Development of sulfur-tolerant ATR catalysts forgable auxiliary low-power units
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Abstract
Fuel Cell technologies provide the opportunity feectric power generation in diverse applicationshs as
recreational yachts, vehicles, etc. where portalole;cost/volume/weight power sources are requirdd.LPG
Auto Thermal Reformer (ATR) with a High-Temperatitelymer Electrolyte Membrane (HT-PEM) fuel celbks
very attractive as an auxiliary power unit becao$esimple thermal integration efforts and less iszraents
concerning the choice of the materials for keyaystomponents. However, for safety reasons LP@adsized by
sulfur compounds and even small amounts of sulfigher than 1 ppm) can have detrimental effectaénfuel cell
anode, the Water Gas Shift (WGS) catalyst and plys& the reforming catalyst. The present papecdees work
towards downstream reformate desulfurization fob0® W, ATR-HT-PEM system. Besides conventional wet
chemistry-based catalyst development technologies)y advanced technologies have been employeddinglu
liquid and solid phase high-temperature synthesisvall as aerosol-based technologies for the dpwedmt of
mixed metal oxide catalytic structures includingeg@ous metals (PGM). These catalysts together \aith
commercially available ATR catalyst have been camghainder varying realistic reforming conditionghwmiegard
to fuel conversion and hydrogen production (temjppeea space velocity, steam-to-carbon and oxygeratbon
ratio, sulfur content and PGM content). Specifinthgsis techniques led to significant enhancemipédormance
in the presence of sulfur compared to the commiecaitalyst, thereby enabling the LPG/ATR technoldgybe
integrated in such systems.
This paper focuses on the development of a sulfur-

Introduction tolerant ATR for the PURE system. The sulfur effect

The present paper describes development actiod8 the reformer depend on the temperature, thersulf
within an EC co-funded research project (PUREhim t content and the catalyst type. In general the Hige
framework of FP7-JTI-FCH. This project concerns thé&émperature the less the sulfur poisoning [1]. falyat
realization of an electric power generator basecaon With notable deactivation at 70 may demonstrate
LPG Auto Thermal Reformer (ATR) with a High- significant resistance to sulfur at 98D. Obviously, the
Temperature Polymer Electrolyte Membrane (HT-PEMbigher the sulfur content of the feed the higheeifect
fuel cell. An ATR-HT-PEM systems look very on the catalyst’. However, it is possible to ineeethe
attractive to be used as an auxiliary power unialise Sulfur tolerance by modifying the composition amd/o
of simple thermal integration efforts and lesgnorphology of the reformer catalyst. In general,
requirements concerning the choice of the mateftals precious metals (PGMs) exhibit better sulfur toheea
the key components of the system. LPG is odorized lhan base metals such as Ni. Increasing oxygenlityobi
sulfur compounds for safety reasons. In Europe, iS°G may lead to better sulfur tolerance as well [2].
odorized by ethyl mercaptan 4d:SH) at levels up to The authors have applied advanced liquid and solid
50 ppm for transportation. During reforming sulfurphase combustion as well as aerosol-based synthesis
compounds are converted mostly to hydrogen sulphidechniques to realize catalytic structures of régtface
(H2S) and in some cases to smaller amounts of carbordfea and porosity for maximizing reforming
sulphide (COS). Even small amounts of sulfur (highePerformance and sulfur tolerance. Several materials
than 1 ppm) can have detrimental effects in thédah were synthesized and evaluated with respect ta thei
anode, the Water Gas Shift (WGS) catalyst and plyssi reforming performance. As a first step, these nlter
to the reforming catalyst. A common practice is tovere benchmarked against a state-of-the-art,
remove the sulfur compounds immediately after theommercially —available catalyst. ~ Subsequently,
introduction of the fuel into the system. For LRtstis  following a defined testing protocol, the behavibithe
quite difficult since higher hydrocarbons may atisorbest performing materials was evaluated in thegmess
competitively to the sulfur compounds. In additionOf sulfur. The first results obtained called forther
sulfur removal upstream of the reformer requirekkypu catalyst optimisation. The optimized materials went
sulfur traps which are not suitable for portabled anthrough a thorough performance assessment. This
transport related applications. Reformate desuiétion —assessment concerned the performance of systeims wit
downstream of the reformer provides certain adgega different catalyst types, synthesis techniques RGM
being quite straightforward with less system enemg content under different space velocity, water conte
hardware requirements. On the other handnd sulfur content concentrations. The assessment
desulfurization downstream of the reformer requises revealed two types of reforming catalysts with
sulfur tolerant reforming catalyst. significant sulfur tolerance.

Corresponding author: gskevis@cperi.certh.gr
Proceedings of the European Combustion Meeting 2015



In this paper, the material synthesis technologiesatalyst production  (optimization  steps). A
employed by APTL for the production of the reforgiin commercially available catalyst containing Rh wasedu
catalyst are presented first. A description of thas reference. Table 1 summarizes the synthesized
performance evaluation setup is then provided. As Gatalytic systems.
next step, a.number of Candlqate Catalytlc systaras Table 1. Overview of the synthesized catalytic esyst
presented with respect to their reforming perforogan ‘ _

Finally, the evaluation concerning sulfur tolerarmie ] ] ]
the selected materials is presented under varying Cordierite C Reference
operating conditions.

“Alumina-based”+1%Rh
Alumina-based oxide

Material synthesis technologies and catalytic systems precious [ ARIHEH R OS]
produced metal doping Alumina-based oxide ASP “Alumina-base”+2%Rh
The following material synthesis technologies have “Cerium-based” oxide  LPSHS  CeZrGd - oxide + 2%Rh

been employed for the realization of the PURE
reforming catalyst. These are [3], [4]:

Solid State Synthesis (SSS): It concerns a synthesis - T
route that involves co-firing of a mixture of the MeAl-oxide+20%Ni (Al fuel)
Correspondlng Component OXIdeS Under airr. el “magnesium/silicon”-oxide SSS MgO/Si0,+10%Ni

doping

Solid Phase Self-propagating High-temperature
Synthesis (SPSHS): It is based on the heat released
from the reaction of a metal powder (“fuel”) with e PSS el S AT |
oxygen (“oxidizer”) in the presence of the
corresponding mixture of metal oxides. The reastant .
are dry-mixed and poured in a molybdenum boa&On
Initial ignition is achieved with the aid of a tustgn
wire. The local ignition creates a flame front tha
propagates through the whole mass of the reactiaaits
react spontaneously.

Liquid Phase Self-propagating High-temperature
Synthesis (LPSHS): It is based on the reaction of
nitrate salts (“oxidant”) with soluble organic stdosces
that contain aminogroups (“fuel”) such as glycine o
urea to form ammonium nitrate that is explosiva] an
addition, stable chelates with the metal ions intsoon,
preventing selective precipitation before combustio
Citric acid can also be employed and in this cdwe t
ammonium ions are added as MHH.

Aerosol Spray Pyrolysis (ASP) particle synthesis:
ASP is a one-step aerosol-based process where a
precursor solution is atomized into fine dropletsick
are heated when entering a tubular reactor[5]. Ever
droplet is a microreactor which undergoes evapamnati
of the solvent and precipitation of reactants when. ) . . n
exposed to different temperature profiles and foams ~'9ure 1. SEM picture of *Alumina-based” substteit@Rh
single particle. The synthesized powders are deitemn In Figure 2, the LaAl-perovskite/Ce/Ni is shown.
a filter at the reactor exit. The chemistry of theThe existence of irregularly shaped particles eddl
precursor solution as well as the aerosol spraglpsis  with pores is evident. This is a typical morphologfy
process parameters (e.g. temperature profile, eleroparticles synthesized via LPSHS with the use o€igly
flow, gas type) can control the particle synthedishe as fuel. In Figure 3, the TEM image of the ASP
molecular level (bottom up synthesis), thus leading synthesized alumina-based catalyst is presented. Th
controllable porous particle morphologies. ASP technique was employed to develop specific hano

The first three catalyst synthesis technologiesewestructured morphologies where catalytic nanopasicl
employed during the first round of catalyst proéutt are incorporated into the pores of nanoporous alami
where catalysts with and without PGM (Rh-based aneiide particles; the porous particle acts as a eupp
Ni-based catalysts) were realized. The use of SS@hich on the one hand offers high surface area for
SPSHS and LPSHS led to the development of severgltalytic nanoparticle dispersion and on the otreend
catalytic structures based on alumina, cerium dts pore cavity acts as protection from catalyst
magnesium/silicon oxides and different perovskitel a aggregation and associated catalytic surface ass |
spinel structures. An alumina-based catalyst coimtgi which can occur during e.g. high temperature
Rh was also synthesized by ASP in a second round efnditions.

Perovskite LPSHS LaAl-perovskite+1%Rh |
“Cerium-based” oxide LPSHS CeZr-oxide+10%Ni |

Three of the most characteristic catalytic material
presented below. In Figure 1 an image of the
ventionally synthesized (wet-chemistry) "Alumina
based” oxide + 1% Rh catalyst obtained by Scanning
Electron Microscopy (SEM) is presented. One can
notice irregularly shaped particles with increagesin
size. Smaller particles are organized into large
aggregates.




Figure 2. SEM picture of the LaAl-perovskite+5%Ce%d
structure.

Figure 3. TEM image of the porous alumina partickgth
2%Rh.

Experimental setup

comprises 6 % ¢Hsg (laboratory grade), 30-60 % water
vapor and the balance is air. For reasons of casgrar
the Space Velocity (SV) was initially kept constant
(100,000 H). This means that different masses of the
catalyst were used at each test due to the diffesem
the bed bulk densities.

Results

Assessment of reforming potential without sulfur

A typical reforming test (reformate composition) is
shown in Figure 5. The results refer to the “Aluatin
based” catalyst with 1% Rh §8s=6%, water vapor=32
%, balance=air). In this case, at low 660 °C)
temperature the s concentration downstream of the
reformer is as low as 0.14 %, while at higher
temperatures it becomes insignificant. ¢dbncentration
starts from 33%~ 560°C) and increases to 37% on a
dry basis att 700°C. The CO concentration increases
from 5.2 to 8.4% as temperature increases.
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Figure 4 presents the setup used for measuring thgy re 5. Reforming performance evaluation test tioe
performance of the synthesized reforming catalyft®.  “Alumina-based” catalyst with 1% Rh.

reactants feed is introduced upstream of the reacto |...a values are considered for the comparison of
together with sufficient water vapor flow. The rerds reforming efficiency: Fuel conversion; kield (H:
placed in a furnace to efficiently control the tesrgture ., 1ha reformate / blin propane feed) and,HCO ratio.

of tr(;e cat;alyt!c bed.tDoanstr_:_aﬁm of(;[het riﬁcto&te.wa Figure 6 presents the reforming results for thalgtt
condensates in a water trap. The product efflettien systems presented in Table 1.

analyzed by a mass spectrometer (OMNISTAR)as
analysis system) measuring the; Hind propane
concentration. CO and G@oncentrations are measured
by dedicated analyzers.
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Figure 6. Reforming performance of the differentabatc
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Figure 4. The reforming performance evaluatioruget

The first step of every evaluation assessmentisest
an in-situ reduction process with 5% id N, at 750°C.
The reforming performance is then tested at const
temperature in the range of 550 to 70 The feed

systems at 628C.

Results for the 620°C case are presented.
Conversion is essentially complete for the refeeerice
alumina based (with 1 % Rh) and the perovskiteh(wit
and without Rh) catalysts. Evidently, these systems
demonstrate the best performance compared to tiee ot
ﬂlternatives. Conversion was generally increasetth wi

atemperature (not shown). For the best performing



systems, HCO ratio is higher than 5 at 62C and due to dilution. The higher 43 concentration was used
remains higher than 4 at 700 showing, as expected, afor acceleration of tests.
decrease as temperature inrcreases. A characteristic test for the sulfur tolerance

It is useful to compare the above materials on thevaluation is depicted in Figure 8 and concerns the
basis of produced Hper g of catalyst (powder mass)reference catalyst. The introduction oftSHleads to
employed. From Figure 7, it is obvious that thetbesapid decrease of the produced K small part of this
performing materials with respect to this parameter decrease is caused by the dilution with the stream
the perovskite catalysts and the “Alumina-basedontaining the b5 (~ 25 %), but the major part is due to
catalysts. All other materials demonstrate infetthe the deactivation of the catalyst. This is also emtdby
reference catalyst performance . the rapid increase of the propane concentratiothén

2 reformate. A certain amount of the reduced metal is
reacted with the sulfur forming metal sulfide.
————————— - Sulfidation stops after a certain time period amel kb
and propane concentrations are reaching a platésu.
same is also true for the CO and the,CBs a next
step, HS concentration in the feed is zeroed; H
concentration is increased but the respective value
before the exposure to sulfur atmosphere is not re-
established, thereby indicating a measurable pentan

catalyst deactivation effect. Comparing fuel cosian
e e ite e Coiide Mao/sior  went. and H production before and after the addition of sulfur
VAR OSMER - eaNmh AN o are used as metrics of the catalyst deactivation.

Figure 7. H flowrate in reformate per g of catalyst powder for 40 ; ; 50
the different materials synthesized. I
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Sulfur tolerance tests

For the sulfur tolerance tests, hydrogen sulfideSjH
was used as a model sulfur compound in the ATR feed
gas. HS is the compound mostly used in the literature
for studying the thermodynamics of catalyst poiagni
As already stated, LPG is odorized by ethyl meimapt
(CoHsSH).  Ethyl mercaptan and more complex L ;
heterocyclic sulfur compounds as THT and DBT 09000 11;00 13(;00 15(‘300 17(‘100 19(;00 21(‘100
(Dibenzothiophene, ZHsS) may not behave the same Time (s)
as HS. However, most of sulfur compounds are ) N
transformed to bB while the heterocyclic compoundsFigure 8. Effect of B5 in the reformate composition;
are more stable than,8 and this leads to less poisoning €férence catalyst, =620 C.
effects of the catalyst (reaction of sulfur witheth Initial tests revealed that the catalysts witholit R
reduced metal). Therefore, the tests witlsHould be suffered from substantial deactivation due to the
considered as representative of the worst caseasoen exposure to sulfur. Therefore, further testing and
conditions. development concentrated on the reference, theidum

As in the case of the reforming performanceand the perovskite catalysts containing Rh plus a
evaluation tests, the first step is an in-situ cdidn CeZrGd/Rh catalyst. These catalytic systems haea be
process with 5% K in N2 at 750 °C. Then, the tested for reforming potential and sulfur toleranceler
temperature is set to 62Q and the same as previouslydifferent space velocities expressed (from 37,000 t
feed (6% GHs, air and water vapour) is employed. Thel00,000 H) or m¥/kg/h (from 100 to 320) and constant
system is stabilized at the defined temperaturethad temperature 5620 °C). The Rh concentration also
reformate composition is measured 2, (H3Hs, CO, varied in the different systems. Table 2 summarthes
CO). As a next step, 4% is also introduced into the materials tested as well as the experimental ciomdit
feed. An HS bottle (202 ppm b6 in Np) and a per test.
dedicated mass flow controller are used for thép.st
The introduction of the §$ stream leads to the increas
in the space velocity by approximately 25% (dilatio
effect). The HS concentration is 33 ppm in the reactor
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Table 2 Overview of the synthesized catalytic systéested
Sor sulfur tolerance and the respective experinenta
conditions.

feed. It should be noted that catalyst deactivatign [S2ustfubstate Synthesis \Deseription {Rh (%) SV (b1, 1000s) SV (m3/ke/h)

sulfur poisoning is strongly connected 0 SUIULg gyummone bir = Aummssme |3 | 30|30
1 1 1 Perovskite LPSHS LaAl-perovskite | 1 and 2 37 and 100 100 and 270

concentration. The concentration of 33 ppm is mof Perovshite 1SS perovskite L Lan nd and

than 10 times higher than what is expected in ttash
operation of the system. In the actual system, thghe test results are presented in the following
maximum concentration of sulfur in the ATR reactoparagraphs. Figure 9 shows the effect of the expdsu
feed will be 3 ppm and about 2 ppm in the reformatg3 ppm of sulfur concentration on the Fuel Conwersi

4



(FC) performance of the materials under evaluatibn. small catalyst mass is used. Furthermore one ctceno
should be noted that this plot summarizes all tesulthe superior performance of the ASP and the peitavsk
irrespectively of the SV and the mass of the catalycatalysts compared to the conventionally prepared
samples. All materials demonstrate higher FC aftalumina catalysts as well as the CeZrGd catalyst.
exposure than the reference sample with one exeepti  The results presented up to now demonstrate that th
the LaAl perovskite/2% Rh/1.3 g. It should be notednost of the tested catalysts reveal a good perfocma
though that this sample had much less catalyst maatsfresh and after exposure to 33 ppm state. Didictn
than the rest of the samples. The increase inRthe of catalyst was present in all cases although sypes
concentration leads to better performance aftexf catalysts revealed a higher potential for less
exposure. In general the increase in the catalyssm deactivation. From the systems presented so far the
and the Rh content leads to better performancénef tLaAl perovskite and the Alumina catalysts revealed
exposed samples. One should notice the very gosdmewhat better performance. Although the ASP
performance of the ASP synthesized catalyst. Thamepared alumina-based catalyst demonstrated higher
performance of this material can be compared to thotential than the conventionally prepared catalfyst
performance of the LaAl perovskite/3.5 g sampl@roduction of higher amounts of such catalytic
although its mass is more than three times legsttiet structures was not yet readily available to APTL.
of the perovskite catalyst. Therefore, further testing only concerned the LaAl
perovskite and the conventionally prepared alumina-
based (Wet chem.) catalyst.
":i;egsure As already stated, the presented results concexned
feed containing only 32 % steam, which should be
considered low for ATR application. Such low water
concentration was used as a pro-active measurgnédor
protection of the gas analysis setup downstrearthef
ATR. Therefore, and as a next step, increased water
vapor concentration must be studied. As a consegen
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production rate. 05

Figure 10 presents the effect of sulfur exposure on
H, production rate. This rate is expressed in terfns o
mmole/min of H per g of catalyst in order to better
illustrate the potential of the different systenssemch Figure 11. Effect of water content on the FC offirasd after
sample may have a different catalyst mass. One c@¥posure systems (SV=100/kg/h).
notice that the reference, the alumina based dtahd While the increase in the steam content leads to
the LaAl perovskite catalyst demonstrate almost thgecreased FC, the opposite is true fer pdoduction
same performance in terms of, Hproduction if (Figure 12). The deactivation caused by sulfur @en
compared at the same catalyst mass basis. Nevasthelor less at the same level for the reference and the
the ASP as well as the perovskite catalysts dematast alumina (wet chem.) catalysts. A quite high, H
very high potential and look promising even in case production rate is demonstrated for the fresh LaAl

32% water
62% water
32% water

Chem.) + Rh -

Reference -
Chem.) + Rh -

Reference -
Alumina (wet-
Alumina (wet-

62% water
LaAl-
perovskite+Rh

32% water

LaAl
perovskite+Rh

62% water



perovskite/ 2% Rh catalyst. After exposure, this isven the fresh reference catalyst, a statementhwkic
decreased by 22 % but is still higher by almost 40%ue for both levels of sulfur exposure (10 ancop#).

than the H production rate of the commercial catalyst.

Conclusions

H, (mmole / min)

Reference -
32% water
Reference -
62% water
32% water
Alumina (wet-
Chem.) + Rh -
62% water
LaAl-
perovskite+Rh
32% water
LaAl.
perovskite+Rh
62% water

Alumina (wet-
Chem.) + Rh -

Figure 12. Effect of water content on the production of
fresh and after exposure systems (SV=18kgh).

As already stated, the -catalyst deactivation i$
strongly dependent on the sulfur concentration baciv
the catalytic system is exposed. The more the sulfy
content in the feed the higher the catalyst deatitia.
The reference as well as the LaAl perovskite system
have been exposed to lower sulfur content (10 ppm
versus 33 ppm) at constant SV (=100/kgy/h) and
steam content of 62%. The results are presented in

The following summarize the conclusions from the
ATR material synthesis and evaluation results diesdr
above:

PGM (Rh) inclusion is necessary to enable sulfur
tolerance. The more the Rh content the higher the
tolerance to kLS exposure.

Very active Rh-based ATR catalysts have been
developed employing advanced material synthesis
technologies (LPSHS for the perovskite and ASP
for the alumina-based catalyst).

The increase in the water content leads to lower FC
and to an increase in the production rate.

The decrease in the sulfur concentration leads to
substantial decrease in the catalyst deactivation.

40 % improvement in terms of hydrogen production
is realized with the LaAl perovskite catalyst
compared to the reference one when 33 ppm sulfur
exposure results are considered (22 % in case of 10
ppm exposure).

Figure 13 and Figure 14. Figure 13 reveals thahen Acknowledgments
case of 10 ppm of sulfur exposure, the FC is 17g¢hdi  We would like to acknowledge the JTI-FCH-2011.4.4

for the LaAl perovskite c.f. the reference catalyst
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Figure 13. Effect of sulfur concentration on casaly
deactivation (FC): SV=100 #kg/h, Water=62%.
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H, (mmole/min)

Fresh

10 ppm H2S 33 ppm H2S

Figure 14. Effect of sulfur concentration on casaly
deactivation (K production rate): SV=100 itkg/h,
Water=62%.

Figure 14 demonstrates that in the case of 10 ppm
sulfur, the H production rate for the LaAl perovskite is
22 % higher than the one of the reference catayste
importantly, one can see that the exposed LaAl
perovskite demonstrates higher ptoduction rates than

PURE project for partially funding this work.
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