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graphene oxide/ZrOx–MnCO3 or
–Mn2O3 nanocomposite as an efficient catalyst for
selective aerial oxidation of benzylic alcohols†

Mohamed E. Assal,a Mohammed Rafi Shaik,a Mufsir Kuniyil,a Mujeeb Khan,a

Abdulrahman Al-Warthan,a Mohammed Rafiq H. Siddiqui, a Sohail M. A. Khan,b

Wolfgang Tremel, c Muhammad Nawaz Tahir *cd and Syed Farooq Adil*a

Highly reduced graphene oxide (HRG) nanocomposites of manganese carbonate doped with (1%) zirconia

(ZrOx) nanoparticles [ZrOx(1%)–MnCO3/(X%)HRG (where X ¼ 0–7)] were prepared employing a facile co-

precipitation method in which the percentage of HRG was varied. The resulting nanocomposite was

calcined at 300 �C. Further calcination of the catalyst at 500 �C resulted in the conversion of manganese

carbonate to manganese oxide [ZrOx(1%)–Mn2O3/(X%)HRG]. The effect of the inclusion of HRG on the

catalytic activity along with its comparative performance between carbonates and their respective oxides

was studied for the liquid-phase selective oxidation of benzylic alcohols into corresponding aldehydes

using molecular oxygen as the eco-friendly oxidizing agent without adding any external additives or

bases. The influence of different parameters such as different percentages of HRG, reaction times,

calcination temperatures, catalyst dosages and reaction temperatures have also been systematically

studied in order to optimize the catalyst composition and reaction conditions. The inclusion of HRG as

a dopant remarkably enhanced the catalytic efficiency of ZrOx–MnCO3 nanocatalysts for the aerobic

oxidation of alcohols. The as-prepared catalysts were characterized by scanning electron microscopy

(SEM), energy-dispersive X-ray spectroscopy (EDX), powder X-ray diffraction (XRD), thermal gravimetric

analysis (TGA), Brunauer–Emmett–Teller (BET) surface area analysis, Raman spectroscopy and Fourier

transform infrared spectroscopy (FT-IR). The catalyst with composition ZrOx(1%)–MnCO3/(1%)HRG

obtained by calcination at 300 �C exhibited excellent specific activity (60.0 mmol g�1 h�1) with 100%

benzyl alcohol conversion and more than 99% product selectivity within an extremely short time (4 min).

The same catalyst is employed for the oxidation of a wide range of substituted benzylic and aliphatic

alcohols. The catalyst i.e. ZrOx(1%)–MnCO3/(1%)HRG calcined at 300 �C yielded corresponding

aldehydes with complete convertibility and selectivity in short reaction times under mild conditions

whereas the as-prepared catalyst exhibited high selectivity for aromatic alcohols over aliphatic alcohols.

The catalyst was recycled and reused at least five times without any obvious loss in its activity or selectivity.
Introduction

Selective oxidation of aromatic and aliphatic alcohols to corre-
sponding aldehydes or ketones is one of the most essential
organic transformations in synthetic chemistry due to their use
as important precursors for different fundamental ne organic
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compounds in industries such as cosmetics, pharmaceuticals,
perfumery, food, insecticides, dyestuffs, agrochemicals and
avoring agents.1–4 In particular, benzaldehyde is considered as
the secondmost important aromatic molecule aer vanillin and
is the most important industrial starting material or interme-
diate in numerous industries.5,6 With increasing environmental
and economic concerns, heterogeneous catalytic reactions
using molecular oxygen as an environmentally benign and low
cost oxidant are developing as green processes for the selective
oxidation of alcohols to their corresponding aldehydes or
ketones.7,8 Usually, oxidation of alcohols is carried out using
expensive and environmentally toxic inorganic oxidant agents
such as (KMnO4 or CrO3). This leads to the formation of
dangerous side products.9 In contrast, using eco-friendly low
cost oxidizing agents, like molecular oxygen ends up producing
water as the only by-product. Therefore, it has received
This journal is © The Royal Society of Chemistry 2017
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increasing attention from the economic and environmental
point of views.10,11 Various methods that utilize molecular
oxygen for the oxidation of alcohols have been exploited using
precious metals such as, gold, palladium,12 platinum13,14 and
ruthenium15,16 as heterogeneous catalysts with excellent cata-
lytic performances and selectivities, but the high cost and lack
of availability of these noble metals limits their applications.
Therefore, many efforts have been carried out in order to
explore environmentally friendly and low cost catalysts such as
non-noble metals or transition metals like, Cu,17,18 Co,19 Ni,20,21

Fe,22 V,23 Ag,24,25 Cr,26,27 Mo,28 Re,29,30 and Os31 for aerobic
oxidation of alcohols. It has been widely reported that the
catalytic property of the mixed metal oxide nanoparticles as
catalysts enhanced remarkably upon doping with other metals
which may be owing to the metal nanoparticles having high
surface area.32,33

Graphene is a single layer of sp2 hybridized carbon atoms in
a closely packed honeycomb two-dimensional (2D) lattice. Ever
since its isolation for the rst time in 2004, a plethora of
publications have been reported due to its amazing properties
such as high electron mobility (250 000 cm2 V�1 s�1),34

extraordinary thermal conductivity (5000 W m�1 K�1),35 an
electrical conductivity of up to 6000 S cm�1 (ref. 36) and an
extremely high theoretical specic surface area of 2630 m2 g�1

(ref. 37) and wide applications.38 The extraordinary catalytic,
magnetic and electronic properties of metal or metal oxide
based graphene nanocomposites have increased its use on
industrial scale such as sensors,39–41 drug delivery,42,43 water
purication,44 supercapacitor,45–47 solar cells,48,49 lithium ion
batteries,50 and catalysis.51,52

In the eld of catalysis, so far, graphene based materials i.e.
graphene oxide (GO) or highly reduced graphene oxide (HRG)
are mostly used as catalyst support for metal and/or metal oxide
nanoparticles.53 HRG has been used as promising material for
catalyst supports in oxidation reactions due to the presence of
carbon vacancies or topological defects present on the surface,
which assist in enhancing the possibility of sorption and
intercalation of ions and molecules54 along with extremely high
specic surface area, leads to excellent catalytic performance.
The combination of metal nanoparticles with carbon supports
have also been reported to be efficient catalyst's for several
chemical reactions such as synthesis of aniline from nitroben-
zene,55 methanol oxidation,56 ethylene glycol oxidation,57 formic
acid oxidation,58 oxidation of glucose,59 reductive amination of
aldehydes,60 reduction of benzylic alcohols61 and Suzuki
coupling reaction.62

In this contribution, we have developed nanostructured
mixed metal oxides based nanostructured materials as hetero-
geneous catalysts for the aerobic oxidation of alcohols,24,33,63

which showed quite promising results. However, the design of
suchmaterials require better strategies leading to the formation
of electrically and chemically stable systems, with high surface
area and being able to transfer the charges more efficiently. The
highly reduced graphene oxide (HRG) fulls these criteria.
Therefore, the present work focuses to improve the catalytic
activities of mixed metal oxides based catalyst for the oxidation
of benzylic alcohols by incorporating the highly reduced
This journal is © The Royal Society of Chemistry 2017
graphene oxides (HRG) which helps in better transferring the
electron through carbon skelton64,65 and at the same time
provides a very high surface area support for the catalyst.

Here we report on the synthesis of composites based on HRG
with mixed oxides, zirconia (ZrOx) doped manganese carbonate
(MnCO3) i.e. ZrOx(1%)–MnCO3 by varying the amount of HRG as
illustrated in system (Scheme 1). These catalysts are employed
for the aerobic oxidation of benzylic alcohols in order to
comprehend the effect of HRG on the catalytic performance.
The as-synthesized nanocomposites are evaluated as catalyst for
the selective oxidation of benzylic alcohols to corresponding
aldehydes in liquid-phase using green procedure, i.e. using
molecular oxygen as an oxidizing agent. To the best of our
knowledge, this is the rst report on the nanocomposites
involving zirconia, manganese carbonate and HRG as a catalyst
for aerobic oxidation of alcohols. The nanocomposite catalyst
has been characterized with various types of techniques such as
scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), powder X-ray diffraction (XRD), thermog-
ravimetric analysis (TGA), Brunauer–Emmett–Teller (BET)
surface area measurement, Raman spectroscopy and Fourier
transform infrared (FT-IR) spectroscopies.
Experimental
Preparation of highly reduced graphene oxide (HRG)

Firstly, graphene oxide (GO) was synthesized from graphite
using Hummers method.66 The graphene oxide (200 mg) was
rst dispersed in 40 mL distilled water and sonicated for
30 min. The suspension was heated to 100 �C subsequently
6 mL of hydrazine hydrate was added to the suspension. The
suspension is then kept at 98 �C for 24 h. The reduced graphene
was collected by ltration in the form of black powder. The
obtained material was washed using distilled water several
times to remove any excessive hydrazine and was subjected to
sonication. The suspension was centrifuged at 4000 rpm for
3 min to remove bulk graphite. The nal product was collected
using vacuum ltration and dried under vacuum.
Synthesis of ZrOx(1%)–MnCO3/(X%)HRG nanocomposites

ZrOx(1%)–MnCO3/(X%)HRG nanocomposites were synthesized
by co-precipitation method (where X ¼ 0–7). In a typical
synthesis stoichiometric amount of manganese(II) nitrate-tetra-
hydrate (Mn(NO3)2$4H2O) and zirconium nitrate (Zr(NO3)2) and
highly reduced graphene oxide (HRG) were mixed in a round
bottomed ask and subjected to ultrasonication for 30 min. The
resulting solution was heated to 80 �C, under vigorously stirring
using a mechanical stirrer and 0.5 M solution of sodium
bicarbonate (NaHCO3) was added drop wise by using burette
until the solution attained a pH 9. The solution was continued
to stir at the same temperature for about 3 hours followed by
stirring over night at room temperature. The solution was
ltered using a Buchner funnel under vacuum and dried at
70 �C overnight in an oven. The resulting powder was calcined
at various temperatures (i.e. 300, 400 and 500 �C).
RSC Adv., 2017, 7, 55336–55349 | 55337
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Scheme 1 Synthetic representation of ZrOx(X)–MnCO3/(X%)HRG followed by calcination at 500 �C to prepare ZrOx(X)–Mn2O3/(X%)HRG.
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Catalyst characterization

Scanning electron microscopy (SEM) and elemental analysis
(energy dispersive X-ray analysis: EDX) were carried out using
Jeol SEM model JSM 6360A (Japan). This was used to determine
the morphology of nanoparticles and its elemental composi-
tion. Powder X-ray diffraction studies were carried out using
Altima IV [Make: Regaku] X-ray diffractometer. Fourier Trans-
form Infrared Spectroscopy (FT-IR) spectra were recorded as
KBr pellets using a Perkin-Elmer 1000 FT-IR spectrophotom-
eter. BET surface area was measured on a NOVA 4200e surface
area & pore size analyzer. Thermogravimetric analysis was
carried out using Perkin-Elmer thermogravimetric analyzer 7.
General procedure for alcohol oxidation

In a typical procedure, oxidation of benzyl alcohol was carried
out in glass ask equipped with a magnetic stirrer, reux
condenser, and thermometer. The mixture of the benzyl alcohol
(2 mmol), toluene (10 mL), and the catalyst (0.3 g) was trans-
ferred in a three-necked round-bottomed ask (100 mL), the
resulting mixture was heated to desired temperature with
vigorous stirring. The oxidation experiment was started by
bubbling oxygen gas at a ow rate of 20 mL min�1 into the
reaction mixture. Aer the reaction, the solid catalyst was
ltered off by centrifugation and the liquid products were
analyzed by gas chromatography to determine the conversion of
the alcohol and product selectivity by (GC, 7890A) Agilent
Technologies Inc, equipped with a ame ionization detector
(FID) and a 19019S-001 HP-PONA column.
Fig. 1 XRD pattern of the (a) graphite, (b) GO, (c) HRG, (d) ZrOx(1%)–
MnCO3 and (e) ZrOx(1%)–MnCO3/(1%)HRG nanocomposite [arrow
mark indicating the presence of HRG].
Results and discussion
Characterization of the catalysts

X-ray diffraction (XRD). Fig. 1 shows XRD diffractograms of
the graphite powder, graphene oxide (GO), highly reduced
55338 | RSC Adv., 2017, 7, 55336–55349
graphene oxide (HRG), unsupported ZrOx(1%)–MnCO3, and
ZrOx(1%)–MnCO3/(1%)HRG nanocomposite. The XRD patterns
for the pristine graphite exhibited a sharp and single reection
at 2q ¼ 26.5� with a d-spacing of 3.37 Å.67 However, upon
oxidation the diffraction peak shied to 2q ¼ 11.8�. This shi
leads to an increase in interlayer spacing from 3.37 to 6.41 Å for
graphite and graphene oxide, respectively, because of the
introduction of different oxygen containing functionalities
between the graphite layers during the oxidation process.61 This
conrms the oxidation of graphite to graphene oxide. XRD
pattern of HRG exhibits broad diffraction peak at 2q ¼ 24.6�

which is a characteristic for the structure of HRG, indicating
the reduction of GO.68 As expected, in the XRD pattern of
ZrOx(1%)–MnCO3/(1%)HRG nanocomposite, in addition to the
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Raman spectra of (a) HRG, (b) ZrOx(1%)–MnCO3, and (c)
ZrOx(1%)–MnCO3/(1%)HRG nanocomposite.
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characteristic reections of ZrOx(1%)–MnCO3 a broad shoulder
(as indicated by arrow) at about 2q ¼ 24.6�, indicating the
presence of HRG in the composite.

Fourier transforms infrared spectrometer (FT-IR). The FT-IR
spectra of GO, HRG, and ZrOx(1%)–MnCO3/(1%)HRG samples
are shown in ESI (Fig. S1†). The FTIR spectrum of GO exhibits
a broad peak at �3440 cm�1 due to stretching of hydroxyl
groups (O–H) present on surface of GO, the absorption band at
1740 cm�1 is associated with (C]O) stretching of carboxylic
groups (–COOH) on the surface,69,70 and the band at 1630 cm�1

is assigned to the stretching vibration of carbon backbone
(C]C/C–C) from unoxidized in graphite lattice.71 The three
absorption peaks at 1397, 1225, 1060 cm�1 belong to the
stretching vibrations of (C–OH), (C–O–C) epoxy and (C–O)
alkoxy, respectively.72 For HRG, the broad absorptions at
1214 cm�1 corresponding to (C–OH) stretching vibration and
weak peak around 1634 cm�1 is related with (C]C) group due
Fig. 3 SEM images of (a) ZrOx(1%)–MnCO3, and (b) ZrOx(1%)–MnCO3/(1

This journal is © The Royal Society of Chemistry 2017
to the skeletal aromatic.69 However, by comparing the FT-IR
spectrum of GO with ZrOx(1%)–MnCO3/(1%)HRG nano-
composite clearly displays that the complete reduction of most
of oxygenated functional groups in the GO surface has occurred.
The strong bands at 1740, 1225, and 1060 cm�1 related to
(C]O), (C–O–C), and (C–O) stretching vibrations cannot be
observed comparing with GO, indicating that the oxygen con-
taining functional groups on GO surfaces were almost removed.
The FTIR spectra of ZrOx(1%)–MnCO3/(1%)HRG is dominated
by a peak at 1634 cm�1 corresponding to (C]C) stretching
modes assigned to the skeletal aromatic vibration and wide
absorption peak due to carbonate groups are observed at
1380 cm�1.73,74 Sharp absorption peak located at approximately
590 cm�1 is assigned to Mn–O vibrations.75

Raman spectra. Fig. 2 displays the Raman spectra of highly
reduced graphene oxide (HRG), ZrOx(1%)–MnCO3, and
ZrOx(1%)–MnCO3/(1%)HRG nanocomposite. The characteristic
peak at 1080 cm�1 is attributed to MnCO3 and appeared in both
ZrOx(1%)–MnCO3 as well as ZrOx(1%)–MnCO3/(1%)HRG nano-
composite.76 Also, the existence of highly reduced graphene
oxide in the ZrOx(1%)–MnCO3/(1%)HRG nanocomposite is
conrmed by the appearance of two main bands at �1580 and
1350 cm�1 respectively, usually denoted as D band and
G-band.77 The D band is related to the disorder carbon structure
induced by lattice defects and the G-band is associated to well-
ordered structure.78,79 Fig. 2a shows a HRG spectrum, the G and
the D bands are located at 1595 and 1360 cm�1, respectively.80,81

Compared with HRG, the G characteristic band in ZrOx(1%)–
MnCO3/(1%)HRG is shied by �15 cm�1 from 1595 to
1580 cm�1, whereas a slight shi was observed in the D-band
from 1360 to 1350 cm�1, indicating that the strong coupling
between the MnCO3 and highly reduced graphene oxide.75,82

Scanning electron microscopy (SEM). The size and
morphology of the as synthesized ZrOx(1%)–MnCO3 and highly
reduced graphene oxide supported ZrOx(1%)–MnCO3/(1%)HRG
catalyst obtained by co-precipitation is monitored using scan-
ning electron microscopy (SEM). Fig. 3 shows the SEM micro-
graphs of the pure ZrOx(1%)–MnCO3 aer calcining at
%)HRG nanocomposite.

RSC Adv., 2017, 7, 55336–55349 | 55339
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Fig. 4 TGA curves of (a) graphite, (b) graphene oxide (GO), (c) highly
reduced graphene oxide (HRG), (d) ZrOx(1%)–MnCO3, and (e)
ZrOx(1%)–MnCO3/(1%)HRG.
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temperatures 300 �C (Fig. 3a) and HRG supported ZrOx(1%)–
MnCO3/(1%)HRG (Fig. 3b). The pure ZrOx(1%)–MnCO3 catalyst
show well-dened cuboidal shape particles with size of
particles in the micron meter but interestingly HRG supported
ZrOx(1%)–MnCO3/(1%)HRG (Fig. 3b), shows aggregation of
rather smaller size crystals which looks like grown on the
surface through surface nucleation/growth process. The
composition of the catalyst is determined using EDX and stays
within experimental error to the theoretical composition given
in ESI (Table S1†).

Thermal stability. Thermogravimetric analysis (TGA)
conrms the complete conversion of graphene oxide to HRG
nano-sheets with hydrazine hydrate as reductant and thermal
stability of the prepared catalyst. Fig. 4 displays the TGA
patterns for the graphite, graphene oxide, highly reduced gra-
phene oxide, ZrOx(1%)–MnCO3 and ZrOx(1%)–MnCO3/(1%)
HRG nanocomposite respectively. The thermal stability of gra-
phene oxide is much lower than the pristine graphite.83 The
thermogram obtained for pristine graphite shows that it
undergoes a total weight loss of �1%,84 while graphene oxide
undergoes a weight loss of �65% within the experimental
temperature range, which is very much in accordance with the
previously reported literature.71,85 The TGA curve of highly
reduced graphene oxide (HRG) exhibited overall weight loss of
Table 1 Influence of calcination temperature on the catalytic performa

Entry Catalyst T (�C) SA (

1 ZrOx(1%)–MnCO3 300 133
2 ZrOx(1%)–MnCO3/(1%)HRG 300 211
3 ZrOx(1%)–Mn2O3 500 17
4 ZrOx(1%)–Mn2O3/(1%)HRG 500 60

a Reaction conditions: 2 mmol of benzyl alcohol, 300 mg of catalyst, oxy
toluene, and 9 min of reaction time.

55340 | RSC Adv., 2017, 7, 55336–55349
around 20% at the same temperature range due to the reduction
of the oxygen containing functional groups. The ZrOx(1%)–
MnCO3/(1%)HRG nanocomposite displayed total weight loss
less than 18% in the identical temperature range (Fig. 4e),
which is slightly more than the weight loss evident from the
degradation pattern of ZrOx(1%)–MnCO3 indicating that effec-
tive reduction of graphene oxide to HRG by eliminating most of
the oxygen carrying functionalities like hydroxyl, carboxyl,
epoxy, and carbonyl groups.86

Surface-area measurements. To understand the relationship
between the effectiveness of surface area of the synthesized
catalyst and he catalytic activity for oxidation process, the BET
analysis is carried out as shown in the Table 1. From the results
obtained, it is found that the specic surface area of the catalyst
ZrOx(1%)–MnCO3 calcined at 300 �C was about 133.6 m2 g�1,
while the catalyst having (1%)HRG i.e. ZrOx(1%)–MnCO3/(1%)
HRG has surface area 211.03 m2 g�1. The effect of HRG had
explicit impact on the surface area of the catalyst, which in turn
had an impact on the catalytic performance of catalyst, which
will be discussed later.

Catalytic tests. The prepared material is explored for its
catalytic performance as an oxidation catalyst using oxidation of
benzyl alcohol to benzaldehyde as model reaction. Different
catalysts are prepared by varying the percentage of HRG in the
catalyst and calcination temperature. In addition, the inuence
of amount of catalyst, reaction time, and the reaction temper-
ature is explored in detail.

Role of HRG on the catalytic performance. The catalytic
performance of the catalyst can be ne-tuned using appropriate
support or promoter.87–92 From our previously reported study, it
was found that ZrOxwas found to be a very good promoter to the
catalyst MnCO3, and ZrOx(1%)–MnCO3 was found to be the best
catalyst for the oxidation of benzyl alcohol to benzaldehyde. In
this study the catalyst ZrOx(1%)–MnCO3 was selected and is
further modied by addition of HRG in order to further ne-
tune its catalytic performance. In the rst place, efforts were
directed towards identifying the appropriate amount of HRG
(%) support/promoter in the catalyst. The catalytic studies
revealed that the catalytic performance of the catalyst decreased
drastically upon increasing the amount of HRG as support.
Therefore, another attempt was made to use HRG as promoter.
Various catalysts with varying the percentage of HRG, i.e. 1%,
3% 5%, 7% HRG in the catalytic system were prepared and
tested for their catalytic performance as oxidation catalyst. The
catalyst ZrOx(1%)–MnCO3 modied with addition of 1% HRG,
ncea

m2 g�1) Conv. (%)
Sp. activity
(mmol g�1 h�1) Sel. (%)

.6 74.2 32.97 <99

.0 100.0 44.44 <99

.5 17.1 2.87 <99

.51 59.24 26.33 <99

gen with rate 20 mL min�1, reaction temperature at 100 �C, 10 mL of

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Graphical representation of benzyl alcohol oxidation catalyzed
by (a) ZrOx(1%)–MnCO3, (b) ZrOx(1%)–MnCO3/(1%)HRG, (c) ZrOx(1%)–
MnCO3/(3%)HRG, (d) ZrOx(1%)–MnCO3/(5%)HRG, and (e) ZrOx(1%)–
MnCO3/(7%)HRG.

Fig. 6 Time vs. conversion plot in the aerobic oxidation of benzyl
alcohol catalyzed by (a) ZrOx(1%)–MnCO3, (b) ZrOx(1%)–MnCO3/(1%)
HRG, (c) ZrOx(1%)–Mn2O3, and (d) ZrOx(1%)–Mn2O3/(1%)HRG.
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i.e. ZrOx(1%)–MnCO3/HRG(1%) composites improved the cata-
lytic activity drastically. The ZrOx(1%)–MnCO3/(1%)HRG
composite was able to yield a 100% conversion product of
benzaldehyde within 9 min of reaction time with very high
specic activity 44.44 mmol g�1 h�1 given in ESI (Table S2,†
entry 3). Further modications were carried out by increasing
the amount (wt%) of HRG with 3%, 5% and 7% of HRG.
However, increasing the amount of HRG, led to a slight decrease
in the catalytic performance, which resulted in the decrease of
the oxidation product formed i.e. 93.3%, 84.1% and 67.3%
benzaldehyde conversion product respectively (Table S2,†
entries 4–6). It can be concluded that the highest yields of
conversion product is obtained using 1 wt% of HRG as
promoter for ZrOx nanoparticles doped MnCO3 within 9 min
(Table S2,† entry 3) and also conrm that the HRG plays an
important role as promoter in the enhancement of catalytic
efficiency for the oxidation of benzyl alcohol. The plausible
mechanism for catalytic enhancement could be the role of
highly reduced graphene to increase the lifetime of charge
carriers, which ultimately reacts withmolecular oxygen to create
reactive oxygen species to enhance the catalytic oxidation
reaction. In order to understand that the HRG is just playing
a role of a promoter and is not a catalyst, the catalytic activity of
pure HRG (300 mg) for the aerobic oxidation of benzyl alcohol
under similar conditions is studied. It is found that HRG yields
only �3% conversion product i.e. benzaldehyde, which indi-
cates that it is not an active catalyst for the oxidation of benzyl
alcohol. The obtained results are plotted in Fig. 5 and tabulated
in Table S2.† Hence, from the results obtained it can be
concluded that the catalyst ZrOx(1%)–MnCO3/(1%)HRG was the
best among the all synthesized catalysts and based on these
ndings it is selected for the optimization of various other
parameters.85

Effect of calcination temperature on the catalytic perfor-
mance. Calcination has a profound effect on the composition of
the material prepared, with its such as changes in the oxide
composition, surface morphology and surface area. These
factors in turn, effects the catalytic performance of the material.
Therefore, as synthesized composites are subjected to calcina-
tion process under atmospheric air at 300, and 500 �C. The
calcined product are tested for their catalytic performance as
oxidation catalyst. The results revealing the effect of calcination
temperature are plotted in Fig. 6 and tabulated in the Table 1.
The results obtained revealed that the calcination treatments of
the nanocomposites has an inhibiting effect on the catalytic
performance i.e. oxidation process with a decrease in the
conversion of the oxidation product.93 The catalyst calcined at
300 �C i.e. ZrOx(1%)–MnCO3/(1%)HRG exhibited the highest
catalytic performance which yielded a 100% of benzaldehyde
from the oxidation of benzyl alcohol within a reaction time of
9 min. While, the catalysts calcined at 500 �C, yielded a 59%
conversion of benzyl alcohol within the same reaction time
under similar circumstances. The specic activity in case of
catalyst calcined at 300 �C i.e. ZrOx(1%)–MnCO3/(1%)HRG was
determined to be 44.44 mmol g�1 h�1, whereas in case of
catalysts calcined at 500 �C i.e. ZrOx(1%)–Mn2O3/(1%)HRG was
found to decrease to 26.33 mmol g�1 h�1. When the results
This journal is © The Royal Society of Chemistry 2017
obtained are compared to the catalyst without HRG i.e.
ZrOx(1%)–MnCO3, it was found that under similar reaction
conditions and within 9 min of reaction time, the
conversion product obtained was only 74%. The specic activity
of the catalyst i.e. ZrOx(1%)–MnCO3, was found to be
32.97 mmol g�1 h�1, which was 1.35 times lesser than specic
activity of the catalyst containing HRG. Interestingly, the results
obtained from the catalytic evaluation can be correlated to the
surface area values (BET measurements) of the prepared cata-
lyst as well. Nevertheless, the selectivity towards benzaldehyde
was almost independent of surface area. The obtained results
include benzyl alcohol conversion, surface area, specic activity
and selectivity over the catalyst are listed in Table 1.

Effect of reaction temperature on the catalytic performance.
Reaction temperature also inuence catalytic performance;
RSC Adv., 2017, 7, 55336–55349 | 55341
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Table 2 The influence of amount of catalyst ZrOx(1%)–MnCO3/(1%)
HRGa

Entry
Catalyst amount
(mg) Conv. (%)

Sp. activity
(mmol g�1 h�1) Sel. (%)

1 100 22.2 66.48 <99
2 200 42.0 63.03 <99
3 300 61.6 61.57 <99
4 400 81.4 61.06 <99
5 500 100.0 60.00 <99

a Reaction conditions: 2 mmol of benzyl alcohol, calcination
temperature at 300 �C, oxygen with rate 20 mL min�1, reaction
temperature at 100 �C, 10 mL of toluene, and 4 min of reaction time.
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hence, a study was carried out by varying the reaction temperate
from 20 �C to 100 �C, such as 20, 40, 60, 80 and 100 �C for the
aerobic oxidation of benzyl alcohol over the ZrOx(1%)–MnCO3/
(1%)HRG under similar conditions. The results obtained are
tabulated in ESI (Table S3†), the graphical representation of the
conversion product (percentage) obtained is given in Fig. 7. The
obtained results indicated that the temperature plays an
essential role on rate of oxidation of benzyl alcohol, for
example, as compared to the reaction carried out at 20 �C,
(38.4%), under identical conditions a 100% conversion product
and >99% selectivity towards benzaldehyde was observed at
100 �C. To our observation, best results were obtained by
maintaining the reaction temperature at 100 �C to achieve an
optimum activity of the catalyst ZrOx(1%)–MnCO3/(1%)HRG.

Effect of catalyst amount on the catalytic performance. The
role of catalyst amount during the oxidation of benzyl alcohol to
benzaldehyde was assessed by varying the amount of catalyst
from 100 mg to 500 mg, while other optimized parameters were
unchanged (Table 2). The results obtained clearly displays that
as the amount of catalyst is decreased from 500 mg, which was
used in all earlier studies, the conversion product formed also
decreases. When 100 mg of catalyst is used the percentage of
conversion product formed was about 22%, while with the
500 mg of catalyst is employed it yielded 100% conversion
within extremely short reaction time (4min) under similar set of
reaction conditions. Moreover, there is no effect on the selec-
tivity. A linear correlation is found between the amount of
catalyst and conversion of benzyl alcohol as shown in Fig. 8.

In order to conrm that the oxidized product i.e. benzalde-
hyde, is actually obtained by the oxidation of benzyl alcohol and
not upon oxidation of toluene (solvent), the oxidation process is
performed without the substrate i.e. benzyl alcohol, under
optimum conditions. It is found that no desired oxidation
product (benzaldehyde) was detected. Accordingly, it can be
deduced that the oxidation product obtained is formed because
of the catalytic oxidation of benzyl alcohol and not from the
oxidation of toluene. Likewise, a blank experiment was
Fig. 7 Effect of reaction temperature on the oxidation of benzyl
alcohol over ZrOx(1%)–MnCO3/(1%)HRG.

55342 | RSC Adv., 2017, 7, 55336–55349
conducted in the absence of the catalyst under similar condi-
tions to assure that the oxidation product is being obtained due
to the catalytic performance of the catalyst and not due to the
self-oxidation of benzyl alcohol.

The plausible mechanism based on literature, spectroscopic
data available and our previous experience could involve the
following steps; (i) the ZrOx dispersed on MnCO3 will provide
basic sites to promote the dehydrogenation step of the
alcohol94,95 (ii) the MnCO3 in the presence of molecular oxygen
oxidized easily to high-valent Mn; most likely to g-MnOOH96,97

and organic molecule oxidizes at the expense of these high-
valent Mn active sites. (iii) The HRG in this case, promotes
the reaction by assisting in fast transferring the charges for the
re-oxidation of the Mn2+ species back into its high valance state
Mn4+ (g-MnOOH), which is formed during the transfer of lattice
oxygen to benzyl alcohol resulting in the formation of reactive
carbocation species. During this process the carbocation can be
rapidly deprotonated to benzaldehyde and the reduced Mn2+

species is oxidized to Mn4+.
Oxidation of various benzylic and aliphatic alcohols. The

catalyst (ZrOx(1%)–MnCO3/(1%)HRG) is also examined under
optimized conditions for the oxidation of a wide range of
derivatives of benzyl alcohol and citronellol (as an aliphatic
Fig. 8 Effect of catalyst amount on the benzyl alcohol conversion
over ZrOx(1%)–MnCO3/(1%)HRG.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Aerobic oxidation of benzyl alcohol derivatives using ZrOx(1%)–MnCO3/(1%)HRG nanocompositea

R. No. Reactants Products Time (min) Conv. (%) Sel. (%)

1 4 100 >99

2 4 100 >99

3 4 100 >99

4 5 100 >99

5 6 100 >99

6 5 100 >99

7 5 100 >99

8 6 100 >99

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 55336–55349 | 55343
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Table 3 (Contd. )

R. No. Reactants Products Time (min) Conv. (%) Sel. (%)

9 6 100 >99

10 6 100 >99

11 6 100 >99

12 7 100 >99

13 6 100 >99

14 8 100 >99

15 7 100 >99

55344 | RSC Adv., 2017, 7, 55336–55349 This journal is © The Royal Society of Chemistry 2017
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Table 3 (Contd. )

R. No. Reactants Products Time (min) Conv. (%) Sel. (%)

16 7 100 >99

17 11 100 >99

18 12 100 >99

19 13 100 >99

20 15 100 >99

21 80 100 >99

a Reaction conditions: 2 mmol of alcohol, 0.5 g of catalyst amount, calcination temperature at 300 �C, oxygen with rate 20 mL min�1, reaction
temperature at 100 �C, and 10 mL of toluene.
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alcohol) using molecular O2. The results were compiled in
Table 3. Under the optimized reaction conditions, various
benzylic alcohols (2 mmol) in toluene (10 mL) and oxygen ow
rate (20 mL min�1) at 100 �C reaction temperature and 500 mg
of catalyst calcined at 300 �C were oxidized to their corre-
sponding aldehydes at different reaction times. According to
Table 3, all substituted benzyl alcohols are smoothly converted
This journal is © The Royal Society of Chemistry 2017
into corresponding aldehydes with 100% convertibility in rela-
tively short reactions times (Table 3, entries 1–20). In addition,
more than 99% selectivity toward corresponding aldehydes is
achieved in all oxidation experiments and no over-oxidation
such as carboxylic acids is detected in the reaction mixture.
Traditionally, the oxidation of aliphatic alcohols is much more
difficult than aromatic.98,99 In this context, the oxidation of
RSC Adv., 2017, 7, 55336–55349 | 55345
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aliphatic alcohol such as citronellol is a relatively slow with
respect to aromatic alcohols, may be due to the absence of
conjugation in the b-position of the hydroxyl group. As ex-
pected, citronellol required longer reaction time to complete
conversion to citronellal (Table 3, entry 21). Therefore, it can be
said that the prepared catalyst have higher activity towards
oxidation of aromatic alcohols than aliphatic alcohols. The
obtained results clearly showed that electronic effects play an
essential role on the rate of the oxidation process. The electron-
rich benzylic substrates containing electron-donating groups
are found to be most reactive and exhibit shorter oxidation
times, whereas times for electron-decient benzylic alcohols are
longer.100,101 Oxidation of derivatives of benzyl alcohol bearing-
electron donating groups such as (–CH3, –OCH3, –OH, and
–C(CH3)3) resulted in formation of the corresponding aldehyde
derivatives with complete conversions in relatively short reac-
tion times. Whilst, the substitution with electron withdrawing
groups such as (–Cl, –F, –NO2, and –CF3) decreases the rate of
reaction and needed a longer time for a complete conversion.
The increase in conversion% in case of substrates containing
electron donating groups may be attributed to the adequate
electron density in the active center, as compared to the
benzylic alcohols with electron withdrawing groups.102,103 For
instance, the benzylic alcohol with a para-electron donating
group such as 4-methylbenzyl alcohol is completely oxidized to
its corresponding aldehyde only in 4 min (Table 3, entry 2).
Whereas, 4-(triuoromethyl)benzyl alcohol which bearing
a para-electron withdrawing group, require longer reaction time
(7 min) (Table 3, entry 15). On the other hand, para-substituted
alcohols give complete conversion aer shorter reaction periods
relative to ortho- and meta-substituent, possibly due to para-
position has minimum steric hindrance in comparison to other
derivatives.104,105 For instance, para-nitrobenzyl alcohol was
completely converted to its corresponding aldehyde within only
8 min (Table 3, entry 14), while for meta- and ortho-nitrobenzyl
Table 4 Comparison of the ZrOx(1%)–MnCO3/(1%)HRG nanocomposite
graphene support

Catalyst Conv. (%) Sel. (%)

ZrOx(1%)–MnCO3/(1%)HRG 100 <99
ZrOx(1%)–MnCO3 100 <99
1%RGO–MnCoO 78 100
Au NPs-HRG 75 <99
Pd/GO 36.2 34.1
Ag NPs/rGO 12 8
Ag NPs/GO 33 55
Au/RGO 65 93
GO–N–PW 76 99
GO-100 100 100
CoOx/RGO-HP 96 <99
FeOx/RGO-HP 64 <99
NiOx/RGO-HP 28 <99
Fe3O4–Pt/rGO 33.6 100
Au/NG-4.0 67 40
APTMS/GO 97 93
Pd(II)-AAPTMS@GO 96 99
TiO2-0.1% GR 60 <99

55346 | RSC Adv., 2017, 7, 55336–55349
alcohol are completely oxidized into their corresponding alde-
hydes aer relatively longer time 11 and 13 min, respectively as
compared to the para-substituent (Table 3, entries 17 and 19).
Steric hindrance is also a signicant factor that affects the rate
of the oxidation reactions, the bulky groups such as (2,3,4-Tri-
OMe, –C(CH3)3, –CF3, 2,4-DiCl and 2,3,4,5,6-pentauoro)
attached to the benzyl alcohol decreases the performance of
oxidation reaction and required longer reaction time. This is
probably due to the presence of the steric resistance that hinder
the oxidation of the bulky substituents benzylic alcohols (Table
3, entries 12, 15, 16, 18, 20).106 Therefore, it can be concluded
that the catalytic oxidation of benzyl alcohol derivatives cata-
lyzed using ZrOx(1%)–MnCO3/(1%)HRG nanocomposite is
affected by two factors, electronic density and steric hindrance.

To compare our catalyst with the previously reported
catalysts, the obtained results of the catalytic performance
of ZrOx(1%)–MnCO3/(1%)HRG nanocomposite has been
compared with previously reported catalysts possessing gra-
phene in the catalytic system employed for the oxidation of
benzyl alcohol. The comparison is made with respect to their
conversions, selectivity, reaction times, specic activities, and
reaction temperatures and the ndings are compiled in Table 4.
From the information compiled in Table 4, it can be understood
that the catalyst reported in this study allowed the oxidation of
benzyl alcohol derivatives in relatively short reaction times
under mild reaction conditions as compared to the methods
described in the literature. Among all these, the synthesized
ZrOx(1%)–MnCO3/(1%)HRG nanocomposite (from present
study) exhibited highest specic activity.

Catalyst reusability. The recycling of the catalyst has
tremendous importance from industrial usage point, therefore,
the reusability and stability of ZrOx(1%)–MnCO3/(1%)HRG
catalyst for the selective oxidation of benzyl alcohol using
molecular oxygen is examined under similar conditions. Aer
the completion of reaction, the solvent was evaporated and
for the oxidation of benzyl alcohol with earlier reported catalyst with

Temp. (�C) Time
Sp. activity
(mmol g�1 h�1) Ref.

100 4 min 60.0 This work
100 5 min 48.0 63
140 2 h 12.64 90
130 4 h 23.15 85
110 6 h 0.97 87
80 24 h 1.0 107
80 24 h 2.75 107
100 8 h 5.42 89
100 6 h 10.57 108
80 2 h 1.11 71
110 6 h 14.8 109
110 6 h 9.87 109
110 6 h 4.32 109
80 3 h 42.0 91
70 6 h 0.37 110
65 20 min 14.55 111
60 3 h 2.13 112
hn 4 h 0.94 92

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Recyclability of ZrOx(1%)–MnCO3/(1%)HRG nanocomposite in
the aerobic oxidation of benzyl alcohol. Reaction conditions: 2 mmol
of benzyl alcohol, 0.5 g of catalyst, 10 mL of toluene, calcination
temperature at 300 �C, oxygen with flow rate 20 mL min�1 at 100 �C
for 4 min.
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fresh toluene was added and the used catalyst is separated
using centrifugation. The used catalyst is washed sequentially
with toluene and dried at 100 �C for 4 h. The recovered
ZrOx(1%)–MnCO3/(1%)HRG was then re-used for the same
reaction under similar reaction conditions and the conversion
product was monitored using GC. Aer ve consecutive cycles,
there is no appreciable loss in the catalytic activity of the recy-
cled catalyst i.e. ZrOx(1%)–MnCO3/(1%)HRG. The conversion of
benzyl alcohol decreases gradually from 100% to 92% aer ve
runs while the selectivity towards benzaldehyde remains
unchanged i.e. <99% during all recycling experiments. The
decrease in the catalytic performance is partly attributed to the
mass loss during the ltration method.113 Therefore, it can be
said that the ZrOx(1%)–MnCO3/(1%)HRG nanocomposite is
a stable catalyst. The results obtained from this study are rep-
resented in Fig. 9. Moreover, the used catalyst retained its phase
and crystallinity even aer 5 cycles (Fig. S2†).
Conclusion

In conclusion, we present here an efficient ZrOx doped MnCO3

on highly reduced graphene oxide catalyst for the selective
oxidation of derivatives of benzyl alcohol to corresponding
aldehydes using green procedure, i.e. using molecular O2 as an
environmentally friendly oxidizing agent under base-free
condition. A complete benzyl alcohol conversion (100%) was
achieved within only 4 min along with 60.0 mmol g�1 h�1

specic activity, which is higher than the specic activity of
many catalysts already reported. Moreover, the selectivity ob-
tained for corresponding aldehydes is very high i.e. >99%, for all
the alcohols used in the present work. The performance of the
catalytic protocol has remarkably improved upon addition of
HRG for the selective oxidation of alcohols. Broad range of
substituted benzyl alcohols were evaluated for selective oxida-
tion to corresponding aldehydes, a 100% conversion product
with >99% selectivity with short reaction times were obtained
This journal is © The Royal Society of Chemistry 2017
under mild reaction conditions. The oxidation of benzylic
alcohols bearing electron-donating groups required shorter
reaction times than those containing electron-withdrawing or
bulky groups to corresponding aldehydes. Moreover, the
oxidation of aliphatic alcohols such as citronellol is more
difficult than benzylic alcohols, which may be due to lack of the
conjugation. The as-prepared catalyst exhibits remarkable
recyclability, excellent performance for its reuse and product
selectivity stayed roughly unchanged (above 99%). The apparent
merits of our catalytic protocol are: (a) benign synthetic meth-
odology; (b) environmentally friendly oxidant; (c) no additives
or bases are required for the oxidation process; (d) mild reaction
conditions; (e) complete convertibility; (f) complete selectivity;
(g) short reaction time; and (h) reusable heterogeneous catalyst.
All these superiorities will give rise to this protocol to be very
much benecial and applicable for the alcohol oxidation.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors extend their appreciation to the Deanship of
Scientic Research at King Saud University for funding this
work through the research group project No. RG-1436-032.

References

1 C. Della Pina, E. Falletta and M. Rossi, Chem. Soc. Rev.,
2012, 41, 350–369.

2 Y. Yu, B. Lu, X. Wang, J. Zhao, X. Wang and Q. Cai, Chem.
Eng. J., 2010, 162, 738–742.

3 Y. Lu, J. Bradshaw, Y. Zhao, W. Kuester and D. Kabotso, J.
Phys. Org. Chem., 2011, 24, 1172–1178.

4 Z. Du, J. Ma, H. Ma, J. Gao and J. Xu, Green Chem., 2010, 12,
590–592.

5 R. Yamamoto, Y.-s. Sawayama, H. Shibahara, Y. Ichihashi,
S. Nishiyama and S. Tsuruya, J. Catal., 2005, 234, 308–317.

6 C. Della Pina, E. Falletta and M. Rossi, J. Catal., 2008, 260,
384–386.

7 B.-Z. Zhan and A. Thompson, Tetrahedron, 2004, 60, 2917–
2935.

8 R. A. Sheldon, I. W. Arends, G.-J. Ten Brink and
A. Dijksman, Acc. Chem. Res., 2002, 35, 774–781.

9 J. March, Advanced organic chemistry: reactions, mechanisms,
and structure, John Wiley & Sons, 1992.
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