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DEHYDRATI ON OF A M XTURE OF ALCOHOLS FI ELD OF THE | NVENTI ON [ 0001]
The inver\?bgpllr/ bates to a method of produci ng al kenes By rdebydiassen of a
m xture o S. In particular, thejinvention relates to the use of a
met al - nodi fi ed zeol ite in said process. 10BACKGROUND OF THE | NVENTI ON

[ 0002] Light olefins are inportant internmedi ates or building blocks in the
cheni cal MMHQ@OF@RGMU(EF N AMHENSHBYREHYDRRATIONOEA M BUREQHKS .
Dwi ndl i ng petrol eum resources conbi ?Qg’?i} i ts volatile price and
environnmental concerns are directi n%ﬂ industries to devel op
alternative technol ogi es based on renewabl e sources. Propylene is w del y
used in the chem cal industry in the production of iso-propanol,
acrylonitrile, acrylic acid, E%@Fa'ﬁﬁEp‘r%WNﬂgNom de. But the ngjor

appl i gation of propylene |s in the manufacturing of polypropylene. On the
ot her” hand C3+ olefins (i.e. olefins having three or nore carbon atons) can
be used as chejonoHl T]nmheermmhratam tora n‘lethbd;of ﬂ'ﬂmduehglahgenem aéliydmtionefant of

propyl ene yield d the devel o ur rocesses
pr opyl endMiXi¥ fﬁ&?% ipeP t E‘Vﬁ téorf)ﬁ%%}F{)é% q HEﬁJQ Ial FtaP ag’{eg
[ 0003] ProgicanRaidghsdeds wor | dwi de is grow ng faster than ethylene.

Propyl ene I's largel'y produced as a by-product in the thermal steam cracking
of liquid feedstock such as naphtha (cf. H Zi mermann and R Wl zi,

W1 eI8 Sonc). However, 1 RACHGROGIDOETIREISVEATION i o cracker is

about 15 % w th propylene to ethylene ratio of about 0.5, depending on the

severity of the ocess. Propylene is also by-product in the fluid
catal ytic cracléd R%j Light elefing aroemyoﬂwe@ym@taﬂ Qb yilding Rleeksrindhg ehganical

dehyd d
251 1008 Mo piini ¥ EAE R g Hbar? ek 6 Jaro BUUGHE B RulE bBhrolefy 2
f or mat i onresdurcar donibined @il 1(s0®4atllbyprme ranﬂedmlrommmab tarcents dry directingties.

Al ternatively propylene wth hi I ds can al so roduced fro nmet hanol
to olefirigd W%%Se@sg‘?}@iqli’ga §“P4%’8§F?]%° toésref‘@ﬁ@bgﬁ soirgesy IWEY NolSi t es

as cataly, eid aTesk t i BRI YachRSHIEE, T ON
with air. éfd%vﬁ g%l’fil} 1%%7173‘&?’718@3% %881363%%5&&1 %\/\%‘Ser t%e Sr oduction of

pr opy! eneacfylomacid remshe endapmphbhs osuichBatsthe maamcﬂpphcmmbmfampylmss mothebeen

vmdely re ort Sln e alco an be. pr C f mrene fee ock

75 o cRmmythtirine, BF FoISRGBYIRRS, OF Ty SpBl B E T plefmy (6 Sl B
I rrpor t antort ﬁbﬂaebarb&ﬁ QRfMY) daHrdectdddyas ahesmlealhawaineaﬁtebmrn@-ew dakyefaeothéced
via fernmentation process fromrenewabl e sources such as bi omass feed stocks

| i ke2@or nmpm‘gem@a@é paerylensl yigldoand thphdgvelogmentranpuipasqpresesiegdri iedwe f eed
st ocks fo | y ;€d as 1st generation
and 211d g %e{r%?ilgggﬁnra ggg&@ﬁ%&&@gfe l‘4\“%A,\Bno(eﬂrafal nﬁusq;f-las%lg% oc ks are sugars

(i.e. sugar be[®003] Brogglene asreand, weﬂawde i§ igreaving daster thheah)lleaeld’ropylexﬁa ise.

rape seed, 10 sqybean) mhll 2nd generation feeqg.sto
| i gnocel | ﬂ&?b’e%rofliwe@ aslaltt}'nPrﬁ anthedheimal steam cg IIE:ge‘l)iiC @ésedS%‘sa“émsps

crop resi a S ER dfr 8f Phehened
mai nly bec Eglg E’&gf a?gm%g?ﬁ%%mag%ﬁg%ltgﬁn@rﬁrgwgbr eeé)g/cgdr?;é t he feedstock

for 2hd o@memiaty,of £dr R0zt Jobn Wsleyl§u§|0h§b vacheh@efreltagfmylﬁfe froam ar e

| t t E t
dust ry. DpSATIERRL T P B eV R BiFPy et BRGNS ket ot BBl S lertBiBe g, oo
as renemhé%e\féi‘gfé%fﬂ%fd@ésﬁhPﬂoﬁyl'eﬁ@%DﬁEld@'bBl -prbdic@ s e fluig! catdd@iogratiGrg as

fuels or fuel itives in autonotive engines. Alternatively, production of
i nter ned|Aktenatmlmapraeylswe\&s%n@dv@e&ll from ¢ha detaiegenptiory of rreapang toft Mact i ng

considerable in t o), at or
climte c aa’(r?lrgljsea}“%ecﬁ % 32 {aewz?da I %‘:%t‘h#{g)?inet hangﬁajgﬁghﬁﬁﬁg F)Sth{s

deri s@d fproceseas w Minigase thé fbﬁnmsot?&rbdmoyﬁﬂ&f (0Gx)rigpeansietescoanerdionrafct i ve
alternative route. Butanol (i.e. bio-butano]) can be p oduced rom

r enewabl dERBHES Aﬁsﬁnt?avﬂq Bropyleae VR gk avields caB AsAsPaPrequess offom

producti

Dot obut yie EaReT 6 BRERY bRy IR Rof o hp R EAROL i B PSS e, | o
bi omass fatdgdtocCokes féroredeinh hreoprasessdoedd 6n besreupwed |‘try Aaabagiomewitht aion
process as well. 25[0005] Among various ol efins, ethylene, propylene and
butyl enes are the nost wi dely produced olefins in the chem cal industry. So
the direct conversion of (bio)- alcohols (nethanol, ethanol and ot her

al cohols) to these light olefins is of industrial inportance. Production of
|l ight olefins frommethanol has been reported in the literature (cf. B. W.
Vbra T L Nhrker P. T. Barger H E FuIIerton H P Nllson S.
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di sadvant ages and to provide an inproved nethod for producing al kenes, in
particul ar propyl ene. SUMVARY OF THE | NVENTI ON 25 [ 0007] The

i nvent i onyphowi/ges7a net hod of produci ng al kenes by dehygdiRich@id/008238

m xture of alcohols in a single step cdhprising providing two or nore

al cohol s; contacting the mxture with a catal yst, wherein
the catalyst is a netal- 30npdified zeolite; d reacting the mxture.in
the tenpdlAWeyeE 'rhﬁn@régb‘ftwé‘bﬁ Propyh R ec?“@}?i% éﬁ%h g of‘d‘a?epﬁgmf‘he
al kenes. lIu@%gﬁ}laST REt HEeRide &é_?oh'ed.bﬁnggtalc%hold%r@ prRAuYEd FomCfRERAGIE O
the detaile WO 2011/ 162717PCT/ SG2010/ 000235 4 descri pti on when.consi dered

i n conj urfe¢dsckwittih cteae the¢Ithe pfodubtionf 0fpropylent |fran bin-aldohels tihan amperansd
drawi ngs., BRI EF DESCRI PTI ON OF THE DRAW NGS 5 [0009] FIG 1 depicts
the sel edi®%ty towards propyl ene during the conversion of ethanol / but anol
m xt uy es i nt o [ho@f)tCteatiyNBicoMBinot G¥béing LAl prbdfce ViaGermdntdtRMDE08ésdr € on
t he propyl ene selectivity is shown. [OO%O] FI C;{) 2 depicts the conversion of
et hanol / Htamamenewabler spugessi swelp ap bistmass|feqd stacksolkecornpggarcapeing cgtlulesp C.-
Propyl eneand_ C3+ ol ef i ns 2ct [ V] L (o) - FI G
3 depi ct grhteﬁeearg orrrllfallélkys ?“6?1 cgtggélf%aénf\cl)fe% %St/o%lr(\%ltdnjr;ﬁlft ét}lrlagltsoE ?%@c? nfaltlgcj’ﬂ’t W%fkglfl% Il?ls
Over 20%cF4ssifies ap af Qi¢herdfidh and D g efatioRPsomyke Mthealidgdndratioh ebédstocks are
selectivity vs, time on stream - [0012] FIG depi cts the

pr opyl enSUEEP dbe.i $1gay beeter sugar aesshi S dihentds ahgat swgékw@msz@w 5

sanp| (FS 'E&B?Iiﬁ(ne%fl%g)}_{ﬂe ltzg?gﬁ{eﬂtﬁﬁ%e@ 0@k are QP%lio@&ﬁﬂoJeQ K3 lighiChemidpRidgts the

pr opyl ene 0 ns selectivity 1 n tthe conversi on of "et hanol / but anol
i nt o | i ghindckBdlose), woed chip§%rép rasitiubs, cnd 281V gFsseESThS 28t gead@ti@h sources arf0014]

FIG 6 depigcts. th | d + ol efi ) tivity in t [

flG o Sepgts, e pronytone and G CLelinc et e gomer ot o

Zr - ZSM 5 jat o0 7 Crerleddtibi R s B-ﬁhmh%e}_"&% MDMENT tHebh are a%ricultufeﬁo 15]
y

Thi s present invention discloses a nethod of produci ng al kenes

25dehydr avastes. Btharolis slseadydafroduct thiie sugar cane Indybtey. skhepthanpkprgdueedfsom s

hi gh selective in that C3+.0lefin b ' 1.0 . i ve
aboup/ 505%@ above prf’fﬁﬁ%g] lslcﬁn%}desrf%él P éé%e%)éleaﬁeggﬁéﬁqénglﬁgg IF ﬁ@de&ﬁr\?f!ae%% |8£ rg&lrgrgans

t hat no ifaélebéiRg usddeaspaold e tfigel hdigiveDinbaitoraotivad @rgires. Ahamaswelgrpbduction
conponents have to be produced in separate process steps. Thus, the present
i nvent i orPfc aensrediain sprib wugaddegn shemtoalsy fima g gthanol iy cyrrentlyo @iffagtipgt  and

the alcolBhsadhfle Thithdl: pChull OGN HAKR 6P HRE ant! éohc@r‘?g *foptfmﬁstes&ahg@t the
reaction for producing al kenes can be started. 0017] I'n one
enbodi nmeMehydmtipn ef bawerialoobolsi(methanavandeshanoetehived Gbmpratatakgasgr didmases by

dehygh ation of s mxiuLe of al.cohols 1.2 £i00ke, SLER, SR MY ol B O N9

produced from renewable resources by using similar fermentation methods as ethanol
production. Acetone-butanol-ethanol (ABE) fermentation by Clostridium acetobutylicum is
especially applied for formation of bio-butanol. Similar biomass feedstock as for ethanol
production isused in ABE fermentatioﬁ process as well.

25 ' [0005] Among various olefins, ethylene, propylene and butylenes are the most
widely produced olefins in the chemical industry. So the direct conversion of (bio)-
alcohols (methanol, ethanol and other alcohols) to these light olefins is of industrial
importance. Production of light olefins from methanol has been reported in the literature

- (cf. B. V. Vora, T. L. Marker, P. T. Barger, H. E. Fullerton, H. P. Nilson, S. Kvisile. T.

30  Fuglerud, Stud. Surf. Sci; Catal. 107 (1997) 87). Among various catalysts reported SAPO-
34 was found to be the best with 100 % methanol conversion and 90 % of light olefins
selectivity. On the other hand, SAPO-34 and microporous zeolites are known for the rapid

deactivation by coke formation which eventually influences the methanol conversion as



or nore al cohols; contacting the mxture with a catal yst, wherein the
catalyst is a netal-nodified zeolite; and reacting the mxture in the
t enper at uge 2oanN@e718f about 350 to about 500 C, thereby peegdshid@osIs
al kenes. 100181 According to the presert-invention, the catalyst is a
nmetal -nodi fied zeolite 5 The neaning of the expression "zeolite" ma

y
i nclude, but | not |jmted . M cro al um nosi L. cat i such
as hydr_at"\‘ﬁ!il %lF’gPﬁ ﬁﬂg‘ftl"i‘té’a(t‘éés]_t' gY[arlré}\’ea%\‘F %ilci:lg?\‘:éo’é‘ﬁﬁt’ AMpk ﬂtéfe-gl_r ﬁﬁgﬁsjgﬁs The
zeolite rﬁ?aéo,laafng RYUS 300576149109 t £PrdRss SdnveRing Rlixedr alsMI 8F nfetidnbfland and

may be crystal[ine. In an enbodi ment, the zeolite may be a pentasil -type
zeol i te (etfanol fe@lstavk@u dightrolefins Whs reBated. d.Hoaba, Ke Muratas Maibditex IdEaleahara,

Mesopor o Materi al s: ogfess agnd 10 _Pr s... Stud. r f i, tal .,
5000y " Vairedibbhbn? 900D RS FeoRR by RSBl araly i Taldd 1o5Fd et
zeol ig es pRYhRc]CRPasRE Bfo 8vesielind eTeds alitheR ilSo Irégted HiggntOebleyis
oxygen bridges to form pentasil chains. Azﬁgﬁnt asil unit consists of eight

fi ve- menipeodugtion duging ethandeoaversiggon Kaid t5 eatalysip.elnghisgyork; therapthgss 0 i s

assuned t. nded be en,.the verti,ces tasi I '
i nter com‘.‘g“’&%ﬁ‘aggl}e %?%se(tr)\%ﬂ%?alcg%%sont% #agl?o% ((1:%);5? @Sgﬁ) gd{ﬁ.é[g Litsaﬁgg%@& \(/:\n@igﬁ’si(?f ring
hol es. LizZk6lite Fanm@niriasiie suddtivity @id3+1Otefin@abhdbaedsad fAIm G1.19% @246 i ces
with an 0 assunmed to _be bonded between each vertex. Each Cﬁrygatﬁd heet
i s conne®ved9%) myry(de ) pl e deshestoselestivity of prapylgne Was afous {2 8rghith163Fi ng
chanpgel s oﬁéﬂ}l@'s&gct VARl 795 AnlHIE1 985 ﬁ?@%tl', &8nd12fd BLAHSION &R usddsephiately
channel s perpendricul"ar to the sheets. Adjacent |ayers of the sheets are
rel at ed hypsdutesthylshomdbmitplenes in thafirse stop didrpropylené wiazpeththesis irny s2onde,

but i t |imited to, HY (FAU.struct heni cal f |
G2 o e EB 1ot Oapommeity 1t B TSR e dcion i A iBaT aves derqgibed in
chemi cal ¢ quaupawiaZ1hh! . P10 K28 Whae HvMy 'E.Uﬁe,(mlﬁtdilﬁcz.lﬁﬁr Jchaai, cal

formul a Na+8( H20) 241A18Si 400961), H PER (FER structure, chenical fornula
My22Na+2 258 (AR 48 SiEsbagzrient irHthaCnopglepaimudiiction tias cattribhtad; @athe syl a

H+2. +3.1 .4B5. 1Si 66. 50144 HZSM 57 ¢ NES e, fm1 qel

for rﬁ\l: ﬁﬁ&i_f@lfiﬂ?sggifgﬁ?%geglﬁ ﬁllﬁ @“@E—ro%é(aél(—(gﬁls t}foh{:etlé'g%’ g{o scuﬁéﬁd’l Sgg o?rml a
RNaNabAl Zind&taken GOr yEdhversich<ak diher (alcohishk<ito3 plefibsvespecialty es emphdvie sthe

N, N, N-1- trinethyl adar nant amoni un), H ZSM 22 (TON structure, chemc 5

st r uct ur ®repienerAnd L3 Riehing splggtiyifyaisossonat. alodeatal. et (%909§r13#3éé1@6§
zeolite 1.3 ’ :Q6, : <n
£27))  ThA BT BRI pp YRS, PR o R D P T
gener al | yeolitesimay pe extdlamodified.he fi el ds of zeolites. In one enbodi nent of
the jnventi on, zeolite may be H-ZSM5 zeoli.te. .The expression “ZSMb" is
usedl nter chaﬂﬁ@ﬁllg/?S\/\}hFFF??rﬁea/‘\a?%Fétsgﬁs% prﬁgezéwgenu?ﬂﬁ&p KBRS ﬁlesabgﬁ?i re
speci fi ca%da@PantagdO 2404/ Prbvidd ARG RlefH¥a2R9p Roducing alk8hkkDln phrtRGRr
enbodi ment of the present invention the zeolite may be a nesoporous
zeolite. pBmdengl | y, a nesoporous material is a material containing pores
with di aneters between about 2 and about 50 nm The nesoporous zeolite,
which is prepared by - al kaline post-treatnent, degrades its crystallinity
and physical strength due SUMMKRY OEaZHERINVENTEONr acti on of framework
silicon. The renoval of framework silicon al so neans change of chem cal
propEYties of zeolite, i.e. change of intrinsic characteristics of zeolite.

[ 0020] The zeqh¢ t. : . t ¢l j i
et al - modi f 1 ed000] ARRRckEpn Bhoi SiRRA oAl ks B3 epitadion of o
zeol i t e imixanabdhateblsintasisglesteplcothPrisiogpound, wherei n the respective netal
is linked to the surfag.e of the zeolite via (wet) inpregnation, adsorption,
i on- exchange met ho®'SNdRE (B REMATS RIS procedure in the art. Generally,
every procedure Whicghfie M khikdife Wethah dafiljshewhsrefrraR ftalyfieiszeqhdthle may
be possible for the present invention. In one enbodi nent of the invention,
the 3etal may be sehatifiedizdolitananéhe group of, but is not limted to, My, Ca,
Ba, Sr, Cr, M, Fe, i 15 7n, G, Ce, Aq, P ' i zrdalorr MO,
WL La and i xt GFEEhE R mERuredn oY P E i of B ahou soBlas

t hereof I n one enbarére®iprodiicihf the divedes.i on the nmetal is Zr. In one

enbodi nent the zeolite is reacted with a respective netal conmpound to

attach the met[8908] Fheninventignaadll gre bpigerserlersieod with pefergnce donibtislgtatled,
produci ng the netal -nodified zeolite may be, but are not limted to,

My( NGB) 2. 6H20, Ca(NOB) 2. 4H20, Ba(NO3) 2, LiCl, 20 Cr(1\103)39H20,

Mh( NOB) 26H20, Fe( NGB) 3. 9H20, Co( NGB) 26H20, N (\103)26H20, Cu( NGB) 2. 6H20,
Zn(N®B) 2. 6H20, Ga( 1\ 103) 3- nH20, Ce(NO3) 3. 6H20, AgNG3 Pd( NG3) 2. nH20,

Bi (NGB) 2. 5H20, (C4H90)4Ti, NHAVO3, Zr Q( NGB) 22H20, (\TH4) 6MD 70244E20,
La(\103)36H20 or (\11-14)10W20415H20. Further conpounds in addition to the




30 and thus the selectivity for al kene production may drop considerably.
Al so, sone netal oxides may be acconpanied wth surface oxygen atons which
hel p in he reactant or products resulting in I .ye

pr oduct %P%gtzlljlg%gl\/breover netal or -fetal oxides may Il)ggfcgt(t;§ rogjgr(\szlt%e
surface after a period of t| me. These factors shoul d be

2011/ 162717PCT/ SG2010/ 000235 consj dered whe | ec 0Xi

cont ai ni AESCEBHMD napnastgre%rt Honlgéﬁ?@ne‘ﬁf’ali‘rﬂl‘eeggﬁto%tt%% g? %Sﬁétegdéﬁtle of
the presgpiched h i ncl ude phosphate or sul fate conpounds such as, for
exanpl e, 4 Cospﬁgdﬁlcgsgm d or sulfuric acid, or a derivative thereof. The.
nodi fyi ng agent may, for exanple be, but is not limted to, H3PO4, H2POM-,
PO42-, PO43-, H2SOMM5 5 - - e i t the nodifying
agent may be phosphoriBﬂiﬁy%gégﬁﬁ?vaé?agﬁﬂpﬁwgr exanpl e as

ment isoned above. |n another enbodi ment, ammoni um di hydrogen phosphate can

be used to nodify the catalyst. In anot her enbodi ment of the present
i nvention t he [0899] FIGnd dapéats thwldﬁevltbmwards rewylangidusagithe connegsempt- t ype

o gb;lzers 7 @Zlb’%" (ZW) thffsclj)tﬁg%t 8126ﬁn?18f' (P& sucht 3@@%@8@ o@ﬁm&%ﬁ%ﬁ

MO2072-, o %ﬁ-ﬂk‘g 1e@étgk1éweﬁgi?s4ghowheteropol y aC| ds such as H3PMp12040,
H3PV\12040 an WL2Si O40], silisic acid (H4SI or derivates, or triflic
aci d ( CF3S03HJ0M0] Fits Meé@ts the conversigr gf ethw@léwzﬁaﬁt miftuses ifte ighbolsfant
anchar ed o I bl e
AUt o SO ZLTRAESME S C ProBARAPR OBl oleRind RectuTl Wit SHc®

det er mi ned by [001(11; FIGL 3oreﬂ1cn;athy ceverdion nf ethenafoitanbhmawturesirddilighholetifis t he

i nvention, nount of |f t anchor / nat ed in the

catal yst Oh‘éfyzq P FGEFéOP%B‘t‘Sr? ‘Rtoab%fg’ﬂoﬁyeener?&ﬁg:?h‘gﬁp%%“ﬁ Y Viu¥E© about

1.0 w % ,ghetm5 W% about 10 wt% about 15 wt % about 20 wt % about 30

w % about 40 wt % and nore than about 50 wt% In one enbodi nent, the anount

of nodifying &Hal leﬁc Hod@c'ictamw proptv}epc egleativty pvert Zen@étf@riymn mesarayd

|ncI de, but is M edlto,t ess than l?ou %(%1 13 Sabout 25 wm % about
% SR BIPIES ST KRRUS o BRAARITS ARf o pad &xanpl e, the

del fyi ng agengo rsgmae SURepittd me%@mmth}%%lﬁn@bﬂH&tlvltytlﬁ thé ovrivemomt %

about 1 to about 20 wt %  about to about 50 wt % about to about 20 w %

and i ncl Qﬂﬁthgﬂcdﬂwaélﬁel@iq h&ht@éﬁﬁ@é oy nd e R- ﬁ@ééﬁeﬂéﬁg{egr-@%ﬁ 2400 o1 exanpl e,
about 1 W% ut 6
wt % about 7 . out&egﬁpsog}E pg%%%?eQﬁ@?é%Béﬁt%ﬁelg\ta Yo ﬁgﬁ%\r%)rtl?ﬁ'tr Sz&gf
nodi fyi ngf agxammnﬁnet ntitutdsentot 9gho folefidi dver Aty RBowrtifieh20%eZEZ3MH-5 aads0 yst .
100261 I n_one enbodi ment the nodifying agent nay be added to the. catalyst,
for 2(95(arrp1:e by inpregnating the zeolite catalyst with the nodifying agent,
for exanpl e phosphoric acid. In one enbodi nent, the inpregnation nethod nay
be, but is not limted 30 to, a dry inpregnation nethod. The nmeani ng of the
expression "dry i npr BFTRAIED DESCRIBEON@F THIOINYENIHEN of ordinary
skill in the art. Dry inpregnation may include inpregnation which uses an
amount of water which is |ess or greater than or equal to that required to
fill the pores omf5£ Sht’ aiventibwr diess! &, mpthedpbprprodwingl aesnebebpdded
inan WO 2011/162717PCT/ S&010/ 000235 - 9 anpunt of about 5.0 to_ about

20. @5wt vslehyssationnfra mbxturg o6 alsplnls & & singlerséyne A Be Prpcesids W bielentive phef c
acid in Hﬁgo‘-icﬁﬂls'rﬁfybé tﬁn%d"fr”"ﬁhld%gﬁtrm%t sghe process for preparing the
catal yst Ty conpri se e zeolite at an elevated tenperature

bef or e addi ng [0016] i as pihglei stela(alccbrdmggrd thdi inyentiv! areape that trioz intgmiddeate

catalyst. 5]0027] I n_one enbodi nent of the invention, the eolite ma have,
1S5S e

but is ndf upma@a tg §e isplated pE Hhal sevhralcomaongats hav 1, be BEoduesH Yhiwer

about 280, SUCR.RASTRR! W es‘fémﬂberﬁi%ntcﬁn B@QHﬁsuﬁQe@ﬁs %Q@Bet":fgoéeﬁu@bpé'tthéo | n
one enbodi nent’, the SI/AL ratio may be 80, 90, 100,
110,30120 catﬁ@@t aﬂd4t]1,e alﬁﬂl,olﬂﬁ@ mll(é’d) and&@qugbg(ihto mmactzwah 62(2100'[}128@0 ﬂ‘.i_’ﬂmhe 250,
260, 270 or gﬂ k 452 eglo 60, 70 or 80 and including any
speci fi cr%tm’?/ rtPéo ct“r%ah et“ﬁegaé‘tte Y& Any of the above given val ues may

be the |ower qoo1npReiont Iembbdmtenaﬂwpﬁe@éﬂt 8nveafigR préviddshe metioflof grodecing t he
present invention. 0028] The average particle size of the catalyst

i s not | ialkeneschyhidehydeajiod @pemeixme phalcegleinameingle stepsomprisingeprovishng $¥ and
may be nodified to suit the particular reactor used. The skilled person
will be fully aware of the suitable particle sizes of the catalyst. 15
Thus, every particle size which nay be suitable for the purpose of the
present invention is possible. [ 0029] Cenerally, the pore vol une of
the catalyst is not limted but nay be adapted or chosen in view of the
speC|f|c systentused Thus every pore volune mhlch may be SU|tabIe for the

S T o I Y Y M ~ N




10 al cohol as starting point for the preparation. Using a mxture of

al cohols in conbination with the catalyst of the present invention

faci litatgabhfReAduction of a specific olefin or ol efi BioEhifofsorsE0r
exanple, starting froma m xture of butsanol and et hanol, the |nvent| ve
process leads to the formati on of propyl ene and C3+ ol efl ns with an al cohol
conversion and olefin selectivity as described bel ow, 15100321 The al cohol s
whi ch mayr Beore gleahols; eansagsing Shemixtyieewith ancaalysthwhensin the catahyt i3 p metdy ¢ o,

G 8 ar ko bl 36 R M TR St o SO PRt

B, LSS et Lo O S DL

L-pentyi - ndlAF) Acsoringd e o et prn g Shialyss 5 B imo s ZPoine
T, TSN OO epby Sl e BB s b T IER

1 3 di rretahmluboml}d:a,te inerelshyicheast ydrased 31urmnh§1hqmcst pf the alkelee andolkalnat

L e conSh Bl i Rl B i b O pERGRG o ha !

2- met hy | g0l @9stdniak.. Inl dh &HSoEMERd HERAblite Mgy BE Atpshtishitysd £0lied @fMBB. be a
25 conbi nati on of et hanol and but anol such as a conbi nati on of ethanol and

one or nMeCuskemargy€larBderloghas,Zealites anddOrdseedoMiesanoroustviatesiplsoRisigzess and he

oy Hb - udeaPer Al ST SRR B0 8y L ACCRA MRk B BAD. ShenOl

errbodl e enthdiBtypesbolites mhy dk coMPbsedrom\sedigal ﬂeﬁfasﬁxlﬁimhﬁkedaogetﬁerrh}b«txygm of

et hanol and butanol or nixtures of butanol. The ﬁl ng 3I s may be used_ in a
pure 30f drifges to form pypas chaing rh PERBEHPRE FONSS OhgiEAh BEFTHPerethings L us
sol uti on u t B

al cohol s ﬂ?gﬁe?ﬁ% a(%%g{;)%!swésyo‘)f%t@g%ﬁ?g aﬁ%taﬁps)gﬁts |agﬂﬁn&fwggnq0?gé@%gﬁ%eg EI %abl e
concent r akiticss Theupehtisdl ol steoimtercannacteld d@nomen\Mdges to form corrugated

2011/ 162717PCT/ 010/,0002 - 11 etermn by thqose o i nar, skill
in the arsﬁ eety it gﬁé "@‘r&h?g‘? mﬁﬁ?e the H‘é“t?fg]rwﬁﬁt?aﬁgq& '@fh‘ﬁ‘ﬁgasa&:%rh 18 VeHiEhe
sol uti on yAYaPO AR HBE bondéd béfvetn BRPWer@R. Mich%ortigatad @ﬁe@bpwnné&eaw %

to about 50 wt. %, based on the total alcohol concentration in the aqueous
sol ut i onbyRowygex brigiges, totfhmn ectmetire withistraight heriag chbarnels raapingeparglel © s not

about 25 0t SBpoemat a0 YusoRetih bl g Felithubmatvo B SR, gt

about 50 |pferdbf @bahéetOarewtlabéd BLaLInvEGiontpoiat. Bhond erﬁﬁoddtncﬁb, tladomeotiteiayt . %
about 75 wt.% about 80 wt.% about 85 wt.% or abot 90 o ch, al cohol
in tHe mbﬁt buk ipreRpt pimped dently rﬁFﬁ% Sé%lﬁ%‘“’an’ih?ﬁtwaés amela by MEcRaks . | n
one illu NYQRLLRN: t 1Bsolo

about 5 ?@}ozfgﬁl%aﬁqﬁg’sgfe usedUtPEAo%e errrgo er?rlggétﬂ %)?rnwﬁeﬁ?ﬁ\%ntlJoﬁ?gg h
al cohol G{-Mdidennex(ﬂ\dma stm;cnine, q:heamaﬂntfommlaNh §(HeOpnlA 18 Oad]), dhdF ERa(HER

0034] Th t al yst d al
E:onve]r si éﬁ“gtgi?? gﬁ%‘% gﬂ‘lélg\ell &P é@gbgﬁé@%ﬁ”m 729eeﬁb®ﬁh?§2nc§w9¥n t ed
to, grealgichRAnnanRul f&%u% mm&*«;q[h A1D® &9&%4155 HZSU-8AL@IFS Ratcakput 50

% greater than about 60% greater than 15 about "7/5 % greater than about
85 935 gr ehemwical Ifanmdboﬂtls@ﬁh%&lsgr éhn]ésr S‘Sﬁaﬁ 466l gmctyre,gchemisal dommlabout

96 % gr out r r about
99 % or mai‘%gaé}o” g‘gém |%<\(;22 ?ﬁr”ﬂ%ﬁ%ﬁﬁ‘ﬁﬁ%‘gsﬁﬁ gsrsl\}wﬂt 1n t he
scope 'of tﬁi%@th@[aﬂ&ﬁaﬁtammmmpm ZBMIBZ](TSN §talthaesehetied stractutdfraheahbl of
the invention would be understood to or 20 can be det er mi ned by t hos

or di nar y Nki(HhO)ahAlfas-eQ), 0For2)eXaHA M- 5( H‘E"hé? I strpgtpre, chgmical deany %? om a
synt hesi a S n.e SRhelyyraygbgETh®r "H-
exanpl e, %\éagﬂs(v}\%o{)kgtp?rﬁq?é Otlgépl(gn< Iggét);ﬂlrl %ﬁrglg%rmss Hb?co hol

obt a3tned Mo@ehibs" canals'Z SMy5 " bere r@ﬁaanﬁdsecbemedslom-muﬁab fmidsbobzailxtezshdrh one

Bi o-fuel or bhjo-al ohoI unl i etrole 0 o renewabl e, rgy
that can s5¥ofd ’r‘%\ﬁé’ theripgentiony ﬁ’@&g?léff:é‘?a L‘é"e’ési%@léf "é’?“? DS PISESION

from butsi & Rely llht@}&%j%etaglzy RN hdTRixBesdibn  THZSRXBMDihgoughBhty tﬁl@n@mﬂecr ops
such as sugar cane, pota mani oc and nmai ze or even cellulosic materials,
such as tspe@Bcaiod. gr asses. [0036] In the present invention, alkenes
are produced froma mxture of alcohols. The al kenes whi ch may be pr epar ed
may be C2-6 al kenes. I n one enbodinent, the C2_6 30 al kene nmay be, but are
not limted to, any straight or branched al kene, such as ethyl ene,

propyl ene, but-1 -ene, cis-but-2-ene, trans-but-2-ene, isobutylene, pent-1
-ene, cis-pent-2- ene, trans-pent-2-ene, 2-nethylbut-I-ene, isopentene or
2- nethylbut 2 ene. [0037] In ~one enbodi nment, the present |nvent|on

o o, o Y A~ ﬂf\ddldf\ﬂ—ld—lhﬂl‘l NN LN AN NN NNS ~ N 1



understood to and can be determ ned by those of ordinary skill in the art.
[ 0041] In one enbodi nent, the dehydration reaction nay be, for exanple, and
wi t hout Iw@lbhadde@nly conducted in the gas or vapour phasecrkgo@egydeati on
reaction could WD 2011/162717PCT/ S04 000235 - 13 - al so be conducted in
the |liquid phase, dependi ng on the al cohol m xture and other reaction

condi tions. &H The pressure of the dehydration reaction i s not
particularly I9%4% O%?ncfnﬂl?fit“a%}teof)rté%sﬂte%@t viBERi1o8e thn FEPUtCOBRY: 8€aRd can

be deter ! Nist@arekibt cdntaiftiy ﬁ?&oﬂitﬁent
t he d-ehygllelgg Orgh’sr%%??e?%éfnﬁ%[l? Qﬁ{e)é %)tgé Irrllgtt%nldllr% eg to, cco?tldu ted at a
total pr dssneters bétvalboaboui med atboutaS:(bmm "Plie inasoposms tze@lﬁe,a\blnuh 15p1bparedl by about

20 bar or 1 ar to about 20 bar . or .about sph ssure

[0043] The? \?‘éﬁ & ROSH{FpUmMEAS cﬂe%?ssbétsﬁ@ﬁmﬁﬁun{) g g%ﬁia? OAEh odire 40 not
par tiscul JediMcdtion! Hﬁdextﬁa%rﬁb'f aRle® ofle STESK. ThEPRMmVALb Uil ewbilesiitaPaisé 0 and
can be 10 determ ned by those of ordinary skill in the art. The reactor may
have a sinmahe chhnge @i chemival piopertignof agolitghee. t ¢hpagopf rléla@qmaphafaglelb‘élcg w6sen
by the ski Illted person depending on the conponents used in the process and
the prodd€&?'5whi ch shoul d be speC| fically obtained. In one enbodinent, the

dehydration r qmaﬂ e NFRYplifeecatdlyiét ¢1Oth (Preéehechvtemmrc @ dstat da innetal-thbdified
reactor or in uid or fluidized bed reactor. The flow reactor i s not

parti cul éqmny "Meal-madified’ im Hhis sespeetomeans) Baf teazeobtesisvgontagtadeWith demstabod to -
and f

enbodi men? r,ng?\&ue’f H%?vg?gya%kégp & 1v9 glsp?lg(k)eégsté dc]ié rS%rgacc%gt& tﬁéatzﬁ%lt ﬁy??’et;(ed
bed r eactimpreghatich, ddsanptidmp\iord- ex«&ﬂngfedleﬂ&dcdimn othbrevité keawib@docedaretiarthemy be

i sot hermal and/ or adi abati c. n errbodl t he oce of t he
present 2HvERRSTBILY: r?ﬁ?ryl%o‘i?gf“ﬁ\? ICBG‘an %ﬁ naet?leta ?urF?éfs.Oﬁgh ’?Bﬁes.

The i1 Ste2008b15Y: Hx% préfethvidhidh. In SHé bRABLENRAE Bﬁﬂierlﬁvémffoﬁrﬂ@m&ﬁl may
particul ar ‘si ze, such'as glass bead, such as about 1 nm about 2 nm about

3 nm abbeiseléctedfrom thbgraupSfrimtss nes, limited tagMegs Cp,rléa, iheat, Mn,d%, @el Ni, 431,

m Xi e of th Thyus enera Zpne; may be
sui tl;% e%op ante. ﬁ%ﬁfﬂlﬁhy%%’ﬁgw g Fﬂlxmreg ty?ﬁ&e?‘é gc%ri’ \B‘éPB
conponents, Ghhadshixanes #Herof ”ﬁx}’orﬁeerh&ﬁﬂﬂénmﬂthe u%ntltsueﬂfeahaﬂaysstzmﬁ ofle t he
vaporized feed enters in contact with the catalyst. The third zone is the

post r eacmbedimesh e zpnbterleaftatcteémtlem@mttw&éaet compoupd @ attachihe mgal do

t I
was moni 1 Sifede bRERSZBAR, 1Y sEANTBITRRE R BRSclf BEnRlThoqiRERBEANYT ©
enbodi memtay aespecuafe @oartimind of, MgENCB),e0H:€1, @a@m),ez-all{tm,t Sd(MOt)h, equial

aack GG DR MABSED S, &g@ﬁ@hr%@& GaRoRbESL WAL L iRler o
gas at a(giNeD),ialeer a0k -crheut )3%2@)0 @Jp@g@.@g@m f iAgNdJe

such as abouteﬁ)ﬁh about 4h, “about '5h or a%out . I'n oné enbodi nent of’ the
i nventi orPd(NGe)zmbhOer SIBl(N@ﬁ)z‘tSﬂlhOm xt @HoQ¥ Tl cothsts car(NP: o200 a

conti nuo be SLIre d/\q: |
2011/ 162@% @Omog@%ngﬁt@r%e%‘ﬁp R UL res‘f)rgt: |c°mpz°(51rltgsslnay be
noni t or e@dditiBn @ theibb P&l ii¥RAbnedS@YIfoahdd A8 paRsblePloe exafisle cefipburdt. wigrendi ng
on the reactor size the above general requirenents may be adapt ed accor di ng

to t3e kmhﬁ/wmgen@f hydratierk iwaterd Examplas. of Hotwsy corwopndsumay nsurtyp apoé

vel ocity C ol ol | y

(T ea” AR o, M sl of st dPMORALS, ARebBRThAIRNS, Sock By AREL ORI o

and can lbeordﬁlbgrammk&dm’ﬁ)dehhasglt@jswh ds amrnpnaim bd)mpasurtlb)eoreslutphafébe expr essi on
"l'iquid hourly ﬁice vel ocity” defines the

idv f.alc
react ants suppP9dd Thermeiglilodding d&d thy a’E"HE“'vth ﬂ??emﬁfa ’C%Ha&B% ?0 tﬁ]é% &e"hte
Cener al | truétﬂrec gPfhe tﬁg%ghbgc‘yathl'}gtrrﬁi’?ﬁébe&l@@n SR St kY adut B0SwtBa&ich@s 1S

decr ease ['n dne enbodi nent, "the dehydration reaction may be conduct ed
wi t 30LO abbmtqiuvd %t(lu rabyutszﬁme % air bty 5 oft. Toetovabent aﬁom%lbiﬁedmraﬂmmtaw

111, such as about . 1 abou t n one
enibod nedmoun el PretaRial T ane pupofuenge e i ehlion she il Poabing i be. 448 05
111, aboyj pet lﬁnﬁ‘ed]-to b5 Wt 9; dbod oWt 963 abolt-7lwt. S abdut 8 W%, aBRAY whyp h-1,
about 5 h-1, about 6 h 1, about 8 h-1, about 10 h-1, about 12 h-1, about 15
h-1, abo@boln?thW!L"/@tabalbioUtW!L%, labout Bhwt./m@badi by Wik abpatcl4 vwe-%eaabeat bp t hi n
t hese ranges, wherein 15 the above val ues may be the upper or lower limit
of the suitable ranges. In one enbodi nent, the LHSV may influence the
selectivity of the reaction process, i.e. for exanple the anount of

propyl ene obt ai ned. [0046] It has been observed that a catal yst
conposition of the invention exhibited a high degree of stability during a
dehydratlon reactlon |nclud|ng a catalyst conp05|t|on 20 mhere

I
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5and preheated at 175 C before entering into the reactor. The reaction was
carried out in the tenperature range between 300 to 500 C under atnospheric
pressure.wo011/168849] Catalytic tests were perfornmed by pchjseshiongo2ss Xt ures
of ethanol and butanol and/or their didlted solutions using a HPLC infusion
punp. Helium was used as diluent gas and supplied into the system enpl oyi ng

fl trollers, T | f h t | h
Che r eact tecss | ut Poritan YOG ShousAb decibobT ¥ado FoBt A0 AT o
CP- Por abgijdyfhe oltdfih 26 Okt ¢ abbhiD29 e €%t Abodtnds avmyéﬁab&tcpé %f%f o ohBe TCD .

one. The “condenrsabl e produéts were condensed at | ow tenperatures-and then
anal yzed etrﬂ]odgnaxtmé-mﬂal‘badlpgmhom 2@wnba.ficati on The conversi on of

N “NakH N AP et it lfedcty M g prenigh¥h pie 100

EN produgfehtin é&lﬁﬁle?éﬂlgoﬁldme@e@lltzosu%htabwmpzsm5| areldvlateaabmpaaﬁﬁ@foage of
et hanol and but anol, X XNin ButOH respectively. AKOH , are the nol es of

al cohol 'severqlehqumém ong emhedimsny theelpvaied tamperaturgyanpisbe petmesn abows 498ites of
al cohol "} erVv lo f i
ol ogRUREPS: B Al o QRiSElaRort Sody 1t BBLERN € pbob M D RS0

ENpr oduq °py g 495 &, abdiit500t°qr, abouttﬂ26s>cofabmﬁa&5u)| cnm apowdizst X or Mut 600

2011/ 162717PCT/ SG2010/ 000235 - 16 - (?501 The g phase .ca t|c
resul ts dr TAgreshestiys mesalspawornd way beissolys i Lwater b ﬁfﬁ‘i%ﬁ%t

230 S RRard £6@! K ibBud. In Bhe SABbETR of 1 ihiiON NG SRXB T PBe oﬁrtafned
reaction was carrie between 350 to 1 at nospheric pressure
usi ng 50byrnrpatifig cahaleysal. NHi-ASNGD anhdD ?lemt@hoil an’oﬁwcez& wthsofmeetalleading0 %

at 350 C and d 5 th. furthel f t t
Toosa] canal b el e PEASHES S vy icnaiteitioe BEMER oy Puinilh SaREd .
ol ef i ns WilnR'FYHOROYHL VI RRY beABssoNEd i dalfinidalianald H-ASM3n@ahy be

m xtures about 15 % propyl ene and 24 % of C3+ ol efins were obtained. Using

pur/ e et Baddﬂd t%thmr%wmlwamwrm@ sasuply imdydesidriasl ait B20pilopyd érgher 20
% t £
Cont Bt s BFrRABEIOY S Boff BRiNIRR R Ik Herith KrBIngilh ofdgl1S"

SuppreSSIﬂﬁkgsaﬁﬁ:'iorQJtlﬁrlzeshte(s) [0052] The above resul ts clearly suggest
that there is ent need for devel oping salid catalyst tg selecti
produce propyI[@ 1dn@nedllusyative gabagigent ek distinyenjion; ﬁ’GrFePEtepfé’Pmot‘H‘}{ gy

advant ag gﬁﬁg%%ﬂ%&né%@nﬁ%%s@& 213 afmgl §h?1§5gdz§Mt L8NPkre smtﬁ&deaq)%e%aﬁ and

C3+ 15yi | eve | ed ZSM’5 catal yst using m xtures
of bi o- alZSMio! witlasfof exchsile,dk2 M NaOH at 80 °C for 2 h. The sample dried at 110 °C may

20  be treated with 1 M NH4NO; at 70 °C for 24 h. The prepared sample may be dried at 120

°C and further calcined at 500 °C for 4 h. The required amounts of the respective metal
wére impregnated on the resulting mesoporous ZSM-5 catalysts, for example in the same
manner as described above. Other methods for preparing mesoporous zeolites are known in
fhe art and may be suitable for the present invention.

25 ' [0024] In another embodiment of the present invention, the zeolite is further
modified with a modifying agent. The modifying agent may be, but is not limited to, an
oxide containing compound or an oxy acid. These compounds are believed to modify the
surface acidity, which results in improved stability of the metal catalyst. However, some

- oxides may also enhance the oligomerization of light olefins to produce bulky molecules

30 and thus the selectivity for alkene production may drop considerably. Also, some metal
oxides may be accompanied with surface oxygen atoms which help in oxidizing the
reactant or products resulting in non-selective product formation. Moreover, metal or metal

oxides may leach from the surface after a period of time. These factors should be



Exanpl e 1: 20[0053] Catalytic tests were perforned as described above using
Zr-nodified ZSM 5 catalysts with Zr loadings from5.0 to 20.0 Wt %

pr epar ed woao¥fis211APr egnati on nethod. All the catal ystsppgiei@mbedsi n the
tenperature range of 350 to 500 C and t%e opti mum tenperature for high

propyl ene yield as well as C3+ olefins yield was observed at 450 C usi ng a

5% et hanol and 5% but aqueous sol ution. The pro |l ene yield in ses
ohen 55 REsgrel St gert i e pedeieri eSRaURd B oy A SPIA FEMAG Hease

in Zr | oagi RRPd g%%tent 1%§'éht ¢RRRE6n maddlaq)heg ¥ &Wﬁlﬁﬁe‘ &)%go\ah&ysucihe
optimum content”o onZ 5 was found to be 20 wt% | eading to high

pr opyl enasafidl eg8mpleg phosphotic yflc1ds)rve@lﬂma9cndo of @rdmtvat@rc thfereof hElre moddyings

t han ol eflns and araffl res 21 oT

oot ofiesnt B8 BRRbhbol s HHE L AREHRR IS ARG ROt dider 2in T86.

bi 0- 3 hangsOpi 6r SOL*. ancdneMnibotient theOnbdiGhhg ab&ti sy Bé p‘ﬂiﬁﬁblﬁnc acidiopHdt anol
et hanol ol efuis paraffin Ethylene Prf;@ﬁ" ene Butenes conversi on conversion

sel ect i videyivatitectheiepf,tfpr example g gpentiopgy 2opve/ I arothecmiscpment gowrEsum 17 -
5% dihydrogen phosphate can be used to modify the catalyst. In another embodiment of the

present invention the modifying agent may be, but is not limited to, tungstate-type

modifiers such as HWO42', W7_072’, WOs;, chromates such as CrO42', Cr2072', Cr;0;0> and

10  CrsO3 6', molybdates such as MoOs, MoO42', M02072', Mo70242' and M030264', heteropoly

acids such as H3PMo0,,040, H3PW ;204 and Hy[W3SiOy4], silisic acid (H4SiO4) or
derivates, or triflic acid (CF3SOsH) or derivates. _ '

[0025] The amount of modifying agent anchored and/or impregnated in the catalyst

is not limited and suitable amounts of the modifying agent would be understood to and can

15 be determined by those of ordinary skill in the art. In an embodiment of the invention, the

amount of modifying agent anchored and/or impregnated in the céta'lyst may include, but is’

not limited to, more than about 0.1 wt%, about 1.0 wt%, about 5 wt%, about 10 wt%, about

15 wt%, about 20 wt%, about 30 'wt%, about 40 wt% and more than about 50 wt%. In one

embodiment, the amount of modifying agent anchored and/or impregnated in the catalyst

20 may include, but is not limited to, less than about 50 wt%, about 25 wt%, about 20 wt%,

about 15 wt%, about 10 wt% or about 5 wt%. For exﬁmple, the modifying agent may be

used in an amount between about 1 to about 50 wt%, about 1 to about 20 wt%, about 5 to

about 50 wt%, about 5 to about 20 wt%, and including any specific value within these

fanges, such as, for example, about 1 wt%, about 2 wt%, about 3 wt%, about 4 wt%, about

25 5 wt%, about 6 wt%, about 7 wt%, about 8 wt%, about 9 or about 10 wt%. The amounts of

modifying agent refer to the wt% of modifying agent in the final catalyst.

[0026] In one embodiment the modifying agent may be added to the catalyst, for

example by impregnating the zeolite catalyst with the modifying agent, for example

- phosphoric acid. In one embodiment, the impregnation method may be, but is not limited

30 to, a dry impregnation method. The meaning of the expression "dry impregnation" would

be understood to those of ordinary skill in the art. Dry impregnation may include

impregnation which uses an amount of water which is less or greater than or equal to that

required to fill the pores of the substrate. For example, phosphoric acid may be added in an



Zr/ ZSM5 37 34 12 100 100 84 12 10% Zr/ZSM5 44 34 9.8 100 100 89.5 9.5 20
Zr| ZSM5 44 34 10 100 100 90 10 Exanple 2: [0054] In a typical exanple,

t he resulwézgﬂ%%%ﬁgd on 20 wt % Zr/ H ZSM 5 cat al yst 5 |nPEIitstt2§1m§62?§ure

range between 00 C are presented A% Table 2. The propylene selectivity
I ncreases with reaction tenperature, reaching a maxi mum of 34 % at 450 C.

Further increase_ in tenperature decre ses the propyl ene y el d t he ot her
hand, butilospkef ahouke Ot apgutrde} Whded Q\F{“Hu{“e?fﬁgﬁo querﬁf)‘b% ‘ﬁ%ﬂ

shows a i })ﬂ@%}hhﬂg ra@ﬁ‘lslﬂnth efte Gn SrurtRPRmbLaIRSH, at’hla' g?&oessp?cfr rbpdling the

sel ectivit I gher ecreases as tenperature | |ncreased &F gure 1
shows t heats@lsemaywmnprtsevtmadsg pireo pedlike at dmreievgtedhempmatmac detore @flding the

et hanol i but anol tures,at fferent.t res. Table 2: Effect of the
reaction 8??&8?8?&‘?@%“9’% %@Pé??ﬁalélnﬁgﬁ %ﬁ(ﬁce in the conversion of

gi’i?aﬁlg ?nol I bij@e27y 1R BARE ebaditieRBof At thvehG, thé £doliksmay Rive? Buiis Hotlimdatt 5
_ to, a silica/alumina (Si/Al) ratio between about 30 to about 280, such as between about 30
to about 80 or about 30 to about 50. In one embodiment, the Si/Al ratio may be 20, 30, 40,
50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230,
240, 250, 260, 270 or 280, such as 20, 30, 40, 50, 60, 70 or 80 and including any specific
10 value within these ranges. Any of the above given values may be the lower or upper limit
of a suitable range for the Si/Al ratio in the present invention.

[0028] The average particle size of the catalyst is not limited but may depend on
the type and size of the reactor used and may be modified to suit the particular reactor
used. The skilled person will be fully aware of the suitable particle sizes of the catalyst.

15 Thus, every particle size which may be suitable for the purpose of the present invention is
possible.

[0029] Generally, the pore volume of the catalyst is not limited but may be adapted
or chosen in view of the speciﬁc system used. Thus, every pore volume which may be
suitable for the purpose of the present invention is possible. In one embodiment of the

20 invention, the catalyst composition may have a pore volume between about 0.1 cc/g to
about 0.25 cc/g, such as between about 0.12 cc/g to about 0.22 cc/ g or between about 0.15
cc/g to about 0.20 cc/g. In one embodiment, the pore volume may be, but is not limited to,
less than about 0.25 cc/g, less than about 0.24 cc/g, less than about 0.23 cc/g, less than
ébout 0.22 cc/g, less than about 0.21 cc/g, less than about 0.20 cc/g, less than about 0.19

25 cc/g, less than about 0.18 cc/g, less than about 0.17 cc/g, less than about 0.16 cc/g, less
than about 0.15 cc/g, less than about 0.14 cc/g, less than about 0.12 cc/g, less than about
0.11 cc/g, or less than about 0.10, and including any specific value within these ranges.

[0030] Generally, the surface érea of the catalyst is not limited but may depend on

- the catalyst modification and/or treatment. Therefore, every surface area which may be

30 suitable for the purpose of the present invention is possible. In one embodiment of the
invention, the catalyst may have a surface area between about 50 to about 350 mz/g, such
as between about 75 to about 300 m?/g or between about 100 to about 250 m?/g. In one

embodiment, the surface area may but, but is not limited to, about 50 m?/g, about 75 m*/g,



React or tenperature Propylene selectivity Ethylene selectivity Butene
selectivity Oefmselectivity Paraffin selectivity Butanol conversion

AE,ggagg,l GRBYSE]51694}7350 16 12 26 63 20 ]1.80 100 400 28 23,L9/sf0rbR0d3® 100

about 100 m%/g, about 125 mz/g, about 150 m%/g, about 175 m?/g, about 200 m”/g, about
225 mz/g, about 250 mz/g, about 275 -mz/g, about 300 m?%/g, about 325 m%/g or about 350
mz/g, and including any specific value within these ranges, wherein each value may
represent the lower or upper limit of the possible surface area.
5 [0031] The catalyst of the present invention may be used to catalyze the conversion
“or dehydration of a mixture of alcohols to alkenes. In the context of the present invention
"a mixture of alcohols" means that two or more alcohols are used. For example, two, three,
four, five, six or more alcohols may be used. The present invention enables the formation
of alkenes from a mixture of alcohols, wherein the prior art generally uses one single
10 alcohol as starting point for the preparation. Using a mixture of alcohols in combination
with the catalyst of the present invention facilitate the production of a specific olefin or
olefin mixtures. For example, starting from a mixture of butanol and ethanol, the inventive
process leads to the formation of propylene and. C3+ olefins with an alcohol conversion
and olefin selectivity as described below.
15 [0032] The alcohols which may be used in the present invention may be, but are
not limited to, alkyl alcohols. The alcohols may, for example be C,.¢ alkyl alcohols. The
C1.6 alkyl group of an C,¢ alkyl alcohol may be, any straight or branched alkyl, for
example, methyl, ethyl, n—propyl, iso-propyl, sec-propyl, n-butyl, iso-butyl, sec-butyl, t-
butyl, n-pentyl, iso-pentyl, sec-pentyl, t-péntyl, n-hexyl, iso-hexyl, 1,2-dimethylpropyl, 2-
20 ethylpropyl, 1-methyl-2-ethylpropyl, l-ethyl-2-methylpropyl, 1,1,2-trimethylpropyl, 1,1,2-
triethylpropyl, 1,1-dimethylbutyl, 2,2-dimethylbutyl, 2-ethylbutyl, 1,3-dimethylbutyl, 2-
methylpentyl or 3-methylpentyl. In one embodiment, the alcohols may be, but are not
limited to, methanol, ethanol, n-butanol, 2-butanol, iso-butanol, 1-pentanol, 2-pentanol, 3-
pentanol or 2-methyl-1-butan-1-ol. In one embodiment, the mixture of alcohols may be a
25 combination of ethanol and butanol, such as a combination of ethanol and one or more of
n-butanol, 2-butanol and iso-butanol. The alcohols in the mixture of alcohols may be used
in an equal amount or one or more alcohols may be used in an excess compared to the
other alcohol(s). In one embodiment .the mixture of alcohols may be, for example, a 1:1
- mixture of ethanol and butanol or mixtures of butanol. The alcohols may be used in a pure
30 form. |
[0033] In one embodiment of the ihvention, an aqueous solution of the alcohol
mixture may be used. The concentration of the alcohols in the aqueous solution is not

particularly limited, and suitable concentrations would be understood to and can be
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Propyl ene Et hyl ene Butenes A efins Paraffin Butanol
- wt.%, about 40 wt.%, about 45 wt.%, about 50 wt.%, about 55 wt.%, about 60 wt.%, about
65 wt.%, about 70 wt.%, about 75 wt.%, about 80 wf.%, about 85 wt.%, or about 90 wt.%.
Each alcohol in the mixture may be present in the same amount as the other alcohols. In
one illustrative embodiment of the invention, about 5 wt.% butanol and about 5 wt.%
10 " ethanol are used. In one embodiment of the invention each alcohol of the mixture may be
present in a different amount and ratio.
[0034] The catalyst of the invention exhibits a high degree of alcohol conversion.
For example, the alcohol conversion may be, but is not limited to, greater than about 25 %,
greater than about 45 %, greater than about 50 %, greater than about 60%, greater than
15 about 75 %, greater than about 85 %, greater than about 90 %, greater than about 95 %,
gréater than about 96 %, greater than about 97 %, greater than about 98 %, greater than
about 99 % or even 100 %. Any specific value within these ranges lies within the scope of
the present invention. | '
[0035] Suitable sources for the alcohol of the invention would be understood to or
20 can be determined by those of ordinaryv skill in the art. For example, the alcohol may be
obtained from a synthesis gas or biomass. In an embodiment, the alcohol may be, for
example, and without limitation, obtained from biomass. The alcohol obtained from
biomass may be referred to as bio-fuel or bio-alcohol. Bio-fuel or bio-alcohol, unlike
petroleum, is a form of renewable energy that can be produced from agricultural feedstock.
25 It may be produced from, but is not limited to, plant material, for example, very common
crops such as sugar cane, potato, manioc and maize or even cellulosic materials, such as
trees and grasses.
[0036] In the present invention, alkenes are produced from a mixture of alcohols.
- The alkenes which may be prepared may be C,-¢ alkenes. In one embodiment, the C,6
30 alkene may be, but are not limited to, any straight or branched alkene, such as ethylene,
propylene, but-1-ene, cis-but-2-ene, trans-but-2-ene, isobutylene, pent-1-ene, cis-pent-2-
ene, trans-pent-2-ene, 2-methylbut-1-ene, isopentene or 2-methylbut-2-ene.

{0037] In one embodiment, the present invention selectively produces propylene



Et hanol 5 wt.% BuOH + 5 wt. % EtOH 36 46 9 94 6 100 100 25 wt. % BuOH + 25
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reaction conditions as previously descri2bed were carried out varying the

space velocity (LHSV) of the ethanol and butanol from 1. 5 to 4.5 111. 100 %
conversi on  of etﬂ%nol and but noI s obtained in t | e LHSV range used
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selectivity I's increased. Paraffin selectivity is also |ncreased at high
LHSVs. amount of between about 30 to about 60%, such as about 30% to about 50%, about 30 to

about 45% or about 30 to about 40%, based on the total amount of the alkenes produced.
5 The selectivity of the process of the invention may be between about 31 to about 40%,
. about 31 to about 40%, about 32 to about 40%, about 33 to about 40%, about 34 to about
40%, about 34 to about 40% or about 35 to about 40%. In one embodiment of the present
invention the propylene selectivity is up to about 45%, about 44%, about 43%, about 42%,
about 41%, about 40%, about 39%, about 38%, about 37%, about 36%, about 35%, about

10  34%, about 33%, about 32%, about 31%, or about 30.

[0038] In one embodiment the total olefin content based on the total amount of
products of the inventive process may be, but is not limited to, more than about 80 mol%,
more than about 85 mol%, more than about 90 mol%, more than about 95 mol%, more
than about 96 mol%, more than about 97 mol%, more than about 98 mol%, more than

15 about 99 mol% or even 100 %. For example, the total olefin yield may be, but is not
limited to, between about 80 to about 99 mol%, between about 85 to about 99 mol%,
between about 90 to about 99 mol%, between about 95 to about 99 mol% or between about
98 to about 99 mol%, and including any specific value within these ranges.

[0039] The reaction temperature is not particularly limited and suitable reaction

20  temperatures would be understood to and can be determined by those of ordinary skill in
the art. In one embodiment, the reaction temperature rhay be between about 300 to about
500 °C, such as between about 350 to about 500 °C or about 350 to about 450 °C. For
example, the reaction temperature may be between about 400 to about 450 °C. In one
émbodiment, the reaction temperature may be, but is not limited to, about 350 °C, about

25 360 °C, about 370 °C, about 380 °C, about 390 °C, about 400 °C, about 410 °C, about 420
°C, about 430 °C, about 440 °C, about 450 °C, about 460 °C, about 470 °C, about 480 °C,
about 490 °C or about 500 °C. Each value may represent the lower or upper limit of the
possible reaction temperature.

[0040] The time-on-stream defining the actual time that a unit is operating and

30 producing a product is not particularly limited and suitable time-on-stream would be
understood to and can be determined by thosé of ordinary skill in the art.

[0041] In one embodiment, the dehydration reaction may be, for example, and

without limitation, conducted in the gas or vapour phase. The dehydration reaction could



Table 4: Effect of LHSV (I1f) on the catalytic performance in the conversion
of bi oet hanol / bi o-butanol m xtures into light olefins at 450 C over 10 %

Zr [ ZSM 5 w80)h11/debaY, 111 Selectivity (% Conversion (% pcitisepylopoesEt hyl ene
But enes O efins Paraffns Butanol EthandB-1.5 36 51 8 95 5 100 100 3.0 36 46

9 94 6 100 100 4.5 29 46 12 84 10
| also be conducted in the liquid phase, depending on the alcohol mixture and other reaction
conditions.
[0042] The pressure of the dehydration reaction is not particularly li_mifed, and
suitable pressures would be understood to and can be determined by those of ordinary skill
5 in the art. In one embodiment, the dehydration reaction may be, but is not limited to,
- conducted at a total pressure of about 1 bar to about 20 bar, such as about 5 bar to about 20
bar or 10 bar to about 20 bar or about atmospheric préssure.
- [0043] The reactor type which may be used in the present invention is not
particularly limited, and suitable reactor types would be understood to and can be
10 determined by those of ordinary skill in the art. The reactor may have a simple design or
may be complex. The type of reactor may be chosen by the skilled person depending on
the components used in the process and the products which should be specifically obtained.
In one embodiment, the dehydration reaction may be, but not limited to, conducted in a
flow reactor or in a fluid or fluidized bed reactor. The flow reactor is not particularly
15 limited, and suitable flow reactors would be understood to and can be determined by those
of ordinary skill in the art. In one embodiment, the flow reactor may be a fixed bed reactor,
a up flow fixed bed reactor, or a down flow fixed bed reactor. The fixed bed reactor may
be isothermal and/or adiabatic.
[0044] In one embodiment, the prdcess of the present invention may be carried out
20 in a reactor having three zones. The first zone may be loaded with é suitable paékaging
material of particular size, such as glass bead, such asv about 1 mm, about 2 mm, about 3
mm, about 4 mm or about 5 mm size, acting as pre-heating as well as mixing zone of the
alcohol feedstock. Thus, generally the first zone may be suitable for pre-heating and .
fnixing the system, i.e. the respective components. The second zone may be loaded with
25 the catalyst where the vaporized feed enters in contact with the catalyst. The third zone is
the post reaction zone. The reaction temperatures of the three zones were maintained by a
three-heating zones heaters and the catalyst temperature was monitored using a
thermocouple inside the catalytic bed. In one embodiment, a specific amount of the
- catalyst may be diluted with equal amount of quartz and loaded into a down flow fixed bed
30 stainless steel reactor. Prior to the reaction, the catalysts were in situ treated under N, gas
at a given temperature of about 400 °C, or 500 °C for a specific time, such as about 3h,
about 4h, about 5h or about 6h. In one embodiment of the invention, the conversion of the

mixture of alcohols is carried out in a continuous fixed bed flow reactor at low pressure.
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thermocouples are required. Dependlng on the reactor size the above general requ1rements
may be adapted according to the knowledge of the skilled person.

[0045] The liquid hourly space velocity (LHSV, h") of the dehydration reaction is

not particularly limited and suitable liquid hourly space velocities would be understood to

~and can be determined by those of ordinary skill in the art. The expression "liquid hourly

10

15

20

25

space velocity" defines the liquid volume of alcohol reactants supplied per hour divided by
the volume of catalyst used. Generally, in case the LHSV increases, the selectivity of the

reaction is decreased. In one embodiment, the dehydration reaction may be conducted with

" a liquid hourly space velocity of between about 1.5 to about 19 h’, such as about 1.5 to

about 10 h™! or about 1.5 to about 5 h™'. In one embodiment, the LHSV may be, but is not
limited to, about 1.5 h'l, about 2 h'l, about 2.5 h'l, about 3 h™', about 3.5 h", about 4 h'l,
about 4.5 h’!, about 5 h™', about 6 hl, about 8 h', about 10 h!, about 12 hl, about 15 h'',
about 17 h™! or about 19 h); and including any specific value within these ranges, wherein
the above values may be the upper or lower limit of the suitable ranges. In one
embodiment, the LHSV may influence the selectivity of the feaction process, i.e. for
example the amount of propylene obtained.

[0046] It has been observed that a catalyst composition of the invention exhibited a
high degree of stability during a dehydrétion reaction, including a catalyst composition
where deactivation was not detected for longer than about 20 hours, longer than about 25
hours, longer than about 30 hours, longer than about 50 hours, longer than about 60 hours,
longer than about 75 hours, longer than about 100 hours, longer than about 110 hours,
longer than about 150 hours, longer than about 250 hours, and including for any specific
Value within these ranges, such as, for example, longer than about 110, about 150 or about
250 hours.

[0047] In order that the invention may be readily understood and put into practical
effect, particular embodiments will now be described by way of the following non-limiting

examples. It is understood that modification of detail may be made without departing from

- the scope of the invention.

30

ILLUSTRATIVE EXERIMENTAL EXAMPLES

[0048] Exemplary embodiments of methods according to the invention as well as

ne
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Conversion (%
and supplied into the system employing mass flow controllers. The analysis of the reaction

10 products along with the reactants was performed using an online GC-HP (6890) equipped
with a CP-Porabond Q column for the FID detector and a Haysep D column for the TCD
one. The condensable products were condensed at low temperatures and then analyzed
using a GC-MS for product identification. The conversion of alcohols and selectivity to

light olefins are calculated as follows:

15
in _ out
 AlcOH; AclOH;
0 — i i sk
X yicon, (Y0) = p— 100
AlcOI-(,—,, (1)

N
Soleﬁni (% ) _ olefin; 100

z product;

@

X ) .
20 AlcoOH; i5 the conversion in mole percentage of ethanol and butanol, X ior and

Nm
BuOH | respectively. ~ 4/°OH: are the moles of alcohol i (ethanol or butanol) fed and

X
out

S : .
AlcOH; the moles of alcohol “i” observed in the products. ~ /i is the selectivity

: S N : :
towards olefin “i” in mol %, = °®" are the moles of light olefin “/” observed in the

z N product;

products and il the total moles of reaction products.
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[0050] The gas phase catalytic results during the conversion of mixtures of ethanol
and butanol on H-ZSM-5-based catélysts are presented in the following examples. The
reaction was carried out at between 350 to 500 °C and 1 atmospheric pressure uSing 500
mg of catalyst. Ethanol and n-butanol conversions reached 100 % at 350 °C and remained
unchanged with further increase of temperature.

[0051] Catalytic results on H-ZSM-5 using pure ethanol yielded 12 % C3+ olefins
with around 3 % of propylene, while using ethanol + butanol mixtures about 15 %
propylene and 24 % of C3+ olefins were obtained. Using pure ethanol, 5 wt% H;PO4 on
ZSM-5 catalyst yielded 15 wt% propylene, 20 wt% of butylenes and C3+ olefins

“selectivity of 43 % at 400 °C. Higher contents of H;PO4 (above 5%) resulted in higher

ethylene selectivity, suppressing C3+ olefins. »

[0052] The above results clearly suggest that there is urgent need for developing
solid catalyst to selectively produce propylene and C3" olefins. The present invention is
particularly advantageous since, using diluted ethanol and butanol, high propylene and Cc3"
yield can be achieved on metal modified ZSM-5 catalyst using mixtures of bio-alcohols as

feedstock.

Example 1:

[0053] Catalytic tests were perfdrméd as described above using Zr-modified ZSM-
5 catalysts with Zr loadings from 5.0 to 20.0 wt%, prepared via wet impregnation method.
All the catalysts were tested in the temperature range of 350 to 500 °C and the optimum
temperature for high propylene yield as well as C3+ olefins yield was observed at 450 °C
ﬁsing a 5% ethanol and 5% butanol aqueous solution. The propylene yield increases when
the Zr loading is increased from 5 % to 10 % and. Further increase in Zr loading has not
shown any change in the propylene selectivity. The optimum content of Zr on ZSM-5 was
found to be 20 wt%, leading to high propylene and C3+ selectivity as well as no formation

of other products than olefins and paraftins. The results are shown in Table 1.

‘Table 1: Effect of Zr content on olefin selectivity during the conversion bio-ethanol/bio-

butanol mixtures into light olefins at 450 °C
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"Example 2:

[0054] In a typical example, the results obtained on 20 wt% Zr/H-ZSM-5 catalyst
in the temperature range between 300-500 °C are presented in Table 2. The propylene
“selectivity increases with _reaction temperature, reaching a maximum of 34 % at 450 °C.
Further increase in temperature decreases the propylene yield. On the other hand, butylenes
selectivity decreases with temperature until 450 °C and shows a slight increase at 500 °C.
At lower temperatures, paraffin selectivity is higher and decreases as temperature is
10 increased. Figure 1 shows the selectivity towards propylene during the conversion of

ethanol/butanol mixtures at different temperatures.

Table 2: Effect of the reaction temperature on the catalytic performance in the conversion

of bio-ethanol/bio-butanol mixtures into light olefins over 20 wt% Zr/ZSM-5 catalyst

Ethanol
conversion
100
100
100
100

Butanol
conversion
100
100
100
100

Paraffin
selectivity
20
19
10
11

Olefin
selectivity
63
74
90
89

Butene
selectivity
26
19
10
14

Ethylene
selectivity
12
23
44
49

Propylene
selectivity
16
28
34
25

Reactor
temperature
350
400
450
500

15
Example 3:

[0055] Specifically, the process of the present invention is aimed to convert

aqueous solutions ethanol/butanol mixtures. In this regard we studied the effect of the

20 concentration of alcohols in water from 10 to 90 wt %. The results are shown in Table 3. A

.10% alcohol concentration yields the highest propylene selectivity. Higher alcohol

“concentrations result in a drop in propylene selectivity, although a propylene selectivity of

around 25 % can still be achieved. This result is significant in the sense that the developed
catalysts are able to tolerate the presence of water without losing performance.

25
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Selectivity (%) Conversion (%)

Propylene | Ethylene | Butenes Olefins Paraffin Butanol Ethanol

5 wt.% BuOH +
5 wt.% EtOH
25 wt.% BuOH +
25 wt.% EtOH
45 wt.% BuOH +
45 wt.% EtOH

36 46 9 94 6 100 100

24 41 14 .83 16 100 100

25 35 14 80 18 100 100

-Example 4:

~ [0056] Catalytic tests under the similar reaction conditions as previously deScﬁbed
were carried out varying the space velocity (LHSV) of the ethanol and butanol from 1.5 to
4.5 h''. 100 % conversion of ethanol and butanol is obtained in the whole LHSV range
used in this invention (cf. Table 4). However, the selectivity towards propylene and C3+
10 oléefins is decreased at high LHSV (4.5 h™) while the butenes selectivity is increased.-

Paraffin selectivity is also increased at high LHSVs.

Table 4: Effect of LHSV (h™') on the catalytic performance in the conversion of bio-
ethanol/bio-butanol mixtures into light olefins at 450 °C over 10 % Zr/ZSM-5 (80).
LHSV, h'

‘Selectivity (%) ‘Conversion (%)
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36
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Example 5:

[0057] 20 wt% Zr on mesoporous H-ZSM-5 was found to be similarly active for

the conversion of ethanol/butanol mixtures with high selectivity towards propylene and

' C3+ olefins. However, the major difference being a slightly lower optimum reaction

| temperature, 400 °C instead of 450 °C (Table 5).

Table 5: Effect of the reaction temperature on the catalytic performance in the conversion

of bio-ethanol/bio-butanol mixtures into light olefins over 20 wt% Zr on mesoporous H-



light olefins over 10 w% Zr on H Y catalyst. WD 2011/162717 - 21 -
PCT/ S&G2010/ 000235 Reactor tenperature C Selectivity (% Conversion (%

Propyl eng\gg?g%lluggﬁzmt enes O efins Paraffins Butanol Et E‘%@%bz@ﬁ%o&s?l 18 75

28 100 1 21 77 25 100 -19-
ZSM-5.
Reactor : _
temperature Selectivity (%) Conversion (%)
°oC _ . . _
Propylene | Ethylene Butenes Olefins Paraffins Butanol Ethanol

350 25 36 18 85 13 100 100
400 35 44 12 90 9 100 100
450 31 48 11 91 9 100 100
500 18 49 20 - 86 14 100 100

Example 6:

5 ' [0058] Propylene and C3+ selectivity as a function of time on stream experiment

are shown in Figure 2 and 3 for 20 wt% Zr-modified non-meso and mesoporous HZSM-5,
fespectively. In both cases, a slight decrease in selectivity as a function of the time on
stream is observed. In addition, Figure 4 shows the propylene selectivity of Zr-modified
non-meso and mesoporous HZSM-5 samples at various temperatures and Zr loadings. It is
10 clear that the optimum temperature is 450 °C for non-mesoporous ZSM-5 while for the
mesoporous one is 400 °C. Regarding Zr loading, there is no signiﬁcant effect for the non-
mesoporous sample at the optimum temperature. However, the mesoporous sample at 400

°C shows a slight increase in propylene selectivity as the Zr loading is increased.

15 Example 7:

[0059] The influence of the Si/Al, ratio was syStematically investigated. The
results are presented- in Table 6. The highest propylene selectivity was 6bserved for Si/Al,
ratio of 80 while the H-ZSM-5 sample with Si/Al, ratio of 280 shows the lowest propylene |

20 selectivity.

Table 6: Effect of Si/Al, ratio on the catalytic performance in the conversion of bio-

ethanol/bio-butanol mixtures into light olefins.

Si/Al, Selectivity (%) Conversion (%)
Propylene | Ethylene Butenes Olefins Paraffins Butanol Ethanol

30 34 44 10 89 10 100 100

50 34 46 .10 91 9 100" - 100

-80 .36 46 9 94 6 100 100

280 8 48 25 91 19 100 100




100 450 2 50 23 76 26 100 100 500 1 49 24 75 26 100 100 Table 8b:
Catal ytic performance in the conversion of bio-ethanol/bio-butanol m xtures

into | igr\yVO(}P fighover 10 wt % Zr on H BETA catal ysts R r ature C
Selectivity % @nversi on (%9 Propylefie Et hyl ene But eﬁggk%z%@?’ﬁ@%
Paraffins Butanol Ethanol 350 7

Example 8:

[0060] The influence of various metals (10 wt%) was investigated. Table 7 shows a

summary of the results. It can be conclude that the propylene selectivity decrease as

5 follows: 10wt% Ga-ZSM5(80) > 10wt% Fe-ZSMS5(80) >10wt% La-ZSMS5(80) >10wt%
Ba-ZSM5(80). However, under the sanie conditions, the Zr-modified sample shows the

highest selectivity.

Table 7: Effect of type of metal on the catalytic performance in the conversion of bio-

10 ethanol/bio-butanol mixtures into light olefins.

Catalyst Selectivity (%) Conversion (%)
Propylene | Ethylene Butenes Olefins Paraffins Butanol Ethanol

10 wt.%
La-ZSM-5 17 48 18 85 15 100 100
80

10 wt.% -
Fe-ZSM-5 21 48 16 87 13 100 100
_(80) '
10 wt.%
Ga-ZSM-5 24 48 14 88 12 100 100
80 '

10 wt.%
Ba-ZSM-5 1 48 22 82 18 100 100
80 '

Example 9:

[0061] In order to study the influence of the type of zeolites, different zeolites (H-

15 Y, H-Beta, H-MOR and H-FER) were used to prepare 10 wt.% Zr-modified samples.
Tables 8 a-d summarize the catalytic results. Clearly, Zr-modified ZSM-5 exhibits the
highest propylene and C3 + olefins selectivity as compared to any of the other zeolites

investigated. Thus, the catalytic performance of this sample is, by far, the best one.

20 - Table 8a: Catalytic performance in the conversion of bio-ethanol/bio-butanol mixtures into

light olefins over 10 wt% Zr on H-Y catalyst.



47 19 75 25 100 100 400 6 50 19 76 24 100 100 450 3 50 20 73 27 100 100 500
1 47 19 68 32 100 100 5 Table 8c: Catalytic performance in the conversion

of bi o-etangl{fbArbut anol mxtures into light ol efins Quelscdfiobiss€r on

H MOR (90) catalysts Reactor -21-
Reactor .
temperature Selectivity (%) Conversion (%)
oC A ,
Propylene | Ethylene Butenes Olefins Paraffins Butanol Ethanol
350 3 51 18 75 28 100 100
400 2 51 21 77 25 100 100
450 2 50 23 76 26 100 100
500 1 49 24 75 26 100 100

Table 8b: Catalytic performance in the conversion of bio-ethanol/bio-butanol mixtures into

light olefins over 10 wt% Zr on H-BETA catalysts

‘Reactor .

temperature : Selectivity (%) Conversion (%)

°oC ) }
Propylene | Ethylene Butenes Olefins Paraffins |- Butanol Ethanol

350 7 47 19 75 25 100 100
400 6 50 19 76 24 100 100
450 3 50 20 73 27 100 100
500 1 47 19 68 32 100 100

Table 8c: Catalytic performance in the conversion of bio-ethanol/bio-butanol mixtures into

light olefins over 10 wt% Zr.on H-MOR (90) catalysts

Reactor .

temperature Selectivity (%) Conversion (%)

°C - :
Propylene | Ethylene Butenes Olefins . Paraffins Butanol | Ethanol

350 4 48 13 66 34 100 100
400 1 49 16 66 - 34 100 100
450 0o 48 17 65 35 100 100
500 0 48 18 66 34 100 100

Table 8d: Catalytic performance in the conversion of bio-ethanol/bio-butanol mixtures into

10 light olefins over 10 wt% Zr on FER (20) catalysts

Reactor

-temperature Selectivity (%) ' Conversion (%)

°C
Propylene | Ethylene Butenes Olefins Paraffins Butanol Ethanol

350 8 . 48 23 81 19 100 100
400 6 48 27 81 19 " 100 100
450 3 48 29 80 20, 100 100
500 2 48 .29 80 20 100 100




tenperature C Selectivity (%9 Conversion (% Propyl ene Ethyl ene Butenes
A efins Paraffins Butanol Ethanol 350 4 48 13 66 34 100 100 400 1 49 16 66

34 100 10Qo%8f/R2A5 17 65 35 ” PCT/SG2010/000235

Example 10:

[0062] In order to obtain stable propylene and C3+ olefins selectivity duﬁng the

conversion of bio-ethanol/bio-butanol mixtures into lightvoleﬁns, P-modiﬁed. Zr-ZSM-5

5 cétalysts were synthesized using a sequential impregnation method. Thus, the 5 wt% P-.

~modified catalysts show stable yield of propylene and C3+ olefins over 15 h at 400 °C
(Figure 5) and 50 h at 450 °C (Figure 6). '

Example 11:
10 A )
[0063] Under similar reaction conditions previously described, a blank reactor
without catalyst was tested at 400 °C. No significant conversion of either ethanol or
butanol is observed during these tests.
[0064] 1t is clearly evident from the examples reported above that the process for
15 selective production of C3+ olefins can be improved by adding metals such as Zr, Ga, La
Fe, Li and elements such as P to H-ZSM-5 catalyst. Based on the foregoing disclosure, it
should be clear that by the method the objects set forth herein above can be fulfilled. It is,
therefore, to be understood that any variations evidently fall within the scope of the
claimed invention and thus, the selection of specific device or apparatus, and specific
20  metals or P modified H-ZSM-5 catalysts can be determined without departing from the
spirit of the invehtion herein disclosed. Thus, the scopé of the invention shall include all

modifications and variations that may fall within the scope of the attached claims.

[0065] The invention illustratively described herein may suitably be practiced in

25 the absence of any element or elements, limitation or limitations, not specifically disclosed
herein. Thus, for example, the terms “comprising”, “including,” containing”, etc. shall be

read expansively and without limitation. Additionally, the terms and expressions employed
herein'have been used as terms of Adescription and not of limitation, and there is no

- intention in the use of such terms and expressions of excluding any equivalents of the

30  features shown and described or portions thereof, but it is recognised that various
modifications are possible within the scope. of the invention claimed. Additional objects,

advantages, and features of this invention will become apparent to those skilled in the art

upon examination of the foregoing examples and the appended claims. Thus, it should be



100 100 500 O 48 18 66 34 100 100 Tabl e 8d: Catal ytic performance in
t he conversi on of bio-ethanol/bio-butanol m xtures into 10light ol efins

Conver si 0PN BEITC bne Exhyl ene Butases Q ef ine parart T dipuz Y (7
Et hanql 350 8 48 23 81 19 100 100 400
| understood that although the present invention is specifically disclosed by exemplary
' embodiments and optional features, modification and variation of the inventions embodied
therein herein disclosed may be resorted to by those skilled in the art, and that such

modifications and variations are considered to be within the scope of this invention.



6 48 27 81 19 '100 100 450 3 48 29 80 20 100 100 500 2 48 29 80 20 100 100
WO 2011/ 162717PCT/ SG2010/ 000235 22 - Exanple 10: [0062] In order to
obt ai n stghl | ene and C3+ ol efins selectivity dur rsion
of bio- et‘ﬁgﬁg ?lb?@)fbut anol m xtures in2#-1ight olefins, bgg/sbgﬁfofo&%‘é% ZSM 5
S catalysts were synthesized using a sequential inpregnation nmethod. Thus,
the 5 wt% P-nodi fied catal ysts show stable yield of propylene and C3+

ol efi ns &lamsi5 h at 400 C (Figure 5) and 50 h at 450 C (Figure 6). Exanple
11: 10~ [0063] Under simlar reaction conditions previously described,
a bl ank reactor wthout catal yst was tested at 400 C. No significant
conver si Whatfis dainte@lrisiet hanol or butanol is observed during these tests.
[0064] It is clearly evident fromthe exanples reported above that the
process for 15 selective production of C3+ olefins can be inproved by

addi ng mgt al 9\ $14BRAAT prbduciil alkéheE Dy déhy@tﬁﬂoﬁ'o?'ﬁﬁﬂix&ré WERIBROIE ik @ dihgfSM 5
catal yst. Based on the foregoing di scl oSure, it should be clear that by the
met hod the obfepcvmipsisingf ort h herei n above can be fulfilled. It is,
therefore, to be under ood t hat .a varlatlons evidently fall within the
scope of theTcl apﬁﬁ'b‘ﬁf‘%\)’é%f"i@ﬂr the sel ection of specific device

or apparat us.. andofR&fg the mixture w1th a catalyst, wherein the catalyst is a metal-modified

zeolite; and
o - reacting the mixture in a temperature range of about 350 to about 500 °C,

thereby producing the alkenes.
2. The method of claim 1, wherein the two or more alcohols are selected from the group
consisting of ethanol, propanol, n-butanol, 2-butanol, iso-butanol, 1-pentanol, 2-
15 pentanol, 3-pentanol and 2-methyl-butan-1ol.

3. The method of claim 2, wherein the two or more alcohols are ethanol and butanol.

4.  The method of claim 3, wherein the butanol is selected from the group of n-butanol,

20 2-butanol, iso-butanol and mixtures thereof.
5. The method of any of the preceding claims, wherein the alcohol is a bio-alcohol.

6. The method of any of the preceding claims, wherein an aqueous solution of the

25 : alcohol mixture is used.

7.  The method of claim 6, whereir_l the alcohol concentration is from about 5 wt.% to

about 90 wt.%, based on the total alcohol concentration in the aqueous solution.

30 8. The method of claitn 7, wherein the alcohol concentration is from about 10 wt.% to

about 50 wt.%, based on the total alcohol concentration in the aqueous solution.



20 netals or P nodified HZSM5 catal ysts can be determ ned w thout
departing fromthe spirit of the invention herein disclosed. Thus, the
scope of i ion shall include all nodifications iatliqpns that
may fall %Bt%mlz%t té scope of the attaeb®d cl ai ns. [0065?6$Jhs\g§§fr@g6nztgiglon
illustratively described herein may suitably be practiced in 25 the absence

of any elenent or elenents, limtation or Ijmtations, not specifically
di scl osed- herl&f methgd of claigy 8.0% ‘??ﬁ‘l“e",bok“hqewtt-%%‘ ﬁ@m@@ﬁa@gF&éW}-%EW&“ﬁ(ﬁf%g, "
cont ai ni ng", u?éaﬁ- shal | be read expansively and without limtation.

Addi tionally, the terns and expressions enployed herein have been used as
ternms of description and not of |imtation, and there is no intention in

t he use sych ter and, .expressi gns of excl udin ny .equi val ents,.pf . the
501 eat ulbs” RO mraeGaRRE BLERE of B DiForila Hairhs ottt Wt LS hdufle og
that svarious ;gné {d £5ntRNSyREEIRQSSI bl e within the scope of the invention

clained. Additional objects, advantages, and features of this invention
wi || becone apparent to those skilled in the art upon exam nation of the

f or egoi ng, ex | e n he nded.cl ai ns. -J ' e WO

2011/ 16231‘7P@$?§E§??%d%§&%‘?3®?%%§ 113th%r@éﬁ%?%%gg%ﬁ%ql&%ﬁpﬁo%ug '%t he present
invention is specifically disclosed by exenplary enbodi nents and opti onal
features, nodification and variation of the inventions enbodi ed therein
herei n dil3cl dSeaethed delaimslds whgreimthgH-ZRNGE ismesqperrusHE M-art , and t hat
suc difications and variations are considered to be within the scope of
this 1nvention. WD 2011/162717- 24 -PCT/ SG2010/ 000235 C ains What is

cl ai ned i18; Thé.retied hddamyf of rthel peeceding| deainess wiherele hmpedrabkimodificuf zeplite xs ur e
of alcohals in a single step conprising; rovi di ng two.or I cohol s;
contacting tHOAHFed Witk opF o, rec’é‘ﬁté’sff{]e,t the %rﬂgp E%TSéﬁ?%g’?il\gg’a 3, ba,
netal - modi i od @eptd Fe, cang, €8- 7835, 'C'éQAg,hFd, BiXTUNe ZrMB, WeNRBRELYr € T ange
of about 350 t’o about 500 C, thereby producing the alkenes. 2. The nethod
of claim1l, wherein the two or nore alcohols are selected fromthe group
consj sti of ., et hanal r.opanol.,  n-but angl., ,2- butanol, iso-butanol,

1- pe angﬁ', %heﬂ?‘fggﬁtdzfﬁgqlfnp&ﬁ@ﬁfeghgf%eﬁ%li-zﬁet hyl -butan-1ol. 3. The

met hod of claim2, wherein the two or nore al cohols are ethanol and
butanol. 4. The nethod of claim3, wherein the butanol is select ecoi from

t he groupSof The tmathadbpf clagn 18 arakfe wherein themgtabloading isi e beut haftepfo 5.
The net hod OBb&R&SQ%%he precedi ng clainms, wherein the alcohol is a

bi o- al cohol . . The method of any of the preceding clains, wherein an
aqueous sol ution of the 25al cohol m xture is used. 7. The nethod of claim
6, wherein the al cohol concentratiqgn is from abqut W . % tag aboyt 90 wt. %
based on 10he Themsthod acgerdingtg,s atig tﬁeFﬁgﬁg&‘Hﬁ%hs 358?&(% ‘Sﬁ% WO

2011/ 162717PCT/ S&010/ 000235 9. The nethod of claim8, wherein about 5 wt.%
et hanol and about 5 wt.% butanol are used. ~10. The net hod according to
any of tH3. plbeentitingl of aiynef themreesidingt daimsewhereirpthef zeelitesis duither anedified
pentasil-typ zgolite. .11. The nmethod of claim 10, wherein the

met aI-nDdifi@'d&]zaeIBP& g a8it7om 5. 12. The method of claim 11,
wherein the HZSM5 is nmesoporous HZSM5. 10 13. The nethod of any of the
precedi ng clains, wherein netal -nodified zeolite is nopdified wth_ one or

mor 25ret d8s  Jhkanethad faf oelpinn d 7g mehigpein dhe maadifying, agamy, is qehosphpricspeid (gt a vy
Fe, Co, N, . , Ag, Pd, Bi, Ti, V, Zr, M, W Li and La. 1514.
The net hod o?é%YagﬂFnt ?Oﬁheer ein the netal is Zr. 15. The nethod of claim13
or 14, wherein the netal loading is fromabout 5 w.%to about 25 w.%

19. The method of any of the preceding claims, wherein the zeolite has a silica/alumina
ratio between about 30 to about 280.
30 |

20. The method of any of the preceding claims, wherein the alkenes produced are

- ethylene, propylene and C3+ olefins.



2016. The nethod according to claim15, wherein the netal |oading is about
20 wt. % 17. The nmet hod of any of the preceding clains, wherein the zeolite
is furth d with a nodifying agent. 2518. The bRe-0f 0503k M 17,
wher ei n f\{\{e m)d1 ?yl ng agent is phospherbec acid or a de??ga{%?;\%e {Oﬁer eof . 19.
The met hod of any of the preceding clains, wherein the zeollte has a
sili-ca/alum na ratio between about 30 to about 280.

2011/ 162 217 pdhe sesthad pHelapn 30, whereim betwgen akaus 38 t%iab‘é‘llta"rorﬁ mppymsr Basgd
bet ween aboutonqge ttol?asl%%%t &Q{gg Bk%fg&ﬁlfﬁgqﬁggﬁ%ﬂ% gt he t ot al anount of t he

al kenes produ tal ne of claim 21, wherein
bet ween about 30 to 40% propyl ene, based on the 5tot aI am)unt of the

cl &t e, Whor I hothod BhEIBILE Ly herein RO ERgu O SREraI B B8 C

1024.5 The rfett&gﬂarﬂémﬁeythefameaesmaﬁ@éal RGbbEiAdE, Wwherein the Liquid Hourly
Space Vel ocity (LHSV) is in the range of about 1.5 to about 9 W.

23. The method of any of the preceding claims, wherein the temperature is in a range of

about 400 to about 450 °C.

10 24. The method of any of the preceding claims, wherein the Liquid Hourly Space
Velocity (LHSV) is in the range of about 1.5 to about 9 h'.



