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The ammoxidation of allyl alcohol was demonstrated over anti-
mony-iron oxide catalysts with a Sb/Fe ratio of 0.6 and 1. Both
catalysts showed high performance with 83 and 84% yield of
acrylonitrile, respectively, whereby the main difference was found
in the initial performance. This was ascribed to the in-operando
formation of the SbFeO, mixed oxide on the catalyst surface
under reaction conditions, as proven by XPS analysis.

Acrylonitrile is an important building block in the chemical
industry with a major application in polymers such as acrylic
fibers, ABS (acrylonitrile-butadiene-styrene) and SAN (styrene-
acrylonitrile). Thus, it can be found in several daily life pro-
ducts such as hard-sided luggage or LEGO® bricks or - after
carbonization of the acrylic fibers - as carbon fiber for high
performance applications like in aviation." Besides this direct
application as a monomer, acrylonitrile is also used as
an intermediate for the production of adiponitrile and
acrylamide.”

Nowadays, acrylonitrile is exclusively obtained from fossil
sources, namely via the ammoxidation of propylene in the
presence of ammonia and air. This technology is also known
as the SOHIO process, which is based on a complex multi-com-
ponent catalyst and - due to the exothermicity of the reaction -
carried out in a fluidized bed to enable a yield of ca. 80% of
acrylonitrile.> Since the development of the corresponding
process by Standard Oil of Ohio in the 1960s, the interest in
other starting materials for producing acrylonitrile has rather
focused on alkanes - namely propane®® - which is not a
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sustainable resource. Hence, a renewable substrate for the syn-
thesis of acrylonitrile was desirable. With respect to the three
carbon backbone of acrylonitrile, glycerol was reported as a
potential starting material. Thus, two processes are described
in the literature, namely a direct synthesis in gas or liquid
phase - employing microwave heating in the latter case,”'° as
well as an indirect synthesis via acrolein as an intermediate.
We recently reported on the last mentioned two-step conver-
sion of glycerol to acrylonitrile, involving first a dehydration
step followed by an ammoxidation step.'' Whereas the gas
phase dehydration of glycerol is well-known to be catalysed by
various solid acid catalysts (i.e. zeolites, niobia and supported
inorganic acids) enabling high yields of up to 95%,">™"* the
ammoxidation of acrolein - notably in a vapor rich atmosphere
- is only poorly studied.'®'® Thus, the latter was identified as
the limiting step of this two-step process. In fact, the ammoxi-
dation of acrolein over the antimony-iron mixed oxide catalyst
did not surpass 40% yield of acrylonitrile. This limitation
encouraged us to rethink the process, which is commonly
based on acrolein as a reaction intermediate due to the histori-
cal use of propylene as a starting material. Inspired by the fact
that allyl alcohol is a well known probe molecule when study-
ing the mechanism involving allyl intermediates,"” we herein
report the ammoxidation of allyl alcohol to acrylonitrile. Nowa-
days, allyl alcohol is conventionally obtained from acrolein by
selective hydrogenation or from propylene oxide.'® Neverthe-
less, it can also be obtained from renewable sources such as
glycerol'®?® or 1,2-propane-diol.>* Thus, the ammoxidation of
allyl alcohol (Scheme 1) is a promising way for a sustainable
synthesis of acrylonitrile. In fact, the only previous report avail-
able is a patent of Distillers Company from 1950 using an iron-
molybdate catalyst and yielding barely 40% acrylonitrile but
together with 34% carbon dioxide.”” Here, we report the use of

+NH; +0O, //—:N

/\/OH
= 3H,0

Allyl alcohol Acrylonitrile

Scheme 1 Ammoxidation of allyl alcohol to acrylonitrile.
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Table 1  Analysis results for antimony—iron catalysts

EDX analysis N, physisorption

Elemental
Sb/Fe  composition SBET Vpore XPS
theor. (O/Fe/Sb)” Sb/Fe® (m?>g™") (em’g™") Sb/Fe”
0.6 0.48/0.32/0.20 0.63 24.0 0.080 0.58 (1.63)
1.0 0.44/0.30/0.26 0.87(0.89) 11.3 0.034 1.43 (1.54)

(0.45/0.29/0.26)

theor. = theoretical ratio; exp. = experimental ratio; Sgpr = specific
surface area; Vpore = pore volume. “ Value for spent catalyst in brackets.

an antimony-iron oxide catalyst yielding up to 83% acrylo-
nitrile under optimized reaction conditions.

Two antimony-iron oxide catalysts were prepared with a
Sb/Fe ratio of 0.6 and 1, respectively. The detailed procedure
and all experimental details are presented in the ESL.T The cat-
alysts were analyzed by different techniques to determine the
bulk and surface compositions as well as the surface texture.
The determination of the bulk composition was performed by
X-ray diffraction and EDX analysis. The elemental composition
determined by EDX roughly confirmed the theoretical ratio
used for the synthesis of the catalysts (Table 1). In fact, for the
catalyst with a theoretical Sb/Fe ratio of 1, we observed an
experimental value of 0.87, whereas the catalyst with a theor-
etical ratio of 0.6 exhibited an experimental Sb/Fe ratio of 0.63.
With respect to a possible leaching of metals due to the large
amount of water vapor under the reaction conditions (85%),
the elemental composition of the Sb/Fe catalyst with a ratio of
1 was determined after the test. From the results (Table 1), one
can clearly see that the elemental composition after the test
remained unchanged (Sb/Fe 0.89 vs. 0.87 initially), supporting
thus the stability of the catalyst under the reaction conditions.

From the XRD results (Fig. 1), one can see that the catalyst
with an antimony/iron ratio of 0.6 exhibited two main phases,
namely iron-n-oxide (JCPDS 33-0664) and antimony-m-
oxide (JCPDS 43-1071). Furthermore, smaller amounts of

counts
O
-
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Fig. 1 XRD diffractograms for catalysts with Sb/Fe = 1.0 fresh (b) and after the

test (a); Sb/Fe = 0.6 fresh (d) and after the test (c), showing Sb,03 (O), Fe;03
(0), SbFeO4 (#) and SbO (+).
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Fig. 2 Temperature-programmed XRD diffractograms for catalysts with Sb/Fe =
1.0, showing Sb,0s3 (0), Fe,05 (O), SbFeO, () and Sb,04 (+).

antimony-u-v-mixed oxide (JCPDS 11-0694) and antimony-iron-
mixed oxide (JCPDS 34-0372) can be observed. Comparable
results were also observed for the catalyst with a Sb/Fe ratio of 1
when the latter was calcined at a low temperature of 500 °C
(Fig. 2). On the other hand, the calcination at 900 °C yielded
quantitative formation of the iron-antimony mixed oxide
(¢f: Fig. 1b and 2). Comparable results were also reported by Allen
et al”® 1t is also worth mentioning that both catalysts exhibited
identical XRD patterns after the reaction (Fig. 1a and 1c).

Concerning the textural properties (Table 1), both catalysts
exhibited rather low specific surface areas of 24 m* g~ (Sb/Fe =
0.6) and 11.3 m”® g~* (Sb/Fe = 1). The significantly lower value
for the catalyst with the Sb/Fe ratio of 1 was ascribed to the
higher calcination temperature (900 °C vs. 500 °C), which
strongly promoted the sintering of the crystallites, whereby the
pore volume - and thus the specific surface area - decreased
inevitably.

In order to determine the surface composition and oxi-
dation states of the surface species, both catalysts were also
analysed by X-ray photoelectron spectroscopy. C 1s, Fe 2p, O 1s
and Sb 3d photopeaks and the Sb M,N, sN, 5 Auger line were
recorded. It has to be noted that the most intense photopeaks
of O 1s and Sb 3ds, are overlapped, so the Sb 3d;,, peak was
used. Thus, based on the Sb M;N, ;N, 5 Auger line, XPS data
are presented as a Wagner plot (Fig. 3) to determine the Sb
chemical environment.

In both catalysts, antimony and iron are present as Sb(v)
and Fe(m) in an oxide environment, respectively. Indeed, their
Sb 3d;,, binding energy (BE) values are higher (540.8 eV for
Sb/Fe = 1 and 540.5 eV for Sb/Fe = 0.6) than the BE value of the
reference oxide, Sb,05 (540.4 eV). Likewise, a positive shift for
Fe 2ps,, BE is observed between the reference Fe,0; (710.8 eV)**
and both catalysts (711.8 eV for Sb/Fe = 1 and 711.2 eV for
Sb/Fe = 0.6). Consequently, these significant BE shifts seem to
be characteristic of the presence of mixed oxide on the surface
of the catalyst. Unfortunately, it was not possible to differentiate
between oxides (Fe,Os, Sb,O3; and Sb,0,) and FeSbO, mixed
oxide, as detected by DRX.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Results of XPS analysis presented as a Wagner plot: (x) catalyst Fe/Sb =
1 fresh, (0) catalyst Fe/Sb = 1 after the test, (+) catalyst Fe/Sb = 0.6 fresh, (0)
catalyst Fe/Sb = 0.6, (A) Sb,05 and (O) Sb,0s.

Furthermore, we determined the antimony/iron ratio at the
surface of the catalyst (XPS analysis depth less than 10 nm).
The results (Table 1) show that the corresponding ratio is very
close to the theoretical value for the catalyst with a Sb/Fe ratio
of 0.6 (0.58), which also indirectly confirms the homogeneity
of the sample, as the bulk ratio determined by EDX exhibited
the same value. On the other hand, the catalyst with a theor-
etical ratio of 1 exhibited significant enrichment in antimony
at the surface (a Sb/Fe ratio of 1.48). This is notably in contrast
to the bulk ratio, which was determined at 0.87, suggesting
thus a migration of Sb from the bulk to the surface.

The outermost atomic layer of both catalysts was also ana-
lysed by LEIS (Fig. 4). They exhibit different elemental compo-
sitions. Indeed, the catalyst with Sb/Fe = 1 presents a Sb/Fe
ratio of 1.4, which confirms the XPS results and illustrates that
the outermost atomic layer is identical to the 10 nm surface
layer. Likewise, the catalyst with Sb/Fe = 0.6 presents a Sb/Fe
ratio of 0.8, which is also close to the XPS results (Sb/Fe = 0.58)
and confirms the homogeneous composition of the surface.

Finally, both catalysts were also analysed by XPS after the
test. Whereas the catalyst with a theoretical Sb/Fe ratio of 1
remained rather unchanged with a Sb/Fe surface ratio of 1.54

Intensity (a.u.)

900 1400 1900 2400 2900
Energy (eV)

Fig. 4 LEIS spectra (3 keV “He*) of catalysts with Sb/Fe = 1 (straight line) and
Sb/Fe = 0.6 (dotted line).
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Table 2 Catalytic performances in the ammoxidation of allyl alcohol

Before DoE* After DoE?
Sb/Fe ratio 1 0.6 1 0.6
C (%) 99 100 100 100
Sacn (%) 59 67 84 83
Sac (%) 8 11 3 4
San (%) 4 4 3 3
CB (%) 80 97 91 92

%400 °C; AllylOH/O,/NHj ratio 1/3.5/2; contact time 0.1 s; 4 h reaction
time. 2450 °C; AllylOH/O,/NH; ratio 1/3.5/3; contact time 0.16 s; 4 h
reaction time; DoE = design of experiment; C = conversion; Sacy =
selectivity to acrylonitrile; Sac = selectivity to acrolein; Say = selectivity
to acetonitrile; CB = carbon balance.

(vs. 1.43 initially), the catalyst with the theoretical ratio of 0.6
showed significant changes. In fact, the latter showed signifi-
cant enrichment in antimony at the surface after the test (ratio
of 1.63 vs. 0.58 initially). This increase was ascribed to the for-
mation of the FeSbO, mixed phase under the reaction con-
ditions, as after the test, both catalysts exhibit nearly identical
elemental composition and chemistry, as can be seen in Fig. 3.
Nevertheless, as no change was detected by XRD (¢f. Fig. 1),
the modification remains limited to the surface of the catalyst.
The formation of the mixed phase most probably took place
during the very first hour of reaction, which is accompanied by
an increase in selectivity to acrylonitrile (vide infra).

In the first stage of the work, both catalysts were tested
under reaction conditions inspired by Liebig et al (400 °C;
AllylOH/O,/NH; ratio 1/3.5/2; contact time 0.1 s)."* From the
results (Table 2), one can see that both catalysts exhibited full
conversion at 400 °C. On the other hand, the selectivity to
acrylonitrile was 59% and 67% over the catalyst with a Sb/Fe
ratio of 1.0 and 0.6, respectively. The other products observed
were acrolein (a selectivity of 8% and 11%, respectively, over
the catalyst with a Sb/Fe ratio of 1.0 and 0.6), acetonitrile (4%),
acetaldehyde and propionaldehyde (the latter two with a
selectivity of <3%). In the following, the influence of the
different reaction parameters (reaction temperature, allyl
alcohol/ammonia ratio and contact time) was studied. In order
to take into account cross-interactions between the reaction
parameters as well as to reduce the number of necessary
experiments, we adopted a computer assisted experimental
design (explanation and results of the individual experiments
are reported in the ESIT). The corresponding predictions are
shown in Fig. 5 and 6. Thus one can see that the yield of
acrylonitrile is predicted to significantly increase with the reac-
tion temperature. In fact, the yield increased from less than
10% to over 80% when the temperature was increased from
350 °C to 450 °C. Concerning the impact of the ammonia/allyl
alcohol ratio, a strong increase in yield (i.e., from 45% to 75%
for 450 °C) is predicted when increasing the latter from 1.0 to
2.0. On the other hand, a further increase to 3.0 shows only a
slight amelioration in yield (i.e. from 75% to 85% for 450 °C).
Finally, the influence of the contact time (by using different
amounts of catalyst) was studied. Surprisingly, the model

Green Chem., 2013, 15,3015-3019 | 3017
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Fig. 5 Yield of acrylonitrile as a function of reaction temperature and
ammonia/allyl alcohol ratio (contact time = 0.16 s) as predicted by the model of
the experimental design approach.
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Fig. 6 Yield of acrylonitrile as a function of reaction temperature and contact
time (NHs/AllylOH ratio = 2.7) as predicted by the model of the experimental
design approach.

predicts that the impact of the contact time is rather low com-
pared to the other mentioned parameters. In fact, when
increasing the contact time from 0.1 s to 0.16 s, the yield
increases from 65% to 80-85% (reported for 450 °C reaction
temperature). On the other hand, a further increase of the
contact time to 0.2 s is foreseen to have nearly no more an
impact on the yield of acrylonitrile. Thus, in the following, the
catalysts were tested under the predicted optimized reaction
conditions, namely 450 °C, an AllyJOH/NH; ratio of 3 and a
contact time of 0.16 s. From the results (Table 2), one can see
that the experimental yield indeed corresponded to the pre-
dicted yields (80-85%), as both catalysts (a Sb/Fe ratio of 0.6
and 1.0) exhibit nearly identical yield of 83% and 84%, respect-
ively. Compared to the results obtained before the parameter
optimisation, this acrylonitrile yield is
accompanied by a decrease in the acrolein yield (3-4% vs.
8-11% initially). On the other hand, the yield of acetonitrile
was rather constant (3% vs. 4% initially), which clearly shows

increase in

that even at increased reaction temperature, the C-C bond
cleavage was limited.
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Fig. 7 Mean values for conversion (x) and selectivity to acrylonitrile (O0) over
the catalyst with Sb/Fe = 0.6 as a function of reaction time (450 °C, AllylOH/O5/
NH3 ratio 1/3.5/3; contact time 0.16 s); error bars correspond to twice the stan-
dard deviation.t

Concerning the catalytic performance with time on stream,
one can observe an increase in selectivity to acrylonitrile
during the first hour of reaction in the case of the antimony-
iron catalyst with a Sb/Fe ratio of 0.6 (Fig. 7), a result which
was not observed over the catalyst with a ratio of 1 (not
shown). This behaviour was ascribed to the formation of the
SbFeO, mixed phase under the reaction conditions, which is
in agreement with the characterisation of the spent catalyst
(vide supra) and also confirms previous results obtained for
the ammoxidation of acrolein.™

Conclusion

The ammoxidation of allyl alcohol provides a viable pathway
for obtaining acrylonitrile. Compared to previously reported
results for the ammoxidation of acrolein, the yield of acryloni-
trile from allyl alcohol is significantly higher (84% vs. 36%)
and the formation of by-products is significantly decreased,
which is a clear advantage with regard to the principles of
green chemistry. Furthermore, the FeSbO, mixed oxide was
identified as the active phase. In the case of the non-stoichio-
metric catalyst, the latter was formed in operando during the
first hour of the reaction, as proven by XPS analysis. This for-
mation was also accompanied by an increase in selectivity to
acrylonitrile.
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