Rzt FArFTRERFRIFAEIRT I Y
AL im =
Department of Bio-Industrial Mechatronics Engineering

College of Bioresources and Agriculture
National Taiwan University

Master Thesis

IUHZSM-57 F R it #% 2 -k ¢ 5 5 T 7
Conversion of Hydrated Ethanolto Gasoline over HZSM-5
Catalyst

UFe

Jing-Yang Wu

TR S S R R R
Advisor: Jyh-Cherng Shieh, Ph.D.

P23 K 100 & 6 *

June, 2011



FERE LA DE AN DER B AR SR - B %
FIRADE > LR PR E R AT P hipiRaRE T B
A 2 gm&f@ﬂ_@ﬁﬁ o

Bipd EF o F AL RREHITFHI BRI ¥ EFRET o
K g AT AR AB2L RIS epe g YRS L DE
i EEZ T ORAAA S A R BFLRE MRS T KRR EAT Y DL AR
Eii_+4’@mﬁpi_ﬁﬂmp & b TR o F b s R APE WA

TR B L E LR R AT P ko Jg&yﬁ; FERREwm Y N Fdp R o
*WAeiﬁﬁ&ﬁwﬂéﬁﬂf#ﬂ'géi%ﬁ%ﬁf%%*ﬁﬁﬁ:%%
Eiﬁ&ﬁ4wwﬁ@ 2B SR R
%ﬁ%wﬁﬁﬁ+,vﬁas§ﬁai;ﬁ@

HHCLﬁ@ﬁﬁﬁﬁﬁoﬁﬁg ﬁfiéﬁ%%ﬁﬁy’dﬁﬂﬂmpfﬁ%

4 . U
EodgskmaLd Ok P a g

GNGY =N SIEUE ST

A 7

Bofe 0 NEB R BN TIRA ,%‘,i“ﬁﬂit@%éi’i% ;R xR G

e
¥
&
®
b=
F

FHAIEY I RPN TR E Ty R E B Fenbe o 2 5 A Eg

R E mad 4 o A p B R



3 &

FORRTRES AT IT L B ke ke A H BRI - 21973 £ > B A
WORA (S 0 3 5 B R TR BRI DI E 4 4 o 2t - PRIP > Mobil 2 P50
Z# B MTG (Methanol to Gasoline) s » = 7 b -7 FRgd it =000 » | E L 27
2 4;’5{?;@ S AT N EREBRELRB AL EENET LA AL B
FHEER B AP FiR AT e m{ L B2 L8

RGP A7 A HZSM-5 (5 i > 1 RGE R 2 ¢ a5 R
it BT el pinz e it &4 » T4Fe fﬁ?/}%}i Mg F R RE
BAHAEFZ AL AGLZREE PO E2ZFFIFiIEE .

DL FR > Ao RS : 350°C - WHSV Lhrt 2 & 4 60 kglom? % f5 2 T
’mﬁkanwmya@mp%ﬁ’ﬁ@é%é$?éw&m0éﬁﬁwf¢;
P T 42 B AR B ig’i 3R HEe kA T2 Wt% ~ 350°C
~WHSV1hr z i 45 kglem? i% = ?__1: EEEF'* F}@Féﬁé}o FEET RS

#4awffﬁ»aﬁv%mij QH“’@@»@$ %31 F R e R (
Ethanol flush) &% » ¥ 3 »c#s %%p\ gﬁ#,ﬁiﬂ’ﬁ},& » FE R £ P2
£ &3 0E20 6 BT ,g T 4.148.88+1.66% -

&\l »

%%32§$°ﬁ‘ﬁ%W%<ﬁM‘ﬁgﬂg%‘@i



Abstract

Energy issue has attracted worldwide attention during the past half a century. In
1973, the oil crisis erupted. Many countries suffered huge economic loss because these
countries were dependent on imports of fossil fuel resources. At the same time, Mobil
developed the MTG (Methanol to gasoline) process. MTG process successfully
converted methanol to gasoline range hydrocarbons using a zeolite catalyst. It provided
a way for synthetic fuels production. Later, under the impact of oil shortage and the
raise of environmental awareness, the developments of renewable energy were
gradually emphasized. Among-twhich*bioethanal -.from biomass was the focus of
developments.

In this study, we used HZSM-5|as T?g;grlyst to convert ethanol broth to gasoline
range hydrocarbons, and we discuséed th.éF:ri_anuences of the concentration of ethanol,
feeding rate, temperature, and “pressure“ on the yieljd and produet distribution.

The optimal conditions for.the formation of quﬁid hydrocarbons were as follows:
water content 28% (w/w), WHSV 1 hr; temperature 350°C and partial pressure 60
kg/cm?. Under optimal conditions, the yield of liquid hydrocarbons reached 69.32%.
Furthermore, in order to examine the effects of cleaning mechanism on the activity and
efficiency of catalyst, long term reaction-regeneration experiments were performed
under the conditions: water content 28% (w/w), WHSV 1 hr, temperature 350°C and
partial pressure 5 kg/cm®.

The results showed that the ethanol flush program can effectively remove residual

reactants left in the reactor. The ethanol flush program initiated before shutdown or



regeneration. In that program, ethanol broth continuously fed and temperature was
gradually reduced to 80°C, then helium was fed before the reactor was cooled to room
temperature. After 210 hours reaction, the activity of catalysts was not reduced
significantly. During the period of reaction, the liquid product yield remained at 48.88 +

1.66%.

Keyword: Hydrated ethanol, zeolite catalyst, gasoline, hydrocarbon, regeneration.
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Flm 4 A L F A5k E 2 (Shape selectivity) » # 4% T4 + & (Molecular sieve) -
AT 4w 2. Acid site (f& )& H F ¢ > B ¢? 2 Bronsted acid sites #t i- 5+ 0 @
Lewisacidsites &% T + > E 4+ LM > {3 HE - REZF B B agmesk

e T ¥ AR EA R (Solid acid) (4F - 1990) o

ZSM-5 (Zeolite Socony Mobil) & i % j§ 45— 44 > 1975 & » d Mobil = 7 B~ {7
AfHl o e AR AL F it EP 2 @it F R o ZSM-5 A £ R~ B
I ~3% (Five membered rings) = — A * ¥ =~ (Pentasil unit) - & Pentasil unit £ {f =
2_ Pentasil chains (] 2.3)i ) = 2 F Rk - B4 345 6 A 2y~
~I2 ® F 3]4v i (Straight channel)®H4&3i5IFl2) 2 5% & 334 i (Zig-Zag channel)

ST (B 24) o 2 4 e L 25 P o

B 2.3 ZSM-5 z_ Pentasil unit 2 Pentasil chains (Kokotailo et al., 1978)



R 2.5 ZSM-5 2 i ig 51§ (Kokotailo et al., 1978)

FHF 2 ZSM-5 i T AR S H-ZSM-5 0 £ 3 sk s SRR s AR R
(Shape selectivity) 2 # €47 f 4 f]* chgrfd §F * 0L e~ 451 2 MTG

s AT 1L PR FERhE d o AT L H-ZSM-5 (7 5 i % 2 fE 4L o



23 ¢ g ;T (Ethanol to Gasoline, ETG)

231 #HEFR

ETG #lfz2 Ad R p MTG iz HplRme i 5 12 5 858 T Ed (4o

N

EoF o~ R)EKFE s EARAR A WA 2 ¢ fh o 3T E FlHr KA WiTe fR2 R

"% 7 % pEtE (Polysaccharides)z + & 4 ‘&% 44 (Lignocellulosic materials) 4- &
EAPE > S fas H g (Monosaccharides) » £ =& M pERE = ¢ R E > T L 0E
fzo g iFpiE (Cellulosic alcohol) & 4 & A% (Cellulosic ethanol) (Pimentel and

Patzek, 2005; Balat and Oz, 2008; Dias ¢t al., 2010) «

e AT E k2R BEREL TR Y AP B T o U RE RN
e LG 2 SR (D) e B RN T R e
(2) “WEFH RITLI L8 scﬁh%gé%mﬁ;(s) UmEHE 5 2 68% o
T E8S ¥ g7 B2 3% 4;% 20478 (4) GFTHE TR € 3 4 NOx »
PR AR R e R ﬁ ¢ Noxz?ﬁ,é:&ﬁz Ik g2, k0 g ¥
¢ mgx % Peroxylacetate nitrate (PAN)2 mi=i =5 ) Al AL B4 5 & 5 T2 3 4

(Niven, 2004; % , 2008) -

% 21 22 £ 7 & (Davisetal., 2009)

Heat content for various fuels

Conventional gasoline 125,000 Btu/gal (gross) = 115,400 Btu/gal (net)
Methanol 64,600 Btu/gal (gross) = 56,560 Btu/gal (net)
Ethanol 84,600 Btu/gal (gross) = 75,670 Btu/gal (net)
E85 90,660 Btu/gal (gross) = 81,630 Btu/gal (net)




ETG 122 fif it 5 4k 3 5 s MTG & 4 i1 o 2 4p 42 MTG > ETG

2R

”ﬁ T 7 ff«;’-gﬂ :

1 d3gd AR TEIZ e BERY 6~12% R EF7 &1 EiHH
(% 95%)2 k& > B Z4pAR A & A X ) FHEAE50~80% @ ¢ kR
95%pF > -kfre pRAs e kA ELy @ m k] EAFALR B (7R (Ladisch &
Dyck, 1979) o ]yt » fI* M kR 2Z ¢ R > ¥ B P W KPR £ F
Rot FRE B RS 2 L0 v drd 2.2 0
2. ETG A4 ¢ #7235 Durene -
3. LAKZFCMIBHFEAET LB A RS AT - H T o
# 2.2 v R & g A Beaedehi b i (Whitcraft et al., 1983)
Process Net process requirement
. Btu/gal 108 J/L
Recovery of ethanol from fermentationbroth.:
(i) Conventional two-stage distillation 27,400 7.6
(ii) Conventional distillation (95%) followed by 19,200 5.4
dehydration
(it) Conventional distillation (95%) followed by low 21,000 5.9
temperature blending with gasoline
Distillation (to 60%) followed by reactions to gasoline 1,800 0.5

(based on 1 gal of gasoline processed which produces

0.678 gal of gasoline)

Direct conversion of ethanol (from the fermentation 5,500 1.5
broth) to ethylene or B.E.T.E process
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232 ETGF B

ETG #l422 F i /Z > 4B 2.6 % 7

Dehydration Olefins
Ethanol »| Ethylene »| Paraffins
High temperature BTX
Oligomerization
Aromatization
Dehydration H-transfer
Cracking
Low Dehydration Carbonization
temperature High temperature
y Y
Dehydration
Diethyl ether »! C, olefins d:ac::;:illn
High temperature .

B 2.6 ETG & J&i£ /5 (Inaba, 2006)
FF R &ﬂé’ﬂLmaﬁhﬁaébw:ﬁi’w%ﬁﬁﬁbﬁf%%
{“dﬂﬁ~ﬁp‘*éﬁ£HUMﬁaﬁF%yﬁ?ﬁ A 2 s i BTX
(Benzene ~ Toluene - Xylene) % A 4% T A 47' ] é{ AR G Y

Ak AR i RS PR

233 FEFF

ETG @Aethi- BF GEP 2~ HERAPFAHR HF B2 kg  BE
A s JRELE M A B 4 2 FlF f FE 444 (Characteristics of H-ZSM5
catalyst) ~ z fig )k & (Concentration of ethanol broth) ~;8 2 ~\WHSV (£ £ FF 3 & & »

Weight hourly space velocity, gram of ethanol h™/gram of catalyst) ~ £ /& 4 % -
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1. H-ZSM-5 jf 4451+

P F 2 et e 350 480t (Si/Alratio)s & & FRAEAE R GV iR SR E
fRdez 3t A A Y 2 EH M (Selectivity) - 1995 2.2 &7t o L iF 2 %] o
A4k %k JEz g (Channel) E 45 4] & 47 2 fa4f 0 43 W] E_1 *t C5~Cyo 2 Aliphatics
(75 %5 %) F- Aromatics (= 4 *%) - Madeiraetal. (2009)+" e e P BB ™ » % P 3 F
)2 = # - (HFAU ~ HBEA {r H-ZSM-5) > 3 3 H-ZSM-5 2_ L+ 5.3 & ETG 9
A2 o
P42 &7 4t 2 406 TR ABAT ~ FAREAE R ARG B o B e AR o
% 5 2. Bronsted acid sites 4% % - Lewis acidssites 4% > - % & & (Total acidity)~ 4%
M EsEr3iE 154 o A 1% Olefms (MAHS) > R b A 2 & SR
(Gayubo et al., 1996) -
Pillips and Datta (1997)44 1 » ¢ %"ﬁjg.r@gt Hz %‘r—r T%EJ’1¢T7 LR iEd 5 ¥

RAjR k2 AT VR EER RHE "|1 fp rxb fit ¢ £ = Bronsted acid sites

i

BEBKE G @ L Yix g Br nsted a0|d S|tes EERLF o X H EpAx
Ty ; | 1

% 2. Bronsted acid sites o

Inaba et al. (2006)+" 27 7 e g2 4git 2 T ;féﬁgai HEMTMBAG PG

\

2 g e A R BTX 2 A5 F B £ ¢ > H-ZSM-5 (SI/AI =29 » K5 48t )ik
o K 3 2hdosh 0 e Bo§ 2 BTX A5 -

Makarfi et al. (2009) 7=+ # Si/Al=30~50~90 = f& 7 k # 48+- 2. H-ZSM-5
ULz A A F > %A A A 400°C ~ WHSV =1 hrl~ 5 kglem? % i£ 2 = » & 4t
530 2 fHe AL ATERS -

iz EF > FIPRAF I Ra R o F RIS REAS W BTX & 0 RIf4

o 0 R ARV R R

12



2. L EikR

Johansson et al. (2009) » 47 MTG {v ETG @427 #& § > 42 # 7 - + ﬁk{ﬁ‘
B2 s FIR MTG fAzz =4~ % 24 3 7 A2 Aromatics » #% ficd F 7 >+
Ce~Cip 2 " s ETG AR fhak = 4~ % 24 F ¢ A2 Aromatics » # [ /i *+ Cg~Cyy

2B oETG 2 F iE it MTG & %135 4 B R Fl A f a2 B E - 77 5 3
T MO ER AR BEMERZ C BIReIT LB > Y BRI
2 Ao

Aguayo etal. (2002)45 41 - & B © 7k F 5 B PN 2% F ETGH
25 il B AZE 450°C 0 ¢ -k F 3.39/50% FRIF 4L i PR ALAE 0 @ T IR AL
[ESRINT-Y ea SE R B |

Oudejans et al. (1982)%;*3?u i 305°C -« ~ WHSV =0.07 hr'* ~ H,0/C,Hs0OH = 1
(molar ratio)z_ i = = » Aromatics 2 E ,tjms i ‘gﬁ J(Av\i%f.ﬁ » % H,O/C,HsOH = 1~4
PF > Aromatics 2. & T Fé“#q-lf Wﬁir@ t:‘_‘ E3E: SNV R =

Pillips and Datta (1997)FM:§~ , Lb v ¢ l—ﬁ%%ﬁ—~ﬁ&r“_ EEREF B TR
2 B AR a2 AR TR0 ““ﬁ s ﬁ%xzia}ii LA | VoA SN B

WP RLE 2 A o

3. WHSV
Whitcraft et al. (1993)* 7 |+ & & /& 4 % § & ™ BB WHSV 2 25> # 3R (1)
¥ R4 4 8kglem?~ iE & 4 300°C ~ WHSV % 0~2 hrt (i< WHSV ) » % fi & 4

50 %% % WHSV > RIF 882 5 C1-Cy 1 60%2 F - (2) BApe B4 T » 5 iR
B4 3 400°C BliR i A4 & WHSV <28 2hrtis > 4 HIRmaE ™ " 5 SRS 2

Lo

WHSV » #-i& 17 Aromatics f= Cs. Paraffins & & if i< > #d 50 X DR - 7]

=S

Folzogglinag o R FRRE R BMRZFRERT 0 F RAER DR LB

13



¥v FAF2ZEK-
Schulz and Bandermann (1994)% 3. > % WHSV =0~20 hr'> &if 2 F B A %
400°C ; # WHSV =1hr'ps g i A4 5 % 5 8% WHSV 2 3 4 > G R i

# 4o F WHSV = 3hrip ﬁ;é_;z:%&; SAZUE 40 W% 5 B R 4 WHSV > A

IR T3 v ﬁ;

Bt o WHSV 4% % - iR g ar BREY PR K L8R+
FowARFLREEFAN RN CRAFECIFR mRRLEAFP R A
Fi o5 hF B GAA R

4. & (Temperature)

Derouane et al. (1978)4F 74 % j8& ~ 22 MTG = ETG W4 & 4 (1) =§
T (250°C) - MTG A2 F? = 2 wcAdn s » ¥ WA DME» 2 A k172 &
Faokz @ pEA S 5 (2) MET ETG ﬁ.:g; JEAYG L o D BT 100% ;

(3) B A #* % 1 300°C g MTGf }ETG’W@ME PR AR #T50% ; (4) B AR

% 1 350~400°C - MTG 4r ETG ﬁlﬁia F &5 11 % 2 7.Csy. Aliphatics f= Aromatics

Costa et al. (1985) & WHSV = 0.5 hr =" ¥524:8 & (250~600°C)¢? Olefins
Paraffins~ Non-aromatics f= Aromatics % & 4~ » i b 7% 1 (1) § & 350~450°C ¥ »
TEEER S ZREASH AR N 50wt%; (2) Aromatics A F A B B T AP ¥R T
F i A4 R 7) Paraffins 2. £ B f2 5 fum § B AEH 4c o

Schulz and Bandermann (1994) & #* — & 5% ff &= (P /= 15 mm> £ 500 mm)-
o pEkR s 99% - B4 L 0.2 kglem? ~WHSV = 3 hrl 52T > BRE R
(250~600°C)%t ETG ®WAzA A~ w2 F 58 1 (1) ¥ B & 5 250°C > ¢ f ¥ = 44

Mok E o At 5 5 e % (2) ¥R A& 5 300~400°C pF - Cs. Aliphatics f= Aromatics

14



AZPE#KS > B R R S 350°C pF 0 Cs: Aliphatics 4= Aromatics 2. & & &+ >
ZHEFRROAF LA DL HfEL e 2 A olefins; A H ¢ 12 ¥ 60 wid
@) sRERE-H2F o AFEHjEs e 2 2 i Olefins -

TR T EARERNALER2F R (1) MR (250~300°C) ¥ it 7

Wk E g0 24 ¢ ALY (2 B E (350~400°C)F - PIF % & s gﬁ,L I

Aromatics £ %] 2 5 Olefins » iz fs A4 & @ ' € o
5. &+ (Pressure)

Chang et al. (1978)+* - & @iV ff &/ & {7 3 /& (0~50 kglem?)ipl& » r14F 34 &
HMTGC @izz 5> #2548 5w g@"é 24°kglem® pE > 7 A4k S R4 s
> Aromatics 2_ 25 = ; ARRA #F 50 kg/(‘:m2 EE? . Aromatics:2- 3 £ #r & p Durene ; #&
=R 4 4 Bb Aromatics A Z2 R Eﬂi’ ﬁ%}gﬁ@i FARE RS F R 2 BT
Chang et al. (1979)s& — 4 AR & |2 gr st o2 5.4 & cie i ol 37 - 5
Bt g2 FIRA P ZAI A ' ﬂ
Whitcraft et al. (1983)*% WHSV =2.37 het - m_)%. 350°C £ 52T » ¥R 4
(3~15 kg/cm®) 4t & 4+ & 15 2. B2 485 1 (1) B B PF > 2 4 1 C1-C4 2 Olefins 4 4 > ¢
80%:2 1 5(2) /&4 3 3 9 kg/cm? B » Aromatics 4 ik 37 Wt%: Cs. Paraffins 4 40 wt%;
(3) i&— H B &+ > Aromatics £ Cs. Paraffins © A%z # 2 > @ £ F BIFT o
3 (2010)45 &0 iR Ak A 47 2 47 7 Aromatics % 84 B s lics + A f R4
Zd B4 o R4 A 110 kglem® B 0 A K E A T 5 Hiapl R Rl A EE

Aromatics 2 3 4v > ¥ iv 4 @ A FFALZ i R 0 Fla @ @SR T o

15



A5 -
% = X

ey
it
o+
J
N

31F &k KB H T

B 3.1 5 % 7 ETG process 2. F J& & 5Lk 3+ :

Water GC
bath

Oven

@

Water

Pressure Gas meter
Condenser i
regulator Sampling

collector

Reactor

Feed

ﬁSlEﬂBF%x& 5 F

— Al

’r%}f'ﬁw 07 ) s HR 0 gt
g (Feed) » 1% 3 Bk ?THL

Aok o KRB (Reactor)“ SR ’Jﬁ (Oven) (8752 1200°C> 2 F KRB F >

"5 oke (95 B E i

(Intelllgenl‘ HPLC pump) (880-PU, Jasco, Japan)

SHEN BT Kt - R A aﬂﬁ&? (Pressure regulator) (Tescom, USA) » #§d #4
FRA G SRR R AT PR RS DERP SRS P
A4l - B avis ki (Water bath) @ 2 /4 ¢4 8 (Condenser) (Stainless steel 316,
+EF B o7, Taiwan) - £ 3¢ (Collector)jc & o & B % % - 2= 3/8inch 2

* &4k ¢ (Stainless steel 316, +:£ % & ¢ = &, Taiwan) » & 12cm o 70 {5 %

2 @
SIS

W
a
o

ot
[

FUIR A 8 um A A L = K 0 WA FREONF AR AR 2 2

};';’/‘!"}ﬁv‘J/TTLQ\ ° z@w&;\ﬁai{-}-’ﬁ"‘*fw&,]ﬁ;iﬁ%f.‘:}%@ °
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311 R AoE

=SSR

oL E B2 ZSM-5 4 £ i 4 (CBV 5524G, Zeolyst, USA) L 51 %07 2 i
A S L F & 4+ 2 H-ZSM-5 (& > 2010) & H BT ) Fde T

1. 100 5. ZSM-5*+ 500°C F & 4 | pF > L FrT 2R o

¥

2. BBE(S 2. ZSM-5 %3t 0.6 M HCI (500 mL)® 42 /] pF » 1 3,353
P ¥F 4 air pocket A 4 o

3. a4 s £ 2% 0.6 MHCI (500 mL)® #§4-% 10 ] B -

4. a2 RS o F 2> 0.6 MHCI (500 mL)#4L 2 ] pF -

5. ki ot 230°C REME 10 | BE RS W AR AT R o

312 fRHLH%

#eTh EIL 15~ 3 (82 *H-ZSM-5 P2 ik 18 e 20/meSh 2. & 4 > B 7 s | 3¢
0.833mm = 0.833~0.991 mm ﬁiﬂ-zs&-s SRR o W H (R >t 0.833 mm) - 5
A E R A ¢k (5B oA 4% (0833-0.991 mm) + 4 %20 4y T sy o

DT R R T 2 P Bt A 2 S s | T 2 TR A e e T
FAp g A HiEs 2R (F32)-

0.833 ~
AR BLRAE K <0.833 mm 0.991 mm

17



32 R &K

Hoz > 4ok 3195 o

B33 5 AL TP FINAR e FRIEE2ZIHA P & 35 0 I (¢
A5k R fo WHSV) ~ 8 Rip4] 0 & B4 4] e iRk R ~WHSV -~ R 2 B4 % &

’z‘z,

HEHHE ]
< Kb

> Y B — B SH
%
R 71 ¥ % =T A
-
E-flush
=
A
5
B 3.3 F ik T4

18



ERETREE SIEY A

i (7 F)H R g

v kR (%) 55, 63.5 and 72
WHSV (hr') 0.5,1,2,3and 4
B R (°C) 300, 350 and 400
B4 (kg/em?) 5, 40, 60 and 80

d 3R AR 2 AR R S R S A e R E T

& 1" < (Johansson et al,, 2009 ; Aguayo-et al. 2002:; Aguayo et al., 2005) - = f% 4

RN AL > g 420 A R T2 F g B (010)¢ 4R B2 £ A AR R 0 1R
T F SRR ;;@@30&‘@’%.;%&; S50°C 3L » 3 f A L

Y3 fR L 2 AhE o Ad H BN AR %%x#iﬁ%%*ﬁﬁﬁ%ﬁiﬁ%ﬁ
TR

%i'lfio \-. 1 |

BLART o TEARA ST IARF EHEF BEN o HE L

FEREFLMEEG  ERVFFIRIALGFRFEARAT LAY > A2 H

=f

BE D H AT Ft o AFTRENERIT RS ML T o s

"E-flush (Ethanol flush) | F AR » #A T &F BEP 2 AP FRTE o
E-flush (Ethanol flush) 32 #2 5 4o 7F -

1 #Fd » e mi%E 2 80°CrT ;

2. Tl %?ﬁiimf’

19



33 &3 iE

3.3.1 S A

ETG @422 &4 v & 5 k& A% (Water product, WP)~ i & 4~ (Gas product,

GP){ei% fx 2 4 (Liquid product, LP) » # = & 4o

1 kAP
G k@KL Af BRSNS Lo M E
2. FHMA

E}};\%fﬁ,@'\ 4 5 )TF Jq‘_p":Jn“'J ’ ﬁ | .Q E,\a/w\ :: z J)f[? ~ ﬁ JTJF (PrOpene) ~ 7

FINEECNEE (Ethane) : = (Propane):m

r-l-l’

Wyn

e

3. REAP |’ u

“
[
Au\{;»—%-éka’”*“ﬁ L *%5’;'7 FERZ AU D FRBAY

Q

s E R ;Haaﬁ{g:g

i

b5 % 1) AR TIPS g,;\,;‘,\f*'f\‘_a
Bttt 4 2 e BT i o gt 0 B 2 e s R
BHA T 52 kT 55 C=Cat (R—BAS) 2975 LR 45

'1\{';%\_]16‘{';%\'9?'1\) P AREAEE

Be o kB AP EREAF IS ERATELEE S FHMAF IS 0 RlesH

(g‘r
—\‘.’_
N
s
e
Pl
N
ey
)
I
>
—t
YN

ﬁ%oz\a-/\ké]}g*ﬂk_%’ v
SAMBUAF LA AFTUERE A2 ERLAE RATDKAE

P AR A S e
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1. 1% # ¥ (Theoretical productivity) :
dFoke sk F B 4250 (CHaCHZOH > CoHa + Ho0) - 425 -k
BERE M LF LB AR o 0 F ok 28%2 0 M D bl kKL A

% (Theoretical yield, %) % 42.16% » 44 1 & 4 2 324 & & 5 57.84% o

2. RiEAF AT (Yieldwww)=[rEirdEmi 524 E] x
100% -

T REASP FEALAS AU ERGME FEF KA

2o Bu A ASEEF A ]
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332 AtE=LH7

Refs A2z R AT o Gtk (2007)#F T BRI K L2 E T & T
BT R B34 5 2 T GC e FARAITR & 31 5 & PIE

IR = FA

2-methyl
Butane n-Pentane
n-Hexane
n-Heptane

R T —

25 H 78 © 128 - e P
| I'mlaJdn| i\ &
Toluene
) m,p-Xylene
: Benzend i
Ethyl 1-Ethyl 3-methyl
Benzene | 0-XYylene  Benzene Mesitylene
Aliphatics
Toluene
A
Benzene Aromatics
ml Ao L_ J&—A——L-_L—A_M—»—/\A—
25 H 78 © 128 1 e 0

Bl 3.4 m4TH 2 F 40k 1T H

22



232 0k S HRlE

BE e g
2-methyl Butane 2.170
n-Pentane 2.236
n-Hexane 2.600
Benzene 3.100
n-Heptane 3.485
Toluene 4.600
Ethyl Benzene 7.119
m,p-Xylene 1.377
0-Xylene 8.272
1-ethyl 3-methy! Benzeh‘éi,_;r 11,600
Mesitylene | | F 15.342

B 47T B 0 92 RA ik f s R SR S o o] 3.4 4 o H g
WILEY275 FH#E (*fék— ) > & Tt F P F o Ethyl benzene mis2 = ix < % 3
Aromatics> m Non-aromatics #7 ¢ s4+* & % 423 2.5% > F] - A= 3 #- Ethyl Benzene
2 Ml g G ff 4 b Benzene 2 Toluene %4 > ARG Aromatics & (Total
aromatics, Taro) ; 2 4 > B % Aliphatics %, & (Total aliphatics, Tay) o 2 3= i» ¢ >
AEHRRE S T2 A 0 BIfE2 5 Undefined aliphatics (UDaLi) = Undefined
aromatics (UDaro) © #  » UDaui 384 B394 - 2 A 476 % > 5 2 B 2 £
bt A3kt o 2B 3.4 om0 3 R T K29 P i Aliphatics B & v 53 & o
F1gt UDavi AP 8§ o 44 b > Aromatics ¥84 d >t ficE F R A M 2 ] RS
FAFHS o AFIE P 2 A B dodk 3.3 97F o

23



% 3.3 &R P 28

i EE BE T EFE D

Cs aliphatics 2-methyl Butane ~ n-Pentane
Cs aliphatics n-Hexane

Cy aliphatics n-Heptane

Ce aromatics Benzene

C; aromatics Toluene

Cg aromatics

Co aromatics

UDawi

UDaro

Ethyl Benzene=-m,p-Xylene ~ 0-Xylene
l=ethyl,3-methyl Benzene - Mesitylene
%-’ﬁ?j%—i% o T g VadE

AJHRE BT R en 4 %

24



3.3.3

L§ Ap % 11 %k HP 6890 GC system & 177 fi A& ¥ 2 & &« 3% 47 ke 3

Detector :

i

1.

>

o

REFEK T

(1)

edp s i W plE FID 5 (2) Column @ HP-5MS > 30 m x 0.25 mm - % #_
> » (3) Injector : G1513A o H 4k iT S Hck 4o T ¢
Carrier gas : Nitrogen, 1 mL/min

Inlet : 225°C

Detector : 280°C

ﬂ,,‘.,_jnﬂ-:fn‘-:'f'ﬁ‘:'!f'ﬂﬁ- e
(1) Ar:300mi/min” of N
i . e, VE
A < A
& \
) Hydroge% 3Qm o\
Oven z_ - &jﬂv/‘i 2

50°C/min = W- ZgQ

'.I‘_l"‘
g > + /] &&ﬁl?{j @\I i {béﬁ—-__l
! _:E:':;‘F-.,_i,r' ey 1;3;%_ i :‘;\
o : T Y
A 100 11 ‘5?_:}‘. j{]"1

25
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&

-\

-$

s > R
Fr R FEE

4

ALK R &2 WHSV 2. g2 58

Whitcraft et al. (1983)# 3|2 ff 42 = A= F 40 % A ~ o 3% A3 = 95%
b2 RRA o hodt kR B REM T 80% T o Pl R E RVEMGLE S ¥yl g
KFER L T 6B S EERF o AT ERER S 55 W% - 63.5 wi%
fo 72 Wt%2_ ¢ i} 1T 5 44k o

B 4.1 kR A v % 55635 72wit%2 ¢ i iF 444k AR A 350°C ~ &
4 5 kglem® S8 T > A A S 2 WHSV(0.5~4 hr)z B 2 o H ¥ » kR

% 55 Wt%% » 4 WHSV = 0551 heb e > ki 4553 %7 2 5] 50%17 + > @ (5%

&

@bl F 2 B ’é_ﬁié_WHsv:zhr'lu—fiu:mwﬁf "% > ¥ WHSV =4 hr'!
Pro A et D 1234% 0 kR G 635@? ‘;mnﬁ# A% b WHSV B+
BAF LR AB WHSM B o 2 & %ﬂ 'ﬁrﬂ '5"'%'*"”#5”1 = el G
R S T2Wi%E o ;@g;;wzc;i 4 WHSV = 3hr VI SRRt 50% 1
i WHSV =4 hr' s i34 40977 t 5 ‘

1245 Pillips and Datta (1977)2 # 3 s Bg ¥ ¢ Rtk R 2 50 ~ F s ¢ 27k
A TR PRSI RE REREFBXFELE  REZHETFERER
ZAFURES (M4l $RAZEZCHERT S K 7 EE 5 k25
oo pta P EP R A F AR E S FILF Y FlA N R A

& WHSV (05~1 hri)ps > 2 2 o Rk R 30§ B 2k i A
"TFWHSV 2 33 > MERLCBZRLEAFAF TN RLPE - ARE 2
¥4 ARBRE  FHFLHCFRFLF RS2 A > PIEHER 72 W% ¢ fit 7

AR T ERFZ WHSV T - R RS2 R A AN TV ER EAS A
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ﬁ"r—g -F)s°';‘]”",

B T2Wi%2 o R iF 5 AR 0 L

A4 AN HRAAZE AR LA AL T ET g

e
2 EH

60%
50%
;
__40% L
S
° 30%
o
" 20% 72%
=f=—63.5%
10% ==-55%
0% = N
0.0 0.5 1.0 . ":l'” '1 5 " 2 0 —EE,_ 2 5 3.5 4.0 4.5
& f‘
y..
& o
B4l A FekR \MHS hrt -~ 5kglem? ~ E R
"h'
P
Bl 4.2~4.10 » u] 1-%% 350°C~& 4 5 kg/cm?
T REARAR mw{;*é“

80%

70% -

60% -

50% -

40% -

Yield (%)

30% A

20% -

10% -

0% I

=o—TALI
=li=TARO

o
=

B 4.2 Tau v Taro 2 A& 5

(350°C ~ WHSV = 0.5~4 hr

T T .

2 3 4 s
WHSV (hr)

~ 5 kglem’ ~ ik B 55 wi%)
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80%

70% -

60% -

50% -

40% -
=¢==TALI

=@-TARO

Yield (%)

30% A

20% -

10% -

O% T T T T
0 1 2 3 4 5

WHSV (hr)

- T S
B 4.3 Tau v Taro 2 & .(.350°C ]WQHSV_i_05~4 h'Fl; 5 kg/cm? ~ ik & 63.5 Wi%)

B . i
ﬁ:ﬁ"f 7 S

80%

70% -

60% -

50% -

40% -

Id (%)

=¢==TALI
=@=TARO

e

30% A

Y

20% -

10% -

0% T T T T
0 1 2 3 4 5

WHSV (hr)

B 4.4 TaL 4 Taro 2= & % (350°C ~ WHSV = 0.5~4 hr'! ~ 5 kg/em?® ~ ik & 72 wt%)

B 4.2~44 & a3 i ERT o Tay ‘f\f' Taro ¥ WHSV 2 B % - H P 5 Ty

& WHSV =2~3hrip » 4 g 2t 6] B 7 B2 7 BT i 5 248 £ 113 iy
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PH Taro Al WHSV =051~ 4hripe 5 o

Aliphatics 2%~ (Bl 4.5~4.7) : Cs ik § 1% 23 b » # % 4o Co ~ C7 ¥ 2 4tz 47
Wbt blgp g b oo

Aromatics %4 (] 4.8~4.10) * &k & 5 T2Wt%F (R 4.8) > C7~Cg d 7 1
BIF o Cosr Co*fikit bI4073 Az 10% ; &4k & 55 Wt%fr 63.5 wt%+ (4.9
fr@ 4.10) » C7 22 Cg - WHSV = 05~3 hr' ¢ A 5 1 & 24 > & WHSV =4 hr
P Corrib it M IMAE Y 2 2% o3 WHSV > Rl A2 AF €7 P ET

o e b A e a4t 0 B TR EW BErEF WHSY 2 A o

30%

25% -

20% -

== C5 Aliphatics

Yield (%)
0
xX

== C6 Aliphatics

10% -
C7 Aliphatics
5% -
0% 1 i = —
0 1 2 3 4 5

WHSV (hr)

) 4.5 Aliphatics z_ & # 4 f# (350°C ~ WHSV = 0.5~4 hr* ~ 5 kgicm? ~ j& & 55 wid)
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30%

25%

20%

Yield (%)
0
xX

10%

5%

0%

== C5 Aliphatics
== C6 Aliphatics
=== C7 Aliphatics

WHSV (hr)

IJI!._“J-E-&"'EG ':.-5'

R 46 Aliphatics = 2 4+ 5 @5@9(: WHSV: f@{@r <5 kglem?~ ik & 63.5 Wi%)

30%

25%

20%

Yield (%)
0
xX

10%

5%

0%

i 4.7 Aliphatics 2

].:--r 5}

== C5 Aliphatics
== C6 Aliphatics
==C7 Aliphatics

1 2 3 4 5
WHSV (hr)

A4 A i (350°C ~ WHSV = 0.5~4 hr' ~ 5 kglem? ~ jE & 72 wt%)

30



30%

25% -

20% -

s
< =@==C6 Aromatic
< 15% -
@ == C7 Aromatic
> 10% - === C8 Aromatic
e=é= (9O Aromatic
] ‘\*
+ —‘
O% 1 1 1 1
0 1 2 3 4 5
WHSV (hr-1)
il SelSTs,

B 4.8 Aromatics 2. &  ~ f# @eﬂlq ~WH gr%%'%hr ~ 5 kg/em?® ~ 3k B 55 wi%)

I o

p
& ¥

$
?
30%
25% -
20% -
S
S ==¢==C6 Aromatic
o 15% A
o) == C7 Aromatic
> 10% - === C8 Aromatic
e=é= (9O Aromatic
5% -
—— — — .
0% T T T T
0 1 2 3 4 5

WHSV (hr?)

®l 4.9 Aromatics 2. & 4 & & (350°C ~WHSV = 0.5~4 hr* +5 kg/cm?~ ik & 63.5 Wt%)
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30%

25%

20%

Yield (%)
0
X

10%

5%

0%

32

=== C6 Aromatic
== C7 Aromatic
=== C8 Aromatic
== C9 Aromatic




42 F iR B2 B

RS o ER S 72 Wi%2 2 33 & WHSV = 1 hr' ~ &4 5 kg/em?

2

e

4

%

) ’ﬁ _f\

Foo AFFFE- HWLEET 0 RARER (FF S 300~400°C)$

AR o % hoB] 411 S 7 o

60%

50%

40%

30%

Yo (%)

20%

10%

0% A=)
275 300 325 'isd | 375 400 425
erﬁ(;atu re (‘'G)
m 1

T

! N
Bl 41l A3 25 REREZ F@?% (4L|f’r iE ik :30bl4q0°c:« WHSV =1 hr*~5 kg/cm?
R T2W%)

d Bl 411 B R 350°CT > R A A FEF o d 3 ER S 300°C pF o

L

)@\'
)'

oA WRE A A 2R E RS A A2 A P kgt 350°C

o
4

% o AR4EF I 400°C BF o RIT G NIRK g2 £ R0 EA 4 350°C -
FIut o A G AT R A T2 WH%2 @ iRk 0 w4 5kg/em? s WHSV =1 hr
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05 & 477 4 3+ GCIMS 2 A 452 % (& » 2010)

RT "8 & = i Area (%)
1 Propane, 2-methyl- 0.07
2 n-Butane 0.41
3 Butane, 2-methyl- 3.48
4 n-Pentane 2.09
5 2-Butene, 2-methyl- 1
6 1-Butene, 2-methyl-

7 Butane, 2',12-dimethyl- 0.45
8 Pentane?iflmethyl- 3.68
9 Propane, 2-methoxy-2-methy|- 4.69
10 Péntane, 3-methyl- 1.5
11 n-Hexane 2.01
12 4-Methyl-2-Pentene

13 3-Methyl-2-Pentene 0.44
14 Pentane, 2,4-dimethyl- 0.44
15 Cyclopentane, methyl- 1.74
16 Cyclopentene, 1-methyl- 0.77
17 Benzene 3.78
18 Hexane, 2-methyl-

19 Hexane, 3-methyl- 1.83
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Cyclopentane, 1,3-dimethyl-, cis-

Cyclopentane, 1,3-dimethyl-, trans-

n-Heptane
1-Butene, 2-ethyl-3-methyl-
3-Methyl-2-hexene
Cyclopentene, 4,4-dimethyl-
Hexane, 2,2,5,5-tetramethyl-
Cyclohexane, methyl-
2-1sopropylfuran
Hexane, 2,5-dimethyl-
Hexane, 2,4-dimethy!-
Cyclopentane, ethyl-
1,2,4-Trime%i:l1;“9'l'(:ycIopentane
Pentane, 2,1.;:;4-trimethyl-
He>éane, 3,3-diméthy|—
Cyclopentene,*1,5-dimethyl-
Hexane, 2,3-dimethyl-
Heptane, 2-methyl-
Toluene
Cyclohexane, 1,4-dimethyl
Hexane, 2,2,5-trimethyl-

2-Heptene, 5-methyl-

Cyclopentane, 1-ethyl-2-methyl-,

Cyclopentane, 1-ethyl-3-methyl-
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4.76

1.45

0.86

0.13

0.26

0.04

0.74

0.51

0.62

0.17

0.15

1.93

2.53

0.61

1.05

9.82

0.79

0.04

0.13

0.08
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Cyclopentene, 1,2,3-trimethyl-
Octane
2-Ethyl-3-methylcyclopentene
Cyclohexane, 1,3-dimethyl-, trans-
1,4-Pentadiene, 2,3,3-trimethyl-
Heptane, 2,4-dimethyl-

2,4 Heptadienal
Heptane, 2,4-dimethyl-
3,5-Dimethylcyclohexene
Heptane, 2,6-dimethyl-
1,4:Dimethyl-1-cyclohexene
Cyclopentane, propyl-
Heptane, I{Z%‘S'-'dimethyl-
Meth)‘;I ethyiﬁeyclopentene
1,2,4,4-T:etramethylcyblopentene
Decane, 5,6-dimethyl-
2,4-Heptadiene, 2,6-dimethyl-
Benzene, ethyl-
p-Xylene
Cyclohexene, 1,2-dimethyl-
1,3-Hexadiene, 3-ethyl-2-methyl-
2-Pentene, 2,4-dimethyl-
Cyclohexene, 3,5,5-trimethyl-

1,3-Hexadiene, 3-ethyl-2-methyl-
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0.96

0.21

0.29

0.11
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0.16

0.27

0.06

3.36

9.75

0.04
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Benzene, 1,3-dimethyl-
Nonane
3-Heptyne, 5,5-dimethyl-
Furan, 4-methyl-2-propyl-
Benzene, (1-methylethyl) -
2,6-Dimethyl octane
Benzene, propyl-
Octane, 2,4,6-trimethyl-
Benzene, 1-ethyl-2-methyl-
Benzene; 1-ethyl-3-methyl-
Benzene, 1,2,4-trimethyl-
Nonang, 3-methyl-
Benzene, 1:é“ﬂ'lyl-2-methyl-
Benzene, 1,5,4-trimethyl-

| Decane |
Benzene; 1,2;4-trimethyl-
PARA-CYMENE
Dodecane, 2,5-dimethyl-
1H-Indene, 2,3-dihydro-
Benzene, 1,2-diethyl-
Benzene, 1-methyl-3-propyl-
Benzene, 1-methyl-2-propyl-
Benzene, 1,2-diethyl-

Benzene, 1-ethyl-3,5-dimethyl-
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4.19

0.45

0.29

0.08

1.07

0.19

3.4

1.18

1.5

5.63

0.25

1.74

0.13

0.53

0.3

0.55

0.24

0.65
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112

113

114

115

Benzene, 1-methyl-2-propyl-
Benzene, 2-ethyl-1,4-dimethyl-
1-1sopropyl-4-methylbenzene
Benzene, 4-ethyl-1,2-dimethyl-
Undecane
Benzene, 4-ethyl-1,2-dimethyl-
1,2,3,4-Tetramethylbenzene
Benzene, 1,2,3,5-tetramethyl-
Benzene, 2-ethenyl-1,4-dimethyl-
Benzene, (:1,1-dimethylpropyl) -
2,3-Dihydro-1-methylindene
1,2,3,4-Tetrgmethy|benzene
Benzene, (iﬁ'r'lethylbuthyl) -
Naphthalene, 1:5;3,4-tetrahydro-
Bénzené, ‘2,4-diethyl-‘1-methyl-
2- (4'-methylphenyl) -propanal
Naphthalene
1H-Indene, 2,3-dihydro-4,7-dimethy
1H-Indene, 2,3-dihydro-1,6-dimethy
Naphthalene, 1,2,3,4-tetrahydro-1-
5-Ethylindan
4-ethylindan
1H-indene, 4-ethyl-2,3-dihydro-

Benzene, 1,3-dimethylbutyl-
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0.34

0.56

0.33

1.22

0.11

0.19

0.51

0.37

0.49

0.19

0.25

0.09

0.05

0.25

0.12

0.04

0.06

0.2

0.05



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

Dodecane, 6-methyl-
1H-Indene, 1,1-dimethyl-
1H-Indene, 2,3-dihydro-4,7-dimethy
6-Methyltetraline
Dodecane, 3-methyl-
Naphthalene, 1,2,3,4-tetrahydro
4-sec-Butyl-ethylbenzene
3-Methyl-3-phenylpentene
Naphthalene, 1-methyl-
Tridecane
Naphthalene, 1,2,3,4-tetralydro-1
Naphthalgne, 1-methyl-
Naphthalene, 1I":,::2“’,5’,4-tetrahydro-2
Naphthaleneﬁl,Z-dimethyl-
“Napht:halene, 2,7-dimethy|-
Naphthalene, 1,2-dimethyl-

Naphthalene, 1,4,6-trimethyl-

0.04

0.08

0.24

0.06

0.05

0.04

0.6

0.12

0.25

0.06

0.03
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