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SUMMARY

Dimethyl ether(DME) is a useful chemical intermediate for the preparation of many
important chemicals, such as dimethyl sulfate and high-value oxygenated compounds.
Recently, it may have received much attention as an alternative diesel fuel due to ifs
low NO emission near-zero smoke and less engine noise compared with those of
traditional diesel fuels. In addition, it has been used as an aerosol propellant to replace
chlorofluoro carbons, which had destroyed the ozone layer of the atmosphere. DME has
been produced in small quantities by catalytic dehydration of methanol oVef an
solid-acid catalyst. As an alternating process, the direct synthesis of DME from syngas
had been proposed over bifunctional catalysts, which had two kinds of active sites: one
is for methanol formation and the other for methanol dehydration. This process is more
favorable in view of thermodynamics and economy. In this research we have studied the
role of acid property in the methanol dehydration process. The purpose of the present
study is to evaluate the HZSM-5 and modified HZSM-5 catalysts to develop a suitable
catalyst for an integrated process of producing dimethyl ether directly from syngas. For

comparison, AL O; catalyst also has been investigated.

Natural gas conversion and utilization are important options for the new energy
source. In addition, a recent increase in papers concerning reforming of methane and
partial oxidation of methane to manufacture synthesis gas has occurred in the past
decade. Moreover, the methane or natural gas reforming is one of the processes to
produce synthesis gas with desired H,/CO ratios for clean fuels and chemicals. The
catalytic reforming of methane with carbon dioxide to produce synthesis gas with lower
H»/CO ratio is a challenging approach for the chemical utilization of natural gas and
carbon dioxide; consequently, considerable effort has been devoted to the development
of high performance catalysts. Also, we optimized the ratio -of methane, steam, carbon
dioxide and oxygen for the syngas used DME process. The coke formation decreased
rapidly by increasing steam molar ratio. Carbon deposition depends not only on the
nature of support, but also on the oxidant as like steam or oxygen. We obtained high
efficient catalytic performances on Ni/Ce-ZrO, catalyst compared to c;ommercial catalyst
along with stability for production of syngas. From these founding, this catalyst can be
attributed to the efficient catalyst for DME production process (50Kg/day) that is now

under testing at our company.

Operational research was performed in a 50 kg-DME production/day plant. A pilot



plant was designed and constructed to develop a new, high efficiency, DME synthesis
process from natural gas and carbon dioxide.

The 50 kg-DME/day plant consisted of the synthesis of syngas by two step reforming
reaction and single-step conversion process of syngas to DME. In the early this year
(Jan. 2003), this plant was completed and went into operation at KOGAS LNG terminal
site in Incheon. Test operation of the plant was finished. KOGAS-lead team will focus
on marketing activities and will begin to develop markets for DME so that commercial
operations can get under way as quickly as possible after technology development is
compléted. ' '

co Tri- DME
m Reformer Syngas Synthesis

Separator |

co, ' fMeOH l

@ Absorber H,0

Figure 1. Process block diagram of 50kg DME/day production from CO; and CHj

Figure 1 shows the schematic process block diagram of 50kg DME/day plant. Syngas
was synthesized over Ni/Ce-ZrO; catalyst with natural » gas, COz, O and steam on
tri-reforming reaction. During the reaction, produced the CO; was removed in absorber
prior to the formation of DME, which was recycled. The syngas of H; and CO is
introduced into reactor by using compressor for DME production, then, methanol and
water were divided within separator. Both DME reformer plant for 50kg-per-day pilot
plant and its reactor were fixed bed reactor. Before the tri-reforming reaction,
pre-reformer was installed to obtain the Cl (methane) chemicals from natural gas. For
the purpose of production of 50kg-per-day, the dimension of 7 tubular reactors was
height of 1.2m and 1" LD. ‘

KOGAS has a target of fiscal 2006 for the start up of DME supplies. The final size
of the operation will be determined from future feasibility studies, but is estimated at 2
five-ton-per-day pilot plant as an alternative to diesel automobile fuel, as a generator

fuel in the power plants and as a fuel for fuel cell, and as a source of hydrogen
energy.
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Figure 1.1.1.  NOx and Hydrocarbon Emission(Gm/BHP-hr).
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I ol4tEgRA JHE(CO; reforming) 5 0.2 UHY, ¥H8-9] FHd wely FA7EA
o] ZAo] 2o HaMesl 224 g2 5w Fischer-Tropsch(E-T) vH-go] o]
g3lra 2 GEF T8, RVl §4, de 4, S (oxo)hg o8 4F
Fo AZ, DME Az, a2g]x ol4tgtade AAE 58 FaouA] Aito] FL-9

£
L
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<
=N
(¢4
—
[\J
r--»
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Table 1.2.1. FAAZIAAZRE 3 MATAHY L8 Bk

Oxoalcohols, polycarbonafeé,.
1 CO; + CHy — 2CO + 2H; 261 )
‘ formaldehyde production
2 CHy + %0, — CO + 2H, -36 Fischer-Tropsch synthesis
3 CH; + H,O — CO + 3H, 247 Methanol synthesis
- CHy + H;O — CO + 3H,; & 41 H; production;
CO + H)O — CO, + Hp eg. ammonia synthesis

UA F4&o] 2343 FMz ¢8A e 9F 59
s L33 Aoz deA Ut Table 1.2‘101}/\% ura}

(oxygenates)& A Zdt=d] A FHo2 A vk 3"4‘% CO,/CH4 7}37%3 %91
FE3E 9T a3 ozl o] ]S 8843} (deactivation) St ﬁi(coke)ﬂ Al
]‘:} g Aol dojd w FHujo] MAEE B E ARH LR 5T F 3

were] B EE datsietae] 273 (Boudart reaction)o]] &% Ao® dHFT

2C0 — C + COy AchggK = .172.4 kJ/mol
CHy — C + 2H, AH 05k = +74.9 kJ/mol

o

E3] Ni based 20l A3 @3 Zu|B o} cokingo] Bt 474 LAste A
2 2484 glod, BHA 9std o] ukgd tig AFEF Ful(Ru, Rh, Ir F)= Wit
2 493 SeaAdE HET ALt sAd dsiA A7 Aok 2dER -4
Hog A oF Fujo nTAHE WAF] 4T WHES Fohdle Fo] ot
Ba AFESA S Ay AAvigelzta AT ATde g JHe U
7] 9% A7 & AES v ¥ol AR dopingdte] @A H L oWEAU,

2
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ZrO; Ao o] Fuj(PtND)E o] &3t BAF AL HAUoE Fole =¥o] AHK
Hi gt

ES %ﬂﬂ-@q HZ2A48tE ZAaA7)7] 98t 348& Mdste d77F ASE e,

ZF7IME TE o

Nt WS S AE 7 ErHE(autothermal

3 I combination reforming)o] A A} E 11

A A& AT £57] NANSS AAAA g ALY

22 o) absera gt £F7)E o] AHES TPAANS FH KT WA %
2 ALEHI %lﬁ}

\:}.
St~ 8E DME Az 23 7<

JolNE AFSFFAT B ARE A4HT A& UA, LPG, 71&d, BATkA
DMES] X 7-&u8 Q] mxe jE7tas 4hzoz nus 23, DME G487}
OE A5 vs) A78E EAAY 53 Aoz Busa o Table 1.22%
$8 And W7|7ta 54 FEOoZ BFH & sh2o dis) DME 48 A
g9 ULEV TAIA & w3t A0 2 DME g8 &8 A}£38148 wjeo wj&r7l2= ULEV
FANE BEe7] 2o FFe] BATAS HEY 5+ 9= F9F AR Wty
al glt}.

E
R}
Lo
o
F&J
&m
to
I
b
o
<
D
i
2
op
ot
)
=
s}
L
e
o
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Table 1.2.2. +4 982 DMES] #7712~ B4

 Emission(@/BHPh) | ULEV ##1% |  DME | o7
ditstebs 72 3.2 -
A2 AL E
) 25 2.4 4.1
(NMHC ¥ 3
NMHC 13 0.21 0.3
2 0.005 0.0033 0.08
EEYH 3= 0.025 0.022 -

-~ Heat of ~Fee: energy, '
.+ |+ reaction- AG600K
e (kcal/mol-DME) (kJ/mol—DME)
(1) 3CO+3H, — CH;0CH;+CO, From synthesis gas +58.8 +63.6
(2) 2CO+4H, — CH;0CH;+H,0 Combination of (3) and (4) +49.0 +80.1
(3) 2CO+4H, — 2CH;0H Methanol synthesis +43.4 4908
(4) 2CH;0H — CH;OCH:+H;0 Dehydration reaction +5.6 -10.7
(5) CO+H,O — CO+H, . CO shift conversion - +9.8 -16.5
(6) 2CH4+COx+0; — ' . .
Methane reforming reaction - -
3CO+3H,+H,0

sHeput3-4 (1ol A gk Zo] DME A x2A] A she o|itstgae 3 sto] §A47EE
Az T8 A2 8317 =9 24% 9 DME Alx &) /e 88 ojitstd
& ARHOE AASY ST FAMN L] BFHolgkn AT ol E AT o]4ts
& £} scrubber EE strippere] thek 34 HA # 4D A7 HATIER AE
o B dFoAe ot A E o83t §Avt=e Al 43 DME Az 4
ol HHPAE Bt oA FRVIEo] odFELE AYeR TEET] AR
7ol 8o FAPARE Az L4Vt ARe 4T F Ue AR

3HE Aoz 7|ggch

o
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M o2 F =ue 7lsoig dE

A 1A =9 et 8

1. A8 8%

el

YE 9 AALYAEL 2001 A% DME =& % AATS A d8ez, @
HA7EE, AE, vl e 22 RE Az 7hesty 57t rbesta @ A, AE7kE
o Aol 957 3 DME Ex5Fo] 7F53hT @obAlobe) B FA| o] A 4+&H]
T HATMEE ]8T F Yo] YA FF g AHolm @71F9 LPG Qxa
g o8 5 UL @ A Hoju FaHo R ojojA] Z & JUvke dE AL
WA AL - A58 5353 DME #AE3 RIME vz dEdae Azt
DME AF&-3S 2006 170%HE, 201013 9509rEC 2 Awsla 20063 7H%] 7k
Rergel FA%s WL ARSI E Sw, 200245 333 DME Ame] HAA
', ‘U5 E& DME 2¥ P, ‘LPG 1=} AEAP S g s s 24 & 3
8t7] 913t DME Forumg Ay 3te] 235 Stk 53] AFatd &g trlede
sA3tr] st oA HHFARE ZAFg v oy 1 Favt FdE AR
Hi 3= DMES] Aol Au7tAE X33 B 93 Fobs S8 o= wefsl
of 3}o}slal DME ol 7]&S &AM @AY/ € DME A9 AT §4
o EviE vlEESS ok

EG Ao FACIEXAAD, 3EMGO), HFAAt F5 22 DMES i3
712 gYsted nmuIA] AE2AFTHMGO) S 44 2001 490 F2FALS Agsla
6HHE Ax Fut o BA xAld Eo7) JdE AFold.

Y& AFANE © Az A5 QAT 5= de dA Auxadd e, @
A AAFA A, @ ofAol WA B ARE FAd rdgtte FHoE T4t
Aol F:EY NKK 5 2/0WA}:= "Environmental Load Reduction Fuel Conversion
Technology” St T2 A EE 1997Q X E 5d7F 189 ¥(OF 14,000,0008) T8t &-2F
5 ton/day T EE EXE A7 S Aot Q7R ZEF 2ton Isuzu truck 3,600cc
HOE 100412 3% AlgolA fdddo] vlErt27t A9 glon, Zfe B8 20%
AZEHe 298 49

53] 4 NKK(H JFE)o]| A= DME @348 Aysted 2002955 20063 7}%]
Z7tolx FAIZ) 315 100 Ton X (H3F 30,000 Ton F+5)¢] DME A% ZHEE
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A TR (5,000~ 8,000 Ton)ol 4,54l Gate
AT AA7IAZ 88 A ok

Figure 2.1.1. NKK¢] 50kg/day DME A|Z#AFX]. Figure 2.1.2. NKK¢] 5 Torn/day DME Plant.

2 #9203 83

DME 7]&7/de] #8 fH9 249 499 AFZAA FHAREVLE 5F
Hol Jlghgel @03 AAHD Utk 53] FYolMs DMEZ} 550149 A
(Cetane)7HE AW Sh&3spd4 o] ojAdde] A2 AHEE 5 3lof 04 gAds
g sk A9 Vlesids gt

%7) DMEE HExRstga 23g g A AT #ddA 288 Ao 7
thE E " o]l o1} Haldor Topsoe, Air Products, Shell OilEol A 53] 7|&/|¢E F
ste] 19903 E] A5 A3 EMNS DMEY wigk iz A¥e £3ystu 19974
IJEA/AMF$] Annex XIVE] F4ZQ &Moo 2 Q% o2 v A dagE DMEY
ZQ AL BZAAATH B3] HIZd = IDA (Interantional DME Association)8] & Al A
DMES] Aol A Abgo} olz277hA1 e A H 7|72 53 o FPA8=R
2] DME 988 ¥H3lx ik

7174 Rkge ok DME AZRV&E2ZE AZdE Mobilrtdld  spEE o
Haldor-Topsoex= -2]-At3lol A A G} A& E 718 DME Zvj 9} Topsoe DME &
S pdste] 30,0004 7 o] Fvf AP F3ld el AFste AFAA
7} &) Jlsge =234 ¢lth Haldor-TopsoeAt= 1992\d HAF7tA2 R H
50kg/day T2 AN (Figure 2.1.3 FF)S S539ch

o] 7]&& 7)4ured 93 DME AZFH o2 BPAZ} FX 38+ India Consortium
o] 2j=#&tE DME A|Z2FXR 02 DME 985 AE3AHIOCL), 7} 3] AHGAIL) 2 <l

-
-3
3]

T



e

EHSEIWP)S} TEOE Adxe 4R dm EFHoz AW FHE T AT
1509HE DME AZZSAEE AMZ ok ool 53, shuc), ez, n2, =
Fe, mago], YUAE U 29d 5 HQ 7264 DME WA el 719

PIRE A8 wg BAE Absa 9 A5l

He

Figure 2.1.3. Haldor—Topsoe*}Q} 50kg/day DME A= #A].

SH w79 HF-3AF Amocortl 4714 3|A} Navistar7b 8% 7|1#e® “TiA
A28 DME A A8 /Y 2% & Haldor Topsoe (3}83]AH2} AVL List GmbH (&
2@ ot YAQAI A FFeR FAsn Utk AT NPT A" AL
7,300ccd V-8 T444E A HEAF BE gAdzoz AgZade tde] 224 wE7]
29 B4 312, DME Y3 dA4LA28E0 2 NOx wj&7l~E US 1998 1A% 9
40%7NA EYPozA AT Yot ULEV FAXE UEsn 94 &5 £AE HZEs
gth ol9ldx A% AFXEE Amoco India Development Co.7} Haldor Topsoe A/Sel| A
71%& =938}y Indian Oil Corporation Ltd (JOL)®} Q1% ] Gas Authority (GAIL)®] 7}
2RFEAL QAR AFS NEsy] A A AESE L JLEE HE F
o) ¢t} vl=9] Air Products & Chemicals Inc.o| A& 1991'd o= 4 Ton/day T}o|F f
22 71EMEe 483 Yotk
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Al 2d e Vedd
L =0 7e 8%

Tt FA AFNEEE B
setd oA olitstea AT Wetoz o]itksiEha
osfAl W&, DME Az AT tfe AFE F33te] 484 45
scale2 TTREE ) 4y EAF Aot 58] & AT
o] A do g “HAVIAZRE QA AE AXE 3 /A" E FPst dAst~
£ N A|3}5}= GTL(Gas to Liquid) & 2
At

9 2000 FE St aFAL A Yo “HAvpae} o]athgEAZHE DME
AZ 71 AF9S F3dtn 9oy, Azt 3000kge] DME A *

Ae FRE 78 o}‘ii‘i} £ B A Yo 2 S0kg/day DME A2k

ABIE 20029 F535Fe] 20033 Ao ATh

o
ot
oy,
(@)
=
o
2
.t
o
=

2. DME &4 % A2hd v

o €8, W] EH&/DME, DME 4 o] whE Qg2 g nlw

ok

1 A3, DM
= Wl 7HE FL& B&E YEI Utk F A It oA
#A3kaL At} Table 2.2.1 & 7 o] d+ NKK, Air Products & Chemicals, Haldor
Topsoe A/S9} S+ 7k~ F AL B & vlwste] Yeth ol A9 Aol &4
7V2E Az W A58 HE A *é% g2} A" FA7H=Y H/CO BlE°] 0.7~
2.00] @t} &, Ao 2REE 12 7hagtd 93] H/CO Hlgo] drtHo= 0.5~
1002 AT, e FA4S H?:z A 8 (shift) ¥H-2-o| A& Hy/CO B]&-©] 2.00] H
23}tk DME §4& ¢siA= HyCO Hl&©] 1.0~1.57F HAS Ao Holn, HIT
Topsoe?] F&]-obAAF ] MK-1219} 4k&ujof gk FHujtg o] AR AN thFA
Aol 7h5s Al = A

E=
E=

_L:
s
ofr
2

tlo

o ox

3

-

rio
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Table 2.2.1. Development project of direct synthesis of DME

Developer

NKK

Air Products

HaldorTopsoe

KOGAS

Natural Gas CBM* Natural Gas Natural Gas
Gas resources CBM*
o) o | s
y Slurry bed Slutry bed Fixed bed Fixed bed
Reaction conditions
Tenperature( C) 250 7 280 250 7280 210 7290 280 7300
Pressure(MPa) 576 5710 778 578
con?igféizzi;) 55760 33 18 | 28733
° DME : 99% DME+MeOH DME+MeOH DME+MeQOH

Final product

(DME:30 ~ 80%)

(DME:60 ~ 70%)

(DME:50 ~ 55%)

Developing situation

1989 7 :Beaker

1995 ~ :50kg/d
Bench

1997 7 :5t/d Pilot

1986 ~ :Beaker
1991 7 :4t/d Pilot

1993 7 :50kg/d
Bench
2000 7 :7,000t/d
(india project)

1999 7 :Beaker
2001 7 :50kg/d
Bench

* CBM : Coal Bed Methane
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3. DME #53 71608 9%

rio
Mz

AAH o2 DMES o] &7]so] #4lo]
dES FHOE L3 VYol
(International Energy Agency) FE38}ol] Aol AsgFo glom ¢
BT TEAEAY 5 ARFES ) A A7 7Bl Fojstol

oA o] DME #& e 199537 9] NOx 2 vl wj&o] &
#&30 442 AVL, BP, OTTo| A HEHEA EA Aoz FES B7] ARt 53
#)73] DME Workshop(2000%3)-&- AVL Powertrain Technologies Inc., Plymouthell A 7} &
WA DME 98 3329 A7) (Figure 2.2.1 332)o 71 Q A7E »}&E s}

A AR

Eopt AbEAHE kel

Az Utk FHE

)
e oy n
Lo o ol

o,

rir

&=

>

o] A
) = of
DME <79

%0,
ol
2

£
Ol
oiN
e

rlo "{}‘

B

Electronically Controlled CR System for DME

prvaseens Spnsar signals hom engine ($paed, 1. .}

,&mmmnmxumnmmhi:iiniii-:hmiir"m,“““'“” 1
I 1

& i
'+ ]
h 4 " 3 ! 1 Injection
ke Eloctronit engine + | i ! solenoid
_‘j’ Tuol system Fuel rail § £ i vatyes
conttol .
J Rail prassure e
4 pump

S—

v2 ‘ T
st V1 — é éi

— v H
Rail pressure

control valve st M
: 3 injectors
H \
i cooler hydrauiic
i controt unit
¢
1
Purgae tank
Storage tank

Py

Source : AVL

Figure 2.2.1. DME 98 F3%x 2 437 Alo] Al

A

AVLo] 713 DME 3¢ gad7e] vlate] oF 85~90%9] NOx Azte] 7H53t
Qgor RE WEELo] W A 53, AL WEHA @] HE YYARZH

=)

1995%% SazF Wnla £29A 2 mEEY $ARETY AUt 494 T
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s

2 AA F3 24384 DME 988 AR 982 AT AFo 334
& 4 e 7S Y, A4 Hx2 ¥H2BIBLE)Y] AWH} d8FH
& DMEY] ARSI =F f2ste] AP Az} EURO 1V(2007d HE7]8)9 wl=
2 2 A5 (2401} 2, 1,050N - m)& AEHOE E93
2 Volvo truckd| A A Q3 A .

ke

0

&
o
r
nt
5117 offt

th. DME <lxlz

+ Completely ¢ SOOTLESS
(No'smoke)

* 90% NOx reduction |

« Meets/exceeds 2007
emission standards

. Quiet combustion
. ngh Cetane.

« Engine/fuel system lower .
- cost than convem;onal
“diesel :

¢ Fuel D;strib_ution: like '

~LPG

Pictuncs Courtesy of Yolvo Truck Corp
and NKK Corp.

o|qto| © VolvoAl= AFHD (Alterative Fuel for Heavy Duty) T 2ZA| Eof] Zofslo]
200237 33zt Y DME EZL AZsle] FPANFE st A& 5ER 71
AT Qlon], e 2kt 1997dRE 537 DME 253

A 7h kst
FE 5d o]l AFA AEZ DMES AFAF s%E AAse AHA A5 B9
BEo AAAE 23 A EA4FHoE DME A5t Aol ZAT AL E st
T}, ojetz]ole] ENI Group®] SnamprogettiAl= DMES] &A1 X)7} LPGS} H] <

;o )D‘
-Q o ;;:
et

zolste] DMESH LPG EFA8E AR ALgste A48 F88in
dEoA DME AH53t 3@ A& AfFee] Adstd ojsey 24, 2147
FATL(AIST), W2HAAFR} Fo] FFL2 #3335 e DME 1A #-&
ALe S5 92n, NEDOA WA A LEF7I oA 199735 E 74 7
A5 g X s DME A &) s}olaa: MAE ST B A
FAAT2UARDF BF o2 Adsd 9tk E§ NKKAAE 1998d0] AAHz=

23
)

o

nquom

\:‘o{l
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DME x}8fe] AlPF8-S AAste] 20023 290 s @A 2RE 25 F7}
£ WolM 2 tonF DME E¢] B23YN AL SRt

FYGHE BRI 7 EATAEENIAATD)A A 20009 52HE 2d0) 2
A FYRAR A EATARAY P2 DMEY TAAR HNEe 9T A

=
FEEA 2 A2A Nere AFeE F2XF gl
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A 3 TS LS L AR

A1 A FAE7EE Az

1 olg 3 w3

AT AE A REE V)EdE BB AlsH(partial oxidation), A<E 7} A (autothermal
reforming), 238} 7| 2 (combined reforming)3} o] At3}gk4A 7 #(carbon dioxide reforming)
Zo] ith o]" Zuf thA|(catalytic alternative)] o] £3H sleukgo] S3 =
AdA o]Fojx]7] WHo, L MAAL MR Eue} XYY sdo] AdEHL
AT

e, ume, 34 9 Agonny £27] AL F@ Fael 4ae Ao F
840 Z7t5a U} o] AL F4 2 (hydrotreating) F =4 ¥l (hydrocracking) 2}
& A & (petroleumn) B A FA T WerS A4, methanol-to-gasoline (MTG), R o} ¢

3L B3 g3ra F4 Boboll A Afgst 85 &l i ¢4
Fa9 7 Wiolth Fav Yy /e BAERE ANE 5 IAW HEs
(refineries)?] FRZ FEAY & 9ok 53], 874 ol trtex U F4& 2
(deficient) 944 FHol NE D28 +271 AVHo] Faol T FE /534
Aot}

PAAERE BB PHARY G2 FUL B Q8L 2 & doke
Aolt}, FA7t22HE AZEE A8 E heteroatom(S and N) o] 131, A A
HiE7t2dd LEES AFERE AT & U

Fischer-Tropsch &%

AA7kae §47128 53 £4 Aot g A3 F23 TF YR (feedstocks)7}
2 0|t M Y B Fo] YFRO|R BIF2RT R /A0S BET F 4l
T, A7) A (coal-based) TPzt ERES) TAME HA7EE 1A FREAN 8
FHE A9 o A Witk tlg ARe] th BREe HAHlE

+ Hy) =29 Z7] ARSE IF3T. FArt2E 8F Holw
Fischer-Tropsch ¥+3-& %3l 9x) €344, =5 CwZnO ZFuj/do
2 o]ojx] ZSM-5 zeolites methanol-to-gasolineMTG) &S F3t 7H&
T A

CO + H, — 88424 + H,0 (1)

A
34 7k2(CO

_T_r‘__
& ZujolA

>
(WO
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CO + H, — CH:OH — 7}&d  (2)

FEUo} FAE Y FR2 Aol BA7kE M Aol AT, Cl SetA A A
o U7 Z7EE BAR DArtael dRAR AA dB ABAA AA F1&d B
SEY a4 w5 NI Atk 9o 71ET 4PH SN WA TR A8
£ ul8o] 60-70% olgo] Tk AN BEH ) Yom HrHR Yok TemE
F7ks A WG] Ae RE 5 4 A FAAY AAA) 23 A
AA Gge 720,

e

i

CHeE o) $ SHg@ Bl B2 v)9 F& 2702 A= ojobath uS F47h-
29 Ago] T00K oj3te] LM FHP & YA, FYI2Y E —?%% 217]

CERE %#aoz 5

CHs + H,0 — CO + 3H, (AH=206kJ/mol)  (3)

CH; + 120, — CO + 2H, (AH=-36kJ/mol)  (4)

7HE 47 22 dstA @e whgo] A dojdnh. COL Cof COE ] E¢3
+
|

of!

(disproportionation), CO2] 3} Zu] THo|A CH.o E32 HEHe 7HES
AE(feed)d] 7] FE9 22 T 240 JsiA =2E 5 Aok AE FAH
€ ) @7t £3HE Rele 47147 Aok () H S0 B-& ASHNC-POM) (RH&-(4
PR () MEHA FF7 AR SRM) (@) FUb; (i) AE S AR
(ATR) (¥-&@<} ¥H-&(3)°l FAel); (v) 5 A (CRM) (FH&(3) &0l wH&-4)).
R FA7E27 57 M- ot AdHAT, & dF PHE 34 1
<, HxCO H], 3179 &%, JAE &%, CO, Ny, O ¥ CHy8 &4, THE 715,
48 34, € % 0,5 XFT v &7 2L AdA AE&TTLIBIML.

o o

N’
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Table 3.1.1. Catalysts in the CO, reforming of methane

Research Group

B.L. Gustafson (USA)

J.T. Richardson (USA)

A.K. Cheetham (UK)

F. Solymosi (Hung.)

J.A. Lercher (Netherlands) and
J.R.H. Ross (Ireland)

A.M. Gadalla (USA)
K. Fujimoto (Japan)
X. Verykios (Greece)
T. Inui (Japan)

K. Takehira (Japan)
S.-E. Park (Korea)

Catalysts Remarks

Noble Metals

Pd, Pt/ALO, Patent application (Eastman Keodak)
Ph/ALO, CETS (Chem. Energy Trans. System)
Ir/Al, O, - High activity and stability

Pt/AL, 0, Activity order towards the disse.of CO,
PYZrO, Longer stability of ZrO, than ALO,, TiO,

Ni-Catalyst

Ni/y-AlL O, Spinel effect of support and phase transformation
Ni/MgO CO, reforming and FT-synthesis

Ni/La,0, The role of La,0,C0, to CO, dissociation
Ni-Ce,0,-Pt-Rh/Ceramic Modified by noble metals

Ni/SrT 10, Solid phase crystallization method

Modified Ni/ZrO, Improved CO, affinity and stability.
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I Mcth"me dctwatlon on the Cdtalyst and surface diffusion of Hydrogel ’

CH, - CHX(M_‘,M+ 4- x)H(M —adsy 4,0 > H(M ey F OH~
2H iy © Hy2H iy © 2H(suppwi)’ OH\ypony > OH
OH(M .1:) © Ogigzy + Hinie ads) CHx(Ni—ad:) '{’O(Ni-m)(—) CO(M‘-m) +xH(

{Ni-ads)

(Ni-ads)

Ni-ads)

20 comuwm) CH4 + HZO
co, up pan)+0H(sup poty > HCO

3(sup port)

, CO, H,0
1position of intermediates

RSP A A

3. Formatlon nd-de

HCO H(,u”m) - HCOZ(m”m) +H,0

3 (support) (sup port)

HCO:(_NWM)‘* €O\ porey + OH " pumy
co

- CO(“

(sup port)

20H(suppaﬂ) o H O(suppuﬂ—ldx) + Omppun)
H,0 < H,0

(sup port—ads) )

Figure 3.1.1. Scheme and reaction steps for the reforming of

methane.
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2. Lab Scaleo|A] 9] A7t Az AE

Hhg-ZE 0] 2 & NiO-MgO/ALO; &1 9} Modified-Ni/Zeolite(ZSM-5)F w} & A}&-3f o b
S-Aol HaNx(10% Hy)E thr|statel]l 523Kol A} 100mL/min - geat 3508 4A17F F<t
8 FE FA3AT COY Ev HAREE-E 119 INCONEL ¥Hg-7]ol|l A CHy :
CO=1:1%2 FFste] £ Gt o] AFol A8 FLF vh-go) AHEH 7tae
IEroln I 2AHoZ EFtE AL /\‘r—%—%}ﬁit}‘. Fig. 3.1.2.-3.9] DMEES A %35}7]
AT A AT AF=E HeEh AT

1"1.0.)9] WH-¥h FA7FAE oF INm/hrS A4S 5 UEF FE 15082 T3
39 o™, CO, dry reforming ¥H2-2] thermodynamic data®} kinetics dataE E=Z3}31A}
WHg-7] A F - 3 Be] A G AME 77t XA CO; dry reforming]
A BAEE B B3] oA separators M A F[T AA7AE 7HE AR
BlEIYE(GC, FA7]7], M60D)E Agste) BAs9th. @Y Carboxen 1000
(60/80, 15', 1/8" O.D., Supeleo)& AE71E TCDE £ - £4AT} GCe W79
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A A% PaE AT R AR &uﬂe ol g3tel g FANAT. Vs
o ARwgol N Fule] By FUAeR B 27, W%, FWs, 2=
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Figure 3.1.2. Lab scale equipment.
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Figure 3.1.3. Schematic diagram of COz Dry reforming

process and DME production system.

_37_



Table 3.1.2. Activities and coke formation rate of various catalysts

CH, conversion(%)* | CO; Conversion(%)" | Rate of coke
“Catalysts b
T 1h 30 h 1h 30 h formation
R67 87.6 30.5 90.3 323 4.2x10°
NiO-MgO/ALOs 83.0 65.7 86.0 69.4 2.3x10
Modified-Ni/ZSM-5 91.2 854 93.0 89.9 52

* Reaction conditions : CH#/CO = 1, System pressure

1.5atm, GHSV = 3,800hr-1

® Calculated from total carbon content in the used catalysts (tmol C/g-cat h)
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Figure 3.1.4. Activity of various catalysts for CO2 dry reforming of
methane at 850C. Reaction conditions : CH4/CO = 1, System
pressure = 1.5atm, GHSV = 3,800hr-1
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Methane conversion in CO2 reforming of methane with steam

100

| Tenperatue(°C)
Figure 3.1.5. CO; reforming of methane with steam.
CDR + SRM Condition : P = 1.5 atm, CH/CO,/H,0O =
1.5/1/1, SV = 5,000 hr-I
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CQ, conversion in CO2 reforming of methane with steam

100

Terrperature(°C)
Figure 3.1.6. CO; reforming of methane with steam.
CDR + SRM Condition : P = 1.5 atm, CHy/CO»/H;O
1.5/1/1, SV = 5,000 hr-1
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Figure 3.1.7. TGA-DTA traces obtained in a flow of air for

the Ni/Ce-Z10,.
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Figure 3.1.8. TGA-DTA traces obtained in a flow of air for

the Pt/ZrO;.

- 43 -



15
SNCeZ (2
{270

o

o
o
]

Heet How(WQ)

1,04
15 : — : : : : , ‘
&0 a0 840 60 880 700
Bolb » TW(K) Cniversd \25HTAIn

Figure 3.1.9. DSC results obtained in a flow of air for the
Ni/Ce-ZrO;, and PtZrO, after 72hr reaction at 750T

(COy/CHs =2 ).
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ipment

Figure 3.1.11. Bench Scale Equ
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Figure = 3.1.12. Reforming  Catalyst (Modified  Ni/Ce-ZrO,,
Manufactured by KRICT).
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Figure 3.1.13. Long Term Test of Reforming Catalyst. (Test
: KRICT) CH4/CO, = 1.0/1.2, GHSV = 10 kl/kg-cat/h,

Temp = 1073K

_50_



»,

' H
L]

CH, CO, 0, N,

Figure 3.1.14. Schematic diagram of experimental apparatus for CHs
reforming. ‘
(A: Feed Pre-Heater, B: Steam Generator, C: Reactor, D: Water, E:
Pump, G: Cooler, H: Drain, I: Vent, F: Gas Chromatograph).
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Figure 3.1.15. CHs and CO: conversion with time on stream
in CDR.

(A) Ni/Ce-ZrO,, (B) Ni/MgO, (C) Haldor-Topsoe(R-67-7H).
(Reaction conditions: CH4/COy/N, = 1/1/1, GHSV = 72,000
ml/h.g, T = 800?, P = 1 atm, Filled symbol : CHs conv.%,
Non-Filled CO; conv.%)
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Figure 3.1.16. Effect of steam on CO; reforming of
methane over Ni/Ce-ZrO, catalyst (Reaction conditions:
catalyst loading = 1 kg, T = 750C, P = 3 atm).
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Figure 3.1.17. Effect of steam on steam reforming of
methane over Ni/Ce-ZrO, catalyst. (Reaction conditions:
catalyst loading = 1 kg, T = 750C, P = 3 atm)
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Figure 3.1.18. Effect of CO, addition into the reaction for
the mixed reforming over Ni/Ce-ZrO, catalyst. (Reaction

conditions: catalyst loading = 1 kg, T = 750C, P = 3 atm)
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Long-termtest of 3 kinds reforming
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Figure 3.1.19. Long term test in the bench scale system
on the conversion. [SV=3000 hr-1, T=800C, P=2.5 atm]
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Carmparison on H2/CO ratio of 3 kinds reforming
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Figure 3.1.20. H»/CO product over the KRICT-39 catalyst
[SV=3000 hr-1, T=800C, P=2.5 atm]
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Table 3.1.3. Comparison of the activities among the four kinds of
combined reforming reaction of methane; CDR, CDR and POM,
CDR and SRM, and TRM

Hy0+0,/ XCH; XCO,
Reaction H,/CO ratio
CO, (%) (%)
1) CDR 0.0 93.4 90.5 0.98
2) CDR + POM 1.0 94 .8 87.6 1.19
3) CDR + SRM 1.0 96.5 85.3 1.35
4) CDR+SRM+POM 2.0 95.6 82.3 1.44
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Table 3.2.1. Properties of DME and other fuels

Name DME Propane Methane Methanol Diesel
Chemical formula CH;OCH; CiHg CH;, CH;0H
Molecularweight 46.07 441 16.04 32.04

Boiling point at 0.1MPa, °C -24.8 -42.1 -161.5 64.7 150-370
Liquid density, kg/m® (20°C) 666 501 - 792 <845
Relative density (gaseous, air=1) 1.59 1.52 0.55 - -
Vapor pressure, MPa (20°C) 0.51 0.85 - - -
Explosive limitx¢1% in air) 3-17 21-94 5-15 5.5-44 0.6-6.5
Cetane number 55-60 5 0 5 40-55
Net calorific value (MJ/kg) 28.84 46.3 50 19.9 -~425
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Table 3.2.2. Comparison of properties

fluidized-bed

Fixed-Bed

Fluidised-Bed

= propylene production only

» more complicated set-up to control
reaction temperature

» [ow risk of scale-up
» low coking tendency of catalyst

m discontinuous in-situ regeneration
at reaction temperature (no stress
on the catalyst)

» defined residence time for

= ethylene/propylene co-production

= good temperature control

= complicated multi-step scale-up
= high coking tendency of catalyst

m continuous regeneration at elevated
temperatures; oxygen breakthrough
into process possible

® broad residence time distribution

between fixed-bed and

maximum selectivity

DME Direct Synthesi

4 H2+ 2CO0 —Pp CH 3-O-CH 3* Hzo

Gas/water shift reaction* CO+H,0 = CO,+H,  (3)

DME direct synthesis

2CO + 4H, =——» CH;OCH; (4)

3CO + 3H; == CH;0CH; + Coz (5)
PME Synthesis via Methanol

Methanol synthesis 4CO+2H, — 2CH;OH (1)

Methanol dehydration 2CH ;OH ~ —» CH;-O-CH,+H.0 (2)

Scheme 3. 2. 1. Reaction pathway of MeOH synthesis and DME
synthesis.
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Table 3.2.3. Physical properties of Catalyst for DME synthesis

Catalysts

Surface area

Pore volume

Particle size

(m’/g) (um)
CU/ ZnO/ AIQO}
148.1 0.46 6.1
(60:306:10)
r-ALOs 73.9 0.42 24.2
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Figure 3.2.1. Fixed bed reactor for DME synthesis system.
A: MFC, B: Mixing Chamber, C: reactor, D: BPR E: G. C.
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Figure 3.2.2. Diagram of gas chromatograph for in-situ DME
analysis.
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Figure 3.2.3. DME yield with MeOH catalyst at 2207T,
50atm, GHSV=2000, H,/CO Ratio= 1.2/1.
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Figure 3.2.4. Effect of pressure on the DME synthesis reaction
at GHSV : 2000 temp. : 220TC, H/CO=1.5/1, MeOH :
dehydration catalyst ratio = 8 : 2.
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Figure 3. 2. 5. Yield of DME as a function of temp.
at 50atm. (GHSV =2000, H»/CO=1.5/1, MeOH : Dehydration
Catalyst Ratio = 8 : 2).
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Figure 3. 2. 6. Conversion and selectivity of DME as a function of temp.
at 50atm. (GHSV = 2000, H,/CO=1.5/1, MeOH : Dehydration Catalyst
Ratio= 8 : 2).
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Figure 3.2.8. Effects of H, / CO ratio on yield.
(pressure : 50atm, GHSV = 2000,
temp. : 220 C, MeOH : dehydration catalyst Ratio = 8 : 2).
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Figure = 3.2.8. Effects of H, / CO ratio on conversion and
selectivity. (pressure : 50atm, GHSV = 2000,
temp. : 220 C, MeOH : dehydration catalyst Ratio = 8 : 2).
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Figure 3.2.10. Effects of GHSV on yield. (Pressure : 50atm,
H,/CO=1.5/1, Temp : 220°C, MeOH : Dehydration catalyst ratio
=g :2).
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Figure 3.2.11. Effect of GHSV on conversion and selectivity of DME.
(Pressure : 50atm, Temp : 220C, HY/CO=1.5/1, MeOH : Dehydration

catalyst ratio =8:2).
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Table 3.2.4. Variation of CO conversion and DME productivity with
GHSV at 220C, 50atm

cusy | €O erion | Yiad | Dok bty
1000 32.8 19.8 85.4
1500 22.5 15.0 96.8
2000 15.2 12.5 | 106.5
4000. 12.1 49 83.2
5000 | v 5.2 33 - 70.1
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Figure 3.2.12. Yield of CO; and selectivity of DME with variation of
GHSV. (Pressure : 50atm, Temp : 220C, HyCO=1.5/1, MeOH :
Dehydration catalyst ratio =8:2).
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Figure 3.2.13. Reaction time profile of the catalytic formation of DME
and byproduct at 50atm, 220C, Hy/CO=1.5/1 and MeOH :
Dehydration catalyst ratio==8:2.
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Table 3.2.5. Comparison of DME formation rate on Cu/ZnO/Al;03; +ALO3
and Cu/ZnO/Al,05+ZSM-5 at 220C

Feed . CO conv. DME Productivity
Conditions Catalysts ( 8:2) /% - / mol/kg e+ cath1
ition Sele./% | Yield/% &
=1.5:1 + ALO,
GHSV | Cu/ZnO/ALO;+ | 0 on 79.82 36.98 398.7
= 2000 ZSM-5

_82—



Figure 3.2.87} 3.2.95 £37}12(CO/MH)9 A ulg v]&-S AH3 d74E Jehd o
ATH Gues 2 280C, 407199] ZoA e 4 oo} et € Fujo &
g HlEo] 80~83%Y W] Hd &S HATt LRI # gled. vheEud A
o7k Fol = BT, £ ATNHE Guos &
AFgH Hy / CO Ratiow 1.5/1Y wf 7} £& #&8 YehfAch

2 uheS Ao 20 19 Hgo] AFE ERvIa 2A ol n Y,
B AFGAE 1519 Hl&o] HH z2A0Z JeElT).

CO + H,O — CO; + Hy

B A AE A4E Yugddd e HO0=E Qs 4 7F2st whgo] APy
AAdE F27t vehe FAANEY A8rt go2R 1501 o HEo] 7B F& AL
2 ng"ch

Figure 3.2.107} 3.2.11-& GHSV #3}d] @& C Sk
F&& YEHHATh GHSVY} 571 &8 82 7.%&0}‘11 Sk
A GHSV 20000t 2 A=z =

l‘

o
A
rl?i
::L

gole| =24 A
gdojez A4
HSV 2000 o] &}ol| A&
AEEST duldde 29 dexs A4S ol ikstgrae] T wko] B wehE 9
A A 2Fol Aaste A3 E 98 & 9ok

w3 dudedz {4 %Hii getAfiolr A ALetolE ALY
ZSM-57} A7td EmE A B A3 Hy/CO=1.5/1, GHSV 2000, 220Co|A CO2
HE-go] F 46%, TNl HZ 5§ 37%, BAHE 399molkg e cat'h 9] H& HAE
< YeE AT

-z
i
@
oo
)
[
fo
of{
)
r
Q —J __4

u°*'
Olt

_83_



E ojxtgletAE o] &3 tiu g el & AJAF Pilot Plant &% 7R3 Bench scaled
o) A& S0kg/day pilot plant &Ao] WL AL Bty 93 egre T4 09
e g4 ZEujo] &S, HyCO H $9tel, &% 183 GHSV(gas hourly
space velocity)5-< W 3}A1A pilot plante] P23t SA2AS &1 At HF vhg
F73L 220C, WeS ¥4 Fu/Mes g4 v 82, HxCO Hl&2 1.5:1, GHSVE
2000, ¥kg- ¢rEle 50 71l A b EEFQ wkge] APse AE & 5 AN

ol AT o] 43 drddeE 2 A T4 Hg 247198 7]
oMol B&AH Wg Ay 2 WAL A

o
I
T

m
m?L
o,

d
ol
=
=
o
A

_84_



Al 3 A Pilot Plant A

o]2bster Aot MAVF2Z RE DMEE AXdte 7led FA7FEAz, CO #38 %
DME §4 % Al 7Fxl9] ¥-8-& S0t =, zZhzbe] did 71e A W8-S ol A
AFE whe} 2ok or|ME 4¥AH EE Bench RN AT APAFHE v
Z 35 50kgd DMEE AJ4Hsle A& SR E 3)e Pilot Plant®] A4 2 &F3h= 7]

=< Mestaa do.

I

a2

7}. 50kg/day Pilot Plant 74

ol 2bshera o}l WATIAE A7) AR (Trircforming)el] ojahe] YR o Wshgha,
Az W B2 372 AR BT A mwﬁ F7trs AzsE AR
3t o] o AR olaseag 4 Aste] AR AALEE ol RFHTA

4% 9 FH7}AZRH DMES 44sHE DME ?J"% 2 vE & Utk

Figure 3.3.1.& olataleth ol HAVIA2HE DMEE AJ4atste 4o 3488 =4
Ao w ZheFelA YERf AT »

AA7tA] 8~10%2 ARSI e Co G AES Clo FA25 A4S 5t
HAA7 A9 ~2¥EL  prereforming ¥HE q <
Auto-thermal 7] A7V E  Sd"T) AAa) olildeAE dudrE 539
Auto-thermal 7§ A7) 9] FER 2 FYH ] thgo] stepA o] o Atas) Hertie
HE A8 (NS doA NEr] REE ASAUT

CHs + ¥4 O, — CO + 2H; (AHo = -36k)/mol)
CHy + 150, — CO; + 2H,0 (AHo = -519kJ/mol)

CH; + 20; — CO; + 2H0 (AHo = -802kJ/mol)

olo}) WPHE Wee $27) FANE, CO, HANE B Water-gas shift (WGC)
Wgow g 2o sehwgol Yol

_85._



CHs + H,O0 — CO + 3H, (AHo = 206k)/mol)
CHs + CO; — 2CO + 2H, (AHo = 247kJ/mol)
CO + H,0 — CO; + H, (AHo = -41kJ/mol)

g CO, 0 H09te] 7R AuEe-¢l Tri-reforming ¥H&- A}~
- B dAYESS 23 oy, H/C0o v E s 238 &+ e FHE

o 2
X
2
s
Ol
2
xR
i
9

W1 BN BAE WIS S RS DME ) A2 A8
it} © B2 drain® 2 ¥#]3te] 23t COx= MEA(mono-ethanol amine)ol] &
ZAAA R o]E Al CO; stripperdll A COE 51—’56‘}051 Y8 feedZ AME-STY.

CO, £ NH2RH A" F47taE diaphragma] EZ7]6)A] Sokglem’2
9t A Eo] ¥hg2 =7} 280~300C <1 DME ¥He-712 4-9)Eth DME 3 7] oA
= Fgugo] 2% DME AzzdcM d4¢ AP & e dusr|2 423y
FAE £ AEE A o] Yo shell & tubeZ A FHO vt MA4H DMEE
DME ®32 Eojxm FRot spo]A 212} sampling porto] Al Al& A& 3ted Gas
Chromatograph2 ¥-43 3lc}.

- 86 -



: co, DME (Dimethylether)
PILOT PLANT (50 kg/day)

l SYNGAS COMPRESSOR
co 5

ca,
AUTOTHERNAL ABSoREER STRIEPER .

REFORMER

Zw—«
STEAM
PRE ' X
REFORMER §
R K X DME
A - REACTOR
FLARE
NATURAL BTACK
&— T
BTEAN ED
&— PRODUCT
REFORMER SECTION CO, REMOVA_SECTION DME REACTOR SECTION
CH+CO, > 2H, +2C0 3H,+3C0O0 -> CH,-0-CH; + CG,

Figure 3.3.1. Schematic Diagram of 50kg/day DME Pilot Plant.
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Table 3.3.1. Design factor of production of DME Pilot Plant

DME Plant Design Factor

Synthesis Gas Section

DME Section

Feed Gas CHa4, COy, O, HO Hz, CO
Syngas Ratio | 1.5~2.0
Temperature 950 ~ 1,100TC 250 ~ 280TC
Pressure 6 atm <50atm

CH,4 >90%
Conversion CO; >80%

Cco <30%
DME Productivity <30 gmol/kg-cat.hr
Catalyst Life 2,000 hr 2,000 hr
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Table 3.3.2.

Mass Balance

o]2alet Aol uwleto m2E AV AAZ Heat &

Heat and Mass Balance

Streams

Name CH4 co2 H20 Reactor Feed |[HighTSyngas
Vapour Fraction 1 1 0 1 1
Temperalure {C) 25 25 25 650 800
Pressure {kg/cm2) 6 6 6 6 6
Molar Flow (kgmole/h) 1.12E-02 1.68E-02 1.12E-02 3.91E-02 5.81E-02
Mass Flow (kg/h) 0.179 0.7378 ; 0.201 1.118 1.118
Liguid Volume FHow {m3/h) 5.98E-04 8.94E-04 2.02E-04 1.69E-03 1.94E-03
Heat Flow {kJ/h} -837 .1 -6604 -3185 . —80t7 -6279
Molar Enthalpy (kl/kgmole) —7.50E4+04 -3.84E+05 -2 85E+05 ~2 315405 ~1.08E+05
|Name waterSyngas {Syngas WaterDrain ReactorCheck {Water

Vapour Fraction 0.8424 1 0 0 0
Temperature (C) 25 25 25 800 24.96
Pressure (kg/cn2) 6 6 6 6 1.033
Molar Fow (kgmole/h) 5.81E~02 4.89E-02, 9.15E-03 0 1.126-02
Mass Flow (kg/h) 1.118 0.9528 0.1649 0 0.201
Ligquid Volume Flow {m3/h) 1.84E-03 1.78E-03 1.65E-04 iy 2.02E04
Heat Flow (ki/h) ~8259 -5647 2611 0 -3185
Molar Enthalpy {kJ/kgmole} -1 .42E+05 =1 .16E+05} -2 86E+05 ~t.08E+05 ~2_85E+05
Name Steam N2 mixedGases _{MidTSyngas PreheatGases
Vapour Fraction N 1 1 1 1
Temperature (C) 1581 24.58 293.5 773
Pressure (kg/cm2) 6 6 6 6
Molar Flow (kgmole/h) 1.12E-02 2.79E-02 5.81E-02 2.79E-02
Mass Flow {kg/h) D20 01 . 0.91886] 1118 0.9166
Liquid Volume Flow {m3/h) 2.02E-04] 1.45E-03 1.94E-03 1.49E-03
Heat Flow (ki/h) . -2643 ~7441 -7348} 6374
Molar Enthalpy (kifkgmole) -2 37E+05 -2 .67E+05 -1.27E+05 -2.28E+05
Name lwater lwaterout Reactor Q PumpQ SteamGeneratorQ
Vapour Fraction Q O

Temperature (C) 20| 380

Pressure (kg/cm?2) o5 4.49

Molar Flow (kgmole/h) 1.175] 1.175]

Mass Flow {kg/h) - 21.18 21.18]

Liquid Volume Flow (m3/h} 2.12E-02 2.12E-021 )

Heat Flow (kJ/h) -3.36E+05 -3.35E+05 2738 0.1296 5423
Molar Enthalpy (k}/kamole) -2 86E+05 -2 85E+05
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Figure 3,3.3. Hysys simulation o] 2]3} o]A}algthe} AArl~a R
Bl DME A|Z 33X 2A} A3}, R
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. DME 34 33

3} 50kge] DMEE A} 2+3}eE Pilot Plante] 72 Bench 7w RoA 4818 AAE
vleto 2 A7t sl DMES AAHElAth S0kg/day DME A2} Pilot Plants 37] Q)
ZAA AFete FEPoH, EFFH AEd Ao 7 DF(equipmen)FE 59}
%}"";‘ AEE e A A 4% € 712AEE FET gt LA FHAEe

FAIZ T 53] AAE FRletE SolBE A7 B B2 A
& *é‘li NEANE 2 A 2308 E%"rﬁ‘:‘t
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i
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b
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i
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O

(1) S &2 2 Sejgd

AT 2AZ BB Eufjd A WA Pre-reformerd] preliminary 7| d&Fvf & T R[5t
Atk AA7Q AEAINSE = A A g EojE FX8te A2 purgedt
& 7+ Fusdch olul preliminary | AEve §9 Agd Fujoln, AgspAqdt
7l e UAASY EFrie *?“5}&“}301 7] w ol Y ¥ avt ok

DME $4Zvi2 e vgE FAFue g4Fudd EF o
sttt +AAd DME A &ule Figure 3.3.9004 JeRA
Swi% F49 EF SU7tAE ol &35l A ol &
% 3,000 hr-1, 4"]2} e BAX sl AP Aol FAH S 2 ETHE mild
A7V A a3

Mo

[y

= a2

= b

- O{N‘
off L
N o

Mo 2

ok

(2) Pilot Plant AjojA] ¥

DME A2} Plant9] Ao A]2€-e Siemens PLC(Programmable Logic Control)S o] &
gt AFA 0] A2EE FE3IA
Q2o FFeIN AHEsHE Aol DCSE ol §3ht B Ale] Skg/day DMEA A
2 9] Pilot Plant= JHE vlolaa 2 Aal7|ule] AlAdlo 2 FAFE g3 ZEA
Me 3ARTH BN Aol 98 VO A% £E ZES AHESH B giFEe A
S J1TEEL o2 AR A2Fe =] BE }%0}@1 A = ™ %@5\}
29g ol%7] A5l Huslel 25 (A
Aol Y3t AZEY O] V|TESER
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PID Aol2 7 fdse Ad7s, ojitgtaa

- g -



Z33t3 A 719} DME ¥8-7] 3309 o]ary PID &1eEFE st 2o
Aeol7] 29 g W3S Ak

Figure 3.3.100)| 4] Figure 3.3.12¢]| 4] &= 50kg/day DMEA34} Pilot Plant®] P&IDE Fx
3t PLCE ©| &3 AFAo] g =453t Yeds

Figure 3.3.10 & 2z} Feedol| A 7| AutL-71219] A4S =238 288 Jeha 8
on oA HEo] Prereformer?] 4 2x= oF 350~380CE st e, 7
2719 L AL 1,000C, FHAA e 950TCAA LRHEE AFA o] Alx

S 7HEsA T stdel A o AR F4vkse 2EE 25~50T ojdE Eu
3 7 J=E AA U

Figure 3.3.11 & 7}&7]olM AAE EFE FA7IEZRE COE AAs7] A%
Ao} A|=go E*‘ﬁ‘rﬂ Toltt,

Figure 3.3.12 & DMEE §4sle WS AojAagdo g FHIHTE ZHAA
AW E F A%o] DMES] #aukgo 9 vkgr)Y 2% 4o
Steam Separatorol| 4] 2B O F L%

=
2r4-8- BFW(Boiler Feed Water)2 Z3 o zx A|AH SHAHAE =X

x
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Figure 3.3.9. Temperature ramp during reduction.
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DME PILOT PLANT
0847 R e

Figure 3.3.10. Computer monitor graphic of reforming section of
50kg/day DME Pilot Plant.
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Figure 3.3.11. Computer monitor graphic of CO, absorber and syngas
compressor section of SOkg/day DME Pilot Plant.
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DME PILOT PLANT
ANIO6AT R R AT

Figure 3.3.12. Computer monitor graphic of DME synthesis section
of 50kg/day DME Pilot Plant.
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Figure 3.3.13. Plot of Hy/CO as a function of reformer temperature
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Figure 3.3.14. Plot of H/CO as a function of feed composition
(H20+0,)/COs,
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Y. DME Az A

DMEE Az 99t A5 A AFursd osia Axste AF T
th3t A& Figure 3.3.15¢ JERH AT Figure 33.159) (a)& A AAAHLE AHE

i e WEEAARE g5 ghgo] giiM Azdte FHE YL g
cians

Process : Chemical Equation

Methanol Synthesis @ CO + 2H, — CH;OH + 90.7 kcal/mol
Methanol Systhesis @ CO, + 3H; — CH;0H + H,O + 494 kcal/mol
Methanol Dehydration 2CH;0OH — CH3:0CH; + H;O + 23.4 kcal/mol
Overall CO +CO;+5H; — CH;0CH; +2H,0 + 163.5 kcal/mol

ol FAZIAE EIEE REE (H-CO)/(CO+COy) = 28 WeLs Al zsted 4
g5t

Figure 33.15 (b)i= 19999 U9 NKKALolA 9 }L& & & g](Slurry Reactor)&
AAE F JAEE AAS 5T/D DME 2ol A ASg FHOR thgn 2& 3}
g2 zZheth

Process Chemical Equation

Methanol Synthesis CO + 2H, — CH;0H + 90.7 kcal/mol
Methanol Dehydration 2CH;0H — CH3;0CH; + HO + 23.4 kcal/mol
Shift Reaction CO + H, O — CO; + Hp + 40.9 kcal/mol
Overall 3CO + 3H; — CH;OCH; + CO, + 245.7 kcal/mol

o] ¥hg& ek ¥4 e DME HAEW S EFT o2 Shift whS-of] o] 3)A
of Zufjo 2ajx & = WSS ozl veg 25ukes HAAA
DME A&L& =4& + vk

Figure 3.3.162 Bench 7752 ¢} vhg-A ¥ A7 9} S0kg/day DME Pilot Planto A1 &) A3

AHE vsle Jehf At Pilot Plante] 3 27402 DME ¥H¢7]9 &% 300C,
U4E 5071, FUHEE(GHSV)E 4,500~5,000hr-19 ), A7~ ZAI(HY/CO)e| et
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Figure 3.3.15. DME process of (a) convertional route and (b) direct

synthesis route.
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Figure 3.3.16. 'CO conversion and DME selectivity as a function of
H,/CO ratio.
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Table 3.3.3. Run time condition of production of 50kg DME/day

Date Reformer DME Reactor
R Ti Remark
un No (Time on Temp. | Press. FR Temp. | Press. FR | (H,/CO)
stream, Hs) gy | @m) |(Nm¥hn)| () | (atm) | (NenVh)|
March 17 to 28 -
1 980 6.0 32.0 240 45 375 3.0 4.0
(288) ,
April 14 to 24 ~
2 900 6.0 34.0 300 50 40 22 35
(264)
Jun 9 to 19 ~
3 1050 6.0 36.0 300 50 415 120 30
(264)
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Figure 3.3.17. Plot of operation results of 1st run time. (March 17
March 28)
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Figure 3.3.18. Plot of operation results of 2nd run time. (April 14

April 24)
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Figure 3.3.19. Production results in the 50kg/day DME pilot plant
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ok
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o] Melxo) vlwsle RoFa Qtud o 7]A) B Pilot Plante] ZFu lkgd AL
DME?®] Aitzga} of-¢ LA FAZE Jdon oiFE DMEE 44d0n & & 3o
DME®] MEP9] k& I 44 gmol/kg-cathr& 2 Y E o] NKKe| Z3}7} 3.88 kmol/hro]
31 Air Product and Chemical Inc.¥= 28 gmol/kg-cathr® 2 wj-$- ¢33 Z3E AU S
Solg 2 Q] TH2TIRSIRII30],
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Figure 3.3.20. Plot of operation results of 3rd run time. (June 9
June 19)
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Figure 3.3.21. Plot of DME and methanol production as a function

of time on stream.
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Figure 3.3.22. Plot of MEP and DME selectivity as a function of
time on stream.
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Table 3.3.4. Project goal and performance results of 50kg DME/day

Pilot Plant

Bench scale

Pilot Plant

(2001-2002) (2003. 3 - 6)
H2/CO ratio 1.0 7 3.0 20 7 35
GHSV 1,500 ~ 5,000 hr-1 4,000 T 5,000 hr-1
Operation Condition Reformer DME Reformer DME
Temperature 850 7 950C 280C 950 ~ 1,050TC 300C
Pressure 376 atm 50 atm 6 atm 50 atm
CO Conversion 30% 257 30% |

DME Productivity

>50 gmol/kg-cat.hr

<25 gmol/kg-cat.hr

DME Selectivity

>70%

<60%

Catalyst life

2,000 hr

2,000 hr
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Figure 3.3.23. Photograph of 50kg/day DME Pilot Plant ; (a) Front
view (b) Reformer Section (¢) DME Sysnthesis Section (d) CO;
Absorber and Recycle Section.
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4. 5 Ton/day DME A4t A=-8 Pilot Plant A7

50kg/day DME AJ4F Pilot Plant®] X Z & ulgt o 2 5 Ton/day /‘ET%% Plante]
Mo dAUely 7)RA |
DME §4d-& 47l
RE8-9l DME §HAol4 Erxo 2 o0& Aojd # xs 4
g3ttt Al Eth dubA o2 TNk A AL EE g I uE1e )
o A DME 3t A] Water shift ¥h-&-of] o3 HU& S838] nes aHA ¥gr] A
A7y Basto

o 7] A& 50kg/day DME 4§24t Pilot Plant $-A o)A ERE 712 dx1]elg dolg
g 71%0 2 PFDE A A3} Figure 3.3.2490 X 5 ¥] Figure 3.3.267}A] VER AT ©]
of 3k 8 Heat & Mass BalanceE olgje} Zo] 8 ¢Fst 4 gtk

S

@A Az FAddelHE RN T W71 A 9

AmaEel W18 HAN 4 Fask = 2tk

-
T
—

]
l

B
A
J

Table 3.3.5. Heat and Mass Balance of 5 Ton/day Demo Plant

Stream Inlet Reformer R DME
(H,-CO)/(CO+COy)
CH:s 515.5 3.1
CO; 360.9 .299.3 2
H,O ‘ 669.5 638.5
0, 353.1 0
H; 1076.8
CcO 16339
DME 126.6
MeOH 448
Total Flow{kg/hr) 2166.6 2171 .
Temperature(C) 25 1050 © 300
Pressure(atm) 6 6 : 50
Heat(103kcal/hr) 97.4 1218 174
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Figure 3.3.24. Process Flow Diagram of DME Synthesis & CO;
Removal Section in the 5 Ton/Day DME Plant.
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o]2tsl et} WAt~z RE DME AzFA L 472 AZ 34, DME A% 3§
A 9 CO, ¥, 8, A 2R AuAe Yo olyAd o, 8% 50kgd
DME $43He Zv) 371&7% 4 Pilot Plant 14 2 $82 BX= A0
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* 50kg/day DMEAAHS 918 273 DME Zuje] 4174
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* W5+ XE Pilot plant +% 5 ton/day 253} A4k Al 28] AA Package X
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Catalyst Xcna Xeo H,/CO coke(%), 24hr
KRICT-39 953 83.2 15 12
HT 895 78.9 1.5 56

2. 34EH ¢ CO; #3, DME 35 FHo &g A
& J184A 2 FAAEA S8 (100%)

50kg/day DMEA4F Pilot Plant 373 PFDE XA go] ojA] TS A HES2
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3l7] #1381 feed-lineol] A28 th. A X H CO, absorber tower$} strippertjoll & oF
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3 DME A& 9sted ¢ 3071 ol4tolAl 22 71538 reservoirg A A
DMEE A3d ¢ AATH

doly #xs olg TE

3. 3% 50kge] DME A ZE Pilot Plant 714 2 && (100%)

HYSYS simulator$} ASPEN plusZ o] &3}a] o|xt3lgtio} dd7~22E DME
At AAZIE S0kg/dayE s §AI7lA 2= DME A= Pilot Planto] g
simulation(Heat & Mass Balance)E 23}t

Fe71d<d KOGAS, A4 ENG, 53 Zyd oA Folsted 414 ENGE w3 o
3} 50kg/day DMEAY A} Pilot Plant 3% PFD A 59} 2 PFD A E ulgtoz
P&ID A4 % Equipment Detail Design’ % s} t}.

A ¥ 50kg/day DME A AF Pilot Plant®] 38 E3lo] ¢F 23%2] CO AF{L3}
DME 48 222%, NHE 60%E £3}e] 124]7k0] 5S0kgE A AFsL .

4. Pilot PlantE $% o} 474 2 DME Zvu] A 295 (100%)

HEE Y FulE A&Hor A2 £ Ae TIARIE dA4sHeH, TF
Az FAWAM Cu-Zn-AlY] A EE NayCO; IAAE ol&3te] Gadeg4yg =24
Stoll A Fd3HAl FFHAIA Cu/ZnO/ALO; ol E 23 & 3 mm tabletd =u] A
3 (350°C 2A4)std o)

e FYd g A&
B g9 vWgee o
3+ & 3 mm tablet

EOE)

|m

AZ71s S5t A7t E
wWZnO/ALOs (6:3:1)Z )2 A

4
¥
Ht
Jh
g,
aul
tlo
s
ox,
oo g
O

B e

ofl
S
=
o,
o
9
2
Py
BN
ot
28,
i)

- 128 -



Cu-ZnO-ALO;Z v &} vl&& o] &< ZnjQl v-aluminas &EF3te] 82 FH3F n&2
DME Azl 9lo] Ao #=&& vt HEF v-aluminao] 9o | &efolE EF
ZSM-5& Abgste] B A3 CO9l #Ag&, DMES] MelmwolA] of 1.50) olibe] &
24E Yehde 2S¢ & Ao

o

rlo
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A 6 T Ao ntEolM +&lEh el

P

7=l

A1 A JdEe DME 72

NKK7} %781 9 DME A4 $4% F 53] Sy #h& Al2=dd] o A

of, 2] ¢o] X135l Q& Fixed Bed ¥+& A|2®l 7} Bty &3 /)
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Pilot Plant 3 78" A7 AR AT 4F A thate] £ S HF ¢
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DME 27 #4 71&d Uold 17148
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Al 2 " ZAF WE

1. “DME Development Co., Ltd.” ¥&
7}. DME Development Co. A7}

o 20013 1299 9719 A} ALAGeRE ATIAE MY

o NKK Corporation; Nippon Sanso Corporation; Toyota Tsusho Corporation; Hitachi,
Ltd.; Marubeni Corporation; Idemitsu Kosan Co., Ltd.; INPEX Corporation; TotalFinaElf;
LNG Japan Corporation.
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0 2002 ~ 2003 : 100 ton/day plante] A9} A%
0 2004 ~ 200613 : AFAN A (¢F IMLH 7R dE $3)

2. 5 ton/day DME plant (Kushiro &%) 5
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Synthasis Gas Production  COe Removal  DME Symthesis  DME Separation/Punification
Rescvon conditions
TempZS01e280T
Pressures 307 MPa
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Y. F8 a7 A
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13 2. Conception of the 100 tons/day DME Direct Synthesis Pilot Plant

* FHA Fo4AF
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=z =
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AFA 2. T5 ton/day planty; G743 A}t 1A
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3. 50kg/day DME plant (NKK &+2) &
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AR 3. NKK9) 50kg/day Plant AH] & 7H38}H3}aL

§Z%2E K. Okuyama (Senior Research Engineer), Dr. T. Shikada (manager), Dr. Y.
Ohno (President), A A, ols3F, XYY, &%
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Fig. 3-2. Catalytic activity and stability on 10 wt% Ni/A1203 catalyst in a 1/4" reactor (T=750

oC, CH4/C0O2=1.0, GHSV=18000 mL/gcat.h): (@) 50 mg, () 100 mg, (?) 200 mg.
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Fig. 3-3. Catalytic activity and stability on 10 wt% Ni/A1203 catalyst in a 3/8" reactor (T=750
oC, CH4/C02=1.0, GHSV=18000 mL/gcat.h): (4) 50 mg, (¢) 100 mg, (?) 200 mg.
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Fig.3-4. TPO spectra with the used catalysts after CO2 reforming ofmethane at 750 oC for 16
h with the catalyst of (a) 50 mg, (b) 100 mg, (¢) 200 mg.
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Intensity (arbitrary)

Fig. 3-5. XRD spectra of (a) the reduced catalyst and the used catalysts after CO2 reforming
of methane at 750 oC for 16 h with the catalyst of (b) 50 mg, (c) 100 mg, (d) 200 mg.
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Fig. 3-6. TME images of the used catalysts after CO2 reforming of methane at 750 oC for
h with the catalyst of (a) 50 mg, (b) 200 mg.
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2 Ni 2&5ddA MAE carbonaceous specieso] EH 2 spilloverd 7] WjEolth i
7 CO2¢F wbg3te] COZ AFHE whgo] ZHujZo] oz AAH7] wjEd o]
carbonaceous species©] =A% A P upEbA ¥h8-7]19] plugging XRDE 21°3) Ao
Al 9l E carbonaceous species®] &AuwFEolgta AEA L 4 3o

Fig. 3-6= ¥h-g-% Zuj o] 50mge} 200mgdl 3-$-2] TEM Apdejt) TEMe|A Ni 23
o] A71E 50nmoldtE B E o] Uch EufzFo] 200mg 7% 20-100nme] carbon
tuber’} elF Ao, 50mgel Afole BAHA &gt o] g carbon tuber= TPO
Aol A 550To)ste] A E el carbonaceous species®] F7iel]l wpep AAZHUATHIL
AARAT E§ TEM AzolA A HEL 50mgAbl Rttt 200mgol ] & H&stA ¥
A5 9ldth 200mge] TEM AMA A Ni 9AEe @A #s5] Utk oA
carbon tube7} FAHE F¢ Ni YxEo] FAZRE Hold ustr] mEoloh =
carbon tube®] A% 3} carbonaceous speciesd] o] FAAZEL WIS HEYIHIE
#Aekt). 8A 9, carbonaceous speciest carbon tubeg] A= #Ho] ki A

o

4

[ o g
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Al 2 4 DME gHdZuo] thg A4
1. DME 48] 78
DME: §47128 B2 she] QojAn, F47tae Adtant wol e 25 7)

A3t AL & Utk 2Y 37904 BEo] CO, COp Hy 7128 EFT FA7IEZRE
Mg AH DMES F4ste 228 Ax Azdo.

o) Conventional
m Two step process
[¥5) .
—<HR - —— Methanol —
Coal S|
Natural Gas T %
/ <
Biomass 3 S Direct Conversion
alzntin -
d o4

1Y 3-7 DME 34 #74

DMEF4S] wge thes 2ok

¥ 3-1. DME &4 9] ukg-4
Reaction Heat Free Frergy, 4Gk

Reaction
(Keal/mol-DME)  (KJ/mol-DVIE)
(1) 2CO + 4H, < 2CHs;0H +43.4 +90.8
(2) 2CHsOH < CHsOCHs3 + H20 +5.6 -10.7
3) CO+HO < CO+ H +0.8 -16.5
(4) 2CO + 4H, < CH3OCH; + H.0O +49.0 +80.1
(5) 3CO + 3H; < CH30CH;3 + CO, +58.8 +63.6

g4 (o] 3l AHE AHLe HELs @5 weo] gs AADHESY ()
Mg o o3 47 B Wy (3) 472 v s AARH, 2AE
o Mo o3} ke Y& weol o B AW Ak 472 Bso] Gow
BN Wy @2 vehd & Atk AARE S dehils 93 @9 w4 ()
£ AR 2IUgosA, WYL ARG WIS AANkN Fuje] By
e 4 gl

744 el Lol ARFAHo] Bol AT Utk Fee T BFNS o
@ DMEAIZ 71%e HAES0] 23 1719 veee 982 A3y BEe vgol

gol Evhe AH AWk I GHtAZRE DMES ¥y FHSE w3e o



U3 P YRRV, ARLe) BAZAE)S BEsH, WEe Do) ulE oy
Az AR e 25 2/34EE BE 4 gt [2].

F471~2RE sggolll DMES 4% wo JEAS

W$ (1)3 DME $4uH$ (@), 5)& Hy/COY Hl &

L
Iy)
)
@ or
tlo
ot
ox,

vhg-qre o] 3
FHE 294
AEEo] HUAPS 7taen, vk (B)olAe Hy/COo Ful &<l 104 Htiel
Bdle 2e & F Atk E=F 339 ¥h§ ZAFoAA Y vim A3z
ek el Hs DMEZAHY Aert ¢ Ivs e ¢ 5 Ae

A] & F4xRT DMEZA dhgolre) B AgEo] o xon whe
G)7t Hd B AFLL wolth = DME Aol wehe F4pt ddgzoas 1

el

offt & wo

I o8 ot & -y IH
o of L ot 2
riot :
d O mo
lo
- L

100
{e) 3, « 3C0 = CHyO0CHs + COy
{d) 4Hs + 2C0 = CHaOCHs » HD
g ¥
=
L
£ 80t
g
[
c
[ &
o A0t
3
204
- {a) CO + 2ty = CHyOH
1] 4.5 i 1.5 2 25 3

initial HCO ratio

g 3-8 $A4d7t29 DMES migtgge
HE AL (at 2807T)

¥ 32, oM} o] NKK(YE), Air Product & Chemical(®]=r) ¥ Haldor Topsoe(®l =}
A) oA DMERHFAAHES A7t gJow, NKKAe A= ¢ 9%9 & 82
DMEE @48 Um =z F 3JAe ve-2y DMEE Zo] dAste WS AREsta §
o} ‘

- 19 =



Table 3-2. DME A3 4 Tz M9 vl

Developer NKK Haldor Topsoe Alr Prod.u ots &
Chemicals

Syngas resources Natural gas Coal Natural gas
-H,/CO Hig 1.0 0.7 2.0
~-Hr=27] Elgl sdicla BrE27] IE AN BET] sdicla BrsJ|
Synthesis conditions
~Temperatures (C) 250~320 250~280 210~290
~-Pressure {atm) 30~70 50~100 70~80
;10;)(;2\;5)}r8t0n (%) 5566 33 -
—Products/yield (%) DME/95~99 DME+MeOH/30~80 DME+MeOH/-

A4 M dee S e gaEu uAdEu o] EASZ I} ALE
=Hr, Wge FAEMEE Cu/Zn. Zn/Al, Zn/Cr, Cu/Zn/Al, Cu/Zn/Cr 183l
Cu/Zn/Co F¢ Fuj7} AAHJTE H&EE &5 Fues THALE HY7t de
silica-alumina”} A A E %121, v-aluminax DMES] HMELEE Tolx Zujz dFd5ATt
8] THoE Wehg FAESv Y e g5 e JAHes EFste EASME
AHE SR Cu-ZnO-ALOs/H-ZSM-51 H-zeolite Y& F 33l H& MAxE d& A7
= AN2H[9], Pd/zeolite Y 52 ZujE A3 7% YT
AL ZuE ol HEde e oy 71A WihiEe] AAEdEH, DMEE
Lewis acid-base pair A}2]olA] dojdtieE dF7F 9%k ¥ Bronsted acid site9}
Lewis base site7} W@t o] ol Z23 d82 s Bis YUk Hgde] &
TRESA lolA mAMe] gAY AV AEY o E AU e F23 o
&5 st Hed Fuie 840 YR B3 Asde AR 93 dastgay 27 &

A4S FAE & gA Hol AA FA 9

AHE 2318 AT A FHAA ALgsT 9 %]

AL&8te] 290~380CHE Y HH-E2 oA 65%0]3te] S
ol gk olairt Eolxm &4 = MeA zdd O
WAME T THE HHF Sy wet ok =3 WS
o Bl2AYEE A4 & & e Sl Aol Wit

N
gz

AHgaH

A F Fofjo] tis] Na-form3} H-forme] ZSM-58 Si/Ale] H]ES 30, 50, 1002 WH3}A]
718 A 23ATH NaZSM-5 A &elolEE TEHFEA F(structure directing agent) .2
tetra-propylammonium (TPABr, 98%, Aldrich)& A}g-3led 0.1TPABr: 0.1INA20:xAL203:
1.06i02: 35H20 (x= 0.005 - 0.017)e] 24L& 714 AL SF4gurg oz A X3t TPABr
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o
L&A

e

9} NaOH 81 sodium aluminate(99.9%, Strem)E Ze]EXZH H|o]HANA FFol
=91t} o] foe wwkalE F¢t fummed silica(Cab-O-Sil M5)E ©igth 4AIZF T

AEEE, dF2E 2 A7 AL teflono. # 7L stainless steel TUHFZ 7l WL&F, 150T
oA 6d7t 7hHFTE o8 A st A7 1A APES FHRFE AFfn 2 W Aol
T, Ao ZHg. NaZSM-5 A& 2}o|ExE amine templateE A A3H7] 9341 550C
AN F7] BEA7IZE 15412 24 A7t

HZSM-5 AL eolEx A2AA17] NaZSM-5¢] Amonium iong 3sto]
71 NaZSM-5& 1.0M NH,NOs& oA 80CE 12A7HE¢E 5 ¥ 35
oot AHo]l Bk & 100TH A z77ith oA stof wrE|x A
4R TS AAAIZI T

e FA s Cu/ZnO/ALO; (ICI catalyst, KAYALCO 33-5)7} AMgEglor,
Whg- Aol Cu/ZnO/ALOsE Z:H S ZSM-5 Zujo} 2o o g E3FA)7ITh

T8 31 F NSVl (LD.3/8ME ARRste] e, RSHAAEL GCE &
o}7} TCD(thermal conductivity detector)® AA|7te g EANHAUT WeE g5 g
(methanol dehydration)oll A&, ¥Hg-7]o] ZAAE FolE FA3}S WEgo] AWIES
S}k o WS g selA olFolHen], HPLC BIL(Gilson)& ol &5}
GHSV=6,000- 24,000 ml/ gcat-he] ZZANM FPs}9t}. DME X‘@@"‘“ﬂ‘ﬂl}ﬂ“ ZFH]
g FE 5% HyNpo] BE7lolA 300CoAM 3A17F B¢ #dAzich 2 F 600psi,
6000ml/gcat - he] GHSV, 250~280Cdml ZHelA w37t HzQ% CO (h2/CO=15)%
E£#Fh. NH;-TPDy= #E¥Eg-7]oA] anhydrous NH; (99.99% minimum purity,
Matheson)7} 120TC ol A} 400mgo]Ate] Zu]& 3083 E#3=F slo] FHsrh F3o
FUE AT Herl2Z 1AZFEQ 120C A purgeAlZith TPD dHolHe $24% 1
0C/minE A-2olA 650C7HA] WA F3o

=

=
5]

A

S
=)

I

A
T

o]

o S rn
3o B
2o

5007

ox
e
s

3. 4g4y 3 u#

=

bl

Na-ZSM-5 9} H-ZSM-5 Zojjgtoll Al 2] reh& o] YHlE

Fig. 3-9& 250°C, th71stalel Al NaZSM-5¢ HZSM-5 £l & Alg3te] ve&e] A&E
< yehd agolt. d¥Fxstolx DMEo| el AAdEo] BAHA frl WEol,
DME] de=& 100% Ach HZSM-59] 4 NazZSM-5 Bt} IR Eghom, Si/AlY
H] g0 %géi I g4 FUrskgh ol#id Si/Al BlEe W@ HZSM-5 o #/49
Exd thated, NaZSM5 Zvj= vpabA 2 Si/Al ¥lge] A&5E 2 BA4ol F7hst
Ak |
NaZSM-5(30)o1 ¢} wgh-&o]r] DMEZ9 #3&e HZSM-5(100)7 FAlstoh I3
NaZSM-5(50)% NaZSM-5(100)¢] DMEz9] g8 5%ugte|dtt.  Fig. 3-10&
NaZSM-5 ¢} HZSM-52] NH3-TPD spectra® UEFHATH NaZSM-5 ZFvije F 719 4F
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AL AT U2 & AT F, (o) sitese oF 220Co A Holm gk 4b(weak
acid sites)= UERN™, F 380Co|A Hole (B) sitese F3F 4 (moderate acid sites)&
UeEbdTh NaZSM-52] NH3-TPD spectra® (a) sitest &7 ME - AHo] Vel (V)
sites= oF 500Co| A peako g2 TAHH, 73 AH(strong acid sites)E ERATE 1Y
1}, (a) sitesol Al= shoulder peak’} A E ™, shoulder peak’} YElU+= 2=+ Si/Al
H &S 25 gt S7kele 3oz yelyt. 2822 (a) sites®] shoulder peak +
ZSM-50| A o] 2o X} A7} Utk AHLoMel (a) sitese] YX]9F 7= (intensity)w
Na'o| Al H'29] olemsto] 2aja o] ntARE FeH, ol Aol cagedo A} A
A3 FEo] dg Aolgte AS Jebdh oFs A3 (weak acid site)e 2]F-9] FH ol
ghol F2g 2429 B9, ZuisET Ryl B 4ug, T EgHT T
243 98 hydroxyl groupyt ##o] ohe Ba7l Aot [1-2]. (V) sites7} YEFIA
X (B) sites7} ZFolE ThE HL, (B) sitesE Na' o]23 ##o] glom, (v) sites & H
ol #do| Utk AL Yedte HeA FEZL Uttt LiIZSM-590A] Li+ ol
7 #AE site= Lewis acid siteztar & 4 v} 28 B2 (B) sitest LIZSM-59] 73 -9-¢
A #3338l Lewis acid siteo]gtz & 4 UTH3-4]. ZSM-504 Na+ o] &g H'2 X3
X171 Lewis acid siteQl (B) sitess= Bronsted acid sitel(v) sites2 W 3tt}. NaZSM-59
A (B) sites®] 2=+ Si/Al HIgo] Folgd we} Frlsted ole Si/AlHlE&o] Eol&
of wetA NaZSM-59] 4t M717F Z7bg Uebdth FH|EAE (V) sites] oA 1}
Elvbe shoulder peaks NaZSM-5(30)ol % #ETH NaZSM-50 427 HZSM-50 A
o] (v) sites7} YElYE &5+ Si/Ale] H] & o] Zo0jEHE Z7130h FEI (V) sitesE U}
FL 25949 shoulder peak7} HZSM-5(30)ol| X AR}
NaZSM-5(100)F v & wleE @rikdo] 4o gle 3oz vyt #Agg g€59
oA Abde] Fadk 82U Aoz F UEA v}[5-6]. v]E NaZSM-5(100)2 ZZHiHA|
71 7FA13 A9, NHs-TPD spectracl A} 450°C o] &Foll A} LFeEb acid sites v €20 A
DMEZ 7= g9k F831A €te A4S yvepbdoh olzid #FdA A /¢
NaZSM-5% 713 &2 %}’“9‘ UEP Y NaZSM-5(30) NH3-TPD spectradl] Al <] (v)
sites®] EAjWEolgtal Ut IHERZ & A AVE AYe TAL Fule dEE
FRkgd g2 & o% olH, ZSM-5& 1] 9] (v) site= ©EHE BFREZ oM F8
g alolegte @%‘% WE + Ao

<
5]

Cw/ZnO/ARO3 9} ZSM-5 2 o] Folz] Zufo 2] DME HH84Y

Table 3-3& Cu/ZnO/ALOs;$} NaZSM-58 E§3t ZujidoA] wr-gz7 600 psigz GHSV
6000ml/ geeh, Ho/CO = 1.58}o| A4} CO9] 383 DMEY] tﬂ?‘f& 4_2“159} 488 JErd
ago|tt. NaZSM-5(100)2] &3t ujitol A A DME A ¥reo 2 RE] DMEE A A
HA Uttt 18 F of= WeE @453 (methanol dehydratlon)oﬂ A%k Abgo] &
AeA 7] W Eolth. NaZSM-5(30)e] Eft&ujdelx 23 DME 44 w89 &Hd=x
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7HE ESkth DMES] ti3t delze CO9f Hhgo A#glo] 100%0])Att. | A2 DME
7F BEE@)e] o3 A ETE AL vl NaZSM-5(50)9] EFFujdellx CO9 A
88 NaZSM-5(30)¢} 23] x}o]7} glx]gh, DME F#&dHolx e E4 Yt} NaZSM-5(50)
o ¥=vie] DME dEEs NaZSM-530)8 E3t&viste 29 dee=7t S7Hgel
w2} F7hehrh NaZSM-5(50)°] w2 wghg &g (methanol dehydration) &=+
HE2 FE DME A4e] M&gS Attt geps g $&o] ot NaZSM-5(30)
o] TFEe} NaZSM-5(50)8] EgZ ] =5 CO2/DME H|7} 1.0-1.20]8te AL vgd
g4 ukg-(methanol  dehydration) ¢ 288 Eo] FZ AAHT FA7t2NbE(water gas
shift reaction)o] A4 E E& CO22 EF AEHF S OHF w2te & ordn.
Fig. 3-102 E§=vo A NazZSM-5(100)¢] A w& CO2 MLy WEe &5
Ul 2otk NaZSM-5(100)8 A5 AHA71E 7FA L 9lom, Table 3-30A4 X
E ulolzre] DMES] ik &4do] gith Fig 3-118 EFZuj4o] A NaZSM-5(50)8] &4
o @& CO¢Y HFE, DME Hew el $£82 veld 2otk 40% NaZSM-5(50)2] &
FEvjdolx COY #HE-&3 DME A% I3 £82 7P =3th NaZSM-5(50) &
Aol FNEFE EgE FE&& B2t EFEudAA NaZSM-5(50) 249 F7tol
et ee &ukS(methanol dehydration) $5& Z7MgA gt oehg 4
APt jEEM)e] o3 vEd AR AT FIAFEY ol CO9 AEES FFA
ZAom, 40% NaZSM-5(50)¢] E&Fwjdols 7MY 3ot AFHE S vEgS =
o] Zrao] wEt He-g @4H-S(methanol dehydration)o]] ©j§ HYHEE olsHT=
A v F4 £x7F DME AAWHse &5 8 ZAAgths Ao BlFE Fol goii
22} gt} Fig. 3-128 £g&ujo A NaZSM-5(30)9] Ao & CO9 #H$-&, DMEJ
3t MEze $8< Jehd 2¥elth. NaZSM56G0ER Zuige g8 20%
NaZSM-5(30)¢1 #-%-7} CO9 3, DME Hexsl £80] 7P =t NaZSM-5(30)9]
EFEde W 5L NaZSM-550)9] E§Fuo] wee &Rt Yok a3 &
S 7HE NaZSM-530) “dell A wghgo] A4zt vizt DMER 2 dts
olul gttt Bl E Fig. 3-994 Royx]Eo] NaZSM-5(30)7} NaZSM-5(50)E.t} ol gh-&
S-(methanol dehydration)& =7} o wWEx2t2 40 wt% NaZSM-5(30)2] CO 32
40 wt% NaZSM-5(50) K.t} ¥lsz3lAY thi YWohe AL FREE Akdolth HIF
Zuj7} wghg @45 ¥lS(methanol dehydration)o] Aol ¥o} zf wWHEE &
(intrinsic methanol synthesis rate)7} W3 d&-go] oz A=A FEA2E CO9
FEE uAAEY A 7e FEgithe AE 9u|dth Fig 3-12¢} Fig. 3-132%H
DME #A49] HH9 x4 nAEHu)e atM7iel o) AF¥dctn & F#Art Hrfst
&S Eol7l 9% 4rEmje] 2AHLS A
g Akl et Ele HAsf Fig.
3-1491 4] H%o] HZSM-59] =4<& gelsle EFFwE Azt COe A&7 DME
o] A= E A4t Fig. 3-99} Fig. 3-10¢] B%o] wghg &ibgo] Aba7|et 84
& HZSM-5(30) > HZSM-5(50) >HZSM-5(100) &4t COe Aghg-& HZSM-59 4t

O

O.

a2 m oW

o kI A% nft
2 M SR oo
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A7)k AT E AL @5 ANS W HZSM-59] HH24L NaZSM-55v)e] 24 nch
AU ol AL LA Eojo) WA 77 Fe whe HAxAo] Zadtte AL 9
0. Fig. 3-12-13) A HAz Aol mAAe] ZAd & COY AL Wg 2
dL FHANUGE, COY LS 3 %FEAdNA ANkt debr] HFo] o)
FEOEE b A Fojo] tisME vwe §4 e 1§ WEe FASET)
AAH DME §A4EE Aufgds & 4 9on, AQsTolsty naazA
e RAL ZHujo AAl 7ol s AA A DME 4557 Aujdatin 4 Y
ATk od71A HF o nAN 2L AFu)e] A6 o5 AR
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Table 3-3. the conversion of CO and the selectivity of CO to DME on the admixed catalysts of
Cu/Zn0O/ Al203 and NaZSM-5 (Cu/ZnO/ Al1203:NaZSM-5 = 6:4, Pressure: 600 psig, GHSV:
6000 mL/gcat.h, H2/CO: 1.5)

Product Distribution based on
Solid Temp Conv. carbon (%) gOZ/DM
Acid (oC) (%) .
Cco2 CH30H DME ratio
250 24.5 457 6.4 47.9 1.0
Na-ZSM- | 260 35.2 46.5 5.3 48.1 1.0
5 ;
(30) 270 45.6 46.8 4.3 489 1.0
280 51.6 47.3 3.8 48.9 1.0
250 252 30.5 43.9 25.6 1.2
Na-ZSM- | 260 34.5 36.5 27.4 36.1 1.0
5
(50) 270 | 394 39.0 25.5 35.5 1.1
280 44.1 40.9 21.7 37.4 1.1
Na-ZSM- | |
5 260 7.4 18.1 81.8 - -
(100)
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Fig.3-9. Methanol dehydration on ZSM-5 catalysts at 250 oC and atmospheric pressure: ()
HZSM-5(30), (?) HZSM-5(50), (?) HZSM-5(100), (?) NaZSM-5(30), (?) NaZSM-5(50), (?)
NaZSM-5(100).
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Fig. 3-10. NH3-TPD spectra of ZSM-5 catalysts: (a) HZSM-5(100), (b) HZSM-5(50), (c)
HZ5M-5(30), (d) Na-ZSM-5(100), (e) Na-ZSM-5(50), (f) Na-ZSM-5(30)
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Fig. 3-11. The conversion of CO (), the yield of methanol (?) and DME (?) and the selectivity
of CO to DME (?) on NaZSM-5(100) (Temp.: 260 oC, Press.: 600 psig, H2/CO:1.5, GHSV: 6000
mL/gcath
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Fig.3-12. The conversion of CO (), the yield of methanol (?) and DME (?) and the selectivity of
CO to DME (?) on NaZSM-5(50) (Temp.: 260 oC, Press.: 600 psig, H2/CO:1.5, GHSV: 6000
mL/gcat
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Fig.3-13. The conversion of CO (), the yield of methanol (?) and DME (?) and the selectivity

of CO to DME (?) on NaZSM-5(30) (Temp.: 260 oC, Press.: 600 psig, H2/CO:1.5, GHSV:
6000 mL/gcat.h).

_30_



g 60
Aa]
A
8 50 -
O A
@)
Gy
@) 40 =
2>
=
E
= 30
95
b o) .
=
[a+1
C 20 +
@) ||
- ®
o
RS
a 10 |
Q
>
s: o
o
@]
O 1 ] 3 | 1 | 3 1 ) ] 1 |

0 10 20 30 40 50 60 70
H-ZSM-5 composition (wt%)

Fig. 3-14. The conversion of CO and the selectivity of CO to DME on HZSM-5(30) (, ?)
HZSM-5(50) (?, ?) and HZSM-5(100) (?, ?) (solid: conversion, open: selectivity
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1%»9-&17119} FFUE T2 EEA AFaA AR A9 TR i vegA]

TRt HEgSEue IA F0E ARSI gFvue Strem Co.o ¢FR|UE
A}%o}ﬁiﬂr Fae] gk dAksietad] vl 152 13T

] ERE Fojo] A9 2xo] digh 9L HESINY 1 ZAE ¥ 3-159
HERRSITE 13 3-150] vehd )lRe] 250 °Collx] Aghgo] 25%o)st2 wj¢- Wi v
&3 DME9] A/4go] HisiAl veyil itk 257t F7F8te 744 DMES] F80] 4l
Ao g FUhetHA JYxx o] F718 -‘:r Zig HAFT itk Hegs Fviet ¢Fvhy
£ sl Eske A9 e 44 ulglA gk Sxob AA vERY
DME®] 50| A HARA %~o—~-9£7} 57}6%% wet Wghee] AYEEFTIEG
ehs g A44E7) v F718tEE DMES] dgde] 257t F7hgel wet A
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£ DMEe] tist M Ee whg2xol FJagle] B%ExY & 1
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of el MEHEo st wep YA DMEME RS Holal Sith o
TFNA ALEStE Fvie] AS dggo] AR g E‘}%"ﬂ o3} DMEZ
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Temperature Effect
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Fig. 3-15. Temeperature effect on DME synthesis with the mixed catalysts of pellets
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GHSYV Effect
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Fig. 3-16. GHSV effect on DME synthesis with the mixed catalysts of pellets
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Temperature Effect
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Fig. 3-16. Temeperature effect on DME synthesis with the mixed catalysts of powder
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GHSYV Effect
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Fig. 3-17. GHSV effect on DME synthesis with the mixed catalysts of powder.
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A4 A ISR E FEROKIY 7dx
A2 A ATFALER A7EY: BEGAE
=M
Bench scale A 833 #7]&3° DME 7 2? OOC’ 52 s, BEFEH/ A7
one pass DME &> 30% =uga

2 48

CO Hge> 60 %

DME Zvje] A4

DME &> 30 % °|%

EXTREE
-methanol synthesis: ICI-54
®¥£ Cw/Zn/Ga/Zr (KISTE)
-solid acid: y-alumina, ZMS~5
AL E2WKRICT Ff)

- 40 ~



A7 Z FnED

1. N.Y. Topse, K. Pederson and E.G. Derouane, J. Catal., 70 (1981) 41.

2. Y. Matsumura and K. Hashimoto and S. Yoshida, J. Chem. Soc., Farad. Trans. I, 84(1)
(1988) 87.

3. H.Sato, Catal. Rev.-Sci. Eng., 39(4) (1997) 395.

4. M. Huang, S.Kaliaguine and A.Auroux, Stud. in Surf. Sci. and Catal., 97 (1995) 311.

5. J.J Spivey, Chem. Eng. Comm., 110 (1991) 123.

6. S.R.Blaszkowski, R.A.van Santen, J. Phys. Chem., 101 (1997) 2292.

- 41 -






2
e
Ao

Aerley A A5

B HIME AGIHA “olitstga

AEgU

£ o] &3 DME AZXE Zu] AL’ o HuAM=Z

AeAT7 8

AGATH Y -
a 7 9

2003. 6. 16

R LEE

o
2
4

0%
o

o L
of



A1 Z AT A iR
A1d d7Aade daX
A 2 2 DMEY] ZA 4
A2 S Zend |3
A1 Ad =] 7N 5
A2d8 39y a0 F
A3 AT 3 e 2 An
Al 14 DME &4
l. DME @Advh&3 €984 45
2. DME A% &7
3. DME A Z-& 2]
4, A7 Az S
2 4 DME ZFvjj7jd
1. methanol dehydration Zujj 7}
2. A2 RE WS Az}E v
3. £4 & v (hybrid catalyst) A%
A3 E A7t AZFTH
1. olitatera /A E-37
2. BEgAdEA

3. Ni/Ce-ZrOyA| vl 9] o]ats}lehsd 7 Ant-g
4. Pilot & EXZvf(hybrid catalyst) A% 2 Dry reforming Zuj]

A 4G EE GAE 2 FEHE Y Fox
A1 E AFAE A3 2ok
A2 A ALY EE g
A3 A A7 e Fle=

A5G AFNEEge] F848
A6 FA% dgFgstr|es HR
A 7T A FEH

OO AN N

10
12
12

21

33

54
54
54
55
55
56
58



M1 & ANl THR

DME(Dimethyl Ether)¥= X7t~z EE
A o o] & (Dimethyl Sulfate), 317}2] AbA &
%«‘353} ﬂ@xﬂng ]5—‘3}*‘5’3} FHAR &

st dojAle IHit=EA ded
3t 3HSHE (oxygenated compounds) 59
F AR EO gtevt HZol DMES &

Rl 71&2] CFCE thA|stod 3

ol, By $ol A2 BAIEA Aesa It

F74A) DME AHg3e a9 ged se oo, A6 DMEZL tiad
9A BAARE Aol Hsalths Aol TAWUA 77hE vlele] DMES}
4% dzzAY o 289 ez d3Hn oY JE gAY A=AE
B WAT E RS @ 2% J12e AARY St FEES U
] o, 22X F(smoke) YA
o) A g3 AWLEE FL Ao nagw Utk 2 el DME: 719
LPGSE 2ol 4LAE 47 987t A5ar] WEe] BANAEE $9F B A7)
$ol3 YHlZ W Az A48T & b 4L ATl LPG 1§ ARIA

9 28% 7HHzm U |
#7) FUA DMES] Ae F2 ee 2 BAS 25A7E W] 5w
Atk 2y dEee FAVLARRH BPHeE Az E §4vlaE FE
A7 P22 R Axsy] BEe] A% DMES HUE AUtsE AR 922 3
7 9% 4 do FAZAE DMES 27} 24 9] Wige] Hege A
ol o AikEI AT, FuHe HFAR AlFelM DMEZ A
dol wi¢ 27] el HZ Eo] FAVIEERE deA FHA 93
HAH st 4 dF Jido]l &us] AP Aok FATIEZRYH AH A
ZAfste WHED dE Ak dgtony A AA
9 Ha o9 wlE: Amoco, Haldor Topsoe, Air Product, NKK
ol o s . FA7F2ERE DMEE A3 Adste Afdde WEs
& AAsts A9 vt g8 og FET olfE Y A¥eL =

!

A
DMES hZo2 4asie A Aadstnd saae dspisols 28 4 3
o) @Ael BN Aol vistel AN, A, 4 5 AN A
g%

AFoAoA AZFE ouxe daE WA AR Y EE7IX(remote gas)2
AU Cl8E AT AWhas ARY TN Y SYAS Eohf T 4
53] 198 uwe ugRe niAmH 3



2 7t2#9 A= DMEE Axste Afde ZAAHC] e Aoz HiHI

A
A 1A ATAL BaA

€A DMEE FAX3HQ A4Z Aty doizd EAEA F2 AMHIL
Aot 7i7hE o] AFA8R AHEE AAH Favt e At DMEE 1 &
AU AFo] LPGS} vFhdM AR A FAaH7] BEC LPGS £ §:=2
784, AE, 4YgE daR g9y AMEAY, gAadRe] g deE AHE F
Ve FAAGo]l Atk 1 olejo] DMEE: wgh& 3 o]l MTG FH o &3 @35
Az YEE AHEE F Yo 73 & MEH4E AU A

DMEE oo]2F BALAZ AFEH A Y CFC 7tAds g8 LF& sEA &
t}. DMEE E40] g1 3ok ofz} tr)|ZolA] 44 Esj=t) :L%‘ 7o o
2 A8 EA 2F A4 $HE vastd Ytk 2F ¥4 v9E Ed &
Sl 8o ulg] 60%old $eS & & th

1990\ 3t Zulo] Amoco®} Haldor Topsoe A/S7} EFATE Bl HA7MAEXR
B dojAle dAdE F F-T 4348y vggs tf & DMES 3rhste &4
< 39tk DMEQ] 237 oA ydsz A FFAd UF A8 432 g9
FHEC] et
() FA7r22 58 A As29 AF A
Q) AAHA 5 g FA
() BEAEA (Nof2E FAAEAM A Aol ofn] AFHUD)
@) W77k 2384 A2 Fee dAdA Ve AT

AAFZ Adgd digh 7A FAYrE d5E ol T E YR U
ol A WE £ o ART dA ARE ANIAY N=ARE FA %e
WAl 48 Fed AdAdAME £49 g9E B4 98 3 gk
19708 FHRE Amocos HAMAZREH AARE Azse d7Y AL
< A&F ston FHZol Amoco9} Haldor Topsoer HHA7FAZHE AAEE DME
7F 234 94 dAdE2A APsion HrrstP o

DME+ RZEE A A o] A%k oA 2He &yt 73] Fol%= (20T, 57
) A2 EAEY] Wi LPG (Z2wy Bee EFE)s o] AFE & Utk
A LPGe EXHIA Wd7Ide] I ofve} AAdMT HASHA AHEEH I
ATk (A AMg-F: 300,000 tons/day). ©o]F DMEE LPGS} mpi7tA g A%, &4

4
B et

o

AEA o 34 ABAHY Pa



Wil S BPolN FPE FHaT A4HeD Y & Jse HHHeE
Fote Aol
5484 Ao DMES 9B A8shs AL thed Aol Aok A
77} 609 n) wWigo] 25T wrke A elm Abk $l 35 winz Eob
A wfdo] ¢lo WA High Exhaust Gas Tolerance$l o] gt}
HlR o] wol FAbsh FAle] vigHER AUFHoz e A5 EAYe] FHEH
o (A dAdAdME 1200~20007]9H¢] ¥HE DMEE AR&3hd 250 71¢F o
sfolth) 712e] TS A7 $AAE DMES] A A% DME] E7
A BAPFAIZE AVLALS] o3 siaks Sl
A& gAADAN d2FAE U2 F A AREYYHE system)dt
AGosA DMEARSGOZ AZE 4 Utk %, A4S 202 480
T3k Az gste mjdo] glowA NOxulES W& & St olejdt H& @
ol =

<
Az

-

LA

A ddHes He ugog HgseE AL 7} St HolA Atke Aol
g & 5 o

DME= t& dAdset vp7iAz @98ad qux d=7t 719 b4
A7E dAdoly 7t&dANE 7h&del Hls] vtk (DMEE 719 YA 54%d)

2
sigeh) weks aHATE 2e ARE 87 ddiMde o B2 2oyt 7"
o X 4lMe e ARE Psted aTHE d89 BE O dsfd
ste] AdoiEd vlZ o8 74A AR A Hlaste] JeRA

A o2 A AR (YS2312]: compression ignition)o] 7H&EAAZ(BEH 34
spark ignition) BT} 30-40% =& o|Ux &8 A o g gAdAe AlLE-
g 7 e 98(HA, DME, Wghg)rt 282 X3 A8 HlF] JuAag 2 &
FAZ N AoAM g ZA Hot 7]&e] tAdEe} DMES HIZE o, NOx Hl
717k=9) 71ES w5 EvlE DMEZE AT 10% o]d9] 98 28 et o
ZhA, Bl Hste] DMEE 2-& AYE &37) 9ste] ¢ 1799 d8¥37}
sk dAoh. ole 7t&dY oW} Hld FEolth o] DMES th¥ el AL
8 e d8RIY IV EAY THERS AT W9 vikEA g8 et

TN F8] HZdd HEAl A5 H7I7EE FAlE GU1HoR Fole W
28 PFHATIA(CNGE AH3tE ¥ 27t 5383tk CNGe vidst da4dsts
o 9% =AFde A £Y F UHDMES AMEE w9} H=E FEo] ).
g, R 40X HQl uie} Zo] CNGE 5 S AT § flo] dvA&R
0] ¥& Bollzt A8 S JIHAEHE A3 thiel sy ffEo] L3AT I8
of 77t 7189 JARFE AMEste Z9ol Histe seiv "t olEg o] E =

0



49

AW oj9fe] g F82o] CNGE AHESTE A2 dadae] 2771 Hld4d 3
olth. I ®ollet Adgwart ugtel Aviel stz AFe] FHe] H5HA F7t
7b slom A} iAol v1Ee] "l w2z wste] o 60% HIRAE 2ol
ATt

Fa o] EeoE E7sal HI £ H
Z17kel] gk R anst s F #AR FA 2 Aol AgAn Aok F
H EAHL AR ENOx)T E(FE i)l wjEolth. NOxE AHAH| 9 4]
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7¥et7] wiEol| FEHQ FA s Aol oy

DMEE UAAEE A8 oo F8 A3 vjx A7t HEZOEY 19954
SAE (Society of Automotive Engineers International) }3] o] 4] Amoco/Navistar/
Haldor Topsoe/AVL 59 F&5dF =Foz2x HxHYTH 8 A3E Navistar 7.3
L V-8 T444E direct-injection turbo truck diesel engine (E 83} B 2ol Fo] 2ol 4l
DA AT AEFAAR 7 SAESIZ 5 (full load operation)ol] Al A& s =
of FUHEE /MEHUALT 7€ YA d82 A4 o SARsHEA d8F
dstol 120071%0]de] H&= Ao whslel DMES AMEE we 2207)3Hwo] H A
2T ole ARFUAFAE 71E B FRA AT £ QLSS =)

DMEE A82 AMEE w9 wi7]7tag Ags 23 2 A7 29 23
4 DMEE A}&3 diae uid(soot)e] AHF glgen, TEd o= 1 EGR
(exhaust gas recirculation)S AlE8 4 JUEE &) Fo] u]$ o NOxu)7|e A4S
FAT #717F2A g7} glol® w7 7tas A E U)ol 19989 =33} (medium-duty
vehicle)?] ULEV TFA)X)¢] 9+&3}A] Ht}h. 71 ¥ro]x DMEZ AR-3 ] 7|7}~
Hel B9 J|EAdE A o

T3 DME Az3HS @& A F o ZAANS 7HAA &7 s AA A

=

Ot
O

TS Bol 55 NOx9 WEze 7tAasty widds AY o] oy w3}

T8t COY WEo] Eojdr). 1y = B2 g

ol 7} 3tk (ULEV FAIX el SA€t})
F0 HIO AVLE 2L @715 dA(EH Y W 79 " dd)s} 2-L 47]
& turbocharged/intercooled HSDI AVL LEADER dl=l =



wha g NOx wiEo] #e A7ERE BESAT. TAFe DMES wayg E

de) dzzAe vRE ¥ 19 UEhiQTh Eolq R niel go] DMEE AH§
1 OAGE AST do) usl B59 E/EINN e Awe Ar AN
HolwA vl 7|7k AFe] NOxU EA(particulate)d] ¥57F IA AES & 4 Utk
DMEE d3 2 AMEstE Efo|u vAE EGRY w77k X #ZA7) glojlz A

i

oft

2] X o} 1998 ULEVe] & 2g-& & & th EGRE H7iste Aol NOx Hj
% 2 o 10 ghhphr2 o 228 $ At 23, Aoge deFdAAS
ZhAle] AL g Hd Aixg gAdRy MRS vheA E Aoz AlE
=3
E 1. O DMES E2in) uia dz2A0 blmY
Fuel Diesel DME
Rated/torque equal
Fuel economy (energy basis) equal
Transient cycle emmissions
NO.  g/BHP-hr 3.8 1.6 (1.0 with ECR)
THC  g/BHP-hr 0.3 ‘ 0.3
Total Particulates g/BHP-hr 0.08 0.02 (from lube oil)
Total accel. smoke % opacity 5% 0%
Max. combustion noisedB(A) 88 78

28 o}, AVL LEADER ¢lZ¢] DMES AM&8 u] 23l&ujE RAsH &
2318 2] ¥rjo} ULEV ¥}E A XJ(NOx: 0.2 g/mile, HC: 0.04 g/mile)o]l &3}
<& ZH(passenger can)l = AFRE £ e J5AE HYFAT o] Az #E7]
Zx+= DMEE 983 AM23}E naturally aspirated enginedl] 9Jaix % ©E 4 Sloh
T st} whela], HSDI 43 x}(light-duty vehicle)® DME dF tjAddRe 71&dd
AB(% Ao} 7hssict
H o] LAHEHE e 7t U wlEFE AA dguetd 8% o
77 F3 vk 19979 & mE ZEFAANA 19903S JFEer AXNFEL 7
ol BEFHT: 7%, U 6%, EU: 8%) UHF PEstojol gt thgio] futetE of
A gl TEHA FRAT AA A BERFO] FoldA RE2E AFolth
A2l A8 AHEHRPNe] ABEEE VIR 39 o7 7HA d59 AFL

N



@37k wlEE vlwd A4S F 20 Jehidth AF2ds vt wiEs Vs
22 B yx DME:= 94 7MF $53 FFdg0l0. AdA AHEE Ed(Amoco
model, Argonne National Lab model, European model)o]] whz} eFz7he]l zpolrz} QlA|RE
DMEE TjAS A3 ohE A8 ulstd xyeds 7t2E HA vegde ¢
T Ak

¥ 2 0e{Jtx B E9 XNFeusIta s uim?

Fuel Relative greenhouse gas emissions
Conventional diesel 100

DME ‘ 96-114

LPG 96-132

Gasoline 127-129

LNG 109-143

ONG - 109-143

Methanol ' 135-155

Ethanol ‘ 154-174

A 2 A DMES] AAA

DME: ¥& oux Z&AH oj$ 2 o), 29 7&d
&%, coldstat BAS AAZ dste] oA Tde] HAA
DMEE AMgdsle TAdRL Ed,
g Ropd] $8d & A 183, F 9 2 o
23, $RY), Mg o2 AMgo] shsan

E5 98 Yoht E 39 mluisl 2ol Av|#e) UA gEEs} mund &)
W20 DMES] FAARZAY 44F o] 874A7} e B AeE APHAt
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of»
oo
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N
ol
Py 9,
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= Jt o= °s Ol=
CIAAZ x2to] ul s 316 % 19 % 3%
A MNEA WIS B UE 70 % 54 % 13 %
Sh=o HIBXE 2HZ MES

e X 40 Fuo] AtgEe tAfEe FEE &HE YEUAT of AEE
FastE I Azt oA anF F £F BEY LUt &AL VlEer B o
2t Z °oF DMEE A A= 7
HAadde a7t o F

4 UARE 33U 44 81g O1F: 19964, &2l & vie)

i Al
45 92,797
It 33,148
At 31,020
oL 2 10,271
Public 5,085
Rlof it 77
SAAE 8
= 172,406

AL FEE UARE a¥ o A ¥ 729 (BR7F 4809/ V1)

Ao AR7E B o, FAAC e 4PSE A= DME 379 7RI
Z 53] Aol 31 (=, 35,000 BSD diesel equivalent ©]4}) 7k ko] A#E FHoll ¢
A sfol ghth. DME AJ4ke] AbdAL 9G7keh 7ha Aan] olejdm o7 714 &
el o8] A ATk 1 F, FAEA, AF$U, DME §5& 9% AFA4, 19
3 ZRe] BANH Ao Wi (P Fol Fag @y & F Aok

O



A2 2R E DMES 4437 98 34e Mgee 44T guct o 24
Holth (X 3)

X5 Hete A DME 279 dlw”
Capacity Product Relative investment NG consumption,
methanol eq. per MT-MeOH eq. GJ/MT MeOH eq.
2,500 MeOH 100 30.6
2,500 Pure DME 96 29.1
2,500 Raw DME 92 29.1
6,000 Pure DME 84 29.1
6,000 Raw DME 80 29.1

DME7} A&z AM-E oo 2uA7te & 1o etk Fo3 A57h
oo A$o7l A%, &8 71x dgst vlmslA DME7} 982 Al4dE o 7

Agol A & 4 At



M o2 & =Uel 7IsiY 88

A 1A 2 AFNY B3k

BAN2ZRE FALAE AH DMEES Azse 7)%d] et H4e mud
H2e) )% EobAn gk 53 oAl FPARAM FF5Ho] Leixm W Fof
e ALl WANAD Utk FAFLZRE 194 FHUL) 9B

Al

fr

N
»

244 AFARES ] 19909 o] Fo] BEE BEHAGE Aol o]
wrg s glok

o A= 19901 )] Air products and Chemicals, Inc.ol| 4] 10 ton/day I}o|EE FF
59 F1EARe BAHGT o5 ATE ) qUAHY AP BL ATHO
o AAel £Eg ¥er) HEE AFREHEY. 283 199539 Amocot Haldor
Topsoe7} TFCZ 50 kg/day Fo|RE 7E7IXY 7N Es #gsy dAE 2
395 E A5kl 719 APALE A& A

Yol = IEA (International Energy Agency) F% cl;
o JdEo A ZAANFAY FENFTH F BEFE5H AUA
Folste 8 Fol itk FHolAe] DME #¥d A< 199597
HjZo] 2.2 DME AR AFs|Ado] AVL, BP, OTTA A LEHEA EZAZo=Z
FEg 7] AAsgch. E3] #1731 DME Workshop(200013)& AVL Powertrain
Technologies Inc., Plymouthol| 4] 7§HEHA DME ¢8 ZFAX¢ 7] &7
A AZIE wrREsA HAT. AVLe] #g DME 3L fAdddze] Hlste of
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OWE Production Process Reforming Unit of Syngas

KOGAS
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. Reaction heat Free energy, 4AGewk
Reaction
(kcal/mol-DME)  (KJ/mol-DME)
(a) 2CO + 4 Hy; — 2CH30H +43.4 +90.8
(b) 2CHsOH — CH3;OCH; + H,O + 56 -10.7
(¢) CO + H:O — CO; + Ho + 98 -16.5
(d 2CO + 4H, — CH30CH3 + H.0 +49.0 +80.1
(e) 3CO + 3H; — CH3OCHs3 + COq +58.8 +63.6
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L o

Conventional Two Step Process

Pretreatment
| Methanol [
Natural Sulfur _ |Reforming Syn Gas Dimethyl
gas removal | Uunit ] (CO+H,) Ether
(DME)

New Direct Conversion Process

* Direct Process Eliminates Step
* Cost Savings
* Scale-Up Not a Problem

%8 3. DME Manufacturing Process

o] Haldor Topsoe &3 DMEY d8%5%9 DME £ o AZE & ¢
T ¢85 TF9 DMEE ¢ DME, W&g, B9 E£¥E°] € & UH
Amoco/Haldor Topsoe/Navistar/AVL <X AlH& F 7}%] A8 BFo] 7]Zsto AA
HAo



" Natural gas

A

L » | Desulfurization
Oxygen >
Water > Recycle
hydrogen
Reforming
Carbon
dioxide
removal
Oxygenate
(dimethy! ether
and methanol) > Fuel
synthesis
\ Final
Water «———— purification [ > Product
unit
318l 4, Single~train process unitsE& AME8H DME A 4F 2x5?
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2 6. Flow Diagram of NKK Test Plant”
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| _ AH°(298K), i
-+ Reaction L Apphcatlons
e
1 COp + CH, — 20 + 21, - O\ioalcohols polycarbonates
formaldehyde production
2 CHs + 30y — CO + 2 -36 Fischer-Tropsch synthesis
3 CHs + HO — CO + 3H; 247 Methanol synthesis
53 CHy + 0 - CO + 3H, & Al He production;
CO+HO—CO + Hy eg. ammonia synthesis
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200 — C + CO, AH%0sx = -172.4 kJ/mol
CHy — C + 2H, AHozggK = +74.9 kl/mol
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1% 8. The results of methanol dehydration over various acid catalysts. (Amount of
loading catalyst=0.2g, 20~40mesh; N; =360ml/h; WHSV=4h""; Reaction
temperature=523K)

(C)) HZSM-5(30); (A) NaZSM-5(30); (O) V-ALOs.
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719 9. Effect of reaction temperature on methanol dehydration
(Amount of loading catalyst=0.2g, 20~40mesh; N, =360ml/h; WHSV=4h'1)
(L)) HZSM-5(30); (&) NaZSM-5(30); (O) v-ALO:.
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1% 10. NH3-TPD profiles of various acid catalysts (Samples were dried at 873K for
2h in He stream. Ammonia was adsorbed at for 10min. After evacuation at 353K for
1h, TPD was measured from 353K to 873K.)

({J) HZSM-5(30); (A) NaZSM-5(30); (O) ¥-AlLOs.



3 8. Results of the NH3-TPD experiments

Catalyst - HZSM-5(30) y-Al1203 NaZSM-5(30)
Peak type* LT HT

Temperature of peak center (oC) 188 421 183 181
Area(a.u.) 6576 2866 3010 6983

Total area(a.u.) ‘ 9443

Distribution of acid sites(%) 69.64 30.36 - -

Note: Samples were dried at 873K for 2h in an He stream. Ammonia was adsorbed at
for 10 min. After evacuation at 353K for 1h, TPD was measured from 353K .to 873K.

* LT: Low temperature peak; HT: High temperature peak.

HZSM-59] SVAlY 24 WM TALS AE7h AHHEY WA
4E BSARET HIAYAY @RS 19 6] HAZAT olHF AFE 3
Aqke] AbHel] 7]203 Ao g 18 120]4 Riule}l o] NH;-TPD A EA3}o]A
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¥ 11. Effect of SV/Al ratio on methanol dehydration.(Amount of loading
catalyst=0.2g, 20~40mesh; N2 =360ml/h; WHSV=4h‘1; Reaction temperature=523K)([})
HZSM-5(30); (&) HZSM-5(50); (O) HZSM-5(140).
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19 12. NH3-TPD profiles of HZSM-5 zeolites (Samples were dried at 873K for 2h in

He stream. Ammonia was adsorbed at for 10min. After evacuation at 353K for 1h, TPD

was measured from 353K to 873K.)
() HZSM-5(30); (4) HZSM-5(50); (©) HZSM-5(140).
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28 13. Coprecipitation Apparatus for Methanol Synthesis Catalysts



Coprecipitation Method
(for Methanol Synthesns Catalysts)

- Cu{NO,},-3H,0(aq) T

~ Zn(NO,),-6H,0(aq) 400 rpm t.‘.ontrollmg to pH"? :
Al{NO,),- 9H20[aq) rm. temp. Remwe slurry from reactor .

~ Na,CO, (aq) : (in reactor) : ~

Drying
.‘-———-—
1207, 10hrs.

Calcination

350°C, 5hrs.

& 14. Coprecipitation Method for Methanol Synthesis Catalysts
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Bifunctional DME Synthesis Catalysts Preparation

Calcination
3507, Shrs.

“

Tabletizer

¥ 15. Bifunctional DME Synthesis Catalysts Preparation
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8 16. Gibbs free energy of steam reforming (SR), water-gas shift (WGS),
partial oxidation(PQO), carbon dioxide reforming(CDR).

TE3 CO/CH > 18] ZAeNNE o] F7hgtel wet wwe] A2
Aa3tE W] oltstekd AREL FUMPY. EEF Fi 58 A
2 sz $ge Zrlsted, olAL Sl weh FAvEA
Fol o frgsl A7) W&ol
Hge] oldsteta MANELE 85 F&o FAE F& XEAAAN FE oyt
o ZE2He2 §&% WA ven olidsigis siEld o] whgo] A=t
W EH{[Daog(C-H)=104.8 keal/mol]ol] H3] o]atalgbio] & 2] o 1] X [Dys(C=0)=127.2
keal/mol]7} H © Z7] W] o]itslerae ) %Z}D’rﬂ 7} dwrzo g &G
AZ 48R Ad. |
Martin §-& o]atglgta jANSe] e e ojxgurie 3z FHHHYo F
83 g gA ol offo] Ax Fe olisEh AAWNE WFIIEES AANG
pig=



CHyg = Crpy + 4H(y,
COy = CO,) + Oy
Ca T Ow = C0x
CO = COy

2H 5y = Hyy

o] ¥k-g w7l Ed dEW FAH d42Fw 2ihFe v 9 2¥y} 33 YA
I gkl #Ee] e ¢ & Utk

Haldor-Topsoeo| A= & 7|@ W&o ASAZ A FF7]e) oSt ihE T A
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3 FATEE Az A 1AFH o2 $£F57] AR 23}

1 A8 olgd WS Tt 2 &l tE AdA
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A ICIA}o A £ GHR(Gas Heated Reforming) &3S /NEdsigoew, 2o}
Aol HE5x Jok. A WA GHREFAGNA 970K, 40baro| A 75%<] W g
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1% 17. Schematic representation of autothermal reforming.
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3. Ni/Ce-ZrO 7| Sl 9] olitatgha: 7R a3

STHAY FHAA E o ALOA EAEC] /A ®HE TAHAAMY FEALE
A3ty g AdaEHol 3 E3] Nila-ALOs 9} NiMgALOs FEL 57 ME
FAAAM AMEEHAT Y, o]E &S olisieh E WEde A#4T
coke FAHSZ <3 AT F gle ©Hol Aok NiN-ALO; FHuje] Afddle v
-ALO; EA Y aL2olA e EF B éuﬂ% of 9 /A Rkl AMEET] o
Hot o] i3t YoloFE a-ALO;E 9 AMH3} ¥ub ofyE} pore clogging® E
AEE sintering? XV AAE Q13 %}*é w3 Wdlel e ¥uy TXE
252 APdAoy M o™ ATIMEV-ALO; BAE 6-ALO;Z HET
Ni/B-ALO; ZvW]E A %235 POMe| LA AT, 181}, Ni/f-ALO; CDRo&
38 A Foh webA, 8-ALO; $lol Ce-ZrO,E 215t CDRojA &4 3}
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A3 YA EHAL ¥ 9 ~ ¥ 119] 2950} th NiB-ALO; (160 m7g)e] ¥
HAL 900°Cl A 6417 B IAEdte AZHYOZE NiN-ALO; (219 m/g)E
o} 2t} Ni/Ce-Zr0,0-AL0; 9] EHAL 150 m¥/golw, o] ZulE AlojolA 7%
e BUHS Yen ok adx s, BET E939 AFHAe de
Ni #9849 AL vl ZAFS Yepdth NiALO, 49 A=/ ta9 &4
o mE& HAFE Aotk

Ni/v-ALO3 > Ni/8-AlL0; > Ni/Ce-Zr0,/8-A1,0;

i 9. BET surface areas and metallic Ni surface areas of supported Ni
catalysts (Ni loading = 3%)

Catalyst Ni/Ce-Zr0O2/6-Al03 | Ni/8-Al03 Ni/¥-Al:03

BET surf.
e 150 160 219
area (m“/g)
N surt 0.44 0.25 0.19

area (m%/g)"

“Estimated from N2 adsorption at 196°C.
PEstimated from H: adsorption at 50°C.



i 10. Characteristics of Ni/68-AlO3

) ) . Surface area of Average
Ni content | HZ2 uptake Dispersion . .
(%) (umol/g-cat) (%) N crystallite
0 ° O
(m2/g) diameter (nm)
3 3.04 2.16 0.25 -
6 1252 4.25 1.02 22.8
12 30.07 457 2.45 212
15 41.11 464 335 209

i 11, Characteristics of Ni/Ce-7r0Q2/8-Ak0s3

Ni content| Hp uptake |Dispersion| Surface area of Ni | Average crystallite
(%) (umol/g-cat) (%) (m2/g) diameter (nm)
3 538 353 0.44 -
6 1350 470 110 20.7
12 32.86 496 2.68 196
15 42.85 499 349 195

TPR £23te B0 AAE Ce-zr0,8] duizEe aus Qg &
H 18). Ni/B-ALO; 9] TPR F4& dutzo=w A Ao 4A3s &d A=zE &
o] 71918} 1A o] (peak maximum =

2

ATH?. 480°C W3 =

A2 NiOF 9] gl

480°C), 640°C W=+ 7stA @t A543, complex NiOxF 9] B 7]

3= 1] =o]v(peak maximum = 640°C), 123 800°C A+ NiALOse] 3

$Hpeak maximum = 800°C)¥] =8 HHEHch

39 —

AATH

Aol 2]
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8l 18, TPR patterns of supports and catalysts: (a) ¥-AlQOs,
(b) 3% Ni/v-AlOs, (¢) 8-ALOs (d) 3% Ni/8-AlLQOs3; (e
Ce-Zr0o/8-Al0s, (f) 3% Ni/Ce-Zr02/8-Al03

o

V-ALO; ¢} 6-ALO; 4% ZF 99 2& e o mas #EAHA gevh w
Woll, Ce-Zr0./8-ALOE 700°C REZo| A Ce-Zr0,8] o] 71Qste Has RoF
c}. Ce-Z10,9] &4 oAE 640°CRZNA BF @ & AP a0 e, 20,9 &

AL AR F1, Ce00] FUL 880°Col & = F Uttt n2oAe vz
o] o]F-& Ce-ZrO; 9k 8-ALbOs Alolol| e gk Aaapgo 7]ATr

Ni 2R &3, NifCe-Zr0/8-AL0s2] TPR Sj€S 28 19¢] Uehjich
2% Nio] @A " Zu]E NiOx and NiALOso| Zt7 BHE F /e 8¢ HAE
B & Qo XA™E Niox 89 H3E 3% o9 Nio] @xd FujdA & +
ok 6% X E-E 15% Nio] gX8 Zujgere] &4 saze e J=2E £
Aoy, AAALL AHA FI = shoulder2A eI}

4y 32
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38 19. TPR patterns of Ni/Ce-ZrO.,/0-Al:Oz catalysts with
different nickel loading

a8 208 Ni/Ce-Zr0O,9} Ni/Zr0,9] X-d 3& 84 Axolth Ni/Ce-ZrO,o) A
Ce-ZrO; €A sAHo=Z A (tetragonal phase)F o2 BFH AT whA
Ni/ZrO,&=  ©AFY Al(monoclinic  phase)d o2 #&EFHAT dwgha], Ce0,9]
incorporation & 2 Q18] A SA EHHo| Frlstn 22 Q3] F2FHA 4 #HIE

a9 218 WhE Fol FAAIZ] NilCe-Zr0/8-ALO; Zuje] X-H 33 24 A
€ UEFIHNI loading = 12 wt%). ¥hg F9] EUHS’% FAA Fuf Apole= X-A
34 4 237 A ZAo)E Holx Eve S ¢ F Utk XRD AHEHY
2 445° ¢} 51.8°9) aPEtE Has 4 YA %Jilé}uﬂ, U 25 g@A
ERYH Yeue HIEZA 43S 3EE 5 AT



t: tetragonal phase

Ni/Ce-ZrO2
SA = 39.5 m'/g

N

Intensity (a.u.)

Ni/zro,
SA =12.8 m%/g

At

A . L " L " [} . i a 1
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26 (degree)

8 20. XRD patterns of Ni/Ce-ZrQ, and Ni/ZrO: catalysts
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348 21. XRD patterns of used and reduced Ni/Ce-ZrO./8
—~AlO3 catalysts (Ni loading = 12%).

FT-IR AL quartz vacuum cell WF o] Ni/f-ALOs$} Ni/Ce-Zr0»/8-A1L0; Z1j
9] self-supporting waferE A3l AFZAX9) AR 2vigd AAZ € F
FAYE R 48 #8549 IR 2HEHL 10308 ¢ CH/CO, EFJ7HAE
FFHAZ 5 A3 ymd) £@3 Fo 71231 TE Nif-ALO; ZujAtolA] 1300
~ 2100 cm’ Atele] FZHAN de IR AsEdL 2226 YEhRATH Nifb



-ALO; Euje] IR 2HEH waw 1379, 1597 cm'dlA JElUYE F5deE
formate (HCOO)ZE o 712038 *??, 1560 cm” oA shoulderZ UEl}E E4us 3
Y8 F% Niol CO7F 2%3ld UEd 4 S+ monodentate carbonateF O 2

asymmetrical CO2 stretching®] 7)913ch 1400 cm'olA YEhYE F4dE
symmetrical CO, stretchingol] 7]213}+ monodentate carbonate =of & FEc}. =3
14407} 1650 cm ' oA JEUE F2uEs NiO/ALO:d| COE Fas w AFPHo

£ 4 ¥ bicarbonate 3}8E 02 A] 1440 cm’9] F4u]e asymmetrical stretch
carbonate 3}8tF o] sFslH, 1650 cm’ 9 &4 u]: symmetrical stretch carbonate
Zol sigEn. 2068 em” AN FFEWE Ni A A Aoz A¥E F
ZE linear Ni-CO 3 8tzo] digddut. 28lxm 2068 cm'el F4ule brldged
Ni,-C=09) 7)elstt}. &% Ni/Ce-ZrO,08-AL0s3 EZuAtol A 1300 ~ 2100 cm’ A}o]
o] FHAAM ¥de IR 2"E"e TY230] UehAch NifCe-ZrOy/8-ALOs Zrjj <]
R 2FEHJE Ni§-A203 Fwrjo] IR 2HEHHR FAFG FHF] g 2345 o
A 1379, 1596 ecm'e] G Hox FHE formateF T 1655, 1440 cm'e] F oA
39 bidentate carbonate®S A3 1390, 1560 cm'o A 22 Niv} C027]- ]
313l 9F=o} 2 monodentate carbonate® 3 EE £ UTh 2065 cm1 g9
A Nio] 4802 A%E CONI-COE #AE 4 JQth. 223, 1920 cm” FH
A oFgE 1719 bridged Ni-CO7} #FH AT ¥Hg2E0) mE R AHEYS] W3}
AR A, Ni6-ALO; AL Hhge w7t 700°CE =718 w  bicarbonate &2+
2 EEIAHNIL formate FHFL Eujx o] F2H AEz Fob AU 27
3 linear Ni-COZ 3} bridged Ni,-COZLE vlR71A 2 A FF zlo] glo] 2S 2wt
TLEE F7/MAE FAE AHE Fol UJATh NilCe-Zr08-ALO; Zvje] it

5ol @& R 2HEYY FLoe g2 EE 500°CoA 700°CE F7HIR S

bicarbonate® 9 A] Ni/8-ALO:o] Bls]l dAsA SE3] 3, formateF GA
Ni/-ALO;9] AL Hl3] JAsA GdES FHJh 3 linear Ni-COZ 7} bridged
Ni-COF = phI7HAR neolA dE8 HAoh webA Ce-ZrO2 F43 Ni X
Zujo] F3 wAYUS B3I Ni B4 Fujele] @A zpole v Zo] 4HT
4 St} olet e Abye oA 9] H, pulse chemisorption Z 3ol A 213} ¢l%
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e
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3% 22, FT-IR spectra between 1300 and 2100 cm—1 obtained over
Ni/8-ALOs catalysts after exposure to the CHy/COz mixture for 30
min at various temperatures: (a) 500°C and (b) 700°C
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28 23 FT-IR spectra between 1300 and 2100 cm~1 obtained over
Ni/Ce-ZrO2/8-AlOs catalysts after exposure to the CHs/CO2

mixture for 30 min at various temperatures: (a) 500°C and (b)
700°C



3E 129] Ni/Ce-ZrO,/8-ALO:9t Ni/B-ALO:Zw| 9] Ni 2py, AAY] A=}
F9HY YA =& vehdu. dubHel Nioe AR e 854.4 eveld wha,
Ni/Ce-Zr02/8-AL0; Zw]9] Ni 2ps; AFNURAE free NiOE2 EA 7]dste
857.2 eVolt}. NiB-ALO; Fvje] Z$-ol= 857.0 evoln Ce-ZrOyd] FA4E UA &
A Zuj7} 0.2 eV7E U & AU AE ZrETh ol AL Ce-ZrO,E pre-coatingd &
o TPR #A A7) A olw] Felgt v} glKo] UAFR FA7e] 43 J528&g 3t
A SeE Ueile Aelt Tejln ¥4 YAe FEE Hlus) BY Nib
-ALO; Zujo] H)8] Ni/Ce-Zr0y9-ALO; £uj7} ] && 2L B & grh o1 Y
Aol Ce-Zr0y A4 WREE HYEH W EAste YAY <ol A
Uebdo. @etX Ce-Zr0,F F29S Wl o] ol AgAoz 4 F A =
ot FA =1 wmEtA 3We 848 238 5 o

i 12. XPS binding energies of Ni 2ps» and Ni surface concentration data

Catalyst (Calcined) 9% 9% Ni/8-AlLO
awalys aicine
v | Ni/Ce-ZrOy/8-AL0s ° 2

Ni 2p3z (eV) 857.2 857.0

Ni surface concentration

2.6 : 3.4
(atom %)

¥ 2494 YA ZA Fujo] whHT ¥hEF e Cls o XP AHEF S H|IL
] Yl 899 NiB-ALO; Zu|} Ni/Ce-Zr0,0-ALO; e Znjol 7
Sole ALdxr FEHoA AslEe] UG 289.6 eVel  carbonate(CO3)E 9}
shoulder I = 9} 284.6 Vel C 1s 7|1 937} SAHA &7 AH YT vido) ut
SA1Z1 Ni/Ce-ZrOy/6-Al,0; Euje] Aol Ce-ZrO; FH7IE EHQ carbonate A
o] Nif-ALO; Zvjol]l ®]3] HA FP=] 800°ColA 20Xt &<t whEA]7] Fo
Ni/Ce-Zr0,/0-AL0; &1 E R carbonateF 2] shoulder Y37} ©l Z3tAl ettt

283 AAHA C 1s o XA FHA 2HEFLS §A Ygptth ofRAL2 g8t
o FuiEH FAHA ZAE Ce-Zrdd FH7IZ Ce0rd &2 AAnTFFHORE
CO7t B FZAFHW A28 aapxog FFFOIEN carbonateF O 2 AHEH o

A7 =3 AL ASE Aoz 49 4 gtk
dhS-Hol FAd¥® Ni/6-ALO;, NifCe-ZrO8-ALO; Fmje}l 20 Aj7HE<F vH§359]



Ni/8-ALO;, Ni/Ce-ZrO,8-ALO; A} Hul7 T YA F& g9 4 9 Y
A F& 429 =27 a3 i Fo AAE gaFe F4e vasy] A8 5
3. FYE NiB-ALO; Zmje] TEM AR AL 19256 Jehlidoh Y
A g5 4R BF YA A71E 30 nm AEZ Fe FeaH FHE vegn
aga JA F4& SR E3d ALO; THE vud EuAAes BAaE e

#F 2 5 3+

289.6

Intensity (a.u.)

e

L " 1 i [} i | n 1 A H

A 1 5 1 i
294 292 290 288 286 284 282 280 278
Binding Energy (eV)

03 24. Cls XP spectra obtained over supported Ni catalyst: (a)
Ni/8-Al:O; (reduced), (b) Ni/Ce-ZrO2/8-Al0s (reduced), (¢) Ni/8
~AlOs after the reaction at 8000C for 20h, (d) Ni/Ce-ZrO»/8-Al20s3
after the reaction at 8000C for 20h

Ni/B-ALO; ¢ HAFH HES HH, ALO; WEYA WA Hrbkd A4S 9
Ud dxte] AL #FZS 4+ Utk 28 262 9" Ni/Ce-Zr0y8-ALO; vl
o] TEM AR 3 HA3d gjd& Jepfidt. #9498 NiB-ALOs Fvje] TEM A4
I Hlasle B v Ce-ZrO2E FARE W w9 F& F2H FHY U2 54
Aol A(FHTEF YAA7) = 20 nm)E 7HA3 FA Y FHRHoZE Eitol & H
g TEFY & JATh Ni/Ce-ZrO8-ALO; o] A=A 3 HEE Nif-ALO; Zvj
o} npR AR ALO; WEZ2 Fdd HA7td 2AAL ° UA gxle) 4L B
qFAt. A 2047 T WFEF o] Nif-ALO; Zu 9} Ni/Ce-Zr0/0-ALO; Zvj
o] TEMARRS 29 273 2§ 28¢] Z+Z et Aot NiB-ALO; Fuje] o=



50 nm

ad 25, TEM photograph of a & 26, TEM photograph of a
reduced Ni/8-Al:Os before reaction reduced Ni/8-AlO3 before reaction

—
50 nm

12 27. TEM photograph of a & 28. TEM photograph of a used

used Ni/8-Al,Os after 20h stream Ni/Ce-ZrQs/8-AlOs after 20h stream



§helo] Ni/Ce-Zt0/8-ALO; Zvjel ZAeole Mg Fejel BAWE Iy 717
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100
o 8o0F ——15% Ni N
z ——12% Ni
< —A— 9% Nj
- 60 - —o— 5% Ni ]
o ! ~—#— 3% Ni
z
S 40} -
O
Id‘
(&) 20 F .
O 'y } i - 1 i 1 a
0 5 10 15 20

Time on stream {h)
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= 1.0/1.0/3.0, GHSV = 60,000 mV/h-g, T = 800°C, P = 1 atm)
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<3 2-1> Comparison with projects of DME Direct synthesis.

Air products &

Research Institute NKK . Haldor Topsoe
Chemicals
Feed Gas Coal gas, Natural gas Coal Gas Natural gas
Gas Ratio(H/CO) 1 07 2
Reactor Type Slurry Reactor Slurry Reactor Fixed-bed Reactor
Reaction Condition
Temperature(C) 250~ 280 250~ 280 210~290
Pressure(atm) 30~70 50~100 70~80
Reaction equation reaction{2-5) reaction(2-4) reaction{2-4)
Single Pass Conv.(%) 55~60 33 18
Final Product DME: 99% DME+MeCH DME+MeOH
(DME: 30~80%) (DME: 60~70%)
Research Status 1997~ Bt/d bench 1991 4t/4 pilot 1993~ 50kg/d bench
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<a¥ 2-1> Equilibrium (CO+Hs) conversion to DME or Methanol as
function of pressure at 553K,
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<29 2-2> Concentration Profiles and Notations.
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E£o v MEZ 23, o] 272 mechanistic steady statez} F-Et} <18 2-2>A4 FoH
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R, = kyag(C*-C1") (2—6a)
= kyag(C¥%= Cy) (2-6b)
= kgya,(C,u,;— Cy) (2—6¢)
= pk,,w( Ci— Ci,.) (2—64d)

R : overall rate [mol/ml/s]

Kgi : mass transfer coefficient in gas [cm/s]

ki : mass transfer coefficient in liquid [cm/s]

ki . liquid-particle mass transfer coefficient [cm/s]

ki : intrinsic reaction rate constant [ml/g-cat/sec]

ap . gas-liquid interfacial area [cm?/ml]

ap : specific surface area of pellets/particles of catalyst per unit
volume of reactor [cm’/ml]

w : catalyst mass per unit volume of reactor [g-cat/ml]

n . effectiveness factor based on pore diffusion limitation [ - ]

G : concentration of i species [mol/ml]
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BEHY o5 @2 &4 Erlssieg hHE o2 doj-of st} mechanistic
steady stateol] 93] 7} @AY E2 Ay &5= AZ TUsitn /PSS £ gorng,
2t dA AN dojRle EAAY &ne 2ua & ¥, 4 (2-6a)F (2-6b)dl| kirchhoff
additional type ruleg -&3lH 3 28 & EF AG AlFo] TAT o] dojA

.

R, = — 1 ———(c¥-Cy
+
klz'aB kgz'aB
= KLz‘aB(Ciig_ Cua) (2—17)

714, Ku [em/s]& % 24 A9 AFolth 38420 SHANA Kuase A7 ANt
AN 83t ape) R AR o BET] B Ky BEOR 2ol AS
Bt} 2}F 2Qlth A(2-6 a~d)d) kirchhoff BAE 2&314,

_ 1 g _ _
R, = 1 1 1 (C%— C;.) (2—-28)

aﬁ(—%’l) 0, = w (2—-9)

4 29 4 (2-8)d AP, OeT 2e Ao =k

R, = [‘1;(77}@#-1— g;zl’)ﬂ Kle_a'B)]_l[ Ci¥= Ci.l
(2-10)
Ciig : physical saturated concentration of i species [mol/ml]
Cieq : concentration of i species at chemical equilibrium [mol/ml]
Krias : overall gas-liquid mass transfer coefficient [sec]
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(a) The case where the
overall gas-liquid mass
transfer limits the overa
kinetic rate

D C/R

1w

(b) The case where the
overall gas—liquid mas
transfer don’t limits the
overall kinetic rate

D C/R

1w

(r ,d/6ky) + (1/hk)
{ ¢) A Graphical

representation for
determination of K, 4,
and K;

D C/R

1/K ag

1/w

<Z1¥ 2-3> Graphical expression of various cases of

rate determining step.
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2
oJ7]A], Re = Reynolds Number = .ﬁf_%ﬁi
!
N?d,
Fr = Froude Number = T
Sc¢ = Schmidt Number = —Fr
1D co
Sh = Sherwood Number = Kpapd
D co, !
Rg = Reciprocal gas flow Number = ——E—S"—E—&
T
Ar = Agitation Number = —A—;-q’i
g
dl = Impeller 27 =39 en
g = %9 Jlax = 98 ™%
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Preparation solution of Cu(NO,) - 3H,0, Zn(NO3)
6H,0, AI2(NO,) - 9H,0, and’Na,CO, -

4L

Mixing aqueous solution of metal nitrates
(based on ratio of metal weight)

4

Titration adding dropwise to distilled water
at 70°C, pH=7x0.3 under continuous stirring

L

Aging for 1hr under stirring at 70C

4L

Washing using distilled water

1L

Filtration

L

Drying for 4hr at 100°C

Iy

Grinding & Sieving under 1004m size

iy

Calcination for 6hr at 350°C

<ZL¥ 3-1> The Procedure of Preparation of Catalyst by

Co-precipitation method.
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Gas out

Thermocouple

GAS in Cooling line

<219 3-2> The Schematic Diagram of a Slurry Reactor.
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1. Vent Line 10. Filter

2. Liquid/Gas Separator 11. Oxygen trap

3. Cooler 12. Reduction Gas

4. Dry Gas meter, 13. Reaction Gas

5. Recirculation Pump 14. Pressure Transducer & Indicator
6. PID Temperature Controller 15. Motor controller

7. Reactor 16. Back Pressure Regulator

8. Mass Flow Controller 17. Cooling Line

9. Check Valve

<21¥ 3-3> The schematic equipment diagram for DME production.
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MEP = mathanol productivity + 2 x DME productivity.............. (3-1)
£3, DMES wghgd] oigh ddxe o3 o] Aojsto a3t
DME selectivity to methanol = 2 DME / (2 DME + methanol) x 100.....(3-2)

1231, DME A4 588 o83 Zo] 734t

DME yield = 2 DME/(2 DME + methanol + CO, + A4 hydrocarbons) x 100....(3-3)
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<19 3-4>9) 50 kg/day

€ WY 40kg/cm’, 2% 400°C, WEH 402 ¢ £ w712 whe-7)¢} A
o] Az FEoz ¥ MA3Ath ke wEEue} wiAoil: ¥ F e
hopper, ¢HWH(32kg/cm?), FEA, wul7), 71-d E2j7|7h AR dx)5jo} glow,
LEE A7) A5l we-7le] &S 2749 AV2E HAEAL, SEE Aold F U
T& §hE7] F30ol| RTD 2 AXME MR8t om, ¥h8-7] stdkel] sfxoile] &
A& YUEE 2T ANE 59T, Tu7loE 4719 =8 o} wyt ERE =
A, =9 7+ 4552 9t Alo] BFo= mass flow controller, 343 display, 2%

controller, WY+7] speed controller, B4 2Y A& HAA]etATH

1T

<29 3-5>9 50 kg/days H4 &eje] vhgol o3 DMEAA 434AE vedioh

g 729 3 JtAE w2 295 7] Ao mass flow controllerd] o8] U3
THFOE AojE 1, Jkae ¥HE7] UFe] impeller FZollA E=UH| impellere] 37
ol Bk 2L 7|29 AR WS wH(oil) & BT

WS BdolE Wke oES §X)517) Y8t g9t A7) (back pressure regulator;
BPR)E AR50, o]& AXA Uw 7kae A4 AER 71 A4ES Bl
95t 0Colet2 FASIL e §5719 71- 2718 FIHeF stlen, 71 44
=9 FFL 1Y AR S48

714 BB A4S 98] GC(gas chromatography)E o]&3ston, Bauye 43
Qg &8 g Aok 24 729 %%—% 7] $i8te] W-&7]91A sampling porto]

P
] 2= 3 heatmg tape— 0]%—0}01 TE %X] 0}93\‘;]— GCE«] 7 -rr‘ﬂ = t—’}’ ] 9
3 E71AAL EFS AHESIE LR, f%E 50ml/mino] HES w4 24 WHE
sto] zAslgm, 1 9o AATtAE Boll BAMIA vent 33ich
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Separater
hopper
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Stainless steel
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AAAAA
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<1¥ 3-4> The Schematic Diagram of a Slurry Reactor

of 50 kg/day.
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7 G/L
Safety Separater
32kg/em? hopper [vemt
V-9
water
v-10
v-11
MFC V-2
read/out <]
; <R
\T/:L/Tizr T2 =T ¢ “—7\%—%— o
—D<— .
il e g
DQ: <D<
(0]
o 8 8 o ' V-8 Ar\:m V-7 V-2
Main motor Heat @Q. _—-—| > I——
coooed
Control XYYl vt
Box Sus 304
40000cm?®
0 Z
Ar/H2  H2/CO

<% 3-5> The schematic equipment diagram for DME production

reactor of 50 kg/day.

- 21 -



DME Az Zxe 2& 2 $4E7 dEd 28 fgstelor g k=9 52
& EA7kaQ] COst 7hadA 7hadd FAR vig APsld F95 889 CO, Hy
DME 5 #4o| gle 28AE Hdaste] Abgsteiot gk 50kg/days W84 A2
of] 2291 sus304, sus3l6, ©47 F& oy WM ks rh & dArelMe 48
Hgh&3 DMEE ventAl711 910y, 44 DMEAZ IR e A7k SoA wg
&7 DMES] £3, vlgt&3 DMEY] g8 93 Fx)7} Fast, DMES] A4S $13)
ME A% B39 AAd A nejrt Basi

50kg/day g N4 €8] vjAoil£A mineral oilg o]&3ct viHoils <1y 3-6>

° £ Houy, veg 34 Fvile 2 SuiE Al FA v ve
Z loading & @3t loadingdtl, ¥Hg & Hgolng, §uf Yo #U 4kl o
FOAAEE EH3EA, 5% F47 FHE AL kS FEY 120T oM 147,
At ¥h HHE Al s
112 7tE £% 7kA(Hy/CO=1)E 9RE ©
AL, FFL T AL B E9) AFFY sk 7<) GHSV(gas hourly space
velocity)& 3200 cc/g-cat./hr2 8}, ¥hg 7}AE ©9ldle] W L5 250C, W
AL 3071908 FASHEA ¥H&S /NAStGt. DMES] §4 989 71A 2 44 A
AES S AR F B AR 29T w7bA] 5A17 o] ZPAIR & 4 AIRE 2HA

o2 GCE o]&3ly B34t

A W £ ¥hg7ld Eorvke 7k /R 24 2 HEHA 41 vew 7t
ZRE AEIt 4 AHE HEx, vgdd g DMES A
%=, DME <%, vg& 34 A4z (MEP; methanol equivalent productivity)& 2]

- 22 -



4
ZH| 20|28 2(&8H¢)
25 :175°C
o232 1 4kg/cnf
K& : 5l/min
SHRIJIA 1 H, 5% A Bal.
.
2FEX
mMooo
1. JkA, 2IQl, W M3
2. AE ZBI(=0, 22)--
Cat. : 334g, A0, : 649
GHSV=32002}
827|128 3(DME arawig)
25 1 250°C
BISI|REIH SET —» o2 1 30Kg/cmR
25 120°C-1hr/175°C—1hr/250°C—10hr K2k 18//min
23 : dkg/en? / 30kg/crm? BE2DLA 1 H, / CO
MFC 1 : 18/min ~ H2/CO
MFC 2 : 5//min — H, 5% Ar Bal
Yes
A GC 0I2 4I0IH ==&
TCD : H2, CO, CO2
S XAl X , s
S8 FID : CH4, C2H6,
N C3H8, MeCH, DVE,
0] o3
clume : carbosive Il
Polapak Q
H2D|23 (&)
25 :120°C
—» | dkg/en?
S2F: 5l/min
EHRIDIA 1 H, 5% Ar Bal.
No
Yes
2dE=

<1Y3-6> Flow-chart for DME production method using the slurry reactor

of 50 kg/day.
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14 w4 oile) &4

B g7 A4 <elg] ukeo) uke iFoil2 AFR-3ME n-hexadecane, mineral oil,
therminol oil®] EAXZ 7} 0ild] &% w3t W& Fr % dx & SAHIHTH

<184-1>0) ¥k mHoild] 2% ®isle) 2 Fx HiE vehith

7 999 AEE Brokfiled-RV H% =73 %] (Brokfiled co.)& o438t 2455
t}. mineral oil#} therminol oil®] A% BigEs LE7} 27181 A ZAashe BES UE
W, AE Wshe Lxd et 27 FolAe 4FE Bolx gtk o F 298] 2E
Wil wE Axe wale A nled AFS Bo F1 9tk n-hexadecaned] 735,
A7t UR ok FE 599 ol8% 33 FN2E 2T & oA, dedae] Hel
BE dstd, 4 (410 Uebd Andrade equation® o]g3ted AsHgTh
n-hexadecane®] &% #W3lo] & A% Wdle FA WA ¥3, A HT &2 B
=

In (V) = A + B/T(K) (4-1)
7], A= -4.634, B=17000]t}.

250C o] A ¢] n-hexadecane, mineral oil, therminol 0il®] FE=+ Z}7} 0.25, 3.85, 4.1
cPoise 4§ 7HAh T8, <3 4-1>o Yehd A o] & AP AL 7 oile] H
Te 4% 43 2 dAg

<I¥ 4-2>9 yhg ujAoile] 2% W3l wE T WIE UEWTH

OYEE BE ¢ F Rl 7 LY RuE 2&vt UM wet Sk AEE B
431 Utk <a¥ 4-2>9 By ¥FE sz A4k 250ToA9] n-hexadecane,
mineral oil, therminol oil®] =& Z}7} 0.6, 0.69, 0.68 g/cc g 7HAth Ax A}
Datad] @WawW 25Co|A n-hexadecane, mineral oil®] W& ztz} 0.77, 0.840]4
therminol oil9] 7% 15T 0870t} o] & B Addla &3 3 n-hexadecane,
mineral oil, therminol oil¢] W% g 0.76, 0.83, 0.833} & Yx|sict.

<1¥ 4-3>0) z} ¥kg A oilo) A e] CO7l~el Sal=E Jelyrh
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e —

-+ Mneral
35+ - Therminol
—— n—Hexadecane
30 t
% Therminol (014=8}&t,40°C, 20)
3 /
o,
%m - <+— Hexadecane(ALDRICH,40°C,19.3)
§15 -
10 +
5t — Hexadecane(ALDRICH,22C,3.501)
0 A.\‘i\‘\lg— T 3
0 50 100 150 200 250
Temp.(T)

<29 4-1> Viscosity change of each oil with temperature change.
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Tare0

<18 4-2> Volume change of each oil with temperature change.
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<28 4-3> Solubility of CO gas in each oil
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Hebd, Ha A9 Ba7] 93 Bhe 2AS <E 41>0] AU TAAG 4
AAAE, BEG 17 HHE BHAE 6 S 449 FEE M AN =

& O} dohrt= & EEUMW delel HH FE Cooeqdt .ﬁv‘-’r EERE 2SS S

o AARE kaE Folof 3tk

7)-4 AR 23 FEE oil WA THEE Ay BEL oB0L §HS o), o
& 719 33t AR (H, CO, CO,, HyO, CHy, CH:OH, CH30CHs, n-CigHag) o thsjA
Qg FE S 7149 F7HEZE 2o 71- H¥(Vie) & i3 E5HE ALt
ojste] FHFHoloF gt et RuE 48ty dlolgjrt lFste 9} Ak ¢
FAo] olf7] il 23 & Coor ¥H71d £l F23 F AR E =513
of I LEE HIAA Lule] LEHE G B Sz AES Pt FAh
ditdo g 7l- Ao 714 Fo Zalssel AH Z9] XIFEE ME HHE oF

& Aol glo} Henrye] o] i3 of-2e) Tahwxol o5 729 Tahers 4%
sl WGP AoE Aolok sht, IR dolgY $Fow S 4P 93 TR
o) 23} FE £A8 ALY 2ol 2717 100me) F01E FAF £
WETNG) WEERE BRAYS) JFL WA G0N w3 W AT F25)

$&E] BANY A

€ Fuje] o] 5~10wt% °|3lRl AeE EFALASI A e

£ A Geg? od At 2AsY o] PJX ARE HE FE(Ccoeq 9t k= ¢
g9 Wit £ A4 81, ¥¢ ZujE 100mols}, 1250rpm, 40atm, 250~300C ¢
AY 22004 2R 13 1S £& BdS AL AY dolHE oY £3E AA o
SR, olF <ay 44> YAt

A trildoEz F4 T8 22 Bud W A2 Ed A @4 a4
2AoJA] external mass transfer rate7} TF2 mechanistic %¢! pore diffusion rates}
y

intrinsic kinetic rateo] H|3lo] AdjAogw ¥ o, £% 98 £TE external mass
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A

<# 4-3>9X Hole AAY, 1/kn9) Fto] dppp/6ksBETH BH A7) |iol -9 &
AES T2 SR &4 Aol d & gtk 2y 7 BF Aol A
&< A7 oJRE 1/Kuasd 1/wkae] e Hlms) Hofol 3k

(=

O A
o

o

ek =0.01670|2}4,
1/wks = (17.668)(0.0167)" = 1057.96 sec.
1/Kuas = (60/3600)" = 5.99 sec.

388, 1/wks > 1/Kuas & A7 AYEEE, 7]-9 E2 Agoe] & &
& QA HA ek 28y o9 loading(w)o] F7HE wie o]} vitie] At
Lrehdet.

o] F @& B2 AU]Y AFE IR Jorg, o] HdE 7)Y 5
F83HA "t o] ZA-$-olA intrinsic kinetics A7E 3ta dx I v FAE F

gl gick

$elE BES WSS9 FAHE S009 ) u2 Fojstel, DMES] WS&ws)
DMES] $3 434 ¢ ¢ojel $E8 AsA78A uad 3¢ <19 4-6>0) Uekich
#2085 3400 e B9l Folg WA EE o) 9 Dol $E A

& @A 3R e of Ane o183l Aol o8 U AY £ulE sEE
& & ok £, ¥87)0) loadingSe el o] 274042 ZYuIsE o HIAA
SEE DA A Bt A 2oz 48 A9 de 2 2de mas
transfer limitation®] §l& kineticg & ¢ A¥L HEE o] 0.1 g-cat/cc-oil o}3}

2 sk 2eld FEeA SR 7, 3 AIGE aeRe 1 SAUE B0

o
9} £dg £ 01~0.2 g-cat/cc-oilo| A &R} stk

AZ1EA o Be 47 HolEr }3?51017‘14- B drelr stz
A

TEY FFL FAHE scale-up T+ scale-down 3}7] YA
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<3 4-1> Experimental

composition(H2/CO=1).

scheme and operating conditions at feed

Run No.

Pressure
P {(atm)

Temperature

T (K)

Impeller speed

N (rpm)

Feed Rate
Vi (ml/min)

Catalyst wit.
W {grams)

30

523

800

600

2.500
5.625
18500
30.000

30

523

1000

2.500
5625
18500
30.000

30

523

1200

600

2500
5.625
18500
30.000

30

523

800

300

2.500
5625
18500
30.000

30

523

1000

2500
5.625
18500
30.000

30

1200

2.500
5625
18.500
30.000

553

800

600

2.500
5625
18500
30.000

10

30

553

800

300

2.500
5625
18.500
30.000

11

30

563

1000

300

2.500
5.625
18500
30.000

12

30

300

2500
5.625
18500
30.000

13

300

2500
5625
18.500
30.000
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Y=0.03365+0.04797X+0.00603X’

Amount of Solute(bar)

Q 5 10 15 20
Pressure(bar)

(a) Solubility graph as function
of pressure at 523K

2=-5.783+1.324x102XT+0.1945xP

10

Amount of solute (ban)

(b) Solubility graph as functions
of P& T

bt L
540 550 560

520 530

Temperature (K)

(¢) Equilibrium concentration
as a function of T

<219 4-4> Solubility of CO component in n-hexadecane Oil. >
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<# 4-2> Calculation of Kyas and ks

Run No. Reolmol/kg-cat/hr) Reo(mol/ml/s) wig~cat/ml) Lwiml/g-cat) {Ceo~Cooea)/Reo
56.955 0.0264E-05 0.0167 60.000 203
) 65.741 0.0685E-05 0.0375 %6667 78
19.078 0.0654E-05 0.1233 8108 82
15.308 0080E-05 0.200 5,000 63
46,297 0.0264E-05 0.0167 60.000 250
) 51.363 0.0685E-05 0.0375 26,667 100
21.343 0.0654E-05 0.1233 8.108 73
13297 S 0.200 5,000 7
45,062 0.0209E-05 0.0167 60.000 957
3 40683 0.0424E-05 0.0375 %667 196
20.466 0.0701E-05 0.1233 8.108 76
11732 e 0.200 5,000 | 82
50963 0.0278E-05 00167 80,000 193
. 31.208 0.0325E-05 0.0375 26,667 165
11.909 0.0408E-05 0.1233 8108 131
o~
8961 00408505 0.200 5,000 108
52.221 0.0242E-05 00167 60.000 222
. 35768 0.0373E-05 0.0375 %6667 144
13912 0.0477E-05 0.1233 8.108 112
7.948 COAIE—05 0.200 5,000 121
3416 0.0155E-05 0.0167 60.000 346
6 36442 0.0380E-05 0.0375 %667 141
13.163 0.0451E-05 0.1233 8.108 119
8495 S 0.200 5,000 114
75,648 0.0350E-05 0.0167 60,000 67
7 51.433 0.0533E-05 00375 %6667 44
15.045 0.0515E-05 01233 8.108 45
13825 S 0.200 5,000 30
65.422 0.0303E-05 0.0167 60.000 7
10 30513 0.0318E-05 0.0375 %667 73
10.844 0.0372E-05 0.1233 8.108 63
8553 S 0.200 5,000 Q9
72.961 0.0338E-05 0.0167 60,000 69
1 31.239 0.0325E-05 0.0375 26667 72
11332 0.038RE-05 0.1233 3108 60
6.446 - 0.200 5,000 &
68,692 0.0318E-05 00167 60.000 7
12 27.223 0.0284E-05 0.0875 %667 ; 82
11476 0.0393E-05 0.1233 8.108 59
7673 00426505 0.200 5.000 55
13.333 0.0062E-05 00167 60.000 977
3 8886 0.0093E-05 0.0375 - 26667 651
8.115  0.0278E-5 01233 8.108 217
6.6695 003TIE-05 0.200 5,000 163
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400
380
T o 300cc/min
8 v
= 250
x
g 200
e
5w
108
50
[l 10 20 3B 40 0 60 0
1iw (mi/g-cat)
(a) 250, 1200rpm
250
200 523K A
2 Ve
g 159 -
& /'/
g Ve
O‘ 100 -
ey v
9_ B i e -+
® ////5;;(
o
i 1% 2 3o 40 5 L k¢
1w {mifg-cat)
(b) 600cc/min, 800rpm
300
250
<
e
=
dw
<
100 4
%
o 1 o] 30 4G 0 83 b

1h(miig-cat)

(c) 250°C. 600ce/min

<18 4-5> Calculation of mass transfer coefficients
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<# 4-3> Mass Transfer Coefficients.

Run No.  Krpag(1/hr) ksi(x107%) dopp/6ksi(x107)  1/kni(g-cat - s/ml)
1 60 0.567 15.28 17.668
2 85 0.602 14.40 17.668
3 88 0614 1413 17668
4 37 0.599 14.47 17.668
5 39 0.558 1552 17.668
6 48 0645 13.44 17.668
7 111 1.781 487 10.338
10 77 0.919 943 10.338
i1 60 0.875 9.90 10.338
12 60 0.8653 10.02 10.338
13 28 0.1687 51.40 66.282

50 15
40 . —‘:“’
&g 05
104 A A
.
[ Y "R PR P P

w (g-cat/cc-oil)

<% 4-6> Overall productivity versus Slurry

ratio.
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i} #AATS o4 A4 34
B4 A2 A5 Bho] Qe FAY B4, 24 447 e /84 A4 2

=
2ehe AT FALEE AAs FE

Ak
K, d
LEB Sl — f(Re, Fr, Sc, Re, Ar,—5%)  (4-5)
ca,l My

4 @-5)0M dez ste &9 A4d9 dolge v 2ot

(1) n-hexadecane Oil¢] Yx*: Boussinesq approximationg ©]-&
O.T13 — 0.83656+7.2410 ~* T *
d714, Te AYLE K], p 9 @9% g/om’
@) oilg] Hx
# ;=0.01 exp(1.838955 — 4.166x10 ~37)
A7A, Te FHLE K], m o 99% g/cm - sec
(3) Oil-7k= AdA Oile] mwge™
S p= exp(4.5720329 — 3.79932x10 ~*T)
714, T U= [K], Sr ¢ @9+ dyne/cm

(4) n-hexadecane Oilol|d CO 7}A2] gag®

M 1/2
D o= EkY;B ( 7 ) (Mj) exp(—“’—R?Q@*)

16
€,=6 ( ) (E,p~ Eppp)=E s (1= (E 4/E ) V)

o7]X, Ax CO, BE OilgE

ear B B39 free volume 9] <=2 Le Bas Volume®™od] o3ta] A4

A BA AY F90) 71 Ake) Sl BASY B NEake r1aEH dpEs
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B : A= 843} ouiA
Epas : ko] &3} oy
Euit : Akermano] &8} A|¢te prepared holeso] #3F 3 E43} oA
Ea @ 34F A9 dlo]EolA] Akermand] 93] ZAAH CO9 3
(Eg— Epsp)= —132.386 R
(5) CO 7}29] A5

-5 VMT

o= 2.6693 10 ~°= 5 0

o=0.841 V P[A]

A7|N, Y g - cm/secolH,
kr/e= T/0.77 T.&] BA7} 43
Ve= 931 cm’/mol,  Te= 1329 K, M= 28 g/mol

Qe FAYS B L% ki/eo] =2lA Heke T4

oM NEd Belm AL AzsEn oA oktel AT FHo) TP olglth
2, JASEY EROIA o £& Aug wAE & g B A3 doldau
BT AH-eHT

298] 9e7)o A mEtEE EQte] vortexe] AL wWAEY] Y8, baffles A X|3HA
U impellerd] J7A& FA o, ak £ 8 Fo|1, o] 2 wi &% A+ Froude
F8 QA BAY 5 ek impellere] o3} 22HE A GFe YO AT
A FkAE, 7hAol 23 impellerd] £5& <8 7}2~9] hold-upd #oBZ
aeration EFE FAY & Uk A A @) olish 2ol Bd Fhsc

2
] a c “
Do, = K (Re) “(Sc) *(Rg) (—#/&)d (4—6)

WEEHE <8y ¥8Y s4d F2 ZHLEE local isotropy theorydl] AT
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Shinnare] A3 A7 23 dloE)E o]&sle] Y= ¥l A5 de 0758 1A}
o a8a, ditdez 3 Ag A4 sddo] A& H<e penetration theory, surface
renewal model B isotropy theory 59l o]&¢l A-%dd= ofels §lo] Schmidt 9
A2 094 0.541019] o2 7HFE 4 Slth ek, A (d-4)Me 2= FE Al
8.8288 2] (4-6)014) Eeld AA w3 %o &) o] &3 1HE F %
th 28Eg &% e 503K~553Kd A 2+ #FE] &% JEAE o3 A
stct mEbA] ohga ol 7 18 £ IS THEEIT

rlo
1<)
ko

Re oc T1,873
Sc oc T-4.872
Rg oc T0.806
(Wg/m) o T
DCO‘I oc T2.999

A (4-6)ol N 5o BT Ao F -0.156¢0H, o] F 88237 wlws £ wf 2 &
o7} glom, 32 B4 AY Afe o7 neHAN FALTOERH Lo AR
o 2% 234 A 48 Leve e ¢ F Utk 22 ojd Aoz @A e
A7|EAM 250 ¥FE 2 g 29 -
3 glojek @k ol mHHOA Lx WU UF £, 2E9 dF E3E 9%l 9o
M =Y E we 7129 7)E7} breakupo|y} coalescenceZt dold = 7] wEolth

aHEE #ANY $2 B4 A9 A5 9 L 458 H3AM 2= 9F%e £F
st71 1% BA JdAE nYske AR ALY 3
penetration modeldl] ZA3I 0.52 74 stk ® A (4-4)o M8 7kx A &= Hl9 A
491 119465 22 ¢Ju]<l Reciprocal gas flow(Rg) =9 A2 AHE-stAth

O,
)
&
5
3
&
%»
lo
A
B
fr o

tebA 2 B A AFe] 3% BANS o 2ol Hnh

T_ya 4=7)

= K (Re) “(Sc) *(Re) “(

o714, T, = 503.15 K
K = 43295

a =04774; b = 0.5; ¢ = 1.1946; d = 6.995
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2 719 BA AD A5 A (44), 4-5), (4-6)F A8t d&8 gk uBE R E

A48 27 oA vlmsle <F 4-4>0] Fslgeh =3 A= E 79 groupd] F
g AYslae 34 WSS WY 288 ZAae) ofg 2ES oL & S 9
ok 2 e A E 2Hog B, BEF AY AFLE o237 93 o] Ao 93

BT AE o] LAHE0] 4 (4-4)L 10.6%, 4] (4-5)F 23.39%, 4 (4-6)& 7.6%] TS
Zk=th

4 @5 AMHOE 2% B QAo thF 9FE TFHA %) MR o 4 o
o QolNE e FAA 932 ¥ 5 Yk

A (4-6)e A2ge 39, 27 27, TEl3 O AW S| th wgy] A2PeE
AYE ARAL A A AT S Aon Boh Qe ofd ERe 384 A4
S4e] AT 4 @63 B 4BA 49 4 a8 olHoI|E Sk Tt A
A S84 AWHOZ FHegols) P40l fAE AxHelNT FHATE Bek AY
sl=dlolrt AA Aoz dad, old 4uuA de 28 HHY FAAT AT 5 3
022 H8% 0 AP Bgo] 2 7HoA.
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<3} 4-4> Comparison of Kras.

Run No. Experiment Eq.(4-4) Eq.(4-5) Eq.(4-6)
1/hr
1 60 63 82 76
2 85 79 33 Ie5)
3 88 A 9 93
4 37 28 43 33
5 39 34 47 37
6 48 41 50 41
7 111 110 81 129
10 77 48 43 57
11 60 60 46 63
12 61 72 49 69
13 28 28 50 28

34 Methanol/DME synthesis kinetics

A7 AR RE Q] 7Aool tivddE|2e] Aol thdh kineticso] #3 =FE
FET] AAH wol Lx7L Hol ghou, dieAe Yudelsze] AR gl o
kineticsol] #& 9rEE AL 18] A gt} ol AN FA-AA-T A e 34 HES
Yoz, 9g7kae) MRy oF, Favka) e AFASY B, U
H 7k gEujade) vhg, dhguiA o 838 HTHAHEEY NNYeRY olF TF
o2} ©A9 mechanism& 1ok sl ool gl7] w&olch

L

neSE WSS G9%A 4uE nelstel 43Y ddol BT 4, L% 73
HRE 2950 o3 ABHE Ao eI kinetics® D] As) Lo

g 7ol 8F7solth A% FYSHE ole) 2052 Waz U8 Yeble AT
AR kinetic e Age] 9% EH Musdg PopE, wg APl
kinetics® 12 % 91& Aolth mebd To7k22RE DMES A3 ¥4 A, 28
YE AAGFH BY £ Fue) TP BE £& W, V5= 9F 5L
& HelHg Rog skl ANS FYsc

A
ok
Kl
X
i
2
>
4
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BAEY W7 FAVEREE e 4, Meee) g 3 93 gudd
HZ(DME), 47} whg-o] FAld] dold mjo] WA ES oS35tk DMEE A
Shahg-& AlA] HEshs WL E(300°Colsh o AE(G071Y
3 22 37)9] ko] mejE oo} Fith

r>v
ofy
fr
o
ol
2
e
r
(
oo

CO + 2H, = MeOH (4-8)
2MeOH = DME + H,0 (4-9)
CO + H,0 = CO; + H, (4-10)

N

F2H 3 WYL slAye] 49y 23 Aeole, 2 gAY HIRIA 2
Be] Ud B3 £AE BHEAA0} Bk o] ZANAE FF Y2AFAUAL Havt
Hojo} 1, eod dER T Wake Fol 2x9 1 00] sojo} Itk B
B APAE FAT ANEE LE, G 7 4R 2Aol0, of AAES W

= & A

of o HEY AFEE At

<3 4-5> Reaction coordinate representation for the feed and product.

Species Initial state Final state
Ha n°Hs n’He -2E; + E3
CO n°CO n°CO -E; - Es
Nz n°Na n°Np
COq n°CO; n°CO; + Es
CH3;0H n°CHzOH n°CH3;OH + E; - Z2E;
CH30CH3 n°CHzOCH3 n°CHsOCHs + E:
H0 n°H:0 n°H0 + Ep - Ea
Total n® n° -2 E
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B 1208 7 4ol BF 4R FAE <E 45> FYYrk

7} (4-8), (4-9), (4-10) Whg-o] Wkg- E(extent of reaction 1)& E; (i=1,2,3)2}a & u,
o g e T Po] Aol 4 gt

(4-11)

714, R #H84 % (gmol/hr-kg catalyst i) o]B, Xi= Zuju]&(kg catalyst i/ kg
total catalyst)g& ElIT]

z} gh-o] )3} kinetic datas FHO2RE Tl TAZMY 2Ad B AYars

3} HY=g FHEt 2 4REY 498 deolHE <X 46> FUsck

<# 4-6> Thermodynamic data of each component.

Components Pci(bar) Tei(K) Veiler/mol) Wi

H 13.0 33.2 65.1 -0.218

CO 35.0 132.9 93.2 0.066

N2 33.9 126.2 39.8 0.039

CO2 73.8 304.1 93.9 0.239

MeOH 80.9 512.6 118.0 0.556

DME 52.4 400.0 178.0 0.200

H:0 221.2 647.3 97.1 0.344

= /3 2/ _ fMeOH _
Rl k 1(fco) 1 (sz) 3(1 (l/K EQI) fCO(fH20> (4 12)
Ry = ky(f o) "(1=(1/K 5g) f’}“gﬁ’“’ (4-13)
MeOH
R3 = k3(fco)(fﬂzo)(l“‘(1/K EQg)—fM (4-14)

feof mpo
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BEEN ) W BY g5 BhA 7 dolEE ol gAY o8 4
,

Ac)
ETRNN

In Kei=28.18 +16251.2/Tx-7.97 In(Tr)+0.0032Tx-2.1x107(Tr)*(atm®) (4-15)
In Kpgr=-13.36+2835.2/ Tic+1.68In(Tk)-2.4x10*Tx-2.1x107 (Tx)*(-) (4-16)
In Kpgs = -4.33 + 8240/Tx ( - ) 4-17)

Tr, Tx = Rankine and Kelvin Temperature, respectively.

4. A% 73
9 e o3 <a¥ 47> 2 SAZ ARt €983 HY dolEE A&
=3
5. Methanol &% 449 943
e A Zuo) BAE(activity) S T8i3h7] 930 50%, 70%, 80%<) Al HIEE A
& Y3t e Zu) Eule] g A AHE <Y 48> JERIALH,
2@ A AR SuEFY 70~80%1A dolHTh ol A% H M&v}%a A&
A3, Hy/CO=1o1A vletg §4 7l 80% Y o, 71 &&
A 49 Asel YN DMEY Mene Zu) E3hdlo) 03%% 12) ‘8%’—‘&4-

ot

b

MEE Sujo Y4 Eo)e) TV} e B4 ANF D A2 AT o
<aY 4950 YEIIT. dEo s whg Azl

2@tk B9, e F0l9 BAL A&HoT auch MEE Sus) B4o] Hol
Ho) AN (MEP)S Rolt Z0) EFHIE vie

DMES} ™zt oehg 34 Z0je B4o] o

odk
tlo

B
s

6. DME @§4wg9 £5459 93
DME Zvje] S43} Zujo] 37} wjghe 4 44 2 ez njx)e o
<19 410>¢] Yehhictk DME Zvje] @xo] Z71shd DME 34 ¥h-$9] ¥ 3}
s} R AN Hol: EFE vae ¢4 Edulst & Zog shiftdth

U
Ops

rir
¥ o

DME Zujj9] &4jo] yroldd] wrg} DMES] A8%rt Hojxe dAto] viehus, 714
£ DME JExE Yehfie Fuje] &= DME £Fvjo] 43 F@3HA dAsith
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Input n°m, n°co, n°xz Nz, 0, T, P, Xy Xo X

ki, ke, ks, Poi, Tei, Va, Wi

Assume (Xnz, Xco, Xz Xeor, Xueon Xovm, Xio) ™
n oy n e N
SR LGN 60— 2 :
b X , Xeo = , Xxz T » Xeop =
—> n, n, n,
Q
% co,
n, '
\ v,

Calculate fugacity coefficient{®)using Soave-R-K EOS
and Calculate fugacity, fi=¢x;P?

!

Insert fi and Kgg into the eguation of rxn rate,(R;) and

\

Calculate Ei=RX;

'

Obtain (X, Xco, Xnz, Xcoz, Xmeon, Xome, Xino

|

522( xiold‘ xl_new)Q
!

€< tolerance

obtain Ri(reaction rate)

NEW
)

END

<1¥ 4-7> Calculation procedure of thermodynamic equilibrium.
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18 15

16 13
>
g o
Si
2 00 2
[ =
=10 S
5 07 @
g, 3
H &
g 05 3
- 6
g - & MEP(N=2)
2, —a— MEP{N=t) 03
2 —o— OME sei(N=2)

2 & DME sei(N=1) o1

3
g = - - Rtk
0 20 % 80 80 100

Wt % of methano! synthesis catalyst

<% 4-8> DME/Methano! catalyst
performance: Hy/CO=1, 2507,
30atm, FR=10.8, SV=3600,
ki=2.36, 28, (.95,

8

Methanol Equivalent Froductivity
S

a 20 40 &0 80 100

Wt % of methanal synthesis catalyst

<21¥ 4-9> DME/Methanol catalyst
performance: Hy/CO=1, 2507,
30atm, N=2, FR=10.8, SV=3600,
ko= 35, ks= 0.95.
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n
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£18 t

=

Q16 [

e

o 14 |

a

1t

@

g0t

3

S 8f

IR .

@

=40 4 —s— k2=28' 102

= o} ~,"‘ —c— 'k2=18' %4 0.1
O L" 4 1 i o <) 0

20 40 60 80 100

Wt % of methano! synthesis catalyst

<719 4-10> Effect of DME rate constant
(N=1): H/CO=1:1, 2507C, 30atm,
FR=10.8, SV=3600, k1=2.36, k3=0.95.

20 1

18

18 1 08
E 14t 2
2z 062
32 8
g g 10 g
3% 1045
%D. [ 2
g ~ ¢ MEP 02"

N —=— DME/(DME+MEOH)

0 - : 0

0 2000 4000 6000 8000

GHSV (/hr/kg—cat)

<Z1% 4-11> Variation in space velocity(GHSV):
H/CO=1, 2507C, 30atm, FR=6.7,
SV=2250, N=2, ki1=2.36, k»=35,

k310.95.

20 1
> 18 t 0.9
Z 16 } 0.8
o
3 !
g 14 0.7 >
T2 b 0.6 2
8 3
ERR {1053
2 w
@ 8 0.4 g
S 6 } 0.3
o
% 4 R 1 0.2
=2 & —o—'sv=5750"

2 - [e3R ]

0 b ; 0

o} 20 40 60 80 100

Wt % of methanol synthesis cataly st

<19 4-12> Calculated data with variation in
GHSV: Hy/CO/N2=49/49/2, 2507,
30atm, catalyst mixing ratio=82, N=1
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44 2% 9 <28 S A ¢ DME 44

<719 413> Z} ¥hg wiHoil e o] &3t

aF gefz g AAdl ofs] AAHE

2% o
DME¢®] methanold] w3 Aeizsl DMEAA =8-S JeR)Qoh

HES- wiAoilo| A1) DMEAA 488 n-hexadecaneo] 7} A0 3822 mineral,
therminol oile] <ol ®3k, DMES wWERZ Wizt dexxs #e $£o7,
n-hexadecane©] 7} Z1t}h n-hexadecane, mineral, therminol oile| A&} DMEAIA <=

& 77} 89, 81, 74% olw, We&o] g DMES] T 91, 84, 77% o]t

n-hexadecane& 712 wolx A93] 3rlolth <€ 4-13>8 HH & ¢ SlE9]
mineral, therminol 0il®] DME A4 =& 2 vlgkgo] i3t e %= n-hexadecaned}
Hlste @xgk £4ld] gite Atole gith whEbA 7h4 WS mefgithd o] & oile o)
88 A &9 vk FA A DMEAL 7Hs & Zlojth

<79 4-14>9¢)] ¥k3 oA 2 mineral oil, ¥-% Zu}2 Cu/Zn/Al-AE o] &8l A7)
DMEXA A¢-g At A5 el

ol

A7+ AT & H29F CO9l Agge A wFo] gla, #4Z of 50%, H25%F
A3tk T, vlggo] tidk DME A9z} DMEAIAY $&& 90% o2 A 73
et e =A) wslR] g 9AsA FAske Uk

DMES] AAQZ-E 10A 74 Alzto] F7Hgel| wet Frlste B3e Holi, ol
#to] 5.2 mol/kg-cat./hr2 Hu) 2t& 7FAH, 1027t o] TR &= A7F A} 84 =5
¥ Raste BEE L}E‘rbﬂﬂﬂ 30/‘]73: T 21 mol/kg-cat./hr FoZ Ht§ gref of w
g 7HATE oAl Uit Yooz kg wiAloil)l mineral oil®] o] AT ¥Rl
et HH ZAadr] gE 13}1 AT o] Ade ¥ F2 F #IstEch ol#E ol
T2 A8, B4 9k &ejE] Aol o3 DME] A4 A¥e dlojA vk wfAloile] A
&3 F9o] Fasitin Ao
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Yield(%,

DVE Selectivi

Thermind

<9 4-13> DME selectivity to methanol and
production vield in each oil.
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'
0.9 ® H2 Conversion
0.8 W CO Conversion

o7

g

@

§ os

& 0.5 ‘. PR SRR 3 * o @ . ¢ - s * o

g ! . M o7 * i . *

O 04 f i

3

£03 ¢
02} L] L) w L] i g -
o1

0
5 10 15 20 25 30
Time(hr)
(a) CO and H2 conversion
25
~e— DME —8- MEP{Methanel Equivalent Productivity}
20

o

Productivity {g-mol/kg-cat./hr
=

5 10 15 20 25 30
Timethr)

(b) DME and MEP productivity

60 -#-DME Selectivity

——DME Yield

Selectivity(%)
@
8

5 10 15 20 25 30
Time(hr)

(c) DME selectivity and production vield
<% 4-14> CO and H, conversion, DME and MEP
productivity, DME selectivity and production

yield for 30 hrs using Cu/Zn/Al-A and mineral oil
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HERE b Aakgko g Al Al Eke DMEAAFET 208 S 73 jlen,
10417+ %o 10.7 mol/kg-cat.,/hrg Hoj 7L 7pad.

i

<29 4-15>9] ¥k w42 mineral oil, ¥-¢ Z¥|E Cu/Zn/Al-BE o]&3}lo] A7)
DMEAA A8¢& s d9& vedoh

Z2FY gadhe 3%e Hol

Azt 7ol wE Heob COSl 882 A7 Aot} &

2

W&o et DMEYY 88 90% ooz Alzb e 3 254 A58t 30
AIZE Foll 10A12E woll i) ok 2% 74 g 7Hch =3, Wgel] ¥ DME A
Z

=

>
)
o
K
B2
ngi_j
=
ol
Fr
ol
rlr
ol
oo
b
f
o,
H
it
)
>
Y
—{o{:
2
O
S
R
i
fz
o,
I
'
)
b

DME®] A4&2 10A1Z7AE Alzte] Z7hgel et F7iste AEE Bolx, o
#°] 4.0 mol/kg-cat./hr& Hu} 72 7}AH, 10X7 o|ZRE & A7t B39} 87 =3
A sk 4% Uehin, 30A17F o) 0.6 mol/kg-cat./hr o2 Huj el ¢k 1/6

< 7 th

HehE Ft AT ANE AAFE DMEAAET 22 Agg A glow,
10A1zF %o 8.5 mol/kg-cat./hr2 FHu] & 74Ach

<29 4-16>9] ¥hg vjA & n-hexadecane oil, ¥1-& W& Cu/Zn/Al-AE 083}
%47) DMERA 43S 183 A9 Yehgoh

DME®] A% BA7AAE Azte] 271l we} F7hste BEs Helw, oy
Zko] 10.5 mol/kg-cat./hr2 ) 4L 7}AH, 2547k o|ZRE= A7 Ags} 37 =
4 gaste 2% Uehin, 100417 £ 7 mol/kg-cat./hr o2 Ho) kel o
1/1.5 <& 7ok

Hegg Ak Ao s AAE gAske DMEAAET 28 AFS sia glon,
10717t o)) 25 mol/kg-cat./hrZ o} & 7}t
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s
« H2 Conversion
. 0.8 i _a CO Conversion
i
€
2
&
§ 0.6 R
5 -t ° aa e at L * .
[&] ¥ < g
Q e *
S 04
3
« >
o —h A a a N A 4 'y
T o2 * AT A 4 4
s A A
0
0 5 10 156 20 25 30
Time(hr)
(a) CO and Hz conversion
25
—e—DME
=20 -#- MEP{Methanol Equivalent Productivity)
£
£
q
2
215
=
°
£
1
2
210
z
°
3
©
3
o 5 F
o = = ;
0 5 10 15 20 25 30
Time(hr)
(b) DME and MEP productivity
100 4+
90
80
X 70
E 60 —m- DME Selectivity
> —~&—DME Yield
> 50
Z
Tt 40
o
& %
20
10
o -
1 [ 11 16 21 26 31

Time(hr)
(c) DME selectivity and production yield
<19 4-15> CO and H; conversion, DME and MEP
productivity, DME selectivity and production

yield for 30 hrs using Cu/Zn/Al-B and mineral oil
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25

[
a

@

o

Productivity (g~mol/kg-cat./hr)

o

T

0 20 40 66 80 100
Time(hr)

<21¥ 4-16> DME and MEP productivity for
100 hrs using Cu/Zn/Al-A and
n-hexadecane oil.
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ol ol &% WY ejy] wE AAE o8t AR wE Fv Cu/Zn/AlFA
9} Cu/Zn/Al-B, 18] ¥-& mjAHloilZE n-hexadecane® mineral oilE ARE-3}]
DME gAdo] #3 A48S AYsdch 99 2H4ES 29 ¢ 5 AR, ¥E wAeil=
£ n-hexadecane-g ©]-83} A o] mineral oil2 ©]&dE A Kot DMEAAZ] Ho
A 83, vk Eulg = Cu/Zn/Al-A7} Cu/Zn/AlLB B}l Selsithe AL & &
Ak SFAYE ¥ES- v Hoil 2 n-hexadecane®} mineral oilS ©]43 37| A% AHE
ER A7 499 B DMEAAZE ZolAE 22 ¢ 4 Ak olAe 94 ¢

B o] whE wjAloile] Fge] Basithe Ag ofrldtt
54 50 kg/dayd 9 &gl wsgA o) o3 DME A4
g

<19 4-17>0] ¥+% ujAE mineral oil, ¥% ZwjE Cu/Zn/Al-AE |83}
50kg/days &2|e|lA DMEAY d48E& AP A3E Yehsioh

DMES] A4 A|zte] 718 wel F7ishe A%e Bolx, 1243 Fo §439]
Z7kshe A4S Holx gtk olujel DME A4l %8 4.8 mol/kg-cat./hrol1, H&& 3
b BaF0 2 AAtE BAFL DMEAAEFE 9.6 mol/kg-cat./hro] g-& 7Hdt}. o] 2
}g FY AE 21N A7) AP AW <194-14 b>s} Hlus] By, A 22 F
FE UelE A ¢ 5 o

DME4Y 29 Zzio] A=l Ao, £ W FXE scaleupdte] ke
DMEE 44sts AL 88 slssdn Aztdd.
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25

——DME
—a MEP{Methanot Equivalent Productivity} J

[
<

o

Productivity (g—mol/kg—cat. /nr)
>

8.00 8.00 10.00 11.00 12.00 13.00
Time(hr}

<Y 4-17> DME and MEP productivity using
Cw/Zn/Al-A and mineral oil in 50
kg/day equipment.
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i
12
oz
v
v
AL
rUZ
olo
o
A
{0
=
Bic)
)
o
X,
i)

2 Augy] &F AEE st vEH %‘01 7 whe 24

1A 1

289 CO¢t 4&9] Hyyb wHg3dled 189 DMEZF AAd=H, olme] w¥-gde
49kcal/mol-DMEo] ¥HAisic,

2CO + 4H, — 2CH;OH -43.4 kcal/mol-DME

2CH;OH — CH3;OCH; + HO -5.6 kcal/mol-DME

2CO + 4H, — CH;OCH; + HxO -49 kcal/mol-DME

Z7) ¥hg7] UR 2EE w2 Q] 250TE Folge)y] Siste £UH

rr
ng
ol
rlo
[

HheE g 99 Wg Fvf T DME A4, Oil AH-#e ta3t 2o

GHSV 76.800 m3/kg-cat day

mineral oil 552 kg/kg-cat day
Hexadecane 8.832  kg/kg-cat day
Oil A 001  m3/kg-cat

HH8-7] W84 oil AR&-F x 3/2
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71 4
£ 8 (cylindrical type)o.2 A1 wol/A4 BlE H/D=5Z

3T

n-hexadecane®] Zrz}o] tigh &ul &, oil AR
AEdt < 47> YERARIG

o
=

<E 4~T7> Specification and operation condition for DME production in

Ston/day slurry reactor.
Mineral oil Hexadecane
Zoff AR FHkg) 905.8 566.1
oil AH&FHm®) 9.058 | 5661
w87+ (CO/H2:50/50
oo }%h((k r:z Z/dagi ! 3105.6 1941
7] WA (m) 136 85
Y871 H(m) / D(m) 465 / 0.93 365/ 0.73
g7 FA(m) 0.005 0.005

1251e] 747t 129 DMES}H HO7h A4 ETE 744 e

2E-9] CO9} 489 Hyrt ¥
7h2 FE A4S <E 48>

FddE H7ka9 44" DMESH H:0¢ 37 wi&se

I 2.
<X 4-8>9] A1} A mineral oil®] A$ CO9F Hool A3Hgo] zz} 0149 0285 AF

Z39.9 ™ n-hexadecane?] 79-ol= 0.229 0442 A&

g7k B AATEA9] g 8-3Hheat capacity)d} uhe £71(sUS
ez

_/F.
304)9] 9AEEE <H 49> JERYTH
&F datag 0]-83 Ston/dayF I &8l WS AA ] g DME Ax ¥k

A AEE A%

dat
BNl @ A2 NEHH <E 41053 2t}
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<3 4-8> Comparison of the inlet and outlet gas flow rate.

Mineral oil Hexadecane
Inlet gas QOutlet gas Inlet gas Outlet gas
(k-mol/day) (k-mol/day) (k-mol/day) (k-mol/day)
CO 1552.8 1335.4 970.5 753.1
He 1552.8 1118 9705 535.7
DME 108.7 108.7
H0 108.7 108.7

<3 4-9> Heat capacity of reaction gases and thermal conductivity of reactor

material.
SUS 304
CO Ho DME(g) | Hs0(g) | thermal conductivity
(kcal/day - m + C)
A
(25T) 6.96 6.86
~k-cal/k-mol
330.4
D=
(2507TC) 7.23 7.04 2297 8.67
k-cal/k-mol

<¥ 4-10> Heat flux of input and output for slurry reactor of 5 ton/day.

(Unit : kcal/day)

Mineral oil Hexadecane
el & ¢ jE & & €
WA g 5,326,300 5,326,300
CO 10,804 9,652 6,753 5,443
Ho 10,655 7875 6,659 3,773
H2O 942 942
DME 2,497 2,497
g7 4&4 135,385,947 135,385,947
GA 5,347,759 135,406,913 5,339,712 135,398,602
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<E 4-10>0 A ¥Hg7] d £42
g 7|F08 o <19 4-18>9) Ve
g Aol [HEZAFolx T
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g 3kAe AAe FUEY
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