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The  hydrogenolysis  of glycerol,  a  byproduct  of  biodiesel  production,  to propene  was  studied  over sup-
ported  metallic  catalysts.  About  100%  glycerol  conversion  was  observed  for  all catalysts,  but  the  selectivity
was  dependent  on  the  composition.  Ru and  Pd  on  activated  carbon  produced  mainly  propane  and
methane/ethane,  respectively.  Ni/Mo  on  activated  carbon  gave  mainly  propane,  whereas  Zn/Mo  and
Cu/Mo supported  on  activated  carbon  produced  intermediate  oxygenated  compounds.  Fe/Mo  over  acti-
vailable online xxx
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vated  carbon  presented  up to  90%  selectivity  to  propene.  This  results  may  be  explained  in terms  of  the
poor  reductibility  of  the  Fe/Mo  catalysts,  as shown  by TPR  and  XRD  experiments.  A  possible  pathway  from
glycerol  to  propene  involves  the  formation  of acetol,  1,2-propanediol  and  2-propanol  as intermediates.

©  2015  Elsevier  B.V.  All  rights  reserved.
ron-molybdenum catalyst

. Introduction

Catalysis plays an important role in biorefining processes.
nzymes or biological catalysts are key component in many trans-
ormation of sugars into fuels and chemicals, whereas several
norganic materials catalyze the conversion and upgrading of
iomass. Hydrogenation and hydrogenolysis appears as one of the
ost important biorefinery processes to use heterogeneous cat-

lyts. Nevertheless, they usually rely on noble metals to achieve
ood conversion and selectivity. Some metals used in these pro-
esses, such as Pt, Pd, Ru and Ir, are considered endangered, as
heir supply may  be in risk in the future due to increasing use,
s well as limited available reserves [1]. On the other hand, the
Please cite this article in press as: C.J.A. Mota, et al., J. Mol. Catal. A: Ch

hemical industry will still process hydrogenation reactions, as
hey are key to the production of improved fuels and chemicals.

any biomass-derived feedstock possesses oxygen atoms, which
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0770-901, Brazil.
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381-1169/© 2015 Elsevier B.V. All rights reserved.
must be partially or totally removed during processing. Therefore,
the search for hydrogenation and hydrogenolysis catalysts based
on more abundant metals is of prime importance to attain more
sustainable biorefinery processes.

Propene is one of the most important chemicals in industry, with
global production around 80 million tonnes per year. About 2/3 of
the propene produced is directed to polypropylene (PP), which is
a thermoplastic with increasing applications. Propene is basically
obtained from fossil sources (Scheme 1), with the steam reform-
ing of naphtha being the main process [2]. In addition, propene
can also be produced from methanol over acidic molecular sieve
catalysts [3]. This is an indirect route of propene from natural
gas or coal, because methanol is normally produced from these
fossil sources. Propene can still be produced from propane dehy-
drogenation over noble metal catalysts [4]. However, propane is
a minor constituent of natural gas, or is formed in the catalytic
cracking of petroleum fractions. On the other hand, the production
of propene from renewable feedstock is poorly studied, differ-
ently from ethene, which can be obtained through the dehydration
of bioethanol [5]. Thus, the development of green propene, from
em. (2015), http://dx.doi.org/10.1016/j.molcata.2015.11.014

biomass-derived feedstock, is highly desired and pursuited in the
chemical industry.

dx.doi.org/10.1016/j.molcata.2015.11.014
dx.doi.org/10.1016/j.molcata.2015.11.014
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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cheme 1. Main industrial routes to propene from fossil sources (oil, coal and nat-
ral  gas).

Biodiesel is an important biofuel used mainly in Europe and
outh America. In Brazil, there is a mandatory blend of 7% biodiesel
n the regular diesel and an increase in this percentage is being
onsidered for the next years. The transesterification of oils and
ats is the main industrial process for the production of biodiesel
6]. It involves the reaction of a triglyceride with excess methanol,
n the presence of a basic catalysts, to afford three molecules of
atty acid methyl esters, the biodiesel, and a molecule of glycerol,

hich accounts approximately to 10 wt% of the total mass of the
ystem (Scheme 2). The use of glycerol as a renewable feedstock
n biorefinery processes has motivated many studies in the recent
ears [7–10]. Hydrogenolysis of glycerol is one of the main stud-
ed processes. Different metal catalysts can be used, with 1,2 and
,3-propanediols being the main target products [11–13]. Some
tudies reported that, at more severe conditions, isopropanol and
-propanol could also be observed [14,15]. This fact could open a
ossibility of developing a glycerol to propene route, because dehy-
ration of propanols over acidic catalysts would afford propene as
ajor product.

Aiming to develop a technological route to produce propene
rom renewable raw materials, we have began an extensive study
n glycerol hydrogenolysis, which ultimately led to the develop-
ent of bimetallic catalysts for the selective production of propene.

he initial results were published on the patent literature [17,18].
hereafter, Yu et al. reported a selective glycerol hydrogenolysis to
-propanol over Iridium supported catalysts. The coupling of this
etal catalyst with acidic ZSM-5 zeolite may  provide a technologi-

al route to produce propene from glycerol, in high conversion and
electivity [16]. Nevertheless, Iridium is considered an endangered
lement and faces serious threat, due to limited availability and
ncreasing use. In addition, the process is carried out in two  steps,
sing two different catalysts, which may  increase the operational
osts. Thus, the development of an Ir-based catalyst may  not be
conomically and environmentally feasible for the production of
reen propene, a major chemical commodity.

Here, we report the original history behind the development of
he iron/molybdenum-based catalyst for the selective hydrogenol-
sis of glycerol to propene, as reported in the previous patents
17,18] (Scheme 3). Molybdenum is highly used in oil refining, as
Please cite this article in press as: C.J.A. Mota, et al., J. Mol. Catal. A: Ch

 major component of hydrotreating catalyst to remove sulfur and
itrogen from diesel and kerosene, but there is no serious danger
f supply of this element in the forthcoming years. Iron is the main
atalyst for ammonia production and highly abundant on Earth.

Scheme 2. Transesterification of triglycerid
Scheme 3. Hydrogenolysis of glycerol to propene.

Hence, a technological route to propene from glycerol, relying on
sustainable metal catalysts, can be of great relevance for developing
a biorefinery process based on oils and fats.

2. Experimental

The catalysts were prepared by successive impregnation of the
metals over an activated carbon (AC) support. Initially, molyb-
denum was  impregnated by a slurry method [19]. About 10 g of
activated carbon were placed in a 250 mL  Erlenmeyer and 1.5 g
(10.6 mmol) of MoO3 were mixed together with 100 mL  of deion-
ized water. The system was  kept stirring at room temperature for
24 h and then, the water was  evaporated at 70 ◦C under reduced
pressure. In the sequence, a specific mass of Ni(NO3)2·6H2O, Zn
(NO3) 2·6H2O, Cu(NO3)2·3H2O or Fe (NO3)3·9H2O, corresponding to
6.93 mmol  of the metals, were dissolved in the minimum amount
of deionized water and put in contact with the solid obtained upon
the Mo  impregnation of the AC. Then, a solution of about 150 mL  of
30 wt% ammonium hydroxide were added dropwise to precipitate
the metal hydroxide. At the end, the system was  stirred at room
temperature for 24 h and then subjected to water evaporation at
70 ◦C and reduced pressure. The final solid was calcined at 450 ◦C
for 2 h (rate of 10 ◦C min−1). The atomic ratio of the catalysts were
0.4 considering the amount of the metal divided by the amount of
the metal plus Mo.

The catalysts were characterized by temperature programmed
reduction (TPR), X-ray diffraction (XRD), N2 physisorption and acid-
ity, which was measured by n-butylamine termodesorption (TPD),
according to a previous publish method [20]. The chemical compo-
sition was measured by X-ray fluorescence (FRX).

The catalysts were evaluated in a fixed bed flow unit at
atmospheric pressure. The catalysts were initially reduced on
40 mL  min−1 of H2 at 550 ◦C for 30 min  (rate of 10 ◦C min−1).
Then, the temperature was decreased to 300 ◦C and a solution
of 90 vol% of glycerol in water was introduced into the H2 gas
flow (40 mL min−1) by means of a syringe pump. The weight hour
space velocity (WHSV) in relation to the glycerol was 5.4 h−1 in
many experiments. The products were analyzed by on-line capil-
lary gas chromatography equipped with a methyl silicone column
(100m × 0.15 mm × 0.5 �m)  using a flame ionization detector.

Commercial Pd and Ru supported catalysts were also tested in
the hydrogenolysis of glycerol. These catalysts were kindly pro-
vided by Evonik and have 5 wt%  of the metal supported over
activated carbon.
em. (2015), http://dx.doi.org/10.1016/j.molcata.2015.11.014

3. Results

We  began the studies toward a selective process of glycerol
hydrogenolysis to propene using the commercial Ru and Pd cat-

es to produce biodiesel and glycerol.

dx.doi.org/10.1016/j.molcata.2015.11.014
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Table  1
Glycerol hydrogenolysis over commercial Ru and Pd catalyst at 300 ◦C, atmospheric
pressure, H2:glycerol molar ratio of 60:1, WHSV = 3.45 h−1.

Catalyst Ru/C Pd/C

Glycerol conversion (%) 100 100

Selectivity (%)
Methane + ethane 10 26
Ethanol – 17
Acetaldehyde 16 45
Ethylene glycol – 9
Acetol 13 –
1,2  and 1,3-propanediol – –
Propane 61 3

Table 2
Chemical and textural characterization of the catalysts.

Catalyst Moa (wt%) Ma (wt%) Ratiob Othersc (wt%) Area (m2 g−1)

Ni/Mo 59.5 34.8 0.37 5.7 291
Zn/Mo 61.5 33.3 0.35 5.2 291
Cu/Mo 63.6 31.0 0.33 5.4 224
Fe/Mo 64.5 30.2 0.32 5.3 275
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Fig. 1. Conversion and product selectivity of glycerol hydrogenolysis over supported
metal/molybdenum catalysts at 300 ◦C, 1 atm, 5.4 h−1 WHSV and 120:1H2:glycerol
molar ratio; ( ) conversion; ( ) propane; ( ) propene; ( ) methane and ethane;
(  ) oxygenated compounds.

Fig. 2. Effect of the H2:glycerol molar ratio on the conversion and selectivity

◦

Distribution of the metals, not including C, H and O from the support.
b Atomic M/(M + Mo).
c Includes Si (major), Ca, Ti, Al, Fe.

lysts. Notwithstanding, the results clearly indicated that they are
oo active toward hydrogenolysis, favoring different pathways.
able 1 shows the results of conversion and product selectivity
f both catalyst on the glycerol hydrogenolysis at 300 ◦C and 60:1
2:glycerol molar ratio. One can see that both catalysts gave 100%
lycerol conversion. However, Ruthenium favored total hydrogena-
ion to propane, Pd was more selective toward the cleavage of the

 C bond, ultimately leading to ethane and methane. No propene
as detected in these experiments, indicating that, if this olefin
as formed, it was rapidly hydrogenated to propane.

The results of glycerol hydrogenolysis over Pd and Ru supported
atalysts at 300 ◦C were not promising toward propene, as no trace
f this olefin was observed in the experiments. Thus, we decided
o direct the studies toward less active hydrogenation catalysts,
ased on Molybdenum and another metal. This type of catalyst is
sed in hydrotreating of oil fractions to remove sulfur and nitro-
en atoms, but are recognized to be significantly less active toward
lefin hydrogenation.

Table 2 shows the results of composition and texture of the
atalysts. One can see that the metal ratios were slightly lower
han the nominal values, but all in a similar range. The parent AC
ad minor amounts of Si (0.3 wt%) and other metals (<0.04 wt%),
xplaining the presence of these elements in the prepared cat-
lysts. The surface area decreased upon metal impregnation, as
he AC has an area of 558 m2 g−1. This is usual in this type of
mpregnation procedure, but all catalysts presented similar areas.
ig. 1 shows the results of glycerol hydrogenolysis at 300 ◦C, atmo-
pheric pressure and a molar ratio of H2 to glycerol of 120. All
atalysts presented high glycerol conversion, around 100%. The
i–Mo catalysts produced mainly propane (86% selectivity), with
ropene and methane/ethane as minor compounds. The Zn/Mo
atalysts produced mainly oxygenated compounds, with over 90%
electivity. These oxygenated were mostly acetol, 1,2-propanediol,
,3-propanediol, isopropanol and n-propanol, with minor amounts
thylene glycol and ethanol, probably formed upon the cleavage
f the C C bond of glycerol. Methane, ethane and propane were
he only hydrocarbons observed over this catalyst. Oxygenated
Please cite this article in press as: C.J.A. Mota, et al., J. Mol. Catal. A: Ch

ompounds were also the main products observed over Cu/Mo cat-
lyst, with selectivity close to 60%. Propane selectivity was 40% on
his catalyst and the remaining hydrocarbons were methane and
thane. The results were completely different over Fe/Mo catalysts,
of  the hydrogenolysis over Fe/Mo catalyst at 300 ◦C, 1 atm, 5.4 h−1 WHSV and
120:1H2:glycerol molar ratio; ( ) conversion; ( ) propane ( ) propene; ( )
methane and ethane; ( ) oxygenated compounds.

which presented 100% of glycerol conversion and propene as the
major product, with selectivity of 90%. The remaining 10% were
propane plus methane and ethane. Therefore, the Fe/Mo catalyst
showed high selectivity to the desired product with complete glyc-
erol conversion and minor amount of other products. This catalyst
did not show any significant change of conversion and selectivity in
a test of 24 h with continuous flow of glycerol and hydrogen, indi-
cating no appreciable deactivation within this time period. Fig. 2
shows the results of glycerol hydrogenolysis over the Fe/Mo cat-
alysts as a function of the H2:glycerol molar ratio. One can see
that the oxygenated compounds, mostly acetol and ethylene gly-
col, are present in higher selectivity as the molar ratio decreases,
suggesting that they are intermediates in the pathway of glycerol
hydrogenolysis to propene. The excess of hydrogen is then impor-
tant to achieve high selectivity to propene, suggesting the poor
activity of the Fe/Mo catalyst in hydrogenation reactions.

Fig. 3 shows the TPR profile of the catalysts. The dotted line indi-
cates the temperature of reduction inside the reactor, prior to the
injection of the glycerol feed. The Ni/Mo and the Cu/Mo catalysts
showed significant reduction peaks at temperatures lower than
em. (2015), http://dx.doi.org/10.1016/j.molcata.2015.11.014

550 C, indicating a predominant metallic structure at the reac-
tion conditions. This may  explain their high selectivity to propane,
a product of extensive hydrogenation. On the other hand, Zn/Mo
and Fe/Mo showed significant peaks at temperatures higher than

dx.doi.org/10.1016/j.molcata.2015.11.014
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ig. 3. TPR profile of the catalysts. The dotted line denotes the temperature of
eduction prior to glycerol hydrogenolysis.

50 ◦C, indicating that these catalysts were only partially reduced
t the reaction conditions, probably showing metal oxide phases
n the surface. These results may  explain the low selectivity to
ropane over Zn/Mo and Fe/Mo, which gave, respectively, oxy-
enated compounds and propene. The broad peak centered at
60 ◦C on the TPR profile of the Fe/Mo catalyst has been assigned to
he reduction of FeO to metallic Fe, as well as the reduction of the

oO3 to MoO2 [21].
Fig. 4 shows the XRD of the Fe/Mo catalyst after reduction at

50 ◦C. One can identify the presence of MoO2 phases, consistent
ith the TPR data. In addition, the diffractogram clearly shows the

nteraction between the two metals, with the presence of mixed
xide phases. This result is consistent with literature data of sim-

lar catalysts [22]. Formation of mixed Fe/Mo species may  impair
Please cite this article in press as: C.J.A. Mota, et al., J. Mol. Catal. A: Ch

he reduction of the iron ions to the completely reduced form (Fe),
ue to formation of Fe2(MoO4)3 [23,24]. With the predominance of
e2Mo3 mixed oxide phase, the activity of this type of catalyst in
ydrogenation is limited, explaining the high selectivity to propene.

Fig. 5. TPD of n-butylamine of th
Fig. 4. XRD pattern of the Fe/Mo catalyst.

The acidity of the parent activated carbon and the Fe/Mo cata-
lyst are shown in Figs. 5 and 6. Upon metal impregnation the acid
strength is slightly modified. One can clearly see that the peak cen-
tered at 250 ◦C on the parent activated carbon has disappeared, and
a broad peak centered at 388 ◦C is present upon metal impregna-
tion, together with a shoulder centered at 463 ◦C. This indicates that
stronger acid sites, capable of desorbing the amine over 450 ◦C, are
still present upon metal impregnation, conferring bifunctionality
to the Fe/Mo supported on activated carbon catalyst.

Recently, Zacharopoulou et al. repeated our original procedure
to prepare Fe/Mo catalysts of varying compositions. Working under
batch conditions, at 300 ◦C and 8 MPa  of H2, they found [25] similar
conversion and selectivity to propene as reported in our previ-
ous studies [17,18]. They suggested that the active phase is the
MoO formed upon reduction of the MoO . In addition, they sug-
em. (2015), http://dx.doi.org/10.1016/j.molcata.2015.11.014

2 3
gested that propene was  mostly formed from hydrodeoxygenation
of allyl alcohol, obtained from the hydrogenation of acrolein, rather
than from 1-propanol and 2-propanol, which in turn could be

e parent activated carbon.

dx.doi.org/10.1016/j.molcata.2015.11.014
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Fig. 6. TPD of n-butylamine of the Fe/Mo supported on activated carbon.

Table 3
Selectivity of Fe/Mo catalysts as a function of the amount of iron. Reactions carried
out  at 325 ◦C, H2:glycerol molar ratio of 100:1 and WHSV of 2.6 h−1.

Catalysta Propene Methane + ethane Oxygenated

Fe/Mo (0.2)b 75 14 11
Fe/Mo (0.4) 66 11 23
Fe/Mo (0.8) 67 16 17
Fe/Mo (1)c 1 – 99
Fe/Mo (0)d 82 13 5

a All catalysts presented 100% glycerol conversion.
b Parenthesis indicated the Fe/(Fe + Mo)  ratio.
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takes place with formation of acetone as secondary product. 1,2-
c Only Fe supported over the activated carbon.
d Only Mo  supported over the activated carbon.

btained from 1,2-propanediol/1,3-propanediol and acetol. Never-
heless, allyl alcohol was not observed, or formed in minor amounts,
n most of the experiments.

Table 3 shows our results of glycerol hydrogenolysis as a func-
ion of the amount of iron and molybdenum on the catalyst. One
an see that, although the conditions used in the experiments were
ot the most favorable one to the formation of propene, as we
ould like to see differences among the catalysts, it is clear that

ron does not have a significant role in the formation of this olefin.
s the amount of iron on the catalyst increases, the selectivity to
ropene decreases. Pure iron on activated carbon gave low selec-
ivity to propene, whereas pure MoO3 gave the highest selectivity
o propene. Fig. 7 shows the XRD pattern of the Fe/Mo (0) catalysts,
ontaining only Mo  on activated carbon. One can see the formation
Please cite this article in press as: C.J.A. Mota, et al., J. Mol. Catal. A: Ch

f MoC  phases, which, in addition to MoO2, may  be the active phase
or glycerol hydrogenolysis. In fact, supporting the MoO3 over the
ctivated carbon leads to the decrease of the reduction tempera-

Scheme 4. Suggested main pathway of g
Fig. 8. TPR of the bulk MoO3 and supported on activated carbon, designated as
Fe/Mo (0).

ture compared with the bulk oxide, as can be seen in the TPR profile
of Fig. 8. To have more insight into the reaction pathway of glyc-
erol to propene, we  investigated the hydrogenolysis of 1-propanol,
2-propanol, 1,2-propanediol and 1,3-propanediol over the Fe/Mo
catalyst. Table 4 shows the results.

The results of Table 4 clearly show that 2-propanol and 1,2-
propanediol are more reactive than their respective isomers over
the Fe/Mo catalyst under the reaction conditions used. These data
indicate that secondary alcohols are easily converted to prod-
ucts over the catalyst, as one might have anticipated. Propene
was the main product from 2-propanol, but dehydrogenation also
em. (2015), http://dx.doi.org/10.1016/j.molcata.2015.11.014

Propanediol followed the same trend, with propene and 2-propanol
as major products. These data show that dehydration of 2-propanol
is the major pathway to propene over the Fe/Mo catalyst. On the

lycerol hydrogenolysis to propene.

dx.doi.org/10.1016/j.molcata.2015.11.014
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Fig. 7. XRD pattern of the Fe/Mo (0). Su

ther hand, propene and propanal are formed in approximately
he same amount on the hydrogenolysis of 1-propanol over the
e/Mo catalyst, whereas hydrogenolysis of 1,3-propanediol did not
roduce propene under the reaction conditions used. These data
how that primary alcohols are more difficult to dehydrate over
he Fe/Mo catalyst, implying that they are not involved in the main
oute to propene from glycerol under the reaction conditions used.
hese results contrast with the suggestion that propene is mainly
ormed from allyl alcohol, because primary alcohol are significantly
ess reactive over the Fe/Mo catalyst at the reaction condition used
n the experiments.

It has been proposed that hydrogenolysis of glyc-
rol to 1,2-propanediol takes place in two  steps, with
ormation of acetol as intermediate [26]. We  have
hown that 1,2-propanediol can be converted to
-propanol, which is then dehydrated to propene. A possible
eaction pathway is shown in Scheme 4. This is the most preferred
athway for propene, because the route involving the hydrogenol-
sis of 1,3-propanediol and 1-propanol present significantly slower
ates over the Fe/Mo catalyst, under the reaction conditions used.
Please cite this article in press as: C.J.A. Mota, et al., J. Mol. Catal. A: Ch

able 4
onversion and selectivity of products of the hydrogenolysis of possible interme-
iates on the pathway of glycerol to propene (T = 300 ◦C, atmospheric pressure, H2:
lcohol flow ratio of 40 mL/min: 0.010 mL/min, catalyst = 50 mg).

Alcohol 1,2-Propanediol 1,3-Propanediol 2-Propanol 1-Propanol

Conversion 57% 12% 90% 9%

Selectivity
Propene 57% 71% 48%
1-Propanol 4% 32%
2-Propanol 31%
Propanal 45% 52%
Acetone 29%
Acetol 4%
Methanol 4% 23%
ing MoO3 alone over activated carbon.

4. Conclusions

In the search for a feasible one-step process of glyc-
erol hydrogenolysis to propene, different metal catalysts were
tested. Commercial Ru and Pd catalysts yielded propane and
methane/ethane, respectively, as major products, indicating that
they are too active for the desired process.

Mo-based catalysts were tested and produced different types of
products; Ni/Mo gave propane as major product, whereas Zn/Mo
and Cu/Mo produced significant amounts of intermediate oxy-
genated products. On the other hand, Fe/Mo supported on activated
carbon is an efficient catalyst for the continuous flow selective
hydrogenolysis of glycerol to propene. It seems that the active
phase may  be either MoO2 or MoC.

The reaction scheme may  involve the formation of acetol, 1,2-
propanediol and 2-propanol as intermediates. The low activity of
hydrogenation of propene to propane over the Fe/Mo catalyst may
be due to the poor reductibility of the metals at the reaction
conditions. TPR and XRD experiments are consistent with the for-
mation of mixed species between Fe and Mo,  which retards the
reduction of the iron, making this catalyst suitable for the desired
process.
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