SPECI FI CATI ON CATALYST FOR PRODUCI NG CARBOXYLI C ACI D ESTERS, PROCESS FOR
PRODUCI NG SAME AND PROCESS FOR PRODUCI NG CARBOXYLI C ACI D ESTERS 5 Techni cal
Field [0001] The present invention relates to a catalyst for use in
production of carboxylic acid esters by reacting an al dehyde and an

al cohol, or one or nore types ofgpkeop@elSrohPin the presence of oxygen, to
a process for producing the catalyst, and to a process for producing
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room f ofechmprab¥régient as an industrial catalyst. [0003] On the other hand,
t he di r[%%ﬂrret ha process for produci ng nethyl nmethacryl ate

The present invention relates to a catalyst for use in production of carboxylic
acid esters by reacting an aldehyde and an alcohol, or one or more types of alcohols,
10  in the presence of oxygen, to a process for producing the catalyst, and to a process

for producing carboxylic acid esters using the catalyst.

Background Art
[0002]

15 A process for producing useful carboxylic acid esters industrially, in the case of
methyl methacrylate, for example, may include a process in which methacrylic acid is
produced by oxidizing methacrolein with oxygen followed by reacting the methacrylic
acid with methanol to product methyl methacrylate. However, the heteropolyacid
catalyst used in a step for obtaining methacrylic acid by oxidizing methacrolein has

20  problems with thermal stability, and gradually decomposes under reaction

4

temperature conditions.  In addition, the yield is also still not adeguate, thus leaving
room for improvement as an indusirial catalyst.
{0003}

On the other hand, the direct metha process for producing methyl methacrylate
25  or methyl acrylate in a single step by reacting methacroiein or acrolein with methanol
and molecular oxygen is a simple process that does not require separation of easily

polymerizable methacrylic acid or acrylic acid, and is currently attracting attention
1



250r nethyl acrylate in a single step by reacting nethacrolein or acrolein
wi th met hanol and nol ecul ar oxygen is a sinple process that does not
require separation of easily because of its higher yield of nethyl
met hacryl ate in conparison with the above process. In such a process,
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However, during producti on of nethyl nethacrylate or nethyl acrylate in a5
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al dehyde, nunerous acetal s of fhe unsaturated aldehyde and. al koxy. fqrns,
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[0004] Therefore, nodifications have been made to the catal yst to overcone
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t he by-products have been reported to be solved and carboxylic acid ester
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catal yst containing an internetallic conpound containing palladiumand at
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ot her hand, although the presence 'of a catal yst contai ning palladi umwas
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Ioaﬂjpng (9(1; ] 'ﬂ‘o | e metal such as rutheniumor gold on a support. Specific
exanpl e ot €lic "processes 25include the use of a catalyst in which gold is

| oaded @pbg; @ support (see Patent

Therefore, modifications have been made to the catalyst to overcome these

problems. For example, the above problems regarding the formation of the
by-products have been reported to be solved and carboxylic acid ester has been

15  reported to be able to be produced at high yield by using a catalyst containing an
intermetallic compound containing palladium and at least one element selected from

the group consisting of lead, mercury, bismuth and thallium, or a catalyst containing

an alkaline metal compound or alkaline earth metal compound (see Patent Document

2).
20 [0005]

On the other hand, although the presence of a catalyst containing palladium
was long thought o be required for calalysts used in this process, more recently,
cafalysts have been reported to have been used that comprise the loading of a noble
metal such as ruthenium or gold on a support.  Specific examples of such processes

25 include the use of a catalyst in which gold is loaded onto a support (see Patent

document 3) or the use of a catalyst comprised of ruthenium (see Patent document



docunment 3) or the use of a catal yst conprised of ruthenium (see Patent
docunent 4) during production of carboxylic acid ester by reacting
al dehyde and al cohol in the presence of an oxygen-contai ning gas. [0006]
Pat ent docunent 1. Japanese Patent Publication No. S$S45-34368 5Pat ent

docunen " RN gsBHRat | 4Gk §@@g tenit 3:
Japanesg) %g{'g% Applli%gacﬁi%ﬁlg?_)gﬂg-dgggﬁé%g.blycz)rg(%o-1 é%y@%tﬁtafggﬁﬂﬁ%eél X

Japanes ' i al.d-open No. 2001-220367 Di scl osure of
In\eentigﬁé%%hggt&géﬁ%évggﬁ'ggﬂgﬁbggggy the Invention [0007] However, in each
of the qu)gq] processes descri bed above, the selectivity of the resulting
carboxylic acid esters and catal yst activity are inadequate, and since
expensi ve nébltentrmetcahsens dchiapanpsd PatBniButiicaimnNonB46684368d are used by

| oadi ng 150nto a support in high amounts, the econom ¢ burden resulting

frorg i ncr eapetermaloaliteint prQdipahe e Peasit S utsichitsrgRo. SBas7gmeking it difficult
to consider these processes to be industrially advantageous processes.

I[gogﬁ]e I'n agdidritRdcuficns: LasaRall PateHApHIABAIL4M-8PEN 3R). 00bL By 1due used

Patent document 4 : Japanese Patent Application Laid-open No. 2001-220367

Disclosure of Invention

10 Problems to be Solved by the Invention
f0007]

However, in each of the known processes described above, the selectivity of
the resulting carboxylic acid esters and catalyst activity are inadequate, and since
expensive noble metals such as palladium, ruthenium and gold are used by loading

16  onto a support in high amounts, the economic burden resulting from increased
catalyst production costs is large, thus making it difficult to consider these processes

to be industrially advantageous processes.
{0008]

In addition, since the palladium, ruthenium and gold which are used in the

20  above production processes are types of noble metals, they are expensive, and when

as a catalyst component, they are frequently used by dispersing and loading onio a
support, thus making the selection of a support extremely Important in such cases,

On an assumption of putting industrial process into a practical use, as a result

of conducting extensive studies on catalysts loaded with composiie nanoparticles

25 containing oxidized nickel and X (wherein X represents at least one element selected

from the group consisting of nickel, palladium, platinum, ruthenium, gold, silver and

copper), the inventors of the present invention clearly concluded that a satisfactory
3



20 above production processes are types of noble netals, they are
expensi ve, and when as a catal yst conponent, they are frequently used by
di spersing and | oading onto a support, thus making the selection of a

support extrenely inportant in such cases. On an assunption of
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and the like, 5 nechanical strength was inadequate and exfloliation of
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On the basis of this background as described above, there is currently a
need fdPY8%katal yst support that has hi gh nechanical strength and is

physically staRle while |.so0 _having a high surface.area suitable for use
DS catal yob Ru g b M REET st eto R arhe Py B ol R Rt hERUGe i
respect, to the characteristic lLiquid nature of t reaction in t f orm of
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25  However, there have been no examples reported of successfully improving
mechanical strength and hydrolysis stability withouf impairing the inherent

4



15[ 0010] Wth the foregoing in view, an object of the present invention is
to provide a catalyst for use in production of carboxylic acid ester by
reacting al dehyde and al cohol, or one or nore types of alcohols, in the
presence of oxygen, wherein a high Ievel of reactivity is maintained by
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A catal yst for use in production of carboxylic acid ester by reacting (a)

al dehydstat) dn@besthiom, reetits b:)th.@ftmr@lme‘rﬁkﬁv FYRERItPbf Hlec@R0ltimg datalylle presence
of oxygen, 10conprising: oxidized nic and X (wherein represents
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pal | adi um plati nurn rut heni uny gold, | ver and copper) | oad onto a
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production of the carboxylic acid ester according to item 20[2], wherein

the coniggstion imaie Harm of Pecarsowylisantif dstehawithesix raectior: iy e pissepee afd a
oxygen, and is capable of stably loading nickel and component X which are catalyst

active components over a long period of time.
15 [0010]

With the foregeoing in view, an object of the present invention is to provide a
catalyst for use in production of carboxylic acid ester by reacting aldehyde and
alcohol, or one or more types of alcohols, in the presence of oxygen, wherein a high
level of reactivity is maintained by using as main catalyst components stable metal

20 elements having superior reactivity instead of conventional expensive noble metals,
to provide a process for producing the catalyst, and fo provide a process for

producing carboxylic acid esters using the catalyst.

Means for Solving the Problems
25  [0011]

As a result of conducting extensive studies to solve the above-mentioned



surface of the core is covered with the oxidized nickel. [4] The

catal yst for use in production of the carboxylic acid ester according to
item[2] or [3], wherein the oxidized nickel is further independently

| oaded onto the support, in addition to t he conposite nanoparticle. 25[5]

The cat ?{a@%@%qqyrﬁem{m%g@w oﬁgwmmétq é%t%v%%r%b!eﬁﬁf%ﬂ' ng

to any rein the oxidized nlc IS anc oxi de

v PTG S e O g
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range of from1 to 30 nor/o, based on a total nolar anmount of the silicon
and t he Chnigkehmaladium, PR mteniumnegolds silver ardgappemrefogdad eaibdxyl i ¢
acid ester according to item[6], wherein the support further conprises at
| east omepe@éwitby GE Bage of ﬁataémmwraﬁ@méml 1 §i e ed) o friomoth20he GPSup

consi st ?f an al kaline netal, an alkaline earth 10nmetal and a rare earth
nmet al . ({%]2 The catal yst for use in production of the carboxylic acid ester

according t rﬁ&gtbg]prgéeﬁtgﬁven%ﬁrigbgg%sewgéfownal ratio of nickel to

alumnals terns omc'ratioof NN /AI. [9] The
t al duct f t d t

oo 1oy ASfﬂ%ﬁ@f Rorfses tnoR0ein bOGR PRRAR Sib fastGt Sy FedBho 28 Blehidel o

net al co onent is fr ?mo 01 to 1.2 in terns of an tomc ratio of N /

(the al R& i feohdt & )1 Re Arkoredyees 1R AePap!s. in Heer Rreseras tH ARG .

[ 10] The catalyst for use in production of the carboxylic acid ester

accor di ﬂ@ﬂpﬂs@gy one of itens [1] to [9], wherein the support is a

sil i ca-al um na- magnesi a conposition 20 containing silica, alumna and
magnesi a, angidemdpriclsssasd [ icon at 42 to 90 noNNO, alumnumat 5.5 to 38
nol % and magnesiumat /1 to 38 nork, based on a total nolar anmount of

silicon, al Mmi(whereaamdX megpresémta af Jléz]asthﬁeC@Iélthe'@tt sbRictatb erom o djtetipon of
t he car boxyl ic acid ester according to item[10], wherein the conposi t| on

541 o ig of AckPEALE, A Dihendy o e s e Bhomsc
0.01  4ntoa support within a range of an atomic ratio of Ni / (Ni + X) of from 0.20 to 0.99.

15 [2] The catalyst for use in production of the carboxylic acid ester according to item
[1], comprising a composite nanoparticle composed of the oxidized nickel and the X
(wherein X represents at least one element selected from the group consisting of
nickel, palladium, platinum, ruthenium, gold, silver and copper).

[3] The catalyst for use in production of the carboxylic acid ester according to item

20 [2], wherein the composite nanoparticle is a particle having X at a core thereof and a
surface of the core is covered with the oxidized nickel.

41 The catalyst for use in production of the carboxylic acid ester according fo
[2] or [3], wherein the oxidized nickel is further independently loaded onio the support,
in addition to the composite nanoparticle.

25 [58] The catalyst for use in production of the carboxylic acid ester according to any of

items [1] to [4], wherein the oxidized nickel is a nickel oxide and / or a composite

6



to 1.2 in terns of an atomc ratio of NN / My. 7 [12] The catal yst for use
in production of the carboxylic acid ester according to any of itens [1] to
[11], wherein a specific surface area is from20 to 350 n2/g, a nmaxi num
frequency of a pore dianeter is from3 to 50 nm a pore volunme is fromO.1
to 1.0 plyyd codsin® t}%géicle diameter is from10 to 200 iirn. 5[13] A
process of prod UCIg catalyst for use in production of carboxylic acid

ester, QMY egbé'tglé/e for u ge"’}n r&ﬁctl%%eiﬂ)tﬁ%mgergﬁwé agldaesqgllgét%ﬁémﬁ tﬁ%i\&toqr by

precipitating nic nponent represen one

el ement sele e ntthe r consi sting of nickel adi u num
Futnent lsgela o s varnaatl dBoSmoed s % “085?%[]%3”}3?%&699
acidic solutlon of a solubl netal salt contalnlng kel and X; and

a seconBOPERILBR BHIRNHONYY I¢h&NHi @/IKBINDRHE ZN- FPeH H afypaingBt & wehin a
catal yst precursor. %£14 A process for producing carboxylic acid ester
conpr i slaigeaokirem dftordhendivy hased1® eatckalywolar srmagd ofnther gl cod tbe
carboxylic acid ester according to any one of itens [1] to [12], with (a)

al dehydeluamidual. cohol , or (b) one or nore types of alcohols, in the presence
of oxygen. [ 15] The process for produci ng carboxylic acid ester

accordi [ tthd tamnisi4dr, useher sioduttien af dehyd®okglicacidngaendcestiget edtdmhom
acrolein, nethacrolein and a m xture 20thereof. 1161 The process for

produci ] eHemY e S@Ebgrtemrer AR ot OehbeBhd 14decib edrehisit h@etal
al dehyde i s a conmpound sel ected from acrol ein, nethacrolein and a mxture

t her eof Forﬁﬁgnéﬁtesﬁ%&%(ﬂorﬁ ?ﬁt&l@“@&)n3|3tir‘tdl%?$n Eh&ltlﬂé% P écerp{a&gféﬁ%ggtlﬁg

carboxy acrd accor wherern
| ene cQ and anot her type of the al cohol i s nethanol .
Advant aﬁ‘«?g?,sa ?E%rfes 'pﬁgall nvention [0013] According to the present

| nventi férf T%ecgétglféts }orft?sre llrjtsgrold[]c cgr? gtj %tEel 8Qrb%§<yt?caggioxgster according to item
[6] or [7], wherein a compositional ratio of nickel to alumina is from 0.01 to 1.0 in
terms of an atomic ratio of Ni / Al.
[9] The catalyst for use in production of the carboxylic acid ester according to item
15 [7] or [8], wherein a compositional ratio of nickel to the basic metal component is from
0.01 to 1.2 in terms of an atomic ratio of Ni / (the alkaline metal + the alkaline earth
metal + the rare earth metal).
[10] The catalyst for use in production of the carboxylic acid ester according to any
one of items 1] to [9], wherein the support is a silica-alumina-magnesia composition
20 containing silica, alumina and magnesia, and comprises silicon at 42 to 90 moi%,
aluminum at 5.8 to 38 mol% and magnesium at 4 t¢ 38 mol%, based on a tolal molar
amount of sificon, aluminum and magnesium.
[11] The catalyst for use in production of the carboxylic acid ester according to item
[10], wherein the composition ratio of nickel fo alumina is from 0.01 to 1.0 in terms of
25 the atomic ratio of Ni/ Al, and the composition ratio of nickel to magnesia is from 0.01

fo 1.2 in terms of an atomic ratio of Ni / Mg.
7



5acid ester, which nmaintains a high |level of reactivity by using for the
mai n cat al yst conponent a stable nickel conpound having superior reactivity
i nstead of the conventional expensive noble netals, a process for producing
the catal yst, and a process for producing carboxylic acid ester using the

gﬁg\?\/ls yzt[‘rpﬂgﬁghnﬁpgerzt%yrg\;gﬂr e ié?pﬁ‘ggﬁé&iﬁégﬂeféér%x o AW S, d BPAd 1ELGy 1

ansmssion electron m<e€rosc pe

(TEM bright field,i e) ,of a catalyst faor use in.production caf,boxylic
beid esPlitend BIGIbIER: Wikl S S8 Bhot gt B cob i B Boiof Fi G
1 and an inage thereof qgbtained by fast Fourier transformation, (FFT);:

I oo DR TRy P BB e dro SHO S0 RIPege VP MRS EF N

el ectron mcroscope (STEM bright field inmage) of the catalyst for producing
car boxyq ¢-.0a®l 0, eser patticediapieterds Aloondoup £R0uHe. resul ts of an anal ysis of
20conposition points by energy dispersive X-ray spectroscopy; F4(3. 4
shovis ptiGi]orAptcegs &b nsodistieg redtalysifor bee st aratuctjonrdnsnieyliomcel ester,on

m croscope (STEM bright field i mage) of the catal yst for producing

car boxytompasing: est er of Exanple 4 along with the results of a line profile
of the conposition thereof obtained by energy dispersive X-ray

spect r oscopy; figfidstépFbiGobmishgVe ehtafaPhret@ebn®yaprdiSetinBY nickel and a
ultraviol et-visible spectroscopy of the catal yst for producCi ng carboxylic

aci d es&%p%e@(ﬁwd@réin )é?‘téghé\étﬁ@ai WastH ey E%?n%?ﬁts 188k T etterbrE)B 15]

The follow ng pro S a ed expl anation e best no orcarrying

out ot PR LAET BRI Biffel e 1 dBE A0k SRR o =
embpli ”E&‘E);?drt B}L/Itne[jﬁ"yi]zezrr}g %%nac?(%c solution of a soluble metal salt containing nickel and
X; and
a second step of oxidizing the nickel by heat-treating the obtained catalyst
precursor.
[14] A process for producing carboxylic acid ester comprising a step of reacting the
15  catalyst for use in production of carboxylic acid ester according to any one of items
[1] to [12], with (a) aldehyde and alcohol, or (b) one or more types of alcohols, in the
presence of oxygen.
[18] The process for producing carboxylic acid ester according to item [14], wherein
the aldehyde is a compound selected from acrolein, methacrolein and a mixture
20 thereof.
[16] The process for producing carboxylic acld ester according to item [14], wherein
the aldehyde is a compound selected from acrolein, methacrolein and a mixture
thereof, and the alcohol is methanol.
[171 The process for producing carboxylic acid ester according to item [14], wherein

25 one type of the alcohol is ethylene glycol, and another type of the alcchol is

methanol.



carried out by altering in various ways within the scope of the present

i nvention. [0016] The catalyst for use in production of carboxylic acid
ester according to the 10present enbodinment is a catalyst for use in
production of carboxylic acid ester by reacting (a) al dehyde and al cohol,
or (b) one or nore types of alcohols, in the presence of oxygen, wherein
oxi di zed nickel and X (wherein X represents at | east one el enent sel ected

fromthe gr nS|st| f nickel al I adi um plati num ruthenium gold,
silver and %’ﬁ@ - () %&g%aﬂbﬁh@’%{‘t@ﬁpport within a range of an 15atomic
ratio o;o (N + X) of fromO0.20 to 0.99. [0017] The catalyst for use in
pr oduct on &f carboxylic acid ester according to the present enbodi nent

preferably fAdcbREihg EOIHY peentRNBAEI, & teaRpafdriuskeas peodmBachfdfariexyticzed
ni ckel and X (wherein X represents at |east one element selected fromthe

ZOQrS’UpaEi@inéétﬁF ' \Hﬂlcﬁfmﬁin‘t‘é‘?ﬁé a ﬁghl |@%1um reraca@[tymmus"ﬁ@ heNiHE I8P lcdtalgdt! ver

and copper). [0018] The oxidi zed nickel is pre erably a ni ckel oxide forned

by bondhg,g]gghgh{e' 12X PRS QBH@BHﬁSSUCﬁRgS Rridi gerzact:b'lt;?’%st%%d'\‘b?gﬁé

a conposite oxide containing nic ni ck de conpoun SO
sol ution or re thereof o] 25bon ni, ckel nd X .and/ or, one or
oo t ypadveriolabERabAeE Hooi HEE. g%am&?ﬁa?ﬂf%f%%’fg @ Gl el Ak

oxi de" used herein refers to nd cont ai ni ni ckel] and . oxygen. The
ni ckel  BIIGESSTIPOME NG FIONIBACH BT NFiBg A ca 9%3@%%%% &2 of

10  Brief Description of Drawings

[0014]

FIG. 1 shows a photomicrograph oblained with a transmission electron
microscope (TEM bright field image) of a catalyst for use in production of carboxylic
acid ester of Example 4;

15 FIG. 2 shows an enlarged photomicrograph of FIG. 1 and an image thereof
obtained by fast Fourier transformation (FFT);

FiG. 3 shows a photomicrograph obtained with a scanning transmission
electron microscope (STEM bright field image) of the catalyst for producing
carboxylic acid ester of Example 4 along with the results of an analysis of

20  composition points by energy dispersive X-ray spectroscopy;

FiG. 4 shows photomicrographs oblained with the scanning transmission
gleciron microscope (STEM bright field image) of the calalyst for producing
carboxylic acid ester of Example 4 along with the resulis of a line profile of the
composition thereof obtained by energy dispersive X-ray spectroscopy; and

25 FIG. 5 shows a graph showing analyses by ultraviolet-visible spectroscopy of

the catalyst for producing carboxylic acid ester of Example 4.



t he foregoing, hydroperoxides of nickel containing a O0H group or peroxides
of nickel containing a 02 group, or a mxture of the foregoing, and the

i ke. [0020] 5In addition, the term "conposite oxide" used herein refers to
an oxide containing two or nore types of netals. The term "conposite oxide"
refers to an oxide in which two or nore types of netal oxides forma
conpound, and al though this includes double oxides in which ions of

oxoaci ds, a ot esent as, structural units (such as perovskite-oxides or
spi nel -?yg{ﬁg@.@&gﬁ&afrywpc@gﬁ tie IPYei{[OQo i ncludes all oxides 10 in a broader
sense t oubl e oxides in which two or nore types of netals are

conpounded. "Oxides in which two or nore types of nmetal oxides forma solid

sol ution al §peffalldwingtdronideben Setaped ekplzosfionnd tiex bdsismode for cairginfaldtow ng
provi des an expl anation of the action by which extrenely high catal yst

per for W&ftCFrés%nﬂmbh grsrdrrby thoadithe rekahizesbBtmi@ht ) antFukhenhereithe X
15represents at | east one el enent selected fromthe group consisting of

i ckel | i - nlatj AL Ut i s oS d t
ni ckel, spalaghWhioR! & hAU Mnited fb?mél%uc%hg %@byam@ HEORRRE} OR Bgd

support "wthin a range of an atomc ratio o X) of fromO.

cat ai yst R By BEBaTh Salbut BRRLRE Ine R Re P Bk o

acti vi twd@] achi eved by conpoundi ng the ni ckel atremar kably hi gh catal yst
performance i s denonstrated that is not denonstrated with catal ysts
conposed of Taactatahgt Yorduad inopredoeitdn of tsbowsyliat &cid bedtablaectwlirg toithae
effect denonstrated as a result of conpoundi ng the nickel oxide and X, and

i's 4thoughischp ehtbddiBehe bt cbiybhercligain prodfctiannevedrbbayiR] ¥titcesdasli on
that is conpletely different fromthat of catalysts consisting of eac

| ndi vi dyadey, : e hyraelhes &f aRoRbRNY th
finet i oh ct@%{’%‘?@?é% aatn@,l alcBhoPX@ Y Cont Ner hRyrEBlb aliY the
presence of oxygen, wherein oxidized nickel and X (wherein X represents at least
one element selected from the group consisting of nickel, palladium, platinum,

ruthenium, gold, silver and copper) are loaded onto a support within a range of an

15  atomic ratio of Ni/ (Ni + X) of from 0.20 to 0.99.
[0017]

The catalyst for use in production of carboxylic acid ester according to the
present embodiment preferably further comprises composite nanoparticles composed
of oxidized nickel and X (wherein X represents at least one element selected from the

20 group consisting of nickel, palladium, platinum, ruthenium, gold, silver and copper).
{0018]
The oxidized nickel is preferably a nickel oxide fonmed by bonding nickel and
oxygen (such as NG, NiO, NiG,, NigO, or Ni,0Os), or a composite oxide containing
nickel, such as a nickel oxide compound, solid solution or mixture thereof, formed by

25  bonding nickel and X and/or one or more types of ancther metal element and oxygen.
[0019]

The term “nickel oxide" used herein refers to a compound containing nickel and

10



novel active species between both netal conponents. On the basis of this
novel concept, in the case of |oading the oxidized nickel and X onto the
support in a highly dispersed state, revolutionary catal yst performance in
particular was able to be realized unlike that obtained with catal ysts of

the prighydéd. MOARKI bRdEARENNCY RIS, NIBNRRS! WisheBr NHDE briiffabidact ed

consi derabl e attention due to advances' nade | n'ul I ne” part synt hesi s

t echnol : ' ta. be a. [ erial~ fiel f.

nanot ec a0l dRHREG e T, Bsk®r OpPBRt ZiogRabRTr o 1 fyrea. o
Nanoparti ¢l es havin article dianmeter, of, 100 nmor, | e differ 10 from
bk papidkel S IntPaDAtayb rarva TRl (Rdatrdaith BK b8 Race ot al el cnont
anong ti@%@t al elenments that constitute the nanoparticles, thus resulting
in the surface area of the netal elenent per unit mass increasing rapidly

the smal | er it heddigsn,i ehe ®ime "cdripoBitesoddenarepahkidih efefkROWS bA bhigefiel d
of catalyst materials may include netal nanoparticles such as those of

Pl at i nUBHNRMHINGHWEBr Fridhd §J1hedTbi M@ﬁl‘s!m‘frh%f‘te%' Lorfidsier 0ade RGBREKo R

met al oxi de nanoparticles sSuch as those of 1ron oxide, cobalt oxide, nickel
oxi de, zinhe :0xi ' ' jden Zik Goni [ i ndi ' |y na
and o | PKEE 5T v bAHAELECneldl SRR Gl B g Buch

het er og ous catalyst materjals. Nanel gne reason for, the grow ng.

et ont SRR 0T Kelod kbR gont BExAc R SHaTEl drereats Suttdly fus
materials is that, since that which 20 contributes to the catal ytic action
is |imiBEh PRLVIETarXides RimPinaldwRem PXgRstaididinl ) dcalse mgledes alweides
applied on the nano |level, the surface area per unit nass of the netal

el etent in Avieogder isanae rtbar o lg opisleist incwhighf vee coarmeale Ivmesealsestals reeby

i nproving the catalyst activity per netal elenent mass. Changes in

cat al yt cemaoctinded.at Oxidest @b mbhidho twbeopardre clypesi afematalnaxidparforml #ssdlid t hi s
manner are widely known in 7r;the formof "particle size effects”. [0023]
On the eblodon h@adhalliWighietiy Scodeser sorggsuridioxbésh new effects are
denonstrated in addition to these particle size effects. For exanple, the

action of biyparidRiR pRARRRARKT Slften AR Bpm@akﬁor%y%ﬁicwememégg@@hs

having a significant "effect on the catalytic action of nanopartic Thi s

action pebers ptegfﬁgﬂaﬁéé Er’ﬂ;le f'ja%dJ@Zﬁbg%ﬁ@ &ﬁdé??%‘g&b@ta{rﬂ Rd(g?ﬁeééf-ngﬁl €

nmet al speci‘es, I's on enonstra resu onpoun | oys
as fepred tq in the prior art are .a kno exanple of this,(binar t al
ot [t £ T R S T g gt ek L S A
net al , buﬁaéﬁll so jncludes cases in which netal cqnpounds or netal s and netal

conpounB@agdMe BIAYNHEW yUthaNtuRd d pRiver 8nd copper) aite sravpeort withigianiapgehe 10
paraneters to be controlled in the case of nanoparticles consisting of a

si ngl e ef amaimiciratio wé Ne AW hXhepipr @LE404x20.conposed of two or nore types
of ele 1lTlpeci es, additional control paraneters include composition,
crystal cture and phase structure (such as the alloy or solid solution

structure i ehyGYSHAL SELER (AT IGRTEBRY Y AGRERRSIRY oSO GBIVISRSIC! oS-

core-shell structure in
20 nickel oxides having oxidative esterification activity is achieved by compounding the

hicker oxide and X, and that remarkably high catalyst performance s demonstratad
that is not demonstrated with catalysts composed of each individual component.
This is attributable to a unique effect demonstrated as a result of compounding the
nickel oxide and X, and is thought to be the result of the creation of a novel catalytic
25  action that is completely different from that of catalysts consisting of each individual

component due to, for example, the formation of a binary functional catalyst or a

11



15 species is separated in the formof concentric spheres, anisotropic
phase structure in which phases are separated anisotropically, and

het er obondphilic structure, in which both chem cal species are present

adj acent to each other on the surface of particles). Nanmely, as a result of

enpl oyi ng8 BLRR ¥p§<ﬁg@g‘éﬂ&’eé§ bdf Wetal E&ﬂggﬁént%T‘awg]e%aéﬁeof”ﬁ%ho%&eci es

occur resulting I1nt enonstration of chem ca ectronic

ti | Ly . dif . from.si ' Th
B mary enarPn i Biscrdecdo b ah sERleo L ELELAE R PEBIBESHbEOET: gy

Uc d i cal i t f d i particl d
R S R P e o S
various fields such as electronic materials, nedicine and biotechnology in
addi t i ofie@lzedatriikg dhat obsaned yath cafalypisiibePEobart: he present conducted a

wi de:r angl search for materials for the purpose of devel oping catal ysts
havi%g ﬂﬁgﬁﬂcarboxylic acid ester selectivity and activity while al so
havi ng for t i : i } - I i ng
Super or T ean iy e R SRl el SRR CBnRE Rl LRER o PR
prior a t] . ' - t L. erties
Phat 5 1e2dfahER s Rl afe BRulll BmtEy3Re BBy e TReeltih 2 R A auc o

on the correlation.b en, chem cal state and reactivjty thereof, thereby
eadi ngDBSICBASTE 1AMt eth " SPECGH P Rebn O SRATLY 1o e Joro STETT BBl y
described, the catal yst of the present enbodi nent has oxidi zed nickel and X
as a bi AERYNGEeaVPddhehpoaparipiesayindd dasivie diappies k0 A ¢relgss diffes

el enent selected from 10 the group consisting of nickel, palladium

pl at® nufrom bulepadiglesgtn dhatstheyehawihd bigipergpartanied surfaceamaippelemantt hi n
a range of an atomc ratio of fromN / (N + X) of 0.20 to 0.99. The

cat al ysanaingt tie pratsiealenaarito dhake nongitefeetrabingnbpattibles, donpresdsng in the
nanoparticl es conposed of the oxidized nickel and X (wherein X represents

at | easugas: ereienths ehaal eRndMPdrgnighRise inoRSisky ﬂai;bi@l% tAk Gltedller the
pal | adium platinum 15ruthenium gold, silver and copper). The follow ng

provi deﬁaaqcr@éi,%e.de%ﬂn%s%mag@%ﬁ%% gg&ﬁﬂfﬂn tHfialor MaeslydthRaltniays of

t he present 1nvention used ni oxXl| , currently attracting attention as
an al co I i ; t gl Wi - r..t first
e ¢ naciuRe R raRp B Bley Such i BoREidt Py BRI S BRghe

de strated.carboxylic acid ester .formation.activity. reover, as,

oot & BF o ST B oRRT oMt e ToPeHisTT ok s VoS e o ddudh,
invention clearly denpnstrated that highly oxidi zed nickel peroxideI%QiOZ)
denonst $aR&E ONAghBICKBEPXIBEnBRE X Harl BANM 8Xidg; glkePnigmy adeomndie Aidter
hand, activity was not observed 25in the case of using nickel netal (N)

al one. @loozeq and silicagand HesmBaropdrticlee see ftlhentingsatteationmsketeregangonas
suggested that an inexpensive netal elenent, nickel, can be used as the

mai n coogatyshimaibrialscatanyay,. omexeasdrhéon tineegtomvisg afttentionpraisg mtlagatvent i on
exam ned the addition of various netal elenents to nickel oxide by changing

t he OXitHieZ%@Pﬁé@tt(ﬁ\ off nasdRirtitlased watdiet mappaieash toht, f sintdethat nerigasi ng
catal yst pertormance by controlling the oxidized state of nickel and

| 03 NG iBGekVS Pr%%ﬂﬁ@c 9Bfidh 3s SRR Yo [tRe 3nBIANb MRS RRESSS 5hahe. AS

a result, the inventors the present invention found that by | oading
oxi di zed, pi ckgl. and 3t | %@%&ea‘)&?ﬁf : t;’fejﬂocﬁwpQﬁﬁtsuﬁ%lcgcérgg d'jerrqm%tt H&grQup
consi sting of nickel', palTadium platinum "ruthenium gol'd,” silver an
copper %%%trgne?alsqu#w%% ir'w%lvaeu Enggl %action {specific surface area) increases, thereby
improving the catalyst activity per metal element mass. Changes in catalylic action

attributable to the pariicle size of nanoparticles in this manner are widely known in

o
4

the form of "particle size effects”

[0023)
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10 di spersed state within a range of an atomc ratio of Ni / (N + X) of
fromO0.20 to 0.99, the nickel oxide is converted froma normal oxidized
state to a highly oxidized nickel oxide, thereby dramatically inproving
activity and selectivity as conpared with catalysts corrposed of each

el ement al ong, gle Slfi’wte?lh)éﬁﬁsg%eg%g% Ef%otéé%egtnRWh?cH \vaa HelctedNarel ﬁiéﬁ' n&r&??ad' S

?ut3|de éhe anYe ran o exa mhen (S EF ected
X
it spor o0 SRR o7 Hleke, BfGRORR Wikl o It 8{%@9'?y?ﬁ?e°%§é%n02ttﬁa$@8m¥% s

catal yst was erved to d nst r at rboxyllc id este

el oot PREGDRGCES A KU (6 EaPas FLae TRCRR BRVITH Ak SO SPohandhes

| oaded 20 onto a support alone, and a considerable inprovenent in activity
was obs&RtAbIC ation efparianactidesmobhisiaston detess &9 aRi effeC(t Npat-ig-ungbpje tapen
respect to the catalyst activity per nmetal atom the carboxylic acid ester
f or nfat i dermaetstratady byf siople Mmotaldepedissr andsishpglivedemonsivated aham reatlhlofst s
conposed of each conponent al one, and catalyst function attributable to
conpoundbngouhdingof Alleygrasatdfgrrdépendetht prort e dreaa dahosonpraimpiconf dfist he
ni ckel and gold. This is presunmed to be due to being present at a ratio

opt i munyBiganf PR tiaPBpafticisVetdahot@HIdta 81t 44 6f Dot &BRlent @Pe&;bg He@@ghi on.
In this manner, as a result of the two conponents of nickel oxide and gold

bei ng | gaded ki %Y@odihél&%%eéhs@%bﬁ]e WP hetal %d%d?ognpﬁé’%ﬁd'aﬂg Jfeaet s

wer e denonstrated that were una 0 be pre |ng t he

ef oot s BRAIUERS Bt SFRIRAIPOR o R ORBrichl W028Tohd ey et et

oxi di ze Ioa suppor
tate, and bot h ded at th d th
esll t sPErmEER Eat O”Qr&m%ﬂ*%éemtc Y G A A T o S?e %ﬁ@ﬁn. ng

transm ssion el ectron mcroscope (TEM/ ST %Q nearly spheri cal

nanopar Blegne¥. Kaihingase ﬂé‘f‘@P%’lﬂéi@& aieet@mnpased of hei ynmere fyrss of ?t@nzemm
were | oaded uniformy dispersed on the support. Based on an el enentary

anal ysi spegies haddiinopaconicdiepatmymelees dycldie pearapaesibon.agrysiis csiruseeppndeDS)
both nickel and gold are present in all of the particles, and were observed
t o be i phadeesfroctore{suthceethecalimlyeast solidtsodutiur ftassuief ingehidh maystalesiteiscdres. | n
addi ti on, nickel conponent alone 15was observed to be | oaded on the support

o) TR b e kel S0 et EESh
powger species is separated in the form of concentric spheres, anisotropic phase structure in
which phases are separated anisotropically, and heterobondphilic structure, in which

both chemical species are present adjacent to each other on the surface of particles).

Namely, as a result of employing a binary compound structure, changes in mass of

the metal species occur resulting in the demonstration of chemical and electronic

20 properties that are ciearly different from single nanoparticles. Thus, binary metal
nanoparticles were found o demonsitrate novel catalylic, magnetic and oplical
properties not found in nanoparticies composed of singie metai element species, and

their applications are being developed in various fields such as electronic materials,

medicine and biotechnology in addition to catalysts.
25 [0024]

The inventors of the present conducted a wide-ranging search for materials for

13



X-ray diffraction (powder XRD), although the gold is present in the form of
crystalline 20netal, the nickel is presuned to be present in the formof an
anor phous oxi de having a val ence. of 2. [0030] On the basis of

ultraviol et-visible spect roscopy (UV-Vi s) capabl e of observing changes in

el ect 1 oy X6l R Gy g;fgsgyégggﬁ@ i rdlaedol kel sxldigupaiqgol d

25 was ace plasnon abso I on

peak (at u 30 or.igi fron1 ol d nano |cI served gol d
hanopar EE01 05 Ty a'ssd %‘f'ﬂi f§ &b? ghi &08&88882*“%%8* inp%%gpawse il o7
surface plasnon absor tion Wa s n erved in co ation ol d
ond ot BRI S asRERT A Rk e Rt PRERR SmsnsRotee etaRy SribEm

oxi de, manganese oxi de, iron oxide, cobalt oxide, per oxide or zinc

oxi de, WAPE R orfSianiionowas dpeustss oy Bigkeb ap e %ﬂ@ﬂ? EgvingnPIaReriiesathaton.
The di sappearance of this surface plasnon absorption 5peak is thought to be
t he b esudserslenthoisagolenebler oretslsatarsl thievsyk tdseacetnhtveas condectidcen béeween
t he oxi di zed nickel and gold, or in other words, due to hybridization of

t wo typesrrefationt detvesdre ehemhicap estates .ankd0 084 dtivitg nerrebfn tHeveby gllaylinexitdi zed
ni ckel oxi de can be observed by a color change 10in the catal yst and

ul travi ebgiplation bf @hs pRetems aaRntioNV- Madiely, ASs ava€ pretioblyadesdrthedo! et O
ni ckel oxi de, the nickel oxide changed from grayi sh-green to brown, and the

W Specbﬁfé‘?s‘{'eﬁpr{ﬁérBFé’s%n@bér?\'bBﬁf?ﬁ@ntt PLeUBRRWdNGRE e%(eéﬁ@ KNtlsT ‘6: r9| €

range e shape and color o e W spect rumrese t hat of
basi s o/ qfRerfige %’e‘*ﬁ%%( MR e péeaia%% eér?é‘%ﬁéni%ﬁﬁ%%d%ﬂ ftaﬁ. ghly
oxi ‘Pd € mg%&p gc;(nsgs ing o?dnqclzlge' Onaﬂadlgm platinum, ruthenium, gold, silver and
copper) loaded onto a support within a range of an atomic ratio of from Ni/ (Ni + X} of
0.20 to 0.99. The catalyst of the present embodiment preferably further comprises
nanoparticles composed of the oxidized nickel and X (wherein X represents at least
one element selected from the group consisting of nickel, palladium, platinum,

15  ruthenium, gold, silver and copper). The following provides a more detailed

explanation thereof.
[0025}

When the inventors of the present invention used nickel oxides, currently
attracting attention as an alcohol oxidation catalyst, as a catalyst, it was found for the
20 first time that despite a low level of activity, even nickel oxide (NIO) alone
dersonstraied carpoxylic acid ester formation activily.  Moreover, as a resull of
conducting additional research, the inventors of the present invention clearly
demonstrated that highly oxidized nickel peroxide (NiO;) demonstrates higher
performance than that of nickel oxide. On the other hand, activity was not observed

25  inthe case of using nickel metalt (Ni) alone.

[0026]
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[0032] On the basis of these results, the structure of conposite nanopart
cles is t hought to be such that gold nanoparticles are | ocated at the
core and the surface of 20the gold nanoparticles is covered with highly
oxi di zed ni ckel oxide, and gold atons are not present on the surface of the

oo s ?oz%?@pg%;'b%gsz o R RGPS, PRGN St il o "
ot I BRAGKE ekl ek PhERST b BR BT odtmiih! (finbife 8 3?%%8&3& been
conduct }-Oté use as caéﬂgsts and el ctronlc ter|%Ej ({)0034 Exa Ies
of the gt'N¥FNEES A B&’éﬁé&d@’eﬁ IRR @xagy Biogy@lavat TE&Et i ons

of the prior art may include (1) an al cohol oxidation process using nickel
per oxi delgqmeme)toasic @bpéid@hpbn%’[&ﬁg&]%*h@l02‘1'(11@9%@%@{19 o0 nickyely basgdnen Ahe
(1962) 1597), 5 (2) an oxygen-based al cohol oxidation reaction using N -Al
hydrit aapptceacasofafudheraimseasémgaw}ysﬂmenfnrmance By . codroflpgobhy Médyed EBtean
oxygen- based al cohol oxidation reaction using My-Al hydrotal cite containing

Ni (11) abnkebdiad ysidinglan Motive CatnpbneAt @36 o 2085)rt #OS higHiv Hisprrsety gate.based
al cohol oxidation reaction using nanoparticl es of ni ckel peroxide

(N 02) as & reatial et inVBRRIrs dfathal prefedO{vEeREEN f8Bnd anst bhachdike oﬂlgfz@@%]

Al t hough hi ghly oxidized ni ckel peroxide has a hi gher oxidation power than

or di nar yicRLEKE] aPiadPonaRbihAcorh B SRRENBN] efioRB! BrbRiAY o kel

vari ous al cohol s stol chi orretrlca y, as a resu of“the variou

nodi fic 0 yeay s,

cat al yt Pt AT aa LR oSBT % Ronlit SR “HEB Bk T been

rea . Ni ckel drotal cite-based, cat aI i C 0 on as

2y oispBtse e Hilhe g Sorpaisiaega ey B B daromGa0 1 PdS

eI errent (such as Al or and is thought to result in the formation of

peroxo Hjseicke @@w%}@%\ser&adrfé%ta verrgpkexidized statgdorg Bigkyy oxidizeddniekeln, in

processes using nanoparticles of nickel peroxide, reactions have been

r epor t edxigde, phersdyddramatically improving activity and selectivity as compared with
catalysts composed of each element alone or catalysts in which the atomic ratio of Ni

/ {Ni + X) is outside the above range.
15 [0027]

For example, when gold is selected for X and nickel oxide and gold are loaded
onto a support in a highly dispersed state, remarkably high catalyst activity is
demonstrated. This catalyst was observed to demonstrate higher carboxylic acid
ester selectivity as compared with catalysts in which nickel oxide or gold is loaded

20 onto a support alone, and a considerable improvement in activity was observed for a
specific composition ratio of Ni / (Ni + Au).  With respect to the catalyst activily per
metal atom, the carboxylic acid ester formation activity of (Ni + Au) demonstrates
higher activity than catalysts composed of each component alone, and catalyst
function attributable to compounding thereof is greatly dependent on the loaded

25 composition of the nickel and gold.  This is presumed to be due {o being present at
a ratio optimum for formation of a nickel oxidized state optimal for the reaction. In

15



20catal ytically as a result of form ng the nickel peroxide into

nanopai licles. [0036] N ckel oxide is used as an electrucl omc material,
for exanple, electronic materials other than catalysts. In order to
enhance the photoabsorption response rate of nickel oxide filnms, research

has beep.; %%QHﬁie 0 LI | I.F

represeﬁ?g u, ﬁ%;gﬁ?éﬁ$??$%qg&(ggﬂpﬁﬁéﬁﬁfﬁhﬁ%grgﬁb%%g@wggaE%%ghk%F?H

ni ckel oxi.,de,(J. Phys. D | . Phys. 36 (2003)..2386). Mtals doped wth

i ool S SRrsahip Pt re e RaBIG So T I FRgcts verd T RBREHES o be
i nproved when nickel oxide is cqonverted to a highly oxidized nickel oxide.
[0037] WYEISpYR ¢ 8P RIHIFES T IR aé%'ﬁﬁgtaﬁo%f?%f%”‘@ Aneach
suggestions in terns of understanding the expression of catalyst function
denpnst FAMEENBYt 2lgBe5 catal yst of the present enbodi ment. Although the

i nvent o 2%5 t he present invention found that nickel peroxide denonstrates
acti itwq carboxylic acid ester synthesis reactions, the |level of the

catal yst acty yjd iég%‘? ﬁé?ée’féfstptiﬁiﬁif%ycr‘ﬁﬁﬂéeipctﬁ{oogkﬁ.e?r%“%aﬁgmcﬁﬁ& %eﬁua;%&ﬁ{ PG _have

yet to be obtaine at e’ many aspect's its structure t remal n
uncl ear . it I o idered e.a for f ni I I de (djval ent)
10"t nat MY dlsbstiu sBl o0 REReGupto dind e Silboafiiinds SRt ALy
useful as a stoichionmetric oxidizing agent, if it were ssible to generate
2 cat al eredi 1 e BT FOIELRT JENeBeRPRYTISHIAT G TRDI BUGPEFORRy gen
for the oxidizing agent, nickel peroxide could be applied to oxidation of
or gani cSSRINYRG atragsiissiprhotlestipar nuspgeare Pl ideMeri if Bdsedicaryi srhaviealf i el d
is described in (2) above, with this research resulting 15 in achieving for
t held i r saneparticien havingrerpattidgydjamets diatribotiobyof Hatrerdb e Bevnsvaieckeakled
catalyst as a result of realizing highly efficient activation of nolecul ar

oxygen byiforontpodispérsednonkidtle andpartdi $isadl an art alenedréamntinalysisadéitheon,
as described in (4) above, a report indicating that nickel peroxide

funct i opsn@saracieatts) Mﬁérfqlpydiggé%@atmgy sPeBROSRA (FHSS Holinteke® Bnthgold

i nportance of control of "geonetrical structure in terns of 20expressSing a

cat al ystraidaht SAeA 68 ind 93ARlod adighdrb e FuaImY oS # 1o MBS didkel

contr ol i ze ate of nickel oxide used as an el ectrochromc

mat eri a!:oé@x (])ﬁ%él%ﬁrfgp:g 0‘3[0(58}& r“é}%p%ﬁ‘[ic‘filesqrquagdition, nickel component alone

15 was observed to be loaded on the support in addition to the nanoparticles containing

nickel and gold.
[0029]

According to the results of X-ray photoelectron spectroscopy (XPS) and powder
X-ray diffraction (powder XRD), although the gold is present in the form of crystalline
20  metal, the nickel is presumed 1o be present in the form of an amorphous oxide having

a valanoe of 2.
10030]

On the basis of uitraviolet-visible spectroscopy (UV-Vis) capable of observing

changes in electron excitation states, compound of the oxidized nickel oxide and gold

25 was determined to cause disappearance of a surface plasmon absorption peak (at
about 530 nm) originating from gold nanoparticles observed in gold nanoparticles

composed of a single gold species. The disappearance of this surface plasmon
16



metal and a group 1B netal as indicated in (5) above, thereby inproving the
25conversion rate to highly oxidized nickel oxide. This suggests that in
catalytic reactions as well, controlling the electronic state of oxidized
ni ckel is possible by conpounding with a specific netal, and this applies

to the I lyst ; i : |
[0039] ALSREBREER S SRR oo R B o AP Bt Bke8 ypblee,
nanopartigl et% 5 of thei‘?% gsent errbod%‘mant S .ﬁresumed to cogrépri.ses X
parti cl YD TICKEL XIS, L8y WSIANCR- AMGQRNYTbRXIHPZ BESPERET O8KCad 08T sng
the surface thereof. Based on (1) to (5) above, in the conposit

nanopar (PERESXEE tREPEF Qé@ﬁto"eéfﬁﬁd%)ﬁ‘%t\g’h@h FOBRIRRING %’n’ezggsefﬁ"%ﬁéP havg x
interact at the atomc |level, the electronic state of the nickel oxide is
convert &@ elfed on §me yeaxion. zddesdigappeargace Hinhiss suroe @lasearr abisesition
structure of 10 active sites thereof as well as changes in electronic

pr op®r t ipeskdathdught tmsé dher exbulioflmixingf ¢lectrat siated theoggh Heytdmtaalcintesfacel n
addition, it is predicted that a novel active species nediated by oxygen

at ons | $etwsdrethabxidi@dceiokelcind gblel bade offeirweemis! baertb diydridxatida aindoX,
and this is thought to result in the creation of a novel catalyst

functi on g mE@iyckBrhiar §fcidd om that in the case of using either
conmponent al one. 15[ 0040] nmely, the catalyst for use in production of

car boxy[0@314ci d ester according to the present enbodinent is clearly
different from conventional netal catalysts conposed of a single netal

speci es, bi fdvenrsento dighly pxidizesiigkakOdfe $@8 ke obpeEfdlYaR G0N H1aveEnds,
and binary catal ysts conposed of conbinations of netal 20 oxides other than
ni ck@l @ndhereatilys| avkntsyvicdeiavisihe spattoschande/M-Visact Ases sesulisof adding
specificafly expressed due to conpoundi ng of oxidized nickel and X are

pr esunmedoldoto gigkélt oxitle I hieohiokelanddey chat@dy Sonpgrdyishrgrees toniadolne, tamdbibe

obtained with catalysts of the prior art. [0041] 25[Details of Catalyst for
Use in Brnodpettr@l @dmEnstbasy ! dissofasbeE®irBhghout nearly the entire visible range.
The shape and color of the UV spectrum resembled that of highly oxidized nickel
peroxide (NiO;) measured as a reference sample. On the basis of this finding,

15  nickel oxide is presumed {o be converted o highly oxidized nickel oxide by addition

of gold.
f0032]

On the basis of these results, the structure of composite nanoparticles is
thought to be such that gold nanoparticies are located at the core and the surface of
20  the gold nanoparticles is covered with highly oxidized nickel oxide, and gold atoms

are not pressent on the surface of the composite nanoparticles.
[0033]

[Presumed Principle of Action]
Next, an explanation is provided of the presumed principle of the action of the
25  catalysts according to the present embodiment by using the example of modification
and improvement of nickel compounds on which research has been conducted for

use as catalysts and electronic materials.
17



The catal yst for use in production of carboxylic acid ester according to
the present enbodinment is a catalyst in which oxidized nickel and X
(wherein X represents at | east one elenment selected fromthe group

consi sting of nickel, palladium platinum ruthenium gold, silver and
copper) [HI3]| oaded onto a support within a range of an atomic ratio of N /
(N + X) of fromO0.20 to 0.99. [0042] 5The catal yst according to the
present enb&dRAENES §F dhe capligatian ohaptereapisaissNEbaperMPaURdHh & axidativas
conposed of oxidized nickel and X (wherein X represents at |east one

el enent reasttieos ad the qrrior rast rayuinctisies ('9tamglashohpsidelion gabtest uangphiakéinum
rut henium gold, silver and copper). [0043] 10The oxi di zed ni ckel and X are
pr ef er abkyoxidm e patam tldctsopptict oxidizanghagdnty JdOsgeChech. A7at1962THEQT),

oxi di zed nickel and X are nore preferably | oaded while dispersed in the

f or ng of ()i é}eoﬁi’%éri@é%d alcohol Bkiflafibh feadiot ey Mﬂl@?ﬁrcﬁéfcﬁté(‘dsea Eatarpiter  of
each is preferably from2 to 15 nm nore preferably from2 to 10 nm" and

even no[gnguel engil yinkr & 24 Z@OHWBB’?r@P“ant g%\é%a%% BROhbF lokiciiBREt er

as referred to 15in the present enbodi e refe to the nunber average

(T - [osbgaT s ﬁ‘f?&%‘éﬁ%ﬁ%&*ﬁ% bPafrES TR ﬁa.ssi:c‘i%f%aﬁsﬁt(?t@@*“;@;éﬁff‘ﬁ%?% he
' ' Ni Ni + i it hi , , 0. 20 .99,

or of er bt i nt 4 Fhipudert beb i ls” 08 Bounlh WL iR

vvithinaran{gérof fromO0.50 to 0.90. The atom.c ratio Ni / (NI + X) as

\ ] ) f
r ef er r eQICK! PRIPEIS (NI ks ?&?faéy%ﬁAPH'ecr@le@rz%@Hp@k%g) abihe eaded onto

the]\?sup%fs]to the total nunmber of nickel and X atons. If the atomic ratio
of NI / I X) is within the above ranges, a specific active species

f}];u?;;&el g%ﬂlﬁggggﬁgﬁ%gi’ &)ﬁﬁigegg’ﬂg%laﬂéb%id@ A8l a MgKErZE-dShcH Powndrt@dihe for
ordinary nickel oxide, and has long been known to be able to oxidize various alcohols
stoichiometrically, as a result of the various modifications and improvements to nickel
catalysts in recent years, catalytic oxidation reactions of alcohol with molecular
15  oxygen have been realized. Nickel-hydrotalcite-based catalysts enable nickel to
function as an oxygen activation sites by compounding nickel and dissimilar metal
element (such as Al or Mg), and is thought to result in the formation of peroxo
species serving as a reactive species on the nickel. In addition, in processes using

nanoparticles of nickel peroxide, reactions have been reported to proceed

20  catalytically as a result of forming the nickel peroxide into nanoparticles.

[0038]

Nickel oxide is used as an slectrochromic material, Tor example, in the fleld of
electronic materials other than catalysts. in order {o enhance the photoabsorption
response rate of nickel oxide films, research has been conducted on (5) a compound

25  film of NiO-Me (wherein, Me represents Au, Ag, Cu, Ni, Pd or Pt} in which metal (Me)
is doped with nickel oxide (4. Phys. [): Appl. Phys. 36 (2003) 2386). Metals doped

with nickel oxide act as holes, and the oxidation coloring rate is thought to be
18



25result thereof, activity and selectivity tend to be higher than catal ysts
in which the atomc ratio is outside these ranges. [0045] In the
case conposite nanoparticles conposed of oxidized nickel and X are
contained in a catalyst, that catalyst is not limted to that in which

Nanopar i, Gl dlic PRkKeI HASIeR QB BASIRAREHY Ritli-ERHRRE Gatal ysts are al so

i ncl ude ich OXI nic al on onto the support in
addi ti ofpg3yjt he conposite nanoparticles. 5[0046] The conposite nanoparticle
refers to a nanoparticle containing oxidized nickel and X (wherein X
represents &uchezyilicatien ekemplas gehiskelecorhpomndhgivgrimperieohsuggestpnsfin

ni ckel , palladium platinum ruthenium gold, silver and copper). [0047]
10Al t hotegmst bérnderstandinpatiid eMprassidnriof atataipst amctibe denonstratedebgomposi te
nanoparticl es provi ded both conponents are contained therein, preferably

bot s cogm@NNGS tily BraBefseftbodiméMe PARBDEH the Ikent@Bdithe p?@sraﬂt miefreibabl y
adopts a phase structure such as a solid solution structure in which

Crystal et fold [iakie AEHBRSTaBY LISH) SRl cctBoRIESaca AL

structure 1 n whic ch chem ca species 15 is separated In t(ﬂeS?ormo

t
epar at SPAURNSoHTE e R, Bne ahav R BERRB. M “EbPR U PHRSER: BhBooc
h I t t.t h oth th
par 1 of B8TVBS BRETr re?e%‘etﬁ%%@ﬁana Vet are av%éwSé‘mﬁc‘i%a?ﬁﬁairac?qrs
coat ed on t he surface thereof. There are no partjcul ar Ilmtatlons on th

shape ofa KEM@EhBBSIERE BBhkAD B0 FRNSECeH R Ra BETH YRR e (divalent)

contai ned therein, and nay have any shape such as spheres [0048] The

contfbsi thasmasfadsioghed oxyaenK iHoweSrcsimpadiithe! paropae is exisamely wseftl ahat t he

atomc ratio of N / Xis preferably within a range of from0.1 to 10, nore

pr ef er ablojcHddwetriti oxidizirgnggenf, if itowete Pobsibk @ gedemtenn matayiradl exciby

within a range of fromO0.3 to 3.0. [0049]
oxidizing active species by using molecular oxygen for the oxidizing agent, nickel
peroxide could be applied to oxidation of organic substrates with molecular oxygen.
Pioneering research in this field is described in (2) above, with this research resulting

15 in achieving for the first time in the world oxygen oxidation by heterogeneous nickel

catalyst as a result of realizing highly efficient activation of molecular oxygen by
compounding nickel and a dissimilar metal element. In addition, as described in (4)
above, a report indicating that nickel peroxide functions as a catalyst by converting to

nanoparticles indicates the importance of control of geometrical structure in terms of

20 expressing a catalyst active species.
[0038]

in addition, examples of a method for controling the oxidized state of nickel

oxide used as an electrochromic material may include the combining of a group 8
metal and a group 1B metal as indicated in (5) above, thereby improving the

25 conversion rate to highly oxidized nickel oxide. This suggests that in catalytic

reactions as well, controlling the electronic state of oxidized nickel! is possible by
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The range of the average particle dianeter of the conposite nanoparticles
is preferably from2 to 15 nm nore preferably from2 to 10 nm and even
nore preferably from2 to 6 nm [0050] 5In the case the conposite
nanoparti cles are in the formof having X at the core and having oxidi zed

ni ckel gﬁ&b?ﬁmﬁhﬁutﬁ% fsg;%% N Rleeaf hﬁ;%‘?‘?}’ﬁﬂgg tBa{hE' 85 cdécﬂ'[E%b?.rotf ﬁ(lhﬁxai S

preferab ran froml m nore era

range of to eve preferably W|th|n a range of from?2
to 6 nm’ a{?'ﬁ?ﬁ hc?e‘?’ieg @ﬂé'ﬁggtjme ?e;'é bet ween expression of activity and
stabi i top39}0 The thickness of the surface ni ckel | ayer consisting of one

or nore | ayers of oxidized nickel nolecules, and changes according to such

factors as tAschdhee peaipesy tHesoritad, nthe kelicane oXKihd bempbsite aanapargiciasd
particle dianmeter of nickel and X in the conposite nanoparticles, and the

manmer  ohthhpliaehhemdatidhy@ltis ipfe BB tE domPhBet X Fgﬂi@% éﬁrvfhb%sr‘!h‘ék(ﬁire' ayer
in ternms of oxidized nickel nol ecul es is preferably about 15 from1l to

| ayers, yafdh zgeoﬁae%@r og \térmghﬂqeteu@adeawerréof | BRAM ﬁgt‘)’tﬁ

COITpOSI te ox e conposite nanopartic have

em cal | kel
and X céﬁﬁgﬁiﬁﬁtg§§Hp%§t§®%tg§$mcle@8@r@‘ %% SR e et
referabl f.or ed.c stlon f nicgk e atomc

Pt o ofichel BB 52t 8hact At he HERiS ERE s SReor BuoE af e NicBE ot e o8

al I owi n are that the roportion of surface atons differs

accor di %@nyeate(ﬁga Fahtahtl exidizaskep@te.ofnK chesges ianiieegesmetical sijuehie fanpl e

0 at a gold particle diameter of 10 nm the total nunber of atons
i ortgﬂad Belivmeitethessaiias el as dengesrd aleergniopoepdries oanthiseconsideeddd
surface atons beconmes about 15% If the particle dianeter is 2 nm the

t ot al nbebeflectiedainoits datalytied abdecmnels additioh, 158, pedittédhehalr aposia! actiob t he
nunmber of surface atons becones 63% Thus,

species mediated by oxygen atoms is formed at the contact interface between the

nickel oxide and X, and this is thought to result in the creation of a novel catalyst

function completely different from that in the case of using either component alone.
15 [0040]

Namely, the catalyst for use in production of carboxylic acid ester according to
the present embodiment is clearly different from conventional metal catalysts
composed of a single metal species, binary metal catalysts such as alloys or
intermetallic compounds, and binary catalysts composed of combinations of metal

20 oxides other than nickel and metal elements, and the state change in active sites
speciticaiy expressed due 10 compounding of oxidized nicke! and X are presumed 1o
resull in revolutionary catalyst performance unable {o be obtained with catalysis of
the prior art.

10041)
25  [Details of Catalyst for Use in Production of Carboxylic Acid Ester]

The catalyst for use in production of carboxylic acid ester according to the

preseni embodiment is a catalyst in which oxidized nickel and X (wherein X
20



in the case of considering a formin which the surface of X is covered with
nickel, it can be easily surmsed that the atomc ratio of nickel and X

di ffers depending on the particle dianmeter of X 5[0052] As previously
descri bed, a transm ssion electron mcroscope / scanning transm ssion

el ectro ] c E i f i LGal.s et ;
observi Eﬂeﬁé%mggﬁ%{’%g%éf é;gwnéo%%ggﬁetaeffﬁ?né}égr ?@%tgpﬁgﬁgﬂ?r%&f%ﬁ%png
i mges of , nanoparticles gbserved TEM /. STEMwith an el ect ron beam rmakes
1 noss PalenNEk Fa ety BEE el ST B eeb i B 4ich SUPPAR: an
i mage of the distripution of those elenmepts, As will be indicated in the
exanpl eﬁ‘”tﬁ"H‘ BéARRR B dhatpMigirato O?Né?@\gri’béipf EO%@BA@&%@-% according to
t he preﬁ%};2 enbodi ment were confirmed to have a formin which nickel and X
are contai néd inall of the particles and the surface of X is covered with

nickel. 1n tig (%5@5950&!?6’@?&89@lﬂ)@é’s&tfé?ﬁtﬁﬂdi%ﬁt Br&TBIDIY AlrtHer@briprisiisckel

and X differs according to the [ocation of the conposition analysis site in

t he nan i r t S i ge of
the par FPPoss nano gtk GHp RN Gydbalhikg] o K ATIFELER fhesBisA
allotted for the atomec ratjeo of. nickel and.X dependi ng he | ocation of
e anal5rst o R EUbRE G Rafl i Gtk AR e A R P B AR e
margin i s incl udeog%iq t he ran&)es of the atomc 20ratio of Ni / X as

pr evi ouYHeREEL GO SV BB CPPPEhe case of having sel ected gold, silver or
copper FOH%’@( ultraviol et-visible spectroscopy (UV-Vis) is an effective
means of 1dentifying the structure thereof. In the case of nanoparticles

co@i ni ng gpkdoxigizby Sici] HRPREAreOptaferabiieiddietioghecthel suddod th daaghiyhe
vi si bl e-near infrared band couples with the surface free electrons of "the

metal 1 AR sidleS UTHAC BXREASTAIRP SN Ule File SHRRBLEN, 1ER? yfifba! V!
gggtragtw h go.l : nanopar t'i cl es |sS| rra |ates W th visi Z I |..g ;[ ain Com
he gol HRRERBEERHHE b SRS Ka0ER G A Br Mo HRT A8 2RRRLER ALY TRHeI
P AT B R R L
more preferably from 2 to 6 nm. Herein, the average particle diameter as referred to

15 in the present embodiment refers to the number average particle diameter as

measured with a transmission electron microscope (TEM).
[0044]

The loaded composition of the nickel and X is such that the atomic ratio of Ni/

(Ni + X) is within a range of from 0.20 to 0.99, preferably within a range of from 0.30

20 10 0.90 and more preferably within a range of from 0.50 to 0.90. The atomic ratio of
Ni / (Ni + X} as referred to herein is the ratio of the number of nickel atoms loaded

onto the support o the olal number of nicke! and X atoms. | the atomic ratio of Ni/

(Ni + X) is within the above ranges, a specific active species structure composed of
nickel and X and a nickel oxidized state suitable for the reaction are formed, and as a

25  result thereof, activity and selectivity tend to be higher than catalysts in which the

atomic ratio is outside these ranges.
[0045]
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5di sappears, thereby suggesting the absence of gold on the surface of the
catal yst according to the present enbodi nent. [0054] Preferable exanpl es of
t he oxi di zed nickel may include nickel oxides formed by bondi ng ni ckel
and oxygen (such as Ni 20, NO N 02, N 304 or Ni 203), and conposite

10oxi des conf, alhé”dé%e“é(ﬁﬁg engﬂoﬁégéleQ'cgﬁﬁ%?é@& 9?0 Q@el éﬁh/% ae

SO| utions or mxture t orne ng n|c

pgr ??Eﬁﬁéﬁ*%f hfpa%)f el o't %gaﬁf%’@% i‘m%ﬁya%ef{%gd“ﬂo%%h f%ﬁér?a@%?g%?em he
oo omohEhCbat S B ST AELZ YRk S e A0Y il hEN B ondy e
diffraction., As a result of errpl oyi ng such a form since interaction with
oxygen F§k§F@|§Uﬁé%i|0ta@eﬁé”‘@@ &g sypraTin aifinte thg GOMRIFIECEBNOPBNIESS t he

oxXi dé{ ﬁ?d"%ke' and X increases, even better catalyst activity tends to be
obt ai [ 0056] X represents at | east one el enent selected fromthe

group consi stNehiRbodlies Kghopdtatibadraito ﬁéh lclb%é}ﬁélh”@oﬂeiz%d rfikkeier

and copper, and represents rmre preferably ted fro e group

consi st laﬂg »° fwﬁér(éh\ek reBP@:lsl(a}ai%I %agtué%egfe%nt%%'le%t@@ﬂom {h\éeéroup consisting

of nickel, palladium, platinum, ruthenium, gold, silver and copper).
[0047]

10 Although there are no particular limitations on the form of the composite
nanoparticles provided hoth components are contained therein, preferably both
components are present in the nanoparticles, and the form preferably adopts a phase
structure such as a solid solution structure in which crystal sites are randomly
occupied by chemical species, a core-shell structure in which each chemical species

15 is separated in the form of concentric spheres, an anisctropic phase structure in
which phases are separated anisotropicaily, and a heterobondphilic structure, in
which both chemical species are present adjacent to each other on the surface of
particles. More preferably, X serves as a core, and oxidized nickel is coated on the
surface thereof. There are no particular limitations on the shape of the composite

20  nanopariicles provided both components are contained therein, and may have any
shape such as spheres or hemispheres.

[0048)
The composition of nickel and X in the composite nanoparticles is such that the
atomic ratic of Ni / X is preferably within a range of from 0.1 to 10, more preferably

25  within a range of from 0.2 to 5.0 and even more preferably within a range of from 0.3

to 3.0.
[0049]
22



25[ 0057] Al though the chem cal state of X may be a netal, oxide, hydroxide
conposite conpound containing X and nickel or one or nore types of other
netal elenents, or any mxture thereof, the preferable chemcal state is
nmetal or oxide, and nore preferably a netal. In addition, there are no

oht i ning of ! Thiee o8L 1 ok Rgpory Bl Er ey o IR AR lohe FRhBYRRKTR s

obt ai ni ng of

oot P AR Rn BOLT O hof! PR EF L 100k 2

constituent el enqent cogt ained in the catalyst in addition to the oxidized

ni ckel dWBIESAPIYITON e
%@,ﬁ%%or rare earth netal. 10[ 0059] The catal yst according to the

earth m;l\

pr esent

ed catalyst actl vi I ne or
I"Bonponent such as an al kaline nmetal, alkaline

di rent has oxidi zed nickel and X | oaded onto a support as

previously drsRsicaed thaBEmposiehabbyaderBNELIALSS feHPef havingfX attife &¥re
form ng conposite nanoparticles conposed of oxidized nickel and X

Furt her %ﬁei‘é‘u’@f AR tfcign efh;'g;ﬁltrf%a&rf&feertﬁ&%oiom& éd%?a%é W&Ie

enbodi nent

bi nary
differe

o

ers to a partic e nano |l evel ‘contalnin erent

BrieR Kt afelebelly SR TR B Tfn oty CerRh iR bi et cn

bot h the nickel d X t t al tal ticl [ ich
an'al | oyt FrEBBREt o & B o mBTraGr Ve FIEP PENGabY D Auanos R (THEN case

of usin
sel ecti

10

15

20

25

t

Hynm in considera

hese as cat altysts for producing carboxylic acid ester, N
ion of the balance between expréssion of activity and stability.

The thickness of the surface nickel layer consisting of one or more layers of oxidized

nickel molecutes, and changes according to such factors as the loaded composition

of

nickel and X, the atomic ratio and particle diameter of nickel and X in the

composite nancparticles, and the manner in which the catalyst is prepared. The

thickness of the nicke! layer in terms of oxidized nickel molecules is preferably about

from 1 to 5 layers, and more preferably about from 1 to 3 layers. In addition, a

composite oxide may be formed within the composite nanoparticles that have

emically bonded species such as Ni-O-X at the interface where both nickel and X

components are in contact.

[0051]

The reason for there being preferable ranges for the loaded composition of

nicket and X and the atomic ratio of nickel anc X in the composite nanoparticies, and

the reason for allowing a margin, are that the proportion of surface atoms differs
according to the particle diameter of X. For example, in citing the example of gold,
at a gold particle diameter of 10 nm, the iotal number of aioms formed becomes
about 2.1 x 10% and the proportion of the number of surface atoms becomes about

15%. If the particle diameter is 2 nm, the total number of atoms formed becomes

23
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20and catal yst activity of the target product are |low as conpared with the
catal yst according to the present invention, thereby nmaking them

undesi rabl e. [0060] The catal yst according to the present enbodi nent
preferably conprises oxi di zed nickel on the support independently in

addi L1 oBbby 159 SEMPESIHB0ABNAILALHIR 89 SEREDOSEHNbeOxt di%ed, N ekl and

X. The presence ni cke not conpounded wth X serves to further

o bi ¢ 1 1 akeEt ?5%%‘?@@%' JrbfaR el é@ea§ﬁ“¥§% F K Sn@\%igg AP EekatR ne
h f h .

Ferar KabPe ey siu@isesr ot e E rdnt AL mctcksﬁ?a T el freding da te

conposi tion containing silica and alum numor a silica-alum na-magnesia

corrp03| PaBitle diemaier eibport as will be described |ater. 5[0061] The

foll ag]ow des an explanation of the action by which structural

st abi [@) catal yst particles is enhanced and increases in pore di arreter
Caused by | aR9-JreliBLss aetee Al 9Ngq H‘ss’i’&?oé‘igé‘tfﬂ “&u&&@%d&a 'te
nanoparticles are In b|t ue to the presence o free oxidiz n|c

S B e S A %ﬂ@oﬁiﬁ"ﬁ
char act Sgegrtvin% % rrn%?p%diggnys 0¥ 9ne composite nhanoparticles, and irradiating images of
nanoparticles observed by TEM / STEM with an electron beam makes it possible to
10  analyze elements within the nanoparticles and exiract an image of the distribution of
those elements. As will be indicated in the examples t0 be described later, the
composite nanoparticles according to the present embodiment were confirmed to
have a form in which nickel and X are contained in all of the particles and the surface
of X is covered with nickel. In the case of adopting such a form, the atomic ratio of
15 nickel and X differs according to the location of the composition analysis site in the
nanoparticles, and larger amounts of nickel are detected on the edge of the particles
than at the center of the particles. Thus, a margin is allotted for the atomic ratio of
nickel and X depending on the location of the analysis site even for individual

nanoparticles, and the range of that margin is included in the ranges of the atomic

20 ratio of Ni/ X as previously described.
i0053]

in the case of having selected gold, silver or copper for X, ultraviotet-visible
spectroscopy (UV-Vis) is an effective means of identifying the structure thereof. In

the case of nanopariicles containing gold, silver or copper only, the photoeleciric fieid

25  of the visible-near infrared band couples with the surface free electrons of the metal

resulting in surface plasmon absorption. For example, when a catalyst loaded with

24



produci ng carboxylic acid esters, nethacrylic acid or acrylic acid, can be
i nhibited by maintaining the pH of the reaction systemto 6 to 9, and nore
preferably to neutral 15conditions (such as pH 6.5 to 7.5), or in other
words by maintaining at a pH as close to pH 7 as possible, by adding a
conpoun cALLNE : - i It I I

cyat em 0B e e e B PR e En o8P bR
present ,j i i Of.. i -Lermr i

Becor di H5oF8 bl st R BB LY Bttt e P R it
single ¢ on ol d nanopart.icles are | oad to,a, suppart of .the

ot esent SLABGH headm, BBREVET jhihe Hedh drt St Redu MBI e ke Ghatri e
undergo structural changes. This phenonenon is thought to be the result of
the cat &P¥FsBceR{Findcioeter BissgnbaMpPosENAL: IthR SUrface R aen @hsahtignaherenise
due to the 25 reaction procedure described above, thereby causing a portion
of the Aisappearse tBaisdyrsuagesbeg dhe stiseade oidqd exi pia avdace oliithe ggtalyst
rearrangenent of the silica-alum na crosslinked structure, which in turn
causes ancomioremstbeipresdrd grobadimeinanet er of the catal yst particles. In
addition, sinmultaneous to the increase in pore dianeter, particle growth is
pronnteﬂkﬁﬁlsintering of the gold particles, which was determ ned to | ower

catal yst actjvjty., [Q064] 5 t he .ot her . hand, t.he presence_ of osi.te
anopar ti of ELSlardbig e i e SR tiay B BETTONE By Rles T TBRT Bl ce
the structural stability of the catal yst particles due tqQ the procedure
descri bBEMABBVISKARNTOED (Pt BF Nt b PuRs st G5aieSah angtcamarde
grow h of the conposite nanoparticles. As was previously described, the
reatdn pPyidesheentpRinthdigied, secheas aniaked pxéde tqosmPmedre solidx selubiens Mirckel
and 10 constituent elenments of the support results in the formation of
ni ckel omixides tarpoiyfolment by dopdsigt micksi ales Xcot Adnong onincdrel types lof ather
solution solutions, and as a result of such nickel compounds acting to
st abi | i getdihgesichiscandbrygem crosslinked structure, structural stability of
the catalyst particles is greatly inproved. The perfornmance of such
cat al ysfOGS5iuct ural stabilizing effects is presuned by the 15 inventors of
the present _invention to be attributable to the oxidized, nickel present in
the support Th@%%ﬁn@rﬁamuﬁ@fmaawsee@ $haselhiees Q?Wisbpsqvef%dﬁ Kallps case
oxi di zed ni ckel contained in the conposite nanoparticles is in contact with
t hel Ssuplhsr ebtaitiag mdxkhennreseritad catalt activity. nst & predergily troapearsptrdioned i f
free oxidized nickel is present on the support. 20[ 0065] ipport]

state in which diffraction peaks are not observed by X-ray diffraction. As a result of

employing such a form, since interaction with oxygen is presumed to be greater and
the bonding interface between the oxidized nickel and X increases, even better

catalyst activity tends to be obtained.
20 [0056]

X represents at least one element selected from the group consisting of nickel,
palladium,  platinum, ruthenium, gold, silver and copper, and represents more
preferably selected from the group consisting of nickel, palladium, ruthenium, gold

and silver.
25  J0057]

Although the chemical state of X may be a metal, oxide, hydroxide, composite
compound containing X and nickel or one or more types of other metal elements, or

25



There are no particular limtations on the support of the catalyst for
produci ng carboxylic acid ester according to the present enbodi nent
provided it is capable of being | oaded with oxidized nickel and X, and a
catal yst support of the prior art used 25for carboxylic acid ester

synt hes?ﬁg%&tdﬂ% Pt g@@%géfe%ap&?e?@%i 3 O% iés‘é}oﬁ%téi BEYXIC AL YeET ous

types of Supports suc actrvated car : ica, al'umna

U oA L . CrL o . - e oai .

11 oa R tbne hodl Jo oS AR e AARIRL ArsdREBE B soivomnicte,
eolite,and c talline netallosilicate. Preferable exanples thereof ma

" nol udeXaBIg\EdRd Blg e SANGIBRY GF iR RESPRR o SAAYOe AN Mathbfesi a,

5silica-al um na-nmagnesia, titania, silica-titania and zirconia. Mre

pr ef er aBlYSt@AWHPY NOFREPUSHcl ude silica-al umina and silica-al uni na- magnesi a.

[00657] Ldbﬁ% dition, a single or plurality of types of metal conponents

sel €cte romthe group consisting of alkaline netals (Li, Na, K Rb,
Cs), al kal i pgoat RelBletmedtBss rdlmred Qcherahy inBRMANE oRERBAT ERNTEHIHFS
(La, Ce, Pr) may also be contained in the support. A |loaded netal conponent
is pref I i i £ ring, r itr

acetate! AP PERER] BB, e oyl o BT bentoet bt Eabivetsi ng

silica and al ym.numor._a silica-alyum na- nesia conposition is, .

or ef or ab) 9EaR 1P Pe EhEiadih Biskel 3L oY B aRER SIS haLCh ey e

resi stance than silica and higher acid resistance than alumna. In

addi t i ofnetal; aikaling earth restabeoraie €a8upe!-or physi cal properties as conpared
W t.Jh su rﬁs typically used in the prior art, including being harder and
having g)?)(é})g er mechani cal strength than activated carbon, while also 20

al I owi ng th%%t@é%b?sﬂ 9@6&691}?0{0 e Bt Bnilimangd hésvt%%icﬁﬁe@rrﬁc@ta%gi} o

active conponents (wherein X represents at |east one el ement selecte
L1 0 OLRGERSSA el AL SIS, Bl B Ry LR S
level Otfeﬁer&gclggi/ %{i)aIrXingvgcgmgogi?engru%%?)%?t%leosf ctoimrb%sed of oxidized nickel and X.
Furthermore, the composite nanoparticle as referred to in the present embodiment
15 refers to a particle on the nano level containing different binary metal species within a
single particle. Although examples of different binary metal species may include
binary metal particles in which both the nickel and X components are metals, and
metal particles in which an alloy or intermetallic compound of nickel and X is formed,
in the case of using these as catalysts for producing carboxylic acid ester, selectivity
20  and catalyst activity of the target product are low as compared with the catalyst
according to the gresent invention, thereby making them undesirabie.
00601
The catalyst according ito the present embodiment preferably comprises
oxidized nickel on the support independently in addition to the composite
25  nanopariicles composed of oxidized nickel and X. The presence of oxidized nickel
not compounded with X serves to further enhance the structural stability of the

catalyst particles, as well as inhibit increases in pore diameter caused by long-term
26



25[ 0069] A catal yst for producing carboxylic acid ester, in which oxidized
ni ckel and X have a specific atomc ratio, and an al um num cont ai ni ng
silica-based conposition or silica-alum na-nmagnesia conposition is used
for the support, denonstrates high nechanical strength and physi cal

stabi | i tr¥a(¥®nseamen§cc$m35&9@0rﬁf@fo@ﬁﬁ o1& ot bgﬁ?{am ‘?ntahi%paHr%%sas ﬁu%%ﬁé‘&y“

support al'sg sati S1'0n r est St an espect to
characteri sti g nature of. the reaction in carbo.lic
cerd- estbremafapleat) BBl ifing %@*um%%@n@@t%f*mng@%%b sy RN
follow n ovi des an exp] anation of fthe Pertl es of the sugpor of the
present & ﬁ%&anm icq pad elvABNE %r?snsﬂ’@? BNHPIEGIEREN FOBPOSHPA tthej fe.
The reason for having been able to signifi cantly i nprove the mechani cal
strengt suBR B§oMk beciascEbediatet y of the support is presumed to be as
foll Q)(g%??l] In an al um num containing silica-based support,

Si - I bonds are newy forned by addi ng alum num (Al) to

non-cr 055' | iR, ﬁbwl%&ﬂ} ggzarfa%lﬁﬁaﬁn 8t | ecéctﬂﬁ by %Wsﬂ;ctﬂag%ﬁ ﬂ;i[j‘tgred

structures are OI‘ITE osi n e II’] erent

Py ny“‘fEQ@EV%E%?ﬁ[cyeiiﬁaﬁ%adahé?ﬁéﬁ %%5@??#83 SRR Ehnce)

i th ht to b fi tl dd
r ol | Pieiogs et Tl BSTbRAniinh S e SRbgs %aﬁhep%@ghsn@r@dméibﬂgg

chai ns decreases as conmpared with silica gel alone, which is thought to
resul t idicfea*mth@m@f@é&ﬁéepﬁfrﬁ@m%mcg@k@h SuEPob wel | . Namely, the amount

of - Gggs structures forned is presumed to correlate with inprovenent
of ch strength and water resistance of the resulting silica gel.
[0072] As will be described later, the production of acetals and the like attributable to

acidic substances, represented by by-products characteristic to reactions for
producing carboxylic acid esters, methacrylic acid or acrylic acid, can be inhibited by
maintaining the pH of the reaction system to 6 to 9, and more preferably to neutral
15  conditions (such as pH 6.5 to 7.5), or in other words by maintaining at a pH as close
to pH 7 as possible, by adding a compound of an alkaline metal or alkaline earth

metal to the reaction system.
[0063]

According to studies conducted by the inventors of the present invention, in the

20  case of carrying out a long-term reaction according to the procedure described above
using a calalyst in which single component gold nanoparticles are loaded onic a
support of the present embodiment, the calalysl particles were determined (o
gradually undergo structural changes. This phenomenon is thought {0 be the result

of the calalyst particles repeatedly being locally exposed to acid and base due to the

25  reaction procedure described above, thereby causing a portion of the Al in the
support to bhe dissolved and precipitate resulting in rearrangement of the

silica-alumina crosslinked structure, which in turn causes an increase in the pore
27



in a silica-alum num magnesi a support, as a result of magnesi a being
present 25in addition to silica and alum na, charge stabilization is
pronoted as a result of conpensatory neutralization by My (dival ent) of
differences in charge resulting fromdifferences in the val ences between Si

(tet T avalpftby BN thd Laklys YAIRIGY. RURRAAY difial IRl f AbredlseGniard S

crosslinked structures. eover, Since arge balance I's obtalne rough

e, e Bl AFECRARETE UL LRSS P A B AR ©°

al one d nstrafj acidjty, a, support containing silica, alum na and
5nagnesﬁ§qu§”r?Fé£€qq§Wﬁé8? st a&HHH{)hi s is thought to lead to inhibition of

prom ne etal formation under acidic conditions. [0073] One reason for
it being possible to stably | oad oxidized nickel and X onto a support for a

| ongs per i od O tHd dRet Bathdlahe hesdmesiohdosier fir@iparanss sHe Bkieitteoshiakel i ty
10 of the support are significantly inproved as descri bed above, thus

pr ovi di i HePARdortidrled UPRRASHCPINESHRZILRN OB} BRIk AATRAhGERW th

supports typically used 1n the prior art. a resu _ whi ch

anabl i ngoenamve BEckiTer JEPOTR, UPLE. ARHIs AL M BaRER e b e e

ni ckel ¢o nent .of c | y used supports,. such,as silica or .

oi | i ca- JIAMRTHG ANASOBHLRT BIR 69 DERS TR NgRaRrItFRS- o AT 455 PETVIRYRlY dgsriedsy

| ong-termreactions. In contrast, in the case of using the above-nentioned
suppor t the FrasoRyBrttGissisothougst i bsctiatithe ggertinn petimeen wxtdizadinicssl end

ni ckel conponent is inhibited 20over a long period of tinme. On the basis of
t helG esapnsiitygntxalemeptisobetrectaupport results in the formation of nickel oxide

compounds or composite oxides containing nickel such as solution solutions, and as
a result of such nickel compounds acting to stabilize the silica-alumina crosslinked
structure, structural stability of the catalyst particles is greatly improved. The
performance of such catalyst structural stabilizing effects is presumed by the
15 inventors of the present invention to be attributable o the oxidized nickel present in
the support. Consequently, these effects are naturally obtained in the case oxidized
nickel contained in the composite nanoparticles is in contact with the support, and
maximum stabilizing effects are thought to be obtained if free oxidized nickel is

present on the support.
20  [0065]
(Support]

There are no particular limitations on the support of the catalyst for producing
carboxylic acid ester according to the present embodiment provided it is capable of
being loaded with oxidized nickel and X, and a catalyst support of the prior art used

25  for carboxylic acid ester synthesis can be used.

[0066]

Examples of this support may include various types of supports such as
28



spectroscopy vps- transm ssion electron m croscopy (TEME and

hi gh-resol ution X-ray fluorescence (HRXRF), in the case of using a silica
or silica-titania support, the eluting nickel conponent was confirmed to be
ni ckel oxi de present alone on the support. Since nickel oxide is a soluble

conmpound, .k [ .4 1 SpLes 0 .2hhe ed.hy. charactieristic :
by-prod%gl'gi‘gatgg ?ﬁ{%&nfegg’?%bné{gﬁq]%e Sﬁ'grg%i@#nm&i H%%u%g gntgélls”%r e%'lfcé)sné%t ed
by neth lic acid and acrylic acid. [0075] . . On _the hasis of .
omal'ysi 2, iR REn B R s R e ah oy felriued arParete g Sxide,
fluorescence (HRXRF), the nickel of th atal yst accordjng to the present
enbodi n&ﬁ?ﬁtﬁsgﬁﬁj S ibiatino ke BHicHipe ArdRabId e éheﬁ%é)faf“§yn’§P@de
conpound, but al so be present due to the formation of conposite oxides
cont ai nieglvatrekel CashRh as HiBni ckelursivipde coiipaahininasol i glisainoagrssia.or
m xture thereof, formed by bonding between nickel and a constituent el ement
of the siippariumirfcomaghesiaghtitaesy| wilicaritXrirayarid usiresiance MHRXRIFEfeaalbleysi s
makes it possible to analyze chem cal state based on energy |ocations

(chem cakasipidd pyamndudd eilishahamob dd sihea-aRmuihbimggisgggt rum due to its
extrerrel(ﬁ}ﬁhi gh energy resolution. In the case of the K spectra of 3d
transiti@P7etal elements in particular, changes occur in chenical shift

and shape due tq.changes ,in val ence and el ectroni c stat and. t chem cal
Srate con bdt grditbhed Sioeindr dwG o Hee S af Higdrbouiatting s Retehtoft Bent
enbodi nment, changes occurred in the Ni K s ectrumk thus confirmng that the
cheni caBre{taeensistingsefi Akalineginetals sLis NemkniFdk &is) oglikabnegrdh metals Gendie
conpound. [0077}‘| For exanpl e, nickel alumnate, which is formed from ni ckel
OXi aka@, 8rulddhand irgreacaitmpiald (LhaCei £r) meylalgd beicondaingd iméhasupzut.t of
form ng such a nickel conpound on a support, elution of the nickel

conponeAt loadegmestairedmiponbet isnpriefsrad|y28c axglcdebi@inad b GRIRG] forhexdrableow ng
provi des an expl anation of two preferable supports for

nitrate or acetate.
[0068]

An aluminum-containing silica-based composition comprising silica and
15  aluminum or a silica-alumina-magnesia composition is preferably used for the
support. This type of support has higher water resistance than silica and higher acid
resistance than alumina. In addition, it is also provided with superior physical
properties as compared with supports typically used in the prior art, including being
harder and having greater mechanical strength than activated carbon, while also
20 allowing the stabie loading of oxidized nickel and X which are catalyst active
components (wherein X represents &t teast one element selecied from the group
consisting of nickel, palladium, platinum, rutheniurm, goid, silver and copper).
Consequently, the catalyst is able to maintain a high level of reactivity over a long
period of time.
25  [0069]

A catalyst for producing carboxylic acid ester, in which oxidized nickel and X

have a specific atomic ratio, and an aluminum-containing silica-based composition or
29



significantly inproving the life of the catalyst according to the present
enbodi nent, nanely a support containing silica and alum na and a

silica-al um na- magnesi a 25support.

support containing silica and alumna is such that the anmount of alum

is f 1 . 0 of ”» . | 9 |
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[0079] The el enentary conposition of a

num
from
f

cgRii ) STRRYE, a7 bkl S8y PRRE nafHico 9% SUEET ol <BRFERI ng

ast one type of basic netal co nent se|ected fromthe group
Conei st Talchsst SSAGRENE! SbRrTs, A Alsor SHIRLES CRMASIR Comi e g5PpRCer ai s
in the support of the catalyst according to the present enbodinent in
addi ti ofP& ehaactesistigliguid naiuse af $he reaeliubineter trm: alea viashpoiliatacd estart her
i mproving 10 nechani cal strength and chemi cal stability. Exanples of
al kat i neymibeaisgeattiamindhpasesennetefloxygeponent may include Li, Na, K, Rb and
Cs, exaﬂﬁ@ of alkaline earth netals nmay include Be, My, Ca, Sr and Ba,
of rare earth netals may include La, Ce and Pr. [0081] 15The

el ementary qREPRELMY pRvidhss YRR a GRS MHIpRidefids of tHEs0BpBRD Ahe! S5t

present embodiment that enables considerable improvement of catalyst life. The
reason for having been able to significantly improve the mechanical strength and

chemical stability of the support is presumed to be as follows.
[0071]

In an aluminum-containing silica-based support, Si-O-Al-O-Si bonds are newly
formed by adding aluminum (Al) to non-crosslinked silica (Si-O) chains of silica gel.
Since Al-crosslinked structures are formed without losing the inherent stability of Si-O
chains with respect to acidic substances, Si-O bonds are strengthened and
hydrolysis stability (hereinafter simply referred to as "water resistance”) is thought to
be significantly improved. In addition, when Si-O-Al-O-Si crosslinked structures are
formed, the number of non-crosslinked Si-O chains decreases as compared with
silica gel alone, which is thought to result in an increase in mechanical strength as
well.  Namely, the amount of Si-O-Al-O-Si structures formed is presumed to

&

engthy ana water resistance of the

o

correlate with improvement of mechanical st
resulting silica gel.
[0072]

in a silica-aluminum-magnesia support, as a resuit of magnesia being present
in addition to silica and alumina, charge stabilization is promoted as a result of
compensatory neutralization by Mg (divalent) of differences in charge resulting from

differences in the valences between Si (tetravalent) and Al (trivalent) caused by the
30



one type of basic nmetal conponent selected fromthe group consisting of

al kaline netals, alkaline earth netals and rare earth netals is such that
the amount of aluminumis within a range of from1l to 30 nol % preferably
from5 to 30 nol % and nore preferably from5 to 25 noP/0 based on the total

ol ar _ ahifiiolorilo o A FAIAKUTLIULAS AGidoER St AR @S ati 0

of the basic nmetal conponent an mna in terns of the atomc ratio of

(al kal i ) |y 142 al kal j th + r th al) / A
o pr et SR 1t 22 & % e dRbEhal el SR SaPRbh 6 5 1o
5.0 and _even re preferably from0.5 to 2.0, If the elenentary c osi tion
of si | PSSt 6, T Thls PENFRAER.  CoRRRARERONY-s MAEORI RSt 1o 22U RAge,
the silicon, alum num and basic netal elenent forma specific stable bonded
st r uct uPBPPYhdalgae g depwstrating ca¢idithan SHPPRr BRRfeR NG osilifa. ePlUraigas BRfAce of
the support tend to be favorable. [0082] Mreover, a support containing

si | iTa, mAdnEsisalsaed g, nltbissis dboyghd dopedd esinhitdiramol prongoemiolcrtalf
silicon, from5.5 to 38 noNNO of alum numand from5 4 to 38 noN 0 of
magnesi tormadiod urnolee apidéd evraditignd.rom 75 to 90 nol % of silicon, from5.5 to

15 mol % of alumna and from4 to 10 nol % of nagnesi a based on the total
nol ar a8 of silicon, aluninum and magnesi um from the vi ewpoint of

hani cal th apd wat i.St h t.. This | d
o be becauss REin [EdhBeRehFsiifb e RN barLav A ticdeind cBEERE! o
bonded structure if within 10these ranges. %0_08%]r The follow ng provides an
expl ana??%‘i’P’B?oré‘ lepg Regiediddimg ispthat Ky mrehalisabtesnath Bnd angpasalstaliiyport s

used in the present enbodi ment having the conpositions described above.
10 of the support are significantly improved as described above, thus providing the

support with superior physical properties in comparison with supports typically used
in the prior art.  As a result, nickel and X which are the catalyst active components
are resistant to exfoliation, thus enabling them to be stably loaded over a long period

of time.
15 [0074]

The nickel component of commonly used supports, such as silica or
silica-alumina, has been observed to gradually elute over the course of long-term
reactions. In contrast, in the case of using the above-mentioned support, the
inventors of the present invention found that elution of nickel component is inhibited

20  over a long period of time. On the basis of the resulis of X-ray photoelectron
spgctroscopy  (XPS), transmission electron microscopy (TEM/EDX) and  high-
resolution X-ray fluorescence (HRXRF), in the case of using a silica or silica-titania
support, the eluting nickel component was confirmed to be nickel oxide present alone
on the support.  Since nickel oxide is a soluble compound in acid, it is presumed to

25 be eluted by characteristic by-products of this reaction in the form of acidic

substances represented by methacrylic acid and acrylic acid.

[0075]
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15[ 0084] There are no particular limtations on the processed used to
prepare a support containing silica and alum na, and an

al um num cont ai ni ng silica-based conposition obtained according to, for
exanpl e, the processes of (1) to (5) below can be prepared by firing under

condi tions t@, R H8sielr %‘%Qh{lsi(%lz theZPlehicAiga®f o iﬁg@;@g@bﬁ!r% ol BN F@\%S/e

silica-al um na conposition. Reaction of a si an al um num

compoun .on. act..on: a.gihi.c I WL 1. al ym pum
CONMpPosi ?liuéﬁésgghg%]e(hqﬁkﬁgﬁ’e%b( %&%éagfiﬂgﬁ oﬁﬁgy%i Ialcgg%g?% vmt{%%arprga%rgous
sol ution qof waf er - sol ubl,.e al um pum conppound. 25(.5) Solid-phase reaction
of & i PraedpPRLEFrERUR o RohPh iR GRRE N de WhR ot Pl B BREUNGas i
detail ed, expl anation of the processes for preparing a suppart indicated in
(2) to @50 a(ﬁé.entﬁe@é%}hq foregdiop b ceaResita XA GANRIBINIAHEA, SUEhs?$ Aca
sol or silica gel is used for the silica source. There are no particular
li mi ® at inégtke! erxideneonmmgtnalsofsoliles@utions e mitira Haersiofi &rmgsl byr bondied i t
has non-crosslinked Si sites that react with Al. Although 5 preferable
exanpl ebebfead vickaiamcca oposiitdeninelgmient blithe svatperrt: sol ubl e conpounds such as

sodi um al um nate, alum num chl ori de hexahydrate, alum num perchlorate
hexahydea{F@,] al um num sul fate, alum num nitrate nonahydrate or al um num

BB A s IR R e e e AR i B
non-cf O%r%laliy%% e%iicaitnstatltgebaséieldi gnae%grlgy locations (chemical shifts) and the shape of
10  the resulting spectrum due to its extremely high energy resolution. In the case of

the K spectra of 3d transition metal elements in particular, changes occur in chemical

shift and shape due to changes in valence and electronic state, and the chemical

state can be analyzed in detail. In the catalyst according to the present embodiment,

changes occurred in the Ni K spectrum, thus confirming that the chemical state of

15 nickel differs from nickel oxide which is a single compound.
[0077]

For example, nickel aluminate, which is formed from nickel oxide and alumina,
is a compound that is insoluble in acid. As a result of forming such a nickel
compound on a support, elution of the nickel component is presumed to be improved

20  considerably.
[0078]
The following provides an explanation of two preferable supports for
significantly improving the life of the catalyst according {o the present embodiment,

namely a support coniaining silica and aiumina and a silica-alumina-magnesia

25  support.
{0G79]

The elementary composition of a support containing silica and alumina s such
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10or silica gel. [0086] In the case of using the processes of (2) and (3)
that use a silica sol for the starting material, the silica sol is m xed

wi th an al um num conpound to obtain a m xed sol containing silica sol and
al um num conpound, followed by carrying out a 15 hydrothernmal reaction for

lto 48 hourifedmathtof AMRGUANE JFHrW?”t% @nmggn%éér% frofél 1d @g%&ﬂ%i gg

under the tenperature, tine and atnospheric Itions to be descri

| ater. Alter i Y/ I i.n us. s0l ut.i i t.he

above. mipvEanatrpi ey & 63BRe AER G DR CRR ARG bl anc
conmpound, follo dryin nd then firi, der conditions.to be

Gestri pam @t R Aouaof Bhanibigas miftih dRES i et Jav s anand
converted into fine particles directly using a spray dryer, or the

dri ednk &EsiEnicEaptrarothdend inba faerabifd t hen granul ated to obtain a support
cont inidﬁ%d? lica and al um num having desired particle dianmeters. [0087] In
t he asé the process of (3) in particular, although a silica sol is

reacted 25wt haapiofl g mﬂg‘bgggﬁ%gﬁgg ggﬁfe lgia,s,t bRS A gtPbenadic vx@étslreorﬁboﬁénts

time the al um num conpoun to a prescribed particle size in

e si & paolef ol PR ot EBRSRRY of RIFE bRt AR rCe S AR BT s

dried fol lowed by.fi.ri dit.i be .d i bed | .. The .
o1 e SRR T A% B 467 e R PR R B PPl S
firing wthout crushing the alum num conpound in advance, gg%]OOB_B] _ I n
the cas@dgtiopre $ilicesd eming 1§ prefiadie drog ithe yigyepoint of, detherdmaraeng

starting material, an aqueous sol ution of a water-soluble alum num conpound
i s tHeactwghaniocg Istreagtielandaghiemital sitabitty. g&xampjeeiof lkaline crelslsedf thisa
prescri bed particle size in advance or prelimnarily coarsely crushed.

Af t er nbasingnetatdcompohémignahéndide ta NrelK,IRb aaddCagxaoydes of alkatime ebrth
wat er - sol ubl e al um num conpound for 1 to 48 hours at 20 to 100C, the

M Xt ur epiesaldimhad ifadideoBed My, Ga,r$mand @a, bridoexdnbleyrds rurdesrth heeteRNiali ons
to be described later. The silica-alum na conpound nmay be crushed to a

prescri pef,Rard icd angirge after firing without crushing the silica gel in
advance. '

[0081]

15 The elementary composition of a support containing silica, alumina and at least
one type of basic metal component selected from the group consisting of alkaline
metals, alkaline earth metals and rare earth metals is such that the amount of
aluminum is within a range of from 1 to 30 mol%, preferably from 5 to 30 mot% and
more preferably from 5 {o 25 mol% based on the total molar amount of silicon and

20  aluminum. In addition, the composition ratio of the basic metal component and
atuming in terms of the atomic ratio of (alkaline metal + 1/2 ¥ alkaline earth metal +
13 x rare earth metal) / Al is preferably within a range of from 0.5 fo 10, more
preferably from 0.5 o 5.0 and even more preferably from 0.5 to 2.0. If the
elementary composition of silica, alumina and basic metal component is within the

25 above range, the silicon, aluminum and basic metal element form a specific stable

bonded structure, and as a result, the mechanical strength and water resistance of
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[0089] 15Simlarly, in the process of (5) that also uses a silica gel for
the starting material, a mxture is prepared by reacting the silica gel
with an al um num conpound in the solid phase. The Al is reacted in the
solid phase with non-crosslinked Si. The silica gel and al um num conpound

may be Qﬁé@%&o&fé@ Bresehb particle size in advance, or may be

prelimnari coarsely crushed. Crushing may be carried out 20i ndependently
for eaclo@dgist ance or both substances may be crushed after mxing. Firing
is carried out under tenpee airid cuE liuSfleE iC, LA iGtEuis to be
descri bed | df@ieovaheanisuppeé odntgining asited, ahuniabusndumagmneséuneretanblye
used by crushing to a desired particle size after the reaction w thout

cr ushi ngompriads doce 4210 @A0MoEs W tdilicoes freat 5 tbotoa3§ mad@ssl dlominpure Eaod fngma
support containing silica, alumna and at | east one type of basic netal

conpdnenrtios3d @ol% bf ifgRdshan Ja 8y are pseRiAtg floim abkaldoneoivetotlsticon) el ne
earth netals and rare earth netals, the support can be 36 prepared by

drying 8 skdinEymeEIRIF StiMthaRafl ftdth & &F 181hboA of fhadhdida %@eé%rﬁw@{dtéﬂe
nmet al compound, al kaline earth netal conpound and /“or rare earth netal

it e AL R HGA LR e M S M R e e

diti d ib | at 5[ 0091 .. Typical i all
vai | abbLeafl B e (Rendt 8 e SomhurT Wisis REPRTeR SR B fiseineor
the raw paterial of the alkaline netal, alkaline earth netal and rare earth

metal . FHECRa@UMRIBWN; ANd iNRAGESIEP AR & SREEHE-LBPIGoPRNASSHBBUAYTE ndithpr e
preferably a hydroxi de, carbonate, sulfate or acetate. 10[0092]

Anotther theegnpneesf a preparation process that can be used may include
adsor bi basi ¢ netal conponent selected fromthe group consisting of

al kalin als, alkaline earth netals and rare earth netals onto a support

cont ai ni Nng Sl : na. | e j L i ich
o Suppor t i 8 "5 figAth PrBUBS, o MxcRERRERS of . AU KA oPERARS the e
been di | v fpoll owed by heat treatneng, or an jnpr atign process, in
wht oh TSR BPoR B RUPESMb 0N edhalie rsaral VP GHRALR HBPEor Bed
into a surE‘por_t_ f ol | owed Fg drq}'/rieng treatnment, can be applied. However, a
pr ocessCPHPRARIEAS dRSEl PRVEéretal conpound is adsorbed |ater requires
caufd on;dq hat liquid drying treatnent is carried out under mld
Ut ONrddag
20condi EI ons in consideration of highly dispersing the basic netal
conponent ofhER€are no particular limitations on the processed used to prepare a support
containing silica and alumina, and an aluminum-containing silica-based composition
obtained according to, for example, the processes of (1} to (5) below can be prepared
by firing under conditions to be described later.
20 (1) Use of a commercially available silica-alumina composition.
(2) Reaction of a silica sol with an aluminum compound solution.
{3} Reaction of a silica sol with an aluminum composition inscluble in water.
{4) Reaction of a silica gel with an aqueous solution of a water-soluble aluminum
compound.
25 (5) Solid-phase reaction of a silica gel and an aluminum compound.

The following provides a detailed explanation of the processes for preparing a

support indicated in (2) to (5) above.
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support 1100931 Next, an explanation is provided of a process for
preparing a support containing silica, alumna and nagnesi a. A

silica-al um na- magnesi a support obtai ned 25according to the processes of
(1) to (5) below, for exanple, can be prepared by firing under conditions
to be dg¥®Slbed later. ) Prelimnary formation of a silica-alumna gel
followed by the addition of 37 nagnesia. (2) Reaction of a silica sol,

al uni num corpdimhBrossesanghelitafvLarpsuseiiqasolrs sdicadie! & uaed fariteg sdisp,
wat er - i nsol ubl e al um num conpound and wat er-i nsol ubl e nmagnesi um conpound.
5(4) Re&eticen diheze girg insapgdiculandingitationisubn éhallengthuoh benpolnchaindfvideer -
sol ubl e magnesi um conpound. (5) Solid phase reaction of a silica gel,

al um nusilicanpalupchvidet! litapas snemcosshokat .Si| §634thdtOtead heitprAlcesstmugh (1)
to (5) above, a silica sol, water glass or silica gel is used for the

siliza peafermle EREMPIG 6 AQmpdirhicompurds thaindiige Aatdhe|lies Foffuridae
Si-0 chain of the silica gel provided it has non-crosslinked Si sites that

react Wglbh Als s&éshhpaanmaéﬁef,eaémrﬁjrﬁwr@&@e?h%&aﬁ'{&a&é}%ﬁmmﬁ hl%?%te .
d a num chl ori de

i ncl ude wat er-sol ubl e conmpounds such as sodium al um nate, alu

hexahy dfgh o ARUTLINTL BREAD! AL MHPIX ARy kYT BHIAHH Bheore

al um num ni tra ( e or alum num draceta nso e corrp_ounds
22" o BalELC AR e BTRATLO I B At RRCBGUEEE

silica ael. Exanpl es of magnesi um n*?ounds t hat can {?Igecy ed may i ncl ude

; 0 > A
magnesi HR?ORIAEICHHHYRTRATARISIS @@3 PR AL DPR-gEQSSH in the’silica sol
10  orsilica gel.
[0086]

In the case of using the processes of (2) and (3) that use a silica sol for the

starting material, the silica sol is mixed with an aluminum compound to obtain a
mixed sol containing silica sol and aluminum compound, followed by carrying out a

15 hydrothermal reaction for 1 to 48 hours at 20 to 100°C and drying to obtain a gel, and
then firing under the temperature, time and atmospheric conditions to be described

later. Alternatively, an alkaline aqueous solution is added to the above-mentioned
mixed sol to co-precipitate silica and an aluminum compound, followed by drying and

then firing under conditions to be described later. In addition, the above-mentioned

20 mixed sol can be converted into fine particles directly using a spray dryer, or the
mixed sol can be dried to form a gel and then granulated to oblain a support

cordaining silica and aluminum having desirad particle diameters.
[0087]

in the case of the process of (3) in particular, although a silica sol is reacted
25  with an aluminum compound that is insoluble in water, at this time the aluminum
compound can be crushed to a prescribed particle size in advance or preliminarily

coarsely crushed. After having mixed and reacted the silica sol and the
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20magnesi um nitrate, magnesi um chl ori de and magnesi um sul fate. [0095] In
the case of the process of (1) in which silica-alumna gel is used for the
raw material, sulfuric acid first added to water glass to prepare a silica
hydrogel having a pH of from8 to 10.5, followed by the addition of an

Al 2( S04 Gt&OhUELBR BRATALA (:BHS%UHH, ARl oMRiLte a@%teee@gwehi O idhg St

alumnate (pH 5 t .b) to prepare a silica-alumna rogel”.

noi st ur . S, t j to 409 dryi ng
andt hecPiRabEgia Bt dr oo il o R AP Sh b ol b o BBARY I
hydrot hermal. reacti.on for 1.to S hour t 50.to C, _drying and then firing
under cBHtHY Epgﬁsp?'@dﬁeS&@séﬁ?%é'&nga\f"gsoﬁoCm%%ges?m i FHBBBYNSGIR t he
case of the processes of (2) and (3) that use a silica sol for the starting
mat er i anjV%”‘EE?-I i ca sol, alum num conpound and magnesi um conpound are m xed
to abt a'Lde% m xed sol containing the silica sol, alum num conpound and

magnesi mcérrpound, and a hydrothermal reaction is carried out for 1 to 48

hours at 204 ¢hd @a&e f?ltheWwaechys t@f )r(r&e)ng]n%vﬂicﬂbé illka _qus’us%_fdt &r tWQiﬁgréﬁgBe gel

is fired under 10 tenperature, at nospheric conditions to

descri bglibalietn ALLIANELY or 8N RLIG: 2A4RANS, S0ELAR L Seadgedy an

al kal i ne aqueous ron s a e above-nention m xe
coprecipitate,sjli n_al ym num.conpound and .a nagnesium conpound, .
For T oved by hih e sMeaCollnAY TurRaS: Cshf, A dTeec e Ba TR b B6e ne or
I n additi,on, the aqov_e-r,renti oned m xed so|_ can_be converted into_15fine
particl adVefiqeer PIERINAGY LCogspely dHsRed orflerm@bing sidsigacing the siicrede!t o
forma gel and thenhg_ranul ated to obtain a support contai ni ng silica,
al ut nuAd AeyReYs ohdion Y adwsiarselyde alunieum apmpered fPDYTESE hours at 20

to 100°C, the mixture is dried followed by firing for 1 to 48 hours under the conditions

to be described later. The silica-alumina compound may be crushed to a prescribed

particle size after firing without crushing the silica gel in advance.
[0089]

15 Similarly, in the process of (5) that also uses a silica gel for the starting material,
a mixture is prepared by reacting the silica gel with an aluminum compound in the
solid phase. The Al is reacted in the solid phase with non-crosslinked Si. The
silica gel and aluminum compound may be crushed to a prescribed particle size in
advance, or may be preliminarily coarsely crushed. Crushing may be carried out

20 independently for each substance or both substances may be crushed after mixing.

Firing Is carried out under temperature, time and atmospheric condiions to be

described later.  The mixture of silica gel and aluminum compound can be used by

crushing to a desired particle size after the reaction without crushing in advance.
[0090]

25 With respect to a process for preparing a support containing silica, alumina and
at least one type of basic metal component selected from the group consisting of

alkaline metals, alkaline earth metals and rare earth metals, the support can be
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In the case of the process of (3) in particular, although a silica sol is
reacted 20 with an al um num conpound and magnesi um conpound that are

insoluble in water, at this time i compound and magnesi um conpound can be
crushed to - prescribed particle size in advance or prelimnarily coarsely

crushedprefdd eyl Bl Ay BehiIrRAtT BhiblGeSh bfiea Samitd@rtedetalding! ubl e

. n
al um num conpound ter-1nsol ubl e nmagnesi um conpound, the m xture

is drie I fiul il der i, ti.0 ri | r The
i 11 o QN GBS, B SSERR IR 81 PEe SEREPBE s Bk dle
size after firing w.thout crushing the alum num conpound and nmagnesi um
compounti PREIHioARE Wit iG558T FHePrPBEaLE PO CORARY 6 SUrs 0s JUMIFSES: he
starting materjal, an aqueous_ solution of a water-soluble alum num conpound
and wat Q?S%f&%i'b@ Vﬁa@qi@gle@n%ﬂ@aﬂrﬁeﬁwh@scwa@médom dggcripgddder. and the
sil i§a 91gay either be crushed to a prescribed particle size in advance
or preltmnarily coarsely crushed. After m xing and reacting the silica gel

and aqueous Tg8i:ut ¢ ' 7 ;
TR AR Sl e i T R G

S5 A 06 AT ey, DI O A

to be 18descr| -magnesi a comnmpou

crushed sScfy particle siz fter firin it hout crushi t he
11T e gait nBGE, ST A BGk B r &R vl SRl Bitbo il b die,
uses a silic% el for the starting material, a mxture is prepared by
react i n§&MA@PY 7 hydraxide. pepengte oS Ul ohPeddfound and a 15 magnesi um
cor’%)ung)dgﬁ the solid phase. The silica gel, alum num conpound and

magnesi ch)rrpound may be crushed to a prescribed particle size in advance,

or may be pp@biHErnakahyleC Ofrs ¢r¥p&iats AeFrocess SRhN T YePEsé@hhfdneile
i ndependently for each substance or all three substances may be’ crushed

R e s S e
compouheag IRADES LA REBRY 2R e BBt h el B e L G
g?di ti Oghd ia?uorrrﬂ %pi %o?ggj(ar%rpgeefnainciér%g%igﬁE)?osce%g,ninbv%hiacﬂdaegug)gor?isméé(ggd tsol gr "y
15 solution in which a basic metal compound has been dissolved followed by heat

treatment, or an impregnation process, in which an amount of a basic compound

equal to pore volume is incorporated into a support followed by drying treatment, can

be applied. However, a process in which an alkaline metal compound is adsorbed

later requires caution in that liquid drying treatment is carried out under mild

20 conditions in consideration of highly dispersing the basic metal component on the
SUPPOTT.
[0093]
Next, an explanation is provided of a process for preparing a support containing
silica, alumina and magnesia. A silica-alumina-magnesia support obtained
25 according to the processes of (1) to (5) below, for example, can be prepared by firing

under conditions to be described later.

(1) Preliminary formation of a silica-alumina gel foliowed by the addition of
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25each of the above raw materials to control slurry properties or finely
adj ust properties such as the pore structure of the product or the
properties of the resulting support [0101] Speci fic exanpl es of

i norgani ¢ substances used may include inorganic acids such as nitric acid,
hydrochlori%y%ﬁégéw sul furic acid, netal salts of alkaline netals such as
Li, Na, K, r és or alkaline earth netals such as My, Ca, Sr or Ba,

wat er - sokubl . Su ia_ or anmoni | fate, and. clay

i mer ai C2be IS PR 2R AR R R R B gl o
speci fic,ex | es of or.gani ¢ supstances i ncl ude pol yners such as

pol yet hiFlnd VBB SRR 1Ol URIET BRI SIYINgh CamBBRBR SSOKSIET y1 i ¢ aci d
or polyacryl am de. [0102] Although there are various effects of the

addi tion or INspvkjamagnasncgamandosubst ances, these effects may mainly

i nclude formng a spherical support as well as controlling pore dianeter
and Por é4volReastionnd armiifca gPewafsrsaiuble atuneinuihyeerippunpendiveatenf the i xed
slurry are an inportant factor in obtaining a spherical support. Liquid

properties ealubbencyneged tomipboseé. that facilitate the obtaining of a
spherical support by adjusting the viscosity and solid concentration with

an i nor ¢&iNi Soliel phagankgactldn ofsdBisit 206k allminafttdmebung @RtNmhgfdsikar e
di anet er and pore volunme can be carried out by selecting the optinmm

organi c conpgyduhRat remains within the support in the formation stage and
can be renoved by firing and washi ng procedures follow ng formation. [0103]
20A supf@i94)can be prepared by spray drying a mxed slurry of each of the
above-nentioned raw material s and additives. A known spraying apparatus,
such as t heln Breapiosgserssef (1) pe (5)rlove, aqiich swizwhtertgass of sificegslusiused
nozzl e type can be used to liquefy the mxed slurry. [0104]
for the silica source. There are no particular limitations on the length of the Si-O
chain of the silica gel provided it has non-crosslinked Si sites that react with Al
Although preferable examples of aluminum compounds may include water-soluble
compounds such as sodium aluminate, aluminum chloride hexahydrate, aluminum
15  perchlorate hexahydrate, aluminum sulfate, aluminum nitrate nonahydrate or
aluminum diacetate, insoluble compounds such as aluminum hydroxide or aluminum
oxide can also be used provided they are compounds that react with non-crosslinked
Si in the silica sol or silica gel. Examples of magnesium compounds that can be

used may include magnesium oxide, magnesium hydroxide, magnesium acetate,

20 magnesium nitrate, magnesium chloride and magnesium sulfate.
00851
in the case of the process of (1) in which silica-alumina gel is used for the raw
material, sulfuric acid first added to water glass to prepare a silica hydrogel having a
pH of from 8 to 10.5, followed by the addition of an Al(S04); solution thereto (pH 2 or
25  lower) and the addition of sodium aluminate (pH 5 to 5.5) to prepare a silica-alumina

hydrogel. Next, the moisture content of the gel is then adjusted to 10 {o 40% by
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25The sprayed liquid is required to be used in a well-mxed state. If the
liquid is poorly mxed, the liquid affects the performance of the support,
such as by causing a decrease in durability due to uneven distribution of
the conposition. When fornulating raw materials in particular, since there

are casggyQf drﬁoﬁ%%gﬁﬁ&% ‘FHIBO'IAI%%{I g?sfh% LBARIOH bY n’(é@ﬁﬁéét g%r‘ri’ﬁggaéﬁti 3l

gel ation (col ensation), there 1s concern ove i on of

non- uni articles,. nsequ I t e . £ases in ich it is

or of or abya BBl pRnar B T34 L bes ShBERaofie Tohe. Sallhéd lpectdsrge.
for Sexanple, b | oyi N met hod such as adding acid or base while al so
t aki ng 858@'5?'6?1!9 gg@ﬁﬁ%ﬁ%@?fﬁe ‘i%g%‘ﬁ %%U@}Oéﬁual I 3 m xing the raw material s
while s dcp%i ng. [0105] It is necessary for the sprayed liquid to have a
certain ngee of viscosity and solid concentration. If viscosity and solid

concgntrati on tigg aSX Ge NS YRILskeWof TRNAN@ (3L RIsBOS Qs kedkasthebitaitingd by
spray drying are in the formof distorted spheres rather than perfect

spher espidieaddbl dfth shi aKiniRA E¥nPBANS Ao BAREERNT BbhRRUREEXARRSI el ¥

high, in addition to having a detrinenta ct on t ispersibrlity of

t he por .bod| ! . [ for I r opl i,ng on
the |1 qabmPopERad ebl CRaRElaBangi g, b Bl T s FuRhP B O (R U ange
of from5 to 10000,15 rovided, the liquid c be rayed at that

o1 scost EPEHATa s gh aw SERPESH) ot s daed L Top T B aPuhen et iton
respect to shape, and based on the bal ance between viscosity and ease of
mani pul 3PPdn, follpweds by ydiving rtar ebtain @ seglefied whish dhe nedl B faedeundert rom
10 to 1000 cp. In addition, a solid concentration within the range of from
10 1@ stempenatures dimes apd eftercspheri¢ roomditivasvicebp slescebed 1aiBapeiligrdateely,
particle diameter. Furthernore, a hot air tenperature at the drying colum

i nl et oBntdiealser aguabusesolation soaU@ed) 4roak806: anticausd rspluignciel aduedotot thet
tenperature within a range of om 110 to 140C are prefer-tic as general

i ndi cat absve@inaiivbakd dnkeddssliondtbheampitald bk, ZnTARINSHEROEdMbbUKAGING a
tenperature is typically selected fromw thin a range of from

magnesium compound, followed by drying and then firing under conditions to be

described later. In addition, the above-mentioned mixed sol can be converted into

15 fine particles directly using a spray dryer, or the mixed sol can be dried to form a gel

and then granuiated to obtain a support containing silica, aluminum, magnesia having

desired particle diameters.
[0097]

in the case of the process of (3) in particular, although a silica sol is reacted
20 with an aluminum compound and magnesium compound that are insoluble in water,

at this time the aluminum compound and magnesium compound can be crushed o &

£
€3]

prescribed particle size in advance or preliminarly coarsely crushed.  After having
mixed and reacted the silica sol, the water-insoluble aluminum compound and the
water-insoluble magnesium compound, the mixture is dried followed by firing under
25 conditions to be described later. The silica-alumina-magnesia compound may bhe

crushed to a prescribed particle size after firing without crushing the aluminum
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200 to 800C. Sintering at a tenperature above 800C causes a renarkabl e
decrease in specific surface area, thereby making this undesirable. In
addition, although there are no particular limtations on the firing

at nosphere, firing is typically carried out in air or nitrogen. In

additio L j rg ned dependi ng on the specific
surface@gpgghgggg@'??é?%%?ﬁigﬁvg@®ygﬁka fﬁm rom1l to 48 hours. 5 Since
support [@igaji cal properties such as porosity change, it is necessary to
sel ect suitable tenperature and heating conditions for the firing

condi ti ons. Tihe pheceskroéhidit esipgratsilica igel dxcHusisiatipg | maferial, becagmous
difficult to maintain durability as a conposite oxide, while if the firing
t enper asalutionsokxc assereblbld giummute ccaageund grar evater-soRibliee snbdisesilim
addition, heating conditions preferably may include 10 gradual |y raising

t he & enpempound BYrddsidtlirPsRigh aeTEdnbeel Bidcanfd! trhgy |ditver He chlihesiafe g0f
firing under conditions such that the tenperature rises rapidly,

gasi fi catd i hROT LG ; i nc ONeS

U ol ent PP B e B A PG

t enper at,Uf e, Q-+ LNgpul verizat] h i.ng (S SL{t

157 01077 s oSty del e dBput G, T8 RS St MIES Sty
BET nitrogen adsorpti.on hod, is preferabl 0 f r nore re. .

o of or aBP PRI i ShoP Lk agpestie e ppute il 1 48 Fertacro IR1G0 G om
t he vi ewpoi nts of ease of Ioadiqg,conposite nanoparticles, catalytic

act i vi t {'RWHER i dHRE dodQyvesk oy g &1, 1 ita 4&bprisorndenthg eerditipns & be
particularly required fromthe viewpoint of catalyst activity, the specific
surf@cedas@dast latae slppositica-glysniepgnadngsigoompeind onay eke, crophed to a
preferably 350 n2/g or | ess and even nore preferably 300 n2/9 or less, from
t he vi eppasicribsd pirtinde biapiaftar fisihg evithiolut andhihg thlei dilidcaygel[io BA8AN@SThe pore
structure of the support is an extrenely inportant physical property with
respect [3399 oadi ng properties of netal conponents other than strength,

| ong-term stability.includin foliation, and. reactio roperties,. and
pore di amet ST, EROsEsHEY (R thalalpo dyer roligagnder i Hghneenatenal
properties, |If pore diameter is less than 3 nm although exfoliation

pr opert P dBIXGfTe IR PTRBAGEILWESAEING Wer siier 8 withi an Eheminaee C@f”%’é‘i“ﬁgaf!%é
catalyst in a liquid phase reaction and the |ike, pore dianeter is

pr ef%er aplagngssImepoaworpedn the selid hagseewd be riilicsf gefaahiaindMmeompghnd and
reactivity wi thout making intrapore diffusion resistance excessively |arge
so t hat mageediunt commoustiapapfha brisheddbi preadnibed giaticle siod in hdvamnes,torng
step. On the other hand, the pore dianeter is preferably 50 nmor |ess,

from t heayi ieywpediinbinafilyr@sirséigregsidd. t Ferueaind maly B canrekomdnaggen®sitiyt ance
to exfoliation of |oaded netal. Thus, the pore dianeter is preferably

for each substance or all three substances may be crushed after mixing. Firing is
carried out under temperature, time and atmospheric conditions to be described later.
20 The mixture of silica gel, aluminum compound and magnesium compound can be
used by orushing to a desired paiticle size after the reaction without crushing in
advance.
[0100]
In addition, inorganic and organic substances can be added to a mixed slurry of

25  each of the above raw materials to conirol slurry properties or finely adjust properties

such as the pore structure of the product or the properties of the resulting support
[0101]
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10 from3 to 50 nm and nore preferably from3 to 30 nm Pore volune is
required to allow the presence of pores for |oading the conposite
nanoparticles. However, if pore volune becomes excessively |arge, strength
tends to decrease rapidly. Thus, a pore volune within a range of fromO0.1
to 1.0 nL/gd e , I - ..t f, . 0.5
p%cﬁ{c é)?%lfr@l{egf cgf‘(’)\lﬁqbk didalpY-HRLE L#Srégt rﬁqgggﬁﬁl%(fgmflﬂna%(} alfys

m./g is nore prefera e viewpolnt o e support of

the pre i ment .preferably .qatisfjes the above ranges, for pore

ai anet er i SpaiE TERL AROREE %A% SHLFE Q0 B eA LREaeRe P e
fromamong a hollow gyl jndrical shape or honeyconb shape, pei structure
t hat deﬁﬂﬂgtﬁﬁbﬁ@’o% 5%§§§%Or£’§aﬂiﬂﬁ gaith ya ta%’)sﬁ% %%CE/&' cf?%ggf &TtP® type
of reaction, and under |iquid phase slurry suspension conditions, the

sl urry matenspleble sprapmetdscilChaai aimeo A Hhanamopiven suler and slayemingraly t hat
all ows the support to be used by selecting the optimum pore di aneter based
on the thatctorm syspansicrepbyadisparsing frodvatBor lex adgitien, ispetifie ewaplet of

enpl oying a catal yst separation process using the typically sinple nethod
of precopidrat i subsEoiRepanadyi dnslude peoiyinete gicanetepolgbthiytarm Ifydod, QAN - 1)
is preferably selected, that of from20 to 150 mis nore preferably

sel ect edell@dse, ot didcdl, oIy rHROadid@ripdiy@epamiy.e preferably sel ected
based on the bal ance with reaction properties. In the case of enploying a

cross fi0t nethod, small particles having a particle dianeter of fromO0.1
to 20 pmor |ess are preferable due to their high reactivity. The catal yst

for produci nehedeRdRere @racyaliosst efeds cofr mengdfiglom@r MYYBAIC BRDAIDABISt can
t hus be 5used by changing the type and form of support according to the

pur Pdsesubstapees, [tbag® pifactshoayimainkrieciade faomipgra spogreal Isuppodtasons!i@s t he

amount of oxidi zed nickel |oaded onto the support, it is generally fromO.1
to 20 Acowtrottisg, ppreefdiambter Bndmpore vaud@, Yaby nmss, spesificgiyeftaealifyidf rom
0.2 to 5 %by nass and even nore preferably 10 from0.5 to 2 c¢c/o by nmass as

ni ckel pagrAtieNot ihe rBkeBbrrvardBh impbRasMBRSr i9bbiaihiageeshidHaal thgp@uppor t
is generally from0.1 to 10 % by mass, preferably from0.2 to 5 % by nass,

mor e pr ejeeidBRobdrfiedAn %l &%f%dbﬁé ﬁ%g%’th %ilﬁ%&?h?é&i}&@ﬁ% %fy 5 %@ﬁbﬂcé”l to

1.5 % by nmass and particul ar preferably from SS as

et al b@ﬁﬁgor?BytaBﬁjs?iHBﬁﬁé R/is%lsig}]énd solid concentration with an inorganic or organic

16 substance. In addition, control of pore diameter and pore volume can be carried out
by selecting the optimum organic compound that remains within the support in the
formation stage and can be removed by firing and washing procedures following

formation.
[0103]
20 A support can be prepared by spray drying a mixed slurry of each of the

above-mentioned raw malenals and additives. A known spraying apparatus, such
as the rotating disc type, dual liquid nozzle type or pressurized nozzle type can be
used to liquefy the mixed slurry.
[0104]

25 The sprayed liquid is required to be used in a well-mixed state. If the liquid is

poorly mixed, the liquid affects the performance of the support, such as by causing a

decrease in durability due to uneven distribution of the composition. When
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15[ 0111] Moreover, in the present enbodi nent, a preferable range exists for
the atomc ratio between nickel and the el enentary conposition of the
support. In the case of using a support of the present enbodi nent
containing silica and alum na, the conposition ratio of nickel and al um na

in the Cf@ﬁrﬁth%ﬁrﬁ%ré\mﬂﬁéf@?@@ (laﬁr ?Epghﬁpoﬁ%n égt\g@{egfa(s@%%‘beé N thk SodiBleptably

from0.01 to , hore pref 8 and even nore preferably
e 0.04 t it j : ' i nj

il ca, "Birdares B aY S8ty SERuVE 30 loatDle Voo BB HERE X BB
fromthe grqup, consisting of .alkalipe metals, alkaline earth netals and
rare callRl M BrateR ot AEgeURrT dorfidlers GpnsrdaValgraPlmeAses 0 WhiEn
catalyst jn ternms of the atomi¢ ratio of 25N / Al is preferably fromO. 01
to 1.0, tniSr Breierapls dbicpniPom Bilied sob o). BOHRY RV en ot sepy-starauB)oer ih 0. 04
to 0.6, while the conposition ratio of nickel and basic netal conponent in
ternd ofexanwlat byriegnplaying afmeihod sughkasiaddingtatid ordbacs whde ealse Haliegal +
rare earth netal) is preferably from0.01 to 1.2, nore preferably from 0. 02
to 1.0 additevehcormiderptiefiesadi gs fraztnally Odixing tBe Gaw[rOAtE2ipIsShbileesiireing.

preferabl e ranges also exist for the atomc ratio between nickel and the
support [¢H8ti tuent el enents of al um num and nagnesiumin the case of a

silica-al umna- magnesi a. s ort. The c sition ratio of nickel and
al umina i n 1hE Eargaof {1 apiyesiauid [ePgke @ ety dhofp O Vicopl and
preferably from0.01 to 1.0, nore preferably fromO0.02 to 0,8 and even nore
pr ef er aBPYd £POFRMTANRNt o IY/I%EOS(th 2RE 'ﬂ&ﬁﬂc?t%‘{ﬂé)rb%ﬁ?p%eﬁﬁkﬁ‘yr'am 8@y ofi ckel
and magnesiumin ternms of the atomc ratio of Nl / My is preferably from
0. 010 t othe poromshedisseddpimedyby spay 0lrgnpg eee I hedpamefslistatee spherasrrathiar from
0.04 to 0.6.

than perfect spheres. in addition, if viscosity and solid concentration are

excessively high, in addition to having a detrimental effect on the dispersibility of the
porous bodies, it is not possible to form stable droplets depending on the liquid
properties. Consequently, viscosity is preferably within a range of from 5 to 10000
15 cps provided the liquid can be sprayed at that viscosity, and a higher sprayable
viscosity tends to be preferable with respect to shape, and based on the balance
between viscosity and ease of manipulation, viscosity is preferably selected from
within a range of from 10 to 1000 c¢p. In addition, a solid concentration within the
range of from 10 to 50 % by mass is preferable from the viewpoints of shape and
20 particle diameter. Furthermore, a hot air temperature at the drying column inlet of
the spray dryer of from 200 to 280°C and a drying column outlel temperature within a
range of from 110 to 14C°C are preferable as general indicators of spray drying

conditions.
[0106]

25 The support firing temperature is typically selected from within a range of from

200 to 800°C. Sintering at a temperature above 800°C causes a remarkable
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[0113] If the atomc ratio of nickel and al um num which is a support
constituent 15el enent, basic netal elenent or nagnesiumis within the above
ranges, effects resulting in inprovenent of elution of nickel and
structural changes in the catalyst particles tend to be enhanced. This is

t hought db@re@%etlrr\esﬁ@(ﬁﬁﬁ tsu?ffacé hereni Cfl‘?@tlebyailﬁé'mrg@)gfﬂls hasicziraBledl 160MmARGHt and

magnesi um form ng a specific conposite when being within these
ranges, r 4

For e AHHSHEther 8% A Sl BBl SRS g R B %é%‘r%%#) et g% é&i@%‘*
enbodi nen an also (of0) ise a h|r const.jtuen | .ent as a

Rctive %ﬁl& B B HoR e o ﬁaggwdia%aus?h fiobe G & BeafiyPictbe

el ements that. can be contained may inc titanium vanadi um chrom um
mnganeéspeﬂ(ﬁlaa o ec%‘?i%ﬂ‘f% SYTHE ﬁ%‘%{"“&@ riE 6 Y&fﬁath BB dno f1NPERnum
rhodi u cadmum indium tin, antinony, tellurium hafnium tantalum

t unddt eRINGenSRNAH PBYsIFalmropefties sHChneS Parasityta@ngey ih is INnes@ss Y Smaetect

al um num boron, silicon and phosphorous. The content of these third
const i t geitableltemperature andonedir@l coodiBongofby thedeingnconditdre. adf yhé rfioimg0. 05
to 10 % by mass per catalyst. In addition, at |east one type of netal
conponetémpelaoted faxossdihedy gloaypit ceRinsdd nffiofilt alok adding@imetabsilityalaksahi ne
earth metals and rare earth netals may al so be contained in the catalyst.

The contgmbosite xRS Qvislel &l thaefirrR} %rﬁpe@k&@l isn&@%tvamﬂtgw % Bbclaake garth

netals is selected fromwithin a range of 15 % by nass or |ess per
t al hat I
ot al 5. Palfcal e np s rt RERRG E%aﬁﬁif%%%ﬁ e RPTREb, ol HEkbE®

in fpe ﬁﬁato%la}'\?traig tﬂ% tan%% tu'ré)gy u@gng programmed heating and the like. In the

case of firing under conditions such that the temperature rises rapidly, gasification
and combustion of inorganic and organic substances becomes violent, causing them
to be exposed {o temperatures above the set temperature or causing pulverization,

thereby making this undesirable.
15 [0107]

The specific surface area of the support, as measured using the BET nitrogen
adsorption method, is preferably 10 m%/g or more, more preferably 20 m?/g or more
and even more preferably 50 m?/g or more, from the viewpoints of ease of loading
composite nanoparticles, catalytic activity and resistance to exfoliation. In addition,

20 although not particularly required from the viewpoint of catalyst activity, the specific
surface area of the support is preferably 700 m?/g or less, more preferably 350 mlg
or less and even more preferably 300 m¥/g or less, from the viewpoints of mechanical

strength and durability.
[0108]

25 The pore structure of the support is an extremely important physical property

with respect to loading properties of metal components other than strength, long-term
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10reaction of the catalyst, or a nethod may be used by which they are

contained in the support in advance. [0116] [Catal yst Shape] The specific
surface area of the catal yst according to the present enbodi nent, 15 as
measured using the BET nitrogen adsorption nethod, is preferably within a

range oétafbrmglr%%d.ﬁg 3R 118BHE, aer)Fe%cﬂbﬁfp@dS@@t%sfér’iﬁrbéFé HRrmeR8r 1P gpgaeaﬁven

more preferably from 100 to 250 nm2/g, fromthe vi ewp0| nts of cat

act i vi Yo RRChdc@bs R Eenldh yst.% AL (?éeerﬁr%%;vlf g@g@ﬁef@; I8 HarfdThe

pore structure o s an physi ¢ property
with re 0 roperties moonen n rmstahility
el ua N ArbRph %gﬁamﬁéwﬁoqﬁb?ge@?%q TBERG Ghpei dhufertats

physi cal val red for denDnstr n ese pr ties re

DYoL Ve S LB gl o Rt a e BRI PR ded
metal are favorable, in the case of using the 25 catalyst in aliquid
phase r BRLtAToMoARd fidme ek diewnairt @f ametreaining gl deapliyitys withoot mekieg from
the viewpoint of maintaining high reactivity wthout making intrapore

di f f usi onrapese slitinen exsetmioeeleycsaigdy sergahao that thief Hliikisom stegp obdfthehe
reaction substrate is not the [imting step. On the other hand, the pore

di anet eredctioprsfbatratd is Gt the lmitihgssep f rom theerthieehpad Ntheoporbeginfictdicie of
the catal yst to cracking and resistance to exfoliation of |oaded netal.

Thus, t bﬁef@ﬁﬁbg/ gD 3R iorNedsS fRING RS ARMDJiNtN Bsistark@ diMhel®italysr &f &baking from
3 to 30 nmand even more preferably from3 to 10 5 nm Pore vol unme is

pref er abhy 4iktinRe 30 'SRIRIBH Jf%’é[?ﬁ% ;nfétéﬂ 189&:@1-%%0;36;@ n@?ﬂ{e?e%rel@,?é}laﬁergﬁﬁm 0.1

to 0.5 nL g and even nore prefera rom

gtiﬁ’ﬁl i ?@@%geﬁﬁﬂ%ﬁﬁ%@ﬁ&*g@@% aﬁﬁﬂpl Pole 88 upg%e Xilicis ?ﬁstﬂggs
118

sui t28{%*l%%irirés%ﬂrgeﬁﬁ.rpﬁ@g%;ﬁ”ﬁ@dn&p SFOMBREHe oF noE%ﬁ%@éan{%%ﬁci ’

using in a liquid phase suspended state, for exanp pore di aneter varies

accor di Agre ¥o! Hine hes0mBes GXEePH\SIK EHaPasEeRab t@aaaﬂysdecr%m iapidie Fags of

separation by spontaneous settling, is preferably from10 to 200 i _tm
a pore volume within a range of from 0.1 to 1.0 mL/g is preferable, while that within

the range of from 0.1 to 0.5 mL/g is more preferable, from the viewpoint of strength.
15 The support of the present embodiment preferably satisfies the above ranges for

pore diameter and pore volume.
[0109]

The shape of the support is selected from among a hollow cylindrical shape or
honeycomb shape being a structure that demonstrates low pressure loss in a fixed

20 bed according to the type of reaction, and under liquid phase slurry suspension
conditions, the slurry is typically spherical and the shape of the support is selected

that allows the support to be used by selecting the optimum pore diameter based on

the reactivity and separation method. For example, in the case of employing a
catalyst separation process using the typically simple method of precipitation

25  separation, a particle diameter of from 10 to 200 um is preferably selected, that of
from 20 to 150 um is more preferably selected, and that of from 30 to 150 um is even
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15 nore preferably from20 to 150 um and even nore preferably from20 to
100 um [0119] [Process for Producing Catalyst for Use in Production of
Carboxylic Acid Ester] There are no particular limtations on the
production process of the catalyst according to the present enbodi nent
provi de j [ ] - I an %Qggnnly
a;gdhprg%ﬂgﬁﬁéﬁh%@géggz %%péggféééﬂﬁgg%%?gﬁggfm%gﬁgﬁgﬁgggﬂ?%d,Qgﬁgnplgs of
ich may ncude |npregnat.ion process uch as .adsorption, pore i ng,
evapor att sﬁﬁfgwag fies iﬁifgta}ei*;? dgﬁn?ae'_ﬁf_éﬁﬁ%%st g jpfefﬁ?a'ss%e%@é%rﬁ# e d
co-precipjtation, precipitation deposition or kneading), ign exchange an
vapor d&pbd?tabsm P lesk ake &'@fﬁfa@ i ﬁ%ﬁ?‘?'."imﬁ? dgAeMItyn iﬁ@ Gtalyphiarat i on
processes 25are p&sfenabI%{ whil e precipitation processes a%e used nore
pr ef er alprgduding 2e1borybic R6id sRiehFEPEINAdS tha rrpeainambedinpentacary thusabe
process for preparing the catalyst according to the present enbodi nent
using t Iueeéybarqmlaegmfg tpeéxc;i:e_pianatfcbmnof $prpaqrf dawc_sird@’ggtp,thé purposengfluse. a
catalyst,ﬁrecursor_ls obt ai ned by precipitating nickel and conmponent X on a
supportﬂb 0ﬂ1_eutraI|2|ng an aci dic aqueous solution of a soluble netal salt
o i 3 S e ord et o SR RS P A o, SCERBREE cksieon ©
ComponiSRIE g Tk BHOBE TErBIERY JomeD pialt doby MasaeP e BDino® 02 °
adequat e béosinultaneouslyﬁ&&ecipitatingbfron1a m xed aqueous sol ution of
bot h colpdhéenby magsa Fgregrestablyifivra s Evhde Syapass Aed exeaINyeE RietsRllyng to
t he present enbodi nent can be obtained by rinsing and drying the catal yst
pr etur stonobthaionddeiby miaes fasr Bitkaelt s easom e ssppyrt Maighive d Heyameant of X
treatment. [0122] Exanples of soluble nmetal salts containing nickel used to
pr epar eldadedaattaltiys sugbortis gaedratiefroirc8edl ton( Vabe mavse bedferty Bbam @ado
ni ckel chloride. In addition, exanples of soluble nmetal salts containing X

may i nchugdenypaldsadiiam phéferatsle frand opatd adi,un) arkkakoeh ddeprefsabRatdadi um
is selected for X, rutheniumchloride and rutheniumnitrate in thé case

rut heni gg {o51 364,801 fhsk AndpafBlIGHY Refefatd dm Badtd'Md &f b rQamLe
5 AR b7

pot assi um di cyanoaur at e, diethylamne trichloride an
based on the support weight.
15 [0111]

Moreover, in the present embodiment, a preferable range exists for the atomic
ratio between nickel and the elementary composition of the support. In the case of
using a support of the present embodiment containing silica and alumina, the
composition ratio of nickel and alumina in the catalyst in terms of the atomic ratio of

20  Ni/Alis preferably from 0.01 to 1.0, more preferably from 0.02 to 0.8 and even more
preferably from 0.04 (o 6.6, i addition, in the case of using a support containing
silica, alumina and al least one type of basic metal component selected from the
group consisting of alkaline metals, alkaline earth metals and rare earth metals, the
composition ratio of nickel and alumina in the catalyst in terms of the atomic ratio of

25  Ni/ Alis preferably from 0.01 to 1.0, more preferably from 0.02 to 0.8 and even more

preferably from 0.04 to 0.6, while the composition ratio of nickel and basic metal
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20cyanide in the case gold is selected for X, and silver chloride and
silver nitrate in the case silver is selected for X [01231 Exanpl es of
bases used to prepare the catal yst may include sodi um hydroxi de, potassium
hydr oxi de, sodi um carbonate, potassium carbonate and amonia. In 25

ddi ti i Iy At : LG ted
from t neouTRReAL AP the Fethic EED Mi/ SR RIcH € RBARE RN SERRE s )
(such e Eobat FELALR bRUGHORZER o Wria ™ orcbulhsf Por i Saye 1o ° ©
first st [ t f | ubl tal salt containin
n:LielS&ﬁghﬁ%%?%ﬁ#g%%%§§%ﬁgQﬁgL%H%g? gndatﬁgnuneﬁtpglﬁzez W th bas; kh?le
stirring;t@5 precipitate a precipitate of nickel and conponent X onto a
support . ditions such as the concentration of the agueous solution
%)éoA [ f th | uti

cont®i ni ng migkeleapefSratasangddiaib &:Nier RAEUsorRR! fdtib BetRBEN RS LakuUr e
are suitably selected during precipitation of the nickel and conponent X

- _ : ¢ . e kel
[0125] 3 %pﬁélﬂl c&%uﬁ%ﬁt@éh@ht& oftﬁﬁg@ﬂn}@?miﬂ%@%ﬁ@nﬁgﬁ% 888 O Gx€

and X is generally wthin a range of L, preferably

ratio of WREATn2Eagheas ugﬁéﬁu2Eﬁ%e@%ﬁii%"ﬁx&ﬁ?ﬁgieg@%ﬁ%‘“@'ﬂ%ﬁﬂ&”ﬁ‘% o
Fr om o 5213 "6 TfRE U dne oo, FueePaRs ) s tesaly toas o7 8,56 miare

addition, th H of the aqueous solution is adjusted with the
pfefera%lypfrom 0.02 to (9.8 and even more preferablly from 0.04 to 0.6.

In addition,
10 the composition ratio of nickel and magnesium in terms of the atomic ratio of Ni / Mg
is preferably from 0.01 to 1.2, more preferably from 0.02 to 1.0 and even more

preferably from 0.04 to 0.6.
[0113]

If the atomic ratio of nickel and aluminum which is a support constituent

156  element, basic metal element or magnesium is within the above ranges, effects
resulting in improvement of elution of nickel and structural changes in the catalyst
particles tend to be enhanced. This is thought to be the result of the nickel,
aluminum, basic metal component and magnesium forming a specific composite

oxide when being within these ranges, thereby forming a stable bonded structure.
20 [0114]

The catalyst for use in production of carboxylic acid ester according to the
present embodiment can also comprise a third constituent element as a catalyst
active component in addition to the oxidized nickel and X. Examples of elements
that can be contained may include titanium, vanadium, chromium, manganese, iron,

25  cobalt, zinc, gailium, zirconium, niobium, molybdenum, rhodium, cadmium, indium, tin,
antimony, teliurium, hafnium, tantalum, tungsten, rhenium, osmium, iridium, mercury,

thallium, lead, bismuth, aluminum, boron, silicon and phosphorous. The content of
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above-nenti oned base so as to generally be within a range of from5 to 10
and preferably within a range of from®6 to 8. The tenperature of the
aqueous solution is 20 generally within a range of fromO to 100C,
preferably from 30 to 90C and nore preferably from60 to 90C. [0127] In

additio ; j L [ Q t ' ring
preci pi '? g(te%é(;ﬁhgjf @%ﬁéﬁ%ﬂﬁ%ﬁ%ﬁ%@ﬁ%@ (§<6t| atﬁ?o al@ﬁgﬁgﬁ%@ Q%ﬁ%@gﬁ?grﬁs
dependi S factors a he, | oade eci es, apounts. of nickel, and
X | oade?&ﬂ%%got ﬁ@ r/‘gtcoll}o SSnipgﬁe(fSatélegt' X, Fr"i ta%fjﬁi% erfér Lﬂ%sgo%% ﬁiY%e aor}r HWS@* of
from1l mnute to 5 hour referably from5 mnutes to 3 hours and nore
pref er aﬁP{)"WHfSSeﬂﬁ‘ﬁ%ﬂ z?fﬁot%f HEP. capsisyirg 4] &liine ThetSe rpérdieue@™ur i ng
heat treatnment of the catalyst precursor in the second step is generally

fr om 40 NfaoRtd raeastameAls iy 85othe sovieinaguindhpraatalysibl Y heresmtenioof o
700C and even nore preferably from300 to 600C. Heat treatnent is 5 carried
out $n &resa atkepherreeilc plkgling ea(tbrmatate opherd easitr etalziidi selecgtedt frmspher e
(such as oxygen, ozone, nitrogen oxide, carbon dioxide, hydrogen peroxide,
hypochl evithirsa agngk of 15 Apbgamss dr lesgpar catpssaxi de) or inert gas at nosphere
(such as_helium argon or nitrogen). The duration of heat treatnent is

sui t abl W@@ﬂect ed according to the heat treatnent tenperature and

anount of c | yst, precur,sor. 10[.0129 Fol |, om ng t abpve- nent i oned
second ot ep Natedihet MESE RN et Stlatbiements o glidlhd sl R eAbboher o
as necessar'y (such as hydrogen, hydrazine, formalin or formc acid). In
this cafelalsaiciarsearty maials BwYoR caftaiackint hegratalysledieinghprosiction and

whi ch the oxidized nickel is not conpletely reduced to a netal state. The
15t Hhpereaatioa aiiae gatadistoor ametbad cnagbe usad onvhishdheviarabbytase it the
according to the type of reducing agent, type of X and anount of catalyst.
[ 0130] support in addareever, oxidizing treatnment can al so be carried out as

necessa&é in air (or atnospheric air) or an oxidizing atnosphere (such as
oxygen, [38he, nitrogen oxi de, 20carbon dioxide, hydrogen peroxi de,

hypochl u I.d or inorganic / organic peroxide) follow ng the heat
treatne Eﬁgfysfghﬂgﬁ%ng treatnent as descri bed above. f01311

The specific surface area of the catalyst according to the present embediment,

15 as measured using the BET nitrogen adsorption method, is preferably within a range
of from 20 to 350 m“g, more preferably from 50 to 300 m%g and even more
preferably from 100 to 250 m2/g, from the viewpoinis of catalytic activity and

resistance to exfoliation of active components.
[0117]

20 The pore structure of the catalyst is an extremely important physical property
with respect o loading properties of metal components, long-term stability including
exfoliation, and reaction properties, and pore dismeler is a physical value required for
demonstrating these properties. If pore diameter is less than 3 nm, although
extoliation properties of the loaded metal are favorable, in the case of using the

25 catalyst in a liquid phase reaction and the like, pore diameter is preferably 3 nm or
more, from the viewpoint of maintaining high reactivity without making intrapore

diffusion resistance excessively large so that the diffusion step of the reaction
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A third constituent elenment in addition to the nickel and X can be added
during catal yst preparation or under the reaction conditions. Al kaline
netal, alkaline earth 25 nmetal or rare earth nmetal may al so be added during
catal yst preparation or to the reaction system In addition, raw materials

of the thbsHaea8$ot meemmﬁpgsg@@t ,oﬁ'thgltdéﬁ%fr@dg'me ?bk@ﬁfa@ﬁet@@%}é}gf%%ﬁiy and

rare earth nmetal are selec rom sa rgani acl

i nor gani j ds, i he |i 3 r or. Produci ng

Car boxyISi%cﬁﬁ:'ci%?i I%%%’,g{r i ﬂ%s V?éwbot'%a?) Léé@ﬁa&]%éc%ﬂdtkié;tc%?agiszntf gapctkbrl:ﬂ.l@@g from
(a) al dehyde and al cohpl o b) .one Sor_.nore types of alcohols in the
presencge%gtagﬁﬁg%ﬁxf@?ﬁ@ Pﬁ@@&?dﬂ?@f fUPU%S%e?é r%p@ﬂ”u%?f @nprg?eré‘gwb%WI ic
acid ester according to the present enbodi nent. [0133] Although there are
no part Sc@ 2 "M MY&eRTEIREablY i Saleodhnnbang fvenygere rederagidmeand ke 10ar i ed
over _a wi de range according to, for exanple, the types of reaction raw 10
mat e? i aNg)- cBet yeturaeniportieferahlyamithpr @psange o fremhdd tpehét nirgcometet i ons
or type of reaction, in the case of reacting the catalyst in the state of a

sl urry, ptéferatdy &bys0.1clarD.benpigedret abély moredrefechbly fedm tthe te 613 chl/g, from
concentration in the slurry is within a range of from1 to 50 wt/vol %

pr ef er athey vienoirds 06 IG3Qing prPetticangndressctipheiropakies. f Mo dddalyst 2scomihyol %
15[ 0134] Exanpl es of al dehydes able to be used as raw materials nmay include

Cl to Cidtrd brigink @nfitdi ey hyde,
pr opi onal deh;F/)de, i sobutwsrg%%%yde grgﬁzflﬁéfg@g??b%%@ 1%?‘?"5 gjt?%@bgﬁ

| 3-unsa | ydes such as acrol ein, nethacrolein or crotonal dehyde;
C6 to C%(@Bﬁ)g%gﬂug&gl dehydes such as 20benzal dehyde, tol yl al dehyde,

benayl ajgiggyde or pht hal al dehyde; and derivatives of these al dehydes. These
al dehydes can be used alone or as a mxture of any two or nore types

t her eof . Catalyst pore diameter can be suitably selected depending on the type of

reaction. For example, when using in a liquid phase suspended state, for example,
pore diameter varies according to the method used to separate the catalyst, and in
the case of separation by spontaneous settling, is preferably from 10 to 200 um,

15 more preferably from 20 to 150 um and even more preferably from 20 to 100 um.
[0119]

[Process for Producing Catalyst for Use in Production of Carboxylic Acid Ester]
There are no particular limitations on the production process of the catalyst
according to the present embodiment provided a catalyst as previously described is
20 obtained, and a commonly used production process for a loading catalyst can be
apphed, exampies of which may include impregnation processes (such as adsorption,
pore filling, evaporation to dryness or spraying), precipitation processes (such as
co-precipitation, precipitation deposition or kneading), ion exchange and vapor
deposition. In the present embodiment, impregnation and precipitation processes

25  are preferable, while precipitation processes are used more preferably.
[C120]

The following provides an explanation of a typical process for preparing the
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[ 0135] Exanpl es of al cohols able to be used may include Cl1 to Cl10 aliphatic
satur ated 25al cohol s such as net hanol, ethanol, isopropanol, butanol,

2- et hyl hexanol or octanoyl; C5 to Cl10 alicyclic alcohols such as

cycl opentanol or cycl ohexanol; C2 to Cl10 diols such as ethylene glycol,

propyl engi4 éf“e@co in@W 8Re r‘e%le &%bﬁ@l RindP e ELamp aﬁr’éfz it cgp]hol S
or I (% )érg aroma @

such as all al coho tha al coho
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p?(r)(r:lnugt icgm%ﬁggéggogﬁéﬁa?% btyon%éaqﬁf’éggﬁtécé %WH% C?‘ééonaof:@r?‘@‘s!tbi@ndi ng
car boxylic §0|d ester can be produced by reacting aldehéde and aIcohoI or

(b) a cHMeBSRhePHE NI Bek§hand Aci At BYs slaggaiheBiCkelRNfEE$oMPIEats (SH§hone

or nore types of alcohols. 10[0137] In the case of producing carboxylic
aci dd es@ér af Ashpydasaydeprestitatasbiron, fixekran dhe suppesr dueulcaneliraiizadionons
on the weight ratio of the al dehyde and al cohol, and al t hough production
can be c:matioeda&iwteeo\mémkwawjdéiomrigéh@faqmebgé.nsohm‘bhosCommjmnaiingaof nickel
and component X is preferably made to be more adequate by simuitaneously

precipitating from a mixed aqueous solution of both components.
[0121]

10 Next, in a second step, the catalyst according to the present embodiment can
be obtained by rinsing and drying the catalyst precursor obtained in the first step as

necessary followed by heat treatment.
[0122]

Examples of soluble metal salts containing nickel used to prepare the catalyst

15 may include nickel nitrate, nickel acetate and nickel chloride. In addition, examples
of soluble metal salts containing X may include palladium chloride and palladium
acetate in the case palladium is selected for X, ruthenium chloride and ruthenium
nitrate in the case ruthenium is selected for X, chloroauric acid, sodium
tetrachloroaurate , potassium dicyanoaurate, gold diethylamine trichloride and gold

20 cyanide in the case gold is selected for X, and silver chloride and silver nitrate in the

itver is selected for X0

Examples of bases used to prepare the catalyst may include sodium hydroxide,

poiassium hydroxide, sodium carbonate, potassium carbonate and ammonia. In

25  addition, one or a plurality of types of basic metal components selected from the
group consisting of alkaline metals (such as Li, Na, K, Rb or Cs), alkaline earth

metals (such as Be, Mg, Ca, Sr or Ba) and rare earth metals (such as La, Ce or Pr)
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nol ar ratio of al dehyde to al cohol of from 10 to 1/1,000, production is
typically carried 150ut at a nolar ratio within a range of from1/2 to
1/50. [0138] In the case of producing carboxylic acid ester fromtwo types
of alcohols as well, there are no particular limtations on the weight

ratios %aﬁB@ch%‘?ecPifn t%(‘sggﬁbﬁ, and production can be carried out at a
yp

nol ar ratio of one type of cohol to another type of 20al cohol of from 10
to 1/ 10Q01224]d preferably from1/2 to 1/50. [0139] Production of carboxylic
acid ester can he carried out either in batches or continuously using any
arbitrary neoHbe fgathteps an asidorqueasesolation icdra sbiuplé dngthhselt reemtdiniog or
irrigant reaction. 25[0140] Although the reaction can be carried out in the

absence nifkes ahil ets mitedcaith @ supret aad thed neutraligidgith [BEevenile thaihg 1o
inert wwth respect to the reaction conponents, such as hexane, decane,

benzgne pesciglitny angreclptildf MeckdarahcdhBoh&CK ibpfb §apBBHCalInafiocPdtsUdpl Ng a

type of reaction known in the prior art, such as a fixed bed reaction,

P2 % ! ! A _ ‘ )
ul %@_th@%@hb&ﬂrﬁfonséfﬁﬁé%‘au%aﬂlo‘ sbﬁﬁ‘z%fw'g&rﬁ%eﬁﬁ\mg%é@%%')@,%%e& grgf(r?fl the ut

reaction in the liquid phase, tfor exanp eact1on can

usi ng a%u&é’lﬁ@ sBTutiEﬁaﬁM %\’n}ﬂgﬁﬂe’ a?eugnite?tﬁy aSel?ég?g& %u?%lgumcfp?t% |<t)rc1) o tgwreaf t

t ube
nickel and component X.

[0125]

10 The each concentration of the aqueous solution containing nickel and X is
generally within a range of from 0.0001 to 1.0 mol/l., preferably from 0.001 to 0.5
mol/L and more preferably from 0.005 to 0.2 mol/L. The ratio of nickel and X in the
agueous solution in terms of the atomic ratio of Ni / X is preferably within a range of
from 0.1 to 10, more preferably from 0.2 to 5.0 and even more preferably from 0.5 to

15 3.0.
[0126]

In addition, the pH of the aqueous solution is adjusted with the
above-mentioned base so as o generally be within a range of from 5 to 10 and
preferably within a range of from 6 to 8. The temperature of the aqueous solution is

20 generally within a range of from 0 to 100°C, preferably from 30 to 80°C and more

preferably from 60 fo 90°C.
[6127]

In addition, there are no particular limitations on the amount of time during
precipitation of nickel and component X, and although this time differs depending on
25  such factors as the loaded species, amounts of nickel and X loaded and the ratio of
nickel and X, it is generally within a range of from 1 minute to 5 hours, preferably

from 5 minutes to 3 hours and more preferably from 5 minutes to 1 hour.
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reactor or stirred tank reactor. [0142] The oxygen used in the production
of carboxylic acid ester can be in the formof 10 nol ecul ar oxygen, nanely
oxygen gas per se or a mxed gas in which oxygen gas is diluted with a
diluent that is inert in the reaction, such as nitrogen or carbon dioxide
gas, an{0Hid] is preferably used for the oxygen raw material based on the
ease of the_procedure, econony and the |ike. [0143] 15Al though oxygen
partial predd@r€mparpise skkivpdian ttastngat of e edtalist ergassor ipldecsecaindohol
and other reaction materials, reaction conditions or type of reaction
vessel atap istgenierdly, from 40os90ECaprefaraifly froacsd eaBOMe, moseygefepat fré
pressure at the reaction vessel outlet is within a range that is bel ow the

| ower | 26Dt toc BO0ENtarat ieodn ahotd @refepasg i fem T 30 o tRIEDT , Hetdirkstnisaf @r abl y
controlled to, for exanple, from20 to 80 20 kPa. Although the reaction

can He eaffddegutontarPuihogphrd SucAECaR oPERhdSHeYicr AAC bkRITiMY 8ERBESSerel rOM
depressurization to pressurization, the reaction is generally carried out a

pressur g f4s0 erg?Qﬁ:’, tRoReM r"ﬁtro{;%ré f[ égtciﬁé,ef@c{rﬁgh eqfokRfd t Hg?r}ﬁgﬁﬂgﬁbﬁ%&é

safety to set tot pressure so € oxygen concentr

' . : . he. | osi | i,m
concent PRGOS e B RASaIR 08 PG a] OF R FUdE el M I R u
th i i d es! ti . ti [ | i quid d th
e, "t REGy v argeeBh s e aiiTelSinrat R foBirarmi i AulRay edlpded by
addi ng an al kaline netal or alkaline earth netal conmpound (such as an
oxi de, RAGERTENGSL, the Aegbligplnant temmssdyragay ampunef calalist ereayselem These

al kfadi nfbt %ial or alkaline earth nmetal conpounds can be used al one or two
or nore pes can be 5used in conbination. [0145] Although production of

carboxylic | t | i and
above 1¥or tﬁg"é\g??ttﬁ%n&{%gﬁpgﬁ?g%@f Q?cﬁ%hhr%%gﬁeg)‘#% '[h gﬁ%@gﬁggﬁsﬁ?%ﬁggabl y

from 30640in?Q960udRG BtMoEHRERPEY kb8 (59 28RMen, hydrazine, formalin

or formic acid). In this case, reduction is carried out by selecting a treatment
method in which the oxidized nickel is not completely reduced to a metal state. The
15 temperature and duration of reducing treatment are suitably selected according to the

type of reducing agent, type of X and amount of catalyst.
[0130]

Moreover, oxidizing treatment can also be carried out as necessary in air (or
atmospheric air) or an oxidizing atmosphere (such as oxygen, ozone, nitrogen oxide,
20 carbon dioxide, hydrogen peroxide, hypochlorous acid or inorganic / organic

peroxide) following the heat treatment or reducing freatment as described ahove.
(01311
A third constituent element in addition to the nickel and X can be added during
catalyst preparation or under the reaction conditions. Alkaline metal, alkaline earth
25  metal or rare earth metal may also be added during catalyst preparation or o the
reaction system. In addition, raw materials of the third constituent element, alkaline

metal, alkaline earth metal and rare earth metal are selected from salts of organic
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10 even nore preferably from60 to 120C. There are no particul ar
limtations on the reaction tine, and al though unable to be unconditionally
defined since it varies according to the set conditions, is generally from
1 to 20 hours. [Exanples] 15[0146] Although the follow ng provides a nore

det ai | edoRipLaRALI ABrPind BEdRI RARBLIIRIRAAI B Nke! Nr ough exanpl es 't hereof,

t he present enbodi nme Is not' "mted to these exanples. A person with
ordinaryoskijl| in the art is able to carry out the follow ng exanpl es as
wel | as various variations thereof, and such variations are al so 20i ncl uded
in the $R@sessfordPradnringrCarhonyiic AGI0EAI¢] Furthernore, in the exanples and
conparative exanples, determ nation of the | oaded anmounts of NN and X and
the atom c rGarboxyic adid sigNicam b¥) prodeted fionafa)andefydehand albeot 6r @ oheaded
constituent elenents (Si, A, basic netal, Mj), determ nation of the 25

) .
conp®si o anoreatypes off albledelinand preadssk @@@S(S(ﬁé#&fﬁiﬂg?&f@é@@ﬁaiyst%wwéé' ip of
nanoparticle crystal structure, analysis of the chemcal state of catalyst

met al  CoRRARGBRhDF CHRIGXYRE geih%ﬁtepé)&%rr&ﬁgit%@p%s‘é'n? FMednal ysis of

nanoparticles, neasurefent of the ultraviolet-visible spectra of the

cat al ys{®t33nal ysis of the chem cal state of nickel, measurenent of support
and catal yst physical properties (specific surface area, pore dianeter,
por e vol uneAlthebge there @e o7 patisplr tindiationaoal hstanstrapefaatalysiasade madt  of
average particle diameter were carried out according to the nethods

5descr i bad bieetaried ¢\@&t48WvideDetngiendctatdiog tof fok exdamhlAnthanyse0bf Mdactod rXvand
Atomc Ratio of NN / (N + X)] The concentrations of nickel and X

in the omdtafisist cavlyst guaplositiondants phghdrbgon M&hbat feritin! dorMridels 3fDkypbCP.
Em ssion Anal yzer (1CP-AES, M5) manufactured by 10Therno Fisher Scieéentific
K. K. of reaction, in the case of reacting the catalyst in the state of a slurry, the catalyst can

be preferably used such that the solid concentration in the slurry is within a range of

from 1 to 50 wt/vol%, preferably from 3 to 30 wt/voi% and more preferably from 10 to

25 wtivol%.
15 [0134]

Examples of aldehydes able to be used as raw materials may include Cs to Cqg
aliphatic saturated aldehydes such as formaldehyde, acetaldehyde, propionaldehyde,
isobutyrylaldehyde or glyoxal; C3 to Cqp aliphatic o - B-unsaturated aldehydes such as
acrolein, methacrolein or crotonaldehyde; Cs to Coo aromatic aldehydes such as

20 benzaldehyde, tolylaldehyde, benzylaldehyde or phthalaldehyde; and derivatives of
these aldehydes. These aldehydes can be used alone or as a mixture of any two or

miore types thersof.
[0135]

Examples of alcohols able to be used may include C4 to Cyy aliphatic saturated

25 alcohols such as methanol, ethanol, isopropanol, butanol, 2-ethythexanol or octanoyl;
Cy to Cyg alicyclic alcohols such as cyclopentanc! or cyclchexanol, Cy to Cyp dicls

such as ethylene glycol, propylene glycol or butanediol; C; to Ciy aliphatic

52



Sanmpl es were prepared by wei ghing out the catalyst into a Teflon

deconposi tion vessel, adding sulfuric acid and hydrogen fluori de,
deconposing by heating with the ETHOS TC m crowave deconposition apparat us
manuf actured by M| estone General K K. ) and evaporating to dryness on a

heat .er.fu‘?ilségi‘f‘?t@db%qc@ﬁ(ﬂ%’%c%aé’!aﬁigti %ic@ﬁéld?raﬂ%tﬁéﬂgﬁ U €361, Lo Gic
preci pi tated resi due, deconposing by heating w th“a m crohave deconposition
appar at d usi a_pur fixed,val ynme of the resulting decq sition
[Tquid FEMPRe saile o benzyiy alehal'T dd i EHIOBYREISHES cSPFNod But by
quant i fyi Lhg the internal standard net hod by | CP- AES and subtracting
the val éé}gyi%hgq?r%ymg t?”?-esﬁé‘?ﬁem*?ggegd?ﬁ’h etﬂ'%ﬁﬁﬁa Beo(ért‘@rﬁ%?nf@”?‘he
contents of nickel and X in the catalyst and cal cul ate the | oaded anounts
and at offf & Mikkire ©f apg tworer Predypestiered- of Contents of Loaded Constituent

El enent ﬁ% , Al, Basic Metal, M)] Sanpl es obtai ned by dissol ving
t he upg% ]V\,i th sodiumsilicate, and sanpl es 25obtai ned by dissolving with

mol ten al kalih s drbadioh gfrs&ggsedaccgrtgggg@ g@fgsp%gsegmﬁshrﬁb%egﬁén@nﬁ)f 20r M

were neasured 1 n the sanpl es obtaine vin t sodi um si I'i ¢at e,

while t f : Si jn.t ' I ith

ol ton SPRERPOEAd, b@E Al sYBL " BRRP R eBroR AP AR
fact d b i ko El ectr.oni I t. ., Ltd., | | d by

cal cut abltBAChAHBER SPBRTRSIIRY Ga i SHE g e by bt hecdbieaint 89 opo150)

[ Determ nation of Conposition Ratios of N ckel and Support Constituent

El ement 8] MATBAYRES &talerhaler e cal cul ated fromthe contents of Ni, A, My and

bast& nf(h]aj?]as nmeasur ed above. [0151] 10[ Anal ysis of Nanoparticle Crystal
Structure

In the case of producing carboxylic acid ester from aldehyde and alcohol, there
are no particular limitations on the weight ratio of the aldehyde and alcohol, and
afthough production can be carried out over a wide range of weight ratios, such as a
molar ratio of aldehyde to alcohol of from 10 to 1/1,000, production is typically carried

15 out at a molar ratio within a range of from 1/2 to 1/50.
[0138]

In the case of producing carboxylic acid ester from two types of alcohols as well,
there are no particular limitations on the weight ratios of the types of alcohols, and
production can be carried out at a molar ratio of one type of alcohol to another type of

20 alcohol of from 10 to 1/1000 and preferably from 1/2 to 1/50.
[0139]

Froduction of carboxyiic acid ester can be carried out either in batches or
continuously using any arbitrary method such as a vapor phase reaction, liguid phase
reaction or irrigant reaction.

25 [0140]

Although the reaction can be carried out in the absence of solvent, it can also

be carried out using a solvent that is inert with respect to the reaction components,
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Anal ysi s of nanoparticle crystal structure was carried out using the

Ri nt 2500 Powder X-ray Diffraction System (XRD) manufactured by Ri gaku Corp.
under conditions of using a copper tube for the X-ray source (40 kV, 200
mA), neasuring range of 5 to 65 degrees (0.02 deg / step), neasuring speed
of 0.2 e d | i ; ering, divergence, reception) of 1
degr ee, %?ggggsmeégag%dd%@f%' #%%%%égg'tég yéS't sanpl es were uniformy dispersed
on a nonat4£fil ecting sanple plate and fixed with a neoprene film [0152]

[ Anal ysis of Chem cal State of Catalyst Metal Conponents] 20Anal ysis of the
cheni cal st dtldhoofihdhe abgstiomeambeqamiehent usingsa twe detkastion lsiong inhibe
ESCALAB 250 X-ray photoel ectron spectroscopy (XPS) system manufactured by
Ther no Ipriectrtosudtoapa finaddredaendiidn, dingd béd bsacignAr saredank Yeactibd, whenf or

t he excitation source, analyzed surface area of about 1 nmm (shape: oval),
usi ng acakiymeyorape réfction ih.thd GRuRMhaed farasxamMplec it (Hclion charbd baridat ake
regi ons. 5 Measurenent sanples were prepared for XPS neasurenent by

hi | Bt t |
cr ushi ngueakala/ahy B bPHER 11238, A9 THr bty 80IRAALECBAISATBLENO

from a dedi cat’ed r sanpl e stand. Mor phol ogi cal Cbservati on

and El ep%&%tg]r - nﬂ—:ldyt%inﬁ rg%dg?noparti cl es] TEM bright field inmages,
e

STEM dar I mages an EM EDS conposition anal yses (point analysis,
nmappi ngjpo{42pe di stribution) were neasured using the Mdel 5 3100FEF
transm ssion el ectron mcroscope / scanning transm ssion el ectron

m cr oscope (TheMxyg8hkMedrmmiud poiducédn loy cd EOxyi@aciel estet cambe @b treglerm3sio kV,
equi pped with energy-dispersive X-ray detector (EDX)). Dat a anal ysi s

sof tgvar emdtensasdegedl nBhaily @k%@émg@g papbd Mr\éemixel g&s %M@ﬁt@@)igehqgasﬂgl\/l and
STEM anal yti cal inmages (|l ength neasurenent, Fourier transform 10 anal ysis),

and t hegNGBANVBY at @Mert 1haY8s inatt th hEVRIIMoR] SheT aSTitdddd bebafh Fagdat a

anal ysi s (mappi ng 1 nage processing, conposition quantitative cal culations).

: ! = !
Measur egﬁgtaﬁd”‘ﬁﬁ g%g@%@gpgg@?&%@b Pﬁgﬁﬁg@%@g t%%%g&’{%@ti‘nﬁ Shebife?

nortar d pes in ef’ha trasonic

cl eaning for about 1 m nu ﬁﬂgﬁ | | oned by dropping onto a nol ybdenum ( M)
m crogr Eﬁ)CgﬂHrel§Cé’QBB§/i‘?{5} ©r to obtain TEM/ STEM observation sanpl es.
[0154] [0143]

15 Although oxygen partial pressure varies according to the type of aldehyde, type
of alcohol and other reaction materials, reaction conditions or type of reaction vessel
and the like, in consideration of practical use, oxygen partial pressure at the reaction
vessel outlet is within a range that is below the lower limit concentration of the
explosive range thereof, and is preferably controlled to, for example, from 20 to 80

20  kPa. Although the reaction can be carried out over a wide range of arbitrary
reaction pressures, from depressurization 1o pressurization, the reaction is generally
carried out @ pressure of from 0.05 to 2 MPa. It is preferable from the viewpoint of
safety to set total pressure so that the oxygen concentration of the reaction vessel
outflow gas does not exceed the explosion limit {(oxygen concentration of, for

25  example, 8%).
[0144]

In the case of carrying out the carboxylic acid ester production reaction in a

54



[ Measurenment of Catalyst U traviolet-Visible Spectrum Measur enent of
catal yst UV-Vis spectrumwas carried out using the Mdydel V-550

ul travi ol et-visible spectrophotoneter (UV-Vis) manufactured by JASCO
20Corporation (integrating sphere unit, with powder sanple hol der) over a

measur | Waurﬁ%%eoémﬁﬁ% hi, 409 gfgbdﬁ’br%@ r@bcﬁ% Coa8e r?rBF‘e‘?QbigtrpéﬂParﬁéd“a

Measur enent ‘sanpl es” were prep y crushing cat al cles Wt

Ovvis eadbraiiy Py ELS iﬁﬁﬁ@%“ﬂ%@ﬁ%ﬁ?ﬁﬁﬁ5&%%@%@%%% ﬁ%e

FI HRX f h h of th
resul i By %ﬁ% Sl & ”rrﬁrt@%%ﬁ%crgé’gtm HtHBe o ToRSe Alikliegmetal

substances ni ckel nmetal, nickel oxide) to estinate the chem cal state of

ni ckel vara&%'eemrtn metal .qeénwwndﬁecafabarwﬁsaiosﬁ*r% tweuMeRR BIPeSa® 88 wer e
used for neasurenent w thout nodification. Measurenment of Ni Ka spectra was
car r edused in pombp@tional spectral node. At that tinme, a Ge (220) slit

havi ng ?D%ti cal angle of divergence of 1 was used for the analysis
crystal excitation voltage and current were set to 35 kV and 80 mA,

respectivel e S h S d

sanpl es, ﬁétggkbﬁ gro're ?%6%\@ s&ﬁggﬂ ap| fgj gggt?h(%'p% Cgrrn&fﬁzﬁ agsa.{t %I @9{"
sanpl es and rreasure were carri ut so that the peak intensi y of
The ke BSRET s 20060 S aioNGoET Al rRECH L emeRiAe Jhe i

counts or nore. Measurenents were reBeat ed five tinmes on each san;pl e and a
metal sEPPYARES iFuusiaredlyJesrid khdVBiG emosaprefreptntm #0akout 2HEnBNAAF t er
perform ng snoothing processing 15 (S-G nethod, 7 points, 5 cycles) on the
mealur eg@vep aeereaprefdreblyefaml @ e 1180 Cf ullhexd atmnatparamlilarrﬁr;riitaﬂms( BWHME and
asymmetry coefficient (Al) were cal culated, and the peak | ocation was

t r eat edreactivhetiher randf attheugh spladbterienbe wrcoabitionaby dafinbBt §iAER, it fuadiest he
nmeasured val ue of the netal sanple neasured before and after sanple

neasur egeedrdingQbAA& 8kt t&uIneNS, i9gensIalnsh 1RbYSI tkdlrs Properties: Specific
Surface Area, Pure Dianmeter, Pore Vol une] Measurenents were carried

out with the Autosoap 3MWP rranuf actured by Yuasa lonics Inc. using nitrogen
for the adsorbent gas (nitrogen adsorption nethod). 25Specific surface area
was rreagye%) %]r ng the BET nmethod, pore dianeter and pore size distribution
wer e nmeasur cl sing the BJH nethod, and pore vol une was

15 [0146]

Although the following provides a more detailed explanation of the present
embodiment through exampies thereof, the present embodiment is not limited to
these examples. A person with ordinary skill in the art is able to carry out the
following examples as well as various variations thereof, and such variations are also

20 included in the scope of claim for patent.
101471

Furthermore, in the examples and comparative examples, determination of the
loaded amounts of Ni and X and the atomic ratio of Ni / (Ni + X}, determination of the
contents of icaded constituent elements (Si, Al, basic metal, Mg), determination of the

25  composition ratios of nickel and loaded constituent elements, analysis of nanoparticle
crystal siructure, analysis of the chemical state of cafalyst metal components,

morphological observation and elementary analysis of nanoparticles, measurement
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measured by enpl oying the adsorbed anmount at the maximum Pt Po ratio.
[0157] [ Qbservation of Support and Catal yst Shape] The support
and catal yst particles were observed using the Mdel X-650 5scanning
el ectron mcroscope (SEM manufactured by Hitachi, Ltd. [Measurenent of

Suppor t Liwsk. rid gle Dy e ; rgg%ﬂ i.gle

di ameteroa ? 5%%@'%%25 Ytﬁéva %r?grgséfrg Sglaﬂ}gg?%’héerli%sdzlmﬁé% a@g! %ia‘%é of

D ffracti Parti |,Z n er nuf act ur ed Becknman- Coul.ter, .l nc.
vor 01551 Rk Bkl Q0o S BRAE g SR RE e PTG AR abi o
ni ckel oxide (Wako Pure Chem cal |Industries, Ltd. s gatalyst, 1.0 of
et hacr O PO REElE S0P RaNeY ISPLALRR: detiiah 3l HAgHy B sadis ahd

aut ocl ave-type reaction vessel (total volume: 120 nL) 15 made of SUS316
provi de@SAUFeReRbRfMarags patticls diapgater weresaigdidd aaaesiaitthennetwgsaci ng
the inside of the systemwith a nitrogen gas, a nitrogen m xed gas

cont@i nidagerbadbbslpef oxygen was introduced into a vapor phase unit and the

t ot al pEpe\s/@gre i nside the systemwas increased to 3.0 MPa. Next, the
reactio sel was immobilized in an oil bath and the reaction was carried

cool i ng!Ce2Hryph oF pEaiEEATAAN PIRERAY & At ANEE SLANIE"RE Touea by

filtering o t he catalyst and anal yzi he filtrate b . :
chr omat ogr alpﬁu\‘?. c%ceé]ttrlagém; to? Q'ﬂ@qﬁ%ﬁxﬁb%%? yst ﬁ%?rﬁagﬁ‘%latg‘ce@ FePEedewas
1.0 pnok 5(3159] 25 [ Reference Exanpl e 2!44 A reaction was carried out in the
same nmatier NHEPif dedeleXBldfrhl EMissipr mMnadrzeni(KkdAtexi MS) manufacieged Oy t he
anount of nethyl nmethacrylate formed was 5.3

10 Thermo Fisher Scientific K.K.

Samples were prepared by weighing out the catalyst into a Teflon
decomposition vessel, adding sulfuric acid and hydrogen fluoride, decomposing by
heating with the ETHOS TC microwave decomposition apparatus manufactured by
Milestone General K.K.) and evaporating to dryness on a heater followed by adding

15 nitric acid and hydrochloric acid to the precipitated residue, decomposing by heating
with a microwave decomposition apparatus, and using a pure, fixed volume of the
resulting decomposition liguid for the sample.

The guantification method was carried out by quantifying using the internal
standard method by ICP-AES and subftracting the value of a simultaneously tested

20 procedural blank to determine the contents of nickel and X in the catalyst and
caicutate the loaded amounts and atomic ratio.
[0149]
[Determination of Contents of Loaded Constituent Elements (Si, Al, Basic Metal, Mg)]

Samples obtained by dissoiving the support with sodium silicate, and samples

25 obtained by dissolving with molten alkaline salt were prepared. The contents of

basic metal and / or Mg were measured in the samples obtained by dissolving with
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|LMJ . [0160] [Reference Exanple 3] 5A reaction was carried out in the sane
manner as Reference Exanple 1 with the exception of using nickel netal
(Wako Pure Chem cal Industries, Ltd.) for the catal yst instead of nickel
oxide. As a result, the formation of nethyl nethacrylate was unable to be

ﬁﬁgir{)eiﬂﬁg L[yf” G E18 R etk bR Bt 5 SHERCE RS Jn dhecraflpy ¢
Lt

as ont ai_ner .con a| n of .distilled water
Fol | bued By awf%w'h@%%mw& SRt LR eBaL KT S | Sy
solutio uequs pal l.adium chloride solu ion while stirring at 60C,
addi ng e %Eg STy %%&@d&@ d%%Hpﬂ@ﬁomc{L@fradj%t life iliowed: hy
aqueous solutions to 8, continuing to stir for 1 hour, allowing to stand
undl st ucalglatioarriinaglamis ralipefram hetreswiisaimeialgaieatSst i | | ed wat er unti |

|$ \f@sﬁ{ﬁo | onger detected, drying for 16 hours at 105C and firing in
air or urs at 600C. Next, the resulting catal yst was subjected to 20

| eouct MLEERH TRBh d Coripfn RpSSATNGIPER RO SRR EIORER) o
of ‘The'resul *?ﬁg# BT e LR B 6 L e peldlas” ™

diffraction % dlffractl on patterns attributable to nickel Were not
obser ved€a3HIRA 8BA¥§ 1 ni ng ni ckel to be present in an anorphous 25state. On
t he ot hgj &gd al t hough not able to be defined as a well-defined peak, a
broad peak s present corresponding to palladiumcrystals. Al though the

val yg ogAnén%;\g@ oPRkopagicd ofatd Sifeeuepwder X-ray diffraction detection
limt , calculation of the average crystallite size using Scherrer's

formil a yi et e Vgﬁ ¥elgo \Agém%féo bysfal ngehvzvégso%%éd to%ttmggwlcaﬁﬂzpagar o

of the N, ence [ con I"rme ased on the r

Phe. act Fﬁéﬁi@ﬁec. 81" B eadh S, f’&??ﬁdﬁka@%ﬁa@@ B Rtk rrisscope
G st i bERUOET O FSHOcH EPASHAEHHOEF Aot S8 CBAAD, £, ek B1428r0nm
were | oaded on the support. An elenmentary analysis (20 points) was carried

out on EHER Qf&&}@%@eﬁeﬁﬂﬁp@rw eea/tsye@nmqasaﬂyg@ﬁ@ﬁgwf& 2gepdinie sodt 8l 10
spectroscopy (EDX), and nickel and palladiumwere confirnmed in all of the
parts cl eilthg E&;aﬁﬁdngcdiwartge@cef rasepkien) afol daditeadil Wlagoée ahddki1tomosite
particles (mean val ue) was 1.24.

The catalyst samples were uniformly dispersed on a non-reflecting sample plate

and fixed with a neoprene film.
[0152]

[Analysis of Chemical State of Catalyst Metal Components]

20 Analysis of the chemical state of catalyst metal components was carried out
using the ESCALAB 250 X-ray photoelectron spectroscopy (XPS) system
rranufaciured by Thermo Electron Corp, under conditions of using Al Ko {15 kV x 10
mA} for the excitation source, analyzed surface area of about 1 mm (shape: oval),
using a survey scan (0 to 1, 100 eV) and narrow scan (Ni2p) for the uptake regions.

25 Measurement samples were prepared for XPS measurement by crushing
catalyst particles with an agate mortar and pestle and sampling from a dedicated

powder sample stand.
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[0162] (2) Synthesis of Carboxylic Acid Ester 150.2 g of the catalyst
obtained in (1) above, 1.0 g of nethacrolein and 10 nL of nethanol were
charged into a high-pressure autocl ave-type reaction vessel (total vol une:
120 nmL) made of SUS316 and provided with a magnetic stirrer. After closing
the aut §21%8le and replacing the inside of the systemwith nitrogen, a m xed
nitrogeﬁwgas contai ning 7 vol % oxygen was introduced into a vapor phase

uni t andVotheeegical Lbreavaticn ard Eineyianennaksisial dNaswpagiales]s. o MPa.

Next, the reaction vessel was immobilized in an oil bath arid a reaction
was carried Tl bright fieldoorages, & TEdAderiofieiddmagieatance SOEMED Svpirgositionr i ng.
After cooling, residual pressure was released and the autoclave was opened
f ol | owednblysés l(p@nt agalgsis, hteppirat, dingsdistaibdtiamalvges ngasheed utsinggdhe Mydgas
chromat ography. As a result, the methacrolein conversion rate was 18. 2% and

net hyl GBRODBEFY ltairentsdiest EKBCKMnW&ﬁlc?dbcﬁ% /[ 8883in{ ExamBhfssidn  electroA
catal yst was prepared in the sane nmanner as in (1) of Exanple 1 with the

excepti e At 0 t f ueous
pal | adi oS O A kTR R 200,805

the res % 3 c¢/o by mass, respectivel
( Ni OAg %hgfpggum rﬁy%x%%% %'lvgr{“?%e %&@Br i)[l o of Niy [ (N + Ag) vv:a\s/ Y
0. 69. Based th | f \ - f t XR Kk
was. prosent LE07 FLBBSRIFHGNES SRR @wﬁeﬂ‘v{'eéﬁﬁaﬁ% i arra fl tGakimge
crystallit of according to S herrer's fornmula 10 el ded a val ue
ofyabou%I ‘?ﬁm @ét#e{[fwt ﬁ@?’yﬁ‘éﬂh‘ ﬁg%fff(fe‘r%*ﬁl'@i‘ﬁaﬁﬁwrﬁ aﬁQLi*%gﬁuftra'bﬁF @”’f‘\(; -
ni ckel was not observed, thus confirm ng that nickel is present in an

amotbhoasalysigt.eandathen NQRANCBystemt HEX M@érﬁ OalThermpeFishenSciantific v tir 128 was
confirmed to be 2 based on the results of X-ray photoel ectron spectroscopy
(XPS) . dhernadysisameppingemigemrofesding, avnmpasittpeqiaditative tmcalatiahsg)st with a
transm ssion 15 el ectron mcroscope (TEM STEM confirmed that nanoparticl es

havi ng a nmaMaastrgachi ehamplbamgirer pipstad byt camshiig £atdlySt paricismagh a
average particle dianmeter: 4.2 nn) were | oaded on the support. An

el enent gioytad ey §>Ie§tfé ZglsB@iergS)in VABak@! &hE SuBictifg B2GIraRBARS ¥@ nin%) forand

nanoparticle by ancillary energy di sper5|ve X-ray spectroscopy

c”,'fcﬁ.eLk oo BNy TISPRRY K Boddnd; ée“etBLain?%f@dé”(“h ll?ﬁ%?)‘%ﬁ Spla. °
excit at PoRed R Al Bl @EM%EM@B“ PR SHBPIRA o1 bl e Spect r0Scopy

(UV-\/ seoq 5ggrface pl asi non absorption peaks originating fromsilver
nanoparticlées were not observed in the vicinity of 405 nm while broad
absor bajteaartmebtibbObealysd MNr@dowey/igibeespmdrupyer a 25wavel ength range from

200 to 800 nrn. A reaction was carried out in the same manner as (2) of

Exanpl e 1 ugida@ukdthéntodf catalyst UV-Vis spectrum was carried out using the Model

V-550 ultraviolet-visible spectrophotometer (UV-Vis) manufactured by JASCO

20 Corporation (integrating sphere unit, with powder sample holder) over a measuring
ange of 800 o 200 nm and at a scanning spesd of 400 nim /[ min,

Measurement samples were prepared by crushing catalyst particles with a

mortar and pestle, placing in the powder sample holder and applying to UV-Vis

measuremennt.
25 {0158]
[Analysis of Chemical State of Nickel]

Ni Ko spectra were measured with the Model XFRA-190 High-Resolution X-ray
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catalyst. As a result, the nethacrolein conversion rate was 6.2% and net hyl
nmet hacryl ate selectivity was 55.1% [0164] [Exanple 3] 5A catal yst was
prepared in the sane manner as in (1) of Exanple 1 with the exception of
usi ng an aqueous chloroauric acid solution instead of an aqueous pall adi um
chlorid d I f i ng
cat al yst Sarerd® (IRRREI IR AR SyD T o ol a8 e of BTt

t he atom,c i 0 of 0.92.  Based

on' o 181 ol o iwosaqfaﬁéfziafi%fubgtaa#??@sk?lgﬂf&% fern
or esent "AKCL IR NG GEalNE. CRRTA SAeP! RSHE| AEDRBLAMN 460 K81 ¥ be

defined as a well-defined peak a broad peak was present corresponding to
gol d cry3talyss. Al though the value of this peak was close to the powder
X-ray diffraction detection limt (2 nn), calculation of the average 15
crysbal | it e SiezgmeasuramSuhsamplesswérm ) fyi eledsdremen] wihodfit mbdificaBomm
Wth respect to the chem cal state of the Ni, the valence was confirnmed to

be 2 baséshsunerhbat bESNIKE spbcte WY phekdedigahrDparpResheosgiopydeXPa} that
Observation of the formof the active species of the catalyst wth a

transm gy @eemcgnslm KRS APEeiCEMIRTIEN §i08idehBB thit hﬁWa@aurWFdr' ﬂ‘w'ees

havi ng a nmaxi num particle dianmeter distribution of from?2

(number aﬁ‘é%%g BfH| t%rz%%ngtﬁtffﬁ'g %Ifasgqé %nﬂr&)rré’r‘ﬁrv?erleoé’éjrgt% 9% Wﬁngtﬁi})ﬂ%' An

el enentary ana ySIS ol nt carried out on ea serve

nanopad nci r ro and
noker L eec%mﬁg R ﬂgéﬁ%ﬁftﬁéhé%%oiﬁ??@ e SRR el o of
ni c d of these c e particles vaIu 4. 25 a

r esﬁﬁt 8?“ \%stfmﬁat”‘far?g %ﬂ%&%ﬁis Q' qaﬁb SPEWRE o 8| t‘@g %%%Bﬁﬁl COf A

catal yst by ultraviol et-visible spectroscopy UV-V's) surface plasnnn
absor pt MAFSUFRMAREISOVEE RaAiedgOl sinilsl therparipitensiyed ther Korgiecbgem@sd in
the vicinity of 530 nm while broad absorbance attributable to N 02 was
obser ved Miketpsaomiase lkedghh coantireg timenwasd 0t@BeRIMsor more.  MeasArerseaotsi on

was carried out in the same manner as (2) of Exanple 1 using this

5cat al ysfere Aspeatee Sivkttimdden meathaanglle) md anvelas samplatvaswasad?ed Yofisre
met hyl nethacrylate selectivity was 92.4% [0165] [Reference Exanple 4] A

cat al ystinbiogfiled ebh hrebebtdth P¥edmFEmBHhE KEARENHRrormirR) %mm%n\gaardﬁétsganged by

10 preparing a catalyst in the sane manner as (1) of Exanple 1 with t

excapt i (%l@fmﬂ%da‘#dbdiﬁt é%@éb“én%b'rﬁ@hé‘me%hé&édt%e tﬁ@'p% fbc%ﬂ&’n R{i]l

carrying out drogen reduc reaction was 'carrie out in

onver shann A el SheRA IR EE I rkbRy EBLARIGH (Al Eatlibred B

the peak location was treated in the form of the displacement, or chemical shift (AE),
from the measured value of the metal sample measured before and after sample
measurement.
20 [0156]
[Support and Catalyst Physical Properties: Specific Surface Area, Pore Diameter,
Pore Volume)
Measurements were carried ouf with the Autosoap 3MP manufactured by
Yuasa lonics Inc. using nitrogen for the adsorbent gas (nitrogen adsorption method).
25 Specific surface area was measured using the BET method, pore diameter and pore

size distribution were measured using the BJH method, and pore volume was
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15net hacryl ate selectivity was 35.2% [0166] [ Conparative Exanple 1] A
catal yst loaded with 0.5 % by mass of palladium (Pd / 7-alum na) was

obtai ned by preparing a catalyst in the sanme manner as (1) of Exanple 1
with the 20 exception of not adding nickel nitrate. Based on the results of
powder X iR j rﬁﬁﬁ‘g' -esponding to
pal | adi ﬁné%érbﬁ? g??%&ﬁﬁ%ﬁﬁ%ﬁoﬁfet e ar\@:a?&%‘ﬁiarx%tﬁgel??@%tﬁ@e t her eof
accordi (@138 Scherrer's fornula yielded a value of about 3 nm A
reaction was carried out in the sanme manner as in (2) of Exanple 1 using

t hi s 25¢@bsgiystion pbSappetand CathlystBherelsi on rate of nethacrol ein was 10. 3%
and net hyl nethacrylate selectivity was 52.4% [0167] [ Conparative Exanple
2] A Jatealypport cattedsatalyst pafickésowearassbsdrved | weing (tAg Modehl Xug50a)
was obtai ned by preparing a catalyst in the sane manner as (1) of Exanple 1
wi t b5 t hecamsingelautrodl miksdstdpaq BEMSMahLfeRturdd hyatigach@! (ufi on instead of
aqueous pall adium chloride solution 5 and not adding nickel nitrate. Based

on the fiassdirenint BPYBboNHACARNKT AGLia8R HafBl DRG] peak was present

corresponding to si cryst | culation o verage crystallite

Z% ‘2 Tosult f‘*&?iﬁi@&iié?t??g’%?fi?@?ﬁéﬁ%}é@fﬂ%ﬁﬁ%‘%@e\%éﬂfﬂ%ﬂ@f@?b%ﬁgﬁﬂfe?ﬁiﬁ?if o
absor pt FORIdpBR D HIRYP RIS b ePRGEr Aimoparbicd By HerdhontiiuBe ™ n "

the vicinity of 405 nm A reaction was carried out in the sane manner
as in (8¢ of Exanple 1 using this catalyst. As a result, the conversion

r at g, of (g%?@acrol ein was 2.1% and nethyl methacrylate selectivity was

25. 3% E ] 15 [Conparative Exanple 3] A catal yst loaded with 1.5 %
by masséfeRiféetxpngels]4 % by mass of silver (NiAg / 7-alumna) was

obt ai ned by preparing a'catalyst in the same manner as (1) of Exanple 1

wi th the exgemd ansof dsEomAn Adueasapld vitdll biat uealditden bhsbsad of

an aqueous pa | oFi S tion and changi'ng eat

at nospher Of r ir to, hygr n. Based on, the results, of powder

% oy st S dnr st Y o srebpBien. il s Y hSiree Mt ckel

was confirned to have been reduced to a netal state, and an alloy of nickel

and si | YR3r9GE MR 9nPEE IS e At YRR Regtion vessel (total valyRg:o

carried out in the sane manner as in (2) of Exanple 1 using this

25ckr al ede HsSHSBAEmrovided evido avieagnelic shtrer. ofAfiastdieting ltee muleslave Bogiand

met hyl
replacing the inside of the system with a nitrogen gas, a nitrogen mixed gas
containing 7 vol% of oxygen was introduced into a vapor phase unit and the total
pressure inside the system was increased to 3.0 MPa. Next, the reaction vessel
was immobilized in an oil bath and the reaction was carried out for 2 hours at a

20 reaction temperature of 80°C while stirring. After cooling, residual pressure was

released and the auloclave was opened Tollowed by filtering out the calalyst and

analyzing the fillrate by gas chromatography, As a result, the amount of methyl

methacrylate formed was 1.0 umol.
10159]
25  [Reference Example 2]

A reaction was carried out in the same manner as Reference Example 1 with

the exception of using nickel peroxide hydrate (Aldrich Corp.) for the catalyst instead
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met hacryl ate selectivity was 5. 1% Table 1 shows the physical
properties and reaction results for the catal ysts for production of
carboxylic acid ester of Exanples 1 to 3, Reference Exanple 4 and
Conparative Exanples 1 to 3. [0169] 5Table 1 No. Loaded Conposite

Nanopar b ¢i@& '\qu%‘ I_fg%a Lopded (8 %(Nmt of NS RPN (s 53X

Atomc Ratio ction Result
pmol.

[0160]

[Reference Example 3]

5 A reaction was carried out in the same manner as Reference Example 1 with
the exception of using nickel metal (Wake Pure Chemical Industries, Lid.) for the
catalyst instead of nickel oxide. As a result, the formation of methyl methacrylate

was unable to be confirmed.
[0161]
10 [Example 1]

(1) Catalyst Preparation
30 g of commercially available y-alumina (Neobead, Mizusawa Industrial
Chemicals, Ltd.) were added to a glass container containing 100 mL of distilled water
followed by dropping in prescribed amounts of an aqueous nickel nitrate solution and
16 aqueous patladium chloride solution while stirring at 60°C, adding 0.5 N aqueous
sodium hydroxide solution to adjust the pH of the aqueous solutions to 8, continuing
to stir for 1 hour, allowing to stand undisturbed, removing the supernatant, washing
with distilled water until Cl ion was no longer detected, drying for 16 hours at 105°C
and firing in air for 5 hours at 600°C. Nexi, the resulting catalyst was subjected to
20 reducing freatment for 1 hour at room temperature under a hydrogen atmosphere to
obtain a catalyst loaded with 1.5 % by mass of nickel and 0.5 % by mass of palladium
(NIOPd [ y-aluming).  The atomic ratio of Ni / (NI + Pd) of the resulting catalyst was
0.84. Based on the results of X-ray diffraction (XRD), diffraction patterns attributable
{0 nickel were not observed, thus confirming nickel to be present in an amorphous
25 state. On the other hand, although not able to be defined as a well-defined peak, a

broad peak was present corresponding to palladium crystals. Although the value of
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Conversion Rate (%9 MVA Selectivity (% Exanple 1 N OPd/AI 203 1.5 0.5 0.84
18.2 74.5 Exanple 2 N OAg/ Al 203
this peak was close to the powder X-ray diffraction detection limit (2 nm), calcuiation
of the average crystallite size using Scherrer's formula yielded a value of about 3 nm.
With respect to the chemical state of the Ni, the valence was confirmed to be 2 based
on the results of X-ray photoelectron spectroscopy (XPS).
5 In addition, observation of the form of the active species of the catalyst with a
transmission electron microscope (TEM/STEM) confirmed that nanoparticles having
a maximum particle diameter distribution of from 3 to 4 nm (number average particle
diameter: 3.8 nm) were loaded on the support. An elementary analysis (20 points)
was carried out on each observed nanoparticle by ancillary energy-dispersive X-ray
10 spectroscopy (EDX), and nickel and pailadium were confirmed in all of the particles.
The atomic ratio of nickel to paliadium of these composite particles (mean value) was

1.24.
[0162]
(2) Synthesis of Carboxylic Acid Ester

15 0.2 g of the catalyst obtained in (1) above, 1.0 g of methacrolein and 10 mL of
methanol were charged into a high-pressure autoclave-type reaction vessel (total
volume: 120 mL) made of SUS316 and provided with a magnetic stirrer. After
closing the autoclave and replacing the inside of the system with nitrogen, a mixed
nitrogen gas containing 7 vol% oxygen was introduced into a vapor phase unit and

20 the pressure inside the system was increased to 3.0 MPa.

Next, the reaction vessel was immobilized in an oil bath and a reaction was
carriea out for 1 hour at a reaction temperature of 80°C while stirring.  After cooling,
residual pressure was released and the autoclave was opened followed by filtering
out the catalyst and analyzing the filtrate by gas chromatography. As a result, the

25 methacrolein conversion rate was 18.2% and methyl methacrylate selectivity was
74.5%.
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1.6 1.3 0.69 6.2 55.1 Exanple 3 NOAu/AI203 1.4 1.5 0.4 0.92 22.4 92.4
Ref erence Exanple 4 N O Al 203

10

15

20

[0163]
[Exampie 2]

A catalyst was prepared in the same manner as in (1) of Example 1 with the
exception of using an agueous silver nitrate solution instead of an aqueous palladium
chloride solution. The loaded amounts of nickel and silver of the resulting catalyst
were 1.6 % by mass and 1.3 % by mass, respectively (NiOAg / y-alumina). In
addition, the atomic ratio of Ni / (Ni + Ag) was 0.69. Based on the results of powder
X-ray diffraction (XRD), a broad peak was present corresponding fo silver crystals.
Calculation of the average crystallite size thereof according to Scherrer's formula
yielded a value of about 4 nm. On the other hand, a diffraction pattern attributable
to nickel was not observed, thus confirming that nickel is present in an amorphous
state. With respect to the chemical state of Ni, the valence was confirmed to be 2
based on the results of X-ray photoelectron spectroscopy (XPS).

Observation of the form of the active species of the catalyst with a transmission
electron microscope (TEM/STEM) confirmed that nanoparticles having a maximum
particle diameter distribution of 4 to 5 nm (number average particle diameter: 4.2 nm)
were loaded on the support. An elementary analysis (20 points) was carried out on
each observed nanoparticle by ancillary energy-dispersive X-ray spectroscopy (EDX),
and nickel and silver were confirmed in all of the particles. The atomic ratio of nickel
to silver of these composite particles (mean value) was 0.81.

in addition, as a result of investigating changes in the electron excitation state
of this catalyst by ullraviolef-visible spectroscopy (UVWVis), surface plasimon
absorplion peaks originating from silver nanoparticles were not observed in the
vicinity of 405 nm, while broad absorbance attributable to NiO; was observed over a
wavelength range from 200 to 800 nm.

A reaction was carried out in the same manner as (2) of Example 1 using this
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3.1 35.2 Conparative Exanple 1 Pd/Al 203 0 0.5 - 10.3 52.4 Conparative
Exanple 2 Ag/AI203 0 1.5 2.1 25.3 Conparative

10

15

20

25

catalyst. As a result, the methacrolein conversion rate was 6.2% and methyl

methacrylate selectivity was 55.1%.
[0164]
[Example 3]

A catalyst was prepared in the same manner as in (1) of Example 1 with the
exception of using an aqueous chloroauric acid solution instead of an aqueous
palladium chloride solution. The loaded amounts of nickel and gold of the resulting
catalyst were 1.4 % by mass and 0.4 % by mass, respectively (NiOAu / y-alumina).
In addition, the atomic ratio of Ni / (Ni + Au) was 0.92. Based on the results of
powder X-ray diffraction (XRD), a diffraction pattern attributable to nickel was not
observed, thus confirming that nickel is present in an amorphous state. On the
other hand, although not able to be defined as a well-defined peak, a broad peak was
present corresponding to gold crystals. Although the value of this peak was close to
the powder X-ray diffraction detection fimit (2 nm), calculation of the average
crystallite size using Scherrer's formula yielded a value of about 3 nm.  With respect
to the chemical state of the Ni, the valence was confirmed to be 2 based on the
results of X-ray photoelectron spectroscopy (XPS).

Observation of the form of the active species of the catalyst with a fransmission
electron microscope (TEM/STEM) confirmed that nanoparticles having a maximum
particle diameter distribution of from 2 to 3 nm (number average particle diameter:
3.2 nimj were loaded on the support.  An elementary analysis (20 points) was carried
out on each observed nanoparticle by ancillary energy-dispersive X-ray spectroscopy
(EDX), and nickel and goid were confirmed in all of the particles.  The atomic ratio of
nickel to gold of these composite particles (mean value) was 1.14.

As a result of investigating changes in the electron excitation state of this
catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption
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Exanmple 3 NiAg/Al 203 1.5 1.4 1.5 5.1 [0170] [Exanple 4] A magnesium
conpound was i npregnated and | oaded onto commercially 10avail able silica
(CARI ACT Q 15, Fuji Silysia Chemcal, Ltd.) over a hot water bath using an
aqueous sol ution contai ning magnesi um acet ate. Next, the resulting

i mpregn : - (- in
a1 or PEoks b grafhe it il Brfer RRET i ol d B LRAFERRY ot %0 8o
was obt ained. t hat .contai ne 2)[,0 by pass of, magnesi um oxi de as :

oNext . MO heb B SRR et S N B e R TR SuF robe " rBin Enge an
aqueous nickgé n'érate sol ution and an aqueous chloroauric acid solution
was heaf@8 20840 88¢:"M30 g of the silica-magnesia support obtained above was
added to this solution followed by stirring for one hour while holding this
m xt ure undéy reactienivwag caniededy iprieeisgmeatmangeniaske) chfrkagulle Icesiparibist s
onto the support. Next, this mxture was allowed to stand undi sturbed and

t he Supertaditsint Asas resuitly éte froblhawealeis chiyvarsiohi rajewivel 2R2.4%4 |dneld nvathelr
until d ions were no | onger detected. After that, this mxture was

filterethandcrglatedelkotivibwhogpsitgt 105C and firing for 3 hours in air at
500C to obtain a catalyst |oaded wwth 1.0 % by nmass of nickel and 0.8 % by
mass of [G815d (N OAu / Si02-My0). The atomic ratio of Ni / (N + Au) of the

resul ti ﬂgef%?énacleyé;[(ar\r/]vge Zﬂ 81.

A catalyst loaded with 1.5 % by mass nickel (NiO / y-alumina) was obtained by

10 preparing a catalyst in the same manner as (1) of Example 1 with the exception of

not adding an aqueous palladium chloride solution and not carrying out hydrogen
reduction.

A reaction was carried out in the same manner as (2) of Example 1 using this

catalyst. As a result, the conversion rate of methacrolein was 3.1% and methyl

15  methacrylate selectivity was 35.2%.
[0166]

[Comparative Example 1]
A catalyst loaded with 0.5 % by mass of palladium (Pd / v-alumina) was
obtained by preparing a catalyst in the same manner as (1) of Example 1 with the
20 exceplion of not adding nickel nitrate. Based on the results of powder X-ray
diffraction (XRD), a broad peak was present corresponding fo palladium crysiais,
Calculation of the average crystalliie size thereof according to Scherrer's formula
yielded a value of about 3 nm.
A reaction was carried ouf in the same manner as in (2) of Example 1 using this
25 catalyst. As a result, the conversion rate of methacrolein was 10.3% and methyl

methacrylate selectivity was 52.4%.

[0167]
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10[ 0171] According to the results of powder X-ray diffraction (XRD) of the
cat al yst descri bed above, a broad diffraction peak attributable to gold was
observed, and cal cul ati on of average crystallite size based on the spread
of the line wdth of the diffraction peak attributable to the Au (111)
surface ppl : 3 nm On the 15 other hand, since there were no
di ffract{?gﬁlp%g%{%r%gérﬂ@ieg]nati ng fromni ckel, the nickel was presuned to be

present in rphous phase.. Wth respect to the chem cal state of . the

P ckel .t he M SR BNSE NABCBURF o e B8 S - BREThEE el LBhfingt Ay
phot oel ect ron spectroscopy (XPS). [0172 The_m crosjructure of the gbove
cat al ystP"aRE" b &%@Wtd&t\ﬁa %’“’E% Q%H%A%égé?r}%ﬁ%ﬂ'e & @@p%x‘{e‘PEIW EM,
As shown in FIG 1 spherical particles having particle dianmeter of from?2
to 3 nmUsE anieBinbiver dulirle siutiaieinstaasbet aguesurc pallaciemnehipede sobitiage
particle dianeter of the nanoparticles was 3.0 nm (nunber of nanoparticies
usedSf omndahelukddingnnickeDitrathe Barepaon ithe gesuwty ©f asedared-ray tiffrasctinba

| attice pattern in further enlarged i nages of the nanoparticles (FIG 2).
As a regdRD)ob lamalymaigwhy fgresentecotesprsidingrid isiver arysld.i c@alpakatien rof
corresponding to the lattice spacing of Au (200) (d = 2.039 A) intersected
at 90C, tfiddseiand rpéthmee Sk shéreobactdrgidgiol $6eerteraorliaNie(d@03 vailleuss, the
nanoparticles conprised crystalline gold. Lattice patterns corresponding to

t he | at t [ i | bsgd; [ t
e lathhegt SRR ”ﬂs%{ reﬁ!&lt(%ﬂﬁ%‘%ﬁ Ogﬁlg) &%%éés%ﬁﬁ%%l%f?rg&%g‘éﬁgn's'f‘at@hé‘fer

particles. 5Next, analysis ion points or eac

nanopar ti.cl e. indi 1 hat. . nj I : i rticle.
The ety sr i SRy Bt G S e e oo S ShFek Ribdr e BB o REPhS
(nupber ofknano.ga{.ti fl es .rsed for Igf.a cul atign: 50 .V\%S 0”8@1 fOn(h% trace
amotint s PERKHPERBAUINR FraTGRVEE NBHCRRTSITS WRTPLIRGRS Mo RefCIPRagT #i nm.
nanoparticles. Mreover, when nanoregions of the observed 10 particles
wer e anal yzégregeiien was carned gribin thesame msnngy as in(2)ef Expmelent @sigg dnist he
particles (nmeasurenment point 1) was 0.73, while that at the })arti cl e edge
( measur eatenist.pofiaita zgesuvlgstha. oBIveriPy ratecd mathasrgenr waisckdlo vende midingct ed
at other portions of the particles (neasurenent point 3). As a result of
car ryi ngnedhdcrgliate balectidgswae8r8%. 20 tines, |arger anmounts of nickel were
detected around the 15 edges of all particles. The distribution of nickel
and gol P88 observed to nearly conpletely agree with this based on the
restgjts f EDSt.eI nt rrgﬁ)pi ng. In addition, nickel was distributed one
ci rcunt BrURREXe FPTRI&RTt he distribution of gold in all scanning
di rections éé 2& based on. congocsi tion line profiles S;Fol G 4). In this
manner, si nCeCHAYREIOgAedyVER - Bufecdly Wass phaicksl andnti4niecReiMass gesivared in
| arger 20 anobunts around the edges of the particles the nanoparticles
cont ai néNIAgn talgmiba)as nbtained b peepatingsa catadystondhelearwe menavas & fafr m i n
whi ch the surfaces of gold nanoparticles are covered w th nickel.

Example 1 with the exception of using an aqueous silver nitrate solution instead of an

aqueous palladium chloride solution and changing the heat treatment atmosphere
20 from air fo hydrogen.

Based on the resulis of powder X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy {XPS), nickel was confirmed to have been reduced to & metal state,
and an alloy of nickel and silver was confirmed to have been formed.

A reaction was carried out in the same manner as in (2) of Example 1 using this

25  catalyst. As a resulf, the conversion rate of methacrolein was 1.5% and methyl
methacrylate selectivity was 5.1%.
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[0173]

catal yst particles 25using ultraviolet-visible spectroscopy (UV-Vis).

FIG 5 shows the absorption spectra of Nl OAu / Si02- Mo

Au / Si02- g0 sanpl e has gold nanoparticles | oaded on the same support
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[0170]
[Example 4]

A magnesium compound was impregnated and loaded onto commercially

available silica (CARIACT Q-15, Fuji Silysia Chemical, Ltd.) over a hot water bath

using an agueocus solution containing magnesium acetate,

Next, th

e resulting

impregnaied product was dried for 12 hours at 120°C foliowed by firing in air for 6

hours

that contained 5 % by mass of magnesium oxide as Mg.

at B00°C. As a result, a silica-magnesia support (SiO,-MgO) was obtained

Next, 100 mbL of an aqueous solution containing prescribed amounts of an

aqueous nickel nitrate solution and an aqueous chloroauric acid solution was heated
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out the catalyst and analyzing the filtrate by gas chromatography. As a
result, the conversion rate of nethacrolein was 61. 3% and net hyl

nmet hacryl ate selectivity was 95.7% [0176] 5 [Reference Exanple 5] A
catal yst |l oaded with 1.0 % by mass of nickel (N / Si02-M0) was obtained

D PS8 1S 3B, TRBRST B AhSn o I EGEEARR T 0,

addi ng aqueous chl Broauri c aci

out int . nanper  as_ Ex le 4, using.this, catalyst. 10 As,a result,
Che ot RALBRTRHCREN Ry B, aF <aaeb3t Sk nid bR fi Riknde el S1Rin
selectivity, was 30.1% [0177] rative Exanple 4] A catal yst | oaded

wi t h o.gh@iﬁélay ﬁ’r&g?'ta%m%dwaketi/xa'['fo @@z@%@w%;gwpaﬂ?e&uwoms Pegartiisg in
t he same manner as Exanple 4 with the exception of not addi ng nickel

ni t r at e Mixiyee wWasralgwegrtpstand vodistirbed asddae supatnatrmyvaroriesved fodpwed
diffraction (XRD) was 3 nm A reaction was carried out in the sane
mannzr &y visaning with distilled waties uotit @l ipet weks re loegal tetecha. meAftarchet, ehis

conversion rate was 9. 7% and net hyl nethacryl ate 20sel ectivity was 75. 0%

[0178] piitopamals Wter&d amel eridd fék tahalysht Hogeednal fidhgl fét SobYirdTes siradt
ni ckel and 0.8 “)/0 by mass of gold (N Au / 8i 02440) was obtai ned by

prepar i Boot@ té BBtHRERARPNEbadSd WA &, byWhhEs biRickel SXE BRE 4By flasshangl ng
the heat treatnment atnosphere fromair to hydrogen. Based on the results of

X-ray dybidr @GO $iFMe@d Thé WoRRALAE!F NN $PEG! SAREIB¥ AT Bhtalyst

was 0.81.
10 [0171]
According to the results of powder X-ray diffraction (XRD) of the catalyst

described above, a broad diffraction peak attributable to gold was observed, and
calculation of average crystallite size based on the spread of the line width of the
diffraction peak attributable to the Au (111) surface yielded a value of 3 nm. On the
15 other hand, since there were no diffraction patterns originating from nickel, the nickel
was presumed to be present in an amorphous phase. With respect to the chemical
state of the nickel, the valence was confirmed to be 2 based on the results of X-ray

photoelectron spectroscopy (XPS).

[0172]
20 The microsiructure of the above catalyst was observed using a transmission
etectron microscope (TEM/STEM).  As shown in FIG. 1, spherical parlicles having a

particle diameter of from 2 to 3 rim are uniformly loaded on the support surface.  The
number average particle diameter of the nanoparticles was 3.0 nm (number of
nanoparticles used for caiculation: 100}, The nanoparticles were observed to have
25  a lattice pattern in further enlarged images of the nanoparticles (FIG. 2). As a result

of analyzing by Fourier transformation, a lattice pattern corresponding to the lattice
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of this catalyst, the nickel was reduced to a netal state, and an all oy of
nickel and gold was confirned to have been forned. A reaction was
carried out in the sane manner as Exanple 4 using this catalyst. As a
result, the nethacrolein conversion rate was 11.3% and nmet hyl nethacryl ate

Coaded WEHNYH ;85523?%%"%?0"#% %ﬁﬁ%%re%?éf” 9 85 ks heigaying m‘é‘zlics%»atﬂ‘w%t h
Si 02- . i i i ) Ex 4 W
The. excobirSmapeabl i Mol nPThuf e aiedBndiTen Coat iser SVe et talthn ¢
ratio OL éOFe [ (Fe + Au%) of the resulting catal yst was 0. 81. Based
on the rBYGELRATEIMSEQEEFPARIRGLO e falirsIseciioseiofe (R endyAus bEId) Mefeof

this catal yst, surface plasnon absorption originating fromgold

nanopar 81§ @xeretd wpyier Badicles) was observed. A reaction was
carried out in the sane manner as Exanple 4 using this catalyst. 15 As a
resudt, theNedhaosbisi of comprsiion potte brasSTEMIEDSh dometiol | namdpeaticlgl at e
selectivity was 55.2% [0180] [Conparative Exanple 7] A catal yst | oaded

wi th 1. thdiedigd testsickel @aBadid aree detectedin sasspatico! dh0mesn IBHALOT the
Si 02- My0) was obtained by preparing in the sane manner as Exanple 4 with

the exceqtid 8NnRkelighl afas lof thé i phRRIGA@hbE! Ekﬁgngﬂ%&rﬁi@b%ué%ef&t om ¢

ratio of Co/ (Co + Au) of the resulting catal yst was Based

on the pgeyldidno5p U5 8D9 My Wakbayhalat-off @%@%Iﬁy\éﬂéyg%@r%ﬁ%egfgp%éfk}@sﬁ

this catalyst, surface piasnon absorption orig

N L e L R A
V\nzts 4gr gl lchq?(i@%\fee ra%ia?ygeaa{ﬁey\%i t%'eG%)o?nnlg rgﬁé hc}/fl NIITF tArLa%tr Aeatc%n?eerg eo%ttih\éi ty
particles (measurement point 1) was 0.73, while that at the particle edge
{measurement point 2) was 2.95. Only trace amounts of nickel were detected at
other portions of the particles (measurement point 3). As a result of carrying out
similar measurements 20 times, larger amounts of nickel were detected around the
15 edges of all particles. The distribution of nickel and gold was observed to nearly
completely agree with this based on the results of EDS element mapping. In
addition, nickel was distributed one circumference larger than the distribution of gold
in all scanning directions (1, 2) based on composition line profiles (FIG. 4). In this
manner, since nickel is distributed over the gold and nickel is detected in larger
20 amounts around the edges of the particles, the nanoparticles contained in the
above-mentioned catalyst are considered {o have a form in which the surfaces of
gold nanoparticles are covered with nickel.
[0173]
FIG. 5 shows the absorption spectra of NiQAu / SiQO,-MgO catalyst particles
25 using ultraviolet-visible spectroscopy (UV-Vis).  The Au/ Si0,-MgQ sample has gold

nanoparticles loaded on the same support (catalyst prepared in Comparative
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[ Conpar ati ve Exanple 8] 5A catal yst |oaded with 1.0 % by nass of copper and
0.8 % by mass of gold (CuOAu / Si02-M0) was obtained by preparing in the
same nmanner as Exanple 4 with the exception of using copper nitrate instead
of nickel nitrate. The atomic ratio of Cu/ (Cu + Au) of the resulting

catal ys AR 7 . t f | ng;
ul travi g et - v?séll be(ctﬁ’\?c%%%q% '?d rIP]t(jl aﬁﬁc%owr?%gmg‘a E?&Ethg'l' # 'Qg r%@rrt)n
absor pt | id 9 nat i framagol d. n part at ab
obser velcq%] e ﬂ”PBQ@'?Ie&na garéiamr Vbcu’t” ] H?t Qﬁ%ﬁtﬁﬁ& é;g %@%@e 4 i
using this al . a result, the nethacrol ern conver sj on rate was 9. 2%
and net ﬁ?i“p?ﬁaz %’e@t Ricea %ﬁ&ﬁ@?c‘%\/@‘aﬁ”@ lq & torBer dgperibeds lideis andeN{EPy/si cal
properties and reaction results for the catalysts for production of
car boxyBi@-MaQY sestrie Gynthesirsde by, suRieinenthe Eramie eorspaid Tomefetarioee
Exanples 4 to 8. [0182] Table 2 No. Exanple 4 Loaded Conposite
Nandpar Exairgde Ni 0 idz0R- tvetnidnt avith Avpastdonous 4cddyhaNe fioagdediokes 8§ NO
and NiO; loaded on the same support, and broad absorbance over a wavelength
range of 200 to 800 nm observed with NiO,/ SiO,-MgO was no longer observed with
NIiO / S§i0,-MgO. This result means that broad absorbance over the wavelength
range of 200 to 800 nm is demonstrated in case of highly oxidized nickel oxide (NiQ,).
10 In contrast, surface plasmon absorption of gold in the vicinity of 530 nm does not

appear in the case of NiOAu / Si0»-MgO, and broad absorbance attributable to NiO,

is observed over the wavelength range of 200 to 800 nm.
[0174]
On the basis of these results, NiOAu / SiO»-MgO catalysts are believed to be of

15 a form in which gold atoms are not present on the surface thereof, but rather the

surfaces of gold nancparticles are covered with highly oxidized nickel oxide.
[0175]

0.3 g of the catalyst obtained above, 1.0 g of methacrolein and 10 mL of

methanol were charged into a high-pressure autoclave-type reaction vessel (total

20 volume: 120 ml.) made of SUS316 and provided with a magnetic stirrer, and after

closing the autoclave and replacing the inside of the system with nilrogen gas, a

nitrogen mixed gas containing 7 vol% oxygen was introduced inte a vapor phase unit
followed by increasing the pressure inside the system to 5.0 MPa.

Next, the reaction vessel was immobiiized in an oil bath and a reaction was

25 carried out for 2 hours at a reaction temperature of 60°C while stirring.  After cooling,

residual pressure was released and the autoclave was opened followed by filtering
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0.8 0 Ni/(N +Au) Atomc Ratio (mai % 0.81 1.00 Reaction Conversi- on Rate
(%9 61.3 3.2 Results NA MA Sdectivity (9% 95.7 Reference
out the catalyst and analyzing the filirate by gas chromatography.
As a result, the conversion rate of methacrolein was 61.3% and methyl

methacrylate selectivity was 95.7%.
[0176]

5 [Reference Example 5]

A catalyst loaded with 1.0 % by mass of nickel (Ni/ SiO,-MgQ) was obtained by
preparing in the same manner as Example 4 with the exception of not adding
aqueous chloroauric acid solution.

A reaction was carried out in the same manner as Example 4 using this catalyst.

10 As a result, the methacrolein conversion rate was 3.2% and methyl methacrylate

selectivity was 30.1%.
[0177]

[Comparative Example 4]
A catalyst loaded with 0.9 % by mass of gold (Au / SiO»-MgQO) was obtained by
16 preparing in the same manner as Example 4 with the exception of not adding nickel
nitrate. The average crystallite size as calculated by powder X-ray diffraction (XRD)
was 3 nm.
A reaction was carried out in the same manner as Example 4 using this catalyst.
As a result, the methacrolein conversion rate was 9.7% and methyl methacrylate

20 selectivity was 75.0%.
0178]
[Comparalive Example 5]
A catalyst loaded with 1.0 % by mass of nickel and 0.8 % by mass of gold (NiAu
/ $10,-MgO) was obtained by preparing in the same manner as Example 4 with the
25  exception of changing the heat treatment atmosphere from air io hydrogen. Based
on the results of X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)

of this catalyst, the nickel was reduced to a metal state, and an alloy of nickel and
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.0 Conparative N Au/Si 02- MO

goid was confirmed to have been formed.
A reaction was carried out in the same manner as Example 4 using this catalyst.
As a result, the methacrolein conversion rate was 11.3% and methyl methacrylate

selectivity was 62.4%.
[0179]

[Comparative Example 6]

A catalyst loaded with 1.1 % by mass of iron and 0.9 % by mass of gold
(Fe;03Au / Si0,-MgO) was obtained by preparing in the same manner as Example 4
with the exception of using iron nitrate instead of nickel nitrate. The atomic ratio of
Fe / {Fe + Au) of the resulting catalyst was 0.81.

Based on the results of measuring the ultraviolet-visible (UV-Vis) spectrum of
this catalyst, surface plasmon absorption originating from gold nanoparticles (at
about 530 nm) was observed.

A reaction was carried out in the same manner as Example 4 using this catalyst.
As a result, the methacrolein conversion rate was 10.4% and methyl methacrylate

selectivity was 55.2%.
[0180]

[Comparative Example 7}

A catalyst loaded with 1.2 % by mass of cobalt and 0.8 % by mass of gold
(Co3z04Au / Si0,-MgO) was obtained by preparing in the same manner as Example 4
with the exception of using coball nitrate instead of nickel nitrate.  The atomic ralio
of Co /{Co + Auj of the resuiting catalyst was 0.83.

Based on the results of measuring the ultraviolet-visible (UV-Vis) spectrum of
this catalyst, surface plasmon absorption originating from gold nanoparticles (at
about 530 nm) was observed.

A reaction was carried out in the same manner as Example 4 using this catalyst.
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62.4 Exanple 5 Conpar ati ve Fe203Au/ Si 02-My0 1.1-13- 0.9 0.817f) 10.4
55.2
As a result, the methacrolein conversion rate was 2.6% and methyl methacrylate

selectivity was 45.8%.
[0181]

[Comparative Example 8]

5 A catalyst loaded with 1.0 % by mass of copper and 0.8 % by mass of gold
(CuOAu / Si0O,-MgO) was obtained by preparing in the same manner as Example 4
with the exception of using copper nitrate instead of nickel nitrate. The atomic ratio
of Cu /(Cu + Au) of the resuliting catalyst was 0.79.

Based on the results of measuring the ultraviolet-visible (UV-Vis) spectrum of
10 this catalyst, surface plasmon absorption originating from gold nanoparticles (at
about 530 nm) was observed.
A reaction was carried out in the same manner as Example 4 using this catalyst.
As a result, the methacrolein conversion rate was 9.2% and methyl methacrylate
selectivity was 58.1%.
15 Table 2 shows the physical properties and reaction results for the catalysts for
production of carboxylic acid ester of Example 4, Reference Example 5 and

Comparative Examples 4 to 8.

[0182]
Table 2
No. l.oaded Composite Niand Au Loaded Nif(Ni+Au) Reaction Resulls
Nanoparticles Amounis (%by mass) | Atomic Ratio
Ni Au (mol%) | Conversi- | MMA |
on Rale Selectivity
(%) (%)
Example 4 | NiOAU/SIO,-MgO 1.0 0.8 0.81 13 | 957
Reference NIO/Si0,-MgO 1.0 0 1.00 3.2 301
Example 5
Comparative | AUW/SIO,-MgO 0 0.9 - 9.7 75.0
Example 4
Comparative | NIAW/Si0,-MgO 1.0 0.8 0.81 11.3 62.4
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Exanpl e 6 Conparati ve Co304Au/ Si02-Mg0 1.2 0.8 0.83 2.6 45.8 Exanpl e
7
Example 5
Comparative | Fe,0;Au/SiO,-MgO 117 0.9 0.81% 10.4 55.2
Example 6
Comparative | Co30,Au/SiO,-MgO 1.27 0.8 0.83” 26 458
Example 7
Comparative | CuOAU/SIQ,-MgO 1.0 0.8 0.79" 9.2 58.1
Example 8
Y oaded amount of Fe, ? loaded amount of Co, ¥ loaded amount of Cu,
) atomic ratio of Fe / (Fe + Au), % atomic ratio of Co / (Co + Au), ® atomic ratio
of Cu/(Cu + Au)
5 [0183]

10

15

20

[Examples 5 to 10, Reference Example 6, Comparative Example 9]

2 kg of silica sof (Snowtex N-30 manufactured by Nissan Chemical industries,
Ltd. (SiO2 content: 30 % by mass)) were added to 128 g of titania sol (STS-018
manufactured by ishihara Techno Co., Lid. (TiO; content: 30 % by mass)) and mixed
followed by holding the slurry for 24 hours at 15°C and spray drying with a spray
dryer set to an outlet gas temperature of 130°C to obtain a solid.

Next, a silica-titania support was obtained by firing for 2 hours in air at 300°C
and then for 3 hours at 600°C. The silica / titania ratio as oxides was 93.6 / 6.0.
Specific surface area as determined by the nitrogen adsorption method was 236 m2/g,

and pore volume was 0.26 mL/g. The average patrticle diameter of the support was

T

GO am based on resulis obtained with a laser diffraction particle size analyzer. In
addition, the shape of the support was determined to be nearly spherical based on
observations made using a scanning electron microscope (SEM).

Next, 30 g of the silica-titania support obtained above were added to a glass
container containing 100 mL of distiled water, followed, while being stirred at 90°C,

by dropping in prescribed amounts of an aqueous nickel nitrate soiution and aqueous
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Conpar ati ve CuOAu/ Si 02-MgO 1.0 0.8 0.79" 9.2 58.1 Exanple 8 1)

| oaded anmount of Fe, 2) | oaded anmount of Co, 3) | oaded anount of Cu, 4)
atomc ratio of Fe / (Fe + Au), 5) atomic ratio of Co/ (Co + Au), 6)
atomc ratio of Cu / (Cu + Au)

10

chloroauric acid solution, adjusting the pH of the aqueous solution to 7 by adding 0.5
N aqueous sodium hydroxide solution and continuing to stir for 1 hour.
Subsequently, the aqueous solution was allowed to stand undisturbed and the
supernatant was removed followed by washing with distilled water until Cl ions were
no fonger detected, drying for 16 hours at 105°C and firing for 3 hours at 400°C in air
o prépare a catalyst in which the atomic ratio of Ni / (Ni + Au) was changed to within
a range of from 0 to 1.0 (while the total amount of nickel and gold remained constant),
after which a reaction was carried out in the same manner as Example 4. Table 3
shows the physical properties of the resulting catalysts along with formation activity
for methyl methacrylate per unit molar amounts of nickel and gold (MMA

mol/h/mol-Ni+Au).
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5[ 0183] [Exanples 5 to 10, Reference Exanple 6, Conparative Exanple 9] 2 kg
of silica sot (Snowex N 30 manufactured by Nissan Chem cal I|ndustries,

Ltd. (Si02 content: 30 % by nmass)) were added to 128 g of titania sol
(515-018 manufactured by Ishihara Techno Co., Ltd. (Ti O content: 30 % by
mass)) goda#af xed 10 fol l owed by holding the slurry for 24 hours at 15C and
spr ay dr)w ng vmth a spray dryer set to an outlet gas tenperature of 130C to
obtain Next a SI lica-titania support was obt ai ned by firing
for 2 hours;in ol. gC-an at The |

titani g ra?‘."’o as OXI es was 93 %Hﬁd%d %HadgdAH{%E sﬁ? aéléu)ar egmé\spo et{g?r‘rL ned
by the |nitrogen ads&PPpPPYA net hod wb/stZ'BBSSﬂrQ/g 157MaMHiE Rede @ ViStivieMids 0. 26
n/g. The averagp pahbjeelcRsdi ametef of [The aupport wasi#g0 pm basegh/ on
recuRs lobtained With a laser diffractign particle size anallyzer, i A
additiagn, the shape of the szport was |determ ned to be nearly sphelr’l cal

based crfﬁX@mB?éﬁvatNi@ﬁs{Si@dé?zusi ng &2scarnni n@-€l ectronOiitcr ogcope 268EM .
Next, 3@E&mAEL et NenBhLiSER=d,I ania syppor|t—obyai ned abggg werleaddgd to-a

gl ass 20container_containing 100 o of |distilled|water, followed _while

bei ng SEFRPRE at | NEE/SEy Tctf?ﬂoppl ng®?n prlescri®ed dmouft’® of jan adddous
ni ckel lﬂilxérﬁ;aée SQ““I@E\U/GN:)QM ajqueoms chl OI’O‘aT.II’I c {aci d.esol utii on, sadj ustiing
t he pHref—thesaq on—t-057-by-radd-pg-0-5-N-agyeous SOdI"
hydr oxi éa@“ﬁr%t. on'tjglﬁ/ ﬁé(ﬁ?l nui ng”fo stlir féoJFJ 1 hour °8ubsequentTy. t he
aqueous Egahple On Masu/alQ.0uWed it o s®and undi st@rbed an@22he super navant was

r enov ed RLREBIET Y, IESHHITg W tIT g st iTed yater [untiyiggC—ions wgre 5 1o
| onger jdetected,| dryi ng for 16 hours at 105C and |firi ng for 3 hours at |400C
in air |F&PeParle a catalyst |in which the atoniclratio of Ni / (N + Au)

was cthgadarbt@evrTAdmioyaiogange of fromQ to 430 (whileothe total agount |of

ni ckel éd remai ned constant), aftler which a reactionjwas carried jout
in thei{sa manner as Exanpl g 4. Table |3 shows the physicali properties |of
the resulting catalysts along with formation activity 10 for nethyl

met hacryl ate per unit nolar amounts of nickel and gold (MVA

nol / h/ ang\jﬁAu). [0184] Table 3 Loaded Conposite

5 [Example 11]

A methyl acrylate formation reaction was carried out using the same procedure
and reaction conditions as Example 4 with the exception of using the catalyst
prepared in Example 4 (NiOAu / SiO,-MgQ) and reacting acrolein instead of
methacrolein.

10 As a result, the acrolein conversion rate was 71.3% and methyl acrylate

selectivity was 96.8%.
[0186]
IExample 12}
An ethyl acrylate formation reaction was carried out using the same procedure
15 and reaction conditions as Example 4 with the exception of using the catalyst
prepared in Example 4 (NiGAu [/ Si0,-MgO), reacting acrolein instead of
miethacrolein, and reacting ethariol instead of methanol.

As a result, the acrolein conversion rate was 81.5% and ethyl acrylate
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Nanoparticles Ni and Au Loaded Amobunts (% by mass) Ni/(N + Au) Atomc
Ratio (mol %9 MVA Formation Activity (MVA nol/h/ nol-N +Au) Ni  Au
Exanpl e 5 Ni OAu/ Si 02-1102 1.2

10

15

20

25

selectivity was 96.2%.
[0187]
[Example 13]

An ethyl benzoate formation reaction was carried out using the same procedure
and reaction conditions as Example 4 with the exception of using the catalyst
prepared in Example 4 (NiOAu / Si0O,-MgQ), reacting benzaldehyde instead of
methacrolein, and reacting ethanol instead of methanol.

As a result, the benzaldehyde conversion rate was 88.2% and ethyl benzoate

selectivity was 98.2%.
[0188]
[Example 14]

A methyl methacrylate formation reaction was carried out using the same
procedure and reaction conditions as Example 4 with the exception of using the
catalyst prepared in Example 4 (NiOAu / Si0O,-MgO) and reacting methallyl alcohol
instead of methacrolein.

As a result, the methallyl alcohol conversion rate was 59.2% and methyl

acrylate selectivity was 94.1%.
[0189]
[Example 15)

An ethyl acetate formation reaction was carried out using the same procedure
and reaction conditions as Example 4 with the exception of using the catalyst
prepared in Example 4 (NIOAu / 5i0,-Mg), reacling ethanol instead of methacrolein
and methanol and making the reaction temperature 80°C.

As a result, the ethanol conversion rate was 30.4% and ethyl acetate selectivity

was 91.2%.
{0190]
[Example 16]
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0.4 0.91 25.2 Exanple 6 NiOAu/Si02-Ti02 1.1 0.7 0.83 41.3 Exanple 7
Ni OAu/ Si 02-Ti02 0.9 1.3 0.70 63.5 Exanple 8 N OAu/Si 02-1902 0.8 1.7

10

15

20

A methyl glycolate formation reaction was carried out using the same procedure
and reaction conditions as Example 4 with the exception of using the catalyst
prepared in Example 4 (NiOAu / SiO,-MgQO) and reacting ethylene glycol instead of
methacrolein.

As a result, the ethylene glycol conversion rate was 42.4% and methyl glycolate

selectivity was 90.5%.
[0191]
[Example 17}

(1)  Support Preparation

An aqueous solution in which 4.16 kg of aluminum nitrate nonahydrate and 540
g of 60% nitric acid were dissolved in 5.0 L of pure water was gradually dropped into
20.0 kg of a stirred silica sol solution having a colloidal particle diameter of from 10 to
20 nm held at 15°C (Snowtex N-30 manufactured by Nissan Chemical Industries, Lid.
(SIO2 content: 30 % by mass)) to obtain a mixed slurry of silica sol and aluminum
nitrate. Subsequently, the mixed slurry was aged by holding at 50°C for 24 hours.
After cooling to room temperature, the mixed slurry was spray-dried with a spray
dryer set to an outlet temperature of 130°C to obtain a solid.

Next, the resulting solid was filled to a thickness of about 1 ¢cm into a stainless
steel container with the top being open followed by heating in an electric oven from
room temperature to 300°C over the course of 2 hours and then holding at that
temperature for 3 hours.  After further heating to 600°C over the course of 2 hours
followed by holding at that temperature for 3 hours, the solid was cooled gradually {o
obtain a silica-alumna support. The amount of aluminum in the resulting support
was 10 mol% based on the total molar amount of silicon and aluminum. Specific
surface area as delermined according to the nitrogen adsorption method was 145
m?/g, pore volume was 0.27 mL/g, and average pore diameter was 8 nm. The
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0.61 52.1 Exanple 9 Ni OAu/Si02-Ti02 0.7 2.1 0.53 43.7 Exanple 10

Ni OAu/ Si02-Ti02 0.3 3.5 0.22 14.0 Reference Exanple 6 NO' Si02-Ti02 1.3 0
average particle diameter of the support based on the resulis of measuring with a
laser diffraction particle size analyzer was 62 um. In addition, the shape of the
support was found to be nearly spherical based on observations with a scanning

electron microscope (SEM).
5 [0192]
(2) Catalyst Production

1.0 L of a solution containing 22.30 g of nickel nitrate hexahydrate and 20 mL of
a 1.3 mol/L. aqueous chloroauric acid solution was heated to 80°C. 300 g of the
silica-alumina support obtained above were placed in this agueous solution followed
10 by adjusting the pH of the aqueous solution to 7 by addition of 0.5 N aqueous sodium
hydroxide sotution while holding at 80°C and stirring and continuing to stir for 1 hour
to deposit the nickel and gold components onto the support.
Next, after allowing to stand undisturbed, removing the supernatant and
washing several times with distilled water, the liquid was filtered. After drying the
15  filtrate for 16 hours at 105°C, the product was fired for 5 hours at 450°C in air to
obtain a catalyst loaded with 1.43 % by mass of nickel and 1.45 % by mass of goid
(NiOAu / Si0z-Alz0O3).  The atomic ratio of Ni / (Ni + Au) of the resulting catalyst was
0.768, and the atomic ratio of Ni / Al was 0.144. Specific surface area as
determined by the nitrogen adsorption method was 150 mZ/g, pore volume was 0.28
20  ml/g, and average pore diameter was 8 nm. The average particle diameter of the
catalyst based on the resulis of measuring with a laser diffraclion particle size
analyzer was 61 um.  In addition, the shape of the catalyst was found to be nearly
spherical based on observations with a scanning electron microscope (SEM).
Based on the results of powder X-ray diffraction (XRD), a diffraction pattern
25  originating from nickel was not ohserved, and the nickel was confirmed to be present
in an amorphous state. On the other hand, although not able to be defined as a
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1.00 0.4 Conparative Exanple 9 Au/Si02-Ti02 0 4.3 0 8.3 [0185] 5[ Exanple
11] A nethyl acrylate formation reaction was carried out using the

sanme procedure and reaction conditions as Exanple 4 with the exception of
using the catal yst prepared in Exanple 4 (Ni OAu / Si 02-My0) and reacting

o Sal AU S LRl P B RO PR ),
i;“;'nda%@ébﬁbw B b S R OB R
hst eadVBR Retiabr GRIEHAIOAI MehevPRpcCCREBIGT ﬁ%feeé@%é%' ; @rﬁs‘é{fﬁl Giigag
resul t, y;[erildeedagrvg!ueelgf acb%rcj\{%rnsi%on rate was 81.5% and ethyl acrylate
5 With respect to the chemical state of the Ni, the valence was confirmed to be 2
based on the results of X-ray photoelectron spectroscopy (XPS). Moreover, the
chemical state of nickel was presumed to be high-spin divalent nickel based on the
resuits of high-resolution X-ray fluorescence (HRXRF), and was determined to have
a chemical state different from that of nickel oxide which is a single compound, based
10 on differences in Ni Ka spectra.  The full width at half maximum (FWHM) of the Ni
Ko spectrum of the catalyst as obtained from the measured spectrum was 3.458 and
the chemical shift (AE) was 0.331.  The full width at half maximum (FWHM) of the Ni
Ko spectrum of nickel oxide measured as a standard substance was 3.249 and the
chemical shift (AE) was 0.344.
15 In addition, observation of the form of the active species of the catalyst with a
transmission electron microscope (TEM/STEM) confirmed that nanopatticles having
a maximum particle diameter distribution of from 2 to 3 nm (number average particle
diameter: 3.2 nm) were loaded on the support. Observation of enlarged images of
the nanoparticles demonstrated that the nanoparticles had a lattice pattern
20 corresponding to the lattice spacing of Au (111).  Analysis of composition points by
STEM-EDS for each nanoparticle confirmed that nickel and gold were contained in
each particle. The mean value of the ratic of nickel / gold atoms of the composite
nanoparticles (number. of nanoparticles used for calculation: 50) was 0.83.
Moreover, when nanoregions of the observed particles were analyzed, nickel was

25  distributed over the gold in all particles, and larger amounts of nicke! were detected

around the particle edges.
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selectivity was 96.2% [0187] [Exanple 13] An ethyl benzoate formation
reaction was carried out using the sanme procedure 5 and reaction conditions
as Exanple 4 with the exception of using the catalyst prepared in Exanple 4
(N OAu / Si 02- My0), reacting benzal dehyde i nstead of nethacrol ein, and

reacting et I I e : .
conversion ra aé Q%%gﬁlg% ar\%E {@%nﬂ %hﬁi%gt '(Fa'e(ﬁ‘!g eﬁeot%ﬁ %Qﬁ{éé'?{w%?%édﬁéglsw
10[ 0188 net ha natl n reacti on was
car 11 eq B ‘-ﬁ"f?w Alolekfistp oSS SRR VLo P BRI PRORS aGCERRT e 4
with the e cePtlon of u5|n% t he cat%%¥ pre ared i n Example 4 (N OAu /

Si 02- MyFFasHANgREENY HeMhEPHAIANPPagIdFhWere 5PhRR R HeH N W@t\ﬁalsr%p PRO N a
result, the nmethallyl alcohol conversion rate was 59.2% and nethyl acryl ate
sel ect i Whilg hxagd ebsedhance 1BYbUlENaipINOrs1a0bsewed ives cevayelenginanioen
reaction was carried out using the sane procedure and reaction conditions
as Bxanpber 200vta BOD men.excepti on of using the catal yst prepared in Exanple 4
(Ni CAu Si 02-M0), reacting ethanol instead ethacrolein and nmethanol and

maki ng the athd basis ompiessd wseit8Otandiracleesthtaindd i Blehanglyscasueeimigon

rate was 30.4% and ethyl acetate selectivity 25 was 91.2% [0190] [Exanple

16] to the present embodiment were confirmed to have a form in which the surface of
gold nanoparticles is covered with nickel, and have a different surface electron state

than that of gold nanoparticles comprised of a single metal species.
10 [0193]
(3) Synthesis of Carboxylic Acid Ester

200 g of the catalyst obtained above (NiOAu / SiO;-Al,O3) were charged into a
stirring reaction vessel made of stainless steel having a liquid phase unit of 1.2 liters
and provided with a catalyst separator. An oxidative carboxylic acid ester formation

15 reaction was then carried out using aldehyde and alcohol or one or more types of
atcohols while stirring the contents of the reaction vessel at a stirrer tip speed of 4
m/s. A 36.7 % by mass of methacrolein / methanol solution was continuously
supplied to the reaction vessel at the rate of 0.6 liters / hr, while a 1 to 4 % by mass
of NaOH / methanol solution was continuously supplied at the rate of 0.06 liters / hr,
20 air was blown in such that the reaction temperature was 80°C and the outlet oxygen
concentration at a reaction pressure of 0.5 MPa was 4.0 voi% {equivalent to oxygen
partial pressure of §.02 MPa), and the concentrationn of NaOH supplied to the
reaction vessel was controlled so that the pH of the reaction system was 7. The
reaction product was continuously extracted from the reaction vessel outlet by

25  overtlow, and the reactivity was investigated by analyzing by gas chromatography.
After 200 hours from the start of the reaction, the methacrolein conversion rate
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A methyl glycolate formation reaction was carried out using the sane
procedure and reaction conditions as Exanple 4 with the exception of using
the catal yst prepared in Exanple 4 (NiOAu / Si 02-Mj0) and reacting ethyl ene
gl ycol instead of methacrolein. 5As a result, the ethylene glycol
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onto the support.
electron microscope (TEM/STEM) confirmed that nanoparticles having a maximum

particle diameter distribution of from 2 to 3 nm (number average particle diameter:
3.0 nm) were loaded on the support. Analysis of composition points by STEM-EDS
for each nanoparticle confirmed that nickel and goid were contained in each
20 nanoparticle. The mean value of the ratio of nickel / gold atoms of the compaosite
nanopadicles (number. of nanoparticies used for calculalion: 50y was 0.85. in
addition, when nanoregions of the observed particles were analyzed, nickel was
distributed over the gold in all particies, and larger amounts of nickel were detected
around the particle edges. In addition, as a result of investigating changes in the
25  electron excitation state of this catalyst by ultraviolet-visible spectroscopy (UV-Vis),

surface plasmon absorption peaks originating from gold nanoparticles were not
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Next, after allowi ng to stand undi sturbed, renoving the supernatant and
washi ng several tines with distilled water, the liquid was filtered. After
drying the 15 filtrate for 16 hours at 105C, the product was fired for 5
hours at 450C in air to obtain a catalyst |oaded with 1.43 % by nass of

ni ckel %%geivﬁﬁ%g?{ﬁﬁgﬁﬁsofqﬁmd (N OAu / Si02-Al 203). The atomc ratio of

Ni / (N "+ sulting catalyst was 0.768, and the atomc ratio of
Ni / Al was 144. Specific surface area, as determ ned b e nitrogen
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pore diameter was. 8 nm The average particle dianmeter of the catal yst based
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was 61 trn. In addition, the shape of the catalyst was found to be nearly
spher i c®efaraswd dfterdbe éeacticnens with a scanning el ectron microscope (SEM .
Base Or@&‘ﬁ results of powder X-ray diffraction (XRD), a diffraction
pattern iginating fromnickel was not observed, and the nickel was

confir N e féeggresent in an anor phous state. On the other hand, although
not able to Be fined as a well-defined peak, a broad peak was present
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di val ent ni ckel based on the results of high-resolution X-ray fluorescence
( HRXRF) theatadahms ladetreouitndf dsiticonhavek abuncihem, eald sttting this fifieg éempéradone foat  of
ni ckel oxide which is a single conpound, based 10 on differences in N Ka
spectrayofhe. full wdth at half maxi num (FWHM) of the NI Ka spectrum of the
catal yst as obtained fromthe neasured spectrumwas 3.458 and the chem cal
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poi nts BASSTEM BB fobyarans nasepalivalsi dnaasittiiorhehetatamiaraticepf Mhd (bbrd
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particles, and | arger anmounts of nickel were detected around the particle
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excitation state of this catalyst by ultraviolet-vi'sible spectroscopy
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nanoparti cles were not™ observed I n t vicinity o nm br oad
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in the pa&%}{{gs’tqmacpq[dilmnagmtg t he present enbodi ment were confirned to have
a form [y HEPHE S GrralteirbrugStdenanoparticles is covered with nickel,
and have a different surface electron state than that of gold nanoparticles
conpri sed oflhg shefgical fdatal ok pikpbyvas presumed to be high-spin divalent nicke!

based on the resulis of high-resclution X-ray fluorescence (HRXRF), and was
25  determined to have a chemical state different from that of nicke! oxide which is a
single compound, based on differences in Ni Ko spectra. The full width at half
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10[ 0193] (3) Synthesis of Carboxylic Acid Ester 200 g of the catalyst
obt ai ned above (N OAu / Si02-Al 203) were charged into a stirring reaction
vessel made of stainless steel having a liquid phase unit of 1.2 liters and
provided with a catalyst separator. An oxidative carboxylic acid ester
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solution were analyzed by ICP-MS at 200 and 500 hours after the start of the reaction,

Ni and Au were 0.1 ppm or less at both times and Si was 1 ppm or less at both times.

25  When the catalyst was exiracted after reacting for 500 hours and investigated with a

scanning electron microscope (SEM), there was hardly any cracking or chipping of
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[ Exanpl e 18] A silica-alum na support having a specific surface area
of 110 nR/g was obtained by follow ng the sane procedure as in (1) of
Exanple 17 with the exception of adding alum numnitrate so that the anount
of al um num was 15 nol % based on 10t he total nolar anmount of silicon and
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A broad peak corresponding to gold crystals was present based on the

resul t s™eACt®Owder X-ray diffraction (XRD).The average crystallize size

t her gof @éo cal cul ated according to Scherrer's fornula was about 3 nm On
t he thle nd, diffraction patterns originating fromnickel were not
observegrydhye ganfirmng that nickel is present in an anmorphous state.
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based on th e t i gh- ' r resc (b .and was
25 det or m 909 3 5" 20EheRAAl S EIRbIE 0 ST O RO O SR S nisTon e
whi ch i single . c ound, based on differ es, in Ni. Ka spectra. The full
wdh abharpr gt sd iR A s et Congmind kA0Sl FRHIST WERE BUSAPG LY s
obtai ned fromthe neasured sgegtru_m was_ 3. 452 and the chem cal] shift (AE)
was 0. 34 gradyat afdition ef RO &t U RAIUMIRER AR PORRYYLAte deanlyWaINdpRERYIGH of
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confi r nedert daovt watesath.i cl es having a maxi mum particl e dianeter
distribution of from2 to 3 nm (nunber average particle dianmeter: 3.2 nn
wer e | oaded Tow rebeltiag RpE twad¥illel RNEedhidkyeaNal ot 1 26 PG BlEAinkRs Haslr i ed
out on each observed nanoparticle by an ancillary energy-di spersive 10X-ray

det ect ofoktElASY ’wiﬂﬂﬂw@fo%k&%in?%eﬂ%ﬂo%ﬂ DyCREt A Rah Bl Bf/?ﬁ t1"|‘?J{rﬁ)‘f’dScSrinC' €s.

The atom c ratio of nicke 0 gold of these composite particles (nmean

(o) el o, o tEIGRE T R T Pl R AP S
A S A T o & e LU DA
followed by holding at that temperature for 3 hours, the solid was cooled gradually to
obtain a silica-alumna support. The amount of aluminum in the resulting support
was 5 mol% based on the total molar amount of silicon and aluminum. Specific
surface area as determined according to the nitrogen adsorption method was 183
20 m¥g.

Next, a catalyst was produced in the sarme manner as (2) of Example 17 with
the exception of using the above support and making the amount of nicke! nitrate
hexahydrate 66.89 g.

The loaded amounts of nickel and gold of the resulting catalyst were 4.50 % by

25  mass and 1.44 % by mass, respectively. In addition, the atomic ratio of Ni / (NI +

Au) was 0.913 and the atomic ratio of Ni / Al was 0.914.
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15 A reaction was carried out in the sane manner as (3) of Exanple 17
using this catalyst. As a result, the nethacrolein conversion rate after
reacting for 200 hours was 58.4% nethyl nmethacrylate selectivity was

94. 7% and nmethyl nethacrylate formation activity per catalyst unit wei ght

change si ant PEai AR SO PN to BRbEinpElt MR eu B RaRRTEY Uit fodfiSs,
R e R LR S LI

concentrations of Ni, Au and Si jons in the reactjon solution were analyzed
by | CP- R caatep GeaREing do neritesres Bt mule Wasapbowr 3¢Ha- r ictheoRtheg hanf Au
were 0.1 ppmor less at both tinmes and Si was 1 ppmor |less at both tines.
25When ﬂﬁga@tmrap%@rnﬁa@r@wmwfr@m alaket waraetnePgesvedothusosardiraniiey that
investigated with a scanning el ectron m croscope (SEM, there was hardly
any &r ackikebisqresdrtppiangroérphbbe stateal yst particl es observed. In addition,

t he nunber average particle dianmeter of the conposite nanoparticles as

det er m ned Whihclermican$MateshonickbeWasoprasuenas conss (Ngibpiadivaleht niitkdihus
denonstrating hardly any change before and after the reaction. 5[0195]

[ Exampl 82d&d on the 3RGuls 0bf SRIATRIS!@lony Xemai FiaBledcehbd C@RGRRY AGhd QuiS:
Fuji Silysia Chem cal, Ltd.) were added to'a glass container containing 500
mL of dysfdr Y@th%‘i/efé"dh%}ﬁﬁgalbé’ta{é“aif%rréﬂtug{)gﬁg‘ﬂdgit+f.°HicQéi ﬁ%dé @pfﬁf ig Yym num

nitrate nonahydrate as an alum num source 1 i ca gel solution,

di ssolving.in the silica gel spglution and,eyaporating .t,0 dryne over a hot
wnter parRie BomEerhy bEdadton teneRsdt WoKREP I’ T RIILSESE: ST 1
cm{nto a stainless steogl container with the tog bei ng open foll owed by
heat ngMAMAHMe(lREHNE ChBR Nt 81t SRt ENRERE UrRialst BG0ePERE (1R BT se
of 2 hours and then holding at that 15 tenperature for 3 hours. After

f ur t her Me@&tIrasy specEODCVe ed- 408 cand ding echeimigalhsifts( ) Were@ 38§. hdhei fd at
that tenperature for 3 hours, the solid was cool ed gradually to obtain a

si | i ca- eddimad heif ppaxinunT (EVaHYUof thef Niake speaimumnoft iekel esiddd megsewgupas & was
5 nol % based on the total nolar anount of silicon and al um num Specific
sur f acestandardsulsithscdivae @ 24 and g chemidae shiftt(nEY evasa@lisan pt i on et hod was

183 20n2/g. Next, d catalyst was produced in the same manner as (2) of
Exanpl e 17 yA bAditiBe, BKEERELION oPtheIfdrRYol B abREsSERBSE tROdatBNdtRatH Be
anount of nickel nitrate hexahydrate 66.89 g. The | oaded anounts of

ni cfeel  RAMSARHPEILREN [rﬁégﬂdéé{opg ﬁ@nﬁﬁsﬁfém%&ﬁf@rﬂq&ogﬁlfé%@gﬁ%ﬁﬁgﬂlﬁ?44 %

by nmass, respectively. i I'on, the atomc ratl was
0.913 ag%etbg%u% Bg]rtl%lé 8|ta'n%)et8;t d’g'tritéutéln (\)’\Bf?org'zg 9043 nm (number average particle

diameter: 2.9 nm} were loaded on the support. An elementary analysis (20 points)
was carried out on each observed nanoparticle by an ancillary energy-dispersive
X-ray detector (EDX), and nickel and gold were confirmed in all of the particles. The
20 atomic ratio of nickel to gold of these composite particles {mean value) was 0.85,
Maoreover, as & result of investigating changes in the eleciron excitation state of
this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption
peaks originating from gold nanoparticles were not observed (at about 530 nm).
A reaction was carried out in the same manner as (3) of Example 17 using this
25 catalyst. As a result, the methacrolein conversion rate after reacting for 200 hours

was 57.6%, methyl methacrylate selectivity was 93.6%, and methyl methacrylate
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85 A broad peak corresponding to gold crystals was present based on
the results of powder X-ray diffraction (XRD). The average crystallize size
t hereof as cal cul ated according to Scherrer's formula was about 3 nm On

t he other hand, diffraction patterns originating from nickel were not

observe Af.d i.ck I i nmog,phous, stat e.
The. cheraifty SEQVY: Bor Garah Rl TG TE B8 ol Bl oRBAR Ty ke
based on the result f high-reso|lution X-ray, fluorescence (HRXRF), and was
ot or i 0l TS, Sreraivonat ChaEe o Rtca Ui RIS ani DR BEC oo
whih is a single conpound, based on differences in N Ka spectra. The full
wi dt h atCORMERSIOND raigx o t vHRpthyt mebagryias §9l@§tlwtym%f93z-§% @daraihylas
obtained fromthe nmeasured spectrumwas 3.403 and the chem cal shift (4E)
was 0. 33ethTheyldtalformatipntaciivithal 6.998xnoikgeaHM) of the Ni Ka spectrum of
ni ckel oxi de neasured as a standard substance was 3.249 and the chem cal
shifs (AE) Jvasaddid#d. whanattidi tormpntrabises it NopnAofard &ifionm iaf tHeheeaationve
species of the catalyst with a 15 transm ssion el ectron m croscope

( TEM STEMutiepnidrenehizeath NAFRRE bt 20@andBO0THLRs BREH ERIBAIITitE feslitafet er
di stribution of from2 to 3 nm (nunber average particle dianeter: 2.9 nm

vere | oadedqon e BUPBOlor 168, @l &gﬁ%ﬁéé’aﬁ@@k ¥2isS1 bph RALEY S bY@ASiREL ! | ed
out on each observed nanoparticle by an ancillary energy-di spersive X-ray
detecto Leke r ' in f o rticles.
The 20a SR8 WRS SRR e S o S ST REU o bBerrB T a7

val ue) was Q. 85. Mor eover a,result of jnvestigating changes in the
el ect 1 oCRRA HeGrTbMiTRRCoRG I SE: t5ye s Bordy @dverdrind RpdaprBapy
(UV- Vi s%, surface R,I asnmon absorption peaks originating from gold

nantpar the FAZMREPRITISGS FIEEYREd IDAIUKBLENE 50 avargaespantisle diagetarrofi ed
out in the sane manner as (3) of Exanple 17 using this 25catal yst. As a
resul t, theheompphite neneparticlesas delerminacewdh teetrapaaissiangelestronpooicherpopewas
57.6% methyl nethacrylate selectivity was 93.6% and net hyl nethacryl ate

f or mat i OFEMGtwas t3y1 pan, dadsaldestonshiatingethardty wag chaOR® efdra/ &gd cdter the
Reactivity after 500 hours had el apsed did not change significantly,

yi el di ngeatigRt hacrol ei n conversion rate of 57.1% nethyl nethacryl ate
selectivity of 93.8% and net hyl nethacrylate formation activity of 6.992
mol / h/ kKE&&] . 51 n addition, when the concentrations of Ni, Au and Si ions
in the reaction ?ol ution were analyzed by |ICP-M5 at 200 and 500 hours after
t hel &t affexepPleH®! r eaction, N and Au were 0.1 ppmor less at both tines and
Si was 1 ppmor less at both tinmes. Wen the catal yst was extracted after
reacting fof GUOMEstELY amailane sdidagplvedinavcompeuadaitididiné ineanufastuned byscope
(SEM, there was hardly any cracking or chipping of 10 the catal yst

parti cl Hkkobdemieal. Con Ladldianicomt df ruminsbkased endgtal pasiar eheutt afsilieonof

t he conposite nanoparticles as determned with a transm ssion el ectron

ni cr oscame alUREMUIMA@D Bolls ) Wad files! eminskieatiotgbbat dicyn Ry achigingsshesar e
and after the reaction. [0196]

container with the top being open followed by heating in an electric oven from room
20 temperature to 300°C over the course of 2 hours and then holding at that
temperature for 3 hours.  After further heating to 800°C over the course of 2 hours
foliowed by holding at thal temperature for 3 hours, the solid was cooled gradually to
obtain the target substance. Specific surface area as determined according to the
nitrogen adsorption method was 348 m?/g.
25 Next, a catalyst was produced in the same manner as {2) of Example 17 with

the exception of using the above support. The loaded amounts of nickel and gold of

87



15 [ Exanpl e 20] A commercially available silica-alum na conpound
(N631HN manufactured by N kki Chem cal Co., Ltd., amount of al um na based
on total nolar anount of silicon and alum num 30 nol%) was filled to a

t hi ckness of about 1 cminto a stainless steel container with the top bei ng

f ol ele f t
300C over o1 he- Gt reR e B FROKTE TR HET 48 VT ShEBP R For

hour s. f e 0 h d by
ol di ng o he ARSIt Y GRICARY Has B 7c8 4T ﬁ]aes%w%%ﬂ%ﬁs%

obtain the @ et substance. Specific surface area as determ ned accordi ng
to the Mfd% @5 adsorption method was 348 n2/g. 25Next, a catal yst was
produced in the same manner as (2) of Exanple 17 with t he exception of

usi ng the alfdbPEOALIPPA* ﬁorrwntmm@aga%%rﬁ Ioyagi IReENthRpGLPR the resulis
resulting catalyst were 1.40 % by mass and 1.42 % by mass, respectively. In
addi bi o®f phedar okdiray rdiffrastioh  KKRD)( Ni The payerags orys8lizencsitdetherenfi @sr at i o
of Ni / Al was 0.046. A broad peak corresponding to gold crystals was

pr esent cahskxtedmdchedingdul $shdrats fuomdds Wesr apoudti Bf mact iCon tiieXRiNer Rdued,
average crystallize size thereof as cal cul ated according to Scherrer's

for mul a dyRac@hP phttdridnbri¢Matife fRinh elickedNbredndtf diasdri/of PRist E6riTRnMd ghaat i ng
from ni ckel were not observe thus confirm ng that ni ckel is present in an

anmor pho‘rh?clc'éiE;;?res%ﬁn%%ﬁﬁiho%%ﬁ@ceo‘c ni ckel was presuned to be high-spin

di valent nic 10 based on the results of high-resolution X-ray

From Chagne o i f%f"le&“ﬁ? ﬁ%mhégi Pg%@“éé‘%‘*go‘?}%ﬁ*’@méé@" gRfirf fekber o
i T )
spel r uRPSRT we Tog s ot Hidh sttt Srbn S URERGYER, (R hmnes Sgsaoz

and the chem cal shift (AE) was 0.329. The full 15 width at half maxi num
(FVHV) Betarpingd t‘kéayﬁe%tchﬁﬁ%"éﬁ‘ %?@k@ﬁe@ntcféo'ﬁe“&@hroéd“ﬁa%e'&@%M&M‘rfﬁ's a
substance was 3.249 and the chem cal shift (AE) was 0. 344.

addi t i oRingshsemparindnbased loa fldlenendest e Nickavepegieci ebhefiult Nedﬂflatahlh,aé‘t
wth a transm ssion el ectron m croscope (TEM STEM confirned that

nanopar triaxiraamh§Mgvia ofethieniim faardpectrandichntbbecatdiyst rasbebtamed ffrainthe3 nm
(nunber average particle 20 dianeter: 3.0 nn) were | oaded on the support.
An el enpidaRUVeRRBbYBIM (A8 BADDtSid WAS drniicadsemt (A aashoabser ed fuil
nanopartl cCe by an ancithary energy-dispersive X-ray detector (EDX), and

Wh%@'h%!f%ﬁéﬁnﬁ%@twmﬁ bRl i RE; s@'&%t{ﬂﬁﬂr &f r%l‘?é %xT&lﬁn%%\%g}éd s@yio of

nlc el to gold of these orrpos te particl nmean val ue

Mor eove%taﬁ'@?ﬁ%&ﬁﬁ%%# % ﬁﬁ%hg%é ch?r‘ﬁn;%ng (A%B hé[ glsgrgtron excitation

state o 1S ca ravi o Vi si roscopy (UV-\/ s),

surface plasnp bsorption oL i in romga wer e
not obser ve QF%SBoE}BS%‘@“ wﬁh& forth SR Bebi b AeS B ERtat ith Fhe
same manner as@S of n’g? wi th the exception, of using th| s catal yst.
As a relangmisg ﬁ'@pﬁaerrau %?O@SAJ&WS&EMM@“M% that anargrifces bewindour s
was 60.4% nmethyl nmethacrylate selectivity was 94.3% and net hyl
met hacr§|mgsiMwhngaitiole diemeatpt wigabulien af y& tto uhinm veiugHierwakeraga 3srticle
nmol / h/ kg- cat .

20 diameter: 3.0 nm) were loaded on the support.  An elementary analysis (20 points)

was carried oul on each chserved nanoparticle by an ancillary energy-dispersive

X-ray detector (EDX), and nickel and gold were confirmed in all of the particles. The
atomic ratio of nickel to gold of these composite particles (mean value) was 0.80.

Moreover, as a result of investigating changes in the electron excitation state of

25 this catalyst by uliraviolet-visible speciroscopy (UV-Vis), surface plasmon absorption

peaks originating from gold nanoparticles were not observed (at about 530 nm).
88



5 Reactivity after 500 hours had el apsed did not change significantly,
yi el ding a nethacrol ein conversion rate of 61.0% nethyl nethacrylate
selectivity of 94.2% and net hyl nethacrylate formation activity of 7.501
nol / h/ kg- cat . In addition, when the concentrations of Ni, Au and Si

ions in the 1.on. . so j_on I I - ours
after the st%f?aa%g}%‘jﬂtvﬁges ké@t’?’?l %%%E%Bg%%niéw\x&%g%fﬁxﬁ @?%@Rg{‘gbot h
times and Si..was, 1. or |l ess at, both tjnes. en the cat al yst S

ext 1 act SaoS it o GsBB TG T80 Ao resUhdrs moetar i BVERl BRIty

el ectron m',crosc%e (SEM, there was hardlg;}@gny cracki ng or chi p:i)i ng of the
cat al ysteqing; for @900 wéas 60t %admathginetseniatonesicativdly agas 43 %oc Pad

di aneter of the conposite nanoparticles as determned with a transm ssion
el ect r omethyrrosibepeylats fomeayjornagtivly e gptalyaisindereiabt was i7rpthencthikgaeat.
change before and after the reaction. [0197] [Exanple 21] An aqueous

sol Uk i oReactivity clited. BB kpuod fadiralapsednidid ated cloaradey digatitcaantlg, 3kIding3akg of
rubidiumnitrate were dissolved in 5.0 L of pure water was gradually

dr opped mdithacrdfif cfvarbion Bité bf 84.094 | ineths aletBatyldi®BeRaNVIDgoROLOR) ahdal
particle dianmeter of from10 to 20 nmheld at 15C (TX11561 manufactured by
Nal co CoygthllflethbShide 3ot adRityotdr)sdomeRhAlgicd, m xed slurry of silica

sol, alumnumnitrate and rubidiumnitrate. Then, the mxed slurry was aged
by holding g aIa%‘?IngI, SARED %hHI&nIc%tr%ﬁo@?'Eﬁ%ﬁ-Aé%ﬁf%%ph%%p ﬁn%eré%&i‘?;ﬂ
slurry was spray-drred with a spray dryer set to an outle enperature of
130C to _obt.ain a solid. Next, | ti olid s filled.to a .

hi ckneSSThPh Hsdacehinr g 5Ps et af 2ttt BPodiousS AltEF et staft ot Wi bactgnbei ng
open.follo by heating in an electric oven fromroom:t erature to 400C
ovel¥ th 'egﬁ%éwefe 9 THRIP LT 4eRF FHRANNGIRA A i WeRal p@r@rﬁfﬁﬁ% o eothdimes.
hours. After further heating to 580C over the course of 2 hours followed by
hol di ngVdien the: catalypewas epdrastecoalte neaating femz0& brus R investiaategrwitiual |y
to obtain a silica-aluma-rubidi umsupport. The anmount of alum numwas 11.5
nmol % basemhromg tehectiont alicrostepe &Mt thefre svdd bardipmdyatraakingmr @nppinpeof
atomc ratio of (alkaline netal + 1/2 x alkaline earth netal + 1/3 x rare
earth nieatathlydl pavaisle@. dBenmrECilhizidtivn, aee nandar asedrfcepatioediasesdifng to
the nitrogen adsorption nethod was 127 n2/g. The average particle dianeter

of 10 tHR sAPSsite RASESRARIEENE H8RWhIreOChitIRRAEHRASMAGsMH BledtrbASBicroscope
diffraction particle size analyzer was 64 t In addition, the shape of the

m
t f I i j '
Sconht i RLFTR 4 o SRS oGBS ey By ERAUREPERAE Y e e

cont ai nliega}% £14. 9 g of nickel nitrate hexahydrate and 13 nL of a 1.3 nol/L
aqueous I:BP'oauri c acid solution was heated to 90C. 300 g of 15 the
silica- @1?3‘? na- r ubi di um support obtai ned above were placed in this agueous
solution foll owed by holding at 90C while stirring and continuing to stir
for 1 hiixanigle®gposit the nickel and gold conponents onto the support.
Next, after allowing to stand undi sturbed, renoving the supernatant and

washi ng sevgpahqlidd®s s¥iutibn dhSkhiched 86ek§ of diNihdiAUhdaw@sohbhj@aRd andf t er
drying the 20 filtrate for 16 hours at 105C, the product was fired for 3

h 00C I ¥ i - d,w 9 f
erte hia b pRuRoRRhE o BRBIKR )Y EROT RS sty N TS
ati o o onPei e Mo G eSS bhra gk Bl Aokl i dcea”
on the results of powder X-ray diffraction (XRD), a diffraction 25pattern

ori gi natfi Wgmf Fore Alckel MG Ainbt Coblsetvadd, MeRUEEYEE RN e ntiEkeb o be

content: 30 wt%)) to obtain a mixed slurry of silica sol, aluminum nitrate and rubidium

nitrate.  Then, the mixed slurry was aged by holding at room temperature for 24
25  hours. Subsequently, the mixed slurry was spray-dried with a spray dryer set (o an
outlet temperature of 130°C to obtain a solid. Next, the resulting solid was filled to a
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present in an anorphous state. Although broad as previously described, a
peak was present corresponding to gold crystals, and the average
crystallite size was 3.0 nm The chem cal state of nickel was
presuned to be high-spin dival ent nickel based on the results of

hi gh- i - I i ]
OSSR EGRohaN Ul BRSSO UdeEF B et poae 2
i ff. i j I i t hal f
commoun R DA R ERuHE A PoTRER ey L L L0 S
d t 3. 432 dth ical shift (A 0.,345., The full
e SoFRECH RAES iy B R ISRt b S e, L

as a l1lO0standard substance was 3.249 and the chenical shift (AE) was 0.344.
I n addi NE8HNY ¥ SEPVatoVEh I cowserdfraherrs isdowetivehalging alsthat tereerairal yvst
W th a transm ssion el ectron mcroscope (TEM STEM confirnmed that

nanopar f3rc} Baunsathengplé w&s(pﬁ@l@dpmadu@ﬁxetomtmstaasm@wtumwmmditm stppmt2 to
3 nm (nunber average particle dianmeter: 2.8 nn) were | oaded on the support.
An el engheanoanadfyalisifl20 wad ht.§)maBs wesedan thedtotaltmolar eaodurd s esiliced
nanoparticle by an ancillary energy-dispersive X-ray detector (EDX), and

ni ckel and glamthuner end 6w bfomeid rhto e (skatimd nesdal v 128 Ix gkalidieepantrhetes. The
atomc ratio of nickel to gold of these conposite particles (nmean val ue)

was 1. 023 Mps@0sth niétalp/ AERES 10 80, | YEShic SFADaPRY8SterMindPadlREingon
excitation state of 20this catalyst by ultraviolet-visible spectroscopy

oy R0 B CISNE 199 SEEHT LM P B o
Carf SOl 35S0 TREEL.RSo ksl RIATRLS Mletbel i, RUSERS 508, ©

the nmethacrol ein conversion rate after reactjng for 200 hours was 55. 3%
25met hy PNAYZehWes 4t sdh &dditian yheusbans of dhe Shppreiwgs forichin o npasly
formation activity per catalyst unit weight was 5.721 nol/h/kg-cat.

React i vBRRerigal Basedonphsesvatinas wilhep seanting alestrashaitgessingniSEMant | y,

yi el ding a nethacrol ein conversion rate of 54.9% nethyl nethacryl ate

sel ecti vi t y Nekt, 950 3% faa dohichydonmaningct4.Bay of hiwkehnitrate Aekalwidrateodnd 1692

nol / h/ kg-cat. In addition, when the concentrations of Ni, Au and Si ions in

the reagili 6ha .3 sedilt hQueoms ehidraluyizestidbolliBnMrahedRY andoED0 Songsofaf t er
the start of the reaction, NN and Au were 0.1 ppmor |ess at both tines and

Si RS thePBMcaallinia-/ibidgh sipp®e - otbpedt Bsoeatidishlared BxiHis Aokt er
reacting for 500 hours and investigated with a scanning el ectron m croscope

obser veth ol SRR, YRR, B 88 1C B st ARG Rl FEO 7 1R TR
i o1 oacd BRI B0 A SRR B AR b ba i bbOTar ary any change before
and after t %x{,egﬁé; C)ar?l'owing to stand undisturbed, removing the supernatant and
washing several times with distilled water, the liquid was filtered. After drying the
20 filtrate for 16 hours at 105°C, the product was fired for 3 hours at 500°C in air to
obtain a catalyst loaded with 0.87 % by mass of nickel and 0.85 % by mass of gold
(NiOAL [ 5i02-ALO3-Rb;0).  The atomic ratio of Ni / (Ni + Au) of the resulting
catalyst was 0.774, and the atomic ratic of Ni/ Al was 0.11 whiie the atomic ratio of Ni
{ Rb was 0.137. Based on the resuiis of powder X-ray diffraction (XRD), a diffraction

25  pattern originating from nickel was not observed, thus confirming the nickel to be

present in an amorphous state. Although broad as previously described, a peak
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[0198] [ Exanple 22] 15A silica-alum na-strontium support was prepared in
the same manner as Exanple 21 with the exception of using 2.90 kg of
strontiumnitrate instead of rubidiumnitrate. The anount of al um num was
11.5 nor Y0 based on the total nolar amobunt of silicon and al um num and the
atom c + are
earth rrem?éaél re% ER\( %#ééd&@éﬁ?gﬁgmaf%&saﬁ? ggghgpfﬁjg?a égag?écjgtlte esrlﬁﬁ% 30
accordi @g%to t he nitrogen adsorptl on nethod was 138 nR/g. The average

parti cl i ameter of the support based on the results of neasuring with a

| aser diffractio ari Ieszea al yzer was addi tion, .the shape
of the suppate RASTELTFEoObEGHERIAS SHFRATES IO Lo AU AP BL SRR BRESY L1
a scanni ng el ectron mcroscope (SEM . 25Next, a catal st | caded with 3.98 %
by nass bgFeni @kehearrpulisool high-rraaktiog afréyo|f@0(@§i0@nee/ HRYBEN 20d- 8188) was
obtai ned by a producing a catalyst in the sanme nmanner as Exanple 21 with

t he excdptaroinet tediavg 2 lebenteal estaigpgitfererditomualkiah @f triekehrmxige whichis el
nitrate hexahydrate 59.46 g. The atomic ratio of NN / (N + Au) of the
resul ti sghgtatcahysiundada3e832@n diffistehbes ah aii Bor apéctranf TNhe AullNwidis a0 .Hbdrl
while the atomic ratio of Nil Sr was 0.398. 5 Based on the results of

powder Xd@ue 1(#\0\@%9% HERN) KR éye@ﬁdnp%akthwaéatary%ﬁ%t cBRIIfE@S AR thg t O
gold crystals. The average crystallite size as cal culated according to

Scherr ehesasfu?éd“él pic aBus 43on5q (H‘Petég%n‘i’ihgleéhs'ﬂa{ﬁtr ) Fadl Hluact or pattern

originating fromnic was not observ t hus con m ng the ni ckel to be

FLeEZ”L.VJ"ﬂh?S.h% QQﬁHﬁ? T SRS ergpr%@*f@tﬁf‘f ﬁﬁ%@?ﬁﬂﬁ{*?%ﬁm
BT NG LR ave%gﬁ%oﬁnmdcaba:tegtgn

differences in N, Ka spectra. The full wdth at hal f maxi rrumgali\/\Hl\/p of the
Ni Ka spect ﬂ%ﬁ\dgft'oﬂhﬁbﬁ%@"ﬁp?@@fé@e achihe pebvs epecies of (e saralystaplivér um
was 3.464 and the chemcal shift (SE) was 0.339. The full width at half

maxi munirePyRNsiast etesonN miksosaeeet (TRIVISTT Bk kenfirnedl ratergnapediches havingndar d
subst ance was 3.249 and the chem cal shift (SE) was 0.344. I n
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value) was 1.02.
Moreover, as a result of investigating changes in the electron excitation state of
20 this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption
peaks originating from gold nancparticles were not cbserved {(al about 530 nm).
A reaction was carried out in the same manner as (3) of Example 17 with the
exception of using this catalyst and making the amount of catalyst 240 g. As a
result, the methacrolein conversion rate after reacting for 200 hours was 55.3%,
25  methyl methacrylate selectivity was 95.1%, and methyl methacryvlate formation

activity per catalyst unit weight was 5.721 mol/h/kg-cat. Reactivity after 500 hours
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this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasnon
absorption peaks originating fromgold nanoparticles were not observed (at
about 530 nm). A reaction was carried out in the same nmanner as (3) of
Exanple 17 with the exception of using this catalyst and naking the anount
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nmet hyl fﬁ@%@é’iﬂ PR ty of 94.9% and nethyl nethacrylate formation
10act i vi ty of 5. 451 nol / h/ kg- cat . In addition, when the concentrations
of Ni, Au amdl asidiicshswhen tthe eaentratiors|ait NorAweins Sidpysda e remtins at
200 and 500 hours after the start of the reaction, Ni and Au were 0.1 ppm
or |®sssalutibotereianatyzaddySCRMS at Hpdraod S08d®uHS affet thet st of thvhegadtibe,
catal yst was extracted after reacting for 500 hours and investigated with a
15 scaniii agdiewerao0. InpEm es ¢egeat(IsMtimdand Svaashapsinyordays af lastkitinger

chi pping of the catal yst particles observed. In addition, the nunber
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a transm ssion electron mcroscope (TEM was 3.2 nm thus dem)nst rating
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Zg}anthanum chloride salt drate |r% {31 of rubidiumnitrate. The
arm t Bi¢ SPURPHtmTABLPatISleRHY 6‘53 HOME WD Rl BERISSI GIECURBURESICOBRI i con
and al um num and the atomc ratio of (alkaline nmetal + 1/2 al kaline earth
metal +(MEN) avaqis henreathus demanstieting herdlvi asy achasgiec pefase sind &fierdhea as
determ ned according to the nitrogen adsorption nethod was 115 n2/g. The
aver agergaationcl e di aneter of the support based on the results of measuring
wth a LQZS(%E diffraction particle size analyzer was 562 pm In addition,
t he sha t he support was found to be nearly spherical based on
Observaté’{,@?f thh a scanning el ectron m croscope (SEM. Next, a
catal ys p%” uced in the sane manner as Exanple 21 with the except| on
|ng th ﬁove su maki ng, t he anpunt njckel nitrate
ydrate gagalum %"‘P%&H%ds t"&a%fpfﬁPéiféf ndegSPA MRS as
resultl ng catal yst were 0.25 A) by mass and 1.02 % by mass, respectively.
I n addi EXample Aitonihe exceplicn qf\h uging ng-9Q Kﬁl)OfoW@rHéJm catipts feptead Afyst
was 0.451, and the atomc ratio of Ni / Al was 0.064 while the atomc ratio
of Ni /rL(tm@um pigptevasT s egount of aluminum was 11.5 mol% based on the total molar

amount of silicon and aluminum, and the atomic ratio of (alkaline metal + 1/2 x
alkaline earth metal + 1/3 x rare earth metal) / Al was 0.53. Specific surface area as

20  determined according to the nitrogen adsorption method was 138 m?g. The
average particle diameter of the support based on the results of measuring with &
laser diffraction particle size analyzer was 62 pm. In addition, the shape of the
support was found to be nearly spherical based on observations with a scanning
electron microscope (SEM).

25 Next, a catalyst loaded with 3.98 % by mass of nickel and 0.97 % by mass of
gold (NiOAu / SiO»-AlO3-Sr0O) was obtained by a producing a catalyst in the same
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Based on the results of powder X-ray diffraction (XRD), a broad peak was 15
present corresponding to gold crystals. The average crystallite size as

cal cul ated according to Scherrer's fornula was about 3 nm On the other
hand, a diffraction pattern originating from nickel was not observed, thus

confirm i t i st at ] gal
tate of I REAE i ME S ntdl AL RIS R A RERLER o,
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A reaction was carried out in the same nmanner as (3) of Exanple 17 with the
except i BAS®H @sithg fasiuls calt digsresphidionaki-fRy fHeregssnne w%%?m pofl wag g.
As a result, the nethacrolein conversion rate after reacting for 200 hours
was 53. determbedvin hglve rmechamical atatesdiffectritviram that 0d uded cxide maidiyis a

nmet hacryl ate formation activity per catalyst unit weight was 5.557
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hardly any change before and after the reaction.
transmission electron microscope (TEM/STEM) confirmed that nanoparticles having

20 a maximum particle diameter distribution of from 2 to 3 nm (number average particle
diameter: 3.0 nm) were loaded on the supporl.  An elementary analysis (20 points)
was carried out on each observed nanoparticle by an ancillary energy-dispersive
X-ray detector (EDX), and nickel and gold were confirmed to be contained in all of the
particles. The atomic ratio of nickel to gold of these composite particles (mean

25  wvalue)was 1.1,

Moreover, as a result of investigating changes in the electron excitation state of
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Tabl e 4 shows the physical properties of the catalysts for producing
carboxylic acid esters of Exanples 17 to 23. 5 Table 4 No. Catalyst Silica
Al um na Conpositions (nmol % and Loaded Amounts of Ni and Au (% by nass)
Ratios of Catalyst Constituent Elenents (atom c ratios) Si A

this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption

peaks originating from gold nanoparticles were not observed (at about 530 nm).
A reaction was carried out in the same manner as (3) of Example 17 with the
exception of using this catalyst and making the amount of catalyst 240 g. As a
5 result, the methacrolein conversion rate after reacting for 200 hours was 52.5%,
methyl methacrylate selectivity was 95.0%, and methyl methacrylate formation
activity per catalyst unit weight was 5.426 mol/h/kg-cat. Reactivity after 500 hours
had elapsed did not change significantly, yielding a methacrolein conversion rate of
52.8%, methyl methacrylate selectivity of 94.9% and methyl methacrylate formation

10  activity of 5.451 mol/h/kg-cat.

In addition, when the concentrations of Ni, Au and Si ions in the reaction
solution were analyzed by ICP-MS at 200 and 500 hours after the start of the reaction,
Ni and Au were 0.1 ppm or less at both times and Si was 1 ppm or less at both times.
When the catalyst was extracted after reacting for 500 hours and investigated with a
15 scanning electron microscope (SEM), there was hardly any cracking or chipping of
the catalyst particles observed. |n addition, the number average particle diameter of
the composite nanoparticles as determined with a transmission electron microscope
(TEM) was 3.2 nm, thus demonstrating hardly any change before and after the

reaction.
20 [0199]
IExample 23]

A silica-alumina-magnesium-lanthanum support was prepared in the same
manner as Example 21 with the exception of making the amount of aluminum nitrate
nonahydrate 1.88 kg, and adding 3.5 kg of magnesium nitrate and 1.0 kg of

25 anthanum chloride salt hydrate in place of rubidium nitrate.  The amount of
aluminum was 4.8 mol% based on the total molar amount of silicon and aluminum,
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Ni Au Ni/(N +Au) NM Ni/basic nmetal Exanple 17 N OAu/Si 02-Al 203 90.0 10.0
1.43 1.45 0.768 0.144 Exanple 18 N OAu/Si 02- Al 203
and the atomic ratio of (alkaline metal + 1/2 alkaline earth metal + 1/3 alkaline earth
metal) / Al was 1.514. Specific surface area as determined according to the nitrogen
adsorption method was 115 m%g. The average particle diameter of the support
based on the results of measuring with a laser diffraction particle size analyzer was
5 62 um. In addition, the shape of the support was found to be nearly spherical based
on observations with a scanning electron microscope (SEM).

Next, a catalyst was produced in the same manner as Example 21 with the
exception of using the above support and making the amount of nickel nitrate
hexahydrate 4.46 g.

10 The loaded amounts of nickel and gold of the resulting catalyst were 0.25 % by
mass and 1.02 % by mass, respectively. in addition, the atomic ratio of Ni/ (Ni +
Au) of the resulting catalyst was 0.451, and the atomic ratio of Ni / Al was 0.064 while
the atomic ratio of Ni / (Mg + La) was 0.061.
Based on the results of powder X-ray diffraction (XRD), a broad peak was
156  present corresponding to gold crystals. The average crystallite size as calculated
according to Scherrer's formula was about 3 nm. On the other hand, a diffraction
pattern originating from nickel was not observed, thus confirming the nickel fo be
present in an amorphous state.

The chemical state of nickel was presumed to be high-spin divalent nickel

20  based on the results of high-resolution X-ravy fluorescence (HRXRF), and was
dgetermined o have a chemical siate different from that of nickel oxide which is a
single compound, based on differences in Ni Ko spectra. The full width at half
maximum (FWHM) of the Ni Ko spectrum of the catalyst as obtained from the
measured spectrum was 3.493 and the chemical shift (AE) was 0.335. The full

25 width at half maximum (FWHM) of the Ni Ko spectrum of nickel oxide measured as a

standard substance was 3.249 and the chemical shift (AE) was 0.344.
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85.0 95.0 15.0 5.0 0.25 4.50 1.43 1.44 0.370 0.017 0.914 Exanple 19
Ni OAu/ S102- Al 20

10

15

20

25

In addition, observation of the form of the active species of the catalyst with a
transmission electron microscope (TEM/STEM) confirmed that nanoparticles having
a maximum particle diameter distribution of from 2 to 3 nm (number average particle
diameter: 3.2 nm) were loaded on the support. An elementary analysis (20 points)
was carried out on each observed nanoparticle by an ancillary energy-dispersive
X-ray detector (EDX), and nickel and gold were confirmed to be contained in ail of the
particles. The atomic ratio of nickel to gold of these composite particles (mean
value) was 1.09.

Moreover, as a result of investigating changes in the electron excitation state of
this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption
peaks originating from gold nanoparticles were not observed (at about 530 nm).

A reaction was carried out in the same manner as (3) of Example 17 with the
exception of using this catalyst and making the amount of catalyst 240 g. As a
result, the methacrolein conversion rate after reacting for 200 hours was 53.6%,
methyl methacrylate selectivity was 95.3%, and methyl methacrylate formation
activity per catalyst unit weight was 5.557 mol/h/kg-cat. Reactivity after 500 hours
had elapsed did not change significantly, yielding a methacrolein conversion rate of
93.3%, methyl methacrylate selectivity of 95.2% and methyl methacrylate formation
activity of 5.520 mol/h/kg-cat.

In addition, when the concentrations of Ni, Au and Si ions in the reaction
solution were analyzed by [CP-MS at 200 and 500 hours afler the starl of the reaction,
Ni and Au were 0.1 ppm or less at both times and Si was 1 ppm or less at both times.
When the catalyst was extracted after reacting for 500 hours and investigated with a
scanning electron microscope (SEM), there was hardly any cracking or chipping of
the catalyst particles observed. in addition, the number average particle diameter of

the composite nanoparticles as determined with a transmission electron microscope
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0.913 Exanpl e 20 Ni OAu/ 5102- Al 203 70.0 30.0 1.40 1.42 0.768 0.046 -
Exanpl e 21 N OAu/ Si 02- Al 203- Rb20 88.5 11.5 0.97
(TEM) was 3.2 nm, thus demonstrating hardly any change before and after the
reaction.
Table 4 shows the physical properties of the catalysts for producing carboxylic

acid esters of Examples 17 to 23.

5 Table4d
No. Catalyst Silica and Loaded Ratios of Catalyst Constituent
Alumina Amounts of Ni Elements (atomic ratios)
Compositions and Au (% by
(mol%}) mass)
Si Al Ni Au Nif{Ni+Au) | NifAl | Nifbasic
metal
Example | NiCAU/SIOz-AlLO, 90.0 10.0 1.43 1.45 0.768 0.144 -
17
Example | NiOAu/Si0.-Al0; 85.0 15.0 0.25 1.43 0.370 0.017 -
18
Example | NiOAU/SIO»AlLO4 95.0 50 4.50 1.44 0.913 0.914 -
19
Example | NiOAUW/SIOz-Al,0; 70.0 30.0 1.40 1.42 0.768 0.046 -
20
Example | NiOAU/SIO-ALCs- | 885 11.5 0.97 0.95 0.774 0.110 0.137
21 Rb,O
Example | NiOAUWSIO,-ALOs- ¢ 88.5 1.5 3.98 0.97 0,932 0.421 0.398
22 SrO
Example | NiQAUWSIO-AI,Os~ | 95.2 4.8 0.25 1.02 0.451 0.064 0.061
23 MgO-La,05

{0200]
[Example 24]

An ethy! acrylate formation reaction was carried out using the same procedure

10 and under the same reaction conditions as (3) of Example 17 with the exception of

using the catalyst prepared in (2) of Example 17 (NiOAu / Si0O,-Al,03) and reacting
acrolein instead of methacrolein and reacting sthanol instead of methanol.

As a result, the acrolein conversion rate after reacting for 200 hours was 71.2%,
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0.95 0.774 0.110 0.137 Exanple 22 Ni OAu/ Si 02-Al 203- Sr0 88.5 11.5 3.98 0.97
0,932 0.421 0.398 Exanmple 23 N OAu/ Si 02-Al 20 MgO- La203 95.2 4.8

ethyl acrylate selectivity was 96.2%, and ethyl acrylate formation activity per catalyst

unit weight was 8.942 mol/h/kg-cat. Reactivity after 500 hours had elapsed did not

change significantly, yielding an acrolein conversion rate of 71.5%, ethyl acrylate
selectivity of 96.1% and ethyl acrylate formation activity of 8.970 mol/h/kg-cat.

5 In addition, when the concentrations of Ni, Au and Si ions in the reaction

solution were analyzed by ICP-MS at 200 and 500 hours after the start of the reaction,

Ni and Au were 0.1 ppm or less at both times and Si was 1 ppm or less at both times.

When the catalyst was extracted after reacting for 500 hours and investigated with a

scanning electron microscope (SEM), there was hardly any cracking or chipping of

10 the catalyst particles observed. In addition, the number average particle diameter of

the composite nanoparticles as determined with a transmission electron microscope

(TEM) was 3.4 nm, thus demonstrating hardly any change before and after the

reaction.
[0201]
15 [Example 25]

(1)  Support Production
An aqueous solution in which 3.75 kg of aluminum nitrate nonahydrate, 2.56 kg
of magnesium nitrate and 540 g of 60% nitric acid were dissolved in 5.0 L of pure
water was gradually dropped into 20.0 kg of a stirred silica so!l solution having a
20  colloidal particle diameter of from 10 to 20 nm held at 15°C {Snowtex N-30
manufactured by Nissan Chemical industries, Lid. (8i0; content: 30 % by mass)) to
obtain a mixed slurry of silica sol, aluminum nitrate and magnesium nitrate.
Subsequently, the mixed slurry was aged by holding at 50°C for 24 hours. After
cooling to room temperature, the mixed slurry was spray-dried with a spray dryer set
25 1o an outlet temperature of 130°C to obiain a solid.
Next, the resulting solid was filled to a thickness of about 1 ¢cm into a stainless
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0,25 1.02 0.451 0.064 0.061 [0200] [Exanple 24] An ethyl acrylate
formation reaction was carried out using the sane procedure 10 and under
the sane reaction conditions as (3) of Exanple 17 with the exception of
using the catalyst prepared in (2) of Exanple 17 (N OAu / Si02-Al 203) and
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formt i anoReidarsfiero 206t 2v8r ie ol BBou #50 e pag Ml That
React i vi t% after 500 hours had el apsed did not change signifi cantl%,

yi el di ndeBReEtYE B P bowser &tgh fyrther haating, tgog0QChoveraibeygaurae £61200ui t v

of 96.1% and ethyl acrylate formation activity of 8.970 nol/h/kg-cat. 5 In
addi t i ofolloxraghby }ﬁ@l%@bﬂﬂai temperatwe fnr 3 hawrargiesiolidowss copledgradealyi ton
solution were analyzed by ICP-Ms at 200 and 500 hours after the start of

t he peacbiana Nppand Altreveneults bf gpivoar aluessumt arlpbtriagniesiesn antheSieswlisgl ppm
or less at both tinmes. Wen the catal yst was extracted after reacting for

500 housappod warees3.Bgabis, 83t ol Seran BiNghee ctsmattivelT dasepen HeMotalt her e
was hardly any cracking or chipping of 10 the catalyst particles observed.

I n addi W@ar drhuusbelicamer-Agaimas takd endhaddier ofpddi erResi bRa

nanoparticles as determined wth a transmssion el ectron m croscope (E%EM

was 3.4 : t I 1 r

Feact] on B o4 BTRRG fothb B oAt MG Yo 1 A% ok vdife

sol utiop,.i.n i .75 k | um num nitrate ngnahydrate, 2.56 k f
rmgnes: WAenOERL PR /A Fead s BRiE lemeteraiby fepey o) DaiBRTs Brie of
pur e water s gradual | ropped into 20,0 of a.stirred silica sol

ot T ot mdIRR 6T ARO S oRP R S Biar Pl cresUl shapsnsing v & 415 GBrandonel o
at 15C (Snowm ex N-30 manufactured by N ssan Chemi cal Industries, Ltd. (Si02
cont ent PaBGlesiBg amaleey wes thinai n I aptitied, Hleushapesdf thielsupgogovas fundi toum
nitrate and magnesiumnitrate. Subsequently, the m xed slurry was aged by
hol di nghatn&oy Sphedehl hivasesl oAf deservatibnsgvitho ar ecannisgpaeactren enictdeopexed

slurry was spray-dried with a spray dryer set
(SEM).

[0202]
15 (2) Catalyst Preparation

1.0 L of a solution containing 23.78 g of nickel nitrate hexahydrate and 19 mL of
a 1.3 mol/l. aqueous chioroauric acid solution was heated to 90°C. 300 g of the
silica-alumina-magnesia support obtained above were placed in this aqueous
solution followed by holding at 90°C while stirring and then continuing to stir for 1

20 hourto deposit the nickel and gold components onto the support.

Next, afler allowing to stand undisturbed, removing the supernatant and
washing several times with distilled water, the liquid was fillered. After drying the
filtrate for 16 hours at 105°C, the product was fired for 3 hours at 500°C in air o
obtain a catalyst loaded with 1.52 % by mass of nickel and 1.49 % by mass of gold

25 (NIOAu / 3i0-Al0Os-Mgo).  The atomic ratio of Ni/ (Ni + Au) of the resulting catalyst
was 0.774, the atomic ratio of Ni / Al was 0.179, and the atomic ratio of Ni / Mg was
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25t0 an outl et tenperature of 130C to obtain a solid. Next, the resulting
solid was filled to a thickness of about 1 cminto a stainless steel

container with the top being open followed by heating in an electric oven
from roomterrperature to 300C over the course of 2 hours and then hol di ng

h .
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results of high-resolution X-ray fluorescence (HRXRF), and was determined to have

a chemical state different from that of nicke! oxide which is a single compound, based

on differences in Ni Ka spectra.  The full width at half maximum (FWHM) of the Ni

20 Ko spectrum of the catalyst as obtained from the measured spectrum was 3.489 and

the chemical shift (AE) was 0.340.  The full width at half maximum (FWHM) of the Ni

Ko spectrum of nickel oxide measured as a standard substance was 3.249 and the
chemical shift (AE) was 0.344,

In addition, observation of the form of the active species of the catalyst with a

25  fransmission electron microscope (TEM/STEM) confirmed that nanoparticles having

a maximum particle diameter distribution of from 2 to 3 nm (number average particle
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10 wel | -defined peak, a broad peak was present corresponding to gold
crystals. Although the value of this peak was close to the powder X-ray
diffraction detection limt (2 nnm, calculation of the average crystallite
si ze using Scherrer s fornmula yielded a val ue of about 3 nm Wth respect

on the FRIFEL o?’t&*‘f“\% BiarR] aniPE s Epd f?@?@%a&*’?&&&@%fgﬁsﬁﬁ"a@é S
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determned to have a chem cal state different fromthat of ni ckel oXi de
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full width at half maxi rum (FWHM of the Ni 20 Ki x spectrum of the catalyst
as obt aiSléMEldnfoneaskasnopartisiee conlirmarhthat. opdd aaddnicke) werentertpineli int

(AE) was 0.340. The full width at half maxi mum (FWH VI) of the Ni Ka
spech r ueaoh marcielticei déheeamanedaias af thandéiodofs nirkearcgoldastodnL49 thed t he
chem cal shift (AE) was 0. 344. In addition, observation of the

f orm of cohmosé inseopPeRRicRY NOMBd@f Gahapasitics as}aadafo%taroarm:@hssopmglm@s ron
m croscope (TEM STEM confirmed that nanoparticles having a maxi num
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di aneter: 3. were | oaded on the support Qobservation of enl argg\{?ls
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of conpgsition poin | STEM EDS for each nanoparticle confirmed that gold
and ni CE@‘?U’U@P& gieﬁ%gsl n 5 each nanoparticle. The mean val ue of the
rat of ni o d atoms of the co osite nano ticles (nunber of
nanﬁgart. cl "us%%l erWEEQFE\YPﬁW%H‘Q ‘5*@% dpgdnghgsle %W‘iaf‘o & of this
nanor egi ons of the observed particles were analyzed, nickel was distributed
over thealysd by WiravipletvisihlesspempscapyefUNaViRIntssirigee nplagatonwabsotsioact ed
around the particle edges. 10Next, as a result of investigating changes in
t he el eptalmorgioatiag from goldtrmmﬁpanhjles watahgsobdnrved i taa \dtietty of 580 Inen,
spectroscopy (UV-Vis), surface plasnon absorption peaks originating from
gol d nanbijanirogd edsvliacaiitripsstily ed NiQ, s gbsémet Yovet aSdBvalemgihhidngebr oad
absorbance attributable to Ni 02 was observed over a wavel ength range from
200 to #B6h pon tolB6M nhihe basis of these results, nanoparticles contained in
the catal yst according to the present enbodi nent were confirnmed to have a

f whi f I d
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reacting for 200 hours was 65.3% nethyl nethacryl ate selectivity was

96. 1% saieeirrBtsate then Haalof ualensrpatticien castariset\of Gesinglatrapipd pegies.

25wei ghk] i 8.192 nol /h/ kg-cat. Reactivity after 500 hours had el apsed did
not cha &iﬁ ignificantly, yielding a nethacrolein conversion rate of 65.1%

metfy! (3) Synthesis of Carboxylic Acid Ester
A reaction was carried ouf in the same manner as (3) of Example 17 using the
catalyst oblained above (NiOAu / SiOALC-MgO).  As a result, the methacrolein
conversion rate after reacting for 200 hours was 65.3%, methyl methacrylate
selectivity was 96.1%, and methyl methacrylate formation activity per catalyst unit
25  weight was 8.192 mol/h/kg-cat. Reactivity after 500 hours had elapsed did not
change significantly, vielding a methacrolein conversion rate of 65.1%, methyl
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met hacryl ate selectivity of 96.0% and net hyl nethacrylate formation
activity of 8.159 nol/h/kg-cat. In addition, when the concentrations
of Ni, Au and Si ions in the reaction solution were analyzed by | CP-M at
200 and 500 hours after the start of the reaction, 5 N and Au were 0.1

ppm or | k73 ' ¥y

Cont i 1T PR e SR SR O80T gl menobReRiag ipt, ShmaBhR Aol FRFo 5148
cat al ystmfﬂ&}téi%% ipeci es as well as elution of silica which is the support
conponent I? fhhi bited. Wen the cat al yst was extracted after reacting
for 500 hours ang . investigated with scannj ng, el ectron m croscope (SEM,
her o was ARG WBon CRack T teRs Bl Ho A% @b SIaPAPyS: HeareaioBs
observed. I n addition, catalyst pore volune as determ ned by the nitrogen
adsor pt SEMIREMHIE RabZe0by AH-YSAH200 8nd go0TIEs aftaniecstae 5 reaction.
Mor eover, observation of the catalyst followng the reaction with a
transm sHicod Al were 61 pprorardespat BAtEMNSTREMIA Sowaisr hepmtdrdeshahbpthrttnes,es
havi ng a maxi num particle dianeter distribution of from2 to 3 nm 15

( nunber tlawecagimpiagtthet extbliatien eand 2lRionnpf witke! lapaid gdidowhidie asl ppediyst
Anal ysi s of conposition points by STEM EDS for each nanoparticle confirned

that ni gkgle apdcrel 8s WesIE s608[LBbASSE billceamtichagapar st chhhomean wakue of
the ratio of nickel / gold atons of the conposite nanoparticles (nunber of
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chapges in,the el ectron itation state of,  this, caal . by
't 1 st of st rie sl Bs gV bedichs outrade bt alRb R ASaER RAfepeaks
originating fromgold nanoparticles were not observed in the vicinity of
530 nm Y8Ee s §eteravingd (thedbe rRifapes, adsaraligimpips was Srdperkide@ndnd
the structure of the nanoparticles of the present enbodi ment were confirned
to not RE¥S@OEhROIGediamsé¢owesadnamaf tMoradver.r ebssrivation pbit cajayaifpliewipg] A
support having a specific surface area of 155 n2/9 was obtained in the sane
5 mannetheasedctipnowitbxanpinsnidssion tdiettrom eniceptopa (TEMEGTEM) abufiimadntimatt r at e
and magnesiumnitrate to a silica sol such that the anounts of al um num and
nmagnesi HahGgartisicB elgavify thenSwpReT baiie didnbtditditbrddtod.- & MM%2 to 3 nm
respectively, based on the total nolar anmount of silicon, alum num and
mag{esi SIateN j fod 1 c t ~fNas
pr gﬁr egﬂ]irp] the@gﬁgrarg%eyagﬁs& 5):?%?%&%%%?8;%%&&!1& ﬁélt%ﬁgp%@'ceg??k%%of
using t - r i Al | Nt . drate
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3.72 g. anmounts- of ni ¢ ago hé resul
cat al yst 9

re 0.20 % by. mass_and 1.48 % mass, respectively. In addition,
Che-at onp Ve BEBRMGY I BRgh TRlePaF ey BERN RC BB T ERS) o
Nil Al was 0.014 while the atomc ratio of NN / My was 0.046. Based on the
resul t s99E RS Ok thaycampesite thasiwrastialgs (RUBNPef r afc tiesRPREIctasy yised for
originating fromnickel was not observed, thus confirm ng nickel to be
pr esent c@laulgioanbP p magsO Sat dorapvéiowgrerbneadregionss el it sbyetedcparices a
peak was present corresponding to gold crystals, and the average

cry&r al Wetee ssiaheragasni2bdalvesl diseth ted beved. Dengpld in alTpariadkesn eadl Ist@tre of
ni ckel was presuned to be hi gh-spin dival ent nickel based on the results of

hi gh- r eg@lout:i=08f Xidkay Wdidorescrace:UiBXRE) paaind: wagedet Bemi nedat @shave a

chenmical state different fromthat of nickel oxide which is a single

conpounghyeB@asRthOneliddetr 8ACaRe! b di® SRGHLR- SRR ol | 1 dERfs half
ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption peaks
originating from gold nanoparticles were not observed in the vicinity of 530 nm.

25 (On the basis of these resuits, catalyst physical properties and the structure of

the nanopatrticies of the present embodiment were confirmed to not have changed
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25maxi mum (FWHM of the NI Ka spectrum of the catal yst as obtained fromthe
measured spectrumwas 3.480 and the chem cal shift (AE) was 0.334. The full
width at half maxi mum (FWHM) of the Ni Ka spectrum of nickel oxide neasured
as a standard substance was 3.249 and the chem cal shift (AE) was 0.344.

I n addi I f the formof the active species of the catalyst
wth a PP?&%%%E?{&X% g%t@érq' m croscope (TEM STEM confirnmed that

nanopar {0xj4¢s having 5 a maxi num particle diameter distribution of from?2
to 3 nm (nunber average particle diameter: 3.3 nn) were | oaded on the
suppor t [Examplegi@nt ary anal ysis (20 points) was carried out on each
observed nanoparticle by an ancillary energy-dispersive X-ray detector
(EDX), and mi slglorahaviggladspwiiec sofdde aed ¢fo1 3Entrnivak methihad # theobaihbe
particles. The atom c ratio of nickel to gold of these conposite particles

(meam lavainee)asVed) OfF ERample 25 WRhe@¥eexcedtion 6RaHHhgOAIUMY @Rt hiatd B9d
changes in the electron excitation state of this catal yst by
a
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originati romg nanopar es were not observe out

reactio rhed out Jjn th ne ner, .as ) of anmpl e_17 usi this
15 cat argREmeE iECu ot Prl Tt ER Branh D iet vt rrpet P Freio PRABR: ng
for 200, hours was 64. 4% t hyl thacryl ate selectivity was, 95,8%_ and

ot byl KRR 200, PTG 2 el S50 DRDReptim uAnd HEKE%: 89054
nol / h/ kg-cat. Reactivity after 500 hours had el apsed did not change

si gni fi E¥ARSRAIUrGIA0dCng a met hacrol ein conversion rate of 64.6% nethyl

nmet hacryl ate selectivity of 95.7% and net hyl 20net hacryl ate formation
act1@ity of Nex074 catsllydi/was oegpared in thé sagudirtanoer ash@n of Hexaourie 62t withi ons

of Ni, Au and Si ions nthe reaction solution were anal yzed by |1 0OP-M at 200
and 500tHeoexseptioneof ubiagstharabmfe thgporeanti eakiny trandmdunwer eidkel ritpateor

| ess at both tinmes and Si was 1 ppmor less at both tinmes. Wen the

cat al yshexgsyexiceragped after reacting for 500 hours and investigated with a
25scanni ng el ectron m croscope (SEM, there was hardly any cracking or

chi ppi ng of T%@%Q@é(?b%ﬁ)tunpsg{)f hi?h@lsarﬂ)bn%&ﬁycﬁqhe 'r@s@ﬂﬁc{; E:iafé{elkrsﬁrvnﬁgrb‘?f@e/ﬁ b,f:,/ q

aveLage particle dianeter e conposite nanoparticles as determn
i i i 0 i T * . . )
é“e?mn; Bt y/oeéﬁﬁﬁé%%hrr%%f?%@?v%ﬁﬁea\ﬁaa?éﬁqoifﬁ?%@‘*?ﬁﬁ%f%t@fﬁ@?f o2 s

Ex 7 A ir i fi 138 .
oo B L Buf Reotar Rt HAoENTRAL R 881 TR BhetoRleshib g
adding alumnumnitrate and magnesiumnitrate to a silica sol such that the

amount s Mgk WaP (hR4fum Bapchar e rervlisoritanvsiad X-rax AdradinnoptR e sediffractionol %

and 5.6 nol % respectively, based on the
pattern originating from nickel was not observed, thus confirming nickel to be present

in an amorphous state. Although broad as previously described, a peak was
present corresponding to gold crystals, and the average crystallite size was
20 calculated to be 3.0 nm.

The chemical slate of nickel was presumed to be high-spin divalent nicked
based on the results of high-resolution Xeray fluorescerice {(HRXRF), and was
determined to have a chemical state different from that of nickel oxide which is a
single compound, based on differences in Ni Ko spectra. The full width at half

25 maximum (FWHM) of the Ni Ka spectrum of the catalyst as obtained from the
measured spectrum was 3.480 and the chemical shift (AE) was 0.334. The full
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10 total nolar amount of silicon, alum num and nmagnesi um and nmaking the
firing tenperature 800C. Next, a catalyst was prepared in the sane

manner as (2) of Exanple 25 with the exception of using the above support
and maki ng the anount of nickel nitrate hexahydrate 77.29 g. 15The | oaded

130 A H@ét#%@*,‘aﬁ'@%%%ﬁ JEYivi 4F gteﬁiﬁ%LSFF&Q*Z%%&#M@Q@G;?rﬂ%e%ﬁf’eyc& S
Fal o oFtatergChanes us S eda st Bhemaa AhFPB) Yighidaix 1 ay i f1racti on

(XRD), a brgad peak s 20 gresent corresponding to gold crystals. The
aver age crystAdditiog, gpsarvatios 4f de derey ohthe AativR) Species ik the calalys with 8 was
about 3.0 nm On the other hand, a diffraction pattern originating from

ni ckel WassAISIIDbemolen, miaiescapenfiEMISIEM) erefirmes Bwtpranopartidles gaving

anor phous state. The chem cal state of nickel was presuned to be
hi gh5 s piammdkivalre parinle kiidmeteh dsstidb diont dfefromsitd 8 roh (hingber esetagei martidler ay
fluorescence (HRXRF), and was determ ned to have a chemi cal state different
from t hatareéteni 3.8etmpwicte lodticthon sh@ supptrdl eAaadRenthry kasedioRapbingiences
in N Ka spectra. The full width at half maxi rum (FWHV) of the Ni Ka

spect r umgaf cifadc | i S p ; 3479
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nangparticles having a maxi num particle diameter distribution of from2 to
3n (nﬁ%gfwéw?zjrjé e particle diameter: 3.1 nn) were | oaded on the support.
An el ementary anal ysis (20 points) 10 was carried out on each observed
nanoparti cl HBFOWRY, ap @ Tesdit f dn@sggaling peargaginkhegleetrreexdiatiopsigte afnd

ni ckel and gold were confirmed to be contained in all of the particles. The
at onmi ¢ thas cetabfst iycldtrbvivtetgidideafpactreseomoipddiis)e speace plasndémabkeonpdibue)
was 0.93. Moreover, as a result of investigating changes in the electron
exci t at peakstuaginatrg frbtrhgsid catnabyaicidywetd netvoceved (aidbloat SR GInOSCcopy
(UV-Vis), surface plasnon absorption peaks originating fromgold

nanoparti cl asrewefieh Meks @RE6H Vel il fe ShAEtmaR LY (139 of ExamiblBS@CH&iAY tMRS
carried out in the sane manner as (3) of Exanple using this catalyst. As

| i i ft ing. f
a resul tytg yF’ RS Bagl0lt eiH H%chrréfeﬂfcéﬁ\;@rsgbg_ r%[r%a %gtﬁgtr%%'(gwﬁ Orrre%aﬁlry S Was

64. 1% net nmet hacrylate selectivity was ate

React| vIED o £ Bt TPLERIE; bbb Hetops SEndnd SFBID it kEfiyate

yi el ding a inethacrolein nversion .rate of . 9% t hyl t hacryl at e
el ect | DrTptEh asBVasFadY T W s §Pa s 0F TR h | BERSGY Hge3
mol / h/ kg- cat . | n addj tion, when the concentrations of N, Au and Si
i ons i n”P¥hehowscthiegn efsedudidnnelecdangal gigsiiceptly.cyialdingt a2 goethaaraheo
hours after the start of the reaction,
conversion rate of 64.6%, methyl methacrylate selectivity of 95.7% and methyl
20 methacrylate formation activity of 8.071 mol/hi/kg-cat.
I addition, when the concentrations of Ni, Au and Sijons in the reaction
sotution were analyzed by [CP-MS at 200 and 500 hours after the start of the reaction,
Ni and Au were 0.1 ppm or less at both times and Si was 1 ppim or less at both times.
When the catalyst was extracted after reacting for 500 hours and investigated with a

25 scanning electron microscope (SEM), there was hardly any cracking or chipping of

the catalyst particles observed. In addition, the number average particle diameter of
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Ni and Au were 0.1 ppmor less at both tines and Si was 1 ppmor |ess at
both tines. Wen the catalyst was extracted after reacting for 500 hours
and investigated with a scanning el ectron m croscope (SEM, there was
hardly any cracking or chipping of the catal yst particles observed. In
additio | | apmt L e Lte.

manopar 1% PonREaTerBUEHERS, A8 Hbldrndd 4B £ aRerh o BERASh Biesprease em
was 3.2 t hus nopnst.rat i hardly a hange bef or nd after, th

react i oﬁ%ﬂ%f %Ex%%ltéuié{]egﬁo%%%%‘gt H%@@‘f ﬁé‘%acggﬁf@ﬁ %egorg’u?'f“gc@eér@‘& of
123 mZ/g vv%s obtained in the same 10 manner as (1) of Exanple 25 with the
except i 620 addi ng al uminum nitrate and magnesiumnitrate to a silica sol
such th@d&le anount s of al um num and magnesi um contained in the support
wer e 36. | % and 17.2 nol % respectively, based on the total nolar anount
of s&li ¢Rgamplewriinum and nagnesi um and neking the firing tenperature 800C.
15Next, a catal yst was prepared in the sanme manner as (2) of Exanple 25

g A T R T U T
' ' ' 3. . T of ni
SR T e o

respectively. . In addition, the atom tioof Ni / (N Au) s 0.789, and
t he at om%grééﬁ% ”ﬁfaqﬁlitola slicaed %‘.Cgliga%el %“PH@Sé?tfcﬂ‘réfB’W ?B\Clﬁf‘awewm was
0. 053. Based on the results of powder X—rac}/ diffraction (XRD), a

br oad peaRiaiRes b Beesirnost wesherdd ! teoarybbed 619)%t despectivelyabasegen the
crystallite size as cal cul ated 25according to Scherrer's formul a was about
3 nt Ortehedahemduanidof ailidohf rheninom patlt evagnesiugn,nand ngakingmie dkie was
not observed, thus confirm ng nickel to be present in an anorphous state.
The chetaropératurets®0oC. ni ckel was presuned to be high-spin dival ent nickel
based on the results of high-resolution X-ray fluorescence (HRXRF), and was

\OAIﬁ.t gL rr: Qeg Nexhay eatalpdiaas pletrad on dhé sarRNIndrnemdshal AfERingkiel 2 wire
the exception of using the above support and making the amount of nickel nitrate
hexahydrate 77.29 g.

15 The loaded amounts of nickel and gold of the resulting catalyst were 5.0 % by
mass and 1.49 % by mass, respectively. In addition, the atomic ratio of Ni / (Ni +
Au) was 0.918, and the atomic ratio of Ni/ Al was 0.217 while the atomic ratio of Ni/
Mg was 0.858.
Based on the results of powder X-ray diffraction (XRD), a broad peak was
20 present corresponding to gold crystals. The average crystallite size as calculated
according to Scherrer's formula was about 3.0 nm. On the other hand, a diffraction
pattern originating from nickel was not observed, thus confirming nickel to be present
in an amorphous state.
The chemical state of nickel was presumed to be high-spin divalent nicke!
25  based on the results of high-resolution X-ray fluorescence (HRXRF), and was

determined to have a chemical state different from that of nickel oxide which is a
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5 single compound, based on differences in NI Ka spectra. The full w dth at
hal f maxi mrum (FWHM of the Ni Ka spectrum of the catal yst as obtained from
t he neasured spectrumwas 3.487 and the chenmical shift (AE) was 0.344. The
full width at half maxi num (FWHM) of the N Ku spectrum of nickel oxide

measur eq; rg, S h t

0. 344. %6@56 gzgﬁpfdm@ ggré@?ﬁ@%ﬁg@?egﬁ Z*gor m o#’&?r’ne :@Pt'?qu}‘é" S'\B {h gé@@f
catalyst _w.th a ion electron, mcr ope STE coflrne that
nanopar {11 f@%é@\"ﬂ*&ag‘ ﬁa&h@whwﬁwe&rraﬁa.o ?e?a‘%i@f” A PIHEDATIP RE2 1o
3 nm (nunber aver article_dianeter: nm were_ | oaded on the support
A6l onEERUSLRRPREHET 188 Ba7H: 370 vas GHTIeal okl () Baer0aader v ful
nanoparticle by an ancill ar ener y-di spersive 15 X-ray detector (EDX), and
ni ckel #idihgdirglfvepemsall obt cléntspentrdm of rickel sixidehmepabtaccaes. The
atomc ratio of nickel to gold of these conposite particles (nmean val ue)
was 4. 08tandard sulMisecy aias 4% anddhe chemidahebiit (Adatwasg0.8hdnges in the

el ectron excitation state of this catalyst by ultraviolet-visible

spect r oscopyn @dWitidns bbsewvafias &f phasomm caliso aptiveo spafipe af sho chgilystwitg af rom
gol d nanoparticles were not observed (at about 530 nm). A reaction
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of using this catalyst and naking the amount of catal yst
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yi e arreth | ein conversion rate of 63.6% net met hac ate
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nmol / h/ kg- cat . I n addition, when the concentrations of Ni, Au and Si

i ons i nXtTRY deterter GPXhiand riskelang goidwere gopfjresbiavee senteiredincalseiinBour
after the start of the reaction, 5 N and Au were 0.1 ppmor |ess at both
ti mes apartigleswad e pimmior ratiesef aickebtid galdred. thelencarhposite: abttislesvdimean
extracted after reacting for 500 hours and investigated with a scanni ng

el ect r omaloerwas@o@p® (SEM), there was hardly any cracking or chipping of the
catal yst particles observed. In addition, the nunber average particle

di amet er of Mdreo¢sHTROS ﬁe@um@mmshgsﬂn@cﬁéngtﬁ Prtheasctvdri BxatatibAntaiess on
el ectron mcroscope 10 (TEM was 3.0 nm thus denonstrating hardly any

dang o G RLAT By Lol 4.'@255?92308%&%’3?%1@3%’2“%5@%% o 1y,
adar i ofoare didfetly solrbod RERPRHk R Bor bl ot il %ﬂa}%ynta?i was

t hen added ust the after whi rtlon her eof . was
denydr at ed BeaRial el aylirs 60t bk AP AGESRRSAS 6O TEBpRIS Topaing This
silica-al um na. After spray drying wwth a spray dryer at 130C, the hydrogel
was wasFidvght iAS ehesniiothecmethanrolet GaRVersEp rafe Gtey raactioaiod A00ehaos
content was 0.5 ")/0 by nmass or less. This was Uteri mxed with 300 g of
MyO i n whe b th. ohethyd lnnethacrtiatat selestivid wiasr 98 6ffouped aneB8C méihacedad and
washed foll owed by drying for 6 hours at 110C, heating over the course of 3
hos term@0an dedlith pgr adtatvisatintiemgehiaius & 0 onolBvkouss aRebdtiven atieolbnog
gradual ly. The resulting support contained 79.1 nol% 14.7 noN O and 6.3

nol % of h288i hi€ @peabiudi s @Rt RBYRBFICHMIY, NBSBREL hviebihackasrdeondifignt ot al
nmol ar anount of
rate of 63.8%, methyl methacrylate selectivity of 95.7% and methyl methacrylate
formation activity of 7.983 mol/h/kg-cat.
In addition, when the concentrations of Ni, Au and Si ions in the reaction

25  solution were analyzed by ICP-MS at 200 and 500 hours after the start of the reaction,

Ni and Au were 0.1 ppm or less at both times and Si was 1 ppm or less at both times.
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silicon, alum num and magnesi um Specific surface area as determ ned
according to the nitrogen adsorption nethod was 223 n2/g. The average
particle dianmeter of the support was 60 m based on results obtained with a
laser diffraction particle size analyzer. By the observation with a
scannin C
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of Exanpl 5 wi,th the excepti sing the ahove support, ki ng t
arount | SEeRERer T TEeERER S RERD. s PafllV i HBRRRL anaiheRer oY 5
nmol /L aqueous chl orpauric acid solutjion 13 nL. The | oaded anmpunts of nickel
and gol MOFEREST PaLliiay flepaie |y'§&a@déw=éh@@um@y av§ s RAAAe Gaoien ¢y
mass, respectively. In addition, the atomc ratio of N / gNi + Au) was
0.914, & cPRwOsHdmagoparticlesors Netgrminedwdihea bepsimissian elestranoniceosaapieo of
Ni / My was 0.471. Based on the results of powder X-ray diffraction
(XRDp, &TbM)adapehR mwas thuestemiorsiratiogpbandin@nyochmige dejoeabsd ditee teer age
crystallite size as calculated 15 according to Schemer's formula was about
3 nm Omeadieonot her hand, a diffraction pattern originating fromnickel was
not observed, thus confirm ng nickel to be present in an anorphous state.
The chelf4¥l] state of nickel was presuned to be high-spin dival ent nickel
based on-the r lts of high-resolution X-ray fluorescence (HRXRF), and was
20 det emar{%'ete@jhave a chenmical state different fromthat of nickel oxide
which is a single conmpound, based on differences,in Nl Kx spectra. The full
wi dth at halt SYRBATFDAYI PERHIpediC swéaaq ates ofshat Y (thwas abikeinedimtes same
obtained fromthe nmeasured spectrumwas 3.490 and the chem cal shift (AE)
wast®. 38&miee dul1) of Exhmgpie 28 fvithaethienaxegtoENf efidingealNmikamspitrate amdof

ni ckel oxi de neasured as a 25standard substance was 3.249 and the chem cal
shift (ABEgnsssind ndrete (@ st tolauchdbatiheadmoonisfoftahemfrunmaot! mbgnegttimnve
species of the catalyst with a transm ssion electron m croscope (TEM STEM
confi r medntalitid inatheRApbbe! Weren3y BNEoB, HRY TUDHGI | r_@b?eéhv;@'@‘b%ed on the
distribution of from2 to 3 nm (nunber average particle dianeter: 2.9 nm
were | o o : LYaq@ I 2 o} arried
out on_ Sah"Sha AR Bilofh BLRTROREAh RIS S Pnd Bk Y 1FB0 Toy
detecto -pl ckel and gold were confirned to be contained in all
of the f)ea”ﬁ‘%@%m@-ammc ratio of nickel to gold of these conposite
parjicles (pean value) was 1.12. . Mor eover, as a syl t of )
PAVERTT gat | NELRGLEDS e BT ELes (R ihe pen AR CE e @ 81 IRl ASIE: by
ultraviolet-visible spectroscopy (UV-Vis), surface plasnon absorption
10peaks sy ie¥raREeh Tt HERY dHedabaye pubPoel egalisgethsonusdr e dicket nibatet 530
nm. A reaction was carried out in the same manner as (3) of Exanple
17 wi t hhexahyskalepl$.8h oandgnakinglihe araewntyait 1.3rdoalicngous ehmoauric atid
catal yst 240 g. As a result, the methacrolein conversion rate after

reacti ngofutton 260nbours was 66. 2% nethyl nethacrylate selectivity was
95.8% and nethyl nethacrylate formation

The loaded amounts of nickel and gold of the resulting catalyst were 1.0 % by
20 mass and 0.90 % by mass, respectively. in addition, the atomic ratio of Ni / (Ni +
Auj was 0.789, and the atomic ratio of Ni / Al was 0.025 while the alomic ratio of Ni/

Mg was 0.053.
Based on the results of powder X-ray diffraction {(XRD), a bhroad peak was
present corresponding to gold crystals. The average crystallite size as calculated
25 according o Scherrer's formula was about 3 nm. On the other hand, a diffraction

paftern originating from nickel was not observed, thus confirming nickel fo be present
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15 activity per catalyst unit weight was 6.899 nol/h/kg-cat. Reactivity
after 500 hours had el apsed did not change significantly, yielding a

met hacrol ein conversion rate of 66.1% methyl nethacrylate selectivity of
95. 9% and net hyl methacrylate formation activity of 6.896 nol/h/kg-cat. In
addi tion, -when ntrations of Ni, Au and Si ions in the reaction 20
solutloﬁﬁmere rﬁhﬁy %$%y | CP- M5 at 200 and 500 hours after the start of
the reactio nd. A mor less at .both times d Si  was pp
or 1 ess at _olih TP R ohatBl B preiindl P ot ORR Spalin Rgdlor

500 hours and inyestigated wi.th a cannln el ectron nlc e EM , there
was har dBFEAN9N e KFTHYS off é}*ﬁﬂbﬁ?ﬁ@’tw ycaﬁlparey%c@ns%r HRKEE). %@ 88. In
addi tion, the nunber average particle dianmeter of 25the conposite

nanopar Cietgraned tadayena sbanigalrstate difesantseomnthat o ide! mxideo whighe i FEM
was 3.0 nm thus denonstrating hardly any change before and after the
reacti osing®208jpduixiarmased30h difereppes tin HdivKngspedpeci The fellinidibe atihalf of
167 n2/g was obtained in the sane 5 nanner as (1) of Exanple 25 with the

except i emxdhusddFngHId) W theNNiKd adpecaruch RAResEatalyRY disoxbiiendd frrgithkca
sol such that the anounts of al um num and nmagnesi um contained in the

support Y&fseirdd s%eﬂphr% %Q J487"Bhd Qhe F@RRSEHI ¥BHY(ADARRE OR4kheThat ff)

nol ar anount of silicon, alum num and magnesi um and naking the firing

te”pera%ﬁtﬁzag%%ﬁ rnéﬁh'ﬁ}fﬁ)(( rfl\‘?}g INVRS ok Eﬂé‘r‘nbo ﬁ.@kéu%%oseam%agg %as (2)

f Exa u5|n ve support

anount iLtrate I 12.9 maki he am)unt of 1.3
nmol / L ag{?é‘gﬁg&g%ﬁﬁ’%?%%%maé%e%‘?%g %?hu? F%‘?‘lm Tﬁﬁ'ﬁa@%é (ggéaam)unts of nickel
and gol d of .the resultin at al st wer e a : by
o0t aspedd POLIER: phoddafion 3n15 MITAELAIS el SeroRioT g AESAY s

0. 89 and the atomc ratio of NI / Al was 0.724 while the atomc ratio of
N/ Mgiraagmissipn electropggisirssivrend BEMSTIEN) spnfysiesk fhak-nagprarticdesabevisg
(XRD), a broad peak was present corresponding to gold crystals. The average
cryst al hirnexigiure pagichad@meiee disttbutancerftimdg to3 Sehénumbes avenagel particls
about 5 nm On the other hand, a diffraction pattern originating from

ni ckel dasnetet. 22Bsenywdre tdudedconthe supgonti ckeleltmehtrpraesdnls (20 points)
anor phous st ate. The chem cal state of nickel was presuned to be

hi gh- spivasdiarabendutno s kelchbassshved Adippaesiid ttsy ah Shdharyesmdidlidisbersivay

fluorescence (HRXRF), and was 25determ ned to have a chem cal state

di ff2r eRlral B UOAEDK), Btk itk shag oM ineie icdnfirmed to be contained in all of the
particles. The atomic ratio of nickel to gold of these composite particles (mean
value) was 1.03.

Moreover, as a result of investigating changes in the electron excitation state of
this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption

20 peaks originating from gold nanopatticles were not observed (at about 530 nm).
A reaction was carried out In the same manner as (3} of Example 17 with the
exception of using this catalyst and making the amount of catalyst 240 g. As a
result, the methacrolein conversion rate after reacting for 200 hours was 63.4%,
methyl methacrylate selectivity was 95.3%, and methyl methacrylate formation
25  activity per catalyst unit weight was 6. 573 mol/h/kg-cat.  Reactivity after 500 hours

had elapsed did not change significantly, vielding a methacrolein conversion rate of
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si ngl e compound, based on differences in N Ka spectra. The full w dth at
hal f maxi mum (FWHM) of the Ni Ka spectrum of the catal yst as obtained from
t he neasured spectrumwas 3.487 and the chenmical shift (SE) was 0.333. The
full width at half maxi mum (FWHVM) of the Ni Ka spectrum of nickel oxide

measur e a b/@ hem ' was
0. 344 - Br haaRFOTea L EE R of SRy RN Gy Frgheph,
cat al yst h on, el ectron mcroscope (TEM STEM confirnmed that
nanopar Pcm"@ Otaaalé{)ﬂ Og}% %um particle diameter distribution of from4 to
5 nm (nunber_average partlcle d|a ter: 4.2 n | oaded on the support.
An el enent ary 247 |‘é’h%Qd BotHE f@ﬁgn%é}frﬁ“bgl‘%ﬁ r$’e‘88ﬁ IBoYer (Rast tioh
nanoparticle by an ancillary energé di spersive 10 X-ray detector (EDX), and
ni ckel &AWIIGDIVEraEn@EZediv IkEttMDabeO’ ane HO0Rdwurs alier tf@rstaﬁ@fﬁl@@ tealties, The
atomc ratio of nickel to gold of these conposite particles (nmean val ue)
was 9. 7Ni and Au Were0vieppmas less aidudth tiofied avd Si wgati pgmadrdesgest bethttinees.

el ectron excitation state of this catalyst by ultraviolet-visible

spect r o¥¢iogry tHe atulys) wasundtactdobteneactihg 66 s0® holspaek vestightedtwittg af rom

gol d nanoparticles were not observed (at about 530 nm). A reaction was
carri eds@é&’ﬁmh? did@rorA ifcraBes)ss (88M)3he?é iR RBH gy bh V&rbbkihﬁ%reé?ﬁﬁﬂhg% of
using this cafal yst and making the am)unt of cat al yst . As a result,

the met H‘?&g ?ng%Ri‘&}é%réﬁéé’Pvé@t %aafcfo‘;tg)rg er%ﬁ.{efa(q%e EI% ofit &%

met hyl e sel ectivi ty was acry ate

formati Vi t 7 -cat.
React vﬂ{%@ﬁwﬁé ¢ boabiliceRad dtptlles W%oraﬁ%iﬁéion ?%ﬁfFB %F roRe

yi e tha Iel n_conversion Fate of 63.2%, neth met hacr y| at

Lot TRV GHaS  §opand o ORgioRUEHRG: Y Hbve o1 chil s RITE 1Y, Al 1266
nol / h/ kg- cat . In addition, when the concentrations of Ni, Au and
Si ionsfeastioe reaction 25sol ution were anal yzed by I CP-MS at 200 and 500
hour s af{@7 the start of the reaction, Ni and Au were 0.1 ppmor |ess at
both ti &nd Si was 1 ppmor |less at both tines. When the catal yst was
extractﬁg( Fggr gieacting for 500 hours and investigated with a scanning

el ectro mcroscépe (SEM, there was hardly any cracking or chipping of the

Grametor o SHEEaEORRb e BT Ko A AR REURIR B2 P Bbda on
Chilige. 818 i?é.?spsam?@ﬂf%ovﬁlacfe e b Pl angl e d9]8 JORRAL b Pavi ng

a specific surface area of 134 n2/9 was obtained in the sane 10 manner as
(1) of &stdifiphof A(wmQabe t%adw&&ﬁupbhtq)? afiaragven safivmmahinoingte wasdihen
magnesi um hydroxide to a silica sol such that the anounts of al um num and
magnesi addedhe adisd the prhiéo Sulepb.ot afler whic. a pavtion theteg7Twas migtydrated to
respectively, based on the total nolar anpunt of silicon, alum num and
magnesi oistairamad hpadoiged cohtaiding i st ut e et abywmeasHOC silica-alumina.  After spray

drying with a spray dryer at 130°C, the hydroge! was washed until the Na,O content
20 was 0,02 % by mass and the S04 content was 0.5 % by mass or less. This was
then mixed with 300 g of MgO in the form of a slurry, heat-treated for 3 hours at 80°C,
filtered ana washed followed by drying for 6 hours at 110°C, heating over the course
of 3 hours to 700°C, holding at that temperature for 3 hours and then cooling
gradually. The resulting support contained 78.1 mol%, 14.7 mol% and 6.3 mol% of
25 silicon, aluminum and magnesium, respectively, based on the total molar amount of
silicon, aluminum and magnesium. Specific surface area as determined according
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15Next, a catalyst was prepared in the same manner as (2) of Exanple 25
with the exception of using the above support, making the anmount of nickel
nitrate hexahydrate 46.0 g and naki ng the anmount of 1.3 nol/L aqueous
chloroauric acid solution 38 nL. The | oaded anounts of nickel and gold of

respect Fy il PRe AR e o WS 2P R Y <o e B ieterpr,

and the atomic ratig of NI Al was 0.174 while the atom.c ratio of N /M was
007 1RE StV Aehimrasei, & Bre s abeained Rl ai4er ALtreGHOR RABIIE SizBr oad
peak was gr esegé corresponding to gold crystals. The average crlvést,al lite
size as2BaVERl dbedhdnRseHrHioRgMIB SHENPEID §lacHPRUMICTRBEOREHEBEMS, fintvaen t he
ot her hand, a diffraction pattern originating fromnickel was not observed,
t hus coffundnihabthe saslort wapelmessphericad in an anor phous st at e. The
chem cal state of nickel was presuned to be hi gh-spin dival ent nickel based
on the resulNext,od chiaystrnesobrpaoed X thy scmeonesoenas (RHRKRRamEad Svadth
determ ned to have a chem cal state different fromthat of nickel oxide

whi ch i thea exceptitgl @f cosipgung, abase Gupnott frhgkiegces afmdiint Kef aRRE! Maratéhe
full width at half maxi rum (FWHM) of the Ni Ka spectrum of the catal yst as

bt ai AT t i i (G AE
obt ai neﬁeié@ﬁré@eﬂ%éﬁyéﬂ@ @ﬁrﬁg{; tHE MRS &Fﬁ;ﬁa@gf agﬁg&%%ﬁ%koanlé beily ]2

was 0. 334. e full width at f maxi mum ( NI Ka spectrumo

ni ckel Qéiiu% red as a standard substance was 3.249 and the chem cal
shift (AE) wgsqggﬁgM 10l n addition, observation of the formof the active

speci es of st with a transm ssi el ectron m ¢rosco STEM
cont1 rmed « ME RalGh AP 8 fabe HREoRRA T S iRE PR S HerE .62 % by
distribution of from4 to 6 nm (nupber average particle dianmeter; 5.2 nn
wertd | oftass %KI Pre %Bw@sw(ﬁ%@%@ﬁf ary aéiﬁigl%iﬂé@ @@V froiaiesyt Wis Watri ed
out on each observed nanoparticle by an ancillary energy-di spersive 15
X-ray détewes0.9Ebgnd a}ﬁjat@nmzéatfcaﬁﬁNgbAHwaérOe%%mﬁﬂert’e@l aemiseragorfdiided in
all of the particles. The atomc ratio of nickel to gold of these conposite

particl ¥g wae@ntAfal ue) was 0. 65. Moreover, as a result of
i nvestigating changes in the electron excitation state of this catal yst by

ul travi ol et Based hi)retB@%BﬂI@@J@mowdév’-)@ra%,diﬁwdiaﬁe(mlla)s, N hreds Pl aas
20peaks originating fromgold nanoparticles were not observed (at about 530

nrn). presenf\cbRBSHORINYAS §Ad ldrgdlaRUt The Ala§aysBMAESRSaé BhlRfiatByanml e
17 with the exception of using this catalyst and nmaking the anount of

coLm sk Saf S Oy S ORYE SV R

o5, 4% e o RS B RGP UL ARG T B oHOLdr
in an amorphous state.

The chemical state of nickel was presumed to be high-spin divalent nicke!

based on the results of high-resolution X-ray fluorescence (MHRXRF), and was

20 determined to have a chemical state different from that of nickel oxide which is a

single compound, based on differences in Ni Ko spectra.  The full width at half

maximum (FWHM) of the Ni Ka spectrum of the catalyst as obtained from the

measured spectrum was 3.490 and the chemical shift (AE) was 0.336. The fuli

width at half maximum (FWHM) of the Ni Ka spectrum of nickel oxide measured as a

25 standard substance was 3.249 and the chemical shift (AE) was 0.344.

tn addition, cbservation of the form of the active species of the catalyst with a
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had el apsed did not change significantly, yielding a nethacrolein

conversion rate of 61.2% nethyl nmethacrylate selectivity of 95.6% and
met hyl nethacrylate formation activity of 15.276 nol/h/kg-cat. In
addi ti on, when the concentrations of Ni, Au and Si ions in the reaction

solutio

ool Ut ORI @‘E“ﬁﬁ?foﬁ?“?géﬂﬁfa T Rba e AL
ppm or cat ext rac ed after cli ng
For 5ooaﬁ§§¥@‘“afﬁ3° it e L Moo %E@%%%w B Pl e

t here S, h any, cracki ng or chip t he cat st particles

observe % d%?t |%}1 e{%éoarr,:ge[% %&%éﬂ g“pa‘?‘f‘leg?@eﬂ aé%:r\?tr@? ysit (4G, goints)
COMposi te nanoparticles as determned with a transm ssion el ectron

i cr osc¥fFS GTETERYt QRseash oRferved uRaRRIRYIE rit eRganeilianyyerergysiisprisiveef or e
and after the reaction. [0210] [Exanmple 32] A support having a specific

sur face Xalitygladecton i RH), qnmaickteidngald iwere senfismed 16 bemontainersin(d)) ofathe
Exanple 25 with the exception of adding alum numnitrate and nmagnesi um

ni t r at epadiciessi ITheaaswhicstatio thaickeheo agmdindfsthebeatamposite paediokeg iesiaum
contained in the support were 5.6 nol % and 4.4 nol % respectively, based on

t he tot ghluabhag anpunt of silicon, alum num and magnesi um Next ,
a catalyst was prepared in the same nmanner as (2) of Exanple 25 with 20t he

exception olidtebier &8S .aelgau%ﬁ 9§émr&ggehé§@e§ getrr;g@y&rfor%xafa%ﬁlstgﬂetafa_t e

hexahydrate 5.94 g and making the | /L aqueous chl oroauric

aci d soht is e
resul ti nﬁggcgt}j‘aﬁ bly ultraw-gge?é)bsﬁﬁ}g e%a@g&sa@'daévyd Lﬂ&fgﬁgé’gg'ﬁ%@sg%gﬁ@f‘y In
ad i0 atomc.ratio of N Ni  25Au tomc
rar1d operbe Fridh8ld rhfede Rardeatide e egtr%*%eav%qs Gletp g5l 066,
Based on the results of powder X-ray diffraction (XRD), a broad peak was
present cor FeSHEHEN NS 6ar@'8ﬂcptér*9§ha|@m@ﬁ@%\%%@)&fﬁﬁwlﬁt@ ithethgs
cal cul ated according to Scherrer's formula was about 3 nm On the other
hand, atw¥eertioacel vpingathiscatalystgamhimalgng rtoe ameurt ofvastalat ZMber véd, at hus
confirmng nickel to be present 5in an anorphous state.
result, the methacrolein conversion rate after reacting for 200 hours was 66.2%,
methyl methacrylate selectivity was 95.8%, and methyl methacrylate formation
15 activity per catalyst unit weight was 6.899 mol/h/kg-cat. Reactivity after 500 hours
had elapsed did not change significantly, yielding a methacrolein conversion rate of
66.1%, methyl methacrylate selectivity of 95.9% and methyl methacrylate formation
activity of 6.896 mol/h/kg-cat.
In addition, when the concentrations of Ni, Au and Si ions in the reaction
20 solution were analyzed by ICP-MS at 200 and 500 hours after the stari of the reaction,
Niand Au were 0.1 ppm or tess at both times and 8l was 1 ppim or less at both fimes.
When the catalyst was extracted after reacting for 500 hours and investigated with a
scanning electron microscope (SEM), there was hardly any cracking or chipping of
the catalyst particles observed. In addition, the number average particle diameter of

25 the composite nanoparticles as defermined with a transmission electron microscope

(TEM) was 3.0 nm, thus demonstrating hardly any change before and after the
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The chem cal state of nickel was presuned to be high-spin dival ent nickel
based on the results of high-resolution X-ray fluorescence (HRXRF), and was
determned to have a chemical state different fromthat of nickel oxide
which is a single conmpound, based on differences in Ni Ka spectra. The full
wi dt h at, lofn 10 maxi mum (FWHM) of the Ni Ka spectrum of the catal yst as
obtai ned"fromthe neasured spectrumwas 3.411 and the chem cal shift (AE)
was 0.33jz08fhe full width at half maxi mum (FWHM of the Ni Ka spectrum of
ni ckel oxi de neasured as a standard substance was 3.249 and the chemi cal
shift (fBamake 30]344. In addition, observation of the formof the active
species of the catalyst with a 15 transm ssion el ectron m croscope

(TEM STEM qosfipporedatingta sysuiasdrifadecsrdaedt T8y mnpwesontaiaed ic e dhmeet er
distribution of 2 to 3 nm (nunber average particle dianeter: 2.8 nm were

| oaded @farire® SUPPOGE ExApie SRR thedBRdaptioh 62dBRGNARMINGS Sifhld gddout

on each observed nanoparticle by an ancillary energy-di spersive X-ray

det ect or, Liake ololl renc [ 0 i in.all
of the_ Tseium SRAridEEClo BSiRG, SoSEenrBRE, HEDSrkRoRs AP ALRIRGR st ¢
parti cl an_val ue s, 1l 15 VoL goyver ..., as sul {, of ,
ivest | GRITHG AR SRGLEne o e SPBepH ool ap at ol Srd A2 S0l \espeptiyge by
ultraviol et-visjble spectrosco UV-Vis), surface plasnon absorption peaks
o | 01 naBPRG OPogSIR TR BRI IS iR e HHT MBS 8P SRS BES Wio O0STERAEY
25A reaction was carried out in the sane manner as (3) of Example 17 with
t he excp fid EmperpPhgeO®i08Ccat al yst and maki ng the ampunt of catal yst 240
g. As a result, the nmethacrol ein conversion rate after reacting for 200
hout@ was 6MNekla wetdiydt was pbaeparbdtie thelsaotd mianpenas @5 .0 Hxaanple i th

met hacryl ate formation activity per catalyst unit weight was 6.432

mol / h/ kthec @lxcepé@c tof viigivg athbe abo@® duppiost, hadkiabaree dintbuht nott nitkahgetrate
significantly, yielding a nmethacrol ein conversion rate of 562. 3% nethyl

et hacr ybRadraleertd 97 igyaf nitkingderansmaahhyt 1 BHbAC Hguabas cAlomBhlfhacid
activity of '6.445 nol /h/ kg-cat. In addition, when the concentrations

of Ni, Q@ g&qsgimj_ons in the reaction solution were anal yzed by | CP- M at
200 and H hours after the start of the reaction, Ni and Au were 0.1 ppm

cat al yot vad 8lopdT BRHRChr VR e RS Bror B8 S A bl Tlee ef 6 B 1

scanni ng el ectrgn njcroscope (SEM, there s hardly any crac r.
it nEhase AL S DL ot reePeaivens oy GHCTIaR. doRrats Bl AtReoh Ui g +
average particle diameter of the conposite nanoparticles as determ ned with
a transfibswiasD.8Peaid dhe miarnisyabpef (WEM Was 074 while the atereisonte adtNing
hardly any change before and after the 15reaction. Tabl e 5 shows the
physi caMgpwvapdri.i es of the catal ysts for producing carboxylic acid esters
of Exanples 25 to 32. Table 5 20
Based on the resulis of powder X-ray diffraction (XRD), a broad peak was
present corresponding to gold crystals. The average crystallite size as calculated
20 according to Scherrer's formula was about 5 nm.  On the other hand, a diffraction
pattern originaiing from nickel was not observed, thus confirming nickel to be present
in an amorphous state.
The chemical state of nickel was presumed to be high-spin divalent nicke!
based on the results of high-resolution X-ray fluorescence (HRXRF), and was
25 determined to have a chemical state different from that of nickel oxide which is a

single compound, based on differences in Ni Ko spectra. The full width at half
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95 No. Catal yst Support Elenentary Conposition (nol% Anmunts and Au
Loaded mass) of NI (% by Ratios of Catal yst Constituent Elenents (Atomc
Rat i 0s) Si Al My Ni
maximum (FWHM) of the Ni Ka spectrum of the catalyst as obtained from the
measured spectrum was 3.487 and the chemical shift (AE) was 0.333. The full
width at half maximum (FWHM) of the Ni Ko spectrum of nickel oxide measured as a
standard substance was 3.249 and the chemical shift (AE) was 0.344.
5 In addition, observation of the form of the active species of the catalyst with a
transmission electron microscope (TEM/STEM) confirmed that nanoparticles having
a maximum particle diameter distribution of from 4 to 5 nm {number average particle
diameter: 4.2 nm) were foaded on the support. An elementary analysis (20 points)
was carried out on each observed nanoparticle by an ancillary energy-dispersive
10 X-ray detector (EDX), and nickel and gold were confirmed to be contained in all of the
particles. The atomic ratio of nickel to gold of these composite particles (mean
value) was 0.71.
Moreover, as a result of investigating changes in the electron excitation state of
this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption
15  peaks originating from gold nanoparticles were not observed (at about 530 nm).
A reaction was carried out in the same manner as (3) of Example 17 with the
exception of using this catalyst and making the amount of catalyst 100 g. As a
resuit, the methacrolein conversion rate after reacting for 200 hours was 63.4%,
methyl methacrylate selectivity was 95.2%, and methyl methacrylate formation
20 aclivity per catalyst unit weight was 15.759 mol/h/kg-cat.  Reactivity after 500 hours
had elapsed did not change significantly, vielding a methacrolein conversion rate of
63.2%, methyl methacrylate selectivity of 94.8% and methyl methacryiate formation
activity of 16.66 mol/h/kg-cat.
in addition, when the concentrations of Ni, Au and Si ions in the reaction
25 solution were analyzed by ICP-MS at 200 and 500 hours after the start of the reaction,

Ni and Au were 0.1 ppm or less at both times and Si was 1 ppm or less at both times.
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Au Ni/(Ni+Au) Ni/Al N /M Exanple 25 N OAu/5i 02- Al 203- MjO 83.3 8.3 8.3
1.52 0.20 1.49 1.48 0.774 0.312 0.179 0.014 0.179

10

15

20

When the catalyst was extracted after reacting for 500 hours and investigated with a
scanning electron microscope (SEM), there was hardly any cracking or chipping of
the catalyst particles observed. In addition, the number average particle diameter of
the composite nanoparticles as determined with a transmission electron microscope
(TEM) was 4.2 nm, thus demonstrating hardly any change before and after the

reaction.
[0209]
[Example 31]

A support having a specific surface area of 134 m2/g was obtained in the same
manner as (1) of Example 25 with the exception of adding aluminum nitrate and
magnesium hydroxide to a silica sol such that the amounts of aluminum and
magnesium contained in the support were 15.1 mol% and 37.5 mol%, respectively,
based on the total molar amount of silicon, aluminum and magnesium, and making
the firing temperature 650°C.

Next, a catalyst was prepared in the same manner as (2) of Example 25 with
the exception of using the above support, making the amount of nickel nitrate
hexahydrate 46.0 g and making the amount of 1.3 mol/L aqueous chloroauric acid
solution 38 mt.

The loaded amounts of nickel and gold of the resulting catalyst were 3.0 % by
mass and 2.98 % by mass, respectively. In addition, the atomic ratio of Ni / (Ni +
Ady was 0.771, and the atomic ratio of Ni / Al was 0.174 while the atomic ratio of
NifMg was 0.07.

Based on the results of powder X-ray diffraction (XRD), a broad peak was
present corresponding to gold crystals. The average crystallite size as calculated
according tc Scherrer's formula was about 5 nm.  On the other hand, a diffraction
pattern originating from nickel was not observed, thus confirming nickel to be present
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in an amorphous state.

The chemical state of nickel was presumed to be high-spin divalent nickel
based on the results of high-resolution X-ray fluorescence (HRXRF), and was
determined to have a chemical state different from that of nickel oxide which is a
single compound, based on differences in Ni Ka spectra. The full width at half
maximum (FWHM) of the Ni Ko spectrum of the catalyst as obtained from the
measured spectrum was 3.478 and the chemical shift (AE) was 0.334. The full
width at half maximum (FWHM) of the Ni Ko spectrum of nickel oxide measured as a
standard substance was 3.249 and the chemical shift (AE) was 0.344.

In addition, observation of the form of the active species of the catalyst with a
transmission eiectron microscope (TEM/STEM) confirmed that nanoparticles having
a maximum particle diameter distribution of from 4 to 6 nm (number average particle
diameter: 5.2 nm) were loaded on the support. An elementary analysis (20 points)
was carried out on each observed nanoparticle by an ancillary energy-dispersive
X-ray detector (EDX), and nickel and gold were confirmed to be contained in all of the
particles. The atomic ratio of nickel to gold of these composite particles (mean
value) was 0.65.

Moreover, as a result of investigating changes in the electron excitation state of
this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption
peaks originating from gold nanoparticles were not observed {(at about 530 nm).

A reaction was carrled out in the same marner as (3) of Example 17 with the
exception of using this catalyst and making the amount of catalyst 100 g. As a
result, the methacrolein conversion rate after reacting for 200 hours was 61.3%,
methyt methacrytate selectivity was 95.4%, and methyl methacrylate formation
activity per catalyst unit weight was 15 269 mol/h/kg-cat. Reactivity after 500 hours

had elapsed did not change significantly, yielding a methacrolein conversion rate of
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0.918 0.217 0.858 Exanple 28 N OAu/ S102- Al 203 MyO 46.2 36.6 17.2 1,00 0.90
0.789 0.025 0.053 Exanple 29 N OAu/Si 02-Al 203 MyO 79.1 14.7

61.2%, methyl methacrylate selectivity of 95.6% and methyl methacrylate formation
activity of 15.276 mol/h/kg-cat.

In addition, when the concentrations of Ni, Au and Si ions in the reaction

solution were analyzed by ICP-MS at 200 and 500 hours after the start of the reaction,

5 Niand Au were 0.1 ppm or less at both times and Si was 1 ppm or less at both times.

When the catalyst was extracted after reacting for 500 hours and investigated with a

scanning electron microscope (SEM), there was hardly any cracking or chipping of

the catalyst particles observed. In addition, the number average particle diameter of

the composite nanoparticles as determined with a transmission electron microscope

10  (TEM) was 5.1 nm, thus demonstrating hardly any change before and after the

reaction.
[0210]
[Example 32]

A support having a specific surface area of 144 m?/g was obtained in the same
15 manner as (1) of Example 25 with the exception of adding aluminum nitrate and
magnesium nitrate to a silica sol such that the amounts of aluminum and magnesium
contained in the support were 5.6 mol% and 4.4 mol%, respectively, based on the
total molar amount of silicon, aluminum and magnesium.
Next, a catalyst was prepared in the same manner as (2} of Example 25 with
20 the exception of using the above support, making the amount of nickel nitrate
hexahydrate 5.94 g and making the amount of 1.3 mol/l. agueous chioroauric acid
solution 12 mi.
The loaded amounts of nickel and gold of the resulting catalyst were 0.30 % by
mass and 0.90 % by mass, respectively. In addition, the atomic ratio of Ni / (Ni +
25 Au)was 0.528, and the atomic ratic of Ni/ Al was 0.053 while the atomic ratio of Ni/
Mg was 0.069.
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2 0.95 0.914 0.202 0.471 Exanple 30 N OAu/Si 02- Al 203 MO 82.6 10.2
0 3.10 0.890 0.724 1.030 Example 31

Based on the results of powder X-ray diffraction (XRD), a broad peak was
present corresponding to gold crystals. The average crystallite size as calculated
according to Scherrer's formula was about 3 nm. On the other hand, a diffraction
pattern originating from nickel was not observed, thus confirming nickel to be present
in an amorphous state.

The chemical state of nickel was presumed to be high-spin divalent nickel
based on the results of high-resolution X-ray fluorescence (HRXRF), and was
determined to have a chemical state different from that of nickel oxide which is a
single compound, based on differences in Ni Ko spectra. The full width at haif
maximum (FWHM) of the Ni Ka spectrum of the catalyst as obtained from the
measured spectrum was 3.411 and the chemical shift (AE) was 0.331. The full width
at half maximum (FWHM) of the Ni Ko spectrum of nickel oxide measured as a
standard substance was 3.249 and the chemical shift (AE) was 0.344.

In addition, observation of the form of the active species of the catalyst with a
transmission electron microscope (TEM/STEM) confirmed that nanoparticles having
a maximum particle diameter distribution of 2 to 3 nm (number average particle
diameter: 2.8 nm) were loaded on the support. An elementary analysis (20 points)
was carried out on each observed nanoparticle by an ancillary energy-dispersive
X-ray detector (EDX), and nickel and gold were confirmed to be contained in all of the
parficles.  The atomic ratio of nickel fo gold of these composite particles (mean
value) was 1.15.

Moreover, as a result of investigating changes in the electron excitation state of
this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption
peaks originating from gold nanoparticles were not observed (at about 530 nm).

A reaction was carried out in the same manner as (3) of Example 17 with the

exception of using this catalyst and making the amount of catalyst 240 g. As a
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Ni OAu/ Si 02- Al 20 MO 47.4 15.1 37.5 3.00 2.99 0.771 0.174 0.070 Exanple 32
Ni OAu/ Si 02- Al 203- MgO 90.0 5.6 4.4 0.30 0.90 0.528 0.053

result, the methacrolein conversion rate after reacting for 200 hours was 62.1%,
methyl methacrylate selectivity was 95.2%, and methyl methacrylate formation
activity per catalyst unit weight was 6.432 mol/h/kg-cat. Reactivity after 500 hours
had elapsed did not change significantly, yielding a methacrolein conversion rate of
5 62.3%, methyl methacrylate selectivity of 85.1% and methyl methacrylate formation
activity of 6.445 mol/h/kg-cat.
In addition, when the concentrations of Ni, Au and Si ions in the reaction
solution were analyzed by ICP-MS at 200 and 500 hours after the start of the reaction,
Ni and Au were 0.1 ppm or less at both times and Siwas 1 ppm or less at both times.
10 When the catalyst was extracted after reacting for 500 hours and investigated with a
scanning electron microscope (SEM), there was hardly any cracking or chipping of
the catalyst particles observed. In addition, the number average particle diameter of
the composite nanoparticles as determined with a transmission electron microscope
(TEM) was 3.0 nm, thus demonstrating hardly any change before and after the
15 reaction.
Table 5 shows the physical properties of the catalysts for producing carboxylic
acid esters of Examples 25 to 32.

Table 5

20
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[Exampie 33]

reacting for

An ethyl acrylate formation reaction was carried out using the same procedure

and reaction conditions as (3) of Example 17 with the exception of using the catalyst

prepared in Example 25 (NiOAu / Si0O,-Al,03-MgO), reacting acrolein instead of

i

ethacrols

ethanol instead of methan

af

2’\3

As a resull, the acrolein conversion rate afler reacting for 200 hours was 75.4%,

ethyl acrylate selectivity was 97.3%, and ethyl acrylate formation activity per catalyst

10

urit weight was 8.577 mol/h/kg-cat.

Reactivity after 500 hours had elap

sed did not

change significantly, yielding an acrolein conversion rate of 75.2%, ethyl acrylate

selectivity of 97.4% and ethyl acrylate formation activity of 8.562 mol/h/kg-cat.
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in addition, when the concentrations of Ni, Au and Si ions in the reaction

solution were analyzed by 1ICP-MS at 200 and 500 hours after the start of the reaction,

Ni and Au were 0.1 ppm or less at both times and Si was 1 ppm or less at both times.

25 When the catalyst was extracted after reacting for 500 hours and investigated with a

scanning electron microscope (SEM), there was hardly any cracking or chipping of
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In addition, when the concentrations of Ni, Au and Si ions in the reaction
solution were anal yzed by | CP-Ms at 200 and 500 hours after the start of
the reaction, the concentrations of Ni were 5 ppmand 3 ppm those of Au
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full width at half maximum (FWHM) of the Ni K spectrum of nickei oxide measured
as a standard substance was 3.249 and the chemical shift (AE) was 0.344,
I addition, observation of the form of the active species of the catalyst with a
26 ftransmission electron microscope (TEM/STEM] confirmed that nanoparticles having

a maximum particle diameter distribution of from 2 to 3 nm (number average particle

121



1091. 5% and net hyl nethacrylate formation activity of 4.945 nol/h/kg-cat.
In addition, when the concentrations of Ni, Au and Al ions in the reaction
solution were analyzed by ICP-M5s at 200 and 500 hours after the start of
t he reaction, the concentrati ons of N were 3 ppmand 2 ppm those of Au
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the concentrations of Ni were 5 ppm and 3 ppm, those of Au were 1 ppm and 0.6
ppm, and those of Si were 10 ppm and 7 ppm, thus demonstrating exfoliation and
20 elution of Ni, Au and Sii When the cafalyst was exiracied after reacting for 500
hours and investigated with a scanning electron microscope (SEM), cracking and
chipping were observed in a portion of the catalyst,
in addition, the number average particle diameter of the composite
nanoparticles as determined with a transmissicn electron microscope (TEM) was 4.6

25 nm, thus observing sintering of the composite nanoparticles.
[0214]
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peaks originating fromgold nanoparticles were not observed (at about 530
nrn). A reaction was carried out in the same manner as (3) of
Exanpl e 17 using this 25catalyst. As a result, the nethacrol ein conversion
rate after reacting for 200 hours was 55.3% nethyl nethacryl ate
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catal yst unit weirght was 6.699 nol/h/kg-cat. Reactivity after 500 hours had

el apsed demgnstr.at decreases,in, reaction activit electivit

i eding. a morhaDIE AL oo dn BARESSP ZatA ) Pl s plpald

sel ectivyjty, of . 1% and net hyl nethacrylate formation activity of

5. 8670l @%!éé@skw&sm'ﬂﬁém RIREHCHEE Ealbshin Hia samednanper ag (Aref Si

ions in the reaction solution were analyzed by |ICF-Ms at 200 and 500 hours

af t er t FEagide fl70owith the prerntioorf udieg conmreercialyiavedable Npluiine (Beobgptn and

3.0 ‘gpm those of Au were 1.3 ppmand 0.9 ppm and those of Si were 8.0 ppm

and %. 0 Mipegawandsdasrien Sheaticalg, eid)ol iTaei atoraicdragioutf & Of NN, AAl ainitheSi .

When the catal yst was extracted after reacting for 500 10 hours and

i nvest i gadudtthgwathlyat seanTey) cBasdd on the essasie o @ohWaeMX-rag diffkdoligndRRD)

chi pping were observed in a portion of the catalyst. In addition, catalyst

por e vobfiffiis amtAlgée NHiNPSLtRACHAEE MG IPnAR) Pohi AEKE! JREORG I98LUBY hedswas

0.46 nL/g and average pore dianeter was 15 nm The nunber average particle

di anet egoRfirdiRg 16 [ rgd d m ' Sy SSi on
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el eclt ron mcr od_cope 15 _ _ nstrating I n_cr’lease 0916
[ Conpar BPRE SRS BRSELEEAREIIP L Do bR AP A BT SRR B el (A

/ 5j02-A 20 S _obtain 20 by producing a catalyst in the same nanner
as 4( ) 8?@%#’5@%‘ *%??@%r‘f‘&é@g}w*@ﬁ’\’%ﬁ ggg‘i‘ Nfhe silica-al um na support
pr epar ed inﬁjl) of Exanple 17 for the support and not adding nickel nitrate
hexahydr at e.ThBaskemisa! ishater @l piaks! waspaiefaimed taybeitvigh-gety divaieatyicke! t hi s
catal yst, a broad peak was present corresponding to gold crystals. The

aver ageb@sga el Itheerasiuiie afs high-tasclutiod aemyr diuntescense hgitR¥RFS, Bodnulas
25was about 3 nm Wen the formof the gold particles was observed with a

t ransm deicomiredce td hamwe na chostap estdiEEMTeranl febrpathat oF edcked\oxite avhithhes
average 126 particle diameter of 3.5 nmwere confirned to be | oaded onto

the supsigle cbmpifd! ibRBed e diaehEes i NIf RECsBEQR. Of TRAGUIE gy 8t nafs 148
n2/ g, the pore volune of the catal yst as determ ned by the nitrogen

d B N
adsgy Pt k2RirBh W) %}g‘ztﬂe”klf Ko N c{r[]@h%‘(ethéggatagisfﬁd‘g;'g ifed %%Eg‘ti on

Moreover, as a result’ of investigating changes in ectron exci
oLt 2ol Bk PSSR R, SRRCLST AR Wb ol
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met hacr gtla%idgrdcggt\)/s%g(izeoxr&ag%t.2649afait1§ E[hé gﬁgrtngog s;i?tr(AzE%vagO(l)J.r?;zéi.
in addition, observation of the form of the active species of the catalyst with a
20 transmission electron microscope (TEM/STEM) confirmed that nanoparticles having
a maximum particle diameter distribution of from 2 to 3 nm {number average patrticle
diameter. 3.1 nm) were loaded on the support.  An elementary analysis (20 points)
was carried out on each observed nanoparticle by an ancillary energy-dispersive
X-ray detector (EDX), and nickel and gold were confirmed to be contained in all of the

25  particles. The atomic ratio of nickel to gold of these composite particles (mean

value) was 0.89.
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10 was 25.3% nethyl nethacrylate selectivity was 80.5% and net hyl

nmet hacryl ate formation activity per catalyst unit weight was 2. 659

nmol / h/ kg-cat. Reactivity after 500 hours had el apsed denonstrated decreases
in reaction activity and selectivity, yielding a nethacrol ein conversion

e o 17 QB R TN e e M I o

net hacryl ate formtion activity -ca n a

t he congentrati ons Au,and .S ions in the r tion solution re anal yzed
by 1 O RS cp i) S fhraBl et e itrop e (Y R7h SCHaSe slisrion EBsston
concentratjons of Au_were 0.1 ppmor less at both times and _{he

concent PS?I‘%HEQ'BF"“@ fiagt goldl nasiaPartiqles wers neieisaryer Bt aesh 58 dmdat al yst
was extracted after reacting for 500 hours and investigated with a scanning
el ectron mi & ®actHpe WasENricd et én Wgssaneaaanss am(d)afdoidrmigledr? esingphisg of
the catal yst particles observed, In addition, catalyst pore volune as

det €9 i nethlyst.coAdiantesiult, the mdthaogem adseepicnoratestfieo deasigdiot ROOLhgurand
average pore dianeter was 13 nm The nunber average particle dianmeter of
the gol dasadppast ivelied metrdeihgat Be@ciityhwaist 0218SH1 aad onetlyveehéacrylate

m croscope (TEM was 5.3 nm and increased catalyst pore diameter and gold
25nanop@griifiod StRtGTIICNERSt QRS STaget Wb 7l g [rﬁ@immﬁg%t.VeRgé@tm&geaf@é]r]

A catal yst |oaded with 1.48 % by mass of gold (Au / S'02-A 203-M0) was

obt ai nedohRIrodel dplod HAaritraldh UIERAEE RAAERAAY Bha DBy

25
wi th the exception or using e silica-alum na-nmagnesi a support prepaft'ed in

%é)xaﬁfyd?%fﬁﬁﬁi %@fﬁ%ﬁi@k&?@@?@ﬁ"@a AN R :’%@%w%ié%?‘é%ﬁvﬁqf this
j T
cvelthye 0L e PR e BYCR EL ReV et BOnaloD aLuDt o ha2e W FE s fof mul a was

about 3 nm Wen the formof the gold particles was observed with a
transm ssi oH @dsitiane iviee itee cepwepratipns (b1 i, phv tand &4 iragiiAgthenreantion
average particle dianeter of 3.4 nmwere confirnmed to be | oaded onto the
suppor t solutioaaire iaoalyzed dydEMS at 200 dad 80arreairs tiftehthecgtadlof $he veesctinB2
n2/ g, the pore volune of the catal yst as determ ned by the nitrogen

adsor pt ihencoretdmbdtioas of N2 Svark/ Jppandnd Reppvetrage @ohe vibirare9 eprnvasids).rm
Moreover, as a result of investigating changes in the electron excitation

state oppiNighdCibak WFtAIDYerd 10DHR! B B! dusPeshbRSEAMY otRliblidh ¥ha) . a
surface plasnon absorption peak originating fromgold nanoparticles was

b ; bout ) i j i
0 sgvesuu(;§§)&o¢awé§§%dnm. When thel &85 afgféﬁtégﬁigéh%é?%abﬁn%& il

manner as e 17 using this aresult, t

met hacr J..N i fter reacti f or 0 29. 3% t hyl
ot hacr P aec R TERTORR B 357 B EleclBny fiorevuust oP EMI” S5g R hal on
activity .per catal yst unit wei ght 3.148 nol /h/kg-cat. Reactivity after
500 houfiPRRg W 2 pitnoibe caldvatT i Pedlionotioeanont Jverdas
selectivity, yielding a nmethacrolein conversion rate of 23.5% nethyl

met hacr hRrcle diameater of the spmgositeanapaBicl asmsieherrpea Mty artrarsrgasion
activity of 2.457 nol/h/kg-cat. In addition, when the concentrations of Au
and Si ¢leagonnntitrescepet (TdMVsolas i 48 I8netiuandtyeesirating GhtesBnat obGbeand
500 hours after the start of the reaction, the concentrations of Au were
0. ROppneenpbessnatooatitleti mes and the concentrations of Si were 1 ppm or

| ess at both tinmes. Wen the catal yst was extracted after reacting for 500
hours afd'Phvestigated with a scanning el ectron mcroscope (SEM, there was

hardly any cracking or chipping of the catal yst particles observed. In
addi ti ﬁx}ém@'@%

A catalyst loaded with 1.50 % by mass of nickel and 1.52 % by mass of gold

(NIOAu / Si0O2-TiO;) was obtained by producing a catalyst in the same manner as (2)

25  of Example 17 with the exception of using the silica-titania used as a support in
Example 5 for the support.  The atomic ratio of Ni / (Ni + Au) of the resulting catalyst
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catal yst pore volume as determ ned according to the nitrogen adsorption
met hod was 5 0.37 nlL/g and average pore dianeter was 10 nm The nunber
average particle dianmeter of the gold nanoparticles as deternmined with a
transm ssion el ectron mcroscope (TEM was 5.4 nm and increased catal yst

pore di t nd J.C i NL&s| wer e ed... 102 100n
the basie o (f‘f’?ﬁe p8%tT pB B s cer el S N o SRRt Yt @
product i oxylic acid ester accordi to the prese t enbod
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al dehydg and al cohol or one or nore ty %@S of al cohols, and denonstrates
superi oPCrRIEREMN B2 SMAURGPNS skale choin bgl obeabiandt 9 kypad eakupgsmreseithout
t he occurrence of cracking or chippi of the catalyst 15 even after a

| ong pefPBEsRINGingreloh ik eipsiats, and a&al everaget tosysdailite reirall 36 axjculated
occurrence of exfoliation or elution of nickel and conmponent X which are

cat & ysacaadingetoc®chmoreristfermulacnaaabdutchnal. yst pore di aneter or sintering
of conposite nanoparticles, thereby enabling the catalyst to maintain a

hi gh | evel Gher elsermicei tsYat@V@Innaj‘kbEﬁNa%, bestinped 110 b@fhigh-BBinhasamrapsiere!
20[ 0219] The present application' on a Japanese patent apprica ion filed

with th . ABReS
Appl i ca??%ﬁ@@qﬁgoﬁgﬁﬁ § St ,Cé%o aﬁﬁﬁ%gg Sgtgreenst%ggé%l(qllcatl on%lﬂB % K% th
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Patent OFf,] Cct ob t ent pl
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Pat ent fice on April 14, 2008 anese Pat ent Application

2008 1059673 @mﬁaswﬁtwﬁumwaﬁ Fonned the 6hepic & lﬂﬂéﬁé.w\a%@ 386t eflBAce.

full width at half maximum (FWHM) of the Ni Ko spectrum of nickel oxide measured
as a standard substance was 3.249 and the chemical shift (AF) was 0.344.

In addition, observation of the form of the active species of the catalyst with a

transmission electron microscope (TEM/STEM) confirmed that nanoparticles having
15 a maximum particle diameter distribution of from 2 to 3 nm (number average particle

diameter: 3.2 nm) were loaded on the support. An elementary analysis (20 points)

was carried out on each observed nanoparticle by an ancillary energy-dispersive

X-ray detector (EDX), and nickel and gold were confirmed to be contained in all of the

particles. The atomic ratio of nickel to gold of these composite particles (mean
20 value) was 0.81.

Moreover, as a result of investigating changes in the slectron excitation state of
this catalyst by ultraviolet-visible spectroscopy (UV-Vis), surface plasmon absorption
peaks originating frorm gold nanoparticles were not observed (at about 530 nm).

A reaction was carried out in the same manner as (3) of Example 17 using this

25  catalyst. As a result, the methacrolein conversion rate after reacting for 200 hours

was 55.3%, methyl methacrylate selectivity was 92.8%, and methyl methacrylate
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I ndustrial Applicability 5[0220] The present invention has the potenti al
for industrial use as a catal yst used when produci ng carboxylic acid ester
by reacting an al dehyde and al cohol, or one or nore types of alcohols, in

the presence of oxygen. CLAIMS W claim _ 1. Alcatagyst ;or use
2l conol omatgy RN SN B0 BBl RancF2ob: ROyRBYPLe cR¥aSs M Eagrgen
conpri si east one

. oxi di zed, nickel; an X (wherein X represents at |
o oot 00 Rl af SiaPRd el tiaser csETdaT SarinRAPKOR B VIBl D LU
rut henium gold, silver and copper) |oaded onto a support within a range of
an at omV@k#iggi%mﬁthWOPeir( RPNVETRIPNofate 106 48e8 %o mejhy. megthapgylate selegtivitypef
catal yst for use in production of the carboxylic acid ester according to
daim 1,92c%1ﬂﬁd9ﬂﬁtj1ygm@msiat€efmm¢iparaciiailseofc@&ﬁae“@dfhw-ma’te oxi di zed
ni ckel and the X (wherein X represents at | east one el enent selected from
t he §roup comsacktitiory whepahkachnoantratiahs rafniNi, r Athamd 81 iogel id, itei Fresdtioand
copper). 15 3. The catalyst for use in production of the carboxylic

aci d eskelutianwrdigtalyized B\alioP-81S wh20®aAd 1508 KAUrpaftet the'aBrRARhE edbtioh, a
particle having X at a core thereof and a surface of the core is covered

Wi th t heno¥bbAREABhS KRINI WO4 8 BShrRal’l X9t phl tHbe 6an@%€%5. nQlanpbhe

carboxylic acid ester according to Gaim2 or 3, wherein the oxidized
Composi P2 RERG S5 thOFERP TGt .0 BBRFRNA B i, PHERR dond BBk °
oxi i zed el A S BT o BN b ST Gt R PR Al e B Ry
ni ch)el “hours and investigated with a scanning electron microscope (SEM), cracking and
chipping were observed in a portion of the catalyst. [n addition, catalyst pore
volume as determined according to the nitrogen adsorption method was 0.46 mlL/g
and average pore diameter was 15 nm. The number average particle diameter of
the composite nanoparticles as determined with a transmission electron microscope

15 (TEM) was 4.4 nm, thus demonstrating increased catalyst pore diameter and

sintering of the composite nanoparticles.
[0216]

[Comparative Example 10]
A catalyst loaded with 1.48 % by mass of gold (Au / Si0O,-Al,03) was obtained
20 by producing a catalyst in the same manner as (2) of Example 17 with the exception
of using the silica-alumina support prepared in (1) of Example 17 for the support and
rot adding nickel nitrale hexahydrate.  Based on the results of powder Xeray
diffraction (XRD) of this catalyst, a broad peak was present corresponding to gold
crystals. The average crystallite size as calculated according to Scherrer's formula
25  was about 3 nm. When the form of the gold particles was observed with a
transmission electron microscope (TEM), gold particles having a number average
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6. The catalyst for use in production of the carboxylic acid ester
according to any of Clains 1 to 5, wherein the support is an

al um num cont ai ni ng silica-based conposition containing silica and al um na,
and an anmount of alumnumis vvithin a 5range of from1 to 30 nol % based on

For use T @%0@5&% b Tl %ﬁe"%ﬁﬁﬁﬂ%@%a‘é@‘s%@t itk S e,
LoconporshiicEe e seacHF ShiTeRS 4F @Etﬁ%%éra'tfa PGER G N e
al kal i ne earth metal and a rare earth netal 8. The catalyst for

use in pReGaEYSSASstetemEngd P dRE Nt ase; afisesptian Bedndivag 2 nldgrsl e 7,

wherein a conpositional ratio of nickel to alumna is from0.01 to 1.0 in
15t er s &yPrage perendiemeder wast min. / Moreover, as @ reshls of inasfigatiighangsd im
production of the carboxylic acid ester according to Claim?7 or 8, wherein
a cofposhe i eleatron atxatatibnnsite| oft dhisheatzdysit chyretilglvicdetpasiblet specfroerod. 01
to 1.2 in ternms of an atomc ratio of NN / (the alkaline nmetal + the

al kal i neU9O@ay, thsuredcd plasiid® dtRoRptRAT bBalrBtiginkting from gdR ndisharadiat wis for
use in production of the carboxylic acid ester according to any one of

d ai ns %b‘s@rv%d (4hep&itsINemgupport is a silica-al um na-magnesia conposition
containing silica, alumna and magnesia, and conprises silicon at 42 to 25

90 mor/ o, anEd&HHﬁ%&tfcasr{kH (ﬁﬁ WﬂtéQ r%@qmgﬁﬂ&e%é @@ftfifarhﬁle:}’% 1 Qlebased

on a total ar anoun 1 con, um num an The

I h b d
éata?myitaa str of 4 oS r%qoteé@e.cﬁﬁtr%ﬁrt@r s st ¢ b 0
%Orn /e of the atomc rati.o of Ni A and the co osrtron
rat Q otvasi 2R&%+ BratRYnmethacrdaiy sgiachvibn was §0§4’n3f‘€rrﬁ‘§”’bﬂ BRNEC

ratio of NI / M. 12. The catal yst for use |n}3roduct|on of the

car boxy ferenaiiondactityrpeiceapshynit cwetggt vRsCl abasmel/hikgice!. wRepelivityaafter
specific surface area is from20 to 350 n2/g, a maxi mum frequency of a pore
di amet eb0Dshdurerhadl elaps56d memaenghated dekreasessinf neantion hcliGityo afid Galddtiyityand a
particle dianmeter is from10 to 200 Rm 13. A process of producing a

fcat al ysyrefl(ﬂh? usmetitagroleiucbhestsdh ©as RIXNY.8%, atdtdylesbeiacryarpséietingty o
irst step of obtaining a catalyst precursor by precipitating nickel and a
78.3% and methyl methacrylate formation activity of 1.819 mol/h/kg-cat.

15 in addition, when the concentrations of Au and Si ions in the reaction solution
were analyzed by ICP-MS at 200 and 500 hours after the start of the reaction, the
concentrations of Au were 0.1 ppm or less at both times and the concentrations of Si
were 1 ppm or less at both times.  When the catalyst was extracted after reacting for
500 hours and investigated with a scanning electron microscope (SEM), there was

20 hardly any cracking or chipping of the catalyst particles observed. In addition,
catalyst pore volume as determined according {o the nitrogen adsorption method was
0.41 mL/g and average pore diameter was 13 nm. The number average particle
diameter of the gold nanoparticles as determined with a transmission electron

microscope (TEM) was 5.3 nm, and increased catalyst pore diameter and goid

25  nanoparticle sintering were observed.
[0217]
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15 conponent X (wherein X represents at |east one el enent selected fromthe
group consisting of palladium platinum ruthenium gold, silver and
copper) on a support by neutralizing an acidic solution of a sol uble netal
salt containing nickel and X; and a second step of oxidizing the

ni ckel St e ' t obt ai ned catal yst 20precursor. 14. A
processq¢89ﬁ%$aﬁf é%%ﬂggfggxylic ai pdsing a step of reacting the catal yst
for use in production f ca aci d est r according t n e of

G a1 to A SRyt pdsd SRR b AR Hasshot boB %%ﬁ@zaf?ﬁzﬁ@%@(ﬁw@@ of

al cohol s, in 25 t he presence of oxygen. 15. The process for

pr oduci Rptained Syyprdusiag @ satplst ﬁbé@’ BN mam@raafir(a)@f gmeW% Méthaihgehy de
is a conmpound selected fromacrolein, nethacrolein and a m xture thereof.

16. The gpcoRliyys of @lﬁiqgrtb‘@u@h(?ﬂgablmibamgﬂtﬁ‘m|Sdp9@ttemea@f©dr i (19 afoExamaplem 14,
wherein the al dehyde is a conpound sel ected from acrol ein, nethacrolein and

a m &t ur2é fohene etippan dndhectaddoidp hioke! nitaltahekahydrate. Haseﬂh@n phe cesdtsf or
produci ng carboxylic acid ester according to Caim 14, wherein one type of

';nf;tethgi@;h%oW@eﬁWbdye@ﬂ‘ff@bﬁtﬁ’m(XR@)d ofnatsheatdiyfe Dfbrbhe péHoNRAs isresent
corresponding to gold crystals. The average crystallite size as calculated according
to Scherrer's formula was about 3 nm. When the form of the gold particles was
observed with a transmission electron microscope (TEM), gold particles having an

10 average particle diameter of 3.4 nm were confirmed to be loaded onto the support.
in addition, the specific surface area of the catalyst was 152 m?/g, the pore volume of
the catalyst as determined by the nitrogen adsorption method was 0.25 ml/g, and the
average pore diameter was 5 nm. Moreover, as a result of investigating changes in
the electron excitation state of this catalyst by ultraviolet-visible spectroscopy

15 (UV-Vis), a surface plasmon absorption peak originating from gold nanoparticles was
observed (at about 530 nm).

A reaction was carried out in the same manner as (3) of Example 17 using this
catalyst. As a result, the methacrolein conversion rate after reacting for 200 hours
was 29.3%, methyl methacrylate selectivity was 82.3%, and methyl methacrylate

20 formation activity per catalyst unit weight was 3.148 mol/h/kg-cat.  Reactivity after
500 hours had slapsed demonstrated decreases in reaction activity and selectivity,
yielding a methacrolein conversion rate of 23.5%, methyl methacrylate selectivity of
80.1% and methyl methacrylate formation aclivity of 2.457 mol/h/kg-cat.

in addition, when the concentrations of Au and Si ions in the reaction solution

25  were analyzed by ICP-MS at 200 and 500 hours after the start of the reaction, the

concentrations of Au were 0.1 ppm or less at both times and the concentrations of Si
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were 1 ppm or less at both times.  When the catalyst was extracted after reacting for
500 hours and investigated with a scanning electron microscope (SEM), there was
hardly any cracking or chipping of the catalyst particles observed. In addition,
catalyst pore volume as determined according to the nitrogen adsorption method was
0.37 mL/g and average pore diameter was 10 nm. The number average particle
diameter of the gold nanoparticles as determined with a transmission electron
microscope (TEM) was 5.4 nm, and increased catalyst pore diameter and gold

nanoparticle sintering were observed.
[0218]

On the basis of the results described above, the catalyst for use in production of
carboxylic acid ester according to the present embodiment efficiently yields
carboxylic acid esters at high selectivity from an aldehyde and alcohol or one or more
types of alcohols, and demonstrates superior mechanical strength and chemical
stability of the support without the occurrence of cracking or chipping of the catalyst
even after a long period of time has elapsed. In addition, there is hardly any
occurrence of exfoliation or elution of nickel and component X which are catalyst
active components, increased catalyst pore diameter or sintering of composite
nanoparticles, thereby enabling the catalyst to maintain a high level of reactivity even

after a long period of time has elapsed.
[0219]

The present appiication is based on a Japanese patent application filed with the
Japanese Patent Office on August 13, 2007 (Japanese Patent Application No.
2007-210962), a Japanese patent application filed with the Japanese Patent Office
on Gctober 11, 2007 (Japanese Patent Application No. 2007-265375), a Japanese
patent application filed with the Japanese Patent Office on Qctober 26, 2007

(Japanese Patent Application No. 2007-279411), and a Japanese patent application
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filed with the Japanese Patent Office on April 14, 2008 (Japanese Patent Application

No. 2008-105103), the contents of which are incorporated herein by reference.

Industrial Applicability
[0220]

The present invention has the potential for industrial use as a catalyst used
when producing carboxylic acid ester by reacting an aldehyde and alcohol, or one or

more types of alcohols, in the presence of oxygen.
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CLAIMS
We claim:

1. A catalyst for use in production of carboxylic acid ester by reacting (a)
aldehyde and alcohol, or (b) one or more types of alcohols, in the presence of
oxygen, comprising:

oxidized nickel; and

X {(wherein X represents at least one element selected from the group
consisting of palladium, platinum, ruthenium, gold, silver and copper) loaded onto a

support within a range of an atomic ratio of Ni/ (Ni + X) of from 0.20 to 0.99.

2. The catalyst for use in production of the carboxylic acid ester according to
Claim 1, comprising a composite nanoparticle composed of the oxidized nickel and
the X (wherein X represents at least one element selected from the group consisting

of palladium, platinum, ruthenium, gold, silver and copper).

3. The catalyst for use in production of the carboxylic acid ester according to
Claim 2, wherein the composite nanoparticle is a particle having X at a core thereof

and a surface of the core is covered with the oxidized nickel.

4. The catalyst for use in production of the carboxylic acid ester according to
Claim 2 or 3, wherein the oxidized nickel is further independently loaded onio the

support, in addition o the composite nanoparticie.

5. The catalyst for use in production of the carboxylic acid ester according to
any of Claims 1 to 4, wherein the oxidized nickel is a nickel oxide and / or a

composite oxide containing nickel.
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6. The catalyst for use in production of the carboxylic acid ester according to
any of Claims 1 to 5, wherein the support is an aluminum-containing silica-based
composition containing silica and alumina, and an amount of aluminum is within a
range of from 1 to 30 mol%, based on a total molar amount of the silicon and the

aluminum,

7. The catalyst for use in production of the carboxylic acid ester according to
Claim 6, wherein the support further comprises at least one species of basic metal
component selected from the group consisting of an alkaline metal, an alkaline earth

metal and a rare earth metal.

8. The catalyst for use in production of the carboxylic acid ester according to
Claim 6 or 7, wherein a compositional ratio of nickel to alumina is from 0.01 to 1.0 in

terms of an atomic ratio of Ni/Al.

9. The catalyst for use in production of the carboxylic acid ester according to
Claim 7 or 8, wherein a compositional ratio of nickel to the basic metal component is
from 0.01 to 1.2 in terms of an atomic ratio of Ni / (the alkaline metal + the alkaline

earth metal + the rare earth metal).

10, The catalyst for use in production of the carboxylic acid ester according to
any one of Claims 1 to 9, wherein the support is a silica-alumina-magnesia
composition containing silica, alumina and magnesia, and comprises silicon at 42 to
90 mol%, aluminum at 5.5 to 38 mol% and maghesium at 4 to 38 mcl%, based on a

total molar amount of silicon, aluminum and magnesium.
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11, The catalyst for use in production of the carboxylic acid ester according to
Claim 10, wherein the composition ratio of nickel to alumina is from 0.01 to 1.0 in
terms of the atomic ratio of Ni / Al, and the composition ratio of nickel to magnesia is

from 0.01 to 1.2 in terms of an atomic ratio of Ni/ Mg.

12, The catalyst for use in production of the carboxylic acid ester according to
any of Claims 1 to 11, wherein a specific surface area is from 20 to 350 m%g, a
maximum frequency of a pore diameter is from 3 to 50 nm, a pore volume is from 0.1

to 1.0 mL/g, and a particle diameter is from 10 to 200 pm.

13. A process of producing a catalyst for use in production of carboxylic acid
ester, comprising:

a first step of obtaining a catalyst precursor by precipitating nickel and a
component X (wherein X represents at least one element selected from the group
consisting of paltadium, platinum, ruthenium, gold, silver and copper) on a
support by neutralizing an acidic solution of a soluble metal salt containing nickel and
X; and

a second step of oxidizing the nickel by heat-treating the obtained catalyst

Precursor.

14, Aprocess for producing carboxylic acid ester comprising a step of reacting
the catalyst for use in production of carboxylic acid ester according to any one of
Claims 1 1o 12, with {(a) aldehyde and alcohol, or (b} one or more types of alcohols, in

the presence of oxygen.
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15. The process for producing carboxylic acid ester according to Claim 14,
wherein the aldehyde is a compound selected from acrolein, methacrolein and a

mixture thereof,

16. The process for producing carboxylic acid ester according to Claim 14,
wherein the aldehyde is a compound selected from acrolein, methacrolein and a

mixture thereof, and the alcohol is methanol.

17. The process for producing carboxylic acid ester according to Claim 14,

wherein one type of the alcohol is ethylene glycol, and another type of the alcohol is

methanol.
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