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a  b  s  t  r  a  c  t

A  series  of  Co–ZnO  catalysts  with  varying  Co  to Zn  ratio  were  prepared  by  co-precipitation  method  and
these  were  characterized  by  X-ray  diffraction,  temperature  programmed  reduction,  H2 chemisorption,
X-ray  photoelectron  spectroscopy  and transmission  electron  microscopy.  The  developed  catalysts  were
evaluated  for  selective  hydrogenolysis  of  glycerol  to 1,2-propanediol.  Glycerol  conversion  was  found
to be  dependent  on the  ratio  of Co to  ZnO  and  a  weight  ratio  Co/Zn  of  50:50  was  shown  about  70%
eywords:
lycerol
obalt oxide
inc oxide
ydrogenolysis
,2-Propanediol

glycerol  conversion  with 80%  selectivity  to  1,2-propanediol.  Glycerol  hydrogenolysis  activity  was  found
to  be related  to  Co  metal  area  as  well  as amount  of  ZnO  in  the  catalyst.  The  proposed  catalysts  were
stable  under  the  reaction  conditions  and  reusable  with  consistent  activity.  Different  reaction  parameters
were  studied  and  optimum  reaction  conditions  were  established.  A  kinetic  model  for  the  hydrogenolysis
reaction  was  also  derived.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Glycerol is a by-product in the preparation of biodiesel by trans-
sterification of vegetable oils or animal fats is being produced in
uge volumes and being accumulated worldwide with the expand-

ng demand for biodiesel production [1]. The present demand for
lycerol cannot compensate its production, and new efficient pro-
edures for the transformation of glycerol to valuable chemicals are
ighly desired [2]. In future, glycerol will be a cost-effective raw
aterial for the preparation of a wide range of valuable chemicals

nd fuel additives. Several routes are proposed for the conversion of
lycerol to various value-added chemicals [3]. One of the methods
or glycerol transformation is hydrogenolysis to 1,2-propanediol
4–6]. It is an attractive pathway as 1,2-propanediol is a major com-

odity chemical with a 4% annual market growth. 1,2-Propanediol
s widely used in the preparation of several industrially important
hemicals including unsaturated polyesters resins, functional fluids
antifreeze, de-icing, and heat transfer devices), pharmaceuticals,

ood, cosmetics, liquid detergents, tobacco humectants, flavors, fra-
rances, personal care, paints and animal feed [7–9]. Further there
s increasing demand for 1,2-propanediol in antifreeze and deicing
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926-860X/© 2014 Elsevier B.V. All rights reserved.
market due to the concern over toxicity of ethylene glycol based
products to humans and animals.

Acid or base catalysts are effective for the dehydration of
alcohols, whereas metals are effective for hydrogenation. For
hydrogenolysis of glycerol, metal–acid/base bifunctional catalysts
have been studied [8]. A variety of heterogeneous catalysts have
been tested for this reaction which can be classified mainly into
two groups. The first type of catalysts are based on noble metals
such as Rh, Ru, Pd, Ir, Re and Pt [10–15] and other type of cat-
alysts are non-noble metals such as Cu, Co and Ni [16–20]. The
Cu based catalysts are highly selective toward 1,2-propanediol as
compared to noble metal catalysts due to its lower activity for
C C bond cleavage. However, sintering of metal particles during
the course of reaction often resulted in catalyst deactivation. Also
it is reported that the conversion and selectivity of glycerol is
effected by the acidic [6,21,22] and basic promoters [23,24]. Com-
parison of different catalysts under neutral [4], acidic [6] and basic
conditions [7] have been reported in the literature. Guo et al. stud-
ied glycerol hydrogenolysis using Co supported on MgO  catalysts
resulting 44.8% glycerol conversion and 42.2% selectivity toward
1,2-propanediol [25]. Recently, Balaraju et al. reported Cu/MgO
catalysts for hydrogenolysis of glycerol with improved selectiv-

ity toward 1,2-propanediol [26]. However, with these catalysts
the glycerol conversion was found to be low and the problems
such as conversion of support MgO  to Mg(OH)2 and aggregation of
cobalt particles occurred during the reaction. Therefore, in order to

dx.doi.org/10.1016/j.apcata.2014.10.042
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vercome the above drawbacks, improved catalysts consisting of
o supported on ZnO are proposed for the selective hydrogenolysis
f glycerol to 1,2-propanediol.

In the present work, a series of Co–ZnO catalysts were pre-
ared with varying Co/Zn weight ratios and studied for selective
ydrogenolysis of glycerol. These catalysts were characterized by
mploying different spectroscopic methods. The derived physico-
hemical properties were correlated with the observed glycerol
ydrogenolysis activity. Further, the process conditions were opti-
ized to improve the conversion and selectivity. Finally a kinetic
odel was proposed for the glycerol hydrogenolysis.

. Experimental

.1. Catalyst preparation

Co–ZnO catalysts with varying Co/ZnO weight ratio were
repared using co-precipitation method. Calculated amounts of
queous solutions of Co(NO3)2·6H2O and Zn(NO3)2·6H2O were
aken and 0.5 M solution of potassium carbonate was added drop
ise with constant stirring until the pH of the solution becomes

0. The formed precipitate was kept on stirring for a period of 12 h.
he formed solid was collected by filtration and washed thoroughly
ith water to remove any traces of potassium. The sample was

hen dried in oven for overnight at 100 ◦C. The dried samples were
alcinated in air at 400 ◦C for 3 h to obtain final catalyst. Different
atalyst compositions were prepared by varying the amount of Co
n Co–ZnO from 20 to 70 wt%.

.2. Catalyst characterization

The surface area of the samples was measured by N2-
hysisorption at −196 ◦C using Micromeritics ASAP 2000. Approxi-
ately 0.2 g of sample was used for each analysis. The moisture and

ther adsorbed gases present in the sample were removed before
nalysis by degassing the sample at 200 ◦C.

X-ray powder diffraction (XRD) patterns of the catalysts were
ecorded on a Rigaku Miniflex X-ray diffractometer using Ni filtered
u K� radiation (� = 1.5406 Å) with a scan speed of 2◦ min−1 and a
can range of 10–80◦ at 30 kV and 15 mA.

Hydrogen chemisorption was carried out on a pulse adsorption
pparatus. Prior to adsorption measurements each catalyst sam-
le (100 mg)  was reduced in a flow of hydrogen (50 ml/min) at
50 ◦C for 2 h and flushed subsequently in pure Ar flow and cooled
o 150 ◦C in the same gas flow. H2 uptake was measured by injecting
umber of H2 pulses through a calibrated on-line sampling valve.
2 pulses were injected until there was no more adsorption by cat-
lyst. The metal surface area and particle size of the catalysts were
alculated assuming the stoichiometric factor for hydrogen atom
o Co as 1.

Temperature programmed reduction (TPR) of the catalysts was
arried out in a flow of 5% H2/Ar mixture gas at a flow rate of
0 ml/min with a temperature ramp of 10 ◦C/min. Before TPR run
he catalysts were pretreated in Ar at 300 ◦C for 2 h. The hydro-
en consumption was monitored using a thermal conductivity
etector.

X-ray photo electronic spectroscopy (XPS) measurements were
onducted on a KRATOS AXIS 165 with a DUAL anode (Mg  and
l) apparatus using Al K� anode. The non-monochromatized Al-K�

–ray source (h� = 1486.6 eV) was operated at 12.5 kV and 16 mA.
efore acquisition of data the sample was out-gassed for about
 h at 100 ◦C under vacuum of 1.0 × 10−7 Torr to minimize sur-
ace contamination. The XPS instrument was calibrated using Au as
tandard. For energy calibration, the carbon 1s photoelectron line
as used and the carbon 1s binding energy was taken as 285 eV.
 General 491 (2015) 155–162

Charge neutralization of 2 eV was used to balance the charge up of
the sample. The spectra were deconvoluted using Sun Solaris based
Vision-2 curve resolver. The location and the full width at half maxi-
mum (FWHM) value for the species were first determined using the
spectrum of pure sample. Symmetric Gaussian shapes were used
in all cases. Binding energies for identical samples were, in general,
reproducible within ±0.1 eV.

The morphology features of the catalysts were obtained by
transmission electron microscopy (TEM). TEM investigations were
carried out using Philips CM20 (100 kV) transmission electron
microscope equipped with a NARON energy-dispersive spectrom-
eter with a germanium detector. The specimens were prepared
by dispersing the samples in methanol using an ultrasonic bath
and evaporating a drop of resultant suspension onto the lacey
carbon support grid. The sizes of the catalyst particles were
measured by digital micrograph software (version 3.6.5, Gatan
Inc.).

Semi-quantitative chemical analyses on grains were carried out
using Hitachi S-3400N Scanning Electron Microscope coupled with
Energy Dispersive Spectrometer (SEM-EDS). Horiba EDS detector
was used for the analysis with operating conditions: accelerating
voltage of 15 kV beam current of 2.9 nA and measurement time 60 s.
Atomic ratios were calculated with the ZAF-4® program, which
performs the necessary corrections for the overlapping peaks of
different elements.

2.3. Glycerol hydrogenolysis activity measurements

Hydrogenolysis of glycerol was carried out in 100-mL Hasteal-
loy PARR 4843 autoclave. Prior to the experiment, the Co–ZnO
catalyst was  reduced at 450 ◦C for 2 h with a hydrogen flow of
60 ml/min. In a typical run, 20 g of the aqueous glycerol solution
(20 wt% glycerol) and 0.6 g of catalyst were loaded into the reactor.
The autoclave was purged with H2 flow to drive off the air present
in it. The glycerol hydrogenolysis reaction was conducted at a tem-
perature of 180 ◦C with a H2 pressure of 40 bar at a rotation speed
of 300 rpm. During the reaction, hydrogen pressure was  noticed
to be decreased and it was maintained by introducing additional
H2.

2.4. Analysis of glycerol hydrogenolysis products

After completion of the reaction, gaseous products were col-
lected in a gasbag and the liquid phase products were separated
from the catalyst by filtration. The liquid products were ana-
lyzed using a gas chromatograph (Shimadzu 2010) equipped with
a flame ionization detector by separating them on Inno wax
capillary column (diameter 0.25 mm,  length 30 m). The prod-
ucts were identified by using GC–MS (Shimadzu, GCMS-QP2010S)
analysis. The gas phase products were analyzed by a gas chromato-
graph equipped with Porapak Q column and thermal conductivity
detector. The products identified during glycerol hydrogenolysis
were 1,2-propanediol and ethylene glycol (EG) as main prod-
ucts and 1-propanol, 2-propanol, ethanol, methanol, ethane and
methane as degradation products. Following are the equations
used for evaluating the conversion and selectivity of glycerol to
1,2-propanediol.

Conversion (%) = moles of glycerol consumed
moles of glycerol intitially charged

× 100.

moles of carbon in specific product

Selectivity (%) =

moles of carbon in all detected product
×  100.
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Table  1
Physico-chemical properties of Co–ZnO catalysts.

Catalyst composition
Co:ZnO (wt%)

BET surface
areaa (m2/g)

Specific metal
areab (m2/g)

Particle sizeb

(nm)

20:80 49.9 0.7 18.2
30:70  47.6 1.1 19.8
40:60  35.4 1.2 20.0
50:50  32.9 1.6 20.9
60:40  30.9 1.4 29.3
70:30  29.5 1.4 33.9
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Fig. 1. X-ray diffraction patterns of (A) calcined (B) reduced and used Co–ZnO cata-
lysts. (a) 20:80 Co–ZnO, (b) 30:70 Co–ZnO, (c) 40:60 Co–ZnO, (d) 50:50 Co–ZnO, (e)
a BET surface area determined from N2 gas absorption.
b Co metal surface area and particle size obtained from H2 pulse chemisorption.

. Results and discussion

.1. Physico-chemical properties of the catalysts

The physico-chemical properties of the catalysts were reported
n Table 1. Surface area of the catalysts was found to be decreased

ith the increase in cobalt content in the Co–ZnO catalysts. The
ecrease in BET surface area can be attributed to the occupation
f Co particles on the surface of ZnO. The metal surface area of the
atalysts was found to exhibit an increasing trend with the increase
n weight ratio of Co to ZnO and attained maximum for the cata-
yst with a ratio of 50:50. The increment in Co metal surface area

ith the increase in Co loading on ZnO support had ensured the
niform distribution of Co metal particles. However, the metal sur-
ace area of Co was found to be decreased for the catalysts with
o content more than 50 wt%. The decrease in Co surface area was
ainly due to the formation of large crystallites at high Co content

n the ZnO. The particle size of catalysts was more or less similar
p to 50 wt% of Co loading. The marginal increment in the surface
f Co metal particles with the increase in Co metal loading reveals
he fact that the textural parameters of ZnO were well preserved
n the Co–ZnO catalysts. Alternatively it can be understood that the
o metal particles were well distributed on ZnO.

The XRD patterns of the calcined and reduced Co–ZnO samples
re shown in Fig. 1(A) and (B) respectively. The patterns suggest
he presence of well crystalline phases of Co and ZnO. XRD pat-
ers related to ZnO were predominant for the samples with low Co
ontent. The peaks at 31.6◦, 34.4◦, 36.0◦, 47.6◦, 56.5◦, 62.8◦, 67.9◦

nd 69.0◦ correspond to 100, 002, 101, 102, 110, 103, 112, and 201
eflection planes of hexagonal close packed wurtzite structure of
nO respectively. The catalysts with high Co content (>40%) were
ound to exhibit crystallite sites related to the crystal planes of
ubic Co3O4 (PDF#42-1467). The formation of mixed oxide phase
nCo2O4 was not ruled out at certain composition of these oxides.
he patterns of both Co3O4 and ZnCo2O4 are not distinguishable by
RD. From Fig. 1(A) the presence of ZnO phase in the catalysts was

ound to be decreased with the increase in Co loading ensuring the
ossible formation of mixed oxide phase.

The catalysts were reduced at 450 ◦C before they were used for
lycerol hydrogenolysis. The XRD patterns of the reduced catalysts,
s shown in Fig. 1(B) suggest that the crystalline nature of the cat-
lysts was decreased with increase in Co content in the catalyst
fter reduction. The Co3O4 phase present in freshly prepared cat-
lysts disappeared after reduction suggesting that it was  reduced
o either CoO or Co metal particles [27]. The absence of patterns
elated to CoO or Co metal reveals the formation of nanosize CoO
r Co particles during the reduction.

In order to investigate the reducibility of Co oxides in the
o–ZnO catalysts, TPR analysis was conducted, and the correspond-
ng profiles are shown in Fig. 2. Two main distinct reduction peaks
ere observed, one at low temperature and another at relatively
igh temperature. The low temperature peak can be ascribed to
he reduction of Co3O4 to CoO and high temperature peak can be
60:40 Co–ZnO, (f) 70:30 Co–ZnO, (g) 50:50 Co–ZnO used; (@) ZnO, (#) Co3O4, (*) Co
phases.

related to the reduction of CoO to metallic Co. A distinct shift was
noticed in both the reduction peak maxima to higher tempera-
ture with increase in Co content up to 60 wt%. Similar observations
were also reported elsewhere for cobalt catalysts [28,29]. The cata-
lysts with high Co content (80 wt%) were shown similar reduction
temperatures as that of bulk Co3O4. The shift in the reduction tem-
perature with Co loading can be mainly related to the reduction of
mixed oxide phases that were formed at moderate Co content of
about 50 wt%. Under these compositions the formation of ZnCo2O4
phase was  quite possible and it can get reduced in two steps i.e.
ZnCo2O4 to CoO followed by CoO to Co [30–32]. The absence of ZnO
phase in XRD beyond the 60% of Co also supports the formation of
ZnCo2O4 phase and supplements the observations made from TPR.

X-ray photoelectron spectra of Co–ZnO catalyst after reduction
are shown in Fig. 3. The Co 2p spectrum of Co–ZnO (50:50) shows

two broad and asymmetric peaks separated by a spin orbit splitting
of 15 eV. The B.E for Co2p3/2 and Co2p1/2 were observed at 780.19
and 795.12 eV respectively, along with two  satellite peaks at 787.7
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Fig. 2. Temperature programmed reduction profiles of Co–ZnO catalysts. (a) 20:80
Co–ZnO, (b) 30:70 Co–ZnO, (c) 40:60 Co–ZnO, (d) 50:50 Co–ZnO, (e) 60:40 Co–ZnO,
(f) 70:30 Co–ZnO.

Fig. 3. X-ray photoelectron spectroscopy profiles of 50:50 Co–ZnO catalyst.
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and 804.0 eV. A weak satellite located about 7 eV above the main
peak, shown by the Co2p3/2 spin orbital, suggests the presence of
Co2+ species. The presence of satellite peak at 787.7 eV was  related
to CoO and these satellite peaks were typical for Co ions in the diva-
lent Co2+ state and they were not observed for Co3+. The binding
energies of the Zn2p3/2 and Zn2p1/2 peaks are observed at 1022.18
and 1045.08 eV respectively, which ensures the presence of Zn2+

ions. The O1s surface XPS peak at 530.6 eV referred to the cobalt
oxide, showed a shoulder at 532.6 eV attributed to the presence
of hydroxyl species or adsorbed water on the surface, which are
commonly observed in air exposed samples. From XPS studies of
reduced catalyst it is noted that the surface cobalt was  oxidized.
This may be due to the re-oxidization of catalyst metal surface
occurred during its brief exposition to air between the reduction
and XPS analysis tests.

TEM images of the Co–ZnO (50:50) catalyst before and after the
reaction were shown in Fig. 4. The dark zones in the images corre-
spond to Co particles, whereas the lighter zones signify the presence
of ZnO. The dark metallic Co particles were found to be dispersed on
the platelet like ZnO. The average particle size of these particles was
estimated by considering the minimum and maximum diameter of
large number of particles. The average particle size was found to be
in the range of 20–25 nm.  TEM images ensure that similar morphol-
ogy was  maintained during the hydrogenolysis of glycerol and also
suggest that there was no indication of any agglomeration during
the reaction.

The Co–ZnO catalysts were inspected by scanning electron
microscopy (SEM) with EDX in order to analyze both the morpho-
logical and chemical characteristics. The EDX analysis of Co–ZnO
(50:50) catalyst reveals that Co and Zn were present with 35.3 and
15.6 at.% respectively.

3.2. Glycerol hydrogenolysis activity measurements

3.2.1. Effect of Co content in ZnO on glycerol hydrogenolysis
Hydrogenolysis of glycerol reaction was  studied over Co–ZnO

catalysts and the results are presented in Fig. 5. The results sug-
gested that with increase in the Co to ZnO weight ratio, the
glycerol conversion was found to be increased and attained a max-
imum for the catalyst with a ratio of 50:50. The maximum activity
achieved with this catalyst was about 70% glycerol conversion with
80% selectivity toward 1,2-propanediol. The conversion of glycerol
achieved with the catalysts of this work, is much better than the
conversion attained by the previously reported Co based catalysts
such as Co/MgO [26,27]. ZnO effectively catalyzes the dehydration
of glycerol into acetol and Co does the hydrogenation of acetol into
1,2-propanediol. Similar observation was  noted with Cu/ZnO cat-
alysts [33]. The high activity of Co–ZnO catalysts can be explained
based on their physico chemical properties. In general, the cata-
lysts after reduction mainly contain CoO and Co metal species and
during the course of the reaction CoO may  reduced to Co particles.
The used catalyst was subjected to XRD analysis and the patterns
are shown in Fig. 1B (g). A small diffraction peak related to Co parti-
cles was observed. This indicates that some CoO might be reduced
to Co metal. One cannot exclude the possibility of increase in Co
particle size during the reaction. Guo et al. [27] observed the XRD
patterns related to Co after glycerol hydrogenolysis indicating that
CoO present in the catalyst reduced to Co. In our case also weak
diffraction peaks related to Co was observed. The SEM EDX anal-
ysis also suggests the presence of more number of Co particles on
the surface of the Co–ZnO (50:50) catalyst. The presence of well-
dispersed nanosize Co metal particles might be responsible for the

high activity of the catalyst. In order to understand the role of Co
metal particles, the relation between glycerol conversion and Co
metal area was  plotted and shown in Fig. 6. This figure suggests
a linear relationship between Co metal area and hydrogenolysis
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Fig. 4. TEM micrographs of 50:50 Co–Zn
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Fig. 5. Effect of Co to Zn ratio in Co–ZnO catalysts on glycerol hydrogenolysis. Reac-
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reaction time: 8 h; catalyst weight: 600 mg;  reaction temperature: 180 ◦C.

Fig. 6. Correlation between Co metal area and glycerol conversion.
O catalyst. (i) Fresh and (ii) used.

activity. The maximum conversion of glycerol is achieved with the
50 wt%  Co/ZnO catalyst which is exhibiting maximum metal area
as depicted from Table 1. Further, a decreasing trend in glycerol
conversion is observed with the increase in Co loading which can
be mainly due to the agglomerisation of the Co particles. It is to
be noted from the results of Table 1 that the surface area of the
catalysts is decreased with the increase in Co loading. These results
suggest that the catalyst with high metal surface area demonstrated
high glycerol hydrogenolysis activity. Thus, The Co–ZnO (50:50)
catalyst is considered for further study.

3.2.2. Influence of reaction temperature
The influence of reaction temperature on glycerol hydrogenol-

ysis to 1,2-propanediol was  studied in the range of 160–220 ◦C
over 0.6 g of Co–ZnO (50:50) catalyst at 40 bar H2 with a reac-
tion time of 8 h. Fig. 7 shows the effect of reaction temperature
on conversion and selectivity in glycerol hydrogenolysis. The glyc-
erol conversion rate is found to be increased with the increase in
reaction temperature from 160 to 180 ◦C, further increase in tem-
perature could improve the reaction rate marginally up to 220 ◦C.
However, the selectivity of glycerol to 1,2-propanediol was found
to be decreased with the increase of temperature. This behavior
can be anticipated to the fact that C C bond hydrogenolysis of 1,2-

propanediol to ethylene glycol and other lower alcohols occurred
on Co sites of the catalyst at high temperatures. The temperature
of 180 ◦C is considered for further study.
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catalyst. Reaction conditions: 50 ml  of 20 wt% glycerol aqueous solution; H2 pres-
sure: 40 bar; reaction time: 8 h; catalyst weight: 600 mg.
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Table  2
Comparison of various Co based catalysts with the proposed Co–ZnO catalyst for glycerol hydrogenolysis.

Catalyst Reaction conditions Conversion (%) Selectivity (%) Reference

Co–MgO Temp.: 200 ◦C
H2 pressure: 20 bar
Glycerol conc.: 10 wt%
Catalyst weight: 0.2 g
Time: 9 h

44.8 42.2 [26]

Co–Zn–Al Temp.: 200 ◦C
H2 pressure: 20 bar
Glycerol conc.: 10 wt%
Catalyst weight: 0.3 g
Time: 12 h

67.7 50.5 [27]

Cu–ZnO Temp.: 200 ◦C
H2 pressure: 20 bar
Glycerol conc.: 20 wt%
Catalyst weight: 1.2 g
Time: 16 h

37 92.0 [33]

Hierarchical Co micro/nanocomposites Temp.: 220 ◦C
H2 pressure: 60 bar
Glycerol conc.: 5 wt%
Catalyst weight: 0.1 g
Time: 8 h

25.8 60.2 [35]

Co–ZnO Temp.: 180 ◦C
H2 pressure: 40 bar

70.0 80.0 Present study
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Glycerol conc.: 20 wt%
Catalyst weight: 0.6 g
Time: 8 h

.2.3. Effect of reaction time
The effect of reaction time on the glycerol conversion and selec-

ivity to 1,2-propanediol was studied. This effect is studied by
eeping the reaction temperature as 180 ◦C at 40 bar H2 pressure
ver 0.6 g of Co–ZnO (50:50) catalyst. Within 4 h duration of reac-
ion time, about 43% of glycerol conversion was achieved with 69%
electivity toward 1,2-propanediol. Further, within 8 h of reaction
ime the present catalyst gave about 70% conversion of glycerol.
his reaction time is much less as compared to most of the reported
atalysts [5,34]. It is important to highlight that the present catalyst
as selective in forming more than 60% 1,2-propanediol irrespec-

ive of the reaction time.

.2.4. Effect of hydrogen pressure
Reactions were carried out at different hydrogen pressures

arying from 20 to 60 bar over 0.6 g of Co–ZnO (50:50) cata-
yst at a constant reaction temperature of 180 ◦C and reaction
ime of 8 h. With the increase in H2 pressure from 20 to
0 bar, the rate of glycerol conversion is increased from 2.077
o 3.134 × 102 mmol  L−1 g−1 h−1. At the same time the selectivity
o 1,2-propanediol was found to be increased from 66 to 79%. Fur-
her increase in H2 pressure up to 60 bar resulted a decrease in the
lycerol activity which can be due to the degradation of formed
,2-propanediol to ethylene glycol or other lower alcohols at high
ressures. Therefore the pressure of 40 bar is considered to be opti-
um.

.2.5. Effect of glycerol concentration
In order to achieve maximum productivity of 1,2-propanediol,

he effect of glycerol concentration on the conversion rate was stud-
ed in the range of 10–40 wt% of glycerol concentration under the
eaction conditions of 180 ◦C, 40 bar H2 and 8 h with 0.6 g of 50:50
o–ZnO catalyst. Glycerol hydrogenolysis rate was increased with
he increase in glycerol concentration from 10 to 40 wt%. It was
bserved that, the conversion rate of glycerol was  decreased with
he increase in initial glycerol concentration. This can be due to

he inadequate number of catalyst active sites for the increased
umber of glycerol molecules to react, as the quantity of cata-

yst was maintained constant. The selectivity to 1,2-propanediol
as 80% at 20 wt% glycerol and it was almost remained same for
further increase in glycerol concentration up to 40 wt%. The
decrease in selectivity was observed at low glycerol concentration,
which can be due to the cleavage of C C bond of 1,2-propanediol,
as the availability of glycerol was not sufficient.

3.2.6. Reusability of the catalyst
Experimental studies were performed to explore the recyclabil-

ity of the catalyst. In order to establish the reusability of catalyst for
glycerol hydrogenolysis, after using for first reaction, the catalyst
was filtered, washed with methanol and reused for the next subse-
quent run. It was  observed about 68.7% conversion after the third
recycle. A marginal variation of less than 2% in the overall conver-
sion of glycerol was  noticed after three cycles. The used catalyst was
characterized by XRD and TEM. The comparison of TEM images of
fresh catalyst samples with used ones as in Fig. 4, suggest that there
was no indication of agglomeration during glycerol hydrogenoly-
sis. These results demonstrate that the Co–ZnO catalyst for glycerol
hydrogenolysis is reusable with consistent activity and found to be
stable under present experimental conditions.

3.2.7. Comparison of Co–ZnO catalysts with other reported Co
based catalysts.

Table 2 compares the performance of the Co–ZnO catalyst
with the other Co-based catalysts reported in literature for the
hydrogenolysis of glycerol. The present catalyst was  exhibited high
selectivity as compared to other Co based catalysts such as Co–MgO
and Co–Zn–Al [26,32]. Though the Cu–ZnO catalyst exhibited high
selectivity, the overall conversion of glycerol was  low as compared
to the present catalyst [33]. More importantly, the present catalyst
was resulted optimum activity in short reaction time as compared
to the reported catalysts.

3.3. Kinetic studies

The liquid phase glycerol hydrogenolysis in the presence of
Co–ZnO catalyst forms a typical example for gas–liquid–solid reac-

tion system. For such systems, unless the absence of mass and
heat transfer resistances is ensured, true models representing the
reaction kinetics cannot be directly developed using experimen-
tal data. For the present reaction, the gas phase mass transfer
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spect to glycerol and (b) apparent reaction order with respect to hydrogen.
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Fig. 8. Glycerol consumption rate: (a) apparent reaction order with re

esistance can be considered to be negligible as the gas phase in the
eactor consists of mainly H2 and gas–liquid inter phase is instanta-
eously saturated with H2. Further, the liquid phase mass transfer
esistance can be considered to be negligible ensuring the uniform
ixing of reactants. A stirrer speed of 500 rpm is considered in the

resent study as suggested from previous literature reported on
imilar systems. It was also ensured that, there exists no significant
hange in initial reaction rate with further increase or decrease in
tirrer speed. Moreover, it was observed a linear relation between
he catalyst weight and rate of reaction justifying the absence of
xternal mass transfer resistances. In addition, the internal pore
iffusion resistances can also be treated as negligible, as the catalyst
onsidered in this study was in uniform powdered form. Further,
eat transfer resistances were also considered to be insignificant
nsuring the absence of temperature gradients within the reactor.
herefore, it can be stated that, the actual kinetics of liquid phase
lycerol hydrogenolysis in the presence of Co–ZnO catalyst can be
btained through proper experimentation.

The reaction kinetics was studied by conducting experiments
t varied reaction parameters such as temperature, H2 pressure,
nd glycerol concentration. The kinetic parameters were calculated
ased on the total glycerol consumption and the resulted experi-
ental data is fitted to a simple power law model. Thus, the rate

xpression characterizing the glycerol hydrogenolysis reaction can
e given as,

−rgly) = −d(Cgly)
dt

= k(Cgly)m(CH2 )n (A1)

here k is the rate constant, m and n represent the reaction orders
ith respect to glycerol and hydrogen respectively. Such expres-

ion was considered elsewhere for representing the kinetics of
lycerol hydrogenolysis reaction with other catalysts [36,37]. The
xperimental data resulted by conducting the reactions with var-
ed glycerol concentration from 10 to 40 wt% while maintaining
ll the other parameters constant at their optimal values was
onsidered for evaluating the reaction order with respect to glyc-
rol. Similarly, the reaction order with respect to hydrogen was
valuated by considering the experimental data concerned to the
eactions conducted by varying hydrogen pressure from 20 to
0 bar while maintaining all the other parameters constant at their
ptimal values. The glycerol consumption rate was plotted w.r.t.
he concentrations of reactants glycerol and hydrogen respectively
n figures Fig. 8(a) and (b). It is noted from figure that, the increase
n concentrations of both the reactants glycerol and hydrogen tends

o improve the glycerol conversion rate. The hydrogenolysis of
lycerol in the presence of Co–ZnO catalyst, the apparent reaction
rder resulted with respect to glycerol was 0.7355 and that with
espect to hydrogen was 0.5697. These values ensure that the rate of
Fig. 9. Arrhenius plot for overall reaction of glycerol hydrogenolysis.

glycerol hydrogenolysis is dependent on the glycerol concentration
to the larger extent as compared to that of hydrogen concentration.

The temperature dependency of the rate constant k is given by
the Arrhenius equation defining as,

k = koe−(E/RT) (B1)

where ko and E are the Arrhenius constants, R is the universal gas
constant and T is the temperature. The reactions were conducted
at different temperatures in the range of 160–220 ◦C and the corre-
sponding rate constants were evaluated by using equation Eq. (A1).
The Arrhenius law plotted ln(k) vs. 1/T  was  resulted in a straight line
as given in Fig. 9. The values of activation energy and frequency
factors resulted from the slope and intercept were 31.08 KJ/mol
and 6.325 × 104 (mmol/L)−0.3(gmcat s)−1 respectively. These values
were found to be in agreement with the latest kinetic studies on
liquid phase glycerol hydrogenolysis as reported by Vasiliadou and
Torres et al. [36,37]. According to Arrhenius law, frequency factor
ko does not affect the temperature sensitivity of the reaction, how-
ever in practice, there may  be a slight dependency on temperature
which is negligible.

4. Conclusions

Co–ZnO catalysts with varying Co and ZnO content were pre-
pared and these catalysts were highly active and selective for
hydrogenolysis of glycerol. The activity of the catalysts is depend-
ent on the weight ratio of Co and ZnO and the maximum glycerol
hydrogenolysis activity was achieved for the catalyst with Co–ZnO

of 50:50 composition by weight. Further, the activity of the cat-
alysts was related to the highly dispersed Co metal area and the
amount of ZnO. The process parameters such as reaction tempera-
ture, hydrogen pressure, reaction time and glycerol concentration
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