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ARTICLE INFO ABSTRACT

The oxidative dehydrogenation of ethylbenzene (EB) into styrene (ST) has been proposed as an alternative to the
conventional energy-consuming synthesis of styrene. Various types of catalysts have been reported as promising
for the reaction under industrially-relevant conditions. However, they show a complex deactivation behaviour.
The EB conversion and the ST selectivity decay, with an increased COy selectivity. This phenomenon was
investigated by means of experimental data and reaction model analysis, using two reference inorganic catalysts.
The active catalyst is the deposited coke (ODH-coke) and not directly the inorganic material. The coke is formed
in the initial reaction phase and promoted by the Lewis acid sites of the inorganic material. The reaction shows
an activation period in which the ODH-coke is deposited and the EB conversion reaches a maximum where O is
fully converted. From that point onwards, the reaction model is applicable and the experimental data fit very
well with low standard deviations. The model explains that the EB conversion's decay with time on stream is
associated to changes in the selectivity. Hence, EB conversion is not an independent parameter. This simplifies
the understanding of this complex deactivation; the deactivating parameter is the selectivity. At this moment, we
cannot discriminate between increased COyx and decreased ST, or both effects, because both routes are
competitive. This case represents a new type of catalyst deactivation behaviour, in which selectivity affects
conversion.

To Prof. Barbara T. Garcia Pawelec, ad hon-
orem senior scientist at the Spanish National
Research Council.
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1. Introduction with broad applications and large production [7]. Its industrial manu-

facture has several challenges, i.e., equilibrium limitations, low con-

Catalyst stability is one of the most important features for industrial
implementation [1,2]. It is desirable to have a stable catalyst under
operation for years. Or alternatively, to understand its deactivation so
the catalyst reactivation can be integrated in the process [1]. Mecha-
nisms of heterogenous catalyst’s deactivation have been well docu-
mented for many materials and reactions [1,3-6]. The scope of this work
is a reaction of industrial interest, the oxidative dehydrogenation of
ethylbenzene to styrene (EB-ODH), whose deactivation shows novel
insights.

Styrene is an important basic chemical of the petrochemical sector

version per pass and high energy consumption. To overcome these
challenges, the reaction can be carried out with an oxidant and Oy is
effective for this [8,9]. It breaks the equilibrium and this makes the
conversion per pass higher and the reaction changes from endothermal
to exothermal. This reaction has attracted sustained study in academia
and various types of active/selective catalysts have been reported. These
types include carbons (containing ketonic active sites) [9-19], inorganic
materials that are able to produce active coke [9,14,20-25] and other
types [26,27]. Carbons can achieve very high selectivity but their
downside is the low thermal stability during a reactivation, though some
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progress has been achieved [18].

For inorganic-based catalysts, such as aluminas [20-23] and P20s-
containing materials [14,22] under industrially-relevant reaction con-
ditions, the active catalytic phase is the formed coke (ODH-coke) that is
deposited onto the inorganic material’s surface at the start of the reac-
tion. This phenomenon is attributed to the Lewis acidity of the inorganic
support, as proven for aluminas [9,20] (containing Lewis acid sites and
no Brgnsted sites) and the same is expected for other acidic supports [9].
Specifically, ketonic groups (C=0) on the ODH-coke's surface are
considered to be the active sites [28], in a similar manner as proven in
carbons [16]. Fig. 1a summarises the reaction pathways in which the
ODH-coke is formed either by EB, ST or both. The ODH-coke acts as
catalyst for styrene synthesis and is also the precursor for the COy for-
mation. The styrene synthesis is a redox process catalysed by C=0
groups present on the ODH-coke (Fig. 1b). Scarce information is avail-
able in the literature about the COy route to be able to answer whether it
is a catalysed or non-catalysed process. From our experience, higher
partial pressure in O, favours the COy route [13,14,20-24,28]. Strictly
speaking, the inorganic material containing the Lewis acid sites that
promotes the formation of ODH-coke is a pre-catalyst. In this work, it is
labelled as catalyst for simplicity.

Under industrially-relevant reaction conditions, the stability over
time on stream of promising inorganic-based catalysts remains unclear.
A pronounced decay of the ethylbenzene (EB) conversion has been
observed alongside a drop in styrene selectivity and a raise of the un-
desired COx selectivity, both for alumina and P2Os/silica [20,22]. Un-
derstanding this topic is crucial for their improved design and
implementation. It is important to remark that industrially-relevant re-
action conditions involve a high EB concentration and limited Oo; this
implies that Oy should be fully consumed in the reactor due to the
various reactions. This is important because unreacted O5 would pro-
voke explosive conditions in the distillation columns in an industrial
setting. However, literature mainly presents examples working at high
O,/EB ratios for this reaction; conditions which are not industrially
applicable.

To unravel the above-described complex problem, we have consid-
ered here to study the stability in more detail. As catalyst, we initially
considered a mesostructured aluminosilicate denoted as MSU, which has
wide pores and Lewis acidity to promote the active ODH-coke. Subse-
quently, the study was expanded with a more styrene-selective catalyst
based on P5Os/silica. From the results, a novel deactivation mechanism
has been identified, where conversion and selectivity are linked. Thus,
rather than two parameters being affected in the deactivation, solely
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selectivity governs the deactivation.
2. Methods
2.1. Materials

The mesoporous Al-MSU-F was purchased from Sigma Aldrich (code:
643629); it is denoted along the manuscript as MSU for simplicity. The
as-received powdery MSU was pelletised at mild pressure to avoid
mechanically-induced damage and sieved into the 212-425 pm fraction.
The Si/Al atomic ratio as determined by elemental analysis was ca. 47.
Mesoporous amorphous silica extrudates was kindly supplied by Saint-
Gobain NorPro (code: 61138), a Division of Saint-Gobain Ceramic Ma-
terials GmbH. This silica was employed due to its good thermal stability
[29]. Millipore Milli-Q® water was employed (18.2 MQ-cm at 25 °C).

2.2. Catalyst preparation

The PyOs-based catalyst was prepared by incipient wetness impreg-
nation using 5 % extra pore volume of the liquid solution using the
protocol described in [22]. The silica extrudates were crushed and
sieved into a 212-425 um fraction. Silica (3.0 g) was dried at 150 °C
under vacuum for 4 h. After drying, a neoprene stopper was set to pre-
vent water re-adsorption from the air. After the silica was cooled down
to room temperature, a H3PO4 solution was added. This solution (10 ml)
was prepared by mixing a certain amount of HsPO4 (Merck, 85 %) with
water, resulting in a phosphorous loading of ca. 3 wt% (as P) in the final
catalyst. Afterwards, the material was shaken for 4 min at 2500 rpm
using a vortexer (VWR DVX-2500) at room temperature and dried at 70
°C overnight in an atmospheric oven. Afterwards, the sample was cal-
cinated at 500 °C for 8 h with a heating rate of 4 °C/min in a Nabertherm
P330 muffle furnace.

2.3. Characterisation

2.3.1. ODH-coke

The amount of organic deposit (ODH-coke) in the after-reaction
catalyst (i.e., end of the run after 60 h time on stream) was deter-
mined by thermogravimetric analysis on a Mettler-Toledo analyzer
(TGA/SDTA851e) using a flow of synthetic air of 100 ml/min (STP). The
temperature was raised from 30 to 900 °C at 10 °C/min. Physiosorbed
water was accounted in the calculation. Temperature programmed
oxidation data (TPO) are calculated as —DTGA (i.e., the derivative of the

b 7l
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Fig. 1. a) Scheme representing the different reaction pathways in the oxidative dehydrogenation of ethylbenzene into styrene and CO/CO, (COy) over coked cat-
alysts at industrially-relevant conditions. The ODH-coke is produced via ethylbenzene, styrene, or both, catalysed by Lewis acid sites [9,20]. The styrene active sites
are the ketonic (quinone) groups on the ODH-coke. COy is assumed to be formed by oxidation/gasification of the ODH-coke [9]. The effect of O»/EB on selectivity
(dashed lines) is based on our prior work [13,14,20-24,28]. The thickness of the lines indicates the reaction rates in qualitative terms. The green dashed line indicates
the ODH-coke containing C=0 groups being the catalyst for the EB-to-ST step (mechanism is described in b). b) Reaction mechanism for the oxidative styrene
synthesis via a quinone-to-hydroquinone redox mechanism [9,28]; these groups are present on the ODH-coke, which is induced by Lewis sites on the inorganic
material (i.e., pre-catalyst). The hydroquinone can be restored into quinone via molecular O, or activated surface Oy [16].
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TGA).

2.3.2. Gas physisorption

Textural analyses of the fresh and after-reaction catalysts were car-
ried out by N3 physisorption at —196 °C, on a Micromeritics ASAP 2420
analyser. The fresh catalyst was degassed under vacuum at 300 °C for 10
h. The after-reaction catalyst was degassed at milder conditions, 130 °C
for 24 h, to ensure that the ODH-coke was not altered. The surface area
was calculated by BET method, Sggr and denoted as ‘BET area’ [30]. The
single point total pore volume (V) was estimated at a P/P, of 0.98 in the
desorption branch [31]. The pore size distribution was obtained, as an
approximation, from the BJH model using the desorption branch. The
BJH model, having well-known limitations (e.g. underestimate the pore
size) was employed since the available NLDFT models did not provide
meaningful results. In the case of the P,Os/silica catalysts, the analyses
were carried out with Ar at —186 °C. However, this does not change the
interpretation.

2.3.3. Acidity assessment

Pyridine acidity measurements were carried out following the pro-
cedure and equipment reported elsewhere [20]. The Lewis and Brgnsted
density values were determined using the correlations reported by
Tamura et al. [32] with e = 1.73 cm/pmol for Lewis acid sites (band at
ca. 1438-1456 cm™ ') and € = 1.23 cm/| pmol for Brgnsted sites (band at
ca. 1547-1549 cm™1). The values reported in Table 1 were determined
at 150 °C.

2.3.4. Elemental analysis

The Si/Al atomic ratio was determined by quantification of the Si
and Al concentrations in solution, after digesting the solid in a HF so-
lution, by inductivity-coupled plasma analysis [33].

2.3.5. Electron microscopy

Transmission electron microscopy (TEM) images were acquired in a
JEOL 2100 field emission gun transmission electron microscope at 200
kV, equipped with an EDX spectrometer (Oxford INCA Energy 2000).
Before analysis, the material was immersed in ethanol and subsequently
deposited onto a holey carbon grid until dryness.

2.4. Catalytic activity

The catalyst tests and reaction product analysis were carried out
using the equipment and methods described elsewhere [13,14,20,21].
The tests were carried out at iso-volume of the catalyst bed. This is
because the design of fixed-bed reactors aims at minimizing the volume
to save capital costs. In other words, assessing the catalyst performance
per volumetric loading provides a more realistic assessment. The volu-
metric metrics have been critically highlighted elsewhere for various
adsorption-based applications [34-38] and electrochemical energy
storage [39,40]. The applied reaction conditions are considered to be

Table 1
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industrially relevant. They consist of using a high EB concentration (ca.
10 vol%), limited Oy and the temperature was chosen high enough to
obtain 100 % O, conversion. The reaction conditions are given on each
graph. The conversions (X) and selectivities (S) are defined as:

|:ﬁ-EB - n-EB:|
Xpp = ————=0901 %100 €h)
rlEB
JIN
], -]
Xo, = ——=—=%T x 100 @)
2
JIN
flProduct X / p
x 100 €]

SProduct X —
N O

Where the r-values (mol/h) are the molar flowrates, p is a stoichiometric
factor (1 for styrene and 8 for COy). The subscript ‘EB’ refers to ethyl-
benzene and ‘Product X’ refers to the product which can be styrene or
COy. The subscript ‘IN’ means the molar flow entering the reactor,
whereas ‘OUT’ means the flow out of the reactor.

In the discussion, the term activation means that O, is fully con-
verted though additional ODH-coke may be deposited. The main
detected products were styrene and CO/CO (COy). A small fraction of
benzene, toluene and short hydrocarbons was observed (ca. 0.8-2.6 % in
total, as selectivities), which remained constant at all conditions.
Heavier products were also observed but in a much lower concentration.
Mass balances were acceptable (>97 %). The difference is mostly
coming from the ODH-coke and condensation of heavy byproducts in the
lines/valves, which represents a small fraction of the total fed
ethylbenzene.

3. Results and discussion
3.1. Aluminosilicate catalyst

The properties of the catalyst will be first briefly discussed and then
the catalytic activity; fast-screening and long stability test whose dis-
cussion involves a reaction model to explain the results.

3.1.1. Properties of the MSU

The MSU shows an isotherm type IV with H1 hysteresis (Fig. 2a) that
corresponds to a pore network with good connectivity [30,41]. The
isotherm does not level off at high P/P, and that implies having an
additional type II character due to unfilled macropores [30,37]. The
pore size distribution reveals a well-defined maximum located at ca. 13
nm (inset Fig. 2a). The desorption data provide the size of the windows

Textural parameters derived from N, adsorption at — 196 °C, acidic properties and coke content for the fresh and spent catalysts (n.d. means not determined).

Material SBET Vr Lewis Lewis®@ ¢  Brensted Brgnsted®®® TGA ODH-coke S3$¢  Strength Lewis ©
(m*/g) (cm®g) (pmol/g)  (pmol) (umol/g)  (pmol) (Wt.%) m? (%)

MSU fresh 544 1.982 51 7 11 2 — 79 61

MSU spent * 154 0.387 n.d. n.d. n.d. n.d. 60.4 56 n.d.

P,0s/silica fresh 161° 0.792 62 26 158 66 - 67 79

P,Os/silica spent ? 104° 0.262 n.d. n.d. n.d. n.d. 39.1 72 n.d.

a. After-reaction catalyst for the 60-h run.

b. The BET areas were converted into Ny according to the correlation reported in [41], where Sz, = 1.227-Sar..
c. Quantity in the catalyst bed calculated as Lewis®®d = W"®d (g)-Lewis (ymol/g) and Brgnsted”*d = W"*? (g)-Brgnsted (pmol/g), where W is the weight of the catalyst in the bed.

d. Quantity in the catalyst bed calculated as S3S =

whed (8)-SpeT (m?/, g). In the case of the spent catalysts, the weight was corrected by the gain due to the ODH-coke.

e. Strength of Lewis sites as determined by the pyridine350/pyridine150 ratio, where pyridine350 and pyridine150 are the peak area of the PyL bands (pyridines interacting with Lewis
sites) on desorption at 350 and 150 °C, respectively. It provides the ratio of pyridine molecules neutralizing Lewis sites that survived desorption at 350 °C with respect to 150 °C as

reference point.
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Fig. 2. Aluminosilicate MSU catalyst. a) Nitrogen isotherm of the fresh MSU at —196 °C. The inset corresponds to the BJH pore size distribution of the desorption
branch; b) FTIR spectra of the pyridine (Py) vibrations adsorbed on the MSU recorded at various temperatures as indicated in the labels, in degree Celsius. PyH"
corresponds to Brgnsted sites and PyL to Lewis acid sites; ¢c) TGA profile of the spent catalyst and d) TPO profile of the spent catalyst.

connecting larger spherical-like cavities [42]. Therefore, this is the
smallest pore size in the structure. TEM images evidence a sponge-type
structure of interconnected spherical-like open pores connected by
windows (Fig. S1), also known as mesocellular foam molecular sieves.
The BET area is 544 m?/g in agreement with a previous study [37].

The suitability of this aluminosilicate to produce active ODH-coke
for styrene synthesis was evaluated by its acidity. In particular, using
pyridine adsorption FTIR by looking at the nature and density of the acid
sites. The material contains both Brgnsted and Lewis acid sites as indi-
cated in Fig. 2b as PyH" and PyL, respectively [20]. The spectra were
recorded at two degassing temperatures to evaluate the acid strength
and this will be discussed later. Quantification of the Lewis acid sites
indicate that the material has 51 pmol/g and this corresponds to 7 pmol
in the catalyst bed (Table 1). Therefore, Lewis acidity is available to
produce ODH-coke. This was later confirmed with the spent catalyst that
shows ca. 60 wt% deposited coke (Fig. 2¢, Table 1). The MSU also has
Brgnsted acid sites (Table 1). However, no significant cracking/deal-
kylation activity were observed during the catalytic tests. Only a small
fraction of benzene and toluene was found, ca. 1.6 % as selectivity. Note
that this fraction is also observed in the direct dehydrogenation catalyst
based on Fe-oxide [7]. Therefore, the MSU's Brgnsted acidity does not
play a significant role in this reaction but the ODH-coke for the main
(styrene) and side reactions (COy). The TPO profile shows that the ODH-
coke is oxidized with a maximum rate at ca. 536 °C (Fig. 2d). This
temperature is lower than for conventional hydrocarbon-based coke
[43,44] which oxidizes at temperatures higher than 600 °C (same
heating rate and same atmosphere when comparing the TPO profiles).
The lower temperature can be related to the high oxygen content in the
ODH-coke [9,20], which makes its oxidation/combustion easier than
conventional hydrocarbon-derived cokes.

3.1.2. Fast-screening catalytic test

First evidence of deactivation was observed by a fast-screening cat-
alytic test (Fig. 3). The catalyst performance was assessed under
industrially-relevant reaction conditions. That implies a high EB con-
centration (ca. 10 vol%) and Oy/EB = 0.6, so oxygen was added under
restricted concentration to ensure that it is fully converted. This is an
important condition for industrial applicability because unreacted oxy-
gen could create explosive conditions in the purification section of an
industrial setting. We also looked at a lower Oy/EB ratio of 0.2 to un-
derstand its effect on selectivity.

At the onset of the reaction, the build-up of active ODH-coke occurs
and the EB conversion raises sharply (Fig. 3a), a phenomenon that is
often denoted as activation [20,22,23,25]. This phenomenon is slower
for MSU than for the y-alumina [20]. It might be correlated to the lower
amount of Lewis sites in the bed, 7 pmol (MSU, Table 1) vs 69 pmol in
the bed (y-alumina) [20]. The selectivities to styrene (ST) and COx sum
up to ca. 100 % as competitive routes; both routes consume O, which is
limiting. That means that a modification of one (ST or COy) leads to a
change towards the other (COx or ST). In other words, if the COx
selectivity decreases by x%, the ST selectivity increases by x%, and vice
versa. This is seen in Fig. 3b and c; e.g. increased COy formation leads to
decreased styrene, with time on stream (red dashed lines). Note that the
small fraction of benzene/toluene does not affect the trends between ST
and COx as the fraction was very small and constant along the run. The
catalyst performance, as shown in Fig. 3a—c, leads to the conclusion that
lower O partial pressure enhances the styrene selectivity (Fig. 3b) as the
COy pathway is decreased (Fig. 3c). This however has a strong penalty
on the EB conversion and ST yield that are both lowered (Fig. 3a and
Fig. S2, respectively). This shortcoming can be overcome by operating
under an Og-stage feeding, that maintains a high ST selectivity and the
EB conversion is notably improved [22].
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Fig. 3. Aluminosilicate MSU catalyst. Fast-screening test for the oxidative dehydrogenation of ethylbenzene to styrene (ST) and COy (side product). Catalyst per-
formance parameters as a function of temperature and O,/EB: a) ethylbenzene conversion, b) styrene selectivity and c) COy selectivity. GHSV = 2700 h, 10 vol% EB.

The O,/EB values given in the heading are the values set in the mass-flow controllers for simplicity.

The run shows an important observation in terms of deactivation.
The EB conversion drops with time on stream (red dashed lines in
Fig. 3a) whilst the COy selectivity increases (Fig. 3c). The decreasing ST
selectivity (Fig. 3b) results from both product routes competing for the
limited O,. Thus, a change in one of the selectivities has a reversed effect
on the other. These observations are in line with previous studies at the
same reaction conditions [20,22]. To gain more insight on this deacti-
vation pattern, we carried out a longer catalyst test at isothermal con-
ditions, which will be discussed with a formal reaction model.

bed increased after coking (58 vs 78 m? in the bed, with slightly smaller
mesopores) and deactivation was observed [20]. Therefore, we looked
at another hypothesis, whether the EB conversion is linked to the
selectivity.

In a previous study, a reaction model correlating conversion and
selectivity was developed for this reaction [28]. The model is obtained
by setting an Oy mass balance across the reactor, considering the main
(4) and side reactions (5,6):

Rl Cngo +% 02—>C3H3 + Hzo (4)
3.1.3. Long stability and reaction model analysis
A longer stability test shows the typical activation where the EB 13
conversion reaches a maximum (Fig. 4a). This activation takes longer R2 GgHyo + EOT)SCO +5H0 ®)
than in Fig. 3a due to the lower temperature. After the maximum, the
conversion decays slowly with time on stream. One hypothesis is that R3 CgHyo + EOQ —8CO0, + 5H,0 ©)
the EB's decay is due to the plugging of the catalyst by deposition of 2

ODH-coke. Fig. S3 shows the isotherm of the spent catalyst and the
decreased textural parameters are provided in Table 1. However, pre-
vious studies showed that surface area does not play a positive role at
these reaction conditions; aluminas with decreasing surface areas (per
bed) showed in fact higher EB conversions [20,28]. Regarding plugging
itself, for the optimal catalyst in Zarubina et al. [20], the BET area in the

b
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The procedure to develop the reaction model equation can be found
in the Appendix, resulting in the following expression:
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Fig. 4. Aluminosilicate MSU catalyst. a) Stability test at 450 °C, GHSV = 2700 h'l, 10 vol% EB, O,/EB = 0.6 (mass flow controller value). Parameters: EB conversion
(Xgg), selectivity to styrene (Sgr), selectivity to COyx (Sco,) and O, conversion (Xop,). The graph indicates where the model applies, i.e., at full O, conversion. b)
Reaction model representation of the EB conversion (Xgp) as a function of the selectivity to COx (Sco,), including experimental data points. Model parameters:

(]

when COy is either pure CO or pure CO; as points of comparison, i.e., the lowest and highest boundaries in the model with respect to COx.

= 0.67, R = 1.60. These parameters are average values obtained from the experimental data. The graph also includes the theoretical curves
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mass balance
qﬁ"z}/ {ﬁ“}) o
Xip(%) = m
EB

1 3 21
355 +5Sco + %Sco,

mass balance
(] /lpa)),
IN

%(100 - SCOX) + % (ﬁSCox> + % (%SCOX)

)

and

Ssr+Sco + Sco, = Ssr+ Sco, = 100 ®

mass balance
Where ([ﬁoz} / {ﬁm} ) can be determined experimentally by
IN

a mass balance of the detected compounds and R is the ratio between
mass balance

CO2 and CO. We employed this value, ({rioz} / {ﬁgg}) s

IN
because there can be discrepancies between instruments (mass-flow

controllers and gas analysis). Using the same instrument (gas analysis)
brings more accuracy.

The model explains that in a system of competing reactions having a
limiting reactant (O3 in this system), the conversion of the other reactant
(ethylbenzene) is not an independent variable but dependent on the
selectivity of the competing reactions. Consequently, the conversion of
the reactant present in excess and the selectivities are linked. The model
was originally applied to understand the performance of aluminas to
explain the enhanced EB conversion under steady-state operation [28].

The reaction model line was calculated at the reaction conditions and
is represented in Fig. 4b together with the experimental data. During the
activation period, the Oy conversion is below 100 % (Fig. 4a) and the
model is not applicable. This is clearly seen in Fig. 4b where the
experimental data deviate in this period (yellow squares). When oxygen
reaches 100 % conversion, the model applies. The experimental data
nicely fit the model (Fig. 4b). The whole course of the reaction is shown
to highlight how the reaction evolves with time on stream. The goodness
of the model fitting was quantified by statistical analysis and shows a
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Fig. 5. Aluminosilicate MSU catalyst. Statistical data analysis where model
applies in Fig. 4b. a) model fitting and relative standard deviation, RSD (o is the
standard deviation and  is the mean value), b) residuals. Xg? are the experi-
mental data, Xﬁ’{;’d are the values calculated from the model (see model pa-

rameters in Fig. 4b), Xgp is the average EB conversion in the whole period and N
is the number of data points.
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low relative standard deviation of 2.5 % (Fig. 5a). In addition, the data
scatter around the model line and there are no strange data artifacts as
seen in the residual graph (Fig. 5b).

As a consequence, this reaction model analysis proves that the decay
in the EB conversion with time on stream is due to the catalyst becoming
more selective to COyx and less to styrene. Therefore, rather than having
two deactivating parameters, conversion and selectivity, there is a single
aspect associated to the catalyst stability: the selectivity. As both prod-
uct routes compete, we cannot discriminate which one is the dominating
factor; the catalyst being more selective to COy or less to ST (or even
both). In other words, in a situation when the catalyst becomes more
selective to COy, it consumes the O3 intended for the styrene synthesis.
But on the other way, if the catalyst becomes less selective to styrene, the
exceeding Oy is employed in the COx-forming reactions.

A more accurate model could be developed considering the small
selectivities to benzene, toluene and short hydrocarbons, which was ca.
2.6 % and it remained a constant value in the whole test (Fig. 6). In the
appendix, the model is further expanded for this case considering that
these byproducts are formed either from ethylbenzene or styrene. If
these compounds originate from ethylbenzene, they do not consume O,
and the modification of the model will result in:

mass balance
(] /ie]),, 2
IN

Xpp(%) = ()]
%(100 — Sothers — Sco, ) + % (R%lscox> + % (ﬁscox)

and

Sst+ Sco, + Sothers = 100 (10)

Where Somers correspond to benzene, toluene and short hydrocarbons.

If these byproducts originate from styrene, the reactions do not
consume O but the formation of styrene does. The model needs to be
adjusted to this situation, see appendix, resulting in:

mass balance
("
IN

XEB (0/0) = (ll)
3 (100 — Sshort HC — Scox) +3 (Rlﬁscox) +Z <Rilscox>
and
Sothers
SST + SBenzene + STaluene + SShart He + SCOX =100 (12)
12
11
®° 10
~ 9
4
o 8
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E 4 Sothers
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o 3 e
g ) R
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0 25 50 75 100 125 150

Time on stream / h

Fig. 6. Aluminosilicate MSU catalyst. Selectivity to others (i.e., benzene,
toluene and short hydrocarbons) with time on stream. Reaction conditions are
given in Fig. 4. The straight line indicates the average value in the model re-
gion, Sothers = 2.6 %. The dashed area corresponds to the activation period with
a slightly higher selectivity to these byproducts. The concentration of short
hydrocarbons was ca. 1 % (not shown).
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The model equation lines were calculated for these two situations and
compared to a byproducts-free case from Fig. 4b, in Fig. 7. The results
are nearly identical to the case assuming it to be zero. Therefore, the
assumption that COx and ST sum up to ca. 100 % (Egs. (7) and (8))
provides accurate data.

For the sake of completeness, the data from Fig. 3 also fits the re-
action model (Fig. 8).

3.2. P,0s/silica catalyst

Another reference catalyst, P2Os/silica, was investigated regarding
its deactivation. Note that a comparison between both materials in this
study regarding their different selectivities is out of the scope of this
work.

3.2.1. Properties of the P50s/silica

The catalyst was prepared by incipient wetness impregnation using
H3POy4 as precursor followed by controlled drying and calcination, with
a concentration of ca. 3 wt% as P. The material has a mesoporous nature
with an isotherm type IV with H1 hysteresis (Fig. 9a). The isotherm is
very similar to that of the MSU and the same interpretation is valid here.
The pore size is larger and centred at 17 nm; its distribution is broader
than the MSU (inset Fig. 9a). Despite the comparable isotherm, the MSU
is much lighter than the P,Os/silica. In other words, more PyOs/silica
catalyst weight was loaded in the reactor, where the tests were carried
out at iso-volume. The BET area is lower than the MSU (Table 1) but the
BET area in the bed is comparable due to the differences in the bulk
densities. For this material, the Lewis acidity necessary to promote the
ODH-coke mainly arises from the P5Os, as the silica itself has very low
acidity (Fig. 9b). The quantified Lewis acidity is 62 pmol/g, or 26 pmol
in the bed (Table 1), suitable to produce ODH-coke. The amount of
deposited ODH-coke for a 60 h-run was ca. 39 wt% (Fig. 9¢c, Table 1),
which is lower than the MSU. This is likely due to the lower pore volume
so it can accommodate less ODH-coke per mass. The TPO decomposition
is a single process, centred at ca. 563 °C (Fig. 9d). This catalyst has more
Brgnsted sites than MSU (Table 1), but no cracking activity was
observed. The selectivity to benzene and toluene was smaller than for
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20
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MSU and below 1 %.

3.2.2. Fast-screening catalytic test

The fast-screening test shows comparable deactivation trends as
those found for MSU in terms of EB conversion and ST/COy selectivities
(Fig. S4). This catalyst is more selective towards ST and less to COx
compared to the MSU and in general for aluminas [20]. The selectivity to
byproducts is smaller and below 1 % (Fig. S4d).

3.2.3. Long stability and reaction model analysis

The long-stability performance for this type of catalyst is similar to
the MSU (Fig. 10a). The Lewis acidity promotes the deposition of ODH-
coke and the EB conversion increases until reaching the point at which
O, is fully converted. After this point, the EB conversion and the ST
selectivity decrease, whereas the COy selectivity increases. In this test,
we carried out three consecutive runs with two intermediate reac-
tivations. In the reactivation the EB feed is switched off; in this way O,
combusts/gasifies the ODH-coke and the reactivation is completed when
O, conversion reaches zero. The catalyst performance for each run is
nearly identical to each other, showing good reproducibility and sta-
bility against reactivation of the catalyst.

Application of the reaction model (Eq. (7)) to the experimental data
is shown in Fig. 10b, where the three runs are plotted comparatively.
Some data points are not fitting the model line as these points corre-
spond to Oy conversion below 100 %, where the model does not apply.

The goodness of the fitting can be found in Fig. 11 for each separate
run. The relative standard deviation is low with values of 2.5, 2.5 and
4.6 %. The latter is due to the larger data scattering in the test (see
Fig. 10a, run 3), associated to the slightly higher error in the analysis
system due to tar condensation in the sampling system that requires
cleaning. For the three runs, the data scatter around the model line as
indicated in the residual graphs. In general, the reaction model fits very
well the experimental data. These results confirm the deactivation
behaviour of the MSU catalyst, as described in the previous section.

3.3. Further discussion

The changes in catalyst selectivity remain an open topic, though

Sothers = 2-6; Sshort e = 1.0 (Others from ST)

10
0

Fig. 7. Reaction model representation of the EB conversion (Xgg) as a function of the selectivity to COy (Sco, ). Model parameters: ([n%} / [rigB} >

mass balance

=0.67,
IN

R = 1.60. Considering three cases as indicated in the graph. Note that in this case Ssr + Sco, +Sothers = 100 %, Where Sohers = Spenzene + SToluene + Sshort HG- Sothers =
2.6 % and Sgport Hc = 1.0 % are based on experimental data. The corresponding model equations can be found in the main text and the derivations in the Appendix.
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some suggestions can be outlined. The nature of the ODH-coke (i.e.,
concentration of active sites, C=0 groups in close proximity
[9,16,18,19]) determines its styrene selectivity and this can be changing
during the reaction. The sites/conditions responsible for the COy for-
mation need to be understood. These sites have not been reported in the
literature and can be as crucial as the styrene sites. Another aspect can
be the plugging of the pores, so the pore size decreases and diffusional
limitations may promote the CO4-forming reactions. A preferential O,
diffusion (O, being smaller than EB) in plugged pores can increase the
local O, partial pressure and a higher O,/EB ratio would be obtained in
the plugged pores. This condition enhances the COx and decreases the ST
selectivities. The effect of the O, partial pressures was seen here (Fig. 3
and Fig. S4) and in previous studies [13,14,20-23,28], by manipulating
the feedstock composition; the reaction order in O, for the COx-forming
reactions is higher than for styrene. Thus, higher Oy partial pressures
promote the COy-forming reactions. That means that an O-enrichment
in plugged pores favouring COx can be a way to explain this. The
porosity of the spent MSU (Fig. S3 and Table 1) and PyOs/silica (Fig. S5
and Table 1) evidence the depletion of the textural features due to

coking. Understanding how both catalysts' porosity changes with coking
can be very informative to interpret the selectivity changes, in addition
to estimating the diffusivity of EB, ST and Oa.

Concerning the coking, it is noteworthy that the MSU and P50s/silica
produced more coke than the y-alumina (60, 39 vs 30 wt%, Table 1 and
[20] at the same reactions conditions and time). This can be related to
the higher acid strength of the Lewis sites (61 and 79 % Table 1 vs 35 %
for the y-alumina [20]). Hence, the pore structures of MSU and P,0s/
silica can be more affected during the reaction by coking.

Overall, several aspects remain open to understand the selectivity
changes. The proposed reaction model has already simplified the un-
derstanding notably.

4. Conclusions

The oxidative dehydrogenation of ethylbenzene (EB) into styrene
over two reference catalysts, under industrially-relevant conditions,
shows an activation period in which the EB conversion increases and
reaches a maximum. This is attributed to the formation of active ODH-
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coke, which acts as catalyst. After that period, O is fully converted and a
complex deactivation occurs. The EB conversion drops alongside the
styrene selectivity whereas the selectivity to COy increases (byproduct).
A quantitative reaction model, that was developed under the criterion of
full Oy conversion, reveals that the change in EB conversion is the
consequence of the catalyst changing its selectivity; becoming more
selective to COy and less to styrene. As both routes compete for Oy, we
cannot discriminate which one is the ultimate factor affecting the
deactivation; the catalyst producing more COx or less styrene, or both.
Importantly, the model simplifies the understanding of this complex
deactivation. Rather than having two downsides (conversion and
selectivity), the deactivating parameter is the selectivity, whereas EB
conversion is a dependent parameter. Such a dependency selectivity-
conversion in catalyst deactivation is a novel concept.
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In this section, supplemental information about the reaction model is provided. The following equation represents the O, mass balance for the

reactions R1, R2 and R3 (reactions are given in the main text):

.-

Mg +Nr +Nr
ol o o

consumed

(A1)

Eq. (A1) means that all O5 is consumed in the reactions R1, R2 and R3, where:

. 1.

no';l = QnST

B 13/2ri
0’2?2 = ) CO
. 21/2.
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For the case of styrene, from Eq. (A6):

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)
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rigr = 0.01-Sgr- ( [ﬁss} - [ﬁss} ) (A9)
IN ouT

And from Eq. (A5):

[n] - {n} :0.01[@;} Xy (A10)
N out N

Introducing Eq. (A10) into A9, it results:

figr = 107*-Sgr- |:7iEB:| X (A11)
N

From Egs. (A2) and (A11), the O, consumed in reaction (1) can be obtained:

R 1. 1 K
Ny = Slst = =107 Ssr- |Tigs | Xs (A12)
v T2 2 n

The same procedure can be done for CO (reaction (2)), resulting in:

. 13/2. 13 .
g, = / Tico = —10"*Sco* |nigs| Xep (A13)
; 8 2 N

The same procedure can be done for CO; (reaction (3)), resulting in:

21/2. 21
no;;3 = T/HCOZ :7.10 4‘5602‘

ﬁEB:| -Xg (A14)
N

Egs. (A12), (A13) and (A14) are introduced in Eq. (A1), from which Xgg can be obtained as:

vy o/ ) o

1 i3 2
35st +%5Sco + % Sco,

It is suggested to use the mass balance values for < {rioz] / {ﬁEB} ) because of accuracy issues between instruments. So having all the values from gas
N
analysis is the most accurate way, and Eq. (A15) transforms as:

mass balance
(S
XEB (%) = IN (A16)

1 i3 21
35st +5Sco + 5Sco,

By introducing the R parameter,

R ="c0. _ 5co, (A17)
Nco Sco

this equation transforms into:

mass balance
(e)/ ), 2
Xpp(%) = N (A18)

1(100 — Seo, ) + 22 (ﬁscox) L2 (ﬁscox)

and,

Sst+Sco +Sco2 = Sst+ Scox =100 (A19)

These model Egs. (A18) and (A19) are applicable when there are no additional byproducts.

The deposition of ODH-coke, which contains oxygen, was not considered because the formed ODH-coke represents a very small fraction of the total
fed ethylbenzene.

A more accurate model can be set considering the selectivities to others i.e., benzene (B), toluene (T) and short-hydrocarbons (short HC). From the
literature [7], these byproducts can be formed in a number of reactions as indicated below, from ethylbenzene and styrene:

Reactions forming toluene:

R4 CgHj¢+Hy—CyHg+CHy (A20)

11
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R5 CgH1¢9—CyHg+Hy+C (A21)

R6 CgHg—C7;Hg+C (A22)

Reactions forming benzene:

R7 CgHjo+Hy—CgHg+CoHg (A23)
R8 CgHj9—CgHg+CH4+C (A24)
R9 CgHg+Hy—CgHg+CHy+C (A25)

Hydrogen from direct ethylbenzene dehydrogenation is unlikely to be produced since higher temperatures are required, typically 600 °C [7].
However, some Hy can be produced from the WGS reaction (R10) or the cracking reaction R5.

R10 CO+H202CO2+H> (A26)

The WGS reaction does not modify the model as it does not consume O». It may affect the R parameter that is obtained experimentally. Below, the
model is extended to two scenarios; one considering these other byproducts are obtained from EB (R4, R5, R7 and R8) or ST (R6 and R9).

Ethylbenzene as source of other byproducts:

As these reactions do not consume O3 (R4, R5, R7 and R8), the modification of the (A16) model, considering (A17) as well, will result in:

mass balance mass balance
(T N (15
Xis (%) = N = N (A27)

LSsr+ 2Sco + 25 -
28T T 72PC0 T aPe0, 1 (100 — Sothers — Sco,) + 2 ﬁscox +2 I%Scox

and,

Ssr+Sco +Sco, + Sothers = Sst + Sco, + Sothers = 100 (A28)

Where Soers corresponds to benzene, toluene and short hydrocarbons.

Styrene as source of other byproducts:

The reactions R6 and R9 do not consume O but the formation of styrene (R1) does consume O,. In that case, Eq. (A12) should be modified
considering an ‘effective styrene selectivity’ comprising styrene, benzene and toluene:

. 1. 1. .

Mopy = SMst = 5'10 4'S§f7f~' |:nEB:| -XgB (A29)
2 IN

where,

s§f£ = SST + sBenzene + SToluene (ABO)

Considering the previous equations and following the same procedure to derive Eq. (A16), the model will result in:

mass balance mass balance
(o] ie]), 0 (ol /], 20
IN — IN ( A31 )

Xep (%) =

7 =
L(S#) +YSc0 + 480, 1 (s) +% (ﬁscox) +2 (%SCOJ
and,
Scox Souters s
——

Ssr +Sco + SC02 + SBengene + Stoluene + Sshort ic = Sst + SBenzene + SToluene + Sshort HC + SCOX =100 (A32)
where,

ng%( =100 — Ssnort He—Sco, (A33)

Introducing (A33) in (A31), it results in:

12
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mass balance
(]
Xip(%) = D (A34)

% (100 — Sshort HC — Scox) + 1—23 (ﬁscox) + % (R%lscox)

In summary, if these other byproducts are obtained from ethylbenzene, Eq. (A27) is valid. If these byproducts originate from styrene, Eq. (A34) should
be applied.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cej.2024.152348.
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