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Purification of hydrogen-rich streams from CO, by methanation
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Magnesium effect on structure and activity of coprecipitated Ni-Al layered double hydroxides as catalyst precursors
for purification of hydrogen-rich streams from CO, by methanation was examined. Various M**/AP* (M?* = Ni?*,
Ni?*+Mg*") molar ratios (1.5 and 3.0), reduction and reaction temperatures as well as gas hourly space velocities
(GHSV) were applied. Magnesium content was identical, at the expense of nickel, in both modified samples.

All catalysts prepared by reduction at 400, 450, 530, or 600°C hydrogenated carbon dioxide successfully to 0-10
ppm levels at reaction temperatures in the range of 400—320°C and GHSV from 3000 to 22000 h™*. Highly loaded
nickel catalysts (3.0NiAl and 3.0NiMgAl) manifested a tendency to be more active than low loaded materials (1.5NiAl
and 1.5NiMgAl).

At lower reaction temperatures (280 and 260°C) after reduction at 400 and 450°C, non-modified 3.0NiAl and
1.5NiAl catalysts’ activity was attributed to larger specific surface areas and smaller particle sizes of metal nickel
(higher Ni dispersion). Further treatment of the catalysts at 530 and 600°C induced sintering of the nickel metal
particles, thus leading to a decrease of methanation activity.

The Mg-containing catalysts had the advantage of preserving nickel metal dispersion after reduction above 500°C
due to a retarding effect on Ni sintering.

The Mg-modified highly loaded Ni catalyst (3.0NiMgAl) can be recommended as a suitable material for deep CO,
removal from hydrogen-rich gas streams through the methanation reaction at low temperatures, such as 240 and 220°C.
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INTRODUCTION

Coal conversion and utilization technologies are
gaining considerable attention because of increasing
prices and demand of oil. Synthetic natural gas
(SNG) production from coal is considered pro-
mising for obtaining valuable gaseous fuel with high
combustion efficiency and environment friendliness
[1-5]. The methanation reaction represents a key
step in coal-to-SNG production, where the catalytic
hydrogenation of carbon oxides (CO and CO,) pro-
vides an efficient alternative to conventional natural
gas [6].

The hydrogenation of carbon dioxide to methane,
also called the Sabatier reaction or methanation, can
be used as a particularly promising technique for
purification of Hy-rich streams from traces of CO, to
prevent catalyst poisoning especially in the fuel cell
anode technology and ammonia synthesis industry
[7-11]. The methanation reaction is commonly
applied in ammonia plants at the final stage of
purification of the synthesis gas in which low-
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concentration carbon monoxide and carbon dioxide
(0.1-0.5%) are catalytically removed. The reaction
is of crucial importance due to the poisonous effect
of carbon oxides on ammonia synthesis [8].

Although many metals such as Ni, Co, Fe, Ru,
Rh, etc., supported on various oxide carriers (e.g.,
Si0,, TiO,, Al,O3, ZrO,, and CeO,) have been used
to catalyse the reaction, nickel and ruthenium are the
most effective [11]. Nickel catalysts have been
extensively investigated because of the metal avail-
ability and economic considerations. With regard to
this, industrial methanation catalysts are essentially
based on metal nickel demonstrating high activity,
selectivity toward methane formation in preference
to other hydrocarbons, high thermal stability, and
relatively low cost [7, 12, 13].

Methanation catalysts are exposed to extreme
conditions owing to the highly exothermic nature of
the CO, methanation reaction and the fact that steam
is one of the reaction products: CO, + 4H, —
CH,4 + 2H,0, AHjp0:c = —175.4 kJ.mol™ [7]. Over-
heating, sintering, and deactivation of the catalysts
occur due to nickel crystallite growth with resultant
reduction of the active nickel surface area. These
phenomena require usage of mechanically and
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thermally stable supports such as stable to sintering
alumina.

A major requirement in manufacturing Ni/Al,O;
catalysts is the catalyst to be sufficiently active to
ignite the reaction at low temperatures, i.e. to
contain a relatively large portion of nickel metal,
usually over 60 wt.%. Ni-Al layered double
hydroxides (LDHs) with takovite-like (TKI) struc-
ture can be obtained from Ni and Al salts at
Ni%*/AIF* molar ratios between 1.0 and 5.6 in the
fresh precipitates corresponding to 59.5-88.0 and
40.5-12.0 wt.% of NiO and Al,Os, respectively, as
it has been documented in Ref. 14. In our recent
study [15], we specified that Ni-Al LDHs with TKI
structure are effective catalyst precursors for
complete CO, removal from hydrogen-rich gas
stream by methanation reaction.

Ni-Al LDHs belong to a great group of natural
and synthetic inorganic lamellar compounds with a
chemical composition of general formula [Ni®*
AP (OH) T [AY wn] - mH,0, where Ni** and AI**
ions are located in the brucite-like hydroxide layers.
Charge compensating exchangeable anions (A™)
such as COs*, NO3 ', SO,%, CI, etc. as well as water
molecules are situated in the interlayer space of the
layered structure. Here, x represents the fraction of
AI®* cations, and m is the number of water mole-
cules. Ni-Al layered systems represent promising
catalysts due to their high specific surface area,
good distribution of both Ni** and AI** ions despite
the high content of Ni** ions, high metal dispersion
after reduction, and small crystallite size. A wide
variety of M** or M*" cations may be incorporated
or replaced at the octahedral sites of the brucite-type
sheets by other entities having similar ionic radius,
thus forming different layered compounds [16—-19].

An inspection of the literature suggests that MgO
is an effective promoter to minimize the sintering of
nickel metal particles [20].

The purpose of the present investigation was to
elucidate magnesium dopant effect on the properties
and catalytic activity of Ni-Al LDHs with TKI
structure in the model reaction of CO, methanation.

EXPERIMENTAL
Sample preparation

Carbonate forms of TKI precursors with M**/AI**
molar ratios of 1.5 and 3.0, where M** = Ni** or
M? = Ni*" + Mg* were prepared. All precursors
were synthesized by coprecipitation of mixed
Ni(Mg)-Al nitrate solution with Na,CO; at constant
pH = 8.0 and temperature of 80°C. ‘Pro analyze’
purity grade nitrate salts of the corresponding
metals, Ni(NOs),-6H,0, Mg(NO3),-6H,0, and

AI(NO3);'9H,0 were used. A more detailed de-
scription of the preparation procedure is reported in
Ref. 15. A modification of the brucite-like hydrox-
ide layer by partial isomorphous Mg®* substitution
for the Ni?* ions was applied. Magnesium content
was identical, at the expense of nickel, in both mod-
ified samples. The obtained precipitate was further
dried at 80°C for 20 h and named ‘as-synthesized’
precursor, designated as xNiAl, where x represents
the M*/APF* molar ratio, for example 3.0NiAl
(Table 1).

Sample characterization

The chemical composition of the ‘as-Synthe-
sized’ materials was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-
AES) using a JY 38 (Jobin-Yvon) spectrometer.

Powder X-ray diffraction (PXRD) data were
collected on a TUR-M 62 conventional HZG-4
powder diffractometer employing CoK, radiation
(A= 0.15418 nm). The crystalline phases were iden-
tified using Joint Committee on Powder Diffraction
Standards (JCPDS) files.

Specific surface area (SSA) of the ‘as-synthesized’
samples was measured employing the single point
BET method using a FlowSorb Il 2300 Microme-
ritics apparatus with a Np-He mixture (15% N,) at
the boiling temperature of liquid nitrogen.

Gas-phase hydrogenation of CO, to CH,; was
carried out in a fixed-bed flow reactor set-up under
ambient pressure. The amount (about 0.8 g) and par-
ticle size (0.4-0.8 mm) of the loaded ‘as-synthe-
sized’ precursors were determined based on pre-
liminary accomplished experiments aimed at elim-
inating mass transfer effects. Catalyst activation was
performed by in situ reduction in the equipment at
two stages.

The first stage consisted of heating the precur-
sors in a flowing mixture of 5 vol.% hydrogen in
argon to 150°C and keeping this temperature for 60
min, then heating to 240°C and holding for 60 min.
The second stage involved further reduction of the
precursors in a pure hydrogen flow consecutively at
steps of 400, 450, 530, and 600°C for 3 h. Both
reduction procedures were realized at a constant gas
hourly space velocity (GHSV) of 2000 h* and a
heating rate of 1.7 deg.min". Catalytic activity mea-
surements were accomplished after each reduction
step at atmospheric pressure with a CO./Hy/Ar
mixture of 0.65/34.35/65.0 vol.% in the temperature
interval of 220-400°C and GHSV from 3000 to
22000 h™. The catalysts were kept in a steady state
for 30 min at each reaction temperature. The GHSV
was varied at each reaction temperature until 0-50-
ppm CO, levels were attained. Residual CO,
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amount was determined using an online-connected
Uras 3G gas analyser (Hartmann-Braun AG). A
cooling trap (—40°C) between the reactor and the gas
analyser removed the water obtained as a co-product
during the reaction. The catalyst bed temperature
was measured by a shielded chromel-alumel
thermocouple. Gas-mass analysis of the outlet gas
mixture was performed on a MS-10 spectrometer.

Hydrogen chemisorption measurements were
carried out using a volumetric laboratory set-up at
room temperature and hydrogen pressure range of
0-13.33 kPa. The samples were submitted before-
hand to in situ reduction in the equipment at 400,
450, 530, and 600°C for 3 h with a gaseous mixture
of Hy/Ar (1/2, v/v) at a flow rate of 6.5 L.Lh™* and a
heating rate of 2 deg.min™. Monolayer coverage
(capacity for hydrogen adsorption) was determined
by extrapolating the linear part of the isotherm to
zero pressure. The total amount of adsorbed hydro-
gen was used to determine nickel metal specific sur-
face area and to calculate nickel particles size in the
reduced precursors at the above-mentioned tempera-
tures. Particle size calculations were carried out pre-
suming complete reduction of the Ni** ions to Ni° as
well as a cubic form of the reduced nickel metal par-
ticles. Adsorption stoichiometry of one hydrogen
atom bonded to one surface nickel metal atom was
assumed, the surface density of Ni atoms being
taken as 1.54x10™ atoms.m2 Ni [21].

RESULTS AND DISCUSSION

Chemical analysis data listed in Table 1 reveal that
the M*/AI** molar ratio of the dried ‘as-synthe-
sized’ samples is consistent with that of the mixed
nitrate solutions used in the preparation procedure.

Powder X-ray diffraction

Diffraction patterns of the ‘as-synthesized’
samples are displayed in Figs. 1la-d. A well-crystal-
lized TKI structure containing carbonate anions in
the interlayer space was registered only in the
3.0NiAl precursor (Fig. 1a): sharp and symmetrical
reflections for the (003), (006), (110), and (113)
planes and broad and asymmetric reflections for
(012), (015), and (018) (JCPDF file 00-015-0087).
Because of lower nickel loading (Fig. 1b), 1.5NiAl
causes sample crystallinity to diminish due to de-
creased crystallite sizes accompanied by increased
specific surface area (Table 1). No aluminium hy-
droxide/oxyhydroxide phase was detected despite
that the Ni**/AI*" ratio in the sample is lower than
2.0, a typical value of stoichiometric TKI structure.
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Table 1. Sample notation, chemical composition, and
specific surface area of the ‘as-synthesized’ samples

Chemical composition

Sample wt.% molar ratio SSZAil
Ni Mg Al NiZ/AP NiZ*/Mg?* M*/AIR*
15NIAlI 329- 10115 - 15 91
3.0NiAl 426 - 6.5 3.0 - 3.0 71
1.5NiMgAl 20.2 5.4 10.1 0.9 15 15 102
3.0NiMgAIl 31454 6.8 2.1 2.4 3.0 86

PXRD patterns of Mg-containing samples (Figs.
1c,d) are similar to the corresponding Ni-Al entities.
However, they are broader and of lower intensity,
which is more appreciable for 3.0NiMgAl. This re-
sult is evidence for partial replacement of the small-
ler Ni** ions having an octahedral ionic radius r of
0.069 nm by the larger Mg?* ions (r = 0.072 nm)
[22]. Consequently, the modification of the Ni-Al
system with Mg®" ions causes partial amorphization
of the TKI structure associated with specific surface
area development (Table 1).

CO, removal by methanation reaction

The catalytic tests showed successful CO,
hydrogenation to 0-10-ppm levels at reaction tem-
peratures in the range of 400-320°C and GHSV
from 3000 to 22000 h™* on all catalysts after their
reduction at 400, 450, 530, and 600°C. Differences
in activity became evident at lower reaction tem-
peratures such as 300°C (Fig. 2).

Highly loaded Ni catalysts demonstrated a higher
methanation activity at a reaction temperature of
300°C than catalysts of low Ni content (Figs. 2a-d).
The 3.0NiMgAI catalyst showed the highest activity
(0-ppm level) after reduction at all studied tempe-
ratures. The 3.0NiAl catalyst hydrogenated CO,
below a 4-ppm level even on raising the GHSV to
22000 h* irrespective of reduction temperature. A
decrease of the Ni loading in the catalysts led to a
decrease in activity, particularly with the 1.5NiMgAl
catalyst after reduction at 400°C (Fig. 2a) where a
CO, residual content of 22-ppm level at GHSV =
22000 h™* was registered. However, increasing the
reduction temperature up to 450°C (Fig. 2b), 530°C
(Fig. 2c¢), and markedly to 600°C (Fig. 2d) has
brought about a successful purification of the stream
by all the catalysts at high GHSV levels keeping the
residual CO, in the range of 0—6 ppm.

Taking into account that the lower temperatures
are thermodynamically and economically favourable
to carry on the reaction, catalyst activities were
examined in an extended reaction temperature range
within 280-220°C (Fig. 3).
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Fig. 1. PXRD patterns of the ‘as-synthesized’ samples: (a) 3.0NiAl, (b) 1.5NiAl, (c) 3.0NiMgAl, (d) 1.5NiMgAl.
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Fig. 2. Dependence of the methanation activity at 300°C on GHSV of the catalysts reduced at 400°C (a), 450°C (b),
530°C (c), and 600°C (d).

Similar relations of activity were observed at
lower reaction temperatures (280-240°C) after cata-
lyst reduction in the range of 400-600°C (Fig. 3a, b)
if the activity is evaluated by the highest GHSV at
which a residual 10-ppm level of CO, concentration
at the reactor outlet is attained. The latter is an
admissible limit in the feedstock of industrial
ammonia production. It satisfies the requirements
for safety work of fuel cell anodes as well. The
3.0NiMgAl catalyst showed again the highest
methanation activity of 0-ppm level at T > 260°C
and GHSV of 22000 h™ after treatment at all
reduction temperatures. An exception was observed

at a reaction temperature of 240°C if the catalyst
was reduced at 400°C where a 10-ppm residual CO,
level was registered (Fig. 3c). The non-modified
3.0NiAl catalyst remained also active at 280°C since
raising the reduction temperature above 400°C gave
rise to CO; levels below 10-ppm. In the region of
280-260°C, the Mg-containing low-loaded catalyst
1.5NiMgAI exhibited an increased activity after re-
duction at 450°C. CO, removal demonstrated by the
1.5NiAl catalyst was generally the lowest at reaction
temperatures below 300°C; the latter has shown a
slight variation in activity yet after reduction at
530°C.
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Lowering the reaction temperature to 220°C
(Fig. 3d) caused a fall in activity with all the cata-
lysts regardless of applied low space velocities.
Nevertheless, the 3.0NiMgAI catalyst was still suf-
ficiently active since the GHSV giving rise to 10-
ppm CO; is quite high (about 15000 h™*). The rest of
catalysts manifested a similar activity after reduc-
tion at all studied temperatures.

H, chemisorption measurements

An explanation of the observed dependences of
methanation activity could be found using results of
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H, chemisorption measurements. Considering that
the model reaction takes place on the metal surface,
nickel metal specific surface area (SSAy;) and, ac-
cordingly, nickel metal particle size (dy;) have pre-
dominant importance on hydrogenation activity.
According to the H, chemisorption data a larger
SSA; (Fig. 4a) and, therefore, a smaller dy; (higher
Ni° dispersion) (Fig. 4b) of the 3.0NiAl and 1.5NiAl
samples after reduction at 400 and 450°C presume a
larger number of active centres on which the reac-
tion takes place. Further treatment of these samples
at 530 and 600°C induces sintering of the nickel
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metal particles by a particle-migration mechanism
[23, 24]. This phenomenon provokes a decrease of
the SSAy; and, accordingly, of the number of nickel
metal atoms on the catalyst surface, thus leading to a
decrease in methanation activity. In contrast, a grad-
ual increase in SSAy; and a decrease of dy; were ob-
served with the Mg-containing samples on raising
the reduction temperature above 500°C. These re-
sults may be related to minimized migration of Ni°
due to the presence of magnesium as a barrier/
spacer to sintering of Ni° particles [25]. As nickel
particle size becomes smaller, a greater number of
nickel atoms will be exposed to the surface thus pro-
voking a higher catalytic activity. This finding is
predetermined by the structure sensitivity of the re-
action as stated for methanation of 1% CO in hydro-
gen over nickel catalyst (MCR-2X, Haldor Topsee
A/S) at 250°C and a total pressure of 1 bar [26].

Mass-gas analysis

Carbon dioxide high-level removal invokes some
doubt that measured activities include some partial
hydrogenation of CO, to CO. For this purpose, the
outlet gas mixture after the catalytic tests was col-
lected and analysed. The data indicated methane as
the only product. This result confirmed that CO,
hydrogenation on the studied catalysts was complete.

CONCLUSIONS

A powder X-ray diffraction study revealed for-
mation of Ni-Al takovite-like layered double hyd-
roxides of different degree of crystallization depend-
ing on the Ni**/AI** ratio and the presence of mag-
nesium additive. Modification of Ni-Al layered
double hydroxides with magnesium caused partial
amorphization of the layered structure. No alumi-
nium hydroxide/oxyhydroxide phase was registered.

Variations of CO, methanation activity with
changes of space velocity depended on nickel con-
tent, magnesium presence, and reduction and reac-
tion temperatures.

Comparison of the catalytic activities showed
that after reduction at 530 and 600°C the Mg-modi-
fied highly loaded Ni catalyst (3.0NiMgAl) domi-
nated in CO, purification at reaction temperatures
from 260 to 220°C due to (i) an increase of nickel
metal specific surface area and (ii) retarding the
effect of magnesium on metal nickel sintering.

The main effect of the magnesium dopant in Ni-
Al layered double hydroxides is expressed in pre-
serving nickel metal dispersion after reduction
above 500°C.

Bearing in mind that lower temperatures are
thermodynamically and economically favourable for

the studied reaction, the Mg-modified highly loaded
Ni catalyst 3.0NiMgAl can be recommend as a suit-
able candidate for deep CO, removal from hydro-
gen-rich gas streams through the methanation reac-
tion at low temperatures, such as 240 and 220°C.
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OYUCTBAHE HA BOI'ATU HA BOJJOPO I'A3OBE OT CO, YPE3 METAHUPAHE

M. B. I'a6poscka*, P. M. Enpesa-Kepmxuesa®, M. I IIloncka’, /1. A. Huxonosa',
JI. I1. Busipexa®, 1. KpI/II_HaHZ, M. KpI/nuaH2

1H)L:cmumym no kamanus, bvieapcka akademus na naykume, yi. ,,Akao. I'. Bonues”, 6n. 11, 1113 Cogus, Pvacapus
2 Hnemumym no gusuxoxumus ,, Hnue Mwpeynecky *, PymwvHcka akademus, oyn. ,, Mnoenendenyeir “ 202,
060021 Byxypews-12, Pymvuus

[ocrpruna va 12 cenremspu 2015 r.; Ilpepaborena Ha 14 nexemspu 2015 .
(Pesrome)

UscnenBan e epeKThT Ha MarHe3usi BbPXY CTPYKTypaTra M aKTHBHOCTTa Ha cbyracHH Ni-Al cioectd ABOIHH
XHUJPOKCU/IN KAaTO MPEKYPCOpH Ha KaTaJM3aTOPH 32 OYMCTBaHE HA OOraTH Ha BOJOPOJ I'a30BHU MOTOIM OT BBIJICPOACH
JUOKCH] Upe3 peakiyara Ha MeTaHupaHe. M3cienBaHusATa ca MPOBEKIAHN Ype3 MPOMsSHA Ha MOJIHOTO CHOTHOIICHUE
M*/AP* B pexypcopure (M*/AR* = 1.5 1 3.0, kprero M** = Ni*" wm M?* = Ni%* + Mg?"), Temneparypara Ha pexyk-
LMsl, peaKlMOHHATa TeMIeparypa U obOeMHara cKopocT. ChbIbp)KaHHETO Ha MarHe3uil € WAEHTUYHO (3a CMeTKa Ha
HUKeJNa) U B IBaTa MoAu(HUIMpaHu oOpasena.

Beuuku karanuzatopu ycnemHo xuaporenupar CO, no croiiHoctd 0—10 ppm mpu peakUUOHHU TeMIEpaTypu B
uaTepBana 400-320°C u obemum ckopoctu oT 3000 mo 22000 al, cren peaykuus npu 400, 450, 530 u 600°C.
Karammnzatopure ¢ Bucoxo cpabpxanne Ha Hukel (3.0NiAl u 3.0NiMgAl) nposBsiBaT TCHACHINS /1a ca MO0-aKTHBHU.

Crnen penykuus mpu 400 u 450°C, aktuBHOcTTa Ha HeMomudunupanute 3.0NiAl u 1.5NiAl karanmsaropu mpu mo-
HHUCKH peaknuoHHH Temmeparypu (280 u 260°C) ce mpummcBa Ha MO-ToJsIMa CIieli(UIHa MOBBPXHOCT HA METATHUSL
HUKEJI W TO-MajJK{ pa3Mepd Ha METaJIHUTE HUKEIOBH 4YacTHILM (BHCOKa HHKeNOBa aucnepcHocT). Ilo-HaTtaTpirHata
o0paboTtka Ha katanmuzaropu npu 530 u 600°C mpean3BUKBa CHUHTEpYBaHE HAa METAJHUTE HUKEIOBH YAaCTHUIIH, KOETO
BOJIM 10 HAaMaJIIBaHEe HAa METaHUpAaIlaTa aKTUBHOCT.

IIpenumcTBOTO HA ME-CHIBPXKALIUTE KAaTaJIU3aTOPU C€ MPOSABIBA B 3ala3BaHe TUCIEPCHOCTTA HA METATHHS HHUKEI
npu pexykuust Hajx S00°C, npipkamo ce Ha 3a0aBsiius e(heKT Ha MarHe3us BbpXy CHHTEPYBaHETO Ha METAJIHHSI HUKEJL.

Momudunupanusat ¢ Mg katanuszaTop ¢ BUCOKO chabpikanne Ha Huken (3.0NiMgAIl) moxe na ce mpemopsua KaTo
MOJXOMSI] KaHAWAAT 3a Ibi0oko ounctBane oT CO, Ha Ooratm Ha BOAOPOJ Ta30BH CMECH UYpe3 peakuusra Ha
METaHHpPaHe TPH HUCKU peaKMOHHH Temriepatypu kato 240 u 220°C.
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