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Abstract

An inexpensive and controllable CeMnO, composite oxides catalyst for the lig-
uid-phase catalytic oxidation of toluene was conveniently prepared by ultrasound-
assisted co-precipitation method. The physical-chemical properties of CeMnO,
composite oxides catalyst have been systematically characterized. MnO, as catalytic
active species was highly dispersed in the cubic fluorite structure CeO,. The coop-
eration of CeO, and MnO, evidently improved the catalytic performance. CeMnO,
composite oxides with a Ce/Mn molar ratio of 2:1 was showed the good catalytic
performance. 7.0% of toluene conversion and 95.6% of overall selectivity to benzy-
lalcohol, benzaldehyde and benzoic acid was acquired under optimal reaction con-
ditions. The present catalyst has the advantages of low cost, good catalytic perfor-
mance and stability. This work provides a simple, benign and controllable approach
for the selective oxidation of toluene to valuable oxidation products.
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Introduction

Selective oxidation of aromatic hydrocarbons to oxygen-containing chemical
products or chemical intermediates like alcohols, aldehydes, acids and other
carbonyl compounds is very important process [1, 2]. Usually, these mentioned
products are prepared by catalytic aerobic oxidation reaction of alkyl aromatics
[3, 4]. As one of the most common alkyl aromatics, the benzene ring side chain
C-H bonds of toluene could be selectively catalytic oxidized into three oxygen-
ated organic products: benzaldehyde (BAL), benzyl alcohol (BOL) and benzoic
acid (BAC). There is great economic and industrial importance [5-7]. Among
them, BAL is an intermediate for the synthesis of amphotericin, ephedrine and
chloramphenicol, also is used for preparing aniline dyes, perfume and flavoring
compounds [8]. BOL has significant application in the manufacture of drug syn-
thesis, flavor fixing agent, textile printing, artificial fiber desiccant [9]. BAC is
used as a chemical intermediate, raw material of sodium benzoate preservative
and diverting agent in crude-oil recovery applications [10].

Traditionally, BAL and BOL are mainly produced by chlorination of the -CHj,
group of toluene and hydrolysis. Halogen compounds are used in the process,
which is harmful to the environment and limits its widely application [11]. In
addition, it also has the disadvantages of equipment corrosion and toxic waste
generation [12]. BAC is mainly produced by directly oxidation of toluene with
cobalt acetate catalyst, 20-30% toluene conversion and 90% selectivity to BAC
were obtained in industry. However, cobalt salt as a homogeneous catalyst is diffi-
cult to separate. Even more, cobalt oxalate precipitate is easy to precipitate in the
oxidation reaction, leading to serious scale formation in the pipeline [13].

Therefore, it has been widely researched on the selective aerobic oxidation
of toluene in recent years, including vapor and liquid-phase oxidation, selective
photo-oxidation and electrochemical oxidation, etc. [14—17]. In the above-men-
tioned processes, the vapor-phase oxidation (reaction temperature 350-550 °C)
is easy to deep oxidation with low atomic economy [18, 19], and photo/electro-
catalytic reactions also are difficult to achieve in industry [20]. Heterogeneous
catalytic oxidation of toluene in liquid-phase system is relatively mild conditions,
easy to operate and high selectivity, which is an important technology to trans-
form toluene into industrial important oxygen-containing derivatives [21].

In liquid phase heterogeneous oxidation processes of alkyl aromatics, noble
metal oxide catalysts supported by Au, Pt or Pd are commonly used, because of
their high activity and selectivity [11, 22, 23]. However, due to the limited and
expensive precious metals, transition metal oxide catalysts are also considered as
cheap substitutes for precious metals and are highly valued by researchers [24,
25]. To improve the performance of transition metal oxide catalysts, it is neces-
sary to optimize the dispersion of active metal species and/or to achieve synergies
between different species by forming mixed oxides [26, 27]. Because of the high
activity and functional adaptability versatility of Ce-Mn oxides system, it has
the potential industrial applications, such as the catalytic wet oxidation of waste
waters tetracycline [28], the decomposition of NO, [29] and the combustion of
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volatile organic compounds [30]. Ce-Mn oxides has the good catalytic activity
due to the synergistic interactions between manganese oxides and cerium oxides
[31]. Herein, MnO, as active species in the Ce-Mn oxide was highly dispersed,
and CeO, as an accelerator can increase the oxygen mobility due to its unique
oxygen storage capacity [32, 33].

Based on the above reasons and some previous works about liquid phase aerobic
catalytic oxidation reactions under solvent-free conditions [34-38], we will report
the CeMnO, composite oxides catalyst for the catalytic oxidation of toluene using
dioxygen as the oxidant. The reaction conditions such as oxygen pressure, reaction
temperature, reaction time and catalyst amount were optimized. The chemical and
physical properties of CeMnO, composite oxides were studied by various charac-
terization techniques. It is shown that this method is a promising process for the
synthesis of BOL, BAL and BAC in the industrial applications.

Experimental
Reagents and instrument

Cerium(IIl) nitrate hexahydrate (Ce(NO,);06H,0, AR, 99.0%) and toluene (C,Hs,
AR, 99.5%) were gained from Sinopharm Group Co., Ltd. Manganese(II) nitrate
(Mn(NOy),) 50% aqueous solution was obtained from Shanghai Mclean Co., Itd,
China. The quantitative and qualitative analysis of products was performed on Gas
chromatography (GC Agilent 7890B) and Gas chromatography-mass spectrometry,
respectively.

Catalyst preparation

CeMnO, composite oxides catalyst was prepared by the ultrasound-assisted co-pre-
cipitation method [39]. Typically, 4.4 g Mn(NOs), and 1.8 g Ce(NO;);-6H,0 were
dissolved into 20 mL of deionized water, and then 0.45 mol/L potassium carbonate
solution was slowly dropped under stirring. Subsequently, the precipitate was treated
by ultrasound for 0.5 h, and the pH was adjusted at 9.0 with ammonia. The mixture
was stirred at room temperature for 4.0 h, and aged for 2.0 h. Lastly, the sediment
was washed to neutrality, dried overnight and calcined at 400 °C for 2.0 h to obtain
the CeMnO, oxides catalyst.

Catalyst characterizations

The textural properties were recorded by N, physisorption on a TriStar II 3020 at
77 K. XRD data of samples were performed on a Rigaku D/Max-2550/VB™* 18 kW
diffractometer with monochromatic Cu Ko as radiation (1=1.5418 A) source at
40 kV and 250 mA. The chemical states of elements were analysed by an ESCALAB
250Xi analyser. H,-TPR spectra were collected on an Auto Chem II 2920. The SEM
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and HRTEM images were recorded on a JSM-6610LV spectrometer and a JEM-
2100, respectively.

Catalytic reaction process

The reaction was implemented in 50 mL autoclave. Typically, 0.1 g CeMnO, oxides
and 21.0 g toluene were weighed into the reactor and heated to pre-set temperature
at constant stirring of 800 rpm. Then dioxygen was pumped into the autoclave reac-
tor system, and the reaction was kept at 0.6 MPa pressure with 180 °C for 4.0 h.
After the reaction finished, the liquid phase products were analyzed by GC.

Results and discussion

Catalytic activity of diverse catalysts

Table 1 investigated diverse catalysts in the reaction. In the absence of catalysts,
three oxidation products could be obtained with toluene conversions of only 2.5%
(entry 1). Compared with other single metal oxide catalysts, MnO, exhibited bet-

ter catalytic performance in the oxidation reaction (entries 2-5). In order to fur-
ther enhance the catalytic performance of MnO,, we attempted to add other metal

Table 1 Catalytic activity comparison in the oxidation of toluene®

Entry Catalyst Conversion (%) Selectivity (%)

BAL BOL BAC Total® Others®

1 None 2.5 44.1 33.7 20.1 97.9 2.1
2 CuO 2.2 59.4 16.4 22.6 98.4 1.6
3 Co;0, 24 47.0 33.1 19.9 100 0.0
4 CeO, 0.4 90.7 4.7 4.6 100 0.0
5 MnO, 5.6 29.1 15.6 49.9 94.6 5.4
6 CeMnO, 7.0 26.3 24.8 44.5 95.6 44
7 LaMnO, 6.0 29.9 21.3 39.8 91.0 9.0
8 CrMnO, 6.5 30.4 22.1 41.2 93.7 6.3
9 Ce0,+MnO¢ 4.9 30.6 19.2 45.9 95.7 43
10 CeMnO,° 19.2 10.6 10.8 66.9 88.3 11.7
11 CeMnO,f 41.5 1.6 0.6 75.1 713 22.7

#Reaction conditions: O,: 0.6 MPa, temperature: 180 °C, time: 4.0 h, toluene: 21.0 g, catalyst: 0.1 g
PTotal delineated the total selectivity to BOL +BAL +BAC

“Others were benzyl benzoate, benzyl formate, 2-methylbiphenyl, 4-methylbiphenyl and 1,4-benzoqui-
none

4Ce0, and MnO, were physically mixed
€0,: 1.5 MPa, temperature: 180 °C, time:8.0 h, toluene: 21.0 g, catalyst: 0.1 g
fOxidizer TBHP: 10.8 g, toluene: 5.5 g, temperature: 90 °C, time:12 h
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element to form Mn-base oxides (entries 6-8). Obviously, compared with MnO,,
CeO, or physical blending CeO,+MnO, (entry 9), the addition of CeO, into the in-
situ synthesis of MnO, improved the catalytic performance in the oxidation reaction.
Moreover, we also measured the specific surface area of all Mn related oxides. The
results demonstrated that the specific surface areas of MnO,, CeMnO,, LaMnO, and
CrMnO, were 32.1, 92.4, 22.5 and 17.7 m?/g, respectively. It showed that CeMnO,
had relatively high specific surface area. In addition, a high toluene conversion could
be obtained by changing the reaction conditions or oxidizer (fert-butyl hydroperox-
ide, TBHP) (entries 10—11). Obviously, the selectivity to BOL and BAL decreased,
and the by-products increased significantly. Therefore, among these oxides catalysts,
the acceptable 7.0% of toluene conversion with 95.6% total selectivity to BOL, BAL
and BAC were gained over CeMnO, composite oxides catalyst.

Effects of Ce/Mn molar ratios of catalysts on the reaction

Table 2 inventoried the results of oxidation of toluene by catalysts with different Ce/
Mn molar ratios. With the increase of Mn in the catalyst, the conversion of toluene
showed an incremental trend. An appropriate result with 7.0% of toluene conversion
and 95.6% total selectivity to three products was obtained with Ce/Mn molar ratio of
2:1. From the surface area of CeMnO, composite oxides with different molar ratio
of cerium and manganese, CeMnO, composite oxides catalyst at 2:1 of Ce/Mn has
relatively high surface area. Maybe appropriate molar ratio of cerium and manga-
nese is conducive to the dispersion of active species (MnO,).

Effects of various factors on toluene oxidation

Figure 1 optimized the parameters for the oxidation reaction. As Fig. 1A, B shown,
the toluene conversion and BAC selectivity were increased while BAL, BOL selec-
tivity decreased as the increase of reaction pressure and time. This was a major cause

Table 2 Effects of the different

Ce/Mn C ion (%) Selectivity (%
Ce/Mn molar ratios of catalysts e onversion (%) clectivity (%)

on the reaction® BAL BOL BAC Total Others
5:1 3.7 405 237 320 962 38
3:1 5.2 333 220 407 960 4.0
2:1 7.0 263 248 445 956 44
1:1 7.4 279 177 461 917 83
1:3° 7.1 256 245 443 944 56
1:5¢ 6.9 264 240 434 938 62

*Reaction conditions: O,: 0.6 MPa, temperature: 180 °C, time: 4.0 h,
toluene: 21.0 g, catalyst: 0.1 g. unless otherwise indicated

®30h
°0.8 MPa, 2.0 h
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Fig. 1 Effects of different factors on the reaction. Reaction conditions: A temperature: 180 °C, catalyst:
0.1 g, time: 4.0 h, toluene: 21.0 g; B O,: 0.6 MPa, temperature: 180 °C, toluene: 21.0 g, catalyst: 0.1 g;

C O,: 0.6 MPa, time: 4.0 h, toluene: 21.0 g, catalyst: 0.1 g; D O,: 0.6 MPa, temperature: 180 °C, time:
4.0 h, toluene: 21.0 g

that BAL and BOL could further oxidize to BAC and by-products in this process. In
a certain range, the conversion of toluene gradually increased with elevated reaction
temperature and catalyst dosage, and then it showed an opposite trend (Fig. 1C, D).
For the catalyst, excessive catalyst was apt to agglomerate, so that the catalytic activ-
ity could not be fully demonstrated [37]. For reaction temperature, with the increase
of temperature, the vapor pressure of toluene in the reactor was increased in the gas
phase, and the injected oxygen was actually decreased [38]. From the results of sin-
gle-factor experiment, the appropriate reaction conditions were acquired: reaction
oxygen pressure is 0.6 MPa, reaction time is 4.0 h, reaction temperature is 180 °C

and catalyst dosage is 0.1 g. 7.0% of toluene conversion and 95.6% three products
selectivity were achieved.

Recycling of CeMnO, composite oxides catalyst
Figure 2 showed the reusability of catalyst in the reaction. Obviously, the conversion
of toluene and the total selectivity to three products were not changed significantly

after five runs. The results demonstrated that the catalyst possessed good stability
and satisfactory reusability.
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Fig.3 N, adsorption—desorption isotherms A and pore diameter curves B of two samples

Table 3 Textural properties of

) Samples Surface area Pore volume Pore
two samples (m%g) (cm®/g) diameter
(nm)
Fresh CeMnO, 92.4 0.16 7.0
Used CeMnO, 84.7 0.11 8.7

Catalyst characterization

Nitrogen adsorption—desorption isotherms of CeMnO, composite oxides are shown
in Fig. 3A. Two samples are type II isotherms with type H3 hysteresis loop [40].
This indicates that the samples belong to mesoporous structure materials [41, 42]. In
Fig. 3B, it can be seen that the pore diameter distribution of two samples is irregu-
lar, which is caused by the difference of the crystal phases with diverse granularity
in the micro-sizes and meso-sizes [38]. In addition, as shown in Table 3, the textural
properties parameters of CeMnO, composite oxides catalyst are only mildly change
after five runs.
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Fig.4 XRD patterns of samples

The XRD spectra of samples are shown in Fig. 4. Obviously, CeO, has a cubic
fluorite structure (JCPDS 43-1002) [43]. MnO, has a certain crystal structure
(JCPDS 30-0820 and JCPDS 24-0734). With the increases of manganese con-
tent of two samples, the characteristic peaks of MnO, in the CeMnO, compos-
ite oxides are gradually strong, and its crystallinity is decreased. However, only
diffraction peaks of CeO, are detected in the fresh and used samples, demon-
strating manganese species are uniformly highly dispersed in cubic fluorite struc-
ture CeO, [44]. This result is consistent with the report by Machida et al. [45].
Among Mn**, Mn** and Mn?", the largest ion radius is Mn** (0.083 nm), which
is smaller than Ce** (0.087 nm), instructing that a certain amount of Mn species
are doped into CeO, lattice to decrease crystallinity of the catalyst [29, 46, 47].

Figure 5 shows the XPS spectra of fresh and used samples. In Fig. 5A, it dis-
plays the characteristic peaks of C 1 s (284.8 eV), O 1 s (529.0 eV), Mn 2p;),
(641.2 eV) and Ce 3d (897.4 eV), respectively. Figure 5B shows the Ce 3d XPS
spectra. Six peaks labeled as 915.7, 906.5, 900.2, 897.5, 881.6 and 888.1 eV
are assigned to Ce** species, and the peaks centered at 901.3 and 882.8 eV are
assigned to Ce®* species [30]. The Ce>" species can form oxygen vacancy and
unsaturated chemical bonds in the catalysts [48]. Figure 5C displays the Mn 2p5,,
XPS spectra. The peak at 642.9 eV corresponds to superficial Mn**, while the
other peaks at 641.6 and 640.6 eV correspond to the superficial Mn®* and Mn?*,
respectively [49, 50]. Figure 5D displays the O 1 s XPS spectra. The peak at
533.9 eV is assigned to physical adsorbed H,O, and the second peak in the mid-
dle (531.1 eV) is attributed to chemisorption oxygen, the peak at the lower bind-
ing energy (529.0 eV) is attributed to lattice oxygen [51, 52]. It can be seen that
the valence states of the three elements of the catalysts are unchanged before and
after the reaction, which is one of the reasons for its good stability.
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Figure 6 shows the H,-TPR spectra of fresh and used samples. Clearly, CeO,
exhibits two visible peaks at 440 and 760 °C, respectively. The low temperature
reduction peak is due to reaction of hydrogen by superficial Ce**, and the second
peak is connected with the obvious reduction of Ce** to Ce* in bulk CeO, [53,
54]. MnO, exhibits three reduction peaks located at 260, 380 and 420 °C due to the
reduction of MnO, to Mn,0;, Mn,0; to Mn;0,, and Mn;0, to MnO, respectively
[33, 55]. Compared with the bulk CeO, and MnO,, fresh and used samples exhibit
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Fig.8 SEM, EDS and Mapping images of (A, B, E, F) fresh and (C, D, G, H) used samples

three reduction peaks at~220,~310 and~390 °C, attributing to the reduction of
MnO, species in the CeMnO, composite oxides [49]. It was noticed that fresh and
used samples display the lower reduction temperature, meaning the improvement of
lattice oxygen migration ability [56]. Combined with Table 1, XRD and XPS analy-
sis, it can be seen that the catalytic performance of CeMnO, composite oxides is
improved, MnO, is the main oxidative active species, and Ce**/Ce* pairs provides
the lattice defects and oxygen vacancies to increase the oxygen mobility.

TEM images of fresh catalyst shown in Fig. 7. It is clearly observed the lattice
spacing of the catalyst. Moreover, the measured lattice spacing of CeMnO, com-
posite oxides is 0.31 nm, which is basically consistent with the plane of CeO, (111)
[30, 57]. However, in the HRTEM images of the samples, no lattice fringes of MnO,
were recognized, combined with XRD analysis, it indicated that MnO, are highly
dispersed in CeO,.

The fresh and used samples are flake-like, and the basically morphology does
not change in Fig. 8A-D. EDS and mapping images indicate that Ce, Mn and O
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elements are presence and uniform distribution in two samples (Fig. 8E-F). The cat-
alyst has excellent catalytic activity in catalytic oxidation of toluene reaction because
of the homogeneous distribution of MnO, [58]. Furthermore, compared with the
fresh catalyst, the weight or atomic ratio of Ce and Mn does not change much on the
used catalyst, indicating that it is rarely leached during the reaction process.

Possible simple pathway for the formation of products during CeMnO, composite
oxides in the reaction

In accordance with the above results and previous reports [59, 60], a possible path-
way for the formation of products in the catalytic oxidation of toluene was proposed,
as shown in Fig. 9. The toluene is adsorbed over CeMnO, composite oxides. Due to
the synergy interaction of manganese ions and cerium ions with different valence
states in the catalyst, the adsorbed toluene was activated to benzyl radical (C;H,°) by
extracting hydrogen over active MnO, species [1, 61]. The C;H;* reacts with O, to
generate benzyl methyl peroxide radicals (C;H,00°®), which is further transformed
to benzyl hydroperoxide (C;H,OOH) intermediate [60, 61]. Finally, the resulting
C,H;00H intermediate is reduced to BOL or decomposed to BAL, and BAL can be
further oxidized into BAC.

Conclusions

In conclusion, a simple and viable green method for selective synthesis of BOL,
BAL and BAC from oxidation of toluene over CeMnO, composite oxides without
solvent has been developed. It has demonstrated that CeMnO, composite oxides
was an effective simple and inexpensive catalyst for selective oxidation of toluene,

CH,

3 -~ @ — CHO COOH
~:-Ce

: oS

CeMnOx composnte oxides

CH 00" ch,00m
. L decomposition
; adsorption activation
reduction
CHZ
CH,0H
£ ;.A 2@ 4
Ce4+ C 4+

@

Fig.9 Schematic reaction pathway for the formation of products over CeMnO, composite oxides
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and 95.6% of total selectivity to three products with 7.0% of toluene conversion was
obtained. The active MnO, homogeneous dispersed in the CeO, and the synergistic
interaction of Ce and Mn ions during the oxidation reaction were responsible for the
good catalytic performance of the catalyst. This method is a promising process for
the synthesis of BOL, BAL and BAC in the industrial applications from the tolu-
ene with dioxide over CeMnO, composite oxides catalyst under solvent-free mild
conditions.
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