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Abstract: In this study, we reported on the influence of gaseous HNO3 treatment on the formation of
defects decorated with oxygenated functional groups on commercial graphite felts (GFs). The gaseous
acid treatment also leads to a remarkable increase of the specific as well as effective surface area
through the formation of a highly porous graphite structure from dense graphite filamentous.
The as-synthesized catalyst was further used as a metal-free catalyst in the selective oxidation of H2S
in industrial waste effluents. According to the results, the defects decorated with oxygenated groups
were highly active for performing selective oxidation of H2S into elemental sulfur. The desulfurization
activity was relatively high and extremely stable as a function of time on stream which indicated
the high efficiency of these oxidized un-doped GFs as metal-free catalysts for the selective oxidation
process. The high catalytic performance was attributed to both the presence of structural defects
on the filamentous carbon wall, which acting as a dissociative adsorption center for the oxygen,
and the oxygenated functional groups, which could play the role of active sites for the selective
oxidation process.

Keywords: gas-phase oxidation; HNO3; hierarchical graphite felts; selective oxidation; H2S

1. Introduction

Nanocarbon-based metal-free catalysts consisting of a nitrogen-doped carbon matrix have
received an ever increasing scientific and industrial interest in the field of heterogeneous catalysis
over the last decade for several potential processes [1–6]. The introduction of hetero-element atoms,
i.e., N, S, or P, inside the carbon matrix leads to the formation of metal-free catalysts which can
activate oxygen bonding to generate reactive intermediates in different catalytic reactions according
to the first report from Dai and co-workers [7]. The most studied form of these metal-free catalysts
consisted of carbon nanotubes doped with nitrogen atoms, which has been extensively used in several
catalytic processes [8–13]. Recently, work reported by Pham-Huu and Gambastiani [14,15] has shown
that nitrogen-doped mesoporous carbon film, synthesized from food stuff raw materials, displays
a high performance for different catalytic processes such as oxygen reduction reaction (ORR), direct
dehydrogenation of ethylbenzene and selective oxidation of H2S. Such nitrogen-doped metal-free
catalysts display an extremely high stability as a function of time on stream or cycling tests which
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could be directly attributed to the complete lack of sintering consecutively to the direct incorporation
of the nitrogen atoms inside the carbon matrix.

Nitrogen sites could also be efficiently replaced by carbon nanotubes containing surface defects
decorated with oxygenated functional groups for the selective oxidation of H2S into elemental
sulfur [16]. Such a carbon metal-free catalyst displays a high stability as a function of the test
duration under severe reaction conditions, i.e., high space velocity, low O2-to-H2S ratio. In the
literature, the incorporation of these oxygenated functional groups has generally been carried out
through oxidation treatments of the pristine carbon materials with different oxidants such as liquid
HNO3 [17,18], H2SO4 [19], KMnO4 [20], and H2O2 [21] or through gaseous reactants like oxygen
plasma [22], ozone [23], or CO2 [24]. The main drawbacks of the liquid-phase treatments are the
generation of a large amount of acid waste and the need for a subsequent washing step to remove
the residual acid adsorbed on the sample surface. The gas-phase treatments seem to be the most
appropriate ones for generating oxygenated functional groups on the carbon-based surface. Recent
work by Su and co-workers [25] has shown that catalyst consisting of carbon nanotubes treated under
ozone displays a high catalytic performance for different catalytic processes. The main drawback of
such nano-catalyst is its nanoscopic dimension which renders difficult handling and transport and
induces a high pressure drop in an industrial fixed-bed configuration. The catalyst recovery also
represents a problem of health concerns due to its high ability to be breathed. In addition, the carbon
nanotubes synthesis also requires the use of explosive and toxic organic compounds and hydrogen
which induce a high cost operation due to the post-synthesis treatment of the by-products [26,27].
The purification process to remove the growth catalyst also leads to the generation of a large amount of
wastewater, consecutive to the acid and basic treatment of the as-synthesized samples, which represents
an environmental concern as well. It is thus of high interest to develop new metal-free carbon-based
catalysts with high porosity, low cost, environmental benign, controlled macroscopic shape, and easy
to scale up to replace the metal-free based carbon nanomaterials.

In the present article, we report on the use of gaseous oxidative HNO3 to create surface defects,
with exposed prismatic planes and decorated with oxygen functionalized groups, on the commercially
available macroscopic carbon filamentous surface. The oxidized graphite felts (OGFs) will be directly
tested as metal-free catalyst for the selective oxidation of H2S issued from the refinery stream effluents
to prevent the problem of air pollution [28–33]. Indeed, sulfur recovery from H2S containing industrial
effluents, mostly generated from oil refineries and natural gas plants, has become an increasingly
important topic as H2S is a highly toxic compound and represents a major air pollutant, which enters
the atmosphere and causes acid rain [34,35]. The general process is to selectively transform H2S
into elemental sulfur by the equilibrated Claus process: 2 H2S + SO2 → (3/n) Sn + 2 H2O [36].
However, because of the thermodynamic limitations of the Claus equilibrium reaction, a residual
concentration of H2S of up to 3 vol. % is still present in the off-gas. To remove this residual H2S in the
effluent gas before releasing into atmosphere, a new process called super-Claus has been developed,
which is a single-step catalytic selective oxidation of H2S to elemental sulfur by using oxygen gas:
H2S + 1/2 O2 → (1/n) Sn + H2O. The super-Claus process is a direct oxidation process and thus is not
limited by thermodynamic equilibrium. In the present work, the as-treated metal-free catalyst exhibits
an extremely high catalytic performance as well as stability compared to the untreated. The catalytic
sites could be attributed to the presence of oxygen species such as carbonyl, anhydride, and carboxyl
groups decorating the structural defects present on the GFs surface defects upon treating under gaseous
HNO3. It is worthy to note that as far as the literature results are concerned, no such catalytic study
using oxidized commercial filamentous GFs directly as metal-free catalyst with controlled macroscopic
shape has been reported so far. The GFs also avoids the use of nanoscopic carbon with uncertainty
about health concerns along with a validated industrial production and competitive production cost
compared to the carbon nanotubes or carbon nanofibers.
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2. Results and Discussion

2.1. Characteristics of the Acid Treated Graphite Felts

The macroscopic shape of the filamentous GFs was completely retained after the gaseous
HNO3 treatment according to scanning electron microscopy (SEM) micrographs with difference
magnifications presented in Figure 1A–D. The HNO3 treated filamentous GFs was decorated with
evenly distributed carbon nodules as evidenced by the SEM analysis (Figure 1D,E). High magnification
SEM micrographs (Figure 1E,F) also evidence the formation of cracks and holes on the cross section
of the OGFs sample (indicated by arrows). Such cracks could be attributed to the degradation of the
graphite structure during the acid treatment. It is worthy to note that the acid treatment also leads to
the formation of a rougher graphite surface (Figure 1F) compared to the smooth one for the pristine
graphite material. Such roughness could be attributed to the formation of defects on the surface of the
treated sample.

Figure 1. Scanning electron microscopy (SEM) micrographs of the (A,B) pristine commercial graphite
felts (GFs), and (C,D) the same after treatment under gaseous HNO3 at 250 ◦C for 24 h, noted oxidized
graphite felts (OGFs)-24 showing the formation of nanoscopic nodules on its surface. SEM micrographs
with medium and high resolution (E,F) reveal the formation of cracks on the cross section of the
OGFs-24 (indicated by arrows) as well as a rougher surface after acid treatment.

High-resolution SEM image (Figure 2A) evidences the formation of defects on the whole surface
of the carbon filamentous and some carbon extrusion in the form of discrete nodules. The Energy
Dispersive X-ray analysis (EDX) carried out on the sample evidences the presence of oxygen intimately
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linked with carbon on the surface of the acid treated sample surface (Figure 2B–D) which confirms the
high concentration of oxygenated functional groups decorating the surface defects.

Figure 2. (A) SEM micrograph of the acid treated graphite felts, OGFs-24, (B) Elemental mapping
showing the presence of C and O on the sample surface. (C,D) Elemental maps of carbon and oxygen
elements on the OGFs-24 surface.

For industrial applications, the catalyst should be prepared in a controlled macroscopic shape in
order to avoid problems of handling and transport and also to prevent excessive pressure drop within
the catalyst bed. In the present synthesis method, the GFs can be prepared with different macroscopic
shapes, i.e., pellets, disk with different holes, depending to the downstream applications as shown in
Figure 3. The as-synthesized GFs could be directly used as metal-free catalyst, see catalytic application
below, or also as catalyst support where the defective surface could lead to a high metal dispersion and
stability. The macroscopic shape allows easy catalyst/products separation for liquid-phase catalytic
processes which represents a costly process in the case of powdered catalysts.

Figure 3. Graphite felts with different macroscopic shapes for various catalytic applications both in
gas- and liquid-phase processes.

According to our previous work on carbon nanotubes, the acid treatment lead to the formation of
defects on the surface of the carbon material which was decorated by oxygenated functional groups.
Such defects are expected to be formed through oxidative reaction between the gaseous nitric acid
vapors and the graphite sample. The functionalization of the formed defects is expected to take place
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by the partial decomposition of the oxygen in the gas-phase medium. The formation of defects along
the graphite microfilamentous surface during the acid treatment step also significantly increases the
overall specific surface area (SSA) of the as-treated materials. The specific surface area of the acid
treated filamentous GFs steadily increased as a function of the acid treatment duration as evidenced
in Figure 4A,B. According to the results, the SSA of the filamentous GFs was stepwise raised from
10 m2/g to more than 300 m2/g after the gaseous HNO3 treatment for 30 h. It should be noted that
such high SSA has never been accounted for chemical treated commercial microfilamentous carbon
fibers. The increase of the SSA was attributed to the formation of a more porous graphite structure
with higher effective surface area consecutive to the removal of carbon during the treatment from
the sample (see transmission electron microscopy (TEM) analysis below). It is expected that such
porosity was formed in or close to the surface of the carbon filaments and thus, allows the complete
maintenance of the macroscopic shape of the material. One cannot exclude some porosity network
which could be generated inside the pristine graphite microfilamentous.

The gaseous acid treatment also induces an overall oxidation of carbon matrix leading to a weight loss
of the treated material compared to that of the pristine one. Such phenomenon has already been reported
by Xia and co-workers with a similar treatment [37] and also by several groups in the literature [18].
The weight loss during the acid treatment process is accounted for the corrosion of the filaments where
part of the carbon with low degree of graphitization was removed leaving behind the carbon nodules or
porosity as observed by SEM. The weight loss calculated on the basis of the initial weight and the one
after acid treatment as a function of the treatment duration is presented in Figure 4B.

It is expected that the corrosion phenomenon which occurring during the treatment was
responsible for the increase of the SSA of the treated samples similarly to that reported for the
carbon nanotubes treated with gaseous HNO3 or O3-H2O mixture [16,25]. The treatment induces the
formation of surface pores along the carbon fiber axis, i.e., corrosion, which significantly contribute to
the improvement of the overall SSA of the treated samples. These defects are also the place for oxygen
insertion to generate oxygenated functional groups on the surface of the OGFs samples as evidenced
by X-ray photoelectron spectroscopy (XPS) presented below.

Figure 4. N2 adsorption-desorption isotherms (A) and weight loss (open circles) and specific surface
area (columns) modification of the acid treated carbon-based materials as a function of the treatment
duration (B).

The weight loss increases with the treatment duration, especially for durations longer than 8 h.
It is expected that the low temperature weight loss could be assigned to the removal of pore amorphous
carbon, since they are considered to be more reactive than the graphitic carbon filamentous while at
high temperature, weight loss is linked with the removal of carbon in the graphitic structure consecutive
to the formation of structural defects and nodules on the remained filament wall. Indeed, under a more
severe treatment, i.e., longer duration, the weight loss becomes significantly, i.e., the weight loss
recorded for the sample after being treated at 250 ◦C for 8 h and 24 h are 12% and 44%, respectively.
According to the results the graphite displayed three distinct weight loss regions: (i) at treatment
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duration <8 h, the oxidation process is relatively slow which could be attributed to the low reactivity
of the graphite felt surface; (ii) at treatment ranged between 8 to 24 h, the oxidation rate is significantly
increased and could be due to the depth oxidation of graphite matter through the surface defects
generated previously; and (iii) at duration >24 h, the oxidation process becomes almost flat which could
be attributed to the fact that depth oxidation process could be hinder due to some diffusion problem.

The oxygen incorporation into the acid treated samples can be clearly observed through XPS
survey spectra recorded on the fresh and HNO3 treated samples (Figure 5A). It is worthy to note that
XPS analysis allows one to map out elements concentration at a depth of ca. 6 nm from the surface
and thus part of the oxygenated functional groups localized at a distance >6 nm cannot be accurately
detected. The deconvoluted O1s spectrum in Figure 5B shows the presence of three peaks which can be
assigned to the C=O (ketone, aldehyde, quinone . . . ), –C–OH, –C–O–C– (alcohol, ether), and –O–C=O
(carboxylic, ester) oxygen species [25].

Raman spectroscopy was performed to investigate the change in the graphitic structure of the GFs
after treatment with gaseous nitric acid at different durations. As shown in Figure 5C, every sample
displayed three bands corresponding to the different carbonaceous structures: the G band attributed
to an ideal graphitic lattice at around 1580 cm−1 [38]; the D band (~1350 cm−1) associated with the
structural defects [39]; and D’ corresponding to the disordered graphitic fragments at ~1620 cm−1 [40],
respectively. The ID/IG ratio increases as increasing the acid treatment duration (Figure 5D). After the
treatment of 24 h, the ID/IG increased from 0.77 for GFs to 1.86. Meanwhile ID’/IG increased more than
three times from 0.26 to 0.80, which indicated the strong acidic oxidant etched the graphene lattice of
GFs and created more defects and disordered graphitic fragments. Furthermore, the greater duration
of the treatment on samples, the more structural defects and disordered fragments that were obtained.
Consistent with the morphology from SEM, the etching effect of the treatment made the GFs with
an extremely rough surface and much more macroscopic carbon fragments. Moreover, the G band
shifted to the higher wavenumber by about 8 cm−1, which may be attributed to the oxygen-containing
functional groups generated on the surface of treated samples and confirmed by the results of XPS and
temperature-programmed desorption (TPD), such as the O–H bending and C=O stretching [41].

Figure 5. (A) Survey X-ray photoelectron spectroscopy (XPS) of OGFs-24 in comparison with pristine
GFs, (B) deconvolution O1s present the oxygen species on the surface of the samples, (C) Raman
spectra, and (D) ID/IG and ID’/IG ratios of the pristine GFs and the OGFs after acid treatment with
various durations.
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The physical characteristics of the samples after acid treatment with different durations are
summarized in Table 1.

Table 1. The physical chemistry properties of samples as a function of the acid treatment duration.

Treatment Duration SSA a m2/g Mass Loss b % ID/IG
c ID’/IG

c O at % d TWL
e ◦C

0 h 10 0 0.77 0.26 7.3 802
4 h 112 7 1.64 0.55 - -
8 h 196 12 - - - -
16 h 268 31 1.83 0.66 - 685
24 h 298 44 1.86 0.80 9.4 612
30 h 329 48 - - - -

a BET specific areas. b The mass loss of samples after acid treatment. c The ID/IG and ID’/IG ratio calculated from
Raman spectra. d The atom percent of surface oxygen elemental from XPS analysis. e The temperature of weight
loss peak determined by TG/DTG profiles. - Not detected.

TEM analysis is also used to investigate the influences of the HNO3 treatment on the microstructure
of the GFs (Figure 6). Compared with parallel graphitic layers on pristine GFs (Figure 6A,B), there are
porous structures with disordered graphitic fragments formed on the outer region of the filamentous
carbon of the acid treated GFs (pointed out by arrows in Figure 6C,D), which are consistent with the
analysis of SSA and by Raman. TEM analysis reveals the formation of a less dense graphite structure in the
OGFs sample (Figure 6C) compared to that observed for the pristine GFs (Figure 6B). High resolution TEM
micrographs (Figure 6D) clearly evidence the porous structure of the treated sample. Such phenomenon
can be attributed to the oxidation of a weakly graphitized carbon by the gaseous HNO3 during the
treatment, which forms entangled carbon sidewalls with high defect density.

Figure 6. Transmission electron microscopy (TEM) images of GFs (A,B) and OGFs-24 (C,D). Surface
defects generated on the OGFs are indicated by arrows.

According to the TEM results one could expected that during the acid treatment process part of
the graphitic structure is slowly attacked, leading to a weight loss as a function of time of treatment,
leaving behind porous structure with defects which contributes to an increase of the material SSA with
time. Such corrosion process explains the formation of cracks and holes within the pristine graphite
filamentous as observed by SEM. The as generated porosity with a highly defective surface decorated
with oxygenated functional groups is expected to be of great interest for being used either as metal-free
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catalyst but also as catalyst support with high density of anchorage sites for hosting metal or oxide
nanoparticles. Recent work has pointed out the high efficiency of defects decorated carbon nanotubes
after treatment in the presence of ozone and water for anchoring gold nanoparticles [42]. The porous
structure of the OGFs will be investigated in detail by mean of transmission electron microscopy
tomography (TEM-3D) technique [43] to map out the porosity of the OGFs material and its influence
on the metal nanoparticles dispersion.

The characterization of the different oxygenated groups present on the graphite surface was
investigated by temperature-programmed desorption coupled with mass spectroscopy (TPD-MS).
The surface oxygen groups can be assessed by the type of released molecules with their relevant peak
areas and decomposition temperatures [44]. The amount of CO (m/e = 28) and CO2 (m/e = 44) generated
during the TPD process is presented in Figure 7 as a function of the desorption temperature. The evolution
of CO2 was ascribed to the decomposition of carboxylic acids, anhydrides, and lactones (Figure 7A),
whereas the CO evolution was resulted from the decomposition of anhydrides, phenols, and carbonyls
(Figure 7B). The amounts of corresponding groups determined by TPD with the deconvolution of evolved
CO2 and CO peaks are summarized in Table 2. The CO and CO2 concentration increases as increasing the
treatment duration, confirming that the formation of oxygenated functional groups is directly depending
to the acid treatment, which is in accordance with the XPS analysis (Figure 5A,B).

Figure 7. Temperature-programmed desorption (TPD) profiles showing the evolvement of CO2 (A)
and CO (B) as a function of the desorption temperature on the different oxidized samples at 250 ◦C
and with different treatment duration.

It is expected that the acid treatment duration increases the defect density which in turn increases
the amount of oxygenated functional groups directly linked to such defects. Furthermore, the total
amount of oxygen on the sample increased from 165 µmol/g, on the pristine GFs, to 9116 µmol/g,
on the OGFs-30, after 30 h of gas-phase oxidation treatment. Such results have already been reported
by other research groups in the literature during acid activation process for the synthesis of highly
reactive carbon-based catalyst supports [45]. However, data deals with the use of such defective
macroscopic OGF materials with high effective surface area as metal-free catalyst has never been
reported so far.
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Table 2. The content of oxygen functional groups as a function of the acid treatment duration at 250 ◦C
on the samples determined from TPD profiles.

Treatment Duration
CO2 Desorption µmol/g CO Desorption µmol/g

Total O µmol/g
Carboxylic Acids Anhydrides Lactones Anhydrides Phenols Carbonyls

0 h - - - - - - 165
4 h 53 187 128 141 951 230 1691
8 h 134 486 148 332 2199 498 3797
16 h 304 626 412 527 3865 660 6393
30 h 422 1186 424 735 5462 887 9116

Thermogravimetry analysis (TG/DTG) has been generally used to study the oxidative stability
of carbon materials [46–48]. As shown in Figure 8, all the samples exhibited a weight loss step
during heat-treatment process, resulted from the combustion of carbon at high temperature. Obviously,
the temperature of weight loss peak for OGFs-16 on the DTG curve (685 ◦C) was lower than that of the
pristine GFs (802 ◦C), indicating the formation of highly reactive graphite species on the sample after
the oxidation process. Meanwhile, a further decline of the oxidation temperature was observed for the
OGF-24 (612 ◦C) with the longer treatment duration, i.e., 24 h instead of 16 h. On one hand, these reactive
carbon species may be linked with the presence of structural defects or from the disordered graphitic
structure, according to the Raman and TEM results (Figures 5C and 6), which display lower thermal
stability than the pristine graphite material [49]. On the other hand, higher SSA (Figure 4) of OGFs
provides higher surface contact between the sample and reactant gas which could favor the oxidation
process. Moreover, the abundant oxygen functional groups derived from acid treatment (Table 2) could be
active sites for the dissociative adsorption of O2 [40]. It is expected that all those parameters will actively
contribute to the lower oxidative resistance of the acid treated graphite felt.

Figure 8. Thermogravimetry analysis (TG/DTG) profiles of pristine GFs, OGFs-16 and OGFs-24.

2.2. OGFs as Metal-Free Catalyst for Selective Oxidation of H2S

The GFs and OGFs-16 catalysts were tested in the gas-phase selective oxidation of H2S into
elemental sulfur under realistic reaction conditions. The OGFs-16 catalyst has been chosen among the
other treated samples according to the following facts: (i) the OGFs-16 displays a relatively high SSA
along with a lower weight loss during the acid treatment and (ii) the OGFs-16 also displays higher
oxidative resistance compared to the samples treated with longer duration. The pristine GFs catalyst
shows no noticeable desulfurization activity under the operated reaction conditions (not reported)
and confirms its inactivity for the reaction considered. The desulfurization performance obtained
on the OGFs-16 catalyst at reaction temperature of 230 ◦C and 250 ◦C is presented in Figure 9A as
a function of time on stream. The OGFs-16 catalyst displays a relative high H2S conversion at a Weight
Hourly Space Velocity (WHSV) of 0.05 h−1 with a total H2S conversion of 87% and a sulfur selectivity
of 83%. In addition, it is worthy to note that the desulfurization activity remains stable as a function of



Catalysts 2018, 8, 145 10 of 18

time-on-stream for more than several dozen hours on stream, which indicates that no deactivation
occurred on the catalyst. Such relatively high desulfurization activity could be attributed to the high
stability of the defect decorated with oxygenated functional groups on the OGFs-16 catalyst which
are generated at a relatively high treatment temperature, i.e., 250 ◦C. Similar results have also been
reported by the HNO3 treated carbon nanotubes (CNTs) which is expected to bear the same active
center [16]. Jiang et al. [50] have reported that pure carbon nanocages, which possess abundant holes,
edges, and positive topological disclinations display a relatively good oxygen reductive performance
which is even better than those reported for undoped CNTs. In the present work, the control of the
macroscopic shape of the OGFs catalyst represents also a net advantage as the catalyst shape can be
modified in a large range depending to the downstream applications.

Figure 9. Desulfurization performance as a function of time on stream on the OGFs-16 catalyst. (A) Reaction
conditions: [H2S] = 1 vol. %, [O2] = 2.5 vol. %, [H2O] = 30 vol. %, Weight Hourly Space Velocity
(WHSV) = 0.05 h−1; (B) Reaction conditions: [H2S] = 1 vol. %, [O2] = 2.5 vol. %, [H2O] = 30 vol. %,
reaction temperature = 250 ◦C.

Increasing the reaction temperature from 230 ◦C to 250 ◦C leads to an improvement of the H2S
conversion, i.e., 99% instead of 87%, along with a slight decrease of the sulfur selectivity from 83%
to 77% due to the fact that high reaction temperature favors the complete oxidation of S to SO2 in
the presence of excess oxygen in the feed [51]. However, after a period of induction where both H2S
conversion and sulfur selectivity are modified the catalyst reached a steady-state for the rest of the test
which again confirm its high stability.

Increasing the WHSV from 0.05 h−1 to 0.1 h−1, keeping the reaction temperature at 250 ◦C, leads to
a slight decrease of the H2S conversion from 100% to 90% followed by a steady-state (Figure 9B).
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The sulfur selectivity slightly increases from 75% to 82% at high space velocity and remains stable for
the test. Such results are in good agreement with literature results as increasing the WHSV leads to
a shorter sojourn time of the reactant and thus, reduce the rate of reactant dissociation for the reaction.
The specific activity calculated is 0.56 molH2S/gcatalyst/h which is relatively close to those reported
for other metal-free catalysts [52]. Further improvement of the catalytic performance could be done
by using compressed OGFs with higher specific weight in order to reduce the empty space inside the
catalyst bed.

The results obtained indicate that the OGF metal-free catalyst displays relatively high sulfur
selectivity, i.e., >70%, even at a relatively high reaction temperature, i.e., 250 ◦C, and in the presence of
a high H2S concentration. It is expected that such sulfur selectivity is linked with the high thermal
conductivity of the graphite felt support which could efficiently disperse the reaction heat through the
catalyst matrix to avoid local hot spots formation which is detrimental for the sulfur selectivity. Similar
results have also been reported on the medium thermal conductive silicon carbide carrier where
the lack of local hot spots leads to a significant improvement of the reaction selectivity for selective
oxidation of H2S [10] and also in other exothermal reactions such as Fisher-Tropsch synthesis [53,54],
dimethyl ether [55,56], and propylene synthesis [57,58]. The relatively high sulfur selectivity observed
in the present work could also be attributed to the presence of large voids inside the sample which
could favor the rapid evacuation of the sulfur intermediate species before complete oxidation.

The effluents containing H2S could be originated from different sources with various steam
concentrations ranged from few to several percent, i.e., effluent from biogas plant or from the
Claus reactor. It is expected that the steam concentration could have a significant influence on
the desulfurization performance, i.e., H2S conversion and sulfur selectivity, due to the problem of
competitive adsorption. The influence of steam concentration was investigated and the results are
presented in Figure 10. Decreasing the steam concentration in the reactant feed from 30% to 10% leads
to a similar H2S conversion, i.e., 99%, but to a significant increase of the sulfur selectivity from 75%
to 85% keeping other reaction conditions similar. Such result indicates that steam could condense
to yield water film inside the catalyst porosity, even at a relatively high reaction temperature, which
favors oxygen dissociation leading to a higher complete oxidation to yield SO2. Decreasing the steam
concentration leads to a lower oxygen atoms available on the catalyst surface which in turn, reduces the
selectivity towards SO2. Such hypothesis can be confirmed by decreasing the O2-to-H2S ratio keeping
the other reaction conditions similar. Decreasing the O2-to-H2S ratio seems to have hardly affected
the sulfur selectivity while a slight decrease of the H2S conversion is observed. Such result could be
attributed to the fact that the dissociated oxygen on the catalyst surface reacts with H2S to yield both S
and SO2 in a parallel reaction pathway but with a different reaction rate. Decreasing the O2-to-H2S
ratio leads to a decrease of the available oxygen for the reaction and, as a consequence lowers the H2S
conversion. Finally, regarding the influence of steam on the H2S conversion it should be noted that
under the reaction conditions used the H2S conversion is almost complete which could render the
investigation of small effect, such as steam concentration, difficult as at such high conversion level one
cannot rule out the fact that some active sites remain unemployed.
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Figure 10. Influence of the steam concentration and O2-to-H2S ratio on the desulfurization performance
on the pristine GFs and the one after treatment under gaseous HNO3 at 250 ◦C for 16 h (OGFs-16)
catalysts. Reaction conditions: [H2S] = 1 vol. %, reaction temperature = 250 ◦C and WHSV = 0.05 h−1.

It is worthy to note that the reaction temperature of 250 ◦C is slightly higher than that usually
used for the selective oxidation of H2S into elemental sulfur on other metal-free carbon-based catalysts.
However, on the OGFs-16 metal-free catalyst the sulfur selectivity remains relatively high, i.e., >70% and
even ≥85% at low steam concentration (Figure 10), at almost complete conversion of H2S. Such results
could be attributed to the large open porosity of the catalyst, i.e., 90% of empty space, which allow the
formed sulfur to rapidly escape the catalyst before secondary reaction with excess oxygen to yield SO2.

It is also noted that the catalyst displays also a relatively high stability, both in terms of H2S
conversion and sulfur selectivity under severe reaction conditions, i.e., 0.1 h−1 of WHSV and high
reaction temperature where the H2S conversion is not complete indicating that all the active sites were
involved in the reaction, which confirm again the advantage of the oxygenated functional groups on
the defect sites. Such results are of high interest as usually on oxides or metals containing catalysts
sintering is the main cause of deactivation with time on stream under severe reaction conditions.

The results obtained indicate that acid treated graphite felts could be efficiently used as metal-free
catalyst for the selective oxidation of H2S into elemental sulfur. The different catalytic results are
summarized in Table 3 and compared with those reported on other metal-free catalysts. The OGFs-16
catalyst displays a relatively high sulfur selectivity compared to the other metal-free catalysts operated
at higher space velocity and temperature. Such results pointed out the high efficiency of the OGFs-16
catalyst to perform selective oxidation of H2S which could be attributed to the large open porosity of
the catalyst providing high rate of intermediate sulfur escaping.

Table 3. Selective oxidation of H2S to sulfur over different metal-free catalysts.

Catalysts T
◦C

[H2S]
vol. %

[O2]
vol. %

[H2O]
vol. %

WHSV
h−1

XH2S
a

%
SS

b

%
YS

c

% Ref.

OGFs-16 250 1 2.5 10 0.1 98 86 84 This
work

O-CNT-250-24 230 1 2.5 30 0.6 95 76 72 16
N-CNT/SiC-750 190 1 2.5 30 0.6 97 75 73 52

a Maximum H2S conversion. b The corresponding sulfur selectivity. c The corresponding yield of sulfur. (YS = XH2S × SS).



Catalysts 2018, 8, 145 13 of 18

3. Materials and Methods

3.1. Graphite Felts

The commercial filamentous GFs, ex-polyacrinonitrile (PAN), with a dimension of 1 × 3 m2

(thickness of 6 mm) was supplied by Carbone Lorraine (MERSEN, La Défense, France). The as-received
GFs was shaped in the form of disks (Ø × thickness of 4 × 6 mm) for the experiment. The GFs
displays a relatively low specific surface area, 10 ± 2 m2/g measured by means of N2 adsorption,
which is mostly linked with the geometric surface area in good agreement with the extremely low
porosity of the material. It is worthy to note that the GFs can be also shaped in various dimensions
including pellets, disks or complexes structures, depending to the downstream applications, i.e., gas-
or liquid-phase reactions, which represent a net advantage compared to other metal-free catalysts
where low-dimensional shape is a main concern for further industrial development.

3.2. Gaseous HNO3 Treatment of GFs

For the gaseous acid treatment, as shown in Figure 11, the GFs was first oxidized at moderate
temperature (500 ◦C) in air for 1 h in order to remove as much as possible residue from it surface.
The as-treated pre-shaped GFs was loaded inside a tubular reactor (15 × 100 mm) and heated to the
desired temperature of 250 ◦C by an external electrical furnace. The treatment temperature was fixed at
250 ◦C according to the previous investigation results reported by Duong-Viet et al. [16]. The treatment
temperature was controlled by a thermocouple inserted inside the furnace. The reactor containing GFs
in the form of disk (Ø × thickness of 4 × 6 mm) was connected to a round bottom flask filled with
150 mL of HNO3 with a concentration of 65% (SIGMA-ALDRICH, Saint-Quentin Fallavier, France).
The temperature of the round bottom flask was fixed at 125 ◦C and the HNO3 solution was keep under
magnetic stirring. The gaseous acid passed through the GFs bed was further condensed in another flask
which can be re-used for the process and thus, reducing in a significant manner the problem linked with
liquid waste recycling and recovery. The sample was treated with different durations in order to rule
out the influence of these treatments on its final microstructure and chemical properties and to correlate
these physical properties with the catalytic activity. The sample was washed with deionized water after
the acid treatment and oven dried at 130 ◦C for overnight. In this work, the GFs after acid treated are
noted as follows: OGFs-X, for the treatment duration in hour, for example: OGFs-24 indicates that the raw
GFs were treated for 24 h under gaseous HNO3. It is noted that the treatment is not only limited to small
amount of catalyst as higher amount of GFs can be also prepared by changing the reactor size.

Figure 11. Schematic illustration of the OGFs prepared by the gaseous HNO3 treatment and the
different oxygenated functional groups generated on the graphite surface after the treatment.
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3.3. Characterization Techniques

The scanning electron microscopy (SEM) and elemental mapping were carried out on a ZEISS
GeminiSEM 500 microscope (ZEISS, Oberkochen, Germany) with a resolution of 5 nm. The sample
was deposited onto a double face graphite tape in order to avoid the problem of charging effect during
the analysis.

The Raman analysis was carried out using a LabRAM ARAMIS confocal microscope spectrometer
(HORIBA, Kyoto, Japan) equipped with CCD detector. A laser line with the following characteristics
was used to excite sample, 532 nm/100 mW (YAG) with Laser Quantum MPC600 PSU (Novanta,
Bedford, OH, USA).

The specific surface area of the sample was determined in a Micromeritics sorptometer (Micromeritics,
Norcross, GA, USA). The sample was outgassed at 250 ◦C under vacuum for 14 h in order to desorb
moisture and adsorbed species on its surface.

The X-ray photoelectron spectroscopy (XPS) measurements of the support and catalyst were
performed by using a MULTILAB 2000 (THERMO) spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with an AlKα anode (hν = 1486.6 eV) with 10 min of acquisition to achieve a good
signal to noise ratio. Peak deconvolution was performed with the “Avantage” program from the
Thermoelectron Company. The C1s photoelectron binding energy was set at 284.6 ± 0.2 eV relative to
the Fermi level and used as reference to calibrate the other peak positions.

The transmission electron microscopy (TEM) analysis was performed on a JEOL 2100F instrument
(JEOL, Tokyo, Japan) working at a 200 kV accelerated voltage, equipped with a probe corrector for
spherical aberrations, and with a point-to-point resolution of 0.2 nm. The sample was ground and
dispersed by ultrasound in an acetone solution for 5 min and then a drop of the solution was deposited
on a copper grid covered with a holey carbon membrane for observation.

The temperature-programmed desorption coupled with mass spectroscopy (TPD-MS)
(Micromeritics, Norcross, GA, USA) experiments were carried out under helium flow at atmospheric
pressure. The sample was flushed under helium for 30 min at room-temperature and then the
temperature was raised from room-temperature to 1000 ◦C with a heating rate of 10 ◦C /min.
The resulting gases, mostly CO (m/z signal at 28) and CO2 (m/z signal at 44) were continuously
monitored with a time interval of 0.1 s.

3.4. Selective Oxidation Process

The catalytic selective oxidation of H2S by oxygen (Equation (1)) was carried out in an all glass
microreactor working isothermally at atmospheric pressure. During the reaction other secondary
reactions could also take place: consecutive oxidation of the formed sulfur with an excess of oxygen
or direct oxidation of H2S to yield SO2 (Equations (2) and (3)). The temperature was controlled by
a K-type thermocouple and a Minicor regulator. The gas mixture was passed downward through
the catalyst bed. Before the test, the reactor was flushed with helium at room temperature until no
trace of oxygen was detected at the outlet. The helium flow was replaced by the one containing steam.
The catalyst was slowly heated up to the reaction temperature, and then the wet helium flow was
replaced by the reactant mixture. The gases (H2S, O2, He) flow rate was monitored by Brooks 5850TR
mass flow controllers (Brooks Instrument, Hatfield, PA, USA) linked to a control unit. The composition
of the reactant feed was H2S (1 vol. %), O2 (1.25 vol. % or 2.5 vol. %), H2O (10 vol. % or 30 vol. %) and
He (balance). The use of a relatively high concentration of steam in the feed is motivated by the will to
be as close as possible to the industrial working conditions as the steam formed during the former
Claus units is not removed before the oxidation step and remains in the treated tail gas. The steam
(10 vol. % or 30 vol. %) was fed to the gas mixture by bubbling a helium flow through a liquid tank
containing water maintained at 56 ◦C or 81 ◦C. The O2-to-H2S molar ratio was varied from 1.25 to
2.5 with a Weight Hourly Space Velocity (WHSV) at 0.05 h−1 or 0.1 h−1. It is worth to note that the
WHSV used in the present work is close to the usual WHSV used in the industrial process for this kind
of reaction, i.e., 0.09 h−1 [59].
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H2S + 1/2 O2 → 1/n Sn + H2O ∆H = −222 kJ·mol−1 (1)

1/n Sn + O2 → SO2 ∆H = −297 kJ·mol−1 (2)

H2S + 3/2 O2 → SO2 + H2O ∆H = −519 kJ·mol−1 (3)

The reaction was conducted in a continuous mode and the sulfur formed during the reaction was
vaporized, due to the relatively high partial pressure of sulfur at these reaction temperatures, and was
further condensed at the exit of the reactor in a trap maintained at room temperature.

The analysis of the inlet and outlet gases was performed on-line using a Varian CP-3800 gas
chromatography (GC) (Agilent, Santa Clara, CA, USA) equipped with a Chrompack CP-SilicaPLOT
capillary column coupled with a thermal conductivity detector (TCD), allowing the detection of O2,
H2S, H2O, and SO2. The limit detection of the H2S and SO2 is about 10 ppm. The results are reported
in terms of H2S conversion and sulfur selectivity in percent. The percent of sulfur and SO2 selectivity is
calculated on a basis of 100%. The sulfur balance is calculated on the basis of the sum of sulfur detected
in the solid sulfur recovered in the cold trap and the selectivity towards SO2 and the theoretical sulfur
calculated from the H2S conversion on the catalyst. The sulfur balance is about 92% and the difference
could be attributed to (i) some dissolution of SO2 into the condensed water at the exit of the reactor
and (ii) the incomplete recovery of the solid sulfur in the cold trap.

4. Conclusions

In summary, we have shown that oxidation with gaseous HNO3 can be an efficient and elegant
pre-activation step to generate active metal-free carbon-based catalysts decorated with surface defects
containing oxygenated functional groups from available and low cost commercial filamentous graphite
felts. The gaseous acid treatment leads to the formation of a high surface area carbon-based material
which can find use in several catalytic processes as either metal-free catalyst or as catalyst support.
It is worthy to note that it is the first time that such results are reported as literature only reports
metal-free catalysts based on nanocarbons, whose synthesis requires harsh reaction conditions along
with the problem linked with waste treatment. According to the obtained results the defects created
on the filamentous carbon wall and the formation of oxygenated functional groups during the
gaseous acid treatment provide active sites for H2S and oxygen adsorption which contribute to
the selective oxidation of H2S into elemental sulfur under similar reaction conditions with those
operated in the industrial plants. The catalyst displays a relatively high sulfur selectivity as well as
relatively high stability as a function of time-on-stream, under severe reaction conditions, indicating
that deactivation by surface fouling or oxygen groups removing is unlikely to occur. The high specific
surface area as well as surface porous structure could be extremely helpful for developing new catalytic
systems. Such hierarchical metal-free catalysts can be prepared with different macroscopic shapes
for subsequence downstream applications. Work is ongoing to evaluate such carbon-based materials
as hierarchical macroscopic support for metal nanoparticles which could find use in other catalytic
processes where high dispersion and strong anchorage of the active phase are required in order to
prevent long term deactivation through catalyst sintering (gas-phase reaction) or leaching (liquid-phase
reaction) and also in terms of recovery.
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