Bl OGASI FI CATI ON OF COAL TO METHANE AND OTHER USEFUL PRODUCTS 5Thi s
application clains priority of U S. Provisional Application 61/329, 862,
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reference in thed tl I I Jhe present

i nvention provi ﬁgoﬁgﬁiﬁlﬁqﬁéwﬁr E_&Ai\-lgﬁgp%&ﬂ%h‘ fmﬁane,
carbon di oxi de, gaseous an L qul rocarbons and ot her val uabl e products
from coal, using coal sepa&*ﬁ"ﬂéﬁéﬂ&ﬁ“hﬁﬂamﬂ- t ment and
conversion via efficient, high-rate anaerobic fernentation. 15 BACKGROUND
OF THE | NVENTI ON Anaer obi ¢ digestion is a well-known process used to
obt ai n usabl e net hane gas and ot her useful products from manure, waste

sl udge and ot her predom nantly organic materials. Organic materials provide

the substrate for 20 anaerobic fernentation or biodegradation, and nmay be
conprised of a wide range of organic carbon sources, such as plants and

crop wastges, sevwaggiss! slRatiBRI QAR bﬁ%M?e-ofArlEﬁohj’r%v@i&f?‘i“ Iic%tiﬁn
fermentation or biodegradation process that breaks down or degrades these
car bonaceous6 W@28r863, Jiled 3pr Apiiic20 th sy UsSicRravisionahApplicatibncét 284,483,

di oxi de. Anagr.qbj 5 di,gesid ti].i zes consort.ia of .m croor isms to
degr ade and ﬁﬁ§n1%gzﬁ&gmb%tr?ed@;rtﬁgrdé%‘é%ﬂgeﬁﬁ%é’yl?'gﬁ a8 'B??f(ﬁ’l%%%agé%@,m b‘ﬁder
certain presgifencbenpesipbertieetgnd ot her environnental conditions. WO
2011/ 075163PCT/ US2010/ 003131 The United States has over 1000 Billion
tons of coal resources, and nore than half of this resource is | owrank

coal. Coal is a heterogeneous material that consists of carbon, hydrogen,

oxygen, nitrogen, sulfur and other mnerals. The conbustion of coal
rel easedlloxi des of carbon, nitri§® SRITHEINVENTION wel| as sone heavy

nmetal s such as nercury, into the atnosphere. Coal conbustion generates the

most pol | ution OfTﬁ@YPFé&e‘Fﬁ! irfvePtioh ©pRViGEs kg‘fﬁdd%m"fofmﬁx'es M&?h&m Ry ket
val ue commensurate with their Btu content, and also generat®e a [arge anount
of pol I ut antgroduakemef methanesearbeor dasideghgseois anddiouicchydnocadvans and

generation. other valuable products from coal, using coal separation, solubilization,

pretreatment and conversion via efficient, high-rate anaerobic fermentation.
15
BACKGROUND OF THE INVENTION

Anaerobic digestion is a well-known process used to obtain usable
methane gas and other useful products from manure, waste sludge and other
predominantly organic materials. Organic}materials provide the substrate for

20  anaerobic fermentation or biodegradation, and may be comprised of a wide
range of organic carbon sources, such as plants and crop wastes, sewage
sludge, and other refuse. Anaerobic digestion is a fermentation or
biodegradation process that breaks down or degrades these carbonaceous
materials to produce gases, such as methane and carbon dioxide. Anaerobic

25  digestion utilizes consortia of microorganisms to degrade and then convert the
carbonaceous material to produce gases, under certain pressure, temperature

and other environmental conditions.



10 A nunber of different coal conversion technol ogi es that enpl oy
thermal and/or chem cal processes have been in commercial use for many
year s butwoOhes@7predcesses convert coal to gases and chemrcraisgomnaasi hi gh
pressures and tenperatures with high capital and operating costs,

relatively low 1 ficl J ragi g ficant
anounts of car bo?%%@%@eg 'ﬁée °§é§g§ég %’ﬂﬁ)sngﬁgﬁsg; gﬁgl g‘%s&sﬁ”%qu‘if@

| arge amountmod th&d éralfi of thie RSO0RSS igvidve-rank icbalacbal 3§ raeaemrbbahemt be
di sposed of safely. The present invention solves these problens

process of 2Dalsrist Mrteganisisis of C@&FP”t'%yq{ﬁ%”cq?’@/é}?é‘rﬁﬁmgﬁmg?%fﬁﬂﬁé’taﬁﬂ
other useful,prodidClig,d @ o%%%ﬁ@ﬁ%ftg&ls}é?@é%’% BxFo*é%SSf EQ&I&Ve&ﬁaBéﬁ% to

effectively utilize a foss I” Tuel resource erw s e“wast ed or
not used5 arslifuo, mmaﬂya:t somwhegyy mmalshmcraa*samemmw riotorthe atmosmmre with

hi gh effi t bi ¢ b f |
Capi tal and G8AlopRPRR NG Girrecaldnaie it PRRAoR) i ssiirie] SReues ang

produces ”Uq_fbvl/ L8k Qéﬁ%oh'évé‘mﬁ%é}ﬂét @Qﬂnesé%mﬁwé’f%ﬁﬁ% whRltESir WYer@: THE
| NVENTI ON 3 In one aspect, the gresent invention relates to a

process for mal@tge@re@a l@bgesamaunh@ pokutaaise Makingtheir ugsdnereagingdict s,

conpri si ng: eat coal liquid that solubilizes at |east a
portion of t‘i{g‘%ﬁéﬁ‘ #0\/\% PF@?%%@PCT/ US2010/ 003131 (b) treating at |east
a portiqg of the product of step (a) with a hydrolytic mcrobial organism

to produce a product cont ai ni ng fattl%/ aci ds, (c) treating at |east a
liquid portion of K‘HE‘Wdﬁlﬂiﬁe"ﬁﬂbﬁPé V%'Owtgﬁh%moa'ﬁééhébﬁ?'@mﬁ)@h@m’m

popul ati on thad,BERGHRIF HroEedREh AR BEGH Y SonnBFdislUie R hahPyBErdTBLIaNE

these processes convert coal to gases and chemicals under high pressures
and temperatures with high capital and operating costs, relatively low
15 thermodynamic efficiency, and generation of significant amounts of carbon
dioxide and other gaseous emissions, and also require large amounts of

water in the process with solid waste streams that must be disposed of safely.

The present invention solves these problems by a process of

20  bioconversion of coal to much cleaner-burning methane and other useful

products to increase the supply of these energy resources, to effectively

utilize a fossil fuel resource that may otherwise be wasted or not used, and to

employ technology that has a low environmental impact with high efficiency.

Consequently, anaerobic bioconversion of coal has lower capital and

25 operating costs, has higher thermodynamic efficiencies, and produces much
less g'aseous emissions and solid wastes.

BRIEF SUMMARY OF THE INVENTION
30
In one aspect, the present invention relates to a process for converting
coal ex situ into methane and other useful products, comprising:
(a) treating coal with a liquid that solubilizes at least a portion of the

coal,



t hereby converting coal ex situ. In preferred enbodi nents, steps (a),
(b) and (c) of the above process are perforned separately, e.g., in

di ff er entwoess@l7s16310 I n anot her enbodi nent, the eocaluseE®M03181 St ep
(a) is pulverized coal, preferably coal that has been treated to renove at

| east a portion of non-co urities. . 15ln St i Of
t he above pr oces@)éfﬁ%‘rﬂigsésleagpa portion f) gh @%ﬁ%ﬁgpg%gi (%Q{' i n@grélg?l?,o
such as sodi um hydngxisifacsrgapists 36 bfbdl)ﬁér@ rétuct containing fétty)actdseati ng at

| east a portion of the product from ( an organic acid (%
carboxyl i ¢ aci d){ a)ftrammlgoamle@aY adiquig @ﬁﬁ'O@rOfathSé?ff’gPﬁt beystegr ﬂ‘ﬂg\ #or

e N e e

coal, and portion o product from (ii)
W th hydgogen peroxj 9ﬁ>dUEt bbﬁtafmnﬁgeﬁemaaé i ron. In a preferred
enbodi nent, the liquid in step preferably in (ii), 25 contains acetic
acid and/or a sathef@iﬂvé§f‘é‘?"t'69 Cé%?é??(é’élm d or contains benzotc acid and/or
a salt or ester of benzoic acid. In one enbodi nent of the aforenentioned
process, the product fromstep (a) treated in step 83 is aliquid .portion
obt ai ned from (i |n breférredrmhbedlnw\tenbta@lsn(amt(tl)hmds oft the MyNGDPIRGESS
organi sm of step I ncl udq?s an acet I n anot her enbodi nent, the

li quid of s?Efbpﬁé?rm%d geparajel; Lk '@c‘f‘ﬂﬁrwéfﬁ?%ﬁ%nat i ¢ hydrocar bons,

pref er a%y phenant hrene, chrysene, fluoranthene and
in another embodiment, the coal used in step (a) is pulverized coal,
preferably coal that has been treated to remove at least a portion of non-coal

impurities.

15 in one embodiment, step (a) of the above process comprises:
(i) treating coal with an alkali, such as sodium hydroxide or potassium
hydroxide,
(ii) treating at least a portion of the product from (i) with an organic acid
(e.g., a carboxylic acid) of up to 4 carbon atoms or a benzoic acid, or a salt or
20 ester of any of these acids, to solubilize at least a portion of the coal, and
(ii)) treating at least a portion of the product from (i) with hydrogen

peroxide in the presence of iron.

In a preferred embodiment, the liquid in step (a), preferably in (i),
25  contains acetic acid and/or a salt or ester of acetic acid or contains benzoic

acid and/or a salt or ester of benzoic acid.

In one embodiment of the aforementioned process, the product from
step (a) treated in step (b) is a liquid portion obtained from (iii). In another
30 embodiment thereof, the hydrolytic organism of step (b) includes an acetogen.

In another embodiment, the liquid of step (a) is a solvent selected from

aromatic hydrocarbons, preferably phenanthrene, chrysene, fluoranthene and



WO 2011/ 075163PCT/ US2010/ 003131 pyrene, nitrogenous ring aromatics
(preferably acridine or carbazole), anthracene, fluorine, catechol (or

pyr ocat ecWol2p11/ossesot e and heavy oils. 5BRI EF DESCRI PTPONUSE0 101683 1BRAW NGS
Figure 1 is a diagramoutlining an exenplary process of a systemfor coal

bi oconversion. In the diagram. a coal grinder_is represented b he | ygon
nunbered (1A &gy ApGeERNS tied oararapfics (NEBIFraBS HATRG EbabamRERIe 10
non- coal matAithalcenkeSHLEME Réasbl yr bidcahepNcridsbes 8Ad hehvy g, or nore
chem cal pretreatnent vessels are represented by the polygon nunbered (3);
a hydrolysis reactor is represented by the pol ygon nunbered (4); a buffer
tank is represented by the pol ygon nunbered (5); and a biogasification
reactor is represented by the polygon nunbered (6). 15 Figure 2 is a
di agram outlining an exenplary process of a system for coal bioconversion.
In this 8iagram a coal BRIEHDESERIRIHINQFITHE RIRAWINGSnbered (8); a
gravity separation device used to separate coal fromnon-coal materials is
represented by the polygon nunbered (9); chemi cal r- 20 pretreatnent _
vessel s are repr esigoted i9Ya thgyrael yging ansEetblaAObroceskasti 4 Gykainh @or | i ne
connecting the chem cal pretreatnent vessels is represented by the dotted

| i ne nunber &@3a( LIgcOMiedsignNy dn sthee SIAFARN, a3 Cqa T tisdrwesﬁ@tqﬁolbygm)

nmb d (12), f o r - r ;a
b1 ogasi 11 caroydrbarBered Uy, abralhy SEARRRn ey 8o Y RBRBIT LGRS
recircullat i oon-taat miatmiadmisnmptrésg\tebdad)btbrmgaﬁlygbnatdnghstlar!eela(@;omé @rgﬂ@rleg;

hydr ol ysi s . t ' resente the dotte I ne nunbere ;a
Sol i ds separREANCHPTPURRITERt MFSS)S A1 BPYBSRNRDLINRIPPHEPD NTPRETI Lent
exiting the | d ' . j om
The ol s Somd SN SRERBIS BRI B o PR RN OYisf ) 9 plteLarid
30pr ocessor i$ sepresestashbydhapolygml pyobefed)5); amtl a biegasificatin wradtoois | i ne
'S repr esentrsgre%%nEe%ebg %et Sglylgbﬂenu%%netz)reerde(%).( 20) -
15

Figure 2 is a diagram outlining an exemplary process of a system for
coal bioconversion. In this diagram, a coal grinder is shown as the polygon
numbered (8), a gravity separation device used to separate coal from non-
coal materials is represented by the polygon numbered (9); chemical

20 pretreatment vessels are represented by the polygons npumbered (10); a
recirculation line connecting the chemical pretreatment vessels is represented
by the dotted line numbered (11); hydrolysis reactors are represented by the
polygons numbered (12); a buffer tank is represented by the polygon
numbered (13); a biogasification reactbr is represented by the polygon

25 numbered (14); a recirculation flow line connecting the biogasification reactor
to one or more hydrolysis reactors is represented by the dotted line numbered
(15); a solids separator is represented by a polygon numbered (16); solids
effluent exiting the solids separator is represented by an arrow (17); fluids
from the solids separator is represented by a dotted line (18); a fluids

30 processor is represented as a polygon (19); and a recirculation flow line is
represented by the dotted line numbered (20).
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Figure 6 is a plot of percent of total organic acid present in the
hydrolysis reactor of the COMCAPS system.

Figure 7 is a plot of percent of remaining dissolved coal carbon in the
hydrolysis reactor of the COMCAPS system.

DEFINITIONS

As used herein, the phrase "converting coal" refers to the chemical
and/or physical conversion of coal into methane and other products useful in
energy generation. As used herein, the term "bioconversion" refers to the
conversion of carbonaceous molecules (such as those in a carbon-bearing
formation, for example, coal, into methane and other useful gases and liquid
products, preferably by indigenous or non-indigenous microbes, or such
conversion of coal that has been removed from such a formation prior to
treatment. Such bioconversion may be stimulated to occur by the application
of electricity from a chemical or physical source.

As used herein, the term “solubilizing” or “solubilized” when used with
reference to coal” means that after treatment with the salt or ester of acetic
acid, the solid content of the coal has been reduced. Without limiting the
foregoing and/or limiting the invention, it is believed that such reduction in

has
on

or



reference to coal" neans that after treatnent with the salt or ester of
acetic acid, the solid content of the coal has been reduced. Wthout
limting wbeofiarewei ng and/ or limting the invention, itw®crashebioesed that
such reduction in WO 2011/ 075163PCT/ US2010/ 003131 solid content is

hi db t he breaki t he coal tr sul t in
chom cal bt SRUACHRIEN Fora i chBY: Hb theapreakipop! (Banscireats i mbis
nol ding. cat BagLIaY 55 SHbAREAISEak B, of 1Bk BFithé €85l aall (i1EIca0Rlo BRY

i nvol ve one or em cal break- e coal an /or cl eaV| ng of
5 bonds. bondadhaldied daebem dayetraéoge&hler "thigd, 'the sbbrtilizadioa afdharcalal deayk

brown to bl ack ,carbon-bearin hlt i mat er as . a fuel, fornmed
From fossi | IBGIVGERRE HRte &8 AP ReT tredkaPRhob et e fiofclebmef

or ganl c gnd p@@e. | norgani ¢ conpounds. 10 The terns "biogasification”
and "met hanogenesi s" are used herein essentially interchangeably. As used

herein, the term"acetate" refers to the salt that one or nore of 15 the
hydr ogen atoms ofAsHeed beseingthe e el eteless ne natunabdark Rtqwn 4o Hlagkhe

base, resul tgrd RoarfeAHATL RO ALY a8 AeQRHINCTRRAA iG] Whdifzed .

CH3C00-. I n  accor ance e |nve Ion, said sa s or esters aceti
acid nmay or phentsrerid keengistieg ofi atmovgti@rs cbrbamwntprﬁrmusedrgmbocbmbsbmet he
salts or esters of acetic acid are used in adm xture with water. It is to
be 20 appr ed1B80'GFHULP such acetate salts are enpl oyed using a water
sol vent jpsonme acetic acid may or will be formed (depending on the final pH)
and will participate in the solubilization process. For purposes of the

i nvention, 'a sinifeatees i iagasifidationd &rd Umithsnogeneadier ara gsed hufreiny

ot her carboxylic,.aci.d h benzoic acid, is used for |ike purposes.
25As used h g?w,'aa}ﬁlﬁgtetrgbjﬁqg%sbc%‘atl c al cohol means an organi ¢ conpound

having the formula ROH, wherein Ris a substltuted or unsubstituted

aromatic group, which the aromatic grou be a nonocyclic ring or a
fused ring. |n of esAsbheraint thettgemapsaate’ er@WQtR%S@MH%BQ?lQFJP@@ ofi n

anot her 1 em gl {ERogeR ARnUBFLELHE §8id ik TePMee by BhE *F'mbre cations of the

base, resulting in a compound containing the negative organic ion of
CchOO-. In accordance with the invention, said salts or esters of acetic acid
may or may not be mixed with water. In one preferred embodiment, the salts
or esters of acetic acid are used in admixture with water. It is to be
20 appreciated that when such acetate salts are employed using a water solvent,
some acetic acid may or will be formed (depending on the final pH) and will
participate in the solubilization process. For purposes of the invention, a
similar definition is to be understood where a salt of any other carboxylic acid,

such as benzoic acid, is used for like purposes.

25 As used herein, the term “aromatic alcohol” means an organic
compound having the formula ROH, wherein R is a substituted or
unsubstituted aromatic group, which the aromatic group may be a monocyclib
rng or a fused ring. In one embodiment, the aromatic group R is
unsubstituted. In another embodiment, R is substituted with one or more of a

30 hydrocarbon group and/or an ~OH group(s). In some embodiments, the —OH
is present on the aromatic ring, or is present in a substituent of said ring or
both.



30 hydrocarbon group and/or an -OH group(s). In sone enbodinents, the -OH
is present on the aromatic ring, or is present in a substituent of said

ring or bwohoyom&e2011/ 075163PCT/ US2010/ 003131 Apcudasdoto®oasn, the
term "cycl oal i phati c al cohol™ neans an organi ¢ conpound having the formul a

R10H, wherein Rl jnclude .sufst i ed. or bstituted cycloaliphatic
group. In one entﬁ%%iq“ﬁéﬁt ;ﬁe'f%@ ?l?oé%ﬁ u&M‘(rg'°8bjfgﬁ 'W%Q?oﬁlgaé‘ﬁ ﬁﬂr‘grggp'c-m
and or an aldophgdurel MadingC eeb eovm iita eR D He dviferefty Romicidfest acsubstiltetisor

i nclude, but are not limted to, cyclopropanols, cyclobutanols,

cycl opent andinsubgjigtesh exelpalichatignaraupe 1o g8t embpgiment, thevsubsidienka@up, the
phrase "m croh Yo GABSEE WA of ElRYSadd o é‘ﬁ%[l@'ﬂbﬁ& @Hr&b’ér%oépr e s
assenbl age) cohtaining 2 or nore species or strarns of mcrobes, éespecially
one in wli cltyemaipbphici alsobolsstinalude beimglf idre hodniriedt év,aadyiciopropadolshe

ot her(s). used herein, the follow ng abbyreviations have the

"hl ot i mEHAIMRGENAS. QTGRS sYonSRere s YA RBARL | e | Hi,
hydraulic retention tine; VFA, volatile fatty acid; AE, acid ester. 15 WO
2011/ 075163PCT/ U244 PleRdin L tHéphtade > tafepSiial EbRObfam Hefé MM Irkirobial

I n one aspect, the present invention relates to a nethod of bioconversion
of coal to reitHEMEOr PatuTah agsexbirge)grntaining 2/ ar waolee spaciesusr sBaingdof

reduct i o, 05T SRSBACHS BB DEFER seEh SR¥eRch Sirfifchetetfs Trahy
mul tistage amaeaciivinowitietiveothairson. The present invention
provi des nmethods for converting coal ex situ,

As used herein, the following abbreviations have the indicated
meaning: VS, volatile solids; SRT, solid retention time; HRT, hydraulic
retention time; VFA, volatile fatty acid; AE, acid ester.

15



10conpri si ng: (a) treating coal with a liquid, preferably acetic
acid and/or a salt or ester of acetic acid, that solubilizes at |east a
portion oVotha/wesb, (b) treating at |east a porCirars2ab/oviigl pr oduct
of step (a) with a hydrolytic mcrobial population to produce a product

broduct from step (b BEFAGESTEESRTRTIONTIE HE MEENRERL  ho: “ener at es
nmet hane to produce a product containing nethane thereby converting coal ex

situ. 20 In one enbodinment, step (a) of the above process conprises:
(i) treating coallnwiane aasraAcdtal the querenls isvantign higlatesi de & methedi ah

hydr oxi de, : (1) ' tJ om
() i th an tipeenvessighidropg! §imeliar o dfbr driofer LARRRIEHECod O
or a bengoi amciiduidoproduins tinos rAGktisstep pfocasy thkat trhageinakidés patiticle size
solubilize at |least a portion_of the coal '

.. flnd . |’iﬁgatreac§]in .at
| east a por tEEHCHAN. (3ePa5ALRILSf NEPAal imﬁteﬁ\?%%f%b%céﬁ I$1canch Myt-
presence of ité%;a %l‘db@cfé?ﬁ)e@ﬁgﬁcfn order of steps is a preferred enbodi nent,
30 efbod e coal

i n ot her Iments t may be treated with the solvents of (i),
(it) or (iii) in any order or conbination to facilitate coal solubilization

B P I et BRSBTS ok o ™
10 comprising:
(a) treating coal with a liquid, preferably acetic acid and/or a salt or
ester of acetic acid, that solubilizes at least a portion of the coal,
(b) treating at least a portion of the product of step (a) with a hydrolytic
microbial population to produce a product containing fatty acids,
15 (c) treating at least a liquid portion of the product from step (b) with an
anaerobic microbial population that generates methane to produce a product
containing methane

thereby converting coal ex situ.

20  In one embodiment, step (a) of the above process comprises:
(i) treating coal with an alkali, such as sodium hydroxide or potassium
hydroxide,
(W) treating at least a portion of the product from (i) with an organic acid
(e.g., a carboxylic acid) of up to 4 carbon atoms or a benzoic acid, or a salt or
25 ester of any of these acids, to solubilize at least a portion of the coal, and
(iii) treating at least a portion of the product from (ii) with hydrogen
peroxide in the presence of iron.

While the above order of steps is a preferred embodiment, in other
30  embodiments the coal may be treated with the solvents of (i), (ii) or (iii) in any
order or combination to facilitate coal solubilization and a specific order is not

necessitated by the methods of the invention. In addition, such solvents may



be used separately or in any conbination to achieve solubilization of coal,
sone of which solvents may not be required at all. In one exanple of the
met hod( s)wofotimgsieaventi on, the liquid of step (a) 5 i ecausedvonii3sel ected
fromaromati c hydrocarbons, creosote and heavy oils. In preferred

enbodi ment s gdessedfl seddratcip! (A i rocarbon preferably one
or nore of phenanthre‘%e, é&ﬁr@@@@ﬁf‘?’%@éﬁ@ﬁé %%ge\ﬁ,.sgﬁﬁ?”%%ppogf;ﬁ%ﬁ
ring aromat i ¥mNe dhwiictt eolgenfsl mayinue beaeduirati@tnl . Such ni trogenous ring
aromatic is preferably acridine or carbazole. 10l n another exanple, the

liquid of step (a) is selected froman alkali, a carboxylic acid, a salt of
a carboxylic acid, an ester of a carboxylic acid, and a peroxide. Wen said
liquid is an al kahigne exampfe of tieahiethodie) of @i eptioNafld lidiGH st i S
base. In one exa(ri]{l)l & th§ Iig:trji dis a Cl-C4 carboxylic acid, car bso%:f?)ém
acid is Bcet? @ SVeNt splected fEam arematis hysireearhpns. ergiogots and hesvgilsf I 15
Cl- C4 car boxytbfetrerC ictnbddinies ' , LA LLauld ] cetic acid or a
salt or est)g of acetic acid, gﬂrﬁg%gdfggﬁ%oﬁéﬁggtl dé %r:) %‘Joi%ﬁ C” Sydrgaspopy
benzoi ¢ aci dPref@edly aiedor mpiedfi ghenanthrecied ehryisenkes flnoefntiend winbysiregen

eroxi de, faqr e, .hydrogen,.peroxide in th resence of iron. 20ln a
hono 1 imti né"“té‘?ﬁ%.‘gélsneﬁi BRTRIES: i%{tjﬂ@e@ﬁ cluBne: anshpeatechpks Sucht he
range O to wﬁi@ermsfmmabmmétﬂﬂ@%r@w"al%/ &ridind'Br t8rzldfe nore preferably

n a

at a tenperature of 10 to 200C non-limting enbodi nent, the
to 12, preferably 3 to 11, nore

treating,is effe a pHin the range, 2 :
preferag?y 5to %’ea(iivgﬂiert 'T'P%e,th%r“q ob 8iepe(ay b ejestad iframaan alkali, a
al kal i ne r asgeoxylicAcRS alsdiPofa carthék i ' . range_8.to 13,
or 9 to 12 or 10 to 11 TN ayﬁgrﬂq’%r‘:?ﬁ%fé’? odéhr’réﬂﬁ',c 8 2Ty ng
i s ef f ect edPEIOXES 0Hen sriddiquickis an mikaliiinig, preferaplycorié or proreesSRSOH,
at nospheric ric . pressure or bel ow at nospheric
pressure. F§§ﬁ§%FE@ﬁ¥§%ﬁb£ﬁ)§§aw $ %865’%1"! $ Pngéﬁv“u_,caétmew_"a@cadw a
wel |, the pradouykc asidtibacptieseit, @ $4Ie¥AEIGNC 4 farbBRyIRERAS i dr o edidr BPa
el evat eld5 Prggsyge det erm neéj by controlling _
-C4 carboxylic acid. In” one embodiment, said liquid is acetic acid or a salt
or ester of acetic acid, or is benzoic acid, or a salt or ester of benzoic acid.
When said liquid is a peroxide, it is preferably hydrogen peroxide, for

example, hydrogen peroxide in the presence of iron.

20 In a non-limiting embaddiment, the treating is effected at temperatures in
the range 0 to 300°C, preferably temperatures of 0 up to 200°C, more
preferably at a temperature of 10 to 200°C.

Iin a non-limiting embodiment, the treating is effected at a pH in the

range 2 to 12, preferably 3 to 11, more preferably 5 to 10, and the like, or may

25 lie solely in the acid or alkaline range, suchas 1t0 6, 2to 5, or3to 4, orin
the range 8 to 13, or 9 to 12, or 10 to 11.

In a non-limiting embodiment, the treating is effected at selected
pressures, including, in specific processes, atmospheric pressure, above
atmospheric pressure or below atmospheric  pressure. For example, in

30 treating coal deposits in situ, such as in a well, the pressure is the pressure

prevailing in the deposit or is an elevated pressure determined by controlling



WO 2011/ 075163PCT/ US2010/ 003131 the pressure at which liquid is introduced
into the well. In specific exanples of the nethods of the invention,
t he |i quiwousad7sre3step (a) is one or nore of acetic acipdl/ts2@alon3ief acetic
acid (i.e., an acetate) or an ester of acetic acid 5Preferred salts or

eyl acet atte PRPT i Baulddh iRy R b ek VT Ater ot e, i sobut

acetate, anyl acetate, isoanyl acetate, hexyl acetate heptyl acet at e,
octyl acetate, ndnapecifacetahplesdsfaie raetlftoaisenf thedregnticrs ehatiquid mafqlln
acetate, tridecyl acetate, r| styl ce ate, nt adecy|  acetate, )yor

acetate, 16@RRLERAA ORI tcé acgtig , 88l éceﬂ%ﬁ‘étﬂle 1.€acN é‘P@ta ¢

hexacosyl acg&digr oféb ?é'ﬁ acet ate, benzyl acetate, bornyl acetate,
i sobornyl acetate and cycl ohexyl acetate. A like range of salts or

esters may be used in the nethods of the invention where the acid is
benzoi ¢ &cid, or Ruefercethenitsarbestets of acetc apltttrwmﬂ%it areemq:tchrattedj loso

L e SOl Sckbiss ) b, b Sod BT EAE B i o

of step (a) dcetatesRlovan ,acetatéotamnbaetaﬂéet‘suémynat:a@téIﬁ@tyu @@etahe RESIOESS
of the invention, such as aromatic hydrocarbons, creosote and/or heavy

oils. The pra@ﬁéameecta{i gratate, wanydra@eéa@oﬁ@cvlrﬁqata@ ynéﬁayitaﬁeéw@ lauryl
chrysene, lé%tatgagtgqbgzyt%@epé{ Tis C;Jat iceta 0?5 n'iéc%’c §ety %Eegaffé‘”p' &

acridine and cat as we pyT ate are

sui t abl é0as heptadedyt acetbfee steacdsaestadé, tbledaen;awalmetaile me:as}/lcaacetatda asf
ant hracene and quoren nay al sp be used. seful solvent includes any o
the foregoi oo ecria. el asetiieer eyl yrcesates BabREY o on,
t her eof . gcl%hékylré‘c%tﬁt%“ usefully be dissolved in a carrier liquid, for
exanpl e, avy oil (such a m xture being no nore than about 5%to 10% of
t he di ssol ved sol vent) Such sol vents are nost useful when heated to
temperatures in tAnélkeaﬁ@g\Qeoﬂf 8@”66”4@8@"5 pnay éa%blsydsm\ the BoetCodamfethe

r ef er abl n e 3 5
'Fl)'errper at u?/es | éﬁ)gr Bﬁ% ‘%b%ﬂ@%&g% étﬁgs%r %’E‘P(/g §Wh|c é)c'?lt Rgtead
enbodi mept , of hecdtigwaid,okostien (& éa&n@ Regee it sObstﬁtQéNtenbs,salts and/or

benzoates could be utilized as recited above for acetates.

In one embodiment, the liquid of step (a) is a solvent, or solvents,
useful in facilitating the process of the invention, such as aromatic
hydrocarbons, creosote and/or heavy oils. The preferred aromatic

20  hydrocarbons include phenanthrene, chrysene, fluoranthene and pyrene,
Nitrogenous ring aromatics, for example, acridine and carbazole, as well as
catechol (or pyrocatechol), are also suitable as solvents in the processes of
the invention. Aromatics such as anthracene and fluorene may also be used.
A useful solvent includes any of the foregoing, as well as mixtures, preferably

25 a eutectic composition, thereof. Such mixtures can usefully be dissolved in a
carrier liquid, for example, a heavy oil (such a mixture being no more than
about 5% to 10% of the dissolved solvent). Such solvents are most useful
when heated to temperatures in the range of 80 to 400°C, preferably 80 to
300°C, more preferably 100 to 250 °C, and most preferably at least about

30 150°C. Temperatures higher than about 400°C are less advantageous.

In one embodiment, the liquid of step (a) is a solvent, or solvents,

10



WO 2011/ 075163PCT/ US2010/ 003131 i ncl udes a phosphite ester. An ester of
phosphite is a type of chem cal conpound with the general structure P(OR)3.
Phosphi t ewebarEswan be consi dered as esters of phosphororasaciodp3iBiBP03. A
si npl e phosphite ester is trimethyl phosphite, P(OCH3)3. Phosphate esters

can be consi; ters 5 phosphoric.acid. , Since orthophosphori

aci d has thr"ggaa%—(a%rpgﬁﬁg,hﬁ?t e%tfgﬁ. Zﬁ}%ﬁfﬁfysmﬁ}?%ng? Bwd, YEHe IOEr ”&'Icéghol
mol ecul es t @ohsourd Wtto-thedigeneedi strueirer P(ORINOPhobshitd dsterd dan ay
particular mechanism it is likely that the chem cal conpounds i ncluding

esters of plkeepidered anestersfritaspharoumaeidotsP @seAtsémpls phosplpiteoestsr isor a

t hi oaci d es &{%cm% I WS¢ a i I o) rus
and an al cotktl'gtfq,emalr' a >l<tl’1r Oo 33?1' %@@&aﬁ%Je%%é)r%h%@pﬁ%%%@%giﬁgé%%@a%gg ol ,
or a ni x6ur of ghosphbiioacid Sihcewimphosphernd agitl hhs dhrde dDH greripsc itagind
and/or a salt or, ester of acetic, aci (é,!ﬁqr’&gct wi th carbon-bearing nmopl ecul es

to break calSBHTBINYS R HUP: (HetHee RRECHRP 19 dPEReh Menes WinsOk o
these car bowribgar iianoT! BSMGSSourPbl f&%gﬁ‘ﬁ%ﬂié’ﬂ:lsl' ﬁweé%h%ﬁi%rﬁ,nﬁgs ﬂﬁelgqﬁéi fife

carbon-bearing nol ecul es, slich as carbon nonoxi carbon di oxrde and
vol ati | e fatchgmaealdeomphliods aneluding wstensoot phosphit eand diicspbatesr si @m by
met hanogeni ¢ i cr.obi.al sortia to nerhane and other useful hydrocarbons.
I n one no_n-%ﬁ%?'pnﬁtg&gﬁ%ﬁ&w?ﬂ@% L& fchﬁa"B? &i’g%rtgp’ﬁ"r‘% HSf P%ﬁl’?‘@‘i‘_gﬁ on
of coal 10 t lbf e ok Bd i@ BICHItbIPHBRGS hrRISBRTaledhal0 oP RO FIIRFE Df Un thiBatidi gRCi d
ester of phosphorus, or the m xture of an oxoacid of phosphorus and an

al cohol , or PhREPheRSLARD 8N ACPRplo &t iadmixtuph e pHibiaaciiefl phesphenisoand an
o o o % o oai sl
or ot 225  BIHCP BRESEAE BPLABIEH PULE AL SRR Al dcl, Pt SRR

formation to star I 1 ncrease produ )t her

usef ul prodbeasng 2molecuies todbreatk chebam\bmidisowithlre thenvericeiidd YareREdded
out ex situ (where cargg?ﬂaceou material, such as coal, is first renpved

froma for mayimgenpaleeHes 1eal _ ean%’QPa'rtPﬂffF’@ MRleaiehotn therebyeyield a
i nventi @), raHgdyf ﬁﬁ%n@tdé?r‘%ﬁ%é ndiddutes, RALRMs é\g}boﬁ’rﬁﬁgﬁﬁﬁé: ?%\tg'oﬁh IS

hereby incorporate y reference, €ach incorporating a ne
i nventi on. S@Ride pard evelatiley datty oacidsf owbishnaner ouduadvmotegasenable ttbe

t. F | the i t.| ] t | into hyd
et hane.  caPBRRNUPSITH YA RePtBRREPCTIS) TUHPRI) GATSORE (et Piied as
a clean fuelséfl h)\§o2abbn873h63ReThbRAIAAG OSiathplee afien Jea BRI preg0&Eat | ON

and transportation. The systemutilizes preprocessing steps including
particle si PEOqusgdctiiasn aerrctiost wefi 1Idoght weh phet indeduead ozosnidaresterarf

Dhysi car? anAMSRRTIES Hrifle dadid BEreh ¥R bHoSpROR, W tbe SRS, dick, ol B
esters prodotphosphatemndoan atcatol asr thid, mixtineesioa tiieacidosidsedsphioriys and

nutrients and bko&hem’ cal oxygen demand, collected fromdifferent

hydrol ysi s FBaB8pg" a?FHT‘H%‘?/% R BEMANPENG BisHITIBgIR Gsartive fatthg aci d

and ester | ggteR@neahFothhton f@g@r??ﬁﬂJcﬁ ,tdr‘?rﬁ‘cr%'é@@p%dv%ﬂﬁr?oﬁ%thbhéat' on

process provides for greater and nore consistent gas yrelds, such as a nuch
and other useful products.

25 The methods of the invention are conveniently carried out ex situ
(where carbonaceous material, such as coal, is first removed from a formation
and then treated according to the methods of the invention), or by methods

described in U.S. Patent No. 3,990,513, which is hereby incorporated bS/

reference, each incorporating a method of the invention.

30 The present invention affords numerous advantages over the art. For
example, the inventive process converts coal into hydrogen, methane, carbon

dioxide and other valuable products that can be utilized as a clean fuel for
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10 greater concentration of methane and reduced concentrati on of carbon
di oxi de, because the bacteria in the biogasification reactor are able to
nor e ef fiwoentllyyswBocess a consi stent flow of volatil e fPartus2@oioos=3and
esters into the reactor. The systemis al so designed to naxim ze and

optim ze the use of the hydrolysis reagtor volune in order to achieve very
hi gh conver?]e@zmgffﬁ’%\?’%rncdjlenféa% ntﬂrégcﬁ'gp§p? at{o& rrg—p‘Sf SM%%H@&% pre-
production miabesssg | steps PBRIdiRY FarticRPeIAL irBguest Sandl RRIWIRARRR Prabl es

hydrogen gas produced in the hydrolysis reactor and the buffer tank to be
used in t he tigadgest itpcenhancer aadt aecelarate dpiogorversion. Ailkffaratank is alsdi ng

hi gher conve[si aL es. T t 1t | S t at es
the bi oconvalDren BreadiibBe TR FE ReFIF.pioterfis i oPeoetfe AW
formati ops tagidetamnecihdesieReprodaeted inydtecabhosachyasr gt i tegngaiature,
subterranean formation with a solution containing at | east one of an

oxoaci d est &PNGHCHEYs pRBIgatrand ¢ Ricshemicalscxyaen gavapdor crllectet BeMor e
cyclic and/ g 1 ; . . 4@r ] : ds
of “cher cal “iTERl BROOIRIE RbiDrs, BN (RBFI0R! o FRof 10 or 28 P SR
car boxyl i ¢ a&cidlandeaster adling sateoixyd ithe didghsificadionsreatctara Mhesx ghjuidibeaticshs
oxoaci ds of phosphorus, salts of oxoacids of phosphorus, vitam ns

M noral s, mPRErere Biides e cipder Zd ot eOaxBfERt as vields, sudl g muivent s
i ncl ude1phe grohteP doE deiradionC oF t Rleth &t AR rceRBBQUBEScertFdtidh Y ea/dRr
more aromatic al cohols and/or cyclic aliphatic 30 al cohols or m xtures of
aromat i ¢ and@iotdeykecaussl thehbaeteriano thiexbigpasifioatiomeeastonare able tarere

| cohol . ) . C I . ) . and ,
that can ragithisifbldbets o Baby St aRIP ol e B EBi TN RpferS i ine "
2011/ 075163 Red¢toSZHDEP8ABIE Algs gesipidibiaraningize recoptifizenthe wwbf e
conpounds that may in turn be nore readily bioconverted into nethane and

Y, : .
ot her usef ul"YA{RIYYE 4PBEtRT yPBHDR R orfigr P achigvgomrydugh rgnvensien eHiseney
formati gn, t SC : LLi [eralge]s o :
met abol ?ged%E}ﬁﬁeﬁén'gg%ﬁ'ﬁga%foﬁs%@?gpQ'ﬁ‘% @ggﬁ\%r?tréekggt%tslﬁet a‘%@'taa#\g ngt her
usef ul hydr opardtongs.costs. Thel rpracess danaklewi hiydoogere ndasdi preducedl ihethe
invention, cogl is treated to solubilize at |east rtion of. the coal as
ner of nabove THBEYSTB ARG fan fhe Bultit tarficibe uBER in TS BirseRficRlion eacRRl ©o
a product thal dtRESaeRs high RAGCyBRANG highdiRonVardish rdb8 ¥ pidthahe. Ssuch a
process, the bioconversion is etfected1n 10 conjunction with such treating
or at |least a portion of Eroduc_t fromsuch treating may then be subjected
t o bi oconver si on e PiesEOE EVENHPBRIS® comigmplates thss binsonsaesion of car coal

sol ubi | bgat 8,5y Shem: Rl R REREAEaA URRLLATS R STERY ahRCaRP s coa!
commi nution to produce coal particlés in a speciftied size Fange,” a, coal
inpurities &gparcatrbams ubyt treatingi thd s subtsatanzzn tfonkatioat witasa ebkition
hydrol ysi s reactaor, buf fer tgnk, and . a biogasification reactor. In the

system coaPOP?'@B%ﬁ%r{%@%ooQﬁo PEUPARH £SI§Iei RhQSPNOAYS PERethigacid estRle
that “enabl egf Bhe§p s a6Re ¥r FRofePEy el aHU/bt fh Al BlcBhblsE A
gravity separ gt I g% from non-rcoal pYart iégﬁies. %eggbr glﬁgbcsggh@gﬁet iocﬂgosreare
t r ansf er r edother chemical compounds or chemical entities selected from the group
25  consisting of: hydrogen, carboxylic acids, esters of carboxylic acids, salts of
carboxylic acids, oxoacids of phosphorus, salts of oxoacids of phosphorus,

vitamins, minerals, mineral salts, metals, and yeast extracts.

Such embodiments include the introduction of certain chemical
compounds including one or more aromatic alcohols and/or cyclic aliphatic

30 alcohols or mixtures of aromatic and/or cyclic alcohols, and mixtures of one
or more aromatic alcohols and/or cyclic aliphatic alcohols, hydroxides,

peroxides and iron, that can rapidly and efficiently break down or solubilize
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20 to a coal separation unit, where the non-coal particles are renoved by
specific gravity differentiation. The coal particles are then transferred

t o sol ubiwDzativosiesr eat nrent tanks, where chem cal s are aduam24aloan3izi
solubilize the coal to a predomnantly liquid form having a conposition of

nostly smal | Sj r lecul es. The sol ubilized coal. i;s then
transferred '?quFo&%’ﬁgnégéﬁ@%(‘g@gSP@sr'@g%tsmﬁ"eMé’Pg"?‘{“435 61#688%\)@%@?1 t)ient o]
vol atil e fattoreackddilansioeshesrtedlinasi thethariee sl ubther vaseful | Bydratamoaci ds
and acid esters, such as acetate produced in the hydrolysis reactor are

transf er r ed PRPRYER ot arcaraombeREngtsbterfpRean formaipnaakratgs isyehithgt the

equilibrate I 2gn p,@és' ?zﬂ# 1 e

equi l i brat ego\\’/t‘d(ﬁ: I%’tdlilﬁé ?@:dtl%&am sbgﬁéees e“(riggargr};e:ﬂ#%gé ?géal{l]l fc.idrnrs§gl?%€tng t he
bi ogasi f bcatbonerteddd ovethane aadrdthet Useful laydrocarbwrder to optinize growth
rate of the nethanogenic bacteria and the production of nethane gas. WO

2011/ 075163PCT/ U m%@gc : I Lhventi.on praovi des a t hod
for producing, f(?&%)ggnp eéjwnlltatt‘ ﬁgﬁe;rnﬁgglﬁﬁﬁr:gfathg 'ﬁ‘é%@ﬂ?’éﬁogllsdtée tﬁgr?a
conbi nat i onsohbdizecdt lbgistea putidreticthepiozd as drs6inaboPd Asecabed b e
anaer obi c di gesti O‘%ﬁ hase process. In a preferred enbodi nent, the nethod

|

i ncl udes (aPTYGSIAORGIFONVRENT e £nal tosa pagdeddhat incudrs meathare gndépr
speci fic si gtdrapgéri (p*?é?&éte.nﬁ% &uchny ﬁ#&%egé?a{heoﬁ’;]ﬁédﬁv%?siéﬂ 8 &fdlte

separation unit that utilizes specific gravity d erences between ?h'g coal
and nonl@oakoppunctien ewithh csusisp tneatieg aord at deasteat pertioon of gabdpetr froal &sichr om

t he process r éﬁ’ tran berri n% hhetcg%l tgarticle.s to a tank or t%nks wher e
they are sofGAF'YZB8Y B)SRHEHSLRISCIES, 10 RIBSoRVRLRIENY 1A PERAUSSRAVOANFG At 10
nol ecul es, (Rudgsmetiedrid ng the solubilized coal liquids to a hydrolysis
reactor, (d) incubating the first hydrolysis mxture in a first hydrol ysis

phase vessel for_a first period of incubation, the first hydrolysis mxture
conpri sing a ni c'BBi &Pak SRLKINZaleNasYstem sefudtrisPresgot dnntiemedeferalyt he

coal sol ubi |4 i i [ Ld the LLr.Sst r.ol vsi.s_phase
vessel corrp’rdlcél?é\%'%t sePglgfrs\EgﬁﬁgDﬁg@ﬁ%f@?%%%ﬁﬂ%ﬁd%I'ﬁu? g)é%ﬁle&h%%ﬁ t he
sol ubi | 132 edrargs, amebal impuiitiesasepdstioat @nit, (chenaithiRyr trebenémtr ginkpe bt tshef

i ncubation, tr nsc{e[ring a . portion, of tge aqueous Ii,(?_uid of the first

mi xt ure resf’ﬂ?ﬁ@/ RIYSIFe "??‘?tg'i' # R ank. @ﬁ‘g's@ biogagification reactosr 11 4R,
form ng a bgfdtem t idTl i [ ' r
tank mxturs oy ook 1 CohiButea S SRR o Sk patte Sled Mol
bacterial cenakies %mé‘r esurfdasr ateaclion rsolutilizatidre grattreatawnd, aardl egrawitg ar e

; . S At : ity %
bi ogasi 1 carsei el e HAPeSA RABHER TRRGELEH o5 RATves g anterreds
whi ch 120 a weakenl separation unitowners iranfon RBEl PIRIRIANS ek VeRBh) BFE&AE 1 S

generated, and (h) transferring a portion of the biogasification mxture
into the fi9@vithydifenepsiationsphe soa| eagles are themtiransianasbia solbpizationl.

Hydr ogen, %@Nﬁna ar o di Qg S N e r.ol ysis
react or angﬁ% e utf Pg‘rkgt ank, eaF@%@%\;ﬁlfﬁa?gh%@év%q gﬁ?ﬁg‘éﬁg}gl@ Q’Q‘? &%gﬁg %ci d
esters. Thegredgateantly diquiid cfolrat edaving &ecoimpogltivne df amsdyt beallef fsze 30
tank and biogasification reactaqr. Th . xtures in the hydrolysis vessels,
the buffer DeftReathpn %&SPB'&as?‘%ﬁecéﬁ?ﬁ?}Z@&;&PaF 'ar hegyteastatiest intg thed
| nt er m7st enyofolfsisCRHCER! WHENY if B BBEbMNfed o %%%Yﬂﬁh@i@s%%@?t%rs After
a selected period of time, a portion of the mxture in t'he biogasification
reactor is 9fe@fidsulTaeegolbisk votatiedatly draids sind pbidsesteesicsoch athacetate d( s)
effluent frﬁ’r@db@@d in the hydrolysis reactor are transferred preferably to a buffer tank
wherein they are optionally equilibrated with respect to physical and chemical
properties. The equilibrated volatile fatty acids and esters are then transferred
30 to the biogasification reactor at a controlled rate in order to optimize growth

rate of the methanogenic bacteria and the production of methane gas.
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WO 2011/ 075163PCT/ US2010/ 003131 bi ogasification reactor is/are filtered and
dewatered, with the resultant fluid recirculated back to the solubilization
tank for weeoiw7swsBubilizi ng coal, and the effluent sol iPdTlsSaciemoiizl a wast e
di sposal facility, landfill, or utilized beneficially to enhance soi
quality or for other purpQses. .5 In a preferred enbodi pent, the
doiubi | i 2ati on Lol Pr3RSTR AveRTRN provides & Mehdh 36 PladiiRg. B rample.

bi ogasi fi catmhethaheasl@fogencas® tagsdediokide andeddrabinationd miserels byra PhEES

t hrough which liquids and gases are transferred. Thus the device al so
conpri ses a @R preRforassing dhasecanchivepeaselanserobigdigestion phase pragess. t o

t he hydrol ysj | : S | ect.l t ( | S

react o out N PETEHE gribGlimdhts B RiGthBE Hilu G AR Ghihdo o eNat) Rt

buf f er tank rawt cedl mtbhpahields ofasi $peific aivy eanger (b htrinsferridgatHeogohh

condui t connecting_the bi ogasification reactor outlet wth thegPéSrol Si s
i

reactor inl ERYGEFtPr A %Qﬁ{dlﬁ?f.?a@ﬁﬁﬁe%iitﬁ a H’é‘“%‘?%g%ﬁ’@i‘?fﬁiccafﬁ‘ﬁw frereReRs
process t ambét@e%ﬂ?h%%%@l 404 INoh2ddd HaritlKs ’F@)éeﬁélsa‘?e B RESREThd RobliBal

devi ce. O eatures, objects and advahtages of the present
i nvention anpdriicles fnoaf the poaasso (i) rteansfemingl thbamatpadmies tna thnkor tarks
detail ed descri gttiaon t hat he, prese I nvention r%r ovi des

fall . 20 . T ]
nproved Mot &Y ap Souitizsdl By, gfemicals,to ariohuBRGM ligldhaseoe el Lo

produce1bydiregieBuRBd (dYEFAsTerriRs fe 30MbIRYBH (@Bl iglidsWl & hydeolpsisfreabidrhese
met hods. 251 n one exanple, the present invention nakes use of  a COMCAPS
di gest or syddkincuhptiog the f'éﬁtd'tmigplryé& midueenincafirgirivssely siscphare uessal defess

and, 0, PheseuBREh B LR hatFLCR oD, AL ML 4 itk

si ze range, ceneoaiuns apdrant agqueysd dguidcotitaimederamnahdi cdahsdiubilization| under
particles, 30 chem cal solubjlization treatnent tanks, at |east one

hydr ol ysi s POREfRIC conglifiansy thaitst Aydiobypisipnass: Yeseel caEmyising tbersin 2
of f1 uentspr o5aRAOfc dabiehs COMAEoPYRhRR thensbREfiLaC tobPahatetial is

communi t1 zed,” pul verized or to particles of a specific Size range.
The raw coalsupatraie;i(ey aftee thé dirstspagjart bé thaubatiosptransiecring s postiopephthet i on

system and _the non-coal, particles, W) 2011/ 075163PCI/ US2010/ 003131 ar

cuparat ed ofUBRESARUEHal Bl SRR "5l TraTsbarBIAs Pase esoehen
transferredté@ St Ak frhiifg lal BafeoRnkARtuRN{f) tiMserring e Boktith 60fe i S
placed into contact with chemcals that solubilize it to a predom nantly

li quid formbeffesitenkngivtre el Regasiigatioe fasctkyulcemPrising vhirvathanpgent ude
VFA'S 20 bacterial culture therein for which the volatile fatty acid and esters are a
substrate, forming a biogasification mixture, (g) incubating the biogasification
mixture for a second incubation period during which gas which is a member
selected from methane, hydrogen and mixtures thereof is generated, and (h)
transferring a portion of the biogasification mixture into the first hydrolysis
25 phase vessel for a third incubation period.

Hydrogen, methane and carbon dioxide gases are produced in the
hydrolysis reactor and the buffer tank, along with the volatile fatty acids and
acid esters. These gases are circulated and re-circulated among the buffer

30 tank and bi_ogasification reactor. The mixtures in the hydrolysis vessels, the
buffer tank and the biogasification reactor are agitated or stirred intermittentl‘y
or continuously to optimize the bioconversion process. After a selected period
of time, a portion of the mixture in the biogasification reactor is recirculated

back to the hydrolysis phase reactor. The solid(s) effluent from the

14



5 and esters, such as acetate. The solubilized coal liquids and solids are
transferred to the hydrolysis reactor, where they are converted to VFA's
and aci d weterizy7ssach as acetate. In a preferred enbodi memtus2dibeoxsl ubl e
VFA's and acid esters are transferred to a buffer tank, in which the

physi cal and.. 1 cal I of..the VFA 5 and acid. esters are :
equi | i brat e&f'gggﬁﬁf?f F‘%%&é{)rﬁs?%ﬁ F’Q%“?dogﬁﬁn@e‘%?%{ﬁ@ Wﬁﬁ eaFﬁ:FLglt@PH ﬂé'éq ers
into the bi qgaptdibist back fetrs S6lubilizhfioh Ramk!fdt UsSinl §AubiNzifgi d¥fname theof a
stable pH, tenperature and other conditions optinumfor maxi num net hane

product i on. effieertganlidi pregddn VPﬂa§tea¢i§P9§@'cfa§'§EYeﬂ@“cgﬂ'eOf wétized hasebciaby t o
a biogasifi ctgté' PAntEa% uafIiR[orpi,[oﬁ%'ﬂ’férjlpgquggegases' The remaining liquid in
e or s en

t he bi ogasification reac eclirtcul ated back to the hydrolysis
reactor. 5The effluent solids fromthe biogasification reactor are filtered

and dewat ered, and the fiJ ecircul ate ugiﬁCk to the solubilization

uids are r. .
treatment tank. Heaplpépsémegi Wb@ﬂ‘{‘%”ﬁr &ae . 6?t'%'3<atﬁ'ﬁ|‘e,th% RYFOHSS f or
met hane, 20 raiéétro‘?,gﬁ{é BliffeF faMeandl fihe Qf‘og%fs‘iﬁ@éggr%aétbraaﬂé%éhﬁ ttégmgiiﬁoﬁa;g em

including coal solids reduction, separation, ubi 't zation an »
anaer obi ¢ disgeiesi efncorfhuitsponpipes toopgh swick dguidsaand gasesiare tramnkfetredn,

renoval of n-cpal particles and.solubilization of the cqal, followed by

i ncubat i ng g%ﬂsxﬁ‘l?r SQHL&% %Iaot%ngrdﬁ% AWt Zcoggyﬁbqqqnfé;ﬁngggﬁ%Ub'hﬁgﬁq{heous
l'iqui d ggnpagektoutieR3o WheehydrapRiPbéactopntlet i HiecoRd sontud BORSeding the
hydrol ysi s nmeans therein. drogen and carbon di oxi de gases are primarily

produced i n hydeoligigrrepgtor sutlighta e buffer tanihiaiad, 8 dhirdicopduié conpeaciigithen

this proces r r i . t i o] .

| ncabat | on. Rt a0k FERafh 90 Bodithoatti Rladtol iR, A1 5 DuBh pongu

transf err ed domneutity tre bidgasificationtredcton outlet witdehehytihslysiy deattysiter gact or
roperties of the VFA's and AE's are

to a buffer ,t%nki whi ch physi cal t
equi | i br at edift I—Wf’gbjﬁncﬁ'ﬂ'&g‘é dhedB&a%é'C@é@@seﬁbmna BIossspetankodacth® i n
the buffher ty inz%i’tfoﬁgahl@?né@Féis% s theffded Wtﬁ&%%bfated, the

equilibrated VFA's and AE' s are transterred to a
2011/ 075163PCT/ US2010/ 003131 net hane phase di gestor or biogasification

reactor and a nethanogenesis neans therein. Int net hane. phase di gest or,
{he equi 1 br at ad QPR LAREFsEPEds ndoritantacds bhieererenhiaaginaerd Tans
to forma reseferiddd eMbddithentsT Wil HRTBhd RppareitUfrSm thd RipWdIRIde debSription

second period of tinme, 5 generating nethane and carbon di oxi de gases. 'The

resul ting mith@lifoows. optionally internmttently agitated and/or stirred,
t hen alh wed to remain still for a period of tinme. After the sel ected
period Of tinme, a portion of the resulting mxture residing in the nethane

phase di gestor i sTheeptgsent afvemhtibagrovidesimphyed methsds ésrathersolubilization
Al ternati veéy or in g.ddi,ti on, e%fl uent fromthe nethane 1OEhase di gestor is
filtered anddeARALPBIF HABSHIHEOF FoRlde RiPEUFR bvFEQgen Rd mgikRaps gases and

sol ubi i zat iy des8@HTRMicH @ erform th%s-g‘ﬁ\elﬂ‘iéﬂ?sess of the invention can be
I as i

practiced with any type of coal, suc ignite, sub-bitun nous coal,
bi tum nous coal, sem -anthracite coal, or

25 In one example, the present invention makes use of a COMCAPS
digestor system, which is a combined mechanical process, chemical process
and two phase anaerdbic digestion system. This system employs a coal
particle processor to reduce the coal to uniform particles of a specific size
range, a coal separator system to remove and discard non-coal particles,

30 chemical solubilization treatment tanks, at least one hydrolysis reactor, a
buffer tank, a biogasification reactor, and an effluent processor. In the'
COMCAPS system, raw feedstock coal is communitized, pulverized or
sheared to particles of a specific size range. The raw coal particles are then
subjected to a specific gravity separation system, and the non-coal particles
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15 anthracite coal. It may al so be practiced wwth oil shale, a sedinentary
rock containing kerogen, a fossilized mxture of insoluble organic materi al
t hat wherwbeatigdstsseaks down i nto petrol eum and nat ur al Pgagis26denezyen

consi sts of carbon, hydrogen oxygen, nitrogen and sulfur, and forns from

conpacted organ al l udi n l.gae,,, pol | ar es nd spore
coats, and |%§e§$%ar éa&f@ggg B%Cflﬁ AO nﬁysg maly caf88 B@rt S flCed
W th any m xheneradisfeénal tarshephical éol&bﬂlhﬁtl@rm(ﬂlfe%ltm@hh%nl@arvhﬂé"@Qﬁ@LtfoéPrQan' c
substrate including but not limted to sewage sl ud ood wast e, forestry

wast e and agplpeed intpagontast \é"thlqh%h'éa@nﬁ@@ﬁﬁémﬂ'zq %éOfe@ded@emaaﬂw ligjuid
ground, pul efﬁ th&ﬂns?#@ofgnﬁil@ %‘?g%l‘ﬁg%g%ch nﬁq Ffets ) h@% In%ugie' RS of

sizes to y| ace area“t o nmass ra n a prererre

enbodi merst, ante gxters, durhs aseacetage ThebebM»bﬂllzed!OBOéIOIlaﬁﬂsn‘aﬂdjOmildlsnare
round or pul verized feedstock coal are renoved

di t t t
by 50, Senar HATSEMSadotBe MRl SREactdr- Whers J6ey Are corusried aiVERS
and the non-g£GalestdBUS|ER &% at@th@ IANY P?%é:%%éﬁb@;@@ﬁt 9he’EPRbY VRA's

t echni ques, such as float-sink or cent
2011/ 075163RQH laSEi)eele@@:alreltransferremhm grlmuffei tankp uih welich etthe apioly Sfiead dartdb c k

coal with req]e evels of [}B &\ées c treated vmt SO|:¢bI|II2atI0n
cheni cal s t FTREYGREPIGRETHS é’é sgﬁf‘ 0§c1 HSIE G Are SR y @llowing
depol ymani zedrit@lleansadihy Sttse vmds GRaNsed b@e@ hyetai tﬁélbusgémﬁéattdrpﬂéaeiort he
constituents to chem cals and conpounds 5 that are nore anenable to

hydrol ysis. UnefiDl tusmerpels 4 froaingenanse pk &t stable mi.utkmpenaturer anﬁo@ther

limted to, q,gﬂﬂqi]ysgﬁggngﬂdfoprma%&lnh% Sr?é &Edlﬁ)(Ibtlo%C%l %@ﬁ%&ag

al cohol s, sodi um potassium I‘OXI enzoi C

Cl- C4 car boxardd acuaoasiers dsryeohhegetrammedde,a bieyasifibates ,reambﬁforlmbeuetmh
phosphite esters ﬁf‘\g of a range of conbinations, as well as any 10ot her
e

sol vent s recﬂt@@sﬁér remaining, b efier ey kingasifipation feactor is” then
sol ubllug,at'ree,r&mé éaCQJTaéga&ﬁ tﬁeﬁhy ﬂ/éf‘étrgal‘iﬁ}r.erTr?é“%fﬂﬁ?ntf% ggg %t and

stirred peri o | east ours, at a tenperature
in several dnogasiti¢ationstrepstoni lalnesﬁ&ene‘d candlSdeWate’redJ sarzai die tfmldmeare

solution at eac ep. I renai n sol ubilized followi ng a
series of sd?ﬁ'ﬁ?q'?éeé’??%%o@rtgﬁt "(fi?"' 5’[5%"?%"‘? ?@'Erl ated through the
pretreatnment process to yield optimmsolubilization. The hydrol ysis phase,

the buffer tank and the nethanogenesis phase 20 are operative over
vari abl e pH rangekhe lpactseantenvemtmre@rct\odemefomeawlef at pepcess for Imetbaneoal ,

VFA and,AE n |

coal , EQ aw %L%sn? r(d’ 'Ib%?]l ﬁ%g(m&? "?Cqéﬂ R?J Ad"ﬁ@ﬂtsqaéa sy%ﬁerﬁ m?fﬁ@%%
hydr ol ysi s roead:tsnhdss rediotion| rmba‘ramm abolibilzabiohoafd Stwéptab8eanaerobic

bi oga5|f|catd ID a%_e] pH is maintained fromabout 7.0 to about 7.5,
igestion e process comprises coal particle size reduction, removal of non-
coal particles and solubilization of the coal, followed by incubating a mixture
having the solid coal, solubilized coal and an aqueous liquid component,
25 under anaerobic conditions and containing a hydrolysis means therein.
Hydrogen and carbon dioxide gases are primarily produced in the hydrolysis

reactor, but methane can also be produced in this process.

In a preferred embodiment, after a first period of incubation, VFA's and

30 AE's residing in the hydrolysis digestor are transferred through an outlet
located on the side of the hydrolysis reactor to a buffer tank in which physical
properties of the VFA’s and AE’s are equilibrated. Hydrogen and carbon
dioxide gases could also be produced in the buffer tank. After the VFA's and
AE’s are equilibrated, the equilibrated VFA’'s and AE'’s are transferred to a
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25 The entire systemis operated at a constant or variable
tenperature between 10C to about 70C, nore preferably between about 35C to
about 65Gyvoand/atesB preferably between about 40C to aboRCTABG10BMIBRE entire
systemis operated at or slightly higher than anbient pressure, but all or

' f : t. . res_higher than anbi ent
ressure. | VBRI §oBHpRRDRh & Gindheton” ReAc, YR, melfgaltencsl
enbodi ment, mbanduhéesint ankhequfeiﬁab.eapﬁss@w%ést@d, tABdeGiRBItEl \IF ABEARd €S
of the VFA's and AE's before the VFA's and AE's enter into the

bi ogasi fi catef PEAGVRPINPHY ¥ithathe Taethasgearsisr o1rans & forml adéesuling ar e

t limted e . ~PH CLIVi L | ochem cal 5
ggygelnmdenan@%%?én‘egﬁéggﬁg gAE"ét??%lgchbgPé%gqﬁéﬁ iabrgggcér&g{/&g ?Jlﬂa(feégpg@§ 'to
physi cal Sandyesiesating| mptherer ta'rrets,calrmtttdianiﬁe ﬁééé@.i Fhel Y%syuliir!ig h@ﬁ(tt?rrel gs :jn
t he bi ifigatign.reactor, resulting in hjigher gas production rate dan
yiol ds. Any FGrBIYLEBiERty AgRes elelor slisresl. khenaibwerke maipvider used
10 inthe o psAok drmAal naer tbARedte!geio Bt & BBHidd BT Wi ! ds.
bases, enzynmes and conbinations of these. In a prefer ed empodi nent, e
hydrol ysi s dnutyret fesidiggnesthe methanarphasecdigestoanis srexircilajed memkota the

anacr obi ¢ { QVRAVSE! Rtk CAngBRVEND BESBLabHRafn e ot thermsthdia i n

the pregent phasendigestoras tiltetsth aReddwadrédvana hﬂéﬂ‘ltﬁﬂ@%ﬁé’%éirﬂéfe@”@a?l@s
described as being preferred herein, are expected to yield greater vol unes

of nethane. todhe salugilizationtesdmeshtank he concentration of hydrogen gas
collected fromthe hydrolysis reactor(s) is between about 10%to about 60%
nore preferably between about 20% to about 50% and nost preferably about

35% | n Teheg prasessndid themanventibhecarobeeptactite® Wit ahhetypetdfagsalgas
collected 25 fromthe biogagsjfication reactor is between about 40%to about
80% and moREChaSt igniley SUBR IIAOKE S9al. JbIBoUS GR8l. SBRpI-anthracite coal, or

15 anthracite coal. It may also be practiced with oil shale, a sedimentary rock
containing kerogenl, a fossilized mixture of insoluble organic material that
when heated breaks down into petroleum and natural gas. Kerogen consists
of carbon, hydrogen, oxygen, nitrogen and sulfur, and forms from compacted
organic material, including algae, pollen, spores and spore coats, and insects.

20 The process of the invention may also be practiced with any mixture of coal
and/or oil shale and/or other carbonaceous organic substrate including but not |
limited to sewage sludge, food waste, forestry waste and agricultural waste.

In one embodiment, the feedstock coal is ground, pulverized or
25 otherwise reduced in particle size to a range of sizes to yield a high surface
area to mass ratio. In a preferred embodiment, the particle size range is

between 100 to 250 microns in diameter.

Impurities in the ground or pulverized feedstock coal are removed by

30  separation, due to differences in the specific gravity of the coal and the non-

coal impurities, using any of several types of separation techniques, such as
float-sink or centrifugation.
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The recirculation of liquid fromthe biogasification reactor to the

hydrol ysis reactor can be a continuous process, or the recirculation of

| i qui d 30wbromva7ers3bi ogasi fication reactor to the hydrolPg3its201eaaiier can be
an intermttent process. The recirculation process can occur for any range

of tinme periods, _.such as r at, | eas e, sec to at emn
05 Torar boar” denBraiind & Sueiaed erg feeosark codl B HERURed By el
i ncor porate u‘i‘»‘é\’;hﬁ@ss céh%te @é&é@%m‘?%oﬁ:%hfzfa%h'c%bhﬁcél@hb Bedudd e RGREER M r Of
solids fromone vessel or WD 2011/075163PCT/ US2010/ 003131 reactor to

anot her, suwetgbt af $he @oa| conetiteients, rdgpalymegeattbe ¢anstitwends, sndic¢hange

devi ce, nbi nat.ions of such d |ces t t
of Iiqui ds 3 Cé‘&m'aé' 8?1[8983 RY 8§¥ h?ﬁ@%\vgssg% cgnegHggllse%réq °?’(§“F5$ s
desi gn of Whhath apé enbrO\Wnéabl8 ORe hylirdIV§id. iUseflie chemicdls for solwmnz::atwmen
enbodi nment, the biogasification reactor incorporates a material, or

material s, WREIUA® BUhAE netlimites to.cacety deduard/pasals and GsiRsp ‘afpaeatiove as
a surface f qmémr}ﬂ 1S, Q@Sﬁ%'@d&'ﬂdg %hé"'%élﬁﬁhﬂ‘ﬁ?rtox?dgj ﬁé%l - acid 0ANY

active hydro i C’or ane rod I'C or’thernophiTic anaerobic
di gesti on s;b@tnematmrcb@mmwxyhbhamnse&thogewgetomle Lewus bases, metal
ions and phosphite esters, in any of a range of combinations, as well as any

10  other solvents recited herein.

In a preferred embodiment, the solubilization chemicals are combined
with water and the feedstock coal and stirred for a period of at least 48 hours,
at a temperature of about 40°C, in several sequential steps with specific

15 chemicals added to the solution at each step. Coal solids that remain
unsolubilized following a series of solubilization treatment steps is recirculated

through the pretreatment process to yield optimum solubilization.

The hydrolysis phase, the buffer tank and the methanogenesis phase

20 are opérative over variable pH ranges that are reiated to the nature of the

solubilized coal, VFA and AE substrate and the amount of total solids in the

solubilized coal, VFA and AE substrate. In a preferred embodiment, the pH of

the hydrolysis reactor is maintained from about 55 to 6.5, and the
biogasification phase pH is maintained from about 7.0 to about 7.5.

25
The entire system is operated at a constant or variable temperature
between 10°C to about 70°C, more preferably between about 35°C to about
65°C, and most preferably between about 40°C to about 60°C.
30 The entire system is operated at or slightly higher than ambient

pressure, but all or portions of the system may be operated at pressures
higher than ambient pressure.
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I n one enbodi nent, hydrogen-produci ng anaerobic systens utilize

m croorgani sns fromthe C ostridi umspecies. For exanple, the dostridium
15 speciwe 20ay7s186| ude, but may not be limted to, C therusediaodbiisum C
t her nohydr osul furicum C. ther rmsuci nogene, C. butyricum C. botulinum C.

i an i i ncki f f .
ot et hyar dhek Apstisd RhHaRiTeob: tesblntank PafuBrateE Bikisah aok
fromthe Lachehfcall propefticd of tHOWFAIO APHEAER BERrE @Re \APA'sexdRlERs dnfier

Lactobacillus 20 species may include, but is not limted to, a

Lact obaci | | ustoﬁaedaaawﬂcm fractae REaMsieal @ndachsraigaborepstien dnclude, but i s

not limted !Hﬁllﬂ&? e e e

organi sns | niﬁg nd(gn' 0S %d:i%rﬁ{)gggg%érm d88”d‘i9§PéJX1 ngg%egﬁ%s%d;égcﬂ\%lf
Lact obacb! | wsygen deintrend. FTienVEN' e angind ERY, avisiob aré esquilibriviidhaith- rpépd&lctlong
anaer obi c sy tems utilizi n%a?m d form ng bacteria and net hane-produci ng

organi sns, R9Ysical @8 CheBiR! PeoRItERIRLIMPE SHiGieRil MthhRassH 'f‘r“@ﬁl
sevage s| udggolsiffdaBBhIEENRT VU8R in b?:g?{;ég@#da\o%ﬂomafehgn jefdg ce of Lhe

present i nvent ion. Areview of the mcr of anaer obi I'gestion is
set forth | n Anaerob| c D gestlon 1. The M crobi ol ogy of Anaerob| o
earch, Vol . 3,

Di gestion,” erien an h

paoes 505 416) PAYHIONsECR eyt cderesinReant Kbpahh thogrt can beused
2011/ 0733 63RCTHe/ t0Avdtiort. MEndWd MalAd, 15Ut drebhét meited fter Btiad, pases es
i ncl ude species fromgenera such as, but not linited to, Aerobacter,

Aerononas, ARNEWME§eRes, maRdinatiens mlctthess.dda, acpseteriad lembedismnti cthiea,
Kl ebsi el | a, h&ﬁ%lgsgg'aﬁa Mh%rngﬁgﬁggé mbEhS §Fé %ICP%?fﬁrﬂg%gaCt erium Proteus,

Pseudononas seu

Any anaerobic fermentation system, such as single phase, two-phase

15 or multiple-phase anaerobic fermentation systems or processes known in the
art can be used in the present invention, although modified two phase
anaerobic systems, as described as being preferred herein, are expected to

yield greater volumes of methane.

20 In a given embodiment, the concentration of hydrogen gas collected
from the hydrolysis reactor(s) is between about 10% to about 60%, more
preferably between about 20% to about 50% and most preferably about 35%.

In a given embodiment, the concentration of the methane gas collected
25 from the biogasification reactor is between about 40% to about 80%, and
more preferably between about 90% to about 97%.

The recirculation of liquid from the biogasification reactor to the

hydrolysis reactor can be a continuous process, or the recirculation of liquid

30 from the biogasification reactor to the hydrolysis reactor can be an intermittent
process. The recirculation process can occur for any range of time periods,
such as for at least one second, to at least one minute, to for at least eight or
more hours. The liquid recirculation system may incorporate devices that

prevent or substantially inhibit the movement of solids from one vessel or
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5 Rhodobacter sphaeroi des, Rubrobacter species, Erythrobacter litoralis,
Jannaschia sp., Rhodopirellula baltica, Sarcina, Serratia, Streptococcus
and Strepvormyuewsiedl so of use in the present invention &C&UsS2€00031IGANI SNE
whi ch ‘are selected fromthe group consisting of Methanobacterium

oi nel i anski i . Form ci ..Sohngenii,. Met hanosarci na harkeri, M.
Acet ovor ans,reﬁﬁworltﬁ %?‘ﬁ&ﬁr%‘éé\@ﬁ& fes %99?'?\'%15&3%519{%?} E'ﬁ?r or simifar

t her noaut ot r@pice Usr, cdvabinaniehaafaichnidvivedtarnd pliipiaiohfen thacheyesidnt hi i,
Met hanobr evi bact er arbori philus, Methanobrevi bacter rum nantium

Met hanospi r i 9fl ligwidfuad@selids gEaNshard debrvers thruwesstls anpirenaioss dbewdesign

vanni el li, i - :

soehngeni i Op |"E@§Rb£% #ﬁﬁgpﬁPith%? ?WFH&%&%?QI nanmazei, 15 Met hanosarcina

t her nophid a and m xtures thereof. Preferred met hanogeni ¢ organi sns

i ncl ude Met hanobact eri aceae, Met hanosarci naceae, Mt hanosaet aceae,

Met hanocor puscul d8e&e M@ I%T&th‘?fgﬂ'l,er'B-bitﬁ%ela@gaﬁ'ﬂcéﬁ'%rreéﬁwawocﬁ?@r@ﬁ@%rﬁs. 20

QG h f ul i gap ' ' i1l rent
Co those of "SR [Py TRRASTERS Shatafib d HcpPs Mgl SRS IO RIE it jn aBP R,
U. S. Publ i stesdve ais/Appliifac foometbaéoesit tctelia dultses attpctesent ahd geowth.

m croorgani sns and nutrients, and the teachings thereof are incorporated by
reference. Suitable stinmulants nay al so be included, Vari ous chem cal

agents c@gn be UtiAW@_@ti@é‘h?@F&lmbi MethbhE pTH8dciRg $ABESHRIid %rﬁﬁéﬂr#éﬁlﬂﬁ@ the

growt h of these organi sns and reby facilitate The 30 nmethods of the

i nvention. Snaereljestigestion suséemgan be esadtn therprasent mvemtipor nutrients,

vitam ns, trace elenents (for exanple, B, Co, Cu, Fe, My, Mn, M, N, Se,
W Zn as a non-limting group) and buffers (such as phosphate and acetate

buffers). Suitablia gnewembaeitthentrabiyalogenifodncingdadaetobi®r fatémisnatili2éO
2011/ 075163PCT/ US2010/ 003131 .t he_i nvention, it may be necessaré to first
det er m ne t HBICFRRTAPRBISHIS {TREN Ahe (lestidivBneraies nt o examplg. thenelastrgium

SePe oy 5ne Al MAPLACIES BULSRR, LNTRINGY ! AP RRLe Y, 2
by net hane pgheudoehydyobalfureina, C. thermosucinogene, C. butyricum, C. botulinum, C.
pasteurianum, C. thermocellum and C. beijirincki. In a different embodiment,
hydrogen-producing anaerobic systems utilize microorganisms from the
Lactobacillus and/or the Eubacteria species. For example, the Lactobacillus
20 species may include, but is not limited to, a Lactobacillus paracasel, and/or
the Eubacteria species may include, but is not limited to, an Eubacteria
aerogenes.
Preferred hydrolytic organisms’ include Clostridium, Bacteroides,
25 Ruminococcus, Acetivibrio, Lactobacillus and other Firmicutes and

Proteobacteria.

Methane-producing anaerobic systems utilizing acid forming bacteria

and methane-producing organisms, as are well known to be employed to

30 produce methane from sewage sludge or from brewery waste, can be
employed in the practice of the present invention. A review of the microbiology

of anaerobic digestion is set forth in "Anaerobic Digestion, 1. The Microbiology

of Anaerobic Digestion," by D. F. Toerien and W. H. J. Hattingh, Water
Research, Vol. 3, pages 385-416, Pergamon Press (1969). As noted therein,
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but each species is currently believed to be characteristically limted to
the use of a few conpounds. Therefore, several species of nethane producing
bact eri a wayohe7ssqui red for conplete fernmentati on of tireTas2@OOOXIST pr esent
in certain organic substrates, such as sewage or brewery waste. For

exanpl e, 10 e G e f ntation of valeric acid requires as many as
t hr gg speci e@go‘?ﬁ@%a%@ﬁﬁ%ggg ﬁ’é”’lﬁ'&%ﬁg?F@? '%ﬁ‘g?i %pe&écﬁqjyrpg'n Sff‘ﬁfazéﬁgfby
M. Suboxydaas tbutaceti imited R6OPAeRibackst dAerdMohBsar AicBfided, aBR IS,

further by this oraanl sm A second species, such as M. Propionicum can

convert the BROISTOAEE Sdesirifimc&Escbedehia, WabsiehadileptaspirandMVitsotetos, A

third speci ; h : r i i .S required to fernent
aceti o nol . NeisSHAT FRaCabBHORRARE PlRCTFSENkBAonaS, SRR B mare®

t wo- phasé& arReoohbactéer spinderbides, s yaiheobatter alspeciee, hEaitalozRter Nitb i
pre-treat rrenj r1phasE. of tgg system or can %%1 h?dr ol yzed in a biol é)gi clgi
process. 20 vannaschy,sgy edula Raltiga g drenguSsriatiee Steeptecncsuarand
W cox for i Lkt i ; -
Feasi bi 11 1y o A U i BRAEE W R e T RESHab e e
si ngl e- st agearetsaleetgdtieomk thegroopiconsstimgafavietianobacteriun lodieliahekii, MbD.

d Bank, S. .Cr obi T f or.mat i f 25 Rank Coal s, 139- 156.
& the bast LUMELET - SouaeHinMeanasarciae dSakary s, AesioyBlarni ME. coal
i's appragi mmethanfcido eaidooMc 4. RIAZ dr MetRandbaSteRUR Ogﬁ@nméatﬁtg‘gﬁphfc%; 36%

oxygen and 14% ash. Because a C/ N ratio of about 25-35 1s nee or goo
anaer obi ¢ dijethanekacteriuno eyanti, Jvpthanebnewbactensmithi, Mdethadetrevibacter
i norganic f S ﬁmn' . i I i g.forme such as nitragen
cont ai ned | g‘{r?g%ﬁ'\/\ﬂgt Q@t ani rrg?'bﬁg%edr 2“%?”%}@3? (f%ﬂanospmﬁum ‘hungatel;

2011/ 075163MIBYHEER0GE¢AE&4 31 buntonii, | Methaiedsucued amp@EIMENtMetHa®othrix
sol ubili zed coal supstr t@fi s suppl emented with a nitrogen source, and the
ni trogen soCPEENPENY me(ﬁB U e’@‘@é’&?ﬁ‘?@?ﬁ‘t heSRyr ouMetbaBPsaicHR of Mmadeial

manure, lfjoo‘iﬂé‘@ﬁ%hﬁsa#&r?thérﬁfbrpﬂﬁé‘i §n@hﬁ§f&9§§tr{e‘?%6f| | zers, ammonia and

conbi nati ons thereof. n anot her aspec t he present invention
uses a conbi ned nechani cal, chem cal and anaerobi c process system for

hydr ogen and net han roduction. This system canprises,a, coa ri nding unit
and gravity sepa:e{?f%ﬁe(gygleé n%Q?é?Wc&lra/?ﬂ'ﬁ\mFr égE'Hgﬁt 9@?@9&’? ©raaeas at

| east one pngethbAssaRHackBeY eSSeMetidndRRthcie hydﬁ\ﬁ’ét%éhégé@@@&&ﬂ%ceé‘é,
buffer tank and a biogasificatiorl reactor. The coal grinding unit I ncludes

a nechani caMei)apeamigiabiagepa@nd etheapschaeapoigasismes coal , and a conveyor
or othepptransport nmethod to deliver the coal to a gravity separation
system Q'he gravity separation system may include any of several types of

equi pment that ar@heapsefid mizreeganimednEoAlixtures of microorganisms will be
apparent to those of skill in the art.

For example, U.S. Patent No. 6,543,535 and U.S. Published

25 Application 2006/0254765 disclose representative microorganisms .and

nutrients, and the teachings thereof are incorporated by reference. Suitable
stimulants may also be included,

Various chemical agents can be utilized in conjunction with such

organisms to facilitate the growth of these organisms and thereby facilitate the

30 methods of the invention. Such agents include, but are not limited to, major
nutrients, vitamins, trace elements (for example, B, Co, Cu, Fe, Mg, Mn, Mo,

Ni, Se, W, Zn as a non-limiting group) and buffers (such as phosphate and
acetate buffers). Suitable growth media may also be included. In practicing
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15 particles of a specific gravity range fromnon-coal particles having a
different specific gravity range. The range of various designs of the coal
gri ndi ng woaogreyieBy separati on systens will be apparentcrastiomesdf skill
in the art. The chemi cal pretreatnent system has at | east one vessel that

20 contains n ~of 4C ) r b of. sol,ubilizin oal .
The present t@?/si}trl'%ﬁﬁ?@l i, Uk atcb% Z’aetscgg%%&ego ﬁgééiegerﬁéﬂ??nb‘%rf@%ﬁe %Sr&;‘e

sol ids and Inmigrokdali oorsartiamd peegdretia, thandodit déSest iPRdEPS YBtEIHihet sheand
mechani cal and/ or hydraulic,and/ or nagnetic neans of stirring, agitation or

bl endi ng, aff IH4D SEAW eandijons toybe used asapart af thecdpyentive poisesscal
treatnent in each vessel, or 25 step, may include the addition of one or
nore chem cals, along with water, together or in sequence, and the m xture
are sti rged, bl ended, agitated O otherw se brought into robust contact
with the’coal fo E’&#%V%é@fwdﬂ sybstrptas argcetdizgd\byf methane gesducing baeteriaal

reactions t e Fol A ] t .in qne.vessel, the
contents of EFE?&?PE%% ent 'é\zecggﬁeébﬂga%?%gégghté%\%@%ﬁ&gﬂw%ﬁy l@ﬁ%‘igov@?sel
for treat mensewftd fawdidrhpoends.cTiesncfere, sevelmipeaies oRheitBaMé tdtovatiay, and
the m xture be stirred, . Dbl <?nded of .agitated in order to provide for

ef fici ent rB%r'Srf”BéP\?e@Huﬁﬁg o SECE'UP[@f%%%f"?%aB%@fm gompeLNdaipnesent

cheni cal trpagevedih drgahidesupRea ; e

treatment vessel ar erg?rlansfer'r[e%';égég%tshsl r %ggféf‘éw%y%?éetgt ﬁéﬁé%ﬂae’
2011/ 07 63ihETPUBRIste ferpmardation ohvgleticacit féqirestasimamycs theee epecics @S,
with or wit .water.. and the nj.xture may be stirred,

bl ended or Q&%%@%?’Wé@@g’%ﬁ%”%’f\@?&& 3¢ '%W;Qd?%‘ﬁtbyr@cﬁ%ﬁ?xwéﬁ%éﬁ t he
m xt ure andatéte ahépropibaic Aslds twhizhl arel fRtdBRkedt td

incorporated in fhe _?gt reat ment pr ocae_ss_ to 5 sglaufgﬁﬁ?g([g?ttﬁg (%:rggﬁ’.s‘%hpé
cheni cal pr%?cr%ﬁ{ ARPRICSy S PARAb aPeepigricHm, Dageconverhthehptopionit axid itols

f t i - f i . b t
L1 ot mont vaoaly aqthe b Bfiod | AR, Fréfnb R R BSeB “Peai B8 are

t r ansf édr edViethantesangida ohgtbiasicae acteguirediQb fe mértef@siticesti@nbodi nent, t he
hydrol ysis reactor has at least one liquid inlet, at |east one side |liquid
outlet and at | east one outlet for gas produced in the hydrolysis vessel,

Dh e ok ol ol T e rh % ileRSRoANheT AR NN R eIl

buffer tank al so has at |east one |7 q east
and at | eaderaetadion systeramanaslsereibyamiyzed ibythe meeHyaditoleyns bhateedtvg xt ur e

in the buff bon, di oxi de, hyd d
conbi nat i ord g oo B RAISS8 Iia Hiflbgas) pickRsPon rractor has at | east

one 1ighid inlet, at least one liquid outlet and at |east one outlet for
gas produced by the hydrolysis feed m xture in the buffer tank, such as
met hane, car bon 'Bi 3¢ @Xanglar HifeRreanic culsirate iinhouisiena WNilc®0 formationA

preferred gghadi PRaY; i bi.ze o Qi the liquid frorrra
hydrol ysi s fank, mhi"gﬁgétgﬁtggfgrﬁs h%/EA&esrhéﬁ%ﬁ%tEdsﬁ‘et ?ﬁ?ﬂ'@h&’oﬂ ajaemRically
openi ngs onligestingi thés lignite, afsindia dorieoltipaalssihglRkstagiongirfeds Airikdanadhsbi:
separ at i Onf?ﬁ%{&g .O%vhi c?r}Pr @SB] }ﬁs [ rb1t rana‘ae,r of the substantially I'iquid
hydr ol ysi s Hon (B7cCHPr JRPIstRTo Jilheai Pagk, SarMicratial & enséenmationshef
hydr ol §5i s LbeeRanR| CéaleNpeN 30156 IO/ tARI KUY 5y ihSieat
| east 80% 1 i quid, and m_)Fr)g pr ef er abl ywlge%;étlst Egﬁé%%@éﬁégﬁ&%j&‘ hﬂ'"l%)aete
analysis, this lignite coal is approximately 63% carbon, 4.5% hydrogen, 1.3%
nitrogen, 1.2% sulfur, 16% oxygen and 14% ash. Because a C/N ratio 6f
about 25-35 is needed for good anaerobic digestion, nitrogen s
supplemented, and can be added in inorganic forms, such as ammonia, or in

30  organic forms such as nitrogen contained in food wastes, animal manure or
urea.
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Inlets and outlets of the hydrolysis, buffer and biogasification reactors
30 are located so as to result in optim zed working vol une capacities of
t he vessewe.20HqusmaeENt capital cost and process effici ercy/tse@odziect |y

proportional to the working capacities of the vessels in a process system

f d enbodi he h | ysi | ( t ai i xt
bf ¢ D bo1t o781 caperBiss oFmbRtuedt) Tt | Roliviee el st id i ©
aqueous | i qujuppidmahtededtth $Progerd sBarce, Rirkf Bieahittogdin 6@k 1859nEmbBE

internal capacity of the hydrolysis vessel(s). In apreferred enbodi nent,
t he hydr ol ysielegteddfram dite qgroup ceasistieg refd apimalomanuigdifedy siesteeswen, i nt o

Soruti on f+ Qe RREITrbakD RfHely sFhRGob i EBRI GRS hBIed: °, he™

hydrol ysgs feed solutions fromtwo or nore hydrolysis vessels minimzes
sudden changes in VFA and AE concentration, pH and liquid content occurring
when the hydrol ydN8nQtber aspesti e presand myastioadisas @ combined meeranieal,

hydrol ysis v i t | shid [ C ) uiratl f
t%e hyér ol ysi's le;%'drgso u?ﬁg%fs&g?agﬁc‘fe%tesswﬁ{e&ﬁi g‘g’%’.’ﬁ@? ﬂonédrééa@%g@%aé;d
enhances t hegraduoctian. dthigagsteor cechprisets hee coalagriraling Thé anddgwtyisepaeatidror

d the buff t ank ted b I of 15 conduits through which
lqul 01 rom WA esRsEca Mg et (urah 051Blg BLITER Qi eI HSTeRt ¢ he
devi ce abso veRBBY ifteieadt dneShy&@NHK treGoioneat bidgert BmKkh¥AL0A éﬁ?%&gl@]ﬁﬁ

outlet to the buffer tank inlet, a second conduit connectin ,
t ank out| et reactore Theogeali grisdingodnitéactudesi al reechanical shsteth dbatigrinds,

connecting t ' L L1 i react qr |l et with, the hydr IS act or
et 200 SeaP BBGNpHER cBg R Bonphordr I pBSad g P defier
separ ation uhétcoapteta gedvigrdemaratiomsyRysnonyie aﬁlﬁﬁf‘sbﬁéraﬂd?ﬁsgs(éfrﬁfnéyank
and the biogasification tank are all variabl e dependi ng upon the

r equi r ement dNGYde RBYRfRavesalitypes of equipment that are capable to separating coal

15 particles of a specific gravity range from non-coal particles having a different
specific gravity range. The range of various designs of the coal grinding and
gravity separation systems will be apparent to those of skill in the art.

The chemical pretreatment system has at least one vessel that

20 contains a number of chemicals that are capable of solubilizing coal. The
present system utilizes at least three vessels having one or more solids and
liquid inlets and outlets, and at least one bottom outlet, and mechanical and/or
hydraulic and/or magnetic means of stirring, agitation or blending, and that
chemically treat the coal in steps. The chemical treatment in each vessel, or

25 step, may include the addition of one or more chemicals, along with water,
together or in sequence, and the mixture are stirred, blended, agitated or
otherwise brought into robust contact with the coal for some period of time
necessary for the desired chemical reactions to take place. Following
chemical treatment in one vessel, the contents of the treatment vessel may be

30 transferred to a second vessel for treatment with a different chemical or
chemicals, along with water, and the mixture may be stirred, blended or
agitated in order to provide for efficient reaction between the mixture and the
chemicals. Following chemical treatment in the second vessel, the contents of

the second treatment vessel are transferred to a third vessel for treatment
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In a one enbodi nent, the systemincludes several hydrolysis reactors, with
at least 12 or nore hydrolysis reactors being preferred. Each hydrol ysis
react or openatwsied batches or partial batches, while omeTars2omoas131

bi ogasification reactors operate to produce gases continuously. In a

di fferent 30 enbodi ment, thehgé]sitem ma i ncl ude sever al drol ysi,s. reactors

h
operating cAHiN NEbE& VTGNt & ¢Ali Bh& ém'%?lﬁng‘j‘” g IWHRRR gthenadelianoPy si s
and bi ogasi fjaaf i 4y L xg[u% th@é'%‘h%@uﬁléwd%\‘! %’Lﬁ??f@d in order tUkﬁ'owde

pretreat nent unlt r ol ySI'S reactors, er tank

bi ogasi fi catfororefﬁaem meactmﬂdaetwy:ebethe nhe«ﬂunen ahldume ccchamunalsatAddttlpnahny
WD 2011/ 075163PCT/ US2010/ 0031 ef.ul arranagene such as paralle

Vo fos ang SedmEat SRR ae dntiondly eafiaiARaC I e Srtffaafie b BidRn taren:
each of the sbmmevme%éﬁacrh@r&wérﬁucbu Bkﬂ?’eétﬁwd@@rs%ie‘?‘h rﬁ\w b|stohse tirfdrjed ank,

continuously or in batches feeding an aqueous solution of hydrolysis
product s suskchsthat/coal galidaefrem @ny treatment sesselnmaysbe transfemrgd tom ent s

Cank or tho B5rYgUs: £ cSFLsRRIC ARt KOSty SEEIPEhI EePE s e "
cont i nuous| wotubilid cstl diglids adertrem;sféhed ey thieo hyarioty st cedutegasi fi cat i on

process. Gas or notor driven stirrers, hydraulic stirrers, shakers,
soni cators, 10 magnetic stirrers, bubblers, honogenizers, or any other

means kngun by Oriﬁ é? g#eﬁﬂad 'én%‘t?dlﬁ{etnt e%ﬁg'd}& 519"t héé'é”tglle%shioqfé d or

suspension, can In the systemo enti on. ure shows an
exanpl e prodigei irdet tdatelgasbcnet isale difjulty dutige mandndt @mmmrwt@as‘or I@asd
coal is delivered to a,nec

m.1 such as a,grinder,k,to reduce th
i e e sl pESiared Snd R dhEis etk subnd den reatnane CraRSRL de o
gravity sepaiygidgth dadi €6mBinativhd tAeréoff MRt b§ff@|k térﬂnlélézf héshdtdféé%i/‘%in‘é”e
V\/nereby the non-coal particles are separated fromthe coal by differences

in the specﬂlﬂU@ igietv Bt legs! oneeiqiid iditiel andaat lpast pre eutigt éort gas prediced | nt o

one or t d
with ch &W%g'nﬁ%lg&g% g(%“g:tthe g%ﬁﬁtst:ﬁgnbﬁer"\{%ﬁ(r gggﬁ % ﬂg%th%n%rg% Q}Z\rw‘ se
m xed for adgm@@ petdicyénofantdi BBmbimaticre therebf. pSEhil@at M bibgddifcation
particles may invol ve several vessels and recircuylation of solid coal

particles b&EaEehhae aldedy Arliqwidsaled, ablegshpnetiguichautiel amd pt jaast Omeof
the coal. T Cb‘i,’ratlh

hydr ol ysi s ?gg%?go??a%bﬁx??ggda peﬁ ﬁﬂ%lﬁn%égar%ﬁgﬁr‘e{\h%ﬁrﬁhyért%gslusch
react or, hydsogethaneethdoon dingideahpdroginoandl eonphiredicasdheremduced. The VFA' s
and AE 5 are then transferred fromthe hydrolysis reactor into the buffer
tank 5.2%%he hydrol ysis feed solution fromtwo or nore hydrolysis vessels,

contai ning VFA's mangeibFes), eﬁib%dﬁﬂeﬁﬂ'éyét'em tifgedvtidmstdreoP tHd %u?daﬂbm“

Hydrogen, methane and/or carbon di oxide may be generated in the buffer
tank. The efyAralygiat @akhywhishy sostainst VFA's sand adsBerthealigho ene or more

bi ogasifica o 1.0
bi ogasi fi catolpgﬁmrgga&i g{e Qgsﬁkélﬁéf Wﬁ%@gﬁ? tr?(ﬁ‘% &@é\?b@'dgf%@?agpaﬁa 'é’g' are
]pr?)duceg Adéztceorwﬂnbry ,reglifts uantrahsfer hef tHeogabstandally diquicc dgtieslysis feed
iltered, wit
25 solution into the buffer tank. The content of the hydroly3|s feed solution on a
weight/weight basis is preferred to be at least 80% liquid, and more preferably

less than 5% solids.

Inlets and outlets of the hydrolysis, buffer and biogasification reactors

30 are located so as to result in optimized working volume capacities of the
vessels. Equipment capital cost and process efficiency are directly
proportional to the working capacities of the vessels in a process system. In

the preferred embodiment, the hydrolysis vessel(s) contain(s) a mixture of

~
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WO 2011/ 075163PCT/ US2010/ 003131 the resultant liquids returned to the

sol ubilization tank. Followi ng a period of incubation and digestion in the

bi ogasi f iwatzoom7swact or, the resulting liquid in the bi egadistéiombiien

reactor can be recirculated back into the chem cal pretreatnment vessel 3
referred enbo

i th dyit, 5 A th i nyention for
The product iSRS ERahEesstod A G SGHEBUS TRDI L@t dRARt A0 < BH RATS 1
Figure 2. C%bférsblwtweéétw/o%fw.Mé&da}f%sdcﬁwoﬁtrﬁrmﬁrbwsfsemsrs@i kpn unit 9
to renmove non-coal "particles. The purified coal particles are dellvered

into chem cal pretreatnent tanks 10, 10 where the coal is sol ub| I | zed. Coal

solublllzatlon i I iple tr C t he
Toctreul ati on contit Praterer rbeRiBent 386 TRk SRowRar 0 GthEls andiFte o
the threg hyegralayByerongicioisel Ito Pbufer Bmkpenéredt &f equinbiaéd anthi andther
hydrol ysis reactors, volatile fatty acids and/or acetates, and hydrogen and

carbon’ di oxilyereisiedead sqiutitrem amféenemqavarqlmwersswg E{qwélbigtlcrryaf 8zed
substrate i g, aidcogé. féé%lr% fRnkr %%oh}s%%)’é' r8@z§[?°‘§/§s%é\§°m‘ir%£&§ fer

tank 13 via dro ysSi s solutlons Si s vessel s
are equili brsntdelénwchbngespmct\/ﬁm aMH AEph:psmealratnmmpepi—t |a$d Ildwlhi ogmtent

L LS Bl b A B 08 5 1
bi ogasi fjpcatyRifolg8is’ G884 inldH tHbab%Ig%l?i@Hhén kT, al' rdRMiREtiGM bt

in the biogasification reactor ogen, nethane and/ or carbon di oxi e
gases are pruydoclysis feed mluh@msmllm the biegasiication aedctir gt eohances he
bi ogasi fi cat on rea e remaining |liquid can be retained and

h
a portion of ?ﬁé“?‘f'ﬁ&?@aﬁgiBVP%%bé(ttb rgagtlgrl nto the either or both of the

chem cal pretreatnent vessels 25 or the three hydrolysis reactors via a
different conduit_15. Residual material in the three hydrolgsi S reactors

can be transferr kD& Pydiolysis faacier apdithy Pyffer ankcarsr eonnecies by iaiseremar at or
16 vvherggy %?)lngﬁ? hﬁ%lgﬁ |I§Pﬁ rﬁb’\aér?é ?&Jt{i%%r?ﬁ%%%%?%%gg@ﬁ%BHﬁngg

may be di'spose eneficial USe. v
processed 1%ank Mrreueh nﬁtealdewmalso:&tdmpas&h 3 fostheondoint eamneting, tha t h

D0C Ert1 LoVl anse SRl ARl fe 4he BTEEMTG N Bag Secarid: SePdit Banpertits
sol i ds sepaigé Ayl - taRKANRILE toviﬁezgl%é gﬁ@&@éﬁ%&@?%@& UL 31third con ‘

bench-scal e system consisting of grinder, sieve and shaker ta
cheni cal pr €onneatimg:the biagksifihgtionrgadter vatt, with by diotydis traateniotedr
penstaéblc punp, magnetic stir plates, tank heaters and manoneter, was
desi gne@~and constructed. 5 Pieces of lignite coal fromthe Dol et

Hills coal mne, Wnsiohghd, cdlaciads o'Pat'hleSBoalLthb(?és%@a char eepariidvn UAita OCG
Systens Model 4E grinder. The gwoun coal was placed in a USA St andar d

Testing No. PEBtreatiient asistemeydiydrelysissi reacier, 258beni buders &nk e@sdusihey a
Retch Mdel fse0lcfidkefankaeCan WBfable depending upon the requirements of the

application.
25
In a one embodiment, the system includes several hydrolysis reactors,
with at least 12 or more hydrolysis reactors being preferred. Each hydrolysis
reactor operates in batches or partial batches, while one or more
biogasification reactors operate to produce gases continuously. In a different
30 embodiment, the system may include several hydrolysis reactors operating
continuously, with solutions entering and leaving the hydrolysis and
biogasification reactors in continuous flow streams.
The pretreatment unit, the hydrolysis reactors, the buffer tank and the

biogasification tank or tanks may be linked in fluid communication in any
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10 sieved coal was then weighed, and 400 grams of coal particles were
treated aerobically and abiotically in a 4 liter treatment vessel wth
chem cal wolawtivoss3in the foll ow ng sequence: 1. A seCutusenood3idiliters
of 0.05 nol ar sodi um hydroxide, stirred initially for 152-5 m nutes and

I nt ai ned u f,40C faor 24 hours. in Blue M Dry
Type Bact er ey A dthehC EE B bl s¥lies dnEemBiialiond & pastielrnd e
super nat ant ssiesplraaetteiontedl arrangeinent exchlof thb&faﬁir@l&s@,- réacttrs 3 likkéy in
acetate, stirred injitially for 2-5 20m nutes, and mai ntai ned at a constant

t enper at ur e RFFARIWith the byifen tank.ncantmuassiy or jn bf@@afﬁ@ﬁmgt)lam?a@moups] o
' Y Wolaf C ' n S
i a Soi ueulieh SHDERI R LB LA VAR SR A TR S Bl 72 1 e

of 25 irén chloride, initially hand-stirred for 2-5 mnutes and mai ntai ned

at a constant tenperature of 40C for 48 hours in a Blue MDry Type ]
Bact eri al ogi cal %Ba? ts PhONE 8h MAHPRf the Restresdiment [S@'P'ﬁ)rt)’/"?ogllqu@'ys's
addi ti on of | | ; :

Phosphat e bUFTer pr Foru T B EraRs loatitaltn Bt (8 Hadigey bl
unsol ubi | i z&thebaontinvausiycer eericticatly eturingnthes thydsolysis and |bicgasificatidn

d back j t t, ) | d.t reatnent steps were |epeated
e | subst KOTSRS Pat PP SRoR VBRI trstay nistrandt Torein: ios. haCeliay ni ng
sol i ds_wer e nadredtisi stRebrs ObBBLIRFE HThBgehik¥rsN e aR9Mther MBans known by one

2011/ 075163PCT/ US2010/ 003131 particles that were not renoved via gravity
separati on SKilge ipdhe et toragitation arsdirmirg @. ligmik os sSLspENsierdcan be weeesd in
delivered imp.d I 11.5 liter 5 hydrolysis tank contai ning
using a I\/asgheé Qﬁtgﬁ?ﬁ}g@ugﬂﬂkﬁr_) 9’519- 25 peristaltic punp connecting the
outlet of the chemcal treatnment tank to an inlet port on the side of.the

hydrol ysis tank yia 0.25 inch dianeter clear flexible tubing. The headspace
01}/ t heyhydr ol ysi ?'Q‘Hﬁlé %%’Vq ANExANRJe PiPeRsS Rdhe PW@&PWW‘P?%MQ@@@@@”QO a

slight posi MethaRé YRRl FReRl cAIRE AEITBIR % & MSERaMBRY ¢ TR 80L PhRRsULe:
reduce the coal particle size to a desired range. The coal particles are then
fed into a gravity separation device 2, such as a float-sink tank or a
hydrocyclone, whereby the non-coal particles are separated from the coal by
differences in the specific gravities. The purified coal particles are then fed
20  into one or more chemical pretreatment vessels 3, where the coal is combiQed
with chemicals and water and the solution is stirred, agitated or otherwise
mixed for a given period of time. The chemical pretreatment of the coal
particles may involve several vessels and recirculation of solid coal particles
between or among the vessels to complete the solubilization of the coal. The
25  solubilized coal products are fed into one or more hydrolysis reactors 4. After
a period of incubation in the hydrolysis reactor, hydrogen, methane and
carbon dioxide gases are produced. The VFA's and AE'’s are then transferred
from the hydrolysis reactor into the buffer tank 5. The hydrolysis feed solution
from two or more hydrolysis vessels, containing VFA's and AE’s, are
30  equilibrated with the buffer tank. Hydrogen, methane and/or carbon dioxide
may be generated in the buffer tank. The equilibrated hydrolysis mixture is
transferred to a biogasification reactor 6. After a period of incubation in the
biogasification reactor, methane, hydrogen and/or carbon dioxide gases are
produced. Additionally, effluent in the biogasification reactor is filtered, with
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10 The fluid transfer was conpleted in increnents of approximtely 20% of

the total solubilized coal volunme, once per approximtely 7 days. Upon

conpl eti omoabitdieleBl ui d transfer from chem cal treat nentcrhms2aiani3iBo t he

hydrol ysis tank, the pH of the fluids in the hydrolysis tank was neasured
ed. to_and.

with a pH r, . Ther.no Mdydel, No. i,on 5, Star and adj

mai nt ai hed 188t ERNET DT grERe 1 458 sy aURRGARK] bIS s Rtiod of

bi car bonat e.incubationTed figéstlors irs tHeaBlogr¥icatibAt reaetcRd td rédiafiig digui irc
resin in cylindrical shape, fitted with rubber top and bottom O-ring seals

and af fi xed thet hicgagifieatien seadder seareviee Terirculated whack i intedthe teherical pl e
ports and v Wﬁp I nd gases transfer and sanpling,
a Mari nel an?r%ﬁ(éi%'lt'ﬁ?\%g/e%%%g t %‘S‘\Rﬁ#ﬁﬂé%@t subrersi bl e heater and the use

of a Stip-Pak Model No. 50007-20 stirrer. A magnetic stir bar 60 mmin

| ength was inserted ifn the hydrolysis tank and the tank was pl aced on a

VWVR Model No. 6Z0PEREGAATROdMentfihe invemtianaiok thapredintianeiumrihans rred
with the St'dndbﬁyfdrbgéﬁtda&%szf rRlth@RRNAd [@éﬁé@én‘h@‘%i B2, coal isgdt}fkéjrif’%d gas
sanpl es were collected several tinmes daily using a Syringe through sanpling
ports and arfabpdeitlivered e ggesiyceepdratjas amitfdoclesnowalinentdoa! particies. from

anaerobic fernmentatipn uch as hydrogen gas and 30 volatile fatt i ds
and acet at e?@spﬂifﬁﬁdoﬁgaﬁmm?@ﬁt%r_\éc%‘?llg’éaﬁ?‘? yis %@'C%P[%FP%W-” rl‘_‘é I%qui d
chr omat ogr apyhereBise SBEAL IPNBII0YilizE8! ITCHBNsolitkaiodahan fdeife IRQtipR
triple quadrupol e gas chromat ography/ mass spectronmetry i'nstrunent. Tot al

organi ¢ car h&atmentseandwgsirawatan atda dbe mgciucwatier condsit 3o oThe solubilized

5017 075565008 bERBAEL R wsTeGhip e e MBS Teelot 2, Afies amrigeial s
i ncreased i nauationtinahediydrolysiserdagtsrel yoiasily LAt acide\«id/&r acstatss, @ind

approxi mately 6 days, .a fluid volune equivalent to that transferred into
t he hydr ol ySWErqagik agdcarbemsieride fases ae praswgsrs iThat liud coataisinguthieng a

St enner { g/bd?,ngﬂyze"J QWQrﬁﬁgggtbéhttiéné%WBd fom the.thE!F&yQ%%%S{rJrg ciﬁttoisﬁ\%p .

reactor was al so’ constructe clear acrylic resi n’cylindrical
fitted withbuffebdank oiB3 amal eboonduitOThenbydrdysis andlitafrfsi frech whé hhyairalysisess

t eel . _The tank fitt i th nyltipl -t d val
Accommdat 6 VPPEF R BnEaYRarated vt Fespaghdo Bk RGical ioRetis: kbidiRgeno
Model No. Shgathhifie HMYSH wlbbﬁc‘dioﬁiue_rméziﬂé frd be][b_y hePinddbie inBe b ey der

and approximately 30 Bioballs plastic biological fi'lter nedia were pl aced
To

into the red&nior The pavlibited hydiplysiy fsebdicnr déa t(ﬁ@ﬁeﬁeéut@p@iwga&jﬁﬁatm )
h i j > A i. i 60, mm i n.. t
tas T netdt efedelol HC petia i B ARGy o ALY ifeclony PLER, olBeS A de

No. 15 620readtegnaydogehl rmetiairee aiio0Xdarboe! dioRidel igaises Ohres ProtiLeed.
conpri sed of Yvat,er, nutrient's and met hanogeni c anaer obes were aced into

the tank. THO'PWKIE Rereriashel Hirstratipnsang digestionhint the gipgﬁsﬁﬁatigf{btr@wﬁg at
appr oxi mat ey d R mrerﬁlgﬂir% dig(fd WS RPRERT SR 2SPBHGH Rt tnkCiGhiase
periodically transfterre
recirculated back into the either or both of the chemical pretreatment vessels
25 orthe three hydrolysis reactors via a different conduit 15. Residual material in
the three hydrolysis reactors can be transferred from the three hydrolysis
reactors to a solids separator 16 whereby solids and liquids are separated
from each other. The solids 17 may be disposed of or may be put to beneficial
use. The liquids 18 may be processed 19 to remove metals ions, salts and
30  other contaminants, with the resultant water recirculated back to the chemical
pretreatment tanks 20. Effluent from the biogasification reactor may be
transferred to the solids separator 16.

EXAMPLE
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into the hydrolysis tank, were transferred to the biogasification tank,
just prior to each subsequent transfer of fluids fromthe chem cal

t r eat mrentwoanki/a7ei68he hydrol ysi s tank. Upon conpl eti on etCTtuseoioodidl
transfer fromthe hydrolysis tank to the biogasification tank, the pH of

the fluids in the bi i fication tank. 2 d with H, net
Ther o Scr ent f1 & BPRO S5t SYSEM.| boisIR a0 o iae) M ebn RV Ak BB et
adj ust ed totag, BheRiieainpek-BLafROROERLIR)dFolsR véﬁ(,tﬂsn@gagigbétiim r@ﬁct@@,di um

bi car bonate. Met hane and carbon di oxi de gases were produced fromthe
bi ogasi fi caPiedatadic Pt Magdngiicastialplatesn tanle haglewss ande manomelenna@sed by

clear plasti I ter apparatus. The nmanoneter apparatus
cEpiBethd GGy

allows for CO € produced gases and direct neasurenent of the
total gas volume produced by displacenment of a colum of water. A sanpling

port on the gas qutlet valve enabled daily sanpling with a sP(rin e. The
sanpl ed gases werdec&iPhiignitepseal dmethe Salalortie £o31 miney peafield, De Soto

conmposi ti onpaj - A I 5 h g%tnggr o] he
fluids in tr?gr%l}:‘bgggﬁj?@%t \lwgﬂ@t%%ﬁ'?eg?ﬁﬁe(??e ai%‘y%'n?;%a yzr'egh or
t he presencgradnd obalwhe platadyiraaiUWSA Stdndamt Zestimg tlon GO siene samd stexed
using a Varian 500- C liquid chronmat ography/ S ronetry 5

i nst runent , 'QAPZE Qg??gﬁn'ﬂfg@ ordegs W'quﬁéc%@%ﬁﬁ%%a er thble. The

chr omat gr agRXedBSSal SRS theRicighd ) Ui 480 tgrafAcer Sow! pfaﬁﬁéle&ﬁ/v@rer {{Batel

duplicates. Production of gases fromthe bilogasification tank were
moni t or ed af@retiealiydend Abiotigalipimia 4 biter dteadmeap pesseinuithe chegical sptytions

addi tional yo ' fromthe hydrolysis tank were transferred into
t he 10bi oga)sfnl {‘r}%@??@rnniéé;@?%}wappr oximately every 7 days. Data Anal ysis

Actual biogas yields were calculated fromthe gas conposition and the total
15 headspace, where the total headspace is equal to the headspace in the

reactor and thk AnBRIHIIOBO! falitersot RdnmetaretstiumTingraxidgastined gaitaliy fard
ol 50 asgymed 625 g o Ohai 28 ) EBRBET LSBERREN By o @030

The standard vol une of gas was determ ne eal g aw relatronship Vs
= PaVaTs/ TaPs 20hehes m a Wue-MsDandype Beasenalbgical incubator;

2. The solution was then decanted and the supernatant was placed into a

solution of 2 liters of 0.25 molar ethyl acetate, stirred initially for 2-5

20 minutes, and maintained at a constant temperature of 90°C for 24
hours in a Blue M Dry Type Bacteriological incubator;

3. The solution was then decanted and the supernatant was placed into a
solution of 0.4 liters of 0.9 molar hydrogen peroxide and 0.12 grams of
25 iron chloride, initially hand-stirred for 2-5 minutes and maintained at a
constant temperature of 40°C for 48 hours in a Blue M Dry Type
Bacterialogical incubator. The iron chloride was added prior to the
addition of the hydrogen peroxide. The pH was adjusted to 3.5 using a
phosphate buffer prior to delivery to the hydrolysis tank.
30
4. The unsolubilized coal from each of the treatment steps was collected
and placed back into the treatment vessel and the treatment steps
were repeated until substantially all of the coal material was solubilized.

The remaining solids were determined to be predominantly non-coal

28



Va = actual gas volune Ta = actual gas tenperature Ts = standard gas
tenperature (273 K) 25 Pa = actual gas pressure Ps = standard gas pressure
(1 atn) Baeediiorstéhe coal anount that was |iquefied in Prheygseebneasnent and
the amount transferred to stage Il, the volunme of gas was extrapolated to a
scf/ton coal basis, . Th raction of the anpunt of coal consuned. for gas
production WO 2@'@?%1%@%@%‘?%8%1({)&6& V\'/%Qra\éffycﬁeg?é '%ipﬁ'g?rato the

stoi chionetric realminieastiémnedntt he anount of carbon in coal (i.e., on a

nol e carbon basis) assum ng -65% of coal is carbon. Gas vol une cal cul ati ons
were corrected for loss or dilution due to gas collection and water
sanpling. 5 Resul i ' : crifer] o] r nce
of this system vvat@ %@%%ﬁ%@bg%ﬁu&%hgﬁw& 'é{:)%png%i]t%i @ﬁégﬁanméég?%ﬁuced
bi ogas, @nd Hyldeolpsisdank awintaihinglOsihgeal Mastér Eizxl Model Nwa s SO@n2% pieeidtditic

bi ogas. The system was  operated | atch m)dﬂfwith eriodic transfers of

appr oxi mat elRHMRGENCE QHﬂﬁ! g(e EcEREMIFS ﬁ@tm?B. anketocpRAfighport on
pretreat mentyt ape 5OHRydISAR dhkSyib 5 iAChiSAREONLIEAPTiekibRNRIBHG e
l'urd rﬂ:‘f\ In%ygr o? i

approxi mat el y equi val ent” vol'unmes of s fromthe ysis tank to the
bi ogasi f i cathemdspaeok .of the hydrolysis tank was initially purged and filled with nitrogen

to a slight positive pressure of approximately 1 psig above ambient pressure.
10  The fluid transfer was completed in increments of approximately 20% of the
total solubilized coal volume, once per approximately 7 days. Upon
completion of the fluid transfer from chemical treatment the tank to the
hydrolysis tank, the pH of the fluids in the hydrolysis tank was measured with
a pH meter, Thermo Mode! No. Orion 5 Star and adjusted to and maintained

15 at approximately 5.5 — 6.0 via the addition of sodium bicarbonate.

The hydrolysis tank was constructed of clear acrylic resin in cylindrical
shape, fitted with rubber top and bottom O-ring seals and affixed with
stainless steel screws. The tank was fitted with multiple ports and valves to

20 accommodate fluids and gases transfer and sampling, a Marineland Model
No. Stealth 100W indirect submersible heater and the use of a Stir-Pak Modél
No. 50007-20 stirrer. A magnetic stir bar 60 mm in length was inserted in the
hydrolysis tank and the tank was placed on a VWR Model No. 620-S
magnetic stir plate. The tank was continuously stirred with the stir bar rotating
25 at approximately 400 rpm.

Fluid and gas samples were collected several times daily using a
syringe through sampling ports and analyzed for the presence of gases and
chemicals that result from anaerobic fermentation, such as hydrogen gas and

30 volatile fatty acids and acetate, as well as nutrients content, using a Varian
500-MS LC liquid chromatography/mass spectrometry instrument, and a
Varian Model 320-MS triple quadrupole gas chromatography/mass
spectrometry instrument. Total organic carbon content was measured using a

Dionex ICS-3000 ion chromatography instrument. Each analyses were run in
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15 Daily nmonitoring and adjustnents of pH hel ped mai ntai n consi stent
system operation in the reactor vessels. Biogas production began within
appr oxi maweli1ilBsteeur s fol |l owi ng 20 transfer of fluids eomtuskengs1¥FA s and
acetate fromthe hydrolysis tank, and increased steadily over a 60-day

i d h biljzed f
port od of 17, aer Ieeedhsch, 07 rBRCHR i TEARPA h GoDae RIS I Byt em
oper ati on. Tiyarcﬂytumamﬂ bosed ‘i!)@lnb)d bh dpproXittel Y8 gay)da bﬂlﬁaa%lbm‘eat Ion

reactors and adj usted {)erl odically to maintain 25 the desired pH 1 n each

Over the op&aaivaientpter f‘@ﬂtf&ﬂ@rﬁﬂllwotﬂ@ hlydﬂobis}%laﬂk w@tm?nsfa;reddtoﬁ?e
nsfer . fromthe
chen car & r Spsacfiohgeatith SR b aRh M ogBERe S RO B AR B de <o

raise the pHto the desired level. Figure 3 is a plot of the pH of tﬂe 0
hydrol ysis vessel_and the biogasification reactor, nmeasured daily. The 3
cumul ati ve bi ogaghﬁn?foﬁﬁﬁ'ﬂﬁﬂf@rb@ﬁﬁ]@f Va8 aleq eanstrustied 19é Clsias geey i resin n

react or arecthm %hﬁgawf.ﬁe& Wil §uBBL ) vo@ﬂaaémgm\g?magsa@r&sﬂd’%&x%fa from

t he biogasification reactor are shown in
2011/ 075163IMII'V &ISirlasy Sieelsdrews. The &ﬂhj\bablﬁﬂed vmﬁaknmmslemmtwaﬂd vabhasd on

solid and h t ot al
o0, 700 " of et EidS ark §3ees RS BnE Saes el sindbsMRuhalBor of
percent 10f MddH! NG 0SRiaRharOGINPINRIFRBE sUBrﬁeJﬂﬁbiéVHéé’t'eYSASplégﬁ&h%srPBIMé’f

COMCAPS system Figure 7 is a plot 5of percent of remaining dissolved coal
carbon in t RedraRATEKiRAtslyr R Eiebalts ptaséic inogrs! §itst madla were pleeedmmip

total organ a r d frequen dur stem
operaton 1 cliitors; Bhaproed & B dicEs ARET Y, SHRRER o e, P <
ability to mnamgmalcuuoremw@m wgeignefo stinbhr 6©Gnirhwu€agh1 Wag
condi ti ons. %{egte was 15 crushed, sieved, and treated with a seéries: of

cheni cal s, e'”stB?Jb'dl"‘P'i’é'é tapkiand e @okwas placgdsarear WO/R M%Nﬂ(l mat e
20% i ”Cif c Fé-é Gn %'n)é%l 'rs]%?ubl | ZgBP'ZC h?é‘?@sc?fl solffl F\ecc?mgy% tic

bacterial culture c nverte coal” product o predo tIy
VFA' s and awater eutridntemand rpethambge‘nm bnaeromesawweopllansedehm hguiavk| Fhe

vol ume of tp enks\(/)v[allsjtcoon |n|uouslr3]/ stirt ddr (\)N% the stir bar rotating at approximately 100
rpm.
20 Fluid volumes approximately equivalent to those periodically transferred

into the hydrolysis tank, were transferred to the biogasification tank, just prior
to each subsequent transfer of fluids from the chemical treatment tank to the
hydrolysis tank. Upon completion of the fluid transfer from the hydrolysis tank
to the biogasification tank, the pH of the fluids in the biogasification tank was

25 measured with a pH meter, Thermo Scientific Orion 5 Star
pH/ISE/Conductivity/DO Benchtop meter and adjusted to and maintained at
approximately 7.5 via the addition of sodium bicarbonate.

Methane and carbon dioxide gases were produced from the biogasification

30  tank through a valve on the top of the tank connected by clear plastic tubing to
a manometer apparatus. The manometer apparatus allows for collection of

the produced gases and direct measurement of the total gas volume

produced by displacement of a column of water. A sampling port on the gas

outlet valve enabled daily sampling with a syringe. The sampled gases were
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20 phase vessel was transferred to the biogasification reactor, where

nmet hane, carbon di oxi de and hydrogen were produced. The process conti nued
as descriweaohenreisd until substantially all of the coal pewluisdeonesial

sol ubilized, the solubilized coal products were hydrolyzed, and the VFA's

and acetates_resulting from hydrolysis, were, can t o _met hane, carbon

di oxi de and aﬂja?w Lodeﬁqm%ﬂg%tvﬁ'ﬁ@ g’ﬁé’?&t Mﬁgetg#ﬂ 0098s ﬁ%métﬂﬂjﬁa ive
met hane yi elSimplekedf ahd@ i@ inftheSorigdsHiation Stankr Rerd &oNestedvahiy bhd- and
42 L. The sol ubl e coal conversion at these sanme system operating tine

i nterval s wahapgeshfainthespresancenel velatitnfatt iasidsoandracatate aoddnutegateni ng

in the hydr i r ti AR |« L.
30 A LoRTa SR araan, pO8RBS 6 ol L EbEhgo RS aretit e,
this speé6i fiicstturnenfir eatgr ea n Vadat paviatied I3p0cier emsle | guadiupele gas
specification to the same extent as if each individual publication, patent
or patent afpProwalQBAPhYEass-ePestrRelfy dRstrument Baah 13nalysasc wese s He

i ncor porate i e . : . T 1S
A WED 1. SPRESER, Prod fifRFBf fased fPof e Progticafio Al weld Thonidled
(a) treatin@ndoa¢candetl forl agtatal peebdsof wpproxiewtely DOadays, per additiondl t he

w th & hyar OIS nPEr RS Faphoa il Sl dalitc WEer BTEETeSh Al W

fatty agpds piogasification refittar apprdghatély R 7@1dyisqui d portion of the
product fromstep (b) with an anaerobi C m crobial popul ation that generate

nmet hane to produce a product 10contai ni ng net hane. 2. The process of
claim1l1, wherein steps (a), (b) and (c) are perforned in different vessels.
153. The process of claim1l, wherein the coal used in step (a) is

Data Analysis

Actual biogas yields were calculated from the gas composition and the totél

15 headspace, where the total headspace is equal to the headspace in the
reactor and the amount of gas in the manometer. The actual biogas yield also
assumed gas temperature of 40°C and atmospheric pressure of 0.833 atm.
The standard volume of gas was determined by ideal gas law relationship

Vs = PaVaTs/TaPs

20  where,

Vs = standard gas volume

V, = actual gas volume

T, = actual gas temperature

Ts = standard gas temperature (273 K)
25 P, = actual gas pressure

Ps = standard gaé pressure (1 atm)

Based on the coal amount that was liquefied in the pretreatment and the
amount transferred to stage il, the volume of gas was extrapolated to a scf/ton
coal basis. The fraction of the amount of coal consumed for gas production
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pul veri zed coal . 4. The process of claim1, wherein the coal used in
step (a) is coal that has been treated to renmpbve at |east a portion of
non-coal wopuriwrses. 20 5. The process of claim1, wherecm/useep/o(ap
conprises the steps of: (i) treating coal with an alkali;

i [ LW . C1-C4 carb I id.. b oi c_acid, salt or
st er of - sulirsiRtutied Bgna SlaERisA e, Slsfonstin Sab fmotpbat Pagcium
wi th hydr ogepapérexiodea lmo@eamoe\ssaglg) %fssuﬁmg ~B8Y, WieESHI Ns Ldip Ok deJasof
such steps is not essential. The process of claim1, wherein the

hydrol ytic MPRFEBICRICYRRIANSavess C@freﬁ@b farlpss | dittsionadua detaaseaolletion

7. The proc o claiml, wherein the anaerobic process nay .
consi st of gﬁgﬁ%ﬁ?ggﬁ@geb two phases or nore than two phases O hydrolysis

and biogasification. W 2011/ 075163PCT/ US2010/ 003131 8. The process
of clain?i, V\,herei n nore than one hydrol ysis phase vessel is utilized.

9. The procgigr.] a@h%i%&ssimerei n nore than one biogasification phase
5vessel is u . »

The criteria for the performance of this system was total biogas
production, the composition of the produced biogas, and the percent of the
10 feedstock coal that was converted to biogas. The system was operated in
batch mode, with periodic transfers of approximately 20% of the solubilized
coal volume from the chemical pretreatment tank to the hydrolysis tank, and
concomitant transfers of approximately equivalent volumes of fluids from the
hydrolysis tank to the biogasification tank.
15
Daily monitoring and adjustments of pH helped maintain consistent

system operation in the reactor vessels.

Biogas production began within approximately 16 hours following

20  transfer of fluids containing VFA's and acetate from the hydrolysis tank, and
increased steadily over a 60-day operation period of the system. Biogas
production then stabilized for a period of 17 days, before tapering off for the
remaining 14 days of system operation. The pH was monitored daily in the
hydrolysis and biogasification reactors and adjusted periodically to maintain

25 the desired pH in each. Over the operation period, the pH in the hydrolysis
reactor varied as hydrolysis proceeded following each solubilized coal transfer

from the chemical treatment tank, requiring regular additions of sodiurﬁ
hydroxide to raise the pH to the desired level. Figure 3 is a plot of the pH of

the hydrolysis vessel and the biogasification reactor, measured daily. The

30 cumulative biogas and methane production rates from the biogasification
reactor are shown in Figure 4. The daily biogas and methane production from

the biogasification reactor are shown in Figure 5.
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10. The process of claim1, wherein the coal is lignite, sub-bitum nous
coal, bitum nous coal, sem -anthracite coal, anthracite coal or a

conbi nat iwo 20hen7ewB. 10 11. The process accordi n@Ctrasediaionsily
wherein said hydrolytic m crobi al popul ation of step (b) is a nmenber

selected fromth onsi,stin t Vi b C os

Lact obaci | | us, e%&“@@'ggﬁu%oalﬂ%ﬁ g?%% g %ﬁﬁﬁf SPHER gqrﬁ)ﬁpcgqrggnts in the

Pr ot eobact ergodaat aag@@fms pabsed (6. t\bé@m thal CcoD, Td@) ofdthi @raerd%s\%eeﬁ
claim1l1, wherein said mcrobial popul ation of step (c) 1s a nenber selected

from the gr ANRwakwihithg LE-Mer btigureed is R piotmisercantal tofshergariaecid us,
B d
ot sseri o PAPRaT) Bl arbRSRaIEER Sor s COMGARS SEER R R (S Aol

Sar ci na, 5SerofgidreentShfi eptainingCdissoned Jo pacsore &6 thedVRydnahaesf5tbH 6F the
omel i anski i Mgém cium M. Sohngenl i, Met hanosarm na barkeri, M.

Met hani ca, I\S‘E Syﬁﬁrﬂanobact eri um t her noaut ot r ophi cum

Met hanobact eri um bryantii, Methanobrevi bacter smthii, Methanobrevi bact er
ar bori phi | us, Met hanobr evi bacter runinant i um 25 Met hanosp| rillum hungatei,
Met hanococcus varfietate, , tolilt brganicracidss 08Dy eAB) Wetehanonitorer fpquently

Met hanosarmdr?'ﬁ maté i\/et hanosarC| na t hernophila, Methanobacteriaceae,

Met hanosar citi090¢ VB KRS AUteae, Met hanocor puscul aceae,

Met haangpi cr obi aceae, other archaea and a conbi nati on of these. 30

13. The process of claim1, wherein one or nore of said treating steps is
per f or med i FCNAUSIRRS hydrol ysis vessels or bioreactor that is agitat ed
stirred or mxed either continuously or intermttently. WO

2011/ 075163PCT/ US2010/ 003131 14. The process of claim1, wherein step

(c) occurs in a i SOMCARBIsysient aiatsSevalubiay fdr ig am‘u@rtoaborﬁmt cbaptg des
a nedi um for owt h of nethanogeni ¢ bacteria and whi ch increases the

sur f ace areén ?ngagasglr"mfhCoai@ntm@%rtbeé@@pbwcc@%ndﬁ'qns.népgmteng@ _
device §g such tl’f?ote sﬂge f éfr{dJ?t‘étatéQd)Wﬁxsaa{éQels'SP cra?%ne% |Iie tion

reactor, I ds may be di sposed o ene I'Ci a
use, and suchat h@tuudsheenei yansferneayinbap proxtrhate 2®%airmlemehtsnm:asmm°r¢lysmd

f cl
\r,weé?/g! ﬁdthg b%ggf%%n%g C%%aetélne%nt %?agﬁ]yglol%tlc bac?erparl occuel\tsu?e oconcvefi‘ted tjﬁe

solubilized coal product to predominantly VFA's and acetate. After a period of
time, an approximately equivalent volume of the solution in the hydrolysis
20 phase vessel was transferred to the biogasification reactor, where methane,
carbon dioxide and hydrogen were produced. The process continued as
described herein until substantially all of the coal solids were solubilized, the
solubilized coal products were hydrolyzed, and the VFA's and acetates
resulting from hydrolysis were converted to methane, carbon dioxide and
25  hydrogen. Under these operating conditions. The cumulative methane yields
after a period of 15 and 30 days were, respectively 17 L and 42 L. The soluble
coal conversion at these same system operating time intervals was 26.5%
and 61.4%. The concentration of organic acid remaining in the hydrolysis
reactor at these time intervals was 1490 and 1965 mg/L.
30
All publications, patents and patent applications mentioned in this
specification are herein incorporated by reference into the specification to the
same extent as if each individual publication, patent or patent application was

specifically and individually indicated to be incorporated herein by reference.
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of step (c) includes nethanogenic bacterial cells. 17. The process of
claim 16, wherein the nethanogenic bacterial cells are separated fromthe
ef fl uent wWoquiidh7ared sol i ds and retained within a react oPCTAB2&0/0T3181 pr ocess
of claim1, wherein the liquid of step (a) is a solvent selected from

aromatic h te and heavy oils. 19. The process of
claim 18, y%%w 211 "is an aronmatic hydrocarbon selected from

phenant hrene, chrysene, fluoranthene and pyrene, nitrogenous ring _
aromatics, anthracene, fluqgrine, and catechol. 2020. The process of claim
19, wherein the ni ¢}y BRERELON ¢y estingrapaLeX §itcGarapii®ngr car bazol e.

. bi LNy LA t.ep i el e from
2 alkal b car BokSPRATY ot RiEa Al thafSbRnfieS AMlebdl ol SodBh B8 &
carboxyl bc &oald, and a peroxide. 25 22. The process of claim 21,

[ id liquid,Is,. kal i . . 23. The process of claim 22,
iner o 33 o (e AREeflei pmrian e neout oM TEHET R Besier vt
i d al kal i misrgbidla : 31 . The
rocess of O amaPPHETo pdfhER s piofRtb MRS ) B0 ¢ aci o,
carboxylic acid (@ Healing aulsas! adiaud postiorn ottheTrashuch froyh stepatt)dvith aan

ester of a Gl CH@ReRiACHESStion that generate methane to produce a product
10 containing methane.

2. The process of claim 1, wherein steps (a), (b) and (c) are performed
in different vessels.

15 3. The process of claim 1, wherein the coal used in step (a) is

pulverized coal.

4. The process of claim 1, wherein the coal used in step (a) is coal that

has been treated to remove at least a portion of non-coal impurities.

20
5. The process of claim 1, wherein step (a) comprises the steps of:
(i) treating coal with an alkali;
(if) treating coal with a C1-C4 carboxylic acid, benzoic acid, or salt or
ester of such acid, or a combination thereof; and
25 (iii) treating coal with hydrogen peroxide in the presence of iron,
and wherein the order of such steps is not essential.
6. The process of claim 1, wherein the hydrolytic microbial population
of step (b) includes an acetogen.
30

7. The process according to claim 1, wherein the anaerobic process
may consist of a single phase, two phases or more than two phases of
hydrolysis and biogasification.
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526. The process of claim?25, wherein said liquid is acetic acid or a salt

or ester of acetic acid. 27. The process of claim?21, wherein said
| i quid i swbenmai7siéaci d, or a salt or ester of benzoi c aeca/us2@0/0T3181 process
of claim2l, wherein said liquid is a peroxide. 29. The process of

of claim 20, whorki T ATGCERLAL AT )'s W R B AN 27 INGEOly o dse *°°

presence of \igsg8lisdtilizdhe process of claim1l, wherein step (a) conprises:
20(i) treating coal with sodi um hydroxi de; (ii) treating at | east a
portion of the product from (i) with acetic acid or a salt or ester of

acetic acid, andg ypq pro@eké)ofg [RAL R é’rte d fidRd tl‘?a Y b%"g%f&ﬁ%npﬁ%% The

from(ii) with hydr ogen "peroxi de in"t presence I ron
met hod of clwvaissebis utlligedi n sai d al kali i s sodi um hydr oxi de or potassium
hydr oxi de.

10. The process of claim 1, wherein the coal is lignite, sub-bituminous
coal, bituminous coal, semi-anthracite coal, anthracite coal or a combination
thereof.

10

11. The process according to claim 1, wherein said hydrolytic microbiél
population of step (b) is a member selected from the group consisting of
Acetivibrio, Clostridium, Lactobacillus, Ruminococcus, Zootermopsis, and
other Firmicutes, Proteobacteria and a combination of these.

15 |

12. The process of claim 1, wherein said microbial population of step
(c) is a member selected from the group consisting of Aerobacter,
Aeromonas, Alcaligenes, Bacillus, Bacteroides, Clostridium, Escherichia,
Klebsiella,, Leptospira, Micrococcus, Neisseria, Paracolobacterium, Proteus,

20 Pseudomonas, Rhodopseudomonas, Sarcina, Serratia, Streptococcus and
Streptomyces, Methanobacterium omélianskii, Mb. Formicium, Mb. Sohngenii,
Methanosarcina barkeri, Ms. Methanica, Mc. Masei, Methanobacterium
thermoautotrophicum, Methanobacterium bryantii, Methanobrevibacter
smithii, Methanobrevibacter arboriphilus, Methanobrevibacter ruminantium,

25 Methanospirilum  hungatei, Methanococcus vannielli, Methanothrix
soehngenii, Methanothrix sp., Methanosarcina mazei, Methanosa(cin_a
thermophila, Methanobacteriaceae, Methanosarcinaceae, Methanosaetaceae,
Methanocorpusculaceae, Methaanomicrobiaceae, other archaea and a
combination of these.

30

13. The process of claim 1, wherein one or more of said treating steps
is performed in a tanks, hydrolysis vessels or bioreactor that is agitated,\

stirred or mixed either continuously or intermittently.
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14. The process of claim 1, wherein step (c) occurs in a container that
contains within it a material that provides a medium for growth of

methanogenic bacteria and which increases the surface area for said growth.

15. The process of claim 1, including a device to separate the effluent
solids and liquids from the biogasification reactor, such that the solids may be
disposed of or put to a beneficial use, and. such that the liquids may be further
treated, if necessary, and recycled to the chemical treatment tank. L

16. The process of claim 1, wherein the anaerobic microbial population

of step (c) includes methanogenic bacterial cells.

17. The process of claim 16, wherein the methanogenic bacterial cells

are separated from the effluent liquid and solids and retained within a reactor.

18. The process of claim 1, wherein the liquid of step (a) is a solvent

selected from aromatic hydrocarbons, creosote and heavy oils.

19. The process of claim 18, wherein the solvent is an aromatic
hydrocarbon selected from phenanthrene, chrysene, fluoranthene and pyrene,

nitrogenous ring aromatics, anthracene, fluorine, and catechol.

20. The p'rocess of claim 19, wherein the nitrogenous ring aromatic is

acridine or carbazole.

21. The process of claim 1, wherein the liquid of step (a) is selected
from an alkali, a carboxylic acid, a salt of a carboxylic acid, an ester of a
carboxylic acid, and a peroxide.

22. The process of claim 21, wherein said liquid is an alkali.

23. The process of claim 22, wherein said alkali is NaOH or KOH.

24. The process of claim 22, wherein said alkali is a Lewis base.
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25. The process of claim 21, wherein said liquid is a C1-C4 carboxylic
acid, carboxylic acid is acetic acid, a salt of a C1-C4 carboxylic acid or an

ester of a C1-C4 carboxylic acid.

26. The process of claim 25, wherein said liquid is acetic acid or a salt

or ester of acetic acid.

27. The process of claim 21, wherein said liquid is benzoic acid, or a

salt or ester of benzoic acid.
28. The process of claim 21, wherein said liquid is a peroxide.

29. The process of claim 28, wherein said peroxide is hydrogen

peroxide.

30. The process of claim 29, wherein said treatment is with hydrogen

peroxide in the presence of iron.

’

31. The process of claim 1, wherein step (a) comprises:

(i) treating coal with sodium hydroxide; |

(i) treating at least a portion of the product from (i) with acetic acid or a
salt or ester of acetic acid, and

(i) treating at least a portion of the product from (ii) with hydrogen

peroxide in the presence of iron.

32. The method of claim 5, wherein said alkali is sodium hydroxide or

potassium hydroxide.
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