FguITgatuanysal

1ASINISNISHANLEINAIUEZInNUAdA1TUDULnoBaN l9n

HY78AERT19138 A3, 8398WNsT a308HITI
HY28fEn 319158 As.une udl
J99A1ENT13158 FUNTT UIAITTEATEDA

919138 Unau ygysau

1A59N15998UseNIUUsE UL use 1a
MNEUANYUIFUIA(QUUTTUUUHLAL)
Usza10auUszung w.6. bé&oo

UNINGIRBY TN



SUEALATINIG b&poAsocobeas

TuILaTN edk/ladoo

FgTeatuauysal

1ASINITNISHAALEINAIUEZDInNUAdA1TUDU LR DN l9R

HU28A1an319158 A%, d308WNs1 a3augITI
HYI8AENT13158 AT.UAS UL
F99AEATIANTE FUNTT UIAITIEATENA

919138 Unas ysysau

ABIEIAINTTUANGAT NNIINYIFBYTNI



UNANED

(%

mATeadeliitnguarasdiofmundisal fATenouilesiedlelad HzsMs il
Wisuiiguivdleladusudgs dmsunsndalawiiadmes meufisernsveulasenladlalasi
wiu Tnefidussufizeniouseitindeuiluuunidasliiunssuiunmsuaatiudu Bududenis
Awnswimaneslulauniind Wemannegivanzalunsiuiiser anduinsmaseuuiisen
nswdslalasiauvesufiansvaulaeenleduasyinnisiageunnanvuzrosdinsuisen medsnisd
87 (BET), msmeaeunisidsatuuvesiediing (XRD), Tn1saeduveuanluiiounugamgii
Tusunsu (NH,-TPD) wagdsmsmeduvesufansveulneenlednugamgifilusunsu (CO,-TPD) wa
N13115IL AT TR Ao sulauniindlugiefiviinisinernudu 1 wag 10 Us, gauvil 100-500
DI TAT AT NTIEIUTENING COxH WAL 1:2,1:3 uas 1:4  wuin anzimunzauly
nmsduasziunueaazlaufiadines Ae aaumgll 1000 ealdya, ALY 10 U1SHALEnTIdI
W93 CO,: Hy = 1: 4 nansnadeuuisenasveulaeenlenlalasiuduvesinsaufiizen Cu/zro,

wag CuZn/Zr0, Wu31 fsaufiisen Cuzn/zro, Wuimissfisendmsunsdaasiziuviueals

a

ANIALIIUHATEN CU/Zr0, FalIBNIINITAUATIEMUNIUOAUINTGA  12.6 g/kgerhr 8 RaUNATl

Y

210 sam A, ANAY 10 U3 wazldalun1ssiidaisaufizeuiu 8 Talus nan1sveaau

Ufisenasveulneenlenlalasdiutuvesdiussljisen CuzZn/zrO, nauiu HZSMS5 %se K-HZSM5

'
=

edansevilamiiadmes wuin Mssuisen CuZn/Zro,+K-HZSM5 Wuiussufiseniumngay
dmsunsduasenlaufiadmesanindansauiisen CuzZn/Zro,+HZSM5 Falvinansiamansusenau
lalasasusududiulvg valllilos91nANLsIveINTAUURY K-HZSMS tineg1seous ldvinls

aaa

AaufAseinisaansivesumueaniolawiiasmes uasusznevlslasaisveu Feaunsandn

Iawiiadwesla 44.68 g/kg.hr



Abstract

The purpose of this research was to modify copper-based catalysts with HZSM5
compared to potassium-modified HZSM5 for dimethyl ether synthesis via CO, hydrogenation.
The catalysts were prepared by simple impregnation method without calcination.
Thermodynamic analysis was carried out to optimize conditions of carbon dioxide
hydrogenation and the results were compared with experimental results. The catalysts were
characterized by means of BET technique, X-ray diffractometer, NH;-TPD (NH; Temperature
programmed desorption) and CO,-TPD (CO, Temperature programmed desorption). The
results of thermodynamic analysis under pressure 1 to 10 bar, temperature ranging from 100
to 500°C and at CO, : Hyratio 1:2,1: 3 and 1 : 4 revealed that %CO, conversion to methanol
or dimethyl ether was the highest at 100 °C under 10 bar and molar ratio of CO, : H, ratio at

1 : 4. The CuZn/ ZrO, catalyst after reduction 8 h exhibited the highest methanol synthesis
(12.6 g/kgi-h) at 210°C, 10 bar and CO,: H, ratio 1 : 4. The CuZn/ZrO,+K-HZSM5 catalyst gave

the highest dimethyl ether synthesis at 44.68 g/kg.*h compared to CuzZn/ ZrO,+HZSM5
catalyst due to lower acid strength that modified by potassium doping and it can retard

decomposition of methanol or dimethyl ether to hydrocarbon compounds.
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3. MSNAFRUAILSIUNNTEUL AT
4. VAFRUANANYMEYBIRILTIU AT

a a U 1 dy
fs1eazdunnana Ul

snaiall 1aTasuAuazgunsal
1. @1sad
1.1 poules () lumsn (Copper (II) Nitrate - Cu(NOs),*3H,0) (ALPHA CHEMIKA)
1.2 @3A lwmse (Zinc Nitrate - Zn(NOs),+6H,0) (DAE JUNG CHEMICAL&METALS )
1.3 weslawlly (ZrO,) (TOSOH)
1.4 #lalad (HZSM5)
1.5 Inuwna@eulumsn (KNOs)
2. \w3esuiuazaunsal
2.1 w3asun towd Jnines witieuans s nszanunfing viaeanen ASNUAANS
2.2 Youmandngns

2.3 199U 9Nl 110 sdrwalgys
N1SLAsEUAILTIURRTEN

1. A39UfAise1 Cu/Zro, uag CuzZn/ZrO, (Fandil Ideas, 2559)

1.1 wSsuansazaendevadlane s arsazarenaliuas (1) luwse 19duans

fapuvadlanzmaulas Ineldinuiu 4.2 nfu wavarsazarenadiuas () luwsn+3Aluwmsen
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I uansseduveslansasuileiuasded Tngldsiuiu 2.8 uag 1.7 ndu auddu avanelu
duseanlesousuiu 10 fadans

1.2 w3uufsessu Ao weslally (Zr0,) 10 nsu lalunszanuiiinn

1.3 veaansaraneidesldacuuinsesiuseimsviliauguuuuuis

1.4 suwisiigamgil 110 ssrwaidoa Wuan 12 $2lus azldl fausefisen

[

Cu/Zr0, wag CuZn/ZrO, il 2-1 Faludassuiisenlaiciunszuiunisuradiudu fa

A
ANN 2-1
N
N
L}
s ] | a - .
miazawnolulos woiladly  ouuHINguMN 110 oar T U CwZzr0,
129711
N
N\
L
aMsazay 103 Taiio puniafigugi 110 oarnsaiFo uA CuZn/Zr0,
I - -
annloi+an 129 1u4

A7 2-1 FNseseuLssUisen Cu/zro, wag CuZn/Zro,

2. MIASENAIRATIULAIET K-HZSM5
21 wlsuansazansindevetlany fe Inuna@oslumse (KNO,) Mifuansdaduveslany
Tnunadeon Tngldsuau 0.835 n3u avansluhdsaanleseusiuiu 10 fiadans
2.2 \W3uNfTessy A Flelad HZSM5 10 nsu Talunsganuniin
2.3 eaa1saraefivseuldiacuusisedu
2.4 suwsiigamgil 110 ssmwaldea 1Wuan 12 $ls
2.5 upaButufigumndll 500 ssruwaldea Wunan 2 $lus axldmaseuisen K-HZsMs

HININA 2-2
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mIazany HZSMS5 ounitaiiguugll 110 perwarfoa A
Tnunendonluase 12 47T

wWfiganinil 500 BarvaITod
44374

A9 22 TensuTulsadlad HZSM5 melnuna@eylunsg

NsNAdBUAILIIUS NN

1. NISAIUINAINAT %CO, conversion ANuaNNIsNIamasialauiding

neummegeuUfisernisveulneenledlalasiiudu nefideazdassanieiiie

[ a a [ '3 a § o

wanudululalumsifandndue a anzauganavesiulauiiind Awialaelusunsy
Aspen Plus 1aaspusdululsdvasufiserlunisifiandndae laun duvu wiuea lawdia
= I3 3 ¢ w a v aaa a aaa i
dmesuazanuaumauenlen fInnT199 2 -1 Messuvlisenaed ssuuudisenduasssuy
Ufsenany ordendnnisanasnasnuasivudingn laeldinsasunsaiuuy RGibbs Tu

o v = = o & a a [ '3 J
N1591889 AN 2-3 Feazdnassanudululalunisiiandadusiagaiuin o dN1ITENNS

RGIBBS

A 2-3 nsinaesnudululalumsiiandnsiue lagldeasesufnsaluuu RGibbs



A15190 2-1 UAselunisiiandnduan lawn Sy wniuea lawwiiadimesuas

AsuBUNOUDNLYA
Ufisensiulalasiauveufiaansueulaeanled S LS
AHp (—) AGg (—)

mol mol

CO,(g)+4H,(g) —CH,(g)+2 H,0(g) -164.98 -113.63

CO,(g)+3H,(g)—> CH,OH(g)+H,0O(g) -49.40 3.5

2C0,(g) + 6H,(g) — CH,OCH,(g) +3H,0(g) 61.3 4.92

CO,(g) + H,(g) — CO(g) + H,0O(g) 41.15 28.52

v
a = a

lun1sdnaesarldesdusznauresasiifukasnanduamiindy aungll 90-500 83An

= LY s Y a aa ! I a
Wwalged ANAY 1 5 Lag 10 USwagsnsIn1sivasiy 120 Jaddnsneundl s1eavidenued

ANITNITNAFOU AIANTNA 2-2

A1519% 2-2 91882188AT0INNTIN@NLUTIATH Aspen Plus

05181 CO, @ H,

YUY HAR U 1:2 1:3 1:4
M1Uea v v Y
UfRTeIRen lowiiadmes vV Vv Vv
(Single reaction) T v N4 v
AsuauNationlYR v Vv v
=
WMUDA+HINUY
GRNIRAREY e n e oA v v v
Iawfiadmes+imu v v v
(Binary reactions) o o«
Wuea+laluiiadines v v v
audfnsen
(Tertiary reactions) WUea+lamTiadmes+inu v v v

2. wrunIInagauUfizenasuaulasenlynlalasdiudu
lunsnaaeuljisennisueulaeenludlalasdiuduazuianisneasudu 2 d
Aa diurean1sduasisiuniueakavdIuYeINIsdLATIElaLiadves lnudiuvednis

d9ATILMUNIUDAILYININIINAABUMILIIUHATEN Cu/ZrO, Wag CuZn/ZrO, YNN1sNAaaun
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ANNAY 1 uag 10 Y13 gaundil 150 180 210 240 300 wag 400 sarwaldua tngldianly
N3ZUIUNTINNTU 4 waz 8 Talua ndsnduthdussfisenanusadunsisiumniueale
winigaunanivdlolad HZSM5 uazdlolad HZSM5 NUSuUgsselnuna ey (K-HZSM5)

wisldiudnssfasenludruiasdrmsunisduasizilawiiadmesuaziinismageu

Ufnsemsueulaeenludlalasdiutu iedunseilauiiadines danmi 2-4

|
l

8 hr

Reduce
—
4 hr
Reduce
- .
. K-HZSM5
Ne——————

Rate of methanol production
‘ ‘ ‘ Rate of dimethyl ether production

Methanol synthesis Dimethyl ether synthesis

A9 2-4 uunsnageulfiseinisuenlaeenlunlalasiiudy

=)

®

L

A 2-5 Process Flow Diagram aimsnaaeuufjiseinsidulalasiaunes

whaasuaulaeanlyn
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Pressure gauge Unit Control Panel 2 Gasj)h Lomatoqraphy
wihiadaauéu WENAILAN ) tesaviAanswan

Talanniuasil
[ ] Gate valve Temperature Detector Ir ‘I Dust Filter
M@ MOTIAAUDNH b fInsaIelu
g Relief valve Temperature Transmitter [%~]| Dispiay Programable Divice
NAWEUAANUAY @uilasdua aaami i wiRaudmnansieTEd

Globe valve Temperature Indicator Flow Meter
o . ” = = R R
gjagﬂguauaﬂ'jjﬂj'j’lua G ana Nl esaniiaiaaannslua
&]Back Pressure Regulator Temperature Controller Caoupling
AaTeANAUEUA&L dMmuAuaaMil ianava
Sampler
anLfudang

AN 2-6 dyanwaiiunenglu Process Flow Diagram 909n5guiun1swantamiiadines
nsnageulisennisiiulalasiauveufianisusulaeenles Asnnn 2-5 uaz 2-6 3l

o o X
S18aLLDARAIT

2.1 wauwna:nauwnan1suaulaeanlen (CO,) whalalasiau (Hy) waswia

Tulasiau (N, snsidruveanianisvaulnoanlansawialalasiauwindy 1 : 4 . 8m51A15
InalmeUsunnsves CO, : Hy: N, Winiu 14 : 54 : 48 Taaanssoundl A1uaIau Laefonsinig
Ivasiu 120 Jagansseunil

2.2 msvedeudssuisen : Tddassuiisen 1 nsu waufulia@ani 4 niuy

4

yuaLdusuAugnats 1 dadwns ldasduesosfnsel neuldiusau]isenassedddddniga

U

Y a

(Silica wool) Ustaunanawnsesufinsaineu iedesiunisiioanvesdnseuisen uaile

MILTANABNATI ABUNINAADUNISLTIUA TN AUSIUNATEIRENIUNTEUINNTIANTUAIY

a

whalalasiau (Hy) wasuialulnsiau (N,) 8ns1du 1 : 1 f9msin1siva 30 Aadansaeudl 7

a = [d = & [ g a =
YN 350 perwaldud L Juan 4 w3e 8 Talug NAINUUANRUNHUAINT 8 FN1IEN

9 Y

2 £

ADIN1TNAZDU mﬂmaqmﬁmaauﬁmmﬁuqq A99U5U Black pressure valve Tszuudainu
FUAUADINTT

23 MInsredevaIIeRuLanAnSudeeIauialasulnnsdl ; Hedeq
wialasurluns Wuuusnludf luiea Varian chrompack CP-3800 gas chromatograph
aeluussyiemadull Molecular sieve 5A dmsulduenluanasuiman lawn N, O, CO

o

CH, uazraduldmivuwenaisusenaulalasaisuey aamgiilunisldauvesaeduiaelin

[y

110 99ANTALTYE WALOMNIINSGMAVDILAATREUAINT 80 HaRANTHOUT ATIATAABFLNA
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WasLUU TCD war FID WistnuSuamidaariveulnoenlenunduazvioonuazasiaia
ARSI WU SwusazansUsznoulalasansueunarldiadeaialasuinnmiluuudaseile
luiaa Varian chrompack CP-3800 gas chromatograph Andanodutl PoraPLOT Q-HT die
pninmmueauarlawfiadines fmefmames FID gumnilunisldnuesaeduidlid
40-80 BALTALYUALAYONIINTIMAVDILAATIABNAINT 80 Jaaansmauyl

2.4 31A51vina: Yinan1sneaesainaiesialasualasnsail (GO) u1Basizi
auanansalunsafizen Tnedum Wesiduinslasuuamsuaulasenlad (%
CO, conversion) ANUENNTAIUASIEBNAANARA Y (% Selectivity) Lazilasifuinisiia

HalivaIndnsiae (%Yield)
NAFUAMANBAILUBIRTIUGNIEN

1. winufiinvesdaieufjizen Tasasnsgadunialulasaunienienin
(Brunauer-emmett-teller method; BET)

nsmAiuiRivesiegsiy ansaduannUTnanialulnsiauigngady
vuiuiitvesasiesns fgamaiveslulnsiouman 77 et laefagihinuvaseuazdes
muﬂﬁzmumiﬁﬁ@Lﬁm'mﬁuﬁﬁmaﬁa@ (Outgassing) NM5ALASI¥sLUsRRN DY 2 Funay
Lo

1.1 MTAATIRUY Multiple point method Msaasigviaglutag P/P, (A

Auvasiabulasiauionuiulevewialulasiau a 77 walu) 0.05-0.3

1.2 mynneimlelameuvesansieidlagldan P/P, aeluyae 0.05-0.99

AT 2-7 LASDIATIERVWIANUTNRIT I ELazUTUINTINTU (Chulalongkorn University,

2017)
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2. Anwlasesnandnvasiassufisendindoulddae nsmadaunaiieaiuy
¥a939818nd (X-ray diffraction; XRD)

mMsilnsgilavesasusznousenleslngiaios X-Ray diffraction §u SIEMEN
D5000 Ineldumasrinin X-ray e Cuke lnertuiingas Ni laefi A=1.54 uiluwns laeisy
AuNuRaNN 20°-80° NAN1IVAGBY X-Ray diffraction anansntnluszylassatandniiegly

Aasaufisen

AT 2-8 LASR0LAT1ERlATITINEN (Ammrf.org, 2014)

3. AnwIngAnTINYRINITTUIUNITIANFUAITIURNTE a1 agau U)RTen

?ﬁﬂ%’uﬁiﬂmn’iuqmwgﬁ (Temperature Programmed Reduction; TPR)

= a4 A a ¢ = S @ 1%
AN 2-9  LATBIUBIATIENNITUABULUAIUINUNTNGAINNTOU

A15NAEaUALITLATDIILASIEYINTUABULUAIUIMENNI9ALS U dmSUTnan

Uniinvesiaisauiisenanas iegumgivesiiselisenfianiindunelausseiniaves

Aalalasiaunauiiglulnsiau wisuisuiunisnaasanielaussenniaveswiabulns.au
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nsnaaedlifisefAtendiuru 10 fadndu wneldussenavesfalulnsiau Asns
nsbna 30 daddnssieuy Aneamgil 30 1 900 asrwadua neglddnsinisliauieu
10 esrwadeasiowil ndsniurhnimaaessumdasuduusseinmavesudalalnsiau
wannfalulnsiauiisnsinisiva 30 faddnsreundl twanismaass siUsuliisuiuiiion
gauniinsaaemveiusisevseaumginisiia Uisesantu

4. Lwﬂﬁﬂmimﬂmmqmmgﬁﬁiﬂmﬂim (Temperature Program Desorption;
TPD)

miﬁﬂmﬂ%mmﬂsmLLazmmL,LﬁﬁaLmsuaaﬂiﬂuuﬁuﬁﬁmaaﬁaLéqﬂﬁﬁ%ﬂmaﬁ%ms
mEJGfiJU“UENLL@@JI&JLﬁEJ:i,JmanamqﬁﬁI‘UﬁLLﬂim (NHs-temperature programmed desorption
NH5-TPD) LLazmiﬁﬂmﬂ‘%mmwaLLazm'lmL%qLmsuaaLuauuﬁuﬁﬁwaaﬁuingﬁ%m
naaoulngIBnsmetuvesnfaniveulnoenlednugumalinlusunsa (COtemperature

programmed desorption CO,-TPD)

e B ]
|

AN 2-10 Asesdlenagounisaedunianisusulaoenlen (Chulalongkorn University,

2017)

fupounismeassweamaianismenuguuniflusunsy s

4.1 19U fAzen 0.1 n¥u lunismaaeu Tasiuaniiamnuagenin A3
UiAsen Tnenslianudeuluusseinaniinisivaveufadiden efdnaisfisuegiv
RavthuesiaseufAtendeu wu dhuieluanafigadudou 4 vufiandh wiglsidums fu
Jfufdng

4.2 ¥lmBuadluussomavesnfadiden suldonmgiifidesns

4.3 g o Yaselvlianfeimsnyinsaaduiasnisaeduiiigssuy
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1%
=< 1

(uRamsvoulneenledvioufauenluiiie) udrislfl¥nsgnduiAntuogisanysal ndnie
Rantihdudidefigngadu dmsuufaweulids nsgaduiintu u gungd 30 e
wadua uazufanivoulasonlys mageduiintu o gumnd 40 ssmuuaidea

1.4 dalianavesnfafililipadunazufaiigaduiuuseu o laenslasmeufadiden lng
M3ifingamgl

4.5 Buiiiugamgian 30-450 erlwaldea fusnsnga 10 ssmwalsasneuriituiin
USinaansitgnagesnuniisufunaazgamaiuazuiamsmiuluaveuda Tneld
fuildnsmaseduinisuifeufuiuilinsvvesufawouluionioufa

AsuaulneanlunNnIuUSuIuLUuaU
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Tuunisununanisaaesiane lasiidendn o 3 Wide A

1. wansesizimamasiulauning

16

2. namnaaeuUiisenasuaulneanlylalasdiutuvasiissuisen Cu/zro,

waz CuZn/ZrO, 8 N1ANN 9 LagRanIsNAgeUMILsIUiseaeilandy

3. NMINAFRDUAMAN WA VDIMILIIUATEN

a 3 o a 1
Nammmmzwmqmas‘[mlmwna

Tunsirassanudululdlunisiinndnadod o anizauna aunsafualanig

LUsunsu Aspen plus logldiagasu fnsaiuuuAvud 35n15A1UIMLUUNITANAITDING 1Y

wsAudinan lnegvitnisdnaedlusunsalugiteamgil 100-500 ssmeallea Auil 1 5

waz 10 115 18ns1dimwes CO,: H, 1:2 1: 3 way 1 : 4 d9aziinisdiasslussuuufizen

ei a a a s s 3 aaa I~
LYY (HINU WUNIUDA 191Lll'VlﬁEJLW@?LL@%QW?U@U&J@U@?&%@) 53‘U‘Uﬁ@\‘iﬂ§]ﬂ58’] (HNU+LUNM

uea Lnu+bawiiadivasuasiuniuea+bawiiadives) wazssuuaiuuizen (Emu+iy

a a s % N
‘VI’TL!EJ@+1@L3J‘1/]@EJLVI€J§) ANAIT N 3-1

AT 3-1 Twazidunvein1sinasslusunsy Aspen plus

System Product Reaction o kJ
AHp (—)
mol
Single CH, CO,(g)+8H,(e)—> CH,(g)+ H,O(e) (1) -165
reaction CH30H CO,(g)+3H,(g)—> CH,OH(g)+ H,0(g) (2) -49.5
CH;0CHs; 2C0,(g)+6H,(g)—> CH,OCH,(9)+ 3H,0(g) (3) -61.3
CO CO,(g)+ 6H,(g) —CO(g}+ H,O(g)  (4) 41
Binary CH4 + CH5OH (1)+(2) -
reaction CH,4 + CH5OCH; (1)+(3) -
CHgOH + CH3OCH3 (2)+(3) -
Tertiary CHq + CH5OH + (1)+(2)+(3) -
reaction CH3OCH,
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1.1 wan1sdnaeduswnsulussuuufizeaen

nan1saunantusunsudululanundnnisvesaugand ievinlindsanu

'
| o

sauvedfvudiAiaifan Uisenntealiuioutinlaf o 4799ungiidn 100-300
asrnwaea Tuvaenuisengaainuiou loun UAsen Revers water gas shift iinlaniile

LRI WU %CO, conversion AANANNINTUGINT 50% o @A1IENTae d sy

U

nsduasEilawiiadmes wuin Ufasenisiiedinuialadeiiga a1 %CO, conversion

Uf)A581 Revers water gas shift Hav89 %CO, conversion Y8IUHATE AN NN 4-1 dmsy
an

Aseaeauseu lawn UAsennisiindiny UfAzensdunsziumiuoaazuinze

gufiau 100% luvainsduaseiumiueanazlaiiadines i %CO, conversion &3an
35 uag 65% MUaRU

wonNUNUI Amudulinassujisernisiindvnu wnueatazlawfiadmes

¥
Y

dennudugedu Viinaasdeiuiniy annsaifiaujazenludraniiléfitu %co,
conversion ﬁmgﬁuaﬂm%’mwﬁm%’umsLﬁmmmuaaLLaﬂmuﬁa%ma% usidmuTi 7
ganginn Anuduiinalidaau uafgungfigandn 300 ssawaldoa Tiua %CO,
conversion L¥uLAgIfunIueaLalawiiadives wasnuinauduliinaseujisen
Revers water gas shift

Wowiudnsrdiuvasuialalasiau aziina %CO, conversion ¥83NUJATEN

% I

FALAUNAAFINSTUNISHANTILNUY NITNI12ANUTUTUYDILAALalASIAUAENasDNIS

q
a aaa a

Anujizenisiiuuialelasiau a ons1dmves CO, : H, = 1: 4 FudulumuUsunuans

v (% s 1

duifus wudn Yisenisiinilinuaiuisaly %CO, conversion gaga 100% luvme

90318 CO, - Hy = 12 3 Faduldmudiinaasduiusvesufisenmainumusauasle

a0 =

Wiiadines %CO, conversion dfgegaliies 35% Uag 60% AuaRy Mallanaliledunain

'
o

nswasuwlamaanuivuddemign o fundsnenan?

100 Py
CO:H =114

100

Ibar-/-Shar - 10bar €O, :Hy=1:2
CO,:Hy=1:3-ome
CO, :Hy=1:4

CO,()+3H,(2)=>CHOH(2)+H,0(g)

£

z

70 | €Oy H=1:3

2

2

2

£

% CO, to CH, conversion (% CH, Yield)
»
2
w

14

=0« 1 bar - 2u- 5 bar -L)- 10 bar

*CO0, to CH,OH conversion (%CH;OH Yield)

CO)HHL(2)—>CH(2) HH,0(g)

100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500

Temperature (°C) Temperature (°C)

(n) Thnu (1) WU
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100

1 har -\~ 5 bar L1 10 bar

5 20 % oM 0RO CO, :H,=1:4
= 80 bl
==
g 2C0,(g)+6H,(g)—>CH;OCH, (g)+3H,0(g) 70
S 70 =
g Z e
g _
§ E o ilad = /C ="
'y S - _
= o 40 ,‘/ e
%, 30 /j////,/,r//
5 B i
é 20 3//‘{( 5;._// e
H = r/‘l'f{( i
"In(l 150 200 250 300 350 400 450 500
Temperature (°C) “Temperature (*C)
"L a = 6 & =3 \'L I3
() lotuviaawmnes (1) A1SUDUUBUDN YA

A 3-1 mswasuniansueulaeenlesiiundnsaet (%CO, conversion) waznaldves
wansfout (%Yield) vassruulfizenien
1.2 wan1snaedlusunsulussuvassiazaiuuiizen
nansaedlusunsulussuvasuazanufiten wuin UfATedAedinu oy
16 %C0, conversion dnuazilouUfizendevesiivnu fanmil 3-2 (n) () uay ()

nsviuwemanesiulawndind wudn nmsifalmuliamasanuivudsiumdniinujisen

'
o = A

avign Unserdadeniandadueiiinududiuunn wnndnisidenie wnusawazle
a ¢ o & = a a o8 Vv o a ¢ o o | aaa

witadmes Mallnsiznisiienifaiinuagilindinuivudaniian diulussuvanslfisen

YuUNIUDA+ATasinasnudl %CO, conversion Aildnwuzmilaudjisennuivedle

WRadwes ssanlawiadmasaiunsaialndienin wWniuea AInIna 3-2 (A)

100 100

20 90
30 80
70

60

60

50
40 ME

30

50

40

%CO, conversion

%CO, conversion

30

20

10

-O- 1 bar -A-5 bar -C1- 10 bar CH, + CH,0H 10
0 -O- 1 bar -2- 5 bar -CJ- 10 bar CH,+CH,0CH;
100 150 200 250 300 350 400 450 500 0

100 150 200 250 300 350 400 450 500

Temperature("C) Temperature("C)

(n) TLNU+LUNIUDA (@) Twu+lanadwmes
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100 =T 100
“O-1bar -A- § bar T 10 bar €O, il =122 o
90 CO:H,=1:3 -~ 90
CO, :H,=1:4
80 80
0 CH;OH+CH,0CH,
g 70
H s
;;' 60 .g 6
= =
g S0 g 50
S w &
3 vl
30 £
. B 30
20 | Tp ¥
20
JUNRR
© : | 10
0 - S0 e -O- 1 bar - /- 5 bar -C 10 bar CH+CH;OH+CH,;0CH,
100 150 200 250 300 350 400 450 500

=

100 150 200 250 300 350 400 450 500
Temperature(°C)

(@) wWuea+lawnadmes (3) TNUHUNIUDA+ ALUAADIN DS

Temperature(“C)

A 32 nswasuniamsueulaeenlesifundnsam (%CO, conversion) 8455 UU
doslarauuinsen

1.3 wansinaeslusunsuludruvenaldumiueanaslaufiadmes

nansiaeslsunsiludgwveswaldiumuea wui Tussuuiien nanaldves
WYNUEANNNTIAN 35% Mgl 100 ssriwaldea ANUTY 10 USiazdnTIdLTes CO, : H,
= 1: 4 fsnwdl 3-3 (n) spvudealFAzeiiAnndndueiduumueauaslauiadves (i
waldwes lwnusaNIniian 4.2% fianzfisrfuiussuuie uidnalddesninssuuifen
ﬁgm‘iﬁawWﬂmammmwé’amuﬁwé‘luiwuaaaﬂﬁﬁ%miwdwLmnuaaLLazlﬂmﬁaﬁma‘ﬁﬁ
Avnfian WelAalawiiadmefinnninumueaniednieviinsfalawiiadinesiinldie
nmuea @nsadaunnainnisivdsunlamdsnuivudvesnininufiter a ane
1n55 SRRy -4.92 wag 3.5 Alagasiolua muddusanmi 3-3 (A) druszuuiin
fmudundadusismiuamueauay/ violawiadines Iianaldveslaiiadimes fidm
unUsEINM 2x10° % WewFeuifisuiudnaldvesumusannsyuuiindniumiueaniug

Y} a a s A a ! = o a
ﬂU‘l@LlW]a@L‘Vl@?ﬁi@ig‘U‘UWNa@Lll‘V]']u@a@Eﬂ@L@erJ ANNINY 3-3 () e (3)

100 2.5E-06
20 <O- 1 bar -/ S bar <[ - 10 bar COy tHy = 122 e O 1 e - S bar [0 10 har COy tHy = 152 e
Oy tHy = 1:3-oem 2.3E-06 :
CH,0H o moie CH,+ CH,OH €0, 8, ]
80 = 20E-06 2 il i
7 18E-06
g g g
2 60 S 1.5E-06 73
z g
S S = L3E-06
= ] Y
;% 2 1006
TSE-07
S0E-07
2.5E-07
S D0E+00 —F— i
1000150200 250 3000 350 400 450 S00 100 156 200 250 300 350 400 450 500
Temperature (“C) Temperature (°C)

(n) W ULA @) Twu+lahadmas
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5.0 2.5E-06

5 -O-1 har-A-5 bar -L1- 10 bar sg: 1H[: : :; 23806 -O- 1 bar - 2. 5 bar -[]- 10 bar ((8’- ]1:1; :g R
4.0 CO, Hy= 134 S oEa0g | RO+ CHLOCH, + CH, €O Hom1ia / i
CH,0OH + CH;OCH, /
= 35 18E-06
S, =
e < 1L.5E-06
; 3.0 E:
Z 25 S 13806
Z 50 ;é 1.0E-06
1.5 T7.5E-07
1.0 5.0E-07
0.5 [ 2.5E-07
0.0 SR LA 00E+00 T — 2
" 100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Temperature(°C) Temperature(°C)
l'L a =l 6 = VL a = 6
(A) ) LWNUDA+ bALUNABLNDST () WNUHLUNUDA+LALUNADLNDS

-'-NI ¥ Qll aaa aaa

A 3-3 waldvetuniuealussuuie) sruvassufizeuasseuvamu)isen
nan1sataeslusknsuludiuvesualalauiiadwmas wuln lussuumekagssuy

aaa a a a o ¢ A ¢ a Py a A & a
aoslisenfiiandndueiduumueauaslaufiadves analsvedlawiiadmesuiniign
55% Ngaumail 100 aerngaled AU 10 V15 Uasdnsdunes CO,: Hy= 1: 4 fanmn
7 3-4 (n) wag (A) druszuuiiatimudundndunHutuLueaLay/ v3a lawiadwmes
nnalavaslawiadmes Jaanuinuszana 2x1012 % WiswSsuifeunuanalaauaaumi
uaammgwﬁmamwmaamu@ﬁ’ulmmﬁa%ma%w‘%aizwﬁmamLumuaaaéwLﬁsn AININ
13-4 () wag (1) Feenvzagulaivnielimusiudumueanse lawfiadmes Uisen

A a a o ¢ 1 @
ALLADNLNANARN N UNAIUNNLUUILLNY

100
-O-1bar-4- 5 bar -C- 10 bar €O, Hy = 152 v Z.5E-13 €O, Hom 132 e
920 "0, :H, = 1:3------ O ALK O . Uy ey =1
CH,0CH, ?8; :lf{ll—::i O-1 bar - /-5 bar -7 10 bar €O Hom 103 e L
o S bl CH, + CH,0CH CO, :Hy=1:4
80 2.0E-13 4 3 '3 2 ]
70
g @ 215813
~ =]
= =
8 =}
= S 10E-13
< ~
2 B
5.0E-14

0.0E+00
100 150 200 250 300 350 400 450 500

Temperature (*C) Temperature("C)

(n) Towiiaadnes (@) Twu+lahadmas
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o0 2.5E-13

-O-1bar-A-Sbar-(-10bar  CO2:iHp=1:2 O-Thur-A-Shar-L-Whar - €O, :Hy =1:2 by
COy:Hy=1:3------ CH. + CH,OH + CILOCH. CO,:H,=1:3 i
50 CO, :H,=1:4 [ CHaT CHY OCH, CO, H,=1:4 B

2.0E-13

\ CH;0H + CH;0CH,

1.5E-13

% CH,OCH, Yicld

1.0E-13

%CH,0CH, Yield

5.0E-14

400 450 500

100 150 200 250 300 350
Temperature ("C)

0.0E+00

Temperature ("C)

(A) Wwiuea+laufiadmes (@) Twurwnuea+laufiadmes
Al 3-4 walsvedlawiiadinesluszuuien ssuvassufiseuazszuvainuiisen

MneanIsTaesusunsuimaiisunlngldndnnsvemdsnuivudiisn
flgm wuin 299l 100-300 ssmwALTEE ANFL 10 115 uazsATI@YEY CO,: H, =
1: 4 \Rendndus Ae wnusauatlaifiadinesinniign

faulunsnaaeuuisennsueulaeenledlelasiuduresinswiize
Cu/ZrO, war CuZn/Zr0, FsldYrgamail 150-210 pspiwaided AUAY 10 V15 uae

8051d7UV08 CO,: Hy,=1: 4

Han1smagauUfisetnisuaulasenledlalasdiuduvasiasauiisen Cu/zro,
way CuzZn/ZrO,

nan1svadeulfizeimsueulaeenlenlalasiiutuvesiassufisen Cu/zro,

way CuzZn/Zr0, Mswasunlaswiansusulaeanlemdunaniueg (%CO, conversion)
A a a v 6 .. v a aaa . v =]
NITaRNINANARALN (%Selectivity) LazanI1n1sNAULN381 (Rate of reaction) ANAIT1WI

3-2 Lilogauuiliiuay A1 %CO, coversion NMIEBNAANAAUIUALERTINTHAANGN TN

[
=

ANALYU

2D

msnagoufienmdu 1 und TWaanlunis3ing 4 dalus wut Fussufiseis 2
i fiszavBanmlsisnetu Tnefigamgdl 210 esmwaidya isnsnsuanmmIeaINTian
Fanmil 3-5 (M) uaz (v)

nMsvageuANdy 10 Und dnarlunisifad 4 9alus nuth dussufazen

CuZn/ZrO, TBNFINTAAKFAUNIUBANINNITNSIUHATET Cu/Zr0, Ineiidaisauisen
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Cu/Zr0, deniinLiunsusuueusnlasgsis 80% luvagiidussufizen Cuzn/zro, don
Anwduiumiuea 50% daansneit 3-2

mnmaisuileusauseufitewis 2 daflenndiu 1 uag 10 115 gamnd 150-210
psmwaiea THalun1s3fiad 4 dalus wudr fussUfiten Cuzn/zro, fAnudu 10 uns
warguundl 210 esrueaidea T8nsn1anumiueauniign adaunsneSuielddn ns
Fudefaduinssufasewihlaiinnsnsyaieiives cuo uarlavzaetivesifiuanntu Fady
st udsiadlalunsiuisen (Active site) dnsunisgaduufanisueulnoenlas
uaylalasian (Witoon et al, 2016) uagiilofinsanaunsiafiveanainuyiuea wuin n1s
Wasuuassualuanuvesanssesiuain 4 Tua iuswauluasy vewmdndas 2 ua da

° v o A v a X aaa a = 1Y Y a &
f\]qU'JUIllaﬁlelaﬂaQ AIUULHBAITUAULNUYY UQﬂiﬁn"\]gLﬂ@ﬂqiLUaUULLUaﬂlﬂmqﬂwu’]LW@JGUU

WDNNAINUAUIWAMUNIUDANNTIY (Bonura et al., 2014)

M15°9% 3-2 wan1sneaeulfizenmsueulaeenlenlalasdiutuvesinsau]isen

Cu/ZrO, kag CuZn/ZrO,

%Selectivity

z & =
x c CHOH ¢, CO Z =
g = O _BE % 44 g &y’
2 B 2 5 -
g N~—
G%R Bé Gé? e 8 Cz/C3 & g
% 2 5 5 e C 2
g < & SHNS £ g
2 S5 < g
= S
Cu/Zro, 150 0006 992 08 0 0.07/0.0004
1 180 q 002 935 65 0  0.18/0.01
210 0.24 25.9 24 717 0.68/0.03
150 003 957 43 0  0.32/0.003
10 180 q 010 267 50 683 0.30/0.03
210 055 157 40 803 0.96/0.12
cuzn/ 150 001 981 19 0  0.11/0.001
Zr0, 1 180 q 003 963 37 0  0.36/0.01

210 0.27 233 21 746 0.68/0.03
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150 0.09 99.8 0.2 0 1.0/0.001
10 180 4 0.15 86.8 0.5 127 1.5/0.004
210 0.39 50.4 0.8 488 2.3/0.017

PR *ARALRATA18TUIAN 120 W

wallesanndusauiseiwsnvuldloueagiudu Jaidnssu]isen Cuzn/zro,
wvnsvageudnase Inelinszezain1ssmailu 8 9alus iiefazyinlidassujizen

Wagwdu Cuo uaglangaelilesuinduuaznisagauazaiiunislugisgumngingsdu

MnAuLTY 240 300 waz 400 IALTALTE AINNTI9N 4-3

M1319% 3-3 wan1sneaeuUfizemsueulaeenlunlalasdutuvesiiiseuizen
CuzZn/ZrO, NANuAU 10 U135 TaTtuASEUINAITIANTY 8 Tl

9aUUNN 150-400 A YALTY

~ %Selectivity » o~
Z g <

- N M 5 CH:OH  C, %39 co & 3
D © O ~ o s <
c Q < 2 v C,/Cs s @
12 ~ = £ c % =
= & 7 - o & @
- - = c o (G o
=2 < I Q N <
& r° o = O I -
= « @} () < «
3 S S
U—D
& S

CuzZn/ 150 0.22 99.9 0.1 0 2.5/0.001
ZrO, 180 0.82 80.3 0.2 19.5 7.3/0.01

210 2.21 51.1 0.4 48.5 12.6/0.04

10 240 8 2.15 28.8 2.2 69.0 7.9/0.27

300 17.66  0.43 0.5/0.3/0.04 98.8 0.8/1.16

400 4788  0.03 1.3/1.0/0.1 97.6 0.2/9.06

PUNELAR: *ARALRASA18TUNIAT 120 WU

d' a

HANSNAGRY WU Nigaumnil 210 aernaadied Tnalaveauniueauinian

9 Y

a

AN 3-5 (2) dmsuiigaumgil 300 wag 400 sarLALgYE 31 %CO, conversion WLYY

Y
a

AIUEITU AININ 3-5 (3)  Nlaaunnd 300 waz 400 esawallud wuin dnisideniinlu
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ASuBULEUBNLYAgaTia 97.6% Matiileann asueuneuenlyiluuiisengaauseu

Anlarngumniigevseduseaufiten Cuzn/zro, anusaisansiinufisen Revers water

[
a =

gas shift laflogumnlgaau

Y Y

ludiuveIgnsNITRAWMURaNUI1 MILSIURATE1 CuZn/ZrO, AINUNTEUIUNIT

av o

IANTu 8 Talua FdnsInsinunIueauINan fanImi 3-6 (1) ielUIeuguiuAaLsg

U381 Cu/Zr0, wag CuZn/ZrO, MNUNTEUIUNTIANTY 4 FILue A9nIndl 3-6 (n)

0.40 0.40
-0-150°C -/~ 180°C -[1-210°C -O-150°C -A-180°C -[1-210°C
0.35 0.35 1
CwZrO, 1 bar CuZn/ZrO, 1 bar
reduce 4 hr A = reduce 4 hr
0.30 0.30 E=. din_S |
1 I » — < =
g 035 = ; S . S S 025 N, /
,g == J 4+ e 2 ™~ 4P
H ! S
£ 020 £ 020
g g
8 0.15 8 0.15
= =
0.10 0.10
0.05 0.05 =
et ]
e ‘ S . T = -~ s
0.00 —t— 0.00 —t——————
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min)
\ \
€ aAa 6 v § aAa 6 v
(n) Cu/ZrO, 1 U3 A% 4 ks () CuzZn/ZrO, 1 U135 A9 4 Falug
0.80 0.80
D-150°C -/A\-180°C -[1-210°C -O-150°C -/~ 180°C -[1-210°C
0.70 0.70 e
Cu/ZrO, 10 bar CuZn/ZrO, 10 bar
reduce 4 hr reduce 4 hr
0.60 —d f 0.60
o gt g
o ¥ | —
£ 050 > £ 050
4 4
< < > N
£ 040 E 040 x = & S , -
“ © 1.7 i 1
=} &8 >
C 030 < 030
= =
0.20 0.20 A
I 1 £ 577 08 . IS S < 1
i /4 1
0.10 T e e 0.10 o S T S A
T { = 1 = o e
] T
0.00 : L 0.00
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min)

(A) CU/ZrO, 10 V1% 379 4 Hlus (1) CUZn/Zr0, 10 11§ 3o 4 Flus
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70 2
O-150°C -/~ 180°C -[1- 210°C -x- 240°C - 300°C -+- 400°C
o ~0-150°C -A-180°C -1 )- 210°C -x- 240°C -+ 300°C -+- 400°C 18 CuZn/Zr0; 10 bar
CuZn/ZrO, 10 bar 1.6 reduce 8 hr
‘ reduce 8 hr :
50 %»_4/,\\%/ == M e ] 3 14
£ £ = 2 12
% 40 z
Z 5 !
& 30 2 08
¥ =
s [ S
20 ‘ ; 0.6
\ | 1
0.4
10
0.2
0 0 £ et
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min)
¢ da _© o v ¢ da ¢ Y]
() Cu/ZrO, 10 U5 3% 8 B9 (@) walsaunuea 10 U135 AT 8 Falug

A 3-5 MsdsusdassiansuaulaeenledlUidundnse (%CO, conversion)
lunsneaeudissuizen Cu/Zro, wag CuZn/ZrO, AN 1 U1s wag 10 113
Naaungiising 9 lng1unszuIun1s3andu 4 alusuas 8 4alusuasnala

v o

WNUBATDIFNSIUHATET CuZn/ZrO, ANAY 10 Y15 3ANTY 8 Falus

20 20
18 =CHINIG 2E1800C A L20C SO~ 150°C -/~ 180°C [ 210°C - 240°C - 300°C -+~ 400°C
CwZrO, —_— 18
b CuZn/ZrO, 10 bar
16 CuZn/ZrO, 16 reduce 8 hr
10 bar d
14 reduce 4 hr

Rate of methanol (g cyy,0n kg catalyst”’ h')
Rate of methanol (g cu,on kg catalyst Tht)

8 8

6 6

4 4

2 2

0 4 B Sy comes 0

0 20 40 60 80 100 120 140 0 20 4 60 L 100 120 140
Time (min) Time (min)

(n) AWAY 10 U1 3R 4 Tl (¥) ANAY 10 U135 5A79 8 Talug

A7 3-6 BRIINSAMIMILEAlUNIVeFRUALIIURTE1 Cu/ZrO, wag CuZn/Zro,
AR 1 U1siae 10 Uiigamninne q lngriunseuiunsiandu 4 falusuay

8 #lus

ey uigunan1snAaedaseiunanIsAuININann1sMIamnesiulaundind
WU AT CuZn/Zr0, Nenasiu 10 U3 gaungil 210 esriaaldea wagldiia
Tuns3andu 8 4alus Tirn %CO, conversion TnatAesiumamasiulauiinduniiga

FINTNA 3-7
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100

%CO, conversion to methanol

0.01

Temperature (°C)

-e-Thermodynamic equilibrium 10 bar = Experimental data Cu/ZrO, 4hr

-+ Experimental data of CuZn/ZrO, 4hr -=Experimental data of CuZn/ZrO2 10hr

AN 3-7 MsilSeuiisunanisneassasatuamanesiulauniing

matiy 39l9AaL39UATen Cuzn/Zr0, WudssufAsendmsunisdunsisi
LWNUA WYl UNNSANYINSEWLASIZU A Radnessety Tngazyinnnsduasienlauia
= & A =~ ) I % ' YY)
Aweingumngil 210 sarwadea ANGY 10 visiagldianlunisiiunseuiunssantdu 8

o = [ Y ¢ v A
il osniluannenduassiuuealaniige
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aaa

nanl1snadauUiseinisvaulasanlydlalasdiuduvssdansaujisen

CuZn/ZrO, Waufu HZSM5 Wsa K-HZSM5 iaduassilawiiadmes

M15°9% 34 wan1sneaeulfizemsueulaeenlenlalasdiutuvesingau]isen

CuZn/ZrO, Wauiu HZSM5 %38 K-HZSM5

%Selectivity

2 ¢ CHOH DME HC CO @
- - g Krs) 0 (— @
o 2 ¢ o g = & =
< = ~ E > ) UT"é .
(3 = = £ c = = 3
= & (g + O e W on
-z = = c v @ <
7 2 5 0§ X £ 2 %
[ @ - E=] O - = ~
RN & @ O O c 1@
> (o) — G
5 > v (s
ko & 3
&
Cuzn/ZrO,

+ 10 210 8 1.57 4 9 53 34 0.49/1.48/12.1
HZSM5 6
CuzZn/ ZrO,

+ 10 210 8 4.13 12 68 1 19 5.32/44.68/0.2
K-HZSM5 7

Han1Inaaaulisenasuaulasenledlalasdudu ineduaseilaufiadines

Y0afL391U AT CuZn/Zr0, waufu HZSM5 n3e K-HZSM5 n1siUdsundasuiia

Arsvoulnoanlemlundniue (%CO, conversion) A1sidaniinnansie (%Selectivity)

aaa

LagdnI1NsiAnUAT81 (Rate of reaction) LaAIAIA1T197 3-4 wudn ALssUATen

aaa

CuZNn/Zr0,+K-HZSM5 31@1 % CO, conversion u1n#ign 4.1% d1ufalssufAsen

CUZN/ZrO,+HZSM5 f#1 % CO, conversion 1.6% #anni 3-8
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%CO, conversion

0 20 40 60 80 100 120 140

Time (min)

« CuZn/ZrO,+HZSMS -= CuZn/ZrO,+K-HZSM5

A 3-8 nswasuwdaswianisueulaeanlenluidundnsae (%CO, conversion)

lunsneaeudissisen Cuzn/zrO, nauiu HZSM5 %5e K-HZSM5

dqunisideniinndndagivedtssUjATe1 CuzZn/ZrO,+HZSM5 LAnLTu

a13UsenaulalasAiiuey 53% Lio991n HZSM5 1A111LIVBINTAGS IINHANITNAFBY
[ =2 [ 1% a a s a aaa Y [

Audnwur Jvihlmuniueawaslaufiadmesiiinainuisewandnduaisusenay
lalasasuau (Lang et al., 2015) 91u3UuIN 90NN 4-9 (n) drudwsIUHATEN CuZn/ZrO,+
K-HZSM5 finsideniinnansusidiulnaidulauiiadines 68% sosasunfe wniuea 12%
wazasusenaulalasaisuau 19% Fennd 4-9 (v) n1sUsuUsedlelad HZSM5 e
Inunaden uanANLsWeINTAUSNUNUTIRIYEY HZSM5 waztistinnuduiug Fei

aaa =

Tianuwsswesnsamunzanlunisiiaujiseinisisiieenanuniueadewdulaudia

a s
LNBT



100
92
80
70
60
50
40

30

20

AR LLR N RRREN

0 I.I-_

12 24 36 48 60 84 96 108 120 132 144 156

% Selectivity

Time (min)

= CH;0H = DME = Hydrocarbon

() CuzZn/ZrO,+ HZSM5

100
90
80
70
60

40

% Selectivity

30
20
10

12 24 36 48 60 72 84 96 108 120 132 144 156
Time (min)

® CH;OH ®mDME = Hydrocarbon

() CuZn/ZrO,+ K-HZSM5

il 3-9 wamsnaaeuUfiseasusulneanlydlalasdiutuvesialssuizen

CuzZn/ZrO, Wauiu HZSM5 %38 K-HZSM5
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NsSEUBUNaNITNAARIRSITURANSAWIMMAnasiulaunlind wuli duseufisen

CUZN/ZrO,+K-HZSMS5 3ien %CO, conversion 1nniiga fanmil 3-10

100

%CO, conversion to DME

0.1

0.01

Temperature (°C)

-~ Thermodynamics equilibrium of DME
-e- Thermodynamics equilibrium of MethanoH+DME
o CuZn/ZrO,+HZSMS5 o CuZn/ZrO,+K-HZSM5

A 3-10 nsiSeuiisunanmageulfizeiasveulaeenledlalnsduduresiaieg

U381 CuzZn/Zr0, naufiu HZSM5 %se K-HZSM5 duamiamastulauniind

Aty FsaURA38 CUZn/ZrO,+K-HZSM5 Fududasaujisenimunzaudmsy

¢ A

nsdasrgilaufiadiesiliailseuiisududusaufisen CuzZn/ZrO+HZSM5 N3

WIS UL UNISIAANAA A UNNTLAANANTY AD LUNIUDE bALUTIAdMeShaLa1SUSENBU

Y

lalasarsuou wul e K-HZSM5 unandudaatssufjizen Cuzn/zro, nliiianas
Wasuulasdundnduindyariniu dewSsuiieuiudussfisen Cuzn/zro, danm
3-11

'H;OH Hydrocarbon+H,0

C

CH,OH CH,OCH,+H,0

“ 50.3 g/Kg oy h

CO,+3H, CH,0H+H,0

14.6 2/Kgaatyse h

i

12.6 2/Kgyqatyse

AMNA 3-11 NsSeuiisudnsnisianandagivefisauisen Cuzn/zro, uay

ASIUHATEN CuZn/ZrO, waufiu HZSM5 %38 K-HZSM5
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N1SNAFIUAMANYULYDIANIIULNTEN

1. WaNISANYINGANTIUYDINTTUIUMIIANTUASIURRTEM8N1 VAU
Ufisensandunlusunsuaaumail (Temperature Programmed Reductio; TPR)
N13ANYINGANTTUYBINTEUIUNMTIANTUMILIIUGATEMENITNAaeUUHATe

o A

Senduitlusunsugamni (Temperature Programmed Reduction, TPR) titeyinungaumngil

aa 6 U !

dmiunsIRItuessslnsen Cu/Zro, wag CuZn/ZrO, Wuln fkseufiisen Cu/zZro,
Aefinms3snduitgamgil 275 ssmnwaidvauazinsefisen Cuzn/zro, Walians3sndu
flgaumgil 290 sarwalda Fan il 4-12

Faidu gamnd 300 ssmeadua Juduguupifivanyandmiumsiniduoaiigs

U8 Cu/Zro, wag CuZn/Zro,

0.018

0.016 CuZn/ZrO,
fy _—e e A e L e o
0014
& Reduction
= 0.012
) Cu/ZrO,
£ 0.008 Reduction
2 0.006
|
:
& 0.004
-~---Nitrogen gas
0.002
Hydrogen gas
0
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

AT 3-12 HANSANYINGANTTUYBINTEUIUNTIANTUAILTIUG AT TVAERY

Ufisesandunlusunsugaumgil
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a

2. myinnuniiuazvuinvesgnsu Iagldi5087 (Brunauer-Emmett-Teller Method; BET)

¥ '
) =

= a o aaa Yoo aaa
AN 3-5 Wu%N?%@Qm?Liﬁﬂaﬂiﬂq IWEJELGU'Jﬁ'UE)‘VI

o

MLsaUen fudii (m?/g)
Cu/ZrO, 13
CuzZn/Zr0, 266
HZSM5 348
K-HZSM5 336

NANNTNAABUAMENTAILINNINIANYDIFUTIUATEN Fam1971971 3-4 wudrdLss
UFASEN Cuzn/Zr0, fifuiiinnnhdusafisen cu/zio, esnnsiiiudeddieifiunis
nszanedvaslangaoUiled deieifiuiiuiiinvesdaiseufasen Jahlidusau]isen
CuzZn/Zr0, a1unsaLsaufAzeInsiinuuealafndIfiseufisen Cu/zro, dwdlelad
HZSM5 fifuiiRaunnin@lelad KHzsMs ilesmnmafulnunaifeuyildfuifies
Telad HZSM5 anasuaylelemenvesinialfizer dnmi 3-13 Fanud1 dawlelamey

(Y]

< P Y @ s Y < aa .
Jusuud IV wansliiiuhiidnuasduiannidsnguruianais (Mesoporous material)

Quantity Adsorbed (cm*/g STP)

0 0.2 04 0.6 0.8 1
Relative Pressure (P/P°)

« Cu/ZrO, —~ CuZn/ZrO, HZSM5 K-HZSMS

i 3-13 lelewenvesdusaizen Ingdsnsgadunialulasiaumenienin
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3. Iﬂiﬂﬁﬂﬁwaﬂﬂlmﬁ’sLiﬂﬂﬁﬁ%ﬂﬂﬂﬂﬂﬂﬁ‘lﬂﬂﬁE]‘Uﬂ’]iL?’{EJ’JLUU‘IJEN%'\??iLSﬂGZ? (X-ray
diffraction, XRD)

HANIINAABULATISHNANVBIALIIUYATE Cu/ZrO, CuZn/ZrO, HZSM5 uas
K-HZSM5 Tagvinisnaaeudl 20 ldnanisnaaoudenind 3-14 fuseUfasen cw/zno,
Cuzn/zro, allgrinunszuiunsisndu wuiiesiinvesgeslae Fudundnuuululumddn
(Monoclinic) ad finlus 28.2° 31.5° uagndniuunnselnuea (Tetragonal) a Aunis 30.2
©35.2°50.6 ° 60.2 ° (Basahel, Ali1, Mokhtar, & Narasimharao1, 2015) @1uf3L39U§jAsen
Cu/Zr0, CuZn/Zr0, wuiiissiinveawesladly FadunanuuuluTunain (Monoclinic) was
nanuuUULARsElnuea (Tetragonal) Snvadfamuiinres CuO & Aums 35.5° uasnuiinves
lanzaaUiUas o MIunle 43.4° 50.8° way 74.12° wui1 CuZn/ZrO, dfunuaves Cu°
wd91nUFAenTdndudiui 2 e Fsaunsoiaundulasesuminues cu® 1 Tuved
CU/Zr0, kanwuMIves CuO e 1 fin uazlififinves Cu nsnaaeuiilundngu
AtuayuANAINTA NSRS SRR UeaYRIRILIURSYT CuZn/Zr0, inld
AN Cu/Zro, iesann Seraifiunisnszanesivedanzaeuiles swhlreueslunsndl
YIRBUNAINEANLAENIAITnenitreUesluwmauugesiaile dwdlelad HZSMS5
way K-HZSMS5 iianisiaeaiuuvesdedidnddnuwasiieatusie 2 & fesain n1sifa

Tnuvadey Lifnasenisildsuudadtasesiwdnvesdlelas HZSM5 (Song et al,, 2004)

¥ Monoclinic-Zr0O,, A Tetragonal-ZrO,, © CuO, ® Cu
A
A

YAY 4 Cu/ZrO,
A
A\ = A CuZn/ZrO,
A
‘ n Cu/ZrO, reduce 8 hr
a N CuZn/ZrO, reduce 8 hr
vi/v L ] A A ®

HZSMS

K-HZSM5

10 1S 20 25 30 35 40 45 S0 S5 60 65 70 75 80
20

Al 3-14 HANTANYIIATITNNANVRIIIIUGATE Cu/ZrO, CuZn/ZrO, HZSM5 uag
K-HZSM5
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4. mim&Jsﬁ'wmqmmﬁﬁiﬂmmm (Temperature Programmed Desorption;
TPD)

wAadaiazUsrneudienisateduveudaneuluie (NH5-TPD) Feuanany
wiausawosiumiansauazsiuiunsauuiuiiinvedlelad HZSMS wag K-HZSM5 d@aunns
Aeduraufianisueulneanlen (CO, TPD) 98QAIHNLTILTIVDIA L MULUA AT IUIULUA

VUNUNEIY0IUATEN Cu/Zr0, wae CuZn/ZrO,

A5197 3-6 NH5-TPD wag CO,-TPD wasialsauiizen

NH,-TPD CO,-TPD
Asaufisen - TIUIUANUINTA ) ORIV
gaunnd (°0) gaunnd (°0)
(Lmol/g) (Lmol/g)
Cu/ZrO, - - 84 3
CuznZrO, - - 85 24
257 9 - -
HZSM5
454 700 - :
K-HZSM5 187 412 - -

Frnuaruudusesiuniiniauasiuaresi il fiten faansedt 3-5 @9
wuin Sruaudundsnsauaziuaiiuandsiu ilvdusel§Asendussansaiwlunias
UfRTeldsneiu Tnefdussufiten cuzn/zro, S uiuduniauainnnin Cu/zro,
F9n il 3-15 1ileean Zno finuaiuisalunisgaduuianisusulaeanlan (Gouvea,
Ushakov, & Navrotsky, 2014) Safluansdssuresufasenlsundu vilvduasziumiuea

leunnnin Cu/zro,
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Intensity (a.u.)

SN

0 100 200 300 400

Temperature (°C)

— Cu/ZrO, — CuZn/ZrO,

A 3-15 AsAeduvesLRansuaulaeanlys (CO,-TPD) YeLIalfsen Cuw/Zro,
wag CuzZn/ZrO,

dwdlelas HZSM5 Fsruausunuansa 2 duvus fan1nil 3-16 Yununeaui
TANULTIVRINTANINNTT K-HZSM5 winaua1unsadansizilaiuiiadinesiatesenin K-
HZSM5 1199917 ANLSINTAULRUTRIvesETelad HZSMS5 tmnzaufun1sdansIzs
a1sUsenaulalasaisveu (C,,) IﬂﬂﬂﬁLUﬁlEJum‘Vl’maa‘ﬁLﬁﬂﬁ]’]ﬂﬁ%ﬁx‘iﬂﬁﬁ%m CuzZn/Zr0,
Juansuszneulalasasuouriulfizernisuand (Cracking) (Fujiwara, Satake, Shiokawa
& Sakurai, 2015) luwauz?l K-HZSM5 flauudeussvensasinit Sanumnzauuazasasy

TmAnufAzen1sRadeenaNunIuealan

Intensity (a.u.)

0 100 200 300 400 500 600
Temperature (°C)

—HZSMS —K-HZSM5

Al 3-16 msmesuresianisusulaeanles (NH,-TPD) vesdlelas HZSM5 was
K- HZSM5
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1.3 NaNTTNUVBIA1SUBUlneanlURRaIAUTENaUVRINANN U
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A a ¢ ¢ a a =, a Y & S
nszulunIsivsuruaisvaulaeanteminy nistddsuluidunandugivesiinay
Asuaulneanlen 9AUTENaUYRIlalASLAUARAIRININ (1), (V) kg (A) WABIAUSENBUVDA
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Faduannyimnranlunszuiunislesiesuis endnudaduasiziannuia
Fanmlagiarsandadudinuuazasueulaoenledliliusualslasiauuiniian de
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Wiy 0.66 dndutiseiimuuardndiusendiaudeiimufivanzay Ae 0.5 way 0.1 Ingas
ToUSunanandueivedlalasiay 90.09 wWesidud YSunaundniusivesnsueusausanles
90.87 Wodldud amnsasuluidundndnsveuiwazaiveulasonladviifu 53.77 uas
78.42 \WWosidud wavdndiuvedlolasiausnenisusuneusnlaeninfu 1.48 idndqu
asuaulneenlesdeiimuiniy 1 dndrutiseiinunasdndiueandiauseiimuilvunya
79 0.5 wag 0.1 lngaglaUsunanansusivadialasay 83.63 Wasiiud USunananiueives
an$uauNeuanles 84.74 Wedidud Answasuluilundndueivesiuazaiveulneanlys

[y

Winu 19.59 wag 69.84 Wasidus wardndiuvedlalasiausanisusuuauanlomvindu 1.23
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r\
(=]
L

H,O conversion (%)
CO, conversion (%)
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(=]
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o

(=]




H, molefraction

=1
—
=1
o

15

(=]

40

CO mol(—:;jfracﬁon
CO yield (%)

male fraction |- 20
yield
04 0.6 0.8 1
CO,/CH,
2 (9)

T T T T T
0.7 0.8

CO,/CH,

AN ()
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nAnAu9ve9un () nswasuluilundadusvesnsuoulaoanlad (A) Usuandndue
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Abstract.

Thermodynamic equilibria of carbon dioxide hydrogenation for systems composing of single reaction. binary
reactions and tertiary reactions were predicted by minimization of Gibb free energy. The operating condition at
thermodynamic equilibria was assigned at temperature ranging from 120 to 500 °C under 1, 5 and 10 bar where all
components existing were gaseous state. The carbon dioxide methanation 1s thermodynamically easiest reaction with
nearly 100% CHy yield and methanation dominates i binary reactions and tertiary reactions system. The conversion
of carbon dioxide to methanol and dimethyl ether in binary reactions system thermodynamucally preferred to
produce dimethyl ether. CO; hydrogenation on CuZnZr0O; and CuZnHZSMS was tested under 1 bar and temperature
ranging from 150 to 210 °C. The experimental results revealed that CuZnZrO- catalysts were apparently selective to
CH;O0H (=90%) and selectivity of hydrocarbon over CuZnHZSMS was high up to 81%. CuZnZr0; was more active
compared to CuZnHZSMS5, though surface area was lower. No dimethyl ether was found over both catalysts.

Introduction

During 1750-2018 C E., carbon dioxide emission has been substantially increased up to 2040=310 Gton
Carbon dioxide emission especially from industries and transportation arising from fossil fuel or biomass
combustions can give an impact on global heat accumulation and global warming, respectively. Carbon dioxide
capture and storage technologies have been developed to reduce carbon dioxide content and carbon utilization 1s an
interesting topic. The carbon dioxide can convert to valuable molecules by hydrogenation. Products from carbon
dioxide hydrogenation can be methane (CH,), methanol (CH;0H), dimethyl ether (DME), carbon monoxide (CO)
and other long chain hydrocarbon occurning specially on metal or metal oxide catalysts [1].

Methanol synthesis is of interest because it 1s one of starting materials to produce other valuable chemicals such
as formaldehyde, urea, dimethyl carbonate, and dimethyl ether. Dimethyl ether is a clean fuel and 1t 1s a synthetic
future fuel as diesel substitute because of high cetane number and thermal combustion without sulfur dioxide or soot
[2]. Carbon dioxide to methanol was accomplished by hydrogenation over copper-based catalysts 1.e. Cu/'y-ALO;
[3]. CuO-Zn0-Z10, [4], Cu-ZnO-Z10, (ZCZ)YHZSM and methanol can convert to dimethyl ether via dehydration
on acid catalysts [5]. However, carbon dioxide can directly convert to dimethyl ether or mdirectly via two-steps
reaction 1.e. 1) methanol synthesis and 1) dehydration Two reactions were merged to one step, called one-step
reaction, via bi-functional catalysts consisting of two functions for methanol synthesis and methanol dehydration [5,
6]. Cu-Zn catalysts supported on different materials, 1.e. ZrO, and HZSMS3, were chosen for testing carbon dioxide
hvdrogenation. Zircomum dioxide has high thermal and chemical stabilities which can assist Cu-Zn to be well
dispersed and subsequently exhibit high reducibality [7, 8]; however, surface chemistry of zirconium dioxade 1s
neutral and plausibly inactive for methanol dehydration. HZSMS5 is more superior owing to strong acid sites and
gher surface area. Copper-zinc catalysts supported on two different supports were tested to mvestigate selective
products to methanol, dimethyl ether and other products. Since CH,, CH;0H and CH;OCH; are possible products
from carbon dioxide hydrogenation, thermodynamic equilibma of single reaction systems, binary and tertiary
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reactions systems were simulated by Gibb free energy mimimization. Methanol and methane produced on Cu-Zn
based catalysts were investigated to compare with thermodynamic equilibrium.

Experimental and Method

Catalyst Preparation and Characterization: The Cu-Zn based catalysts were prepared by incipient
impregnation method. ZrO; (Tosch) and HZSM-5 (commercial) were used as supports for Cu-Zn catalysts. Copper
mitrate tri-hydrate and zinc nitrate hexahydrate were emploved as copper and zinc precursors. They were dissolved
simultaneously in de-1onized water to obtain weight ratio of Cu to Zn as 9 to 1 and copper-zinc 1n the catalyst were
designated at 10% by weight. Temperature programmed reduction was carried out by thermogravimetric analysis at
5% H; mixing in nitrogen gas and operating temperature was ramped to 900°C with heating rate 5°C/min.
Decomposition temperature was determuned as a temperature of copper-zinc oxade which was reduced by hydrogen.
CO; Hydrogenation Testing: 1-gram catalyst was diluted by 4-gram silica and the mixture was mounted to plug flow
reactor. Prior to testing CO, hydrogenation. the catalyst was reduced under 1/1 H./N, at 300°C for 4 hours. CO,
hydrogenation was carried out at 150, 180 and 210°C under 1 bar. Volumetric flow rate of CO5/H;/N; was at
14/58/48 ml/min. The influent and effluent streams from fixed bed reactor were interpreted by gas chromatography
equipped with Molecular Sieve column and a column for long chain hydrocarbon separation. Carbon dioxide and
methane were detected by Thermal Conductivity Detector (TCD) and Flame Ionization Detector (FID). respectively.
Methanol and dimethyl ether were interpreted by manually injected gas chromatography equipped with PoraPLOT
Q-HT column operating from 40 to 80°C with heating rate at 10 °C/min_

Gibbh free energy minimization: Gibb free energy mumimization of thermodynamic equilibrium was
calculated by ASPEN PLUS program using Gibb Free Energy Minimization Reactor. Operating condition for
simulation was ranged from temperature of 90 to 500°C under 1, 5 and 10 bar. Molar flow rate of CO./H, was
determined at 1:2, 1:3 and 1:4. Single reaction system and binary and tertiary reactions system were simulated at
grven conditions. Details are shown in Table 1. The results acquired by ASPEN PLUS was used to determune %C0,
conversion, %product selectivity and %yield at thermodynamic equlibrivm.

Table 1: Condition for Gibb Minimization by ASPEN PLUS

49

System Products Reactions AHE
(iJ mol™)

Single CH, COy(g)+ 4Hi(g)  CHy(g)+ 2H,0(g) ey -165

reaction CH;0H CO,(g)+ 3H,y(g) —~CH;0H(g)+ H,0(g) @ -49.1

CH,OCH; 2C0,(g)+ 6H,(g) —» CH;O0CH;(2)+3H,0(2)  (3) 613

Binary CH+CH:0H n +@ -

reactions CH,+CH;0OCH; 1) +(3) -

CH;0H +CH;0CH; @ +3® -

Tertiary CH+CH:OH +CH;O0CH; 1 +@+3) -
reactions
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Results and Discussions

Thermodynamic Analysis of Single Reactions and Binary Reactions and Tertiary Reactions Systems
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Fig.1 %C0; conversion and Yproduct yield for single reaction system 1.e. CHy. CH3;0H, and CH:0CH;

These reactions reached thermodynamic equilibrium at minimum Gibb free energy. The hydrogenation of
CO» to CH4 was the thermodynamically easiest reaction with nearly 100% CH; yield at low temperature region (100
to 300 °C with stoichiometric ratio of 1:4 CO,/H,). The conversion absolutely relies on hydrogen concentration.
Limitation of hydrogen concentration representing as COz:H, ratio at 1:3 or 1:2 diminishes %CO; conversion and
%CH; wyield, respectively and lower yield is obtained during increasing temperature owing to exothermic
methanation of carbon dioxide. The carbon dioxide methanation i1s apparently dependent on pressure while
increasing temperature from 300 °C to 500 °C as shown in Figure 1. The hydrogenations of carbon dioxide to
CH;0H or CH;OCH; are preferable at high hydrogen concentrations to low concentrations, but it seems to be
insignificant under atmospheric pressure while it 1s more apparent under increasing pressure. %CO> conversion at
thermodynamic equilibrium of hydrogenation to CH;0H or CH;0CHS; 1s far less 100%. even operating at CO,/H,
stoichiometric ratio. The conversion of CO; to methanol is high up to 35% under given conditions while conversion
to dimethyl ether is easier and it gives %CO, conversion and dimethyl ether yield up to 60%. The binary reactions
system which produced CHy and others molecules possessed %CO; conversions at different temperature and
pressure similarly to conversions of carbon dioxide to CHy mn single reaction system. The methanation dominated
other reactions competing in binary or tertiary reactions system, while conversion of carbon dioxide to CH3;OH and
CH3;OCH; in binary reactions gave %C0; conversion as same as single system of CH3;OCH; synthesis. The
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competition between CH;OH and CH;0OCH; synthesis reaching to thermodynamic equilibrium was governed by
dimethyl ether route.

The methanol vields of single reaction. binary reactions and tertiary reactions systems are shown in Figure 2.
The single reaction system for methanol synthesis possessed the maximum yield of methanol at 35% in comparison
with other systems while as binary reactions system (CH;0H and CH;OCH;) gave the maximum vyield of methanol
only at 4.25% at 100°C and 10 bar which was much lower than that of dimethyl ether, emphasizing that dimethyl
ether synthesis dominated in this binary reactions system. Methanol occurred very minimally for binary reactions
and tertiary reactions systems producing methane. The methanol content increased marginally in temperature region
ranging from 300 °C to 500°C as represented by % CH3;O0H vield in Figure 2. while carbon dioxide methanation
decreased slightly. Dimethyl ether vields at single reaction thermodynamic equilibrium did not alter from the yield
obtaining from binary reactions of CH:OH and CH3;OCH;3, but it was changed considerably when dimethyl ether
occurred together with methane mn binary reactions and tertiary reactions systems in Figure 3. Although dimethyl
ether was formed meore easily in comparison with methanol at thermodynamic equilibrium, 1t should note that
carbon dioxide hydrogenation yielded methanol over dimethyl ether in the tertiary reactions system.

50 2.0E-06
45 O1 bar A 5 bar (110 bar COwHo =12 - Ol bar & 5 bar 10 bar 0O, H, = 122
- M- 143 1.8E-06
40 CO, Hy= 14—

1.5E-06
2.2 CH, + CH,0H
1.3E-06

Yield

=
=3

2 =
un =
m @
-

% CHL0H Yield

5.0E-07

2.1 CH,0H 2.5E-07

= 00E-00 FHE-EHES i
1000 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
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Fig.2 %vield of methanol from (2.1) single reaction system and (2.2) CHs+CH;0H system
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Fig. 3 %jyield of dimethyl ether from (3.1) single reaction system and (3.2) tertiary reactions system
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Thermogravimetric Analysis of Catalysts
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Fig.4 weight decomposition of Cu(NO;); xH,0. Zn(NQ;), xH,0 and Cw/ZrQ,, CwHZSMS. CuZn/Zr0, and
CuZa/HZSM5 (—— N>, Ha)

Thermogravimetric analysis under mitrogen and hydrogen gases reveals temperature which catalysts
decomposed under nitrogen and was reduced under hydrogen. The catalysts were prepared by mitrate salt precursors
without caleination, so peaks occurring similarly at temperature under both mitrogen and hydrogen gases were
identified as decomposition temperature, while as reduction temperature was assigned when decomposed weight
was occurred only under hydrogen. The weight decomposed approximately at 300°C was attributed to a reduction
peak of copper oxide occurring from copper-nitrate-salt decomposition under hydrogen in Figure 4 (left and night)
while Cuw/ZrQ, gave small broad peak of reduction approximately at 300°C similarly. Decompeosition and reduction
peak of CW/HZSMS occurred at lower temperature 250°C possibly owing to well-dispersed precursor particles on
igh-surface-area HZSMS5 giving suitable precursor-support interaction to be more easily reduced. Zinc nitrate
existing in HZSMS5-composed catalyst shifted reduction temperature to 300°C as shown m Figure 4, while copper
and zinc nitrate existing in ZrQ, decomposed at temperature as same as copper nitrate existing in ZrQO, and both

catalysts gave small peaks of reduction temperature identically at 250 to 260°C

CO, Hydrogenation to methanol and methane

0.50

0.40

[=
[
=

% 0, Conversion

0.10

0.00

P11 efp—

426

O CuZnZr0, A CuZnHZSMS
1809%Cacunna 210°C

75 100 125 150

Time (min)

52



The First Materials Research Society of Thailand International Conference
(1" MRS Thailand Intemnational Conference)

October 31 — November 3, 2017

The Empress Convention Center, Chiang Mai, Thailand

Fig.5 % CO, conversion on CuZnZr0, and CuZnHZSMS5 at 150, 180 and 210 °C under 1bar

%C0O; conversion on CuZnZrO; and CuZnHZSMS under 1 bar were varied at different temperature 150, 180
and 210°C as shown in Figure 5. Conversions on both catalysts increased while increasing temperature, although
CO, was changed to products mimmally under 1 bar and CuZnZrO, exhibited %CO, conversion higher than
CuZnHZSMS5, although surface area was totally lower. Products were selective to methanol and methane as show
Table 1. CuZnZrQ, catalyst were highly selective to CH;0H from 150 to 210 °C, while major products on
CuZnHZSMS5 catalyst were selective to methane increasingly from 150 to 210 °C and it was possible because of
acadity on catalyst surface arising from intrinsic property of HZSMS5 [9.10]. Dissociation to hydrogen atoms is
activated at high temperature especially on acidic catalysts as well as hydrogenation can occur rapidly to form long

chain hydrocarbon at high temperature.

Table 1: Rates of CH;OH and CHj synthesis and % product selectivity

Selectivity CH;0H CO, Methanation
Catalyst Temperature CH;0H CH, synthesis (g min™ kg cat’l)
°c) (g min™ kg cat™)
150 991 09 0.17 6.9 %107
CuZnZrO; 180 993 0.7 0.65 21.7 x 10%
210 98.5 15 1.01 78.7 x 107
150 821 179 0.00895 9.8 %107
CuZoHZSMS 180 30.5 69.5 0.01477 201.9 x 107
210 117 813 0.04113 1577.7 x 107

CuZnZrO; was highly selective to produce methanol and %CO; conversion to methanol increased on CuZnZrO,
while increasing temperature, though methanol synthesis 1s exothermic reaction. %CO; conversion to methanol and
methane compared to %conversion to methanol and methane at thermodynamics equilibrium in single reaction

system are shown in Figure 6. The rates of methanol and methane produced over catalysts are reported in Table 1.
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Fig.6 % CH;0H and CH, yield at thermodynamic equilibrium of single reactions system and experimental results
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Conclusions

The carbon dioxide methanation 1s thermodynamucally easiest reaction with nearly 100% CH, wyield and
methanation domunates in binary reactions and tertiary reactions system. The conversion of carbon dioxide to
methanol and dimethyl ether i binary reactions system thermodynamically preferred to produce dimethyl ether.
Reduction temperature of catalyst prepared by nitrate salt precursors on ZrQ, and HZSMS5 are found to be lower
than reduction temperature of copper nitrate_ so as to the catalysts were reduced at 300°C for 4 hours prior to testing
CO», hydrogenation. CuZnZrO, catalysts were apparently selective to CH;OH (=90%) and selectivity of
hydrocarbon content over CuZnHZSMS5 was high up to 18 -81% in the temperature ranging from 150 to 210 °C. No
dimethyl ether was found over both catalysts.
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Biomass is one of the most promising energy sources for hydrogen production. However, biomass gasi-
fication has a low hydrogen content in the producer gas. To increase the hydrogen yield, the co-
feeding of methane into biomass gasification is proposed in this study. The type of gasifying agent is a
key factor in the determination of the content of the hydrogen product. To compare the designs and find
the best performance criteria of a process, not only energy and exergy analyses but also a cost analysis of
the process should be investigated. In the present study, the effects of vanous types of gasifying agent,

gfm‘:s i.e., air and both steam and air, for the biomass gasification withfwithout methane co-feeding are inves-
Adr—steam gasification tigated through an exergoeconomic analysis. It is observed that the air-steam used as an agent achieves
Exergy high energy and exergy efficiency. Methane co-feeding can improve the energy and exergy efficiency. In

exergoeconomic analysis, the specific exergy cost (SPECO) method is applied to investigate the unit cost
of hydrogen. The economic reveal that the biomass gasification using air-steam as an agent with methane
co-feeding also presented the lowest unit hydrogen cost of 2.69 $(kg. The unit exergy cost of hydrogen is

Exergoemnomic
Methane co-feeding

0.068 §/kW h.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The consumption of fuels and chemicals continuously grows.
Hydrogen plays an important role in the chemical industry as a fuel
and chemical reactant due toits high energy density and low emis-
sion [ 1-3]. Most synthesis gas is produced from fossil sources. The
combustion of fossil fuel leads to environmental problems such as
the greenhouse effect and air pollution [4-6). Additionally, fossil
sources are limited in quantity. To develop sustainable strategies
for energy production, renewable resources have been investigated
as substitutes for fossil sources [ 7). Biomass has been considered to
be an alternative fuel for hydrogen production because it is an
organic material that comes from various green sources including
agricultural residues and waste from industrial production pro-
cesses [8,9]. Although conversion biomass into fuels releases car-
bon dioxide in the atmosphere, biomass utilization is carbon

*= Corresponding author,
E-mail address: dangs@eng.buwacth (D. Saehea).

http:/ fdx doiorg 10,1016 /). enconman2017.03.002
0196-8904/ 2017 Elsevier Lid. All rights reserved.

dioxide neutral due to growth of the crops taking carbon dioxide
out of the atmosphere.

Biomass can be converted to synthesis gas via a gasification pro-
cess. The main challenges regarding large-scale biomass gasifica-
tion are the low hydrogen content in the synthesis gas product
and the high energy input required. The quality of the hydrogen
content in the syngas depends upon the type of biomass used,
the gasifier reactor, gasifying agent, and operating condition of
the gasifier. To increase the hydrogen content and reduce the tar
content in the fuel gas, preheating of the gasification agent was
proposed in publications [10,11]).

The most common gasifying agent is air because of its abun-
dance and inexpensiveness. However, the large proportion of inert
nitrogen gas in ambient air directly causes the low quality, with a
higher heating value (HHV) of 4-6 M] per cubic metre at standard
temperature and pressure (m* stp; 25 °C, 1 atm). Furthermore, the
use of air as a gasification agent obtains low hydrogen content of
the product gas. The gas product from biomass gasification with
pure oxygen has a higher product gas quality than that with air
(HHV = 10-15 MJ/m” stp.), but the separation cost of pure oxygen
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exergetic efficiencies of the system are improved. In addition, as
mention before, the operation of the biomass with air-steam as
agent with methane co-feeding in the large scale process similar
to reforming of natural gas may reduce the hydrogen production
cosL

5. Conclusions

The hydrogen production from biomass gasification using
ferent gasifying agent and adding methane as co-feeding studied
though energy, exergy, and economic analysis has been presented.
The effects of the operating parameters of biomass gasification
without methane co-feeding i.e,, preheating temperature, equiva-
lence ratio, and steam to biomass, were studied in the first part
The simulation results showed thatincreasing the preheating tem-
perature of the gasification agent and fuel can positively affect the
hydrogen product. The equivalence ratio (ER) is affected to biomass
gasification process comprising syngas compositions. High ER
leads to decrease in the hydrogen yield of product gas. Addition-
ally, the hydrogen content in syngas can be enhanced with adding
steam to the biomass gasification. However, the excessive steam
results in the dilution of syngas product. Considering the effect of
using methane co-feeding, the addition of methane to the air-
steam biomass gasification can raise the hydrogen yield and steam
to the gasifier requires higher energy input, the air-steam biomass
gasification with methane co-feeding achieves the highest energy
and exergy efficiencies of product gas at 87.14% and 71.80%,
respectively.

Considering the overall system, the overall energy and exergy
effidencies in case of the air-steam biomass gasification with
methane co-feeding are also higher than other cases. It has been
shown that the increment of hydrogen yield in case of adding
methane and steam into the biomass gasification has significant
impact on the increase in the energy and exergy efficiencies in
spite of higher energy input. In the exergoeconomic analysis, the
SPECO method was obtained to estimate the unit cost of hydrogen.
According to the results of hydrogen unit cost, the air-steam bio-
mass gasification with methane co-feeding provides the lowest
hydrogen production cost of 2.69 $/kg which is practically applica-
tion in the area of hydrogen production. Moreover, the hydrogen
unit cost of the biomass air-steam gasification with methane co-
feeding is lower than that of the steam reforming of natural gas
in the small scale which is the conventional process of hydrogen
production. Therefore, the air-steam biomass gasification with
methane co-feeding is an attractive process for the hydrogen
production.
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Tugiureninszvinan1snaassaInasaialasunlagns i (GC) umsieinuauisa by
n31ssUAzen TneAunamilesiduinisiasuwdasmsvsulasenlas (%CO,
conversion), AT lUNSIEBNARKERA N (%Selectivity), lWasi@udnsiianalaves

NaR A9 (%Yield) waransINsAULNsen (Rate of reaction)

Wasiudnsiwdsuwlasansuaulaeanles (%CO, conversion)

y CO,—> product

%CO, conversion = X100 (A-1)
yCO‘ Jinput (1 - 5yCOy—)pmduct )

ANELNTALUNSIENNARERN 9T (%Selectivity)

Y

CH OH
Y SelectivityCH ,OH = ————— X100 (A-2)
y co, —> product
Yenocn
% SelectivityCH ,OCH , = ————— X100 (A-3)
y co —> product
Ve
Y% SelectivityCH, = —————X100 (m-4)
y co,—> product
y
% SelectivityCO = —————X100 (A-5)
Y co,—> product
Yeu
Y%SelectivityC,H = —————X100 (A-6)
y co, —> product
Yen
Y%SelectivityC,H, = —————X100 (A-7)
y co, —> product
Yeu
Y SelectivityC H  =—————X100 (A-8)
y co, —> product
Veu
YSelectivityC H , =—————— X100 (A-9)

Y

co, —> product
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Wosigusnisiinualaveansug (%Yield)

%CO, conversion* % Selectivity
%Yield = (A-10)
100

MIINSANUANTEN (Rate of reaction)

%YieldCH ,OH
Rate of reaction of CH OH = ———————%0.00057957*60*1000*32 (g / kg_, *h) (a-11)
100
%YieldCH
Rate of reaction of CH, =————%0.00057957*60*1000%16 (g/kg,, *h) (™-12)
100
%YieldC,H
Rate of reaction of C, H, = ———————>%*0.00057957%60*1000*30 (g /kg_, *h) (p-13)
100
%YieldC,H
Rate of reaction of C,H, =——————"%0.00057957*60*1000*44 (g / kg_ *h) (-14)
100
%YieldC,H
Rate of reaction of C, H , =————"%0.00057957*60¥1000%58 (g / kg *h)  (a-15)
100
%YieldC H
Rate of reaction of C,H | =————"—"%0.00057957*60¥1000%72 (g /kg_ *h)  (a-16)
100
%YieldCH OCH,,
Rate of reaction of CH OCH , = *0.00057957*60*1000*46
100
(g/kg,, *h) (A-17)

F19819N13A IR ATE CuZn/ZrO,+HZSMS5 WudssufAsendesileidu Tny
innsnaaeugunnil 210 esawalded AUy 10 U1 laglandndusivanunde Ly
NuLa, ufiasines, 1inu, AnsusuNeuenlen wasasusznaulalasAnsuay

(C,H,,C.H,CH, CH,nendruudadiulagluareuianiiveulasanlanvid

10°

Wiy 0.12
CO,(g)+ H,(g)—>CO(g)+ H,0(g)

CO,(g)+3H,(g)—>CH,0H(g)+ H,0(g)
2€0, (g)+ 6H,(g)—> CH OCH () +3H,0(g)
CO,(g)+4H,(g)—>CH, (g)+2H,0(g)

2€0, (g)+7H2(g)—)C2H6(g)+4H20(g)
3€0,(g)+10H, (g) —> C,H (g)+6H,0(g)
4C02(g)+13H2 (g) —)C4H10 (g) +8H20(g)
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5CO, (g)+ 16H,(g) —)CSHIO (g) +10H20(g)

MIBENMTANNIN %CO, conversion

k Y CO,—> product
%CO2 conversion = X100

yCOV Jinput (1 T 5yCO‘ —> product )

(4yCHVOH + SyCHA + 2yco + 8yCHVOCHV + 9yCVH" + 13ycH‘ + 17ycle + Zlyc‘H‘ )~

(ZyCH‘OH + 3yCH‘ + zyco + 4yCHVOCHY + SyC:HF + 7nyH4 + 9yC_H‘ +1 lyC‘H_ )

Yenon TV T 2Yenoen TVeo 120y 300, Tave, TS5,

4yCH,0H + SyCHI + 4yCH_OCH‘ + 2yC1H‘ + 6ycH( + gyC_HH + 1OyCQH_

Yew on + Yen + Yeo + 2yCH:0CH: + 2yc‘H‘ + 3yC:H» + 4yC7HH + 5yc‘H‘_

4(0.000125) +5(0.0002) + 4(0.00018) + 2(7.095E —05)

+6(2.262E —05) + 8(1.5E —06) +10(0)

0.000125 +0.0002 + 2(0.00018) + 0.00051 +

2(7.095E —05) +3(2.262E —05) +4(1.5E —06) + 5(0)

0.00252
o= =1.78

0.00142

Yewon +yCH‘ +2yCH_0CH‘ +yc0 +2yCH‘ +3yCH\ +4yc,H‘ +5yC(H‘V

%CO2 conversion = X100
0.12 [

1= 00 on TVen F 200 T 00 T2y T30, F4v, T5v, >]

0.00142
%CO2 conversion = X100

0.12[1—(1.78X0.00142) ]

%CO2 conversion =1.186
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AIBENNNTAUIN Y% SelectivityCH OCH,,

Yewoen
% SelectivityCH OCH, = ——— X100

Y co,—> product

2y CH OCH.

% SelectivityCH ,OCH ;, = X100
Yenon TVen TVeo T2Vcy T3¥cy Téve, Ty,

2(0.00018)
%o SelectivityCH ,OCH , = X100

0.000125 + 0.0002 + 2(0.00018) + 0.00051 +

2(7.095E —05) +3(2.262E —05) +4(1.5E —06) + 5(0)

3.6E—4
% SelectivityCH OCH, =———— X100 = 25.35

0.00142

Wosidudnisiinualaveswansng (%Yield)

%CO , conversion* % Selectivity

%YieldCH OCH, =
100
1.186 X 25.35
%YieldCH OCH, =————— =03
100
FDYNNITAIUIN Rate of reaction of CH;OCH;
%YieldCH OCH,
Rate of reaction of CH,OCH, = *0.00057957*60*1000%46 (g / kg, * )
100
0.3
Rate of reaction of CH,OCH, =——%*0.00057957*60*1000*46 (g / kg_ *h)
100

Rate of reaction of CH,OCH, =4.8 g/ kg _ *h
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Abstract.

Thermodynamic equilibria of carbon dioxide hydrogenation for systems composing of single reaction. binary
reactions and tertiary reactions were predicted by minimization of Gibb free energy. The operating condition at
thermodynamic equilibria was assigned at temperature ranging from 120 to 500 °C under 1. 5 and 10 bar where all
components existing were gaseous state. The carbon dioxide methanation is thermodynamically easiest reaction with
nearly 100% CHy yield and methanation dominates in binary reactions and tertiary reactions system. The conversion
of carbon dioxide to methanol and dimethyl ether in binary reactions system thermodynamically preferred to
produce dimethyl ether. CO; hydrogenation on CuZnZr0; and CuZnHZSMS was tested under 1 bar and temperature
ranging from 150 to 210 °C. The experimental results revealed that CuZnZr0; catalysts were apparently selective to
CH;O0H (=90%) and selectivity of hydrocarbon over CuZnHZSMS was high up to 81%. CuZnZr0; was more active
compared to CuZnHZSMS5, though surface area was lower. No dimethyl ether was found over both catalysts.

Introduction

During 1750-2018 C.E.. carbon dioxide emission has been substantially increased up to 2040=310 Gton
Carbon dioxide emission especially from industries and transportation arising from fossil fuel or biomass
combustions can give an impact on global heat accumulation and global warming, respectively. Carbon dioxide
capture and storage technologies have been developed to reduce carbon dioxide content and carbon utilization 1s an
interesting topic. The carbon dioxide can convert to valuable molecules by hydrogenation. Products from carbon
dioxide hydrogenation can be methane (CHy). methanol (CH;0H), dimethyl ether (DME), carbon monoxide (CO)
and other long chain hydrocarbon occurring specially on metal or metal oxide catalysts [1].

Methanol synthesis 1s of interest because 1t 1s one of starting materials to produce other valuable chemicals such
as formaldehyde, urea, dimethyl carbonate, and dimethyl ether. Dimethyl ether is a clean fuel and it 1s a synthetic
future fuel as diesel substitute because of high cetane number and thermal combustion without sulfur dioxide or soot
[2]. Carbon dioxide to methanol was accomplished by hydrogenation over copper-based catalysts 1.e. Cu/y-AlLO;
[3]. CuO-Zn0-Z10, [4], Cu-Zn0-Z10, (ZCZ)HZSM and methanol can convert to dimethyl ether via dehydration
on acid catalysts [5]. However, carbon dioxide can directly convert to dimethyl ether or mdirectly wia two-steps
reaction 1e. 1) methanol synthesis and 11) dehydration. Two reactions were merged to one step, called one-step
reaction, via bi-functional catalysts consisting of two functions for methanol synthesis and methanol dehydration [5,
6]. Cu-Zn catalysts supported on different materials, 1.e. ZrO, and HZSMS, were chosen for testing carbon dioxide
hvdrogenation. Zircomum dioxide has high thermal and chemical stabilities which can assist Cu-Zn to be well
dispersed and subsequently exhibit high reducibality [7, 8] however, surface chemistry of zirconium dioxide 1s
neutral and plausibly inactive for methanol dehvdration. HZSMS5 is more superior owing to strong acid sites and
lugher surface area. Copper-zine catalysts supported on two different supports were tested to mvestigate selective
products to methanol. dimethyl ether and other products. Since CH,, CH;0H and CH;OCH; are possible products
from carbon dioxide hydrogenation, thermodynamic equilibnia of single reaction systems, binary and tertiary
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reactions systems were simulated by Gibb free energy minimization. Methanol and methane produced on Cu-Zn
based catalysts were investigated to compare with thermodynamic equalibrium.

Experimental and Method

Catalyst Preparation and Characterization: The Cu-Zn based catalysts were prepared by incipient
impregnation method. ZrO; (Tosoh) and HZSM-5 (commercial) were used as supports for Cu-Zn catalysts. Copper
mitrate tri-hydrate and zinc nitrate hexahydrate were employed as copper and zinc precursors. They were dissolved
simultaneously in de-1onized water to obtain weight ratio of Cu to Zn as 9 to 1 and copper-zinc in the catalyst were
designated at 10% by weight. Temperature programmed reduction was carried out by thermogravimetric analysis at
5% H; mixing in nitrogen gas and operating temperature was ramped to 900°C with heating rate 5°C/min
Decomposition temperature was determined as a temperature of copper-zinc oxide which was reduced by hydrogen.
CO; Hydrogenation Testing: 1-gram catalyst was diluted by 4-gram silica and the mixture was mounted to plug flow
reactor. Prior to testing CO, hydrogenation, the catalyst was reduced under 1/1 H,/N, at 300°C for 4 hours. CO,
hydrogenation was carried out at 150, 180 and 210°C under 1 bar. Volumetric flow rate of CO5/H,/N; was at
14/58/48 ml/min. The influent and effluent streams from fixed bed reactor were interpreted by gas chromatography
equipped with Molecular Sieve column and a column for long chain hydrocarbon separation. Carbon dioxide and
methane were detected by Thermal Conductivity Detector (TCD) and Flame Iomzation Detector (FID), respectively.
Methanol and dimethyl ether were interpreted by manually injected gas chromatography equipped with PoraPLOT
Q-HT column operating from 40 to 80°C with heating rate at 10 °C/min.

Gibb free energy minimization: Gibb free energy minimization of thermodynamic equilibrivm was
calculated by ASPEN PLUS program usmg Gibb Free Energy Miminuzation Reactor. Operating condition for
simulation was ranged from temperature of 90 to 500°C under 1, 5 and 10 bar. Molar flow rate of CO,/H, was
determined at 1:2. 1:3 and 1:4. Single reaction system and bmary and tertiary reactions system were simulated at
given conditions. Details are shown in Table 1. The results acquired by ASPEN PLUS was used to determine %CO,
conversion, %product selectivity and %yield at thermodynamic equilibriuvm.

Table 1: Condition for Gibb Minimization by ASPEN PLUS

System Products Reactions AHE
(kJ mol™)

Smgle CHy CO,(g)+ 4H,(g) — CHy(g)+ 2Hy0(g) (1) -165

reaction CH;0H CO,(g)+ 3H,(g) —~CH;0H(g)+ H,0(g) (2) -49.1

CH;0CH;, 2005(g)+ 6Hy(g) — CH:OCH;(g)+3H,0(g)  (3) -61.3

Binary CH+CH;OH 1 +@) -

reactions CH,+CH;0OCH; (1) +@3) -

CH:OH +CH;OCH; 2) +(3 -

Tertiary CH,+CH;OH +CH;0CH; @ +@+(3) -
reactions
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Results and Discussions

Thermodynamic Analysis of Single Reactions and Binary Reactions and Tertiary Reactions Systems

20 | .O-1 bar -A- § bar -0- 10 bar

% CO, conversion or % Product Yield

| .
COy(g) + 4H,(g) = CH,(g) +H,0(g)
o L ] ] ! ]
100 150 200 350 300 350 400 450 500
Temperature (°C)
30 50
= 45 | Olbar ASbarO10bar €Oy Hy=1:2 45 R[O1bar £ 5 bar Cl0bar €O, :H, = 1:2
2 45 o - 5 I 3 iHa
2 CO;:H, =133 - .
S 4 co, H,= 14 —— 3
7 .. z
E ¥ COME) + 3iig) = CHLOM(® + 10 E 2C0,g) + 6H,(z) map CH,OCH (@) + 3H.0g)
T 30 &
_T. .—°
:
4
. E
9 2
& [ ~
5 3
0 = T —
100 S0 200 2540 ann 350 00 450 S04} 100 150 200 250 300 350 400 450 500
Temperature (°C) Temperature (*C)

Fig.1 %C0; conversion and Yproduct yield for single reaction system 1.e. CHy. CH3;0H, and CH;0OCH;

These reactions reached thermodynamic equilibrium at minimum Gibb free energy. The hydrogenation of
CO» to CH4 was the thermodynamically easiest reaction with nearly 100% CHy yield at low temperature region (100
to 300 °C with stoichiometric ratio of 1:4 CO./H,). The conversion absolutely relies on hydrogen concentration.
Limitation of hydrogen concentration representing as CO»:H ratio at 1:3 or 1:2 duminishes %CO; conversion and
%CH; wield. respectively and lower yield i1s obtained during increasing temperature owing to exothermic
methanation of carbon dioxide. The carbon dioxide methanation i1s apparently dependent on pressure while
increasing temperature from 300 °C to 500 °C as shown in Figure 1. The hydrogenations of carbon dioxide to
CH;0H or CH;0CH; are preferable at high hydrogen concentrations to low concentrations, but it seems to be
insignificant under atmospheric pressure while it 1s more apparent under increasing pressure. %CO, conversion at
thermodynamic equilibrium of hydrogenation to CH;0H or CH;0CHS; 1s far less 100%. even operating at CO./H,
stoichiometric ratio. The conversion of CO; to methanol is high up to 35% under given conditions while conversion
to dimethyl ether is easier and it gives %CO, conversion and dimethyl ether yield up to 60%. The binary reactions
system which produced CHy and others molecules possessed %CO; conversions at different temperature and
pressure similarly to conversions of carbon dioxide to CHy in single reaction system The methanation dominated
other reactions competing in binary or tertiary reactions system, while conversion of carbon dioxide to CH;OH and
CH3;0CH; in binary reactions gave %CO0, conversion as same as single system of CH3;OCH; synthesis. The
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competition between CH;OH and CH3;0CH; synthesis reaching to thermodynamic equilibrium was govemed by
dimethyl ether route.

The methanol yields of single reaction, binary reactions and tertiary reactions systems are shown in Figure 2.
The single reaction system for methanol synthesis possessed the maximum yield of methanol at 35% in comparison
with other systems while as binary reactions system (CH;0H and CH;OCH;) gave the maximum vyield of methanol
only at 4.25% at 100°C and 10 bar which was much lower than that of dimethyl ether, emphasizing that dimethyl
ether synthesis dominated in this binary reactions system. Methanol occurred very munimally for binary reactions
and tertiary reactions systems producing methane. The methanol content increased marginally in temperature region
ranging from 300 °C to 500°C as represented by % CH;OH vield in Figure 2. while carbon dioxide methanation
decreased slightly. Dimethyl ether yields at single reaction thermodynamic equilibrium did not alter from the vyield
obtaining from binary reactions of CH;OH and CH3;OCHs:, but it was changed considerably when dimethyl ether
occurred together with methane in binary reactions and tertiary reactions systems in Figure 3. Although dimethyl
ether was formed more easily in comparison with methanol at thermodynamic equilibrium, 1t should note that
carbon dioxide hydrogenation yielded methanol over dimethyl ether in the tertiary reactions system.

50 2.0E-06
1 bar & 5 bar 110 bar .

Ol bar & 5 bar O10bar ¢, Hy = 1:2

1.BE-O6

1.5E-06
2.2 CH, + CH,0H
1.3E-06

_; 30
=

o
=3

%CH,0H Yield
4 =
un =
m |
-

5.0E-07

2.1 CH;0H 2.5E-07

= = CES. L B A e - =
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Temperature (*C) Temperature (°C)

Fig.2 %vyield of methanol from (2.1) single reaction system and (2.2) CHs+CH;OH system

50 2.5E-13
i (S N A T p— 1
¥ CO, H;= 133 -m--- g]
40 20E-13 C0, Hy=14 —— 3 i
5 35 3.1 CH,0CH, E 3.2 CH, + CH,0H + CH,OCH,
E 30 - 1.5E-13 :
=25 2
8_2:} T 10E-13 §
= ] 7
215 =
104 SOE-14 | 01 bar A 5 bar 110 bar
5 )
0 g—— oo+ HE-BH-E-OHE - - '
100 100 150 200 250 300 350 400 450 500
Temperature (°C) Temperature (°C)

Fig. 3 %yield of dimethyl ether from (3.1) single reaction system and (3.2) tertiary reactions system
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Thermogravimetric Analysis of Catalysts

Cuin/HESME

X _ Cu/HZSMS '\‘_;_/_V\("_
;; \_,_j\(— ] . (1
=z Discompenition + Reduction 3 Cufn/ir0,
s Cabzet). 2 | . ; . o o
gy 1 E N/ 7
S z | P
H Roderniss e En(NOy a0
=
H Cu(NO,), H0 H
g I‘)qy" 400 Siv () Tiin B0 o8 i i Cu{NOy),.xH, O o
j ducrins 5 1 ¥ 400 S0 600 700 B00 90
2 \ [
Left Right
Temperature (*C) Temperature (*C)

Fig.4 weight decomposition of Cu(NO;); xH,0. Zn(NQ;), xH,0 and Cw/ZrQ,, CWHZSMS. CuZn/Zr0, and
CuZo/HZSM5 (—— N>, Ha)

Thermogravimetric analysis under mitrogen and hydrogen gases reveals temperature which catalysts
decomposed under nitrogen and was reduced under hydrogen. The catalysts were prepared by mitrate salt precursors
without calcination, so peaks occurring similarly at temperature under both mitrogen and hydrogen gases were
identified as decomposition temperature, while as reduction temperature was assigned when decomposed weight
was occurred only under hydrogen. The weight decomposed approximately at 300°C was attributed to a reduction
peak of copper oxide occurning from copper-nitrate-salt decomposition under hydrogen in Figure 4 (left and night)
while Cu/ZrQ» gave small broad peak of reduction approximately at 300°C similarly. Decomposition and reduction
peak of Cu/HZSMS occurred at lower temperature 250°C possibly owing to well-dispersed precursor particles on
high-surface-area HZSMS5 giving suitable precursor-support interaction to be more easily reduced. Zinc nitrate
existing in HZSM5-composed catalyst shifted reduction temperature to 300°C as shown in Figure 4, while copper
and zinc nitrate existing in ZrQ, decomposed at temperature as same as copper nitrate existing in ZrO, and both

catalysts gave small peaks of reduction temperature identically at 250 to 260°C

CO, Hydrogenation to methanol and methane

0.50

0.40

[
=

9 0 Conversion
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Fig.5 % CO, conversion on CuZnZr0; and CuZnHZSMS at 150, 180 and 210 °C under 1bar

%C0; conversion on CuZnZrO; and CuZnHZSMS under 1 bar were varied at different temperature 150, 180
and 210°C as shown in Figure 5. Conversions on both catalysts increased while increasing temperature, although
€O, was changed to products minimally under 1 bar and CuZnZrQ, exhibited %CO, conversion higher than
CuZnHZSMS5, although surface area was totally lower. Products were selective to methanol and methane as show
Table 1. CuZnZrQ, catalyst were highly selective to CH;OH from 150 to 210 °C, while major products on
CuZnHZSMS5 catalyst were selective to methane increasingly from 150 to 210 °C and it was possible because of
acidity on catalyst surface arising from intrinsic property of HZSMS5 [9.10]. Dissociation to hydrogen atoms is
activated at high temperature especially on acidic catalysts as well as hydrogenation can occur rapidly to form long
chain hydrocarbon at high temperature.

Table 1: Rates of CH;OH and CHj synthesis and % product selectivity

Selectivity CH;0H CO, Methanation
Catalyst Temperature CH;0H CH, synthesis (g min™ kg cat™)
o) (g min™ kg cat™)
150 991 09 0.17 69 %107
CuZnZr0O; 180 993 07 0.65 21.7 x 10
210 98.5 15 1.01 78.7 x 107
150 821 179 0.00895 98 %107
CuZoHZSMS 180 30.5 69.5 0.01477 201.9 x 107
210 117 813 0.04113 1577.7 x 107

CuZnZrO; was highly selective to produce methanol and %CO; conversion to methanol increased on CuZnZrO;
while increasing temperature, though methanol synthesis 1s exothermic reaction. %CO; conversion to methanol and
methane compared to %conversion to methanol and methane at thermodynamics equilibrium in single reaction

system are shown in Figure 6. The rates of methanol and methane produced over catalysts are reported in Table 1.
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Fig.6 % CH;0H and CHj yield at thermodynamic equilibrium of single reactions system and experimental results
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Conclusions

The carbon dioxide methanation 1s thermodynamically easiest reaction with nearly 100% CH, yield and
methanation dommates in binary reactions and tertiary reactions system. The conversion of carbon dioxide to
methanol and dimethyl ether i binary reactions system thermodynamically preferred to produce dimethyl ether.
Reduction temperature of catalyst prepared by nitrate salt precursors on ZrQO, and HZSMS5 are found to be lower
than reduction temperature of copper nitrate. so as to the catalysts were reduced at 300°C for 4 hours prior to testing
CO», hydrogenation. CuZnZrO, catalysts were apparently selective to CH;OH (=90%) and selectivity of
hydrocarbon content over CuZnHZSMS5 was high up to 18 -81% in the temperature ranging from 150 to 210 °C. No
dimethyl ether was found over both catalysts.
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Biomass is one of the most promising energy sources for hydrogen production. However, biomass gasi-
fication has a low hydrogen content in the producer gas. To increase the hydrogen yield, the co-
feeding of methane into biomass gasification is proposed in this study. The type of gasifying agent is a
key factor in the determination of the content of the hydrogen product. To compare the designs and find
the best performance criteria of a process, not only energy and exergy analyses but also a cost analysis of
the process should be investigated. In the present study, the effects of various types of gasifying agent,

grf:::“ i.e., air and both steam and air, for the biomass gasification withfwithout methane co-feeding are inves-
Air-steam gasification tigated through an exergoeconomic analysis. It is observed that the air-steam used as an agent achieves
Exergy high energy and exergy efficiency. Methane co-feeding can improve the energy and exergy efficiency. In

exergoeconomic analysis, the specific exergy cost (SPECO) method is applied to investigate the unit cost
of hydrogen. The economic reveal that the biomass gasification using air-steam as an agent with methane
co-feeding also presented the lowest unit hydrogen cost of 2.69 §/kg. The unit exergy cost of hydrogen is
0.068 §{kW h.

Exergoeconamic
Methane co-feeding

@ 2017 Elsevier Ltd. All rights reserved.

1. Introduction dioxide neutral due to growth of the crops taking carbon dioxide

out of the atmosphere.

The consumption of fuels and chemicals continuously grows.
Hydrogen plays an important role in the chemical industry as a fuel
and chemical reactant due toits high energy density and low emis-
sion [ 1-3 . Most synthesis gas is produced from fossil sources. The
combustion of fossil fuel leads to environmental problems such as
the greenhouse effect and air pollution [4-6]. Additionally, fossil
sources are limited in quantity. To develop sustainable strategies
for energy production, renewable resources have been investigated
as substitutes for fossil sources | 7). Biomass has been considered to
be an alternative fuel for hydrogen production because it is an
organic material that comes from various green sources including
agricultural residues and waste from industrial production pro-
cesses [ 8,9]. Although conversion biomass into fuels releases car-
bon dioxide in the atmosphere, biomass utilization is carbon

*= Corresponding author,
E-mail address: dang

g i ac th (D, Saebea).

http:f fdx doiorg 10,1016 fj.enconman. 201 7.03.002
0196-8904 /2 2017 Elsevier Ltd. All rights reserved.

Biomass can be converted to synthesis gas via a gasification pro-
cess. The main challenges regarding large-scale biomass gasifica-
tion are the low hydrogen content in the synthesis gas product
and the high energy input required. The quality of the hydrogen
content in the syngas depends upon the type of biomass used,
the gasifier reactor, gasifying agent, and operating condition of
the gasifier. To increase the hydrogen content and reduce the tar
content in the fuel gas, preheating of the gasification agent was
proposed in publications [10,11).

The most common gasifying agent is air because of its abun-
dance and inexpensiveness. However, the large proportion of inert
nitrogen gas in ambient air directly causes the low quality, with a
higher heating value (HHV) of 4-6 M] per cubic metre at standard

perature and p e (m? stp; 25 °C, 1 atm). Furthermore, the
use of air as a gasification agent obtains low hydrogen content of
the product gas. The gas product from biomass gasification with
pure oxygen has a higher product gas quality than that with air
(HHV = 10-15 M]{m” stp.), but the separation cost of pure oxygen
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exergetic efficiencies of the system are improved. In addition, as
mention before, the operation of the biomass with air-steam as
agent with methane co-feeding in the large scale process similar
to reforming of natural gas may reduce the hydrogen production
cost

5. Conclusions

The hydrogen production from biomass gasification using dif-
ferent gasifying agent and adding methane as co-feeding studied
though energy, exergy, and economic analysis has been presented.
The effects of the operating parameters of biomass gasification
without methane co-feeding i.e., preheating temperature, equiva-
lence ratio, and steam to biomass, were studied in the first part.
The simulation results showed that increasing the preheating tem-
perature of the gasification agent and fuel can positively affect the
hydrogen product. The equivalence ratio (ER) is affected to biomass
gasification process comprising syngas compositions. High ER
leads to decrease in the hydrogen yield of product gas. Addition-
ally, the hydrogen content in syngas can be enhanced with adding
steam to the biomass gasification. However, the excessive steam
results in the dilution of syngas product. Considering the effect of
using methane co-feeding, the addition of methane to the air-
steam biomass gasification can raise the hydrogen yield and steam
to the gasifier requires higher energy input, the air-steam biomass
gasification with methane co-feeding achieves the highest energy
and exergy efficiencies of product gas at 87.14% and 71.80%,
respectively.

Considering the overall system, the overall energy and exergy
effidencies in case of the air-steam biomass gasification with
methane co-feeding are also higher than other cases. It has been
shown that the increment of hydrogen yield in case of adding
methane and steam into the biomass gasification has significant
impact on the increase in the energy and exergy efficiencies in
spite of higher energy input. In the exergoeconomic analysis, the
SPECO method was obtained to estimate the unit cost of hydrogen.
According to the results of hydrogen unit cost, the air-steam bio-
mass gasification with methane co-feeding provides the lowest
hydrogen production cost of 2.69 $/kg which is practically applica-
tion in the area of hydrogen production. Moreover, the hydrogen
unit cost of the biomass air-steam gasification with methane co-
feeding is lower than that of the steam reforming of natural gas
in the small scale which is the conventional process of hydrogen
production. Therefore, the air-steam biomass gasification with
methane co-feeding is an attractive process for the hydrogen
production.
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