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Abstract Due to the recent advancement in the development of various characterization tech-

niques, mixed metal oxide (MMO) based catalysts have gained tremendous attention in the field

of catalysis. In this study, we demonstrated the synthesis of a series of novel MMO based catalysts

by a facile co-precipitation method. The detailed structure and composition of thoria promoted

NiMnO catalysts was investigated using various microscopic and spectroscopic techniques such

as, SEM, EDAX, XRD, TGA, BET and TPR. In order to study the effect of the content of thorium

oxide on the catalytic activity of the as-prepared material various samples were prepared by the

addition of low quantities of thorium oxide with 1%, 3% and 5% on NiMnO. The catalytic per-

formances of the as-prepared catalysts were evaluated towards the aerobic oxidation of benzyl alco-

hol using molecular oxygen as oxidant. Furthermore, in order to investigate the effect of the

calcination temperatures on the catalytic activities of the as-prepared materials, the samples were

calcined at three different temperatures at 300 �C, 400 �C and 500 �C. The catalysts displayed sig-

nificant enhancement in catalytic activity towards the catalytic conversion of benzyl alcohol (C6H5-

CH2OH) to benzaldehyde (C6H5CHO). Detailed kinetic studies of the reactions using gas

chromatography have revealed that the variation of calcination temperature and the percentage

of thoria had significant effect on the catalytic performances of the materials. Among all synthe-

sized catalysts ThO2-(5%)-NiMnO catalyst calcined at 400 �C exhibited the highest catalytic perfor-

mance and stability for the selective oxidation of alcohols.
� 2017 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Mixed-metal oxides have attracted considerable attention as efficient

catalysts in a variety of industrially significant applications

(Gawande et al., 2013). They represent one of the most significant cat-

egories of solid state catalysts which are commonly employed either as

active phases or as support materials (Cargnello et al., 2013; Sattler

et al., 2014). Amongst all types of metal oxide based catalysts, those

which comprises of more than one kind of metal are generally referred

to as mixed metal oxides (MMO’s) (Dabbagh et al., 2005; McFarland

and Metiu, 2013; Villa et al., 2009; Villa et al., 2010). MMO’s display a

variety of applications such as, memory alloys (Druker et al., 2014),

semiconductors (Vignesh et al., 2014), oxygen sensors, cathodes for

Solid Oxide Fuel Cells [SOFC] (Thursfield et al., 2012) and anodes

for electrochemical oxidations (Moradi and Dehghanian, 2014), pho-

toconductive thin films (Godines et al., 2014), electrode materials for

lithium batteries (Aragon et al., 2011) and various other environmental

applications (Yang and He, 2012). Besides, their excellent stability

MMO’s exhibit enhanced catalytic activities when compared to their

respective single-component metal oxides, and thus have also been sig-

nificantly exploited in the field of catalysis (Xie et al., 2015). The

enhanced catalytic properties of the MMO’s can be attributed to the

significant increase in the surface area of the material and the change

in the chemical states of the metal ions (Wu et al., 2014). There are

so many literature reports have been reported for various catalytic

transformations by using MMO’s (Qwabe et al., 2015; Xie et al.,

2015). Among these MMO’s, Ni-Mn based MMO’s exhibit superior

stability. The catalytic activity of a mixed Ni-Mn-oxide system has

been carried out in liquid-phase oxidation of phenol. The MMO’s cat-

alysts for numerous catalytic transformations have been widely

reported as promising catalysts (Stoyanova and Georgieva, 2003;

Tang et al., 2011).

Additionally, in several studies the catalytic activities of MMO’s

have been further enhanced by incorporating various lanthanides as

dopants (Primus et al., 2014). For instance, in a recent report the com-

bination of cerium–tungsten�titanium in the form of WO3/CeOx-TiO2

nanoparticles were used as catalysts for selective catalytic NOx reduc-

tion (Michalow-Mauke et al., 2015). In this doped MMO’s catalyst,

cerium is existing as a dopant in TiO2 and is well dispersed on the sur-

face of the nano catalysts. The addition of cerium considerably

enhanced the interactions between different metal oxides involved

(TiO2 and WO3) and increased the surface area of the material, due

to which the NOx reduction efficiency of the nano catalyst increased

many folds.

Among different actinide based metal oxides, thoria has gained

prominent significance due to their excellent properties that are consid-

erably valuable for a variety of applications (Lundeen and VanHoozer,

1967). Especially in the field of catalysis, thoria based MMO’s were

successfully applied for various industrially important transforma-

tions. For instance, thorium-doped meso structured zirconia exhibited

excellent potential in the non–aqueous catalytic reactions, particularly

in the form of precursor to the practical catalysts to obtain meso-

porous super acid SO4
2�/ZrO2 catalysts (Yu et al., 2008). Furthermore,

thorium dioxide has also been extensively used for various other appli-

cations (Yousefi et al., 2015).

Additionally, thoria is also recognized as an excellent promoter in

the field of catalysis due to its high catalytic performance and thermal

stability towards metal oxides. Several cases are reported in the litera-

ture, where ThO2-based catalysts prepared by different methods,

including, calcination, air decomposition etc., have demonstrated

enhanced performance due to the presence of thoria. For example,

in a recent study thoria excellently promotes the catalytic activity

and selectivity of thoria based CaO2 (Th0.8Ca0.2O2�d) catalysts towards

the oxidative coupling of methane (Baidya et al., 2011). In these cata-

lysts, the conductivity of pure ThO2, which is an elevated temperature

p-type conductor, which is enhanced by doping with Ca2+ cations,

that is a lower valent cation, which generates more oxide ion vacancies.

It was revealed that active oxygen species formed at the oxide ion
vacancy sites in Ca-doped ThO2 catalysts were mainly responsible

for the enhanced catalytic performance and selectivity toward Ca2+

products. In another study, thoria not only enhanced the performance

but also improved the selectivity of olefins and long-chain hydrocar-

bons during the hydrogenation of carbon monooxide. The thoria-

based catalysts displayed extremely high catalytic activity at low tem-

peratures. During this study, it was observed that thoria demonstrated

a tendency to spread onto and to act together intimately with SiO2 and

Al2O3 which were used as support materials, due to which the catalytic

activity of material is promoted several times when compared to non-

supported catalysts (Chen and Wang, 1993). Apart from this, thoria is

also used as a blanket material in nuclear industry (Bianconi, 2014), as

ceramic container for molten metals and alloys, and is also applied as a

super conductor material for the preparation of various electrodes

(Abou-Sekkina and Elsabawy, 2002).

Among various catalytic conversions the oxidation of alcohols to

their respective aldehydes or ketones, while maintaining selectivity is

one of the most crucial and demanding functional group conversions

in organic synthesis (Farnesi Camellone and Marx, 2014). These reac-

tions usually serve many purposes from both industrial and synthetic

points of view, since the resulting compounds obtained from these

reactions are versatile intermediates of valuable compounds, such as

agricultural, pharmaceuticals, and fine chemicals (Karimi et al.,

2014). In our previous study, we have successfully demonstrated effi-

cient catalytic activity of MMO towards the selective oxidation of alco-

hols (Adil et al., 2015). For this purpose, mixed oxide of nickel

manganese doped with vanadia nanoparticles were synthesized by

co-precipitation method, which displayed excellent catalytic activity

towards the oxidation of benzyl alcohol.

With encouraging results obtained previously by the use of ceria

(Sultana et al., 2015), which is a lanthanide oxide, in this study thorium

oxide of actinide series as a promoter was selected, in order to study if

similar pattern of catalytic performance could be obtained. We herein,

report the synthesis of thoria promoted nickel manganese MMO’s as

oxidation catalyst for the selective oxidation of benzyl alcohol to ben-

zaldehyde. The effect of the amount of dopant material on the catalytic

activity of NiMnO was studied by the preparation of catalysts with

varying percentage of thoria, such as 1%, 3%, 5%, which were later

calcined at temperatures such as at 300 �C, 400 �C, 500 �C. The as-

prepared catalysts were characterized by various techniques including

scanning electron microscopy (SEM), thermo gravimetric analysis

(TGA), X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET),

and temperature-programmed reduction (TPR). Furthermore, the cat-

alytic activities of as-synthesized catalysts were evaluated and the con-

versions monitored by gas chromatography.

2. Experimental

2.1. Materials

Ni(NO3)2�6H2O (nickel nitrate), Mn(NO3)2�4H2O (manganese
nitrate), Th(NO3)4 (thorium nitrate), NaHCO3 (sodium bicar-

bonate), C6H5CH2OH (benzyl alcohol), C6H5CHO (benzalde-
hyde), C6H5CH3 (toluene) [AR, Merck] were purchased from
sigma aldrich pure chemical industries co., ltd. All the chemi-

cals were used as received without further purification. Deion-
ized water was used to prepare the required solutions.

2.2. Catalyst preparation

Thoria promoted NiMnO oxidative catalysts were synthesized
by facile co-precipitation technique with addition of low quan-
tities of thorium oxide in 1%, 3%, and 5% molar rates. In a

typical procedure stoichiometric volume of 0.2 M solution of
nickel nitrate and manganese nitrate were mixed in a round
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bottomed flask, to this, desired volume of 0.2 M thorium
nitrate solution was added. The resulting solution was heated
to 90 �C, while stirring using a mechanical stirrer. Subse-

quently, 1 M solution of NaHCO3 was added drop wise until
the solution attained a pH 9. The resulting solution was con-
tinued to stir at the same temperature for about 3 hours, and

then left on stirring over night at room temperature. Finally,
the solution was filtered using a Buchner funnel under vacuum
and dried at 70 �C overnight. The dried product was then cal-

cined at temperatures such as 300 �C, 400 �C, 500 �C.

2.3. Catalyst characterization

The morphology of mixed metal oxides and elemental analysis
was determined using scanning electron microscopy (SEM)
and energy dispersive X-ray analysis (EDAX) which is carried
out using Jeol SEM model JSM 6360A (Japan). Powder X-ray

diffraction studies were carried out using a D2 phaser (Bruker)
X-ray diffractometer, the wavelength of X-ray (1.542 Å). Ther-
mogravimetric Analysis (TGA) was studied employing Perkin-

Elmer Thermogravimetric Analyzer 7. The surface area of the
material was measured using BET, on a NOVA 4200e surface
area and pore size analyzer.

2.4. Catalyst testing

The catalytic performance of the synthesized products was
evaluated by carrying out oxidation reaction using benzyl alco-

hol as a model reaction and the kinetics of the reaction was
studied using gas chromatography analyses.

In a typical reaction, catalyst weighing 150 mg was taken in

a glass flask with 0.2 mL (2 mmol) benzyl alcohol with 8 mL
toluene as solvent; the mixture was then refluxed at 100 �C
while vigorous stirring. Oxygen was bubbled at a flow rate of

20 mL min�1 into the mixture once the reaction temperature
was attained. After the completion of reaction, the solid cata-
lyst was separated by centrifugation and the liquid samples

were analyzed by gas chromatography to evaluate the conver-
sion of the product by (GC, 7890A) Agilent Technologies Inc.,
equipped with a flame ionization detector (FID) and a 19019S-
001 HP-PONA capillary column.

2.5. Catalyst reusability

The catalytic performance of the synthesized mixed metal oxi-

des revealed that ThO2-(5%)-NiMnO catalyst calcined at
400 �C yields a 100% conversion product and hence in order
to understand the reusability of the catalyst, the same catalyst

was subjected to oxidation reaction several times and the con-
version product obtained was studied using gas chromatogra-
phy analyses.
3. Result and discussion

3.1. Scanning electron microscopy (SEM)

The Scanning Electron Micrograph images of ThO2 promoted
NiMnO shows that the catalysts have a combination of

spheres and needles morphology. The structural visualization
of the sample confirm that the rugged structure appears to
be more prominent in the catalyst calcined at higher tempera-
tures such as 400 �C, 500 �C, while the catalyst calcined at
300 �C appear to be a mixture of spheres and needles. The

SEM images of the catalyst calcined at temperatures such as
300 �C, 400 �C and 500 �C is given in Fig. 1. Moreover, to
understand the morphological changes of the reused catalyst,

a comparison was made between the SEM images of the fresh
catalyst and the reused one. From Fig. 2 it can be observed
that the needles like structure on the surface changes and the

morphology appears to be porous, which can be easily be
noticed in the insets given in Fig. 2. The elemental composition
of the of ThO2-(5%)-NiMnO calcined at 400 �C temperatures
was investigated by energy-dispersive X-ray spectroscopy

(EDX), which discloses the clear elemental composition sum-
mary of the catalyst prepared as displayed in Fig. 3.

3.2. X-ray diffraction (XRD)

The phase identification and crystalline structures of the ThO2

promoted NiMnO catalyst was analyzed using XRD and the

diffraction patterns obtained are illustrated in Fig. 4A. The
diffraction peaks confirmed that the mixed metal oxides
formed were crystalline in nature. The diffractograms obtained

indicate the formation of different phases of the mixed metal
oxides. Moreover, comparing with the XRD patterns of vari-
ous types of NiMnO, it was observed that the obtained pat-
terns are in good agreement with the various NiMnO salts

such as nickel manganese (IV) oxide NiMnO3 (ICSD#31853),
Hexanickel manganese(IV) oxide, Ni6MnO8 (ICSD# 80301),
NiMn2O4 (ICSD# 181111). The diffraction pattern of the cat-

alyst calcined at 300 �C shows that nickel manganese (IV)
oxide NiMnO3 (ICSD#31853) along with nickel manganese
oxide (1/2/4), NiMn2O4 (ICSD# 181111) is present. The other

prominent signals found correspond to the manganese carbon-
ate MnCO3 (ICSD# 100677). However, as the calcination tem-
perature was increased to 400 �C, the diffraction signals

indicate a considerable decrease in concentration of man-
ganese carbonate MnCO3 (ICSD# 100677) in the catalyst.
While a slight decrease in the NiMn2O4 (ICSD# 181111) was
also observed along with the formation of a new phase of

nickel manganese mixed oxide. Hexa nickel manganese(IV)
oxide, Ni6MnO8 (ICSD# 80301) appears along with nickel
manganese (IV) oxide NiMnO3 (ICSD#31853). In the catalyst

calcined at 500 �C it was observed that the nickel manganese
oxide phase (1/2/4), NiMn2O4 (ICSD# 181111) disappears.
Hence, it can be concluded that changes in calcination temper-

ature, induce phase changes in the catalyst and the 400 �C cal-
cination temperature the phase changes appear to be in
transition. Reflection from thorium oxide were not observed,
and the low percentage present in the catalyst could be possible

reason for its absence. The XRD pattern of the fresh catalyst
and used catalyst was compared to understand the phase
changes in the catalyst after it is used, it was found that the

used catalyst undergoes phase transition as can be seen in
Fig. 4B.

3.3. TGA

The samples of the synthesized catalyst were subjected to the
thermal analysis in order to ascertain their thermal stability

and to understand their degradation pattern shown in Fig. 5.



Figure 1 SEM micro graphs of ThO2-(5%)-NiMnO calcined at temperatures such as (a) 300 �C; (b) 400 �C; (c) 500 �C.

Figure 2 SEM micro graphs of ThO2-(5%)-NiMnO calcined at 400 �C temperatures (a) Fresh; (b) Re-used.

Figure 3 Elemental composition from the EDX analysis of the as-synthesized catalysts of ThO2-(5%)-NiMnO calcined at 400 �C
temperature.
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The values in percentage of mass lost during the thermogravi-

metric analysis of the synthesized catalyst are present in
Table 1. From the results obtained the following conclusions
can be drawn. The total mass loss of the catalysts (1%, 3%

and 5% Thoria) calcined at temperatures such as (300 �C,
400 �C and 500 �C) observed was found to be different for each
sample. However, the mass loss for 1%, 3% and 5% catalysts
were similar. The mass loss of the 1%, 3% and 5% catalysts at

300 �C was 26%, 26% and 24% respectively. For catalysts cal-
cined at 400 �C a mass loss of the 19%, 17% and 13% was
observed and the catalysts calcined at 500 �C displayed the

best thermal stability with 18%, 11% and 9% mass loss. The
high percentage of mass loss of the catalyst calcined at lower
temperatures can be attributed to the degradation of remnants



Figure 4 XRD diffractograms of (A) ThO2-(5%)-NiMnO calcined at temperatures such as (a) 300 �C; (b) 400 �C; (c) 500 �C: (B) ThO2-

(5%)-NiMnO calcined at 400 �C; (a) Fresh (b) Used.

Figure 5 Thermal stability pattern of the ThO2-(5%)-NiMnO

calcined at (a) 300 �C; (b) 400 �C; (c) 500 �C.

Table 1 Mass loss of ThO2 (X%) NiMnO catalysts.

Catalyst Calcination temperature

300 �C 400 �C 500 �C

ThO2 -(1%)- NiMnO 26% 19% 18%

ThO2 -(3%)- NiMnO 26% 17% 11%

ThO2 -(5%)- NiMnO 24% 13% 9%
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of carbonates that was detected in the XRD diffractogram.
Hence, from the TGA investigation of these catalysts, it can

be concluded that the mass loss of the catalyst decreased
slightly with increasing the percentage of doping and decrease
markedly with increase in calcination temperature. Therefore,

the catalyst with ThO2-(5%)-NiMnO calcined at 500 �C is
thermally most stable among the other synthesized catalysts.

3.4. BET

Surface areas and pore size information was obtained by sub-
jecting the prepared samples to BET analysis. The results of
BET surface areas are summarized in Table 2. It was observed

that upon an increase in the % of ThO2 in the catalyst, there
was a decrease in the surface area. The calcination temperature
of the material also showed effect on the surface area, while

there was a meager change in pore size, no change was
observed in the pore diameter. The probable reason in the
decline in the specific surface with the increasing % of ThO2

could be due to thoria occupying the internal walls resulting

in decrease of, total pore volume and average pore size
(Daza et al., 2010; Liao et al., 2013).

3.5. Temperature programmed reduction of catalysts (H2-TPR)

It is supposed that the active species in supported catalysts
for catalytic reactions are the reduced metallic particles pre-

sent at the surface of the catalyst. Temperature programmed
reduction is a very accessible technique to find number of
reducible metallic species present in catalysts and interaction

between active metal and support (Molina and Poncelet,
1998). TPR profiles of the prepared samples after calcination
at 300 �C, 400 �C and 500 �C are shown in Fig. 6 and data
are summarized in Table 3. It is observed that TPR profiles

of thoria promoted Ni-Mn mixed metal oxide catalysts are
different, both in broadness and H2 consumptions, which
indicates that the H2 consumption increases with the calcina-

tion temperature. The difference in TPR pattern revealed that
calcination temperature has a definite effect on reduction
behavior of catalysts. As the temperature is increased, the

main peak grows larger in height and width, which is proba-
bly due to existence of more reducible species in catalyst. In
fact, the positive shift in temperature favors the strong metal

support interaction. In all cases, the main reduction peak
being obtained at high temperature in range 275–400 �C
and it increase with increasing calcination temperature. The
profile for ThO2-(5%)-NiMnO calcined at 300 �C catalyst

shows two reduction peaks, a smaller one at 200 �C and a lar-
ger one at 320 �C. Both can be attributed to the reduction of
catalyst as Ni6MnO8 and Ni2O3, indicating that there are two

kinds of oxide species present on both inner and outer surface
of support, respectively. The profile for ThO2-(5%)-NiMnO
calcined at 400 �C catalyst shows two peaks at 275 �C and

325 �C which are identified as NiMn2O4 and MnO2. The
small peak at 275 �C shows a weak or no interaction of
Ni2+ with the lattice oxygen of support and bigger peak
shows strong interaction due to some ion exchange between

active species and support.



Table 2 Textural properties of the synthesized catalysts.

Catalystsa/calcination temp. Surface area

(m2/g)b
V (Pore) (cm3/g)c D (Pore) (�A)d

(1%) 300 �C 53.9 0.021 18.6

400 �C 46.7 0.018 18.6

500 �C 29.8 0.012 18.6

(3%) 300 �C 37.0 0.014 18.5

400 �C 44.5 0.018 18.5

500 �C 31.4 0.012 18.5

(5%) 300 �C 56.5 0.022 18.6

400 �C 39.4 0.015 18.5

500 �C 22.7 0.009 18.6

a ThO2 - (X%)-NiMnO – catalyst.
b Specific surface area calculated by BET equation.
c Total pore volume estimated at P/p0 = 0.99.
d Pore diameter calculated by BJH method.

Figure 6 TPR of ThO2-(5%)-NiMnO catalyst calcined at

temperatures such as (a) 300 �C; (b) 400 �C; (c) 500 �C.

Table 3 H2 consumption determined by TPR over catalysts.

Catalyst Total H2 Consumptiona

(cm3/g-cat STP)

ThO2-(5%)-NiMnO-300 �C 10.38

ThO2-(5%)-NiMnO-400 �C 18.22

ThO2-(5%)-NiMnO-500 �C 18.93

a Calculated from graph.

Table 4 Catalytic evaluation of ThO2-(5%)-NiMnO catalyst

calcined at temperatures such as (a) 300 �C; (b) 400 �C; (c)

500 �C.

Catalyst Conversion (%)

ThO2-(1%)-NiMnO 300 �C 61

400 �C 64

500 �C 44

ThO2-(3%)-NiMnO 300 �C 67

400 �C 92

500 �C 62

ThO2-(5%)-NiMnO 300 �C 64

400 �C 100

500 �C 57

Promoting effects of thoria on the nickel-manganese mixed oxide catalysts 453
Moreover, from the TPR pattern of the catalyst ThO2-
(5%)-NiMnO calcined at 500 �C, it is observed that it yields

only one reduction consumption peak between 275–400 �C
which indicates a majority of reduced species has either stron-
ger interaction/exchange with surrounding cations or with lat-

tice oxygen, leading to higher temperature required for
reduction.
3.6. Catalytic evaluation

To determine the catalytic performance of synthesized material
as oxidation catalyst, the oxidation of benzyl alcohol was used
as a model reaction and the reaction was carried out in the

presence of the ThO2-(X%)-NiMnO catalyst. The percentage
of thoria and the calcination temperature was varied, in order
to confirm the optimum percentage of thoria and the calcina-

tion temperature for the best catalytic conversion of the syn-
thesized catalyst. The reaction was carried out for 5 hours
and the results obtained are discussed below and also the

results are displayed in Table 4.

3.6.1. ThO2-(1%)-NiMnO catalyst

With 1% ThO2 promoted NiMnO catalyst calcined at temper-

atures such as of 300 �C and 500 �C the conversion of 61% and
44% respectively was obtained. However, the 400 �C calcined
catalyst yielded up to 64% conversion of benzyl alcohol to

benzaldehyde.

3.6.2. ThO2-(3%)-NiMnO catalyst

The 3% ThO2 promoted NiMnO catalyst calcined at temper-

atures such as i.e., at 300 �C, 400 �C and 500 �C showed
67%, 92%and 62% conversion respectively.
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3.6.3. ThO2-(5%)-NiMnO catalyst

With 5% ThO2 promoted NiMnO catalyst calcined at 400 �C,
a 100% conversion was obtained, while the catalyst which was
calcined at 300 �C and 500 �C yielded 64% and 57% conver-

sion respectively.
Above-mentioned results clearly suggest that the calcina-

tion temperature and the percentage of the promoter play a
Figure 9 Graphical representation of time Vs Conversion (%) for the

such as (a) 300 �C; (b) 500 �C; (c) 400 �C; (B) ThO2-(X%)-NiMnO ca
vital role on the catalytic performance of ThO2-(5%)-

NiMnO catalyst. It can be concluded that the catalysts cal-
cined at 400 �C show better activity compared to catalysts cal-
cined at 300 �C and 500 �C and that ThO2-(5%)-NiMnO

calcined at 400 �C temperature is best combination to obtain
the best catalytic activity and selectivity. In order to ascertain
the effect of thoria in the catalytic performance of the catalyst,

a reaction without the presences of dopant ThO2 was prepared
and subjected to oxidation reaction under similar conditions.
It was found that the catalyst produces oxidation product with
56% conversion after 300 min. From the above results the

Turnover Number (TON) and Turnover Frequency (TOF)
for the catalyst with and without the dopant (ThO2) were cal-
culated using the formula’s mentioned (Johansson Seechurn

et al., 2015). The TON for the catalyst ThO2-(5%)-NiMnO
catalyst calcined at 400 �C shown in Fig. 7 was found to be
0.94, and the TOF was found to be 0.20 h�1. While the

NiMnO catalyst (i.e. ThO2-(0%)-NiMnO catalyst) calcined
at 400 �C the TON for the catalyst was calculated as 0.45
and the TOF was found to be 0.09 h�1. These values clearly

indicate that the inclusion of ThO2 as promoter has influenced
the catalytic performance positively by improving its catalytic
efficiency almost 2.5 times. The specific activity for the catalyst
ThO2-(5%)-NiMnO and NiMnO catalyst calcined at 400 �C
was found to be 1.48 mmol g�1 h�1 and 1.33 mol g�1 h�1.
catalyst ThO2-(5%)-NiMnO catalyst (A) Calcined at temperatures

talyst calcined at 400 �C where in X = (a) 1%; (b) 3%; (c) 5%.



Table 5 A comparison between our result and earlier reported results in the literature for the oxidation of Benzyl alcohol to

benzaldehyde.

Catalyst Conv. (%) Sel. (%) Temp. (�C) Sp. activity (mmol g�1 h�1) Ref.

NbP-S2 43 65 90 9.81 Reis et al. (2012)

Amorphous MnOx 72 99 100 9.7 Jing et al. (2007)

Au–Pd/MgO <52 100 80 9.43 Zhan et al. (2012)

Mn6Ni4 89 99 100 8.90 Tang et al. (2011)

Mn4Ni6 73 99 100 7.4 Tang et al. (2011)

Mn8Ni2 65 97 100 6.5 Tang et al. (2011)

V2O5 (5%)-NiMnO 100 >99 100 6.67 Adil et al. (2015)

Zr (5%): NiMnO 100 >99 100 6.67 Alabbad et al. (2013)

Mn2Ni8 62 98 100 6.2 Tang et al. (2011)

Ti-SBA-15 62 95 60 6.20 Sharma et al. (2012)

OMS-2 44 99 100 5.9 Jing et al. (2007)

Au/RGO 65 93 100 5.42 Yu et al. (2013)

KMn-i/CNTs 66.8 <99 100 5.34 Yang et al. (2014)

Mn0Ni10 51 98 100 5.20 Tang et al. (2011)

ɣ-MnO2 39 98 100 5.2 Jing et al. (2007)

Ni–Cr hydrotalcite 11 98 100 4.1 Choudhary et al. (2003)

MnOOH 66 99 100 4.1 Tang et al. (2009)

CNTs-1 96.2 88.3 90 3.85 Luo et al. (2012)

1%Ag–MnO2 100 < 99 100 3.33 Adil et al. (2013)

Ni(OH)2 98 98 100 3.3 Ji et al. (2007)

Mn3O4-NiO-Ni/CNTs 32.9 < 99 100 3.29 Yang et al. (2013)

ThO2-(5%)-NiMnO 100 > 99 100 2.96 This work

Ru/Mg–LaO 75 69 120 1.84 Kantam et al. (2012)

Ni–Fe hydrotalcite 4.6 98 100 1.7 Choudhary et al. (2003)

CeO2 (5%)–NiMnO 100 > 99 100 1.48 Sultana et al. (2015)

Au(3%)-NiMnO 100 > 99 100 1.33 Siddiqui et al. (2012)

Pd/AC 48.8 45.9 110 1.30 Wu et al. (2013)

Au/CuO 85.7 < 99 80 1.29 Wang et al. (2013)

CoAl2O4 90.98 86.95 80 1.14 Ragupathi et al. (2015)

Mn10NiO 11 93 100 1.1 Tang et al. (2011)

Mg2.5Ni0.5Al HT 52 97 100 0.4 Kawabata et al. (2005)

Ni–Al hydrotalcite 31 99 100 0.1 Choudary et al. (2001)

MnOx/MCM-41 94 99 80 0.026 Wu et al. (2015)
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A graphical illustration of comparison of surface area of
catalyst ThO2-(5%)-NiMnO to conversion product and the

kinetics of the reaction are given in Fig. 8. Fig. 9 shows a
graphical representation of time-on-line catalytic activity for
the different catalysts.

In order to understand the reusability of the catalyst, the
catalyst ThO2-(5%)-NiMnO catalyst calcined at 400 �C, which
yielded a 100% conversion to the desired product was selected

and was subjected to oxidation reaction several times and the
product conversion was studied using gas chromatography
analyses. It was observed that the catalytic performance of
the catalyst drops to 77% after single use and upon further

reuse there is a drastic fall in the catalytic performance. The
graphical representation of the product conversion results
obtained from the reuse of catalyst is given in Fig. 10.

In order to understand this depreciation of catalytic perfor-
mance, the reused catalyst was subjected to SEM and XRD.
From the SEM image (Fig. 2) of the reused catalyst, it can

be clearly observed that there is a distortion of surface mor-
phology of the catalyst. Similarly changes in the XRD pattern
obtained for the reused catalyst also point out towards certain
changes in the crystal morphology, which could have led to a

depreciation of catalytic performance upon single use.
In order to compare the prepared catalyst with the previ-

ously reported mixed metal oxides, the specific activities of
previously reported catalysts are collected and compared.
Table 5 displays the catalytic performance in terms of specific

activity of the prepared catalyst compared with previous pub-
lications of the heterogeneous catalysts for oxidation of benzyl
alcohol to benzaldehyde. It has found that the catalyst ThO2-

(5%)-NiMnO catalyst calcined at 400 �C is the very efficient
catalyst when compared to the many of the catalysts listed.

A similar comparison of specific activity is done with other

NiMnO mixed catalysts doped with various other metal oxides
reported in literature. It was found that the specific activity of
ThO2-(5%)-NiMnO catalyst calcined at 400 �C which is
2.96 mmolg�1h�1 is better than the specific activity of CeO2-

(5%)–NiMnO (Sultana et al., 2015) and Au(3%)-NiMnO
(Siddiqui et al., 2012) which was found to be 1.48 mmol g�1 -
h�1 and 1.33 mmol g�1 h�1 respectively. However, when simi-

lar comparisons were made with specific activity value of V2O5

(5%)-NiMnO and Zr (5%): NiMnO, it was found that the
specific activity of ThO2 (5%)-NiMnO catalyst is less.

4. Conclusions

In this study, we have successfully demonstrated the synthesis of var-

ious thoria promoted NiMnO catalysts using a facile co-precipitation

method. The as-prepared catalysts were employed for the oxidation

of benzyl alcohol using molecular oxygen as oxidant. During this
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study, it was revealed that the introduction of ThO2 as promoter to

the NiMnO mixed oxide catalysts strongly influenced the catalytic

performance and thermal stability of the materials. The addition of

small amount of thoria on the NiMnO, a MMO catalyst, displayed

a significant enhancement in the catalytic conversion of benzyl alco-

hol to benzaldehyde. Clearly, a synergistic effect between calcination

temperatures and the chemical kinetics of the reaction was also

observed. Furthermore, it was confirmed that the calcination temper-

ature and the percentage of the promoter play an important role in

the catalytic conversion. Among the various thoria promoted

NiMnO catalysts prepared, ThO2-(5%)-NiMnO calcined at 400 �C
has displayed best catalytic performance, providing a 100% conver-

sion from benzyl alcohol to benzaldehyde. Moreover, from the

XRD pattern of the catalyst calcined at 400 �C, it is evident that

phase changes appear to be in a transition state in the catalyst at this

calcination temperature, which may be responsible for better catalytic

performance of the catalyst. Hence, this catalyst can be considered as

most efficient among all the synthesized catalysts, including 1%, 3%

calcined at (300 �C, 400 �C, and 500 �C). From above surface area

analysis of the catalyst, it was concluded that all catalysts have a

low surface area and the surface area does not have significant effect

on their catalytic performance. From the comparison of specific

activity values, it is evident that this catalyst synthesized in not the

best, hence further studies will be carried out to improve the catalytic

performance of the mixed metal oxides employing various other

dopants etc. Moreover, the radioactive property of the element tho-

rium can also act as a deterrent towards their extended use; hence,

the radioactivity of the catalyst prepared must be evaluated before

subjecting them to further studies.
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