190 DANMARK (10)  DK/EP 3129142 T3

(91)
(49)

(80)

(86)
(86)
(87)
(86)
(87)
(30)

(84)

(73)

(72)

(94)

(96)

(12) Overseettelse af
europeeisk patentskrift

Patent- g
Varemaerkestyrelsen
Int.Cl.: B 01J 37/02 (2006.01) B 01J 23/78 (2006.01) C 01 B 3/40 (2006.01)

Oversaettelsen bekendtgjort den: 2021-01-25

Dato for Den Europaciske Patentmyndigheds
bekendtgorelse om meddelelse af patentet: 2020-11-18

Europaeisk ansggning nr.: 15716758.6

Europaeisk indleveringsdag: 2015-04-07

Den europaeciske ansggnings publiceringsdag: 2017-02-15
International ansagning nr.: EP2015057493

Internationalt publikationsnr.: W0O2015155175

Prioritet:  2014-04-07 DK 201400196

Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE SI SK SM TR

Patenthaver: HALDOR TOPSOE A/S, Haldor Topsees Alle 1, 2800 Lyngby, Danmark

Opfinder: OVESEN, Charlotte Vinding, Parsbergvej 51, 2830 Virum, Danmark
BRORSON, Michael, Attemosevej 28, 2840 Holte, Danmark

CANO, Fernando Morales, Langogade 1 3tv, 2100 Kgbenhavn @, Danmark
HYLDTOFT, Jens Henrik, Ostbyvej 9, 4050 Skibby, Danmark

Benaevnelse: SKALIMPRAGNERET KATALYSATOR OG FREMGANGSMADE TIL FREMSTILLING AF ET
SKALIMPRAGNERET KATALYSATORLEGEME

Fremdragne publikationer:
EP-A2- 2 208 529
WO-A1-2004/011138
US-A1- 2004 067 848



DK/EP 3129142 T3



DK/EP 3129142 T3

DESCRIPTION

[0001] The invention relates to a catalyst and a process for producing a catalyst for syngas
generation.

[0002] New catalysts are under constant development as the requirements for efficiency, lifetime
and also costs of the catalyst are ever increasing.

[0003] For various reasons it may be beneficial to reduce the amount of metals in the catalyst,
for example it may be relevant to minimize the amount of the metal in the catalyst due to
environmental considerations. In catalysts for reactions limited by mass transfer such as steam
reforming reactions or catalytic partial oxidation at high temperatures the reactive metal is only
needed In the surface zone of a catalyst body, i.e. Iin such catalyst bodies it may be relevant to
have a significant metal concentration in the surface zone only. This surface concentrated metal
layer also limits unwanted side reactions such as ammonia production in steam reforming of
nitrogen rich feedstocks.

[0004] On the other hand, however, the requirements to the structural stability and lifetime of the
catalyst are high as it is critical for loading and running the reactors with the catalyst. Due to
these requirements to strength of the carrier, the carrier for e.g. steam reforming catalysts is
most often sintered at high temperatures, which reduces the reactivity of the carrier rendering
e.g. shell impregnation difficult by known means.

[0005] EP 2 208 529 describes a hydrocarbon reforming catalyst suitable for use in a fuel cell.
The catalyst is prepared by applying various components on a planar carrier and subsequently
optionally subjecting the catalyst body to a heat treatment at 600-950 °C.

[0006] US2004/0067/848 describes a hydrocarbon reforming catalyst. The catalyst has a
calcined, porous body carrier which is impregnated with a solution comprising a carrier forming
constituent and a catalytic activity constituent. The catalyst has a better dispersion catalytic
activity constituent and lower particle size. Calcination is performed at 700-1300 °C.

[0007] WO 2004/011138 describes a nickel reforming catalyst having improved coking
resistance. The catalyst is prepared by mixing a calcium compound and an aluminum

compound, calcining at 900-1700 °C (p 13), impregnating with a nickel solution and calcining (at
350-650 °C, p 16) for formation of NIO.

[0008] Thus there i1s a need for development of new processes for making shell enriched
catalysts based on even highly inert carriers.

Summary of the invention

[0009] In a first aspect of the present process Is provided a process which limits the consumption
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of active metal,

[0010] In a second aspect of the present process is provided a process which maintains the
strength of the carrier,

[0011] In a second third aspect of the present process is provided a process which can be
carried out on industrial scale,

[0012] These and other advantages are obtained by a process for producing a catalyst body,
said process comprising the steps of:

¢ providing a carrier comprising magnesium alumina spinel and/or Ca-aluminates

« modifying said carrier by a first impregnation with at least one alkaline earth metal in a first
metal precursor solution

« In a first decomposition, decomposing the first metal precursor at a temperature of from
300-900 °C, to form at least one alkaline earth metal oxide or hydroxide thereby obtaining
a modified carrier

e« carrying out a second impregnation preferably by incipient wetness by a precursor
comprising at least one metal Me Iin a second solution

 In a second decomposition decomposing the precursor thereby obtaining a catalyst having
an enrichment of the at least one metal Me In the outer shell of the catalyst body, said at
least one metal being present in a concentration having either an egg-shell profile or a
hammock profile

[0013] Thus according to the present method the carriers are first modified by impregnation by
Incipient wetness with a solution of a first substance e.g. one or more alkaline earth metals in a
metal precursor solution followed by decomposition of the precursor to form an oxide or
hydroxide layer on the carrier.

[0014] The hereby deposited oxide/hydroxide layer renders the carrier basic and increases the
surface reactivity. The increased surface reactivity increases the reactivity towards the second
metal Me applied in the second impregnation.

[0015] The second impregnation Is performed by incipient wetness using a solution of a metal
precursor. The decomposition of the precursor to metal oxide may be performed. The Increase
In surface reactivity obtained by modifying the carrier with an alkaline earth metal thereby results
In an enrichment of metal Me in the outer shell of the catalyst body either as an egg-shell profile
and/or as a hammock profile.

[0016] The first and/or the second impregnation may be repeated one or more times in order to
achieve a desired metal concentration. For example impregnation with Ni may be carried out
two, three or more times in order to achieve an optimal Ni concentration in the formed shell. The
repeated first and/second impregnation may be carried out with or without a following
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Intermediate calcination.

[0017] In the present context egg-shell profile means that the metal is present in a layer in the
surface region of the catalyst body. With an egg-shell profile the metal concentration decreases
to zero or substantially zero in the centre region of the catalyst body. The layer comprising the
metal is preferably below 1000 um, such as below 500 um.

[0018] In the present context hammock profile means that the metal is mainly present in a layer
In the surface region of the catalyst tablet with a metal concentration which becomes lower but

not zero in the centre region of the catalyst body.

[0019] The necessary or preferred shell thickness depends on the specific application. The
higher the mass transfer limited reaction is, the thinner the shell can be. Thus for instance
catalysts for application in secondary reformers may have a thinner shell than catalysts for
application in primary reformers.

[0020] In catalysts to be used at temperatures such as 1000 - 1200°C a thin shell (e.g. less than
200 um) impregnation may be sufficient as the reaction is severely mass transfer restricted.

[0021] In catalysts to be used at temperatures such as 700-1000 °C a thicker shell (e.g. less
than 400 um) impregnation may be preferred as the reaction Is less mass transfer restricted.

[0022] The metal-profile of the catalyst body is determined by the application of scanning
electron microscopy analysis (SEM) using standardless Energy Dispersive X-ray Spectroscopy
(EDS)-analysis for chemical composition. The shell thickness is defined as the distance from the
outer surface of the catalyst body to the position where the metal concentration is 150% of the
average metal concentration, as calculated as the average concentration from 800um and to the
centre of the catalyst body. The metal concentration in the shell is calculated as the average of
the measured metal concentrations in the shell.

[0023] The pore volume, porosity and BET surface area is relevant for the results of the
iImpregnation. Preferably the carrier has a pore volume 200 -400 ml/kg and/or BET surface area

2.0 - 50 m?/g, such as 2 - 25 m4/g.

[0024] The BET surface area is determined by single point BET-analysis. The sample is placed
iIn a U-tube and dried at 300 °C in a flow of helium for 8 hours. Hereafter the U-tube with the
sample is cooled In a bath of liquid nitrogen and nitrogen is adsorbed on the sample by exposing
the sample to a flow with 30% nitrogen in helium. The nitrogen concentration in the exit gas from
the U-tube containing the sample is determined with a TCD (Thermal Conductivity Detector).
When adsorption has come to an equilibrium the cooling bath is removed and a desorption peak
IS recorded and Integrated. The BET surface area is obtained from the amount of nitrogen

desorbed from the sample.

[0025] Thereby by the application of the present process it Is possible to control the distribution
of the metal Me In the catalyst body. |l.e. by the present method Is provided a catalyst wherein



DK/EP 3129142 T3

the active metal is only or at least predominantly found in the areas of the catalyst tablet where
the reaction such as steam reforming reaction is kinetically controlled during the catalytic
process. This means that the active metal is not or in very limited amount found In the centre of
the carrier 1.e. the metal is not or only In limited amount present in areas of the catalyst body
where the reaction is thermodynamically controlled / in equilibrium.

[0026] By limiting the metal to the shell of the catalyst body secondary reactions such as
ammonia formation are also limited.

[0027] Preferred carriers may be alumina spinel such as magnesium alumina spinel, calcium
aluminate (such as CaAl1o01g, CaAl40O7), zirconia, various alumina such as a- or y-Al,O5 and/or

combinations thereof. Preferred are calcium aluminate and/or magnesium alumina spinel as
these can provide a final catalyst body with a high strength and which is able to withstand high
temperatures and/or high steam pressures of the reforming processes. As mentioned above the

first substance applied by the first precursor solution may be an alkaline earth metal such as Mg,
Ca, Sr, and/or Ba.

[0028] By the present invention it is possible to create a metal enriched shell on a relatively inert
carrier material. Carriers used for steam reforming are most often sintered at high temperatures
In order to provide a sufficient strength of the carrier to withstand the high temperatures and high
steam pressures. However the carrier is not only made stronger by sintering but also made less
reactive rendering the task of creating a metal shell non trivial. Carriers for steam reforming may
comprise magnesium alumina spinel or Ca-aluminates as they provide high thermal stability, high
tablet strength and sufficient surface area after sintering at very high temperatures. Other typical
carriers such as y-Al,O4 or other transition aluminas provide high catalytic surface area but may

not be stable under conditions of high temperature and high steam pressures. y-Al,O3 also

require high sintering temperatures in order to render high tablet strength and good thermal
stability under relevant steam reforming conditions and consequently, upon high temperature
treatments, the y-Al,O4 readily transforms into a-Al>O4, which In turn has a very low surface area

and is not suitable for some steam reforming applications. Furthermore, magnesium alumina
spinel or Ca-aluminates carriers are more basic than alumina-based carriers, thus allowing
operation at low steam/carbon ratios without risk of carbon deposition in the catalyst bed, which
would significantly decrease the catalyst lifetime. In other worlds, under relevant steam reforming
conditions it might be preferred to use magnesium alumina spinel or Ca-aluminates carriers In
order to ensure C-free operation. In conclusion, magnesium alumina spinel or Ca-aluminates
carriers or combinations hereof are preferred over alumina carriers for certain steam reforming
applications.

[0029] Preferably the carrier comprises 50 - 99% MgAl>,O4 and/or Ca Aluminate, such as at least
80% MgAI,O4 and/or Ca Aluminate. E.g. the carrier comprises at least 90% MgAI,O4 and/or Ca
Aluminate, such as at least 90% MgAl>O4 or at least 90% Ca Aluminate. The calcium aluminate
may be Iin the form of hibonite (CaAl15,049), grossite (CaAl4O7) or calcium monoaluminate
(CaAl>0Oy), or a combination thereof.
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[0030] Alkaline earth metals may be chosen as they increase the reactivity of the carrier against
the metal precursor.

[0031] In some embodiments the alkaline earth metal oxide/hydroxide concentration is 0.5 -
10wt% after impregnation. Preferably 1 - 6wt%. E.g. 1.5 - S5wt%. The applicant has shown that
e.g. 1.5 wt% MgO results in a clear shell formation. Similarly the applicant has shown that 1.5

wt% CaO results in an increased Me concentration in the shell region and that 3 wt% CaO results
In a clear shell formation.

[0032] The first decomposition is preferably carried out at a temperature from 300 - 900 °C,
such as 350 - 700°C, and/or 400 - 600 °C.

[0033] The first decomposition temperature may be selected depending on the first precursor
solution. For example nitrates may decompose in the range of 350-600°C.

[0034] The first decomposition may be carried out In various atmospheres Iincluding but not
limited to air, Hy, No and/or other inerts or reducing gases. The decomposition time may be

varied depending on e.g. the first precursor solution, decomposition temperature and/or
decomposition atmosphere.

[0035] The second metal precursor may for example be Me-nitrate, Me-acetate as well as
complexes such as Me-citrate, Me-Ethylenediaminetetraacetic acid (EDTA) or Me-
Ethylenediamine (EDA). The metal precursor may be selected to induce a desired reactivity
between the metal precursor and the modified carrier surface.

[0036] The impregnated carrier can optionally be dried between the second impregnation and
the second decomposition as this under some conditions may assist the formation of the shell
impregnation.

[0037] The drying step may be carried out in air at for example at temperatures 80-150 °C.

[0038] The second decomposition is preferably carried out at a temperature from 250 - 600 °C,
for example 300 or 450 °C.

[0039] The second decomposition may be carried out In air, Hy, No or other atmosphere

preferably for 0.5 - 5 hours, such as 1 - 4 hours.

[0040] The second decomposition may depending on applied decomposition atmosphere
decompose the specific metal precursor into a metal oxide, a metal or a combination hereof.

[0041] E.g. the metal may be present as NIO or RhoO4 after decomposition in air. If reduced

and/or during operation under reforming conditions the metals may be present at least partly In
reduced form as Ni, Rh, Ru etc.
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[0042] The resulting catalyst body may preferably be used in steam reforming, primary and/or
secondary reforming and/or in catalytic partial oxidation of methane.

[0043] The catalyst body obtainable by the method according to the present invention has a core
section and a shell section. The core section comprises the carrier material impregnated with the
alkali earth metal oxide or hydroxide, wherein the concentration of alkaline earth metal oxide
and/or alkaline earth metal hydroxide in the core section is 0.5 - 10 wt%.

[0044] The shell section comprises the carrier material impregnated with the alkali earth metal
oxide or hydroxide as well as the metal Me, wherein the shell thickness is 10 - 1000 um, the shell
thickness being defined as the distance from the outer surface of the catalyst body to the
position where the metal (Me) concentration is 150% of the average metal (Me) concentration,
as calculated as the average concentration from 800 um and to the centre of the catalyst body.

[0045] The thickness of the shell section may vary but may for example be from 5 - 1000, such
as 10 - 800pum or 30 - 700um or below 500 um but above Sum.

[0046] The shell thickness are calculated as the distance from the outer surface of the catalyst
body to the position where the metal concentration is 150% of the average metal concentration,
as calculated as the average concentration from 800um and to the centre of the catalyst body:.

[0047] In other words the shell thickness may be defined as the distance from the outer surface
of the catalyst to the points where the metal Me concentration is 150% of the average of the Me
concentration in the centre core section.

[0048] Where the average concentration in the centre section is at or below the minimum
measurement threshold approximately 0.5 wt% (by EDS) the shell may be defined as to start
where the metal concentration is 1.5 times 0.5 wt%.

[0049] In many embodiments it may be desired that the majority of the metal Me is found In a
relatively small part of the catalyst. For example at least 90% of the metal Me such as Ni, Ru
and/or Rh is found in the shell (e.g. within an outer layer of up to 500 um) as measured by EDS
or WDS.

[0050] The relative shell thickness may vary but Iin several embodiments the shell thickness is
50% or less of the catalyst radius (average distance from centre to outer surface), such as less
than 30% or less than 20% or less than 10% of the radius.

[0051] A preferred catalyst may comprise a core section and a shell section, wherein

e the carrier iIs magnesium alumina spinel and/or calcium aluminates and/or where the
alkaline earth metal oxide and/or alkaline earth metal hydroxide is MgO, Mg(OH),, CaO

and/or Ca(OH),, and

« the shell section comprises magnesium alumina spinel and/or calcium aluminates and
MgO, Mg(OH),, CaO and/or Ca(OH), and at least one metal Me.
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[0052] Depending on the intended use, the metal Me is Ni, Ru and/or Rh.

[0053] The concentration of alkaline earth metal oxide and/or alkaline earth metal hydroxide
such as MgO, Mg(OH),, CaO and/or Ca(OH), in the core section is 0.5 - 10wt%, such as 1 -5

wt%. The concentration of alkaline earth metal oxide and/or alkaline earth metal hydroxide may
be varied in order to achieve a desired shell thickness. For example 2, 3, 4, 5, 6 wt% may result
In a sharp a relatively narrow shell which may be desirable e.g. if the catalyst Is to be used at
high reaction temperatures such as 700 - 1400 °C.

[0054] The average concentration of Me In the shell may in some embodiments be <20 wt%,
<15 wt% such as 1 - 15wt%, <10 wt% such as 0.75 - 10wt% or 1.5 - 10wt%.

[0055] In catalyst according to the present application the Me concentration is lower in the center
than in the shell. For example the average Me concentration in the center region may be 50% or
less (such as 33% or less, 25% or less or 10% or less) of the average Me concentration in the
shell.

[0056] Preferably the Me concentration is <5wt% or in some cases more preferably <2 wt% In
the center. In some embodiments the Me concentration is substantially O wt% in the center of the
catalyst.

[0057] The catalyst may be a cylinder, sphere, elongated hexagonal etc. Various tablet shapes
and sizes may be used for the catalyst according to the present application.

[0058] The catalyst may have a massive body or a body with one or more indentation and/or
through-going holes.

[0059] The catalyst may In various embodiments have a diameter (or average cross section If
not circular) of 3 - 100 mm, preferably 5 - 50mm, such as 10 - 35mm which is relevant for many
industrial catalysts.

[0060] Thus, according to the present method is provided a catalyst, e.g. a steam reforming
catalyst, which is very strong and thereby able to survive under the often very harsh conditions
present in catalytic processes. For example under steam reforming, in steam reformers where
very high temperatures and high water partial pressures are applied.

[0061] Thus an advantage of the new synthesis method is that by impregnating the carrier with
an alkaline-earth metal the carriers basicity and/or reactivity is increased without changing the
strength or the structural integrity of the catalyst body. This changes the carriers affinity for
reaction with a particular metal -precursor on a subsequent second impregnation. Thereby by
the application of the present process it is possible to control the metal e.g. Ni-distribution in the
catalyst body.
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Examples and detailed description of the invention

[0062] In the below various examples are provided. The examples are to be regarded as
exemplary in order to illustrate and elaborate on steps of the method and catalyst body product.
The examples are not to be construed as limiting to the invention.

Example |

Carrier:

[0063] A magnesium alumina spinel carrier containing 92 wt% MgAl,O4 and 8 wt% Al,O45 with a
pore volume of 260 ml/kg, a porosity of 46% and a BET surface area of 20 m2/q.

[0064] Impregnation of the carrier with an alkaline earth metal: The carrier Is impregnated by
iIncipient wetness with a Ca(NO3)- solution at room temperature for half an hour to obtain 3 wt%

CaO on the carrier. After impregnation the calcium nitrate is decomposed at 550°C.

[0065] Impregnation of the modified carrier with a nickel metal precursor:
The carrier Is impregnated by incipient wetness at room temperature with a nickel nitrate solution
containing 7 wt% Ni. After impregnation the nickel nitrate is decomposed at 450°C.

Example li

[0066] Carrier: A carrier as described in example | is used.

[0067] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
Incipient wetness at room temperature with a Ca(NO3)-> solution as described In example |,

Carrier.

[0068] Impregnation of the modified carrier with a nickel metal precursor:

The carrier i1s impregnated by incipient wetness at room temperature with a 0.6 M (M stands for
molar concentration and this abbreviate is used throughout the document) nickel acetate
solution. After impregnation the nickel acetate is decomposed at 450°C.

Example il

[0069] Carrier: A carrier as described in example | is used.
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[0070] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
iIncipient wetness with a Ca(NO3)- solution as described in example | carrier Impregnation of the

modified carrier with a nickel metal precursor:
The carrier i1s impregnated by incipient wetness at 80 °C with a nickel citrate solution containing 9
wt% Ni. The solution was prepared by dissolving 7.6 g nickelhydroxycarbonate containing 42% NI

and 11.4 g citric acid in 15 ml water at 80 °C. After impregnation the nickel citrate is decomposed
at 450°C.

Example IV

[0071] Carrier: A carrier as described in example | Is used.

[0072] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
Incipient wetness with a Mg(NO3)> solution to obtain 3 wt% MgO on the carrier. After

iImpregnation the magnesium nitrate is decomposed at 350°C.

[0073] Impregnation of the modified carrier with a nickel metal precursor:
The carrier is impregnated by incipient wetness with a nickel citrate solution as described in
example lll. After impregnation the nickel citrate is decomposed at 450°C.

Example V

[0074] Carrier: A carrier as described in example | is used.

[0075] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
iIncipient wetness with a Mg(NO3)- solution as described in example V.

[0076] Impregnation of the modified carrier with a nickel metal precursor:

The carrier is impregnated by incipient wetness at 40 °C for half an hour with a 1.2 M nickel
EDTA solution. The NI-EDTA solution is prepared by dissolving 11.2 g EDTA In 30 ml
concentrated ammonia solution at 40 °C and adding 11.2 g nickel nitrate. After impregnation the
nickel EDTA is decomposed at 450°C

Example VI

Carrier:

[0077] A calciumaluminate carrier containing 53 wt% CaAl407, 33 wt% CaAl15019, 13 wt% Al>04
and 1 wt% MgAI»,O4 with a pore volume of 280 ml/kg, a porosity of 46% and a BET surface area
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of 2 m4/g.

[0078] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
iIncipient wetness with an Ca(NO3)» solution as described in example |.

[0079] Impregnation of the modified carrier with a nickel metal precursor:
The carrier i1s impregnated by incipient wetness with a nickel citrate solution as described In
example lll. After impregnation the nickel citrate is decomposed at 450°C.

Example Vi

[0080] Carrier: A carrier as described in example | is used.

[0081] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
Incipient wetness with a Mg(NO3)» solution as described in example V.

[0082] Impregnation of the modified carrier with a nickel metal precursor:
The carrier is impregnated by incipient wetness with a nickel citrate solution as described in
example lll. After impregnation the nickel citrate is decomposed at 450°C.

Example VI

[0083] Carrier: A carrier as described in example | is used.

[0084] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
iIncipient wetness with a Mg(NO3)- solution as described in example V.

[0085] Impregnation of the modified carrier with a nickel metal precursor:

The carrier Is impregnated by Iincipient wetness at room temperature with a 0.5 M nickel
ethylenediamine solution (nickel-EDA). The solution was prepared by dissolving 4.4 g of nickel-
nitrate in 30 ml demineralized water and adding 1.8 g of ethylenediamine. After impregnation the
nickel EDA is decomposed at 450°C.

Example IX

[0086] Carrier: A carrier as described in example | is used.

[0087] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
Incipient wetness with a Mg(NO3)» solution as described in example V.
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[0088] Impregnation of the carrier with a Ru metal precursor:
The carrier Is impregnated by incipient wetness with a solution of rutheniumnitrosylnitrate to
obtain 0.5 wt% Ru on the carrier. The impregnation liguor was prepared by diluting with water a

commercial available solution containing 8.2% rutheniumnitrosylnitrate. After impregnation the
catalyst is dried at 80°C for one hour.

Example X

[0089] Carrier: A carrier containing magnesium alumina spinel (MgAl>,0O4) and a-alumina with a

pore volume of 406 ml/kg, a porosity of 62% and a BET surface area of 4 m2/g

[0090] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
incipient wetness with a 3.5 M Mg(NO3)- solution. Calcined for two hours at 550°C.

[0091] Impregnation of the carrier with a metal precursor solution:

Impregnation for 6 minutes by Incipient wetness with a solution containing 0.26 M Rh (as
Rh(NO3)3), 0.4 M Al (as A(NO3)3) and 2.8 M Mg (as Mg(NO3)»), where the pH of the solution

was adjusted to about 3 - 3.5 with aqueous ammonia. Final calcination at 750°C for 2 hours.

Example Xl

Comparative example:

[0092] Carrier: A carrier as described in example | Is used.

[0093] Impregnation of the carrier with a nickel metal precursor: The carrier is impregnated by
Incipient wetness at room temperature with a 0.6 M nickel acetate solution. After impregnation
the nickel acetate is decomposed at 450°C. The impregnation and calcination Is repeated two
times.

Example Xli

Comparative example:

[0094] Carrier: A carrier as described in example | is used.

[0095] Impregnation of the carrier with a nickel metal precursor:
The carrier is impregnated with a nickel citrate solution as described in example lll. The
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Impregnation and calcination was repeated one time.

Example Xlli

Comparative example:

[0096] Carrier: A carrier as described in example | Is used.

[0097] Impregnation of the carrier with a nickel metal precursor: The carrier is impregnated by
iIncipient wetness at 80 "C with a nickel nitrate solution containing 9 wt% NIi. After impregnation

the nickel nitrate is decomposed at 450°C. The impregnation and calcination was repeated one
time more.

Example XIV

[0098] Carrier: A carrier as described in example VI is used.

[0099] Impregnation of the carrier with a nickel metal precursor: The carrier Is impregnated with
a nickel citrate solution according to the procedure described in example XllI.

Example XV

[0100] Carrier: A carrier as described in example | Is used.

[0101] Impregnation of the carrier with a Ru metal precursor:
The carrier Is impregnated according to the procedure given in example IX.

Example XVi

[0102] Carrier: A carrier as described in example | is used.

[0103] Impregnation of the carrier with an alkaline earth metal: The carrier from example | is
impregnated by incipient wetness with a Ca(NO3), solution at room temperature for half an hour

to obtain 1.5 wt% CaO on the carrier. After impregnation the calcium nitrate is decomposed at
550°C.

[0104] Impregnation of the modified carrier with a nickel metal precursor:
The carrier is impregnated by incipient wetness with a nickel citrate solution as described in
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example lll. After impregnation the nickel citrate is decomposed at 450°C.

Example XVIi

[0105] Carrier: A carrier as described in example | is used.

[0106] Impregnation of the carrier with an alkaline earth metal: The carrier from example | is
Impregnated by incipient wetness with a Ca(NO3)» solution at room temperature for half an hour

to obtain 5.0 wt% CaO on the carrier. After impregnation the calcium nitrate is decomposed at
550°C.

[0107] Impregnation of the modified carrier with a nickel metal precursor:
The carrier Is impregnated by incipient wetness with a nickel citrate solution as described In
example lll. After impregnation the nickel citrate is decomposed at 450°C.

Example XVII

[0108] Carrier: A carrier as described in example | is used.

[0109] Impregnation of the carrier with an alkaline earth metal: The carrier is impregnated by
Incipient wetness with a Mg(NO3), solution to obtain 1.5 wt% MgO on the carrier. After

iImpregnation the magnesium nitrate is decomposed at 350°C.

[0110] Impregnation of the modified carrier with a nickel metal precursor:
The carrier is impregnated by incipient wetness with a nickel citrate solution as described In
example lll. After impregnation the nickel citrate is decomposed at 450°C.

Example XIX

[0111] Carrier: A carrier as described in example | is used.

[0112] Impregnation of the carrier with an alkaline earth metal: The carrier Is impregnated by
Incipient wetness with a Mg(NO3)> solution to obtain 4.5 wt% MgO on the carrier. After

Impregnation the magnesium nitrate is decomposed at 350°C.

[0113] Impregnation of the modified carrier with a nickel metal precursor:
The carrier Is impregnated by incipient wetness with a nickel citrate solution as described In
example lll. After impregnation the nickel citrate is decomposed at 450°C.

[0114] The metal-profile of the catalyst tablets has been examined by the applicant by scanning
electron microscopy analysis (SEM) using standardless Energy Dispersive X-ray spectroscopy
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(EDS)-analysis for chemical analysis. Prior to analysis the catalysts were reduced in hydrogen
and pasivated Iin clean air (O5/N», mix with low O, content) at room temperature. Ni, Rh based

catalysts were reduced at 525 °C and Ru-based catalysts at 350 °C. The samples were cleaved
into half tablet, which were embedded in epoxy and polished to obtain a flat surface. The
embedded samples were re-embedded; ground and polished (with water present). To prevent
charging during the SEM analysis, the samples were coated with carbon. The obtained profiles
are displayed in Figure 1 - 4. The profile type and shell thickness are summarized in Table 1 and
2. The shell thickness is calculated as the distance from the outer surface of the catalyst body to
the position where the metal concentration is 150% of the average metal concentration, as
calculated as the average concentration from 800um and to the centre of the catalyst body.

[0115] The metal concentration in the shell is calculated as the average of the measured metal
concentrations in the shell.

[0116] The maximum metal concentration in the shell is the highest metal concentration
measured in the shell, which is typically very close to the outer surface.

[0117] Hammock - shell in table 1 means that there Is a shell formation but the metal
concentration does not decrease to zero or substantially zero (or below the minimum
measurement threshold 0.5 wt%) in the centre.

[0118] For the Ru-containing samples wavelength dispersive X-ray spectroscopy (WDS) was
used to determine the Ru concentration profiles. With this method Ru standards are used to
enable an accurate determination of the Ru concentration which is lower. Hence, WDS has a
lower detection limit than EDS.

Table 1 Metal profile type and concentration of metal in the catalyst body

Example { Carrier Precursor Proflle Maximum
metal
concentration
IN shell

I 2
MgAI>,O,4/Cal N| mtrate shell - 742

MgAI>04/Cal shell - 176 1.5
acetate

MgAI>04/Cal \Ni-citrate { shell - 155
MgAI>0,4/MgO ' Nii- C|trate

I\/IgAI204/I\/IgO INi-EDTA Hammock
Shell-376

CaAIumlnate/CaO shell - 447 -

CaAIumlnate/IVIgO N| C|trate hammock
shell-103

Q.CQ.CQ.CH0000000000Q.CQ.{Q.CQ.CQ000000000000000000000000000000000000000000000\\000000000000000000Q.CQ.CQ.CQNCQ000000000000000000000000000”0000\ 0000000000000000000000000000000000000000000000000000000000000000000000000000000000

VI MgAI>0,4/MgO Ni-EDA hammock
shell - 90
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Example i Carrier \Precursor { Profile Maximum
type/thickness { Concentration metal
| concentration

IN shell

shell-90

MgAl,04/MgO

nitrate

Table 2 Comparative example IVIetaI profile type and concentratlon of metal in the catalyst body

IVIgAI204 RU(NO) homogeneous
NO3

Figure 1. Nickel concentration profiles measured by EDS analysis along the cross-section of the
catalyst body for examples |-VIIl. The line scans were measured from the outer surface of the
catalyst body and inwards. There is an uncertainty of +/-30 um on the measured position.
1000pum has been used as the center for these plots and related table values.

Figure 2. Nickel concentration profiles measured by EDS analysis along the cross-section of the
catalyst body for examples XI-XIV. The line scans were measured from the outer surface of the
catalyst body and inwards. There is an uncertainty of +/-100 um on the measured position.

Figure 3. Ruthenium concentration profiles measured by wavelength dispersive X-ray
spectroscopy (WDS) analysis along the cross-section of the catalyst body for examples |X and
XV. The line scans were measured from the outer surface of the catalyst body inwards.

Figure 4. Rhodium concentration profiles measured by EDS analysis along the cross-section of
the catalyst body for example X. The line scans were measured from the outer surface of the

catalyst body and inwards.

Figure 5. Nickel concentration profiles measured by EDS analysis along the cross-section of the
catalyst body for examples |-XVI-XVIIl. The line scans were measured from the outer surface of
the catalyst body inwards. 1.5 wt% CaO results in an increased Ni concentration in the shell
region and a clear and sharp shell formation at both 3 and 5 wt% CaO. It appears that Swt%
results in a slightly sharper shell than 3 wt%.

Figure 6. Nickel concentration profiles measured by EDS analysis along the cross-section of the
catalyst body for examples IV-XVIII-XIX. The line scans were measured from the outer surface of
the catalyst body inwards.
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1.5 wt% MgO results in a clear shell region and a clear and sharp shell formation iIs also
registered at both 3 and 4.5 wt% MgO. It appears that 3wt% results in a slightly sharper shell
than Swt%.

Figure 7. Optical images of 4 mm impregnated cylinders cut in the middle through the cross-
section. The images reveal the areas containing nickel (grey or black) and the areas not
containing nickel (white). For these examples, the same spinel and Ca-aluminate carriers were
used as starting point as described in examples | and VI but shaped (pressed) into 4 mm
cylinders. The cylinders where first pre-modified with different amounts of either CaO or MgO, as
described in examples | and |V, and subsequently impregnated with either Ni nitrate, Ni acetate
or Ni citrate solutions, as described in examples |, Il and lll. The details on the carrier, wt% of the
pre-modifier and the nickel precursor used are described in the following:

1. (A) Magnesium alumina spinel carrier without pre-modifier impregnated with Ni nitrate sol.

2. (B) Calcium aluminate carrier without pre-modifier impregnated with Ni nitrate sol.

3. (C) Magnesium alumina spinel carrier pre-modified with 4.5 wt% MgO and impregnated
with Ni nitrate sol.

4. (D) Calcium aluminate carrier pre-modified with 4.5 wt% MgO and impregnated with Ni
nitrate sol.

5. (E) Calcium aluminate carrier pre-modified with 1.5 wt% MgO and impregnated with Ni
acetate sol.

6. (F) Magnesium alumina spinel carrier pre-modified with 3.0 wt% CaO and impregnated
with Ni citrate sol.

/. (G) Magnesium alumina spinel carrier pre-modified with 4.5 wt% MgO and impregnated
with Ni citrate sol.

8. (H) Magnesium alumina spinel carrier pre-modified with 4.5 wt% MgO and impregnated
with Ni acetate sol.

9. (I) Magnesium alumina spinel carrier pre-modified with 5.0 wt% CaO and impregnated with
NI acetate sol.

10. (J) Calcium aluminate carrier pre-modified with 4.5 wt% MgO and impregnated with Ni
acetate sol.
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Patentkrav

1. Fremgangsmade til fremstilling af et katalysatorle-—

geme, hvilken fremgangsmade omfatter fglgende trin:
— tilvejebringelse af en barer, der omfatter magnesi-
umaluminiumspinel og/eller Ca—-aluminater,

— modificering af naevnte barer ved en fgrste i1mprag-

nering med mindst ét jordalkalimetal 1 en fgrste
metalprecursoroplgsning,

— dekomponering af den fgrste metalprecursor ved en
temperatur pa fra 300-900 °C til dannelse af mindst
ét metaloxid eller metalhydroxid til opnaelse af en

modificeret bearer,

— udfgrelse af en anden inclplent wetness 1mpragne-—
ring ved ved hjzlp af en anden precursoroplgsning,
der omfatter mindst ét metal (Me) 1 en anden oplgs-—
ning,

— dekomponering af den anden precursor til opnaelse
af et katalysatorlegeme, der har en berigelse af
det mindst ene metal (Me) 1 katalysatorlegemets
vdre skal, 1det naevnte mindst ene metal er til
stede 1 en koncentration, der enten har en &gge-—

skalsprofil og/eller en ha&ngekgjeprofil.

2. Fremgangsmade ifglge krav 1, hvor bareren er alumini-

umspinel og/eller calciumaluminat.

3. Fremgangsmade ifglge et hvilket som helst af de fore-
gaende krav, hvor bareren har et porevolumen pa 200-
400 ml/kg og/eller et BET-overfladeareal pa 2-

50 m¢/g.
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Fremgangsmade ifglge et hvilket som helst af de fore-—
gaende krav, der omfatter gentagelse af den anden im-

pregnering en eller flere gange.

Fremgangsmade i1fglge et hvilket som helst af de fore-
gaende krav, hvor den fgrste precursoroplgsning er et
nitrat, karbonat eller hydroxid af jordalkalimetal-

lerne.

Fremgangsmade ifglge et hvilket som helst af de fore-

gaende krav, hvor den fgrste dekomponering udfgres

ved 350-550 °C.

Fremgangsmade ifglge et hvilket som helst af de fore-—
gaende krav, hvor jordalkalimetallet er valgt fra fra

gruppen bestaende af Mg, Ca, Sr og/eller BRa.

Fremgangsmade i1fglge et hvilket som helst af de fore-
gaende krav, hvor jordalkalimetalkoncentrationen er

pa 0,5-10 vegtprocent efter impragnering.

Fremgangsmade ifglge et hvilket som helst af de fore-
gaende krav, hvor det andet oplgsningsmiddel er en
metal (Me)-precursor 1 form af nitrat, acetat, EDTA

og/eller EDA.

Fremgangsmade ifglge et hvilket som helst af de fore-—

gaende krav, hvor metallet (Me) er Ni, Ru, Rh, Ir, Pd

og/eller Pt.
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Fremgangsmade i1fglge et hvilket som helst af de fore-

gaende krav, hvor metallet (Me) er Ni, Ru og/eller

Rh.

Fremgangsmade i1fglge et hvilket som helst af de fore-
gaende krav, hvor den impragnerede barer tgrres mel-

lem den anden i1mpraegnering og den anden dekompone-—

ring.

Fremgangsmade ifglge et hvilket som helst af de fore-—

gaende krav, hvor den anden dekomponering udfgres ved

350-000 °C.

Katalysatorlegeme, der kan opnas ved fremgangsmaden

1fglge et hvilket som helst af kravene 1-13, hvilket

katalysatorlegeme omfatter en kernedel og en skaldel,

hvor

— kernedelen omfatter en barer, fortrinsvis af alumi-
niumspinel og/eller calciumaluminater, og mindst ét
jordalkalimetaloxid og/eller jordalkalimetalhydro-
Xx1d, hvor koncentrationen af jordalkalimetaloxid
og/eller jordalkalimetalhydroxid i kernedelen er pa

0,5-10 vaegtprocent,

— skaldelen omfatter baereren, fortrinsvis aluminium-—

spinel og/eller calciumaluminater, og mindst ét
jordalkalimetaloxid og/eller jordalkalimetalhydro-

x1id og mindst ét metal (Me),

hvor skaltykkelsen er pa 10-1000 um, idet skaltykkel-

sen deflneres som afstanden fra katalysatorlegemets
vdre overflade til den position, hvor metal (Me) -

koncentrationen er pa 150 % af den gennemsnitlige
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17.

18.

19.
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metal (Me)-koncentration, beregnet som den gennem-—
snitlige koncentration fra 800 um og til midten af

katalysatorlegemet.

Katalysator i1fglge krav 14, der omfatter en kernedel

og en skaldel, hvor

— ba&reren er aluminiumspinel og/eller calciumalumina-—
ter, og/eller hvor jordalkalimetaloxidet og/eller
jordalkalimetalhydroxidet er MgO, Mg(OH),, CaO
og/eller Ca(OH),, o9

— skaldelen omfatter aluminiumspinel og/eller calci-
umaluminater og MgO, Mg(OH), , CaO og/eller Ca(OH),

og mindst ét metal (Me).

Katalysator 1fglge et hvilket som helst af kra-
vene 14-15, hvor metallet (Me) er Ni, Ru og/eller Rh.

Katalysator 1fglge et hvilket som helst af kra-
vene 14-16, hvor koncentrationen af jordalkalimetal-
oxid og/eller jordalkalimetalhydroxid i1 kernedelen er

pa 1-5 vagtprocent.

Katalysator 1fglge et hvilket som helst af kra-
vene 14-17, hvor koncentrationen af Me 1 skallen er
pa < 20 vegtprocent, < 15 vegtprocent, < 10 vagtpro-

cent, sasom 0,75-10 vagtprocent.

Katalysator 1fglge et hvilket som helst af kra-
vene 14-18, hvor porevolumenet er pa 200-500 ml/kg,

og/eller BET-overfladearealet er pa 2-50 m?/g.
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20. Katalysator 1fglge et hvilket som helst af kra-
vene 14-19, hvor skaltykkelsen er 40-500 pym.

21. Katalysator 1fglge et hvilket som helst af kra-
vene 14-20, hvor skaltykkelsen er 50-300 pum.

22 . Katalysator 1fglge et hvilket som helst af kra-

vene 14-21, der har en radius pa 5-100 mm.

23. Katalysator 1fglge et hvilket som helst af kra-
vene 14-22, der har en sferisk, cylindrisk eller an-

den form.

24. Katalysator 1fglge et hvilket som helst af kra-
vene 14-23, der har et massivt legeme og/eller et le-
geme med en eller flere fordybninger og/eller gennem-—

gaende huller.

25. Fremgangsmade til fremstilling af en syntesegas,

hvilken fremgangsmade omfatter mindst ét reformingt-
rin, til at bringe en fgdestrgm 1 kontakt med en ka-
talysator 1fglge et hvilket som helst af kravene 14-
24, hvor reformingtrinnet omfatter dampreforming,

primer reforming, sekundaer reforming, autotermisk re-—

forming og/eller delvis oxidation.

26 . Anvendelse af en katalysator 1fglge et hvilket som
helst af kravene 14-24 ti1l dampreforming, prim&r re-—
forming, sekundaer reforming, autotermisk reforming

og/eller delvis oxidation.
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27. Reformer, der omfatter en katalysator 1fglge et hvil-

ket som helst af kravene 14-24.
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Fig. 4
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Fig. 5
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