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Abstract

In view of climate change containmensorption enhanced steam methane reforming (SESMfpears asn
interesting production route foH, with the additional advantage d£O, capture application performed by
high-temperature solid sorbents. CaO is largely employed ass@®ent because of its low cost mineralized
forms (limestone and dolomite), of its high sorption capacity in the high temperature range compatible with steam
methane reforming (SMR). Many recent studies have proposed purposely synthesized Ni-based reforming catalysts,
used with

high-temperature COsolid sorbents, or combined sorbent-catalyst materials (CSCM). For this last purpose,
we studied the effect of Ni salt precursor (Ni nitrate hexahydrate or Ni acetate tetrahydrate) on properties and
reactivity of Ni-mayenite catalysts or Ni-CaO-mayenite CSCM, synthesized by an already validated sequence of
wet mixing (for

sorbents synthesis) and wet impregnation (for catalysts and CSCM synthesis) methods. Although Ni
acetate tetrahydrate was often reported as the best choice to improve textural properties, our study identified
Ni nitrate hexahydrate as a definitely more suitable precursor than Ni acetate tetrahydrate in the purpose of
developing efficient materialfor SESMR. The dissimilar behaviors observed in reforming reactivity are related

and explained by the differences in textural properties, Ni species dispersion, and reducibility.
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1 Introduction

Since some decades, Has been considered as a feasible alternative to carbon containing fossil-fuelst [1,2], in
the framework of growing concerns about anthropogenic greenhouse gas (GHG) emissions and the consequent

climate
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change [3-8]. Anyway, only in recent years some steps have been made towards the so called “hydrogen economy”
(expression introduced by General Motors Co. in 1970 [9]), for instance by studies on fuel cells [10-12], first
instalment worldwide of automotve,Huelling stations [13], and the commercialization of first fuel cells electric
vehicles [14-16].

At present, Steam Methane Reforming (SMR) of natural gas by Ni-based catalysts, carried out in heated vertical
tubular packed-bed reactors (800-1000 °C, 1.5-3.0 MPa), is the most common commercial technology to produce H
[4,5,17-21], meeting nearly half of the world demand [9]. In this process, main reactions are actual SMR (Reaction 1)

and Water Gas Shift (WGS, Reaction 2) [22-26]:

CHag) + HaOp) <> COyg) + 3Hy(q) AH%g5 « = 206.2 kJ mot Reaction 1
COy) + H20p) <> COyg) + Ha(g) AH%gg « = - 41.2 kJ mot Reaction 2

Despite its matureness, SMR whole industrial process has some environmental drawbacks, related to GHG emissions
and poor energy integration efficiency [27]. Therefore, to establish a virtuous “hydrogen economy”, environmental
impact of H production should be contained, as well as its costs, so that SMR and natural gas are still important as a
process and a feedstock, respectively [21,28]. Furthermore, United Nations Intergovernmental Panel on Climate
Change (IPCC) emphasizes the role of fossil-fuels exploitation together with Carbon Capture and Storage (CCS) as an
affordable strategy to limit average global temperature to well below 2 °C above pre-industrial levels [3,29], the target
of recent Paris agreement [30].

For these reasons, in recent years researchers have driven their attention towards Sorption Enhanced Steam Methane
Reforming (SESMR), a process intensification of SMR (Reaction 1 and Reaction 2) implemented by ingsitu CO
capture, performed by a high-temperature solid sorbent [21,27,31,32]su®®action from produced gases drags

WGS (Reaction 2) equilibrium, and then SMR (Reaction 1), towards furthpraduction, i.e. sorption enhancing
[26,33-35]; this allows to obtain a high purity Btream, for instance suitable for applications in solid oxides fuel

cells [36,37]. Among high-temperature sorbents, CaO is largely employed since it is easily available in nature in its
low-cost mineralized forms (limestone and dolomite), and because of its high sorption capacity:d78& 400

Ocao) and kinetics of its carbonation (Reaction 3) in the high-temperature range [34,38] compatible with SMR.

COyg) + CaQy) <> CaCQy AHggk = - 178.2 kJ mot Reaction 3

SESMR is not already developed at industrial level, as stated in a recent revielNdd@days, experimental studies
at laboratory or bench scale have been carried out, mainly focused on searching proper catalysts, sorbents or

Combined Sorbent-Catalysts Materials (CSCM) [6,20,40-43]. A common feature among these works is the use of Ni



nitrate hexahydrate as a precursor salt of the catalytic active phase in purposely synthesized materials. As a matter of
fact, for transition metals ranging from Mn to Zn, metal nitrates are usually selected as precursors, since they are
generally available and cheap, highly soluble in water (more than 4)nahd decompose at moderate temperatures
(below 300 °C) [44].

Nevertheless, literature shows that in several applications different properties and catalytic performances could result
because of a change of the Ni salt precursor, all other parameters being equal. Estellé et al. [45] produced NiO by
thermal decomposition of Ni nitrate hexahydrate, Ni hydroxide and Ni acetate tetrahydrate: in the first case, highly
crystalline NiO with octahedral structures was obtained; in the second, a more amorphous NiO resulted; in the third,
together with crystalline NiO, metallic Ni was obtained too, because of CO ardkbwloping during acetate
decomposition. Ren et al. [46] demonstrated that-Alifp; catalysts derived from Ni acetate were much more active

in the hydrogenation ofi-pirene than Ni nitrate derived ones, their Ni fraction being equal; moreover, Ni acetate
catalysts were more easily reducible than Ni nitrate ones, thanks to more fregtiepbditioning iny-Al,O;
octahedral sites rather than tetrahedral ones. Wu et al. [47] synthesized catalysts with 15 wt% of Ni for glycerol steam
reforming, by wet impregnation of commercyahl,Os using Ni nitrate, Ni chloride, Ni acetate and Ni acetylacetonate

as precursors: acetate derived catalysts showed the best performances in terms of catalytic actpvitielahndvith

the lowest quantity of deposited carbon.

In a previous work (Di Giuliano et al. [28]), we followed the most common path, using Ni nitrate hexahydrate to
synthesize materials based on mayenitg ALa0s3): Ni-mayenite catalysts for SMR, and Ni-CaO-mayenite CSCM

for SESMR. Nonetheless and all this considered, in this paper we aim to describe and compare effects linked to the
use of Ni nitrate hexahydrate or Ni acetate tetrahydrate as Ni precursors, also combined with the influence of Ni and
CaoO fraction on properties and reactivity of the same kind of materials for SMR and SESMR.

In order to do so, we adopted the same methodological approach used in [28]; in such a way, results from this previous
paper can be properly and fairly used for considerations and comparisons presented in the following. The issue of
reactivity resulted very relevant, since investigated materials derived from Ni-acetate were strongly less active in

comparison of their homologues synthesized with Ni-nitrate.
2 Materials and methods

2.1 Synthesis method

The synthesis method included a wet mixing procedure to produce solo-mayenite support or CaO-mayenite sorbents,

followed by wet impregnation procedure for Ni addition to get Ni-mayenite (SMR catalyst) or Ni-CaO-mayenite
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(CSCM for SESMR), respectively. This method isyudlescribed elsewhere (Di Giuliano et al. [28])¢d amalidated
for Ni-nitrate as a precursor: it counts severalibateps consisting in mixing in stirred distilledter at 70 °C, room
temperature hydration, controlled drying or caltimis, all under air at atmospheric pressure.

Employed precursor salts for mayenite support o®-Gaayenite sorbent preparation were Ca{CBIO)-xH,O
(ACROS ORGANICS, purity =99 %) for calcium, AI(NJg9HO (SIGMA-ALDRICH, purity >98 %) for
aluminium. Nickel precursor salts for wet impregoatwere Ni(NQ),:6H,O (SIGMA-ALDRICH, purity > 97 %) or
Ni(CHsCOO)-4H,0 (ALFA AESAR, purity 98 %); from here on, they ashortened by the notations Ni(N) and

Ni(Ac), respectively.

2.2 Materials nomenclature

Table 1 lists all materials synthesized in this kyowith their nominal composition. Mayenite support CaO-
mayenite sorbent were namedGaOx x was the nominal weight percentage of free CaOcéstsal to mayenite (e.g.
CaO0 is nominally solo-mayenite, CaO54 is nominatynposed by 54 wt% of “free” CaO and 46 wt% of emte).
SMR catalysts and CSCM were namedGaDxNi(Y)z CaOx was fixed according to the starting parent materia
(CaO0 or CaO54)Y specified the precursor salt from which Ni ard®&, for Ni(N) or “Ac” for Ni(Ac); z quantified
the nominal weight percentage of metallic Ni vagyfrom 3 to 10 wt%. A study of intermediate Ni cents (4.5 and

6 wt%) confirmed a linear tendency of the catalgstd CSCM properties between these two values.

Table 1: List of synthesized materials.

Nominal Ni
Nominal free CaO
Name Nominal phases  Function z
X* [wt%]

[wi%]
CaOo0 mayenite inert 0 0
CaOONi(N)3 Ni-mayneite SMR catalyst 0 3
CaOO0Ni(N)10 Ni-mayneite SMR catalyst 0 10
CaOO0Ni(Ac)3 Ni-mayneite SMR catalyst 0 3
CaOO0Ni(Ac)10  Ni-mayneite SMR catalyst 0 10
Ca054 CaO-mayenite GG®orbent 54 0
CaO54Ni(N)3 Ni-CaO-mayenite CSCM 52 3
CaO54Ni(N)10  Ni-CaO-mayeniteCSCM 49 10
CaO54Ni(Ac)3  Ni-CaO-mayenite CSCM 52 3



CaO54Ni(Ac)10 Ni-CaO-mayeniteCSCM 49 10

*for the CSCM named CaO54Ni(Y)zZVominal free Ca0 = 54 x (1 —z/100)

2.3 Characterization

Synthesized materials were characterized by: lieklgt Coupled Plasma - Atomic Emission Spectroscopy
(ICP-AES) for Ca, Al and Ni elemental compositiofiRay Diffraction (XRD) for crystalline phases idditation;
Brunauer-Emmett-Teller (BET) and Barrett-Joyneréiala (BJH) methods for texture and pores propeSiesnning
Electron Microscopy and Transmission Electron Méoapy both combined with Energy Dispersive X-ray
Spectrometry (SEM/EDS and TEM/EDS) for morphologyd aelemental topology; Temperature Programmed

Reduction (TPR) for Ni species reducibility.

2.3.1 ICP-AES
Elemental mass percentages of Ca, Al and Ni wetectesl by a VARIAN 720-ES ICP-AES device. Solid gées
were decomposed in a concentrated strong acid, dileted in deionized water, so to be ready for uliglation

operated by the device.

2.3.2 XRD
A BRUCKNER AXS D8 ADVANCED was the device for XRxquisitions (Bragg angl2d = 20 °-70 °, scanning
step = 0.0158 °, sampling time = 1 s per step)loéipy CuKa radiation to locate crystalline phases, then iifiedt

by Powder Diffraction Files (PDF) of Internatior@éntre of Diffraction Data (ICDD) (Table 2).

Table 2: PDF (Powder Diffraction Files) employed @wystalline phase identification in XRD.

Lattice Bravais 20 for L
Number Name Formula

system lattice [°]
00-009-0413 Mayenite Ca,Al140s3 Cubic Body-centred 33+ 34
00-037-1497 Lime CaO Cubic Face-centred 32+ 33
00-005-0586 Calcite CaCQ Rhombohedral Primitive 39+ 40
00-044-1481 Portlandite Ca(OH) Hexagonal Primitive /
01-070-0134 Calcium aluminium oxide Ca®B} Monocline Primitive /
00-038-1429 Calcium aluminium oxide 8&,0q Cubic Primitive /
00-023-1037 Grossite Cafd, Monoclinic Base-centred /
00-047-1049 Bunsenite NiO Cubic Face-centred 43+ 44



03-065-2865 Nickel Ni Cubic Face-centred 44+ 45

00-010-0339 Nickel aluminium oxide NiZ&D, Cubic Face-centred /

Acquired spectra were also used for the estimaifaverage crystallite sizek)(of main detected crystalline phases,
by Scherrer equation [48,49] (Equation 1).

L KA Equation 1
= ation

B cos(26/2) quat
ConstantK and wavelength of Cuig radiation Q) were set equal to 0.9 and 0.15406 nm, respegtit7lll width at
half maximum g, in radian) and Bragg angled2n radian) at ray maximum were measured on difioa rays such

that minimum or any overlapping occurred with otbees. For each crystalline phase, the referredhadythe same

Bragg angle position in all analysed samples (Tahle

2.3.3 SEMJ/EDS

PHILIPS XL30CP was the equipment for SEM (high tensat 20 kV, detector in back scattering electronde,
vacuum in control-pressure mode). Observation vperdormed on external surfaces of powdery sampheks an
internal cross-sectional areas of samples embeiidessin and polished with diamond suspensiondoltth sample
forms, a gold thin layer was deposed by sputtering.

SEM PHILIPS XL30CP carried out EDS analyses by aFORD ENERGY 250 INCAx-act LN2-free detector, on
spots or zones of external surfaces, or mappirgyriat cross-sectional areas of embedded samplesidorental
topography. Elemental Au could be detected by E®&&n though originally absent in all materials, daese of

sputtering.

2.3.4 TEM/EDS

TEM micrographs were acquired by a JEOL 2100 @fBment) operating at 200 kV, with punctual regan equal
to 0.2 nm in parallel mode and 2-3 nm in Scannirg3$mission Electron Microscopy (STEM) mode, eqegpprith
a SDD detector (30 minfor elemental analysis by EDS.

About 10 mg of each powdery sample were firstlyasibnicated for 5 min in 50 ml of ethanol; 3 orréps of the
resulting suspension impregnated the sample-h¢deolymeric membrane sustained by a copper gkitgr ethanol

evaporation, sonicated particles were then disgeseehe membrane.



2.3.5 Porosimetry
A MICROMERITICS ASAP 2420 analyzer recorded &isorption and desorption isotherms at -196 °@remiously
degassed samples (100-200 mg, 100 pag < 125 pm). BET specific surfac&gy) and BJH pore specific volume

from the desorption isotherivg;,) were then calculated.

236 TPR

Powdery samples (100 mg, 100 prd,< 125 pm), placed in a quartz packed bed reastmterwent TPR managed
by a MICROMERITICS AUTOCHEM II. Each sample wassfly degassed and cleaned from contingent Ga¢O
Ca(OH) due to room atmosphere exposure, by a 15 °C' miating ramp up to 750 °C, a 30 min step at 75arf€Ca
cooling down to room temperature, all under a 50 Min™ Ar stream. Actual TPR followed, including a 15 f@n™
heating up to 1000 °C and a 30 min step at thigpéeature, under a reducing flowrate of 50 Nml T§h0 vol% of

H, in Ar). Afterwards, the sample was cooled to rdaemperature under Ar flow.

2.4 Reactivity tests

The packed bed microreactor rig utilized in thisrkyavas fully described in [28], as well as relagperimental
procedures for SMR tests on Ni-mayenite catalyats BESMR tests on Ni-CaO-mayenite CSCM. Anywaythim
following subsections main information is summadizéor the sake of clarity. Typical operating coralis

[6,39,40,50-56] were chosen for SESMR experimentthe investigated kind of materials.

2.4.1 Packed bed microreactor apparatus

The particulate solid sample (500 mg, 100 poy < 125 pm) was placed in a vertical packed bed tguaactor
heated by cylindrical electric furnace, fed with, I€H,, N, as internal standard, Ar as diluent, and stearaimdéd
from vaporization of demineralized water. Downstnethie reactor, an ice trap condensed residual wétée other
gases went towards two Gas Chromatographs in senigigped with Thermal Conductibility Detectors (GCD),
which identified H, N,, CH,;, CO and C@and quantified their concentratiocGG o.). Assuming N flowrate FEnz,in)
to be constant throughout the whole process, ptedlawrates F; ) were consequentially calculated (Equation 2).

CGCi,out

T'FNz.in ; i=CH,H,CO,CO0, Equation 2
c N,,out

Fi,out =

2.4.2 SMR tests on Ni-mayenite catalysts
The first step was the pre-reduction (10 °C Hiiating ramp until 900 °C, then 1 h at 900 °C uradeeducing flow

with 20 vol% of H balanced by inert gases), so to get metallic Miclvis the reforming catalytic active phase. After



that, the reactor was cooled under an Ar strearil, tine temperature of reforming. Two different pealures were
applied:
* SMR-1: after Ar cooling, temperature was kept & 86 for 1 h, then at 750 °C for 1 h and in the ah@50
°C for 1 h, feeding 2 Nml mihof CH,, 2 Nml miri* of N,, 10 Nml miri* of Ar and steam (molar inlet
steam/carbon ratio equal to 3).
¢ SMR-2: after SMR-1 procedure, reactor was cooledrdto room temperature and then heated up to 650 °C
under Ar; at 650 °C SMR was newly started withghee inlet of SMR-1, lasting for 3 h.
The first procedure (SMR-1) evaluated the catagfficiency under usual SMR conditions (temperature
higher than 800°C) and followed its behavior atdowemperatures (until 650°C) allowing both £rption and
methane reforming. The second procedure (SMR-2ipted to check the upkeep of the catalyst efficieat

650°C.

2.4.3 SESMR tests on Ni-CaO-mayenite CSCM
Pre-reduction step described in §2.4.2 was applie€SCM too, then the reactor was cooled down5@ 8 under
an inert Ar stream, and at this temperature refognsiarted by switching the feeding stream frontcAthe same inlet

flows adopted for SMR test (82.4.2).

2.4.4 Data elaboration

Weight Hourly Space Velocity (WHSV, Equation 3) aitkel Weight Hourly Space Velocity (Ni-WHSYV, Edimn

4) identified test conditions, while reactivity fmmances were evaluated in terms of,&dnversion cns, Equation

5) and product concentrations on dry and diluese-fbasis G .., Equation 6). The choice of inlet flowrates and
packed mass resulted from the compromise betweputpose to obtain high enough WHSV and Ni-WHSV (a
least comparable with literature [6,39,40,50-561) ¢he need to have a sufficiently long sorptiohasting period to
be detected with GCs (one sampling each 5 min).e\ffominal Ni weight fractiorwl; ) is considered, Equation 4
provides “Nominal Ni-WHSV”; whereas whemy; is that measured by ICP-AES (83.1.1), Equatiorravides the

“Actual Ni-WHSV”.

Fryai .
WHSY = - Equation 3
. _ Fena,in .
Ni-WHSV = W, Equation 4
m - ("/100)
Feyain — F
Xen, = —m RO 100 Equation 5

FCH4-,iTL



Ciour = 100 ; i,j= CH, H, CO,CO,

3 Results and discussion

3.1 Characterization of as-synthesized CSCM

3.1.1 ICP-AES

Equation 6

A first evidence about syntheses came from elerh@#aAl and Ni quantification by ICP-AES, comparked each

material with corresponding nominal fractions irba3. Since ICP-AES was performed on as-synthesizaterials,

nominal compositions were calculated for this state assuming nominal Ni to be in the form of Ni@deed, last

step of wet impregnation is a calcination [28]. Mad$ the experimental ICP-AES values agree with main

compositions. No clear relation emerges betweeghtsldiscrepancies detected and parameters invesstigdli

precursor, free CaO fraction, Ni fraction), therefehey could be ascribed to experimental varigbih individual

syntheses.

Table 3: Nominal elemental contents and ICP-AE®exental results for as-synthesized materials.

Nominal content

ICP-AES results

Material Al Ca Ni Ca/Al Al Ca Ni Ca/Al
[wt%] [wt%] [wt%] [wtwt] [wt%] [wt%] [wt%] [wt/wt]
Ca00 27.2 34.7 0 1.3 28.1 36.0 - 1.3
CaOONi(N)3 26.2 334 3.0 1.3 28.7 37.3 2.9 1.3
CaOONi(N)10 23.9 30.4 9.7 1.3 24.3 31.7 11.7 1.3
CaOONi(Ac)3 26.2 334 3.0 1.3 27.9 37.0 3.1 1.3
CaOONi(Ac)10 23.9 30.4 9.7 1.3 25.8 33.9 10.1 1.3
Ca0O54 125 54.5 0.0 4.4 12.6 55.0 - 4.4
CaO54Ni(N)3 12.1 52.5 3.0 4.4 10.3 47.0 24 4.6
CaO54Ni(N)10 11.0 47.8 9.7 4.4 11.0 48.0 9.3 4.4
CaO54Ni(Ac)3 12.1 52.5 3.0 4.4 10.1 47.0 25 4.7
CaO54Ni(Ac)10 11.0 47.8 9.7 4.4 11.5 48.0 9.8 4.2




3.1.2 Crystalline phases

X-ray diffractograms in Figure 1 and Figure 2 shomystalline phases detected in as-synthesized ialatein all
cases, desired phases appeared£Ca0Os;, CaO, NiO) and rays intensities were qualitativielyagreement with
expected nominal compositions.

CaO0 sample (mayenite) which was expected to aontaiquely CgAl140s3 also contained Cafd, traces and
CaO (Figure 1), the presence of which was explalmedhypothesizing a partial tendency of Ca spetiebe not
involved in reactions with Al ones; contingent Cg@yformation was found to be resolved only by a higlefCaO
excess [28]. Consequently, Ni-mayenite SMR catal{fSigure 1) has some Ca8l, while CSCM descending from
Ca054 are CaAD,-free, at least as a result of XRD analyses (Figyre

XRD spectra of Ni-mayenite SMR catalysts (Figureabd CSCM (Figure 2) proved that the wet impregmati
procedure was effective in the addition of Ni, vevar the Ni salt precursor (nitrate or acetateppipeared in the
form of NiO, as the last step in the procedure talgination: the higher Ni nominal fraction, them intense NiO
main ray (Bragg angle at about 43 °, Figure 1 dgdre 2).

Generally, Ca(OH)and CaC@phases could be ascribed to the exposure to atrdweditions (Figure 1 and Figure

2).
(a) B Ca,,Al; 4,045 (Mayenite) (b) W Cay,Al 4043 (Mayenite)
0 CaAl,0, 0 CaAl,0,
@ CaoO (lime) @ CaO (lime)
= v V NiO (bunsenite) a U .0 s Y V NiO (bunsenite)
® * v
™ B %y gee®s” pele % e gpi=a” mede
CaOO0Ni(N)10 CaOONi(Ac)10
CaOONi(N)3 CaOONi(Ac)3
Ca00 Ca00
20 30 40 50 60 70 20 30 40 50 60 70
Bragg Angle [°] Bragg Angle [°]

Figure 1: X-ray diffractograms of Ni-mayenite SM&adyst, impregnated with (a) Ni(N) and (b) Ni(Acpmpared with CaOO0.
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Figure 2: X-ray diffractograms of CaO54Ni(Y)z imgnated with (a) Ni(N) and (b) Ni(Ac) compared wghO54.

Tables 4 and 5 report average crystallite sizemat#d by Scherrer equation (Equation 1). For eacisidered phase,

dimensions are quite uniform. A tendency of CaOb({@atl) and NiO (Table 5) crystallite sizes to egéacould be

observed with increasing CaO fraction (i.e. dedgrepsnayenite fraction), confirming mayenite dispenseffect,

documented as a strategy to limit CaO sinteringjcivhcauses CaO sorption capacity decay in multecycl

sorption/calcination usage [34].

Table 4: Average crystallite size (L) estimationSpherrer equation for the main Ca phases detelsye®RD in as-synthesized

materials (As-synth.), after TPR (TPR) and afteRS&éhd SESMR tests (Test).

Cay,Al 14033 [Nnm] CaO [nm] CaCOz [nm]
Material

As-synth. TPR Test As-synth.  TPR Test Test
CaO0 37.0 / / 23.8 / / /
CaOO0Ni(N)3 35.0 374 36.7 284 34.2 / 29.8
CaOO0Ni(N)10 32.9 40.1 38.4 26.6 32.8 / 31.6
CaOO0Ni(Ac)3 35.1 39.5 38.8 275 34.0 35.0 /
CaOO0Ni(Ac)10 32.3 37.9 38.2 31.8 33.3 344 /
Ca0O54 314 / / 36.4 / / /
CaO054Ni(N)3 34.4 37.7 355 38.3 40.7 38.1 334
CaO054Ni(N)10 36.2 32.9 35.8 40.7 30.9 40.3 28.4
CaO54Ni(Ac)3 33.2 36.2 35.6 374 40.3 38.8 /
Ca0O54Ni(Ac)10 30.8 33.9 36.4 34.6 39.0 39.6 /
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Table 5: Average crystallite size (L) estimation3pherrer equation for the main Ni phases detebie®RD in as-synthesized

materials (As-syn), after TPR (TPR) and after refiory tests (Test).

NiO [nm] Ni [nm]

Material
As-synh. TPR Test

Ca00 / / /
CaOO0Ni(N)3 15.9 29.0 27.3
CaOONi(N)10 13.8 29.6 28.5
CaOONi(Ac)3 17.9 25.8 24.9
CaOO0Ni(Ac)10 17.4 25.9 255
Ca0O54 / / /
CaO54Ni(N)3 21.1 28.5 25.9
CaO54Ni(N)10 22.1 27.6 27.6
CaO54Ni(Ac)3 211 31.1 36.7
CaO54Ni(Ac)10 18.8 31.2 29.7

All these observations brought to the conclusiat tto appreciable difference came from Ni(N) orAdi, as far as
formation of crystalline phases is concerned. Havea higher NiO crystallite size is noticeable @aOONi(Ac)z
compared to CaOO0Ni(N)z, particularly for z = 10 gitss a slight lower Ni content measured in CaO0NI(N(Table

3).

3.1.3 SEM/EDS

SEM micrographs of as-synthesized samples gendrajhlighted a common microgranular external streest with
porosity in the form of irregular holes and slitgth the unique exception of CaOO0, having cubiarfations (Figure
3). EDS on external surfaces of CaO-sorbents ardMC§ot shown) detected elemental Ca and Al witfiedint
semi-quantitative molar ratios in different spotszones, in accordance with desired presence ek™flCaO on

mayenite, proved by XRD (83.1.2); moreover, Ni iamd in Ni-mayenite catalysts and CSCM.

Ca0Oo0 CaO54

none
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Ni(N)3

Ni(N)10

Ni(Ac)3

Ni(Ac)10

X
Dat ‘WO J—— 20
SE 9.9

3
Figure 3: SEM micrographs at 2000x magnificatiorasfsynthesized materials: columns divided by gareterial (“free” CaO

content), rows by nominal nickel content and preousalt.

EDS on cross sectional areas of embedded CSCMr@-uocated elemental Ni mainly in external shelveloping

particles, or in veins adherent to their internaldg, without significant distinctions between Nj(ldnd Ni(Ac)

CaO54Ni(Ac)3

——10um

“ ‘ . Ca ¥
CaO54Ni(N)10 3 Ca054Ni(Ac)10

Ni
———150pm ——150um

deriving products.

CaO54Ni(N)3

—110um
Figure 4: SEM-EDS map for embedded CaO54Ni(Y)z C8CAd-synthesized state; columns divided by psarwsalt (Y), rows

by nominal nickel content (z).
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3.1.4 TEM/EDS

TEM micrographs of Ni-mayenite SMR catalysts withWt% of Ni (Figure 5) permitted to observe darkemidal
particles of NiO, dispersed on a mayenite matrix,canfirmed by cross-correlating XRD spectra (Fégd) and
STEM-EDS elemental analysis, detecting Ni preposdes in spheroids and Ca/Al ratio close to tha@pAl 14033
in the surrounding matrix. These micrographs alsawlence a better NiO dispersion on mayenite mainix
CaOO0Ni(N)10 than in CaOO0Ni(Ac)10.

Magnifications at 20 nm (Figure 5) showed that jiheroids dimensions were comparable &stimates (Table 4),
and evidenced a difference between Ni(N) and Ni@exjvation, as NiO particles in CaOO0Ni(N)10 werersunded
by a shell, while they were not in CaO0Ni(Ac)10. Additional feature encountered only in CaOONi(Achlas the
detection of whirl-like structures (Figure 6), caatiple with carbon black formations [57] and theref most likely
ascribable to the decomposition of acetate spatiekel carbide due to substoichimetriec @mosphere in the inner

bulk of material, as previously observed [58].

CaOONi(N)10

CaOONi(Ac)10

Figure 5: TEM micrographs of as-synthesized CaORMIiQ (first row) and CaOO0Ni(Ac)10 (second row).

Figure 6: TEM micrograph of as-synthesized CaOOR){A (on the left) with graphical magnification tfe zone within the

white box (on the right).
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3.1.5 Porosimetry

As far as Ni-mayenite SMR catalysts are concermemninal Ni fraction and its precursor salt affectedres

properties (Figure 7). In the case of Ni(N) catllySser was always increased with respect to CaOO0, wishiggnt

negative trend as the nominal Ni fraction increagEdjure 7a); Vg of CaOONi(N)3, as well ad/g;y of

CaOO0Ni(N)4.5 and of CaOONi(N)6 (not shown), is tegtithan that of CaOO0, however the contrary hapgens

CaOO0Ni(N)10, revealing a negative influence of fdiction increase (Figure 7b). For Ni(Actalysts, a similar trend

could be inferred, however quantitatively more ewigl in fact,Sser andVg;1 decreased more markedly as nominal Ni

fraction increased, with values significantly lowtean that of CaOO0 for 10 wt% of Ni (Figure &d 6 wt% (not

shown). The nominal Ni fraction being equal, Ni-reaife samples impregnated with Ni(N) always showiggher

Ser and Vg4 than corresponding ones impregnated with Ni(Ad)eSe comparisons were performed at the same

Ca/Al ratio (Table 3).
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As far as CSCM are concerned, the presence offaé2 fraction in CaO54 led to a reverse trend tb dbaerved in
the absence of free CaO fraction (CaO0 samplegphrdiess of Ni fraction and its origin. In factteaf wet
impregnation of CaO54 to obtain 3 wt% or 10% of 8+ (Figure 8a) and/g;4 (Figure 8b) slightly decreased from
values shown by Ca054, with the exception of CaQ&¥Y3; wet impregnation by Ni(Ac) gave slightlydiier Sger
and Vg, than those by Ni(N). However, in these comparisdns worth to remark that the Ca/Al ratio (Taldpis

the highest for CaO54Ni(Ac)3 sample and the lovi@sCaO54Ni(Ac)10 sample.

3.1.6 Reduction properties

H, consumption profiles during TPR for Ni-mayenite BMatalysts (Figure 9) showed several kinds of cédn
peaks. Ni(N) derived catalysts (Figure 9a) exhibifgeir main peaks at temperatures higher than°@0then related
to NiAl,O, spinel phase reduction by tb metallic Ni and AIO; [59-63], the intensity of which grew with nominal
Ni content; a left shoulder in the range 650-750rfdicated the presence of Ni in strong interactiat the support
structure [6,60,64]; peaks in the range 450-550r&@resenting NiO in moderate interaction with sugport [63],
and minor peaks from free NiO appeared in the redgpelow 400 °C [62,65] were more and more relevanii
nominal fraction increased.

Ni(Ac) derived catalysts (Figure 9b) presented ffetdnt behaviour, having their main reduction peakround
650 °C, the higher the Ni fraction the more intetiee peak, with a right shoulder at 775-785 °Cséheemperatures
correspond to Ni in strong interaction with the o structure [6,60,63], but not in the form ofANiO, spinel, to
which only the smaller peaks at 910-915 °C coulddbated [62,63]; secondary peaks appeared, abgiba NiO in
moderate (485-510 °C) [64] and weak (400 °C or)lésteractions with the support [62,65], similatly Ni(N)

derived catalysts.
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Figure 9: TPR profiles of Ni-mayenite SMR catalystpregnated with (a) Ni(N) and (b) Ni(Ac); numbersthe curves represent
the temperature (°C) at the maximum of the corredpw reduction peak.

TPR profiles of CSCM (Figure 10) showed influencereducibility properties from nominal fractions i and CaO
and from Ni precursor salt. As far as wet impregmaby Ni(N) is concerned (Figure 10a), the CaCtitm of 54
wt% remarkably shifted the most intense reductieaks towards lower temperature (500-650 °C, NiCrisgein
strong interaction with CaO [6] or calcium alumiemt[60]) when compared to the main peak800 °C) of
CaOO0Ni(N), therefore evidencing weaker Ni-support interaxgioFor CaO54Ni(N)10, reduction arose just for NiO

in weak (453 °C and 480 °C) [6,65] and strongeb(B82 and 695 °C) [60] interactions with the support
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Figure 10: TPR profiles of CSCM impregnated with K&(N) and (b) Ni(Ac); numbers on the curves resenet the temperature

(°C) at the maximum of the corresponding reducfieak.

For Ni(Ac) samples (Figure 10b), CaO54Ni(Ackduction peaks were in the same range of temperdhan the
CaOO0Ni(Ack reduction peaks, highlighting the absence of €a® influence. The main peak, increasing with Ni
fraction, is between 630 °C and 650 °C, due to MiGtrong interaction with CaO [6,59], with shoulsldoeyond
800 °C ascribable to NiAD, [59-63].

It is worth stressing here that, in the above dismn of TPR results, high temperature peaks weribwged to
NiAl,O,, even though this phase was not detected by XRdlyses on as-synthesized materials (Figure 1 1 and
Figure 2). Nevertheless, the presence of this bgiaea surface species, although hardly detectaplXRD, is
proposed in literature as a cause of high tempergeaks from TPR of supported Ni [59,60,62,64,66].

XRD analyses on Ni-mayenite SMR catalysts (Figutpahd CSCM (Figure 12) after TPR confirmed theuo@nce

of NiO reduction to metallic Ni. Crystalline phasalseady present in as-synthesized materials wepé KCa(OH),,
occasionally found in samples after TPR (Figure &8uld be ascribed to CaO reactions with enviramaienoisture.
Moreover, small traces of ¢ ,0Os (left shoulder on mayenite peak 28 = 33 °) and CaAD; (peak at28= 25 °)
were sometimes detected. 8Os is in equilibrium with mayenite for Ca/Al molarti@s higher than 6/7 and lower
than 3, while CaAfO; equilibrates CaAD, for Ca/Al molar ratios higher than 1/4 and lowkan 1/2 [67]. TPR
procedure nominally reached 1000 °C, thereforedaatean additional thermal treatment on as-syrebdssamples,

with the potentiality to provoke new solid statagtons; in fact, the formation of these new catc@luminates could
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be related to GgAl 14033 instability in dry conditions at 1050 °C, temperat close to those of the TPR dwell [67],
also considering that in the used TPR device (§2tBe thermocouple was not within the active pddied.
Ni-mayenite catalysts after TPR (Figure 11) presgérioth CgAl,0s and CaAlOs phases formed during reduction.
For the same nominal Ni fraction, their XRD raysravenore intense in Ni(Ac) derived materials. Intbbli(N) and
Ni(Ac) families, intensity of Ni rays increasedsnominal fraction increased.

In CSCM after TPR (Figure 12), ¢#d,0 was barely distinguishable only for samples witimimal 10 wt% of Ni.
Tables 4 and 5 summarize average crystallite sitimates by Scherrer equation (Equation 1) for sesnafter TPR.
For Ca,Al 14053 and CaO phases, values are systematically higligr,the only exception of CaO54Ni(N)10, than
those of the same materials in as-synthesized stav&ving the occurrence of slight sintering pheaoanbecause of
TPR heating procedure. Values estimated for Ni @leagstallites, quite homogeneous among all sanfpktsveen 26

and 31 nm), were used as a reference to evaludézisg occurrence in materials tested for SMR SB&MR.

@) B Cay,Al;,043 (Mayenite) (b) B Cay,Al 40,3 (Mayenite)
OCaAlL0, = 0 CaAl,0,
m A CazAl,Of A CazAl,04
A CaAl,0; (Grossite) A CaAl,O; (Grossite)
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= VNi ] v v Ni
v
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B5) an A A AD ° Am Emm) afa% o
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Figure 11: X-ray diffractograms of Ni-mayenite SM&alyst, impregnated with (a) Ni(N) and (b) Ni(Aajter TPR.

(a) ® B Cay,Al 4045 (mayenite) (b) B Cay,Al 4055 (Mayenite)

A CazAl,0q N A CazAl,0f

@ CaoO (lime) @ CaoO (lime)

O Ca(OH), (portlandite) O Ca(OH), (portlandite)

V Ni V Ni

.A. . 5]
Ca054Ni(N)10 after TPR m,E o

CaO54Ni(Ac)10 after TPR

CaO54Ni(N)3 after TPR CaO054Ni(Ac)3 after TPR

20 40 50 60 70 20 30 40 50 60 70

Bragg angle 26 [°]

Bragg angle 26 [°]

Figure 12: X-ray diffractograms of CaO54Ni(Y)z CSQMpregnated with (a) Ni(N) and (b) Ni(Ac), affePR.
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3.2 Catalytic tests

3.2.1 Reference equilibrium compositions
Table 6 summarizes equilibrium values for SMR alb8R, computed by CHEMCAD® 6.5 in [28], at opergtin
conditions defined in §2.4.2 and §2.4.3. Theseegslvere used as a reference to evaluate reactif@rpances of

tested materials.
Table 6: Equilibrium values for SMR and SESMR dfedint experimental conditions, calculated by CHEAD® 6.5

simulations; constant values are P = 1 atm, intefasn to carbon molar ratio = 3, CaO/GHholar ratio = 8.5 [28]

T[°C] Simulated Ci [vol% dry diluent free]  Simulated

CH, H, CcoO CO, CH, conv. [%]
SMR 850 0.0 76.8 16.0 7.2 100.0
SMR 750 0.1 77.1 14.1 8.7 99.8
SMR 650 0.8 77.0 11.5 10.7 96.7
SESMR 650 0.1 97.9 0.4 1.6 99.4

3.2.2 Results of SMR tests

Table 7 summarizes SMR results from catalytic @gtitests on Ni-mayenite materials. From the reacpoint of
view, very differentycqs Were detected, depending on the Ni precursor salt.

Table 7: Experimentalcns from reforming activity tests on Ni-mayenite miisy according to SMR-1 and SMR-2 procedures;

WHSV = 0.24 NI gbed'l; Xcha reported as a unique number results from the ayeraf experimental measuremengg,; as a

range indicates the extreme values of a clearlyeasing ¢) or decreasing () trend

Ni-WHSV [Nl CH4,in h_l gNi_l] XCH4in SMR-1 [%] XCH4 in SMR-2 [%]
Material

Nominal Actual 850 °C 750 °C 650 °C 650 °C
CaOONi(N)3 8.0 8.3 100.0 99.5 96.7 96.2
CaOONi(N)10 2.4 2.1 100.0 100.0 97.8 96.4
CaOONi(Ac)3 8.0 7.7 59.192.6 40.11450 7.4 19.3 4.3
CaOONi(Ac)10 2.4 2.4 81790.3 33.3137.3 5.9 10.2 4.4

Figure 13 reports SMR results for Ni-mayenite oatesl from Ni(N). At a WHSV of 0.24 NI h g4, their

performances always stabilized around values versecto SMR equilibrium (Table 6 as reference), teher the

20



nominal Ni fraction in the range from 3 wt% to 1@tv As far as SMR-1 is concerneghs Was complete at 850 °C
(i.,e. no CH detectable downstream), almost complete at 750af@, with a further decrease of some percentage
points at 650 °C. During the transition between 760and 650 °CCy, ot Was temporary higher than its expected
equilibrium value (Table 6 as reference), especi@t CaOO0Ni(N)3 (and CaOONi(N)4.%ot shown); this could be
ascribed to a sorption enhancing effect due tauasiCaO found in as-synthesized materials (Fiduae For each
material, Ychs iIn SMR-1 at 650 °C was slightly higher than in SMRThis could be related to the different SMR
triggering environments at 650 °C in the two casteady developed Hn SMR-1 and only reactants (Gtnd
H,Oy,) diluted in Ar in SMR-2, the former being more vetive than the latter [28]. Another hypothesithis ageing

of catalysts.

7 100 <% 100 & 100 }( 100
L 909 X o5 = S 90 PROKISRAARRK A | o
= 50 DY S = 807 % o S
S 707 gsoec 750 °C 650°C [ 90 § S 70 oo &
2ot P> > > G Z 60| x x 5
o « o
4 L (] i L 3]
o\o 50 % 85 2 o\o 50 85 2
S 40 s © 5
. rso O = o
12} = 2] =
©° 20 I 5 T
3 10 (FERTATRLL 5 © g ©
6 R T 5
g oCll 70 a
0 50 100 150 200
Time [min] Time [min]
(a) caOONi(N)3 SMR-1 (b) caooNi(N)3 SMR-2
5 100 oo 100 5 100 100
O 90 A O 90 WXXWWWMMW
= v Ll = E X 5 =
< 80 { { Loy S T 80 S
= égmmmxmmmxzm =l = (2R
-~ 707 ss0°c 750 °C 650°C | 90 S . 70 0 §
R S i i ) B 2 2 e 3
| [ —=—H2 L ) L ©
2\0 50 CHa 85 E 2\0 50 85 E
o 404 | —o—cCO o] o 40 <)
= 40 || —o—co02 L8 O T lgo 3
%) % X CH4 conv. el 2] 20 T
[S] [S]
> Jsaaadacaaday (@] > A O S o750 O
DO Y O T T L
S w04l S 10 (TP IIIITITLY, [T (] 0
g O g O % KRR 70
0 50 100 150 200
Time [min] Time [min]
(C) CaOONi(N)10 SMR-1 (d) caOONi(N)10 SMR-2

Figure 13: Results from reforming tests on (a, @OONI(N)3, (c, d) CaOONi(N)10. Left column: SMR+bgedure; Right
column: SMR-2 procedure. Legend in (c) is validdtbdiagrams.

The situation radically changed for Ni-mayenite SkHRalysts from Ni(Ac) (Figure 14). At the same WHEf 0.24
NI h gueq’, they generally showed a dramatic decrease of SMRytic activity in comparison with materials fino
Ni(N) (Table 7), very far from SMR equilibrium aeviement (Table 6 as reference). In SMR-1 experimédat the
two Ni(Ac) catalysts, a kind of apparent systemastf-activation occurred at 850 °C and 750 °C¢as be seen by
Xcha increasing trends (Figure 14a, Figure 14c); tbisldt be related to the conversion of carbonaceepssits by
gasification reactions with steam. In fact, carlmawais deposit was observed on as-synthesized sa(rjjere 6) but

is mainly produced during the activation of theatgtt by Boudouard reactions (CO and G@mation).
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The influence of temperature (Figure 14) was cansidle: ycqs reached values higher than 90 % at 850 °C, passed

through a range between 33 % and 46 % at 750 @ewaentually got to less than 8 % at 650 °C. Wasth stressing

here that all tested materials underwent the sameguluction process (82.4.2) and that, beforeetie of its final

step at 900 °C, Hconsumption always ended to zero for all reportederials, confirming the occurrence of the

maximum Ni reduction achievable at operating coodd. As far as SMR-2 is concerned (Figure 14b Riggire

14d), all Ni-mayenite catalysts from Ni(Ac) exh#ut the same behaviour: an initial attempt of reactwith an

exponential decrease towargs, lower than those obtained according to SMR-1 ptoce at 650 °C.

In Ni(Ac) catalysts compared to Ni(N) catalysts,déntent has also an opposite influence on cataffisiency. The

higher the Ni content, the lower thens during SME-1 procedure (temperature evolution) #mel lower the H

content at a given temperature. Then the higheNiheontent, the greater the catalyst deactivatioss linked to Ni

sintering.
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Figure 14: Results from reforming tests on (a, WODONIi(Ac)3, (c, d) CaOO0Ni(Ac)10. Left column: SMR¥bcedure; Right

column: SMR-2 procedure. Legend in (d) is validdtbdiagrams.

The behavior difference observed for Ni(N) and NiAatalysts in SMR reactivity can be explaineddeyeral

characterizations data:

- Higher NiO crystallites size in as-synthesized lyata were reported (Table 5) at the same Ni cdnten

particularly for z = 10;

22



- A better NiO dispersion on mayenite matrix in Ca@BiL0 than in CaOO0ONi(Ac)10 was evidenced by TEM
(Figure 5) ensuring Ni(N) catalyst stability;

- A carbonaceous matrix in CaONi(Ac)10 catalyst wasesved by TEM around NiO crystallites (Figure 6)
limiting the accessibility of Ni crystallites by GH

- Lower Ser andVp;4 were measured for Ni(Ac) compared to Ni(N) catey&igure 7) also reducing the gas-
solid contact;

- Areducibility of Ni(Ac) catalysts at lower tempéuee than Ni(N) catalysts (Figure 9) increasingshetering

risk.

3.2.3 Characterization of Ni-mayenite materials after SMR tests

After reforming tests documented in §3.2.2, Ni-nmaie materials were examined by XRD (Figure 15) Both
Ni(N) (Figure 15a) and Ni(Ac) (Figure 15b) derivathterials, Ni was detected only in its metallidestdormed by
pre-reduction operated at the beginning of eadh(§2s4.1). No NiO was detected in after-test sasiFigure 15), so
no bulk re-oxidation of catalytic phase occurred.

Formation of CaCe@in Ni-mayenite from Ni(N) was observed (Figure JL5a agreement with observed occurrence
of sorption enhancing during the cooling phase betw750 °C and 650 °C. No formation of Ca@®Ni-mayenite
from Ni(Ac) was observed (Figure 15b) confirming tibsence of CQorption on these materials because of the low
CO, partial pressure at the catalyst surface. No atblevant structural variation was detected by camspn with

materials in their as-synthesized state (Figure 1).
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Figure 15: X-ray diffractograms for Ni-mayenite SMRtalysts impregnated with (a) Ni(N) and (b) Ni(Aafter reforming tests

by SMR-1 and SMR-2 procedures.
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Tables 4 and 5 report resultslofestimates by Scherrer equation (Equation 1) femiyenite materials after SMR
catalytic reforming tests. For GAl40s3 L were systematically higher than those in the ash®sized state,
evidencing the occurrence of a slight sinteringcpss, similarly to that detected for TPR (Tabl@d)l more intense
for CaOONi(Ac)3. The same consideration was vadidunconverted residual CaO in Ni(Ac) catalystshvifie same
specificity for CaOO0Ni(Ac)3. This sintering phenomaeof mayenite and unconverted CaO can be resperisib
lower reactivity observed with Ni(Ac) catalysts. tdiic Ni diameters (Table 5) were quite similarttmse obtained
after TPR, so the catalytic active phase did natevgo severe sintering within the reaction envirentn Then,
mayenite and CaO phases would have an indirectyiataffect in SMR thanks to the easy access ofsités
resulting from proper distribution of Ni on the stitate as previously reported [34].

TEM micrographs of CaOONi(N)10 and CaOONi(Ac)1Ceafteforming tests are shown in Figure 16. Darlespidal
particles were metallic Ni, as inferred by crossrefating STEM-EDS elemental analyses detectinmetaal Ni and
XRD spectra locating metallic Ni as the only Ni-taining phase (Figure 11). The main difference ketwthe
catalysts prepared from various Ni precursors wathé developing of proto-filamentous, carbonacestusctures
nearby these Ni particles in CaOONi(N)10 after SRt not in CaOONi(Ac)10 (Figure 16, 20 nm magrafions);
the presence of elemental carbon in CaO0Ni(N)10eceadirmed by STEM-EDS. Based on experimental mafog

results (Table 7), the presence of carbon on thredbcatalyst can be related to its activity.

CaOONi(N)10

CaOONi(Ac)10

Figure 16: TEM micrographs of CaOONi(N)10 (firstwpand CaOONi(

3
' 20 nm

Ac)lb (second row) after reformingtdéeby SMR-1 and

SMR-2 procedures.
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Finally, Ni(N) catalysts were able to fully devel§MR (Figure 13) and CaOO0ONi(N)10 was capable tontai total
methane conversioryéns) even at 650 °C (Figure 13c). Ni(Ac) catalysts eveery less reactive (Figure 14), and no

longer of interest at 650 °C to be considered &SN $or simultaneous COsorption.

3.2.4 Results of SESMR tests

Table 8 summarizes results from reforming activggts on CSCM, where sorption enhancing durativyh Was
empirically located among sampling test tim8s By means ofCy; o, and Ceo2 out Stabilization, related to sorbent
saturation.

Ni fraction and therefore Ni-WHSV played a relevasie on reactive performances in CaO54Ni(N)z sasipBwt%
of Ni is not enough to totally convert methanemntaintain the initial conversion. Because of aégid deactivation it
was quite difficult to infer whether some sorptemhancing occurred or not.

Table 8: Experimentg{cns from reforming activity tests on Ni-CaO-mayenite@M; WHSV = 0.24 Nl'hgbed'l; XchHs @S @ unique

number results from the average of experimentalsmesnents, rangegq, indicates the extreme values of a clearly incnegsi

(1) or decreasing) trend.

Nl'WHSV [Nl CHa4,i h_l gNi_l] t* [m|n] XCHa [%]

CSCM

Nominal Actual t<t* t>t* Overall
CaO54Ni(N)3 8.0 10.0 / / / 39.5] 10.2
CaO54Ni(N)10 2.4 2.6 76 96.8 96.7 96.8
CaOb54Ni(Ac)3 8.0 9.6 / / / 0.0
CaO54Ni(Ac)10 2.4 24 / / / 0.6

On the other hand, for CaO54Ni(N)10, SMR was stahlgtained throughout the whole test duration, wih,
beyond 96 %, allowing the sorption enhancing effedhe first part, with initialCy, o, €qual to about 90 vol% dry,
diluent free. The performances comparison of Caa@rtel CaOO0 (Table 7) derived materials highlighteichental
role of CaO fraction increase on Ni reactivity iBCM, particularly for low Ni content, as alreadynctuded in [28].
The results for CaO54Ni(Ac)z samples (Table 8) aseexpected and confirm the effect of Ni precursbeir
reactivity was almost (for CaO54Ni(Ac)10) or enliyreero (for CaO54Ni(Ac)3).

Additionally, the effects of in-situ CQrapture (i.e. sorption enhancing) opdéncentration are clearly visible until t*

for CaO54Ni(N)10 (Figure 17b), as well as alreadgdibed worse performances of other CSCM (Fig8je 1
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3.2.5 Characterization after SESMR tests

By XRD, Ca054Ni(N)3 and CaO54Ni(N)10 after reforgitests showed the formation of Ca3@th a concomitant
relevant decrease of CaO rays intensity, in corspario the same CSCM in as-synthesized state @-iga)y, so
corroborating the occurrence of carbonation (Reacs) and therefore of SESMR. Cag@ppeared less intensely in
CaO54Ni(N)3, while CaO rays persisted more stroniglyaccordance with observed reforming experiniamtsults
revealing a scarce but not negligible reactivitplfle 8), sufficient to produce enough £0 trigger a partial CaO
carbonation (Reaction 3). The Cag)garticle size (Table 4) was similar after SESMR@Q@54Ni(N)z) than after SMR
(CaOO0Ni(N)z) despite the sorbent saturation in SBI®ts. Metallic Ni, formed during the pre-redontistep, was
kept during the 3 h SESMR session for all Ni(N)icksl CSCM.

The unique phase variation of CSCM derived fromANj(in comparison to their as-synthesized statgué 2b) was
the emergence of metallic Ni, as a consequence&feaauction. Moreover, traces of NiO appeared nhigsty
because of Ni exposure to SESMR reactants, @td HO) for 3 h. No CaC@was detected, in accordance with the

absence of sufficient reforming reactivity (Tab)e 8
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4  Conclusions

As far as Ni-mayenite properties are concernedyénition of Ni precursor salt and its fractionviet impregnated
samples mainly affected the textural and redutjbgropertiesSser andVg;y of Ni-mayenite decreased as the final Ni
fraction increased, more dramatically in the caBeNigAc) samples. TPR profiles evidenced that Nedps in
Ni-mayenite deriving from Ni(N) had more intensdeiaction than that in Ni(Ac) ones; in both fanslieas Ni
fraction increases, the specific kind of the maiteiaction remains unchanged. A higher integratvgh the support
of Ni derived from Ni(N) than that from Ni(Ac) wadso observed by TEM.

With regard to CSCM properties, effects from Niquesor salt and its fraction were modified by th&reen “free”
CaoO fraction (54 wt%).

As far as Ni-mayenite SMR reactivity is concerndte main feature was a clear distinction betweefNNand
Ni(Ac) derivation: Ni(N) derived catalysts deterratha high SMR reactivity at WHSV equal to 0.24,:N, ™" Gved ",
whatever the nominal Ni fraction between 3 wt% a0dvt% and the tested temperature; on the othed, Hdi¢Ac)
derived catalysts had worse performances than tadsibited by Ni(N) at the same operating condiioespecially
unsatisfactory at 650 °C, the temperature of isteiee SESMR. Characterization results from Ni-mageeafter SMR
did not give significant signals of Ni(Ac) catalysteterioration because of low activity. The singiof mayenite and
CaO phases seems to be important in the explanaitidi{Ac) catalysts inefficiency.

Similarly, CSCM deriving from Ni(N) with nominal 1@t% of Ni, i.e. nominal Ni-WHSV equal to 2.4 §k i ht Oni’
! exhibited a satisfying catalytic activity, highéan that of its homologue from Ni(Ac), whose bia activity was
almost zero. SESMR and SMR were developed andisedtanly by Ni(N) derived CSCM, the higher thefiiction
the higher the reactivity.

As a conclusion, for the success in steam methefoeming and sorption enhanced steam reformingnblyenite and
Ni-CaO-mayenite materials synthesized by wet mixang wet impregnation with nickel nitrate, labelles! Ni(N),

are definitely more appropriate than their corresiiiog Ni(Ac) counterparts.

5 Nomenclature

5.1 Symbols
G volumetric concentration @f on dry and free diluent basis [%n dry and free diluent basis]
cGG volumetric concentration @f measured by GC [vol% on dry basis]
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Wi

5.2

bed

out

6

particle diameter [um]
molar flowrate off [Nml min™ ; NI h']
sample mass [g]

nominal weight fraction of nickel [wt%]

Subscripts

packed bed in SMR/SESMR experimental apparatus
gaseous component {NCH,, H,, CO, CQ)
inlet

outlet
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