5 JON 2006 - 1 Process and apparatus for steam nethane reform ng Thi JUN 2006
invention relates to a chem cal process, and to plant including cata y'|%
reactors suitable for use in 5 performng the process. A process is
described in WO 01/51194 (Accentus plc) in which nethane is reacted with
steam to generate carbon nonoxi de and hydrogen in a first catalytic 10
reactor; the resulting gas mxture is thep used to perform Fisher-Tropsch
synthesis in a second catalytic reactor. The overall result is to convert
met hane to hydrocarbons of higher nol ecul ar weight, which are -usually

| i qui d under Paisieest agohdipragrs usTHeon vt stagest idnef re herpingess,

st eant net hane reform ng and Fi sher- Tropsch synthesis, require different
catalysts, and catalytic reactors are described for each stage. The
catal ytic react or Fhdfabingeddon &P tganst e réeeTocdt PFPeRfEneaRdatPi ng

gases, ?Spe?)tlia‘h%l ¥ncatdihgy read g 20 M respect ANel yrepdgkherpi ¢ and
exothermc; the heat required for steam nethane reformng is provided by
combusti o oPSRECHARES ANSotBitGeiS problemwith this process is that other
reactions may occur in the steam nethane reforner reactor, either to

generale carbon 26 09 e, o 4 SeLR e sgkey L4, 15, Syatested Lhed he
performed at i806E1ictheesiggestied praonesd witth i eseam, acstganeretbane ratio
coki ng, 30 AL RSP0V BRSO er LR (] o ph SRae R Wi been T ound.
Accor di ng 0t o relhetprgs éite impeentt o tdees endst ywrovi slethen psedess for
performng s %@oﬁ%@%éﬁfﬁéﬂé& R A A8NeT Al €, CLOGRa MPRLX: e and
hydr ogen, whéerein the gas
reactor. The overall result is to convert methane to
hydrocarbons of higher molecular weight, which are
-usually ligquid under ambient conditions. The two stages
15 of the process, steam/methane reforming and Fisher-
Tropsch synthesis, require different catalysts, and
catalytic reactors are described for each stage. The
catalytic reactors enable heat tc be transferred to or
from the reacting gases, respectively, as the reactions
20 are respectively endothermic and exothermic; the heat
required for steam/methane reforming is provided by
combustion of methane. A potential problem with this
process is that other reactions may occur in the
steam/methane reformer reactor, either to generate carbon
25 dioxide, or to generate ccke. It is suggested that the
reformer may incorporate a platinum/rhodium catalyst, the
reaction being performed at 800°C. The suggested process
relieg on a steam/methane ratioc that is clcse to 1:1, as
the rhodium catalyst is apparently resistant to coking.
30 An improved way c¢f performing this process has now been

found.

According to the present invention there is provided
a procesgs for performing steam/methane reforming to
35 generate carbon mconoxide and hydrogen, wherein the gas
mixture is caused to flow through a narrow flow channel



m xture is caused to flow through a narrow flow channel 5 JUN 2006 WQ yiin 3006
03/ 048034 PCT/ GB02/ 05424 between netal sheets separating the flow channe
froma source of heat, the fl ow channel containing a fluid- perneable

cat al yst ﬁ%ﬁgﬁﬂ the residence tinme in the channel beingct/egszbédian 0.5
second, an bot the average 5 tenperature along the channel and the exit
tenperature of the channel being in the pange 750C to 900C, wherein the
steamis supplied at least in part by condensing water vapour from
conbustion of a conbustible gas, preferably conprising nethane. 10 The
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pl at f orm or circunmstances space Is INimted, and the 15
wei ght of th@eéﬁﬁﬁgéﬁnpaﬁﬁéﬁsﬁeﬁﬁHHQﬁﬁﬂﬁi ¢h%fé¢ﬁbﬁ§nFﬁeﬁ@@ﬁ(kﬂﬁﬁh@lne is

l'ess than 0. éh§nne@ubeﬁh§fﬁ%%@|kh%&1“ﬁa§tsébéﬁhs ahb b%tﬂr%%@m%$é e Such
short reaction tines enabl e the_process to operate under non- equiTi bri um

condi tion®, SYPRAELHEPy2LRETe thea e (A %%@eeﬁéﬁpéﬁmHQHﬁ%Pﬁ%uﬁﬁ

kinetics wl{n@ceHannkl b&m@l e rtnﬁ @faab;}ee 1m¢ctb@ Babiew, Ofwh%tr%aﬂﬁ to
net hane should™ be in the ra re erablé to 1.6,

more preferabty SbeaL 15458PP l§]d. grl;dngea[srfT'é Ft Pn§OB e’Fﬁén& oportion

of met hane tM@tenndapgoesf&eactb@hu@anonexﬁeeﬂcﬂﬂﬂbuEﬂﬁbmergase t he
selectivity in arbon nOX|de rat her than carbon di oxi de can

exceed 85% %§%E£§0@0m§61?ﬁ5965k % reactor preferably conprises a
pl ural i tyo of netal sheets arranged to define first and second flow

channel's, the ChaPHg|§nggHg %E@%gg§%n alsc provides a plant for
performing steam/methane reforming that is particularly
adapted for use on an oil rig, a floating platform or a
ship. Under such circumstances space is limited, and the

15 weight of the equipment must be minimized.

Preferably the residence time is less than 0.1 g,
but preferably at least 0.02 s. It is presumed that such
short reaction times enable the process to operate under

20 non-eguilibrium conditions, so that only those reactions
that have comparatively rapid kinetics will occur. It is
also preferable that the ratioc of steam to methane should
be in the range 1.2 to 2.0, more preferably 1.3 to 1.6,
more preferably about 1.4 or 1.5. Under these conditions

25 the proportion of methane that undergoes reaction can
exceed 90%. Furthermore the selectivity in formation of
carbon monoxide rather than carbon dioxide can exceed 85%

and even 90%.

30 The catalytic reactor preferably comprises a
plurality of metal sheets arranged to define first and
second flow channels, the channels being arranged
alternately to ensure good thermal contact between the
fluids in them. Appropriate catalysts should be provided

35 in each channel, depending on the required reaction. To

ensure the required geod thermal contact, both the first



alternately to ensure good thermal contact between the fluids in themyygee
Appropriate catal ysts should be provided 35 in each channel, dependi ng on

the required reaction. To ensure the required good thermnal ... poth
the firstv@'¥0i8%b06 WO 03/048034 PCT/ GBO2/ 05424 - 3 and Ptcﬁgaégzz%’ﬁ%fbflow
channel s are preferably less than 5 mmdeep in the direction normal to the
sheets. More preferably both the first arfd™the second flow channels are

| ess than 3 mm deep. Corrugated or dinpled foils, 5 nmetal nmeshes, or

corrugated Qindl epkederehd el Sheeisls Byebgrugedadsyt hessubsifate of the
cat al yst structgre wthin the flow channeli to gggan e heat transfer. Since
good heat t MhsPeFPi 4 nELFeF G M RATFR hi GR SOFELEIvi tPT& the

st ean net haga-& £ P& B fgbot hprefeerfiacs tl Garsd rticd Us€ceAAPELBRS chatiledls f oi |
with a thin coatin ri,sin he cat al yst terial...As.descrihed in WO
01/ 51104, SGOHE ot FeRcE By "Be IS RRd (G ATT b Ry FAPRARS) SEddm
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support stalilise t anam “ceriumor artum S4i um on
zirconi a, omselretpyefer ahl gheplaeiamimesdidrei xef onmgagnes apuafaaredt h a

met al | gadi u 9 [ (Gr 4 Ve h ug) This 25
cat al ys?%co%%&L?‘%%%ﬁgi ésoégéglrég\gﬁygﬁta& ?oc_}gtll \égl%)? étﬁlljg{l}ngzsjg%fsgt o0 200 m on
a surface | GO chdimethe gpepdiasl padenidel foil. For the refornming

reaction also several different catal ysts may be used, for exanple

As described in WO 01/51194, such a reactor may be

used for performing methane/steam reforming, the

15 alternate channels containing a methane/air mixture so
that the exothermic oxidation reaction provides the
necessary heat for the endothermic reforming reaction.
For the oxidation reaction several different catalysts
may be used, for example palladium, platinum or copper on

20 a ceramic support; for example copper or platinum on an
alumina support stabilised with lanthanum, cerium or
barium, or palladium on zirconia, or more preferably
platinum/palladium on gamma alumina with a metal loading
of about 10% by weight (relative to the alumina). This

25 catalyst composition is preferably in a coating of

thickness 20 to 200 um on a surface in the channel,
preferably on the foil. For the reforming reaction also
several different catalysts may be used, for example
nickel, platinum, palladium, ruthenium or rhodium, which
30 may be used on ceramic coatings; the preferred catalyst
for the reforming reaction is platinum with rhodium as a
promoter, on alumina or stabilised alumina. Again the
catalyst metal is preferably about 10% by weight compared

to the alumina, and is provided as a 10 -~ 200 pm coating,

35 preferably 10 to 50 um. The oxidation reaction may be



ni ckel , platinum palladium rutheniumor rhodium which 30 may be useg;@fe
ceram c coatings; the preferred catalyst for the reformng reaction iIs
platinumw th rhodiumas a pronoter, on alumna or stabilised al um na.

Agai n thewF@liakosgt netal is preferably about 10% by wei ght pcompasesizato the
alumna, and is provided as a 10 - 200 pmcoating, 35 preferably 10 to 50 m
The oxidation reaction may be 5JUN 2006 WQ 03/ 048034 PCT/ GB02105424 4
carried out at substantially atnospheric pressure, while although the
reform ng reaction may be carried out at elevated pressure, for exanple up
to 2 MPa (20cagurisshiftiest opeshanbhe bl Yabpostidisti preEsaseres Shile

preferred, on1ROSRIJH Wil I 9bEdymehgVALEEL REAS Hdhe HeOlca X8Rl Sut Nathe range
0 to 200 kPa above "at nospheric ressure. It will be appreciated that the
material s of BASVEREHNPHIRS W iefict BPT B ¥ HRYE HPe LU dt12d %9 a severely

corrosive atgpfBReMR ridy)USepdPit EXANPE Eat e sheiRelAliresswBy bge as high as
900C, al though nore t picajlgéajound 800C. or 850C. e reactor pay be made
of a metalP sHEREEZL ATURIT TR beaF t hgF &Y r eyt Prese et tiehl ar of 15

the type knoeraaplEeamaldrey fdhgeen nes kY owhkoh aboveomtmbdphapiéo 20%
chromum 0.5 - 12% alumnium and 0.1 - 3% yttrium For exanple it m ght
conprise iroR*®PPHIE5% chromum 4%al uminium and 0.3%yttrium Wien this
nmetal is heated in air it forms an adherent oxide coating 20 of al um na

whi ch protects the_all. ai nst_ furthe xpdation; .thi.s -oxide l.ayer also
protects the allogt gﬁn RS d%rakoﬁéﬁtmﬁ%§ﬁﬁﬁﬁsyﬁ v'%/C i thin

for exanpbe ahaerkagecoxiadat ingde eact ogulyyeat edt camanstehaae Inef or mi ng
reactor. VAepg tBES vEPhRndshifet d'SHf (A% A £8EALYShp WO A AL Fr G001 €0
may be as high as 800°C, although more typically around -
g00°C or 850°C. The reactor may be made of a metal such
as an aluminium-bearing ferritic steel, in particular of
15 the type known as Fecralloy (trade mark) which is iron
with up to 20% chromium, 0.5 - 12% aluminium, and 0.1 -
3% yttrium. For example it might comprise iron with 15%
chromium, 4% aluminium, and 0.3% yttrium. When this
metal is heated in air it forms an adherent oxide coating
20 of alumina which protects the alloy against further
oxidation; this oxide layer also protects the alloy
against corrosion under conditions that prevail within
for example a methane oxidation reactor or a
steam/methane reforming reactor. Where this metal is
25 used as a catalyst substrate, and is coated with a
ceramic layer into which a catalyst material is
incorporated, the alumina oxide layer on the metal is
believed to bind with the oxide coating, soO ensuring the
catalytic material adheres to the metal substrate.
30
For some purpeses the catalyst metal might instead
be deposited directly onto the adherent oxide coating of

the metal (without any ceramic layer).

35 The gases produced by the steam/methane reforming
process described above are preferably then subjected to



ceram ¢ |layer into which a catalyst material is incorporated, the aluphnggs
oxide layer on the netal is believed to bind wwth the oxide coating, so
ensuring the catalytic material adheres to the nmetal substrate. 30 For sone
pur poses WR&IBH3f yst netal night instead be deposited di FEHERIBREY t he
adherent oxide coating of the netal (w thout any ceramc |layer). 35 The
gases produced by the steam nethane refdrfing process described above are
preferably then subjected to 5 JUN 2006 WD 03/ 048034 PCT/ 6B02/0 47-1 - 5
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reactor, with a different catal yst. \Were_, exces ogen renai ns, afater

the Fisher- TTOPRRR SBPA KEHLOWhi v WY dt odbht e5epFefatabliptsepdieassd from

the 5 desiretkd9duplarogre hegdiack tLrdde g@érby%he_e-fr&%fsc@lhannel s of the
0

steam nmet hane reform ng feactor., Conbustion of a m xture nmet hane and

hydrogen wi tHBHESER. t hELE HATREARD Hes RIRIEYdRAY E8PEIF?E et it m
tenper at Wy e, @t @4 SPrefakies e FuEbusidion & egrti e8mbast9ohe fivit i at ed
nore readily when ihe rea%tor is cold. The invention will now be further and
more parti cul§LaeStr F §d,5tl§3?“1é‘ﬂﬁt§fart%< LBHG, TEAGERFth reference to
t he acconpargonigusht aphngg anmikitelre ¥ hagihiiand shovwsyarbhew diagr aavof a
chem cal pro.cestg1 of tge inxen%ﬁon' a%qukggiin shows a glan. iew of a
reactor sui tabl 8997 CI8BEAFor oG S tEP hFHFOCcBRESsHBWACFR figure 1.
The inventi aremmperdesrep andhediscalenabdess & Heorcombnstet dingeaethane tbo
onger ahal i Idraces PoRsyoFae - Lidialy $hAYP Jr Y ygs: St epl gBt fane
reformng, that i's To
The invention will now be further and more
particularly described, by way of example only, and with
reference to the accompanying drawings in which:
15
Figure 1 shows a flow diagram of a chemical process

of the invention; and

Figure 2 shows a plan view of a reactor guitable for
20 performing a step of the process shown in figure 1.

The invention relates to a chemical process for
converting methane to longer chain hydrocarbons. The
first stage involves steam/methane reforming, that is to

25 say the reaction:
E;O0 + CHg -~---» CO + 3 Ha

This reaction is endothermic, and may be catalysed
30 by a platinum/rhodium catalyst in a first gas flow
channel. The heat reqguired to cause this reaction may be
provided by combusticn of methane, that is to say:

CHq + 2 Os ----> COs + 2 H0

35



25 say the reaction: H2O + CHq ----> CO+ 3 H2 This reaction is endOtgﬁhF%&ﬁ
and may be catalysed 30 by a platinunirhodiumcatalyst in a first ga
channel . The heat required to cause this reaction may be provided by

conbustiogyﬁ%%ggﬁnane, that is to say: CH4 + 2 02 ----> cxﬁpér%nﬂ@5%3§ 5 JUN

2006 -\WWO O PCT/ GB02/ 05424 - 6 which is an exotherm c reaction, and
may be catal ysed by a platinunm palladiumcatalyst in an adjacent second gas
fl ow channel . Both these reactions may take place at atnospheric pressure,
al though alternatively the 5 reform ng reaction mght take place at an

el evated preascheisThe keaitlgenetatedabyibhe eorbusty &ereackilopedwbyl d be

conducted through, the netal, sheet separatjng_the j.acent channels. 10 The
gas mxture %rggﬁgéﬁuﬁ¢3ﬁl; %ﬂﬂh?@ﬁ%gﬁak ?EfSPm%%§%%5P§h%ﬁcﬁﬁgugéﬁ to
perform a Fi §ther cheapedh $Hotiheshsséorgeoeiane aahongste chhante hydr ocar bon,
that is to say; 15 n.CO+ 2n H ---; 2 + n_H20O which is an

exot herm c r%gﬁPfga?réchﬁ%%ﬁfEﬁ’zﬁ%%ﬁ%@éﬁLéTthﬁsgﬁﬁéﬁkxEﬁﬁpicalIy

bet ween 260 aado3B0C0g frercexanplreigi230Ckandlaneekévatecd ressede typical ly
between 2 Mg, 20.a0d 4 YRR fofe GXAMLE: 20 SlPRnel BolBG Y 5eneeaof s 4,

catal yst su as rron, cobalt or magnetite, w pronotor such as
pot assi um Theuésabe Aandueted tHerouglyahe wohpouRbsetorsRaP Pt 1he tleaiction

depends on tQ&'aE@HPeEBEHﬁgisﬁhe pressure, and the catalyst, as well as 25
the ratio of c%r on nonoxi de to hydrogen. A preferred catalyst is y-alumna

(as a coating) of surface area 140 -
10 The gas mixture produced by the steam/methane

reforming can then be used to perform a Fischer-Tropsch
synthesis to generate a longer chain hydrocarbon, that is

to say:
15 n O + 2n Hy ~----> (CHzlp + 1 HO

which is an exothermic reaction, occurring at an elevated
temperature, typically between 200 and 350°C, for example
230°C, and an elevated pressure typically between 2 MPa
20 and 4 MPa, for example 2.5 MPa, in the presence of a
catalyst such as iron, cobalt or fused magnetite, with a
promotor such as potassium. The exact nature of the
organic compounds formed by the reaction depends on the
temperature, the pressure, and the catalyst, as well as
25 the ratio of carbon moncxide to hydrogen. A preferred

catalyst is v-alumina {(as a coating} of surface area 140 -
230 mz/g, with about 35% by weight of cobalt with a
ruthenium, platinum, gadolinium or rhenium promotor and a
basicity promoter such as ThO;. The heat given out by

30 this synthesis reaction may be used to provide at least
part of the heat required by the steam/methane reforming
reaction, for example a heat transfer fluid may be used
to transfer the heat from a reactor in which the Fischer-

Tropsch synthesis is occurring, also ensuring the



230 n2/g, with about 35% by weight of cobalt with a ruthenium platinumy 2006
gadol i ni um or rhenium pronotor and a basicity pronoter such as Th02. The
heat given out by 30 this synthesis reaction nay be used to provide at |east
part of tH& W& equired by the steam methane reforning ﬂgﬁggp 0>4For
exanple a heat transfer fluid my be used_to transfer the heat froma
reactor in which the Fischer- Tropsch synﬁhésis is occurring, also ensuring
the 5 JUN 2006 WO 03N48034 PCT/ GB02/ 05471 tenperature in the Fischer-Tropsch

reactor remaicBmpestz@ady iherheati Hehog-usefstn peabedtr alennsd one of the
gas streanms suppl.ed é% épe rﬁ{ornlqg rgactor. 5 These reactions woul d be
particul ar | y S58¢88adb6udiedts R5eY0 doeFd bR BEFPBRFedtatl S&SE 9% ¥anpl e on
a floating phedugls efrglaisf FuUppPried ©bl thédredsriniey wewd oenabl e
stranded gas resources to be exploited. Stranded gas or associ ated gas

reserves represent an untapped 10 source of fuel, but cannot readily be
expl oi t edshecause Thebey racetdidren wackd dde reant tylaaly bhivgasddaws nay

not be | arge.en h to justify caonst tion a_pipeline, or _a plant to
pr oduce quué$i§§%XaF§Pgﬁ %&sﬁ%éﬁéﬁﬂﬁ$yégs%c ’g%grigxﬁgﬁgfifqﬂﬁned or
re-injected. fPbantnfoproBugtdducimigdieun dohyah ogat bunghy ast edsynsicherte
reformng fQE%BT%dFP¥aﬁﬁ§8h§%3TQ%§%ﬁké@?t e Qﬂghéﬁgebﬁ K@, 5 It
conventional "plant Tor thi's purpose is nuch too |arge 6 _conveni entl y be
accommodat edgan oheadeckisted HesatiaREr'®ts ceRFesenhdanndasdprpede of the

processepoempboyed g0 youhd B%tvwﬁﬁ{@cb'ﬁeé@nﬂ% | B4PesY L ERl baRy Hanever ,

by perforning such reactiéns using conpact ¢ tic reactors, for exanple
as descri bedthaypPerecepoen/ doses4d n@netelate anpiltlae| gasnélowat Mathe vol une

of a conventiongk §gagtoLnbaght RY SR 1 Yoordde s f 8851 BEeat gigriRgkf orm
this process on a rig or a flQating structure.
or a plant to produce liquefied natural gas. Currently
such gas is usually flared or re-injected. Plant for
15 producing liquid hydrocarbon by steam/methane reforming
followed by Fischer-Tropsch synthesis on land is known,
but conventional plant for this purpose is much toorlarge
to conveniently be accommodated on the deck of a flecating
structure, and indeed some of the processes employed
20 would be vulnerable to wave-induced motion. However, by
performing such reactions using compact catalytic
reactors, for example as described in PCT/GB2002/004144,
which are typically one-tenth the volume of a
conventional reactor for the same duty, it is feasible to

25 perform this process on a rig or a floating structure.

Tt will be appreciated from the eguations given
above that steam must be provided to perform the
steam/methane reforming reaction, and indeed to ensure

30 that the catalysts do not become coated with coke it is
necessary to provide more moles of steam than of methane.
Ideally all the water provided to perform steam/methane
reforming could be recovered after the Fischer-Trdpsch
synthesis, but in practice additional water is required

35 because of inefficiencies in each stage. For operation

on a rig or a floating structure at sea, it will be



it will be appreciated fromthe equations given above that steam nustyReoos
provided to performthe steam nethane reform ng reaction, and indeed to
ensure 30 that the catal ysts do not becone coated with coke it is necessary
to provi daeomngospl es of steam than of nethane. Ideally alRCTGBOMELBY

provi ded to perform steam nethane reformng could be recovered after the

Fi scher-Tropsch synthesis, but in practige-additional water is required 35
because of inefficiencies in each stage. For operation on a rig or a
floating structure at sea, it will be 5 JUN 2006 WO 03/ Q48034
PCT/61102/OB%QBIGCBatﬁﬁpréFaﬁéﬁhﬂﬁﬁt%ﬁKQPV%@e%HCEEFBCFR 5 i¥%ci pl e be

provi ded by @r@vﬁcﬁé&ﬂ Bl @nd@bsmtnfae:cidm th sea ﬁ\@aemthutseabmalﬂeng R wat er
generates s and tends to lead to orrosi on ﬁrob eag Fﬁﬁtd be
preferabl e i O%}%?%t§§ﬁ183585l@%&?ﬁﬁﬁﬁﬁ by tHE ERB 05 &L pl ant
itsel f. Refearstngsionw peoblgmee it tvd‘aﬁ.llpi ard ;a:ﬂeifeyebaél 1fclnem Osaieaw ocess
is shown as a f di agram, Th as 4 c nsi sts r|I thane,
wtn o o 1l b RaRtheanty: 5t stnieal Bhat R kTant ke T o
contai n conpounds of sul phur that would be detrinental to catalysts It is

first passed tthﬂQPe?r{ﬁgigé% grgg crub U?p%uyhgﬁ O%e gﬁg radi ally

inward in counter- curren opIe gf a de- risation uid. This
15 may for exwmwl®lopprisesansagieems asolautfilomw ofiagrahel afed fferedl c salt

t hat reactsqgéths%gﬁg&g@ys%faﬁgggggd%fam%eé?ﬁ%erﬁ hrgd ﬁg to t he ferrous

form The | uid 1s recirc rou vort ex
scrubbe 07 ipexgirctege (sayohPatt od §$héMﬁtaﬁdprQQ@m%ratéttméyféﬂspc sal t

and to forma,rec Rsaie,94s 8! enqphu%n@ﬁafte%ﬁ@tw@ Getih eﬁt§1ae§
punp 9 back to the scrubber 5 gas 4 1s hence de-su phurlse
catalysts. It is first passed through a fluidic vortex

scrubber 5 in which it flows radially inward in counter-
current to droplets of a de-sulphurisation liquid. This

15 may for example comprise an agqueous solution of a
chelated ferric salt that reacts with sulphurous
compounds and is thereby reduced to the ferrous form.
The ligquid is recirculated by a pump 6 through a fluidic
vortex scrubber 7 in which it is contacted by air to

20 regenerate the ferric salt and to form a precipitate of
sulphur, and then through a filter 8 and a pump 9 back to
the scrubber 5. The feed gas 4 is hence de-sulphurised.
The vortex scrubbers 5 and 7 are not vulnerable to wave-
induced motion.

25

Alternatively the sulphur-contaminated natural gas

may be reacted with hydregen, at a temperature of 200 -
500°C over a hydro-desulphurisation catalyst, to convert

mercaptans to HzS. The gas can then be passed through a
30 bed of an adsorbent {(such as Zn0 so the H;S reacts to

give Hy0 and ZnS). Some adsorbents can be regenerated in

situ, producing SO3.

The de-sulphurised feed gas 10 is passed through a



The vortex scrubbers 5 and 7 are not vulnerable to wave- induced notkQpn 265
Alternatively the sul phur-contam nated natural gas mnay be reacted with

hydr ogen erature of 200 - 500C over a hydro-desu | satiqn
catalyst?vﬁgyﬁghggft mercaptans to H2S. The gas can then %gqgggégahthrough

a 30 bed of an adsorbent (such as ZnO so {he H2S reacts to give H20 and
ZnS). Sone adsorbents can be regenerated rn~ situ, producing 502. The
de- sul phuri sed feed gas 10 is passed through a 5 JUN 2006 WO 03/048034

PCT/ GB02/ 05hdat Oxchenbeexchaggertllisad tabsuat gabout aAG0Esantiens t hen
supplied via a fl#%gic.vort ' 12 to a first. _catalytic reactor 14; in

m.xer y
the mixer 1F4HRL dvbﬁsaigiuﬁgigd“ﬁ%q?ﬁi@ﬁ%%ﬁn}%ftgt%a thht is also at
about 400C, catidileysicenascentenidngithehd xerxd? 1hronughfeadgeaki ds inlets
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al kanes) An alternative catalyst for the pre-reforner | S
pl ati nuni r hEEEGRM IR SRIPH HarPEbYeERe lr-dadst 14, preferably 1.5.

The first part of the reactor 14 1is a pre-reformer 15
with a nickel methanation catalyst at 400°C, in which the
higher alkanes react with the steam to form methane (and

15 carbon monoxide); extra steam is required to ensure the
desired steam/methane ratio is achieved after this pre-
forming stage (this pre-reformer 15 would not be required
if the feed gas 4 contained substantially no higher
alkanes). An alternative catalyst for the pre-reformer

20 1is platinum/rhodium. The second part of the reactor 14
is a reformer 16 with a platinum/ rhodium catalyst, in
which the methane and steam react to form carbon monoxide
and hydrogen. This reaction may be performed at around
850°C, as described below.

25

The heat for the endothermic reactions may be

provided by combustion cf methane over a palladium or
platinum catalyst within adjacent gas flow channels 17 of
the reactor 14. The catalyst may incorporate a metal

30 hexaaluminate (such as magnesium hexaaluminate) or more
preferably y-alumina, with 5 - 20% (say 10%) by weight
palladium/platinum catalyst. The methane/oxygen mixture
may be supplied to the channels 17 in stages along their
length, to ensure combustion occurs throughout their

35 1length. The exhaust gases from the combustion channels 17
are passed through a sea water-cooled heat exchanger 1%



is areformer 16 with a platinum rhodiumcatalyst, in which the metharegs
and steamreact to form carbon nonoxi de and hydrogen. This reaction may be
performed at around 850C, as described bel ow. 25 The heat for the

endot her niyg) (3R@&fz;ons may be provided by combustion of netmenepeyediza

pal | adium or platinumcatal yst within adjacent gas flow channels 17 of the
reactor 14. The catal yst may incorporate agnetal 30 hexaal um nate (such as
magnesi um hexaal um nate) or nore preferably y-alumna, with 5 - 20% (say
10%9 by weight palladiunfplatinumcatalyst. The net hane/oxygen_m xture may
be supplied t& (' %hainet @97 PATSt 35e5REl YA heiFPOY it ICOPESRASur e
conbusti on oge SdmHiaughpWaddei be Bhgl ealERscfhe XSt @asEse F& 085t he

conbustion channels 17 ., are passed through a. se t er-coql ed heat exchanger
195 JUN 2006°NBU6Y o480% Beer Ce2 §5A2a°r 16 1ef CHRE 1Rasiuphr £4of
the water vapeere t@leandense, the remaining gases being released to the
atnnspher&bas exhaust while the liquid water is fed through the duct 24

(see below). 5 The hot m xture of carbon nonoxi de and hydrogen energing
fromthe refornmer The ittt ek tqpuen ohe dcbybpasaongx ider eugh a/dwagerexchanger
18 to provide_the_.hot su i 0o, the_v X _m w.and then

t hrough the %B‘eﬁ alp%eﬁgrﬁgmer}e fﬁ%éﬁgﬁ% cjhéi fsl g[s’%gl ﬁélée?’%:hg]qzﬁajfpeae%sb%%.
The m xture kEbrthgh faudidsdr ccodlaatyen bboue pOOCibBe thasdiatg stweough a heat

exchanger ZosﬁgﬁhggdedM%h v Pex fgrVf@?“énhh@heﬁoQ%E?§§§E3§¥§eparated

fromthe gas reaminto duct 25. The gases are then conp t hr ough
a conpr es€or heatt exghpneesurld i tWiel ¢lankfe 1oges heat to the feed gas.

The mixture is then further cooled to about 100°C by
passing through a heat exchanger 20 coocled by water. Any
water vapour that condenses is separated from the gas
stream into duct 25. The gases are then compressed

15 through a compressor 22 to a pressure in the range 1.0

MPa to 2.5 MPa (10 to 25 atm.}.

The stream of high pressure carbon moncxide and

hydrogen is then supplied to a catalytic reactor 26 in

20 which the gases react, undergoing Fischer-Tropsch
synthesis to form a paraffin or similar compound. This
reaction is exothermic, preferably taking place at about
230°C, and the heat generated may be used to preheat the
steam supplied to the heat exchanger 18, using a heat

25 exchange fluid such as helium circulated between heat
exchange channels in the reactor 26 and a steam generator
28. During this synthesis the volume of the gases
decreases. The resulting gases are then passed into a
condenser 30 in which they exchange heat with water

30 initially at 25°C. The higher alkanes (say €5 and above)
condense as a liquid, as does the water, this mixture of
liquids being passed to a gravity separator 31; the
separated higher alkanes can then be removed as the
desired product.

35
The water from the separator 31 is returned via the



MPa to 2.5 MPa (10 to 25 atm ). The stream of high pressure carbon nggﬁﬁhgﬁ
and hydrogen is then supplied to a catalytic reactor 26 in 20 which'the
gases react, undergoing Fischer-Tropsch synthesis to forn1aaparaftLp or
simlar cORPYUHEH This reaction is exothermic, preferably Al pt’4ce at
about 230C, and the heat generated may used to preheat the steam
supplied to the heat exchanger 18, using heat 25 exchange fluid such as
hel i um circul ated between heat exchange channels in the reactor 26 and a
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12. 1f watehet hatr oM@l hs pabeabel soi, scoet ungedi,to the mxer 12, the
al cohols will be reformed to produce CO @02 and E2. 10 Any | ower al kanes or

met hanel0and renmi ni ng
Any lower alkanes or methane, and remaining

hydrogen, pass through the condenser 30 and are supplied
to a refrigerated condenser 32 in which they are cooled
to about 5°C. The gases that remain, consisting

15 primarily of hydrogen with carbon dioxide, methane and
ethane, are passed through a pressure-reducing turbine 33
and fed via a duct 34 into a storage vessel 35, and hence
through a valve 36 into the combustion channel of the
first catalytic reactor 14. The condensed wvapours,

20 consisting primarily of propane, butane and water, are
passed to a gravity separator 37, from which the water is
combined with the recycled water from the separator 31,
while the alkanes are recycled to the feed line 10 so as
to be fed into the pre-reformer 15. As indicated by the

25 Jbroken line, electricity generated by the turbine 33 may
be used to help drive the compressor 22.

When used in this fashion the overall result of the
processes is that methane is converted to higher
30 molecular weight hydrocarbons which are typically liguids
at ambient temperatures. The processes may be used at an
0il or gas well to convert methane gas intc a liquid

hydrocarbon which i1s easier to transport.

35 From the steam/methane reforming reaction given
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short residence times that are preferably no more than
100 ms, gives both high selectivity for carbon mconoxide
formation and also a very high proportion of methane

15 undergoing reaction. The flow rates through the reformer
16 are preferably such that the residence time is in the
range 20 to 100 ms, more preferably about 50 ms. The
average temperature along each channel in the reformer 16
is above 750°C, preferably between 800°C and 900°C.

20

Such a short residence time enables the reactor 16

tc operate under what appears to be a non-equilibrium
condition. The competing reaction between carbon monoxide
and steam to form the unwanted products carbon dioxide

25 and hydrogen has slower kinetics than the steam/methane
reforming reaction to form carbon monoxide and hydrogen:
and in the reforming reaction the reverse process has
slower kinetics than the forward reaction. The short
residence time allows insufficient time for the slower

30 reactions to reach equilibrium. Under these
circumstances the proportion of methane undergoing
reaction may exceed %0%, and the selectivity for carbon

monoxide can exceed 90%.

35 Experimental measurements have been made, passing a

preheated steam/methane mixture (ratio 1.5) through a



10 found that operating with a steanf nethane ratio of between 1.3 a@QU%:QM
preferably 1.4 or 1.5, conbined with short residence tines that are

pr ef er abl more than 100 ns, gives both high selectivit rbon
nnnoxide‘¥96$WﬁWan and also a very high proportion of netlxﬁzekgﬁﬁhg%r90|ng
reaction. The flow rates through the rejg{ge 16 are preferably such that
the residence tine is in the range 20 t 0 ns, nore preferably about 50
nms. The average tenperature along each channel in the reformer 16 is above
750C, prefenﬁ@iwléﬁhna@ui%gH%ﬁuﬁié&mmla20t§ugha@ sbakl ihes GRNGR, tiing,
enabl es the reactor t o .operate und what appears to be a
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Under these “%F'tc proportlon of et hane undergoing reaction
may exceed 9096 and the select|V|ty for carbon nonoxide can exceed 90% 35
Experi nent al renent s h§¥§ been na ssing a eheat ed st eam net hane
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Figure 2, with a residence tlne of 50 ns. The tenpe/éture was neésured near
the inlet and near the exit froma channel, and at other internedi ate
positions 5 to &@&ble a nmea®3Al ue to b&1cal cul at ed 92R&sul t s haves ., 8

731 866 815 83.0 94.2

Selectivity for CO production is enhanced by operating

10 with an exit temperature above 800°C, more preferably
above 850°C. The performance of the reactor can also be
improved by a pre-treatment, heating the reactor to about
850°C in the presence of hydrogen, as this improves
subsequent catalyst activity.

15

As indicated above, the ideal hydrogen to carbon

monoxide stoichiometric ratio to feed to the Fischer-
Tropsch synthesis reactor would be about Z moles hydrogen
to 1 mole carbon monoxide. This ratio cannot readily be

20 obtained by steam/methane reforming: as discussed above,
at a steam/methane ratic c¢f 1.0 the resulting gas mixture
has a hydrogen to carbon monoxide ratio 3 to 1, and at
the elevated steam/methane ratios that must be adopted to
avoid coking the hydrogen to carbon monoxide ratio is

25 above 3, and may be as high as 4 to 1. Consequently,
after the Fischer-Tropsch synthesis reaction has occurred
there will be an excess of hydrogen that remains. .Feeding
this gas into the combustion channel of the reactor 14
has been found to give a more uniform temperature

30 distribution, and also enables the combustion reaction to



been obtained as in the Table: Inlet Exit Mean CO CH 4 5 JUN 2006
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Referring now to figure 2, a reactor 40 (suitable

10 for example for steam/methane reforming as reactor 14)
comprises a stack of Fecralloy steel plates 41, each
plate being generally rectangular, 450 mm long and 150 mm
wide and 3 mm thick, these dimensions being given only by
way of example. On the upper surface of each such plate

15 41 are rectangular grooves 42 of depth 2 mm separated by
lands 43 (eight such grooves being shown), but there are
three different arrangements of the greooves 42. In the
plate 41 shown in the drawing the grooves 42 extend
diagonally at an angle of 45° to the longitudinal axis of

20 the plate 41, from top left to bottom right as shown. In
a second type of plate 41 the grooves 4Z2a (as indicated
by broken lines) follow a mirror image pattern, extending
diagonally at 45° from bottom left to top right as shown.

In a third type of plate 41 the grooves 42b (as
25 indicated by chain dotted lines) extend parallel to the

longitudinal axis.

The plates 41 are assembled in a stack, with each of

the third type of plate 41 (with the longitudinal grooves

30 42b) being between a plate with diagonal grooves 42 and a
plate with mirror image diagonal grooves 42a, and after
assembling many plates 41 the stack is completed with a

blank rectangular plate. The plates 41 are compressed

- together and diffusion bonded, so they are sealed to each

35 other. Corrugated Fecralloy alloy fcils 44 (only one is

" shown) 50 um thick coated with a ceramic coating of



be initiated nore readily when the reactor is cold (as catalytic co wﬁg%&p
can then occur at a tenperature as |ow as 15 or 20C). The overall 't

ef ficienc t he process is inproved, the anount of neth directly
to the c8%%ﬁ§9f%ﬁ’channels i s decreased, and the em ssion &”&gﬂﬂgﬁ di oxi de

to the environnment is also reduced. Rengélng now to figure 2, a reactor 40
(suitable 10 for exanple for steam neth Teform ng as reactor 14)
conprises a stack of Fecralloy steel plates 41, each plate being generally
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fromtop Ieftéx)étééon1r|ght as shown. In a second type of plate 41 the
grooves as indicated by broken lines) follow a mrror inage pattern,
extending diagonally at 45 frombottomleft to top right as showmn. 1In a
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| i nes) extend paralle | ongi tudi nal axis. The plates 41 are
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plates 41 ak@eCHRIBESELomt @9ehhehdanendl fddisi omdonded, asa shhey #r@seal ed
to each 35 other. Cornﬁgated Fecralloy alloy foils 44 Sonly one is shomn)
50 pm t hi ck3cBAEEd Sl tPE ot RerRAf ECE odtithg "6F groove) in each plate 41

with diagonal grooves 42 or 42a. Gas flow headers 48 in
the form of rectangular caps are then welded onte the

15 stack at each end, communiceting with the longitudinal
grooves 41b. In a modification (not shown), in place of
each three-compartment header 46 there might instead be
three adjacent header chambers, each being a rectangular
cap like the headers 48.

20
In use of the reactor 40 for steam/methane

reforming, a steam/methane mixture is supplied to the
header 48 at cne end (the right hand end as shown}, and
the resulting mixture of hydrogen and carbon monoxide
25 emerges through the header 48 at the other end.
Methane/air mixture is supplied to the compartments of
both headers 46 at the other end (the left hand end as
shown), and so exhaust gas from the combustion process
emerges through the compartments of both headers 46 at
30 the right hand end as shown. The flow path for the
mixture supplied to the top-left header compartment (as
shown) is through the diagonal grooves 42 into the
bottom-middle header compartment, and then to flow
through the diagonal grooves 4Za in other plates in the
35 stack into the top-right header compartment. Hence the
gas flows are at least partially counter-current, so that
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catal yst material, of appropriate shapes and with corrugations 2 mmhigh,
can be slid into each such groove 42, 42a and 42b. The corrugations extend
paral | el g ¢sh8sf3sow direction in 5 each case. Header chanbegg,dfake el ded
to the stack along each side, each header 46 defining three conpartnents by
virtue of two fins 47 that are also weldedgta the stack. 10 The fins 47 are
one third of the way along the Iength of the stack fromeach end, and
coincide with a land 43 (or a portion of the plates with no groove) in each
plate 41 w thedha§ésdt giepives 4R bhe4gambess fomvweheadei s, 48high tise form

of rectangul gt ,caps,eary ﬂé%ﬂtdW%HSEeOEBQnBEQs@i5ﬁ§ﬁ&fo§és ??B end,

comuni cating W th thé l'ongitudinal grooves 4 n a nodification (not
shown), in pbatéesf fogadihe HileeaBinpERaRenE eHeaduinaleredet eoni- ght i nstead be
t hree adj acent header chanbers, each being a rectangular cap like the
headers 48. 20 In_use of the reactor 40 for_ 'steam nethane reformng, a

st eant methane ni xEhPe NesdQsfHI 4 e@Rd {Pec2RBaGOMAE S8 dn2IBRES(the ri ght

hand end as shewBhguaRd dde Jesddi Agorhdt UER Qe ysHOgeN anghgar bon
nmonoxi de 25 ener ges throE%P t he header 48 at the other end. N?thane/alr
mxture i s sUppFied PO (HE SOl tTRMS bf CHIER Weaderst 46natfeRe 6fher end
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header cmpasiseatelapreskams, sit mopdhe t haediagenalo groavest¥e into the
header chambers 46, 48 onto the cutside of the stack. In
either case it will be appreciated that after a period of
use, if the catalyst in either or both of the channels
has become spent, then the headers 46 and 48 may be
15 removed or cut off and the corresponding catalyst-
carrying foils 44 remcoved and replaced. The headers 46,

48 can then be re-attached.

It will be understood that the type and thickness of

20 ceramic on the corrugated foils 44 in the flow channels
may be different in successive plates 41 in the stack,
and that the catalyst materials may differ also. For
example the ceramic might comprise alumina in one of the
gas flow channels, and zirconia in the other gas flow

25 channels. The reactor 40 formed from the plates 41 might
also be suitable for performing Fischer-Tropsch
synthesis.. Because the plates 41 forming the stack are
bonded together the gas flow channels are gas tight
{(apart from communication with headers 46 or 48), and the

30 dimensions of the plates 41 and grooves 42 are such that
pressures in the alternate gas flow channels may be
considerably different. Furthermore the pitch or pattern
of the corrugated foils 44 may vary along a reactor
channel 42 to adjust catalytic activity, and hence

35 provide for control over the temperatures or reaction
rates at different points in the reactor 40. The
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15 renoved or cut off and the corresponding catalyst- carrying foils 44
renoved and repl aced., The headers 46 48 can then be re-attached. It wll
be understood t hat #Hdk i aFRITeRiekREsENGt U detakfe SATTAEIGheugat ed
foils 44 insthexfhay thanel s aayrbeedtf bepent dyp suseessinetpbab@sghl in
the stack, and that the catal yst Haterhals may di ffer al so. For exXanple
the cerani c?%Pgnt 1€80p Mt h2lin 8RE B tHele lyasaRfiohhehaknél s, and
Z:FCOHiZ iﬂdiﬁ@oﬁbPe@ﬁ?ﬁhééOM%2§n§h&ﬂﬂeh$y Ebﬁwf%@ﬂﬂ@ffégeﬁﬁf”ﬁd ffO”Lth?

pl at es m ght _al so be suita or perfornin scher - Tropsc synt hesi s.
Because’ he°%+3PE§t&f“f&ﬁﬁﬁﬁf? s?%ﬁﬂeﬁpe3%L0%HH% %@géthEPgtﬁéaﬁa €f | ow
channel s arghgaslkight mil@parke 8@ mwonbyny Cat memn vand hieaderso46s0pe48),
and the

at about 56° to the longitudinal axis {if there are three
header compartments along each side) or at about 63° (if
there are four header compartments). In every case the
15 headers ensure the fluid in those sets of channels

follows a serpentine path alcng the reactor.

In a modification to the reactor 40, the foils 44
are again of Fecralloy material, but the catalyst
20 material is deposited directly onto the oxide layer of

the Fecralloy.

Particularly where the reactor 40 is to be used for
Fischer~Tropsch synthesis, the gas flow channels 42 for
! 25 that reaction may decrease in width, and possibly also
depth, along their length, so as to vary the fluid flow
conditions, and the heat or mass transfer coefficients.
During the synthesis reaction the gas volume decreases,
and by appropriate tapering of the channels 42 the gas
30 wvelocity may be maintained as the reaction proceeds.
Furthermore the pitch or pattern of the corrugated foils
44 may vary along a reactor channel 42 to adjust
catalytic activity, and hence provide for control over
the temperatures or reaction rates at different points in

35 the reactor 40.



30 dimensions of ‘the plates 41 and grooves 42 are such that pressuresiNhos
the alternate gas flow channels nay be considerably different. Furthernnre
the pitch or pattern of the corrugated foils 44 may vary al ong a reactor

channel 4gotRnaglisyst catalytic activity, and hence 35 provi geqi@soamyr ol
over the tenperatures or reaction rates at different. points in the reactor
40. The 5 JUN 2006 WD 03/048034 PCT/ GB024@54' 17 corrugated foils 44 may
al so be shaped, for exanple with perforations, to pronote m xing of the
fluid within the channels 42. Furthernore parts of the foils 44 may be
devoid of catalyst. 51t will be appreciated that the plates formng the

stack may be of a.diff ' i gal | n 00.- .1 nmm
| ong, 150 - 600|ﬁ#%%h%§?%ﬁé?%ﬁa%£¥ﬁe gd%ﬁeo% J%}%%V%@ ﬁ% gﬁgd %ggnay have
a different :Leaotu@msathemwe(arypj;@@% ytb@tme@ne:mtamogmoumpreﬁanplse t he

plates moht: benB0fm AN fIY apdhpecgiaauas e, Al AoULCARCLA. e
ree ea

| ongi t udi nal “axi's there are conpartnents al ong each si de)
or at about Bewever tifere rmradyaurmdieader acéagaritdventts)maynbevery case the

15 headers superbigel it dulibddiostecieanloghatnds diodd OtReassgpenti ne

path al ong t'he reactor. In a no I cation to the reactor oils 44
are agai n ofPFebsafpay Uheitferiect iInn $h@P@a@@W%@ﬁﬂﬂiMwu%@|%m5mgedéb@§|ted

directly Onté)n}% hhaﬁh@e thaer; Off oddiea et al Bovi nPadd G afhy ¥hghgeibe
reactor 40 is be used for Fischer-Tropsch synthesis, the gas flow

channel s 42 §%r 28itRathecsS drilomiNdert eagetPs WM IHMPHDsER bEYeal so
depth, al®ngrdhesrshendinky 1Senas tiendd yedheef buitd afil@M, so minimising

ligquid build-up on the surface of the catalyst.

It will be appreciated that the although the heat
for the steam/methane reforming reaction may be provided
15 by catalytic combustion in adjacent channels ({as
described above), as an alternative the combusticn may
take place in an external burner (such as a laminar flow
burner), the very hot exhaust gases at about 900 or
1000°C being passed through the second gas flow channels
20 of the reactor 14 of Figure 1 in counter-current to the
methane flow; this can enable the reacting gases in the
reformer 16 to reach a final temperature of as much as
900°C. In this case it is not essential to provide the
fcils in the combusticon channels with ceramic coating or
25 catalyst, but such foils would nevertheless enhance heat
transfer between the second gas flow channel carrying the
hot exhaust gas and the reactants in the pre-reformer and
reformer channels, by transferring heat to the separating
plates 41. In the combustion channels of the catalytic
30 reactor 14, 1if catalytic combustion is used to generate
the heat (as indicated), the combustion catalyst may
itself be coated with a thin pdrous inert ceramic layer,
S0 as to restrict the contact of the gas mixture with the
catalyst and so restrict the reaction rate particularly

35 at the start of the channel.



conditions, and the heat or mass transfer coefficients. During the 5 JUN 20
synthesis reaction the gas vol une decreases, and by appropriate tapering 3

t he channels 42 e gas 30 velocity may be nmintained as th ion,
pr oceeds.‘goll‘ﬁ’ﬁyﬁglrmre the pitch or pattern of the corrugat g’&rﬁgﬁzgmM may
vary along a reactor channel 42 to adjust cat alytic activity, and hence

provide for control over the tenperaturesor reaction rates at different
points in 35 the reactor 40. 5 JUN 2006 WD 03/048034 PCT/ GB02/ 05424 - 18

Wien a reactor suchmasidhbardactneréOhvsinigesh fog unesatilapg ehetineemygases

t hat generatg ga%%t%ﬁoducts t hen t € ri.entation_of trge channel s i s not
of concern.- °8 ¢ BOpPbaietend %%?%g"%?tFPg Yy BES5réf%erPdble to
arrange the eeaectariAdworéhat dihectllowt hpatih friethisteeacbraing ape
downwardly, to_ensure that an iquid.that. s formed will drain out of the
channel s ~ 42X S@FtRthe %SfT%%A%S gﬁgﬁglgﬁgjggyﬁﬁgﬁ?i5ﬁ§SFnEﬁﬁe 10 foils
44, any |4 qut dmpemds e heoen¢éxanped, o$o timeniva Somyind i geadtbui bd- wp on t he
surface of t c loyst._Jdt will reciated t he_altho .t he heat
for the stea%%%etghgn)eésrbeer%o?#n%u?ég ?ﬁ%ng(ég%sbe tp$g%/? '8t 1§ag§gggtlgl ytic
conbusti on icombdpatenn chranmes s (2wchdedecitbedabdvyting mayabieonaki ve t he
conbusti on t .l I rnal r ( 1 | ow
burner) . theves, BRE P thah Alaf 8 AR uRe B3l GREEE FenBitatlee g
through the Bkeohdigas fHent gkl sa goobet heackdat orhavbtimigyrefl in
counter-Glir rgnt 5QrhBe  ARGhaNG flovecbhi $4CaB enAllS thea ¢ egcting gases in

the reformer 16 to reach a final tenperature of as nuch as 900C. In this
case it is rotmessafbrs afo §HOVIHE° ¢ hes FBRFSSh Whdkor@R@e$on channel s

“ﬁth ceram G;;698tLBYnef the reforming reaction.

As mentioned above the reactor may differ in size oxr

15 shape from that shown in figure 2. A single such plate
might instead for example be 1.0 m by 0.5 m. The stack
forming a reactor might be 0.8 m thick. Several such
reactors may be combined into a reaction module, for
example ten such reactors might form a module provided

20 with pipes interconnected so the gas flows are in
parallel through all the reactors in the module. Such a
module may be small enocugh to be transported in an IS0
structural frame, and yet have sufficient capacity to

produce synthesis gas equivalent to 1000 barrels per day

5 25 of synthetic oil.

A practical plant may need to include several such
modules, all being operated with gas flows in paraliel,
although it may not be necessary to replicate the other

30 features (e.g. heat exchangers 18, 11, 20 etc. and
separators 31 and 35) of the plant. Thus there might be
say six or ten modules made up of the reactors 14, and
the same number of modules of Fischer-Trcpsch reactors
26. This has the benefit that if the catalysts in one

35 module need to be replaced, that module may be

disconnected and taken away for servicing, while allowing



25 catalyst, but such foils would neverthel ess enhance heat transfer jn2006
bet ween the second gas fl ow channel carrying the hot exhaust gas ané tﬁe
reactants in the pre-reformer and reforner channels, by transferring heat
to the sepanahigigs plates 41. In the conbustion channels of pclracEanalpti c 30
reactor 14, if catalytic conbustion is used to generate the heat (as

i ndi cated), the conbustion catalyst may- s$self be coated with a thin porous
inert ceramic layer, so as to restrict the contact of the gas mxture with
the catalyst and so restrict the reaction rate particulatlz 35 at the start
of the channehe BlapN ZEOEOMN\ITMOHIYA)ABOBALRCHLCEIIYY 19bightly) geduced
Particul arly.yhgrerhydrogen is unavailable, it may be desirable to provide
el ectrical heating by passing an electric current directly through the
plates formng the reactor. This may be used initially to raise the 5
tenperature for exanple of the reformng reactor 14 to say 400C before
suppl yi ng gases, to ensure catalytic conbustion occurs. Such electrical
heating may al so be wused during operation to adjust the reactor

tenperature. Electrical heating may al so be used in the vicinity of 10 the
outlet fromthe reactor 14 to ensure that a tenperature of say 900C is
reached by the gases undergoing the reform ng reaction. As nentioned above
the reactor may differ in size or 15 shape fromthat shown in figure 2. A
single such plate mght instead for exanple be 1.0 mby 0.5 m The stack
formng a reactor mght be 0.8 mthick. Several such reactors may be
conbined into a reaction nodule, for exanple ten such reactors mght forma
nodul e provided 20 with pipes interconnected so the gas flows are in
parall el through all the reactors in the nodule. Such a



nodul e may be small enough to be transported in an | SO structural frsggg,w%
and yet have sufficient capacity to produce synthesis gas equival ent 'to
1000 barrels per day 25 of synthetic oil. A practical plant nmay need to
i ncl ude several such nodules, all being operated with gas flows in
parallel, although it my not be necessary to replicate the other 30
features (e.g. heat exchangers 18, 11, .2@qetc. and separators 31 and 35) of
the plant. Thus there m ght be say six or ten nodul es made up of the
reactors 14, and the same nunber of nodul es of Fischer-Tropsch reactors
26. This has the BAaaft that if the catalysts in one 35 nodul e need to be
repl aced, that nodule may be disconnected and taken away for servicing,
while allowing 5 JUN 2006 M? 03/ 043034 PCT/ G %g§/05424 - 20_ the plant to
continue to bper af'ePEPCEREy L6 FRULPTHRE & e Fsdiltane sr 9inF® to21
Cainms 1. A peaeeasel earpen§ aoiioxd dzt eard MBidiang:1 eflididih t the ggaer at e
car bon m)goxi de. _and hgdro%en, \@her in tthe aﬁgS mxtureaéi caused to flow
through anal't&FFFodSc FERRER e h THECHETS e 4138 8D & 9% g THRS | ow
channel fronbatwseor cetafl kéaketst Befddrew ichamtsl fdav athimgeh fromda
per neabl e ca r re,.the.resi e ti in the ¢ nel being |ess
than 0.5 sec%ﬁ&#%tgngtfbgt%#ét'hghéevgrlé)ge c%% %éer%pecroa tuarlemarf%naghﬂ%l%hannel and
the exit tenperaeabédeotatefysthateictheieng tie ties idayee 750@ t n 900,
e onCcRERAE! ScauaPl el RAVAROM SNGR! S PR &l deast 10
part by condensi ng water “vapour from conbustion of” a conbusti bl e S.

10 temperature along the channel and the exit temperature of

the channel being in the range 750°C to 900°C, wherein
the steam is supplied by vaporising water obtained at
least in part by condensing water vapour from combustion

of a combustible gas.

15
2. A process as claimed in claim 1 wherein the
combustible gas from which at least part of the steam is
derived comprises methane.

20 3. A process as claimed in claim 1 or claim 2 wherein

the reforming reaction is carried out at atmospheric

pressure.

4. A process as claimed in any one cf the preceding
25 claims wherein the ratio of steam to methane is in the

range 1.3 to 1.6.

5. A process as claimed in any one of the preceding
claims performed using a catalytic reactor defining

30 adjacent channels for the steam/methane reforming
reaction and for an exothermic reaction, arranged
alternately, the exothermic reaction being the combustion
of the combustible gas from which at least a part of the
steam is derived.

35



15 2. A process as clained in claim1l wherein the conbustible gas f&gam 2006
which at |east part of the steamis derived conprises nethane. 20 3. A
process as claimed in claim1l or claim2 wherein the reformng reaction is
carried out at atnospheric pressure. 4. A process as clained in any one of
the preceding 25 clains wherein the ratio of steamto nethane is in the
range 1.3 to 1.6. 5. A process as clainmed.,in any one of the preceding
clains perfornmed using a catalytic react&f defining 30 adjacent channels for
t he steani nethane reformng reaction and for an exotherm c reaction,
arranged al 6er nakepypcthe exotherimed rieactivorrizeiofg the wosdadingn of the

conbusti bl e fro i I rt. of the steamis derived. 35 5
JUN 2006 - 2§f§é&EAGE§%83§s%§§ g?&%ﬁgégi%eaﬁ?%§%3%ﬁmq %F%ﬁ%%gﬁing cl ai s
wher ei n t he venbasei bhd hudesgeonpri se both nethane and hydrogen. 5 7. A
process as clainmed in claim6 wherein at |east sonme of the hydrogen is that
generated by the stean nethane_reform ng process. 8. A process as clained

in claim? wherei # PRECR§Er 8§eflatoethin glddmydesiasmhiustatont ¢3shydr ogen
that remai nsgghtesrsuhkealhpgqthe icanpor R4 and, hyd ogen fromthe
st eam net hane refzrnlng process to a subsequent Fischer- Tropsch synthesis.
15 9. A proce&82REMeFBRRBATPACERY "En®TEFeSife preceding cl ai s wherein the
steamis supplied in part by condensing water vapour energing fromthe
steanirefornbpg A process ‘as claimed in claim 7 wherein the hydrogen
10 that undergoes combustion is hydrogen that remains after
subjecting the carbon monoxide and hydrogen from the
steam/methane reforming process to a subseguent Fischer-

Tropsch synthesis.

15 9. A process as claimed in any one of the preceding
claims wherein the steam is supplied in part by
condensing water vapour emerging from the steam/reforming

process.

20 10. A process as claimed in any one of the preceding
claims wherein the steam is supplied in part by water
generated by subjecting the carbon monoxide and hydrogen
from the steam/methane reforming process to a subseguent
Fischer-Tropsch synthesis.

25
11. A process as claimed in c¢laim 10 wherein the stream
supplied from the Fischer-Tropsch synthesis to the
steam/methane reforming includes not only steam but
vapour of water-scluble organic compounds generated in

30 the said synthesis.

12. A plant for processing methane by steam/methane
reforming to generate carbon monoxide and hydrogen, the
plant comprising means to form a mixture of steam and

35 methane, and a reactor to which the resulting gas mixture

is supplied, the reactor defining at least one narrow



process. 20 10. A process as clained in any one of the preceding cl i oR 1p06
wherein the steamis supplied in part by water generated by subjecting tﬂe
carbon nonoxi de and hydrogen fromthe steam nethane reform ng process to a
subsequent Fi scher-Tropsch synthesis. 25 11. A process as clained in claim
10 wherein the stream supplied fromthe Fischer-Tropsch synthesis to the

st eam net hane reform ng includes not onl gasteam but vapour of water-sol uble
organi ¢ conpounds generated in 30 the said synthesis. 12. A plant for
processi ng net hane by steam nethane reformng to generate carbon nonoxi de
and hydrogenflPHechpnagt E6ikpERS AGtrdarsees 5 dhifita SABaLAtE othat kel and 35

et hane, andcaah@att 8kol0 aMaGhcehefr esultt,i RG GASUBKIAI Gy disarsiPpl i ed, the
r eact or deflnlng at | east gne narrow 5_JUN 2006 - 23 flow channel between
metal sheet sCPRAEIBAPGr &t & LUAE PEINCIEEN At FYsth £SOt of HeAtth®ach

such fl ow chanagl racentadnichgnacfll dicheperimeabl iGai alyst Sdticihe e, and the
fl ow rate_and channel dLnensiong be%%%'Sﬂph tﬂgt th%15 reg%dence ime in the
channel i8 | E§§LPRRASOEMEedBndde CRAY Frie oGS JHbdt - HeTHFRITh t hat
bot h the aveaadethteppetratupé akamngbehieoc ranrneltand Hdrh extid denpeyat ure of
the channel are in_the r e _7500C 90QC,__and.wherei.n _ t he pl.ant

| ncor por at est & BEABLAEFoR CRInET FOEm IS oML et o TR ©has,
and a condentge tbanceddemse iwatée vapger 006 tthe Yasus genkrdtekby t he

combusti on, E‘ﬁg B?%H% fiﬂ%g?‘%:g)%ttegear %%%Us'%quﬁtc@{aﬁrfél suppl y at least part
of the steamfor the stea thane mxture. 1
10 combustion of a combustible gas, and a condenser to
condense water vapour from the gases generated by the
combustion, and means for using the resulting water to
supply at least part of the steam for the steam/methane
mixture.
15
13. A process for converting methane to higher molecular

weight hydrocarbons comprising the steps of:

{a) mixing a feed gas comprising methane with steam

20 to form a gas mixture;

{(b) subjecting the gas mixture to reforming to
generate carbon monoxide and hydrogen by causing the gas
mixture to flow through a narrow channel between metal

25 sheets separating the flow channel from a source of heat,
the flow channel containing a fluid-permeable catalyst
structure, the residence time in the channel being less
than 0.5 second, and both the average temperature along
the channel and the exit temperature of the channel being

30 in the range 750°C to %00°C;

(c) subjecting the carbon monoxide and hydrogen
from the reforming step to a subseguent Fischer-Tropsch
synthesis;

35

(d) separating water and higher molecular weight



13. A process for converting nmethane to higher nolecular weight 5 JUN 2006
hydr ocar bons conprising the steps of: (a) mxing a feed gas conprising

met hane with steam 20 to forma gas m xture; (b) subjecting the gas m xture
to reforming to generate carbon nonoxi de and hydrogen by causing the gas

m xture to flow through a narrow channel between netal 25 sheets separating
the fl ow channel froma source of heat,_ 2t41e_ fl ow channel containing a

flui d-perneabl e catal yst structure, the residence tinme in the channel being
| ess than 0.5 second, and both the average tenperature along the channel
and the exit hyemmaatmres of ramet et agarg s beihec B0g i Aremethangeszbee-t o 900C;
(c) subjecti Ft}%é@{@m % Ny e tep to
a subsequent r1|€’:k|d;cher ropsch sy%t?h%gslldtﬁ Péﬂ(?l@) sée%g%%?ﬁa&m%gg?u@ggahi gher
nol ecul ar weifyWIrWEFUN 2006 - 24 hydrocarbons fromthe gases emerging from
the Fi scher- Tropsch synthesis, so as to | eave a gas stream i ncl udi ng

hydr ogen; 5 (e) pI’OVI ding the source of heat for the reformng_step

conbusti of of a ga<€'st rRESH OHA S WeFogeh; heahaler) tESnH@ﬁ@Fﬁ@nﬁater
vapour produgatdibyt heordd Cordustf o s ast tOafr ovhtleiwaher hyardgesi;ng this
water to su%%IC%/ at | east sone of the steamfor the reformng step.

(f) condensing water vapour produced by the
10 combustion so as to provide water, and using this water
to supply at least some of the steam for the reforming

step.



