WO 2011/ 123508PCT/ US2011/ 030470 1 - METHODS FOR PRODUCI NG PYROLYSI S
PRODUCTS [0001] This Application clainms the benefit of U S. Provisional
Appl i cat iwo 2bl0/1268808341, 452, filed March 31, 2010, whi chPC3/Usesigloyo470

i ncorporated by reference herein in ith- entirety. FIELD OF THE | NVENTI ON

[ 0002] The present invention relates to nethods for producing pyrolysis
products. In particular, the present invention relates to nethods for
produci ng al cohoMEBHOD$IFQR PROAIDYETTN(p PYROL ¥.SIBSABCBOINCS OF THE

| NVENTI ON [ 0003]In general, pyrolysis is a thermal degradation process in
whi ch | arge nol ecul es are broken or cracked into smaller nolecules in the
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nol ecullasrerﬁiregyct ure, which processes usually take place in reactive

(non-inert) atnospheres, e.g., hydroprocessing/ hydrotreatnment in the
presence of hydrogen-containing gas, sulfiding in the presence of a

sul fur- | e like. [0004] Pyrolysis has been used to
producﬁm%@gﬁi‘y@m rom bi omass

[0002] The present invention relates to methods for producing pyrolysis products.

In particular, the present invention relates to methods for producing alcohol-

containing pyrolysis products.

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
S10,-Al,03, Pt/S10,-Al,0;, WO,/Zr0O,, SO,/Zr05,), zeolites (such as HY-zeolite,
alpha-zeolite, HZSM-5, ZSM-5, or klinoptilolite), acid catalysts, clay catalysts (e.g.,
acidified or activated clay catalysts), AI-MCM-41 type mesoporous catalysts,



materials for centuries. Mire recently, pyrolysis technol ogy has been
devel oped to increase yield and quality of vapor and |iquid products.

[ 0005] U. SVORat1ens508ppl i cati on Publicati on No. 2009/ 0151263/us&iaiosses

met hods and systens to convert carbonateous materials (such as bi omass)
into synthesis gas and ot her downstream products (such as al cohols). In
certain enbodi nents, pyrolysis is perforned in the presence of a catal yst
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enmbodi nents, a cation such as K+, Li, or Ca2+ can be used to increase the
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case of[0p07]ol yslmsspitegeii the pduahmes sn pyodysie proédwnnoni, grotiemantill guatwith es of
bi omass materi al s. i the viscosity of ﬁ}‘E|:o($/r olysis liquid products

Over tine,
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a chal lpigeecri SAMAFRRYcbnsTtdkiddNVabE.l Bating the liquids (i.e., the condensed

pyrolysis liquids) accelerates the polymerization reactions, in particular the reaction

between formaldehyde and phenol, which are typically present in appreciable

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
tfrom Group 2, Group 3 including Lanthanides and Actinides, and Group 4 of the

Periodic Table of Elements.



[ 0008] The present invention produces higher quality liquid products and

hi gher quality condensabl e vapor products froma pyrolyzed feedstock. The
pyr ol ysi swpnroduies®scan be rel atively easily recovered amrdTarseoiappreci abl y
stabl e over a greater period of tine,-3elative to current pyrolysis
products. [0009] One aspect of the invention relates to a nmethod of
produci ng an al cohol - contai ning pyrolysis product, conprising pyrolyzing a
hydr ocq0Dd8] f eedsibtick aspedt b€ thy mventien oflas baaimetired alf poodidengat al yst to
produce a pyrolysis product that contains at |east one al cohol, wherein the
net al d)MT@g’StSaRTQﬂ%% CORIPEsgrMEelyzate ahyfwgstbanisedupel if thehreswes o2 G oup

3 inclyding Lanthanid d Actinides, ;and G oup 4 of.the.Periodi¢c Table of
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pyr ol yz(?ﬁ%é gétﬁﬁr Oﬁﬁ%‘ﬁgﬁﬁ@@gg’?é’gﬁ (ﬁﬁy@ﬁgj pr@gg%r?cg g%fa§a(pggm /tmrre(?gtppoxi de
cat al ysjastcomptadduizle @utglystol ysi s product, wherein the basic netal oxide
catal yst has an uptake of carbon dioxide at 100C of at |east 0.03 ng/n2 of
the basic netal oxide catalyst. DETAILED DESCRI PTI ON OF THE EMBODI MENTS

I nt rOd;ﬁgh‘@Lh%obﬂs%ﬁlgi\?gF Jrﬂ\ﬁeﬁMé)BDliWN;}gs pyrol ysis products that

have ¢

Introduction

[0011] The present invention provides pyrolysis products that have greater
stability than pyrolysis products obtained from conventional pyrolysis production
processes. The pyrolysis products provided by the processes of the present invention
are generally lower in aldehyde concentration and higher in alcohol than pyrolysis
products provided from conventional processing. Having a pyrolysis product that has
lower aldehyde content and greater alcohol content can advantageously provide
additional stability to the product, and can enable a wider variety of end uses and
higher quality products.

[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.



stability than pyrolysis products obtained from conventional pyrolysis
production processes. The pyrolysis products provided by the processes of

t he presew0 20nwviestoson are generally | ower in al dehyde ceatarsteiaos@n and

hi gher in al cohol than pyrolysis produtts provided from conventi onal
processi ng. Having a pyrolysis product that has | ower al dehyde content and
greater al cohol content can advantageously provide additional stability to
t he prdthedstocknd can enable a wider variety of end uses and higher quality
products.é&OOlZ]The i nvention involves pyrolyzing a hydrocarbon feedstock
in the [§Pt3kenceAovidg igage ef fasdstockx plizaaalypss. eesprt IBstHIQEATEeRIS| s
product. The terns . "pyralyze". and "pyrol yzingy a onsi dered to pbe the act
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sul fur-contai ning gases, and the |ike, but not including catalysts) to
cause aytisilgrybiemass Edypisaldy precessdédor ¢asuyiproerysiide ghroughichiamiion of ) t he
feed material, such as by side reactions, are substantiall xcl uded. The
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pyr ol ySiaSed oMB RPN AR ITIBRETSUSBALY/ 2304ERd oft suppiradsting kndrB@13} A wi de
range of feedstocks of various types, sizes, and noisture contents can be
procesgudobsmacditog t o t he present invention. Feedstocks that can be used
in thedﬁresent i nvention can gonprise any hydrocarbon that can be thermally
deconpd®8¥dhind/ She terahshigrassy. Ty BedruBeses affle prsert IB¥RNEYhP? i ses bi onass,
particul arly bjomass, not t icq%i rpcessed or easi| rocessahbl e t hrough
Cher ca0 PR She Tt Pt ReRTRA fioBt LA et ool Y OGNS sea of
at | easiurihdh, whodd af 3IDLE AExhiABRE (iDidthles @l hERRE, B0t 6 Yot Amilepast 70
wt% or at |least 90 wt % bi onmass, based on total weight of feedstock that is
pr ocessoedplant supplanedetioed hentédedr alghe and pigaetdesivedrmatetial, vepOatidh.The term
"bi omass, " for the purposes of the present invention, is considered any

mat er i dAgricottued pyasedl TpresHy forsss, [WeRhwasle, paxsaYasés aantakderprddswagiecar bon,
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and the |ike, and conbinations thereof. The feedstock can al so conprise

pyr ol yZablsdegonepahentde ot tedmedipmtrobdiondes]stanks harabthieddei, b miehleasal f uel s
(e.g., coal., crude or refined petrol eumfeedstocks, and the |ike, as well

as contfi IP_%%%nSt Feodt) . [0015] Additional or alternate exanpl es of biomass
that Ca[ﬁﬂi)gl I nchydRehid% or alternate examples of biomass that can be included as

teedstock 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.



f eedst ock conponents include, but are not limted to, tinber harvesting
resi dues, softwood chips, hardwood chips, tree branches, tree stunps,

| eaves, baioko1ig2sddest, of f-spec paper pul p, corn, corn ech/uscannisrover,
wheat straw, rice straw, sugarcane, bagasse, sw tchgrass, m scanthus,

ani mal manure, nunicipal garbage, nunicipal sewage, conmercial waste, grape
pum ce, alnond shells, pecan shells, coconut shells, coffee grounds, grass
pel | et dn deyenpleddiatest, the pdrtipdd biet of ticaboinoss do bp pyeslyz¢d est be suffiondh, and
conbi nations thereof. [0016] The bi omass to be pyrolyzed may be ground prior
to pyr dMiH oigwithewt gk g)eto pass thiovgh 93 A percgrolon €xpmple a2 mint i1 a
desired parti Ie size is e 11/123508PCT/ US2011/ 030470 5 - In
one. en3SEReA0 TRLSIEHE A B SOEeRIOh 1o THNGREZR-t o be pyr ol yzed can be

sufficient (W|th or without grinding) to pass through a 30 mm screen, for
exanple a 20 mm screen, a 10 mm screen, a 5 nmscreen, or a 1 mm screen.
Cat al ys(tjatah@ﬁ)l?] The catal yst of the present invention conprises, consists
essenti al | or is a basic netal oxide catalyst. The basic nmetal oxide
cat al ys[ﬂﬂli%]cor diChg caf(alyshef Hreeriesentiinveitonoromprises, qmsusteemnaa lyp®i.de
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i nvention 1s pa antag ous can be used

pr oductdmenmefal éha@ipf&h&léd 8§ niit@dGHe Ehdtyst ﬁa‘ﬂhg hehehdurablaliptikeadtbaf®se hi ghly
stable than typical pyrolysis products. [0018]In one enbodi nent of the

i nvent idoxidehpobdwatingeilak baxicdecthbaidesitdipst cithepteasket iofeo@obon di oxi de
at 100C of at Ie st 0.03 ng/nR2 of the netal oxide catal for. exanpl e at
| east (PaUCHIHRAVaRtageQs lfl)ﬂ@SItr?@PrhE usgd méléf‘sprqgiue@ow}lﬁ@yr@lwét | east

cr i 11 oty a8 5l Rl Mol Ry B8 BB CHPE N T have

car bon g,gxiide uptake at 100C of not greater than 10 ng/nR of the netal
oxi de catal yst, for exanple not greater than 5 ng/n2, not greater than 3
ng/ n2, [0018[gr eatreond dxabolinnggit? theinveations thatbasictihetal dxig/catalystyas @al |y,
the netal oxide catalysts useful herein have a carbon di oxi de uptake from

0. 05 ny/nigke of aarhen goxade ahE0GTEt of atdgasd®. Ghmey/ms of thenaetpd ozl dessataigst,
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general the metal 0x1de 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 1 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.



[0019] I n order to determ ne the carbon di oxi de uptake of a netal oxide
catal yst according to the present invention, the follow ng procedure is to
be fol |l oww0.20/123308l e of the netal oxide catal yst is delrgarzst@dobos7heat i ng
the sanple to about 200C to about 500®in flowing air until a constant

wei ght, the "dry weight," is obtained. WO 2011/ 123508PCT/ US2011/ 030470 6 -
The tenperature of the sanple is then reduced to about 100C, and carbon

di oxi delhestepgrsatdrovethetshmpdanpthen redudedrto abotii MONGS layd earbon giokslesis agai n
until constant weight is obtained. The increase in weight of the sanple in
terns diassayl eerdhe stapkasither gudegouslytaian dryseheagsin uafll eonstadnpiightis t he
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inflowmng air to-a about one hour. enperature of the

sanpl e [0020F henThe cab@ductoxids adkonitiog dandetmeasiréduging adettlem) to the
desired adsorption tenperature, e.g., in this case about 100C. After the
sanpl e Had/BQdiA 8 bt drezogravifnetigiegnalpsis aystompandsn andnpermuessuee.i khehe i nert
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the met(alg Oxdlien Cotinb Yssirs@aRoRpEadepdrhtishieds Wirt hid baseidbaui negiC.gas
(e.g., helium for about 3 mnutes. The increase in weight of the sanple in
terns diftegtheaagde hbeequibbseed anthe ldesaeld addveptionidgptratire en theri@attnent  at
about 500C repr e?ents t he amount of adsorbed carbon di oxi de. The surface
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Br unauer,. Emmet and Teller (BET). .published as ASTM D 3663, to provide
the cansoRTeat A&l ma el iR b LG IR AR e R e et o
oxi de C@fnryselabouP @0 v ¢ SPHRRIi6%ide fwiRPWel i@ n ik & B &@[rﬁ?ﬂgé&' Quehdg
adsorption, including a further description of certaih preferred catal ysts
usef ul latoor)di Afjet enchhlgy eSthetadsonbemg gas) thanetdl wixidecatagscsanyeld,cae.bg. , in

U.S. Patent Nos. 6,844,291 and 6,995,111, the contents of each of which are
i ncor pdiushed Wit Bowing nest gasdiece. hflooeforibobhs iningtesalThexnegasaial yst can

b i i des. t | tgl f 3
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cat aly e e o) P as e o S e e AR e T e

basi ¢ neirfake axdadef thakamysd cdied Hdasurall ih aasdrdane $Ataule seotdd@bf | n anot her
enbodi nent, the basic netal oxide catal yst includes at | east one Goup 4 WO

2011/ 123508raTHuspett14aB0alfe (BEepablisHed asnd8hdt Deddfeditorpnavide Hee basi c

nmet al oxi de catal yst jncludes at | east ope Lanthapide. |In anot her
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Specific examples of how to determine carbon dioxide adsorption, including a further
description of certain preferred catalysts useful according to the present invention, are
further described, e.g., in U.S. Patent Nos. 6,844,291 and 6,995,111, the contents of
each of which are incorporated herein by reference.
[0021] The basic metal oxide catalyst can be comprised of oxides of at least one
metal from Group 2, Group 3 (including Lanthanides and Actinides), and Group 4 of
the Periodic Table of Elements (New IUPAC Notation). In one embodiment, the
basic metal oxide catalyst includes at least one Group 2 metal. In another
embodiment, the basic metal oxide catalyst includes at least one Group 3 metal. In

another embodiment, the basic metal oxide catalyst includes at least one Group 4



[ 0022] The basic netal oxide catalyst can al so be conprised of nore than one
oxide of different netal conponents. Exanples of nore than one oxide of

di f f er entwoebal/1288ponent s can i ncl ude, but are not | i nmpCeast@,/0ad7@es of
at | east one Group 2 netal and at |easf-one Goup 3 netal (including

Lant hani des and Actini des); oxides of at |east one Goup 3 nmetal (including
Lant hani des and Actinides), and at | east one Goup 4 netal; and oxi des of
at | eashetaheliGimotherZembddimenncdhatakieanttaboridGoatybyst indtides at/10823ha basi c
nmet al oxide catal yst according to the present invention can preferably be
conpr i dethtbanideyr I apothenamnbedidaeinthicdiapie metat axide cataipsi-ivelvdes/el leagi nder
such as si|ica.and/or alumna or the |ike, being the renai nder of the
comosi TS MEFout 1 w % to 100 wt% based on total wei ght of the

catal yg[tim% af anTRXbaSe %etgﬂt otigash ag%g fcgl‘ggfsgoﬁnékg%%@%\@ &%o?ehﬂ’i%h B 0xi de

cataly ing a nmeasurabl e upta e upon heating. In a

parti cuxade eNbidtireminthetal Bempasests MElxampdey citmoad tlayiineasddy of digfdrentt he
present invention can be conprised of or can consist essentially of 1 wt%
to 90 wnetal temperentplcan inaknde, huit 26 petdymiteduasoxadesmivat dgasoond Gaosp 20 30 wt %
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whi ch a@foupnthiedd; akdibxides BOht RASESRAGHW 2 hivtdlathd f.ledt bhe Groap Um na,
silica-alum na, nolecular sieves, snmall-pore zeolites, or the like, or a

conbi nahétah t hereof. [0024] The basic netal oxide catalyst is preferably in
particle formand can preferably have an_average parti.cle diameter from
0.01 i tOAeb 500 basie metl oxidenitelysirasierding to Hie RIESIHANYHHIBY CAY om 0. 1 | nn

to 100 Jlnp.. [0025]1n on odinent . .t he basic tal oxlde t al.yst  can
nave a BRI e Ry ERa B EuTEMsenere iy g TP AR P LR BH A0 16 ey
to abouf,cRAQ sTRAGm AN LRSI ﬁfleq{ke?b&i\?}l\%rlﬁé StMainldBLoPAR c%ng%és‘"i’ﬂio@x' de
catal yst can have a BET surface area 2011/ 123508PCT/ US2011/ 030470 8 -
gr eat erabohan v2® o100 walic bassd 6n corabiveipht 20 thi?édgaltyot, 2ban ide ofFatritdser

additionally or alternately, the basic netal oxide catalyst can have a BET
sur f aceongriagtad thed pegvidesam nEgalravide catabist havingsnmassveble siptakepitcaroo ne/ g.

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 pm to 500 pm, for example
from 0.05 um to 300 um or from 0.1 um 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



[0026] G oup 2 netals that can be included as an oxi de conponent in the
catal yst of the present invention are beryllium magnesium cal cium

st ront i unwokart/12a08r adi um and conbi nati ons t hereof. Exaeplusgolof3@referred
oxi des containing at |east one Goup 2nmetal include, but are not linited
to, one or nore of nmagnesi um oxi des, cal ci um oxides, and hydrotalcite
(Mg6Al 2( COB) (OH) 164H20), which can, in one enbodinent, be calcined to form
a basi gresgnasnuit algnsncmofbdeatmatedlyst/g oehlesélt ifgtler Gdditpnallyet al

oxi de catal yst of the present invention. [0027] G oup 3 nmetals (including
Lant harfil @eeatelyd theckasis mséal oxida caiplysheanuariel 3 BEdcinrraca gremarestan than 2hcl uded
as an oxkde c onent .in e gatalyst of the present invention are

scandi Jﬂl/gyﬁqcﬁ)ﬁir%rﬁgo é’r}i’f’ﬁgégrﬁl /gé?izﬁﬁdﬂ?gceri um praseodyni um neodyni um
sanar i r opg el tier b r Qs i I

thuli umm)glﬂ]er blGﬁé;n%p ?31?@%1 Ilstr}}rh%aﬁotﬁ1&%}%89%%z@t(?ﬁ?ﬂgn&mgggé%ﬁgﬁf%abwanpI es
of prefdrthe@résentimvantivh afébérgnimﬂ,emagwsim,ecalomnh,igﬁﬂoheidnt,@ariylht,ri um
cerium praseodym um and conbi nations thereof. [0028] G oup 4 netals that
can be radeinuded esnbinabsigidenanip dixentplesot prefersecaodyides opntaeng aekeesit

invention are titani.um, zircaonium and hafnium One exanple.of a.preferred
& oup @%‘3@% mea%}égclyﬁﬁcb}m%mt @@12 RO @0%9§mag£mmc%§%st can

be prepared usi. a riety, of t as) tal. oxide catal yst can
e a4 O SR Anfbiaroe T TE QIR TF Ml Sulit 3R

P ef er AhodARHR R cafifLR 1ot Sbatic FatRs Bl ahindR bSHBTGEMSOrs, O her
sui tabl e sources of the netal oxi efs) can I nclude conpounds that form
these mepadsetin@e&roup 2ngewabrideatatdnst of the grmucihnlvenﬂidms, nitrates, and
the like. A further suitable source of the basic netal oxides can include
sal ts d8A2F ni ngreupamealsdindwdngl sathanidasrangpbAgtividex thapars nagarallys) |

e.g., netal .halides,, oxyhalides, nitrates, sulfates, alkoxides, acetates,
ondl 1 o izant apCaib e IHCTGlad Rain GrigeRpEDostBUs e Fad 6k i RiestT 05 57a;

g o eSS S P, L e

active dgdgmigx damganmbeutpiial faddmliliv, terbium, dysprosium, holmium,

erbium, thulium, ytterbium, lutetium, thorium, protactinium, and uranium. Examples
of preferred Group 3 metals include, but are not limited to, yttrium, cerium,
praseodymium, and combinations thereof.

[0028] Group 4 metals that can be included as an oxide component in the catalyst
of the present invention are titanium, zirconium, and hafnium. One example of a
preferred Group 4 metal includes zirconium.

[0029] The basic metal oxide catalyst can be prepared using a variety of methods.
The basic metal oxide catalyst can be made from active metal oxide precursors, such
as metal salts or preferably Group 2, Group 3, and/or Group 4 metal salts/precursors.
Other suitable sources of the metal oxide(s) can include compounds that form these
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 7,411,106, the contents of which are hereby incorporated

by reference.



treated under conditions that include a tenperature of at |east 80C
preferably at |east 100C. The hydrothermal treatnment may take place in a
seal ed veseeblian3gseat er t han at nospheric pressure. HowecCEriS2@1ps@ierred
node of treatnment involves the use of-@n open vessel under refl ux
conditions. Wthout being bound by theory, it is believed that agitation of
the nmetal oxide in a liquid nmedium for exanple, by the action of refluxing
| i qui d [8080)r sl omé ex@bodmmerpy thedtasicedifativie \neetahdedachn de hyldréthermoxliye Wi t h
the liquid medium The duration of the contact of the oxide with the liquid

medi umtfgated under apadiipnsitbaidagkiely adgmpsraipeer elisityicass 88FCy pugérablyrsdeastf or
exanpl ., east, 8, hqurs. The liquid diumf.or this treatnent c have a
oH of  aRaC- oty girathechal pedmanipedy Gheplacs i st vesselal greacilbat s or
greater b L e i | {eQLH Hoa gl ,

hydr oxiactlré1 s@?ﬁ%ﬁ%%ﬁnJ ud‘%‘ﬁ%’ ﬁéﬁ%ﬁi&%gis&gfd%ﬁfﬁn%?%%g t‘&%ﬁi&@cﬁ{h and
the |i kgpenandsd amdenadfhxnsoridigseofWithoat beingtwuaddyothebiye aribdebteed ol uti ons
(i ncluding carbonates and/or bicarbonates of NH4+, Na+, K+, M2+, Ca2+, and
t he |i Kbat amthtioorddithatiaaoxide meatiyidoypeddinnefoanganple, dgrthe actieresf

al kyl /' h gr oxyl..am nea and.the |ike, and.conbi.nations thereof %Otgfﬂ%l n
anot her *BHEUIE lifEHE angips shEdng op PieioleCietine ipiaracioanel e gridpyiBdhpy

subj ectyi i: QUi o) I: i pri s Ng a
sour co It et FRRUHBLIGR o THERARAT AR AR Gl RN BeP¥, & e
to causg tt@cpidctaes PehnbreferiyI§ IRt fide it e MU OforteRa golehst Sude. makeri al ,
such as by the addition of a precipitating reagent to the solution.

Convenilentid yeditne for €us piehtmémdrcandravbea pddoflabowd at g@aft pitederably. alfomt
exanple, the precipitating agent can be .a base such as.sodi um hydroxi de or
armoni uhPhgigalski ¢8. a@eryts&plrgw@nﬁ\é@raﬁm@natexmpﬁq@ efseitablgdigudweardian i s

For cxdhpracit e BV AEBC Fo RO LR GRY BRARARe b50814¢ Ny o adBlt 20¢ to
about 10PC arllihet AR bhd Ry BEatRAR KhEHNDEBHHEC LRI dpbA SELER s

tenperatures of at [east 80C, prefera at | east . The hydr ot her nal
t r eat ng(icledingtoprh arakdsyaridadeebiphrboaaten of NIgSsBla " aK ", aVipD's AheT, iandphetikey e. The
gel, in one enbodi ment, can be hydrothermally treated for up to 10 days,

for examnd e@npnabons hayeplbmpytidingasl daderivaiyezoalky Vhgdosptamugsoand 030470 -

10 - [QP33] The %grstegl Er cursor to the basic or active netal oxide can
then bd™f HS6VEIGOMPHAQ %ﬁtﬁrﬁo y filtration or centrifugation, and washed

and dr io@ﬁsl]lhe ff@%tﬁé@nﬂ@&iﬁ{énﬂ' th%%%lsi%ro‘?fagﬁg?hge%tg]e%gg% E%ggpr%;%edﬂ tance

in an I'dizing atnosphere at a 't enperatur or exanpl e
of at |®didctin@TiqiideslalaytudDiart aq@leysoRRIE, comptikiim ahakte 6BQfast 0

about 800C, to forma solid oxide material. The calcination time can
t ypi caldfythbenaipl, suchi®s hoetal,sattoro exahipdrs sufimeabtucaBe préwprtatiaroobbout 24

h f b 1 h b 10, . ticul nbodi ,
o S a T e Bk SRl [ o b B BB, ST et
f b - ) 4 t i ti
0 DN R S RGAMLY B R BRI B v

et al - AL Absee ¢0 %9@53%?%, thepReipigkinghicght ERNRES Bhst Qfch Naddlidl ti ng
exanpl es of such netal -contai ning conpounds can i ncl ude nmagnesi um and/ or
bar i umlpxdabatle or anhhomucahydexideer mal | y deconposed at tenperatures of up to
600C in flowng air. Thus, prepared netal oxjdes can usually. have

rel ati V80§2) oneThgtempgraiae et which the liuid Wﬁumﬁama\%@taﬁ@gdlﬁ[nm@l@] In

anot her, 1B N13fon LA cB23h 1y 3% 18K hiS aFELH 002 15 SAMAE iR URPANEE i
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 5 days or up to 3 days.



hydrol ysis of netal -contai ning conpounds followed by dehydration and
calcination. As a non-limting or preferred exanple, MO can be

hydr oxyl awecotay128308i ng wi t h dei oni zed water, thus form RGTASM1080430 Urry.
The slurry can slowy be heated to dryfless on a heating plate to forma
white powder. The white powder can further be dried in a vacuum oven at
about 100C for at least 4 hours, for exanple up to 12 hours. The dried
whi te 008y calht hgdraved pelcaisoedo (e nsic dnadive)metal axiderqaarta¢ube of at

| east 400C, for_exanple up_to 550C or up to 500C. Thus-prepared active
net al greesed.dnr gedaphe by filtsation er ¢ apetr, A vaghedagngldrged. gThe £ rom

O R T R T
et 0, B BB ALY IR s PASEICOy HeapRar oS pOC3h |

K., J. dBaamD00AET ajr.froth9Héut 85024 6Batist B RDO°@stoofeemexssiil exidt ndtesalret hod, My
powder can be reacted under inert (nitro%en) purge w th anhydrous mnet hanol
to WO Jiki¢aloiBs0eraTiausaoypi@diydroup ta14d hourfsofon avgpdediom sbdwitG.5n in

met hanqgl . The resuyl tant OCH3) 2 sol ution, can added to t.ol uene. Water
can t halp U LR 2drSgve sebiog 9%@4%1@@4)@ 6119 Bt TrayaHey Bt o uene,
e.g., A\ gon SELT L . t |.qQj p i of

Vi vy SRS oGRS G A di Bl B A o aAEBLRHRRAIGRN 00 psi g
(about ‘BRPCkBadhowd t oG % dHouk 33rs.and can be heated slowy to a final
pressure of about 1000 psig (about 6.9 MPag). The (supercritical) solvent
can be [0034fd t bh pnoohetded thdé basiohi actiyromdel osfdeseansheamicpatedybyMieOH) 2.
Nanocrygt alline MgO can be obtai ned by heating the fine white powder at
about 4bomalfigepmpsiiom ofapeta éOW@irang@semegng$ abilatoby nighi s net hod can
tend to[ havettrhe @‘gﬂﬁStiBET surface area enerallnl at_ | east about 300
me/g. [D0B7]I N Bne' %ﬁlﬁ%ﬁ%‘?mﬁj?ér" SPRIL TSR O iREs §Q7BP TS “Bxi de ()
used NGhehfe GRILIRAMRN hiGor ShriGRTLCORNEL ShhRARAAYeahbin Aly ddd¥nsellae oxi des
selected fromGoups 2, 3, and 4 (1.e., a mxed netal oxide, or M), the
m xed retnperavied &fupytoEO0PCanpdtadnpyaid. Mbimey padpaned ofetd oxidssuwasarsubldy a
second oxide onto a prefornmed oxide. In an alternate enbodi nent, the first

f or med wwiedelafsglypowey Reiiagd 3rgate.gatesd than o M E.i npregnati on. For
hsywe delabiaglyblevwiey oL Ret; fesd than 80 m'ée
I G 3/ 1 tal i d d b
o 60rB0FSG - Rydhgbfenadion HE R HNAEa BXXESPBORE RS 4 et al
ith i [Nl i | d
e T A S T

oxi di zi Aga abAdsRNEEer Fre@rredéxamnpleNPRIGRLaH Be b dadxyl@as byabixig 40BC, for
exanpl e at | east atz)%g?JtIQSOOC, fron]%5 about 600C tg abg{ljt 900C, orgfrom about

650C t dleaduned 8QOEL, thrisdouning mwhitersluriyre Thaplusey cgn slowdgbbbeated tbor exanpl e
fromabput 0.5 hﬁurs to about 24 h%urs or frg,i]ﬂ atigut 1 hou({vaéﬁo tZ}bo t 10
hours. GI¥NESSPAYr 3 NeRMNg PlatRi9diorBr WhEs POM.ARr s d ne AT IS REWEs @AUHECERS i ed
out at : e t urs.
Coo03e] (iEIPELAMILT o fln B0 H067C KO aRRt HoiOr ERUABRHID B PPCTS )

used hefird) THE dEiCARVAIREpoWHeIC@ tﬁ@l@%b%ﬁl&?&?{é% ajd ézi(rj)oiha RnfPetftrd Bt &
oxide, it may be prepared by conbining a firs Iquid solution conprising a
sour ce lefistd00PEaktr eaampdd up e SEOULpr Ap t8 5007 C4 Tines glrepaned hcavesewrtaid | i qui d
solution conprising a source of an ion of at |east one other Goup 2, 3, or
4 et aloxides cancgsinsialbt exdHbidhighes BIST seifaessateate gakeopiahent 3haefs Eondi ti ons

suf {1 ci ent, 4, cauSer v prac DLt 8l kon Qi dNGHALEHRSTTHE 50%vd Seif©
oxide precursors.
[0036] In yet another method, the basic or active metal oxide can be prepared by
the so-called aerogel method (see Koper, O. B., Lagadic, 1., Volodin, A. and
Klabunde, K., J. Chem. Mater., 1997, 9, 2468-2480). As one example of this method,

Mg powder can be reacted under inert (nitrogen) purge with anhydrous methanol to



- 12 - the mxed oxide material as a solid fromthe |iquid nmedium
Alternately, the sources of the all the anions of the Goup 2, 3, and/or 4
met al oxiwexomnen3ie comnbi ned in a single solution. ThisPsoluseéion3ay t hen
be subjected to conditions sufficientltlo cause co-precipitation of the
hydrated precursor to the solid m xed oxide material, such as by the
addition of a precipitating reagent to the solution. For exanple, the
preci pifoahi Mg(@geh) lutt@animmeflamnahl Yhe eequitaseMegdO i), solbtise casbeh as

sodi um or, ammoni um hydr oxi de, Water is typicall ¥ qa:Mpr eferred sol vent for

t hese suldgeiteteluengoRoytarian: tapde added deapwise éh thenMa(Ogbk solvigndn(s) is

i nt ai dur] th jpitati . CO- ipitatian. typically b
ess. ¢ HarOaBoTGtses o ofsh ety s Binooie Gelltmenlbi bRt cun o
EkAHBIETT PO ol , cul
1000 g OREEHA! b BRch®in 1R ay R BRI L e 20 MO RTRAR (K20 20

t enper dtRape with aty niedgtn adutan8siChedted sloxanpd e fatal beastreadfabioul 000 The
hydrot hermal treatnent can typically take place in a seal ed vessel, e.g.,
at gr equseg (ahoah 64 Mivghedhe (punsseuitienl) THeerfalan henvamed wnprodupeatiinecan be

hydr ot hermal |y -t ted fo t t 10 d , | | t bout 5
dﬁyéo?ﬂg RS Sb@é@éﬂﬁds@aﬁ%%m%%ﬁm&@%@%% gohedagi o et al
OoXl1 ae : . , r )

cent 1 1A e e Ble A RRHEGRR b RLATETRA Ger bl RENIIEfal 0353, o er apr

be cal ?r@%ﬂedfb?rthisﬂﬁéﬁl@ﬁfbahﬁe@d‘t(PK:NH the NG AdsMBIINGIEacRtarda, IRABAIRLAr € of at
| east 400C, for exanple of at |east 500C, from about 600C to about 900C, or

f r om abdeast aBEﬂ‘(B(ﬂ(bnﬁtg)ut 800C, to forma solid oxide material. The

calcination tine can typically be up to 48 hours, for exanple from about
0.5 o837l abBuenoamhBineensy whetsHIERISIE of RENF MO OSHLIATEN I n a
e .c at._a

particul ar. enbodi nent. batch-w se.cal.cinatiaon._can. rried o

Fenper Ao Bt ror s GG o hE bt ERrE RIS oS R o one
embodi ment ,pf 4t{Re., MMRRHI Rl bRRlePESVMB! Ble AXledEne@l kit im&RBe P
conpriseéd’of hydrotalcite or a cal cined hydrotalcite. The hydrotalcite can
be a ngirapaktpyoagpregnangnhyfth ptealisot e0 asecmlymtidebntad pyetprmedioede. In
hydrotal cite, such as described in U S. Patent No. 6,951,830. WO

2011/ 1 zs08Paite siwimgrpAlrp first fgrmed oxide may be hydrothermally treated prior

to impregnation. For example, a Group 3/Group 4 mixed metal oxide can be prepared
by impregnating a hydrothermally treated hydrated oxide of the Group 4 metal with an
aqueous solution containing an ion of the Group 3 metal, followed by drying. The
resulting material can then be calcined, preferably 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



[0042] Natural ly occurring hydrotalcite is a mneral found in relatively
smal |l quantities in a limted nunber of geographical areas, principally in
Nor way armioi2ni1/i28508r al Mbount ai ns. Natural hydrotal cite Rra3/UsS20a08@6 e
conposi ti on depending on the |ocationl@df- the source. Natural hydrotalcite
is a hydrated magnesium, alum num, and carbonate- containing conposition,
whi ch has been found to have a representative conposition of

( My6Al 2hEabix D ide. AbEeDn] ad\Natolidlfromy theoliqhidirhedidepoAitematsle, thersenusdeky f ound
internmeshed with spinel and other_ mnerals, such as penninite and/or
nuscoviafdhe pldhe anioah of thg grens 2i und/aigt B roxidestmay hacorhingd/drdt al ci t e.
[ 0043] Synt.hetj cal | roduced hydrotal cite can, be de to have, the sane
compos iR s VR ShERGu IR becibTedal tcoSor B R iens 1q Fuk®

synt hesi SqreleiniG@ d‘l@)é [ r e r ing the
car bon?tozpraelﬁlipcl)%ﬁ?\nngﬁ ﬂg(?ﬁg(rhtagem nguﬁé’%& flﬁaﬁgﬁo@gﬁgﬁ lzlél%ﬁﬁtﬁq%al’a Fltaalg on, the
My/ Al rat ihe additidieovaptetbitpingarhs@lt tb filee Ssiation pFopexarmpk, de t he

hydrotal cite. [0044] A phosphate-nodified synthetic hydrotalcite can al so be
used. Nuetipdsting ageikisigas peefeccaitposmprioagonbe) aleaser suddas sodig.orPat ent No.

4,883, 533. Qhe% tégfé 0{7\&% dr ot al cftes c&n Isi be .used, such as those
descri FEAMPRAUR 8Ydishyide is3yRsallgg@releriggsoeait forhese spjutioes;

0045 al ci L . GO b i i: i: i1Cq.-| ani c,
ba o JOH58E & Crhe cfpnanht b ORI Rt ED G AR u ET €
descri hgcibnage ot eb-pledipithSor BarbhypicdPBt Bilesdhanbb(# 280, fbhex&ApROS ti ons

are ani oni ¢ magnesi unf al um num hydrotalcite clays having |large inorganic
and/ or foomarbioat AT d;mabdbwt208(. | Atpartstulan mhgy ob eimpemtipestdricoel y char ged

|l ayers of metal hydroxides of the general formula ,

[ My2" AlFecpytation pim be fronypbout UNE: © abasi OBEC o Therayliag el earprredrghbyi c

ani on, .e, sal ected . from.the, group consi st fi | Y, ul f at e,

ot ol verBi b SRk El b ATHETE: 21 SPeaaR R s on A Bl iesBBlsat e, anc
L5 napiBgbenesti-eul TROAY G Segmiciinagy RALARIRNNISOR| ¥ Qagpt al at e
of vanadium tungsten, or” nolybdenum 1In the above cases, x can be from1.5
to 2.5, vessedanghat greaterzhamnthdspdenclpeedsuoen Ohe gel3in ene epibotlhadnt, edebe Y i s

t he pol yoxonetal ate, n can be 6. [0046] An aggregated synthetic hydrotalcite
can al dtydsethgsmally peatedrigbyp to eheutahdavsatfede symlpepite ahpdt ddayedt ep can
have a sgjgstgti ally spheroidal shape and an WO

2011/ 128508882011/ 030470

[0040] The hydrated precursor to the basic metal oxide(s) can then be recovered,
for example by filtration or centrifugation, and washed 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] In 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.



- 14 - average spherical diameter of up to about 60 |am Such a conposition
is described in greater detail in U S Patent No. 5, 364,828. This form of
hydr ot al cWwoeotizn3jsef er abl y be prepared from aqueous solPafriusae108043@| ubl e
magnesi um and al umi num salts, which cddbe mixed in a nolar ratio from
about 2.5:1 to about 4:1, together with a basic solution containing at

| east a two-fold excess of carbonate and a sufficient ambunt of a base to
mai nt ai[0042pH oNaturelly eaciririmg hyidedtataatel 18 atthmerarfgend forelathwely sthabl t o about
9. 5. [0047£S_om3 synthetic hydrotalcites are conmercijally avail able, for
exanpl €lUenBAESHEdINNEI: Hphesr ofcgeogrephica geensaprineigally imdNorwayendnd tiondea

P | 14 0048] Pr.i di tp th f the i ti ,
N R e N N
por ti ongofidh&r WRLBlirdeNNeAER! d?&@fcgﬂﬁtri% réttQ@ Pf%nt%éelgﬁlt afantihat-e

cal cination conditions can I nclude, are no 0, a tenperature

from ammtcaaﬂ&@témcﬁmutngwﬁﬁ%os‘iﬁon,ami@hl}@sfolé@ﬂlf@lﬁ@{to HORG tepreentitive00C,
for a calcination tinme fromabout 1 hour to about 16 hours, for exanple
f r om abomp@itauot(VgsAaboud ; BOEDwed H,(00.0M sfutaldordido tatr i teod dplositp aees ent

i nvention, the_ production of pyrolysis products can be achieved in the
pr esendingralbh®upddntermgshad Wﬁéelr@é@m PHier GRINCHAS, SHER ap PCRHPHARNEWT The

basic netal oxigde catalyst c. i onal | ct to.absorhb, heat, as well as
carry dutscoat GEmERbE T il faf B b By AN FE e 1 2T can be
used, i ire 1 J i et he

pyr ol ys[ih(s)ggf ocegytﬁll%g?ﬁg(\%ﬁrégﬁgg@}slg@%ﬁﬁg%%Bgﬁéglﬁﬁgq{%g% )g?% ?a rﬁe(::an be added
to a pyoahpsitsorn easitaraldlydagalitehot, eehasiekibibityain theisdethesikaltyah beThe sol i d
heat absorbing material can be any solid capable of absorbing heat and does
not adveadeiohaferadifierert copipasityoroby reagiagithe parbanatexingen wathcether yze
conversion, e.g., of aldehydes tq.al cgho]s. anpl es of solid hea

beor bidgotme st b fesweteiah- g8 gty AR e by bl otait g can

i ncl ud . Lm inert clays, glass materials, sand, char,
and thgx§?ﬁ%?ﬁgﬁﬁggﬁﬁgﬁﬁgéﬁgﬂéﬂ?hereof. [ 0050] I n one enbodi ment of the

i nvent i[0044€0| I A preRphaesasdified syatiRticalydas@itifercahNBsPié saBi Bletigaitadr to
carry out the pyrolysis process can be solely (about 100 wt % of) the basic

net al oxakiegoathkysipositionanct tescribet) ouiLiBnPateptyNol 4,883,380 ddtbier tepes loé

ac er bt £ha pbBoper Sy Begadircbed in U5, Bient NoS S s 38386 "9
4,656,156; and 4,904,457.
[0045] Hydrotalcite compositions containing pillaring organic, inorganic, and
mixed organic/inorganic anions can also be used. Such materials are described in
greater details in U.S. Patent No. 4,774,212, The compositions are anionic
magnesium/aluminum hydrotalcite clays having large inorganic and/or organic anions
located interstitially between positively charged layers of metal hydroxides of the
general formula [Mgs,Al,(OH) 4y 4]Y2m *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 1.5 to 2.5, n can be 1 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



- 15 - containing from1l w%to bel ow 100 W % basi c netal oxide, based on
total weight of solid heat absorbing material provided to the pyrolysis
react or iwowhiich23ioke pyrol ysis process is carried out. PaTUS2&1080G0UI ment ,
pyrol ysis product can be produced by-pyrol yzing feedstock in the presence
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 %
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t hat t fe catcne thedmpetroiatcitntounmoveqiieastia portlcﬂoo’bﬂhet\eatenntbmsetntkyn
Prefer abl¥ %%r ol ysis can be carried out in an environnment in the
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enbodi nent, pyrolysis can be carried out I n the absence of any added oxygen

(in V\hleadanqﬁﬁérom(yb@[t Ihgyurbeo pbestehhours. t race anounts, but no oxygen is
del i berately added). WD 2011/123508PCT/ US2011/030470 - 16 -
[ 0053] APB#Y redApy‘cpr@iulygt%th@mmsmt dneniios, thegirednetion elogegotysat Pividirtsi ze non-

condensebli aas, LATRAL an and ebid. o chal (oLLich  etace conditi ons
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carry out catalytic activity. Additional heat absorbing material can be used, if desired,
along with the basic metal oxide catalyst in the 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



[ 0054] I n one enbodi ment, pyrolyzed product can exit the pyrolysis reactor
in the vapor phase. Preferably, the vapor phase can be passed through a
filter towveepar@as®sany solids fromthe nore desirabl e protasko11/Dbe7di | tered
vapors can then be condensed to form-dde or nore |iquid products.

[ 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 tntahingcfromhlewd#stortedowridduet’s baJicenetahdenlsabased dnrtatal veaghcalitpri se
at | east one chilled water condenser, at |east one electrostatic
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pr essurabsotbeny eradtualaised ma theyperobfsis actonito used oul tteepyralyses pleoesseocanpl e,
pyrolysis can be carried qut f i rom.0.1 second to 48 hours, for
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another embodiment, 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).



- 17 - as fromO0.1 second to 1 mnute or fromO0.1 second to 10 seconds.
Thus, in sone enbodi nents, fast pyrolysis can be used. Fast pyrolysis is a
hi gh-t enpeoabure3jsocess in which feedstock is rapidly reatusdo1tiososgone
enbodi nents, the feedstock can be heatléd in the absence of oxygen. The

f eedst ock can advant ageously deconpose to generate predom nantly vapor and
solid (char) products/by-products. The vapor product can preferably be

cool ed [8083condBrededed pyfodysis oordioonsrareetybicliydhpseottac trininMze hopt e st eps  of
heating and cooling can be carried out to produce internediate pyrolysis
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used. Imd&@@meggsﬂm6the feedstock can preferably be heated to not
greater t han about 600C for a tine period ranging from1l mnute to 24
hours, [00284kr abIryomer onbodmenit pyroly zedipsaductvapexitgho gycalysig seacidn ip thees not

escape as rapidly in slow pyrol s as in fast roI Thus, vapor
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heat ed. coﬁqgﬁg@@an@%r@%tﬂlm i &m‘@d as they are formed. [0060] Vacuum
pyrolysis can additionally or a ternatel y be used. In vacuum pyrolysis, the

f eedst dORSSs nmaCondémsatonicah bssatahowt usnspiuey equipness suitat{le fex suchel ow 0
psig or O kPa%_g) but ahove 0 psia or 0 kPaa). Vacuum conditions can be used
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wat er can be renovéd using any appropfriate means, such as by flashing,
decant ifilgsr, 8 siellldsabonthinatiesithereefsepar ati on, or the |ike, or any
conbi nation thereof. WD 2011/ 123508PCT/ US2011/ 030470 - 18 - React or Type
[005 The pyrolysis temperature should be sufficiently high to convert a
sufficient quantity of feed to desired product, but not so high to produce undesired
quantities of non-condensable gas or undesired solid. Preferably, feed can be
pyrolyzed at a temperature from 200°C to 600°C, for example from 300°C to 600°C
or from 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 1 hour. Shorter times are generally more preferred, such



[ 0062] Any reactor suitable for pyrolyzing feedstock can be used in the
process of the present invention. Exanples of reactors can include, but are
not |im two 200/12830ger reactors, abl ative reactors, rotaPCmgscand®sq47o

flui di zed-bed reactors (e.g., circulatli/ng flui di zed-bed reactors),

entrai ned-fl ow reactors, vacuum novi ng-bed reactors, transport-bed
reactors, fixed-bed reactors, m crowave-assi sted pyrolysis reactors, and

t he |i ks, freand).teaduindatoi lomsnuther émfm 0Nl seondgo d0deoondsn Parsaid sdme[ 0063] I n
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metal surtace. In general, e netal surface can spin at a refatively high

speed wienbidie prdi@niabhntl e egséroaid sodi @ha®arodii@ydpiprddhetsi Aheofapbhe
products. As an alternative, the feedstock particles may be suspended in a

car ri erprgdsctanag preferddy bedoaledsandet aridenst d tonfogm epeednoes hquidiprodueth. a
cyclone.. | n one su enbodi pent,, the walls. of the cygl one can be heat ed.
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solid heat absorbing material can be transported across the cone surface by
cent ri fabgat 26 ovtbesolid klearoai froghabdwvi t webdstp abbub2@ wtacemcendenshhblei vel y
fine particles cig{tbe used to obtain greater liquid yield. [0066]In

®

f1 ui di 284 PheuGt dhese relagiye pyBIbeEnsAbecRadrisayty @ni the pagi of solid
| (e.g., basic netal oxide catalyst, optionally

heat ahsor bi mat er.i.a
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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.
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optionally including sand). Gas, solid heat absorbing material, and

f eedst ockwOypicaBiog al | nove together. Exanpl es of tran®ponsS2¢gasss7can
include, but are not linited to, reciréul ated product gases, conbustion
gases, relatively inert gases, and the |like, and conbinations thereof. High
heat-transfer rates fromthe solid heat absorbing material can ensure

rel ati viedactordbypk heati ng of the feedstock. A separator system can separate
product vapor fromthe solid heat absorbing material and any remaining char
parti cl[8862lrhe Asyirgadiensuitabdefaimgolyaing teedstogksappefgedb éleﬁgoﬁ%ﬂﬁéﬁt ed in
a fluidized burner vessel and r cled to the reactor. Pr.oduct and Use
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preferably bé a condensable vapor, e’g., a condensa ydrocarbon. In a

pr ef er ribdderddsbdenttors, sntbdhedyfiost raaotdrs, omcafint e vin@peed eactorlg t he
reactor can be condensed to forma fuel or pyrolysis oil. These various
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enpl oyed. I n one enbodi nent, the pyrolysis product can be conprised of at

| east Ienfethatone catl odlacicrevpr dhersatavy cat nliedlst héatwbd¥bmematearciand f or
exanple at least 4 wt% nore al cohol or at |east 6 wt % nore al cohol, based
on t ot deediEPgh OT&OHWYIQWE‘?@%FQ%%L‘W T¢3¢49F-t he product produced fromthe
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feedstock particles may be suspended 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.,



WO 2011/ 123508PCT/ US2011/ 030470 - 20 - [0071]In a preferred enbodi nent, the
pyrol ysis product can conprise froml1l wt%to 50 w % al cohol, for exanple
from 2 wweot201128338% al cohol or from5 w%to 20 w % al ecmals2o0ibasedo on
total wei ght of pyrolysis product proddced. [0072] The pyrol ysis product
according to the invention can include any one or nore of a wide variety of
al cohols. In general, the pyrolysis product can conprise at |east one

C1- C10 taiseoinetal okidenqaitalyyt, aptiomdlysincnlingsindle (dsi, phiad heat absswting at ed,
aromatic, |inear, branched, and/or cyclic nono-al cohols, diols, triols, and
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triols can incl ude, but are not necessarily limted to, glycerol and the
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product produced according to the present invention can be condensed to
forma liquid product. The liquid product can advantageously be relatively
| ow i n Rrodsttane Uent ent, relatively low in viscosity, and/or less acidic
and corrosjve than conventl nal Iiquid pyrolysis products. [0075] Any nunber
of cherP888] conpémyarlysismrediqinleayadee reacidietheygandegarthe dorm of vapor,

liquid, and/or solid. A substantial portion of the vapor can preferably be a

condensable vapor, e.g., a condensable C; hydrocarbon. In a preferred embodiment,
a substantial portion of the vapor exiting the reactor can be condensed to form a fuel
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.



of the recovered pyrolysis product. Typically, this recovered liquid
product is called a pyrolysis oil. The oil can include one or nore of

vari ous pwenoiig23mmBesol s, catechol s, quaiacol, methyl -seostustutososphencl s,

i ndene, substituted naphthal ene, andfe@t -other aromatics. [0076] Char or coke
type solids can remain in the reactor or can be filtered fromrecovered
vapor and liquid pyrolysis product portions. In one enbodinent, a

subst anf0D@l] por i apreferred enodduetts theapylobyssd @chucedar coedpase frant 1 al |y
oxidized to forma synthesis gas or a hydrogen-rich
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[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 of 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.



[ 0080] Enbodi nent 1. A nmethod of producing an al cohol -containing pyrolysis
product, conprising pyrolyzing a hydrocarbon feedstock in the presence of a
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| east one al cohol, wherein the netal -@lide catalyst is conprised of at

| east one netal from Goup 2, Goup 3 including Lanthanides and Actini des,
and G oup 4 of the Periodic Table of Elenents. [0081] Enbodi nent 2. The
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errent[BMS] In one embodiment of the invention, at least a portion of the pyrolysis

product can be hydroprocessed to provide various fuels and chemicals.
Hydroprocessing refers to processes or treatments in which at least a portion of the
pyrolysis product can be reacted with hydrogen, typically under pressure and in the
presence 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 paraftins.
[0079] Additionally or alternately, the present invention can further include the
following 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



[ 0084] Enbodi nent 5. The nethod of any one of the previous enbodi nents,
wherein the feedstock conprises biomass material. [0085] Enbodi nent 6. The
nmet hod ofwargi1ionesesf the previ ous enbodi nents, wherei n Phe/usasil®3et al

oxi de catal yst conprises at |east one2&oup 2 netal. [0086] Enbodi ment 7.
The nethod of any one of the previous enbodi nents, wherein the Goup 2
nmetal conprises magnesi um [0087] Enbodi nent 8. The nethod of any one of the
previ oysodudog pymiyss pydtrricei whékm thedasicmatal oridedatalastaiag sin wanis o es
hydrotal cite. [0088]Enbodi ment 9. The mefhod of any one of the previous
enbodi rfgRten diggideedtnl Q0RE offileastBill mgamae! dwthasissnedapidesedalyst. | east one
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Lanthanides and Actinides, and Group 4 of the Periodic Table of Elements.
[0084] Embodiment 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)



[ 0090] Enbodi nent 11. The nethod of any one of the previous enbodi nents,
wherein the basic netal oxide catalyst conprises at |east one Goup 4
metal . [ OWORpEMe8eENt 12. The met hod of any one of theCprseI10030470

enmbodi ments, wherein the Group 4 netal23conprises zirconium EXAMPLES

[ 0092] The i nvention was denonstrated using a variety of netal oxides as
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GC equipped with a TCD detector.
[0093]  Analysis of formaldehyde conversion was determined indirectly by

measuring the formation of methanol or CO, CO,, and H, via Equations (1) and (2):

2 HCHO(g) + H,0(g)—22< <™ 5 CH,OH (g) + CO, (g)+ H, (g) (1)
2 HCHO(g)—2 s CH,OH (g) + CO(g) )

[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 transter 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% CO,,

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 of sand and

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



measuring the formati on of nmethanol or CO CO2, and H2 via Equations (1)
and (2): 2 HCHO (g) + H20 (g) Basic Catalyst CH 30H (g) + CO2 (g) + H2

(9) (1) 2 woH@EysoBasi c Catal yst > CH3CH (g) + CO (g) ( 2rCraBei)A30470
correlation of area counts for the metanol peak on the GC with the
concentration of nethanol in the sanple was therefore used as a neasure of
t he anobunt of nethanol forned via the Canni zzaro reacti on shown above.
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attributable to deconposition reactions taking on the metal walls of the
reactor. Conparative Exanple 2 [0096]In this experinment, the reactor was
| oaded G@mhargtivatExamptg 3of sand and about 10 ng of Ul trasi| TMsilica. The

I
silica [‘6’837]ant | fn ?st g)?petrﬁngrﬁ thre]:erregct]:)? (Nats rllcl)e'lsded with about 90 mg of sand and

about 10 mg of ~16% WO,/Z1rO,, a catalyst known to be highly acidic, and therefore
not believed to be suitable for the chemistry of the present invention. Analysis of the
reactor effluent showed the methanol concentration to be only about 3% greater than
that of the feed. Analysis of the gases produced showed about 0.78% H,, about 0.75%
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,/Zr0,, 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
Mg¢Al(CO3)(OH),6#4H,0O. 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
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ef fl uent showed the nethanol concentration to be essentially identical to
t hat of twe 2bsaed3so8nal ysis of the gases produced showedPabaiso1@/06@ H2,
about 0.23% CO, and about 0.37% CO2, -&btri butabl e to deconposition
reactions taking on the netal walls of the reactor. Conparative Exanple 3
[0097]In this experinment, the reactor was | oaded with about 90 ng of sand
and ababan it ) tiof fe@d%AMMYsds 0P theagasat ptodiiced showved abbet ho8M M,.eabodit c, and
therefore not believed to be suitable for the chem stry of the present

d
i nvent i b5 "oAnE) 9Bd gb@wt 3-8 &7r€Qet dhiegrpagiengntsndina@dithel the basisgnixed
tration to be only about 3% greater .than that.of the feed. Analysi
of 1 he aeelOxiRateanul st s Pou sien T aanlR o el & “ana about
0. 54% % R‘;ltehghé)Hfs?%for%iQn%ﬁﬁpf&Qﬁbﬁ.i on reactions taking on the netal
of the r as we

wal | s act or, as sone very mnor reaction catalyzed by the
acidic netal oxide. Exanple 4 [0098]In this experinent, the reactor was

| oaded wi th about 90 ng of sand and about 10 ng of -12% CeOx/Zr02, a

cat al ydixamplé® t o be basic. Analysis of the reactor effluent showed the

met hano[I i&fen{r@éion to be about 106% gre ter.lta/h n that of . the feed.

Anal ysi 80590} heltythisexnsripentethedhasian “as doaded. witapout Abpig ofgan . and
about 0 i s~e i n i .ndj Si i.xed cerium

oot e PSP gEMED CAIEINSTT O plsIEhciBt SRR S DE RRGEUREFS, FE

for mal demyeer s sPoROsEdRNRDY O BréagatharPthat X aiife@d 5> Ada®RIDbT thet dHisss
experinent, the reactor was | oaded with about 90 ng of sand and about 10 ng
of hydrpbdicid shovaednaboeit 41926 tHh, aboitra(2 botiPosnd abouthh6 K2C OB )[héH) 164H20.

Upon heating, the _hydrotal cite undergoes dehydration and decarhoxylation to
pr oduc EXRePEYING 1digdad ﬁ%ﬁh&i)w ANgad REIBXedde-ZipanyE exige caldyyieact or

effl uen O%Vré%\l\s?gnihggnt%ttigﬁg%lor ﬁa%”t%%%fd%ﬁa'y%‘ dgs%r(%aor 1p)géltgonlfle321%igrr1.eat er

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 eftfluent 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 8
[00102] In this experiment, the reactor was loaded with about 90 mg of sand and

about 10 mg of Y,0Os. 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 cerium oxide-zirconium oxide catalyst

showed significant activity for the formaldehyde disproportionation reaction.
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t he gases produced showed about 3.68% H2, about 3.65% CO, and about 3.87%
CQ2. Thi swoxparizes®at i ndi cated that the basic m xed cer PORUS01A@3676 coni um
oxi de catal yst showed significant acti2fity for the formal dehyde

di sproportionation reaction. Exanple 6 [00100] In this experinent, the
reactor was | oaded with about 90 ng of sand and about 10 ng of MO
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of Y203. Analysis of the reactor effluent showed the nethanol concentration

to be ghautpld22% greater than that of the feed. Analysis of the gases
pr oduced sﬁovvea about 8.12% H2, about 7.59% CO, and about 2.85% CQ2. This
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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% CO,. 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
formaldehyde 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:

CH,CHO(g) + HCHO () + H,0 () —""~“*"— C,H,0H () + CO, () + 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.



- 26 - Exanple 9 [00103] In this experinment, the reactor was |oaded with
about 90 ng of sand and about 10 ng of Ce203. Analysis of the reactor

ef f| uent wbawad 2838 net hanol concentration to be about PE¥Use@aar47¢ han
that of the feed. Analysis of the gas@d produced showed about 10.45% H2,
about 7.95% CO, and about 3.26% CO2. This experinent indicated that the
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f or mal dehyde di sproportionation reaction. [00105] Exanpl es 4-10 denonstrate
t hat basic nmetal oxides exhibit significant activity for the renoval of

f or mal dehyde. However, this chem stry is not limted to fornal dehyde only,
and hi gher carbon nunber al dehydes are expected to be renoved via crossed
Canni zzaro reactions with formal dehyde. An exanple of this chemstry is
shown in Equation (3) for acetal dehyde: CH, CHQ(g) + HCHO (g)+ H20 (g) Basic
Catalyst C 2H 50H (g)+ C®2 (g) + H2 (g) (3) [00106]In this case,
acet al dehyde reacts with formal dehyde to produce ethanol and a surface
formate that undergoes deconposition to carbon di oxi de and hydrogen.
Simlarly, propionaldehyde will undergo a crossed Cannizzaro reaction with
formal dehyde to yield propanol and carbon di oxi de and hydrogen. These
experinments, therefore, denonstrate the pyrolysis product of the present
invention can exhibit a relatively high alcohol content and a rel atively

| ow al dehyde content.



WO 2011/ 123508PCT/ US2011/ 030470 -27 - [00107] The foregoing disclosure
provides illustrative enbodinents of the invention and is not intended to
be Iimtiwg.20A%128508er st ood by those of skill in the art pCrhms2avsswie

i nvention, as defined by the clains, -@8conpasses other preferred

enbodi nents not specifically enunerated herein. WO

2011/ 123508PCT/ US2011/ 030470 - 28 - CLAI Ms: 1. A nethod of

pr oduci@gA&MSal 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
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El ement s met hod of claim1l erein the basic netal oxide
cat al ystatdipst tarpru@lc&lcepynfolmx prrdudt ﬁ»antdentatnslz@@@sobnahldohahtwlﬁbr@ﬁh thg/ n2 of
t he net al OXI de cataly A net hod of odum ng a pyrolysis

Eroductme'@ ﬁﬁdﬁgiawéwa éom@rlﬁ@d af gwaﬁdmeuaﬁtaié@as ewp 2nGrowp resenﬁe of a
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| east 0.03 ng/nR2 of the basic net aI oxi de catal yst. 4. The net hod
of claim3, whe? eﬂﬂnemﬁhnétoﬁlclai:mi Hevieatal thetbas® metapokslectacflysithaseast one
metal from G oup, 2 oup 3 including Lant hani des and Actinides, and G oup

4 of tHBtHs oﬁc@nrboqdm;@d@at HIQSGepk at least 0.03 mg/m” of the metal oxide catalyst.

3. A method of producing a pyrolysis product, comprising pyrolyzing a
hydrocarbon feedstock in the presence of a basic metal oxide catalyst 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.

4. The method of claim 3, 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.

5. The method of any one of the previous claims, wherein the feedstock

comprises biomass material.

6. The method of any one of the previous claims, wherein the basic metal

oxide catalyst comprises at least one Group 2 metal.

7. The method of any one of the previous claims, wherein the Group 2

metal comprises magnesium.

8. The method of any one of the previous claims, wherein the basic metal

oxide catalyst comprises hydrotalcite.

9. The method of any one of the previous claims, wherein the basic metal
oxide catalyst comprises at least one Group 3 metal, including Lanthanides and

Actinides.



5. The nmethod of any one of the previous clains, wherein the feedstock
conpri ses biomass materi al . 6. The nethod of any one of the

previ ous wbanmgi23sker ei n the basic netal oxide catal yst PCOMsee1303043¢ | east
one G-oup 2 netal. 7. The netfod of any one of the previous
clainms, wherein the Goup 2 netal conprises nmagnesi um 8. The

met hod of any one of the previous clains, wherein the basic netal oxide
cat al yst conpri $@sThydnethad of tey one of the preioushdainey, ndetrah theirone 3of t he
previ ous clains, wherein the basic nmetal oxide catal yst conprises at | east
one G duptabepraprbes atrieasiong @i valrimaficaes, d pratdodyaasm. wo

2011/ 123508PCT/ US2011/ 030470 - 29 - 10. The met hod of any one of
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yttrium cerium and praseodym um 11. The method of any one of
t he pr exxiideisatalydi oempnbey &ilaadt oacliasup dmeeall. oxi de catal yst conprises at

| east one G oup 4 netal. 12. The nmethod of any one of the

previous clains;) Wigl ¢l fnbf 559 dRe b HRE Sl FRIRILRES WAl ERhE Broup 4

metal comprises zirconium.



