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ESTER CROSS- REFERENCE TO RELATED APPLI CATI ONS This application clainms
priority woam2e4&83pr ovi si onal application serial nunberC®A/sd@B6/08282 5fil ed
June 14, 2011, U. S. provisional application serial nunber 61/404,680, filed
Cct ober 7, 2010, RRGCESSHOR PRODUGHEOIN O&RIMETHAGRYEIC AGIHESTER/ 404, 681,
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The MMM is esterified with 25met hanol to produce the desired MVA product,
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purification residue comprising other compounds including, but not limited to, a-MOB and

30  methyl B-methoxyisobutyrate (3-MEMOB). The recovery and conversion of one or more of

these other compounds to produce additional MMA product has been the subject of various

research and development efforts having varying degrees of success and practical utility.

In particular, U.S. 4,529,816 describes an improvement wherein the a-MOB is isolated and

recycled to the process between the thermal conversion and esterification steps.

35
U.S. 5,393,918 describes a process similar to that of U.S. 4,529,816, but the thermal
conversion step is eliminated. Instead, the hydrolysis product is subjected directly to
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phase and in the presence of a crystalline alumnosilicate catalyst, which
may or may not be pronbted with an alkali netal or a platinum group

el enent. W0301254@83, 736 di scl oses an ACH process that dees/usealioetal re
sulfuric acid for preparing 15 methacrylic acid esters. A key step of this
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variety o ave been used for conver
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al um noside pametedomtit & aikadgnaﬂakaiaplahm&h @ajuprmre@rrtt h netal s have been
t horoughly studied for the conversion of a-MB and 6- MEMOB i nto MVA and
MAA, as disclosed in U S 5,371,273, US. 5,393,918, and 35U.S. 5,739, 379,
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fracti on famchtiah, drepfatt deaptivation by abkd hepo@ihon Crystalline aluminosilicates containing

alkali or alkaline earth metals have been thoroughly studied for the conversion of a-MOB

and B-MEMOB into MMA and MAA, as disclosed in U.S. 5,371,273, U.S. 5,393,918, and

35 U.S. 5,739,379, as well as JP Application No. 65896/1990, U.S. 5,250,729 and EP 429,800
A2. The dehydration of a-MOB to MMA was commercialized by the Mitsubishi Gas

Chemical Company in 1997 as a sulfuric acid-free ACH-based MMA process. The art
.



C12 al kyl al cohol; contacting the vaporized organic fraction and

al cohol with a catalyst conprising at |east one el enent selected fromthe
group corsD2iag78sB | ithium sodium potassium rubidi uRCTASSOTENZ
francium to convert the Cl1-Cl2 al kyl a-hydroxyi sobutyrate and Cl-Cl2
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found t han da-MOBamkB-MEMPBaohdc theraiord, karegdimitedsapplicabditt for MMAesaugarald

fraction ggquép){msubstantially interfere with the activity of the catalyst

in the va 2012/ 047883PCT/ US2011/ 054762 phase. In addition, it has

been Surprisingly found that the catal yst enployed in the present invention

e el e RSB RS B PPN

a](ctldi L ieogamclﬂhig@d?wr@mhs,rm;ddiaom?dmamrmganﬂdgbhgeﬁ!agdiﬁ?tw, bi_J’onmt cbmersiarggibcié-lsi ty

Such as MG B- BRI BRI A ABK T s A0 BRe, (Y RRREUG, ppecc! oo

][ret hacr y|5625,pr&)dud U.$.s5, 8046656 tdretample, _eiindbkecatalm?teatbn’a_’nﬁng silfven@ngaani Ch

or 25&92”9%%;@@?%‘@%% %%ﬁ%a@’ i ﬁﬁ@@%@'@i‘i@ﬁw%ﬁw%@%&e\%ﬁ@e}w'u‘ﬁi c

aci d to pnedisder iatrérydlecligisdehydiatibns, suctoapthiesiongerion b trivacapydati@ndis, to

csteri ry RSB, G R e B T e PR TR A RSB ce

alnkelste[1 ivinyt-atpyornlidonet anrcEted&any)N'r(Qihygroay&m);IDdeQb@dykg'hcidatﬁml toyterditiy, N-a 01- 012
. ; ; - -01-012 i :

b apar iR P Bmidt TR, b s AhHactodk medieh R AR o ©

or ganibsc fhoaeven difieoatmemisallydrdid dty2iratiokdndrdentetiemplative of tMOB 2r@B2 al kyl

a- hydr oxyi .and. t 01-012 al kyl 3-01-012 al koxyi sobutyrate. BRI EF
DESCRI PTW@%%%B@ f\?(QﬁAA' Figure 1 is a schematic diagram of one
enbodi nent of the process of the invention. 20Figure 2 is a schematic

di agram legﬂmﬁwagqi@m\/%ﬂgp‘e process of the invention. Figure 3 is a
schemat i ¢ di'agr am of "one enbodi ment of the process of the invention. Figure
4 is a gridgpresemmMnvgniiba ia afmethodsos ppdoeicihg and3- Gosghaa et cad okylpeadidresiersan
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fraction vs. flash di illati temperature.. WMO. -
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recovery métha@sgiatedCiealkyl\vetmidraxyisobityeitd and €f-Cal akPpB-@roguct species to
a streamenriched in by-products is obtained by

MVA. For exanpl e
di still aﬁmgg?blgyrra&egi due streamand is subjected to the vapor phase
catal ytic reaction process described herein. In one

25 vaporizing at least a portion of the organic fraction and at least a portion of the C;-
C+2 alkyl alcohol;

contacting the vaporized organic fraction and alcohol with a catalyst comprising at
least one element selected from the group consisting of lithium, sodium, potassium,
rubidium, cesium and francium, to convert the C;-C;, alkyl a-hydroxyisobutyrate and C;-C;»
30 alkyl B-C4-Cy2 alkoxyisobutyrate to additional C,-C;2 alkyl methacrylate and produce a
converted mixture that comprises a C;-C;, alkyl methacrylate, methacrylic acid, C+-C;» alkyl
alcohol, and water.

It has surprisingly been found that the other by-products and compounds present in the
organic fraction do not substantially interfere with the activity of the catalyst in the vapor



5enbodi ment, the invention is a process for producing high purity a,
13-unsaturated carboxylic acid esters in high yield, based on the starting
ACH. The wonroiy4e883t he ester product preferably is greatrer/ushan/oatyent 99
wei ght percent, although |ess pure products can be obtained fromthe
process iphades|nraditiohhie hgs béah afrprmimguibune fadthe datalysttehwlqyeddets gresnér abl y

is greater than_a 5 _Rper S the. starding . I n one
10enbodi r{@vnetntlgljfi]sg%%g%le?efﬁﬁﬁtgﬁe%%%89@%@%@9&3 Vgrt%'qneogsc% (% ap?g* erably at | east
4, per certtydioxgiseutytasnaric@i-Cofallgyl p1G, 6., akkbxypsabubsste hauddiionad Cpass alkgact or
contai nin talyst enployed in the inventive process. In one

enbodi nenrﬁeth%@ryl%% ‘ﬁﬁé@a tion, the inventive process involves the follow ng
steps: 15 (a) Hydrolyze ACH with sulfuric acid to produce a hydrolysis

m Xt use derpditisn,Nige 2apaiitheiahy taaiysicto sindiahbadsd salveit aoditibnte by-product

a- hydr oxyi sobut yr am an thacrylic acid: Esterify the hydrol ysis
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hydr oxyi sobutyrate and Cl-Cl12 al kyl 13- Cl1-Cl2 al koxyi sobutyrate; (c)
Separate the esterjfication mxture into an aqueous fraction and an organic
fracti on B GRBINESERBOETSHY eAAFNIC fractipads Progueed oy a prosess ggmprising the

a- hydr oxyp| ¥tepd, avridiborededeliBe 8l difds skBbdrHetanabdiexyi sobutyrate; 25 (d)
Provide a Cl-Cl2 al kyl al cohol co-feed (which nay or nay not be the sane

al cohol as the C1-Cl2 al kyl al cohol used in the esterifying step (b)); (e)
Vaporl0ze t he dwdrebaingafaH atith|selfgric acighiorprpadyrect hxdhelyeis guivie gormpeisingr?-t o
produce andRY@PAmideS BbuRhibRBLyAMtde, Ay dreisdpliytGdY apRIMERESyRIARAM Wi th
a catal yst conprising at |east one el enent "sel eCted fromthe group
consisting of lithium sodium potassium rubidium cesiumand francium to
convert the ClesGridyirg thelhydrofysity oixidre vithiaye at e aliiybalGihoCioopratiked an 3- C1- C12

35al koxyi te it Gl- t vl 0o a converted
it ur e oo e Bffbdu LR B S e B! B Ak 8 67 i
al kyl al dyhuxyiselpudyrate, @nd aTheCe atlye-Ce 1 ndlkoryisobutysatése whol |y or partially
recycl ed. WD 2012/ 047883PCT/ US2011/ 054762 I n one enbodi nent of the

[ nveqtsi on, the eHI rBA|M oencgntﬁgattI inorﬂi B’n tnt[le PLOcess stream i ust grii or to
esterPficati o oPe PP MCAHAUNC' Y MABER NS BT ABYEYS 655 A I The st Er ti ng ACH.
I n one erftxetiomesrhpriding @eCiralighmetacryidie, tBé BANG, £ alkg entydadxyaobutyrdtdaengthecess
stream j yst~pri,0 e rification is fromabout 1 to about 20 nol e%
based on 15%1253’@[@{03&?% .Xyl'ﬁolbf@%%'t ed that the conversion that occurs
during the contacting step, e.g. step (f), involves concurrent dehydration
of 01- 01BRIEFDESCRIPIIONYOBTHBEIDRAWMNG® additional Cl1-Cl2 al kyl

nmet hacryl ate and denet hanol ati on of Cl1-Cl2 al kyl 6-01-012 al koxyi sobutyrate
to addi timgak 119&kckdratit! dixdrafedtdne ewitdbifnent Bihe pRocaRE ofietifvedfien.r ecover ed
and sinultaneously converted to additional desired Cl1-Cl2 al kyl

met hacryl ate product. The process of the invention involves conversion of

t he BY- pridgiie2ds piscbematis diaarae of pge embodingsit gt Proagss of etimeniebcess a
greater portion of the recovered by-products can be converted, conpared to

i I i . t ; ti
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separation step, e.g. step (c), at a mninum conprises Cl-Cl2 al kyl

met hacr y|Fgwe 4G4 a GiaphedHowlingad diy ¢romxdsiasgddelt and Cangradativa -Exparimemtyd pl6iingd.- 012
al koxyi s ut%ér te. For exanple, the Cl1-Cl2 al kyl nmethacrylate may be MVA,
the Cl-C12%a %j'lmea- hydr oxyi sobutyrate may be a-MOB, the Cl1-Cl2 al kyl
6-01-012 al koxyi sobutyrate may 20 be 6-MEMOB, and in this case the organic

fraction RgurBGis agyrigresidding datdfBmabdniche 5 WA Yrébes aingani ¢ fraction may
al so conprise organic acids such as, for exanple, MA

25  Figure 6 is a graph showing data from Example 6, and includes a plot of Yres vs. flash
distillation temperature, a plot of Yflash vs. flash distillation temperature, and a plot of flash
vapor fraction vs. flash distillation temperature.



Dependi ng on the configuration of the process equi pnent, the organic
fraction may contain varying anmounts of 01-012 al kyl nethacryl ate. For
exanpl e, wo 2oted4essbodi ment depicted in 25Fi g. 1, the porCirars2afi/os4v62 or gani c
fraction, stream 30, fed to the vaporizer may conprise, for exanple, from
20 to 70 DETALEDRICRIPTEDON @I~ DHR IMVENTIONt hacryl ate. I n the enbodi nent

depicted 4n FiLqg, 2 e tio f the. or .G f ti.Qn, . 4 fed to
the vapor! Pt Rier wekars Q¢ D chiert Al B0k RBee AL Torof
01- 012 aldxppies tlstreayl atriechedqin g tdrydudtais tobiretdnyddistdiatiordefE esiede isttedng. 3,
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met hadr yl emendiriérg, ihe-irveetiorDis-a0dracedsKgl pratlaaidgohiglp perfite capiupsatsrated hanol .
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Pr ef er ablproduchpreferblltis gratieo thah abouf @edeigbt margam; atthbugit lese pufeguloduetd he

11 ust r arry e s fo fadoperte fR el e el 4 Pttt e IR F¥ermisoion 1 or

pr oduci ngrefetdif is getdterahan abaut OMdjceat babed O thelRarthd pCHBh baer yl at e.

However , i | readil.y r.ecoan;. [ of ,or.dj nar ill in the
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pr gpar ?t it_bar] thikat ufea hm{aﬁtl p'or(ic%iizhdvilegmlerpelsmieﬁctlbheorgihihgrtrr?caalyst/emmbf widdnﬁsls
and ester,jfi lon - al kyl al cohol s. neral ly, use of al cohols
of 01- 04,théwg/§ﬁt3% prﬁ%fsaf nmet hanol , et hanol, n-propanol, isopropanol,

n- but anol, and i sobutanol, is nbst comon because of the commerci al val ue
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produéti on of MVA as depicted in Figures 1-3. One enbodi nent of the

invention_{s r n FiQur e . rude [ S:..0obtai ned by
the convadl i o e S SEh TSRS st Sl vk KM B RRE A "eavy
ends. Cr udethMviplastdes amuli8toissbaly simitié, edhydnoXdyidabatyEnudeicndondtuacrylbOidinder
conventional conditions known to those skilled in the art, to yield a high
purity, product grade MVA distillate 20 and an MVA product colum bottons
st r eam 30byr onfstarify thet hyerdiyesis/mixturd svithradC sGnalkykslcohod o poBuceFam  exanpl e, the
MVA prod . S 1 in_a 5 . % MVA and
abou'? 050%\%}?@08%% aw\}?/&@trr]%gém%@%ﬁ%?hg%gﬁ %@1 rr#eﬁﬁ%cﬁ%%tg i %e%uh{qm %IHQICM\/A pr oduct

col umm bdtytongissthutgaim 8@ CsCt ratky2Ppor-Ciaatkafisodyrategani ¢ fraction that is
vaporized jn Vv ' - t i h le £ I Pt he
process g? )l Fi g%?%rélt,éﬁ{%égsqug%ggoﬁz@&%%ﬁ(g? ﬁ‘éﬁ%n ugsﬁarc {éég{{r%@%%rrg?'{gg ﬁﬁéra\(}g%%ri zed
MVA pr oduwompcieing ith-Ge titkpimsethacrglata, 7,y alpyl - metoxyisohatycte asd Ce £ akyl@eovery
react or 0 i - , p- MEMOB, MAA, and net hyl p-hydroxyi sobutyrate
(13- MOB) %r%@g‘r}&%&ﬁ%&@é@oduct colum bottons stream 30 are converted to
MVA f26und i n val ues 25stream 90. Anot her enbodi nent of the invention is

r epr esent i i.qQur f. FLaur i i m,l f

Fi gure 1,(ngcgpprg V'gﬁgt 't 1éEW%oﬁ1§§§%{e%gé{ﬁh%ﬁ rrﬁaa/tzqronzag{sﬁs P ggﬁn? %%n% g%?fﬁt her

di sti |l | edasithe UME+s alsy\admopolasled nmth2GBtdrifyingestop €o)iver head a subst anti al

anount of 30the residual MVA, yielding a heavy residue stream 40. The heavy
residue streamis substantially depleted in MVA. For exanple, it may

cont ai n Sewt . Yaporitete doMeed @he ahleastya paetordefdhs birgaainfisstioraipqroced d n

vapor,i,zer. t heavy residue streamis the portion of the organic
fract3i00n Vtaﬁg%ef%gﬁg%%’r%}]?ed in vaporizer 500 together with the methanol of

stream 70. According to this enbodi nent, the vaporizer 500 effluent stream

B0 35COMRRI SI NG 4G ARRGH B SHEBWIHESLAUG o RATE M 48PS dgflefEt hanol

are fed
selected from the group consisting of lithium, sodium, potassium, rubidium, cesium and

francium, to convert the C;-C;, alkyl a-hydroxyisobutyrate and C;-C;;, alkyl B-C4-C;»

35  alkoxyisobutyrate to additional C;-C;, alkyl methacrylate to a converted mixture comprising
the C;-C;, alkyl methacrylate, methacrylic acid, C4-C;, alkyl alcohol, and water. The
converted mixture may be wholly or partially recycled.

-5-



recovery reactor 600, wherein a-MOB, 13- MVEMOB, MAA, and 13-MOB are
converted to a converted m xture conprising MVA, which mxture is

di schar geslof2otm4tsse reactor in values stream 90. WD  PCT/US2011/054762
2012/ 047883PCT/ US2011/ 054762 Figure 3 depicts anot her enbodi nent of the

i nvention. The process of Figure 3 is simlar to that of Figure 2, except

that the Ih

200, For 'BomoTBOBEHE ofbn B ih, 1% HEWLoponk @R Y piosfiesirteRos = o
evapor at etiobtonedtérdhtiati is friohl @icub & t@pipaut 20 usolSBMasedhoh ehet diarting AliHhdeonexi t s

apparatus_300.in.the |.qui. ri AV i due .str whi ch
con e presdadirhtef feiaihspe RIS SRl coRRER AL e BT RE% by

di sti Bl atastarificgtionos tromt abaduth theabowh 20 amolee bgsedavn BeZarting BCH7 kPa (25 to 50
nmHg absol ute), the flash tenperature preferably is in the range of 120 to

150 C. The flash evaporated heavies 50 are then condensed in condenser 400
and t he 1Dis owotbertbaidthé eawicesors thatascnuGDdursmgdod segaeimplsyepy amo siepdt], involves

{ecovery PoatIesh Rl s SR RO R SRR - conver t ea

to MMA, whetbacrylatedarsidesmeeahdatiomadf Ke-Q: ealky! @-Ci-G-\adf axgisolsityratento Siditidhais

vaporzer o6 o REhEURsST inb BRBRKS ¢ g €80 M p el BBRHLGTEl® e
fl ash 15dosdditibrl idesirepaCatalky! mdthantyéde pusiugt. iThegpeseat efithatinentibe! ow,

oo s ol BB P BRI BR op RN pgess ™
previ ous gpgreatgr ppition nvm!ev?vsmmtbmoﬁmaﬁ barﬁbapm\@ttgg, dro:]amairexﬁtogjge\timasﬂwe
recovery r [ wi t hout passing the heavies t hr oug condenser
400. The pﬁ%ﬁ@%ggro%ggs%sy be sent to reactor 600 either with or w thout
sendi ng them t hrough vaporizer 500. It is possible in this enbodi nent to

rﬁpl ?1|(5e L‘merre&b\&@ﬁprfgﬁé@mﬁslﬁinMioWCbhvatsOdiﬁtﬂlaﬁiﬁﬁl@eid(Jé@pecSéE)Wl\)'lMiAO Theansf er
the flash evaporat ed heavi es vapor stream 50 to vaporizer 500. erating
condi t oS Tt MateB ! IRAmRRUAR SR ShEop Lelor 4 MR UPHSSTERIREY GrRuSREkT 1 ed
ihndt hfa armethaarylate, @r}@@am;zilcd#hmmxy&bbnﬂymt@amemdmmemd:f@,z ACH is

ydrol yzed usi ng .exce sul furi id a t erature fr 0 OCto
Shout 3 saakosaRaraT v o 2o e tue- ek Cne R R ey oe MR e thitt i of an
t odmaxi m atig/l bivgdidxEsesttgaicl rh@ygbé aM@Beind qufc1§ bmyItBDCaelb@élk?ﬂed\ébbﬁy%/mh all BQIVI
an _— rature .can mai nt ai n at _a.si u 3 ange
uri oy e EMFREBE A s B i e okl ShraPustsdfip PNV iG] anit -

cont i NUOUMEMO®B. Fieagrghisie fradifod rhay®iss esruprisztorganit avids yudh synfdresamplean 1

m nute t out 60 mnutes and a hydrolysis mxture will be produced

conpri si (TME M SIBAM H BAM and MAA. Sul furic acid solution
concentrations of 95-100% or nore are preferred, but 100% or higher, e.g

ol eum subdgehbiibgdpithe tonfig0fatib AtihegsloceEb @qliBh@ny) B hnid fratidndtby e6ht@h
reacted ACH 35equi val Fnt prolghjcts in the resulting hydrolysis mxture wll

g
vary. HoweRdrg amawds of erS Al pretiacriae FRagxamydel teerpadiment deRiciRy in
conpaesi t i 1, #rosbrtidDofdRoiANC flRash, siredM%BoStdBAY thepstize-rmaPedthiAl foror e

preferably 5-15% ; and _about 0-5% i.th an overall ACH conversion rate
o “about HETRIS, BhD eI Pe 8 GribodiLmeTe ARt It iHe SBooent
2012/ 047 &fkpRéet iIH$4) LIHETb A ofitied BrghRie Sraclior!, @HE4R A 0CRANE RO/ abBrid) 7566
incurred in the conventignal rocesgi1 bg{ efﬁpgrts to reduce I—'I Ag(_l,l e[\ve,l S
during t HOMAEES.dBRPETRIG A0 friveaht BRreeRih SuiGreRkY SRethaRYIRigy 63BN t he
process ithe smBbdiffent Begdidted P g ES Sh@portib P BY e drgdprXieibibn tdhbm 4@ $dY to the
distillation apparatus 300 is repl aced b%bmjl t1stage fractjonal

di st %01 at@BArZEH MY RTWPr8e do FAMRGRT) O 1447 welghhpereentph o GetlkWit . % of the
heavy reshéttgcrlateeam 40 is distilled in a fractional distillation apparatus
310, while the remainder that contains MAA, MAM and ot hers exits apparatus

310 in the | iqfui d phase stri ﬁped heavy residue stream 51, which can be
pr ocessed eurorRed CotC1 alkdrieghalorafeeatly ismetirnol. Ageandgasorsly dhe alsohel is

appar at UssrdfiSAR ih an RERIUBE siident B8 naft®din lairBiafiRay kigh r@ioIMiIASS RBG in\igeuuUm

distillation,” which may be conducted batchw se or continuously. For
exanpl e, "8aGDi Rraguc skeRmi RiRfarablyi deiweightiralp ofcHeed tatrpanis &actipadad i the
di stigsl i @S iB%omh d81¢ o 30 tray tower, where the reboiler
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pressure is in the range of 25 to 200 Torr (3.33 to 26.66 kPa). Preferably,
the reboiler pressure is about 150 Torr (20.0 kPa) or |ess and, dependi ng
on t he bovbanw/messposition, 15 a reboil er tenperature ofPCTABDINN54765S | S
obtained. The distillate-to-feed (DF) and reflux (L/D) ratios are sel ected
based on the feed conposition and desired species recoveries according to

ati o5 ard IDekRuAREGS e Blobihs' BEoibn IEREFSET b M B bro¥Bnd i o

enbodi nenhethylheethacaszlaieo(NMA)oﬁssthéIO #3:p alkylapghaaylate. 3dvqveefasvdabbg raaslily

ot it o Erestie BT ReRicts B PASTRrb 0% il BT 48 RIS BN Tor 1

t he col urmwenﬂ;ordessaprphctﬁb@ toqorppaafahmt oftrhethaal/licyacid exterserih t}helswfmra ai/ACGH of

present ql f|n| \; I i,zat i nhi |tor do t hose
ke ioydrs 2 RS RERlon YA R 6 A el R b P L ol WM e anpr
250f an edutleas iang of mhthlanbdloethasolpireropaholaisopepaf Z)-butaholc andsobliendlnsr oduced

at the tq f e |tor e r uitable

fashi on srﬁ%ﬂ Cgé{p” Cégg]en?;-{ﬁe Cé{ﬂgg %Ivalf"e ntq%nrew '%ﬁﬁ% é{%rlr%g%tl It%l on

sim | ar tMethamol b melpréfanred aloohaln a fraction of the distillate itself. An

effecl:% ve inhibitor |evel provides about 150 ppm PTZ in the colum bottons
a

stre 51. When using other inhibitors, different concentrations nay be
required Trmorbeesg(okmevmvetmmm bars be flcthiel desarihed by raferencd toethdipsidukctiat ofon

s shoan THARRgeRseEpAtghet 5. e HBRIDEh o Ui BN bl BorRSaRe SN ey
i ncl ude tHiguraflorfecrade I\/twlveeltreetmnﬁm olntainee by itrecosivemiontlt ACH trivee hy MMA s1izd ng

i B | PP RotR TR b PR G, M e TG <A@ BELARR, g

crackeéd hproaiueit yslumn nhOﬂtunder canventonadehditions kieovestoghodeyskiligds de. artieeyield

P xtur e o BB Bt SRR PGB T RS  BR BR b DS ey o
t he H BANMCarohBisB4Nh¢ bedwiMnaadingsontecesidies Miviac Kedexayhle Itys M/l Aprotucte t hat

COmDr | Ses e AT oA AN TRy MANE b 0P QlPCnd Py 31 3, gl or e The

present ifventron renders convEr s on
convent i cmalb. A@ebrapgdmﬁfmsempmhmaaﬂ the‘ﬂMMAtgrpdlnIabblynindJosktbmscstrdamlS@nstheeeded

Lo Tl MeESids MMM Ehlehdh PSRl 1 ONELS) 81D B8R AR Am8BRHE]. ©

reduce t e over al rocess ¢ '¢hs suc as, for
exanpl e, ftanesttepwiP.osi the pnoaeks wxgam vaamﬁzerdiOOtdhf@edt steranz adrmprsing  MAM

and the l\}abg %e%yMl(/l %S&wﬁﬁpﬁns&)ﬁg% ts}/r Qr% atng gé@»@g@?tgé’ﬁ%rfﬁg\%grrecovery

condi ti ons, nma also e re
conver si oaacnbr &(BM@@&@M@BHAMEIMDWAWmemyI B-hycrobsstpuemite $p-&3B)of t he
met hod of the[)ﬁsent s S| BAM.an erified

T 6. s P PR Lo Bl B by ST B St amenad M BldioSRURS o

abovesdessreairedd.cat al yst to additi onal MVA. Regardl ess of whether thernal
conversion is enpl oyed addl tional MVA is produced and recycl ed to the

di t he th

b oc el 1ANehe: SRR R iR nuc Y RIBGepdntd hfofie: Yne MipeassShiadfe £5°°°°°
i nci ner ﬁtsémitar td ehrat b F_Fugune%& eQGSeSptII g%t thddﬂMﬁ;\rﬂmedngmhmsuwommru?m :Tjous\cr ac ked
or cCrac C PrisSi an | es rtle us| an
ot ¢ abl o 4T DA SR e R Pvepard patb T htes SRR a1
pr IO]?%TS QDérms'lcﬁjahlglMﬁ yleftinya hbawxesidce amemmuef WheﬁéﬁvaEMlIi% aireaﬂgdd _USI) ngt

uric ag ressures of .u Si a
200 150805 Rrfil SePRIl il AT ES o RIS Ry SinudlB sl ot a8 BMIAT Inghe ) st
of MVA priedugtdsitie streamss vaspiizod t vapolizerd00i Thag the healywiesitué bieedny trtheysi s
m xture. Esterifjcatio ot ¢ var faaed over

i e REion ok BigrlR rBdlin bhERFeR e viiesboeRn AR Be B oh
such t hatof strdamr7@adictoming(te thds embodiaichy, ltheetdperizéradooadfiiuen) stéeran 80
35  comprising the vaporized heavy residue stream and vaporized methanol are fed to the
recovery reactor 600, wherein o-MOB, B-MEMOB, MAA, and B-MOB are converted to a
converted mixture comprising MMA, which mixture is discharged from the reactor in values

stream 90.



degradati on products do not occur to an unacceptable extent. The
esterifying step produces an esterification m xture conprising MV, a-MB,
and 13- NMEMOBI2Al478%3 Wit h significant quantities of watePCau$2unneg62 ed

met hanol . The 30esterification m xture may al so include ot her conpounds,
such as MAA and 13-MOB. This m xture is subjected to one or nore separation
and/ or pUHigdre Gatepints arictipes, entumajnerd iohthetimeentisie Ofie proeesx ofRiguee @iis sinilbatol on

i thout 11 ERRAR2 SERRGh SRR retBhE bupdt) o lq B PR b GRon 1 e °

present iapperdatuso300. | Fayjexdmplet 5@ s80 wk¥schi¢hd heavy at¢sidiensiteaom40 sfevaperated

Fr act Pon MARTEACHRbe A la 203, e b o

er._se ed, LAt n_agueous
P8 o AT F g b Tadd
fract i onglhade strippédheany residae stramms 5 hpwhittecadpaistoeessed fartiar ostreates sl | at i on

et hanol etk Rsdes BB siibrEOTRRNRN AnBHiN O5 4R ol The

| i ke and kiPah@b tad® metHeabsatutel therfldshiterapetatnr dprefdralg ér in ioe tangg ot t2fpwnent s

such as a; - __Fyr h .St I bj ect ed
o one. or Hoce i EREP IR et bRARCIR i EF oL B oo BB shate e Mo tuc
gr add OMVikostieressohheavigs skeane &8hi28ybsaguerdly papatiret irc cdponme Ol trep fed,rasam €. g.

stream 3OCO-f?ec(f W&Lﬁ}rggg%anﬁ f eI reg veﬂé‘[\ét%?ror%f)(')\/l:w'@ in %%B\,’)’E‘@I]Eﬁb%‘ AL

| east a portron o rgani ¢ ’fractioni en “SUbjecte orization,
al ong wi tMAA, &t B-MIR aiel doplerddcdctoMVA cwhitle eddischacdedstsom therreaotaniplvaluesd t hout

e e S R R e e

same or diapbezerdD0 fardne emboditnediishoainkiy IFical3c dloothis enbodimest] therflashe

est erifyi ng. p..ln icular, a t vari f QRS pro by
Che  Jdpm I ElFEnpa SRR tcRbu LR 08 o FHHeS o B RE e B RS Y
MVA i s olidegomedhichlincsernental MM@irepamery ig nolvAchi&mdad ichegligdtbe st ream wher eas
the remaining residue fromthis separation step is typically subjected to

one or nore further separation steps, e.g. as shown in Figures 2 and 3, to
obt ai n atAr gsnatvaenmdnogament td thatofitoe prestue pdragradiividvaaast sentingdlaptar ed to t he

d ¢ f i i . i .
Dborati ng BRI SRS 30 ferepotebf feakior BOG BB Ge FeAlgeb o by o
t he bt hanbndéns_tehéO(pxr EB@hea\@iesx@\mhp he aert toeddct@®ADteither witheoratathiout serpifng
per sons. qfie AN VadlSbL] sdo? 1 BBoLShEYRRs Bhboait Bt BTaERN09kogRE &l ni ng the
organi ¢ fraction typolca 'Y nc 7322°% "SEYS €8°% TSP T A 9ng erein a
crude MVEosterszmDG withtaiompdessod(nokshaved tdhirankfartthé Flastgevayperadwehbeavigsuri f i ed,

(
product - e , t i nal ; 2 Lstillation, a
resi due g{aﬁgﬁ%%c%%[oal ?Pﬂg&%éigv@ p%rr%fsna%82@Wﬁsjs%mlgé%gﬁgga'@gmssu% eb%t ed to
t he recowveadilyateteroateal bytthesecshilledristherarst eps of the method i n accordance
with t5he present invention. This residue stream can be then vaporized to
yi el & t he vapor feed stream conprising residual MVA a-MOB, 3-MOB 3- MEMOB,
and MAA. IB80maembagiorant at the prasieepinvéntivo) ACHgs kppoly e igingexdeeg dultunid aaid | east
a portio f L. fr oY I ! { B oget her
or "separ ot APl E R8It B O argl PEE TR leR U 13 B8R € B B0l O O
The vapori0bat;fona tieng shfficipat foonaxuizerthapre-egigrédicatiarsyigldiof tieltetaf orMAlslpor i zi ng

el udi ngo CaGk IRV IS VAR, RS (GROSRY BB Be HeBfHRETE: I ERELNARE Y, changer s,

pl at éOancbhhngedadLB&Igetm cewshahtereactinat mhialma;y_rbec an_coe'@lisﬁeldcaithart ¢agtinuously

embodi ment PR TR YRR Rl ledh 158 Ry SRS 4 JRAEE0 i ReEfiac on

t enper at thydralysig mixtweapdk hezpnoducdi coatgrisingddAMNSIBAN, rHIBANG and &R t Sdfusic

i ncl ude acid solution concentrations of 95-100% or more are preferred, but 100% or higher, e.g.

oleum, sulfuric acid is not required. The mole percent distribution of reacted ACH

35 equivalent products in the resulting hydrolysis mixture will vary. However, conditions are
preferred that result in the following composition: about 60-80% MAM; about 1-20%
SIBAM; about 2-20% HIBAM (more preferably 5-15%); and about 0-5% MAA with an
overall ACH conversion rate of about 100%. One advantage of this embodiment is that the
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WO 2012/ 047883PCT/ US2011/ 054762 operating pressures and tenperatures in the
respective ranges of 101 to 506 kPa absolute (1 to 5 atm and 100 to 400 C
Pr ef er ablwotzhe/qrasssure will be from 101 to 152 kPa abseCwus2¢ii/os464d.5 atm
and the tenperature will be from250 to 360 C. The particul ar operating
condi t i ondeléioss $eledutetcdnaseed todosses lircucrenhirotietdoaverdibnélipgocess ibg wéfodd toeam

"ol cvant "Bt AN GEHE I RERerdeoB B0 T e ont & i ng components (i

a- MOB and 6- MEMOB) of the vapor feed stream are converted in the pr esence

cCompr sea S0k emePBEHbL LS eplfvad PEGSs 7 BTGP DRBReR:: WfTelea Wi lh

cat al yst axnegrthatdlash distillationdpparatus 30fi$ repiaead bymlﬂtmlnwfradtiynqhdtwumtos such

o oduce OB T RSy | Reeatihs P et o reed) hB0ERSAR P o

and wat erdistilled oreefrastioadi digitititionf agpaeatusn980)twhila the feenadrider dwmhcaohtaiat MAA, i c

oot sudlPUErEE PR el pIERTRERS o R B8 nefW (Sl Bsll ekt <o

about 400/@1|ckpca&f 53 arlobgssfeddnmr%m treatéﬁ@s @asférmr fudadhe thIﬂH’[BB suagparstus ot

gﬁ:r:)lslgﬁle '?)Pess%ﬁé ?gﬂgy Vegﬂl e% ?e[g% ?é& H'Sﬁ%g ?@(R:%\g/s €of the

i nventi orcoedmxtteuybatahmaem yarttinaouy. Ewrmaaiplel aasuttabi@eorﬁlnemdlsﬂ;lkahermt ed from

franct am MRS bFbbts ey HstTha, RO, 410 B 3bRE3 14V fHGedhe Boghige M 1
under t heressucd lsum)t‘r& rangd hfeQFrtealOOd'ro,rr (8.33.t0i26. aWab)erf@ablmthasetwneonpound

ol eront OTOTHe BabaRy S0 T PO or 5B 208, SRRANTE N dbotsalh eiRlRy, "

car bdhat ea rebbiercarhpérgbire nfawoaCsm lese gpobisieed oﬂihe distllaterto- f&epl(lb/ﬂﬁ))aad resfhak ected

et el s, AR P e sTbHER g8t on Begfstedhofley B aeirea Pl Ener ror e
t he cai alacsordpigad enadidds knowprto Hese akubent mubke aUpﬁieptesaraﬂane alF dtrai/lL/lgamsr e 30’
openi ngs gr € %&&Jct.vé] Jm 8%’18’694 & froTrﬂ% Eack Oé'SFér‘{HB%Hbo‘aﬂHerﬁethé‘?.Ja& %F' f r o

a variety T i organi'c carrie ,
fumed si Idlsiﬁiatlarmnparadad 3‘Eﬂ ;bnetmablalsumerﬂed ala wnmrw,ratmersmhltlmt hleawe:heluah pur e

o 0 Ol AR AR ANPAEE B0ain/biRe BEIRY Srodfh 34 c2 gl type of material iis

preferre oper y and high surface area. Some
experinmental sanples such as nmesoporous silica and foamsilica |ike MCM 41,

To0s, ~27omednet 2Eeh el s Bu Pl e P R Bl The
pr oduct nnduoad@ofyrrmmzatm of peesenbolefitie ppacdas. hdarguinyeoeredtioroindibgornsldrat i on to

ecover IBRTEEE DeghanERy BB el AOEATRE ol BT bl

gl st |215L]atoé ao@ffectivel imgbitdn és phvemd thidzir@l(PO LY, veidhydanie |haodqdedtabtheanp oémy:cl ed as
st ops. - oG oBinEBRarfafhe bAVEAR B AR7S-RIARAEN Slom 55 Kbl =82

met hacr ylsotutiag irdVW, @r 8 cooppsiiici sigilarte thet digdlat, or (119 fr:hryldn @I‘ fhei diggill&4€H wi t h

sul Turi © @8k Iab SrBLRRYR Ry INBTOLabe K15 BoBOSE 1 ShDg Gy BEBRE! Y| am de.

a-sul f at oiI"sobu 1S0O ram "¢ aci
10(2). est%neafnymngNhheuhygiotinleymhsbutmsxdlﬁeenv\mrfmeatralbne]meddelqphwaéobabaﬂ "to

1. 025 =iy S yispb PO Pl TFe SRTPLIOB VG Bad ypf 5B gy 8 47 v 20 @

al koxyi salontgmszr 490 and the process continues as shown in Fig. 3.

Optionally, the method of the present invention may include the aforementioned thermal
conversion step after the hydrolyzing step and prior to the esterifying step, wherein at least
35 aportion of the HIBAM in the hydrolysis mixture is converted to MAM, and the resulting
cracked hydrolysis mixture is provided to the esterifying step. When practiced, the thermal
conversion step comprises heating the hydrolysis mixture to between 90°C and 160°C to
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(3). separating the esterification m xture to produce an organic fraction
conprising the 01-012 al kyl nethacrylate, the 01-012 al kyl

a- hydr oxyweabutosrsste and t he 01-012 al kyl 13-01- 15012 &Chaxgéizobasyr at e;
(4). separating the organic fraction to produce an enriched organic
fracti on aoomgat thei H§AVhandI3IBAM toadVIRWI andigdrbdiuceythateckedieydddly$d thixdlideythat

(5 11 asaorianeey 5t RS e Rnareni ol edRdb BRI Ce £ Vapor

over head stream 20conprising the 01-012 al kyl nethacrylate, the 01-012

21 Koxy oo F L PRENG b RodE Thd MGy cpRlfoBh Sb st i A 800eriand ASHr oduce
a vapor i zeocessgatioral.f Eeeltyptcalaimarsh €anditigmsoeededty raaxmizedel MAdArpieidsn the a

01-015 artfigmelpafition Bk &ts Bietla PR e SRrdiieR S et @IS uBTo HOE 1

co- f eed andctahs kecsas, forpampta) thef ddchmposiior oiZdAMangleanyd A ea tiseé r eam t o

Cat al yot bRRon et B8 Be 1%L STEhERN B8 el Gt BT GbEE et st ng
of |t hi wonditiont, tim yipidtoh 86N mayraisoi ki redvcekrhieumtankiwer eorietsian of@IBAK er t

gg:l (kl XS}%S@JHE ébﬂak%-em'fx@'r a :e,?/ ?'g ﬁrg u'b%%&@ gtggéy P&%erﬁ%tﬁ%# ?/fﬁﬁé g}%s%ﬁgpr oduce a

conver t ednvansibnrany e8I BAMMARBRBIBEM iI9826ti1ie0 54d 62 MOBavhicloisgherses

met hacryl | i h - | r . Cl- kyl..al l,, and
water. presfefffly SURRTITER PeihostFhsolk S untd patfellottbuBaily
co-f eed dRepardiessvatparetire thavmgbeunvefseads sinpegad, ddoitienalrMMAtis podatabambssi bl e
to separ | y. f i .co-fe ! ri.zer WG fe mto
thevaporrarsied {7 HPERHS, BRYKER AE G-l He e Bahé Tokry M RlA TonE e RS

W . %15t otasl welif ashdddaotibndiivadienmaatefidi that hydt bs-dispohgd ebynietihgratore dahdbiting,) |,
based on B | i ght of the vapor feed stream excluding co-feed.

Pref erably, %he'vapor feed streamcontains |ess than 85 wt.%total of MAM
and MVA di ner, based on the weight of MAM and MVA diner in the streamfed
to the fl i St i r . Lhj i RNt 4 NG| | ash

i sti 11 at | BTSRRI AR G ARBR g Breod i uRRRIVRFY S BEH s 300.
The f | ashVARAsis iebleatiedusimpgnibeuitpblefestardidation miosedapy auctt as fowexaaiples tifeor f 1 ash

di stidd i . Ny ) .
g'efte:%Qa'b%ﬁ*@gﬁg@iﬁ%@e%lﬁ%@ﬁﬂ%%?gﬁﬁk%gﬁ% 5'5[33{%113@5% ash
rums, S HG: asbea tu ares,of Uppd a3 e aheet Cedddli@nger s,
I afar. i i i i
o L CE BB L AP SRR PR W AL TAEIPRRRALRL oyt
oper at i ngpgpeessmetsinalris corebiped aith treshydnolydie mixigpe Esierificatmngesdibdn3ard3- 33. 3

kPa (25- ) 00- 200 f I i ept as | ow as
pr act | caor e 4 it Vs 8t 2 g EhS The bIEr AR s b B onai ng

t enp@dat woedlitisncibe andd leesigght hueh tloat selguabct@s (gl dnahyl Bbree fpmafien)aody, t he
flash distli N re.is. i f 3.33-6.67 kPa (25-50 mm Hg)
and the f eglg%o%&{)rgpﬁoﬁpgtgﬁigﬁ%g é%é%a%ﬂﬁ%écl%g&%%@netxgélnﬁed at less than 145 C
The vapor fraction nay advantageously be fromO0.1 to 1.0. The particul ar

operating.conditi.ons are sel ected based upon the co i hi Ol t he feed
oPream ¢ e S SP afadies b R elARPn Pl B SR BIA AT 4% Toer sons
of ordi navMgMOB dlbng witt bignifiedre \gaatities of ateaahd eneatted niinancl.nTim r ecovery of
desired co nents,. while mni.m zing, the heaviies. In eqrjq)ﬁ nt .of the
nverth orbe st By PlsRifes dney Gmiracs sugh o P S EHTFarn8n.  The
bott ons ghike@emisfaubjectebao bhashmdressadalstioh @ndoapulifcapsostiess ednipusing ¢ie
di scarded as_ waste or cli)urn{ad as fuel,, .

use of oné ormore distillation c6lumns; td remove excess methanol, water, and light

impurities, such as, without limitation, dimethyl ether. Generally, in accordance with the

present invention, liquid bottoms residue from at least one of the aforementioned distillation

35 steps is further separated into an aqueous fraction and an organic fraction. For example,
without limitation, fractional distillation conditions may be adjusted in a first distillation

column to give a forerun of low boiling components such as water, unreacted methanol,
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Referring again to Fig. 3, this enbodi ment of the invention includes flash
distillation 30apparatus 300. In a preferred enbodi nent, the fl ash

di still atworrostm@msds operated under conditions suffici eRCTIUS20m054ThZze t he
recovery of Cl1-Cl2 al kyl a-hydroxyi sobutyrate, Cl1-Cl2 al kyl

bet a- hydramqui asuduntsyofddA, amt thadiky bnd adoitdmaistte&hrich th MMA/dancﬁetﬁér 1agtzer

alkoxis rate ile mni in i n n_of tha de and

i mer s s ingeampopels sl o ol Aty PMEMER R Boritre, FeReaaPa 2R ' he
f Lgsg Oveﬁdil,ebéisuﬂféme@toaméld? mar8 fartrer fr&étfonaVﬁbtRl@ﬁéH Qéﬁ@ﬁ)?{ﬁ’ﬁa'ddésiﬁrb&b&54762
enbodi nent e |nvent|o a streamenric

ot o MR sk MRS s e AR et otiaen Podfl S Tia St BAToR o
resi dge SdommngmM\AASa§waJ ££& 0B 0B-MEMOBPIAMD VESE et al yti ¢ reacti on
process described herein. The enbodi nent of the process that includes the
flash distillation advantageously is operated in a nmanner 5 that reduces

foul i ng, At%@%o’?tbﬂ dPtHel &g@m@fra&%ﬂw tHeﬁ%b}e’bie@&o k/ébdrfigtldrﬁ%P%thre?OPCGS
the organjic fraction vol une the reactor and consequent the size of

t he reactlor Ak4RICAPRE{RSS, %LH’@ %n@(@i&a@@\el pithawt ffmiditeny Ry Pé(BP‘PrIZFSf ®f the

product r;ﬁ@&l)b@a)’vé%@?e%ﬁ%tre&h%oﬂﬁﬁéun&'l\)‘ﬁ\/lﬂ &M@%@@Mﬁﬁﬂ@@' The al-ed, aikyt WO
useful ways. For exanpl e, context 10of Figure 3, the net gain of

obt ailfed erlqcmﬁi ¢ofHe P@f&ﬁ?’éﬁ@y b%ﬁ@ts(@mec%rrdlffﬁée@ém@mhat%&ba%ﬂal@ﬁhoé| rﬁ@wce@'l)
t he armur]ﬁty@‘esttm iRGay. resi due stream 40 fed to the flash distillation
apparatus or ¥he armunt of distillate stream60 fed to the reactor, as
expressed in Equatl ons (1) and (2), respectively. Equation 1 15Yres = nass

per cent ' yih SkrlichaR AR e RbUSTRLAR (A RREGT KEBasrdd) diss, GeAbaddngmss

resi due)*100 where "nass ain" is mass of In the reactor
ef 1 uent %%ﬂﬁfr@%@nﬁﬁﬁ‘@“@ﬂgmﬁw er'éa@tamedf déis Iétar%thwmd'\/w{*ere when

the Hrsocep?éddc%léé‘ées?reémf wAgieal kil r'eHaﬂ%uhgﬁFés%H@Woﬁ% {#& sepdBtin %Fe%'léj%lca!l)ﬁ t he

mass of feéd componénts to the Odi stillation apparatus excl uding
MW, and a»h@ﬁtesiﬁ@ OpE Ot BWEe (yHber spperating stas, @9f A 1Pwi I8 Figures 2 afd plpar at us,

"MBSS T esiig at |'e§sttd?1% f?&ctr%h'recid‘é:%g wFIQIWQAP&ﬁﬂérﬁ cbRphRB tb aREhBEuGXCl udi ng
MVA and al kyl al cohol quat i on = mass ercentwél el d based on
the mass HEAhd f@cﬂﬁmﬁactpna%weapgﬁmhp@w tfﬁatezis, Hieeaneeitno-copeitiars Mirblget

gain)/( FLt@‘%th‘éﬁaH APQ:in the contex&HE mdiRsof M pieEntGReRtion Sreddeldef i ned
above, and " FLASH ERHEAD' is the mass of the condensed over head stream

f r om20he withisheibdity ofiegrsans ohpisintasy sidll ndhe relevanbaitecovery react or excl udi ng
al kyl al cohol and MVA. Equation 2 can be used to define a preferred flash
di stillation terrperature I n one 30 enbodinent, for a given f]ash

di sti | | atiherPrprassofipetaining the oraapicdeassian bipically inglydesipseresel ditillaliRsst i fi ed by

pl ot ti ng {fein Yo IQIT\/IAUQFe%H %'ob‘t’éirﬂébfér?oet‘éfuﬁéd‘@y Sib@Rty Mé%adfd&ﬁﬁlben) ver sus
the flash distillation tenp ture. The sh 'vapor fraction is, for a

gi ven f1 aedust SAPIMYAGHED. fmqmﬁ@am@ﬂ@nctm@m%atmza RYUSRIEAM he mass
of the ovghhaash ﬁéé\@aermuefrestuhg \,&H.&s&r%ééudjé&éd t%ﬁh@'kéﬂod ald ch2figBSS Of

material fed to the flash distillation. An exanple is first process
oper at i nFOBVRIGIENistepsiphitte Mathed urecorlangps with thexpreper '”‘Fﬂﬁ%rh Thipeasiqueact i on”

SA Secon%t@éﬁ%ﬁ%&ﬁéﬁ @ébd?ﬁe&EHM@ldfﬂhes@a;fo@fbe@%tr‘eﬁ&rﬁdrﬁdréﬁgfr%d@al@AMR% flash
distillation pressure %&?aﬂ% ing Yflash versus flash distillation

t enper at UY@B. V@R SrigEY Wpeurve based on the process of Figure 3, is
shown in Figure 6 and is |abeled "yield on distillate feed." In one

enbodi nent of the invention, the mass of the FLASH OVERHEAD in Equation 2

i s defer nMihferprzaiign sier: Fi‘é°|?°fﬁ§é’36@r'zért9r@ai??€@”dé‘k@?ﬁtoﬁ PRytian Rhthe grasvifol and

fraction, is accomplished by vaporizing, together or separately, the co-feed and at least a
portion of the organic fraction. The vaporization may be performed in any apparatus
suitable for vaporizing process streams comprising the constituents discussed hereinabove
including, but not limited to, flash drums, shell-and-tube heat exchangers, plate-and-frame
35 heat exchangers, natural or forced circulation evaporators, wiped film evaporators, or
combinations thereof. In one embodiment of the invention, the vaporized stream is raised

to the reaction temperature in the vaporizer. Suitable, but not limiting, conditions include

-11-



10MVA, in Figure 3. Preferably, the flash distillation tenperature is a
tenperature that is at or close to the flash distillation tenperature where
t he firstwendi2saecssad operati ng curves intersect, herei natCrams2eiefoss7oed to as
the crossover tenperature. In one enbodi nent of the invention, the flash
15di sti | |opierading tpesgsereatandeéemperaturestipehataspectiveatnges af 01 hesS@ekReatsdolute

range define SSAVRr r re +/- 1 ! erabl.yst/- 5 C A
third pr élg:é%g agrﬁ)Gérgﬁ %tgcﬁﬁvog' cﬁéﬁﬁgga} éygt%fggg%stsf'ﬁ e b%ﬁro\?df@ht,oa@gﬁ@g gi ven
flash di stbsblus (1do 1 &ss and thevieeperaunglvoll be tome2Suts 360 &6h Tde phiticllat i on
tenperature._.ln aone.. odi_nent of 0j.nv i 5s residu f
Equat ! on eyl cBBFFIRAE sERBl Bastd ot lrB EBbofon b Vie PPl el ki

al coh6l amd radtiacly idetdrmgnable (8. persondsof oadindre skikenthErelavdrtgare 6, the third
curve surprisingly shows that raising the flash distillation tenperature

beyond the crossover tenperature does not substantially inprove 25t he
yi el d, exprneesspdrizs, ¥redsobuljratefanntainvingn gorapenepid @ ot beVOBemdf3-MEMOB) cddi t i on

e m 21 10 KRR by ST Srs Ry BRER VB kel T A SR M ey e

[)n'enim_m |Zﬁ1d geed rﬁ]eno]‘ t he nm&*t _hgnol atrzldi ti :/Set ?Ot Peerﬁ:over yi r eia?:lt ;?2 may

oo seEfeay AR f B L gt e PR Bty et A s ot o

especi ?: Io\zﬁpbvﬁmmgasmpmﬁthraz%dWystegde/rereycti/oec:podiéomso@nﬁciammt; a:nyledibaldrgdnugitst = ons

separa .

maf/) be n1aS|u§|tq é%ﬁgﬁeﬁaﬁgp %eq'&gﬁéélﬁgggﬁ’ril 4 y g%&%wgsg%gg%;l r@%@g t endency

for pf)l yrm?c:doeudrctdmge?id tnoatug ! e tmdta_stm\;/)teisasrqji \dlrﬂl/%:; Mﬁé’f .C1:[C1? alkmkw;qhol,$owm' garr. o
es || : . : ! .

E?ﬁ?‘g’l gdédntoajimibﬁggﬁﬁ%fﬁ, e iﬁf@eﬁagycﬁt%s&%aﬁgg‘éb %ﬁr@o@% e

Pr epdbat iesenice bOfteCePOND \ing agnt puGn&y ac eeetlgpst attGadliesi um acet ate

7 ar ams BrEHaBey S0t R8N Ponny AR RN Wnthid el R e e e o

round botreactiohlpaedsucointnat particuldr lgniteds and neivalle & ageial teavishghtlgyabevesi ze of

150 angste{'@ﬁ%&%%xl ?éésﬁ@fo%@@?nigﬁge 8f:¢c!(§)'re?a?i89?! comercially avail able from

Al drich). m Xture was stirréd m nut es and then subjected to
rotary evaporation under vacuumto renove the water. The powder was further

dried,in v . er # foll ing at
120 %Of orﬁf Fﬂg%lrjsg ogﬁ% E%”é‘?ﬁ?ﬁ*&@gg Aﬁf@ I%tﬁ %&xg'ﬁ%%éaﬁtﬁﬂge%x&? §¥'ﬁ§%é under
ai r at nodphethe. gralrecasisting etlitpiomd sodigonpaEaseidn aruhidiim alesilit and. flancfunCs20 and
was desi t % 0/ 5j .S 646 : e d

si eved i %]ltfhge %%T%aé%&sn%es{q e{ﬁg(r%?l o éfsaglﬁrflg'géset%é %%?%%St\l,@‘gjg}e@%i%ﬁﬁ %'ﬁgr?sf 'ﬂ}@% bed
react or freactomea. itnmay heepresentan @coey@und b e .eldixentahd a@otheDélement. douer si on

of MWA pbgrht; rﬁérﬁt%’?tr{eelﬁ\i/e%ggn #@? %&%\/ §1r5th%%g?a%?r91/a§ log%réslaﬁy i,lssl,t Hertgl o%ig)

i
catal yst in ({Oﬁe presence
25 hydroxide or carbonate. The catalyst may also comprise, optionally, a promoter selected

from the group consisting of P, B, Ti, Zn, Zr, Sn, Bi, Ce, alkaline earth metals, and mixtures
thereof. The promoter may be in any form.

Furthermore, the catalyst preferably comprises a porous support material having pore

30  openings greater than 1 nanometer. The porous support can be selected from a variety of
commercially available inorganic carriers, such as silica gel, fumed silica, colloidal silica,
alumina, titania, zirconia, in their pure forms, or in a combination of two or more. A silica
gel type of material is preferred due to its weak acid-base property and high surface area.
Some experimental samples such as mesoporous silica and foam silica like MCM-41, SBA-

35 15, as disclosed in the literature (Nature, 1985, 318, 162; Science, 1998, 279, 548), can
also be used.
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Three granms of 10% Cs20/5i 02 (Davisil(r) 646) from Exanple 1 was | oaded
into the mddle of a 1/2" O D. stainless steel tube reactor with inert
silicon caokoba4pssst i cl es | oaded bel ow and above cat al y®CTIusg@En 0547he
reactor tube was installed in an electrically heated clanshell furnace. The
cat al yst Meprpdet mdatedrdnmihei reaction stdpoednrse Abjeotavhto NdistilaticBab réeoverth&8 hour s

contai mi ioBeL 5 iy SRRyt e st B UL RS e BT L B L%,

13- MOB, XkyBisolbwtyraidvitu] mBthé2rywnitite MAE distitiatd SoBt@inittg the pfodict C1-C12 alkyl

mknown, TEC-GHER BRI 4 st FEkfiebe 8 o R ARG B8R et s ona

ACH r 6ut esstasifibdtion skégSonposi ti onal anal ysis was by gas chromat ography. WO
2012/ 047883PCT/ US2011/ 054762 A reaction feed was prepared from about 60
parts by i gh f this MVA distillatiop residue and about 40 parts

et hano! O aMpadtretbiged e iors eines of Sosheta Aorcge ke titiam 10, 1
W . % a- MdBmpBisithgWie SepSefVEMOB, 2.0 wt. % 13-MOB, 7.2 wt.% MAA, 2.3 wt. % VAM
and 9.4 wt.% MVA Diner, with the bal ance of content unknown. The reaction

feed 5was delivered, as (S liquid to the reactor at a rate of 3.0 g/ hr along
with a NAko- fYEEPEHNIAGHR st icRHbINRIBIYGERINNHRY Y ERddieSeMBSRBsut 190 C

bef ore enha@hh@gakite, ceafhBisobuthRmidd&r-hRpekyIs3B0NHhRbe | dhdtr&h @Rt &id; pri or
to reaching the catal yst bed. The reactor effluent was passed through two
consecutive cold traps to collect condensabl e lo%oducts. The first trap

was dbmePhed asterining the hygfodysisyaixiire aitll attreC s @luhricalohp miadueamier ged in a
dry | ce antrieaRnanae %i}g%rfpsmq@gﬁ ! aiky i dRackfidie! 8, ) AIIRP, and over 95

w. % of the total conde | e Ui ds_ wer e colTected. ncondensabl e
ef f |1 uent Myeevyisplutyateo Aad erafC wakybire zedkexyisehulyriei ne gas chr omat ogr aph.
The liquid products were wei ghed and al so anal yzed by gas chronmat ogr aphy.

15 Th -b g , ' CLiQF t ed
dai g Equst; ontprafhde o ERIMTHRIRE S S8R ol AL B EhndrRlnshE PC
i n Fi gur €40+ 200hmethiaciykate, yhee Ca Caf alid a5 s akyis pped aty atlthk 1G1-G1o alpldi€1-43% i n

110 hE. r i step enploying 40 sccmair at 396 C for 64 hours
restgrsedp%érggggﬁnéacﬁ%gp%}g’ about 51%vyield. As will be recognized by persons
of ordinary skill in the relevant art, providing an al kyl al cohol co-feed
to the vappr fsepdrasing dwnorganit fractiodao prazics bie enrichddbrganiefcactiohednmpaisidgsf avor

25denet hgpol-atd o f _the 8-INE t net hel ess,, it has-.bgen

suror 1 si 10r o Fsomrt Sriatib et dh DR GhaSes T s ceithe CRE T B

i nvent i orCsG¢adesyisdduyrbteci | it ate the concurrent conversion of 01-012 al kyl
a- hydr oxyi sobutyrate and Cl1-Cl12 al kyl 8-01-012 al koxyi sobutyrate to

addi tion C1-Cl2 al kyl nethacryl ate product. Another advanta is that the
o or esai dbbat A5G eB e ERERtL e PerERt toresd e Aang Sihed ek

car bagy! iconfeisidg the30sachalias mdfacnilite] the i dakiial-hyairewisobatytee ARG kot £
have not erTF(nlrs]é &md Igfficsc& i,n achi eving sinmultaneous dehydration and
denet handt'aBi ¥t Cibr e SGUECPYY Ay, when net hanol or anot her al kyl al cohol
is added to prevent ester hydrolysis. Conparative Experinent 1 -

Preparatign ofcoNaensij ik YaporBveticabstraams pRiduse divdporieR oRysrlassestrapel i te
X (NaX) was obtained from Al drich (Ml ecul ar

(7).  providing a co-feed comprising a C,-C;, alkyl alcohol, which may or may not be the
same alcohol as the C;-Cy, alkyl alcohol used in the esterifying step (2);

25 (8). vaporizing the co-feed and at least a portion of the vaporizer organic feed stream to
produce a vapor feed stream;

(9). contacting the vapor feed stream with a catalyst comprising at least one element
selected from the group consisting of lithium, sodium, potassium, rubidium, cesium and
francium, to convert the C;-C;, alkyl a-hydroxyisobutyrate and C;-C;;, alkyl B-C4-C;»

30 alkoxyisobutyrate to additional C;-C, alkyl methacrylate and produce a converted mixture
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si eves 13X) and washed with deionized water three tinmes with 500 granms of
dei oni zed WD 2012/ 047883PCT/ US2011/ 054762 water (1500 g water used in

total ). TWeo 2em#hess3zeol ite was dried at 120 C for nore PhausAilswwes and
then pressed and sieved into 14-20 nesh particles prior to being | oaded

i nt o t ubuharcomgaistomethfactytie acidsthgiC s edkyimdéhacrplhte, 2.-CoCalky aicaholy end

Experi ment t% - Direct conversion of MVA purification residue to MVA over
NaX cat al'y in the presence of nmethanol Simlar to the test conditions in
Exanple 2, 3.0 grans of NaX was used instead of 3.0 grans of 10% Cs2015i 02
(Davi si | (Prifeeddy, thelepor ddeal s)t’@bm\/@ﬁinmrsei b@tattle@lvépronafed o taedfdrﬂ\&hélga;ﬁﬁlzéﬂsccm
air at 410 C.ff)r 1 hou'{?ﬁ(ml and thenI cool own u derf "?90 SCG (?d\l 8

250C for FeAE e&H.S SYPlaitds BB ep ?‘?Pa{fi‘ﬁ‘% T GPPEEH 7% é‘é‘gnt ed

in Fig. &apUﬁﬁr@rgﬁn&ﬁ@é@sﬂ@@htﬂ theivapbdrver. Pmﬂér%biw bevapdoieed diveand borkxiaspl e 3

Bxcampl o o502 g8 8 D %W@hﬁ%ﬂ%@r& iPele G5 Tl Aol R Peude. 636

silica gejasedoneieivaighyofavaydpab fexdf streamAbgbiludihy co-B@dExanpl e 4 - Direct
treatment of MMVA purification residue over 10% Cs20/5i02 (Davisil(r) 636)
catalyst in the presence of nethanol and MVA Three (;f;rams of 10%

Cs20/ 5i 0 Te185RR1s it vapss feadi HirrB.eaniIRs 1§siian B e tada! Al MY and MNIA,

25Exanpl ejider, bBSeLa teyidigmas MANE B MM dilnir &1 the sB¥ahifeatoge 48siscecm N2 at
372 C for 16 hours and then cooled down to ca. 270C for reaction. An MVA

di st il0 atdSHABRIPEENDNt ai ni ng 60. 45 wt. % MVA, 15.96 wt. % a- MOB, 4.30 wt. %
[3- MEMOB, 1.10 wt.% 13-MOB, 3.68 wt.% MAA, 3.02 wt.% MAM and 5.69 w. %
MVA di merpnigehBodi ﬁ%nﬁﬁél% ﬁéshccﬁélﬁlﬁmn é@We V\’ﬁ%@'@ﬁﬁhé@ﬂd fst'ﬂl%ﬁ&r?‘

commer ci al process stre e conventi ona ACH T out e
react i on drpatRtyE00rakhe finph siskliatigndpike perfemedin @nm@pm&tgmw@bquﬁr féaatm
distill atdlé%ﬂmb%%dé"é@ sﬁ‘é‘é’mé‘@é’rH%ns%ﬁg t%el%ﬁétﬁuﬂﬁén Bé&ﬁsed Feie%dcb%%j @Mltﬂfl’es

chr omat ogr aphy anal ysi s was % et

a NDB 3 appagusnaigdemvbre ot §miedd, \f/lﬂsfv/elrymsm" @dggb%e%wmngzrss W
B hnWirafid A dikdRihgerd hdtutdngr Q?&e@%@ulgﬁorp P@fhttork”\blﬂ%"ﬂlm

2012/ 047 3PCT/ US2011/ 054762  The reaction ivered as a liquid to

t he reactyAP@ratoss.roscempmators thereef. a$ld¥fr’§|€v\bt”rf‘0é“Nﬂ'n@ocqf@é@n%fncbldgccm The

combi ned J&%.n&%ﬁeﬁn@g%ﬁq%@&aﬁp@h AERsERAEARRY 8lI0eh 3 Rea (2BS3ET

tube. The feed vaporized in the reactor prior to reaching the catal yst bed.

5The readt®HIeaRd m@heom Besiferaely clhe prrpsHiedp yoRidRsdpY a?lpéﬂlﬂcﬂeafﬁh‘raécg ®y the

same et Nedssgsnhiag), @aama@ngw B@rr%m@wé@m@euémé 38s {HRAGH @fudlr oduct

|ncr eased relative to th eed, and correspondi ng he concentrations of

0 6-RERDEC. MWeny mﬁﬁs%ﬂ'ét”w RESHI R '”v\‘h? ganoedli 8e3:6-fa k82 mva

net ga' N @BBHIAA R afd tHH RITH cﬁs@u[latﬁ)\GQéMPér‘%%rQF@rﬁ&unf&‘uné@fﬁt'léés‘%ﬁéd U5 ceshdue
fed to the reactor. The conpositions o and product streans

col | ect ed/ager idatipe maytadvaniageaiisiv ke & 1ioels0-aF ke Pargewdar anerating|cenditions
Table 1. a@é’%@l@éﬂe&i 'bQEecPup&Hlﬁefcs%oé}ﬂ&h BtR& ek stehRABBh AN hERst Rt aridedre 91 N

for 15 Exanple Conponent
routinely determlnable by persons of ordinary skill in the relevant art to achieve the

Wt.%

25  maximum recovery of desired components, while minimizing the heavies. In one

embodiment of the invention, the flash distillation is a single stage flash distillation.

The bottoms stream from the flash distillation can be processed further, discarded as waste
or burned as fuel.

Referring again to Fig. 3, this embodiment of the invention includes flash distillation
30 apparatus 300. In a preferred embodiment, the flash distillation step is operated under
conditions sufficient to maximize the recovery of C,-Cy5 alkyl a-hydroxyisobutyrate, C4-Cy»
alkyl beta-hydroxyisobutyrate, methacrylic acid and C;-C;, alkyl B-C4-C4, alkoxyisobutyrate,
while minimizing the inclusion of methacrylamide and dimers such as, for example,
dimethyl 5-methyl-2-methyleneadipate, in the flash overhead. For example, in one
-14-



Feed (WM.% Product (wm.% 270 C 284 C 295 C 300 C met hanol 23.74 23.2
23.66 24.71 24.76 MVA 46.8 55.7 63.3 65.73 66.2 nethyl isobutyrate 0 0.01
0.04 0. 0W0oQoA4288MOB 12. 26 PCT/US2011/054762

embodiment of the invention, a stream enriched in alpha-MOB, beta-MEMOB, beta-MOB,

and MAA is obtained by a single-stage flash distillation of a residue stream and is

subjected to the vapor phase catalytic reaction process described herein. The embodiment

of the process that includes the flash distillation advantageously is operated in a manner

5 that reduces fouling, reduces the buildup of heavy impurities in the recycle, reduces the
organic fraction volume fed to the reactor and consequently the size of the reactor, and
improves the energy efficiency and reliability of the product recovery process.

The mass yield of MMA can be calculated in two useful ways. For example, in the context

10 of Figure 3, the net gain of MMA obtained from the recovery reactor can be calculated
based on either (1) the amount of the heavy residue stream 40 fed to the flash distillation
apparatus or (2) the amount of distillate stream 60 fed to the reactor, as expressed in
Equations (1) and (2), respectively.

Equation 1

15  Yres = mass percent yield based on heavy residue stream = (mass MMA net gain)/(mass
residue)*100

where “mass MMA net gain” is the mass of MMA in the reactor effluent minus the
mass of MMA in the reactor feed stream and where, when the process includes a flash
distillation apparatus, “mass residue” is the mass of all feed components to the flash
20  distillation apparatus excluding MMA, and when the process does not include a flash
distillation apparatus, “mass residue” is the mass of all feed components to the reactor
excluding MMA and alkyl alcohol.

Equation 2

Yflash = mass percent yield based on the mass of the condensed flash distillation
25  overhead = (mass MMA net gain)/(FLASH OVERHEAD)*100.

where “mass MMA net gain” is as defined above, and “FLASH OVERHEAD” is the
mass of the condensed overhead stream from the flash distillation apparatus fed to the
recovery reactor excluding alkyl alcohol and MMA.

Equation 2 can be used to define a preferred flash distillation temperature. In one

30 embodiment, for a given flash distillation pressure, a first process operating curve can be
identified by plotting the amount of material vaporized (the flash vapor fraction) versus the
flash distillation temperature. The flash vapor fraction is, for a given flash distillation

-15-



8.09 1.6 0.047 0.03 13-MEMXB 3.32 2.86 1.45 0.303 0.195 13-MOB 0.854 0

0.027 0.03 0.03 MAA 2.83 0.914 0.896 0.798 0.735 MAM 2.3 1.58 0.441 0.081

0. 07 WO 2012/047883 PCT/US2011/054762
pressure, the mass of the overhead stream of the flash distillation divided by the mass of
material fed to the flash distillation. An example of this first process operating curve is

shown in Figure 6 and is labeled “flash vapor fraction”

5 A second process operating curve also can be identified for a given flash distillation
pressure by plotting Yflash versus flash distillation temperature. An example of this curve,
based on the process of Figure 3, is shown in Figure 6 and is labeled “yield on distillate
feed.” In one embodiment of the invention, the mass of the FLASH OVERHEAD in
Equation 2 is determined based on the mass of stream 60, excluding alkyl alcohol and

10 MMA, in Figure 3.

Preferably, the flash distillation temperature is a temperature that is at or close to the flash
distillation temperature where the first and second operating curves intersect, hereinafter
referred to as the crossover temperature. In one embodiment of the invention, the flash

15  distillation temperature is a temperature that is in the temperature range defined by the
crossover temperature +/- 10 °C, preferably +/- 5 °C.

A third process operating curve can also identified in which, for a given flash distillation
pressure, Yres is plotted versus flash distillation temperature. In one embodiment of the

20  invention, the mass residue of Equation 2 is determined based on the mass of stream 40,
excluding alkyl alcohol and MMA, in Figure 3.

As can be seen from Figure 6, the third curve surprisingly shows that raising the flash
distillation temperature beyond the crossover temperature does not substantially improve

25  the yield, expressed as Yres.

The following are potential benefits, in addition to the benefits mentioned hereinabove, that
may be achieved while maximizing MMA recovery:

30  Recycle volume of unconvertible heavies may be minimized.

Feed rate of the methanol additive to the recovery reaction may be minimized. (Methanol
amount is set relative to the flash distillate rate.)

35  Energy consumption may be minimized for affected unit operations, especially those within
the recovery recycle loop, and especially separations steps.
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MVA Dinmer 4.41 4.88 3.8 1.48 0.753 Mass bal ance* (% 101 100.4 101.3 101.7
Y. (%9 24.3 49.1 60.9 58.9 * weight of product coll ected/ weight of the
feed del iwenet/EHxssapl e 5 - Direct treatnent of MVA puri PCTatS2@n/os4s2 due
over 10% Cs20/Si 02 (Davisil(r) 636) catalyst in the presence of methanol 20
Thr ee gr aviikl ftefsh DOAGICsOM & B n(dDetaihecH fdd b68&) refiatility, Exanipdre is3a vemmcédaded

S|mlarly W % %s\ﬁ treated in-situ by flow ng
40 sccm ncéﬁ% r?f%ué'n% ﬁllps an St%mmg%&ﬁ?gd down to 315 C for
reaction. WD 2012/ 047883PCT/ US2011/ 054762 An MVA distillation residue
cont ai ni : % : % a- .10, -l 2.35 wt.
13-MB, 8 ot REGDES @iéﬁ‘fz%\%&ﬁe%éﬁﬂ@dgggﬁaﬁ%mﬁ h%g%[’:gm?tt h the
bal anée ofiteodet lerimilth& myentionvasngltagi ned from a comerci al process stream
of the conventional ACH route to MVA. 5 A reaction feed was made by m xi ng
about 60 parts by weight of this MVA distillation residue and about 40
parts netB&MPLEShi s feed by gas chronmat ography analysis was 39.69 w. %
nmet hanol , 1.61 wt.% MVA, 21.57 wt.% a-MOB, 6.58 wt.% 13- MEMOB, 1.495
Example 1 — Preparation of 10% Cs,0/SiO, (Davisil® 646) catalyst
10
Cesium acetate aqueous solution was prepared by dissolving 2.72 grams of cesium
acetate in 75 grams of deionized water. This aqueous solution was then added into a
round bottom flask containing 18 grams of silica gel having pore size of 150 angstrom
(Davisil® Grade 646 silica gel commercially available from Aldrich). The mixture was
15  stirred for 10 minutes and then subjected to rotary evaporation under vacuum to remove
the water. The powder was further dried in a vacuum oven at room temperature overnight,
followed by drying at 120 °C for 4 hours and calcining at 450 °C for 5 hours in a box
furnace under air atmosphere. The calcined powder contained a nominal 10 wt.% of Cs,O
and was designated 10% Cs,0/SiO, (Davisil® 646). It was then pressed and sieved into
20  14-20 mesh particles prior to being loaded into a fixed bed reactor for catalytic performance

evaluation.

Example 2 — Direct conversion of MMA purification residue to MMA over 10% Cs,0/SiO,
(Davisil® 646) catalyst in the presence of methanol

25
Three grams of 10% Cs;0/SiO; (Davisil® 646) from Example 1 was loaded into the middle
of a 12" O.D. stainless steel tube reactor with inert silicon carbide particles loaded below
and above catalyst layer. The reactor tube was installed in an electrically heated clamshell
furnace. The catalyst was pretreated in-situ by flowing 40 sccm N, at 365 °C for 18 hours

30  and then cooled down to 310 °C for reaction.
An MMA distillation residue containing 0.19 wt.% MMA, 28.94 wt.% o-MOB, 12.57 wt.% B-
MEMOB, 3.03 wt.% B-MOB, 10.84 wt.% MAA, 3.42 wt.% MAM, and 13.99 wt.% of 5-
methyl-2-methylene adipate (MMA dimer), with the balance of content unknown, was
obtained from a commercial process stream of the conventional ACH route to MMA.

35 Compositional analysis was by gas chromatography.
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wt. % 13-MOB, 5.74 wt.% MAA, 2.55 wt.% MAM and 10.36 wt. % MVA dinmer, with
t he 10bal ance of content unknown. The reaction feed was delivered as a
i quid t owohelwvm@zstor at a rate of 3.0 g/hr. No N2 co- fPeedsamz/oswerl. The
feed vaporized in the reactor prior to reaching the catalyst bed. 15The
react or A fdaatant femdsvasmiré;mcecemomraboairm g'arEsobyamlgMioéltrds m:hﬁsdisﬁ!tatib:y radivies ane

deg?ggZdaa\fm ta%oyFﬁgﬁ%Ls m%trthﬂ] I-I"‘%ﬁ é@lce 0%3'8 rre 1 ¥ sho%ﬁgﬁ?{i ({F] LE‘I(%mithZO

Exanpl e GVMASIH f1gve-25 t@Bf 8.2541.9d BIVIEMOS, QcmnNto% MM Bp U121 virtl. % AL, 3 espdue and

tal yti h distjll t he, 10% Cs2Q/ 5i 02 | 0
536 Lt USRS Y oA Eitagr, Bih et EobiBT Lty QS SRS, o
process sidsaduliverediabe Iaﬁudqorweem‘acmnai a %‘lof@o'fg%rtaﬂbrigl%th d N@cdﬁ-%ddﬂ@
cont ai ned 0. 113‘\1/( % MVA

15 NOB, - o8t NicRiRNes (SEchiasd piofkAles orait 490, 6 HEIR CHIENED thelipReiot HEe.

bal ance uneltasdcimrizésh the sact@neisr torbacHiepihdwatavgsbgd.ocessed by
continuous-flow, single stage flash distillation using a 30l aboratory
apparatus conprising a glassware still pot and a 316 stainless steel, steam
heat ?dd f'?feqedctbleﬁ'ﬂlﬂ@ﬂ M@Eipggse’cﬁth?iubﬁﬂw? éommhmmec/ oicﬁﬁabsrta_tcelrllai p@mienfsémz g/ hr
was al ong, wi n .inhibitor of ca r, e inhibitor feed was
66 wiiOo6 VRO eI Femt Emes s 2rES vplor PatBopnd e sehimie e 67 ko
( 50f mﬂ—lgds@]pmkgadah ﬁ dryl@e\andutaipr@cmﬁ?smm Aneficknapivas ehepasin m@m snoeve? 95
perforne sh te s, of 120 25,..130, 35135, 145 C.
00 2015 07685 e T BLOTIRR R KBS worp P leedec s Ncohes b BTt B was
cond/ense(teamb ﬁh@ma@&n@w abyoralmleagusrf cmdsrastiegra@acﬂhemqamkmu?mg%érbe 10%
Cs20/ Si 02 636 a st ro e 1. Areaction feed m xture
was pr epﬂé&aﬁﬁﬁéﬁ? %)5 a;)iy q]%g{? distillate and 50 parts

met hasol . For conductl ng the reactl on, a neat 1.5 g catal yst bed was | oaded
into the bHcenter, of ver

[2" O D, .V ent ed |n ess ee). tube
oot or e TsELpdted Sield & M diaEd ki el SRS e fle SR Esbtot o
catal yst bed. The catalyst was pretreated in-situ by flow ng 40 sccm N2 at
365C for t he ooled to ca.. 300 for_reaction. The reaction
ood was T MO Bt BEse e Wi B ortshisSitis B et ML BERM of "1 5 s b The
feed vaporized in the reactor prior to reaching the catalyst bed. The
reac i .0 e, at sl o ra| d until. th nver si ons .0 MOB and

venen AT RELab B sYE Treabred AT st aovd B 52T Bkesiia Bty

pa53| ng tdmeploeas t@eceed hir aedd6 tmf‘o@aglhoarsaeétdrddr@pfoﬂnmtg@donhtrﬁ1afayuetde vvat er
bath. The liquid products were wei ghed and then anal yzed by gas

chr omat ography using capillary colums connected in sequence (Colum 1:
Rest ek 15ARuK bd rectigmzag ibgpersdis Bf brelinginhskill id. tﬁéirdlﬁnahfhrx, providing ah @ilkiyhi ckness;

Col 2: A 1 th

Chi crnes 2i¢pl EeiteeTa e vanbt fER ShSatR i helfbactiH s g ud Be Flbededir sl baced

{I) el dzdsof d\dimtwvgmlqnah ©utr@t&mE®/LOB Etelt/lltsmtsn Nc;r@itjh?&% ﬁuas besh élﬂpﬁﬁtﬁ@ﬁfduhdS_Fll_h( Eq.
an (0] S| S, S STI e e 0 e reac . e

't dpat e BRRE i Catgets SePioved i emusannt Vet uEEEsilb itita s,

resi due foadurtefitesnvergionm efase@gwlltyham@mmyuemumatemrtdomab@lalkyﬂ@m012 For the

ni gher te ai%?&%t%ir%@ntgva%tno%tc? dC12 %'ks met acryi%%eI grlégucte%\no h%pgclivan?iage is

25essent i
that the aforesaid catalysts are relatively insensitive to the presence of carboxylic acids,

30 such as MAA. ltis noted that previous technologies have not demonstrated efficacy in
achieving simultaneous dehydration and demethanolation, more specifically, when
methanol or another alkyl alcohol is added to prevent ester hydrolysis.

Comparative Experiment 1 — Preparation of NaX catalyst

35
Fifty grams of sodium ion-exchanged zeolite X (NaX) was obtained from Aldrich (Molecular
sieves 13X) and washed with deionized water three times with 500 grams of deionized
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Example 7 - Distillation of MVA purification residue for a-MOB/ 13- MEMOB
recovery and dehydration of the distillate streamover 10% Cs20/ Si 02
(Davi si | (WP 26801788at al yst in the presence of nethanol. BOTAIS20MN54762
distillation residue containing 0.51 wt.% MVA, 38.22 wt.% a-MOB, 13.66 wt.%
8NEIVL‘B a8 (\AIBO%@M&{@VEBe??ntb&IWTt%Wk ed Jedille Was UriddAM 1d mﬂﬂ}f fbi mwbe an% NN:A
i mer t he ance of content u ) ai ne roma comercia
br ocess St ek 810 1 RE PLesavR ALY Siur R Fo0 MmesT Faies FAR I8 BeOR0RnEL y o
t hi s resitdigawasctdi Sitthé besign osatbpExdmpie 2059 g distillate containing 0.95
w. % MVA 75.5 wt.%a-MOB, 20.4 w.% 13- MEMOB and 0.01 wt.% of MAA. The
distillation was achi eved via continuous-flow fractional distillation using
a 20- 6r ayCdshparativa Expetiment 2 Realitict esnvarsbreaiMARrifigation sedidise toaVIMA over
respectivel é@gbo@ fog and 17. 87 ’F 44150 and 134 mHg). -22- WO
2012/ 047883 PN/ BENFL V1 %E%ﬁ”%?éﬁ‘é foH feed was prepared by nixing 60
parts by weight disti I late with 40 parts methanol. The resulti ng feed

mxt)/oure bcywﬂa@a hro %Rh}fb@ n%%f ébs 80nt ai nfelﬂakﬁ%azga mg togt/g oI- 1. 24
grams of gk¥s 652@%3:@@/5(.@9@@@!”@ B26)0 3tk daklyst mes pRdtRatedBsitl BAHERIngI401 I ar I y

as in Exanple 2. The catal yst was pretreated in-situ by flowng 40 sccm N2
at 379 C e aatd(rs fantP hasnaedBieagoglsehidons upder 49 sesm Nebew fagp0°@dorThe
reaction fgg@dnwas delivered as a liquid to the reactor at a rate of 1.5
g/hr. No N2 co-feed was used. The feed vaporized in the reactor prior to
reaching the catalyst bed. Reaction tenperature was raised until a- I\/[B and
3- MEMOB crqav@t/il idls ob@é%@étﬁﬂltlpﬁr%%ﬂts‘tr’eﬁﬁ i Brés@ﬁted'lrghlggg ?reldlérofgﬁé‘drr

ef fl uent was col'l ected and anal yzed and yi el d neasured by the sane rret hods
as for EXAfIr8oyrs fopréht e A% the net MVA gain was the difference between
the rgactor product and the starting MVA distillation residue. 20The
reaction tenperature was slowy rai sed to get conversions of a-MOB and

6- MEMOB iExample Bighregeatiomnt ¢ta $s:-B/&i@d(BAvVSII@ 636) salplydlas det ernined in the
same manner as for Exanple 2, where "purification residue”" was the sum of
original purification resi due excl udi ng MVA where a- MOB/ 6- MEMOB distillate
derived. Trerproc@ugg effexaniplei ingis mepeabed exceptthabthe séisa deleyas3(Dasisiyt @radleof net
MVA gai n e 8 -Evaluation of 10% Cs20/ Si 02
(Davi si | %}'lﬁég’teg%/oﬁrpé&kﬁlggbé'%glené?oﬁ hcat al yst of Exanple 3, was | oaded
into20he mddle of a 1/2" O D. stainless steel plug flow tubular reactor

ith sil b ' ded I
charge. | TRemE&r Peq DEApd Ll Rt R R s S B0 PR BB R et 1
furnace. The3@adatdlyssin thehreweacepoiheiahaddndMMAt u by flowi ng 40 sccm N2 at

300C -370C and 1 atnosphere pressure (atm for 16-20 hours and then cool ed
to the reaction tenperature, typically 200C330C, also at 1 atm 35Two feed

conposi t iTHise gVl 107 TelU/8iC2 (BAavisiEe636)Arorn BxdinpleBneassoRdaayglilarly as in
individually. Each feed (as a single liquid m xture) was Erow ded at arate

of 1.25-3.Exagmig 2vithe §9t@|yﬁ@@aspdﬁge%tﬁeﬁhs'w yrflogving 49 éf&tn Ne ap3 R3S The
feed was WAROKAZREN 508 HOEH tded B7b8E1d: Psactidp 2012/ 047883 PCT/ US2011/ 054762
An MMA distillation residue containing 60.45 wt.% MMA, 15.96 wt.% o-MOB, 4.30 wt.% B-
MEMOB, 1.10 wt.% B-MOB, 3.68 wt.% MAA, 3.02 wt.% MAM, and 5.69 wt.% MMA dimer,
with the balance of content unknown, was obtained from a commercial process stream of
30  the conventional ACH route to MMA.

A reaction feed was made by mixing about 77.8 parts by weight of this MMA distillation

residue and about 22.2 parts methanol. This feed by gas chromatography analysis was

23.74 wt.% methanol, 46.8 wt.% MMA, 12.26 wt.% a-MOB, 3.32 wt.% B-MEMOB, 0.854
35  wt% B-MOB, 2.83 wt.% MAA, 2.3 wt.% MAM, and 4.41 wt.% MMA dimer, with the balance

of content unknown.
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feed, and preheated to about 160C-180C before entering the reactor tube.
Feed "A" al so included 15 ppm of 4-nethoxy phenol as inhibitor. Table 2:
React or fweaorompsssi ti ons of Ex. 8 Feed Conponent (wt . %PCTASMIB/03F6NVEMOB
MVA MAA et hanol A 45.39 16.35 0.83 0.04 39.12 B 24.58 11.12 6.47 1.09
50.03 5 'ﬂ?eeareaccfrontfeeqmaadel'rvemirﬁct 4 ipibl todthe rewetar av aratedf 80 gramalpng \attrea

conver si qn. e cto ent

cold trap3s Cﬁbf%ggé §9+%m :—?@ém@ﬂ?&?eegaa% %h %c#@{%og}g@%)eﬁy\g%f)re ‘%{tg cts
whi ch wertke vesictpndube. Ir01éefeeb| eappbriped ohubé restciar gono conmpadhing thesatatysebedasur ed by
gas chromat ography using two capillary colums connected in sequence
(Colum 1. Restek Rtx-1, dinmensions 30 neters length x 0.53 mllinmeters ID
X 1 mbcr olretreactopefjludnt was tchilecketbas arGhlzathand yiekhnkeesuredBy-haFsantg methedsons 10
m | engt h 2 g % ”ﬂ Dx 1 pmfilmthickness) and a flanme ionization

det ect or. FE & Foduct vapor exiting the cold trap was anal yzed using a
gas

The MMA concentration in the reactor product increased relative to the feed, and
correspondingly, the concentrations of a-MOB, B-MEMOB, B-MOB, MAA, MAM, and MMA

10 dimer were reduced. Mass MMA net gain approached 61 grams for every 100 grams of
purification residue fed to the reactor. The compositions of the feed and product streams
collected at different reaction temperatures are listed in Table 1.

Table 1: Composition of the feed and product streams and mass MMA net gain for

15 Example 4

20

Component Product (wt.%)
Feed (wt.%) 270°C | 284°C | 295°C | 300°C
methanol 23.74 23.2 23.66 24.71 24.76
MMA 46.8 55.7 63.3 65.73 66.2
methyl isobutyrate 0 0.01 0.04 0.096 0.13
o-MOB 12.26 8.09 1.6 0.047 0.03
B-MEMOB 332 2.86 1.45 0.303 0.195
B-MOB 0.854 0 0.027 0.03 0.03
MAA 2.83 0.914 0.896 0.798 0.735
MAM 2.3 1.58 0.441 0.081 0.07
MMA Dimer 441 4.88 3.8 1.48 0.753
Mass balance* (%) - 101 100.4 101.3 101.7
Y., (%) - 24.3 49.1 60.9 58.9

* weight of product collected/weight of the feed delivered

Example 5 — Direct treatment of MMA purification residue over 10% Cs,0/SiO; (Davisil®

636) catalyst in the presence of methanol

Three grams of 10% Cs,0O/SiO; (Davisil® 636) from Example 3 was loaded similarly as in
Example 2. The catalyst was pretreated in-situ by flowing 40 sccm N, at 372 °C for 16

hours and then cooled down to 315 °C for reaction.
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15 chromat ogr aph equi pped with silica gel and nol ecul ar sieve colums and a
thermal conductivity detector. The conversions of a-MOB and p- MEMOB were
cal cul at esolrg12di4fg8er ence as fol |l ows, where n, denotes tReTmsk@n/of4762v r at e
of species i: now aMB a -MB conversion(% =100x 1 nin \aMXB now - MEMOB
conver si cAn KQA=diSdtidn Fasiime@Bnibirengco.00 wn.esdMIVA, &3¢ .62i vetlod 0OV BB avit VAB- on

e N AR D G000, LR Bt

resul ts aptmheeeladté bnébntdie uhkdowin, 4@s BBtdirfedtitdi® a @BmBidraaIPrédeds sfem of al ong
wth speC| fic reaction conditions, in Table 3. In addition to conversion

and yi el dhe eorventional AGE rediedP MMAI o of by- product methyl isobutyrate (M B)
to MMA is shown. WO 2012/047883PCT/ US2011/ 054762 Exanple 9 - Preparation

and eval uati on of 10% Cs20/ Si 026él\/br ck 10188 cat atl\%st The cat al yst
pr epar at i/offasHorEesApas MAdRLY PFEA0eH! @Rk it waig i thig MMA eistl@dion o181

(from Al deiighi aMEDdLs ad pafs Hwaﬁol lms ga@ld byBae chﬂ)ﬁ?ﬁﬁtégraﬂ nea a&rs&e\ﬂaﬁowder

cont ai ned a 5nom na resse sieved into

14- 20 rres%%q%%ﬁﬁ?thﬁm'ebm V\’E°/<\/\M§/'Ad8§15@ﬂﬁt°/e6° M@% @éﬁwtéﬁﬁN%M@Bc %
10181) . Rgr, ﬁrlﬂéﬁcﬁﬂ’%\ﬁ £ NRAIBLRA S l\ﬁ’/ﬁﬁc eﬁﬁl > a e ﬁm%ﬁxﬁfﬂ tﬁ%cord' ng

to the specific reaction conditions sp eC| ampl e 10-
Prepdﬂatﬂwﬁﬂﬁﬁ@f@WQBMamkomNmf 10@6C320/S|02 (Aerosil 200) catalyst Cesium
acet at e aqueous solution was prepared by dissolving 2.72 g cesium acetate
in 50 g deionized water. The aqueous sol ution was then added into a round
bot t om f | skreaciiondeed wgs dgivgreteasosliquia Yo the tedctarad asateiot 8.0(@binie Uiz a¢ |y

avai | abl Y,

Addi t | ong?‘;‘m&er@%zﬁbé fg?%édfﬁ %éddmtggéi&ﬁo dr?'|°§§’lk\é§5ﬁ'?§rhtr%°f@@gpas ‘e, whi ch
was then subjected to rotary evaporation under vacuumto renove the wat er .
The resul r ﬁ‘[‘@% f .%qi_fz'.e ature
overnllgght-ltHer}g?(lagplm\ggu%y F ;Pﬂ%c?%{a@% or aﬂd&%ﬁdﬁ@%ﬂgs ?E:qe[la ion %851500
for 5 howasdoi Rxam@ex. f ur nace under air atnosphere. The cal ci ned powder
contained a nomnal 10 wt.% of Cs20 and was pressed and sieved into 14-20

mesh size particles. It was designated 10% 20Cs20/5i 02 (Aerosil (r) 200).
Per f or marfyeiniiakyield of 6a0&% wias ekisioed betich dedradarhiviéh Bnand skeaor dhagield t he

specific 1] L i specified in Table 3. Exanple 11 - Preparation
and eval u@??gﬁb%@g@&%ﬁ%% P/ 51 02 (Davisil 646) catal yst 25A cesium

acet &0e aqueous sol ution was prepared by dissolving 2.72 g cesium acetate
In 75 Example 6 — Single-stage flash distillation of MMA purification residue and catalytic

treatment of flash distillate using the 10% Cs20/SiO2 (Davisil® 636) catalyst

An MMA distillation residue was obtained from a commercial process stream of the
25  conventional ACH route to MMA. The residue contained 0.1 wt.% MMA, 36.9 wt.% o-
MOB, 11.0 wt.% B-MEMOB, 2.7 wt.% B-MOB, 9.6 wt.% MAA, 6.9 wt.% MAM, and 16.6

wt.% MMA dimer, with the balance uncharacterized heavy ends.

The residue was processed by continuous-flow, single stage flash distillation using a

30 laboratory apparatus comprising a glassware still pot and a 316 stainless steel, steam
heated, forced recirculation reboiler. A residue feed rate of ca. 300 g/hr was fed along with
an inhibitor feed of ca. 6 g/hr. The inhibitor feed was 99 wt.% MMA and 1 wt.%
phenothiazine. The still pot pressure was 6.67 kPa (50 mmHg absolute). Individual and
separate example experiments were performed for flash temperatures of 120, 125, 130,

35 135, 140, and 145 °C.
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g deionized water. This solution was then added into a round bottom fl ask
containing 18 g silica gel (Davisil(r) Gade 646 from Al drich). The m xture
was stirrwo 2horo41883m nut es, foll owed by the addition of PCTAG2e11(08444) 2HPOA
and rotary evaporation under vacuumto renove the water. The resulting
powder wdsistillatet fr@n edch #akhi exparimastuvan conelansdd armidhersmoeamda:tyw epov phaseght ,

foll d th dr 4 t 450 Cf 5
hgurgwlen \éM(HQQ q@%&ﬁﬁ%%&%@%ﬂ@ 3@8&3% P%&Et %Qﬁ'%&esedb‘ andogl eved
into 14- raé)ctiasaséecsmmrpmtslméwecabﬁmmg mpé@bym&fgﬂs&wmlé‘[&/oaﬁ:%o%rts
oot o n oSGl For o e S f DA et ¢ Pt etaya e, W Ipieeliodhe 55
Exanplse l‘%ﬂtd?bﬁ@&’f@ Doveradeily ema:htudtstanﬂeszfstébl fiis):) déa&&ﬁwm’?/mirt&ﬂuwm 02rbldeker ck

10181) cat 012/0 883P us201 slurry s forned by
Sy OB gdecedal Aod BRiete CRREEAGT Tk cabtdst g Prelfasb g Y ¢
gel (Mer alelwing 4§ ssden ND31EF65 °Ufb@1éﬁ@urmanwee1rcdomdaoaaosod °(J foardactidheTE Xt ur e

was stirred under heating fromyroomtenperature to C for_around one hour
(15 ni n. "PaFHONFR] Warde! greﬁ'&soﬁ ligyichto t%r@ctor?ﬁ%r?%?ﬂ 1559/hrt &K f8epast e, was

subj ect edaperiZeRtinthe feavidPEictib RshcHing Qe ¥RENSBEIO TheFBN®ioh CM@(bﬁJPe wade
resul ting powder was further dried In a vacuum oven at 120 for 8 hours

and tlRen Shvey saisechitlil tesparereigne at oHIPR aRd Y EMEOBakere PREVREPT cl es were

calcined at 600 C for 2 hours in a box furnace under air atnosphere. The

cal ci ned I@@éc?drb%du‘é@éoll@@t’ﬁingﬁé’st é‘dioﬁ'rp?@éb@%@s%g{otﬂ-é t%%ét%? Q@ué%lﬁr‘élﬁéﬁ ) cd181)

catal yst. Perfornmance was eval uated as describ anpl e accordi ng

to the sgépSuomeigndtneniiehvaishtrthi dhe Ilgw@@rqquei@ ware wmf@d:&nd @aﬁwaéxzrz e
Experi nery, g%s cthrﬁ‘d%@ér%bh;Pﬁ‘suﬁ’@éa&n@y B@limAS c@rﬁné@f% iR %Qéquéri%e?@élahﬁﬁt REE%k

catal yst of Conparative Experinment” 1 was em&gate NaX catal yst for the

pur pdses k-1 ﬁi”&e”éb@ﬁéﬁpﬁﬁﬁﬁgthm%%@‘rmﬂ?Phirﬂféf' thickpass sobtnd Atllsety PBed i n
Exanpl e & pnrd Re&RidhsN® Ryt 16.53R&R1DIXCT [uRafh tckree)Hrld LS RARAfidEd 11
Tabl e 3. Conparative Experinment 4 - Preparation and evaluation of Cs-Ru-X
zeolite «&teA!gfst Sodi um i on- exchanged zeolite X (13X Ml ecular Sieves from
Al drich), 30 g, was soaked overnight in a solution of 4.81 g cesium acetate
in 100 g water. Water was renoved from 20t he m xture bg rotary evaporation
at 50 C Ur@erosteaaglion mapebasesuiield AHMYKY was Grisulaied ea tag Dasipoicesidre Bdeur s
fol | oyed (Ry 115H (‘Eq”*?i)t arorPihe PaBis o fi8dh disthaiy réd ‘td‘th%tréééti%n%E% 2) ThHfe ¢edu@ts ned
powder was soaked overnight in a solution of O. i'n 50 g ethanol.
The et harfe shwn indrgwe®-from t he mixture by rotary evaporation at 50 C
under vacuum The subsequent solid was dried at 110 C for 3 hours and

cal ci ned @ésr%% i Fie § tH@Wefd dilredidle f@e‘ijﬂ"?‘?eﬁﬁd?éds@b \Amsterl%@r%ﬁﬁé’ upgl sieved
into 14-20 mesh particles and desi gnat ed X cat al Per f or mance was

eval uat ecogyt H¥: & rdhe Rigkertaferaguram invastiagiag wigld en &eﬁé’ugﬁﬂﬁrﬁﬁ@'r}eéactl on
condiglsi ongssRRA) tbmgaditn Tabl e 3. Conparative Experinent 5 -

Preparati on and eval uati on of 30% NaH2PO4/5i 02 (Davisil(r) 30636) Silica
gel (Davisil(r) Gade 636 fromAldrich), 14 g, was added to a sol ution of

34 g wat eéx%% e 7 -9DNAREEPAT MUPEoUH Kbt EredBbe Rirld M%/@MHI\W@@%&&@B@V%WG and

t hen subj o rotary evaporatl on at room tenperature under vacuumto
remove t m@hmramr] ofthe distiaié siream sue W %M&s - A6i@d Davisil 26861 catalysRiniber s. The
powder - f desi gnat ed 30% 35NaH2PO4/ 5i 02 (Davisil(r) 636).
Per f or na é§e&gé%£%§fh W?'Zd as described in Exanple 8 and according to the
speci3li ¢ reaction conditions specified in Table 3.

An MMA distillation residue containing 0.51 wt.% MMA, 38.22 wt.% «-MOB, 13.66 wt.% p-
MEMOB, 1.48 wt.% B-MOB, 7.10 wt.% MAA, 3.40 wt.% MAM, and 11.56 wt.% MMA dimer,
with the balance of content unknown, was obtained from a commercial process stream of
the conventional ACH route to MMA. An 8119 g quantity of this residue was distilled to

35  produce 4059 g distillate containing 0.95 wt.% MMA, 75.5 wt.% a-MOB, 20.4 wt.% B-
MEMOB and 0.01 wt.% of MAA. The distillation was achieved via continuous-flow
fractional distillation using a 20-tray Oldershaw column. Reboiler and condenser pressures

were respectively about 20.0 and 17.87 kPa (150 and 134 mmHg).
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WO 2012/ 047883PCT/ US2011/ 054762 Conparative Experinent 6 - Preparation and
eval uation of 11.3% BaQ Si02 (Davisil(r) 646) Bariumnitrate aqueous

sol uti on waxoreEpssed by di ssol ving 4.36 g barium nitraPeTius2@0/0§4762

5dei oni zed water. This solution was then added into a round bottom fl ask
containing 20 g silica gel (Davisil(r) Gade 646 from Aldrich). The m xture

esult i ngt TRl VR E R AP S DG A S S viper at ur e
over ni ghtmethamdlowael regiuttingdead mixtuae by gbs qubmauﬁgrianmyramaansd cvatainedadld.7h at 500

and i ovath P 3ol VSR, PEPEk G ol BRL i Feprole BB opElied &0

(Davi si | (wt)%044.. Performance was eval uated as descrl bed in Exanple 8 and
according to the specific reaction conditions specified in Table 3. Table
3: Catal yst performance data Exanple Conditions Conversion (% Yield (%

M B/ MVA 4 xgRams of i 064 s R8s D, (B@Wsi(*he3b) frosr EXdatpI&s wedsMddled similarly as in
Example 2. The catalyst was pretreated in-situ by flowing 40 sccm N, at 372 °C for 16

hours and then cooled down to 266 °C for reaction.

10
The reaction feed was delivered as a liquid to the reactor at a rate of 1.5 g/hr. No N, co-
feed was used. The feed vaporized in the reactor prior to reaching the catalyst bed.
Reaction temperature was raised until «-MOB and B-MEMOB conversions reached
percentiles in the high 90’s.

15

The reactor effluent was collected and analyzed and yield measured by the same methods
as for Example 2, except that the net MMA gain was the difference between the reactor
product and the starting MMA distillation residue.

20  The reaction temperature was slowly raised to get conversions of a-MOB and B-MEMOB in
the high 90%. The mass-based yield of MMA was determined in the same manner as for
Example 2, where “purification residue” was the sum of original purification residue
excluding MMA where a-MOB/B-MEMOB distillate derived. For 100 grams of original
purification residue, 37.6 grams of net MMA gain was achieved initially.

25
Example 8 —Evaluation of 10% Cs,0/SiO, (Davisil® 636) catalyst

Three grams of the catalyst of Example 3, was loaded into the middle of a '2” O.D.
stainless steel plug flow tubular reactor with silicon carbide inert particles loaded above and
30 below the catalyst charge. The reactor tube was installed in an electrically heated
clamshell furnace. The catalyst bed was pretreated in situ by flowing 40 sccm N, at 300°C
-370°C and 1 atmosphere pressure (atm) for 16-20 hours and then cooled to the reaction

temperature, typically 200°C-330°C, also at 1 atm.

35 Two feed compositions, shown in Table 2 as Feeds A and B, were employed individually.
Each feed (as a single liquid mixture) was provided at a rate of 1.5-3.0 g/hr via syringe
pump along with a co-feed of 6 SCCM N,. The feed was vaporized, combined with the co-
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feed, and preheated to about 160°C-180°C before entering the reactor tube. Feed “A” also
included 15 ppm of 4-methoxy phenol as inhibitor.

Table 2: Reactor feed compositions of Ex. 8

Feed Component (wt.%)
o-MOB B-MEMOB MMA MAA methanol
A 45.39 16.35 0.83 0.04 39.12
B 24.58 11.12 6.47 1.09 50.03

Reactor temperature and feed rate were varied to manipulate conversion. The single,
vapor-phase reactor effluent was swept through a cold trap submerged in an ice water bath
to collect condensable products, which were weighed.

10  Feed and product stream compositions were measured by gas chromatography using two
capillary columns connected in sequence (Column 1: Restek Rix-1, dimensions 30 meters
length x 0.53 millimeters ID x 1 micrometer (um) film thickness; Column 2: Agilent DB-
FFAP, dimensions 10 m length x 0.53 mm ID x 1 um film thickness) and a flame ionization
detector. Reaction product vapor exiting the cold trap was analyzed using a gas

15 chromatograph equipped with silica gel and molecular sieve columns and a thermal
conductivity detector. The conversions of a-MOB and pB-MEMOB were calculated by

difference as follows, where n; denotes the molar flow rate of species i

nm

a — MOB conversion (%) =100 x [l - n’?‘M—OB]

aMOB
20
nOM[
B— MEMOB conversion (%) =100 x l—w
1 pvemos
The combined molar yield of MMA and MAA on the sum of o-MOB and p-MEMOB fed was
calculated as follows:
MMA + MAA yield (%) =100x i, - i J+ (”MAA ~ i)
25 n;{’;\/IOB + nz’lMEMOB

Test results obtained during the first 20 hours time on stream are shown, along with
specific reaction conditions, in Table 3. In addition to conversion and yield, the relative
molar ratio of by-product methyl isobutyrate (MIB) to MMA is shown.
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Example 9 — Preparation and evaluation of 10% Cs,0/SiO, (Merck® 10181) catalyst
The catalyst preparation of Example 8 was repeated except that Merck® Grade 10181
(from Aldrich) was used as the silica gel. The resulting calcined powder contained a

5  nominal 10 wt.% of Cs,O and was then pressed and sieved into 14-20 mesh size particles.
It was designated 10% Cs,0/SiO, (Merck® 10181). Performance was evaluated as
described in Example 8 and according to the specific reaction conditions specified in Table
3.

10  Example 10 — Preparation and evaluation of 10% Cs,0/SiO, (Aerosil® 200) catalyst
Cesium acetate aqueous solution was prepared by dissolving 2.72 g cesium acetate in 50
g deionized water. The aqueous solution was then added into a round bottom flask
containing 18 g Aerosil® 200 fumed silica (commercially available from Evonik Industries,
located in Calvert City, KY, USA). Additional water (~200 g) was added to the flask to form

15 apaste, which was then subjected to rotary evaporation under vacuum to remove the
water. The resulting powder was further dried in a vacuum oven at room temperature
overnight, followed by drying at 120°C for 4 hours and calcination at 450°C for 5 hours in a
box furnace under air atmosphere. The calcined powder contained a nominal 10 wt.% of
Cs,0 and was pressed and sieved into 14-20 mesh size particles. It was designated 10%

20  Cs,0/Si0O; (Aerosil® 200). Performance was evaluated as described in Example 8 and

according to the specific reaction conditions specified in Table 3.

Example 11 — Preparation and evaluation of 10% Cs,0/1.7% P/SiO, (Davisil® 646)
catalyst

25 A cesium acetate aqueous solution was prepared by dissolving 2.72 g cesium acetate in 75
g deionized water. This solution was then added into a round bottom flask containing 18 g
silica gel (Davisil® Grade 646 from Aldrich). The mixture was stirred for 10 minutes,
followed by the addition of 1.50 g (NH,),HPO, and rotary evaporation under vacuum to
remove the water. The resulting powder was further dried in a vacuum oven at room

30 temperature overnight, followed with drying at 120 °C for 4 hours and calcination at 450 °C
for 5 hours in a box furnace under air atmosphere. It was then pressed and sieved into 14-
20 mesh size particles and designated 10% Cs,0/1.7% P/SiO, (Davisil® 646).
Performance was evaluated as described in Example 8 and according to the specific
reaction conditions specified in Table 3.

35
Example 12 — Preparation and evaluation of 0.75% K»0/6.2% TiO,/SiO, (Merck® 10181)

catalyst
-25.
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A slurry was formed by adding 0.28 g potassium hydroxide, 2.0 g titanium oxide, and 30 g
silica gel (Merck® Grade 10181) into 100 ml water in a 500 ml flask. The mixture was
stirred under heating from room temperature to 90 °C for around one hour (15 min. ramp
followed by holding at 90 °C). The mixture, then a paste, was subjected to rotary

5  evaporation under vacuum to remove the water. The resulting powder was further dried in
a vacuum oven at 120 °C for 8 hours and then pressed and sieved to 14-20 mesh particles.
The particles were calcined at 600 °C for 2 hours in a box furnace under air atmosphere.
The calcined catalyst was designated 0.75% K»0/6.2% TiO»/SiO, (Merck® 10181) catalyst.
Performance was evaluated as described in Example 8 and according to the specific

10 reaction conditions specified in Table 3.

Comparative Experiment 3 — Preparation and evaluation of NaX zeolite catalyst

The catalyst of Comparative Experiment 1 was designated NaX catalyst for the purposes of
this experiment. lts performance was evaluated as described in Example 8 and according
15 to the specific reaction conditions specified in Table 3.

Comparative Experiment 4 — Preparation and evaluation of Cs-Ru-X zeolite catalyst

Sodium ion-exchanged zeolite X (13X Molecular Sieves from Aldrich), 30 g, was soaked
overnight in a solution of 4.81 g cesium acetate in 100 g water. Water was removed from

20  the mixture by rotary evaporation at 50 °C under vacuum. The resulting solid was dried at
110 °C for 6 hours followed by calcination at 500 °C for 3 hours in static air. The calcined
powder was soaked overnight in a solution of 0.342 g RuCls in 50 g ethanol. The ethanol
was removed from the mixture by rotary evaporation at 50 °C under vacuum. The
subsequent solid was dried at 110 °C for 3 hours and calcined at 500 °C for 3 hours in air.

25  The material was pressed and sieved into 14-20 mesh particles and designated Cs-Ru-X
catalyst. Performance was evaluated as described in Example 8 and according to the
specific reaction conditions specified in Table 3.

Comparative Experiment 5 — Preparation and evaluation of 30% NaH,PO./SiO, (Davisil®
30 636)
Silica gel (Davisil® Grade 636 from Aldrich), 14 g, was added to a solution of 34 g water

and 6 g NaH,PO,. The mixture was stirred at room temperature and then subjected to
rotary evaporation at room temperature under vacuum to remove the water. The resulting
solid was dried at 120 °C for 2 hours. The powder-form catalyst was designated 30%

35 NaH,PO./SiO; (Davisil® 636). Performance was evaluated as described in Example 8 and

according to the specific reaction conditions specified in Table 3.
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Comparative Experiment 6 — Preparation and evaluation of 11.3% BaO/SiO, (Davisil®
646)
Barium nitrate aqueous solution was prepared by dissolving 4.36 g barium nitrate in 60 g

5  deionized water. This solution was then added into a round bottom flask containing 20 g
silica gel (Davisil® Grade 646 from Aldrich). The mixture was subjected to rotary
evaporation under vacuum to remove the water. The resulting powder was further dried in
a vacuum oven at room temperature overnight, followed with drying at 120 °C for 6 hours
and calcination at 500 °C for 5 hours in a box furnace under air atmosphere. It was then

10 pressed and sieved into 14-20 mesh particles and was designated 11.3% BaO/SiO,

(Davisil® 646). Performance was evaluated as described in Example 8 and according to

the specific reaction conditions specified in Table 3.

Table 3: Catalyst performance data

Example Conditions Conversion (%) | Yield | MIB/
T(C) | Feed | WHSV o- B- (%) MMA
(h) MOB | MEMOB (x10°)

8 297 A 1.0 49.6 38.3 42.5 2.38
302 A 1.0 76.1 64.3 64.1 2.52

311 A 1.0 98.9 97.5 91.7 2.08

320 A 1.0 100.0 100.0 87.9 2.54

9 303 A 1.0 35.9 9.7 24.5 1.40
312 A 1.0 59.4 33.5 47.8 1.14

321 A 1.0 93.2 81.4 82.0 1.14

325 A 1.0 99.7 99.3 90.7 1.47

10 294 A 1.0 34.5 25.8 27.8 2.03
306 A 1.0 66.5 54.0 52.6 1.70

317 A 1.0 99.4 100.0 86.8 2.27

322 A 1.0 100.0 100.0 82.2 3.15

h 317 A 1.0 99.8 80.1 88.0 0.43
327 A 1.0 100.0 95.5 96.1 1.12

12 325 A 1.0 78.5 37.7 60.9 4.40
330 A 1.0 93.2 58.2 72.4 4.84

CE3 236 A 1.0 99.9 51.4 73.3 0.18
249 A 1.0 99.9 100 73.8 0.18

CE4 223 B 0.51 96.2 11.9 78.2 4.51
CES 296 B 0.53 65.0 20.0 39.6 2.97
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337 B 0.53 99.0 39.5 73.2 3.60
CE®6 317 A 1.0 18.4 12.4 4.9 3.65
327 A 1.0 20.6 7.5 6.7 3.67

It has been surprisingly found that the catalyst employed in the present invention
successfully facilitates the concurrent conversion of C4-Cs» alkyl a-hydroxyisobutyrate and
C4-C4» alkyl B-C4-C42 alkoxyisobutyrate to additional C,-C;, alkyl methacrylate product.

In addition, the capability of the catalyst to simultaneously convert additional by-product
species, such as MAA and C;-C;; alkyl B-hydroxyisobutyrate, to C4-C,, alkyl methacrylate

product is unexpected as shown in Examples 2, 4, 5 and 6.

10 Furthermore, it has surprisingly been found that the other by-products and compounds
present in the organic fraction do not substantially interfere with the activity of the catalyst

in the vapor phase.
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WE CLAIM:

1. A method for producing methacrylic acid esters comprising the steps of:

d. providing a C4-C;, alkyl alcohol and an organic fraction comprising C4-Cy>
5 alkyl methacrylate, C+-C» alkyl a-hydroxyisobutyrate and C,-Cy2 alkyl B-C4-Cy»
alkoxyisobutyrate;

e. vaporizing at least a portion of the organic fraction and at least a portion of
the C4-Cy; alkyl alcohol;

f. contacting the vaporized organic fraction and alcohol with a catalyst

10 comprising at least one element selected from the group consisting of lithium,
sodium, potassium, rubidium, cesium and francium, to convert the C;-C;; alkyl a-
hydroxyisobutyrate and C,-C;, alkyl B-C+-C42 alkoxyisobutyrate to additional C4-C;»
alkyl methacrylate and produce a converted mixture that comprises a C;-C;. alkyl
methacrylate, methacrylic acid, C;-C;; alkyl alcohol, and water.

15 2. The method of Claim 1 wherein the organic fraction is produced by a process
comprising the steps of:

a. hydrolyzing ACH with sulfuric acid to produce a hydrolysis mixture
comprising 2-methacrylamide, a-sulfatoisobutyramide, a-hydroxyisobutyramide,
20 and methacrylic acid;

b. esterifying the hydrolysis mixture with a C4-C;, alkyl alcohol to produce an
esterification mixture comprising a C;-C;, alkyl methacrylate, a C4-Cs, alkyl a-
hydroxyisobutyrate, and a C;-C;. alkyl B-C+-C;» alkoxyisobutyrate;

25
C. separating the esterification mixture into an aqueous fraction and an organic
fraction comprising the C;-C;, alkyl methacrylate, the C4-C;; alkyl a-
hydroxyisobutyrate and the C;-C;, alkyl B-C;-C;, alkoxyisobutyrate.

30 3. The method of Claim 1, further comprising the step of:

0. recycling at least a portion of the converted stream to one or more of steps (b)
esterifying and (c) separating.
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It has been surprisingly found that the catal yst enployed in the present
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interbere with the activity of the catal yst in the vapor phase. V\D

2012/ 0478083PC’E(IJP§§|2§%1@JQF§|§6@ eb’g‘ﬁl I\Aprlsmg step (}Ei%ithfa%orﬁ)pns%g(flaagdlnﬁf’ hacrylic

acid esters co
the organic fraction to separate it into a stripped heavy residue stream and a flash vapor

overhead stream, then feeding at least a portion of the flash overhead stream to step (e) as
the organic fraction.

10
6. The method of Claim 5, wherein the flash distillation temperature is a temperature
that is in the temperature range defined by the crossover temperature +/- 10 °C, preferably
+/-5 °C.

15 7. The method of Claim 1 wherein the C;-C;, alkyl alcohol is methanol, the C;-C;»
alkyl methacrylate is methyl methacrylate, the C;-C;, alkyl a-hydroxyisobutyrate is methyl
a-hydroxyisobutyrate (a-MOB), and the C;-C,; alkyl B-C;-C, alkoxyisobutyrate is methyl -
methoxyisobutyrate (3-MEMOB).

20 8. The method of Claim 2, further comprising the step of heating the hydrolysis
mixture to a temperature between 90°C and 160°C to convert the a-hydroxyisobutyramide
to 2-methacrylamide and produce a cracked hydrolysis mixture that is provided to the
esterifying step (b)

25 9. The method of Claim 1, wherein the catalyst further comprises a porous support

material having pore openings greater than 1 nanometer.

10. The method of Claim 1, wherein the catalyst further comprises a promoter selected
from the group consisting of phosphorous, boron, titanium, zinc, zirconium, tin, bismuth,

30  cerium, alkaline earth metals, and combinations thereof.

11. The method of Claim 5, wherein the flash distillation is performed in the pressure
range of 25 to 50 mmHg absolute and in the temperature range of 120 to 150 °C.

35 12 The method of Claim 1, wherein the at least one element comprises cesium.

13. A method for producing methacrylic acid esters comprising the steps of:
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(a- MOB), and the Cl1- al kyl 3-C1-Cl12 al koxyi sobutyrate is nethyl 3-

net hoxyi sl%%‘ﬂ}{cﬁraa‘facpo( e QieR): 208. The method of Claim 2, further conprising
the step of heating the hydrolysis mxture to a terrperature bet ween 90C and

160C o 39{:“”60 H&ﬁnd‘fh'%%ﬁ@?‘ﬂébﬁ@f?é‘érﬁ mmad@atél%t% r‘i’i?f}é]ﬁ%é%béé{‘oﬁ#% oty oduce

a cracke ydro ysis mxture t I's provid sterifying step (b)
259. The rigtastag fsfm tegravn congirdingohlithive, sadiemy Betassivm hiepidimmesiiesang por ous

SUpPPOrt  francium, to convert the C;-Cs, alkyl a-hydroxyisobutyrate and C;-Cy, alkyl B-C-C1z
alkoxyisobutyrate to additional C4-C;, alkyl methacrylate and produce a converted mixture
that comprises methacrylic acid, the C4-C,, alkyl methacrylate, C4-C;, alkyl alcohol, and

25  water.

14, The method of Claim 13 wherein the C;-C;; alkyl alcohol is methanol, the C4-Cy>
alkyl methacrylate is methyl methacrylate, the C;-C4» alkyl a-hydroxyisobutyrate is methyl
a-hydroxyisobutyrate (a-MOB), and the C;-C;, alkyl B-C+-C42 alkoxyisobutyrate is methyl -
methoxyisobutyurate (B-MEMOB).
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t he groupwoanei®rssag of phosphorous, boron, titanium zPOE/US20MEMTHLM tin
bi smut h, 30cerium alkaline earth netals, and conbi nations thereof. 11.
The met hold. of Theanethbd ofvilaime il & whieeeir theslapdr feed Istredam @aniamspessftbamdsl wit.Po t he

pressure f . bsol ut.e in [ [ an of
120 o 15pRLS B shiel QiplctnlE BpAeEimshictidabdien Ao VAR HeBhd bF et o
conpr i sesf (A dimerEBdMANtin e steampied duiheri@gshrdishigatioy lapparatisd est er s
conprising the steps of: -30- WD 2012/ 047883PCT/ US2011/ 054762 (1).

hydrol yzing ACH with sulfuric acid to produce a hydrolysis m xture
conprising 2- nethacryl am de, a-sulfatoi sobutyram de,

a- hydr oxyi sobut yram de, and mnet hacrylic acid; (2). esterifying the
hydrolysis m xture with a 01-012 al kyl al cohol to produce an esterification
m xture conprising a 01-012 al kyl nethacrylate, a 01-012 al kyl
aShydr oxyi sobutyrate, and a 01-012 al kyl 6-01-012 al koxyi sobutyrate; (3).
separating the esterification mxture to produce an organic fraction
conprising the 01-012 al kyl nethacrylate, the 01-012 al kyl

a- hydroxyi sobutyrate and the 01-012 al kyl [3-Cl- 012 al koxyi sobutyrate;

(4). separating the organic fraction to produce an enriched organic
fraction conprising 10the 01-012 al kyl methacrylate, the 01-012 al kyl

a- hydr oxyi sobutyrate and the 01-012 al kyl 13- 01-012 al koxyi sobutyr at e;

(5). flash distilling the enriched organic fraction to produce a vapor
overhead stream conprising the 01-012 al kyl nethacrylate, the 01-012 al kyl
a- hydr oxyi sobutyrate and the 01012 al kyl 6-01-012 al koxyi sobutyr at e;
15(6) . condensi ng the vapor overhead streamto produce a vaporizer organic
feed stream (7). providing a co-feed conprising a 01-012 al kyl al cohol,
whi ch may or nmay not be the sane al cohol as the 01-012 al kyl al cohol used
in the esterifying step (2); (8). vaporizing the co-feed and at |east a
portion of the vaporizer organic feed streamto produce a vapor feed
stream 20(9).contacting the vapor feed streamw th a catal yst conprising
at | east one el enent selected fromthe group consisting of lithium sodium
pot assi um rubidium cesiumand francium to convert the 01-012 al kyl

a- hydr oxyi sobutyrate and 01-012 al kyl 6-01-012 al koxyi sobutyrate to

addi tional 01-012 al kyl nethacryl ate and produce a converted m xture that
conprises nethacrylic acid, the 01-012 al kyl nethacrylate, 01-012 al kyl

al cohol, and 25water. 14.The nethod of Cl aim 13 wherein the Cl-Cl2 al kyl

al cohol is methanol, the Cl1-Cl12 al kyl nmethacrylate is nethyl nethacryl ate,
the Cl-Cl2 al kyl a-hydroxyi sobutyrate is nethyl a-hydroxyi sobutyrate
(a-MXB), and the Cl-Cl2 al kyl 6-01-012 al koxyi sobutyrate is nethyl 13-

met hoxyi sobutyurate (6-MEMOB). WD 2012/ 047883PCT/ US2011/ 054762 15. The

met hod of Cl aim 13 wherein the vapor feed streamcontains |less than 85 wt. %
total of MMA dinmer (dinethyl 5-nethyl-2-nethyl eneadi pate) and MAM based on
the weight of MVA dinmer and MMM in the streamfed to the flash distillation
appar at us.

-32-



