METHOD FOR CONVERTI NG LI GNOCELLULGCSI C MATERI ALS | NTO USEFUL CHEM CALS 5
Field of the Invention The invention relates to a nethod of

t her nochewDcal1/tomsat ment of |ignocellul osic material s secrhanotoveysiar e
converted to a mxture of volatile organic conpounds, water 10and char.
Background of the Invention In thid specification, where a docunent, act
or itemof knowl edge is referred to or 15di scussed, this reference or

di scussion is not an adm ssion that the docunment, act or item of know edge
or any conbi nation thereof was at the priority date: part of comon general

know edge; or IWIFTHQODEOR!CONVERTINGLKENOCEERUVEOSIC probl em wi th

which this specification is concerned. 20 The great majority of synthetic

organi c chem cals, MATERIAIS INFOSUSERUIRCHEMECALSer bi ci des,
pestici des, dyes, pignments, and liquid transport fuels are derived from

crude petroleumfromfossil sources. The reserves of crude petrol eumare
limted and the majority are located in politically unstable regions of the
wor | d.%25 Furthernmore, the conbustion of petrol eumderived fuels in
internal ¢RNRYPIHIMVERGSES has been shown to be a major contributor to the
ant hr opogeni ¢ gaseous em ssions into the atnosphere (so-called "greenhouse
gases") that have been denonstrated to be the najor cause of global climte

change. The International Panel o i mt e Change (I PCCO).has reconmended
that all WBFiIBYFé‘tlﬁBrrﬁlafeév@r%iénqﬂé‘Hﬂe thsregchemg i%??ng‘Ft éﬂggﬁ‘ﬂ%ﬁ‘é@“ﬁases as

soon as PSS that tf;}}learg feohtelt ?&F ok vRans ogganfc%ﬂ?oﬂﬂds‘? Wafepi on of

gr eenhouse gases 1s fu or partia r epl acenent petr ol eum deri ved
or ganiie¢ cangpchands such as transport fuels with organi c conpounds derived
fromrenewabl e resources, such as plantation forestry, agriculture and
aquacul ture. This replacenent woul d have the additional 5 advantage of

reduci ng AfR the limted remaining fossil petroleum
reserves yr%gk%@ﬁlﬁld%ffgﬁgr lelgé?oi tation to be restricted to production of

synt hetic organic chem cals that cannot be nade cost-effectively from
renewabl e resources. Wth the exception of |imjf{ed annual supplies of
veget abl elnihis sperifiqation, Whergip Mum?étar%ﬁéMBﬁneOff)'F&ﬁﬂF‘égen’étréfqr%pstot%at can

be harly eshﬁgugsgdﬁhﬁorﬁfer&fcg of tdis\éﬁss%“i@ %ot @h Qdmission that the document, act or

item of knowledge or any combination thereof was at the priority date:
) part of common general knowledge; or
(i)  known to be relevant to an attempt to solve any problem with which this
specification is concerned.
20
The great majority of synthetic organic chemicals, including polymers,
pharmaceuticals, herbicides, pesticides, dyes, pigments, and liquid transport fuels are
derived from crude petroleum from fossil sources. The reserves of crude petroleum
are limited and the majority are located in politically unstable regions of the world.
25  Furthermore, the combustion of petroleum-derived fuels in internal combustion
engines has been shown to be a major contributor to the anthropogenic gaseous
emissions into the atmosphere (so-called “greenhouse gases™) that have been
demonstrated to be the major cause of global climate change. The International Panel
on Climate Change (IPCC) has recommended that all nations work towards reducing

30 emissions of greenhouse gases as soon as possible.



10 generally non-volatile solids. The overwhelmng majority of existing

i nternal conbustion engines require their fuels to be either volatile
organi c lwqQuodgomwsder anbi ent pressures and tenperat ur eCTANU20B8206311 hat can
be condensed into |iquids under noderately increased pressures, such as
propane and butane. 15Many nmeans of éonverting renewabl e solid organic
materials, into organic |iquids, especially volatile, energy-dense organic
| qui ds ugBGfHerEBRARAIGPesAFS@IC erﬁisﬁﬁﬂ%mgfé%hhcﬂfs@ §e31i§ BylRg/ Or

bi ol ogi cal” processing, are being actively devel oped worl dwi de. The existing
means genpardhl, yegiaemesi ghpdtiobaum-deliiesdugmtia gempowsissutlahs yransportdlelsi on to

t he productjon of,useful' | s that are conpatible wt eX|st|ng 20

| i |d fu
i nternal ¥dfo0ERNSH CARBEYR eﬂ‘(&é %‘Ps%ﬁ?&‘gﬂﬁﬁg@?‘fr (e 35 Plantatigp
eXpensi Ve reaues ricifife & (9 bﬁ&:ﬁﬁﬁfe f?ﬁls%gﬁ%ﬁéd?gwﬁﬂd HaQ8 (RS 8ERHESE
necessitatingfh& use o y large processing facilities with associ ated
hi gh c®st adwaatageicdtreducing khd rmgﬁmsager@ tha| lkyitede reemveibing  fosglapétolemmer i al s

over large collection areas, w net vyields of ener chem cal canpl exity
and i nst aFiSFIVEY aBﬁd RegaMY, § ’t!il‘?i‘ ‘@HBEté léenéesgéfé‘?‘f ggd‘??éo’él%%g’ef Br often

scarce T eﬁ%ﬂﬁﬁ aIl§ c‘éﬁﬁ(ﬁrbe A4S cBQeerfﬁac11§el§‘ Hlﬁx?%ﬁéi’va@fev?és&ﬁ}c@?am for
enabling t st a easily collectible Tenewabl e organic material s,
namel y soWidi thedxd d:pt@n@rfehlrrhtddamnualrsappirasa)lfszégetahie bds emdhfats, hegh wdimet i vel y
into organic |jquids wthout the use o pressure 30, processing and

Wi t hout trréleWé@a qrgani¢ avﬁ%rlalmﬂemg@nolfe I%fg e%ft &r SOSEGURCHYGRIANRCT #fui ds may
ei then, i S ocessing
into rene§/a el){jlngﬁﬁ'glaplljegl%gfl&be T}rlrélgr s, an her tga(r)ltlt %x%ﬁﬁénhggengﬂ usi ng

t he pri or céhbustiod éﬂgﬁle's aeduitd tlgrroﬁxelsl tal bsieuhe‘fat/daukzl Srgamid liqmldssumiert he term

"l'ignocellulosic material"™ as used in thls de CI’I on ref rs..to
veget abl eaiaienbpressygesand sempgsayresy forases th b‘a"ﬁ@ ‘éﬁ%ﬂs q‘b‘fis

Bnd hor c SRSt Etklcafed REsch QB aChAPAR ald A0, 2 aC?eTv)vl %?e?.e'al ose

i nvention herein described, and includes but is not limted to cellul ose

fibre, or cellulose powder, woodchips,. sawdust, tw gs, bark, Ieav s, seed

pods ahd Mangrmeanscaftconyerting re’%f‘éf‘faéb?l s@%or@p@g@@pm%{%m%grgws 19dY. seed
straws, _ e WaSH L

gener al sﬂ%&aﬁ%@ %&&Z&%%y &%%E'e?@ ggg;e{fc Q%ﬁ?é/%@nﬁ?@%ﬁ%ﬁgg@h % ?Bec an ot her
veget abl ebﬂi&hélﬁfcal processing and/or biological processing, are being actively developed

worldwide. The existing means generally have significant disadvantages, especially
in relation to the production of useful liquid fuels that are compatible with existing
20 internal combustion engines. These disadvantages include the use of expensive
enzymes, the requirement for processing at high pressures, necessitating the use of
very large processing facilities with associated high costs associated with transporting
bulky renewable organic materials over large collection areas, low net yields of
energy, chemical complexity and instability of the liquid products and additional

25  demands for often scarce resources of fresh water.

Thus there is a need to develop means for enabling the most abundant, easily
collectible renewable organic materials, namely so called “lignocellulosic materials”,
to be converted selectively into organic liquids without the use of high pressure
30 processing and without the neéd for large volumes of fresh water. Such organic
liquids may either be used directly as fuels, or may be subjected to further processing

into renewable liquid fuels, polymers, and other organic chemicals using the prior art.



Di scl osure of the Invention The invention provides in one aspect a nethod
of converting particulate 15lignocellulosic material to produce volatile

or gani ¢ cwopourdsoand char, conprising, form ng aPrirue®/ 06811 he
particulate lignocellulosic material with a catal yst conposition containing
pol ar organic liquid and an acid, 3 heating the m xture to a

tenperature sufficiently high and for a period sufficiently long as to
convert a nmajor portion of any remaining solid phase of the 20 m xture to
char whilst agitating the m xture, and separating the volatile

or gani ¢ c@hpearmd¥ignoce! tubesic miateripE’t anddfiopos of thertens “liggecslulesicphatemal? r om t he
solid phase. Suitably, the mxture is reacted under ,sub atnospheric
pressure. 3y H%cdplrne@gqﬁ?@%ﬁggyorbée?gg|tg5a§yt\1qgw@6(jn?ﬁqr1 wgad: of Yvo?r‘g‘ér‘%]l’ﬁ’ wi thin
the rangepfhel 1 4, bl PP, SRR RexBRY SUtd@R YrédREhaliigm 50 - 150
millibar. "The Pa e?at’ureq% “t ke m xtur & mgt(y be rai sed)btro a Igvél?

suf fi c§ entohbinedgelulase afk hemicallylote cartpasitiove 3 08uwhich camedrasi omawf t he

solid phase to char., 30 .4 Were th I Xture js reacted in,a continuously
char ged r Bwtarigh fog the,inyentionhsreln fi?ﬁjng‘é‘{?éwgﬂ §put ispat l’é‘ﬁﬁ%FOa‘EeElPk’sﬁay be

controlle I r, 8{(;;951 e I,ngr eases
froma | O\f;\l/emrae’ '?’ g%ﬁ%@%ﬁ?@%ﬁ’og@?ht il E%Q?ﬁt]’e%g%’ l{aﬁg I%Va’é’g,t %)er%'fi%ﬁ%gﬁ %i gher

t enper at uokhec Iforestr litter, tdeecabuint egrassSurdved lagd Hage eitdedd catrappisj segarOcabet o 10 %
by wei ght of the catal yst conpositiopn. The wei ght qf the catal yst
conposi t i BEasss, thiBang REedestamly Wagsn Pl sRalm Pasteo eenerdls Baden Msts M8alof t he

parti gol atg L+ GORRA!fdt) QqichndBLad bitkr Vdbelddfe MhtkdUr €-

Disclosure of the Invention

The invention provides in one aspect a method of converting particulate
15 lignocellulosic material to produce volatile organic compounds and char, comprising,
forming a mixture of the particulate lignocellulosic material with a catalyst
composition containing polar organic liquid and an acid,
heating the mixture to a temperature sufficiently high and for a period
sufficiently long as to convert a major portion of any remaining solid phase of the
20  mixture to char whilst agitating the mixture, and
| separating the volatile organic compounds and the catalyst composition as a

gaseous phase from the solid phase.

Suitably, the mixture is reacted under sub atmospheric pressure. The pressure may be
25  less than 900 millibar. It may fall within the range 0.1 — 900 millibar. The pressure
may suitably range from 50 — 150 millibar.

The temperature of the mixture may be raised to a level sufficient to vaporize the
catalyst composition during conversion of the solid phase to char.

30 |
Suitably, the mixture is heated to a temperature in the range 190°C to 500°C. The

temperature may vary over the period the mixture is heated.



Prior to being reacted lignocellulosic material in the m xture may be

subj ected to shearing and conpression by any one or nore of mechani cal

defi br at owe,20m@ebeni cal or thernonmechani cal pul pi ng devipces\u2gionngbdsaior tw n
screw presses, rolling mlls, 15crushing mlls, shredding mlls and hamrer
mlls. According to one particular fdrmof the invention there is provided
a nethod of converting a lignocellulosic material, such as cellulosic

bl eached wood pul p, into a mxture of the volatile organic |iquids,

(1S) -6, 8-di oxabi cycl o[ 3. 2. 1] oct-2-en-4-one ((- 20) |evogl ucosenone),

(2- f ur al deRieee tHeurfixtoneel )s macted ik et cpnyaustyi chaagdddreattor ghé¢nas azotating by,

a) Suspendi ng t he bl eached wood lpin 1. xture of a,pplar organic

i qui d, -t P SRS teremprghise Brap ecsontpfeckgieng thegeactsr glsoelh et of
water andgfd.ydmg %;%93/? ret8isGtim QfloWertbhPAAnAE tidser 4o (R iRebE 13 rédiforySpensi on
of bl eache mog pulp in the liquid mXxture under reduced pressure in a
devi ces t hahigheatehperatire closerrertlat eutlet.of t he suspension to be raised

progressively in a highly controlled manner from anbient to above the -
boiling point of the polar organic liquid, which is in the range of 190 -

400 degr eqg; AN hIEAd Compiides D @Viiodo g viki R 7 theh d@te&ﬁ' Biifiéh.t he 1iquid
vapours in ltibgﬁgas %ﬁa%né&go t hat thé)y%gcaﬁgfge sepgra ed egsillly "and
efficiently fromany solid carbonaceous char that is forned in b). 5 (d)
Provi di ng_a nean f collecti d stori h ;

gThe weigh% o? the catalyst colnrllgos%pon i?l tl?er IIIIT u;[e meaycg()rtggr?s%clet%%% t%]lgsr the

10 weight of the particulate lignocellulosic material in the mixture.

Prior to being reacted lignocellulosic material in the mixture may be subjected to
shearing and compression by any one or more of mechanical defibrators, mechanical
or thermomechanical pulping devices, single or twin screw presses, rolling mills,

15  crushing mills, shredding mills and hammer mills.

According to one particular form of the invention there is provided a method of
converting a lignocellulosic material, such as cellulosic bleached wood pulp, into a
mixture of the volatile organic liquids, (15)-6,8-dioxabicyclo[3.2.1]oct-2-en-4-one ((-

20 ) levoglucosenone), 2-furaldehyde (furfural) and 4-ketopentanoic acid (levulinic acid)

by,
€)] Suspending the bleached wood pulp in a mixture of a polar organic liquid,
that causes the lignocellulose to swell, 0.1 — 90% by weight of water and
0.1 - 10% by weight of a strong acid, ‘

25 (b) Heating the suspension of bleached wood pulp in the liquid mixture under
reduced pressure in a device that enables the temperature of the suspension
to be raised progressively in a highly controlled manner from ambient to
above the boiling point of the polar organic liquid, which is in the range of
190 — 400 degrees centigrade;

30 (c) Providing a means of maintaihing the liquid vapours in the gas phase so
that they can be separated easily and efficiently from any solid

carbonaceous char that is formed in b).



(e) Providing a neans of cooling the liquid vapours so that they condense
into the Iiquid phase; Providing a neans of collecting and storing the
condensedwbi2quiadposand 5(g) Provi di ng a neans of separati RgTaNtdoBY0081Mg t he
| evogl ucosenone, furfural, levulinic acid, water and polar organic |iquid,
and (h)Providing a means of recycling the recovered polar organic |iquid
and water and mxing it with a strong acid for treatnment of further

quantities qf) bl egehRehREaRWYERIQting W@ Stotihg BRCGIBIrhORS cha! eri al s. 10

Preferably, but not essentially, step (a) precedes step (b), which precedes
step (c), wherh @Rreevidiesa eddns offtbalingthe digdilsvapbays sp¢hat thedyi condgnseddes st ep
(0, which precedgf) fjt egani?g%p whi ch precedes step (h). 15l n another aspect
the invention prd¥fds paratus for converting |ignocellulosic

materials i % | [ TN . b3 . omm nution
and m xi ng sbgti éﬁ\ﬁ%%i&&c%ﬁlmghaﬁuogichg&ﬁhg%?%ﬁgggﬁeucﬁgg%bﬁggﬁe@ 1 gll(pand m xi ng
the |ignocel(gyl oskrovidixtges mahnsvaftshpaatirgg aldyssaringothp desiogluoosenane, farfural,
arranged to receive m xtyre fromth? conmi riuti, n spation through an 20
inlet and to di sdRYHBEC tdrvateraRd a9las orgaptc ipd @ downstream of the inlet,
an evacuati pu 8 r 1 fal ; a feed
assenbly ar 3g%ge '? gldgﬁquﬁﬁatggn({fﬁg%}&gngrtgﬁﬁﬁ?gefegl %‘%’l&}tg %%012 l%tlcli ea'P dso as to
di scharge char f rwaret diel mixidgeit with dstohp ngiddsstedimgnt afifuttbatquagtitidsefm xt ur e
in the reactor tqo . a tenperature at_ 25whic rolysis of the m xture occurs
as it travels thrieaghed W@Oﬁ?é%’t %rrOtB‘?fcllgnoceqlul?%/?“i/’@P@f‘?\ses condensat i on
assenh)y for recovering volatiles fromthe reactor. The volatiles may
conprise volatile organic liquids including chem cal products of the

conver si oRreferably] but nova¢ssentiatly, step dh)yprecedes step (b), which precedes step (c),

which precedes (d), which precedes step (e), which precedes step (f), which precedes
step (g), which precedes step (h).

15 In another aspect the invention provides an apparatus for converting lignocellulosic
materials into volatile organic liquids and char comprising,
a comminution and mixing station for comminuting the lignocellulosic
material and mixing the lignocellulosic material with a catalyst composition,
a reactor arranged to receive mixture from the comminution station through an
20 inlet and to discharge char from an outlet located downstream of the inlet,
an evacuation pump arranged to reduce pressure in the reactor,
a feed assembly arranged to move the mixture from the inlet to the outlet so as
to discharge char from the outlet,
a heating assembly for heating the mixture in the reactor to a temperature at
25  which pyrolysis of the mixture occurs as it travels through the reactor and
a volatiles condensation assembly for recovering volatiles from the reactor.
The volatiles may comprise volatile organic liquids including chemical products of

the conversion reaction, water and catalyst.

30  Suitably the reactor has an elongate tubular section and the feed assembly comprises a

screw feeder within the tubular section.



6 A steam assenbly may be arranged to inject steaminto the reactor at at

| east one | ocation downstream of the inlet. Al so a gas-solid separation
syst em amdoaofwmedsponal distillation system may be | ocaret/Ad2amvaoetin eam of
the outlet. The invention will now be further explained by reference to the
foll owi ng exanple which illustrates & specific nmethod and apparatus for
performng the invention. 10 Exanple 1 Exanple 1 given here is generally
directed to ' d : i be
appar ent Lo e By Bhay’6s pHafiio IhRRE Apn RRLUR RIS b a el

appl i cabl bcatioroddertistiengrodeled inldt.osi ¢ materials, such as cellul ose fibre,
cel l ul ose powder, 15 waste paper, woodchi ps, sawdust, tw gs, bark, |eaves
and other forest litter, cereal and grass straws and hays, oilseed straws,
sugar can SEM; Qs I wast e,
al gal "ca é§9%2§$§%ﬂggggﬁgg§§§%u %ﬁﬁgh%?ﬁ§ﬁ§d€%%g?§g?§%ﬁ§%§¥Fg ¢ aging a
si gni f § cadbwasirdasidf thé omtdt! ul ose and/ or hemnicel | ul ose. 20 Cel |l ul osic

bl eached wood pul p is put through a shredder, or sone other neans of

comm nuting the wood pulp into strips, or pieces no greater than 1 cm

thick, bu I . i - t i @(mg,',f] gﬂ}q@ d pulp
i's sprayeghgwl%%g&%%{lun;&gy g?%?gﬁaﬂgﬁemgﬁg%g zg'rc-qg(r%%(gm C #%El gd a
strong aciichlillgsttit&aiipecilic auitisbdcad dpparatis femperforingite leatioror gani ¢ | i qui d
that swells cellulose and is thermally and 25 chemcally stable at a
tenperature of 300 degrees centigrade and is desirably nontoxic, or |ow

t oxi cil6y. E"I;le ?{pani c liquid may be chosen from polar organic |iquids such
as room tenperature ionic liquids having the general fornula AxMy, where A
is an organic cation, such as dial kyl imdazoliumor alkyl pyridiniumand M

is an anion drawn fromtypical halide, or sulfate anions, or _organic

ani ons, sbsample ¥ givanhere is@engrallndisected for reabmenteafirsHulosicr ipached Wopds | at ") |
or bis(trif| onet.hane i mdeqabl strif i deqa nd y are
i nt egers, p %ltﬁ’:ﬁiﬁ’t a lh?%e%gygﬁgﬁlﬁggg%{egg%% %eﬂdg%gg?&tlﬁgg?dgﬁn%%@lz zero,

or di pol aapplivableits othiefl iphtsceBulobic asatetiald, kil o oetitiode fibreeelluloselpowder,

mor phol i ne oxi des, dial kyl sulfoxides, or dialkyl sulfones having the one
gener &  cMapte paperf wpadghipyg saspiusRiwigs.hask, faavam andothgr orest liffer, gerea]sad

cont ai ni ng_bet ween e and, te rbon at iLncl udi ! nes in
whi ch RL 8Fd° ﬁéa”Yso?nor%nlbaA’?’to%S%ed;Stga?{: ?‘aga%s yen%%gﬁ%%eﬁag{aﬁig Rg‘?ﬁ%ﬁ%tg Z"F"lé?‘fﬁl ially

t he organbft painilWashtel garti@i wastetdiydl €bked denVddofém (aqaadulltateosteany vapetable strong
acid with which it has_bgen m xed i s orthophosphoric acid added in amounts
bet ween Ometerbdhaving a pigaifisartirrontent 9f ¢sulgseand/or hepmigelulesge wei ght of the

sul fol ane. The m xture of sulfolane and acid is heated to a tenperature

bet ween 50 - 200 degrees, but preferentially in the range 150 - 170 degrees
prior 40 eenalkiodblekhe® woda pidPss pul thréughas sle@dea! 6r BeMetotiRlrimeana vd
swelling 10 of the cellul ose. Qther strong acids, such as sulfuric acid,

met hanesukérominuting the woddi pulprinteesthinneerupitensine gispigr thary | fom ¢higsi bnt)

hydrohal i¢c_acids,. nitric id apd.formc acid al sq _be enpl.o but

ort hophosBﬁ%Frla YRt _ faggep?%lfm@éfki‘ ﬁh__bea%oélgnw&e:ﬁg‘x?%d_ep @grl%%q{gego%@gghar is
to be useghiwirasf RUIZhCOYilinG %la@brgﬁﬂi’btllqﬁ!ﬂ hnd @ktrb Adidli ZBe oaghiAlig@gbon
sequestering agent. As a second steF, ot water at a tenperature between 50
- can be chosen from any polar organic liquid that swells cellulose and is thermally and

25  chemically stable at a temperature of 300 degrees centigrade and is desirably non-
toxic, or low toxicity. The organic liquid may be chosen from polar organic liquids
such as room temperature ionic liquids having the general formula A,My, where A is
an organic cation, such as dialkyl imidazolium or alkyl pyridinium and M is an anion
drawn from typical halide, or sulfate anions, or organic anions, such as formate,

30 acetate, trifluoromethanesulfonate(“triflate), or bis(trifluoromethane)sulfonimide
(“bistriflimide”) and where x and y are integers, such that the overall electronic

charge of the formula is zero, or dipolar aprotic liquids such as dialkylformamides, N-



15 100 degrees but preferentially in the range 90 - 100 degrees nay be
sprayed onto the wood pulp at rates between 0.1 - 5 tinmes the rate of
sul f ol anewoged/dooizopreferentially in the range 0.5 - 1 PCEad20hvoosat e of
sul f ol ane used. The organic liquid and water m xed with strong acid
("swelling catalyst") is sprayed ont@ the bl eached wood pulp at rates
bet ween 100- 1000% of the nmass of pul p being processed, but preferentially
at 20 ar thel5fad0 %ﬂ%gl FollBSS R iRty P sufffesOhdVise th
| i gnocel | g]?(gISI ¢ hateri g%s, ’t%e rg%lo?tl on of ‘s}&ﬂs}‘ng Catal yst used shoul d
be adj ust gehesad dheadicad Ubfrali RASOL-R, adlkrel R j0arslvBL |aremality] tgnaupseddntdimsg and
hem cel | ul ose present so that the acid can penetrate th ter] rapidly.
25 The i R¢tHieen gpe gpsbign ﬁentban awwsswgfqdﬂwgcyeg? aqﬂ SirgWh@EtI{%ag&g‘Jomt 0 a
means of j R oBe i Sdrshif REGASs lei8thedsfnst 10
ensuring ?%gl)g{i/\gﬁhl% g? catt %ﬂ‘% Igrggg%lgi%ﬁg/ isfg%l{)u{leg %ﬁr oug ut the
| i gnocel | shlfisiec (‘kalfelanell) asd ths sitling. a&dcwithreavhich ric|had ebeanc nsired: aib
defi brators, nmechanjcal_ or thernomechani cal uil)‘?i lr;g deyi ces E}gngl e or

s,

twi n- scr eqrthorhosphoricragid addgd dn pmeunts be&¥repP- i UISPIEEEtAYY RFMCEN 30 and
hammer m Ll s, er i ol i y' r

crushi ng gﬂéa/? 8%%%2{6?& § of_ﬁfg sglr%%ﬁgdﬁﬁéﬁ%%@% d(?fs Lgﬁlﬁgg%ﬁig%ﬁl#?ﬁg té:gt al yst
i's then feghpéraau@ Wtweers 60 ew200idegicbs bublpeéferhtially énger rangadtSor—ilA0whi ch a
single screw, or twin screws may be enpl oyed, but preferentially .

count er - r BESXESSTRJIANP SPRYING R tovﬁ@ Woat | Rsip élr aqepleratg genctration apd syelling: ¢ ed

W th me of rat.| e r tJ.0 . et S i ction 5
pr odu?? S %gheer C?@S‘Ss%’egﬁtt@p’%}ggg%%e?agsuc%ggsasa&é@b?g%&%fm&@%@esgﬁéﬂi}gIJgﬁdgs, t hat
ar e connegiftfbromethadesulféniaacidf (‘iriflie aéid Ty aekrolanialacilis shitdid adid and dofmion. The
outl et of the auger reactor, the cyclones and the fractional distillation
col urm ar acid srayealsabe empoyad s oshophpspRaricqacid isarrateagd i 62568 whiersetigeen 0. 1
and 500 m| }ibar. but p rentikally in. - e | ] . The
auger r eaﬁzt“% m'icgouesq‘l:ui}af)|5£e‘§‘E \?\’f t"the{%l%Srrea;f/fnél 5#‘“%6%%3?’%@%&%1{&%%&%%% rolled
manner t ocdrbén bajuesbrifd addne ACd S306nd step, Hdd Rfatdriae a i@nipethtareobetwed 50 Ag

catal yst and wood pul p is heated quick g to a tenperature of 180 degrees
cent i gF adéO0Gidegrers hus peaferepdalbinia theeange 0 WWrdagees arpyrherpeayed ontp the
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reaction and thermal deconposition of sonme of the volatile products. The

25  The mixture of wood pulp and swelling catalyst is next passed into a means of
applying strong shearing and compressing forces that assist in ensuring the swelling
catalyst is as evenly distributed throughout the lignocellulosic material as possible.
Such means include mechanical defibrators, mechanical or thermomechanical pulping
devices, single or twin-screw presses, rolling mills, crushing mills, shredding mills

30  and hammer mills, but preferentially a crushing mill such as is used for crushing sugar

canc.
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20 from which the cellulose and hemicelluloses present are made up, resulting in
formation of levoglucosenone as the major volatile product in molar yields of 10-40%
with smaller amounts of water, furfural, levulinic acid, 5-hydroxymethylfurfural,
acetic acid and formic acid. Significant quantities of non-volatile carbonaceous char
are also formed by dehydration of the lignin present in the pulp and also, presumably,
25 by further reaction and thermal decomposition of some of the volatile products. The
residence time and rate of heating must be kept under careful control in order to
minimize the undesirable loss of volatile products via the latter mechanism. Under
the reduced pressured in the auger reactor the water, sulfolane, levoglucosenone,
furfural and other volatile products boil rapidly and the pressure of these vapours
30  assists in agitating unreacted pulp and in carrying the carbonaceous char through the

outlet of the auger reactor. The pressure differential created by the boiling water,

sulfolane and volatile dehydration products cause the vapours to be conveyed rapidly



10 Exanple 2 Exanple 2 given here illustrates the versatility of the
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preferentially in the range 2 - 4% Pn this case, if wood pul p, or other
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dr awi ngs erein igure 1 is a diagrammatic view of pyrol ysis
porti on otarbonapps elan sma@cbo pekfergntiadlyt dllbwedvienfalloonto the surfdeeqpfrehéati s a
di agrammatic view of . a separation/distillation syst t (ge used. i n
conj unct i 6¥hanger capuingvetline catalyst to e sprays, %@aéaﬁfg%ﬁcge WORM REIPS

abbr evi at -hof) .0 r | on tg%@% ' Qs thEr nt
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2Process control conputer 303Feed chute 5Sol i ds/ catal y%t m Xt Hre
gas that can be used to heat and maintain the temperature of the barrel of the auger
10 reactor. The unused part of the carbonaceous char may be used as a renewable fuel,
or it may be used as an agricultural or horticultural fertilizer, in which use it also acts

as a means of sequestering carbon in the soil.

The vapours of the water, sulfolane and the volatile chemical dehydration products

15 pass through a cyclone and into the base of the distillation vessel fitted with an
efficient fractional distillation column held under a reduced pressure in the range 1-
300 millibar, but preferentially in the range 90 - 110 millibar. Under these conditions
progressive controlled heating and cooling of the distillation vessel provides efficient
separation of water, formic acid, acetic acid, furfural, levoglucosenone and sulfolane

20  which may be in purities above 90%. The water, formic acid, acetic acid, furfural and
levoglucosenone are collected and pumped to separate storage tanks for sale and
distribution. If renewable liquid fuels are sought, both levoglucosenone and furfural
may be converted to ethyl levulinate, 2-methyltetrahydrofuran (MTHF) and other
volatile liquid fuels using methods known in the art.

25 .
The minor volatile products, including levulinic acid and hydroxymethylfurfural are
combined with the recovered sulfolane. Still bottoms, that include humic substances
commonly referred to as “humins” and tarry substances, are combined with the
proportion of char that is fed to the gasifier.

30



7Feed screw 11 9Mbtor 11lFeed tank 13Agitator attached to positive thrust
screw 15Mot or 517Fluid plug 19Val ve 21Screw reactor 22Feed screw 23Mot or
1025Heat ewO2@1m®p@set i on port 29Canera 31Transparent covecTAIZ0wavsour ce

1535St eam purge |ine
10

Example 2

Example 2 given here illustrates the versatility of the apparatus and the process in that
it is very similar to Example 1 above, save that no orthophosphoric acid is included in
5  the catalyst, but sulfuric acid is added in its place in amounts between 0.1 — 5%, but
preferentially in the range 2 - 4%. In this case, if wood pulp, or other cellulosic or
lignocellulosic material is mixed with the catalyst as described in Example 1 and the
mixture is processed as described in EXample 1, the major volatile organic product is
5-ketopentanoic acid (levulinic acid) accompanied by smaller amounts of

10 levoglucosenone that can be separated using fractional vacuum distillation.

Aspects of an apparatus for performing the invention and specific conditions for
operating the apparatus will now be described with reference to the accompanying
15  drawings wherein
Figure 1 is a diagrammatic view of a pyrolysis portion of an apparatus
according to the invention;
Figure 2 is a diagrammatic view of a separation/distillation system to be used
in conjunction with the apparatus of Figure 1‘; and
20 Figure 3 shows an abbreviated equation of the reaction pathway according to

the present invention.

The various elements identified by numerals in the drawings are listed in the

following integer list.

25
Integer List
Pyrolysis apparatus
Process control computer
30 Feed chute |

Solids/catalyst mixture

N b W N e

Feed screw



37Steam purge |ine 39Steam purge line 41Steam purge |ine 43Val ve 2045Val ve
47Val ve 49Val ve 51Hurdl e 53Hurdl e 2555Dri ve shaft 57Motor 58Gear box
59Scr aperwbap1ig@spaper bar 3062Cutl et wall 63Char 65ChaCTAaRe®/000811

11
9 Motor
11 Feed tank
13 Agitator attached to positive thrust screw
15 Motor
5 17 Fluid plug
19 Valve
21 Screw reactor

22 Feed screw
23 Motor
10 25 Heater
27 Inspection port

29 Camera

31 Transparent cover
33 Steam source
15 35 Steam purge line

37 Steam purge line

39 Steam purge line

41 Steam purge line
43 Valve

20 45 Valve

| 47 Valve

49 Valve
51 Hurdle
53 Hurdle

25 55 Drive shaft
57 Motor
58 Gearbox

59 Scraper bar

61 Scraper bar
30 62 Outlet wall

63 Char

65 Char vessel



12 67Val ve 69Vacuum source 71Pelletising press 73Mbtor 574Pellets 75Pel | et
vessel 77Nitrogen source 79Val ve 81Val ve 1083Val ve 85Pneumatic fluid source
87Val ve 88Quniiawo®dVol atil es outl et conduit 15100Separ aPComiddBroobdiat i on
conpl ex 101Cycl one 102Qut | et

12
67 Valve
69 Vacuum source
71 Pelletising press
73 Motor
5 74 Pellets
75 Pellet vessel
77 Nitrogen source
79 Valve
81 Valve
10 83 Valve
85 Pneumatic fluid source
87 Valve
89 Outlet
91 Volatiles outlet conduit
15 100  Separation/distillation complex
101  Cyclone
102 Outlet
103 Cyclone
104  Valve
20 105  Char press
107  Motor
109  Pellet hopper
110 Outlet

111  Pneumatic source
25 113 Valve
115 Vacuum fractional distillation column
117  Take off point
118  Storage vessel
119  Take off point
30 120  Storage vessel
121  Take off point
122  Storage vessel



103 Cycl one 104 Val ve 20105Char press 107 Mtor 109 Pell et hopper 110Qutl et
111Pneumatic source 25113Val ve 115Vacuum fractional distillation colum 117
Take of f woi2nt1/00a@8t or age vessel 119 Take of f PpRiATR20BRLEA St or age
vessel 121Take off point 122Storage \1/3essel 13 124 Vacuum source

124  Vacuum source

126  Valve
128  Valve
130  Valve
5 132 Valve
134  Valve
136  Valve
138  Valve

10  Detailed Description of Figures 1 and 2 of the Drawings

Referring to Figure 1 of the drawings, there is shown a pyrolysis apparatus generally

designated 1 which is controlled by a process control computer 2.

15  The apparatus has a feed chute 3 arranged to deliver a solids/catalyst mixture 5 to a

feed screw 7.

The feed screw 7 which is driven by motor 9 is arranged to direct feed into the feed
tank 11. |

20 ,
An agitator 13 attached to a positive thrust screw driven by motor 15 is provided in
the feed tank for mixing the feed. The feed forms a fluid plug 17 at the bottom of the
feed tank.

25 A valve 19 which is operated by the process control computer 2 controls the delivery

of the mixture to the screw reactor 21.
The feed screw 22 of the screw reactor is driven by the motor 23.
30  The tubular walls of the reactor are surrounded by a series of electric heaters 25

arranged annually around the screw reactor. The heaters may also be controlled by

the process control computer 2.
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5to a feed screw 7. The feed screw 7 which is driven by notor 9 is
arranged to direct feed into the feed tank 11. 20 An agitator 13 attached
to a positive thrust screw driven by notor 15 is provided in the feed tank
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screw 22 gi?uh{gg_ screw reactor is driven by the notor 23. 30 The tubul ar
wal I's of the reactor are surrounded by a series of electric heaters 25
arranged annual ly around the screw reactor. The heaters may al so be

controlleg by the proce control conmputer 2. 14 An ingpection port 27 is
| ocat ed agteéﬁl l?‘Hg"eP‘P@d}it%g’ gggi“i)f‘bﬁu Gﬂg’yttﬁ%Sﬁe@ﬁgSPchsgﬁt%P?& Y eact or
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The val ves 43, 44, 47 and 49 which are also controlled by the process
control 2steapdhropgh theaqyrgedines f thg|Scig¥ 16340y of steam t hrough the purge

Iinesl(go the screw reactor.

In the case where a reactor containing a single screw is used, hurdles 51 and 53 are

provided at various points within the reactor for purposes to become apparent.

The end of the screw reactor is provided with an outlet defined by the outlet walls 62

15  through which the char 63 falls.

A rod 55 provided with scraper bars 59 and 61 extends through the tubular outlet and
is driven by a motor 57 acting through the gearbox 58.

20 A char vessel 65 communicates with the outlet and is arranged to receive char falling

into the outlet.

A vacuum source 69 regulated by the valve 67 is provided to ensure that the char
vessel and screw reactor 21 are maintained at reduced pressure. It is noted that the
25 char vessel 65 and outlet walls 62 are also provided with heaters 25 for maintaining

temperatures within desired ranges.

A pelletising press 71 driven by the motor 73 is arranged to compress char filled in
the char vessel and to drop pellets 74 into the pellet vessel 75.

30
Both the char vessel 65 and pellet vessel 75 communicate with a nitrogen source 77

controlled by the valves 81 and 79 respectively.



10 In the case where a reactor containing a single screwis used, hurdles
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outlet and is driven by a notor 57 acting through the gearbox 58. 20 A char
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at reduced_pressure. It ig noted that the 2 har vessel, 65 .and outl et
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W t hin degj . LSt j e notor 73 is
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into the pellet vessel 75. 30 15 Simlarly, the outlet wall 62 of the
outlet alspo cormunifcat es wWth the njtrogen souri:e 77 throu%h t he val ve 83.
a

Sui tably VAf Petiomzolyihg prblet vesselolermiating imjhe autles 89 eqramupitated, Withygput er 2
whereas v §P%r . mThe bottom of the

pel | et ve&%ﬁtgﬁﬂ%lﬁ#g In Q%g%{ﬁ%%mggﬁgl%%@uﬁh&%@s wth a pneunmatic
fluid source 85 through the manual |y operabl e val ve 87. The vol atil es

outlet conduit 91 communi cates with fhe separation/disti]lation conplex
10100 nowlBe¥elatilss quilstioendwt 1 eopamupisates Qﬁ‘?‘é{‘%epﬁ?é‘oys@hﬁﬁlﬁlo@io‘ﬁ@ﬁﬁuni cates

wth tlgue wqg%g?ﬁ&gi%gwﬁqe%%ftcg%ﬁ%‘g?gbn communi cation with the cyclone 103

in series. nes Jjointly have an outlet 102 for solid
mat eri al separated by

The conduit 91 communicates with the cyclone 101 which in turn is in

communication with the cyclone 103 in series.

15 Both cyclones 101 and 103 jointly have an outlet 102 for solid material separated by

the cyclones.

A valve 104 operated by the process control computer 2 can be used to regulate the
flow of fines into the char press 105 driven by the motor 107.

20
A pellet hopper 109 is arranged to receive pellets from the char press and the outlet
110 of the pellet hopper is provided with a pneumatic source 111 controlled by the -

manually operable valve 113.

25  The cyclone 103 is in communication with the vacuum fractional distillation column
115. Both the cyclones 101 and 103 as well as the vacuum fractional distillation

column are provided with heaters 25 controlled by the process control computer 2.

The fractional distillation column has take off points 117, 119 and 121 which lead to
30  storage vessels 118, 120 and 122 respectively.
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the process of the invention using the apparatus described with reference to Figures 1

and 2. The reaction can take place in a continuous manner with reaction products

being formed rapidly and extracted using a solids/vapours/liquids series of separations

15  steps.

Beginning with the apparatus of Figure 1 a mixture of the solid lignocellulosic
material and a liquid catalyst, “the mixture”, is allowed to fall into the feed opening 3
of the first rotating feed screw. If necessary, the solid lignocellulosic material is
20  suitably reduced to a particulate form at a comminution station upstream of the feed

opening.

The screw 7 is arranged such that mixture 5 is fed into the inlet of the feed tank 11.

The screw may itself act to comminute the solid lignocellulosic material into smaller
25  particulate form.

The feed tank 11 is equipped with a means of agitation and a positive thrust screw 13

such that the mixture is forced by positive pressure from the screw to form a fluid

plug inside the feed tank.

30  The fluid plug of mixture is forced by a combination of air pressure and the thrust
from the screw through an open valve 19 into the inlet of a rotating screw reactor 21.

The positive thrust screw is driven through a gearbox 58 by motor 15 that also
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outlet of the reactor. When the catalyst comprises a mixture of orthophosphoric acid,

water and tetramethylene sulfone (sulfolane), the pressure inside the reactor is more

preferentially in the range 80 - 120 millibar.

20
The pressure and temperature inside the reactor are controlled by a process control
computer 2, or manually, such that the catalyst starts boiling rapidly as soon as it
reaches the heated zone creating a vapour that is drawn at high speed towards the
outlet conduit 91 by the pressure differential that is created by the boiling catalyst.

25

The kinetic energy of the vapour stream causes the remaining mixture to break into
particles in the size range 0.1 — 10 mm. These are carried at high speed in a
predominantly spiral path around the flutes of the screw of the reactor 21. As the
particles collide with one another, the wall of the reactor and the flights of the screw,
30 they break apart into smaller and smaller fragments. This process is more efficient
when counter-rotating twin screws are used as the particles become caught in the nip

between the screws and are broken down in size more rapidly. Simultaneously,
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by the process control conputer or by manual neans, such that the
t enperature range

The sealed inspection port 27 that allows visual, or automated, verification of the
composition of the reagents is desirably equipped with steam purges that are capable
15 of keeping the glass cover 31 and the shaft of the port free of solid material that will

obscure the view of the moving stream of solid particles and vapour.

A second series of heaters 25 of annular geometry mounted around the periphery of
the reactor are provided downstream of the inspection port 27. These are controlled
20 by the process control computer or by manual means, such that the temperature range
begins at 300°C + 10°C rising to 440°C * 10°C further along in the direction of the
outlet of the reactor tube. In the case when a single screw reactor is employed, a
series of metal hurdles 51 and 53 are provided between the periphery of the flights of
the screw between points. The hurdles are arranged such that the gap through which
25  the vapour stream must pass is reduced in width from about 3 mm to about 1 mm
thereby preventing particles of lignocellulose and catalyst that are larger than 1 mm in
size from exiting the heated zone. When conditions of temperature, pressure, rotation
speeds of the screws and catalyst composition are adjusted correctly it is found that
the outer surfaces of the lignocellulose particles are pyrolysed to a mixture of a friable
30 char and a simple mixture of volatile gaseous products that join the vapour stream and
exit the heated zone with residence times typically in the range 0.1 — 1 second.

Further, it is found that under appropriate conditions, a combination of the rapidly
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15  a practitioner skilled in the art will be able to determine these parameters so that

continuous operation of the reactor lasting many days is possible.

Further cleaning of accumulated char from the walls 62 of the outlet of the reactor is
provided by a series of scraper bars 59, 61 that are attached to a bar 55 that rotates and

20  reciprocates up and down driven through the gearbox 58 from the motor 57.

Heat is applied through heaters 25 around the walls of the outlet 62, the char vessel 65
and the volatiles conduit 91 to control the temperature such that the vapour of the
catalyst, the desired chemical dehydration products in the vapour phase and water
25  vapour do not condense into the liquid phase. Typically temperatures in the range

200 - 250°C are maintained.

The fine particles of char falling into the collection vessel 65 may be collected,
transported and used directly as a renewable solid fuel, or as a carbon sequestration
30  agent and fertilizer in agricultural and horticultural soils. Optionally the fine particles
of char may be subjected to a further screw extrusion process to convert them into

char pellets to be collected in the vessel 75. Desirably, when the char is in the form of
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material together with some entrained, extrenely fine solid particles of
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conduit 91 and intq the gas-solid separation system 100 shown in Figure 2.
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conditions typically over 99% of the fine solid char particles are carried

Under these conditions typically over 99% of the fine solid char particles are carried
by 5gravity into the collection pipe 102 at the base of the cyclones from where they are
fed on automatic level control into a pelletizing press 105 driven by motor 107. The
20  char pellets are collected in a pellet hopper 100 and may be combined with the char

pellets stored in the pellet vessel 75.

The remaining vapours, free of char, pass out of the top of the second cyclone 103 and
enter the lower zone of an efficient vacuum fractional distillation column 115. The
25  fractional distillation column may be operated batch-wise, or preferentially in

continuous mode.

The exterior surface of the distillation column is heated by heaters 25 and cooled by
heat exchangers so that a finely controlled temperature gradient is maintained and
30  monitored over the length of the column, ranging from 220-240°C at the base of the
column to 80-90°C at the top of the column. The position of the heat exchangers is

not shown but will be obvious to anyone skilled in the art.
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| evogl ucosenone can be collected frompoint 119 and stored in a vessel 120
fromwhere it can be punped to a tetramethyl ene sul fone storage vessel.
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skilled in the art) and the excess can be adjusted to neutral pH and sold for crop
irrigation and into other markets for non-potable water.

15
The concentrated solution containing 50 - 60% levoglucosenone and 40 — 50%
tetramethylene sulfone, called raw LGN, is collected in a vessel 118 from where it can

be pumped and purified further.

20 - Whilst the above description includes the preferred embodiments of the invention, it
is to be understood that many variations, alterations, modifications and/or additions
may be introduced into the constructions and arrangements of parts previously
described without departing from the essential features or the spirit or ambit of the
invention.

25
It will be also understood that where the word “comprise”, and variations such as
“comprises” and “comprising”, are used in this specification, unless the context
requires otherwise such use is intended to imply the inclusion of a stated feature or
features but is not to be taken as excluding the presence of other feature or features.

30
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description includes the preferred enbodi nents of the invention, it is to
be understood that many variations, 3Rterations, nodifications and/or
additions nmay be introduced into the constructions and arrangenents of
parts pr eThQ&@é%n@@ﬁ%yt}ﬁﬁr\&‘ntlh%& sgé'o@ﬁéafnbﬂgs B&oaha Eﬁ‘ou@& 26i8d @ked gat ures or
the spirit or anbit of "the invention. [T be al so understood that
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conpr|5|n are used |n hi.s s eﬁlflcation, unl ess the context requires
ot herw se® N gEReIp @BAPgr Kply the inclusion of a stated feature
or features but is not to be taken as excluding the presence of other
feature or features. 22 The reference to any prior art in this
specification is not, and should not be taken as, an acknow edgnent or any
form of suggestion that such prior art fornms part of the comron general

know edge in Australia. 23 Cains 1. A nethod of converting
particulate lignocellulosic material to produce volatile 5 organic
conpounds and char, conpri sing, formng a mxture of the particul ate

| i gnocellulosic material with a catal yst composition containing polar
organic liquid and an acid, heating the m xture to a tenperature

sufficiently high and for a period sufficiently long as to convert a
maj or portion of any remaining solid phase of the 10 m xture to char whil st
agitating the m xture, and separating the volatile organic conpounds

and the catal yst conposition as a gaseous phase fromthe solid phase.
2. The method according to claim1l wherein the tenperature is raised to a
| evel



15sufficient to vaporize the catal yst conposition during conversion of the
solid phase to char. 3. The nethod according to claim1l or claim2 wherein
t he m xt we 20sl/00emet ed under sub-at nospheric pressure. POT/AM20iDweostet hod
according to claim3 wherein the mxture is reacted under a pressure |ess
than 900 m i bar. 5. The nethod23ccording to any one of the preceding
clains wherein the polar 25 organic liquid is chosen fromroomtenperature
ionic liquids having the general fornula AxMy, where A is an organic
cation, Mis an anion drawn from halide, sulfate, or organic anions, and X
and y areClainsgers, or, a dipolar aprotic |iquid. 6. The net hod
according to claim5 wherein Ais dialkyl imdazolium or alkyl
30pyridiniumand Mis halide, sulfate, fornmate, acetate,

trifluorogetha e o] i1 o : 7. The
met hod accli:r'gr di %gﬁgﬂg&@pg@@ﬁﬁ@@#{}%&gﬁg@ﬁ%@gﬁ%ﬁh f:(pﬂo gltlj(%gvoé%arréri ses a
di al ky$ f orgaaiticdmpobhds dadlcham cqhptising oxi de, di al kyl sul foxi de or di al kyl
sul fone havi ng_the general chem cal formula Rl-S02-R2 where RL and R2 are
al kyl groups cE&ImRH? Hlj"tH@t%2@?19%%“1%d‘gf’%??llgé’islfdﬁatﬁ’%lr%‘fhFﬁ%‘gﬂdﬁﬁ ng cyclic
sul fones | J: € : f clic polynethylene ring. 8.
The net hog&gié\é(}lér(g} %t{f%lﬂgﬂgﬁgﬁﬁ%?l@ﬂy%@ea&g%g clainms wherein the polar
or gani ¢ | i qui dheatingnhsméxttuetto anahperhtareesusfidiénttychigh BndfoFlagerivd hod accor di ng
to any one gof the preceding clains wherein the acid is. chosen Lrom

or t hophos pHBFieatlklqng as do,pqnyert@ mayprporten AbTEMaRNAg slid; Rhase of the

triflyoro | I | bRl g acids, nitric acid and formic
aci d. y&loﬁ#@%phéﬁﬁg%g%@éﬁﬁé@%qany’%)ﬂr?e of the preceding clains wherein
t he acid . separating the volatile organic compounds and the catalyst composition as a

gaseous phase from the solid phase.

2. The method according to claim 1 wherein the temperature is raised to a level
15  sufficient to vaporize the catalyst composition during conversion of the solid phase to

char.

3. The method according to claim 1 or claim 2 wherein the mixture is reacted
under sub-atmospheric pressure.

20
4. The method according to claim 3 wherein the mixture is reacted under a

pressure less than 900 millibar.

5. The method according to any one of the preceding claims wherein the polar
25 organic liquid is chosen from room temperature ionic liquids having the general
formula AM,, where A is an organic cation, M is an anion drawn from halide,

sulfate, or organic anions, and x and y are integers, or, a dipolar aprotic liquid.

6. The method according to claim 5 wherein A is dialkyl imidazolium, or alkyl
30 pyridinium and M is halide, sulfate, formate, acetate, trifluoromethanesulfonate or bis

(trifluoromethane)sulfonimide.



15conprises, 0.1%to 10% by wei ght of the catalyst conposition. 11. The
nmet hod according to any one of the preceding clainms wherein the weight of

t he cat alwyetotigopigi tion in the mxture is one to ten tipeEsAhw/onesight of
the particulate lignocellulosic material. 20 12. The nethod according to
any one of the preceding clains wheré#n the mxture is subjected to
shearing and conpression by any one or nore of single of twin-screw
presses, 70l i e feklod acEbrdiTY B 1T § Wherii B digdfarBpkdtR 1RfUH bGHipRes M | | S.
2513. The net hogr %cgor diarfg tg@any one ofethe pr ecediryrll)g clal ms wherein the

m xt ure i s didlatlefdrmanizle; Nrglleylahonpboline oxide,rdialgyl adfogidecorsdialkyl sulfombe net hod
according, tqQ claim 14 erei n the heatj of the mxture is.carried out in
a rotati _nBa‘g’é% the 8%15&1%6%??9?@“&\1? _%mgtg_ggq‘?o?”hﬂ‘? _ hF&‘{ gzﬁé‘r%ﬁﬂ(yEﬁr%’Qﬁ et for
30 char i @oaeéﬂhﬁlg Beifedd GRSHMIqeh SarBBh BloRls) GRS ERLICNBIEARGR willch R, 150
mllibar wth tenperature 1n the reactor being controlled along the

react os ' sahdRgfdmspactoftaytlic pdymethykenatinge of the reactor increases froma
| ower tenperature closer to the inlet to a higher tenperature closer to the
outl et. 15. Apparatus for converting lignocellulosic materials into

vol atil e @rgani | Gt heSHr8@ding claimswhdrSinde 308

comm nut i g'n st gﬁ? %@Hﬁ&%ﬁ&%t{@?ﬁﬁemr%&%& zr‘ﬁl?IaI}tSer!lfﬁl?iﬁl1 W %% a catal yst
conposi t i orgaaiediquizieuniptisesigtrainethylenaoulédrdeul osi ¢ materi al , a reactor
arranged to receive mxture fromthe m xi ng and comm nution station through
an inlet and to discharge char froman outlet |ocated downstream of 10t he
inlet,,angevacyal i, : 1155 WhedeDEthE SaGLOT -

a fee(’lj0 asg'enbl yﬁ%rrar@g@?@qﬁr@&%?@g#%cﬁﬁél?@ {lwnfrt‘e:t to t el out | et
so as to chesemarfgen chathophasphbhie id, etsplfuric  acid, methanesulfonic acid,

trifluoromethanesulfonic acid, hydrohalic acids, nitric acid and formic acid.

10.  The method according to any one of the preceding claims wherein the acid

15  comprises, 0.1% to 10% by weight of the catalyst composition.

11.  The method according to any one of the preceding claims wherein the weight
of the catalyst composition in the mixture is one to ten times the weight of the

particulate lignocellulosic material.

20
12.  The method according to any one of the preceding claims wherein the mixture
is subjected to shearing and compression by any one or more of single of twin-screw
presses, rolling mills, crushing mills, shredding mills and hammer mills.

25 13.  The method according to any one of the preceding claims wherein the mixture

is heated to a temperature in the range 190°C to 500°C.

14.  The method according to claim 14 wherein the heating of the mixture is
carried out in a rotating screw reactor having an inlet for the mixture and an outlet for
30 char in which the pressure is maintained within the range 50 to 150 millibar with

temperature in the reactor being controlled along the reactor’s length such that



a heating assenbly for heating the m xture in the reactor to a tenperature
at 15which pyrolysis of the m xture occurs as it travels through the

react or, woaos/opoei3at i | es condensation assenbly for recoveriagowavedlyst and
separating volatile chem cal products fromthe reactor. 16. The
apparatus according to claimi15 wherédPn the reactor has an el ongate 20
tubul ar section and the feed assenbly conprises a screw feeder within the

tubul ar Sf‘e‘iﬁﬂe%ure of the realfo? iRPRRELCHYS AloWRE ‘E@rﬁiﬁbrﬁtﬁrecélééeﬁnt&ﬁme%le@ khm 16
conprising a steam assenbly arranged to inject steaminto the reactor at at

| east onehigheateimparatioembtseraatheodutiche 25i nl et. 18. The apparat us accordi ng
to any one of clainms 15 to 17 conprising a gas-solid separation system and
a fractional distillation system

15.  Apparatus for converting lignocellulosic materials into volatile organic liquids
5  and char comprising,
a mixing and comminution station for mixing the lignocellulosic material with
a catalyst composition and comminuting the lignocellulosic material,
a reactor arranged to receive mixture from the mixing and comminution
station through an inlet and to discharge char from an outlet located downstream of
10  the inlet,
an evacuation pump arranged to reduce pressure in the reactor,
a feed assembly arranged to move the mixture from the inlet to the outlet so as
to discharge char from the outlet,
a heating assembly for heating the mixture in the reactor to a temperature at
15 which pyrolysis of the mixture occurs as it travels through the reactor, and
a volatiles condensation assembly for recovering catalyst and separating

volatile chemical products from the reactor.

16.  The apparatus according to claim 15 wherein the reactor has an elongate
20  tubular section and the feed assembly comprises a screw feeder within the tubular

section.

17.  The apparatus according to claim 15 or claim 16 comprising a steam assembly
arranged to inject steam into the reactor at at least one location downstream of the

25  inlet.

18.  The apparatus according to any one of claims 15 to 17 comprising a gas-solid

separation system and a fractional distillation system.



