WD 2012/ 063044PCT/ GB2011/ 052147 1 A PROCESS FOR THE PRODUCTI ON OF

ETHYLENI CALLY UNSATURATED CARBOXYLI C ACI DS OR ESTERS AND A CATALYST
THEREFOR Wheovs3@nt i nvention relates to a process for PCh&GHEOpVSeCt i on of
et hyl enical ly unsaturated carboxylic acids or esters, particularly a,

unsat urated carboxylic acids or esters, re particularly acrylic acids or
esters such as (alk)acrylic acids or alk (alk)acrylates particularly
(meth)acrylic acid or al kyl (neth)acr ates %& t he 10 condensati on of

car boxylic &ci @O&Ese‘st@%w hPREPHET detyQE &THY LENHCALLih SNSHTURRTIED: s

di met hoxy TeARRGYYRTENACADES BRCsPEREARRDY I EATARYRY ThEEROR DUl not
exclusively, a process for the production of (neth) acrylic acid or alkyl
esters thereof, for exanple, nmethyl 15 nethacrylate, by the condensation of
propionic agid or alkyl esters thereof w.th fornmaldehyde or a sourc

Dher eof suchis &7 ftRoxy ABURMETn the Wedsente 6f SUATSE Tardlyst st em
The invepti gholdsicRabhi Cit aekyynehevant tmﬁé&ﬁmt tappekyMethagidd ¢
acid (MAA) and net hyl 20 nethacrylate MVA) . Such acids or esters may be
made by rea@ﬁ|m§ﬁﬁ¥%ﬂlaﬂﬁﬁ%9 Rﬂxcﬁre%téﬁ¥a§ﬂrﬁﬁ@df@ﬁ#@péyﬁ3ﬂ aeds

OCOR4,  wher g IR%S%O% r?eef?&ﬂz éd‘%ﬁ%dﬁ&%yhc aéEHEaBEee%%%ts' thent 25

known in the art |c conpoun ydrogen or an al kyl group,
especi al ly asl qaeik) abkyﬂlgraupd@omtamdm@g. bdk exayileee sl ok roardhdra rdtyons,
with a suit bIe neth | ene sou e such for g?{ Thus, for |n§}ance,
met hacrylic 58.8 GFTAIRYI &§téts Pher oY lesp B0t Hethyl PY

net hacr yhat eonpRyishe igade By theacabakytic r%@g@;ondqf PRI ¢ agGitd, or
t he correspondi ng al kyl ester, e. g. nethyl propionate, with formal dehyde

as a net hyl énrémgodededien catc cor Haneee WHEBrEnE Feabt fen dslé@iém@m@tha@e R3-
94%@2&3?4 +_H aﬁ%_%gce%%%%géwll ?qug 1cular, |%gut g_(]J(
exclusively, a process for the production of (meth)
acrylic acid or alkyl esters thereof, for example, methyl
15 methacrylate, Dby the condensation of propionic acid or
alkyl esters thereof with formaldehyde or a source thereof
such as dimethoxymethane 1in the ©presence of such a
catalyst system. The invention is particularly relevant to
the production of methacrylic acid (MAA) and methyl
20 methacrylate (MMA).

Such acids or esters may be made by reacting an alkanoic
acid (or ester) of the formula R’°- CH, - COOR*, where R’
and R*® are each, independently, a suitable substituent
25 known in the art of acrylic compounds such as hydrogen or
an alkyl group, especially a lower alkyl group containing,
for example, 1-4 carbon atoms, with a suitable methylene
source such as formaldehyde. Thus, for instance,
methacrylic acid or alkyl esters thereof, especially
30 methyl methacrylate, may be made by the catalytic reaction
of propionic acid, or the corresponding alkyl ester, e. g.
methyl propionate, with formaldehyde as a methylene source

in accordance with the reaction seguence 1.



An exanpl e of reaction sequence 1 is reaction sequence 2 10 CH3 - CH2 -

COOR4 + HCHO CH3 - CH(CH20H) - COOR4 Sequence 2 > CH 3 - CH(CH2OH) -
COOR4 > (GMO2012/06804CH2) - COOR4 + H20 15 A POTtdB201W0SaEyi on
sequence is one which uses an acetal R3- CH2 - COOR4 + R OCH2OR' + R OH +
R'OH
2
R®- CH, - COOR? + HCHO ------- > R’ - CH(CH,OH) - COOR®
and
R’ - CH(CH,OH) - COOR* ------ > R’ - C(:CHy) - COOR® + H,0
5
Sequence 1
An example of reaction sequence 1 is reaction sequence 2
10
CH; - CH, — COOR" + HCHO ------- > CH; - CH(CH,0H) - COOR®
CH; - CH(CH,OH) - COOR* ------ > CHs - C(:CHz) - COOR® + H,0

Sequence 2

15 A further reaction sequence is one which uses an acetal

R°- CH, - COOR? + R’OQCH,0OR’’ ——————- > R® - C(:CH,) - COOR®
+ R'0H + R'’0OH

20 Sequence 3

A theoretical example of reaction sequence 3 is reaction

sequence 4 which uses dimethoxymethane

25
CH; - CH, - COOR*® + CH30CH,0CHy —----—-——- > CHs - C(:CH,) -
COOR* + 2 CH;OH

Sequence 4

30 The use of dimethoxymethane thus theoretically gives an
anhydrous system which avoids the difficulty of subsequent
water separation and/or subsequent product hydrolysis. In

addition, the use of dimethoxymethane avoids the use of



> R3 - C(:CH2) - COCR4 20 Sequence 3 A theoretical exanple of reaction
sequence 3 is reaction sequence 4 which uses dinet hoxynet hane 25 CH3 - CH2
- COOR4 WOHBR@ME2BECH3 > CH3 - C(:CH2) - COOR4 + 2 CH3ORCSamprenos24730 The
use of di net hoxynet hane thus theoretically gives an anhydrous system which
avoids the difficulty of subsequent mateg separation and/or subsequent
product hydrolysis. In addition, the use of dinethoxynethane avoids the use
of 3 free formal dehyde but nevertheless acts in a general sense as a source
of formal dehy8e. fPRE2aHSENEE B twaEEC ARG LErSe ACormaiNdeéhypde dodl Fgrdat | y
simplify the_separati.on .of fir e p+ed tre Howeyey ¢l
practice, Sgaugn%g%%cgsO%ré%&@ﬁéﬁ%gbggﬁaﬁgg %%%ﬁgﬁﬁﬁ%gzﬁeﬂﬁategﬁ{gﬁﬁ¥%ethyl
et her and wabtemalbehgdédi tdoori,d dimeetthioxysretthaney decenpesesatnder ocat®ayti c
conditions to dinethylether and fornmal dehyde. Any water 10 forned in these
reactions céﬁOWyg%8lé§8dPﬁ§ 85tE8F Feedst ock or product to its corresponding
aci d whigh may be undesirable. U54560790 descri bes the production of a, 13
unsaturated 15 carboxylic acids and esters by the condensation of

met hyl al (di FeFRERYret HanBY a@ittRca cErBHAs clacid BFORSEBRT US| MFcaUEH al yst
of general ML 4/ P erein i ar |1 l.,..preferably
al um ni um %%EK%E%%S geg 86%QF$E %&tapg%gFe erab%é%gglf%%ﬂ?%%be ] néﬁ{ioned
above, a knawniprodyct icomargtdotddraddVA dscoheo eat al yhide rc ormearssliyan of

met hyl propionate.(VEP) to MVA using. fornmal dehyde. uitabl e catal yst for
Tt o1 o O SeS R OHEa Yot COMCE TSUBOBrE. T IS s TE T a0 58 54118088
di scl osgg the peeducti on.Risaet byl ebhacr Wat e apgdroeybacr yhiec agiwd.by
reacting propionic acid or nmethyl propionate with di met hoxynet hane in the
presence of feataltysks aseHodnct heophidspharase I dnsi f¢edt edioh 3By
magnesi um | ci .al.upinium zirconium thoriumand/or titaniumand al so
in the presé%cgnéggé%g§q%35 nol es of water per nole of the acetal. The
preferred phosphates are

US4560790 describes the production of o, B unsaturated
15 carboxylic acids and esters by the condensation of
methylal (dimethoxymethane) with a carboxylic acid or ester
using a catalyst of general formula M'/M?/P/O wherein M'
is a group IIIb metal, preferably aluminium, and M’ is a

group IVb metal, preferably silicon.

20
As mentioned above, a known production method for MMA is
the catalytic conversion of methyl propionate (MEP) to MMA
using formaldehyde. A suitable catalyst for this is a
caesium catalyst on a support, for instance, silica.

25

US4118588 discloses the production of methyl methacrylate
and methacrylic acid by reacting propionic acid or methyl
propionate with dimethoxymethane in the ©presence of
catalysts based on the phosphates and/or silicates of
30 magnesium, calcium, aluminium, zirconium, thorium and/or
titanium and also in the presence of 0 to 0.5 moles of
water per mole of the acetal. The preferred phosphates are

aluminium, =zirconium, thorium and titanium. The catalysts



alum nium zirconium thoriumand titanium The catalysts WO

2012/ 063044PCT/ GB2011/ 052147 4 generally include an oxide nodifier to

i nprove tWoO0®tY@Bostti c activity. Magnesi um phosphate is RroT/Gheemplsefsared and
cal ci um phosphate is not exenplified al one but one exanple with an oxide
nodifier is provided. The results 5 are goor conpared with the other
phosphates, particularly alumnium Gupta et al in the Beilstein Journal of
Organic Chem stry 2009, 5, No. 68 disclose the Knoevenagel condensation 10
bet ween ar of&f'P& 2alldehydes Uaed el onoRt €% i | BOdet h§F cy@noad®raie or-hfal oni c

acid wth h ti : or U te t , the
condensat i oﬁ’g\r/twg;i CIPyr%gl 8%?3%3%% EV% 61%'[% gghl ?hgé%?aa%b%%xy Sla?llo\(l)yﬁ.eg{le%n dga?]\,%:égfm
hydr oxyapat ehe exd st sum npaoswphaere ofs cmyst abkémelfdras. alpraddbtfomne

anor phous precursors of dr oxyapati t with.calcium osphorus rati os
Shich are SFRPMRLS g thiootnr orochy bt Mt f o st ey BBGa FoMBKe can
convert §0 grystldd nenbadroxyapat | tecebther Rwo2@nachhysigalt iofuchen cal
treatnent. The crystalline forns are generally divided into two types:-
rods and pl aledipdtmerystal | i ne nano-spheres are al so known. These three
crystal forns are well docunented in the scientific literature. The typical
natural rod-like and plate-like 25 crystal forns of hydroxyapatite are

di scl osed i gupany edocunment stiorBexaspeteni dodrVal ep fCoema2004,Chlbdyi K27,
Rosanna Gbné%lﬁz- Quire et aI;,ParticuoIogy 2009, 7, 466, Padmanabhan et
al : Cheni calFUPysi s L&tter®d 20041866, 429 HReretnagel pi 992007,

28, 22739 Cheryebnal ;a30hand- Jodnnahyekst hesplapanaPehpak eum bnstidwte 2009,
52, 51, Tsuchida et al. 5 Hydroxyapatite in the rod-like crystal form may

devel op straoearesesack as BOWRSK- lticke! orl tl dwisk-dxviee agtirtge tawre [t&tveni cal
PhySICS Let%g%%i%%oéar %%at%zgnb%a%g%l'H%WE@%ICO% %Fg%%%éEPrtHTQQQ%H; t he

various crys orms oOf calcium hydroxyapatitée are 0 We ocurrent ed(J
Mat er Chem 2Q04nit4ac2377esRosannanGapzakeo=<MiQuive.et al; Particuol ogy
2009, 7, 466, Padmanabhan et al; Chem cal Physics Letters 2004, 396, 429,

Liu et al; Biomaterials 10 2007, 28, 2275, Chen et al; Journal of the Japan
Petrol eym | pgh it ute hlzj%{}%xy%%at%e suchida; ety ahyn8ad dsPhys fhemiB 2007,

111, 13410, Tao et al). In addition, conversion of nano-spheres into
rod-1i ke andosheet - | i Ke st raciditesrhas beew mdihseisosed dayecrascets al (U Phys

Chem B 152007,. 111, 13410). Specifically, t hods for oduci

yr oxyapat WAEPGdEPR S Lkl [ Gae b Ot D EHEE TS Ty af Br 605 MRy A 1 t e
rods have beenisuecessf uthyssymtdesiczedtusiingehydoonberamd 20 (Ahang et
al ., Journal of Crystal G owh, 2007, 308, 133- 140,), wet chem ca

(Mat erial s ERERESIAY &R BHysi 63, CPpolal BEne pYyazoxypRast tal 1 thetr &3bni ¢
Spray Pypol ¥sisy (B Lri 8ls elence apdeRaghneer g Aorg0P7y1 449- 42121
824, An et al) and sol-gel routes (Particuol ogy 2009, 7, 25 466,
Padmanabhanaet gkenerbbsty ofivilkled nteoesiwo nyvioles :ratrwrced acrdy stlad tefsoros: of

hydroxyapati&e relﬁtes toits ugg or applic%éion i.n the sh#g¥ of bi onedi cal
appl i cati on§TdGE G Es SPRCTEPPEY SFo 36 Shuiar “hore® "Few e di%s of
nor phol ogi cal-yefhect gorekat @0 kRdust Hoaluneatralyt 116 appld caldiens iofic
hydr oxyapati te. . . .
literature. The typical natural rod-like and plate-like
25 crystal forms of hydroxyapatite are disclosed in many
documents for example in J Mater Chem 2004, 14, 2277,
Rosanna Gonzalez-McQuire et al; Particuology 2009, 7, 466,
Padmanabhan et al; Chemical Physics Letters 2004, 396,
429, Liu et al; Biomaterials 2007, 28, 2275, Chen et al;
30 and Journal of the Japan Petroleum Institute 2009, 52, 51,

Tsuchida et al.



WD 2012/ 063044PCT/ GB2011/ 052147 6 Crystalline spheres or nano-spheres or
anor phous cal ci um phosphates with cal ci um phosphorus ratios simlar to
crystal | iwe 2p1pdrddapatites in the form of spheres and n&00/GRIhEVESS14ar e al so
wel | docunented in the literature 5 and are generally favoured by

manuf acturers (J Phys Chem B 2007, 111, 13410 Tao et al). Sonetines a
crystalline core is encapsul ated by an anorphous shell to create spheres.
However, anorphous spheres can forminitially followed by subsequent

crystal | i sativeac&yagrseltesed by Rantstiliete aFr 16t ¢ Pol iHalr BAY 2009 108
3036). At aLytie.apall calhons, ofolydsoxyapat bte (ale cknaun.buly e iEdd on of
crystallinity or particular crystal forns is disclosed therein. Due to the
wi de avai | aliiChetny cefl Raws-isphéritcal sa@00BhoGS opr é20r bor &.10) .crystal forns
of hydroxyapatite it can be 15 assumed that the catal ytic applications
relate to this common anorphous or nano-spherical formunless otherw se
mentioned. Sueprdesidiglivnd trhaspnowdeen feundathatspattkedharrisalo 20
phosphates of a particular crystal formare remarkably selective catal ysts
for the profaécign ofv@rodgErthitenicésl | §lemsattdrlat @aCemeboRy ¥ c Yaedisd or
esters by c nsathan of 4t he re I ' I es w.t h t.hyl ene
source sucheggﬁfoghg?deh%éé o%gg?he?%%%%#%?hgﬁgg%gﬁﬁgy%§%¥%§hf%hn%d'

sel ecti vi t yPamdikcowldigmetdyd et hey (“BME) padducibloan ken parti cuwhamiddie
catal ysts are particularly suited to the oduction of _a, 13 ethylenically
unsaturatedPE¥§58§w%§F %rgohgcaﬁ§%ﬁth%@épr3dﬁcéﬂii?%Feaﬁﬂmﬁt Tt h
reactiong. 3@oAccopdingzbosa firsh aspech) of thespresentos nvant i ouddiere is
provi ded a nmethod of producing an ethylenically unsaturated carboxylic acid
or ester, pPeftapadblyy amsLituganF 2032/ 083044PCTIeR2D1dA05X14917 and J

et hyl eni cal nsat ur a.e bo iC i.d or ter, npr i Si he steps of
contacting %éyﬁaﬁggﬁéd% g¥ﬁgﬂsu¥¥gblééggﬁfceTfiegeofggﬁthkg 2%¥%gf§ﬁ?c aci d
or ester incbheecpresancer ohaaocabakyets ant:optricerdlilke | andhehpreasdnde 5 of
an al cohol, wherein the catal yst conprises group Il netal phosphate
crystal s haWitA§Credesr TRgedsEN ik Torgsitology @y atsait a8l €PY6ufF-EE™ Rer eof .
Sui t abl g;exapphes 19f phasphates in accordance with the 10 present invention
i ncl ude hydroxyapatite, pyrophosphate, hydroxyphosphate, PO42 phosphate and
m xtures thereof, nore preferably, hydroxyapatite, pyrophosphate and

m xtures thereof . .15 the term"a suitable source thereof" in relation to
the phosphatBoerJSrateys HRANTEE haiok hE HEEROPogsY HyBE T ot hBd T ssi tu
fromthe phasphate lsaucecurder iheatld QA teaRdidrcansiydisefiene, toneds
phosphate may act as the source of another. For instance, the group |
pyr ophosphat'é¥emaypest f GRRCERS tgrldup ﬁwqﬁﬁﬁﬁ%aﬁﬂanq%%Stnﬁ%%rékﬁﬁﬁWQ%1
condi tigps 3pdahusd ha pyraphosphale & acsul bablensoubge, ofgehe 133-

hydr oxyapatite. By the term™a suitable Source thereof™ in'relation to 25

f or mal dehydé 4i0s ) preanttt hahemheat r e@d oz nad dehydeemeyt ey t herd f dtmdiressi tu
fromthe sour u r reaction .conditions or. that the source may .act. as the
equi val ent gp%gregg brﬁérzghy “nder @ éaofﬁ%ﬁ??ﬁﬁﬁ&Vfi89§?yfé?”%é&¥ﬁﬂ%3it
nmay form thevsaee ikeacticverndat erdrediad enasr {04 N debyde 30430 4shgtgtihe

equi val ent reaction takes place. 8 in case of doubt may be taken to

i ndi cate a EFfst &N Vit hapt eR@ferRdlalIygr oWk Btsh ORerkegudilABKHsi¥ON ¢t he z
axis) a a bs iLal esser,gromh in the second and third di nensi on
(the x gﬁd é%gke%%ahﬁ%?%%g%e%?fFégrly, arod 5 like crystal has a length, a
wi dth and a thickness. The z axis can be defined as the length. The x and y
axes can be defined interchangeably.as the width and thickTes§? The

t hi ckness t 8Oficdt At r dtt Ady SBE Slmeglal PN PervdtiveFy YERewi te s of

thi ckness ratheongyphe isubstandiad | yoequal ,ufeor 010 zﬁ?ﬁfﬁ[&a@ci‘én My hee
between 1:2 and 2.1, nore typically between 2:3 and 3:2 and nost typically
bet ween 3: 4s&ndv4cd. Nipmafi ads eaPk heCa hi @khedse ahd witdt B 1WilarB&v és5 t han
t he | enggh; ei a ct i | engt LS) ;. _thi ess

and/ or aﬁdtﬁ %%an Igyaxig ié”{§%$§a?%§5?§S>é?9n§P%5P§gP§%FF%,%3%%§%%t
typically, »%Qatthe riod |i kedsbapeaas defdteld/tic t heappéseatibngenticon is

hydroxyapatite.



intended to cover any crystal that has the above di nensions and therefore
has the crystal habit or 20 appearance, macroscopically or m croscopically,
of bei ng W0 2are/eB@angat ed nenber formw th |ikeness to aPcodB2Idsef40re, rod
| i ke shape covers any of the official crystal forns capable of a rod |like
crystal habit i.e. hexagonal, orthorhonb%c, tetragonal , nonocli nic,
triclinic 25 or cubic. Preferably, the crystal formof the rod |ike
crystals of the present invention is hexagonal. Preferably, the group |
netal of therghésphare dﬂﬂﬁﬁéﬁin9én@@@@‘ﬁ@@eﬁ@sa<ﬁ¥x?@PéPéPU§r qQiuhet al s
but is 30 p sel ed . or ..ni res: r.eof , re
preferably,bggggﬁgE¥F eggg%}al%égg%éﬁz%gﬁﬁéﬁﬁﬁﬁﬁlyrgkg%grrgé%ggﬁglygfgnare
stronti um pyrephesdphate, hgtirortpam hydr oxyapdts t €orbyar pam $wylte oxyapatd t e
and cal cium_ 9 hydroxyapatite ich display rod |ike norphol.a in their
rystal f of FETROPERRrEROrT A B GOStIot | HRCHDAR bRy At | FBe BaahAtyZS

hydr oxyapat bhe ard gaheirumily dexyaeat ithe mammsth prefery edr ang sStareat igim
hydr oxyapatite and cal cium 5 hydroxyapatite. The group Il netal nagnesium
is nore typreallly ldded last1d dopt )t net bt WPTRT6RESOR WBWEtefl ICaS ST Ba
in the phosphat nt, i Lan.. P rably o t.1s at

| east 50% \M&\% rree%ftéa\%sfg%%heg{sgi}zt %n %‘r%glpgl%e er%ﬁ%@, g{) I’Cétglsafte? 0 rfé/ertsea'
phosphat e, Hostvpref emablpphouat dgaste BO%emefatmphosphaiey TFhé loekal by

phosphate has.a significant crystalline nmetal phosphate fracti on but my
oS0’ i ncl uds BASFHRBlS Tt .S Hicih & ySLEFTPRECT oRvEXOFIthe Ritdll

phosphatgs ape1kedaneedl £0db, | ike, ploats |ikgralyerystabdi nesspheses,r The
inventors have surprisingly found t hat crystalline netal phosphates with at
| east sonme hydine&gdietiitke agig/skadsn h@ué ur prest hglh y oi gir vedladdtingity i n
the present _inventi.on., 20 Th st.al _nor.phol o 0 h rystal Line netal
phosphat e n§§ ﬁ?wﬁi%ﬁ%%ﬁuﬁf @gé%c%%FSSe&gk%%é?%%gﬁiogggg%?ﬁre?ugntfhe
art, for exanpl e byderansthssibnletect roh mciroseqye(IEM oOrangeaiuug

el ectron mcroscopy (SEM, or fromthe relative intensities of XRD peaks by
conpari son WERURRGWR 25 nbf pRbROgITCAMSvart ahyS ToKYERE tdigstdl | FAB &t a
phosphaq§8-aB%%E%Bab%yatrq@kﬁesgkglktke St @l St Ahes 0ncaverage,t e ; s

dom nant crystalline formnunerically in the phosphate. Preferably,

rod/ needl e kickeoer ystaimhare oh averagehehe cddni harmt onyssal ldthe fworsa by
amount of a%e%%%eDS TEM i mage area covered in the phosphate. By dom nant

i s neant that the"c ystalline formis the | argest group of crystals.
However, it is not necessary for the rod or needle |ike norphology to be
the dom nant crystalline form 10 for the invention to be effective. Even a
netal phospRACETWSERIAYm Adr it3F oFCY heeerySPEANE tRath&®@ardd corlafedit@] i ke
formwi bl benstbhboebl eotive 85:a:cal gty sty AeLor doagl VardneGraup.dily et al
phosphate crystals having the rod or 5 needi e 11 ke nor phol ogy or suitable
sour ce thereeflenéedeon| yabelpsesentfaor bedene presentian a béveloathatb is
effective to _catal yse the reaction with sufficjent selectivity such.as

t hose selec?F@V eggcééﬁybu?n%%FBﬁ?tﬁﬁ Ca%boxyllc atid or' edters by
Preferably, thaseheetiivht yof t hereags i oot o008 hyd eniccal | yr ursatyr ayedh 2
carboxylic acid or ester, preferably a, 13 ethylenically unsaturated

car boxyl i ¢ BEt8YeFnestseimodietl @spéeraplgeparr) a&r Wine tasiyymst hangy |
(al k) acrhyl a I t t - le 9 e f , east
60 nDIeQéb hggglggg er%%?@,:%iﬂgggégjgg %Séi g?&e§%§%?%?Y§%@£%yleQ%FBSO or
90 nol e % Pypidoalisel.edin waitescwbsaset tioet cabavesacse aire tde triande 45 100

suited to the production of o, B ethylenically unsaturated
carboxylic esters because they produce little water in
such reactions.

30
According to a first aspect of the present invention there
is provided a method of producing an ethylenically

unsaturated carboxylic acid or ester, preferably an o, B



nol e% nore preferably, 65-100 nol e% nost preferably, 75- 100 nol e%
especially, 85 or 90-100 nol e% The nol e% may 20 be determ ned by gas

chr omat ogwvephiz/o63akecti vity i s based on nole % of total PpraEReot1/050vert ed
fromthe starting carboxylic acid or ester. For exanple, if 100g nethyl
propi onate reacts to produce 90g of net hyl propi onate and 10g of propionate
derived product of which 99 is nethyl 25 nethacrylate then the reaction is
90% sel ective to nethyl nethacrylate by wei ght which may be converted to
mol e % sel e@FihVil?{/lngLﬂtq t e gt evad noFe&tPay Lwei gt o 8&t erdfittie ol es
met hyl propi onve d odyet of a | at e

pr oduced anggglgffgﬁﬁggi n%hgheggspréml gg%o n%?%ﬁgneft ac%#%ﬁ&%hg%f%m
Simlarly, thetsade avcalrysi $hearofe woanhr iaed aoirto xfydri cotalverd eonperient sirsuch
as nethacrylic acid. A suitable chr omat ogr aph evi.ce is a Shinmadzu GC
2010, equiBhed AR S RIXEIGE St (in VO 2085] DASOAIPEH G20 FAGSATH 11
(supplied byrThaires) Resbek Wkektdh &3 Fhagglleni zakion Joef ecyebupFIimD) .
Reactor feed conpositions and sanples of the condensed 5 flow exiting the
catal ytic r@géteor maypsaiNatse dHaIS/sElP by yas"Ehr baAt ogF apRyedASsuiltialsl e
device is t i u d i | a F anal ysis, the resultant
chr omat ogr agﬁrg&?qgg’g/pﬂ%fgsgggkaggﬁgg%\é?ﬁgdgéﬁggﬁ Sol utions" software to
obtain peak areas for individual 10 conponents. The FID response factors

for the individual conponents obhtaipned using standards are applied to
convert peak Areate” (THLIIHt o At ok PAHBEERER |t 0 RGO GE dbt bt dtice

materi aljpi nptrBeesanml fyedd; Mot ehaeRkent iRk DEpRE oduCt (Bfrddie Latalytic
reaction may be nmeasured by a Kar|-Fischer titration (Mettler Tol edo DL38,
with a prob8yBvRa3r8CspHpdeanaPOVIer kPhgshedtem & and Conposs t &hgred

Preferably, _t rod _Li ryst al re i fficiently.o rran nt to
provi de accggggt o] ?)ﬁgiflé%gﬁﬁ%%éces%}ys%rg)ﬁfyegg{%téﬁfef’i ci %r%tr%%%%&g%se. I ga%a@a
congeal ed masstofreer yakaksfthe surface area of the rod |ike crystals

avai l abl e for catalysis may be reduced thus reducing 25 although not

removing catal ytic effectiveness. Accordingly, the phosphate crystals of

the invepti %g ane peeferably; tsphst antiald ¥ Hon-Ag9l;onerated Of to the
non- congeal ed. 30 Preferably, at |east 10% nol/nol of the total netal

phosphat e i phtheheseal ysystisls nia cnystfl Ithee fohe meopécgrefer ably beat
oot 00 o Bl DL B Sk PR B0 A IRl P o
conditions. Therefore, one phosphate may act as the source
of another. For instance, the group II pyrophosphates may
20 form the group II hydroxyapatites under reaction
conditions and thus the pyrophosphate is a suitable source

of the hydroxyapatite.

By the term “a suitable source thereof” in relation to
25 formaldehyde is meant that the free formaldehyde may
either form in situ from the source under reaction
conditions or that the source may act as the equivalent of
free formaldehyde under reaction conditions, for example
it may form the same reactive intermediate as formaldehyde

30 so that the equivalent reaction takes place.

The references to a rod like crystal morphology of metal

phosphates is self explanatory to the skilled person but



fraction of crystalline phase) can be estimted based on XRD results from
the equation : Xc =(1 - v112/300)/ 1300 5 where 1300 is the intensity of
the (3 0 WP 2diFdesmat i on peak and v112/ 300 is the intensiPCy/GH20t152130] | ow
between the (1 1 2) and (3 0 0) diffraction peaks; Xc is the degree of
crystallinity. 10 Generally, the crystal 8si ze of the netal phosphate
crystals on the z axis is in the range 0701-104, nore preferably,
0.1-104nm nost preferably, 0.1-10nmi.e. the crystals of the invention are
typi cal | y naRocS@st@l sdofnt 1B2paPei dakan tt%el@%ﬁ%a‘é?eagéﬁéfﬁélally with
0. 001- 10nm wi r rabl y;, - n L de; referably, 1-102
nmw de or pﬁggﬁrgﬁ ?8?(3](%%?){;@:?&)/ “a%e@%héggs(g%ﬁ@%g%??gyﬁgf ?ngdxq%ér é’ilng% I n
preferred eabodgilpenistisheyneteadsqhogpbatté cryst@dles ercbhd zamad bhiord y

1 -

axis are in _the 20 respective rapnges 1-5000nm and 0.1 to 500nm nore
et er abl y SSTCES06Rm BIHE 05 T4 TB0rTHC st Br et ety Al B00nf s
50nm Acgor diingl Yryisht atihibsi scentiexigt i hes npr @bl 8y af thhekeeyst aliscofz t he

invention may be termed nano-rods. 25 Advant ageously, the use of netal
phosphat e cagabysen Ret Hefphnecess éfhet Rerigmientliten *alesd resyass day be

surpri si ngl )ﬁelfQWelcievler{‘éergc;h%ch@%@ Etshgfhé ”wEB’E‘hpraggyggh%&S@Q‘é‘."b%tﬂéer the

f or mal dehydi ¢ conmponent aporised reactor fe conposition is
based on fothakdekyde tor wdidmiat hexymetrhande WBRE12/ 063AARCEEBR0 1052147

13 crystals is _depleted bel ow the optimum M P ratio for. hydroxyapatite i.e.
bol ov 1 67, "y bt o 5L FACEOM BT JRNBT Dher WIS A S0 Ly §O55 havis been

found tgobecparbheul af |l yn£f f Bet inkewWh sur.bace,d abi.q hepgi-a V‘fggi%aﬁflﬁ to
the ratio as determ ned by X-ray photoel ectron spectroscopy (XPS). However,
it has al sobbéerehound t Rat thel usedomdsgw MWPiprélyursdriasati 6sdcamd esul t

in final crystals with increase ur.fac P ratjos. ve the | k. Bul k
crystal M Pﬁr'tgt'i (S)Isrl i %nghe%arsfdgeggé1.téll€§r?|¥lrsgsu$%&i %l%g?li n“f:lrlzlasgg ls(luer%‘%ace
M P ratios eaanhespendigigith hivghere irhaim t hesect ouadibnothehbulllengther ef or e,

it may be that increased catalytic effectiveness is found as a result of a
favour ed mefafSpRodpHat'e i faee &F r Hhgehen® afpi BaPf¢s) the NP Surface

ratio, partbeul aphky tRhatHen Cask igokh 19pthgingnge d. 30-1.55. This may be
a nmetal hydroxyapatite structyure depleted’in netal. It is possible that a
particularly preferred nmetal hydroxyapatite formula of 20 M@ ( PO4 ) 50H
(HPA) is therefore highly catalytically. acti wth a preferred rat.io of
M P ol 1.5 Wierdin THE MEr (& s gr ot T ok el SohGr o Trserdn Y Ca,
Sr or Ba, mastepreberal) y,c&aepr Shy espsecitalll y,trCa orhakxt whes tdieyeof .
The general fornula of nmetal hydroxyapatite (HAP) in accordance with the

i nvention mByTBESEPREN &G or FUEESTOBE MIOSx (P4) BLXSEOH) 2abiHPOPT x|

14 whergpn %b%?&%ﬁ%@t,s I@acgfc%kgciﬂilcz{ﬂﬁl orprn?ifcefc?é%c}@ic%aﬂhlys;r ?E I%?ediq{ ,

m Xtures thereo , hore prefera Yy Ca or Sr or mxtures thereo , an erein

Xis 0-1. in an elongated member form with 1likeness to a rod.
Therefore, rod 1like shape covers any of the official
crystal forms capable of a rod like crystal habit i.e.
hexagonal, orthorhombic, tetragonal, monoclinic, triclinic

25 or cubic. Preferably, the crystal form of the rod like

crystals of the present invention is hexagonal.

Preferably, the group II metal of the phosphate of the
invention may be a mixture of group II metals but is
30 preferably selected from Ca, Sr or Ba or mixtures thereof,
more preferably, Ca or Sr, especially, Ca. Particularly
preferred catalysts are strontium pyrophosphate, strontium

hydroxyapatite, barium hydroxyapatite and calcium



5 The general formula of netal pyrophosphate in accordance with the

i nvention may be given as forrmula Il M2 P20711 10 wherein Mrepresents a
group |1 wotal2/oepref erably, Ca, Sr or Ba or m xtures theCeaiB20mmN5e147
preferably, Ca or Sr or mxtures thereof. 15 As will be appreciated, the
MP nole ratio in a pure netal phosphate can be varied for exanple around
the optimumratio of 5:3 for netal hydro%yapatite and 1:1 for netal

pyr ophosphate. The netal hydroxyapatite is téiiypi.cal ly varied to be a netal
defici ent hydFERyAPREITLE SWHELERs CHEP2G YAl LpyicopladdbleatCd Ymay! BeiSidr i ed
to be netal .ri 1 teob S, passible far M_P eatd @ tween
0.8-1.8 but Ctrg%itagal Slfr f'acz) I\%t% reéf(r%grertse%:rae el.sggj-ol.tSl? esi}peco;é{;{ ya,bcelt\%e'
1.10-1. 50, mereuvespbgiabkyapar20el. 50dascaktermi redlbyx RS wher,easndsil k M P
nole ratios vary between 0.8-1.8, nore 25 typically, 1.00-1.70, as.

et er m ned. By CXCRAS S JOF 85 ceHie Spelt r oMty “CRREFL TR surtabl &4 bt Pument
for detesm RiyAgosyabace tM.P ratHos ghyuXPSIt S ngeddiat s gnlxismU 1 & amod ay
Phot oel ectron Spectroneter. A suitable instrunent for determning bulk MP
rati os by XREPi§agnYOMS®d B0 & nSPPURENTS EXLISIPrieneo 8000 WHPER ©°$ Ba@sed on
Energy DispersiverX Ray.ElLu S XE

20127 063044ECTPERB01 1 o%%4%?%5@%&%8%%M%%Et@}e%%ﬁ?nB?HS“#?QF crystal s
can be achieved by varying precursor MP ratios and/or in the case of a wet
production nethod, the solution pH and/qr solution te ratures. 5

General |y, BFSES&HPEM'Qf YWhe FEGdY SheedSe Fitke lﬁﬁﬁ&hgl% gy éflr/e‘“f hé'SHent i on
is achi @@redp%s%ﬁartgpr ngtre mthadsdinpwny £ 01t her skikl ed cper m%;ﬁaaderleady
set out above. 10 A preferred production nmethod for productiono

hydr oxyapat inPé tamd ghyargFhosphat e leadtoB Uieatitteel | Reoepiatal s TAecardiang to
the inventi i pl t h f i_nisng th up.J | t.al
nitrate andggpgﬁﬁ%r%l%u%{%dgo\é\%h%ﬁ%%bﬁg?g é:s%%%taglllglﬁd Iﬁ%gégh%rhuosSp%tae
precursors fespedtbinvebyt i nagquelds sobutiden dnwfdransa paeerphl at &nokhe
conbi nation of the nitrate and phosphate typically takes place pbetween 20

and 115C. TREYSHASF 1PRe SUdhenst o Gurisid prioduet i dhet s 2pFef &t HBISE Kept

between 4. 51and 13,1 Cont iiNYQUS, st i 4 iNg, MY, dTBisphakR st herps odygle 20, i
suspensi on. After ‘aging, the product is preferably dried and cal ci ned at

di fferent téaper atuunces siavegivngt duro 00t t 0rY60€L Lihenves attharh covpdragrasup | |

metal is present or _if_ other netals ar resent the water-soluble netal
salt (pref e?”al% y n%ratlgjasﬁay bé" i s§8§6§8952?o tlhle esam?%%%%?ut ih§ﬁ7eas t he

first groupsbkphiikiatey Qiber spretenredymehheds prekude agweauson.
recrystallisation by formng the crystals on a substrate surface under the
30 sane tenperature and pH conditions as the sinple wet nethod above.

W th PEED aeods Srian 4 ar SvEn Gndor eher) on eoad T eRe ar 106 = d00c
is al so WOm2Q12e063044RCHaEB201 1 O52147ud$ known to those skilled in
the art, for example by transmission electron microscopy
(TEM) or scanning electron microscopy (SEM), or from the
relative intensities of XRD peaks by comparison with known
25 morphological variants of the crystalline metal
phosphates. Preferably, rod/needle 1like crystals are on
average the dominant crystalline form numerically in the
phosphate. Preferably, rod/needle 1like c¢rystals are on
average the dominant crystalline form by amount of average
30 TEM image area covered in the phosphate. By dominant is
meant that the crystalline form is the largest group of

crystals. However, it 1s not necessary for the rod or

needle like morphology to be the dominant crystalline form



possi bl e. Possible reagents for steam ng with aqueous anmmoni a i nclude a

w de range of cal ci um phosphate conpounds, preferably with Ca: P

st oi chi orEOry121063dt<1. 5, such as di cal ci um phosphat e di BgUGHR2011(IBORD) or
tricalciumb5 phosphate (TCP). Still further techniques include thernolysis,
in a furnace at <700C. For preparation E‘% thernol ysis, a physical mxture
of thermally unstable cal ciumand phosphorus 10 conmpounds (e.g. calcium
nitrate, calcium hydroxide, di anmoni um hydrogen phosphat e, phosphoric aci d)
is heated | A0& 6w G SAIT ot Fenperaf fPeE1Yp- t BVEPDOE, IPhe Loiystsaldtse for m
of the HAP b r Vel f bI , i t.er m ned
by TEM i nspgg%EPo% an?il%()I?):!tti@/gg)f]b thé(;:(l\)%]]g? dg<by XED8 ‘?’%g a sgﬁtgg%r Gipg)elrkgegence
of crystall ifpirtny wisl Iprie¢ esablly @e?tfemnlrvead doy a(RDatAlsasrtt alfledmsitralrgent f or
XRD anal ysis.is the Si ns , Bruker 000 Diffractoneter. D6. A suitable
Thstrument TOF TENHnat §ore 20 GBI TY po” CRAS. T ARSHITSS] DI EF8E: ron

M croscope. nee@n¥st & ké nendipfA @gqychafao;ﬁﬂa%lié: XBrpeakshate2P Yy
(002), 31.9 (211), 32.3 (112) and 33.0 (300), all +/-0.2 2520 According to
a second aspéct/ o@etﬁ@%}éﬂen?rl RN AEFEEa t sapr ovi degca chitar ysits
system conpLic$ing ; @ecryts aI 5@3 éal tpltéosg%”@g & cat al §tchandsh Gat;al yst 30
support mhereln the neta osp e has ro dl e I| e nor phol ogy. 17
Advant ageousky ectheitgdknetdkbe lthkeenmsephkolagy tpeavisdes catsivepoivsi ngly hi gh
selectivity for an ethylenically unsaturated acid or ester product in a
catal ysed reaction according to the first aspect of the present invention.
5 The rag/ n@%@'f%r'ab‘ig cryshal nmeephelagy t9f metral phesphatesdissel fro
explanatory to the s illed person but in case of doubt may be taken to
indicate a @fc@sftlélnlwatlﬁ_\/pr eirefir@fmmﬂe@r ow@ﬁbakaﬂagq heeZ-caxi 8T Msrsger,
specificall needl e, 1 a_l t th and

t hi ckness gregieﬁg %pdﬁ] gt dyf %Jzis | o i %% gt \%@gﬁ%y@‘l %&Zwﬁ
nore typi cably dmttemeepradacand e?sp?ecaamﬂln;ost anypacawycbacmfnos 4land 4: 3.

I n any case, the t hi ckness and width will always be far Iess t han the

| ength; wher&ih) dAiTdspéct PGt dfstr%tle%%%%t(z 9xi 8Pt hi'eknd¥¥ Sand/ or

width (s an?sr)éf%%@%%)ﬂys Eypicaldy e, mams ext ypheal by e r233api0st AypiLald v,
>5, especia 10. "Optional Iy, the cat al ytic performance and/or the |evel

of 20 rod/ né@dln@lia ke mm@@i@?gw/caﬁtbéeﬁ@m fdledbhySehanges sapplviredalo t he

cat al yst synt he5| s_condi tions su S er at ur ressure, atio
and t hrough 30& ﬁgl Vit 2ot her SI erﬁeu gg‘@ssem Iy rrgci s 28 Tylﬁ caqr

the catal ystosgnt hesirs pHefayabe f,r @m-4-003morere tpitc aldafe famam, 47:'512
nmost typically, from5-11.5, especially, 6.5-11.5. 30 The wet synthesis
sol ution terper &Ure i s© WCJ@% Ycuﬁér Py ¢t tli%al nakRl mayhBe MPLE6m RAY 150C,

typ'calbU E%O@e%% f§ﬁ£¥©g££8H%208%%@€E1v¥%§ is based
2012/ 063044PCT/ GBZOll 0521 8 T e pressure reaction I s al so not

critical andntheolcat al yst tanabe preepartedcatveedaded mm high priessumey
g¥2223LL¥’ hO %§§11Eheagléa&y I%eiyntpor eéémple,r ?%OUPHOStQEﬁﬁﬂ%T'C
propionate reacts to produce 90g of methyl propionate and
10g of propionate derived product of which 9g is methyl
25 methacrylate then the reaction is 90% selective to methyl
methacrylate by weight which may be converted to mole %
selectivity wusing the relevant molecular weights to
determine moles methyl propionate converted to product and
moles of methyl methacrylate produced and calculating the
30 mole % of methyl methacrylate therefrom. Similarly, the
same analysis can be carried out for other components such
as methacrylic acid. A suitable gas chromatography device

is a Shimadzu GC GC2010, equipped with a RTX1701 column



5 Suitable doping elenents nay be present in the catalyst at a level up to
20 mol % of the netal M Suitable doping netal cations are Cs, K, Rb, Na,
Li, Zn, TWO28i2/068034 Ce, Eu, My(if not used as a group | PCFEBI1/05Ba(i f not
used as 10 a group Il metal), Pb, Cd, Ag, Co, Cu, Ni and Zr. Preferred
dopants are group | alkali netals and gr,Qup I aIkaIrne earth nmetals from
the above list, nore preferably, group | 'netals, especially Cs. 15 The
doping cations may replace Ca, Sr and/or Ba in the above formul as. Suitable
dopi ng ani ol§URRY 15€ &nesﬁh@mat &éed B bpA o 207 nBlLa¥EpHEEpifatte.on

Sui t abl e dO@bngcagron?I%re carbonate, 20 chloride and fluoride. These may
be assunmed to partially replace the group Il netal or phosphorus or

hydr oxi de in the fornulas herein as appropriate. 25 Preferably, the
carboxylrc cid, or ter reactant .of the present |nve@t|o€ i s of forqgla
R3- CH2- \%‘ﬁé%u %é?r i € BN oG8N o HH AT kYt gi btip CARERS

ei t her hydr 9geR, <an tahkyltrer @Wél}@il@lprea:@tﬁcﬁ'@-' ﬂapygetaae seungesdrhgr eof
30 A suitable source of formal dehyde may be a conpound of fornula I

wherein R5 &A@ RHHaWe“KnHEﬁenﬁentl?Uéeﬁééﬁe@EWﬂ§ﬁrGﬁiC&th§@ﬁ6@§%HOn§3or H,
Xis 0, ni hntege m 1 10Q, 5 Pr ra d R6
are indepengeﬁgﬁyggele%?é%gfroﬁ%%t %ac ghé?%éhyf Of9%$y|QJ ﬁ??ﬁgd
herein, or Hhrnmaeogmaberahbw; erCl@r@¢¢y$edoruH;ngDthpmeﬁemahlyFGEI C6

al kyl or ecially, or H Preferably, nis a |nt er from1lto
20 ore pr SPORRAPYSE 195 B ebP Rt A SOt KOWEARer LObr HOT RO e of

fOf”H|d@byd%oﬁéﬁngﬁtﬁsedmkﬁck@@'ﬂ&xﬁ&hﬁ%@n%actorlhemﬁﬁOﬁﬁe & rsiitiall L
source of fornmal dehyde includes any equilibrium conposition which may
provi de a s@@rneenent% ob@uanrnledenﬁdeg Bramplegsisofa reucprilacdude BpnvarE not
restricted [ hoxyme 0X pal y,ox hyl enes 0 (

-0)i-R2 whe%%ﬁ% lor%#ggare alk %Rgﬂou%§%0r¥ﬁgérog§%g fﬁﬁ' Yo Sg%
parafornaldahydetabaenmbter@borﬁaldahydampﬂethanol wat er) and ot her 20
equi li brium conpositions such as a m xture of fornaldehyde, met hanol and
met hyl propionate Typically, the pol yoxynethyl enes are higher formals or
hemt{ or 181 58k OCuRkAsy 05 and RLERA) CHO -0l Otk 25 B8 (G 9pel 1 )
or CH3-0- (CH2-0)1 hem f or ma wherein i=11t 00, preferably, 1-5,
especially beBH&ﬁsmm$®rbpokyo%ynétﬁyseheg\muﬂr@nlmeaéMebheenoﬁQﬁadwl

term nal gr Ther fare, he r.C or mal de I ob
polyoxynethéﬁgﬁé 8ft o?nﬁl ﬁSP?@%SCE H%' wﬁ%F%lﬁﬁ{ aCP %iﬁﬁﬁib
t he same or cdinbberent kgr.oups and WO 2012/063044PCT/682011/052147 20 at

| east one is selected froma O -Co al kyl group, for instance R31 = isobutyl
and R32 = nethyl. Preferably, the sui tabl e source of formal dehyde is 5

seIecte?ofgggkqb?gbhgéyggk? Jg£§r$p§§% pemals of, f or npldehyde and

met hanol , ere =2, fotmalin of a mxture conpri sing
fornaldehydepemﬁdmm&ﬂgem&hmethymqqudanmneesaotm:uhemmrsucﬁhaebyto

advant ageous tha thox than gan be used as a sourﬁ% of formal dehyde
in the pres&ht S veﬁPlgnCl anfggg 48y - tHi's pr oviCiES A E pd&sihi 19y of

reacting di petRexyret haae Wity et h)é're@rowmnéﬂh% t @ door miMA and, gwetihanol
wi t hout the production of water. 15 This provides a potentially anhydrous
system i.e. agasysPém wieh r@éﬁéemshétemazr&earéﬁﬂWQﬁ% aﬁdﬁéemﬁQﬂ

requi r egent ne usi, ot rces | deh in or
geﬂeratg?ma?é%ﬂ%ﬂﬁﬂadd ﬁlgg d?%%?ﬁgéynethg%g i fgblgqgﬁ%?! e o%%£9

sources of Accordingly, the phosphate crystals of the invention are
preferably, substantially non-agglomerated or non-

congealed.

30 Preferably, at least 10% mol/mol of the total metal
phosphate in the catalyst is in a crystalline form, more
preferably, at least 30% mol/mol, most preferably, at

least 50% mol/mol. Typically, amorphous material (or



20 formal dehyde which require water and net hanol which then need to be
taken into account in subsequent reaction and product separation. A further
advant agewof20tme3@resent invention is the | ow |l evel of ®#€TEROBVASREA i n the
present invention of dinethoxynethane to dinethylether and 25 fornmal dehyde.
PmﬁaaMy,bythetanHOHmHnisrmﬁﬁeamXUMeof

f or mal dehyde: net hanol : water in the ratio™25 to 65% 0.01 to 25% 25 to 70%
by weight. More preferably, by the term30 formalin is neant a m xture of

f or mal dehydéraethanolCinaterstalthee r RERES30 P8 60”6 SOt 8828 2095235 Ao 60%
by wei ght. t . pr.eferabl t rmformalin is meant a m xture WO
2012/063044%%%/é%fg%?F0%§¥£7géf %ﬁu%gﬁggldehyde:nethanol:mater inthe ratio
35 to 55% 0.05 to 18% 42 to 53% by weight. Preferably, the m xture

conprising formaldeh hanal and net hyl propionate contains |ess
than 5% wat &F gglmeiéﬂﬁ?/%ghéapgépgrably, the m xture conpri sing
for mal dehyde, nethanol and net hyl propionate contains |ess than 1% water by

wei ght. Most preferably, the m xture conprising fornmal dehyde, methanol and
met hyl propiogaee 1 Contaits 011teBSDE 5% Mat e by Swel ght . Pridieardblan t he
ethyl eni cal Ly ynsatiir alad agidl or @3l o1, producedoby (hReRnALEsH . ddie
invention is selected frommethacrylic acid, acrylic acid, nethﬁ

met hacryl at eheet hyl 1152 acryldat €3 010 bui yldidgdmdcatien noeekpr efxer abby,the is
an ethylenically unsaturated_ester, nost preferably, nethyl nethacrylate.
The processtEIFﬁeO§n§§¥§F8 ligi5drticularly suitable for 20 the production
of acryhpc, al kacrylic, 2-butenoic, cyclohexenoic, maleic, itaconic and
fumaric acids and their al kyl esters, and al so nmethyl ene substituted

| act ones. SGengbkeélval kadveyl icrvdiads apdze hebf esher smgte l( CPBs)ds vl i ¢

acid or alkyl. (CH8aligacrylates., Lypical |y, 25 tromihe regatign of,he
correspondi ng-al’kanoi ¢ acid or ester ereof wth a t Ayl'éné "sbur ce such
as fornal debydecirablike pr.asanéempf mbbe eatealeysi,lypr ef ar-akl yimt He epr aduct i on
of nmethacrylic acid or especjally pethyl nethacrylate(MVA) from_ propanoic
aci d or net AyVSpRopi Grfat'd's elSpect F /et y‘?‘r%OtSHFFéﬁlléf RefRyICENE tedbst ilttut ed

| act onegsi nglude -2 Jret hylene, yal erol gehargiand o2 ymathylgne Jukyr olacs one
from val erol act one and butyrol act one respectively. WO

2012/ 063044PCTLEB201Y/, 052147~ PP 1Thewi @act imors tof pthge prlekent 0i-Avénti om may

be a batch or ,continuous reactiion. The term "al kyl ", .when used herei.n
nmeans, unIe¥§d8th8Fmﬁgglgﬁsp%%?fi%%ﬁ %fa?%yCHE?%%kfﬁK%nfﬁgﬁﬁ défﬁﬁﬁthl

et hyl , et heaylsinpopHerdaropemid butyter bak enghbopentyk s, perthenylne thexyl ,
hexenyl and hept%] groups, preferably, the al kyl groups are selected from
net hyl , et hPPOSBRGHSF CBIREALS peht yiicamd RBRyX or & preferabt y IRmetidy| .

Uni ess 39 otberui.se specidig, al kyhogrgups my o when thesgois a suhfd cient
(0} e lin

nunber carbon atons, ear or branched, be cyclic, acyclic or part
cyclic/acyckirefeleblnsulist i 10t @an sobstl.ttutted P 0hey nineated 1B/f cored lor, nor e
SUbStituentioggb%%%QQHL{Of1ba%%hﬂﬁyﬁﬂgéogffﬂé’yf-QB%gthis context, the
morphology of the crystals of the invention may be termed
nano-rods.
25
Advantageously, the use of metal phosphate catalyst in the
process of the invention also results in surprisingly low
levels of dimethyl ether in the product stream whether the

formaldehydic component of the vaporised reactor feed

30 composition is based on formaldehyde or dimethoxymethane.

It has also been found that the catalyst of the invention

has increased effectiveness when the surface layer of the



15 OC (0) R20, -C (0) R21, -C (0) OR22, -NR23R24 f _C (0) NR25R26, _SR29,
- C(0) SR3, -C(S)NR27R28, unsubstituted or substituted aryl, or

unsubst i twDedi2aw3@ubst i t ut ed Het, wherein R19 to R3 her @CamBgavisedl| y
herei n each i ndependently represent hydrogen, hal o, unsubstituted or
substituted aryl or 20 unsubstituted or I%ubstltut ed alkyl, or, in the case
of R21, halo, nitro, cyano and am no and be i nterrupt ed by one or nore
(preferably I ess than 4) oxy sul phur, silicon atons, or by silano or

di al kyl si | c6AY§EBEPs, 1or %‘f&f Fed tIReribf ther ePREABLY, YRR af&kiio gricips are
25 unsubst i Egh‘r%gx %%fa% abl y, I neanandpr gher %Ql\y%ta%ats%fﬁta%% MLRe 8T

"al kenyl " e-under stood as "al kyl™ "above except at 1east one carbon
car bon bondotfhersitrwaesy 301 up8at amat edlaﬁfﬁj abaoedl rlrgaleyl t heoted m tel ates to

C2 to Cl12 al ken%/LI growg/s. J%%The te l% |ke shoul d, thhe

absence of PAFGHAETEGMYt & e ot r a \} Sl% ?ﬁﬁeﬁfa} De FHEhE cEFdaifce Wi t h
the above debi nitHon phri@l kyk" excepinidel alky ngansynoprsibsiiddtd et wth
an alkyl. 5 The term"aryl" when used herein includes five-to-tennenbered,

preferably ﬁP@éttrésépﬁm weter e@ow%‘é@bocyél N&sardhit | geor poendo Erdmati ¢
groups, suchas u%%e »16YC o@e %’}%lora@daﬂl%dse”é@xna?hgﬁta@% q&alggtlhyl

whi ch 10 groups may e unsubsti ute or substituted with one or
substi t uent sryeltedtsed ifthommunsalsetl tsutred cer MsUbstaittiutse charaed thad lqdlk( whi ch

group rray itself be unsubstituted or substituted o e%m' nat ed as defined
Rerel ) Het (i Gy Grug ey T £S8F 1 *Be TS UIRIIT ul ol br O35 SGBSHIT Utbd or
term natl@d @%c@%fals@%d Nereidy , mbal 04t aN o bd &0 n O dBy QL6ALR2.than _
C(0) RNR23R24, 21, C(0)0R22, C(0) NR25R26, SR29, C(0) SR3 or C(S) NR27R28 wher ei n

R19 to R3 e&bhsiendépendenthyr ébeesl@mhydr%@@hem@bstm utfebor ubsthiatut ed
aryl or alk i |_kyl rupg’rﬁyl be. 20-unsub ut e

substi t ut edxorcg}t,\lglrs'(r%glnZ&taléC 1(‘;[/% %efl necfther e| n ° 13 fgué#hégc%se % I521 hal o
nitro, cyana davamired metal The stemme" ﬁ@]zﬁ'ad&ﬁ%rrnw@danf@eftel IT yeans a7,

chl oro, bronp, 25 iodo or fluorq group, preferabl %Eﬁchl oro or fluoro. The

term "Het", tifen s eBUREREF n, StROI udRE FiotHLat oY t WeRVefrentied &d, 1pr effer abl y

four- t@ste@hger@ﬁ&f@ i1 BO-$Y§Eensyn whigh, riags, ceatain Ay dBUE te
het eroat ons 30 sel ected from nitrogen, oxygen, sulfur an mxtures t her eof ,

and whi ch ristgsctomecaidaraetednenometreie doubl e bonds or may be
non-aromatic, partly aromatic or wholly aromatic in character. The ring
systens may be nonocyclic, WO 2012/ 063044PCT/ GB2011/ 052147 24

It 1is ©possible that a particularly preferred metal
hydroxyapatite formula of

20
Ms (PO4) sOH (HPO4)

is therefore highly catalytically active with a preferred
ratio of M:P of 1.5, wherein the metal is a group II
25 metal, more preferably, Ca, Sr or Ba, most preferably, Ca

or Sr, especially, Ca or mixtures thereof.

The general formula of metal hydroxyapatite (HAP) in
accordance with the invention may be given as formula I

30
Mig-x (PO4) 6-x (OH) 2-x (HPO4) « I



bicyclic or fused. Each "Het" group identified herein may be unsubstituted
or substituted by one or nore substituents selected from hal o, cyano,

nitro, oxXWP 281206B044¢wWhi ch al kyl group may itself be unsulpsTiGB2VEADSI475
substituted or term nated as defined herein) -0OR18, OC(0) R2o, C (0) R21,
C(0)0R22, - N(R23) R24, C (0) N (R25) R26, SR28, -C(0)SRH or -C(S)NR27)R28
wherein R1-8 to RH each i ndependentl yrepresent hydrogen, unsubsti t ut edor
substituted aryl or alkyl (which alkyl group itself may be 10 unsubstituted
or substit ut’@8reint & HIPAEEES defIHEete hef ePfif2ér, PrRieHePedse Cof R,
hal o, nitro,.am.no.or -Xgﬂgz Th " S | j S~qr S<Su as
optionalIysagsg%?u?gdggétl fﬁ?l?%%?ég¥fdinfﬁ,qy?ef@f&gp? cdr APS st

i m dazol yl , mdehyksf ahamgb foxandl yherrsoxaZoliyl 0-15

oxadi azol yl , t hi azol yl , t hi adi azol yl ,tri azol yl,
oxatriazolyl,thiatriazolyl, pyridazinyl, norpholinyl, pyrimdinyl, pyrazinyl,
qui nol i nyl, isoquinolinyl, piperidinyl, pyrazolyl and piperazinyl.
Substitution at Het may be at a carbon atom of the Het ring or, where 20
appropri at e’hgt SHeGr. nbpemeiat RE Materoap vhePhetRratyr dUpSIRBF HSE be in
the form of N, oXi i.t.ab opti onal. alcohal s far -yse in the catal ysed
25 reactionwg?htﬁgépggggﬁgl%%vg% i%% %ﬁgegeageggéﬁgégfggn1a d - CH al kanol ,

i ncludi ng aryl al cohols,which may be optionally substituted with one or
nore substituents selected fromal kyl, aryl, Het, halo, cyano, nitro, OR1S,
OC(0) R28, Cl'yRINR23R241 11, C(0)0R22, C (0) NR25R26, C (S)NR27R28, 30 SR28
or C(0)5RH as defined herein.H ghly preferred al kanols are O -C8 al kanol s
such as net hanol, ethanol, propanol,iso-propanol,iso-butanol,t-butyl

al cohol , phehelrein- Butrgersle sand < ovovapr YI aktohel predpaePalyl y CawpsSr

2012/ 063044PCT/(B2011 147 25 .ne ol t nmonoal kangl s are
nost preferP%IF£%o$%-§$%§H5%§,§%F3%£%§bl@?rsepggggégpﬁgﬁ1ggaoéﬁaggl§M£uch
as diols, tmiaksreketharebs.and sugars nmay al so be utilised. Typically,
such pol yal kanols are selected fromb5

1, 2- et hanedi ol , 1, 3- propanedi ol , gl ycerol , 1, 2, 4

15 As will be appreciated, the M:P mole ratio in a pure metal
phosphate can be varied for example around the optimum
ratio of 5:3 for metal hydroxyapatite and 1:1 for metal
pyrophosphate. The metal hydroxyapatite is typically
varied to be a metal deficient hydroxyapatite whereas the

20 metal pyrophosphate may be wvaried to be metal rich. It is
possible for the M:P mole ratio to vary between 0.8-1.8
but typical surface M:P ranges are 1.00-1.55, especially,
1.10-1.50, more especially, 1.20-1.50 as determined by XPS
whereas bulk M:P mole ratios vary between 0.8-1.8, more

25 typically, 1.00-1.70, as determined by X-Ray Fluorescence
Spectrometry (XRF). A suitable instrument for determining
surface M:P ratios by XPS is a Kratos “Axis Ultra” X-ray
Photoelectron Spectrometer. A suitable instrument for
determining bulk M:P ratios by XRF is an Oxford

30 Instruments X-Supreme 8000 which 1is based on Energy

Dispersive X Ray Fluorescence measurements (EDXRF) .



but anetriol, 2- (hydroxynet hyl)-1, 3- propanediol , 1, 2,6

tri hydroxyhexane, pentaerythritol,1,1,1 tri (hydroxynethyl)ethane, nannose,
sor base, wyalkavtwi@4and ot her sugars. Preferred sugars i RETGBROBWUSEESE,
fructose 10 and gl ucose. Especially preferred al kanols are nmet hanol and

et hanol . The nost preferred al kanol is t hanol . The anount of al cohol is
not critical. Cenerally, anmounts are us d in excess of the ampunt of
substrate to be esterified. Thus the al cohol nay serve as the reaction 15
sol vent as Wefringl thdughetids desi rég, Siépdr ateyorafur ERBr PSolantsy Stay

al so be use i.cal, c It f. ot ratu e e.in.t ocess
of the firs?yé§%§§?§%% ?ﬁ%&%%ggﬁtgkﬁ are (%%méﬁﬁﬁgg %%Ogﬁgadc4%%C??n%{e
pref erabl y, w200 aondud76Q) mesthqor,ef ehabl3g 1 8000 apd 360 o betswdert ir001
MPa and 1 MPa, nore preferably, 0.03 MPa and 0.5 MPa, nost preferably,

bet ween 0.0§6W53r328r6§3 MPa. Typical residence times for the reactants in
the presence of the catalyst are between 25 0.1 and 300 secs, nore
preferably, 1-100 secs, nost preferably, 2-30 secs, especially, 3-20 secs.
Advant ageouSkEyerase Yof PEREVEELANY $f ¢t A dpods émedily drithicomMATa P&&ry f ound
to produce ¢ rkahbl evel s - nyan I 0 i.n

reaction ofoggﬁﬁglgé flgﬁg%la}%u?tab %egou céggﬁgbggﬁQ%igﬁﬁgéggrgggﬁf}c
acid or estep tbepsadudtedapeethyl eni edlrkypdynsatupatedboaeboxylic acid or
ester. In particular, remarkably I ow |l evels of 26 dinmethyl ether (DVE) are
produced conpared to conventional catalysts such as al um ni um phosphate. In
addi tiong the cgtakystsqproyidguexcehl entesgbgctiyity andbacdiMiy. ox The
anount of catalyst used in the process of the present invention is not
necessari | yhgdirokyalkagndew ldnche matarmsrde by thedpr act i egkctlices lofke he
process in ich_ it i oyed._ Ho er unt_ of catal Wi | |
generally bgqg 83%% t%cgg?%%ggtﬁé)op %nu%?%gﬁ%ggﬁvf?vxﬁn 1%1%§%ﬁciwet
Nevert hel essethbea skifl | edmpenhsorn wthle appoeg atie t hattalhe miigviansm amunt  of
catal yst should be sufficient to bring about effective catal yst surface

contact of ChETFERtENt SYRFGIFRISRIGHSact2T i nBStRh ad@dPt i GHOTHE G | | ed

person woul d.appreei-at e-that -t here,woul d npte 1y reahhyibe ap upperylijmt to
t he amount of catalyst relative to the reactants but that in practice this

may be govepmediagaemnchy Ttise contigott tdmect egueér edtrihe reldattdhvesrdareiint  of
reagents in_the process.of the 20.invention can,v oMthin wde limts but
general ly tﬁgp%ﬁﬁégyatﬁgeﬁ?E%é%ﬁ%ﬁﬁ%VVﬁglégjsﬁ??a ﬁ% @%u?é %%%fg%ﬁlé% t he
carboxyl i c acik@eakiest efiutSniv hicduche change efre2@rbile 1k@Pt M thveen
preferably, 5:1 to 1:15, The nost preferred ratio will depend on the form
of the fornél-detijde hhd FREE2BUEBE| isthy T Ncheat BRYREatD [HBerrdtiuct

formal defyyde ,f r om.Lbgo1 oF M8l defivdi ¢, SRECT e$nThUS B gh! y; £ eactd ve )
fornaldeﬁyd?g sugééan%es where one éﬁ' ot h o? ﬁgloand R32 i%ﬁ%3105?%ﬁﬁ-0-
)IR32 i s H degeidr encdelatliciglad |ow datfesentypeorklkyfurast esigcase,fidre nol e

rati o of fornal dehyde or suptable source thereof _to the carboxylic acid
or ester i$3&ﬁt%Q1{h%a¢angt 8?r?:%g€8 Py, dinete ﬁ%i?ﬁ ??oﬂsaﬁf%%ﬁP%az is
H as for instance oitheCH3:GH2s 0GH3, ©febdnt rit0xanga bk ghes1nBl &0Snci£ NDSt
preferred, typically, 3:1 to 1:3. .

salt (preferably nitrate) may be dissolved into the same

25 solution as the first group II nitrate.

Other preferred methods include aqueous recrystallisation
by forming the crystals on a substrate surface under the
30 same temperature and pH conditions as the simple wet
method above. Heating the catalyst precursors in steam
(Steaming) at for example 120°C with pH10 aqueous ammonia,

or even under reaction conditions of 100 - 400°C is also



27 As nentioned above, due to the source of formal dehyde, water may al so be
present in the reaction m xture. Depending on the source of formal dehyde,

it may bewb2npdss®iary to renove sone or all of the wat ePCrieBefwosendpri or to
catalysis. Maintaining | ower levels of water than that in the source of

f or mal dehyde may be advant ageous to the]%atalytic efficiency and/or
subsequent purification of the products."Water at |less than 10 nole %in
the reactor 10 is preferred, nore preferably, less than 5 nole % nost

pr ef er abl y, PPESSPELRan PORBLELG, TRRIRBFAr Fafi o5 gtealedhdiitty EHBISRIS o
ester is typi Ly withi e ran 0: ;2 p rably ' o]

1: 10, nost %b@?éﬁ§b|j1§5%“%2 1%5,%$g§ e%ﬁ%%f% 1?%. E%&S&g?—tﬁégﬁ%ﬁféié
preferred rabmpowntds, depentecrb thewanbunta of wabverhfedetoyt Hee<catdl Vst in
the reactants plus the anmount produced by.the reacti so that the
preferred moPSR Pat g Ga ceHA APCORYP (oo LA Tote Vred [ (He F0 Tt i on
wll be at beasbnitl andpypre preferably at |least 3:1. The reagents may be
fed to the reactor independently or after prior m xing and the process of
reaction may be 25 continuous or batch. Preferably, however, a continuous
ety 220, Bl Yochhie fiaction Lok s kaae.din L6 o phnse
Accordi ngly, suitable condensing equipnent is generally 30 required to
condense thetprodoefcCst rieam afttegra regactni obyhashtakehyplace.a Siphysrdal, a

vaporiser may be used _to brin he reactants up _tao tenperature prior to the
catal yst bel X CME20 25 06S0HIRCHECRIOTLFORELAT 8 For Brshl P adRE Tt

phosphatig otohbeuhavent jony forms180um 100 Wof thgieatal ystya BN Qe,
preferably, 55-100wt % nost preferably, 60-100wt % especially, 70-100w %
nmor e especi aipypmonsun)mmdge aers te e e | yeh8or1Qone %661 di he s5 heattaldy st .
The bal ance .of _t at al [ of i riti obi nders or inert

mat eri al s. éﬁngrgﬁﬁé,O?héﬁﬁeF§|%%ﬁ§§%%§Péngﬁﬁstgb§§P 0-90% of the
catalyst. Included in the definition of metal phosphate is netal deficient

phosphate having the M P ratios defined herein. 10 Wen binder is used in
the present TPRvEMYIHR A Arayt 30 nP fip th6 56 B %0t heSEstRIYse. Py TEM

Al ternatisveby, xkide Riaderpay,, beused Jh Conindct)oreM tih & Latid)ysing
support to bind the catalyst 'to the support. In the latter case, the 15

bi nder doesonrsttioheddyvparaniofrindte bt ARPst Bse sablsensei tabl prbpadees offor t he
catal yst of the present invention w.ll be known to tho skil l ed.inthe
art. Non-IiﬁF?Fﬁ&lg%gl Wé§‘b#”§iﬁ%€ﬂﬁ%¥'6%%6%?%”?<§|%6e§§Pri§bf3|%ﬁﬂqﬁﬁ ng 20
col | oi dal siihis€&)imesit! i ©a- akRD1 Rava 1SUGHR ass convendionals sikigkaralnsuoa,
silica-coated alum na and al um na-coated silica, and alum na, such as

( pseudo) boeRAtEE2c§ORESPEe Do-i thanidl taptant aseoabedt afGri AEY ANdoriis

cat ioni gocl 3ys 206120} a8l 1ghaysHURH 33 03ARAALLGoADERLORLEE kAol T N, 25
sepiolite or hydrotaﬁ0|te or mxtures thereof. Preferred binders are
silica, alumna and zirconia or m xtures thereof. The netal phosphate
particles can be enbedded in the 30 binder or vice versa. CGenerally, when
used as part of the catalyst, the binder functions as an adhesive to hold
the particl esykegethee. Hrefiesabbyarbbecpasthel exmang honogeneeusins. o

distributed within the binder or vice versa.
(002), 31.9 (211), 32.3 (112) and 33.0 (300), all +/-0.2

25 26°

According to a second aspect of the present invention
there is provided a catalyst system comprising a
crystalline metal phosphate catalyst and a catalyst

30 support wherein the metal phosphate has rod/needle like
morphology.



WO 2012/ 063044PCT/ GB2011/ 052147 29 The presence of the binder generally

| eads to an increase in nechanical strength of the final catalyst. The

typi cal averap#eduuf ace area of the metal phosphate 5 ca&rCalGB011/05214M t he
range 2-1000nm2g-1 , nore preferably, 5- 400 M2g-1 , nost preferably, 10-300
M2g-1 as neasured by the B.E. T. nultipoigt met hod using a Mcroneritics

Tri Star 3000 Surface Area and porosity A al yser. The reference nateri al
used for checking the instrunment performance is a 10 carbon bl ack powder
suppl i ed byAWéPgﬁéﬁpﬁlﬁééfrmtthﬁ & sUrTerE ar bk of "30PBOARAY PFPYIFE?s R/ g),

part nunber |004-16833-00. Jhe,typice varage paktic Si fo1:he cat al yst
15 particleggséﬁtgerén elnn1§%008%%?%3%),ﬁ§?e p?efer%ﬁlyéﬁ%ﬁ%% %%%0 m( 4p) ,
nost pref er abkytulenmd3eE0NM@pP)e ase mepsadedt bynaaMalarerlly sZet asiazgriddano S

usi ng dynam c |light scatteri and using N_ST standards. .20 1f .the materi al
'S porous. PESPEUBPEr EPabTE MeSoboPORS N b GRCayeFaGe poFEeBIF8 ol bet ween
2 and 50pm Pore size can be determ ned by nercury intrusion porosinetry

usi ng NI ST standards. 25 The average pore volunme of the catalyst particles
may be | essThRafo0/0eceie/ ¢ 16t Grysgade @R aledvhe fr dige 10 FOP SPIBERY g as
measured by .nit §g§ i on. er_,. :mcr C | yst re t the
nost prefer%gd E%%ﬁﬁ% tﬁég&#gg Fgﬁ?§¥t #ﬁgg%%ﬁ?g% reé%%%tgﬁtﬁﬁgggﬁﬁ?he
cat al yst 30danttamamr eeprefkernr ed dveriageepar e rwaltwie wis thetnseferrdht3-all. 2cm

/g as measured by BET nultjpoint nethod using nitro adsor ptj on accordi ng
{0 190 18905797380G 1 oflte. NPer GTEFT i cSIoMS STHFC SuT FAbnY Ar 8a 'St T6L0S ¢ y
Anal yserry W9:12012/:063044RCT GBIOLL 052547130 S used 10 delerJmiie ore

volunme as in the case of surface area neasurenents and the sane standards
are enpl oyedhel withe ease tof cangsn sappor tied beatvglepstl : 24 lpedheét:dl, Fore

phosphat e d.directly,i he f.ar,m of , a al : rti Gl ei t her
free flow %%r%f%%gt r?gertwvﬁetrh %’ ésjuftjflgbl‘%e' 2bi%rgd%rm§%£cF§§¥lgggl§oﬁe§§ﬂo “t he
desired shape4andi®dr 4sB3ze.InThenpardaised, estimmy the ceheany sid t abbehsiwzda land
therefore also in the formof powder, granules or beads either with 10 or

Wi t hout bi n@é"aYPypPeallidy, thReScadtmYystPs 1REEhh FRETI M 8F £FHSEd bed

and for j5hi s puppose pRY henused @l ong;Qy .on 1A SURROS toa0d, i Nyt henl att er
case nmay include a suitable catalytic binder to bind it to the support. 15

As nent i onednabove, axée) cat al wsitcadaly be2usedogn atzgpppetiy, | 1 hi snacHse,
the netal phosphate catal yst _may forma.suitable surface coating on a
sui tabl e suEBB%Faﬁgﬁ'aggat§F$§F¥a%gyg%r1@he pur poses of the present

i nvention, the support does not formpart of the catalyst.

Optionally, the catalytic performance and/or the level of
20 rod/needle 1like morphology can be modified by changes
applied to the catalyst synthesis conditions such as pH,
temperature, pressure, M:P ratio and through doping with

other elements, especially metals.

25 Typically, the catalyst synthesis pH may be from 4-13,
more typically, from 4.5-12, most typically, from 5-11.5,
especially, 6.5-11.5.

30 The wet synthesis solution temperature is not particularly
critical and may be from 0 - 150°C, typically, from 10-
130°C, more typically, from 20-125°C.



The netal phosphates of the present invention are either unsupported or
supported on a suitable support, for 25

exanpl e, aWOrorean63(4i ca, siliconnitride, silicon carbide, e®criGH2dul/052147i ca,
titania or alum nium phosphate. It will be understood by the skilled person
that a catalyst of the invention may be gdded to a support by any 30

sui tabl e neans. The catal yst may be fixé‘, preferably by cal cination, onto
a suitable support after deposition of the conpound onto the support using
a suitable &Pt ??ﬁ%ﬁ%%ﬁtéﬁfergéFPéﬁ@ arfl ddBsedieht CAryilng lof 2tfe Eif f ace
VO 2012/ 0639%%5%/ ¢B201.1/ Q?éZléZe?%rgaatgg SURpQIdy ALt eﬁ{‘gﬂﬁ' YSl s hRe
catal yst or suit gle catal yst "salt precursors may be co-precipitated with

t he support Tgpisailflghl ehsuppert prieeurcsdraslysichias aystheéeassdl dromma

sui tabl e solvent. Preferably, an oxide support 5 is used, nore preferably,
an oxi de su868PPda§tW8ﬁPSSﬁé8 REFEPHI It is also possible to use the

catal ystsof the present invention in a mxture or adm xture w th anot her
catal yst 10 according to the present invention or otherwise with or wthout
a suitabl e BradePleceperian ¢ lemsd trelaly PifoSPIeacd tofint HépreesentySthwént i on
is a neutral cul e _and ther re t atjvelyy ¢ha pQQﬁg e

ani ons and Spﬁ%%ﬁa I§p Egﬁr%§i§é9aﬁb gﬁyegghékﬁﬁgh-%%tgggggéﬁgnce t
positively ckhapdedanetalss qareesent . KThebpethal, ghiosphat eT conpaundnnayCdhe
supported on a suitabl e support such as silica, silicon nitride, sjlicon 20
car bi de, cofoi HaICid PiPda Salufi®ng, 95tEnitd G caum o RedpRE “fhe
support 1Ry 501 giBYpNOt 1 benan, B kaldy metcal, daped suppoct;, Iifithesupnport is
al kali metal doped, the al kali metal doping agent may be sel ected from one
or nore of &aeseumedpsicassitiimasddiuayrord ldlitkdlumngratierabfly 9ro2® ddesi um
or potassiughkgqgg pre%%£gglymé§g¥gtn%ro terqﬁgiv%E%Vethelggéal Qgg%phate
may itself Dbe ope8 W any one or nore of f%e above ment1oned doping
netal s. Prebeerdblyplwhegraupepamatelsyppepkctianltyhescatal yst of 30 the
first or second aspect is used, the weight ratio of catalyst:support is in
the range 10:1 to 1:50, nore preferably, 1:1 to 1:20, nost preferably, 2:3

to 1:1045 32he doping cations may replace Ca, Sr and/or Ba in the

above formulas.

Suitable doping anions may be present at a level of up to
20 mol % phosphate. Suitable doping anions are carbonate,
20 chloride and fluoride. These may be assumed to partially
replace the group II metal or phosphorus or hydroxide in

the formulas herein as appropriate.

25 Preferably, the carboxylic acid or ester reactant of the
present invention is of formula R’-CH,-COOR* wherein R* is
either hydrogen or an alkyl group and R’ 1is either

hydrogen, an alkyl or aryl group.

Formaldehyde and Sources Thereof
30

A suitable source of formaldehyde may be a compound of

formula I



Advant ageousl y, unsaturated ester selectivity is increased by doping
cations having a |low charge to radius ratio; thus caesiumwas found to be
nore sel ewOi2vR/Mob@Ea | ithium Preferably, therefore, if ®r€EdyB2bHdseAPi ng
metal cation is 5 caesium rubidium and/ or potassium nore preferably,
rubi di um and/ or caesium nost preferabl Y caesi um Enbodi nents of the

i nvention wi |l now be described with ref€rence to the fol | ow ng
non-limting exanples and 10 figures and by way of illustration only in
which:- Fig 58 shoyys the surface and bulk MP ratios for a selection of
sanpl es; Fi gﬁr 0 the TEM | mage of Exanple 1 crystals; Figure 3 shows
the TEM I mage o mpa} ati ve Exanple 4; 15 Figure 4 shows the TEM i mage of
exanple 3 cryst ' mFi Bure. 5 shows the TEM i nage of exanple 6 crystals;
Figure 6 shows the TEM i n:Lge of exanple 8 crystals; Figure 7 conpares

crystallite rphol agy by . XRD for several exapples and .co rativ
exanpl es; aﬁig[e)f Ei SE%r ea%ds ows & TEM Thag eBEPEanr%eethi{ngrT@Onﬁfgéﬁl e

showi ng t henhgHeseneeodk @anot,r odsis Expesi nenkal inABgkyt ifeah Metdrodso,25 XRD
Experi nment al The sanples were prepared as dry conpressed powder thin

| ayer speci ABAs™mognted on single silicon crystal discs. 30 The follow ng
instrunment and settings were used. Instrunent Sienens Bruker D5000

Di ffract gnetee rBeaXikay RFUkeU R FRr33iRadbahlientayKycGenekat ofr ol t age40
kV Generator Current40 mA Diffraction GeonetryReflection Bragg Brentano 5
Vari abl e Di ¥er geh€e!l 8l PLkeRim AT ot bt eds| é’@g%ﬁl%rheattﬁléhm@rsélat re

Slit-12mm i ¢radi | epgt Lyin it I ol Ler~sljt2,43
Det ect or Si / Efggﬁg%ggydi ggegsoﬁggg ryrﬁnggﬁgbngglggg%ﬁ%%%%% hr gha%or%et elct or
(Ku) Step Soze@,02sPereapéry,stepdyiecands Er&f2R201 ypHA L6ANh 48 esoonds)

from 1 to 10, more preferably 1 to 5, especially, 1-3.

10 However, other sources of formaldehyde may be used

including trioxane.

Therefore, a suitable source of formaldehyde includes any
equilibrium composition which may provide a source of
15 formaldehyde. Examples of such include but are not
restricted to dimethoxymethane, trioxane,
polyoxymethylenes R'-0- (CH,-0) ;-R? wherein R' and/or R’ are
alkyl groups or hydrogen, i=1 to 100, paraformaldehyde,
formalin (formaldehyde, methanol, water) and other
20 equilibrium compositions such as a mixture of

formaldehyde, methanol and methyl propionate.

Typically, the polyoxymethylenes are higher formals or
hemiformals of formaldehyde and methanol CH;-0- (CH,-0) i-

25 CHs (“formal-i") or CH3z-0- (CH,-0):-H (“hemiformal-1i"),
wherein i=1 to 100, preferably, 1-5, especially 1-3, or
other polyoxymethylenes with at least one non methyl
terminal group. Therefore, the source of formaldehyde may

32

also be a polyoxymethylene of formula R*'-0- (CH2-0-):R*?,

30 where R’ and R may be the same or different groups and
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st oi chi qget riC jrefr.ance, Mt B | 8h$an 2dgXFPSs EXREET tBh@hoxymethane can
be used as a source of formaldehyde in the present
invention. Advantageously, this provides the possibility

of reacting dimethoxymethane with methyl propionate to
form MMA and methanol without the production of water.

15 This provides a potentially anhydrous system i.e. a system
with reduced water side reactions and separation
requirements than one using other sources of formaldehyde
which contain or generate water. In addition,
dimethoxymethane 1is stable, unlike other sources of

20 formaldehyde which regquire water and methanol which then
need to be taken into account in subsequent reaction and
product separation. A further advantage of the present
invention is the low level of decomposition in the present
invention of dimethoxymethane to dimethylether and

25 formaldehyde.

Preferably, by the term formalin is meant a mixture of
formaldehyde:methanol:water in the ratio 25 to 65%: 0.01
to 25%: 25 to 70% by weight. More preferably, by the term
30 formalin is meant a mixture of formaldehyde:methanol:water
in the ratio 30 to 60%: 0.03 to 20%: 35 to 60% by weight.

Most preferably, by the term formalin is meant a mixture
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nol e% r gk at e g @l 820 MYA Mc%r?ﬁa@ie?t hyb ket one. ADEK)1, di met hyl ether
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results 15 bshowenically unsaturated ester, most preferably, methyl

methacrylate.

The process of the invention is particularly suitable for
20 the production of acrylic, alkacrylic, 2-butenoic,
cyclohexenoic, maleic, itaconic and fumaric acids and
their alkyl esters, and also methylene substituted
lactones. Suitable, alkacrylic acids and their esters are
(Co—gsalk)acrylic acid or alkyl (Cyp_gsalk)acrylates, typically
25 from the reaction of the corresponding alkanoic acid or
ester thereof with a methylene source such as formaldehyde
in the presence of the catalyst, preferably the production
of methacrylic acid or especially methyl methacrylate (MMA)
from propanocic acid or methyl propionate regpectively.
30 Suitable methylene substituted lactones include 2-
methylene valerolactone and 2-methylene butyrolactone from

valerolactone and butyrolactone respectively.
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The reaction of the present invention may be a batch or

continuous reaction.

The term “alkyl” when used herein, means, unless otherwise
5 specified, C; to Ci; alkyl and includes methyl, ethyl,
ethenyl, propvl, propenyl butyl, butenyl, pentvyl,
pentenyl, hexyl, hexenyl and heptyl groups, preferably,
the alkyl groups are selected from methyl, ethyl, propyl,
butyl, pentyl and hexyl, more preferably, methyl. Unless
10 otherwise gspecified, alkyl groups may, when there is a
sufficient number of carbon atoms, be linear or branched,
be cyclic, acyclic or part cyclic/acyclic, be
unsubstituted, substituted or terminated by one or more
substituents selected from halo, c¢yano, nitro, —ORI%
15 0C(0)R”, -C(0)R”", -C(0)OR?”’, -NRR’®, -C(O)NR’R’®, -SR?’, -
C(O)SR?% —C(S)NRWR?a unsubstituted or substituted aryl,
or unsubstituted or substituted Het, wherein R to R
here and generally herein each independently represent
hydrogen, halo, unsubstituted or substituted aryl or
20 unsubstituted or substituted alkyl, or, in the case of
R?', halo, nitro, cyano and amino and/or be interrupted by
one or more (preferably 1less than 4) oxygen, sulphur,

silicon atoms, or by silano or dialkylsilcon groups, or

mixtures thereof. Preferably, the alkyl groups are
25 unsubstituted, preferably, linear and preferably,
saturated.

The term “alkenyl” should be understood as “alkyl” above
except at least one carbon carbon bond therein 1is
30 unsaturated and accordingly the term relates to C, to Ciy

alkenyl groups.
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The term “alk” or the 1like should, in the absence of
information to the contrary, be taken to be in accordance
with the above definition of “alkyl” except “Cy alk” means

non-substituted with an alkyl.

The term “aryl” when used herein includes five-to-ten-
membered, preferably five to eight membered, carbocyclic
aromatic or pseudo aromatic groups, such as phenyl,
cyclopentadienyl and indenyl anions and naphthyl, which
10 groups may be unsubstituted or substituted with one or
more substituents selected from unsubstituted or
substituted aryl, alkyl (which group may itself Dbe
unsubstituted or substituted or terminated as defined
herein), Het (which group may itself be unsubstituted or
15 substituted or terminated as defined herein), halo, cyano,
nitro, OR'’, OC(0O)R’’, C(O)R’", C(0)OR’?, NR”R*, C(0)NR”R’®,
SR, C(0)SR™ or C(S)NR'R*® wherein R to R’ each
independently represent hydrogen, unsubstituted or
substituted aryl or alkyl (which alkyl group may itself Dbe
20 unsubstituted or substituted or terminated as defined
herein), or, 1in the case of R2H halo, nitro, cyano or

amino.

The term “halo” when used herein means a chloro, bromo,

25 iodo or fluoro group, preferably, chloro or fluoro.

The term “Het”, when used herein, includes four- to
twelve-membered, preferably four- to ten-membered ring
systems, which rings contain one or more heteroatoms
30 selected from nitrogen, oxygen, sulfur and mixtures
thereof, and which rings contain no, one or more double
bonds or may be non-aromatic, partly aromatic or wholly

aromatic in character. The ring systems may be monocyclic,
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bicyclic or fused. Each “Het” group identified herein may
be unsubstituted or substituted by one or more
substituents selected from halo, cyano, nitro, oxo, alkyl
(which alkyl group may itself Dbe unsubstituted or
5 substituted or terminated as defined herein) -OR'’%,
OC (0)R*Y, -C(O)R”", -C(0)OR”, -N(R”)R™, -C(O)N(R”)R’®,
SR”?, -C(0)SR” or -C(S)N(R”)R?® wherein R to R’ each
independently represent hydrogen, unsubstituted or
substituted aryl or alkyl (which alkyl group itself may be
10 unsubstituted or substituted or terminated as defined

herein) or, 1in the case of R2H halo, nitro, amino or

cyano. The term “Het” thus includes groups such as
opticonally substituted azetidinyl, pyrrolidinyl,
imidazolyl, indolyl, furanyl, oxazolyl, isoxazolyl,
15 oxadiazolyl, thiazolyl, thiadiazolyl, triazolyl,

oxatriazolyl, thiatriazolyl, pyridazinyl, morpholinyl,
pyrimidinyl, pyrazinyl, guinolinyl, isoquinolinyl,
piperidinyl, pyrazolyl and piperazinyl. Substitution at
Het may be at a carbon atom of the Het ring or, where

20 appropriate, at one or more of the heterocatoms.

“Het” groups may also be in the form of an N oxide.

Suitable optional alcohols for wuse 1in the catalysed
25 reaction of the present invention may be selected from
a C1-C3p alkanol, including aryl alcohols, which may be
optionally substituted with one or more substituents
selected from alkyl, aryl, Het, halo, cyano, nitro, OR”,
oC (0)R?, C(0O)R*, C(0)OR?”, NR™R?, C(O)NR”R’®, C(S)NR’'R’®,
30 SR?* or C(0)SR” as defined herein. Highly preferred
alkanols are C;-Csg alkanols such as methancl, ethanol,
propanol, iso-propanol, iso-butanol, t-butyl alcohol,

phenol, n-butanol and chlorocapryl alcohol, especially,
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I%lllsed Typically, such polyalkanols are selected from
1, 2-ethanediol, 1, 3-propanediol, glycerol, 1,2,4
butanetriol, 2- (hydroxymethyl) -1, 3-propanediol, 1,2,6
trihydroxyhexane, pentaerythritol, 1,1,1

tri (hydroxymethyl)ethane, nannose, sorbase, galactose and

other sugars. Preferred sugars include sucrose, fructose
and glucose. Especially preferred alkanols are methanol
and ethanol. The most preferred alkanol is methanol. The

amount of alcohol is not critical. Generally, amounts are
used in excess of the amount of substrate to be
esterified. Thus the alcohol may serve as the reaction
solvent as well, although, if desired, separate or further

solvents may also be used.

Typical conditions of temperature and pressure 1in the
process of the first aspect of the invention are between
100°C and 400°C, more preferably, 200°C and 375°C, most
preferably, 300°C and 360°C; between 0.001 MPa and 1 MPa,
more preferably, 0.03 MPa and 0.5 MPa, most preferably,
between 0.03 MPa and 0.3 MPa. Typical residence times for
the reactants in the presence of the catalyst are between
0.1 and 300 secs, more preferably, 1-100 secs, most

preferably, 2-30 secs, especially, 3-20 secs.

Advantageously, use of +the catalyst of the present
invention has been found to produce remarkably low levels
of unwanted side products in the reaction of formaldehyde
or a suitable source thereof with a carboxylic acid or
ester to produce an ethylenically unsaturated carboxylic

acid or ester. In particular, remarkably low levels of
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mole ratio of formaldehyde or suitable source thereof to
the carboxylic acid or ester is within the range of 20:1
to 1:20, more preferably, 5:1 to 1:15, The most preferred
ratio will depend on the form of the formaldehyde and the
25 ability of the catalyst to liberate formaldehyde from the
formaldehydic species. Thus highly reactive formaldehydic
substances where one or both of R’ and R in R’ 0- (CH,-0-
);:R? is H require relatively low ratios, typically, in
this case, the mole ratio of formaldehyde or suitable
30 source thereof to the carboxylic acid or ester is within
the range of 1:1 to 1:9. Where neither of R’" and R*’ is H,

as for instance in CH30-CH,;-OCH;, or in trioxane higher

ratios are most preferred, typically, 3:1 to 1:3.
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fol | owi ng t Reepespliati agss than 2 mole 5.

The molar ratio of alcohol to the acid or ester 1is
typically within the range 20:1 to 1:20, preferably 10:1
15 to 1:10, most preferably 5:1 to 1:5, for example 1:1.
However the most preferred ratio will depend on the amount
of water fed to the catalyst in the reactants plus the
amount produced by the reaction, so that the preferred
molar ratio of the alcohol to the total water in the
20 reaction will be at least 1:1 and more preferably at least

3:1.

The reagents may be fed to the reactor independently or
after prior mixing and the process of reaction may be
25 continuous or batch. Preferably, however, a continuous

process is used.

Typically, the reaction takes place in the gas phase.
Accordingly, suitable condensing equipment is generally
30 required to condense the product stream after reaction has
taken place. Similarly, a vaporiser may be used to bring

the reactants up to temperature prior to the catalyst bed.
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The resyhts are shown in table 1. Al though selectivity was nodest and DME
was |ow the yield was very low indicating a 20 high I evel of inactivity.
Conpar at i veWagampligder 1s Ceaverdi dheCrinairoxyapatiteomastused firagm
Aldrich with 25 catgal ogue r of .677418. I | wer onf.iryed as
crystalli neuﬁy rooxégpﬁt%iot e&%gebfaﬁ%&%% y%?%f%‘g%%d%g\%en lyn- S raped
nano- spheresy bypiucak yn5QGohfmmtdicansetien Ealdsheughs wistdpsaree 30 bind

i ndi vi dual spheres of 300-800nm di anet er%, wi th no evidence of any

non- spheri céF‘erm?%Tﬂ%]rB@?. CNOTD61 2 BBROAL PCT/ EBIGL/ 652187 case, ™ the

15 Dbinder does not form part of the catalyst as such.

Suitable binders for the catalyst of the present invention
will be known to those skilled in the art. Non-limiting
examples of suitable binders include silica (including
20 colloidal silica), silica-alumina, such as conventional
silica-alumina, silica-coated alumina and alumina-coated
silica, and alumina, such as (pseudo)boehmite, gibbsite,
titania, titania-coated alumina, zirconia, cationic clays
or anionic <c¢lays such as saponite, bentonite, kaolin,
25 sepiolite or hydrotalcite or mixtures thereof. Preferred
binders are silica, alumina and =zirconia or mixtures

thereof.

The metal phosphate particles can be embedded in the
30 binder or vice versa. Generally, when used as part of the
catalyst, the binder functions as an adhesive to hold the
particles together. Preferably, the particles are

homogeneously distributed within the binder or vice versa.



42 The catal yst was tested as described in exanple 1. The results are shown

in table 1. The yield and selectivity were both very low 5 Table 2. Ex.
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The presence of the binder generally leads to an increase

in mechanical strength of the final catalyst.

The typical average surface area of the metal phosphate
catalyst is in the range 2-1000m’g™' , more preferably, 5-
400 Hfgq', most preferably, 10-300 Hfgq'as measured by the
B.E.T. multipoint method wusing a Micromeritics TriStar
3000 Surface Area and porosity Analyser. The reference
material used for checking the instrument performance is a
carbon black powder supplied by Micromeritics with a
surface area of 30.6 m?’/g (+/- 0.75 m’/g), part number

004-16833-00.

The typical average ©particle size of the <catalyst
particles is in the range Inm-10000nm (10wu), more
preferably, b5nm - 4000nm(4u), most preferably, 10nm -
3000nm(3u) as measured by a Malvern Zetasizer Nano S using

dynamic light scattering and using NIST standards.

If the material i1is porous, it 1is preferably mesoporous
with an average pore size of between 2 and 50nm. Pore size
can be determined by mercury intrusion porosimetry using

NIST standards.

The average pore volume of the catalyst particles may be
less than 0.01 cm?/g but is generally in the range 0.01 -
5cm’/g  as  measured by nitrogen adsorption. However,
microporous catalysts are not the most preferred because
they may inhibit movement of reagents through the catalyst
and a more preferred average pore volume is between 0.3-
1.2cm’/g as measured by BET multipoint method wusing
nitrogen adsorption according to ISO 15901-2:2006. The

Micromeritics TriStar Surface Area and Porosity Analyser

Ex



6 pH111.67 1.2 1.6 0.2 80.0 0.1 0.0020 0.00015 Exanple 6 Preparative
Exanple 6 23.6 g of calciumnitrate tetrahydrate Ca(NO3) 2-4H20 was 10

di ssol veawpreo2a@3w4 of demi neralised water and pH was a®CusiB011i52HI wit h
ammoni um hydroxi de. 7.9 g of di anmoni um hydrogen phosphate (NH4) 2HPO4 in 50
m of dem neralised water at pH 11 was gﬁded dropwi se to the solution of
calciumnitrate at the tenperature of 80°C 15 while stirring. A suspension
forms on addition of the phosphate to the nitrate solution. This nother
suspensi on Wés UE6At LRUGGSEYMSTier POd Sf 51 L3y §Safltnerthten§acﬁeo|®ﬁ SHESS i on

was conpl et %rggdmeia Wes i at ai,nedpat ¢ ]éailne stta me' an’é%%a)é'ﬁ{g?w o

t hroughout. After t at t he suspension 20 was I'tere

dem neral i sed vvater Then it was dried at 110 C over ni ght and caI ci ned in
air at 400 Ci: for BET urface area of the mat er % . lThe
sanpl e was '8enFP1e| eﬁ 85 a°crystal?t nesw]b&?/%pa?ﬂ ’typ

anal ysi s3 aﬁht}@}éﬁ@tbh%a@r esencecaf dsereragoriphatse MBS ehi ak %%dﬂtﬂﬂ;ﬁeﬂi ed.
TEM showed hi ghly crystalline nano-rod structures grouped in bundles of
simlar ori @ﬁtrétllcéﬁs eitheThe nag af V@M1 vasOF e§PETAST dESERI Bed Uit adXanpl e

1 o fhe 30 Tesibs 2Lecslam Lntale & oD RALN0INARCUBRI Y Gpa147 43

Table 3 Ex st conposition nt ac
The partlcles may be of any sultable size and therefore

also in the form of powder, granules or beads either with
10 or without binder. Typically, the catalyst is used in the
form of a fixed bed and for this purpose may be used alone
or on a support and in the latter case may include a

suitable catalytic binder to bind it to the support.

15 As mentioned above, the catalyst may be used on a support.
In this case, the metal phosphate catalyst may form a
suitable surface coating on a suitable support for a

catalyst.

20 For the purposes of the present invention, the support

does not form part of the catalyst.

The metal phosphates of the present invention are either
unsupported or supported on a suitable support, for
25 example, alumina, silica, silicon nitride, silicon

carbide, colloidal silica, titania or aluminium phosphate.

It will be understood by the skilled person that a
catalyst of the invention may be added to a support by any
30 suitable means. The catalyst may be fixed, preferably by
calcination, onto a suitable support after deposition of
the compound onto the support using a suitable salt in a

suitable solvent and subsequent drying of the surface
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coated support. Alternatively, the catalyst or suitable
catalyst salt precursors may be co-precipitated with the
support or suitable support precursors such as a silica
sol from a suitable solvent. Preferably, an oxide support
5 1is used, more preferably, an oxide support as mentioned

herein.

It is also possible to use the catalyst of the present
invention in a mixture or admixture with another catalyst
10 according to the present invention or otherwise with or

without a suitable binder.

Generally, the metal phosphate of the present invention is
a neutral molecule and therefore the negatively charged
15 phosphate anions and optionally, hydroxide and any other

non-metals balance the positively charged metals present.

The metal phosphate compound may be supported on a
suitable support such as silica, silicon nitride, silicon
20 carbide, colloidal silica, alumina, titania or aluminium
phosphate. The support may or may not be an alkali metal
doped support. If the support is alkali metal doped, the
alkali metal doping agent may be selected from one or more
of caesium, potassium, sodium, or lithium, preferably,
25 caesium or potassium, more preferably, caesium.
Alternatively, the metal phosphate may itself be doped

with any one or more of the above mentioned doping metals.

Preferably, when a separate support for the catalyst of
30 the first or second aspect is used, the weight ratio of
catalyst:support 1is in the range 10:1 to 1:50, more

preferably, 1:1 to 1:20, most preferably, 2:3 to 1:10.



1.7 92.0 2.6 0.0020 0.00014 Ex Ca-HAp 8 pH7 1 3.0 1.6 1.6 92.3 1.2
0. 0007 0.00015 Exanple 7 5 Preparative exanple 7 14.2 g of calciumnitrate
t et r ahydrs0e0AEB38) 2- 4H20 was di ssolved in 100 nm of degiredalesed7wat er
and pH was adjusted to 7 with amoni um hydroxide. 5.3 g of di ammoni um

hydr ogen phosphate (NH4)2HPO4 in 100 m ?f dem neralised 10 water at pH 7
was added dropw se to the solution of cafciumnitrate at the t enper at ure of
80 C while stirring. A suspension fornms on addition of the phosphate to the

nitrate sol GAVERL PRI St hef SSigFensior shes SerETTIoUdlY 6t ilrre®¥%d 3 hrs
fter the d i se. addi.ti 5 - | et t .7 with
arter the ggp"iﬂ%@ﬁ Udltgené We@pﬁagomaeﬂﬁ VA%, @585&%“%&0 W

anmoni um hydr oxi roughout . e suspension was filtered and

washed wi t htdesi meralivgediamaterundhen b¢ masedsieedcat vel@hGnoviertdiight.

Lg{;??g? 3%3%%%%&2 &9 t%%r%%%r%% ﬁ%ou%e%grt%eh%bpg%g'%%&B.C%é%f%%(ysthe
5 caesium, rubidium and/or ©potassium, more preferably,

rubidium and/or caesium, most preferably caesium.

Embodiments of the invention will now be described with
reference to the following non-limiting examples and
10 figures and by way of illustration only in which:-
Figure 1 shows the surface and bulk M:P ratios for a
selection of samples;
Figure 2 shows the TEM Image of Example 1 crystals;
Figure 3 shows the TEM Image of Comparative Example 4;
15 Figure 4 shows the TEM image of example 3 crystals;
Figure 5 shows the TEM image of example 6 crystals;
Figure 6 shows the TEM image of example 8 crystals;
Figure 7 compares crystallite morphology by XRD for
several examples and comparative examples; and
20 Figure 8 shows a TEM Image of Example 11 at 100nm scale

showing the presence of nano-rods.

Experimental

Analytical Methods

25
XRD Experimental

The samples were prepared as dry compressed powder thin
layer specimens mounted on single silicon crystal discs.

30 The following instrument and settings were used.

Instrument Siemens Bruker D5000 Diffractometer D6

X-ray Tube Cu LFF



20 64 n2/g. The sanple was identified as a crystalline hydroxyapatite type
by XRD anal ysis. Sone anorphous material was found. The catal yst was tested
as descriweaoiznedndanpl e 1. 25 Exanple 8 Preparative exaRpl&ROLM52149 of
calciumnitrate tetrahydrate Ca(N®3)2-4H20 was di ssolved in 100 m of
dem neral i sed water and pH was adj usted 330 7 wi th amoni um hydroxide. 7.9 g
of di ammoni um WO 2012/ 063044PCT/ GB2011/°052147 44 hydrogen phosphate
(NH4) 2HPO4 in 100 ml of demi neralised water at pH 7 was added dropw se to
the sol uti oR2gfatarei umnnitrate at $heX¥enperature of 80 C while stirring.
A suspensi op farae ,Qnyaddition of the pposphate 5 to the nitrate sol ution.
Thi s not her suspension was continuously stirred for 3 hrs after the
dr opwi se ad@enhkeontwas Coomphét e and $H was mai ntained at 7 with amoni um
hydr oxi de t hr. hout.. After that t spension was filtered and washed
7t derm nePAi 80 MAFeFEOTREA T t  vieE LE Gt TecE AT 04 76F e BU St nignt ol §oved
by cal ci pat verikplal bigkrd@@ce tohtlibim BETasukface 1anganof the material
was 58 nR/g. The maj or phase was identified as a crystalline hydroxyapatite
type by XRDVamappsesAnAiefacéSphase tsilmar regdéairecurehgdifogen phosphat e
CaHPO4 was p\reggg%ggS%rﬁtIS_ anor phogls terial was found. TEM showed the
presence of rod and sheet |ike crysta orns. The catal yst was tested as
descri bed i rrexanpl eoclletheliesults2ade shown in table 3. 20 Table 4

a . . 5 o
Catal yst composiiion . CRntact Line, LSl MBIMBA yiebduLoh.  Mipe! ectivity

10 Monochromator Detector (Ko)
Step Size 0.02°

Time per step 3 seconds (“Sr,P,0; pH7 1.67” = 6 seconds)

Scan start angle 1.5
Scan finish angle 90
15 Specimen format Bulk
Specimen loading Compressed powder on silicon discs
Specimen spinning Yes
Temperature Ambient

20 Data output is in the form of a diffractogram, showing
reflection intensity (counts per second) vs. angle 26°.
Crystalline ©phase identification is carried out by
comparison to reference ICDD (formerly JCPDS)
diffractograms. Peak intensity or peak broadening analysis

25 is performed to quantify morphological parameters for a

crystalline phase.

XRF Experimental

30 Powder samples were ground and sieved to achieve particle
size <100 um (mesh). Approximately 1 gram of powder was
lightly compacted into a primary sample cup with a thin

film transmission base. The primary cup was held within
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the instrument by a secondary safety cup also with a thin
film transmission base. The following instrument and

conditions were used.

5 Instrument Oxford Instruments X-Supreme 8000
(EDXRF)
X-ray source Tungsten
Source Energy 6 keV
Tube Current 10 pA
10 Chamber purge gas Helium
Detector Silicon Drift ©proportional detector
(SDD)
Primary cup base Poly4 film (4 pm thick)
Secondary cup base Poly4 film (4 pm thick)
15 Specimen spinning Yes
Temperature Ambient
Repeat scans 3

Ca Ka and P Kua fluorescence intensities (counts per
20 second) were recorded. The ratio of peak intensities was
converted to give a Ca:P ratio for the material, using a
calibration scale obtained from the Ca Ka and P Ku signals

for stoichiometric reference materials.

25 XPS Experimental

A microspatula of the powder sample was placed onto a
piece of silicone-free tape attached to the instrument
sample holder, and the loose powder gently flattened with
30 the microspatula tip. The following instrument and

settings were used.



pH51.00 6.9 3.1 1.4 90.1 1.8 0.0023 . Exanple 9 Preparative exanple 9

23.6 g of calciumnitrate tetrahydrate Ca(N®B)2-4H20 was 25 di ssolved in
100 m ofwoenizmss@ii sed water and pH was 45 adj usted t ®@CT/GH2011/(&¥GNT UM
hydroxi de. 7.9 g of di ammoni um hydrogen phosphate (NH4)2HPO4 in 50 m of
dem neral i sed water at pH 7 was added dr%pwi se to the solution of calcium
nitrate at the tenperature of 25 C whi | €5 stirring. A suspension forns on
addi tion of the phosphate to the nitrate solution. This nother suspension
was conti nudasty U8enftr edk¥at08 hr%fa er Ulh&adr optii 52Y addiftd to1e WS Khpl et e
and pH was g’githtgio %ge?t 7 with amoni um hydr oxi de t hroughout. After that

t he suspensi on was iltered and washed with dem neralised water. Then it
was dried aK-13@ €ooveeni ght and cahtiked in air at 400 Cfor 1 hr. TEM
showed short, crystalline nano-rods <100nmin | ength, and sonme anorphous
material . T 8“8%{?159???0\%@5 tested as described in Exanple 1. The results
are shown i palsTabkegd- Exaapleuldebrepanat i vecexanmphenl@nlsied gcah)cal cium
nitrate tetrahydrate Ca(NO3)2-4H20 was 20 di ssolved in 100 m of

deni neral i sé&@°watéfcand pH was adj ustedPtBld129®th addnitink hyd? dxide. 7.9
g of di ammopi %@a@ygrc ggn phosphate {NH4) 2HPO4 in 50 nl of dem neralised

wat er at pH 1 was added dropwi se to the solution of calciumnitrate at the
tenperature of 80 C 25 while stirring. A suspension forms on addition of

t he phosphate tgf)) t,hg‘ gitr te solutjion. This not Eer sus ensi on wa :

cont i nuous| ¥ SSEPHHEGSFor  SEAF 5ORf tBIC T HE fiBpi $8° “hemical Analysis

10 (ESCA) methods were wutilised for qualification of the
surface composition by elemental atomic percentage. Signal
depth for oxide materials was ca. 3-5nm, and the detection
limit was about 1 atom in 1000 (i.e. 0.1 atom%, or
1000ppm) . Ca:P ratios were initially calculated from the

15 experimental atomic percentages, and subsequently
corrected for the presence of surface <carbonaceous

species.

TEM Experimental

20
Powder samples of the materials were suspended in water
and drops were applied to copper grids bearing Lacey
carbon support films. After drying, these were examined in
a Philips CM12 TEM at an accelerating voltage of 120kV.

25

Micrographs and electron diffraction patterns were
collected at matching magnifications/tube-lengths.
Selected regions were analysed using the associated NORAN
Vantage EDX system. The variety of morphologies,
30 compositions and crystalline species observed were
recorded as images. The following instrument and settings

were used.



addi tion was conplete and pH was nmai ntained at 11 wi th anmoni um hydroxi de

t hroughout. After that the suspension 30 was filtered and washed with

dem ner alweedi2ss@s. Then it was dried at 110 C over ni gifCTaRROTIAISCi4Med in
air at 400 Cfor 1 hr. The sanple was identified as a crystalline

hydr oxyapatite type by XRD anal ysis. Sorg% anor phous WO

2012/ 063044PCT/ GB2011/ 052147 46 materi al”"was found. TEM showed

densel y- packed short crystalline nano-rods <100nmin | ength, and about 10nm
i n di anet er INTheWERRAIYSE LWRS t¥3Ledrassaeserrhed PR tEREANPLETPSCPRE resul ts
are shown i - 11 Pre rve Exanple 11. 23.6 g of

cal ci um ni tgg;gq%gﬁééﬁgd%?? %( NO3) 2-2%%%]&\\]/\@5 dissolved in 100 m of

dem neral i sed water and pH was 10 adjusted to 5 with dilute aqueous nitric
acid. 7.9 g.of dianmoni um hydrogen phosghate éNH4 2HPAA i.n 50 m of

deni ner al i se§Owater &t pi Wé%eq‘é 4C T opi* s 8986 " Eire VESIGHSo R TS dd i um
nitrate at thembesperat urgeofiB Wi | endt iddngid:atA wUSpRASH 08T OrRe On
addi tion of the 15 phosphate to the nitrate solution. This nother

suspensi on WasgSEoREIrAGESUSITY SSPEAAEE NEer B Tier §Uaf el nchd drepPWiSS e Saddidt i on
was conplete a H i nt ai;ne t i di agHg_os itric..acjd

t hr oughout . %Af t@greet hgt@%tegg s%ggeng?%n %e/ags%é(?l téeér]g%gsan Waésjheﬁlr%/vi t Y

dem ner al i sedm2@hwat/eethihen a4 avaseddi ed ratanl10 EheVes nE gl sandh rcalesi ned

inair at 400 Cfor 1 hr. TEM showed large flat structures, blade or
Sheot -1 Tke. OBFeBYaP Chal DT CROATT 12 68 TS B dnd e O MR bdgdd of

the flatost kyeturesmere a@éﬁ’@ﬁ}é&%d. I Nt panal L el caangargdgcot hisgh aspect
25 ratio: greater than 100nm | ong, but |ess than 20nm di aneter. It was
identified bplxRDatkatthchevsangl end actéonbinatyorfof MMdnet iMAR CaHRDS and
pyr ophospha P20Q7 .phase r ghabl ki ng .an L1yl HAP phase. The
cat al yst Watssgtlg?t%égqéslgges%?i %é)g%lon é?(ggn%f‘égl.taarhggrq§§ul¥@g36 a¥§£shogfm in
Tabl e 4. Exanpkeyl2cPrepar@rtikye Exiargdre/12thdy 14MR) gaall callictm mivi-rat e
tetrahydrate Ca(NO3)2-4H20 was dissolved in 100 mM of dem neralised water
and pH was RAPHSFEd tFS WMTh GPPULETaguesustifi t FRrE2A¥PH. TPS§ Fotults

di ammonijgm hydpegen phosphate (NH4)2HPO4 in 50 ml of 5 dem neralised water
at pH 5 was added dropwi se to the solution of calciumnitrate at the
tenperature of 80 C while stirring. A suspension forns on addition of the
phosphat e tg th@o%ﬂghg gl tegan. Thi s not her suspensi on was conti nuously
stirred for Li’-ée—g-he-p«/vise 10 addition was conplete and pH was
mai ntained at 5 with dilute aqueous nitric acid throughout. After that the
suspensi on ywa lfi | tered and washed with dem neralised water. Then it was
dried at 11&38% ight and calcined in air at 400 C for 1 hr. TEM showed
non- uni f or M I5[pariiscl €s,[ cprreddmmant [ ¥zas sheetsyhut [alsS0 asek 00S| Toluene
ennmeshed i n anprphous omatleri-al .| XRD | demdtfied Lhe:pregences of moies) | moles
pyr ophosphat e Ca2P207. Amotphous;.iat ef i.ale was |al.s@ fourid. 20 [The caf al yst
was test edas—eseribet—nyExatple—+

The reocill t o or o dbenap il ToL A
TR eStUrdSar € SOy d@PT By Too1z

pH7 1.67

Ex 2 | Ca-HAp  pHO- | 5.0 1.3 0.6 84.6 0.6 0.0040 | 0.00009
10 1.67

Ex 3 | Ca-PO  pHO- | 11.4 3.3 0.8 92.1 0.6 0.0026 | 0.00009
10 1.67 120

Ex 4 | Ca-HApD 7.1 2.8 3.7 93.7 3.1 0.0014 | 0.00018
pH7 1.67 EtOH

Ex 5 | Ca-HAp 6.9 4.1 0.3 93.6 0.2 0.0014 0.00007
pH7 1.67_
1%Cs

Comp | A1P0 Ti0, B | 3-1 4.7 12.6 69.2 14.4 0.0609 | 0.00528

Ex 1 | urea

Comp | ALPO 1.5 4.8 12.9 78.0 10.6 0.0457 0.004456
Ex 2

Comp | Comm Ca-Hap | 7.0 0.2 0.1 72.3 0.2 0.0004 0.00005
Ex 3 | 289396




Table 5 Cont act MVA+MAA MAA MVA+MAA Cat al yst DVE DEK Tol uene Ex.
time yield selectivity selectivity
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Comp | Comm Ca-Hap | 10.1 0.1 1.4 11.4 0.0021 0.0025 0.00000
ex 4 | 677418

Example 1
Preparative Example 1
23.6 g of calcium nitrate tetrahydrate Ca (NOs).,-4H,O was
5 dissolved in 100 ml of demineralised water and pH was
adjusted to 7 with ammonium hydroxide. 7.9 g of diammonium
hydrogen phosphate (NH4) ,)HPOs dissolved in 50 ml of
demineralised water at pH 7 was added dropwise to the
solution of calcium nitrate at the temperature of 80 °C
10 while stirring. A suspension forms on addition of the
phosphate to the nitrate solution. This mother suspension
was continuously stirred for 3 hrs after the dropwise
addition was complete and pH was maintained at 7 with
ammonium hydroxide throughout. After that the suspension
15 was filtered and washed with demineralised water. Then it
was dried at 110 °C overnight and calcined in air at 400
°C for 1 hr. BET surface area of the material was 44 m’/g.
The sample was identified as a crystalline hydroxyapatite
type by XRD analysis. Some amorphous material was found.

20 TEM confirmed the presence of rod like crystal form.

Catalyst testing: 3 g of catalyst as ©prepared in
preparative example 1 was placed in a stainless steel
tubular reactor connected to a vaporiser. The reactor was
25 heated to 350 °C and vaporiser to 300 °C. The mixture of
56.2 mole% of methyl propionate, 33.7 mole% of methanol,
9.6 moles of formaldehyde and 0.5 moles of water was
passed through with the contact time indicated. The
condensed reaction mixture was analysed by gas
300 chromatography using a Shimadzu GC, equipped with a DB1701
column & a Flame Ionization Detector. For each analysis,

the resultant chromatograph is processed using Shimadzu's
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10

15

20

25

30

GCsolution software to obtain peak areas for individual
components. FID response factors for the individual
components are applied to convert peak areas, first into
wt%, and then into mol%, of detectable material in the

sample.

Selectivity with respect to MAA or MAA + MMA is calculated
from the molar amount of the component produced (exit
molar content, less feed molar content), as percentage of

the molar amount of propionate converted to products.

Example 2

Preparative Example 2

23.6 g of calcium nitrate tetrahydrate Ca (NOs).,-4H,O was
dissolved in 100 ml of demineralised water and pH was
adjusted to 9-10 with ammonium hydroxide. 7.9 g of
diammonium hydrogen phosphate (NHg) ,HPO, in 50 ml of
demineralised water at pH 9-10 was added dropwise to the
solution of calcium nitrate at the temperature of 80 °C
while stirring. A suspension forms on addition of the
phosphate to the nitrate solution. This mother suspension
was continuously stirred for 3 hrs after the dropwise
addition was complete and pH was maintained at 9-10 with
ammonium hydroxide throughout. After that the suspension
was filtered and washed with demineralised water. Then it
was dried at 110 °C overnight and calcined in air at 400
°C for 1 hr.

The preparative example 2 catalyst was tested as described

in example 1.

Example 3

Preparative Example 3

New
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23.6 g of calcium nitrate tetrahydrate Ca (NOs).,-4H,O was
dissolved in 100 ml of demineralised water and pH was
adjusted to 9-10 with ammonium hydroxide. 7.9 g of
diammonium hydrogen phosphate (NHg) ,HPO, in 50 ml of

5 demineralised water at pH 9-10 was added dropwise to a
boiling solution of the calcium nitrate while stirring. A
suspension forms on addition of the phosphate to the
nitrate solution. This mother suspension was continuously
stirred for 3 hrs after the dropwise addition was

10 complete, then filtered and washed with demineralised
water. After that it was dried at 110 °C overnight and
then calcined in air at 400 °C for 1 hr. BET surface area
of the material was 9 m’/g. The sample was identified as
monetite and pyrophosphate by XRD analysis. TEM confirmed

15 the presence of plate, rod, leaf and sphere like crystal
forms.

The catalyst was tested as described in example 1.

Example 4

20 Preparative Example 4
23.6 g of calcium nitrate tetrahydrate Ca (NOs).,-4H,O was
dissolved in 100 ml of demineralised water and 100 ml of
ethanol mixture. 7.9 g of diammonium hydrogen phosphate
(NH4) ,HPOs in 100 ml of demineralised water was added

25 dropwise to the solution of calcium nitrate at the
temperature of 25 °C while stirring. A suspension forms on
addition of the phosphate to the nitrate solution. This
mother suspension was continuously stirred overnight after
the dropwise addition and pH was maintained at 7 with

30 ammonium hydroxide throughout. After that the suspension
was filtered and washed with demineralised water. Then it
was dried at 110 °C overnight and calcined in air at 400

°C for 1 hr. BET surface area of the material was 73 HF/g.



48 21.2 g of strontiumnitrate Sr(NG3)2 was dissolved in 100 m of

dem neral i sed water and pH was adjusted to 11 with anmmoni um hydroxide. 7.9
g of di anworzoiemebosdr ogen phosphate 5 (NH4) 2HPO4 in 50 niPCofGRrenaser4al i sed
water at pH 11 was added dropwi se to the solution of strontiumnitrate at
the tenperature of 80 C while stirring. suspension forns on addition of
t he phosphate to the nitrate sol ution. i's nother suspension was
continuously stirred for 3 hrs after 10 the dropw se addition was conpl ete

and pH was Pnttaifred 4t 2111 % h B ni Bnthydrsxicde 1r SUGHOUY 2Aftidre t hat
t he suspensi wq)é,f e wa %m e mﬁp it
was dried a'tt?%fo o%ﬂé]%n?g%l%ng czspggn\égj& air o IlElszca%§4§1%(l)\,\%ta%orfol r. The
sanpl e was rd&nthifedmas aher pstakhicre ot ront ilumeapatyistte 1t ypembhy XRD

| ysi h the only ob d hol ogy,
vpi Lal ly 160RMFOAG R AN -20RA Bl afet 6F PG Hata) yer WAE  Cost oo b

describeg in Exanple 1. The results are shown in 20 Table 5. Exanple 14
Preparative exanple 14 25 19.0 g of strontiumnitrate Sr(NO3)2 was
di ssol ved i Bx2001/1 Sof demineralised water and pH was adjusted to 11 with
amoni um hy i @armoni um hydr ogen phosphate (NH4)2HPO4 in 50
m of dem ngra Fggélgfvgt g%aa%lgHgll was added dropw se to the solution of
stronti um nidt ratef athé heaﬁalyem@rrmptmdofasemxc pheberstivei egamdle 1
suspensi on forns.on addltlg of the phoscphatfg to the nitrate solution. This
nu r

mot her susp¥ASi on™RESIBBREFNUBLSETY Stifred $or FPHSAf (i e Wopwise

addi ti onowag-eenapkete apdnpHowas pliakakeds49catribew th agEppium
hydroxi de throughout. After that the suspension was filtered and washed

wi th dem neralised wat er Then it was dried at 110 C overni ght and cal ci ned

inair 5 at r e,sanple was identified as a crystalline
strontium apé%%fagat? ayﬁéganal ysis. TEMinages show tightly clustered

nano- r ods, Pyapeabltyvéoebmbeag&hea@da&@mm di aneter. The catal yst was
tested as described in Exanple 1. The results_are shown in Table 5. 10
Exanpl e 15 5P§pa?%’€ﬂﬂé%xaﬁ?p‘? esi’@til?S?S&dof Iet feHEREm W%rﬁr@p@rr(al%@r? was

di ssol ved | &e%@@dlélgcl%fse@le%ngrsah'l?l%@8‘é’ab%rte%rﬂd ipHEwWag-ad) usted to 11
wi t h anmoni um hydr oxi d of di amoni um hydr ogen phosphat e (NH4) 2HPO4

in 50 m of 3dew rdr atLS@leV\Bt ejrlcaqldm—i 110was Adddedhdr opi segte trhenkswl uti on
of Stronti umigkbsate atsthe Lemerature,qf S0 Guhid © BLELLENE & sn
comparative example 2) and 0.75 g of boric acid H3;BO3; were
mixed together. A paste was produced by addition of 0.25 g
20 of urea in 5 ml of demineralised water. The paste was
dried for 2 hrs at 120 °C and then heated for 4 hrs at 600
°C.
The catalyst was tested as described in example 1. Modest

selectivity was observed but a high level of DME was

25 found.

Comparative example 2

Preparative Comparative example 2

30 37.5 g of aluminium nitrate nonahydrate Al (NOs)s;+9H,0 and
13.2 g of diammonium hydrogen phosphate (NHy) HPO, were
dissolved together in 160 ml of demineralised water

acidified with nitric acid HNOs. Solution of ammonium



20 addition of the phosphate to the nitrate solution. This nother
suspensi on was continuously stirred for 3 hrs after the dropw se addition
was conplwoeommd3@ was nai ntained at 11 with amoni um RgaGB 52147

t hroughout. After that the suspension was filtered and washed with

dem neralised 25 water. Then it was drie4 at 110 C overni ght and cal ci ned
inair at 400 Cfor 1 hr. The sanple was identified as a strontiumapatite

type by XRD anal ysis. TEM i mages show clusters of |ong nano-rods, typically
100- 500nm i ARYPERGERS 302&nd 200e20nmrith 1di &iet e . "Aife dadallpst: waL st ed as

descri bed i, Bxamhe The suds are own i Tablee 5. :
Di net hoxynet ﬁ/ane@%eecﬂai/\o 5515/ 483043 ctrﬁ%szon 52147 20 1‘Eiflaatﬁ e's "°
Cat al yst corfposetrieon Lont aetsheidnev]s) MuseMIA Vielwhs - @ ]edAAtseBectiity
[-%] MVA+MAA sel.ectivity [-%] Enpl.e%d .\t er nteent,. [ wt.9
[ mol €95] ToPUERELRGI £95] t%ﬁ“léa TORS piH7 1167 116, it f@&oé e P
5 surface area of the material was 181 m?/g.
The catalyst was tested as described in example 1. Modest

selectivity was observed but a high level of DME was

found.
10 Comparative example 3

Commercial Ca-hydroxyapatite was used from Aldrich with
catalogue number of 289396. The sample was confirmed as a
crystalline hydroxyapatite type by XRD analysis. Some
15 amorphous material was found. TEM showed the presence of
agglomerated irregular sphere like particles.
The catalyst was tested as described in example 1. The
results are shown 1in table 1. Although selectivity was
modest and DME was low the yield was very low indicating a

20 high level of inactivity.
Comparative example 4

Commercial Ca-hydroxyapatite was used from Aldrich with

25 catalogue number of 677418.

The samples were confirmed as crystalline hydroxyapatite
type by XRD analysis. TEM showed evenly-shaped nano-
spheres, typically 50-100nm diameter (although with some
30 individual spheres of 300-800nm diameter), with no

evidence of any non-spherical morphology.
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The catalyst was tested as described in example 1. The
results are shown in table 1. The yield and selectivity

were both very low.

5 Table 2.
Contact MMA+MAA | MAA MMA+MAA
Catalyst DME DEK Toluene
Ex. o time yield selectivity | selectivity
composition [mole%] [mole%] [mole%]

[s] [%] [%] [%]

Ex Ca-HAp
1.2 1.6 0.2 80.0 0.1 0.0020 0.00015
6 pH11 1.67

Example 6
Preparative Example 6
23.6 g of calcium nitrate tetrahydrate Ca (NOs).,-4H,O was
10 dissolved in 100 ml of demineralised water and pH was
adjusted to 11 with ammonium hydroxide. 7.9 g of
diammonium hydrogen phosphate (NHg) ,HPO, in 50 ml of
demineralised water at pH 11 was added dropwise to the
solution of calcium nitrate at the temperature of 80 °C
15 while stirring. A suspension forms on addition of the
phosphate to the nitrate solution. This mother suspension
was continuously stirred for 3 hrs after the dropwise
addition was complete and pH was maintained at 11 with
ammonium hydroxide throughout. After that the suspension
20 was filtered and washed with demineralised water. Then it
was dried at 110 °C overnight and calcined in air at 400

°C for 1 hr. BET surface area of the material was 96 m’/g.

The sample was identified as a crystalline hydroxyapatite
25 type by XRD analysis, although the presence of some

amorphous material was indicated. TEM showed highly

crystalline nano-rod structures grouped in bundles of

similar orientation.

The catalyst was tested as described in example 1. The

30 results are shown in table 2.
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Table 3
Contact MMA+MAA | MAA MMA+MAA
Catalyst DME DEK Toluene
Ex. time yield selectivity | selectivity
composition [mole%] [mole%] [mole%]

[s] [%] [%] [%]

Ex Ca-HAp
10.27 4.4 1.7 92.0 2.6 0.0020 0.00014
7 pH7 1.5

Ex Ca-HAp
3.0 1.6 1.6 92.3 1.2 0.0007 0.00015
8 pH7 1

Example 7
5 Preparative example 7
14.2 g of calcium nitrate tetrahydrate Ca(NO;3),*4H,O was
dissolved in 100 ml of demineralised water and pH was
adjusted to 7 with ammonium hydroxide. 5.3 g of diammonium
hydrogen phosphate (NH;),HPO, in 100 ml of demineralised
10 water at pH 7 was added dropwise to the solution of
calcium nitrate at the temperature of 80 °C while
stirring. A suspension forms on addition of the phosphate
to the nitrate solution. This mother suspension was
continuously stirred for 3 hrs after the dropwise addition
15 was complete and pH was maintained at 7 with ammonium
hydroxide throughout. After that the suspension was
filtered and washed with demineralised water. Then it was
dried at 110 °C overnight followed by calcination in air
at 400 °C for 1 hr. BET surface area of the material was
20 64 m?’/g. The sample was identified as a crystalline
hydroxyapatite type by XRD analysis. Some amorphous
material was found.

The catalyst was tested as described in example 1.

25 Example 8
Preparative example 8
14.2 g of calcium nitrate tetrahydrate Ca(NO;3),*4H,O was
dissolved in 100 ml of demineralised water and pH was

adjusted to 7 with ammonium hydroxide. 7.9 g of diammonium
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hydrogen phosphate (NH;),HPO, in 100 ml of demineralised
water at pH 7 was added dropwise to the solution of
calcium nitrate at the temperature of 80 °C while
stirring. A suspension forms on addition of the phosphate
5 to the nitrate solution. This mother suspension was
continuously stirred for 3 hrs after the dropwise addition
was complete and pH was maintained at 7 with ammonium
hydroxide throughout. After that the suspension was
filtered and washed with demineralised water. Then it was
10 dried at 110 °C overnight followed by calcination in air
at 400 °C for 1 hr. BET surface area of the material was
58 m’/g. The major phase was identified as a crystalline
hydroxyapatite type by XRD analysis. A trace phase similar
to calcium hydrogen phosphate CaHPO,; was present. Some
15 amorphous material was found. TEM showed the presence of
rod and sheet like crystal forms.
The catalyst was tested as described in example 1. The

results are shown in table 3.

20 Table 4

Contact MMA+MAA | MAA MMA+MAA
Catalyst DME DEK Toluene
Ex. time yield selectivity | selectivity
composition [mole%] [mole%] [mole%]
[s] [%] [%] [%]
Ca-HAp
Ex 9 10.4 4.1 2.8 89.8 3.1 0.0017 0.00008
pH7 1.67 25
Ex Ca-HAp 9.8 4.8 4.0 91.4 4.7 0.0033 0.00011
10 pH11 1.00
Ex Ca-PO 15.6 4.4 1.4 94.6 0.42 0.002 0.00024
11 pHS 1.67
ex Ca-PO 6.9 3.1 1.4 90.1 1.8 0.0023 0.00008
12 PH5 1.00
Example 9

Preparative example 9
23.6 g of calcium nitrate tetrahydrate Ca (NOs).,-4H,O was

25 dissolved in 100 ml of demineralised water and pH was



0.095 2.6 29.0 2.5 0.03 0.0009 0.00017 Exanple 16 5 The catal yst was
prepared as in preparative exanple 1. Catalyst testing: 3 g of catal yst was
pl aced i rwe@ 28t2ai6804@ss st eel tubul ar reactor connected t@®C/GRPpOVISSHEr. The
reactor was heated to 350 C and vaporiser to 300 C. The m xture of 70 wt %
of nmethyl propionate and 30 wt % of 10 di4 t hoxymet hane was passed t hrough.
The condensed reaction m xture was anal ysed by gas chromat ography equi pped
with CP-Sil 1701. Exanple 17 15 The catal yst was prepared as in preparative
exanpl e 6. THEUEALA! &t WS theSIB@ A3 EFedSi-n TeXarplod TB.aTCspalat i ve
exanple 5 at ph [ as:in ratkv : i v

exanpl e 1. ‘ﬁr%g}-%gtegl fgécy%kég\?éest(é\%ﬁgéﬁg%scﬁbeéé@rﬁﬁe%%pﬁiﬁg@%alse%
Conpar at i vewexampl et 6 gthe Tcatvabystéddas prepariedt aso ntbenparshtiven of

preparative exanple 2 The catalyst was tested as describ in _exanple 16.
10 Conpar at ¢ Cgﬁﬁlrrpln -Efaé@rrpa?r%ti%e pr EpAPat 7 Vel exahpl egg 3 § of" esi um
phosphat & hyénatre nM3@PRH et A i€ ho g akakioguen nuben e34hhh as

m xed with 3 g of alum nium phosphate (prepared as in conparative exanpl e
2). A pastet®5 WAS praducéd bycdddiittnon dhis mimodhedemErasSed watdes . The

paste was dE%ﬁ@iRB%uélgr%t%&r%%ofgra%dhE@egﬁygy(%%J(gid%dyg% %%d%%{é%

was complete and pH was maintained at 7 with ammonium
hydroxide throughout. After that the suspension was
10 filtered and washed with demineralised water. Then it was
dried at 110 °C overnight and calcined in air at 400 °C
for 1 hr. TEM showed short crystalline nano-rods <100nm in
length, and some amorphous material. The catalyst was
tested as described in Example 1. The results are shown in

15 Table 4.

Example 10
Preparative example 10
14.2 g of calcium nitrate tetrahydrate Ca(NO;3),*4H,O was
20 dissolved in 100 ml of demineralised water and pH was
adjusted to 11 with ammonium hydroxide. 7.9 g of
diammonium hydrogen phosphate (NHs),HPO, in 50 ml of
demineralised water at pH 11 was added dropwise to the
solution of calcium nitrate at the temperature of 80 °C
25 while stirring. A suspension forms on addition of the
phosphate to the nitrate solution. This mother suspension
was continuously stirred for 3 hrs after the dropwise
addition was complete and pH was maintained at 11 with
ammonium hydroxide throughout. After that the suspension
30 was filtered and washed with demineralised water. Then it
was dried at 110 °C overnight and calcined in air at 400
°C for 1 hr. The sample was identified as a crystalline

hydroxyapatite type by XRD analysis. Some amorphous



The catal yst was tested as described in exanple 16. 20 Conparative exanple
8 Conparative preparative exanple 8 The catal yst was synt hesi sed foll ow ng
t he prepawvatoesmthod di scl osed in US 4118588 pat ent i RCEGBZp11e0531473 g of
titaniumdioxide Ti 2 (Al drich catal ogue nunber 25 634662), 2.3 g of

cal ci um phosphate Ca3(PX)2 (Al drich cau_logue nunber 50552) and 0.75 g of
boric acid H3BO3 were m xed together. A gaste was produced by addition of
0.25 g of urea in 5 mM of dem neralised water. The paste was dried for 12
hrs at 120 ©2&Rd1ehen "ieat Pt 3 TFE 308PWS80 CerntRe Yeapalkest wadlilest ed

as descri bed. . e ! arat : :

2012/ 063044%&%& E%g%ﬁ%oé%%&g%zm@%dﬁ? :‘?l%g%ﬁ%%?b%%a? P8 wds tsed from
Al drich w t hieatdkogué&hrunsera lofst288396testdtheasanpkberwasdconf ifxeed las a
crystalline_hydroxyapatite type, by XRD analysis. TEM showed t he presence of
5 aggloneragedqﬁﬁréﬁﬁngssﬁﬁéréhP%QelBag?%& eS” Some anorphous material was
found. The catal yst was tested as described in exanple 16. Conparative
exanple 10 10 Commerci al Ca-hydroxyapatite was used from Al drich with
cat al ogue nbi#BEPLlef 1677418. BET surface area disclosed by Aldrich is 9.4

n2/g. The s onf,i a crystalline hydroxyapatite type by XRD
anal ysi s. T%%F ﬁéﬁggfg Egeegﬁgd%gphere | i ke 15 crystals. Sonme anorphous
mat eri al wag3f.éund. oThealatialnyshiwasttestead dsydiesery | bedNO) eXanpl erals.

Conpar ative exanple 11, Co rcial, Ca2P207 was used fromA Al drich with
cat a1 ogue. 26 LRGBS ot I BodSFL MBET s uPFACEcareh Al oeet By A B Qe s 12

e/ g. TEM shevedrsphere bi ke cnonticnyst abbidsupanticehes.octhe catal yst,mas
tested as described in exanple 16. The results are shown in table 6. 25
Table 7 diammonium hydrogen phosphate (NHg) ,HPO, in 50 ml of
demineralised water at pH 5 was added dropwise to the
solution of calcium nitrate at the temperature of 80 °C
while stirring. A suspension forms on addition of the
15 phosphate to the nitrate solution. This mother suspension
was continuously stirred for 3 hrs after the dropwise
addition was complete and pH was maintained at 5 with
dilute aqueous nitric acid throughout. After that the
suspension was filtered and washed with demineralised
20 water. Then it was dried at 110 °C overnight and calcined
in air at 400 °C for 1 hr. TEM showed large flat
structures, blade or sheet-like, greater than 1 micron in
2 of their dimensions. The edges of the flat structures
were fractured into parallel nano-rods of high aspect
25 ratio: greater than 100nm long, but less than 20nm
diameter. It was identified by XRD that the sample is a
combination of monetite CaHPO; and pyrophosphate CayPy0,
phases probably masking an underlying HAP phase. The
catalyst was tested as described in Example 1. The results

30 are shown 1in Table 4.

Example 12

Preparative Example 12.
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14.2 g of calcium nitrate tetrahydrate Ca(NO;3),*4H,O was
dissolved in 100 ml of demineralised water and pH was
adjusted to 5 with dilute agqueous nitric acid. 7.9 g of
diammonium hydrogen phosphate (NHg) ,HPO, in 50 ml of
demineralised water at pH 5 was added dropwise to the
solution of calcium nitrate at the temperature of 80 °C
while stirring. A suspension forms on addition of the
phosphate to the nitrate solution. This mother suspension
was continuously stirred for 3 hrs after the dropwise
addition was complete and pH was maintained at 5 with
dilute aqueous nitric acid throughout. After that the
suspension was filtered and washed with demineralised
water. Then it was dried at 110 °C overnight and calcined
in air at 400 °C for 1 hr. TEM showed non-uniform
particles, predominantly as sheets, but also as rods
enmeshed in amorphous material. XRD identified the
presence of pyrophosphate CayP»,0;. Amorphous material was
also found.
The catalyst was tested as described in Example 1. The
results are shown in Table 4.
Table 5

Catalyst contact PIATHAA | AR FHATHAR DME DEK Toluene
Ex Composition time yield selectivity | selectivity |~ | L

[s] (%] [%] [%]

New Ex 13 | Sr-HAp pHl1l 1.67 | 5.2 7.0 0.7 85.9 0.04 0.0045 0.00005
New Ex 14 | Sr-HAp pH1l1 1.50 [ 5.2 6.8 0.8 92.0 0.17 0.0024 0.00010
New Ex 13| o/ bap pHIL 1.00 | 5.0 5.6 1.2 94.1 0.21 0.0012 | 0.00006
Example 13

Preparative example 13
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21.2 g of strontium nitrate Sr(NO3), was dissolved in 100
ml of demineralised water and pH was adjusted to 11 with
ammonium hydroxide. 7.9 g of diammonium hydrogen phosphate
(NH;) ,HPO; in 50 ml of demineralised water at pH 11 was
added dropwise to the solution of strontium nitrate at the
temperature of 80 °C while stirring. A suspension forms on
addition of the phosphate to the nitrate solution. This
mother suspension was continuously stirred for 3 hrs after
the dropwise addition was complete and pH was maintained
at 11 with ammonium hydroxide throughout. After that the
suspension was filtered and washed with demineralised
water.

Then it was dried at 110 °C overnight and calcined in air
at 400 °C for 1 hr. The sample was identified as a
crystalline strontium-apatite type by XRD analysis. TEM
images show nano-rods as the only observed morphology,
typically 100nm length and 20nm diameter. The catalyst was
tested as described in Example 1. The results are shown in

Table 5.

Example 14

Preparative example 14

19.0 g of strontium nitrate Sr (NOs3):, was dissolved in 100
ml of demineralised water and pH was adjusted to 11 with
ammonium hydroxide. 7.9 g of diammonium hydrogen phosphate
(NH;) ,HPO; in 50 ml of demineralised water at pH 11 was
added dropwise to the solution of strontium nitrate at the
temperature of 80 °C while stirring. A suspension forms on
addition of the phosphate to the nitrate solution. This
mother suspension was continuously stirred for 3 hrs after

the dropwise addition was complete and pH was maintained

19



0.02 0.0050 0.00015 Exanple 18 The catal yst was prepared as in preparative
Exanple 7. WD 2012/ 063044PCT/ GB2011/ 052147 53 The catal yst was tested as
descri beawpnoexmsphe 16 and the results are shown in talbCe/GB20BxsapEre 19 5
The catal yst was prepared as in preparative Exanple 8. The catal yst was

tested as described in exanple 16 and trh results are shown in table 7. 10
Exanpl e 20 The catal yst of preparative eXanple 13 was tested as descri bed

in exanple 16. The results are shown in table 8. 15 Exanple 21 The catal yst
of preparat P¥e lexatpte FAM@AS Ve SYEd O0&s e sl BEH I exhrpte IbatTHee

resul ts are.shown initale 8 20-Example, 22, Jhe gatal yst ol preparatiye

exanple 15 was tested as described in exanple 16. The results are shown in
tabl e 8. Tabkée8.25 Ex. Catal yst conposition Contact tinme [s] MVA+M AA

yreld [io] Wha selectivigy Jol, MAy MAselgetl vty LLOL;RVE Lple Yol

5 at 400 °C for 1 hr. The sample was identified as a
crystalline strontium-apatite type by XRD analysis. TEM
images show tightly clustered nano-rods, typically 100nm
length and 20nm diameter. The catalyst was tested as
described in Example 1. The results are shown in Table 5.

10
Example 15

Preparative example 15

12.7 g of strontium nitrate Sr(NO3), was dissolved in 100
15 ml of demineralised water and pH was adjusted to 11 with
ammonium hydroxide. 7.9 g of diammonium hydrogen phosphate
(NH;) ,HPO; in 50 ml of demineralised water at pH 11 was
added dropwise to the solution of strontium nitrate at the
temperature of 80 °C while stirring. A suspension forms on
20 addition of the phosphate to the nitrate solution. This
mother suspension was continuously stirred for 3 hrs after
the dropwise addition was complete and pH was maintained
at 11 with ammonium hydroxide throughout. After that the
suspension was filtered and washed with demineralised
25 water.
Then it was dried at 110 °C overnight and calcined in air
at 400 °C for 1 hr. The sample was identified as a
strontium-apatite type by XRD analysis. TEM images show
clusters of long nano-rods, typically 100-500nm in length,
30 and 10-20nm in diameter. The catalyst was tested as

described in Example 1. The results are shown in Table 5.

B Dimethoxymethane feed




Water content [w% DEK [nol e% ] Toluene [noled Ex 20 Sr-HAp pH111l.67 11.6
4.1 0.03 73.3 0.07 0.04 0.074 7 0.00012 Ex 21 Sr-HAp pH111.50 10.9 5.9 0.02
91.3 0. 45v0.208/063@4. 11 WO 2012/ 063044PCT/ GB2011/ 052147 PCT/GB2011/052147
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Table ©
Contact | MMA+MAA | MAA MMA+MAA Water
Catalyst DME DEK Toluene
time yield selectivity | selectivity content
composition [mole%] [mole%] [mole%]
[s] [%] [%] [%] [wt%]
Ex
Ca-HAp pH7 1.67 16.0 4.9 0.03 89.59 1.0 0.06 0.0095 0.00009
16 -
Ex
Ca-HAp pH11 1.67 14.9 6.2 1.7 81.9 0.6 0.09 0.0249 0.00018
17 -
Comp
A1PO Ti0, B urea 14.3 4.9 3.7 57.8 11.4 2.21 0.0263 0.00388
Ex 5 - -
Comp
A1PO 9.7 15.0 9.6 81.01 8.3 2.32 0.0107 0.00604
Ex 6
Comp
A1PO MgPO 12.0 3.0 0.2 50.3 6.5 0.15 0.0104 0.00086
Ex 7 -
Comp
Ti0, Cas(PO4)2 B urea | 9.4 3.2 0.1 58.3 0.8 0.05 0.0149 0.00046
Ex 8 - -
Comp
Comm Ca-HAp 289396 11.7 0.23 0.0 64.7 0.4 0.03 0.0033 0.00008
Ex 9
Comp
Ex Comm Ca-HAp 677418 10.3 0.008 0.8 1.36 0.006 0.05 0.1477 0.00000
10
Comp
Comm CayP,07; 693871
Ex 10.5 0.095 2.6 29.0 2.5 0.03 0.0009 0.00017
11

10

15

Example 16

The catalyst was prepared as in preparative example 1.
Catalyst testing: 3 g of catalyst was placed 1in a
stainless steel tubular reactor connected to a vaporiser.
The reactor was heated to 350 °C and vaporiser to 300 °C.
The mixture of 70 wt® of methyl propionate and 30 wt% of
dimethoxymethane was passed through. The condensed
reaction mixture was analysed by gas chromatography

equipped with CP-Sil 1701.
Example 17
The catalyst was prepared as in preparative example 6.

The catalyst was tested as described in example 16.

Comparative example 5
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The catalyst was prepared as in comparative preparative
example 1.

The catalyst was tested as described in example 16.

Comparative example 6
The catalyst was prepared as in comparative preparative
example 2

The catalyst was tested as described in example 16.

Comparative example 7

Comparative preparative example 7

3 g of magnesium phosphate hydrate Mgs (PO.).-xH,O (Aldrich
catalogue number 344702) was mixed with 3 g of aluminium
phosphate (prepared as in comparative example 2). A paste
was produced by addition of 5 ml of demineralised water.
The paste was dried for 2 hrs at 120 °C and then heated
for 4 hrs at 600 °C.

The catalyst was tested as described in example 16.

Comparative example 8

Comparative preparative example 8

The catalyst was synthesised following the preparation
method disclosed in US 4118588 patent in Example 3.

3 g of titanium dioxide TiO, (Aldrich catalogue number
634662), 2.3 g of calcium phosphate Cas(POs): (Aldrich
catalogue number 50552) and 0.75 g of boric acid H3;BOs3
were mixed together. A paste was produced by addition of
0.25 g of urea in 5 ml of demineralised water. The paste
was dried for 12 hrs at 120 °C and then heated for 3 hrs
at 580 °C.

The catalyst was tested as described in example 16.

Comparative example 9



4 22 pH111. 00 Exanple 23 5 Preparative Exanple 23 21.2 g of
strontiumnitrate Sr(NO3)2 was dissolved in 100 mM of dem neralised water
and pH wawoadjxssEd to 7 wi th amoni um hydr oxi de. 7.9 gPefi/GB2amasai4am

hydr ogen phosphate (NH4)2HPO4 in 50 m of dem neralised water at pH 7 was
10 added dropwi se to a solution of strontiumnitrate at the tenperature of
80 C while stirring. The nother suspensi'6n was m xed for 3 hrs and pH was
mai ntai ned at 7 with _anmoni um hydroxi de t hroughout. After that the
suspensi on WABMRICEared amny WeshetP a t Fe d@fisner @i séd Wat 2+Ir ISR TREF T t was

dried at 119a§a9%%5@iQﬁhb%?do%ab%b@@%.i” air at 400 Cfor 1 hr. The sanple
was identified as a crystalline strontium pyrophosphate by XRD anal ysi s.

TEM i mages Shew darges fvats sbndctroeds,ashl adergstshéenel itheraxypirealine 2 - 5
mcron in length and O - 0.5 - mcron i O width, The flat structures were
T Thoad wi t EVBEnsIBr s 58P nanber Bather It ot it | Ripvi Bisrerbas 58 na
typically 2Qg800ie rdicanetercand 220@pRerkn1lieagbhrticlesThe catal yst was

tested as described in exanple 1. The 25 results are shown in Table 9.
Exanpl e 24 TREcabaPy®h6FEXARBLE2IhaTEEs eIt h di met hoxynet hane feed,

20121 063044ET] CAYOLL 053107 56 ranre Bo i oo b TEone. O O

Comparative example 10
10 Commercial Ca-hydroxyapatite was used from Aldrich with
catalogue number of 677418.
BET surface area disclosed by Aldrich is 9.4 m’/g.
The sample was confirmed as a crystalline hydroxyapatite
type by XRD analysis. TEM analysis revealed sphere like
15 crystals. Some amorphous material was found.

The catalyst was tested as described in example 16.

Comparative example 11

Commercial CayP;0; was used from Aldrich with catalogue
20 number of 693871.

BET surface area disclosed by Aldrich is 12 m?/g. TEM

showed sphere like non-crystalline particles.

The catalyst was tested as described in example 16. The

results are shown in table 6.

25
Table 7
Contact | MMA+MAA | MAA MMA+MAA Water
Catalyst DME DEK Toluene
Ex. time yield selectivity | selectivity content
composition [mole%] [mole%] [mole%]
[s] [%] [%] [%] [wt%]
Ex Ca-HAp
10.5 5.9 0.02 89.29 2.5 0.03 0.0048 0.00025
18 | pH7 1.5
Ex Ca-HAp
3.3 1.2 0.1 84.1 0.7 0.02 0.0050 0.00015
19 | pH7 1
Example 18

The catalyst was prepared as in preparative Example 7.
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The catalyst was tested as described in example 16 and the

results are shown in table 7.

Example 19
5 The catalyst was prepared as in preparative Example 8.
The catalyst was tested as described in example 16 and the

results are shown in table 7.

10 Example 20
The catalyst of preparative example 13 was tested as

described in example 16. The results are shown in table 8.

15 Example 21
The catalyst of preparative example 14 was tested as

described in example 16. The results are shown in table 8.

20 Example 22
The catalyst of preparative example 15 was tested as

described in example 16. The results are shown in table 8.

Table 8
25
MMA+
MMA+M [ MAA MAA DME Water DEK
Catalyst Contact ) Toluene
Ex. . . AA vyield | selectivity | selecti | [mole content [mole%
composition time [s] ) [mole%]
(%] (%] vity %] [wt%] ]
(%]
11.6 4.1 0.03 73.3 0.07 0.04 0.074 0.00012
Ex Sr—-HAp
7
20 PH11 1.67
10.9 5.9 0.02 91.3 0.45 0.06 0.003 0.00011
Ex Sr—-HAp
0
21 PH11 1.50




0.0011 0.00014 Ex. Sr2P207 24 pHr71.67 11.1 2.5 0.05 88 0.4 0.03
0.0058 .9 Table 10 shows the Ca: P synthesis ratios of various exanples and
conpar at iwe 2eraspldes as well as the Ca:P 5 ratios in theCTiGR11/052147
crystal s(XRF) and on the crystal surfaces(XPS). Conparative exanple 12 is a
commerci al pyrophosphate in the form of Gmor phous spheres purchased from

Al drich under catal ogue nunber 693871. I'tt can be seen that at the ideal
hydroxyapatite ratio of 1 67 both the 10 bylk crystal and the crystal
surface arecdep|eted in |cal'ci umbut that tHe surlf'aCe |i's"'nor e’ depleteéd’
However, at . ow MP:syntlhesis ratios|ideal |[for gyropHosphatgs of [1:1, the
surface i s—rteher—nretat—than—thebutk—of theerystal—Thts—suggests—t he
formation of a preferred 15 surface arrangenent on the crystals. The
surface and bulk ratios for a series of exanples are plotted in figure 1.
It can be seen that at higher overall ratios the surface ratio is depressed
and that at *KéWerSoverall ratios the surface ratio is increased. 20

5 Preparative Example 23
21.2 g of strontium nitrate Sr(NO3), was dissolved in 100
ml of demineralised water and pH was adjusted to 7 with
ammonium hydroxide. 7.9 g of diammonium hydrogen phosphate
(NH;) ,HPO, in 50 ml of demineralised water at pH 7 was

10 added dropwise to a solution of strontium nitrate at the
temperature of 80 °C while stirring. The mother suspension
was mixed for 3 hrs and pH was maintained at 7 with
ammonium hydroxide throughout. After that the suspension
was filtered and washed with demineralised water.

15 Then it was dried at 110 °C overnight and calcined in air
at 400 °C for 1 hr. The sample was identified as a
crystalline strontium pyrophosphate by XRD analysis. TEM
images show large flat structures, blade or sheet-like,
typically 2 - 5 micron in length and 0.2 - 0.5 micron in

20 width. The flat structures were fringed with clusters of
nano-rod structures, with individual rods being typically

20 nm in diameter and 200 nm in length.

The catalyst was tested as described in example 1. The

25 results are shown in Table 9.

Example 24
The catalyst of example 23 was tested with
dimethoxymethane feed, as described in Example 16. The

30 results are shown in Table 9.



The XRD peak intensity data was collected and the ratios of certain peaks
for several sanples were conpared. The results are shown in figure 7. The
002: 211 rwDi2012fmws04the sanpl es of the invention coul d bePChdiRat052140f a

strong 25 nano-rod presence. 56 Table 10 Exanpl e Ca: P (stoich) XRF
Bul k Surface Peak Area Ca: P Ratg'so (XRF Ca: P ( XPS
Table 9
Contact | MMA+MAA | MAA MMA+MAA Water
Catalyst DME DEK Toluene
Ex. time yield selectiv selectiv content
composition [mole%] [mole%] [mole%]
[s] [%] ity [%] ity [%] [wt%)

Ex | 6r2p207 1.3 4.5 0.6 94.1 0.2
23 | pH7 1.67

— 0.0011 0.00014

Ex. Sr2P207
24 pH7 1.67 11.1 2.5 0.05 38 0.4 0.03 0.0058 0.00009

Table 10 shows the Ca:P synthesis ratios of wvarious
examples and comparative examples as well as the Ca:P
5 ratios 1in the final crystals(XRF) and on the <crystal
surfaces (XPS). Comparative example 12 1is a commercial
pyrophosphate in the form of amorphous spheres purchased
from Aldrich under catalogue number 693871. It can be seen
that at the ideal hydroxyapatite ratio of 1.67 both the
10 bulk crystal and the crystal surface are depleted in
calcium but that the surface is more depleted. However, at
low M:P synthesis ratios ideal for pyrophosphates of 1:1,
the surface i1s richer in metal than the bulk of the
crystal. This suggests the formation of a preferred
15 surface arrangement on the crystals. The surface and bulk
ratios for a series of examples are plotted in figure 1.
It can be seen that at higher overall ratios the surface
ratio 1is depressed and that at lower overall ratios the
surface ratio is increased.
20
The XRD peak intensity data was collected and the ratios
of certain peaks for several samples were compared. The
results are shown in figure 7. The 002:211 ratio for the
samples of the invention could be indicative of a strong

25 nano-rod presence.



(Ca:P) mMm mm Conp Ex 12 1.00 2.505 0.940 0.89 Conp Ex 3 1.67 4.046
1.597 1.42 Conp ex 4 1.67 4.748 1.896 1.78 Ex 3 1.67 2.711 1.028 1.08 Ex 6

1. 67 4. 0880201063044 PCT/GB2011/052147
56
Table 10
XRF
Peak Bulk
Area Ca:P Surface
Ratio (XRF | Ca:P (XPS
Example Ca:P (stoich) | (Ca:P) m/m) m/m)
Comp Ex 12 1.00 2.505 0.940 0.89
Comp Ex 3 1.67 4.046 1.597 1.42
Comp ex 4 1.67 4.748 1.896 1.78
Ex 3 1.67 2.711 1.028 1.08
Ex 6 1.67 4.086 1.614 1.49
Ex 1 1.67 4.168 1.648 1.46
Ex 8 1.00 3.531 1.377 1.31
Ex 7 1.50 3.846 1.511 1.38
Ex 9 1.67 3.801 1.492 1.36
Ex 11 1.67 2.945 1.128 1.23




10

15

20

25

30

57

CLAIMS

1 A method of producing an ethylenically unsaturated
carboxylic acid or ester, preferably an o, B ethylenically
unsaturated carboxylic acid or ester, comprising the steps
of contacting formaldehyde or a suitable source thereof
with a carboxylic acid or ester 1in the presence of a
catalyst and optionally an alcohol, wherein the catalyst
comprises group II metal phosphate crystals having rod or

needle like morphology.

2 A method according to claim 1, wherein the phosphate
is selected from hydroxyapatite, pyrophosphate,
hydroxyphosphate, PO, phosphate and mixtures thereof.

3 A method according to claim 1 or 2, wherein the group
IT metal of the phosphate is selected from Ca, Sr or Ba or

mixtures thereof.

4 A method according to any of claims 1 to 3, wherein
the catalysts are selected from strontium hydroxyapatite

and calcium hydroxyapatite.

5 A method according to any of claim 1 to 4, wherein the

catalyst is at least 50% w/w metal phosphate.

6 A method according to any of claims 1-5, wherein the
catalyst of the invention has 1its surface layer of
crystals depleted below the hydroxyapatite metal to

phosphate mole ratio of 1.67.
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7 A method according to claim 6, wherein the crystal
surface metal:phosphorus (M:P) mole ratio is between 1.30

and 1.55.

8 A catalyst system comprising a crystalline group ITI
metal phosphate catalyst and a catalyst support wherein
the group II metal phosphate has rod and/or needle like

morphology.

9 A method according to any of claims 1-7, wherein the
carboxylic acid or ester reactant of the present invention
is of formula R3*-CH,-COOR?, wherein R? is either hydrogen
or an alkyl group and R’ is either hydrogen, an alkyl or

aryl group.

10 A method according to any of claims 1-7, or 9 wherein
the ethylenically unsaturated acid or ester produced by
the process of the invention is selected from acrylic,
alkacrylic, 2-butenoic, c¢yclohexenoic, maleic, itaconic
and fumaric acids and their alkyl esters, and also

methylene substituted lactones.

11 A method according to any of claims 1-7, 9 or 10,
wherein doping elements are present in the catalyst at a

level up to 20 mol % of the metal M.

12 A method according to claim 11, wherein the doping
elements are metal cations selected from Cs, K, Rb, Na,
Li, Z2n, Ti, Si, Ln, Ce, Eu, Mg (if not used as a group II
metal), Ba(if not used as a group II metal), Pb, Cd, Ag,

Co, Cu, Ni and Zr.
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13 A method according to any of c¢laims 1-7, or 9-11,
wherein doping anions are present 1in the catalyst at a

level of up to 20 mol % phosphate.

14 A method according to claim 13, wherein the doping

anions are selected from carbonate, chloride and fluoride.

15 A method or catalyst system according to any preceding
claim wherein the catalyst is on a support selected from
alumina, silica, silicon nitride, silicon carbide,

colloidal silica, titania or aluminium phosphate.

16 A method according to any of claims 1-7, or 9-15,
wherein the metal:phosphorus (M:P) mole ratio is between

0.8-1.8.



