METHOD FOR CONVERTI NG LI GNOCELLULGSI C MATERI ALS | NTO USEFUL CHEM CALS Fi el d
of the Invention The invention relates to a nethod of thernochem cal

t r eat mentwof2oiivgoasoel | ul osic materials so that they arePcomiRpto@dogio a

m xture of volatile organic conmpounds, water and char. Background of the

I nvention In this specification, whede a docunent, act or item of know edge
is referred to or discussed, this reference or discussion is not an

adm ssion that the docunent, act or item of know edge or any conbination
thereof was at the priority date: (i) part of conmmon general know edge; or

(ii) known to HIEFHOBFOR CONVERTPING [SGCNOE@BLDULOSICI th whi ch

this specification is concerned. The great majority of synthetic organic

chem cal s, incl udi nM{ATEREALS INTOUSEFUL CHEMBCALSs, pestici des,
dyes, pignments, and liquid transport fuels are derived from crude petrol eum

fromfossil sources. The reserves of crude petroleumare limted and the
majority are located in politically unstable regions of the world.
Furthetnore, the conbustion of petrol eumderived fuels in internal

combust i o 809k AkSInlastidigen 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 WB?!‘BY%‘tlﬁBrrﬁlafeév@r%iénqﬂé‘Hﬂe H&r’@ﬁ?@ﬁ‘é]stri?&'“ﬁ?t_eéﬁ]ﬂ%‘ﬂfg’éﬁ‘g‘%‘@s as
soon as passlRlEso M tﬁ§y &Q%oﬁ@e%ﬁ‘}@?% Gvoifile bRANE! dehpothds waker of
greenhouse gases 1s full, or partial, replacenent ot petroleumderived

or ganiie¢ cangpchands such as transport fuels with organi c conpounds derived
fromrenewabl e resources, such as plantation

Background of the Invention

In this specification, where a document, act or item of knowledge is referred to or
15 discussed, this reference or discussion is not an admission 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.



forestry, agriculture and aquacul ture. This replacenent would have the
addi ti onal advantage of reducing the rate of usage of the limted renaining
fossi|l pewoabeaumne3eserves and permt their exploitationPCo/AiRoroawosiicted to
production of synthetic organic chem cals that cannot be nade
cost-effectively fromrenewabl e resodrces. Wth the exception of linited
annual supplies of vegetable oils and fats, high volune renewabl e organic
mat eri al sohBaf t@§CM%Mkm dfteduchRSEmREbE OF k¥@nARRE Phsadli flEer al | y
non-vol atile solids. The overwhelmng majority of existing internal

conbust i opartialyirepdacemequof pettobein-dénireddsorganid eompoumels such as irhasportdaels c

| i qui ds under anbj ent IQre'ssu es gn& te era];t)ures, or gases th@h an be
condenseditht 8rEaNI5, FREPOHIGS r dettyad r o [FEWRRIE AESOPTSe SUGR &5, P s
propane aﬁﬂeéﬁtﬁ{ %gﬁcul%@\é{lﬂ"ﬁﬁ@%uﬁﬁregOTHErﬂeklﬁgerﬁéﬂ%hh a0 hdadiG@UC
materials, 1nto organic l1quids, especially volatile, energy-dense organic
| i qui ds usdvagtdgherfnedindng del rape of esagenaf, thbi lonhethranadiniog doessls petgpleumal/ or

bi ol ogi cal processing, .are being actively deyel pped ri.dwi de. The existing
means genESEIVEy aﬁg\ﬁr@ltg‘ili‘@fri ?‘Qi}{‘mﬂpg éav%feégé"é‘?do é’é‘\ﬁ)"éppﬂ’/ ‘&ns &egfi on to

t he produgtj |y Hx‘rﬂ} g : HRR ] LbSting

I nt ernal g@#?&sﬁeonﬁnéaggngart\es. ﬁbeefsgﬁgié é:g%}\ag%e? ggeég i nclrslggﬁtb#e}é&g?ég%

expensi ve Witz therexcepitioa of ¢ignitedeanmad] siippligsrof vegetablg odls aind fits, highswnlums,
necessitating the use of very large pr cess%{)%?faci | i & es With associ ated

y
hi gh cost Engwable; reamc inaterialy shat 1an: e Bamest EneRh SHECRY IR @ er i al s

over larg L S o) [SRRVA . of Y ) l exity
and i 101 B Eph AL aStige O e Rir R of CRETRE WU RID. e
scar ce resabustion odnglfes Ibquikd dreir felsstot bereithérs velatileeckgtunic deyuidsopndeeans f or
enabl i ng the, nost abundant, easily collectibl %Srengwab e OEga I C terials,
nanmel y so2@hienbpressussscid|tempatuEesyen gsesinat-cantbg cgpdenser, g dduids i vel y

i nto orgap] Gelyd p@Fea%\édtﬁ}Qééhre NGchSe IQ);)alllE RiGrRSUr e processing and

wi t hout the need Tor Iarge volumes of Fresh water.

Such organic

15 Many means of converting renewable solid organic materials, into organic liquids,
especially volatile, energy-dense organic liquids using thermochemical processing,
biochemical 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.



|l iquids may either be used directly as fuels, or may be subjected to
further processing into renewable liquid fuels, polyners, and other organic
chemi cal swo=bpngovise prior art.The term "lignocel |l ul osi c PeatadRalodosamd f or s
of the term"lignocellulosic material"™ as used in this description refers
to any vegetable matter, wood, or wodd product, paper, paperboard, or paper
product, yarn, textile, or textile product having a conbined cellul ose and
hem cel | ul ose content above 30% which can act as a raw material for the

i nvention herein described, and includes but is not limted to cellul ose
fibre, or Theldrol Himopaindiasic mateoidhindsforraanfithet term WiigsqceHulokic masenals, seed
pods and ot her forest litter, cereal and ass straws and hays i ] seed
Strave,  sEyMIcHGIhARSERRON (RS 10 49X SEEEPIE RS, HOOH: o Ward Plodlt

general gg t?tn pif B@drd’agg ﬁjrag;,g ?}f&ihcg &Y, © b xtileO A A BiRE Ik ot Hadingt her

veget abl e D scl the I'nvention The i1 nvention provides in one
aspects a omhbined etlhdose end hagicpHulbse vbrere dboge 3O whidscan aettasra adwt o

produce vol atj| e organic, conpunds and char opprising, .form a mxture
of the paPwicsigl fordhg m@%@émem%f%nﬁﬁﬁépﬁ éﬂdwcef" gB%l‘Sé‘Qf ﬂanys&% ¥kt on

cont ai ni ngy pol ar ' I .qul ] It Qi g ledtJoHE ah@ @
t enper at urﬁg{éél?? £ F@'lhg%e{]‘){}/wﬁr’gwog?\ ! 6?%&%’9{%}%52{%% g%‘teaﬁ’t 1595 Iﬂgng as to
convert aofthef dorepotitteroreeedal aanyg grassastrawey and | hags,pbidseed aftraivse sugaxteane t o char
whil st agitating the m xture, and separating the vol atil e organi onpounds

and the chegassestbapaf EFUdPERMawasic.qad AV BRSSe SFReEh g?fge%d’l’q%ﬁ’ e.
Sui t - > 7 ] her i . Th
150 B SR OE e g e e

pressure na ess all within the range 0.1 -
900 millibar. The pressure may suitably range from50 - 150 m|libar. The
tenperature of the m xture may be raised to a |evel sufficient to vaporize
t he cat al Pisclesyrpektheilprertion ng conversion of the solid phase to char.

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.



Suitably, the mxture is heated to a tenperature in the range 1900C to
5000C. The tenperature may vary over the period the mxture is heated. Were
the m xt we 20s1/00e@0t ed i n a continuously charged react oPCTWaR0OBHoOEs1N Ot at i ng
screw reactor, the tenperature may be controlled along the reactor's |ength
such that the tenperature increases firoma | ower tenperature closer to the
inlet of the reactor to a higher tenperature closer to the outlet.

Suitably, the acid conprises 0.1 to 10 % by wei ght of the catal yst
conposition. The weight of the catalyst conmposition in the m xture may
conpri se Wheoe 1l mixtes ishreacted gihta aohtinhmislyachargad weaetot isgetoaehiratating c

material in the mxture. Prior to.,being reacted.|lignqgcel]| ul gsic erial in
the m xt uPEeYEFAS thegFmperatyre W%W@éﬁopﬁ&ll O'&%m‘}rfggé?fo%l%‘?%‘frhg% or nore
of mechanyeabmdahhe fcfiases fffﬁﬁgq&kf&%em%érlaf\g@&lmg R Thfabf thelrichg tdevi ces,

single or twn screw presses, rolling crushing mlls, shredding

m | | s saindahgeetempetdtwe clhsetodhewoptlet one particul ar form of the invention
there is provided a nmethod of converting a |ignocellulosic material, such
as cellulosic bleached wood pulp, into a mxture of the volatile organic

|'i quids, : +8s 8 LG 09l B 19 b 9 Ghei At O 1k QRBvst CombodifyPgl ucosenone) ,
2-fural de%’?eb-lf’ftﬁ??d&?gﬁ@bg%g04-tl§et opezt aer11 I c aci d&%{ eV(l).IIinli)(r)]iIC acid) by, (a)
Suspendi ng the bl eached wood pulp in a mxture of a polar organic |iquid,

t hat causes the lignocellulose to.swel], 0.1 - 90% by.wei ght.  of ter and
0.1 - 10% By Wrishy af thercaalysy FRIARPSHIqNAN t{‘wﬂ%m%ﬁlﬂ%lssdsfgg&s%?ﬁ i

bl eached L0: e(F) I; -ﬁqtkced pressure in a device
t hat éﬁablwégﬂ% ﬁghg g%gpfa&% ullrlée&gé?lﬁ}tlﬁgele(gﬁgegigﬁ@ﬂgin{lo e raised progressively

in a highly controll ed manner from anbient to above the boiling point of

the polar _aqorganic liquid, which is in the range of 190 - 400, degrees
cent ipgr adg;ioxg to being rgacted lignocellulosic materr}al {n th% 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).



(c) Providing a neans of maintaining the liquid vapours in the gas phase so
that they can be separated easily and efficiently fromany solid

car bonacewooobmoosvhat is formed in b).(d) Providing a meamd2ofo/oiliecti ng
and storing the carbonaceous char; (e) Providing a neans of cooling the
liquid vapours so that they condensedinto the liquid phase; (f) Providing a
means of collecting and storing the condensed liquid; and (g) Providing a

means of sepgsati i ' ; HRAAhonheouy ERdr; | evulinic
acid, wat erqg%d pp(}lg‘él?n%ra;%l%dgqgicgfgﬁghg\égﬁ%i%?ﬁ Pr oviocli]i ng a l?rdééns of

recycling tHhe) r ecRroeidag pmeans aficgalimgthk iliquiddvapoudrswsattieat thaydonderisadgntdpt with a
strong acid for téeft ent of further quantities of bleached wood pul p, or
ot her |ignocel | ult8gfgu % als. Preferably, but not essentially, step (a)

precedes st 3@ ( b)Pro\%]l;ir%Eh @gg@gﬁ%n&hﬁg a%u? ggt,o% :ufcehfboaaafse@' figuidfand Whi ch

precedes st (e), es ste precedes step (g), which
precedes st gg) (h)Providimyommeans afspparatingand storing the tevoghweosbaeng furdipphr at us

for converting lignqcellylosic materials into.yolatile organic |iquids and
char conpri sing, ISV@BW%@HW%?F"‘E’%@OFWQF%’&‘ 1HYY 0% or conmi nuting the

| gnocel 1 ul qgf o MbeY o 30Ehdiof B fhé SBAREIUAS GreABR 4R it 2

catal yst conposition, react or arrang to receive mxture fromthe

conmmi nut i on st at i watet dirdanixinggit withl aettroag dciddforlireatimantyef fotther quantitiesrofout | et

| ocat ed downstream of the inlet, an evacuafion punp arranged to reduce
pressure in the r %&9?6‘5YV°8dPB‘@dora%tE"erﬂiﬂnf)ceji‘ﬁl%ﬁ‘fg@atepélsmve the mixture from
t he iq+et to the outlet so as to discharge char fromthe outlet, a heating
assenbly for heating the mxture in the reactor to a tenperature at which
pyr ol ysi sPedferable, buxhotr &ssatiaily Sstas (a)t precales Iseept (b),owbicht precadesistepr(cpnd

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.



a vol atiles condensati on assenbly for recovering volatiles fromthe
reactor. The volatiles may conprise volatile organic liquids including
chem cal woadudwso3oef the conversion reaction, water andPcatAdi2gsr000s3ui t ably
the reactor has an elongate tubular section and the feed assenbly conprises
a screw feeder within the tubul ar seétion. A steam assenbly nmay be arranged
to inject steaminto the reactor at at |east one | ocation downstream of the
inlet. A g0 2 ' | ¥ . f ' 1844t @t i on
Gyt em g B B B R & T ow be
further ekphtdoméewinrendfcfitleniatett o the fol l owi ng exanple which illustrates a
specific nmethod and apparatus for performng the invention. Exanple 1
Exanple 1 given here is generally directed to treatnent of cellulosic
bl eached | 1 | Qs ' ' rt, nost
of the rre?ﬁ%cdiasg%r %hgé%l%a}rﬁtflon\gg&giepggbﬁH%[%gt%%%l?uwg)rr\lo betlls{n‘tjrﬁ:le))bsP(E:Idrargttegri al s,
such as cdbwhiteam dfithe eutletel | ul ose powder, waste paper, woodchi ps, sawdust,
tw gs, bark, |leaves and other forest litter, cereal and grass straws and
hays, oilseed straws, sugar cane bagasse, banana pseudostem waste, oil palm
waste, ga e] -al N . | f : eget abl e
mater | ar g TAAbE vaft R, be At cLREIng by RGBT FloRHAL R EDC
Cel | ul osi ehidheiflGiegesvipacifiv nethal dhdtappiratisdor gerfolimérdothe inventismme ot her
means of conmi nuting the wood pulp into strips, or pieces no greater than 1
cmthick, but preferably in the range 3-6 mmthick. The comm nuted wood
pul p i1(§ S r%ﬁ%ﬂei’“th a mxture of a high boiling polar organic liquid and a
strong aci ¥ e organic liquid can be chosen from any polar organic |iquid
that swells cellulose and is thermally and chem cally stable at a
tenperature of 300 degrees centigrade and is desi rabI?/ non toxic, or |ow

%8

t oxi ci ty. Examplsr aiver heregisiegnerally Bisecierbinctieatmgnh ofneliplosiclpached wWoad ds
pulp but, as will be apparent to one skilled in the art, most of the methods are equally
applicable to other lignocellulosic materials; such as cellulose fibre, cellulose powder,

15 waste paper, woodchips, sawdust, twigs, bark, leaves and other forest litter, cereal and
grass straws and hays, oilseed straws, sugar cane bagasse, banana pseudostem waste,
oil palm waste, garden waste, algal “cake” derived from aquaculture or any vegetable

material having a significant content of cellulose and/or hemicellulose.

20  Cellulosic bleached wood pulp is put through a shredder, or some other means of
comminuting the wood pulp into strips, or pieces no greater than 1 cm thick, but
preferably in the range 3-6 mm thick. The comminuted wood pulp is sprayed with a
mixture of a high boiling polar organic liquid and a strong acid. The organic liquid
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-



such as roomtenperature ionic |liquids having the general formula AxMy,
where A is an organic cation, such as dial kyl imdazoliumor alkyl

pyri di ni Wwo2nd/aubi3® an ani on drawn from typi cal halide, Por/Aubfoanesiani ons,
or organi c anions, such as formate, acetate,

trifluoronethanesul fonate("triflate"y, or bis(trifluoronethane)sulfoninide
("bistriflimde") and where x and y are integers, such that the overall

el ectroni t r ' . Qr 1:dippl i G hOWwi-ds such
as di al kyﬁlg(g??rﬂa(r%?hcfggn,e ﬁgld%?l Cmr"lrlo'k?lp hglf%ﬁg&bxoﬁd(gggkggisgﬁﬁ%? E%ﬁnggogilegg? El or
di al kyl s pérfepai achehreal rfgrdieR pRO,-Renelicaat Rihamd Ralaré atkyhlgrétips SOntditingher e R1

and R2 are al kyl groups containi ng between _one_and. ten. bon _at.ons,
i ncl udi ngbetyeeR encad &R &ardpR amsewcg&hwcm sulfpnges thgwgﬁ{%ﬂg}@ fpgn

pol ynet hy LOG: ' | L qui:d sl | ene
S0t Fone. { PEEFFAFREC AWEGRARAS M, erkliferHpictorkri Gy kRipBIRIal T0°, o
or t hophos plifonec (‘aaifolaagijeand rnthansatongs adidt withn which i0%asbbéenpmeked ast i al | y
between 2 - 3% of the weight of the sulfol ane,

0'I'h m'xggjre, f sul fol ane and
aci d i s hegkephosphogiciasil addgd in amguntsbetvesn 0.1-30%, glé'd’r‘ré éntlsﬁy between

ref erent halhby i -1 edie ' | to the
\R/ood pul pbt'g/g?:{:@[sgéz%}%%ggﬁesglrﬁg aln%n-fgengl smeﬁ?isﬁgb@%e fhﬁlego(?%ﬁﬂl??%gg(?aa her

strong acteiigperfiuehbedwediib0 W 200 alegdes, rtrit Ippefereutislniie tikcratge 150 — 170
trifluoromethanesul fonic acid ("trifiic_acid") hydrohalic acids, nitric
acid and flegieRscPriitel SHEYIng| eibtoie svaerd gynito neelerite RensHatiphand ewelling i s
pref erf edof b CasRRo NN ified RELGALARNARERYS SliRlic] Rid InbifabiShitloRS 21,
agricultural or horticu Fural" S &t I Zer cand a_carbon sequestering agent.

As a secogiliRkGRethisuM@iie hcidt(“giflie agiaraliydichabie taskis nibic acid @Ad degiees but
preferentially in the range 90 - 100 degrees_may be sprayed onto the wood
pul p at r agidmayealspebs emplpyed,shut prtbephospharist acidhis preferred im gasgs adhers the

preferentially in the r.an 0 - t] te. I ane d. The

o gani o1 Pkl O of Rbedued e dTRRISMAE of ot ARUAISHERT, O

sprayed ogdrBor Bubteas@ebntV0sh facbid step 1t Sdtdiet weahipekirelBidReerns0 the mass

of pul p being processed, but preferentially at a rate between 150-350% of
der o

the nmiss &0 gegrees tmsprefergatiallyi igribe eange P8si H00agees may bersprayed onto the
wood pulp at rates between 0.1 — 5 times the rate of sulfolane used but preferentially

in the range 0.5 — 1 times the rate of sulfolane used. The organic liquid and water
mixed with strong acid (“swelling catalyst™) is sprayed onto the bleached wood pulp
at rates between 100-1000% of the mass of pulp being processed, but preferentially at
20 arate between 150-350% of the ﬁlass of pulp. For other lignocellulosic materials, the
proportion of swelling catalyst used should be adjusted so that sufficient is added to
swell most the cellulose and hemicellulose present so that the acid can penetrate the

material rapidly.

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.



proportion of swelling catal yst used should be adjusted so that sufficient
Is added to swell nost the cellul ose and hem cel | ul ose present so that the
aci d can wenetvmv@ot he material rapidly. The m xture of Papad2p/ooosamd

swel ling catalyst is next passed into a neans of applying strong shearing

and conpressing forces that assist i8 ensuring the swelling catalyst is as
evenly distributed throughout the Iignocellulosic material as possible.

Such neangpi Bﬁkh%irg% %g 'Pﬁl?' and%%ﬁfn%tcgfaffyst BRRGPREGRH a PluglshRWRMEGRani cal

pul pi ng devi ces, si W n-screw presses, rolling mlls, crushing
mlls, shirdetdifray avget seaetiod ithsvindra sinplesscrdvytor pwaf screws nwlyl be employeshi ng mi | |

such as is useq for crushing sugar cane. The_crushed mxture of pul.p and
swel | i ng %ttaqe&g@nqagytqqgate;—g&atmgatvgnpchpdvssC;fgquuﬂpbofnﬂ}g ?‘fﬂeétreat??"rdg auger

reactor i ﬁtt}é\q]ivgiﬂl 3 el 6f %Eﬁa?ygﬁng\?\ﬁaste%ﬁ rSeliE SHrofutL FrofRIRY Géhctibh't

preferentially counter-rotating twrn screws. The outlet of the auger
react o5 i produtts echdet tradwedgmrosure shelpaasad i segeg ad cloatedr epdonesn tht cterct s from

solid reaction products under reduced pressure, such_as serjes of heated
cycl ones, CRIEted iR i eibgien Fechionak §oiian Eplumi, e culef Shiar auger
distillat }'e%gtoﬁc&? @gclorygeanﬂl{hé Hhctnal BRGANIG cIGRA A codldfied X6 2GRE&Rsand the
fractional distillation colum are connected to a neans of applying a
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moved along the length of the reactor under the action of the screws. The residence
15 time of the mixture in the auger reactor may be in the range 1-60 minutes, but

preferentially in the range 1 - 5 minutes.

The action of heat and the acid on the swollen wood pulp during its period in the
auger reactor causes dehydration of the anhydrohexose and anhydropentose residues
20 from which the cellulose and hemicelluloses preseht 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



The action of heat and the acid on the swollen wood pulp during its period
in the auger reactor causes dehydration of the anhydrohexose and
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carryi ng swlohaynige @satlak wh tagticultuial o3 hoaicaltumb fdrtilider inaviitieashiedlssaod pul p is
sprayed with hot swelling catalyst. After cooling the carbonaceous char can
be conveya¥amsans afseavgsteripgsaon ipeseilpart of it can be fed to a gasifier
to provide fuel gas that can be used to heat and nmaintain the tenperature
of the barrel of the auger reactor. The unused part of the carbonaceous

char may IThe uapsuraf ahd aarvadilfldneaind the volatifeaghehtical sietlydratiom pagiutwsul t ur al
of horl'gi Cgllstsutrhzriclugfhez; tciycl:liogega rahd iirrlltoV\{l]lie Cbhasel:J So% tlhé dziisltisllgtigr(l: tv%:ssel 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
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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



operating the apparatus will now be described with reference to the
acconpanyi ng drawi ngs wherein Figure 1 is a diagranmatic view of a

pyr ol ysi swpantiymm3oef an apparatus according to the i nveRCTaU20M/0981e 2 i S a
di agrammatic view of a separation/distillation systemto be used in
conjunction with the apparatus of Fidlre 1; and Figure 3 shows an

abbrevi ated equation of the reaction pathway according to the present

i nvention. Thegvari isio! enents identified by numerals in the draw ngs are
listed in the followmng integer list. Integer List 1 Pyrolysis apparatus 2
Process controlll conpegdtanld Feed chute 5 Solids/catal yst mxture 7 Feed

screwd Mot or 1} Feed tank 13h§gitat or tached to positive thrust screw 15
Motor 17 Fl ui d1pl ug/eyaignplached o ROSHEE tRRUSLCERW 22 Feed screw 23 Motor 25

Heat er 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



27 I nspection port 29 Canmera 3 1 Transparent cover 33 Steam source 35 Steam
purge line 37 Steam purge line 39 Steampurge line 4 1 Steam purge |ine 43
Val ve 45 wal2r/mdo3val ve 49 Valve 5 1 Hurdl e 53 Hurdl e 5BCIxAvzelogiedit 57
Mot or 58 Gearbox 59 Scraper bar 6 1 Scraper bar 62 Qutlet wall 63 Char 65
Char vessel 67 Val ve 69 Vacuum sourcelZ 1 Pelletising press 73 Mtor

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



74 Pellets 75 Pellet vessel 77 Nitrogen source 79 Valve 8 1 Valve 83 Val ve
85 Pneumatic fluid source 87 Valve 89 Qutlet 9 1 Volatiles outlet conduit
100 Separwizon/wdesdi | | ati on conpl ex 101 Cycl one 102 CQut ipet/ALQ8100ped1one 104
Val ve 105 Char press 107 Motor 109 Pellet hopper 110 CQutlet 111 Pneumatic
source 113 Valve 115 Vacuum fraction&? distillation colum 117 Take off
point 118 Storage vessel 119 Take off point

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.



120 Storage vessel 121 Take off point 122 Storage vessel 124 Vacuum sour ce
126 Val ve 128 Val ve 130 Val ve 132 Val ve 134 Val ve 136 Val ve 138 Val ve

Det ai | ed Wozergvison of Figures 1 and 2 of the Draw ngsPRefaanniongosio Fi gure
1 of the drawings, there is shown a pyronS|s apparatus generally

desi gnated 1 which is controlled by a4process control conputer 2. The
apparatus has a feed chute 3 arranged to deliver a solids/catalyst m xture
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. An agitator 13 attached to a
posi tive Anrinspection partd7i isdocdigd mmamhltaﬁledkltqopwtﬁcdedlom thenlengtbeef thank f or

mxing the feed. T eed forns a fl I 7 at _the botto he feed
ank. A VSIS QTR i MELERER HEBRIRPt ENET I QERE B AL L P
controls h?@nﬁg]ivery of the mxture to the screw reactor 21. The feed

0

screw 22 e screw reactor is driven by the notor 23. The tubular walls
of thesreactor are surrounded by a series of el ectric heaters 25 arranged

annual Iy gtregrl{lngurtgeh ﬁnesscgf \{,¥7,r ? g}l(? Ell suppefleg yt er gteanr%ysogllrc%%3baef‘e %Porl/gcie(c)il alted by
various positions along the length of the screw reactor. The valves 43, 44, 47 and 49
which are also controlled by the process control 2, are arranged to control delivery of
steam through the purge lines to the screw reactor.
10
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.



t he process control conputer 2. An inspection port 27 is |located at an
internedi ate position along the length of the screw reactor 2 1. |t

i ncl udes wotzna®p@pent cover 31 above which a camera 29PemAlt2e10mo81t ed.
Steam purge lines 35, 37, 39 and 4 1 supplied by the steam source 33 are
provi ded at various positions along fhe | ength of the screw reactor. The
val ves 43, 44, 47 and 49 which are also controlled by the process control

2, are arranged to control delivery of steamthrough the purge lines to the
screw reactor. In the case where a reactor containing a single screwis
used, hur Sinsidarly, theamdleb®al 62 gfitievouttet alko comnmiunimatasovitht thewitrdgen sphwser eact or
for purposgs to beco apparent .. The end of e Screw ctqr is provided
with an ozflﬂér ugh the, ¥ V%@gt 13hbi ¥lvess @%% {35 SORfFel ?Qma}eh%roge%ér 63
falls. A i ] mahth nds through the

t ubul ar oEt ggégﬁgg¥ggg&?&%ﬁbgg&gﬁﬁgpggqgéyg%tinglgh gﬁgﬁfthe gear box 58. A
char vessel 65 communicates with the outlet and is arranged to receive char

falling into.the outlet. vacuum sour.ce 69 regul ated by the val.ve 67 is
provi ded fBe dREAmEO ﬂlatpql@éveqsslr teRueting i dhe RURY §o% serpipunisates dyilh a

mai nt ai nefj?S ﬁq‘ﬁq&g?‘ﬂ5§§§“ﬁ&§gﬁﬁm &?ﬁgﬁlgg)ﬁgg;agpet?qMﬁhar vessel 65 and

outlet wa are SO provi rs 25 for maintaining
tenperatures within desired ranges. A pelletising press 7 1 driven by the

notor 73 is arranged to conpress char filled in the char vessel and to drop
pel | ets 74h¢ M@latlkﬁeuﬂ%tmoaﬁ@%kg@nmvsl.caﬁ%w%tth%sww é‘é%'é‘@tl%%c%gl%el | et

vessel 7516&%?%’%@]%%‘?%&%}[3%?‘?‘%{O?ﬁéﬂ?ﬁourCe 77 controlled by the valves 8

1 and1079 respec utlet wall 62 of the outlet also
conmuni cates with the nitrogen source 77 through the valve 83. Suitably

val ves 83 and 79 are controlled by the process c8ntr | .canput er,k 2 whereas
val ves 67ThApdcandyitn®y sempmiratesy Wifherthy @clone 101 which in" tumn 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.



The bottom of the pellet vessel termnating in the outlet 89 comuni cates
with a pneumatic fluid source 85 through the manually operabl e val ve 87.
The vol atwbes1igwod3et conduit 9 1 comuni cates with the PCT/AU2010/000811
separation/distillation conplex 100 now described with reference to figure
2. The conduit 9 1 communicates wthlfhe cyclone 101 which in turnis in
communi cation with the cyclone 103 in series. Both cyclones 101 and 103

jointly haye sgRaUek&l 1293 inondRhnhiht{Tal Gk 8lvaSRRRLASE 18y viahe G¥REONES. A
val ve 104 operated by the process control conputer 2 can be used to

regul ate 2@ Simitarbf vdlvesel28i andol I0hmndiearseg te sgula®Sldwiofevoldtestinto thot or 107.
A pellet hopper 109 is arranged to _receive pellets fromthe char press and
t he out | eflofaLg VEFseIsiig Iqsé’FgSﬁWﬁb‘éfheiaélseﬂ? Yri ded with a pneumatic source 111
controlled by the manual |y operabl e valve 113. The cyclone 103 is in
comuni cation with the vacuum fractional distillation colum 115. Both the
cycl ongs MWMalvearid2,103 asd 186 Iprasddedhat thacoutletsf ofatheistorage séessels) dsawelbrascol um

are provided with heaters 25 controlled by. the process, control conputer 2.
The {1 act vehial 1381 & 19 avesrote Biufctensl cinkbatiyn SpBFIR 1Y lor TPBRARR 121
whi ch | gk faP bPCAIENUE B Rlifes Ffhn (hb 2Bl orlRerabev@RAL] vel y. The st orage

vessel 122 1s 1n conmunication wth a vacuum sotrce 124 via the val ve 126.
Simlarly valves 128 and 130 can be used to regulate flow of volatiles into
t he stora%e‘vessel s as well as pressure in the assenbly. Valves 132, 134
and 136 pFPEYEILIUBMANe outlets of the storage vessels, as well as val ve
138 at,the outlet of the fractional distillation colum allow for regulated
rem)va? of condensed volatiles fromthe colunmm or storage vessels. Process
Sunmary FiFgpure3 3heohoimsbrief dutlirefsomet dfithe clsarieal alquativns dineolveahin apgratingons
i nvol ved in operating. . . : . . .

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



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
reacti on woaduawso3bei ng fornmed rapidly and extracted usiPOg/A2J2010/000811

sol ids/vapours/liquids series of separations steps. Beginning with the
apparatus of Figure 1 a mixture of thé solid lignocellulosic material and a
liquid catal yst, "the mxture", is allowed to fall into the feed opening 3
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screw t hr BQYes te reixBe fiomy the 1olet of e reastqr interthe peginping of thegheatedAne eact or
21. The pQsLtl ew is driven through a gearbox 58 by notor 15

t hat al sogﬁg elt%g;h‘%aﬁéy?%rbg@b' screw to be rai seg ab0\g/e t he val vey19 at tinmes
when the val ve 19 needs to be closed at the beginning, or the end of a
processing run. The screw reactor may be either of .a single screw type, or
a twin scibe begpming tofj hegheajs, zpye Iy Hiei Egrer siseutablyt spaintaingdmty 8 | ed by
conput er ' ay. I ] . t ) f ' f the
react I(i)éa [ %tn{ &Qf%‘gr%tt}&é@l}rql%i lrQE; eetrh%é%t\éafleséﬂ g%l{r?gﬁwe&ee {aﬁghﬁhé}g?sgg s%tggbegi n.
The begi nparfigulef ligli@ cagiisethat 3nNgsedf ThBendamaeinperane san bakl shermhgd @ned at a

tenperature within a 10 d.eﬂree range that is dependent on the vapour
pressure 8§0°Chdut is preferentially in the range 170 - 180°C when the catalyst comprises a

mixture of orthophosphoric acid, water and tetramethylene sulfone (sulfolane).

15 The inside of the reactor is maintained at an absolute pressure in the range 0.1 — 900
millibar through the connection of a vacuum pump in Figure 2 downstream of the
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,



particular liquid catalyst that is used. The nean tenperature can be in the
range 0 - 250C, but is preferentially in the range 170 - 180C when the

cat al yst worgpriy®esoa m xture of orthophosphoric acid, wRCEAERNMH/000811
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speed towards the outlet conduit 9 1 by the pressure differential that is
creat esl bfrhe hemperaturergrofd¢ alongt the Bhrewk raaetor @1eineogiroldéd using \neptersr 25t r eam

causes the remaining mxture to break int articles in the size range 0.1
0 | TReSasF ah Sapyimedomerianh SaHRg T eac o o et BEAPE par
around th ; : nifist Idrbdy acol | 1 de
w th one grl%%aﬁé&,%lo? %éﬁ%ﬁftﬁ%@%ﬁ&lé@?&fgﬁ&glggect%%g p?ﬁizg%s ofsgtéﬁ% Zgr ew,

t hey br eaknisguer tofi rapidlys mobving sohid partitleeroff liggorelulose Tontipng cesidudls nor e
ef ficient when counter-rotating twin screws _are used as fhe particles

becorme caQfherhosphogis asidandesomseistramethylepe S fons gvith 3265 Bithe ra886A- 1 nlsi ze

nore rapi ' t .S boj L1 t he
par 1 of e ek anPa T GREETlol YARRCorhrigil ity ARE COMMEHULAC Qe 0
cohesi ve aindivalhiilewhagicahdehydration peslut® ificledjing ivoglucdédeaonessuch t hat heat
transfer into the particles is very rapid and efficient. The tenperature
profile along the screwreactor 2 1 is controlled using heaters 25. These
have an a I e : S
reach; ng AR SBAle# SATENdh Ay 27 BECUIS DRWIZBE bomal Sk NPl Ao o
port 27 cosmpositior of telryagent3iix desivbhyf equipped withnsivdm guspek itltht e ¢apables of

| i gnocel | ul ose contai ni ng residual . . .
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



ort hophosphoric acid and sone tetranethyl ene sulfone with sizes in the
range 0.1 - 3 mm and a hi gh speed vapour stream conprising nmainly water,

t et r amet hwbDena/®mi3shone and vol atil e chem cal dehydrati orCpraatomteodimc| udi ng
| evogl ucosenone. The seal ed i nspection port 27 that allows visual, or

aut omat ed, verification of the conpodPtion of the reagents is desirably
equi pped with steam purges that are capable of keeping the glass cover 3 1
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The hur dI 88 BFEEdQut of dasgheatss gong,and densergpasti¢les dgperanity fito A58 st r eam

nmust pass .5 eSS Dek 1¥§dth fromabout 3 mmto about 1 mmthereby
preventing parti cloes o I gnocel | ul ose and catal yst that are | arger than
Immin size fromexiting the heated zone. Wen conditions of tenperature,
pressure, rotation speeds of the screws and catauy t conposjtion are

adj ust ed Besause spmeiof the prasyety of pyrolysit caise spms @ f@%@garo gdhgre to the

| Fgnogg | )%(\{r?efcgs Bfthd Eéar?‘?ﬁ %e}{eghlﬂé{feg"s‘flsgg O(Eto;tu%séﬂ;f;%&q' fhe%%lﬂseﬁf {R0legeigpar and a

sinple mXture of Vo aseous products ol n vapour st'ream and
exit the heahgurgesns, 37,130 andgil dbimanay ¢ithes bé ypdee @bpuier, dr tanvaln@atrdl, 1 - 1
second. Further, it is found that under appropriate conditions, a

conbi nat i & evidpd tq glsar therasgnmulated rbar fremy e shifpacen periodigaledurgathe
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| i gnocel | phrgsecanst vatibdddependifeos thecfofth of ligngilulosicanatedalt beiig fe@yidcan pass
t hrough progressively smaller and snal | er ga?s. _Under these ablatjve
condi $ ona 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



substantially all of the lignocellul ose particles can be reduced in size
bel ow 1nm and are carried out of the heater zone and denser particles fall
under grawoOtyimb@oa heated char collection vessel 65. Betauzelgoomaiof the
products of pyrolysis cause sone of the char to adhere to the surfaces of
the screw, the hurdles 51, 53 (if pré8ent) and the walls of the reactor,

st eam purges 35, 37, 39 and 41, that may either be under conputer, or
manual Coph¢ Plngcl%g &t Eﬁd?;\{d gsﬁeﬁtqmabﬁaﬁatmepm& B AleRiChas Nadch fak At doBe
surfaces per ically during the operation of the reactor. The frequency
and dur at from af nitdogeropen&ei 6h of cadben sdhemde pior geler danpiswent athe edskd@pendi ng
on the formof |ignocellulo ﬁmterlal fed and a practitioner
skilled |?P‘{11F?é‘e%1‘fst°°\mqqulst“b‘"é°€tb?§ @“ﬁ@l‘%tre?ﬂ’ é%f‘ﬁese parameters so that
continuous operation of the reactor |asting many days is possible. Further
cl eaning of accunul ated char fromthe walls 62 of the outlet of the reactor
i's proyi déddayte sendiensofledbepeabobgr the S@reath of tyapbumsy éndudiag heatet, o a bar
55 that rotate nd r ro es ug and down .driven t rou earbox 58
fromthe F?H?E‘Piﬁ ne |3y, Pn$§n‘£21}ﬂ BBOUSHPodYHs RE %SISZB gRPCF %I s of
the out! ehafitial [JABHEN Hith AR eéntlgﬁeang(t#éﬁ?ely@ih@tsb*@?aﬁﬁﬂg%ftchgr flow Qg contr ol
the tenperature hat e vapour of the cat the desired chem cal
dehydr at i highppediuaitofitle tebetox/ﬁmmgh thhaekatlhs«buﬂatc@mdumﬁmwnd ditorilit gasendense
into the liquid phase. cally tepperatures in the range 200 - 2500C are
mai nt ai nedp! lﬁﬂﬁémﬁfl?fbsﬁmf § ghovgyin H%Fesal ling into the collection vessel
65 may, be collected, transported and used directly as a renewable solid
fuel, or as a car bon sequestration agent and fertilizer in agricultural and
hor ti cul t Thalpressirk liffédphitiab padliged by tHe veeup@r doucdeeR24oéaustrathe maixture of ubj ect ed

to a further screw extrusion process to convert theminto char q‘f&”em to
be col | ectaReur And pRlid/ehag & enfer a gasey 1g§p9ara%{bqys§eﬁbc%sm%twq1cx S orm

of fi ne pa s P Kk thedNGr § 9as,
such as nlﬁqfr gaégnl glgn a lrﬁlf.'sreggsenegqoeur cggﬁa{h(%?&%g%{rgllgélpﬁe e:dn order to
prevent t hgnpekalreQh the range 150 - 300°C, but preferentially in the range 260 - 270°C by

15 the heaters 25, in order to avoid condensation of any of the vapours in the stream.

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.



spont aneous conbustion of the char and dust expl osions. Under the
condi tions described above, the stream of vapours, including water,
t et r amet hwbDena/®mi3shone and t he gaseous products of pyrolPgsia20fo/onbs1
| i gnocel lul osic material together with some entrained, extrenely fine solid
particles of char flow at high speed2but of the reactor through the
vol atiles outlet conduit 9 1 and into the gassolid separation system 100
shown in Figure 2. The pressure differential provided by the vacuum source
124 causes the m xture of vapour and solid char to enter a gas-solid
separ at i ofalsysfif epointe nidr7i sndhd 19 vare apgintaired 410195nd2A08 ahdWiB0i n 188¥C es. The
wal | s of the cyclones are maintained at a tenper%burgoiq t he range 150 -
300C, but reapeéflg?lxrﬂtivmlay tgmperaiures anfpetiopsontaining>By Uve Ipvogfucpsendae |
order to (o] n [ n e ' der
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105 dri veld Byedist 420 fiom wisee Krean Rrepyeped it a telEameltylene syionepdPiage hopper
100 and te conmbined with the char pellets stored in the pellet vessel
75. The remal ni ng vapours, free of char, pass out of the top of the second
cyclone 103 and enter the | ower zone of an efficient vacuum fracti onal
distillation colum 115. The fractional distillation colum nay be operated
bat ch- wi s¥ap@rs pasingr aktaf4he {on of Beselusybakstake @H porplel Zxeamprise “AP? ace of
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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



respectively at which tenperatures a fraction containing 50 - 60%

| evogl ucosenone can be collected frompoint 117. A fraction containing
about 98%Debriznvedshyl ene sul fone and | ess than 2% | evoglPatodenmieosian be
collected frompoint 119 and stored in a vessel 120 fromwhere it can be
punped to a tetranethyl ene sul fone s2drage vessel. Vapours passing out of
the top of the colum at take off point 121 conprise >97% water. These are
condensedTaagkieRhiERl Y fior URSAGhis 3p&ificaBih IR5E aRd@Eliould nbt b@RerPss, " ecycl ed
to catal yst preparation, part of 1t is used for cooling water (cooling

wat er ci r emiatlsnoavledgmuint ©hany form pfisudgesfionethabisuchhgriar ot formsgpatt ofithe be
obvious to a person skilled i.n the art) and the excess can be adjusted to
neutral pfFPEANIngeRgakigiowledes in Austialia o and into other markets for
non- pot abl e water. The concentrated solution containing 50 - 60%

| evogl ucosenone and 40 - 50% tetranethyl ene sulfone, called raw LGN, is
collected in a vessel 118 fromwhere it can be punped and purified further.
Whi | st the above description includes the preferred enbodi nents of the
invention, it is to be understood that many variations, alterations,

nodi fications and/or additions may be introduced into the constructions and
arrangenents of parts previously described wthout departing fromthe
essential features or the spirit or anbit of the invention. It will be also
understood that where the word "conprise”, and variations such as
"conprises"” and "conprising", are used in this specification, unless the
context requires otherwi se such use is intended to inply the inclusion of a
stated feature or features but is not to be taken as excluding the presence
of other feature or features.The reference to any prior art in this
specification is not, and should not be taken as, an acknow edgnment or any
form of suggestion that such prior art fornms part of the conmobn general
know edge in Australia.d ains



1. A nethod of converting particulate Iignocellulosic material to produce
vol atil e organi c conpounds and char, conprising, formng a m xture of the
particul ave 2biigooasel | ul osic material with a catal yst compdsitziwoesamt ai ni ng
pol ar organic liquid and an acid, heating the m xture to a tenperature
sufficiently high and for a period sdBficiently long as to convert a najor
portion of any remaining solid phase of the 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
met hod acChaidisng to claim 1l wherein the tenperature is raised to a |evel
sufficient to vaporize the catal yst conposition during conversion of the
solid phase to char. 3. The nethod according to claim1 or claim2 wherein
the mxtuje i's o gehbedr LiiRHinRHRUIRS RRIcERuIBLIE AR téhprodiS: VERiIEd
according to claim erein e mxture 1s reacted under a pressure |ess
t han 990 oigahiclkampobndsldnd chet, badpasingr di ng to any one of the preceding

clainms wherein _the polar organic liquid is chosen fromroomtenperature
ionic |iquids FIMRge M@‘lﬁé%éﬂ%Pmlﬁﬁﬁ‘Eﬁlgn%ﬂi&OSW@?t@ng with  gatalystani ¢
cation, ' A ani : ' I e, or organic anions, and X
and y ar Zkéxﬁ?gggg?{s]éoq}gh}lﬁhgwglla%éfgglrjﬁggr‘]gﬁng%%Sfd 6. The nethod according
to cl ai m 5 wheheidtingAhé mixtueltl wlternperatareoduifficienttyr high kyd fqpyargedbdi um and Mi s

hal i de, sulfate, fornmate, acetate, trifl ugr onet hanesul f o?)g;e fr% bi s
(trifluor SHeiathelong as neoRvaeE amaionortien AbAYIER3IIRE PSRt wher ei n
t he di pol ar: t L glui g | sesud. flg! kyl formam de, N-al kyl
m)rph(l) ingﬁ)g%fydtg,&gﬁ‘g‘l%&ykg%%ﬁ%g%%e or’%lkgl kyl sul fone having the general
chem cal f or nukepaRtingRe Wiatie begakic cwathokAdscand the &athlysiroorposition 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.



cont ai ni ng between one and ten carbon atons, including cyclic sulfones in
which R1 and R formpart of a cyclic polynethylene ring. 8. The nethod
accor di ngvocoarmposne of the precedi ng cl ai ns wherei n t heCpataniomogami c

| iquid conprises tetranethylene sulfone. 9. The nmethod according to any one
of the preceding clains wherein the a¢id is chosen from orthophosphoric
acid, sulfuric acid, nethanesul fonic acid, trifluoronethanesul fonic acid,
hydr ohal i ¢ aci bty i : i hd di ; ho rﬁg&g ding to
any one o?’ thetﬁ? g{cékél{ci({dn%chlgg%n@Q&ﬂ%%%&fﬁghg&p&%ég}%ﬁc@, %bl/ot(% 10% by
wei ght of a tdivdkyd dbaharside cNrgllod i ihompholirel oxidéyediatisy hodfoactecrrddiallyt sulfong one of

t he precedi ng cl ai ns rein the L.ght t t al yst iti inth
e P e e ek Rl B3, s s A B HRSThaBl et he
material. oddaini ?%e‘i@ééﬁ%e%ﬁc’(&g ta8ok 9%0%&’ iRARY cydie BIBE&%hhith Ri M5

wherein tﬁe m xture 1I's subjected to shearing andccorrpre55| on by any one or
nore of sambReforfn pant of-asychep@ymsthgkenperiogl ing mlls, crushing mlls,
shredding mlls and hammer mlls. 13. The method according to any one of
the preceding clains wherein the mxture is heated to a tenperature in the
range 190QC to ;315\% | Al byt he
heati ng o? ) theTﬁ‘lQ)%% %ogl z%scoczlir ﬁ%&}gﬁ@gﬁﬁg%@%@%&g&%&ﬁgﬁgg ?Pférr]avi ng an
i nl et forotgariciguidieoenprizeds eramethlylene salforehar in which the pressure is

mai ntained within the range 50 to 150 mllibar with tenperature in the
reactor being controlled along the reactor's |ength such thattenperature of
the reactgr in f : L t:;to a

hi g he?&lt ergr'per a%g Z&?ﬁ)g Sa{ec?Hﬂ[dgl% ﬁ\éﬁg uo%w? reB'? %%é&%é@aggﬁss%%%ﬁﬁtg lr:] \% gir%t l|S ng

| i gnocel | chhazsn c fraah erortophosphoriv olaaid, | eulfudaniacid, i quétanegnldoribaracid,

conprising, a mxing and _conm nution station for mxing the |ignocellulosic
mi[rgri al f{q@romethar?esulfomc 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 catal yst conposition and comm nuting the lignocellulosic material, a
reactor arranged to receive mxture fromthe m xi ng and comm nution station
t hrough awioizniigvo@nd t o di scharge char from an outl et | ecatsatowdnoslr eam of
the inlet, an evacuation punp arranged to reduce pressure in the reactor, a
feed assenbly arranged to nove the m2Xture fromthe inlet to the outlet so
as to discharge char fromthe outlet, a heating assenbly for heating the

mxture i fbxﬁﬂé?atﬁl%adfttﬂé rdaBtof il PEHRE BbM Lloer ‘f@?ﬁﬁé?atﬁbér Qb itS tRf infe€o A1 Xt ure
occurs as It travels through the reactor, and a volatiles condensation

assenbl y highertempemtureglosattalithesdutiend separating vol atil e chem cal products
fromthe reactor. 16. The apparatus according to claim 15 wherein the
react or has an el ongate tubular section and the feed assenbly conprises a

screw | eedsr WapBhdnds'Ter Lk g IRRELNAsiclhatetS i RBIaBlelorgBiiE A didd0 ! O

claim15 or clarm 16 conprisin st eam assenbly arrange 0 inject steam

i nto the amhbhchapcomprisingl east one | ocati on downstream of the inlet. 18. The
apparatus accordi.ng to an ne, of cl ai t risin as:solid
pp K l 15 i Matedialan

7/ co
separation sysf&HKESEnd commupytinnaytationdor mixipg Hie lignopelfplosic m 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.



