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A B S T R A C T

The catalytic performance of SWCNT was notably improved in the oxidative dehydrogenation of ethylbenzene (EB) to styrene (ST) upon a double-function purifica-
tion in one step of the raw SWCNT. This consists of lowering the MeOx concentration and generating surface C O groups after processing it in nitric acid at con-
trolled conditions, while preserving the structure. The textural improvement was ascribed to the cutting of the tubes/bundles by oxidation and to MeOx removal itself
(dilution effect). Both EB conversion and ST selectivity increased with a parallel lowering of the undesired COx selectivity. The conversion was interpreted by the en-
hancement of the intrinsic properties (i.e., more surface ketonic groups) but also to the higher load of SWCNT in the bed upon purification; both factors contribute to
a higher number of active sites (C O) in the bed for styrene formation. The most purified catalyst underperformed in conversion once the purification altered the
SWCNT structure notably. Thus, preserving the structure is an important condition to achieve high conversion and yield. The better selectivity was explained in two
ways; more styrene-forming sites (C O) or less COx-forming sites (uncoated MeOx) in the bed, or both. The styrene yield per catalyst volume was improved by an
average of ca. 240 % in comparison to the non-purified SWCNT. Deactivation is critical in maximizing the purification effect on the intrinsic and volumetric yields. In
practical terms, the method proved to enhance the reaction; the selectivity towards the unwanted COx was significantly lowered with a gain towards styrene, achiev-
ing comparable values as in the conventional process, but operated at much lower temperature.

1. Introduction

Carbon-based materials as heterogeneous catalysts are attractive. In
this way, implemented technologies would rely less on critical materi-
als and would become more sustainable [1,2]. A relevant family of ma-
terials refers to porous nanostructured carbons. In addition to the extra-
ordinary control in porosity and structure, they can be functionalised
with active surface groups, which make them attractive for catalysis
[3–7]. Carbon-based heterogeneous catalysis (i.e., metal free) is there-
fore very attractive, being a sustainable and environmentally benign
technology. However, it does pose some challenges. First, the capability
to prepare carbon-based catalysts with specific surface functionalities
with precision is often limited; normally various types of surface groups
are introduced during the preparation steps. Those groups are some-
times unstable towards regeneration, so they need to be reintroduced.
Furthermore, transition metal impurities often coexist and their effect,

sometimes adverse, cannot be easily discriminated from the carbon [8].
Purification of the carbon brings some additional challenges; the more
it is purified, the more it is modified. Hence, a compromise approach
should be taken sometimes.

One reaction that attracts interest refers to the oxidative dehydro-
genation of ethylbenzene (EB-ODH) into styrene, where an
organocatalysis mechanism takes place. The proposed active site cycle
is based on a quinone-to-hydroquinone redox mechanism, where the
quinone abstract hydrogens from ethylbenzene (EB) to form styrene
(ST), whereas O2 oxidizes the hydroquinone back into quinone [9,10]
(later on in the text we refer it as ketones since this topic is still under
debate). This motivated studying many types of carbon-based materials
for this reaction, as long as ketonic groups are present in the starting
material or introduced by controlled oxidative post-synthesis methods
[11–23]. The EB-ODH reaction is considered to be a more efficient
route to produce styrene than the direct dehydrogenation; it does not
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have equilibrium limitations, and lower temperatures are required.
Other process benefits have been claimed elsewhere [24]. Major handi-
caps for the catalyst are stability issues, the production of undesired
CO/CO2 (denoted as COx) as side products and over-coking leading to a
severe drop of the textural features. In this case, coke does not act as a
poison but brings additional active sites, but too much coke depletes the
surface area and leads to a performance decay. Stability is mainly re-
lated to coking but there is another aspect, the stability after reactiva-
tion. COx formation worsens the process economics since such a gas
stream has no value; it is a loss of ethylbenzene [2]. Therefore, im-
provements on coke control, stability and selectivity at practical reac-
tion conditions have been topics of interest [23,25–30].

Some of the successful catalysts for this reaction are carbon nan-
otubes [21–23]. Their syntheses often require a metal-based catalyst as
nucleation point. SWCNTs are produced only via transition metal-based
catalysis which means they always contain metallic impurities as by-
product after the manufacturing process. Metal impurities can be re-
moved by post-synthesis liquid-phase oxidation with acids [31,32].
However, there is evidence that some metal residue is generally left in
the carbon nanotube because such residues are encased by chemically-
stable polyhedral graphitic coatings [33]. In some instances, controlled
gas-phase oxidation followed by acid treatment can remove most of the
metal residue [34,35]. Only high-temperature annealing has proven to
produce metal-free carbon nanotubes [32,36], requiring the evapora-
tion/sublimation of the metals at very high temperatures. A 99.9 wt%
purity was achieved at 1800 °C for a MWCNT [36]. In the case of SW-
CNT, this treatment is less effective; a 98 wt% purity was achieved by
thermal annealing at 1800 °C and did not improve at 2000 °C [37].

Proven the complexity to fully remove the metal residue (MeOx)
from the carbon nanotubes, it is crucial to understand the effect of such
residue on the targeted application. To the best of our knowledge, the
impact of the metal residues left in carbon nanotubes for the EB-ODH
reaction has not been studied. Kiciński and Dyjak [8] reviewed the role
of such metal residues on many applications, though this reaction was
not accounted; probably because of the lack of prior studies. The moti-
vation of this work is to understand the MeOx’s role before going into
considering an ultra-pure catalyst for this reaction. The motivation also
comes from the fact that, in some studies, the metal residue was able to
catalyze the oxidation of the nanotube itself during the thermal clean-
ing [34,35]. As this reaction employs O2 at ca. 350–475 °C [11–23,
25–30], it may be possible that the metal residue can influence the reac-
tion performance by promoting the COx routes.

This reaction has been widely studied by developing new materials
as catalysts. However, the typically-studied reaction conditions are far
from implementation. One can find too diluted feedstocks and high lev-
els of O2 (see Table S1 indicating conditions for some literature exam-
ples). This brings up two issues. Firstly, the EB concentration should be
higher to enhance the volumetric efficiency of the reactor. In other
words, a high dilution leads to large reactor volume and energy losses
due to diluent heating. Secondly, by operating at high O2/EB ratios un-
converted O2 downstream the reactor would enter into the distillation
section causing explosive conditions. Thus, the reaction should be oper-
ated in such a way that O2 is fully converted to avoid such a situation.
This can be solved by using a lower O2/EB. In this study, practical reac-
tion conditions have been employed; i.e., [EB] of 10 vol% and
O2/EB = 0.6 mol ratio.

This work investigates the purification of a raw MeOx-containing
SWCNT as catalyst for the reaction, where MeOx is a metal-based
residue coming from its manufacturing process. The purification has a
double function, lowering the MeOx content and oxidizing the surface
to generate (or add more if those were available) active sites (ketonic
groups). The study first characterizes the starting material, then dis-
cusses the purification and properties of the purified materials. Finally,
the reaction performance at practical conditions is discussed in relation

to the catalyst properties. It is shown that a well-defined purification
proved to be very positive for the reaction.

2. Experimental methods

2.1. Materials

The single-walled carbon nanotube (SWCNT) material was supplied
by Carbon Solutions Inc. (product code: AP-SWNT), synthesized by the
arc discharge method using a Ni/Y catalyst. Note that this material is a
not a single SWCNT species but a SWCNT-rich material containing
other carbon allotropes. For simplicity, we will denote it as SWCNT.
This is further discussed in section 3.1. HNO3 (ACS reagent, 70 % Sigma
Aldrich) was used without further purification. Anhydrous ethylben-
zene was purchased from Sigma-Aldrich (99.8 %), and all the com-
pounds used for calibrating the gas chromatograph. The employed
gases in the reactor and characterization techniques were of analytical
5.0 grade, i.e., 99.999 % purity. Milli-Q water (Millipore, 18.2 MΩ.cm
at 25 °C) was used in the SWCNT cleaning procedure.

2.2. SWCNT purification procedure

The purification of the raw SWCNT was carried out by reflux in a
3 M HNO3 solution (100 mg of SWCNTs in 10 ml solution). The reflux
was achieved using an oil bath equipped with magnetic stirring. A re-
flux condenser was employed to avoid evaporation of the liquid phase.
After the treatment, the slurry was rapidly cooled down to room tem-
perature, diluted with Milli-Q water and filtered through a nanocellu-
lose vacuum filter. The retained solid was washed thoroughly with
Milli-Q water to rinse residual acid until achieving neutral washing wa-
ter. The solid was subsequently dried at 110 °C overnight in a drying
oven. The degree of metal removal was controlled by the treatment
time. The following times were required for the studied materials: SW
(36) is the as-received SWCNT containing ca. 36 wt% MeOx; SW(17)
containing 17 wt% MeOx required ca. 0.6 h; SW(8) containing 8 wt%
MeOx took ca. 2.5 h and SW(4) containing 4 wt% MeOx required 24 h
treatment. The latter material was formed by very small aggregates that
required washing by ultracentrifugation.

2.3. Characterization methods

The total carbon and metal residue contents were quantified by
thermogravimetric analysis (TGA). The analysis was carried out on a
SDTA851e Mettler-Toledo apparatus where the sample weight was
monitored as a function of temperature, from 30 to 900 °C with a heat-
ing rate of 3 °C/min using a 100 ml/min STP flow of synthetic air. The
proportion of total carbon was quantified by the weight loss between
150 and 900 °C. The final residue in the TGA pattern at 900 °C corre-
sponds to the MeOx content. The DTGA analysis corresponds to the de-
rivative of the TGA pattern.

The textural features were obtained from the nitrogen physisorption
analyses at −196 °C on a Micromeritics ASAP 2020. The materials were
treated at 200 °C for 4 h under vacuum prior to the analyses. The sur-
face area was calculated with the BET method (SBET, and termed as BET
area) following the recommendations by Thommes et al. for microp-
ores-containing materials [38]. The total pore volume (VT) was calcu-
lated using the single point at the relative pressure 0.98 in the desorp-
tion branch [39]. The pore size distributions were obtained using the
BJH model in the desorption branch. The micropore and external para-
meters (Vmicro, Vext and Sext) were derived from the t-plot method. We
denoted it as external surface or volume (Sext, Vext) since the materials
contribute with pores above 50 nm, thus pores beyond micropores in-
cluding meso- and macropores. Nitrogen in gas adsorption analysis can
have limitations when assessing micropores-containing materials.
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Therefore, care was given in choosing an appropriate equilibration
time.

The XPS measurements were performed on a VG Escalab 200 R spec-
trometer using a monochromatic Al Kα X-ray source [40,41]. The mea-
surements were performed at ambient temperature and the chamber
pressure was about 10-7 mbar during the analysis. All spectra were cali-
brated by setting the binding energy of the main peak in the C1s line at
the reference value of ca. 284.4 eV. Deconvolution of O1s spectra was
performed using a mixed Gauss-Lorentz function, with a 30 % Lorentz-
ian contribution. The quantification was done using empirical relative
sensitivity factors [42].

Raman spectra were obtained with a 785 nm excitation line
(30mW) on a Perkin Elmer Raman station 400 spectrometer.

Transmission electron microscopy (TEM) was carried out on a FEI
FEG Titan High-base operated at 80 kV to minimize the electron beam
damage. The microscope was equipped with a field emission gun
(Schottky-FEG) and a spherical aberration corrector (Cs-corrector) for
the image formation system. It is also fitted with a CCD Gatan camera
2 k × 2 k and a Gatan Tridiem 863 energy filter. The sample was sus-
pended in ethanol and then deposited onto a holey carbon grid until
dryness before analysis.

2.4. A note on the XPS interpretation

The O 1 s spectra were used to quantify the oxygenated groups. C 1 s
spectra were not used as they are generally more ambiguous as the con-
tributions of the O-containing groups are very low as compared to the
whole signal. Each O 1 s spectrum was deconvoluted into four compo-
nents, corresponding to C O (ketonic carbonyl groups, ca. 531.3 eV),
O C-O (sum of carboxylic acid, anhydride, lactone, and ester groups,
ca. 532.5 eV), C-OH (phenol groups, ca. 533.8 eV) and water (ca.
535.5 eV) [43]. The justification of the O C-O and its binding energy
in [43], in our view, can be understood as an average value between the
O*-(C O)-C and O-(C O*)-C, from the reported values in [44]. The
deconvolution into such species in [43] was later justified with addi-
tional experimental evidence; a linear dependency between the XPS
C O and Boehm titration data and XPS C-OH with TPD [45]. Hence,
this XPS deconvolution has supporting experimental evidence.

In our XPS-derived calculations, we have indicated them as approxi-
mate (∼) since some assumptions were made. First, there can be some
accuracy issues with the XPS-derived data in relation to material and in-
strument. Secondly, the estimation of the μmol/bed requires knowing
the fraction of mass where the species are located. We have considered
a homogeneous distribution of the species in the whole carbon-based
fraction, and the metal-based fraction was excluded. The latter is con-
sistent with the fact that the XPS survey spectra showed mostly C and O
(low metals on surface). The homogeneous approach was employed in
Wen et al. [45] where good correlations between XPS and other tech-
niques were found. In summary, the XPS-derived data may have accu-
racy issues. At this stage, they can be considered as a preliminary ap-
proximation.

2.5. Catalytic activity measurements

The catalytic tests were performed on an EFFI® micro activity
setup. The reaction conditions were industrially relevant, meaning a
high EB concentration (ca. 10 vol%), and limited O2 (O2/EB = 0.6).
The measurements were carried out at constant catalyst bed volume
(0.8 ml catalyst) following the procedure already described elsewhere
[23,25–30]. The corresponding catalyst weight loads for each material
are given in Table S2. The catalyst weights change due to the density
changes upon treatment; the materials become denser. The catalyst par-
ticle size was 212–425 µm. The reactor feed consisted of a mixture of
nitrogen, synthetic air, and ethylbenzene vapor. To create such a feed
stream, a liquid ethylbenzene flow of 1 g/h was evaporated (3.54 ml/

min vapor at STP) and mixed with a stream of N2 and air. The total
flowrate was 36 ml/min (STP) with ca. 10 vol% of gas-phase ethylben-
zene concentration. The runs were carried out for ca. 9 h with
O2/EB = 0.6 and a temperature of 350 °C. The gas hourly space veloc-
ity (GHSV) was 2700 l/l/h. The pressure in the reactor varied in the
range of 1.8–2.2 bar. The reactor outlet flow stream was analyzed using
an online two-channel gas chromatograph with TCD and FID detectors
and a combination of columns (0.3 m Hayesep Q 80–100 mesh with
back-flush; 25 m × 0.53 mm Porabond Q, 15 m × 0.53 mm molsieve
5 Å and RTX-1 with 30 m × 0.53 mm). The main reaction products are
styrene, CO and CO2; traces of benzene were observed (1 % selectivity).
Before the reaction, the catalyst was heated in a N2 gas stream up to the
reaction temperature and subsequently switched to the reaction mix-
ture, which determined the start of the reaction. The conversion, selec-
tivity and yields were calculated as:

(1)

(2)

(3)

(4)

(5)

Where -values are the molar flowrates, Vcat is the catalyst bed vol-
ume and WCarbon is the weight of carbon in bed. In the equations, the
terms ‘EB’ and ‘ST’ refers to ethylbenzene and styrene.

2.6. A note on the structure and activity correlation

The initial catalyst performance data were employed where a corre-
lation between the activity and characterisation was made. This is be-
cause the characterisation of the catalysts was made on the fresh mate-
rials. This reaction is known to produce ODH-coke that can modify the
catalyst surface (i.e., new surface functional groups and texture). The
characterisation of the after-reaction catalysts was not within the scope
of this study.

3. Results and discussion

3.1. Nature of the raw carbon nanotube

The single-walled carbon nanotube (SWCNT) was synthesized by
arc discharge. Despite the commercial specification classifies it as sin-
gle-walled carbon nanotube, the fact is that it contains other carbon al-
lotropes. Hence, it is not a single species material. Fig. 1 shows the
DTGA pattern highlighting two regions, ascribed to amorphous carbon
(lower temperature) and a broad higher-temperature peak [31]. The
broad high-temperature peak suggests that besides SWCNT, other types
coexist, such as DWCNT or even MWCNT as contaminants. The hetero-
geneous nature of carbon nanotubes obtained by arch discharge was
discussed by Moore et al. [46] who pointed out the difficulty in produc-
ing pure SWCNT or DWCNT. Moreover, SWCNT and DWCNT exhibit
similar Raman features, and cannot be distinguished. The presence of
DWCNT (or MWCNT) impurities can be evaluated by TEM. Based on
the TEM data (discussed later), besides amorphous and graphitic do-
mains, the main nanotubes are SWCNT. Accordingly, the material has
been denoted as SWCNT. However, the heterogeneity of this commer-
cial material should be kept in mind along the discussion, so it is not a
single species but a SWCNT-rich material. As the tubes are generally ag-
glomerated, we will refer it as bundle or tube/bundle. Note that the ac-
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Fig. 1. DTGA analysis of the as-received SWCNT, SW(36).

tive sites (C O/C-OH) can be located in the SWCNT, in the DWCNT
impurities, but also in the amorphous domains; at present we cannot
distinguish where these sites are located.

3.2. Demetallization

The thermal analysis of the raw SWCNT revealed a MeOx content of
ca. 36 wt% (Fig. 2). The material will be denoted as SW(36) from now
onwards, as well as the purified counterparts as SW(X), where X is the
MeOx residue (wt.%). This material was refluxed in a 3 M HNO3 solu-
tion for ca. 0.6, 2.5 and 24 h following the procedure described by Hu
et al. [31], but considering shorter processing times, as a means to ad-
just the MeOx content. This resulted in three materials with a MeOx con-
tent of 17, 8 and 4 wt% (Fig. 2, inset). Due to the MeOx removal, the to-
tal carbon content increased from 62 up to 78, 83 and 92 wt%, respec-
tively (Fig. 2, inset). The differences to 100 % correspond to the weight
loss from 30 to 150 °C, attributed to physisorbed water, though other

unstable species such as carboxylic groups can count for this as well
[47].

It is worth noting that for SW(4) the MeOx removal was not signifi-
cant despite it was treated for 24 h (4 wt%) as compared to 2.5 h
(8 wt%). Therefore, there are some constraints to lower the MeOx con-
tent. This can be ascribed to the intrinsic nature of the MeOx (not dis-
solving easily in HNO3) or to the encapsulating graphitic carbon that is
stable against oxidation, or both effects. About the first concept, there is
no comparative study in the literature among various mineral acids for
the leaching of Yttrium-based materials (in general, not specifically in
SWCNT); H2SO4 is often reported as an effective leaching acid [48]. But
in this case, sulfonation will compete with oxidation, a situation that is
not desirable in order to maximize the C O/C-OH concentration.
About the encapsulation of metal residues within carbon in SWCNTs,
Chen et al. [49] found out that Co clusters covered by thick layers of
carbon, either amorphous or graphite, cannot be removed by HCl treat-
ment alone. This is likely happening here for the metal residue that is
covered by graphitic carbon, as seen by TEM in Fig. 3.

The percentage of surface carbon and metals determined by XPS in
the purified SWCNT (Table S3) contrasts with the percentages calcu-
lated from TGA (inset Fig. 2, and Table 1). The difference is related to
the fact that the MeOx are largely encapsulated by carbon (graphitic or
amorphous), rendering low surface XPS concentrations. This can be
seen from the TEM data (Fig. 3 and Figure S1) where MeOx are covered
by graphitic or amorphous carbon. Hence, despite the samples contain
large MeOx loadings (4–36 wt%), MeOx is occluded within the carbon
and not accessible by XPS.

3.3. Purification effects on carbon structure and texture

Cs-corrected TEM data of the starting material revealed various
types of carbon allotropes such as bundled SWCNT, DWCNT, graphitic
shells enclosing MeOx particles, amorphous carbon domains (or defec-
tive graphite) and isolated SWCNT (Fig. 3). Due to that heterogeneity,
the TGA weight loss between 150 and 900 °C was denoted as total car-
bon (Fig. 2). Figure S1 displays additional TEM data highlighting the
amorphous domains in more detail.

Fig. 2. TGA analysis of the as-received SWCNT (i.e., SW(36)) and after purification in 3 M HNO3 resulting in SW(17), SW(8) and SW(4) by varying the treatment
time. Inset: graphical representation of the MeOx and total carbon contents derived from the TGA patterns (raw data can be found in Table 1). For clarity, the dis-
tribution of total carbon and MeOx has been indicated for the SW(36) as an example.
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Fig. 3. Cs-corrected high-resolution TEM images for the as-received SWCNT (i.e., SW(36)). Figure S1 displays additional TEM data highlighting the amorphous do-
mains.

Table 1
Compositional and textural properties of the SWCNT materials.
Material Treatment MeOx

(%) a
Total
carbon
(%) b

SBET
(m2/
g)

VT (cm3/
g)

Vmicro
(cm3/
g) c

Sext
(m2/g)
d,e

Smicro
(m2/
g) g

SW
(36)

As-
received

36 62 277 uncertain 0.043 175 (-) 102

SW
(17)

Purified 17 78 409 0.798 0.087 203
(0.711)

206

SW(8) Purified 8 83 705 0.670 0.183 255
(0.487)

450

SW(4) Purified 4 92 127 0.089 0.030 52
(0.059)

75

a) Determined as the residual weight at 900 °C in the TGA patterns.
b) This parameter corresponds to the TGA weight loss between 150 and 900 °C.
Total carbon comprises SWCNT, DWCNT, graphite shells and amorphous car-
bon. The difference 100 – MeOx – Total carbon (i.e., weight loss between 30 and
150 °C), corresponds to physisorbed water, though other unstable species such
as carboxylic groups can count for [47].
c) Vmicro was determined by the t-plot method (Harkins and Jura).
d) Sext is the surface area beyond micropores and it was determined by the t-plot
method (Harkins and Jura).
e) In parenthesis is the external pore volume, as Vext = VT-Vmicro (cm3/g), that is
the pore volume beyond micropores.
g) Smicro = SBET-Sext. Note that the uncertainty on this quantity is related to the
BET area in micropores-containing materials and the t-plot model.

We did not identify the fraction of SWCNT because for the EB-ODH
reaction all types of carbon materials are active, as long as they contain
ketonic groups [11–23]. The objectives of this work were focused on
the MeOx removal and oxidative effect on the carbon, by the oxidative
and extractive effect of HNO3, and their effects on the catalyst perfor-
mance.

Besides the MeOx removal (section 3.2), the HNO3 treatment caused
progressive changes in the structure and texture of the carbon. This is
firstly discussed with the Raman spectra in Fig. 4. The spectrum of the
as-synthesized material (SW(36)) shows the typical features of a SW-
CNT. The low-frequency peaks are assigned to the A1g symmetry radial
breathing mode (RBM). A broad peak at ca. 1340 cm−1 called d-band is
assigned to disorder; in this case, it comes from the amorphous carbon.
Isolated SWCNT can show a d-band which is sharper as compared to the
broad band associated to amorphous carbon [50]. A group of peaks in
the 1550–1600 cm−1 region represents the G-band [51]. This peak is a
good measure of the graphitization. In nanotubes, this band splits in
two features, G+ (displacement along the nanotube axis) and G- (cir-
cumferential displacement) [50,51]. The G- band of the SW(36) is
formed by two contributions of metallic and semiconducting character,
Fig. 4(1). At around 2600 cm−1, an overtone of the D mode is visible,
denoted as Ǵ (or D* or 2D). Overall, the RBM bands and splitting of the

G band are distinctive features of the SWCNTs that are visible in the SW
(36) material (and eventually for residual DWCNT-rich regions as well).

The shape of the spectra for the purified materials is comparable to
that of the as-synthesized SW(36), with the exception of the SW(4). This
material has lost the SWCNT character almost entirely; very weak RBM,
no splitting of the G region (or very weak G- bands) and intense D band.
This agrees with the textural analysis that displays an isotherm with
low porosity (Fig. 5); very different to the SW(36)́s isotherm. Hence, the
SW(4) material underwent severe deterioration during the 24 h-HNO3
treatment rendering an amorphous carbon-rich material, also inter-
preted as very defective graphite, with low porosity. This material can
also be understood as a consequence of excessive tube/bundle shorten-
ing.

The Raman spectra of SW(17) and SW(8) remain very similar to that
of SW(36), proving that those treatments do not modify the structure;
their main SWCNT features remain visible (Fig. 4). However, the N2 ph-
ysisorption isotherms (Fig. 5) reveal some changes on these materials,
as compared to the starting SW(36). The adsorption values in the BET
region are higher (Fig. 5, rectangle) whereas the pore size distributions
shift to lower values (Fig. 5 inset; the tensile strength effect (TSE) is an
artifact [52,53] indicating pore neck blocking or to cavitation-induced
evaporation). The mesopores in these materials correspond to the space
between the SWCNT tubes/bundles (the inner pore size is not visible in
the pore size distribution since the diameter is ca. 1 nm, as revealed by
TEM in Fig. 3-middle). The shift into smaller mesopore sizes can be un-
derstood by the cutting of the SWCNT into smaller assemblies due to
the oxidative character of HNO3. Defragmentation of the bundles into
thinner ones can occur but it is not obvious if this reduces the void
space between bundles, and decreases the pore size. Albeit the Raman
spectra did not show severe structural changes for SW(17) and SW(8),
as compared to SW(36), the textural analyses indicate a shortening or
breaking of the nanotubes/bundles. Shortening/breaking can actually
be positive for the reaction since the number of edges increases where
the ketonic groups (active sites) are generated by HNO3-induced oxida-
tion. The TSE effect observed for SW(17) and SW(8), Fig. 5 inset, is not
very intense but pore restrictions can be present. However, it is not
clear where such restrictions are located, in the amorphous domains or
in the SWCNT bundle. It is an aspect to keep in mind in the future when
studying the deactivation, as pore restrictions can affect the accessibil-
ity to active sites when ODH-coke is deposited.

The ID to IG+ ratio, Fig. 4(2), decreases for the SW(17) likely due to
the removal by oxidation of the more amorphous carbon domains. This
ratio increases for the SW(8) which indicates that defects have in-
creased due to the shortening/breaking of the tubes and newly formed
amorphous domains. The high ratio for SW(4) corresponds to a severe
amorphization of the material.

The relative intensity of the G+ (axial displacement) to G- (circum-
ferential displacement) can be used to understand the tube/bundle
shortening/breaking as well. The relative intensity of G+ band to the G-

5



CO
RR

EC
TE

D
PR

OO
F

J.J. Mercadal et al. Chemical Engineering Journal xxx (xxxx) 140723

Fig. 4. Characterization of the SWCNT materials by Raman. Inset (1): amplification of the G region including the band assignments. Inset (2): representation of the ID
to IG+ ratio.

Fig. 5. Characterization of the SWCNT materials by nitrogen sorption at −196 °C. Inset: BJH pore size distribution of the desorption branches.

bands is smaller for the SW(17) and SW(8), as compared to the SW(37).
As the diameter of the tube does not change during the purification, the
G+/G- change means that the axial displacement is reduced. This is in
agreement with the shortening/cutting of the tubes/bundles, as dis-
cussed earlier by the smaller mesopores. It must be kept in mind that

the G+ band intensity can decrease when the SWCNT sidewall is func-
tionalized [54]. However, the HNO3 treatment does not functionalize
the sidewall.

The textural parameters BET area, microporous and external surface
areas increased upon purification (Table 1). The increase is ascribed to
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the formation of smaller pores that contribute more to the microporos-
ity and mesoporosity, but also to the MeOx removal. The MeOx particles
are non-porous and heavier than the carbon itself, so they have a dilut-
ing effect in the surface areas. In other words, the denominator (i.e.,
weight) gets lower when MeOx is removed, and the textural parameters
increase. A deviation from the trend was observed for SW(4) due to the
severe deterioration of the material during the treatment, leading to a
low porous carbon containing micro- and small mesopores. The pore
size distribution shows a very weak peak at ca. 12 nm, the smallest in
the series (Fig. 5 inset). NLDFT calculations in Figure S2 indicate that
nearly half of its pore volume is taken up in the microporous region and
its relative contribution of mesoporous volume is much smaller than the
other materials.

The shortening/cutting of the tubes/bundles was suggested earlier
as beneficial since having more edges would accommodate more active
sites; i.e., C O groups. This was assessed by the O1s XPS analysis
(Figure S3). Each spectrum was deconvoluted into four components,
corresponding to C O (ketonic carbonyl groups), O C-O (sum of
carboxylic acid, anhydride, lactone, and ester groups), C-OH (phenol
groups) and water [43]. Quantitative results (Table 2) reveal that the
C O concentration increases in about 60 % on average for all purified

Table 2
XPS carbon–oxygen-based surface species (% at) from the O1s spectra decon-
volution.a,b Spectra can be found in Figure S3.
Material [C O] (% at.)

at 531.3 eV
[O C-O] (% at.)
at 532.5 eV

[C-OH] (% at.)
at 533.8 eV

SW(36) 0.91 4.38 5.07
SW(17) 1.53 3.84 2.59
SW(8) 1.49 4.33 3.74
SW(4) 1.40 3.38 3.10

a) The deconvolution was done based on Qi et al. [43]. See additional explana-
tion in section 2.4.
b) The surface contribution of MeOx was small (Table S3) and it was present as
reduced species (data not shown). Moreover, there was no visible shoulder at
528–530 eV in Figure S3 due to possible Me-O, therefore the O 1S signal was
entirely assigned to organic O-carbon species.

materials; no significant changes among the treated materials were ob-
served. The other O-containing species do not increase upon treatment.

Differences in the O/C ratio of the purified samples were also ob-
served (Table S3). The starting material contains a large fraction of sur-
face oxygen (O/C = 0.14). The presence of oxygen species in the as-
grown SWCNT was also observed by Martínez et al. [55]. The purified
materials contain less surface oxygen (O/C between 0.10 and 0.12)
than the non-purified one, but the O-species are different. The oxidative
purification renders more ketonic species as explained above, which is
beneficial for the reaction.

Overall, the HNO3-based treatment triggered two effects: carbon
surface oxidation and MeOx dissolution. The MeOx is dissolved, likely
after oxidation of the more amorphous covering carbon-layer, whereas
the MeOx covered by graphitic carbon is more stable to HNO3 oxida-
tion. Nevertheless, some of these graphitic domains can have defects
and holes, through where HNO3 can penetrate and dissolve MeOx. Low-
ering the MeOx content by longer treatment times (e.g. 24 h) was found
to be detrimental since the structure gets amorphous, or very defective,
and the MeOx concentration does not decrease much further. Thus, it
remains a challenge to lower the MeOx concentration by this method
while maintaining the SWCNT structure. On the other hand, shorter
processing times diminish the MeOx concentration, the SWCNT struc-
ture is preserved and the concentration of surface C O groups in-
creases due to the oxidative treatment on the edges.

3.4. Catalyst performance and additional characterization

The catalytic tests were carried out at equal catalyst bed volume to
mimic a real situation where the reactor volume is given or limiting
[23,25–30,56], rather than constant catalyst weight. This is particularly
useful for revamping an existing unit. But for new reactors, it accounts
for the catalyst density that sometimes is very low, leading to exces-
sively large reactor volumes that cannot be implemented. Thus, con-
stant volume provides a more realistic comparison of the catalytic data
towards implementation for this reaction.

Fig. 6 compiles the catalyst performance results. The reaction was
carried out at 350 °C to avoid full O2 conversion. Melián-Cabrera and
Zarubina [56] showed that under complete O2 conversion, the selec-

Fig. 6. Catalytic performance parameters versus time on stream for various SWCNT materials, fresh and purified, for the EB-ODH reaction: A) EB conversion, B) se-
lectivity to styrene (ST), C) selectivity to COx and D) yield to styrene. Reaction conditions: 350 °C, O2/EB = 0.6 (vol.); GHSV of 2700 l/h/l; 10 vol% EB. The high-
lighted values on the lines correspond to the absolute increase with respect to the SW(36), of the 9 h-run averaged data.
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tivity and conversion are linked. This was confirmed afterwards by
Mercadal et al. [57]. Particularly, the EB conversion is determined by
the selectivity to COx. Therefore, under complete O2 conversion (i.e.,

) the catalyst performance interpretation is limited to se-
lectivity only. The trade-off of this approach is the low EB conversion.
However, this can be enhanced by operating at a higher temperature
or higher WHSV, or both, in a different type of optimization study.
This work aims at assessing the impact of the purified SWCNTs on the
conversion and selectivities. The only way to do that is by working at
incomplete O2 conversion (i.e., ).

The purification shows a positive effect on the EB conversion (Fig.
6A), with the exception of SW(4) that is discussed later. The purifica-
tion brings also positive selectivity changes; the ST selectivity increases
(Fig. 6B) whereas that for COx decreases (Fig. 6C). The framed values in
the graphs correspond to the absolute increase (+) or decrease (-) with
respect to the SW(36) as reference case, after averaging the 9 h-run
data. The increase in styrene selectivity nearly matches the decrease in
COx. This matching infers that these products are formed in competitive
routes. The purification enhanced both EB conversion and ST selectivity
in the series but it fails at the most purified catalyst, SW(4); the selectiv-
ity is high but the conversion drops. Considering the ST yield (Fig. 6D)
the optimal catalyst is SW(8). When the separation of by-products is
troublesome, selectivity is preferred than yield in the optimization. In
this case, both parameters are optimal for SW(8). However, this is a rel-
ative optimum. Other optimal composition/s may be found by further
investigation. Such optimization can be done using this or other purifi-
cation approaches. The challenge is to lower the MeOx concentration
while keeping the SWCNT structure and having more C O sites.

The drop of the EB conversion (XEB) with time on stream (TOS) for
SW(17) and SW(8), Fig. 6A, can be ascribed to the deposition of the
ODH-coke, which lowers the surface area. The ODH-coke, formed dur-
ing the reaction, is also a catalyst for this reaction as it contains ketonic
groups, yet the surface area of the system ‘ODH-coke/SWCNT’ de-
creases due to fouling [57]. This would impact negatively on the con-
version since there are less accessible sites. Note that surface area did
not play a role in previous studies [56,57] due to the fact that O2 was
fully converted, and the EB conversion was determined by the COx se-
lectivity. In other words, the effect of fouling on XEB is visible when

, otherwise (i.e., ) the selectivity to COx deter-
mines XEB. In the coming discussion, we will rationalize the improve-
ments in conversion, selectivity and, finally, yield.

The enhanced EB conversion can be first ascribed to the changes
previously discussed on the material intrinsic properties: enhanced tex-
tural features (shortening of the tubes/bundles, and removal of MeOx)
and therefore more surface C O sites. The shortening of the tubes/
bundles creates more edges where active sites can be located. Secondly,
we operated at fixed reactor bed volume and there is a higher catalyst
weight load in the reactor upon MeOx removal (Table S2). The EB con-
version enhancement is hence the result of multiple effects; material-
intrinsic and weight-based factors. This can be quantified using the
C O sites in the catalyst bed using the O1s XPS data. The amount of

Table 3
Species contents in the catalyst bed derived from XPS data. Section 2.4 pro-
vides more information about the employed approach.
Material [C O] (μmol/bed)

a

at 531.3 eV

[C-OH] (μmol/bed)
b

at 533.8 eV

[C O] + [C-OH] (μmol/
bed)

SW
(36)

44 246 290

SW
(17)

203 345 548

SW(8) 218 545 763
SW(4) 428 948 1376

a. Values calculated as:
where M was calculated using an average molecular weight of the material con-
sidering C and O only (Table S3), whose concentrations are higher than 97 %.
The [C O] values are given in Table 2.

b. Values calculated as: . M is explained

in footnote a. The [C-OH] values are given in Table 2.

ketonic carbonyl in the bed can be calculated following the equations
given in Table 3, where the average molecular weight was calculated
from the XPS O and C % only (C + O > 97 %, Ni + Y < 1 %, Table
S3). Albeit this quantity, μmol C O/bed, provides an approximation
to the number of active sites in the bed. The actual sites have been
claimed to be diketones under a certain proximity to activate the ethyl
group [9,10,12,58]. However, those sites remain difficult to quantify,
so we will be using the above figure as an approximation. The so-
calculated values increase with the purification treatment (Fig. 7A).
The representation of the initial EB conversion versus this parameter in
Fig. 7B follows a lineal trend; the EB conversion increases with the
number of surface C O sites in the bed. In this case, the initial conver-
sions were used as the XPS data were obtained from the fresh catalysts.
Therefore, the improvement in EB conversion can be ascribed to the im-
proved intrinsic properties of the materials after purification (i.e., more
surface C O), as well as the higher weight load in the catalyst bed.

Interestingly, the same approach was done by quantifying the C-OH
groups, with the final values represented in Fig. 7A (raw data in Table
3). The amount of C-OH in the catalyst bed also increases. This effect is
not intrinsic (cf. values in Table 2), but it comes from the higher weight
load. Fig. 7B also represents the initial EB conversion versus the sum of
C O + C-OH and an increasing trend was obtained as for the C O
sites alone. These results indicate that both sites can be considered in
the mechanistic interpretation. It can be explained in two ways. First, it
is likely that the C-OH groups are oxidized during the reaction forming
ketonic groups and engage in the mechanism. Secondly, the active site
model comprises both ketonic and phenol groups as a redox pair
(C O ⇆ C-OH) [9,10,58], therefore it is sensible to consider both
functional groups. However, the role of the C-OH in this reaction has
been generally overlooked. Our results indicate that C-OH can play a

Fig. 7. A) Amount of C O and C-OH as determined by XPS (raw data in Table 3). B) Representation of the initial EB conversion as a function of the surface groups,
C O, or the sum C O + C-OH. The trending lines are meant to guide the eye.
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role in the interpretation as well. The main fundamental problem is that
the actual catalytic pairs are those in close proximity to activate the
ethyl group, and such species remain difficult to quantify. It is relevant
to note here that the interpretation of the performance of oxygen func-
tionalization in carbon materials is often overlooked on behalf of other
heteroatoms (mainly nitrogen); this has been recently reviewed [59].
Though we have shown that C-OH can play a role in the interpretation,
an additional experimental proof is required. The forthcoming discus-
sion will be focused on C O only, as these sites have been proposed in
several studies on different materials, including characterization but
also in-situ titration during the reaction of the C O groups [60,61].

There is one catalyst, SW(4), that does not follow the trends in Fig.
7B. This catalyst contains a large loading of C O in the bed, but the EB
conversion was lower than expected by the trend line. There are a few
ways to rationalize this result. One is that the amount of C O sites is
high but the true sites under a certain proximity (specific diketones) is
lower due to the carbon structural differences in SW(4), i.e., more
amorphous or defective carbon. Another explanation can be found in
the redox mechanism; the active site regeneration of C-OH into C O
via O2 activation can be hindered in such an amorphous structure as
compared to a carbon nanotube. In other words, an amorphous or very
defective carbon structure may hinder the O2 activation. Note that the
O2 activation in this reaction is ill understood [10]. Thirdly, and finally,
the porosity of this material can be a handicap, formed by small meso-
pores and micropores. Here two explanations are thinkable. It may be
possible that some active sites are located in micropores that are not ac-
cessible to EB and therefore they do not participate in the reaction. This
can be interpreted as having a lower number of active sites running the
reaction, lower that those quantified by XPS. Or, as another explana-
tion, EB is accessible but diffuses slower (activated diffusion) in such
smaller pores. In this scenario, two regimes can coexist in the catalyst; a
kinetically-controlled regime in wide pores as compared to small pores
where there would be an activated diffusion of EB. If the problem lays
on the slower ST diffusivity in this catalyst, then a drop in selectivity
would be expected since COx is much smaller. However, the selectivity
does not drop. It remains high, comparable to SW(8). Thus, if diffusivity
is troublesome, this should be on EB. This scenario is even more com-

Fig. 8. Reactions taking place during the EB-ODH process.

plex to explain quantitatively because the reactivity of each site (those
in wide pores and in smaller pores) would differ. But, in qualitative
terms, the fact that a fraction is under diffusion control can explain the
lower overall conversion.

The interpretation of the selectivity is more complex than the con-
version. It can be first interpreted in similar terms as conversion. As
there are more surface C O active sites in the bed catalyzing the main
reaction, more styrene is formed. In other words, O2 reacts favourably
through R1 (Fig. 8) and the COx-forming routes (R2 and R3, in Fig. 8)
that compete for O2 are inhibited. Therefore, the COx selectivity drops
and ST increases. Note that styrene is stable in the presence of O2 [27],
meaning that the routes R4 and R5 (Fig. 8) are unlikely to occur (i.e.,
COx formation via styrene). The selectivity interpretation can include
other effects. We observed by TEM that the residual MeOx were covered
by a graphitic layer before the reaction (Fig. 9A, occasionally the layer

Fig. 9. Cs-corrected high-resolution TEM images of the purified SW(8): A) fresh and B) after the reaction. The different types of structures are indicated in the images.
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was amorphous as seen in Figure S1). But such carbon layers disappear
during the reaction (Fig. 9B), rendering uncoated MeOx particles. Such
uncoated particles can catalyse the COx formation and consequently
drops the styrene selectivity, as both routes compete. Therefore, by low-
ering the MeOx content along the purified series, its COx-forming effect
in the reaction can be diminished (forming more styrene).

At the moment, there are two positive parameters contributing to
the C O in the bed; catalyst loading and intrinsic C O in the materi-
als, both are enhanced with the purification. But there can be a MeOx
effect that is masked; it could contribute to COx formation and therefore
lowering the styrene synthesis. This MeOx effect cannot be deduced
from these experiments because the C O and MeOx loadings per bed
vary in the series. The MeOx role could be studied by preparing cata-
lysts with equal C O and variable MeOx loadings in the bed. However,
this is not a trivial task as it requires a laborious sample preparation ap-
proach. Then, we would be able to know if MeOx has an effect on COx
formation and lowering styrene synthesis. In other words, with that in-
formation we would know if the here-presented effect is due to a single
contribution (having more O-functionalized carbon in bed) or two con-
tributions (more O-functionalized carbon and less detrimental MeOx in
bed). In the eventual case that MeOx would have a positive effect in
forming styrene, our results imply that the O-functionalised carbon is a
better catalyst.

The interpretation of the steady-state performance (i.e., after 9 h
time on stream) would require characterising the after-reaction cata-
lysts. This is because the reaction produces in situ ODH-coke that has
been claimed to catalyze the reaction as well [23,25–30,56–58]. This
makes understanding the deactivation even more difficult, as compared
to a conventional coke deposited on active sites. The study of the deac-
tivated catalysts is out of the scope of the present study.

Calculation of the intrinsic styrene yield per cm3 of catalyst (Fig.
10A, average values) shows clearly the effect of purification. In the op-
timal catalyst, the increase is nearly 240 % higher due to both conver-
sion and selectivity increase; ultimately due to both higher load of car-
bon in the bed and improved intrinsic properties (surface C O sites).
When the structure gets defective, SW(4), the conversion decreases
with a pronounced drop in the yield. An interesting observation is

found when the yield is referenced to the amount of carbon (Fig. 10B,
average values). The catalysts keeping the SWCNT structure give high
values. But the more defective catalyst, SW(4), gives a much lower yield
per carbon basis. This points into a different mechanism taking place in
this material; less diketones, O2 activation can be hindered in a more
amorphous carbon, or inaccessible/diffusion-controlled active sites, as
discussed earlier to explain the conversion, since its selectivity was
high.

Discussing the intrinsic yield at the beginning of the reaction, with-
out deactivation, is more appropriate for a correlation with the catalyst
properties, done on the fresh catalysts. The purified catalysts keeping
the SWCNT structure, i.e., SW(17) and SW(8), show higher intrinsic
styrene yield compared to the non-purified SW(36), Fig. 11A. The dif-
ferences can be attributed to the improved functionalisation and tex-
ture of the purified SWCNT catalysts. The intrinsic yield decreases with
time of stream (Fig. S4B) and at the end of the run, it is pretty similar
among the good catalysts, i.e., SW(36), SW(17) and SW(8). The end val-
ues have been plotted in Fig. 11A so they can be compared to the initial
ones. The comparison indicates that initially the performance is domi-
nated by the intrinsic properties of the SWCNT, whilst at the end, the
deactivation flattens the differences. The values of the good catalysts
end up pretty similar; a possible explanation can be the deposition of
ODH-coke, which is also active, and dominates the intrinsic yield at the
end of the run. However, other phenomena cannot be ruled out. A simi-
lar situation is seen in the volumetric yield (Fig. 11B) that is maximal at
the beginning in the absence of deactivation. At the end, the volumetric
yield of the purified catalysts is still higher than the non-purified; this
effect is mainly due to the higher volumetric catalyst loading in the re-
actor as the intrinsic yield were more comparable among them. Impor-
tantly, the above comparison makes it clear that to maximize the purifi-
cation effect on the intrinsic and volumetric yields, the deactivation
needs to be avoided or minimized.

There are few ways to improve further the performance. One is to
minimize the MeOx loading, adding C O groups, and keeping the SW-
CNT structure by this or other purification strategy. In addition, the
process rendered amorphous or very defective carbon domains during
the HNO3 treatment. Removing the amorphous carbon can be useful to

Fig. 10. A) Average styrene yield per cm3 of catalyst. B) Average styrene yield per gram of carbon. Bars correspond to the standard deviation; this does not represent
error but deviation due to deactivation as shown in Figure S4.

Fig. 11. A) Styrene yield per gram of carbon, initial and final. B) Styrene yield per cm3 of catalyst, initial and final. Data can be found in Figure S4.
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understand the role of this on the catalyst performance. All these topics
are interesting fundamentally, but studying the deactivation mecha-
nism (e.g. ODH-coke deposition) to maximize the SWCNT performance
is perhaps more critical.

A comparison of these results with the literature is difficult because
of the different applied reaction conditions. We specifically employed
industrially relevant conditions: limited O2, high EB concentration and
a high WHSV. Other studies usually employ low EB concentrations, a
huge excess of O2 and low WHSV, likely to enhance the EB conversion
but at conditions that are not practical, as discussed in the Introduction.
Among the various parameters, selectivity is perhaps the most critical
one in the EB-ODH, since the by-product COx has no value. Therefore,
the lower operational temperature for EB-ODH, as compared to the con-
ventional process, is not benefited if the selectivity towards COx is high.
Our results can however be compared to a previous study [23]. In that
study, various carbon-based materials were evaluated under similar re-
action conditions. Those carbon-based materials yielded a selectivity to
styrene ranging between 70 and 90 %, whereas the optimal SWCNT of
this work yielded a selectivity around 92–95 %. This is an important
improvement since the selectivity of this reaction is a major limitation
for implementation [2]. Conversion was not targeted in this study and it
remains an open topic for this type of catalysts that can be enhanced by
WHSV (e.g. O2 stage feeding with more catalyst) and temperature by
considering the thermal stability of the catalyst. In this sense, SWCNT
should be operated at moderate temperatures.

4. Conclusions

A raw SWCNT prepared by arc discharge was purified by processing
it in a HNO3 solution for different periods of time. This rendered metal-
purified and surface-oxidized SWCNTs, featuring lower MeOx contents
and higher concentration of surface C O. The treatment generally
preserved the SWCNT structure and led to improvements of the textural
features, ascribed to the cutting of the tubes/bundles by oxidation and
removal of the MeOx. The treatment was very positive in the oxidative
dehydrogenation of ethylbenzene: ethylbenzene conversion increased,
selectivity towards styrene increased and undesirable COx decreased.
Catalyst performance and characterization data were correlated at the
beginning of the reaction, since fresh catalysts were characterized. The
conversion was interpreted by the improvement of the intrinsic proper-
ties and to the higher catalyst load in the bed upon MeOx removal, both
lead to higher styrene-forming C O sites in the bed. The selectivity
was interpreted by the higher number styrene-forming C O sites in
the bed, albeit the possible catalytic role of uncoated MeOx in COx for-
mation (thereby decreasing styrene synthesis), could not be ruled out.
The styrene yield per catalyst volume was improved in ca. 240 % on av-
erage as compared to the non-purified SWCNT. To maximize the purifi-
cation effect on the intrinsic and volumetric yields, the deactivation
needs to be avoided or minimized. Importantly, an extensive purifica-
tion treatment resulted into a defective graphitic structure and worse
conversion and yield, intrinsic per gram of carbon and volumetric.
Therefore, the purification should preserve the SWCNT structure to
maximize the performance. Overall, this method proved to be very pos-
itive with remarkable performance improvements, on the selectivity
and yield. In terms of the purification method, a trade-off was found;
the higher the MeOx is removed, the more defective the SWCNT be-
comes.
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