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Abstract 

Carbon nanofibers have been immobilized onto carbon felt as the first step for their industrial application in 
Oxidative DeHydrogenation (ODH) reactions, exhibiting a stable performance with a high selectivity to styrene in 
the ODH of ethyl benzene at temperatures around 300 K lower than the actual industrial process, and inhibiting the 
problem that loose small particle as CNFs shows for being used as catalyst for fixed-bed reactors.  
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Nanocarbons show promising performance in the 
oxidative dehydrogenation (ODH) of ethylbenzene 
(EB) [1–4]. However, the fine powder nature of 
nanocarbons, including onion-like carbons, carbon 
nanotubes, and nanofibers (CNFs), is highly 
detrimental to their use in fixed-bed reactors. Fine 
powders introduce large pressure drops and can lead 
to moving-bed phenomena. In addition, health 
concerns demand fixation of nanoparticles in 
applications with gas streams. Post-synthesis 
compaction is not desirable, because it changes the 
chemical properties of the nanocarbon materials and 
inhibits diffusion of reactants and products inside the 
compacted material. 
Here we report on the catalytic performance and 
stability of CNFs anchored onto a macroscopic felt 
support for the ODH of EB to styrene (ST). The 
graphite felt has an open structure formed by a 
homogeneous network of carbon filaments and a 
higher thermal conductivity than oxide catalysts or 
supports. Graphite felt has a higher resistance to 
combustion than other catalyst supports, such as 
activated carbon [5]. The composite material thus 
obtained combines the properties of the 
nanostructured carbon  and the advantages of the 
macrostructured graphite felt host, making it a stable 
catalyst and preventing the occurrence of hot spots 
and  pressure drop. Using  a graphite  material as host 
structure also maintains continuity of the carbon’s 
chemical properties. Preliminary studies indicate that 

this kind of material is active for the ODH of EB [6]. 
We present here, as the first step in industrializing the 
process for ST production, the loading effects of 
CNFs on graphite felt, the long-term stability of the 
composite and the microstructure of the composite 
before and after reaction studied by SEM, TEM, and 
Raman spectroscopy. 
The nanocarbon composite was synthesized as 
described previously [7]. Nonporous graphite felts 
(Carbone Lorraine), were used as host structure, 
consisting of a network of   entangled graphite 
microfibers with an  average diameter of 10–18 μm 
(Fig. 1a) and lengths up to several tens of millimeters.  
Nickel (1 wt%) was deposited by incipient wetness 
impregnation, and CNFs were produced at 973 K by 
catalytic chemical vapor decomposition (CCVD) 
using an ethane/hydrogen  mixture  (molar ratio  of  
1:5)   after reduction of the nickel precursor at 673 K. 
Various synthesis times were used to elucidate the 
effect of CNF loading on ODH catalytic performance. 
The catalytic tests were carried out at 673 K using 
120 mg of catalyst. An EB partial pressure of 2160 Pa 
(i.e., 2 vol%) and a  liquid hourly space velocity 
(LHSV) of 0.05 h−1 (i.e., a total flow of 10 ml min−1) 
were used. The oxygen:EB ratio was 5:1. The 
reactants and products were analyzed by an on-line 
Varian 3800 gas chromatograph. An EB <1% was 
obtained for a blind test. Note that no steam was 
added as it is necessary in the actual industrial 
process. 
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                                  Fig. 1. SEM images of the initial graphite microfiber (a) and the catalyst obtained after 0.5 (b), 1.5 (c) and 2 h (d) of CCVD. 
 
Table 1 
Evolution of the weight, CNF loading and surface area with the CCVD time 
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Fig. 1 shows images of the initial graphite felt (a) and 
different catalysts obtained after 0.5 h (b) and 1.5 h 
(c) of CCVD. The initial felt consists of non-porous 
fibers. After 0.5 h  growth time, anchored CNFs 
partly cover the felt surface. High-resolution SEM 
(Fig. 2a) shows the strong CNF-fiber interaction. The 
CNFs progressively cover the felt surface, with 
complete coverage achieved in 2 h. Fig. 2b shows that 
the CNFs have a herringbone structure, exposing an 
abundance of prismatic faces to the gas phase, as 
required for the formation of oxygen functional 
groups, which are necessary for the ODH reactions 
[1,2,8]. SEM and TEM show that the CNFs typically 
do not have a channel parallel to the growth axis. This 
can be explained by the carbon diffusion inside of the 
metal particles [9]. 
The increase in weight observed after CCVD, the 
CNF loading, and the surface area of the study 
samples  are  summarized  in  Table 1.  The  synthesis 
was totally selective toward CNFs; SEM and TEM 
detected no carbon nanoparticles or amorphous 
carbon. Note that the initial surface area of the 
graphite felt is <1 m2 g−1 and increases with the CNF 
content to 61.5 m2 g−1. 
The large void volume between each CNF, shown in 
Fig. 1c allows the performance of gas-phase  

applications without the usual problems associated 
with nanomaterial powders, such as large pressure 
drops. The fixation of CNF onto a compact carbon 
support also prevents moving-bed phenomena in 
fixed-bed tubular reactors. 
Fig. 3 shows catalytic performance as a function of 
time for the obtained samples. The initial felt without 
supported nickel was not active due to the low surface 
area. All of the tested composite materials were active 
at 673 K, with the activity increasing with CNF 
loading. The selectivity of ODH reactions usually 
decreases significantly with increasing conversion 
[10]. However, the selectivity of all tested samples 
remained nearly constant at around 75%. This may be 
related to the large void volume of the composite 
available for the gas stream, avoiding local transport 
limitations and hot spots. 
Keep in mind that Ni loading decreases with CNF 
content, but the activity increases with CNF content 
and not with the metal content. The Ni loadings for 
samples A, B, and C were 0.9, 0.6, and 0.5, 
respectively. For sample C, most of the Ni particles 
were encapsulated by carbon and did not contribute to 
the catalytic activity. Thus, there is no correlation 
between Ni content and catalytic activity. 
Tests of catalytic performance for 1 week on stream 
indicated that the catalysts were stable under the 
operating conditions despite the presence of 
molecular oxygen (Fig. 3, inset). The carbon balance, 
including CO and CO2, was close to 99.5± 3%, 
demonstrating the stability of the catalyst under 
reaction conditions. Fig. 4 shows that the 
microstructure of CNFs (a) and the macrostructure of 
the composite (b) remained unchanged after reaction. 
This result is consistent with previous studies 
demonstrating high stability of the graphite-like 
structures under operation conditions [1–5]. 

Sample CCVD  Weight  CNF loading SBET 

time change (%) (wt %) ( m2·g-1) 

Initial felt 0 h    --    -- < 1 

     A 0.5 h    113    11.5 23.2 ± 0.2 

     B 1.5 h    170    41.2 52.4 ± 0.4 

     C 2.0 h    190    47.4 61.5 ± 0.3 
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Fig. 4. TEM (a) and SEM (b) images of sample A after reaction. 
 
 
 
 

 
    

 
Fig. 2. SEM images of sample A showing CNFs anchored in the felt (a) and  
TEM of a typical CNF (b). 

 
 
 

g. 5. Raman spectra of sample grown for 2 h (C) before and after reactionat 673 K. 
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ordered (G: 1573 cm ) sp  sites are seen [2,11]. A 
small shoulder appears at 1556 cm−1 due to 
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Fig. 3. EB conversion (CEB, filled) and selectivity (SST, empty) as a function 
of time on stream obtained on different composites: A (▲), B (■) and C (♦). 
The inset figure shows a long term experiment using the sample C. 
 
Fig. 5 displays the Raman spectra of sample C before 
and after reaction. The Raman bands characteristic for  

disordered (D: 1318 cm , and D_: 1602 cm ) and 
−1 2

atmospheric oxygen in the cell. The intensity ratio of 
the G and D band, I (D)/I (G), gives a qualitative 
description of the order. In graphite, I (D)/I (G) ratio 
decreases with increasing order [12]. The I    (D)/I 
(G) ratio of sample C decreased from 1.36 before the 
reaction to 0.97 after the reaction. This dramatic 
decrease can be explained by the improved structure 
of the CNFs annealed during the time on stream in the 
reaction. This could be the reason for the longterm 
stability of  the composite. This result is in agreement  
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     Fig. 6. EB conversion (CEB, filled) and selectivity (SST, empty) 
 
with the results of the HRTEM images of the used 

mple (Fig. 4), revealing more ordered graphitic 
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sa
structure compared with that in the fresh sample
It
reaction conditions, no pressure drop occurred. This 
strongly differs from the large pressure drop observed 
in similar reaction conditions when the reaction 
performed on nanocarbon powders [13]. 
Fig. 6 shows the catalytic activity and selectivity 
during the steady period of sample C at different 
temperatures. The EB conversion increased with 
slight increases in the reaction temperatu
the selectivity decreased. The observed increase of 
CO and CO2 in the product indicates that the reaction 
at high temperature favors the total oxidation of EB. 
To summarize, CNFs can be efficiently immobilized 
onto a graphite felt by supporting nickel and 
subsequent CCVD at 700 °C using a mixture of 
ethane and hydrogen. The CNF content can be easily
controlled by the timing of the CCVD step. The 
resulting composites combine the property of the 
CNFs and the macroscopic features of the graphite 
felt host, thus avoiding limitations due to the fine-
powder form of the primary nanocarbon structure. 
The activity of the catalyst increased with increasing 
CNF content. The immobilization of efficient 
nanocarbon materials opens new routes for 
dehydrogenation reactions involving hydrocarbons as 
a general alternative to endothermic and
thermodynamically limited direct dehydrogenation 

reactions. Our study indicates that high performance 
with good selectivity can be achieved working with 
high CNF loadings at low temperatures. The yield of 
32% reported here is a promising indication for 
industrial applications, taking into account the 
absence of auxiliary stream and the much lower 
reaction temperature and the subsequent energy 
savings. 
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