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Effect of carbon in cobalt-silica-carbon composite catalysts for NO reduction by CO
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Cobalt-silica-carbon composites were prepared by sol-gel method and tested as catalysts for NO reduction by CO.
Active carbons of different texture parameters were used for synthesis of these composites. A cobalt-silica composite
was also prepared for comparison purposes. The catalysts were characterized by low-temperature nitrogen adsorption,
X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) and tested in NO reduction by CO up to 300°C.
Carbon-containing composites were found to exhibit a considerably higher activity in NO reduction by CO than a
cobalt-silica catalyst even at low temperatures. A significant difference in transient responses between carbon-
containing and carbon-free composition samples was observed revealing different rate controlling steps of the reaction.
Carbon presence in cobalt-silica-carbon composites greatly influenced their microstructure including Coz0, crystalline
domain size, surface area, surface composition, and oxidation state, which strongly affected catalyst performance. An
increased activity could be due to cobalt sites of different oxidation state with silicon and carbon atoms in their vicinity.
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INTRODUCTION

NOx gases from stationary and mobile
combustion sources induce a negative impact on the
environment. Various methods for removing these
emissions have recently been developed. Selective
catalytic reduction (SCR) has been found to be an
effective means for NOx removal by catalytic
reduction to nitrogen in presence of reducing agents.
Many active metals (Pd, Rh, Pt, Cu, Ni, Fe, Co, V,
Mn, and Zn [1-4]), and catalyst preparation
techniques (impregnation, sol-gel method, and co-
precipitation [5-7]) have been studied. It is known
that plenty of industrially applied catalysts consist
of metals or metal compounds supported on a
suitable support, the main role of which is to
maintain the active phase in a highly divided state.
However, it is proved that the role of the support is
not only that of a carrier but it may contribute to the
catalytic activity and can also react to some extent
with other catalyst ingredients during preparation.
Further, the interaction between active phase and
support can affect the catalytic activity. Among
many possible supports, practically only three
combine an optimal chemical composition, surface
area, stability, and mechanical properties, and they
account for the most widely used industrial
supported catalysts: alumina, silica, and carbon [8].
One of the most active catalysts for NOx elimi-
nation, that was expected to replace noble metal
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catalysts, has been found to be a cobalt-based mate-
rial [9-12]. In order to achieve high cobalt disper-
sion and reduce costs, various supports have been
used, including silica, alumina, titania, and carbon.
The structure of these supports and their properties,
such as pore diameter, pore volume, and surface
area can significantly influence cobalt dispersion and
catalyst reducibility and activity/selectivity. Song
and Li [13] have studied Co/SiO, catalysts with
silica pore sizes of 2.4-15.8 nm and have found that
larger SiO, pore sizes caused the formation of larger
Co30, crystallites, but the larger sizes also resulted
in lower Co dispersion. Mesoporous silicas, MCM-
41 and SBA-15, of different pore diameters [14-15]
have also been selected to evaluate the effect of
support porosity on cobalt dispersion. Compared
with conventional metal oxide supports, active
carbons (AC) display special properties, such as
high purity, high mechanical strength, good elec-
trical conductivity, and large surface area [16-19],
and they are increasingly attracting considerable
attention as potential supports. Fu et al. have found
that carbon structure and cobalt dispersion deter-
mine CO conversion [20]. A high catalytic activity
has been achieved by an active finely dispersed
copper phase on an AC support [21]. Acidic
pretreatment of the support was found to be
favourable in SCR of NOx [22]. Silica is able to
adsorb various gaseous and liquid compounds via
both isolated and H-bonded surface OH groups.
Wide applications of carbons are associated with
surface hydrophobicity, good thermal stability, high
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surface area, and large pore volume. It was of
interest to combine a few properties of two types of
material, i.e. hydrophilic silica and hydrophobic
carbon, and to use the resulting material as a support
for cobalt catalysts in NO reduction. A better under-
standing of the relationship between support features
and catalytic performance of the cobalt catalyst is
important for designing a better cobalt catalyst.

The objective of this study was to investigate
composite catalysts based on cobalt, silica, and
different ACs in the reduction of NO by CO and to
find a relationship between composite porous
characteristics and catalytic performance.

EXPERIMENTAL

Sol-gel prepared cobalt-silica-carbon composites
were prepared by adding Co(NOs),, tetraethyl
orthosilicate (TEOS), and carbon during the sol-gel
process using an alkaline catalyst (NH,OH). TEQS,
HNO;, ethanol, and water were placed in a glass
tube at room temperature and heated upon stirring to
a temperature of 80—85°C under reflux conditions.
The solution was kept at this temperature for 2 h.
After that, the necessary amounts of metal nitrate
and carbon were added into the mixture and stirred
for 1 h. To obtain gel, NH,OH was introduced to the
solution. After aging for a day, the composites were
dried at 120°C to obtain homogeneous solid
catalysts, which were calcined at 300°C for 4 h.
Inserted carbon and cobalt were 8 wt.%. Three
hydrophobic active carbons (AC1, AC2, and AC3)
of different texture parameters were used to prepare
the catalysts, where AC1 was made of apricot shells,
whereas AC2 and AC3 originated from coal and
coconut shells, respectively. The samples were
denoted as Co/Si-AC1, Co/Si-AC2, and Co/Si-AC3.
A carbon-free catalyst, Co/Si, of the same cobalt
content was prepared for comparison purposes.

Texture characteristics were determined by low-
temperature (77.4 K) nitrogen adsorption on a NOVA
1200e apparatus (Quantachrome Instruments, USA).
Nitrogen adsorption-desorption isotherms were
analysed to evaluate specific surface areas (Sger),

based on the BET equation, and total pore volumes
(Vy), estimated in accordance with Gurvich rule.
Values of micropore volume (V), specific surface
area related to micropores (Syy), and external spe-
cific surface area (Sex) were assessed according to
the V-t method [23]. Additionally, pore size distri-
butions were calculated applying the NLDFT method
using equilibrium models with cylindrical pores (for
silica), a slit shape (for carbon), and slit-shaped/cy-
lindrical pores in carbons (for silica-carbon) [24].

Powder XRD patterns were collected within the
range of 10 to 80° 20 on a Bruker D8 Advance
diffractometer with Cu K, radiation and a LynxEye
detector. Average crystallite sizes were evaluated by
using Scherrer equation.

XPS measurements were performed in the UHV
chamber of an ESCALAB-Mk Il (VG Scientific)
electron spectrometer with Al Kal,2 radiation (hv =
1486.6 eV). The surface composition was obtained
from the ratio of the corresponding intensities of
C 1s, O1s, Si2p, Co2p photoelectron peaks cor-
rected by the Scofield’s [25] photoionization cross-
sections. The spectra were calibrated according to
the Si 2p peak at 103.4 eV.

The catalytic experiments were carried out in a
flow apparatus with an isothermal flow reactor in
the temperature range of 20-300°C. After each
catalytic measurement a tempera-ture-programmed
desorption (TPD) run at 25°C was carried out. The
transient response method was used to study the
interaction between gas phase and catalyst surface.

RESULTS AND DISCUSSION

Table 1 presents adsorption properties of initial
carbon materials and prepared composites.

Texture parameters of the initial ACs as specific
surface area, pore volume, and micro-meso porosity
are quite different. The resulting composites have
specific surface areas more close to the cobalt-silica
composite than to AC ingredients. However, addi-
tion of carbon led to increased Sger and decreased
V. compared to the pure cobalt-silica. Carbon micro-
porosity reflected strongly micropore availability of

Table 1. Texture parameters of active carbons, cobalt-silica, and cobalt-silica-carbon composites

SBET Sext VT Vmi Vmes Vmi/Vmes Dav
Sample ng—l ng—l Cmsg’l cm3g’1 cm3g’1 nm
AC1 700 158 0.38 0.22 0.16 1.38 2.2
AC2 804 183 0.50 0.25 0.25 1.00 2.5
AC3 1108 232 0.55 0.38 0.17 2.24 1.9
Co/Si-ACl 553 222 0.34 0.14 0.20 0.70 25
Co/Si-AC2 579 418 0.39 0.07 0.32 0.22 2.7
Co/Si-AC3 565 199 0.30 0.16 0.14 114 21
Co/Si 533 349 0.30 0.08 0.22 0.35 24
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the composites. For the Co/Si-AC2 composite, the
main part of the pore volume belonged to the meso-
porous space with a minor contribution of micro-
pores. Additionally, this sample had the highest
specific surface area and pore volume.

Figure 1 displays adsorption-desorption isotherms
(a) and pore size distribution (PSD) curves (b) of the
composites (shifted). One can see differences in
porous texture.

The adsorption-desorption isotherms are of the
I/1V type according to IUPAC classification. They
reveal influence of texture parameters of the ACs
modifiers on the sol-gel process in presence of
cobalt. The role of the cobalt salt in the process is
most clearly evident with the Co/Si sample, which is
a fine mesopore material, so Co is related primarily
to reducing mesopore size (Fig. 1b), as also reported
in Ref. [26]. AC3 is a micro-mesoporous material
having the highest specific surface and external area
whereas Co/Si-AC3was a composite of the most
developed microporosity due to AC3 contribution.
The slope in the isotherm is a result of adsorption
along with capillary condensation on the external
surface. The hysteresis loops observed with Co/Si-
AC2 and Co/Si-AC1 indicate at least a bidisperse
mesoporous texture due to conflicting contribution
of the two modifiers: cobalt and active carbon. One
could suggest that if cobalt contributed to a fine
pore formation, AC might have led to larger pores
including formation of globules on the external

surface. As used ACs could sorb cobalt ions, they
counteracted the effect of Co and caused the
occurrence of areas of different thickness.

XRD data are shown in figure 2. The diffraction
pattern at around 22.5° with a broad peak could be
attributed to amorphous silica with a contribution of
broad diffraction features due to a turbostratic struc-
ture of disordered carbon (expected at 26.5°).

A Co/Si sample (PDF 71-4921) with crystallite
sizes of ~10 nm demonstrates well-defined reflec-
tions, which are typical of CozO,4: 26 19.1°, 31.45°,
37.06°, 45.07°, 59.71°, 65.64°. No shift of diffract-
tion peaks was observed with respect to a conven-
tional Co30, spinel indicating that no Si-containing
solid solution has been formed. At the same time,
small reflections, typical of Cos;0,4, were registered
for the AC-containing samples, probably due to
higher Co dispersion (Fig. 2) and smaller particle
sizes. The average diameter of the crystallites in
these cases, based on calculations by Scherrer equa-
tion, was about 6-7 nm, thus indicating higher
dispersion of the cobalt particles in the carbon-
containing composites.

XPS measurements were carried out to inves-
tigate the presence, content, and chemical state of
silicon, carbon, cobalt, and oxygen in the samples.
Surface compositions derived from respective peak
areas are given in Table 2. XPS spectra of Si 2p and
O 1s (not presented) indicate that these elements are
mainly in the SiO, oxide form.
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Fig. 1. Adsorption-desorption isotherms (a) and pore size distribution (b) of synthesized composites.
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Fig. 2. XRD patterns of cobalt-silica-carbon and cobalt-
silica composites.

Figure 3 discloses XPS spectra of C 1s (a) and
Co2p (b) of the investigated catalysts. For the
cobalt-silica-carbon composites, one peak at 284.8
eV was registered in the C1s spectra. Binding
energies (BEs) of about 284.8-285.2 eV could be
attributed to overlapping peaks of sp’- and sp*-
hybridized as well as adventitious carbon phases
[27]. Evaluation of Co2p narrow scans allows
assigning cobalt oxidation state. Co*" and Co®* ions
could be distinguished by the binding energies and
intensities of shakeup peaks. Whereas Co*" ions
show only very weak shakeup peaks with a main
signal at ~791 eV, Co*" has pronounced shakeup
peaks at about 785 and 801 eV [28]. The binding
energies of the Co 2ps, and Co 2p,, peaks are at
780.4 and 795.9 eV, respectively, with splitting
energies at 15.5 eV indicating that Co3O,4 has been
mainly in the form of a spinel phase [29, 30]. The
Co 2p spectra were further deconvoluted into Co**
and Co*, respectively. Co2p peaks at ~779.6,
789.3, 795.1, and 804.8 eV are characteristic of
Co®**, while the peaks at 781.6, 786.8, 797.1, and
802.3 eV correspond to Co*".

Shakeup satellites at about 787.1 eV, the latter
being an intermediate value compared with that for
CoO (785 eV) and Co30, (789 eV) [28], indicate a
higher presence of Co®* species on the surface
compared to stoichiometric Cos0, (Fig. 3 and Table
2). Such a surface enrichment in Co* has been
registered for cobalt-silica catalysts [31]. However,
the AC containing composites have more Co?
species evidencing a reductive role of the carbon
along with supporting higher dispersion of the
cobalt particles (Fig. 3 and Table 2).

XPS studies indicate that cobalt ion distribution
over the surface and into the bulk is dependent on
carbon ingredient type used and micro-mesoporous
space formed. Cobalt particles penetrate into the
bulk if the mesopore volume is higher (Co/Si-AC2)
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and stay on the surface if the micropore space is
significant (Co/Si-AC1 and Co/Si-AC3). The
highest cobalt-rich surface was that of Co/Si which
is logical bearing in mind its fine porous structure
hindering cobalt penetration. Hence, carbon pre-
sence has influence on cobalt distribution between
surface and the bulk. These results confirm data on
adsorption measurements. Quantitative XPS results
showed that the molar Si/Co ratio at the surface was
much higher than that of the bulk. The same
tendency was observed for carbon confirming that
most of the silica was on the surface of the catalysts.
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Fig. 3. XPS spectra of C 1s (a) and Co 2p (b) of cobalt-
silica-carbon and cobalt-silica composites.

Table 2. Surface compositions derived from XPS

C 0, Si, Co,

’ 3+ 2+
Sample at.% at.% at.% at.% Co™/Co
Co/Si-ACl1 35 60.2 35.7 0.6 0.61
Co/Si-AC2 4.1 59.3 35.7 0.9 0.48
Co/Si-AC3 2.4 62.4 34.2 1.0 0.55
Co/Si - 63.7 34.8 15 0.89

Figure 4 illustrates a temperature dependence of
NO conversion degree and the respective TPD
profiles. The investigation showed that the reduction
of NO by CO proceeded to nitrogen, i.e. no N,O
was registered in the whole temperature interval.
The cobalt-silica catalyst was slightly active
whereas carbon addition led to a significant increase
in catalytic activity: all cobalt-silica-carbon catalysts
manifested a high activity by CO toward NO even at
100°C. Co/Si-AC2 demonstrated a 70% conversion
of NO to nitrogen at 200°C and almost 100%
activity at 300°C. TPD spectra of NO indicated no
desorption from Co/Si. The carbon-containing
samples desorbed NO in the temperature range of
100-250°C. It is evident that they desorbed different
amounts of NO. One broad NO desorption peak for
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Co/Si-AC1 and Co/Si-AC2 is available in the upper
interval considering a variety of NO adsorbed
species, while for Co/Si-AC3 two distinct
desorption peaks are observed. The amount of
desorbed NO from Co/Si-AC1 and Co/Si-AC2 was
more than that with Co/Si-AC3, which coincides
with the order of activity of the investigated
samples. The role of composite texture was
decisive. It can be seen in figure 1b and table 1 that
enhanced V.. enables better mass transfer of
reagents and products.

1004 185°C

=]
=1
L
0000

220°C
120°C

0

0y
(i

CoiSiAC2

=]
[=1
L

60°C

Co/SiACH

I
=1

NO conversion,
NO desorbed, a.u

20 4 Co/SIACS

CoiSi

50 100 150 260025'0 300
Temperature, C

0
0 50 100 150 200 250 300

Temperature, "C

Fig. 4. Temperature dependence of NO conversion
degree (a) and TPD spectra of NO (b).

Figure 5 displays response curves of the NO and
CO reagents and N, and CO, products at a
temperature of 50, 100, 200, and 300°C. Differences
in the curves reveal different rate-controlling steps
of the reaction over the catalysts and a change in the
rate-controlling step is associated with a change of
reaction mechanism. A significant difference in the
response curves was observed for samples with and
without AC in the composition. The response curves
for NO and CO at 50°C on Co/SiAC1 and
Co/SIAC2 are of an overshot type, while responses
of Co/Si and Co/SIAC3 are of a momentous and
monotonically growing type. The overshot response
indicates that the rate-limiting step is concurrent
adsorption of the reagent or regeneration of the
active centres. With the less active cobalt-silica-
carbon catalyst, an overshot response appeared only
at 200°C. The momentous response shows that the
rate-limiting step is associated with surface reaction
or adsorption of the reagents. The monotonically
growing type response reveals that a combination
between surface reaction and product slow
desorption is the rate-limiting step. NO and CO
desorption curves of Co/SIAC3 at temperatures up
to 200°C at stop-stages show that the rate-limiting
step is related to adsorption of the reagents and their
slow desorption. The results of transient responses
support the TPD studies presented above.
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Catalytic measurements of abiotic hematite and a
thermally treated biomass sample in the flow-type
glass reactor showed that at temperatures below
240°C the abiotic sample is a little bit more active.
Both materials demonstrate the same CO conversion
level in the reaction of CO oxidation at temperatures
higher than 240°C (Fig. 6). Spectra of spent samples
after the catalytic tests did not show any changes
under reaction conditions (cf. spectra ‘a’ and ‘b’ in
Fig. 4 and spectra ‘b’ and ‘¢’ in Fig. 5). Despite the
different methods of sample synthesis that result in
different original iron oxide phases, the catalytic
performance in the reaction of CO oxidation is very
close.

CONCLUSION

Cobalt-silica-carbon  composites  exhibit a
considerably higher activity in NO reduction by CO
than cobalt-silica catalyst even at low temperatures.
The presence of carbon greatly influences the micro-
structure (including crystalline size of C030,, sur-
face area, surface composition, and oxidation state)
of the cobalt-silica-carbon composites, which may
strongly affect catalyst performance. An increased
activity could be due to cobalt sites of different
oxidation state with Si and C atoms in their vicinity.
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BJIMSAHUE HA BBIJIEPOJA B KOBAJIT-CUJIIMKATHO-BBI'JIEPOJJHU KOMITIO3UTHU
KATAJIMU3ATOPU 3A PEAYKLIMA HA NO C CO

H. Croesa, UB. CriacoBa*, P. Huxomnos®, I'. Aranacosa, M. Xpucrosa

Hncmumym no obwa u neopeanuyna xumus, bvreapcka akademus na naykume, 1113 Cogus, Fvieapus
1 “
Xumuro-mexnonocuuen u memainypeuier ynugepcumem, bya. ,, Knumenm Oxpuocku“ 8, 1756 Cogpus, bvreapus

Tloctenmna Ha 29 centemBpu 2015 r.; Ilpepabotena Ha 7 nexemspu 2015 r.
(Pe3srome)

Ko6anr-cuminKkaTHO-BBIIIEPOIHE KOMITO3UTH Ca MONYYECHH MO 30J-Tel METOJ M Ca TECTBAaHH KaTO KaTalu3aTopu 3a
PEIyKIMs Ha a30T€H OKCHUJI C BBIJICPOJICH OKCH/. AKTHBHH BBIVICHH C PAa3IMYHH TEKCTYPHH MapaMeTPH Ca U3MOJI3BaHH
3a CHHTE3 Ha KOMIIO3HMTHTE. 3a CpaBHEHHE € MOJYYCH KOOANT-CHIMKATeH KOMMo3uT. KaTanmsaropute ca oxapak-
TepU3UPAHU TOCPEACTBOM HHCKOTEMIIEpaTypHa ajcopOims Ha a3oT, peHTreHoBa mudpakuus (XRD), peHTreHoBa
¢oroenexTponna cuekrpockonust (XPS) u recrBanu 3a pexykuus Ha NO ¢ CO npu Temneparypu 1o 300°C. Hamepeno
€, Ue BBIIICPO/I-ChIbPIKAINTES KOMITO3UTH MOKA3BAT 3HAYMTEIHO MO-100pa aKTHBHOCT OT KOOANT-CHIMIIHEBO OKCUICH
karanusarop npu peaykuus Ha NO ¢ CO nopu npu Hucku Temieparypu. HabmonaBa ce 3Ha4nTeNHA pa3inKa BbB B
Ha KPHBUTE Ha OTKJIMK Ha 00pasiuTe ¢ U 6e3 BBIIICpPO/l, Pa3KpHBAIIa Pa3IndHU OINPEASISIIIN CKOPOCTTa STAIH IPH THX.
Hanuurero Ha BBIJIEpOA BIHMsC 3HAYMTEIHO HA MHKPOCTPYKTypara (BKIOUHMTENHO pa3mep Ha C030, Kpucramuru,
crieniUYHA MOBBPXHOCT, MOBBPXHOCTCH CHCTAB M OKHCIUTEIHO CHCTOSHHE) HAa KOOAJIT-CHIMKATHO-BBIJIECPOIHHUTE
KOMITO3UTH, KOETO C€ OTpa3siBa BbPXY KAaTaJUTHYHATA UM aKTHBHOCT. [IOBHIIEHATAa aKTHBHOCT BEPOSTHO CE IBIDKH HA
KO0AITOBU HOHHU B Pa3iMYHH OKHCIUTEIHH ChCTOSHUS B GIIH30CT 10 CHITMIIEBH U BBIIICPOIHN aTOMH.
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