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Ni-based catalysts are very effective and largely used for the steam reforming of heavy hydrocarbons (tars)
generated from biomass gasification, even if Ni suffers from deactivation issues mainly due to carbon deposition,
Tar sintering and sulphur poisoning. Mayenite (Ca;»Al;4033), as support for Ni, has been previously studied and has

lgid‘lel shown excellent oxidation properties that increase the resistance of the catalyst to carbon deposits. Nevertheless
Ma::ae}rllsiie Ni/Mayenite catalyst still suffers from sulphur poisoning. Ceria (CeO5) is well known to be an effective promoter
Cer}i,um that can bring several advantages to catalysts, such as enhancing the resistance to carbon deposits and increasing

the sulphur tolerance of nickel. Here CeO, is added to Ni/Mayenite catalysts to evaluate its promoting features
and resistance to deactivation. In this study Ni/Mayenite and Ce/Ni/Mayenite catalysts were synthesized,
characterized and tested in the steam reforming of tar model compounds. The catalytic tests were carried out
under different operating parameters (temperature, space velocity and nature of tar compounds) and in the

presence of sulphur, and the used samples were characterized to identify the reasons of deactivation.

1. Introduction

Biomass as a renewable energy source has become very interesting
for its use in substitution of fossil fuels. As is widely known, biomass has
several advantages such as being a CO,-neutral energy source, being
easily available and having a wide range of utilization or transforma-
tion processes. Among the possible processes, steam biomass gasifica-
tion has attracted special attention because it allows to produce an Hy-
rich producer gas utilizable for different applications such as combined
heat and power production in co-generators [1], high efficiency elec-
tricity production in fuel cells [2], and biofuels production from Fi-
scher-Tropsch synthesis and other processes [3-5]. However, in order
to make this gas exploitable, it is fundamental to remove the pollutants
generated during the gasification process. A gas cleaning and con-
ditioning system is thus necessary for the removal of particulate and
tars. In particular, tars are defined as the organics produced during the
gasification process, generally assumed to be largely aromatic, that
could condensate on piping and downstream devices, causing serious
damages to the components of the plants [6,7]. As a result of this, the
producer gas has to be treated with hot or cold conditioning systems.
Typically, cold conditioning systems, like wet scrubbers [8], operate at
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temperatures close to ambient and involve mechanical methods or use
of chemical solvents. However, wet scrubbers cause relevant thermal
losses, due to their operation at ambient temperature, and originate
waste streams (contaminated scrubbing liquids) difficult to dispose or
recycle properly [9]. Hot conditioning systems instead focus mainly on
catalytic conversion of tars at high temperature (close to gasification
temperature of ~800 °C), which decompose the heavy hydrocarbons by
means of steam reactions into H, and CO. This procedure allows the
removal of tars and at the same time the enrichment of the gas with
more fuel components (H, and CO). Furthermore, as the hot gas con-
ditioning process operates at high temperature, there is the possibility
to integrate it directly in the gasification reactor, as proposed and tested
in the European Projects UNIQUE [10] and UNIfHY [11]. Rapagna et al.
[12,13] have indeed tested ceramic filter candles (Al,O3 based) im-
pregnated with active phase (nickel) integrated inside the freeboard of
a bench scale fluidized bed gasifier. The results obtained were very
promising, showing a very high tar conversion rate (> 90%) for several
hours and an increase of gas yield (from 1.0 to 2.09 Nm®/kg) and H,
content (from 39 to 56%) in the producer gas. The integration of cat-
alytic tar conversion inside the freeboard of a fluidized bed gasifier has
thus important advantages in terms of system compactness and


http://www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2018.03.081
https://doi.org/10.1016/j.fuel.2018.03.081
mailto:savuto@unitus.it
https://doi.org/10.1016/j.fuel.2018.03.081
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2018.03.081&domain=pdf

E. Savuto et al.

reduction of thermal losses [14—-17]. For these reasons, research should
be focused on finding an effective catalyst for tar steam reforming to be
integrated inside the freeboard of a fluidized bed gasification reactor.

Among the catalysts suitable for steam reforming reactions at high
temperatures, Ni-based catalysts are an interesting solution due to their
good performance and moderate cost. Commercial Ni catalysts are often
supported on alumina for its high surface area, but these kinds of catalysts
are easily deactivated in tar steam reforming because of sintering [18],
carbon deposition [19,20] and sulphur poisoning [21]. In particular,
carbon deposition is a very relevant cause of degradation of nickel cata-
lysts and therefore it has been widely studied and analysed in literature
[19,20,22,23]. The Boudouard or disproportionation reaction (2CO <=
C 4 COy; AHagg x = —172kJmol™Y) is considered, together with me-
thane cracking, the main process responsible for the formation of carbon
on the nickel surface and thus for the deactivation of the catalyst [24,25].
The deactivation issues can be avoided by changing some features of the
catalyst; for instance sintering could be minimised by creating strong
bounds between the active phase and the support, so that the Ni particles
are not allowed to move and agglomerate on the catalyst surface [26]. The
matter of carbon deposits on Ni catalysts has been widely studied
[20,23,27-29] and some proposed solutions include the use of catalyst
supports with high oxidative properties, in order to gasify/oxidise the
carbon deposits thus protecting the active phase from carbon deactivation.
Mayenite (Ca;2Al;4033) has a crystalline nanoporous structure with en-
hanced oxidative properties, due to its capacity to host free oxygen species
(05~ and 0,%) in the cages of its lattice [30]. Mayenite has been used as
support for Ni catalysts in the steam reforming of toluene as tar model
compound [31] and also downstream a bench scale fluidized bed gasifier,
thus working with a real gas containing a mixture of tars produced during
a gasification process [32,33]. With toluene alone, Ni/Mayenite showed
excellent performance with conversion around 100% in tests up to 60 h; in
tests with addition of 500 ppm of H,S the catalyst showed unchanged
performance for the first 60 min, then the conversion dropped to ap-
proximately 70%, probably due to the deactivation of the catalyst caused
by sulphur [31]. In presence of real syngas from gasification with ap-
proximately 100 ppm of H,S, Ni/Mayenite also performed very well in the
reforming of tars for 50 h, with conversion values close to 100% for all the
compounds analysed; however it showed a sloped decrease in CH4 con-
version (80%—-25%) after a few hours [33]. Again, this drop in the catalytic
performance with time-on-stream was ascribed to the deactivation of Ni
active phase by sulphur. Therefore, it has been demonstrated that maye-
nite is very effective in the prevention of carbon deposition on active Ni,
but is not active against sulphur poisoning.

It is well known that the addition of ceria on Ni-based catalysts
improves their activity and stability in the reforming of heavy tar
compounds [34,35]. It has been reported that, thanks to its oxygen
vacancies with high mobility [36], CeO acts as an oxygen donor on the
catalyst surface, promoting the reaction between CO, and C and thus
helping to reduce carbon deposition by means of the reverse Boudouard
reaction [37]. Furthermore, as suggested by Laycock et al. [24], Ce-
promotion in presence of H,S could increase, thanks to its excellent
oxidative properties, the sulphur tolerance of Ni, thus reducing the
poisonous effects of hydrogen sulfide on the Ni active sites.

In this work Ni/Mayenite and Ce/Ni/Mayenite catalysts have been
studied in the steam reforming of tar model compounds at different
operating conditions (temperature and space velocity). The resistance
of the catalysts to sulphur poisoning was also evaluated in catalytic
steam reforming tests performed using model feeds with added thio-
phene (C4H,4S) as sulphur source.

2. Experimental
2.1. Catalysts preparation

Mayenite Caj»Al14033 was prepared by solid-state reaction, me-
chanically mixing calcium carbonate (CaCOs3) and alumina (Al,O3) in
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stoichiometric ratio (CaCOs/Al,05 = 12/7) [32,38-40]. Al,O3 was
previously calcined in a muffle furnace at 850 °C for 5h in order to
remove some eventual moisture and impurities adsorbed on the surface,
and also to stabilize it thermally before the synthesis of mayenite. The
reactants, in the form of powder, were milled in a Planetary Ball Mill
apparatus (Pulverisette-7, Fritsch) for 15 min at a speed of 450 rpm, in
order to obtain a perfect mixture. The mixture was then calcined in a
muffle furnace at 900 °C for 7 h in air atmosphere; the temperature was
reached with a ramp of approximately 5 °C/min. The powder was then
rehydrated and again calcined for the promotion of the complete
synthesis of mayenite. It was found that the residual CaO after the first
phase of preparation reacts in H,O to form Ca(OH), increasing its vo-
lume and releasing heat; these physical effects help to complete the
synthesis of mayenite [41].

The Ni active phase was introduced by wetness impregnation using
an aqueous solution of nickel nitrate hexahydrate (Ni(NO3)6H>0). The
quantity of nickel nitrate was calculated in order to obtain 5% wt Ni on
the catalyst. The solution, in which mayenite powder was added, was
stirred and heated at 90 °C until it became slurry; then it was dried
overnight at 120 °C and finally crushed in a mortar. The compound
obtained was again calcined in a muffle furnace at 850 °C (higher than
the operating temperature of the catalyst, in order to stabilize the Ni
phase) for 5h. The catalyst obtained with this procedure was denoted
as Ni5M.

Part of the Ni5M obtained was then again impregnated with an
aqueous solution of cerium nitrate hexahydrate (Ce(NO3)36H50), in
order to deposit 5% wt Ce on the catalyst. The procedure of wet im-
pregnation with Ce was carried out analogously to the Ni impregnation;
finally the compound was again calcined in a muffle furnace at 850 °C
for 5h [42,43]. The catalyst obtained with this procedure was denoted
as Ce5Ni5M. The Ni5M and Ce5Ni5M powders were sieved between
200 and 425 pm for catalytic testing.

2.2. Catalysts characterization

For the identification of phases and crystallite dimension, fresh
catalysts were characterized by means of X-ray Diffraction with a
Seifert 3000P vertical diffractometer and nickel-filtered Cu Ka radia-
tion (A = 0.1544 nm) under constant instrument parameters. For each
sample, Bragg angles between 10° and 80° were scanned. A rate of
0.02°/step, integration time 20 s/step were used during a continuous
scan in the above mentioned range. The average crystallite sizes of NiO
and CeO, were calculated by means of the Scherrer equation:

K24
dp =
P Bcosd

where A is the X-ray wavelength, in this case 1.544 nm; B is the full
width at half maximum height of the diffraction peak (FWHM); 6 is the
peak angle in radians, and K is a constant related to crystallite shape,
taken as 0.9 [44].

Brunauer-Emmett-Teller (BET) specific surface area and Barrett-
Joyner-Halenda (BJH) pore volume of the fresh catalysts were calcu-
lated from the results of the N, adsorption-desorption isotherms, mea-
sured at the N5 liquid temperature of 77 K by means of a Micromeritics
ASAP 2100 apparatus. The samples were degassed before the analysis at
393K for 12 h to remove compounds possibly adsorbed on the surfaces.

The reducibility of the fresh catalysts was measured by means of
Temperature Programmed Reduction (TPR) experiments in a
Micromeritics TPD/TPR 2900 apparatus equipped with a TC detector.
The samples were pre-treated under He at 100 °C for 30 min, then the
TPR profiles were recorded by heating the sample from room tempera-
ture to 900 °C at a rate of 10 °C/min under a flow of H,/He (10% v/v).

X-ray Photoelectron Spectroscopy (XPS) measurements were made
on spent catalysts by means of a Fisons ESCALAB 200R spectrometer
equipped with a hemispherical electron analyzer and an Al Ka
(hv =1486.6eV, 1eV = 1.6302 x 10~'°J) 120 W X-ray source.
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The spent catalysts were characterized by thermogravimetric ana-
lysis with a TGA/SDTA 851e METTLER TOLEDO for the evaluation of
the coke deposited on their surface after the activity tests. The tem-
perature was raised from ambient to 900 °C with a heating rate of
10 °C/min in O, atmosphere (O3 20%, 50 Nml/min), while the weight
change was measured.

2.3. Catalytic activity tests

The activity tests were performed in a fixed bed stainless steel
micro-reactor (I.D. 5.8 mm) placed in an electric furnace, in order to
control and maintain the desired temperature for the reaction. Two
thermocouples were used to measure the reaction temperature: one at
the centre of the catalytic bed, and the second in contact with the ex-
ternal wall of the reactor. The catalytic bed consisted of the catalyst
powder diluted with SiC (SiC/catalyst = 1.25/1) in order to maintain a
constant temperature along the reactor and to avoid preferential gas
paths. Both catalyst and SiC particle size were between 200 and
425 pum. Before reaction, the catalysts Ni5M and Ce5Ni5M were acti-
vated by reduction with H, flow (10% H,, 90% N,) while heating from
ambient temperature to 800 °C, and for 1h at constant temperature, in
order to obtain metallic nickel (Ni®) from nickel oxide (NiO).

Flows of N, H,O and tar model compounds were introduced from
the top of the reactor, previously passing through an evaporation sec-
tion kept at 200 °C. The tar model compounds utilized in the tests were
toluene (C,Hg), naphthalene (C;oHg) and thiophene (C4H,4S). Toluene
and naphthalene were chosen as representative model compounds of 1-
ring and polyaromatics, respectively [45]; while thiophene was chosen
as H,S precursor because under reforming conditions produces H,S, in
concentration close (50-100 ppm) [46,47] to that observed during the
biomass gasification process [16,33]. Furthermore, toluene has a very
stable aromatic structure and is one of the major tar species [48,49]
while naphthalene is representative of the heavy aromatics present in
tars which are refractory to steam reforming [50,51].

Toluene was introduced in the reactor in liquid form, by means of a
motorized syringe pump, while naphthalene and thiophene were dis-
solved in liquid toluene. The H,O flow was controlled and sent to the
evaporation section by means of a HPLC pump; the N flow from the gas
tank was measured and controlled with a mass flow controller. The
total tar content in the gas mixture was set to 1.16% in agreement with
experimental values obtained in a steam/air biomass gasifier
[32,33,52]. The value of S/C molar ratio, fixed at approximately 4, was
chosen because it corresponds to the ratio between the moles of steam
and the moles of carbon contained in the tars of a typical producer gas
composition obtained in a steam/air biomass gasification. Furthermore,
as mentioned above, the aim of the tests is to find a catalyst to be in-
tegrated inside the biomass gasifier, therefore changes in the S/C ratio
have not been considered because its value is established by the bio-
mass gasifier. The total gas flow rate was 72 Nml/min, selected after
preliminary tests to minimize diffusional resistances. Activity tests were
carried out with different tar compounds: toluene alone, toluene and
naphthalene, and finally toluene, naphthalene and thiophene in order
to investigate the catalysts performances in presence of sulphur com-
pounds (50 ppm). The toluene/naphthalene ratio (14/1) was selected
taking into account the typical ratio between one-ring compounds and
two or higher ring-compounds obtained in the tar analysis of a steam/
air biomass gasifier [33].

Tests were carried out at different values of GHSV, by changing the
quantity of catalyst charged in the reactor. At first, 5000h~! was
chosen because it is the value recommended from the manufacturer of
the ceramic catalytic candles designed to be inserted in the freeboard of
the gasifier [12,14]. Then 20,000 h~! was also selected, in order to
reproduce industrial values of GHSV for steam reforming [53-55]; and
finally 10,000 h ™! was also tested because it is widely used in literature
as GHSV for biomass tar steam reforming [56-58].

Reaction temperature was selected at 800 °C, in order to reproduce
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the temperature in the freeboard of a fluidized bed gasifier, in which
the catalyst would be inserted. 800 °C is indeed widely used as oper-
ating temperature in bubbling fluidized bed gasifiers [14,52,59]. Tests
at lower temperature, 700 °C, were also performed in order to in-
vestigate the performance of the catalysts in case of temperature drops
in some areas of the gasifier [60].

Downstream the reactor, the gas was sent to a cold trap kept at
—10 °C in which residual H,O and tars condensed in an impinger bottle
filled with 2-propanol. Successively, the gas was sent to an on-line gas
chromatograph (HP 5890 Series II) equipped with a TC detector for the
analysis of the gases formed in the steam reforming reaction: H,, CO,
CO,, CH,4 and light hydrocarbons (C2-C3). The catalysts were tested for
approximately 9 h continuously on stream and the gas products were
analysed periodically every 25 min, in order to record eventual changes
in the gas composition during the progress of the reaction. From the
analysis of the products at the outlet of the reactor, it was possible to
calculate the gasification rate with the following formula:

Z mOlerod, ouT 100

Gasification (%) =
Z molCmMN

Blank experiments without catalysts were performed in order to
know the contribution of the homogeneous gasification. On blank tests
the gasification conversion was in all cases lower than 5%.

3. Results
3.1. Characterization of calcined catalysts

3.1.1. X-ray diffraction

The XRD patterns for Ni5M and Ce5Ni5M samples are displayed in
Fig. 1. In both calcined catalysts it is possible to distinguish the typical
reflections of crystalline Ca;,Al;14033, at 26 angles of 18.0° and 33.2°
that indicate the success of the synthesis process of the mayenite sup-
port [61]. It is possible that segregation of an excess of the Ca occurred
during the preparation, since some reflections of crystalline CaO (37.2°,
53.7°) are observed in the diffractograms of both catalysts samples. The
calcined catalysts also show the characteristic reflections of crystalline
NiO at 43.1° and 63.3°. The sample Ce5Ni5M also shows reflections
corresponding to crystalline CeO, (28.5°, 47.4°, 56.3°, 59.0°, 76.7°,
79.1°) in cerianite phase, formed after the cerium impregnation and
calcination.

The average crystallite sizes were calculated from the main reflec-
tion peaks of NiO (43.2°) and CeO, (28.5°) by means of the Scherrer
equation. The results obtained are displayed in Table 1. The crystalline
size of NiO particles decreases after the impregnation with Ce, in-
dicating a better dispersion of the active phase on the support, in line
with previous studies reported in literature [62,63].

3.1.2. N, adsorption-desorption isotherms

The N, adsorption-desorption isotherms of Ni5M and Ce5Ni5M
calcined catalysts are type IV, which correspond to mesoporous mate-
rials and are characteristic of a weak adsorbent-adsorbate interaction
(see Fig. 1-S in Supplementary Material). The BET surface areas, cal-
culated from N, adsorption-desorption isotherms, and pore volume,
calculated from the BJH desorption isotherms of Ni5M and Ce5Ni5M,
are listed in Table 2. From the textural results presented, it is observed
that there is a slight increase in both surface area and pore volume in
the sample Ce5Ni5M in relation to the Ni5M counterpart, which could
be caused by the segregation of small entities of CeO, that could con-
tribute to the observed increase of porosity in the catalyst.

3.2. Temperature programmed reduction

The hydrogen consumption curves obtained during the TPR analysis
on Ni5M and Ce5Ni5M calcined samples are displayed in Fig. 2.
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Fig. 1. XRD patterns of Ni5M (black) and Ce5Ni5M (red) calcined catalysts (x: Ca;2Al;4033, 0: CaO, :
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Table 1
Crystallite size of NiO and CeO,, particles from XRD in Ni5M and Ce5Ni5M calcined
catalysts.

Ni5M Ce5Ni5SM
Crystallite size (nm)
NiO 21.9 18.8
CeO, - 28.0
Table 2

Textural properties obtained from N, adsorption-desorption isotherms of Ni5M and
Ce5Ni5M calcined catalysts.

BET surface area BJH Pore volume

(m*/g) (em®/g)
Ni5M 20.7 0.112
Ce5Ni5M 24.3 0.143

The reduction profiles of calcined samples show a similar profile at
lower temperatures, with a first consumption peak around 440 °C for
the Ce5Ni5M catalyst and around 480 °C for the Ni5M sample. In ad-
dition to these peaks, small shoulders at lower temperatures were also
observed on both samples. The main reduction peaks observed at 440
and 480 °C could be ascribed to the reduction of free NiO particles to
metallic Ni°, which typically occurs at these temperatures [64-66],
while the small shoulders could represent the reduction of some other
NiO species with smaller particle size, easier to reduce and thus found
at lower temperature. In the case of Ce5Ni5M, one can observe a shift
towards lower temperature in the first reduction peak, indicative of an
enhancement of the reducibility of NiO particles associated with the
presence of CeO, in the catalyst formulation [67]. For higher tem-
peratures, the TPR profiles of Ni5M and Ce5Ni5M calcined samples are
quite different. In this region, the Ni5M sample presents a strong re-
duction peak at 722 °C, followed by a small shoulder at 810 °C. The
reduction peak at 722 °C can be ascribed to the reduction of Ni*>* ions
interacting at surface level with the Al-O of the mayenite support
[68,69]. The area associated to the reduction of these Ni2™" species is
the largest among the reduction peaks detected in the reduction profile
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Fig. 2. Temperature-programmed reduction profiles of calcined Ni5M (black) and
Ce5Ni5M (red) catalysts. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

of the Ni5M catalyst, indicating the fact that Ni bonded to the mayenite
support by means of Al-O-Ni bonds are the prevalent Ni species in this
catalyst. These Ni*>* ions strongly interact with the mayenite support,
which protects them from the mobility and agglomeration with other Ni
particles on the surface [26,28]. The last small reduction peak observed
at 810 °C in the Ni5M profile could be ascribed to Ni?** species inter-
acting with Al,O3 segregated from the mayenite support during the Ni
impregnation process. This effect was due to the wet impregnation
carried out using an acid solution of Ni(NO3), which could extract some
AI®* jons from the structure of mayenite thus creating segregated Al,O5
particles on the surface of the support. By this way the Ni®>* ions could
react with the surface of Al,O3 forming a spinel-like structure (NiAl;0,4)
that is reduced at approximately 800 °C [65,69,70]. The formation of
NiAl,O4 takes place at the surface of Al,O3, not developing crystalline
three-dimensional structures visible by XRD. The sample Ce5Ni5M
shows in the high temperature range two reduction peaks at 700 and
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820 °C, of lower intensity than those observed in the Ni5M counterpart.
As it was indicated above for the Ni5M sample, the reduction peak at
700 °C can be ascribed to the reduction of Ni*>* ions bonded at surface
level with the mayenite support. This peak also includes the reduction
of bulk CeO, particles, because the reduction of these species is re-
ported to occur in this temperature range [63,71]. The second reduc-
tion peak in the high temperature range observed at 820 °C could be
attributed to the reduction of the spinel-like Ni species created by the
interaction of Ni2™ ions with segregated Al,O3 species on the surface of
the catalyst. The second reduction peak could be related to the second
impregnation made with an acid solution of Ce(NOj3)3;, which could
extract additional Al,O3 species on surface increasing by this way the
concentration of the spinel-like Ni species. From the TPR profiles of the
Ni5M and Ce5Ni5M catalysts, the reduction temperature for catalysts
testing was set at 800 °C, in order to reduce an important proportion of
the Ni?* species with weak and high interaction with the mayenite
support.

3.3. Catalytic activity tests

The effect of space velocity (GHSV = 5000, 10,000 and 20,000 h~ %)
on the gasification capacity and selectivity to hydrogen production of
the Ce5Ni5M catalyst, was firstly studied in the steam reforming of
toluene at 800 °C (Fig. 3). The experimental points were fitted with
trend lines and the coefficients of determination (R?) are displayed in
the diagrams. As derived from Fig. 3, the change of GHSV does not have
a significant effect on the gasification conversion, resulting in similar
values (close to 100%) under all the GHSV studied. Only a slight de-
crease in the slope of the average conversion was observed as the GHSV
increased. The decrease in the gasification rate observed for higher
space velocity was probably derived from the quicker deactivation of
catalyst as consequence of the higher gas flow treated. The values of
H,/CO, molar ratios are close to 1.57, irrespective of the GHSV studied,
value typical for the toluene steam reforming (C,Hg + 7H,0 —
7CO + 11H,, Ho/CO = 11/7 = 1.57 [72]), showing a slight decrease
with time-on-stream derived from the partial degradation of the cata-
lyst. The small effect of the change in the GHSV on the catalytic be-
haviour of the Ce5Ni5M sample, led us not to implement similar tests
on the Ce5Ni5M counterpart.

For the further catalytic tests, the value of GHSV was fixed at
10,000 h ™%, value widely used in tar steam reforming over Ni catalysts
[56-58]. The results corresponding to the steam reforming of the
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Fig. 3. Gasification conversion values and H,/COx molar ratios in the steam reforming
tests of toluene at 800 °C over the Ce5Ni5M catalyst at different GHSV: 20,000 h™ (W),
10,000h™ (@) and 5,000h™ (V).
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mixture of toluene (T) and naphthalene (N) at this GHSV over the
Ce5Ni5M and Ni5M catalysts at 800 °C are depicted in Fig. 4a. The
conversion level in the steam reforming of the mixture of toluene and
naphthalene over both catalysts also achieves an average gasification
conversion around 100%, as it was previously observed in the re-
forming tests feeding only toluene (Fig. 3). The values of the H,/COy
molar ratio obtained in the reforming of the mixture of toluene and
naphthalene are also close to the value for the complete stoichiometric
steam reforming of both molecules (=1.57). The Ce5Ni5M and Ni5M
catalysts show differences in their stability with time-on-stream in the
reforming of the mixture (Fig. 4a). The average gasification conversion
for Ni5M is very stable with time-on-stream, while for the Ce5Ni5M
counterpart, the gasification rate decreases approximately 10% after
9 h of testing, indicating higher degradation for the catalyst containing
Ce. The evolution of the H,/CO, ratio with time-on-stream follows the
same trend observed in the gasification rate on these catalysts, that is
higher stability for the Ni5M catalysts and slight decrease in the ratio
for the Ce5Ni5M counterpart.

The steam reforming of the mixture of toluene and naphthalene over
Ce5Ni5M and Ni5M was also performed at lower temperature (700 °C).
The results corresponding to gasification conversion and the H,/COx
molar ratio obtained at this temperature are shown in Fig. 4b. As ex-
pected, the gasification conversion over the catalysts at this tempera-
ture is lower than the values obtained in the previous tests at 800 °C. It
is observed that the reforming capacity of both catalysts at 700 °C is
maintained during the first hours of reaction, decreasing suddenly after
5-6 h time-on-stream. To highlight the deactivation respect to the Hy/
CO formation of the catalysts during the tests (Fig. 4b), trend lines have
been added to experimental results to observe more clearly the evolu-
tion in the catalytic behaviour respect to their initial activity. The loss
in the reforming capacity of the catalysts at 700 °C with time-on-stream
could be related to a major participation of the CO disproportionation
reaction (Boudouard reaction) with the decrease in the reactor tem-
perature [28], which can cause higher carbon deposition and thus a
drop in the reforming capacity [22]. Despite both catalysts showing
deactivation, it is observed that the Ni5M catalyst showed better con-
version and the fall in the reforming efficiency occurred later and more
gradually, compared to the trend observed for Ce5Ni5M. The Ni5SM
catalyst shows gasification conversions around 80%, that decrease to
around 30% after 7 h on stream. In the case of Ce5Ni5M, the initial
gasification conversion begins with values between 80 and 70%, which
drops to a value around 20% after 6 h on stream. The H,/CO4 molar
ratio follows a trend similar to that described for the reforming con-
version, that is, stability in the first hours and sudden decrease after
5-6h on stream.

The steam reforming of the mixture of toluene and naphthalene over
Ce5Ni5M and Ni5M in presence of sulphur (thiophene 50 ppm) (S) was
finally studied performing the tests at 800 °C with GHSV = 10,000 h ™.
The reforming results in presence of sulphur (Fig. 5) indicated that the
reforming capacity of both catalysts decreased considerably in relation
to the tests without sulphur (Fig. 4a). The gasification conversion values
on both catalysts in the presence of sulphur show values around 15%
with H,/CO, molar ratio around 0.25, decreasing both values slightly
during the tests. The catalytic deactivation observed in presence of
sulphur is probably caused by the sudden poisoning of the catalysts by
the sulphur atoms contained in the thiophene present in the feed. From
the results presented in Fig. 5a slightly higher conversion is observed on
the Ce5Ni5M catalyst compared to the Ni5M counterpart. The better
catalytic behaviour against sulphur observed in the sample Ce5Ni5M
could be ascribed to the presence of CeO, in the catalytic formulation,
which could protect some of the Ni active sites by promoting the oxi-
dation of sulphur to SO, which has lower poisoning effect [73,74].
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3.4. Characterization of used catalysts

3.4.1. X-ray diffraction

The used catalysts were analysed by means of X-ray diffraction in
order to investigate changes in their crystalline structure.
Characterization of spent catalysts tested at different GHSVs (not shown
here) did not show relevant structure changes, nor traces of carbon
deposits on the catalysts derived from the reforming of toluene with
different feed flows, as expected owing to the almost constant perfor-
mance. The XRD profiles of the catalysts used in the steam reforming of
the mixtures of Toluene and Naphthalene (T N) at 800 °C, T N at 700 °C,
T N and thiophene (S) at 800 °C on Ce5Ni5M and Ni5M, are presented
in Figs. 6 and 7 respectively. Diffractograms of used samples are quite
similar to those presented of fresh samples, irrespective of the condi-
tions of the reforming tests. The similarity of the XRD patterns before
and after the tests means that the crystalline structure of the Ni, the
support and the CeO, phases do not suffer significant changes during
the catalytic tests, irrespective of the composition of the catalysts, the
reforming temperature or the presence of sulphur in the feed. A more
detailed analysis of the diffraction peaks appearing in the region around
20 = 26°, characteristics of the presence of graphitic carbon structures
(JCPDS 75-1621), indicated some differences in the profiles of the used

catalysts samples. In this case, only in the catalysts used in presence of
thiophene small diffraction peaks were observed which indicated the
formation of graphitic or filamentous carbon structures on the surface
of catalysts when the sulphur is present in the feed [29,75]. The higher
formation of carbon structures observed in the catalysts when thio-
phene is present in the feed, could be related to the loss of the reforming
capacity of the Ni phases due to the partial blocking of Ni, as a con-
sequence of the poisoning with sulphur.

The size of the metallic Ni crystallites in the used catalysts, reported
in Table 3, were calculated from the Scherrer equation applied to the
(111) diffraction lines of metallic nickel at 20 = 44.8°.

In almost all the used catalysts (except for the tests with thiophene),
the Ce5Ni5M catalysts show large Ni crystallites after use, relevantly
bigger than the Ni particles of the Ni5M counterpart. The crystallite
growth of the Ce5Ni5M samples could be related to the lower quantity
of Ni bond to the Al-O of the support compared to Ni5M, as remarked in
the TPR results (see Fig. 2). The evolution of the Ni particle size under
steam reaction conditions varies in the Ni5M and Ce5NiM samples. For
the Ni5M catalyst, Ni growth was observed when the reforming was
performed at low temperature and in the presence of sulphur. On the
contrary, the Ni particles on the Ce5Ni5M samples show a lower sin-
tering degree in the steam reforming performed with sulphur. In this
case the partial blocking of Ni phases with sulphur could inhibit the
sintering process [76] observed in the tests without sulphur in the feed.

3.5. Thermogravimetric oxidation

In Fig. 8 the derivatives of the TG-TPO profiles corresponding to the
different catalysts used are depicted.

The DTG-TPO profiles for the Ce5Ni5M and Ni5M catalysts used in
the steam reforming of toluene and naphthalene at 800 °C (GHSV
10,000 h ') are depicted in Fig. 8a. The DTG profiles are similar in the
two used catalysts, showing three major peaks at around 220 °C, 400 °C
and 650 °C. The peak at 220 °C, the major of the peaks detected, can be
ascribed to the desorption of hydrocarbon species absorbed on the
catalysts surface [77-79]. The peak at 400 °C (0.0358 mg), much lower
than the previous (0.384 mg), could be ascribed to the oxidation of fi-
lamentous carbon species [23] and the last high peak appearing at
650 °C (0.174 mg) could be associated to the oxidation of graphitic
carbon species, less reactive and thus oxidised at higher temperatures
[27]. The oxidation profiles of the two used catalysts are similar, but
with some differences in the intensity of the oxidation peaks. The
Ce5Ni5M catalyst showed lower oxidation peaks at 220 and 400 °C
compared to the Ni5M counterpart, while the oxidation peak at 650 °C
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corresponding to graphitic carbon was higher in the case of the
Ce5Ni5M catalysts. It is possible that the bigger size of the Ni particles
observed on the Ce5Ni5M catalysts (Table 3) reduces the amount of
filamentous C species, which typically forms on small Ni particles. A
higher amount of filamentous carbon species is indeed found on the
Ni5M catalyst, probably associated with their smaller Ni particles. In
addition to this, the oxidative properties of cerium species could also

help in the removal of the species oxidised at low temperature. In the
case of the production of graphitic carbon, the presence of Ce was not
effective in reducing these types of carbon deposits on the catalyst
surfaces.

The DTG-TPO profiles for the Ce5Ni5M and Ni5M catalysts used in
the steam reforming of toluene and naphthalene at 700°C (GHSV
10,000h™ ") reported in Fig.8b, displays the same three major
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Table 3
Average crystallite size of the Ni® particles detected on used catalysts
from XRD.
Ni Crystallite size
(nm)
Ni5SM T N 15.5
Ce5Ni5SM T N 31.0
Ni5M T N 700 21.7
Ce5Ni5M T N 700 31.0
NiSMTN S 21.7
CeS5NiSM TN S 19.7

oxidation peaks at about 200, 400 and 650 °C, already described in the
case of the catalysts used at 800 °C. Contrary to what was observed in
the samples tested at 800 °C, in the samples tested at 700 °C the carbon
deposits were mainly graphitic and thus inactive, difficult to remove
and responsible for catalyst deactivation. The TGA results indicated
therefore that the steam reforming of model compounds at 700 °C
causes higher graphitic carbon deposition, probably due to the reaction
of CO disproportionation [28,80], with consequent early deactivation
of the catalyst and low catalytic performances. For the catalysts tested
at 700 °C, the oxidation peak corresponding to filamentous carbon is

Fuel 224 (2018) 676-686

lower for Ce5Ni5M in relation to the Ni5M counterpart as a con-
sequence of the lower formation of small Ni particles when Ce is present
in the catalyst formulation, as indicated above. In the case of the gra-
phitic carbon (650 °C), a lower amount of carbon has deposited on the
surface of Ce5Ni5M in relation to the Ni5M counterpart. It is possible
that the lower quantity of graphitic carbon found on Ce5Ni5M is related
to its lower reforming activity which can cause minor deposits of
carbon on the surface of the catalyst.

The DTG-TPO profiles for the catalysts tested in the presence of
thiophene are depicted in Fig. 8c. The oxidation profiles of the used
Ce5Ni5M and Ni5M catalysts are very similar showing the oxidation
peaks at around 200, 400 and 650 °C, already detected in the tests
without thiophene. The oxidation peak at 650 °C is higher for Ce5Ni5M
sample in relation to the Ni5M catalyst; this observation can be ascribed
to the oxidative capacity of the cerium entities, that could reduce the
formation of filamentous carbon species, but do not show capacity to
remove the less reactive graphitic carbon species. The graphitic and
filamentous carbon structures here identified could be associated to the
diffraction peak at 26 = 26° detected in the XRD of the spent catalysts
tested with thiophene. The higher carbon deposits found on these cat-
alysts could be caused by the loss of the reforming capacity of the Ni
active sites due to the sulphur poisoning. The quantity of carbon
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Fig. 8. DTG-TPO profiles of used catalysts Ce5Ni5M (red) and Ni5M (black) used in the steam reforming of (a) Toluene + Naphthalene at 800 °C; (b) Toluene + Naphthalene at 700 °C
and (c) Toluene + Naphthalene + Thiophene at 800 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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deposited on used catalysts, in the form of filamentous and graphitic
carbon (from 300 to 800 °C) in relation to the amount of hydrocarbon
reacted, was calculated from the areas of the TGA-TPO profiles (values
reported in Table 1S in Supplementary Material). The catalysts tested at
700 °C showed the highest extent of carbon deposition per unit gram of
catalyst used. The carbon deposited per unit of hydrocarbon reformed
show that Ni5M tested at 700 °C and with thiophene respectively are
the catalysts with the highest carbon deposits. The Ce5Ni5M catalysts
showed, in every case, lower carbon deposits on their surface compared
to the Ni5M counterparts. The catalysts tested at 700 °C are more prone
to carbon deposition, as explained before. Furthermore, the catalysts
with addition of Ce show better resistance to carbon, even though their
performance in promoting the steam reforming reactions is reduced.

3.6. X-ray photoelectron spectroscopy

The chemical state and composition of the used catalysts surfaces
were evaluated by X-ray photoelectron spectroscopy (XPS). The binding
energies of Ni2p3,,, Ols, Ce3ds,» and S2p core-levels have been re-
corded for the used catalysts (results are summarized in Table 2S in
Supplementary Material). For all used catalysts, the Ni 2p3,» level
shows peaks at 852.3 and 855.3 eV; the peak at 852.3 eV corresponds to
metallic Ni, while the peak at 855.3eV is slightly higher than the
binding energy of NiO (854.4¢eV) and closer to the value of nickel
aluminate (856.1eV) [81,82]. This could be a consequence of the
strong interaction between Ni?* species and AI** ions from the support
in the catalysts. The percentage values of the contributions to the
Ni2ps,, level show that the Ni®* is present in higher quantity compared
to metallic Ni, suggesting that the Ni aluminate is the prevalent species
on the surface of the catalysts. Differences in the percentage of metallic
Ni are observed among the used samples, especially in the case of
sample Ni5M tested at 700 °C, which does not show the presence of
metallic nickel. The Ce3ds,, level on all CeSNi5M used catalysts was
detected at a BE of 882.0 eV, characteristic of Ce** ions in CeO, species
[83]. The presence of sulphur was only detected in the sample Ce5Ni5M
used with thiophene. In this sample, the binding energy of the S2p level
appears at 169.1 eV, typical of sulphate (SO4%) species [84]. It is pos-
sible that the sulphate detected on the used samples could have been
generated from the partial oxidation of S, taking into account the oxi-
dation capacity of the cerium species.

The surface atomic concentration of the used catalysts has been
calculated from the intensities of the XPS peaks normalized by atomic
sensitivity factors; the results are summarized in Table 4.

The amount of surface nickel species was similar on the Ce5NiM and
Ni5M catalysts, presenting some variations depending on the reforming
conditions. A decrease in the concentration of the surface nickel species
was observed when the reforming temperature increased from 700 °C to
800 °C with a further decrease when the reforming was performed in
the presence of thiophene. There are not significant differences in the
amount of carbon at surface level on used catalysts because this analysis
includes, besides filamentous and graphitic carbon deposits quantified
by TPO analysis, additional adsorbed hydrocarbon species which make
it impossible to discern the differences previously observed in the TPO
analyses. Sulphur was only detected in the sample Ce5Ni5M used with

Table 4
Surface atomic composition of used catalysts.

Al (%at) Ca (%at) Ni O (%at) C (%at) Ce S (%at)
(%at) (Yat)
Ce5Ni5M T N 13.6 121 0.5 65.9 7.2 0.7 -
Ni5SM T N 13.5 12.7 0.4 67.5 5.9 - -
Ce5NiSM TN 700 12.6 12.2 0.9 67.3 6.2 0.8 -
Ni5SM T N 700 13.1 13.1 0.7 64.9 8.1 - -
Ce5NiSM TN S 18.7 13.4 0.4 60.6 6.1 0.7 0.1
NiSMTN S 14.7 10.8 0.3 67.6 6.6 - -
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thiophene. The presence of sulphur in this sample could be related to
the capacity of cerium species to adsorb and oxidise the H,S to sulphate
species [78-79]. The better catalytic behaviour observed for this
sample against sulphur (Fig. 5) could be related to this fact, as it is
known the lower poisoning effect of oxidized sulphur species could
protect some of the Ni active sites from the poisoning of S species.

4. Conclusions

The performance of Ni/Mayenite catalyst promoted with CeO, has
been studied in the steam reforming of tar model compounds (toluene,
naphthalene and thiophene) at two different temperatures. The synth-
esis of mayenite and the Ni and Ce impregnations were successful, as
demonstrated by the XRD patterns of the fresh -catalysts.
Characterization analysis showed that the addition of cerium to Ni/
Mayenite enhances the surface area by increasing the porosity and also
modifies the interaction degree of the Ni species with the mayenite
support, leading to higher reducibility and a higher quantity of the Ni
species bond to free Al,O3. The catalysts Ni/Mayenite (Ni5M) and Ce-
Ni/Mayenite (Ce5Ni5M) were tested in the steam reforming of toluene
and naphthalene at various operating conditions. Both catalysts per-
formed well in the steam reforming of tar model compounds at 800 °C.
Ce5Ni5M and Ni5M showed differences in their stability with time-on-
stream. The average gasification rate for Ni5SM was very stable with
time-on-stream, while for Ce5Ni5M the gasification rate decreased ap-
proximately 10% after 9 h on stream, indicating higher degradation for
the catalyst containing Ce. The reforming activity of both catalysts at
700 °C decreased suddenly after 5-6h time-on-stream. At this lower
reforming temperature, the Ni5M catalyst showed better performance,
the decrease in efficiency occurred later and more gently compared to
the Ce5Ni5M counterpart. In absence of sulphur, the Ce-containing
catalyst decreases the reforming capacity of Ni/Mayenite, probably
because the impregnation of Ce subsequent to the Ni incorporation
could cover some Ni active sites. The reforming capacity of both cata-
lysts drops dramatically with the presence of sulphur in the feed. The
extremely low performance shown in this case is ascribed to the poi-
soning occurred on the Ni sites caused by the sulphur contained in
thiophene. However in this case, the catalyst modified with cerium
showed very slight increased reforming capacity in presence of sulphur
compared to the behaviour of the unmodified Ni5M counterpart. The
characterization of the used catalysts showed the formation of different
carbon species on the surface of catalysts: adsorbed hydrocarbons, fi-
lamentous structures and graphitic carbon. Under all reforming condi-
tions, the used catalysts modified with Cerium (Ce5Ni5M) showed
lower extension on the carbon deposits (per g of catalyst) compared to
the unpromoted Ni5M counterpart.
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