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A catalyst with a high activity in tar conversion, impregnated on the ceramic hot gas filter material was
developed. The aim of the experiments was to estimate the light-off temperature of the catalytic filter
elements for naphthalene (tar model compounds) conversion and the long-term catalytic stability at a
temperature of 700 °C. Configuration of the catalyst was optimized through improvements in coking re-
sistance and long-term stability. The composition and morphology parameters of the filter material were
considered. Both the impregnation methods and the composition of the impregnation solution were in-
vestigated and validated. The catalyst composed of Ni, Fe, Cr oxides, promoted with Pt (AlSi-Cat43-Pt),
and impregnated on the ceramic-fiber filter composed of Al,03(44%)/Si0,(56%) was found to be the most
active catalyst. The designated catalyst was catalytically active at temperatures of about 700 °C, with a
naphthalene conversion of around 93% over 95 h without catalyst deactivation. We found that the steam
and gas compositions had an influence on the catalytic activity of the filter elements. The same catalytic
filter was catalytically active for 115 h at a low concentration of H,O (10 vol%) and H, (3 vol%) with a
naphthalene conversion of 98% at 790 °C without significant deactivation.
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1. Introduction

Biomass gasification, which is one of the technologies for the
thermochemical conversion of biomass, is expected to be the key
to the spreading of small and medium-sized biomass power plants
around the world. In order to extract energy from biomass ef-
ficiently and cost-effectively, a large-scale "biomass combustion
plant” is used, which converts biomass into heat in the boiler
and generates electricity in the boiler steam turbine by generat-
ing steam. A significant restriction of biomass gasification is mainly
caused by the incomplete biomass gasification process resulting in
the formation of numerous contaminants. These impurities include
particulate matter (i.e., coal, carbon black), condensable polycyclic
aromatic hydrocarbons called tar, sulfur compounds, nitrogen com-
pounds, alkali metal, and hydrogen chloride [1]. Among the con-
taminations that should be eliminated, tars and particles are the
most important, as they cause clogging of the pipes and the gas
engine, which is the biggest technical problem of biomass gasifica-
tion and leads to the inefficiency of the plant [2]. In gas purifica-
tion, particle cleaning is almost entirely based on one or more of
the following principles: inertial separation, barrier filtration, and
electrostatic precipitation [3]. On the other hand, the development
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of tar cleaning technology must be continued. The method of tar
cleansing is divided into two groups i.e., tar removal and tar con-
version. Treatments inside the gasifier are called primary methods.
An ideal primary-method concept eliminates the use of secondary
treatments. The major issues include (a) the proper selection of
gasification conditions (thermal cracking), (b) the use of suitable
bed additives or catalysts during gasification, and (c) a suitable
gasifier design. In every respect, the gasification conditions play a
very important role in the gasification of biomass, but the choice of
parameters depends on the type of gasifier [4]. However, the pri-
mary process cannot prevent the beneficial gas composition and
heating value from being affected, because part of the production
gas is burned during the primary tar removal process [5,6]. Treat-
ments outside the gasifier are referred to as secondary methods.
The gas from the gasifier is typically conditioned downstream of
the gasifier in a secondary reactor. Catalytic conversion has the
potential of reducing the thermal and economic impacts of high-
temperature operation, as additional energy input may not be re-
quired and thermodynamic efficiency losses can be minimized [6].
In addition, the energy content of the tars can be made available
by catalytic conversion.

In the present biomass gasification plant using secondary cat-
alytic tar purification, tar removal and conversion respectively and
particle removal are carried out separately, which means that the
plant can be more compact when processes are carried out in the
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Fig. 1. Gas cleaning unit in a conventional biomass gasification plant (left) and a compact biomass gasification plant (right).

same reactor. Catalytic filters can combine the two tasks of solid-
state filtration and tar conversion in one process step. Impregna-
tion of the filter element with is accomplished by either (a) apply-
ing a catalytic coating, (b) adding the catalytic component to the
structure of the filter, i.e. the mixture of ceramic grain and binder,
or (c) use of a porous inner tube attached to the head of the can-
dle to allow integration of a catalyst particle layer [6]. Nacken et al.
[7] developed the catalytic filter element on the basis of a cat-
alyst particle layer with a particle size fraction between 0.1 and
0.3 mm, followed by method (c). They achieved the catalytic ac-
tivity of Mg6Ni (S) (6 wt% Ni, MgO-supported catalyst) for 100 h
at 800 °C with a filtration rate of 90 m h~! (2.5 cm s~!) in the
presence of 100 ppmv H,S, with complete conversion of naphtha-
lene. Zhang et al. [8] used «-Al,05-based filter discs as a model
of candle filter, and benzene as a model of tar compound, respec-
tively. They developed the nickel-activated catalytic filter (1 wt%
Ni + 0.1, 0.5 or 1.0 wt% Ca0, CaO was used as a promoter for the
resistance to sulfur poisoning), using a urea precipitation process,
which is categorized into method (b). Studies have been conducted
to improve the optimal Ni/CaO ratio for the sulfur resistance of the
nickel- activated catalytic filter. Although experiments were moni-
tored for at least 60 min after the reaction had reached an appar-
ent steady state, a benzene conversion of 93% (50 ppm H,S) and
78% (100 ppm H,S) was achieved at a filtration gas velocity of 2.5
cm s~

This study was part of a project, which aims to develop an
“energy-saving compact catalytic hot-gas cleaning unit” for in-
creasing the share of electricity. The key components of the gas
cleaning unit in this project were the low-cost entrained-flow
sorption process and the catalytic candle filter inside the reactor.
Whereas alkali, HCI, H,S, etc. in the raw gas will be removed by
the sorption process, particulates and tars will be eliminated and
converted. These key components provide elimination of syngas
impurities in only one device and make the entire gasification pro-
cess more compact than conventional reactors of biomass gasifica-
tion plants (Fig. 1).

The current investigation focuses on the development of a cat-
alytic candle filter that can remove the particulates in the product
gas on its filter side (outside) and can convert tars into smaller or-
ganic compounds on its catalyst side (inside) (Fig. 2). The catalytic
candle filter has to be active in the long-term at temperatures of
about 700 °C.

Moreover the coating method regarding the optimal impregna-
tion procedure for the ceramic candle and the strategy for long-
term stability with in-situ regeneration of the catalyst were real-
ized. Initially the catalytic elements Ni, Fe, Cr, and Mn were se-
lected and impregnated on the filter discs. We have chosen these
metal elements for many reasons. Nickel is known as the most ef-
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Fig. 2. Catalytic candle filter.
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fective and reasonable catalyst for tar steam reforming [9,10]. Ni
and Fe are also effective for NH3 conversion [3]. Cr and Mn can
reduce coke on the surface of the catalyst, which is generated dur-
ing the tar conversion [11,12]. In addition, a small amount of Pt or
Ru and, for some samples, both noble metals were placed in filter
discs so that the catalyst will already be effective at lower temper-
atures. In particular, Pt is well-known as a strong catalyst in the
temperature range below 500 °C [13].

2. Experimental
2.1. Support materials

Two types of filter discs were chosen as support materials: an
Al,03 (44%)/Si0, (56%) fiber composite manufactured by Rath, and
an Al, 03 fibers/SiC grains material with a porosity of 35~38% man-
ufactured by Pall. In the following, the materials are denoted as
AlSi and SiC, respectively. The Al,05/SiC support material has a
black SiC side without Al,03 coating and a white membrane coat-
ing on it. The Al,03/SiO, disk has no specific side. These disk ma-
terials have a diameter of 45-50 mm and a thickness of 10-20 mm.
Table 1 gives a comparison of these support materials.

2.2. Catalyst preparation

The catalysts investigated were first prepared on the above sup-
port materials. The composition of the catalysts was examined on
pellet-type support material and successfully tested for tar conver-
sion [14]. In the next step, an improved catalyst was applied and
optimized with regard to coking resistance and long-term stability.

During the first impregnation, metal oxides were generated
on the filter discs. All catalysts were combined with the same
amounts of Ni (7,2 wt%) and Fe (3,6 wt%) oxides. The contents of
Mn and Cr were as follows: 0.35 wt% Cr for Cat43, 3.5 wt% Cr for
Cat44, 0.44 wt% Mn for Cat45, and 4.4 wt% Mn for Cat46. 10 ml
of each catalytic solution, which contained 4.95 g Ni (NO3),e6H,0
(VWR Chemicals, 99%), 3.6 g Fe (NO3)3;e9H,0 (VWR Chemicals,
99.9%), and 0.38 g or 3.8 g Cr (NO3)3e9H,0 (Fluka, 99%) on the one
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Table 1
Comparison of the two support materials.
AlSi SiC
Composition Al,05(44)/Si0,(56) Fiber composition  SiC grains (body)/Mulite grains (membrane)
Porosity 80 ~ 90% 35 ~ 38%
Pressure Drop  Low High
Diameter 50 mm 45 mm
Thickness 20 mm 10 mm
Ave. Weight 11123 g 29.763 g

Table 2
Catalyst name, composition, and preparation method.

SiC-Cat43-Pt
AlSi-Cat43-Pt
SiC-Cat44-Pt
AlSi-Cat44-Pt
SiC-Cat45-Pt
AlSi-Cat45-Pt
SiC-Cat46-Pt
AlSi-Cat46-Pt

First impregnation: Ni, Fe, Cr(0.35); Second impregnation: Pt
First impregnation: Ni, Fe, Cr(0.35); Second impregnation: Pt
First impregnation: Ni, Fe, Cr(3.5); Second impregnation: Pt
First impregnation: Ni, Fe, Cr(3.5); Second impregnation: Pt
First impregnation: Ni, Fe, Mn(0.44); Second impregnation: Pt
First impregnation: Ni, Fe, Mn(0.44); Second impregnation: Pt
First impregnation: Ni, Fe, Mn(4.4); Second impregnation: Pt
First impregnation: Ni, Fe, Mn(4.4); Second impregnation: Pt

AlSi-Cat43-Pt[10]
AlSi-Cat43-Pt[20]
AISi-Cat43-Pt[30]
AISi-Cat43-Pt[40]

First impregnation:
First impregnation:
First impregnation:
First impregnation:

Ni, Fe, Cr from 10 ml of metals solution; Second impregnation: Pt,

Ni, Fe, Cr from 10 ml of metals solution + 10 ml HNO3 solution (pH 2); Second impregnation: Pt
Ni, Fe, Cr from 10 ml of metals solution + 20 ml HNO; solution (pH 2); Second impregnation: Pt
Ni, Fe, Cr 10 ml of metals solution + 30 ml HNO3 solution (pH 2); Second impregnation: Pt

AlSi-Cat43-Pt (Ni-Pt)
AlSi-Cat43-Pt (Pt-0)
AISi-Cat43-Pt (Pt-Ru)
AlSi-Cat43-Pt (Pt-O-Ru)
AlSi-Cat43-Pt (Pt-HYD)

First impregnation: Fe, Cr; Second impregnation: Ni, Pt

First impregnation: Ni, Fe, Cr; Second impregnation: Pt in EDTA basic solution

First impregnation: Ni, Fe, Cr; Second impregnation: Pt, Ru

First impregnation: Ni, Fe, Cr; Second impregnation: Pt, Ru in EDTA basic solution

First impregnation: Ni, Fe, Cr; Second impregnation: Pt in hydrotalcite (HYD) suspension solution

hand, and, on the other hand, 0.27 g or 2.7 g Mn(NO3 ),e4H,0 (Alfa
Aesar, 99.98%) dissolved in diluted HNO3 (pH 2), were dropped
onto the surface of two support materials. To distinguish the cat-
alyst samples easily, they were coded with a combination of the
name of the support material, the catalyst solution number, and
an action symbol (see Table 2). In case that the solution did not at
once soak into the support material, the dropping procedure was
conducted several times until 10 ml was soaked thoroughly. After
the wet impregnation procedure was finished, each catalyst was
dried in the oven at around 90 °C overnight and was then calcined
at 450 °C for 12 h.

In the second impregnation procedure, noble metal was ap-
plied to the filter discs. Pt or Pt-Ru in water solution or basic
EDTA solution (0.1 g EDTA in 0.1 mol/l NaOH) and Pt in hydrotal-
cite suspension (0.01 g in 50 ml H,0), which contained 25 mg Pt
(NH3)4eClyeH,0 (Alfa Aesar, 99.9%) and/or 40 mg [Ru(NH3)g]eCl,
(Alfa Aesar, 99.9%) (see Table 2), were dropped onto each sample.
The volume of Pt solution depended on the weight of the support
material itself. The percentage of Pt/Ru in the solution was up to
0.2 wt%. Then, drying and calcination were done under the same
conditions as described above.

Three groups of catalytic filter elements were prepared via wet
impregnation. In the first group, two different support materials
were tested with respect to their compatibility with the impreg-
nation methods and the influence of Cr and Mn on the catalytic
activity. In the second group with AlSi as support material, the ef-
fect of different impregnation solution concentrations on the cata-
lyst distribution on the support filter material was investigated. In
the third group, catalytic filter elements were prepared where the
noble metals Pt or Pt-Ru were impregnated using different compo-
sitions of the solution.

2.3. Catalyst characterization

For measurement of the Brunnauer-Emmett-Teller (BET) surface
area, the catalysts were fragmented and dried for 30 min at 150 °C
in ChemiSorb 2750 (Micromeritis) before and after the experiment.
Then, the measurement of one catalyst sample was repeated three

times and each catalyst was measured three times. To investigate
the surface morphology and the catalyst distribution in the support
material, each of the catalysts was analyzed before and after the
experiment by SEM (scanning electron microscope) (XL30 ESEM,
Philips) and EPMA (electron probe micro analyzer) (JXA-8530F hy-
perprobe, JEOL), respectively. The catalytic filter samples were also
investigated by powder X-ray diffraction (XRD) using MPD Xpert-
pro (PANalytical, Almelo, Netherlands) equipped with a multistrip
PIXell detector (255chanels, 3.347°20) and Cu radiation. The Cu-
KB was filtered with Ni filter. The measurements were taken with
Soller slits 0.04 rad (2.3°) and adjustable slits giving a constant ir-
radiated sample length of 10 mm. For the purpose of phase iden-
tification, the software packages Highscore-Plus (PANalytical) and
Diffrac-Plus (Bruker-AXS, Karlsruhe, Germany) combined with PDF
2004 (ICDD) und COD 2019 databases were used.

2.4. Experimental setups

The catalytic tests were performed in a continuously operated
stainless steel tubular reactor of 5 cm diameter and 20 cm height
mounted inside the hood furnace at space velocities (GHSV) of
8400 and 20,700 h~! (see Fig. 3). For all experiments, except
for tests on catalyst behavior at different gas compositions (see
Table 3), a gas consisting of 10 vol% CO,, 10 vol% H,0, and 0.15
vol% naphthalene as model tar compounds and 79.85 vol% N, as
carrier gas for steam and naphthalene was used.

The composition of all gasses used was set in the system de-
sign software LabVIEW and provided by digital Mass Flow Con-
trollers (MFC, Bronkhorst). Steam was added to the gas by evapo-
rating the water in an electrically heated tank at a temperature of
58 °C or 76 °C. Naphthalene was added by evaporating the solid
compound immersed in the oil bath at a constant temperature
of 90 °C. All incoming gasses with a volume flow of 0.33 Nm?/h
were brought together in a one-meter-long mixing chamber and
preheated to 190 °C. The catalytic filter disk with a filter area of
12.6 cm? was placed inside of the tubular reactor with appropri-
ate sealing materials (Isoplan 1000), fixed in the flange, and fas-
tened with screw bolts and hexagon nuts to the tube reactor. Two
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Fig. 3. Design of the DIASPO lab-scale facility.

Table 3

Gas compositions for testing the behavior of the catalyst at various gas component con-

centrations.

H,0 [vol%]  CHy [vol%]  Hj [vol%]

CO; [vol%]  Nap [vol%] N, [vol%]

A 10 2 3
B 10 4 15
C 25 2 3
D 25 4 15

10 0.15 74.85
10 0.15 60.85
10 0.15 59.85
10 0.15 45.85

thermocouples on the top and bottom of the filter disk measured
the temperature inside the reactor. In order to avoid condensation
of the naphthalene and its decomposition products, all pipe joints
were heated in a controlled manner (standard heaters: WiNKLER,
IsoPad, HORST, Hillesheim) or covered with thermal insulation ma-
terials. Both raw and reformed gas mixtures were analyzed by an
on-line modular detection system. The total concentration of hy-
drocarbons was measured with a flame ionization detector (FID,
Ultramat 5, Siemens). CO, CO,, and O, were measured after cooling
in the Cooler EC (M & C) with an infrared analyzer (IR Ultramat 23,
Siemens). The concentrations of detectable organic and inorganic
compounds after the reaction during the long-term measurements
were detected and measured using a Fourier Transform Infrared
Spectrometer analyzer (FTIR, Gasmet Technologies) by means of
the software Calcmet (Gasmet Technologies).

2.5. Experimental performance

Two kinds of experiments (“catalyst light-off temperature”
and “long-term catalytic activity”) were performed at the DI-
ASPO test facility with two groups of catalytic filter elements:
Catalysts on two different support materials (SiC-Cat43-Pt, AlSi-
Cat43-Pt, SiC-Cat44-Pt, AlSi-Cat44-Pt, SiC-Cat45-Pt, AlSi-Cat45-Pt,
SiC-Cat46-Pt, AlSi-Cat46-Pt) and catalysts with different noble-
metal formulations (AlSi-Cat43-Pt (Ni-Pt), AlSi-Cat43-Pt (Pt-O),
AlSi-Cat43-Pt (Pt-Ru), AlSi-Cat43-Pt (Pt-O-Ru), AlSi-Cat43-Pt (Pt-
HYD)) were tested. These experiments were carried out during the
ramping phase from 300 °C to 650 °C or 850 °C (the average tem-
perature of the reactor inside the furnace was in the range of
570 °C and 790 °C) at 3 °C/min to investigate the catalyst light-
off temperature and at 650 °C or 860 °C, respectively for 9-12 h
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Fig. 4. BET surface area of the catalysts on two different support materials before
and after reaction.

(naphthalene reforming) to investigate the long-term catalytic ac-
tivity. For each catalyst, five or eight heating cycles with long-term
naphthalene reforming were conducted. Thus, the tested catalysts
were operated for a total of at least 115 h.

The experiments on the catalytic filter discs were conducted in-
termittently for safety. Thus, the temperature of the furnace was
cooled down from 650 °C or 850 °C to 300 °C and kept at 300 °C
every night. During the cooling down and keeping of the tempera-
ture, the gas flow was changed to only N, (0.3 Nm?/h).

3. Results and discussion
3.1. Catalyst morphology

3.1.1. BET surface area

The results of the BET surface area reflect the adsorption capac-
ities of the respective materials. The high surface area, i.e. the high
adsorption capacity of the supported catalyst, determines the high
affinity to tar conversion reactions of the catalyst.

As shown in Fig. 4, AlSi-supported catalysts before and af-
ter naphthalene reforming (Ox) had much better sorption abilities
than SiC-supported ones. The initial values of the surface area of
SiC support material before and after naphthalene reforming were
not detected well. In addition, the change in the surface area be-
tween SiC support material and SiC-supported catalysts was small
compared to the increase in the case of AlSi. This can be explained
by the dense SiC support material with a low porosity (35~38%),
and by the wet impregnation method, which was not the optimal
method for this material. Moreover, it was considered that there
was a limitation in the detection capability of the BET instrument.
The maximum value of the surface area of the SiC-supported cata-
lysts was only 3.0 m2/g for SiC-43-Pt. On the other hand, the sur-
face area of AlSi-supported catalysts was about 14-18 times larger
than that of the AISi support material (1.9 m?/g), which, in addi-
tion, has a much higher porosity (80~90%). Unlike the SiC support
material, the surface area of the AlSi support material even slightly
increased after naphthalene reforming (AlSi-Cat43-Pt). This can be
explained by the adsorption of the reaction products during the
experiment [15].

On the other hand, for both catalysts on two different supports,
the surface area decreased after naphthalene reforming. It can be
assumed that organic compounds and coke derived from tar con-
version were adsorbed during the experiment, which reduced the
surface area of the working catalysts [16-17]. Nevertheless, this re-
sult shows that AlSi as a support material for the catalyst is more
suitable than SiC in terms of adsorption capacity.

Fuel Communications 7 (2021) 100021

The BET surface area was also measured and compared for all
samples with regard to the catalytic activity of the catalytic filter
elements. In all cases, a decrease in the surface area of about 40%
after naphthalene reforming was found. The small catalytic filter
elements were black-brown. Coke deposits may be responsible for
this dark color, but the deposition of organic compounds (reaction
products), which were captured between layers of fiber material
cannot be excluded either.

3.1.2. EPMA and SEM analysis

In addition to the adsorption capability, the distribution of the
catalytic components inside the support materials must be ana-
lyzed to evaluate the best impregnation method of the catalysts.
The distribution of catalysts on two different supports was esti-
mated with EPMA analysis and is shown in Fig. 5. Each of the cat-
alytic components was uniformly distributed inside the AlSi sup-
port material. In the case of SiC, the catalytic components could
not penetrate into the SiC grains, regardless of the side from which
the impregnation was carried out. They only remained on the sur-
face and inside the white filter membrane (mullite side) of the SiC
support material. This is why the SiC support had a low adsorption
capability even though the amount of the catalyst solution was the
same as in the case of using AlSi as support material. From this
point of view, AlSi is much more suitable as a catalyst support ma-
terial for this impregnation method than SiC.

The EPMA analysis was used also to estimate the best condi-
tions of a wet impregnation procedure of the catalyst. Impregna-
tion of 10 ml metals solution leads to the deposition of the cata-
lyst on the filtration side but not on the side on which the catalyst
was added (filter inside). During the impregnation procedure, the
catalytic components along with the solution migrate through all
support layers up to the filtration outside (see Fig. 6 (above)). In
contrast, impregnation of a solution consisting of 10 ml metals so-
lutions and 30 ml dilute HNO3 (pH 2) leads to a uniform distribu-
tion of the transition metal oxides in the entire filter material (see
Fig. 6 (below)) due to slowly and repeated infiltration of the solu-
tion. A catalyst distribution mainly on the outer side of the filter
will be deactivated very quickly. During operation, the filter cake
of dust and sorbent particles will block access to the catalyst [18].
Noble metal, as added during the second impregnation step, is dis-
tributed uniformly only inside of the filter element. Thus, it is pro-
tected against being blocked by particulates and will be available
to the tar compounds. Therefore, it is meant that the wet impreg-
nation of the catalyst should be carried out in two steps, the first
impregnation step comprises the application of dilute metals so-
lution and the multiple repetition of the impregnation procedure.
The second step implies the application of noble metals to the fil-
ter material.

Additionally, SEM pictures were made also of all support filters
and catalysts on the filter elements. Thereby, the location and dis-
tribution of the catalysts were evaluated with respect to the struc-
ture of the filter material. In Fig. 7, the differences concerning the
location and the adhesion of the catalyst particles can be clearly
seen on two support material specimens. On the SiC, the catalyst
particles formed agglomerates, which are mostly located in small
edges. On the contrary, on AlSi, small and bigger catalyst particles
are uniformly distributed along the fibers of alumina silicate. The
distribution of the catalyst without agglomeration of the particles
enables best adsorption and reduction of the tar compounds on the
catalyst.

3.1.3. XRD analysis

Not only the distribution of the catalyst in the amorphous alu-
minum silicate material is important, but also the phase composi-
tion of the active catalyst itself. Therefore, the crystal structures of
the new and used Ni, Fe, and Cr catalysts were identified by XRD
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Below: AlSi-Cat43-Pt[40] catalytic filter elements impregnated with fourfold dilute solution, inside filter (upper picture) and outside filter (lower picture).
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Fig. 9. X-ray diffraction of used Cat43-Pt on amorphous aluminum silicate filter material.

diffraction. As shown in Fig. 8, NiO (2@ 374, 43.39, 63.03, 75.6
and 79.6) dominates in the new catalyst. Its reflections are overlaid
on a broad “hump” centered at 23.6 °2® which is due to amor-
phous Si-Al glass substrate. The reflections of NiO (also known as
bunsenite) are also broad suggesting a very small crystallite size.
In addition, compounds such as iron-chromium oxide and Ni-Cr-
Fe oxide mixtures have been identified. After naphthalene reform-
ing, mainly three groups of compounds are recognized in the XRD
pattern (Fig. 9): 1) Strong reflections of a-Al,05 accompanied with
mulite peaks with low intensity both belonging to the substrate;

2) metallic Ni (20 44.4 and 51.9) and iron but also mixed metals
such as iron nickel and nickel chromium iron; 3) nickel oxide and
various mixed metal oxide forms like NiFe,04 and NiCrFeO4. The
reforming of naphthalene definitely leads to an oxygen loss in the
mixed Ni, Fe, and Cr catalyst and thus to an active metal sintering.
As a rule, irreversible deactivation of the catalyst can occur. The
formation of metallic Ni and catalyst deactivation has also been
observed during the methane or propane steam reforming [19,20].
By oxidation of the catalyst with oxygen, the catalyst can only re-
generate if the sintering of mixed metals has not yet taken place.
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It could not be detected in what form platinum is present in new
and used catalysts due to low Pt contents in the catalyst composi-
tion.

3.2. Catalyst activity

The main reactions that occur during the tar conversion over
Ni-based catalyst can be summarized as follows [21,22]:

1 Steam reforming

CioHs + 10 H,0 <> 10 CO + 14 H, AH®298 = 1161 kj/mol
CioHg + 20 H,0 < 10 CO, + 24 H, AH°298 = 751 kj/mol

1 Dry reforming
CioHg + 10 CO, <« 20 CO + 4 Hy AH°298 = 1570 kj/mol
1 Dealkylations

C]OHg —+ 4 Hzo <~ C6H5 —+ 4 CO +5 H2 AH°298 = 457 l(j/mol
CioHg + 3 HyO < C;Hg + 3 CO + 3 H, AH°298 = 493 kj/mol

1 Water-gas shift

CO + Hy0 < CO, + Hy AH°298 = —41 kJ/mol
1 Coke formation

CioHg < 4 Hy + 10 C AH°298 = - 100 kJ/mol
1 Carbon deposition

2CO <> C + CO, AH°298 = - 172 k]/mol

In these conversion reactions, the composition of the gas com-
ing from the gasifier is an important factor that has a significantly
impact on the quantity and quality of the products. The different
gas composition leads to different activities and syngases due to
different reaction processes. We assume that steam reforming and
dry reforming are preferable in our gas composition.

3.2.1. Catalysts on different support filters

The catalytic activities of four catalysts on two different filter
materials were tested. The light-off temperatures and long-term
activities of these four catalysts were determined in at most three
steps in the case of Cat43-Pt and Cat45-Pt catalysts and eight steps
in the case of Cat44-Pt and Cat46-Pt catalysts. For these experi-
ments, the value of hydrocarbon conversion (naphthalene and by-
products) and the value of naphthalene conversion were deter-
mined according to the following equations:

CCH(in) - CCH(out)

Xen(%) = -100% (1)

Cen(in)

CNap(in) - CNap(out)

Xnap(%) = -100% 2)

CNap(in)

where X (%) and Xyq,(%) are the appropriate hydrocarbon conver-
sion and naphthalene conversion rates,%; Ccpyin) and Cygp(in) are up-
stream hydrocarbons or naphthalene concentrations, ppm; Cepour)
und Cygp(our) are downstream hydrocarbons or naphthalene con-
centrations, ppm.

Compared with the results of pure AlSi or SiC support mate-
rials, the effect of the impregnated catalytic components was ob-
vious. Both AlSi-supported catalysts with small contents of Cr and
Mn (Cat43-Pt and Cat45-Pt) have shown the same light-off temper-
ature of 460 °C. The respective influences of Cr and Mn could not
be detected clearly at this point. Also, in the case of SiC-supported
catalysts, the effect of Cr and Mn on catalyst activity could not
be determined and the light-off temperature was also 460 °C. The
amounts of these individual catalytic components might be too
small to detect the difference of these effects. In addition, the dif-
ferent performances of AlSi and SiC could not be clarified by the
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comparison of the light-off temperature for these catalysts. Both
AlSi-supported catalysts in the long-term activity test at 570 °C
were also active for at least 15 h with over 90% of naphthalene
conversion (2) (see Fig. 10). Only AlSi-Cat43-Pt could re-activate its
catalytic performance after about 20 h of reforming (third heat-
ing cycle at 790 °C), but it became deactivated again within a
few hours. On the contrary, both catalysts on SiC support suddenly
dropped to 50-60% naphthalene conversion after 2 h on stream.

After heating up to 860 °C, the catalysts SiC-Cat43-Pt and
SiC-Cat45-Pt showed yet a light-off temperature in the range of
400-500 °C, as shown in Fig. 10, but the CH conversion rate was
smaller than during the first reforming cycles. Moreover, the naph-
thalene conversion rate (2) of SiC-Cat43-Pt and SiC-Cat45-Pt stably
achieved about 80% for 10 h, respectively. In the course of the third
cycles, the light-off temperatures and the naphthalene conversion
rates of two SiC-supported catalysts were tested at up to 650 °C
again. The light-off temperature could not be detected anymore.
The naphthalene conversion rate of SiC-Cat45-Pt (40%) was higher
than in the case of SiC-Cat43-Pt (20%). During the fourth reform-
ing cycle at 790 °C, the light-off temperatures of SiC-Cat43-Pt and
SiC-Cat45-Pt were at 650 °C and at 700 °C, respectively. As for the
catalytic activity, SiC-Cat 45-Pt achieved a naphthalene conversion
of 80% at 860 °C comparable to the second reforming cycle. On the
other hand, the naphthalene conversion rate of SiC-Cat43-Pt de-
creased to around 70%. In that case, the catalyst with Mn seemed
to be active for a longer period of time.

As was expected, the catalytic filter discs with higher amounts
of Cr and Mn in the catalyst composition (Cat44-Pt and Cat46-
Pt) were definitely more active. Nevertheless, the same effect of
shifted light-off temperatures was observed (see Fig. 11). Regard-
less of the support material and catalyst composition in the first
heating cycle, the catalysts became catalytically active at tempera-
tures in the range of 450 °C to 480 °C. The dominant effect of Cr
or Mn in the activity at the first light-off temperature could not re-
ally be recognized. However, the changes in light-off temperatures
in the following heating cycle were different for both types of cat-
alysts. In the case of a catalyst with Cr, the light-off temperature
was shifted every next heating cycle until it was stabilized at about
700 °C for AlSi-supported catalysts and 640 °C for catalysts on the
SiC support. In the case of a catalyst containing Mn, the light-off
temperature was suddenly raised to a higher temperature by a sec-
ond heating cycle. In the next experiments, it remained almost un-
changed at approximately 690 °C for the AlSi-supported catalyst
and approximately 700 °C for the SiC-supported catalyst. As shown
in Fig. 11, both catalysts deactivated at the lower temperature of
580 °C. The Cr-containing catalysts were less active and did not
reach more than 80% of the naphthalene conversion (2), but were
still active after about 12 h. In contrast, the Mn-containing cata-
lysts were initially more active with naphthalene conversion (2) of
about 85-95%, but rapidly lost their activity. In that case, the cata-
lyst on the SiC support was completely deactivated.

After increasing the reactor temperature to 790 °C in the next
heating cycle, all AlSi-supported catalysts and all SiC-supported
catalysts shifted their light-off temperature (from 440 to 480 °C)
to 640-750 °C reaching their full activity again. The naphthalene
conversion rate for all these catalysts (AlSi-Cat44-Pt, AlSi-Cat46-
Pt, SiC-Cat44-Pt, and SiC-Cat46-Pt) was automatically increased.
In general, both types of catalysts were more active on AlSi sup-
port filters of about 15% compared to SiC support materials. In this
case, also the catalysts containing Cr were more active during the
long-term activity measurements. At the beginning of the tests, the
catalyst with Mn content (AlSi-Cat46-Pt) was the most powerful in
naphthalene conversion, but it began to deactivate after 80 h on
stream.

The reason why the catalysts after reforming deactivated at
their previous reaction temperature can be related to Pt deactiva-
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Fig. 10. Hydrocarbon conversion over catalysts: AlSi-Cat43-Pt, AlSi-Cat45-Pt, SiC-Cat43-Pt, SiC-Cat45-Pt, light-off temperature (left), naphthalene conversion at the same

catalysts, long-term catalytic activity (right).

tion [16-17,23] and Ni activity. Pt could reduce the reaction tem-
perature of the impregnated catalyst to around 460-540 °C. How-
ever, it can be considered that after reforming in this experiment,
Pt lost its catalytic activity and then, the reaction temperature was
increased to around 630-650 °C but tar conversion occurs at still
lower reaction temperature than for typical Ni-based catalysts [24-
25].

3.2.2. Catalysts with different noble-metal formulations

In the section above, it was found that Pt, which is responsible
for the catalysts’activity at lower temperatures, deactivated dur-
ing the naphthalene reforming. In this section, it will be examined

10

which influence on the catalystsactivity the platinum or platinum-
ruthenium will have if they are impregnated with different solu-
tions (see Table 2, Chapter 2.2). Again, the light-off temperature
and the long-term activity of the catalysts (AlSi-Cat43-Pt (Ni-Pt),
AlSi-Cat43-Pt (Pt-0), AlSi-Cat43-Pt (Pt-Ru), AlSi-Cat43-Pt (Pt-O-Ru),
AlSi-Cat43-Pt (Pt-HYD)) were measured at five or six heating cy-
cles, except for AlSi-Cat43-Pt (Ni-Pt), which was tested only during
four heating cycles. The values of the hydrocarbon and naphtha-
lene conversion rates were calculated according to Eqs. (1) and (2).
The light-off temperature of the tested catalysts in the initial re-
forming cycle was between 420 °C for AlSi-Cat43-Pt (Pt-O-Ru) and
485 °C for AlSi-Cat43-Pt (Ni-Pt) (see Fig. 12).
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Fig. 11. Hydrocarbon conversion over catalysts: AlSi-Cat44-Pt, AlSi-Cat46-Pt, SiC-Cat44-Pt, SiC-Cat46-Pt, light-off temperature (left), naphthalene conversion at the same
catalysts, long-term catalytic activity (right).
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Fig. 12. Hydrocarbon conversion over catalysts (AlSi-Cat43-Pt (Ni-Pt), AlSi-Cat43-Pt (Pt-O), AlSi-Cat43-Pt (Pt-Ru), AlSi-Cat43-Pt (Pt-O-Ru), AlSi-Cat43-Pt (Pt-HYD)), light-off

temperature (left), naphthalene conversion over the same catalysts, long-term catalytic activity (right).
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Table 4
Shifting of the light-off temperature of the catalysts after 5-6 cycles.

Catalysts Light-off temperature [ °C]
AlSi-Cat43-Pt 449 — 653
AlSi-Cat43-Pt (Ni-Pt) 485 — 683
AlSi-Cat43-Pt (Pt-0) 450 — 670
AlSi-Cat43-Pt (Pt-Ru) 454 — 678
AlSi-Cat43-Pt (Pt-O-Ru) 420 — 702
AlSi-Cat43-Pt (Pt-HYD) 457 — 705

Nevertheless, after 5-6 heating cycles, the light-off temperature
of all catalysts was shifted to higher temperatures, and during the
third heating cycle, already every catalyst lost its high catalytic ac-
tivity for CH conversion at lower temperature. When Pt or Pt-Ru
were impregnated from water solution, the light-off temperature
was systematically shifted with each heating cycle to a higher tem-
perature. Gradually, the decrease in CH conversion at lower and
the increase at higher temperatures could be observed. In contrast,
the catalysts in which Pt and Pt-Ru were impregnated from basic
EDTA solution shifted the light-off temperature and the maximum
CH-conversion twice between higher and lower temperatures up
to the attained stability of the light-off temperature. In this case,
Pt and Pt-Ru appear to be stable at low temperatures, but still
not long enough. The impregnation of Pt from hydrotalcite suspen-
sion solution deactivated the catalyst at a lower temperature and
shifted its light-off temperature and maximum CH conversion rate
to a higher temperature already during the second heating cycle.
At the lower temperature, no stabilization of the catalyst was ob-
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served. The light-off temperature after 5-6 heating cycles for all
catalysts is described in Table 4.

During each heating cycle, the long-term catalytic activities of
the catalysts were investigated and the naphthalene conversion
rates were measured. Results are shown in Fig. 12. At lower tem-
peratures below 600 °C, only one catalyst (AlSi-Cat43-Pt (Pt-Ru))
reached a naphthalene conversion of around 95% which during
10 h of activity only slightly decreased by 15%. The catalyst AlSi-
Cat43-Pt (Ni-Pt) initially reached only 75% and rapidly lost its cat-
alytic activity within 10 h. All others catalysts initially reached a
naphthalene conversion of 90% during the first heating cycle.

At a reaction temperature of 790 °C, all catalysts deactivated at
lower reaction temperatures and significantly increased naphtha-
lene conversion again for the tested time of 12 h. The individual
maximum conversion rates of the respective catalysts were dif-
ferent. With respect to the naphthalene conversion rate and the
stability at lower temperatures, the best results were observed for
catalysts in which Pt and Pt-Ru were impregnated from basic EDTA
solution. The second best with about 10% lower naphthalene con-
version were catalysts in which Pt and Pt-Ru were impregnated
from water solution. The two catalysts AlSi-Cat43-Pt (Ni-Pt) and
AlSi-Cat43-Pt (Pt-HYD) were unstable at low temperatures and de-
activated slowly progressive at higher temperatures.

It is obvious that all of these catalysts deactivate at tempera-
tures below 500 °C after a short time on stream. The maximum
activity was reached at temperatures of about 700 °C for all cata-
lysts investigated. The addition of ruthenium significantly increases
the naphthalene conversion over the entire temperature range, but
does not stabilize the activity of the catalysts at lower tempera-
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Fig. 13. Naphthalene conversions over catalytic ceramic filter discs at four different gas compositions. Long-term catalytic activity is simulated for up to eight heating cycles.
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tures, which had been expected due to the strong interaction be-
tween these two noble metals[26]. However, the catalyst prepara-
tion method influenced the reactivity. It could be seen that the cat-
alysts prepared from EDTA basic solution during second impregna-
tion were more stable and active.

3.2.3. Catalyst behavior at different gas compositions

The influence of different concentrations of H,0, CH4, and H,
on the catalytic tar conversion over catalytically coated filter discs
(AlSi-Cat43-Pt) was investigated for four gas compositions, referred
to as A, B, C, and D (see Table 3). The light-off temperatures and
long-term activities of the catalyst were determined in each case
at eight ramping temperature cycles. The analyzed gas composi-
tion was not representative of all gasification processes, but only
of the counter-current gasifier with attached partial oxidation unit
(POX) for which the investigation on catalytic filters was carried
out. Due to POX, this type of gasifier achieves a tar content of
about 5 g/Nm?, up to 7 vol% of CH4 and 15 vol% of H,. Therefore,
the experiments were also realized at a low concentration of H,O,
CH4_ and Hz.

The light-off temperature of the catalyst in the initial heating
cycle was about 455 °C for all of the four experiments. Neverthe-
less, after the first two (at 25 vol% H,0) or four to five (at 10
vol% H,0) heating cycles, the light-off temperatures in four ex-
periments were shifted to higher temperatures and again the cata-
lyst remained catalytically active at a temperature of about 700 °C
(see Fig. 13). The influence of the water and hydrogen contents
was clearly visible. Due to the lower H,O concentration, the cat-
alyst slowly lost its activity at lower temperatures until it worked
stably at 740 °C. A higher H, concentration stabilized a faster cat-
alytic activity of the catalyst at lower water content. In contrast, by
a higher H,0 concentration, the maximum stable catalytic activity
was achieved very rapidly and at a temperature of less than 700 °C.
In this case, again the catalysts were deactivated at a lower tem-
perature. We assume that this behavior is related only to Pt deacti-
vation and Ni activity. The deactivation of the platinum was prob-
ably due to blockage of active Pt sites by condensation of coke or
organic compounds. Takanabe at al. [27] had observed the same ef-
fect of deactivation of the Pt/ZrO, catalyst during steam reforming
of acetic acid due to blockage of active sites by the coke/oligomer
formed.

Resuming these results, it is obvious that after 115 h on stream,
Cat43-Pt remained active for naphthalene conversion in all four gas
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14. Long-term activity of the catalytic filter disk for the conversion of naphthalene in four gas mixtures.

mixtures. Only very slight deactivation was observed in the case of
gas compositions A and D. An almost 100% naphthalene conversion
was achieved only in gas composition A, almost 90% in gas com-
positions B and C, and only 85% in gas composition D (see Fig. 14).

The analysis of the measurements during these four experi-
ments provides further information on the influence of H,O and
H, on the composition of the product gas after the conversion of
naphthalene. During the catalytic reaction, H, is consumed in the
ring opening of polycyclic hydrocarbons and also in the reverse
water-gas shift reaction (CO, + H, — CO + H,0) or even Bosch
reaction (CO, + 2 H, — C + 2 H,0), which always runs in parallel.
In all of the four experiments, the naphthalene and its by-products
were converted on the order of at least 85%. However, during the
long-term tests, organic compounds such as xylene were always
formed after 20 h on stream, and by-products of naphthalene re-
forming such as toluene and benzene were not completely con-
verted. If the gas mixture contains more H,, more CO and more
xylene are formed. A high water content suppressed the produc-
tion of CO, but not that of xylene.

4. Conclusions

As results from the investigations performed with AlSi-
supported catalysts and SiC-supported catalysts, the AlSi support
material seems more suitable than SiC with respect to reaction
stability and activity. The same amount of catalyst could be dis-
tributed more uniformly over the AlSi support material. The wet
impregnation method proved to be appropriate as a method for
catalyst implementation in AlSi fiber composite ceramic candles.

Below 600 °C, AlSi-supported catalysts were catalytically active
for about 20 h with a naphthalene conversion of up to 50%. The
catalytic activity increased significantly at temperatures of about
700 °C for more than 95 h providing a naphthalene conversion
of more than 90% (AlSi-Cat44-Pt) without de-activation. More-
over, the addition of a second noble metal (ruthenium) enhances
the catalysts activity for naphthalene conversion at temperatures
of about 700 °C. The reactivity is also influenced by the catalyst
preparation method. The noble metal impregnation prepared with
EDTA basic solution during the second impregnation step is more
stable in the relevant temperature range.

The vapor and gas compositions have a visible influence on the
catalytic activity of the filter elements. The naphthalene conversion
of almost 100% (AlSi-Cat43-Pt) was estimated at a low concentra-



G. Straczewski, K. Koutera, U. Gerhards et al.

tion of water (10 vol%) and hydrogen (3 vol%). Nonetheless, the cat-
alytic filter material was catalytically active at 790 °C in all tested
gas compositions with only very little deactivation for 115 h.

Implementation of the noble metal in the Ni-based catalyst
proved to be necessary for the tar reforming reaction in order to
achieve operating temperatures considerably below 800 °C.

The respective application of the wet impregnation method to
full-size AlSi ceramic filter candles and the calcination of the im-
pregnated filter elements have to be further investigated at KIT.
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