WO 2013/ 017942PCT/ 1B2012/ 001574 | MPROVED PROCESS OF DEHYDRATI ON REACTI ONS
FI ELD OF THE | NVENTI ON The present invention relates to the production of
acrol ei n woadbwoiasieylic 5 acid fromglycerin and speci PctaBiog2/b@sa process
for preparing acrolein and acrylic acid by catal ytic dehydration of
glycerin in the presence of a novel catalyst system supported on a carrier
havi ng a bi nodal pore structure and a high pore volune and distribution.
The invention also relates to sonme inprovenents that can be brought to
catal yti ¢ dehydMPRQVEDHRRQLESSHOOYDEHYDRATDONREACTIONSvat i ves
especially 2-hydroxypropionic acid (lactic acid) or 3- hydroxypropionic
acid and 2-hydroxyi sobutyric acid or 3-hydroxyi sobutyric acid to produce
respecti velprFBr@ng!@Eﬁh-i!g“aci d and nethacrylic acid with inprovenent
of cat al ysi RELATED ART 15Acrolein is used in
producti on of méltHel pmisaat mvention aeldtssi tmathievmoﬂoctiqrr oﬁacriotejn amdior aarylic used
as an anl malg{& ﬁ | enent, (iG( has d as a. sugg ment for .

prot ei n? W 9% 'rb?/rr‘ﬁ' RRe¢Iica tterahBréHC&? foprQE?S}”Q roleln andAqrdifys,
via react | giduloatBh K| datiyurbicH BEGNGR B thedloraiencet o 6 o Alalysde.
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resultlng C
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30 WD 2013/ 0179422PCT/ 182012/ 001574 Met hyl nethacrylate is the
mononer f odMPFRYEmANIA CelA¥SStfepol y(net hyl nethacryl ate) (PMVR), known
under the trademarks ALTUGAS(r) and PLEXI GLAS (r), being used in a variety
of appli ca E)S]@Rfﬂbrﬁl@)r@@l:t EEL(%@ED ;a\gist ry, household articles and office
articles, ranspor arraing, righting sectors. 5 Methyl nethacryl ate
is al sd5t he st arAqroIglrmas arsedl irf @roduwdioor gérmethmmnenwds i®fa ldegihative for
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Acrylic e app ica Sl n ie pai nt, adhesive,
paper, 2pextile and ink sectors and the like. Acrylic resins also serve in

t he manuf acture of pI ates which have the sanme applications as PMVA. 15
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General ly, 'S reaction i1s carrredn acid 1s usually
produced byolyserdaes ammolymsylbmlddﬂq)rbdu&d byepolya@rrmbl&onn-oﬂ adrylic @dicct i s
prepared frod its derivatives. One of the important applications of acrylic acid is high
25  water-absorption resins prepared by partial neutralization of a mixture of acrylic
acid and sodium acrylate or other cation. In practice, acrylic acid is polymerized
and the resulting polyacrylic acid is partly neutralized. These polymers or
copolymer are utilized widely in various fields such as sanitation, detergent,
coating material, varnish, adhesive, paper, fabric and leather.
30
Methacrylic acid and its derivative methyl methacrylate are the starting

materials for numerous polymerization or copolymerization reactions.



20propyl ene but little acrylic acid is produced in this stage. Acrylic acid
is obtained by selective oxidation of acrolein in the second step. There is
no necesswowotmiefsbect purification of &crolein obtai ne#cirnBhzofisTast st ep.
Starting material used in production of acrolein and acrylic acid is
derived from petrol eum and natural gas which are not renewabl e but fossil
resources. 25 However, it is very inportant to produce them fromrenewabl e
sources to reduce the global warmng effect Iinked to CO2 eni ssions. Such
change is the r&4¢tbyksmeithaarylats is theusongmesjfor thsomansfagtidrecahpelytmethyut e t o
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suppl i ed t of plees adiordhaiehef sEmenpplicationsas PMiMA aci d. Still nore, a
conposition of by-products is very different due to conpletely different
reacti @@ mechani sm 20Acrylic acid may al so be synthesized by dehydrating
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bi omass. 301t therefore appears to be necessary to have avail abl e net hods
f or pr dfucipngpyenahut kiitlescrylislacid il produegd ircthig stager Aasylicazeiglis obtadatl whi ch
are not by selective oxidation of acrolein in the second step. There is no necessity to
effect purification of acrolein obtained in the first step.

Starting material used in production of acrolein and acrylic acid is derived
from petroleum and natural gas which are not renewable but fossil resources.
25 However, it is very important to produce them from renewable sources to

reduce the global warming effect linked to CO, emissions. Such change is the
responsibility of industry major powers and can contribute to relaxation of the

environmental loads and reduction of global warming gases.

30 Identically, the raw materials used for the synthesis of methacrylic acid or
methyl methacrylate are mainly of petroleum origin or of synthetic origin. These

methods thus comprise numerous sources of CO2 emissions and consequently



dependent on a raw material of fossil origin, but which instead use bi onass
as WD 2013/0179424PCT/ 1B2012/ 001574 raw materi al . The Appli cant
Conpany e 2bisanefser e sought to inprove 3t he production etTaBrybih@saci d or
met hacrylic acid fromrenewabl e resources using nore 5sel ective catal ysts
that make it possible to obtain high yields of acrylic acid or nethacrylic
acid and that have an activity over |ong peri ods. Numer ous cat al yst
systens have already been the subject of studies for the dehydration
reaction ofcoginpsée it thepingeaasiednihe gogeihavselgdfest. J8iven toe destaaseds Worlsk ocess
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di scl osgs a rin de dratlon reacti on ffected in 25 the presence of a
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completely different reaction mechanism.

20 Acrylic acid may also be synthesized by dehydrating hydroxycarboxylic
acids such as 2-hydroxypropionic acid (lactic acid) or 3-hydroxypropionic acid.
Such processes exhibit the advantage of making possible the direct synthesis of

acrylic acid from renewable raw materials.

25 Mention may be made also that methacrylic acid may be synthesized by
dehydrating renewable hydroxycarboxylic acids such as 3-hydroxyisobutyric
acid or 2-hydroxyisobutyric acid obtained for example by fermentation of

biomass.

30 It therefore appears to be necessary to have available methods for
producing at an industrial scale acrylic acid or methacrylic acid which are not
dependent on a raw material of fossil origin, but which instead use biomass as



5 dehydration reaction of glycerin in gas-phase in the presence of

het eropol yacid used as a solid acid catalyst. The heteropolyacid is those
of G oup Woebsmam42such as tungstosilicidc acid, tungstophogpiori@sacid and
phosphonol ybdi ¢ aci d. These heteropol yaci ds are supported on bi-nodal pore
silica carrier and produce acrolein at a yield of 86% This dehydration
reaction of glycerin, 10 however, is effected w thout oxidation gas but
using nitrogen streamas carrier gas, so that deposition of carbon increase
seriously &AW Meatesiél.t here is a probl emof deterioration in tine of
stability, activity and selectivity of the catalysis. In preferred exanples
of this patent, the carrier supporting heteropol yacid has such physi cal
properties: a sfee Applicant fCEUrﬁ!p@rfy BQs tlmerbﬁﬂ@ sbughtrtd ¢mptoivenitial prpduetion ze
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acrylic acid in good yield 15 because of conpeting decarbonylation and
decar boxy| @'¢ dgacideied 78S GHEY occur sinul taneously with dehydration. The
dehydrati on of ly,
but this hydr ox&gggoxy F%Bgﬁc Cﬁ%&%og %gaﬁggj%kf&%@@&%gggé@@e&{o:ﬂ
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macr o- pore distribution doesn't change. Accordingly, the main reaction site
f or from a group comprising elements belonging to Group 1 to Group 16 of periodic

table.



30 coking is thought to be in the nesopores, and inpact of pore volune and
di stribution has been studied on the yield of dehydration reaction and the
cat al ysi swbi2h/01794®0 2013/ 0179427PCT/ 1B2312/ 001574 PAM/IBW120G15Df t hi s
invention is to provide a process for producing unsaturated al dehyde such
as acrolein, and unsaturated carboxylic acid, especially acrylic acid and
nmet hacrylic acid, by using materials which do not 5 derive from petrol eum
at higher yield and with preventing decrease of the yield in tine.
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supported I L er el Q.| of
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mesopor es kalscted fropoa grauz eomprifing wab@dium teirog ahidghemiriuman 0.5, have a

hi gh- per f or mance cat al yti c_actiyi t%/ for the dehydration of glycerin to
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2- hydr oxyi sojadby hbf‘er?ﬁbl?a@iﬂs?’al’é’dé rAD WY Hi-endfdl pordt Sl whteér and

respectively renewable acrylic acid and nethacrylic acid. SUMVARY OF THE
| NVENTI ON produce @seoleitbpb@ yisfd taie8@foes diftis idehydrdtion readtiner ef grysesn,

process,.for_prepar.ing. acrolein catal yti ehydration reaction of .

O yoer iR chaPieSBE s Ja e Pl bRl Hih TR Bivedinaiia &8 e
carried outgasn s)“oh@haQr_@%ﬁi&tﬁbrpfof%aib@rﬁ)thr%@s%sé‘{%@IW%tndCﬁ@Péé shege & a

W cont ai ni ng netal oxi de supported on a anrous carrier, said porous carrier

cont ai ni ng PE@bIpEaS deferipeatoin dkitinee sef stabdliy s esHyity gnsusetastipity 9fniheri 02,
5i 02, Al 20 d i t | ;
navi g o poPse B BN, Poldthg s Mor s PBARACC HED Aldh LRRBRAR

mesopor es ngrogoyapiar kas iszeh gdhysicampraparties:t dapedificnsurtacenad Bertot 1600 50 nm
30beinq§high§r than 0.5, the pore volune of said porous carrier bein

hi gher 18 hai /P iowOsl 9o IZEPESIIPEEYL 27 BRA%Y PR Ao %Om@owpe?e t he
pore vol !m%ftﬁbrsbnmaa%\g@ﬂia Béécﬂ% \)HFJrﬁérdfo'.S‘fd&'(%%. met hod. The
oVvI des urt her a e

present invention pr process for preparing acrylic acid
conprising a fidstthetdgruofentatRPO10-2538R¢dtre icotalyst fgt yebydnatiagoglyckring t o

e e S hene e S8 LTS TR T R ekl b RTINS
The i nvent i 0RnJstdIRARS sBR! &resinig BhESRES 4l aPNERAT b eAem¥hi SeRetdd and
met hacrylic acid by catalytic dehydration reaction of hydroxycarboxylic
acid, 20 from aluminum, zirconium and boron and/or at least one element selected from
rare earth elements on an amorphous porous carrier which contains =90
mass% silica and has micropores having 0.1-30 um pore size and nanopores
having 1-50 nm pore size.
JP-A1-2007-301506 reports that the conversion of glycerin and the yield
25 of acrolein in catalytic glycerin dehydration can be improved by using a molded
catalyst of crystalline metallosilicate having a ratio of Si/T (T = Al, B, Ti, Cu, In,
Cr, Fe, Co, Ni, Zn, Ga) of less than 800, a volume-based mode diameter of the
molded catalyst measured by the mercury intrusion method being smaller than
0.8 um.
30 However, the catalysts recommended in the prior art for producing
acrolein from glycerin generally lead to the formation of by-products such as

hydroxypropanone, propanaldehyde, acetaldehyde, acetone, addition products



10 especially 2-hydroxypropionic acid or 3-hydroxypropionic acid and 2-
hydr oxyi sobutyric acid or 3-hydroxyi sobutyric acid respectively,

char act erwpediym744pat the dehydration réaction of hydr orgtaBioxgi1stt acid is
carried out in the presence of a supported catal yst conprising a

W cont ai ni ng netal oxide supported on a porous carrier, said porous carrier
containing at |east one netal 15 oxide selected froma group conprising

Ti 02, Si02, Al 203, Zr02 and Nb205, a ratio of the pore volune of nacropores
havi ng a p&f ccolen & merelmqlmonﬁﬁaﬁaw Predurts 1 gueerol otyghe aycerol
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2013/ 0179429PCT/ 1B2012/ 001574 (6) The carrier 1s made of a conpound which is

a mxture oepdrate feoma mryHCea@d ea@ewtyaby@btstdlatle@l gdrase immumitiss dhat are203,

Zr 02 nd Nb20 sal t of, at |l ement,, sel ec ed fr meI ment s
el ongifly e eRRlycerled 18 AHETRL DRRri o dpPorr OinqusiPbss i
conpound otdeeydidtian STighfcetiarior #ie @bdbb@orﬁ?@ié&?’/ﬁé acig8) The conpound ot her
than the carrier is represented by followng fornula (1): Aa Xbo W Zd Ce(l)

in which 10A is a cation selected fromelenents of the Goups 1 to 16 of
the Although lactic acid (2-hydroxypropionic acid) is a natural product and

readily available, it is difficult to dehydrate it to acrylic acid in good yield
15 because of competing decarbonylation and decarboxylation reactions which

occur simultaneously with dehydration. The dehydration of 3-hydroxypropionic

acid is accomplished relatively easily, but this hydroxycarboxylic acid is not

available, and research is being conducted to produce a salt of 2-

hydroxypropionic acid by fermentation, such as the ammonium salt, and to
20  convert it to acrylic acid.

In view of the foregoing existing technologies, a process for efficiently
converting hydroxycarboxylic acids and their derivatives, such as esters or
salts, to unsaturated carboxylic acids, such as acrylic acid or methacrylic acid,
by dehydration reaction, is still needed.

25

Surprisingly, in case of known dehydration catalysis in which a carrier is
a porous support like bimodal porous structure, it has been observed that the
meso-pore distribution decreases after the dehydration reaction whereas the
macro-pore distribution doesn't change. Accordingly, the main reaction site for

30 coking is thought to be in the mesopores, and impact of pore volume and
distribution has been studied on the yield of dehydration reaction and the

catalysis life.



periodic table, Xis P, Si, Mo or V Wis tungsten Zis nore
t han one el enent selected fromTi, C, M, Fe, Co, N, Zn, 15Ga, Sn, Bi,
Sb, Ce, Myp20@s/@m#2K, a, b, ¢ and d sati’sfying foll ow ngCranzy12/00187«<9, 0 b
1, 0 <c 20 200 d 20, and e is a value determ ned by oxidation nunbers of
each elenent. (9) An anount of compound represented by fornula (1) is 1 to
90 (:)/0 by weight and preferably 3 to 60 (:)/0 by weight to the total

wei ght of Wocontaining nmetal oxide and carrier. 25 The above processes may
have followi ng features (1) to (7) taken separately or in comnbi nation: (1)

The dehydration er f e e W th
the conditions dA‘lq"fsccﬁJé)sed Whﬁ%%ﬁ\@p g)%l ﬂs\/% %E%@%O%ﬁ@fce% % . (2)
The dehydr ainsaturafedglaydetiyide isscef Aschadlgim, tane ;mhea&matedofcaaocg@ﬂc caeitiai ni ng

propyl ene, as di scl osed for exanple in WO 07/090990 and
2013/ 01794 £50Pe#lY oS 80/dsang \%?%WW@@@@P Ry &EINgsMaksr '%'% WRER \A 06t t he

I d th
Qonvent fond® e o Bt RSt [ B A R T v e R b B R el
com ng out imtimehat stage containing nmainly acrolein and sone remaini ng

propyl ene. 5(3) The dehydration of glycerin is carried out in a plate heat
exchanger type reactor or in a fixed bed reactor or in a fluidized bed type

reactor or in aThd APpREARLTIrhpal RS nBRdfRINd thad pBRIELE QRSIytic systems
supported on a bi-modal pore carrier containing a ratio in pore volume of
10  macropores having a pore size of larger than 50 nm to the pore volume of
mesopores having a pore size of 2 to 50 nm being higher than 0.5, have a high-
performance catalytic activity for the dehydration of glycerin to produce acrolein

while overcoming the drawbacks of the existing catalysts for this reaction.

15 It has furthermore become apparent to the Applicant Company that this
invention could also be applied to dehydration reactions other than dehydration
reaction of glycerin, and in particular to dehydration reactions of
hydroxycarboxylic acids, especially 2-hydroxypropionic acid (lactic acid) or 3-
hydroxypropionic acid and 2-hydroxyisobutyric acid or 3-hydroxyisobutyric acid

20  to produce respectively renewable acrylic acid and methacrylic acid.

SUMMARY OF THE INVENTION

One subject of the present invention is therefore a process for preparing
acrolein by catalytic dehydration reaction of glycerin characterized in that the
dehydration reaction of glycerin is carried out in the presence of a supported

25  catalyst comprising a W-containing metal oxide supported on a porous carrier,
said porous carrier containing at least one metal oxide selected from a group
comprising TiO2, SiO2, AloOs, ZrO2 and Nb2Os, a ratio of the pore volume of
macropores having a pore size of not smaller than 50 nm to the pore volume of
mesopores having a pore size of from larger than 2 nm to smaller than 50 nm

30 being higher than 0.5, the pore volume of said porous carrier being higher than



(4) The process for preparing acrylic acid fromglycerin conprises a first
step of catalytic dehydration of glycerin according to the invention and a
10second woepiofi7gas phase oxi dation of & he gaseous rea®CIraR20p2/0WSTL
containing acrolein formed by the dehydration reaction (5) The process for
preparing acrylic acid has an internedi ate step of partial condensation and
renoval of water and heavy by-products issuing fromthe dehydration step,
as described for exanple in WO 08/087315. 15 (6) The step of gas phase

oxi dati on &F €Gialgles 8ot anedet theh PEFe REMeoheiROnMegsHEa Iy e dReredNby t he
dehydr ati or I 1 $ carried according to the nmethods well known to the
skilled i nr']':t]t @%ﬁhﬁ&h@) The process for preparing acrylic acid further
conpri ses the stEps ppésat inesitiory ptdddessuttiemna mocydd foraprepasingaacglicit i on
by using water or a 20solvent and then of purifying the resultant solution
cont ai ni ng 3t GPMerigiPgA st semeT P@P'ﬁb@a‘i’\%ﬁ@r@ﬁ'&fﬂ P glyeedm agranding to the
crystal ki zat.j o~ n( heo GRRE i r : Ly r |
formed by ﬁl\}eé?ﬂlgny r%;gll g% reagﬁ%oéppgg%sgc@ggﬁ%ﬁgm{yﬁg Pgﬁ,rgg@dﬁ
descri bed fpoodwtaoptaning adft»6BY fbirdead Dyttbe piebgdeioacegtimon.tril e

25(9) Hydr oxycar boxylic acids nmay be used in the formof their correspondi ng
esters, such as nethyl or ethyl esters, or in the formof their salts, such
as amoniumsalt. (10) The process for producing acrolein or acrylic acid

or methacrylic geiedinfghfidiefurRIEeites e asproress foregeparingi atyIRf a¢iBeand
dehydration catal yst with 30an oxygen containing gas, which is separated in

time or innmegaserylinmediy cateiviz delaydrakoo reactasof hydroxycarbexyligeacid,

feat ur a yvant i avention w Ll r fromt f ql | ow,ng
doscri p0i o BFCEBod feBEy BB T Bblonr pion RS Ry BRE vtk AP T
| NVENTI ON  hydirexyisaibaltytiE acid or 3-hydrBh??Sbb@tB/riO@@I@ieﬂefsbeeti\m‘ly,mfaeéctéuzéd a5 a
pore dianeter and a pore volune of the porous carrier according to this

i nvention dhd H& SeRygralionyreprtonaf chivdfoxyrarbexybis aeid Heacaltied okdr Bukhie
f t i f 48 ] : ;
sl ng Ner obT5 BsPodf o, FYPHREER, teldy S, CRATHENGCE \Eikr AR, Herdf ey

Val ues or papportedsorf argorodis tesieposad panoslsreariepoortairsingahldast bhe snetal
specification, are val ues of the nmaxi mum por j.ameter of each pqgre obtained
PCa S e PHUAgF RS o7 G5O B S o Ot ALY drSo e b e ]

whi ch expr @566 of BVpBHE Dol Bf YnReGSErea iaviny h*}?qr@%i%ééby nbﬂtsﬁiéﬂbp]ﬁhdﬁt hod

(expressed in cnB for |ogarithmpmfor 1g of “sanple) and axis o
absci ssas @0 nrndo piag pors wolemer of Magoparas dav gt & porersive of fiosn lagJen than284- 83.

The cataly st i, SraliEP o hE A Hihg MoReP RS .82 Ford" VALK befig
measured by the mercury intrusion method.
20
Preferred embodiments comprise one or more of the following features:
(1)  The supported catalyst comprises other metal oxide of at least one metal
selected from a group comprising P, Si, Mo and V, in addition to said W-
containing metal oxide.
25 (2) The cumulative pore volume of the bipore carrier measured by mercury
intrusion method is higher than 0.30 cm®/g.
(3) A mean pore diameter of the bipore carrier measured by the mercury
intrusion method is larger than 30nm.
30 (4) The volume-based mode diameter of the bipore carrier measured by the
mercury intrusion method is larger than 50nm.

(5)  The carrier is made of TiO..



Nanely, in the bipore carrier defined in this invention, the definition of
20 pore size of fromlarger than 2 nmto smaller than 50nm for nesopore and
of not srwbl2er3/tihma 50nm for macropore feans the val ue ®CTABE2/001aTHEL T
that the peak maxi mal val ue of each pore is located at. The nmesopore is in
a range of fromlarger than 2 nmto smaller than 50nm and preferably in a
range of 10 to 30nm The macropore is not smaller than 50nm and preferably
in arange of 50 25 to 300 nm In the present invention, the ratio of the
pore vol unébbf rereaiteeis rmade pf arcenmpaungnsice s amaituse ®nli@2 ape apor e

vol ume of nesop [ W 1 hi ofa f4 0 rg 2 nmto
snmal | er than 502‘%15%?8\9%@E@?B%H\gnste&@?&g@@%&z’ ﬁé%dls%’n}zlgééb?éfjm&ﬁy di vi di ng
a macropor 7)ol Wisalf ghatisasidnepoleaserhdelgetedifromze ements balohgngt toghe S0nm)
and a nmesopore vol une (volu res having a size between from|/l arger

| ume of por ¢
than 2 nmto sm&OEPS{IHAN&H thepPeriodic trbleysided toyige compound other than
2013/ 017494212P 12/ lavention, the ratio of the nacropore vol une
to the fgresoporg}éeslgﬁﬁé%g?gﬂ%é%a% , preferably higher than 1.0. By
sel ecting (8 aldweecarapound other shapothei ddrget is reptesiented by fajlowiirfige farerudd y st
for dehydration Bf glycerin, so that decrease in tine of the conversion of
gl ycerin and of (Phe yield of acrolein can be prevented, in addition 5that
acrol ein can be produced at RgRgNWYizalGe feature of the pore
vol ume (the cunul ative pore volune or the total pore volune) of higher than
or equal to 0.3 wBy determ ned by the nercury intrusion nethod according
to the present inveption i.s also, ipportant. i 10 _th rpus carrier
avi ng Phe- above paré® rlite 2pREia Bin Aeheniyatieriiais. 5% BRaft® It i <
possi bl e to obt geficdidtape,! i fe catalyst for dehydration of glycerin which
permts to prevent decrease in time of the conversion of glycerin and of
the yield of acrol eXif P1EhM@BEV feature of a mean pore diameter nmeasured
by the nercury int rwigqgnégténod bei ng |l arger than 30nm according to in this
invention is also inportant. The nmean pore dianmeter is the median pore
di aneter or the porzigmanetren ond bleassntisetertédront Tie Qroke, Fe, Cpl Nildin,cal .
When the cunul ative pore volune is identical, if the nean pore dianeter is

not |afger or i S&dmihIRirSPr&R. M9, 56ARd Kne pore vol ume of macropores

decreases and the " Cv%&g%aggfgmg@ggﬁsqaﬂgyeases. It was thought that

t he conversion of gl'ycderin nmay a y~increase when the specific

surface area increasé faing, to i ncrease of the pore volunme of nesopores. In

practice, however, d crﬁa<3fmi n catalytic activity advance rapidly because
g

of acceleration of cO ich may 25 be caused by decrease in the

efficiency of materi gl< gregigportati on of products generated in the
nmesopor es because of decrease of the pore volune of nesopores.
Theref 80e, the pore ¥cf dre2@fanthe nesopores also is one of inportant

present 30 i nvene8d, s ARt bioRiskloh AEritids B18a8F R i ency o
the materi ) t r Ars@abLAL bicdbrapslirdl &préserpe@vyTorragarpase tofoocwimt ytic life
caused by coking in the nmesopores which is thought nmain reaction site.

However, to avoWeightrangkpreferably 3 to 60 % by weight to the total weight of W-
containing metal oxide and carrier.

25
The above processes may have following features (1) to (7) taken separately or
in combination:
(1) The dehydration of glycerin is effected in the presence of oxygen gas
with the conditions disclosed for example in WO 06/087083 or WO
30 06/114506.
(2) The dehydration of glycerin is effected in the presence of a gas
containing propylene, as disclosed for example in WO 07/090990 and



WO 2013/ 01794213PCT/ 1B2012/ 001574 decrease in nechani cal strength caused by
i ncrease of nmean pore dianeter, in particular of pore dianmeter of the
nacropor e’ 2013/41894advant ageous to sel eclOt he mean pore ®CTEBL2/BOAT t O
100nm 5In this invention it is also inportant that the vol une-based node
di aneter of the bipore carrier nmeasured by the mer cury intrusion nethod is
| arger than 50nm Term "vol une-based node di aneter” neans the maxi num pore
di ameter into which nmercury penetrate nostly in volume. In the present

i nvention, the pdie WYRHRAN: thalvisngpit e Catyiaviithe Alyrerisr delydiaton stagee
porous 10 Ca”'k‘?%néaﬁh'tﬂ%g o &Ié%% QQdBI%n r850t8¥3ﬁ%8 6rII/e%%8ﬁaPI>rc§He%8re
carrier having bo 8 nacr o t% ore volune of

macropores i s higkig bém;iutbhate mghrtemppmtam ofthe gw@dmmgmbfﬂfatmge)pores
is located at a pore dianmeter of |arger than 50nm and when the pore vol une

of mesopores is $RYABING MY RGO Wc?%’ﬁ%f%@a'”ﬂ%p'f%ﬂerﬂﬁﬂ peak of
nmesopores iy | oc i I a
por ous gar r(|§)er aﬁ%ggﬁ%%r%ttléﬁtoﬁ%?I rrllvelﬁﬁéméd telﬁ;ggblr?gér h%%@%@%@gglge In
fact, it is pr efmaatﬁreortiIh:aatfi)tdﬂbbe(hteax:tomopmlr@flumillzetbbexﬂ tydeeraamtoradnes to

t he nesopores is er Tfl g. é’ 0 and that the vol une-based node di aneter is
hi gher than SOnﬁr%ﬁ%lE@o Wiikgd bSIRdP RePONGMES ed embodi nent of this

i nvention, j1e Sﬁﬁ@'ﬂrbées%uféraﬁr% Qflnéhﬁ‘, Rf@b'@ ﬁ«@,lfnl’ b%eﬂﬁ%ﬂﬁ&%é&y Bedt

met hod of nltrogen adsorption is 107to 1000 n2/ g,ngrqeferably 20 to 500 nR/g
and nore preferadiep C&GtataithDQeMrgtlom ntgb/agen@rcco ¢ pethe invesiien and amy
enhanCﬁOhl gher d| ) erS| support ed ca sft t 0 |%%>rove a¢ tivation

ovever® i 1 caseS S8R R| a5t Mire8xERl %t? ol €ope %eF‘?%C log; RodUthe

reactivity of gly@Rainihg Scrordiny fdth@ld B theCdeé Jlo‘?étldrﬁ fRictionf t en possesses
activity, so that the carrier itself proceed successive reactions and

paral | el rdakti ohke Preresedoepieratiog EICéIéI@tQQWIQaslaﬂI intermegiate gtgp obpantal ease

Specifio surt acetEegsefch ERgthaidR SEhAE s AP PbR S Tantiy 1SR Fom s .

phase reaction, mbadewdaétyﬁtstepnaMemibwdfor ekamphier\wO 0810878¢56, hol | ow
cyl i nder, tr| I obe (with or without hole), quadrilobe (wth or, without hole)

or bard? byOlsi n]jh%\ #8PdPhgas @hage n@@@%@cﬁ? \OT [he jgasgpdy 1eestion IérOF‘HC"shape
the catalyst to r [ d shape
such as t?’ll I obeg&%mgm"yu é&erI%I’ e@leég bgm OS'SI@%I]@%IEBH;&%F%O%%I ‘;::?IH;#B P
catal yst with higtoardisgze tIh@thIm@pIs wel dz(dowmtor’lhefskqbeé%trreeartﬂss op whil e

effecting reacti of a particle SIZ nol ded . cat f or
Sohere opakds ! T raat forSbredal R act i 2EEL Al coiferset Hie Rlans 8t ze of
not | arger than éolIé‘éhIﬁ@rthé r%bUItéHtZé*&yh’@%cfoafa@é/ssqutib(ﬁPb?RﬁS‘"r?é '\A%elobrtehe

cat al yst Source of tungsten’in the Wcontaining netal oxide as a

conponéfit to be selpgiranstthen af marifiipdthe waultbet soldtiorpcontaiingacypedcid | y

and may be any er.i al rat.ungsti c aci.d.or..its amoni um salt,

met at ungsti c acir@} 8$'n§tfg'$§%#8§%uﬁ$tg%ﬁ'ﬁn%A%fsﬁﬁtgégé@ir its ammoni um sal t,
tungst en oxgyle, Wh@ggb@éodé re@lotion | g deict oE@rRAvINg Edreleirt ofBragadbgueie as
tungsten ethoxi de and hexacarbonyl tungsten. The catal yst may

contain as an opﬂﬁbmatléﬁn@@ﬁﬂﬁ'ﬁ lﬁosme@@ﬁéﬁ@r eRNAARLRD, 7 GEECTERRG |f@rr in
addition to the q&@ [ e 20 metal oxide of at
| east one netal %Q?%? 0918@18?%%6 oorrprl galec%Ima i, Moand V. In this
case, assoydre iryidenxymartmixylibeacist mlaydoe dsed & heefeemadl thelrec@regpongdag d
conprising the above el enents e heteropo cid is explained
b1t 1y ons: ofSiamgStansa Retn o YWHER G HicBbE doBAA oSt Rl SHchng
the resulting Oé%%%ﬂohﬁmﬁ)%%”e” zed to form high nol ecul ar pol yoxoacid. In
this case, not only sane of oxoacids are polynerized but al so
sur r oundi nng@) hé’heo&mesel for pwdmim@saoaolem ar @cndiwaddiqremethwulic iangal in
formation of a I acid consistin rmrethan% 0ﬁ<ooa %I\:h?

" %om[ﬁrégﬁsn% sgepg8f) me&gﬁlon of the dehydra |on catalyst w

cal |l ed heterop
30 an oxygen containing gas, which is separated in time or in space



30 structure. An atomthat forns a center oxoacid is called as
"hetero-atoni, while atons form ng oxoaci ds surroundi ng the center oxoacid
and formwgmmumm is called as "poly-atonms". The het eroTaBITR/NEF74E
silicon, phosphorus, arsenic, W) 2013/ 01794215PCT/ 1B2012/ 001574 sul fur,
iron, cobalt, boron, alumnum germanium titanium zirconium cerium and
chrom um Anong them phosphorus and silicon are preferable. The poly-
atons may be nol ybdenum tungsten, vanadi um niobiumand tantalum In this
invention, at |e&sfthendepitess prad aadxapbage@r@fath@emvmnwewt éppparcfreny the
5heteropo| r ds t ungst ophosphoric acid
and tungst)(@ﬁ:l %%gml'@ért;ﬁf&hwgwoé&é??gﬁ%dﬁ%% € a m xed coordinate type
conpri si ng phosphorus or silicon as the hetero-atom and nol ybdenum and
tungsten as_the pol -atoms and a m . xed coordi nate type of nolybdenum and
tungsten. IRETAILERLRESCGRIPTIQN QF HiBINVENTION,5ve different structures
such as:10 pe Dawson type and Ander son type. The heteropol yacid
possesssge-r}ﬁ s ch high nol ecul ar weight as 700 to 8,500. There is a
di mer thereof, Whysital propeitiededf |pnre91|sslchna$am ipore Jdienatert ainyisa pase

contain as an o ti?nal conponent to [ﬁerted n 15 e bl rrier,
o add ¢ o OLE 196 1B GOBSHR BB AR S TS 47 s BRI AT BHEIeS t Fi
et al oxi dfngiounl ih€8fn ARG BTRheREIPELPARCE ORI GRS & S |

Mo and V, at |eadst one cation selected Tromthe a group conprising cations
bel ongi ng mergucuporltacba@letqf O diy usieg Pderaviy Eomtretruf(PEIreMaﬁter 6@0The

cati ong beI gi 16 of the Periodic Table of Elepments
. be e Ghr et iR Godn: urDerce” Pasdons: (B¢ HisPdbetes A of
sodi um pOtrﬁéérbpmesf $ROANUIA RIS isPBLIfioBRETE Hrt NValtas Collthe SinbRifdUrd Mpokar i um
scandium yttrium | anthanide, titanium zirconiu haf ni um chrom un%n

Q 25

manganese, didragten@f epelopore thﬂﬂﬁ%ma eamelaipn goarl having @k of Qfé!ﬂaa%ﬁ

plati num c I U | n,
Pead, bi smghredieg BT iohaphtin eleasdl i Topbd Hnellfl, et A, e
anmoni um sahércuphipsolion metrerl texprebsed |ﬁwm%ﬁmr$caganthfaq1mncfes1gfoftslammej d
sal t and the acid onfjumsalts may be nitrate, carbonate, sulfate, acetate
oxi des land N4 e OhADBHESFHLPRING kRredtipmeter Aps\aiandard; tsikeneticd i ApM

exanpl es b 49 g ot limt the 30 scope of invention. An anount of netals
or onium sa .01 to 60 % by weight, preferably 0.01 to 30 % by wei ght
wi th respect to \Ih&ndatamst of sappbréadtcabaiystebenaer’mp@el eatried drransd?PrielSi, M
and Vin aiﬁ; tion to Si /01794216PCT/ 1B2012/ 001574 The
catal yst cARVE9 HMasa BBy WHown techni que such as inpregnation

met hod. As mat eNAhdly, H tH@‘bﬂ)orérEB?ﬂeNHeﬁﬁéd in Wigriavéston, Qﬁé%ﬂnﬂﬁjmdopf
each netal el enent ich constitutes the active conponents of

catal yst caoresizesetifram lasger tham 2 am & smetler tambfsm tanppeﬁscmqtg and of

W cont ai ni n tal oxid I be any. known _techni . In
oract ce, 0 Selen SR GRRReP raERr Ds il b sOR ek e i
optional elpaRMagtlRGaRE bf 8HPpof is Ibbat@achty The Fbﬁeﬂlstm Mrarsgepoepar ed
firstly. In case of heteropolyacid also, an aqueous solution thereof is

firstly prdea &rgecihan Bearn tasmaiige duan 56Nty ArshPreferatiy ”blaer@élgécpfaTQ &

t t d
RIS L A S
25 10 300 nm.

In the present invention, the ratio of the pore volume of macropores
which are not smaller than 50nm to the pore volume of mesopores which are
within a range of from larger than 2 nm to smaller than 50nm is higher than 0.5.

30 This ratio is obtained by dividing a macropore volume (volume of pores having a
size not smaller than 50nm) and a mesopore volume (volume of pores having a

size between from larger than 2 nm to smaller than 50 nm). In the present



The resulting aqueous sol ution of Wcontaining netal oxide is added wth a
carrier containing at | east one netal oxide selected froma group 15
conpri si OBV BAMI7H202, Al 203, Zr02 and Nb205. Opti onal | PCTAR20420ESTHS

sol ution containing a conpound or conpounds contai ning halide, carbonate,
acetate, nitrate, oxal ate, phosphate, sulfate, hydroxide of nmetal or onium
of elenent belonging to Goup 1 to Goup 16 of the Periodic Table of

El enents is added. The resulting m xture is subjected to filtration or

dryi ng undérverdigncthe raties dhe nEmrop@et \Wilwmg tadne megepere isshighentheal &Pnat ed

finally. Lt f, Ah . of._..anj el e .
bl ongt ng Peeieraf e a0 By e R B A e tarBl | W bBGsiBl e dban |
ef fected afda hg Iifefeutalyst foiudehydratibai b glycefin t e thaatudsnreas® inutimanof the

cont ai ni ng conpounds_whi ch contain Wand optional el enment selected fromP,
Si, M and SQNVersifupt glyretin apEiQl thevirld ohseErigingan be preventggdn@ddiitht i on

and drykng tﬁgtrhcl?gleﬁ%é%rggggg&%czéég%ﬁgég%(@i&df or each addition of catalytic

conponent to carrier, n ter all catalytic conponents are
added. In one enbodi ment, the preparation of the catal yst conprises nore 30
t han one cycle o ontact{&%da carrier wth aLﬂoI.ution of the a

f ti
component s of t hé AW, et Megporendlumie the Qumulative, Bore.Yalme. g & fgie!

mxture. Theyr€QBimed) GOhBRY: BRNPET EQuaaE 030 RS uawemifdd BY tBe VREETR
I npregnati on or excess 2013/ 01794217PCT/ 1B2012/ 001574 sol uti on

i mpr egnat i dmrusivre Naihed giceorsivtg tathengresentieentomisyalse ipepftentreBy wising

differept solutions at. each. step. The cal ci natiaon, can be caryq ed
out il - s PhiABT ottt PeYing 6B apoxe nare vEHRE Bréler iy BRudies B dP e
an at nosphehe/@f it s rposeblgas stitami b [BARg e daiglbt ERrSdefitRatich Gfn@ydan i s
ef fect ed advant ageously under an atnosphere of air which facilitates

oper at i ons WHHEgh REEBItS 6@ Peaventflacrenss & tioe ofithpicamvepden &f Blycena a¥hobe
muffle fur - iln, fluidized bed furnace. The cal cination can be
effected e@@‘%ﬁf%&g{;?{é@@?bn tube which is used for the glycerin dehydration
reaction. 10Sel ection of the firing tenperature of 400 to 900C i s anot her
inportant feature of this invention.ln fact, in dehydration reactions,

f or mat ilén or pr eéNSthedt fe@ﬁgrgf Ofcék%aﬁepor@nﬁtam?tﬁ’é measured dheiRe IMEEETY so
that the | 'irﬁt?u#?&n qﬁétﬁbd%eih& Iag'g@F ttheg‘f Q%Irlnt é&ﬂ)rbfﬁtgt 8 M hvehegH68kiIs

regeneration of catalyst is reduire e regeneration can be carried out
by a circulimpodanbf Thrymean qume diainetergashetmetiah5Sporgediametersonatieapgee

quantity of, heat to renove. cokes by burning. fficient, burning.and renoval
o "coked caiptelss Bih ST T o, PL IR PoBraInsHEel WHEE i R IFHE Bt ot

i's exposed \@fukeé iglideritRaf ihirh nﬁe‘%{ﬁp?é@ HiatheteF i Bof RAGE BP iABFhalIBOERRT at i on
stage even if the calcination of catalyst is effected at | owered

t enper d0ur SONThethef ppee volunsasel ofaciopereal gegreapes ansathe gore fyalemeaof | ower

i ol of DESHOTER TSRS or ' e LPLEHE a R CORUTRREE L BYET R Bale e

same or conrgivantageelsiyr Merseaivneh #RY ehatifiteqatdcen aped ineeaseraningnteycl es
as at the initial reaction, and hence to facilitate operations in reaction

and regener?grease of the HPOgRIVaIMR)SbIREICP0EET. bl PELtEEn BOWSNET, decrease in
catalytic activity advance rapidly because of acceleration of coking which may

25 be caused by decrease in the efficiency of material transportation of products
generated in the mesopores because of decrease of the pore volume of
mesopores.

Therefore, the pore volume of the mesopores also is one of important
factors which extend the catalyst life in the process according to the present

30 invention, from such view point to increase the efficiency of the material
transportation and also to prevent decrease of catalytic life caused by coking in
the mesopores which is thought main reaction site. However, to avoid a risk of



25 at higher tenperature. In case of heteropolyacid such as

phosphot ungstic acid and tungstosilicic acid, deconposition of their
struct ur es0SUEtgat about 350C and theldtructure of hetrerapuhiyeists wi | | be
| ost when it is heated above this tenperature. In case of phosphotungstic
acid, it will change to oxides of phosphorus and tungsten or to conpl ex

oxi de other than heteropolyacid. Use 30 of heteropolyacid such as
phosphotungstl c acid as a raw naterial of Wis suitable, but it does not
show t he stdegteaneeingneekanied witength gausechby énarpase pf me@ntmfpéilametef,m 400

900C wh f
t2813/on%?%ro@e%@jf/@g@éﬁf9‘ n@‘%t Eorép?g‘rgsgﬁmsgg?‘égﬁrg eraEﬂ §e%5b"% sooc
and the fi mhégn pomesigdeloaBOom tosiq@nef.erably 0.5 to 10 hours. Dehydratl on of

glycerin 5The dehydration reaction of glycerin according to this invention
can be carried out in gas phase or in liquid phase and the gas phase is

preferaple. The %?Sth%h%?eé{tﬁﬁcﬁ' g@?oﬁﬁﬁ{ It s'e tgncgj -

reactors such as fixed be | Ui |ze , Clrcu atlng
novi ng bed.digdaeiey dfhine biploee fdaxmwel bedsared be 1hleurrr¢|ralﬂrgl |btrdsuos Ipmeﬂ‘fcd &l e.

R t f th t al yst b t t de th tor. Wh
the cat al yS9BE tell SHN Rt 18 S P e 8o BIEHR SO SHEy HEra Fun ewEum

catal yst i %)olPé”d"émefertho %ldkﬂﬁ@?&’lﬂ?%@rﬁeﬁa@e %Bgclyélﬁﬁ voIBﬁQ@ﬂﬂrt%b' Sreseht t he
catal yst can also be effected within the reactor,” with cycles that conprise

a reacti onlrmeaﬁtlod fredperer digeraieabaung lee |rmm<lmahvalng afneluregdn dneposeus

peri od, Qr _an ,ox n- ceRt ai nikn S il 1 ect in the.r actor 5

Pr et or 8Ty cafier B S B L 201 B o 8P ®iRels” i BheS b Biohe AT R hott| e
part of thefrrResdsure @E mexedpore, Werst trNpsRdeoRRtk pRMadbpbleensatighgsed in
regeneration node. In case of |iquid phase reaction, usual general

reactors fdhan tf@ﬁ]le rreseRAressthegnaxigurg R@é‘k?ﬂW’Q@@rO@QFﬁ%§ |9§@t@d Ajheera he
di ff I t d
o 11 erence b 0028 Mo Boghel ARE LY S5 bk e RERLALT

| ower t enpéighiartiesan statas niacrdperes| trmxha&mmhqieakQﬁMempwed; ¥ located at'Ehe
reaction tenperature forsr[.r)]rodum ng _acrolein and acrylic acid by deh dratlon

of gl ydéri PF¥e LRrBeishaesinglier thact el e &F &b IPPreus ﬁa'fr@ﬁrﬁcrcé’f@% t9f
200C to 45%en‘t|58 f‘o‘?mé?r &Fﬁf@rdb‘f’e' WRIct! gé?@tcablé H‘Pat'th%‘?%ﬁ’éc BPé yst

wi |l be shortene ue to meri zation and cafbonization o Irn and
of reactnowohmmduﬁﬂbeheeauxmweﬁéohbennegxﬁmeausdﬂg@ewﬁem|m(]andngattmm t he
contrary, if the tenpera ure ceeds 45 e selectivity of acrolein and
acrylic aC|8““P?megBI d % s 'QW%FE%%EQ ™ parallel reactions and
successive reactions. 30 Therefore, nore preferable reaction tenperature is
250C to 350C. The catal yst regeneration is effected at a reactor

t enper @0ur e of 253@90td1n915©c anothesr efefeaety enpwogivant a6 Cthisi dngeoi@n,

oot i o pr o PRPESE, Sfite: of Mg Foraus, camtPlraSifk ByL8F] helidd ?ﬁi}ut?égeeit o

Under hi gheidspraRsus a9, toel\(ﬂi]@Qh%eﬁr@ér)e@WQ@td\ﬁbbnlﬁ?ﬁgéﬁdtﬂ\%}‘eqﬂeﬂﬂdbl 30
deposition of carbon will ?rom)t ed by higher pressure so that the life

of catal yst’fO\ZiODIrn 8- é'ﬁ\@fﬁﬁéﬁ@(ﬁ h%ﬁpr@%ISHﬁ@%e BrayLrhanse fagh@raelspersmrbo%r ably
500 to 10, %QJ?’P ’ba"t éPth p{d?SYjé%%ﬁ\‘?at}b O%%ng |%\§e(5fatﬁe'l;@éHr})ad¥at%?ﬁce
e ne as r mal

Vel oci ty, e ra etween the gas Tl'ow rate in
Tenper asur eeaa:t(d)ri:’ofeglycem cshmel tHeores chinitly ohglytzeﬂlmlneevafy tigh @nylsdgrrier hself
selectivity will be |owered if vver t han 500h-1 due to

t
successi ve HEARISSHSSCDACHHEY. éBﬁF?blﬁ;SC@rf Ief Hée We%%@%'v?.d’ ePBUSL, t he

conver si on gl halflel RMRESAs. To prevent such reactions, it is necessary to increase
the amount of active species on the catalyst. Therefore, preferable specific
surface is 30 to 100 m?/g.
30
The carrier and the catalyst can have any shape without limitation such
as granules, powder, pellets, rings, trilobes, quadrilobes. In case of for gas



The reaction tenperature of the |iquid phase reaction is preferably from
150C to 350C. The selectivity will be reduced under highest tenperatures
al t hough wheosanveesi on is inproved. Th&d reaction presseca/IBRIOL15T4 ni t ed
specially but the reaction can be carried if necessary under a pressurized

15conditions of 3 atmto 70 atm The material of glycerin is easily
available in a form of aqueous solution of glycerin. In the invention,
glycerin or glycerol nay be used. The gases fed to the reactor

conpri se glpﬁ@é%reaqﬂﬁﬂer’fheoﬁ@t@b’ﬁtaﬁﬁm ibgemaolgad eite ueihede, wivtindgferoligmgon,
Cs 20/ 1 CHMadgons Qi Lo o) gl il ditubffe iBIONT BTSN

to 1/ 1. by using aTh&)Idmg@dtlf aecessaw gi sscallsorposswﬂe o ebehpgathedntalyst s f ed
in the process of the inventionis 1 to pr ef er abl 1 to 12 nol

A) and rmréOSEﬁtBPEWé{BI%W@ertWQQpWa|@°|dT@oa'ﬁr gEFV H%‘Heeﬁharpﬁﬁ HUPBRSeri n
| I
indes! r 3ol o BESHdR; R BBEiBle Bodte pUIEI Sl S7A iR tias Bling,
materi al gty ceductionEmpessirardzop h\&tlleldfemmgseact}ort & xavgpe cabedtigleaizen i s
d T I d t' t f, thjis [
Lvant ageotrypldsd crB oY SR eIl 30 BRVHLA Tedh B fghEE etk s

oxygen or @pﬁartléie%(?ﬁé)aﬁ%ﬂlé%}ér@iﬁ‘arﬁ)ﬁ rﬁ?ﬁWﬁ?ﬁ fiufdized BeéQafﬁPﬁlstA) preferably 2
to 7 nmol A). Dehydration reactions of hydroxycarboxylic acids WD

2013/01794220PCT/182012/001574 The dehydration reactions of
hydrox X I|? aC|QS su h gs 2- hydr oxypr opi oni ¢ acid or
3- hydr : hydroxylsobutyrlc acid or 3-hydroxyisobutyric

acid can be car r islired/ bf tuhdsfien ey Webesairitg nbthlnexidé @i &l compdaehnta
variety of reactors such as fixed bed, fluidized bed, circulatin

5f 1 ui di zed %QUW%\ﬂnn@%@tporﬁnﬁ?ﬂﬁ@eﬁ et iRdted speciply and may gﬁuﬁ“ﬁ{ zed

bed | 100C
o 400, " preTERabTyrTToRn s atet P ahFIRIUA S rhaeRBREIE 2k O |

to 5 atm ammonium saNaporgspibassd roedtst iammomwmn@dzlt ytuhgg@nr@xme,ghﬂfgsten
tenperatures than liquid 10phase reactions. E£§SS| bl e and often

desi rabPe ©GHIATiKE Rie OJEaP‘Plté’PQS@QS cQrepewd nW%g@‘h Bmg,s ceBoyidle i3 he

feed al ong avivd carboxylic acid. I'n the dehydration
reaction o %%Ey@?o}(ygr ggﬁ%ﬁm c acid or 3- hydroxypropionic acid to produce

acrylic acid, the partial pressure is generally 15 between 1 and 10%
preferably betwe

2 In the dehydration r tion of
D By oxyl sobut y e CRRHSb2y.ConyaiR GRS BBURYR TR 55 Bechearied on
met hacryli ¢gh@digoret Bé’rrié@r Fri %Hdﬁl'bﬂsﬁi“ﬂ% iaboY8NAr-8bhtinde) WesRl bxried A&k
preferably between
20  metal oxide of at Ieast one metal selected from a group comprising P, Si, Mo
and V. In this case, a source material of the metal oxide is preferably

heteropolyacid comprising the above elements.

Here, the heteropolyacid is explained briefly. lons of tungsten and

25 molybdenum become oxoacids in water and the resulting oxoacid is
polymerized to form high molecular polyoxoacid. In this case, not only same

kind of oxoacids are polymerized but also surrounding other oxoacid or
oxoacids also are polymerized, resulting in formation of a polyacid consisting of
more than two oxoacids, which is called “heteropolyacid” having a polynuclear

30 structure. An atom that forms a center oxoacid is called as “hetero-atom”, while
atoms forming oxoacids surrounding the center oxoacid and forming oxoacid is

called as “poly-atoms”. The hetero-atom may be silicon, phosphorus, arsenic,



The time for the conversion of the hydroxcarboxylic acid will vary. 20
Reactions in the vapor phase are generally faster than those run in the
| i qui d phaieeomsmd7aecur within a few secdbhds, while reac®conBiizodisst | i quid
phase can take fromabout 1 to about 6 hours. The contact tine in the vapor

phase is normally 0.1-15, usually 2-4 seconds. The amount of
dehydration catal yst according to the invention is subject 25to
consi derable variation and is not critical. In the processes of the

i nventi on, SHfuiisrary eakalt, here.ealusinumy germankingehipaime.i SRCANIt IC8AYtan be

o mot haor sCC g ARG MR, AHETHcR 30 RSk AP0 B TG T onger

runni ng ti rgoms may b&mhaigbdenurmpiueigetenvanhdicadt, aligtsium and eantéloen. In this
efficiencies of catalytic reaction and of regeneration_cycle of cat alq\ést
d

can be i npidERIONS o3k 8RSt \iEnawen, (51 T@uays PEYRIESS: 2/ OSSP S0 RIFIaR

e °t gt 3/ 61 B "eoriFls
olants. 9ﬁih%?éy*?%@hﬂf’%%%def’pEhaeYVQWEE'“_‘ ﬁe}ﬁgﬂ%’a&%@”ﬁt_‘x@a?%gﬁ%%ﬁa%%@lﬂ*g
e gt B T n e Lo e e e
cycC . . .
o Cal S Pmlising PORSOAoTLar g Hlo8h or 2 el lom, Al Bnayadbriisl Bt o o

of freedomytQyABhids #R pHIG-AHEFENSHREI AKSRPESHRIRRS tySd 0F tndlPSdshlirAtdrRn of
t he regeneration can be extended, either to have a nore conplete

regener at i dslungﬁ’tem.hldt isatriwrs that dhe heggropalylgic ba\fmdﬁﬁer@wttﬁ?Jo@aBalwh as
regener ti at 0 r aver,age tenmperature,. A r at al yst . reqgenerati on
[ s prof Br athog0ln e Pawpa (109 A RRLR 0 ypey o JHE P IPONG PRSEF T ess
t enper at ur ?enb?aliy%uélﬁﬂ?ﬁgrdirﬁ@l@d@léﬁdvéi@l@tt a$ MEOit@ @, 8002t Bheret iscandipemer
regenerated efficiently at a tenperature conprised between 250 and 350 C,

wi t hi n t he tRereef.qvieh isoiRctudgd in Heis daxantipst reacti on cycle. When
the catalyst is used in a fluid bed, the regeneration can be done 15
continuously using an internal or external regenerator. Wth the bipore

catal yst of ext ghdechthlybemdy ¢ontaipsas bheoptionas eompdneht & be egppertati wn
Fi nal | what ever the reactor technol ogy, a catal yst, havi ngt an extended

life, ﬁéquiﬂr“ee_sbip‘é@s C@Qﬁed”t?ﬂﬁﬁo%ﬁof B @@PV%QM‘H t@iﬂ'%ﬂ JEELS 4e ALy cl e.
Thereby r e‘%f’ﬁﬁ'@} lohdr! AEERPELIGE Yof é?\”b:aﬁ &?eo%?érﬁéﬁtysélﬁc%“@?fﬁ &28toup

equi pnent s absorption units. Manufacturing acrylic a
The resul t icognising &, nSit Mdon arite \G aatalegsi ondedgtibnasélenteot frghy dee iangraup

known 1o 1 KETEEeiAg FRATS baioRSing o RGNS 1BEERuR T8,didng AeRrbel f5pIc'S!

preparing aggykehs&. acid fromglycerin conprises an internediate step of
partial condensati on and renoval of water and heavyggythproducts I Ssui ng

from tBe dehydr atlihéncalions. berorgisaitd Groupr il Caoep $6 gsPeriagiaiTabte of
Sendi ng-t ne g8l A8y LK o B ER G RO L B Tad ol PGS e o
gases to the sbé&bnf opotdesiudxi dabidimn ofcediing! ehagrasighy eca€iup, i strastigh, Thi s
partial condensation of the water . o . . . .
barium, scandium, yttrium, lanthanide, titanium, zirconium, hafnium, chromium,
manganese, rhenium, iron, ruthenium, osmium, cobalt, nickel, palladium,
25  platinum, copper, silver, gold, zinc, gallium, thallium, germanium, tin, lead,
bismuth and tellurium. The acid onium salts may be amine salt, ammonium
salt, phosphonium salt and sulfonium salt. Sources of the acid salt and the acid
onium salts may be nitrate, carbonate, sulfate, acetate, oxides and halide of the
metals or oniums. Above-mentioned are simple examples but are not limit the
30 scope of invention. An amount of metals or onium salt is 0.01 to 60 % by
weight, preferably 0.01 to 30 % by weight with respect to W and optional at

least one element selected from P, Si, Mo and V in addition to W.



WO 2013/ 01794222PCT/ 1B2012/ 001574 thus nakes it possible to avoid damage to
the catal yst of the oxidation of acrolein to give acrylic acid and to
avoi d, duwongixhiesgubsequent stages, thédrenoval of | ar geTARDUDESDE Wat er
whi ch could well be expensive and result in |osses of acrylic acid. In
addition, it nmakes it possible to renove a portion of the 5 "heavy"
inpurities formed during the dehydration of the glycerol and to facilitate
purification operations. This internediate step is carried out on a
separating unit which is a condensation plant conprising an absorption
colum coupled o 0 tp.a a

exchangers, one grrh%n%ragaqg%nggﬁsg?sBreZ)\é%g&) @E)h%@lgna%(\)'\}rw tggﬁdﬂﬂ% %%%hma%

equi prent  Wwebtedoation rmethddpeAs anatekiald, edtrate, bvenatitmnbalt; hydadede) bxuaesm bl e
to carry out a partial condensation of an aqueous stream

carried outacl‘.ﬁ*n@éreaé‘@nmett@oﬁ'@%rﬁHth"ﬁQtCQ"}%'t (A2 dhﬁli?'ﬁtW?cPP@PP@%Wﬁl Qf the
t ed |
Te hass. (CAdlySteAt b R pHEBUCRRERNE P 1RECeRlSF BUBEAANG, - ERb Il oouS

present i nnétal skideaaisbscareievpepaned Hy ianqukind\Amt ’mﬂmm(med ﬂrtnqoractrael eam-rich
phase general conprises nore than 80% a r ef re.th n 90% pof the
erotern | AuelHs ool arontaning S Beeuns Whishciad b B enal RISMERE ai ned
by | oweri ngeldted doh®M&iaMy 8nd & Ta@ﬂlﬁ%h%bwvels%reﬁg%d ﬂrstI?OQn case of The
process for preparing acrylic acid according to the invention further

conpri ses theteropelyaciof alsol aecaqu&pusmlumm%rﬁof sscfn;srﬂvqorapate@scﬁ it i on

cont ai g SCRgRF SOUEBPN RS AR aer ot et ! F hefibbobed ' o
removi ng | gwva ftech Bf als&PitiveNBatép aneobmybtdiBister & SerRbdéd patidilyysit ethllyzat i on

step for purifying acrylic acid by crystallizing it. The acrylic acid
t hus obt ai HEFEE HACHEN @5 b@at-8rin@duce for exanpl e pol yacrylic aci ds or salts
as wat er-sol ubl e 0 30
WO 2013/ 01794223 /%8@/ é%q@}% S&Bﬁ% Fﬁméﬁi‘@@ﬁﬁ %tm% oW ng

Exanpl es amdtrCanparrédri \zenl’éxﬁnmlasleas’t(a)n“eéanetahtdm%seﬁtﬁéﬂil ﬂk&INTALg&EK@TI ON 5
Preparation of catalysts yst of PWTi Q2 for

Hermd 381 oRomBELRs SiPg Do 2k NGy Qeipes o aRiUepySBatign
phosphot Un%ﬁtéér&lﬁ% P &Nﬁm&mf‘gbﬁ%uﬁd%dﬁtalﬁnﬁ]ﬁml&@' sé]r?ut e, dg%%t?—: wer e

di ssol ved 1 to obtain an ueous
phosphot ungtrate, axathte SphasEtate y sulfdieg hytiroxde ad engiabDrpahiliet ©f element

Sai nt - Gob ST 311 d . , 48. 2 nP/ g,
(e o il 18 St ka5 16 o B e 3300 SLeRsbEe 45 #8481 Yon o
whi ch the al"PféVr%saFﬂMpOrH&tlﬁ@ iy iSuBechdd Rﬁﬁﬁr@'ﬂ@wmﬁ%hg \efef ré@@ce’bdﬁr%sur@ ter
an assenbly 15 was left for hours, the aqueous” sol ution of

phosph@ﬂung@pbtﬁila@i&9|i¢/61$hldfﬁ|I83tﬂleﬂr£8émna@d®nfadiy 10 hours and then cal ci nated
In an atnospher eA%fdit%nr oPt%eSS%(I)t%‘ gf%et%l gp%ﬁjm g?(gmeentzoelonging to Group 1

to Group 16 of the Periodic Table of Elements can be effected after, before or

during addition of the aqueous solution containing compounds which contain W

and optional element selected from P, Si, Mo and V in addition to W to porous
25  carrier.

The calcination and drying can be carried out successively for each
addition of catalytic component to carrier, or can be done after all catalytic
components are added.

In one embodiment, the preparation of the catalyst comprises more

30 than one cycle of contacting a carrier with a solution of the active components
of the catalyst, drying and calcining the resulting solid mixture. The contacting

may be performed by techniques of pore volume impregnation or excess



20 Exanple 1 was repeated, except Anatase Ti 2 pellet (Saint-CGobain ST
31119: dianeters of 3.2 nmm x Iength of 5 nmm 29.2 mZ/g 0.30 cnB/g, the
pore vol We 20si1m942 1.5) was used as Ti 2. 25Exanpl e 3 PCT/ABEM20pE® 1 was
repeat ed, except Anatase Ti Q2 pellet (Saint-Gobain ST 31119: dianeters of
3.2 mmx length of 5 nm 35.6 n2/g, 0.33 cnB/g, the pore volune ratio =
1.1) was used as Ti02. 30The cunul ati ve pore vol unme, the ratio of pore

vol une and the nean pore dianeter of Exanples 2 and 3 are within a range of
thi s i nventsosHion W@G%Mﬂ.?@h@MP@WQIQH%EIIOQW%M@W%’ he perfornmeanpl e

1 was repeg\%ﬁ\bdlggé%q%w@ﬁﬂ%%?g?%g?ﬁﬁqel | et (Saint-CGobain ST 31119:

di aneters 39.9 nk/g, 0.36 cnB/g, the pore

Svol une ratio = Thg) caleinatiseccars béi &riea@utpheaid or under iBgeNgas slichass
repeat ed, except Anat ase Ti Q2 rﬁ@ Iet Sa| nt - Gobal n ST 1031119: di aneters of
3.2 mm x | SHRGEHMNESURHRNA Brgon®r ¢n 9 86 pnsphersef adwe@o@%ﬁwe AELANS =

1.4 T ggi[oa

rea)ct:Ngn o?ﬁéﬂr ?g'rz-ﬁ?ewgg)é@rgg%grlgf*%s o%?‘?v&“ﬁé (yt\ﬂ_y ?gdgp?nammn ﬂéh:PBf

met at ungst aalrewhldhpﬁaoﬂitatesrog)erata)r@ol burn&cehfernmcakination, |ertcd |yt epettiali;,ol ved
n 100 m of re wate obt ai n an 0 S ti.on of a

ot at ungst 26 A RE U1, Urgts Bi ka0 b bR ELe SATRIEARIRAAD ST
31119: di aghebg @He@tea BUeH inergt8adtiord 1R whicABis? UERETfor0 tR6 Qy&érh @
pore volune ratio = 1.4) was placed on a porcelain dish onto whith the

above aque&@@ydrﬂt@nlreacmn was added. After an assenbly was left for 2
hours, .the aqueo

T S hoe, aduecSaiof ofife Hrind BRI IE bEAHA S oG, ¥ SRt GopRaRE 12

hours. 25 RxaiRe eof/ this invenfs@nplie fhchas resarStbn eésetnin%n@m@ﬂoff 16 ring
(Sai nt-Gobain ST 31119: di aneters of 4.5 nmm X | engt h of W4 n2/g, 0.32

cnB/ g, the PpeeipitAIPNBI erttesrRar Wittimesy %@”\%\é@r%, 59 that sl fecegalysf

is short, resulting in that much frequent regeneration of catalyst is required. The

regeneration can be carried out by a circulation of oxygen-containing gas which

15 generates a large quantity of heat to remove cokes by burning. Sufficient

burning and removal of cokes can’t be expected at lower temperatures. In any

way, the catalyst is exposed after all to a high temperature during reaction and

regeneration stage even if the calcination of catalyst is effected at lowered

temperature. Therefore, in case of a catalyst which had been fired at lower

20 temperature, there may be a difference in performance between at an initial of
reaction and after regeneration.

In order to realize the same or constant performance after several
reaction and regeneration cycles as at the initial reaction, and hence to facilitate
operations in reaction and regeneration, it is advantageous to effect calcination

25 at higher temperature. In case of heteropolyacid such as phosphotungstic acid
and tungstosilicic acid, decomposition of their structures starts at about 350°C
and the structure of heteropolyacid will be lost when it is heated above this
temperature. In case of phosphotungstic acid, it will change to oxides of
phosphorus and tungsten or to complex oxide other than heteropolyacid. Use

30 of heteropolyacid such as phosphotungstic acid as a raw material of W is
suitable, but it does not show the structure of heteropolyacid because the firing
temperature of 400 to 900°C which is one of features of this invention. The



WO 2013/ 01794225PCT/ 1B2012/ 001574 Exanpl e 1 was repeated, except
Anatase TiQ2 tril obes (Saint-Gobain ST 31119: di arreters of 4.5 mMmmx length
of 5 nm \562[125’/(@7940 40 cnB/ g, the pore V®lume ratio = OPEY/IBZE2/0EET as

Ti 02. 5Exanpl e Exanpl e 1 was repeated, except Anat ase Ti 2

guadri | obes (Sai nt - Gobain ST 31119: di arreters of 4.5 M x length of 5 mMm
54 n2/g, 0.38 cnB/g, the pore volune ratio 0.9 vvas used as Ti02. 10

Conpar ative Exanple 1 In Corrgaratwe Exanp 1, a sanple which is
out si de t hdiriggoleapsraiuig datpreferaply He@pareep’ §nandvt51|8u‘@wragj times gusatiine isl was

r epeat ed, %§@p§%@%§%sng9}qb _pellet (Sakai Chem stry CS-300 S: diameter of
g, U c g,

3.0 Mm 75 e pore volune ratio = 0.4) was used as Ti 02.
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Regeneration of the catalyst can also be effected within the reactor, with cycles
that comprise a reaction period and a regeneration period. During the
regeneration period, air or an oxygen-containing gas is injected in the reactor.
15 Preferably, two or more reactors are used in parallel so that at any time part of
the reactors are used in reaction mode and part of them are used in
regeneration mode.
In case of liquid phase reaction, usual general reactors for liquid
reactions for solid catalysts can be used. Since the difference in boiling point
20 between glycerin (290°C) and acrolein and acrylic acid is big, the reaction is
effected preferably at relatively lower temperatures so as to distil out acrolein
continuously.
The reaction temperature for producing acrolein and acrylic acid by
dehydration of glycerin in gas phase is effected preferably at a temperature of
25 200°C to 450°C. If the temperature is lower than 200°C, the life of catalyst will
be shortened due to polymerization and carbonization of glycerin and of
reaction products because the boiling point of glycerin is high. On the contrary,
if the temperature exceeds 450°C, the selectivity of acrolein and acrylic acid will
be lowered due to increment in parallel reactions and successive reactions.
30 Therefore, more preferable reaction temperature is 250°C to 350°C. The
catalyst regeneration is effected at a reactor temperature of 250°C to 450°C and
preferably between 290°C and 370°C.
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the volume of catalyst). The selectivity will be lowered if the GHSV becomes
lower than 500h™ due to successive reactions. On the contrary, if the GHSV

10 exceeds 10,000h™, the conversion will be lowered.

The reaction temperature of the liquid phase reaction is preferably from
150°C to 350°C. The selectivity will be reduced under highest temperatures
although the conversion is improved. The reaction pressure is not limited
specially but the reaction can be carried if necessary under a pressurized

15  conditions of 3 atm to 70 atm.

The material of glycerin is easily available in a form of aqueous solution
of glycerin. In the invention, glycerin or glycerol may be used.

The gases fed to the reactor comprise glycerol, water, oxygen and inert
gases such as nitrogen, argon, CO, CO..

20 The water to glycerol weight ratio which is fed to the reactor is 20/ 1 to 1
/ 20 and preferably 5/ 1 to 1 /2 and most preferably 4 /1to1/1.
The concentration of glycerin in a mixed gas which is fed in the process
of the invention is 1 to 30 mol %, preferably 1 to 12 mol % and more preferably
3 to 10 mol %. Too high concentration of glycerin will result in such problems
25 as production of glycerin ethers or undesirable reaction between the resulting
acrolein and acrylic acid and material glycerin. Temperature that is necessary
to evaporate glycerin is increased.

The glycerin dehydration reaction of this invention is advantageously

carried out in the presence of oxygen-containing gas such as oxygen or air. A

30 concentration of oxygen is 1 to 10 mol %, preferably 2 to 7 mol %.

Dehvydration reactions of hydroxycarboxylic acids
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The dehydration reactions of hydroxycarboxylic acids such as 2-
hydroxypropionic acid or 3-hydroxypropionic acid and 2-hydroxyisobutyric acid
or 3-hydroxyisobutyric acid can be carried out in the vapor phase or in the liquid
phase in a variety of reactors such as fixed bed, fluidized bed, circulating

5 fluidized bed and moving bed. Among them, the fixed bed or the fluidized bed
are preferable.

Dehydration reaction temperature is generally from 100°C to 400°C,
preferably from 200°C to 350°C, and the pressure is about from 0.5 to 5 atm.

Vapor phase reactions normally require higher temperatures than liquid

10  phase reactions.

It is possible and often desirable to include an inert gas such as nitrogen
or recycle gas in the feed along with the hydroxycarboxylic acid.

In the dehydration reaction of 2-hydroxypropionic acid or 3-
hydroxypropionic acid to produce acrylic acid, the partial pressure is generally

15 between 1 and 10%, preferably between 2 and 6%.

In the dehydration reaction of 2-hydroxyisobutyric acid or 3-
hydroxyisobutyric acid to produce methacrylic acid, the partial pressure is
generally between 1 and 20%, preferably between 2 and 10%.

The time for the conversion of the hydroxcarboxylic acid will vary.

20 Reactions in the vapor phase are generally faster than those run in the liquid
phase and occur within a few seconds, while reactions in the liquid phase can
take from about 1 to about 6 hours. The contact time in the vapor phase is
normally 0.1-15, usually 2-4 seconds.

The amount of dehydration catalyst according to the invention is subject

25  to considerable variation and is not critical.

In the processes of the invention, by using the improved catalyst, the
dehydration reactions can be carried out for longer operation duration, so that
acrolein, acrylic acid or methacrylic acid can be produced at higher productivity

30 and for longer running time.

Owing to improvement of catalysis life, the efficiencies of catalytic

reaction and of regeneration cycle of catalyst can be improved, so that
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complicated operations can be simplified, which is very beneficial for industrial
plants. Mainly, with longer catalyst life in a fixed bed reactor, the number of
reactors needed for a continuous operation is reduced since the cycle length for
each reactor is longer. This contributes in a significant capital cost reduction.

5 Longer catalyst cycle life give also more degree of freedom to optimise the
regeneration parameters, since the duration of the regeneration can be
extended, either to have a more complete regeneration of the catalyst, or
preferably to operate the catalyst regeneration at a lower average temperature.
A lower catalyst regeneration is preferable since it limits the catalyst

10 degradation by high process temperature. It has been discovered that the
bipore catalyst can be regenerated efficiently at a temperature comprised
between 250 and 350 °C, within the same duration than the catalyst reaction
cycle.

When the catalyst is used in a fluid bed, the regeneration can be done

15  continuously using an internal or external regenerator. With the bipore catalyst
of extended life it is possible to use a smaller regenerator.

Finally, whatever the reactor technology, a catalyst having an extended
life, requires less oxygen to be co-fed during the catalyst reaction cycle.
Thereby reducing the flammability issues, especially in downstream equipments

20  like absorption units.

Manufacturing acrylic acid

The resulting acrolein from the catalytic dehydration of glycerin is further
oxidized to produce acrylic acid, according to the methods well known to the
25 skilled.

In one embodiment, the process for preparing acrylic acid from glycerin
comprises an intermediate step of partial condensation and removal of water
and heavy by-products issuing from the dehydration step.

The said intermediate step has the aim of removing most of the water

30 present and the heavy by-products before sending the gaseous stream
comprising the acrolein and all non-condensable gases to the step for the
oxidation of acrolein to give acrylic acid. This partial condensation of the water
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thus makes it possible to avoid damage to the catalyst of the oxidation of
acrolein to give acrylic acid and to avoid, during the subsequent stages, the
removal of large amounts of water, which could well be expensive and result in
losses of acrylic acid. In addition, it makes it possible to remove a portion of the

5 "heavy" impurities formed during the dehydration of the glycerol and to facilitate
purification operations.

This intermediate step is carried out on a separating unit which is a
condensation plant comprising an absorption column coupled or not coupled to
an evaporator, one or more heat exchangers, one or more condensers, a

10  dephlegmator, and any item of equipment well known to a person skilled in the
art which makes it possible to carry out a partial condensation of an aqueous
stream.

It is carried out under conditions such that the acrolein-rich stream is
separated into an acrolein-rich gaseous phase and an acrolein-poor aqueous

15 phase.

From 20 to 95%, preferably from 40 to 90%, of the water present in the
stream is removed in the liquid stream and the acrolein-rich phase generally
comprises more than 80% and preferably more than 90% of the acrolein initially
present in the stream. This result is generally obtained by lowering the

20 temperature to a temperature of 60°C to 120°C.

The process for preparing acrylic acid according to the invention further
comprises the steps of collecting the resultant acrylic acid as a solution by using
water or a solvent, and then of purifying the resultant solution containing acrylic
acid by using for example a distillation step for removing low- and high-boiling

25 point materials and/or a crystallization step for purifying acrylic acid by
crystallizing it.

The acrylic acid thus obtained can be used to produce for example
polyacrylic acids or salts as water-soluble polymers or water-absorbent resins,
by known methods.

30
Now, the present invention will be explained in detail with referring
illustrative examples but this invention should not be limited to those described
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in following examples. In the following Examples and Comparative Examples,

% means mole %.

EXPERIMENTAL SECTION

5  Preparation of catalysts
Example 1

Catalyst of PW/TiO2 for dehydration reaction of glycerin was prepared as

following: 13.2 g of phosphotungstic acid (Nippon Inorganic Color & Chemical

10 Co., Ltd.) were dissolved in 100 ml of pure water to obtain an aqueous solution
of phosphotungstic acid. Separately, 100g of Anatase TiO, pellets (Saint-
Gobain ST 31119: diameters of 3.2 mm x length of 5 mm, 48.2 m?%g, 0.36
cm®/g, a pore volume ratio = 1.4) was placed on a porcelain dish onto which the
above aqueous solution of phosphotungstic acid was added. After an assembly

15  was left for 2 hours, the aqueous solution of phosphotungstic acid was dried-up
at 120°C for 10 hours and then calcinated in an atmosphere of air at 500°C for 3

hours.
Example 2
20
Example 1 was repeated, except Anatase TiO, pellet (Saint-Gobain ST
31119: diameters of 3.2 mm x length of 5 mm, 29.2 m?/g, 0.30 cm®g, the pore
volume ratio = 1.5) was used as TiO..
25 Example 3
Example 1 was repeated, except Anatase TiO, pellet (Saint-Gobain ST
31119: diameters of 3.2 mm x length of 5 mm, 35.6 m?/g, 0.33 cm®g, the pore
volume ratio = 1.1) was used as TiO..
30 The cumulative pore volume, the ratio of pore volume and the mean pore

diameter of Examples 2 and 3 are within a range of this invention.
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Example 4

Example 1 was repeated, except Anatase TiO, pellet (Saint-Gobain ST
31119: diameters of 3.2 mm x length of 5 mm, 39.9 m?/g, 0.36 cm®g, the pore
5 volume ratio = 1.3) was used as TiOx.

Example 5

Example 1 was repeated, except Anatase TiO, pellet (Saint-Gobain ST
10 31119: diameters of 3.2 mm x length of 5 mm, 45.6 m?/g, 0.36 cm®/g, the pore
volume ratio = 1.4) was used as TiO..

Example 6

15 Catalyst of W/TiO2 for dehydration reaction of glycerin was prepared as
following: 12.2 g of ammonium metatungstate (Nippon Inorganic Color &
Chemical Co., Ltd.) were dissolved in 100 ml of pure water to obtain an
aqueous solution of ammonium metatungstate. Separately, 100g of Anatase
TiO2 pellets (Saint-Gobain ST 31119: diameters of 3.2 mm x length of 5 mm,

20 48.2 m%g, 0.36 cm®/g, a pore volume ratio = 1.4) was placed on a porcelain
dish onto which the above aqueous solution of was added. After an assembly
was left for 2 hours, the aqueous solution of ammonium metatungustate was
dried up at 120°C for 10 hours and then calcinated in an atmosphere of air at
500°C for 3 hours.

25

Example 7

Example 1 was repeated, except Anatase TiOz ring (Saint-Gobain ST
31119: diameters of 4.5 mm x length of 5 mm, 54 m?%g, 0.32 cm®g, the pore

30 volume ratio = 0.5) was used as TiO..

Example 8
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Example 1 was repeated, except Anatase TiO; trilobes (Saint-Gobain ST
31119: diameters of 4.5 mm x length of 5 mm, 53 m?g, 0.40 cm®yg, the pore

volume ratio = 0.9) was used as TiO..

5 Example 9

Example 1 was repeated, except Anatase TiO2 quadrilobes (Saint-Gobain
ST 31119: diameters of 4.5 mm x length of 5 mm, 54 m?g, 0.38 cm®/g, the pore

volume ratio = 0.9) was used as TiO..

10
Comparative Example 1
In Comparative Example 1, a sample which is outside the scope of
invention was prepared and evaluated.
15 Example 1 was repeated, except Anatase TiO: pellet (Sakai Chemistry

CS-300 S: diameter of 3.0 mm, 75m?g, 0.40 cm®/g, the pore volume ratio = 0.4)
was used as TiOo.
Comparative Example 1 is outside the present invention because the
ratio in pore volume of the macropores to the mesopores is 0.4 which is outside
20 a requirement of higher than 0.5 of this invention. In fact, its mean pore
diameter is as small as 23.2nm due to larger pore volume of the mesopores,
and is outside a requirement of larger than 30nm of this invention.

Comparative Example 2

25
Example 1 was repeated, except Anatase TiO: pellet (Sakai Chemistry
CS-300 S: diameter of 3.5 mm, 52m?g, 0.32 cm®/g, the pore volume ratio = 0.3)
was used as TiOo.
Catalysts of Comparative Examples 1 and 2 have same or higher pore

30 volume and specific surface as Examples 1, 4 and 5.

Comparative Example 3
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31119 diameters of 3.2 mm x length of 5 mm, 42.4 m“/g, 0.26 cm®/g, a pore
volume ratio = 1.6) was used as TiO..
By comparing Comparative Example 4 and Example 6, difference in
15  physical properties of TiO, when the carrier supports a metal oxide consisting of
tungsten oxide alone can be evaluated in comparison to other W-containing
metal oxides. In fact, the carrier of Comparative Example 4 has same specific
surface, mean pore diameter and the ratio in pore volumes as Example 6 and
satisfy required their ranges in physical properties, but the pore volume of
20 0.26cm’/g is outside the claimed range of higher than 0.30 cm®g of this

invention, as is the case of PW/TIO; in Comparative Example 3.

The characteristics of these catalysts are summarized in Table 1

25 Table 1
Total | Ratio of pore| Mean Pore Pore volume- specific
pore volumes of pore diameter of | diameter of based surfaca area
volume | macropore/ | diameter | mesopore | macropore mode (m?g)
Catalyst (cm®g)| mesopore (nm) at peak at peak diameter
maximum | maximum (nm)
(nm) (nm)

Example 1 0.36 1.4 375 18.5 130 130 48.2
Example 2 0.30 1.5 47.9 222 149 149 29.2
Example 3 0.33 1.1 36.6 20.7 136 136 35.6
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Example 4 0.36 1.3 39.7 19.9 160 160 39.9
Example 5 0.36 1.4 37.6 18.4 159 159 45.6
Example 6 0.36 1.4 375 18.5 130 130 48.2
Example 7 0.32 0.5 226 19.9 83 20 54
Example 8 0.40 0.9 44 1 205 134 134 53
Example 9 0.38 0.9 34.1 19.9 127 127 54
Comparative | 0.40 04 232 16.6 452 16.6 75.0
Example 1
Comparative | 0.32 0.3 239 18.9 140 18.9 52.0
Example 2
Comparative | 0.26 1.6 33.9 14.8 155 155 42.4
Example 3
Comparative | 0.26 1.6 33.9 14.8 155 155 42.4
Example 4

Reactivity of catalysts

The catalysts were subjected to evaluation test in a pass-through type
fixed bed reactor operated at ambient pressure. 30cm?® of catalyst was packed
5 in a SUS reaction tube (20mm diameter). An aqueous solution of 50 wt % of
glycerin was pre-heated in a vaporizer heated at 330 °C and the resulting
gasified glycerin was fed directly to the catalytic bed together with air at a flow
rate of 23.4 h/hr. The reactor containing the catalyst was heated at 290 °C. The
feed stream have following composition: glycerin : oxygen : nitrogen : water =
10 4.7 mol % :2.8 mol % : 68.5 mol % : 24.0 mol %. GHSV was 2,020 h™".
Products were collected in a condenser as condensates and the
quantitative determination of all components was carried out by a gas
chromatograph (Agilent 7890A, DB-WAX column). Factor of each product was
corrected by the gas chromatograph to obtain absolute contents of glycerin fed,
15 glycerin remained and products for determining the conversion of raw material
(glycerin conversion), the selectivity of targeted substance (acrolein selectivity)
the yield of objective substance (acrolein yield) were calculated by following
equations:
The conversion of material (%) = (a mole number of material reacted / a
20  mole number of material fed) * 100
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The selectivity of objective substance (%) = (a mole number of objective
substance obtained / a mole number of material reacted) * 100

The vyield of objective substance (%) = (a mole number of objective
substance obtained / a mole number of material fed) * 100

5 The quantitative analysis was carried out in every several hours and the
glycerin conversion and the acrolein yield were compared between a reaction
time of 19 hrs and a reaction time of 43 hours.
Results are shown in Table 2.

Table 2
Reaction time 19 hr Reaction time 43 hr
Conversion of Yield of acrolein, Conversion of Yield of acrolein,
Catalyst ] ]
glycerin, % % glycerin, % %

Example 1 99.6 77.0 95.6 73.6
Example 2 97.9 76.7 88.4 67.8
Example 3 98.2 75.0 894 67.0
Example 4 99.5 774 93.2 70.9
Example 5 99.7 76.9 94.8 721
Example 6 99.6 74.3 93.6 68.3
Example 7 99.6 74.2 93.6 71.6
Example 8 99.4 74.5 94.7 69.4
Example 9 98.8 72.8 91.4 65.2
Comparative

99.3 73.5 88.2 64.8
Example 1
Comparative

96.8 704 78.0 56.2
Example 2
Comparative

96.3 76.0 83.1 64.8
Example 3
Comparative

95.4 734 78.9 58.9
Example 4

10
Catalyst of example 7 was also tested in the following conditions.

The feed stream | was composed of : glycerin : oxygen : nitrogen :
water = 6.0 mol % : 2.0 mol % : 61.3 mol % : 30.7 mol %. GHSV was 2,020 h™",
Acrolein yield after 19 hr on stream is 73.5%.

15
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The cumulative pore volume, the ratio of pore volume and the mean
pore diameter of Examples 2 and 3 are within a range of this invention. Results
reveal that these catalysts show high glycerin conversion and high acrolein yield
and reduced decrease of the glycerin conversion and of the acrolein yield, in

5  spite of relatively lower specific surface area to Comparative Examples.

Catalysts of Comparative Examples 1 and 2 have same or higher pore
volume and specific surface as Examples 1, 4 and 5, but the catalytic activity
decrease much rapidly (comparison in the glycerin conversion and the acrolein
yield between 19hr and 43hr). Results reveal that the life of catalyst is

10  influenced by the ratio of pore volumes and the mean pore diameter.

With regards to comparative example 3, the result reveals that
deterioration in time of the glycerin conversion and of the acrolein yield is
influenced also by the cumulative pore volume in addition to the ratio of specific
surface, mean pore diameter and the ratio of pore volumes.

15 By comparing Comparative Example 4 and Example 6, the result
reveals that deterioration in time of the glycerin conversion and of the acrolein
yield is influenced also by the ranges of physical properties when a porous
carrier supports a metal oxide consisting of tungsten oxide alone.

With regards to Examples 7-9, the result reveals that the shape of the

20  carrier/catalyst such as rings, trilobes or quadrilobes leads to high conversion
and yield maintained for a long time.

From these results of Examples and Comparative Examples, following
conclusions are obtained:

(1) When a catalyst comprising a W-containing metal oxide and optionally

25 other metal oxide containing at least one element selected from P, Si,

Mo and V supported on a bipore carrier containing at least one metal

oxide selected from a group comprising TiO2, SiO2, Al2Os, ZrO, and

Nb2Os, a ratio of the pore volume of macropores having a pore size of

not smaller than 50 nm to the pore volume of mesopores having a pore

30 size of from larger than 2 nm to smaller than 50 nm being higher than

0.5, there is no substantial difference in glycerin conversion and in
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Exanpl es. (2) In Gatalofskrovaf cermypss it iwrdciEeacgnties isl aaporods suppostalike or
hi gher pore volune and specific surface as Exanples 1, /4 and 5, but the
catal ytic activi P&PQﬁ@@r@@@Sn%éwh%{pﬁ)QﬂeyVQ'HBWpHﬁ”ser?%/g,h%o glegeeasenin
converskon and t LA W - Edal 1 al
t hat thg life of %@gg{@gﬁémﬁ?fg{(ﬁsmﬁgf éé@%@%@?%r%?“zggf% votllj s and
t he nean pore di éifeetoércatalyst can WA texpeeigdr dStillomoosptreat i iseswechanipk éhdt t he
result reveals that deterioratjon in ti of, the glycerin conversion and of
the acrol ein yi eMPSNENIGH STERGLISAPSLSEIPYY NG s B Te Ko HBteaIS P G7Ee
addition to the vaﬁtége éfpcﬁé'ﬁigr?er%ré%jﬁjmg%ﬂl HEHC@ I@h@@ﬁé&ély@f‘ﬂfet&% ratio
of pore volunes. 15By conparing Conparative Exanple 4 and Exanple 6, the
result reveal s th@tolareiragp onlyt wbeniall rdquireofent rf theyiadioi in peevedlsimenobind of

when'a Bor ous” cartapes HiE el o et iR viag e ilpels el ue™

al one. t¥ tvoluregdadedt Mol adiameser/adcortiing te e résrrahsettiat t he
shape of the 20carrier/catalyst such as rings, trilobes or quadril obes
| eads to hi gh cod@fsligiedarepuliing i that hedife &f Catalysd is vrryovede. From

these resulhs of | ESRER G548 de FRABRIPHML ISR ESeriS drake it SPARbYSL ons

are obtain
can be improved without spoiling the glycerin conversion and the

15 acrolein yields, comparing to TiO2 having physical properties outside
the present invention, when a catalyst comprising a W-containing metal
oxide and optionally other metal oxide containing at least one element
selected from P, Si, Mo and V supported on a bipore carrier containing
at least one metal oxide selected from a group comprising TiO2, SiOo,

20 AloOs, ZrO2 and Nb2Os, in particular bipore TiO2 carrier having a
bimodal pore structure, a ratio of the pore volume of macropores having
a pore size of not smaller than 50 nm to the pore volume of mesopores
having a pore size of from larger than 2 nm to smaller than 50 nm being
higher than 0.5, in particular higher than 1.0, a mean pore diameter of

25 larger than 30nm and the volume-based mode diameter of larger than
50nm, and the pore volume of said porous carrier being higher than or
equal to 0.30 cm?/g.



(1) When a catal yst conprising a Wcontai ning netal oxide and optionally
250t her netal oxide containing at | east one elenent selected fromP, Si, M
and V supworbsdion2a bi pore carrier condhining at |east PomaBer/ed15oiXi de
selected froma group conprising Ti02, 5i02, Al 203, Zr02 and Nb205, a ratio
of the pore volune of macropores having a pore size of not smaller than 50
nmto the pore volunme of nmesopores having a pore 30size of fromlarger than
2 nmto snmaller than 50 nm bei ng higher than 0.5, there is no substanti al
difference in glycerin conversi on andckAIM@O 2013/ 01794230PCT/ 1B2012/ 001574
acrolein yield after the reaction tine of 19 hours and 43 hours, so that
the life of catalyst is inproved. (2) In case of known catalysis in which a
carrier is1a poRposessufdporgrepakeg bagroren ayl dwtalytic hdginadrafion ereastiomeof han
0.3cnB/g, no decrease in 5 tinme of glycerin conversion and of acrolein
yield is ré&yGerachasacterzed oh{atithe dsnygeationseactiom ohgIvSepBdE £&arriest P

nore, there,i I i WS _ =Y t he
por & vor are” 12 PRERcER & XndRalEmtly cBhiFRRica \i.cofan Rl At |

| onger cat aupported foa & pordas cdtiar,rsaitd pafouswdeerieatontaming aeleast oné ndtal rati o

in pore vol of 10 mpcropores to the. mesgpores, hence t n pore
i anet or oo SCIGBIRTEO R GO AOTAT SIRE, S0 CS Dk ARt G oheng Ewa &

i nvention apfo fAthiedredolUrRs 8F dtSopdtet Malirg® pbid §iz8fof fidt hsgér ihan 50

i nproved. (3) In other words, decrease in tine of catalytic activity or the

life of catamyjsthe paréaolume of seestiporesihagipgiad pote size ¢ yewrlargardhaerki on
and the, 15 acrol ei i el C aring taq Ti havi n hysi c roperties
out st ad0; e iLsdrler kborsd o BHAa e Jodh o B s EHEIEE B0 RBENA ng
et al oxi deapst @@trigom@rier_ plahebr el X0l eerV@i Mdport Glakle ®ehg

el enment sel ected from Si, M and V supported on a bipore carrier

cont ai ni ng ra@asused bydhe mesedry ipkusiendee®eted from a group conprising Ti 02,
5i 02, 20 Al 203, Zr02 and Nb205, in particular bipore TiQ2 carrier having a
bi nodal pore structure, a ratio of the pore volune of macropores having a

pore size @& notPrecedd accdrtiag td&laim 1 chhhect@rizerl nathatrtheoduppesiaRiocatalybavi ng
a pore size of from|]arger than 2 nmto snmaller than 50 nm bei ng hi gher

than 018, CRMPAISESCOINGF MPRhePXigR AT at deast ARAMBE SeIPelREt BPMoR EPURAr ger
than 30nm safhgringPl B9 aRas RUBHIbATE S8l W.clitAfiq b and the

pore vol unme sali'd porous carrier bein I'gher than of equal to 0.30
cnB/g. WD 2013/01794231PCT/ 1B2012/ 001574 CLAIMS 1. Process for preparing

acrol ein by cat tic dehydration reaction,of glycerin characterized in

fhat the dehydr APEFeS SSEYTOR 51O da 5 charadeiacingiial 816 RO OB ence
of a 5Upporotf%id?%o%d@caﬁ%pﬂh'eéb%dabyvrﬁ@f&ﬂ? ﬁHtﬂHsiéP?ﬁﬁéth@d'iQ%i@H@rpﬂférﬁd on
a porous carrier, said porous carrier  contai’hing at |east one netal oxide

sel ect éd froofﬁﬁ)aﬁﬁﬁgoup conprising Ti02, Si02, Al 203, Zr02 and Nb205, a ratio
in the pore volune of macropores having a pore size of not smaller than 50
nmto the pore volunme of nmesopores having a pore size of fromlarger than 2

10 nmto smpl | eProbsss bbcaraingeionanyioneest theaprddeding biairk® e av#dterEeddfn sai d
porous carrier being higher than or equal to 0.30 cnB/g, the pore volune

bei ng neasif@ldabyeanoarerdiametemet ggidororasherrrier measured by the mercury
intrusion method is larger than 30nm.

5. Process according to any one of the preceding claims characterized in
that the volume-based mode diameter of said porous carrier measured by the

mercury intrusion method is larger than 50nm.

30 6. Process according to any one of the preceding claims characterized in
that the carrier is made of TiO,, or of a compound which is a mixture of TiO2
and at least one metal oxide selected from SiO2, Al2Os, ZrO,, and Nb2Os.



2. Process according to claim1 characterized in that the supported
catal yst 15conprises other netal oxide of at |east one netal selected from
a group owoppixiing2P, Si, M and V, in 3ddition to sai dPOCABIUADIISTY et al

oxi de. 3. Process according to claiml or 2 characterized in that the
pore vol une of said porous carrier nmeasured by nercury intrusion nethod is
hi gher than 200. 30 cnB/g. 4. Process according to any one of the

preceding clains characterized in that a nmean pore dianeter of said porous
carrier neasured by the nmercury 25intrusion nethod is |arger than 30nm 5.

he.vol une-based TRGas retansr o,phE b oMis EreP e Bl BhpBipafoed b 1™

mer cury i nthatsaogaltref kodeast b ghembhinpel@dtvn fraft eRyrmemssbelongindi tagtied any
one of the preceding claipns characterized in that the carrier is made of

Ti 02, or ofCTRUBBNHEUAR idHhePariedic {ablg i added 19 e sREPAUNALIBET i M al
oxi de sele f L Al 203, Zr02, and Nb205. WO
2013/01394%?9%&9@%%%%1574 7. Process according to any one of the
preceding clains characterized in that a salt of at |east one el enent

| ted f | ts bel i to th 1 to 16.i h a i
Coblo Te o Fiogess atciRane onerahing Brasegid SRt RSl 6.

Process aceRstditRg E6mPBYNn@Nt Ghet @Qpﬁbﬂé@dbﬁﬁlfslt abiier C IR GhET CaRfri 1 t hat
t he conpound in the supported catalyst other tthan the carrier is

r epr esent edepigseotadoy ijomagniainauia §l): 10Aa Xo W zd Qe(l) in which Ais a

cation selected from el ts,, 0L the Goups 1 to 1§, of the periodic table,
Xis P, 1 i, M or V 15W?E%Eg9§(¥)%%gn&% is nore than @%e el enent sel ected from

Ti, C, MinkgicHo, N, Zn, G, Sn, Bi, Sb, Ce, My, Cs and K, a, b, c and d
satisfying follow ng range: 0 a <9, o
A is a cation selected from elements of the Groups 1 to 16 of the periodic
table,
Xis P, Si, Mo or V
15 W is tungsten
Z is more than one element selected from Ti, Cr, Mn, Fe, Co, Ni, Zn, Ga,
Sn, Bi, Sb, Ce, Mg, Cs and K,
a, b, c and d satisfying following range:
0<a<9,
20 0<b=1,
0<c=<20
0<d<20, and

e is a value determined by oxidation numbers of each element.

25 9. Process according to claim 8 characterized in that an amount of said
metal oxide represented by the formula (1) and supported on the carrier is 1 to
90 %, preferably 3 to 60% by weight with respect to said carrier.

10.  Process for preparing acrylic acid from glycerin comprising a first step of

30 catalytic dehydration of glycerin according to any one of the preceding claims
and a second step of gas phase oxidation of the gaseous reaction product
containing acrolein formed by the dehydration reaction.



200 b 1, 0 <c 20 0 d 20, and e is a value determ ned by oxidation nunbers
of each elenent. 259. Process according to claim8 characterized in that an
amount ofweabts/areg4al oxi de represented By the fornul a (PLTARZIIZO@PDr t ed on
the carrier is 1 to 90 (:)/0, preferably 3 to 60% by weight with respect to
said carrier. 10.Process for preparing acrylic acid fromglycerin
conprising a first step of 30 catalytic dehydration of glycerin according
to any one of the preceding clains and a second step of gas phase oxidation
of the gaseous reaction product containing acrolein fornmed by the

dehydr at i opy reagibolls 2488053 AHIAAPIRLLLARRRNY 0074 I iniBEAEESS,
according to claim characterized 1t conprises an Internedi ate step of
partial coseprsfagarial condensaivraandfematalrof avatehaay iebyy by-@roducs isssingg
fromthe dehydration step. 12. Process according to claim10 or 11
char act er | 7e the GawErREIONYR/Br i ses the steps of collecting the resultant
acrylicsacid as a solution by using water or a solvent and then of
purifying the resultant solution containing acrylic acid by using for
exanpl e di dt2. | | #rocessaadéarding cs tlalirhi Hhor oi. chdractdPizedes surttuer qorepasesang
acrylonitrile fromglycerin conprjsin .firgt ste f catalytic

ehydrat i ol senR dafircind erenyten Bhicofed gs % Fauin FVeBS Whterordecond
step of amypXjehdtdndntrah bh%uﬂ%ﬁ)% rré@lﬂidn@%oﬂft%%éntﬁi?ﬁﬁ@'a@kﬂ@ a&d Od}ﬁ' n
formed by the dehydration reaction. 15 14. Process for prepdaring acrylic
aci d and nisingcioyexamptg distlatioum and/or eryatelizatiani on reacti on of
hydrOXﬁQarboxylic acid, especially 2-hydroxypropionic acid or

3- hydr oXypropi oni ¢ acid and 2-hydroxyi sobutyric acid or 3-

hydr oxyi sob@t yr irgoésdsdior @earsetinigradrylonfiRy Réinedlyésrth tombhgingtd ersiefdeat i on
20 reaction of hydroxycarboxylic acid is carried out in the presence of a
supported éataylissedel FiPR | afpl¥cannc apeAOMIoNtp ABY AncoRf g@iaphé? Ceand@ a

Cal ooted 1 PERend oretl, B Ao RRRELE, of ey dtisd ben P PR R Bl

of the por ecvsleinnferraéd hgche plehgdratiaviregetiorpor e si ze of not smaller than 50
nmto the pore volunme of 25 nesopores having a pore size of froml arger
than 2!Amto smaller than 50 nm bei ng higher than 0.5, the pore vol une

bei ng measyyed By tde TE GHEYardy HéRIRN abRt BAE- methacrylic acid by catalytic
dehydration reaction of hydroxycarboxylic acid, especially 2-hydroxypropionic

acid or 3-hydroxypropionic acid and 2-hydroxyisobutyric acid or 3-
hydroxyisobutyric acid respectively, characterized in that the dehydration

20  reaction of hydroxycarboxylic acid is carried out in the presence of a supported
catalyst comprising a W-containing metal oxide supported on a porous carrier,

said porous carrier containing at least one metal oxide selected from a group
comprising TiO2, SiO2, AloOs, ZrO2 and Nb2Os, a ratio of the pore volume of
macropores having a pore size of not smaller than 50 nm to the pore volume of

25 mesopores having a pore size of from larger than 2 nm to smaller than 50 nm
being higher than 0.5, the pore volume being measured by the mercury

intrusion method.



