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Abstract

Thermally self-sustaining CO; methanation reaction was investigated using highly active TiO,-supported
Ru (Ru/TiO2) catalysts prepared by the polygonal barrel-sputtering method. The experiments were
conducted using a lab-scale reactor covered with an inner heater for the direct heating + a thermal insulator
and an outer heater for the simulation of outside temperature + a thermal insulator. When the CO»
methanation was carried out by setting the inner and outer heater temperatures at 180 and 90 °C,
respectively, the reaction temperature was increased from 183.6 °C to 191.1 and 195.6 °C by increasing the
flow rate of a feeding CO; + H; gas (CO»/H; ratio = 1/4 vol./vol.) from 6.7 ml/min to 35.0 and 54.7 ml/min.
According to this result, the thermally self-sustaining reaction was evaluated by supplying the CO, + H»

gas at 50 ml/min. At the outer heater temperature of 180 °C, the reaction temperature was stable at 230 °C
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for over 6 h after the inner heater of 180 °C was switched off at 40 min. Similar result was obtained at the
outer heater temperature of 170 °C, and the reaction temperature was kept at 210 °C. However, under the
outer heater temperature conditions of <160 °C, the reaction temperature after switching off the inner
heater was rapidly decreased and the stable temperature trend was not observed. It is noted that the thermal
transfer simulation based on the lab-scale experimental conditions presented possibility of the thermally
self-sustaining reaction without the external heating using a thermal insulator having the thermal
conductivity of 8.12 x 10~ W/(m K). However, this conductivity was <1/10 time of conventional thermal
insulators. In contrast, the simulation for a large-scale reactor indicated that a cooling needs to keep a
constant reaction temperature of 250 °C under the flow rate conditions of CO,: 250 ml/in and Hz: 1000
ml/min. This result implies that for our catalysts, the thermally self-sustaining reaction without both the
external heating and the insulators can be achieved by increasing the heat of reaction due to the high flow

rates of the reactant gases.
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ﬁ$ T FBUR TR ST 2 HIERERE(LIZ, ZERLIRSE (CO2) DO EHINN ERIZ
ETHNTWD, £D7D, 2016 FITITHF L~ T CO PR EHIR AR 2 E D72/ U HhE 3%
A, BOED 2030 £ FE TIZ 26% (2013 4EL) | 2050 42 F TIZ 80% D COHEH &4 HI T 5

HIEEZ#T, ZomEOHMEEZBIEL TW5D, 20Xk ) RIEEICHEV., BUE, Hx DN T CO,
PEH &R AT 72 B AN S TnDd, £0O—2k LT, HEHi Sz CO, 2L, H
HH 2 ¥ IATe Carbon dioxide capture and storage (CCS) 3/ A7 A[1,2] D SEFERER BT HIL TN D03,
ZDOVAT MIREWOBLA S EAHIZHIRAH 0 | FRCHIEREORE CIXER I mT
ToNn—RIVIRE, Flo, RUAT A TIE CO BHUTFET A — MLV OEBNICIFE SN D728
EANERBEENENLETHY, a2 A M THD, ZHUIK L, Hir, Carbon dioxide capture
and utilization (CCU) Hi23EH SN TWBH[3,4], Z DO TIL CO LA ME % i+ 5
ZLENAHETH Y, CO RHEOHIKE VA I NV ERNLT D, Fio, BREHFTICHIRN 72 <
Ho>, CCS LVIK=A hTH S,

CO, A & AU (CO2+4H, — CHy +2H,0) [3-12]iFfE/ 72 CCU Hilfo—>Th b, Z D
FOSTIXPEHT AMDRIRT AT D AL 2 BET 5, EDT2D, CO HEHEDHITTZ T T <
BREOZRANX—tX 2V T 4 —Om CTHOEREREEZ R, £/, #WELEAZ T2 Y
— U RREREZ RNV F—TH L KFOEIT B TE[13,14], RKEMfEKFEFv VT AT A
WCHEHAT 22 LB AEETH D, ZO LI RFEND, COry A X ACBISIZENAACTHER SN TE
0. FERICAT 2 BREERIZIT DTV 5 [8-12],

—JF. RO XX ACKISTRALSUETH Y, ZOBEFIHTIUE, SN S OBVEHRE 23 R
7R A NSO 73 AT R f%éo_@m %L\%%E(WIVF%)T%@Lk%%%ﬁ%btﬁ
. ISR E B Dol EmE (5300°C[11,12]) BB ETHDH, DIz, BOEHOE A
~&Bflm%m4®x&/%%é EMTERY, ZH, REIED COy & A X ﬁ@#é
7ol RS E DIELLE (32000C) (TME L 72 SOSEE S I LB T o U [15], M5 D
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B2 HALZey (FT7212 COo &2 k) o ZhiTxt L. Falt, AN D OGN R B o
AT LE LT, fETRAC@B LIRS L, KEO AR S TRISEIT ) FENHRE ST
WAH[16], LL, ZOHETIHEROMLBEMAE, ZBaMEICHEN %D,

FITHAIT, MBI L [Z2ANLIVARy Z U 7k & ESHT RN+ R e A
THEL L 72 EiE M COy A Z ABGH Ru $H5F TiO, (Rw/TiO,) fREEIZIEH L72[17,18], Al <
IEEIRAT S RSAEEE D . 2000CLL FTA X R IT 100%I253ET 5H[17), Thl, ZERE O
RIS 2y, RISRELIKETHL Z 00, RGEEEYICT Y be—L3hiE, 4+
HOMBMNAREREE LG (77 COHEH e L) REIRFCE 5, 2O KD Bl A KIC, A
FTIEZ ANV A Ny 2 ) o ZIE TR L7 @IS RwTiO, M2 35T 2 B4 B NG 0 FERERY
HRESDZEHZHNE LT, AEZH W T RA T — L TOMFIE T Ialb—raildbd
BAA NS DRFEE AT 5 72,

2. EB
2.1 Rt FR[17]

AEtOFRUIX, ¥ —% v FE L TRuM G : 99.9 %, 50 x 100 mm, & 58AERT) 2 H
L7z, HIRIZIET & —BREED TiO ki (ST-41, EHPRIFE : 300 nm, AJREEHE) Z
ERBNCIEARDIC L DEEEEBG 72012, 180°C THafie L7, iEt O FHELILL T D L 9 1297 - 72[17],
TiO Tk (3g) % 8 ANLILICEAL, BEZEF ¥ U NN—NIZEA LT, #—7 v MI TR
HEL, B—X V=R MIERR S TR N TT v N NEBEZEHER LTz, 125 8.0 x 10
Pa LA NICHE L72t%, Ar A (FEE : 99.9999%) % F ¥ v/ —NICHEE L, @A77 - 100 W,
Ar T AJE : 0.8 Pa DFIET2 R ANy XV v 7 E4To7 (NEAR L) . ZORE, TiO, ki 10
— R ~OE & iR A BIIZ, NLVEIRY FEE (RIE : =757 | 3 : 43 mpm) 72,
ARy BY T No TA (M £ 99.99 %) Z#EHZETF ¥ = |EAL, RIEICELTrHR
BEEY L7,

2.2 VA SLROS OGS

BVH NSO EE IR B RSS2 E (Figure 1) 2 HWWT, LUF Thermocouple
DEITHFF LT, 1.5~2 g OB A B A L7 USE (NFE: 1 em, o,

fildbtfE o b TICITPRE & L TR (Amatech-HS600, il E H

F) ) FMBAOY R —F— (U, At —&—& Emi
#Kik) TEW, 2O L OWET —7 28\, £, AKURE

BT 572010, ZORSEICY R —%— (L, sMe —
H—ERGFL) EWENT — T HBITE N, KO T, Ar/i— Il K Catalyst
D RSN OB A R Lz, 90CITHIE LT COx + Hy lRA A layer =1
A (FHAKEE @ COo/Hy = 1/4 vol./vol.) ZEA LN H, WNEL, kO N\
s e — & —% 180°CITERE L TS A A L7, 40 771%%. WES Figure 1 Schematic illustration
E— X —%)% L FMCAMNDE — % —REEA LT Uiz, 7, # of CO2 methanation reactor.
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H LGS IE, N e — 2 — 8tk SOS3M e — 2 — Ll EORE CEEICHEITT 20> TR L,
FOSREE LT — & v I — 2B W TE BV o 2 i g |l A3 % 2 & THIE L7z,

BVE NSO T A IRER LN Y 7 b7 =7 COMSOL Multiphysics (COMSOL) % U 7= B
VIalb—rarThHilliLe, RISEICEIT 22 FOILHUT DU Tl Stefan-Maxwell 572
A, ZALENER (BRESH) (21X Brinkman AFRE, FELFLENIEIRIZES L CTIE Navier-Stokes /7
AL EEAGHEICTEE A (BMEE) | Stefan-Boltzmann HI (K4 SMAI 2 O ZEEST) |
B OVERRA (WMl o B 88t i) 2@ L. LFo7—2 2 W CEHRE1T > 72,

« BUSEN : CO,+4H, — CHy+2H, 0 AHaozx = — 174 kJ/mol

« SOGHE © —(dpcor/dt) = Aexp(— Ed/RT) % [(pco.)"(pr)" — (pews) " (pr:0) " (K(T))"] [19]
(p: HBHARE, 4: FEKRT, E, : iHFMHEL= 5L
¥ — (=60 kJ/mol [20]). R : KUKES. T: HE, o 200}
n o RSIREL (= 0.305 [19]), K(T) @ RIS AR5 E
£ 190}
3. R ;‘:
3.1 RUGHREE S B AT I ffE T A s o o7 £ 1801
BB SRS ORI S D SUSREEC RIET
HAE T A Ji I D FE B A SRl L 7=, Figure 2 (ZPVHEE, 1700 1020 30 40 50 60 70
KOS B —4 —% 180°C, 90°CIZRE L CTHIE L Flow rate / ml min™!
TS T A5 & OSIRE OR 2 3 (gt Figure 2 Relationship between reaction

temperature and flow rate of CO, + H, gas
(CO2/H;y ratio = 1/4 vol./vol.) (inner heater:
180°C, outer heater: 90°C).

O ETFICEERMORDVICH T AT — L EFR
#) . 6.7 ml/min O H AFEIZBWNT, SUNEE X
NE et —Z— X0 EW 183.6CTHhoT-, K%

300
35.0 mi/min {235 & SOSIREEIE 191.1°CIZH#m L Lo (Outer heater)
250+ °
720 54.7 ml/min OWEEE CIESSIRENTIZ EH-L | & 180°C
195.6 COMEN G LTz, T OIRE EFHIT COy 200, | 160 °C 170 °C
150 °C

AL NGRS DORIGENZH R L, Z OB Tt HE

Reaction tempearture / °C

LEBITHMT D EBERAOND, ZORREHIZ 100 +

. Ay S . . = . 1 Inner heater off and change in
50 AR A S i = |

PRI 2 ik 2 S0 mifmin (SRUE L i >0 :/ outer heater temperature

’T?Of:o 0 I 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7
Time /h

3.2 EAVE SIS O
feN T, BB NS ORI A4T > 72, Figure 3 1%
OGS E DR 2 7”3, S b — 2 —723 180°C
DA, Wikt — % —% 180°CIZE%E L 7= UG I
COx + Hy W A ZMAGT 5 &L T 180CH bRk~
WZEA L7, 40 BRI —2 —285 & )X

Figure 3 Time-course reaction temperature
measured by supplying CO, + H; gas (CO»/H,
ratio = 1/4 vol./vol.). All reactions were started
by the and outer heater
temperatures at 180°C. After 40 min, the inner
heater was switched off and the outer heater
temperature was set at 150—180°C.

setting inner
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SRR TR L7223, 1 REREIDARRI AN E — 2 —IRE LV S0°CREV 230°CHHE CLEICHER
L7z, —JF. 170°C O e — & —IREETid, W e — 2 — I o SOSREE 1L 180°C Dk SR L
NOETNLE, LA, 20N —Z =L ETHY . K 2100C DI THRRA 6 REELL L
HMEFFE 72, 160, 150°COAMMBE — &% —IREEICE L CTid, Wit — % — & Gl o 7o %D b KGR
FEPRAIIRT L, ZE LIZIRE CRIGEHEFFCTE ootz ZThbORERIZ, SMKIED 170°C
P bEThivud, KIGREFIH LIZBBS RN ARETH D Z L 2R L TWD A, EHOBLA TR
AU, SCISR R RERARBE O MNBVEEE  (200°CLL E[15]) KV IKIRETH D H DD, KREBRSEMTIX
IR OBMIS N LETH D Z E R D05,

HAZ, AN B OBMEAE A3 72 W EV A STEER O I REME A FRFE T 5 72912, COMSOL Multiphysics
EHWTREY I 2 b—va U &(To7, ZTOFMRETIX, Figure 4A)NCTRT Ko, FARAT—
JVEBREFIZ, AME 1.2 em, R 1 ocm OAFEIC, RW/TIO Al Z i FHIZ 3 cm OE ST
Fed LT RO (ZEBRSE 0 80 %) ZWrBvf (E & @1 cm) THFE L7-fEIZ FHE AR & U 7ot
PRET IV EAEE LT, 56 0 A FiE L 50 ml/min (CO; : 10 ml/min. Ha : 40 ml/min, 4 AIEE 1 25C.
FAME 1 atm) [ZFRE L, WEWIANREISAAET 5 25 COZERUTENGST . W ONT B RKHRIZ L Y
BENOBNZH SN DR TEEEIT- T2, V2 b—a VR % Figure 4BIIRT, EH R
IZBWT, COBREER (= A F UER) M 91.8%ITET S & fBE AT DR ITH) 200°CIC 15
T 5, ZORE, 118 W OUSEN AR L TR Y | A2 ME (25C — 90°C) 1Tl =458 (0.15
W) ZMET 25 &, 0.99 W OFLED U B S FLiuiE, S0 D OBMAG AR S22 BVE ST
SRR TE D (VB SR :200°C) » LU, ERE L7254 THEVT 21213 8.12 x 107 W/(m K)
DEMREE Z OB B LETH Y | ZOBMBEE L@ T OWEM O 110 LLFTHD (B - 7
T AT =) 32~5.0%x 102 W/(mK), fi8 22~3.6 x10"W/(mK), BT T AF v 21~42 %
102 W/(mK)) .

(B) Simulation results

Thermal self-sustaining reaction at 200 °C

(A) Calculating conditions (CO; conversion: 91.8 %)

@ "
1m L 200
0.08
0071 #I_ L (a) Catalyst layer 180
0.06’ - Outer diameter: 1.2 cm 0.05 160
0'_057 L Inqer diameter: 1 cm 140
0.041 - Height: 3 cm 120
0oz{@HId | Porosity: 80 %
03] \ N L 0 100
g'gi (b)| (b) Thermal insulator 80
' o1 7 L Thickness: 1 cm 60
i L 40
001] | (c)Inlet gas v.5 o«
gg; | CO2: 10 ml/min 0,
Dot L Hz: 40 ml/min .
'g-gg_ e [ (25°C, 1 atm) * Heat of reaction: 1.18 W
R v * Heating of inlet gas (25 to 90°C): 0.15 W

* Heat dissipation (to 25°C): 0.99 W
(Thermal conductivity of insulator: 8.12 x 10~ W/(m K))

Figure 4 Thermal transfer simulation by COMSOL Multiphysics (A: calculating conditions, B:
simulation results).
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— . A DA T AN 3em, m S 7.5 cm O EEE 2 T, KIEE T (COs: 250 ml/min,
Hz : 1000 ml/min) T2 b—3 3 %179 & CO AR 97.8% DA, 31.5 W OENFEAE
L7z ZOHE, HZMEN (4.8 W) Z[R< 247 W OBEZHBENC L 0 @I HREVuE, Bva sz
SOGIMEERR TE 5 Z Enbrolz (BUSRE : 250C) . ZORERIF, AL LA Ry XY T
BT L 72 @I RWTIO, ikl W CRIEE N CRIEZIT 21X, RISBAOHINZ L0 . 4858
BT T (W O AR BVA NI Y AT DEMEETEX L LA TRE LTV D, - T,
LRIIAT— T v 7 LT OSSR & O TR E T CREEITV, SMTINES R EE 2 A VK
D FEBLE BT,

4. £L®

AMFFETIZ, ANV ANy Z Y o ZIETHB U IZEIEME COy A # AURIEH Ru/TiO, Al
ZHWT, BVASLS ORGSR TR A — /N TiT o e, ROSIREEIZHHE T APREHOEEI & & 1
EH- L, 547 ml/min TiE 195.6 CORISREN GO (Wi —# — : 180°C, Mt —& — .
90C) ., ZOfERZHIZ, 50 ml/min D H AFLHSELETHES, K USMB L —F —% 180 CIZRE L
THRIGEBSE L, 40 53RN e — % —%28) 5 & [RRFZANS e — 2 —IRE 2 20T % Z & CTEE
SEROSR R LTz, EORER. REMFTIEHARIRD 170°CEL ETHAVUL, 200°CLL ETEVE SRS
DIERTE DN, 2NN D OB NN ETH D Z L2 EWRT 5, — ., BMEY I 21
—va Tl BRRL7E T RA T — L OEBREM T HINTINBAD 72 WEVE SRR FTRE T 5 Z
ENBRENT, LovL. ZOBE, WEWHIIZEH o 1/10 LT ICHYS 3% 8.12 x 10° W/(m K)
OBYREENLE CTH -T2, B, ATr—NA7T v 7 LEIGEEZRICKTEEF Ty Ialb—va
YEATO &L BRBGS LB ERUSER R U, SMEINEL, K OB 28 AN B2 BV ST SO & A
TFLEERTEXHZEDRHLMNE R oT, ZORBITHV, SBIINSEE Ay —LT v 7L,
Kt E F TR ZAT S 2 & T, SMBMES RE 2B A NI RS O FEBLZ HEET,
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