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ARTICLE INFO ABSTRACT

Keywords: An in situ thermal reactivation of a multi-walled carbon-nanostructure (MWCNT) is feasible with improved
OfgaHOCﬁt31Y§iS ) ) performance in the Op-mediated styrene synthesis, also called oxidative dehydrogenation of ethylbenzene (EB).
Catalyst reactivation/regeneration/ The actual catalyst is the coke deposited at the beginning of the reaction on the MWCNT, denoted as ODH-coke, i.
Ir\?IJV]\JI ‘g\?;uon e., forming a supported organocatalyst. The deactivation mechanism is the continuing and severe coking that

reduces the surface area and eventually plugs the catalyst bed. The reactivation was carried out in situ after
studying the combustion kinetics of the ODH-coke, which combusts at lower temperature than the MWCNT. The
reactivation generated a different catalyst than the original, formed by porous ODH-coke, unmodified ODH-coke
and the MWCNT backbone. The performance of such reactivated organocatalyst was improved, becoming more
selective to styrene and less to COy. This was explained by the increased concentration of ketonic and phenol
groups, during the reactivation. Explaining the conversion enhancement is not straightforward because the re-
action is limited in O,. For this, a model was applied that explains that the increased EB conversion is caused by
the lowered COy selectivity. The model also explains the EB conversion decay with time on stream, due to the
enhanced COy selectivity; though the nature of the latter effect is not yet fully understood. This work brings three
main messages: (a) survival of the MWCNT backbone against gasification/combustion, (b) a better organo-
catalyst is formed after reactivation, and (c) a model which explains the conversion-selectivity changes
(improvement and decay). The latter represents a change in paradigm since conversion and selectivity are
considered independent parameters, in heterogeneous catalysis.

Styrene synthesis
Selectivity-induced conversion model

1. Introduction chemical value chain and enabling a circular, waste-free chemical in-
dustry [2]. In this direction, making use of earth-abundant resources is

A few required transformations to achieve sustainable development an attractive option since technologies would be more scalable.
goals have been debated [1], among which a more sustainable industry Elemental carbon precursors can suit that role. For instance, carbon
was considered. This can include optimizing resources across the nanotubes are being used in various high-tech applications due to their

Abbreviations: BET, Brunauer-Emmett-Teller model; BJH, Barrett-Joyner-Halenda model; CO, it represents the sum of CO and CO»; EB, ethylbenzene; EB-ODH,
oxidative dehydrogenation of ethylbenzene; GHSV, gas hourly space velocity; MWCNT, multi-walled carbon nanotube; 1, symbol used for molar flowrate; ODH,
oxidative dehydrogenation; ODH-coke, coke produced during the oxidative dehydrogenation of ethylbenzene; PSD, pore size distribution; S, symbol used for
selectivity; ST, styrene; TPO, temperature-programmed oxidation; WHSV, weight hourly space velocity; X, symbol used for conversion; XPS, X-ray photoelectron
spectroscopy.
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exceptional mechanical, thermal and electrical properties [3]. Imple-
menting such carbon-based materials in catalytic technologies would be
a promising route. These processes would depend less on scarce raw
materials and, consequently, will become more sustainable [4].

Porous nanostructured carbon materials possess good electron
transfer ability, high thermal conductivity, tuneable porosity, chemical
stability and tailorable active surface functional groups [5-9]. Notable
examples on catalytic applications can be found for pure carbon-based
materials [10-13], metal-free carbon-based materials [7,14],
coke-coated oxides [15-17], or metal-containing porous carbons [14,
18-201], to cite a few. During the catalytic process, a typical deactivation
phenomenon comes from the deposition of organic species, also called
fouling, which leads to a depletion of the catalyst porous texture and
performance. Reactivation (often also denoted as regeneration or reju-
venation) of carbon-based catalysts after use, due to the organic species
deposition, has received hardly any attention in the literature. However,
this is fundamental to extend their lifetime. In other words, studying
how to reactivate these materials will enable extending their operational
lifetime.

A chemical reactivation/regeneration process is one option, but re-
agents are costly and procedures are often complex to implement.
However, thermal oxidative treatments, which uses air/O5 are simpler
and they can be done in situ in the reactor, simplifying the process
notably. This approach is, however, intrinsically challenging to apply on
carbon-based catalytic materials, due to their limited thermal stability,
particularly under severe oxidizing conditions. A fouled inorganic-based
catalyst is a much easier case as it can be reactivated by air-calcination,
e.g. fluid-catalytic cracking catalysts [21]. But such strategy on a fouled
carbon-based catalyst or carbon catalyst support is not a rational choice.
This is because it would undergo combustion or gasification simulta-
neously with the organic/coke deposits. It is generally taken for granted
that a fouled/coked carbon-based catalyst cannot be regenerated by a
thermal oxidative treatment. The present study will show that this is not
entirely true. A successful thermal oxidative reactivation depends on the
relative combustion kinetics of both species; whether the deposited
organic species and the carbon catalyst combustions are thermally
resolved at appropriate experimental conditions.

In order to study the carbon-based catalyst regeneration strategy, we
chose a reaction of applied relevance: the oxidative dehydrogenation of
ethylbenzene into styrene. Styrene (ST) is conventionally obtained at
industrial scale by the equilibrium-limited steam-based ethylbenzene
(EB) dehydrogenation (Fig. 1(1)), at a large scale world-wide [22].
Conducting the reaction with oxygen/air (denoted as oxidative dehy-
drogenation, ODH; Fig. 1(2)) has various differences over the conven-
tional dehydrogenation (note: in this work, we will denote the Oy-based
ODH as ODH or EB-ODH for simplicity): there are no equilibrium
boundaries allowing a complete EB conversion, it works at lower tem-
peratures, it is exothermal and, the EB recycle loop can be avoided [23].
A benefit on energy consumption is a topic of debate since the con-
ventional process produces Hy and tars, and both can be used in the

steam X
(1 = +H, + BT
AH>0
A
() +y0, —s +H,0 + CO,
AH<O

Fig. 1. Alternative ways to produce styrene: (1) endothermal steam-assisted
dehydrogenation of ethylbenzene (EB), where BT represents benzene and
toluene as by-products; (2) exothermal oxidative dehydrogenation where COy
represents CO + CO,. The amount of required O, has been denoted as y. This is
0.5 for the styrene reaction but it is higher for the COy forming reactions. See
Fig. 2 for more insights on the stoichiometries. The overall y-parameter changes
depending on the catalyst and reaction conditions. Under our reaction condi-
tions, O, was fully converted.

|
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energy balance [22]. The real benefits of the EB-ODH process are in the
higher yield per pass and no compression costs related to EB recycling.
There are still some challenges for the EB-ODH process: the oxidant
makes the reaction harsher for the catalyst, CO/CO3 (CO plus CO; is
denoted as COy) are co-produced that have no value and, coke (denoted
as ODH-coke) is vastly deposited causing deactivation [24]. The exten-
sive coke deposition and relevance of the reaction made this case
attractive for us to study. It should be mentioned that this reaction has
not been implemented due to selectivity and stability (or catalyst reac-
tivation) issues.

Carbon-based catalysts are active for this reaction, such as activated
carbons [25,26], onion-like structures [27,28], nanofibers [29,30],
nano-diamonds [28,31], hierarchical porous carbons [32-34] and
multi-walled carbon nanotubes (MWCNT) [24,35,36]. There exist more
catalyst types for this reaction but are not mentioned as it is out of the
scope of this work. For this work, we employed a MWCNT as model
catalyst as it is a competitive system under industrially-relevant reaction
conditions [24].

Many studies on this reaction have applied a high O,/EB ratio (> 1).
However, these conditions are not industrially relevant. This is because
at such a high Oy/EB ratio, unconverted Oz downstream the reactor
would enter into the distillation section causing explosive conditions.
This is the reason why we carefully set reaction conditions where Oy is
fully converted. This can be achieved by using: (1) a O/EB ratio slightly
higher than the stoichiometric ratio for the ST reaction (0.6 versus the
stoichiometric of 0.5) and (2) a reaction temperature at which O is fully
converted. Another important aspect is using a high EB concentration, e.
g. 10 vol.%, which is a requirement for industrial operation, while
previous reported studies operated at diluted EB concentrations (typi-
cally 0.3 to 2.9 vol.%). Table S1 provides some literature examples with
their applied reaction conditions, featuring low EB concentration and an
O, excess which are not practical conditions for the reasons outlined
above. In summary, our chosen reaction conditions were set to be
industrially relevant. A consequence of that is a severe ODH-coke
deposition. A situation that requires catalyst reactivation. In this work,
we employed the term fteactivation' that is usually the same as
regeneration. But there is a subtle difference here; the reactivated
catalyst still contains some residual ODH-coke, whereas a regeneration
would imply the full removal of the ODH-coke.

Note that the catalyst performance can be optimized under low O,
partial pressure by staging it across the reactor [37]. This is beneficial to
have a high selectivity, high conversion and lower coking. However,
coking is still present and reactivation will be required at a certain time.

It should be mentioned that the actual catalyst is the ODH-coke
deposited on the MWCNT at the beginning of the reaction, forming a
kind of supported organocatalyst. Hence, it is not a carbocatalysis
concept involving a carbon material but an organocatalysis concept
involving the ODH-coke. Initially, the MWCNTs C=O groups play a role
as initiators. Thus, the MWCNT acts as initiator of the ODH-coke and
then fulfils the role of a support (eventually, the MeOy residue can also
have a role in the reaction but this is not known to date). The active
ODH-coke has been reported for aluminas, P-silicas, MWCNT and C/
silica hybrids at similar reaction conditions [15,16,24,37-40]. This was
also proven by others at different reaction conditions [41,42]. Its
composition and structure have been elucidated in various studies; it
comprises carbon, oxygen and hydrogen forming a system of condensed
aromatic rings with conjugated double bonds containing C=0 func-
tional groups [15,41,42]. The primary deactivation mechanism in our
case is the over-coking which reduces the textural parameters and the
catalyst bed is eventually plugged, leading to run-away/explosive con-
ditions. In other words, the ODH-coke is the catalyst but too much of it
becomes a deactivating agent. As it will be shown, the thermal oxidative
reactivation of an ODH-fouled MWCNT is viable with improved per-
formance. The latter was a surprising outcome where some explanations
are provided based on catalyst characterization and model-based
calculations.
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2. Experimental and theoretical methods
2.1. Materials

The purified MWCNT was provided by Hyperion (CS-02C-063-XD).
The extrudates were crushed and sieved into a 212-425 pm fraction and
this fraction was used for the catalytic tests, reactivation and charac-
terization studies. Anhydrous ethylbenzene (99.8%) was purchased
from Sigma-Aldrich, as well as all the products for calibrating the gas
chromatograph. All gases employed in this study were of analytical 5.0
grade, ca. 99.999% purity. The materials investigated in this study are
summarized in Table 1.

2.2. Catalyst characterization methods

Thermogravimetric analysis (TGA) was carried out in a SDTA851e
Mettler-Toledo analyzer. The weight loss was monitored for a temper-
ature program starting from 30 to 700 °C with a heating rate of 3 °C/min
using a 100 mL/min NTP flow of synthetic air. Blank curve subtraction
using an empty crucible was used to eliminate crucible effects upon
heating. The oxidation rate patterns (TPO) were derived from the TGA
derivative profiles. The oxidation rate is given as —da/dT where o = (W/
W, x 100), W, is the initial weight and W the weight at each temper-
ature. Nitrogen physisorption analyses were measured at —196 °C on a
Micromeritics ASAP 2420. Fresh and reactivated samples were degassed
at 200 °C for 10 h under vacuum. Spent samples were degassed at 150 °C
for 10 h to ensure that the coke deposited on the MWCNT was not altered
during the degassing. The surface area was calculated with the standard
BET method (Sggr) and was termed as ‘BET area’ following the recom-
mendations by Thommes et al. [43]. The pore volume (V1) was calcu-
lated using the single point at the relative pressure of 0.98 in the
desorption branch [44]. An accurate assessment of the mesopore size
distributions were obtained using the Barrett, Joyner and Halenda (BJH)
model applied to the N5 adsorption data to avoid pore network effects,
for comparative purposes among the materials. The micropore volume
(Vimicro) was determined by the t-plot method. The parameter Vieso/macro
includes mainly mesoporosity but also some macroporosity; the mac-
roporosity is the one detected by this technique for pores above 50 nm.
Nitrogen as probe molecule in gas adsorption analysis can have limita-
tions when assessing micropores-containing materials. Therefore, care
was taken in choosing an appropriate equilibration time, during the
measurements, to avoid mass transfer limitations associated to the
micropores.

XPS measurements were performed on a K-alpha Thermo Fisher
Scientific spectrometer using a monochromatic Al Ka X-ray source. The
measurements were performed at ambient temperature, and the cham-
ber pressure during the measurements was about 10”7 mbar. A flood
gun was used for charge compensation. Each sample was measured in at
least five different points. The spectra were analyzed using the Thermo
Avantage software package. Background subtraction was done using the
setting “SMART”. All spectra were calibrated by setting the binding
energy of the main CIs peak at the reference value of 284.4 eV (not
shown). Deconvolution of the OIs spectra was performed using a mixed
Gauss-Lorentz function, where the Lorentzian contribution was set to
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30%. The quantification was done using the Scofield sensitivity factors
[45]. Difference in depth of analysis for different photoelectron lines
was accounted for by using the TPP-2M method. This allows to calculate
the surface elemental composition. Then, by deconvoluting the O1Is lines
into components, the atomic surface percentages for the different sur-
face groups were calculated.

2.3. Catalytic activity measurements

The catalytic tests were performed in an EFFI® micro activity setup
having a quartz fixed bed reactor (inner diameter 10.2 mm) in a down-
flow operation. The reaction conditions were industrially relevant,
meaning a high EB concentration (ca. 10 vol.%) and limited O, to avoid
explosive conditions if O; would be present downstream the reactor. The
reactor was loaded from top to bottom with a quartz wool plug, the
catalyst bed, and another quartz wool plug. The catalyst bed height was
ca. 30 mm (2.4 ml, 0.585 g) of fresh MWCNT (212-425 pm). The reactor
gas feed consisted of a mixture of nitrogen, synthetic air, and ethyl-
benzene vapor. In order to create such a feed stream, a liquid ethyl-
benzene flow of 3 g/h was evaporated (10.61 ml/min vapor at STP) and
mixed with a stream of Ny and air. The flows were set in such a way to
give a gas feed with a total flowrate of 108 ml/min (STP) at a concen-
tration of ca. 10 vol.% of ethylbenzene. The catalytic test with the 15h-
reactivated MWCNT was done using a 0.8 ml catalyst bed volume (bed
height of ca. 10 mm, 0.335 g). The reactor gas feed was adjusted to keep
the same volumetric space velocity: i.e., a liquid ethylbenzene flow of 1
g/h was evaporated (3.54 ml/min vapor at STP) and mixed with a
stream of Ny and air. The flows were set to give a gas feed with a total
flowrate of 36 ml/min (STP) at a concentration of ca. 10 vol.% of eth-
ylbenzene. The runs were carried out in cycles of 40 h in total with
alternating steps of 15 h and 4 h with Oy/EB ratio of 0.6 and 0.2,
respectively, and temperatures of 475 and 450 °C. These Oy/EB ratios
determined the relative flow rates of nitrogen and air in the gas feed
stream. The gas hourly space velocity (GHSV) was kept constant in both
runs: for the fresh MWCNT run it was (6480 ml/h)/(2.4 ml) = 27001/1/h
and for the 15h-reactivated material it was (2160 ml/h)/(0.8 ml) =
27001/1/h. The pressure in the reactor varied in the range of 1.8-2.2 bar.
The reactor outlet flow was analyzed using an online two-channel gas
chromatograph with TCD and FID detection and a combination of col-
umns (0.3 m Hayesep Q 80-100 mesh with back-flush, 25 m x 0.53 mm
Porabond Q, 15m x 0.53 mm molsieve 5 Aand30m x 0.53 mm RTX-1).
Such a configuration allowed detection and quantification of permanent
gases (COg, Hy, N3, Og, CO) and hydrocarbons (methane, ethane, ethene,
benzene, toluene, ethylbenzene, styrene, and heavy aromatics). The
oxygen conversion was 100%, unless otherwise stated. The character-
izations of the after-reaction catalysts were done after the complete
testing cycle. The conversion and selectivities are defined as:

_ [rlEB]IN — [riEB]OUT

WiEB], x 100 (€D

EB

and,

nProduct X
Sproduct X = Trmmr——mg— X 100 2
Froduct X [REB),y — [REB oy ) @

Table 1
List of the materials and treatments investigated in this work.
Material Nature Treatment
Fresh MWCNT As-received None, commercial material

After reaction
Reactivation 5 h
Reactivation 10 h
Reactivation 15 h

Spent catalyst
Reactivated
Reactivated
Reactivated

After reaction according to the described reaction program

In situ reactivation, 1% O,/Ar, 450 °C,>5 h

In situ reactivation, 1% O,/Ar, 450 °C,* two steps of 5 h (10 h)
In situ reactivation, 1% O/Ar, 450 °C,? three steps of 5 h (15 h)

@ Heating program: room temperature up to 450 °C at 3 °C/min.
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Where rni-values are the molar flowrates.

2.4. Catalyst reactivation methodology

The in situ reactivation method was carried out in the EFFI® micro
activity setup, after the reaction. For this, the EB feed was switched off at
the temperature of 450 °C and the sample was firstly exposed to a Ny
flow to clean the catalyst surface from weakly physisorbed EB and re-
action products. Secondly, the temperature was lowered to room tem-
perature. The reactor was opened and part of the catalyst was recovered
for characterization as follows. The after-reaction catalyst was entirely
unloaded, thoroughly mixed and a certain amount was taken for analysis
(ca. 20 mg for TGA/TPO and 50-100 mg for physisorption). After this
step, the material was loaded back to the reactor, purged with Ny and
then it was exposed to a synthetic mixture of 1% vol. Oy/Ar with a
flowrate of 100 ml/min STP. The temperature was raised from room
temperature up to 450 °C at 3 °C/min and held for 5 h. Subsequently, the
gas flow was changed to Ny to stop the reactivation and the temperature
was decreased to ambient temperature. Up to three reactivation steps in
total on the same sample were carried out. Each one consisted of a ramp
at 3 °C/min with an isotherm at 450 °C for 5 h. After each step, some
material was taken for characterization at room temperature following
the same protocol as explained above for the after-reaction catalyst. The
materials are denoted as ‘Reactivation x h’, where x denotes the total
treatment time in hours at the reactivation temperature of 450 °C (i.e., x
=5, 10 or 15 h). The catalytic test of the reactivated material was done
on the material that underwent three reactivation steps of 5 h, i.e.,
Reactivation 15 h, as this was the optimal case in terms of ODH-coke
removal for the studied conditions. Note that this reactivation time is
a relative optimum since the absolute optimum is yet to be determined.

2.5. Theoretical model

A model was applied by setting an O, balance across the reactor. It

assumes that Oj is fully consumed, which was confirmed experimen-
tally. The O, mass balance across the reactor when Oy is fully consumed
by reactions R1, R2 and R3 is given as:
[10a]y = [ﬁogl + ri0§2 + ﬂolgqmnmmed 3
where the ri-values are the molar flowrates, the subscript IN means fed in
the reactor, and the superscripts indicate the reaction (Fig. 2). The re-
action was carried out at this condition:

[ViOZ]IN/[ﬂEB]IN =06 ()]

Considering the stoichiometric relations for the three reactions
Fig. 2), the following expression for the EB conversion can be obtained
from ((3) and (4):

[1i02],y / [REB],-10* 6000

Xep(%) = = 5)
es(%) %SST + ]73560 + %Sco2 %SST + %SC() + %SC()Z

where Sgr is the selectivity to styrene; Sco the selectivity to CO and
Sco, the selectivity to CO, and all sum 100%.

CgHyg +5 0, — CgHg + H,0 R1
CgHip+ = 0, >8CO+5H,0  R2

CgHyo +2- 0, —8C0O, +5H,0  R3

Fig. 2. Main macroscopic reactions occurring during the ethylbenzene oxida-
tive dehydrogenation. Main (R1) yielding styrene, and side reactions (R2 and
R3) yielding CO and CO,, respectively. ODH-coke formation is not considered
in the model since it represents a small fraction of the fed ethylbenzene.
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However, O can also be consumed into undetected compounds. One
route is the formation of the ODH-coke (which contains oxygen), but this
generally represents a small fraction in the whole run. The reaction also
produces tars that condensate in the outlet lines/condenser and are not
easy to be quantified. These tars certainly contain oxygen. Therefore,
using the O/EB in the feed will not represent the Oz conversion into
detected reactions. A more accurate approach would be considering the
O,/EB determined from an experimentally-determined mass balance.
Therefore, Eq. (5) can be set more accurately as:

(0. EB] i 10*

Xeg(%) = 6
(%) 385t 4+ 5Sco +FSco, ©

Where ([10,]/ [REB]) "™ can be determined by a mass balance of
the detected compounds.
The model equation can be expressed as:

()

Xes(%) = ([R04) /[REB])jass Petence 1
EB =
$(100 = Sco,) + % (giSco.) +3 (75Sco.)

R— nCOz o SCO;
T aCO T Sco

(8)

Where R is an experimental parameter that depends on the catalyst
and reaction conditions. For more information about the model, the
reader is referred to Melian-Cabrera and Zarubina [46] where it is
described in detail. The model predicts that the highest EB conversion is
obtained when the COyx selectivity is lowest for a given

([0 /[AEB] e belme The higher the ([0,]/[REB])p™ "™, the higher
the EB conversion. However, such a value should not be too high
otherwise there would be unconverted O, downstream the reactor. A
situation that is undesirable for the reasons explained before, i.e., O
must be fully converted in the reactor.

The model does not require kinetic parameters but the selectivity to
each product. A kinetic model is often a matter of debate and brings
some errors in the parameter estimation. In this reaction, it is not known
whether the COy routes are catalysed or not. Therefore, the proposed
model overcomes such limitations in existing knowledge.

3. Results and discussion
3.1. Reaction performance of the fresh MWCNT

The catalyst performance parameters of the fresh MWCNT are given
in Fig. 3a. The O2/EB was studied at 0.6 and 0.2; the latter to evaluate
the styrene selectivity in a possible O stage-feeding configuration [37],
though this topic is not directly addressed in this paper. The MWCNT
was readily active and selective. It indicates that the C=0O groups on the
MWCNT are the initiation active sites, whereas later, the deposited
ODH-coke dominates the reaction performance.

The ST selectivity improves by operating at low Oy/EB and a lower
temperature, reaching values above 90% with the remaining side
products being COy. Despite the high ST selectivity, a significant drop in
conversion and yield are observed at low O5/EB (the ST yield can be
found in Fig. S1, and will be discussed in more detail later).

The COy decreases at lower temperature, likely by favoring the sty-
rene route in a competitive scheme. The better selectivity to styrene at
lower temperature (450 vs 475 °C) can be explained by a higher con-
centration of C=0/C-OH (redox active sites) at lower temperature.
Higher temperature would favor the gasification or combustion of these
groups in the presence of reaction O, and therefore the catalyst becomes
less selective to styrene (keep in mind that the reaction uses Oz). The
above statement is based on the elemental compositions reported in
[42]. They observed a lower concentration of elemental O in the
ODH-coke when the reaction was performed at higher temperature (22
versus 12 wt.% at 400 versus 500 °C). Yet COy formation is unavoidable
under ODH conditions. The COx forming pathway has been proposed to



J.J. Mercadal et al.

a OB 06 02 06 02
T(C) 475 450
100 :

—@— EB conversion
—O— Selectivity to ST
—@— Selectivity to COx

Molecular Catalysis 529 (2022) 112525

Conv. Select. / %

12 16 20 24 28 32 36

Time on stream / h

0 4 8
b s00

o
a "2 Fresh MWCNT 8
= T e
v 6004 545 +,+., i
« ~ T &
§ 3 i$

504 e
; 400+ 3 After reaction f’. |
9 0.0 g
£ 1.8 10 100 Zo°
8 Pore size / nm ’.“;‘5‘. V\
B 2004 e - Fresh MWCNT|
(7} -0 After reaction
© ....'l". 4 i e
o 0 :L.uun—o—o—o-‘c-tat:tzi-i—i— =

00 02 04 06 08 10
Relative pressure / -

(o] 1.2 T
:G 10 ODH coke i i
L o8| C MWCNT
=~ . .
2 os o o Fresh MWCNT
o
& 04 il
g 0.2 After reaction
(@] ’ \
0.0 = w ‘ -
300 400 500 600 700

Temperature / ° C

Fig. 3. (a) Catalytic performance of the fresh MWCNT in the ethylbenzene oxidative dehydrogenation at various temperatures and O,/EB ratios as indicated at the
top of the graph. The O,/EB ratios given in the heading correspond to the mass-flow controller values, as an indication. The ones used in the model (later) correspond
to the mass-balance values, obtained by gas chromatography together with the reactant and all detected products. (b) Nitrogen sorption isotherms at —196 °C for the
fresh and after-reaction MWCNT (inset: BJH pore size distribution). (¢) Conceptual basis of the reactivation strategy shown on the temperature-programmed

oxidation (TPO) patterns for the fresh and after-reaction (1st) MWCNT materials.

occur via gasification/oxidation of the deposited ODH-coke [42].
Considering relevant studies on the oxidation stability of CNTs [47,48],
COy formation could be attributed to the presence of surface defects on
the ODH-coke, which would be reactive and prone to gas-
ification/oxidation. In the alkane ODH, it was proposed that COy takes
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Fig. 4. Reaction pathways during the Oy-based oxidative dehydrogenation of
ethylbenzene into styrene and CO/CO, (COy). The ODH-coke is generated from
ethylbenzene or styrene, or both. Ketonic (quinone) groups present on the
MWCNT and ODH-coke are considered to be the active sites. COy is considered
to be formed by oxidation/gasification of the ODH-coke. Here, it is assumed
that defects on the ODH-coke are the combustion/gasification sites. This reac-
tion scheme is based on prior knowledge that was recently rationalised in [46].
The effect of O,/EB on selectivity has been indicated with blue dashed lines.
The thickness of the black lines indicates the reaction rates in qualitative terms.
The green dashed lines show the various catalyst sources, containing C=0
groups, for the EB-to-ST step. The deactivation comes from the accumulation of
ODH-coke (i.e., over-coking) that occurs with time on stream leading to a
lowering of the textural features and eventually plugging the catalyst bed (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

place by direct oxidation of the alkane or alkene by oxygen species (O3,
O%‘), which are formed under ODH conditions at defect sites, carboxylic
or lactone groups [11,49,50]. However, for the EB-ODH reaction, evi-
dence only exists for COy formation via the ODH-coke gas-
ification/oxidation [42]. An area that deserves further investigation to
lower this undesirable COy route.

Due to the complexity of the reaction and catalyst, Fig. 4 summarizes
the reaction pathways during the Oo-based oxidative dehydrogenation
of EB. In this system, the complexity comes from the fact that the C=0
groups on the MWCNT (initially) and on the ODH-coke (later) act as
active sites. The scheme also shows the COx-forming route through the
ODH-coke. It is worth noting that the ODH-coke deposition is much
smaller than the main reactions in Fig. 2. For instance, for the fresh-
MWCNT run we observed a weight increase of ca. 80 wt.% due to
ODH-coke deposition. This corresponds to ca. 0.5% of the total fed
ethylbenzene (or ca. 1% in terms of converted EB). This, as well as the
tar formation, are important for the general mass balance. But these
factors are not affecting the model since this considers the O2/EB ob-
tained from an experimentally-determined mass balance, Eq. (7) in
Section 2.5. However, such an amount of deposited ODH-coke is
important for the catalyst texture as it drops significantly. The caption of
Fig. 4 provides additional information about the reactions involved.

There is a separate topic that can have an influence. The metal-based
residue in the MWCNT (see TGA in Fig. S2) can also play a role in the
COy formation, by affecting the ODH-coke defects (as an indirect role) or
by participating as active species if the metal-species get exposed to the
reactants. The MeOy residue in nanotubes are normally unavoidable. An
acid wash is not effective in lowering its content below a certain
threshold and high temperatures are required to remove it fully by
evaporation/sublimation, > 1800 °C [51]. Due to the complexity of the
purification, we did not address it on this commercial material any
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further. The residual MeOy particles in carbon nanotubes are normally
covered by graphitic carbon, but the reaction conditions can uncover
them, and then becoming catalytically active. Kicinski and Dyjak [52]
reviewed the effects of transition metal impurities on the properties and
applications of carbon-based materials. The effect on this reaction was
not discussed, likely due to the lack of studies on this matter. In sum-
mary, the catalytic effects of metal impurities in the COy route for this
reaction (direct or indirect effects) are not known to the best of our
knowledge, and they cannot be ruled out.

Retaking the discussion of Fig. 3a, the EB conversion did not change
much with temperature (450 vs 475 °C). But in fact, the opposite effect
to what is expected, was observed; a slightly higher EB conversion at
lower temperature. This surprising finding is further explained later in
Section 3.7, after introducing the model formulation.

Finally, in parallel to the main and side reactions, ODH-coke depo-
sition takes place, as discussed in the Introduction and in Fig. 4. The
ODH-coke deposition was evaluated on this material by characterizing
the after-reaction catalyst, which is crucial for defining a suitable
reactivation protocol.

3.2. Characterization of the after-reaction catalyst

The discussion of this section is based on Na physisorption and
temperature-programmed oxidation (TPO). The physisorption data of
the native MWCNT shows an isotherm type IV with H1 hysteresis and a
bimodal pore size distribution (Fig. 3b); as the isotherm does not level
off at high P/P,, this means that there is an underlaying type II behavior
due to unfilled macropores. The lower maximum in the pore size dis-
tribution corresponds to the inner nanotube channel whereas the higher
maximum to the space between the rods (Fig. 3b, inset). The after-
reaction catalyst experienced a remarkable decrease of the adsorption
and pore size distribution (Fig. 3b and inset). The BET area decreased
from 396 to 82 mz/g (fresh and after-reaction, Table 2). A similar trend
was observed for the pore volume (Table 2).

A mass balance of the catalyst bed revealed a weight increase of ca.
80 wt.% due to ODH-coke deposition during reaction.

Temperature-programmed oxidation (TPO) of the after-reaction
catalyst exhibited a new lower-temperature peak due to ODH-coke
(Fig. 3c; the fresh MWCNT was added for comparison).

All these experimental data evidence the deposition of significant
ODH-coke during the reaction. This was already observed in Zarubina
et al. [24] though the effect was scarcely discussed. The ODH-coke
deposition is generally attributed to weak acidity of the support [42].
The metal-based residue may also affect the coke deposition if they
become accessible to the reactants and possess acidity. So, both effects
can play a role; surface acidity of the MWCNT and metal-based residue.

Previous studies have reported deposition of ODH-coke on activated
carbons [53], carbon nanofibers [54] and carbon nanotubes [35]. The
reported values for the carbon nanotubes [35] were smaller to our data,
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between ca. 0 to 3.8% weight increase as compared to our 80 wt.%. This
can be explained by the different reaction conditions. We employed a
higher EB concentration (10 vs 2.3 vol.% in [35]); it is more realistic but
promotes more ODH-coke deposition. In addition, less O, was used by us
(0O2/EB 0.6 vs 1 in [35]) that probably lowers the gas-
ification/combustion of the ODH-coke into COy. Or in other words, a
high O4/EB helps to remove the ODH-coke by gasification/combustion.
However, unreacted O, downstream the reactor is a major problem for
implementation as explained earlier.

Overall, our practical reaction conditions lead to significant ODH-
coke deposition. A situation that requires catalyst reactivation. Fig. 4
summarizes graphically the deactivation mechanism due to the accu-
mulation of the ODH-coke in the catalyst bed.

3.3. In situ reactivation

The TPO patterns of fresh and after-reaction catalysts are compared
in Fig. 3c. The after-reaction catalyst displays two oxidative processes
due to ODH-coke (lower temperature peak) and the MWCNT backbone
(higher temperature peak). The difference between both peak maxima is
ca. 75 °C at the employed conditions. That means that there is enough
thermal resolution between both processes to consider a thermal
oxidative catalyst reactivation. We carried out the reactivation at 450 °C
where the ODH-coke combustion rate is higher than that of the MWCNT,
ratio ca. 4 to 1. This would allow to remove selectively the ODH-coke,
though some MWCNT is also burnt (likely the more amorphous do-
mains). The justification of this temperature can be further explained
with Fig. 5. The difference of the TPO curves is highest at ca. 490 °C. We
chose a lower reactivation temperature (450 °C) to avoid a possible hot-
spot during reactivation due to the reaction exothermicity. However,
additional optimization would provide a more accurate answer about
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Fig. 5. Difference between the oxidation rate patterns (TPO) of the fresh and
after-reaction (1st) MWCNT materials as a function of temperature.

Table 2

Textural properties of the fresh, after reaction and reactivated MWCNT materials.
Material SBET Vr Vhmicro Vimeso/macro

(m®/g) (cm®/g) (cm®/g)* (em®/g) ®
Fresh MWCNT 396 1.039 <0.001 1.039
After reaction 82 0.157 0.009 0.148
(1st)¢

Reactivation 5 h 386 0.358 0.118 0.240
Reactivation 10 h 516 0.459 0.126 0.333
Reactivation 15 h 645 0.610 0.108 0.502
After reaction 9 0.026 <0.001 0.026

(2nd)?

? Vinicro determined by the Harkins-and-Jura t-plot method (error ~0.001 cm3/g),
Vineso/macro = VT = Vicro, this parameter involves mostly mesoporosity but also some macroporosity (Fig. 6¢).

¢ Spent catalyst after testing the fresh MWCNT.
4 Spent catalyst after testing the 15h-reactivated catalyst.
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(inset: amplification in the low-relative-pressure region) and (c) BJH pore size distributions of the reactivated materials including the fresh and after-reaction (1st)
counterparts. Up to three reactivation steps in total on the same sample were carried out, corresponding to the 5h-, 10h- and 15h-reactivated materials.

the best reactivation temperature in terms of ODH-coke removal and
catalyst performance. Such an optimization was not carried out in this
study. In order to control the combustion exothermicity and avoid a hot-
spot and thermal run-away, the reactivation was carried out using a
diluted gas stream of 1% vol. Oy/Ar.

3.4. Characterization of the reactivated catalysts

The after-reaction catalyst was reactivated in situ at various pro-
cessing times (5, 10 and 15 h). The resulting materials were character-
ized by TPO and N, gas adsorption-desorption. Fig. 6a displays the TPO
profiles for each reactivated sample, which allows for assessing the de-
gree of reactivation in semi-quantitative terms. The arrows in Fig. 6a
indicate the course of reactivation. The ODH-coke peak decreases
whereas the MWCNT increases due to the ODH-coke removal by gasi-
fication/combustion during the reactivation.

A mass balance for each reactivation step shows a ca. 15-20 wt.%
decrease due to ODH-coke removal. In particular, 16% for the first, 17%
for the second and 24% for the third reactivation (for each reactivation
some material was separated for characterization). Considering these
partial weight decreases, the total weight of the final 15h-reactivated
catalyst can be calculated. It resulted to be slightly below the starting
MWCNT (0.570 vs 0.585 g). However, the TPO of the 15h-reactivated
material still showed ODH-coke (Fig. 6a). These observations can be
justified by the partial burning of the MWCNT (amorphous domains).
This is logical since the TPO of the MWCNT was not zero at the reac-
tivation temperature. It represents a trade-off between reusing the
catalyst or disposing it off. Extending the reactivation time to remove all
the ODH-coke can be done in a follow-up study. However, we found that
a partially reactivated one was better than the original (discussed later).

Therefore, this should be kept in mind when carrying out the optimi-
zation study.

The porosity was evaluated by Ny-physisorption (Fig. 6b and c,
Table 2). For all reactivated materials, the isotherms retain the original
shape but the adsorption values are different to the fresh MWCNT. The
low-relative-pressure region raises steeper (inset in Fig. 6b) whereas the
high-relative-pressure zone sits lower than the fresh MWCNT. These
imply that the surface areas are higher and the pore volumes are lower
(Table 2). The BET areas increase significantly (396 m?/g for the fresh
versus 386, 516 and 645 rnz/g for 5, 10 and 15 h reactivation times).
Changes in the pore size distributions (PSD) are shown in Fig. 6¢c. New
and smaller pores were formed, increasing their contribution with the
reactivation time. Micropores were quantified by the t-plot method
(Table 2). The micropore volumes for the reactivated materials were
high and nearly constant, while the mesopore/macropore volumes
increased with the reactivation time, as compared to the after-reaction
catalyst (1st). These values, in addition to the PSD trends, indicate a
shift of the porous texture towards smaller pore sizes as a consequence of
a favored ODH-coke gasification/combustion with time. The macro-
porosity of the reactivated materials is much smaller than the fresh
MWCNT (Fig. 6¢). Compared to the fresh MWCNT, the increased BET
areas for the reactivated materials are attributed to both newly-formed
micropores and smaller mesopores.

Based on TPO and gas adsorption, the resulting material (15h-reac-
tivated) still contains ODH-coke displaying micropores and smaller
mesopores, with a higher BET area and smaller pore volume than the
original MWCNT. It is hypothesized that the new porosity development
mainly takes place on the ODH-coke domains. It is unlikely that the
MWCNT backbone develops porosity itself, due to breaking of the tubes,
since its TPO process takes place at higher temperature (ca. 550 °C). But
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Fig. 7. Catalyst performance parameters as a function of time on stream for the fresh and 15h-reactivated MWCNT in the ethylbenzene oxidative dehydrogenation:
(a) ethylbenzene conversion; (b) selectivity to styrene; (c) selectivity to CO/CO, (COy); (d) yield to styrene at various temperatures (475 and 450 °C) and O»/EB =
0.6 and 0.2 (vol.); GHSV of 2700 1/h/1; 10 vol.% EB. The graphs at the bottom are the difference between the 15h-reactivated catalyst and the fresh MWCNT. Model
representation of the EB conversion (Xgp) as a function of Scoy, including experimental data points of the first step of the catalytic test (475 °C, Oo/EB = 0.6) for: (e)
15h-reactivated catalyst and (f) MWCNT catalyst. Figs. S3 and S4 provide information about the model for the second and third steps of the test. The O,/EB ratios
given in the headings (a-d) correspond to the mass-flow controller values, as an indication. The ones used in the model (e,f) correspond to the mass-balance values,
obtained by gas chromatography together with the reactant and all detected products.

it cannot be categorically excluded to occur as well due to local hot
spots. Based on the position of the main pores at 30 nm (Fig. 6¢), which
does not change upon reactivation, the breaking of MWCNT tubes does
not seem to happen at a detectable level. In other words, if the MWCNTs
are broken and shortened, the PSD maximum should be shifted towards
lower pore sizes due to the smaller space between the nanotubes. But the
amorphous domains present in the MWCNT can develop some porosity
as well (the asymmetry and shoulder at lower temperatures of the
MWCNTs TPO is indicative of amorphous domains, Fig. 3¢ or Fig. 6a).
Hence, the most plausible phenomenon occurring during the reac-
tivation is the formation of an organocatalyst containing porous ODH-
coke, unmodified ODH-coke and the MWCNT (backbone and partially
combusted amorphous domains, eventually containing some porosity).

3.5. Reaction performance of the reactivated catalyst

The in situ 15h-reactivated material looks promising in view of the
removed ODH-coke and textural features. Note that further optimization
appears to be possible, and this can be the scope of a separate study. The

15h-reactivated material was evaluated in the reaction and the results
were compared to the fresh counterpart in Fig. 7a—d. The bottom of the
graphs displays the difference between fresh and reactivated catalysts
for an easier comparison. The EB conversion (Fig. 7a) was initially
enhanced in ca. 15%, then it decreased and came to a similar level for
both catalysts. The ST selectivity was initially higher (Fig. 7b) and the
COy was smaller (Fig. 7c). These are very positive features since COy are
unwanted side products. Later in the run, the ST selectivity lowers (COx
rises) and is ascribed to coking-related effects. When assessing the ST
yield (Fig. 7d), a clear benefit of the reactivation is observed for at least
20 h of operation, and afterwards on an equal level for ca. 40 h in total
(Fig. 7d-bottom shows this effect clearer). Obtaining an equal yield is
already a positive result for the reactivation, but for the initial 20 h-
period it was even better than the original catalyst.

It must be kept in mind along the discussion that the selectivities to
ST and COx sum up to 100% as competitive routes. Consequently, the
modification of one leads to a change towards the other. That is, if the ST
selectivity increases by x%, the COy selectivity decreases x%, and vice
versa.
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The enhanced EB conversion can have several causes, but the most
convincing explanation is found in the selectivity. The reaction runs at
100% O conversion, and a lowering in the COy selectivity can liberate
O, for the main reaction, because the reactions involving CO and CO,
consume more O, than the main one (see stoichiometry of the reactions
in Fig. 2). A phenomenological model was applied to develop a better
understanding on this matter. It assumes full oxygen conversion (that
occurs in practice) where the EB conversion can be expressed as a
function of the selectivity to COy (see model description in Section 2.5).
In a system of competing reactions having a limiting reactant (this case
0,), the conversion of the other reactant (this case EB) is not an inde-
pendent variable but is dependent on the selectivities. This constitutes
the basis of our model and is exactly what we observed when adding the
experimental data into the model curves (Fig. 7e and f); a very good
match. The model also works for the other conditions of the catalytic run
for both catalysts (Figs. S3 and S4). Hence, the model explains that the
EB conversion rise at the beginning is the consequence of the catalyst
being more selective to styrene after reactivation (or less to COy).
Moreover, the model explains the drop in EB conversion with time on
stream (TOS) of the reactivated catalyst, since the data fit the model in
Fig. 7e. The drop in EB conversion is ascribed to the reduced selectivity
to styrene (or enhanced to COy) with TOS. In other words, as the catalyst
becomes more selective to COy, the EB conversion decreases. This
finding is important because instead of having two root-problems
(conversion and selectivity), the main problem seems to be the ST
selectivity that drops with TOS, or the increased COx with TOS (as both
COy and ST sum up to 100%). The reason for such a selectivity decay is
not fully clear to us, though it may be related to changes in the ODH-
coke nature, reduced porosity that brings side effects, other unknown
effects, or a combination of effects.

Another possible reason for the initial EB conversion increase, can be
found in the catalyst density. The density changes upon reactivation and
the catalyst becomes denser. The tests for both catalysts were carried out
by keeping the parameter (ggp/h)/(cm’,) = 1.25 fixed, i.e., the same
catalyst volume sees the same feed rate, mimicking a constant-volume
reactor operation. As the catalyst density increases, it implies that the
weight-based parameter (ggp/h)/(gcar) is smaller; 5.1 versus 3.0 for the
fresh and reactivated catalysts respectively. Therefore, there is more
catalyst amount per feed rate. It is a lower WHSV operation and it might
explain the enhanced conversion. However, it must be kept in mind that
the reaction is limited in Oy, which was 100% converted even at 450 °C.
Therefore, it is unlikely that having more catalyst (i.e., more active sites)
per EB feed rate would enhance the EB conversion, since Oy is the
limiting reagent.

Another possible interpretation to the enhanced EB conversion
would be using the surface areas. The reactivated catalyst displayed a
higher BET area and there should be more exposed active sites. How-
ever, the surface areas should be normalized to the bed and to the

m? /bed
> g /R’
77 for the fresh MWCNT and 216 for the reactivated catalyst. This in-
dicates that the surface area available at equal feed rate is higher for the
reactivated catalyst. However, this cannot explain the higher EB con-
version since the reaction is limited in O-.

The first hypothesis verified by the model, i.e., change in selectivity
to COx and making O, available for the main reaction, seems to be more
sensible. This is further supported by recent results using the same
model [46]. A series of aluminas were calcined before reaction
(500-1200 °C) and tested in the same reaction and the same reaction
conditions, where the in situ formed ODH-coke was the active site. The
aluminas treated at higher temperature displayed a higher ST selectivity
and EB conversion. Even the catalysts had less surface area after the
thermal treatment (absolute and per catalyst bed), the EB conversion
was higher than the base catalyst. The higher EB conversion was
explained by the lower selectivity to COx (or higher to styrene) using the
same model as applied it here. Therefore, the selectivity controls this

feedstock rate. Calculation of this parameter leads to a figure of
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reaction at the applied practical reaction conditions, when O, is fully
converted.

Overall, the model predicted well the experimental data, and hence
such hypothesis is here considered as the most solid to explain the
changes upon reactivation. In summary, the model explains: (a) the
initially improved parameters for the reactivated catalyst and (b) the
course of the reaction with TOS where there is a link between conversion
and selectivity, so they are not independent parameters. The latter refers
to the reactivated catalyst (Fig. 7e) since the fresh MWCNT did not
change much with TOS though the data fit the model as well (Fig. 7f).
The model does however not explain why the reactivated catalyst be-
comes less selective to styrene (or more towards COy) with TOS. This
matter deserves further investigation.

3.6. Some model considerations

Fig. 7e plots the modeled EB conversion for three cases; when COx is
pure CO, when COy is pure CO5 and with the experimental ratio CO2/CO
= R = 1.45 for this catalyst and experimental conditions. It is reasonable
to observe that the lowest EB conversion is obtained with COy as pure
CO4 since this reaction consumes most O, R3 in Fig. 2. Therefore, the EB
conversion is most sensitive to changes in the selectivity to COg. The
model curve for the experimental R = 1.45 lays between the two
extreme cases and therefore it is in agreement. Similar observations
about the CO,/CO ratio were found for other reaction conditions (e.g.
Fig. 7f) and in the examples discussed in [46].

3.7. Explaining the unexpected temperature effect

As shown in Fig. 3a, the EB conversion shows a slight increment at
450 °C (TOS 19-33 h) comparing with 475 °C (TOS 0-14 h). One would
expect an opposite effect, higher EB conversion at higher temperature.
This can be explained with the model. At both temperatures, Oy is fully
converted. At lower temperature, the selectivity towards ST is higher
and lower towards COy. According to the model, a lower COx selectivity
leads to higher EB conversion. This is shown in Fig. 8 where data for
both temperatures are plotted. It shows that the lower the selectivity to
COy, the higher the EB conversion. The reason for the lower COy selec-
tivity at 450 °C is unknown but a suggestion was outlined earlier; at
lower reaction temperature, a higher concentration of C=0/C-OH
(redox active sites) might be available, so the catalyst is more ST se-
lective. In other words, higher reaction temperature would favor the
gasification/combustion of these groups (in the presence of Oy) and
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therefore it becomes less selective to styrene, and more to COx. The role
of the residual MeOy should also not be ruled out in the COx forming
reactions.

3.8. Explaining the lack of conversion decay of the fresh MWCNT

It was shown that there is a significant ODH-coke deposition with a
drop of the surface area of the fresh MWCNT catalyst after reaction (396
down to 82 mz/g). One could wonder why the EB conversion for the
fresh MWCNT does not drop with TOS (Fig. 3a), as a consequence of the
drop in surface area (i.e., decreasing available active sites). The reason
for that is the fact that the reaction is limited in Os. Therefore, the EB
conversion is determined by the selectivity as it was shown with the
model. The fact that the selectivity to COx does not change much with
TOS, it explains the relatively stable EB conversion for the fresh
MWCNT. If the Oy/EB ratio would have been set higher (i.e., O con-
version < 100%), then it is expected a decay of the EB conversion with
TOS due to the over-coking and lowered surface area. However, this
condition (higher Oo/EB ratio) was not applied since it is not practical. It
can be applied in future studies to confirm the sensitivity of the reaction
to the surface areas when Oy is not limiting, for the sake of completeness.

3.9. Explaining the end-of-the-run pseudo-steady state conversion

In relation to the pseudo-steady state conversion, something similar
in terms of the BET area occurs at the end of the runs (Fig. 7a). The EB
conversion come very close for both catalysts despite the catalysts have
different BET areas (82 versus 9 m?2/ g, Table 2). The explanation is found
in the selectivity to COy, which was very similar for both catalysts at the
end of the run, and that determines the EB conversion. As a comparison,
the transitional alumina study [15,46], involving aluminas with
different surface areas (i.e., 272 to 101 mz/g or 132 to 58 mz/bed),
showed no relevance of the surface area when O is limiting on the
pseudo-steady state conversion.

3.10. Insights into the active sites

To understand the selectivity changes upon reactivation, which are
highest at the initial stage of the reaction, the active species concen-
tration for this reaction (ketonic carbonyl C=0) [55] was assessed by the
O1s XPS (Table 3, Fig. 9) on the fresh MWCNT and 15h-reactivated
catalysts. The active site model is based on a quinone-to-hydroquinone
redox mechanism, where the quinone abstract hydrogens from EB to
form styrene, and O3 would oxidize the hydroquinone back into quinone
[46,50,56]. From the XPS data, the ketonic C=0 concentration (ca.
530.6 eV) is slightly higher after reactivation (0.5 vs 0.3 at.%), but the
values are within the limits of the standard deviation of both (Table 3).
Hence, it cannot be claimed that these species are enhanced. However,
the phenol C-OH groups (ca. 533.5 eV) are more pronouncedly
enhanced (5.9 vs 2.3 at.%) with statistically meaningful standard de-
viations. Though C=0 has been considered the sole active sites in

Table 3
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carbons/coke-mediated EB-ODH, there are some arguments to consider
the C-OH as active sites as well. First, it is likely that phenols oxidize
during reaction forming ketonics and engage in the mechanism. Sec-
ondly, the active site interpretation should consider both ketonic and
phenol groups since the mechanism operates as a redox pair C=0 <
C-OH. The true pairs are those in a certain close proximity to activate the
ethyl group, and such an amount remains difficult to assess. At least, for
our catalytic data, the sum of both ketonic and phenol groups is a good
qualitative descriptor of the active sites. The higher concentration of
these species upon reactivation can explain the ST selectivity enhance-
ment (i.e., the catalyst becomes more ST selective), and the derived EB
conversion effect, which was explained by the model. Note that the
reactivation-induced enhancement occurs at the beginning of the run
without much coking. The decay with TOS can be cautiously attributed
to coking side effects that deserve further study.

A comparison of the C=0 and C-OH values in Table 3 (cf. raw two
and three), shows that the reactivation created C=0 at expense of the C-
OH, which decreased. This provides additional evidence for the inter-
conversion between C-OH into C=0 species, as pointed out above as a
phenomenon that may be occurring during the reaction.

3.11. Thermal stability considerations

It may be relevant to bring some prior work in relation to the thermal
stability under oxidative conditions. Frank et al. [48] proposed the
passivation of MWCNT with B,O3 or PoOs to enhance the thermal sta-
bility under oxidative conditions. Similar effects were observed by
Valero-Romero et al. on naturally-derived porous carbons by P [57] and
Zarubina et al. on carbon/silica hybrids by P [40]. Such promotional
effect can be useful here (in this reaction) when operating under
ODH-coke free conditions. Our results are more positive about the
oxidative thermal stability of the MWCNT, in the sense that an
ODH-coked MWCNT survived the thermal oxidative reactivation. It
appears that the ODH-coke acts as a protective barrier against the
MWCNT surface oxidation and combustion during the reaction and
reactivation. Hence, the modification of the MWCNT with additives
(such as P and B) is not required as long as ODH-coke is deposited.
However, our approach requires additional tests to verify how long the
MWCNT can survive various reaction/reactivation cycles and compare it
with other catalysts.

4. Conclusions

This study proved the feasibility of an in situ oxidative thermal
reactivation of a fouled MWCNT-supported organocatalyst in the Os-
mediated styrene synthesis, where the organocatalyst is the in situ
formed ODH-coke. The tests were carried out under industrially-
relevant conditions resulting in improved conversion and selectivity.
The fouled MWCNT-supported organocatalyst can be reactivated by
controlled ODH-coke combustion, and it becomes more styrene-
selective after reactivation. The reactivated catalyst system consisted

Oxygen-based surface functional groups determined by XPS from the OlIs lines. Spectra can be found in Fig. 9. The peak as-
signments were done according to the proposal given by Qi et al. [55].

Material “C=0” at.% ? (ca. 530.6 eV) “0-C=0" at.% ° (ca. 531.9 eV) “C-OH” at.% © (ca. 533.5 eV)
Fresh MWCNT ¢ 0.3+0.1 1.8 +£0.4 2.3+0.6
After reaction below detection 3.7+0.7 6.9 + 0.9
Reactivation 15 h 0.5+ 0.2 4.3+0.7 5.9+ 0.4

2 Ketonic carbonyl groups.
b Sum of carboxylic acid, anhydride, lactone, and ester groups.
¢ Phenol groups.

4 A more accurate approach would be measuring the MWCNT after a few hours on stream to evaluate the ODH-coke. However, as
the conversion and selectivity did not change much after starting the reaction, we assumed the active sites (C=0/C-OH) on the
original MWCNT dominates the performance or are similar in concentration/nature to the ODH-coke.



J.J. Mercadal et al.

Molecular Catalysis 529 (2022) 112525

a 20000+ b 200 5331 C 24000 5331 —— Point 1
. —— Point 1 . .
533.0 Point 1 180004 5313 — Point2 22000 ] 531.3 —— Point 2
| N . ——Point 3
0 5315 e X Point 3 D 0000 ] — Point 4
] Po!nt 3 @ 16000 Point 4 K] —— Point 5
“2 16000 Point 4 c —— Point 5 € 15000 .
— Point5 > > —— Point 6
3 oin Q 14000+ Q —— Point 7
o o O 16000
2 14000 = oo = 530.1
> »Jﬂ z 2 100
= ] ®
n 4 4 12000 4
g 12000 530.2 o a=) 10000 H,0 n!:, H,0
- 2 z £ 10000
£ 10000 = 80004 =
E% 8000 -
8000 -WM 6000 - 5000
T T T T T T T T T T 4000 T T T T T T T T T 4000 T T T T T T T T T T
526 528 530 532 534 536 538 540 542 544 526 528 530 532 536 538 540 542 544 526 528 530 532 534 536 538 540 542 544
Binding energy / eV Binding energy / eV Binding energy / eV
2,00E+04 2,50E+04 3,00E+04
= 1,80E+04 s Ofs Scan A =
x Ofs Scan S 2,00E+04" } S 2,50E+04
2 1,60E+04 O1s Szr:/ﬁ» 2 \ 2 O1s Scan
S G 1 [\ S
S T [ 3 Ots Scan S | 01s £can
2 oEsodl ( S 1,50E+04" | np 2 2,00E+04 canp
Q ’ \ Q / \ O
1% / \ (3 / 3 T \
1,20E+04 | \ L / f \
2 [01s Scan 2 1,00E+04 o1s Scanﬁ © 150E+04 / \
Y > i f
£ 1,00E+04" ofs Scan} } 2 - 2 Of1s Scan
8 \. 3 5.00E+03 o 3 1.00E+04 Ots Sean &/ '
800E#03 . i — \_
6,00E+03 — — 0,00E+00 5,00E+03

544 542 540 538 536 534 532 530 528 526
Binding energy / eV

544 542 540 538 536 534 532 530 528 526
Binding energy / eV

544 542 540 538 536 534 532 530 528 526

Binding energy / eV

Fig. 9. XPS OIs spectra at different sample locations for (a) fresh MWCNT, (b) after reaction (1st) and (c¢) 15h-reactivated catalyst. Bottom shows an example for the
deconvolution for each sample. The peak at ca. 535-536 eV is assigned to H>O and was not quantified.

of the organocatalyst (unmodified and porous ODH-coke) and the
MWCNT backbone. The initial improved selectivity after reactivation
was explained by the increased concentration of surface ketonic and
phenol groups, which act as active site pairs. The fact that the catalyst
becomes more styrene selective explains the higher conversion to eth-
ylbenzene. For this, a model was applied (via an O, mass balance
assuming full conversion, which occurs in practice) which corroborated
the experimental data. The model shows the dependency between EB
conversion and selectivity during the whole run. This is important
because it simplifies the number of root factors associated to the
observed deactivation. The model explains: (i) the initially-improved
parameters for the reactivated catalyst (higher ST selectivity gives rise
to a higher EB conversion), and (ii) the course of the reaction with TOS
where there is a link between conversion and selectivity; thus, the drop
in EB conversion is associated to the higher COy selectivity for the
reactivated catalyst (or lower to ST). Yet the model does not explain why
the reactivated catalyst becomes less selective to styrene, or more to COx
with TOS, which seems to be an unresolved topic. Overall, this study
leads to three main messages: (a) survival of the MWCNT backbone after
oxidative reactivation, (b) new organocatalyst formation (with positive
features maintained for 20 h), and (c) a model explaining the relation
between conversion and selectivity. The latter represents a paradigm
shift in heterogeneous catalysis as they are normally considered inde-
pendent parameters.
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