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Extruded Co-Cr/SBA-15 were performed to be tested in acetic acid steam
reforming as a new catalysts to adapt this process up to industrial scale.
Prepared samples were characterized by N, physisorption, ICP-AES, XRD,
H,-TPR and TGA. Catalyst/bentonite ratio was modified in order to
improve the catalytic performance and the mechanical strength of the
pellets. Bentonite addition led to decrease the Sger and to improve the
crushing strength. Reaction results showed that the catalyst that achieved the
best catalytic results in terms of conversion and hydrogen production was
the sample with lower amount of binder but it presented the lowest
mechanical resistance forming high amount of fines during the reaction.
Since the sample with 25 wt.% of bentonite seems to reach an equilibrium
between H, production, conversion and crushing strength it was selected as

the best extruded catalyst.

1. INTRODUCTION

High emission rate of greenhouse gases as
well as solid particles derived from the use of
fossil fuels as energy carrier contribute to
global pollution and they are a limited
resource. Between many alternatives,
hydrogen nowadays is becoming an
interesting energy source fuel because only
water is produced when it is used in energy
applications [1, 2]. Hydrogen can be obtained
from fossil fuels, water and biomass using
different methods [3-8]. At industrial scale, it
is mainly produced from hydrocarbons, which
are neither sustainable or renewable.
Therefore, it is necessary to search for other
alternatives to these fuels in order to decrease
or dismiss the global contamination.
Hydrogen production from biomass-derived
products, such as bio-oils, oxygenated
hydrocarbons  (bio-oil aqueous fraction,
bioalcohols, etc.), alkanes and bio-alcohols, is
a remarkable alternative to these fossil fuels.

Fast biomass pyrolysis is becoming a quite
interesting chance because bio-oil produced
is considered a potential source of hydrogen
[9]. By water addition, this bio-oil turn on two
different fractions: an organic one to be used

for biofuels production and a low value
aqueous fraction. Bio-oil aqueous fraction can
increase its value by hydrogen production
through catalytic steam reforming. The overall
equation of this process is as follows:

CnH mok+(2n'k)H20—>1'1C02+(2n+m/2'k)H2

Bio-oil aqueous fraction usually presents
different and complex compositions, which
depends on the raw material used as biomass
source  for the bio-oil  production
(lignocellulosic waste or microalgae biomass)
[10-14]. Regardless the raw material, in
general terms, it is easy to find carboxylic
acids, furans, ketones, phenols, etc. Due to the
complex composition of bio-oil aqueous
fraction, many research groups focus firstly
their studies on the steam reforming of bio-oil
model compounds [10, 11, 15-17]. Among the
main compounds found in bio-oil aqueous
fraction, acetic acid used to be in high
concentration (around 20 wt. %) when bio-oil
is produced from biomass fast pyrolysis [10,
11]. Moreover, acetic acid compared with
other hydrogen sources such as methanol and
ethanol, is non-flammable and much safer to
store and transport [18].
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Established and developing technologies used
to produce hydrogen can be classified in three
different groups: the first one is a technology
with net positive emission of CO and CO,, the
second one is with CO; free emissions and the
last one with CO, neutral emission. Steam
reforming of oxygenated hydrocarbons as
acetic acid is included in carbon neutral
process because the CO, produced during the
process will be consumed by next biomass
generations.

In steam reforming processes, the catalyst
plays a crucial role where deactivation due to
coke deposition or sintering, together with
maximizing hydrogen selectivity. Noble
metals based catalysts are usually reported as
active catalysts [1, 18] but they involves high
cost. In addition, transition metals such as Ni
or Co showed good performance for use in
catalytic steam reforming and they are
cheaper than noble metals [1]. While Ni has
been widely reported as active phase for steam
reforming, Co has caused less attention
despite it provides high catalytic activity at
lower temperatures where water gas shift
reaction is favoured, increasing hydrogen
production [19].

In our previous work [20] Co-based catalysts
were synthetized in order to use them for
catalytic glycerol steam reforming. Results
showed how Co/SBA-15 catalysts suffer a
severe conversion drop along the time leading
to the possibility to improve. To avoid that
conversion decay, it is possible to incorporate
promoters. Casanovas et al. [21], achieved
better catalytic performance towards ethanol
steam reforming using Cr as promoter in Co-
based catalysts. In previous works, a
screening of promoters in Co-based catalysts
was done [22], and the addition of Cr leaded
to the highest enhancement of catalytic
activity in terms of hydrogen production
(around 50% v/v) and it achieved the lowest
concentration of gaseous carbon products.

The inconvenience in the vast majority of the
catalysts used in steam reforming research is
that they are usually prepared as fine powders
being not appropriate for use in fixed bed
reactors at industrial scale because of the high
pressure drop caused by the catalyst.

In general, this is solved using pelletized
materials, which are manufactured with the
inclusion of binders [23, 24]. Extrudates are
commonly manufactured with the addition of
an inorganic binder such as bentonite,
attapulgite, kaolin or sepiolite to enhance the
strength, and an organic additive like
methylcellulose or hydroxyethyl cellulose to
enhance the viscosity of the paste during the
extrusion [24, 25]. Nevertheless, no reports
about the preparation of agglomerated Co-
based catalysts for steam reforming can be
found. Therefore, the aim of this work is the
synthesis of new extruded Cr-doped Co-based
catalyst for it use in acetic acid steam
reforming (AcASR) using bentonite as binder
and methylcellulose as organic additive,
studying the effect of the bentonite/catalyst
ratio.

2. EXPERIMENTAL WORK
2.1. Catalysts preparation

Synthesis of SBA-15 was done following the
hydrothermal method described elsewhere
[26]. The incorporation of active phase and
promoter was done following the incipient
wetness impregnation using the corresponding
nitrate solution to achieve 7 wt.% of active
phase and 2 wt.% of promoter in the final
catalyst. Afterwards samples were calcined at
550°C in static conditions for 5h (1.8 °C/min
heating rate).

Extruded materials were prepared following
the methodology reported by Pariente et al.
[24]. The procedure is as follows: powder
catalyst (70-80 wt.%) was blended with
sodium bentonite (20-30 wt.%) as inorganic
binder to increase the mechanical strength of
extrudates and synthetic methylcellulose
polymer (10 wt.% over the mixture) to
improve the viscosity of the paste during the
extrusion [23]. All components were mixed up
with deionized water to get a homogeneous
paste. Afterwards, the paste was placed in a
damp atmosphere, which provides plasticity
and cohesive properties to be easily
extrudable [24]. After that, the paste was
extruded through a 2.8 mm circular die using



a homemade extruder. Pellets were obtained
by crushing the extruded material until
particle sizes around 2 mm that were
appropriate to be use in a fixed bed reactor.
Finally, these pellets were firstly dried at
110°C for 3h with a heating rate of 0.1°C/min
and secondly, calcined at 650°C (0.5°C/min)
for 2h in order to eliminate the organic
additive. Samples were named as Co-Cr/SBA-
15 (X), where X corresponds to the amount of
bentonite in terms of wt.%.

2.2. Catalytic tests

Acetic acid steam reforming reactions were
performed on a MICROACTIVITY-PRO unit
(PID Eng & Tech. S.L.) as described in
previous works [20, 27]. The reactions were
carried out isothermally at 600°C and
atmospheric pressure. All catalysts were
previously reduced under pure hydrogen (30
mL/min) at 600°C during 6.5h with a heating
rate of 2 °C/min according to H,-TPR results.
Reaction feed was a mixture of acetic acid and
water using steam/carbon (S/C) molar ratio of
2 and WHSV = 30 h defined as the ratio
between the inlet feed and the mass of the
catalyst. The composition of the gas effluent
was measured online with a in an Agilent
(Santa Clara, CA, USA) 490 Micro-GC
equipped with a PoraPlot U column (10 m), a
molecular sieve 5A column (20 m) and a
thermal  conductivity detector (TCD).
Condensable vapours were trapped in the
condenser at 4 °C and analysed in a Varian
(Palo  Alto, CA, USA) CP-3900
chromatograph equipped with a CP-WAX 52
CB (30 m x 0.25 mm, DF = 0.25) column and
flame ionization detector (FID). Carbon
deposited during catalytic tests was evaluated
by thermogravimetric analyses (TGA)
performed in air flow (100 Ncm®/min) on a
TA Instruments (New Castle, DE, USA) SDT
2960 thermobalance, with a heating rate of 5
°C/min up to 800 °C.

2.3. Catalysts characterization
The textural properties of prepared materials

were measured by N, adsorption/desorption at
77 K on a Micromeritics TRISTAR 3000

sorptometer.  Samples were  previously
outgassed under vacuum at 200 °C for 4 h.
Standard deviations in BET surface area and
pore volume measurements are 1.1 m%/g and
0.02 cm®/g, respectively.

ICP-AES technigque was used to determine the
chemical composition of the catalysts, using a
Varian VISTA-PRO AX CCD-Simultaneous
ICP-AES spectrophotometer (relative standard
deviation: 0.5%). Previously, solid samples
were dissolved by acidic digestion.

XRD measurements were recorded using a
Philips X'pert Pro diffractometer using Cu Ko
radiation.

Reducibility of the samples was studied by
means of TPR experiments. These were
performed on a Micromeritics AUTOCHEM
2910 equipment by passing a 10% Hy/Ar flow
(35 N mL/min) through the sample (100 mg)
and increasing temperature up to 980 °C at a
heating rate of 5°C/min. Samples were
previously outgassed under Ar flow at 110 °C
for 30 min.

TEM micrographs were obtained on a Philips
TECNAI 20 microscope (200 kV) with a
resolution of 0.28 nm. The apparatus has also
the possibility to perform elemental
microanalysis by EDX. Samples were
prepared by suspending the material in
acetone by ultrasonication and subsequent
deposition on a carbon-coated copper grid.
Pellets strength was determined on a Chatillon
DFS Il using a compression mechanical
standard test. The crushing strength was
defined as the maximum force measured prior
to fracture divided by the cross-sectional area
of the pellet [28].

3. RESULTS AND DISCUSSION
3.1. Catalysts characterization

ICP-AES results are summarized in Table 1.
As it can be seen, cobalt and chromium
content in powder Co-Cr/SBA-15 catalyst is
near to the nominal values. Attending to the
extruded catalysts, metal content is lower due
to the bentonite percentage. If it is
recalculated on the basis of the catalyst, the
results are similar to the powder catalyst.



Table 1. Metal content in catalysts determined by ICP

Sample Co (wt.%) | Cr (wt.%)
Co-Cr/SBA-15 6.4 1.7
Co-Cr/SBA-15 (30) 4.5 1.2
Co-Cr/SBA-15 (25) 4.9 1.3
Co-Cr/SBA-15 (20) 5.3 1.4
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Figure 1. Nitrogen adsorption-desorption at 77K of
calcined powder Co-Cr/SBA-15 and extruded
materials.

Figure 1 shows the nitrogen adsorption-
desorption at 77K of all samples. Powder
catalyst present a type IV isotherm (according
to the I.LU.P.A.C. classification) with a H1-
type hysteresis loop that indicates the
preservation of the initial mesostructured
support. The hysteresis loop is due to the
process of filling the mesopores and it is
governed by the phenomenon of capillary
condensation and by the percolative properties
of the solid. Regarding extruded materials, it
can be determined that all present a type IV
isotherm as well as the powder catalyst. On
the other hand, when the amount of binder in
catalysts becomes higher, the area becomes
smaller between 27-34% comparing with the
powder sample. It can be verified by
calculating the textural properties, which are
summarized in Table 2.

Table 2. Textural properties of Co-based catalysts.

SBZET Vf Dp
(m7g) | (cm/g) | (nm)
Co-Cr/SBA-15 490 0.7 55

Co-Cr/SBA-15(30) | 322 | 05 | 54
Co-Cr/SBA-15(25) | 335 | 05 | 58
Co-Cr/SBA-15(20) | 355 | 05 | 58

Metal dispersion in calcined Co-Cr/SBA-15
powder can be observed in Figure 2. The well-
ordered hexagonal array of cylindrical
channels are in accordance with the N,
physisorption isotherm. Dark zones observed
on the mesoporous structure of SBA-15
correspond to mixed cobalt and chromium
oxides nanoparticles placed over the external
surface as could be proved in EDX analysis
(not shown). Other smaller particles can also
be observed with an irregular shape that seems
to be adapted to the support pores shape.

Figure 2. TEM images of the calcined powder Co-

Cr/SBA-15.

The H,-TPR results obtained for powder Co-
Cr/SBAI5 (see Figure 3) presents a first zone,
which has two peaks with maximum located
at 205 and 270°C. Since Cr has lower
reduction temperatures than Co [29-32], the
contribution of this metal to the first reduction
zone should be higher. The feature with
maxima at 517°C corresponds to Co oxide
species with a stronger interaction degree with
the support. Attending to the extruded
materials, the peak around 205° disapears and
the peak over 270°C leads to higher
temperature. Since Co loading is higher than
Cr, it is possible to assume that most
chromium may be involved in a mixed oxide
[33], probably due to the higher calcination



temperature of extruded samples, which was
100°C above powder catalyst. The shoulder
around 517°C found in the powder catalysts
moves to lower temperature indicating less
interaction with the support [31] due to the
presence of bentonite.
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Figure 3. H,-TPR profiles of the calcined powder Co-
Cr/SBA-15 and extruded materials.

Figure 4 shows the X-ray patterns of calcined
samples. Powder Co-Cr/SBA-15 shows a
wide peak between 20-30° attributed to the
amorphous silica forming the walls of the
support pores. Attending to cobalt presence,
peaks of Co304 phase (JCPDS 43-1003) can
be observed at different positions: 31.2, 36.5,
445, 55.3, 58.9, 64.6, 71.6 and 77.2°, which
can be assigned to the (220), (311), (400),
(422), (511), (440), (442) and (533)
diffraction planes respectively, according to
the XRD pattern of Co304 cubic crystalline.
No peaks corresponding to chromium species
were detected due to the low concentration of
this metal in the samples. In extruded
materials, the same phase of Co appears at the
same positions as in the powder catalyst, but
new peaks appear at 26.66, 28.02, 34.59 and
60.67°. Theses peaks are attributed to the
presence of bentonite used as blinder in the
extruded materials. Specifically these peaks
correspond to montmorillonite (JCPDS 00-
013-0135), which used to be the main
compound of bentonite, with quartz as
impurity [34].

T . o0
Mﬁ“ . W \W«WWWWM WWWWWW

Co-Cr/SBA-15 (30)

w MM*W i MMW MMMMMWW ”W%\WWM gM

Co-Cr/SBA-15 (25)

Intensity (au.)

Co-Cr/SBA-15 (20)
20 4o 6 80
20(°)
Figure 4. Comparison of XRD patterns of Co-Cr/SBA-
15

3.2. Catalytic tests

In previous work, powder Co-Cr/SBA-15
achieved a yield around 50% of H; v/v, up to
98% of AcA conversion and coke produced
was 37 wt.% [22]. In that work, between all
tested catalysts Co-Cr/SBA-15 achieved the
best performance in ACASR. This is in
concordance with Casanovas et al. [21]. Their
results showed that Cr incorporation was
related with the better catalytic performance
in ethanol steam reforming.
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Figure 5. Catalytic results for extruded catalysts.
Conversion (mole %), H2 (% v/v) and Coke (wt.%).

Obtained results in ACASR reactions using the
extruded materials are shown in Figure 5. As
it can be observed, similar results were
obtained in terms of hydrogen production
achieving around 50% in the outlet stream in
all cases. This value is next to that obtained
with the powder catalyst [22]. Conversion



becomes higher when the metal content
increase in each sample but all of them are
below the one obtained with Co-Cr/SBA-15.
It can be associated to the fact that extruded
materials have lower content of active phase
due to the bentonite incorporation.

As all reactions were carried out with the
same amount of extruded catalysts, reactions
didn’t have the same amount of cobalt. For
this reason, other values of TOF (turnover
frequency) and H, content in the outlet stream
were calculated using equations (1) and (2).
TOF for powder catalyst was 44.68 h™ which
value is next to the obtained by the sample
with lower amount of bentonite. Table 3
summarizes the obtained results in terms of
hydrogen content and TOF.

Table 3. TOF and H, production in catalysts.

TOF (h™h)

Co-Cr/SBA-15 | Co-Cr/SBA-15 | Co-Cr/SBA-15
(30) (25) (20)
31.48 38.75 40.93

H; (mole)

Co-Cr/SBA-15 | Co-Cr/SBA-15 | Co-Cr/SBA-15
(30) (25) (20)
0.25-10% 0.27-10% 0.26-10%

At first, the best-selected catalyst/binder ratio
must be the one with the highest conversion
and hydrogen production. However, for use a
catalyst at pilot plant or industrial scale, it is
necessary to considerate that particles with a
low mechanical strength may break in the
reactor or during transport and storage,
leading to the formation of fragments and
fines, which can cause various problems for
the running of the industrial units [35].

Table 4 summarizes the crushing strength
tests done to the extruded catalysts. Results
were calculated as an average of five different
analysis. Measurements were carried out to
the pellet as shown in Figure 6. As can be
determined from the results (Table 4),
crushing strength become higher when the
amount of binder increases. So, it is
completely related to the amount of binder in
the pellet having a pseudo-linear behaviour.

Attending to crushing strength results, Co-
Cr/SBA-15 (20) presents lower crushing
strength than the others and it will broke
easily during the reaction. In fact, when the
catalyst was recovered after the reaction, some
fines and broken particles were observed.
Comparing all recovered catalysts, we can
conclude that these fines appears in greater
extent when the binder content was smaller.

Figure 6. Pellet position for the strength analysis.

Table 4. Crushing strength results for the extruded

catalysts.
Crushing strength (kPa)
Co-Cr/SBA-15 (30) 417.84
Co-Cr/SBA-15 (25) 290.99
Co-Cr/SBA-15 (20) 183.28

It is known that under steam reforming
conditions, water can react to remove some
coke via gasification that may cause structural
defects [36]. TGA can be used to determine
the structural order of coke formed during the
reaction because more ordered carbon
structure will have higher gasification
temperature [37]. Figure 7 shows the
derivative thermograms (DTG) of all tested
catalysts where it is possible to observe at
what temperature the oxidation of coke took
place. All samples present a similar DTG
profile with a maximum around 500°C and a
small shoulder over 550°C. In all cases, the
formed coke is some kind of amorphous
carbon because it is oxidized below 550°C and
filamentous or graphitic carbon does at higher
temperature [38, 39]. The overlap between
those two peaks indicates the same carbon
specie with two different ordering degree.
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Figure 7. Derivative thermogravimetric (DTG) analysis of the
extruded catalysts used in ACASR.

From all results, it is possible to conclude that
the best catalytic performance in terms of
conversion was achieved by the catalysts with
the lowest amount of binder Co-Cr/SBA-
15(20). Regarding crushing strength of all
catalysts, this one is not appropriate for it use
in our reaction condition, much less for use in
pilot plant scale. Since Co-Cr/SBA-15 (25)
seems to reach an equilibrium between H;
production, conversion and crushing strength,
it was selected as the best extruded catalysts.
At future work, different calcination
temperatures and different pellets size, will be
tested in ACASR. In addition, regeneration
cycles will be carry out in order to evaluate
the durability of this new extruded catalyst.

4. EQUATIONS

TOF= AcA converted (mole) 1
"t (h)-Co amount (mole) @)

_H, (mole/h)

2" TOF (hh)

5. CONCLUSIONS
Co-Cr/SBA-15 extruded catalysts were

prepared using bentonite as inorganic binder
and methylcellulose as organic additive. A

linear increase behaviour of crushing strength
was observed as the amount of bentonite
increased. The physicochemical properties of
extrudates were slightly affected by the
presence of bentonite. Sger and active phase
content were reduce, while the mesoporous
structure of the powder catalyst was preserved
in line with obtained type 1V isotherms.
Extruded catalysts led a worse catalytic
performance from the point of view of acetic
acid conversion and hydrogen production
comparing with the results obtained with the
powder catalyst. This was attributed to the
presence of bentonite since the WHSV was
the same in all cases but not the metal content.
DTG results shows that all samples overlap
two peaks indicating the same carbon specie
with two different ordering degree. This
carbon deposits were ascribed to some kind of
amorphous carbon because its oxidation
below 550°C.

Reaction results showed the best catalytic
results in terms of conversion and hydrogen
production was the achieved with the sample
with lower amount of binder but it presented
the lowest mechanical resistance forming high
amount of fines during the reaction. On the
other hand, the sample with a medium content
of binder seem to reach an equilibrium
between H, production, conversion and
crushing strength. Therefore, a 25 wt.% of
bentonite was enough to obtain a good
catalytic performance and a suitable
mechanical resistance of the pellets.
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