Catalysis Science & Technology

Catalysis
'(‘m Scien)ésé&

Technology

A new perspective on catalytic dehydrogenation of
ethylbenzene: the influence of side-reactions on catalytic
performance

Journal: | Catalysis Science & Technology

Manuscript ID: | CY-ART-03-2015-000457.R1

Article Type: | Paper

Date Submitted by the Author: | 18-May-2015

Complete List of Authors: | Gomez Sanz, Sara; University of Cambridge, Department of Chemical
Engineering and Biotechnology

McMillan, Liam; University of Cambridge, Department of Chemical
Engineering and Biotechnology

McGregor, James; University of Sheffield, Department of Chemical and
Biological Engineering

Zeitler, J.; University of Cambridge, Department of Chemical Engineering;
Al-Yassir, Nabil; King Fahd University of Petroleum & Minerals, Center of
Research Excellence in Petroleum Refining and Petrochemical

Khattaf, Sulaiman; King Fahd University of Petroleum and Minerals, Center
of Research Excellence in Petroleum Refining and Petrochemical

Gladden, Lynn; University of Cambridge, Department of Chemical
Engineering and Biotechnology,

ARONE




Page 1 of 44 Catalysis Science & Technology

The direct dehydrogenation of ethylbenzene to styrene over CrO,/Al,O; proceeds via a partially
oxidative mechanism due to the formation of CO, in situ during reaction. Other side reactions,
including coke formation, also play a key role in dictating catalytic performance.
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Abstract

The dehydrogenation of ethylbenzene to styrene is a highly important industrial
reaction and the focus of significant research in order to optimise the selectivity to
styrene and minimise catalyst deactivation. The reaction itself is a complex network
of parallel and consecutive processes including cracking, steam-reforming and reverse
water-gas shift (RWGS) in addition to dehydrogenation. The goal of this investigation
is to decouple the major processes occurring and analyse how side-reactions affect
both the equilibrium of ethylbenzene dehydrogenation and the surface chemistry of
the catalyst. Studies have employed a CrO4/Al,O; catalyst and reactions have been
conducted at 500, 600 and 700 °C. The catalyst and reaction have been investigated
using elemental analysis, temperature programmed oxidation (TPO), temperature-
programmed desorption (TPD), Raman spectroscopy, THz time-domain spectroscopy
(THz-TDS), X-ray photoelectron spectroscopy (XPS), in situ infrared spectroscopy
and on-line gas chromatography and mass spectrometry. The reaction profile shows
an induction time corresponding to a cracking regime, followed by a dehydrogenation
regime. The cracking period involves the activation of CrO4/Al,O; catalysts for
dehydrogenation activity through a number of processes: cracking of ethylbenzene
over acid sites; coke deposition; reduction of chromium from Cr (VI) to Cr (III);
steam reforming activity over the reduced catalyst; and reverse water-gas shift
reaction. Each of these processes plays a critical role in the observed catalytic activity.
Notably, the presence of CO, evolved from the reduction of chromium by
ethylbenzene and from the gasification of the deposited oxygen-functionalised coke
results in the dehydrogenation reaction becoming partially oxidative, i.e. selectivity to
styrene is enhanced by coupling of ethylbenzene dehydrogenation with the reverse
water-gas shift reaction. Ethylbenzene cracking, coke gasification, steam-reforming
and reverse water-gas-shift determine the relative quantities of CO,, CO, H; and H,O
and hence affect the coupling of the reactions. Coke deposition during the cracking
period lowers the catalyst acidity and may contribute to chromium reduction, hence
diminishing the competition between acid and metal sites and favouring

dehydrogenation activity.

Keywords: Alumina-supported chromia; Ethylbenzene dehydrogenation; Styrene;

Coke deposition.
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1. Introduction

Catalytic dehydrogenation of ethylbenzene is the main industrial method to produce
styrene ', which is a precursor molecule for the synthesis of rubbers and plastics. In
practice, the catalytic dehydrogenation process itself is part of a complex reaction
network including not only dehydrogenation but also side-reactions. Atanda and co-
workers employed a kinetic model to identify cracking as a major process that occurs
simultaneously with dehydrogenation over hydrotalcite catalysts °, while other
possible reactions can include reverse water-gas shift (RWGS), steam reforming of
light hydrocarbons and the formation of hydrocarbonaceous deposits (“coke”). Coke
is a major by-product which causes catalyst deactivation, although it can also act as
the active species in oxidative dehydrogenation of ethylbenzene (ODH) *° and of light
alkanes ®” as well as in the direct dehydrogenation of n-butane ®. Indeed carbon-based
catalysts are widely employed in literature studies of ethylbenzene ODH °''. In the
present work, CrO,/Al,O5 is used as the catalyst for ethylbenzene dehydrogenation;
this system enables the decoupling of the major reactions occurring, and as such it is
possible to determine the role played by each process in influencing catalytic
performance. A key parameter is the oxidation state of chromium, which is known to
influence activity in dehydrogenation reactions of hydrocarbons such as propane .
The motivation for the present study is to understand the relationship between side-
reactions, catalyst surface composition (oxidation state) and catalytic activity, thereby
facilitating the design of improved catalysts, and optimising process operating

conditions.

In current industrial practice ethylbenzene dehydrogenation is typically performed in
a fixed-bed reactor in the temperature range 540-650 °C and uses potassium-promoted
iron (III) oxide mixed with additional promoters to stabilize the morphology of the
catalyst or avoid sintering ">, Although good ethylbenzene conversions are achieved
with this system (60-65%) '’ several challenges still remain. Ethylbenzene
dehydrogenation is an endothermic reaction (AH = 129.4 kJ/mol) and is limited by
thermodynamic equilibrium, high excess of waste energy and deactivation of the
catalyst by coke deposition resulting in loss of selectivity to styrene '®. In order to
minimise the formation of coke, maintain the correct oxidation state of the catalyst

and enhance the reaction equilibrium, the reactor feed is usually diluted with steam,
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hence increasing activity and selectivity 1 At 600 °C and in the absence of steam, the

20

equilibrium conversion is ~40% “. However, if steam is added to the feed

(steam/ethylbenzene: 20) or it is present in the gas phase, equilibrium conversion can

achieve values up to 81% 2021

While Fe-based catalysts are widely used industrially, Cr-catalysts are also well-

established materials for dehydrogenation of alkanes '****

and may have benefits in
oxidative dehydrogenation of ethylbenzene where CO, is used as the oxidant. For
instance, Ye er al. ** investigated the factors affecting the catalytic activity of
CrO4/AlL,O3 for ethylbenzene dehydrogenation in the presence of CO,. They also
compared the catalytic performance of Cr,03/Al,03; with Fe,03/Al,05 catalysts. A
conversion of 56% and a selectivity to styrene of 98.8% were achieved for a
20%Cr,03/Al,05 catalyst. In contrast, the conversion of ethylbenzene over a
20%Fe,03/Al,0;5 catalyst was 32.8% and the selectivity to styrene was 99.7%. These
results showed that the chromia-based catalysts are more effective than the iron-based
catalysts for ODH of ethylbenzene. In a different study 2 several modifiers (V, Ce,
Co, Mn, Mo and Zn oxides) were used to improve Cr,Os/Al,O3 catalysts for
ethylbenzene dehydrogenation with CO,. Ce and V modified supported chromia
catalysts showed enhanced conversion and selectivity to styrene (67.4% and 98.9%,
respectively) as compared to the unmodified CrOy/Al,O3 catalyst (57.5% and 99.0%).
Other recent materials used for ODH of ethylbenzene with enhanced catalytic
performance are mesoporous spinels (MALO4 26, Fe-doped MgAL,O4 * and ternary
iron-based catalysts (FeAlZn) **). For instance, the spinel aluminates of Cu, Fe or Mg
have been reported to be active towards styrene production and highly stable during

the course of the reaction °.

The objective of the present work is to establish an understanding of the various
reactions and chemical species present in the reaction system and of their role in
ethylbenzene dehydrogenation; no attempt has been made to develop an optimised
catalyst. This investigation provides a scheme describing the interconnections
between the different reactions and how they affect the surface chemistry and hence,
the catalytic performance of the catalyst. To this end, alumina-supported chromia
catalysts have been employed for ethylbenzene dehydrogenation. The catalytic tests

were carried out in the temperature range 500-700 °C and over 1, 3 and 6 h time-on-
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stream. The influence of reaction temperature and reaction time on the catalytic
activity and selectivity of the catalysts were studied and the relationship of these
parameters to the nature of carbonaceous deposits was investigated. Carbonaceous
deposits formed on CrOx/Al,O; during ethylbenzene dehydrogenation were
characterised by elemental analysis, temperature-programmed oxidation (TPO),
Raman spectroscopy and terahertz time-domain spectroscopy (THz-TDS). In order to
investigate the different reaction periods observed, several analyses were performed
post-reaction, e.g. chromium oxidation state was probed by XPS; while the number
and distribution of acid sites was characterised by NHj-temperature-programmed-
desorption (NH3;-TPD). In addition, catalytic tests over CrO4/Al,O; reduced in
hydrogen prior to reaction, and CrO4x/Al,O3 pre-poisoned with 2,6-di-tert-
butylpyridine (DTBP) were conducted to rationalise the role played by acid sites on

the catalyst surface.

2. Experimental

2.1. Catalyst synthesis

Ethylbenzene dehydrogenation was carried out over an alumina-supported chromia
catalyst with a chromium loading of 0.8 wt. %. This loading is significantly below
monolayer coverage, i.e. where Cr,O; crystals are first observed, which is achieved at
a chromium loading of ~ 12% wt *°. Below monolayer coverage, the predominant
surface chromium species are polymeric and monomeric Cr®" *. In the present work
the catalyst was prepared by wet impregnation using Cr(NO;); - 9 H,O (Sigma-
Aldrich, 99%) and the alumina support was y-Al,O; (Condea Chemie GmbH,
Hamburg, Germany, BET surface area = 216 m” g"'). Approximately 15.98 g of
Cr(NOs); - 9 H,O and 20 g of y-Al,O; were added to 300 ml of water. The catalyst
precursor was then mixed for 3 h at room temperature to ensure a homogeneous
distribution of chromia on the support. After mixing, the solution was vacuum filtered
and the filtrate was washed with water several times. The as-prepared solid was then
dried in air at 393 K overnight and calcined for 24 h at 873 K, also in air. The color of
the catalyst changed from green to yellow after calcination. Characterisation of the
fresh catalyst by Raman spectroscopy showed bands in the 882-890 cm™ range

corresponding to monochromate and polychromate species 3

Page 6 of 44



Page 7 of 44

Catalysis Science & Technology

2.2. Catalytic activity measurements

Ethylbenzene dehydrogenation was performed in a fixed-bed reactor connected to an
on-line GC (Agilent 6890N Series, FID, column Agilent HP-5). Approximately 1 g of
CrO4/Al,O5 catalyst was placed in a fixed-bed reactor and pretreated under helium
(1 barg, 40 ml min™) at 600 °C for 30 min. For the reaction studies, 40 ml/min of
helium were flowed through a saturator filled with ethylbenzene at 70 °C. The reactor
was fed with 45 ml/min of a mixture of helium and ethylbenzene maintaining a
He/EB ratio of 7.75 at atmospheric pressure. Gas chromatography measurements were
taken every 20 min during a reaction time of 360 min. Conversion and selectivity to
benzene, toluene, styrene and coke were determined according to Equations (1) and
(2) and averaged over the steady state regime. It should be noted that conversion is
calculated considering conversion to all products including coke. Selectivity to coke
was calculated by applying a carbon mass balance as shown in Equation (3). After 6 h

the catalyst was cooled down under 40 ml/min helium and removed for subsequent

characterisation.
. nethylbenzene,in - nethylbnezene,out
conversion = -100 )
nethylbenzene,in
selectivity, = Lout 100 (2)
nhenzene + ntoluene + nstyrene + nmethane + nethylene + ncake
where i = benzene, toluene, styrene and coke
ncake = n(Cethylbenzene,in) - n(Cethylbenzene,out) - n(Cproducts,out) (3)

Reaction studies were also performed over a catalyst pre-exposed to 2,6-di-tert-
butylpyridine (DTBP). DTBP selectively poisons Brensted acid sites and hence this
allows the contribution of such sites to the observed catalytic performance to be
investigated. 1 g of catalyst was impregnated with 2 ml DTBP and held at 5 °C for
24 h. Samples were dried at ambient temperature for 12 h followed by further drying
at 250 °C for 12 h. Ethylbenzene dehydrogenation was then performed over 1 g of

pre-poisoned CrO/Al,O3 at 600 °C under identical conditions to the reaction over the
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untreated catalyst. Additionally, the acid sites present were characterised by NH;-TPD

at key times-on-stream as described in Section 2.3.

To investigate the influence of chromium oxidation state, experiments were conducted
in which the catalyst was pre-reduced prior to reaction. Pre-reduction was carried out
in a Catlab Microreactor module connected to an online quadrupole mass
spectrometer (QIC-20, Hiden Analytical). 100 mg of catalyst was loaded and the
temperature was increased from 50 to 550 °C (10 °C/min) under 20 ml/min of 5%
Hj/He. The reduction temperature (550 °C) was chosen to coincide with the transition

from Cr(VI) to Cr(III) established by TPR measurements (Section 3.2).

Ethylbenzene dehydrogenation over the pre-reduced catalyst was then carried out at
600 °C in the microreactor by flowing 20 ml/min through a saturator filled with
ethylbenzene and heated to 70 °C (He/EB = 15.5). The reaction was performed for a

period of 40 min.

Additionally, in situ diffuse reflectance infrared spectroscopy (DRIFTS) studies were
conducted in order to monitor the evolution of the surface-retained species during
reaction. Ethylbenzene dehydrogenation over CrO4/Al,O; was conducted using a
Thermo Nicolet Nexus 670 equipped with a DRIFTS cell (Praying Mantis High
Temperature reaction chamber with ZnS windows, HVC-DWI-2) and MCT detector.
Approximately 70 mg of catalyst was loaded into the reaction cell and pretreated by
flowing helium (20 ml/min) at 600 °C for 30 min. Subsequently, 20 ml/min of helium
was used as carrier gas through a saturator filled with ethylbenzene and heated at
70 °C. The reaction was allowed to proceed for 100 min during which time spectra
were continuously acquired (64 scans with a resolution of 4 cm™). The spectrum of
the fresh CrO4x/Al,O3 was subtracted from the spectra measured during the reaction,

hence the final spectra represent only the adsorbed species on the catalyst surface.

2.3. Characterisation techniques

TPR was carried out over the fresh CrO,/Al,O; to investigate the change in oxidation
state with reduction temperature. Approximately 100 mg of catalyst was loaded into

the Catlab microreactor. The catalyst was pre-treated by heating from 50 °C to 600 °C
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at a rate of 10 °C/min under a flow of helium at 40 ml/min, and held at 600 °C for
30 min. Subsequently, the catalyst was cooled down to 50 °C at a rate of 10 °C/min
under the same conditions. Following pre-treatment, a 5% H,/He feed at a total flow
of 40 ml/min was fed to the reactor and the temperature was increased from 50 °C to
900 °C at a rate of 10 °C/min. This analysis demonstrated that reduction of Cr(VI) to
Cr(III) and Cr(IT) occurred at 550 °C and 900 °C, respectively.

Temperature programmed techniques were also employed to characterise the coke
deposited during reaction. TPO investigations of the reacted catalysts employed a gas
mixture of composition 5% O/He at a total flow rate of 40 ml/min. The heating rate
was 10 °C/min from 50 °C up to 875 °C. TPD was performed in the same equipment
by heating the catalyst from 40 °C to 900 °C at a rate of 10 °C/min under a helium
flow rate of 40 ml/min and held at this temperature for 50 min. After this period, the
reactor was cooled down to room temperature at a rate of 20 °C/min, retaining the

helium flow at 40 ml/min.

Additionally, the coke deposits formed during reaction were also investigated by
elemental analysis, THz-TDS and Raman spectroscopy. Elemental analysis
(Microanalytical Department, Department of Chemistry, University of Cambridge)
yielded the percentages of carbon, hydrogen and nitrogen present in the catalysts post-

reaction.

THz-TDS measurements were performed at 293 K using an experimental set-up

323 Samples were prepared by mixing 50 mg of catalyst with

described previously
150 mg of polyethylene (Sigma-Aldrich) which is transparent to THz radiation.
Pellets were formed by pressing the two materials into 13 mm diameter dies by using
a pellet press (Specac, Orpington, UK) with a force of 20.0 kN for 2 min. Pure
polyethylene pellets of 150 mg were also produced as a reference for THz-TDS
measurements. The as-prepared samples were scanned ten times over a 30 ps time

window giving a spectral resolution of 30 GHz. The time per scan was 18 s resulting

in a total acquisition time of 3 min.

Raman spectroscopy experiments to characterise coke deposits were undertaken by

placing the catalysts on a cover glass at room temperature. Spectra were acquired
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using 748.81 nm laser excitation (3 mW) at 5 cm’ spectral resolution (Raman Rxnl
System, Kaiser Optical Systems Inc., supplied by Clairet Scientific). Exposure time
was 2 min and the laser power was set at 50 mW in order to minimise
fluorescence/carbon oxidation effects. Both the fresh catalyst and empty sample
holder spectra were recorded for background subtraction. The spectra were fitted by
four components (G, D1, D3 and D4) and analysed in terms of positions, relative

intensity and full width at half maximum amplitude (FWHM) **3¢

. Spectral analysis
was performed considering Gaussian-shaped bands for D1, D3 and D4 bands and a
Lorentzian-shaped for the G band. D2 was not considered in the study as this shoulder

in the G band was not observed.

The morphological features of the fresh and coked CrO4/Al,O; catalyst after 6 h of
ethylbenzene dehydrogenation were studied by high-resolution transmission electron
microscopy (HRTEM). The measurements were performed by the Department of
Materials Science and Metallurgy of the University of Cambridge by using a FEI
Tecnai F20-G2 FEGTEM operated at 200 kV.

XPS of coked CrO4/Al,Os3 after ethylbenzene dehydrogenation was conducted in
order to analyse the oxidation states of chromium. XPS measurements were
performed on an Axis Ultra DLD (Kratos) with a monochromated Al-K, X-ray source
operated in electrostatic mode. The vacuum during analysis was ca. 1 x10™ mbar.
Spectral —analysis was carried out using CasaXPS software (Casa,
http://www.casaxps.com, UK); both survey and narrow scan Cls and Ols spectra
were obtained. Peaks were fitted using Gaussian curves against a linear background.
Binding energies were fixed to previously established values, setting lower and upper

bounds of + 0.2 eV and leaving band widths as fitting parameters.

The influence of reaction and coke deposition on the number and distribution of acid
sites was probed by NH3-TPD. These experiments were performed in the microreactor
system described earlier. Approximately 100 mg of catalyst was pre-treated at 600 °C
under 40 ml/min of helium for 30 min. Subsequently, adsorption of ammonia on the
catalyst was conducted by flowing 40 ml/min of 5% NHj3/N, through the sample at
50 °C for 30 min to ensure saturation. After adsorption and in order to completely

remove the physisorbed ammonia, 40 ml/min of helium was flowed for 1 h. Finally,
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NH;-TPD was carried out by increasing the temperature at 10 °C/min from 50 °C to

900 °C.

3. Results

3.1. Catalytic activity of fresh CrO,/Al,O;

The dehydrogenation of ethylbenzene has been studied at three reaction temperatures
(500, 600 and 700 °C). In all cases the reaction conditions result in a similar reaction
profile (Fig. 1a), notably an initial period where activity is dominated by cracking to
benzene, and to a lesser extent toluene, followed by a period in which a high steady-
state selectivity towards styrene is obtained. The influence of reaction temperature on
catalytic performance and coke formation is discussed in Section 3.1.1, while the
effect of time-on-stream is discussed in Section 3.1.2. These data are used to examine

the origins of the evolution of catalyst performance.

3.1.1. Effect of reaction temperature

A representative selectivity profile of the reaction at 600 °C versus time-on-stream is
shown in Fig. 1b. During the initial cracking period (before 3 h time-on-stream), there
is consecutive production of benzene followed by the formation of toluene. Styrene is
only formed after 3 h time-on-stream (denoted as the dehydrogenation regime from
hereon) and is associated with a decrease in selectivity to benzene and toluene;
styrene formation rapidly reaches steady-state activity. Therefore, over this catalyst
cracking and dehydrogenation occur sequentially with almost no cracking in the
dehydrogenation regime; this enables the influence of cracking and dehydrogenation
on catalyst structure and activity to be considered separately in contrast to previous
studies where reactions occur concurrently **”. The steady state values of conversion
and selectivity to benzene, toluene, styrene and coke were calculated and are reported
in Table 1; conversion of ethylbenzene at 600 and 700 °C is ~100%. Selectivity to

styrene is maximised at the intermediate temperature of 600 °C.

The coke deposited during ethylbenzene reaction at different reaction temperatures

has been characterised by a variety of techniques, as follows.

10
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Elemental analysis: Microanalysis conducted over the coked catalysts is shown in
Table 2. The quantity of coke increases with reaction temperature, carbon comprising
~2 wt.% of the used catalyst at 500 °C, but ~24 wt.% at 700 °C. This increase in
carbon-content of the coke with reaction temperature reflects the change in coke
structure from more hydrogen-rich coke compounds at low reaction temperatures (500
and 600 °C) to more hydrogen-deficient coke residues at high reaction temperatures:
at 700 °C the measured C/H ratio is 34:1. Note that the parameter %Co. refers to the
carbon content of the deposited coke (which is different to the percentage of the coke

in the catalyst sample, %C) and is determined as follows:

0
%kae — L -100 4)
%C +%H

The C/H mass ratio and %Cqk. allow us to ascribe average molecular structures to the
carbonaceous deposits. For instance, if the C/H mass ratio and %C.q determined for
coke deposits are 27.0 and 97.5, respectively, the average molecular structure would
be similar to that of ovalene (Cs;Hj4). The evolution of coke with time-on-stream is

discussed in Section 3.1.2.

TPO and THz-TDS: The influence of reaction temperature on the TPO and THz
spectra of CrOx/Al,O; after ethylbenzene dehydrogenation is shown in Fig. 2a and
Fig. 2b, respectively.

The TPO profile of CrO/Al,O3 reacted at 500 °C shows that coke is readily oxidized,
with a small band appearing at ~ 420 °C (Fig. 2a). A larger band is observed for
CrO4/Al, O3 after reaction at 600 °C, with a slight change in the oxidation temperature
(~ 450 °C). In contrast, at 700 °C, the magnitude of the peak height is significantly
greater and the oxidation temperature is shifted to higher values (~ 550 °C). This
confirms the conclusions of elemental analysis and shows that greater amounts of
coke are deposited when increasing reaction temperature and a gradual change in coke
structure takes place, from more amorphous coke at low reaction temperature (500-
600 °C) to more graphitic-like structures at high reaction temperature (700 °C). Also,
the change in oxidation temperature is more pronounced when the reaction

temperature increases from 600 to 700 °C, which suggests a change in the nature of

11
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coke towards more polyaromatic species, again in agreement with elemental analysis

results.

THz spectra show the THz absorption coefficient of coked CrO/Al,O; catalysts after
ethylbenzene dehydrogenation at 500, 600 and 700 °C (Fig. 2b). Two temperature
regimes can be distinguished: a low temperature regime (500-600 °C) characterised
by low absorption coefficients (11.3 cm™ at 500 °C and 17.1 cm™ at 600 °C at 1 THz),
and a high temperature regime (700 °C), for which a sudden increase in the magnitude
of the absorption coefficient is observed (460 cm™ at 1 THz). High THz absorption
coefficients have been demonstrated to be attributed to high free-electron densities in
extended networks with large regions of graphitic order and fewer terminations .
Thus, the high absorption coefficient of CrO,/Al,O3 coked at 700 °C indicates the

presence of more extended domains of graphitic order.

Raman spectroscopy: The Raman spectra of the CrO,/Al,Os catalysts coked at 600
and 700 °C and the results of the fits are shown in Fig. 3 and Table 3, respectively.
For the sample coked at 500 °C, the relatively low quantity of coke deposited resulted
in the spectrum exhibiting a strong fluorescence background derived from the exposed
ALO; support, and hence quantitative analysis of this spectrum was not possible.
Fitting was performed by setting the positions of these bands according to the values

reported in the literature for carbonaceous materials >*~

and establishing a boundary
of £ 10 cm™. Values of FWHM were left as a free fitting parameter. The D1/G ratio
has been traditionally used to characterise the degree of structural order of carbons **~
*2_ This ratio was employed for the first time by Tuinstra and Koenig *° who related it
to the crystallite size, L,, obtained from X-ray diffraction. They observed a linear
relationship between D1/G and 1/L,. However, it has been demonstrated that for D1/G
ratios higher than 1.1 (amorphous carbons), this linear correlation is not valid #_ Since
the values of D1/G are higher than 1.1 in the present work the D1/D3 ratios recorded
are therefore taken as the primary indicator of the structural order of the coke present.
The values of D1/G and D1/D3 ratios were calculated as the ratio of the peak areas
obtained from the deconvolution of bands. The D1/G ratio is only slightly affected by
reaction temperature, showing a lower value at 700 °C, which suggests an increase in
structural organization of coke deposits. In contrast, reaction temperature significantly

influences the D1/D3 ratio: this increases from 2.0 at 600 °C to 4.9 at 700 °C

12
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reflecting that the structure changes from more disordered coke at 600 °C (mixture of
paraffinic, olefinic, polyolefinic and alkyl aromatic coke compounds) to more ordered
carbonaceous deposits (alkyl aromatic and polyaromatic coke species) at 700 °C. The
presence of more ordered coke at 700 °C is associated with a higher selectivity to

cracking products such as benzene (Table 1).

High-resolution transmission electron microscopy (HRTEM): Fig. 4 shows
representative HRTEM images of fresh and coked CrO4/Al,O; after 6 h of
ethylbenzene dehydrogenation at 600 °C. The poorly crystalline nature of the fresh
catalyst is clearly observed (Fig. 4a) in accordance with the low resolution of the
XRD diffraction lines. The d-spacing of the fresh catalyst is ~2.8 A which
corresponds with the (110) plane of y-Al,Os 4 The catalyst coked at 600 °C (Fig.
4b) shows the presence of coke deposits. A detailed analysis showed that the C(002)
spacing between lattice fringes ranges from 3.9 to 4.1 A. As the d-spacing of the
C(002) plane for graphite is ~ 3.34 A * coke deposited after reaction at 600 °C can
therefore be considered to be amorphous. The high values of the d-spacings for the
coked CrO4/Al, O3 are related to the presence of turbostratic aromatic coke structures
as well as metastable carbon associated with the removal or formation of linkages

. coos 4748
during polymer carbonisation ™.

Taken together, the various analytical techniques confirm that a greater quantity of
coke deposits are formed with increasing reaction temperature and that these deposits
are more ordered. At this point, we note that a higher reaction temperature is also
associated with a longer induction time during which cracking of ethylbenzene occurs

before dehydrogenation predominates.

3.1.2. Effect of time-on-stream

As discussed in Section 3.1, Fig. 1b shows that catalytic behaviour varies as a
function of time-on-stream with, e.g., cracking and dehydrogenation regimes
observed. This decoupling of different reactions allows us to probe the role each has
on catalytic performance and on coke deposition. 600 °C has been selected as the
reaction temperature for this study because it gives the clearest separation of the two

regimes and has the highest selectivity to styrene of the three temperatures studied.

13
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The times-on-stream studied are 1, 3 and 6 h. These correspond to: the maximum in
benzene selectivity during the cracking regime; the maximum in styrene selectivity
immediately after the transition point; and steady-state ethylbenzene dehydrogenation,
respectively. Conversion of ethylbenzene at 600 °C increases from 16% at 1 h to 93%
after 3 h, reaching 97% at 6 h. Selectivity to styrene increases during the cracking
period from 0.8% (1 h) to 26% (3 h), decreasing to 15% at steady-state (6 h)
(Fig. 1b).

Analysis of the coke deposited after 1, 3 and 6 h on-stream during ethylbenzene
dehydrogenation at 600 °C was performed by different techniques. As shown in Table
4, elemental analysis indicates a linear increase in C/H ratio upon increasing the
reaction time, from 2:1 after 1 h, to 10:1 after 6 h, suggesting a gradual condensation
of coke species. These data show that 56% of the coke is deposited over the cracking
period. NH3-TPD, vide infra (Table 5), shows that the greatest contribution to “coke”
during the dehydrogenation regime is the retention of aromatic products. The TPO
results reported in Fig. 5 shows a gradual increase in the peak areas with time-on-
stream, indicating that carbon deposition increases over the course of the reaction.
The oxidation temperature remained approximately constant in the period 1-3 h
on-stream (~ 444 °C) and slightly increased over the last 3 h of reaction (~ 454 °C),
consistent with the presence of a more ordered coke structure after 6 h time-on-

stream.

XPS was also conducted over the coked catalysts at different times-on-stream.
Figure 4 shows the changes in surface composition of the chromium and carbon
phases as a function of time-on-stream. Deconvolution of a typical C1s XPS spectrum
of coked CrO,/Al,O; (Fig. 6a) allows quantification of oxygen functional groups and
the proportion of functionalised and non-functionalised carbon. The atomic
percentage of three types of oxygen functionalities was determined: i) electrophilic
oxygen: carboxylic anhydrides and carboxylic acids, ii) neutral oxygen: ethers,
lactones, phenols and iii) nucleophilic oxygen: ketones and quinones. Fig. 6b shows
the C 1s/Al 2p and C 1s/Cr 2p ratios as a function of time-on-stream. A continuous
increase in the carbon content relative to the chromium and alumina contents
(C 1s/Al 2p and C 1s/Cr 2p, respectively) is observed for both cracking and

dehydrogenation regimes. For instance, during the dehydrogenation period (3-6 h
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time-on-stream) the C 1s/Cr 2p ratio changes from 1.0 to 1.7 and the C 1s/Al 2p ratio
increases from ~0.6 to 1.0 due to the increase in the carbon content. The oxidation
states of chromium were also analysed by deconvolution of the peaks present in the
Cr 2p spectrum between 570 and 600 eV. Fig. 7a shows a typical Cr 2p spectrum of
CrO4/Al,O5 after 1 h of ethylbenzene dehydrogenation at 600 °C. The band appearing
at ~576.5-576.7 eV is attributed to supported Cr’"; whereas binding energies for Cr®"

are expected to be found between 579.5 and 581 eV **°

. The integration of the areas
under the bands corresponding to Cr’" and Cr® allowed the determination of the
Cr’*/Cr®" ratio of coked CrO/ALO; after 1, 3 and 6 h on-stream of ethylbenzene
dehydrogenation at 600 °C. As seen in Fig. 7b, the Cr’/Cr®" ratio increases during the
first 3 h of reaction (cracking period), which shows that Cr®" undergoes reduction to
Cr’*. During the dehydrogenation regime (3-6 h on-stream), the Cr’*/Cr®" ratio
remained fairly constant and no Cr*" was detected. Fig. 8 presents the selectivity
profile for styrene as well as the atomic percentage of functionalised carbon with
time-on-stream obtained from XPS analysis. Most of the carbon deposited after 6 h is
non-functionalised sp>-C (15.3%), followed by 3.1% of carboxylic moieties and
1.5% of carbonyl groups. Small quantities of phenolic/ether groups are observed in
the early period of reaction but are not observed after 1 h time-on-stream whereas
carbonyl, carboxylic and non-functionalised sp>-C increase continuously with

time-on-stream.

The number and distribution of acid sites on fresh and coked CrO,/Al,O5 after 3 and
6 h of ethylbenzene dehydrogenation were studied by NH3;-TPD. The data were fitted
with Gaussian lineshapes; the peak position identifying the desorption temperature
corresponding to different acid sites, classified according to their acid strength. The
acid site distributions were classified by temperature range into weak or low energy
acid sites (< 250 °C), medium energy acid sites (250-400 °C) and high energy acid
sites (> 400 °C) °'. Table 5 shows the number and distribution of acid sites of the fresh
CrO4/Al,O3 catalyst and after ethylbenzene dehydrogenation at 3 and 6 h time-on-
stream determined by deconvolution of the NH3;-TPD profiles. It is seen that during
the cracking period the total number of acid sites decreased by only ~ 5 mmol NHj;/g
as compared to the fresh catalyst. However, the decrease in total acidity over the
dehydrogenation period (between 3 and 6 h time-on-stream) was ~ 18 mmol NHj/g,

which was attributed to retention of aromatics.
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Evolution of carbon oxides was observed over the course of the reaction hence the
oxygen content of coke was studied using TPD which is routinely employed for the
characterisation of oxygen groups on carbon surfaces *>. Oxygen groups present in
carbon deposits can decompose into CO and CO, upon heating at different
temperatures. The assignment of TPD peaks to the surface groups of carbon has been
the subject of study in the literature . Table 6 shows the established
decomposition temperatures of oxygenated functionalities on a carbon surface by
TPD °*°". TPD data for the catalysts coked after 1, 3 and 6 h of ethylbenzene
dehydrogenation is presented in Fig. 9. The evolution of CO and CO, in the TPD
spectra reflects that a greater overall quantity of oxygen functionalities is formed with
increasing time-on-stream. A range of different functionalities is observed: the CO,
band at 153 °C can be attributed to carboxylic acids; anhydrides are also present and
they result in the peaks observed at 357 °C and 593 °C; carbonyl and/or quinones give
rise to the CO band at ~900 °C. Over the first hour of reaction, carboxylic,
anhydrides, phenols and carbonyl/quinones are formed in agreement with XPS data.
Over the dehydrogenation period, oxygen functionalities become more heterogeneous
as shown by the less pronounced CO,-TPD profile recorded at 6 h (Fig. 9a).
Carbonyl/quinone functionalities are continuously created during the 6 h of reaction
as the CO-TPD profile shows (Fig. 9b); these observations are consistent with the
XPS results presented in Fig. 6.

Finally, the coke species formed during ethylbenzene dehydrogenation over
CrO4/Al,O3 were analysed by in situ DRIFTS. Fig. 10 presents the infrared spectra of
catalysts at different times-on-stream. It can be observed that after 1 min of reaction,
some chemical species are already deposited on the catalyst surface. The bands
located at 2330 cm™ and 2360 cm™ are due to carbon dioxide released into the gas
phase. Simultaneously, bands located at 1530 cm™, 1430 cm” and 1410 cm’
(Vas (COO), v (COO) and 8s (CHs)) reveal the presence of acetates/carboxylates % In
addition, formate species bonded to the chromia and alumina phases are observed at
2970 cm™ and 2880 cm™ and at 3010 cm™ and 2930 cm’, respectively >
Hydrocarbon-type surface species are also deposited from the beginning of the
reaction. The bands located at 3070 cm™ and 1500 cm™ are due to unsaturated or
aromatic species whereas the weak band at 2925 cm™ is attributed to aliphatic species.

The ratio between aromatic and aliphatic coke compounds increases with time-on-
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stream coupling with a higher C/H ratio at longer reaction times. The band located at

39,58

1590 cm™ can be attributed to quinone-type structures which continuously form

with time-on-stream supporting the TPD and XPS results.

3.2. Effect of pre-reduction of catalyst

Pre-reduction of the catalyst in H, was conducted at 550 and 900 °C in order to
determine the influence of chromium oxidation state on the observed reaction profile.
TPR analysis indicates that these temperatures correspond to reduction of Cr(VI) to
Cr(Il) and Cr(Il) respectively. The ethylbenzene dehydrogenation reaction was
conducted in a microreactor over the fresh catalyst (Fig. 11a,b), the CrO/Al,O;
catalyst reduced at 550 °C (Fig. 12a,b) and at 900 °C (Fig. 12c,d). The lower
temperature reduction at 550 °C is, from the TPR data, expected to reduce the surface
chromia species to Cr(III). A similar reaction profile to that obtained for the
unreduced catalyst (Fig. 1b) is obtained indicating that pre-reduction at this
temperature does not fully remove the induction time prior to the onset of
dehydrogenation. The catalyst reduced at 900 °C shows negligible dehydrogenation
activity, after an initial cracking period. Based on TPR results this is ascribed to the

formation of Cr(Il) which is known to be inactive towards dehydrogenation
22,60-62

In addition, these microreactor studies provide insights into the additional side-
reactions that occur during ethylbenzene dehydrogenation. Analysis of the gas-phase
products by mass-spectrometry revealed the release of CO and CO, during the
cracking period, and to a lesser extent in the dehydrogenation regime, coupled with
the consumption of water (Fig. 11b). The formation of these gases occurs as a
consequence of chromium reduction by ethylbenzene and steam reforming,
dealkylation and steam dealkylation of ethylbenzene and toluene. Methane is
produced mainly as a co-product of ethylbenzene hydrogenolysis into toluene and
from CO methanation. Furthermore, a simultaneous release of CO and CH4, coupling
with a decrease in styrene formation is observed (Fig. 11a,b). This demonstrates the
competition between, on the one hand, ethylbenzene steam reforming and CO
methanation and, on the other hand, ethylbenzene dehydrogenation. Since the

ethylbenzene conversion at steady-state (97%, Table 2) is higher than the equilibrium
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conversion for the non-oxidative dehydrogenation in steam (81%, 2021y the data
suggest that CO; is playing a role in shifting the equilibrium towards styrene through
RWGS and that this coincides with the onset of dehydrogenation activity.

3.3. Influence of carbon laydown

The quantity and nature of the carbon deposits, as described in Section 3.1, may exert
a significant influence over the reaction. Elemental analysis (Table 4) shows that
56% of coke is deposited during the cracking regime. Cracking is an acid catalysed
reaction and hence this coke can be assumed to form, initially, on acid sites. In order
to distinguish the possible other effects of carbon deposition from the loss of Brensted
acid sites, studies have been carried out over CrO,/Al,O3 poisoned with DTBP which
selectively adsorbs on Brensted acid sites . The induction time prior to the onset
of the dehydrogenation regime over the poisoned catalyst was still present and was
shortened by only 20 min. Cracking and RWGS activity were still observed at short
times-on-stream, however cracking activity was lower over the poisoned catalyst than
the fresh material. Removing Brensted acid sites alone does not result in higher
activity towards ethylbenzene dehydrogenation, hence the origin of the cracking-
dehydrogenation transition is not simply due to deactivation of more active, less
selective, catalytic sites. Additionally, as was shown in Section 3.2, the transition is
also not simply due to the reduction of Cr(VI) to Cr(Ill) during reaction. Note that
coke species are considered unlikely to be the main species responsible for reduction
of chromium, instead ethylbenzene and hydrogen are likely to be the main reducing
agents. Similar conclusions have been drawn previously from propane

dehydrogenation studies *’.

4. Discussion

The reaction studies reported in Section 3 confirm that the ethylbenzene
dehydrogenation reaction over CrO4/Al,O3 in fact comprises a complex network of

interdependent reactions. These are shown in Scheme 1:
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Scheme 1. Reactions involved in ethylbenzene dehydrogenation

Reactions of ethylbenzene *'*°°:

Dehydrogenation: 1) CgHjp = CsHg + Hp AH = 129.7 kJ/mol
Cracking: 2) Cng() — C6H6 + C2H4 AH=101.5 kJ/mol
Hydrogenolysis: 3) CgHjp + H —» C;Hg+ CHy4 AH=-65.1 kJ/mol

Steam reforming or dealkylation of ethylbenzene (endothermic):
4) CgHjo + H,O = C;Hg+ CO +2 H,
5) CsHip +2 H,O = C;Hg+ CO,+3 Hy
6) CsHjp + 2 H,O = C¢Hg+ 2 CO;, +4 H,

7)CsHyo+4 H,O = CgHg+2 CO,+ 6 Hy
Total steam reforming of ethylbenzene (endothermic):

8) C8H10+8H20 = 8§8CO+13 H2

9) CgHjp+ 16 H,O = 8 CO, + 21 H,

. 67
Reactions of toluene °':

Steam reforming or dealkylation of toluene (endothermic):
10) C;Hg+ H,O = CgHg+ CO +2 Hy Xeq=92-99.8%

11) C/Hs+ 2 H,O = CsHg+ CO2, +3 Hy  Xeq=93-99.6%
Total steam reforming of toluene (endothermic):

12) C;Hg +7H,0 = 7CO+ 11 H, AH = 923 kJ/mol

13) C;Hg+ 14 H,O = 7 CO, + 18 Hy AH = 656 kJ/mol

Reactions of CO 68.

CO methanation: 14) CO + 3 H, = CH4 + H,O AHy=-206.1 kJ/mol

. 69
Reactions of methane ™ :

Steam reforming of methane:

19
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15) CH, + H,0 = CO + 3 H, K, = 1393 atm’ (1173 K)

Coke formation (endothermic):

16) CsH;p— 8 C +5 H,
17) CéHe — 6 C +3 H,
18) CHs —» 7C +4 H,
19) CgHg — 8 C + 4 H,

20) H, + CO, = H,0 +CO AH= 37.6 kJ/mol
Xeq = 55% (800 °C)

Reduction of chromium:

21) 2 CrO; + 3 H, — CrO3+ 3 H,O
22) 8 CI'O3 + C8H10—> 4 CI‘203+ 4 C02 +4CO+5 H2

While previous investigations have predominately focused on the dehydrogenation

step, or in the case of oxidative dehydrogenation on its coupling with RWGS, we have

attempted to further understand the role of each side-reaction (including coke

formation) in determining overall catalytic behaviour. Each of these reactions has an

influence on:

The surface chemistry of the catalyst; i.e., the ratio between acid and metal sites:
During the first stages of the reaction both cracking, steam reforming and coke
deposition lead to the poisoning of acid sites. Therefore, these processes
contribute to decreasing the competition between acid and metal sites available for
dehydrogenation.

Thermodynamics of  ethylbenzene dehydrogenation: Ethylbenzene
dehydrogenation is thermodynamically favoured by low partial pressures of
hydrogen and additionally it can be coupled with RWGS. Thus, any side-reaction
consuming hydrogen or releasing CO, has a positive effect on dehydrogenation
activity. It is observed that steam reforming of toluene produces a higher
proportion of H relative to CO,, hence it has a negative impact on the conversion
of ethylbenzene. Steam reforming of methane lowers ethylbenzene conversion
since it leads to a higher partial pressure of hydrogen. In addition, CO methanation

is a coupling reaction with steam reforming of ethylbenzene, and these reactions

20



Catalysis Science & Technology

compete with ethylbenzene dehydrogenation. This is shown by the similar
evolution of CO and CHy coinciding with the opposite trend in styrene formation
(Fig. 11a,b)

- Oxidation state of chromium: the chromium oxidation state changes over the
course of the reaction from Cr(VI) to Cr(Ill) mainly due to the contact between
the metal sites and gaseous aromatic hydrocarbons. In addition, the presence of
polyaromatic coke deposits may affect the reduction of chromium through

"' Further

hydrogen transfer reactions as has been reported in other studies
contact with gaseous aromatic hydrocarbons or coke deposition leads to the
reduction from Cr(IIl) (active) to Cr (II)(inactive) which is a cause of catalyst

deactivation, as seen after 360 min in the microreactor studies (Fig. 11a,b) .

Of particular note is the observation, discussed below, that CO, is released from
reactions including the reduction of chromium oxide by ethylbenzene, steam
reforming of hydrocarbons formed in situ 2 and from potential gasification of coke
with evolved H,O. The presence of CO, results in a partially oxidative reaction
mechanism, even in the case of direct dehydrogenation where no additional oxidant is
present in the reactant stream. This is demonstrated by the high values of
ethylbenzene conversion at steady-state which are above the equilibrium value. For
instance, the maximum of styrene selectivity at 600 °C (Fig. 1b, 180 min, 25%) may
correspond to the equilibrium limit since ethylbenzene conversion (180 min, 78%) is
close to the equilibrium conversion when steam is present (81%) ***'. Notice that at
steady-state a supra-equilibrium conversion is achieved at 600 °C (97%, Table 1)
which confirms that reaction coupling of ethylbenzene dehydrogenation with RWGS

occurs 73.

Detailed analysis of the results highlights the importance of side-reactions in
influencing the surface and gas-phase concentrations of, in particular, CO, CO,, H,O
and H,. The concentration of these species is intimately related to the nature and
quantity of the hydrocarbonaceous layer laid down on the catalyst surface. In turn this
is related to the formulation of the catalyst and its operating conditions. The role of
coke formation is not simply selective deactivation of acid sites: DTBP poisoning
studies showed that this alone was not sufficient to remove the induction time prior to

the onset of dehydrogenation. However, the generation of styrene does show a
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correlation with the formation of coke. This can be ascribed to the fact that coke is not
only a carbon sink but it also partakes in gasification/steam-reforming and reduction
of the metal sites. Gasification of coke affects dehydrogenation activity in two
competing ways: 1) gasification “cleans” the catalyst resulting in a greater availability
of acid sites for cracking, and hence the competition between dehydrogenation and
cracking increases; ii) gasification of coke provides a second source of CO; (in
addition to that released from chromium reduction) enhancing RWGS, and therefore
dehydrogenation. The hydrocarbonaceous layer of coke may also influence chromium
reduction through hydrogen reverse spillover as has been reported earlier for
isopentane dehydrogenation ''. Coke deposited over the surface of the support can
abstract hydrogen from ethylbenzene and subsequently, hydrogen can be transferred

to the metal causing chromium reduction.

The overall impact of the contrasting effects of coke formation on dehydrogenation
activity depends upon the chemical nature of coke, e.g., graphitic order and the
stability of oxygen functionalities.

- More graphitic coke is less reactive towards gasification and less efficient at
reducing chromium sites. In contrast, hydrogen-rich coke deposits participate in
gasification and in chromium reduction through reverse spillover.

- The release of CO and CO, through RWGS and steam reforming causes the
formation of oxygen functionalities on the coke surface (carboxylate, acetate,
formate and carbonyl groups). These species have been reported to form in
propane * and isobutane *° dehydrogenation through reduction of chromium by
the alkane, and also from the reaction between gaseous hydrocarbons with surface
hydroxyl groups. In addition, it has been claimed that carbonyl functionalities are
the active species in oxidative dehydrogenation of ethylbenzene over activated
carbons ''. However, in the present study no correlation between the changes in

styrene selectivity and quantity of carbonyl groups can be identified (Fig. 8)

Deconvolution of the cracking and dehydrogenation regimes observed during
ethylbenzene dehydrogenation allowed an understanding of the role of side-reactions,
including steam reforming/dealkylation, RWGS and coke formation to be developed.
All of these reactions affected the catalyst surface chemistry and the thermodynamics

of ethylbenzene dehydrogenation. During the first stages of the reaction steam
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reforming/dealkylation and cracking/coke deposition selectively poisoned the acid
sites hence reducing the competition with metal sites. Thermodynamically, steam
reforming of toluene and methane and CO methanation lowered ethylbenzene
conversion through the increase in hydrogen partial pressure. Chromium was reduced
readily by reaction between ethylbenzene with hydroxyl groups and through
hydrogen-transfer from coke to the metal sites. Cr(IIl) was found to be the active
species for dehydrogenation while further reduction of chromium to Cr(Il) caused
catalyst deactivation. Ethylbenzene conversion at steady-state was higher than the
equilibrium conversion showing the positive role of CO, even when no additional
oxidant was fed to the reactor. The main sources of CO, were chromium reduction by
ethylbenzene and steam reforming of ethylbenzene and toluene. The inverse trends
between CO, CH4 and styrene over the dehydrogenation regime showed that
ethylbenzene steam reforming and CO methanation are also coupling reactions, which
explains the decrease in styrene selectivity (Fig. 11a,b). The nature of deposited coke
changed from more disordered coke structures at low reaction temperatures
(500-600 °C) to more ordered carbon networks at high reaction temperature (700 °C).
The role of the carbonaceous layer is three-fold: to decrease the competition between
acid and metal sites; to contribute to chromium reduction from Cr(VI) to Cr(IlI) and
subsequently to Cr(II) causing catalyst deactivation; and to change the relative
proportion CO/CO, through coke gasification hence affecting thermodynamics of
ethylbenzene dehydrogenation.

5. Conclusions

TPO, TPD, Raman spectroscopy, THz-TDS, XPS, in situ infrared spectroscopy, and
on-line gas chromatography and mass spectrometry have been used to characterise the
surface of a CrO4/Al,O; catalyst during the ethylbenzene dehydrogenation reaction
occurring at 500, 600 and 700 °C. At all temperatures the reaction profile shows an
induction time corresponding to a cracking regime, followed by a dehydrogenation
regime. The sequential nature of the cracking and dehydrogenation reactions, with
almost no cracking in the dehydrogenation regime, enables the influence of cracking
and dehydrogenation on catalyst structure, activity and selectivity to be considered

separately. The cracking period involves the activation of CrO4/Al,Os catalysts for
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dehydrogenation activity through a number of processes: cracking of ethylbenzene
over acid sites; coke deposition; reduction of chromium from Cr(VI) to Cr(IIl); steam
reforming activity over the reduced catalyst; and RWGS reaction. Each of these
processes plays a critical role in the observed catalytic activity. Notably, the presence
of CO; evolved from the reduction of chromium with ethylbenzene and from the
gasification of the deposited oxygen-functionalised coke results in the
dehydrogenation reaction becoming partially oxidative, i.e. selectivity to styrene is
enhanced by coupling of ethylbenzene dehydrogenation with the reverse water-gas
shift reaction. Ethylbenzene cracking, coke gasification, steam-reforming and reverse
water-gas-shift determine the relative quantities of CO,, CO, H, and H,O and hence
affect the coupling of the reactions. Coke deposition during the cracking period
lowers the catalyst acidity and may contribute to chromium reduction, hence
diminishing the competition between acid and metal sites and favouring
dehydrogenation activity. Of the three reaction temperatures studied, selectivity to

styrene is maximised at the intermediate temperature of 600 °C.
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List of Figure captions

Fig. 1. a) Conversion of ethylbenzene at 500 (<), 600 (A) and 700 °C (), and selectivity to styrene at
500 (@), 600 (A), and 700 °C (m) after ethylbenzene dehydrogenation over CrO,/Al,O; and
b) conversion of ethylbenzene (A) and selectivity to toluene (A), benzene (M) and styrene (#) after

ethylbenzene dehydrogenation over CrO,/Al,O; at 600 °C.
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Fig. 2. a) Temperature-programmed oxidation of coked 0.8 wt. % CrO,/Al,O; after ethylbenzene
dehydrogenation at 500, 600 and 700°C after 6 h time-on-stream (40 ml/min, 5% O,/He) and
b) THz-TDS spectra of CrO,/Al,O; catalysts used in ethylbenzene dehydrogenation at 500, 600 and
700 °C.

Fig. 3. Raman spectra of CrO,/Al,O; after ethylbenzene dehydrogenation at a) 600 °C and b) 700 °C.

Fig. 4. High-resolution transmission electron microscopy (HRTEM) of a) fresh CrO,/Al,O; and
b) coked CrO,/Al,O; after ethylbenzene dehydrogenation at 600 °C, 6 h time-on-stream.

Fig. 5. Temperature-programmed oxidation of coked CrO,/Al,O; after ethylbenzene dehydrogenation
at 600 °C after 1, 3 and 6 h time-on-stream (40 ml/min, 5% O,/He).

Fig. 6. a) C1s XPS spectrum of coked CrO,/Al,O; during ethylbenzene dehydrogenation after 1 h time-
on-stream, b) C 1s/Al 2p and C 1s/Cr 2p of coked CrO,/Al,O; after 1, 3 and 6 h time-on-stream.

Fig. 7. a) Cr 2p XPS spectrum of CrO,/Al,O; after 1 h of ethylbenzene dehydrogenation showing the
bands attributed to Cr** and Cr®" and b) Cr’*/Cr®" ratios of CrO/AL,O5 after 1, 3 and 6 h on-stream of

ethylbenzene dehydrogenation.

Fig. 8. Atomic percentages of functionalised carbon formed over CrO,/Al,0; during ethylbenzene

dehydrogenation at 600 °C after 1, 3 and 6 h time-on-stream.

Fig. 9. a) CO,-TPD spectrum of CrO,/Al,O5 catalysts after ethylbenzene dehydrogenation for 1, 3 and
6 h time-on-stream and b) CO-TPD spectrum of CrO,/Al,O; catalysts after ethylbenzene

dehydrogenation for 1, 3 and 6 h time-on-stream.

Fig. 10. DRIFTS spectra of in-situ ethylbenzene dehydrogenation over CrO,/Al,O; at 600 °C (flow of
helium: 20 ml/min, He/EB: 7.75, mass of catalyst: 70 mg).

Fig. 11. Ethylbenzene dehydrogenation at 600 °C over fresh CrO,/Al,O; in a microrreactor showing
a) evolution of methane, toluene, benzene, ethylbenzene and styrene and b) evolution of the RWGS

products.

Fig. 12. Ethylbenzene dehydrogenation at 600 °C over CrO,/Al,O; after pre-reduction at 550 °C (a,b)
and 900 °C (c,d). Note that the timescales for the reactions over the fresh and reduced CrO,/Al,O5 are
different.
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List of Table captions

Table 1. Conversion for ethylbenzene dehydrogenation over CrO,/Al,O3 at 500, 600 and 700 °C after

6 h time-on-stream.

Reaction temperature (°C)

500 600 700
Conversion (%) 79 97 99
Selectivity (%)
benzene 0.09 1.3 14
toluene 0.6 2.9 25
styrene 2.2 15.1 4.0
methane 0.1 0.3 0.4
ethylene 0.2 0.3 0.4
coke 96.7 80.1 91.4

Table 2. Elemental microanalysis data showing the wt. % carbon and hydrogen and C/H mass ratio
after 6 h time-on-stream over CrO,/Al,O; catalysts at 500, 600, 700 °C. % C.. is calculated as %C /
(%C+%H) x 100.

Temperature %C (wt. %) %H (wt. %) C/H mass ratio ~ %Ccoke (Wt. %)
500 °C 1.9+ 0.06 0.7 £0.05 27+03 73.1+£1.90
600 °C 6.3+0.17 0.6 £0.03 10.5+£0.7 91.3+0.6
700 °C 23.5+19 0.7 £0.04 33.6+£5.0 97.1+£0.40

Table 3. Position of the Raman bands, FWHM, D1/G and D1/D3 ratios of the Raman spectra of coked
CrO,/Al,0; after ethylbenzene dehydrogenation at 600 °C and 700 °C.

600 °C 700°C
D4 Position (cm'1) 1200 1200
FWHM 91 132
D1 Position (cm'1) 1363 1349
FWHM 180 176
D3 Position (cm™) 1520 1501
FWHM 236 146
G Position (cm™) 1595 1596
FWHM 116 100
Intensity ratios
D1/G 1.8+0.1 14+ 0.1
D1/D3 20+0.2 49+03
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Table 4. Elemental analysis data showing the wt. % carbon and hydrogen and C/H mass ratio after 1, 3
and 6 h time-on-stream over CrO,/Al,O; catalysts at 600 °C. % C,. is calculated as %C / (%C+%H) x
100.

Time-on-stream (h)  %C (wt. %) %H (wt. %) C/H mass ratio  %Ccoke (Wt. %)

1 1.5+ 0.008 0.7 £0.01 20+1.8 67.0x1.6
3 3.5+0.03 0.6 +0.05 56+0.8 848+17
6 6.3+0.20 0.6 £0.03 10.4+£1.0 91.2x0.7

Table 5. Number and distribution of acid sites of the fresh CrO,/Al,O; catalyst and after ethylbenzene
at 3 and 6 h time-on-stream as determined by NH;-TPD.

Acidity (mmol NHa/g) Fresh CrO,/Al;03 Coked CrO,/Al;03, 3 h Coked CrO,/Al;03 6 h

low strength 0.20 0.17 0.10
medium strength 0.19 0.21 0.12
high strength 0.10 0.07 0.04
total acidity 0.49 0.44 0.26

Table 6. Oxygen functionalities on carbon surfaces and their decomposition temperature by TPD
57

Oxygen functionality =~ TPD signal Decomposition temperature (°C)

Anhydride CO, CO2 350 °C - 627 °C
Carboxylic CO; 100 °C - 400 °C
Carbonyl CO 700 °C - 900 °C
Ether co 700 °C
Lactone CO2 190 °C - 650 °C
Quinone CO 700 °C - 980 °C
Phenol Cco 600 °C - 700 °C
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Fig. 1. a) Conversion of ethylbenzene at 500 (<), 600 (A) and 700 °C (), and selectivity to styrene at
500 (@), 600 (A) and 700 °C (m) after ethylbenzene dehydrogenation over CrO,/Al,O, and b) conversion of

ethylbenzene (A) and selectivity to toluene (A), benzene (M) and styrene (@) after ethylbenzene
dehydrogenation over CrO,/Al,O, at 600 °C.
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Fig. 2. a) Temperature-programmed oxidation of coked 0.8 wt. % CrO,/AlLO, after ethylbenzene
dehydrogenation at 500, 600 and 700°C after 6 h time-on-stream (40 ml/min, 5% O,/He) and b) THz-TDS
spectra of CrO,/Al,O, catalysts used in ethylbenzene dehydrogenation at 500, 600 and 700 °C.
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Fig. 3. Raman spectra of CrO,/Al,O, after ethylbenzene dehydrogenation at a) 600 °C and b) 700 °C.
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Fig. 4. High-resolution transmission electron microscopy (HRTEM) of a) fresh CrO,/Al,O, and
b) coked CrO,/Al,O, after ethylbenzene dehydrogenation at 600 °C, 6 h time-on-stream.
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Fig. 5. Temperature-programmed oxidation of coked
CrO,/ALO, after ethylbenzene dehydrogenation at
600 °C after 1, 3 and 6 h time-on-stream (40 ml/min,
5% O,/He).
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Fig. 6. a) Cls XPS spectrum of coked CrO,/Al,O, during ethylbenzene dehydrogenation after 1 h
time-on-stream, b) C 1s/Al 2p and C 1s/Cr 2p of coked CrO,/Al,O, after 1, 3 and 6 h time-on-stream.
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Fig. 7. a) Cr 2p XPS spectrum of CrO,/Al,O, after 1 h of ethylbenzene dehydrogenation showing the
bands attributed to Cr3*and Cré* and b) Cr3*/Crb* ratios of CrO,/Al,O, after 1, 3 and 6 h on-stream of
ethylbenzene dehydrogenation.
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Fig. 8. Atomic percentages of functionalised carbon
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stream.
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Fig. 9. a) CO,-TPD spectrum of CrO,/Al,O, catalysts after ethylbenzene dehydrogenation for 1, 3 and 6 h
time-on-stream and b) CO-TPD spectrum of CrO,/Al,O, catalysts after ethylbenzene dehydrogenation for
1, 3 and 6 h time-on-stream.
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Fig. 10. DRIFTS spectra of in-situ ethylbenzene dehydrogenation over

CrO,/Al,O, at 600 °C (flow of helium: 20 ml/min, He/EB: 7.75, mass of catalyst:

70 mg).
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Fig. 11. Ethylbenzene dehydrogenation at 600 °C over fresh CrO,/Al,O, in a microrreactor showing a) evolution
of methane, toluene, benzene, ethylbenzene and styrene and b) evolution of the RWGS products.
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Fig. 12. Ethylbenzene dehydrogenation at 600 °C over CrO,/Al,O, after pre-
reduction at 550 °C (a,b) and 900 °C (c,d). Note that the timescales for the reactions
over the fresh and CrO,/Al,QO, are different.
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