A PROCESS FOR ENHANCI NG THE OPERABI LI TY OF HOT GAS

CLEANUP FOR THE PRODUCTI ON OF SYNTHESI S GAS FROM
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diesel fuel, is growing faster than inside the U.S. This situation may change as
more fuel-efficient vehicles, using hybrid and/or diesel engine technologies, are
introduced to reduce both fuel consumption and overall emissions. Since the
resources for the production of petroleum-based fuels are being depleted,
dependency on petroleum will become a major problem unless non-petroleum
alternative fuels, in particular clean-burning synthetic diesel fuels, are developed.
Moreover, normal combustion of petroleum-based fuels in conventional engines
can cause serious environmental pollution unless strict methods of exhaust
emission control are used. A clean burning synthetic diesel fuel can help reduce

the emissions from diesel engines.

[003] The production of clean-burning transportation fuels requires either the
reformulation of existing petroleum-based fuels or the discovery of new methods
for power production or fuel synthesis from unused materials. There are many

sources available, derived from either renewable organic or waste carbonaceous
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synthetic gasoline and diesel fuels, wll benefit both
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also referred to as synthesis gas) cleanly and efficiently from carbonaceous
sources, that can be subjected to a Fischer-Tropsch process to produce clean and
valuable synthetic gasoline and diesel fuels, will benefit both the transportation
sector and the health of society. Such a process allows for the application of
current state-of-art engine exhaust after-treatment methods for NO, reduction,
removal of toxic particulates present in diesel engine exhaust, and the reduction of
normal combustion product pollutants, currently accomplished by catalysts that are
poisoned quickly by any sulfur present, as is the case in ordinary stocks of
petroleum derived diesel fuel, reducing the catalyst efficiency. Typically,
Fischer-Tropsch liquid fuels, produced from synthesis gas, are sulfur-free, aromatic

free, and in the case of synthetic diesel fuel have an ultrahigh cetane value.
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conversion facility. A tipping fee, presently at $30-$35 per ton, is usually charged

by the waste management agency to offset disposal costs. Consequently not only
can disposal costs be reduced by transporting the waste to a waste-to-synthetic
fuels processing plant, but additional waste would be made available because of

the lowered cost of disposal.

[007] The burning of wood in a wood stove is a simple example of using biomass
to produce heat energy. Unfortunately, open burning of biomass waste to obtain
energy and heat is not a clean and efficient method to utilize the calorific value.

Today, many new ways of utilizing carbonacebus waste are being discovered. For
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exergior, bl ciean it reaulaions Anexipaieial e atfer Pedtgsg is the Hyno
Mettdriol PRedess, Whidhruded I9girslqiisification and steam reformer reactors to
synthesize methanol using a co-feed of solid carbonaceous materials and natural
gas, and which has a demonstrated carbon conversion efficiency of >85% in

bench-scale demonstrations.

[010] More recently, a process was developed in our laboratories to produce
synthesis gas in which a slurry of particles of carbonaceous material in water, and
hydrogen from an internal source, are fed into a hydro-gasification reactor under
conditions to generate rich producer gas. This is fed along with steam into a steam
pyrolytic reformer under conditions to generate synthesis gas. This process is
described in detail in Norbeck et al. U.S. Patent Application Serial No. 10/503,435
(published as US 2005/0256212), entitled: “Production Of Synthetic Transportation

Fuels From Carbonaceous Material Using Self-Sustained Hydro-Gasification.”
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synthesis gas via gasification and producing a liquid
fuel fromsynthesis gas are totally different-

CH sHak2 ssesC hesis gd3d is produced using a steam
nmef hane refornmer (SMR), a reactor that is w dely used
to produce synthesis

CH4+2H 0 ---> CO,+4H; (2)

[013] Carbon monoxide and hydrogen are produced in the SMR by using steam
and methane as the feed. Conventionally, heating processed water in a steam
generator produces the required steam, and the methane is usually supplied in the
form of compressed natural gas, or by means of a light molecular weight off-gas

stream from a chemical or refinery process.

[014] Alternatively, the product gas from an SHR can be used as the feedstock for
the SMR by first removing sulfur impurities from the product stream from the SHR
with a hot gas cleanup unit that operates at process pressures and is located in
between the SHR and SMR. This éntire process is described in U.S. Patent
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[017] Therefore, use of metal oxide sorbents for H,S removal becomes quite
stringent as the sorbents are required to function in adverse conditions of large
steam content, to the extent sufficient to prevent sulfur-poisoning of the catalyst for
steam reforming of methane. Thus, there is a need for an improved process to
enhance the operability of hot gas cleanup of steam-hydrogasification producer
gas.

BRIEF SUMMARY OF THE INVENTION
[018] This invention provides an improved, economical alternative method for
enhancing the operability of hot gas cleanup of steam-hydrogasification producer
gas. This is accomplished by changing the sequence of the process to a sequence
comprising:

-- steam-hydrogasification;

-- autothermal reformina of methane:
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procsteam rtemwmrwa:drhenemrabhénty of hot gas cl eanup
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Is favorable to sulfur capture by the sorbents. The

- synthesis gas streamresulting fromcondensation is
[020hedbhe stream of methane rich producer gas can be produced from separate

steam pyrolysis and hydro-gasification reactors, but preferably, the stream of
methane rich producer gas is produced from steam-hydrogasification before being
subjected to autothermal reforming. Again preferably, the pressure of the
steam-hydrogasification, autothermal reforming, condensation, and sulfur impurity

removal is substantially the same throughout, about 150 psi to 500 psi.

[021] The carbonaceous material can comprise municipal waste, biomass, wood,
coal, or a natural or synthetic polymer. The synthesis gas generated by the
removing impurities stage can be used as fuel for process heat and/or in a fuel
engine or gas turbine that can generate electricity. The autothe.rmal methane
reforming is preferably conducted under conditions whereby the composition of
synthesis gas produced has a H2: CO mole ratio of 3 to 4 and the synthesis gas
generated by the removing impurities stage is fed into a Fischer-Tropsch reactor
under conditions whereby a liquid fuel is produced. Exothermic heat from the
Fischer-Tropsch reaction can be fed to the steam-hydrogasification reaction and/or

an autothermal methane reforming reaction.
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producer gas can be produced from separate steam
pyrol ysis and hydro-gasification reactors, but
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[025] Figure 1 is a flow diagram of the process of this invention in accordance with

a specific embodiment.
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The apparatus can include a%Fi scher-Tropsch type

reactor for receiving the purified generated synthesis

gas to produce a liquid fuel. Means can be provi ded

for transferring exotherm c heat fromthe

Fi scher-Tropsch type reaction to the
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[028] The improved'process scheme can be used where there are separate steam
pyrolysis and hydro-gasification reactors, followed by an autothermal reforming
reactor, in a process for producing a synthesis gas for use as fuel for process heat
and/or in a fuel engine or gas turbine that can generate electricity; or as feed into a
Fischer-Tropsch type reactor to produce a liquid paraffinic fuel, recycled water and

sensible heat, in a substantially self-sustaining process.

[029] Preferably, the improved process scheme is used with a steam
hydro-gasification reactor (SHR) in which carbonaceous material is heated in the
presence of both hydrogen and steam to undergo steam pyrolysis and

hydro-gasification in a single step.

[030] In order to adopt the improved process, a number of requirements have to
be met: (i) the catalyst used for autothermal reforming of methane should be able to
maintain activity for methane reforming satisfactorily in high-sulfur environment,
and (ii) the temperature for steam condensation prior to hot gés cleanup should not
be significantly lower than that for hot gas cleanup at the operating pressure so as



pyrol ysis and hydro-gasification reactors, followed by

an autothermal reformng reactor, in a process for
WHRBMIEPHY a synthesis gas for use as fuel for PpTBEEYs/0215%4

heat and/or in a fuel engind or gas turbine that can

generate electricity; or as feed into a

Fi scher-Tropsch type reactor to produce a liquid

paraffinic fuel, recycled water and sensible heat, in

a substantially self-sustaining process. [029]
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noble metal catalysts which can be used are Engelhard’s ATR-7B and Haldor
Topsoe’'s RKS-2-7H or RKS-2P.

- [033] After the autothermal reforming of methane, steam can be removed from the
process by condensation at a temperatures not substantially lower than that for hot
gas cleanup. In the case of 28 bar operating pressure, steam condenses to water at
230 °C, which can then be removed from the process stream before it is fed to the
stage of hot gas cleanup. By removing the steam prior to hot gas cleanup, the
sulfur capture capacity of the metal oxide sorbents used in the hot gas clean up
stage can be fully utilized; and the energy load required to reheat the process
stream for hot gas cleanup can be lowered to a great extent as the specific heat of

the process stream decreases significantly due to steam removal. For example,



met hane are known to have higher activity and superior
sul fur-resistance as well as regenerability.
WORAIAHY8, net hane-rich gas produced from PCT/US2007/021594

st eam hydrogasi ficati on canllbe reforned with the

i ncreased operability by neans of autothernal

reform ng: the nethane-rich gas containing high

concentration of hydrogen sulfide can be refornmed to
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After renoval of the steam the resulting synthesis
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cI eanup unit. Sulfur inpurities existing.in the SHR
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mumfi\‘iz%dr. ALY Bred¥ird8F 58 BAr, tBMpeYatLRESh%h838nge of 250°C to 400°C
and space velocities up to 2000 /hr have been used in the desulphurization of SHR
product gas. The used sorbents in the gas cleanup unit can be replaced with fresh -

sorbents once the sulfur capture capacity is reduced significantly.

[036] Once nitrogen is separated by a gas-separation device for being recycled to
the autothermal reforming reactor, the resulting synthesis gas is then available for
the production of fuels and process heat, or the synthesis gas is fed to a
Fischer-Tropsch type reactor in a process that can produce a zero-sulfur, ultrahigh
cetane value diesel-like fuel and valuable paraffin wax products. The absence of
sulfur enables low pollutant and particle emitting diesel fuels to be realized. Useful
by-products can be produced, for example, purified water, which can be re-cycled

to create the slurry feed into the process. The Fischer-Tropsch reaction also



t hrough a packed bed of netal oxide sorbents in the
gas cl eanup unit, particulate matter being taken from
Wa 203069%0t | et . [035] Active sorbents include, PEHIUSARE/021594
not limted to, Zn based oxi2des such as zinc oxide,
sold by S"d-Chem e, Louisville, Kentucky. Porous netal
filter elements are avail able from Bekaert in
Marietta, Georgia in the appropriate forns and si zes,
such as Bekpor(r) Porous Media which is nmade from
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mixture 14 is about 0.41.

[039] Steam is then removed by condensation at stage 22 at a temperature of
about 230 °C, and a starting pressure of about 28.0 bar. The water resulting from
the condensation of steam is then removed from the process stream before the hot
gas clean up stage 26, leaving a mixture 24 (in % volm) of H; 48.6%, CO 14.8%,
C0O22.9%, CH42.1%, N3 31.6%, and H,S 640ppm. This mixture 24 enters the hot
gas clean up stage 26 where a temperature of about 300 °C, and a starting
pressure of about 28.0 bar is applied to produce a desulfurized gas mixture 28 (in
% volm) of H; 48.6%, CO 14.8%, CO; 2.9%, CH4 2.1%, N2 31.6%, and H;S less
than 0.1 ppm.



m xture 10 of about coal 4 1% w, H2062% w, and H2 7%
wt is introduced into a reactor of steam pyrolysis and
WRVAISAOHHEi fi cation 12 at a tenperature of aboBCTASR00GE21594
and a starting pressure of ®bout 28.0 bar. This
reacti on produces a mxture 14 of H2 15.3% (volm, CO
1.1% (volm, C2 1.0% (volm, CH4 34.3% (volnm, H20
48.3% (vol m, and H2S | OOOppm wher eupon ash, the
un-reacted residue fromthe hydro-gasification
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of suthadppdratuees swithirethdir sdopet 28 O bar is applied to
produce a desul furized gas m xture 28 (in %volm of

"H2 48.6% CO 14.8% CO2 2.9% CH4 2.1 % N2 3 1.6%
and H2S less than 0.1 ppm[040] Although the present
invention and its advantages have been described in
detail, it should be understood that various changes,
substitutions and alterations can be made herein

W t hout departing fromthe spirit and scope of the

i nvention as



defined by the appended cl ains. Mreover, the scope of
the present application is not intended to be limted
WPF0e9%98r t i cul ar enbodi ments of the process ZRd/US2007/021594
appar at us described in the Ypecification. As one of
ordinary skill in the art will readily be appreciated
fromthe disclosure of the present invention,
processes and apparatuses, presently existing or |ater
to be devel oped that perform substantially the sane
CLAIMScti on or achieve substantially the same result as
.the correspondi ng enbodi nents descri bed herein may be
utilized according to the present invention.
1. A pr6§§$§ @'r %ﬁh&nmh@ Qh@BBSF&Wﬁy of ﬁbf@a@él@ahﬂé £314RE préduction of
i ncl ude such processes and use 0Of such apparatuses
synthesis gaist @emMpPrisiedr scope. CLAIMS 1. A process for enhancing

abl I of hot as cl eanup for the production
provLcPﬁg%nss #B’Eﬁha%m §?ng, provi ding a stream of
autoffesrhing réfd?ﬂihlr@aﬂhe AetHaneaidhedds/at’ £t pératuremdsreBsn e

rich gas at a tenperature and pressure sufficient to

sufficient tOgmrateea streameeimyathesin gas sick iy hydiogen and wbmgmnoxnde;
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and renmoving sulfur inpurities fromthe resultant
synthesis gas_stream 2. The process of claiml
remQiieg sHiur impusifigs fiem theresubanteymthesisigas streamom
condensation is heated to substantially the
rom
2. The pRIRESTinet wheHGh e Sy B e S SR o |

condensatiohés beatetite subptantiaiietheastempeeatuve dt Wwhivh the emw ritnéteares

g stream at about 250 OC to about 400 OC.
removed from the synthesis gas stream.

3. The process of claim 1 wherein the impurities are removed from the synthesis gas
stream at about 250 °C to about 400 °C.

;

4. The process of claim 2 wherein the autothermal temperature is about 550 °C to
about 750 °C.
5. - The process of claim 1 wherein the condensation of the synthesis gas stream is at

subétantially the pressure at which the impurities are removed from the synthesis gas
stream.

6. The process of claim 1 wherein the stream of methane rich producer gas is

produced from steam-hydrogasification.

7. The process of claim 6 wherein the pressure of the steam-hydrogasification,
autothermal reforming, condensation, and impurity removal is substantially the same
throughout.



4. The process of claim2 wherein the autothermnal
tenperature i s about 550 0OC to about 750 OC. 5. The
W88t cl ai m 1 wherein the condensati on ofCTAS2007/021594
synthesis gas streamis at Wubstantially the pressure
at which the inpurities are renoved fromthe synthesis
gas stream 6. The process of claim1l wherein the
stream of nethane rich producer gas is produced from
st eam hydrogasification. 7. The process of claim®6
8. The phegasisrof cladmpt wheteirsaill substantiabytheyshrne asedsucaisiinithe range
ut o reform ng, condensation, and inpurity
of about15?) &%Sbﬁi SSubstantial |y the sane throughout.8 . The
process of claim?7 wherein said substantially the sane
9. The gﬂ’r@c‘ééércﬁ difim vsiHe‘?ethHS QtrBhnPOIHEthER8 A gdLre2ll ! -
. The process of claim 1l wherein the stream of
autothermamfnanmgrw&lm og)a@enr eﬁeam dilutedhwitb niteagen, theoxygameptentof
en str Wi rogen, the oxygen
which is 'ngb% g ‘f tot%%/% e of about 15% volmto
25% vol m 10 The process of claim1 wherein the

10.  The pudcBdsedframimreWhaneinithé autothermal raethanetrefbrimitteis conducted
condi ti ons whereby the caonposition of synthesis

under conqawwehaéhecmpoe@omféyn@@&* gas erodycad haga 'gThQO mole
ratio of 3 td?4 0C€eSS of claim1l wherein the stream of nethane rich
producer gas can be produced from separate steam
pyrol ysis and hydro-gasification reactors. 12. The
11.  The purmmsofaﬂaim hwheteintthe atreatmhef mathameaivtoproduedregasatan be

rise n|C| wast |onas wood, coal, or a
produced fware eRAr g@aﬁm thcs'%angwgro -gas| q@%@rbr.eaetgg of claim
1 in which synthesis gas generated by the renoving

12.  The %ﬁt‘%ﬁ%ﬁt ‘Egﬁejréin_qﬁ@ Lafsorzidebud E{at&rlélcc%ﬁ?pﬁ?e%tmumcnpal

engi ne .or gas turbine that
waste, biorgass vadaal, ebal; or mmdtyral or synthetic polymer.

13.  The process of claim 1 in which synthesis gas generated by the removing
impurities stage is used as fuel for process heat and/or in a fuel engine or gas turbine that

can generate electricity.

14.  The process of claim 1 in which synthesis gas generated by the removing
impurities stage is fed into a Fischer-Tropsch type reactor under conditions whereby a
liquid fuel is produced. '

15.  The process of claim 14 comprising transferring exothermic heat from the
Fischer-Tropsch type reaction to a steam-hydrogasification reaction and/or an
autothermal methane reforming reaction.

16. A process for enhancing the operability of hot gas cleanup for the production of
synthesis gas, comprising:

providing a stream of methane rich gas;

autothermally reforming the methane rich gas by reacting with oxygen



14. The process of claim1 in which synthesis gas
generated by the renpving inpurities stage is fed into

W 2986H%P - Tr opsch type reactor under conditi oRET/US2007/021594
whereby a liquid fuel is pr¥duced. 15. The process of
claim 14 conprising transferring exothermc heat from
the Fischer-Tropsch type reaction to a
st eam hydr ogasi fi cati on reacti on and/ or an aut ot her nal
met hane reformng reaction. 16. A process for
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for converting carbonaceous naterial to synthesis gas,
rangerqfraboiui d 50 psste20R hyidr ogasi fi cation reactor for
si mul taneousl y heati ng carbonaceous

17.  An apparatus for converting carbonaceous material to synthesis gas, comprising:
a steam-hydrogasiﬁcatibn reactor for simultaneously heating carbonaceous
material with liquid water in the presence of both hydrogen and steam, at a temperature

and pressure sufficient to generate a stream of methane rich gas;

autothermal methane reforming means to generate a stream of synthesis gas rich
in hydrogen, and carbon monoxide;

means for condensing subjecting said synthesis gas to condensation, whereby
synthesis gas is substantially devoid of water; and

means for removing sulfur impurities from the said synthesis gas stream devoid of

water.

18.  The apparatus of claim 17, including means for subjecting the stream of methane
rich gas to the oxygen stream diluted with nitrogen for autothermal methane reforming.

19.  The apparatus of claim 17, including means for separating nitrogen from the
synthesis gas stream devoid of water and then recycling the nitrogen to means for

autothermal methane reforming.



material with liquid water in the presence of both
hydr ogen and steam at a tenperature and pressure
WO ®PMt t o generate a stream of nethane ri ERTGHZY07/021594
aut ot her mal met hane refornmitg neans to generate a
stream of synthesis gas rich in hydrogen, and carbon
nonoxi de; neans for condensing subjecting said
synthesis gas to condensation, whereby synthesis gas
is substantially devoid of water; and neans for
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ream devoi of claim 17,
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rich gas to the oxygen streamdiluted with nitrogen

21. Thé %rppﬁk’étgﬁ REERFh 2B iitAIEng PN o tradSferriif eRBtBafrAlcUseat from
claim 17, |nclud|ng neans for separating nitrogen
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toth "{?Zt?‘%@hl ng tthe nitrogen to nmeans for autothernal

autother an é?BF'm’Wg'PE "S-The apparatus of claim17,
i ncluding a Fischer-Tropsch type reactor for receiving
the synthesis gas generated by nmeans for producing a
liquid fuel. 2 1. The apparatus of claim 20, including
means for transferring exothermc heat fromthe
Fi scher-Tropsch type reaction to the

st eam hydr ogasi fi cati on reactor and/or autother nal
nmet hane reform ng neans.



