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Abstract

Exploiting the greenhouse gas CO, as raw material could be more advantageous than its
long-term storage. For instance, CO, can be used on large scale for the production of CO-
rich syngas with a Hy/CO ratio of unity. Such a syngas can be used for the synthesis of
commodity chemicals like aldehydes and ketones obtained through carbonylation of alkenes
in hydroformulation and can be produced by CO; reforming of methane. The actual CO,
reforming processes are conducted at low pressure (below ca. 7 bar), which is not suitable if
the upstream as well as the downstream processes are operated at high pressures (typically

the case in petrochemical platforms).

The investigations conducted in this study consist of the development of active catalysts as
well as a process concept for the valorization of CO, within the CO, reforming of methane

under high pressure (21 bar) in order to achieve a CO-rich syngas with a H>/CO ratio of one.

Simulations of reforming equilibria highlights the fact that water is always produced in the
CO; reforming of methane; therefore, CO, reforming is conducted with addition of the
amount of water produced at the thermodynamic reforming equilibrium to enable coke gasi-

fication on the catalyst with water.

The use of high pressures above 10 bar, high temperatures above 1173 K (900°C), and high
partial pressure of methane leads to significant impact of the gas-phase reactions and the for-
mation of coke precursors, like ethylene. The addition of more than 30 vol.% H; in the feed
stream can significantly limit the formation rate of coke precursors whereas the addition of

water shows no particular influence on coke-precursor formation rates.

Various Pt-based catalysts are studied with regard to the dependence of activity and stabil-
ity in steam reforming with various zirconia supports. The Pt/ZrO, catalyst exhibits strong
deactivation under steam reforming due to a fast decrease of its specific surface area. The
modification of the support of this Pt/ZrO, with silica is likely to form Pt particles embedded
in silica, resulting in a low activity in steam reforming. On the other hand, the performance

of a Pt-based catalyst supported on ZrO,, which is modified with 10 wt.% La;0O3 and 6 wt.%



CeO,, exhibits an enhanced stability and activity when used close to the thermodynamic
equilibrium of steam reforming of methane under 21 bar and at 1123 K (850°C).

In a kinetic study, this Pt-based catalyst, tested in steam reforming in the absence as well as
in the presence of CO,, shows that at 1023 K (750°C), atmospheric pressure, and a GHSV
(Gas Hourly Space Velocity) above 33000 h~! the activation of methane is performed with
steam while CO; reacts with H, and/or methane. In addition, the TOFs (Turn Over Fre-
quency) of methane conversions are found to be higher as the steam content in the feed
increases, while the TOFs of CO, conversions increase as a higher CO, content in the feed
is used. Furthermore, the TOFs of methane conversions are always superior to the TOFs of

CO, conversions.

The Ni-based spinel catalyst prepared by molten-salt impregnation of hydrotalcite-like car-
rier with the stoichiometry of Mg spinel (Mg/Al=1/2) exhibits, after final calcination at
1223 K (950°C) for 4 h, the formation of mixed oxides, (Ni/Mg)O and (Ni/Mg)Al,O4,
with a relatively high specific surface area (42 m?.g~!). After preformation in reducing
atmosphere above 1073 K (800°C), Ni nanoparticles highly dispersed on MgAl,O, are pro-
duced. This preformation step is found to be very sensitive to the presence of 10 vol.% H,O
or 5 vol.% CO,, which inhibits the preformation mechanism. Compared to the samples pre-
pared by precipitation and spray drying, the molten-salt impregnation performed by using
a hydrotalcite-like carrier displays a much higher specific surface area and a much smaller
crystallite size of both mixed oxides (< 20 nm). In CO, reforming of methane with addition
of 10 vol.% H,0 at 1223 K (950°C) and 21 bar, the molten-salt-impregnated catalyst with
a corundum prebed can achieve stable performances with CH4 and CO; conversions 3-4 %
below the thermodynamic equilibrium of reforming after a long preformation using the H,
test protocol. In comparison, the use of the HyO test protocol leads to the inhibition of
the catalyst preformation, and performances are far from thermodynamic equilibrium, with

methane conversions below 40%.

The performance of Ni hexaaluminate as catalyst in CO, reforming strongly depends on the
choice of the mirror plane cation as well as the degree of substitution of AI’** with Ni?*
in the hexaaluminate lattice. In addition, moderate calcination of hexaaluminate samples at
1473 K (1200°C) permits retention of the high specific surface area of 15 m?.g~! necessary
for the stabilization of the metallic Ni nanoparticles. Only Sr,Ni and Ba,Ni hexaaluminates
are highly active, while the Ni loading should be kept below the sensitivity threshold of
y=0.25 in SrNi,Alj>_,Oj9_s and in BaNiyAlj;_,O;9_s to maintain the high dispersion of
metallic Ni nanoparticles that exhibits highly stable performances under CO, reforming of

methane at 1123 K (850°C) and moderate pressure (11 bar) for 10 h.



Kurzzusammenfassung

Die Verwendung von CO,, anstelle von CO; Speicherung, konnte eine langfristige Losung
sein. Zum Beispiel konnte CO; in groBem Umfang verwendet werden, um CO-reiches Syn-
thesegas mit einem H,/CO Verhiltnis von eins herzustellen. Solch ein Synthesegas findet
Anwendung in der Oxosynthese zur Herstellung von Aldehyden und Ketonen aus Alkenen.
Die Herstellung von Synthesegas erfolgt durch das CO, Reformieren von Methan in Syn-
thesegas mit einem H,/CO Verhiltnis von eins. Heutezutage erfolgt das CO, Reformieren
unter niedrigen Driicken (< 7 bar), was ungiinstig fiir die Downstream Prozesse ist, die meis-

tens deutliche hohere Driicke benotigen (wie in Petrochemieverbiinden).

Die Untersuchungen, die im Rahmen dieser Arbeit durchgefiirt wurden, beschiftigen sich
mit der Entwicklung aktiver Katalysatoren sowie eines Prozesses fiir das Reformieren von
CH4 mit CO; unter hherem Druck (21 bar) zur Hestellung eines Synthesegases mit einem

H,/CO Verhiltnis von eins.

Thermodynamische Gleichgewichtsimulationen zeigen, dass Wasser immer im Gleichgewicht
vorhanden ist. Weil Wasser die Koksvergasung beschleunigt, wird eine kleine Menge Wasser
der Feedversorgung zudosiert, um mogliche Koksablagerungen, besonders am Anfang des

Katalysatorbettes, zu vergasen.

Unter hohen Driicken (> 10 bar), hohen Temperaturen und hohen Partialdriicken an Methan
finden Gasphasen-Reaktionen statt und die Bildung von Koksprekursoren wie Ethylen kon-
nte festgestellt werden. Dadurch wird das Verkokungsrisiko deutlich erhoht. Die Zugabe
von mehr als 30 vol.% H; zu der Feedversorgung begrenzt deutlich den Einfluss der Gas-

phasenreaktionen wéhrend die Wasserzugabe fast keinen Einfluss auf diese Reaktionen hat.

Verschiedene Pt-Katalysatoren wurden untersucht um die Aktivitét und Stabilitdt unter Dampfre-
formierungsbedingungen von verschiedenen Trigern basierend auf Zirkonoxid zu bestim-
men. Der Pt/ZrO, Katalysator zeigt unter Dampfreformierungsbedingungen eine starke
Deaktivierung durch Verlust an spezifischer Oberfliche. Die Modifikation von Pt/ZrO,
mit SiO, erzeugt wahrscheinlich eingebettete Pt Partikel, die nicht aktiv in der Dampfre-

formierung sind. Andererseits kann Pt/ZrO; mit 10 wt.% La;O3 und einer Dotierung mit



6 wt.% CeO, modifiziert werden. Solche Zirkonoxid Modifikation zeigt eine hohe Stabilitét
und Aktivitidt nahe am Dampfreformierungsgleichgewicht bei 1123 K (850°C) und hohem
Druck (21 bar).

Kinetische Untersuchungen wurden an diesem Katalysator unter Dampfreformierung mit
und ohne CO; bei 1023-1173 K (750-900°C) und bei Atmosphirendruck durchgefiihrt. Mit
einem GHSV ("Gas Hourly Space Velocity") von 33000 h~! und bei 1023 K (750°C) erfolgt
die Methanaktivierung durch H,O, wihrend CO, entweder mit H, und/oder CHy reagiert.

Ein Ni-basierter Spinellkatalysator synthetisiert iiber Schmelzimprignierung von hydrotalkit-
dhnlicher Struktur mit einem Mg/Al Verhiltnis von 1/2 zeigt eine spezifische Oberfliche
von 42 m?.g~! nach Kalzinirung bei 1223 K (950°C) wihrend 4 h auf. Die Rontgendiffrak-
tometrieanalyse beweist die Bildung von Mischoxiden, (Ni/Mg)O und (Ni/Mg)Al,O4, nach
dieser Kalzinierung. Die Vorformierung, durchgefiihrt unter reduktiver Atmosphére, fiihrt
bei iiber 1073 K (800°C) zur Bildung von hochdispersen Ni-Nanopartikeln auf MgAl,Oy.
Die Priasenz von H,O und/oder CO; in der reduktiven Atmosphére behindert deutlich den
Vorformierungsmechanismus. Im Vergleich zu den Katalysatoren préapariert durch Fallung
oder Sprithen zeigt ein Katalysator, der durch Schmelzimprignierung hergestellt wurde,
sowohl eine hohere spezifische Oberflache als auch eine feinere Kristallitgrofe der Mischox-
ide (< 20 nm). Fiir das CO, Reformieren durchgefiihrt mit Hilfe des Wasserstofftestpro-
tokols unter 21 bar bei 1223 K (950°C) und Zugabe von 10 vol.% H;O liegen die Umsitze
mit dem schmelzimprégnierten Katalysator und einer Korund-Verschiittung ca. 3-4 % unter
dem thermodynamischen Gleichgewicht. Das Wassertestprotokoll zeigt im Vergleich eine
langsame Vorformierung, und die Methanumsitze liegen weit unter dem thermodynamis-

chen Gleichgewicht bei max ca. 40%.

Die Leistungen von Ni-Hexaaluminaten in CO, Reformierung hingen stark von dem Zwis-
chenebenekation sowie dem Substitutionsgrad von AI** durch Ni?* im Hexaaluminatsgitter
ab. Die Kalzinierung von Proben bei einer angemessen Temperatur von 1473 K (1200°C) er-

I zu erreichen. Solche eine hohe Ober-

laubt es eine spezifische Oberfliche von ca. 15 m?.g~
flache wird benotigt um die Ni-Nanopartikel gegen Sintern zu stabilisieren. Nur Sr,Ni und
Ba,Ni Hexaaluminate sind hoch aktiv, wihrend nur ein kleiner Substitutionsgrad (y=0.25
in StNiyAlj2_yO19_g oder BaNiyAlj2—,O;9_s) von A+ durch Ni*>* ausreicht um hochdis-
perse Ni-Nanopartikel zu erzeugen, die aktiv und stabil in der CO, Reformierung bei 1123 K

(850°C) und mittlererem Druck (11 bar) iiber 10 h sind.
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0. NOMENCLATURE

Nomenclature

catalyst adsorption site

°C degree Celsius

B broadening at full width at half maximum or at integer breadth [-]

Y surface tension of Hg [mN.m™!]

AHagg  enthalpy of reaction at 298 K [kJ.mol~1]

AH; enthalpy change of the reaction or adsorption of compound i at a temperature T [J.mol ']
ARG; free enthalpy of the reaction i [J .mol~1]

ep porosity of the material [-]

n effectiveness factor [-]

0 incident angle of the X-ray beam [rad]

0’ contact angle [rad or °]

6o angular position of the peak maximum [rad]

04 degree of coverage of the reactant A on the catalyst surface [-]

A wavelength of X-ray beam or of photon (in Planck’s equation) [m]

Vij algebraic stoichiometric coefficient of the compound k for the reaction i [-]
T tortuosity [-]

¢ Thiele modulus [-]

A Angstrt‘)m

ATR AutoThermal Reforming

a.u. arbitrary unit

bar absolute pressure equal to 10° Pa

BET Brunauer-Emmet-Teller

¢ speed of light [m.sfl]

c’ constant from BET equation including heat of adsorption and condensation [-]
C* concentration of free adsorption site on the catalyst surface [mol.m 3]

Cy concentration of A [mol.m 3]

Ci concentration of A adsorbed on the adsorption site * [mol.m ™3]

Cas concentration of A at the surface [mol.m’3]

C}f‘if specific correction factor of compound i [-]

Cj’,:‘l-l specific heat capacity of compound i [J.mol~! K~!]

CPOX  Catalytic Partial OXidation
CTEM  Conventional Transmission Electron Microscopy

d distance between the spacing between diffraction planes [m]
dr thickness of spherical shell for mass balance [m]

D diffusion coefficient of A [m%.s™!]

D dispersion [-]

Dy initial dispersion [-]

D¢y dispersion at infinite time [-]

D, effective diffusion coefficient of A [m2.s~!]

Xii



DEN denominator of the reaction rate equations [-]

DryRef  COj; reforming or dry reforming

DSC Differential Scanning Calorimetry

DTA Differential Thermal Analysis

E Energy of photon [J]

E4 activation energy [J .mol~ 1]

Eq, activation energy of the reaction i [J .mol~1]
Eaerf observed activation energy related to re sz [J .mol™!]
EA true activation energy at surface condition [J mol 1]
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h hour

h’ Planck’s constant [J.s]
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Jr diffusion flux of A per area on a shell of radius r (one dimensional case) [mol.m~2.s7!]
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K constant [-]
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m meter

m order/random coefficient [-]
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me coke precursor molar rate [g.sfl]

Mc;; molar mass of compound i [g.mol ]
MEC Mass Flow Controller

min minute
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P partial pressure of k [bar]
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Introduction and motivation



The most important greenhouse gas arising from anthropogenic activities is CO,'L, and its emissions in-
creased significantly over the past years, reaching in 2010 over 30 Gt (Gigatons) of CO,2. In order to
minimize the impact of the greenhouse gas CO», it can be used where it is produced on a large scale, like
in fossil fuel power plants and also in ammonia synthesis. Indeed, both of these sources produce large

amounts of CO, that can be sequestered for storageIZHZI or used as raw chemical>©,

The large storage capacity of CO; can help neutralizing the CO, emission for a few decades, with a
current CO, storage capacity estimated around 1000-20000 Gt7; however, CO, storage is limited by
the energetic waste required for CO, capture and compression. In addition, CO, storage may become
unsafe and risky in the long term due to potential leaks?. Application of CO; on a large scale as a raw

material is, therefore, more attractive than CO, storage.

Reforming of methane with CO, can be a potential application on a large scale, as shown in Fig. [I}
Indeed, CO; reforming of methane can produce a syngas with a theoretical Hp/CO ratio of one, which
is lower than the H,/CO ratio delivered by partial oxidation, steam reforming, or autothermal reforming
of methane, which typically achieve only H,/CO ratios of 1.71% Such a syngas with a rich CO content
offers the possibility to produce syngas stoichiometries suitable for processes such as the direct synthesis

of aldehydes and alcohols with the oxo—synthesis or olefin/gasoline synthesis by Fischer-Tropsch
synthesis.
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Figure 1: Use of syngas in chemical industry (taken from@);DME, DiMethyl Ether; DMFC, Direct-Methanol
Fuel Cell; i-C4, isobutane; M85, mixture of 15% methanol in benzine; M100, pure methanol; MTBE, Methyl
Tertiary-Butyl Ether



CO, reforming of methane is well established at low pressure (1-7 bar)192Y but this process suffers
from an inherent drawback because upstream and downstream processes operate preferentially at high
pressures. Therefore, CO, reforming of methane conducted at high pressure for the production of syngas

with a Ho/CO ratio of one is promising due to its easy integration in downstream platform technologies.

The addition of water, even in small amounts in CO; reforming, can help adjusting the H,/CO ratio
through the water gas shift reaction. Moreover, water addition can enhance the gasification rate of car-
bonaceous species on the catalyst surface. If water is added, the process is described as mixed-steam

CO; reforming.

Commercial methane reforming processes are conducted at high temperature to enhance reforming re-
action rates and syngas yields because of a shift in equilibrium due to the reforming reaction of methane
with steam and CO; being highly endothermic. Typically, a temperature range of 773-1223 K (500-
950°C)%!' and a pressure between 20-40 bar are applied in industrial steam reforming processes2!. In the
case of mixed-steam CO, reforming of methane, only temperatures above 973 K (700°C) are realistic to
avoid disproportionation of CO in the CO-rich syngas, which results in carbon deposits. The use of such
high temperatures implies that gas-phase reactions, in addition to catalytic reactions, may occur due to

the methane decomposition2%23

and further coupling, resulting in the formation of coke precursors like
ethylene. As a result, the catalyst as well as the reactor concept should be adapted to achieve high cat-

alytic performances in reforming despite of the impact of gas-phase reactions.

245281 and transition

The reforming catalysts can be produced with active metals including noble metals
metals“>2, Noble metals have an enhanced coke resistivity in comparison to transition metals. How-
ever, the high price and the low availability of noble metals'" limit their applications and do not facilitate
scale up of such catalysts for industrial purposes. Typically, nickel is used to substitute noble metals in
reforming processes; however, nickel is known to be prone to coking because carbon can dissolve in the
Ni surface layer=®. Minimizing coke deposition on metallic Ni particles and catalyst support is necessary

for commercial mixed-steam CO; reforming of methane.

The investigations conducted in this study consist of the development of active masses as well as a
process concept for the valorization of CO, within the process of methane CO, reforming under high
pressure (21 bar) and relevant commercial operating conditions in order to achieve a syngas with a H,/CO

ratio of one.

The major challenge that must be faced in mixed-steam CO, reforming of methane is coking, particularly

with Ni-based catalysts. The coke selectivity on such Ni-based catalysts is believed to be suppressed by

37638

using small Ni nanoparticles , whereas large Ni nanoparticles exhibit enhanced selectivity of coke



formation3?*l, Therefore, the synthesis of highly dispersed and stable metallic Ni nanoparticles can be

an attractive solution for the development of stable and active catalysts for the target process.

Based on this work assumption, the following concept is used for the production of such highly dispersed
and stable metallic Ni nanoparticles for their application in high temperature mixed-steam CO, reform-
ing of methane. A carrier material is used to disperse Ni on an atomic scale, for instance by dissolving
Ni in a solid solution, like the (Ni/Mg)O solid solution**#3, or by dissolving Ni in a material lattice

44 or hexaaluminates*®*Z, Due to the high dispersion of Ni** in the carrier material,

like perovskites
the subsequent reduction is expected to lead to an enhanced dispersion of metallic Ni nanoparticlesZ.
Finally, the highly dispersed Ni nanoparticles as well as the catalyst support should be thermally stable
and especially stable against sintering. Indeed, sintering leads to the formation of large Ni particles that

are likely to undergo coking=?*!,

Four different subjects are highlighted in the framework of this PhD thesis to design catalysts for the

mixed-steam CO; reforming of methane under high pressure and at high temperature.

* First, the impact of the gas-phase reactions is evaluated over a wide range of industrially relevant

temperatures for methane reforming in the presence of steam as well as CO».

* Second, Pt-based catalysts with various zirconia supports are developed to generate kinetic data

and highlight a possible mechanism of mixed-steam CO, reforming over Pt-based catalyst.

* Third, an unconventional preparation of Ni-based spinel catalysts prepared with hydrotalcite-like
clay is benchmarked against typical preparation routes for their application in mixed-steam CO»

reforming at high pressure.

* Fourth, Ni hexaaluminate design of experiments for their application in CO, reforming is per-
formed in a small-scale unit at moderate pressure, and the formation of highly stable and dispersed

Ni nanoparticles is investigated.
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Theoretical concepts



1 Reforming technologies

Production of hydrogen and syngas can be achieved by numerous processes using large variety of feed-
stocks, such as liquid and gaseous hydrocarbons, alcohols, carbohydrates*®, by-products of third pro-
cesses like glycerol in the production of biodiesel*, and even solid feedstock like coal®? or biomass>.
The following equations represent the most common reactions involving methane and heavier hydrocar-

bons (C,,H,,) used on a technical scale®®:

* Steam reforming:

CH;+H,O=CO+3 H, (1.1
CnHy,+m HO =m CO+ (m+n/2) Hy (1.2)

¢ Partial oxidation
CHy1+1/20,=CO+2H, (1.3)
CnHy+m/2 0, =mCO+ (n/2) Hy (1.4)

* Autothermal reforming or oxidative steam reforming

CHy+1/4 02+ 1/2 Ho0 = CO+5/2 H, (1.5)
CnH,+m/4 O, +m/2 HO=m CO+ (m/2+n/2) H, (1.6)

 Gasification of carbon (coal, coke)

C+H,O=CO+H, (1.7)
C+0,=CO0O, (1.8)
C+1/20,=CO (1.9)
C+CO,=2CO (1.10)

¢ Water Gas Shift (WGS) or Reverse Water Gas Shift (RWGS)

CO+H,O0=CO,+H, (1.11)

The WGS/RWGS equilibrium |1.11]is always involved in reforming processes. Most of these reactions

occur on specific catalysts at given operating conditions.
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1.1 Reforming processes

A broad variety of reforming processes has been developed to fit also a large range of requirements
needed in downstream processes for commodity chemicals. In this study, I will restrict the description of
the reforming processes to stationary applications. For these applications, two categories are identifiable
with regard to the desired products.

First, the production of pure H; from syngas with a high H,/CO ratio (over 2.5-3) with a subsequent shift
of the equilibrium to Hy and CO; is used mainly for ammonia production. Second, the production of
syngas with a low H,/CO ratio (lower than 2-2.5) is further used to synthesize gas-to-liquids products,

methanol, phosgene, acetic acid, and products from oxosynthesis-.

1.1.1 Steam reforming

This reforming process is well-known and used since the 30s for hydrocarbon reforming”#. This reform-
ing application produces a syngas with a H,/CO ratio in the range of about 2.2 to 4.84% depending on the
feed composition. Steam reforming is often conducted with natural gas, which is available worldwide,
relatively cheap, and in large quantities*">>; however, heavier hydrocarbons like naphtha are also used
but hydrocarbons with a higher boiling point than naphtha have not reached the commercial stage yet>2.
For instance, Steam Methane Reforming (SMR) proceeds in two steps, the reforming reaction (Eq. [I.1),
which is strongly endothermic (206 kJ.mol~'), and the WGS (Eq. , which is slightly exothermic
(—41 kJ.mol~!). Before using natural gas, desulfurization of natural gas must be achieved to avoid cata-
lyst poisoning (see section[2.5)). The sulfur content in fuel streams is usually kept under 1 ppmw (particle
per million by weight)10.

The following equations represent a set of possible reactions with their respective enthalpy at 298 K

under steam-reforming conditions:

* Steam Methane Reforming (SMR - Eq.

CH;+H,0 —CO+3H,  AHaog =205.9 kJ.mol™!

* Water Gas Shift (WGS - Eq.|1.11)

CO+H,0 — CO, +H, AHaog = —41 kJ.mol ™!

* Boudouard reaction (Eq. [T.10)

2C0 —CO,+C AHaog = —172.4 kJ.mol ™!
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* Coke gasification (Eq.[I.7)

C+H,0 — CO+H, AHyog = +131.3 kJ.mol ™!
* Methane cracking
CHy —C+2H, AHyog = +74.6 kJ.mol ! (1.12)
¢ CO oxidation
CO+1/20,—CO, AHyog = —283 kJ.mol ™! (1.13)

A simplified steam reforming scheme is presented in Fig. [I.1]
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Figure 1.1: Simplified flow sheet of industrial-scale steam reforming of hydrocarbons (taken from-)

Part of the hydrocarbon feed is burnt with air to heat up the reformer, and the recovered heat at the re-
former outlet is used for steam production and feed preheating. The hydrocarbon feed must first be desul-
furized and preheated before entering the catalyst reformer tubes. The preheated feed passes through the
catalytic bed in a multi-tubular reformer reactor. Usually steam reforming is performed at around 773-
1173 K (500-900°C), above 20 bar, and with a steam-to-carbon ratio of around 2.5-3 to ensure coke-free
operations . If maximum hydrogen production is desired, the reformer outlet undergoes first the WGS

reaction to maximize the hydrogen production. The hydrogen is then purified to above 99.95% purity by
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getting rid of steam and CO, through condensation and Pressure Swing Adsorption (PSA)~228, respec-
tively. Instead of PSA for CO, recovery, a permeable reactor membrane can be used>*%Y. The tail gas
after PSA is used to enrich the fuel and provide further energy to heat up the reformer.

Most of the hydrogen is used to synthesize ammonia for the production of fertilizers, but for the past few

years, the growing attractiveness of fuel cells has also lit up its application in electrochemical systems.

1.1.2 Partial Oxidation (POX) and Catalytic Partial Oxidation (CPOX)

In contrast to endothermic steam reforming, POX and CPOX are exothermic. The reaction enthalpy of
methane POX (Eq. is equal to AHaog = —35.9 kJ.mol ™", and the syngas produced has a H,/CO ratio
close to 2, which is attractive for several chemical syntheses like direct methanol synthesis'? or Fischer-
Tropsch synthesis1#4,

Conducted mainly over a temperature range of 1423-1773 K (1150-1500°C) and a pressure range of
25-80 bar®!, the homogeneous POX still requires an additional heat management equipment. The high
pressure and pure oxygen required by the economics of the downstream processes are responsible for the
primary costs®2, Further costs are expected for post treatments, separation of acid gases, and treatment
of coke and soot®L.

The advantage of CPOX over POX is that it includes a heterogeneous catalyst and, therefore, requires
lower temperatures; however, CPOX is still at the stage of catalyst development'%. The reaction pathway
for POX and CPOX is not completely understood® 03, For POX, all carbon-carbon bonds are destroyed,
resulting in the formation of CO and Hy; after complete hydrocarbon destruction, H;O and CO, can be
formed by using the oxygen surplus®?; however, other results have shown that the formation of H,O and

CO, stems from the primary reactions®64

. For CPOX a similar reaction pathway has been observed:
catalytic partial oxidation of methane dominates on the upstream of the catalytic bed, whereas WGS and
steam reforming take place on the downstream part of the catalytic bed®. CPOX is particularly adapted
for mobile applications like in fuel cells® due to its simplicity and possibility of small-scale applications.
Commercially, three types of partial oxidation processes are established, representing worldwide more

than 320 operating plants®:

* the Texaco process used only natural gas as feedstock and changed to liquid hydrocarbons only

after the process of steam reforming of natural gas became available®?,
» the Shell process used heavy oils from the beginning®?,

 the Lurgi process used the broadest range of feedstock including gasification of tars, oils, and

slurries formed as by-products of fixed bed gasification®.

The reactor design of POX and CPOX is presented as a scheme in Fig.[I.2] The POX reactor simply
comprises two zones, first the flame part where the hydrocarbons, oxygen, and possibly low amounts of

steam react together and second a heat exchanger that recovers the heat excess after the reaction. The

9
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Figure 1.2: Reactor designs for POX and CPOX (taken from®©l)

CPOX reactor design is similar to POX, but the flame part is replaced by a mixer before the catalytic bed
to homogenize the mixture and avoid coke deposits.

Depending on the downstream processes, the syngas can be directly used after clean-up or first shifted to
another equilibrium to obtain the desired H,/CO ratio.

The CPOX and POX processes will not be retained to benchmark the performance of the process devel-
oped in this thesis due to the fundamental differences in process design (e.g. presence of flame, very

high temperature,...).

1.1.3 Autothermal reforming (ATR)

ATR is another alternative technology using both steam reforming and partial oxidation in which the
resulting overall reaction enthalpy is closer to zero than for either CPOX or steam reforming. In or-
der to achieve an overall enthalpy close to zero, the workflow has to be delicately balanced between
the exothermic partial oxidation and the endothermic steam reforming. The ATR is usually performed
between 1173-1773 K (900-1500°C) in the range of 1-80 bar®!. The H,/CO ratio produced can vary
depending on the amount of steam, oxygen, and fuel used in the feed and is usually close to 2, which
makes it attractive for methanol and Fischer-Tropsch synthesis!’. The process flexibility with regard
to feed composition (e.g. hydrocarbons, steam-to-carbon ratio) and operating conditions (e.g. pressure
30-40 bar) are the reasons for its attractiveness''’. For instance, the ATR process is often used after a
steam reformer (primary reformer) and used as "secondary reformer", which corresponds to the actual
standard technique in the production of ammonia synthesis gas1®.

Because a robust burner, mixer, and significant heat exchange requirements, like in steam reforming or
POX, are no longer necessary for ATR, low-cost and compact reactors can be built®!, for instance for
fuel-cell applications®”%8. Nevertheless, the process remains dependent on expensive pure oxygen at
high pressure.

Different reactor designs exist, the two-step ATR process that uses the CPOX reactor design with a steam
feed after the partial oxidation reactions, the one-step process that combines both steps in a fluidized bed

like Exxon does, or with H,O and O; in the feed stream for a "secondary reformer" 22

10
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Like POX and CPOX, the ATR process will not be used to benchmark the performance of our process

due to the fundamental differences in process design.

1.1.4 Gasification of coal and biomass

Coal’s share of the global energy mix will overtake oil in 2017°%, showing how attractive and strategically
important coal feedstocks are. For syngas or energy production, gasification of coal and biomass such as

wood is also of interest. Three different sectors for gasification products are identifiable’’’:

* syngas with variable H,/CO ratios for various syntheses: ammonia, gas-to-liquids products, and

methanol;
* methanation for the synthetic natural gas production;

* power generation by combustion of products in gas turbines.

This list excludes combustion as it mainly produces CO, and H,O, which do not have leftover heat en-

ergy.

Gasification processes allow processing of any hydrocarbon feedstock, gas feedstock, as well as petroleum
coke, and the H,/CO ratio is variable depending on the carbon source, but also carbon-to-oxygen and
steam-to-carbon ratios that are used in the feed. This high flexibility can explain the large number of

operating gasifiers. There were a total of 366 gasifiers, producing about 42700 MW in 20077V,

— _—
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Figure 1.3: Schematic reactions of coal and wood gasification (taken from!)

The gasification of solid feedstock is a complex chemical process that involves both homogeneous and
heterogeneous reactions coupled with heat and mass transfer. This gasification process generally includes
evaporation of moisture followed by pyrolysis of coal and subsequent gas-phase reactions as well as het-

erogeneous reactions of char with gaseous compounds”Y, From all of these steps, the char gasification is

11
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the rate-controlling process and is performed at high temperatures (1073-2073 K, 800-1800°C). The cor-
responding reaction scheme is given in Fig. For all gasification processes, post treatment of product
gas that includes several steps is required to remove sulfur compounds, inert gases, and acids " (HCN,

organic acids, unsaturated, and heavy hydrocarbons).

Due to the large amount of gasification processes’, they can be classified as described in Tab. and
the different reactors are presented in Fig. [T.4]

Classification criteria Variable Classification criteria Variable
Type of gasification moving fixed bed Type of solid feed coal
reactor (Fig fluidized bed wood, biomass
entrained flow solid waste materials
molten bath petroleum-derived
residue
Gasifying medium air Heat supply for internal
oxygen gasification external
steam reactions
steam/air
steam/oxygen
hydrogen
Particle size of fine Operating pressure atmospheric
solid feedstock medium elevated
corse
Condition of dry ash in Application of residue fuel gas
gasification residue non-slagging operation product gas syngas
to be removed slag in synthetic natural gas

slagging operation

Table 1.1: Classification of gasification processes (taken from’!)

In a moving bed (non-slagging counter current), granular or lump fuel is introduced at the top of the
reactor while the gasifying medium is blown from the bottom. The outgoing ashes heat the gas inlet
before the outlet, and the syngas exit heats up the feed, resulting in an excellent energy efficiency of the
process’?. Due to long residence times of the moving particles inside the bed , a high carbon conversion
is reached 173,

The gas velocities used in the fluidized bed reactor are high enough to allow the catalyst bed to be flu-
idized. This bed is constituted of small particles (about 1 mm) mixed as if used in a perfectly mixed
reactor’#, Furthermore, this process requires a heat recovery system for a better energy efficiency L.

In the entrained flow reactor, gas and carbonaceous feed move in the same direction. Because of short
residence times of a few seconds, the feed particles used should be very small (typically <100 pm) and
elevated temperatures as high as 1773 K (1500°C) are necessary to achieve sufficient carbon conver-
sion 7372,

The molten-bath reactor uses a melt made of molten slag, metal, or salt, and the gasifying medium is

t72

injected into it’2, The slag is used as a heat-transfer medium‘L.

12
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(A) Feed (3-50 mm) ()

Feed
(<0.2 mm)
Gagitfving T‘Nt:\ e
; medium
mediun .
Slag
Feed (<10 mm)
(B) Gag (D)
Feed (<5 mm)
Gasifying
mediumn
||_
/N J/ Melt
Gagifyving ‘L
T Asgh (char N F
medimmn sh( ) Slag

melt

Figure 1.4: The 4 types of gasifier reactors (taken from™), (A) moving bed (non-slagging counter current),
(B) fluidized bed, (C) entrained flow, (D) molten bath.

The different feedstocks should also be characterized because the feed properties must meet the require-
ments of the chosen process. First, the molar ratios (hydrogen/carbon and oxygen/carbon) are of interest
since they determine the composition of the syngas. Solid carbonaceous feedstocks also have differ-
ent properties such as moisture content, ash content, volatile matter (oil, tar, gas, phenol compounds),
residual char after pyrolysis, caking behavior, reactivity, and particle-size distribution that influence the

gasification process’!.

Environmental matters depend on the process. With regards to air emissions, sulfur compounds (H»S,
COS and CS,), NOx, and NHj3 should be removed before they exit the reactor, and with regards to waste
water obtained from low temperature raw gas (moving bed), it should also be treated with conventional

wastewater purification methods to remove tar and phenol products V2L

1.1.5 CO; reforming and mixed-steam CO; reforming (MSCR)

Since CO; is available in steam reformer exhausts, its recycling or further use of CO, becomes interest-
ing. CO; can be used in reforming either as a substitute of steam in pure CO; reforming, which is also
known as dry reforming, or as an additional complement in mixed-steam CO; reforming (also called

combined-steam CO, reforming). The major drawbacks of the pure CO; reforming of methane is that

13
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it is 40 kJ more endothermic (Eq. [I.14) than steam reforming and that the higher carbon concentration

favors coke deposition.
CH;+COy, —>2CO+2H, AHjog :—|—246kJ.mol_1 (1.14)

However, the major advantage is that the H,/CO ratio can be decreased to below one due to the RWGS,
allowing production of CO-rich syngas. The addition of steam in the feed has several advantages: it
helps controlling the H,/CO ratio required for the downstream processes and avoids coke deposition or
at least limits it.

The flow chart of the MSCR, based on Fig. is simplified and presented in Fig.

CO,
pure

Mixed —

[D Desulfu- || steam |+ Cleanu
rization [ CO, [V ° (b) H,/CO
2
Syngas

reforming :>

Figure 1.5: Simplified flow chart of mixed-steam CO; reforming. NG, natural gas; solution (a), production
of CO-rich syngas and pure Hj; solution (b), production of CO-rich syngas

The feedstock is first desulfurized up to less than about 1 ppmw''’. Then the steam and CO, are mixed
and preheated in the convective part the reformer, and then reformed at high temperatures in the reformer
reactor heated by combustion of natural gas with air. At the reactor outlet, the heat is recovered and the
hydrocarbons that did not react are removed. Afterwards two different production alternatives exist: the
production of (a) a syngas with a low H,/CO ratio and pure hydrogen including a recycling step or (b)
simply low-H,/CO-ratio syngas. The first alternative is obviously more expensive due to an additional
step to shift the equilibrium to increase the CO, conversions and to separate CO, by the pressure swing
adsorption. According to the requirements of syngas from (b), a PSA step can be added to remove CO,

that can be recycled.

1.1.5.1 Sulfur-PAssivated ReforminG (SPARG) process

The sulfur-passivated reforming developed by Haldor Tops@e operates at high carbon concentrations
and favorable thermodynamic coke-formation conditions (see Fig [I.11] of this part (II)). The process
benefits from controlling the amount of hydrogen sulfide in the feed stream that block the carbon nucle-
ation sites on the catalyst through chemisorption of H,S on the step sites of metallic Ni particles2/*/677,

The "ensemble control", described by Rostrup-Nielsen''?, explains thanks to density-functional-theory

14



1.1 Reforming processes

calculations how the thermodynamic influence can be partially "overcome". It has been also shown that

potassium and gold act in the same way, that is, by chemisorption on step sites*..

Figure [I.6]shows the simplified process flow diagram. The feed and the reformer are heated by combus-
tion of fuel and tail gas with air. CO; is added to the feed, while steam addition allows better control of

coking and flexibility in adjusting the syngas composition to Hy/CO ratios between 0.7 and 1.9%%, Such

CO; (H:S)
CO; import
Fuel
Combustion
air
1 7
Multi-tubular B &4}
£ B
reformer e
= 1
=
I
Catalyst
Steam
Natural gas CO;
Wash
Syngas

Figure 1.6: Simplified SPARG process flow diagram (taken from%)

a process can be used to prepare CO-rich syngas for the synthesis of the acetic acid, dimethyl ether and
oxoalcohols”®, or for the direct reduction of iron ore” that cannot be achieved by conventional steam

reforming.

1.1.5.2 Calcor process

CO-rich syngas can also be produced by the Calcor process (Fig[1.7). This process works at low pressure

and high temperature with a desulfurized feed.

The desulfurized feed and CO, are heated up and sprayed through a high velocity burner to provide the
heat for the highly endothermic reaction. The flame is fed by a fuel (usually hydrocarbons from the feed)
and tail gas from CO purification. Syngas can be then compressed and CO filtered off through membrane
processes as in the Economy Calcor process described in Fig.[I.7] Otherwise, an alternative is suggested,
that is, the Standard Calcor process'®, which directly produces a syngas with a low H,/CO syngas after

purification with CO; recycling.
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1. REFORMING TECHNOLOGIES
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Figure 1.7: Simplified Economy Calcor flow sheet diagram (taken from 18 ¢ w., cooling water; Mem., Mem-
brane)

1.2 Reforming thermodynamics

For conception and optimization of processes, thermodynamic reforming equilibria should be calculated.
The influence of temperature, pressure, and feed composition will be discussed because of their influence
on the thermodynamic equilibria. The calculations of this section have been performed with the help
of DETCHEMEQU'L; this freeware® is available online from Deutschmann’s group at the Karlsruhe
Institute of Technology (KIT). This computational tool determines equilibrium gas-phase compositions
based on Gibbs free enthalpy minimization. Further calculations were made with the CH4, H,O, CO,
CO,, and H» species on the basis of three types of reforming of methane by using stoichiometric amounts
of reactants in the feed (Tab.[T.2): steam reforming, CO; reforming (or dry reforming), and mixed-steam
reforming, and reactions at 1123 K (850 °C) and 21 bar. The choice of pressure and temperature is based

on our test conditions.

Conditions Pressure  Temperature Composition
SMR 21 bar 1123 K (850°C) CH4/H,0=1/1 SMR
CO; reforming of methane 21 bar 1123 K (850°C) CH4/CO,=1/1 CHy4-DryRef

Mixed-steam CO, of methane 21 bar 1123 K (850°C) CH4/H,O/CO,=1/1/1 CH4-MSCR

Table 1.2: Standard conditions used for the simulations of reforming equilibria
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1.2 Reforming thermodynamics

1.2.1 Effect of pressure on reforming equilibria

Pressure is known to have a major influence on the conversions of methane and CO, in reforming re-
actions, where 4 mol of products are made of 2 mol of reactants. As Le Chatelier’s principle states,

increasing the pressure favors the side of the equilibrium with the least number of gaseous molecules.
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(a) Molar fractions at SMR equilibrium (b) Molar fractions at CH4-DryRef equilibirum
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Figure 1.8: Effect of pressure on thermodynamic equilibria of reforming reactions of methane

In Fig.[1.8] the pressure effect can be seen. Independent of the reforming conditions and pressure, steam
and CO, are observed under thermodynamic conditions even if they are not present initially in the feed.
The presence of steam even at reforming equilibrium could be used to our advantage by lowering the
severity of the operating conditions of CO, reforming without significant modification of the syngas
composition produced by addition of little amount of water to the feed (about 10-20 vol.%). Indeed, the
presence of steam could enhance carbon gasification. The H,/CO ratio decreases with a higher pressure
except for steam reforming.

In addition to the conversions, the coke deposition is also affected by a pressure increase. This matter

will be further discussed in section [[.2.4]
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1. REFORMING TECHNOLOGIES

1.2.2 Effect of temperature on reforming equilibria

Le Chatelier’s principle also states that raising the temperature favors endothermic reactions, like steam

and CO; reforming, but also the RWGS. In Fig.[1.9] the temperature effects are presented.
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Figure 1.9: Effect of temperature on thermodynamic equilibria of reforming reactions of methane

As expected at higher temperatures, the amount of syngas produced increases up to almost complete
conversion of methane.

In a typical temperature range that is the most probable for reforming to be performed (1073-1273 K -
800-1000°C), steam and CO, are always observable in non-negligible concentrations. Independent from
temperature and reforming process, steam remains at the reforming equilibrium and could be used to
lower the severity of operating conditions of CO, reforming as mentioned in the previous section.

In addition to the conversions, coke deposition is also affected by higher temperatures, which favors

methane cracking and limits the Boudouard reaction; see section [T.2.4}
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1.2 Reforming thermodynamics

1.2.3 Effect of feed composition on reforming equilibria

The variation of feed composition may also help to create milder operating conditions or to improve

efficiency of the overall process. In Fig.[T.T0} the influence of varying the feed composition is studied.

Molar fraction [-]
Molar fraction [-]

1 1
Log (S/C) [-] Log (CH,/CO,) [-]

(a) Molar fractions at SMR equilibrium (b) Molar fractions of CH4-DryRef equilibrium

Molar fraction [-]

0.2 1 4
Log (S/C) [1]

(¢) Molar fractions of CH4-MSCR equilibrium

Figure 1.10: Effect of feed composition on thermodynamic equilibria of reforming reactions of methane

The simulations show that for steam-to-carbon and CH4/CO, ratios close to one, the presence of steam
and CO;, is confirmed at thermodynamic equilibria. As mentioned before, the addition of a small amount
of steam in CO; reforming would have a minor influence on the quality of the syngas produced. Further-
more, this would result in milder operating conditions.

For methane reforming with steam, CO,, or both, the steam-to-carbon and CH4/CO, ratios have a major
influence on the product concentrations and may help to reach almost full conversion of the reactant that
is not present in excess.

The feed composition also has a strong influence on coke deposition as detailed in the following sec-

tion [[.2.4
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1. REFORMING TECHNOLOGIES

1.2.4 Thermodynamic equilibrium of coke formation in reforming

In addition to conversions and H,/CO ratio, coke deposition is also a factor of interest that must be con-
sidered for coke-free operations over time. Methane cracking is more likely to occur at high temperatures
and high partial pressures of methane, while the shift of the Boudouard reaction to coke and CO; is more
likely to happen at lower temperatures and low H,/CO ratios=?. The feed content also plays a major role
in the coke-deposition probability. The S/C and CO,/CHy4 ratios should be kept as high as possible to
avoid coke deposition and achieve higher conversions, but in practice it leads also to higher operation
costs because of a low syngas concentration in the product gas®!.

At a given temperature and for a given hydrocarbon, carbon formation is expected to occur under a
critical threshold of S/C and/or CH4/CO; ratios?Y. This observation illustrates the carbon formation
principle on a Ni-based catalyst: carbon formation occurs if the gas shows an affinity for carbon after the
thermodynamic equilibrium (SMR and WGS) is reached®?. Rostrup-Nielsen et al. 192183 investigated
different catalysts and defined a thermodynamic limit for carbon formation on Fig. The pressure
has been fixed at 25.5 bar as well as the Ni particle size at 250 nm; simulation at different molar ratios of
CH4/CO; and H,O/CH4 have been performed. Thanks to this model, it is possible to evaluate the coking
risk expected at defined operating conditions for instance for the Ni-based catalysts A and B. Particularly
attractive are catalyst C (noble metal-based) and sulfur-passivation/“8%(catalyst D) that allow coke-free

operations even if coke formation is thermodynamically favored on the chosen Ni-based catalyst.
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Figure 1.11: Carbon limit diagram at 25.5 bar (adapted from*) for Ni paricle size of 250 nm. The ratios are
molar. (cat, catalyst; met., metal; Eq. equilibrium) (Copyright Elsevier)
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1.3 Commercial catalyst review

1.3 Commercial catalyst review

For about a century, when the first industrial steam-reforming processes were started, the number as well
as the varieties of studied and commercialized catalysts has increased steadily. Fig. [[.12]illustrates this

trend from the 50s up to now.
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Figure 1.12: Recorded patents for reforming catalysts using the PatBase Express search engine

At the beginning of reforming history, only noble metal-based catalysts have been studied and patented,
followed by other non-precious metals like Ni. Then new supports were developed to reduce the acidity
of pure alumina carrier, and later catalyst promotion has been introduced in reforming as well as bimetal-
lic catalysts, for instance, alkali promotion of Ni on magnesia-alumina or Pt-Re bimetallic catalysts for
naphtha reforming.

The extensive studies on reforming processes have led to a wide variety of different catalytic technolo-
gies. In Tab. [1.4] few commercial steam-reforming catalyst compositions with the corresponding feed-
stock used for their reforming applications are listed.

For mixed-steam CO, reforming with a low steam content, no commercial catalysts are at this time

available on the market even if a few patents and articles have been published (see section [3.3.T] of this

part (I1)).
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1. REFORMING TECHNOLOGIES

Manufacturer Trade Name Feedstock NiO Promoter Carrier SiO,
[Wt.%] [wt.%] [wt. %] [wt.%]
Haldor Tops@e R-67-TH NG to Naphtha >12 - MgAlL,O4 (bal.) <0.2
AR-301 NG to light HC >30 K,0 (2-5) MgAl,Oy4 (bal.) -
RK-202 Naphtha >15 K;0 (>1) MgAl,O4 (bal) <0.2
Johnson Matthey 23-4 Naphtha, NG 18 - Al,O3 (balance) <0.1
light HC
57-4 NG, light HC 18 - CaAl,Oq4 (bal.) <0.1
46-6Q Naphtha 16 - CaAl,Oy4 (bal.) 0.5
Siid Chemie G90 NG 14 - CaAl;30q9 (bal.) -
GI1 NG, LPG 18 K>O (1.6) CaAlyyO33 (bal.) -
C11-NK Naphtha 25 K0 (8.5) CaAl,Oq4 (bal.) -
United Catalysts NGR-615-K  Naphtha 15-20 K0 (1.5-8) Al,O3 (bal.) <0.2
BASF SG9301 NG 16.5 MgO (6) Al,O3 (bal.) <0.1
ReO (3)
G1-50 Naphtha 20 MgO (11) Al,O3 (bal.) 14
CaO (16)
K>O (7)

Table 1.4: Few commercial steam-reforming catalysts and their compositions (taken from'Y)(NG, natural
gas; HC, hydrocarbons; LPG, liquefied petroleum gas, bal., balance)

1.4 Kinetics and mechanisms

For a better comprehensive model, knowledge of reforming mechanism and kinetics are of great help. Ki-

83186

netics of steam reforming of methane have been extensively studied since the 90s and due to a large

amount of different attractive catalysts identified so far are still widely investigated®/2%. In addition,

31595H99 1001101

CO, reforming" , sometimes combined with steam reforming , is also currently examined.

The different kinetic models that will be discussed are presented in the Tab. [I.5]

For CO; reforming of methane, Gokon et al.”> discussed different catalytic models and showed that
Langmuir-Hinshelwood model (see section|2.3.1)) gave the best fits for reforming reactions between 873
and 973 K (600-700°C) on Ru/Al,O3 catalyst supported on Ni-Cr-Al metallic foam absorber with a
CO,/CHy4 ratio between 0.3 and 3 at 1 bar and a Gas Hourly Space Velocity (GHSV) range of 8500-
25500h".

For steam reforming more kinetic studies are available. Rostrup-Nielsen et al.?!' as well as Trimm and
Onsan'%% have described the kinetics based on the Langmuir-Hinshelwood expression rates published by

t89 already in 1989. The intrinsic reaction rates of Xu and Froment®® have been derived

Xu and Fromen
for the steam reforming of methane, accompanied by WGS on a Ni/MgAl,O4, which is a usual steam-
reforming catalyst. A thermodynamic analysis helped in reducing the number of possible mechanisms.

Twenty-one sets with three rate equations have been retained and subjected to model discrimination
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1. REFORMING TECHNOLOGIES

and parameter estimation. The parameter estimations in the best model are statistically significant and
thermodynamically consistent. The developed model has been determined for a temperature range of
673-1000 K (400-727°C) in a pressure on the order of 30 bar.

According to Xu and Froment®®, the most significant reactions are listed in Tab.

Reaction number i Reaction
1 CO+H,O=CO,+H,
2 CHy+ H,O = CO+3H,
3 CH4+2H,0 = C0O,+4H,

Table 1.6: Reactions considered in steam reforming of methane

The three equilibria and their associated kinetics are expressed as follow:

k P P
e DEN? (1.15)
3
k p pCO
ﬁ (pCH4pH20 - Hz}% >
=2 1.16
r DEN? (1.16)
k p Pco
3 (b= )
= 1.17
r3 DEN? (1.17)
And DEN is calculated with the following expression:
K0P
DEN =1+ K, peo + K,y Py, + Koy, Pey, + — 22 (1.18)

Pu,

where

E 1 1
* k;, the rate constant, is calculated by: k; = k; 7, exp[ ;l (T — T>] , with i the reaction number

equal to 1, 2, or 3, and

ki, the constant rate of reaction i at the temperature T, in kmol.bar*O‘S.(kg cat.h)~!
for k, and k3, and k; kmol.(kg cat.h)™!

Egi the activation energy of the reaction i in J.mol~!

R the constant of the ideal gas in J.mol~! K~!

Tand T, respectively the temperature of the mixture and the reference temperature in K.

* K, is the equilibrium constant obtained from the law of mass action of the reaction i and calculated

ARG;
by using the relation K-—exp( If TL

= H pk" , where py, is the partial pressure of component k
k=
in bar, v; ; the algebraic stoichiometric coefﬁ01ent and AgG; is the free enthalpy of the reaction i

in J.mol 1.

* PcH,» PH,0, Pco, Pco, and py, are partial pressures in bar.
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1.4 Kinetics and mechanisms

* 11, 1y and r3 are the reaction rate in kmol.(kg cat.h)™!

* K, is the adsorption constant of j (for CHs, H,O, CO and H;) at a temperature T, which is calcu-
0 AH; (1 1 .
lated from K; = Ki.exp| —= ( = — = | |, with:
J R \T, T

K(} coefficient of adsorption of j at the temperature T, in bar~!, except Kz,0
that is dimensionless
AH; enthalpy change of the reaction or adsorption j in J .mol !,

Simulations are then performed to optimize temperature profiles, temperature, pressure, GHSV, catalyst
shape, and so on. Thanks to the kinetic data evaluated®®, the simulations yield, with the knowledge of
the catalyst pore network, to the effectiveness factor 1 of the reactions'’¥ (see section , which helps
to optimize the operating conditions for cost-effective operations. Further investigations are required
to understand why the catalyst deactivates. Isotopic studies combined with kinetic investigations lead
to precious mechanistic information. Wei and Iglesia have shown'!%"1Y7 for steam and CO, reforming
over Ni- and noble metal-based catalysts that the stable CH4 decomposes sequentially by H-subtraction
up to chemisorbed carbon (C*). This adsorbed carbon reacts then with steam or CO;. The first step of
methane decomposition has been identified as the rate-determining step (RDS)%!. That can be justified
by the high stability of methane, which owns a strong C-H bond, exhibiting an average enthalpy change
in the gas phase of 416 kJ.mol~!1% Mechanism can be written as described in Eqs. m-m

CH,+2"* «— CHi + H* (1.19)
CH;+"* +— CH} + H* (1.20)
CHj+* «— CH* + H* (1.21)

CH*+* +— C*+H* (1.22)

H,0+2* «+— OH* + H* (1.23)

CO,+2* +—CO*+0* (1.24)
OH*+* «— H* + 0" (1.25)

C*+ 0" +— CO*+* (1.26)
CO* +— CO+* (1.27)
2H «— Hy+2* (1.28)

The first step, RDS, occurs on active metal such as Ni, Pt, or Ir. Wei and Iglesia have shown that the RDS

occurs faster on noble metals than on Ni‘!Z

. In addition, this mechanistic approach helps to understand
how coke or carbon deposition takes place on the catalyst. The coke/carbon removal can be achieved by
steam in steam reforming or probably by CO, in CO, reforming. That means that coke/carbon formation
can be avoided when the coking rates are slower than the gasification rate®®. Sometimes a distinction
is made between coke and carbon. The difference between coke and carbon is somewhat arbitrary1%:
usually disproportionation of CO gives carbon whereas coke originates from methane cracking.

A high partial pressure of methane provokes faster coking rates %' and lack of CO, or H,O to gasify

C* leads to coke deposition. Furthermore, too low H,/CO ratios also lead to carbon formation through
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1. REFORMING TECHNOLOGIES

the Boudouard reaction“?, especially in CO, reforming at high pressures -2,

1.5 Reactor design and development

The selection of a reactor design depends on the choice of reforming. In the case of mixed-steam CO,
reforming, the technology would be analogue to steam reforming due to the high endothermicity of the
reaction, in comparison with POX (and also CPOX) and ATR reformers, where an exothermic and an

almost athermal overall reaction take place, respectively.

In order to optimize the use of a heterogeneous catalyst, a broad variety of reactor types has been de-
signed due to the large variety of possible process specifications. But commonly cheap, reliable, and
continuously working reactors are preferred for industrial purposes. That is why fixed bed reactors and

1130114

fluidized bed reactors are used in the majority of industrial reactors instead of batches or semi-

batches that cannot work continuously.

1.5.1 Fixed bed reactor

The simplest reactor used in most reforming processes is the fixed bed reactor. It consists of a simple
tube filled with catalyst particles. The design of these particles is carefully chosen to limit the pressure
drop, maximize the specific area of the catalyst, and facilitate mass and heat transfer through the whole
catalytic bed. The active material filled into the tube is located in the isothermal zone in the simplest case
or it is filled beyond the lower and/or upper limit of the isothermal zone, while the fluid flows through
the fixed catalytic bed.

For highly endothermic reactions, like steam reforming, mixed-steam CO; reforming, or highly exother-
mic reactions, like partial oxidations, the reactor diameter should be reduced to limit the temperature
gradient within the catalytic bed 1>, If a high GHSV needs to be used a multitube reactor is prefer-
entially used to improve heat exchange and limit radial temperature gradients!1®. Energy for/from the
chemical reaction is introduced/removed to maintain a constant temperature within all the catalyst par-
ticles. In addition, all the tubes of a multitube reactor should have the same pressure drop and the same
amount of catalyst in order to limit the temperature gradient and subsequent ageing of catalyst as well as

tube material 1317

1.5.2 Development of reactor design

Much effort is put into the development of a reformer design to improve its efficiency. In the case of
hydrogen production, new approaches are used to achieve the same performance at milder operating

conditions, improve reactor mass and heat transfer as well as reduce CO, emissions 101
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1.6 Cost-effective operations

Pd-based membranes for selective separation of H, have been extensively investigated to improve methane
conversion and hydrogen purity>?1812 However, this concept suffers from the relatively high price of
Pd and possible membrane degradation by carbon and acidic gases??. Other issues concern the CO,
sorption by limestone or dolomite! to shift the reforming equilibrium. For this technique, efforts are

concentrated on improving the CO,-sorbent materials and stability over the cycles.

Another development possibility for reforming can be the use of other energies. For instance, use of solar

energy to heat up the reformer instead of methane combustion. It has been claimed that solar reformers

can save 40% of the fuel1?.

1.6 Cost-effective operations

Optimal design of reforming processes are simulated to meet the best cost-efficient operations. Major

initial capital costs are engaged in:
* Multi-tubular reactors
* Heat exchangers required for heat management
* Separation units (e.g. PSA)
Furthermore, several operation costs should not be neglected, among them:
* Shutdown/start-up for maintenance
* Utilities especially to heat the unit
* Ecological footprint, depending on the local legislation (e.g. carbon tax)

In addition, during the planing phase, GHSV, temperature, and pressure of the process should be adapted
to the environment and requirements of downstream processes to limit costs by minimizing utility duties
by using for instance a low steam-to-carbon ratio® 2l low heat flux, and low outlet temperature at the
reformer’?. Furthermore, utilization of a prereformer’?!' and/or limited footprint with CO, recycling
can reduce the net CO, emissions up to 67% in comparison to standard steam reforming’?%. All these

factors can improve the profitability due to lower investment and operation costs.
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2 Heterogeneously catalyzed gas-phase reactions

Already introduced by Berzelius'2? in 1836, catalysis has been correctly described thanks to the defi-
nition of a catalyst by Ostwald (1895)14%: "a catalyst accelerates a chemical reaction without affecting
the position of equilibrium". The two main domains of catalysis are heterogeneous and homogeneous
catalysis. In the case of catalyzed reforming processes, only heterogeneous catalysis is involved since the
feed is gaseous or liquid and the catalyst a solid material. Heterogeneous catalytic processes (Fig.
are usually characterized by absorption of the reactant(s) on the catalyst surface on which the reaction
takes place to form the product(s); finally, the catalyst is "regenerated" to its initial state by desorption of
the product(s).

. — Catalytic reaction
Potential energy e T Thermal reaction

(non-catalyzed)

Reactant
~..  Product

Reaction coordinate

Figure 2.1: Pathway of catalyzed and non-catalyzed reactions (E,, activation energy; E, 445, activation en-
ergy of adsorption; E, ., activation energy of the catalytic reaction; E, 4., activation energy of desorption;
Eg thermal» activation energy of thermal reaction)

The energy barrier of a thermal reaction on a catalyst is consequently decreased, which opens up new
reaction pathways.

2.1 Molecular processes of heterogeneously catalyzed reactions

Heterogeneous catalytic reactions involve purely physical as well as purely chemical steps, and in the

simplest case a catalytic reaction on a porous catalyst occurs in the following order (Fig. [2.2):
1. Diffusion of the reactant(s) into the boundary layer to the catalyst surface
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2.2 Mass-transfer effects

2. Diffusion of the reactant(s) through the pores

3. Adsorption of the reactant(s) on the inner pore surface
4. Chemical reaction on the catalyst surface

5. Desorption of the product(s) from the catalyst surface
6. Diffusion of the product(s) out of the pores

7. Diffusion of the product(s) through the boundary layer to the gas phase

Figure 2.2: The 7 steps of the catalyzed reaction pathway (adapted from‘22).

Depending on transport and reaction rates, the effective reaction rate .z, observed during the catalytic

reaction, follows three different regimes:

* kinetic limitation, when the reaction rate is slow in comparison with the diffusion rates in the gas

film and the pores,

* diffusion limitation in pores, when the diffusion rate in pores is slow compared with the diffusion

rate in the gas film and the kinetic reaction rate,

* diffusion limitation in the gas film, when the diffusion rate in the gas film is slow compared with

the kinetic reaction rate and the diffusion rate in pores.
Ideally, the resistance effect of diffusion limitations in the gas film and pores is reduced as much as

possible to maximize r.z.

2.2 Mass-transfer effects

The materials used in heterogeneous catalysis are only rarely non-porous. Indeed, porous materials with
a large active area are preferred to improve the catalyst performance. Due to this porosity, the elementary
steps of the microkinetic model described in Fig. must be taken into account. The use of the effec-

tiveness factor 17, which describes the ratio of the reaction rate observed on a porous material particle to
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the reaction rate that would be obtained at surface conditions rg (without any diffusion or film limitation)

allows the quantification of the effect of mass-transfer limitations.

In order to find an analytic expression for 77, a mass balance is assumed on a catalyst particle of radius R

from the catalytic bed across a spherical shell of thickness dr (Fig. [2.3):

@

Figure 2.3: Mass balance on a spherical shell of thickness dr

The mass balance can be literally described as the number of moles of A entering the shell less the
number of moles A leaving the shell, which is equal to the molar consumption/production of A in this
shell. The consumption/production of A is the result of the chemical reaction. Assuming the general

power law expression (Eq.[2.1)) for the consumption rate rs of reactant A:

ra =ka.Cy* 2.1
where:
* k4 is the rate constant coefficient of consumption of A expressed in (mol.m—3)!1—" g~1
 C,4 the concentration of A in mol.m >

* ny the order of reaction with respect to reactant A [dimensionless]

Mathematically, the equation can be written as:

4.7 (r+dr)? jrrar — 47007 jr = 470 drky C (2.2)

where j, and j,,4, are, respectively, the diffusion flux of A through the sphere of radius r and r+dr in

mol.m—2.s 1,

j is expressed by Fick’s law of diffusion and defined by Eq.[2.3] where Cj is the spatial concentration:

j=D,.VCy (2.3)

where D,, the effective diffusion coefficient expressed in m?.s~!, is expressed as a function of:
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2.2 Mass-transfer effects

« D, diffusion coefficient of A in the considered catalyst particle [m?.s ']
* ¢&p, the porosity of the catalyst particle [-]

* 7, the tortuosity [-]

and its expression is:

. D.ep
T

D, 2.4)

In case of one-dimensional radial diffusion, the diffusion flux j,, on the sphere of radius r, is expressed

by Eq. i
Jr= De.d—;‘ (2.5)

_ dc . .
Performing a Taylor development on A , it is easy to obtain after rearrangements-2%:

r r+dr
d’Cy L 2dG ka.Cy*
drr  rdr D,

(2.6)

Considering the boundary conditions at the particle surface (r=R), the concentration of A equals the
dc,

concentration at the surface (C4=Cj4 s), whereas in the middle of the catalyst particle (r=0), d—A is equal
’ r
to zero as a result of the symmetry of the concentration profile in the spherical catalyst particle.

Using the following dimensionless numbers and their boundary conditions derived from the previous

quoted boundary conditions%%:
Ca
= — 2.7)
Cas
r
—— 2.8
=z (2.8)
a general differential equation is obtained:
d’f 2df 5 .,
U 2.9
dx? + x dx ot 2.9)

where ¢, called the Thiele modulus, is the only parameter of the differential equation and is equal to:

ko it
=R\| ——— 2.10
¢ D, (2.10)
The solution of this differential equation is:
sinh(¢@x)
= —" 2.11
U x.sinh(¢) @1h)

The expression for the reaction rate observed r, sy and the reaction rate at surface conditions is given by

Egs.[2.12]and[2.13] respectively. The reaction rate observed is equal to the amount of A diffusing through
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the catalyst particle surface.

Cas d

Feff = 47:.R2.De.$ d%: 1 (2.12)

x=

4
rs = §n~R3~kA-CA,S (213)
It is now possible to mathematically express 1n:

reff 3 1 1
= =—_. —— 2.14
1="2 =5 (i @1

It is also particularly interesting to note that 17 depends only on R, the radius of the catalyst particle.

T T T T T
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Figure 2.4: Effectiveness factor vs Thiele modulus (A, kinetic control; B and C mass-transfer control) (taken
from 1268 127)

When plotting the effectiveness factor vs the Thiele modulus, three different regimes are identifiable’28

(Fig. 2.4):

* the kinetic control (A). With small values of the Thiele modulus, the interior surface of the catalyst

is completely accessible for the starting material.

* the regime of pore diffusion (mass-transfer control) (B). With a Thiele modulus value of about

one, this regime is preferred for technical operations.

* the regime of transport limitation (mass-transfer control) (C). At higher values of the Thiele mod-
ulus, the reaction is limited by the diffusion in the boundary layer, which means that the starting
material reacts on the outer surface of the catalyst because the diffusion through the pores is too

slow.

Furthermore, depending on the kind of identified regime, the expression of In(k.sy) for a first order
reaction (ny=1) plotted against 1/T would provide access to the observed activation energy E4 .7 from

an Arrhenius diagram, with k. r¢ being the rate constant of the observed reaction rate.
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2.3 Microkinetics and mechanisms in heterogeneous catalysis

¢ the kinetic control (A), with ¢<0.3, yields equal reaction rates r,ss=rs and thus =1 and E4 . r=Ea ;/ue

where Ej ¢ and Ej ;. are the observed activation energies with respect to r.ss and at surface

conditions, respectively.

* mass-transfer control in pore diffusion (B), with 0.3<¢<3 and n=k.ss/kas ~ 1/9, Ko is now

kA,S 1

described by k. ﬁ:T:E \/De.ka s, and thus:
1 1 E
Inkefy = ~InR+5.InDe+ 5.In kO*TRAT (2.15)

This linear equation of In(k, s¢) as a function of 1/T yields the observed activation energy: Ex . rr=Ea srue/2

* mass-transfer control in transport limitation (fluid/solid) (C), with ¢ >3, shows ¢ <<1 and thus

Exef7 1s close to zero.

This is summarized in Fig. [2.5]

—

i Eyer =0 |EjEs2
C B
/T

Figure 2.5: Arrhenius plot showing the observed expression of activation energy E, . rr and the corresponding
values of the Thiele modulus depending on the mass-transfer regime (A, kinetic control; B, pore diffusion in
mass-transfer control; C, gas/solid mass-transfer control).

2.3 Microkinetics and mechanisms in heterogeneous catalysis

In order to determine kinetics of the reactions on the catalyst, the adsorption step preceding the reaction

and the desorption step following the chemical reaction needs to be modeled using chemical reaction.

This mechanistic approach known as microkinetics considers also the important adsorption/desorption

steps in heterogeneous catalysis. Two different kinds of adsorption exist'%%: chemisorption representing

the chemical reaction between the catalyst surface and the adsorbate, which results in the formation of a

bond, and physisorption resulting only from weaker Van der Waals forces. In the heterogeneous-catalysis

mechanism, chemisorption is involved and occurs preferentially on active sites.
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The description of the chemisorption on the catalyst surface is achieved with a correlation between
the quantity of adsorbed molecules of reactant A and the pressure P4 of the reactant A at a constant

temperature. Langmuir adsorption isotherms correspond to the simplest model, assuming that:
* the catalyst surface is ideally homogeneous
* maximum coverage is obtained with a monolayer
* there is no interaction between the adsorbed molecules.

Considering 6y, the degree of coverage of the reactant A is defined as the ratio of number of adsorbed
molecules on the surface to the number of adsorbed molecules on a monolayer on the surface. Adsorption
of A can be written as in Eq.[2.16]

A+ =A" (2.16)

The corresponding law of mass action gives Eq.

Ca

K =
AT v Py

2.17)

where P4, C*, and Cj are, respectively, the partial pressure of A in the gas phase, the concentration of
free adsorption sites on the catalyst surface, and the molar concentration adsorbed on the catalyst surface.
For a monolayer applies:

Ci =0, (2.18)

C* = (1-6)) (2.19)

Combining Eqs. 2.18| and [2.19] with the expression of K4 (Eq. gives after recombination the ex-
pression of the degree for coverage with A (Eq. [2.20):

Ky Py
Op=—— 2.20
A 14+ Ky.Py ( )
Considering the following reaction (Eq. [2.21)
A=P (2.21)

where A adsorbed without dissociation and P is the product after desorption, the reaction rate r. ¢, which

is proportional to the number of chemisorbed molecules of A, can be expressed as follows'2 (Eq. [2.22):

k.Kx.Py

= — 2.22
Ferf 14+ K4.Py ( )

This simple case with a single reactant can be extrapolated to a system of two reactants, A and B, that

react to form product P. Mixed adsorption of A and B, which compete to adsorbed on free sites, can be
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2.3 Microkinetics and mechanisms in heterogeneous catalysis

modeled thanks to the fact that the number of free sites is now 1-04-0p. The degree of coverage of A

(Eq.[2.23) and B (Eq.[2.24) are:
Ky .Py

04 =
14+ Ky.Ps+Kp.Ps

(2.23)

_ KpPg
~ 1+K4.Py+Kp.Ps

Or (2.24)

A special case should not be forgotten, that is, dissociative adsorption of hydrogen or more generally
A, Tts associated equation is:

1
JAat = A7 (2.25)

From that equation results the degree of coverage:

__Kavhr
14+ Ks\/Py

In order to design reactors, knowledge of reaction kinetics is required. The most often used model for

04 (2.26)

gas-phase reactions is the power law type (Eq.[2.28)), for instance for Eq.
A+B=C (2.27)
and will have the following effective reaction rate:
ress = k*.PL.PS P! (2.28)

Here, k" is the rate constant, P; the partial pressure relative to i, and @, 3, ¥ the reaction partial orders,
respectively, with regard to A, B, C. The sum of these partial orders is equal to n, the overall order of the
reaction. v is usually equal to O, but in heterogeneous catalysis the desorption of C may interfere with
the reaction rate, and the partial order of the product would not be equal to zero. The effective reaction

rate can be generalized for heterogeneous catalysis applications 1224130

(kinetic term).(driving force)

r = 2.29
el (resistance term)™ (2.29)

The exponent m is usually equal to 1 or 2 depending on the number of catalytic centers involved in the
RDS. Since bimolecular processes are prevailing in heterogeneous catalysis, bimolecular models will be

developed in the following subsections.

2.3.1 Langmuir-Hinshelwood mechanism

In the Langmuir-Hinshelwood model%? (Fig. , the reactant species A and B are assumed to be first
adsorbed on the surface and then, after chemisorption, to react to form the product P that will desorb

after the reaction.
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®
A+*=A* ®
B+*=B"

®® ®
A*+B*=P*
Pr=P+" ©

Figure 2.6: Elementary steps according to the Langmuir-Hinshelwood mechanism (adapted from'30!131)

In practice, all steps can be a rate-determining step; here, the chemical reaction between A* and B*
was chosen as the rate-determining step. A simplified rate Eq. [2.30] obtained by first considering the

relationship for mixed adsorption:

kK4 Py\KgPg
(1+KsPs+ KBPB)Z

To simplify and determine the constants involved in this general rate equation, different boundary cases

Terf = k04 0p = (2.30)

can be taken into account:

» weak adsorptions of A and B, means K4 <1 and Kp <1:

Terf = kKsPsKpPp (2.31)

* adsorption A weaker than B, K4 < Kp:

 kKsPyKgPy

ropp = A ATBB (2.32)
I (1+KBPB)2

» with a constant partial pressure of B, increasing the pressure of A leads to a simpler equation rate:

;= (2.33)

2.3.2 Eley-Rideal mechanism

In this model'* (Fig. , which was found to be more often valid, only A is chemisorbed on the cata-

lyst surface and then reacts directly with B in the gas phase to form product P.

Based on a Langmuir adsorption isotherm, the following equation is obtained'> for a RDS correspond-

ing to the reaction of A* with B:

K\P,
Foff = K Pg0y = k’Pgﬁ (2.34)
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® ®
* L Ak A
A+ =A ~
A" +B = P*
®
P*=P+* / / /
®

Figure 2.7: Elementary steps according to the Eley-Rideal mechanism (adapted from' 30131

In this case, it is interesting to take a closer look at the boundary cases:

* Constant pressure of B and decrease of partial pressure of A leads to a decrease of the reaction
rate similar to the Langmuir-Hinshelwood mechanism for mixed adsorption of A and B with a

rate-determining step of the chemical reaction.

* Constant pressure of A and an increase in the partial pressure of B leads to an increase of reaction
rate. This is precisely the opposite case in comparison to the Langmuir-Hinshelwood mechanism
for mixed adsorption of A and B with a rate-determining step of the chemical reaction. This can

be used to differentiate both mechanisms.

2.4 Catalyst deactivation

Catalysts are designed to maintain a high activity over time; however, activity loss is always observed
for catalytic processes over variable timescales, from seconds up to years. Understanding these catalyst
deactivation phenomena is important. Indeed, the catalyst price is generally relatively high and the down-
time needed for catalyst treatment or replacement is an expensive task due to waste of time and thus
capital investment in the industrial catalytic processes'2<. Different types of deactivation phenomena are

already known SO L1201 32

and can be sorted into: catalyst fouling, thermal degradation, and sintering,
volatilization of active components and poisoning. Catalyst deactivation can influence conversions and/or

selectivity differently, which is why different models for deactivation should be considered 12132133,

2.4.1 Catalyst fouling and coking

As described in the macrokinetics section, the activity of a catalyst is proportional to the catalyst’s active
surface area via the degree of coverage with reactants. Fouling concepts describe the loss of the specific
surface required for a high catalyst activity. For instance in reforming processes, carbon deposits are
likely to be produced and block active sites or/and the catalyst pores that are responsible for a high active
surface. Some examples of carbon deposits are presented in Tab. 2.1}

In the case of reforming processes, all these types of carbon deposits can be involved.
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Type Origin Temperature of C:H  Gasification
formation

Cq atomic carbon adsorbed on surfaces >473 K (200°C) « easy

Cs polymeric amorphous film >573 K (300°C) =8  possible

Whisker whisker carbon usually with a metal particle >573 K (300°C) =~ reasonably easy
Carbide metal carbides deposited on non-catalyticor >573 K (300°C) =50 reasonably easy

surface catalytic surfaces, often from gas-phase

intermediates
Gas-phase formed in gas phase >773 K (500°C) =~ difficult
Graphite >1273 K high difficult

(1000°C)

Table 2.1: Coking types and their origins (taken from“32)
* Cqy is formed from CO or hydrocarbon. Ideally, C should be gasified and form methane or CO,
but if coking occurs it forms Cg and subsequently graphitic and amorphous carbon 36 Cg can also

dissolve in Ni and form filaments or whisker. Ni carbides may also be formed!3#133/

» Whisker carbon is a filamentous carbon with a Ni crystallite at the end%. It does not block active
sites (for example, on Ni), but grows very rapidly between catalyst particles thus crushing them

and finally plugging the reactor within seconds or minutes.

* Carbides may form on the active compound (like Ni). Nickel carbide Ni,C is known to be a
potential support for the growth of graphene'*Z, but Ni,C is reported to be unstable under steam-

reforming conditions3>.

» Carbonaceous species may stem from the gas-phase reactions of hydrocarbons at high tempera-
ture®. For instance in reforming processes, hydrocarbons tend to decompose to alkanes, olefins,

and up to highly aromatics by radical mechanism at high temperatures=:135:139,

6

» Graphite or graphene result from dehydrogenation and/or polymerization of hydrocarbons=® and

might be found already on Ni at 773 K (500°C)-=°.

The deactivation rate strongly depends on operating conditions and particularly temperature and gas
composition. Fundamentally, carbon formation is an equilibrium between the rate of carbon formation
and gasification. For instance, catalyst supports are chosen in order to maximize the gasification rate
to avoid coking. In Fig. [2.8] the reaction pathways of carbon deposit formation and gasification are
illustrated for steam reforming on Ni-based catalyst.

The mechanism of coke formation is complex and proceeds differently depending on operating condi-
tions; however, a general mechanism model could be drawn from Bartholomew’s work 30 Deutschmann’s
group’®? as well as Billaud’s group work#%, as is shown in Fig. First, olefins are formed by pyroly-
sis and then couple to a Br@nsted acid site; these coupling products condensate and undergo cyclization
to form benzene derivatives. These benzene products polymerize then to polynuclear aromatic hydrocar-

bons and finally form coke.
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Precipitation

Hydrocarbon <_>h} drocarbon > Cp—> and graphitic

carbon

Adsorbed / \ Amorphous

Ga51ﬁcatlon

Figure 2.8: Schematic drawing of carbon deposition in steam reforming over Ni-based catalyst (adapted

frommm)

H+
CHy—— — CGH— —— ©—>

Pyrolysis/Coupling Initiation \L
Propagation \L

Termination

Figure 2.9: General coke formation mechanism starting from methane pyrolysis and coupling, followed by

cyclization and polymerization up to polycyclic aromatic hydrocarbons before termination of the polymeriza-
tion (adapted from611381139)

2.4.2 Thermal degradation and sintering

High temperatures applied to the catalyst to achieve a higher activity can enhance thermal deactivation.
The major process involved in thermal deactivation is sintering, which lowers the active surface area,
metal surface area, and/or pore volume®. In addition to temperature, the gas-phase composition can
also promote sintering, for instance, a CO-rich gas phase may also favor metal particle agglomeration
through carbonyl transport via the gas phase™*!. Sintering effects are generally irreversible or difficult to

reverse, which is why it should be prevented.

In case of a single phase, the sintering mechanism is described as follows: around the Huettig temperature
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(Eq. [2.35), the atoms near the defects exhibit a first significant mobility, and then around the Tamman
temperature (Eq.[2.36) the atoms of the bulk become increasingly mobile, up to the melting point. Semi-
empirical relationships for these temperatures are given by Mouljin et al.14= (Egs. and [2.36)).

THuettig - 03 Tmell (T ln K) (235)

Tramman = 0.5 Terr (T in K) (2.36)

Trimm“%} and Baker et al.1%* reviewed sintering of carriers. Single-phase oxide carriers can sinter

through the following processes=°

¢ solid-state diffusion,

* surface diffusion,

* condensation/evaporation of volatile atoms or molecules,
* grain-boundary diffusion,

* phase transformations.

Some other factors like the alkali-metal presence or the steam atmosphere are known to be detrimental to
the thermal stability of the carriers'2. However, use of baria or lanthana as surface-area stabilizer have
been suggested?Z. These stabilizers form either a surface coating’® or lead to insertion of stabilizers at

anion vacancies4¢.

The sintering process of metal particles in the case of supported catalysts used to be described by a simple

power law (Eq.[2.37), where D is the dispersion at time t, Dy the initial dispersion, k¢ the rate constant,
3147H149

d(D/Dy) ., (D\"
Ao _kO<D0> (2.37)

and n an order between 3 and 1

However, this model has been proven to be defective since over a certain period of time the surface

360151

area should reach zero®. Fuentes’>" and Bartholomew and co-workers presented another model

(Eq.[2.38)), with a second term added to correct for this fault.

_d(D/Dy) (D Deg\"
= =k (Do Do) (2.38)

m is an order=® equal to 1 or 2, D is the dispersion, Dy the initial dispersion, and D, the dispersion at
infinite time. Bartholomew also reported for m=2 the sintering rate of Pt, Ni, and Ag catalysts supported
on alumina'>?. He showed that even if the vaporization of Pt on heating is higher than Ni, on alumina, Pt

sinters faster than Ni; this observation has been explained by a possible higher metal-support interaction.
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Thermal ageing can also result from phase transformations. For instance, a phase transition from Y-
alumina to o-alumina, occurring around 873-1073 K (600-1000°C), decreases drastically the specific

surface area of the support from about 250 m?.g~! to circa 1 m?.g— 113,

Like thermal degradation and sintering, the loss of activity by volatilization of active compounds is
irreversible. Indeed, certain compounds like MoOj3, P,Os, and Bi,O3 have a sublimation point that is
particularly low, while other compounds like Ni may form volatile compounds like nickel tetracarbonyl
(Ni(CO)y) or nickel chloride (NiCl,) if the feed is rich in CO or chloringB13:123

2.5 Catalyst poisoning

Strong interactions between active sites and third compounds alter the activity. Poisoning can occur by

36253 even if reactivation of sites is considerable

strong chemisorption or formation of surface complexes
when chemisorption is relatively weak!®. The chemical species can be classified into four different

categories=®, which are shown in Tab.

Chemical Type Examples Type of interaction with metals

Group VA, VIA elements P, S, Sb, Se through s- and p-orbitals; shielded structures
are less toxic

Group VIIA elements F .Cl ,Br.,I through s- and p-orbitals; formation of
volatile halides

Toxic heavy metals and ions  As, Bi, Pb, Sn  occupy d-orbitals; may form alloys

Molecules that adsorb with ~ benzene, chemisorption through multiple bonds and

multiple bonds acetylene back bonding

Table 2.2: Classes of poisons according to their chemical nature (taken from=%)

The most common poisoning occurring in reforming processes is the sulfur poisoning due to the presence
of sulfur compounds in hydrocarbon feedstocks. Metallic Ni particles react with sulfur to form the stable
and inactive Ni sulfide. Indeed, the feedstock used almost always has at least a low concentration of
sulfur compounds; this is why most of industrial reforming processes are located downstream from a
desulfurization plant.

Apart from the challenges that poisoning represents, selective poisoning has useful applications. For
instance, sulfur may be used in small quantities to poison carbon-formation sites located on Ni particles
to prevent coke formation and allow operations with a very high carbon content in the feed (like in the
SPARG process ).

2.6 Promotion of catalytic performance

Catalytic promoters are a third group of elements that improve the activity, the selectivity, or the stability

of the catalyst. For reforming catalysts, promotion is used to reduce coking risk. Rostrup-Nielsen et
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al.82% have presented three different ways to improve catalyst performance with regard to coking at

steady state:

* enhance the adsorption of steam or CO,. For instance, kinetic experiments have shown that steam

adsorption is promoted by "active" magnesia and alkali®?.

* enhance the rates of the surface reaction. Isotope exchange experiments have shown that the
performance of catalysts with added magnesia is improved!>*. The "ensemble-control" effect
observed is due to enhanced steam adsorption coupled with spill-over of OH species to the nickel

surface.

* decrease the activation rate of hydrocarbons. For instance, magnesia but also calcium oxide neu-
tralize the acidic sites of the catalyst? that catalyze hydrocarbon cracking and polymerization

reactions®2122

The "ensemble-control” already described for the SPARG process (see section[I.1.5.1]of this part (II)) is
the reason for improved performance. Indeed, coking is a dynamic process resulting from a "too low"
gasification rate in comparison with the carbon-deposition rate. These three ways of promotion only aim
at gasifying the adsorbed carbon species.

Apart from catalytic promoters, bimetallic catalysts are also of interest. The concept is similar to alloy-
ing; different active metals are used to combine their properties to enhance the performance and stability
of the catalyst’s active particles. For the broad variety of bimetallic catalysts used in reforming studies,

three categories are clearly identifiable:

* bimetallic catalysts with two noble metals like Pt-Re2%1>Z This catalyst category is used for
special applications due to the high price of the noble metals and possible difficulty of recycling

both noble metals; an example is reforming of heavy hydrocarbons under high severity conditions,

* bimetallic catalysts made of a non-noble metal doped with a noble metal. This catalyst class is
widely studied for reforming cases >890, Most of the reported bimetallic catalysts are made of

Ni-Pt alloys 1017196/ for reforming,

* bimetallic catalysts free of noble metals. This category is the most attractive due to the lower price

167H171

of the raw materials. In literature studies, Ni is often alloyed with Co or more rarely with

Fe 172

Obviously, this concept is applicable to trimetallic and multimetallic catalysts 7374,

2.7 Preparation of heterogeneous catalysts

Catalysts are the heart of chemical processes in industrial plants, and for this reason they should be very

carefully prepared to fulfill all their specific requirements that can be listed as:
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* cheap catalyst materials and preparation,

* reproducibility of the catalyst preparation even on larger scales,
* strong mechanical, chemical, and thermal strength,

* high activity and selectivity especially at low temperatures,

* high life expectancy, very low deactivation rate.

With this in mind, catalyst preparation should be studied and optimized prior to experiments.

A broad variety of catalyst preparation methods exists. Most of the industrial catalysts are prepared by
simple techniques like precipitation or impregnation and are divided into two classes: bulk and supported
catalysts.

In their simplest form, bulk catalysts are active masses, like alloys or glasses, and so called because of
the composition being identical in the bulk and on the surface of the catalyst. Common bulk materials
are prepared by precipitation for instance.

On the other hand, many catalysts consist of active component(s) deposited on high-surface-area carriers.
The carrier can be chosen as a bulk material where active component(s) can be deposited on the outer

surface area of the support, thus forming a supported catalyst.

2.7.1 Precipitation and coprecipitation

Precipitation consists of the formation of a phase-separated solid from a homogeneous solution'”>. The
formation of a solid stems from a supersaturation of a homogeneous solution. Precipitation and crys-
tallization can be confused with each other; however, crystallization is a phenomenon that involves low
supersaturation, whereas precipitation is induced by introduction of an agent that starts the chemical
reaction or reduces the solubility”>. Precipitation is very often used for the preparation of the catalyst
support.

If more than one component is needed, precipitation of all components occurs simultaneously and is
called coprecipitation. This method is also often used to prepare catalysts like Ni/Al;O3 or Ni/MgAl;O4.
The precipitation usually occurs as presented in the following scheme (Fig. [2.10).

The metal solution is brought into contact with the precipitating agent. The precipitated solid is aged,
filtered, and dried. The filtration and drying steps may be replaced by spray drying. The dried precursors
undergo calcination and then shaping or vice versa.

The process of precipitation is presented in Fig. [2.11] and occurs in two stages, first the nucleation and
then the growth.

Nucleation takes place as soon as the precursor concentration increases over the nucleation threshold and

as long as the concentration remains over this critical concentration. As soon as nuclei are formed their
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Precipitation
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Spray drying
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Catalyst

Figure 2.10: Workflow of catalyst preparation by precipitation (taken from173)

growth occurs until the precursor concentration falls below the equilibrium concentration. The three

different regimes of particle growth can be identified as:
¢ (I) the solution remains unchanged and nothing happens,
* (II) nucleation regime: mainly nuclei formation occurs,

 (III) growth regime: only particle growth takes place.
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Figure 2.11: Crystal concentration depending on precipitation time (taken from public domain image via
Wikipedia Creative Commons). C,,,c,nucleation treshold; C,,, equilibrium concentration

This process description has its limits because of the complex nucleus formation™. In addition, attri-
tion or agglomeration of precipitated particles is possible depending on the operating conditions. The

possible pathways have been discussed by Horn and Riegeﬂm| and Auer and Frenkel 177,
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2.7 Preparation of heterogeneous catalysts

Typically, precipitation is industrially performed in a continuously stirred tank reactor. The process re-
quires a highly automated process to be able to control temperature, pH, concentration, and residence

time in precipitation vessel of the precipitate as shown in Fig. [2.12]

Metal solution Precipitating agent
TandpH
control
0
¢ 0
L

A

- — To seperation

\ / (optional)

Figure 2.12: Schematic drawing of a precipitation unit (taken from

175)

The properties of the final product can be influenced in many ways. Starting with the raw materials,
nitrates of metal precursors and ammonia or sodium carbonate are preferred as precipitation agents be-
cause they decompose to volatile compounds”>. The concentration of ions is also kept relatively high to
increase space-time yields and reduce plant investmentZ>, For economic reasons, water is the preferred
solvent in comparison to the much more expensive organic solvents.

Temperature is an extremely sensitive parameter for the nucleation rate. It is hard to predict how it will
influence a specific precipitation, and for this reason an optimal temperature should be determined ex-
perimentally”>. Control of the pH value is also crucial for supersaturation control (at least for hydroxide
precipitates). Finally, ageing of the precipitate can strongly influence the properties of the final product
because the particle size increases through Ostwald ripening or recrystallization of different phases or

amorphous precipitates to a crystalline materialZ>.

2.7.2 Impregnation

The other widely used technique for solid-catalyst preparation is the deposition of one or more active
components on a high-surface-area material. The goal of such a synthesis is to highly disperse compo-
nent particles over the high-surface-area material surface and stabilize them against sintering 7%, The
preparation of supported catalysts includes two stages: first, the deposition of dispersed particles on the
active component precursor and second, the transformation of this precursor to its final state, that is,
mainly metal oxides for catalytic reforming. The deposition techniques involve mainly aqueous solu-
tions but may also be deposited from the gas phase.

Different types of "humid" impregnation methods can be used depending on the quantity of solvent in-

volved in the impregnation step. If the total pore volume of the support is noted V, the incipient wetness
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impregnation corresponds to an impregnation with a volume V, of precursor solution, so that no solvent
remains outside the pore of the support after impregnation. Such an impregnation takes a few seconds.
On the other hand, diffusional or wet impregnation may last for a few hours and involves a support to
be placed in the solvent to which the precursor solution (active compound dissolved in solvent) is added
and then dried to remove the solvent. This technique should be used only if the interactions between

precursor and carrier are sufficient™ 8,

Impregnation

Ageing,
Drying

Active
phase

Figure 2.13: Workflow of catalyst preparation by impregnation

The synthesis steps involved in the preparation of impregnated catalysts are presented in the simplified
scheme shown in Fig. 2.13] In comparison with precipitation, the synthesis of supported catalysts is
much simpler. After calcination, the catalyst is dried if solvent traces remain on the solid catalyst and
then calcined.

The essential parameters for an optimized impregnation are the electrostatic interactions between the
metal complex and the support, the solution pH, and the type of ligand used.

The point of zero charge of the oxide support is essential to initiate the electrostatic interaction between
the metal complex and the support. Two techniques have been developed to regulate the point of zero
charge: changing the temperature of the impregnated solution”® and selective doping of the surface with
different types of ions .

The pH value is important because it influences the desired ion-support interaction”8. The pH value of
the solution determines the sign of the surface charge and thus the opposite sign has to be chosen for
the complex (that is formed by the ion to be fixed on the support) to obtain an electrostatic interaction
between support surface and complex. In addition, the pH influences the nuclearity of the complex (e.g.
mononuclear MOO?[ and MOgOgg ); however, it is worth to mention that the pH value is difficult to
control 181

The type of ligand influences also the metal complex-support interaction by its charge or the nature of

the ligand (bi-, tridentate...) for instance 178
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2.7 Preparation of heterogeneous catalysts

2.7.3 Formation of the final catalyst

Before loading the reactor with a catalyst, catalyst formation should be finalized. Typical examples are
the calcination and reduction steps for reforming catalysts.

During the formation of the final catalyst, two factors must be considered: the metal dispersion and the
precursor-support interaction82,

The fundamental reactions involved during calcination and reduction are the solid-state diffusion-controlled

and the interface-controlled reactions’82,

The first consists of the diffusion of one chemical species
through the bulk. A typical example is the formation of a NiAl,O4 spinel with diffusion of NiO through
Y-Al,O3 support during calcination. On the other hand, interface-controlled reactions proceed at the
solid-liquid interface with a reactant and is kinetically limited by the interfacial process'®%. This can be
illustrated by the reduction of oxides, like Ni* in NiO to metallic Ni.

Before their use most catalysts are calcined; this step consists of a thermal decomposition of the cata-
lyst precursors into oxides under an oxidizing atmosphere like air. Depending on the final compounds
expected the handling can be performed with different gases (nitrogen, oxygen, steam, reducing atmo-
sphere, etc...) or under vacuum. Calcination is usually necessary to obtain an interaction between the

182 An enhanced control of this interac-

support and precursors and reach an improved thermal stability
tion can be achieved by optimizing the choice of the precursors to achieve higher dispersion, formation
of the new compound, or solid solution. Finally, the temperature and surrounding atmosphere have an
important influence by affecting the lattice defects in solids and thus the interdiffusion in oxides. That is
why, for instance, these two parameters are crucial for the formation of defect structures like spinel and

perovskites152,

The last step before catalyst testing is usually the reduction of active metal oxide. The understanding
of catalyst activation by reduction is essential to find a compromise between an acceptable duration of

activation and high activity152,

Reduction of the bulk catalyst can be interpreted by means of the nucleation model or the contracting

sphere mode]8

. Assuming a spherical oxide particle being reduced directly to metal in an H; stream
and a nucleation-controlled regime (nucleation rate much slower than growth rate), the reduction starts
after an induction period when oxygen ions are removed from the metal oxides'®3. Following this oxygen
withdrawal, defects are created and when a critical value is reached the lattice rearranges and metal or

suboxide nuclei are formed%*

. As long as enough reducing agent is present, these nuclei grow. Their
growth rate increases continuously due to a growing interface between "metallic nuclei" and the oxide
inside the bulk. When the growing nuclei come into contact, they form a coating layer and the reduction
rate decreases. This mechanism occurs until the reducible oxide is completely reduced’3.

t183

For supported-catalyst reduction, the support plays the role of a dispersing agent"®?. If the reduction

occurs on a homogeneously dispersed surface, the interactions between the support and the reducible
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species may strongly influence the reducibility. Moreover, their reduction may proceed as individual

metal ions or clusters 83,

185

In a solid solution, Lemaitre"*> showed that the process follows the model of contracting spheres like

bulk catalysts. However, the interfacial area where the reaction occurs is constant and the reduction rate

decreases because of depletion of reducible species 2.

2.8 Catalyst characterization methods

In order to understand and develop the catalysts and their supports, numerous physical and chemical
properties must be characterized to obtain a better understanding of the catalyst functions and maybe
link the catalyst properties to the activity, selectivity, and/or deactivation. Iterative approaches in catalyst
development are performed to enhance the specific catalytic features, which can be identified by adapted

characterization methods"5°.

2.8.1 X-Ray Diffractometry (XRD)

For heterogeneous catalyst characterization, X-ray diffraction is one of the major techniques of analy-
sis'®2, This non-destructive analytical method is based on the observation of a scattered intensity of a
X-ray beam hitting the sample as function of the incident and scattered angle as described in Fig.
In case of XRD, the Cu K, monochromatic radiations are often used. The incoming beam from the left
side hits the sample with an angle 0 and a part of the radiation is reflected and analyzed. In most cases
the produced spherical waves after reflection generate destructive interference, while in the case of the
Bragg’s law (Eq. [2.39), the waves create constructive interference in a few specific directions and pro-
duce a reflection spot on the X-ray diffraction patterns. The uniqueness of each phase diffraction pattern

helps to identify the presence of characteristic crystalline phases in the specimen.
2dsin @ = nA (2.39)

Here, d is the distance between the diffraction planes, 0 is the incident angle of the X-ray beam, n is an
integer, and A is the wavelength of the X-ray beam.

The qualitative phase identification is performed on the basis of 20 values and reflex intensities and com-
pared with different databases, the most often being the Powder Diffraction File (PDF) distributed by the
International Center for Diffraction Data (ICDD) 157,

The phase quantification can be achieved with different methods. Reference Intensity Ratio (RIR) meth-
ods and Rietveld methods are two of these methods using input of single-crystal data.

The Rietveld analysis is based on a routine that fits with iterations the single-crystal data to the mea-
sured XRD patterns. In addition, the Rietveld method uses refinement features that help identifying for

instance variation in site occupancy or solid solutions'®8. The principle of the RIR method is similar
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Figure 2.14: Scheme of Bragg’s law (taken from public domain image via Wikipedia Creative Commons)

to the qualitative phase identification and close to internal standard methods. The ratio of intensities
of the reflex from a 50:50 mixture of corundum with the pure phase to pure corundum is calculated and

compared with the measured XRD pattern for quantification of phases present in the analyzed sample'%%.

The particle size of crystallites can be estimated from XRD patterns with the Scherrer equation (Eq. [2.40).
Assuming that lattice defects in the particles are negligible and considering X-ray reflections on N lattice
planes with dj; spacing, the crystallite thickness Ly, in the perpendicular direction of the diffraction

plane (hkl) can be obtained!®® according to the Scherrer equation? by :

kScherrerk
Lyy=——""-— 2.40
= B 05 B (2.40)

where A is the wavelength of the Cu K, radiation; 6y is the angular position of the peak maximum
in radians; B, expressed in radians, can be chosen as the broadening at full width at half maximum
(FWHM) or as integral breadth, which is the total area under the profile line divided by the line intensity
at maximum'8%1%0, The latter definition of B has been demonstrated to be more fundamental'®, and

finally Kgcpnerrer is @ constant that can be set equal to 1, but equal to 0.9 if B is used as FWHM.

2.8.2 X-Ray Fluorescence (XRF)

The use of fluorescence is widely used for elemental analysis. In XRF applications, it consists of expos-
ing samples to high energy X-rays, which have the potential to expel low energy electron(s). Because
after this ionization the resulting electronic structure is unstable, the electrons from higher orbitals move
to lower orbitals to minimize their energies. This rearrangement emits radiation that is specific for each
atom allowing determination of atoms and their quantification, which is necessary for elemental analysis.

This physical mechanism is presented in Fig. [2.15]

The characterization of the electronic reorganization around the atom is possible due to limited electronic
mechanisms that are of K¢, Kg, or Lq type, representing L—K, M—K, or M—L transitions, respectively.

A fluorescent photon resulting from this transition emits a characteristic energy equal to the difference
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Figure 2.15: Physics of XRF in a schematic representation (taken from public domain image via Wikipedia
Creative Commons)

between its final and initial state. The associated wavelength is given by the Planck equation (Eq.[2.41):
A=— (2.41)

where A is the wavelength of the radiation , h’ the Planck’s constant (h’=6.62617.1073* J.s), c the speed
of light, and E the energy of the photon.

Identification of the fluorescent radiation can be achieved either by sorting the wavelengths of the ra-
diation or the energies of the photons and is called wavelength-dispersive analysis or energy-dispersive

analysis, respectively.

2.8.3 Surface area and porosity

The physical properties of a catalyst can be summarized in three different categories!®*

* morphology: surface topology and steric conditions,
* porosity: pore volume in catalyst particle,
* texture: pore structures of the particle (pore size, pore size distribution, and pore shapes).

There is also a pore-size differentiation: pores larger than 25 nm are called macropores, pores smaller
than 2 nm micropores, and in-between mesopores.

The pore-size distribution of macropores and mesopores is usually determined by mercury porosimetry.
The macropores are of major importance for the diffusion limitation in the catalyst and its life expectancy.
The micropores and mesopores have also their importance for activity because they are responsible for
the high specific surface area. The texture of micropores and mesopores are determined by adsorption of

gases at low pressure like N,-physisorption.

2.8.3.1 Mercury porosimetry

Based on the volume of mercury entering the pores under pressure, the mercury porosimetry can deter-
mine the volume of larger pores. By increasing the hydrostatic pressure, mercury enters the pores in a
decreasing order of width. The measurement of the pore size rp in millimeter under the applied pressure

P’ is based on the Washburn equation®? (Eq. [2.42)):

2y
rp == €0s 0’ (2.42)
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where P’ is the applied pressure in Pa; 7y the surface tension of mercury, usually taken to be equal
to 485 mN.m~! for pure mercury; and 6’ the contact angle equal to 140° if no suitable information
is available. This method remains the standard method for the investigation of macropores. Modern
equipment with a pressure range from 0.003 to 4080 MPa can measure pore radii from 200 pm down
to 1.8 nm if the sample allows using such high pressures'®?. Deviation in the use of this method can be

observed because the pores are not exactly cylindrical as assumed'12,

2.8.3.2 N physisorption

The distribution of smaller pores is measured by adsorption of gas, generally N,. The quantity of gas
needed to form a monolayer, according to the Brunauer-Emmett-Teller (BET) method®#, which is mea-

113 gives the specific surface area of the specimen. The

sured by volumetric or gravimetric methods

volume adsorbed is plotted against P/Py, the pressure ratio of the pressure P and the saturation pressure

Py. Monolayer adsorptions obtained at low pressure are governed by the Langmuir equation (Eq.[2.43)):
V. _ _K(P/R)

Vi 1+K(P/R) @43)

with Vj, the volume of the monolayer, K a constant. This formula is valid when P/Py is between 0.05
and 0.353% | Brunauer, Emmert, and Teller'®* formulated the following Eq. for higher P/Pg ratios
for multilayer adsorption: v b
c
Vu " PRI+ (@ 1P/R) 24

where ¢’ is a constant that includes the heat of adsorption and condensation. The linearization of this

equation leads to:
P 1 (d—1)
= P/P 2.45
VR=P) Ve T Ve /R (2.49)

The slope and the ordinate intersection allows to determine the values of ¢’ and also V2, which are

directly linked to the specific surface area expressed in m?.g~!.

2.8.4 Gas chemisorption for dispersion measurements

Selective chemisorption is widely used to characterize metal catalysts'®. It is particularly attractive to
quantify the active surface of supported metal catalysts such as Pt, Pd, Rh, Ni, and Cu’®>*1°%, Based on
the active-surface-area quantification, the metal dispersion is calculated as the ratio of the total number
of metal atoms on the metal surface accessible to the adsorbate species to the total amount of metal
amount in the sample!®?. The dispersion measurements are often conducted with H or CO as adsorbate
gas1?98 by gas desorption methods like Temperature-Programmed Desorption (TPD), which gives the

22 Due to

amount and type of adsorbed species and the bond energies between adsorbate and surface
diffusion and readsorption, the experimental results can differ slightly.
Mainly two types of measurements are performed, either at ultra-high vacuum or atmospheric pres-

sure 200 .

51



2. HETEROGENEQUSLY CATALYZED GAS-PHASE REACTIONS

The choice of the adsorbate gas should be made so that the chemisorption on the metal is irreversible or
weakly reversible and a minimal adsorption takes place on the support. The ratio of adsorbate gas to metal
site has to be known to quantify the number of metal atoms accessible by the adsorbate gas. In the case
of H, chemisorption, the H/Metal ratio is usually equal to one because H, adsorbs dissociatively on the
metal surface. However, this ratio can be higher than one for example for zeolite-supported catalyst'%%, In
case of CO chemisorption, various CO/Metal ratios can be expected due to different chemisorption types:
dissociatively (CO/Metal>2) or associatively in a linear, bridged, or capped manner (see Fig.[2.16). The
relative proportion of these forms does not depend only on pressure and temperature but also on the metal

particle size?V!

Vi !
M ( / \
o L
¢)

a) b)

M

Figure 2.16: Most important types of bonding of CO on metal; a) linear; b), bridged; c) capped (taken from
public domain image via Wikipedia Creative Commons)

For these reasons, the operating conditions of the gas chemisorption have to be chosen carefully. More-
over, the use of different adsorbates would improve the consistency of the results and avoid risk of
artifacts'®?. Finally, the average particle size can be calculated thanks to the determination of the active

area. This result can be then compared with the value obtained from the Scherrer equation (see Eq.|2.40).

2.8.5 Temperature-Programmed Reduction/Oxidation (TPR/TPO)

Thermal analysis is widely used in catalysis because of their economics and simplicity'®>. The technique
consists of measuring the response (e.g. mass difference or energy release/adsorption) resulting from the
temperature change of a solid specimen. Dynamic methods mostly use a constant temperature ramp.
Among these measurements, Differential Scanning Calorimetry (DSC), Differential Thermal Analysis
(DTA), and ThermoGravimetry (TG) belong to the standard techniques?%2%3,

The DSC analysis technique describes the heat variations required to heat up the sample at a constant rate.
The variation of heat shows at which temperature phase transitions take place and if these are exothermic
or endothermic thanks to simultaneous comparison with a standard inert material. This analysis helps to
choose the conditions for calcination. Indeed, highly endothermic or exothermic reactions may occur on
the catalyst particles and produce non-homogeneous calcined particles within a batch.
Thermogravimetry aims to determine the mass increase or mass loss of a sample depending on gas mix-
ture, temperature, and pressure applied. When performed together with DSC, the technique is usually

called STA-TG (Simultaneous Thermal Analysis-ThermoGravimetry).

52



2.8 Catalyst characterization methods
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Figure 2.17: Scheme of time dependence of reduction rate and degree of reduction (adapted from53)

These thermoanalytical techniques are used to understand the surface reactivities and gas-solid interac-
tions. In TPR and TPO, the solid catalyst is exposed, respectively, to reducing or oxidizing atmospheres
while the temperature is increased. The reducing atmosphere is typically H, or CO diluted in an inert gas
and for an oxidizing atmosphere air is usually used. During the reduction/oxidation, the outlet mixture
is analyzed to quantify the amount of reducing/oxidizing agent. For instance, the time dependence of the
reduction is presented in Fig.

The reduction of bulk materials, solid solutions containing reducible species as well as supported re-

ducible species have been described in section of this part (II).

2.8.6 Techniques in electron microscopy

The images produced by electron microscope techniques help understanding the morphology and struc-
ture of catalysts within a range of micrometers down to the atomic scale. The scheme in Fig. [2.1§|shows
the signals generated by an incoming electron beam. The wide variety of signals makes it possible to use
a whole spectrum of instrumental methods for the characterization of the geometric, compositional, and
electronic structure of the catalyst2%4,

Even if a broad variety of electron microscope measurements exists for the structural characterization
of surfaces, only direct methods can provide real information on local inhomogeneities such as defects,
steps, and terraces?””. The method consists of beaming electrons onto the specimen surface to produce
an overall contrast due to differential absorption of photons or particles (amplitude contrast) or diffrac-
tion phenomena (phase contrast)?’®. Based on these principles, the obtained image allows to obtain

phase and structural information, as well as element composition and distribution. The application of

electron microscopy is limited to the complexity of image interpretation or constraints on the specimen
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Figure 2.18: Signals generated from an incident electron beam on a specimen showing the large variety of
applicable electron microscope techniques (taken from204)

preparation and the environment in the microscope<%,

Transmission Electron Microscopy (TEM) is the imaging of an electron beam passing through a very
thin specimen where it interacts with the specimen in the object plane (Fig.[2.19). The transmitted elec-
tromagnetic beam goes through a converging lens, producing a 2D diffraction pattern in the lens’ focal
plane, and the recombination of the diffracted beams occurs in the image plane“**. The excitation varia-
tion of a series of projection lenses allows to observe either a magnified image or a diffraction pattern on

a detection device®*.

Electron beam
H"L Object plane
< % > ¥ Objective lens
Contrastaperture [N I Focalplane
Image plane

Figure 2.19: Scheme of image formation in a TEM (taken from2Y%)

The conventional TEM (CTEM) and the high-resolution TEM (HRTEM) are TEMs operating in two
modes<%*,

The image contrast within CTEM is performed by the aperture that should eliminate the diffracted beams.
Darker fields are generated either due to diffraction or mass-thickness effects. The mode of imaging can

be bright field (BF) if all diffracted electrons are eliminated by aperture or Dark Field (DF) if only
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diffracted electrons are selected with aperture and the central beam is excluded?*. For instance, if de-
tection of the presence of a small metal particle (2-3 nm) is desired for low magnification bright-field
imaging is preferred204:206

HRTEM uses several diffracted beams that interfere with the axially transmitted beam to form the image-
producing contrast that reflects the relative phases of the various beams?**, This imaging mode is pre-

ferred to determine the atomic structure of the particles.

Another mode of electron microscopy is Scanning Transmission Electron Microscopy (STEM), where a
small spot formed from a convergent beam is raster-scanned over the specimen while detecting electrons
that are transmitted or scattered?’*, Another advantage of STEM is the number of techniques that can
be used for imaging (see Fig.[2.20). STEM also has a relatively low signal-to-noise ratio thanks to the

intense electron probe giving images of very small particles on the subnanometer scale?¥,

Possible analysis methods

X-ray Energy-Dispersive Spectrometry (EDX)
Auger Electron Spectroscopy (AES)
Scanning Auger Spectroscopy (SAS)

Coherent convergent probe

/ Secondary Electron Microscopy (“SEM”)
Small particle (specimen) Secondary Electron Spectroscopy (SES)
Substrate | )
Annular Dark-Field (ADF)

High-Angle Annular Dark-Field (HAADF)
Annular detector ¢=f — 5 Coherent Electron NanoDiffraction (CEND)

Entrance aperture

:' k Parallel Electron Energy Loss (PEEL)

Electron energy loss spectrometefl""" Bright Field/Dark Field (BF/DF)

Figure 2.20: Scheme of image formation in a STEM with associated analysis methods (taken from=Y%)

Of particular interest is High-Angle Annular Dark-Field (HAADF) imaging, which uses an annular ring
that collects the electrons scattered at high angles to form the image while the transmitted beam can be

further analyzed in an electron spectrometer for simultaneous elemental analysis 24202,

Scanning Electron Microscopy (SEM) produces an image by scanning it with a focused electron beam.
The difference to TEM and SEM is that the SEM sample does not need to be very thin because transmis-
sion is not used*!?. The topographical images are obtained from back-scattered primary or low-energy
secondary electrons?’®. Energy-dispersive X-ray spectroscopes are often used to identify and perform
quantification of elements?’®. This technique is based on the X-ray fluorescence (see section of
this part (II)).
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2.9 Further characterizations for catalyst tests

2.9.1 Gas Chromatography (GC)

Chromatography is a well-known technique used for phase separations in preparatory synthesis; however,
it is also applied to characterization. The technique is based on the separation of phases or compounds
through an adsorption column due to the affinity of the mobile phase (the fluid to be analyzed) and the
immobile phase (filling material in the column). After separation of the gases of the specimen, their
respective concentrations are measured by means of different detectors: thermal conductivity detector
(TCD) or flame ionization detector (FID), the first being non-destructive can be used before FID, which
is destructive.

The different constituents exhibit characteristic retention times, and the area under the chromatogram at
a defined retention time is proportional to the concentration of the compound expected at this retention
time. The calibration measurements are made with a characteristic gas composition, which provides a

standard and the possibility to calculate precisely the composition of the desired specimen.

2.9.2 Gas-flow measurement

The mass-flow meter measures the quantity of fluid going through it during a defined period of time.
The first technique is based on the twisting effect of flow on elongated parts in the flow direction moving
within the cross section of the pipe.

The second technique is used in the setups described in this thesis. A gas is split and only a small amount
of the gas in a parallel circuit undergoes a heat flux in upstream. The temperature of gas is measured
downstream, while the temperature differential that generates a proportional change in the resistance of

the sensor winding is measured and compared to the calibration, thus indicating the real flow.
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3 Catalytic reforming at high temperatures

At high temperatures, the catalyst performance has been shown to often result from complex heteroge-
neous, homogeneous, and radical mechanisms coupled with mass and heat transfer“H. Such complexes
favor the broadening of reaction pathways and thus decrease selectivities of desired products. In addi-
tion, the catalyst itself has to endure harsh operational conditions that require special material features

like high thermal stability and mechanical strength.

3.1 Challenges of catalytic reforming at high temperatures

211H213 281214

The detailed mechanisms of reforming in catalytic partial oxidation and CO, reforming of methane
have been studied by the Deutschmann’s group.

In addition to the well-known catalytic reforming reaction occurring on the catalysts, gas-phase reactions
are involved in CO, reforming at high temperatures even if small amounts of H,O are added to the feed
stream??. Indeed, methane decomposition occurs, leading to the formation of olefins, aromatics, and
coke??. These results will be presented and discussed in the following parts of this thesis.

Beside gas-phase reactions, high temperatures are also challenging for catalyst stability, especially due

to:
* decrease of catalytic specific area,

* sintering of active particles (e.g. Ni, Pt...) leading to larger particles and smaller active areas in

addition to coking?%412,

* favoring the fatigue of all materials including reactor materials.

3.2 Solutions for catalytic reforming at high temperatures

First of all, process temperatures should be kept as low as possible for economical reasons due to elevated
costs of materials required for high-temperature operations in multi-tubular reformers, utility prices, sig-
nificant sintering effects, material fatigue, and loss of specific area.

The choice of catalyst, like in every catalytic process, is of major importance. The type of active metal
can be first chosen taking in consideration costs and sintering temperature. For the active metal of cata-

lysts, two different categories exist: the expensive noble metal (e.g. for reforming: Ir, Rh, Ru, Pt) with
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a slightly higher sintering temperature compared to the inexpensive non-noble metals (e.g. Co, Cu, Fe,
Ni). For economical reasons, the cheaper materials are favored while noble metals are used in small-scale
units, for instance in three-way catalytic converters21%27 but also in fuel-cell reformers“1%21%, Sintering
effects of these active-metal particles can be delayed using appropriate support materials where small and
well-dispersed active-metal particles with strong metal-support interactions can be generated*#, This is
easily achieved when particle size of the active metal is kept in the nanometer range, for instance small
particles of Ni on MgO-Al,03°%213 For that reason, the catalyst support material should be chosen

meticulously.

3.3 Catalytic reforming review for high-temperature purposes

A large amount of catalytic materials has been tested up to now on different merging applications like
CPOX or CO; reforming in fuel cells or methane combustion. The experience gain from these fields
of applications but also from other more atypical like solid-state lasers*" (e.g. YAG) or ionic conduc-
tors22!' (e.g. hexaaluminates), helps finding new catalysts for the mixed-steam CO» reforming under high
pressure. Moreover, experience with mixed-steam CO, reforming with a few of these catalytic materials

21582224226

has been reported in the literature , giving a partial benchmarking of the different materials.

Few supports are already known for high-temperature applications like spinels in reforming'?, hexaa-

22771228

luminates in catalytic combustion of methane and catalytic partial oxidation , ot-alumina in cat-

alytic partial oxidation of methanel’, and perovskites for high-temperature fuel cells**®. The Yttrium

Aluminum Garnets (YAG)#2%227 zirconia®*, and molybdenum carbide!4:231723>

are also quoted in the
reforming literature and should fulfill the requirements of high-temperature supports due to their high

melting points over 2173 K (1900°C).

3.3.1 Attractive catalytic systems known in mixed-steam CQO; reforming

Platinum Group Metal (PGM)-based catalysts are known in addition to their price to have a very low
intrinsic coking affinity and high activity in comparison with non-noble metals for steam reforming (e.g.
Ni/ZrO; and Pt/Zr0,%Y) and CO, reforming (e.g. Ni/ZrO, and Pt/ZrO, 2% Based on this knowledge,
it is much simpler to develop and produce a benchmark catalyst necessary to compare PGM-based cat-
alysts with non-noble-metal-based catalyst performances. In the case of Pt-based catalysts, the aim is
to synthesize highly dispersed Pt-particles over a support able to stabilize such nanoparticles. A wide
range of readily available support materials can be selected for this task, like o- and y-alumina, ZrO,,
or TiO,. These supports can even be modified by promoters like silica, lanthanum, or ceria for zirconia

stabilization to improve the catalyst’s stability and activity in the reforming of methane.

Up to now only the Ni-on-MgAl,O4 system has been extensively investigated for mixed-steam CO; re-

forming. Yoon’s group has studied extensively mixed-steam CO, reforming on Ni over MgAl, Q21222225223
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3.3 Catalytic reforming review for high-temperature purposes

and promotion through CeO,-ZrO» has been further investigated by Jun et al.22#22> Lately, they have
patented this catalytic system*%® for reaction temperatures between 1073-1273 K (800-1000°C), at pres-
sures from 0.5 up to 20 bar, with a CH4/H,O/CO; ratio in the range of 1/1-2/0.3-0.6, and a GHSV from
1000 up to 500000 h—!.

3.3.2 Other potentially attractive catalytic systems for CO; reforming applications

Other carrier matrices, quoted in this chapter to have a high stability potential, may be applicable for

mixed-steam CO; reforming.

3.3.2.1 Hexaaluminates

Hexaaluminates have a high potential due to a high thermal stability in hydrocarbon combustion230-232,

In addition, AI*t could be substituted with active metals (e.g. Ni, Co, Fe) within the crystal structure
to obtain after reduction well-dispersed active Ni’-nanoparticles**24%24l Ni-hexaaluminates have been

also used in the partial oxidation of hydrocarbons*%7:242 243-246]

as well as in CO, reforming of methane
For instance in CO, reforming of methane, Lag sPro»NiAl;;O19 exhibits high and stable CH4 and CO,
conversions of 89% and 95%, respectively, at atmospheric pressure, 1023 K (750°C), 0.2 g of catalyst
with an input flow rate of 30 ml.min~!; finally after 300 h only 0.75 g of coke per gram of catalyst was

found?*Z,

3.3.2.2 Perovskites

Perovskite-like catalysts of formula ABOs3, with A as large trivalent cation and B as small cation that can
be partially substituted by an active metal, could also have an attractive potential by dispersing active met-
als within its lattice. However, reduction of active metals leads to structural collapse®*24% because of too
many defects within the perovskite lattice; the structures found after reduction are mainly Ruddlesden-
Popper phases ((AO)(ABO3),), where n is an integer). A large variety of perovskites has already been

tested for the CO, reforming reaction by Valderrama and co-workers 22249250

and Sierra Gallego et
al 24812218252 Bty groups have worked on LaNiOs with a perovskite-like structure and S, Ce, Pr, Co,
and Mg promotion, but no proof of extreme stability has been reported. Hayakawa et al.2>? also have
tested Ba-, Ca-, Sr-titanate perovskite-like catalysts partially substituted with Ni with similar activity
and stability as Ni/MgO but not as good as hexaaluminates without noble-metal-containing perovskite.
Recently, Pavlova and co-workers 2% have presented a perovskite-based catalyst PrFeg g5Rug ¢5Nig 3 O3,
which worked without coking at 1073 K (800°C) and a GHSV of 22 1.Lh—!.g~! catalyst with a stable
methane conversion of 90%. The perovskite-like structure can be formed with a large amount of com-
pounds, leading to unconventional new materials like NdCoO3; Choudhary et al. have tested it under

2550256

CO, reforming and mixed-steam CO, reforming conditions , after which reduction of the catalyst
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3. CATALYTIC REFORMING AT HIGH TEMPERATURES

led to formation of Co on Nd>O3. Under CO; reforming conditions, this catalyst converted stably, over
60 h at 1123 K (850°C), atmospheric pressure, and 20000 ml.h~!.g=!, 92% and 96% of methane and
CO; conversion, respectively, and after 15 h no coke formation was detected. The authors also published
an overview of other catalysts including Ru on alumina, showing that NdCoO3 showed high performance

and the best stability among all other compared catalysts<>>.

3.3.2.3 Molybdenum carbides

York and co-workers have assessed for more than a decade already the potential of molybdenum carbides
substituted with Ni in CO, reforming reactions 2315235 Ni-modified Mo, C is found to be active in CO; re-
forming of methane but also in partial oxidation and steam reforming*l. For CO, reforming of methane,
these carbides are active, operating without carbon deposits and comparable with noble metals**!' even
at 12 bar?*Z. This comparison is also true for steam reforming and partial oxidation of methane?**, High
pressure favors the stability of these carbides®*; however, Mo,C can be oxidized to MoO, and is found

233

to deactivate faster with oxygen than with steam or CO,“*?. Based on this knowledge, the operating

stability is governed by a controlled reduction/oxidizing balance pinpointed by Zhang et al.2>”.
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Experimental part
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1 Reforming test units

The different synthesized catalysts are tested by the means of four different setups (Tab. [I.1]). Two large-
scale units operating at 21 bar and 1123-1223 K (850-950°C) and other small-scale units, one screening
unit operating at 1 bar and 1123-1223 K (850-950°C) with 16-fold reactors in addition to a differential
reactor working at 11 bar and 1073-1123 K (800-850°C).

Scale Unit type Pressure  Catalyst Number Temperature
amount of reactors range used

Large Prototype 21 bar 20 ml 1 1123-1223 K (850-950°C)

Large Screening unit 21 bar 20 ml 6 1123-1173 K (850-900°C)

Small Screening unit 1 bar 0.125-1 ml 16 1023-1173 K (750-900°C)

Small Differential reactor 11 bar 20 mg 1 1073-1123 K (800-850°C)

Table 1.1: Overview of the different units used for the evaluation of catalyst performances at high temperature

1.1 Reactor concept

Because of the high temperature as well as the high plugging risk with carbon deposits, the reactor is
made of a high temperature alloy. This alloy material contains active metals (e.g. Co, Ni,...); for this

reason an inner ceramic tube, made of o-alumina, is installed. The design of the reactor concept is pre-

sented in Fig.

In the primary ceramic tube, a frit made of ¢-alumina is placed on a smaller secondary ceramic tube from
the bottom. The ceramic assembly is inserted into a metal tube to ensure that the entire gas feed flows
through the catalytic bed. On the reactor bottom, small holes ensure a steady gas flow and no pressure
gradient that could cause the primary ceramic tube to break. A nitrogen flush is added at the top of the

reactor to ensure an inert atmosphere between metal and ceramic tube.

First, the ceramic tubes and frit assemblies are put together and then inserted into the metal tubes. The
reactor is filled vertically with 2 cm of steatite balls and then about 20 ml of catalyst, which are supported
by the frit. The catalyst amount is measured with a measuring glass cylinder, packed by knocking on the
cylinder walls 5 times on every side and on the bottom and finally the exact volume and mass are noted.

The reactor liners are filled and packed at a precise height to keep the catalyst in the desired hot zone.
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1.2 High-pressure experimental setups

Gas flow I Inert gas

12mm
Alloy 18.8mm
tube  — 1 | Catalytic
bed
Ceramic
e
tube
Frit =111
Smaller
. —
ceramic tube

Figure 1.1: Design of the reactor concept

When necessary, an additional corundum prebed is added to reduce the residence time of the gas in the

reactor front bed.

1.2 High-pressure experimental setups

Catalyst performance is evaluated in two setups that can perform the reforming reactions of methane
with steam and CO, at high pressure and temperature levels typically used in reforming plants.

A single reactor (prototype) and a screening unit consisting of six-fold reactors are used for the assess-
ment of catalyst performance. The experimental setups are based on a similar technology, and product
streams are analyzed by Gas Chromatography (GC) and a gas flow meter. Both of the plants are used at
21 bar within a temperature range of 1123-1273 K (850-1000°C); the GHSV is kept constant at 3800 h~!.

1.2.1 Prototype unit

The prototype unit is set up to simulate the behavior of a syngas-production pilot plant. A simplified
scheme of the setup is presented in Fig. [I.2] The feed rack is made of a High-Performance-Liquid-
Chromatography (HPLC) pump with a preparative pump head; on the other hand, gases are delivered by
Mass-Flow Controllers (MFC) that measure and control the delivered gas flows.

The feed is then heated up in an evaporator from room temperature up to 473 K (200°C). The feed passes
then through the reactor and is heated up by a furnace; pressure is then built up to 21 bar thanks to a
pressure-controlled valve located at the bottom of the reactor. The upper reactor end is held at 473 K
(200°C) in a secondary oven while at the reactor bottom the temperature of the secondary oven is set
at 453 K (180°C). In the downstream section, the product stream is quenched, with the pressure-hold
gas (N») at atmospheric pressure. The flow is then measured with a Hot-Gas Flow Meter (HGFM). The
water is then separated in a condenser before the exhaust, and a small amount of product stream gas is

injected into the GC.
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1. REFORMING TEST UNITS

Front oven
GC: Gas Chromatography
H.0 HX: Condenser

? FM: Hot-Gas Flow Meter
88“ ’. ‘l — MFC : Mass-Flow Controller

H, —p< PHG: Pressure-Hold Gas

N, —p>t—>

Ar —pg—>

Exhaust

Exhaust

Back oven

Figure 1.2: Scheme of single reactor test unit. The grey areas are kept at about 473 K (200°C) and the yellow
area at reaction temperature (1123-1223 K - 850-950°C).

Due to the possibility of reactor blockage and subsequent pressure increase, the setup is programmed
for automatic shutdown if the pressure increases over 29 bar. In this case, feed streams are shut down,
the pressure-controller opens the valve completely, the temperature is set to room temperature, and only

nitrogen flows through the setup and flushes the reactor.

1.2.2 Six-fold screening unit

The screening setup is built based on the same basis as the single reactor setup and is presented in
Figs. [[.3] and [[.4] Specifications are adapted to deliver gas through six positions plus a bypass. 14
secondary ovens are used as seen in Fig.[T.3] There are six three-zone ovens and each is associated with
two secondary ovens, plus the upper left one is used to heat the gas-distribution manifold and the bypass
position, while the lower left one is used for heating the "bottom" of the bypass, the multi-position valve,

and HGFM.

Figure 1.3: Screening test unit
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1.2 High-pressure experimental setups

After the evaporator, the feed temperature is kept constant at 473 K (200°C), and the feed stream is
divided up to feed the 6 reactor positions plus the bypass equally. The gas distribution is achieved on
the basis of adapted pressure restrictions controlling the head pressure to be at a constant level. A safety
valve is also included in this part to directly feed the stream excess to the exhaust if the head pressure
rises over a defined pressure. In case one or more reactors plug, the excess of the feed stream is first
measured and then sent straight to the exhaust. This allows the gas streams to keep flowing through the
unplugged reactors and to keep the bypass at steady operating conditions, even if one or more reactors are
plugged. The pressure within every position is kept constant by a pressure-control process that includes
nitrogen quenching of product streams by Pressure-Build-up Gas (PBG), and pressure is held constant by
using nitrogen in Pressure Hold Gas (PHG)238. After the reactors and the bypass, the pressure is lowered
to about atmospheric pressure, the steam is condensed, and then the product stream is analyzed by GC.
The outstream distribution is performed by a multi-position valve that directs only one position to the
analytic rack and the rest to the exhaust. After reaction and characterization, all streams are directed to a

plate heat exchanger to get rid of water before the exhaust.

Front oven GC: Gas Chromatography
HGFM: Hot-Gas Flow Meter
HX: Condenser

MFC : Mass-Flow Controller
MPV: Multi-Position Valve
PBG: Pressure-Build-up Gas
PC: Pressure Controller
PHG: Pressure-Hold Gas

Reactors | |1 2| |3| 4| |5/ 6| |} By-pass

Exhaust

PHG N ( : ) Exhaust
PBe MPV | HGFM

< 4
Back oven

Figure 1.4: Scheme of six-fold screening unit. The grey areas are kept at about 473 K (200°C), and the
yellow area at reaction temperature (1123-1223 K - 850-950°C).

1.2.3 Software and hardware supports

In order to control the setups, different software platforms are used at hte AG. myhte is the database used
to record and link synthesized samples, process data, and evaluations including calculations. hte control
on the other hand is used to monitor the different parameters such as temperatures, flows, pressures,...
Both platforms were developed internally by hte AG. In addition, EZChrom Elite (Agilent Technologies)
is used to control the GC and analyze its measurements.

The complexity of the screening unit is monitored by an improved interface managed by the Zenon
platform. The interface also allows to use a remote controller for MFC calibration, for instance.

In a similar way to for catalyst preparation, every task performed is described in a electronic laboratory
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1. REFORMING TEST UNITS

journal (E-WorkBook-2011 from IDBS®). This includes the following steps depending on the flow
range of the chosen MFC: setup modifications, calibrations, reactor-filling data, catalytic bed properties,

starting procedures, test protocols, and operating conditions.

1.3 Low-pressure experimental setup

For the kinetic studies, a screening setup unit made of 16-fold reactors is presented in Fig. [T.5] and op-
erated at atmospheric pressure. The reactors are grouped four by four in different ovens. This allows to
perform tests at different temperatures. The mass of the catalyst can be varied up to 1 ml with a split of
315-500 pum. The flow is held constant at 1067 sccm; however, light variations are possible due to the
different pressure drop in the different catalytic bed. The setup works similarly to the screening setup

operating at high pressure shown in Fig.[T.4] (section[T.2.2] of this part (III)).

MO ]
MFC
884—»4—) GC: Gas Chromatography
——> - Hot-
H, HG_FM. Hot-Gas Flow Meter
N, —pt—o>| HX: Condenser
Ar —pg—> MFC : Mass-Flow Controller
MPV: Multi-Position Valve
PBG: Pressure-Build-up Gas

1) |2| (3] |4 5 |6 [7] |8 9

Exhaust
Reactors

Figure 1.5: Screening unit with 16-fold small-scale reactors at atmospheric pressure. Grey areas are kept at
about 473 K (200°C) and the yellow area at reaction temperature (1023-1173 K - 750-900°C).

Exhaust

For the kinetic measurements, the influence of temperature is studied at different temperatures (1023,
1073, 1123, 1173 K - 750, 800, 850, and 900°C, respectively), the influence of GHSV is studied by
varying the volume of the catalyst (0.1, 0.2, and 1 ml of catalyst), and for the fourth reactor, 1 ml of

corundum is used to explore the gas-phase reactions.

1.4 Recycling setup

The content of this section consists of the reuse of the experimental part of a published article about Ni
hexaaluminates*! during this PhD thesis.

In collaboration with the Technische Universitidt Miinchen, test reactions are performed in recycling re-
actor (Fig.[I.6). The setup for the measurements operates at 11 bar and 1123 K (850°C) in closed loop.

This means that the product stream is reused as gas inlet while the inlet stream is shut down.
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1.4 Recycling setup

20 mg of catalyst (500-710 pwm) is diluted with 80 mg of SiC of the same size. The mixture is placed in a
tube made of alumina with a 6 mm inner and 7 mm outer diameter. This tube is sealed to be gas proof, so
that no gas contact occurs with the stainless steel tube, which prevents a possible breach of the ceramic
tube. The catalytic bed is first flushed with Ny, heated up to 1073 K (800°C), and reduced with 20% H,
in Ny for 2 h at atmospheric pressure in a single pass mode like in a typical reactor. After this, the reactor
is flushed with N still at atmospheric pressure and the loop is closed. At t=0, the reactant mixture, a
stoichiometric quantity of CHy4 and CO», is added to the closed loop where the pressure reached 11 bar.
The reaction is conducted in closed loop during 10 h at 11 bar with a CH4/CO, ratio of one and N, as an

internal standard.

Check valve

H,

—A
Micro pump

Syn. air

He
—<>

CH,
—

co,

]

H,0

—
MFC

(D)
vi=

Reactor/Bypass

V2 =Sample valve

V3 = Recycle/Waste

Pl = Pressure
measurement

Waste

Gas storage

To GC/MS

He from GC/MS

Figure 1.6: Design of recycling reactor (or differential reactor) (taken from24!)

The product gas is analyzed by a coupled GC/GC-mass spectrometry (MS) system of Shimdadzu equipped
with a HP-PlotQ (0.53 mm x 30 m) and a molecular-sieve (0.54 mm x 30 m) column to separate the dif-

ferent components before MS/GC analysis (FID, TCD, and Quadropole MS as detectors).
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2 Calculations

The following calculations are included in an algorithm to determine the molar rates and conversions.

Depending on the setup, there are minor changes; however, principles are the same.

2.1 Volumetric flows and molar flow rates

Before performing any calculations, knowledge of flows and molar rates are required. Firstly, the raw
data given by the MFC need to be corrected by using a specific factor Cr; for gas i because every

compound has its own conductivity. Cy; is calculated from the heat capacity of gas i, Cp;:

Cri=—+ 2.1

The specific heat capacities Cp; and Cy; as well as the molar mass are listed in Tab.

i Gas Molar weight Cp; at 1 bar Cy,i
and 453 K (180°C)
[g.mol~!] [J.(mol.K)~ ] [-]

1 Ar 39.95 20.82 1.414
2 CHy 16.04 44.29 0.665
3 CO 28.01 29.58 0.995
4 CO, 44.01 43.22 0.681
5 Hp 2.02 29.21 1.008
6 H,O 18.02 35.36 0.833
7 Np 28.01 29.44 1.000

Table 2.1: Gases and their properties

This allows to obtain the corrected outlet flow V°“ calculated from the flow V°“’, measured by each
HGFM after the reactor, and the molar fractions x¢" in the HGFM relative to compound i. The molar
fractions x{" in the product stream are calculated through the integration of the chromatograms. These
areas are proportionally correlated to the concentration in the product stream that is measured in the
HGFM and thus the following corrected flow can be calculated:

) Vout'
pou — U 2.2)

2 (x7/Cr)

i=1
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2.2 Conversions and H,/CO ratio

The outlet molar flow rates V' are obtained by the following equation:

‘yout .out
Vo x

V.out —
1 Vm

2.3)
where V,, i the molar volume (22.4 .Lmol ™).
The inlet molar flow rates V" are calculated directly from the valve position of the MFC and converted

into real flows thanks to the respective calibration curves.

2.2 Conversions and H,/CO ratio

The conversion calculations are based on the previous evaluation of molar flows entering the reactor and
leaving it. Assuming no accumulation of gas in the reactor, it can be stated, based on the mass balance of
compound i in the reactor, that the gas flow of compound i leaving the reactor is the result of the amount
entering minus the amount of i converted/plus the amount of i produced. The corresponding equations

for the conversions of methane Xcp,, carbon dioxide Xcp,, and of water Xy, are defined as:

‘7in __ Yyout
VCH4 VCH4

Xcu, = — 2.4)
) Ven,
Vin __Yyout
Xco, = %€ (2.5)
VCOz
Vin o Vout
Xm0 = w (2.6)
H,0
Obviously, no conversion of H;O or CO; is achieved if they are not present in the feed stream.
The ratio of Hy/CO is defined by the ratio of the molar flow of H, and CO in the product stream:
‘yout
H,/CO = 22 2.7)
Véo

2.3 Balances

Balances are of great importance because they allow to verify the assumption of no accumulation in the
reactor. Indeed, reactor plugging or coking lead to an accumulation of gas or carbon atoms in the reactor,
which would invalidate this assumption.

In addition, it is possible that a leak appears in the setup. For this reason, Ar is used as internal standard
to detect possible malfunctions of the unit. For Ar, since it is inert, the balance or the recovery Recy, is

defined as the percentage of Ar recovered at the output:

Recy, = -4~ (2.8)
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2. CALCULATIONS

Furthermore, the coking tendency is evaluated also by an atomic carbon balance and the following ex-

pression of the carbon recovery Recc.

‘yout ‘yout ‘yout
Ver, +Veo +Veo,

Rece = Tin e 2.9)
c, +Veo +Veo,
In the same way the balance of atomic H Recy and O Recg are calculated:

4V +2.V 2.V
Recy = <~ 10 1 (2.10)

4V, +2. Vo +2.Vy,

Vout +2_Vout +Vout

Reco = -2 €O, ~ 10 (2.11)

Véo+2.VE, +Vito
All these calculations are currently not used, but helpful for interpretation of results, especially if some-

thing goes wrong in the setup.

2.4 Space-Time Yield (STY), Weight-Time Yield (WTY), Turnover Fre-
quency (TOF)

The STY and WTY are proportional to the molar flow rates of the desired products, as the analytic

expressions show:

STY, = molar rate of i consumption _ mol.s~! 2.12)
Vear. m3 cat.

molar rate of i consumption — mol.s™!

WTY,; = (2.13)

Mear. N kg cat.
where V4. and m.,. are the volume and the mass of the catalyst respectively.
TOF of i can also be used to compare performances. It describes the specific activity of a catalytic center

for the consumption of i and is equal to:

molar rate of i consumption — mol.s!
TOF, = f ption _

2.14
mole of active centers mol ( )

Further parameters can be also used for comparison and optimization of performances. In this study,
these parameters are found to be the most representative and relevant for the characterization of the

catalysts and exploring gas-phase reactions.
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Part IV

Gas-phase reactions over ''inert'' materials
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Prior to catalytic testing, the properties of the test units need to be evaluated in order to understand
the impact of gas-phase reactions and their influence on the catalyst performance to improve reactor
design by limiting coke formation. For this investigation, different reactor configurations, including
non-catalytic and catalytic cases, are studied under a typical range of operating reforming conditions.
The goal is to understand the relation between the gas-phase reactions and the catalytic reactions in the
different parts of the reactor (prebed, top and bottom of the bed as well as post-bed), and then to make a
choice on the operating reforming conditions for the catalysts in a performance test.

For these reasons, the gas-phase reactions have been studied at hte AG by using the screening plant, and

the results have been simulated in Deutschmann’s group at Karlsruhe Institute of Technology (KIT).
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1 Gas-phase reactions and coke precursors: State
of the art

Reforming of hydrocarbons with a high carbon content in the feed stream is a risky task due to ho-
mogeneous and heterogeneous reactions leading to coke formation followed by reactor plugging. The
heterogeneous reactions leading to coke deposits on the catalyst surface are well known and have been
extensively studied*:30:239,

Among the heterogeneous reactions leading to coke deposits, methane cracking (CHy = C,)+2 Hy) and
the Boudouard reaction (2 CO = COy+Cy)) are prevailing. The catalysts can handle these reactions as
long as the coke gasifying rates are higher than the coking rates=®, that is, if coke is not stable under
thermodynamic equilibrium.

Among homogeneous gas-phase reactions leading to coke precursor formation or coke deposition, the
investigations dealing with reforming conditions are limited. Nevertheless, homogeneous gas-phase
reactions can benefit from previous studies dealing with similar subjects, such as oxidative coupling

260262

of hydrocarbons under partial oxidation and methane pyrolysis*® or chemical vapor deposition

studjes132:263

. Coke deposition of methane from homogeneous reactions proceeds by stepwise dehy-
drogenation and a free-radical mechanism, resulting in the formation of ethane, ethylene, and heavier
hydrocarbons®#. Of particular influence are the temperature, residence time, the hydrocarbon (partic-
ularly the H/C atomic ratio) used in the feed, and the pressure’®®. Indeed, high temperature and high
partial pressure of hydrocarbon species favor hydrocarbon pyrolysis and thermal coupling, while longer
residence times result in higher concentrations of coupled products. This is even more emphasized if the

hydrocarbon used in the feed stream has a low H/C atomic ratio.

For methane partial oxidation, Chen and co-workers?®!' as well as Zanthoff and Baerns<®% have success-
fully simulated oxidative coupling of methane, showing that ethane and ethylene formation originates
from methane coupling via a methyl radical and pyrolytic chain reactions. Furthermore, ethylene is
found to stem from pyrolysis rather than oxidative dehydrogenation of ethane?®!. The effect of pres-
sure in the total pressure range of 2-9 bar at about 800-1100 K (527-827°C) is reported to be minorZ0Z,

Higher hydocarbons than methane were studied by Kaltschmitt et al. 2"

, who reported thermal cracking
of isooctane into C3-C4 olefins at their reactor inlet of the catalytic partial oxidation reactor. Moreover,

ethylene and acetylene have been found especially in the fuel-rich regime. These precursors lead to the
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1. GAS-PHASE REACTIONS AND COKE PRECURSORS: STATE OF
THE ART

formation of benzene and subsequently polycyclic aromatic hydrocarbons (PAHs)=0138205 which are

very likely to adsorb strongly or even chemisorb on solids and start polymerizing to coke (C,H,,)>%2¢.

Due to their high stability, PAH compounds are very likely to grow as long as no termination occurs=?.
The best way to avoid coking is then to avoid the formation of such PAHs through gas-phase reactions.

Chemical vapor deposition of carbon has been investigated by Norinaga et al 139263 They used coke pre-
cursors such as ethylene, acetylene, and propylene, and studied the reaction pathways leading to PAHs.
1,3-butadiene, vinylacetylene, and propylene have been found to be important intermediates to produce
PAHs3%. The further developments of this mechanism have consisted of improving the reactions follow-
ing PAH formation; however, this has only led to minor improvement of the agreement between model

and experimental results262,

The higher the H, partial pressure, the lower is the formation of coke'#%; indeed, H, is involved in reac-
tion balances leading to olefins, benzene, and PAHs. Moreover, coke on the support is partially removed
probably via H, spillover from the metal 322672268 Jeading to methanation. Becker et al.>*# have inves-
tigated homogeneous gas-phase reactions with an o-alumina deposition tube and found that at around
1273 K (1000°C) H; inhibits coke formation from methane pyrolysis by formation of C-H surface com-
plexes that block the free active sites. For instance, benzene chemisorption is completely inhibited only
at high H, partial pressures (but not that of acetylene chemisorption?®*). More recently, the inhibition

effect has been confirmed with C,-Cg hydrocarbons2®?.

The homogeneous gas-phase mechanism of PAH formation is complex but relatively well understood.
What follows the formation of naphtalene, anthracene, and pyrene is still not very clear?®? because the
radical mechanisms and the surface reactions create a plethora of products. Moreover, the homoge-
neous mechanisms of the gas-phase reactions need to be coupled with existing reaction mechanisms for

heterogeneous catalysts to completely simulate the reforming reactions.

74



2 Test design for the study of gas-phase reactions

Before starting the screening program, the influence of the reactor design is investigated. The test designs
aimed to map the overall operating conditions to optimize reactor configuration and later achieve a more

detailed interpretation of catalyst test results.

2.1 Test programs

The tests are performed in order to compare the influence of the gas feed on the gas-phase reactions

taking place in each reactor. The optimized procedure is then repeated for the startup of catalyst tests.

Before starting a test protocol, the setup is flushed with nitrogen. Pressure is built up to 21 bar with a
constant feed stream of 1.23 1. min~! (at standard pressure and temperature) per position, corresponding
to the desired GHSV, and the same flow is applied downstream of the reactor to quench the product
stream. A pressure test is done, and potential leaks are fixed. When the setup is considered gas proof,
a flow balance is made based on the equality of the feed stream and the product stream. If more than
97% of the volumetric flow rate entering the setup is recovered at the output, the setup is considered
gas proof. It is satisfactory, if the flows of each position of the screening setup is found equal to the
average flow of 1.23 1.min~! (at standard conditions) with a relative error of less than 3%. Temperatures
are then increased up to 473 K (200°C) upstream, 453 K (180°C) downstream, and 5 vol.% of nitrogen
is substituted with Ar. The gas distribution is then measured with the GC and the mass flow meter in
downstream, which measures for each position the amount of Ar recovered. The temperature is then
increased to 1123 K (850°C) with a heating rate of 25 K.min~'. The first set of feed composition is
finally stepped against N».

Due to the large variety of operating conditions that can be applied with this setup, two different test
programs are used and called H; test protocol and H,O test protocol. Furthermore, four different designs
have been studied as shown in Fig.

The "non-catalytic case", simulated by reactor configurations (a) and (b), are used to test the reactor con-
cept. The "catalytic case" is represented by reactor configurations (c) and (d), which simulate an "inert"

catalytic bed.

75



2. TEST DESIGN FOR THE STUDY OF GAS-PHASE REACTIONS
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Figure 2.1: Overview of reactor designs for blind activity measurements and evaluation of gas-phase-reaction
impact

The blank reactor (a) simply contains an empty ceramic tube. The second reactor (b) has a primary
ceramic tube and a frit supported on the secondary ceramic tube.

Reactor (c) is in addition filled with 20 ml of the "inert" material. For this role, ¢c-alumina split (500-
1000 um) similar to catalyst-split size is chosen. Finally, the reactor (d) is loaded like (c) but with 90 ml

corundum, including a "prebed" that decreases the residence time of gaseous molecules in the front bed.

Two sets of reactors are used, the first set for the H; test protocol and the second for H,O test protocol,
which allows to increase the severity up to possible reactor plugging for each test protocol.

For both of these test protocols, conversions are calculated as well as molar rates of hydrocarbons heavier
than methane from methane pyrolysis/coupling. The sum of mass formation rates of the coke precursors
(ethane, ethylene, propane, propylene, butane, etc...) is also calculated:

e =Y Vo M, (2.1)

1

for i compounds resulting from methane coupling.

2.1.1 Hj; test protocol

The H test protocol is conducted first because it is proven to limit coking20%26%270  Indeed, due to the
stability of the measurements every test condition is held about three hours before moving forward to

the next step of the test protocol presented in Tab. 2.1l The operation starts from high H, concentra-
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2.1 Test programs

tions, which is decreased down to very low concentrations. In addition, between each feed change, the
temperatures of 1123, 1173, and 1223 K (850, 900, and 950°C, respectively) are tested.

# Temperature [K] CHy [vol.%] CO; [vol.%] Hj [vol.%] Arin feed [vol.%]
1 1123,1173,1223 27.5 27.5 40 5
2 1123,1173,1223 32.5 32.5 30 5
3 1123,1173,1223 37.5 37.5 20 5
4 1123,1173,1223 42.5 42.5 10 5

Table 2.1: Feed composition and reactor temperature for the H, test protocol

The protocol follows the general principle used for all further studies, that is, startup under low severity

up to high severity operating conditions.

2.1.2 H,O test protocol

This test protocol is a minor variation of the H test protocol. It starts with steam reforming conditions
(CH4/H,O/Ar/N, = 47.5/47.5/5/0 (vol.%)). According to the steam reforming conditions, CO; is in-
troduced at a CH4/CO; ratio of one, which is maintained until the end of the protocol. The amount of
methane and carbon dioxide is increased simultaneously, while the steam content is decreased as it can be
seen in Tab.[2.2] The phases are held at least 4 h to reach a stable performance. During phase transition a
particular care is taken to guarantee a smooth increase of the carbon fraction and avoid a sudden increase

of carbon that might provoke coke build up. Therefore, phase transitions are always made stepwise.

# Temperature [K] CHy [vol.%] CO; [vol.%] H»0 [vol.%] Ar in feed [vol.%]
1 1123,1173 47.5 - 47.5 5
2 1123,1173 27.5 27.5 40 5
3 1123,1173 32.5 32.5 30 5
4 1123,1173 37.5 37.5 20 5
5 1123,1173 42.5 42.5 10 5

Table 2.2: Feed composition and reactor temperature for the H>O test protocol

The test program is performed first at 1123 K (850°C) under steam-reforming conditions (phase 1),
then CO; is added with a CO,/CHj4 ratio of one, and then the CO, concentration is increased keeping
a CO,/CHy ratio of one while the H>O content is decreased down to 10 vol.% (CH4/H,O/CO,/Ar =
42.5/10/42.5/5(vol.%)). This program is finally repeated at 1173 K (900°C).
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3 Results and discussion of the reactor configura-
tions

Both test protocols are tested until reactor plugging is observed. For the H, test protocol, the test is also
made under pure CO,-reforming conditions (CH4/COy/Ar = 42.5/42.5/5(vol.%)) at 1123 K (850°C);
however, a vivid coking has been observed and unfortunately no satisfying measurements has been
achieved. For the H,O test protocol, the last satisfying measurements are performed with the same
feed composition CH4/H,O/CO,/Ar = 42.5/10/42.5/5(vol.%) but only up to 1173 K (900°C) because
reactor plugging is observed with the H>O test protocol at 1223 K (950°C).

3.1 Results of the H; test protocol

As already reported 204269270/ addition of H; to the feed stream limits the influence of methane pyrolysis

through gas-phase reactions. This is proven experimentally by the high stability of the measurements.

3.1.1 Influence of the reactor configuration on CH, and CO, conversions

The influence of Hy concentration in the feed stream as well as temperature on CO, conversions and
then CHy4 conversions are investigated using the four reactor configurations. The CO, conversions are

presented in Fig. [3.1]

In the non-catalytic case, reactor configurations (a) and (b) exhibit very similar CO; conversions. The
temperature and the Hy concentration in the feed stream show a significant influence on the CO, conver-
sions. Higher temperature as well as higher H, concentration in the feed stream favor CO, conversion

with up to 40% conversions at 1223 K (950°C) and 40 vol.% H, in the feed stream.

In the catalytic case, configurations (c) and (d) exhibit a relatively similar behavior of CO; conversions,
which are more sensitive to the concentration of H, in the feed; however, much higher CO, conver-
sions are achieved. Reactor configuration (c) shows a sensitivity to temperature increase similar to non-
catalytic case, whereas the influence of the concentration of H; in the feed stream is much higher than
in the non-catalytic case. With the presence of the corundum prebed (reactor configuration (d)), CO,

conversions are enhanced at similar temperature and similar H, concentration in the feed stream in com-
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3.1 Results of the H, test protocol

parison with the reactor configuration (c).
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Figure 3.1: CO, conversions observed using the different reactor configurations and the H, test protocol in
the temperature range 1123-1223 K (850-950°C)

In the non-catalytic case, beside very low specific surface area of corundum (less than 0.1 m?.g™"), the
inner surface of the reactor tube becomes active in RWGS when the temperature is higher than 1173 K
(900°C) and the H; concentration in the feed stream is higher than 20 vol.%.

In the catalytic case, if 20 ml of corundum split is used (configuration (c)) only a volume of H; of less
than 15% in the feed stream and a temperature below 1123 K (850°C) is allowed for a low RWGS ac-
tivity. The impact of the RWGS reaction impact is not negligible in all other cases. The use of the
corundum prebed, like in configuration (d), increases the influence of the RWGS reaction so that the
impact is almost independent from temperature and depends only on the Hy concentration in the feed
stream. Indeed, the corundum surface is so "large" that the thermodynamic equilibrium of the RWGS
reaction is almost always reached.

The presence of H, and CO; leads to a significant impact of RWGS especially at high partial pressure of
H, but also, to a lesser extent, at high temperature. Particularly at lower temperatures, there is a risk that

the high CO concentration disproportionates into CO, and carbon through the Boudouard reaction 36271
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3. RESULTS AND DISCUSSION OF THE REACTOR CONFIGURATIONS

For the methane conversions, the effect of temperature and H, concentration in the feed stream can be
seen in Fig. [3.2] For all reactor configurations, methane conversions are similar and very low with a
maximum of 7% at 1223 K (950°C) and 10 vol.% H; in the feed stream. Below a temperature of 1183 K
(910°C) or above a H, concentration in the feed stream of 20 vol.%, at most 1% methane is converted.
The use of a corundum prebed (configuration (d)) appears to slightly increase the methane conversions
to 2% (absolute).

It is interesting to note that the steam formed by the RWGS reaction does not enhance steam reforming
of methane. For this reason, methane conversions at high temperature and low H, concentration in the
feed stream come from the prevailing methane cracking or pyrolysis=®26426% Despite of the presence
of acidic sites on alumina?®®2’2 methane conversions are not significantly promoted. As it has been
explained, gas-phase reactions including methane pyrolysis and coupling should be avoided to limit the

coke-precursor formation rates.
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Figure 3.2: CH4 conversions observed with the different reactor configurations and the H; test protocol in
the temperature range 1123-1223 K (850-950°C)

At high temperature and low H; concentration in the feed stream, the impact of methane decomposition

should be considered, whereas RWGS should be considered at high H, concentration in the feed stream
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3.1 Results of the H, test protocol

and also at high temperature.

3.1.2 Influence of the reactor configuration on formation rate of coke precursors

Small alkanes, other than methane, and olefins are formed during the H; test protocol. These are called
coke precursors because of their higher selectivity toward coke formation in comparison to methane.

Their quantification is performed in the FID detector of the GC, allowing to detect concentrations down

to 5 ppm.
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Figure 3.3: Sum of mass formation rates of coke precursors observed using the different reactor configura-
tions and the Hj test protocol in the temperature range 1123-1223 K (850-950°C)

An overview of coke-precursor formation rates and specific molar formation rate depending on temper-

ature and partial pressure of H, are presented in Figs. [3.3]and [3.4] respectively.
Reactor configurations (a), (b), and (c) exhibit similar concentrations of coke precursors. The reactor

configuration (d) with a prebed exhibits, however, a slightly higher concentration of coke precursors.
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3. RESULTS AND DISCUSSION OF THE REACTOR CONFIGURATIONS
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Figure 3.4: Molar coke-precursor formation rates (CoH4,CoHg,C3Hg) observed using the different reactor
configurations and the Hj test protocol in the temperature range 1123-1223 K (850-950°C)
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3.2 Results of the H,O test protocol

The presence of ethylene, ethane, and propylene is observed. Ethane appears first at 1123 K (850°C), a
significant ethylene formation rate is then found above circa 1173 K (900°C) and at a H, concentration in
the feed stream of less than circa 30 vol.%. Finally, propylene could be identified above 1173 K (900°C)
and at a lower H, concentration in the feed stream than for ethylene formation.

The formation of coke precursors occurs through gas-phase reactions starting from methane pyroly-
sis1 382203213274 Tndeed, CH, conversions previously observed in Fig. can be compared with Fig.
This comparison emphasizes that, as CH4 conversions increase, the coke-precursor concentrations also
increase. This confirms that methane is converted mainly to coke precursors by means of pyroly-

sis/coupling.

As the temperature is increased above 1173 K (900°C), the impact of the gas-phase reactions forming
coke precursors becomes significant especially below a H, concentration in the feed stream of 15 vol %.
The use of a prebed, like in configuration (d), and a low H, concentration in feed stream seems to
increase the CoH4/C,Hg ratio, which results in an increased coking risk. Indeed, ethane is more stable
than ethylene, which can react faster to coke''*®. Furthermore, it can be speculated that the "acidic" sites

on alumina increase the methane cracking rate and thus the rate of ethylene formation'1%:82,

3.2 Results of the H,O test protocol

The measurements obtained with the H,O test protocol are less stable compared to those obtained by the
H, test protocol, probably due to coking. Moreover, as coking takes place in the reactor, other catalytic
reactions are catalyzed at high temperature over carbon, leading to unstable operations. For this reason,

the accuracy of the measurements is limited when using the H,O test protocol.

3.2.1 Influence of the reactor configuration on CH, and CO, conversions

The conversions observed showed two different trends (Fig. [3.5)), one in the non-catalytic case ((a) and

(b)), and another for the catalytic case with corundum split ((c) and (d)).

In the non-catalytic case, the conversions are mostly negligible at 1123 K (850°C), while at 1173 K
(900°C), the CH4 and CO; conversions become significant.

In the catalytic case, corundum appears to facilitate the conversions of CH4 and CO, at 1123 K (850°C)
and relatively high H,O concentrations in the feed stream. At 1173 K (900°C), only constant methane

conversions of 5-10% are observed for all H,O concentrations in feed stream.

The complexity of the measurements caused by coke deposits allows only to draw conclusions with re-
gard to the case (non-catalytic or catalytic).
In the non-catalytic case, the impact on the reactions becomes significant above 1173 K (900°C) and

consequently on methane conversions probably due to methane decomposition.
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3. RESULTS AND DISCUSSION OF THE REACTOR CONFIGURATIONS

In the catalytic case, high conversions of methane and carbon dioxide are achieved at 1123 K (850°C)
probably due to the presence of acidic sites on corundum that might enhance methane decomposition,
while the CO, conversions observed may come from the reaction of CO, with carbon to CO or with H,

through RWGS. CO; reforming of methane might be also possible.
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Figure 3.5: Conversions of CO, and CH4 observed using the different reactor configurations and the H,O
test protocol at 1123 K and 1173 K (850 and 900°C, respectively)

It can be speculated that coking occurs during the test protocol at various rates depending on the methane
partial pressure. At the beginning, coking takes place; when the "inert" catalyst is covered with coke,

methane or/and products from methane decomposition products can be dehydrogenated and increase the
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3.2 Results of the H,O test protocol

amount of coke up to reactor plugging.

3.2.2 Influence of the reactor configuration on formation rate of coke precursors

An overview of the coke precursor formation rates is presented in Fig. [3.6] and clearly shows that much
higher coke-precursor formation rates are achieved at higher temperatures in the non-catalytic case as
well as in the catalytic case. In addition, the higher the concentration of CH4 in the feed stream, the

higher are the coke-precursor formation rates.
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Figure 3.6: Molar coke-precursor formation rates observed using the different reactor configurations and the
H; O test protocol at 1123 K and 1173 K (850 and 900°C, respectively)

85



3. RESULTS AND DISCUSSION OF THE REACTOR CONFIGURATIONS

The comparison of the previous results of CH4 and CO, conversions (Fig. [3.5) and the coke-precursor
formation rate (Fig. shows that generally high coke-precursor formation rates are observed when

CO, conversions are not measured. The influence of H>O concentration in the feed stream is not clear.

Higher temperatures favor methane decomposition*>; therefore, higher coke-precursor rates of forma-
tion are observed. In addition, the higher partial pressure of methane also increases the formation rates
of coke precursors, as reported by Billaud and Baronnet'33,

An important point may result from the comparison of CO, conversions and coke precursor formation
rate. Indeed, CO, conversions appear to minimize the coke-precursor rate of formation. This is very

likely to occur by reverse CO disproportionation.

The coke-precursor formation rates are further detailed in Fig. For the H;O test protocol, coke pre-

cursors up to butane and butene can be identified in the product stream for all four reactor configurations.

In the non-catalytic case, the reactor configuration (a) exhibits particularly high formation rates of heavy
coke precursors like butene and butane at 1173 K (900°C). The reactor configuration (b) shows the same
performance at 1123 K (850°C) but much lower coke-precursor formation rates at 1173 K (900°C).

In the catalytic case, the reactor configurations (c) and (d) exhibit behavior similar to (b) but with much

higher coke-precursors formation rates, especially for ethylene, at 1173 K (900°C).

The presence of heavier coke precursors like butene or butane results from the methane pyrolysis and
coupling, which is not inhibited by the presence of H>O in the feed stream. Reactor configuration (a)
appears to produce high coke-precursor rates probably because the residence time of methane and its

decomposition products at high temperature is longer than in the other reactor configurations.

Performing the H,O test protocol at 1123 K (850°C) allows to minimize the impact of gas-phase reactions
and particularly methane pyrolysis and coupling. At 1173 K (900°C), the impact of the coke-precursor
formation rates are significant and must be taken into account. The influence of steam on the impact of

gas-phase reactions is still not clear.

86



3.3 Conclusions from the study on the H, and H,O test protocols
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Figure 3.7: Details of molar coke-precursor formation rates observed using the different reactor configura-
tions and the H,O test protocol at 1123 K and 1173 K (850 and 900°C, respectively)

3.3 Conclusions from the study on the H, and H,O test protocols

The results of this study were simulated by Deutschmann’s group at Karlsruhe Institute of Technology
to compare the experimental results and the numerical model developed on the basis of experimental
results. The mechanism of coke-precursor formation is explained by methane pyrolysis and further cou-

pling of radicals to larger hydrocarbons*2.

The addition of H; to the feed stream limits methane pyrolysis and, therefore, facilitates coke-free oper-
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3. RESULTS AND DISCUSSION OF THE REACTOR CONFIGURATIONS

ations. Furthermore, the higher the concentration of H, in the feed stream, the lower are the formation

rates of the coke precursors. These simulated results fit well with the experimental observations22.

The addition of H,O to the feed stream shows no particular effect and, therefore, a strong coking trend is
already observed experimentally at 1223 K (950°C). Various coke precursors are identified experimen-
tally, from ethane/ethylene up to butane/butene when using the H,O test protocol. This trend could be
confirmed by the simulations. Moreover, the simulations show that higher hydrocarbons like benzene
are also present?Z, but could not be detected with GC; probably the benzene adsorbed on the corundum
surface because the benzene concentration in the outlet stream should increase to 1500 ppm as the H,O

concentration decreases to 10 vol.% H,O for CO; reforming 22

The long residence time in the hot zone without the use of H, addition leads to enhanced formation rates

of coke precursors<2,

Addition of H, and H,O to the feed stream results in different coke-precursor formation rates; this is
explained by the fact that H>O acts as an oxidant in methane reforming and also confirms that methane

cracking is the most important route towards coke deposition*2.

Finally, the impact of the gas-phase reactions on the catalytic performance in methane reforming in the

presence of CO, as well as H, and/or H>O can support the design of the technical reactors.
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Part V

Pt-based catalysts for CH, reforming in
the presence of H,O and CO, - A Kinetic
study
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1 Pt-based catalysts in CH, reforming in presence
of H,O and CQO,: State of the art

The activity and stability of noble metals in the reforming of hydrocarbons is well known!1V:34615276,

Among Ir, Rh, Ru, Pd, and Pt, Pt-based catalysts have been the most extensively studied, starting from
steam reforming in the 50752175281 ¢4 partial oxidation?®%282 put also specifically for CO; reforming of
methane3:283-293)

In addition to the type of active metal selected for the reforming reaction, the choice of the support is of

major importance since it strongly influences the reforming mechanism2®” and, therefore, catalyst per-

33;287;288;290;291;294, Zirconia33;284;287;288;290;291;294’ and titania284;290;291 have been

formance. 7y-alumina
widely studied, and especially ZrO, has been found to show higher resistivity against coking?*" because
of a higher coke gasification rate over ZrO, than over Al,O3. Nevertheless, decomposition of methane
has been found to proceed slower over Pt/ZrO; than over Pt/Al,O3 33

Three different phases of pure zirconia exist, as can be seen in Fig. [}

(a) The monoclinic structure (space group number 14: P12;/c1 , fluorite-type*?) is stable from room
temperature up to about 1373 K (1100°C)#%27 This defect phase is built with one Zr atom

surrounded by seven O atoms??°,

(b) The tetragonal structure (space group number 137: P4,/nmc??Y) remains stable above 1373 K
(1100°C) up to around 2573 K (2300°C)=Z,

(c) The cubic structure (space group number 225: Fm3m*2~) is stable above circa 2573 K (2300°C)%Z.,

€ 2
AL e ||
Yv a%
@

Figure 1.1: Zirconia unit cells (simulated with the Vesta software??®); Zr (blue large atom) and O (red small
atom), (a) monoclinic???, (b) tetragonal*", (c) cubic-V!
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In the usual temperature range of steam- and CO,- reforming applications, pure undoped ZrO; is found
in the monoclinic structure with a low specific surface area. Therefore, the use of doped zirconia modifi-
cations is required in order to obtain a higher and more stable specific surface area of the zirconia support

for catalytic applications.

28502921293

Zirconia modifications with ceria230288302 [anthanum oxide8?, and/or silica are reported to

improve catalyst stability and activity in reforming with CO,. Ceria is known to form a large variety of

303

mixed oxides with zirconia=*%; ceria addition generally improves the oxygen storage capacity as well as

redox properties and, therefore, enhances the rate of coke gasification over zirconia?8%302, Due to close

302

contact between Pt and CeO,°% it may also inhibit Pt-metal particle growth?%%. Zirconia modified with

0°C)=04300 and resis-

lanthanum oxide has a significantly improved thermal stability, up to 1173 K (90
tance against Pt-metal particle growth5®, Finally, silica-modified zirconia improves the thermal stability
of zirconia®?2, but also promotes the formation of a bimodal pore support that significantly increases the
specific surface area”s”,

The mechanism of reforming with steam and/or CO; on Pt consists of methane decomposition through

CO,
(b)

CcO
o co ~@

Pte

Monoclinic ZrO,

Figure 1.2: Mechanism proposed for reforming of methane with carbon dioxide (taken from>%), a) methane

decomposes over Pt particle, b) CO, adsorbed dissiociatively on monoclinic zironia defect, c) the resulting
adsorbed carbon reacts with adsorbed oxygen to generate CO, d) adsorbed CO desorbs.

a stepped and sequential elementary abstraction (C-H) of CHy4 over Pt309 by first forming CH,* and then
C* (Egs. [I.19|to[I.22]in part II). The adsorbed carbon C* can react further with O* stemming from CO,
or/and H,O dissociation on the catalyst surface'”. This explains how CO is produced from C* and with

294

H; as "by-product". Souza et al.“** proposed a mechanism for CO, reforming over Pt supported on

ZrO;: methane decomposition over Pt particles and CO, activation over zirconia (Fig. [I.2). A similar

307 where ethanol decom-

mechanism with steam reforming of ethanol is proposed by Takanabe et al.
poses on Pt, whereas H>O adsorbs dissociatively on the zirconia defects, and the reaction occurs at the
interface of Pt and ZrO,. The rate-determining step in steam and CO, reforming is assumed to be the
activation of methane by the first C-H bond breaking %207,

Bitter et al.2/0:28%2%0 extensively studied the dispersion of Pt particles over undoped zirconia. They re-

ported that an increase of the Pt loading over ZrO, after calcination at 923 K (650°C) for 15 h in air leads

91



1. PT-BASED CATALYSTS IN CH; REFORMING IN PRESENCE OF H,0
AND CO;: STATE OF THE ART

to a significant decrease of Pt-particle dispersion above a Pt loading of 0.7 wt.%%%%. In their study25,
the Pt-particle dispersion decreased from 100% down to 58% as the Pt loading is increased from 0.5 to
2 wt.%. Bitter et al.*?” have also reported the influence of a 15 h-calcination in air of 1 wt. % Pt/ZrO,
at 923, 1023, 1123 K (650, 750, and 850°C, respectively) on the Pt-particle dispersion, which decreased
from 82 to 47 to 34% after calcination at 923, 1023, 1123 K, respectively (650, 750 and 850°C, respec-

tively)<?.,
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2 Experimental part

This section is divided into two parts: first an optimization study of the support of Pt-based catalysts for
reforming with steam, and second, a kinetic study of reforming in presence of H,O, as well as H,O and

CO, over the optimized Pt-based catalyst supported on modified zirconia.

2.1 Design of experiments for the study of Pt-based catalysts over zirconia

supports

The design of experiments is based on Pt/ZrO; as an initial benchmark, and further modifications of
the zirconia are performed to identify the support that delivers the highest stability and activity in steam
reforming of methane with a steam-to-carbon ratio of one. In this study, the modification of zirconia with

Si0;, Lay 03, and CeO; are studied in steam reforming of methane.

2.1.1 Catalyst preparation

The various Pt-based catalysts prepared by the wet impregnation technique are presented in Tab.[2.1] The
selected support is crushed until the desired split of 500-1000 pm is reached. About 60 ml of support
split is then impregnated with an excess of water that contains the chosen platinum precursor and cerium

nitrate hexahydrate. The catalyst is impregnated in a rotary evaporator for 4 h at 353 K (80°C) and a

Short  Support Support content Impregnation  Final composition

Name [wt. %] with after impregnation

PtZ XZO 880% - ZrOy  ZrO, Pt-nit. 1 wt.% Pt
MEL Chemicals

PtSZ Saint Gobain Zr0,/S10,=95/5 EA-Pt 1 wt.% Pt
NorPro SZ 31107

PtCSZ  Saint Gobain Zr0,/S10,=95/5 EA-Pt 1 wt.% Pt+5.8 wt.% Ce
NorPro SZ 31107 + Ce-nit.

PtCLZ Saint Gobain Zr0,/Lay03=90/10 EA-Pt 1 wt.% Pt+5.8 wt.% Ce
NorPro SZ 61156 + Ce-nit.

Table 2.1: Overview of Pt-based catalysts; * Zr(OH)4 precursor shaped and calcined to obtain zirconia split;
nit., nitrates; EA, bis(ethanolammonium)-hexahydroxyplatinate

pressure of 200 mbar. After impregnation, the catalyst split is aged for 1 h. Finally, the dried split is
calcined in a rotary flask with a ramp of 5 K.min~! to 1123 K (850°C) and calcined for 2 h in air.
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2. EXPERIMENTAL PART

Commercially available supports are used in the form of pellets, except for pure ZrO,, which is prepared
from zirconium hydroxide (XZO 880/01 from MEL Chemicals). For this, the powder is calcined in a
rotating flask at 723 K (450°C) for 2 h in air and compacted three times between corrugated cylinders at
240 bar. The resulting shaped material is then crushed to a fraction of 500-1000 pm.

2.1.2 Catalyst characterization

All samples are analyzed by X-Ray Diffraction (XRD), N; physisorption, scanning transmission electron
microscopy (STEM), and temperature-programmed desorption (TPD) of preadsorbed CO.

The powder X-ray diffraction is performed using Cu K¢ (1=1.5405980 A) at 40 mA and 40 kV with a
diffractometer D8-Discover (Bruker AXS). The patterns are obtained for angular positions from 16.3° up
to 53.5° and a precision of 0.02°. The Match! software (Crystal Impact) is used for phase identification
and quantification based on the International Center for Diffraction Data and the RIR method. Missing
entries are simulated on the basis of single crystals coupled with the existing database.

Samples for N, physisorption are first preconditioned at 573 K (300°C) for 1 h in N, flow prior to anal-
ysis. Specific surface areas are determined on the basis of a five-point adsorption isotherm.

Images from scanning transmission electron microscopy (STEM) are recorded at low energies up to
30 keV at the Laboratory of Electron Microscopy (STEM) in Karlsruhe Institute of Technology with a
High-Angle Annular Dark-Field (HAADF), and energy-dispersive X-ray spectroscopy is used to obtain
the local elementary composition.

Dispersion measurements are performed with temperature-programmed desorption of CO in collabo-
ration with the Deutschmann’s group. The measurements are performed as reported by Karakaya and

Deutschmann#.,

2.1.3 Catalyst screening

The different catalysts prepared are tested in a single reactor (prototype unit) at 1123 K (850°C), 21 bar,
and with a GHSV of 3800 h~! under steam-reforming conditions (CH4/H,O/Ar = 47.5/47.5/5 (vol.%)).
The pressure is increased by slightly closing the downstream valve under a constant N, flow. When the
pressure stabilizes at 21 bar, the reactor is heated up to 1123 K (850°C) under N,. When temperatures
and pressure are stabilized, CH4 and H;O contents are increased simultaneously and stepwise while the

N, content is decreased.

2.2 Study of kinetics on Pt-based catalysts

For the kinetic study, the catalyst exhibiting the highest activity and stability under steam-reforming
conditions is synthesized again by starting with a carrier split of 315-500 um and is tested in the 16-fold
unit at atmospheric pressure in a temperature range of 1023-1173 K (750-900°C) and a GHSV range of
3600-41225 h~!. The different operating conditions for reforming used are detailed in Tab.
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2.2 Study of kinetics on Pt-based catalysts

Phase Short Name CHy [vol.%] CO; [vol.%] H»O [vol.%] Arin feed [vol.%]
1 SteamRef 47.5 - 47.5 10
2 SteamRef with CO, addition 36 18 36 10
3 CO; ref. with 36 vol.%H,O 28 28 36 10
4 CO; ref. with 30 vol.%9H,0O 30 30 30 10

Table 2.2: Feed compositions used for the kinetic study

The kinetic study is performed in the 16 reactors as described in the Fig [2.1] with the four different
reforming conditions. The design of experiments used allows to study the influence of the temperature,
the GHSV, and the influence of corundum for each four reforming operating conditions. A blank reactor
filled with corundum split is used to quantify the impact of possible gas-phase reactions and evaluate the

"inert" character of corundum: in each reactor a ceramic tube is present and may influence the catalytic

performance.
Influence of temperature
750°C 800°C

me OO O[O
5 - corundum
sl O OO0
5 f catalyst
1 O OO )
S8
3%
ol OLTOTOTO

Figure 2.1: Overview of the catalyst test design tested with the four different feeds used for the kinetic study

The catalysts are studied under steam reforming, and after 40 h the next phase is tested. The plant is

started the same way as previously performed for the steam-reforming conditions in the prototype unit.
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3 Results of the Pt-based catalyst design and Kki-
netic study for the optimized catalyst

3.1 Influence of various supports on steam reforming at high pressure

The study on the support of Pt-based catalysts focuses on improving the stability and the activity of the
catalyst in steam reforming of methane. The fresh catalysts are characterized by XRD, N, physisorption,
STEM images, and the TPD of CO; after testing, the spent catalyst is also analyzed by using the same

methods.

3.1.1 Pt/ZrO; (PtZ) in steam reforming at high pressure

The catalyst synthesized by wet impregnation has Pt nanoparticles of about 37 nm diameter dispersed
over monoclinic zirconia nanocrystallites of 28 nm in diameter exhibiting a specific surface area of
2m?.g~! (Tab. . The specific surface area of the catalyst is relatively low; however, the Pt dispersion
of 12.1% is satisfactory in comparison with the Pt/ZrO, catalytic powder of Bitter et al.>*? (specific sur-

face area of 18 m”.g~! and 34% Pt-particle dispersion).

Phases from  @p/Dsypporr  Dispersion of pt0 Specific surface
Pt/ZrO, XRD analysis [nm] [%] area [m%.g ']
fresh Pt/m-ZrO, 37/28 12.1 2

Table 3.1: Results of analysis (XRD, N, physisoprtion, TPD) of the fresh catalyst Pt/ZrO, (PtZ); m-ZrO,,
monoclinic zirconia. The particle size is obtained from XRD patterns and calculated with the Scherrer for-
mula.

The PtZ catalyst is thus tested in steam reforming of methane under 21 bar (Fig.[3.1). The catalyst shows
a stable performance at the thermodynamic reforming equilibrium for 10 h; then a strong deactivation is
observed. For this reason, the catalyst is unmounted and analyzed. The results are presented in Tab.[3.2]
The XRD analysis shows that the phase composition of the samples remains identical. The spent cat-
alyst exhibits a slightly larger crystallite size due to sintering enhanced by the long thermal treatment
at 1123 K (850°C) under high partial pressure of steam. A specific surface area loss of one order of

magnitude is observed, but the Pt dispersion stays relatively constant.
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3.1 Influence of various supports on steam reforming at high pressure
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Figure 3.1: Performance in steam reforming of Pt/ZrO, (PtZ) with a steam/carbon ratio of unity, at 1123 K
(850°C), 21 bar, and 3800 h~!

Phases from  @p;/Dsypporr  Dispersion of pt° Specific surface

Pt/ZrO, XRD analysis [nm] [%] area [m>. g_l]
fresh Pt/m-ZrO, 37/28 12.1 2
spent Pt/m-ZrO, 43/42 11.0 0.2

Table 3.2: Comparison of fresh and spent catalyst Pt/ZrO, (PtZ); m-ZrO,, monoclinic zirconia. The particle
size is obtained from the XRD patterns and the Scherrer formula.

Because the catalyst reaches the thermodynamic-equilibrium conversion from the beginning, a possible
decrease of the activity due to loss of specific surface area cannot be observed in the initial period but
only after a threshold is reached after 10 h of steam reforming. The loss of specific surface area is likely
to result from the effect of steam at high temperature, which is known to favor sintering=%13% especially
in the case of monoclinic zirconia?®?.

The specific surface area of the support is believed to act as the active surface for steam adsorption=/
while methane decomposes on Pt, the resulting reaction occurring at the interface of the metallic Pt
particles and zirconia. Therefore, a lower specific surface area results in a lower interfacial area and thus
deactivation.

The thermal stability of the catalyst can be improved by addition of a small amount of silica. Therefore,
materials that maintain a high specific surface area even under high temperature for a relatively long

2921293

period of time can be synthesized.

3.1.2 Pt/SiO,-ZrO; (PtSZ) in steam reforming at high pressure

The impregnation with Pt salt is performed on a zirconia split modified with 5 wt.% SiO,.

The analytic data are displayed in Tab. and show, compared to PtZ, that the specific surface area is
significantly increased, as expected, but the Pt dispersion is lower. Images from STEM analysis show
small Pt nanoparticles of 10-60 nm in diameter (e.g. Fig.[3.2). XRD analysis shows that the support

consists mainly of monoclinic zirconia with traces of tetragonal zirconia and free SiO,.
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3. RESULTS OF THE PT-BASED CATALYST DESIGN AND KINETIC
STUDY FOR THE OPTIMIZED CATALYST

Phases from @p Dispersion of Pt*  Specific surface
Pt/Si0,-7ZrO, XRD analysis [nm] [%] area [mz.g_l]
fresh Pt/m-ZrO, 10-60 4.2 76

+S105+ € t-Z1rO»

Table 3.3: Results of analysis (XRD, N; physisoprtion, STEM, TPD) of the fresh catalyst Pt/SiO;-ZrO;
(PtSZ); m-ZrO,: monoclinic zirconia; t-ZrO;: tetragonal zirconia; €, side phase or traces. The particle size is
obtained from the STEM study.

Only a very low activity is observed, with 8% of methane conversion (Fig. [3.3)). Therefore, the catalytic

test is interrupted after 5 h of runtime, and the spent catalyst is used for further characterizations.

Figure 3.2: STEM of fresh Pt/SiO,-ZrO, (PtSZ)
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Figure 3.3: Performance in steam reforming of Pt/SiO,-ZrO, (PtSZ) with a steam-to-carbon ratio of unity, at
1123 K (850°C), 21 bar, and 3800 h~!

The characterization results of the spent catalyst are compared with the characterization results of the
fresh catalyst and are shown in Tab. [3.4] Comparison of XRD analyses shows no change in the phase
composition and only a moderate sintering effect on Pt particles. The specific surface area exhibits a loss
of about 50% while the Pt dispersion is about three times lower. In addition to detrimental effects on the

catalytic properties, the catalyst does not show any change in activity during the runtime. The low activ-
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3.1 Influence of various supports on steam reforming at high pressure

ity could result from the presence of free Si0,%?2. Indeed, Reddy et al.?*? observed a low performance
of Pt/Si0,-ZrO, under CO, reforming when free silica can be identified in the catalyst. Moreover, Bitter

et al.%%? also reported a low activity of Pt/SiO, in CO, reforming of methane at atmospheric pressure
and 923 K (650°C).

Phases from Dl Dsupporr  Dispersion of pt0 Specific surface
Pt/Si0,-ZrO,  XRD analysis [nm] [%] area [m”.g ']
fresh Pt/m-ZrO, 10-60 4.2 76
+S107+ € t-ZrO,
spent Pt/m-ZrO, 10-80 1.1 51

+Si105+€ t-ZrO,

Table 3.4: Comparison of fresh and spent catalyst Pt/SiO,-ZrO, (PtSZ); m-ZrO,: monoclinic zirconia; t-
ZrO,: tetragonal zirconia. The particle size is obtained from the STEM study.

The presence of free SiO, on the catalyst surface could also have a tendency to embed Pt particles as
reported for Pd particles?. Kim et al.*’” have also reported that Pt particles have a low interaction with
Si0;, leading to sintering of Pt particles at low temperatures. Sintering of the Pt particles is not observed

here, maybe because the Pt particles are already partially embedded from the beginning.

3.1.3 Pt-Ce0O,/Si0,-Zr0O; (PtCSZ) in steam reforming at high pressure

The same SiO,-ZrO, support as for PtSZ is used and impregnated with Pt and Ce salts. The resulting
catalyst is characterized, and results are displayed in Tab.[3.5]

The XRD analysis shows that the catalyst contains the same phase composition as PtSZ but with a ceria-
rich mixed oxide of ceria-zirconia. The dispersion of Pt particles is greatly enhanced on addition of ceria
while the specific surface area is similar to the catalyst without ceria. The Pt-particle size observed in
electron microscopy images of this study reveals a wider distribution of the Pt-particle size than without

addition of ceria.

Pt-CeO, Phases from @p,  Dispersion of Pt*  Specific surface
/S10,-ZrO, XRD analysis [nm] [%] area [mz.g_l]
fresh Pt/m-ZrO,+(Ce/Zr)O, 5-120 22.3 71

+Si10,+€ t-Zr0O,

Table 3.5: Results of analysis (XRD, N, physisoprtion, STEM, TPD) of the fresh catalyst Pt-CeO,/Si0;-
710, (PtCSZ); m-ZrO;: monoclinic zirconia; t-ZrO,: tetragonal zirconia; (Ce/Zr)O;, mixed oxide of ceria
and zirconia. The particle size is obtained from the STEM study.

The stability of catalytic performances as well as the activity are significantly improved, as can be seen in
Fig.[3.4] The addition of ceria enhances the methane conversion in steam reforming. In addition to a high

initial activity, the catalyst deactivates slowly. The test is interrupted to perform further characterizations.
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3. RESULTS OF THE PT-BASED CATALYST DESIGN AND KINETIC
STUDY FOR THE OPTIMIZED CATALYST
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Figure 3.4: Performance in steam reforming of Pt-Ce0,/Si0,-ZrO, (PtCSZ) with a steam-to-carbon ratio of
unity, at 1123 K (850°C), 21 bar, and 3800 h=!. The particle size is obtained from the STEM study.

The results of the spent-catalyst analysis are shown in Tab. 3.6 The same phase composition is identi-
fied; however, the mixed oxide of ceria and zirconia is not ceria rich anymore. Because ceria is located
on the surface of the catalyst, a long thermal treatment in the presence of steam is likely to favor the
diffusion of ceria into the bulk as the support sinters. In addition, the size of the Pt nanoparticles is
relatively similar. The TPD measurements display a significant decrease in Pt dispersion that may be due

to partially embedded Pt particles after the ceria layer diffused into the bulk.

Pt-CeO, Phases from D pr Dispersion of p° Specific surface
/Si0,-Z10; XRD analysis [nm] [%] area [m”.g"!]
fresh Pt/m-ZrO,+(Ce/Zr)O, 5-120 22.3 71
+Si10,+€ t-ZrO,
spent Pt/m-ZrO,+(Ce/Zr)O, 10-120 3.7 45

+Si10s+€ t-ZrO,

Table 3.6: Results of analysis (XRD, N, physisoprtion, STEM, TPD) of the fresh catalyst Pt-CeO,/SiO;-
ZrO, (PtCSZ); m-ZrO,: monoclinic zirconia; t-ZrO;: tetragonal zirconia; (Ce/Zr)O,, mixed oxide of ceria
and zirconia. The particle size is obtained from the STEM study.
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Figure 3.5: Element mapping in STEM of spent Pt-Ce0,/Si0,-ZrO, (PtCSZ)
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3.1 Influence of various supports on steam reforming at high pressure

In addition, element mapping is performed on a sample containing small Pt nanoparticles (Fig.[3.5). The
different elements of the support are well distributed. This shows that the impregnation with Ce salt is
efficient because the metal is highly dispersed over the surface even after the reaction. Pt is relatively
well distributed on the analyzed surface, and no particular variation of the support composition is found

in the Pt-rich regions.

3.14 Pt-CeO,/Lay03-ZrO, (PtCLZ) in steam reforming at high pressure

The catalyst is prepared like PtCSZ, but now the La;O3-ZrO; support is used. The characterization re-
sults are given in Tab. The catalyst is mainly made of lanthanum oxide-zirconia mixed oxide with
the side phase of the ceria-rich ceria-zirconia mixed oxide. The Pt-particle size distribution is relatively
broad, ranging from 50 up to 1000 nm, while the specific surface area is comparable to PtCSZ and the
dispersion is even higher than for PtCSZ.

PtCLZ has a stable activity for 20 h and deactivates very slightly to reach about 45% of methane con-

Pt-CeO, Phases from D pr Dispersion of pt0 Specific surface
/Lay03-Zr0O, XRD analysis [nm] [%] area [m?2. gfl]
fresh Pt/Lay.1Zro90195 50-1000 33.9 69
+(Ce/Zr)O,

Table 3.7: Results of analysis (XRD, N, physisoprtion, STEM, TPD) of the fresh catalyst Pt-CeO,/La;0Os3-
ZrO, (PtCLZ); m-ZrO,: monoclinic zirconia; (Ce/Zr)O,, mixed oxide of ceria and zirconia. The particle size
is obtained from the STEM study.

version after 65 h of runtime (Fig. [3.6). This catalyst is the most stable studied so far. After 65 h of

runtime, the test is stopped and the spent catalyst analyzed.

The characterization results are shown in Tab. The XRD analysis shows that the phase distribution
is different after reaction, with appearance of monoclinic zirconia. The side phase of the ceria-zirconia
mixed oxide changes also from Ce-rich to Ce-poor.

Indeed, Lag.1Zr 901 95 decomposes mostly in monoclinic zirconia and a La,O3-rich mixed oxide of lan-
thanum oxide and monoclinic zirconia. A part of the free monoclinic zirconia can form a mixed oxide
with the initial ceria-zirconia mixed oxide, changing its composition from ceria-rich to a poorer ceria
content due to the inclusion of zirconia within this mixed oxide. This phase segregation is promoted by
high temperature and a high partial pressure of the steam. As a result, the specific surface area is about

two orders of magnitude lower and the dispersion of Pt decreased by one order of magnitude.
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Figure 3.6: Performance in steam reforming of Pt-CeO,/Lay03-ZrO, (PtCLZ) with a steam/carbon ratio of
unity, at 1123 K (850°C), 21 bar and 3800 h—!.

Pt-CeO, Phases from Dpy Dispersion of pt0 Specific surface
/Lay03-Zr0O, XRD analysis [nm] [%] area [m?. gfl]
fresh Pt/La(), 1 Zro_901 95 50-1000 339 69
+(Ce/Zr)O,
spent Pt/m-ZrO, 50-1000 29 0.7
+(La/Zr)O,+(Ce/Zr)O,

Table 3.8: Comparison of fresh and spent catalyst Pt-CeO,/La;03-ZrO; (PtCLZ); m-ZrO,: monoclinic zir-
conia; (Ce/Zr)O,, mixed oxide of ceria and zirconia; (La/Zr)O, mixed oxide of lanthanum oxide and zirconia.
The particle size is obtained from the STEM study.

1000 nm

Figure 3.7: STEM of a) fresh and b) spent Pt-CeO,/La;03-ZrO, (PtCSZ)

The Pt particle-size distribution evaluated by using STEM images remains quite large and about 50-
1000 nm at the beginning and after reforming. The STEM images obtained on fresh and spent catalyst
show the presence of large Pt particles (Fig. [3.7). These large particles are still found on the support

in comparison with PtCSZ. Apparently, even with a lower dispersion, the catalyst retains a sufficient
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3.1 Influence of various supports on steam reforming at high pressure

activity in steam reforming despite the very high loss of specific surface area.

3.1.5 Comparison of performance for the various Pt-based catalysts

The optimization of the Pt-based catalysts with various zirconia supports is successful and their perfor-
mances are compared in Fig. Pt/ZrO, exhibits a high activity but only a low stability due to a loss
of specific surface area caused by recrystallization. A relatively high specific surface area is necessary to
maintain a sufficient interfacial area between the Pt nanopraticles and the defect-rich monoclinic zirconia
where methane decomposes and H>O can adsorb dissociatively='Z, respectively. If the specific surface
area is lowered, this interfacial area decreases also and deactivation is observed. The addition of SiO; is
successful to obtain a higher thermal stability as well as a high specific surface area; however, the pres-
ence of free silica lowers the activity?”2, probably because the Pt particles are at least partially embedded
in SiOy, like Pd in Si0,=%.
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Figure 3.8: Comparison of performance under steam reforming of all zirconia-based supports

The addition of CeO, to PtSZ can consequently increase the activity and the dispersion of Pt nanopar-
ticles without lowering the specific surface area significantly; however, the Pt nanoparticles are likely
to be embedded after the Ce atoms migrate into the catalyst bulk. Finally, the use of La;Os3 instead of
Si0; allows for the activity for steam reforming to be stabilized close to the thermodynamic equilibrium
thanks to the mixed oxide of lanthanum oxide and zirconia in the bulk, with ceria-zirconia mixed oxide
on the catalyst surface where the Pt nanoparticles are deposited. The PtCLZ catalyst shows high activity
and high stability over a period of 65 h under steam reforming with a steam-to-carbon ratio of one at
21 bar, 1123 K (850°C), and a GHSV of 3800 h~!.

An overview of the different zirconia modifications is suggested in Fig.[3.9] The monoclinic zirconia
needs to be stabilized to maintain a sufficient specific surface area. The modification of zirconia with

Si0, improves the thermal stability of the doped zirconia support; however, the Pt particles probably tend
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Figure 3.9: Schematic drawing of the Pt-based catalysts with various supports; a) Pt/ZrO,; b) Pt/SiO,-ZrO,;
¢) Pt-Ce0,/Si10,/7Zr0,, d) Pt/Lay;03-ZrO,; m-ZrO,, monoclinic zirconia

to be embedded in the support. The use of a ceria layer results in non-embedded Pt-particles; however,
with the diffusion of ceria into the bulk the Pt particles can be also slowly embedded after a long period
of time. The use of Lay03-ZrO; instead of SiO,-ZrO, improves the stability of the catalyst because the
support does not have the tendency to embed the Pt particles after diffusion of the ceria layer through the
bulk.

3.2 Results of the kinetic study on Pt-based catalyst

A kinetic approach to reforming in the presence of H,O and CO, is performed with PtCLZ in order
to improve the kinetic model over Pt-based catalyst proposed by the DETCHEM platform developed
by Deutschmann’s group. The use of La;O3 and CeO, promoters does not change the mechanism for
Zr0,%80 and, therefore, PtCLZ is preferred over PtZ, PtSZ, and, PtCSZ for the kinetic study.

This study is based on temperature and GHSV variation at atmospheric pressure. The GHSV variation
is achieved by varying the catalyst mass in the reactor at a constant absolute flow. For this reason, each
catalytic bed exhibits a particular pressure drop that is significant compared to atmospheric pressure. As
a result, the distribution of the feed rate may vary from reactor to reactor and the GHSVs measured are
slightly different. Therefore, a GHSV range is given instead of a single theoretical value for this study.
The pressures also vary from reactor to reactor between 1.09-1.34 bar.

For each reforming condition, the catalytic performances are compared to the thermodynamic equilib-
rium. The experiments reaching the thermodynamic equilibrium are labeled with a star (*) in the graphics
presenting the TOFs of methane and CO, conversions depending on operating temperature and GHSV
range. For each reforming conditions, the TOFs of methane and CO, conversions are first presented at a
"constant” GHSV to observe the effect of the operating temperature and, second, the effect of the GHSV

is presented at constant temperature.

3.2.1 Kinetic study under steam reforming

The kinetic study is first performed under steam reforming conditions with steam-to-carbon ratio of one.
The conversions of methane and CO; as well as the H,/CO ratios obtained are plotted in Fig. @]for the
different GHSVs within a temperature range of 1023-1173 K (750-900°C). The catalytic performances

are compared to those at the thermodynamic equilibrium.
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Figure 3.10: Performance of PtCLZ under steam reforming at different GHSVs, a) low (3604-4073 h1h,
b) medium (15593-17288 h™'), ¢) high (33559-41225 h~1), whereas d) corresponds to the blank reactor

filled with corundum in a temperature range of 1023-1173 K (750-900°C) compared to the thermodynamic
equilibrium.
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In Figs. 3.10}a), 3.10}b), and [3.10}c), the thermodynamic equilibrium of steam reforming is reached
in most cases. At low GHSVs, the thermodynamic equilibrium of steam reforming is reached already
at 1023 K (750°C), at medium GHSVs the thermodynamic equilibrium of steam reforming is reached
above 1073 K (800°C), and for high GHSVs above 1123 K (850°C). At a high GHSV range (33559-
41225 h™ '), a significant deviation from the thermodynamic equilibrium of reforming is observed at
1073 and 1173 K (800 and 900°C respectively) due to GHSV deviations. Indeed, at these temperatures,
the GHSV is about 30% higher. This explains why at 1173 K (900°C) and high GHSV the equilibrium
is not reached whereas the equilibrium is reached at 1123 K (850°C) and high GHSV.

Corundum shows only a minor activity under steam reforming conditions with a maximum in methane
conversion at 1173 K (900°C) of less than 7%. This confirms that corundum can be used as an "inert"
material under these reaction conditions.

In order to compare the catalyst activity despite the variation of the catalyst mass, the TOFs of methane
and CO, conversions are used. The results for the different GHSVs are presented in Fig to demon-

strate the influence of temperature on the TOFs of methane conversion.
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Figure 3.11: TOF of CH,4 conversions over PtCLZ under steam reforming at different GHSVs, a) low (3604-
4073 h~ 1), b) medium (15593-17288 h™ 1), ¢) high (33559-41225 h Hina temperature range of 1023-1173 K
(750-900°C), * catalyst working at thermodynamic equilibrium

The TOFs of methane conversion are almost constant as long as thermodynamic equilibrium is reached.
When the catalyst achieves thermodynamic equilibrium of steam reforming for a given mass of catalyst,
the TOFs calculated are identical because the same amount of methane is converted by the same amount
of Pt. As soon as the catalyst performances are below the thermodynamic equilibrium of steam reform-

ing, the TOF of methane conversion increases with operating temperature.

The TOFs could be also plotted for a given temperature to demonstrate the effect of GHSVs as shown in
Fig. In addition to the fact that the catalyst reaches thermodynamic equilibrium of steam reforming

in most cases, the overall trend shows a TOF increase as the GHSV is increased.
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Figure 3.12: TOFs of CH4 conversions over PtCLZ under steam reforming at different GHSVs, a) 1023 K
(750°C), b) 1073 K (800°C), c¢) 1123 K (850°C), and d) 1173 K (900°C), in a GHSV range: low GHSV
(3604-4073 h~!); medium GHSV, (15593-17288 h™!); high GHSV, (33559-41225 h™!); * catalyst working
at thermodynamic equilibrium

3.2.2 Kinetic study under steam reforming with CO, addition

The study made for steam reforming is repeated for steam reforming with CO, addition.

An overview of the performance achieved by each of the 16 reactors is displayed in Fig.[3.13]

At low GHSVs, once again the thermodynamic equilibrium is reached at all temperatures: at medium
GHSVs only the catalyst at 1023 K (750°C) does not reach the thermodynamic equilibrium, and at high
GHSVs only the catalyst at 1123 K (850°C) achieved thermodynamic equilibrium. The blank reactor
shows a low activity comparable with steam reforming, that is, about 7% methane conversion. This con-

firms that the corundum is "inert".

The comparison between performances is then achieved on the basis of the TOFs of methane or CO,
conversions. Both TOFs can be plotted at "constant” GHSV to demonstrate the effect of the temperature
(Fig.[3.14). As reported for steam reforming, only a general trend is observed, showing that an increase
of TOFs of methane and CO, conversions is observed as the temperature increases if the thermodynamic
equilibrium of reforming is not reached. At thermodynamic equilibrium of reforming the TOFs are equal
for a given GHSV.

The TOFs of methane or CO, conversions can be also plotted at constant temperature to demonstrate the
effect of different GHSVs (Fig. [3.15)). Increasing the GHSV leads to an increase of both of these TOFs

if the thermodynamic equilibrium of reforming is reached or not.
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Figure 3.13: Performance of PtCLZ under steam reforming with CO, addition at different GHSVs, a) low
(3604-4073 h~ 1), b) medium (15593-17288 h!), and c) high (33559-41225 h~!), while d) is the blank reactor
filled with corundum in a temperature range of 1023-1173 K (750-900°C) compared to the thermodynamic
equilibrium.
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Figure 3.14: TOFs of CH4 and CO, conversions over PtCLZ under steam reforming with CO, addition at
the different GHSV, a) low (3604-4073 h~!), b) medium (15593-17288 h™1), ¢) high (33559-41225 h~!) , in
a temperature range of 1023-1173 K (750-900°C), * catalyst working at thermodynamic equilibrium
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Figure 3.15: TOFs of CH4 and CO, conversions over PtCLZ under steam reforming with CO, addition at
the different GHSYV, a) 1023 K (750°C), b) 1073 K (800°C), ¢) 1123 K (850°C), and d) 1173 K (900°C),
in a GHSV range: low GHSV (3604-4073 h’l); medium GHSYV, (15593-17288 h’l); high GHSV, (33559-
41225 h™'); * catalyst working at thermodynamic equilibrium.

The increase of GHSV at 1023 K (750°C) is particularly interesting because the experiments at 1023 K
(750°C) are the only ones at which the thermodynamic equilibrium is hardly achieved. The increase
of the GHSV promotes principally the TOFs of methane conversion, showing that methane conversions
occur faster than CO, conversions at 1023 K (750°C). CO; can then react with Hy by RWGS or CHy in

CO; reforming.

3.2.3 Kinetic study under CO; reforming with 36 vol.% H,O

The conversions and the resulting Ho/CO ratios obtained are plotted in Fig. [3.16|for the different GHSV
ranges and a temperature range of 1023-1173 K (750-900°C). The performances are compared with the
thermodynamic equilibrium.

The experiments that reach the thermodynamic equilibrium of reforming do not change (low GHSYV,
medium GHSV above 1073 K (800°C), high GHSV at 1123 K (850°C). The activity of corundum re-
mains low over the temperature range of 1023-1173 K (750-900°C) in steam reforming when adding

COs.

The TOFs of methane and CO, conversions are plotted at "constant” GHSV to demonstrate the effect of
temperature (Fig. [3.17). In addition to the general trend observed in all cases up to now, the TOFs of
methane conversion decrease with lower partial pressure of steam, that is to say TOFs of methane con-
version are higher under steam reforming than under steam reforming with CO,, which are also higher
than under CO; reforming with 36 vol.% H,O. In the same way, the increase of CO; partial pressure

leads also to an increase of the TOFs of CO, conversions.
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Figure 3.16: Performance of PtCLZ under CO; reforming with 36 vol.% H,O at different GHSVs, a) low
(3604-4073 h~1), b) medium (15593-17288 h™ 1), and ¢) high (33559-41225 h™1), whereas d) corresponds to
the blank reactor filled with corundum in a temperature range of 1023-1173 K (750-900°C) compared to the
thermodynamic equilibrium
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Figure 3.17: TOFs of CH4 and CO; conversions over PtCLZ under CO, reforming with 36 vol.% H,O at
different GHSVs, a) low (3604-4073 h™!), b) medium (15593-17288 h~!), and c) high (33559-41225 h™ 1),
in a temperature range of 1023-1173 K (750-900°C), * catalyst working at thermodynamic equilibrium
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Figure 3.18: TOFs of CH4 and CO, conversions over PtCLZ under CO; reforming with 36 vol.% H,O at
different GHSVs, a) 1023 K (750°C), b) 1073 K (800°C), ¢) 1123 K (850°C), and d) 1173 K (900°C), in
a GHSV range: low GHSV (3604-4073 h™!); medium GHSV, (15593-17288 h™!); high GHSV, (33559-
41225 h™1); * catalyst working at thermodynamic equilibrium

The plots can also be presented at constant temperature to demonstrate the effect of the various GHSVs
(Fig.[3.18). At 1023 K (750°C), the GHSYV increase also results in TOFs of methane conversion that are
higher than TOFs of CO, conversion. The effect is, however, less significant than those observed in the

last section for steam reforming with CO, addition: less H,O is available to increase the rate of steam

reforming and the methane partial pressure is lower.

A higher steam-to-methane ratio (HoO/CH4 higher than one) preferentially increases the methane con-

versions as the GHSV is increased. This confirms that methane reacts preferentially with steam whereas

CO; reacts in a second step with either the produced H, by RWGS or/and with methane by CO, reform-

ing.
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3.2.4 Kinetic study under CO; reforming with 30 vol.% H,O

The performance overview is displayed in Fig. The experiments showed that the thermody-
namic equilibrium is reached at low GHSVs, at medium GHSVs above 1023 K (750°C), and at high

GHSVs at 1123 K (850°C). The differences to the previous operating conditions (CO; reforming with

36 vol.% H,0) are only minimal; therefore, only little differences with the previous observations are

achieved.

O deviation due to higher GHSV
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Figure 3.19: Performance of PtCLZ under CO, reforming with 30 vol.% H,O at different GHSVs, a) low
(3604-4073 h~1), b) medium (15593-17288 h™1), ¢) high (33559-41225 h~1), whereas d) corresponds to the
blank reactor filled with corundum in a temperature range of 1023-1173 K (750-900°C) compared to the

thermodynamic equilibrium.

The plots at "constant” GHSV show the influence of temperature in Fig. [3.20] Only the graphic of the

high GHSYV ranges shows a slight increase in GHSV as the temperature increases, as it is expected. For

CH4/CO»/H,0=1/1/1, TOFs of methane conversion are still higher than TOFs of CO, conversions, con-

firming that steam reforming takes place first before CO, can react. Moreover, it is still unclear how

CO; reacts in mixed-steam CO, reforming. Indeed, CO, can react with CH4 or with Hp from steam

reforming. Due to the TOFs of methane conversion being higher than the TOFs of CO, conversion, if

CO; reacts with CHy it would be at a lower reaction rate than for steam reforming.
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Figure 3.20: TOFs of CH4 and CO; conversions over PtCLZ under CO, reforming with 30 vol.% H,O at
different GHSVs, a) low (3604-4073 h™1), b) medium (15593-17288 h™!), ¢) high (33559-41225 h™!), in a
temperature range of 1023-1173 K (750-900°C), * catalyst working at thermodynamic equilibrium

The plots can also be presented at constant temperature to demonstrate the effect of GHSV (Fig. [3.21).
For these operating conditions, the increase of the GHSV range at 1023 K (750°C) does not show clearly

if TOFs of methane conversion increase faster than TOFs of CO, conversion.
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Figure 3.21: TOFs of CH4 and CO; conversions over PtCLZ under CO, reforming with 30 vol.% H,O at
different GHSVs, a) 1023 K (750°C), b) 1073 K (800°C), c¢) 1123 K (850°C), and d) 1173 K (900°C), in
a GHSV range: low GHSV (3604-4073 h™!); medium GHSV, (15593-17288 h™!); high GHSV, (33559-
41225 h™1); * catalyst working at thermodynamic equilibrium

The trend observed on TOFs of methane and CO, conversion is confirmed, higher partial pressures of

H,0 or CO; lead to higher TOFs of methane or CO, conversion, respectively.
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3.3 Conclusions

The zirconia support of the Pt-based catalysts has been optimized to enhance activity as well as stability
of the catalyst. The following scheme has been proposed to interpret the performance of the various

supports of the Pt-based catalysts (Fig. [3.22).

a) b) c) d)
Pto Pto Pto (C/E/QDZ Pto
m-Zr0, $i0,-2r0, $i0,-2r0, La,0,-2r0,

Figure 3.22: Schematic drawing of the Pt-based catalysts with various supports; a) Pt/ZrO;; b) Pt/SiO,-ZrO,;
¢) Pt-Ce0,/Si10,/Zr0,, d) Pt/Lay;03-ZrO,; m-ZrO,, monoclinic zirconia

Pt/ZrO; catalyst (a) is not stable enough to perform in the high-temperature steam reforming of methane
because the monoclinic zirconia is not thermally stable. Therefore, the use of SiO, to modify zirconia
(b) can improve the thermal stability of the catalyst; however, the Pt particles are not "active" probably
due to the formation of embedded Pt particles. The use of a ceria layer (c) on such a catalyst can delay
the embedding process; however, after a long period of time the ceria layer diffuses into the bulk. As
a result, the support now only very lightly doped with ceria could still embed the Pt particles. The use
of the La;03-ZrO, with a ceria layer as a support for the Pt particles (d) results in a thermally stable
support with relatively high stability and high activity. The ceria layer can still diffuse through the bulk;

however, the bulk does not embed the Pt particles.

The performance of Pt-CeO,/La;03-ZrO; under steam reforming of methane with a steam-to-carbon ra-
tio of one at 21 bar and 1123 K (850°C) with a GHSV of 3800 h~! shows high stability and activity (5%
absolute below the expected thermodynamic equilibrium) for more than 60 h. This catalyst is, therefore,

chosen for the kinetic study.

The kinetic study over Pt-CeO,/Lay03-ZrO; (d) shows that the influence of the temperature as well as
the influence of the GHSV for these operating conditions are not optimal for a kinetic study since most
of the experiments achieve thermodynamic equilibrium.

The study with corundum shows that only at 1173 K (900°C) and the four different reforming operating
conditions (steam reforming, steam reforming in the presence of H,O, and CO; reforming in the pres-
ence of 36 vol.% and 30 vol.% water, respectively), the impact of the gas-phase reactions is rather low,
while corundum is observed to be inert.

The influence of kinetics is mainly observed at 1023 K (750°C), as the thermodynamic equilibrium is
not reached. Under these operating conditions it can be observed that TOFs of methane and CO; con-
version increase as the partial pressure of steam and CO; increases, respectively. The TOFs of methane

conversions are always higher than the TOFs of CO, conversions because steam reforming proceeds
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faster. Indeed, TOFs of methane conversion increase faster than TOFs of CO, conversion as the GHSV

is increased.
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Part VI

Ni-based spinels for steam reforming in
the presence of CO,
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1 Ni/MgO-Al,O; as catalyst for steam reforming
in the presence of CO,: State of the art

Ni/MgO-Al, O3 catalysts have a high potential for reforming applications and have already been high-
lighted by Haldor Tops@e, who dispersed Ni on MgAl,04310312 This readily available and robust

catalytic system has been developed since the 70’s.

An advantage of the carrier system is the high thermal stability of MgAl,O4, the Mg-spinel, which
has given its name to the spinel group and exhibits a cubic structure of the space group number 227:
Fd3m?®. The unit cell of MgAl,O4, shown in Fig. is made of 32 face-centered cubic cells of O*~
anions, in which one eighth of the defect tetrahedrons are occupied by Mg?* cations and half of the

defect octahedra are occupied by AI** cations.

Figure 1.1: Lattice structure of spinel: O, red atoms; Al, blue atoms in purple octahedra; Mg, yellow atoms
in yellow tetrahedra (drawn with the Vesta software 2208

The spinel formula for a unit cell is AgB;603,, usually written AB,O4, where A and B are divalent
and trivalent cations, respectively, for a so-called normal spinel. Inverse spinels have also been iden-
tified, like CoFe,04 or Fe3O4, with formula B(AB)O4, where A occupies the octahedron defect sites
and B the half of the tetrahedron defect sites. Real spinels are better represented with the formula
(A1—xByI[A, 2B1_, /2]204, where parentheses () and brackets [] describe the tetrahedral and octahedral
defect sites, respectively. x represents the inversion degree and is equal to 2/3 in case of a fully random

cation distribution. Ni aluminium spinel, for instance, is described typically with x=0.75213,
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1. N/MGO-AL;0O3; AS CATALYST FOR STEAM REFORMING IN THE
PRESENCE OF CO,: STATE OF THE ART

A large variety of spinels exists. For instance, A can be Mg, Cr, Mn, Fe Co, Ni, Cu, Zn, Cd, Sn and B
can be Al, Ga, In, Ti, V, Cr, Mn, Fe, Co, Rh, and Ni=13.
y-Alumina is ordered as a so-called defect spinel because AI** is not only located in the octahedral but

also in the tetrahedral defect sites, leaving free octahedral defect sites in its structure™13.

The use of hydrotalcite clay-derived materials as precursor for reforming catalysts has been reported by
Bhattacharyya et al.*14318 who found that the use of such catalyst precursors improves considerably

the reforming operations under more severe operating conditions=1%

. This breakthrough in catalysis
research for reforming applications has led to extensive investigations of Ni-Mg-Al oxidic systems based
on hydrotalcite-like precursors=1?*332_ The reasons for this surge of interest in hydrotalcite-like materials

are due to its interesting properties=>3:

* achievable high surface area,
* basic properties of the carrier system,

» formation of mixed oxides thermally stable with very small crystallite size; reduction of such

oxides leads to thermally stable small metal crystallites,

* possible reconstruction of the hydrotalcite structure at mild conditions thanks to contact of aqueous

solutions containing various anions.

The layered structure of the hydrotalcite (MgsAl,(OH),6C0O3.4H,0) is presented in Fig. [I.2] The struc-
ture presents a brucite layer with an interlayer containing water and carbonate anions.

Hydrotalcite-like compounds belong to the family of layered double hydroxides and have the general
chemical formula [M{" M (OH)1[A} ,.zH0] 333 where M/ and M/ are di- and trivalent cations,
respectively, that are located in the octahedral position of the hydroxide layers. The atomic ratio of
M (M7 +MT) is represented by x. A"~ is an interlayer anion and z is the number of interlayer water
molecules?*%337, In case of Mg?* and AI3* cations, Miyata®*® reported the variation of M//M"! from
4/1 to 2/1 (0.20 < x < 0.33). Typically, a coprecipitation method is used to synthesize such hydrotalcite-

like precursors=2233]

. Synthesis with various anions A"~ such as nitrate salt of Ni in the presence of
water can be used for reconstruction of the double layer hydroxides, as reported by Takehira et al 212322,
Indeed, Ni’>* can be partially exchanged with Mg?* in such cases.

The common point of the hydrotalcite-like materials is the high specific surface area of mixed oxides ob-
tained after precursor calcination at temperatures up to 1123 K (850°C)3%%. Higher calcination tempera-
tures give rise to segregation into stoichiometric spinel and oxide phases or solid solutions, depending on
composition, and a significant decrease in specific surface area”*”. Furthermore, above 1123 K (850°C),
the formation of NiAl, Oy is also reported for Ni-rich samples due to the appearance of a reduction peak

at higher temperatures in TPR analysis=*".
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Hydrotalcite: MggAl,(OH),,CO;.4H,0
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Figure 1.2: Layered structure of hydrotalcite (MggAl,(OH)4CO3.4H,0)-forming layers of brucite
(Mg6A12(OH)%g) containing octahedra of Mg(OH)‘g’ and Al(OH)g’ with an interlayer containing water and
anion(s) (CO§*.4H20) (drawn with the Vesta softwareZ2® and adapted from 14334

Regarding catalyst performance in mixed-steam CO; reforming (CH4/CO,/H,0=31/38/31 and 36/45/18),
Bhattacharyya et al. demonstrated the superior activity and stability of hydrotalcite-like Ni-based cata-
lysts=14
(816-870°C), at 20 bar, and GHSV range of 7200-100000 h!. NiMgsAl,Og has been reported to per-

form, after an induction time, at thermodynamical equilibrium for 10 days without any indication of coke

compared with a commercial catalyst made of about 10 wt.% Ni on MgAl,O4 at 1089-1143 K

formation#. Recently, Yoon et al. have reported a high performance in mixed-steam CO» reforming

of Ni over MgAl,Oy4 based on hydrotalcite-like precursors212:222223

1 2241225

, and promotion through CeO,-ZrO;
has been further investigated by Jun et a . They patented this catalytic system?2® for reaction
temperatures between 1073-1273 K (800-1000°C), at 0.5 and up to 20 bar, with a CH4/H,O/CO> ratio

in the range of 1/1-2/0.3-0.6 and a space velocity from 1000 up to 500000 h—!.

The final catalysts obtained are generally Ni supported on MgAl,O4 with a possible side phase of Al,O3
or MgO. Wei and Iglesial?” have studied the mechanism of methane reforming in the presence of H,O
and CO, on Ni/MgO. It is reported that the C-H bond breaking of methane is the rate-determining step':".
The general mechanism of reforming over such Ni-based catalyst is identical as the mechanism described

in section [1.4]in part II.
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2 Design of procedures for the synthesis of Ni-based
spinel catalysts

In this chapter, the synthesis of the Ni-based spinel Nij4Mgy9Als70; is performed with different meth-
ods. A new unconventional route, molten-salt impregnation, is tested and compared with other classical
preparation routes such as precipitation and spray drying. The stoichiometry is chosen in such a way that

a final catalyst made of Ni/MgAl,QO4 is obtained.

2.1 New unconventional catalyst preparation (benchmark catalyst)

A synthesis based on the impregnation of an hydrotalcite-like carrier material in a molten nitrate salt is
tested for the preparation of Nij4Mgy9Als70,. In order to achieve the Mg/Al ratio of 1/2, the hydrotalcite-
like carrier PURAL® MG30 from Sasol is selected. PURAL® MG30 contains the hydrotalcite material
but also a significant amount of pseudoboehmite due to the high aluminum content34? of PURAL®
MG30. The pseudoboehmite has also a layered structure, as can be seen in Fig. 2.1 with an interlayer

containing hydroxide groups.
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Figure 2.1: Layered structure of pseudoboehmite y-AlO(OH), drawn with the Vesta software22®
The synthesis through the molten-salt impregnation consists of spreading molten Ni nitrate hexahydrate
over the PURAL® MG30 carrier. For this, the desired amount of Ni nitrate hexahydrate is stirred manu-

ally at room temperature in a beaker containing the PURAL® MG30 carrier and left in a drying oven at

393 K (120°C) covered with a watch glass to avoid water evaporation and recrystallization of the sample
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2.2 Other preparation methods used for Ni-based spinels (Ni;4MgyyAls70,)

at room temperature. The beaker content is homogenized at 393 K (120°C). Both of these operations are
repeated until a high dispersion is reached. The precursor is then carefully precalcined in a rotary flask
up to 698 K (425°C) for 4 h to slowly eliminate water, nitrates, and carbonates. An amount of 5 wt.% of
graphite is added as lubricant to the precalcined precursor, which is then shaped into tablets of 13 mm
diameter and a height of 5 mm by applying an axial force of 30 kN. The resulting tablets are then crushed
to obtain the desired split of 500-1000 wm, which is then calcined by heating at a ramp of 5 K.min~! up
to 1223 K (950°C) for 4 h in synthetic air.

2.2 Other preparation methods used for Ni-based spinels (Ni;4Mgy9Als70,)

In order to benchmark the preparation of the catalyst prepared by molten-salt impregnation, other syn-
thesis methods are used to prepare catalysts with the same stoichiometry (Nij4Mgy9Als70,), but the

precalcination, shaping, crushing, and final calcination are kept identical, if possible, as it can be seen in

Tab.2.11

Short  Carrier Addition of Preparation Shaping

name precursor nit. hex. method

MSI  Pural MG30 Ni Molten-salt 13 x Smm tablets
impregnation

PRC  Alnit. hex. Ni+Mg Precipitation =~ Compactor

SD Pural MG30 Ni Spray drying 13 x Smm tablets

Table 2.1: Overview of the all prepared Ni-based spinels with Nij4Mgy9Als70, stoichiometry calcined at
1223 K (950°C); nit. hex., nitrate hexahydrate

The synthesis method used for precipitation and spray drying is detailed below:

* The sample "PRC" is synthesized by coprecipitation. The desired amount of nitrate salts is dis-

solved in deionized water to obtain an ionic solution containing 1 mol.1"! of Mg2+, APt or Ni2t;
a sodium carbonate solution of 1 mol.I~! is also prepared, which serves as the precipitating agent.
Both vessels are heated at 343 K (70°C) under vigorous stirring. When the temperature is reached
in both vessels, 840 ml of nitrate solution is added dropwise to the carbonate solution over the
course of 30 min at 343 K (70°C) under vigorous stirring until the pH value reaches 8.5. After
1 h of passing an air stream through the suspension, the precipitate is filtered and washed with
deionized water to eliminate the excess of nitrate.
The solid is harvested and redispersed in water to reach a solid content of 5 wt.%. This solution
is sprayed with a flow of 18 ml.min~! at 623 K (350°C) using a nozzle of 1 mm diameter with an
air scale division of 40% from the top to the lower part of the spray tower. The primary pressure
of air to spray the slurry is about 2 bar. The catalyst powder is obtained at the bottom of the tower
before the exhaust.

After precalcination, the catalyst precursor undergoes shaping between corrugated cylinders pressed
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2. DESIGN OF PROCEDURES FOR THE SYNTHESIS OF NI-BASED
SPINEL CATALYSTS

at 200 bar (compactor) four times before sieving and final calcination as described for the molten-

salt impregnation.

* The sample "SD" is prepared by spray drying. For this, a slurry made of the hydrotalcite-like
carrier PURAL® MG30 from Sasol with Ni nitrate hexahydrate is prepared. Ni nitrate hexahydrate
is dissolved in water, and the carrier powder is added under vigorous stirring to reach a solid
content of about 20 wt.%. Spray drying is then performed with a flow rate of 22 ml.min~! at 623 K
(350°C); two samples harvested at the bottom of the tower before the exhaust are analyzed by XRF
before mixing. The dried precursor is precalcined, shaped, crushed, and calcined in synthetic air

with a ramp of 5 K.min~! at 1223 K (950°C) for 4 h.

2.3 Characterization of the Ni-based spinels

As standard measurements, all catalysts are analyzed with XRD and N; physisorption. Furthermore, the

spent catalysts are further characterized after testing with XRD.

All catalysts are characterized by XRD using Cu Ky (A=1.5405980 A) at 40 mA and 40 kV with a
diffractometer D8-Discover (Bruker AXS). The patterns are obtained with an angular position from 16.3
up to 53.5° and a precision of 0.02°. The Match! software (Crystal Impact) is used for phase identifica-
tion based on the International Center for Diffraction Data and the RIR method.

Furthermore, elemental-composition determination is achieved by performing XRF on dried samples ob-
tained from spray drying with an Eagle III spectrometer (Rontgenanalytik Messtechnik GmbH) equipped
with a Rh anode. The spectrometer operates under vacuum at 25 kV and 500 pA.

Determination of the specific surface area of catalyst samples is achieved with N, physisorption and the
BET method. First, samples are preconditioned at 573 K (300°C) for 1 h in nitrogen flow prior to anal-
ysis. Sample-specific surface areas are then determined on the basis of a five-point adsorption isotherm

by the BET-method using a TriStar II (Micromeritics).

The benchmark catalyst prepared by molten-salt impregnation is selected for further investigations with

TPR, mercury porosimetry, and electron microscopy.

The mercury-porosimetry measurements are executed in collaboration with BASF SE in Ludwigshafen.
A sample of about 0.5 g is analyzed by AutoPore IV 9500 (Micromeritics) that is able to characterize
pores from 0.0030 up to 300 um. To remove potentially physisorbed gases, the sample is set under
vacuum (70 mm Hg) for 20 min. Thanks to the Washburn equation, the pore-size distribution is then

evaluated based on the measurement of the mercury uptake as a function of the pressure.
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2.4 Preformation study of the Ni-based spinel catalyst prepared by
molten-salt impregnation

TPR is performed at BASF with AutoChem II 2920 (Micromeritics) equipped with a Thermal Conduc-
tivity Detector (TCD). A flow of 50 sccm (under standard temperature and pressure) of forming gas
(5 vol.% H; in Ny) is used on about 200 mg of catalyst sample, which is heated to 1173 K (900°C) at
a ramp of 5 K.min~!. The results are plotted as response of TCD signal against temperature; peaks are

observed at the characteristic reduction temperatures.

SEM measurements are performed in collaboration with BASF. SEM images are recorded at 20 kV from

back scattered electrons. In addition, energy-dispersive X-ray spectroscopy at 20 kV is used for element

mapping.

2.4 Preformation study of the Ni-based spinel catalyst prepared by molten-

salt impregnation

In order to understand the reduction mechanism of the material under investigation, the benchmark cat-
alyst sample is further investigated in a preformation study. The samples are reduced separately in a
special unit (Fig. [2.2). This unit features 4-fold reactors made of quartz glass that are fed with a feed
of the same composition, but since every reactor is heated by a separate furnace, the temperature can be

varied from sample to sample.

H,0
Gas cylinder
N,
0
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heated
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U i A
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Figure 2.2: Four-fold unit used for the preformation study

Various parameter influences have been studied, such as preformation temperature, hold time, and gas

atmosphere, that include the addition of steam and CO, to the initial forming gas. The overview of the
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34 preformed samples is presented in Tab. [2.2] The heating ramp for this experiment design is fixed at

5 K.min~!.

Set Hold Catalyst Gas
temperatures time volume  atmosphere
[K]([°CD) [h] [ml] [vol.%]
673, 873,903,943, 973, 1023, 1073, 1173 4 6.5 FG.5

(400, 600, 630, 670, 700, 750, 800, 900 )
1173 (900) 165 6.5 FG.5

673, 873, 903, 943, 973, 1023, 1073, 1173 4 6.5 F.G.5+10% H,0
(400, 600, 630, 670, 700, 750, 800, 900 )

1173 (900) 165 6.5 F.G.5+10% H,O

673, 873, 903, 943, 973, 1023, 1073, 1173 4 6.5 F.G.5+10% CO,
(400, 600, 630, 670, 700, 750, 800, 900 )

673, 873,903, 943,973, 1023, 1073, 1173 4 6.5 F.G.5+10% H,0+5% CO,
(400, 600, 630, 670, 700, 750, 800, 900)

Table 2.2: Design of experiments of preformation conditions used on the benchmark Ni-based spinel catalyst.
F.G.5; forming gas with 5 vol.% Hj in 95 vol.% N,

About 5 g (6.5 ml) of calcined sample is loaded in each reactor. The reactors are set under the desired gas
atmosphere with a flow of 150 sccm per reactor. The reactors are then heated up to the set temperature
at 5 K.min~!. At the end of the reduction, the reactor is cooled down under N5 and the samples are
passivated by stepwise substitution of N, with synthetic air.

The samples are then analyzed by means of X-ray diffraction and N, physisorption; in addition, their

loose bulk density is measured with the aid of a scales and a measuring cylinder.

2.5 Test protocol for the catalyst screening

The reactor configuration used for the molten-salt impregnation (MSI) benchmark catalyst test corre-
sponds to the configuration (d) of section [2.1]in part IV, in which 20 ml of 500-1000 um split catalyst
is tested in the isothermal zone with a prebed of corundum. The benchmark catalyst is tested in the

screening unit.

Following the investigation of the gas-phase reactions, the Hy test protocol has been chosen because of
its stability. The test protocol is slightly adapted from the H; test protocol of the gas-phase reaction
investigations and described in Tab.

The test is repeated in the screening unit with the precipitated catalyst; however, the corundum prebed is
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2.5 Test protocol for the catalyst screening

omitted and only 20 ml of catalyst is tested with an empty prebed. Unfortunately, the catalyst prepared
by spray drying has not been tested yet.

Phase Temperature CHy CO, H,O H, Ar
[K] ([°CD [vol.%] [vol.%] [vol.%] [vol.%] [vol.%]
1 1123 (850) 47.5 - 47.5 - 5
2 1123 (850) 26.0 29.0 40 - 5
3 1123 (850) 26.0 29.0 - 40 5
4 1123 (850) 30.8 34.2 - 30 5
5 1223 (950) 30.8 34.2 - 30 5
6 1223 (950) 35.5 39.5 - 20 5
7 1223 (950) 40.3 447 - 10 5
8 1223 (950) 40.3 44.7 5 5 5
9 1223 (950) 40.3 447 10 - 5

Table 2.3: Feed composition and reactor temperature for the Hj test protocol performed at 21 bar with a
CH4/CO; ratio of 0.9

The catalysts are "preformed" at 723 K (450°C) for 10 h before the unit is started as in the Pt-based
catalyst section[2.1.3]in part[V]under steam reforming. After stabilization of the catalytic activity, CO; is
then used in the feed stream with a CH4/CO; ratio of 0.9 and 40 vol.% H,O (phase 2) before substitution
of H,O with H; (phase 3). H; is then substituted with CO, and CH4 simultaneously while keeping the
CH4/CO; ratio of 0.9. At phase 5, the temperature is increased to the limit of coke deposition and at
phase 8 and 9 H; is replaced with H,O stepwise. However, "pure” CO; reforming with even severer
operating conditions than phase 9 is not especially attractive since about 10 vol.% H,O are expected at
thermodynamic equilibrium in CO, reforming anyway. Therefore, addition of 10 vol.% H,O directly to
the feed stream is used to make the operating conditions slightly milder for the desired target reaction.
Each phase is tested at least 30 h until the catalytic activity is stable.

The comparison of Hy and H,O test protocols is performed on the benchmark catalyst at 1123 K (850°C)
with the same GHSV and pressure. The adapted H,O test protocol used is given in Tab. 2.4] In this

protocol, the temperature is maintained at 1123 K (850°C) to minimize the effect of gas-phase reactions.

Phase Temperature CHy CO, H,0O H, Ar
[K] ([°CD [vol.%] [vol.%] [vol.%] [vol.%] [vol.%]
1 1123 (850) 47.5 - 47.5 - 5
2 1123 (850) 26.0 29.0 40 - 5
3 1123 (850) 26.0 29.0 - 40 5
4 1123 (850) 30.8 34.2 - 30 5
5 1123 (850) 355 39.5 - 20 5

Table 2.4: Feed composition and reactor temperature for the adapted H,O test protocol at 1123 K (850°C)
and 21 bar with a CH4/CO; ratio of 0.9

Finally, 78 ml of the MSI benchmark catalyst are tested in the reactor with the same usual conditions

(no GHSYV adaption, same molar flow rate); the H,O test protocol given in Tab. 2.4 performed at 1173 K
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(900°C) to maximize activity.
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3 Results of Ni-based spinel catalysts

The catalysts are synthesized and systematically analyzed by means of XRD and N, physisorption prior
to testing. The benchmark MSI catalyst is chosen for further analysis like SEM, mercury porosimetry,
and TPR. The preformation study is conducted on the MSI catalyst and interpreted by using XRD,
specific surface area, and LBD. The catalytic tests are conducted with the H, test protocol on the MSI
and PRC Ni-based spinels synthesized, whereas the SD catalysts synthesized by new routes has not been
tested yet. Finally, the H,O test protocol is used to test the MSI catalyst in two different configurations
to fulfill industrially relevant conditions, with 20 ml of catalyst without prebed and 78 ml of catalyst
including a catalyst prebed. The traces of product from methane pyrolysis and coupling are also analyzed

to interpret the impact of the gas-phase reactions.

3.1 Characterization results of the freshly prepared Ni-based spinels

3.1.1 Ni-based spinel prepared by MSI

After synthesis, the benchmark catalyst is characterized by XRD and N, physisorption; in addition, the
loose bulk density (LBD) is calculated prior to reactor filling. These results are presented in Tab.

Short Ni Mg Al Crystallographic Specific surface LBD
name [mol.%] [mol.%] [mol.%] phases area [m?2. g N [g.ml™ 1
MSI 14 29 57 Nig sMgosO+(Ni/Mg)Al,04 42.4 0.771

Table 3.1: X-ray diffraction and N,-physisorption results as well as LBD for the benchmark Ni-based spinel
(MSI) as 500-1000 um split after calcination in air at 1223 K (950°C)

The mixed oxides of Nig sMgg 50 and (Ni/Mg)Al,O4 are identified as the main phases of the benchmark
catalyst (Fig. . A specific surface area of 42.4 m>.g~! as well as a light LBD are obtained after
calcination at 1223 K (950°C).

Ni2* and Mg?*, with a similar ionic radius and the same crystal structure of spinel (Fd3m) and of
MgO/NiO (Fm3m), can form mixed oxides, as it has already been observed with (Mg/Ni)O341 and
(Ni/Mg)Aly O 32342,
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3. RESULTS OF NI-BASED SPINEL CATALYSTS
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Figure 3.1: Diffractogram of MSI benchmark Ni-based spinel catalyst (Ni;4Mgy9Als70) after calcination at
1223 K (950°C) in air

The mixed oxides observed in the Fig. are highlighted by the 20 values, which are located between
the reflexes of the pure NiO and MgO or NiAl,O4 and MgAl,O4. Indeed, as the Ni content increases
with respect to Mg content in the mixed oxide, the (200) reflex of (Mg/Ni)O and the (400) reflex of
spinel shift to larger 20 angles. This is due to the substitution of Mg?* with Ni** within the MgO lattice.
Because Ni** is smaller than Mg?*, the cubic lattice shrinks and the reflexes shift to larger 26 angles.

The same effect can be observed with substitution of Mg?* with Ni>* in the MgAl,Oy lattice.
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Figure 3.2: Highlight of reflex shifts in XRD pattern from MSI due to the formation of mixed oxides with a
zoom on the reflexes (200) of (Mg/Ni)O mixed oxide and (400) of (Mg/Ni)Al,O4 mixed oxide and comparison
with simulated XRD patterns of NiAl,O4, MgAl;O4, NiO, and MgO

Because metallic Ni is the active metal in reforming, TPR analysis shows, which temperature is required
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3.1 Characterization results of the freshly prepared Ni-based spinels

to obtain Ni® from Ni>*. Fig. shows a single large peak at 1026 K (753°C) characteristic of Ni>™
reduction in (Ni/Mg)O=*!/but possibly also of (Ni/Mg)Al,04°*". Coleman et al.**" reduced a (Mg/Ni)O
mixed oxide at 1063 K (790°C) and NiAl,O4 at 1123 K (850°C). These samples have been prepared in
two steps: first the coprecipitation of Mg and Al nitrate salts with sodium carbonate; after calcination
at 1123 K (850°C), these supports are impregnated with Ni nitrates in deionized water with subsequent
calcination at 1123 K (850°C) in air for 5 h*3’. The higher temperature observed by Coleman et al.23

may result from a higher heating rate (10 K.min~! instead of 5 K.min™!).

TCD signal [a.u.]
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Figure 3.3: Curve representing the consumption of Hj in temperature-programmed reduction of benchmark
catalyst (MSI)

Of major interest for the improvement of mass transfer is the size of macro- and mesopores. These are
characterized by mercury porosimetry, and the results are shown in Fig. [3.4] A bimodal pore distribu-

tion with large (>100 wm) and small pores (1-0.01um) is identified, yielding a pore volume of 0.8 ml.g~!.
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Figure 3.4: Pore distribution of benchmark catalyst (MSI) after calcination at 1223 K (950°C) obtained by
mercury porosimetry
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3. RESULTS OF NI-BASED SPINEL CATALYSTS

The SEM investigation on the final catalyst (Fig.[3.5]) shows a variation of composition within the catalyst

grains (dark/bright spots).

Figure 3.5: SEM imaging of benchmark catalyst (MSI) showing the relative inhomogeneity

Analysis of the composition of one region is conducted on one grain (Fig.[3.6). Element mapping allows
to identify bright spots as Ni-rich as well as Mg- and Al-poor spots and the other way around for dark
spots in the SEM images. The molten-salt impregnation does not achieve a very high Ni dispersion

compared to Al or Mg distribution over the catalyst grain.

Figure 3.6: SEM imaging of benchmark catalyst (MSI) showing elemental mapping of Mg, Ni, and Al on
the original image (left side)

3.1.2 Other preparation routes for the Ni-based spinel catalysts

In order to benchmark the catalyst prepared by molten-salt impregnation, other classical synthesis routes
are investigated, such as precipitation and spray drying.

The results of analysis after calcination at 1223 K (950°C) are given in Tab. 3.2} The phases observed
in the XRD patterns are comparable to the mixed oxides obtained for the MSI catalyst, except for the
sample prepared by precipitation that shows traces of precipitating agent (sodium), while the presence of
Si could be a result of the high basicity of the Na,CO3 solution that dissolved Si from the beaker glass.
The alternative preparation routes chosen to benchmark our previous catalyst results in lower specific
surface areas especially when the hydrotalcite-like carrier is not used like in precipitation. The specific
surface area of the benchmark catalyst is four times larger than after precipitation and 50% larger than

for the sample prepared by spray drying.
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3.1 Characterization results of the freshly prepared Ni-based spinels

The lower specific surface area and higher LBD of PRC compared with MSI catalyst are probably due
to the difference in shaping: the compactor uses higher pressures than the tablet machine; therefore, the
specific surface area and the LBD are likely to be lower in the PRC case. The SD catalyst has probably
a specific surface area lower than that of the MSI catalyst because of the long thermal treatment in the

spray tower.

Short Ni Mg Al Crystallographic Specific surface LBD

name [mol.%] [mol.%] [mol.%] phases area [mz.g_l] [g.ml_l]

MSI 14 29 57 (Ni/Mg)O+(Ni/Mg)Al,04 44.4 0.771

PRC 14 29 57 Ni/Mg)O+(Ni/Mg)Al,04 114 1.060
+Mgo.9Si1.1Na; gO4

SD 14 29 57 (Ni/Mg)O+(Ni/Mg)Al,0O4 30.3 -

Table 3.2: Comparison of X-ray diffraction and N-physisorption results as well as loose bulk density (LBD)
of newly synthesized Ni-based spinel catalyst as 500-1000 pwm split

Details of the XRD patterns are presented in Fig. Apart from the presence of impurities in PRC, the
phase composition of PRC and SD appears to be close to the MSI-catalyst phase composition.

= (NI/Mg)ALO,
e (Mg/Ni)O
* Impurity

Relative intensity [-]

15 20 25 30 35 40 45 50 55
2theta [°]

Figure 3.7: Comparison of XRD patterns of the three Ni-based spinel catalysts with the various synthesis
routes (MSI, PRC, SD)

The particle size resulting from these new preparation routes is displayed in Tab. [3.3] The precipitation
route as well as the spray drying route with PURAL® MG30 lead to a 50% larger particle size than ob-
served for the benchmark catalyst. It can be concluded that the homogeneity of the benchmark catalyst

is probably higher.

In order to obtain a highly homogeneous catalyst precursor, the spray-dried samples obtained in the
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3. RESULTS OF NI-BASED SPINEL CATALYSTS

Short Ni Mg Al Particle size Particle size

name [mol.%] [mol.%] [mol.%] (Ni/Mg)O [nm] (Ni/Mg)Al,O4 [nm]
MSI 14 29 57 20 18

PRC 14 29 57 40 24

SD 14 29 57 30 30

Table 3.3: Comparison of crystallite size of (Ni/Mg)O and (Ni/Mg)Al,O4 calculated with the Scherrer equa-
tion for all preparation routes

tower and before exhaust should have a similar composition. For this reason, XRF-analysis is performed
on these both samples. The XRF-device delivers "uncalibrated" values for Ni, Mg, and Al and can be

compared with the values of the benchmark catalyst after calcination at 1223 K (950°C), see Tab. [3.4]as

reference.
Short Position Ni Mg Al
name [Wt.%] [wt.%] [wt.%]
MSI  Reference 28 39 33
SD Tower 31 50 18
Exhaust 23 26 51

Table 3.4: Comparison of XRF analysis on both samples obtained after spray drying with the various carriers.
Molten-salt-impregnation Ni-based spinel catalyst after calcination at 1223 K (950°C) is used as reference.

Both samples are clearly different, one Al-rich, the other Mg-rich.

Using PURAL® MG30 with the spray drying preparation route appears to result in the segregation of
hydrotalcite (Mg/Al=3/1) and boehmite. Both of these samples can be mixed to synthesize the SD
catalyst; however, the XRD pattern of the final catalyst shows that the resulting crystallites of (Ni/Mg)O
and (Ni/Mg)Al,Oy4 are about 50% larger than for the MSI catalyst (Tab. [3.3).

3.2 Preformation study of MSI catalyst

The preformation of the MSI catalyst studied with various gas atmospheres are found to be relatively
similar to the preformation with forming gas 5 (5 vol.% H» in Ny) (Fig[3.8). Metallic Ni is identified
at about 943 K (670°C) in the XRD patterns. During preformation, the (Ni/Mg)O and (Ni/Mg)Al,O4
reflexes are shifted because Ni** leaves the (Ni/Mg)O and (Mg/Ni)Al,O4 lattices. TPR (Fig. has
shown that the reduction starts already at 873 K (600°C); however, Ni” is detected at higher temperatures
by XRD because very thin particles of Ni® are not identifiable. As the temperature of preformation in-
creases MgO phase content decreases. Indeed, the reduced Ni located in NiAl,Oy4 leaves free y-alumina,
but this phase cannot be identified because MgO and y-alumina react together to form further MgAl,O4.
The PURAL MG30 carrier contains a Mg/Al ratio of 1/2, which corresponds to the MgAl,O4 stoichiom-
etry. A light excess of Mg is found in the initial stoichiometry of the carrier explaining why MgO traces
remain after preformation. Above 1073 K (800°C), no further change in phase content is observed on

the preformed catalyst, which contains Ni over MgAl,O4 with traces of MgO.
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3.2 Preformation study of MSI catalyst
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Figure 3.8: XRD patterns of preformed samples under forming gas 5 (5 vol.% H, and 95 vol.%N5;) from 673
up to 1173 K (400 up to 900°C) are compared to the benchmark catalyst (MSI) before preformation.

A change in color is observed as the samples are reduced. Indeed, the samples are green prior to testing

due to the presence of NiO and NiAl,O4. As Ni?* is reduced to metallic Ni°, the color turns first grey

and then black, the color of Ni°. MgAl,Oy4 is white and, therefore, does not interfere with the color

change.

Gas atmosphere

Temperature hold 4h

400°C 600°C 630°C 670°C 700°C 750°C 800°C 900°C

5vol.% H,

5vol.% H,

+10vol.% H,O |

5vol.% H,
+5vol.% CO,

5vol.% H,
+ 10vol.% H,O
+ 5vol.% CO,

Figure 3.9: Pictures showing the color change of the preformed samples for the four different preformation
programs from 673 up to 1173 K (400 up to 900°C)

The pictures of the 32 samples preformed for 4 h are shown in Fig.[3.9] The initial color of preformed

catalyst is present up to 673 K (400°C). Differences appear at 873 K (600°C) with changes in sample

color even if XRD patterns cannot confirm the presence of metallic Ni. Ni>* reduction starts at around
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3. RESULTS OF NI-BASED SPINEL CATALYSTS

this temperature according to TPR analysis (Fig. [3.3). Further changes in color are not observed above
1023 K (750°C); however, traces of MgO still react with Al,O3 to MgAl,O4. The color change can be

used as a characteristic for the identification of metallic Ni, proving that reduction occurs.

The addition of steam at the preformation step leads to an increase in the induction time of Ni’* reduc-

tion; CO;, addition also increases the induction time but to a larger extent.

The XRD patterns of all samples are used for the calculation of particle size by the Scherrer formula. The
results are shown in Fig.[3.10} The particle size of (Mg/Ni)Al,O4 and (Mg/Ni)O is relatively constant;
only at 1173 K (900°C) a discernible increase in particle size of spinel is seen. Regarding the particle size
of metallic Ni, a higher preformation temperature leads to a significant increase of particle size especially

if steam is used. The preformation only with H, is optimal to avoid sintering of Ni nanoparticles.
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Figure 3.10: Comparison of particle size of a) (Ni/Mg)Al,O4, b) (Ni/Mg)O, and c) Ni® calculated with
Scherrer formula for the MSI catalyst preformed at temperatures up to 1173 K (900°C) compared with the
MSI catalyst after calcination

The specific surface areas and LBD are measured and plotted in Fig. [3.11] The specific surface areas
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3.3 Performance overview of Ni-based spinel catalysts

decrease with higher temperature of about 10% while longer preformation in the presence of steam pro-
motes sintering and loss of specific surface area=%132. The loss of specific surface area starts at 1023 K
(750°C) and could be limited by the use of H; only.

A change in LBD is not observed because the "signal-to-noise" ratio is too high to perceive a trend.
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Figure 3.11: Comparison of a) specific surface areas and b) loose bulk densities (LBD) for the MSI catalyst
preformed up to 1173 K (900°C) compared with the MSI catalyst after calcination

The preformation of the benchmark catalyst is well understood. Using a high preformation temperature
leads to a faster reduction of Ni>* and formation of more spinel-phase content. The preformation step
should ideally be achieved only under H, in N;. Nevertheless, the catalyst has to resist to steam and CO,
partial pressure present in the catalytic bed during reforming operations. In this case, sintering of Ni®
nanoparticles and a much slower preformation process can be expected. From this point of view, only
catalytic tests can reveal, if the Ni nanoparticle generation and their stabilization is sufficient to achieve

high activity and stability over a long period of time.

3.3 Performance overview of Ni-based spinel catalysts

The catalysts prepared by molten-salt impregnation (MSI) and precipitation (PRC) are tested with the
H, test protocol and their test performances are compared (Tab. [3.3). The 20 ml of MSI catalyst is tested

with a corundum prebed while the 20 ml of PRC catalyst is tested without the corundum prebed.

The two catalysts showed similar performance during the two first phases of the test protocol in the
presence of water. Both catalysts show that they can almost achieve thermodynamic equilibrium for the
first two phases. However, after switching from H>O to Hj the catalytic activity and the catalyst perfor-
mances are different. The MSI catalyst shows high methane activity whereas the PRC catalyst shows
only poor methane activation before the reactor was plugged probably due to the syngas being very CO
rich (H,/CO ratio of 0.6) and the high pressure. Finally, after substitution of H, by H,O, the MSI catalyst

achieves almost the thermodynamic reforming equilibrium under CO, reforming with CH4/C0O,=0.9 and
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3. RESULTS OF NI-BASED SPINEL CATALYSTS

# Catalyst Steam Ref. Ref. with Ref. with Ref. Ref. with Ref. with | Ref. with Ref.
Ref. with 40vol.% Hy | 30vol.% with 20vol.% 10vol.% | 5vol.% H,O | with
40vol. H, 30vol. H, H, + 10val.
% H,0O % H, 5v0l.% H,0 % H,0
850°C 950°C
CH,/CO, | Phase 1 2 3 4 5 6 7 8 9
(100h)
MSI XCH, | 46 66 38.4 456 67 63 57 67 82
1 with corundum 0.9 XCO, | - 33 73.8 73 73 72 67 67 74
prebed H,/CO 3.9 1.6 1.47 1.2 1.0 1.0 0.8 0.8 0.9
PRC XCH, | 41 70 4 4 29 31 33
2 without corundum 0.9 XCO, | - 31 43 22 65 60 52
prebed H,/CO | 4.2 1.6 1.6 25 1.2 0.9 0.6
X XCH, 53.0 80 384 456 71 74.9 78.0 81.9 85.2
E:i:ﬁ?}‘;ﬂ‘r::‘am'c 0.9 xco, | - 37.9 738 73.0 86 856 852 82.1 78.7
H,/CO | 3,83 1.55 1.47 1.16 1.24 1.04 0.89 0.91 0.91

Table 3.5: Test performances of the Ni-based spinels prepared by MSI and precipitation during the H test
protocol at temperatures ranging from 1123 up to 1223 K (850 up to 950°C) compared with the thermody-
namic reforming equilibrium. Phases are detailed in section[2.3} Ref., reforming with a CH4/CO ratio of 0.9.
The target reaction is achieved at phase 9 and is tested for 100 h. Green color states that the catalyst exhibits
full carbon recovery, orange that the carbon recovery decreases due to coking, and grey that the performances
are not tested under the given conditions.

additional 10 vol.% H,0 at 1223 K (950°C), 21 bar, and with a GHSV of 3800 h~!.

The difference observed in performance is probably due to the impact of the gas-phase reactions and
particularly the presence of the prebed. Indeed, the presence of the corundum prebed allows to start the
CO, activation by RWGS with formation of steam that can react directly with methane and, therefore,
improves methane activation. The absence of prebed enhances the formation of coke precursors in the
gas phase, particularly at 1223 K (950°C). These coke precursors can deposit on the catalyst surface and
provoke reactor plugging. Moreover, the absence of a prebed reduces the H,O formation rate and, there-
fore, methane is hardly activated in the short catalytic bed due to a short residence time in the catalytic

bed.

In addition to the presence of the corundum prebed, the unexpected high stability and activity of the MSI
catalyst could be due to the moderate acid-base character of the MgAl,O4 main phase content in the
catalyst®?V, In addition, the large mesopores/macropores observed in Fig. but also the low LBD, for
the MSI catalyst should also improve mass transfer and, therefore, limit amorphous coke formation and

stabilize the Ni nanoparticles=+3.,

Of particular interest is that the expected H,/CO ratio of one can be achieved with about 10 vol.% H,0 in
CO; reforming (phase 9 in Tab. @ but also with 20-30 vol.% H, (phases 6 and 7 in Tab. @]); however,
the operating conditions of phase 6 and 7 are not industrially attractive because pure H, is relatively
expensive and not always readily available. Moreover, phase 9 offers higher conversions of methane and

CO,. The PRC catalyst achieves also a H,/CO ratio of one at phase 6, but further testing with higher
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3.3 Performance overview of Ni-based spinel catalysts

severity shows that high activity of RWGS and poor methane activation gives high CO concentrations
and thus a very low H,/CO ratio, synonymous of a higher coking risk by CO disproportionation.

Furthermore, coke-precursor analysis, displayed in Tab. [3.6] shows that only ethane and ethylene are
identified. During the first two phases with a high steam concentration in the feed stream no coke pre-
cursors are observed. Later in the test phases, decreasing the amount of H; in the feed stream results
in an increase of coke-precursor concentrations. When Hy is replaced by steam the coke-precursor con-
centration appears to decrease in the last three phases (7, 8, and 9). In the case of the PRC catalyst,
higher coke-precursor concentrations are identified especially prior to and during reactor plugging. Fur-
thermore, after increasing the temperature from 1123 to 1223 K (850 to 950°C), the formation of coke

precursors is "eliminated" (phases 4 and 5).

# Catalyst Steam Ref. Ref. with Ref with Ref. Ref. with Ref with | Ref.with Ref.
Ref. with 40vol % H: | 30vol % with 20vol.% 10vol.% | 5Svol% H,O | with
40vol. H, 30vol Ha H, + 10vol.
% H,0 % H, 5vol % H,0 % H,0
850°C 950°C
CH,/CO, | Phase | 1 2 3 4 5 6 7 8 9
Conc. (100h)
[ppm]
MSI C;Hg - - - - - - 30-100 30-50 -
1 with corundum 0.9 CHe | - - B B B - 0-40 B -
prebed T _ _ _ _ _ _ _ _ _
PRC C;Hg - - - 50-75 - 50-100 125-500
2 withoutcorundum | 0.9 C;H, - - - - - - 0-200
prebed C,t - - _ _ - - _

Table 3.6: Comparison of coke precursor concentration measured in product stream for the MSI and PRC
catalytic test during the Hj test protocol for temperatures ranging from 1123 up to 1223 K (850 up to 950°C).
Green color states that the catalyst exhibits full carbon recovery, orange that the carbon recovery decreases
due to coking, and grey that the performance are not tested under the given conditions.

First, the MSI catalyst shows a very low formation of coke precursors at low concentrations of H, that
disappear as Hj is replaced by H,O because the catalyst is able to convert these coke precursors probably
by a faster activation of hydrocarbons by steam, which is already present at the upper end of the reactor.
The PRC catalyst and its reactor configuration show higher coke-precursor formation up to reactor plug-
ging, probably because the high concentrations of coke precursors at low H, content could not be "han-
dled" by the catalyst on which coke remained. Moreover, the temperature increase from 1123 to 1223 K
(850 to 950°C) can suppress the formation of ethane (phases 4 and 5) because it is probably easier to
reform than at 1123 K (850°C).

3.3.1 Influence of test protocol on performance of Ni-based spinel catalyst prepared by
MSI

The benchmark catalyst is now used for further investigation with the H,O test protocol. Indeed, reform-

ing with H,O instead of H; is economically more attractive for industrial purposes. The performance
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3. RESULTS OF NI-BASED SPINEL CATALYSTS

comparison is presented in Tab.

# Catalyst Steam Ref. Ref. with Ref. with
Ref. with 30vol.% 20vol.%
40vol. H, (1) or H,O
%H0 | H,0(2)
850°C
Test CH,/CO, | Phase | 1 2 3 4 (150h)
protocol
Ml XCH, | 46 66 456
1 with corundum With H, 0.9 Xco, | - 33 73
prebed Hyco | 39 16 1.2
MsI XCH, | 52-32 17-47 | 50-45 38
2 without corundum | WithH,O | 0.9 XCOo, | - 38-32 38-32 35
prebed H,/CO | 3.5-4.4 1.1 1-1.1 0.9
. X CH, 53.0 80.0 72.8 67.6
- Thermodynamic | with 4,0 | 0.9 Xco, | - 37.9 49.0 58.0
Equilibrium
H,/CO | 3.83 1.55 1.3 1.05

Table 3.7: Comparison of MSI catalyst performance (20ml catalyst) with (1) Hj test protocol and (2) H,O
test protocol at 1123 K (850°C) with and without prebed. Green color states that the catalyst exhibits full
carbon recovery and grey that the performances are not tested under the given conditions.

At the beginning of the H,O test protocol, conversions evolve with time on stream. For this reason, the
starting and final values of conversions as well as H,/CO ratios are given. The methane conversions are
far from thermodynamic equilibrium of reforming with the H,O test protocol; however, similar perfor-
mances are achieved at the end of phase 3, with methane conversions equal to 45% for both protocols.
The same methane conversions would be expected in phase 2; however, the next phase is tested instead

of waiting for catalyst performance activation under the H,O test protocol.

The use of the H, test protocol causes first a faster preformation of the catalyst. Second, the H test pro-
tocol increases only the CO; conversions and H,/CO ratio because H, from the Hj test protocol, initially
present in the feed stream, can preform the catalyst unlike the H,O test protocol.

The H,O test protocol on the MSI catalyst delivers also a Ho/CO close to unity for more than 150 h
in the presence of 20 vol.% H,O and CH4/CO,=0.9/1; however, a long induction time is required for
preformation in phases 1, 2, and 3. Indeed, the impact of the gas-phase reactions is significant in the
absence of the corundum prebed and could explain the long preformation time necessary to preform the

MSI catalyst.

Bhattacharyya et al.*1% have studied the influence of Mg?* substitution with Ni>* in hydrotalcite. The
top-performer MgsNij Al,Oy exhibits also under extremely high GHSV (14400 h—!) an induction time
of 24 h with a low steam content. After preformation, the catalyst studied by Bhattacharyya et al.*1
achieved thermodynamic equilibrium without coke formation. Even if the catalyst composition is rela-

tively different to the MSI-catalyst stoichiometry (Ni;4Mgy9Als;0y) and appears to show similar prefor-
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3.3 Performance overview of Ni-based spinel catalysts

mation behavior. The performance observed with the MSI catalyst is significantly lower with steam, but
thermodynamic reforming equilibrium of phase 3 and 4 with the Hj test protocol is still achieved. The
reason for this difference in performance is very likely to be due to the preformation of the MSI catalyst,

which is incomplete at the beginning of the H,O test protocol.

Finally, the measurement of coke precursors is achieved; however, none of the typical coke precursors
have been identified in the different phases of the MSI catalyst tested without prebed and with the H,O
test protocol presented in the Tab.

This observation could be the result of the moderate temperature 1123 K (850°C). As a result, only
low concentrations of coke precursors are achieved. Due to these low concentrations, the catalyst can

probably convert them easily to H,, methane, and CO and limit their impact.

3.3.2 Influence of reactor configuration with H,O test protocol on performance of Ni-
based spinel catalyst prepared by MSI

As it has been already pointed out in the gas-phase reaction study (part IV), the use of a "full" bed like
the configuration (d) (78 ml of catalyst with corundum in the cold zone) could limit the influence of the
gas-phase reactions in comparison with configuration (c) (20 ml of catalyst without prebed). In addition,
the H,O test protocol is conducted at 1173 K (900°C) instead of 1123 K (850°C) to improve the activity
of the catalyst. The results are presented in Tab.

# Catalyst Steam Ref. Ref. with
Ref. with 30vol.%
40vol.% | H,0
H,O
850°C
Temper. | CH/CO, Phase 1 2 3
MSI (20ml) X CH, 52-32 17-47 50-45
1 without corundum | 850°C 0.9 XCo, | - 38-32 38-32
prebed H,/CO | 35-4.4 1.1 1-1.1
MSI (78mi) XCH, | 621 2637 | 34
2 with 10m! 900°C 0.9 X CO, - 15-17 25
corundum prebed H,/CO 6.5-5.3 1.5 1.1
X X CH, 53.0 80.0 72.8
WS PRETe 850°C 0.9 XCo, | - 37.9 49.0
Equilibrium
H,/CO 3.83 1.55 1.3

Table 3.8: Comparison of the influence of reactor configuration (20 ml catalyst without corundum prebed
and 78 ml catalyst) on performance of the MSI catalyst.

The stability of the performance is improved by increasing the catalyst volume; however, the perfor-
mances are still lower than with 20 ml of catalyst. This is contrary to the expectation that higher conver-
sions should result when using a larger quantity of catalyst. A possible explanation is that the catalyst is
not fully preformed and, therefore, exhibits lower performances. Phases 1, 2, and 3, as discussed in the
previous section, require long periods of preformation time.

The analysis of coke-precursor formation is shown in Tab. [3.9] The use of 20 ml of catalyst without
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3. RESULTS OF NI-BASED SPINEL CATALYSTS

prebed at 1123 K (850°C) shows that the formation of coke precursors cannot be detected whereas the
use of a full catalyst bed at 1173 K (900°C) results in the formation of ethylene. The coke-precursor

concentration increases from steam reforming up to phase 3.

# Catalyst Steam Ref. Ref. with
Ref with 30vol %
40vol Ha (1) or
%H0 | H,0(2)
Test CH,CO, | Phase | 1 2 3
tocol
protoco Conc.
[ppm]
20ml MSI CoHs
1 without coundum | With H,O 09 C,H,
prebed @850°C o
78 ml MSI CiHs | - = =
2 including With H,0 09 C.H, | 210 50-80 | 80-100
“catalyst prebed” | @900°C Ct - _ _

Table 3.9: Comparison of coke-precursor concentrations measured in product stream for the MSI catalytic
test at 1123 K (850°C) for different reactor configurations

The use of a higher temperature, 1173 K (900 °C) instead of 1123 K (850°C), could explain the increase
of ethylene concentration. Moreover, because the catalyst is probably not fully preformed as suggested,
this could result in a lower conversion of ethylene on metallic Ni and, therefore, in a higher concentration

of ethylene in the product stream.

3.4 Characterization of the spent Ni-based spinels

The spent MSI and PRC catalysts are collected for XRD characterization and compared to the XRD
patterns of the fresh catalysts.

The PRC catalyst prepared by precipitation is analyzed before and after the H; test protocol by means of
XRD. The XRD patterns of the fresh catalyst and the spent catalyst harvested at the very top and at the
bottom of the catalytic bed are displayed in Fig.[3.12]

The spent catalyst samples consist of MgAl,Oy4, Ni® and traces of MgO; in addition, traces of the im-
purity are still identifiable. Moreover, the presence of graphite is detected, particularly at the top of the

catalytic bed.

The impurities are mostly eliminated after performing the H, test protocol, and the phases expected af-
ter preformation of the MSI catalyst are identified. It is worth noticing that the top of the catalytic bed
undergoes strong deactivation by coking as the feed enters the top of the catalytic bed. Indeed, the feed
contains at this point beside CH,4, CO,, Hy, H>O, and CO the product of the gas-phase reactions. Further-

more, the top of the catalytic bed is expected to be cooled down by highly endothermic steam reforming
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Figure 3.12: Comparison of the Ni-based spinel catalyst prepared by precipitation (PRC), fresh and spent
after Hj test protocol. The spent catalyst is harvested at the top and the bottom of the catalytic bed.

at the top of the catalytic; as a result, the coke precursors originating from the gas-phase reactions are

likely to deposit and start coking on the top of the catalytic bed, as it is often observed in the practice.

The XRD patterns of the MSI catalyst, fresh, after preformation at 1223 K (950°C) for 165 h in presence
of H, and H,0, as well as spent after the H, test protocol, are shown in Fig. [3.13] and summarized in
Tab. Unmounting the reactor, in which the MSI catalyst has been tested, is challenging due to
formation of coke between the primary ceramic tube and metal tube that blocked both tubes because of
the breakdown of N; flushing during this catalytic test. The reactor is sawn open to harvest the spent
catalyst; however, corundum fines from the ceramic tube contaminates the spent catalyst samples as seen
in the spent MSI-catalyst XRD patterns. The spent sample exhibits the same phases as the preformed:
metallic Ni and MgAl,O4 with traces of MgO. In addition, traces of graphite are found in the spent cat-

alyst due to coking as well as corundum impurities stemming from the sawn ceramic tube.

The specific surface area is found to be ten times lower than after catalyst preparation. The specific
surface area of the spent catalyst could be falsified due to the presence of graphite/coke, which exhibits

a very high specific surface area.

Short Ni Mg Al Crystallographic Specific surface
name [mol.%] [mol.%] [mol.%] phases area [m2. g N
Fresh MSI 14 29 57 Nig sMgo sO+(Ni/Mg)Al,04 42.4

Spent MSI 14 29 57 Ni+MgAl,04+MgO * 4.6

Table 3.10: Comparison of X-ray diffraction and N;-physisorption results of MSI fresh and spent.* Impurities
from the ceramic tubes inserted in the reactor are also identified.

The different crystallites of the catalyst undergo sintering during the H; test protocol (Tab.[3.11]), which is
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3. RESULTS OF NI-BASED SPINEL CATALYSTS
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Figure 3.13: Comparison of the benchmark Ni-based spinel catalyst, fresh, reduced 165 h under Svol.% H,
+ 5vol.% H»O in N3, and spent after the H, test protocol

Short Ni Mg Al Particle size  Particle size Particle size

name [mol.%] [mol.%] [mol.%] Ni®[nm] (Ni/Mg)O [nm] (Ni/Mg)Al,O4 [nm]
Fresh MSI 14 29 57 - 20 18

Spent MSI 14 29 57 49 - 36

Table 3.11: Comparison of crystallite sizes of Ni%, (Ni/Mg)O, and (Ni/Mg)Al,Oy calculated with the Scherrer
equation for the benchemark Ni-nased catalyst prepared by MSI

enhanced by high temperatures and the presence of steam. The particle size of (Mg/Ni)O and (Mg/Ni)Al,O4
is roughly about 20 nm for the fresh catalysts while the particle size of MgAl,0O4 and MgO (if measur-
able) on the spent catalyst is about 2 times larger. The spinel particle size is particularly resistant to

sintering while Ni is more sensitive.
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3.5 Conclusions

3.5 Conclusions

New preparation methods of Ni-based spinel catalysts with the selected stoichiometry Nij4MgogAls;0,
are investigated. Classical preparation routes are used to benchmark the catalyst prepared by MSI on a
hydrotalcite-like carrier (PURAL® MG30). The spray-drying route based on PURAL® MG30 is found
to be unattractive because of segregation of the hydrotalcite-like compound and boehmite during the
spray-drying operation, which results in the formation of larger crystallites after final calcination. The
PRC catalyst prepared by coprecipitation suffers from the presence of impurities and relatively low spe-

cific surface area.

The preformation mechanism of the MSI catalyst is well understood. The mixed oxides obtained after
calcination at 1223 K (950°C) are Nig sMgg 50 and (Ni/Mg)Al,O4. During preformation in the presence
of Hy, Ni** is reduced above 973 K (700°C), which leaves free MgO and y-alumina that react further
to form MgAl,O4. If the preformation is conducted in the presence of H,O and/or CO, a significant

induction period of time is observed before the catalyst is completely preformed.

The Ni-based spinel catalyst prepared by MSI is a new candidate for the industrial CO, reforming at
high pressure with addition of 10 vol.% H,O. After almost 600 h of runtime, the MSI catalyst exhibits a
high stability with a spinel-particle size of 35 nm and metallic Ni nanoparticles of about 50 nm, which
corresponds to a size increase of about 50%, while the specific surface area is decreased by one order of
magnitude after the long thermal treatment. This could be limited by using lower operating temperatures

and low partial pressure of steam as emphasized in the preformation study.

The precipitated catalyst (PRC) is able to deliver the desired H,/CO ratio of one; however, it has not been
proven to activate methane. In addition, due to the relatively low specific surface area and the presence

of impurities in the fresh catalyst, further tests are not conducted.

The use of H, is suitable to achieve high performances of CO, reforming with 10 vol.% H,O; however,
the H,O test protocol should be preferred for industrial purposes. The use of the reactor configuration
with 20 ml catalyst without prebed and H,O test protocol leads to an instability of the catalyst perfor-
mance probably due to a significant impact of gas-phase reactions. As stabilization of performances is
observed during the H,O test protocol, similar conversions of methane are achieved with H,O and H,
test protocol. CO, conversions are higher with the H, test protocol due to enhanced RWGS. The use
of a full-bed catalyst can help to minimize the influence of gas-phase reactions; however, full catalyst

preformation takes relatively long to achieve optimized performances.

The analysis of coke-precursor concentration in the outlet stream shows that the MSI catalyst can convert

the coke precursors in most cases especially at low-severity operating conditions because they are not
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3. RESULTS OF NI-BASED SPINEL CATALYSTS

detected in the product stream. As the concentration of the coke precursors increases the coking risk is
also increased. Using high temperatures may be helpful to minimize the impact of coke precursors and
gas-phase reactions on the catalyst; however, the catalyst must exhibit high activity and be fully formed

in case of MSI catalyst, otherwise coking is expected to occur.

The performances achieved with the catalysts prepared by MSI in case of the Hj test protocol and H,O
test protocol with 20 ml and 78 ml of catalyst have been extrapolated to improve the reforming mecha-
nism in the presence of steam and/or CO; on Ni-based catalysts developed with the DETCHEM platform
by K. Herrera Delgado in the Deutschmann’s group at Karlsruhe Institute of Technology (KIT)24344|
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Part VII

Ni-based hexaaluminates as catalysts in
reforming reactions in the presence of CO,
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The content of this part consists of the reuse of the two articles published about Ni hexaaluminates#40:241

during this PhD thesis .
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1 Nihexaaluminates in reforming reactions: State
of the art

Hexaaluminates are regarded as promising candidates for catalytic reactions conducted at high tem-
peratures due to their high thermal stability, retention of high specific surface area, and strong inhibi-
tion of crystal growth in the normal direction of the planar structure®*3*” (space group number 194:
P63/mmc?®>). Transition metal-substituted hexaaluminates have the general formula AByAl;p,Oq9_5,
where A is a mono-, di-, or trivalent cation, for instance Na, Ba, Sr, or La, which resides in the mirror
plane between spinel blocks of close-packed oxide ions made of 4 layers, and B is a dopant cation, in our

46147 that are tetrahedrally coordinated, which is typical for A>T

case B=Ni, but it could also be Fe or Co
in spinel blocks near the mirror plane*”. As a result, for Ni hexaaluminates only little changes in thermal
stability are observed compared to the unsubstituted materials®4%-3>Y The charge neutrality of the frame-
work is achieved because of cation vacancies in the mirror planes of the hexaaluminate lattice®>1:3%2, The
high dispersion of Ni>* within the hexaaluminate structure is said to be beneficial for a high dispersion

411240241 The stability of the high dispersion of Ni’ nanoparticles is

of the active center after reduction
fundamental to maintain a high and stable activity in reforming reactions and to minimize the carbon
deposition, since common understanding is that larger Ni° nanoparticles lead to enhanced carbon depo-

sition=8-41i2a2

Only few hexaaluminate materials have the ideal stoichiometry AAl;>O19, for example, magnetoplumbites>2!
CaAl10192233% or SrA1;,0;9°2. Non-stoichiometric compositions are observed for almost all -
alumina materials and for materials incorporating trivalent lanthanide ions in magnetoplumbite struc-

3561357

tures Such non-stoichiometric compositions are due to defect formation in the hexaaluminate

framework, which plays a major role in the charge compensation in hexaaluminate materials2=L.

The ionic radius and the valence of the mirror-plane cation A influence the type of the structure?2l,

which can be classified into magnetoplumbite types (e.g. A = La or Sr) or 3-alumina types (e.g. Ba),
as displayed in Fig.[I.T] The difference between both lattices can be observed in the mirror plane of the
unit cell. For magnetoplumbites, four AI** cations, three O?~ anions, and the A cation are located in the
mirror plane of the unit cell, while for S-aluminas only the A cation and one O?~ anion are located in

this plane. The B-aluminas are divided into two subcategories: the f8’-alumina and f3"-alumina, which
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1. NI HEXAALUMINATES IN REFORMING REACTIONS: STATE OF
THE ART
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Figure 1.1: Structural representation of the hexaaluminate structures: magnetoplumbite and 3-alumina (sim-
ulated with the Vesta software??® and taken from2*Y)

have a Ba-poor or Ba-rich lattice, respectively=>%. These different classes are summarized in Fig.

B’ alumma
B-alumina <
Hexaaluminate B”-alumina

Figure 1.2: The different types of hexaaluminates

In reforming processes, Ni-based catalysts have to typically undergo a reduction step prior or during
reforming operations. Ni hexaaluminates are typically fully reduced at temperatures above 1073 K
(800°C)=*?, Machida et al.?+>*34¢ demonstrated that the oxygen monolayer located in the mirror plane is
less tightly bound in the lattice than the oxygen in the spinel blocks and provides, therefore, a preferential

path for oxide ion diffusion.

For CO; reforming of methane over Ni hexaaluminates, it is important to understand the formation and
nature of catalytically active sites. Methane chemisorbs preferentially on metallic Ni whereas CO; is
chemisorbed probably preferentially on the large mirror-plane cations, as demonstrated by Gardner et
al. with Ba-hexaaluminates=®’. They have quantified the basic site density over the catalyst surface de-
pending on the segregation of Ba on the surface. Based on CO; adsorption measurements, it has been
suggested that the adsorption sites for CO, physisorption are sites containing exposed BaO that has seg-
regated from the bulk phase®®". It could be demonstrated that the amount of adsorbed CO» decreased as
the degree of Ni2* substitution increased in materials with the stochiometry range Bag 75NiyAljz,Op9_s
with y=0.4, 0.6 ,1.
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Several routes are reported for the synthesis of hexaaluminates: coprecipitation of nitrate precursors#0+/:321:361

2281362 169;245;363;364‘ A new synthesis method365

solid-state routes~®!, alkoxide methods , or polyol routes
is used to obtain samples with a high hexaaluminate content as well as high specific surface areas. It has
been found that this new preparation route is giving optimal catalyst precursors, among other synthesis
routes (combustion synthesis, precipitation, colloidal synthesis, polyol-route), leading to direct forma-
tion of hexaaluminate at relatively low temperature with high specific surface area. Indeed, the formation
of a highly homogeneous nanopowder allows to directly synthesize hexaaluminate without the formation
of intermediate crystalline phases such as BaAl,04, LaAlO3, SrAl,O4, BaO, Lay 03, SrO, and alumina
phases to maximize the hexaaluminate content. As a result, the high homogeneity of the nanomaterial
lowers the temperature of hexaaluminate formation.

Beside the partial oxidation of hydrocarbons*0:228359 and catalytic combustion>1*>2 Ni hexaalumi-

1691243124 51246:360:36153631364

nate materials are used in CO, reforming or in mixed-steam CO5 reforming=%!

(MSCR). The most studied hexaaluminate materials in reforming and partial oxidation of hydrocarbons

3601361 16912456364

are based on Ba,Ni and La,Ni hexaaluminates

2l as well as the degree of Ni>* sub-

Gardner et al. have studied the influence of the mirror-plane cation**
stitution®” in the hexaaluminate materials for partial oxidation of middle distillates 46 BaNig4Al;; 60 19-§
and SrNig4Al;; ¢0;9_s have been identified as superior performers in the reaction®*?. The reasoning
why these materials display superior behavior in the partial oxidation of n-tetradecane is that adsorbed
hydrocarbons are less strongly adsorbed onto catalyst surfaces and are, therefore, less prone to undergo
coking, compared with LaNig 4Al;; 60;9_g, in the partial oxidation of n-tetradecane. Recently, Gardner
et al.”® have reported the influence of Ni2* substitution in Bag 75NiyAljp,Op9_s with y=0.4, 0.6, and 1
in the CO; reforming of methane at pressures of 2 bar and temperatures of 1173 K (900°C). It has been
found that lower degrees of Ni** substitution improve the resistance against coking while the activity
decreases slightly with a lower substitution degree“®”. On the other hand, Xu et al.%*% have studied first
the influence of the mirror-plane cation in reforming and found that LaNiAl;1O9_g exhibits the high-
est activity and resistance against coke formation compared with BaNiAl;;09_g5, CaNiAl;;O9_g, and
StNiAl;1Oq9_s.

The effect of the doping cation B has been further investigated by Wang et al.10%3%%  Different series
of LaNi,Mg;_,Al;10;9_g and LaNi,Co;_,Al ;O 9_s have shown that Co and Mg can enhance activ-
ity and stability of La,Ni hexaaluminates against sintering and coking =4 Finally, Liu et al.247:360
reported improved performance of La,Ni hexaaluminates by partial substitution of La’* with Pr3*.
Lag gPrgoNiAl;1Oj9 has been reported to be a superior performer in CO, reforming of methane at atmo-
spheric pressure and 1023 K (750°C); with an input flow rate of 30 ml.min~! for 0.2 g catalyst exhibited
high and stable CH4 and CO; conversions of 89% and 95%, respectively, and after 300 h only 0.75 g of

coke per gram of catalyst was detected?*Z,
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2 Design of experiments of the Ni hexaaluminate
library

In order to assess the performance of Ni hexaaluminates (ANiyAlj>_,O19_s) in CO; reforming of methane
under pressure, the catalysts are characterized before as well as after the reduction step and finally by
a catalytic test. The parameters used for the study are the degree of Ni>* substitution, the mirror-plane

cation (La, Sr, and Ba) and the calcination temperature (Fig. @) A total of 16 Ni hexaaluminates are

Influence of mirror- Sr La
plane cation magnetoplumbite § magnetoplumbite
Influence of 1600°C
calcination 30 h
(
|

Influence Substitution of AI3* through Ni2*:
of substitution degree ANi,Al,., 0, swith y=0.25, 0.50, 0.75,1
Figure 2.1: Design of experiment to assess the catalytic properties of ANiyAlj;_,0;9_g of magnetoplumbite
and B-alumina type (taken from?220367)

synthesized.

2.1 Ni hexaaluminate synthesis

Ni hexaaluminates are prepared based on the best synthetic methods>®¥ to obtain hexaaluminate with

high specific surface area at low temperature. This is achieved by the freeze-drying route.

The nitrate salts of Ni and Ba, La, or Sr are dissolved in as few as possible deionized water in a beaker.
The solution is stirred as strong as possible to obtain a "homogeneous" slurry after the addition of pseu-
doboehmite in powder form (Disperal® from Sasol). After 15 min ageing, the slurry is added dropwise
into liquid N, in a dish-shaped Dewar flask under stirring. The frozen solid is then freeze dried for 96 h
at 243 K (-30°C) under a pressure of 2 mbar in a stainless steel dish. The resulting precursor is then cal-
cined at respective temperatures of 1473 K (1200°C) for 2.5 h or 1873 K (1600°C) for 30 h in a muffle

furnace under air.
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2.2 Reducing treatment of the Ni-hexaaluminate samples

The samples are characterized by the means of XRD and N,-physisorption analysis. Additional mea-

surements are conducted by electron microscopy.

2.2 Reducing treatment of the Ni-hexaaluminate samples

Understanding the reduction mechanism is vital in order to improve the dispersion of the metallic Ni
nanoparticles on the hexaaluminate surface. For this reason, all samples have been investigated after
calcination and reduction by further analysis (XRD and STEM).

The reduction procedure is conducted with 2 ml of Ni hexaaluminate in fixed-bed configuration in a
4-fold reduction unit (Fig. in part by heating the samples at a ramp of 5 Komin~! to 1173 K
(900°C) with a dwell time of 3 h and a flow rate of 150 sccm of 5 vol.% H; in Nj. The reduced samples
are then cooled down under N, atmosphere, and finally the reduced samples undergo passivation at room
temperature with air.

A summary of samples is given in Tab. [2.1]

Short Calcination Stoichiometry Name after reduction
name aimed at 1173 K (900°C)
LaNil-1600 1873 K (1600°C) /30 h  LaNijAl;1O9_g LaNil-1600-red
LaNi0.75-1600 " LaNio,75A111.25019_5 LaNi0.75-1600-red
LaNi0.5-1600 " LaNig 5Al11.5019_5 LaNi0.5-1600-red
LaNi0.25-1600 " LaNi(),25A111.75019_5 LaNi0.25-1600-red
LaNil-1200 1473 K (1200°C)/2.5h LaNijAl11Oq9_g LaNil-1200-red
LaNi0.75-1200 " LaNig 75Al1125019_s LaNi0.75-1200-red
LaNi0.5-1200 " LaNipsAl115019_s LaNi0.5-1200-red
LaNi0.25-1200 " LaNig5Al11.75019_s  LaNi0.25-1200-red
BaNil 1473 K (1200°C) /2.5h BaNijAl;1Oj9_s BaNil-red
BaNi0.75 " BaNi0_75A111_25019_3 BaNi0.75-red
BaNi0.5 ! BaNipsAl;150;9_5 BaNi0.5-red
BaNi0.25 " BaNi0_25A111,75019_5 BaNi0.25-red
SrNil 1473 K (1200°C)/2.5h  SrNijAl110y9_5 SrNil-red
SrNi0.75 ! SrNig 75Al1125019_s  SrNi0.75-red
SrNi0.5 " SrNi0_5A111,5019_5 SrNi0.5-red
SrNi0.25 " SI‘Ni(),25A111,75019,5 SrNi0.25-red

Table 2.1: Overview of all hexaaluminate samples prepared by the freeze-drying route

After reduction, the 16 samples are analyzed by XRD and STEM (or SEM for the sample at 1873 K
(1600°C)).

The reduced samples are not used for the catalytic test. An in-situ reduction is preferred here.

2.3 Characterization of Ni hexaaluminates

XRD is performed on the 32 samples at the TU Miinchen using Cu Ky (A=1.541874 A) at 40 mA and
40 kV by means of an X”’Pert Pro device (Philips). The patterns are obtained with angular positions rang-

151



2. DESIGN OF EXPERIMENTS OF THE NI HEXAALUMINATE
LIBRARY

ing from 4.990° up to 69.976°. Match!3%? software (Crystal Impact) is used for phase identification and
quantification thanks to the International Center for Diffraction Data and the RIR method. Determination

S which uses a least-squares refinement

of lattice parameters is performed with the UnitCell software
program to retrieve unit cell constants from diffraction data.

Samples for N,-physisorption measurements are first preconditioned at 573 K (300°C) for 1 h in N, flow
prior to analysis. Sample-specific surface areas are determined by the BET-method using a TriStar 11
(Micromeritics). Specific surface areas are determined on the basis of a five-point adsorption isotherm.

Electron microscopic techniques are used for the analysis of reduced samples. These measurements are
executed at TU Miinchen (SEM) and at BASF (STEM). At the TU Miinchen, the particle morphologies
of the samples calcined at 1873 K (1600°C) before and after reduction are obtained on a JOEL JSM-
7500F scanning electron microscope operated at 1.0 kV. For imaging, samples are placed on carbon
spots. At BASF, STEM measurements are performed by a FEI Tecnai G20 for the samples calcined at
1473 K (1200°C) after reduction at 20 kV with energy-dispersive X-ray spectroscopy and high-angle

annular dark field.

2.4 Ni hexaaluminate catalytic test

Each sample in Tab. 2.1 has been tested in collaboration with the Technische Universitit Miinchen in a
differential recycling reactor. The samples are reduced in 20 vol.% H; in N, at 1073 K (800°C) for 2 h
and are tested under 10 bar at 1123 K (850°C) with a recycling flow rate of 100 sccm for 10 h.

The catalytic-performance evaluation is achieved in two steps: first, the influence of the degree of Ni’*
substitution is achieved by comparing the selectivity to methane conversion and the selectivity to coke
(deactivation rate) within all 4 material series (LaNi,-1600, LaNi,-1200, SrNi,, BaNi,, y being the substi-
tution degree); second, the performances of all the catalysts are ranked by comparing conversion degrees

and deactivation rates.

The calculation of the TOF for methane consumption is based on data obtained in the first 30 min and
represented as the methane-consumption-rate coefficient divided by the mass of metallic Ni found in the
sample after reduction. It is evident that these data, especially with regard to the "TOF", are not based
on Ni dispersion measurements, but allow appropriate comparison of the material libraries in this study.

Finally, for the final catalyst ranking, the conversions achieved after 10 h of runtime are selected.

Because most catalysts yield a product gas very close to the thermodynamic equilibrium after 10 h of
runtime, as illustrated in Fig.[2.2}a, a second parameter is used to characterize the coke selectivity and the
deactivation rate, respectively, of each material so that activity and stability can be optimally compared.

The estimation of the deactivation rate is illustrated in Fig. 2.2}b, where the CO concentration appears to
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2.4 Ni hexaaluminate catalytic test

decrease after reaching a maximum. The deactivation rate observed is assumed to be mostly due to CO

disproportionation and is defined as the ratio of ACco/A t, which is drawn in Fig. [2.2}b.
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Figure 2.2: Description of the parameters used for the performance evaluation of Ni hexaaluminates (adapted
from4L)
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3 Results of Ni hexaaluminate study

3.1 La,Ni hexaaluminates calcined at 1873 K (1600°C)

After calcination at 1873 K (1600°C) for 30 h, the materials sintered at high temperature have a very
low specific surface area (<0.1 m?.g~!), but these materials exhibited a very high phase purity above
90 wt.% as shown in Tab. [3;1'} For La,Ni hexaaluminates, magnetoplumbite-like structures are identified,
with characteristic reflexes at 20=32.1°, 34.0°, and 36.1°, while only traces of LaAlO3 perovskite are
found. As the Ni content increases in the samples, hexaaluminate purity decreases. This shows that if
the degree of Ni’>T substitution within the hexaaluminate lattice is kept rather low, full insertion of Ni

inside the hexaaluminate lattice can be ensured. These samples are chosen as model catalyst for La,Ni

hexaaluminates.
Calcined samples Reduced samples
Stoichiometry =~ Hexaaluminate  Specific surface area % Ni reduced @ Ni’ (SEM)

[wt.%] [m”.g ] [mol.%] [nm]

y=0.25 98 <0.1 ~30 9-36
y=0.5 98 <0.1 ~20 8-28
y=0.75 96 <0.1 ~40 7-27

y=1 90 <0.1 ~40 7-19

Table 3.1: Semi-quantitative phase analysis as well as specific surface area before reduction, and quantifi-
cation of amount of reduced Ni** as well as Ni® particle size from SEM imaging after reduction of La,Ni
hexaaluminates (LaNiyAlj>_yO9_s) calcined at 1873 K (1600°C)

After reduction, a minimal change in the XRD patterns is observed due to the presence of traces of
metallic Ni. Indeed, according to the XRD-pattern analysis from Match! with the RIR method, about 30
wt.% of Ni** in the hexaaluminate framework is reduced in the samples, while the hexaaluminate-phase
content remains unaffected, as already reported by Xu et al.?4%. Metallic Ni crystallizes with a face-
centered-cubic (fcc) lattice structure, and the characteristic reflexes at 260=44.4° and 51.7° are observed.
The fact that Ni is only partially reduced may result from two factors. The small specific surface area
of the materials may be the first reason because the reduction rate is assumed to be proportional to the
gas/bulk interfacial areal®?. Secondly, Ni** is strongly stabilized within the hexaaluminate lattices?
especially if the hexaaluminate materials are calcined at high temperature, like the Ba,Ni hexaaluminates
studied by Gardner et al.#” at calcination temperatures up to 1673 K (1400°C). The Ni’ nanoparticle size

remains almost constant in a broad range of 5-40 nm within this La,Ni hexaaluminate series.
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3.1 La,Ni hexaaluminates calcined at 1873 K (1600°C)

The small size of the Ni® nanoparticles does not allow the use of the Scherrer equation to interpret the
data from the XRD patterns of La,Ni hexaaluminates to support the observation of Ni® nanoparticle size
analysis made by SEM. Indeed, small nanocrystalline Ni° particles display an extremely broad reflex
with a very low intensity in the XRD patterns.

The determination of lattice parameters with regard to the hexaaluminate structure can be performed
easily due to the well-crystallized material. The results are presented in Fig.[3.I} An increase in the crys-
tallographic a axis (Fig.[3.T}a) and a decrease in the crystallographic ¢ axis (Fig.[3.1}b) are observed with
increasing Ni content in the calcined samples prior to reduction. This effect has already been reported
in previous studies*”*%2, It has been suggested=>**/L' that the substitution of a trivalent AI3* cation with
a larger divalent Ni’* cation leads to the decrease of the ¢ cell parameters, while the cell parameter a
increases. Due to lattice neutrality, the lower amount of positive charges generated by this substitution
is compensated by a local increase of mirror-plane-cation concentration, resulting in a stronger local
bonding between the spinel blocks and the mirror plane®>%321; however, after reduction of Ni** to Ni%, a
slight elongation of the crystallographic ¢ axis is observed; the cell parameter ¢ increases again (Fig.[3.1}
b) probably due to loss of this local interaction. In addition, the lattice neutrality after substitution of
AT with Ni** may be also ensured by oxygen defect sites; however, it cannot be demonstrated here.
Higher degrees of Ni?>* substitution increase the volume of the lattice (Fig. c) because the Ni** ionic
radius is larger than the AI’* ionic radius. After expulsion of Ni2* from the hexaaluminate framework
during the reduction of Ni?*, the cell parameters and the volume of hexaaluminates remain similar to the

oxidic sample.

Il La.Ni hexaaluminates calcined at 1600°C
B L2, Ni hexaaluminates calcined at 1600°C after reduction
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Figure 3.1: Determination of lattice parameters (a, c, unit cell volume) obtained from XRD patterns of
La,Ni hexaaluminates (LaNiyAl;2_yO19_s) calcined at 1873 K (1600°C) before and after reduction: a) Cell
parameter a, b) cell parameter ¢, c) volume of unit cell, reference for y=0 is taken from Crystallographic
Database~’? (adapted from24%)
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3. RESULTS OF NI HEXAALUMINATE STUDY

SEM images in Figs.[3.2}a and -c confirm that the hexaaluminate samples are well crystallized and show
a morphology with hexagonal platelets. In Figs. [3.2}b and -d, which show samples after reduction,
metallic Ni nanoparticles are found on the defect sites near the steps and edges. Plain surfaces are
seen as quite "Ni free". The localization of the Ni nanoparticles illustrates that their surface energy is
minimized at edges and kinks, which improves the stability against sintering even under harsh thermal

treatments.

Figure 3.2: SEM images before and after reduction of LaNiyAlj;_,0;9_s calcined at 1873 K (1600°C).
White arrows point out the Ni® nanoparticles (taken from240).
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Figure 3.3: Initial TOFs of methane consumption and deactivation rate measured for the LaNi,Alj; ,Oj9_5
series after calcination at 1873 K (1600°C, adapted fromm)

The catalytic activity of these LaNiyAlj>_,O9_s hexaaluminate materials in CO, reforming of methane
as their deactivation rate are presented in Fig.[3.3] Only the La,Ni hexaaluminate sample with the lowest
Ni content exhibits high activity, but strong deactivation is observed after high CO partial pressures
are reached. Apparently at high CO partial pressures, CO decomposes into CO, and carbon via the
Boudouard reaction”?, especially at high pressure, as illustrated in Fig. b. WGS could also explain
CO consumption but not with the excess of H, or lack of steam found in our case. The other La,Ni

hexaaluminates (y>0.5) display only poor activity.
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3.2 La,Ni hexaaluminates calcined at 1473 K (1200°C)

3.2 La,Ni hexaaluminates calcined at 1473 K (1200°C)

The La,Ni hexaaluminates calcined at lower temperatures exhibit higher specific surface areas compared
to the samples calcined at 1873 K (1600°C). In Tab. it can be seen that the specific surface areas
are found to decrease as the Ni content increases. In addition, the amount of hexaaluminate phase
is somewhat lower than after calcination at 1873 K (1600°C) due to a higher defect concentration in
the unsintered hexaaluminate framework; however, La,Ni hexaaluminates calcined at 1473 K (1200°C)

remain relatively phase pure.

Calcined samples Reduced samples
Stoichiometry ~ Hexaaluminate  Specific surface area % Ni reduced @ Ni (STEM/XRD)
[Wt.%] [m?.g 1] [mol.%] [nm]
y=0.25 89 14.6 100 10-100/19
y=0.5 88 10.8 100 10-105/24
y=0.75 90 7.3 ~70 15-140/32
y=1 84 8.5 100 15-100/32

Table 3.2: Semi-quantitative phase analysis as well as specific surface area before reduction, and quantifi-
cation of amount of reduced Ni** as well as Ni® particle size from STEM imaging after reduction of La,Ni
hexaaluminates (LaNiyAl12_,O;9_s) calcined at 1473 K (1200°C)

After reduction, Ni** is found to be fully - or almost fully - reduced to Ni® nanoparticles crystallizing in a
fcc lattice, whereas the amount of hexaaluminate phase found in the diffractograms remains unchanged.
After calcination at lower temperature and reduction, the size of the Ni° nanoparticles is considerably
higher and tends to increase with a higher Ni content as confirmed by STEM and confirmed by analysis
of diffractometric data by the Scherrer equation. This may be a result from sintering of Ni® nanoparticles

with increasing Ni content and full reduction with expulsion of Ni>* from the hexaaluminate lattice.

The results of lattice-parameter determination presented in Fig. [3.4] display a similar trend as observed
for La,Ni hexaaluminates calcined at 1873 K (1600°C), showing larger lattice parameters a and c as the
degree of Ni>* substitution increases. However, after reduction, the hexaaluminate lattice parameters are
found to be slightly smaller (Fig.[3.4}c). It can be speculated that this effect is due to the starting material
being partially crystalline, exhibiting a significant defect density that is to a certain extent eliminated

during reduction.

STEM investigations reveal a strong textural growth of Ni’ nanoparticles on the surface of hexaaluminate
platelets (Fig. . Indeed, a large number of characteristic tetrahedral Ni° nanoparticles (about 50 nm

in size) can be seen on the hexaaluminate platelets, which are highlighted by white arrows in the Fig.[3.5]

The most appealing explanation for the appearance of the metallic Ni® tetrahedra on the (001) surface of

the hexaaluminate platelets is obtained by visualizing the fcc structure of metallic Ni. Indeed, an octahe-
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3. RESULTS OF NI HEXAALUMINATE STUDY

Il L a.Ni hexaaluminates calcined at 1200°C
I La,Ni hexaaluminates calcined at 1200°C after reduction

5,590
a ) b ) 506 |C)
5,585 - 22,08 -
5,580 | 1 595 1
< 1 <C 22,06 | <
© 95754 o =504 |
5 ‘ o 8
g 5,570 g 5 503
S S 22,04 - ° 7
— —
& 5,565 @ £
= iy % 592
o o) >0
5,560 -|
© 1 © 202
5,555 -| | %911
%Y %Y %Y
0,00 0,25 0,50 0,75 1,00 0,00 0,25 0,50 0,75 1,00 0,00 0,25 0,50 0,75 1,00
Molar Ni-to-metal Molar Ni-to-metal Molar Ni-to-metal
ratio y [-] ratio y [-] ratio y [-]

Figure 3.4: Determination of lattice parameters (a, ¢, unit cell volume) obtained from XRD patterns of
La,Ni hexaaluminates (LaNi,Alj2_,O9_s) calcined at 1473 K (1200°C) before and after reduction: a) Cell

parameter a, b) cell parameter ¢, c) volume of unit cell, reference for y=0 is taken from Crystallographic
Database=72 (adapted from

Figure 3.5: STEM images after reduction of LaNiyAlj>_,O,9_s calcined at 1473 K (1200°C): a) y=0.25, b)
y=0.5, and ¢) y=0.75. White arrows point out the Ni? nanoparticles (adapted from240)

Figure 3.6: Drawing with simplified interactions between Ni® nanoparticles and hexaaluminate material
showing the preferential growth direction of Ni® nanoparticles crystallized in a face-centered cubic structure
(adapted from240). The Wulff construction should be used here for the determination of crystal forms=77

158



3.3 Sr,Ni hexaaluminates calcined at 1473 K (1200°C)

dron of Ni® crystallizing in the fcc structure can easily be incorporated into an isostructural tetrahedron
exposing the same index faces, as shown in the Fig. This lattice configuration and crystal exposure of
metallic Ni® atoms matches with the quasicubic close-packed lattice of the O>~ anions inside the spinel
blocks, which are very likely to "terminate" the hexaaluminate lattice. The octahedron formed inside the
fcc unit cell exhibits a faster growth of every of its second faces. Assuming that the centers of the faces
grow faster than edges, the four centers of the fast-growing faces become the "vertices" of the observed
tetrahedron. As the amount of reduced Ni increases, the average particle size of Ni° becomes larger, the
textural growth appears to be less marked, and Ni° nanoparticles grow on hexaaluminate and then on the

side phase due to excess of metallic Ni.
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Figure 3.7: Initial TOF of methane consumption and deactivation rate measured for the LaNiyAlj;_,O;9_5
series after calcination at 1473 K (1200°C, adapted from24L))

Compared to La,Ni hexaaluminates calcined at 1873 K (1600°C), the activity of La,Ni hexaaluminates
calcined at 1473 K (1200°C) (Fig.[3.7) has only little influence on the initial TOF even at higher Ni con-
tents. For LaNigp75Al11250;9_g, the stability is improved but at the price of low initial TOF at moderate
calcination temperatures. LaNig7s5Al;12509_g calcined at 1473 K (1200°C) is also found to be active,
but it displays a significant deactivation rate through CO disproportionation, while LaNip5Al;; 5s0O9_gs

and LaNi; Al;10;9_g are only poorly active in the target reaction.

3.3 Sr,Ni hexaaluminates calcined at 1473 K (1200°C)

After calcination at 1473 K (1200°C), the Sr,Ni hexaaluminates exhibit a comparable hexaaluminate
phase content than the La,Ni hexaaluminate samples, with characteristic reflexes of the magnetoplumbite
structure at 20=34.3°, 36.4°, and 43.0°. SrAl,Oy is identified as side phase, and traces of y-alumina are

also detected. The specific surface areas are similar to the ones reported from other groups=75-7,

After reduction, Ni** is fully reduced - or almost fully reduced - to metallic Ni crystallizing in the fcc
lattice. The amount of hexaaluminate phase remains constant, and the Ni’-nanoparticle-size distribution

is larger compared to La,Ni hexaaluminates. A slight increase in the Ni nanoparticle size is observed
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3. RESULTS OF NI HEXAALUMINATE STUDY

Calcined samples Reduced samples
Stoichiometry =~ Hexaaluminate  Specific surface area % Ni reduced @ Ni’ (STEM)
[wt.%] [m”.g ] [mol.%] [nm]
y=0.25 80 26.0 100 20-150
y=0.5 81 22.3 ~90 25-170
y=0.75 83 29.3 100 50-210
y=1 83 24.6 100 20-150

Table 3.3: Semi-quantitative phase analysis as well as specific surface area before reduction, and quantifi-
cation of amount of reduced Ni>* as well as Ni” particle size from STEM imaging after reduction of Sr,Ni
hexaaluminates (SrNiyAlj_yO;9_s) calcined at 1473 K (1200°C)

as the Ni content increases. This observation could not be supported by the Scherrer equation due to
possible overlapping of Ni’ reflexes.

The determination of lattice parameters from Sr,Ni hexaaluminate patterns is more difficult due to a lack
of quality of the diffraction patterns. The interpretation of the results is, therefore, more complicated.
After reduction, the unit cell volume shrinks probably due to a similar defect loss reported for La,Ni
hexaaluminates calcined at 1473 K (1200°C) (Fig. @]—c). The sample SrNig 75Al11.25019_s exhibits no
change in cell parameter after reduction; this might result from its higher crystallinity compared with

other Sr,Ni hexaaluminate samples.

Il Sr.Ni hexaaluminates calcined at 1200°C
B Sr,Ni hexaaluminates calcined at 1200°C after reduction
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Figure 3.8: Determination of lattice parameters (a, c, unit cell volume) obtained from XRD patterns of
Sr,Ni hexaaluminates (SrNiyAlj;_yO;9_s) calcined at 1473 K (1200°C) before and after reduction: a) Cell
parameter a, b) cell parameter ¢, c) volume of unit cell, reference for y=0 is taken from Crystallographic
Database~’ (adapted from24%)

The STEM images (Fig. [3.9) also show a strong textural growth of Ni nanoparticles after reduction.
The nanoparticles of metallic Ni crystallized in tetrahedral shape are also observed especially at low Ni

loading (Fig. @]—a). As observed on La,Ni hexaaluminates calcined at 1473 K (1200°C), a higher Ni
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3.3 Sr,Ni hexaaluminates calcined at 1473 K (1200°C)

content in the samples leads to a larger Ni nanoparticle size and a less marked textural growth (Fig.[3.9}b).

Figure 3.9: STEM images after reduction of StNiyAlj>_,019_s calcined at 1473 K (1200°C, taken from240):
a) y=0.25 and b) y=1 . White arrows indicate the Ni° nanoparticles.
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Figure 3.10: Initial TOFs of methane consumption and deactivation rates measured for the StNiyAlj>_,O19_5
series after calcination at 1473 K (1200°C, adapted fromm)

In Fig. [3.10] it can be seen that the initial TOFs of methane consumption observed for Sr,Ni hexaalu-
minates are much higher compared to La,Ni hexaaluminates; however, detrimental effects on stability
due to CO disproportionation is observed for most samples. High degrees of Ni** substitution (y>0.5
in SrNiyAlj>_,019_5) may enhance the initial TOF, but are certainly damaging to stability since higher
Ni contents show stronger deactivation through the Boudouard reaction. SrNig5Al;11.75019_s displays

optimal characteristics for the target reaction with a high TOF and very low deactivation rate.

SrNig25Al11.75019_5 is an interesting catalyst candidate due to the limited amount of reduced Ni® that
can be stabilized over the surface defect sites on the Sr hexaaluminate platelets, which produces highly
dispersed and stable Ni® nanoparticles. On the other hand, higher degrees of Ni>* substitution (y>0.5 in
SrNiyAlj;yOj9_5) lead to the formation of larger Ni® nanoparticles not fixed on hexaaluminate platelets

that increases deactivation through CO disproportionation.
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3. RESULTS OF NI HEXAALUMINATE STUDY

3.4 Ba,Ni hexaaluminates calcined at 1473 K (1200°C)

The results from XRD-pattern analysis are presented in Tab. [3.4] The purity is as high as for La,Ni

hexaaluminates, but the specific surface area of Ba,Ni hexaaluminates is increased and comparable to

what has been reported previously 47342352,
Calcined samples Reduced samples
Stoichiometry =~ Hexaaluminate  Specific surface area % Ni reduced @ Ni (STEM)
[Wt.%] [m?.g~ ] [mol.%] [nm]
y=0.25 87 13.8 100 50-150
y=0.5 93 20.9 100 60-130
y=0.75 88 29.0 100 40-260
y=1 73 24.5 100 40-220

Table 3.4: Semi-quantitative phase analysis as well as specific surface area before reduction, and quantifi-
cation of amount of reduced Ni>* as well as Ni’ particle size from STEM imaging after reduction of Ba,Ni
hexaaluminates (BaNiyAlj2_yO9_s) calcined at 1473 K (1200°C)

Ni2™ is fully reduced to metallic Ni, crystallizing in a fcc lattice, while the hexaaluminate phase remained
after the reduction step; however, the further use of XRD patterns in the Scherrer equation to evaluate
Ni® nanoparticle size is not possible due to overlapping reflexes of metallic Ni (fcc) and B"-alumina. The
Ni® nanoparticle size observed by STEM is found to increase with higher Ni content as already noted for
the magnetoplumbite samples calcined at 1473 K (1200°C). Ni® nanoparticle size is higher than that for

La,Ni and Sr,Ni hexaaluminates.

- Ba,Ni hexaaluminates calcined at 1200°C
- Ba,Ni hexaaluminates calcined at 1200°C after reduction
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Figure 3.11: Determination of lattice parameters (a, ¢, unit cell volume) obtained from XRD patterns of
Ba,Ni hexaaluminates (BaNiyAlj>_,Oy9_s) calcined at 1473 K (1200°C) before and after reduction: a) Cell

parameter a, b) cell parameter ¢, c) volume of unit cell, reference for y=0 is taken from Crystallographic
Database~’ (adapted from24%)

162



3.4 Ba,Ni hexaaluminates calcined at 1473 K (1200°C)

In Fig. [3.T1] the results of the lattice-parameter determination are presented. The lack of reference XRD
patterns leads to a complex evaluation; however, an increase in the cell parameter a and a decrease in
the cell parameter ¢ are observed with increasing Ni content in the samples as already explained above
for La,Ni hexaaluminates. A smaller unit cell volume is observed after reduction probably due to loss of

defects from the calcined material when Ni** leaves the "-alumina lattice.

Figure 3.12: STEM images after reduction of BaNi,Alj>_,09_s calcined at 1473 K (1200°C): a) y=0.25
and b) y=0.5 (right). White arrows point out the Ni® nanoparticles (taken fromm)

STEM investigations on Ba,Ni hexaaluminates are performed and are presented in Fig. [3.12] Next to
small Ni nanoparticles (Fig. [3.12}a), large Ni agglomerates are found as the Ni content is increased
over BaNipsAl;; 50;9_g (Fig. b). The observations made on magnetoplumbite remain valid, the Ni
content in the Ba,Ni hexaaluminate must be kept as low as y=0.25 in BaNiyAlj,_,0,9_s in order to yield
materials with small metallic Ni nanoparticles where Ni° nanoparticles exhibit strong textural growth. If
the Ni content is maladjusted in the synthesis of Ba,Ni hexaaluminates large Ni agglomerates are formed
after reduction like in Fig. [3:12}b.
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Figure 3.13: Initial TOF of methane consumption and deactivation rate measured for the BaNi,Aljy_,0j9_5

series after calcination at 1473 K (1200°C, adapted from'm])

Finally, the performance evaluation shows similar results as for Sr,Ni hexaaluminates in Fig.[3.13] Only
a very low degree of Ni?* substitution (y=0.25 in BaNiyAljzyO19_s) shows high initial TOF and minor

deactivation due to enhanced Ni® nanoparticle dispersion. The materials with higher Ni content (y>0.5)
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3. RESULTS OF NI HEXAALUMINATE STUDY

exhibit also high initial TOF; however, they do also show a strong deactivation by CO disproportionation
that may be related to the larger Ni’ nanoparticles formed by the higher content of reduced Ni’>* in the

samples enhancing coke selectivity=/,

3.5 Postulated growth mechanism of Ni’ nanoparticles on the hexaalumi-
nate phase

Understanding the formation of the metallic Ni nanoparticles under reducing conditions is of major inter-
est to control the textural growth of metallic Ni nanoparticles as well as their high dispersion in the form
of very small Ni nanoparticles. Knowing the factors that control these two fundamental characteristics
could lead to major breakthroughs in understanding the preparation and use of hexaaluminate catalysts
for the reforming of methane under high-severity conditions. For this reason, a mechanistic proposal of
the reduction of Ni hexaaluminate is introduced. The hopping mechanism for Ni reduction is postulated

in Fig. based on the STEM investigation performed. The proposed mechanism occurs stepwise=%’

SB 4 4 Ni® migration to
[ 2 o o & o = o = dlsurface defect sites
(HO LT |||)J
we{  H(C*y Y OF
H, oz
[ ® © @ v e @
SB

¢ Ni2*/Ni% redox center
o Ni2* vacancy site
(U Oxygen defect site

Figure 3.14: Simplified scheme, of the expected reduction mechanism (taken from3%). (I) Following O*~
removal from the interlayer (MP) between the grey spinel blocks (SP), (I) the remaining electrons migrate to
surface defect (III) where reduction of Ni>* takes place (on the outer surface). The Ni® migrates to surface
defect site to minimize its energy. The remaining defects migrate back to the bulk to decrease the spacial
demand. As Ni® nanoparticles grow, they exhibit an ideal tetrahedral form originating from the Ni° fcc lattice
(taken from22%),

I) Oxygen is removed from the mirror plane between the spinel blocks, and an oxygen defect site as

well as a negative potential of two electrons are generated. Indeed, it has been reported that 0>~

is less tightly bound in the mirror plane than in the spinel blocks®7:342:346:380

II) A Ni*t cation, substituted in the hexaaluminate structure and prevailing near the mirror-plane

region*’, migrates in the (001) plane up to the grain boundary-%.
III) At the grain boundary, Ni>* is reduced over the outer surface of the hexaaluminate platelets. The
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3.5 Postulated growth mechanism of Ni’ nanoparticles on the hexaaluminate
phase

3135316 where Ni° can be re-

metallic Ni migrates to surface defect sites next to steps and edges
garded as a nucleation center. Ni’* defect sites are thus created inside the mirror plane of the
hexaaluminate lattice. This defect can migrate into the hexaaluminate bulk due to the decreased

spacial demand caused by former oxygen defects=°.

As the reduction takes place, the proposed mechanism starts over and over again, while the growth of
Ni nanoparticles is observed on surface defects near the steps and edges (Fig. b). High textural
growth is confirmed by the formation of Ni® tetrahedra (Fig. b and a) with a face-centered cubic
lattice. This lattice configuration of metallic Ni atoms matches with the quasicubic close-packed lattice
of the O%~ anions inside the spinel blocks, which are very likely to "terminate" the hexaaluminate lattice.
Indeed, the spinel layers are very likely to cover at least the basal plane of the hexaaluminate facets, as it

has been demonstrated in the case of Bag7sMnAl;9O;7 25202,

In Fig. both cubic close-packed configurations of O>~ and Ni® are displayed showing how the
Ni® lattice could grow on the basal planes (001) of hexaaluminate spinel blocks. As a result metallic
Ni nanoparticles are expected to grow in the (001) direction of the hexaaluminate lattice corresponding
to the (111) direction of the Ni® lattice. The tetrahedra obtained correspond only to the difference in
kinetics of the crystal growth. Figs.[3.15}c and -¢’ shows how tetrahedra can result from a face-centered

cubic lattice of Ni” as demonstrated in Fig. 3.6

b) o
R

. .

A AINi O Ni?

Figure 3.15: Interpretation of the Ni’ crystal growth on hexaaluminate surface drawn with Diamond=%!

(Crystal Impact); a) hexaaluminate with highlight of the quasicubic close-packed lattice of O?~ in (001)
direction, b) face-centered cubic Ni? lattice; its cubic close packed lattice in the (111) direction highlighted,
¢) and ¢’) resulting tetrahedral forms based on the growth of the Ni’-lattice (taken from4Y).
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3. RESULTS OF NI HEXAALUMINATE STUDY

As the metallic Ni nanoparticles grow, their textural growth effect is lost little by little and larger Ni°
nanoparticles appear to be more spherical (Fig. [3.12}b). This is illustrated by Fig. [3.16] Furthermore,
excess Ni” yields larger Ni” nanoparticles on particles of the side phases due to their insufficient stabi-
lization on the hexaaluminate platelets (Fig. b). Excess Ni® in the form of larger particles may

thus result in a higher coke selectivitym and is, therefore, undesired.

-,

Figure 3.16: Sketch of large Ni® agglomerate growth in hexaaluminate and the side phase due to an excess
of metallic Ni in the sample (adapted from367)

Thanks to the suggested reduction mechanism, the identification of reasonable parameters required to

achieve a controlled and enhanced dispersion of stabilized Ni° nanoparticles is possible:

* the amount of Ni used in the sample composition should be as low as y=0.25 with respect to the
formula ANi,Alj;_,09_s and

* the calcination temperature should be kept adequate to maintain a sufficient concentration of sur-

face defect sites over high specific surface area and small hexaaluminate crystallites.

Sticking to these two rules should ensure the formation of highly dispersed Ni” nanoparticles over high

surface area to achieve a high activity and stability under CO, reforming of CH, at high pressure.

3.6 Structure-activity relationship of Ni hexaaluminates

Another possibility to illustrate the catalyst performance is to plot the CHy4 conversions after 10 h on
stream against the deactivation rate as is shown in Fig[3.17] The hexaaluminate catalysts can be classified

into three categories:
* highly stable but moderate activity
* highly active but poor stability
* highly active and stable
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3.6 Structure-activity relationship of Ni hexaaluminates

La,Ni hexaaluminates calcined at 1473 and 1873 K (1200°C and 1600°C, respectively) exhibit mostly
moderate activity, while few exceptions are found to be highly active and deactivated rapidly. The Sr,Ni
and Ba,Ni hexaaluminates are found to be very active, but tend to deactivate except if the Ni content in

these hexaaluminate samples is lowered to a molar Ni-to-metal ratio of 0.25.

La,Ni hexaaluminates are not appropriate candidates for the CO, reforming reaction since they are either
moderately active or deactivate significantly. The high calcination temperature of 1873 K (1600°C) leads
to low specific surface areas as well as low degree of Ni>* reduction and, therefore, exhibit low activity.
LaNig 25Al;1.25019_g calcined at 1873 K (1600°C) is an exception because this catalyst is highly active,
but deactivates rapidly probably due to low density of surface defect sites necessary for Ni’ nanoparticle
stabilization. Indeed, the surface defects are very likely eliminated during the long calcination at very
high temperature; consequently the Ni® nanoparticles sinter easily during CO» reforming at high temper-
ature and form large Ni° agglomerates that enhance coke selectivity by CO disproportionation.

La,Ni hexaaluminates calcined at 1473 K (1200°C) display a higher activity probably due to higher spe-
cific surface area and reducibility of Ni>™. The specificity of La,Ni hexaaluminates may be explained
by the trivalent La cation, which may introduce a strong positive charge within the hexaaluminate lattice
that is difficult to be compensated in comparison with divalent Sr and Ba cations that could have their

positive charge balanced more easily.
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Figure 3.17: Performance overview of Ni hexaaluminates in CO, reforming of methane: final methane
conversion after 10 h against deactivation rate by CO disproportionation (adapted from24L)
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3. RESULTS OF NI HEXAALUMINATE STUDY

Ba,Ni and Sr,Ni hexaaluminates are found to deactivate easily unless the Ni content is kept at low levels.
This clearly originates from the nature of metallic Ni nanoparticles that are larger according to the pro-
posed reduction mechanism. Such behavior has been reported by Gardner et al.2%", who observed that a
higher Ni content in Bag 75NiyAlj;,0,9_5 hexaaluminates favored carbon deposition in CO; reforming
of methane. In line with the experimental results of Chu et al.*Y the Ba,Ni hexaaluminates with the
lowest amount of Ni exhibited the highest performance in partial oxidation of methane. In this case, the
most stable and active catalyst among BaNi,Alj;_,0;9_g with y=0.3, 0.6, 0.9, and 1 is the one having the
lowest degree of Ni’T substitution (y=0.3). That can only support the Ni® growth mechanism proposed
and even broaden the use of this mechanism to other applications, like partial oxidation of hydrocarbons,
where highly dispersed Ni® nanoparticles could be used.

The magnetoplumbite structure seems to exhibit better stability than f-alumina-based materials. Further-
more, the increase of the ionic radius (La<Sr<Ba) seems to increase activity but also decrease stability
against CO disproportionation. However, no correlation could be found between the hexaaluminate cell

parameters and the performances (activity and stability).

3.7 Conclusions

The hexaaluminate synthesis by freeze drying is proven to be successful in the production of hexaalu-
minate materials with high purity at moderate calcination temperature with high specific surface area.
The hexaaluminate stoichiometries used have a small excess of Ba, La, and Sr that leads to formation
of a side phase with the presence of BaAl,04, LaAl;Oy4, and SrAl,O4 respectively. These phases do not

appear to be detrimental to the stability or activity in the CO, reforming of methane.

A reduction mechanism based on a "coupled electron-defect migration reduction" is postulated to de-
scribe the strong textural growth of Ni® nanoparticles and the performance of Ni hexaaluminates. This
mechanism is essential to understand how the growth of Ni® nanoparticles can be controlled. To achieve
the formation of highly dispersed Ni’ nanoparticles on a high specific surface area, only the use of
moderate calcination temperatures and a Ni content not higher than y=0.25 with respect to the formula
ANi,Alj>_,0;9_s have been shown to be efficient. At different conditions larger and less stable Ni°

nanoparticles are formed.
Sr,Ni and Ba,Ni hexaaluminates seem to guarantee high activity in the target reaction, while the Ni con-
tent should be kept below the sensible threshold of y=0.25 in BaNig 25Al;1.25019_g and SrNig 25Al;1 25019_5-

If this threshold is exceeded, Ni® nanoparticle stabilization is compromised.

La,Ni hexaaluminates appear to be either very active with high selectivity to coke or poorly active and

highly stable.
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3.7 Conclusions

Finally, calcination at moderate temperature yields an optimal amount of hexaaluminate with relative
high number of specific surface area as well as high surface defect sites for stabilization of the Ni°

nanoparticles.
The next step should consist of testing the samples with the highest activity and stability, StNig 25Al11.75019_s

and BaNig»5Al;17509_g, in our test unit at 21 bar and 1123 K (850°C) under different reforming con-

ditions to establish the range of stability of such materials under industrially relevant conditions.
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Part VIII

General conclusions and outlook
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By minimizing the impact of the gas-phase reactions, catalytic systems developed in this thesis (Pt-
based catalyst supported on modified zirconia, Ni-based spinels, and Ni-hexaaluminates) show that high
activity and stability can be achieved in the mixed-steam CO; reforming of methane, and especially at

high pressures with the production of syngas with a H,/CO ratio of one.

* Impact of gas-phase reactions

In order to achieve stable operations in the mixed-steam CO, reforming of methane, the impact
of the gas-phase reactions should be minimized to avoid coking. Indeed, methane pyrolysis and
further coupling result in the formation of coke precursors like ethylene that may cause reactor
plugging by coke formation, typically in upstream from the catalytic bed. The effect of temper-
ature is found to be determining in the formation of coke precursors, which are clearly identified
above 1173 K (900°C). The use of higher temperatures increases exponentially the coke-precursor
formation rates, which leads to reactor plugging with the H,O test protocol at 1223 K (950°C).
The addition of H, to the feed stream can efficiently limit the formation of coke precursors particu-
larly above 30 vol.% in the feed stream. The addition of H,O to the feed stream does not influence
the formation rates of coke precursors, which are about two times higher at given operating con-
ditions than with the addition of H,. The differences observed after addition of H, and H,O to
the feed stream for the coke-precursor formation rates imply that H,O acts as an oxidant in the
methane reforming while it confirms that methane cracking is the most important route towards
coke deposition.

In the Deutschmann’s group at KIT, the results of this study have been compared with existing
mechanisms found in the literature and, as a result, a mechanism of homogeneous reactions has
been implemented to the existing heterogeneous reaction mechanism using the DETCHEM plat-
form in order to improve the simulations of technical reactors. In the next step, the simulations will
be improved by computing the coke-deposition mechanism and quantifying the coke-deposition

rate.

* Pt-based catalysts for CH,4 reforming in the presence of H,O and CO,

The investigations performed on Pt-based catalysts show the important role that the modifications
of the zirconia support play in steam reforming of methane when a steam-to-carbon ratio of one
at 1123 K (850°C) and 21 bar is used. The use of undoped zirconia leads to a severe decrease of
specific surface area down to 0.2 m?.g~! after 24 h under steam reforming at 1123 K (850°C).

Modifying zirconia with 5 wt.% of silica showed that silica can improve the thermal stability,
giving a specific surface area of 50 m?.g~! after performing steam reforming at 1123 K (850°C)
for 5 h; however, such a support is not suitable for steam reforming due to poor catalytic activity
(methane conversion of 8%) because the Pt particles are believed to be embedded in the silica.

The use of a ceria surface layer on such silica-modified zirconia appears to achieve thermody-
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namic equilibrium at the beginning of the steam reforming test at 1123 K (850°C) and 21 bar with
a GHSV of 3800 h™!, but slow and constant deactivation is observed as the ceria layer diffuses
into the bulk, resulting in partial embedding of the Pt particles and deactivation.

Modification of zirconia with 10 wt.% La;O3 and a CeO, surface layer to disperse Pt particles
results in an enhanced stability of the catalytic performance. During 60 h in steam reforming of
methane with a steam-to-carbon ration of one at 1123 K (850°C) and 21 bar with a GHSV of
3800 h~!, methane conversions are stabilized at 45% after the ceria surface layer diffused into the
bulk. This catalyst is chosen for further kinetic investigations.

The kinetic investigations showed that most catalysts reach the thermodynamic equilibrium of
steam reforming of methane with or without addition of 18 vol% CO, and with CO; reforming
with addition of 36-30 vol.% H,O in the temperature range of 1073-1173 K (800-900°C) at atmo-
spheric pressure with a GHSV between 3600-41000 h~!.

Only the performance data obtained at 1023 K (750°C) show that the Pt-based catalyst does not
reach the thermodynamic equilibrium of reforming and that in methane reforming, methane activa-
tion is accomplished by steam whereas CO, reacts with H, by reverse water gas shift reaction, or
with methane as well, but in this case at a lower reaction rate than in the case of steam reforming.
Indeed, TOFs of methane conversions are always higher than TOFs of CO, conversions.

The steam reforming of methane in the presence of CO, and H,O over corundum shows that the

impact of the gas-phase is significant first at 1173 K (900°C).

Ni-based spinels for steam reforming in presence of CO,

The molten-salt impregnation of hydrotalcite-like support with a Mg/Al ratio of 1/2 appears to
be attractive for the preparation of a catalyst for mixed-steam CO, reforming at 1123 K (850°C),
21 bar, and with a GHSV of 3800 h~! due to its high activity and stability.

The fresh catalyst consists of mixed oxides of (Ni/Mg)O and (Ni/Mg)Al,O4 that exhibit a relatively
high surface area (42 mz.g_l) after 4 h calcination in air at 1123 K (950°C). In comparison with
this benchmark material, the catalyst prepared by precipitation is unattractive due to a low specific
surface area (11 m%.g~") and impurities found after final calcination, like Si and Na, whereas the
catalyst prepared by spray drying of a hydrotalcite-like carrier undergoes segregation into the hy-
drotalcite and the boehmite components in the spray tower, leading to 50% larger crystallites of
the mixed oxides.

The preformation of the catalyst results in the reduction of Ni>* from both mixed oxides, thus leav-
ing "free" MgO from (Mg/Ni)O and y-Al,O3 from (Ni/Mg)Al,O4 that can react further to form
MgAl,O4 with traces of MgO. Finally, metallic Ni nanoparticles highly dispersed over MgAl,O4
are obtained after complete preformation under reducing atmosphere (5 vol.% H, in N,) above
1073 K (800°C). This preforming mechanism is shown to be sensitive to the composition of the
reducing atmosphere; indeed, the presence of 10 vol.% H,O and/or 5 vol.% CO; significantly in-

hibits this mechanism.
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The catalytic test of 20 ml of catalyst prepared by molten-salt impregnation with a corundum
prebed is performed with the H; test protocol, exhibiting after long preformation a high and stable
performance under CO; reforming with 10 vol.% H;O for more than 100 h with a H,/CO ratio of
0.9 and methane and CO; conversions of 82 and 74%, respectively. These conversions are about
3-4% below the thermodynamic equilibrium of reforming under CO; reforming (CH4/C0,=0.9/1)
with addition of 10 vol.% of H,O at 1223 K (950°C) and 21 bar for more than 100 h. In com-
parison, the use of H,O test protocol leads to inhibition of catalyst preformation, and only a poor
performance with methane conversions below 40% is achieved, especially if 78 ml of catalyst is
used instead of 20 ml without corundum prebed.

These observations highlight the necessity of catalyst preformation prior to testing in mixed-steam

CO, reforming.

Ni-hexaaluminates in CO, reforming

Various Ni hexaaluminates are investigated in CO, reforming of methane in a differential reactor
at 11 bar and 1123 K (850°C) on a small scale for 10 h.

The Ni hexaaluminates synthesized are relatively pure (>80 wt.%) after mild calcination at 1473 K
(1200°C) for 2.5 h in air, allowing to reach high specific surface areas of about 15 m>.g~!. The
La,Ni and Sr,Ni hexaaluminates exhibit a magnetoplumbite-like structure as main phase and as
side phase LaAlO3 and SrAl,O4, respectively, whereas Ba,Ni hexaaluminates show a very high
content of $"-alumina and only traces of BaAl,O4. The different side phases identified are not
found to be detrimental to the activity or stability of Ni hexaaluminates. The reduction of the
various Ni hexaaluminates is suggested to be based on a "coupled electron defect migration re-
duction", resulting in stabilization of Ni on surface defects, where Ni nuclei display first a strong
textural growth of metallic Ni nanoparticles, and then they lose their textural growth. Highly dis-
persed Ni nanoparticles are achieved over the high specific surface area of the hexaaluminate by
using mild calcination at 1473 K (1200°C) for 2.5 h and minimizing the Ni loading to y=0.25 in
ANiyAljp_,O19_s, where A are the mirror-plane cations La, Sr, or Ba.

Regarding the test performance achieved in the differential reactor, the Sr and Ba mirror-plane
cations appear to ensure a high activity in the CO, reforming of methane at 11 bar, while the Ni
loading should be kept below the threshold of y=0.25 in SrNi,Al;>_,0}9_s and in BaNiyAljp_,O9_5
to maintain a high catalytic stability. Indeed, the excess of Ni in the hexaaluminate lattice leads
to complete reduction of Ni>* with subsequent formation of Ni nanoparticles in larger particles,
which enhances coke selectivity. The calcination should be, therefore, performed at moderate tem-
peratures to obtain high surface areas and higher densities of surface defects that can be used as
anchoring points for the metallic Ni nanoparticles. Contrary to Sr,Ni and Ba,Ni hexaaluminates,
the La,Ni hexaaluminates exhibit a high stability but only poor activity for the CO; reforming of
methane at 1123 K (850°C) and 11 bar.
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¢ Outlook

The concept used for the synthesis of highly dispersed and stable nanoparticles appears to be effi-
cient to design new catalysts for the mixed-steam CO, reforming of methane under high pressure.
The use of layered hydroxides, like hydrotalcite and boehmite, in the preparation of Ni-based
catalysts exhibits high potential in the formation of highly dispersed and stable Ni nanoparticles,
which are less prone to coking at high-severity conditions. Understanding the mechanism of the
preformation of Ni-based catalysts allows tuning the catalytic features and designing more effi-
cient catalysts for the target reaction.

Finally, the research made in quasi-ternary catalytic systems A-Al-Ni(-O), with A=Mg, Ba, La,
Sr, can be further investigated with the use of quasi-quaternary systems. For instance, (La/Sr),Ni-
hexaaluminates or (Ba/Sr),Ni-hexaaluminates with very low Ni content and calcination at 1473 K
(1200°C) for 2.5 h could be synthesized and tested for the target reaction to utilize the high stability

of La,Ni hexaaluminates and also the high activity of Sr,Ni and Ba,Ni hexaaluminates, respectively.
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A - Gas-phase reactions over "inert" materials

» |sotherm measurements

Measurement at 850°C

Height from the bottom [cm] Temperature [°C]

8 242

10 273

12 314

14 366

16 418

18 478

20 560 72 852
22 656 74 853
24 723 76 853
26 756 78 852
28 781 80 851
30 792 82 848
32 798 84 845
34 802 86 843
36 805 88 840
38 807 90 838
40 813 92 835
42 820 94 832
44 827 96 829
46 830 98 825
48 835 100 822
50 838 102 819
52 840 104 816
54 843 106 813
56 846 108 810
58 849 110 805
60 851 112 799
62 852 114 792
64 853 116 775
66 853 118 742
68 852 123 543
70 852 128 329
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Measurement at 950°C

Height from the bottom [cm]
6
11
18
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60
62
64
66
68
70
72
74
76
78
80
82
84
86
88
90

Temperature [°C]
299
390
778
835
865
881
891
897
901
905
909
915
921
926
931
934
937
939
942
945
949
950
951
951
951
951
951
952
952
951
949
946
943
941
939
937
934
931
928
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92
94
96
98
100
102
104
106
124
126
128

924
920
917
914
910
906
900
891
800
650
400



[barg]

» Pressure increase (green line) observed duringngakiscreening setup
during the hydrogen test protocol

— PBG pressure 145.3%barg ; Reactor pressure:19.95bérg

Control air :15.52barg Head pressure 129.63barg

Purge pressure : 0.00barg PHG pressure 119.95bara
50 +
40 + -
30 4 .- .
20
10 +
0
-10 + + + + +
2011-09-20T07:00:00 2011-08-20T08:00:00 2011-09-20T08:00:00 2011-09-20T10:00:00 2011-09-20T11:00:00

Pressure increase observed undey @@rming without additional H
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B - Pt-based catalysts for CH reforming in the presence of HO and

CO, - A kinetic study

= Catalyst preparation

Pt nitrate Pt-EA Ce nitrate  XZO 880 - shaped
solution solution hexahydrate
Umicore Umicore Sigma Split-500-1000um
Aldrich
Specification 30.628 9.570 wt.%  Purity >99%
wt.% Pt Pt
[g] [g] [g] [g]
Ptz 5.865 - 193.98
PtSZ - 6.77
PtCSZz - 7.21 12.3
PtCLZ - 6.479 11.18 -

SZ 31107 SZ 61156 H,0 for
impregnation
Saint Gobain  Saint Gobain
NorPro NorPro
[a] [d] [d]

- - 400
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64.04 120

- 58.02 120

» XRD patterns of PtZ before and after steam reforming at 850°C, 21 bar,

S/C=1, GHSV=3800"h
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= XRD patterns of PtSZ before and after steam reforming at 850°C, 21 bar,
S/C=1, GHSV=3800h
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= XRD patterns of PtCSZ before and after steam reforming at 850°C, 21 bar,
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= XRD patterns of PtCLZ before and after steam reforming at 850°C, 21 bar,
S/C=1, GHSV=3800h
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= Plate design for kinetic investigations with PtCaZ catalyst or corundum

# Filling material Filling volume [ml] Filling mass [g] Gas factor distribution GHSV [1/h]
Reactor 1 PtCLZ 1.021 1.5506 0.96 3604.3
Reactor 2 PtCLZ 0.118 0.1937 0.98 33559
Reactor 3 PtCLZ 0.236 0.3876 0.98 17288
Reactor 4 Corundum 1.0 2.253 0.98 -
Reactor 5 PtCLZ 1.021 1.55 1 4035.3
Reactor 6 PtCLZ 0.098 0.1938 1 41225
Reactor 7 PtCLZ 0.255 0.3871 1 15686
Reactor 8 Corundum 1.0 2.253 1.05 -
Reactor 9 PtCLZ 1.021 1.5503 1 3956.9
Reactor 10 PtCLZ 0.118 0.1934 1 33898
Reactor 11 PtCLZ 0.255 0.3876 1 15686
Reactor 12 Corundum 1.0 2.253 1.02 -
Reactor 13 PtCLZ 0.982 1.5505 1 4073.3
Reactor 14 PtCLZ 0.098 0.1938 1.01 41225
Reactor 15 PtCLZ 0.236 0.3877 1.01 15593
Reactor 16 Corundum 1.0 2.253 1.01 -
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C - Ni-based spinels for steam reforming in presercof CO,

= Catalyst preparation

0 By impregnation

Pural MG 30 Ni nitrate hexahydrate (Purity >99%)
(gl (g]
MmsI 400 261.67
SD 400 261.57

0 By precipitation:

1 mol/L 1 mol/L 1 mol/L
[mL] [mL] [mL]
PRC 1660 420 840
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= XRD patterns after reduction
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0 Under 5 vol.% H+ 5 vol.% CQ/Nsy:

Relative intensity [-]

o0 Under5vol.% H+ 10 vol.% HO + 5 vol.% CG/Na:

Relative intensity [-]
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D - Ni-based hexaaluminates as catalysts in reformg reactions in

the presence of CQ

= Catalyst preparation

LaNi0.25-1600
LaNi0.5-1600
LaNi0.75-1600
LaNi1-1600
LaNi0.25-1200
LaNi0.5-1200
LaNi0.75-1200
LaNi1-1200
SrNi0.25-1200
SrNi0.5-1200
SrNi0.75-1200
SrNi1-1200
BaNi0.25-1200
BaNi0.5-1200
BaNi0.75-1200
BaNi1-1200

Disperal

Sasol

(e]
36.53

35.76
34.98
34.20
36.53
35.76
34.98
34.20
36.53
35.76
34.98
34.20
36.53
35.76
34.98
34.20

Ni nitrate
hexahydrate
Merck

Purity >99%
(g]
3.46
6.91
10.37
13.83
3.46
6.91
10.37
13.83
3.46
6.91
10.37
13.83
3.46
6.91
10.37
13.83
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La nitrate
hexahydrate
ChemPur

Purity >99%
(g]
19.58
19.58
19.58
19.58
19.58
19.58
19.58
19.58

Sr nitrate

Sigma Aldrich
Purity >99%
(8]

9.960
9.960
9.960
9.960

Ba Nitrate

Sigma Aldrich
Purity >99%
(8]

12.42
12.42
12.42
12.42



= XRD patterns
o La,Ni hexaaluminates (Lal\l1,./0,95) calcined at 1600°C

= Before reduction
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0 La,Ni hexaaluminates (Lal1,.,0195) calcined at 1200°C

Relative Intensity [-]

Before reduction
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o Sr,Ni hexaaluminates calcined (SyMi;».,0O195) at 1200°C

= Before reduction

1= MP
 SrAlLO,
« y-alumina

Relative Intensity [-]

ly=0.25

— T ' T ' T T T " T T T T+ T T* 1
15 20 25 30 35 40 45 50 55

2theta [°]

» Difference before reduction (grey) and after reaurc{black)
Ni°

Relative Intensity [-]

2theta [°]

212



o0 Ba,Ni hexaaluminates (Bapil1,.,0:95) calcined at 1200°C
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