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CO, reforming of CH; over Ni/Mg—Al oxide catalysts prepared
by solid phase crystallization method from Mg—Al hydrotalcite-like
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Ni supported catalysts were prepared by the solid phase crystallizagion niethod starting from hydrotalcite (HT) anionic clay
based on [MgAIz(OH)mCO%_]-HzO as the precursor. The precursors were prepared by the co-precipitation method from nitrates of the
metal components, and then thermally decomposesiiu reduced to form Ni supported catalystpd-Ni/Mg—Al) and used for the C®
reforming of CH, to synthesis gas. Kit- can well replace the N?QL site in the hydrotalcite, resulting in the formation of highly dispersed
Ni metal particles orspc-Ni/Mg—Al. The spc-catalyst thus prepared showed higher activity than those prepared by the conventional
impregnation ifnp) method such as NifAl,03 and Ni/MgO. When Ni was supported by impregnation of Mg—Al mixed oxide prepared
from Mg—Al HT, the activity ofimp-Ni/Mg—Al thus prepared was not so low as those ofaNKI,O3 and Ni/MgO but close to that of
spc-Ni/Mg—Al. The relatively high activity ofmp-Ni/Mg—Al may be due to the regeneration of the Mg—AI HT phase from the mixed oxide
during the preparation, resulting in an occurring of the incorporation &f i the Mg2+ site in the HT as seen in tlepc-method. Such
an effect may give rise to the formation of highly dispersed Ni metal species and afford high activityimp4NéMg—Al.
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1. Introduction High dispersion of metal species over catalysts [8] or
) ) ) use of alkaline earth metal oxides in catalysts [9] may re-
During the past decade the catalytic conversion of metce coke formation. Metal supported catalysts are conven-
ane into more valuable synthesis gas has a great importaggga|ly prepared by wet impregnation of different supports.
in chemical industry. The conversion of GHb synthesis g method is not fully reproducible and may give rise to
gas is usually carried out by its;® reforming: some heterogeneity in the distribution of metal on the sur-
CHg + H,0 = CO+ 3Hy (1) face. A new concept of catalyst preparation, therefore, may
) . _ . be required. Use of precursors containing homogeneously
The catalytic conversion of CQinto valuable products is yistributed metal in the structure may, on further calcination
also increasingly important. The G@eforming of Ch and reduction, result in the formation of highly dispersed and
CHy + COp = 2CO+ 2Hy (2) stable metal particles on the surface. We named this method
] ] ) ) ) “solid phase crystallizatiorsfc) method”. This method was
has been intensively studied since this process has Sevglﬁcessfully applied to the preparation of Ni supported cat-
advantages over the® reforming of CH [1-8]. Since the 5y «ts for the partial oxidation and G@eforming of CH,
replacement of O by CG; results in a lower HCO ratio 4, ynthesis gas by using perovskite-type mixed oxides as
in the product gas, the combination of these two reformwme precursors [10]. Thepc method may be generally ap-
reactions widens the utility of synthesis gas, i.e., in methan&‘cable in the preparation of highly dispersed metal sup-
or acetic acid synthesis. Recently, this process has also Btted catalysts starting from many kinds of mixed metal
cei\_/ed_ attention from an e_nvironmental viewpoi_nt since t ide as the precursors. Use of hydrotalcite anionic clay
emission of Cl4 and CQ in the atmosphere brings abou ﬁthe precursor has been also tested in the literature, since

global warming by the greenhouse effect _and these harmatlll the cations are homogeneously distributed inside brucite-
gases can simultaneously be converted into useful synthe-

sis 0as. Ni or precious metals are reported to be activeglge sheets of the hydrotalcite anionic clay structure [11].
gas. P . ) porte . xtremely dispersed Pt catalysts (H#1..1) were prepared
catalysts for this reaction [1,4]; however, this reaction is fr?

guently accompanied by coke formation, especially on N Pt(a_cac_) and a Mg—Al m|xe_d oxide prepared from a
catalysts, leading to catalyst deactivation. hydrotalcite-like precursor [12]. Ni supported catalysts were

also prepared from a Mg-Al hydrotalcite precursor con-
* To whom correspondence should be addressed. taining N+ and were tested in hydrogenation of acetoni-
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trile [13]. Highly dispersed Rh or Ni supported catalyst®iken, model MF1171). The space velocity changed from
were prepared from Mg—Al hydrotalcite anionic clay as pré&s1000 to 204000 miht g-cat 1. The thermocouple was in-
cursor and used for the partial oxidation of methane [14,1%{oduced from the top of the reactor, and placed in the mid-
We have already reported that Pd supported catalysts piée of the catalyst bed. The reaction temperature monitored
pared from Mg—Cr and Mg-Al hydrotalcite-like precursor®y the thermocouple increased from room temperature to
showed high activity for methanol decomposition [16,17]. 1073 K at the heating rate of 2.5 Kmih. Moreover, the
Here we report high activity and sustainability of Ni supfreactions were carried out at 1073 K for 6 h under the same
ported catalysts prepared by tg® method from hydrotal- conditions in order to check the sustainability. The products
cite-like precursors in the CQreforming of CH;. were analyzed by three on-line TCD gas chromatographs
with Porapak-Q and Molecular Sieve 5A columns.
After 6 h of testing, the reactor was filled with nitro-

2. Experimental gen and cooled according to normal procedures. Finally,
_ a temperature-programmed oxidation (TPO) experimentwas
2.1. Catalysts preparation performed by heating the reactor from room temperature

to 1223 K at a rate of 2.5 Kmirt, in a mixture of Q

The catalystpc-Ni/Mg—Al was prepared by using a hy-(0.3 dn#h~1) and N> (2.1 dn?h1). Off-gases were ana-
drotalcite anionic clay as the precursor. [BAd2(OH)ie lyzed as usual and the amount of coke formed on the catalyst
CO57]-4H,0 (abbreviated as Mghl-HT) was used as the was estimated from the amount of g@rmed during TPO
HT and a part of Mg" was replaced by Ni- for prepar- experiment.
ing the precursor of the catalyst. The atomic ratio of Ni/Mg
was fixed at 1.0/2.0. The HT precursor was prepared by
co-precipitation at pH= 10.0 and at room temperature by3. Resultsand discussion
adding slowly an aqueous solution containing the nitrates
of the metal components to an aqueous solution containidg- Sructure of the Ni supported catalysts

NaOH and NaCGQs, followed by aging for 12 h at 383 K. . -
aCos ¥y aging The XRD pattern of the Ni-containing precursor after

The catalysts were obtained by calcining the HT precursors . ) . e
at 923 K for 14 h and 1123 K for 5 h in air. Thep-Ni/ rying at 393 K (figure 1(a)) shows the diffraction lines of a

Mg—Al imp-Ni/MgO andimp-Ni/Al ,05 catalysts were pre- well-crystallized HT phase (JCPDS 22-700) alone, suggest-
g D g D -3 y pre-; 2t is incorporated in the Mg site and dispersed

) ; . ' : that N

pared by the impregnation methddcp) and finally calcined Ny _ _ i
at 1123 K in air for 5 ha-Al»O= (Kanto) and MaO “smoke” uniformly in the brucite layer of HT structure. The inten-
o-Al20s ( ) g ities of the diffraction lines due to the HT phase slightly

powder (JRC-MgO-4) were used as supports and impr " A oo
nated in Ni nitrate aqueous solution. In the caseén- e?ecreased by the addition of Ni cations, indicating that the

Ni/Mg—Al, Mg—Al mixed oxide (abbreviated as Mgl) pre- crystallinity of the HT phase in the Ni-containing precursor

pared from MgAI-HT was used as the support. The Ioadiné;S Iz\;\:er thaln_ th?_t of t?i(')\/l?gs_lfl tT]T E(NRIgee)tlt ft
amount of Ni was 25.1 wt% on each support. er cajcination a , the pattern of thec-

Ni/Mg—Al catalyst (figure 1(b)) shows the strong diffraction

2.2. Characterization of the catalysts
8000J
Surface area of the catalyst was measured by the BET
method using N at 77 K with a BEL Japan BELSORP18.
X-ray diffraction (XRD) was performed on an X-ray dif-
fractometer (Rigaku RINT2550VHF) using CuaKradia-
tion (\ = 1.5405 A). The dispersion of Ni on the Ni sup-
ported catalyst was measured by the pllse method at
room temperature. 100 mg of catalyst was first reduced
at 1073 K for 10 min in 20 vol% K in N2 stream (to-
tal flow rate 25 mimin) and then used for the measure-
ment. 2000 n
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2.3. CO, reforming of CH4

CO;, reforming of methane was carried out at an atmos-
pheric pressure in a conventional flow reactor with a fixed-
bed quartz tubular reacto@(10 mm). The catalyst (0.1 g)
was diluted by 1.0 g of quartz sand and was put betweggyre 1. XRD patterns afpc-Ni/Mg-Al (a) dried at 383 K, (b) calcined
two quartz-wool plugs in the reactor. The feed gas comp&-1123 K and (c) after the reactiom)MgO, NiO; (s) Ni; (¢) MgAl»Oy;
sitions were controlled with a mass flow controller (Okura (W) hydrotalcite; and(({]) graphite.

20/ degree
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Table 1
XRD parameters of Ni supported catalysts.
Catalyst Temperature XRD parameter
a (nm)
spc-Ni/Mg—Al  Calcined at 923 K 0.41774
Calcined at 1123 K 0.41866
After the catalytic te§t  0.42128 2
5]
imp-Ni/Mg—Al Calcined at 923 K 0.41998 =
Calcined at 1123 K 0.42010 §
After the catalytic te§t  0.42108 ,g
imp-Ni/Mg—O Calcined at 1123 K 0.42070 %
Reduced at 1073 K 0.42090 & 44 m
After the catalytic te§t  0.42108 . [ | -
b
MgsAl Calcined at 923 K 0.41960 )
Calcined at 1123 K 0.42090 24
Calcined at 1273 K 0.42166 e}
@] a
MgO 0.42112  JCPDS 45-0948 _’o\/\ A é
NiO 0.41771  JCPDS 47-1049 ; | : | : | —
Mgp.4Nig.sO 0.41900 JCPDS 34-0410 10 20 30 40 50
Mgg.sNig50 0.41926  JCPDS 24-0712 2 0/ degree 60 70 80

aAfter the CQ reforming of CH; at 1073 K for 6 h.

Figure 2. XRD patterns afmp-Ni/Mg—Al (a) before impregnation, (b) dried
lines of MgO (JCPDS 45-948) and NiO (JCPDS 47_1049% 383K, (c) _calcined at 1123 K and (d) after the reacti(m).MgO, NiO;
which overlapped each other. The value of the lattice para- ~ (® N (©) MaAI204; (W) hydrotalcite; and(f) graphite.

metera of the MgO cubic phase in theoc-Ni/Mg—-Al cal-  the circumstances around Ni species in itmp-Ni/Mg—Al
cined at 1073 K was smaller than that of pure MgO. Thigyiajyst are similar to that ahc-Ni/Mg—Al. After the cal-
value was also smaller than that calculated for the Ni-Mg-Qhation at 1073 K, the XRD pattern afp-Ni/Mg—Al (fig-

solid solution on the basis of Vegard's law, by linear interpq;,e 2(c)) shows the presence of MgO, NiO and Mg2J
lation of the values of the pure oxides (table 1). These res“gﬁases. The value of the lattice parametef the MgO cu-
suggest the formation of a Ni-Mg—O solid solution as weflic |attice inimp-Ni/Mg-Al calcined at 1073 K was again
as the presence of At ions in the Ni-Mg—-O cubic lattice smajler than that of pure MgO, suggesting the formation of
as reported by Puxley et al. [18] and Ross et al. [19F*Al 5 Ni—-Mg—-O solid solution including At ions in the ox-
has smaller ionic radius than Mg and NP+ [20]. Fornasari jge |attice. The intensities of the diffraction peaks of both
et al. [21] reported similar phenomena. After the reaction fgO and spinel phase are stronger than thosp@Ni/Mg—
1073 K for 6 h, diffraction lines due to the MgO phase werg 'ingicating that the crystal sizes of both MgO cubic and
weakened and a Ni metal phase was observed together VKPFQAI204 phases inmp-Ni/Mg—Al are larger than those in
the MgO phase (figure 1(c)) and the lattice parametef  gc-Ni/Mg—Al. After the reaction at 1073 K for 6 h, the in-
the MgO cubic phase decreased. These results indicate faakities of diffraction lines due to the MgO phase decreased
a part of NiO was reduced to Ni metal and segregated frofifgure 2(d)). In addition, new diffraction lines due to a Ni
the Ni-Mg—-O cubic lattice during the reaction. Very weaknetal phase were observed together with the MgO phase, in-

diffraction lines due to a spinel phase (Mg8ly; JCPDS (jicating that some of NiO was reduced and segregated from
33-853) were also observed, indicating that the spinel phag@ MgO cubic lattice during the reaction.

was segregated during the reaction.

The XRD pattern of Mg—Al mixed oxide (figure 2(a))32. Catalytic activity of the Ni supported catalysts
shows the strong diffraction lines of MgO. However, the
value of the lattice parameter was smaller than that of The CH, conversions of the four catalystsyc-Ni/Mg—
pure MgO, again suggesting that3Alions were incorpo- Al, imp-Ni/Mg—Al, imp-Ni/MgO and imp-Ni/a-Al,Os, at
rated in the oxide lattice of MgO. When the Mg—Al mixedvarious temperatures (during TPR) are shown in figure 3.
oxide was impregnated in nickel nitrate solution, followedfter the TPR, the activities of these Ni catalysts were tested
by drying at 383 K, the diffraction peaks due to MgO disagfor 6 h at 1073 K at the space velocity of 51000 mth
peared, and the XRD pattern shows a significant reconstrgeeat 1, and time course of the reactions is shown in fig-
tion of the HT structure (figure 2(b)). During the impregnadre 4. The conversion of CQover the catalysts showed a
tion procedure, the hydrotalcite lattice might be regeneratsiightly higher value than that of CH In the case ofpc-
by rehydration as reported by Richle [22]. This result sugNi/Mg—Al catalyst, CH, conversion suddenly appeared at
gests that a substantial part of Ni cations replaced™and 1023 K, where Ni species may be reduced to Ni metal to af-
were dispersed in octahedral sites in brucite layers of tfard highly active Ni supported catalyst, resulting in synthe-
hydrotalcite phase. It is likely that, during the preparatiorsjs gas formation. The value of GHonversion reached to
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Figure 3. CQ reforming of CH, over Ni supported catalysts; GHCOy/

N2 = 1/1/1.4, GHSV= 54000 ml ng—cafl. Figure 5. Effect of space velocity on GOeforming of G; CH4/COy/

Ny = 1/1/1.4, reaction temperature 1073 K.

100
. spe-Ni/Mg-Al was successfully used as the catalyst for the steam reforming
& 954 1 of CH4. Ni%t diffuses progressively into the MgO matrix
g : § 1 ] Aana ; 5 ﬁ during air calcination of a 19% Ni/MgO catalyst in the range
g 9% | \ ] 673-1273 K, resulting in the formation of a Mig;—,O
E imp-Ni/Mg-Al solid solution [2§]. Fuumotq and co—worker; [9,27,28] re-
S N ported that a $O|Id solution BlpsMge.070 (atomic ratio) was
B ss) imp-Ni/MgO imp-Ni/ALO; 1 reduced at high temperature 1073 K) to form an active
¢, / . and stable catalyst for steam or g@&forming of CH,. It
MIRAR AR 1 is likely that the formation of a Ni-Mg—O solid solution is
80 1 2 3 4 5 P a key step for bestowing the high activity on the Ni/MgO
catalyst and that this is the case also in the present catalyst
Time on stream / h system.

Figure 4. CQ reforming of CH, over Ni supported catalysts; GHCO,/ NO significant dn‘fer_ence was ob;erved k.)etween the
Ny = 1/1/1.4, GHSV = 54000 mitrlg-catrl, reaction témperature activities of the effective catalysts; i.espc-Ni/Mg-Al,
1073 K. imp-Ni/Mg—Al and imp-Ni/MgO, selected by screening at
1073 K for 6 h at the space velocity of 51000 mith
94% at 1073 K, and the activity spc-Ni/Mg—Al was stable g-cat™’. This may be due to the fact that the thermody-
during the reaction for 6 h at 1073 K, as shown in figure #amic equilibrium of reaction (2) was attained over these
imp-Ni/Mg—Al showed similar behavior tepc-Ni/Mg—Al, —active catalysts in the reaction conditions. The activity
even though the CiHconversion was slightly lower than thatwas further tested under high space velocity (from 102000
of spc-Ni/Mg—Al at 1073 K. As for Nik-Al 203, the activity to 204000 mihtg-cat?). The results are shown in fig-
appeared at 800 K and gradually increased with increasiigg 5. At the higher space velocity, reaction (2) must be
temperature, but the GHconversion at 1073 K was aboutkinetically controlled on the catalyst surface, therefore, the
84%. This value is lower than those of baitc-Ni/Mg—Al ~ catalytic activity may be compared more precisely. Upon
andimp-Ni/Mg—Al mentioned aboveimp-Ni/MgO did not increasing the space velocity, the catalysts prepared using
show activity even at 1073 Kmp-Ni/MgO required a longer HT as the support (botipc-Ni/Mg—Al and imp-Ni/Mg—Al),
time of activation, and revealed the activity after keepingere still active enough, whilemp-Ni/MgO lost its activ-
1073 K for 0.5 h, as shown in figure 4. The activityiofp- ity. The highest activity was observed owspc-Ni/Mg—Al.
Ni/MgO was higher and more stable than thatimp-Ni/ It is thus very likely that thespc method is quite effective
a-Al,03; the activity of imp-Ni/a-Al,O3 gradually de- for catalyst preparation. The high activity of the catalyst
creased during the reaction. XRD measurementsnpf prepared by thespc method may be due to the formation
Ni/MgO showed the lines of MgO and NiO, which over-of highly dispersed and stable Ni particles such as in the
lapped each other, suggesting the formation of a Ni-Mg-@se ofpc-Ni/perovskite catalyst [10] and Pd supported cat-
solid solution. After the reaction at 1073 K, the lines of Nalysts [16,17]. In the case ohp-Ni/Mg—Al, the hydrotalcite
metal were observed, though weakly, suggesting the fornattice might be regenerated during the impregnation proce-
tion of highly dispersed Ni metal particles. Parmaliana elure. This phenomenon suggests the formation of highly
al. [23—-26] reported that the NiO-MgO system forms “idealdispersed Ni metal particles also onp-Ni/Mg—Al as seen
solid solutions over the whole molecular fraction range arid spc-Ni/Mg—Al.
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Table 2
Amount of coke and pladsorption over Ni supported catalysts.

Catalyst BET surface area Amount of c8ke Amount of adsorbed QP Dispersion
(m?g™1) (umolg™h)  (umolm2) (umolg™1) (%)
spc-Ni/Mg-Al 181 541.7 29.9 299.3 7.0
imp-Ni/Mg—Al 102 408.3 40.0 205.5 4.8
imp-Ni/a-Al203 3 1266.7 4222.2 12.8 0.3
imp-Ni/MgO 24 316.7 131.9 29.9 0.7

aAfter the CQ, reforming of CHy at 1073 K for 6 h.
b Reduced at 1073 K.

3.3. Coke formation over the catalysts a-Al203, Ni metal exists exclusively on the surface and the
size of Ni metal particles is much larger than that of the other
The amount of coke formed over the Ni catalysts after thmatalysts. Such a large size of Ni metal particles may be re-
reaction for 6 h at 1073 K was measured by TPO experimesgonsible for the low activity and the large amount of coke
and shown in table 2. BET surface areas are also showndieposition.
table 2. The amount of coke per gram of catalyst ougr In the spc method starting from HT as the precursor, the
Ni/a-Al2,03 was the largest, followed bgpc-Ni/Mg—Al, resulting catalysts may contain Ni metal homogeneously in
imp-Ni/Mg—Al and imp-Ni/MgO. The order of the amount the bulk. During then situ reduction of Ni species in the
of coke per surface area was as followsp-Ni/a-Al2O3 >>  catalysts, a substantial part of Ni may migrate from the ox-
imp-Ni/MgO > imp-Ni/Mg—Al > spc-Ni/Mg—Al. This re- ide structure to the surface to form highly dispersed and sta-
sult clearly indicates that Mg—Al mixed oxide is an effecble metal particles. Thus, it is likely that well dispersed and
tive support for sustainability against coke formation. Thetable Ni metal particles were formed by tgg method,
decrease in the activity during the g@eforming of CH; resulting in the high activity for the COreforming of CH
at 1073 K was observed witimp-Ni/z-Al,03. This may into synthesis gas. These results clearly suggest thapthe
be due to deposition of a large amount of coke on the camethod is preferable for the preparation of highly dispersed
alyst surface; indeed, a large amount of coke was observedtal supported catalysts. The relatively high catalytic activ-
overimp-Ni/a-Al,03. When the HT was used as the suppoity of imp-Ni/Mg—Al may be due to the fact that a substantial
(spc-Ni/Mg—Al and imp-Ni/Mg—Al), no significant differ- part of Niions can be incorporated in the hydrotalcite phase
ence was observed in the sustainability of the catalyst agaiflsting the preparation, resulting in the high dispersion of Ni
coke formation. metal. This phenomenon is exclusively due to the regener-
ation of the Mg—Al HT structure and seems to be important

3.4. Dispersion of Ni metal on the catalysts in the catalyst preparation.
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