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Abstract: A series of mesoporous NiO catalysts with high specific surface area were prepared by a
simple hydrothermal method and modified by cetyltrimethylammonium bromide (CTAB) as the
crystal structure directing regent. The characterization with SEM, XRD, BET, and H,-TPR results
demonstrated that the introduction of CTAB effectively improved the dispersion, specific surface
area, and pore volume and redox ability of NiO, and thus exposed more active sites. Meanwhile, the
NiO catalyst with a CTAB/NiSO,-6H,O molar ratio of 2/3 exhibited the better catalytic ozonation
performance of toluene, formaldehyde, methanol, and ethyl acetate than NiO. The in-situ DRIFTS
elucidated the reaction path of catalytic ozonation of toluene and indicated that the introduction of
CTAB facilitated the complete oxidation of by-products into CO, and H,O.

Keywords: catalytic ozonation; typical VOCs; NiO catalyst; CTAB modification

1. Introduction

Volatile organic compounds (VOCs) are a class of organic compounds with boiling
points between 50-260 °C at standard atmospheric pressure, and widely originated from
fossil fuel combustion, chemical industry, and various waste emissions [1-6]. These VOCs
can participate in photochemical reactions, causing environmental problems and serious
health problems, and even cancer [7,8]. To control air pollution more effectively, China
has issued a series of more stringent environmental policies to reduce VOCs emissions [9].
Consequently, there is an urgent need to develop the technologies that can effectively
control VOCs emissions [10,11].

Compared to traditional VOCs control technologies, catalytic ozonation is consid-
ered to be one of the most promising technologies for VOCs removal with the decrease
in O3 production cost because of its mild reaction condition [8,10,12]. In addition, it has
a wide adaptability to the types and concentrations of VOCs [13]. However, there exist
wide differences in the properties and concentrations of VOCs in actual industrial ex-
haust gases, which is posing a challenge to the applicability and universality of catalytic
ozonation catalysts [14,15].

The catalytic ozonation of VOCs over the transition metal oxides, such as Co, Ce, Ni,
Cu, Zn, Mg, and Mn, has widely been investigated at low or room temperature [8,16,17].
The catalytic activity varies greatly for different transition metal oxides. Among them, nickel
oxide (NiOy) is thought to be a valuable catalyst of catalytic ozonation of VOCs because of
its valence diversity, controllable crystal morphology, easy formation of oxygen vacancies,
and high specific surface area. Additionally, ozone can easily adsorb on the surface of
NiOy and thus generate hydroxyl radicals (OH) and superoxide ions (O, ™) through radical
chains [18]. Moreover, it has been reported that NiOy with over stoichiometric oxygen can
efficiently degrade various compounds [19,20], and exhibit good catalytic activity for many
difficult-to-degrade VOCs at low temperature [13,20,21].
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On the other hand, suitable surfactants can passivate the nanoparticle surface and re-
duce the agglomeration, which is helpful to improve the catalytic activity of the
catalysts [22]. Cetyltrimethylammonium bromide (CTAB), acting as a capping agent and a
structure-directing agent, can effectively promote anisotropic growth of crystals to obtain
nanocrystals of different sizes and shapes [23]. Using the CTAB co-precipitation method,
Navneet Kaur et al. [23] controlled the specific surface area of NiO nanoparticles, which
resulted in significant improvement in their specific surface area and catalytic activity of
reactive blue 81 and Coomassie brilliant blue R-250 dyes. In a related study, Tong et al. [24]
synthesized LiNig gCog 1Mng 1O, material with CTAB assistance, which exhibited enhanced
crystallinity and cycle stability due to reduced agglomeration.

In this work, a series of mesoporous NiO catalysts were obtained by adding different
amounts of CTAB as the directing agent and were used for the catalytic ozonation of VOCs.
Various characterizations and performance evaluations suggested that the introduction
of CTAB could modify the morphology and particle size of NiO, and thus increase its
specific surface area, and enhance catalytic activity. Moreover, we further explored the
reaction pathway of the catalytic ozonation of toluene and investigated the catalytic degra-
dation effect of the modified NiO catalysts on other typical VOCs, including formaldehyde
(aldehydes), methanol (alcohols), and ethyl acetate (esters).

2. Material and Methods
2.1. Materials

Nickel sulfate hexahydrate, urea, cetyltrimethylammonium bromide (CTAB), toluene,
formaldehyde, methanol, and ethyl acetate were purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. (Shanghai, China). Among them, toluene, methanol,
formaldehyde, and ethyl acetate were all chromatographically pure.

2.2. Preparation of Catalyst

A series of NiO catalysts were prepared using the hydrothermal method and modified
by changing the amount of cetyltrimethylammonium bromide (CTAB) as the crystal struc-
ture directing regent. An amount of 13.15 g NiSO4-6H,O and 0 g, 6 g, 12 g, and 18 g CTAB
(with CTAB/NiSO4-6H,O molar ratios of 0, 1/3,2/3, and 1), respectively, as well as 6.006 g
CH4N;O, being used to maintain the alkaline condition, were dissolved in 300 mL of deion-
ized water and magnetically stirred at 700 rpm for 30 min until a uniform green solution
was obtained. The mixture solution was transferred to a 500 mL polytetrafluoroethylene
reactor, sealed, and placed in a vacuum oven for hydrothermal reaction at 180 °C for 12 h.
After the reactor was naturally cooled to room temperature, the suspension was filtered
using a vacuum pump and washed with deionized water until the filtrate pH was neutral.
The obtained solid was then dried at 110 °C overnight and calcined in air at 400 °C for
6 h to obtain CTAB/NiO-Z (Z=0,1/3,2/3, and 1, corresponding to CTAB/NiSO,-6H,O
molar ratios of 0, 1/3, 2/3, and 1) catalysts, respectively. Finally, the above catalyst powders
were pressed into tablets under 20 &= 5 MPa, then ground, and sieved to obtain 40-60 mesh
particles for catalytic performance evaluation.

2.3. Characterization

The morphology of the catalysts was observed utilizing a ZEISS scanning electron
microscope (SEM). An X-ray powder diffractometer (XRD, Bruker D8 type, Bruker Cor-
poration, Billerica, MA, USA) was used to analyze the crystal structure of the catalyst in
a scanning range of 10°-90° with a scanning speed of 2°/min and a step size of 0.02°.
The obtained catalyst lattice parameters were refined using the Jade-6 software. The spe-
cific surface area and pore size distribution of the catalysts were determined at Brunel
Emmett Taylor (BET, ASAP2020, Micromeritics Instrument Corp., Norcross, GA, USA)
by a gas absorption technique. Ny adsorption and desorption experiments were carried
out at 77 K for specific surface area measurements. In order to remove surface adsorbed
impurities, the catalyst underwent a pre-treatment process under vacuum conditions at
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250 °C for a duration of 3 h. Additionally, pore size distribution and pore volume of the
catalyst were calculated by the BJH analysis method. To investigate the reduction perfor-
mance of the catalyst, H, programmed temperature rise reduction (H,-TPR) experiments
were conducted on an AutoChem 2920 analyzer (Micromeritics Instrument Corporation,
USA). The reaction mechanism of catalytic ozonation of toluene was determined by an-
alyzing the oxidation products using an In Situ DRIFTS technique on a Thermo Fisher
Scientific (Waltham, MA, USA) Nicolet 6700 FTIR instrument. The scanning range was

400-4000 cm~! with an instrumental resolution of 4 cm 1.

2.4. Performance Evaluation of Catalytic Ozonation

All catalytic ozonation experiments were performed in a fixed quartz tube reactor with
an inner diameter of 5.8 mm at standard atmospheric pressure and 30 °C. The simulated
reaction gas is composed of O3, VOCs (toluene, formaldehyde, methanol, and ethyl acetate),
and water vapor, with compressed air as the balance gas. The total flow rate of the
simulated reaction gas was controlled at 1 L/min by the mass flow controller, where O3
was generated by synthesis gas (5% O;/balance gas Nj) through the ozone generator,
and the concentration was maintained at 210 ppm. The gaseous VOCs were produced
by bubbling N, through the liquid VOCs placed in a water bath of 1 &+ 0.2 °C. The target
concentration of VOCs is controlled by adjusting the N, flow rate, and the concentrations
of toluene, formaldehyde, methanol, and ethyl acetate were 30, 100, 100, and 20 ppm,
respectively. Similarly, water vapor is obtained by passing N, into a bubble column filled
with water, and the relative humidity of the reaction gas is stabilized at 50 & 5%.

The 0.4 g screened catalyst (40-60 mesh) was first pretreated for 30 min at 150 °C in
N, atmosphere to remove the adsorbed water and the impurities on the surface. Then, the
reaction gas was passed over the catalyst (GHSV, about 150,000 h~!, unless specified) to
perform the catalytic ozonation of the VOCs.

The concentration of each component in the tail gas was measured at the outlet of the
reactor, and the O3 concentration was determined by an ozone detector (2B Technologies,
Boulder, CO, USA). Additionally, VOCs and COx were analyzed on-line by a gas chromato-
graph (GC-2014, Shimadzu, Japan) equipped with a hydrogen flame ionization detector
(FID) and a DB-WAX capillary column (30 m x 320 um x 0.25 pm). VOCs conversion
rate, ozone decomposition rate, COy selectivity, and mineralization rate were calculated by
Equations (1)—(4), respectively:

VOCy (i) — VOCy

VOC; conversion (%) = VOO o) s 100% 1)
s(in)
O3(in) — O
O3 decomposition (%) :M x 100% ()
3(in)

Co(out) +COZ(0ut)

COy selectivity (%) = x 100% 3)
* Y( ) (VOCs(in) - VOCs(out)) X n
VOC; mineralization rate (%) :ﬂ x 100% 4)
VOCs(in) X

where X(in) and Xy are inlet and outlet VOCs, O3, CO, or CO, concentrations, and n is
the number of carbon atoms in VOCs, respectively.

3. Results and Discussion
3.1. Structure and Morphology

The XRD patterns of NiO catalysts before and after CTAB modification were depicted
in Figure 1. As shown in Figure 1a, the four NiO catalysts all had the characteristic
diffraction peaks of monoclinic nickel oxide (JCPDS 04-007-9781), which are located at
37.3,43.3,62.9,75.4, and 79.4°, corresponding to (110), (200), (111), (021), and (220) crystal
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planes. Additionally, there were no diffraction peaks of other crystal phases, indicating
that the NiO catalysts before and after modification were all standard monoclinic nickel
oxide. In addition, it can be found from the partial expanded figure (Figure 1b) that with
the increase in CTAB concentration, the characteristic diffraction peaks of NiO catalyst
gradually weaken, broaden, and shift to lower angles. This may be attributed to the impact
of CTAB as a surfactant on the crystal growth process of NiO. CTAB with the positive
charge can be attracted to the NiO surface with the negative charge to form a bilayer.
At the same time, the hydroxyl groups of the CTAB can form hydrogen bonds with the
oxygen atoms on the surface of the NiO, further enhancing the binding between them [25].
When the doping concentration of the CTAB gradually increases, the CTAB molecules
continuously adsorb on the crystal face of the NiO to form an organic phase, which inhibits
the growth of the NiO crystal, and resulted in the decrease of the grain size and crystallinity
of the NiO and a slight lattice distortion [26,27].

(a)

(b)
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j\ AN
£l
«
CTAB/NiO-1/3 S
! A B %i
= 43.01 4
E :
CTAB/NiO 2/3 -
42.83
CTAB/NiO-1
43.36
PDF#65-2901-NiO PDF#6512901-NiO
20 40 60 80 35 40 45
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Figure 1. (a) XRD patterns of NiO catalysts modified with different amounts of CTAB, (b) partially
expanded XRD patterns.

Figure 2 showed the scanning electron microscopy (SEM) images of the NiO catalysts
after and before CTAB modification. As seen from Figure 2a, the NiO before modification
displayed regular spheres with diameters of about 3 um. The spheres consisted of numerous
connected nanorods with a thickness of approximately 10-20 nm and a length of roughly
100-200 nm, and there existed few pores between the nanorods (Figure 2b). In contrast, the
CTAB/NiO after CTAB modification exhibited a non-uniform spheroid-like structure being
about 1 pm, with spheres stacking on each other (Figure 2c,e,g). Figure 2d,fh described
that the CTAB/NiO spheres were composed of nanorods with pointed ends, and the
thickness of these nanorods was about 5-10 nm and the length was about 50-100 nm.
Compared with the unmodified NiO, these nanorods gradually decrease in size, becoming
more slender and dispersed as the CTAB doping amount increases. However, when CTAB
was doped excessively (Figure 2g,h), the nanorods began to aggregate and the dispersion
degree decreased.
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Figure 2. SEM image of NiO catalysts modified with different amounts of CTAB, (a,b) CTAB/NiO-0,
(c,d) CTAB/NiO-1/3, (e f) CTAB/NiO-2/3, and (g,h) CTAB/NiO-1.

3.2. Surface Area and Pore Structure

The N, adsorption isotherm and pore size distribution of the NiO catalyst are shown
in Figure 3. It was found that the isotherms of the four catalysts were consistent with the
type IV adsorption isotherm of the Hj hysteresis loop in the IUPAC classification standard,
suggesting that the synthesized NiO possessed abundant mesoporous structures. BET
surface area and pore parameters calculated by the BJH method were listed in Table 1. The
specific surface areas of CTAB/NiO-0, CTAB/NiO-1/3, CTAB/NiO-2/3, and CTAB/NiO-1
are 141.16, 163.18, 202.33, and 172.18 m2/ g, respectively. The CTAB modification enhanced
the specific surface area and pore volume of the NiO catalysts. It is worth noting that
the specific surface area and pore volume of CTAB/NiO-2/3 increased by 43% and 73%,
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respectively (Table 1). Clearly, these findings evidenced that the CTAB doping can boost
the dispersion and porosity of the CTAB/NiO-0 catalysts, resulting in an increase in their
specific surface area and pore volume. It brought in more favorable active sites for the
adsorption of VOCs on the catalyst surface and improved their catalytic activity for the
catalytic ozonation of VOCs. However, the excessive addition of CTAB may lead to the
aggregation of NiO nanorods to form a dense and inefficient structure, which reduced
the specific surface area and porosity of the NiO catalyst, thereby inhibiting its catalytic
performance. The results are consistent with the SEM.
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Figure 3. N, adsorption/desorption isotherms and pore-size distributions (inset) of (a) CTAB/NiO-0,
(b) CTAB/NiO-1/3, (¢) CTAB/NiO-2/3, and (d) CTAB/NiO-1.

Table 1. Specific surface area, average pore size, and pore volume of different catalysts.

Catalyst SBET (mzlg) Pore Size (nm) Pore Volume (cm3/g)
CTAB/NiO-0 141.16 5.14 0.1542
CTAB/NiO-1/3 163.18 4.85 0.2317
CTAB/NiO-2/3 202.33 4.22 0.2606
CTAB/NiO-1 172.18 4.21 0.2494

3.3. Redox Properties

H,-TPR can be employed to investigate redox properties of different NiO catalysts. As
shown in Figure 4, there was a prominent overlapping peak in the range of 100400 °C of NiO.
According to the main reduction reaction of NiO in the Hy-TPR process, this overlapping
peak can be divided into two reduction peaks, corresponding to the two chemical reactions
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of Ni** —Ni?* and Ni?* —Ni, respectively. Furthermore, it can be clearly seen that the peak
temperatures of the two sharp reduction peaks of Ni** and Ni?* of each NiO were in the
descending order of CTAB/NiO-0 > CTAB/NiO-1/3 > CTAB/NiO-1 > CTAB/NiO-2/3.
As we all know, the temperature of reduction peaks usually reflects reducibility of catalysts.
The reduction temperature of CTAB/NiO-2/3 was the lowest, indicating its outstanding
redox ability. Hp-TPR results demonstrated that CTAB modification did indeed bring about
a positive impact on the reduction performance of the NiO catalyst.

240.6 279.0
Ni*: NiZ*

CTAB/NiO-0

2 [cTaBmio-1/3
"E 210.5 ™ 249.2
g
2 |CTAB/NiO-2/3 \¥
228.7 2006.8
CTAB/NiO-1 \
100 200 300 400
Temperature/°C

Figure 4. H,-TPR of different catalysts.

3.4. Catalytic Performance

In this section, the catalytic activity of different concentrations of CTAB-modified NiO
catalysts in the catalytic ozonation of toluene was investigated. Before testing the catalytic
activity of different catalysts, adsorption experiments were conducted, and the catalyst
was saturated with toluene. As shown in Figure 5, the catalytic activity of the unmodified
NiO is lower than that of the modified NiO catalysts. As the reaction time increases
(4 h), the toluene conversion rate and the ozone decomposition rate drop rapidly from the
initial 83% and 100% to 60% and 67%, respectively. The COy selectivity and mineralization
rate of CTAB/NiO-0 were basically maintained between 50-58% and 35-45%. The activity
and stability of the CTAB/NiO-2/3 catalyst were the most excellent, and its initial toluene
conversion rate reached 96%. After the reaction for 4 h, the conversion rate dropped by
only 14%, while the ozone decomposition rate still remained above 95%. At the same time,
during the reaction process, the COy selectivity and mineralization rate of CTAB/NiO-2/3
remained in the range of 70-80% and 60-70%, respectively. Compared with CTAB/NiO-0,
the toluene conversion rate, ozone decomposition rate, CO selectivity, and mineralization
rate of CTAB/NiO-2/3 were all increased by more than 20%, while that of CTAB/NiO-1/3
and CTAB/NiO-1 only improved about 10%. Combined with the BET results, it can be
deduced that adding an appropriate amount of CTAB can significantly increase the specific
surface area and pore volume of NiO, by which the catalytic activity could be promoted.
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Figure 5. Catalytic activity of different catalysts. (a) Toluene conversion. (b) Ozone decomposition.
(c) COx selectivity. (d) Toluene mineralization rate (O3 =210 + 10 ppm, T =30 £ 1 °C, C;Hg =30 & 1 ppm,
RH =50 + 5%, GHSV = 150,000 h—1).

3.5. Reaction Path

The reaction intermediate products of NiO catalysts before and after CTAB modifi-
cation were determined by in situ DRIFTS (Figure 6 and Table 2), and the corresponding
reaction path was deduced. The peaks at 819 and 976 cm ™! in the low frequency area of
the in-situ DRIFTS spectra correspond to the stretching and torsional vibration peaks of
C-H, respectively [28]. The peak observed around 1050 cm ! was attributed to the C-O
stretching vibration peak of alcohols, indicating the formation of benzyl alcohol during
the catalytic ozonation of toluene [29]. The signal value of the benzaldehyde species can
be observed at 1176 cm~! [30], together with weak absorption peaks of maleic anhydride
(1315 cm™1) [28] and carboxylate (1382 cm 1) [31]. The band detected at 1454 cm ™! is
assigned to the -CH=CH- bending vibration of the benzene ring [32,33]. Generally, the
bands at around 3400-3800 cm ! belong to the vibration of Ni-OH and water molecules
coordinated to the surface metal cations [32].



Processes 2023, 11, 1893

90f13

3435

3435

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™")

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™")

(a) (b)

Figure 6. In situ DRIFTS spectra of catalytic ozonation of toluene over (a) CTAB/NiO-0,
(b) CTAB/NiO-2/3.

Table 2. The attribution of IR bands in the catalytic ozonation of toluene.

Position (cm—1) Assignment Characteristic of
3600~3000 O-H stretching vibration metal-OH
1741 C=0 symmetrical stretching vibration quinone
1450~1650 C=C stretching vibrations aromatic ring
1540 C=0 stretching vibrations benzoate
1382 COO- symmetrical stretching oscillation carboxylic acid
1315 C-C-C (O) in-plane bending vibration maleic anhydride
1176 C-O symmetric stretching vibration benzaldehyde
1050 C-O symmetric stretching vibration alcohols
976 C-H torsional vibration olefin
891 C-H stretching vibration alkyne

In Figure 6a,b, the obvious band at 1635 cm ™! is denoted as stretching vibration peaks
of the aromatic ring skeleton [28,34]; however, the peak intensity of CTAB/NiO-2/3 was
higher than that of NiO, indicating that there were more aromatic compounds generated on
the surface of CTAB/NiO-2/3. Interestingly, it can be seen in the spectrum of CTAB/NiO-
2/3 that new absorption peaks around 1540 cm ! and 1741 cm~! were observed (Figure 6b).
The more obvious absorption peak located at 1540 cm~! is characteristic of the C=O
antisymmetric vibration peak in benzoate species [35], which is the key intermediate
involved in the oxidation of toluene. Besides, in Figure 6b, the C=O weak stretching
vibration peak (1741 cm~!) of quinone appeared; quinone is a kind of higher oxidation
product produced by further oxidation of phenol [31,36]. Additionally, the bands at about
2360 cm~! have been reported to be attributed to the stretching vibrations of C-O bonds
from CO; [32,37]. It can be clearly seen that the CO; signal of CTAB/NiO-2/3 after
modification was stronger than that of NiO, explaining that CTAB/NiO-2/3 can oxidize
more intermediate by-products to CO,. In short, according to in-situ DRIFTS spectra,
we found that the intermediate products of CTAB/NiO-2/3 were highly oxidized under
the same conditions; it is clear that the introduction of CTAB is beneficial to the catalytic
oxidation performance of NiO and the deep oxidation of toluene. Therefore, we can
preliminarily propose that the oxidation of toluene may follow the path: toluene—benzyl
alcohol—benzaldehyde—benzoic acid—benzene—phenol—quinone, followed by ring
opening to generate maleic anhydride and other small molecular species, and finally
mineralization to CO, and H,O.
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3.6. Catalytic Ozonation of Other Typical VOCs

At present, different industrial waste gases discharge various VOCs. Besides monoaro-
matic hydrocarbons, being the most worrying and most emitted, there are alcohols, aldehy-
des, and esters, and so on [38]. More importantly, different sorts of VOCs exhibit significant
differences in terms of molecular dynamic diameter, hydrophilicity, and molecular polar-
ity, which brings considerable challenges to VOCs removal. In this section, we further
investigated the degradation effects of CTAB/NiO catalysts on formaldehyde, methanol,
and ethyl acetate, respectively (Figure 7a). Before testing the catalytic activity of different
catalysts, the adsorption experiments were conducted, and the catalyst was saturated with
VOCs. Figure 7b illustrated that NiO can completely remove ozone under the investigated
reaction conditions whether the NiO was modified or not. However, the catalysts exhibited
different catalytic activities for the catalytic oxidation of typical VOCs.
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Figure 7. Catalytic activity of typical VOCs of different catalysts. (a) VOCs conversion. (b) Ozone
decomposition. (c) COx selectivity. (d) VOCs mineralization (O3 = 210 = 10 ppm, T = 30 = 1 °C,
HCHO = 100 £ 5 ppm, CH30OH = 100 £ 5 ppm, C4HgO, = 20 £ 2 ppm, RH = 50 £+ 5%,
GHSV = 150,000 h—1).

HCHO (formaldehyde), the most common aldehyde VOCs, widely exists in industrial
production, home decoration, automobile exhaust, etc., causing serious harm to human
health and environmental quality. In the catalytic ozonation of HCHO, the initial HCHO
conversion rate of CTAB/NiO-2/3 can reach 95%, which is superior to that of CTAB/NiO-0
(86%). After a 4 h reaction, the HCHO conversion rate of CTAB/NiO-2/3 decreased by
less than 10% while that of CTAB/NiO-0 decreased by 14%, demonstrating that CTAB
modification enhanced the catalytic stability of the catalyst. Figure 7c displayed the effects
of the modification on COx selectivity and it can be seen that a similar trend of COx
selectivity change occurs after modification. The HCHO mineralization rate of CTAB/NiO-
2/3 was maintained at above 85% during the reaction process (Figure 7d). Catalytic
ozonation of formaldehyde involves two reaction steps. First, formaldehyde is oxidized to
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formic acid, i.e., HCHO + O3 -+ HCOOH + O,, and then formic acid is oxidized to carbon
dioxide and water, i.e., HCOOH + O3 — CO; + O, + HyO [39]. Due to the whole reaction
having no other by-products, and formic acid can be easily completely oxidized by ozone
at room temperature. Therefore, HCHO would be highly selectively oxidized into CO; and
H;,0O, maintaining a high mineralization rate [39]. At the same time, the high mineralization
rate also directed that CTAB/NiO-2/3 can make full use of ozone to remove HCHO and
avoid secondary pollution to the environment.

CH30H (methanol) is widely used in making fragrances, dyes, medicines, antifreeze,
and other products. In terms of the catalytic ozonation of CH30H, compared with
CTAB/NiO-0, the CTAB/NiO-2/3 still held on a high conversion rate of 97% after 4 h of
reaction, demonstrating stronger stability (Figure 7a). However, according to the results
in Figure 7c,d, CTAB/NiO-2/3 showed poor COy selectivity and CHzOH mineralization
efficiency, both achieving only 50-60%. During the catalytic ozonation reaction, methanol
was first oxidized to formaldehyde, then formaldehyde was oxidized to formic acid, and
finally further oxidized to CO, and HO. Based on the results of the previous section
(Figure 7), HCHO could not be fully oxidized when the concentration ratio of HCHO/Os3
was about 1:2. Therefore, it can be speculated that in the catalytic ozonation reaction of
methanol, the by-products (formaldehyde, formic acid) cannot be timely converted into
CO; and H,O, and may accumulate on the surface of the catalyst [40]. Which may account
for the low COx selectivity and methanol conversion of CTAB/NiO-0 and CTAB/NiO-2/3.

C4HgOy (ethyl acetate) is a versatile fine chemical product and industrial solvent,
mainly used in the manufacture of paint, artificial leather, plastic products, etc. [41,42].
As shown in Figure 7a, the initial C4HgO, conversion rate of CTAB/NiO-2/3 can reach
95%, which exceeded that of CTAB/NiO-0 (82%), and after a 4 h reaction, the conversion
rate of CTAB/NiO-2/3 decreased to about 80%, while that of CTAB/NiO-0 decreased to
68%. Moreover, both CTAB/NiO-0 and CTAB/NiO-2/3 exhibited high COy selectivity
over C4HgO, during the reaction, reaching about 75% and 80%, respectively (Figure 7c).
What is more, CTAB/NiO-2/3 possessed better C4HgO, mineralization efficiency. There-
fore, compared with CTAB/NiO-0, the modified CTAB/NiO-2/3 displayed a significant
improvement in catalytic performance for typical VOCs in terms of the conversion rate,
COx selectivity, and mineralization rate.

The oxygen-containing functionalities were also reported to enhance electron donor-
accept interaction and electrostatic interaction between adsorbents and polar molecules [43].
Therefore, OVOCs (aldehydes, alcohols, and esters, etc.) tended to interact more with HyO,
which reduced the adsorption capacity of OVOCs and H,O on the catalyst surface, and
also weakened the competitive adsorption of O3 and H,O. This was the reason why the
ozone degradation rate in the catalytic ozonation of aldehydes, alcohols, and esters was
superior to that in the catalytic ozonation of toluene.

4. Conclusions

In our work, a series of CTAB-modified NiO catalysts were prepared using a thermal
solvent method and modified with CTAB as a crystal structure-directing agent. The effect
of CTAB on the catalytic ozonation performance of the NiO catalysts was investigated.
XRD analysis revealed that both pristine and CTAB-modified NiO have a monoclinic struc-
ture. BET and H,-TPR results showed that the introduction of CTAB was beneficial to
the enhancement of surface area and redox properties. CTAB/NiO-2/3 exhibited the best
catalytic activity in catalytic ozonation of toluene at room temperature (30 °C), which was
superior to unmodified NiO. What is more, according to in situ DRIFTS, it is clear that
the by-products on the CTAB/NiO-2/3 surface were oxidized to a higher degree, which
contributed to the oxidation of toluene to CO; and H;O. Additionally, CTAB modifica-
tion could significantly enhance the catalytic ozonation performance for formaldehyde,
methanol, and ethyl acetate.
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