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APPENDIX A

SPECIFICATION OF ALUMINA SUPPORT (Al,O;) TYPE NKH-3

Table A.1 Chemical composition of alumina support type NKH-3

Table A.2 Physical prop|

g

Chemical Composition Weight percent
ALO; | W 60-70
Si0; / 35
Fe,0 /4 5
Ca0 '"
MgO
Na,O0 4
K>0 3
ZrO, + HfO, B 3-0.04

0

¢ Rhysical properties
Bulk 1)

pparent Spec1ﬁc Gravity

Pore Volume (ml/g)
Surface Area (m?/g)

13-1.5
3.1-3.3/

’Qa AAAS AN INada e

1.0-1.3
340-350
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APPENDIX B

CALIBRATION CURVES

The thermal conductivity detectors (TCD) independently connected with two
gas chromatographs (SHIMADZU GC-8ATP and SHIMADZU GC-8AIT) were used

to analyze the concentration of the sampling gases in the catalytic activity test and an

experimental set for studying the nature of rface species. The calibration curves of
oxygen, nitrogen and carbon monoxide 2 \ ‘ : f/y. om TCD of GC 8ATP whereas
those of oxygen, methane, carbon die: ‘: nitrotis"oxide, propene, propane and sulfur

It 1s

dioxide are obtained from TCD of GC-8AIT noted tha at the operating condition

of gas chromatograph for making libra

that for testing the reaction. Tk // 1 0 \ \\

aintained to be similar to

ven in Figures B.1-B.10.

<

9
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APPENDIX C

SAMPLES OF CALCULATION

C.1 Calculation of Catalyst Preparation

The sample calculation shown below is for 1 wt% Pt — 2 wt% M/AL,0; (M =

Li, Cr, Fe, Ni, Ga, Co, Sn or W). The hydrochloric acid is only added to the
impregnation solution by 5%wt of th @ in case of the use of Sn as the
second metal. The alumina sup sight used guéparations is2g.
- - —
- If X g of the aluq/ ' 4sed, so-ea 00 g of the catalyst is
composed of f = R
Platinum R \ g
Second metal ( g
Alumina support g
Then g
g
In case of 1 wt% Pt NiZo SH/IA talyst, if X 'gof the alumina support
is used, so each 100 g of this.ca “
Platinum _ 11D g
Tin ‘a ‘ e
Alumina suppo i P v/
~ARTAANI0LARAI N A Y
q X=9238 g

The platinum and the second metals are obtained from the different metal
precursors; therefore, the real metal contents in each metal precursor are shown in
Table B.1. It is remarked that the stock solution of chloroplatinic acid hexahydrate
has the concentration of 1 g in 25 ml of water and concentration as well as density of

hydrochloric acid solution is 37%v/v and 1.19 g/ml, respectively.
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Table C.1 The actual metal contents in various metal precursors used in this work

MW of MW of metal Purity Metal
Metal Metal precursor
metal precursor (%) | Content (%)
Pt | 195.080 H,PtClg-6H,0 517.90 98.5 37.10
Li 6.941 LiNO; 68.94 95.0 9.56
Cr | 51.996 Cr(NOs);3-9H,0 400.15 97.0 12.60
Fe 55.847 Fe(NO;)3-9H, .02 99.0 13.68
Ni 58.690 Ni(NO;) . 99.0 19.98
Ga | 69.720 Gaw 28 100.0 27.27
Co | 58.933 |Co(CH 2 99.0 | 23.42
Sn | 118.710 SuCl,- 2, AL : 97.0 51.03
W | 183.850 | (NH,4 0| (204 3060. 99.0 71.36
YA
L
DA
The calculation procedufe of‘the amoun each ingredient for the required

composition of 1 wt% Pt — 2 wt% y@;{
Pt -2 wt% Sw/ALO; cafalystas follows:
For 2 g of the alumina suppo;

1. Platinum Fﬁqulre

2. Tin required

HQWUW§ﬁ

Chloroplatmlc acid hexahydrate required

RN URATNEEIAR

2.38

=1.459

=2x2/92.38
=4 38107

Stannous chloride dihydrate required

=4.33%x102x100/51.03

=0.0849

o 1713

g
g

oQ

is shown in an example of 1 wt%

ml
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3. Hydrochloric acid and solution required

=2x0.05 g

=0.1 g
The amount of hydrochloric and by volume

=0.1/(1.19x0.37) ml

=0.227 ml

As the pore volume of the alumi 3

upport is 1 ml/g, the total volume of
p 1 by the requirement of dry
impregnation method. The de-ionized ed until the volume of
impregnating solution is 2 ml & umina pore volume.
For the other catalyst: cedure is similar to that of 1 wt% Pt

-2 wt% Sn/AL,O; catalyst, ex

P
Ll
n(l-p) n &fr“—**' €D
Where, = Relativespartial pressuresof adsorbed gas, P/P

Pﬂ b BRI ) ‘éthe condensed

state at the expegmental temperature, atm
n = Gas adsorbed at pressure P, ml. at the NTP/g of sample
nn = Gas adsorbed at monolayer, ml. at the NTP/g of sample
C =Exp [(Hc - H)/RT]
Hc = Heat of condensation of adsorbed gas on all other layers

H; = Heat of adsorption into the first layer



Assume C — oo, then

— . = P
n(l-p) n,
nn, = n(l-p)

The surface area, S, of the catalyst is given by

From the gas law

PV _ PV
T, T,
Where, P, =Pres

P =Press

Ty =

T, =Te

V =
Then, P, =

Partial pressure

P =

= 03du i

iF |

For nitmgeﬁa%é@%&%ﬂg%ﬁ@ﬂ p)

P, =V1.1 atm

~QRIRIATUURTINGINY
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(C.2)

(C.3)

(C4)

(C.5)
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To measure the volume of nitrogen adsorbed, n

(C.6)

Therefore,

nn, = T

L vEoieh 1 LT R R
WERTEMRGE SR IR TR IR 1)

A4Sy = 4.373 m"/ml of nitrogen gas

Then,

273.15

X x0.7272 x 4.343

w
Il
w2 l.f”

1
X —
%
273,13
%

1 2
P x3.1582 m%/ (54
W T g (C.8)

wn
Il
w2 I.f”
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C.3 Calculation of Metal Active Sites

To calculate the metal active sites of the catalyst measured by CO adsorption

technique at room temperature, the following procedure is shown:

Let the weight of catalyst used =W g
Integral area of CO peak after adsorption = A unit
B unit

Integral area of 50 pl of standard CO

/| »
Example of the calgation of metal actlve sites and riietal dispersion is shown

as follows: ﬂuEJ’JWEJW'jWEJ’]ﬂi
Forlwt%Pt/Aﬁs cfﬁﬂﬁ(ﬁm N‘W'lam E]r] a EJ

Integral area of CO peak after 1* adsorption = 72 unit
Integral area of CO peak after 2" adsorption = 84 unit
Integral area of CO peak after 3" adsorption = 2269 unit
Integral area of 50 pl of standard CO peak =2734 unit
Amounts of CO adsorbed on catalyst = (3x2734)-72-84-2269

=5777 unit
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Volume of CO adsorbed on catalyst =[5777/2734]x50
= 105.65 ul
Volume of 1 mole of CO at 30°C =24.86x10° pl
Mole of CO adsorbed on catalyst =[105.65/24.86x10%]
=4.25x10° mole

Molecule of CO adsorbed on catalyst
= [4.25x10°]x[6.02x10%*] molecules

Metal active sites = 2.55x10"/ "//{/"
=23 ,'" ‘ ﬁes of CO/g of catalyst

The actual percentage o 1 ading wt%

The actual platin = 0)01%€ 195 08/0.1

Therefore,

ecules/g of catalyst

The platinum dispersiofl f © s = 2.55% 00/3.09x10'
%

In the catalytic activity test nd HC oxidation are evaluated

in form of the conversions gf NO and HC, res ectlvely Due to the lack of an

instrument for d1re om N, and N,O
jao’ mﬁ‘ﬁ*ﬂ Yo N nd N

products analyzed b)gas chro llowmg procedure is shown below:

RSO U INIOA ..

(C.9) and (C.10).

2NO - N; + 0, (C.9)
4NO — 2N,0 + 0, (C.10)
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Therefore,
NO conversionto N; (%) = (2[Na]ow/[NOJin)x100 (C.11)
NO conversion to N0 (%) = (2[N20]ou/[NOJin)x100 (C.12)
Where,
[NOJin = NO concentration in feed stream (ppm)
[N2]Joww = N; concentration in product stream (ppm)

[N2O]Jout = N3 concentration in product stream (ppm)

[N2]Jout ; (C.13)
[N,O (C.19)
Where,
[Area(N,)] plot on GC 8ATP
[Area(N,0)] = integrator plot on GC 8AIT
If the NO concentration in feéed & ’H.’ 0 ppm (only used in this work),
NO conversion‘to 2 = 0A05x[Area(Ny)] (C.15)
NO conversion to No@ %)~ = 0:491%[Area(N;0)] (C.16)
The HC #:“'“"j“_‘:_—_“_— 1
HC conversmﬂl (%) = 100x([HC];n — [HC]Q/ [HCT:, (C.17)
Where, fa. ‘ = I] ﬂ
[HCﬂJ = c:acmaam fgdueﬂl Epm)
= I t‘r i o
VG Nriveigied 1Rk
IfHC = C3H6,q from the calibration curves (Figure E.8),
[C3Helin = 0.697x[Area(CsHg)]in (C.18)
[C3HeJour = 0.697x[Area(C3Hg)]out (C.19)

Where,

[Area(C3Hg)]in = Area of C3Hg peak in feed from integrator plot on GC 8AIT
[Area(C3Hg)]owr = Area of C3Hg peak in product from integrator plot on GC 8AIT
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If the C;Hg concentration in feed stream is equal to 1000 ppm,
HC conversion (%) = 100x([Area(C3Hg)]in — [Area(C3Hg)]ou)/ [Area(C3Hg)]in
(C.20)

Example,

100
85

[Area(N2)]
[Area(N,O)]

If the NO concentration in feed stream is equa ppm (only used in this work),
NO conversion tg \.,.. '

%) = 105

NO conversion to No©@(% ). 191%85 = 16.2

Where,

If the C3Hg concentration in fi

HC conversion (%) = 100x(1534-1128) 26.5
C.S Calculation of the Amount ¢ f Su

The amount of carbm in surface species on the cata@t surface obtained from
the TPD step in an Mﬁ (f to represent the
amount of surface @ eﬂﬂﬁ ﬂﬂ:fiﬂ ies and particular
surface species are calculated.

ARINIUURIINYIA Y

The cgncentratlon of CO; in Y-axis is initially converted as the molar flow

rate of CO; by the assumption of ideal gas behavior as follows:

Feo, = Ccoxv = [yco,<P]xv/[RxT] (C.21)
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Where,

Fco2 = Molar flow rate of CO,  (mole/min)

Cco, = Concentration of CO, (mole)

v = Total volumetric flow rate (liter/min)

yco, = mole fraction of CO,

P = Total pressure (atm)

B = Gas constant = 0.08206 (atm-liter/mole-K)

T = Absolute temperature '
Subsequently, the temperature it ' : vg(ﬁe through the heating rate
of TPD step. The relationship*betiveei the molar flow and time is graphically

obtained. Then the area un
from the catalyst surface.

A NSNS,

ass of carbon. The

iied @ mation of mass of carbon
from CO,, CH4 and CO becomés tHe fot ‘, of ¢a xa surface species.

AU INENTNEINS
RINNIUUNIININY
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Abstract

The nature of surface species for the selecti
investigated on Pt/Al,03 and Co-ZSM-5 catalysis.
temperature programmed desorption (TPD) a
particular behavior of surface species on both Catal
TPD step, whereas those on Co-ZSM-5 are nece
the different nature of surface species on both ¢
pathway. For Co-ZSM-5 catalyst, the surface species
distinctly assigned as the intermediate species in the

0
=

observation of several surface species and the investigation abeut their reaet

bl

y prf)perie under lean-burn condition is relatively

[ oﬁthrﬂe continuous steps including adsorption,
idation (TPO) is performed to observe the
\1,03 are almost totally released during
;!1 TPO step. It is suggested that
role on the reaction mechanism

the other hand, for Pt/Al,Oj3 catalyst, the
indicate that several reaction mechanisms

are simultaneously proceeded at the same operating condaign’@ 2002 Pub!wwcwer Science B.V.

Keywords: Pt/Al;03; Co-ZSM-5; SCR of NO b{,p:Xpene, Lean-burn condition; Surfaoe species; Rzm@lsm

Lo

Y

1. Introduction _J
Nitrogen oxides (NOy) are emitted primafily=both

from stationary and automotive

largely to a variety of environﬂu%;ﬂ

as the formation of acid rain an e resultant acidifi-

cation of aquatic systems, the photochemlcal reaction

———.
? _h.J
tem of an being [1]./To alleviate these problems,

the emission of nitrogen oXides is seriously controlled.
There argytwo major conventional catalytic technolo-

I Nﬂr@m of nitrogen ox-
1 mtcﬁew 1% e is the selective catalytic
reduction using ammonia as a reductant (NH3-SCR)

gQ] However, thﬁre many problem ociated with

in the stratosphere li ent cor-
sphere and the harmmnm‘for @ﬁ % m 3%/::11}5 Wﬁ?\ﬁog{ storage
ammonia. HenCe, nolo e conve-

* Correspondmg author. Tel +66-2-218-6766;
fax: +66-2-218-6769.

E-mail address: gnowoohc@hotmail.com (C. Chaisuk).

niently used for only stationary sources such as power
plants. The second technology is the three-way cata-
lyst (TWC) that is highly efficient in the simultaneous

0926-3373/02/$ — see front matter © 2002 Published by Elsevier Science B.V.
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removal of carbon monoxide, hydrocarbons and nitro-
gen oxides [3]. However, it requires an exhaust gas
composition operating very close to the stoichiometric
point. Thus, the emissions from diesel and lean-burn
gasoline engines are not effectively controlled on this
catalyst. From these reasons, neither of the above two
catalytic technologies is applicable for the emissions
from both mobile sources and stationary sources con-
taining oxygen excess [4].

The most attractive approach for the removal of
NO;, is the catalytic decomposition of NO [5]. This
method is feasible because no reducing agent is re-
quired. Thermodynamically, NO can decompose to

dinitrogen under 800 °C but, kinetically, it remamﬁ&»__-
ble in the absence of catalyst [6]. However, no.suit-—

able catalyst with a significant activity in reW -
gases has been identified [7]. It is widely accepted .

the poisoning of the catalyst surface by ox
from the exhaust gas or from the decomposition
is the main problem. Hence, the only wa
NO; emission in lean exhaust gases is the inje
reducing agents into the exhaust gas strea
In 1986, the outstanding activity for
decomposition of NO on Cu-ZSM-5 compar
earlier known catalysts was reported by Iw
[10]. This finding was remarkable but its cataly
tivity dropped sharply with a decrease in the
centration and this catalyst suffered from severe dgac-

o+

4 Ldiate’ sp
shand, tﬂr (¢} redﬁctloi mechanism is widely pro-
‘_ﬁosed

temperature; however, there are major problems with
these catalysts both in terms of thermal stability [14]
and sensitivity to water [15]. On the other hand, metal
oxides and noble metals are not adequate for the very
demanding challenge of providing high activity and
good selectivity but their activities are little diminished
by sulfur oxides or water [16,17]. Hence, the develop-
ment and design of SCR catalysts have been continu-
ously investigated to overcome these limitations. Al-
though there are many literatures reported to the suc-
cgsj ﬁ)!t ting this reaction on several catalysts, the
ou i wledge about the reaction mechanisms
and the &ediate species is still ambiguous.
Generally, main different mechanisms have
been.feported.in.the literatures, i.e. the NO decom-
osition mech 18-21] and the NO reduction

mes: nism [22-27]. The first mechanism has mainly

been mentioned for the noble metal group catalysts,
especially platinum-based catalysts. In this case, the
Iyd?ocarbous are contnbu,gd to remove the surface
mxgeﬂ poisoning, the active sites, while nitrogen
product is dominantly formed via NO dissociation.
Hcpce, e,pomplex surface species such as organic
“nitro ies are dastmctly neglected and either N
atom _ﬁO molecule is “addressed as the interme-
“for this mechanism [20]. On the other

h various catalysts, especially

tivation in the presence of oxygen or sulfur oxides. It*dl;--{zeohte %%talysts Although its pathway may

was later demonstrated that Cu-ZSM-5 showed a sig- _~—be diffe
nificant activity when it was used for a real lean-buzs =

engine; moreover, the rate of reaction in
presence of oxygen. It was shown t

_,rsthec

details, the same significant concept
face species playing an important
‘role for producmg nitro e{ For example, the hy-
eil to partially oxidized

taking place in this case was not the mposition
of NO but the reduction of NO by hydrocarbons con-
tained in the emission gases. In 1990, Hezcﬁpt al.[11]
and Iwamoto [12], independently proposed that the
reduction of NO over Cu-ZSM-5 could be gr tlg:en-

active by nitrogen dioxide

Aﬁldmonally, the hydrocar-
bons 'may first react wnl'{_gatrogen dioxide produced
by NO oxidation to organic nitro species leading to
the formaﬂph of mtrogen [27] Thus, there are many

hanced in an excess of oxyge ¢ nitro compound
small amounts of hydrocarbon. Follo 7 8 eciés [29-31] and oxygenated

ery, many catalysts such as variouskKinds of solld acnds
and bases, including ZSM-5 loaded with metal ions,

organic complex [32] independently assigned as the
intermediate spegies for this mechanism. However,

don 115, Genealy, A4 b QNS08 40 b HaoPpmell ML el B 531

lective catalytic reductloq by hydrocarbon (HC-SCR).

Catalysts reported for this reaction so far can be
classified into zeolites, metal oxides and noble met-
als. Various zeolites have a promising activity at high

should be carefully taken into account for considering

in details about the reaction mechanism as well.
Typically, propene is used to be a model reductant

gas to explain the reaction mechanism on various cat-
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alysts. Among the catalysts tested for the selective
catalytic reduction of NO by propene, Pt/Al;03 has
extensively been studied in order to increase its cat-
alytic activity and selectivity. However, the high rates
of nitrous oxide formation and the narrow temperature
window of the catalytic performance are crucial prob-
lems for application practice [34]. Nevertheless, mech-
anism studies from many literatures suggest that the
selective catalytic reduction of NO by propene on this
catalyst has not been clarified to take place through the
NO decomposition or the NO reduction mechanism
[34]. Consequently, an exact role of the catalytic sur-
face species has not particularly been addressed to be
the intermediate species or the spectator species upen
such reaction. In case of Pt/Al,03, the differences in.
mechanism studies, from a group of zeolite catalysts,

for this reaction better, Co-ZSM-5 catalyst i

duction of the other hydrocarbons instead of me
has not much been studied, the previous wor!
been unanimous that the proposed mechanis

2.

have been raised because the reaction on Mr
distinctly proceeded via the NO reduction W /
To understand a role of the catalytic surfaceé spegi

“Linside.

92421 Schwasdorf, Germany) with 0.01 M aqueous
solution of cobalt(Il) acetate at 80 °C for 24 h under
continuous stirring. After the ion-exchange process,
the sample was thoroughly washed with deionized wa-
ter for 3—5 times to remove some ions using a cen-
trifuge separator, dried at 110°C overnight and cal-
cined in air at 540 °C for 3.5h.

A 1wt% Pt/A1O;3 catalyst was prepared by in-
cipient wetness impregnation method. The alumina
support used in this study was obtained from Sumit-
om Aluminum Smelting (type NKH-3) and the metal
salt‘p:}fs was chloroplatinic acid hexahydrate
(HyPtClg- btained from Wako Pure Chemical
Industries t impregnation, the sample was dried at
110 "5 ovemﬁalcined in air at 500 °C for 3 h.

e ——

atalytic evaliation

Thd aim for this catalytic test is to investigate the
turelof surface species for the selective catalytic re-
_pctlon gf NO by propene on both Co-ZSM-5 and
Pt/Ale3 ‘catalysts. All experiments were conducted
by-usi quartz tubular downflow reactor with 0.6 cm
' meter. The effluent gases were analyzed by

a “‘gés c matogtaph (SHIMADZU GC 8A) equipped

s _}vrth mgylgx sieve 5A column for separating oxy-

g;n, nitrogen and carbon monoxide and porapak QS

sigolumn 'Mspparatmg carbon dioxide, nitrous oxide

selective catalytic reduction of NO by various hy, 0- 7 +=and hyd bons. Prior to the catalyst test, 0.2 g of
carbons over Co-ZSM-5 is the same pathway [35-46]. - Eo-ZS yas pretreated in helium at 500°C for
It contains two main steps, i.e. the hydrocarbon actlva- ; "I h, whereas .1 g of PAl,03 was reduced in hydro-
tion leading to the N-containing intermediate species ~ - gen fiow at SCifor. | h subsequently treated

and the conversion of these species to ﬁnﬂ products.

From the earlier introduction, attemp\ft i
the role of surface species on the reactiont chamsm
of the selective catalytic reduction of NO by propene is
made over two catalysts, i.e. Co-ZSM-5 and-gt/Alzo:;
In this work, the surface species are mdlrect]yastudled
as described in the next section. [ o | ”

\
W ) ‘_

y
I#
|
|

9

..............

) U."

d}

2. Experimental

2.1. Catalyst preparat’)}a:rj ”H ; | v.:j: ) 4

A 1 wt.% Co-ZSM-5 &atalyst was prepared by the
ion-exchange of Na-ZSM-5 having Si/Al molar ra-
tio of 25 (ALSI-PENTA Zeolithe GmbH, Alustr.50,

under 10% oxygen in heli i at 500°C for 1h. An

% nuous steps was per-
formed i.e. first-ad n- p for producing the sur-
face species, secon -temperhture programmed desorp-
tion (TPD) step for removing the weakly adsorbed sur-
face specigs and third-temperature programmed oxi-

ti Tgb‘j te rtqst,m e eactivity of the re-
F ‘%\:F dif Efﬁ’ g-th
i

iﬂ §to th odeKZI g ggs During the first
asexposed to the selected reactant
s mixture contammg 0-1000 ppm Nq 0—2000 ppm

o’geqe .apd 0-10% dl}y,;cd lgxm at a
' g tei‘pﬁerature fe?ahon TPD experi-
) Mmeht'on the sectm stubse lfehtly!cai-ned out

from 100 to 800°C under helium flow. Afterwards,
the removal of deposits was performed by heating the
sample from 100 to 800°C under various oxidizing
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gases, i.e. 1000 ppm NO, 1% O, and the gas mixture
of 1000 ppm NO and 1% O,.

3. Results and discussion
3.1. Co-ZSM-5 catalyst

3.1.1. The catalytic behavior for time on stream
experiment

First, the catalytic behavior for the selective cat-
alytic reduction of NO by propene on Co-ZSM-5 was
studied by considering the time on stream experiment.
The gas mixture used in this experiment contai

1000 ppm NO, 2000 ppm propene and 10% oxygen—.L was :.}lme :
diluted in helium. Fig. 1 shows the mtrogen"m—- othe

uct concentration from the reactor outlet i -
perimental set. At the beginning step, the ga -
ture was immediately introduced into th te i J

550°C. It was obviously seen that the nitrogen' co
centration detected from reactor outlet g
creased at the initial time (0~30 min), and then
a constant value. After 150 min, the gas
subsequently switched off and the sample was
down from 550 to 400 °C under helium flo
the gas mixture was again switched into the reac
this temperature (400 °C). It was observed that
trogen concentration diminished as a function of ti
after introducing the gas mixture. Interestingly, th

¢
trogen concentration was close to 0 value within 1h. == one it 3

After that, the gas mixture was switched off and the .-

(92
o
o

reaction temperature was raised to 550 °C under he-
lium atmosphere. Like the previous step, the gas mix-
ture was again introduced to the reactor at this tem-
perature (550°C). It was clearly found that the ini-
tial nitrogen concentration at 550 °C in the second test
was much higher than that in the first test and then it
dramatically decreased with time. Finally, the nitro-
gen concentration reached to a constant value, which
was approximately equal to the nitrogen concentration
in the first test. Presumably, NO conversion to nitro-
gen,at 550 °C reached the steady value at this stage.
It was ved that the decrease of nitrogen concen-
tration ai peratures was due to the deposits.
It was e the negligible effect of deposits
at the-nigh temperature (550 °C). On the
and mated that these deposits may
ardly be removed at.dower temperature; therefore,
'the n ogen production was significantly suppressed

00°C: These m?u?ts\hre corresponding with the
ork_teported by Chen et al. [47] who observed the
ecrea’s_e of‘ NO conversion at 300 °C as a function of
ime- oagstféam for the selective catalytlc reductlon by

--morc N,

N, concentration (ppm)

AR LR FITHA

Fig. 1. The nitrogen concentration from the reactor outlet as a function of time on stream for the selective catalytic reduction of NO by
propene on Co-ZSM-5 at 400 and 550 °C. The gas reactant composition 1000 ppm NO, 2000 ppm C3Hg and 5% O,, GHSV = 2000h~!
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1600
1200
800

400

0 100 200 300 4@ Efl 0. 700 800

anperahll re (' /
Fig. 2. The carbon dioxide concentration released during T. .on Co-ZSM-5 3 arious adsorbed gas mixtures at 100°C:
(x) 2000 ppm C3Hg, (CJ) 2000 ppm C3Hs + 1000 ppm N C;H}-;—S% m C3Hg + 1000 ppm NO + 5% O,.

possible explanations for this observatiow /
deposits, kinds of intermediate species, can'feact r

O by only nygngglps were continuously pro-
the reactant gases to produce nitrogen produ
other case, the deposits can decompose t

de td‘-.jhvestigate the characteristic of the surface
eeies. It was noted that the surface species were en-

nitrogen product when the reaction tempera

high enough. Furthermore, the latter case

';el_y‘fgn]q&pd on TPO step, while no species was re-
cordance with the report by Walker [37] wh

leased-during TPD step. TPO spectra of Co-ZSM-5
tioned that the carbonaceous deposits merel
reductant for impinging on NO or NO;.

catalyst-dosed by the adsorbed gas mixture are il-
can be concluded from these results that the d

“lustrated in"Figs. 2.and 3. It was observed that car-
bon dioxide and nitrogen were only two types of the
2. Jproduct ted from reactor on TPO experi-

L - s
should be reversible, viz. the NO reduction ‘acti ount of the deposits on catalyst sur-
could be recovered when the reaction temperature T R iously shows that the amount of car-
high enough that these deposits could be removed. —bon_dioxide C3Hg + NO + O; experiment set

CO, concentration (ppm)

ments, ou.*ts of such gases should refer

‘.--:"-;" ot L

3.1.2. The formation of intermediate species B
From the earlier introduction, it was sug

¢ : ; .
the formation of intermediate species s
an important role on the NO reductio Tie
These intermediate species may be produ::ij by vari- ; d also support this explanation as il-
ous ways, for example, the only hydrocarbons being lustrated in Fig. 3. It was*Clearly seen that nitrogen
the active carbonaceous species [48], the h)sdrocar- would be%erged from only C3Hg + NO + O3 sys-

bons reacting with oxygen leadingrto.the prod pte e i be«co that the interme-
of partially oxidized hydrocarboii %S&E}], m iate spec swﬂeﬁ’%ﬁ e catalytic reduction of
etc. This part showed the formati ntermediate propene 0-ZSM-5 catalyst were neces-

species on Co-ZSM-5 by varying“the adsorbed gas sgrily formed by g interaction of N(&jropene and
a
en 1

mixture in absorption step. cedure for testi ygen.
was described in Sectnﬁ;. fiﬁ E | I (%\%d c%yﬂﬂr{qﬁ@o%orption
Four sets of gas mixture ( ;0 NO, C3Hg and’ oxygen' le ubstantial ificrease in

0O, and C3Hg + NO + 05 were used as a testing gas the amount of NO, adsorbed on the catalysts irre-
in the adsorption step. Co-ZSM-5 was dosed by each spective of cation type or degree of metal loading.
gas set at 100 °C until the saturation. After that, TPD Similar behavior over Co-ZSM-5 catalyst that NO

liate species was the co-

reactant gas species, i.e. NO,
e nifrogen removed during
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160

1201

80

N, concentration (ppm)

0 100 200 300

n«\ 700 800
Tenpersare 61/

Fig. 3. The nitrogen concentration released during TPO bymM-S ?er do@orbed gas mixtures at 100°C: (0J)
2000 ppm C3Hg + 1000 ppm NO, (@) 2000.ppm C3Hg + + 5% \\

was hardly adsorbed at the reaction tempenw/ : ‘:gcn-cmposns which should be
also reported, but the interaction between NO 0, ; late spea’oiof such reaction; however, the

cations was greatly enhanced in the presen
gen [39]. In addition, Pinaeva et al. [45] su
that Co ion located at the interface of Co cl \ \
zeolites was found to react with NO in t -3.1.5. The remova of ingei‘*ediate species
i ) age of the removal of in-
lective catalytic reduction
presence of oxygen excess
the initial step for the selective catalytic redu Xperiment step was indepen-
NO by propene in the presence of oxygen excess ing oxidizing gases (NO, O,
Co-ZSM-5 catalyst was the adsorption of NO, sp “In this part, Co-ZSM-5 catalyst was
formed by the interaction of NO and oxygen. These _—_exposed "'“‘ ly gas mixture of C3Hg + NO + O, at
species will subsequently interact with propene and- = »;'ibﬂ“ 6.4 anc S show the concentrations of car-

of i texm‘ediat)‘qeles may mainly depend
ocarbon reductant as well.

i &Oz concentration (ppm)

Temperature “C)

Fig. 4. The carbon dioxide concentration released during TPO by varying oxidizing gases on Co-ZSM-5 after dosing 2000 ppm
C3Hg + 1000 ppm NO + 5% O, at 100°C: (x) 1000 ppm NO, (@) 1% O, (A) 1000 ppm NO + 1% O,.
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Fig. 5. The nitrogen concentration released during TPO by v@mg gases on C s

dosing 2000 ppm C3Hg + 1000 ppm

NO + 5% O, at 100°C: (x) 1000 ppm NO, (@) 1% O,; (#)"1000ppm NO +1% O,. ———

bon dioxide and nitrogen on TPO step, respecti
As seen in Fig. 4, a small amount of carbo
was emerged by using only NO as the oxidizin
When the oxidizing gas became either only o
a gas mixture of NO and oxygen, a large
carbon dioxide was distinctly obtained. These
implied that the removal of intermediate spegies
effectively occurred in the presence of oxygen. I
estingly, when a gas mixture of NO and oxyge

could be removed at lower temperature region. Th

mediate species. "\

Although the amount of carbon diox'm;, emerged
during TPO step by only oxygen or a gas T ixture o
NO and oxygen was not much different, e-mtrogen
concentration for both cases was remarkably differ-
ent as illustrated in Fig. 5. TPO step by a gas mixture
of NO and oxygen showed that the amount oﬁn

- /1= décomp '
fore, it can be concluded that the cooperation of NO  ~ture usider:
and oxygen possibly accelerated the removal of inter-. ,.'__,ﬂ\iﬁpondm

“‘h-_'%

found that one nitrogen atom in every nitrogen
duct ame from the d s, while the other came
: th& hase nitrogen dioxide.

In addition, TPO step performed by using NO as
t e xngw/n g é\gmﬂcan!#y provided the nitrogen
roduccap i
However, such ni

perature as also shown in Fig. 5.
geﬂ. shoﬁld not be produced by the

sence of oxygen. This result was cor-
ork by Wang et al. [46] who ob-
served that NO was re

rom thelr results, it
ereduced on Co?t ion
without nitro

3.2. Pt/A1203 catalyst

gen product was largely release iperature
ture. This result implied that the incre ni re

product could be attributed to mt en atom in NO
feed, which can interact with the remammg mtermedl-

Fig. 6 shows the temperature programmed reac-
tiofi profiles of Pt/AdeO; catalyst for Cyw+ 0, and

ate species and produce d that
nitrogen product was gﬁrﬁfm toms e for ) Sys-

both in the intermediate c1es and in the oxidizing

gases. This was in agree ent with the literature re-
ported by Chen et al. [43]. From their results obtained
by the isotopic labeling technique on Fe-ZSM-5, it

tem was lower than that for C3H6 +NO + O3 system.
This result was corresponding with the references sug-
gested that at low temperatures NO blocked the active
sites responsible for propene oxidation [49,50]. Con-
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Fig. 6. The temperature programmed reaction profiles of Pt/Al;0s-for C3Hy|- 0, m NO + O, systems; the gas reactant

composition 1000 ppm C3Hg and 5% O, for C3Hg + O; . 3Hg conversiol NO, 1000 ppm C3Hs; 5% O, for
C3Hg +NO + O; system: (A) C3Hg conversion, (@) ) NQ conversion | = 60000h~" for both.

the influence of NO on the

surface ':;?e*{ﬂ over P/Al,O3 catalyst.
ization of surface species was investi-
ontaining three continu-
and TPO by only oxy-
ixture (C3Hg + O, and C3Hg +
adsorption step at 100 °C
cies. Fig. 7 depicts the rele-
obtained on TPD step after
.mixture on Pt/Al;03. The main outlet
FNO+0O; system were carbon dioxide
en, while only carbon dioxide was released

sidering the C3Hg + NO + O3 system, the o

of propene and of NO both began at the sa
ature and raised together until NO reducti
maximum value at approximately similar tem,
where the propene oxidation was complete.
cidence of propene and NO conversions was a
phenomenon within lean-NO, catalysis [20].

3.2.2. The nature of surface species
For the inhibition of propene activation by NO ob-

Temperature (°C)

Fig. 7. The TPD profiles of PUAl, O3 after dosing 1000 ppm C3Hg + 5% O, at 100°C: (@) carbon dioxide; 1000 ppm C3Hg + 1000 ppm
NO + 5% O, at 100°C: (O) carbon dioxide, (A) nitrogen.
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400 1
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Concentration (ppm)

Temmm‘;g 700 800

Fig. 8. The TPD profiles of P/Al;03 after dosing 1000 ppm%é%‘ 0, at 150
monoxide.

; dioxide, (x) methane, () carbon

It was significantly noticed that no specie&( 7"}._:“found ﬂme reaction of C3Hg +

tected during TPO step. For C3Hg+0> syste a 7 on Pt/SiO2, the organic nitro and nitrite
peak of carbon dioxide appeared at 375 °C whereas appeared at low temperature whereas the
for C3Hg + NO + O, system, it was shifted
temperature (at approximately 300 °C) with.a
at ca. 375 °C. It was noted that the amount of

.curred igher temperature. Therefore, the surface
3‘§pe jes oyer Pt/ 203 were also observed after dosing

dioxide released from both systems was e thé.ga§ ture of C3Hg +0, and C3Hg+NO+O; at
Taking close consideration, it was seen that there ‘% éach te tﬁ{e of 150 and 225 °C, respec-
two peaks in C3Hg+NO+0O; system after deconvol . gvoly At perature, propene conversion of
tion, i.e. at 300 and 375 °C. In addition, the deconvo eaich sys! as equally ca. 20%. Figs. 8 and 9 illus-

tion of nitrogen profile obtained from C3Hg+NO+0, ;- “irate the{@ﬂf outlet gases during TPD step con-
system showed a peak at 375 °C and a broad peak at "~ —taining oxide, methane, and carbon monox-
low temperature range (200-350 °C). From these re- - ide for QW@ystem and the additional nitrogen
sults, it was inclined that the presence of NO.in the = nd nitrous oxide for @3Hg +NO + O, system. It was
adsorbed gas mixture induced N-containing surface 2 i Qt of surface species
species at 300 °C. According to the repott 6f Xin et al step whereas the amount of

j}gj:xtremely small. This

out!

[51], nitro and nitrito organic compounds were abso- let gases
lutely detected by DRIFTS after addition of a mixture sugg € surface grcies could easily decom-
of C3Hg + NO + O; onto Pt-ZSM-5 at 100°C. The pose themselves on PVAl,03, unlike Co-ZSM-5, and
coincident position of carbon dioxide peak atg373.% the formation and removal of surface species were
in both systems and the appear: nitregen gtherefore e t lling steps for the se-
at the same temperature for c;xiﬁx%‘{; E]s;s’ganm EII i gmﬁmlﬂ)ﬁ propene on this
may imply two aspects. First, t Qf carbon dioxide catalyst.
peaks at 375 °C represented to the same type of sur- ﬂgln case of C3Hg + O3 system, as seen in Fig. 8, the
face species whereas nitrog Was,0C d car ioxide-profile show: mai at 450
to the decomposition d%%ﬁsﬁﬁlﬁv% MdﬁdﬁTh e sﬂtt v‘%n n%Jane ata
of surface species for twg systems e different bu mperature range 300475 °C. It was'interesting that
their partial structures may be similar. for the carbon monoxide trace, its peak and shoulder
However, the nature of surface species could be cer- were located to be coincident with the carbon diox-

tainly changed under the reaction condition. Okuhara ide peak at 450 and 525°C, respectively. In case of
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Fig. 9. The TPD profiles of Pt/Al,0; after dosing 1000 ppm-klm()ppm O+Sﬁ;’0 (O) carbon dioxide, (x) methane,
TT———

(®) carbon monoxide, (A) nitrogen, ((J) nitrous oxide,

the other gases gave only one peak. Nitrogen

trous oxide peaks existed at low temperaturgiw
methane and carbon monoxide peaks we
higher temperature. The deconvolution of thg
profiles indicated that there were at least
of surface species occurred on the catalyst s
They were addressed as C,H,O,N,, (C;
and (C;H,;Opn)ut species decomposing themse.

at low temperature region (200-400°C), at m der—” 2 ‘p‘lhy 2 rﬁfl;
ate one (350-550°C) and at high one (400-800°C), .~ the spe:
respectively. The existence of these surface specxes..-r’” 5:Irt10 a$

was in agreement with the observatlon‘jy IR tech-
nique in several references [31,52— 54}-— 0i SRaimnpic,
Captain and Amiridis [31] noticed .gdmde, iso-
Cyanate, acetate, and formate species on Prz‘ 1,03 in
C3Hg + NO + O3 system by the use of in ,ﬂﬁ Fourier
transform infrared spectroscopy and also found that
only isocyanate species disappeared by flushin g=with

helium at 250°C. In addition, ﬂuﬁ m Eﬂ ﬂﬁ
acetate species were observed in at

reaction temperature at 350°C and again only the
intensity of isocyanate peak was essentlally aﬂ'ected

-4 (CilH,

E:-“-

ieved: ha; 'NO assisted thgproductlon of the partic-
iflar’ sm%e pecies assigned as C,H,O,N,, species
whgre.avwo es of partially oxidized hydrocarbons,
)1 and (C/H,, 0, )ur species, were certainly
m both C3Hg + O, and C3Hg + NO + O,

geds

of‘wface species
d surface species may possibly
either the intermediate species or
ecies depending on the reaction con-
( in some literatures. Tanaka et al.
[52] proposed that “W y fe and carbonyl surface
: ermediates for the selec-
)by propene on Pt/SiO;
et a'l"[53] suggested that nitro,
nitrito and 1socyanate spé&kes were not the catalytic
active intermediates for the selective catalytic reac-
tion of NO-by propene on Pt-ZSM-5 at 250°C. On
% Qﬁn@:s [31] concluded
te ide species were
probably the spectator byproducts of the selective cat-
ytlc reduction gfsNO by propene Mt/A1203 at

after the reactor was s could
Considering the fea rface n| inte d1 eaction.

by dosing the gas mixtute of C3Hg + 02 at 150 °C
the position of both carbon dioxide peaks was def-
initely coincident with that of two TPD peaks as-
signed as (C;H;Og)cr, and (C/H;,Op)ut species in

Wlth the above—mentxoned reason, the react1v1ty of
CyH,O;Ny, (CiH;Og)Lt, and (C;H,,Op)ur species
with the oxidizing reactant gas in the reaction temper-
ature range was studied. The reactivity test was con-
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Fig. 10. The TPO profiles of Pt/Al;,03 by using 1% O, asmMgas after d ﬂC;;Hs + 1000 ppm NO + 5% O; at
225°C: (O) carbon dioxide, (A) nitrogen, ((J) nitrous oxide, 4

ducted by using TPO technique after the pr:
of surface species through dosing a gas mixtur
C3Hg + NO + O; on Pt/Al;03 at 225°C. Th
ing gases were varied as 1000 ppm NO, 1% 0; a

ggeh peakat 350 °C was rather dlﬁicult under NO or
gas mixture of 1000 ppm NO and 1% O,. It w:

0+0; atmosphere because mtrogen atoms in the ox-

Figs. 10-12 illustrate the concentrations of yegics. uce ni ogen. However the mtroducnon
dioxide, nitrogen and nitrous oxide during TP ly 4
iment by using NO, O3 and NO + O as the oxidi
gas, respectively. It was noted that neither meth
carbon monoxide was detected when each oxidizi s at the same temperature at
gas was used for removing the surface species. It was ﬁ":.-\ﬂnoh ﬂ;:%os under helium flow. Therefore,
also found that the position of carbon dioxide peak “=—itwas ed that neither NO nor O; was in-
addressed as C,H,O,N,, species was unaffected with - --,a.vmvied} m%position of C,H,O;N,, species at

eak. These results revealed
uld decompose themselves

Concentration (ppm)

Temperature °C)

Fig. 11. The TPO profiles of Pt/Al;03 by using 1000ppm NO as the oxidizing gas after dosing 1000 ppm C3Hg + 1000 ppm NO + 5%
0, at 225°C: (O) carbon dioxide, (A) nitrogen, (CJ) nitrous oxide.
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—

Fig. 12. The TPO profiles of PAl,03 by using 1000 ppmmoz as t_l, oxrdtﬂ_ﬂ@'dosing 1000 ppm C3Hs + 1000 ppm

NO + 5% O; at 225°C: (O) carbon dioxide, (A) mtrw oxide. - —
any temperature. This was also in agreeme{ 33. The role of surface species on the reaction

mechanism for the selective catalytic reduction of
! O byl pt?pene on Co-ZSM-5 and Pt/Al,O3 catalysts

’ —

-Eor-C‘o-ZSM 5 catalyst, many literatures concluded

the intermediate species on Co ion [35,36,38-43,55].
d F JEERAS . b . .
ese i ediate species were subsequently oxi-

the surface cyanide on Pt/Al;O3 was no
NO, NO3, O, and NO + O; environments at

the presence of Oy or NO + O as the oxidizin
indicated that the surface species decomposi
high temperature, (C;H,,O,)uT Species, were ea

Lidized'd ogen dioxide to form nitrogen product.
removed by these oxxdizmg gases. However th x- ;—j—i‘xr’om the resul ts described in Section 3.1.2, it was sug-

oexistence of three reactants (C3Hg +
only NO was used as the oxidizing gas showed that ‘—HO +< anced the formation of deposits. It was
O, was a more potential oxidizing gas than NO.to e~ also I;él eved that these deposits obtained during TPO
reactive with (C;H,,O,)ur species. This _}orresponds step became the interm _&aﬁemes for the selective
with the work by Tanaka et al. [52] WiD-suggested————cataiy! tie redus of-NO-y propene on Co-ZSM-5.
that on Pt/SiO;, the carbonyl species reafted rapidly Goryashenkq nentioned that the gas phase
with NO, and O, at 120°C, while thése species nitrogen dio s not 1n volved directly in the se-

were inactive to NO. Considering the reactivity of lective catalytic reduction.of NO. The formation of

(CiH;Oy)Lr species to the different oxidizing as, the nitrogen diox1de adsorbed on cobalt cations was also
relatively small shift to lower te ture 0 serve Sun et a Hence, it was possible
of (C;iH;Ox)Lt species for all ox: iﬁ %&q Etjb ha rmed through the
ifested that these species were sligh o an the bed NO, complex
NO, O; and NO + O;. The reactivity of (C;H,, O,)ut ec1es which were ongmated form the adsorbed ni-
species to either 02 or NO + O3 and the shift to lower en dioxide.

SRR [T AR S sy
observed in C3Hg + but tise te at Section
here. These results supaorted the above suggestion 3.1.3. The removal of intermediate species favorably
that (C;H;Og)rr and (C;H,O,)uT Species were not occurred in the presence of oxygen; nevertheless, it
only produced in C3Hg + NO + O> system but also was extremely enhanced by the coexistence of NO and

generated in C3Hg + O; system. oxygen. The nitrogen product was produced by nitro-
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+ ¥
--------------- NO
&
NO* + N* 4+ O* CH,0.N,
- % “‘ ,II" * '/I * \\
W/ (CHO), <« CH +0,
N ) N,0 ’I/ ...... X
S £ Co,, H,0, N, N,0
Co,, H,0 (at 200°C-450°C)
(at 350°C-500°C) A
b (CH,O )m ' !
Fig. 13. A proposed reaction mechanism scheme for th ytlc r@cnon ne under lean-burn condition over

Pt/Al;03 ((*) is given as the vacancy Pt sites). {-’

gen atom from both intermediate species
actant feed. It was concluded that the coexi
NO and oxygen was necessary for the re:
termediate species, which was correspondin
literatures [35,36,38-43,55]. Hence, the
for the selective catalytic reduction of NO by
under oxygen excess on Co-ZSM-5 was pr.
follows:

inl oBserved (Cghbm species on the catalyst

easily reacted with either nitrogen dioxide
X)gq, produce nitrogen and carbon dioxide.
’l‘he decom smon of C4H,0,N,, species occurred

NO + Oz — NO, (ads)

,‘,:’\Té_ﬁecieﬁ; T, nitrogen productxon was still
HOAHCE] + CoHy = Calip Oy "’—;—‘uncleargects should presumably explain this
C.HpONy +NO + 05 —» N, + CO, + H,0 f.  wbehayiors rst case, NO could adsorb and de-

compfosb > ni vacaat sites, which were oc-

N

For Pt/Al,03 catalyst, although r@r}, were two ;Ok)LT species. In the
different mechanisms, most researchers "”7—"—'—:—""""'”* was generated by the
the selective catalytic reduction of NO by propene oc- mcﬁon ! ogen dioxide and (C;H;Ox)Lr
curred only on Pt sites for both mechanisms [56-58]. . i , the mechanism for the selective cat-
From the results described in Section 3.2} the obser— alync reduction of NO propene under oxygen
vation of three types of surface species mdlgﬂ €XCess 0 A1203 was proposed as shown in Fig. 13.

complication in formation of -
surface species played an in E 1ff EJ urj w EJ f] f j
role on the overall reaction anism. However, onclusions

the weak adsorption of surface ‘species resulted in

the formation and re face, sp acespecies'on Co-ZSM-5
not the controlling st »}aﬁwﬁg mm cata %}‘E F)g%l I:IE? impor-
postulated that there were ‘at leas e reaction hani thway for the
the overall reaction mechanism depending on the re- selective catalytic reduction of NO by propene under
action temperature range. At low temperature range lean-burn condition. The strong adsorption of sur-

(150-300°C), the NO reduction mechanism was face species on Co-ZSM-5 shows that these surface
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species become the intermediate species and their for- [18] A.V. Kucherov, A.A. Slinkin, S.S. Goryashenko, K.I. 770
mation and removal directly relate to the controlling Slovetskaya, J. Catal. 118 (1989) 459. 77
step in the reaction mechanism. On the other hand, (19] Y. Li, WK. Hall, J. Phys. Chem. 94 (1990) 6145. e
;. 5 [20] R. Burch, PJ. Millington, A.P. Walker, Appl. Catal. B 4 773
the weak adsorption of surface species on Pt/Al;03 (1994) 65 774
indicates the complication of the reaction mechanism [21] S. Eckhoff, D. Hesse, J.A.A. van den Tillaart, J. Leyrer, ES. 775
pathway. The reaction should possibly via several co- Lox, Stud. Surf. Sci. Catal. 116 (1997) 223. 776
operative mechanisms at the same reaction condition. [22] Y. Torikai, H. Yahiro, N. Mizuno, M. Iwamoto, Catal. Lett. 777
Hence, it is difficult to control the required reaction 9 (1991) 91. o 718
. . [23] M. Sasaki, H. Hamada, Y. Kintaichi, T. Ito, Catal. Lett. 15 779
mechanism over this catalyst. These are dependent (1992) 297 780
on various parameters, e.g. the reaction temperature, [24] G.P. Ansell, AF. Diwell, S.E. Golunski, J.W. Hayes, RR. 781
type of reductant, the reactant concentration, etc. ? TJ Truex, A.P. Walker, Appl. Catal. B 2 (1993) 81. 782
[z’s]g XN. Montreuil, H.W. Jen, Catal. Lett. 26 (1994) 783
784
g , E.S. Lox, K. Ostgathe, Stud. Surf. 785
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COMPARATIVE STUDY OF COKE DEPOSITION ON
CATALYSTS IN REACTIONS WITH AND WITHOUT
OXYGEN

P. PRASERTHDAM, C. CHAISUK aad\P\ NAWANICHKUN
Petrachemical Research Laboratory, D@M th‘he ring, Chidalongkorn University,
Bangkok 10330, Thailand e —

Reccived | December 1997; ac J

ber 1997

Abstract--Two lypes of catal
catalyst activity and amount of
interest were the hydrocarbon
were used as the hydrocarbon so

nt catalysts. - The reactions of particular
ith and wﬂhmm Propane and propene

i ingﬁ:n cach reaction, but the
composition of gases were fixe 00 pp: ppm and O, = 2.5%, using He
balance. It was found that both / AR ; ZSM-5, propene provided
higher conversion and coke deposili Propanc i or the absence of O, and/or NO,

ally, propene had a higher percent
oxygcn but propane had a higher

oen. For Cu/Na-ZSM-S,
d a significant change

hydrocarbon conversion than the rcactlorrd_fmpanc
selectivity of coke formation for the rcacum}m the
percent selectivity of coke formation fof the Teaction with 1

é ercent conversion of both propane and propene

in the system with absence
jeclwuy of propane decre: reas lﬁ of in propene increased.
i | T— |

in % coke selectivity. With
deereased and that the % coke
‘a LY
wrropten @Y INBNIINEINT
Coke deposition lgjan important deact%atlon mode in the hydrocarbon conversion

o e T e e T

in oxxdxzm% atmospheres, coke deposition can also take place on the catalyst surface.

Therefore, in the present work, it is set up to compare the amount of coke formed on
PYALO, and Cu/Na-ZSM-5 catalysts for reactions with the absence and presence of
oxygen. The catalytic activity and the amount of coke on the spent PVAL,O; and
Cu/Na-ZSM-5 catalysts were investigated for reactions with oxygen, ie.
hydrocarbon combustion and reduction of NOy, and without oxygen, i.e.
dehydrogenation or aromatization and reduction of NOy. Propane and propene were
used as the hydrocarbon sources for all four reactions.
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EXPERIMENTAL

Pt/AL,0, (0.3 wt.% Pt) catalyst in this study was prepared by a dry impregnation
method using H,PtCl as the salt precursor. The parent Na-ZSM-5 zeolite with Si/Al
ratio of 50 was hydrothermally synthesized from gel and decant solution in an
autoclave. The structure of ZSM-5 was confirmed by X-ray diffraction (XRD).
Cu/Na-ZSM-S5 zeolite was prepared by ngmg Cu®" into Na-ZSM-5 sample in

the aqueous solution. The catalynq: ere carried out at atmospheric
pressure in a fixed bed reactors A 0 was packed in a quartz tube
reactor. In the case of Cufw_ﬁ before n, the catalyst was heated

under He flow from mo:We 0% OOomd held for 1 hr. before
being cooled down. In t S _ AI2 5y the s reduced to 500°C for
I hr using hydrogen as . '--.Wh:ﬂﬁz{cdqin of mixed gas feed

o, 2, 5% vol. oxygen and He was

introduced to the react . The temperatures of the
reaction with and withou and 350°C (i lth case of PV/AI,0,)
or 500 °C (in the ca ly. The outlet gases were

analyzed by SHIMADZ hvwith MS-5A column for
nitrogen, oxygen and carbon Mogoxide and withS U GC-8AIT porapak QS
TOf deposited on the catalysts
was characterized by temper mmeds (TPO). Before starting the
TPO, 0.5 g of the spent catalyst’évms h 130°C at 10°C/min. under He
atmosphere and held for 3 hr. Fhe heat tggm%moved any air and water that
was adsorbed on the cablyst Then the pretreated M ated from 50°C to
700°C with a heating T4 i stream of 1% O, in
helium gas. The carbon-dioxide formed d y SHIMADZU GC-8AIT
gas chromatograph usuﬂ thermal conductivity detector w parapak QS column.
The percentage of carbon in coke can be calcylated from TPO curves. CO, area is
divided by a i ma ngvmj)ﬂdj wﬂtﬁm g loop (1 cc.).
The rate of Cﬂ e curve of CO,

formation rate veﬂus time gives the value of total CO formatxon Fmau‘, this value

o < AW TR TTNY TR

RESULTS AND DISCUSSION

For the Case of Pt/Al, 0,

The experimental results were shown in Table 1, Figure [ and Figure 2. In all four
reactions, it was observed that the reactions with propene as a reactant gave a larger
percent of hydrocarbon conversion in the initial interval of time on stream and also
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Table 1
Hydrocarbon conversion, amount of coke and coke selectivity of 0.3% Pt/Al,O;.
Reaction Reactant  Temperature % HC conversion % Carbon % Selectivity
°0) (at 5 min.) in coke of coke
formation
HC Propane 350 59.36 0.17 022
Propene 350 98.88 0.32 0.27
HC+NO Propane 350 ’{ 0.13 0.19
Propene 350 / 0.16 0.34
HC+0, Propane 7 ] 113
Propcnc IO 00 0. 029
HC+NO+0, Propane / \ 1.07
Propene 170" 0.54

100 15

% HC conversion
o8 888

} ; — + e o] Nl | e .3
0 20 40 60 80 100._‘&3%_ 020 4« 6 8 10 120
3
!

= -" A "

| Time onsg:am (min)  ~ ety Vi -‘e oytrem (min)
i a 100 ; N - T‘{
| % w0} e | o~ @
] -

X J : y
y < 40 -+ ° 40

&)
l o201 L B @
R a7~ sre 103 [ ] ;
i 0 2 801 l : 8 100 120
l Tﬂ on stream (min) Time on stream (nun)

e A AN VLU U FF ARG e

Ilc balancd] Temperature = 350°C. (b) Feed: 3000 ppm HC + 1000 ppm NO + He balance,
Temperature = 350°C. (<) Feed: 3000 ppm HC + 2.5 vol.% O, + He balance, Temperature = 170°C.
{d) Feed: 3000 ppm HC + 1000 ppm NO + 2.5 vol.% O, + He balance, Temperature = 170°C.: (¢)
Propane, (@) Propenc.

had a larger amount of coke than the reactions with propane as a reactant. However,
in the dehydrogenation reaction and NOy reduction under the absence of oxygen
condition, the propene conversion dropped more rapidly than the propane
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Combustion, Temperature = 170°C. (d

) I}ﬂfuc!w MO\ under absence of oxygen condition,

Y e £ P
_LTR A )
conversion. Finally the reaction of propefle gave efcent of hydrocarbon
conversion than the réaStion-of propane-—it-meant-that-prop efi€is more active than

propane [6]. Since propene reacted more, re opportunity to convert to
coke precursor. Additiq’ﬂilly, it was clarified that the prod@t of propene from the
reaction -with the absence oj oxygen, propadie%wh ich is converted irreversibly to

ethylidyne ]cad?f ﬂ it A m n propene [6].
Thus the catalysts|in| cti Mi ﬁaﬁﬁm recrapidly covered
by carbonaceouﬂheposits. The TP% profiles of 0.3% Pt/Al,0; catalysts are

indicated, in.Figute ch-sample.st § 2 pt the
condition’] This TPQ profiles showed a TPO peak at a temperature of around 325°C
for the reaction with propane as a reactant and two peaks at the temperature around
325°C and 425°C for that with propene as a reactant. Barbier er al. [3] suggested
that the first peak is the coke on metal and the second peak is the coke on the
support. In this paper, we define the selectivity of coke formation as the ratio of
carbon atom in coke to carbon atom of feed hydrocarbon converted. It was found
that propene had a higher percent of selectivity of coke formation for the reaction
with the absence of oxygen, but propane had a higher percent of selectivity of coke
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formation for the reaction with the presence of oxygen. Under the presence of
oxygen, it suggested that coke is formed in parallel with carbon dioxide formation.
Propene or coke precursor is more effectively reacted with oxygen to carbon dioxide
[9]. Additionally, for the reaction with the presence of oxygen using propane as a
reactant, it was observed that the reaction with the absence of NO gave a higher
percent of selectivity of coke formation than the reaction with the presence of NO.

On the other hand, in the case of propene, eactant with the presence of NO gave
higher percent selectivity of coke formah ests that propane or propene is
first reacted with adsorbed oxygen to be con intermediates [10,11]. In the
case of propane [10,11], thcs%dlale ar &Iy reacted with NO which
result in, when NO was a;iw, propane pioducing less selectively of coke
formation. However, in of propene [12];

intermediates but it pr
dissociation of NO hin
intermediates prefer pr

.‘ : . ardly reacted with the
issociate. into. dinit . Thus, since the

of carbon dioxide formation, the

presence of NO reaction. 2
. b (i)
.
-l -" - \
For the Case of Cuw/Na-ZSM: e ‘
W Fa
T'he e;\penmental |esults unmfjﬁzedz-- 3." It was found that the

me. This is particularly obvious
for the reaction with the presence of ‘O@en and absence of NO, as shown in Figure
3(b). Propane conversion was omly-10 % ,whereas propene conyersion is about 100
%. Figure 3(c), (d (r@t‘cnon of NO, Wlth and_\suthnﬁ%ﬁbited the effect of

.vvas found that the efsion decreased when
NO was added, howcve p‘l ¢ % of propene vwas Sfill higher than that of
propane. [t means that propene is more active than propane{6]. The temperature
program oxidation (TPO) résults were shown do Figure 4. It was found that the

amount of coke nﬁﬁu%ﬁﬁfﬁﬁﬂi}ﬂtﬂh@pmpam over
Cu/Na-ZSM-5 z ; estilts'it le 2'can suggest that in aromatization, the
percentage of propene conversion was geeater than thatof propane; howgyer, on the
propese S Dk LRI oo LN ot
propene was gg ke'while ed-product
less than coke. In the system with absence and presence of oxygen it was found that
the addition of oxygen caused a significant change in % of coke selectivity [13-15].

With the presence of NO,, it was found that the percent conversion of both propane
and propenc decrease and that the % of coke selectivity of propane decreased
whereas that of in propene increased. From this result in the case of propene, we can
propose that NO, was adsorbed on the surface of the catalyst to form an intermediate

which is strongly adsorbed and, hence, the desorption rate is slow [16-21]. As a
result, the intermediate can not selectively form the product but can be further
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100 100

%HC CONVERSION

0 1 }

0 50 100 15 (
TIME (min)m—

S0 100 150
. TIME (min)

@

50 150

TIME (min) Ll 4 7 TIME (min)

po

Figure 3. Relationship between % HC conversion time ovi :
3000 ppm HC + He balance. 00°( VHC + 2.5 vol.% 0, + He
balance, Temperature = 170°C. ced: 3000 pp + He balance, Temperature
= 500°C. (d) Feed: 3000 ppm HC + 100¢
170°C: (A) G;H,, (W) C,H,

cm,m‘,kﬂuﬂ 1 VIEJWTWEJ'Wﬂ'i
—ch’ AINIUNAINYIAY

Both in the case of Pt/y Al,0; and in the case of Cu/Na-ZSM-5, propene provided
both higher conversion and coke deposition than propane in the presence or the
absence of O, and/or NO. For Pt/y AlLO, catalyst, in the case of the absence of
Oxygen reactions, the propene conversion dropped more rapidly than the propane
conversion. Finally, the reaction of propene gave a lower percentage of hydrocarbon
conversion than the reaction of propane. Additionally, propene had a higher
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15000

10000 +

5000

CO; area
(arbitary unit)

0 -
0

15000

10000 -

CO; area

(arbitary unit)

5000 -

) HC at 500 °C, (b) HC+O, a( 170
(W) C,Hq; In the case of propene

Figure 4. TPO curve of 1.58% Cu/Na-.

°C, () HC+NO at 500 °C, (d) HC+NO+O, at.

(b.d), amount of coked catalysbfi)r TPO isTive uﬂtes'thﬂ: (
\

Table 2

Percentage HC conversionmj selcctivity of coke over .SB%CuKNa-gM-S

Reaction Reactant mperature % HC co swn % Carbon % Sclectivity

BT T e =
nc+o,q WW ﬁ‘&,ﬁﬁﬂfﬂ‘ﬁ’] 67] Elflﬁﬂ

propenc 170 2.03 0.86
HC+NO, propane 500 26 0.25 045
propene 500 38 0.67 1.51
HC+NO +0, propanc 170 15 0.10 0.39

propene 170 38 1.82 2.80
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percentage of selectivity of coke formation for the reaction with the absence of
oxygen but propane had higher percent selectivity of coke formation for the reaction
with the presence of oxygen. For Cu/Na-ZSM-5, in the system with absence and
presence of oxygen, the addition of oxygen caused a significant change in the % of
coke selectivity. With the presence of NO,, the percent conversion of both propane
and propene decreased and that of the % coke selectivity of propane decreased,

whereas that in propene increased. \‘ ’ /
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ROLE OF NO ON PROPENE AND NO CONVERSION OVER Pt/Al;O; CATALYST
UNDER LEAN-BURN CONDITION AT LOW TEMPERATURE
Piyasan Praserthdam and Choowong Chaisuk™
Petrochemical Research Laboratory, Department of Chemical Engineering,
Chulalongkorn University, Bangkok 10330 Thailand
Phone: 662-218-6766: fax: 662-218-6769; E-mail, fengpps@chulkn.car.chula.ac. th.

Summary: The catalytic activity and the ar Wj& on the spent Pt/Al,O;x catalysts were
investivated for the C:H,/O; reacuor@l\!b:.\(txa i ‘/ﬁesence of NO at 150 °C, The
addition NO with the concentrawz pRm oxﬁ, decrease percent propene

conver sion and the amount of w cctibi GKN'\‘O" becomes higher.

Introduction

For the reaction without=-NO<{with? ontaining 300 ;__, :H¢, 2.5%0; and He

‘0 0 gpropene werc converted

to CO- at S mins and 2 hrs, respecnvely When 212 ppm or 520 ppm NO was added, percent
propene conversion i zﬁ{ 6% 2.4% of propene
were onverted to Cﬁﬂdﬂ ﬁﬂlﬁd ewasﬁfiipm. a percent of
propene conversion was 24 2% and 1% at Semins and 2 hrserespectively. Additionally, 10%
T
respectively. After the reaction, the coked catalyst was analyzed by temperature programmed
oxidation technique (TPQ) performed by burning it in 1 vol.% O: in He. It was found that the
amount of carbon in coked catalysts were as follows: 0.48% (no NO), 0.27% (212 ppm NO)

and 0.34% (520 ppm NO). The TPO profile of the spent catalyst from the reaction without NO
showed two TPO peaks at the temperature around 225°C and 425°C. Similarly, the TPO

12-1 LL
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Role of NO on Propene and NO Conversion Over PY/Al, O, Catalyst Under
Lean-Burn Condition at Low Temperature
profiles of the coked catalyst from the reaction with NO (both 212 ppm NO and 500 ppm NO)

demonstrated 1wo peaks, but the first peak was shifted to a higher temperature (325 °C).
Barbier et al [3] suggested that the first peak is the coke on metal and the second peak is the
coke vn the support. Additionally, it was found that propene conversion decreased with the
increase of the amount of coke but NO conversion to N, was nearly constant. It was possible

that propene reacts with O, on the sites on which coke was formed. In this paper, we define

the selectivity of coke formation as the ratio s in coke to carbon atoms of feed

'\‘._“ ‘

hydrocarbon converted. It was found thg m i ad higher percent selectivity
of coke formation than the reaction With (0‘.56% : m NO, 1.70% for 520 ppm
NO and 0.26% for no NO). Fro 8 ‘

and O. to adsorb on metal acti

uld compete with C:H,
e of percent propene

conveision and the amount of ¢ i srbed. O3 to, NO, [2] leading to the

the ad~orbed O, which preven i of ca ' posits [4] decrease, the peak

of the coke on metal shifted t

3

It was concluded that

Conclusions

ﬁ tion betw  €arried out on the sites

rely on coke formation and that.the reaction between propene and N@, proceed on the sites

do not relate to coke formation. &

T RURINENINYINg
e R TR T N TR Y

3. Barbies J., Catalyst Deactivation (1987) 1-18.

. J.O Petunchi and W.K. Hall, Appl. Catal. B 3 (1993), 239-257.

. C.) Bennett, P.S. Bennett, S.E. Golunski, J.W. Hayes and A.P. walker, Appl. Catal. A 86
(1992) L1-L6.
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THE EFFECT OF NO ON COKE FORMATION OVER Pt CATALYST IN NO
; REDUCTION BY PROPENE UNDER LEAN-BURN CONDITION. - :

& Piyasan Pra.serthdam and Choowong Chaisuk™
Petrochemical Research Laboratory, Department of Chemical Engmeenng, -
' Chulalongkorn University, Bangkok 10330 Thailand. - .
fax(662) 2186769,e-mail: fengpps@chulkn car.chula.ac.th.

ABSTRACT

investigated for the C3H¢/O, reaction esence of NO at 170 °C. The
addition of NO with the concentrati percent propene conversion
and the amount of coke, buf"ll!o—selzcth o! rmation became higher.

Additionally, the peak of the w&d Keon and uppng;ooza higher temperature in
even of the presence of NO 1C groups was the main

species detected after the reacti th w,f? Me the intermediates.

The catalytic activity and the amo j the spent Pt/Al,O3 catalysts were
1300 PP

oﬁve‘s‘sourccs has serious
veb‘gen developed for NO

« under net-oxidizing
on stationary sources. The
trolling exhaust emissions

The emission of
environmental implications a
control. Ammonia has-us
conditions but this technology
three-way automotive catalyst has
from conventional petrol" engin :
However, this catalyst is no longer efféctw&for
such as the exhaust from diesel and lean-burn-
these conditions alternative catalytic systems must
metal oxide [3], and nobledmetals {4] have been rep
selective reduction of nitrog € presence of excess
oxygen. The platinum gre ported oXide are among the most
important catalysts. Although the suppd ed plati catalyst ‘k%bes not have as high
activity as Cu-ZSM-35 catalyst at high temperature Cu-ZSM-5 catalyst has poorer thermal
and hydrothermal stability. I fhassbeen emphasizedithat the activities of the Pt. catalysts
were little dlmmlﬁﬂﬁ @m MSﬂﬂqrﬂ om the recent
literature [7-12], t ani f NO reduction by
hydrocarbon under XCEss oxygen condm n over Pt/A203 catalyst. - In general, many
mechanis

control in oxygen-rich exhaust gases
mes To reduce NOx under

ed. Va ious zeolites [1,2],
ytic activity for the

nitrogen is
.*" 2. The hydrocarbon- may react thh oxygen to partlally OdelZCd hydrocarbon
which then reacts with NO (or NQy) toform nitrogen (8].
3. The hydrocarbon may react with NO; [4] formed by NO ox1danon to
intermediates such as isocyanate [9] and organic nitro compound [10] leading to the
formation of nitrogen.

146

se 10 stoichiometric conditions. .

opose Qence of oxygen, for example:
m s f C 1 . écﬂﬁ while
; thro deco o
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4. The hydrocarbon may-be converted to an active carbonaceous material [11] and
then it is rely on the formation of nitrogen, while oxygen may prevent the deposmon of
carbonaceous deposits which would cover the active sites [12].- vr Y

--In general, most researches have emphasized:only. on coke formation. in reducing
atmosphere e.g..dehydrogenation [13], cracking-[14], reforming [15] etc. Nevertheless
under these net-oxidizing condition it appears that coke deposition can take place on
catalyst surface. The investigation of coke formation for NO reduction by hydrocarbons
may illustrate some aspects that may be useful for the prediction of reaction of reaction
mechanism. Therefore, in the present work, coke formation on PY/Al,Os catalyst for
propene combustion (without NO) and NO reduction by propene under lean-burn
condition (with NO) were studied.

The 0.3 % Pt/A1203 ca;%r“seéfystm [hl study wa;m%a‘red by dry 1mpregnatxon
method using hexchloroplatinic'aci e alt ecursor Tbe s mple was calcined at 500
°C for 3 hr. in air. Catalyti

microreactor. (i.d. 6 mm). The sa
to the reactor, the catalyst w
cooled down from 500°C to g
combustion and NO reducti Jene
the pressure close to the atm c/presstire, ) Al
volumetric flow rate of 60 cm’ : velocity (GHSV) of 4000 hr.
The feed gas consists of propene (3000 ppm}* and oxygen .5 %vol) with He balance for
propenc combustion. NO (1000/pp ) was adde k‘feed tream for selective catalytic

EXCeS en. The time on stream of
! J oducts - were analyzed using a
ith molecular sieve SA for the

c atograph equipped
gashzem graph equipps

tion of CO;, Nzo and
programmed oxidation technique (T PO) performed y i in 1 vol% oxygen in
helium. Before starting the l{?o 0.3 g of spent catalyst was pre ated at 120°C for, 3 hr
under helium atmosphere. Duri ng testing the TPO, the temperature was raxsed from 50 °C

to 700 °C and the ef} ent strea g valve every 5
minutes. Carbon E ?:1 n ctxvny detector
(TCD) gas chromat ) wit orapak column. The

percentage of carbon in coke can be calculated from TPO curves. CO, area ig divided by a

internal tim g of CO,

tommaion T s WA s G ﬁ%ﬁﬁ Qg lue
*converted to miilligram carbon or percentage of carbon by using a calibration curve.

Infrared spectra of the adsorbed species on the spent catalysts from both reactions

were recorded on an FT-IR spectrometer (The Micolet model Impact 400) equipped with a

" deuterated triglycine sulfate (DTGS) detector About 50 mg of the spent catalyst was set

in -the IR -cell. The resolution of 4 em™” with 500 scans was employed for every
experiment.

as eld between plugs of quartz wool. Prior
a Floyv of H at 500 °C for 1 hr. Then it was
iperaturé, 170 .°C. Both reactions, propene

d gas mixture was fed at the

both reactions was varied at 1, adt'f 4%t

SHIMADZU GC-8ATP gas chromatoglgﬁﬁ equipp
separation of O,, N and CO anda SHIMADZU (
with Porapak QS for the s
., .-The. coke catalysts

d by texhperature ‘
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RESULTS AND DISCUSSIONS

The effect of time on stream on the C3Hg + Oz and C3Hg + 02 + NO reactions over
0.3 %Pt/Al,O;3 at 170 °C is shown in Figure 1. It was observed that the reaction without
NO gave significantly higher percent hydrocarbon conversxon than the reactlon with NO

100
80
60 +
40
20

%C3Hs conversion

FIGURE 1 Relationshipbe g'conversi 1 eam on Pt/AL,Os.
Given: (A) The reaction’without NO s+C ,

ized by temperature -
programmed oxidation techniq (T . )’ en percer carbon in catalyst was
calculated as shown in Table I. It + O, reaction 'provided

higher amount of coke than the C i reactio the same time on stream).
Additionally, the amount of coke mcreamth i A stream in both react:ons In this
paper, we define the selectivity of coke: fot ; € tatio of carbon atom in coke to
carbon atom of hydrocarboﬂfeed converted From Table L, it pund that the reaction
with NO had higher percs fivity-of coke-formation-thaa-the“reaction without NO.’
For the C3Hg + O, reactio ' ity of 1on-decreased with time
on stream. When NO was add seleﬂvnty of coke formation

ﬂumwmwmm

H drocarbon conversnon, amount of coke axﬂ selectlvx oﬁmke formanon oWAlzog

Reacu Ti s _ o, '7- Cl ity of
) ' v ' ' .| lcoke formation
' — i 7408 045 | 031
CiHe+02 2 70.34 | o067 023
' ' 4 59.76 098 | . 019
1 10.97 0.28 0.80 .
' C3Hg+0,+NO 2 38 | 041 1.27
: 4 0.51 0.47 1.08
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The TPO proﬁles of 0.3 %PVAL,O5 catalysts:are indicated in Fxgure 2.-.The spent
catalyst.from' the reactiori without NO showed a shoulder at 250 °C and a-TPO peak
around 425.°C, while the TPO profiles of spent:catalysts from the reaction with NO
~ demonstrated two TPO peak at the temperature around 325 °C and 450 °C. ‘Barbier et al.
{16] suggested that the first peak is the coke on metal and the second peak is the coke on
the support.’ It was noticed that the reaction without NO provided higher amount of coke
~on support than the reaction with NO but coke on support for C3Hs + O, reaction was
burnt harder than coke on support for C3Hg + Oz + NO reaction. It was also found that the
peak of the coke on metal shifted to a higher temperature in even of the presence of NO;
‘besides, for C3Hg + O + NO rqactxon the amount of coke on metal is higher than tbc

amount of coke on support.
3 \\\ I/

. 400 600

: Temperature (°C)
FIGURE 2 (a) TPO profiles ojieoked gatalyst fromt ithout NO (C;Hgt0).
T .Given: (l) Time oniStrea  Tir

Figure 3 shows IR spectra oﬁ@t‘:é Mr C;Hg + Oy and GiHg + Oy +
NO reactions at 170 °C. | serv d at 1460, 1570 and
1630 cm1 for both reactipas:—Besides; it-was-noliced-that-two-board! peaks also appeared.

(4

2200 2100 2000 190 1800 {700 \“' lm 1400 l”" 120 1160
Vacenusders ca- )

FIGURE 3 IR spectra of the surface species, (2) Spent catalyst C3H6+02 reaction,
(b) Spent catalyst C3Hg+Oz+ NO reaction, (c) Fresh catalyst.
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For .all the catalyst, both fresh:and spent catalysts, the band .at 1630 cm’
disappeared after pretreatment under vacuum at 150 °C. It believed that this band can be
assigned to OH deformation (adsorbed water on catalyst surface) [17]. Two bands at 1460
and 1570 cm™ can be assigned to carbonaceous deposits because these bands appeared on
spent’ catalyst - from- the' reactions with the prescnce of NO and the absence of NO.
Normally, the band in the region of 1500-1600 cm are very specific to stretching mode of
aromatic systems [18]. The m-phase blending vibration of the carbon-hydrogen bands of
‘methyl or methylene groups oceur in the regions of 1340-1470 cm™ [18]. Thus, two bands
at 1460 and 1570 cm™ can be assigned to methyl or methylene groups and aromatic nng,
respectively. - As report prevrously, it-was speculated that two bands at 1350 and 1410 e’
can be assigned to organic NO; groups (stretching mode) [10].

From literature, on account of the ft )l 1,03 is not active to hydrocarbon

combustion at this temperature [19], pro ct with oxygen on the metal sites.
Furthermore, NO oxidation also tﬁe place on the. [20]. Therefore, it is possible

that both NO and propene may: o adsorb ith oxygen on metal active
sites. R.Burch et al. {20] fw con rsrorrto‘NG?ans independent of contact
time for NO oxidation over atdlyst They belr??&"!lﬁconvcrsron of NO to NO;

was faster than the other reactiofis, /G hydr carbon €0 ion, NO conversion to N2
etc., occurrmg on the Pt/ 2 /) lhe results above, it was suggested that
oxygen would prcferably « xng to the decreasc ‘of percent propene
conversion. Since propenc from - 0, reachen was more rea'“ted than that from C;Hg

v ppgnm‘pes 0 'be convencd to coke precursor. -
Because the, catalysts in the rapidly c"Ovcred by carbonaceous
deposits, they gave higher amious n the ¢ talysts \in \‘ the C3Hg + O + NO
reaction. From the prevxou 21 5, it _vgas coa? ded that the higher production rate of
coke precursor appeared in the gas p’ro net, \ﬁd{er okq deposited on the catalyst
surfaces is. On the other hand, if/the deacfivat found significantly, product of coke .
precursor would be found in am unr,o_ﬂtace _’@%«co istent with the results above
which it was found that the C3Hg + Gy +NO had higher percent selectivity of -
coke formation than that of C3Hs + szr&etlon WO results of both reactions, it is
speculated that shifting anj decrcasmg of coke on support amng‘addxtlon NO may have.
three reasons as followsy = . —_— J i :
1. NO, spill och[tO] will supprm the drai;
2. The coke on support will be bumnt by OXygen |
3. The active carboraceous material on support wxll reacumh the other species

\\[11].

R It is exp e other reasons. -
Because the cok §; ﬁﬁﬁ% portumtres to be
burnt or reacted hard the other hand, the peak of coke on metal shifted to a
higher temperature smcc the adsorbed Oyswhich prevents-the deposition ofi carbonaceous .
i oy B GO NEL 1 oDt o8 FhLatio} Got sppor,
with ox g, m ed fro tive gites/to support.
Indeed, it hindered the drain off effect and related to the formation of intermediates to
nitrogen production which it will correspond to the formation of organic nitro species.

4
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Spey g N e gy CONCLUSION NS BRI S SR
: It was concludcd that e addition NO #ffect to' coke formation'as follow
e 1. NO would complete. with. CsHg 13+adsorb’ and teact rapidly with O, on metal
"active sites leading to the decrease of present propene conversion and the amount of coke.
2.¢NO would suppress C3;Hg" combustlon leadmg to’ the mcrease 'of present
-selectivity of coke formation. - .i. : £ s
' 3. NO would difficultly lead to bum coke on metal and support
4. NO would correspond to the formation:of organic nitro-species:’
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COMPARATIVE STUDY OF COKE DEPOSITION ON Pt CATALYSTS
IN REACTIONS WITH AND WITHOUT OXYGEN.
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Chulalongkorn University, Bangkok 10330 Thailand.
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Coke deposition is an important deactivation i hydrocarbon conversion
process. In general, most researche SVc e phfﬁ&! on coke formation in
reducing atmosphere e.g. dehydr ; cracking, reforming etc. Nevertheless, in
oxidizing atmospl\cre coke deposiiion take [place bn%rface Therefore, in
the present work, it is set up to compa i coke form Pt/Al,03 catalysts for
reactions with the absence and prese 'é;flt'alytnc activi d the amount of

coke on the spent PYALO; cata esti ted for reactions with oxygen, le
hydrocarbon combustion and ree , and;

and reduction of NOx. Propane and
four reactions. Pt/Al,O3 (0.3 wt.$

ied out in a 0.6 L.D. quartz

microreactor where a 0.5 g of t was heated from room

temperature to S00°C at the heating rafe of 5.0 min.- was reduced at 500°C
for 1 hr using hydrogen as the reduCtant gas. The reactop was d down from 500°C to
reaction temperature as 350°C and 170°€ for- ff' ase of the | and absence of oxygen

reaction, respectively. All four reaction' wwere performed at the pressure close to the
atmospheric pressure. A feed gas mixture wasfed at the volua netric flow rate of 50 cm 3/min
or with gas hourly space velocity (GHS\F)‘&M hx" ts hydrocarbon (propane or propene)
composition was fixed at 3000fﬂpm The time on stream was fixed at 2 hr,/The coked catalyst
from each reaction was a@ yzed by temperature pro; oram  0X1datic i technique (TPO)
performed by burning it in 1 vel.% oxygen in hehum 1 v raised to 700°C
at the heating rate of 5°C /min. zten temperature was 50 e effluent { stream was sampled
every 5 minutes by an on-line g pling valve. Carbon dioxide prod was measured by
a thermal conductwuy detector (?C ) gas chromatog y (GC 8AIT, Shimadzu) with

Parapak-QS column.
The experimen H &\} a &J]f ?F%&F] @ In all four
reactions, it was obse e reactions propene ctant ore percent

hydrocarbon convcrsnon in the initial interval of time on stream d also had more amount of

coke than the ction
S R S e
the n. Finally

dropped more 1dly than propane Conversio the reaction o propcnc gave

percent hydrocarbon conversion than the reaction of propane. It meant that propene is more
active than propane (6). Since propene was more reacted, there is more opportunity to be
converted to coke precursor. Additionally, it was clarified that the product of propene form
the reaction with the absence of oxygen, propadiene which is converted irreversibly to
ethylidyne leading to coke deposition (7,8), was more reactive than propene (6). Thus the
catalysts in the reaction using propene as a reactant were rapidly covered by carbonaceous
deposits. The TPO profiles of 0.3% Pt/Al,O3 catalysts are indicated in Figure 2. Each sample
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showed a TPO peak around 425° C except the TPO profile of spent catalyst from reduction of
- NOx in the presence of oxygen condition. This TPO profiles showed a TPO peak at the
temperature around 325°C for the reaction with propane as a reactant and two peaks at the
temperature around 325 °C and 425 °C for that with propene as a reactant. Barbier et al. 3)
suggested that the first peak is the coke on metal and the second peak is the coke on the
support. In this paper, we define the selectivity of coke formation as the ratio of carbon atorn
in coke to carbon atom of feed hydrocarbon convested. Jt was found that propene had higher
percent selectivity of coke formation for the r w ' bsence of oxygen but propane
had higher percent selectivity of coke forniation for : ith the presence of oxygen.
Under the presence of oxygen, it sugges t coke is allel with carbon dioxide
formation. Propene or coke precursor i§ mere effawel with oxygen to carbon
dioxide (9). Additionally, for the reac the, preser oxygen using propane as
reactant, it was observed that ] ab gave higher percent
selectivity of coke formation tha [ 0 On the other hand,
for the case of propene, the reactant : igher percent selectivity

| i t reacted adsorbed oxygen
to be converted to intermediates (10,4d). ‘Case e (10,11), these intermediates
are preferably reacted with NO ] ed in, feed, propane less
selectively produce coke. How is hardly reacted with

Reaction | Reactant 'I‘elxipﬁ ectivity of
- o formation
HC Propane :
Propene 350 98.88 0.3236 0.269
HC+NO | Propan 50,1 A 1 ,:b:' ‘
Propen S J 5! w 0 7 ’1
HC+0O, | Propaned] 170 1171 | 01319 1.131
Propene [ 170 10000 | 04795 | 0294 v
o R TSI T G W1skd JVEEH E
Propene 7 A2 0.328 0.5
1
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Figure 1 : Relationship betweer
ppm HC + He balance, Temperaturg'=
He balance, Temperature = 350 °€
Temperature = 170 °C (d) Feed :
balance, Temperature = 170 °C : (

+ 1000 ppm NO +
.% O, + He balance,
2.5 vol.% O, + He

5000 - - SR — f-go e l
« 4000 4 (®)
» F
& 3000 .
| & A
=) 2000 - !
t © 1000 i 1
0 e . :
0 100 200 300 400 S06- 700 0 100 200 300 400 500 600 700
Temperature (C) ¢ = o/ Temperature (C)
F “ i‘ F . I . i B i r a2 '
g - ' i I §(d)
[
L
o~
o ¥
? ke d
0 100 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature (C). Temperature (C)

j

Figure 2 : TPO profiles of coked catalyst from reaction (a) Dehydrogenation, Temperature =
350 °C (b) Reduction of NO, under absence of oxygen condition, Temperature = 350 °C
(¢) Combustion, Temperature = 170 °C (d) Reduction of NO, under absence of oxygen
condition, Temperature = 170 °C : (A) Propane , (®) Propene
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