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7t dHohE WX 152 X|7A= &, o] Mo skt Huf 2EE VIS

oot

<E 7> MBS0 HZo| AIRE 2T Y

Hydrogen oxidation catalyst

No. Materials manufacturer
1 Palladium chloride Alpha aesar

2 Platinum chloride Sigma-Aldrich
3 hydrazine Sigma-Aldrich
promoter materials manufacturer
1 Silica nitrate Sigma-Aldrich
2 Cerium nitrate Sigma-Aldrich
3 Lantanum nitrate Sigma-Aldrich
support information | materials manufacturer
1 Ti0.(DT51) TRONOX

2 Ti0,(P25) AEROXDE

3 Ti02(G5) TRONOX

4 Al1,05(gamma phase) Alpha aesar
O &4 wy

- 2 AFolM HM=st ZHol= XRD (X-ray diffraction), XPS (X-ray photoelectron spectroscopy),
H~Chemisorption, SEM (Scanning electron microscopy) £M& Sl =2l - =& EMES EAMSIFS.

@® XRD (X-ray diffraction)

- &oje| ZFEEE ZESHI| 215101 RIGAKU Co.2| Smartlabe2 O|23t01 XRD 242 $a3IY
Radiation source= Cu. Ka (45 kV, 200 mA)7} AFS=EA2D 20 =5 ~ 90° 2 HLAAM 6° /ming
AISEZ S

~
3

@ XPS (X-ray Photoelectron Spectroscopy)

- HE2&9 oxidation stateE 2AM35H7| 98t XPS M2 Thermo scientific Co.2l K-alpha plusE AR235}
¥ S. Excitation sourceEUH Al Ka monochlomatic (1486.6 eV)E ALEsI¥S. Hol= 105 C dry oven
Of| Al 24A|ZF O|AF ZAZESI0] =22 25 MHAHSH = %EﬁkE 2l2~of cff 5101 wide scanning spectrum2 =

2 AM3510d binding energy®t intensitysS &tolsh,

i

@ Hy,—~Chemisorption

- Chemisorption 2412 Micrometrics Co,2l Autochem 1l 29202 AlE3IF 20|, EAM type2 pulse
chemisorption, &%k 7tA& H.,E 0|83IHS. = Al |2 50.06~50.11 cm¥/min@2 3t¥ 20,
sample mass= 0.0782~0.0911 g2 %7&'3}9&%. OHAMBEH O] EMM 112 HXE|SHO| F=H;HEX L7
2ol M™M2lE FESHX| LU0, 0 AtStEESO| AF20fAl R E 22 chemisorption =4 A A

o Jlsst 2 M 2E2l 35 CollA Tﬁ”ér.
@ SEM (Scanning electron microscope)
- oet Yetsin|Zdo2 BH0| of2fe AlRel olM ¥oig DEs|, MHIS(x 200,000 2 BHchstol EET
[=] [e]

| , X
|. Hitachitel S-48002 O|&35t03 A|EE carbon tapeod| &SI =
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<E & HASEY 0| 54 &4
110 Cat. Reduced | Cat. Reduced | Cat. Reduced | Cat. Reduced | Cat. Reduced
i
? at 400 C at 500 C at 600 C at 700 C at 800 T
BET (m°/g) 121.1 72.4 54.7 7.0 1.5
Pore volume (cm®/g) 0.39 0.31 0.23 0.10 0.60
Average Pore
) 134.2 171 .1 165.0 590.2 1554 .1
Diameter (nm)
Metal Dispersion 4.92 13.32 20.76 14.59 14.09
Metal lic Surface
0.11 0.30 0.46 0.32 0.31
Area: sample
Metal lic Surface
21.9 59.4 92.5 65.0 62.8
Area: metal
Active Particle
Diameter 22.78 8.41 5.40 7.69 7.95
(hemisphere)
Cubic Crystallite
, 18.99 7.01 4.50 6.40 6.63
Size
2) cCiekst M= gtiHol| mt2 FHof &M Hlw "ot
S5 Pd HEES 47| AZE Hieb 20| HASUHIT J|MEHZS LY M M52 d|lust A3
0.5%2| =4 ZZollAM Hatzkel J|gte 2 HM=E FHoi7F of 65%2 MEsS NS, el @2 559
T4 ZHME 452 BTl Jtsate =elsiS(<ad 21>)
100 ) »
VAN
e
80 n
S °
= 60
2
&
2
S 4t A
o
20
@ liquid-phase reduction
A gas-phase reduction
0 1 1 1 1 1
0.5 1 2 4 5
inlet H, (%)
<8 22> M=UHHE pd Sofje AZEHE MsHIt
(A& =7: 0.2~4% Hy, 21% 02, N» bal; 1,000 cc/min flow; room

temperature; 0.1 g catalyst)

_18_



<7
of

0

o

b

=
A <

o
A

t

5]

t

A
ol of<

=

=

A
=S
Ere=3

E

XXAHZ2

=

<38 20>2| X|X|M= G5

10>2F 20| X|X|H 2 o] 2HHoll A

ol "ot
Pl =4 =0 U=,

°

SEA]
= o
chet
<it

o
e

Zof
M7t Hel gle Ti0(DT51, P25, G5)2F Al.0s

=
—_—

=
—

el

[=]
=

ol oot
= X XA = of

=

S
=
&7t

=
o

o X|X| =
K| XA 2f
Z?o| %

3

A0l A AL
22>1}

[

=
=
O:

g 21>2| X|X|A|
=
[==]

2t

=
[

3)

ol
5%

e
I[e}

E

o
10

t&t =] of

]
—_

0|

o
=

I

k1
2

X
—

.I

(Do) 2amvaadwd

K=}
[

0
4 200
4 100

@ 1%Pd/TiO,(A)
¥ 1%Pd/TiO.(B)
B 1%Pd/Ti04(C)

© 1%Pd/TiO,D)

oHEF 1%2] 2 SZolx 2F 30% Oj2te| X

=
=

Pd/Ti0,

F

o
[}

o[&
100

80 |

20 |

=

=

(%) worsAu0) gy

o X|X|H =2

=
—

25

- &3, G5 X|X|H

w;

inlet H, (%)

temperature; 0.1 g catalyst)
temperature; closed: hydrogen conversion

1~4% Ho, 21% 0o, N» bal; 1,000 cc/min flow; room

71

7
opened:

S

(5
=

Al
=

(

~

i
o
00

ofu
il
of
il

o

o

Eal
M._
o

oje| &= 7|

a2, 3 A3 Pd/Tio, &

(o]
S

F

S

|

=1

A
e

i

HO

o
X0

Bl

e}
wr

olo

oll
a

o

K
M._
__o__n_

-

<0

ol

Kl
7ol

o
ofl

==
1o

ok
fiju
o
<
4
<+

00

ol

el
10

od
=5}
or

o

(0]

|

olo
o<

<

7ol

i

[EL!

Kl
oK

—_

~|

KO
1

-

o £ 600 C

=
-

2 HM=E A%Pd/Ti0,

ol

(<2l 23>).

ol

ol
10

of
<
0l
<0
4
<

L £5}09

25 Ti0.

[—

oH

steloz M =g
of maf Le X2

==
=

I

=
=

Pd peakZ} &

VI
=

_19_

= M
— oo
E

4

O
=

3

oLt

|O-I
AR

=

x+

=

b

il
[l

XRD patternZ2to]

[

[

LLEFLH

2 H=g

o
=
=




=
Vv

olo

Pl X| 23U Pd particleo] & o

X
=

2t 2

Zapol
XRD 24 Z1follM Pd peak

BET2} H,—chemisorption &4

51

o
-+

oln
0%

ol
=

o

o
Kl

K

4
e

p——
1o

ol

Kl

3l

KIF

o] =of|

L=
oz ==

#o| xto|7h &

=13 =5

Mz g

H

Hort

71

of
1ol
%0

E
o

1

md

ol
0<

&
@_
EN
g

oi7t gkl 7t

=
-

S

2]

of
<

4
Mo

1)
o

e
EN

X0
__o__._._

ol

K
1
N

. <ag 27-28>1f <FE 13

oloi =
AA AL OO

A
e

= XPS Zxt

Toll

ol

ol
aa

0
~

I
1o

el A< metallic

LHEHA

=
=

ol
AA

A
e

I

HMS
—'._—_12

ju

<0

~

E

St= metallic &F EESH 2

A
g

Zt
(=1

el =

10l

olo

o

2t

il

of Wi Pd Of22 <ol etz

=
=

ot 2}

2 nmetallic PdEC}H H|EH

o a5l

3

of

[e-Ne)
I —

)
ol
or
o
|

ol

o<

<+

Toll

o
ol
il
3

2500

WA
v .

1%Pd/TiO,(gas) 600 °C

A A
LM
A__an

1%PA/TIO,(gas)

o~

1%PA/TIO,(liquid) 600 °C

A

I

1%PA/TiO,(liquid)

‘n'e ‘Aysudjuy

40 60

2-Theta-Degree

20

st ds "ot

F

<
N

ol

of

=
bl

Pd/Ti0z

0.3~4% H,, 21% 0., 1,000 cc/min flow, room tempearature)

N

K
0
<0

2

H,—chemisorption &4

al
=<

ool BET

(600 C) = Pd/Ti0,

&

0l

oK

Bl
o0
o
ol

2]
A\

o
=
o o) < | @
m..m ~ N o | <
m — | = | M~
O d o o ~ | —
2 5 N ™ o |
©
«©
o
o
L ©
= ~ | 0 | O
T o < © o | AN
) . . A
< N~ |
E <
S
(%)
c
— 9
© » © N~ o |~
) fre} ™ < | o
mw o o o | o
=
N
i w | v | W |~
NN | S | ©
o <t | © | | ©
o — | «— | AN | N
o
(]
o £ © © ~ | ©
5 S I5p) N o | —
0 o o o o | ©
>
% » | = | v | o
s 3 e} o S | ®
.mw <t o | —
1) [co N S R
o |8 o
EREE 213
T |2 S | n
= | o o | g
= I
T S|P
o | L, o] Z | «
S SO |2
— ~
2= S |2
S| & o
a |2 = | a
= |5 — | 3=
S 5
— | = —

_20_



1%4Pd Ti,-gasdoh /_,_,—v_,————/—\/“”
E% P Ti0, gasdtl
> 1% P Tily-gas = F._/—/ﬂw
L -
& & 1% Pd Ti0d, -gas
& 19 PE T, lignids00 &
= =
b ot
s e
ht | i 133 Pl Ti0,-lquidodd
1%Pd TiO, Hanid
100 o 26 a0 5% wn 199 @ 30 0 s &0
Temperatuve, °C Temperature, °C
<% 26> BHEH 2 1R F(600 T) <@ 27> stplgbd 3l I2 =F(600 T)
< Pd/Ti0, Z0H2| H,-TPD &4 Z 1}, = Pd/Ti0, Z0H2| H-TPO &4 Z 1t
(Signal inverted) (Signal inverted)
pd P pd*
PATIOVHquld | | pd? PATIOiquids0e | P PATiO g5 PATIO 500 | ! Pd?
SR BN SRS
v - Bimiin: ;ag} e‘{m - N &ndin;:e{g@ e:ge v = Bi“m:;er% ;z,- = ) - Bin(lin;ﬁgy. evﬁ ¥
<8 28> &eldiH 9l 72 L=(600 C) F Pd/Ti0, SoHe| XPS &AM Z 1} (Pd)
Pd/TiO-fiquid i PA/TiO,-liquid600 | : PA/TiO;-gas PA/TiO,-gas600 |
BN |
| Ll Lo i
i A i A .
5 /'/i\ :“LV \””//%\\!/;\:\g \\'eﬂiu\*‘ o ~/i \¥,J\,_
U7 mmaeme T bmtmgeeme T bmgeem o Dadegeamey
<g 29> zheldtdH 9l 2 L F(600 T) = Pd/Ti0, Sofe| XPS 24 ZIHTi)
<3 10> &g 9l 72 L E(600 T) F Pd/Ti0, Hoie| XPS &4 Z 1}
sum
Catalysts Pd° Pd?* PdO/total Pd ~ Z+& H|8 Pd**/total Pd
Pd/Ti0.,—-gas 1384.15 490.07 73.85 26.15
35.87%
Pd/Ti0,-gas600 577.27 642.25 47.36 52 .66
Pd/TiO-liquid 254.78 383.32 39.93 60.07
9.67%
Pd/TiO—1iquid600 172.65 265.69 36.07 63.93
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O gMdgxe &F Hojo mE =4 A3 Hojel HAFMM "o 2 vjw 24
1) 835 & Moo oE 42 Mst M5 "ot
- 2 A7 = SHo|ERIE EEAY W HMEE F=AHEZMX| L olHlg £=2E QHNSHA AMSESHY|
St Fof AMSt A|AEIES Dotst= WY, olof w2t FHojel Ms JET g FHojel AHMM (M= ctit
S)2 LBsts Aol gEA| 2% <Od 20>= SMdFEel A FH Pdel ol w2l M=E HAERY
Zoffo| 4 M3t AsS d|Wet 2. MskE 2 724l 0.3%2F 0.5%d M= T4 &2o| HobE s
E Mso ZAIF HEEO 0.7% o|Ate] Pdo| HEEA| Heshs Folst¥s. asut 1% olate| =2 &
T, S HINY =2 sk a7l EXE dS 0.3%2 Pd HEH0| SX|E =of £35F 95% O|Ate] =4
Ast7b Jhsere &elsigls. oo wet =4 ABRFX| e "HA HlE skof wel MESH =4 Mst o
£ HNotstEE AN "HILE 59 S
100 —
s
v
80
X
S o0-
| e
@
z
S 40-
S, m 03% Pd/TiO,
- & 05%PdTiO,
" A 0.7%Pd/TiO,
] v 1.0% Pd/TiO,
1.0% Pd/TiO,
(600 T aged)
0 T T T T T T T T
0 1 2 3 4
Inlet H,, %
<O 30> 2AFH(Pd) SHE =4 Mt M5 Fot
MSHZzEHA: 0.3~4% Hy, 21% 0,; 1,000 cc/min flow; room temperature; 0.05 g catalyst)

2) EX Mz Zuje] MM lm £

~

= AFolM JHeEE EAH FHojl= 1%Pd/Ti0.

AEEE EXEl, Jts S2f M= HIEE %aﬂgi ﬂ%ﬂ‘ﬂl
.|

J}
2
HU
=
F-|>
x
53
°
]
ko
_(')ﬂ
>
0
o
°
T
u
]

= 2ol

- HMzg Hoiel M52 el maistof
2B ARY BM2 SUSNS. 2 HUZohote] K ¢ 8|IP2 $4 A2 M3 Foiz dol A
U 54PL/AI0s, 5%PL/TIO, Z0HEl . 0% 5

o =¥ xolof we ZHMAY blm(H
Jl2, Aok, JbA S) 2 Pd HEE AMY HDS £ANOE NBBAUS

S0 Mo A, M= ™o ZRst M= |22l MBEALZ(muffle furnace, tube
furnace) 2 MM ZE MESIF D, O|F Alek CtItet M35l M58 Sz I35l 25 ZAHAM H
7IE SIS
M7|2, & furnace= muffleZl tube EHEfZ LIHA E. muffle furnace:= 371 227[0M M
(calcination)st= ¥X2l Zxlo|od, tube furnace= Hdl= 7HA E7|0A dX2lE = A= Ex L

o E =0, 2 AdAFollMe 7|4
furnaceE 0|&3t0o] ztlXz[E Z

EdS(<E 13>).

o

2 QsiMeE £ E7oAM 2 AH2|JF EStEE, tube

=
sHof &, 2t furnace®| AT AMS 2let

o i -

ok
o
Mt
1>
rlo
o
mjo
i)
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<E 11> MI|E ML =4

oz HELey A4
P=Ca’ %0 5105

P=29| Mu| M2 ZF(kW)

C=22| AL B=

*Lf stdf(Insulating Brick) 2l @< 25
*L| St CH(Ceramin Fiber Board)2l Z< 18
a=2 W X (n’)

O=2 W Al8 = Z2E(X10X T)
t=2 Z(empty)AtejollA2] &2A|ZHH)
a=0iF (T2 Mz ¢ & T MH)

- muffle furnacell MHEFS MHSH|

S = 2 HAE
7|2 ©3 228 M4EAMo 2 =42 dedstH chaat 2ol Aded = US.

<3 12> Electricity capacity calculation

=A AEY|

XMetZ ol Ay SE Ef

ngdE M2l 2k 1500 C

2 U RESX 400 Wx400 Dx 300 H (mm)
S2A1ZF (1100 CT7HX]) 4A| 2k

oims(uds MY 1) 1.3t

AEUHEA R/ Ceramic fiber board

L shA| A% 18
2 HXH(m?): 0.818 < [{(0.4 x 0.4) + (0.4 X 0.3) + (0.4 X 0.3)}x2]°°

Ale25: 1.5%=1 87

ol

2A|1ZHh): 47°%%=0 5
OifS(IEaE MxZ): 30% F7+=1.3

, P=18X0.818x1.87X0.5X1.3 = 17.8 kW

- muffle furnaceE O|&3I7| A= 2 17.8 kwel XM E2F0| LRSS &M s, 7|4atztelsS 26
ALESt= tube furnacef| T EHS MASH| 26l ctsTt 228 =d(<E 15>)2 7IHdsHF 20, 2HM
HAIE M7|2 M3 A=k MEAo 2t =48 ofelstH cl2nt Zo| Aast = s
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<iI 13> Power Consumption Calculation Factors

= 2y

MetZ ol Aty SE e

ngdE M2l 2% 1100 C

2 U A ®80 X 600 (mm)

S2A1ZF (1100 CT7HX|) 2A| 2k

oims(uds MM 1) 1. 3t

AtEL =R S/ Ceramic fiber board
LHSEA A5 18

2 4HXM(n?): 0.818 < [{(; x 0.08 x 0.08) x 6}°° =0.15
AtR2T: 1.17%=1 16
S2A1ZHh): 27°9°=1.414
oFE(HLE HMI): 20% F7+=1.2
5X

1.16X1.414X1.2 = 5.314 kW

=, 2HYE MI|2el 42 17.8 kN, REY 7|22 42 5.314 kW o|&te| M7[8FH S d& MIIEE
ARZRUEtD Jhget. MEE 7| (kW) S ol8stod dxf2lo Bt & MHHZ HHSHH HIIeaE
A

i0|04, 2% A5 AlZk2 10 T/22
e furnace®t tube furnace2| ZL ™=
(<a8 30>)2 12{5to] dxfzlo st

MM 3 P

M|z BR e 25 | TR Az | "e MYy
2oy M7 2 400 C 40 min 17.8 KW X 0.67 h = 7.12 kWh
300 C 30 min 5.314 kW X 0.5 h = 2.657 kiWh
S8 M|z
600 C 60 min 5.314 kW X 1 h = 5.314 kWh
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HEED) I
T, R ZH Y 7ERAY ) FRIS AbSEks QTR ki 0|4 300w 0] D0 EE
HEUR: o 12y
e e FHL 23RN
= Rk . - = -
HEH(E-82) 2 1= 8(3~59~108) HEH(11~28)
e b, 550 TE.0 .2 T3
A £ 430 8.6 60,3 84.5
nk-17
Fa= | 7,470 738 BB 3 Ta.0
AR E,. 000 a3.4 9.8 830
e
AE E, 900 78T 5.2 6.9
<% 31> Industrial electricity rates of 2021.
<3 15> Furnace operating conditions
=7 Abef
AtE L 240
INE=INEI-TE of 2 23]
UNZ= g S8 MI|Z: 10%, 30% Ho/N, bal
2EE MIIZ: air
- 2 AT ALSEE MHE2 220 Ve MUYMHE AIEcIER MPE(Z) 19 XMAMHS MBSt 2F=2
AMESIUS . ESH HEYME SHMoZ ool w2l of Y 23 & 2408 Jtsstes W(<E 17>)2 SEE
g, olof w2t Hoje| EXelo 2Rt MIIF2 ChSo &3S (<E 18>).
<i 16> Amount of watt required for catalyst heat treatment
e o
M7|2 J2ez HEE 2F (| /kWh)
SEE 5 o3
& (24 /kWh)
(i) 2 | o2 |Js | A2
2o
7.12 5,500 54.2 76 54.2 | 74.3 90, 369
M7z
EB=Y 2.657 5,500 54.2 76 54.2 | 74.3 33,723
M7z 5.314 5,500 54.2 76 54.2 | 74.3 67,447
(19 oot cke| A o 235 AL T|E)
w2l Z|atekd FHof Jx & YMse Mr7(gE2 14 7[FE 191,539 Zof 17 E HM=st=d 2
& EHUlE 399 e E MHEUS
Zofo| M= wHES UM MAIZJA=H, O 5 UASACEZ M= dF <FE 192 €2 Aleko] 22
g, J|atEtele| AR hydrazines M 2|EH LIHX|E O] 3sl M=%,

_25_



<3 18> Price by type of gas used for reduction

<3 17> Reagent Pricing Information
Alek Tl == gram o 9 ( /g
PdCI," 10 1,716,000 171,600
PtCl," 5 1,034,000 206,800
TiO™ 20000 2,500,000 125
hydrazine™” 2,000 638,100 319.05

*Alfa Aeasar

**Tronox

***xSigma Aldrich

J|Akskel M= Al ALEE TIAS| SRE CHS <E 2002 2. 47 L 7|1&F JIAaE 503 HAX2lE

o 4 lckm JkEsg e

) =S Tof FH(J) (L) 21 /13|
10% Ho/N. balance 385,000 47 7,000
30% Hz/N2 balance 385,000 47 7,000
melA 2FM A A E M7 F 0 AFSE AldeFaE2 SEeto] 2 HolE M =st7| {8 2est & o
7hE AMtste <E 21>9f Zg. o, Fofo Aleks Balsty| 3 mut M7|eE3, EFS 2F(SER
e datghelyl |asey Hzo| R SEEHE 50|22 e} ME0M HelsidS
<# 19> Total catalyst unit cost
Z0 AHzof 2T ..
0 Axa JEA(Y Mo = = 7
/ Aok Si71(8l) 12] 7h2(8) |22(2) ;
5%Pt/Ti0, 1,825,035 7,000 399 1,832,434
5%Pd/Ti0, 1,450,155 7,000 399 1,457,554
1%Pd/Ti0; 311,231 7,000 399 318,630

<3 20> Comparison of total catalyst unit cost by active metal

l[oading amount

:‘E o) énflfilfjéfﬂ fj:) Mrlea(d) | & &0 oot
b ok CiyH( & ¢
7| AF 1%Pd/Ti0, 311,231 7,000 399 318,630
1%Pd/Ti0, 302,527 0 0 302,527
- 0.7%Pd/Ti0, 215,482 0 0 215,482
e 0.5%Pd/Ti0; 157,451 0 0 157,451
0.3%Pd/Ti0, 99,421 0 0 99, 421
T4 M2 S0 FZ2 0|E== FHof= 5%t HZES 0[3st Foi. XXM = Al02t Tio.E ALSE.
Zof MZ Chbe 1,832,434919 =2, <E 21> ET5EH0] 5%Pd/Ti0,9F HIMBIS mf 374,880 O =2
42 sMdstn A, 2 AF0M 0.3~4%2] H, s=Z=HoM 1%Pd/Ti07F 5%Pt/Ti0, FAISH M52 L
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ESIS. 00 Az Uwol J[NE HAHAS 0uslhe of HAHEH0 O 240 458 BHD
2 <& 22>E FHsIUS M 1%Pd/Ti0 7| = SH7F7F 16,1038 O MESH HEs & = US
- Ti0o Pdel &S ct27 =X|5t0{ FoE WA Z M =5t 2 A2 Met Mg FSI¥NSE. <O
2 2950l M 1~4%2| Holl tHet M52 Hel dH|=35tU20, 1% O|StoAFEf X[ wE Xto|7} L5t
S Eolg. olE EUZE HME= HosT71 1% olakel Roll= 0.3%Pd/Ti0, S O|&3st 1%0|stel A <oll=
P et 288 2ol 0.7%Pd/Ti0.F0HE 0[85t0{ H|ES HALsIUS
- 1% H, Ol &2 STolA 7 FHof2f 5%Pt/Ti0.E H wWstUE wf BLe + A= HS2 o2 23,
1,832,4340% (5%Pt/Ti0H|E) - 99,421% (0.3%Pd/Ti0.H|E) = 1,733,013
1% H, Ol5tel oM JHE ZHof el 5%Pt/Ti0E HlwstUE i Mz = U= HE2 Chant €3
1,832,4340% (5%Pt/Ti0H|E) - 215,4829 (0.7%Pd/Ti0H| &) = 1,616,951
el 2 E= H, 5571 1% ol4k, olstd of Zkzh 1,733,013, 1,616,951R2| HAAMMES EHEE £
g Zom more
x 10000 x 10000
35 100 3s ‘ 100
30} A arara 0l Ferar
150 e Jos s
5r < 5t o
/ i g / &
§ .l /- 4 60 ; g.\ wl /. 20 ;
L= - - -
.i]s- / 1P F_E- =T Y 1es SE-
=] =]
10} . 0} <,
{0 = 1w =
st st
0 ‘ ‘ 0 0 ‘ - 75
1%PATiO, air 1%Pd/Ti0, liquid 1%Pd/TiO, air 1%Pd/TiO, liquid
Inlet H2 Inlet H2
<38 32> &Hof M= =7E ZM4Y gIHF: XMsk; 9 1sk)
x10000 x10000
40 100 15 - 100
»
. = w[ * *
190 3 .
ol s 9 <
;Z g by /"/ <
= |l E =
e = g {98 =
H S g 0| Z; =
o 201 ;Z E - =
2 ) @ 4
& 1" 2 s B lon &
g 2 =
[=]
10 (o] L¥]
= 10 ~
- 60
1o M
0 . : : ‘ 50
03%Pd/Ti0, 0.5%PdTiO, 0.7%PdTiO, 1%Pd/TiO, 0 ‘ ‘ Z c 95
03%Pd/TiO, 0.5%Pd/TiO, 07%Pd/Ti0, 1%Pd/TiO,
InletH2
Inlet HA
<38 33> Pd SHHE M= FHoio| MM HIHE: MskT; 9 1s5k)
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BET Surface area
84.4467 m’/g
85.4412 m*/g
78.7927 m*/g
95.1515 m’/g
82.3297 m’/g
38.4755 m*/g
38.4755 m*/g
54.9440 m*/g
52.8359 m*/g

7tod|

=
=

Catalyst
1%pd/5%Ce/Ti0
1%pd/10%Ce/Ti0,
1%pd/20%Ce/Ti0>
1%pd/5%Si/Ti0,
1%pd/10%Si/Ti0,
1%pd/20%Si/Ti0,

1%pd/10%La/Ti0;
1%pd/20%La/Ti0;

o (Ce, La, Si)
1%pd/5%La/Ti0,

21> =&

i
ar

<

O Haztol

g © N K © HoooIF I Rl e O W X0
U o = W KM X0 o3 F o & IH i M <l ®R m_. H 700
AR ial i 0 PERE — < ol Jo ®0 —
S2IEY EECRLEA nifkec
Kl = o R = = 1 I - ® ju & oo 2 ~ o o
Mo = .8 mowp Y S % =& Py T T X0
e _ 8 sem® vy g KES
0 S S K o 3w S S E T -
= O o He ®oom W' &xwd
7ol o o B T3 e o R =
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100 v v v ¥

80

60

40 |

20

Hydrogen conversion (%)
.

v 1% Pd/13X D.A
® 1% Pd/13X

0 1 2 3 4
inlet H, (%)

<38 36> 13X zeolite 7H&H M5 LIt <32 37> 13X zeolite 72 24

[———

ds "ot

M= 0.3~4% Hy, 21% 0,; 1,000 cc/min flow; room temperature; 0.05 g catalyst)

- <O8 37>FH <8 39> 13X zeoliteE 7HA N - F, O2|10 PdE =X[EF = XRD &4 Z1pel. 13X
zeolites= 6.2, 15.6, 20.1, 23.3, 26.7, 31° SollA 272 13X zeolite peak7} LIEFE. SFX|TF ALK
= = b

2|2 2= HE282l0|E= 13X zeolitee] #+=E &olst AR, Pd 2MHZE2| peakZt =ol= A
S. a2, JHEEX 22 13X zeolite SoHe| A 13X zeolitel| F=7Ho| &lEQfn 235|2 Pd 2

10

| XRD m A7} 0| LELX] EAS. TIE ZAtet 28 AUZE, 13X zeolite2 LEME|of a2t
HlgS SZAZ|=H 35U, thMelo mE zeolite ZE3t F#=IF Hateiot

t i
mh2tAl XRD A2 Soff &xzl 2 oY = AXE[E MNP S W 13X zeoliteT=E SLUAIH =

P 00 2 o
~
=

0jo
o
Jor
ro
oo

= R e
Pd/13X-DA (600)
: pio : g PAO P‘d
Z £
E E
5 lID lIS 2‘0 ZIS 3‘0 3'5 4'0 4'5 30 5 II(] 1'5 2‘0 2‘5 3'0 5'5 4‘0 4‘5 50
Two-theta, Degree Two-theta, Degree
<38 38> 13X zeolite ZH& 2 <22l 39> 13X zeolite 7#Z& 7 - & <22 40> 13X zeolite 7HE Zof
P2 T XRD 24 H1}, 2 Pd EX| & XRD 24 A, M= =HAHE(EH2| %) XRD Zzt.
Zoje| HEHXMES =elsty| sl BETEAM S FHsIRS. I 22, 7|8 Alol== Hel RAbSIR 2Lt
2271 S7HEEE 7|8 282 S7hst, HEHEAR ZtAstkeE dE2 2. £35| dealuminationZhs
ZtAHglol 400 CollAM 2k 28 =2 HIEHAMZ JIX|Z AN Palladium® MAESHA ZESH7| 2IshA = 400
ceol Yxz|l =Ho| TesErE Eelsts. olF, Pdel metal EME I sizeE Eolsty| 25H0]
Ho-Chemisorption =M& TdSIFS. M=E Hoje HEHME AIH ELMEetes dARMES 2K 2
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Catalyst and Reaction Characteristics during HCHO Room-
Temperature Oxidation
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ABSTRACT: This study was conducted to investigate the cond itions
used to prepare PH/TiQL ctalyts via a liquid-phase reduction
method and to analyze the mom-temperature oxidation charcter-
igtics of formaldehyde (HCHO ) upon application of the catalyste We

found that the major factors determining the catalyst activity during ‘

B8 Asicle Recommendabons

--,-.._-.

catalyst preparation were the temperature used in liquid-phase
reduction, the Pt/N.H, ratio, and pH, whereas the reduction time
and the addition of alkali metal had no significant effect. In addition,
compared to the HCHO oxidation pedformance of catalysts obtained
via the general method empoyed (gas-phase reduction), that of the LY

catalyts obtined via liquid-phase reduction were supesior. This A .

result indicates that Hy O significantly contributes to enhancing the
catalysts as the conversion of HCHO into reaction intermediates is accelerated and the hydroxyl groups serving as adsorption sites

| .-..

catalytic activity when using liquid-phase reduction method-based
are restored.

1. INTRODUCTION

Formaldehyde (HCHO } is a toxic and ododes gas that canbe
generated from the decompesition of insubtion used in
building materiak, and it i thus a primary indoor air pollutant
that degrades the indoor air quality ([AQ)."* Many people
globally spend more than 85% of their day in indoor spaces
andare exposed to contaminated indoor air for Jong durations.
HCHO causes disesses such as bronchitis, skin ailments,
emotional anxiety, and memory Joss, and it i thus imperative
to develop effective technologies for removing HCHO from
the indoor emvironment.”

Some common methods currently used to remove HCHO
include ventilation, adsorption, incineration, and the use of
catalysts, and most of these have limitations. For exmple,
although ventibtion can decrease the indoor HCHO leveks to a
certain extent, it & not completely effective* Adsorption-based
devices have a simple process configuration, are esy to
operate, and can effectively remove HCHO; however,
secondary pollutants, such 2 vobtile organic compounds
(WOCs), can be generated during operation, and the deviess
are also expensive because the adsorhents need to be
continuously rephoed™ ™ Incineration enables the complete
combustion of HCHO inte CO; and HZO at high temper
atures of approaimately 700-900 *C and no  secondary
pellutants are generated during the proces. However, the
conditions for complete combustion, such as temperature and

XA At car Crarmica | Society

i ACS Publications

time, need to be iately satisfed. In addition, the
greatest disadvantage of this method i that # requires a large
amount of space to house the incnerstor and & thus not
suitable for controlling the [AQ).  In contrast, recent research
has suggested that the most wseful technique for controlling
the [AQ is catabytic oxidation wsing ctabysts.™ It has been
ascertained that reom-temperature catalytic oxddation com
pletely cxidizes HCHO to CO; and H;O at ambient
temperatures, which makes this technique suitable for use in
indoor environments with 3 Emited space.

Catalyt types can be divided into noble metals and
nonnoble metals, and they have been the foous of many
studies to date. The common noble metal catalysts used for the
moom-temperature oxidation of HCHQ include Pt/ Ti0, ™
PHALD, ™ PCeD,,' PrFe 0, S0, Au/
lf'cﬁ;' hu.-AJ-,Ql S g/ 50,2 Pd/Ti(,” e Agl
Ti0, 3 and Bh/Ti0 "™ however, most previous studies
have reported that catalysts using platinum (Pt} provide the
best activity among the noble metak. The activity of noble

Received: Aprl 24, 2020
Revised: June 1Z 2020
Accepted: Tuly 13, 320
Published Jaly 13, 3020
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Mcrirwave
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KiFedl,

Heating peforuoues

Various metnl crbdes wese odded 1o prepare: an exothirmeke hsaring material for mieroware assisied £ludge dryiog
system. The highest beating performance wis found when 10 wr% nicod wis added 1o LiINO:6Fe, 0 o0 molar
ratio). Thermal performance nd reproducibiliny wese bnproved when LisFesOy and MiFex0y west formed on the
surface of the heating material. During sludge drying process using exothismmie heating block, the molstie:
comtent in shudge wis redueed 1o under 1% after 5 min. By applying Li-Fe-Zn baserd heating material during the
micrrwave deying, a deying efficiency of 43% was achieved.

L. Introduction

Dehydration and drying process must be precedsd in order to effi
ciemtly treat sewage shudges with high mpisture content. With The reslt
of significant reduction in volume and mass of the sewage shedge by
thermal drying process, substantial reduction of labor and trans
portation costs can be achieved, which are typically over half of the total
cost for waste disposal. Also, It helps to minimize the damage to the
environment by preventing leachate. The conventional sludge drying
process is carrisd out hat air drying techoology, which cumrently ac
counts for about 7% af the total drying technolegy [1.2] due to s
simplicity of drying device and operation. However, heat dissipation to
unwanted dirsction duoe to dificulties on beat flux comiral resalts inlow
drying effidency and consequently high energy consumption with
lomges drying time during the process [ 1,7]. Purthermors, because of the
uneven distribution of meisture content inside of the sludge, often
excessive drying process is required to ensure safficient degres of
modsturs removal [4,5]. On the other hand, low temperature drying
proces, typically below 60 °C, als has been widely used for reducng
muodsturs content whils avoiding high snergy consumption. However,
the low temperabzne method demand much longer drying period due o

" Corresponding suther.

sow evaporation of moisture. In addition, the process aften saffers from
poor quality of result caused by moisture gradient through the thickness
of the sludge. It is a commion iz becanse intermal moisture content is
extremely difficult to remove,

Recently, a microwave-assisted mpisture remaval technique draw
attention for evercoming the challenges [2,3.6- 17]. The level of energy
consumpltions of various technology including bot air drying and mi
crowave drying have been reparted in previous works. According to
work by various research, the hybrid system of microwave drying and
hat air drying system increases energy conservation and thermal =5
ciency compared to that of hot-air drying process [2,14-17]. The tech
nique utilized the conversion of electromagnetic energy into thermal
energy, and the thermal efficiency depends on the magnetic properties
of the material [, 18-Z1].

The magnetic materials such as iron, nickel and cobalt typically
generate heat when exposed to miccowave. The thermal behavior of
thess materials under microwave sxposure is affected by both elsctric
field and magnetic fislds. The elsctric fi=ld imparts motion 1o the fres
electrons, whereas the magnetic fi=ld affects the eledron spin, domain
wall and crientation of domains. The heat loss mechanisms in magnstic
materials exhibit conchection losses with additional magnetic losses such
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Pd-based membranes are often used to purify hydrogen, but often fail as a result of phase changes at low
ey In this study, an electroless plated Pd-Cu membrame was produced to purify hydrogen generaced

Keywords

Pd-C mesbone
Blectrolen plating
Lo et
Permebilite
DraraliBey

during variows bow temperacare processes. The membeane was fabricated by segoeential destroless platag of Pd
and Cu with hydrazine as o seducing agent, fodlowet by alloying in a hydrogen atmosphere. Seanming elsetron
mipuscopy (SEM), energy dispersive X-ray spectroscopy (EDX) and X-my diffrection (XAD) analyses confinmed
that the Pd-Cu layer wis suecesshuly alloyed, and thickeess of the alloy layer was 2374 pm. The hydeogen
permeabdity of the Pd-Cu membrane prepared in this work was significanty incressed compared to the previ-
ously published rsubts. The hydrogen permeation flur of 006 w® i~ h™" for the Pd-Cu membrose was smble
over @ period of 10 h at 175 “C without suffering hydrogen embrimheoemt and wis stable over @ temperatur:
cyele. Finally, bydrogen temperature-programmied desonption (Hz-TPD) conflmeed that the desorpoion propesties

of hydrogen wese changed by using this Pd-Cu allay.

L. Introduction

Hydrogen purification processes inclode techniques such as pressure
swing adsorption, thermal swing adsorption, cryogenic digillation, and
the use of getters and membranes. Currently, pressare swing adsorpeion
and cryogenic distillation are the most nsed processes. Although thess
proceses can purify large amounts of hydrogen, they are economically
umEavorable becase of their low hydrogen purification efficiency [1]. In
canirast, bydrogen purification 1sing membranes consumes bess energy
and i relatively easy to operate [2-4]. Moreover, recent studies have
investigated the s of membranes becawnse of their produdion advan
tages such as comtinuous operation, low mvestment cost, high-parity
hydrogen production, and efficient operation by applying a simulta
e reaction-separation process [5].

Hydrogen can be purified using porous or denss membranes. A
pormas membrane consists of a metal, a dispersed metal, or a ceramic
caated ceramic, and hydrogen can be separated by the molecular sieve
effect, surface diffusion, or Emsdsen diffusion. The permeahility of a
pormas membrane & high, but its selectivity is low [6]; thersfore, it is
difficult to apply to an achual process. Conversely, a denss membrans

* Cosvesponding suthors.

can separate high-purity hydrogen. Hydrogen molsmales are adsorbed
oata the dens membrane surface, and then the hydrogen atoms
permeate the metal lattice, where they are finally bound and desocbed
fram the opposite side of the flm [7-9]. Metals that are permeated by
hydrogen are michium (Mb) [10], vanadium (W) [11], zirconien (Zr)
[12], tantalhmn (Ta} [12], and other Group 4 and 5[14] elements, and
palladium (Pdi-based metals. Amaong these metals, Nb, V, and tiandem
(Ti} are body-centered cubic (BCC) crystal stnectures, which contributes
toa 1015 times higher hydrogen permeability than face-centered cabic
(FOC) metals like pure palladizm (Pd), copper (Cu), and nickel (M)
However, the chemical stability of the former type & inferior and hin
ders the adsorption and desorption of hydrogen, limiting their use as
hydrogen membrames [15,16].

Pd-based hydrogen membranes are widely used becase of their high
selective permeability of hydrogen and excellent thermal and chemical
praperties. Pd-based membranes are mamefachred wsing various tech
nalogies such as electraless plating, physical vapor depasition [17], and
chemical vapor deposition [18). Electrolsss plating is advantagsous for
many reasons (1) the equipment is inexpensive; (2] #t produces a high
fhex and H. /N, selectivity; (3) an eledtrical sparce is not required: and

E-madll uldreses: lessangreicpong gl ac ke (5.8 Lie), sshdrelopongg | ac ke (5.8, Klns)

! These aachors egually conmritesed w s work.

hitpe /e o0 T O 6 e 2021 . 10GE0DS

Reveived 24 Dasanber 2020, Recebwed o revised form 2 Owtober 20203 Acepied 2 October 2021

Avallable onding 5 Ootober 2021
2121 3-34370 2021 Bsevier Lid. All fights neserved.

_88_

low



=z 4

Ao

- XX} Younghee Jang, Sang Moon Lee, Sung Su Kim

- A

temperature

Effect of a modified 13X zeolite support in Pd-based catalysts for hydrogen oxidation at

= M4dX| & AXY: RSC Advances, 38047-38053 (2021)

This artick s hemsedunder a Creative Commons Attnbogon=MaonComamencial 3.0 Unponted Licence

Open Acosdd Anticle Published on 25 November 2021 Downloaded on 122372021 4:57 28 AM.

RSC Advances

["l‘.t Gm-::klurupdalesi

Cite this: R5C Age, 201, 11, 38047

Received 2dth Auguest 2021
Accepled Bth November 2021

DO 101035/ diraDES S50

® RovAL SOCIETY
- OF CHEMISTRY

View Article Online

View bournal |View ksua

Effect of a modified 13X zeolite support in Pd-based
catalysts for hydrogen oxidation at room
temperature

Younghee Jang.” Sang Moon Lee™ and 5ung 5u Kim 0

This study investigated the effect of a modified 13X zeolite to Pdfzeciite catalyst on the cwmdation of
hydrogen to ensure safety from hydrogen leakage. The catalybic actraty of Pdizeclite catabsts was
sgnificantty affected by acd treatment of 13X zedlite support and vanous calcination temperatures
(300 =C, 400 =C, 500 °C, 600 °C) of the Pdizeclite catatyst. To understand the comelation between the
actiwty and physcal properbes of the catalyets, actioty test, XRD, BET, TEM, TPR., and TPO were
performed; Pdf13X (400) was shown to have a high catalytic actity, which depended on the dispersion
and parbicle sze of palladum. Ao, a strong PdH on the catalyst surface was formed, and a high catabytic

recirsc-advances.

1. Introduction

Hydrogen is a dean energy soure that does not gencrate
pollution and has the highest calorific value (150 k] kg™")
among fuels. Recently, policies have emerged to actively utilize
hydrogen as a fuel. In particular, hydrogen can be produced
from various hydrogen-containing fuels and can be stored in
various forms, which enables stable transportation.-
Currently, hydrogen wehicdes exemplify the successful
commercialization of hydrogen fuel. Therefore, numerous
companies are actively looking to enter the hydrogen wehicle
market. In addition, hwdrogen fuel applications are expanding
to all means of transportation, induding in industrial® and
household electricity,” ships,® and railways.”® Despite these
advantages, people are reluctant to use hydrogen in daily life
owing to its low wolumetric density and safety. In particular, it
exhibits explosive properties ata concentration of 4% or higher,
which may lead to critical safety issues due to hwdrogen
leakage. ™ Owing to its low molecular weight and rapid diffu-
sion, & ventilation system is used as the main safety deviee in
maost technologies. However, an unexpected safety aceident,
such as sudden failure of ventilation in a closed space, such as
underground, may lead to concentration of hydrogen, and
therefore, cause explosion. So, strong safety systems must be in
place to prevent such accidents and enable thestable and steady
use of hydmogen energy. Room-temperature catalysis, widely
emploving noble metal catalysts, such as plainum and

“Departmey of Ewvionmemszl Energy Engneeriy, raduste School of Ryonggl
L frercity, 154-42, (wanggosan-ro, Teongonygu, Susons, Gpeangg-ds, Korea
‘Deparment of Enwronmmml Enegy Engneeriyg, Kyongy [MOeTsER 15442,
Guangnpsanrs, Yengtag g, Susen-s Geongp-ds, Korse Email  sckimg
Ipon gt ackr

2021 The faithor(s) PubiEhed Dy the Royal Society of Chemistry

actiity at a low hydrogen concentration was obtained.

palladium, is applied to prevent hydrogen leakage at mom
temperature*™ In this technique, unlike the gas oddation
reaction, which has excellent efficiency as the target concen-
tration is lower, the reaction becomes more active as the
hydrogen concentraton increases. Also, a lot of mesearch
showed that the noble metal catalyst was dispersed in the form
of nano particdes on the support However, the uniform
dispersion of Pd is very challenging in the context of heteroge-
neous catalysts *~* Therefore, to overcome the limitations of
noble metal nanoparticdes, a meducing support capable of
expressing the SMSI effect is used to help to highly disperse Pd.
Owing to the low pressure drop of the honeyeomb catalyst, Uda
et @l proposed it as an alternative to the existing particle cata-
hvsts.* The exothermic reactions and catalyst deactivation due
to the product (water) are the most representative catalyst
performance degradation factors. Therefore, studies related to
catalyst performance need to be conducted. Iwai er al
confirmed the performance of Pt catalysts, which could remove
tritium in a nuclear power plant under water vapor partial
pressure conditions*** Lomot et ol found that the camlyst
performance of the PHALO, catalyst was significantly reduced
with the production of water, but it regenerated on drying.
Most studies focused on the influence of water, but the smdics
on the physical properties of the catalyst and their reaction
activities are required. Recently, catalyst studies using a Pr-Pd
bimetal as an active metal have been reported. An oxidation
performance of 99.9% or more was confirmed at 1% hydrogen
concentrmbon usinga Pd-Prcatalyst by Kimer al** Tanaka er al.
showed hydrogen or methane oxidation performance using
a Pd-Pt catalyst, and the hydrogen convemion was 100% at
100 *C.* However, to date, no study has confirmed the activity
of catalysts at both low hydrogen concentrations of less than
0.5% and high hydrogen concentrations of 2% or higher.

RSC Adv, 2031 ML 38047-38055 | 38047
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A optimization study on the preparation and
coating conditions on honeycomb type of Pd/TiO, catalysts
to secure hydrogen utilization process safety
Young hee Jang®, Sang Moon Lee®, Sung Su Kim™

(Receved Mow. 23, 2021 Revised: Dec. 9 2021 Accepped: Dec. 10, 2021)

ABSTRACT: In this sody, the performance of a honeyoomb-type hydrogen oxidation catalysl w renwwe hvdrogen i
a hvdrogen ccomomy society o secure lesking hvdrogen. The PATHk catalvsl was prepared based on a liquid phase
reduction method that = ol exposed 10 oa et source, and 0 was showed throush He-chemisorption analysis that i exised
s very small active particles of 2—4 nm In addition, i was found that the metal dispersaon decressed and the active
particle size increassd as the reduction reaction Temnperatare increased. It was meant that the adive metal partcle sz
and the hydrogen oxidation performance were 1 a proportional correlation, so that 1 was consastent with the hydrogen
oxidation performance reduction result. The prepared catalyst was coated on a support in the form of a bopeycomb 5o
that it could be applied 10 the hydrogen mdusirial process. When 200 wi%e or more of the AS-0 binder was coated,
oxidation perfomance of WP or mone was observed under low-comcentration hydrogen condions. It was showed throwsh
SEM analvsas that long-term catalytic activity can be expected by enhanemng the adhesion gremgth of the catalyst and
preventing catalysl desorption. It i3 a hasse ressarch thal can secure safely in a hvdrogen society such as gasification,
organs: resounce, and i can be utilized as a system that can respond 1o unexpected safety accadenis m the fuiure.

Keywords: hydrogen catalyic oxidaton, PaTiO;, lguidphase reduction, room femperature, salsty
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