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The effect of steam gasification on the surface composition, surface area, pore size distribution as well as on the
morphology of the carbon supports has been investigated. Materials have been characterized by nitrogen
physisorption,mercury porosimetry, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and trans-
mission electron microscopy (TEM). Model samples of the Co–Mo–K catalysts with the same composition have
been prepared on carbon supports differing in the temperature of steam gasification process. Catalytic activity
measurements have been carried out in a gradientless reactor in a kinetic regime at low partial pressures of re-
agents. A relationship between textural parameters of the supports and the catalysts activity has been estimated.
The highest activity in the SGS process has been determined for the Co–Mo–K/SRO/40.49 supported catalyst.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The usefulness of carbon supports in catalysis results from their spe-
cific physicochemical properties, especially froma possibility of obtaining
large specific surface areas up to N1000 m2/g (or even N3000 m2/g) [1],
from their high stability within high temperature ranges, easy recovery
of an active phase from spent catalysts through burning of the carbon
support, froma relatively easymodifiability aswell as frommuchweaker
support-active phase interactions as a result of carbon surface specifics
[2].

There have been several attempts to utilize the carbon-supported
Co–Mo and Ni–Mo catalyst in hydrodesulphurization processes [3]
and higher alcohols synthesis [4,5,6]. Moreover, the application of
carbon-based catalysts in hydrodechlorination processes of chlorofluo-
rocarbon compounds (CFC) seems to be also of interest [7]. While re-
ports in the literature concerning the carbon-supported Co–Mo
catalysts used in the HDS reactions are extensive [3,8] analogous exam-
ples on the application of these catalytic systems in the SGS process are
relatively sparse [9,10]. To the best of our knowledge only two reports
on carbon-supported catalysts in the SGS reaction are dedicated to the
Co–Mo–K system.
Antoniak-Jurak).
Alkali-promoted Co–Mo catalyst is suitable for processing the prod-
ucts of coal or biomass gasification [11]. In spite of numerous advan-
tages of carbon-based catalysts, their industrial application is strongly
limited. Practically, only Co–Mo catalysts supported on Al2O3 or MgO–
Al2O3 [12–20] have found the application in the SGS process, although
there is a number of literature contributions on the utilization of other
supports [21–24]. Recently, there has been an increasing interest in
cesium-doped Co–Mo catalysts [25], which are very active even at low
H2S content in the process gas [26].

The limited applicability of carbon supports in industrial catalysis re-
sults fromunquestionable disadvantages of raw carbonmaterials includ-
ing, in particular, a high content of mineral impurities, unfavorable pore
structure characterized by a relatively highmicropore presence that gen-
erates diffusion resistances, facilitates themechanical blocking and limits
the active surface availability [2,27]. Furthermore, carbon materials ex-
hibit relatively lowmechanical strength and due to the potential metha-
nation reaction they should not be used in the presence of hydrogen at
temperatures exceeding 700 K [28]. Thus, a wider application of carbon
materials as catalyst supports is strongly related to the improvement of
active carbons properties and these materials are a subject of various
modifications.

Our present contribution is strictly related to the subject area of the
previous work [10]. Co–Mo–K catalysts prepared on modified active
carbon had substantially higher activity than that supported on flash
calcined alumina. Such effect was found even for Co–Mo K/NRO/1900
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Fig. 1. Flow diagram of the reaction system for determination of the catalysts activity: 1—
gas steam regulators, 2 — H2S generator, 3 — steam generator, 4 — reactor with Ni–Mo/
Al2O3, 5 — mixer, 6 — gradientless reactor, 7 — dry ice cold trap, 8 — gas flow analyzer,
9 — PC, 10— flowmeter.

Fig. 2. Nitrogen adsorption–desorption isotherms of the initial carbon SRO and modified
carbon materials.
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catalyst, i.e. system which was supported on carbon with the lowest
specific surface area and porosity. The highest activity in the SGS reac-
tion was obtained for sulfided catalysts supported on NRO/1900/33.3
and can be related with specific surface area of carbon support.

As reported in our previous work [10] the removal of mineral impu-
rities leading to the improvement of porous structure (more pores with
a diameter N 2 nm) can be achieved by thermal treatment of raw car-
bons at high temperature (1900 °C) in helium atmosphere and subse-
quent partial gasification with steam. However, this processing may
cause deterioration of the mechanical strength. The improvement of
texture propertieswithmaintaining highmechanical strength of carbon
supports can be realized by the application of carbon black composites
for the preparation of carbon materials [29,30].

One of such material is Sibunit, prepared by pyrolysis of C1–C3 hy-
drocarbons at 850–950 °C. A detailed description of the Sibunit prepara-
tion process has been reported in work [31]. Sibunit is used as the
support of catalysts for various processes [32]. Undoubtedly, Sibunit
has a beneficial texture (in the range that could be important for the cat-
alytic properties of support materials), high purity and higher thermal
stability than conventional active carbons. It seems to be especially
promising support of highly dispersed Co–Mo–S phase of type II,
which is characterized by noMo–O–S species [33,34]. Thanks to this fea-
ture a higher degree of reduction and sulphidation can be achieved that
in consequence results in a higher catalytic activity compared to sys-
tems supported on alumina [35]. From the technological viewpoint of
WGS process it is also preferred to decrease the process temperature
(beneficial shift of the equilibrium), which requires the development
of low-temperature catalysts.

In the present study a detailed characteristics of carbon supports was
carried out in order to get a support with desired and defined properties
for the preparation of highly active catalysts for the low temperature SGS
process. The catalytic activity of several model carbon-supported Co–
Mo–K samples with the same content of Mo, Co and K was evaluated
in the SGS process at the temperature range 200–350 °C and in the pres-
ence of H2S.

2. Experimental

2.1. Preparation

The commercial material Sibunit (denoted as SRO, in the form of
balls of a diameter in the range 0.5–1.0 mm) was used as a starting ma-
terial. Partial steam gasification of SRO was carried out in a tubular
furnace in the presence of H2O/Ar mixture generated by passing at
675, 800, 835 or 850 °C for 5 h the stream of argon at the total flow
rate of 15 l/h through an evaporator filled with H2O to achieve the
steam flow of 19 ml/h. The obtained materials were washed with dis-
tilled water in order to remove the dust fraction and then dried at
120 °C for 24 h in air. The prepared materials were denoted as SRO/
3.8, SRO/13.95, SRO/32.42 and SRO/40.49.

All catalysts were prepared using the impregnationmethod, accord-
ing to the procedure described in our previous contributions [10,24].
The nominal content composition of the precursors was 16 wt% MoO3

and 4 wt% CoO, the promoter content expressed as a K/Mo molar ratio
was 0.1. The prepared catalyst samples weremarkedwith the following



Table 1
Textural parameters of carbon materials determined by nitrogen physisorption analysis.

Sample Surface area m2/g] Pore volume [cm3/g] De meso BJH [nm]

SBETa t-Plotb micropores t-Plotb meso- and macropores Total volume HKc Micropores t-plot Mesopores BJHd

SRO 364 16 350 0.61 0.01 0.52 15.6
SRO/3.8 359 56 303 0.53 0.04 0.44 14.2
SRO/13.95 360 17 342 0.60 0.01 0.52 16.4
SRO/32.42 412 0 412 0.86 – 0.77 20.9
SRO/40.49 435 0 435 0.99 – 0.89 22.6

a Surface area calculated using Brunauer–Emmett-Teller (BET) method.
b Surface area micropores, mesopores and macropores.
c Total pore volume.
d Pore volume mesopores from Barret-Joyner–Halenda (BJH) analysis.
e Average pore diameters.
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symbols: Co–Mo–K/SRO, Co–Mo–K/SRO/3.8, Co–Mo–K/SRO/13.95, Co–
Mo–K/SRO/32.42 and Co–Mo–K/SRO/40.49.

2.2. Characterization

The N2 adsorption and desorption processes at−196 °C were stud-
ied on a Micromeritics ASAP 2020 instrument. The specific surface area,
SBET, was calculated according to the classical Brunauer-Emmet-Teller
theory (BET). The t-plot method was used to determine the surface
area and micropores volume. The average micropores size (Dmicro)
was determined with the HK (Horvath-Kawazoe) method. The same
model was applied for calculations of the total volume of micropores.
The mesopores volume and average mesopores size (Dmeso) was deter-
mined using the BJH (Barret-Joyner–Halenda) method.

Mercury porosimetry studies were carried out up to 400 MPa using
an AutoPore IV 9510 apparatus (Micromeritics Instrument Co.).

The X-ray photoelectron spectra (XPS) of the carbonmaterials were
recorded on a Prevac photoelectron spectrometer equipped with a
hemispherical VG SCIENTA R3000 analyzer. The spectra were collected
using a monochromatized aluminum source AlKα (E = 1486.6 eV).
The base pressure in the analytical chamber was 5 × 10–9 mbar. The
binding energy values of measured regions were referenced to the Au
4f7/2 core level (84.0 eV). The surface composition was studied based
on the areas and binding energies of C 1 s, O 1 s, and Fe 2p core levels.
Fitting of the high resolution spectra was performed using the CasaXPS
software.

The XRDmeasurementswere performed on a PANalytical Empyrean
system (Bragg–Brentano geometry) equipped with a PIXcel3D detector
using Cu Kα radiation (λ=1.542 Å) and operating at 40 kV and 40mA.

A high resolution electron transmission microscope Titan3 G2 60–
300 (FEI Co.) was applied to analyze selected carbons. The observations
were made at magnifications from 70kx to 1.2 Mx at beam energy of
300 keV (which corresponds to spacial resolution of about 80 pm).

2.3. Activity tests

SGS rate measurements were performed in a quartz gradientless re-
actor at the temperature range of 200–350 °C and pressure of 0.1MPa. A
Table 2
Textural parameters of carbon materials determined by mercury porosimetry.

Carbon sample SHGa/[m2/g] VHg
b [cm3/g] VmHg

c [cm3/g] Porosity [%] % Med

SRO 177 0.56 0.46 47 86
SRO/3.8 205 0.64 0.54 52 86
SRO/13.95 202 0.66 0.56 53 87
SRO/32.42 264 1.13 0.86 64 79
SRO 40.49 256 1.23 0.88 65 75

a Pore surface area determined by porosimetry.
b Pore volume available for mercury intrusion.
c Mesopores volume from the range 3–80.
d Fraction of mesopores volume in the total pore volume.
catalyst sample (150mg) grounded to the fraction of 0.1–0.16 mmwas
placed into the reactor and loaded with a process gas containing H2S.
Detailed description of the catalyst activation and measurement proce-
dures was reported in [24]. As ameasure of the catalytic activity, a reac-
tion rate related to a catalyst weight unit, r[Ndm3/gcat·h], at degree of
conversion X = 20% was used. A scheme of laboratory equipment
used for studying of catalytic activity is shown in Fig. 1.

3. Results and discussion

3.1. Textural properties of the carbon supports

The nitrogen adsorption–desorption isotherms at −196 °C are
shown in Fig. 2A and B.

The shape of isotherms for the series of carbon supports is similar to
type IV (according to IUPAC classification) [36]. The hysteresis loop for
the carbon support SRO/40.49 is typical for the H3 hysteresis type but
for the carbon support SRO can be classified as H4. Both hysteresis indi-
cate the slotted nature of the pores present in materials.

The textural properties of carbon supports are presented in Tables 1
and 2. The starting SRO carbon has a high surface area, a large pore vol-
ume and a mesoporous structure. The SRO series supports have a high
specific surface area, being in a relatively narrow range 359–435 m2/g.
Fig. 3. Pore size distributions of carbon supports determined by mercury porosimetry.



Fig. 4. XPS spectra of the initial carbon (SRO) and modified carbon materials (A — C 1 s
spectra and B — O 1 s spectra).

Table 3
Surface composition of the carbon supports identified by XPS.

Carbon sample Oxygen [% at.]

C_O1 OH. COOH2 COOH3 H2Oads
4 T

SRO 2.1 4.3 0.3 0.2
SRO/3.8 0.5 1.8 0.2 0.1
SRO/13.95 0.6 3.2 0.3 0.2
SRO/32.42 1.0 3.6 0.4 -
SRO/40.49 3.3 6.4 0.5 - 1

BE [eV]: 1500.3–500.4.2532.1—532.5.3533.9–534.4. 4535.7–536.9,5284.3–284.4.6286.0–286.4.72

Fig. 5. XRD patterns of the initial carbon SRO and modified carbons.
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The SRO, SRO/3.8 and SRO/13.95 samples exhibit similar specific surface
areas, with a dominant share of mesopores, and, to a lesser extent,
macropores and with a small share of micropores. The total pore vol-
umes of these samples are also similar.

The applied modification of carbon materials at higher levels of gas-
ification (SRO/32.42, SRO/40.49) results in a higher specific surface area
and larger pore diameterwith a concurrent increase of the pore volume.
For these samples a complete disappearance of micropores was ob-
served as a consequence of a large mass loss due to the gasification at
steam atmosphere.

Pore size distributions determined by the mercury porosimetry for
carbon supports are illustrated in Fig. 3 and parameters of porous struc-
ture analysis are given in Table 2.

The pore size distributions of all samples are very similar. Both the
starting material SRO and modified supports are characterized by pore
distribution with a dominant share of mesopores over the whole
range from 2 to 50 nm, i.e. in the range that could be important for
the SGS catalyst.

As expected, SHg values are similar to those for the SBET parameter
determined by nitrogen physisorption. A series of supports obtained is
characterized by high porosity in the range 47–65%. Moreover, with
an increasing steam gasification degree, the total porosity and pore vol-
ume increase (VC and Vmes). The SRO/3.8, SRO/13.95 samples exhibit
rather insignificant increase of VHg and VmHg values, whereas for SRO/
32.42 and SRO/40.49 samples over 2-fold increase of Vc related to the
starting material was observed, with a concurrent increase of VmHg.
Carbon [% at.]

otal O C_C, C–C5 C–O6 C_C7 COOH8 Total C

7.0 87.0 4.0 0.3 0.3 91.5
2.7 95.1 1.6 0.5 0.2 97.3
4.4 92.0 2.9 0.6 0.3 95.6
5.0 90.5 3.2 1.0 0.4 95.0
1.0 81.0 6.0 0.7 0.5 87.8

87.4–287.6.8288.4.



Fig. 6. TEM images of SRO (A–D) and SRO/40.49 (E-F).
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3.2. Surface composition of the carbon supports

XPS measurements were carried out in order to determine the
amount and type of oxygen-containing groups present on the surface
of the initial (SRO) and modified carbons. The O 1 s and C 1 s spectra
of carbon supports are illustrated in Fig. 4A and B.
Fig. 7. The comparison of SGS reaction rate of carbon-supported Co–Mo–K catalysts in the
range of 200–350 °C.
Table 3 presents the share of particular carbon and oxygen forms in a
series of SRO samples based on the deconvolution of C 1 s and O 1 s
spectra (see Fig. 4A and B).

For the SRO samples the highest carbon content corresponds to the
C_C and C–C forms and is in the range 87.8–97.3% at. Additionally, in
all samples the presence of oxygen-containing functional groups on
the carbon surface in an amount from ca. 2.7 to ca. 11.0% at. was ob-
served. In the case of the SRO/3.8 sample, which was subjected to
mild steam gasification, more than 2-fold decline of the oxygen-
containing functional groups content was noticed in comparison with
Fig. 8. Correlation between textural parameters of the support and the activity of the
catalysts.
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the initial SRO sample. This decrease is a side-effect of the treatment at
675 °C. In the case of other samples subjected to deeper gasification, a
gradual increase of the content of oxygen-containing functional groups
was observed as an effect of the introduction of mainly OH groups as
well as of decreasing the carbon content in C_C and C–C forms. The
most pronounced influence of the steam gasification process on the
content of oxygen-containing functional groups on the carbon support
surface was observed for the SRO/40.49 sample, with the highest con-
tent corresponding to the C–OH form.

3.3. Structure and morphology of the carbon supports

A series of diffraction patterns of the carbon supports is shown in
Fig. 5. The XRD pattern of the SRO sample is characterized by a sharp
and intensive diffraction line at 2θ = 26° as well as several lines of
lower intensity at diffraction angles 2θ ranging from 42.8 to 54.0° and
from 77.0 to 79.0°, indicating the presence of partially ordered
graphite-like structures already in the starting material. Similar diffrac-
tion patterns were obtained for the modified samples (SRO/3.8, SRO/
13.95, SRO/32.42, SRO/40.49) - individual diffraction lines show almost
identical intensity and shape. Broad lines indicate rather low degree of
crystallinity of all samples.

Fig. 6 demonstrates "shell" morphology of high surface area SRO and
SRO/40.49 support. The analysis of SRO samples bymeans of TEMmeth-
od confirms the results of the XRD measurements concerning the pres-
ence in SRO of degenerated or imperfect graphite-like structures. A
characteristic feature of those fragments is their partial ordering and
the interplanar distance d similar to that in graphite (0.364 nm vs.
0.335 nm in graphite). Another difference and deviation from the
graphite structure is disorientation of the successive graphite-like
planes with reference to each other (in graphite these planes are
parallel).

The analysis of the SRO/40.49 sample is in accordance with the XRD
data, showing a lack of distinct differences in the graphite-like structure
(see Fig. 6e and f). The increase of the gasification degree results neither
in amorphization processes of the graphite-like structures nor in in-
creasing disorientation of the successive graphite-like planes. Similarly
to the SRO sample, the average d value amounts to 0.365 nm.

3.4. SGS activity of carbon-supported Co–Mo–K catalysts

The effect of temperature on the activity in the SGS reaction of the
carbon-supported Co–Mo–K catalysts is shown in Fig. 7.

The activity of catalysts under study is quite variable and depends
remarkably on a support used. This support effect is more pronounced
at higher temperatures, i.e. 300 and 350 °C. The investigated catalysts
showed the following order of activity: Co–Mo–K b–Mo–K/SRO/
3.8 b Co–Mo–K/SRO/13.95 b Co–Mo–K/SRO/1900/32.42 b Co–Mo–K/
SRO/40.49. Among the samples the most active was the catalyst pre-
pared on SRO/40.49.

As the structural features of the supports are quite similar, differ-
ences in the catalytic activity should be attributed to the impact of tex-
tural properties, i.e. materials are characterized by different specific
surface areas, dominant mesopores sizes and mesopores volume.

Correlations between the catalyst activity, surface area of support
and pore volume of support are presented in Fig. 8.

The studies of the catalytic properties of Co–Mo–K supported on
both NRO [10] and SRO supports in the SGS process confirm the litera-
ture data of Lian et al. [9] on Co–Mo–K systems supported on raw active
carbon washed only with HNO3. The authors emphasize that although
potassium addition increases activity substantially it has a negative in-
fluence on stability. However the authors concentrated on potassium
function but they did not study the influence of the type and texture
properties of support.

The modified carbon black supported (SRO-supported) Co–Mo–K
catalysts exhibit better catalytic properties in comparison with the
modified active carbon supported ones (NRO-supported) [10]. In con-
trast to the NRO-based supported catalysts, the activity of SRO-based
catalysts cannot be correlated only with the specific surface area.

Other support parameters may influence the activity - in an SRO se-
ries, besides the textural parameters mentioned, thematerials exhibit a
different content of surface functional groups (see Tables 1 and 3).

The impact of oxygen functional groups on the catalytic activity is
obvious but no convincing explanation has been proposed so far. It
has been known that oxygen functional groups determine the nature
of a support [22]. On the other hand, a large number of functional
groups on the carbon surface may reduce the catalyst activity by inter-
actions between carbon and molybdenum species, which are similar
to Mo–O–Al bonds [2,3]. According to the literature data, functional
oxygen-containing groups are probably also formed in the SGS process,
due to a high steam content in the process gas [37].

4. Conclusions

The effect of steam gasification on the surface composition, textural
and structural parameters as well as on the morphology of the carbon
supports was investigated. The applied modification of the initial SRO
material does not lead to a significant development of the specific sur-
face area but only at higher gasification levels results in a significant in-
crease of the porosity and pore volume. No effect of the steam
gasification on structural parameters or morphology of supports was
observed. The highest activity in the SGS reaction was measured for
the catalyst supported on SRO/40.49. The activity of the catalysts corre-
lates with the textural properties. The high purity and specific surface
area as well as advantageous pore distribution (dominant mesopores
with a diameter in the range 2–50 nm)— the range that could be impor-
tant for the usefulness of materials as catalysts supports, it all makes
Sibunit an attractive material for applications as a support of the indus-
trial low-temperature catalysts for the sour gas shift process.
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