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Abstract

Nickel(Il) containing magnesium-aluminum (3/1) hydrotalcite(HT)-type anionic clays have been prepared by co-precipitation and tested
for a catalyst for liquid-phase oxidation of alcohols with molecular oxygen. The Ni substitution for the Mg site,&l M@ resulted in an
appearance of the catalytic activity and the composition of ¥Miip sAl HT was the most effective. The oxidation of primary and secondary
alcohols afforded the corresponding carbonyl compounds mainly; benzyl alcohol was the most efficiently oxidized to benzaldehyde. The
yield of benzaldehyde over the hydrotalcite catalyst increased significantly with increasing nickel content up to ca. 7.6 wt%, where atomically
isolated and octahedrally coordinated Ni(ll) sites was effective for the oxidation with molecular oxygen. Use of non-polar solvents, such as
hexane, cyclohexane, and toluene, was favorable for the oxidation reaction, among which toluene afforded the highest yield of benzaldehyd
The octahedrally coordinated Ni(ll) cations incorporated inside the framework of hydrotalcite do not leach during the reaction and worked as
a heterogeneous catalyst. It is considered that the Ni(ll) site worked as the active site by activating molecular oxygen assisted by the Mg(Il’
as a base and simultaneously alcohol was activated by the Al(lll) as an acid, resulting in an enhancement of the activity,@Nige/Vg
HT heterogeneous catalyst for alcohol oxidation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction idation of alcohols with molecular oxygen over heteroge-
neous catalysts. Catalytic oxidation with molecular oxygen
Catalytic oxidation of alcohols to carbonyl compounds has is particularly attractive from an economical and environmen-
attracted much attention both in industrial processes and intal point of view[5,6]. Moreover, heterogeneous catalysts in
organic synthesifl]. Alcohols have been traditionally oxi- the liquid-phase offers several advantages over homogeneous
dized by non-catalytic methods with stoichiometric oxidants ones, such as an ease of recovery and recycling, atom utility,
such as dichromate and permangaridie These methods and enhanced stability in the oxidation reactions.
produce enormous amounts of metal salts as wastes. Much Noble metals, such as styrene-divinylbenzene copolymer
effort has been made to develop homogeneous catalytic sysanchored Ru(lll) complef/], Pd-Ag bimetallic system sup-
tems to solve these problerfs3]. However, most systems  ported on pumicg8], Pd(Il) acetate—pyridine complex sup-
still required large quantities of additives such as NaOAc, ported by hydrotalcit§d], Al,Os supported Ru catalyfiO],
NaOH, and KCO;s [4]. There is little known about the ox-  Ru hydrotalcited11], trimetallic Ru/Ce@/CoO(OH) cata-
lyst[12], and hydroxyapatite-bound Pd nanoclu§i@®j were
* Corresponding author. Tel.: +81 824 247744; fax: +81 824 247744.  'eported to be active as heterogeneous catalysts for the ox-
E-mail addresstakehira@hiroshima-u.ac.jp (K. Takehira). idation of alcohols with molecular oxygen. It is likely that
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the noble metals work as the catalyst probably as a Lewis oxidation. In the present paper, we report the catalytic behav-

acid via the peroxometal pathway. Although the use of non- ior of Ni(ll) containing Mg-Al hydrotalcite-like anionic clay

noble transition metals, such as Niand Cu, is interesting from in the oxidation of alcohols with molecular oxygen. Surface

a view point of catalytic actions by activating of molecular amount of Ni effective for the oxidation reaction was evalu-

oxygen, such examples are not abundant in the liquid-phaseated by a novel method using NaOCI as an oxidant. Various

oxidation of alcohols. It has been reported that an octahe-alcohols were oxidized with a coupled system ofi@g(Ni)-

dral molecular sieve, synthetic manganese oxide materialsAl hydrotalcite and, moreover, the crystal structures and co-

with a tunnel structure, works as a heterogeneous catalyst inordination environments of the introduced nickel species are

the oxidation of benzyl alcoh$14]. The reaction proceeded characterized to obtain information concerning the working

via activation of molecular oxygen through the lattice oxy- mechanism.

gen in manganese oxide associated with the Mn(IV)/Mn(l1)

reduction—oxidation couple. Activation of molecular oxygen

on nickel in Ni-Al hydrotalcite-like anionic clay was also 2. Experimental

reported to take place in the oxidation of alcohfls]. A

wide range of alcohols, such as allylic and benzylic, and 2.1. Catalyst preparation

a-ketols was converted to the corresponding carbonyl com-

pounds under mild reaction conditions by employing molec-  Ni containing Mg-Al hydrotalcite, [Mg(I}_xAI(lll) x

ular oxygen as the stoichiometric oxidant. Moreover solvent- (OH),]**(CO3%~ yx2)-nH»0, in which a part of Mg(ll) was re-

free oxidation of benzyl alcohol by tert-butyl hydroper- placed by Ni(ll), were prepared by co-precipitation method

oxide or molecular oxygen was successfully performed reported by Miyata and Okadd9] with minor modifica-

over Mn and Cu containing hydrotalcite-like anionic clays tion. An agueous solution of the nitrates of Mg(ll), Ni(ll)

[16,17] and Al(lll) was added slowly with vigorous stirring into an
The mostcommon hydrotalcite compounds consist of Mg- aqueous solution of sodium carbonate at 333 K. By adjust-

Al system, in which various metal cations can substitute both ing the pH of this solution to 10 with an aqueous solution

sites of Mg(ll) and Al(l11) depending on the valence state and of sodium hydroxide, heavy slurry precipitated. The crystal

the ionic radii[18]. When Ni(ll) substitutes the Mg(ll) sites,  growth took place by aging the solution at 333K for 24 h.

the Ni(ll) will be highly dispersed and octahedrally coordi- After the solution was cooled to room temperature, the pre-

nated with oxygen. If the Ni(ll) species in the hydrotalcite cipitate was washed with distilled water and dried in air at

activates molecular oxygen as suggested by Choudhary eB83K for 12 h. Ni-Al hydrotalcite as a control was also pre-

al. [15], Mg(ll) as a base could assist the reductive activa- pared in a similar way. A list of these catalysts is shown in

tion of dioxygen resulting in the acceleration in the alcohol Table 1

Table 1
Oxidation of benzyl alcohol over Ni containing Mg-Al hydrotaléite
Entry Catalyst (Mg+Ni)/Al ratio  Ni (wt%)¢ BET surface  Benzyl alcohol Benzaldehyde TON
1 :
area/mf geat conversion (%) Selectivity Yield  Total ~ NaOCl NaOC}
(%) (%) Ni
1 None - - - 2 695 15 - -
2 MgsAl HT 3 - 913 9.3 0 0 - -
3 NizAlHT 2 34.6 999 486 665 323 0.2 5.0 31
4 NigAl HT* 2 34.9 1199 654 833 545 04 -
5 NizAlHT 3 38.2 1177 523 782 409 0.2 30 29
6 NizAl HT* 3 38.0 982 690 814 562 0.5 -
7 NizAl HT** 3 40.2 240 151 841 127 0.1 0.2
8 Mgz gNig 1Al HT 3 1.3 801 160 25 0.4 0.1 0.2 -
9 Mg2.75Nig 25AI HT 3 3.7 746 216 517 116 0.7 4.6 0.5
10 Mg.sNig sAl HT 3 7.6 1212 518 978 506 16 185 185
11 MgNIAIHT 3 14.6 1063 504 786 396 0.6 9.7 79
12 Mgo.7sNig 2sAI HT 1 8.2 954 167 6.0 10 04 -
13 Mau 7Nig 3AI HT 2 6.9 940 169 396 6.7 0.4 -
14 Mgz 55NigasAl HT 4 7.1 867 140 221 31 0.5 -
15 imp-Ni/y-Al203 - 7.6 980 9.4 7.0 0.7 0.0 0.0
16 imp-Ni/MgO - 76 475 81 346 28 0.1 0.1

a Catalyst, 0.5 g; benzyl alcohol, 2 mmol; toluene, 10 mf; ®ml min~1; reaction temperature, 333 K; reaction time, 6 h.
b Prepared by co-precipitation method without pH control*; by hydrothermal method at 463 K**,

¢ Measured by ICP.

d Calculated based on the total amount of Ni or by the NaOCI method.

€ The amount of catalyst was normalized so as to contain 0.648 mmol of Ni in the catalyst.



208 T. Kawabata et al. / Journal of Molecular Catalysis A: Chemical 236 (2005) 206—215

Also as controls, two types of Ni-Al hydrotalcite were mixed with boron nitride as a binder and pressed into a
prepared following the methods reported by Choudhary et disk (10 mm). Energy was calibrated with Cu K-edge
al. [15] and Reichle[20], i.e., co-precipitation at ambient absorption (8981.0eV), and the energy step of measure-
temperature followed by stirring at 338K for 18h and by ment in the XANES region was 0.3 V. The adsorption was
vacuum drying at 383 K (shown by *’ ifable ) and co- normalized to 1.0 at an energy position of 30eV higher
precipitation at 303K followed by hydrothermal treatment than the adsorption edge. Temperature programmed re-

at 463K for 18h in autoclave and by vacuum drying at
383K (shown by **' in Table 1. In both cases, pH in
the solution was not controlled during the co-precipitation.

duction (TPR) of the catalyst was performed with 50 mg
of the catalyst at a heating rate of 10Kminusing a
mixture of 5vol% H/Ar (100 mimin1) as reducing gas.

Moreover, the catalysts as references were prepared by conA TCD was used for monitoring the Hconsumption

ventional impregnationifip) usingy-Al,O3 and MgO as
the carrier. Loading amount of Ni was fixed at 7.6 wt%
on both catalysts after the drying in air at 383K for
12h.

2.2. Characterization of the catalyst

The structures of the catalysts were studied by XRD,
MAS-NMR, TG-DTA, SEM, ICP, UV-vis, N-adsorption,

after passing through a X3 molecular sieve trap to re-
move water. Prior to the TPR measurements, the sam-
ple was treated at 573K for 1h in 20vol%@r gas

(50 mimin1).

2.3. Catalytic reactions

Benzyl alcohol (>98%), 4-methoxybenzyl alcohol
(>98%), 4-bromobenzyl alcohol (>98%), 2-phenylethanol

and TPR methods. Powder X-ray diffraction (XRD) mea- (>98%), cinnamyl alcohol (>98%), and 1-octanol (>98%)
surements were performed with a Rigaku powered diffrac- (Wako Pure Chemical Industries) were used as reactants with-
tion unit, RINT2250VHF with Cu Kk radiation (40KkV, out further purification. The oxidation of alcohol was carried
300mA). The diffraction patterns were identified by com- out using a Pyrex batch-type reactor equipped with a reflux
paring with those included in the JCPDS (Joint Committee condenser. In atypical reaction, 0.5 g of catalyst was added to
of Powder Diffraction Standards) database. MAS (magic- glass flask pre-charged with 2 mmol of alcohol and 10 ml of
angle spinning?’Al NMR (nuclear magnetic resonance) solvent at 333 K. The reaction was started by bubbling&s
spectra were obtained using a Bruker AMX 400 spec- through the reactor at a rate of 6 ml miunder vigorous stir-
trometer at a magnetic field of 9.4T. The spectra were ring. After the reaction, the catalyst was filtrated and a small
recorded at a resonance frequency of 104.26 MHz and apartofthe dried catalyst was subjected to the analyses. Alllig-
rotor-spinning rate of 3kHz. The pulse length was |1s0 uid organic products were identified by GC-MS (Shimadzu
For each spectrum, 128 scans were accumulated. ChemiGCMS-QP5050) and were quantified using a gas chromato-
cal shifts are given relative to a 1 M aqueous aluminum ni- graph with a capillary column (BPX-5, 30 M 0.25 mng)

trate solution. TG-DTA was recorded under air with a Shi- and a FID detector using cyclohexanone as an internal stan-
madzu TGA-50 and DTA-50 analyzer using 10 mg of sam- dard.

ple and at a rate of 10 Kmirt. Scanning electron micro- Turnover number of surface Ni site was obtained by a
graph (SEM) was obtained on a JEOL JSM-6340F instru- method in which NaOCl was used as an oxidizing agent
ment equipped with a Link SATW EDS. The ICP mea- of surface Ni on the catalysts. 10 ml of 6% NaOCI aque-
surements were carried out using a Perkin-Elmer OPTIMA ous solution containing 1.4 g NaOH was slowly added into
3000. The content of metal component was determined af-40 ml of water containing 2 g of the supported Ni catalyst
ter the sample was completely dissolved using diluted hy- at 293 K. The solution was stirred for 30 min at 293K and
drochloric acid and a small amount of hydrofluoric acid. the precipitate was washed with 1L of distilled water and
The diffuse reflectance UV-vis spectra were recorded on avacuum dried at 313K for 12 h. After the treatment, the cat-
JASCO UV/VIS/NIR (V-570) spectrophotometer. The pow- alyst became darkened in color, suggesting that the surface
dery sample was loaded into a quartz cell, and the spectraNi was converted to the higher oxidized state. The catalyst
were collected at 200—700 nm referenced to BaSKy- (0.5 g) was used for the oxidation of benzyl alcohol and the
adsorption (77 K) data obtained with a Bell Japan BEL- amount of benzaldehyde formed was analyzed. The reaction
SORP 18SP equipment (volumetric) were used to exam-was carried out in Bllatmosphere, where no oxidation of ben-
ine both BET surface areas and the properties of meso-zyl alcohol took place over non-treated catalyst. Assuming
pores of the Mg-Ni-Al hydrotalcite. The pore size distri- that all active Ni species on the catalyst surface was perox-
bution was evaluated from the adsorption isotherm by the idized and in turn stoichiometrically oxidize benzyl alcohol
DH (Dollimore-Heal) method21]. The Ni K-edge X-ray to benzaldehyde, the number of surface active Ni sites could
absorption spectra were measured in a transmission modée evaluated from the amount of benzaldehyde formed. Fi-
at the EXAFS facilities installed at BL-7C line of KEK-  nally, the turnover number (TON) was calculated by compar-
PF, Tsukuba, Japan. Data reductions were performed withing the molar amount of benzaldehyde formed in the oxida-
the FACOM M1800 computer system of the Data Pro- tion with the number of active Ni sites on the supported Ni
cessing Center of Kyoto Universit2] The sample was  catalysts.
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Fig. 1. X-ray diffraction patterns of the Mg-Ni-Al catalysts. (a)
Mg3.55Nio.45Al HT, (b) Mgy1.7Nio.3Al HT, (€) Mgo.7sNio.25Al HT, (d) NisAl

HT, (e) MgzNiA| HT, (f) Mg 2_5Ni0_5A| HT, (g) Mgz_75Ni0_2%| HT and (h)
MgsAl HT. (@), hydrotalcite; &), Al(OH)3.

3. Results and discussion
3.1. Crystal structure of the catalysts

XRD patterns of Ni catalysts are shownhigs. 1 and 2
All samples inFig. 1 were prepared by co-precipitation at a

known fact that the Mg/Al ratio below 2 is not favorable for
the formation of hydrotalcite structuf&8].

The line intensities of NjAlI HT significantly varied de-
pending on the preparation methdeid. 2), i.e., the most
highly crystallized structure was obtained by co-precipitation
followed by hydrothermal treatmenFig. 2b), then by co-
precipitation under controlled pH-{g. 2c) and finally by
co-precipitation under non-controlled piHi¢. 2a). In fact,
the size of crystallites calculated from the line width of re-
flection (0 0 3) for three samples was as followssANiHT*,

21.9 nm; NgAI HT, 9.5 nm and NgAl HT**, 8.9 nm. A sim-

ilar calculation for the sample of MgNig sAl HT (Fig. 1b)
showed the value of 11.0 nm as the crystallite size. The sizes
of periclase Mg(Al)O after the calcinations of Mg-Al HT at
423 and 723 K were reported to be $23] and 3.8 nn24],
respectively.

TPR of NAI HT showed a strong peak of#tonsump-
tion around 773 K together with a weak peak at 623 K. With
increasing the amount of Mg replaced by Ni ingNI HT,
both peaks shifted toward higher temperature. As a result,
the former was observed at 1213 K while the latter was at
733K for Mgy oNig 1Al HT, with decreasing intensities of
both peaks. It is considered that, during the TPR, Mg(Ni)-Al
HT was dehydrated and decomposed to form finally periclase
Mg(Ni,Al)O around 675K yide infrg). It was confirmed by

constant pH of 10 and showed typical patterns of hydrotal- the XRD analysis that NAl HT was decomposed to form

cite; i.e., a set of three reflection lines &=211.3, 22.7 and

NiO (JCPDS 40835) after the calcination at 773 K for 1 h and

34.5 appeared, suggesting that the materials possess a layno reflection lines of Al containing species was observed.

ered structure, in which both Ni(ll) and Al(lll) substituted
the Mg(ll) sites in the brucite-like sheef$6]. Intensities
of reflection lines of hydrotalcite varied depending on Ni
content in Mg(Ni)AlI HT at a constant (Mg + Ni)/Al ratio of
3/1 (Fig. 1d—f), among which the weakest line intensity of
Mg(Ni)-Al HT was observed for MgsNig sAl HT. This in-
dicates that the crystal size was the smallest fo BiNjo sAl
HT, probably relating to the high surface area ofAilig sAl

HT (Table 1 entry 10). When the ratio of (Mg + Ni)/Al was
changedFig. 1a—c), the formation of Al(OH) as observed
for the sample Mg7sNig.2sAl HT. This is due to a well-

Intensity

5 20 35 50 65 80

2¢/degree

Fig. 2. X-ray diffraction patterns of the Ni-Al catalysts. (a)sMl HT, (b)
NizAl HT** and (c) NizAl HT*. ( @), hydrotalcite.

This suggests that Al is included in NiO as Ni(Al)O solid
solutions. Therefore, the former peak observed at high tem-
perature is attributed to the reduction of Ni(ll) in Ni(Al)O
or periclase Mg(Ni,Al)O, while the latter observed at low
temperature is attributed to the reduction of Ni(ll) in isolated
NiO. Increase in the reduction temperature is probably due to
the stabilization of Ni(ll) incorporated in periclase Mg(Al)O
by the formation of solid solutions as Mg(Ni,Al)O; this stabi-
lization effect could increase with increasing ratio of Mg/Ni.

3.2. Morphology and pore structure of the catalysts

SEM image of Mg sNig sAl HT is shown inFig. 3. After
drying the precipitates obtained by co-precipitation at 358 K,
the “card house” structure was clearly observed. Each card
has a size of 100-300 nm in diameter and 20 nm in thick-
ness by the observation at high magnification and proba-
bly consisted of the MgsNig sAl HT layered structure. The
DTA/TGA curves of Mg sNig sAl HT showed two notable
endothermic peaks accompanied by significant weight loss at
487 and 675 K a$max. These temperatures were fairly lower
compared with the values of 543 and 720-740 K observed for
pure MgAIHT [18], suggesting that the M@\l HT structure
became unstable by the introduction of Ni(ll) in the Mg(ll)
sites. The former endothermic peak corresponds to the loss
of interlayer water, whereas the latter does to multiple phe-
nomena,; i.e., the hydroxyl groups bound to Al, then those
of Mg(OH), are lost and finally the carbonate decomposes.
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Fig. 3. SEM image of MgsNig sAl HT.

Fig. 4. Normalized Ni K-edge XANES spectra of the catalysts. (a)
Mgz sNig sAl HT, (b) NiO and (c) Ni foil.

Final products will be periclase Mg(Ni,Al)O, in which not
only Ni(ll) but also Al(lll) replaced the Mg(ll) sitef25]. precipitation of N3Al HT, possibly due to the formation of

It is considered that no substantial change in the small particles. Both samples, Hil HT** and NiAl HT*,
Mg> sNig sAl HT structure took place afterthe dryinginairat were prepared under different aging treatments in order to
373K for 24 h, except the loss of water weakly bound to the trace the catalytic results obtained by Choudhary dial.
hydrotalcite, during the catalyst preparation. Pore distribu-
tion of the Mg sNig sAl HT showed a peak around 2-3nm  3.3. Coordination structure around Ni(ll) in the
together with wide distribution up to 20 nm in radius. The catalysts
lowest limit of pore radius detectable in the present method
is 2nm, and therefore the information concerning micro- Fig. 4shows Ni K-edge X-ray absorption near-edge struc-
pores smaller than 2nm could not be obtained. However, ture (XANES) spectra of MgsNig sAl HT together with ref-
SEM images clearly showed a card-like structure probably erence compounds such as NiO and Ni foil. The XANES
derived from the layered hydrotalcite structures, suggesting spectrum of Mg sNig sAl HT (Fig. 4a) resembles that of the
that micropores must exist in the samples. The former pore NiO (Fig. 4b) with an octahedral coordination environment
sizes are related to the layered structure, while the latter is[27], but differs from that of Ni foil Fig. 4c) in shape and
due to the “card house” structure consisting of many small edge position. The absence of a pre-edge peak due to the
plates[25]. We calculated the basal interlayer spacing from 1s—3d transition near 8333 §¥8] strongly suggests that the
the strong symmetric (0 0 3) reflectiorg(2 13.4) of Mg-Al Ni(ll) cations in Mg sNigsAl HT occupy only octahedral
(3/1) hydrotalcite. If the thickness of the brucite-like layer is sites. Similar discussions concerning Ni coordination are also
assumed to be 48 [26], the interlayer distance corresponds reported by Feth et gl29] and Kwag et al[30]. The Fourier
to 2.9A. It is concluded that MgsNig sAl HT possesses a  transforms (FT) ok3-weightened extended X-ray absorption
porous structure consisting of various sizes of micro- and fine structure (EXAFS) s depictedfig. 5. The peak at 1.A&
mesopores. (non-phase-shift corrected) observed for bothpMdig sAl

Surface area of the catalyst varied substantially depend-HT (Fig. 5a) and NiO Fig. 5b) was assignable to a Ni-O
ing on the Ni contents in Mg(Ni)-Al HTTable J. In a series moiety [31]. By the calculations of EXAFS parameters of
of Mgs_xNixAl HT, surface area increased with increasing Mg».sNigsAl HT (Fig. 5a), the coordination numbeC{N)
Ni content up to 7.6 wt% (MgsNig sAl HT) and a further and distance for the Ni-O shell of the Ni(ll) species in the
increase in Ni content resulted in a decrease in the surfacehydrotalcite are estimated at 6 and 2509espectively. They
area (able 1 entries 8-11). Increase in the Mg/Al ratio ata are in good agreement with those of XANES data. A broad
constant Ni content of 7.6 wt% resulted in a decrease in the peak near 2.8 (non-phase-shift corrected) can be assigned
surface areaT@able 1 entries 10 and 12-14). Surface area to the mixture of Ni—(O)-M (M =Ni, Al, and Mg]32] and
of Ni-Al HT varied drastically depending on the preparation its intensity is considerably weak in comparison with that
method. Hydrothermal treatment afforded a rather small sur- of NiO (CNni—o)-ni = 12) [33]. Therefore, it is reasonable
face area as observed forgdi HT**, probably due to its to consider that Ni(ll) species in MgNig sAl HT is highly
highly crystallized structure. In contrast, the surface area in- dispersed.
creased by co-precipitation under non-controlled pH as seen The diffuse-reflectance UV-vis spectra of Ni containing
for NioAIHT*, and further increased by controlling pHinco- Mg-Al hydrotalcite together with a control catalyst such as
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Fig. 5. Fourier transforms d€-weightened Ni K-edge EXAFS of the cat-
alysts. (a) Mg sNig sAl HT and (b) NiO. Phase shift was not corrected.

imp-Ni/y-Al 203 have been also recorddelg. 6). The spectra
are highly similar for all Mg(Ni)-Al HT samplesHig. 6¢c—qg),

with two split broad bands with two pairs of maxima at 740,
655 and 410, 380 nm, while both samplegp-Ni/vy-Al203
andimp-Ni/MgO showed spectra shifted toward higher wave
length Fig. 6a and b). As both Mg(ll) and Al(lll) haved
configurations, all bands recorded (in addition to those higher

energy, due to charge transfer processes) should be ascribe

to d—d transition in the octahedrally coordinated Ni(ll) cation
as reported by Holgano et {§84]. Schoonheydt et dl35] and
Briend-Faure et aJ36] observed the bands at 620 and 560 nm
in the zeolite-supported Ni and assigned them to Ni(ll) in a
tetrahedral symmetry. Moreover, Lepetit and G8&] and
Zanjanchi and Ebrahimiaf88] reported that the bands at
about 475 nm and a peak on its shoulder445 nm for the

Kubelka-Munk Function

300 400 500 600 700 800

Wave length / nm

Fig. 6. Diffuse reflectance UV—vis spectra of the catalystsirtgNi/y-
Al203, (b) imp-Ni/MgO, (c) Mg2.9Nig1Al HT, (d) Mgz 7sNio.25A1 HT, (e)
Mgz2.5Nio.sAl HT, (f) Mg 2NiAl HT and (g) NisAl HT.
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samples of nickel-exchanged zeolites were assigned to Ni(ll)
in a distorted tetrahedral position. These absorption bands at
620, 560, 475, and445 nm were not observed in the present
samples, indicating that Ni(ll) is octahedrally coordinated in
Mg(Ni)-AlHT. Both imp-Ni/y-Al 03 andimp-Ni/MgO were
prepared by impregnation of the supports with Ni(ll) nitrate
in aqueous solution, followed by drying at 383 K. Ni(ll) com-
pound probably exists on the catalyst surface, and the coor-
dination around Ni(ll) is difficult to be discussed. MAZAI

NMR of Mg-Al HT as prepared showed a resonance line at
8.8 ppm assigned to Al(lll) octahedrally coordinated to oxy-
gen. Mg oNig 1Al HT showed almost similar resonance line,
indicating that Al(lIl) is coordinated octahedrally regardless
of the presence of Ni(ll) at the Mg(ll) site.

3.4. Oxidation of benzyl alcohols

Table 1shows the results of oxidation of benzyl alcohol
with various supported Ni catalysts along with control cat-
alysts. In the absence of catalyst, benzyl alcohol oxidation
afforded only small amount of benzaldehyde. Small amount
of benzyl alcohol was consumed but benzaldehyde was not
produced with MgAI HT. Both Ni/y-Al 203 and Ni/MgO cat-
alysts prepared by impregnation showed low activity, among
which the latter was slightly effective for the production of
benzaldehyde, suggesting that MgO as a base assisted the al-

ohol oxidation on Ni(ll). The incorporation of Ni in Mg-Al

T or the formation of NiAl HT resulted in an appearance of
good catalytic activity. Mg sNig sAl HT revealed the highest
activity among both series of Mg(Ni)-Al HT catalysts with
various Ni contents at a constant (Mg + Ni)/Al ratio of 3/1
(Table 1 entries 8-11) and with varying (Mg + Ni)/Al ra-
tios at a constant Ni content of 7.6 wt%aple 1, entries 10
and 12-14). Surface area was the highest fop BN sAl
HT among both series of catalyst. It is likely that the ac-
tivity substantially depended on the surface area as well as
the Ni content of the catalyst. Blank tests in the absence
of O, always showed the benzyl alcohol conversion of ca.
10% over Mg_xNixAl HT catalysts, suggesting that a sub-
stantial amount of benzyl alcohol is adsorbed on the cata-
lyst surface. The adsorption of benzyl alcohol probably took
place in the layers of all HT catalysts irrespective of the Ni
content, and therefore the selectivity to benzaldehyde appar-
ently decreased at the low benzyl alcohol conversion. Small
amounts of benzoic acid and benzyl benzoate were formed
as by-products.

Choudhary et al[15] reported that NiAl HT catalyzes
the oxidation of various kinds of alcohols, sucheaketols,
benzylic alcohols, and allylic alcohols, to the corresponding
carbonyl compounds, among which substituted benzyl alco-
hols as well as secondary benzylic alcohols were oxidized
almost quantitatively. However benzyl alcohol was not ox-
idized efficiently and the yield of benzaldehyde was 31%
after the reaction for 12 fiL5]. In the present study, Bl
HT, Ni2Al HT*, NisAl HT and NisAl HT* showed high
values in both benzyl alcohol conversion and benzaldehyde
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selectivity except for NJAl HT** with a small surface area. 3
This is probably due to their high Ni contents in the cata-
lyst. The activity can be precisely compared by TON, i.e.,
turnover number, calculated based on total Ni amount in the
catalyst (vide infra). Judging from TON, benzyl alcohol was
most efficiently oxidized to benzaldehyde on j)io sAl

HT (Table 1 entry 10).

Yield of benzaldehyde / %

3.5. Turnover number in oxidation of benzyl alcohol

Precise comparison of the activity of each catalyst must
be done for the TON of active Ni site. All catalysts prepared
in the present work contain Ni species uniformly dispersed
in the bl,Jlk of CataIYSt particles except those prepared by im- Fig. 7. Effect of the amount of NaOCI in the stoichiometric oxidation of
pregnation. Tentatively, TON of each catalyst was calculated penzy| aicohol over MgsNio sAl HT.
based on total amount of Ni and showriliable 1 Evidently
Niincorporation in Mg-Al HT structure was favorable for in-
creasing TON of the catalyst. The highest value was obtainedthe oxidant. At the intersecting point, the yield of benzalde-
with Mg sNig sAl HT, followed by Mg oNi1 oAl HT and hyde was ca. 2% and the amount of 6% NaOCI added was
Mg>.75Nig 25AI HT, suggesting an importance of high surface  0.18 ml. Therefore, 0.04 mmol of benzaldehyde was formed
area of Mg sNig sAl HT for the activity. Among the catalysts by consuming 0.145 mmol of NaOCI, suggesting that only
tested, the highest selectivity to benzaldehyde was obtained27.6% of NaOCI consumed was used for the formation of
also with Mg sNig sAl HT. However, substantial amount of ~ active higher Ni oxide. Moreover, 0.5 g of MgNig sAl HT
Ni cannot work in these catalysts and therefore a more precisecontained 0.647 mmol of Ni, while the amount of active Ni
study on the activity of active Ni site is necessary. The TON on the surface was 0.04 mmol judging from the amount of
obtained by the NaOCI method is also showmaible 1 It was benzaldehyde formed. As a result, it is concluded that 6.2%
reported that NaOCI can oxidizes Ni(Oftp form a higher ~ of total Ni in the Mg sNig.sAl HT catalyst was effective for
valent NiO[39—-41]or a Ni peroxide[42,43] both of which ~ the oxidation reaction.
oxidize various organic compounds. Physico-chemical prop- ~ Usually 10 ml of 6% NaOCI aqueous solution was used
erties of the higher valent NiO have been well established, in the pre-treatment of 2 g of the catalyst for the oxidation of
while those of the Ni peroxide have not been done. The higher 2 mmol of benzyl alcohol in 10 ml of toluene at 333 K for 6 h.
valent NiO possess Ni(IV) as well as active oxygen (O*) on Use of the excess amount of NaOCI compared with 0.18 ml

0 1 1
1 2 3
Amount of 6 % NaOCl aq. soln. / ml

the surface and can be shown as (bL0)O*-mH20. The
higher valent NiO stoichiometrically oxidizes benzyl alco-
hol as follows:

PhCHOH + (HO),Ni=0O*

— PhCHO+ H20 + (HO):Ni (1)

of 6% NaOCl solution for 0.25 g of catalyst at the intersecting
point (Fig. 7) probably resulted in reliable results in the calcu-
lation of TON as shown iffable 1 When 0.5 g of catalyst was
used, Mg sNigsAl HT showed the highest TON, followed
by Mgy oNi1 0AIHT and Mgy 75Nig 25AI HT. Both NioAIHT

and NAI HT showed relatively high values. Almost similar
order of the TON was obtained when the amount of catalyst

If the Ni species located on the surface of the catalyst par- was normalized so as to contain the same amount of Ni in the

ticle is oxidized by NaOCI to the higher valent NiO, which in

catalyst. M@ 75Nig 25AI HT showed small TON values prob-

turn oxidizes stoichiometrically benzyl alcohol to benzalde- ably dueto ause ofthe large amount of catalyst, resultinginan
hyde. Moreover, if such Ni species are active also for the inutile adsorption of benzyl alcohol or benzaldehyde (vide in-
benzyl alcohol oxidation with molecular oxygen, the TON fra). In the oxidation of benzyl alcohol using molecular oxy-
obtained by NaOCI method must be reliable for comparing gen, the following TON values werereported, i.e., 8.8 after8h
the activity of Mg(Ni)-Al HT catalyst. reaction in toluene with hydrotalcite-supported Ru catalyst
Effect of the amount of NaOCI added in the oxidation of [11], 40 after 1 h reaction in trifluorotoluene with Ruj®s
benzyl alcohol over MgsNig sAl HT was examinedKig. 7). catalyst{10], 9800 after 1 h reaction in trifluorotoluene with
The reaction was carried out using 1 mmol of benzyl alcohol, hydroxyapatite-supported Pd nanocluster catgli3}, and
0.25g of M@ s5Nig sAl HT and 5 ml of toluene as solvent at  19.6 after 3 h reaction in toluene with hydrotalcite-supported
333K for 6 h. With increasing amount of 6% NaOCI aque- Pd catalys{9]. All these catalysts contain precious metals,
ous solution up to 0.18 ml, yield of benzaldehyde linearly in- such as Pd and Ru, on the surface, whereas the catalyst in
creased and reached ca. 2.0%. Further increase in the amourhe present work consisted of Ni, non-precious metal, as
of NaOClI showed a slow increase in the benzaldehyde yield, the active species. Chaudhary et [d55-17] reported that
suggesting that the all surface Ni was already converted to Ni-hydrotalcites catalyze the oxidation of benzyl alcohol in
the higher valent NiO and excess NaOCI did not work as the presence of molecular oxygen; however, no detailed data
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Table 2 The Mg sNig sAl HT was proved to be the best catalyst

Effect of solvent in the oxidation of benzyl alcohol over pNip sAl HT 2 in the present study, and was further evaluated in the oxida-

Run number  Solvent Benzyl alcohol  Benzaldehyde tion of various kinds of alcoholsTable 3. Benzyl alcohol
Conversion Selectivity  Yield was the most quickly oxidized to benzaldehyde, whereas 4-
(%) (%) (%) substituted benzyl alcohols were slowly oxidized to the cor-

1 Hexane 50 619 334 responding benzaldehydes. Secondary benzylic alcohol was

2 Cyclohexane 59 67.3 389 also oxidized at a slower rate than primary ones. These obser-

3 Toluene 518 97.8 506 vations are in contrast to the results reported using Ni-AlHT

‘5‘ '_?Cft?]”'g"ef 1133 (2522 132 by Choudhary et a[15], and rather similar to those obtained

etranyaroturan 3 . . . _
6 Ethyl acetate 1z 164 23 by Kaneda et al[11] using Ru HT, wherein primary ben

zylic alcohols were oxidized at the faster rate than the others.
Cinnamyl alcohol was mainly oxidized to cinnamaldehyde
together with a small amount of benzaldehyde, suggesting
that G=C double bond was attacked in the present reaction.
concerning the specific activity, TON, was shown. This is No oxidation took place for linear alcohol such as 1-octanol.
the first paper clarifying the catalytic cycles of Ni containing  Almost all alcohols tested in the present work showed
hydrotalcite in the oxidation of benzyl alcohol by molecular the value of ca. 10% as a difference between the alcohol

a Catalyst, 0.5 g; benzyl alcohol, 2 mmol; solvent, 10 mj; &mlmin~1;
Reaction temperature, 333 K; reaction time, 6 h.

oxygen as the oxidant. conversion and the yield of carbonyl compound. It is likely
that the oxidation reaction proceeds as follows: alcohol is first
3.6. Oxidation of various alcohols in various solvents absorbed in the layered structure and adsorbed on the active
Ni sites, where the alcohol oxidation takes place to form the
The results of benzyl alcohol oxidation over MgNio sAl corresponding carbonyl compound. When the catalyst is not

of polar solvents such as acetonitrile, tetrahydrofuran, and remains in the layered structure, resulting in the lowering in
ethyl acetate afforded poor results, whereas non-polar sol-the selectivity. As seen in the result of blank test for benzyl
vents such as hexane, cyclohexane, and toluene showed glcohol, ca. 10% of alcohol seems to have been absorbed and
favorable effect in benzyl alcohol oxidation, among which rémained in the HT layer without having been oxidized in all
toluene produced the most favorable effect. These results ard€actions.

almost similar to those obtained over Ni-Al HT as the cat-

alyst by Choudhary et aJ15]. Polar solvents can be more 3.7. Evidence of heterogeneous catalysis

strongly adsorbed than non-polar solvents on the active sites

on the catalyst surface and prevent the adsorption of alcohols, Time course of the oxidation of benzyl alcohol over

resulting in the lowering in the reaction rate. Mg2 5Nig sAl HT in toluene is shown inFig. 8 The yield
Table 3
Oxidation of alcohols over Mg5MO0 5A1 HT?
Run number Alcohol Reaction time (h) Conversion (%) Product Yield (%)
1 ©/\OH 6 518 OAO 506
2 OH 6 152 X0 14.3
24 645 519
MeO MeO
3 oH 6 206 o 14.1
24 509 371
Br Br
4 6 213 130
OH 24 550 0 459
b
5 Xon 6 239 A X0 119
24 311 150°
6 6 0.0 0.0
SNl S

a Mga.sNig.sAl HT, 0.5 g; alcohol, 2 mmol, toluene, 10 mlx06 mlmin~1, reaction temperature, 333K.
b 1.1% of benzaldehyde was formed.
¢ 1.4% of benzaldehyde was formed.
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Fig. 8. Evidence of heterogeneous catalysis obM¥io sAl HT in the ox- Fig. 9. Proposed mechanism for the alcohol oxidation.

idation of benzyl alcohol. Catalyst, 0.5 g; Toluene, 10 ml; Benzyl alcohol,
2mmol; G, 6 mImin~1; Reaction temperature, 6C (@), Continuous re-

action; @), Catalyst was removed by filtration after 3 h of the reaction. . .
not occuff44] and might strongly suggest the reaction mech-

anism shown irfig. 9.

of benzaldehyde linearly increased with the reaction time up
to ca. 5h, followed by a gradual increase, suggesting that ]
the catalyst deactivation took place. When the solid catalyst4- Conclusion
was separated by filtration at the reaction time of 3h and
the reaction was further continued by using the filtrate, the ~ Octahedrally coordinated and isolated Ni(ll) sites formed
formation of benzaldehyde perfectly stopped after the sepa-PY the Ni substitution of Mg(ll) sites in Mg-Al HT and re-
ration of solid catalyst. These results clearly indicate that the Ve@led a high activity in the liquid-phase oxidation of alco-
oxidation of benzyl alcohol to benzaldehyde took place by hols with molecular oxygen. Benzyl alcohol was the most
the heterogeneous catalysis. effectively oxidized to benzaldehyde, the yield of which in-

The results of both X-ray absorptioRigs. 4 and 5and creased significantly with increasing nickel content up to ca.
UV-vis absorptionFig. 6) clearly showed that Ni(ll) exists /-6 Wt%. Use of non-polar solvents, such as toluene, was fa-
as well dispersed and octahedrally coordinated species by_vor_able for this oxidation reaction. The Ni(ll) mcorpqrated
oxygen atoms in MgsNigsAl HT. No Ni—O—Ni bonding |n5|d<_e the framework of hydrotalcite do not leach durlrjg _the
exists and all Ni(ll) are combined either mainly to Mg(ll) or ~ Féaction and worked as the h_eter(_)geneous_ caFaIyst. Itis likely
to Al(Il1) through oxygen bonding, suggesting that Ni(ll) are that Ni(lIl) wprked as the active site by activating molepulgr
well dispersed by substituting the Mg sites in Mg-Al HT. The  0Xygen assisted by Mg(ll) as a base as well as by activating
Ni dispersion in the sample was high at the low Ni content &lcohol on the Al(lll) as a Lewis acid, and that alcohol was
and decreased with increasing Ni content, whereas numbe@Xidized on the Mg sNio sAl HT heterogeneous catalyst.
of the active sites increased with increasing Ni content. The
balance between the Ni dispersion and the number of active
sites resulted in the highest activity at the composition of References
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