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Hydrogenation of crotonaldehyde over carbon-supported
molybdenum nitrides
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The gas-phase hydrogenation of crotonaldehyde has been performed over unsupported Mo2N and over Mo2N supported on two
carbonaceous materials, an activated carbon (AC) and a high surface area graphite (G). These catalysts were in situ prepared by the
temperature-programmed reaction of MoO3 and carbon-supported Mo precursors with NH3. It is found that selectivity to the unsaturated
alcohol is maximum for the Mo2N/G sample, where crotylalcohol selectivities exceed the 60% during all time in reaction. Higher
selectivity surface sites are associated with the (200) planes of the γ-Mo2N crystallites.
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1. Introduction

The catalytic hydrogenation of α, β-unsaturated aldehy-
des to produce the unsaturated alcohols has been the subject
of several investigations in the latter years because of its
interest in the fine chemical industry and as catalytic test.
In general, supported group-VIII-metal catalysts have been
the most studied. Different factors such as the nature of
the support [1], metal particle size [2], presence of differ-
ent promoters or addition of a second metal [3–6] seem to
modify the catalytic performance. In the case of copper-
based catalysts the presence of sulphur poisons is required
to achieve high selectivity to crotylalcohol [7]. The ques-
tion is how to activate preferentially the CO bond achieving
then a higher selectivity to the desired unsaturated alcohol.
In fact, the thermodynamic constraints that conduce to the
easier hydrogenation of the C=C function instead of the
C=O one only can be surpassed by the preferential ad-
sorption of the carbonyl on the catalyst surface. Then, the
morphology and polarity of the catalyst surface as well as
electronic and steric factors are important parameters that
may control the adsorption structure of the reactant.

Inorganic metal nitrides and carbides (Mo2C, Mo2N,
WC, W2C, etc.) have also attracted much attention in
the fields of material science and catalyst synthesis. The
presence of nonmetal atoms (N or C) in these materials,
which change electrical, magnetical and adsorptive proper-
ties of transition metals (i.e., Mo), convert them in metallic
interstitial alloys, and give them new properties as cata-
lysts. Most of the efforts have focused on synthesis and
characterization of high surface area materials [8–10] and,
more recently, on their application as catalysts for reactions
such as CO hydrogenation, hydrodesulfurization or hydro-
denitrogenation [11–13]. Molybdenum nitrides exhibit bulk

and surface properties similar to noble metals [8] and these
may be tailored by changing the preparation methods and
synthesis conditions. For instance, the solid-state reaction
of MoO3 with NH3 leads to the topotactic transformation of
MoO3 to Mo2N, which originates solids with specific par-
ticle morphologies (face-centered-cubic crystals) and with
high surface areas [14]. In addition, the catalytic perfor-
mance of molybdenum nitrides can modify by supporting
them on a high surface area carrier [15]. On the other
hand, a recent hydrogen adsorption microcalorimetric study
has shown that these materials based on Mo2N are able to
chemisorb hydrogen with various adsorption strengths de-
pending on the sample preparation [16]. Thus, we speculate
that these nitrides with hydrogenating properties could pref-
erentially activate the C=O bond of unsaturated aldehydes
leading to an enhanced selectivity toward the unsaturated
alcohol. In this work, we report the structural and catalytic
properties of Mo2N itself and supported on carbonaceous
materials for the gas-phase crotonaldehyde hydrogenation
reaction.

2. Experimental

Two carbon-supported molybdates were prepared by im-
pregnation of a commercial microporous activated car-
bon (Merck, SBET = 960 m2 g−1) and of a high sur-
face area graphite (HSAG-300 from Lonza Ltd., SBET =
299 m2 g−1). An aqueous solution of (NH4)6Mo7O24·4H2O
(Aldrich) with the appropriate concentration to obtain a
loading of ca. 10 wt% MoO3 was used. The samples were
dried overnight at 383 K. The starting material of the un-
supported Mo nitride was a commercial MoO3 from Merck.
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The carbon-supported molybdenum nitrides (Mo2N/AC
and Mo2N/G) and the unsupported molybdenum nitride
(Mo2N) were in situ prepared by temperature-programmed
reaction of their corresponding metal oxide precursors
with NH3. Briefly, the oxidic samples (600 mg) were
heated in a tubular quartz microreactor under flowing NH3

(60 cm3 min−1) from room temperature to 573 K in 1 h.
Then the temperature was raised up to 973 K at a 1 K min−1

and kept for 1 h. Finally, the furnace was opened and
the sample rapidly cooled in flowing NH3. Before re-
action tests, samples were treated at 673 K under H2

(25 cm3 min−1) for 2 h and then cooled down under hydro-
gen to the reaction temperature.

The hydrogenation of crotonaldehyde was carried out at
atmospheric pressure in the 313–353 K reaction tempera-
ture range. Catalysts were contacted with a reaction mixture
(flow of 50 cm3 min−1) containing helium, hydrogen and
crotonaldehyde which was prepared by bubbling the H2/He
gas through a thermostabilized saturator (277 K) containing
the aldehyde. The H2/crotonaldehyde molar ratio was 30.
The effluents were analyzed by gas chromatography using
a Varian 3400 GC equipped with a FID detector and a
Carbowax 20M on Chromosorb WHP packed column for
separation. The conversion was kept below 10%. The main
products of this reaction were crotylalcohol (CROTOL), bu-
tanol (BUTOL), butanal (BUTAL) and butane (BUNE). For
comparative purpose a graphite-supported platinum catalyst
(Pt/G) with a 3.2 wt% of metal loading and a metal disper-
sion of 0.11 (determined from H2 chemisorption) was also
studied. Details about the preparation and characterization
of this sample are given elsewhere [17].

The BET surface areas of catalysts, both oxidic pre-
cursors and samples used in reaction, were determined
by N2 adsorption at 77 K using a Micromeritics ASAP
2000 equipment. X-ray diffraction (XRD) pattern of sam-
ples used in reaction and air exposed were measured in a
Siefert 3000 P apparatus using Ni filtered Cu Kα radiation
and a graphite monochromator. Average Mo2N crystallite
sizes were determined measuring the width of the (200) dif-
fraction peak, by application of the Scherrer equation with
Warren’s correction for instrumental broadening.

3. Results and discussion

Figure 1 shows the overall activities (µmole of croton-
aldehyde transformed per second and gram of active phase
(Pt or Mo2N)) at 333 K for the catalysts in the gas-phase
hydrogenation of crotonaldehyde. It can be observed that
all catalysts suffer a significant deactivation, which may be
due to carbon accumulation on the catalyst surface with the
consequent decrease in active sites able to carry out the
hydrogenation reaction. A decrease in the rate of reaction
of about 80% of the initial rate was observed during the
first 90 min on stream for the carbon-supported and un-
supported molybdenum nitrides, while this was 30% for
the Pt/G sample. After this initial period catalytic activi-
ties become stabilized. It should be noted that the sample

Figure 1. Catalytic activity in the hydrogenation of crotonaldehyde at
333 K for catalysts: (�) Mo2N, (•) Mo2N/G, (N) Pt/G and (H) Mo2N/AC.

Mo2N/AC exhibited no catalytic activity at 313 K; the sup-
port took up the CROTAL from the gas phase. Neither the
reactant nor products were observed in the stream exit after
about 100 min. This uptake of CROTAL suggests that the
activated carbon pores were steadily filled by the reactant
during its exposure to the catalyst. However, when the re-
action temperature was increased up to 333 K, a catalytic
activity similar to that of the Mo2N/G sample was observed
(figure 1). Further increase in the reaction temperature up
to 353 K, brought about a sudden desorption of the con-
densed CROTAL since its concentration in the exit stream
was much higher than the initial feed concentration.

The products obtained in the gas-phase hydrogenation
of crotonaldehyde in the conditions used in this study are
mainly the primary products, CROTOL and BUTAL. More
hydrogenated products, BUTOL and BUNE, are produced
in much lower amounts (below 5%), which are similar
for all the catalysts. The trends of the CROTOL selec-
tivity with the time on stream are shown in figure 2. For
unsupported and graphite-supported molybdenum nitrides
the selectivity to CROTOL increased in the early stages of
the reaction and then decreased, seeming to reach a steady
state after approximately 300 min on stream. However, for
the Mo2N-AC sample the CROTOL selectivity was very
low (ca. 5%) and increased steadily until the end of the
experiment after 220 min reaction time. The CROTOL
selectivity of the Pt/G sample increased during the first
40 min of reaction and then became constant. Compari-
son of the CROTOL selectivity of the different catalysts at
steady-state conditions shows that the unsupported Mo2N
itself has selectivity towards CROTOL of ca. 25%, which
is slightly higher than that of the PT/G sample (ca. 20%).
When the molybdenum nitride is supported on graphite,
the selectivity to CROTOL is hugely enhanced (ca. 60%),
the unsaturated alcohol being therefore the main product
yielded by the Mo2N-G sample. By contrast, the activated-
carbon-supported molybdenum nitride showed a very poor
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Figure 2. Selectivity to crotylalcohol as a function of time on stream for
catalysts: (�) Mo2N, (•) Mo2N/G, (N) Pt/G and (H) Mo2N/AC.

Table 1
Structural properties of unsupported and carbon-supported molybdenum

nitrides.

Catalyst SBET
a (m2 g−1) Crystallite size (nm) I(200)/I(111)

Mo2N 107 (<1) 6.5 1.12
Mo2N/AC 692 (923) 2.5 2.32
Mo2N/G 91 (133) 2.7 –

a Between parentheses BET surface areas of oxidic precursors.

selectivity for the production of the unsaturated alcohol and
yielded mainly butanal and saturated products (>90%).

Table 1 shows the values of surface areas for the sup-
ported and unsupported molybdenum nitride catalysts after
the hydrogenation reaction and for their corresponding ox-
idic precursors. The unsupported molybdenum nitride cata-
lyst possesses a high surface area as it is expected from the
synthesis conditions employed [9,18]. The XRD pattern for
the unsupported sample is shown in figure 3. This latter is
characteristic of high surface area crystalline γ-Mo2N con-
stituted by plate-like crystallites extended out in the (100)
direction [9]. This type of texture is a consequence of
the pseudomorphic nitridation of the MoO3 particles into
γ-Mo2N [15]. The incorporation of the molybdenum pre-
cursor to the AC support does not seem to modify its surface
area, but for the G support it is diminished by about 50%.
After nitridation the catalysts show surface areas lower than
that of the oxidic precursors (table 1). These results sug-
gest that the pores of the carbon supports are modified
during nitridation by NH3 at 973 K. The XRD patterns
of supported molybdenum nitride catalysts (figure 3) show
small and broad diffraction lines assigned to the (111) and
(200) planes of crystalline γ-Mo2N for the Mo2N/G sam-
ple. While for the sample supported on activated carbon
is only observed a wide band at 2θ = 43.1 attributed to
the (200) plane of γ-Mo2N. These supported molybde-
num nitrides have crystallites of much smaller average size

Figure 3. XRD patterns after reaction for: (a) Mo2N, (b) Mo2N/AC,
(c) Mo2N/G catalysts.

(2.5–2.7 nm) than the unsupported counterpart (6.5 nm).
However, no large difference in Mo2N crystallite size is
found between the two carbon-supported catalysts in spite
of the much higher surface area of the activated carbon.
This latter fact indicates that the narrow microporosity of
the activated carbon does not participate in the dispersion of
the molybdenum nitride phase. From this standpoint, there
is no advantage in the use of activated carbon as a sup-
port. Moreover, the higher value of the ratio of intensities
of the (200) and (111) diffractions, I(200)/I(111), for the
Mo2N/G sample compared with the unsupported sample in-
dicates an enhanced preferential orientation of the γ-Mo2N
crystallites in the (100) direction. This picture agrees with
that observed for unsupported Mo nitrides, where the pre-
dominance of large plate-like particles increased with de-
creasing average size of Mo2N particles [9,18].

On the basis of the catalytic and structural studies of un-
supported and graphite-supported molybdenum nitrides, we
arrive at the conclusion that the selectivity to crotylalcohol
markedly depends upon the molybdenum nitride crystallite
size. These results suggest that the hydrogenation of croton-
aldehyde over molybdenum nitrides is structure sensitive,
as it is over noble metals [19]. With decreasing particle
size the fraction of Mo2N (200) planes increases. Thus,
we affiliate the selectivity to crotylalcohol with the abun-
dance of Mo2N (200) surfaces which would promote the
adsorption of crotonaldehyde via the C=O bond. No such
high selectivity to CROTOL was observed in the case of
the Mo2N supported on the microporous activated carbon
in spite of its small Mo nitride particle size. It appears that
the opportunity for prolonged adsorbed crotonaldehyde–
hydrogen contact due to significant residence time within
the catalyst pores shifted the product selectivity towards
the total hydrogenated product. These results agree with
those from the 3-methylcrotonaldehyde hydrogenation over
zeolite-supported Ru catalysts [20].
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In conclusion, molybdenum nitrides, particularly when
supported on mesoporous carbon, appear as very selective
catalysts to produce the less thermodynamically favored hy-
drogenation of crotonaldehyde to crotylalcohol very likely
because of the preferential activation of the C=O group
over the (200) planes of these types of material.
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