozona-
tion removed only approximately 50% of the TOC, whereas
the catalyst improved the TOC removal to 80%. These
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Fig. 7. EPR test of ozonation with Zr-Ca-140 as catalyst.
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Fig. 8. Proposed catalytic mechanism of Zr—Ca catalysts in
the ozonation of m-cresol.

findings clarify the strong stability and high activity of
Zr-Ca-140 catalyst in the catalytic ozone oxidation reaction.

4. Conclusion

Bi-component catalysts were synthesized by the co-
precipitation method and tested on the ozonation oxida-
tion of m-cresol. The catalysts exhibited excellent cata-
lytic ozonation capacity. The TOC removal ability and O,
utilization differed among the catalysts prepared at dif-
ferent aging temperatures (60°C-180°C) and calcination
temperatures (700°C-1,200°C). The aging and calcination
temperatures markedly affected the structures of the cata-
lysts. Interestingly, the pure CaZrO, or ZrO, phase did not
achieve the best organic degradation. Combining the XRD,
HRTEM and TOC removal results, we concluded that the
composite material with equal molar proportions of CaZrO,
and ZrO, was the most active (TOC removal = 61.4%).
The in situ FTIR spectra indicated that while m-cresol was
reduced during the reaction, new unsaturated carboxylic
acids were formed. From a comparative XPS study of Zr,
Ca and O in the catalysts aged at different temperatures,
a non-radical ozonation mechanism was inferred. Hence,
the heterogeneous-phase CaZrO,-based perovskite is a
promising catalyst for the oxidation of organic substrates
with ozone in aqueous solutions.
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