Description Title of Invention METHOD FOR PRODUCTI ON OF METHANOL W TH HI GH
EFFI Cl ENCY, AND METHOD FOR PRODUCTI ON OF ACETI C ACI D RAW MATERI AL OR MVA
RAW MATERI AL UTI LI ZI NG THE SAME Technical Field [0001] The present
invention relates to a nethod and an apparatus for efficiently producing
met hanol from a | ower hydrocarbon such as natural gas, and further relates
to a nethod and an apparatus for efficiently producing an acetic acid raw
nat eri gosQf-i3R iMMA raw material by utilizing the method and apparatus.
Background Art [0002] Met hanol can be used as a raw material for
basi ¢ ghenicalss rsyehrasnaceti c acid and MVA (nmethyl nethacrylate), and can
be used as a raw material for DMVE (dimethyl ether) that is gaining

at t ent ivaTHa® PoRSROBEMEORAIGPRETHRNoL W BIdEH s r RIHARN0l Ak vianRIFered to
be used as an energy source for fuel cells. Accordingly, 'demand for

met hanglor $reYPESefd be hopTeaSEC B RARNGATEE £t o hevA UiaAW @iadrkQnder to
i ndustrially produce nethanol, a conventional nethod has been used in which

syngas u@ah g9 rivef enkedale as syntheS|s gas) mainly including hydrogen and
carbon nmonoxide is fornmed froma | ower hydrocarbon such as natural gas, and
t he obtained syngas is subject to reaction based on a vapor-phase synthesis
process in the presence of a catalyst to obtain crude nethanol (Patent

Li t er atid@ntkall @9Q34 When acetic acid is to be produced, the

nmet hanol obtained is subject to carbonylation with carbon nonoxide in the
presenqggoof ja rhodi um catal yst, which allows efficient production of acetic
aci d ( Non- Patent Literature 1). On the other hand, when MVA is to be

produced, t henBBShanoht AbkAIASGH $e3HBLECEo Lo rbeAGH QAAT QYSEREN AN
et hyl ene and carbon nonoxide in the presence of a catalyst including G oup

VITT metal okp; Py ofut iRy 9@'t98ﬁb§ A0 2 heletheydBt byln %Qtd?{‘at eis

condensed with fornmal dehyde, which allows efficient production of

(Pat enysLhhenahur®ss 2,.ardt rhraRdrSre1dhes i nehdeRndesngesh f9p atﬂaecus
condensat i on can be obt ai ned by oxi dative dehydrogenation reactlon of

met hangl yi eftfmeleﬁe§9n§§o@tcﬂq§aetrala)é§tlc{ QR4 raw mateﬁffatlm |8 MMt h
respect to the production of nethanol as a raw material for acetic acid and

MA,  Patentakit-epat Bgzeutﬂ@a%gbeﬁeaméeﬁbalalue Shpaeihanol synthesis where
steamreform ng of a hydrocarbon gas contai ni ng s?eantadded thereto is
performed by heating the hydrocarbon gas to 800 to 1,000C in the presence
of a Ni-based catalyst to obtain syngas, and then the obtained syngas is
subjecBath&@agalg@tunder the conditions of 50 to 150 atm and 200 to 300C
in the presence of a Cu-based catalyst. It is known that the follow ng two
reactiqoobonnul as are involved in to synthesize nethanol fromthe syngas.
C0+21-12=CH301-1 COR2+3H2=CH30H+H20 [ 0005] As is understood fromthe

st oi chi omet r et hehal | @ns M ubetingen tHESs @atwe 16each i ofa 4 0 MHAS caliRe
met hanol synthesis enjoys the highest efficiency when the stoichionetric

for nul gulch2d =2[ER]it3k &8 ]aricsMeAat gl dishede twhere1hXE) dened esnMbd lsed

concentration of conmpound X in syngas as a ram/naterlal for met hanol .

Furtheps debiiate AR IRFyADME @SinEOWN &Phar f @hikl 8 @etﬁ%?tatt&émtﬂaﬁtnol _
synt hesi s enjoys the highest efficiency when R=2 is established, which is

deri vedsf roRekhegst & £t sretydic, f ohmabiast 1 b2l md €21 HEOtnEXRek=R [ 0006]

However, when steamreformng is perforned in accordance with the nethod

shown its RaLest 44 haraidws, doulBthokueannat she §&8@B§§hﬁ§9 efchdagient | y
because hydrogen i s generated excessively as conpared wt car bon rmonoxi de

and thysrRnbeconss iaegeectBant @ inthelffoneireasng e A Non-Ratent,
Literature 2, there is proposed a technique for achieving R=2 by feeding a

pr edet i Agl: amuRbuek r§anhony b @xddenfRINAUL 8i Een@dnt e SY $le@MJ0 syngas
obtai ned by steamreform ng, or by adding steam and carbon di oxi de to a

| ower Rydrosan Roit0as @8idh NI ehlab SOrasrd® RehEos M Es 1 £lram
together with steamreformng. Ctation List Patent L|teratures [O 07]

Pat ent phiihekat HEudind aRaALS§e Pl €At cAPPSh GRS AN dai Uy GREMedNG:Q)r 180841
Patent Literature 2: United States Patent No. 6476255 Patent Literature 3:

Unltedl%békeﬁyﬁébeakbbh s 841892 Fat £at éééeréﬁd”ﬁhé1obﬂéﬂnk%ﬂ @s Patent
No. 6489506 Patent Literature 5: United States Patent No. 6544974

Non- Patigntublbetat 8resa di008lbased onNaNePab £0bndsd &S B iHE 15 proadust ri al
Organic Chem stry - Major Raw Materials and Internedi ates - F 4th edition)",
Tokyo Kagaku Dojin, p.194-195 Non- Pat ent therature 2: H

Hol m Larsen, "CO2 reform ng for |arge scal e nethanol plants-an actual
case", Studies in Surface Science and Catal ysis, 2001, p.441-446 Sunmary of
I nventi on Techni cal Probl em [ 0009] However, adjustnent of R to be
R=2 |n accordance mnth the above- nentloned nethod needs to adjust a

. I 1 1N P~



[ 0010] In view of such circunstances, it is an object of the
present invention to provide a nethod and an apparatus for efficiently
produci ng nmet hanol from a | ower hydrocarbon such as natural gas. Solution
to Problem [0011] In order to achieve the above object, the nethod
for production of nmethanol according to the present invention includes a
reformng step for reformng a |lower hydrocarbon gas containing steam and
carbon idf @xi.de 2ddedct Ber gt eatR1Lbe Pressnsen of r@alatd yslod oy Banglate
syngas mai nly including hydrogen  and carbon nonoxi de, a nethanol synthesis
step faritwathesl 2ijng net hanol by reaction of the syngas obtained in the
reformng step in the presence of a catalyst, a recycling step by

separ atjigag sjhe met hanol synthesized in the nmethanol synthesis step froma
residual gas containing unreacted gas and nerging the residual gas as a
recycle gas whth hbets¥ngasa AaNdApRY@reaaRe8ePaRathOgSIEP It SeRal ating
hydrogen gas fromat |east a part of the recycle gas and nerging the
hydrogen; gasjutthtd ke Huigast AR a0t BOeOHSoEM B Rf 1 hnvieatd s RQ12]
According to the present invention, it beconmes possible to efficiently
produce MEtARRRAAQ &9 By d OWeH i Byd DLRE PR reUg B @Sy @l orP8s.addd t al so
becomes possible to efficiently produce an acetic acid raw material and an
MVA T aw 1Rt qiibal phit@Ryt herabhaipeds et Ranehe oBhief nPRICTIRLL Afs Prawi ngs
[ 0013] FIG 1 is a schematic flow di agram show ng a specific

exanpl e Pfhd heoimtRanokner adeekhen 8BPatALYS18CEQRYLRE 19 Lhecpresent
i nventi on. FIG 2 is a graph showng the relationship between the

S/ C ratdyethelrhg i EAVLPRY BEhEl 0 98 A R rfsgdid aherpt phessgue i grial gas
when a predeternined anount of syngas is generated by reform ng natural

gas. catalysk! ShcBudsn@ @RI BNOWG 1t PE gl Bldonshhp1 hstwsemdhe S/C
ratio of the raw material gas and the carbon activity at the reaction

outl et AERhEYNEAS hétggmeﬁ%sgom(téeie@ré@ﬁ@emé&r‘asitrgatsomaldehydeF,l G 4is
a schematic flow di agram show ng a conventi onal apparatus for the

productirarrotimetBagpticient prodidaidh iox avachespihe 110wt agam show ng
a plant for the production of an MVA raw material including the nethano
producti,on appasft usrHy v rsRAcidHcIexaspl ecof thhecpresem iy etd o

FIG 6 is a schematic flow di agram showi ng a conventional plant for the

pr oductgu@f iofe dapy MYA daaWviEBHER { @Fogenation Gt ibnl §f detGR@AL 1€ thleow
di agram showi ng a plant for the production of an acetic acid raw materi al

i ncl udige e emetrhanek tpn@duct i on apparatus of a specific exanple of the
present invention. FIG 8 is a schematic flow di agram show ng a
conventjicgmal; pl ant for the production of an acetic acid raw nmaterial.

FIG 9 is a schematic flow diagram showing a methanol plant including a
conventi onal Msheam 18] ow ek . r&8s6Et pto ot &fp Eibask T@nisr Aol as
First, a specific exanple of the nethanol production apparatus according to
the preseniy marertkon vl hcbeideserhbedawimh, r efeegnceitordherschenatic
flow diagramof FIG 1. This nethanol production apparatus includes a

r ef or nefe sk i@l sr £ft@iRnAgu@ & O\WRt HANY106 3h R8s 08 HeaM 8t BAR G- HaaMaNd
carbon di oxi de added thereto in the presence of a catalyst to generate

syngas dg¥aknhydi&ed tishingraky dba8einang soshendmaoxhdectd Mt react or 3
for synthesizing nethanol in the presence of a catalyst by reaction of the

syngas bg,bh@iae%l?i nd e, d R QBN Lastbesy6! & Unidoodcf P SRPY G JTet hanol
synt hesized in the net’hanol reactor 3 froma residual gas containing

unr eactgd agas ~baBdaf eaLABYEENGot BELA £S5 Sdba S @s thdEOHE @3S it h the
syngas, and a hydrogen separation unit 6 for separating a hydrogen gas from

at | easlyndaRait 9hbfbetresydadas Rk d ehemebaingibhs Hyd®aen 1gas with
t he syngas. [0015] More specifically, a feed line Li for a | ower

hydr ocarhpnngasoysed agee §awpaterdalnds goanegtedsta @éltéic}d,ﬂ. ofr¢t he

reformer 1. The | ower hydrocarbon gas feed line LI is provided with a

branchag hking@nl4nher tpxt £8CL bRInPat o of ed biei b iowes ry Oeavbam as,dhat i's
used as a fuel for a heating furnace 2 nentioned below [0016] The

| ower RydrecakbeRcgasecUnednatod Fawvhmaherkahgf®y contain sul fur conpounds
such as nercaptan that acts as catal yst poisons for a reform ng catal yst
menti oned betowonlsrppder to renmove the sul fur conpounds, it is preferable
to provide a sul fur renoving nmeans (not shown) on the upstream side of the
reformer 1. The sulfur renoving neans,may include, for exanple, a

Co- Mb- based catal yst or a N -M-based catal yst that hydrocracks the sul fur
conpounds, and an adsorbent of zinc oxide for renoving the obtained

hydr ogen sul fi de by adsorption. [0017] The | ower hydrocarbon gas
feed line Li is nmerged with a CO2 feed line L2 for feeding carbon dioxide

~NN . o o,y r Y. Y e oy o .y



As for the process for |oading Ru and/or Rh, instead of the inpregnation
process, an incipient-wetness process may be used where a support is
degassed, and a netal salt solution of a volune corresponding to the vol une
of pores of the support is added in small quantities to uniformy wet the
surface of the support, and then the support is dried and cal ci ned.
Alternatively, a Spray process may be used where the support is sprayed
with a netalcégig%fgmﬁéﬁp@ﬂjn the formof m st and then the support is
dried and cal cined. The shape of the reform ng catalyst is not specifically
limtedpoamd various forns can be used such as a powder form a granular
form a spherical form a columar formand a cylindrical form Generally,

sui tabl e forRki $s58h86F8€-8@PEAGH NEhONst HECH YdR=10fi @ £t 2 HsiisHigd to be
filled. [0027] The met hanol reactor 3 is | ocated downstream of the

refor metlces URVERLLANACHIRRACESFMUSLE, tRtie HERIdIRBOht ¥Rt BesiiHyEYy be
used for this nethanol reactor 3. For exanple, a reactor of a

shel | - and- tubgcheatrexehanegr vhypethavingi tnbesetiitedomwhltihaa copper-based
catal yst can be used. The reaction conditions in the tube side are also not
speci fl[@ghLygd:d)mg{a@bg}ari_@ Rachilarner, thersynkhegesoeksnebharol can be

performed under the conditions of about 5 to 15 MPaG and about 200 to 300C

that argnésvah-a¢endidd e8spohind xthesyBhhang o syathesd Sial Rob ek easa,. the
reacti on heat of the nmethanol synthesis reaction can be recovered as steam

by feegirgnkei | eerwatal bR Rheashel hsskHEwn[ 0028] formula bhé1ds, tnde noted
that the reaction is carried out at a | ower tenperature and a higher

pressurgthanbhe sipthanek sMAbhestReSheghast COPRELEntP thoserin the
upstreamreform ng step, and therefore a cooling neans (not shown) for

cool i Nngsthe15¥REas Biah PfLIRLENENGEeTRET it A &h Bhfk Br LOMIBRSQls . (not
shown) for pressurizing the syngas to a predeterm ned pressure are provided

bet ween the rehornerfo,l)andcbhe (oot hpael reactor 3. A line connecting the
reformer 1 outlet and running toward the nethanol reactor 3 nerges with a
hydrogemogas |ine L6 froma hydrogen separation unit 6 nmentioned below to
forma line L7. Nanely, the line L7 is provided for a m xed gas that is a
m xture of thewsyBgaswHbsCHaEHRIréFfOMihe TefmBirdednc addghtapdd ty
hydrogen gas separated in the hydrogen separation unit 6. [0029] The
| i ne cenrecthagndhieod efeimernlpoubh et and 4t ng hoevasdol hearrestharol
reactor 3 further nmerges with a line for the recycle gas in the nethanol
synt hesiys tskep zkd & oF M iadt Inebeé8audamgldrogbhei 4 yaaek8tka dapyded ifior a

m xed gas that is a mxture of the gas flowng through the line L7 and the
recycl esgasmpiiedgast | @wiigh yraughid hed theslR hecdhen fadd:o thhe

nmet hanol reactor 3. [0030] The recycle unit 4 is |ocated downstream of the
met hangl, repeterode, The seoye!en uwi-dhtidied udasmatine er, fofereodls ng the
reacti on gas discharged fromthe nethanol reactor 3, and a vapor-liquid
separ abirepokesiselt o iseRar at i hidigi rey nde metrhadohg Mpehidtsreandensed by
the cooling in the cooler, froma residual gas containing unreacted gas.
The residuak @S ceepbal Bibgidar easihedugasdée Sof ethé Os e pss repgsd de of

t he net hanol reactor 3 as a recycle gas while the pressure thereof being
kept abbaaliinghl Py essuier e fdehnired 083 My thidihe gesarh .ol bgrbbh eugikildee | i ne
L7. [0031] A nmet hanol separator 5, |ocated downstream of the recycle
unit 4ircpdridves Hike Jatenmgtbagsla trhat mhasrbeens€jLctedpt Fosrihhen,
above-nenti oned vapor-1liquid separation vessel and produces high purity

met hanelesolr@ringhe cputhbir-cat tBnsekahhecebdenget hanol , a distillation
colum, for exanple, can be used which includes a reboiler and a condenser,
and nmethanol with a high purity can be obtained fromthe bottom of the
colum or the mddle stage of the colum by distilling the crude nethanol
in thecgelwnwn Fusthernore, the fluid that has been ejected fromthe top of
the colum through a colum top line L10 is subjected to a conbustion

treat meRt by ttheckurneesof the heating furnace 2 together with the gas that
flows through the branched line L4. [0032] Meanwhi | e, the residual
gas confaiprijng unreacted gas contains a | ower hydrocarbon conponent nainly
i ncl udi ng nethane. Since this | ower hydrocarbon conponent is inactive for

t he net hanol psyahbesi e Faactd 0N, Jadda @ a6l waltley tagspnutat £6n it itdh@peecycl e

| oop. In order to suppress this built-up concentration of the |ower
hydrocar bon conponent to a certain leyel or less, the recycle loop is
provided with a purge line L11 for extracting a part of the recycle gas.
The gas that has been extracted via the purge line L11 is subjected to a
conbustion treatnment by the burner of the heating furnace 2 together with

t he above-nentioned gas that flows through the branched Iine L4 and the
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Ac=K. ((Pco) 2/ Pco2) [0046] As descri bed above, the carbon activity
(Ac) can be obtained by calculation of the balance of the products if the
conposition of the raw naterial gas to the refornmer 1 and reaction
conditions (tenperature and pressure) are determ ned. Therefore, it becones
possible to control the carbon activity Ac at the outlet of the reforner 1
to a desired value by suitably adjusting these paraneters. The rel ationship
bet weemt hg1equilsishri um constant and tenperature in the above-nentioned
formula 2 can be obtained with reference to, for exanple, D. R Stull et.

al ., The ChepheahtThetsedynasi g5 ©Ohi €Xgagt &tEONROLEKES , NJJohsy Mid®y (1969) .
[ 0047] The syngas that has cone out fromthe refornmer 1 is cooled to

a predeterni pgdchenpetatuterdys’a ceotéagstreans fnedinishown)c4 b d hen the
syngas is pressurized to a predeterm ned pressure by a conpressor (nhot
shown). The bhgBnpurit¥rhydregen gastéhatthass beerersepas at@kdnod he

hydr ogen separation unit 6 is nerged with the syngas. In this nerging of

t he hydrogenpgasntt hetkkawnurat &: ofint bed hyedsogenrgasnt Nadjasiegbso0 that the
R value of the gas that flows through the line L7 after the nergi ng becones
pr ef er alhny pattichitn ke rcangesfrom 1.8 to 2.2, nore preferably 2.0. By doing
so, it becones possible to conduct nethanol synthesis with a high

effici goepg)Furthernore, the recycle gas in the nethanol synthesis step is
merged with the gas that flows through the line L7. The gas that flows
through the NoReprk8catt ef téhgtu®s gl Ng" isdlden 4 e idntihe grinianaly react or

3. [0048] The gas that has cone out fromthe nethanol reactor 3 is
then fedile Rae MeEYGlialdnbhd4inapdmeaohedst heretn byiaieopt errskeh as a
heat exchanger. Thereafter the liquid fraction that has generated by the
condens@igat by:itike @Qabiingoks separated fromthe residual gas containing
unreacted gas. The liquid fraction obtained here is crude nethanol

i ncl udi ng newbanektand Maiefat ard2t e, coude Lartbanolco.Sréedrmong for
subsequent net hanol separator 5 and purified therein by, for exanple, a

di sti | hatrigenseah eMiet BindDigiga i85 -d1 glrtpani by saet hanedi €an e witaianed.

[ 0049] On the other hand, the residual gas containing unreacted gas
is fedxsdneeyene gasallgstiBe gpstrepmigidedef the nethanol reactor 3 for
recycle, and is nerged with the syngas that has been generated in the
reformer 1 as nentioned above. [0050] In order to prevent gradua
accunul ati on of conponents that are inert for nethanol synthesis such as
met han&unimatdye ofeaycleatioap, a part of the recycle gas is extracted out of
the system and subjected to a conbustion treatnment by the burner of the
heat i ngdawniace 2roknetthe present invention, at least a part of this
extracted gas is fed to the hydrogen separation unit 6, and high-purity
hydrogemogag is separated in the hydrogen separation unit 6. The obtai ned
hi gh-purity hydrogen gas is then nerged with the syngas generated in the
reformer 1. HOQR¥Er, adjusByedoidf) Ba,o ble Becoirsapoassddtes twiitdordtreol the R
val ue of the gas that flows through the line L7 to a desired value. Nanely,
22 it deecemesnpassich] actboadhustist he Riyabtuea oftdhe/ gabdhatatficows t hr ough
the line L7 to about R=2, which is the nost efficient for methanol

synt hesiss w&s obeatinededyabovedihy s tradllar adinltedy og tHhe ddlowulad=e kof t he

hi gh-purity hydrogen gas that is introduced via the line L6. In addition,

si nce tthe B vat wendk rtdie cprbdycit qyasiad 1 tded dut helrofa tbdn gekonidrchl before
addition of the high-purity hydrogen gas can be set to be |ower than 2, the
st eant cay hoBor B& fOr B4 the abaan MtErhak ogass Afidthasr gherseimdt €bn DS
decreased. As a result, it becones possible to decrease the heat duty of

t he refigr MXceksi@Q52kdding st&hm kowehet bawsiheastcal bgasradi @sofot he raw
material gas of the reforner 1 is, the |lower the heat duty of the reforner
1 can haipptheretepesiaibaver siwam .canboa radib | sheiref angbbe 4 raamd he

vi ewpoi nt of reduction of energy consunption. However, decrease of the

st eam Galdi@Nheati Qut fcs Lases rbhteeal boimactd yéd whAeH hernabytbnengagi ng the
| i kel i hood of carbon deposition. In such case, carbon deposition can be
suppr essedilit iusi _Resax ,CO2 reform ng catal yst including a MpO support and a
predeterm ned anount of Ru and/or Rh | oaded thereon nentioned above. [0053]
Next, aqoia@duction plant of an acetic acid raw material or an MVA raw

mat eri al including the nethanol production apparatus of a specific exanple
of the present invention will be descyi bed. The production plant of an
acetic acid raw material or an MVA raw material includes a reform ng neans
for reform ng | ower hydrocarbon gas that is introduced together with carbon
dioxide and steamin the presence of a CO2 reform ng catal yst, a carbon
nDnOX|de separatlon means for extractlng a part of the syngas obtalned in

M Y o N 1 S o, - [ o T Ly M



Furthernore, a collection Iine for collecting at |east a part of the gas
extracted fromthe recycle line is disposed on the purge line 111. This
collection line is connected to the hydrogen separation unit 108. In the
hydr ogen separation unit 108, the gas that has been collected is subjected
to a fractionation operation to separate high-purity hydrogen gas. The

hi gh-purity hydrogen gas that has been separated nerges wth the

above- ment i ongd;4dne rLd@én VidcankiABcdd2.1 O0stdie opljbet d@pde ghasdas that
remai ns after separation of the high-purity hydrogen gas is fed to the
above- meRtd@ned kU pebvetiet BemBeabingnfiusRagepd P2t Wi ardr |4 et dilld 1and
subjected to a conbustion treatnent therein. [0064] By the

above- IHdRNeY REORESSESErah IMByEaW flt 844 Bbo HudIE aBr RELELS] Whid
produci ng net hanol as a product. Nanely, apart of the product nethanol
obtained in the nmethanol separator 107 is extracted via the line L120, and
this nethanol is fed to the MVA production unit 109 as an MVA raw materi al
t oget heyo mitilhnt ke ¢athaoryonoxide that is fed fromthe carbon nonoxi de
separation nmeans via a line L126 and ethylene that is fed fromthe outside
of the gystigmvia a line L127. By doing so, it beconmes possible to extract
the product MVA froma |ine L128 while extracting the product nethanol from

a line L109. 1h0068kr to achhNexk, thBeapBiBodhf ekt | henpragduiedd ofoef the MVA
raw material will be described, which is conducted by using the production

pl ant ¢frJdGt i2ndes aeichad cahove r Jiist setkog: & Hehtudegcatiehoriaingiss ep by
i ntroduci ng | ower hydrocarbon gas together with carbon di oxi de and steam
into ag @E@bﬂﬁin%idﬂe%d Wit Pe Bo &k & ef D60E A el 8ion dasatdoik ITonaexi de
separation step by extracting a part of the syngas obtained in the

ref or Mdig: =54 &fd aBdbsaRAIA i t)a gas @R IRROXI Hent ramdhePar b Qftdihestsyngas,
and a net hanol generating step by treating the residual syngas after the

extractipgeRbrhbe NAIdaOhal NBySHIgARilrdy BeALHEER ATRI BapBbn rld}iH6lde, To
be described nore specifically, at first, a part of the gas for the fuel of
the heaf ildgnbhubnasenifdsis exdp atded yhtomstke ngowet hiydl asprhaitiasm t hat
has been fed fromthe outside of the system thereafter the carbon dioxide
fromthe €82 eongMal obNhind@3i @nthd he featdiery diceyi da frem el side of
the system are added to the | ower hydrocarbon gas for CO2 reform ng, and

st eam fpre8l-0amtr, ehonicye i of wrebebyaddpdrbbengt eheTheshahxed gas is
introduced as raw material gas into the refornmer 101. It is to be noted

t hat t hg/rioweri Zaydrecahbomegasanbny shrtBubj ecéedpt Dramt4 eaddnialf afad enovi ng
sul fur conponents as necessary, and in this case, the hydrogen gas fromthe
Cryogenichtsapdanat ivhc bt éd 14 any reer@dddethas o iplitadeggass h0GEAlcle

As already described in the production nethod of the apparatus shown in
FIG 1,gdsheianothd s9hogtle seathohydireykdesdhatat sn@dded bHyaaddwtoiisi de of
the systemis preferably controlled so that the CO2/carbon ratio in the raw
mat er i alydgagyarnybedaced 410 ltdhesd af paperoldhd sauyidienghbeaanga qifnd rom 0. 1
to 0.6, and is nore preferably controlled so that the ratio is within the
range afhd memrdg@nt @a@. withuthkesyages.t he anount of the steamthat is
added fromthe outside of the systemis preferably controlled so that the
steam carbon ratio in the raw material gas introduced to the reforner 101
is wthin the range of fromO0.7 to 1.7, and is nore preferably controlled
so t hatadwhe taadldcisi $HMeltisn otth@nfrangeoaf from 1.0 to 1.4. [0068] In
addition, as nentioned above, it is preferable to control the inside of the
cat al ystodishe of the reformer 101 so that the reaction tenperature at the
outlet is within the range of from 800C to 950C and the reaction pressure
is wthin theccergenaftériam bresvRaG teest DoMPaG bEdbhber poseibié s
preferable that the syngas at the outlet of the reforner 101 has a carbon
act i vi taf ffc ifediamy0 36 dueel net hByiotofit-brl hi DgwkhehyyaasthoPosondihi #8s to be
within these ranges and controlling the conposition of the raw naterial gas
to keemdtheraSt gas] canddat kakioobasemé&dcarinare tat £of ki 8holy heroduce
above-nentioned ranges, the raw material gas can be refornmed efficiently

W t houtart ausitng eayikionadepasietiian. ah00&d] MMA raw Mapariadf rike sy&gas that
has come out fromthe refornmer 101 is extracted and fed to the carbon
nonoxi dehtseEpaiaicamameans, 30 and the residual syngas is fed to the

nmet hanol synthesis means. In the carbon nonoxi de separation neans, as
ment i oned above, carbon nonoxide as ag MVA raw material is generated by the
C®2 renoval unit 103 and cryogenic separation unit 104. On the other hand,
in the nethanol synthesis nmeans, the residual syngas is cool ed and
pressurized, and thereafter the syngas is nerged with the hydrogen gas from
the cryogenic separation unit 104 and the high-purity hydrogen gas that has
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Brief Description of Drawings
[0013]

FIG. 1 is a schematic flow diagram showing a specific example
of the methanol production apparatus according to the present
invention.

FIG. 2 is a graph showing the relationship between the S/C
ratio of the raw material gas and the feed rate of the raw material
gas when a predetermined amount of syngas is generated by reforming
natural gas.

FIG. 3 is a graph showing the relationship between the S/C
ratio of the raw material gas and the carbon activity at the
reaction cutlet when syngas is generated by reforming natural gas.

FIG, 4 is a schematic flow diagram showing a conventional
apparatus for the production of methanol.

FIG. 5 is a schematic flow diagram showing a plant for the
production of an MMA raw material including the methanol
production apparatus of a specific example of the present
invention.

FIG. 6 is a schematic flow diagram showing a conventional
plant for the production of an MMA raw material.

FIG. 7 is a schematic flow diagram showing a plant for the
production of an acetic acid raw material including the methanol
production apparatus of a specific example of the present
invention.

FIG. 8 is a schematic flow diagram showing a conventional

plant for the production of an acetic acid raw material,

6
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FIG. 9 is a schematic flow diagram showing a methanol plant

including a conventional steam reformer.

Description of Fmbodiments
[0014]

First, a specific example of the methanol production
apparatus according to the present invention will be described
with reference to the schematic flow diagram of FIG. 1. This
methanol production apparatus includes a reformer 1 for reforming
a lower hydrocarbon gas containing steam and carbon dioxide added
thereto in the presence of a catalyst to generate syngas mainly
including hydrogen and carbon monoxide, a methanol reactor 3 for
synthesizing methanol in the presence of a catalyst by reaction
of the syngas obtalned in the reformer 1, a recycle unit 4 for
separating methanol synthesized in the methanol reactor 3 from
a residual gas containing unreacted gas, and for merging the
residual gas as a recycle gas with the syngas, and a hydrogen
separation unit 6 for separating a hydrogen gas from at least a
part of the recycle gas, and for merging the hydrogen gas with
the syngas.

[0015]

More specifically, a feed line L1 for a lower hydrocarbon
gas used as a raw material is connected to an inlet of the reformer
1. The lower hydrocarbon gas feed line L1 is provided with a
branched line L4 for extracting part of the lower hydrocarbon gas
that is used as a fuel for a heating furnace 2 mentioned below.

(0016]
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[ 0079] As is understood fromthe result of the Table 1, since the

R value of the outlet gas of the refornmer 1 can be suppressed to be a val ue
| ower than 2 while keeping optinmal R=2 in the nethanol synthesis step, the

addi ti on amoyng péw@%%@o@a%bﬁegémfseasaysdega@%nar@éwm} RAay&orfasif or
met hanol can be increased, and

sulfur compounds such as mercaptan that acts as catalyst poisons
for a reforming catalyst mentioned below. In order to remove the
sulfur compounds, it is preferable to provide a sulfur removing
means (not shown) on the upstream side of the reformer 1. The
sulfur removing means may include, for example, a Co-Mo-based
catalyst or a Ni-Mo-based catalyst that hydrocracks the sulfur
compounds, and an adsorbent of zinc oxide for removing the obtained
hydrogen sulfide by adsorption,

[0017]

The lower hydrocarbon gas feed line L1 is merged with a CO;
feed line L2 for feeding carbon dioxide for CO, reforming and a
steam feed line L3 for feeding steam for steam reforming. It is
preferable to provide a flow rate controlling means {not shown)
such as a flowmeter and a valve on each of the CO; and the steam
feed lines L2 and L3 so as to be able to individually control the
flow rates of the carbon dioxide and the steam.

[0018]

The reformer 1 includes, for example, a tubular-type reactor
which is filled with a reforming catalyst. The reactor is set
in a heating furnace 2 so that the central axis of the reactor
is directed vertically. The inside of the reformer 1 is heated
by radiation heat which is generated by fuel combustion using a
burner of the heating furnace 2,

[0019]
For the fuel for the burner, several fluids can be used in

addition to natural gas supplied via the branched line L4 mentioned

8



concentration of the nethane in the recycle | oop can be decreased. As a
result, it becanme possible to obtain the production anmount of nethanol of
3,640 t/d (152 t/h). In addition, under the above-nentioned reform ng
reaction conditions, the carbon activity (Ac) of the syngas at the outl et
of the refornmer 1 is 0.43. Although carbon is likely to deposit under this
condition, use of a reformng catalyst including a MJO support and Ru

and/ or R Joaded,t her eqn fuﬂleneageeea eiaZQOCMM%y re sl 2, Q00 wt ppm

or less makes it possible to pefforma good reform ng reaction mnthout

causi ng, ﬁ@&ﬁgﬂog%%ﬂdt% 5 kA3 nCoMpAT & | er Bxadehecled via a fifgd he

conpari son wth Exanple 1, a process cal cul ation was conduct ed un er the

sanme condid irqns £L,@ HAP§End Netdie-abovies MR erednExadphend1 Sxeals{dat the

hydr ogen separation stép was not used as shown in the block Tlow diagramin

FIG 4.4¢ Té}? RS k108 atdRHREGSSE a{:qhﬁ@llaltz PRohS: BHAWBGER éér@aﬁ@di@w ng
Tabl e 2. 076] Table u a8snd 00 0% panonmaa- L.:

GI*JVt&ﬂlt 6. Flue gas gBh0Pdte8 §§@é£céo£EE%€E@53o§1tﬂgée|ﬂhels is
discharged from the heating furnace 2 via a flue gas line Lb5.
[0020]

For a reforming catalyst used in this reformer 1, it is
preferable to use a COp reforming catalyst including ruthenium
{(Ru) and/or rhodium (Rh} lcaded on magnesia {(MgO) as a carrier.
The amount of the ruthenium {Ru) and/or rhodium (Rh) to be lecaded
is preferably 200 wtppm or more but 2,000 wtppm or less, more
preferably 200 wtppm or more but 700 wtppm or less based on the
magnesia support. This is because the deposition of carbon
becomes less likely to occur on the catalyst when the specified
amount of Ru and/or Rh are/is loaded on the MgO carrier.
Accordingly, reforming reaction can be performed under more
efficient conditions beyond the limitation that is imposed when
a conventional Ni-based catalyst is used {(in general, an operation
is carried out at an S/C ratio of 2.0 or more so as to avoid carbon
deposition).

[0021]

Furthermore, it is preferable to f£ill the reformer 1 with
the reforming catalyst so that GHSV (gas hourly space velocity)
becomes 2, 000 hr™! or more but 10,000 hr™! or less. This is because
the number of catalyst tubes required becomes too much when this

1

value is less than 2,000 hxr™", and the amount of methane remaining

9
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in the syngas increases significantly when the value exceeds
10,000 hrt.
[0022]

A commercially available metal cxide may be used for the
magnesia support, or a magnesia obtained by calcining a
commercially available metal hydroxide may be used. In either
case, the purity of the magnesia is preferably 98% by mass or more,
more preferably 99% by mass or more. Specifically, it is desirable
that the support be free from impurities such as iron, nickel and
silicon dioxide (Si0;} since these impurities increase the
deposition activity of carbon and are decomposed at a high
temperature under a reduced gas atmosphere. When these impurities
are nevertheless included, their overall content of 1% by mass
or less is preferable, and 0.1% by mass or less is more preferable.
[0023]

Furthermore, it is preferable that the magnesia support has
a specific surface area of 0.1 m?’/g or less. In general, a support
having a broader specific surface area is more preferable from
a kinetic viewpoint since reaction sites increase as the specific
surface area increases, whereas the C0O; reforming catalyst used
in the present invention does not require a broad specific surface
area since it has aquite high activity against a reforming reaction,
and it is rather not preferable to broaden the specific surface
area since a deposition reaction of carbon is more promoted 1if
the area is broadened. Therefore, the specific surface area of
the support is preferably set to 0.1 m?/g or less. Although the

lower limit of the specific surface area of the support is not

10
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el i/ Hoevi [0077] As is understood fromthe result of the Table 2,

since the Rvalue of the fluid flowing through the Iine L7 was 1.8 which
was |l ower than that in Exanple 1, and the concentration of the nethane in

the re%ﬁf‘i%%ﬁl%ﬁe?iﬂ@&f f@%@ I‘:Bﬁ%i&@rgéa\fﬂ%ltet%e specific surface
_ area becomes the minimum when the support is supposed to be a
complete sphere with no pore. The specific surface area of the
support as used herein is measured based on a BET method at a
temperature of 15°C,
[0024}

The catalyst can be prepared by calcining the magnesia
support at 1,000° or more but 1,500°C or less and loading Ru and/or
Rh by, for example, an impregnation process. The impregnation
process refers to a process including dispersing a support in water,
and adding a metal salt of Ru or Rh or an aqueous solution thereof
thereto for mixing so as to impregnate the support with a catalyst
metal. It is preferable to use a water-soluble salt for the metal
salt. For example, it is preferable to use an inorganic acid salt
such as nitrate and chloride, or an organic acid salt such as
acetate and oxalate. Alternatively, it is possible to dissolve
an acetylacetonato salt or the like of Ru or Rh instead of the
water-soluble salt in an organic solvent such as acetone and
impregnate the support with the solution.

[0025]

After the support 1s impregnated by the above method, the
support is separated from the aqueous solution, and dried at a
temperature of 100 to 200°C, preferably 100 to 150°C, in the case
of the water-soluble salt. On the other hand, when the
impregnation is conducted by using an organic solvent, drying is
conducted at a temperature 50 to 100°C higher than the boiling

point of the solvent. After the drying, calcination is conducted.

11



35 the production anount of nethanol was 3,450 t/d (144 t/h), which was
5% | ower than that in Exanple 1. [0078] Exanple 2 A process

about

cal cul ati on was conducted under the sane conditions to those in the

above- nenti oned Exanple 1,

except that the steam carbon ratio of the raw
material gas at the inlet of the reforner 1 was 1.35, and the CO2/carbon

rati o thereof was and 0.29, and 42,000 Nn8/h of hydrogen gas was separ ated

from aq%rttgqlggfjﬂé u%s a‘iqﬁarth@aglﬁée@o?XEBéCEﬂ?Eﬁﬁﬂl&ﬂeafécéfﬁl€aﬂ)9§9p for

pur gi ng, e process calculation is

he syngas. The result o

Slhown 's%lter&%efd‘)'dle?ﬁ@'nﬁgngaghetﬁe ‘{“IQQI)?JECI[J J:fff’&: s@fa@@ ar%a%?f %he
11 88l ed tonmer _

support, but the ca101natlon is generally conducted at a
temperature of 300 to 1,300°C for 1 to 5 hours.
[0026]

As for the process for loading Ru and/or Rh, instead of the
impregnation process, an incipient-wetness process may be used
where a support is degassed, and a metal salt solution of a volume
corresponding to the volume of pores of the support is added in
small quantities to uniformly wet the surface of the support, and
then the support is dried and calcined. Alternatively, a Spray
process may be used where the support is sprayed with a metal salt
solution in the form of mist and then the support is dried and
calcined. The shape of the reforming catalyst is not specifically
limited, and various forms can be used such as a powder form, a
granular form, a spherical form, a columnar form and a cylindrical
form. Generally, suitable form is selected depending on the type
of a catalyst bed to be filled.

[0027]

The methanol reactor 3 is located downstream of the reformer
1. A conventional reactor used in the methanol synthesis may be
used for this methanol reactor 3. For example, a reactor of a
shell—-and-tube heat exchanger type having tubes filled with a
copper-based catalyst can be used. The reaction conditions in
the tube side are also not specifically limited, and reaction for
the synthesis of methanol can be performed under the conditions
of about 5 to 15 MPaG and about 200 to 300°C that are usual conditions

12
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for the methanol synthesis. In this case, the reaction heat of
the methanol synthesis reaction can be recovered as steam by
feeding boiler water to the shell side.

[(0028]

It is to be noted that the reaction is carried out at a lower
temperature and a higher pressure in the methanol synthesis step
as compared to those in the upstream reforming step, and therefore
a cooling means (not shown) for cooling the syngas to a
predetermined temperature and a compresscr (not shown) for
pressurizing the syngas to a predétermined pressure are provided
between the reformer 1 and the methanol reactor 3. A line
connecting the reformer 1 outlet and running toward the methanol
reactor 3 merges with a hydrogen gas line 1.6 from a hydrogen
separation unit 6 mentioned below to form a line L7. Namely, the
line L7 is provided for a mixed gas that is a mixture of the syngas
discharged from the reformer 1 and a high-purity hydrogen gas
separated in the hydrogen separation unit 6.

[0029]

The line connecting the reformer 1 outlet and running toward
the methanol reactor 3 further merges with a line for the recycle
gas in the methanol synthesis step to form a line L8. Namely,
the line L8 is provided for a mixed gas that is a mixture of the
gas flowing through the line L7 and the recycle gas. The gas
flowing through the line L8 is then fed to the methanol reactor
3.

[0030]

The recycle unit 4 is located downstream of the methanol

13
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reactor 3. The recycle unit 4 includes a cooler for cooling the
reaction gas discharged from the methanol reactor 3, and a
vapor-liquid separation vessel for separating the crude methanol,
which is condensed by the cooling in the cooler, from a residual
gas containing unreacted gas. The residual gas containing
unreacted gas is fed to the upstream side of the methanol reactor
3 as a recycle gas while the pressure thereof being kept at a high
pressure, and merges with the gas flowing through the line L7.
[0031]

A methanol separator 5, located downstream of the recycle
unit 4, purifies the crude methanol that has been ejected from
the above-mentioned vapor-liquid separation vessel and produces
high purity methanol. For the purification of the crude methanol,
a distillation column, for example, can be used which includes
a reboiler and a condenser, and methanol with a high purity can
be obtained from the bottom of the column or the middle stage of
the column by distilling the crude methanol in the column.
Furthermore, the fluid that has been ejected from the top of the
column through a column top line L10 is subjected to a combustion
treatment by the burner of the heating furnace 2 together with
the gas that flows through the branched line L4.

[0032]

Meanwhile, the residual gas containing unreacted gas
contains a lower hydrocarbon component mainly including methane.
Since this lower hydrocarbon component is inactive for the
methanol synthesis reaction, it gradually accumulates in the

recycle loop. In order to suppress this built-up concentration
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931 (Oz11/110ail [0080] As is apparent fromthe result in the
Tabl e 3, since a | arger anmobunt of hydrogen gas than that in Exanple 1 was
added to the syngas, the reforner can be operated at a | ower steanicarbon
ratio than that in Exanple 1. As a result, the addition anmount of the

carbon (i @fidg can ;:x@,d'reeg%aﬁdcgﬂ gnkhan 5@&&%@ ﬂ,o@mgegégus the

producti on anount nmet hanol , 140 t Ich wa jout 3%

hi gher ﬁﬁ@?e&?éie'%@(@@b?o;ldég%ldh a pur |}§1rﬁ§ 1he bgynated; Lihaly under

these conditions for reformng reaction In anple 2, the carbon a%lwty

(Ac) of; thetsyroageatebheroud el af G%sr%%nﬁéslbéénoeé@raﬁécﬁ‘%gah carbon
is Ilkely to deposit under this condition, use of a reformng catal yst

i ncl udiyng. 3uMgeO fi‘ﬁ’@%il andsRy4apdbarc & 'c%%%%ttl%%r £PBatReAR YO of 200

wt ppm or nore but 2,000 wtppmor |ess makes it possible to performa good

refor mw&nre%aeklt% WebROUE £asl g 2Cak Q@hé’?%sdﬁ £R8-ad 00872 fommarat i ve
Exanpl e For the conparison wih Exanple 2, a process calcul ation

was CO@%%CE%%tU'IQ%Kvst tﬂﬁr%ﬁ% EHdeEéRBﬁeBC’lmQS@U&h& he, &bemerdranid oned

Exanpl € 2, except that the hydrogen separation step is not used as shown in
the bl gk eﬁe@@e@ 392N Bh Gundeophgiheseh b of the process cal cuI ation is

shown i'n the follow ng Table 4. [0083] [Table 4] Fnr and - 000 '001
[0033]

The methanol production apparatus of FIG. 1 is provided with
a collection line for collecting at least a part of the gas that
is extracted via this purge line L11. Furthermore, this
collection line is connected to the hydrogen separation unit 6.
In the hydrogen separation unit 6, the gas that has been collected
from the recycle loop via the purge line L11 and collection line
is subjected to a fractionation operation to separate high~-purity
hydrogen gas. As mentioned above, the high-purity hydrogen gas
flows through the hydrogen gas line L6 and merges with the syngas
that is ejected from the reformer 1. The above-mentioned
ceollection line may be branched directly from the recycle loop
without using the purge line L11,

[0034]

For the hydrogen separation unit 6, for example, a PSA
{(Pressure Swing Adsorption) unit or a hydrogen separation membrane
can be used. The PSA unit includes a plurality of packed columns
filled with an adsorbent, which is confiqured to repeatedly
pressurize and depressurize each of the packed columns by

switching the packed column receiving a feed gas at certain time
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intervals, which allows adsorption and desorption of a specific
gas component. With this arrangement, high-purity hydrcgen gas
can be obtained. On the other hand, the hydrogen separation
membrane produces high-purity hydrogen gas by selectively
transporting only hydrogen molecules through a membrane formed
by palladium or a polymer based on the principle of a molecular
sieve.

[0035]

As described above, the methanol synthesis reaction can be
performed under the condition of R=2 that is the most efficient
condition for methanol synthesis, by extracting a part of the gas
of the recycle loop and merging the hydrogen gas separated from
the extracted gas with the syngas. It istobe notedthat provision
of a flow rate controlling means (not shown) that includes a
flowmeter, a valve and the like on the hydrogen gas line L6 is
preferable, which enables easy control of the R value of the gas
that flows through the line L7 after the hydrogen gas is merged.
The gas flowing through the line L12 that remains after separation
of the high-purity hydrogen gas is subjected to a combustion
treatment by the burner in the heating furnace 2 together with
the gas through the branched line L4, the fluid through the column
top line L10 and the gas through the purge line L11 mentioned above.
[0036]

Next, a specific example of the method for the production
of methanol of the present invention will be described with
reference to the methanol production apparatus of FIG. 1 described

above. The method for the production of methanol of a specific
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example of the present invention includes a reforming step for
reforming a lower hydrocarbon gas containing steam and carbon
dioxide added thereto in the presence of a catalyst to generate
syngas mainly including hydregen and carbon monoxide, a methanol
synthesis step for synthesizing methanol by reaction of the syngas
obtained in the reforming step in the presence of a catalyst, a
recycling step for separatingmethanol synthesized in the methanol
synthesis step from a residual gas containing unreacted gas, and
merging the residual gas as a recycle gas with the syngas, and
a hydrogen separating step for separating hydrogen gas from at
least a part of the recycle gas and for merging the hydrogen gas
with the syngas.

[0037]

To be described more specifically, at first, a part of the
gas for the fuel to be sent to the heating furnace 2 is extracted
from a lower hydrocarbon gas feedstock that has been sent from
the outside of the system via the lower hydrocarbon gas feed l-ine
L1. Thereafter, carbon dioxide for CO; reforming and steam for
steam reforming are added to the lower hydrocarbon gas feedstock
to form a raw material gas.

[0038]

It is preferable that the addition amount of the carbon
dioxide is controlled so that the CO,/carbon ratioc in this raw
material gas becomes 0.1 or more but 0.6 or less. As used herein,
the CO,/carbon ratio is a value obtained by dividing the molar
number of the CO; moclecules in the raw material gas by the mclar

number of the carbon atoms included in the hydrocarbon gas in the
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90 ozwnoei | [ 0084] As is understood fromthe result of the Table
4, since the R value of the fluid flowng through the line L7 was 1.68 and
was | ower than that in Exanple 2, and the concentration of the nethane in
the recycle |l oop was higher than that in Exanple 2, the 39 production

amount of,; pEthangh ?\@f@ 3, B@SQe%gn&gWe bb@)cammav&% @QQ)utl 8% hower than
that in Exanple 2. [0085] "Conparative Exanple A process

cal cul atd, aawagecgﬂﬂys;&@@ Seeat didyg ca%%@xt#%t@@%ﬂk@%ﬁ@%&f FIG 4,
supposing the case when the R value of the fluid flow ng through the line

L7 is s&t t 2¢0eBYynadhusty ngddie c?aqmet qRiamoyng . .t @@sgar{a&@ o de
instead of the addition of the hydrogen gas. Namely, in this Conparative

Exanpl &8, tide-dDGasS 1calgulat Ip%\»é@%e@ori@w edugdencbhgigame conditions
to those in the above-nenti oned Exanple 2, except that the hydrogen

separat{@mstep was not used and the R value of the fluid flow ng through
the line L7 was set to 2.0 by controlling the flowrate of the fluid

flowi ng through thie diine kAndlndee BB@%%lbﬁaﬁﬁbQHtCQ?dtﬁé0§§eaﬁh§s
steam carbon ratio of the raw nateri al gas at the inlet of the reforner |

was 1. T nwansh tde LOAgar hon rs%%'aﬁl/tclal%'b%(ﬂf 7483 0. %QC theipesuht b the

process calculation is shown in the follow ng Tab 5. [0086] [ Table 5]

11 a2angh QROMhtioned raw material gas becomes preferably 0.7 or more
but 1.7 or less, more preferably 0.8 or more but 1.5 or less. The
reason is that, as is understood from the graph in FIG. 2 showing
the relationship between the S/C ratio of the raw material gas
and the feed rate of the raw material gas when a predetermined
amount of syngas 1s generated by reforming natural gas, the
increase in the required amount of the raw material gas can be
suppressed to about 10 percent of the optimum value by setting
the upper limit of the S/C ratio to 1.7 or less, and thus the duty
of the reformer 1 can be prevented from being excessive.
[0040]

With respect to the lower limit of the S/C ratio, as is
understood from the graph in FIG. 3 showing the relationship
between the S/C ratio of the raw material gas and the carbon
activity at the reaction outlet when syngas is generated by
reforming reaction of natural gas, the carbon activity can be
suppressed to be not more than 1.0 that is the threshold value
at which carbon deposit, by setting the steam/carbon ratio to 0.7

or more. Namely, carbon deposition at the outlet of the reactor

can be prevented by adjusting the steam/carbon ratio to 0.7 or
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more. The carbon activity will be described later in more detail.
[0041]

The raw material gas including the lower hydrocarbon gas,
carbon dioxide and steam is fed into the tube of the reformer 1,
where the tube 1s filled with a reforming catalyst. The reformer
1 is heated from outside by the radiation heat in the heating
furnace 2. With this arrangement, the raw material gas fed to
the reformer 1 is heated to a predetermined temperature and
catalyzed by the reforming catalyst while the raw material gas
filows through the tube of the reformer 1, and thus the raw material
gas is reformed into syngas mainly including hydrogen and carbon
moncxide,

[0042]

It is preferable to control the inside of the tube of the
reformer 1 so that the reaction temperature at the outlet becomes
850°C or more but 950°C or less, and the reaction pressure becomes
1.0 MPaG or more but 3.0 MPaG or less. By controlling the reaction
conditions to be within these ranges and controlling the
composition of the raw material gas to be within the
above-mentioned ranges of the steam/carbon ratio and CO/carbon
ratio, the raw material gas can be reformed efficiently without
having carbon deposition.

[0043]

Furthermore, it is preferable that the syngas at the cutlet
of the reformer 1 have a carbon activity of 0.36 or more but 1.0
or less. This i1s because when the carbon activity is less than

0.36, the S/C ratio becomes larger than 1.7 as is apparent from
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FIG. 3, and thus the duty of the reformer 1 becomes excessive.
On the other hand, the higher the carbon activity is, the better
the energyefficiency in the reformer 1 is; however, when the carbon
activity exceeds 1.0, carbon is likely to deposit at the outlet
of the reactor. The carbon activity as used herein refers to an
index showing likelihood of carbon generation, and when the carbon
activity 1s 1.0 or less, carbon generation does not occur
thermodynamically, whereas when the carbon activity exceeds 1.0,
the potential for carbon generation increases.

[0044]

The carbon activity can be obtained from a ratio of the
partial pressures of product gases at certain temperature and
pressure and the equilibrium constant of a carbon generation
reaction, For example, with respect to a carbon deposition
reaction (Boundouard reaction) from carbon mcnoxide represented
by the following formula 1, a carbon activity {(Ac) can be obtained
by the following formula 2 using the ratio of the partial pressures
of carbon dioxide and carbon monoxide and the equilibrium constant
of this reaction. 1In the following formula 2, Kis the equilibrium
constant of the Boundouard reaction, and Pco and Pcos; are the
partial pressures of CO and CO; under operating conditions,
respectively.

[0045]

[Formula 1]

2C0=C+CO,

[Formula 2]

Ac=K- ( {Pco)%/Pco,)
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and temperature in the above mentloned formula 2 can be obtained
with reference to, for example, D. R. Stull et. al., The Chemical
Thermodynamics of Organic Compounds, John Wiley (1969).

[0047]

The syngas that has come out from the reformer 1 is cooled
to a predetermined temperature by a cooling means (not shown),
and then the syngas is pressurized to a predetermined pressure
by a compressor (not shown). The high-purity hydrogen gas that
has been separated by the hydrogen separation unit 6 is merged
with the syngas. In this merging of the hydrogen gas, the flow
rate of the hydrogen gas is adjusted so that the R value of the
gas that flows through the line L7 after the merging becomes
preferably within the range from 1.8 to 2.2, more preferably 2.0,
By doing so, it becomes possible to conduct methanol synthesis
with a high efficiency. Furthermore, the recycle gas in the
methanol synthesis step is merged with the gas that flows through
the line L7. The gas that flows through the line L8 after the
merging is then fed to the methanol reactor 3.

[0048]
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The gas that has come out from the methanol reactor 3 is
then fed to the recycle unit 4, and cooled therein by a cooler
such as a heat exchanger. Thereafter the liquid fraction that
has generated by the condensation by the cooling is separated from
the residual gas containing unreacted gas. The liquid fraction
obtained here is crude methanol including methanol and water, and
the crude methanol is fed to the subsequent methanol separator
5 and purified therein by, for example, a distillation column.
By doing so, high purity methanol can be obtained.

[0049]

On the other hand, the residual gas containing unreacted
gas is fed as recycle gas to the upstream side of the methanol
reactor 3 for recycle, and is merged with the syngas that has been
generated in the reformer 1 as mentioned above.

[0050]

In order to prevent gradual accumulation of components that
are inert for methanol synthesis such as methane in the recycle
loop, a part of the recycle gas is extracted out of the system
and subjected to a combustion treatment by the burner of the heating
furnace 2. In the present invention, at least a part of this
extracted gas is fed to the hydrogen separation unit 6, and
high-purity hydrogen gas is separated in the hydrogen separation
unit 6. The obtained high-purity hydrogen gas is then merged with
the syngas generated in the reformer 1.

[0051]
By doing so, it becomes possible to control the R value of

the gas that flows through the line L7 to a desired value. WNamely,
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it becomes possible to adjust the R value of the gas that flows
through the line L7 to about R=2, which is the most efficient for
methanol synthesis as mentioned above, by suitably adjusting the
flow rate of the high-purity hydrogen gas that is introduced via
the line L6, In addition, since the R value of the product gas
at the outlet of the reformer 1 before addition of the high-purity
hydrogen gas can be set to be lower than 2, the steam/carbon ratio
of the raw material gas of the reformer 1 can be decreased. As
a result, it becomes possible to decrease the heat duty of the
reformer 1,

[0052]

The lower the steam/carbon ratio of the raw material gas
of the reformer 1 is, the lower the heat duty of the reformer 1
can be. Therefore, a lower steam/carbon ratio is preferable from
the viewpoint of reduction of energy consumption. However,
decrease of the steam/carbon ratio increases the carbon activity
Ac thereby increasing the likelihood of carbon deposition. In
such case, carbon deposition can be suppressed by using a CO;
reforming catalyst including a MgO support and a predetermined
amount of Ru and/or Rh loaded thereon mentioned above.

[0053]

Next, a production plant of an acetic acid raw material or
an MMA raw material including the methanol production apparatus
of a specific example of the present invention will be described.
The production plant of an acetic acid raw material or an MMA raw
material includes a reforming means for reforming lower

hydrocarbon gas that is introduced together with carbon dioxide
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acid raw material and the production plant of an MMA raw material
are constituted by the same elements in essence, the respective
means mentioned above will be described specifically in the
following with reference to the production plant of an MMA raw
material shown in FIG. 5.

[0054]

In the production plant shown in FIG. 5, reformer 101 is
used as a reformning means. The reformer 101 is approximately the
same as the reformer 1 shown in FIG. 1 and has a structure in which
a catalyst tube filled with a CO; reforming catalyst is disposed
in a heating furnace 102, and lower hydrocarbon gas such as natural
gas 1is introduced into the catalyst tube via raw material feed
line L101. A CO; feed line L102 and a steam feed line L103 which
respectively feed carbon dioxide and steam are connected to the
raw material feed line L101.
f0055]

For the fuel of the burner of the heating furnace 102, the
lower hydrocarbon gas is used, which is fed via a branched line
1104 that is branched at the upstream side of the above-mentioned
raw material feed line L10l. Further, various gases that are

ejected from a carbon monoxide separation means and a methanol
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generation means are used. The flue gases after combustion of
these various fuels are discharged to an outside via a flue gas
line L105,

[0056]

A part of the syngas that has been generated in the reformer
101 is extracted and fed to the carbon monoxide separation means
via a line L121, and the residue is fed to the methanol generation
means via a line L106. First, the carbonmonoxide separation means
will be described. The carbon monoxide separation means includes
CO; removal unit 103 for removing carbon dioxide from the
above-mentioned extracted part of the syngas, and cryogenic
separation unit 104 for treating the gas that has been CO;-removed
in the CO, removal unit 103 to separate the gas into carbon monoxide
gas and other gases.

[(0057]

The CO, removal unit 103 may use, for example, a chemical
absorption process using an absorbent such as an alkanclamine
solution and an alkali solution. This process allows absorption
of the carbon dioxide included in the syngas by means of
countercurrent-contacting of the syngas with an absorbent in an
absorption column. The CO; removed gas is discharged from the tép
of the absorption column, and fed to the subsequent cryogenic
separation unit 104. On the other hand, the absorbent that has
absorbed the carbon dioxide is discharged from the bottom of the
absorption column, fed to a regeneration column, and regenerated
therein by heating. The carbon dioxide stripped from the

absorbent during the regeneration is discharged from the top of
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the regeneration column, and returned as a recycle gas to the
upstream side of the reformer 101 via a line L122,
[0058]

In the cryogenic separation unit 104, the CO; removed gas
is liquefied by cooling, and then it is separated into hydrogen,
lower hydrocarbon and carbon monoxide by rectification. A part
of the separated hydrogen is returned to the upstream side of the
methanol generation means via a 1ine L123, The separated hydrogen
is further fed as a purge gas to a sulfur removing means (not shown)
that is disposed upstream of the reformer 101 via a line L124.
Furthermore, the separated lower hydrocarbon is fed to the burner
of the above-mentioned heating furnace 102 via a line L125, On
the other hand, the carbon monoxide is fed to subsequent MMA
production unit 109 via a line L126 and used therein as a raw
material for MMA.

[0059]

Next, the methanol generation unit will be described. The
methanol generation unit is constituted by a methanol reactor 105
for synthesizing methanol by reaction of the syngas obtained in
the reformer 101 in the presence of a catalyst, a recycle unit
106 for separating the methanol synthesized in the methanol
reactor 105 as a crude methanol from a residual gas containing
unreacted gas, and for merging the residual gas as a recycle gas
with the syngas, and a hydrogen separation unit 108 for separating
hydrogen gas from at least a part of the recycle gas and for merging
the hydrogen gas with the syngas.

[0060]
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A methanol separator 107 for producing high purity methanol
by purifying the crude methanol cbtained by the recycle unit 106
is located downstream of the recycle unit 106. Since those
constitutional elements are approximately the same as the methanol
reactor 3, recycle unit 4, hydrogen separation unit 6 and methanol
separator 5 shown in FIG. 1, respectively, the detailed
descriptions therecf are omitted.
[0061]
A connection line L106 that comes out from the reformer 101
and runs toward the methanol reactor 105 further merges with the
a line of hydrogen gas that has been separated in the
above-mentioned cryogenic separation unit 104 and a line of the
high-purity hydrogen gas that has been separated in the hydrogen
separation unit 108 to form line L107. Namely, the line L106 for
the residual syngas that remains after a part is extracted for
the carbon monoxide separation means merges with a line L112 and
a line L123 to form the line L107.
[0062]
The line L107 further merges with a line for the recycle
gas in the methanol synthesis step to form a line L108. Namely,
the residual gas containing unreacted gas that remains after
separation of the crude methancl in the recycle unit 106 is fed
to the upstream side of the methanol reactor 105 for recycle while
the pressure thereof being kept at a high pressure, and merges
with the gas that flows through the line L107. The gas flowing
through the line L108 after the merging is then fed to the methanol

reactor 105. It is to be noted that a purge line L11ll for
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the outshdegeh tBeas¥siem tRiProgce MAhe hydrogen separation unit
108, the gas that has been collected is subjected toa fractionation
operation to separate high~purity hydrogen gas. The high-purity
hydrogen gas that has been separated merges with the
above-mentioned line L106 via a line 112. On the other hand, the
gas that remains after separation of the high~purity hydrogen gas
is fed to the above-mentioned burner of the heating furnace 102
via a line L1113 and subijected to a combustion treatment therein,.
[0064]

By the above-mentioned processes, an MMA raw material can

be produced while producing methanol as a product. Namely, a part
of the product methanol obtained in the methanol separator 107
is extracted via the line L120, and this methanol is fed to the
MMA preduction unit 109 as an MMA raw material, together with the
carbon monoxide that is fed from the carbon monoxide separation

means via a line L126 and ethylene that is fed from the outside

of the system via a line L127. By doing so, it becomes possible
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‘Ot ro
by introducing lower hydrocarbon gas together with carbon dioxide

and steam into a reformer filled with a CO, reforming catalyst,
a carbonmonoxide separation step by extracting a part of the syngas
obtained in the reforming step and separating carbon monoxide from
the part of the syngas, and a methancl generating step by treating
the residual syngas after the extraction of the part of the syngas
to generate methanol,

[0066]

To be described more specifically, at first, a part of the
gas for the fuel of the heating furnace 102 is extracted from the
lower hydrocarbon gas that has been fed from the outside of the
system, thereafter the carbon dioxide from the C0O; removal unit
103 and the carbon dioxide from the outside of the system are added
to the lower hydrocarbon gas for CO; reforming, and steam for steam
reforming is further added thereto. This mixed gas is introduced
as raw material gas into the reformer 101. It is to be noted that
the lower hydrocarbon gas may be subjected to a treatment for
removing sulfur components as necessary, and in this case, the
hydrogen gas from the cryogenic separation unit 104 may be added
as a purge gas,

[0067]
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As already described in the production method of the
apparatus shown in FIG. 1, the amount of the carbon dioxide that
is added from the outside of the system is preferably controlled
so that the CO,/carbon ratio in the raw material gas introduced
to the reformer 101 is within the range of from 0.1 to 0.6, and
is more preferably controlled so that the ratio is within the range
of from 0.3 to 0.5. Furthermore, the amount of the steam that
is added from the outside of the system is preferably controlled
so that the steam/carbon ratio in the raw material gas introduced
to the reformer 101 is within the range of from 0.7 to 1.7, and
is more preferably controlled so that the ratio is within the range
of from 1.0 to 1.4.

[00681]

In addition, as mentioned above, it is preferable to control
the inside of the catalyst tube of the reformer 101 so that the
reaction temperature at the outlet is within the range of from
800°C to 950°C and the reaction pressure is within the range of
from 1.0 MPaG to 3.0 MPaG. Furthermore, it is preferable that
the syngas at the outlet of the reformer 101 has a carbon activity
of from 0.36 to 1.0. By controlling the reaction conditions to
be within these ranges and controlling the composition of the raw
material gas to keep the steam/carbon ratio and CO;/carbon ratio
within the above-mentioned ranges, the raw material gas can be
reformed efficiently without causing carbon deposition.

[0069]
A part of the syngas that has come out from the reformer

101 is extracted and fed to the carbon monoxide separation means,
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and the residual syngas is fed to the methanol synthesis means.
In the carbon monoxide separation means, as mentioned above,
carbon monoxide as an MMA raw material is generated by the CO;
removal unit 103 and cryogenic separation unit 104, On the other
hand, in the methanol synthesis means, the residual syngas 1is
cooled and pressurized, and thereafter the syngas is merged with
the hydrogen gas from the cryogenic separation unit 104 and the
high-purity hydrogen gas that has been separated in the hydrogen
separation unit 108.

[0070]

The gas after the merging is further merged into recycle
gas mentioned below, and the resulted gas is fed to the methanol
reactor 105. Since the following method is similar to the method
that has been already described in the production method of the
apparatus shown in FIG. 1, the description thereof is omitted.
The gas that flows through the line L107 in which the
above-mentioned R value is adjusted is obtained by merging the
residual syngas after extracting the part of the syngas with the
hydrogen gas from the cryogenic separation unit 104 and the
high-purity hydrogen gas from the hydrogen separation unit 108.
[0071]

As described above, by controlling the R value of the raw
material gas in the methanol generation step to be within a desired
range by using the high-purity hydrogen gas that is introduced
from the hydrogen separation unit 108, the R value of the generated
gas at the outlet of the reformer 101 before adding hydrogen gas

can be decreased to lower than 2 while keeping the raw material
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gas to the methanol generation step at an optimal stoichiometric
ratio for methanol synthesis. By doing so, it becomes possible
to produce an acetic acid raw material and an MMA raw material
efficiently. Furthermore, since the steam/carbon ratio of the
raw material gas to the reformer 101 can be decreased, the heat

duty of the reformer 101 can also be decreased.

Examples
[0072]
Examnple 1

In line with the block flow diagram in FIG. 1, a process
calculation was conducted supposing the case where methanol is
produced from natural gas. As the operating conditions of
reformer 1, an outlet temperature was 875°C, an outlet pressure
was 2.0 MPaG, a steam/carbon ratio of the raw material gas at the
inlet was 1.5, and a CO;/carbon ratio thereof was 0.25.
Furthermore, the Heat Duty of the reformer 1 was 288 Gcal/h, and
the flow rate of the fluid flowing through the line L8 was 2,500, 000
Nm’/h. Furthermore, 25,000 Nm’/h of hydrogen gas was separated
from a part of the gas that was extracted from a recycle loop for
purging and added to syngas so that the R value of the fluid flowing
through the line L7 became 2.0. The result of this process
calculation is shown in the following Table 1.
[0073]

[Table 11}
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As is understood from the result of the Table 1, since the
R value of the outlet gas of the reformer 1 can be suppressed to
be a value lower than 2 while keeping optimal R=2 in the methanol
synthesis step, the addition amount of carbon dioxide that is used
as raw material gas for methanol can be increased, and the
concentration of the methane in the recycle loop can be decreased.
As a result, it became possible to obtain the production amount
of methanol of 3,640 t/d (152 t/h). In addition, under the
above-mentioned reforming reaction conditicons, the carbon
activity ({(Ac) of the syngas at the outlet of the reformer 1 is
0.43. Although carbon is likely to deposit under this condition,
use of a reforming catalyst including a MgO support and Ru and/or
Rh loaded thereon in an amount of 200 wtppm and more and 2,000
wtppmor less makes it possible to performa good reforming reaction
without causing carbon deposition.
[0075]
Comparative Example 1

For the comparison with Example 1, a process calculation
was conducted under the same conditions to those in the
above-mentioned Example 1, except that the hydrogen separation
step was not used as shown in the block flow diagram in FIG. 4.
The result of the process calculation is shown in the following
Table 2.
[0076]

[Table 2]
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As is understood from the result of the Table 2, since the
R value of the fluid flowing through the line L7 was 1.8 which
was lower than that in Example 1, and the concentration of the

methane in the recycle loop was higher than that in Example 1,
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the production amount of methanol was 3,450 t/d (144 t/h), which
was about 5% lower than that in Example 1.
(0078]
Example 2

A process calculation was conducted under the same
conditions to those in the above-mentioned Example 1, except that
the steam/carbon ratio of the raw material gas at the inlet of
the reformer 1 was 1.35, and the COy/carbon ratio thereof was and
0.29, and 42,000 Nm’/h of hydrogen gas was separated from a part
of the gas that had been extracted from the recycle loop for purging,
and added to the syngas. The result of the process calculation
is shown in the following Table 3.
[0079]

{Table 3]
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As is understood fromthe results of the Tables 8 to 9, since the R val ue
of the outlet gas of the refornmer 101 can be suppressed 49 to a val ue

| ower than 2 while the R value of the gas flowi ng through the Iine L107 is
set to 2.0, the addition amount of carbon dioxide that is used as raw
material gas for methanol can be increased, and the concentration of the
nmet hane in the recycle | oop can be decreased. As a result, it becane
possible to produce 3 ' ' roducti o1 ynt of

t he product ‘Br%tjhsaﬁgpagfe%{i%o(ﬁ H%m%gcﬁﬁmggetﬁggggr% g’s t hat ina%g%er ence
Exanpl e. [ 010 Lt LS.t o r;#p@rl these condidy eng fora
refor n’iarr{lgol;'lrntj-:-tac iBﬁér?ﬂg}lcgggoghgﬁt?@%?yl Z\%a the syngas at the outlet of
the refornmer 1 : 0 l Y8 JuS A5 £0RdI L BR-4NG8H Jwhi ch
car bon F$9 ke ye\tga%%é)%g%%i ?ékt&%e&g%réa{'%%r% orm na cat {';l ystoi ncl ulc?i ng a
MyO suppart . an And/ or | pad Ie0R N ;AR 1 AFBHNL & @Y1 Y thiyeom 200
wt ppm {%glaél BEGQ\AﬁSpm ees%lh'j[ ggsgldrb %ﬂttg geref gr mlfa goodmr ef orm ng reaction
mnthou%a%%%%!ggoﬁﬁﬁgo a9§#9§§EE%@sehoﬁﬁﬁé anatd Ve EXaApLe B, ang For
the conparison™w xanpl'e 3, the nethanol plant including the reforner
with the Steam Lelonnl ng, calabyslod idiedridelsng, whbch/uap seirpased in the
above- nenti oned*Reference Exanple, was used as it was, and a process

cal cul ati.on cted Si t casg khatohatural gas is partially
oxi di zewzihl(:IQDV%%%t o%%%g%daé’ehgéﬁggnltﬁgﬁogﬁae g@ a raE\?v material for MVA while
extract[iorbggla} part of a product nethanol that can be obtained by the plant.
[0102] Nanmely, in this process, as shown in the flow diagramin
FIG 6, the pro t C@%éé%%@%w@ 838 AdYFersing | ar
manner to thgtt ?%q%eggrlgﬁg(gég%ﬁcppéalg% IG 9. In aopgr all el way, rggteam
that is fed.via.the |i 43,an e 4 Sid8d o ankhe,hdne J144 are
added troeat%elor?a hr %{g%gget%’asth%agagééﬂ g&%?ﬁ%t%d‘ vci%aot he Iiﬁ}é 142, and
ther eaft,er 2y ahe 92 d; 0p 3 §Ul fY% HoSIRY ERGHLYRAI §s (NGte15hoWN) to
renmove tshu(? &Eeiggn%gn%ﬁs. o\(l)@ge%% * Furt her m())rgfPi t he sul f%r-reerm%{l/ed gas
is fed.to ' [ jiect pakt Lal--exi-dakkoRat8aGEt on

t herei ntor ecge%sse% éléljdjbe% tt?ilg%f gl Pgi\l%m!eﬁ'ggéhg%ec%% ?ojrl:(rBrufSa togge%era e a gas

cont ai nj [ i t . . ¢ oD
C omoy a[&rf@leoa{{gg Mg@%@&t Eik rkl?éﬂegsr Al 52888 tHRTLhest ad dribihie

uni genic separation unit 114 in a simlar manner to
that i ! arabect Beoear RPPLAOHPXi d8s dasked FoF b Blie
CHA+1/ %é&fﬁ%%&i@@ the conditi ogg for thesabove-rren[%{%)ned process
cal cul g Kl Lermeratyr eakbitibe Gatabust chubengf chhgonef or mer
101 m?%%&éf%%}% out | et pregjsuree wals 2.0 MPaG Furthgr nore, the
st ean cg‘%rtg)&éyfglach{.o of the raw material gas fed to the refornmer 101 was 3.0.
The resu of the process cal cul ation around the nethanol plant is shown in

t he folt Tabl e 10, and the result of the process cal cul ati on around
ot her steps, mainly the partial oxidation step, is shown in the follow ng

Tabl e g%ggl [E]aé?‘iﬁel% | 9" | InsaUo; zIl "2 1 100 ool L -n 1 o
-3 St]é%]m':g 6.0 1°00°1°0'0100 1 0'0 [ 0°0 I 0°0 TIT 1 Rep

aam oeau | Dy 6QLc Ldol8:14@n ki®nSekafple 2, a process calculation

was conducted under the same conditions to those in the
above-mentioned Example 2, except that the hydrogen separation
step is not used as shown in the block flow diagram in FIG. 4.
The result of the process calculation is shown in the following
Table 4,

[0083]

[Table 4]

38



1'0 STT 00 O0'00'0O I OOCI 0O0'0O 9900'010'0 0OO0O012 1 orl ail4abDol .
91 16'03 00 ;'0 . 3.39°000r9 0O I o0-0 | 00 0O | O0'0O FTWT-
601 HO0914 ;Unpaid 1 186 0 '0 00000 '00O0C0'00'0 I OO 1 000 -000
| otot 0" Oot o0 -001
5 |8 B
od - | [
r—a‘E § --,_________‘“\M
3 B
ol8 58 T
~ T ——
:Eb—- [
g [ ]
|3 i 3 IS
= — =
0 |8
o0 g > ] pedRoCRLCT I -4 I TN O O O O I
5 §“ o — o
[ |
v |8
- E z; | DIKIT IS vpa g
0 4
1)
o % éi I -NNHE“““N
2 i T
2 |® B
'g " §E || | w| | @]
g g™ ' O mi| g -] S ]!
© 13 o
Z
™ § I 2 bbb el %
5 |0 " b
) §§ I BN g% SERERERRERR RN
[~p]
'g §J§§ ||| m| |~
vt - I 1] 1o =il =S|
¥ =
g s ”
|, —_— B o
S8 |2S£528 |
3E |REEiz g
- S| o2 _do|d N::lmeS | ®
@ - g SoolZloio o 8|8l =
B = 8
O . o
[0084]

As is understood from the result of the Table 4, since the
R value of the fluid flowing through the line L7 was 1.68 and was
lower than that in Example 2, and the concentration of the methane

in the recycle loop was higher than that in Example 2, the
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production amount of methanol was 3,450 t/d (144 t/h), which was
about 8% lower than that in Example 2.
[0085]
Comparative Example 3

A process calculation was conducted according to a
conventional flow shown in FIG. 4, supposingrthe case when the
R value of the fluid flowing through the line L7 is set to 2.0
by adjusting the addition amount of the carbon dioxide instead
of the addition of the hydrogen gas. Namely, in this Comparative
Example 3, the process calculation was conducted under the same
conditions to those in the above-mentioned Example 2, except that
the hydrogen separation step was not used and the R value of the
fluid flowing through the line L7 was set to 2.0 by controlling
the flow rate of the fluid flowing through the line L2. Under
these reaction conditions, the steam/carbon ratio of the raw
material gas at the inlet of the reformer 1 was 1.75, and the
CO,/carbon ratio thereof was 0.20. The result of the process
calculation is shown in the following Table 5.
[0086]

[Table 5]
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[0087]

As is apparent from the result in the Table 5, since hydrogen
was not added to the syngas, it was necessary to increase the
steam/carbon ratio at the inlet of the reformer to 1.75, which

was higher than that in Example 2, so as to set the R value to
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2 at the outlet of the reformer 1, and thus the amount of the carbon
dioxide that could be added was lower than that in Example 2. As
a result, the production amount of methanol was 3,480 t/d (145
t/h), which was about 7% lower than that in Example 2. It is to
be noted that under these conditions for a reforming reaction,
the carbon activity Ac of the syngas at the ocutlet of the reformer
1 was 0.35.
[0088]
Comparative Example 4

A process calculation was conducted according to a
conventional flow shown in FIG. 4, supposing the case when
reforming is conducted by conventional steam reforming. Namely,
in this Comparative Example 4, the process calculation was
conducted under the same conditions to those in the
above-mentioned Example 2, except that the hydrogen separation
step was not used, and the flow rate of the fiuid flowing through
the line L2 was set to zero. Under these reaction conditions,
the steam/carbon ratio of the raw material gas at the inlet of
the reformer 1 was 3.00, and the C0Oy/carbon ratio thereof was 0,00,
The result of the process calculation is shown in the following
Table 6.
[0089}

[Table 6]
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[0090]

As is understood from the result of the Table 6, since carbon
dioxide was not added, the amount of carbon as a raw material for
methanol was decreased and the R value of the fluid flowing through

the line L7 was 2.85, the production amount of methanol was 3,000
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t/d (125 t/h), which was about 19% lower than that in Example 2.
It is to be noted that under these conditions for a reforming
reaction, the carbon activity Ac of the syngas at the outlet of
the reformer 1 was 0.15b.
[0091}]
Reference Example

As a reference example, a process calculation in the case
where 125 t/h of a product methanol is produced was conducted
supposing a conventional methanol plant including a steam reformer
shown in FIG. 9. As the conditions for the process calculation,
the outlet temperature of the catalyst tube of the reformer 101
was 875°C, and the outlet pressure was 2.0 MPaG. Furthermore, the
steam/carbon ratio of the raw material gas fed to the reformer
101 was 3.0. The result of this process calculation is shown in
the following Table 7.
[0092]

[Table 7]
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[0093]

As is apparent from the result in the Table 7, the volume
flow rate of the natural gas fed to the reformer 101 was 96x10°

Nm>/h. Furthermore, the R value of the syngas generated in the
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reformer 101 was 2,85.
[0094]
Example 3

Next, the methanol plant including the reformer with the
steam reforming catalyst filled therein, which was supposed in
the above-mentioned Reference Example, was remodeled by replacing
the steam reforming catalyst with a CO; reforming catalyst and
disposing a facility for separating carbon monoxide from a part
of syngas obtained by reforming in the presence of the CO; reforming
catalyst. With this arrangement, a process calculation was
conducted supposing the case that MMA is produced by using raw
materials of methanol and carbon monoxide that are generated by
the remodeled plant and ethylene that is introduced from the
outside of the system.

[0095]

Namely, as shown in the flow diagram in FIG. 5, the
above-mentioned plant after remodeling produces a product
methanol by adding carbon dioxide and steam to natural gas, and
reforming the natural gas in the presence of the CO; reforming
catalyst, and then extracting a part of the obtained syngas for
the separation of carbon monoxide mentioned below followed by
treating the remaining syngas in the methanol generation step.
Furthermore, the extracted part of the syngas was treated in the
€O, removal unit 103 and cryogenic separation unit 104, thereby
separating a carbon monoxide from the extracted part of the syngas.
A part of the thus-obtained methanol and carbon monoxide are fed

to the MMA production unit 109 together with ethylene introduced
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As shown T h FI'G™ 7, "a process calcul atiron was conducted supposi ng the case
when ag%gg%éacid is produced by using raw materials of nethanol and carbon

nonoxi de that are generated by a plant that is renodeled in a simlar
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purge gas from the recycle loop of the methanol generation step

was collected and subjected to a separation treatment to obtain

high-purity hydrogen. This high-purity hydrogen and hydrogen

from the cryogenic separation unit 104 were merged into the syngas

to be fed to the methanol generation step so as to adjust the R

value of the merged gas flowing through the line L107 to 2.0. The

result of the process calculation around the methanol plant

including the reforming step is shown in the following Table 8,

and the result of the process calculation around others, mainly

the carbon monoxide separation step, is shown in the following

Table 9.

{0097]

[Table 8]
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[Table 9]
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[0099]

As is understood from the results of the Tables 8 to 9, since

the R value of the outlet gas of the reformer 101 can be suppressed
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to a value lower than 2 while the R value of the gas flowing through
the line L107 is set to 2.0, the addition amount of carbon dioxide
that is used as raw material gas for methanol can be increased,
and the concentration of the methane in the recycle loop can be
decreased. As a result, it became possible to produce 34 t/h of
MMA while keeping the production amount of the product methanol
of 125 t/h, which was the same as that in Reference Example.
(01001

It is to be noted that under these conditions for a reforming
reaction, the carbon activity (BAc) of the syngas at the outlet
of the reformer 101 was 0.53. Although the value is a condition
under which carbon is likely to deposit, use of a CO; reforming
catalyst including a MgO support and Ru and/or Rh loaded thereon
in an amount ranging from 200 wtppm to 2, 000 wtppm makes it possible
to perform a good reforming reaction without causing carbon
deposition.
[0101]
Comparative Example 5

For the comparison with Example 3, the methanol plant
including the reformer with the steam reforming catalyst filled
therein, which was supposed in the above-mentioned Reference
Example, was used as it was, and a process calculation was conducted
supposing the case that natural gas is partially oxidized (POX)
to produce carbon monoxide as a raw material for MMA while
extracting a part of a product methanol that can be obtained by
the plant.

[0102]
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Namely, in this process, as shown in the flow diagram in
FIG. 6, the preduct methanol was produced from natural gas in a
similar manner to that in Reference Example in FIG. 9. In a
parallel way, steam that is fed via the line L143 and oxygen that
is fed via the line L144 are added to the natural gas that has
been extracted via the line L142, and thereafter the natural gas
was fed to a sulfur removing unit (not shown) to remove sulfur
components.

[0103]

Furthermore, the sulfur-removed gas is fed to POX unit 112,
and is subject to partial oxidation reaction therein represented
by the following chemical formula to generate a gas containing
carbon monoxide. Furthermore, this gas was treated in the CO;
removal unit 113 and cryogenic separation unit 114 in a similar
manner to that in Example 3 to separate the carbon monoxide gas.

[Formula 3]

CH4+1/20,=CO+2H,

[0104]

As the conditions for the above-mentioned process
calculation, the outlet temperature of the catalyst tube of the
reformer 101 was 875°C, and the outlet pressure was 2.0 MPaG.
Furthermore, the steam/carbon ratio of the raw material gas fed
to the reformer 101 was 3.0. The result of the process calculation
around the methanol plant is shown in the following Table 10, and
the result of the process calculation around other steps, mainly
the partial oxidation step, 1s shown in the following Table 11.

[0105]
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As is understood from the results of the Tables 10 to 11,
since the syngas as a methanol raw material was produced by steam
reforming that is inferior to CO; reforming in energy efficiency,
the production amount of the product methanol was 98 t/h, which
was about 20% lower than that in Example 3.

[0108]
Example 4

As shown in FIG. 7, a process calculation was conducted
supposing the case when acetic acid is produced by using raw
materials of methancl and carbon moncoxide that are generated by
a plant that i1s remodeled in a similar manner to that in Example
3. In this process calculation, as the conditions, the outlet
temperature and the ocutlet pressure of the catalyst tube of the
reformer 101 was 875°C and 1.85 MPaG, respectively. Furthermore,
the steam/carbon ratio of the raw material gas that was fed to
the reformer 101 was 1.20, and the CO,/carbon ratio thereof was
0.3%9. Furthermore, the R value at the line L107 after merging
of the syngas and hydrogen was set to 2.0. The result of the
process calculation around the methanol plant is shown in the
following Table 12, and the result of the process calculation
around other steps, mainly the carbon monoxide separation step,
is shown in the following Table 13,

{0109]

[Table 12]

54

0'00.0 6'90'00'00'000 I O0O00'0000O0O I 000
o to-f SZT 0138a /041 a 1'C60'00'06'"900000"'0T10
0001I1I 0O.0 OO O'OO "0OOT 631 | Recycle C2 0'9 L1 21 0"
'66 9 '00'00'00'00"'000CO0°'0



‘ol 0

"O0O[0.0[p.0O0O"0O0O "0OOT 031 Teolunm 203 pom1 33 0 '0O0
01:11 Line

Mass flow rate (ton/h)

'92 0'00'09 '93L'L2°00O0
00'0 O0'001 Ilot I

3

'O0'0 17)--r 0 *(1) 0'0
luid nane Vol une flow rate 10Nms/ h)

001 1ZT Ca 203 OS gL

00
OO0
00

0
0
F

03

Conmposition (nm196) H2 6 '

0°00T |0°00T |0°00T |0°00T |0°00T {0°0OT [0°00T [ 0°00T [0°00T [ 000T |0 00T |0 00T |0 00T 110}
00 {00 [0 0°0 60 00 (00 o0 {070 0°0 0°0 ¢'0 0°0 HOOD*HD
00 |00 [0°0 K 00 00 |00 o0 |00 0°0 0°0 00 0°0 HD
¢'1 00 |60 00 |0°00I [L0 |00 |00 [0 00 0°0 00 00 HO*HD
0’0 {00 1070 0°0 0°0 00 (00 lo0o [0 1°0 0°0 0°0 1°0 +
0°0 0’0 |00 0°0 0°0 0°0 0°0 0°0 0°0 ¥'0 0°0 0°0 ¥°0 )
00 {00 0°0 0°0 00 00 0°0 00 0°0 £°1 0°0 0°0 £°T “HD
0¢ |00 0°0 0°0 0°0 0°0 0°0 00 {070 (¥4 0°0 0°0 62 O
0¢ [0°0 0°0 0°0 0°0 00 |00 [00 |00 2P 0°0 0°0 A 2 *HD
029 (00 [¢g2¢ loey |00 L18 |e8 |00l [o°C ¢'16 |0°0 0°0 G'16 "o
o |00 1°0 00 0°0 1°0 70 K 181 [0°0 0°00T |00 0°0 0H
€l |00 €8 |28 (00 {6 79 Lt {%01 |0°0 0°0 0°00T [0°0 ‘00
L0T {070 79 R 00 |76 612 (992 |00 {00 0°0 0°0 00 02
1°0 0°0 1°0 0°0 0°0 1°0 0°0 00 |[869 |10 0°0 0°0 1°0 N
00 (00 0°0 0°0 00 1070 0°0 00 |21 0°0 0°0 0°0 0°0 0
LI (07001 {0°2% |26 |00 1°08 (6729 |29e |00 [0°0 0°0 0°0 0°0 H
(%Tow) uorjrsoduwo)
(4/uo1)
- - - - |szt - - - - - ol - - a3l #0J SSeH
(U/ N0 1)
6% £g S LS - {1122 |63F | 188 |19 Z°9 - |9% LTT 3]BI #O]J SWNTOA
SBY) e3mg 397U]
5 oBy | QHAD | HOSW | oedN | O9S+H | HOW | s® N N
30 VSd| HVSd | HoW [ojeredaq jompoxd| Hoel |o[okosy| ZoF o5 | enyy | Tong | weass | Yo paayg oweu PINTY
eIr | 211 ITI o1t 60T 801 L0T 901 801 $01 €01 201 10T Jaqumu auT]

55



goo 09.1 /110 ¢S c¢.S" 01111,3 vita +90 HGsHO i n20 HOOYHD As is
understood fromthe conparison of the results of the Tables 12 to 13, it
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[0111]

As is understood from the comparison of the results of the
Tables 12 to 13, it became possible to produce 40 t/h of acetic
acid while keeping the production amount of the product methanol

of 125 t/h, which was the same as that in Reference Example and
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Example 3.
[0112)

It is to be noted that under these conditions for a reforming
reaction, the carbon activity (Ac) of the syngas at the outlet
of the reformer 101 was 0.54. Although the values is a condition
under which carbon is likely to deposit, use of a CO; reforming
catalyst including a MgO support and Ru and/or Rh loaded thereon
in an amount ranging from 200 wtppm to 2, 000 wtppm makes it possible
to perform a good reforming reaction without causing carbon
deposition.

[0113]
Comparative Example 6

For comparison with Example 4, the methanol plant including
the reformer with the steam reforming catalyst filled therein,
which was supposed in the above-mentioned Reference Example, was
used as it was, and a process calculation was conducted supposing
the case that natural gas is partially oxidized (POX) to produce
carbon monoxide as an acetic acid raw material while extracting
a part of a product methanol that can be obtained by the plant.
As shown in the flow diagram of FIG. 8, the process supposed herein
is equivalent to the process of FIG., 6 that was supposed in
Comparative Example 5 except for the acetic acid production unit
110.

[0114]

As the conditions for the above-mentioned process
calculation, the outlet temperature and the outlet pressure of
the catalyst tube of the reformer 101 was 875°C and 2.0 MPaG,
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respectively. Furthermore, the steam/carbon ratio of the raw

material gas fed to the reformer 101 was 3.0. The result of the
process calculation around the methanol plant is shown in the

following Table 14, and the result of the process calculation
around others, mainly the partial oxidation step, is shown in the
following Table 15.

[0115]

[Table 14]
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[0116]

[Table 15]
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[0117]

As is understood from the result of the Tables 14 to 15,
since the syngas as a methanol raw material was produced by steam

reforming that is inferior to CO; reforming in energy efficiency,
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the production amount of the product methancl was 103 t/h, which

was about 20% lower than that in Example 4.

Reference Signs List

[0118]

1, 101 Reformer

2, 102 Heating furnace

3, 105 Methanol reactor

4, 106 Recycle unit

5, 107 Methanol separator

6, 108 Hydrogen separation unit

103, 113 CO,; removal unit

104, 114 Cryogenic separation unit
109 MMA production unit

110 Acetic acid production unit

112 POX unit
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Claims

1. A method for production of methanol comprising the
steps of: reforming a lower hydrocarbon gas containing steam and
carbon dioxide added thereto in the presence of a catalyst to
generate syngas mainly including hydrogen and carbon monoxide;
synthesizing methanol by reaction of the syngas obtained in the
reforming step in the presence of a catalyst; recycling by
separating the methanol synthesized in the methanol synthesis step
from a residual gas containing unreacted gas and merging the
residual gas as a recycle gas with the syngas; and separating
hydrogen by separating hydrogen gas from at least a part of the
recycle gas and merging the hydrogen gas with the syngas.

2. The method for production of methanol according to
claim 1, wherein a PSA unit is used for the separation of the
hydrogen gas.

3. The method for production of methanol according to
claim 1 or 2, wherein a raw material gas in the reforming step
has a steam/carbon ratioc of 0.7 or more but 1.7 or less.

4, The method for production of methanol according to
any of claims 1 to 3, wherein the syngas obtained in the reforming
step has a carbon activity of 0.36 or more but 1.0 or less.

5. The method for production of methanol according to
any of claims 1 to 4, wherein the catalyst used in the reforming
step has a MgO calcined at 1,000° or more but 1,500° or less and
Ru and/or Rh loaded thereon in an amount of 200 wtppm or more but
2,000 wtppm or less.

6. The method for production of methanol according to
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any of claims 1 to 5, wherein the catalyst used in the reforming
step has a support having a specific surface area of 0.1 m?/g or
less,

7. The method for production of methanol according to
any of claims 1 to 6, wherein the reaction conditions in the
reforming step are an outlet reaction temperature of 850°C or more

but 950°C or less, a reaction pressure of 1.0 MPaG or more but
3.0 MPaG or less, the GHSV thereof of 2,000 hr™* or more but 10, 000
hr! or less, and the COz/carbon ratio of the raw material gas
thereof of 0.1 or more but 0.6 or less.

8. The method for production of methanol according to
any of claims 1 to 7, wherein the gas after merging the hydrogen
gas with the syngas has an R value of from 1.8 to 2.2, and the
residual gas after separating the hydrogen gas in the hydrogen
separation step is utilized as a heat source for the reformer.

g9, Amethod for production of an acetic acid raw material
or an MMA raw material, which comprises the method for the
production of methanol according to any of claims 1 to 8, further
comprising the step of separating carbon monoxide by extracting
a part of the syngas obtained in the reforming step and separating
carbon monoxide from the part of the syngas, and a residual syngas
after the extraction of the part of the syngas is fed to the methanol
synthesis,

10. The method for production of an acetic acid raw
material or an MMA raw material according to claim 9, wherein the
carbon monoxide separation step comprises the steps of: removing

CO, gas from the part of the syngas; and cryogenically separating
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carbon monoxide from a CO;-removed gas by a cryogenic separation
process.

11. The method for production of an acetic acid raw
material or an MMA raw material according to claim 10, wherein
the CO; gas removed in the CO, removing step is fed to an upstream
side of the reforming step for recycle.

12. A methanol production apparatus comprising: a
reformer for reforming a lower hydrocarbon gas containing steam
and carbon dioxide added thereto in the presence of a catalyst
to generate syngas mainly including hydrogen and carbon monoxide;
a methanol reactor for synthesizing methanol by reaction of the
syngas obtained in the reformer in the presence of a catalyst;
a recycle unit for separating the methanol synthesized in the
methanol reactor from a residual gas containing unreacted gas and
merging the residual gas as a recycle gas with the syngas; and
a hydrogen separation unit for separating hydrogen gas from at
least a part of the recycle gas and merging the hydrogen gas with
the syngas.

13. A plant for production of an acetic acid raw material
or an MMA raw material, which comprises the methanol production
apparatus according to claim 12, further comprising a carbon
monoxide separation unit for extracting a part of the syngas
obtained in the reformer and separating carbon monoxide from the
part of the syngas, and supplying a residual syngas after the
extraction of the part of the syngas to the methanol reactor.

14, A method for remodeling a methanol plant including

a reformer, which is filled with a steam reforming catalyst, for
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[0117] As is understood fromthe result of the Tables 14 to 15, since
the syngas as a nethanol raw nmaterial was produced by steamreform ng that
is inferior to CO2 reformng in energy efficiency, the production anount
of the product nethanol was 103 t/h, which was about 20% | ower than that in
Exanpl e 4. Reference Signs List [0118] 1, 101Reformer 2, 102Heating furnace
3, 105Met hanol reactor 4, 106Recycle unit 5, 107Met hanol separator 6,

108Hy dragemcSeRALAt heBt Ui 4c @3 al IR iamevabknUaih A8¢ ndddGraogeni ¢
separation unit 109 MVA production unit 110 Acetic acid production unit

112PDX it i el @bMBethanol, heAntinked cf)ﬁlbrﬂé@ﬂlgciégna@in@aiﬁ@@ﬂeam
conprising the steps of: reformng a | ower hydrocarbon gas contai ning steam

and cardandiiex dacadded iheane! ecifpribBe PIesenNe®,ofeforaddd ysltdiggenerate
syngas mai nly including hydrogen and carbon nonoxi de; synthesizing net hanol
by reacld 98 tefrd ie-yo@as hgbtr-aicaedonnydhei £ BlarnBongd 56:60dd Antiha gargsence of
a catalyst; recycling by separating the nethanol synthesized in the

met hanglns ypHhasiisgshepabiomt ¢ £68i dughr gasng ord Bhdh NEHrsH eactadrgas and
mergi ng the residual gas as a recycle gas with the syngas; and separating
hydr ogeym My oFepamatisngbkdneaepygasef Fembahihgast a part of the recycle gas

and nerging the hydrogen gas with the syngas. 2. The nethod for
production of nethanol according to claiml1l, wherein a PSA unit is used for
t he separation of the hydrogen gas. 3. The method for production of

met hanol according to claiml or 2, wherein a raw material gas in the
reform ng step has a steanficarbon ratio of 0.7 or nore but 1.7 or |ess.

4. The method for production of nethanol according to any of clains 1 to 3,
wherein the syngas obtained in the reform ng step has a carbon activity of
0.36 or nore but 1.0 or |ess. 5. The met hod for production of

nmet hanol according to any of clains 1 to 4, wherein the catal yst used in
the reform ng step has a MgO cal cined at 1,000C or nore but 1,500C or |ess
and Ru and/or Rh | oaded thereon in an amount of 200 wt ppm or nore but 2,000

wt ppm or | ess. 6. The nethod for production of nethanol according to
any of clains 1 to 5, wherein the catalyst used in the reformng step has a
support having a specific surface area of 0.1 nR/g or |ess. 7. The

nmet hod for production of nethanol according to any of clains 1 to 6,
wherein the reaction conditions in the reformng step are an outl et
reaction tenperature of 850C or nore but 950C or |ess, a reaction pressure
of 1.0 MPaG or nore but 3.0 MPaG or |ess, the GHSV t hereof of 2,000 hr-1 or
nore but 10,000 hr-1 or less, and the CO2/carbon ratio of the raw materi al
gas thereof of 0.1 or nore but 0.6 or |ess. 8. The method for
production of nethanol according to any of clains 1 to 7, wherein the gas
after nmerging the hydrogen gas with the syngas has an R value of from1.8
to 2.2, and the residual gas after separating the hydrogen gas in the

hydr ogen separation step is utilized as a heat source for the reforner.

9. A nethod for production of an acetic acid raw material or an MVA raw
material, which conprises the nmethod for the production of nethanol
according to any of clainms 1 to 8, further conprising the step of
separating carbon nonoxi de by extracting a part of the syngas obtained in
the reformng step and separating carbon nonoxide fromthe part of the
syngas, and a residual syngas after the extraction of the part of the
syngas is fed to the nmethanol synthesis. 10. The net hod for
production of an acetic acid raw material or an MVA raw material according
to claim9, wherein the carbon nonoxi de separation step conprises the steps
of : removing CO2 gas fromthe part of the syngas; and cryogenically
separating carbon nonoxide froma CO2-renoved gas by a cryogenic
separation process. 11. The method for production of an acetic acid
raw material or an MVA raw material according to claim 10, wherein the CO2
gas renmoved in the CO2 renoving step is fed to an upstream side of the
reform ng step for recycle. 12. A net hanol production apparatus
conprising: a refornmer for reform ng a | ower hydrocarbon gas contai ni ng

st eam and car bon di oxi de added thereto in the presence of a catalyst to
generate syngas nainly including hydrogen and carbon nonoxi de; a net hanol
reactor for synthesizing nethanol by reaction of the syngas obtained in the
reformer in the presence of a catalysfs a recycle unit for separating the
nmet hanol synt hesized in the nethanol reactor froma residual gas containing
unreacted gas and nerging the residual gas as a recycle gas with the
syngas; and a hydrogen separation unit for separating hydrogen gas from at
| east a part of the recycle gas and nerging the hydrogen gas with the
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