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Abstract

The catalytic dehydrogenation (DH) and oxidative dehydrogenation (ODH) of light alkanes are of significant industrial importance. In this work
both carbonaceous material deposited on VVO,/Al,O3 catalysts during reaction and unsupported carbon nanofibres (CNFs) are shown to be active
for the dehydrogenation of butane in the absence of gas-phase oxygen. Their activity in these reactions is shown to be dependent upon their struc-
ture, with different reaction temperatures yielding structurally different coke deposits. Terahertz time-domain spectroscopy (THz-TDS), among
other techniques, has been applied to the characterisation of these deposits — the first time this technique has been employed in coke studies. TEM
and other techniques show that coke encapsulates the catalyst, preventing access to VO sites, without a loss of activity. Studies on CNFs confirm
that carbonaceous materials act as catalysts in this reaction. Carbon-based catalysts represent an important new class of potential catalysts for DH

and ODH reactions.

Keywords: Vanadia catalysts; Carbon nanofibres; THz time domain spectroscopy; Coke; Transmission electron mi-
croscopy; Butane dehydrogenation; X-ray absorption spectroscopy

1. Introduction

The catalytic dehydrogenation (DH) of light alkanes
in the absence of oxygen is employed as an industrial proc-
ess to synthesise alkenes and alkadienes, important precur-
sor molecules for synthetic rubbers, plastics and a variety
of other products. As such, annual consumption (2003) of
propane and n-butane feedstocks for these reactions ex-
ceeds 10 Mt [1]. Recent research in this area has focused on
butane DH over alumina-supported vanadia catalysts [2-8].
Additionally, the oxidative dehydrogenation (ODH) of light
alkanes also receives significant academic attention [9-12].

However, the relatively low yields achieved in the latter
approach mean that this process is yet to be implemented
commercially [13]. In this work, we show for the first time
that carbonaceous material, coke, deposited during reaction
over VO,/Al,O3 can act as an active catalyst in the non-
oxidative dehydrogenation of n-butane. This conclusion is
confirmed through a comparison of the activity of coked
VO,/Al,O5 and carbon nanofibres. To this end a wide num-
ber of advanced techniques are employed including the first
application of terahertz time-domain spectroscopy (THz-
TDS) in the study of coke.

The role of carbonaceous deposits in DH and ODH
reactions has been the subject of extensive research. In the
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case of industrial alkane dehydrogenation significant coke
deposition causes rapid deactivation of the catalyst. For
instance, the CATADIENE process (ABB Lummus) em-
ploys a CrO,/Al,O; catalyst operating at 873 K: this cata-
lyst requires regeneration after ~10 min on stream as a
result of coke build-up causing deactivation [1]. Laboratory
studies of VO,/Al,O; catalysts have drawn correlations
between the nature of the supported VO, units and the
structure of the coke formed [5]. In contrast to many other
reaction systems however, in DH reactions polyaromatic
coke deposits are not always directly implicated in catalyst
deactivation. Recent studies have demonstrated that such
large ensembles play only a minor role in deactivation dur-
ing n-butane dehydrogenation. Instead, the observed loss in
activity can be assigned to the presence of tightly bound
reaction intermediates, irreversibly adsorbed onto catalytic
active sites under reaction conditions [4]. Furthermore, in
the oxidative dehydrogenation of ethylbenzene, such car-
bonaceous deposits are not only not implicated in catalyst
deactivation, but instead have been suggested as being cata-
Iytically active in their own right, a conclusion reinforced
by studies on activated carbon catalysts [14-21] and nanos-
tructured carbon materials [22-24]. More recently carbona-
ceous materials have also been shown to be active in the
ODH of n-butane [25]. Ketonic C=0 functionalities on the
surface of CNTSs are believed to be the active site in this
system. Notably, significant deactivation was not observed
over a period of 100 h.

A wide range of experimental techniques have been
applied to the study of coke and carbonaceous materials in
the literature. One reason for this is that no single technique
can provide the wealth of information required to under-
stand the nature of such complex structures. For this rea-
son, in this work we have applied a number of
complementary techniques to the study of coke formed
over VO,/Al,O3 during butane dehydrogenation. One such
method is THz-TDS, and this work represents the first ap-
plication of this spectroscopy in the study of coke.

2. Experimental
2.1. Materials

The principal catalyst employed in the work reported
herein is an alumina-supported vanadia catalyst with a va-
nadium loading of 3.5 wt.%, hereafter referred to as
VO,/Al,O3. This catalyst has previously been described in
the literature [2-5, 26], and was prepared by incipient wet-
ness impregnation employing aqueous NH,VO; (>99%,
Aldrich). The alumina support is 6-Al,O3 (Johnson Mat-
they, UK, BET surface area=101 m? g", pore vol-
ume = 0.60 ml g™'). Oxalic acid (99 % Aldrich) was added
to the impregnation solution to ensure the dissolution of
NH,;VO; [NH,VOs/oxalic acid = 0.5 (molar ratio)]. After
impregnation the catalyst precursor was mixed thoroughly
for 2 h at 350 K to ensure a more homogeneous distribution

of vanadia on the support. The catalyst was then dried in air
at 393 K overnight and calcined for 6 h at 823 K, again in
air. Prior to use the catalyst extrudates were ground and
sieved to a particle size of 75-90 um. Additional catalytic
tests have been conducted over a carbon nanofibre (CNF)
material (PR24-LHT, Pyrograf Products Inc.). Full details
about the synthesis and the structure of these nanofibres
can be found in the review by Tibbetts et al.[27].

A number of model compounds have been studied by
THz-TDS in order to assist in the interpretation of spectra.
These are anthracene (99%), phenanthrene (99.5%), 2,3-
benzanthracene  (98%), 1,2-benzanthracene  (99%),
triphenylene (98%), chrysene (98%), coronene (97%) and
graphite (all Sigma-Alrich).

2.2 Catalytic Activity Measurements

Catalytic activity data were acquired using a fixed-
bed, continuous flow reactor connected to an on-line GC
(Agilent 6890 Series, FID, column Agilent HP-5). The
catalyst (1.5 cm® was heated (5K min™?) to 973K in
5 % O,/N, (0.5 barg, 40 ml min™®) and held at this tempera-
ture for 2 h. A flow of He (0.5 barg, 42 ml min%) was then
established and the temperature adjusted to the desired
reaction temperature (at least 30 min). For reactions over
the CNF the pre-treatment step was conducted in flowing
He (0.5 barg, 42 ml min®) in place of O,/N, to avoid func-
tionalisation or combustion of the nanofibres. In all cases,
3% n-C4H/N, was then introduced (0.5 barg,
60 ml min*) for a period of 180 min. GC measurements
were taken at regular intervals. Conversion, yield of C,
hydrocarbons and selectivity to 1-butene and 1,3-butadiene
were calculated using equations 1-3 respectively. After 180
min the catalyst was cooled to room temperature in flowing
He and removed for ex situ analysis. Conversion, yield and
selectivity are defined as follows:

(equation 1)

% Conversion—100 X[ no.of moles of butane consumed }

no.of moles of butane introduced

(equation 2)

% Yield :100{ no.of moles of product formed }

no.of moles of butane introduced

(equation 3)

% Selectivity =100 no.of moles of product formed
no.of moles of butane consumed

2.3 Characterisation Techniques

Electron microscopy investigations were carried out
in a Philips CM200 transmission electron microscope oper-
ated at 200 kV. The images were recorded using a Gatan
Tridiem GIF. Images were analysed using the Digital-
Micrograph package from Gatan Inc. The samples were
lightly ground using a mortar and pestle and dispersed on a
carbon-coated copper grid. Elemental mapping was carried
out in the same microscope using an EDAX Genesis EDX
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detector. The elemental maps were processed using Image-
Pro Analyzer from Media Cybernetics Inc.

X-ray diffraction (XRD) measurements were per-
formed in transmission mode on a STOE STADI P diffrac-
tometer equipped with a primary focusing Ge
monochromator (Cu Koy, radiation) and position sensitive
detector. The samples were mounted in the form of small
amounts of powder sandwiched between two layers of po-
lyacetate film and fixed with a small amount of X-ray
amorphous grease.

X-ray photoelectron spectra were measured on a Kra-
tos Axis Ultra DLD spectrometer using monochromatised
Al Ka radiation and a pass energy of 40 eV. Data were
analysed with CasaXPS and software developed in-house at
Cardiff University.

Solid-state **C NMR was conducted on the coked
catalysts using Cross Polarisation Magic Angle Spinning
(CP-MAS), at a °C operating frequency of 100.65 MHz on
an AV-400 spectrometer (Bruker). The spinning rate was
14 kHz, and a contact time of 1 ms and a recycle delay of 1
s were used. 50,000 signal scans were averaged for each
sample. Spectra are referenced to a solid CH, adamantane
shift at 38.54 ppm relative to tetramethylsilane (TMS). An
exponential line broadening with a factor of 100 Hz was
applied to all data acquired before Fourier transformation to
yield the spectral data. Experimental EPR spectra were
measured on a Bruker ER-200D series EPR spectrometer at
room temperature in the region 200-6200 G with a micro-
wave frequency of 9.34 GHz (X-band).

Carbon K-edge X-ray absorption (XAS) experiments
were performed in the total electron yield mode in the in
situ XPS setup of FHI at BESSY, Berlin. VO,/Al,O; sam-
ples were pressed into a pellet and the absorption of the
carbonaceous material deposited as a result of the butane
dehydrogenation reaction was recorded under 0.25 mbar He
at room temperature. To correct for the absorption of car-
bon on the optical elements of the beamline, a reference
experiment was carried out with a cleaned (carbon free) Ag
foil sample.

For Raman spectroscopy experiments the samples
were introduced into an Au coated stainless steel sample
holder with a 0.6 mm deep rectangular well covering an
area of (12 x 8) mm? Raman spectra were measured at
room temperature using 514 nm laser excitation (3 mW) at
5 cm™ spectral resolution (Kaiser Optical). Sampling times
were typically 50 min. Prior to the experiments, the Raman
spectrometer was calibrated using an Ar lamp. For back-
ground subtraction the spectrum of the bare sample holder
was used. The spectra were fitted with four components (G,
D, D3, and D4) [28] without the D2 band at ~1620 cm™ as
this band was not distinguishable from the G band at 1600
cm™,

The percentage of carbon, hydrogen and nitrogen
present in the catalysts was determined by microanalysis,
performed by the Microanalytical Department, Department
of Chemistry, University of Cambridge.

THz-TD spectra were measured on a spectrometer
previously described [29, 30]. A Femtosource Ti:sapphire

laser (Femtolasers) pumped by a Millenia Xs CW laser
(Spectra Physics) is used to produce 12 fs laser pulses cen-
tred at approximately 800 nm with a bandwidth > 100 nm.
This laser beam is then separated by a beam splitter into a
pump beam and a probe beam. The pump beam is directed
towards the surface of a biased GaAs semiconductor emit-
ter, resulting in the generation of pulses of THz radiation of
0.3-3.5 THz. The probe beam is used for the detection of
THz radiation. An electro-optic ZnTe crystal is employed
as the detector. After homogeneously mixing the sample
powder with polyethylene powder (Sigma Aldrich), the
mixture was compressed into a flat-faced pellet. Polyethyl-
ene was used as a bulking agent and is transparent to THz
radiation in the frequency range of interest. The prepared
pellets were scanned one hundred times over a 13 ps time
window with each scan taking approximately one minute,
giving a spectral resolution of 75 GHz. Comparison of the
power spectrum of the sample with that of a reference pel-
let containing polyethylene using the Beer-Lambert Law
results in a value for the frequency-dependent absorbance
of the sample [31].

3. Results and Discussion
3.1 Characterisation of VO,/Al,O4

TEM and XRD have been applied to the characteri-
sation of the as-prepared VO,/Al,O; catalyst. Additionally,
TEM has been employed to study the catalyst after calcina-
tion in oxygen prior to reaction. TEM investigation of the
as-prepared sample revealed no crystalline vanadia parti-
cles. However, EDX spectroscopy revealed a vanadium
content as expected from the synthesis. These observations
suggest a high dispersion of vanadium in the as-prepared
samples. After calcination, VO, particles of sizes below
1nm are observed by TEM, but show no crystallinity.
These particles are uniformly dispersed throughout the
support material. To further investigate the dispersion of
VO, in the sample, elemental mapping using scanning
TEM (STEM) was used. Figure 1a shows a representative
TEM micrograph and EDX elemental mapping images
indicating the distribution of carbon, oxygen, aluminium
and vanadium in the calcined catalyst particles. Figure 1b
shows the same data for the catalyst after reaction at 973 K
and these data are discussed in section 3.4.2. As expected
from the TEM investigations, the mapping (Figure 1a)
showed a homogeneous distribution of VV on the support
material after calcination. However, the instrument resolu-
tion is insufficient to determine if V is present as a film or
small particles. That no change is apparent in the distribu-
tion of vanadium species after calcination is important, as
this process is carried out at 973 K, 10 K above the melting
point of bulk V,0s. Alumina supported V,Os5 is however,
known to have different physical properties to bulk V,0Os.
For instance, TPR experiments show that the supported
material undergoes reduction more easily [26].
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a) After calcination —

at 973K

b) After reaction 50 nm
at 973 K

Fig. 1: a) TEM of VO,/Al,O; after calcination at 973 K and EDX elemental mapping images showing distribution of carbon, oxygen, aluminium
and vanadium in VO,/Al,O; particles. b) TEM of VO,/Al,O; after reaction at 973 K and EDX elemental mapping images showing distribution of

carbon, oxygen, aluminium and vanadium in VO,/Al,O; particles.

In addition to characterising the supported VO, spe-
cies, XRD has been employed in order to confirm the phase
of the alumina support. Rietveld fits to the acquired data
were performed using the Bruker AXS software Topas,
version 3.0. Employing a preferred orientation model (sixth
order spherical harmonics), it was demonstrated that the
majority of the crystalline fraction is 6-Al,0;, however
minor quantities of a-Al,Oz are also present. This is in
agreement with the previous assignment of this material as
6-Al,0;3 [3-5].

Previous characterisation of this catalyst has been
conducted by both UV- and visible Raman spectroscopy, in
addition to UV-vis spectroscopy, temperature-programmed
reduction measurements, solid-state NMR and FT-IR spec-
troscopy [2, 3, 26, 32, 33]. These data demonstrated that
the main species present on the catalyst surface were poly-
meric vanadates, however these co-existed with smaller
quantities of both monomeric vanadates and crystalline
V,0s-like species. Raman spectroscopy allows for the
quantitative determination of the amounts of each of these
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Fig. 2: a) Yield of gas-phase C4 products; b) conversion; c) selectivity to 1-butene (filled symbols) and 1,3-butadiene (open symbols) as a func-
tion of time-on-stream for n-butane dehydrogenation over VO,/Al,O; at 823 (#), 873 (H) and 973 (@) K.

species present [34]. In this particular case, the ratio of
polymeric vanadates to monomeric species to V,0s is
60:30.2:9.8. That these types of vanadate species are
present on alumina supported vanadia catalysts is well-
established. A discussion of the structure of such species
and their role in catalysis is provided by Weckhuysen and
Keller [35].

3.2 Catalytic Activity of VO,/Al,O3

The catalytic performance of VO,/Al,O3 has been evaluated
at 723, 823, 873, 898, 923, 948 and 973 K. The yield of C,4
hydrocarbons is shown as a function of time-on-stream for
a selection of these temperatures in Figure 2(a), while con-
version and selectivity to 1-butene and to 1,3-butadiene are
shown in Figures 2(b) and (c) respectively. It is apparent
that the yield of C, products decreases as a function of
time-on-stream at 873 K and below, indicative of the deac-
tivation of the catalyst. At higher temperatures however,
the catalyst appears to activate with increasing exposure to
the reactant and the yield increases. This difference is ap-
parent when comparing reaction at 823 and 973 K, with the
observed yield being 40 % after 180 min at 973 K but only
3 % at 823 K. Conversion and selectivity

0.
5 2|
g
® o
L 4 N
3
2 6
£
g 8|
=
10 R
1 14 12 13 14
1000 /T (K)

Fig. 3: Arrhenius plot of In k (mmol 1-butene produced per gca)
versus 1000/T for n-butane DH over VO,/AL,O; (O). A linear
relationship is observed, the gradient of which is indicative of the
activation energy of the reaction, calculated as 132 + 10 kJ mol™.

are also greatest at high reaction temperatures. Again
comparing 823 K and 973 K, conversions of 13 % and 50
% respectively are achieved after 180 min, while the selec-
tivity to 1-butene reaches values of 6 % and 48 %. Butadie-
nes are not observed as a product in the initial stages of
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Fig. 4: a) EPR spectrum of VO,/Al,O; after reaction at 873 K; b) EPR spectrum of VO,/Al,O; after reaction at 973 K. The region 200-4600 G is
shown, alongside magnified images of the region 2600-3600 G from the same spectra.

reaction. However, after 180 min, selectivity towards 1,3-
butadiene is comparable to that towards 1-butene with val-
ues of 5 % and 32 % at 823 and 973 K. Note that the low
selectivities towards C, species at lower temperatures is
due to a greater selectivity to coke deposition at this stage
of the reaction. That butadiene is not produced initially may
be indicative of the formation of more active dehydrogena-
tion sites in situ as the vanadia species undergo reduction
through interaction with n-butane and coke builds up on the
surface. That the increase in butadiene production is not
concomitant with a decrease in 1-butene selectivity sug-
gests that the two products are formed from n-butane at
different catalytic sites. Significantly, from between 80-
110 minutes on-stream at 973 K, selectivity, conversion
and yield all remain constant and do not deactivate with
increasing exposure to n-butane. It is also notable that sig-
nificant formation of small hydrocarbons as a result of the
cracking of the feed molecule is not observed over
VO,/Al,Os. This may be due to the removal of acid sites on
the support during the high temperature calcination step.
The activation energy for 1-butene formation has
been calculated by means of an Arrhenius relationship, as
shown in Figure 3. The rate of 1-butene production is cal-

culated (in mmol per ge) in the early stages of reaction,
before significant coke forms on the catalyst surface. From
these data an activation energy of 132 + 16 kJ mol™ is cal-
culated. This value is similar to values previously estab-
lished for alkane dehydrogenation over supported metal-
oxide catalysts. For instance, Airaksinen et al. calculated
activation energies in the range 132-142 kJ mol™ for isobu-
tene dehydrogenation over CrO,/Al,O5 [36].

Additionally, the n-butane dehydrogenation reaction
has been run at 973 K in an empty reactor, i.e. an identical
experimental protocol to that described above was em-
ployed but no catalyst was loaded into the reactor. GC
analysis confirms that no conversion of n-butane occurs,
confirming that there is no contribution from a gas-phase,
homogeneous, reaction mechanism to the results described
herein in the absence of a catalyst.

3.3 Characterisation of VO,/Al,O; Post-Reaction
VO,/Al,O3 has also been characterised after use for

the dehydrogenation of n-butane, at temperatures ranging
from 723 to 973 K. TEM and EPR measurements reveal the

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Active coke: Carbonaceous materials as catalysts for alkane dehydrogenation, J. McGregor et al..,

Journal of Catalysis 269 (2010), 329-339

2.54

0.0

Fig. 5: XPS-derived data showing the C(1s)/Al(2p) ratio for (a)
fresh VO,/Al,O5 catalyst (b) calcined at 973 K and after reaction
with n-butane at (c) 723 K (d) 823 K (e) 873 K (f) 898 K (g) 923 K
(h) 948 K and (i) 973 K.

effect of reaction on the supported VO, species. Regardless
of reaction temperature, TEM reveals that the catalyst
showed no signs of further VO, particle formation after
reaction, while elemental mapping (Figure 1) does not
show any observable difference in the vanadium distribu-
tion after reaction: the elemental maps of vanadium prior to
(Figure 1a) and after (Figure 1b) both show a homogeneous
vanadium distribution across the entire particles.

EPR spectra of catalysts exposed to reaction at 823 K
and 973 K reveal that at least some of the vanadium present
has undergone reduction during reaction. Prior to reaction
the vanadium is in a 5+ oxidation state [2, 3]. Figure 4
shows the room temperature X-band EPR spectra (v = 9.34
GHz) of both samples. The spectra are rather complex,
however certain features around g ~ 2 are consistent with
an axial V** ion with evidence of partially resolved hyper-
fine coupling to 'V (100 % I = 7/2). Attempted simulation
using “standard parameters” for axial V** [g < 2.0 [37, 38]]
explained many of the features in the central region but the
peaks to lower field (an intense peak at ca. 2700 G) and an
additional “half-field” feature around 1450 G are not con-
sistent with the presence of an isolated V** ion. Indeed the
half-field feature is consistent with the presence of lower
oxidation state \V species such as V** [39]. Vanadia based
catalysts are well known to undergo reduction during dehy-
drogenation and oxidative dehydrogenation reactions [5, 9,
40]. That reduced species are present after n-butane dehy-
drogenation over the catalyst employed in the present work
is supported by in situ XPS and NEXAFS studies which
show the average oxidation state of vanadium to be 3.5+ [7,
41]. EPR spectroscopy results are therefore in agreement
with these data.

3.4 Carbon Deposits
The chemical nature of carbonaceous material depos-

ited on VO,/Al,O; during n-butane dehydrogenation reac-
tions at temperatures of 873 K and below has been the

subject of previous investigations. Wu and Stair have dem-
onstrated that two-dimensional networks of polyaromatic
hydrocarbons form in the presence of polymeric VO, spe-
cies. Such species are the dominant species on the surface
of the catalyst employed herein [5]. Furthermore, the
mechanism of the formation of such coke has been postu-
lated to proceed via a polystyrene like intermediate [3].
More recent studies have suggested that these large pol-
yaromatic networks play only a minor role in catalyst deac-
tivation during n-butane dehydrogenation [4]. It is likely
that the precise role that these deposits play is heavily in-
fluenced by reaction conditions. In the present study the
quantity of coke formed is probed by XPS, elemental mi-
croanalysis and *C CP-MAS NMR spectroscopy. NMR
and TEM alongside THz-TDS, XAS, Raman and EPR
spectroscopies provide additional insights into the nature of
the deposited material. These techniques show that as the
reaction temperature increases more ordered carbon depos-
its are formed. Further, we propose that these structures
may have a distinct catalytic function.

3.4.1 Quantification of coke

XPS studies, conducted ex situ, provide information
on the quantity of carbonaceous material present. Figure 5
shows the variation in the C(1s)/Al(2p) intensity ratio as a
function of reaction temperature as well as for both as-
prepared VO,/Al,O; and VO,/Al,O; after calcination at
973 K. These data show a clear and sudden increase in coke
formation at 873 K, with a continuous increase in carbon
coverage in the temperature range 873 K to 973 K. Infor-
mation on the quantity of coke deposited is also provided
by microanalysis measurements (Table 1). As can be seen,
the quantity of hydrocarbonaceous material increases as a
function of reaction temperature, confirming the results of
the XPS study. At a reaction temperature of 723 K only
2.0 % of the used catalyst by mass is carbon and hydrogen;
however, at 973 K this rises to 7.4 %. In addition to infor-
mation on the quantity of carbon present these data also
provide insights into the nature of the coke. In particular
the degree of aromaticity is indicated through inspection of
the C/H ratio, also shown in Table 1. A higher C/H ratio
suggests that the coke present is more aromatic in nature.
As expected, as the reaction temperature increases the coke
becomes increasingly aromatic with a C/H mole ratio of 2.6
at 973 K as compared to only 0.4 at 723 K.

Table 1. Elemental microanalysis data showing wt. % carbon and
hydrogen and the C/H mole ratio after 180 min of reaction over
VO,/Al,Os.

Catalyst Reaction temperature (K) wiL (C + H) C/H mole ratio
Vi tlz0s 723 20 4

H23 31 07

873 5.1 16

898 54 15

923 6.6 20

H48 12 19

973 14 16
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THz-TD spectra of phenanthrene ([1), anthracene (+), 2,3-benzanthracene (@), 1,2-benzanthracene (), triphenylene (m), chrysene (V),

coronene (—) and graphite ().

These data are further supported by GC analyses
which show that not all of the n-butane consumed is trans-
formed into gas-phase reaction products detectable by FID.
Based on a simple mass balance, assuming that all of the
unaccounted for material is transformed into retained car-
bon, it is possible to infer selectivity to coke formation
from the data presented in Figure 2. Perhaps surprisingly, it
is at the highest reaction temperature that selectivity to
coke is lowest. After 180 min on stream the calculated se-
lectivity is 19 % at 973 K as opposed to 62 % at 823 K. It
should be noted that conversion of n-butane is significantly
higher at 973 K, thus these selectivities are consistent with
the greater quantity of carbon retained on the catalyst at
higher temperatures.

3.4.2 Nature of coke
THz Time-Domain Spectroscopy

The nature of the coke deposited during reaction has
been probed in detail by THz-TDS and TEM, while XAS,

NMR, EPR and Raman spectroscopies provide additional
insights. Figure 6(a) shows the THz-TD spectra of

VO,/Al,O; after calcination at 973 K but prior to reaction,
and after reaction at temperatures from 723 to 973 K. For
both the unreacted catalyst, and those exposed to n-butane
at 723, 823 and 873 K, the absorption of THz radiation is
low. For reaction temperatures in excess of 873 K however,
a dramatic increase in absorption is observed. This suggests
that the nature of the deposited coke changes above this
temperature. A second possibility is that the high absorp-
tion arises from the formation of reduced VO, species. For
instance, both bulk V,05 and V¢O13, which are formed by
the reduction of bulk V,0s, are conductive at room tem-
perature [42, 43]. In order to confirm that the increase in
THz absorption is due to carbonaceous deposits and not
reduced vanadate species, THz-TD spectra of VO,/Al,O;
reduced in hydrogen at 973 K and 1273 K after calcination
were acquired. Wu et al. have previously demonstrated that
reduction of VO,/Al,O; is achieved at 783-803 K [26]. No
detectable difference was observed between the THz-TD
spectra of the calcined and the reduced samples. The THz-
TD spectrum of bulk V,05; was also acquired and is pre-
sented in Figure 6(b). In contrast to reduced VO,/Al,O3,
this material shows strong THz absorption, due to the pres-
ence of a long-range conductive network, absent in sup-
ported nanoparticles. The transition observed above 823 K
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in the THz-TD spectra in Figure 6(a) can therefore be as-
signed to a change in the nature of the carbonaceous depos-
its. This closely corresponds to the temperature at which a
sudden increase in the quantity of deposited coke is ob-
served by XPS (Figure 5) and is supported by elemental
microanalysis data (Table 1). Two distinct regimes can
hence be identified: a high reaction temperature regime
where coke absorbs THz radiation strongly; and a low reac-
tion temperature regime where only weak absorption oc-
curs. These regimes are clearly distinguished between by
THz-TDS measurements.

THz-TDS has previously been employed in the study
of carbonaceous materials, in particular CNTs and carbon
nanofibres (CNFs) [30, 44-46]. However, no prior THz-
TDS characterisation of coke deposited during a catalytic
reaction has previously been reported. Studies on nanos-
tructured carbons have clearly demonstrated a direct corre-
lation between the degree of graphitic order of a material
and absorption coefficient in THz-TD spectra. In particular,
a higher absorption coefficient has been shown to be asso-
ciated with higher mobile electron density and a more sub-
stantial region of graphene-like order, with fewer
terminations [30, 44]. The ability of THz-TDS to discrimi-
nate between such materials arises from its sensitivity to
medium-range interactions such as phonon modes and
other lattice dynamics interactions. It is not however inher-
ently obvious how extensive a graphitic network is required
before carbonaceous material exhibits the high absorption
that is characteristic of coke deposited at high reaction
temperatures. In an attempt to address this, a number of
model coke compounds have been investigated by THz-
TDS. Figure 6(c) shows THz-TD spectra of phenanthrene,
anthracene, 2,3-benzanthracene, 1,2-benzanthracene,
triphenylene, chrysene and coronene and graphite. All “mo-
lecular” species (i.e. all the model coke compounds bar
graphite) show similar, low, THz absorption. Only graphite
absorbs THz radiation strongly, in a similar manner to
nanostructured carbons reported previously [30, 44-46].
The low absorption by the molecular aromatic species is
similar to the THz spectra observed for VO,/Al,O; after
reaction at temperatures of 873 K or below. This suggests a
structural similarity between coke formed at these condi-
tions and these simple aromatic compounds. In these sys-
tems, the electrons within the aromatic rings can move only
within discrete molecules, and the extensive aromatic net-
works present in nanostructured carbons are not present.
Conversely, above a reaction temperature of 873 K the
THz-TD spectra of VO,/Al,O3 resemble those of polyaro-
matic species consisting of an extended two-dimensional
sheet structure, such as graphite. The strong absorption
shown by graphite is predominately due to the presence of
conducting free electrons and phonon mode contributions.
The increase in absorption with increasing reaction tem-
perature observed in the present work for carbon deposits
on VO,/Al,O; is therefore a reflection of the increasing
graphitic order of the coke, and the larger network size of
such deposits. While the minimum size of the graphitic
network required for THz radiation to be strongly absorbed

has not been identified, it is apparent that it must be greater
than that present in coronene, the largest of the model coke
compounds studied. Coronene contains seven fused ben-
zene rings and has a molecular diameter of 0.9 nm.

Other Techniques

Further to analysis by THz-TDS, changes in the elec-
tronic nature of the coke at different reaction temperatures
are also revealed by *C CP-MAS NMR and EPR spectro-
scopies, while the increasing order (and therefore increas-
ing C/H ratio) is confirmed through XPS, Raman
spectroscopy, elemental microanalysis and TEM, vide in-
fra.

Figure 7 shows **C CP-MAS NMR spectra obtained
from VO,/Al,O4 after reaction at 723, 823, 873 and 973 K.
The resonance centred at ~ 130 ppm is associated with
carbon nuclei in either aromatic or polyolefinic environ-
ments [47]. If present, carbon in aliphatic environments
would appear at around 30 ppm, and is observed only after
reaction at 723 and 823 K. Comparing the sample reacted
at 723 K to that reacted at 823 K it is apparent that the
higher reaction temperature results in a 130 ppm peak of
greater intensity, corresponding to a greater quantity of
carbonaceous material, in agreement with XPS and elemen-
tal analysis results. The catalysts reacted at 873 K and 973
K do not however produce an observable NMR spectrum.
The loss of NMR signal associated with coked material is
well known. For example, similar results have previously
been observed by Richardson and Haw investigating coke
deposited on HY zeolites, during reactions of butadiene, by
3C CP-MAS NMR in which a loss in NMR signal intensity
was observed at high reaction temperatures [48]. This loss
in signal correlates primarily with the presence of organic
radicals, and also with a deficiency of hydrogen nuclei in
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Fig. 7: °C CP-MAS NMR spectra of VO,/Al,0; employed in the
dehydrogenation of n-butane at various reaction temperatures for a
time-on-stream of 180 min.
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regions of highly ordered carbon [49]. Similarly, Meinhold
and Bibby observed a loss of NMR signal from coke de-
rived from the conversion of methanol over H-ZSM-5 [50].
This was assigned to the formation of conducting ordered
coke structures on the catalyst surface detuning the NMR
probe. The NMR probe is similarly detuned in the present
study. The deposited carbon can therefore be considered
conducting in nature and as such highly ordered, in agree-
ment with THz-TDS studies.

Further support for the hypothesis that organic radi-
cals are present in the deposited carbon is provided by EPR
spectroscopy (Figure 4). A sharp resonance at g ~ 2.02 is
clearly observable in the sample reacted at 973 K, however
only a very small quantity is present in that reacted at 823
K. This signal most likely arises from the presence of or-
ganic radicals in the coke deposited at high reaction tem-
perature, the g-factor being consistent with previous
observations of such species [21, 51]. An EPR resonance
has also been observed at this value for MWCNTSs [52, 53].
This was assigned to the presence of holes in the pristine
nanotubes. Gas-phase radical formation is also possible
under high-temperature conditions in the presence of an
appropriate catalyst [54].

The increased order of the coke deposited in the
high-temperature regime is confirmed by further spectro-
scopic analyses. XAS spectra of reacted catalysts reveal
differences between cokes deposited at different tempera-
tures. Figure 8 depicts the carbon K-edge spectrum of the
representative samples from the two regimes: 823 and 973
K. The absorption spectrum can be subdivided into three
regions, characterized by specific resonances. The dominat-
ing ™ resonance at 285.5 eV corresponds to the transition
of 1s electrons to a ©* antibonding orbital indicating the
presence of unsaturation (n-bonding) in the carbonaceous
deposit. Valence C-H related transitions occupy the region
of 287-290 eV. The intensity of these transitions is reduced
for the sample reacted at 973 K, suggesting a lower hydro-
gen content of the sample, in agreement with the results of
microanalysis, Table 1. The third region above the ioniza-
tion potential is associated with c* shape resonances. The
small hatched “peak” in the 973 K sample is typical for
graphitic samples, indicating a degree of ordering of the
carbonaceous material. XAS measurements therefore reveal
a higher C/H ratio and greater ordering of the coke depos-
ited on VO,/Al,O; at 973 K as compared to 823 K.

Raman spectroscopy is widely used to investigate
carbonaceous materials with different degrees of (dis)order
[5, 55-57]. However, in the present study it does not yield
unambiguous results. The most characteristic part of the
Raman spectrum is the 1700-1000 cm™ region with the G
band at around 1580 cm™ associated with the E,, optical
mode of graphite or sp? carbon materials and the D band(s)
at ~ 1350 cm™ corresponding to disorder-allowed vibration
modes. Figure 9 shows the region of D and G vibrations for
representative VO,/Al,O3 samples. The spectra were fitted
with four components (G, D1, D3, and D4), which have
been described previously [28]. Note that we have not in
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Fig. 8: Carbon K-edge X-ray absorption spectra of VO,/Al,O5
employed in the dehydrogenation of n-butane at reaction tempera-
tures of 823 (a) and 973 K (b) for a time-on-stream of 180 min.
Spectra have been recorded in He at room temperature.
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Fig. 9: Part of the Raman spectra of VO,/Al,O; employed in the
dehydrogenation of n-butane at reaction temperatures of 823 (a)
and 973 K (b) for a time-on-stream of 180 min. The position of the
G and D bands employed in the fitting [28] are indicated.

troduced into the fitting procedure the band D2 at around
1620 cm™ as there is no clear indication of two peaks
around the G band in the recorded spectra. There are only
small differences between the two spectra. The most obvi-
ous is that after reaction at lower temperature the G and D
bands are less separated, the bands are broader and the D3
band at ~ 1500 cm™ is better resolved. There is no signifi-
cant difference in the intensity ratio D-to-G and their posi-
tions are fairly constant. Since perfect graphite exhibits
only the G band, this ratio is considered as a good measure
of the degree of disorder. However, Raman active vibra-
tions in the region of the G band have been observed for
benzene, indicating that this band alone cannot prove the
existence of a high degree of order in carbonaceous materi-
als [57]. Furthermore, disordered and amorphous materials
exhibit much broader bands than ordered materials and the
best parameter (i.e. band position, full width at half maxi
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Fig. 10: Transmission electron micrographs of VO,/Al,Os after reaction at 823 K (a) and 973 K (b) and (c). (a) and (c) show high magnification
images revealing the nature of the deposited carbon while (b) shows that at high temperature coke encapsulates agglomerates of catalyst particles.

mum or intensity ratio) to reveal the degree of (dis)order is
still not fully clear. While the results of Raman spectros-
copy investigations are inconclusive in isolation, combined
with the data acquired through other techniques the some-
what narrower D and G bands of the sample reacted at 973
K are clearly consistent with an increase in graphitic char-
acter of the samples.

This increase in the degree of graphitisation is further
supported by TEM data. After reaction, carbonaceous ma-
terial was observed covering the support particles regard-
less of reaction temperature. Samples reacted at 823 K
show a carbonaceous surface layer consisting of plate-like
carbon following the surface of the Al,O; support particles
(Figure 10a). The individual platelets are rarely more than
5 nm long. This surface layer is incomplete, varying from
~ 0 to 3 layers of carbon and covers mainly individual sup-
port particles. A few particles consisting of pure carbon
were also observed. For the samples reacted at 973 K (Fig-
ure 10b,c), a similar surface covering is observed. How-
ever, in these cases the support particles were completely
coated by a carbon layer continuously covering several
support particles. The resultant carbon platelets, which are
around an order of magnitude greater in length and more
regular in nature than after reaction at 823 K, can be fol-
lowed for several tens of nanometres without any signs of
discontinuities at the support particle boundaries. The plate-
lets even closely follow the valleys where support particles
connect and lower magnification images reveal that support
particle agglomerates are completely encapsulated in car-
bon, Figure 10b. Therefore, after reaction at 973 K it ap-
pears that the deposited carbonaceous layer completely
covers the surface, encapsulating catalyst particles. As a
result no accessible vanadia centres are available to reactant
molecules upon the formation of this layer. These conclu-
sions are based on an analysis of >30 micrographs per sam-
ple, of which those in Figure 10 are representative
examples. The elemental map of carbon (Figure 1b) further
substantiates the TEM observation of a uniform carbon

layer. Additionally, UV-vis spectroscopy studies of the
catalyst after reaction at 973 K (not shown) do not present
any peaks characteristic of vanadia of units.

In summary, the nature of the carbonaceous material
deposited on VO,/Al,O; during n-butane dehydrogenation
shows a strong dependence on reaction temperature. At
high reaction temperatures highly ordered, conducting net-
works of polyaromatic hydrocarbons encapsulate the cata-
lyst particle. At low reaction temperatures the coke is much
less ordered in nature, consisting of discrete molecular
units with substantial areas of the catalyst surface left ex-
posed and available for reaction.

3.4.3 Activity of Coke Deposits on VO,/Al,O3

Spectroscopic and microscopic techniques have iden-
tified two distinct categories of coke deposit over
VO,/Al,O,, as described above. At low reaction tempera-
tures, e.g. 823 K, the coke is poorly ordered and not present
as an extended, graphene-like network. At high reaction
temperatures, e.g. 973 K, much more extensive and highly
ordered coke is deposited. Relating the catalyst activity,
shown in Figure 2, to the nature of the coke, clear trends
are apparent. In the low temperature regime, where the
coke consists of discrete molecular units and more amor-
phous carbon, the catalyst deactivates with time-on-stream
with both yield and conversion decreasing. Selectivity to-
wards 1-butene and 1,3-butadiene remains fairly constant
throughout. This suggests that the reaction mechanism is
relatively unaffected by coke deposition, and therefore that
the bulk of catalytic activity is at all times provided by sites
present at the start of the reaction, namely VO, units on the
alumina surface. In the high temperature regime, where the
coke consists of more extended, ordered carbon networks,
very different catalytic behaviour is observed. The calcu-
lated yield increases as a function of time-on-stream, indi-
cating activation of the catalyst as coke is deposited.
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Furthermore, after a short induction period, conversion
reaches a constant value. Both of these factors demonstrate
that the VO,/Al,O; catalyst does not suffer from deactiva-
tion at high reaction temperatures, despite a greater quan-
tity of coke being present as compared to low reaction
temperatures. Selectivity to the dehydrogenation products
shows a more marked dependence on time-on-stream than
at low temperatures. For example, selectivity to 1-butene
increases from an initial value of 32 % to a steady-state
value of 48 %. This steady-state value is achieved around
the same time as conversion reaches steady-state at 50 %.
A notable decrease in selectivity towards carbon deposition
from 66 % to 20 % occurs over the same period. These
changes are perhaps indicative of a change in the reaction
mechanism, and in the nature of the catalytically active site.

That a change in the catalytically active site has oc-
curred is confirmed by TEM data, which show that the
VO,/Al,O; catalyst particles are encapsulated in carbon
after reaction at 973 K. As such, any VO, sites will be ren-
dered inaccessible to n-butane molecules. Despite this, the
catalyst remains highly active, even after 180 min on
stream. Indeed the yield of C, hydrocarbons reaches its
greatest value (40 %) at this time. The initial carbon depos-
its are most likely formed through the catalytic action of
VO, units breaking down butane molecules. However, after
180 min on stream the carbonaceous material has a thick-
ness of multiple layers, despite the inaccessible nature of
the original catalyst. Further carbon formation therefore
appears to have taken place upon the deposits. These data
therefore suggest the possibility that catalytic activity is
provided by the carbonaceous deposits themselves. TEM
data presented in section 3.4.2 revealed significant struc-
tural similarities between carbonaceous material deposited
at high temperature over VO,/Al,O; and nanostructured
carbons, such as CNFs. Notably, the deposited coke (Figure
10) can be characterised as curved “graphene-like” sheets.
CNFs can be considered as graphene sheets formed into
conical sections [27]. As a consequence of this apparent
structural similarity between high-temperature coke depos-
its and CNFs it was decided to study the activity of CNFs
towards n-butane DH. Table 2 compares the selectivity and
conversion of VO,/Al,O; and the CNFs at a reaction tem-
perature of 973 K. After the initial induction period, during
which coke is deposited on the surface of VO,/Al,O3 both
catalytic systems show very similar behaviour. After 180
min on stream VO,/Al,O; shows a conversion of 50 %, a
yield of C, DH products of 40 % a selectivity to 1-butene
of 48 % and to 1,3-butadiene of 32%. The corresponding
values for the CNF are 41 %, 32 % 46 % and 34 % respec-
tively. This similarity in catalytic behaviour between coked
VO,/Al,O; and the CNF supports the hypothesis that car-
bonaceous deposits on the surface of the supported metal-
oxide catalyst are indeed active for n-butane dehydrogena-
tion. Neither the CNFs, nor coked VO,/Al,O3, exhibit deac-
tivation as a function of increasing exposure to n-butane. It
is also worth noting that very slight increases in the
1-butene selectivity are observed towards the end of the
reaction period at low temperatures over VO,/Al,O3. These
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Table 2: Yield of C, DH products, conversion and selectivity to 1-
butene and to 1,3-butadiene obtained at 180 min during the direct
dehydrogenation of n-butane over CNFs and VO,/Al,O; at 973 K.

Catalyst Reaction Yield Conversion Selectivity to  Selectivity
temperature (%) %) 1-butene (%) to1,
(K) 3-butadiens (%)
VOx A0 973 40 50 48 32
PR24-LHT 473 32 41 46 34

changes may also be due to the build-up of small amounts
of active coke deposits.

While their role in the direct dehydrogenation of
n-butane has not previously received attention coked
VO,/Al,O; catalysts have previously been shown to exhibit
slightly higher selectivity in the dehydrogenation of alkanes
than as-prepared catalysts [5]. However, in that study the
possible catalytic action of the coke was not considered.
Increasing the selectivity of zeolite catalysts through car-
bon deposition is a strategy employed industrially in xylene
isomerisation [58, 59]. Furthermore, the activity of CNTs
in the oxidative dehydrogenation of n-butane has recently
been demonstrated [25]. As with the present work little or
no deactivation was observed in the reaction on a carbon-
based catalyst over the timescale investigated. Considering
other reactant molecules, the activity of coke deposits and
other carbonaceous materials in the ODH of ethylbenzene
is well established with the activity of these known since at
least the 1970s [60-62]. This area has been reviewed by
Lisovskii and Aharoni [14], and by Cavani and Trifiro [15].
Similarly to the results reported herein, Lisovskii and
Aharoni report that the activity of a metal-oxide catalyst
reaches a steady-state after an induction period in which the
entire catalyst surface is covered by carbonaceous material
[14]. While the reaction mechanism may be different be-
tween ODH and direct DH reactions (the active sites for n-
butane and ethylbenzene ODH over carbonaceous materials
are believed to be carboxyl functionalities formed through
oxidation of the carbon surface [14, 15, 20, 22, 24, 25, 61,
63]) there are a number of similarities between the nature
of the active carbon. In both cases highly ordered materials
represent excellent catalysts. Additionally, it has been
noted by a number of authors that the activity of coke de-
posits in ethylbenzene ODH correlates with their degree of
paramagnetism, with a greater concentration of unpaired
electrons resulting in higher activity [14, 21, 60]. Such sites
could also provide the active centres in the studies reported
in the present work, since paramagnetic organic radicals
were observed by EPR spectroscopy. The unpaired elec-
trons present in such radicals may be capable of extracting
hydrogen atoms from the n-butane feed, resulting in dehy-
drogenation. Both the deposition of new carbonaceous
material (with associated paramagnetic centres) during
reaction and the recombination of the extracted H atoms
could then occur in such a way as to replenish the source of
unpaired electrons.

The phenomenon of carbonaceous deposits provid-
ing, or enhancing, catalytic activity is not restricted to DH
or ODH reactions. Intriguingly, carbonaceous overlayers
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formed on mineral surfaces during Fisher-Tropsch-type
reactions have also been proposed as the active phase for
catalytic reduction reactions in protostellar nebulae. Or-
ganic radicals present in such overlayers have been sug-
gested as contributing to their catalytic activity [64].
Elsewhere, the hydrogenation of carbon-carbon double
bonds over supported metal catalysts has been shown to be
strongly dependent upon the nature of any deposited carbo-
naceous material [65]. Such reactions have been suggested
to proceed, at least in part, through the transfer of hydrogen
from an adsorbed hydrocarbonaceous overlayer onto which
the reactant is adsorbed [66, 67]. Furthermore, carbon de-
posited during reaction plays a key role in the hydrogena-
tion of alkynes over Pd catalysts, forming a catalytically
active Pd-C, surface phase [68, 69]. Carbonaceous deposits
and related materials therefore show activity in a wide
number of reactions. The above data clearly show that the
dehydrogenation of n-butane can be added to the list of
reactions in which carbonaceous materials can provide high
activity and selectivity.

4. Conclusions

It has been clearly demonstrated that highly ordered
coke deposits are active for the dehydrogenation of
n-butane. This conclusion is confirmed by complementary
studies on unfunctionalised CNFs which, at 973 K, demon-
strate almost identical activity to coked VO,/Al,0;. Or-
ganic radicals, associated with the carbonaceous material
may play a role in the reaction mechanism. As this reaction
proceeds successfully in the absence of gas-phase oxygen
this activity is wholly attributable to the action of the car-
bonaceous material. Deactivation of the reaction is not
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