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Abstract

The present work has been devoted to the catalytic reduction of NO by H, with Pt/SiO, catalysts at very low
temperatures, such as 110°C, and their nanoparticle sizes have been determined by using H,-N>O titration, X-ray
diffraction(XRD) and high-resolution transmission electron microscopy(HRTEM) measurements. A sample of 1.72%
Pt/Si0,, which had been prepared by an ion exchange method, consisted of almost atomic levels of Pt nanoparticles with
1.16 nm that are very consistent with the HRTEM measurements, while a Pt/SiO; catalyst possessing the same Pt amount via
an incipient wetness technique did 13.5 nm particles as determined by the XRD measurements. These two catalysts showed a
noticeable difference in the on-stream deN,O activity maintenance profiles at 110°C. This discrepancy was associated with
the nanoparticle sizes, i.e., the Pt/SiO, catalyst with the smaller particle size was much more active for the N>O reduction.
When repeated measurements of the N>O reduction with the 1.16 nm Pt catalyst at 110°C were allowed, the catalyst

deactivation occurred, depending somewhat on regeneration excursions.
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o}AKE}A Ax(nitrous oxide, N2O)= thF 2] o] 24
7F(greenhouse gas) 2] Sh= A G- 3lo] 7]
Sh= A= AA9 oF 6%0]A|WHPerez-Ramirez 5,
2003), tf7] WollA] wl-- L] wiimof] 1504 &<t
AT 4 9o 2F-2dskx|4(global warming
GWP)= CO,9] 310H}o]] ©]2cKIPCC,
19141 v
o]= CO, 3105

potential,
2001). o]} > N2094 GWP o &9
Lo ZHE N0 1ES A7,

74231 Aof] AAFSHHKim, 2011).

QU949 N0 WAUE SN whEF sk 2
Q1 o= obe]ZAL 31 AL A% BAE] T, of

LS
SOl SRR AL, o) - slsAE Al Sol
QITHKim, 2011, 2012; Kim¥} Ham, 2010; Perez-
Ramirez 5, 2003). o}t]ZAL A| 23 Aol A vl &5+
N0 7 - 50%E ¢ =& Holu, AL A% Za

Eo] Aol s78%1A0l wef N.09| viEs:=r}
et e w717k Well g N0
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EE 2A7E ARRTE 7R ¢ Jleng A
7HA] BeFRE NoO S A o1 7]s50] 7idE] otk
oft]gitolu; Ask Al SHECEZRE wiEE=
N.OE A|ASE7| 95k, dA] 8582 485
I lE 7] 54, S =A 0 a1, =2 ARt
A SOl Tt Y852 1 Aol obA AAsHA =
Al - BAE It Kim, 2011, 2012).

N0 HiEA|o)7]&2 A es 1129 (800 -
950°C)ol| A FHE ]85t N,OE A1 a7 ]+=
Zul| 5l 7] < (catalytic  decomposition) ¥} F29]
(350 - 600°C)ollA] AEh3t TUAE FUst N.OS
A7 2|3 7| <(catalytic reduction) 2 L&
b= qdek AR S 7152 90% o2 NLO A|A
S DS 5 oL, 800°C o]/fe] aL2o| B 9
2 HoPA(thermal stability) S RF3HHKim,
2011, 2012; Ovchnnikova &, 2009; Pringruber -5,
2004). ZulgH7 ]2 SullEs 7]zl vl A2
O R e 25(>350°C)ollA] NHs, H7F2(CHa),
LPG, &3lparit 51 22 SRS AHEsle] 4F
FAHORE QFEHE=ENO AA &S IAAT = 8
o], ojuf AME-H= gHAlE SREHeRRE O
A AAE Hrh §olstA stEm HRiRE k=
N0 AAES G49T 5= e B2 =5 A2A7
= 9&-2 3lti(Dabbagh 5, 2007; Guzman-Vargas
, 2003; Yamada 5, 1998). o]2]3l o]-& wjjZo] &
b obe] 34k Al BUE 50 2R WA EENO
Fo-Al 2o (T 4 0.2 FeMF)L 5415}
= Sl A S o2 A ASHE Frf7]Eol 4
B0l de] o] &5 1L 3lthKim, 2011, 2012).
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2.1, E0i"IZ=

2 AqtollAls HoE SHAAI = ARE-So] 9 w2
ALQollA TEERE NOF AAT = = A
Z)|37]ES A5 Y5ke] SiOx(Zeolyst, S.A.
= 365 mY/g)oll AAE Pt ZujZS o] 2wEH(ion
exchange, IE)S.2 AZ5FEHKim 5, 2001, 2002;
Yang} Kim, 2006). 913H= Pt $HES ZH= PY/SiO;
FiE Alzst7]of 94 AXAQ] SiO2+= mass flow
controller(MFC, Brooks 5850E, Emersion)of &J3}] &
AE= 200 cm’/min®] air(Praxair, 99.999%)=
570°CollA] 4A17F E<F A= 9ict 300 mL o] 32} 5
T HlolAo ¥ar wrkshHA] NH,OH(Aldrich,
99.999%) = A z%H 8NL 7}5le] pH = 9.82 =4
3%, AE SIOE 8 Hof §& R Pto] A
291 PNH;)sCl - 2.5H,0(Aldrich, 99.995%) 082
AA8] Z1stdek 25291 whtat 44| pH = 9.85
141717] 18101 241bulc} 7] 40 2 NHOH §
98 YolulA] 10A17F 53t o £E 7 ofz}al
o] PYSiO, FiE Aotk 34=H = 120°Ce] &
oA 124171 53t S-25] A2AIZ] T glAA olE of
Hpsiglek o]2ughHog AlxH PYSiO, Zujjof
ThEHICP -4 of| oJahHA Pt k2 1.72% Atk S0 A
ZWof| w2 2ol at Pt YR} of| wE e &
ol 7] fI5te], o] 2mehy o 7 Hojx] ZHuljo} F Ut
Pt SRS ZH= PY/SIO, &4lE T3 %H(incipient
wetness, IW) 0 2 A Z3}3iTh

2.2. Ho-N20 titration0f] 25t H, & &%

o] 2k of whet Jojzl 1.72% PYSiO, FHf 3
Hoj| A= Pt2] 4~ = (number density)9} o5
ulero 2 3t Pro) Yxty|E AHel] lstel, 2 o
ol A= 20019 Kim 5(2001)0] ol Hxe 2
%l Ho-NoO titration 7]'H-& Z-8513c) & 915t
K = 0.65 g)2] A7) Z1|E chemisorption cell
of %713k the MFCZ o5& 200 em’/min®] N,
(Praxair, 99.999%) flow Woj|A] 400°C7}<] 5°C/min
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O] L w 523 Fof| 1A7F Fet AAJstaL FUgt
9] Hy(Praxair, 99.999%) flow Wjof|A4] 1A]7F 52k
ZHAAIFTE o] Hy flow 27104 375°CE W] TN,
flow= F75}0] 302 B2t purgedtal o] N, flow o]
A 90°C7HA] U= The, 10%2] N,O(Scott Specialty
Gases, 99.999%)2 3-5-51= % 42 200 cm’/mino]|
3087 wEAA SUE Pt o) O ¥A4e] 2k
3|2ksaich 90°CollA NO afl2]&2t 3, N, flow=
308 =<t purgedt T} 25°C & YZFA]A H, titration
= Risto] A7) Syl tiet S2gAAAS 9%l
t}. o] FAREA A APAES Yetle 9ol
AP =02 &Jlsto] A7) Sl o] Hy F2FS A5}
St Bensoni} Boudart, 1965; Wilson} Hall, 1970).

2.3. XRD £H - &M

olemest FAMOR 27t AxE 172%
Pt/Si0, Z1fE0] thgt XRD(X-ray diffraction) 3f&12-
X-ray diffractometer(Rigaku, Model D/MAX2500PC)
= ol-&sto] 4= qlck o|uf ARE-EF X-ray radiation
source 2= Cu Ka(h = 1.5406 A)Z ARgs1gla,
X-ray tubeo]] 7821 At} AL 717k 40 kV e} 20
mA it

gee] 217te) Zuls Pyrex WESTI0] WL 7,
A&3E H-NoO titration 31 A 2] 2y 3t {4}
sHA| AR =gl ol Aol 90°Col|A] <]
N0 821532t GAE Alelstal A7 PZHAA
air® passivationA|Z] Zo|thKim &, 2002). ]2
A2 2t ZullE XRD 574§ quartz holdero] ¥
11 0.2°/min®] scanning rate2} 0.01°2] sampling step
size= 20 =10 ~ 80° 4]0 4] XRD HE1L =215}
o}, ZF Zufjo]] thgk XRD sfedof| 4] Pt (111) A7 Hol|
Bk 26 = 39.75°¢42] XRD ¥3E 7HA|1L
Scherrer-Warren B3 418 o]-85}0] Pto] A7 &
AR 5FATHKim S, 2002).

2.4, Hy0f 25t N.O M2etaits

= Aol A= Heofl &3k N0 SHIRES-ofl
1.72% PYSiO, 9] A22/de A S5t
of, W2 FF W HAlo], Zofeks, vk m ) A
£ 54 58 B0 ST 4 A A B %
2 WES-A|2El(continuous flow-type fixed-bed reaction

system)-2 ARE3FITHYang¥}t Kim, 2006). 1/4 7 x
3/8 " 2] UAFY Pyrex ¥h-g7]of 2F0.2 go] & ¥
a1, A3 He-NoO titrationof| A AR A 2] H
I} FAFHA] 400°Cof| 4] 1417 57t 3Hdgt - 375°C
A 30& & purgeE AA Hdhe WRE2E
(110°C)ol| A N2O EHlRh-3-2 S=3Y5tqict. 5t
30| ghi= 7k & Aol A HhgE2 AREE N0 H,
o] Hrl Z Q850 cm’/min®] N flow WollA] z+
7} 690 ppmo| ==& Z}7}o] MFCof| ofsf s}
A= ATk 4719 St ol 7122 uf, vk
o] FM3S Tk 34<55(gas hourly space
velocity, GHSV)= 74,000 h™' o] 3lgalc}. 2 i 7o
A AR N2, NoO 2 Hp+= moisture trap¥} Oxytrap
(Alltech, Assoc.)S E1HA|7] Zof] ARRE| S L, Hyof
OJFEN,O SHIk-g-oll A= H:07} A4 =7] wjiZefl ©]
9] $5& WAs] flste] HE 2RI 120°CE 7}
Atk W A - 3O NO U Hy B WBH:
Porapak Q Zr&H(Alltech Assoc.)d} EAEEHE7]
(thermal conductivity detector, TCD7} -2l Shimadzu
Model 2014 7}~ 20k 18)|1)(gas chromatography,
GCO)E ol-gsto] A4 =], ojuff GCE- carrier gas
N2 AFg ik

TE
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3.1. Pt/Si0; Z0HQ| LI=XIZ7| 2H
Pt} 22 AaEAl S/l A Heofl 23 N0 2
QRS2 Zuf| o] ZhA A Hactive component)S ©|F
= e QRialel we AR Hom o
Reck whebd, B ool ot sk 71
83 B4 9 shbs A2 1.72% PYSiO, Zof
| EAs= Pt} dA=A71E 2Ask= Aol ©]
flsted, o] 2ugh o Hofxl Pt JvllE et
uRe] Zdaje] o] whe 90°C| REg-2fkoflA N:0
e &3l Pt 7] O RS =217
QoA AMIBHA 714 Ho-NoO titrationS 913+ =
2] 9 2Fx%), 25°Col|A] HLZ titrationdl= 7|
FR3U(Kim -5, 2001, 2002), o]FA Hoji
ArAle] ?F ol & Fig. 1of e 1T
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Fig. 1. H,-NO titration isotherms at 25°C on 1.72% Pt/SiO,
prepared by IE technique.

H>-N,O titration 7]¥(Kim &, 2001)2 7|0 g
2] ARgEol2 Hy SaPT} olbA 2 Pt 9]
of TAIglol || EASH= Pt YAKPL) Shtel of
o] FoJA titration B3 oF=EH]o| tf-35H= Hy 9]
Lm0 2] Pro) SRS Qloh 2= g,

Pt;--O + 3/2H, — Pt-H + H,O €))
A7) dE-g-of| O8] A% H, 9] Z5F2 total uptake
213241614 100 Torr o)43e] QkeiolA] dojxl 4
0 Torr7}A] £J4ketd @2 4= =, Fig. 19
1.

L,

=T R+

72% Pt/Si0, Z1| 2] H-9-ofl+= 2F 129.3 pmol/g

A}

e
=
4

2 ™o

4l

Table 1. Dispersion and crystallite size in Pt/SiO; catalysts

rjzi
n\i

et

o2 Ueiyte, o9 olH Hae] § 2mtozR
B Pt FAME(D)E Akt o= 1AL 4] (2)ofl whet Pto)
QA7) nm k9l AABHATHKim, 2001,
2002; Vannice 5, 1985).

dp (nm) = 1.13/D )

61714, D= Hue-N:OPLE: ©Julie}. X12744] 7]
S 5o]X Pt YAF=7]0f| Thgk Aibi= Table 19 AA]
stATh GRAZ AR Si0,9] Ho uptake”} 0.2 1
mol/g?l Ao & Kol Hy= Si0, FHol= T2K5HA]
o= AS ¢ 4 9J3(Kim 5, 2001; YangZ} Kim,
2006), H,-N,O ftitrationof] &J3f ZA=E 1.72%
PUSIOA(o] 2anshelo] ©Jsh AZ)S] Pt At
1.16 nm A=t} o] &0l Pt BAYE=97.5%% L}
Est=d, o]+= Si0, W) YA E Pt7h A o] A} 4
ZFo 7 2 9,]1:{]6}1:]-

Ayt Hy-N,O titration 7|FHO 2 AAE 1.72%
Pt/SiOs o thgt UYAF=719} vlarstr] fiske] FUgt
Z1ll= 400°Co]| 4] 33t 3 HRTEM(high resolution
transmission electron microscopy)< =75}t Fig.
20]A] Hzol, Si0; EHo| EAsh= Pt Y= 2
71 B2 E goli A} 0.7 - 0.9 nm 37]2] Pt 9%}
E9] oF 7.5%E A5kl Q1A ojH ek £ 1.1 - 1.3
nm JAE0] 90% oS Aok A o= YEyith
ol oz AZRH 1.72% Pt/SiO, Zuljof thst
HRTEM 274 o|u]x] 225 4607]2] Pt Y=L
Hefsha olo] et YARES upgo =, Zuf o

Catalyst Gas uptake Dispersion, D Crystallite size, dp (nm)

(umol/g)* (Hiir-N,O)/Pt H,-N,O titr.” HRTEM XRD
SiO, 0.2 - - -
1.72% Pt/SiOs 129.3 0.975 1.16 1.2¢ nd
1.72% P/SiO,° - 0.084° - - 13.5
Note. "-" = not applicable or no data; nd = not detectable.

* Measured by a H,-N,O titration technique.

® Calculated using dp (nm) = 1.13/D.

¢ An average value for 460 nanoparticles.

¢ Prepared by using an incipient wetness technique.

¢ Based on the average Pt particle size determined by the XRD measurement.
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ZAY5}= Pto] HaFYAF7](mean particle size)S 7|

15t A7} 1.2 nm& UERCH(Table 1). whaba, o]
} A= H-NO titration 7]*Ho]| ]3] =&% Pto]
12+27](1.16 nm) 9} & A 2|54 ch
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g. 2. Particle size distribution in a sample of 1.72%
Pt/SiO; prepared by IE technique.

3.2. NoO ZHEaHESll Chet Pt/Si0, ZOHO| 2
2 oA A
AZ MBS B0 0 U] A4 AY
A 2 AT A o] &L
1.72% PUSIO, 215 %

o
K
nit
o
b
=
=
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1
o
rit
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<
ufjZolt}.

Fig. 30| A= 400°Col| A TA17F Z<t Y 1.72%
PYSIO, 2120 & 280 E= 690 ppm2] N,O7} 914
Hog S o 110°Col 2= oA Bk
X7l W2 N,O A AL-& Hof a1 g)ch 280 ppm
O N0 57} A4 A © 2 BFE| 9L v, w7
Al 3 102 7HA] = 100%2] N,O A AE&S HolA| gt

71 o] Foll= H A 3] fAsto] 802 =B = Sl

77
249 TS AFUBIATE Bt 32 NO S TE(690
pom)7t FFEAS A WMBHE FAHE A

Zhe A o o 4 Usik(Fig.3).

100

90
80
70 -
80
50
40 -

Conversion of N,O (%)

30 A
20 A
10 A

0 20 40 60 80 100 120 140 160
On-stream time (min)
Fig. 3. Direct N,O decomposition at 110°C with 1.72% Pt/SiO,

prepared by IE technique. Reaction conditions:
[N,O] =280 and 690 ppm and GHSV = 74,000 h™".

71 ojH FAAIE FEEA] e 2014 N0 A
Aol dold o, F5= N.O o o2
S §A] AREe] o3t FYUE N0 33
Lol A Azl whE ey A2 PoflA] dofut
= NoO AR &alkg w7t Sl ofet d4o= 4
Al olsigt 4= QU &, 1.72% PY/SiO, Zuli/doll &4
Sh= Ptsof| Al NoO+= oFefj &] ¥Eg-24] (3)of] whaf 213 &
= tHKim 5, 2001).

Pt;+N,O — Pt-O + N, (3)

A7) Bgol| what FE = NO= Proll s 52
5o Pt-OS skt o2 T2 O YAkl &
ZF2 E31 Pt 0] AL Y3l A= 400 - 600°C o]A}2]
o9 =0 o w2 13t Burch 5, 2004). wEhA],
Fig. 30| 4] 30l BR-2 110°CoflA] o] ol onz
P-OR R E O Y7L g2 4 it o] 2EN,0 |
HEs) w7 &S 690 ppm N:07F 35 92 w2
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3.3.1. Pt/Si0, Z019| deN,0 &M

et A28 NoO Al A Fovk3 s
7] 95te, & Aol A BEg2E1= 110°CE A= s}
31, Ho-N,O titration 9| A] titrater & Ho = SHAA| =2
ARESFSITE Fig. 4= o] e o g A3t 1.72%
Pt/SiO, Z1lZ 400°CojlA] 1417 ¢t 1% 5 H,
of &gk N,O SNk HhEAIZHe] gk =35
A= WY NoO A|AS T Hy AFekeS Hehar ¢l
t}. 74,000 h' Q] =& 27w Qlo)| e 18131 110°C
ol WEAIZFE @A 100% 2] NoO Hakag H 3l
3ARZE O FRENE w9 =2 A TALS Sute)
A9 40A17F B9 NoO A ARESO A 97%2] Zuff
S AT AR AREE Hy 9 #3kE0
UoJA] AlZte]| whE $3} E3F N,O AlAES] 147
- AR

-

o

ok

100 A e e aaRseataaan ok 100

90 j L 90

80 + - 80
= 70 { L 70 =
e} =
= 60 - 60 I
= o
2 50 s
S % o
‘n i
5 40 4 [
2 >
= 5
8 30 - o

20 A

10 - 10

0 0

0 5 10 15 20 25 30 35 40
On-stream time (h)

Fig. 4. On-stream conversions of (@, 4) N,O and (O, )
H, in the reduction of N>O at 110°C by H, over
1.72% P/SiO; catalysts prepared by: (@, O) IE and
(@, ) IW techniques. Reaction conditions: [N>O]
= [H,] = 690 ppm and GHSV = 74,000 h™".

3.3.2. Pt YXtZ7(0 L2 deN.O &N

Fig. 4o]= 3 sk o & A=H 1.72% Pt/SiO,
Z1 9] deN,O E443} Hy A& Hoj=al Ql=|,
7|4 FET 2 FRHeR dojx A7 S
Pt g2 o] 2 gh o = A 2% Fulje} 5 UsIGA|
N0 AALA H, AMske-2 $hd8] th2 A ek
W Ao}, & Ao g AR 1.72% P/SiO, =
ol A HEER= N0 AARESC) thgh A7t wh
E Sujediste] B4 ugiAIel FAlo 100%
O NoO AlAES Ho|A|9t w9 w&351HA &4do] 7+
2o 1A]7Fo] Ashd 38% HrEo B34S
B AL, 71 o] Sofl= FRIA Q] E7 AT dojut 40
AZF A= €F30%2] NoO AlAE-S Bk Hy A3t
9] Zf-of= BEgAIZE| e S deN,O &
ISk} vl FARSHA TEE| Qe o] 2ughH o7
A ZE 1.72% Pt/Si0O, 212} v|ne - N,O A|A
£ H, ASHE 5T 9F65% o)A+e] EdAolS Kol
Ao = eIt

1L72%=E Y Pt T 7HA 1L Q&= B
shal o] 2w eIl PRI o 2 A2 FuljSitol A
719} -2 RS 9] AfolE et ¥QlE ot
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t}. o] o & A7 1.72% PH/SiO, Znjjo]| tf
g XRD AHE ol G443 2] PtE EAA= 1
of " A= EAYSHA| 1L, SiOof thEt v AHE
Yot eI QJTKFig. 5(a)). 1.72% Pt7} Si0, T
of FA4tElo] Sl EtstaL, o|¢f 2ol Ptofl thgh
S99 a7 wehtA] o= 22 P XRDEE AE
2] o FE R o9 A2 QAT R A 9
u|a}al(Kim, 2001), o]&dt AFALS 9FA Hp-N,O
titration 7|¥ O 2 HE AAE Pt YA 7|} v -
AUR|8h= Aok

(a)

Intensity (a. u.)

34 36 38 40 42 44 46 48 50
20

Fig. 5. XRD spectra for 1.72% Pt/SiO, catalysts prepared
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