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Abstract : As a result of the recent social transformation towards a hydrogen economy and carbon-neutrality, the demands for
hydrogen energy have been increasing rapidly worldwide. As such, eco-friendly hydrogen production technologies that do not
produce carbon dioxide (CO,) emissions are being focused on. Among them, ammonia (NHj3) is an economical hydrogen carrier
that can easily produce hydrogen (H>). In this study, Ru/Al,Os catalyst coated onmetallic monolith for hydrogen production from
ammonia was prepared by a dip-coating method using a catalyst slurry mixture composed of Ru/AL,O; catalyst, inorganic binder
(alumina sol) and organic binder (methyl cellulose). At the optimized 1:1:0.1 weight ratio of catalyst/inorganic binder/organic
binder, the amount of catalyst coated on the metallic monolith after one cycle coating was about 61.6 g L™'. The uniform
thickness (about 42 um) and crystal structure of the catalyst coated on the metallic monolith surface were confirmed through
scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis. Also, a numerical optimization regression
equation for NH3 conversion according to the independent variables of reaction temperature (400-600 °C) and gas hourly space
velocity (1,000-5,000 h') was calculated by response surface methodology (RSM). This model indicated a determination coefficient
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(R?) 0f 0.991 and had statistically significant predictors. This regression model could contribute to the commercial process design

of hydrogen production by ammonia decomposition.
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A 7] 59 24712 (Green House Gas, GHG) 571 &
7¥ste, A9 B9 =7t JA A she AF2H3T 2o
Ui ok 39 A 9 et oA Al 7|EAA e
Aol 2A7IA S BRHE HAUR9 =871 43 &
2 S, I F aovAE gea olUA] BEACIA S8
e qEZ T = Utk a(hydrogen, Ho= J8AEA, A&
Wk 7, AL 9 4Bl RS AEgleH Bikes B
MEESHA A7dste] A4 Hi= 3ol Slol, &7 AL} ol A
FAE Aol 12 5= Sl= mlHUAE 2 Qlok
[1,2]. wEhA F2 SEuets BRe Ad=E2 7P
S =4 AA AAl H-&st7] 1Rt AAA =9 7HESt
3= 3 Qi

Aol EAStE Fas e 9499 IE FEH=ET
EA57] ol 45 wE7] fsiAe tE dvAEE &
Sff Bibsh= WAl o= Aggo] Hed, A ¢4 Al U 5
7P ARbA Q1 WS ©@aleal H S (methane, CHy)S 7HE
(Equation (1)SHAL} 81514ke] SA87k20] WALS ol 83t =17
73 (cracking)of] 2Jsf 47 A2 =L JTH1,2]. ARHAE 4
4:9] 3% 7A7](reformen)E ol-&st=tl &F 352 s B
2 G 3go] aoty, B3 ABIA(COE S4TSR
Agtsl7] W&ol $AZIAREF 7 (Water Gas Shift Reaction,
WGSR)o| L AENZ AtSlg A (Partial Oxidation, PrOx)a} Z+-2
3% 340l FHH, RARERE o]4lsketa(COy7E EAYE
TH3,4]. 1By 2 FEEA Qle ¥R Yok(ammonia, NH;)
e dEYot AaMN,)9t s4as E9%= WH3(Equation
()2 &3leas o] &3t a4 T vBlus) & o F
AHEE CO, HiEo] glo] XA Q1 FA4olet5]. ESF, A HY
of &3f i PARE 71E FEYoF 419 1zEE &85t
A3} Yol o]Fo] HelshH, HA7EA vjEgo] gl 3
o FHUo} £ A|AHE Bl d=E A TFsto] 4
AY/Fo] 7Hsste6].

CH,+2H,0—>CO,+4H, AHgpyr = +165kJmol™ " (1)

2NH, < N, + 3H, AHgyp = +924kJmol™" (2

Aol £of §h-2 FEWHgo|ng dHHor T2 ¢
Fx AN 227t #2545 HPHHEo] okt E3t, vhE
5 PAPEO B Zylukg o= 2 AREE o] Y(Le Chatelier’s
principle)°]l &Js F&o] F7145 HPHZHEo] Wopxittal
B3 Qleh7]. o]#]3t g yol B vh-S EAL 125}

BAAN 34 27004 2H517] AsiM = A4 HE &
S HHEEEE sl AES S| 7ol ERsiei(7]. ¥EYot
23l ¥-5-9] H#YE(mechanism)> Ful] EHE| FE Lo} 5}
ShEE &, dyole] EAdt FHERS oA, dA 9 £
20 A 9 22 dA R o] Fo| 8] Yo} #3 W3
HAYES £=Z4Y D A= AF%(Ry, Rh, Ir, Pt, Pd 5)3 A
o]F<(Fe, Co, Ni 5)°l w=t 22 N-H 239] sfz|et N, 23t
o] £EAAGAR HuEy glow, Jujo] 54, &9 +
2, A|AA|(support)2} 7 (promoter)®] E/gof wt G2
T ATHB,9].

Yutzog Qfmyot Eaf AP iS ARt AFA 29
HH-S7]= ¥ P (burner type) B S5 WS
PR S BRS710A A 3
(ceramic) Fyli= HE R 2] A Fufjof] H|sto] FHYE £Le7t =
] SIS B e W 2 2LHAE 5] o] &2
Aol wEA AgPEo] Fuj Aol HolxA =Hi L
(channeling)®] A& WAYAIITH17]. o]=23t £AIE S5skAL
Ab 2T A 2 7|AA BT St vE R e A gAof
SiE ZEsto] FAES A7 A-7F A= U
[16,18,19]. W22 -2]A 9] d L2+ Y F(honeycomb), =
Aol E(corrugate) 59 FEH| = AZo] 7hsshH, o7t ZEE
Hgs A FHS B9l vES FAVE &2 gD R dgAst
FAE S5 & Qltk sHAR Hg 2| A IS 1124
< Al Al S dRte} Mg e A 7He] A S Aol=
lsh Zujo] 27t A Lolus EAI7F QLo olF S&skAL
e LA Y dRau g Sute] 22 AT
7] giol F4ED A 9 Tyt foleelEis Pl
(organic and inorganic binders)o] St A7} £Y= 1L ok
[20,21].

QFE o} 2o MF-E g Eo) B H(active site) 2
=4 &40 5] Ru > Ni > Rh > Co > Ir > Fe > Pt > Cr
> Pd > Cu >> Te, Se, Pb 02 Zul] Ao Hst Axprt
H g 8 9low[10], 53], FH&(Ruthenium, Ru)°] ¥FH Yok
HHrgol| A 7 & AE<(Turn Over Frequency, TOF)S H
Itk A glom[ll], H M Be A7EI Besol
HE 3 TH7]. Jacobsen et al.[12]2} Mukherjee et al.[13]
Ru YA+ =2717F 7 nm¥ W} Ru(1110)9] 242 Ho| @ol &
st 7P SRt TOF g2 yebdoha B skt dubs
02 Ru By F49 #4T JAY LA A3 Au-EF
1| (y-ALOs) A AA|7F Eo] ARSE 1L 9lom, Ru®t y-ALO;
R A A7ES] 73St A S A& (interaction)S 7FA|AL Qlo] ZAJZE
W5 &<l AA(sintering) ¥} 22 0| B]Z/4J5}7} dojut
A 9= AH-S 7FX| AL ATt Lucentini et al. [14]= Y2 Yo}
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oA 943t TS RAXT AriHoR F7IRE =FH Ruol
SAZ QI3 27 BAZ o M2 HZHo olojzih 27]

L SHOA = CeO, AAA7F 51419t B-&2} HE 4]
S| A ALO,7F HFHASHH AL ATt FEYof &3 wF
SOIA Ru7t 7Hd 58 @da50 = AA AT, 34T
Ag4 5 stz 7HF0] BAts G o= Nitt Co9t &2
Hojg£o = A& dEYof 3f vhgof 3t A7t HalEal
QItH15]. o]& gt fiote g W= R 1 2] A(metallic monolith)
Aol RuA| S-S 25t ARESHAl = Hl(pelle)d =
o] FHTH 1710914 1/571A] Zuf) 253 A = e
“&3lo] QlTH16].

2 APoAE HEgrlkgA @A FHE IFuy
RWALOs,) SME FF5H7] fIs ¢Fry Z(alumina sol,
Al-so)9] F-7|uQIT| 2} e A= @ ~(methyl cellulose)2] 7]
H}QI T (organic binder)E ©]-8-5to] HE R F|A FRHEZE A
2390}, B O3} QHRUOLRRE SAE 22017 915) A7)
AH TRE0E o]85to] QrLio} Halukgo] gt ¥HSLw
o BUEEY] TS AHTAS EEolLA TR
(Response Surface Methodology, RSM)S =343} tt.

2. 48
2.1. 2H|s SR 0|L HEZ22|A RS0 HZ

SUS400A4|E AHE &2 F5 33l EU(foil) 2}t HEH 30 um +
Al EL(fihE A2 A AP o 47 254 mm, Fo|
10 mmel 7)) HEgREHAS Fotr e o2 e AT
votor AR Hi-glAo] Al Ti(cell density)= 200
CPSI(Cell per Square Inch)o|th. HEH LA HHO| E4E
AAS 9 Ao 2gn A2 Sasiac

FY20) el 150 un olste] FeHlE YEUILH%
Ru/ALOs, Alfa Aesar) % (powder)Z} 10 wt% Al-sol €8 &
Qsto] AxsHATH22). HE R A0 Z-EE SHFS £
dst7] A8 &=i=lel f7IHRIEE A7 =g 28
I 3gEH &89 WErkgAE H ZY(dip coating) B
Hog FFT & oojuto]Z(air knife)z YHTHA EofF=0]
ZAZE &9 E AASH o2 & QA (Infrared Radiation, IR) 2.E-
7](oven)oll A F&3] AXsIH . 24H Fuljo] Y FS 150
g L'7H E u7ba) 5% 552 AAJsislom, 700 TollA 3417t
agsto] Azt

22 5f E4 24

FHE 4F0Y HgR s TIPSO UL FAREAL
)7 (Field Emission Scanning Electron Microscope, FE-SEM,
Hitachi SU8020, Hitachi)2 S3f ZH%E Zu] EHO ZEHE &
4 S5 9 EFuue] FE 2 A2 ElEit FEHE &
FHy HEgR s Y #Ho A% 2= XA 2
|8l (X-ray diffraction, XRD, MiniFlex 600, Rigaku Corporation)
= &l d3em, 3d el A4 0.1° &A 72 10°0]14

90714 ek

2.3. QL0 Fali Bt

Fr ol Eoff 932 2 inch #E SUS §HS7] QFof| 1 inch
HEH LA S ZHE 145t Sl B4 S 7P
et FEYol £ ¥hE Mo FElE FFU|Y HEH LA
FHYZUE 20% H/N, 7FAZ 100 mL min' & 22 300 CojlA]
2A17E &<t SAA T dEYoL 71A19] S5 99.5%2] s}
ot YolE 7|3 A AZF{-FA (Mass Flow Controller, MFC)
£ 53l SFEHU v &7 AEES $ATIE AA 14
7k E(dry gas meter)o]l O3 & 7tAREE S F VRS A
FutE 131 (gas chromatography, GC, ACME 6500, Younglin)
£ 59 AAZIeZ 108 7HE o2 B4} E9 NH; HE
&2 Equation (3)2] B 4]Z F5to] AAsHT. o] AL vk
£} mEkgE ¥vEE0] & Hlo] tigt dgeE Aojdnt

3)

Yol &aff ¥h-3-9] grvor Mehg ndS vhE7] fjgt
MSEHRAY AW AU S4E-Ae] FUTHLA
(Central Composite Design, CCD)E Z-&5}3t). HFS-2 =9} &
¥ (Gas Hourly Space Velocity, GHSV)E #H-3-01AL2 =<
sto 4709 AF- LD, 4719 F-((*a,0), (0+w), 5719 &
A7(0,0)0] Z3HE 137F4] 9] AFS Attt FHE Yol &
o ¥H-gofl TAHE QA= JHHAE B Sl s
2550 ~ 600 O] ¥HE-2% 0} 1,500 ~ 2,500 h'S] FH&ER

Table 1. Central composite design (CCD) and observed NH;

conversion
Independent variables Dependent variable
(i gzr Temperature (C) | GHSV (h™") |NH; Conversion (%)
Xy X, Y

1 550 1500 91.7
2 600 1500 95.0
3 550 2500 87.6
4 600 2500 94.0
5 540 2000 87.9
6 610 2000 93.6
7 575 1293 93.6
8 575 2707 90.2
9 575 2000 2.5
10 575 2000 23
11 575 2000 922
12 575 2000 923
13 575 2000 92.6




Table 2. ANOVA for NH; conversion

B OO Mg R A S50 hu Lol Be) 245 221

Term Coefficient SE Coef. T P

Constant 92.38 0.09564 965.94 0

Temperature (X;) 2.4146 0.07561 31.936 0

GHSV (X») -1.2739 0.07561 -16.849 0
Temperature* Temperature (X;X) -0.4087 0.08108 -5.041 0.001
GHSV*GHSV (X>X5) -0.1087 0.08108 -1.341 0.222

Temperature*GHSV (X Xz) 0.825 0.10693 7.716 0

Note. SE Coef. = standard error of the coefficient.

A5tk Table 13} 20 =9 Q1AL 5, 121 AA Y
e AT

SAGAAR olst AFxA9] AIl= Minitab software
version 14 (Minitab Inc. USA)Q] HF-S-EHEAH S Al8olo] &
Aottt BR2 (X)) FEE(X)Y 2719 SR 9
e W= SHEAR(Y) FEYoF Aggo] gt 22t 3 A
A2 Equation (4)2} Ztt.

3 3 2 3
Y=F5+YBa+t Yty Y B )
i=1

i=1 i=lj=i+1

Y= SHHP(YEY oL ), H= FH, G= A (leaner)
e Aol G o|*Hquadratic) RAAG, G= FoAE
(interaction) E @A S=o|t}. gRyol £ AEEo] A=
Minitab software version 145 ©0]-85to] Z}2te] wh-g-FH4=0] Tff
3t =3 g2 A5 3AEAS St At S3A
T(R)2F HO]Z4(ANOVA) L 27 E KElo] &2 75ttt

JERE ks

3.1. 2HlE ¢20|L HER2|A FEI=E0S EHEN
HE R 2| As SHAEAGT 7|A1H 7t 3 Aol A
A5k FdAaE S70l "k GEASTE Db I Zolrt &
5 Algtele] Z99 Sl HA s A7 )l &
At ARE-E SUS400A|F 2] WiE R 2] A= 700 CoflA AL 4k
3t AldS &9l Mg art 7= 24 P 2 71A1H
FES SRIRE vF AvH23,24]. 11 A 203] @ FH(thermal
shock)& &3l HEH 2|2 FA ¥Sk= oF 0.07%= A 2] H3}
7} Qlof EASZE A9l dojubA] kst A7) WE R A
of FH& LFUHH2% Ru/y-ALOs) et 10 wi% EFoh
< Z9€E AlEsto] f7IERIE d7tol uhE S 29
o gt A= Figure 1] UERHRIEE Sofiet F7]8kRIH 9] &
F H&S 1112 17gste] f71HRIE S5 ¥]E< 0.1, 0.2, 0.3
Hlgol wet 13} 1Y & AR S-S gRlg 43 7tz
616 gL', 684 gL’ 700 g L'E Z7}st9ith. E3SL 23 7
T AXS oS SRIeh A3 247 1322 g L, 1480 g L,
152 g U'2 39 A7t 37188 Bt HEHog Zulj7t

Coating amount (g L)

/" After calcination
// Dip-coated 2 times
o1 T /" Dip-coated 1 time

0.2 T+
03

Organic binder to catalyst ratio

Figure 1. Effect of catalyst loading on organic binder to catalyst
ratio for Ru/ALO; catalyst coated on metallic monolith.

23] IgE HEELYAE AxX T A5t IYE FAE

S dx} 247 1177 g L7, 1285 g L7, 1329 g L'9] &)
BRI QITE. SHAYE 7 [HIRIEE H7IsHA] g2 3%

sto] FRE S A= oF 30 g L' ofato|n], IRJE Zuj
7ROl ZFAAY A 2=k S SRl A2 2 &
g Betoll Eo] £F7|E AA5] FESte] HiEo| HH, {714t
= &2E] W 45t =] sk s<tol S0 YAzt
E= S5 A Ato]of] JFSe] 1A sHs ek T 25).
Figure 2= §7]81Q1E 0.1, 0.2, 0.3 H]-&°] wg} 23 78 &
A MEH g A Ruy-ALO; TR ST FHS TS 43t
ojtt. {7IHIRIE 7L 0.1 H&Y wf Z¥E Rwy-ALO; Ful7} ||
SR LA FH| e F39] Aol YEhHA] 2l ++Y
SHA| AR =t vhde] 0.2 H]&9] 3% vlAgk dehR] @/l
=Y, 03 &Y A§ vARE ZEkds 9 53 @7l
T o|Hgr Aote WER A BH| SUE FLst
I 73 BRE o g FYsy| flste] frHIRIE o] Fa3%t
AAAEZ & & Aok KrHRIE = SWEY &899 AeE
Z4sto] A% ) IYFE 24T 5 9o, dx 9 44
g A7HA] &2 W 2hRste] S0 At 2Y H3kE 54
SAA 2] A W S2F] QFEele] 7]ofgtttar e
vl TH25-27]. SHAIRE, #go] 78RR = A4dshs Bt A
stejo] Zuff 4z} 7ol 1St ATS Kol HEF W8S
AaA7)= ZoE L#A QlrH28,29]. f71HkRIE 0.1 H&Z
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o ol oX,
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Figure 2. Pictures images of Ru/Al,O5 catalyst coated on metallic
monolith by organic binder to catalyst ratio of (a) 0.1, (b)
0.2 and (¢) 0.3.

Figure 3. SEM images of Ru/ALO; catalyst coated on metallic
monolith.

7Rt g R e 2A O] Ruy-ALO; 1) Y F7S SEM
42 &0 TS Z23E Figure 30 eI 1 A3} H
R LA XYY FA= 34 im=E WEEoH, A AREH
EQ0] Sk 30 ol T F £4HoIN EHlo] dshe
Ao 7 9F 4 ym F715FH T Josefsson et al.[24]= 700 ~ 900
T Ax AAELI7I01A A& FeCrAl T FHO Tt 4
ShEg BT A SEMOIA] 1~ 3 um AHSIIAE TSSO
™, 700 ‘ColA] Aks} g A|Zko] W oF 0.01 mg em™ FA] 57t
£ SRIgt Axe}t A5kt WEg e gA XU FF Ho
299 Suje] S o 4243 . FAY FAZ 79
A AT 4= USITh # Aol ARG HEREEHA Al dE
£ 200 CPSIZ YU FAS} g A Fu2 R oF 30.2
em® cm>9] GSA(Geometric Surface Area)E 7}A|H, o] 400
CPSI9] Alete] ot H]s=3t g1 7H2Ith. o] 2|3t GSA9] Fh2 tf
2t CPSIE 7H vlg g Ao IR S "3 FFH L
2 ung 4 Aok

l..

—RU/Al,0, coated =
A RuO, (Tetragonal)
# y-ALO,
W FeAlCr 4 L 2 *
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Figure 4. XRD curves of bare metal, Al-sol and Ru/ALOs catalyst
coated on metallic monolith.

HE A EH] Ruy-ALO; RSO 2442 &<l
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64.6° T 81.8°01H 7T intensityS 2= 3|AWIE A
FeCrAl 94 9] 284S ERISHATH30]. °0]+= FeCrAl §
o] 120 =EFHAS o THo| SAFo 2 FAH = ASt
ndto] o5t Aol o]t Atk el FeCrAl 3= 9ol 3
Qe ARRRE] F&3 S AAIst] 112049 id 4
WARHS A7l T2 St} 30]. AARE FeCrAl 32
1,400 CT7HA] &80l 7hs3t A E, TdA, HEA 5 717
12 B7|7F A&E= 58 EokollA Bol ARGE L it
H Alsol2 FH3F FeCrAl oF HEgRgjA FHAE
ALO; 7o) & uF7F FEEA] AUt o= ME W FeCrAl
o5 SaEHE ALO; A0l vl 4 IotE o] Tl of
A2 o= wotEn Hgi iAo ZYE Ruy-ALO; Sf
o] A% AvHde] EFuy w27t F3EHA UEhdA] gkl &
TSHA UEb . ol SIESA77F S5 AFuue] vx
7159 a¥te HuEy glon, ol2e v dFuv= 2
o 595 Algste] Exd S99 FHeS UA % &2
SE5UAE 3 Al7IeE fElsitar A AHH31). E
St 28.10°0)| A] tetragonal®] RuO, 419 3| & 1 37} = J O
o, ol HER A HH| Al dFRu|U 2| XA 2} §HA F
g &dasol 2 2850 U2 FUsHATH32] HER
2 A Hofu[g o] TR Al-sol A8HE F3t Ru/y-ALO; Sl
AR 9 ¥4 BExE 617 Yl SEM EDS(Energy Dispersive
X-ray Spectroscopy) 41 Z21S Figure 59 YERHSITE AX
HHY HjojH|Eo] Al-sol 8 & EHS ¥R A1 4R
U Al Fol 450 22 SRISHIAL FeCrAl F ¥4
JEE0] ExHo| S TEHAY. HELk Ao Ruy
-ALO; FE FBT A= Ruy-ALO; Z1 YAl FHw
ST ARARrE 8] s £x2E 0] 3= &
A 4= Ui

ok
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Figure 5. SEM-EDS images of (a) bare metal, (b) Al-sol and (¢) Ru/Al,O5 catalyst coated on metallic monolith.
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Figure 6. Effect of reaction temperature on NH; decomposition
over Ru/ALLO; catalyst coated on metallic monolith
(reaction conditions: T=400-600 C, GHSV=2,500 h™).

3.2. A2L|O} ZolftS

B JLoAE 99.5% %0 A} otnolRRE ZElE &
Foy g A IYFZHE of-&sto] AAF LAz F
RS AR LA PR Yot Eafhg-2 $=3¥5k3iTt. Figure
62 Yryol Bafjuk-gof gt 2= H3E UEd ZatolH,
U322 71 400 T4 600 C7HA] E7F842 gryjol gk
£0] OF 65%014 94%71A] F7HbE Bt o|#jt Aib= o
T o} Eoffghgo] FHWREo|BRE FHHH o R -2 At
U 2HofA RFE2E7F 2255 FPHEE0] o= 4
3t 2o A7 Bt} Figure 72 AH Yo} EafjukSo] o
3t FHEE(GHSV) &3E yehd Aitold, IH&EZTf
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Figure 7. Effect of gas hourly space velocity on NH; decomposition
over Ru/ALLOs catalyst coated on metallic monolith
(reaction conditions: T=550 C, GHSV=1,000-5,000 h").

1,000 h'oflA] 5,000 h'74x] F7FdpS ol HEhgo] oF
93%9lA 79%7HA] ZAeE BTk 5,000 h'e] FHEEE o
AAZE G ¥HE7] Fu 9] 5,000819HE9] dE Yol FFRF=
A= AL Yuigitt. o8t A= &L AT
5 dryoel o] JFAIZo] F7HE| 0] A} AR E
== $=80] 713} Ogura et al.[33]12 4.6 wt% RwALO;
4 S E o] 83 4% Tk 450 T} F7H&E 30,000
h' A4 gmyol Aghgo] 34.8%US Bistgon, B
AT A& 5,000 h'e] FZHEE oiu] 6 o HlE ZHEEE
18T ff 4G F2 285 Y AoZ d&d £ Uk
Cha et al.[6]& A4 ZTAHARAL 18#dl] T 5,000 h!
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Table 3. ANOVA of response surface quadratic model for NH3 conversion

Source DF Seq. SS Adj. SS Adj. MS F P
Regression 5 63.5306 63.5306 12.7061 277.84 0
Linear 2 59.6241 59.6241 29.8121 651.88 0
Square 2 1.184 1.184 0.592 12.95 0.004
Interaction 1 2.7225 2.7225 2.7225 59.53 0
Residual Error 7 0.3201 0.3201 0.0457
Lack-of-Fit 3 0.2121 0.2121 0.0707 2.62 0.188
Pure error 4 0.108 0.108 0.027
Total 12 63.8508
Note. DF = Degree of Freedon; SS = Sum of Square; MS = Mean Square.
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Figure 8. (a) 2 and (b) 3 dimensional contour plot of the quadratic
model for NH; conversion with the respect to
temperature and GHSV within the design boundary.
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Figure 9. Residual plots of the quadratic model for the NH;
conversion(%). Each residual was calculated using Eq. (5).
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