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100011This Application clains the benefit of U S. Provisional Application
No. 61/341,452, filed March 31, 2010, which is hereby incorporated
reference her SHTHAYE entirety. FIELD OF THE INVENTION’fU%@?i@ﬂeﬂbresent
invention relates to methods for producing pyrolysis products. In
particular, the present invention relates to nmethods for producing
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BACKGROUND OF THE INVENTION

[0003] In general, pyrolysis is a thermal degradation process in which large

molecules are broken or cracked into smaller molecules in the presence of little if any
oxygen. A wide variety of hydrocarbon materials can be pyrolyzed to produce vapor,
liquid and solid materials into more readily useable forms. Pyrolysis should not be
confused with other processes that use both heat and additional chemical reactivity to
alter molecular structure, which processes usually take place in reactive (non-inert)
atmospheres, e.g., hydroprocessing/hydrotreatment in the presence of hydrogen-
containing gas, sulfiding in the presence of a sulfur-containing gas, and the like.
[0004] Pyrolysis has been used to produce high viscosity tars from biomass
materials for centuries. More recently, pyrolysis technology has been developed to
increase yield and quality of vapor and liquid products.

[0005] U.S. Patent Application Publication No. 2009/0151253 discloses methods
and systems to convert carbonaceous materials (such as biomass) into synthesis gas
and other downstream products (such as alcohols). In certain embodiments, pyrolysis
1s performed in the presence of a catalyst such as heterogeneous catalysts (such as
Si0,-Al1,05, Pt/Si0,-Al,05, WO,/Z1r0O,, SO,/Zr0,), zeolites (such as HY -zeolite,
alpha-zeolite, HZSM-5, ZSM-5, or klinoptilolite), acid catalysts, clay catalysts (e.g.,
aciditied or activated clay catalysts), AI-MCM-41 type mesoporous catalysts,



and systens to convert carbonaceous materials (such as biomass) into

synt hesi s gas and ot her downstream products (such as alcohols). In certain
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quantities. This instability makes transportation and long term storage of pyrolysis

liquids a challenge.

SUMMARY OF THE INVENTION

[0008] The present invention produces higher quality liquid products and higher
quality condensable vapor products from a pyrolyzed feedstock. The pyrolysis
products can be relatively easily recovered and are appreciably stable over a greater
period of time, relative to current pyrolysis products.

[0009] One aspect of the invention relates to a method of producing an alcohol-
containing pyrolysis product, comprising pyrolyzing a hydrocarbon feedstock in the
presence of a basic metal oxide catalyst to produce a pyrolysis product that contains at
least one alcohol, wherein the metal oxide catalyst is comprised of at least one metal
from Group 2, Group 3 including Lanthanides and Actinides, and Group 4 of the

Periodic Table of Elements.



cont ai ni ng pyrolysis product, conprising pyrolyzing a hydrocarbon feedstock
in the presence of a basic netal oxide catalyst to produce a pyronS|s
product that contains at |east one al cohol, wherein the netal oxi

catalyst is cO®P14&8"f at Ieast one netal from G oup fCT@sé‘Ub’“%’“‘TOncl udi ng
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upt ake of carbon di X|de t 100C f at ast 0 0 /[ n2 of the basic netal
oxi de cat al ¥ ™ TIE%E?%P_% I‘ﬁ%ﬁﬁ%thellﬁ‘?lrcd]&?}% i on

100111The phagebitalyvREhh QptaRE @f/éa@llftﬁ] cw;h@t: k{tsl 0B °Q @ duiIehss otd3ahg/AA\GE tigr eat er
stability than pyrolysis products obt ai ned from conventional pyrolysis

product i on pasércasigbexideappsalisir ol ysi s products provided by the processes of
the present invention are generally |ower in aldehyde concentration and

hi gher in al cohol than pyrolysis products provided from conventi onal

pr ocessi ng. DEAWIDADD BYCRINEON OF AHICEMBGDINMBS TSower al dehyde content and
greater aIcPhoI Content can advant ageously provide additional stability to
t he product n enable a wider variety of end uses and higher quality
products. 19)@11?]1Thel“ﬂe'})‘f@s@hﬂ 1996dtf6ﬁ?)lré’ﬁ§es%& M§ Rduéts mé@iﬁé%agﬁ&@& feedst ock
in the presence of a basic netal oxide cataly to produce a pyrolysis
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the presence of substantially reactive conpounds (e.g., hydr ogen,
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feed naterﬂag%fégg ECgﬁgﬁiﬁggﬁ$%§?%%%§g?h§¥gk%t tan y3%exc uded. The
ternms "ther zrd;i[tynmlsé‘tamhty’ to hier pradiuat eadicho nilabde @ woden shickey eﬂ eltcbustae asynonyns for
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pyrolysis. [0012] The invention involves pyrolyzing a hydrocarbon feedstock in the

presence of a basic metal oxide catalyst to produce a pyrolysis product. The terms
“pyrolyze” and “pyrolyzing” are considered to be the act of converting a compound
by pyrolysis. Pyrolysis is considered to be a chemical process in which a feed
material is converted to one or more products by heat. By this definition, reactions
that occur by heating in the presence of substantially reactive compounds (e.g.,
oxygen, hydrogen, sulfur-containing gases, and the like, but not including catalysts) to
cause any significant degree of reaction involving (e.g., oxidation of) the feed
material, such as by side reactions, are substantially excluded. The terms
“thermolysis” or “thermal reaction” are considered to be synonyms for the term
pyrolysis. According to the present invention, the term “torrefaction” is also

considered as being within the definition of pyrolysis.



WO 2011/ 123508PCT/ US2011/ 030470 -4 Feedstock [0013] A wi de range of

f eedst ocks of various types, sizes, and noisture contents can be processed
according to t invention. Feedstocks that can be used in

present inven&nnﬁﬂﬂgﬁagonprlse any hydrogarbon t hat can'%gﬂﬁﬁ@?@@ﬁw
deconposed and/or transfornmed. Preferably, the feedstock conprises blonass,
particul arly biomass not typically processed or easily processabl e through
chem cal reggidsRRe. Particularly preferred feedstocks can be conprised of
at least 10 Wi% Tfor exanple at |least 30 wt% at |east 50 wt% at |east 70
Wt % or at [@d§t 90Awtids ingerabEeddeckedf mrlctu@ﬁmesmegmldoﬁoﬂstwd@mmks that is
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as conblnatlons t her eof [ 0015] Addi tional or alternate exanples of bionmass

that can bePyayFigdes¢tads feedst ock conponents include, but are not linited

to, timber iﬁg'iéY]eSt g té "‘bqgl%§SS ’ 1‘8{(&1"@?%%@% (%s[hff Pl%gen\{\pnv%n{;(br{ Fi)ss tree

br anches, e ‘st unps, eaves bar 0 Spec paper pul p, corn
corn cob, cmhmdsted\aey ma\tdmahot&isr &g fromcfesssiihfstal sdsgarce@zmﬂ, colﬂﬁgaﬁfge
sw t chgr ass, ant hus, (?nlnal manur e, nuni ci pal e, mnmunicip

sewage, con%?éb%ﬁ Ydrgaat and gyygca. FuAmRisS obpiREA ‘é‘ﬁéﬁlcﬁ% ¢, BelcHA ngwémt%d
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WO 2011/ 12358 gﬁgﬁl Ugg d&aﬁeegl(lﬁlf&)alll sohaj waste, calliISse sics, carbohydratés

or derivates thereof, charcoal, and the like, and combinations thereof. The feedstock
can also comprise pyrolyzable components other than biomass, such as fossil/mineral
fuels (e.g., coal, crude or refined petroleum feedstocks, and the like, as well as
combinations thereof).

[0015] Additional or alternate examples of biomass that can be included as
feedstock components include, but are not limited to, timber harvesting residues,
softwood chips, hardwood chips, tree branches, tree stumps, leaves, bark, sawdust,
off-spec paper pulp, corn, corn cob, corn stover, wheat straw, rice straw, sugarcane,
bagasse, switchgrass, miscanthus, animal manure, municipal garbage, municipal
sewage, commercial waste, grape pumice, almond shells, pecan shells, coconut shells,
coffee grounds, grass pellets, hay pellets, wood pellets, cardboard, paper, plastic,
cloth, and combinations thereof.

[0016] The biomass to be pyrolyzed may be ground prior to pyrolyzing. For

example, the biomass can be ground in a mill until a desired particle size is achieved.



- 5 - In one enbodinent, the particle size of the biomass to be pyrolyzed
can be sufficient (wwth or without grinding) to pass through a 30 mm
screen, for e |l e a 20 mm screen, a 10 nm screen, mm Screen

nm screen. Cata y§§12§10%017] The catal yst_ef the pr esent |})1Q/Téﬂ§2f"d(‘?3%6"nprl ses
consists essentially of, or is a basic netal oxide catalyst. The basic

net al oxi de catal yst according to the present invention is an active netal
oxi de cat al )lﬁbné &ﬁBodlﬁ@ﬁtuﬂl%%)aﬁIclé SASIF tRDBioRLIB Rl g%lyie%ac%ﬁb ffzgetn@l t hat
provi des a netal oxide catalyst having a nmeasurab upt ake o ar bon

di oxi de upokwhear WitoutBiiiadings focpase thadughd ﬂhncmcaileysm ofamie a@ﬂelslent

i nvention i rti uIarI advant ageous it can be used in the
producti on %?tgg pyl(rboPmm see%r 53{518{ Fat °‘iaspﬁ}n¢ﬁcéFeDrn quality and nore highly

stabl e than typical pyrolysis products. [0018]1n one enbodi nent of the
invention, the basic netal oxide catalyst has an uptake of carbon dioxide
at 100C of &2al¥hst 0.03 ng/n2 of the met aI oxi de catal yst, for exanple at

| east 0 04 Wl?ﬁouazhé (ﬁ@(ﬁ% st Br AR ﬂf‘&jefﬂﬁmvéﬁt %)Bgesogﬂngg ;Egsen(ﬁ[ﬂ a}EBf o?aSt

0. 08 pper |mtonteca e’l's not
criti caI | 2 egmse:rlad:taltm@dm@mayﬁoihdbascmhmiayemse wsel&stlacbmdmgno\md predeave a
car bon d| oxi de upt.ake 100C o not reate tha t he net al
oxi de cat al JSEUGGP a%)%%ﬁﬁllaetﬁloqméer@éat@?ﬂpﬁ&ﬁ Lgie?rﬁt/ Fr‘ﬁSt K ?X ?8 Hdf3St han 3
ng/ n2, not gieatRr thhh@ovidehi¥tal oRfde RRhIYSH IRALRY a HBADrablBYIR: of LYRoG! | Y,
the nmetal oxide catalysts useful herein have a carbon di oxi de uptake from

0. 05 ny/ n2 figxidepgprbeasmgt ke h@mme@kp@ée@@mmwtthe Miseenrgtvghtioxisde

catal ysts ¢ | ary iy yl PIQ viding relatively
ngn quar i g RN, AT 0L b PR R RO e ar
liquid pr odpmﬂscthmumlggbersnllqsi aymn@hmcwlagbllyts;abm‘thalh o@hal ppohrpinents (e.g.,
at a level relatively higher than conventional pyrolysis products/oils).
[0019] I n or}a‘é?cht% deternmine the carbon di oxi de uptake of a netal oxide

catal yst acpoigj ng Ih%n& BRbLBAIRRANS T thOURBAL AN thelHaSic R thIQW R ABYI RS ﬁgs“z( ‘ﬁ is to
be followed. A sanple of the netal oxide cat al yst is dehydrated eating

t he sanpl e mmal@mf@mbm@l@m@ &60%C 800 Edsh0.NB ovg/ngotihe matdlioxide oratalrlbst ant
\_Ne' ght, t hefo g}EeXnM@ ! 91 ast O d4 mg/pnt‘azlttrfeast 0.0 mg%ni 4 Pé%gt%o(?&%ynysglo z%ljleas§047o - 6

0.08 mg/m”. Although the upper limit on the carbon dioxide uptake is not critical, in
general the metal oxide catalysts useful herein will have a carbon dioxide uptake at
100°C of not greater than 10 mg/m” of the metal oxide catalyst, for example not
greater than 5 mg/m’, not greater than 3 mg/m?, not greater than 2 mg/m>, of not
greater than | mg/m”. Typically, the metal oxide catalysts useful herein have a carbon
dioxide uptake from 0.05 mg/m? to 1 mg/m” of the metal oxide catalyst. The metal
oxide catalysts can have a particular benefit in ultimately providing relatively high
quality liquid pyrolysis products or pyrolysis oils, particularly liquid products having a
substantial quantity of alcohol components (e.g., at a level relatively higher than
conventional pyrolysis products/oils).

[0019] In order to determine the carbon dioxide uptake of a metal oxide catalyst
according to the present invention, the following procedure is to be followed. A
sample of the metal oxide catalyst is dehydrated by heating the sample to about 200°C

to about 500°C in flowing air until a constant weight, the “dry weight,” is obtained.



The tenperature of the sanple is then reduced to about 100C, and carbon

di oxi de is passed over the sanple, either continuously or in pulses, again
unt i | constantwd/ve)l g{%&o%s obt ai ned. The increase in weight of the sanple in
terms of ny/ng 0 anpl e based on thq dry weight of tHEVEEHII¥™ s the
amount of adsor bed carbon di oxi de. 100201The carbon di oxi de adsorption can
be measured using a Mettler TGA SDTA 851 thernogravinetric anal ysis system
under anbi enthe RIBRSMLR- ofTﬁhesaﬁﬁJtlé‘ls e r‘é@u&ﬁtt@%'(ﬁfft 1§(§""@ h&d Eﬁﬂorpglogﬁiléxgr at ed
in flowng air to about 500C for about one hour. The tenperature of

sanpl e can phisad beerrtediiagede.ierthé contimepusiyer tin galses( %agn untﬁelonsum)t Wanghthase
desired adsq erature i s case. ab 0C. After the
sanpl e has e([l)]%lllqel brTgf A {nh‘gélglg qqrﬂeedsagifi%}nptf“l%%&t‘é% ¥R t he i nert
gas, the sabmce o@ame@@m@uteﬁ&mah@l@bwaﬁ&msep@rsaibedlawﬂbeeald@ieg about
12 seconds per. pul se %eoof a gaseous m xture conprising CO, (e.g., the
gaseous ni x 1R8] ¢ anTleoifshans@osEp adsopiopcRn bp measerhudn o« MEstst t h t he

remai nder b r r t he
adsor bi ng gGFU}QS gArgeB? ef elOX| dzﬁ}t|l Scigttrgfmﬁ? b &Qq%&f&&aeﬁ aﬂlg’%ﬁbﬁggéﬁgﬁ% fl ow ng
inert gas (eegl pxﬂdelcmu]y)st faoplatrouie c&hydmtetimﬂoﬂ?h@ d1mraeaste3(]0?(‘\ﬂ@i@btu of the
sanple in ternﬁ ng rrg{:hﬁadsorg nt ba ed o g nt . wei ght after
treat ment at"abBlit 'BOFEREPHELE HSHR (S 83“1’%%‘683% oxi de.
The surface(as el@elﬂfn)tt@ﬁ]e&@m&a&,@a@ubﬁtéﬁ%‘%{u@d@gnuﬁt%fs@aﬁj@-ﬁﬁ)% Yodep t he

nmet hod of Brunauer, Emmett, and Teller (BET), publ i shed as ASTM D 3663, to
provi de theAétam@ﬁalﬁpkma@leqlubl@rawéatﬂletd@mm;i aﬂsorﬁgoemimmmeom@enm of the
nmet al oxi de Satals ifi I L er ar bon di oxi de
adsorption, {hl% éﬁhre C§H$ 88[ gcrtgac;@)rsgép }t;%(f%ﬁgrggpé‘gsre? eg%%‘ e?rsecg %at al ysts
usef ul accopdlmgsejof d grﬂeanseﬁﬁntre tomeridin®@00, &4 &, fHdl’gfakhﬁ)lhs desword ed, e.g., in
U. S. Patent Nos 844,291 and 6,995, 11%_rt the contents of each of whi ch are
i ncor por at e@l%isélahmﬁylor"é er@heediorige pvihe reminder REYEAn RGeS sHE sy st can
be compri seghipfn)0H S

(i ncl udi ng Lant r?anl degacglnp&@ggc({f?lﬁf%dggl?%g%%eg%gé{pg%ag%méﬁ StPgeng?dg)%)l c bIgabl e of
El enent s (l\%WthJWAt@ fNoting lll@rt)gas [g.ohdiveptfodibmend mittes. BB iocreetedh oxi de

catal yst ing ane n, an od| t he
basi ¢ met al égfj @%%mﬁlp% {o HRY %B%’Hég(a&g’g?t b&ﬁ"ed?ﬁg S%Qlﬁg{%é{‘felg ﬁhgnot her
enbodi nent tréalﬂﬁelhatShlﬁ‘ouIﬂBD@C R¥tcdénts ik akiosht ét%ké&@@&czﬁboﬂ gdgideOMBe G oup 4
WO 2011/ 123508PCT/ US2011/ 030470 -7 nmetal. I n another enbodi ment, the basic
met al oxi deSUEataiye Pt ihe siuBlsanbe measedRaCEaRE IR dethe mrethasather

enmbodi nent a Act i ni de.
[0022] The balIsu:a%lePrea%g eg%& eTegPé% @@t f’@a{ﬁﬁé ASH&% 3%3 tgg%tvfl&#g?e t han one
oxi de of dldaﬂnmeh@mdetqahkecmrmmmeﬁmsg caxampbibesle/mi’ dfﬂ)lﬁﬁnéh&ﬂmde\eatmlystde of

di fferent ta n.incl.ude, are dto i des of
ot ehet on s FRTBORS DL R AP R S Sb B o R e g St wieTihich 68T

Lant hani desjegér ueﬁtolfaml%%nefé}ied%ﬁnms @kl @@@Edlﬁgﬁb @é%@el% ﬁ?&ﬁbn (eh@C' udi ng
Lant hani des and Acti ni des and at least one Go met al ; and oxi des of

at | east orerteyraigprrbedet ) indnd. Batentddest 034204 @m6ﬁ9héihlth€ ¢@02®] i basi c
netal oxi de gafal¥st 2RSS ﬁgc;rg{n%g:dth%renpg Prfgl%ent i nvention can preferably be
conpri sed ofl, or can consi (W|th a non-catal ytic binder,
such as si l[De2|and/Tae bash(umemaoﬁﬁet:dftelyhﬂ dﬁﬁ beRempgsdder oxadERionaieleasdbnd he
conpositi on) ﬁ.bout 1 %, t (V based. on total weight of the

- catal yst, (ot (Qérf’u]P é%%c U st Emicien apd 6166%16?@53@ Grovar dxi de
cat al yst h%’é %1@1@?@&@6?@%@1&@(@%@ I@fPA@NQQlﬂoﬁij Cﬁﬁ'o‘ﬂg eHBORGRLENTG. 1IN &

particul ar enbodi nent, the basic netal oxide cdatalyst according to the
present i n\béfm: mﬂfﬂl@am“let@et&b@hmlch@eﬁatdéastwnﬁc@mp@nsﬂst lessethti al |y of 1 w %
to 90 wt %

of an oxi d€ of’ it nrr%e R lfle%t%mﬁ%faéﬁdygt%‘gﬁ%e &Pef‘%ttoé?le %Yl%ﬁf“eé%qﬂ E/hto 50 W

catal yst, sbehetdnodifentCat dhyisnehasxricMBASMI Ablugedptiakeof GEaphion di oxi de
upon heating. In this enbodi nent, the renainder of the conposition can be
conprised of a binder that is non-catalytic for the pyrolysis process,

whi ch can include, but is not necessarily limted to, silica, alum na,
silica-alum na, nolecular sieves, snmall-pore zeolites, or the like, or a
conbi nati on thereof. [0024] The basic nmetal oxide catalyst is preferably in
particle formand can



preferably have an average particle dianmeter fromO0.011.imto 500 i _tm for
exanple from0.05 imto 300 umor fromO0.1 umto 100 um [0025]1n one
enbodi ment, t ¢ retal oxide catalyst can have a BEJ surface area of
greater than %%@g?’ogﬁch as from above,;10 n2/g to about“BBF'HEFY™
Additionally or alternately, the basic netal oxide catalyst can have a BET
surface area WD 2011/ 123508PCT/1JS2011/030470 -8 greater than 20 n2/g,

such as fr O%e@QQY@aﬁﬂhﬁ%ﬁﬂ)oﬁ&%ﬁghMﬂ: mEHI §:0&! cAdH: thanRk |aV1€9§t one

alternately, the basic netal oxide catalyst can have a BET surface area
great er t hahaphapgde.gln angdier agbédiownaeviasrinet®/oyidecapdyt imRiwles pOORB] G oup 2
net al s t hat oﬁ?ﬂcgﬁdie ncl uded as an oxi de conponent in the catalyst of the
present invention are beryllium nmagnesium calcium strontium barium

radi um and[@2api narhonsictheteside ExayResalod betaheiidadr ardgan aat ai ni ng
at | east one include, but are not limted to, one or nore of

Groyp. 2 netal . €.
nmagnesi um o%‘%@?&é@r‘?ﬁt UIFD P HBENC i d RIS A MArE Blan one oxide of different
( My6Al 2( mh&%b&)lé@nﬁeﬁ%%n imllcfebb&t%@e ndt i8R t&@&%s@@fz l’e{yﬂ%ng @1@5@ dto
form a basic magnesi um al um num oxi de catal yst, representing a Goup 2
met al oxi denctd ahd/sttleast onch@rqupesmetn! (imbheditg banthA002AbGAatipides yekiaksof

i ncl udi Lant hani des d dnides) that. are naturally occurring and can
E)Ien;:ngl ngdatggaséﬁg% f%@a%?}ﬁ@%%‘ﬂ't‘&%}‘f‘wga%g‘?saﬁnf}sﬁw@fd%%éan?teIE%Sf‘lP“‘? nventi on
are scandi UGroupt4 mktaMant BRIBAPEUN e RES AN GroNp 2G8EthIHR aPlcaseRdXITh

neodym um sanarium europium gadolinium terbium dysprosium  hol m um
erbi um t hulMetam ytterbium lutetium thorium protactinium and uranium

Exanpl es of ferrged. : i , t ot limted to,
grerum oel®Est oLRaSE BRI BTE L8Rl DO o M By PO & o 4
met al s t hat prefematde bé nahpidked odfsorann ouxisibe csonolyett with atrbe-caatyalcysiderof t he
present i nvenhi on.are fitani um Zli rconj um and haf ni uerle One exanpl e of a

preferred G0 sligag /(I)r;[ WS the ke Pgipgthe remainder o composition),

about 1 wt% to 100 wt%, based on total weight of the catalyst, of an oxide of at least
one metal that provides a metal oxide catalyst having a measurable uptake of carbon
dioxide upon heating. In a particular embodiment, the basic metal oxide catalyst
according to the present invention can be comprised of or can consist essentially of 1
wt% to 90 wt%, for example 1 wt% to 70 wt%, 1 wt% to 50 wt%, or 1 wt% to 30 wt%
of an oxide of the at least one metal, based on total weight of the catalyst, such that the
catalyst has a measurable uptake of carbon dioxide upon heating. In this embodiment,
the remainder of the composition can be comprised of a binder that is non-catalytic for
the pyrolysis process, which can include, but is not necessarily limited to, silica,
alumina, silica-alumina, molecular sieves, small-pore zeolites, or the like, or a
combination thereof.

[0024] The basic metal oxide catalyst is preferably in particle form and can
preferably have an average particle diameter from 0.01 pun to 500 um, for example
from 0.05 um to 300 um or from 0.1 pm to 100 pm.

[0025] In one embodiment, the basic metal oxide catalyst can have a BET surface
area of greater than 10 m*/g, such as from above 10 m*/g to about 300 m/g.

Additionally or alternately, the basic metal oxide catalyst can have a BET surface area



[ 00291The basic netal oxide catal yst can be prepared using a variety of

nmet hods. The basic netal oxide catalyst can be nade from active netal oxide
precur sors, such as netal salts or preferably Goup 2, Goup 3, and/or
Goup 4 netal "sal'tsPp'tcursors. Qrher sugtable sources of“Y OLHIP047O

oxi de(s) can |nclude conpounds that formthese netal oxides during
calcination, e.g., oxychlorides, nitrates, and the like. A further suitable
source of t i ' o] n of
the G oup 2@?eé%é‘ﬁ%ﬁsmﬁ%%ﬁ%gﬁ%?ﬁﬁi@ 215350 0B DRI RYG hon O
nitrates, seltfrattely, thelbesixinthéa oxaie;@aat}esmndmde alET sukface Bee gr @teg thanUlSS

Pat ent hbs 6/844 29% 6 995 / 7:%ﬁ 378 and 7,411,106, the contents of
whi ch are h&FEpyi{ie ?Oblb?téﬁvg Vs B P e

Wo2011/ 1235@(&12@/ US@ﬁbhyzqa@mMﬁbt%mﬁ 0O 3RIuded anen STBOEd FRIHent fhRe BASLG OF

active nmetal oxide can be hydrothermally treated under conditions that
include a t 8hipePstsarianytign arccesylligoanagiesiar. a@hcymatstlp@tagﬂ HOg®m. The

hydr ot her ma‘ladtltﬁlefaeﬁlﬁ%gﬁﬁ_b%%oﬁﬂjﬁgregk rafg)gu ﬂrﬂ'eesg)f‘?%%i (% X}?aés ({on% %lg% gtajt r than

at nospheri c pressur rea AvSTes t he
use of an opmﬂGmﬁ$§bmemhmwhweeﬁMHmrmmhdmmdnngneUVﬁhﬂaﬂhﬁ@ymgumaun&sby
theory, it is believed that agitation of the netal oxide in a liquid

medi um forC%%%ﬁﬁP%¢$b?“@ﬁ@“&%Pﬁ%ﬂwg¢*h@¥%3§ﬁﬂg”4HﬁﬁhH’Hﬁdﬁﬁﬂn§ﬂﬁrrlng, can

pronot e eff@lﬁ Mﬁ'ﬁlehm})@ﬁﬁ&lé@ fe)fmta Gsi@%h ﬁe 115Qh¥1ﬁﬁ%1 'og(éﬂedca ltum The

duration of e contact o e Wt e., in batch
processes) nsarespmtefger@.tdup 2baeta]to»d1dmsﬂtalﬁsthﬁdmplés@nt maxcamohe at least 8 hours.

proferably N0tk 7 GrupPeiver TR 1580a0 c6s ot Biadied Mok e ng -
exanpl es of o&Mid@dng cah @&l R |€l§al|1 By @@mﬁ@x{e%f in thY gﬁt@l&kt@ﬁ' tBOpdldn@ns
(i ncludi ng hydroxi des of NH4- , and the liké, and conbinations

t her eof ), c@WﬁﬁH@f@eaﬁﬁﬁﬁﬁlMﬁ@ﬁ@b@ﬁ@@@ﬂédWﬂﬂﬂ@h§€@Wﬁcmaﬁmdgmcambonates

and/ or bi Caﬁé%ﬂgﬁhﬁﬁ S%Ina%lgulr'&@um addhnwgrg,rterb Vdgg&%%}l{}ﬁyﬁ?lh{lk% and

conbi nati on er eof pyri Its rvati Hﬁbxyl am nes,
and t he | i ke&bivan dhtdmlll’[bIyﬁarﬂauomsluteh&membrmfnc)ﬁﬁ)lz]cltlnuﬂn ahderan@mbodkampts t he
basic or ac

| ox an b repared y subjecting a liquid
sol uti on, ﬂ%%eﬁgeéﬂ}%ﬁh£ 1%%?&’? HlmééﬁﬁPﬁ@?iﬁ’é“@%@f%%“%% i ons of the
metal, suchy@godyRi®land8bhibinhBo:kandkss ons sufficient to cause
preC|p|tat|on of "a hydrated precursor to the solid oxide material, such as

by the addil0PBH of Carom émeml& Hiaf ¢£g1 teangadtd dsantdxedeswimponent.in Corerisent | Y,

t he pr eci pi ion ¢ Fqr exanpl e, the
preC|p|tat|r{gﬁ %@ﬁ?lE“ﬁn%%”geE§§@H§G%WOQ§H%83$ﬁ§?ﬂVHr§9?ﬁ%m' © ahroni um

hydr oxi de. lﬂaﬁﬁﬁdIh@qieﬁﬁaﬂ@hukﬁsQ&qﬂﬁmﬁh the liquid nediumis maintained
during the Bre0|p|tat|on can generally be | ess than about 200C, for exanple
in the randd0¥%¥om dbebesiormeiad oxis Gitabsorandie rensrdasz a YTty of Bipidads 100C.

The resul tifg tgerélgﬁa &ﬂ%%&%&@%%ﬁﬁé@%ﬁ; Eeaﬁ ae RUPELALYLES of at

| east 80C, pre | east erna at ment’ can
typically taalnestqilsaktseoumefarabé}s@mupé’r, (hmumkpﬂné/row Grm;e@m@taésalfﬁhﬁecgeéms in one

te gbgd:jgggt ’C)Qtﬁ%gsu?teblgggggéshﬁr tf;reallle%ll 0X1 egs eganflgglugg C(;[IT?pO]ﬁ%dS 8%2/1'6 form t1es%xarrp| e up

metal oxides during calcination, e.g., oxychlorides, nitrates, and the like. A further
suitable source of the basic metal oxides can include salts containing a cation of the
Group 2, Group 3 or Group 4 metal(s), e.g., metal halides, oxyhalides, nitrates,
sulfates, alkoxides, acetates, and the like. See, e.g., U.S. Patent Nos. 6,844,291;
6,995,111;7,199,278; and 7,411,100, the contents of which are hereby incorporated

by reference.



WO 2011/ 123508PCT/ US20111030470 - 10 - 100331The hydrated precursor to the
basic or active netal oxide can then be recovered, for exanple by
filtration or_centrifugation, and washed and dried. The resultiqg?naterial

can preferabl VU2 ned, for instanceyin an oxidi zi nd ABYIREE at a

tenperature of at |east 400C, for exanple of at |east 500C, from about 600C
to about 900C, or from about 650C to about 800C, to forma solid oxide

materi al . Tgmg@ﬁl Ci ;akl @Hlb%ﬂﬁ?en? kb BHR &%un\/e Betap&la@cth%&%&heﬁlﬂmyexarm' e

fr om about ours to about 24 hours or from about hour' to abou

hours. | n atrpaied inede arondaﬁmmsdhzrmmh,ldécrattemlpemhseot‘:allcaSh&Q ‘Copratamblyeat Eastr i ed
out at ate rat.yr f .abou t o about 3 hours.
C003a11 o onddtee i Rios B0l w/dPSrPinaRe B ingithist SeRebt LS by ¢ e
ther mal decgimeshdricPlesdiireMBiodleveiQ A ipdd fRirA0me QPR SR in o e tthe/@leYo fRh gh

t enper at ures. Non-limting exanpl es of such netal -containing conpounds can

i ncl ude nagﬁléﬁ‘éll‘{?ﬁﬁeéﬁﬂd%lfe Briouftionsal Wideut hﬁl*ﬂgckr?uééﬁylﬁ@%éfrlﬁrﬁﬁlllﬁijfeéecorrposed
at tenperat &ﬁ?\ﬁe&r Bf & nfeQzﬁl ovverJl E%%Yl fﬂl% ifim, fgli]H%alnggé,go?pth‘?gcstgﬁfﬁtcﬁlanoé'odes

can usual ly ative sur ace area
n2/g. 10035kknxagdtqber andetr Ist)ﬂmg; be rasiv e affecant mt/aeacmeh alf thexixdlé walnthee

prepared by rolysis_of netal nt ai n|n s, foll owed by |

dehydr at i pedihea et SR MR A R {5 ﬁ}@ﬁiﬂr@dﬂ%@zwﬁﬁf% MyO
can be hydr i@ﬁé'tc%t;ﬁr‘gce@%sm%';ﬂgfei/abhhbéjﬁ'l@@i zﬁslurw@;r%&amﬁle%m&grsnﬂdmgs arphi te
slurry. The slurry can slowmy be 'heated to dlrﬁgness on a heating plate to

form a whi teqpdwgdium Méhlv\hmt@epm@@iélﬂ\f@aanQf hetr6 regretéreprefatally wb@tium oven
at about 109G %gﬁt{:ﬁt) 8s G834t for g{%&el ]\flo%rlu%xt%%pexg?lgpets 095L§I%,b[%qwu§d m-é[cri]%f SR

whi te powder ¢ ‘be " ca tur at

| east 400C, intiade em&nrrﬁiyeldxpdetsmhﬁﬁ)(a@(mﬂummgﬂqu@(iﬁﬁs offNus- FNzE,pIaT edgacti ve
nmet al oxi des ,can generall exhi bit hi gher BET surfa/ce are from
about 30 n?%y t@ddbolike 8 Ccrmlrla?ﬂqnﬁélﬁr%q#wélbﬁ%tﬁ&% ﬂblyaltbﬁ%%tw utions

deconposi ti @i1@find %b&ﬁkés‘éﬁd@h%brb%bt@?oﬂﬁﬁcUN%OVI@ MP0IGH 1,y gl 140t her

met hod, the basic or active metal oxide can be prepared by the so-called
aer ogel rretehldcbO(lmthaqo@meoO ijldmtt_agial(ch derivhtivesMdkydiydyoxsl ammds. Kindbunde,
K., J. nh WE gj ¢ 6t8 2480). As one exanple of this method, M
powder can B&" %58?88“1 Wa%?ns h%rF? (nitrogen) purge with anhydrous methanol

to WO 20116024508 RCIhddea Qhloddkéh? Ghe bdsicloractive metal oxide can be prepared by

subjecting a liquid solution, such as an aqueous solution, comprising a source of ions
of the metal, such as a metal salt, to conditions sufficient to cause precipitation of a
hydrated precursor to the solid oxide material, such as by the addition of a
precipitating reagent to the solution. Conveniently, the precipitation can be conducted
at a pH above 7. For example, the precipitating agent can be a base such as sodium
hydroxide or ammonium hydroxide.

[0032] The temperature at which the liquid medium is maintained during the
precipitation can generally be less than about 200°C, for example in the range from
about 0°C to about 200°C or from about 20°C to about 100°C. The resulting gel can
then be hydrothermally treated at temperatures of at least 80°C, preferably at least
100°C. The hydrothermal treatment can typically take place in a vessel at atmospheric
pressure. The gel, in one embodiment, can be hydrothermally treated for up to 10

days, for example up to S days or up to 3 days.



form My(00-13)2 solution in nmethanol. The resultant My(00-13)2 solution can
be added to toluene. Water can then be added dropwi se to the My(OH) 2
solution in nethanol -toI uene, e.g., under vigorous stirrin The resul t ant
col | oi dal suspehSi'6H* 8t My(OH) 2 can be pljaced in an aut ofYBVBIEYT,
pressurized to about 100 psig (about 690 kPag) with dry nltrogen and can
be heated slowly to a final pressure of about 1000 psig (about 6.9 MPag).
The (supercy al) J : i powder of
subst ant 1 ai 19 Vb c B HEReL oSy o KRR RIS & AR RENER S L B BhEE, Phg the
fine white p@mleﬁd,afm aboyte dp0ragnder cmﬂutgmtnonAamd washedhiad doxd. dElse pr epar ed
by this nethod, can tenq to _h?vetgt ge %@h&ﬁl@B T surface. ar.ea, eral ly at
| east about "SBOESIYCTIH GoBRFIRIN RS EHEUETARNDS R A0 R ﬁ%?@ BPIctEt i ve
metal oxi deqs) teupRehtli8behileast A00°C RIS lefaﬁ%ﬂst%’OO@E srton%@&%oaddw of ,
two or nore oxides selected from G oups B e., a m xed met al

2 4 (i

oxi de, or I\/N@Ut 9@1@ 9F ke 4‘?@%‘&@500%@@8%9309)& p§<P @pm%@llﬁwxi@?pﬁ@gﬁ%ltl on of a
precursor t r

enbodi nment , qh | r s(g] &é% ?r%ld&g;cﬁlc]ﬁbg{@t ﬂlﬁ&& &'ram ﬁ@&@éé@ dc?pr. or to
i mpregnat i OhourEm akﬁma%h@ns ar Boouhod! ialtpo db(mt xedows! &l a pxitidelacan be
prepared by i [;r&ge na ﬁé?r ot her maL |y treated hydrated oxi de of the
Group 4 net SPOWE n%1 gﬁ"é RAACBR ‘éﬁ?’ﬂlé?l Hi‘tr?é aFinpIRuEs ofReuG oup 3
metal, foll oyed RBYaghuyi Mgur bhBotiesMfd Ng material can then be cal cined,
preferably in an oxidizing atnosphere, e.g., at a tenperature of at | east
about 400C, [6034] exalmmenwﬁhddeﬁ@tbaab@uact*s@()@talfmcatbcbamlmoa@ tysghabout 900C,
or from aboyt 0 0 cinati be up to 48
nour s tor _dxaiaEed Fa R e g e R B B bR A S Y s o about 1

hour to abotinptfitiresr Non-limidngdaahiptisldsuaredi-c@ndiningabapoutdeagal ci nation
can be carrjed out at a tenperature of about 700C for about 1 hour to about

3 hours. [OBSRYF Hla%%suéﬂéthifélr b eratRipt Whitetae berieermally degimpesed dle net al
oxi de(s) us I m xed
et Al oxi de P A o B o g PP e Ry el

conpri si ng lwvsmdanwly)fovem HEéhslrfaOﬂere@,feghksﬂh@mﬁO m‘/gS or 4 metals with a

second liqu ol ut,i on source o n of at |east one other
& oup 2. o logasiy né?&Potﬁ%*"fsthe%R% BB boBT bt ePtheeit hxe o1 ace

pr et C°”di“>'d@‘“m‘%5‘§8§§’?‘%5%%‘%%%ﬁ‘ o B e
precursor to - - e m xed oxide

materi al asA&a §en{igninoen rrpised grirep e Qraan Ak hdieryleied bythigingovitices of t he
a1 the an @nmsly e B24hne ia09 0% I B OLU50 TRbghE oL red I
suffici ent drgnasausa }mmtm:gpa}aﬂem fati zowhmé péwéerhitie athéed ppwveesandurttied behe sol i d

m xed oxi de, mat.erial, suc dd| ion of a_precipjtating reagent to
the sol uti o‘?’.p%#wvé%&%%en ettHBO% @B?% I3t eﬁa et (tgf)exé%lﬁiedfpetpelgabl y

conpri se (Qfoupae)ﬂﬁ &?%a%vhl@%klxd@ﬁc&lqgédj@@ &ﬂmﬁé’m@rg ‘{mamégtr ef%’éhﬁ@ratﬁ@@%?ﬁt I's
typically a preferred solvent for these sol utions he tenperature at
whi ch the |1mai4‘ép°@e&ilm@pleu@ @ At@phentodiPoP (dgThhsepmp@rcd pctu\a:tmcial or
co-precipit t Y/ an _about OOC X l e from
about oC t ¢ isSST BlutR S Blnith @ s e s RO fekp EP R ok SR

CO- pr eci pi tqabuttm)()aﬁﬂg)hﬁarf 1h©§9 glapartd Bﬁﬂfleﬁlﬁalac&@bhhpdﬁﬁ&ﬁ ofthe a¢tBgUhdthing gel can
preferably then be hydrothermally treated at a tenperature of at |east
about 80C, ORYI RSAWI® at | east about 100C. The hydrot hernal treatment can
typically _I[@éfi%]pl aﬁ?yét%n@th%eﬁbﬁgdVtﬁéﬁ?s'w oy IT%T&J,I gLRel @B@Pa@ﬁ%gsijhe” ¢
pressure. The gel, 1n one enbodi nent, can e h rotherrra eated for up
t o about 1®h®ay@glleﬂ@mogﬁlanm1ed (ppe K(opalbél.lB EL"\@aGyls brVQdemoAamﬂut 3 days.
100401The r ated, pre r oxi de(s then b
recover ed, %dt? ‘cai[ﬁ‘ptje&;‘yi faff‘l’ffraﬁbgngggmggg% Fay3tS ")plaﬁn(la)fnt}\ﬁé%l&‘) nd
dried. The M@@bﬂvﬂéﬂlﬁn BBtk icdlungeingt @Tlﬁbg’&?ﬁu@@ veed ginedus hRthandsbance in
an oxi di zi ng at nosphere at a tenperature o | east 400C, for exanple of
at | east 500C, from about 600C to about 900C, or from about 650C to about
800C, to forma solid oxide material. The calcination tine can typically be
up to 48 hours, for exanple fromabout 0.5 hours to about 24 hours or from
about 1 hour to about 10 hours. In a particular enThodi nent, batch-w se
calcination can be carried out at a tenperature of about 700C for about 1

hour to about 3 hours. [0041]In one enbodi nent of the invention, the basic
net al oxi de catal yst can be



conprised of hydrotalcite or a calcined hydrotalcite. The hydrotal cite can
be a naturally occurring hydrotalcite or a synthetically produced
hydrotaIC|te uch ai gescrlbed in US. Patent No. 6,951, 830,

2011/ 123508P 201030470 - 13 - [0043] Naturally occu’?‘ﬁ“ﬁ%"ﬂﬁ?ﬂ’#bﬂt alcite
is a mneral found inrelatively small quantities in a linmted nunber of
geogr aphi cal areas, principally in Norway and in the Ural Mountains.

Nat ur al hydrf&h@lk/Fg((t)@Hhﬁ%l%uU@[d lapthﬁl&om%ésmtm Ngf{@@@{jbo%hf?ﬁnrcgf pkocation
of the source. Natural hydrotalcite is a hydrated magnesi um um num,

and car bonaﬂédeddomlamﬂ rigateoenpoBént bomidedhiaphyidvas thelg(@Wrsdtion iave a
representativ sition of / ( 164 ) ral hydratalcite
deposits ar énegémgr gﬁeye eo%n%fldieﬁufw%?]r?élé %térdl ?ﬁ%é‘?ﬂﬁ%}q Cglrlu(’%\flg%ltsﬁégenﬁll PHétal s,
such as penMdios, endieqlad¥dse oy hit6elatd, 019, \Widssilridet! td Sblit ibO pa1b {atont &par at e
t he natural hydr otalcite. [0043] Synthetically produced hydrotal cite can be

made to hav&Pineviddhy neEtasBsidican badesied slpwily Waﬁrr@ﬂ areesure ol ghout HW t o
flexibili typ%g s éwmgﬁhfrhe gstuB&%nupﬁ) m?u& %a\ve% tgg Jﬁ%@gtﬁne

conposi tion rep acin onat & ani on nions, e.g.,
phosphat e i ghite bnwdddnftsutusmntmh}el\d\@i)mo rMno@r}(saaﬂiutmel\/Ig@rda&debbtamdtblyol t he

basi c propesties of .the alcite, 441 A phos te- m)dlfled synt hetic
hydr ot gl c!ot éeaéxgg thy ey ‘ﬁ]élt%lé(@?ﬁéer I%*E‘WBH%&)%% ki YgY c%%‘dﬁﬁﬁéﬁ OKGRS are

descri bed i prebhred bHatie HetNA-caff 1330 BSR thOhRBEstBEIES ke B S&E%Iaﬁgtaﬁs can
al so be used, such as those described in U'S. Patent Nos.

4, 656, 156; lsAd ahogGRO 45 7e. [ 0045] Hydr ot al ci te conposi ti ons cont ai ni ng
pi 11 ari ng o[ C: A8 B3Ry AN MR bR ORNLSAL DL IR0 AN ANRAGAD 2l SO

be used. Su erials are 'Yt ent No.
4,774,212, FEmecoapnip@sirchiooensal &ssaﬂitle@llyldf tmgﬂelsmunkmibymlmm iy rbapsci t e

cl ays having | ar i norganl c and/ o n| c anions located interstitially
bet ween pos?’t q?g (et HEGI| P)- iRedmbser gesdel gradersaygner al

formul a [ Myg ﬁﬂr&ﬁ @Qlﬂplégﬂa\(x%al%%%%%“?s@r 10M&LEnd 05800 B ag)rét%hﬁéd (‘_/)S{ié/ 1 ar g€

organi c ani on, e. cted fromthe group consistin | aury fate,
pt ol uenesul Eﬁbadmrélte tiebaphtnialhatiast fDrBedioigamox e mydtotienzdbemegad pr«mat e, and
1, 5- napht hal.enedi sul f ani.oni e%%o éoxomat al ate

of vanadi un’ THRGETER" q:Q)rr e%?‘fo/lﬁnaemﬁtﬂﬂp %Yﬁm[”ﬁe IBB‘SQéneéae{é)éé C5RTHEEr om 1. 5

to 2.5, n Ct@m‘rﬁﬁeénaﬁﬁg & hy@dthedmSlantr&ted Kyaald bRids of 8XCRPLp U Madal WL Y 1S
t he pol yoxonetal ate, n can be 6. 100Q461An aggreg}at ed synt%etl c hydrotalcite

can al so beiyseH sopitien spHBINIE arHen 8§ iedgare t fdlopved hy drgozl €he e can
have a sub %?ﬁﬂ&l‘lfﬁhﬁél 1§p&ﬁrt9énd@e| ca?d% ppe@ga@tg) in an oxidizing atmosphere, e.g., at

a temperature of at least about 400°C, for example at least about 500°C, from about
600°C to about 900°C, or from about 650°C to about 800°C. The calcination time
may be up to 48 hours, for example from about 0.5 hours to about 24 hours or from
about 1 hour to about 10 hours. In a particular embodiment, batch-wise calcination
can be carried out at a temperature of about 700°C for about 1 hour to about 3 hours.
[0038] In yet another embodiment, where the basic or active metal oxide(s) used
herein can comprise, or can consist essentially of, a mixed metal oxide, it may be
prepared by combining a first liquid solution comprising a source of at least one of the
Group 2, 3, or 4 metals with a second liquid solution comprising a source of an ion of
at least one other Group 2, 3, or 4 metal. This combination of two solutions can take

place under conditions sufficient to cause co-precipitation of a hydrated precursor to



WO 2011/ 123508PCT/ US2011/ 030470 - 14 - average spherical diameter of up to
about 601.im Such a conposition is described in greater detail in U S

Pat ent No. 5, 4 This formof hydrotalcite can preferabl r epar ed
fr om aqueous ?3%?13 of sol ubl e magnesium and al um nurﬁ%‘é‘llstzé“ F h can
be mxed in a rmlar ratio fromabout 2.5:1 to about 4:1, together with a
basic solution containing at |least a two-fold excess of carbonate and a

sufficient amyRkdekiddnPAse hoa Q@ld‘ﬁ&h@heahﬁw pkafue A@@lﬁ&tb%Wh@sﬁH&é@ in the
range fromabout 8.5 to about 9.5. [0047] Some synthetic rotalcites are

commer ci al | pf ﬁlmﬂllthebalreonSforthfe@mIZe 3f&f11§1m1$a9©thl mdttShnaeam@wdamﬂbm a such as

under the tr.adena 0048] Prior to us rding to the
process of f ]ﬁéﬁ'sﬂ\}m‘% Rt ﬁls SOE%%)}M%@ %’et%e[si” chkd t%c%]fﬁté‘?nﬁéuf‘t’r% fd‘fablg%l cite
to renove ato-pegiitatopof the BRdi@fedtpRe vt e the BEIRT @eloxtRNhALMATsUCcA ab he
material. Suitable calcination conditions can include, but are not limted

to, a tenpePufigradditionnl &lﬁ’é‘?ﬂp@‘@eﬁf@ée@%ﬂt@ sgbvicn. Fer @it f r om about
400C to abo about 16
hours, for ;e"%g%%%%m bcglg Ryea hour srr%phg@ 03t9m8 gﬂ%“s"ﬂ Fg(gjzlgf%ccor ding to
t he present ammwemtm byrrotide WMuswmllph ppqt“eméd)@lh&npfomdlmé solaamsbe achi eved
in the pres he basi c net a of t ent jnvention.
The basic n@gﬁl oxi d& BHPHP{T atg Clbﬁ?q %é’@ks)t‘somé @(51 Eag tfleas wel |
as carry Ouﬁ)reﬁl@itéﬂldﬁé&o%ﬁéd%ﬂtét]\()ﬂ cAd e i d a0 Bk 1e ManaBs @ WoRg, WE)@&{HI@!? can be
used, if desired, alon basic nmetal oxide catalyst in th

pyrol ysis pHesebsut Qf6rtoéh@¢f@0@°(3 sAlnaulqméeatla@b@éﬁmmgatmé@ucar can be added
to a pyrol yg?aeapna?o%tc% Rl L Bo*d‘%af%gﬁca I The L AR oCAL Al ke e SO d

heat absorb erial can e an le ©
not adver Seﬂhyn aé hedrvtheheal Bhi éaltddyatafterhﬂjkﬁaﬂn&&bf(at febtadboaxsde, fe e&:@hplle)éze

conver si on of dehyd o al cohol s s of soljd heat
absor bi ng nﬁ’t‘%%ﬁ’%ﬂt lpﬂf&l ﬁéfhh%g t&]‘%@%ﬁ éifle%)tﬁ&ll@\mllﬁy?‘ﬁ%‘? (35¢ plaggping Seék@ldde can

include, bufesadie d@O&t Jrd A tigsh zﬁt&osélﬁﬁﬁ%r&kl?&@sThghésﬁl JRLGIHR 1§entsc%?@e char,
and the |ike, conbi nati ons t her eo I n one enbodi nent” o

i nvention, @@h@tbelh@élv teehisd iy Lrpgtombmtrlloadayu@dexampﬂt‘n@ thouyéda,ysroealptor to
carry out ttO abg){t%o(li%,m S process can be solely (about 100 wt % of) the basic
nmet al oxi de ca I n anot her enbodi nent, pyrolysis product can be

produced byjopyujol ymhegly&@esds{ﬁmksm o thaeafie @&@ﬂ@ﬁld@(s) s ihdn Beadcoahis@r bi ng

materi al V\%))r g)?a]frgi{lel %3:/3 ?1%18 al?lglloy§gnqtr]if]i{ggggrﬁ Zigd ;rvaghSed-and dried. The resulting
material can preferably be calcined, for instance in an oxidizing atmosphere at a
temperature of at least 400°C, for example of at least 500°C, from about 600°C to
about 900°C, or from about 650°C to about 800°C, to form a solid oxide material.
The calcination time can typically be up to 48 hours, for example from about 0.5
hours to about 24 hours or from about 1 hour to about 10 hours. In a particular
embodiment, batch-wise calcination can be carried out at a temperature of about
700°C for about 1 hour to about 3 hours.
[0041] [n one embodiment of the invention, the basic metal oxide catalyst can be
comprised of hydrotalcite or a calcined hydrotalcite. The hydrotalcite can be a

naturally occurring hydrotalcite or a synthetically produced hydrotalcite, such as

described in U.S. Patent No. 6,951,830.



containing from1l w%to bel ow 100 wt % basi c netal oxide, based on total

wei ght of solid heat absorbing material provided to the pyrolysis reactor
in which the %%Il sis process is carried out. In this epbodi nent,

pyrolysi s prodtet’ €a# be produced by pyrpalyzing f eedst ock VPP HE W esence
of solid heat absorbing material containing from1l w%to 99 wt% for
exanple froml1l wt%to 90 % froml wt%to 70 wt% froml1l wt%to 50 wt %
from1 wt% 4q439 W RGPyl dcerihe'WdbotdcitOs Windhei@f foRAS I CrelRl 8y spiiide, based
on total weight of solid heat a%sor bing material provided to"the pyrolysis
reactor in whingties lea pyrtod peinberptgeewspliisal owas.ipedicipatly iff HOS%iylandan the
particul ar Y i ment t he,invent.jgn, the total anpunt of .solid heat
bsor bing. e argeg riRd ReTEETGl R o\ PERF e SR B ph byt of yi s
process canldefidbithd obur@s. Eaht8fal hA@bta®teWs Y pdraga i Gnbeah- ahseihbinng

material other than the basic netal oxide catalyst, with the renai nder

bei ng t he b&’{ earpiiaig- conpadngeaopEion, which hat brsp fewsldaibaent representabyal
amount of sqlid heat on, bi : ri ..t ralysi,s _reactor to
carry out t?‘)uééllnfgcf/slrI|t g yosf?g? gﬁ%@@@?@%ﬁ”&%‘ﬁ Z?ﬁ&%"&r h){:jdr%gtg C}eltre PR 85 w9 for
exanpl e not g@regdlyefouiidhmierB@s W% ithglingd bedbier hihrral§Quir 49pendinitgbedber than
70 wt ¢)/0, not greater than 60 w% or not greater than 50 wt% of solid
heat absor b"WECaYEEFPEVhde g s diffieyltineengsnds hicmatug! hydioiciat al yst, with the
remai nder bgj th 59@{%‘ ide. : t I.Llons
100521Pyr ol ;ﬂ/]so:ag] cagS pr eflgerll b lsh%%éggr&roiq%%@o%a? bier??{cﬁggg?veeggggéelﬁ%f little to
no oxygen. ¢dmposygerasingtupaldydnttylcite, os loukaflpebiptyemeht symhears, anoube | ess

t hat the stoi hlﬂqnetridcf anount reﬂui [)ed f]or compl \%te conbust. | on. ..

"Pref er abl y,‘“&@"r WAF & QA EORRPYT RN PRI Sl C SHOPPURAHAY WL UM in the
pyrol ysis rgasisQe)., Adtbstha@loR X HORIIitERAN RN/ rhteS&nttRanrid@% cdndbl gxanpl e

| ess than 30% I|ess than 20% I|ess than 1002? | ess than 5% |less than 1%

| ess than 0Da50gpreperfigsaf th%hf&'@ta@l‘% of the stoichionmetric anpunt of oxygen
required fo npl e St | I r ed
enbodi nent, rﬂg?/?lol ysllg ghbc;sggggzﬁ%g?erf%éﬁ%ﬁ% %ﬁﬁgﬁg&a agélﬁgg)@gl%&gnvgghggg oxygen
(i n which caskengxydgernmmyitibes prelssnibed m UrSa®eteatisont, 883,538 Mibeioxpeest i S

del i ber at el dded) . 011/ 123508PCT/ US2011/ 030470, - 16 - _
[ 0053] Pr ef e%i‘@ agﬁ}%%‘f%?ﬁ%’%dﬁ SHEhS ‘ggi? eﬁﬁ%&&l‘?&'gﬁj&?@tNﬁé’t%ﬁ%@rﬁze non-
condensabl e4 g§s1{@Lnakiopn 48nd solid or char formation. Preferred conditions

are al so ty[pi cally those that |ead to condensabl e gas and liquid formation.
See, e.g., l69¢31ni k HarldotBicitel goapesitiorBveniginig Flleting org8nisi0oRasic, 2004; see

al so Mohan I Ener Fuel s 0:848- 88 2006). , [ 0054] I. ne
ertodi ment , 15y o1 SRS P e 08t B4 Rt et DRk AEH B Re v apor

phase. Prefgeabl detailshie lvsttenphNas e, 7¢an1 beThassesbsttivnoughndorfid [ ter to
separate any solids from tgf _m)[?e desirabl e product. The filtered, vapors
can then beNdBNFEASHEMIW BydipBirde sRYRBRUNG la42h BOEaBIgEEQr organic anions

located interstitially between positively charged layers of metal hydroxides of the
general formula [Mgs Al,(OH)yy4]Y 24" *ZH,0, where Y can be a relatively large
organic anion, e.g., selected from the group consisting of lauryl sulfate, p-
toluenesulfonate, terephthalate, 2,5-dihydroxy-1.4-benzenedisulfonate, and 1,5-
naphthalenedisulfonate, or where Y can be an anionic polyoxometalate of vanadium,
tungsten, or molybdenum. In the above cases, x can be from 1.5t0 2.5, ncan be | or
2, and Z can be from 0 to 3, except that, when Y is the polyoxometalate, n can be 6.
[0046] An aggregated synthetic hydrotalcite can also be used. Preferably, the

aggregated synthetic hydrotalcite can have a substantially spheroidal shape and an



[ 0055] Condensati on can be carried out using any equi pnent suitable for such
pur pose. For exanple, condensation can be carried out using a condensation

train to coIIectutPe3deS|red products. The condensation train can conpri
at |east one EMT'1'€4Water condenser, atjyl.east one el ect ds{apies ™"

precipitator, or at |east one coal escence filter, as well as conbinations
t her eof 100561The pyrol ysis tenperature should be sufficiently high to

convert a syfdisd SRbricaRhicter olip t@%umogﬁwsaleﬁaemgg&%?nQgigs&%d%p hi gh

to produce undesired quantities of non-cohdensable g ) esired solid
Pr ef er abl y, gfeewddetarh ithE. pyatshyNedd,344,82& ertpefoatuat éyﬁlmmhlm&@puefeﬁbbc f or

exanple from 300C ta 600C or fraom 400C.tq 500C, 005

v snBt ot fretngtodls hdne Aot il Faegs e Al ALY Rhitn

non- condensad g @a&d ang nfoMrirgiPFro@UGbut JTHe tPRIRSS Ul tdpdthef 3NBQ Hakiem about 0
psig (about 0 kPag) to about 1000 psig (about 6.9 MPag), preferably from
about 5 psi & leaHointBENE phlgyst eéwaneldex5o0 0§§4laoqaé%@1ﬁta SIBCIEAGOUGE OF ¢ om

about 10 psig.(aRout: uzlug 3 é)if—ﬁ?i% Fé&c@&{)l%ﬁxt%%(?n BRIy g%eaf?(%lf% Jurd. S{Vﬁaz%})ut 9.

[ 0058] Pyrol ysi's s ener a carried ou or a ena%’l es a
subst anti al [0§d@nt i tSonaf syhdedc ﬂmdxbmlamw&rdoednermmby amﬁbl@sﬁblemmp]por and/ or

liquid prod cts S .can r.ange ov eriod o dlng upon
pressure, ﬁ‘ﬂeﬁaé‘iﬂ[h‘é”h gﬁﬁ“ﬁ?ﬁ’é 6710}3@&5‘&8%&85’ genamgt "ir‘T? P‘é‘gwﬁg -exanpl e,
pyrol ysis cwom]e C & lor th%C(ﬁt@[ﬂgaeottlié"f?roéerst@Le InR86ON: ﬁl@y 6@&%5@ for

exanpl e fromO0.1 second to 24 hours or fromO0.1 second t hour. Shorter
times are g@rrekcald the hﬁletamw@wne@/eaéif@htarxwl@mﬂmqm&m@@Wm82011/ 030470 -

17 - as froé@él@&inq'e 1%%9%]9161{6951]1 Smltgg %af%(na él?rc% dltaon% 819%%1 li>19£ secqnds Thus,

in sone enbo i's can s a

hi gh- t enper ahité®toph eagssatire fWhn @b\mfteed‘SZt Q)CeibousSOOaGl ﬂ)lryxdnﬁ;ate élqu abusome
enbodi ments, the feedstock can he heated in the absence of ox

feedst ock cHIP &doaPRUAGEB st zﬂ@é%ﬁﬁt?é]émﬂ‘bh@@ﬁ’@%tt ]eh%ré‘élél?ﬁ%éﬁ%{lpg}lsv@bor and

solid (chardyRRdtsHSboaY PERLUG Soutdgosapor product can preferably be
cool ed and conrﬁ)ensed to formone or nore liquid products. Miltiple steps of

heati ng and[ﬂﬁéﬂil i nghccardifgptodhe piceght ouention, mmuéle:tuontoépm@rs&tmoqhyml ysi s

| i quid product -ast ol ysi s cesses t pic I roduce from about
50wt 56 Lo aaaE i bR ts PLOG SR Ry P R BoLAEBE B F T m mbout 15
wt % t 0 abouhvaiowt %ths Bhdl@infébﬁbx1délBé’tafy&%@?ﬁbﬁal%o%%b%@rb&ﬁ@ﬂbs vl %

non- condensabl e ?as products, but these relative nunbers can depend heavily

on the par tSaEMIHF cHYNHS RGBRLY ¢ iseiamal ket apsorseg Sriswabsandieysed 1edgsirad.so
used. In sl a%\’lgp%fﬂ? h*)ésde@lc ntugﬁ o&?&%&aﬁ’ﬁ% iAo pyrolysis process. For example, solid

heat absorbing material can be added to a pyrolysis reactor along with the basic metal
oxide catalyst. The solid heat absorbing material can be any solid capable of
absorbing heat and does not adversely affect the ability of the basic metal oxide to
catalyze conversion, e.g., of aldehydes to alcohols. Examples of solid heat absorbing
material that can be used along with the basic metal oxide can include, but are not
limited to, inert clays, glass materials, sand, char, and the like, and combinations
thereof.

[0050] In one embodiment of the invention, solid heat absorbing material used in
the pyrolysis reactor to carry out the pyrolysis process can be solely (about 100 wt%
of) the basic metal oxide catalyst. In another embodiment, pyrolysis product can be

produced by pyrolyzing feedstock in the presence of solid heat absorbing material



preferably be heated to not greater than about 600C for a tine period
ranging from1 mnute to 24 hours, preferably from1l mnute to hour .
Vapor product t glcallé does not escape as rapidly in S|Owlﬁ§r0| sis as in
fast pyrolysi ¥OPNE % apor products may.react with each®OtYEPI4MEy) i d
char and liquid are being formed. Rates of heating in slow pyrolysis can
typically be slower than in fast pyrolysis. A feedstock can be held at
constant teqpahall fofll JhOM didleabedo, AR LT AR IRCHELALY WIAURL YL OV
as they are forne T 060] Vacuum pyrol ysi's can a tlona y or a ternately
be used. InSwmtmumn@yﬂmhgsmsnmtmsvtbédsma@knxﬁnmmam0®mn@ﬂdamemgaﬂymman
at nospheri c _pressur g %7 B kPa‘ghC but, above g S|a or 0
KPag) | VacullliESHaPET BHEIE AR e e PRLE agiheiuotisa SHbb ol e
avoi d adver gerobyed adstdckas tﬂieqn@sen@@@it sbﬂd rh@@l%&nbﬂﬂg nRRaidl BEnEu fimeSI ng
relatively [ ower t enperat ur es. [ 0061] Py rolg5|s product can_contaln water.
As an exanpl éVt/t@rﬁ?e‘ﬁfs/e(fOIp%ﬂ@1p§/€sff@ndr%%éq Catvocioomdi W' fofl voowkromtlo 30
wt % wat er . 0 0 v r ate
reans. sush Sd 650 HA PGt WEHEE AB Ny G P HERO A SRR BB S o,
or the Iikepxide, tﬁls&;d @omhil m&ﬁgh@nf idmlrlﬁmf absm\B&thﬁéiIﬂ:ﬁél&ﬁ&ﬁBRﬁB/thiSﬁﬁb35/3&3047O -
reactor suitable for pyrolyzing feedstock can

18 - Reactor T
be used in Fﬁ%OBFb%g§g%%H“?W¥MBPE§§ﬁﬂSFﬁV@%Pan Exanpl es of reactors can

i nclude, bujgoalip Nof o Jabfidi@d ehibod RUFEbf ThE G REiSn, tRDIRT LS uhEFEHRA Reat
rotating cones, fluidized-bed reactors (e.g., circulating fluidized-bed

reactors), ehsortanmedtetinbyged elatﬂeqvtymlyarsma@tm e mgubthd pyedetiopweess can
transport- bgog)t{ ﬁ%gfglrﬁastm tfh 89 wt% o of S?ﬁgkgart?\?lsorrblgg mV\@ell é?&lgl t% g'}e%rsle ysis

reactors, A4 c o hat'i'on

parallel. [ &@@Bbme azlutgl@ﬁt twihehd eaimlesbeifig adHaoie kne&dﬂd)xi‘t&:&iataﬂi}}% orbi ng
material (i anothel embodunent the total amount of solid heat absorbing material used in the
pyrolysis reactor to carry out the pyrolysis process can contain not greater than 95
wt%, for example not greater than 90 wt%, not greater than 80 wt%, not greater than
70 wt %, not greater than 60 wt%, or not greater than 50 wt%, of solid heat absorbing
material other than the basic metal oxide catalyst, with the remainder being the basic

metal oxide catalyst.

Process Conditions

[0052] Pyrolysis can preferably be carried out in the presence of little to no
oxygen. If oxygen is present, it should be present in an amount less that the
stoichiometric amount required for complete combustion. Preferably, pyrolysis can be
carried out in an environment (e.g., in the pyrolysis reactor) having an oxygen content
of less than 40%, for example less than 30%, less than 20%, less than 10%, less than
5%, less than 1%, less than 0.5%, or less than 0.01% of the stoichiometric amount of
oxygen required for complete combustion of the feedstock. In another preferred
embodiment, pyrolysis can be carried out in the absence of any added oxygen (in
which case oxygen may be present in trace amounts, but no oxygen is deliberately

added).



nmetal oxide, including any other solid heat absorbing material that nmay be
used) can be fed at one end of a screw. The screw can m x the heat
absorbing materjal and feedstock for conveying themthrou h the reactor.
[0064] I n an aBi%t1 Ve Bt ocess, feedstock gan be contact ed” QY& et %4 heat ed
metal surface. In general, the metal surface can spin at a relatively high
speed within a bed of feedstock whi ch can prevent dilution of the

products. Ajga al tﬁt%f@ieﬁéﬁto&ﬁ@c&ﬁﬁ%&%ékt PRI BbesymyidiAyspended in a

carrier gas and introduced at” a relatively speed ) rough a
cycl one. | ncwt@nsab&\g@rfbmdummnd s¢lhborvdiht &)rmﬁmmd’xc@wmpenctamnsbee hisat ed.

carrior gas VPTO0RSIR et e PHEFHGRE P55en RS FarmlhothuSeOPid Grbai b

absor bi ng nai®Biiagwiter, Tnerd)as FheNELS000508d20 @Ak V5SS MobRE hpitagtnyrgl el udi ng
sand) can be introduced into a rotating cone. As the cone is rot aty t he

solid heat ABYGrANGF-37% &99Q1 can be transported across the cone surface by

centri fugal Jo%agan ﬂgoiﬁ@ e&gtigﬁne%g%gt&yte% R etn&ﬁghé Eﬁﬁ%ﬁ{sim%(g lﬁtﬂt vel'y

fine partlc e use |qU|
fluidized beatbar@hmsbofseferhhsfdt%te@ajxmqmmd)@mbetplamua:lﬁduglm ﬁlter toaepaftesol i d

heat absorbin ria i C oxi de cat aI optionally

i ncl udi ng sﬁrﬁg Onig§/%8m9 § not}\igufl?,sﬁa@ﬁrﬁ’r?fgg&aﬁiﬁ @Eﬁ%‘h’%}’éﬂ atné@?“r%l ated product
gas. Hi gh headchdcans fem 6rﬁzt&$11(ftéﬂqtttﬁﬁ)‘?oétc%' di zed, solid heat absorbing
material can result in relatively rapid heating of the feedstock. [0067]1n

ci rcul ati nglO068I di Zeehdgeshtipe gart by eyri¢kewissogkng aauibwentmurtobladeducint o t he

macer ol (ol gooR vl st bt s Ei R L bR IRRLE' 0% e

cat al yst, O@ﬂle@tﬂtﬁé ysited pratlicsg THhardpdenGaton tidl t4h doagirisabseidiongchdter i al |
and feedstock typically all nove together. Exanples of transport gases can
i ncl ude, butaigf %OIWS’PSGHanéRP“F(?l“Fl@Eﬂﬁ“‘cﬁle%}Péﬁ%Pba‘ulé%St §aSedCseBUSt i on

gases, rel afiyelywbingS dondds8ins afatkdehe i ke, and conbinations thereof. High
heat-transfer rates fromthe solid heat absorbing material can ensure

relatively (08p6ld heldeipygolpdis tekr@efeetadsh@d& be tufSiepatinhigh tsystemacan separat e
oroduct vapgt L AMANG,SPHL] ot shebl g Rt stl gl and, any, Bl 10 cher
a fl ui di zedghufifieof\es<8hd@REb1E gw&ltﬁdegtfédtsbﬁd.r PRErMly, feed can be

pyrolyzed at a temperature from 200°C to 600°C, for example from 300°C to 600°C

or tfrom 400°C to 500°C.

[0057] The pyrolysis pressure should be within a range that minimizes formation

of non-condensable gas and solid product. The pressure can range from about 0 psig

(about 0 kPag) to about 1000 psig (about 6.9 MPag), preferably from about 5 psig

(about 35 kPag) to about 500 psig (about 3.5 MPag) or from about 10 psig (about 69

kPag) to about 200 psig (about 1.4 MPag).

[0058] Pyrolysis should generally be carried out for a time that enables a

substantial quantity of feed to be converted into condensable vapor and/or liquid

products. This can range over a wide period of time, depending upon pressure,

temperature, and type of reactor used, inter alia. For example, pyrolysis can be

carried out for a time from 0.1 second to 48 hours, for example from 0.1 second to 24

hours or from 0.1 second to | hour. Shorter times are generally more preferred, such



Product and Use [0068]As pyrolysis products |eave the reactor, they can be
in the formof vapor, 1liquid, and/or solid. A substantial portion of the
vapor can preferably be a condensabl e vapor, e.g., a condensable C3+

hydr ocar bon. Vﬁ’?lﬁéﬁ?%rred enbodi ment,_ & substantial poft¥EH"BM e vapor
exiting the reactor can be condensed to forma fuel or pyrolysis oil. These
various products can be isolated by way of a condenser system The products

can be usedaagohitel SeBAGALT nfSuid oY BHMES. Vs&Bn&%e{Uaié ?ci“ Q89 Ih. P yr olysis

product of the present 1 nvention can particu gher’ i n al cohol

cont ent thanllibhélll}mtsdﬂstp}pokydlacadbé umh he pyaripsif Eadsglewlmg@yaTMe)pzm@ss n the
absence of a b s oxi t.h resen nvent tot.al al cohol
content can'b& ]r‘f dISVCﬂﬁégpré ’gEYn‘Eea&‘ﬁ ?lﬁ 01?%@3@?%@@53 at?ﬁgogﬁ%a“pliﬁr ol yzi ng
condi tions asptdade absen@ RFBadi TRNtedstde cajymlamg@o@rw@&féhl ekobe
conprised of at least 1 wm% nore al cohol, preferably at '| east 2 wt % nor e

al cohol , f oge@iﬁﬁﬂ@oﬁ]ﬂﬂ@é&é’ﬁpﬁ 3\Wti%‘1%(r0éaléIP&SlH@)HS/bdrPFQ@UCItSeaZ&e PNt % m)r e
| cohol
o oduced 1By Abah 3kt 8ol SY LRI ARG Sl AR IR RAE" o

oxi de as dedbdiifledicheoBicating ﬁhﬁ);l?cﬂ)]o]ihgcmyb@&zysedsomrt@ﬂwdnceamwmddna@ to the
i nvention can art cularly_hi n. al cohol cont en} I n on odi nent
t he pyrol ysP%‘OB’rsﬁ @Sﬁu%% Fr%PP &i§ PeFCesies FaypPIosllnpogdare ﬂ’é‘l about

preferably gp \dt%@@hbé‘ut%%t%f &fnd@ﬁ‘s%m'él s @ﬁd ?ﬁ§br&iu¥‘5s%f@h%9&9cl15%6’/@%0 least 8
wt % al cohol , based on total weight si s product

2011/ 123508F@Ht YS2A%B00E04T0and 2 abptod@m’/n toeabpnbz(éwt% doewboding®ne , t he
P 1, LA EoDERIRILER, B R SRR 2
t ot al wei ghfeeddtoqkydodtpesitionpr oduct pr oduced.

[0059] Slow pyrolysis can also used. In slow pyrolysis, the feedstock can

preferably be heated to not greater than about 600°C for a time period ranging from 1

minute to 24 hours, preferably from I minute to 1 hour. Vapor product typically does

not escape as rapidly in slow pyrolysis as in fast pyrolysis. Thus, vapor products may

react with each other as solid char and liquid are being formed. Rates of heating in

slow pyrolysis can typically be slower than in fast pyrolysis. A feedstock can be held

at constant temperature or slowly heated. Vapors can be continuously removed as

they are formed.

[0060] Vacuum pyrolysis can additionally or alternately be used. In vacuum

pyrolysis, the feedstock is maintained at less than atmospheric pressure (i.e., below 0

psig or 0 kPag, but above 0 psia or 0 kPaa). Vacuum conditions can be used to

decrease the boiling point, to avoid adverse chemical reactions, and to reduce the

heating duty by using relatively lower temperatures.

[0061] Pyrolysis product can contain water. As an example, condensed pyrolysis

product can contain from 10 wt% to 30 wt% water. If desired, the water can be

removed using any appropriate means, such as by flashing, decanting, distillation,

membrane separation, or the like, or any combination thereof.



[ 0072] The pyrolysis product according to the invention can include any one
or nore of a wide variety of alcohols. In general, the pyrolysis product
can conprise at_ |east one Cl-Cl0 al cohol . Exenplary al cohol s can _incl ude

aliphatic, unSRUPACEE aromatic, |inearg branched, and/'6rEgRHI47
nono- al cohol s, diol s, trlols and t he I|ke and conblnatlons t her eof .

Exanpl es of nDno-aIcohoIs can include, but are not necessarily limted to,

met hanol , etRhang! tvJa- propanol , isopropanol, n-butanol, tertbutanol,
i sobut anol d tﬁé i ke, and conbi nations thereof. Exanples of diols can

i ncl ude, buf0092p noﬁnﬁemawsaﬂmbkibinﬁbedﬁ@dbmbuhyMemeedkﬁhnﬂm189@ﬁepﬁlene
diol, 1,2- pro e diol, . 1,4-butanedio onbi nati ons
Chor oot | Ex it SradpRe hERGHR poirdrd Ruron Bl BRI 1 o
to, glycer oleaafaes, bbiatild te8etofsORI3InEROnAY FlOIdY. U DB QRMES (LA kiRuSRing
advantageously be relatively I ow i n al dehyde content. Preferably, t he

pyrol ysi s pfladizret-bedicastipr painegtileyy eaeiors. W%WHQIGOW%bGﬂé‘?aCBX%WpI e not
greater thap,, go}’é"bé O{h%}orgrf&@%%d%J&%lslﬁn%é’wé)ﬁs %d S @gg\gf clRla %| y% at

al dehyde, base Si's
| east a porﬂwdﬁeaﬁﬂkbeﬂmmnmhySmsmﬁnuﬂueﬁmnﬂ@du@emndccord|ng to the present

i nvention c e condensed to forma liqu The i Uld roduct can
advant egeou%gbe r81HETVERS RIS Weﬁ%?fgwgé eﬁtd?dtr‘ﬁ‘é‘ {ng “P@F%‘ﬁ l}/‘“I%FCOW in
viscosity, aRefekidb eﬁeuéﬁg%yo@eﬂs&ﬁrﬁe%b\g&bh{gaﬁateemeatm%@ uskd fidhind
pyrolysis products. Any nunber of chemcal can be i ncl uded

in the |iqubdfedot @n@mdcﬁf atSIq@V\r eblmvasrevdcaynod the heatpbesd g margpilead |y, this

recover ed 'E%&h&mﬁ% %)C%Whgﬂwn1h11§%t9¥r0| SIS oil. The oil can include one
or nore of various ; ol s, guai acol ,

met hyl - subsjiob4t ed lpraerablaaye pﬂ@d@geﬁee@dﬂ@ﬁtdah bt edntaaecmhgtalhseaeeata@d{eaﬂ ot her
aromatics. [0Q76] Char or coke type solids can remajin.in the reactor or can

be filteredW6m Petagerdie %fab%ur%'ﬁe 1 U gt PiFradvelyidethinsad #tthpot Psdons. In
one enbodi ”&%eds?ocﬁuxpﬁfcﬁ@éﬂ ?Jevﬂﬁrdﬁlhﬁ of tht B dRERd ‘A%taﬁ é’r fBfha b6, sheam ref or med

or partially oxidized m a synt esis gas or a hydrogen-rich gas.
WO2011/ 1235{&8&%@3‘%{@2@1@9 1ﬁ$§0bqe7ﬁxsp<2ﬁied in a carrier gas and introduced at a relatively

high speed, e.g., through a cyclone. In one such embodiment, the walls of the cyclone
can be heated. Also in such embodiment, the products are typically diluted with the
carrier gas.

[0065] In a rotating cone reactor, feed and solid heat absorbing material (e.g.,
basic metal oxide catalyst, optionally including sand) can be introduced into a rotating
cone. As the cone is rotated, the solid heat absorbing material can be transported
across the cone surface by centrifugal force. Like other shallow transport bed
reactors, relatively fine particles can be used to obtain greater liquid yield.

[0066] In fluidized bed reactors, feedstock can be introduced into a bed of solid
heat absorbing material (e.g., basic metal oxide catalyst, optionally including sand) by
a gas, which can usually comprise a recirculated product gas. High heat transfer rates
from the fluidized, solid heat absorbing material can result in relatively rapid heating
of the feedstock.

[0067] In circulating fluidized bed reactors, feedstock can be introduced into the

reactor to contact a circulating fluidized bed of solid heat absorbing material (e.g.,



[0077] Overal |, potential pyrolysis products may have applications as fuels,
adhesi ves, synthesis gas, phenol formal dehyde resins, phosphate esters,
magnetic wire, cleaning and disinfectant conpounds, ore floatation, and

ot her applica?@ﬁﬁgﬂz*ﬁg pyrol ysis produghs produced acc i di g0 H/85% e
present invention can advantageously be Suitable for use in other
applications without the need for extensive secondary processing steps.

[0078] I n ong,&nbedi p&at B@%@@M&ﬁpmcﬁgﬁnggéaghfaéé S1RAfeht Qd%g%‘éq hgnd

pyrolysis product can droprocessed t rovi de various
chem cal s. hinthrehrod &sgstngk typicelly all mope oxpetwe sExampleeat tremsp @t gasewnbarch  at

| east a porti f the pyrolysis product can be reacted.wi th hydrogen,
Lypicarl v utiseppeel i iRt e tehisrabuRte ik Rytn oI oREes TGN al yst
Such procesaRf aaR, AliCth!dRe, aREtoRbRAAMs théBbt adioh BeathiiERERRXYBENAL ON,

hydr odeni t rogenati on, hydrodesul furizati on hygrotreatlng, hydr ocr acki ng,

hydr oi somer solistlieehabspspireotieiaeii oag ensimelrelaitvelyi iepid Heatingesdahp Fasdstogk. stich
rocesses, t 7.513 9, 435,. . .7, 288, 181,
e S

7,244,352 an can i nc¢ludé, but are
not |im t edaddgnyaenviigi cdar gfrtioksy gene eoidtheitubegbngdiaadadshanpréferappriaf f i ns.
100791Additionally or alternately, the present invention can further

i ncl ude t he“eAtPSHi en@u@%sgéwwh‘f%sselP@%éﬁlﬂ/@ﬁ%&aﬁhﬁﬁﬂct% A met hod of
produci ng an al cohol -cont ai ni ng pyrol ysis product, conprising pyrolyzing a
hydr ocar bon feedstock in the presence of a basic netal oxide catalyst to

produce a pRuodhgisind Useoduct that contains at |east one al cohol, wherein the
net al oxi de alyst is conmprised of at |east one tal . from Goup 2, Goup
31 nel uh ng /P8R a0 R PrRef i frs Meaisis B85 4Bt e TR0 PEAPEr Tai e o
El enents. 10084 kihtaheds et substablfiel pretiodr @t vefireah pRifiératlly befaer ei n t he basic
net al oxi de catalgst has an uptake of carbon dioxide at 100C of at | east

0.03 ny/ n mdemedlearner 6gi asordwatijets IpooB2 Ry dur REstera! caborinRgd of

PLOC 0D o RHSSSARERHYE v EEORL R LT e e o
or pyrolysis oil. These various products can be isolated by way of a condenser
system. The products can be used as fuels and/or as a variety of chemicals.
[0069] The pyrolysis product of the present invention can be particularly higher in
alcohol content than the product produced from the same feedstock pyrolyzed in the
absence of a basic metal oxide of the present invention. The total alcohol content can
be heavily dependent on the feedstock used and the pyrolyzing conditions employed.
In one embodiment, the pyrolysis product can be comprised of at least 1 wt% more
alcohol, preferably at least 2 wt% more alcohol, for example at least 4 wt% more
alcohol or at least 6 wt% more alcohol, based on total weight of pyrolysis product,
than the product produced from the same feedstock pyrolyzed in the absence of a
basic metal oxide as described herein.
[0070] The pyrolysis product according to the invention can be particularly high
in alcohol content. In one embodiment, the pyrolysis product can be comprised of at

least 2 wt% alcohol, preferably at least 4 wt%, for example at least 6 wt% alcohol or

at least 8 wt % alcohol, based on total weight of pyrolysis product.



WO 2911/ 123508PCT/1JS2011/ 030470 - 22 - produce a pyrolysis product,

wherei n the basi c net al oxi de catal yst has an uptake of carbon dioxi de at
100C of at |east 03 nmg/ n2 of the basic netal oxide catal

[ 0083] Enbodi rré’vr?tz"h“u?ﬂ’é met hod of enbodijent 3, wherein %@Uﬁ%@&l/&%&*a&. de
catal yst is conprised of at |east one métal from Group 2, Goup 3 including
Lant hani des and Actinides, and G oup 4 of the Periodic Table of Elenents.

[ 0084] Enbodi T nts,

| gos4] Enbodiqi] O 1oHhgcMENSHLGE, AL R0t BRREE B RTERTENL S
net hod of amy’uadné0oft’t deolpl ot oumpbnirooi ettt sg 2Wvéhaicohbhe fhas Sovifretoal

oxi de cat al o] Iea one 0 2 netal 0086] Enbodi nent 7.
The net hod é§ é‘%@%}gfgﬁ el%i?él tB’ia @ggogfgglgwﬁgmdgct% “&fn the Group 2
metal conpr j@g2| MRONEShMBlysik 9%?&@%@&@5@6%@111@&%11%& hg%defan?we gpe of the
previ ous enbodi rrents wherei n the basic nmetal oxide catal yst Conprises

hydr ot al ci t 801§ gbB8]dervstlyrpéatcobols Thegermtahdbe pirobiiip popBLCHEat dpenpisewt ous

gngggl ge %,[Sgel W%%“E{ rbdp al%o%ﬁﬁ?%gmp% 0 alg())(hd)qe e{flﬁ%ﬁcgt de éhp%ggcp ru'n?a%ura%d least one

aromatic, linear, branched, and/or cyclic mono-alcohols, dlols, triols, and the like, and
combinations thereof. Examples of mono-alcohols can include, but are not
necessarily limited to, methanol, ethanol, n-propanol, isopropanol, n-butanol, tert-
butanol, isobutanol, and the like, and combinations thereof. Examples of diols can
include, but are not necessarily limited to, ethylene diol, 1,3-propylene diol, 1,2-
propylene diol, 1,4-butanediol, and the like, and combinations thereof. Examples of
triols can include, but are not necessarily limited to, glycerol and the like.

[0073] The pyrolysis product can also advantageously be relatively low in
aldehyde content. Preferably, the pyrolysis product can comprise not greater than 20
wt%, for example not greater than 15 wt%, not greater than 10 wt%, or not greater
than 5 wt% aldehyde, based on total weight ot pyrolysis product.

[0074] Preferably, at least a portion of the pyrolysis product produced according
to the present invention can be condensed to form a liquid product. The liquid product
can advantageously be relatively low in moisture content, relatively low in viscosity,
and/or less acidic and corrosive than conventional liquid pyrolysis products.

[0075] Any number of chemical compounds can be included in the liquid portion
of the recovered pyrolysis product. Typically, this recovered liquid product is called a
pyrolysis oil. The oil can include one or more of various phenols, cresols, catechols,
guaiacol, methyl-substituted phenols, indene, substituted naphthalene, and/or other
aromatics.

[0076] Char or coke type solids can remain in the reactor or can be filtered from
recovered vapor and liquid pyrolysis product portions. In one embodiment, a
substantial portion of the products can be steam reformed or partially oxidized to form

a synthesis gas or a hydrogen-rich gas.



[ 0089] Enbodi nent 10. The nethod of any one of the previous enbodi nents,
wherein the G oup 3 netal conprises at |east one of yttrium cerium and

pr aseodymi umw{p OQO#Enbodl ment 11. The nethod of any one of the Previ ous
embodi ments, WRHH'Whe basic netal oxide catal yst conpfi’ées"'af*®®ast one
Goup 4 netal. [0091] Enbodi nent 12. The™nethod of any one of the previous
enbodi nents, wherein the Goup 4 netal conprises zirconium EXAMPLES

[ 0092] The i |o i t.al i des as
atalysts uldl o o S IETRREL HELG s YAt Rl A Eh IR B Td o
st ai nl ess sa«ﬁ&bwesaa;zmtbesm( das4phenut fermalidelele eesind phaspbate ested, fagmegice t o whi ch

vapori zed feed ntro uced via a sw tchi val ve. He fe d used Ln t hese
exper i rrent sw\}\‘iés HETCG RO RRAUAL, QB HSW FtRCRARP ?atWP’f hIh e12%

met hanol A%/IBBJSQI o 9([1‘)6‘[8 &Qh?eg& STRVSEIS: ﬂ?}I lgé%&%&%e%@él&h adAnmeikRpsed

from Si gma- Al dri ch, and used as received feed was introduced’into the

vapori zer u@lﬁgleefoswelmgéiepmmwaffm Withowt élteeleecf for kstengeeisacondaie r eact or was
about 25 Al mog Seslr%ld ehe catal yst | oad was about 10 ng. The reactor was
mai nt ai ned A% {gr?pé’ﬁature of about 500C, and the pressure in the reactor

was naint ai [padgpt abhout c@bodisicdt ot diveh RS at Mpit@dortidh & th pyraBsispyr ol yzer .
Product gases exiting the reactor were coll ected usi ng a nulti-port

sanpl i ng vaPipugsan Q‘ﬁh}’fif%‘d’c%‘?%@ F&%ld%ﬁ@r&%tfkb‘?j? aphsheliPd890 GC using 30 m
PLOT- Q col uﬁg%rogggg sﬁg%fe??t%&b%#e‘s%@ oga'g%ﬁl I\/}Tg it Qg LSt a édm&ﬂ of {1;9 and

CO ) were usi'-ng an cro GC equl pped wt
detector. 116)5098/%@&1@19t sandfe rémtamxmﬂb hytteg@n mpewaﬁwomdvmesdelteemmmdﬁb

Indirectly ]C?I%SGHC@ of a hydroprocessing catalyst. Such processes can include, but are not
limited to, hydrodeoxygenation, hydrodenitrogenation, hydrodesulfurization,
hydrotreating, hydrocracking, hydroisomerization, hydrodewaxing, and the like. For
examples of such processes, see U.S. Patent Nos. 7,513,989, 7,435,335, 7,288,182,
7,288,181, 7,244,352 and 7,220,352. Examples of hydroprocessing can include, but
are not limited to, conversion of oxygen-containing hydrocarbons to paraffins.
[0079] Additionally or alternately, the present invention can further include the
tollowing embodiments.

[0080] Embodiment 1. A method of producing an alcohol-containing pyrolysis
product, comprising pyrolyzing a hydrocarbon feedstock in the presence of a basic
metal oxide catalyst to produce a pyrolysis product that contains at least one alcohol,
wherein the metal oxide catalyst is comprised of at least one metal from Group 2,
Group 3 including Lanthanides and Actinides, and Group 4 of the Periodic Table of
Elements.

[0081] Embodiment 2. The method of embodiment 1, wherein the basic metal
oxide catalyst has an uptake of carbon dioxide at 100°C of at least 0.03 mg/m” of the
metal oxide catalyst.

[0082] Embodiment 3. A method of producing a pyrolysis product, comprising

pyrolyzing a hydrocarbon feedstock in the presence of a basic metal oxide catalyst to



measuring the formati on of nmethanol or CO CO,, and H, via Equations (1)
and (2): 2 HCHO (g) + H20(Basic Catalyst > C-130H (g)+ CO, (g)+ H, (g) 2

HCHO (g) Basic Catalyst CH2OH (g) + CO (g) (1) (2) 100941A correl ation
of area count ¥¥YH/EHE met hanol peak on,the GC with the YINEBN P& %N of

met hanol in the sanple was therefore uséd as a neasure of the anount of
nmet hanol forned via the Canni zzaro reacti on shown above. Corrparative

Exanpl e 1 %%1%54 WSﬁ éa%((ﬂf‘:é :vﬂﬁgém tl{erbea81c%"f‘éf1d%rx1d@acsdtﬂ dlv\%))tt/& (afpout 100

ng of sand. e uvalen toastan rolyzer in a
bi omass reactrbon xzkkoerde ah(btﬁo °Saotfcht ieastdl. @&mgam et tbsbdstnanétehbmﬁe emﬂ;/ﬁr medi um

Anal ysi s of r ef f| yent sh dth congentr to be
essential | yl‘fﬂgght " iBodienid Bre RGO e@%rn%%e é‘ﬂg%ffén fiEaee Sahitds ned - 12%

nmet hanol as am trlé‘b&il}Sr@sre)i ofﬁﬂ%&s)f%h&rféfalfﬁ%% Gﬁﬁ@sz,@'i&%ﬁl‘éhﬁﬁ%"\ed about
0. 64% H2, abou 0.23% CO, and about 0.41% CO2, attributable to

decorrposi t i banthgradasi a@ds‘%omaldem@nd Grotes whthelPeviatlicSable af idementst or .
Conpar at i Ve[d%ﬁgfml eEnZlbodiment 5. The method of any one of the previous embodiments,
wherein the feedstock comprises biomass material.
[0085] Embodiment 6. The method of any one of the previous embodiments,
wherein the basic metal oxide catalyst comprises at least one Group 2 metal.
[0086] Embodiment 7. The method of any one of the previous embodiments,
wherein the Group 2 metal comprises magnesium.
[0087] Embodiment 8. The method of any one of the previous embodiments,
wherein the basic metal oxide catalyst comprises hydrotalcite.
[0088] Embodiment 9. The method of any one of the previous embodiments,
wherein the basic metal oxide catalyst comprises at least one Group 3 metal, including
Lanthanides and Actinides.
[0089] Embodiment 10. The method of any one of the previous embodiments,
wherein the Group 3 metal comprises at least one of yttrium, cerium, and
praseodymium.
[0090] Embodiment 11. The method of any one of the previous embodiments,
wherein the basic metal oxide catalyst comprises at least one Group 4 metal.
[0091] Embodiment 12. The method of any one of the previous embodiments,

wherein the Group 4 metal comprises zirconium.

EXAMPLES

[0092] The invention was demonstrated using a variety of metal oxides as
catalysts using a microflow reactor. The microflow reactor consisted of a stainless
steel reactor (1/4” outer diameter) located in a furnace to which vaporized feed was
introduced via a switching valve. The feed used in these experiments was ACS

Reagent grade formaldehyde (~37% in water with ~12% methanol as inhibitor)



100961l n this experinment, the reactor was | oaded wi th about 90 ng of sand
and about 10 ng of UtrasilTMsilica. The silica was anticipated to be
inert for this WO 2‘0_11/ 123508PCT/ US2011/ 030470 - 24 - chemi str Anal ysi s
of the react oMOPH('&EMt showed the nmethagol concentrati dift'{'6*H) YdWential Iy
identical to that of the feed. Analysis of the gases produced showed about
0.61% H2, about 0.23% CO, and about 0.37% CO2, attributable to

deconposi ti gﬁﬁgﬁgggﬂogp§%%§%agﬁﬁt ahsemtr@éelml e Wed D iHEGRICRE ir to

Conmparative I'S experinent, the reactor was aded

wi t h about Hﬁwzrgomﬁersangiaawdn@mmp lmmy)vahteloﬁ%a/@d thﬁa;eﬁatomatﬂahb&tt knovvn
to be highl¥aﬁ|d|c nd tan rent |ev§€to be swta ({ ar

cheni stry of° {! /émBraég Mt SRR (YFF‘Sa ﬂ‘étl P& e]teﬁ%to?%’ﬁ%ﬂnalrn 8élf‘ef ?}é‘nt shovved

the met hanolcenﬁféﬁ@t‘ﬁ@%‘f%d@'%@@ Qﬁd i JMGS@QL@% %S miilamdhatbsk t he
feed. Analysis of the gases produced showed about 0.78%1-12, about 0.75%

CO, and abodt p@gM%i@m tyatcat inubialipes [yeolbess o Rpskict sa6es el theFeactaski ng on

t he net al vvaI t reaction
catal yzed by {hcé)ﬂa%%}lséﬁ%g%&l 803 am ‘I‘:’i&ﬁﬁe ﬁﬁean\[{ggé%ﬁlgr};oé% S experinent,
t he react or ciwamalogagad (MP&&DO&bOuﬁsmg(BOmQ PDDTsQrmdhamj dheBID-dtkengtiof -127)/0

CeOx/ Zr02, a catalyst known to be basic. Analysis of the reactar. effluent
showed the PRSEhHHEF P@@H%"e(ﬁlt%r(é@t YKl ¢ )8@1%5%¥Zeﬂ%%69@£1]@?t @Qﬁwfcﬁ%t of the

feed. Anal ygis..qf E@gmgaasm])%ggwed showed about 8.04% H2, about 8.25% CO,
and about 2. 389 88 his experinment indicated that the ba5| c m xed cerium

oxi de- zi r col9i00%h o%d@yﬂaoﬁimaldsmgdnmrgﬂn fvag deternaioed widitgethyoby t he
formal dehyd%e'gsIu%R o%nlw(,)tpo%t(;f%]etﬂano? 88 C 3,%1%|P% v51a Equations (1) and (2):

2 HCHO(g) + H,0(g) 2<% CH.OH (g)+CO, (g)+ H, (g) (1)
2 HCHO(g)—22 b s CHLOH (g) + CO(g) 2)
[0094] A correlation of area counts for the methanol peak on the GC with the

concentration of methanol in the sample was therefore used as a measure of the

amount of methanol formed via the Cannizzaro reaction shown above.

Comparative Example 1

[0095] In this experiment, the reactor was loaded with about 100 mg of sand.

This base case would be equivalent to a standard pyrolyzer in a biomass reactor where
hot sand is circulated as the heat transfer medium. Analysis of the reactor effluent
showed the methanol concentration to be essentially identical to that of the feed
(formaldehyde feed contained ~12% methanol as an inhibitor). Analysis of the gases
produced showed about 0.64% H,, about 0.23% CO, and about 0.41% COs,,

attributable to decomposition reactions taking on the metal walls of the reactor.

Comparative Example 2

[0096] In this experiment, the reactor was loaded with about 90 mg ot sand and

about 10 mg of Ultrasil™ silica. The silica was anticipated to be inert for this



[0099] In this experinent, the reactor was | oaded with about 90 ng of sand
and about 10 ng of hydrotalcite, a mneral with nom nal conposition

My6Al 2( CCB) (014) 16. 4F120. Upon heating, the hydrotal cite undergoes

dehydrati on afd d&¢EBdxyl ati on to produge a basic m xed?rGHES M %I uni num
oxi de. Analysis of the reactor effluent 'showed the nethanol concentration
to be about 143% greater WO 2011/ 123508PCT/ US2011/ 030470 -25 - than that

of the feed, gé‘ﬂfgto A§ %%%%%Qé‘zﬁc?& eﬁ’ﬂ&%‘%‘&zeﬁhf? gthgt?@uctg ?%l@l%‘/%{&)? about

3.65% CO an hi's experi nment Ica Yasi ¢
m xed ceri urssexiialy-idémtcahiouhatoX ildeeadt Ahatpdis csﬂthwgmsespgjméemmveaabmm ty for

theforrrald i Spro i gnati o 00100]In this
experi nent, t(’rtgej/et[ zi‘g’t"(btrooé)éé chéaéag%tﬁﬁ’%a)bgg’ﬁ aé@%%tgfwés PRAsHI%bout 10 ny
of MO A“atéé%éns%klh 8n fiRaRtQr WAl drughfcaghowed the nmethanol concentration
to be about 182% greater than that of the feed. Analysis of the gases

produced showed about 4.92% H2, about 4.02% CO, and about 3.61% CO, . This
experi ment ndl cat.ed that the basi ¢ ni xed cerium oxi de- zi r coni um oxi de

cat al yst sho@%@ﬂ%lg%% activity for the formal dehyde
di sproporti ¢yearj on Iﬁlaaletekpehm@ﬁam@teect?)r whO®hAd] wihth bbb s 9expesf motndt he
reactor was | oaded wi th about mg of sand and about 10 ng of Zr02.

Anal ysi s of 28%é 1P axgefor! ot W%@ shepRustinevasr hahBhyasitiennd isrefara o be
about 106% greal; edt %0 Stts e Rk 18 t(n?s%g 05’?151%&»%%11? iny ntt(the @1 1S Hrpduced

showed about 9. 699 9. 189% 0O IS experinment
i ndi cat ed t trattot hfélubmssﬂtowmi ﬂednﬁbzmahnmmxmdﬁmno bennlymbomi%gcmealﬂgmt showed

signi fi cant thaf ttl t\ﬁe t'e%df %nafyrs]les off engaalsgseprtgguceg SR&wed a%ou 8 9?‘;/0 2, atr)oetlaf((\)t%%'
Exampl e 8

CO, and about 0.54% CO,, attributable to decomposition reactions taking on the metal
walls of the reactor, as well as some very minor reaction catalyzed by the acidic metal

oxide.

Example 4
[0098] In this experiment, the reactor was loaded with about 90 mg of sand and

about 10 mg of ~12% CeO,/Z10,, a catalyst known to be basic. Analysis of the
reactor effluent showed the methanol concentration to be about 106% greater than that
of the feed. Analysis of the gases produced showed about 8.04% H,, about 8.25%
CO, and about 2.38% CO,. This experiment indicated that the basic mixed cerium
oxide-zirconium oxide catalyst showed significant activity for the formaldehyde

disproportionation reaction.

Example 5
[0099] In this experiment, the reactor was loaded with about 90 mg of sand and

about 10 mg of hydrotalcite, a mineral with nominal composition
MgsAl(CO3)(OH)c#4H,0. Upon heating, the hydrotalcite undergoes dehydration
and decarboxylation to produce a basic mixed magnesium aluminum oxide. Analysis

of the reactor effluent showed the methanol concentration to be about 143% greater



[00102]In this experinment, the reactor was | oaded with about 90 ng of sand
and about 10 ng of Y203. Analysis of the reactor effluent showed the

nmet hanol concentration to be about 122% greater than that of the feed.

Anal ysis of t MO JHEEE%roduced showed about 8.12% H2, abStfU?B%E0  and
about 2.85% CO2. This experiment indicated that the ba5| c m xed cerium
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[00104] I n tgix%ne I%eri ment, the reactor was | oaded with about 90 ng of sand
and about 16 Pr203. Analysis of the reactor effluent showed the

met hanol co[wano) atlinahis kepddtnaidabié reh2dlavgs Ratiar withabodt9atm®bf dahe aheed.
Anal ysis of the 8ases produced showed about 11.17%ft?, about 5.23% CO, and
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showed significant activity for the formaldehyde disproportionation reaction.

Example 7
[00101] In this experiment, the reactor was loaded with about 90 mg of sand and

about 10 mg of ZrO,. Analysis of the reactor effluent showed the methanol
concentration to be about 106% greater than that of the feed. Analysis of the gases
produced showed about 9.69% H,, about 9.18% CO, and about 2.23% CO,. This
experiment indicated that the basic mixed cerium oxide-zirconium oxide catalyst

showed significant activity for the formaldehyde disproportionation reaction.

Example §
[00102] In this experiment, the reactor was loaded with about 90 mg of sand and

about 10 mg of Y,05. Analysis of the reactor effluent showed the methanol
concentration to be about 122% greater than that of the feed. Analysis of the gases
produced showed about 8.12% H,, about 7.59% CO, and about 2.85% CO,. This
experiment indicated that the basic mixed certum oxide-zirconium oxide catalyst

showed significant activity for the formaldehyde disproportionation reaction.



f or mal dehyde only, and hi gher carbon nunber al dehydes are expected to be

renoved via crossed Canni zzaro reactions wth formal dehyde. An exanpl e of
this chemstry is shown in Equation (3) for acetal dehyde: CH 3CHQ(g) + HC
HO (g)+ H20 (¢)°2'BaSteY"i""t > C H2OH (g)+ CO (g) + H, '(CgTXUS(Z%‘)”"f“dg’loes] In
this case, acetal dehyde reacts with fornmal dehyde to produce ethanol and a
surface formate that undergoes deconposition to carbon di oxi de and

hydr ogen. S@gb#gfl , propional dehyde will undergo a crossed Canni zzaro
reaction w + Fé%ldehyde to yield propanol and carbon di oxi de and
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of the present ipvention can exhibit a relatively high alcohol content and
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showed significant activity for the formaldehyde disproportionation reaction.

Example 10
[00104] In this experiment, the reactor was loaded with about 90 mg of sand and

about 10 mg of Pr,Os. Analysis of the reactor effluent showed the methanol
concentration to be about 124% greater than that of the feed. Analysis of the gases
produced showed about 11.17% H,, about 5.23% CO, and about 5.52% CQO,. This
experiment indicated that the basic mixed cerium oxide-zirconium oxide catalyst
showed significant activity for the formaldehyde disproportionation reaction.

[00105] Examples 4-10 demonstrate that basic metal oxides exhibit significant
activity for the removal of formaldehyde. However, this chemistry is not limited to
tormaldehyde only, and higher carbon number aldehydes are expected to be removed
via crossed Cannizzaro reactions with formaldehyde. An example of this chemistry is

shown in Equation (3) for acetaldehyde:

CHLCHO(g) + HCHO () + H,0(g) """~ C,H ,OH (g) + CO, (g) + H, (g) 3)

[00106] In this case, acetaldehyde reacts with formaldehyde to produce ethanol and
a surface formate that undergoes decomposition to carbon dioxide and hydrogen.
Similarly, propionaldehyde will undergo a crossed Cannizzaro reaction with
formaldehyde to yield propanol and carbon dioxide and hydrogen. These
experiments, therefore, demonstrate the pyrolysis product of the present invention can

exhibit a relatively high alcohol content and a relatively low aldehyde content.



conpri si ng: pyrol yzing a hydrocarbon feedstock in the presence of a
basic metal oxide catalyst to produce a pyrolysis product that contains at
| east one al cghol ., wherein the netal oxide catalyst is conprised o

| east one net MO PPE4E oup 2, Goup 3 i_nel_udi ng Lant hani S&Wd”’ﬁéf” n| des,
and Group 4 of the Periodic Table of El enents. 2. The net hod of
claim1, wherein the feedstock conprises bionass material . 3. The
met hod  of clmﬂ;v][l Mefosldd nfgnﬁsct?@s%k%pﬁ%@é IRkARCRlBlRgShan uptake of
carbon di oxi de at 100C of at | east O. of the metal oxide catalyst.
4. The net h@dfeotflorcei@ ipna, mwnécrctnor’oetlimetlbgsmun@labocblxy ﬁ]@setaﬁmwgttheonprl ses

at | east on od of erein the
S oun’s mot Tie R bR dstpethy Be ok Tt iRRsS by T o
wher ei n t heehasdimenBnal spR¥ifidel ¢ atmhdrsbd Geanr i ses hydrotalcite. 7.

The met hod of claim 1, wherein the basic netal oxide catalyst conprises at
| east one Goup 3 netal, including Lanthani des and Acti ni des.



8. The method of claim7, wherein the Goup 3 netal conprises at |east one
of yttrium cerium and praseodym um 9. The nethod of claim1,
wherein the basic netal oxide catalyst conprises at | east one Goup 4
metal. 10.The nethod of claim9, wherein the Goup 4 netal conprises
zirconium 29 11. A method of producing a pyrolysis product,
conpri si ng: pyrol yzing a hydrocangon feedstock in the presence of a
basic nmetal oxide catalyst to produce a pyrolysis product, wherein the
basi ¢ met alClgdMi® cat al yst has an uptake of carbon di oxi de at 100C of at
| east 0.03 ny/n2 of the basic netal oxide catalyst. 12. The met hod of
claim1l, wherein the netal oxide catalyst is conprised of at |east one
metal from Goup. 2, @& oupth&d i ofclpucdwgglant hizphdesntamihgAgtyralyde sprodund, G- oup
4 of the Periodic Table of Elenents. 13. The nmethod of claim 11,
wher ei n t hE®PREES ock conprises bionass material . 14. The method of
claim 11, wher eipgyrdliigndashgiromtitvh R¥dstekciat hkygtsehetCbidebasat ne@dsdxidene
G oup 2 netal. ) i .

catalyst to produce a pyrolysis product that contains at least one alcohol, wherein the
metal oxide catalyst is comprised of at least one metal from Group 2, Group 3 including

Lanthanides and Actinides, and Group 4 of the Periodic Table of Elements.

2. The method of claim 1, wherein the feedstock comprises biomass

material.

3. The method of claim 1, wherein the basic metal oxide catalyst has an

uptake of carbon dioxide at 100°C of at least 0.03 mg/m? of the metal oxide catalyst.

4. The method of claim I, wherein the basic metal oxide catalyst comprises

at least one Group 2 metal.

5. The method of claim 4, wherein the Group 2 metal comprises magnesium.

6. The method of claim 5, wherein the basic metal oxide catalyst comprises
hydrotalcite.

7. The method of claim 1, wherein the basic metal oxide catalyst comprises

at least one Group 3 metal, including Lanthanides and Actinides.

8. The method of claim 7, wherein the Group 3 metal comprises at least one

of yttrium, cerium, and praseodymium.

9. The method of claim 1, wherein the basic metal oxide catalyst comprises

at least one Group 4 metal.

10. The method of claim 9, wherein the Group 4 metal comprises zirconium.



15. The method of claim 14, wherein the basic netal oxide catalyst includes

magnesi um 16. The nmethod of claim 15, wherein the basic netal oxide
catal yst is conprised of hydrotalcite. 17. The method of claim 11
wherein the basic netal oxide catalyst includes at |east one Goup 3 netal,
I ncl udi ng Lant hani de netals and Actinide netals. 18. The net hod of
claim 17, wherein the basic netal oxidegcatal yst includes at |east one of
yttrium cerium and praseodym um 19. The method of claim 11,

wherein the basild- metamediRfl qbrredycing/spyrp el nupdyctatonmsigie: one Group 4 netal .
20. The net hod %@ro@}llz‘mg"g ﬂ}%rocwﬁ?ée'astt)aginQﬁéﬂ)ﬁseﬁ?é(ﬁ{a %i’c%tﬁ%&@e%ﬁ&lﬂspd udes

zi rconi um
to produce a pyrolysis product, wherein the basic metal oxide catalyst has an uptake of

carbon dioxide at 100°C of at least 0.03 mg/m?” of the basic metal oxide catalyst.

12. The method of claim 11, wherein the metal oxide catalyst is comprised of
at least one metal from Group 2, Group 3 including Lanthanides and Actinides, and

Group 4 of the Periodic Table of Elements.

13. The method of claim 11, wherein the feedstock comprises biomass

material.

14. The method of claim 11, wherein the basic metal oxide catalyst includes

at least one Group 2 metal.

15. The method of claim 14, wherein the basic metal oxide catalyst includes
magnesium.
16. The method of claim 15, wherein the basic metal oxide catalyst is

comprised of hydrotalcite.

17. The method of claim 11, wherein the basic metal oxide catalyst includes

at least one Group 3 metal, including Lanthanide metals and Actinide metals.

18. The method of claim 17, wherein the basic metal oxide catalyst includes

at least one of yttrium, cerium and praseodymium.

19. The method of claim 11, wherein the basic metal oxide catalyst includes

at least one Group 4 metal.

20. The method of claim 19, wherein the basic metal oxide catalyst includes

zirconium.



