PROCESS FOR THE CONVERSION OF ALCOHOL (S) INTO ALCOHOL (S) WITH INCREASED
CARBON- CHAIN The present invention relates to a process for the conversion of alcohol(s) into
higher alcohol(s). The present invention also relates to a process for the production of 5alcohols from
synthesis gas WO Ariggartiealar, the present invention relates to the productiom/eBam&ioehol(s) from a
carbonaceous feedstock; wherein the carbonaceous feedstock is first converted to synthesis gas
which is then converted to alkyl carboxylate ester(s) which is then hydrogenated to produce alconol(s).
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alcohols ha a greater intere P R gc‘ﬁ%
may be produced by the fermentation o ,/%or_ example, sugars /or cellulosic materials. Alternatively

alcohols, such as ethanol, may be produced from synthesis gas. 15Synthesis gas refers to a

combination of H2 gid ﬁraefs?ot”l X148, E’éf%?eg%gt% érr‘o%‘e%%i‘%%i%&%rﬁ!%”&f 1B 1ErReR source such as

natural gas, petroleum fiquids, biomass an r carbonaceous materials including coal, recycled
plastics, munidibat westelss)of By ewganivenienisy. Tlates tacormsksrfdraheonordeivaeiles may provide
hon-petrcgleumcgﬁgqrgpryg%tﬁggig Jroduction of valuable chemicals and fuels. 20Generally, the
production of alcohols, for'example methanol, takes place via three process steps; synthesis gas

A p X .
preparation, methahoPayHiHSIL AP THEHARBIHIHAELTRC RtAR LRSS 3R P& ton step, an
additional stagenrmay:bes espleyedwibeieine hebieadsiockisdreatadie gotherfeedsipaiisipurified to

remove sulphur and other potential catalyst poisons prior to bejng converted into synthesis gas. This
treatment car%dglé@ll%}é ‘ﬁg(‘;%)‘nc Uué e%ga??eargjrgﬁﬁ{é%}? %%se Sp?re%?a‘?fa |on1;s %F%xén%%%g?%\%//#e% coal or
biomass is employedicohol$)e reaction to produce alcohol(s) from synthesis gas is generally

exothermyic. The formation.qf ¢:2;and.C.aalcohalsds hefigyed taeraed viadhe joumatign of

methanol-for modified methanol catalysts and cobalt molybdenum sulphide catalysts. However, the

production ofarEbERsHPILBAINBTIGMITi et A WSS RatRfFES higAt e s tifed oh RIRJEF8™B0achieve

viable yields. HgnReR, MEssHIggaR prdized 89 tncreasathryigldoasdhereadctian whieh produces
methanol exhibits a . decrease in volume, as disclosed in US 3326956. A low-pressure, copper-based

methanol syntRSLRSIEARAISERTE cornmercially WO 2009/077726P CT/GB20081004102 2
Alternatively alcohols, such as ethanol, may be produced from synthesis gas.

15 Synthesis gas refers to a combination of H, and carbon oxides produced in a synthesis gas
plant from a carbon source such as natural gas, petroleum liquids, biomass and other
carbonaceous materials including coal, recycled plastics, municipal wastes, or any organic
material. Thus, alcohol and alcohol derivatives may provide non-petroleum based routes
for the production of valuable chemicals and fuels.

20 Generally, the production of alcohols, for example methanol, takes place via three
process steps: synthesis gas preparation, methanol synthesis, and methanol purification. In
the synthesis gas preparation step, an additional stage may be employed whereby the
feedstock is treated, e.g. the feedstock is purified to remove sulphur and other potential
catalyst poisons prior to being converted into synthesis gas. This treatment can also be

25  conducted after synthesis gas preparatién; for example, when coal or biomass is employed.

" The reaction to produce alcohol(s) from synthesis gas is generally exothermic. The
formation of C; and Cy+ alcohols is believed to pfoceed via the formation of methanol- for
modified methanol catalysts and cobalt molybdenum sulphide catalysts. However, the
production of methano! is equilibrium-limited and thus requires‘high pressures in order to

30 achieve viable yields. Hence, pressure can be used to increase the yield, aé the reaction

| - which produces methano! exhibits a decrease in volume, as disclosed in US 3326956.

A low-pressure, copper-based methanol synthesis catalyst is commercially



available from suppliers such as BASF, Johnson Matthey, and Haldor-Topsoe. Methanol yields from
copper-based batalysts are generally over 99.5% of the converted CO+CO2 present. Water is a
by-product of the conversion of CO2 to methanol and the conversion of CO S)/nthesis asto C2 and
C2+ oxygenatdéd 20°thE Besence of an active water-gas shift 5catalyst, sGER ﬁgzﬁoﬁé@fﬁ%m catalyst or
a cobalt molybdenum catalyst the water equilibrateg with the CO to give CO2 and H2. A paper entitled,
"Selection of Technology for Large Methanol Plants," by Helge Holm-Larsen, presented at the 1994
World Methanol Conference, Nov. 30-Dec. I, 1994, in Geneva, Switzerland, reviews the developments

in methanol pradustion And shews oS BAEE, remuetiavnhepsisdfshithansioprdduistion will 10result

in the construction_of very large plants with capacities appr ng 10,000 t rc@ﬁléo Other
processes forHHE H%HﬁBﬁBﬁ%’?gﬁa%%%}yéﬁf g%:o Sot Fg)f}?r%:%%% fﬁ)eg %?o(?gggret%gdescribéd hereinafter;
WO 8303408 describesrasprogens dubestiy ethensios @froQuteddicoalbohiiaton eitiethancl by

reaction with CO in the presence of,a-ca lation catalystip fmethanaiadngaidyhich is then
converted toqgr)] Sgt%téﬁsolﬁgéa se%)te&rzr%]&)vfé’é %9 ,hydrdgen(rﬁ)%is of the ethanoate ester formed to give

ethanol 6r a ixtyte wEb dranoIeEnddsaiE AlcorBIAN MEH pAaTEB CRH AT RN B FHRGIARIGH
Carbonylatiog;gan, be sfegied ceinmaGOA pha-mixtre and ydiogeralysingarsinirly be conducted
in the presence of CO, leading to the possibility of circulatin %g%w/e?f{m%c%{bonylation and
hydrogenolydfePapelshiitis syrthiies FalmJasrarerati « ﬁ?%\%g: Mofar ixture being used as

make up gasconferdSed 1224 B0 hatas 1094, pratess 408 wianlfadtrigvalbe e kslqrarticaldrly linear
saturated primagy, slpohols, b eacina oW A2 AL BrSESYIR beivaeRd A0d2ilbm. and a
a C.,in

temperature e n ! e presence of a catalyst, characterized in that the catalyst
contains Gt leasttinssermistaicine nfsrea) aappaipvibisareri) s rrraetSire 280U 8t {selected from

chromium, iron, vanggiym, a0d mangarsssaandddF af least,oaralkrY melalic the piScdR31060 relates
to the production of mixed alcohols from CO and 1:12 gases using a catalyst, with optionally a

co-catalyst, \Mﬁﬁfr‘é‘i’ﬁfméfég’t%fﬂ?ﬁ metals are molybdenum, tungsten or rhenium, and the co-catalyst
metals are cobalt, nigkes ori10n.d36Hescapedystsis peamotednoithy prédschitbyTimbsetiaicambter like an

alkali or alkaline earth series.metal),or.a smaller amg of thori mand s fyribestreatady sulphiding.
The composi%@%‘?? mixed 21co hO{Es61 f}%étfo%r%glﬁcgﬁaeﬁecte by selectlll);g the extent of WO
2009/07157 26RETHEB2 C0BA0M02riedimatcctoneats enbfa eyt tsriptnehte  Journal of

Catalysis, 1988 4 9029 daclascev Mechanismptalnaldomaatiansfromyninesisigas over
CuO/ZnO/AI203. The formation of ethanol from CQ-and I—L% gﬁger CuO/Z%(B /@etha,cgrog é:n%talyst is

studied in a fistBEEPATCFEIRRALISH Y HrehpmgaHH can be etiected using @ L X

hydrogenolysis can similarly be conducted in the presence of CO, leading to the possibility
of circulating gas between the carbonylation and hydrogenolysis zones with synthesis gas,
| 20 preferably a 2:1 Hy:CO molar mixture being used as make up gas. .

US 4122110 relates to a process for manufacturing alcohols, particularly linear
saturated primary alcohols, by reacting CO with Hj at a pressure between 2 and 25 MPa
and a temperature between 150 and 400 °C, in the presence of a catalyst, characterized in
that the catalyst contains at Jeast 4 essential elements: (a) copper (b) cobalt (c) at least one

25 elerﬁent M selected from chromium, iron, vanadium and manganese, and (d) at least one .
alkali metal. A

US 4831060 relates to the préduction of mixed alcohols from CO and H, gases
using a éatalyst, with optionally a co-catalyst, where'm the catalyst metals are
molybdenum, tungsten or rhenium, and the co-catalyst metals are cobalt, nickel or iron.

30 The catalyst is promoted with a Fischer-Tropsch promoter like an alkali or alkaline earth -
series metal ér a smaller amount of thorium and is further treated by sulphiding. The

composition of the mixed alcohols fraction can be selected by selecting the extent of



Sisotopic distribution of the carbon in the product ethanol when isotopically-enriched 13C methanol
was added to the feed. As the importance of alcohols is ever increasing in today's world, so is the
need and desire to produce alcohols with a higher carbon efficiency, a higher conversion and an
improved selectivity from a carbonaceous feedstock. Hence, the present invention provides 10a
process that allowsyone 1o produce alcohols from a carbonaceous feedstoeRTwitbnisiproved carbon
efficiency, a higher selectivity and in particular, with?a more efficient conversion to ethanol.

Figure 1 represents an embodiment of a process scheme according to the present invention, wherein
the references correspond to those used in the present description and 15appending claims. For

lgs%ggims, the term Thomologation' is used to
ar

the purpose of the presen invent'@n anq pp ndig
describe thelbl%?:aeté)é"%ﬁé}réglf one %f@é%ﬁ Svf&mr? carbon atoms (e.g. methanol) enters the overall

process and an alcshohaoritgiitsis+1988rBbf AfoffsliEgsetharrshraiis dhateer firpibeess. 20For the
purposes of t(*?(?gP@rﬁﬁQJié’%é@%@P @ns/2ppedng Blaims. Alkylgsieissarenacingsl of chemical

compounds and functional groups and consist of a_carboxylic acid in which at least one -OH (hydroxy)
group is repIéééﬁ%@dﬁema&_ﬂkﬂa(%@f@‘FB%EWH@%&QS}P%%T@%%%%WC@H%@EE?B% %o the present
invention; are; pyefarailiBigty bethanaate. iathy timeoatantiethyl propanoatenrstind Popanoate,
propyl butanoate and/or butyl 25pentanpate. Thus, the present invention relates to a process for
homologatio%fmh’@ﬁff%ﬂé?atefe%%& by the following steps: 1. introducing alcohol(s) into an
etherification unit toAproduceatkytetifed(sholsds nvmotusingngtite@dad paetiof this Hikyeedher(s) from

step 1, togethey with 50, nd, B0aRHRNALYHE e AGAIRRRAAURD kel (08 IGRAT G8i0kan acidic

homogeneouasnor erogeneous carbonylation catalyst, to produce alkyl ester(s), 3. introducing at
least a part ofrtieopiyklsten(s) frompsrporaesgutier itk Honihd g pigsest invention provides

2009/07,47 26PCTIGB200800¢ 1024 bydreaanation aoih ieptaduca hoprotagaiedialeohol(s), 4.

optionally recycling at least a part of the homolagated alcohol(s).from step 3, into the etherifi cation
ugit of St)ép 1%{5]9]@%&:1 carbon efficiency, a h?gher sel ct}vny ang n p(a.&lcu ar, wﬁ?a thore ¢ 101an

conversion to ethanol. ;
Figure 1 représents an embodiment of a process scheme according to the present
invention, wherein the reférences cofrespond to those used in the present description and

15 appending claims.

For the purpose of the present invention and appending claims, the term
“homologation’ is used to describe the process whereby one alcohol with n carbon atoms
(e.g. methanol) enters the overall process and an alcohol containing n+1 carbon atoms {(e.g."
ethanol) exits the overall process. '

20 For ‘tﬁe purposes of the present invention and appending claims “alkyl esters” are a
class of chemical compounds and functional grohps and consist of a carboxylic acid in
which at least one —OH. (hydroxy) group is replaced by an -O-alkyl (alkoxy) group; the
alkyl esters produced according to the present invention are preferably methyl ethanoate,
ethyl ethanoate, methyl propanoate, ethyl propaﬁoate, propyl butanoate and/or butyl '

25  pentanoate. |
| | Thus, the present invention relates to a process for homologation of alcohol(s),

_characterised by the following stepé:
i. introducing alcohol(s) into an etherification unit to produce alkyl ether(s),
2. introducing at least a part of the alkyl ether(s) from step 1, together with CO and
30 / optionally Hy, into a carbonylation unit, in the presence of an acidic homogeneous
or heterogeneous carbonylation catalyst, to produce alkyl ester(s),

3. introducing at least a part of the alkyl ester(s) from step 2, together with H,, into a



5 recovering the targeted alcohol(s) from the hydrogenation unit of step 3. SWherein the alcohol(s)
introduced into the etherification unit (i.e. in step 1) may be produced by any appropriate method
known to those skilled in the art, e.g. via fermentation (described hereinabovg}. For the purposes

of the presen‘fviﬂ%?ﬁﬁ@ﬁ”&ﬁd appending claims the fpllowing terms are defified RaTeina :8%: 10The ‘dew

point temperature' is a threshold temperature, for example, for a given pure component or mixture of
components, at a given pressure, if the system temperature is raised to above the dew point
temperature, the mixture will exist as a dry gas. Likewise below the dew point temperature, the
mixture will exisi@saraponncontaiprinisomedipgided 8@ha(and/or 'gas phase' are defined as a pure

component, or Iixiure of gOMARKH i ihat Are-aboxe bR dsMPeIIRMpeTaite.y Gastourly space
[ é’eﬁnecyas e volu

velocity' (GHSV)'is fast lume of gas fed per unit volume of catalyst per hour, at standard
temperature (0 C) drefreréiendooundT835MIIREY. 20'Liquid hourly space velocity' (LHSV) is defined
as the volume of ,"%&%J&%E%&ﬁl‘g\é@&‘Hl!&)%l@@tﬁl){ﬁttmenm(b@enatiof{ heitinyempion described

hereinabove has application for the homologation of existing. petrochemical.and bjomass derived
feedstocks, namelyvg‘l‘@b%’éI@‘bﬁlfaﬁ?é(@dﬂtﬁa‘écﬁ%"ﬂté’e%aetgdﬁeglrﬁ% {5%%1 e te‘:‘he' e a8

ers and este s‘.QI'he utility of
the process ganifeduiher wigeneth2abytlindlating & fbrthekplotesbsteps- oraxarmgiéagarboxylic acids
can be homoe%%%}h? 11bR/ aeddgggve esterification stage in order to convert them into a suitable ester
intermediate. i ery Sl&fiis can be homologated by this process by adding a hydration stage to
generate an alcohoFfeduspoatoshs p&ticnfaseissutprienrdrnasrdps caimsin M YEgdrEton of

improved fuei%%ﬂ&ﬁ%@@?ﬁéﬂ@' feedstocks. For example, the 30homologation of methanol by one
pass through the described process can yield ethanol, a valuable gasoline b{%gding feedstock'.

Additiorldlly, a furth&hpigiss/(PebydRmrIERalia BISShIETBHARSY T EHG héProcess described
hereinabove can geRgsais T RIaRRAGKAN/E DAHEFATS] 26PETAGRR008/ (044 §Btom
- ;cemperature is raised to above the dew point temperature, the mixture will existas a -

dry gas. Likewise below the dew point femperature, the mixture will existas a

vapour containing some liquid. ‘

15 —  “Gas’ and/or ‘gas phase’ are defined as a pure component, or mixture of
components, that are above the dew point temperaturé.
—  ‘Gas hourly space velocity” (GHSV) is defined as the volume of gas fed per unit

volume of catalyst per hour, at standard temperature (0 °C) and pfessure (0.101325

MPa). A | »

20 | ~ “Liquid hourly space velocity’ (LHSV) is defined as the volume of liquid fed per

uhit volume of catalyst per hour. .

The invention described hereinabove has application for the homologation of
existing petrochemical and biomass derived feedstocks, namely alcohols but also can also
be used to homologate ethers and esters. The utility of the process can be further widened

25 by including a further process step, for example carboxylic acids can be homologated by
adding an esterification stage in order to convert them into a suitable ester intermediate.
generate an alcohol feedstock. In particular this invention finds application in the
generation of improved fuels and petrochemical feedstocks. For example, the

30  homologation of methanol by one pass through the described process can yield ethanol, a
valuable gasoline blending feedstock. Additionally, a further pass (recycle. of methanol and

some ethanol) through the process described hereinabove can generate n-propanol, a



5 material with superior gasoline blending properties (e.g. calorific value and vapour pressure). The
passing of n-propanol through the process described hereinabove yields butanol(s) which have
desirable prop¥Ptie8°4s’gdsoline blending components and as intermediatesTitBHEpiE and fuels
e.g. di-n-butyl ether has a high cetane blending valde. 5The starting alcohol, as described need not be
solely methanol but can include other alcohols and mixtures such as bioethanol or other bioalcohols
(e.g. methanol, ethanol, propanol and butanol). The use of bioalcohols in this process is advantageous
as homolpgation will improve.i e i ties ¢ . n fuels and thereby
improve the Bfg%H%idwfg?gfgr%rﬁ(é}rge%sag%%db#l%%%g%%B%géggfééggﬁéﬁ‘%ﬁeg% %%Iz‘?g% i%j of renewable
feedstocks tharrstiekriis@saesioln- Pz Hbtasihbediecri et Enre HARrtPWRete foduced
greenhouse gissiRNS/ARH MRQVadsesiainabiis armdmrulant goaimpthisipiecess also can directly
yield valuable derivatives of alcohols such as di-putyl ether, et%—ge_%lethe which cquld find
application a¥§aedaiosiErding CaITEuHarE %%&Vﬁ%&‘é%llee%ﬁé AN ELEHAS ?8%9?6’?0‘beanbate and
ethyl ethgnoatg: ((alabie-sableni e} and-dvisalutbno Aoy eattisan fonisabinednd. otherThe alcohol
feedstocks cap he obtained from synthesis . gas. by methods, previously ibed in this document
hereinabove.aglﬂ%%lé Zf%%ealslf%?: & &IS6 2%:Sagﬁof):tekg% O%a%é%%@%?édgﬁ%% oébﬁ%ﬁ%ﬁ?’ \?vqh%éncase the higher
olefins yield segondbayddndaertiahalselbbielehploirehis prelebspredsmmipgaely 38oproparrol and
isobutene wil yield t-hutanal. TyRisR!pQsaUEeaS Bleeh ARl aueans inchidr Mhagatalytic cracking of

hydrocarbons as is commonly practiced on petroleum refineries sites, the methanol-to olefin (MTO)
and oxygenatberehp st 1e5) Peniek Bisk pronariss st Ao HoXe A OGS BAMSRRIMG a hydration
stage orign algehrladditenisiags fiawhich tasesnetheifeedsiankdsobininedythesery-product
streams can be usefylly employed. 25The process is particularly.agdvanta or these feedstocks
as it produce$/foF €3 %Fﬁﬁ%?lglee?fﬁlss,s gggﬁ%%irél%rﬁgﬁgﬁgéhﬁ%rﬁﬁva%é%%?%%gdgaé% not obtainable
by direct hydfetioprofahelsorespondingioléfinuftde dsxavaphesrbdpeneotsamdbacdnersdts isobutanol

and tertiary buignoL Ry DRAAN A i R ABE Y piRRNd:ald hsRERsRNkiavention also
ess

i
relates to a pro i%]g conversion of a.carbonaceous 30feedstock into alcohol(s), wherein the
carbonaceousdeelshernisHpsrebivaradl iprRPaRiitesd ghy silrrerie WabeblssalvaltUshterted into
homologgtediggggggms),p%@g;qﬂlsggm)éﬁee following steps: WO 2009/077726PCT/GB2008/004102
6 1. introducing a carbonacequs feedstock,. intg a.s esis gas generation unit, in qulgl to produce a
mixture of carbon o;ilﬁeeztgc)ogﬁ ‘f—efeit?g ?ﬁré}s)?sog%lg}gg@om Sy% ésts gas Qy metHOAS PIeVIO 5’
described in this document hereinabove. These feedstocks also can be obtained by

~ hydration of olefins in which case the higher olefins yield secondary and tertiary alcohols
e.g. propene yields predominately isopropanol and isobutene will yield t-butanol. Typical
70  sources of such olefin streams include the catalytic cracking of hydrocarbons as is
~ commonly practiced on petroleum refineries sites, the methanol-to olefin (MTO) and
o#ygenate—to—oleﬁn (OTO) processes, and dismutatiqn reactions. Thus by including a
hydration stage or an alcohol addition stage (in which case an ether feedstock is obtained)
these by-product streams can be usefully employed.

25 The process is particularly advantageous for the'se feedstocks as it produces, for C3
and higher olefins, desirable branched primary alcohol products not obtainable by direct
hydfation of the corresponding olefin. For example propene can be convertéd to
isobutanol and tertiary butanol (2,methylpropan-2-of) to i,’Z,dimethyl propan-1-ol.

The present invention also relates to a process for the convers.io_n of a carbonaceous

30  feedstock into alcohol(s), wherein the carbonaceous feedstock is first converted into |
synthesis gas; which is subsequently converted into homologated alcohol(s), characterised

by the following steps:



2. introducing at least a part of the carbon oxide(s) and H2, from step 1, into an alcohol synthesis unit,
to produce alcohol(s), 53. introducing at least a part of the alcohol(s) from step 2, into an etherification

unit to produce alkgl etheéss), 4. introducing at least a part of the alkyl etheréi% from step 3, together

with CO and SPRSAXHYH2 into a carbonylation unit. in the presence of an*AddiERGHBIENeous' or

heterogeneous car' onytation catalyst, to produce alt?(yl ester(s), 105. introducing at least a part of the
alkyl ester(s) from step 4, together with H2, into a hydrogenation unit, to produce homologated
alcohol(s), 6. optionally recycling at least part of the homologated alcohol(s) from step 5, into the
etherificationjuniteb siep Ba antobatecayvéxingdbie targetedtiaisslzed(sinatmtharttydreadertation unit of

step 5. 15 According to one aspect of the prese tiﬁ\ﬁ: ionythe syRthesis gas feedstock, a mixture of
carbon oxide(s) %‘Raq’ﬁez? ]gﬁéguos?é; 4 r;l)rogcli%%eg]t e methanol fegdﬁétream, is,preferabl){ produced from

a carbonace@usiftedstigkat leastpntabibasedous tadaisrard is. Sremesisply: tA dtetietSich as biomass,

plastic, naphthasg;g{ﬂgg@/umttgrﬁgbﬂéédgcg}{g@gS'is gas (from underground coal gasification or
20biomass gasification), smelter off gas munlcelz%?l waste, coal bed metgggnfe, coal, and/or natural gas,

with coal5and3ndﬂlf&ﬂ@‘é%%iﬁ@sfﬁé’ﬁ?é?é%&lg ek YR e iR AN A RRE AN LB nation of

sources can,als%rggdéggqqyﬁqrtw@gpple coal and natural gas to advantageously increase the H2 to

carbon ratio. Natural gas commonly contgins a range of hydrqgcarbons (e.q. .G 1~ lkanes), in 25
which methafte FEaSHHINARL A %é%fﬁ%ﬁﬁig %%%%‘, ??g ﬁ@l%xénsgvsﬁl 555?&% éeé%?l%éjﬁlgn%%gen, CO2 and

sulphur compoungisoRibfétahiyotheanivogeticantiénndheecicesbek igiisboanagra@ Wwiet %, more
preferably less than 10.mot 8a@9&?ﬂ§§&9&§tﬁﬁ§@p% Iesabam3malye,  Processes for producing
i a k

synthesis gas, in a sﬁﬁ% esis gas plant, are wéll known. Each ' method has its advantages and
disadvahbages, aviepehsieneidersi LRty Atharicdar a6 Sromiiny b Ioesiy SU EnatRe: is governed by
economic and aygilallenferd skieappeansikipsaiingasaellag)y the desire to obtain the optinium

(H2-002):(CO+C02) molar ratjo in the resulting; synthesis hat itable for further chemical
processing. A-WBHOBHYIGTH7 %%’%Eﬁ@h%bé%@)%l%@) %213218}%%8'%? ﬁ%mf\/;éﬁlgbllrggs%ntheﬁs gas
production technalegifsaisoprovidddtip BothdHydrocarbon Processing, 1999, 78:4, 87-90, and 92-93
and Petrolett Jechnigues, r%%%ﬁ%%!’béa&%ﬁ%@cs?ﬂgrmﬁeh%la}&g%ﬁgﬁm%Rmeeé@d by reference. It is also

known that the',syr%ess gas m e obtained by catalytic partial 5oxidation of hydr%carbonaceous
materialifi a microstheeemd Fe aetoragceREpRFrsEIHinvention, the synthesis gas feedstock, a

mixture of carbon oxide(s) and Hy, that is used to produce the methanol feed stream: is
preferably produced from a'carbonaceous feedstock.
The.carbonaceous feedstock is preferably a material such as biomass, plastic,
naphtha, refinery bottoms, crude synthesis gas (from underground coal gasification or
20  biomass gasification), smelter off gas, municipal waste, coal bed methane, coal, and/or
natural gas, with coal and natural gas being the preferred sources. To one skilled in the art
a‘ combination of sources can also be used, for example coal aﬁd natural gas to
advantageously iﬁcrease the Hj to carbon ratio. '
Natural gas commonly contains a range of hydrocarbons (e.g. Ci-C3 alkanes), in
25  which methane predominates. In addition to this, natural gas will usually contain nitrogen,
CO, and sulphur compounds. Preferably the nitrogen content of the feedstock is less than
40 mol %, more preferably less than 10 mol % and most preferably less than 2 mol %.
Processes for producing synthesis gas, in a synthegis gas plant, are well known.
Each method has its advantages and disadvantages, and the choice of using a particular
30 reforming process over another is governed by economic and available feed stream
considerations, as well as by the desi;e to obtain the optimium (Hz-CO,):(CO+CO,) molar

ratio in the resulting synthesis gas that is suitable for further chemical processing. A



IMRET 3: Proceedings of the Third Internationat Conference on Microreaction Technology, ed.. W.
Ehrfeld, Springer Verlag, 1999, pages 187-196. Alternatively, the synthesis gas may be obtained by
short contact time catalytic partial oxidation of hydrocarbonaceons feedstocks as described in EP
0303438. The synthesis gas can also be 10 obtained via a ‘compact reformer' process as described in
Hydrocarbon EHGiA&EHAGS 2000, 5:5, 67-69.; Hydrocarbon Processing, 2000T/F398W4T8day's
Refinery, 2000, 15:8,9; WO 9902254; and WO 0023689. Typically, for commercial synthesis gas
production the pressure at which the synthesis gas is produced from a steam reformer ranges from
approximately 0.1 to 10 MPa, 15preferably 2 to 3 MPa and the temperatures at which the synthesis

gas exits the feformer ranges framARRIRNMatelJAR18rL00M Sio bikewiss:ixcapvmercial synthesis

gas production the pressure at which the synthesis gas is produced from fn auto-thfér%al reformer
ranges from dpysFesivarelectstel O 45 dretéribRPS 168 MBARTE e témpeHty &%t which the
synthesis gayexitssthe refiormestanges, fiamppptaxinasaled@0 20to 1300 C. Where the high

temperatures are necessar in-or%aert produce a favourable e ui(lji_ﬁ?ium or syn h?sis gas production,
and to avoid metallJF@%Po%?@% %tst(ggi &t ?/\S/}ﬂg%%%agngaﬁ?s)%ﬁ%? ecgtﬁ%ceg?ﬁ 1Sas contains a molar
ratio of (H2-002){G0 +CHR) cangingeosAierid B0, mtrctiris tlepbredent aretarpdibaceous

feedstock(s) af nethod,of re Ing: d v L.gasis used as the
?Q&E&Fgm%ofgge QloLelprn @%Itasﬁgerﬁgf SXPEIRIR HRE B BaR IS

carbonaceous féedstock for 255team reforming, the synthesis gas obtained usually has a maximum

(H2-002):(COecodpgaticl oV3 B it SnaneanlnatlPaP geress LEEd%s Mepdibdhdbeous feedstock

for auto-therma) reforming. 6. Sypihesis,oas ekinedus iy fasartHLRRARIGO +CO?2) ratio of 1..5.
According to a preferred embodiment of the presentin enti%5 hegmolaq ratio I—(|)2- also b .
30C02):(CO%@%F@P%@%%M@%%%%&W@)&% e %h RS YRS B8 LA (s) is greater
than 1.6; gnorgtpspierably greaiedt thnh e amd ren sk piksferiatl ynghydtecaivan 2n@intumfera®l), the molar

ratio, (H2-002)(CO+C of said synthesis stream exifing the, WO, . 5000, 15:8, 9: WO
2009/077726|?§>éﬁ%%%%éﬁi&%ﬁiﬁ’é’?’5&%%“&%@’55&erétion u}tﬁit(s) is 1635 than 3.0, preferably less
than 2.75, mo?80pRsteraldVIes¥Rian2.4 and most preferably less than 2.2.  Whilst the objective of

the present inventior-js;t homplogate alsolipls dasueduea highemaisehale dtishhvieus for the man

skilled in the art that the présent invention may 5also allow to target further Pro%ticts (?W as alkyl
ethers and/or Weéiét%ﬁ%‘%lmwed from a steam reformer ranges from approximaiely 0.1 10 1 a,

15  preferably 2 to 3 MPa and the temperatures at which the synthesis gas exits the reformer
ranges from approximately >7OO to 1000 °C. Likewise, for commercial synthesis gas
production the pressure at which the synthesis gas is produced from an auto-thermal .
reformer ranges from approximately 0.1 to 10 MPa, preferably 2 to 5 MPa and the
temperatureé at which the synthesis gas exits the reformer ranges from approximately 700

20 to 1300 °C. Where the high temperatures are necessary in order to produce a favourable
equilibrium for synthesis gas production, and to avoid metallurgy problems associatgd with
carbon dusting. The synthesis gas contains a molar ratio of (Hy-CO,):(CO+CO;) ranging
from 0.8 to 3.0, which is dependent on the carbonaceous feedstock(s) and the method of
reforming used. For example, when natural gas is used as the carbonaceous' feedstock for

25  steam réforming, the synthesis gas obtained usually has a maximum (Hz-CO2):(CO+COy)
ratio of 3.0. However, when natural gas is used as the carbonaceous feedstock for auto-
thefmal reforming, the synthesis gas obtained usually has a (Hz-C0O,):(CO+CO) ratio of

1.5. .
According to a preferred embodiment of the present invention, the molar ratio, (Ha-
30 C0,):(CO+COy), of the synthesis gas stream exiting the synthesis gas generation unit(s) is
greater than 1.6, more preferably greater than 1.8 and most preferably greater than 2.0.
f’referably, the molar ratio, (Hz-COy):(CO+COy), of 'said‘ synthesis gas stream éxiting the



carboxylic acids, together with said alcohols, wherein these said further products are present as
intermediates and/or precursors in the process of the present invention. When ester and/or acid
products are targeted then the (1-12-002):(CO+C0O2) of the synthesis ga ired ferably lower
than the afore‘?rg)g%)ﬁ%’]é’az\galues. 10According to angther embodiment of t?ﬁrs? %%é%%@nl‘%zen the
carbonaceous feedstock used for synthesis gas generation is not an aliphatic hydrocarbon (e.g. coal,
aromatic material, biomass) the molar ratio (H2-002):(CO+C0O2) of the exit synthesis gas is preferably
adjusted to the target value by addition of 1-12 or removal of CO2. CO2 may be removed by the use of
a simple, yetsgfiiaetiveasepanation méthpd E5kthowd doptihEsebkittettiantRd armasmesiaitiie, a

"membrane separation method:. sych.membrane-technologies can be found in ‘Purification and
. t 61}? 2.2, . :
Recovery Oéﬁso%r?hs o?%%%%if%gtlo%'eD. J. Kubek, E. Polla, F. P. Wilcher, IJOP, 1996. Alternatively, CO2

may be recovered idlseihoobittiran] Ba s HBIAGIKASIRUS4HE 2L VAIRA FRtHE art, for -
example, by reacting i amingsi Py IFHE thah sRlBIEhaRek RahHi. srettt REGTIB0Ly process)

and/or by using hot potassium carbonate (e.g. the BENFIELD process). According to a preferred
embodirtent §FAESFAR ERER N AT TR ity ﬁﬁg{t@eﬁ%ésa%dg?ﬁ %?(g/ \SHn sader

Synthesis gas reactor (e.g.
using a stearreeyInELi Goropsies eissextiallyohoinxtbee: bf thasb sndoRithet)rahitd tHAE It can also

comprise water, nitrogen and traces of 25unconyerte r HsGdAlARES).
According to %{%?&@Frél&ﬁ em (l)a ?rsn%% %rflf %:%Fggsgﬁt%%\? Q/OQ_GQE%EQRQ&S&& icheid?

ention, during synthesis gas generation; an
additional stmw@@e@ﬁpgﬁmjmt@%@%@mé@%{@e@@@@%ﬁ# éboféhleew{t?@@‘éﬁﬁ%ur and other

potential Cata}]é@{i%%@ﬁ%éf&?&lﬁ? ashalidesior melalsgedemansssy) prior to being converted into
synthesis gas; alternatively this treatment can also 30, be performed after s nthesiusS gas preparation for
?ﬁgﬁ?e

exampld Owhen coaf 6FBibPEe LR ERERPHLRGRERTGNS BXBHBoEIHERE SFHhe Present invention, at
least part of the saickspethesisyaas Sirgamndsethrthintnoducedpivtdcarny dtootohdymtttesis unit, in order to

produce a WO 20Q9/077726PCT/GB2008/004102 r_%:—?n,é, prising alcohals(sinRrefsrably the
molar ratio, (ﬁ?—‘ﬁ@ﬁ%%ﬁ?}% i%ﬁnéggr%fﬁ%%?s(gég ' e %@rean?fed into thé’% alcf)hgl synthesis unit
is greater thais fanble gdjeftsdliytiyréanst vake 1ygddidomeStp rarsranig! gfédler than 20 Preferably

the molar ratio, (H2:8Q2)(GQ-FECO 8) sridiyaihesipaastegd aivearpietidtadnedicohol synthesis
unit is 5less than 3.0, moreé preferably less than 2.5 and mo tgr(eferable{ 'eSS&hO%Q gh%hAccording toa

preferredemBoannéntiope s irdsarsAe b ARR! QR offtsf Prene separarion me

membrane technologies can be found in ‘Purification and Recovery Options for
Gasification’ D. 1. Kubek, E. Polla, F. P. Wilcher, UOP, 1996.
Alternatively, CO, may be recovered and removed by any suitable method(s)
known to those skilled in the aﬁ, for example, By’reacting with amines; performing a
20 methanol wash (i.e. the RECTISOL process) and/or by using hot potassium carbonate (e.g.
the BENFIELD process).

According to a preferred embodiment of the present invention, the exit stream
obtained from the synthesis gas reactor (e.g. using a steam reformer), comprises essentially
a mixture of carbon oxide(s) and Hy. It can also comprise water, nit;ogep and »trac-es of
25  unconverted hydrocarbons (e.g. Ci-Cs alkanes). o

| According to a preferred embodiment of the present invention, during synthesis gas

generation, an additional stage may be eﬁployed whereby the feedstock is first purified to
remove sulphur and other potential catalyst poisons (such as halides or metals e.g.
mercury) prior to being converted into syntheéis gas; alternatively this treatment can also
30 be- performed after synthesis gas preparation for example, when coal or biomass are used.
According to an embodiment of the present invention, at least part of the said

synthesis gas stream is then introduced into an alcohol synthesis unit, in order to produce a



synthesis unit may be any reactor that is suitable for producing alcohol, for example a fixed bed
reactor, which can be run with or without external heat exchange equipments e.g. a multi-tubular
reactor; or a fiwidiseddyetkseactor; or a void reactor. 10When, the alcohol symtbesissunites used to
produce methanol it is preferably operated at a tem@erature of greater than 200 C, more preferably
greater than 220 C and most preferably greater than 240 C; and preferably less than 310C, more
preferably less than 300 C and most preferably less than 290 C. Likewise, it is operated at pressure of

preferably greater than 2. MPa and referably greater th y 3 p(ﬂ ferably less 15 than
G 1 q’t%gzlr%s;?%%gg?ﬁ %eqm(ﬁar ra&l&rz[ﬁénolzgf/ﬁﬂesisﬁ’s an lexothermic

10 MPa and Ri6% pcr%?leor%%flfl%g% act, since meth
reaction, the sjrolyesis temferaturenofapetatiorrleohol srmibesisyaitiakpier 8iBrbfhoinig the forward

reaction (i-. By pghadvaiaavaliacing heequibiyient adingdheaieof eemvarsiand.e. higher

productivity). The catalysts used for methanol synthesis in particular can be divided into, two 20groups:
1. the high prd&sGreEREOAAN <06 sHgmpss 6 fRedokierndae i tBnibteho HyathesbwrEssure

copper catalysts (emInsestOb BRIy das eRmes axideosepdfargmeiesarience, according to a
preferred embodiment of the present invention,. a preferred 25methanol| synthesis catalyst is a mixture
of copper, zinc oxidéﬁcﬁ?fglﬁgpg’o%‘i’é%i‘?&cw adigy tn??a{%rparl ﬁ%@fﬁ%‘.’ II1?1%116\?{1} %[%é)f%)r%mentioned

operating congiithess thisassaid mjxterasrchat catalyble e peddciotichrafom&thanolflori®o and H2
with a high selectity, Wier, (1 5l5000k IG5, Bl 4SRA 0. phOESR Ay phalconols, such
as methanol, ethano ,—ﬁropano?(nsﬁn-propanol with low amounts of iso-propanol), and 30butanol(s)
(n-butanol anthigé-bbedmatactes epefiridiscd deditraroBPITEVAIE SRS synthesis unit may vary

depending on the cajalystigoulonstiyruitablefatalysisdnebdde: medifisdimefhanabsynthesis catalysts,
modified Fischer-Tropsch catalysts, metal mixed oxide WO 20 89%% 7726P |/G%o’<%pi49.§4102
oly

catalysts, rhoARFFABhEEI TRRS I 95 8RR aRAUH Suppikies ERAfySen denum
sulphide based®geaysibb erpeiate4heSeand pbtertidyifeding & 1rimoter. Primblel¢s) can be
added as salty Quri.lue GALANSS DAl e ASRLE TR RIAMPIEHR)ALE Agiasshgrions and are
derived from a salt of potassium, such as potassium 5carbonate or ethanoate. The preferred loadings
of potassium wafipblyrassoudaumiEa and most preferably greater than 5 MPa; and preferably less

15  than 10 MPa and most preferably less than 9 MPa. In fact, since methanol synthesis is an
exothermic reaction, the chosen temperature of operation is governed by a balance of
: promc)tiﬁg the forward reaction (i.e. by not adversely affecting the equilibrium) and aiding
the rate of conversion (i.e. higher productivity). '
The catalysts used for methanol synthesis in particular can be divided into mo
20  groups: » A
i. the high pressure zinc ca{alysts, composed of zinc oxide and a promoter; and
i. low pfessure copper catalysts, composed of zinc oxide, copper oxide , and a
promoter.
Hence, according to a preferred embodiment of the present invention, a preferred
25  ethanol synthesis catalyst is a mixture of copper, zinc oxide, and a promoter such as,
chromia or alumina. Under the aforementioned operating conditions, these said mixtures
can catalyse the production of methanol from CO and H, with a high selectivity.
When, tﬁe alcohol synthesis unit is used to produce a mixture of alcohols, such as
methanol, ethanol, propanol(s) (n-propanol with low amounts of iso-propanol), and
30 butandl(s) (n-butanol and iso-butanol), the operating conditions of the alcohols synthesis
unit may vary depending on thé catalyst employed. Suitable catalysts include modified

methanol synthesis catalysts, modified Fischer-Tropsch catalysts, metal nﬁxed oxide



comprised between 0.7 and 1.5, most preferably between 1.0 and 1.4. The preferred catalyst for
alcohol synthesis, according to the present invention, is a molybdenum sulphide based catalysts
containing coba(l)lti toh9 Oc%')alt to molybdenum molar  ratio being preferahly. comprised,between 0.5
and 3.0, morgvpre?eragy between 0.5 and 1.0 10angymost preferably between 0.5 to 0.9. When
molybdenum sulphide based catalysts are employed the alcohol synthesis unit is preferably operated
at a temperature of greater than 150 C, preferably greater than 250 C and most preferably greater '
than 280 C; and less than 400 QC, preferably Less than 350C and most preferably less than 320 C.
Likewise, it isapgsatatialipressedecohiytated 1S kdeim Pt bratd caiy Sreater than 8 MPa; and

less than 20 MPa apg preferably. I6s% (aR-A2 MRRARSSreing:to @epseiareshemhadiment of this

aspect of the present |1r?vent|on, the stream exﬂmi;;éhea cohol synthesis unit is S.UbSFﬂ_lél ntly purified,
by any methaadkrsnProTREsiF e ardes rsrl et Hp S IAlS O SPRRULY AR RS S dehy des,

ketones and/prwatels2oAceeiding libedaresentiventon thie dsoholsiprodicagdntienalcohol

synthesis unit are then introduced into an etherification unit to. produce alk e ) For example,
dimethy! Sthef R EBHAMIGT I HEauERHRS ?Ffééﬁ i Sfﬁu hs Sl§’%é?3scpéctraxf§xsl%%tﬁ§ri?ication of

WIS nste
methanol; nusgisiisCatakysis fordiis! s actispiiveipbatvepoitédeld Houben-Weyl, vol. V113, part

3, Georg Thieme Vetlag, Stuttgart 1965, pp. 17,18, br.25Alexander Wlacken: (aeselischaft fth
elektrochemische Ir?[(&lﬁilﬁ%e erﬁﬁé%l%%éjo%égdll ‘§4 (E’l. Halbig, 0. Mol?egnhauer). R. L, Brown, W. W.

Odells, US 18;?@5@%;@928?&19@@.Méie%a%é?éjwfé@@ﬁ%ﬁﬁ‘m&%fsfeﬁﬁbb‘?J' meRbAsHR BN 30 GB
332756, 1929,GR 3EA01RAQ8 BB #2340 02,4938. Fuidles, exarayiersaflgthenificatioandatalysts

include: iron chloride; copper sulphate; cogper chloride; manganese chloride; aluminium chloride;
aluminiukf 30%8dipRater SR GRVESBARE 4ims: thorium compounds; aluminium oxide; titanium
oxide; barium oxide yeiligangeybatuminiulphptdspbdterdydsacidioideiedigaideolheyeheden etherification

catalyst may be either hamodeneeys of NGIGIANRIeRIS.. WA A00Y AT 1H26RAT IRaR00R1004102 11

According to fﬁétbsré)sen invention the preferred etherification catalysts are heterogeneous catalysts,
such as alum'mﬁoﬁC@x&iﬁe@%méﬂmﬁiﬁ‘lmwgtliéa’@ez,&%%rﬁ&%ﬁﬁél}ﬁbﬁqﬁeﬁ’W&éﬁﬁg‘?fﬁgﬁgsponding
etherification gatplystsaRcLPERIESS INEIATRG sanditione s, mayoberadyanirgecusigased according
to the present invention are 5described in Mobil Qil Corpgratiop, D, 8831, 1978, (F..G5. Dwyer, A.
B. Schwaftz); tham HPornimsefeianhy eigri R P &r?%‘ﬁg S50k &%@P‘“ﬁ%%@%&’cﬁg (1D. L.
Brake); Mitsubighi G heraicatdodusinies, frifeticd 240578108 { MisMsnrest ¢ N akesaiichcRIlOOtake, T.
Ushikubo). Zeglites, stron %Qah ?sirselﬁlﬂfis§H9§%85@1@§‘S&9%9%@§14%@h as

acid ion
10silicotungst ‘%8‘%"8.’8)%&‘ %%I?ftﬁ%rceogl thereof, can also advantageously be used as etherification
catalysts; mid b;qypomehlohfeteKbpétyé@iw’@aﬁe@}?%@aP@6?@?%%‘81%5@%6%%&‘&%‘%@%nt

invention. and/or water.

20 According to the present invention, the alcohols produced in the alcohol synthesis .
| unit are then introduced into an etherification unit to produce alkyl ether(s). For example,
dimethyl efher is cornrrionly produced by the Lewis or Bronsted acid catalysed
etherification of methanol; numerous catalysts for this reaction have been réported e.g
Houben-Weyl, vol. VI/3, part 3, Georg Thieme Verlag, Stuttgart 1965, pp. 17, 18.. Dr.

75  Alexander Wacker, Gesellschaft fiir elektrochemische Industrie GmbH, DE 680328, 1934
(P. Halbig, O. Moldenhauer). R. L. Brown, W. W. Odells, US 1873537, 1927. N. V. de
Bataafsche Petroleum Maatschappij, FR 701335, 1930; GB 332756, 1929,GB 350010, '
1931;GB 403402, 1932. Further examples of etherification catalysts include: iron chloride;
copper sulphate; copper chloride; manganese chloride; aluminium chloride; aluminium

30 sulphate; chromium sulphate; alums; thorium compounds; aluminium oxide; titanium
oxide; barium oxide; silica gel; aluminium phosphate; and acidic ionic liquids. The chosen |

etherification catalyst may be éither homogeneous or heterogeneous.



Daring the alcohol etherification process to produce alkyl ether(s), e.g. methanol to dirnethyl ether
(DME) and/or methanol and ethanol to dimethyl ether and methylethyl 15ether and diethyl ether, water
is also produced. It is preferred accoiding to the present invention to proceed with the removal of said
water prior to the introduction of the alkyl ether(s) to the next stage of this invention. Other ethers can
also be produc®d MG the etherification process depending on the compdsitiobrefiiaisiconol
feedstock introduced into the etherification unit, e.g.léiipropyl ether, dibutyl ether, dipentyl ether and
ethylpentyl 20 ether can also be produced and some of the said ethers can advantageously be
separated, isolated and used as diesel additives. According to the present invention, at least a
part of the aforementiengd alkyl iethreentagetien withcerandwpitaaity thalase introduced into a
carbonylation unit in the g)resencte of an ac'ldic. homo gneous or hetero_g?ggouw flc%rgor%lation catalyst.
The 25applicalts REASFOURIY PrefSite ABtR ST R RA b B A A ki AU shtageous (e.g.
increased catatystfifétiné)tincabuuspthdicadiomyletion pra¢ess andthe e seaeegf W. Preferably at

‘east part, mostprisiapty all, 90, st aliv ahariel. empnatadte: e larsmeatoned

etherification unit. However, dccording to an alternative embodiment of the present invention, at least a
part of the alkgibestifadiitidabi &l RiorrhatiarddRyRitsn AR 7304y BI9gcsitirare iienza direct
synthesis gasttg: alkyi gfhersprogess(egpsinthesisgadiopdimethy et 505 examplekdiie reaction to

produce dimethyl ether is.exothemdc and equilibrium controlled, as is the methanol thesis reaction;
however the r %W%CW@%(%}BSW?SZ@ﬁf@f@i%d@ﬁfo@ié\ﬁ“ﬁ’ﬁoﬁﬁ@%ﬁhﬁ%@\{ Rer is more

thermodynamicaliyhfaveyrable than the methanol synthesis, under methanol synthesis reaction

conditions. This has %%al%étg ctlr%%e-gg E’"”QXE’}‘; ggésrgsgga%gonsggd% s%rg I%iregi%go(rs as ameans of
increasing the potentia ylercf per 4ss. THis carrbe achieved by eithe adyéllng acidity to a methanol
synthesid Catadijstytondsieniideid)andbmitices dielyst onirlaométhrinstaishihesigeéatalyst. Such processes

are often refergd 18Rl SR MRS 56 SNRBRRIRIASDANDIE23,6294y 473 (. Giorgio); DE
2757788, 1977 (G. Manara, B. Notari, V, Fattore); DE 3220547, 1982(0. Manara). The same coupling

can also be agpHEdins ikePHRThBIEPHMess, for example the inclusion of a post acid bed in a mixed
alcohol synthesis unibgaip B dreHdDpradiad alkyl @ es(SlodRS ikgblenessheny atitancatalysts used in

the present invention are acidic_ho enepus or acidic heterogeneous catalysts. For example, the
catalyst can bglglgfgl&éegl??(ﬁ%w&g%%nglg%%%%lrgﬁgeéc%é}:% alyng gﬂﬁe%ﬁ§ %haggg?ﬁr%%?’ilce%%%; and,
heterogelfeoustismalotdied Batheasystgyportetppiivsphdtic puittmetSARDS todbalystsnOther

heterogeneous, catalysts InclLidie 8 0HERnINANGE 3ifwiRRIo e s IR A lRIY SR BRI MRS thereof.

15According to an embodiment of the preaenl invention the carbonylation process for producing a
product compRSIFEShiamkynsstetrgr 6f %W@?%h@f@%%%%@%%ﬁ%%g%ﬁg a alkyl
ether(s) with careandmnongsisiesyrdpssubstantialyarhbionsthe alcohol feedstock introduced

into the etherification unit, e.g. dipropyl ether, dibutyl ether, dipenty! ether and ethylpentyl
20  ether can also be produced and some of the said ethers can advantageously be separated,
isolated and used as diesel additives.
According to the present invention, at least a part of the aforementioned alkyl
ether(s) togetﬁer with CO and optionally Hy, are introduced into a carbonylation unit in the
-presence of an acidic homogeneous or hetero geneous carbonylation catalyst. The
25 . applicants have found a pfeferred embodiment, whereby it is especially advantageous (e.g.
increased catalyst lifetime) to conduct the carbonylation process in the presence of Hy.
Preferably at least part, most preferably all, of the said alkyl ether(s), emanate from the
~ aforementioned etherification unit. However, according to an alternative embodiment of
the present invention, at least a part of the alkyl ether introduced 'mto the carbonylation unit
30  may also originate from a direct synthesis gas to alkyl ether process (e:g. synthesis gas to
“dimethyl ether). For example, the reaction to produce dimethyl ether is exotﬁermic and

~ e@uﬂibrium controlled, as is the methanol synthesis reaction; however the reaction to



conditions ir_l the presence _of hydrogen and of a catalyst comprising a zeolite having at least one
8-member ring channel, said 8-member ring channel being interconnected with a 20 channel defined

by a ring with greater than or equal to 8 members, said 3-member ring hayi ' ize of at |
2000/0777 ' : east
25 Angstromggc() AU ?’:56 Angstroms and at leas{-pne Bronsted acid sit}é%%%;\%vg e%rgﬁo?he zeolite

has a silica:X203 ratio of at least 5, wherein Xis selected from aluminium, boron, iron, gallium and
mixtures thereof, such as mordenite or ferrierite. 250ne component of the feed to the carbonylation
process comprises (primarily) alkyl ether(s), whiCh according to the present invention are produced
during the afpredientiongblyéthienfication throvedsnSaich kgl et ihardhesnspeodids having the

formula 12.1-0:82, in which R and Beaigs ndepsndsitivofs! -6 alokataypRsdhs gakal umber of
carbon 30atoms in gfoups Bland R2,’if Rl and R2 are alkyl groups, is from 2 to 12, preferably from 2 to

8, most prefefadshyrrsHITS 6 65IREATEPABIY, RPAPRIR 2 HRCSHNGHIC RAFNUkYI Y S5-I 08 preferably

straight-chain, allod giquRs Baviag frmds e Riepfoamatems epthesMialyst, or by mixing an
2009/077726I'C3"/G82008/004102 13 The carb,on%l%tion eaction overall can befdeBi%:ted as
R1-O-R2%+ ctyidr RO R Rethans SRS é&t'ﬁ[é@iﬁrﬁ%%{sﬁ% Ar5ight 8rdranched chain,
?atu réa;ed alipfiaie sgmméw.@ saanhinatan Sheredi; thaglied, the7d(tisErafQaiol/ alédis designated
i.e. mean rbon at ..Eg;a les. Tog=11% 1 such as methyl,
ethyl, n-propyf,9 S{o) (gbgp%aﬂaﬁ%b%tw?- htyl,%% ﬁ;ﬁ %?%Uéfa Ya%%%?ﬁ%%%geégﬁéﬁ gnd hexyl isomers.

10The term "athylbnetasisedd tarkd feferetriehethsiishBacmorads malHa férm two single

bonds with other. maieligs, This@ou iRt litesfouexemmeunebyrneclitekneaisylene (-CH2CII2-
and hexyleneB [(-CH2-)6}. Whilst alkylene %upg may be str;ight o?btagcheoigga@in{@groups, )

. ro
straight-¢hain alkyleﬁé@&ﬁﬁéba?édﬁ?@fé??gﬁyﬁﬁ? vid IR BrPLEBb RISHET Ao 288Se of this invention. 15If
the alkyl ethenis@gyavnelrisalirthefeggnelinetylysthdiorthemgain theadtatysiilin be selected

from homogeneous strong acid catalysts, e:g. phosp_hdric acid; and, heterogeneous
'aﬁalogues such as supported phosphoric acid and SAPQO’s catalysts. Other heterogeneous
catalysts include zeolites; strong acid ionic resins catalysts; and mixtures thereof. '

1'5 According to an embodiment of the present invention the carbonylation process for
producing a product comprising a alkyl ester(s) of a lower aliphatic carboxylic acid
comprises reacting a alkyl ether(s) with carbon monoxide under substantially anhydrous
conditions in the presence of hydrogen and of a catalyst comprising a zeolite having at
least one 8-member ring channel, said 8-member ring channel being interconnected with a

20  channel defined by a ring with greater than or equal to 8 members, said 8-member ring
having a window size of at least 2.5 Angstroms X at least 3:6 Angstroms and at least one
Brensted dcid site and wherein the zeolite has a silica:X,0; ratio of at'least 5, wherein X is
selected from aluminium, boron, iron, gallium and mixtures thereof, such as mordenite or
ferrierite. '

25 One component of the feed to the carbonylation process comprises (primarily) alkyl
ether(s), which according to the present invention are produced during the aforementioned
etherification procesé. Said alkyl ether(s) are compounds having the formula

Ri-ORy
. in which R; and R, are independently Cy-Cs aikyl groups. The total number of carbon

30 atoms in groups Ry and Ry, if Ry and R; are alkyl groups, is from 2 to 12, preferably from 2

to 8, most preferably from 2 to 6. Preferably»,v Ry and‘ R; are straight-chain alkyl groups,

most preferébly straight-chain alkyl groups having from 1 to 3 carbon atoms each.



be the corresponding alkyl ester of an aliphatic acid (in this case, methyl ethanoate). If the ether is
asymmetrical, the product will comprise one or both of the two possible carboxylic acid esters,
depending on wbichy®ithestwo C-0 bonds is cleaved in the reaction. For examgieoikihgifeed is methyl
ethyl ether (R1 = methyl; R2 = ethyl), then the produgt will 20comprise ethyl ethanoate and/or methyl
propanoate. The feed to the carbonylation unit may comprise substantially pure carbon monoxide
(CO), for example, carbon monoxide typically provided by suppliers of industrial gases, or it may
contain impurities that do got interfere with the conversion of the alkyl ether to the desired ester, such
as nitrogen, helium, i %?ﬁé%ﬁﬁ?&%ﬁ%%%%%%&gdﬁér example, the feed may comprise
CO that is typically made commercially kﬁ/_rg_rﬁoyg% hxq{ Bgom the synthesis gas (produced

during the aforementioned synthesis gas @en‘e?ation stageJ, via a cryogenic separation andJor use of a

membrang.  In fagf, ‘?E%ﬁaqr m"tgs%s%eﬁ@{é%%%%%m%ﬂi& Of 18 PRESERLINVANHGL, the carbon

- monoxide feed to the carbonylation unit contains substantial amounts of hydrogen. For 30 example,
the feed intro@lipksdirexpier cairb spplainenoariicrraly that Yok diciswehsadel teiowanasesigntiedis gas, and
is preferably %ﬁéi\@dﬁémtﬁa@e%E@B%maeﬁgmegxw@%fsamg@lr&@raf&i&rbmmu%Q{&a s such
2009/077726PCl/GB2008/004102 14 As indicated, the carbonylation process taﬁes place in the
presence of batmehrbathithonpsinel deeppitogntyprebeiablyo e katie-bhizhrivdrithvrkitle: hydrogen
is in the range,d;3toh 4 Bk ARsarealar basis, such as 1:1 to 10:1. Zeolites, both natural and synthetic
are microporous crystalline aluminosilicate Smaterials having a definite crystalline structure as
determinlﬁd by X-ray FtFEBHGHOTIE et AeEdhiptEide neoraisdirtriegn Wﬁﬁ‘%ia‘émt they typically
consiSt of SiORi whichgeBwmds e Silrtanasetiraylhs epladachbiiefsavalenlataais suck as Ti or Cie,
by trivalent atoms.such.as Al..B, Oa, Fe or by biv ato ch as.Be, or by a combination thereof.
A zeolite is co%r?ﬁf?sgtg}%?nae g)% érén%%’f)c épr%;r?e ée\l}vﬂfg%éé be ?ﬁ#é%%#ﬁ%%ﬁé%u%ﬁﬁaf other channel
systems or cavfitigbtsudheaghsibehpocketsvsicagesiThebiyvimedadrsypsemorferigdifornidnisize within a

specific zeolitg apdynay.ReBreg-dimensionatt,are not necessarily so and may be two-dimensional
or one-dimensional. The channel systems of a zeolite are typicallﬁ'/ accessed via 12-member rings,

10-member rings or 8t ERHEMRES Skttt HartshelrahamaoRe Bshtdths at least
one channel whigh iseafinetinkoiyyansBroemhdpking aPieferend zeelitesialethoseyhiciheo not have

side-pockets or,cages within.the zeolite, structure. The Atlas of Zeolite Framework Types,(C.
acrocner, v AT i S RS R Rl B0 e R i the
web-based versibestsy/ daneudizeg strvdtisheob thtdataBds bo®lidsectaansdan thamsasfieopdlrgical and

structural details about aeolite fameiyersyibgidino-thedyper of RISt HEs-RIgseAlin 20 the

zeolite and the dimensions of the channels defined by each ring type. For the purposes of the present
inventiort&he tefAtsEH cHIZROME RRILY METRAARIR0ME a zeolite-type structure such as delaminated

porous crystalline oxige feeateriatscatiei astdiQubt ang pilasack ayerestakideunaisials such as ITQ-36.

The carbonylalion, procees) Abie RERC AL INERIRR RIS AR, SIRIAYS & 460M8rs of
industrial gases, or it may contaih impurities that do not interfere with the conversion of
the alkyl ether to the desired ester, such as nitrogen, helium, argon, methane and/or carbon

25  dioxide. For example, the feed may comprise CO that is typically made commercially by
removing hydrogen from the synthesis gas (produced during the aforementioned synthésis
gas generation stage), via a cryogenic separation and/or use of a membrane.

In fact, according to a preferred embodiment of the present invention, the carbon
monoxide feed to the carbonylation unit contains substantial amoénts of hydrogen. For

30  example, the feed introduced in the carbonylatiofz unit may be what is commonly known as

synthesis gas, and is preferably derived from the aforementioned synthesis gas generation

unit.



25having at least one channel defined by an 8-member ring of tetrahedrally co-ordinated atoms
(tetrahedra) with a window size having a minimum dimension of 2.5 Angstroms x 3.6 Angstroms. The
8-member ring channel is interconnected with at least one channel defin ring, with equal to or
greater than g’l%é(r)%oe7r7s7,2§uch as 10 and/or 12 members. The interconnsgtcqu/(;&,d%g% member ring
channels provide access to 13ronsted acid 30sites contained in the 8-member ring channels to enable
the carbonylation of the alkyl ether(s), such as dimethyl ether to proceed at acceptable rates. The
zeolite for use in the carbonylation process of the present invention may WO
2009/077726PCT/GBRESB0ADO 2t Borptatisisrofdrreidsamitar ih drrarrasrcsafibrib $ohR by 8-member

rings, such as ¢EQlies, of MRk et A IRl xamls: FRabadie:nd famanaek type ITE, for
example ITQIE. Prefera ly,"however, the zéolite has at least one channel formed by an 8-member ring
and at least e#nadritdrsohriécirgrepianpreietiied by £rifglwith greater than 8 members, Dsuch as a
10, and/or 12 membgsifing H@nsAmiting ExamelesefimralilesobavingBinemiiessingtechannels and
interconnecting larger ring channel systems include zeoljtes of fr /ork type MOR, for example,
mordenite, FERCEHE YL SRS ST fﬁa@é? SIREEE P Sé)%%?%p élfegg&gﬁéﬁyéﬁﬁ? fg?'lg;?gmple Gmelinite,
MFSr such ash&Sivhisdnpoiitisnell aslHERal vwnd vEdfysSuthhas BERIBAPrsieiabi, the zeoliteS for
use in the progess of thelQpiesent INePBoR.f2v g 1At A0R SunBmkRLMaEtRnRe interconnected

with at least She 12°member ring channel, such as those of framework type MOR, OFF. and GME, for

example, mohderits atfie thesaas Al Bk T aurars 1Bt RARET RS G108 HEamNEYMAg channel of

the zeolite hag g HNIMUTEINENSIANGT R PsysaR Hnaskams.Gbanne dimensionsal aablite
framework 15types may be found, for example, in hePAéli?s of ZeolitglahFr me\é\{osrlg 'el'rxg)grsé. In addition,
M.D. Fodfer, PURRARIIEMYS SRS Qo HHPOS ORI SHS PREHIERSH ™A HESTHETC Solution fo the
largest-free-sphgreprolpie withineojie fiamevlio ria! ivig tepbrousisndsMed bporsumiMaterials 90 (2006)
32-38, have used Delaunay triangulation,method ied. ite franieyuaiksrand have
tabulated ther}gf@%%?l escé-%xp %nggfa%n’%%%%eﬂ?}g& l?ggé]ggﬁ%%%%}%ﬁ]é?ﬁ%%nci alggﬁsftallograp‘hic
directions for tkwit6Bezppiie]fransesardriis IRan b EUREAOHOREPRT THESY EoitteFramework

Types. Ring window. sizespav.Remndiisdmnsviiablraomicsubsiittions ihadcbaegedond lengths
and bond angles of the tetrahedrally co-ordinated %'hms e‘;‘z&ggl brig{lgirxlfg ogggg&%ts% lpc%rtfi%l listing of
zeolite frEme bR fyPERRGVIRG A fetedraliiffapednRisraycg do not flave st 5

within the zeolite structure. The Atlas of Zeolite Framework Types (C. Baerlocher, W. M.
Meier, D. H. Olson, 5t ed. Elsevier, Amste;dam, 2001) in conjunction with the web-based

version (http://www.iza-structure.org/databases/) is a compendium of topological and

structural details about zeolite frameworks, including the types of ring structures present in
20 the zeolite and the dimensions of the channels defined by each ring type. For the purposes
of the present invention, the term ‘zeolite’ also includes materials having a zeolite-type
structure such as delaminated porous crystalline oxide materials such as ITQ-6 and pillared
layered oxide materials such as ITQ-36. |
The carbonylation process of the present invention ﬁreferably employs a zeolite
25  having at least one channel defined by an 8-member ring of tetrahedrally co-ordinated
atoms (tetrahedra) with a window size having a minimum dimensionsof 2.5 Angstroms X
3.6 Angstroms. The 8—mémber ring channel is interconhected with at least one channel
defined by a ring with equal to or greater than 8 members, such as 10 and/or 12 members.
The interconnected 8-, 10, and 12- member ring channels provide access to Brensted acid
3d sites contained in the 8-member ring channels to enable the carbonylation of the alkyl
ether(s), such as dimethy] ether to proceed at acceptable rates.

The zeolite for use in the carbonylation process of the present invention may



25 member ring channel of minimum dimension of 2.5 x 3.6 Angstroms taken from The Atlas of Zeolite
Framework Types is given below: WO 2009/077726P CT / GB20 0 8 /0 0 4102 16 MOR Mordenite 12
(6.5 x 7.0A) 8(3.4 x 4.8A) 8(2.6 x 5.7A) OFF O ffrctite 12 (6.7 x 6.8A) 8 (3.6 x 4.9A) FER Ferrierite 10
(4.2x 5.4A) 8 (3.5 x 4.8A) CHA Chabazite 8(3.8 x 3.8A)

WO 2009/077726 PCT/GB2008/004102
15

consist of interconnected channels deﬁnqd solely by 8-member rings, such as zeolites of
framework type CHA, for example, chaBazite and framework type ITE, for example [TQ-
3. Preferably, however, the zeolite has at least one channel formed by an 8-member ring
and at least one interconnecting channel defined by a ring with greater than 8 members,

5  suchasa 10, and/or 12 member ring. Non-limiting examples of zeolites having 8- member
ring channels and interconnecting larger ring channql systems include zeolites of
framework type MOR, for example, mofdenite, FER, such as ferrierite and ITQ6, OFF, for
exémpie, offretite, GME, for example Gmelinite, MFS, such as ZSM-S’/, EON such as
ECR-1 and ETR such as ECR-34. Preferably, the zeolites for use in the proéess of the

10 present invention have at least one 8-member ring channel interconnected with at least one
12-member ring channel,'such as those of framework type MOR, OFF and GME, for
example, mordenite, offretite and gmelinite.

The aperture (pore width) of an 8-member ring channel of the zeolite has a
minimum dimension of 2.5 x 3.6 Angstroms. Channel dimensions of zeolite framework |

15 types may be found, for example, in the Atlas of Zeolite Framework Types. In addition,
M.D; Foster, L. Rivin, M.M.J. Treacy and O. Delgado Friedrichs in “A geometric solution |
to the 1argest~frée—sphere problem in zeolite framewérks” Microporous and Mesoporous

" Materials 90 (2006) 32-38, have used Delaunay triangulation methods applied to known
zeolite frameworks and have tabulated the largest free-sphere diameters for diffusion along

20  the three principal crystallographic directions for the 165 zeolite frameworks that are
currently listed in the Atlas of Zeolite Framework Types. Ring window sizes may be
modified by suitable atomic substitutions that change bond lengths and bond angles of the
tetrahedrally co-ordinated atoms and the bridging oxygens.

" A partial [isting of zeolite framework types having at least one interconnected 8
25  member ring channel of minimum dimension of 2.5 x 3.6 Angstroms taken from The-Atlas

of Zeolite Framework Types is given below:

30



ITE ITQ3 2(3.8 x 4.3A) 8(2.7 x 5.8A) GMF, Gmelinite 12(7.0 x 7.0A) 8 (3.6 x 3.9A) E
, 0Xx7. 6x 3. TR ECR-34 18
(10.1A) 8(2.5 x 6.0A) MFS ZSM-57 10(5.1 X 5.4A) 8 (3.3 x 4.8A) :

WO 2009/077726 6 ‘ PCT/GB2008/004102
MOR Mordenite 12(6.5x7.0A) |8 (3.4x4.84)|8(2.6x
5.7A)

OFF | Offretite [12(67x684) |8(.6x494)

FER Ferrierite 10(42%54%) | 8(3.5x484)

CHA [ Chabazite SGSx38A)

ITE ITQ3 S (38x43A) |8(27%58K)

GME Gmelinite 12(70x 7.0A) | 8 (3.6x3.9)

ETR ECR-34 T8 (10.1A) | 8(2.5x 6.0A)

MES Z8M-57 [0(5.1x544) | 8 (33 x48A).

EON ECR-1 15 (6.7x 6.8A) |8 (34x49A) [8(29x
' 2.94)

Zeolites are available from commercial sources. Alternatively they may be
synthesized using known techniques. In general, synthetic zeolites are prepared from
aqueous reaction mixtures comprising.sources of appropriate oxides. Organic directing

5 agents may also be included in the reaction mixture for the purpose of influencing the
production of a zeolite having the desired structure. After the components of the reaction
mixture are properly mixed with one another, the reaction mixture is subjected to
appropriate crystallization conditions. After crystallization of the reaction mixture is
complete, the crysfalline product may be recovered from the remainder of the reaction

10 mixture. Such recovery may involve filtering the crystals, washing with water followed by
a calcination treatment at high temperature. The synthesis of'zeolites is described in
numerous references. For example, zeolite Y and its synthesis is described in US
3,130,007, zeolite ZSM-23 is described in US'4,076,84_2 and J.Phys. Chem. B, 109, 652-
661 (2005), Zones, S.L. Darton, R.J., Morris, R and Hwany, S-J; ECR-18 is described in
15 Microporous-Mesoporéus Mat., 28, 233—239‘('1999), Vaughan D.E.W. & Strohmaier, K.G.;
Theta-1 \s described.in Nature, 312, 533-534 (1984). Barri, S.A.L, S‘rriith W.G., White, D
~ and Young, D.; Mazzite is described in Microporous Mesoporous Mat., 63, 33-42 (2003),
Martucci, A, Alberti, A, Guzmar-Castillo, M.D., Di Renzo, F and Fajuld, F.; Zeolite L is
described in Microporous Mesoporous Mat., 76, 81-99 (2004), Bhat,. S.D., Niphadkair,
20  P.S, Gaydharker, T.R., Awate, S.V., Belhekar, A.A. and Joshi, P.N and also in J. Ind. Eng.



| EON 1 ECR-1 12 (6.7 x 6.8A) 8 (3.4 x 4.9A) 8 (2.9 x 2.9A) Zeolitcs are available from
commercial sources. Alternatively they may be synthesized using known techniques'. In general,
synthetic zeolites are prepared from aqueous reaction mixtures comprising sources of appropriate
oxides. Organlc directin ents may also he included in the reaction mixture for the purpose of
influencing the'{StStiEt gﬁzbf a zeolite having the desired structure. After tﬁgTdﬁﬁ?B%@ﬁ’cﬁof the
reaction mixture are properly mixed with one another, the reaction mixture is subjected to appropriate
crystallization conditions. After crystallization of the reaction mixture is complete, the crystalline
product maybe recovered from the remainder of the reaction 10mixture. Such recovery may involve
filtering the cr@ksétais‘\/waﬂ;hjm@Mt@WAIe636|E§Wéﬁ)bzySa SalciWabiendrefttnent dtstihdtemperature. The
synthesis ez? @%é%jseﬁ%ﬁ'b%’i in qggaﬁ%%&ﬂ\qrgnces For example, zeolite Y and its synthesis is
described in 130,007, zeolite ZS1v1-23 is described in US 4,076,842 and J.Phys. Chem. B, 109,
652- 661 (2005), ZoheszeRliteDdaiabiat ﬁrysq\nbtﬁr@anw@meyces&,OEm@w@ igeEiidd in 15

Microporous Mesap@IoMSMetin, 38n 385 238:44989) VauahamdE M & SUabnaisipK, §. Theta-1 is
described in Nature, 312, 533- 534 (1984). Barri, S.A.l., Sniith W.G., White, D and Young D.; Mazzite

is described iRNHERBORO RTINS RELETRSP! BS Z80dithe sesh58 R R A2nalp PRV Led
Guzmar-CastilgudHDorR] Beazeafleabd faajulag e Xeliteh is drserdbechipeidioropheauiiMesoporous

Mat., 76; 81-99 (20 D N| |r 20, arker ate, S.V., Belhekar, A.A.
and Joshl Pﬁ? %P %%(I?lir?e\]wfndmg %\‘78 %6@%@%5@%&%&1 gﬁgﬂ% wbﬁ%ﬁem.Vol. 10,
No. 4 (2004),\@ﬁ6u6¢hmlvy$emhmwegf@m¢ JfictitenipldeEenibattiftctue Hesi25H@64 iwol. 7, 1987
Howden M.G,, . um%%wﬁ% RS TlyReinsthe bRy latiand asess.abe,present invention is

used in the acid form, generally referred to as the 'H' form of the zeolite, for example, H- Smordenite,
H-ferrierit®. ORISR tRe REGIREISITEREAR HE AR B APEAI asETm SRR RSP TREPEL RS m, for

example, by alsini rﬂ@:ﬁhﬁplbéls-iéh&rﬁe mlmNmp@@tw&oEﬁ&@ﬁlﬂqué@r@ﬁnﬂfﬁﬁﬁbiﬂ)v\ll|| possess
Bronsted acﬂaé gﬁcites W li’ 1;atlr%dlsér the v, erlcci_%se ranel S lstem ﬁl‘%’] the zeolite. For
example, H 5%%?’ Psites 10¢a n%rﬁbe? ring ehanners and'in the 8 thember ring
channels. Theiwm¥ésar, A.E., van Liemt, B.JA, Mesters, C. de Winter, A.W., Williams, C. Journal of
Catalysis 1997, 172, (1), 1'701. The two types of channels in H-Mordenite (defined by 12
15 member rings and § member rings) give/n’se to at leaét t§vo bands associated with the V
hydroxyl region of H-mordenite, one corresponding to vibration into the larger pores and
the other, at a lower frequency, vibrating into the smaller pores. It has been shown that -
there is a correlation between the number of H' sites located in an 8-member ring channel -
and the carbonylation rate whereas no such correlation has been observed for 12-member
-+ 20 ring channels. It haé been found that carbonylation rates increase in parallel with the
number of H sites within 8 member ring channels. In contrast, no correlation is evident
with the number of H' sites within 12 member ring channels. The number of H sites
within 8-member ring channels can be controlled by replacement of the H' with metal
cations such as Na" .or Co*" using known ion-exchange techniques.
25 The chemical composition of a zeolite (that may be used to catalyse the
carbonylation process) may be expressed as involving the molar relationship:
, $i0; 1 X204 -
wherein X is a trivalent element, such as aluminium, boron, iron and/or gallium, preferably .
aluminium. The SiO; : X,0s ratio of a given zeolite is often variable. For example, it is
30 known_ that mordenite can be synthesized with SiO; : Al,O5 ratios of 6 to 90 or greater,
zeolite Y, from about 1 to about 6, chabazite from about 2 to 2000 and gmelinite may be

synthesised with SiO; : AL, O3 ratios of greater than 4. In general, the upper limit of the



10 concentration of 1-11 species residing in any particular channel system can be determined by
known techniques such as infra-red and NMR spectroscopic techniques. Quantification of Bronsted

acidity by FTIR and MMR,spectroscopy is described, for example, in MakatavasbdesrooMilson, Al., van
Liemt, B.J., Mesters, C. de Winter, A.W., Williams, . Journal of Catalysis 1997, 172, (1), 170. The two

types of channels in H-Mordenite (defined by 12 15member rings and 8 member rings) give rise to at

least two bands asSociated with the hydroxyl region of H-mordenite, one corresponding to vibration

into the larger pores and the othe'r, at a lower frequency, vjbr?ég'sg/?gn ( thers‘tl’?allerlpores. It has been
oca

shown that thke isa @oraration teRtetiohE HiRtb PR S BB e BZRember ring channel

1C.ZEO11Le
and the carbqpylation 1ate;wihereas e SHoh :coytslatinn his bearcotisevettforld I theratssr 20ring
channels. It has been found that ca borylgat&?n r.gte i
ast

within 8 membé&t Hhgiehann8i® 14 coHf e Si s?&n&r%% &I 13fﬂé§%¥lé%ﬂ5?%qﬂ%ﬂﬂbbﬁfopft sites

Ho"Cotreldtion Is evident with the number oft sites within 12
member ring phasiialssiDhe Xumbeiooftsitesbitnr Sontambaraliies ShislspkrisaionsvesHrdlled by

replacement of 15 i metel eAlore sHihas Na oo asincikaaun nachangg techniques

25The chemity 1C).m/psgf}srllﬁon of a zeolite (that may be used to catalyse the carboné/ atjon process) may

be expressed as involviretite dirofat. ramersHEH; ysdiipthoo g IS S9PaREAPelement, such as

aluminium, boran, irqn And/ax gallivmiprelesably-aldmmisiver.Ihey&ioRhe X203 diia of tegiven zeolite is
often variable. For example, it is 30known that mordenite gan be nthesiglgd%{vith Si02 : Al203 ratios
u

of 6 to 90 or Grédfermzesnte ST B SRR S T aBout 2 1o 2000 and gmelinite

may be synthegisashwits: Bid2d WAlR03« atinseigredtendhancappargankrbliridisogbediimit of the WO

2009/077726PCT/GB2008/004102 18 3iQ2 - X203 ratio s paboundeg.fof.exaspigdthe zeolite ZSM-5.
The spedftic z@&“f%‘rﬁ‘lé)ﬁﬁaoﬁg ’hoér(é}ll?l%gc%/%gr%\;e a Sio2: XZ%B molar ratio of at least 5, preferably in

the range 7 toalihisunheasnt(cto!30. [SuRshpmers SR 25t BRI e Bequal to 100.

Particular Si02 - X203 ratiosican baphisings fannamhzsslites by dieakiminatiom{yherinX 5is Al), by
standard techniques using high temperature stgrgem trea me t or aci W&Shi% In one embodiment, the
m T 1100

catalyst used firthes elsFBeNyRIBHZGAITSRBIRE Ba&%ﬁgen?fgno?%é}?ler?tne, or mixtures or |
combinations pftheu¥R neitheemeised.©. bintthgaod dantystgerorbdijatefdrred tths H-mordenite and

rferrierte). or optionaly jon; - SXRRANES.SLIP2AE Ik ARG QRRSE RelalieHoh asoapper, nickel,
either a mordenite or ferrierite catalyst, the catalyst suitably has a ratio of silica to the
oxidé of the framework modifier.element would be from about 10:1 to about 100:1. T-
atom inc;oﬁrporation where T is_B; Ga or Fe into zeolites of the ferrierite structure is
disclosed in Melian;Cabrera et al., Catalysis Today 110 (2005) 255-263; Shawki et al., EP -
20 (Application).234,766 (1987), Sulikowski et al., J. Chem. Soc., Chem. Comm., 1289
(1989); Borade etal., J. Chem. Soc., Chem.Comm., 2267 (1996); Jacob et al., Zeolites
430 (1993) Vol. 13. T-atom incorporation into zeolites of the mordenite structure where
the T-atom is Ga or Fe is disclosed in Smith, WO 05/085162.
Mordenite (commonly a&ailable as Na-mordenite, NHy-mordenite or H-mordenite)
25  is a member of the aluminosilicate zeolite class of minerals. The formula of mordenite in
its Na-form is usually given as Na(AlSis012).3H,0 or (Na,,Ca,K2)Al;Si10024.7H0. Itis
available from a number of commercial sources of such materials. H-Mordenite has
elliptical 6.5x 7.0 A éhannels (12 member rings with window openings running in the
crystallographical c-direction). It also has a system of smaller channels running
30  perpendicular to tl'le.12 member ring channels (and running in the b-direction). These small
channels consist of 3.4 x 4.8 A channels having 8 member ring windows of these

dimensions. The mordenite structure also possesses a zig-zag Y-branching of the pore



10platinum, palladium, or cobalt. Mordenite catalysts may, in addition to silicon and aluminum atoms,
contain further elements in the zeolite framework, particularly gallium and/or iron. Ferrierite catalysts.
may, in addition-to silicon and aluminum atoms, contain further elements in the zeolite framework,
particularly bokgn..g@lliym,and/or iron. Framework modifier elements to bofy-typesof satalysts may be
introduced to the 15 framework by any conventionajgneans. Where a framework modifier element is
used in either a mordenite or ferrierite catalyst, the catalyst suitably has a ratio of silica to the oxide of
the framework modifier element would be from about 10:1 to about 100:1. T-atom incorporation where
'f is.B, Cia or, Fe into zeolites of the ferrierite structure is disclosed in Melian-Cabrera et al,, Cataly5|s
Today 110 (20055985156 e AiraeraberEpeN ApiRatIRF 28R 6w cr6e) SUiKGHLRI Rt al.
Chem. Soc., G@@ﬁ@n@@mm@&%&&ﬁ&&ebfwade@bmngbmem590& FeentSominthe2 267 (1996)
Jacob et aL, Ziolites 4:@%21 . lattorp asl orag nto zen I{jtlees1 nE)[Pth mq\tg}enlte structure
where the 1-atSH 1§ Lénfllsngls scﬁoge it f@f orden ﬁcor’nmonfmavallable as
Na—mordenite}Nfdﬁnmdndémb@fmei-m(fmjmnia@eﬁﬁsla menmersdfthelalivginiosticaie Aédlite class of
minerals. i isyu ).3H20 or

éf %&24 é[}& 7%12 s Nsforgm i ugually givenasi NaklRin0d2

(Na2,Ca, is Available from a number of commercial sources of such materials,

H- Mordenlte rmglémm@a%pers%se Addiiend HeTs 11 AR itrsrand GShwit taHaR B J8HRIgE Ahning in the

CrySta||09raphé&?‘l;lé‘délf@@?%)ln'@eﬁl%ﬁﬁ%@oﬁ%’iﬁ@@a&&%ﬁ&W&hﬁﬂ&ﬁlﬁéu%IHEF%QE@{&%GICUW to the
12 member ring channels (and running in the b- dlrecr%]gﬁg F?ﬁse small channels c ({1 gt ofg's A4x4.8A
" ek ;

channels havifig 8 trietBRFTRG Wb SrHia0s OBFR HfoFcfBIith &

possesses a zAgrzagdfhigoshing safitheporee\Wairg@e)11 77726PCT/G82008/004102 19 structure
due to twigted 8 memper [ings (dg threea%rt SiallparapiiG, csdire 'ammn iff e&%‘%%é@n%edﬁ‘i%@# window to
each sidé of the Y- brancqhmg A. Ferrierite Is another me er of the aluminosilicate zeolite
class of mlnemlsnalsmavalmbﬁlmzﬂ@éw@ﬁnmqﬂd kseirab fyem £01 e eabiofRY IRg TeprRdlkiiyenerally is
given as Nae.g1(0 aMaSitaAL3036 SE2Q AL BMe: Nazii2, 6OR aMaIALE #B1205:11072].18H20. It,

too, is available from various commercial sources. Addjtional information on these and other materials

can be found on the. I%éﬁé"lfélo‘f’kfﬁ’éalﬁ‘f@%‘fﬁﬁﬂé’fﬁ%ﬁ‘ﬁ@%@o@&ﬁgﬁomqﬁé’%’ﬁﬁﬁé%ﬁlﬁ‘IQI Ferrierite
has 4.2 x 5.4 18npeeanbey Aingteianaiels: G00AD thin i atceystatograpifit-eadifentiors @ndaBdtx 4.8
8-member_rin nels ru, nln he h-di The arb afi cliond e conducted
substantﬁqu |% e abSeRce of \ atelt? ﬁ?eSS; usmgr%r?ij%sp%m? f{le r%e]tr}gg? éde%gﬁé&irl%bove for

example by drgnngl$hglzetbl¢teadal@)ly§lob@fd?@§@giﬁmﬁg(m@%b@rawlﬁh@mp}@nﬁy preheating to
400-500C. . Jngenemkwhenazesliteatalyat iniemplayasicte sarheaaion prassssads run at

temperatures at or below about 600C, that is, at temperatures of from about 150 to about
with very high selectivities.

Typical total operating pressures when zeolites are employed in the carbonylation
20 process are from 1 MPa to about 20 MPa, preferably from about 1 MPa to about 15 MPa
and most preferably from about 2.5 MPa to about 10 MPa; preferably with carbon
monbxide pressures greater than | MPa and dimethyl ether pressures below 0.5 MPa. |
The zeolite carbonylation process is carried out uﬁder substantially anhydrous
conditions, i.e. in the substantial absence of water. Thg carbonylation of dimethyl ether to
25  methyl ethanoate does not generate water in-situ. Water has been found to inhi'bit the
carbonylation of dimethyl ether to form methyl ethanoate. This is in comparison to prior
art processes, in which dimethyl ether was a co-feed, and‘in which water was also fed to
the reaction. Water is thus kept as low as feasible, in ordef to allow the desired reaction to
proceed best. To accorﬁplish this, the alkyl ether and carbon monoxide reactants and the
30 catalyst are preferably dried prior to introduction into the process. | |
The carbonylation process may be run as either a continuous or a batch process,

with continuous processes typically preferred. Essentially, the heterogeneous process isa



15600 C, preferably from about 250 to about 400 C. One feature of the process is that, surprisingly,
the carbonylation of dimethyl ether (DME) to methyl- ethanoate using mordenite zeolite based

catalysts and W&Q&@b‘%%‘mim absence of water can be performed with vggy, Bigh@elestvities. Typical
total operating pressures when zeaolites are employgd in the carbonylation 20 process are from 1 MPa
to about 20 MPa, preferably from about 1 MPa to about 15 MPa and most preferably from about 2.5
1v1Pa to about 10 MPa; preferably with carbon monoxide pressures greater than 1 MPa and dimethyl
ether pressures below 0.5 MPa. The zeolite carbonylation process is carried out-under

substantially grshytrsRPLBHRIBHE, RIS SEHEEANEThBsEHES LIidkRB 2 RLS B8 WIdtion of

dimethyl etheg ta 2hmathyhethangats doesdridgeretate maiediesitiaaterhasipben found to inhibit
the carbonylation of dimethyl ether to form methyl ethanoate. This is in com ar'lsl%ne;g1 rior art

processes, in%?@t‘?ﬁﬁlrﬁ%‘tﬁ?ﬂ%ﬁgm}é%teéoéﬂ?@g%f’%fﬁa R A s §8 fed o the reaction.
Water is thustkegtiag low fasdeasibie, in grdetitg o the destadetodation tolerebeaysst. To

accomplish this, the gl!a%hetheg %Qd t%arbo orglgégga gﬂgﬁt@s@é%%ﬁ%f@&’mwt are preferably dried
1 recycied 1o the he% rho

. . ve v . :
prior to |r&rod{?(?ﬁon INtO the process. nylatlon process may be run as either a continuous

or a batch progessgenitiveontinuouey proosssakyiasicsll(e ronsthabictramsilany #e Reterogeneous

process is a WO 2009/07 726G HCBRANBORMARA20 Jashhasaiengsiaten uihuseactants being
introduced in either liquid or gaseous phase, an%ﬁproducts withdra ses. As d§§ired, the

. n as,ga
reaction proddetsihdi eiB.b sty e CoLREP R LM %%ﬁ%%%&é%%gg&g catalyst may be
used as convegiont;in either&fixeghaaioma foridigedbiegedroperating the process, unreacted

starting materials may be 5recovered and recycled to t o it 4}@05{ diict alkyl esters are then fed to
the hydré%enation u ?P?lo(?/’\gg\%té:rr,p%%lgt gfﬁg/elbéé/srteg?gv(ee.gr.%mg}tﬁy;frethagr]?oate) mayg,also be recovered-and

sold as such, itdeybe oikrdetico athepdhentedbpryesss kel GEEREMIBBIGMHY, the entire
reaction product may pe sentifo the hydraaepatiepaniciRrconversanehthe. alind asjpesinto the

corresponding esters. 10The alkyl ester product may be removed from.the cbarb E{)&/Igt&gg unit by

withdrawing liguiehee asichse SaisatiEhaAd Ba AR HErEHE FELIRE Bl By Ohe or more flash
and/or fractiongl distilationstages: kamvihacatheteoprmendntentine diiy éstebprotnetatitay also be

removed as a vapour from the stream exiting the carbonylati it orgj prefered
embodinént o1& BREEARTSHIEN I? ﬁ,elaﬁ\r’ﬁ%gt%rg s ge%%%h%ﬁ%ﬁ%g%@%%&i%&ectiveIy

removed fromathecartionydatiereprgcesdifiersrder to maintain the :
According to a preferred embodiment of the present invention, the separated alkyl

estef(s) from the stream exiting the carbonylation unit are then purified to remove -
carboxylic acids (e:g. ethanoic acid) and water, before being introduced into the

20" hydrogenation unit.

| After purification and before introduction into the hydrogenatioﬁ unit, the alkyl
ester stream contains preferably less than 5 wt% of carboxylic acids, more preferably less
than 1 wt%, even more preferaﬁly less than 0.1wt% and most Iﬁrefejrably less than 100ppm
by weight of carboxylic acids. '

25 After purification and before introduction into the hydrogenation unit, the alkyl
ester stream contains preferably less than 20 mol % of water, preferably less than 2 mol
%, more preferably less than O.2Imol % and most preferably the hydrogenation unit is-
operated in the absence of water.

According to an alternative embodiment of the present invention, water represents

30  between 0.5 and 20 mol %, more preferably between 0.5 and 15 mol % and most

preferably between 1 and 5 mol % of the total liquid feed (alkyl ester, alcohol and water) to

_the hydrogenation unit.



aforementioned operating conditions. According to a preferred embodiment of the present invention,
the separated alkyl ester(s) from the stream exiting the carbonylation unit are then purified to remove
carboxylic acidsqeogr/etiranoic acid) and water, before being introduced intotthes 20kydragenation unit.
After purification and before introduction into the hydfogenation unit, the alkyl ester stream contains
preferably less than 5 wt% of carboxylic acids, more preferably less than 1 wt%, even more preferably
less than 0.1wt% and most preferably less than 100ppm by weight of carboxylic acids. 25After
purification and bef |ntro cti 0 drogenation ynit..the, alkyl ester stream contains
preferably less tha ) Mo (éu 3\/”%%2% ére era%tfygfgsg tha laH advm&ge%ore%pre ergBTy less than 0.2
mol % and md@ﬁﬁ?é@@aﬁl%mpmﬁo@éhahmmnaﬁoép@rﬁted in the absence of water. According

to an alternative embodimant:0ftRGIRIESEET FOUERTAT. é%ég?ﬁ&%%@%&%%%ﬁﬂ Qi and 20-mol %,

more preferably between 0.5 and 15 mol % and most prefe between 1 and 5 mol % of the total

liquic-feed (alky I ERRUARGRBIEh AN ‘iSa“H&é}W&%‘g"éFfét‘i‘bﬁ GRRTat§yepouriser prior to

2009/077 626 R Ep20R8100AME 2124, by Héaaﬁgtsami@u&ﬁtaa%@aﬁeeaImammr@ gsgiecioly
advantageous when a cop %er based ip1|s em Io ed |n th natlon unlf Furthermore,

the alkyl ester &84 eprarsra apprg HOYHS % |ng AR eHtRest, by either
heating the alkwsemecnmmge}nahadeogaMmmscmﬁmgrtﬁm%h&vga@mmiﬂnhwﬂlk;theﬁdﬁ)ms by heating the

alkyl ester toggiler. il i dsd2u(6.0. €U Ty3ceRarale ¥easelaran aReDedin e hydrogenation

unit). The feed mixture including recycles enterlnlg the hydrogenation unlt (e.g. the H2 together with the
alkyl esters), ig'plafelaphgirriadiriedlat ghoxtafstA PEONEIABSIEYES: dew point temperature, and more

phrefelrsbllyoat greaterﬁawgd%%%@h@yﬁs@m%mmt@mmra;m ﬁﬂ&ﬁﬁi@ﬁdaagd@ the present invention,
the alkyl esters are introduced into the- enatjon unit together wit a stream
corgprisingt?]lc%%mfﬂ%eiﬁ;gﬁéfﬁ Bf?i?:;lti A aé%fﬁ;@ﬁo t5185HE %ﬁg%ﬁﬁgélmn% @Zé%’also
produces othetoridapt qmmdaxfczt gsteisanising Hooptranseestbrfization trace amounts
of methane, e tsvgﬁ‘éﬁra? J}XQS% g‘éﬁbﬁ&‘%g&ﬂ{&%ﬁ?qr?é@gx'ﬁ&ﬂ%?%ﬁaﬁeg 15unreacted

alkyl esters, ( om recycle ttn reac
ethane water and aldehydes together with unreacted starting materlals e.g.

15  unreacted alkyl esters, (€.g. from recycle) and unreacted H.
For example, when methyl ethanoate is used as a feed for the hydrogenation
unit, it also produces ethyl ethanoate by trans-esterification. The proportion of alkyl
ester(s) present in the exit stream will be determined by the nature of the cataiyét and the
degree of conversion. The proportion of alkyl ester(s) may be further varied, if desired, by
20  introducing an acidic function into the catalyst bed to promote in situ trans-esterification.
The alkyl ester(s) may be recovered from the hydrogenaﬁon unit for recycle to other
process stages such as the etherification unit, the carbonylation unit and/pr as a recycle to
the hydrogenation unit. More preferably the quantities of these fluxes are minimised.
According to a preferred embodiment of the present invention, in order to minimize
25 the cost of separation and recycle of alkyl ester(s) within the process the hydrogenation
unit is operated at high conversion of alkyl‘ester(s) feed to alcohol(s), such as greater than
50%, more preferably greater than 75%, more preferably still greater thé.n 90% and most
preferably greater than 95%. ’
It is has also been found to be an advantage of this process, that the selectivity of
30  the alkyl ester(s) hydrogenation to alcohol(s) procéss can be further increased, at the
expense of undesirable by-products, such as the aforemenjcioned alkanes (e.g. ethane and

methane).



For example, when methyl ethanoate is used as a feed for the hydrogenation unit, it also produces
ethyl ethanoate by trans-esterification. The proportion of alkyl ester(s) present in the exit stream will be

determined by“;Bezda?fou,?g of the catalyst and the degree of conversion. TherepestipnAhalky! ester(s)
'may be further varied, | (%esired, by 20introducing am acidic function into the catalyst bed to promote in

situ trans-esterification. The alkyl ester(s) may be recovered from the hydrogenation unit for recycle to
other process stages such as the etherification unit, the carbonylation unit and/or as a recycle to the
hydrogenation unit. More preferably the quantities of these fluxes are minimjsed.' According to a

preferred embodimetefsrae préeashe e misirab bret il A8 9 A X ELEBFEEPEPALon and
recycle of alkylestesisionitinsthenpsacessthe-hydrpgeaation enit is aperatethahhigh conversion of
alkyl ester(s) feed to alcohal(s), .such as_greater than 50%, morg preferably greater than 75%, more
preferably stilPGrERRHARA @%&ékﬁ@%&gpbr‘ggﬁ%ﬁ y“%?%g?e?%[ glﬁ or.ﬁllf %%%?ﬁgé been found to be
an advantageigfrthis Prpeaissctingtiteaselgetivitiseh8Gthevalkykestbi{s)hsitogehation to alcohol(s)

process C?n be further increased, at the expense of undesirable by-products, such as the

aforementiondt ATRARLS (88 Sihatie and methane). WO 2009/077726PCT/GB2008/004102 22

Preferably, at least & fertatprelfetiably aifcontheHpigEd v ma B adrs AsRtemanates from the

synthesis gas generation pracedyis die. itds ayained duinatbaafesamantionasiO/H2 separation),
where, if need be, the H2 content can be fin-thee increased by iubjectir%g the'said.sxlrétpﬁsis gastoa

water-gas shiftPE5eEoiH EridrBbashG IR FRIOETERARETCSSeS (terHat a8 BRB°HS% P4 may
originate frc_)m@e\@f&ﬁy@fapmhﬁhg;ﬁ@ahpfmﬁﬁmdm@hjdhhgﬁm&mctfrhyrkecsﬂstyrene manufacture
and catalyfic refoymng hipweret.lis.known JIA flg,main cAmmelaia piaGessea fplgpurposeful

generati q of 58S erma ref%?srhlng;steam reforming and partial oxidation of hydrocarbon
10feedstocks biscrashaturadlgabe coedlicokey deasphigitef BBtdms, refinery residues and biomass. H2

may also be prothiceg, by, el RIS, Platalsh ey o iscavsialichoie-af ieehopion iy heoducing H2 is

generally determined by the following economic considerations and factors: i. feedstock cost 15ii.
feedstock avaielifiNtpHECApR goRtiderations and factors:

i. feedstock cost
15 ii. “feedstock availability
iii. capital cost
iv. local energy and operating costs; and
v. environmental éonéiderations ,
The.catalyst(s) employed in the hydrogenatioh unit is selected from any of the
20  following:
(i) aprecious metal based catalyst, comprising of at least one noble metal from
Group VIII of the periodic table (CAS version, for example iron, ruthenium,
‘osmium, cobalt, rhodium, iridium, nickel,‘palladium, platinum) and at least one
of the metals chosen from rhenium, tungsten and/ or molybdenum; and '
25 optionally an additional metal, that is capable of alloying with said Group VIII
- noble fnetal; or
(ii) a copper-based catalyst (for example a copper chromite or a m,ixedr copper
metal oxide-based catalyst wherein the second metal can be copper, zinc,
zirconium or manganese).
30 Aécording to a preferred embodiment of the present invention, the catalyst(s)
employed in the hydrb genation unit is a copper—based cat;ﬂyst, most preferably comprising

copper and zinc. The copper-based catalyst comprising copper and zinc has a composition



iv. local energy and operating costs; and v. environmental considerations The catalyst(s)
employed in the hydrogenation unit is selected from any of the 20following: (i) a precious' metal based
catalyst, comprising of at least one noble metal from Group VIII of the periodic table (CAS version, for
example iron, ruthenium, ‘osmium, cobalt, rhodium, iridium, nickel, palladium, platinum) and at least
one of the me#&its BheseFwom rhenium, tungsten and/or molybdenum; and2%eptiosrait@n additional
metal, that is capable of alloying with said Group VI#noble metal; or (i) a copper-based catalyst (for
example a copper chromite or a mixed copper metal oxide-based catalyst wherein the second metal
can be copper, zinc, zirconium or manganese). 30According to a preferred embodiment of the present

invention, the&%&%}@@imﬂl@m indRe hydragepation woitis &.coPRerhaser.satElYabmost

preferably comprising copper and zinc. The copper-based gatalyst comprising-copper and zinc has a
composition D 2000/677e 2ESCTIEBPHUBIOEA H2 238k Copper oxide plus zinc oxide preferably

greater than 75 wt %, meke-nisierabiyogeaatesiianl wh e andunost pieferaly giaater than 95 wt %.
All of the aforementioned catalysts may advantageously be supported on any suitable support known
SR Ere Rk e Lo S et

to those skillet i s WPORHIMINmER J1 & J&h Wb %lr‘{élﬁﬁiﬁrﬁg ISR Titania, clays,
aluminass zin¢noMide cziseaniziandanixed axjdesniRiefeiabiydh eipalddinisbastoxoatalyst is supported
on carbon. Preferably, the capper-based catalyst is supported on zin i referably comprises
between 20 aﬁgﬁﬁ?’oﬁ} o %g%bueprl.‘ %ase(a cgé%’gglrsd%agt%gggpor% e%Fé’H‘ gfr‘?ﬁ%%%ﬁ&ﬁ%%ﬁﬁi@present
invention,the batedystyst Gesvprioyed s tatarode rebprsieradshsainpy endnoreprafeass Alaytbe operated
in a gas phaseg, g a mixed gas/liquid phase regime. The mixed gas/liquid phase regime is where the
reactant mixture, at the reactor conditions, is below the dew point temperature. The
hydrogenation can beCEoHitEciR 8 R Baithgibedifmeab AifG RS BT LOrfHAR RSB Continuous
mode ofjoperatigivisethe ipesigpretrived. The hydrogenation reaction can be conducted in

adiabatic or isothermal mode; where adiabatic mode,of operation fs preferred, Sullahie, reactors
include single, orap u?em'ty, g?a I2DBTC Bed Feactars which can Be_uéed In serie or(ﬂ)arallel. For

reactors utilisptiaire segims, Feamnisehenmrsdpidionrigiore sokbescthe lorgaidimdriatasadiant and/or -
20recycle of iptermediales Gan0e SIRIOYET JBiReMigRR.SHCCessIve reactors to control the reaction

temperature. The preferred adiabatic temperature rise is less than 50 C, preferably less than 25 C and

most preferably less thaRydtogsnatie pie s FeadisiEbInRRish 4f cTBLABIEYLH CSABLMAKS adiabatic
reactorsimay R eperaieshsidiiterest spennietpiiesniteppraingdon composition of the individual reactor

feeds. The hydrogenation reaction can be conducted in adiabatic or isothermal mode;
where adiabatic mode of operation is preferred. Suitable reactors include single, or a
plurality, of adiébatic bed reactors which can be used in series or parallel. For reactors
utilised in series, heat exchangers and/or intercoolers and/or additional reactant and/or

20  recycle of intermediates can be employed in between successive reactors to control the
reaction temperature. The preferred adiabatic temperature rise is less than 50 °C, preferably
less than 25 °C and most preferably less than 10 °C. The preferred use. of adiabatic reactors
is in series. The adiabatic reactors may be operated at different temperatures'depéndixlg on
composition of the individual reactor feeds.

25 The hydrogenation can also be conducted in multi-tubular reactors in which case a
cooling/heating medium is circulated around the tubes to control the temperature, For
exothermic reactions, as such, there will be a radial temperature gradient in the reactor, the
preferred gradient is less than 50 °C preferably less than 25 °C most preferably less than 10
°C. The preferred flow regime in this type of reactor is turbulent rather than laminar, this

30 corresponds to a Reynolds number greater than 2100 (where the velocity is approximated
by velocity in an unpacked tube).

The hydrogenation reaction can also be conducted in other reactor types such as



25The hydrogenation can also be conducted in multi-tubular reactors in which case a cooling/heating
medium is circulated around the tubes to control the temperature. For exothermic reactions, as such,
there will be a radial temperature gradient in the reactor, the preferred gradient | n50C
preferably les¥ thal! 25 Chost preferably less than, 10 C. The preferred f?c?vl{/g %&?ré@%{t is type of
reactor is turbulent rather than laminar, this 30corresponds to a Reynaolds number greater than 2100
(where the velocity is approximated by velocity in an unpacked tube). The hydrogenation reaction can
also be conducted in other reactor types such as WO 2009/077726PCT/GB2008/004102 24 fluidised
bed, spinningthadiset bed) Pissdpbpkheatidxshmogehaas asebro g reavsesliGurifgddigrdsashydrogenation
reaction can be conducted with co:floy.ar sounisifiowafifhe iiz.apd sartadhefiguid (e:g. a bubble

11 cted / i
reactor). The Ip))re erred mode of operation of gas/liquid reactors is co-flow, also known as trickle bed

operation: thigisamthe lsoidi(reged TbalclEssionn d he BIRET &R MR T ALARTING P EEXHSFIA series. The

hydrogenation teaction.may.chande fiemsadmixeskgasdigiid; phiasentoeadutlycgasphdsasreaction, as
the reaction proceeds down the reactor. The mixed ?ha,e?g f%grogeeg%iﬁ)pegc n alnslg bc% a%‘ggducted in
other typ@s ofsABkar Sratri - BOHBiFE66E Braitférent reaciors slrry or stirred

, for exampie |
tank reactor Wity Qriwithouts/eyter pakeirculatipreanphoptionaliy opehatedctiorapeessedeiéosmn 1 0stirred

tanks, a loop reactor or g Sulzer mixerzreactor, The genAtanIepGIoHS) Risiesably operate at a
temperature o ﬁfS?@t?ﬁ‘aTwhigbxe(c}%ﬁstelg%‘??ﬁ%lr?t%loc%g [ According to a preferred embodiment of
the present invention thevibictopnbimeraldiirmioraiea feseenplrsfralF 54N 170 C and

most preferably more 15than 90 andiless themArR dbhedirdyegenadion wastiaf tay be

operated at a pressure of more than 3 MPa, preferably at a pressure of more than 5 MPa; and at a
pressurel8f leSErErAHIS A [PAP HiaT O HFASHRT) BrE pYésilire less than 13 MPa and most preferably at
a pressure less than§Miyao2ehacareingie) prtmbhydipeent af ttwerpresent dfventdmnihén the
hydrogenation unit(tsge[igjs \%per I?gCWith a eopper-based catalyst, the feed mixture introduced into the

e

reactor(s) iS'-ama?/'é ew’ point temperature. The GHSV for continuous operation may be in
the range 50 to 50,00@duliding to a preferred embodiment of the present invention the reaction

temperature is more than 150 °C, preferably more than 170 °C and ﬁoét preferably more
15  than 190 °C; and less than 250 °C.

‘The hydrogenation reaction may be operated at a pressure of more than 3 MPa,
preferably at a pressure of more than 5 MPa; and at a pressure of less than 15 MPa, more
preferably at a pressure less than 13 MPa and most preferably at a pressure less than 9 -
MPa. o

20 According to an embodiment of the present invention, when the hydrogenation
unit(s) is operated with a copper-based catalyst, the feed mixture introduced into the
reactor(s) is always above its dew point temperature.

The GHSV for continuous operation may be in the range 50 to 50,000 h',
preferably from 1,000 to 30,000 h! and most preferably from 2,000 to 9,000 ht. |

25 The ester liquid substrate introduced into the hydrogenation unit preferably has an
LHSV less than 10 b, more preferably less than 5 h! and most preferably less fthan 3hY;
for example, a typical LHSV for normal operation is approximately 1 h.

For the purposes of calculating the GHSV and/or the LHSYV of the present |
invention, when the reactors are arranged in series, said “catalyst volume” refers to the
30 combined volume of the catalyst in all of the reactors in series.

According to a preferred embodiment of the present invention, the molar ratio of Hy

to alkyl ester that is introduced into the hydrogenation unit is greater than 2:1, preferably



preferably from 1,000 to 30,000 11l and most preferably from 2,000 to 9,000 If1. 25 The ester liquid
substrate introduced into the hydrogenation unit preferably has an LHSV less than 10 ICI, more
preferably less than 5 If and most preferably less than 3 Ell; for example, a typical LHSV for normal
operation is approxsvaielyzé hi. For the purposes of calculating the GHS\:angéosothe:LHSV of the
present invention, when the reactors are arranged iRseries, said "catalyst volume" refers to the -
30combined volume of the catalyst in all of the reactors in series. According to a preferred
embodiment of the present invention, the molar ratio of H2 to alkyl ester that is introduced into the

hydrogenationunit s greater thap. 2 rsferably WO 200907 T126PCTIGER008(00412 25 the molar
ratio is greater thnan 4.1 and most preferably the molar ratio is greater than 5:1; and Is less than 100:1,

preferably lessatidcinl&8: thantdProsrretehalsys l6ss tharibrbst prefeeedidissy tea préferred embodiment
of the present inventign, the effluentexitingntheahydragenation Feackafidar dhe fagtineaitrain of

reactors), is subjected to a separation 55ta%% e.g. cooling the effluent and then feeding the cooled
}

effluent to a flatsh Rlseesnaine FeRatohd Sdits SiFhiRATRHPHEBHRF LEOMBI SieHdP AAEMEY SBveral times).
After this treatmgnt,&VaRadE Sikedaantainieg theimajerto plitbeddand insktgases (including light
alkanes; nitrogen; CO; and CQO2) in the effluent is recoyered for recycle to the .hydrogenation unit(s).
The concentraﬁ‘ﬁlheﬁrégﬁsﬁﬁgﬁfé?é?ﬁg%% &8%38%%%%36&@%%?%% %tﬁ?Si?m %%r of the gas recycle
stream to purgeedaentdingptarthiespresensinve Httonaithisysifentiexitthigahedsys (ogenrétion unit is . then
subjected to a aration stage (e, 9. distillation), [ Sing.algahol(s) is separated
and recoveredg@%ié%@ﬁ%%?ﬁééﬁ@é(%%ﬁ%%é\lﬁqs%%%g%%}%#e&%ﬁc%%m: antlhanql, ethanol,
propanol(s), (n{prépasrstigrithniti. Ao ernec B 6 OO EB1S 1IN E) PRSI dAYFtia8-butanol)
and pentggol(s) &ggoggggg;%er reseplthetaraeted alcohols (as mentioned hereinabove) of the

present invention. It should he noted that whilst all of the aforementioned temperature and"

pressure operating cOEHIGAS 1o Prerat BN BHBo RS ERE S iRe pPe SEARSASAEEA Sy are not, by
any means, intgwgegbieclae dnitipgrasiod theankeselittinvenionheeisby fincticlesanyisther 20pressure

and temperature gnerating condinions IAIAGMIENS 108 3.8 Te @R SR L Afise the
following: methanol, ethanol, propanol(s) (n-propanol with low amounts of iso-propanol),
15 butanol(s) (n—butanpl and iso-butanol) and pentanol(s) and together represent the targeted
alcohols (as mentioned hereinabove) of the present invention.
It should be noted that whilst all of the aforementioned temperature and pressure
operating conditions form preferred embodiments of the present inventién, they are not, by
any means, intended fo be limiting, and the present invention hereby-includes any other

20 pressure and temperature operating conditions that achieve the same effect.

25

30



Claims: 1.A process for homologation of alcohol(s), characterised by the following steps: 1.introducing
alcohol(s) into an etherification unit to produce alkyl ether(s), 5 2. introducing at least a part of the alkyl
ether(s) from step 1, together with CO and optionally 112, into a carbonylatith& &hit’in the presence of
an acidic homogeneous or heterogeneous carbonylation catalyst, to produce alkyl ester(s),
3.introducing at least a part of the alkyl ester(s) from step 2, together with 112, into a hydrogenation
unit, to produce homologated alcohol(s), 104.optionally recycling at least a part of the homologated
alcohol(s) fron{3sms, into the etherification unit of step I, and 5.recovering alcohol(s) from the
hydrogenation unit of step 3. 2.A process according to claim 1, wherein the alcohol(s) introduced into
the 15etheriflcation unit in step 1 of claim | are prepared bg/D the followin&gte s: 1. introducing a

carbonaceous feedstdckiaptes fayhmpedreaiergimesahioishribarneraise progled insiFesof carbon
oxide(s) and H2 (synthesis gag)iand. 21dBHAAYGING & I8RSE ARG Lhiha carBan-exug(and H2, from

step 1, into 20an alcohol synthesis unit, to produce alcoholﬁs). 3. A process according to_.any one

of the prededing clairs, whérgipdheiakahtsertaticebhnsling ethimciashstimt isthesthehditbsa A

process according to agy QResf ke neceding,caimsowenein theetharificatiomenibemplaysic
catalyst(s) selected from the fo Iowin%: zeolites; strong acid ion exchange resins; supported

heteropoiyacids; or miRIIAESTRRIESF BACH BERIR LRSI T AR NS IPREPHPSE AN G SRS,

wherein the 30 carbopylation,prosessdsPRAGrMesin thenieserRee 9k pRas diecDagene aushor
acidic heterogeneous catalyst, and is selected from homogeneous stron %ﬁ;lcatalyst(s), e.g.
Eﬁﬁ‘r?gﬂ

phosphoric acid; heteFbgitieady dgeiiis vaifch REsisp b8 1988 i¥-and MCSLLP

10 4, optionally recycling at least a part of the homologated alcohol(s) from
step 3, into the etherification unit of step 1, and

5. recovering alcohol(s) from the hydrogenation unit of step 3.

2. A process according to claim 1, wherein the alcohol(s) introduced into the
15  etherification unit in step 1 of claim 1 are prepared by the following steps:
1. introducing a carbonaceous feedstock, into a synthesis gas generation
unit, in order to produce a mixture of carbon oxide(s) and H, (synthesis gas),
and
2. introducing at least a part of the carbon oxide(s) and H,, from step 1, into

20 an alcohol synthesis unit, to produce alcohol(s).

3. A process according to any one of the preceding claims, wherein the alcohol

introduced into the etherification unit is methanol.

25 4. A process according to any one of the preceding claims, wherein the
etherification unit employs catalyst(s) selected from the following: zeolites; strong acid

ion exchange resins; supported heteropolyacids; or mixtures thereof.

5. A process according to any one of the preceding claims, wherein the
30  carbonylation process is performed in the presence of an acidic homogeneous or acidic
heterogeneous catalyst, and is selected from homogeneous strong acid catalyst(s), e.g.

phosphoric acid; heterogeneous analogues - such as supported phosphoric acid and



27 SAPO's catalysts; and, heterogeneous catalysts including zeolites, strong acid ionic resins
catalysts; or mixtures thereof. 6. A process according to any one of the preceding claims, wherein the
5carbonylation process is performed in the presence of a catalyst comprisind!& £Ebfite having at least
one 8-member ring channel. 7. A process according to claim 6, wherein the zeolite catalyst for use in
the carbonylation process is used in the acidic form. 13 8. A process according to claim 6 or claim 7,
wherein the carbonylation catalyst is composed of mordenite or Cerrierite, or mixtures or combinations

of the two. 9. W@é&@fﬁ&ﬁﬁdiﬁ@dﬁo%‘;@f?ﬁﬁé‘%é%@g@éﬁi%%@%s?%%%irﬁ%&%&}b’@ﬁiﬂaﬂon

process is perfrmed undat substantialyiaphydrous conditions. 10. A process according to any one of
the preceding claims, wherein the carbonylation process is run at temperatures of from 150 to 600 'C.

2011.A process according to any one of the preceding claims, wherein the hydrogenation unit employs

a copper-basegl catalystyrodessA RIQHAHTACSOHINIIRARY O Ofthe Brgceding ¢laimsrsunengin the
alkyl ester stream entering into the hydrogenation reactor contains less than 5 wt% of carbox¥lic

25acids. 13. APPOBILEIQBCBICSAE S A5y BrRcef thdhsrBESAIMG Qhifnsatalel SRMAE SN F i Stream

entering into thghygdragenatine Bnieaniainsessninan 20 mol %of water. 3014.A process according to
any one of the preceding claims, wherein the hydrogenation unit is operated at a temperature that is

greater than 150C and less than 250C. M CS 28 15.A process according to any one of the preceding
claims, wherein the hydppgenatiansnifis epeated @t diiessune: of @eatenthias 1fdiViRa andhat a
pressure of less than 15 MPa. , ) .
carbonylation process is used in the acidic form.
10
8. A process according to claim 6 or claim 7, wherein the carbonylation catalyst is

composed of mordenite or ferrierite, or mixtures or combinations of the two.

9. A process according to any one of the preceding claims, wherein the

15 carbonylation process is performed under substantially anhydrous conditions.

10. A process according to any one of the preceding claims, wherein the

carbonylation process is run at temperatures of from 150 to 600 °C.

20 11. A process according to any one of the preceding claims, wherein the

hydrogenation unit employs a copper-based catalyst.

12. A process according to any one of the preceding claims, wherein the alkyl ester
stream entering into the hydrogenation reactor contains less than 5 wt% of carboxylic

25  acids.

13. A process according to any one of the preceding claims, wherein the alkyl ester

stream entering into the hydrogenation unit contains less than 20 mol %of water.

30 14. A process according to any one of the preceding claims, wherein the
hydrogenation unit is operated at a temperature that is greater than 150°C and less than
250°C.
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15. A process according to any one of the preceding claims, wherein the

hydrogenation unit is operated at a pressure of greater than 1 MPa and at a pressure of

less than 15 MPa.



