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Abstract In this work, Pt based mono and bimetallic cat-
alysts were tested under conditions of tri-reforming (TR).
All the catalysts contained 25% of CeO, and a metal load-
ing of 2.5 or 5.0% (wt%). The bimetallic catalysts contained
2.5% Pt and 2.5% of Me, where Me=Ni, Co, Mo, Pd, Fe,
Re, Y, Cu or Zn. For all the experiments, a synthetic biogas
which consisted of 60% CH, and 40% CO, (vol.) was mixed
with water, S/C=1.0, and oxygen, O,/CH,=0.25, and fed
to a fixed bed reactor (FBR) system or a microreactor. The
2.5Pt catalyst was used in order to compare the perfor-
mance of each reaction system. The tests were performed
at reaction temperatures between 700 and 800°C, and at
volume hourly space velocities (VHSV) between 100 L/
(h g.,) and 200 L/(h g.,,) for the FBR system and between
1000 Ly/(h g, and 2000 Ly/(h g, for the microreactor,
at atmospheric pressure. Then, all catalysts were deposited
into microchannel reactors and tested at a constant VHSV
of 2000 Ly/(h g.,.) and reaction temperatures between 700
and 800°C. Catalysts under investigation were character-
ized applying the following techniques: inductively coupled
plasma optical emission spectroscopy (ICP-OES), N, Phys-
isorption, Temperature Programmed Reduction (TPR), CO
chemisorption, Transmission Electron Microscopy (TEM)
and X-ray Photoelectron Spectroscopy (XPS). The micro-
reactor was identified as the most efficient and promising
reaction system, and the 2.5(Pt—Pd) catalyst as the bimetal-
lic formulation with the highest activity. Therefore its activ-
ity and stability was compared with the reference 5.0Pt cat-
alyst at 700 °C and VHSV of 2000 Ly/(h g.,,) for more than
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100 h. Although slightly lower activity was measured oper-
ating with the 2.5(Pt—Pd) catalyst, a significant reduction of
the Pt content compared to the reference 5.0Pt catalyst was
achieved through the incorporation of Pd.

Keywords Tri-reforming - Hydrogen - Platinum -
Microchannel reactor - Catalyst

1 Introduction

Biogas is considered a renewable source because it is a
carbon dioxide-neutral biofuel and when used as feed in
reforming processes two of the most important green-house
gases, carbon dioxide and methane, are consumed to pro-
duce hydrogen rich gas mixtures [1]. The hydrogen pro-
duced from renewable sources like biogas is a clean and
sustainable energy vector, and it has a green fuel nature
because when it combines with oxygen only water vapor as
a reaction product is produced. Therefore, the use of biogas
for hydrogen production could provide important environ-
mental benefits, being this one of the main reasons why
the scientific community is making huge efforts in terms of
looking for alternatives to reduce the cost of the production
process and guarantee the supply and distribution, espe-
cially for mobile applications.

The bridge that links biogas and hydrogen covers all the
possible reforming processes, through which the biogas can
easily and effectively be converted into hydrogen rich mix-
tures. Alves et al. [2] provide an overview of the existing
biogas reforming processes based on an extensive literature
review. They describe benefits of the tri-reforming (TR)
process, also known as autothermal reforming (ATR), like:
(1) the improvement of the temperature control in the reac-
tor, (ii) the energetically more economical manufacturing
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process of H,, (iii) the reduction of the hot-spots forma-
tion, avoiding the deactivation of the catalyst, and (iv) the
feasibility of the process to generate a desired H,/CO ratio
by adapting the CH,/O,/H,O ratio in the feed. In addition,
they also mention the most important drawback: the lower
H,/CO ratio in comparison with steam reforming (SR). The
benefits mentioned above justify the election of the TR pro-
cess as a very attractive route for hydrogen production from
biogas.

The research work developed faces out two important
issues related to hydrogen production process by TR. The
first one corresponds to study the feasibility of two different
reactor systems, the fixed bed reactor (FBR) and microre-
actors (micro), by comparing their activity in terms of turn-
over frequency (TOF) and hydrogen productivity (PRO).
The main benefits of the microreactors, compared to con-
ventional reaction systems like the FBR, are the lower pres-
sure drop and enhanced heat and mass transfer [3], which
are key factors in reactions favored at high temperature and
low pressure, like TR. The second objective of this research
work focuses on the development of active, stable, selec-
tive and economic catalysts for the TR process. For that
purpose, all the catalysts prepared contained 25% of CeO,
and a Pt metal loading of 2.5 or 5.0% (wt%). Two reference
monometallic catalysts were prepared, denoted as 5.0Pt and
2.5Pt, and the remaining catalysts were bimetallic, denoted
as 2.5(Pt-Me), where Me=Ni, Co, Mo, Pd, Fe, Re, Y, Cu
or Zn. Indeed, the 2.5Pt catalyst was employed to study the
feasibility of both reaction systems.

The platinum has been widely employed in reform-
ing processes. It is a well-known active metal for reac-
tions involving oxidation processes like water gas-shift
(WGS) [4, 5] and also catalyzes in a very effective way
feeds containing oxygen, like partial oxidation of meth-
ane (POM) [6-8]. In addition, Pt is widely employed in
SR and dry reforming (DR) as summarized in [9]. Then,
it is generally assumed that Pt catalysts have high activ-
ity and stability in the reforming reactions of methane
because of: (i) the formation of an interface between
metal and support, and (ii) the formation of species that
contribute to carbon removal [7]. Furthermore, Pt is a
good candidate to avoid the sintering because this effect
is associated to the size of Pt particles and the PtO,-oxide
support [6]. Therefore, Pt based catalysts combined with
an appropriate support seemed to be a promising active
metal for TR process. According to this, gamma alumina
(y-Al,O5) was the support selected because of its large
surface area and thermal stability. These two properties
are essential in order to reach a good Pt dispersion onto
the surface of the y-Al,O; and preserve the properties
of the catalyst when operating at high temperatures. In
addition, this support was modified using cerium oxide
(CeO,). Ferreira et al. reported an essential contribution

to the catalyst activity and stability when adding CeO, to
alumina by wet impregnation method [8]. The benefits of
the CeO,, listed elsewhere [10, 11], can be summarized
as follows: (i) improvement of metallic dispersion, (ii)
enhancement of metal-support interaction (iii) sinter-
ing decrease, (iv) improvement of thermal stability, (v)
increase of basicity, (vi) enhancement of the adsorption
of CO, which alters the coke formation, and (vii) pro-
motion of the reducibility. In addition, it has been also
reported that platinum helps to reduce ceria to Ce®* and
create oxygen vacancies [10].

Once the species of the reference catalysts were deter-
mined, the incorporation of several metals was carried
out in order to reduce the Pt amount of the reference 5.0Pt
catalyst. The intended total metal composition of these
catalysts was 5.0 wt% and the catalysts were denoted as
2.5(Pt-Me), where Me=Ni, Co, Mo, Pd, Fe, Re, Y, Cu
or Zn. The use of Ni has been widely studied and indus-
trially used because is cheap and very active transition
metal, especially for reforming processes as reported
in several investigations [11-14]. In addition, Niu et al.
affirms that the formation of PtNi alloy has smaller metal
crystal size than metal particles in monometallic Pt and
Ni catalysts [9]. The rest of metals employed in this work
have been also used in reforming processes as promot-
ing metals, but never, to the best of our knowledge, as
monometallic catalyst [15-23]. Therefore, their combina-
tion with Pt could enhance the properties of the reference
2.5Pt catalyst. Among all the metals under investigation,
the Pd has been widely employed in reforming processes
[8, 24, 25] showing very high activity. Although Pd is
more expensive than Ni, Co, Mo, Fe, Y, Cu or Zn, it is
cheaper than Pt [26].

In a previous work of the authors, the activity of micro-
reactor and FBR was also studied using Ni based catalysts
[27]. However, the results cannot be compared because
the experimental conditions are different; in the previous
work, the feed was diluted with nitrogen by simulating an
air stream and only experiments at a constant temperature
of 800°C and weight hourly space velocity (WHSV) of
around 2000 g,,/(g., h) were carried out. In the present
work, the use of nitrogen was avoided. Even, the dilution
with nitrogen could minimized the hot spot formation, this
effect is efficiently reduced by operating with microreactors
because these systems are able to transfer more efficiently
the heat generated [28]. A detailed description of the
microreactors employed in this work is available in [29].
On the other hand, the dilution with an inert affects to the
activity of the process by reducing the interaction between
the reactants and the active sites of the catalyst. Further-
more, there is no need to simulate an air stream because
there are adsorption techniques that allows the separation
of oxygen from nitrogen in a very cheap and reliable way.
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2 Experimental Procedure
2.1 Catalysts Preparation
2.1.1 Reactants Used

The alumina, used as catalysts support, was purchased
from Sasol (Puralox, SBa-200). Nickel(I) nitrate hexa-
hydrate [Ni(NO;),-6H,0, 99%], cobalt(Il) nitrate hexa-
hydrate [Co(NO5),-6H,0, 99.4%), ammonium molybdate
tetrahydrate [(NH,)¢Mo0,0,,-4H,0, 99.7%], palladium(II)
nitrate solution [Pd(NO;),, 4.3% Pd], iron(IIl) nitrate
nonahydrate [Fe(NO;);-9H,0, 99%], copper(Il) nitrate
trihydrate [Cu(NO;),-3H,0, >99%], zinc nitrate hexa-
hydrate [Zn(NO;),-6H,0, 99.5%] and polyvinyl alcohol
(PVA) were acquired from Sigma—Aldrich. Alfa Aesar
was the provider of chloroplatinic acid hexahydrate
(H,PtCls-6H,0, 40.49%Pt), cerium(Ill) nitrate hexahydrate
[Ce(NO3);-6H,O, 99.9%], ammonium perrhenate(VII)
(NH,ReO,, 99%) and yttrium(II) nitrate hexahydrate
[Y(NO;);-6H,0, 99.9%].

2.1.2 Catalysts Preparation Procedure

All the catalysts were prepared by the incipient wetness
impregnation method followed by a wash coating pro-
cedure. Briefly, the required amounts of each precursor
were completely dissolved in 10 mL of deionized water
and, thereafter, co-impregnated into 5.0 g of y-Al,O5. The
obtained mixtures were initially stirred for approximately
3 min and then left for 3 h. Afterwards, the mixtures were
calcined at 450 °C for 6 h and finally, the catalysts obtained
were manually crushed to a fine powder. For the Mo and
Re containing catalysts, the precursors were added in a sec-
ond impregnation step and calcined thereafter at the same
conditions. In the case of the Cu containing catalyst the
calcination was carried out at lower temperature, 300 °C, in
order to avoid the sintering of Cu particles.

To prepare the catalyst coatings in microreactors, a
suspension consisting of H,O, PVA, acetic acid and the
catalyst powder was prepared (except for the Cu contain-
ing catalyst, for which no acetic acid was used). The whole
procedure has been described in more detail previously
[30]. Finally, the coated catalysts were calcined again at the
conditions specified before. In parallel, additional amounts
of these catalysts were prepared in crucibles and treated
exactly in the same manner as the micro-channel coatings.
These samples were then removed from the crucible and
served as samples for physical and chemical characteriza-
tion. Regarding the FBR, a 316-L stainless-steel reactor
(4.57 mm i.d. and 30 cm length) was employed as a bench-
scale FBR and 200 mg of calcined catalyst were used in
the 0.42-0.50 mm particle size diameter range. The catalyst
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was diluted with SiC at 1:4.5 w/w in the 0.5-1.0 mm par-
ticle size diameter range in order to avoid hot spots in the
bed and to easily separate the catalysts after use.

Regarding the composition of the catalysts, all of them
contained 25% of CeO, and a Pt metal loading of 2.5 or
5.0% (wt%). Two reference monometallic catalysts were
prepared, denoted as 5.0Pt and 2.5Pt, and the remaining
catalysts were bimetallic, denoted as 2.5(Pt-Me), where
Me=Ni, Co, Mo, Pd, Fe, Re, Cu, Zn and Y.

2.1.3 Activity Measurements

First, thermodynamic equilibrium calculations were car-
ried out using Aspen Plus software, at a constant CH,/CO,
ratio of 1.5 and several temperatures, from 450 to 800 °C,
S/C ratios, from 1.0 to 2.0, and O,/CH, ratios, from 0.25
to 0.5, in order to determine the most appropriate condi-
tions for hydrogen or synthesis gas production. The car-
bon in the S/C and O,/CH, ratios represent the CH, in the
feed, the organic carbon, but not the CO,. As a result of
the simulation work, the feed composition was determined
to be a synthetic biogas mixed with water, S/C=1.0, and
oxygen, O,/CH,=0.25. For the reaction system compari-
son, the 2.5Pt catalyst was used. All the activity tests were
performed at atmospheric pressure, reaction temperatures
from 700 to 800°C, and at VHSV from 100 Ly/(h g.,,) to
200 Ly/(h g, for the FBR, and from 1000 Ly/(h g.,) to
2000 Ly/(h g.,) for the microreactor. Therefore, the only
difference regarding the operating conditions between the
FBR and microreactors lied in the catalyst amount used.
As expected, the operation with microreactor was much
satisfactory in terms of activity. Then, all the catalysts syn-
thesized were deposited into microchannel reactors to be
tested at a constant VHSV of 2000 Ly/(h g.,) and reaction
temperatures between 700 and 800 °C. Finally, a long-term
experiment was carried out for the two most active formu-
lations. In Table 1, the experimental schedule of the tests
described above is shown.

A bench-scale Microactivity plant (PID Eng&Tech) was
used for the activity tests. The feed mixture gas flows were
adjusted by electronic controllers and a HPLC-Gilson lig-
uid pump was used for the desionizated water injection.
Both, fixed bed reactors and microreactors were electri-
cally heated in a furnace to the desired temperature. The
outgases were cooled down with a partial condenser and
this made possible to collect and weight the condensed
water as well as the analysis of the gas phase by a Micro
GC equipped with a TCD detector. Three columns, Mol-
sieve 5 A PLOT, CP-Sil 5 CB and Poraplot Q were used in
a series arrangement for the complete separation of hydro-
gen, carbon monoxide, carbon dioxide, oxygen and meth-
ane, and this allowed measuring the following parameters,
defined as:
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Table 1 Experimental schedule for: reaction systems comparison (a) and catalyst screening using microreactors (b)

(a)

Time progress (h) 2 4 6
Temperature (°C) 700 750 800
VHSV (Ly/h g.,0) 200 or 2000
(b)
Time progress (h) 2 4 6 26
Temperature (°C) 700 750 800 700
VHSV (Ly/h g0 2000 700
Ve = Veu Hydrogen catalyst productivity: Hy PRO (s~
Methane conversion: Xy, (%) = ( i CH4) x 100 Yaros P R ( )
Vli’l " ouzt
o = " x 100
< W(‘uIXWtMeXDMe )
yin - _ yout Pmy,,
Carbon dioxide conversion: X ¢, (%) = ( coz - COZ) x 100
Voo where N; corresponds to the molar flow of i (CH,, CO, or
H,), (mol/s). W_,, is the catalyst weight in each reactor sys-
out . . .. .
tem, (g). Wt,,, is the elemental weight composition given
T ; _ H2 Me

Hydrogen yield: H, yield (%) = 2 x V?H‘l + VZZO) x 100 by ICP-OES, (gp/gca)- Dy 18 the metal dispersion for the

where V;™ corresponds to the volumetric flow-rate of reac-
tant i, (mLy/min). V' corresponds to the volumetric flow-
rate of product i, (mLy/min).

The turnover frequency, TOF (moles of converted meth-
ane or carbon dioxide per mole of active metal and second),
and catalyst productivity, PRO, (moles of hydrogen produced
per mole of active metal and second) are defined as the veloc-
ity of the reaction measured at the catalytic surface [32-34]
which reflects the activity level of available catalytically
active sites on the surface. The TOF and PRO parameters
will be used in the reaction systems comparison employing
the 2.5Pt monometallic catalyst d. In the case of the catalysts
screening study, the bimetallic character of most of the tested
catalysts makes impossible to attribute the metallic dispersion
to a specific metal of the catalyst and therefore, the activity
of this study was measured in terms of CH, and CO, conver-
sion and hydrogen yield. The TOF and PRO parameters were
defined as follows:

Methane turnover frequency: CH, TOF (s_l)

XCH4 X N?H4

Carbon dioxide turnover frequency: CO, TOF (s'l)

(

= x 100

WearXWiy XDy,
Pmy,,

Xpop X N™
co2 co2
x 100
WearXWiy XDy,
Pmy,,

catalyst, (%). Pmy,, is the metal molecular weight, (g/mol).
2.2 Catalysts Characterization

Fresh and calcined catalysts were characterized by different
techniques. An inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) instrument, model 2000-
DV (Perkin Elmer), was used for the determination of the
metallic compounds in the catalysts. The catalysts were
properly dissolved by a solution that consisted of H,0, and
HNO; [31] and using a digester. Thereafter the samples
were analysed by the ICP-OES instrument.

The textural properties, BET surface area, pore volume
(Pv) and pore radius (Pr) of the calcined and outgassed (at
100°C for 5 h) catalysts were evaluated by means of N,
adsorption obtained at 77 K using a Sorptomatic equip-
ment. The specific surface area was calculated using the
BET method while the P, and P, were derived using the
Barrett—Joyner—Halenda (BJH) method.

Temperature programmed reduction (TPR) measure-
ments were performed in order to determine the reduc-
tion temperature of the reducible species formed during
the calcination of the catalysts. These analyses were car-
ried out using an AutoChem II 2920 apparatus that was
equipped with a thermal conductivity detector (TCD). A
continuous flow of 5.0% H,/Ar (40.0 mLy/min) was fed
over the calcined catalyst powder, and the temperature
was increased from room temperature to 450 °C at a rate
of 5.0 C/min. All the samples were previously outgassed
at 40 °C during 30 min.
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The same equipment was used for the CO chem-
isorption experiments in order to determine the metal
dispersion (M.D.), metallic surface area (M.S.A.) and
cubic crystallite size (C.C.S.). The catalysts were previ-
ously reduced under 5.0 vol% hydrogen in argon flow of
50.0 mLy/min for 4 h at 800 °C and then, the CO-pulse
chemisorption was carried out at 100 °C. Metal disper-
sion was determined by assuming a stoichiometric ratio
of (CO/metal =1.0).

X-ray photoelectron spectroscopy (XPS) technique
was used to evaluate the surface characteristics of the
fresh catalysts. The measurements were carried out
with a SPECS system (Berlin, Germany) equipped with
a Phoibos 150 1D-DLD analyser and an Al Ka (hv =
1486.6 eV) X-ray source. The analyses of the catalysts
were carried out at the following experimental con-
ditions: step energy of 1.0 eV, dwell time of 0.1 s and
pass energy of 40 eV. Thereafter, a detailed scan of the
detected compound was performed under the following
conditions: step energy of 0.1 eV, dwell time of 0.1 s,
pass energy of 20 eV and with an outlet electron angle of
90°. The obtained spectra were adjusted using CasaXPS
2.3.16 software which modelled the Gauss-Lorentzian
contributions, after a background subtraction.

Finally, transmission electron micrographs were
acquired on a Philips CM 200 transmission electron
microscope (TEM) at an acceleration voltage of 200 kV
with a LaB filament. Typically, a small amount of sam-
ple was suspended in pure ethanol, sonicated and dis-
persed over a Cu grid with a carbon coated cellulose
acetate-butyrate holey film. TEM images were recorded
using a 4k x4k TVIPS CCD camera at different magni-
fications. Due to the limitations of this technique for the
metals identification, another transmission electron anal-
ysis was carried out on a TECNAI G2 20 TWIN trans-
mission electron microscope (TEM) at an acceleration
voltage of 200 kV with LaB filament and equipped with
EDAX EDS microanalysis system and high angle annu-
lar dark-field-scanning transmission electron microscopy
(HAADF-STEM). For this equipment, the same sample
preparation procedure was applied.

3 Results and Discussion

3.1 Catalysts Characterization Results

3.1.1 Chemical Compositions, Textural Properties
and CO-Chemisorption Results

Chemical compositions and textural properties were
determined for the fresh calcined catalysts. In the case of

@ Springer

CO-chemisorption experiments, the catalysts were pre-
reduced at 800°C in order to simulate the surface char-
acteristics at the highest temperature reached during the
activity tests. The atomic ratios were calculated based on
the ICP-OES and XPS results:

The metallic components of the catalysts were deter-
mined applying the procedure described in [31], especially
for the Ce quantification, in order to avoid the formation
of CeF, precipitates. The results obtained showed signifi-
cantly lower Pt content, compared to the intended values,
which could be originated because of the hygroscopic char-
acter of the precursor used; probably certain amount of
water was adsorbed to the Pt precursor during the prepara-
tion procedure, and consequently decreased the Pt content
of the catalysts. Regarding the remaining components, real
and nominal amounts are close.

The highest surface area was measured for the mono-
metallic catalysts followed closely by the 2.5(Pt—Re) and
2.5(Pt—Cu) catalysts. The pore radius and volume do not
show significant differences. All catalysts are ranging
between 2.40 and 3.19 for the Pr and between 0.26 and 0.34
for the Pv respectively, which is not regarded as a signifi-
cant difference. However, much higher differences can be
observed concerning the M.D., M.S.A. and C.C.S. meas-
ured by CO chemisorption. Nevertheless, the comparison
of the measured parameters for the bimetallic catalysts it
is merely descriptive because it is impossible to attribute
each result to the interaction of each metal. Despite, for the
5.0Pt monometallic catalyst the highest M.D. and M.S.A.
were measured because of the good dispersion achieved
by this metal on supports with large surface area available
such as y-Al,O;. If a descriptive comparison between bime-
tallic catalysts is possible, the 2.5(Pt-Re) and 2.5(Pt-Pd)
catalysts stands out from the rest of the bimetallic catalysts
because they showed the highest M.D. and M.S.A. as well
as the smallest C.C.S. measured.

Table 2 also shows the relationship between the surface
atomic ratios measured by XPS and atomic ratios measured
by ICP-OES. High Pt dispersion was measured for all cata-
lysts prepared apart from the Y based catalyst as indicated
by the higher atomic ratios measured by ICP-OES than for
XPS. However, this was expected because noble metals can
be easily dispersed on materials with large surface area,
such as Al,O;. The ICP-OES atomic ratios measured for
the Ni and Co containing catalysts were higher than those
obtained by XPS indicating a poor dispersion for these met-
als, while no Zn was detected by XPS. However, Pd and Y
containing catalysts obtained a higher XPS surface atomic
ratio and this is in good agreement with the dispersion and
M.S.A. measured by CO chemisorption.
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3.1.2 Temperature Programmed Reduction

Figure 1 shows the TPR profiles obtained for the calcined
catalysts. The temperature of the experiments was increased
from 50 to 800 °C because this was the highest temperature
applied in the experimental tests. The profiles observed are
very diverse because of the different metal-support interac-
tions. In addition, only the profiles of the most promising
catalysts are depicted in this figure. On the one hand, it has
been reported that the Al,O; and the Al,0,—CeO, do not
consume significant amounts of hydrogen at temperatures
below 450°C [32]. It has also been reported that CeO,
content higher than 27% decreases the temperature of the
Al,0;—CeO, reduction peak [33]. However, all the catalysts
prepared contain less than 25 wt% of CeO,. For the mono-
metallic catalysts, the profile obtained for the 5.0Pt is very
similar those obtained by other researchers [34], with the
main reduction peaks around 150 and 300°C. In [35] it is
stated that the reduction peaks located at the temperature
interval from 150 to 280 °C could be attributed to the reduc-
tion of surface Pt oxides, and those comprehended between
250 and 350°C to the reduction of CeO, closely contacting
Pt oxides. Therefore, it can be concluded that Pt contained
in the 5.0Pt catalyst interacts with part of the CeO, (the
reduction peak located at around 304 °C). In the case of the
2.5Pt catalyst, its lower Pt amount makes the peaks appear-
ing together [36]. Therefore, it can also be assumed that
the metals present in the bimetallic catalysts interact with

the Pt at temperature lower than 280 °C because reduction
peaks were recorded at 320 and 300 °C respectively.

The total hydrogen consumption was determined for
the catalysts shown in Fig. 1. In addition, the amount of
hydrogen needed for the reduction of Pt** to Pt® and the
one needed for the reduction of Ce** to Ce>* was calcu-
lated for the monometallic catalysts by the correspond-
ing peaks deconvolution, as shown in Fig. 1. The hydro-
gen consumption attributed to the reduction of surface
Pt oxides contained in 5.0Pt and 2.5Pt catalysts corre-
sponded to 640.7 and 325.2 umol H,/g_, consecutively.
On the other hand, the amount of hydrogen attributed
to the reduction of CeO, closely contacting with the
Pt oxides to Ce,O; that contained the 5.0Pt and 2.5Pt
catalysts corresponded to 105.5 and 55.7 umol H,/g.,,
respectively. Therefore, while the entire Pt was reduced
at low temperatures, only part of the CeO, present in
the sample is reduced to Ce,O5 (the 40.7 and 13.0% of
the total CeO, of the 5.0Pt and 2.5Pt catalysts respec-
tively) being the rest of CeO, reduced at higher tem-
perature. Regarding the 2.5(Pt-Y) and 2.5(Pt-Pd) cata-
lysts, the total hydrogen consumption was 379.6 cat and
260.3 umol H,/g cat respectively.

3.1.3 Transmission Electron Microscopy

In Fig. 2 TEM and STEM micrographs of the most prom-
ising catalysts are shown. Initially TEM micrographs of
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|
£
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Fig. 1 Left TPR profiles of the most promising calcined catalysts. Right deconvoluted profiles of the 2.1Pt (fop) and 3.6Pt (down) catalysts
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benchmark catalysts were only acquired in order to observe
the dispersion of the Pt particles. For these two catalysts,
Pt particles of several sizes are observed; from 2.0 to
7.0 nm for the 5.0Pt catalyst and from 1.4 to 5.0 nm for the
2.5Pt catalyst. Particles with lower size and better disper-
sion were expected for the Pt, because it is a noble metal.

However, Pt particles could have suffered from sintering,
especially the catalyst containing 5.0Pt owing to its high
Pt concentration. When the bimetallic catalysts were ana-
lysed by this technique, it was not possible to distinguish
the metals using bright field images. Therefore, EDAX
EDS microanalysis was carried out, for which a high angle

Fig. 2 TEM and STEM micro-
graphs of the most promising
catalysts

2.5Pt
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Fig. 2 (continued)

annular dark-field-scanning transmission electron detec-  micrographs acquired by this technique are collected in the
tor (HAADF-STEM) was used. With the micrographs  Fig. 2:
taken, it was possible to observe and analyze the metals All the analyses are represented by the correspond-

present on each catalyst, as well as their dispersion. All the  ing square and scale in each micrograph. Focusing on
the TEM and STEM micrographs acquired for the 2.5Pt
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monometallic catalyst, even if they correspond to different
areas, similar Pt particle size and dispersion were observed.
The STEM images of the 2.5(Pt-Ni) catalyst show better
CeO, dispersion on alumina than the observed for 2.5 and
5.0 Pt. For the 2.5(Pt-Ni) catalyst, good dispersion of both
active metals was observed while less Pt particles were
observed and an effective dispersion of all the ingredients
was achieved. However, for the 2.5(Pt—Co) catalyst larger
Pt and Co particles were detected. The 2.5(Pt—Y) catalyst
shows the largest Pt particles measured among all the cata-
lysts characterized, with a size of about 10.0 nm, which are
much larger than the Y particles present in the same cata-
lyst. For this catalyst only Y was properly dispersed onto
the alumina support. Finally, the micrographs acquired for
the 2.5(Pt—Pd) catalyst are presented, in which the Pt and
Pd particles formed were also small. However, the Pd par-
ticles are bigger than the Pt ones. Overall, among all the
bimetallic catalysts characterized, the 2.5(Pt-Ni) catalyst
showed the smallest particle sizes of the active metals pre-
sent in the catalysts, and showed, together with CeO,, good
dispersion over the alumina support. In addition, there was
no evidences of alloy formation with the characterization
techniques used.

3.1.4 Catalyst Activity Tests

Prior to start with the experiments, a sensitivity analy-
sis was carried out using Aspen Plus software in order to
determine the most appropriate O,/CH, and S/C feed ratios
(vol%) to obtain the highest hydrogen yield, at a constant
CH,/CO, ratio of 1.5 (vol%) [4]. Based on the results of
this study, Fig. 3, it was concluded that the ratios of O,/
CH,=0.25 and S/C=1.0 are the most suitable ones,
which is in good agreement with previous investigation
of the authors [27]. On the one hand, at increasing O,/
CH, ratio, the higher partial pressure of oxygen would
favor the methane partial or total oxidation reaction, thus,
reducing the interaction of methane for hydrogen produc-
tion reactions, like SR or DR. Consequently, most of the
CO, remains in the feed without being converted through
DR reaction. On the other hand, at increasing S/C ratio, the
higher water content results in a lower hydrogen yield, as
defined above in Sect. 2.2. Nevertheless, if hydrogen yield
is considered as the amount of hydrogen produced by the
amount of hydrogen produced if all the methane fed reacted
to produce carbon dioxide and hydrogen, the obtained
yield results are different. As an example, the results at
800°C were 56.4% at O,/CH,=0.25 and S/C=1.0, 63.3%
at O,/CH,=0.25 and S/C=2.0, 48.6% at O,/CH,=0.50
and S/C=1.0 and 53.5% at O,/CH,=0.50 and S/C=2.0.
Therefore, the highest hydrogen yield would be achieved at
the highest S/C ratio and lower O,/CH, ratio. Regardless to
the hydrogen yield definition, at the lowest O,/CH, ratio,

the reactions that produce hydrogen are promoted; DR and
SR. However, the use of low O,/CH, and S/C ratios plays
an adverse effect regarding the stability of the catalysts: the
appearance of carbon deposits onto the catalytic surface is
more probable. Hence, the operating conditions selected
would be also appropriate to observe in advance the possi-
ble deactivation phenomenon, thus, allowing a better cata-
lysts activity and stability comparison.

The negative carbon dioxide conversion measured is
related to the WGS reaction promotion. Thus, the outgas
CO, concentration increased with the O,/CH, and/or S/C
ratios, due to net carbon dioxide production.

Then, the performance of the catalysts at several tem-
peratures, from 700 to 800°C, and VHSYV, from 500 to
2000 Ly/g.,h, was studied with the 2.5Pt catalyst in order
to determine the best suited experimental conditions that
allow a better comparison between reaction systems. All
these experiments were carried out at O,/CH,=0.25 and
S/C=1.0. In Fig. 4, the activity results measured for each
reaction system, operating at a constant VHSV and several
temperatures, can be observed. If conversion and yield are
compared, left of the figure, similar values were achieved,
being slightly higher the ones measured for the FBR. In
addition, the activity of the 2.5Pt catalyst increased with
the temperature, from values far from the equilibrium con-
version, until values almost at equilibrium conversion, at
800°C. At the right hand of Fig. 4, CH, TOF, CO, TOF
and H, PRO are shown in order to elucidate the real activity
of each reaction system. This figure clearly demonstrated
the higher activity achieved operating with microreactors.

Figure 5 shows the activity results measured for the 2.5Pt
catalyst operating at O,/CH,=0.25 and S/C=1.0, constant
temperature and several VHSV. The temperature was fixed
at 700 °C because the activity measured at this temperature
ensures the operation far from the equilibrium calculation,
as shown in Fig. 4, and therefore allows a better compari-
son between reaction systems. It was not possible to oper-
ate at the lowest VHSV using the FBR because of the flow
limitation of the mass flow controllers, as shown in the left
of Fig. 5. In this case, the highest conversion values, close
to the ones calculated for the equilibrium conversion, were
measured operating at the lowest VHSV. Then, at increas-
ing VHSYV, the conversion of reactants decreased because
of their lower residence time inside the reaction systems.
Once again, the real activity calculated by CH, TOF, CO,
TOF and H, PRO shows higher activity for the microreac-
tor system.

As defined above in Sect. 2.2, the TOF and PRO param-
eters truly reflects the activity level of available catalyti-
cally active sites on the surface. The activity measured for
the catalyst coated onto microreactor is about one order of
magnitude higher than the one measured for the catalyst
used in the fixed bed reactor, when the same catalyst is
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Fig. 4 Left CH, conversion (black), CO, conversion (green) and
H, yield (red) measured at several temperatures, O,/CH,=0.25 and
S/C=1.0. Right CH, TOF, CO, TOF and H, PROD measured at
several temperatures. The experiments were carried out using both

tested in both reaction systems, 2.5Pt. The higher perfor-
mance of the microreactors is assigned to the higher heat
and mass transfer capacities, which is related to the size
of the microchannels that allows a close contact between
reacting molecules and catalyst surface. As a result, cata-
lyst containing smaller amount of noble metal can be used
in microreactors, allowing a better performance, includ-
ing the stability during the time on stream. Because of the
previously stated properties, these systems allow a better
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utilization of the catalyst, and this is one the main reasons
of using Pt as a common active metal for all the catalysts
prepared [37, 38].

The results of Figs. 4 and 5 showed activity values far
from those predicted by the thermodynamic calculations
when operating at the lowest temperature, 700 °C, and the
highest VSHYV, 2000 Ly/g.,.h. In addition, the better per-
formance in terms of catalytic activity was clearly dem-
onstrated operating with microreactors. Therefore, all the
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monometallic and bimetallic catalysts synthetized were
prepared and coated onto the microchannels of the micro-
reactors and were tested at several temperatures and the
highest VHSV, 2000 Ly/g.,.h, according to the schedule of
Table 1a.

In Fig. 6, the results measured for the catalysts that
showed superior performance are depicted. All the catalysts
tested showed a similar tendency: their activity increased
with the temperature because of the endothermic nature of
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the main reactions involved in the TR process. If the cata-
lysts” activity results are compared with the ones calcu-
lated for the equilibrium, at 700°C the activity measured
was low, and increased with the temperature. At 800 °C,
all catalysts almost reached equilibrium conversion values.
The Y containing catalyst showed lower methane conver-
sion capacity and the 2.5Pt catalyst lower carbon dioxide
conversion capacity. Therefore, these two catalysts were
not able to reach the values measured for the equilibrium
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Fig. 6 CH, conversion, CO, conversion and H, yield as determined
for a VHSV of 2000 Ly/(h g, at O,/CH,=0.25, S/C=1.0 and
different temperatures for the most promising catalysts tested. The

(squares) represent methane conversion, Xy, (triangles) carbon
dioxide conversion, X, and (circles) hydrogen yield, H, yield
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in terms of hydrogen yield. Concerning this parameter, the
small errors corresponding to the measurements with the
analytical instruments could be the reason why there are
activity values higher than the ones calculated for the equi-
librium. Nevertheless, the absolute error calculated for the
carbon balance was always lower than 5.0 mol.%.

In Fig. 7, the results measured for the rest of the cata-
lysts under investigation can be observed. For all of them,
the combination of Pt with the corresponding metals results
in a catalyst with a lower performance, compared to the
2.5Pt monometalic one. Therefore, the systhesis of these
catalysts was unsatisfcatory in terms of catalytic activity.
In addition, the results measured for the Re and Cu con-
taining catalysts are not shown because they reached the
worst activity results. Among all the catalysts prepared, the
results measured for the Ni containing catalysts were unex-
pected because Ni is considered, and also used, as a very
active metal in reforming processes. However, the low Ni
content in the catalyst was probably the reason of the low
activity measured. This could be related to the nature of the
reaction system used, because when microreactors are used
very active metals or very high content of less active metals
are required. Therefore, the concentration of Ni, and also
Co, Zn, Fe and Mo, could be low for the experimental con-
ditions of the tests carried out.

Once the influence of the temperature was studied, a
medium term experiments were conducted under the most
severe experimental conditions: the lowest temperature,
700°C, and the highest space velocity, 2000 Ly/(h g.,/)-
The results, represented in Fig. 8, showed the average of
the last two measurements taken for hydrogen yield after
26 h on stream. If these results are compared to the ones
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\
|

%

CO, & CH, conversion [%]

shown in Figs. 6 and 7, which were obtained operating
under the same conditions, it is evident that all catalysts
suffered from deactivation. The hydrogen yield measured
for the 5.0Pt and 2.5(Pt—Pd) catalysts at 2 h was 58.6 and
52.4%, and after 26 h was 51.0 and 47.5% consecutively.
For the other catalysts, the deactivation was even more
evident. The most probable reason that could justify the
deactivation is the morphological change of the surface
of the catalysts due to the high temperature. On the one
hand, it could affect to the structural properties of the
catalysts’ support surface; the gamma alumina, when
exposed to high temperatures, suffers continuous transi-
tions from gamma to alpha, being the reduction of its sur-
face area one of the most important consequences. This
phenomenon could occlude structural pores in which
active metals were initially deposited, thus reducing the
number of active sites along the surface of the catalyst
support and therefore, their activity. On the other hand,
the high temperatures also promoted the sintering effect
of the active metals, resulting in metal active sites reduc-
tion. Therefore, the high temperatures could justify the
deactivation measured for all the catalysts tested. How-
ever, the deactivation by carbon deposition is also prob-
able because of the low oxygen and water concentration
in the feed. The reaction of methane oxidation, which is
the fastest one among all the reactions present in this sys-
tem, could consume all the oxygen contained in the feed,
and therefore, it might not be oxygen available to oxidize
the possible carbon deposited onto the surface of the cat-
alysts. The mentioned two phenomenon, temperature and
carbon deposition, could result in the observed catalyst
deactivation.
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Fig.7 CH, conversion, CO, conversion and H, yield as deter-
mined for a VHSV of 2000 Ly/(h g, at O,/CH,=0.25, S/C=1.0
and different temperatures for the remaining of catalysts tested. The
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Fig. 8 H, yield determined for all catalysts tested after 26 h test duration at O,/CH,=0.25, S/C=1.0, VHSV of 2000 Ly/(h g.,) and 700°C

Table 3 Cumulative quantity (C.Q), metal dispersion (M.D.), metal-
lic surface area (M.S.A.) and cubic crystallite size (C.C.S.) calculated
for the 5.0Pt catalyst at several temperatures

5.0Pt catalyst 450°C 700°C 800°C
C.Q. (mmol/g) 0.0477 0.0266 0.0176
M.D. (%) 25.84 14.39 9.52
M.S.A. (Mg ) 63.82 35.53 2351
C.C.S. (nm) 3.6 6.6 9.9

The influence of the temperature was studied for the
5.0Pt catalyst by CO-chemisorption experiments carried
out at three simulated reaction temperatures. The results are
collected in the following Table 3:

The results shown in Table 3 clearly indicates that the
sintering process is more evident as the reaction tem-
perature was increased. The C.Q reflects the CO mmol
that are able to interact with active sites. Therefore, the
reduction of this parameter clearly means the reduction
of the active sites when the temperature was increased.
Therefore, the metallic surface area (M.S.A.) decreased,
the metallic particle size (C.C.S.) increased and, con-
sequently, the metallic dispersion (M.D.) decreased

corroborating the sintering effect suffered for this
catalyst.

Being the 5.0Pt and 2.5(Pt—Pd) catalysts the ones suf-
fering lower deactivation and showing the highest activi-
ties at all the temperatures and VHSV tested, they were
selected to perform a long-term test that lasted almost
110 h (Fig. 9). Comparing the results obtained, a simi-
lar conversion decrease and deactivation tendency was
observed, being the 5.0Pt catalyst slightly more active.
The hydrogen yield measured for the 5.0Pt and 2.5(Pt—Pd)
catalysts after 110 h was 47.3% and 36.0% consecutively.

4 Conclusions

Nine bimetallic catalysts, with a total metal loading of
5.0 wt% were prepared and their activity was compared
with two Pt monometallic based catalysts for the tri-
reforming reaction. According to thermodynamic equi-
librium calculations, the most favorable conditions for
hydrogen production corresponded to O,/CH,=0.25 and
S/C=1.0. The activity comparison, between microreac-
tor and FBR system, carried out using the 2.5Pt catalyst
clearly demonstrated the superior performance of the
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of 2000 Ly/(h g,,) for the 5.0Pt and 2.5(Pt-Pd) catalysts

microreactor system. Then, using microreactors, higher
activity was measured for the two monometallic, the
2.5(Pt-Y) and the 2.5(Pt-Pd) catalysts, than for the Ni,
Co, Mo, Fe, Cu, Zn y Re containing catalysts. Among
the bimetallic formulations, only the 2.5(Pt—Pd) catalyst
showed higher activity than the 2.5Pt catalyst. However
both 2.5(Pt-Pd) and 5.0Pt catalysts showed a similar
deactivation tendency during the long-term test which
was attributed to the sintering effect. Therefore, the aim
of the future work will be focused on the improvement of
these catalytic systems using microreactors. As microre-
actors provide a better heat transfer, by controlling more
effectively the temperature gradient, this system would
allow a better improvement of the catalyst activity than
the fixed bed reactor.
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