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Abstract—Adsorption behavior of NO and CO as well as their reaction was investigated on cobalt supported zeolite
beta (Co/BEA) prepared by solid-gtate ion exchange (SSIE) and by impregnation (IMP). By temperature programmed
desorption (TPD), two NO desorption peaks a 100 and 260 °C were observed over both SSIE and IMP cataysts with
complete desorption after 450 °C. CO desorbed from SSIE catalyst between 50 and 200 °C. In the same temperature
interval negligible CO, desorption was observed, most likely due to reaction of CO with trace of cobalt oxides. Over
IMP cataysts, desorption of CO, was found mainly at 500 °C. By comparing CO TPD profiles from physical mixtures
of cobat oxides and HBEA, SSIE catalysts most likely contained cobalt cations in zeolite exchange position while
IMP catalysts had cobalt in oxidic forms. The SSIE catalysts were active for NO reduction at 400 and 500 °C with a
maximum conversion at 500 °C. However, the activity in the presence of water and oxygen was low. Water might
inhibit the reaction by blocking active sites for NO and CO, while oxygen reacted with CO to form carbon dioxide.

The activity of SSIE was better than IMP catalyst.
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INTRODUCTION

Theremovd of nitrogen oxides (NO,), which mainly contain NO
and smal amount of NO,, has been one of the mgor invegigaions
globaly in environmental catalyss. There have been severd re-
search publications focusing on the sective cataytic reduction (SCR)
of NO, with various resctants such as anmonia and hydrocarbons
(HCs). AsHCs are generdly present in the emission of exhaust
greams adong with NO,, they have been used as reductantsto re-
duce NG, to nitrogen gas over various catdyss induding supported
trangtion metas such as cobdlt, copper and paladium group met-
as[Kim and Nam, 2001; Yahiro, 2001]. Tabata and coworkersre-
ported thet the activity of cobdt on zeolite beta (Co/BEA) for NO
reduction by propane in the absence of SO, was higher than when
cobdt was supported on the other zedlites [ Tabata et d., 1998]. More-
over, the activity was lower but remained able in the presence of
0..

Another possible reductant for NQ, is carbon monoxide (CO)
and the possible reactions are described in Egs. (1) and (2). There-
action which produces nitrogen and carbon dioxide procesded well
over noble metas such as P, Pd, and Rh [Konsolakis et d., 2001;
Di Monte & d., 2000; Fisanu and Gigola, 1999; Kondarides et d.,
2000].

2NO+2CO  —N,+2CO, 2
INO+4CO  —N,+4CO, ©

Although cobdt is an active catalyst for NO, reduction by HCs,
there has been, to our knowledge, no report on its activity by CO
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reductant. Thus, we invedtigated the cataytic activity of cobdt for
NO reduction by CO on Co/BEA. The invedigation is worthwhile
as bath the toxic compounds in the exhaust gas can be removed a
the sametime.

In this study cobalt was loaded on zedlite beta by solid stateion
exchange which could be accomplished effectively within a short
time under vacuum or inert gas flow [Kinger et d., 2000]. This pro-
cess has benefits over conventiond ion exchange with agueous solu-
tion of metd sdts which takes longer time because it hasto be re-
peated severd times to reach the desired metd loading. The Co/
BEA catdyds were tested for the reduction of NO by CO inaflow
reactor in the presence and absence of oxygen and water.

EXPERIMENT

1. Catalyst Preparation

Zeolite beta (BEA) in sodium form (NaBEA) was synthesized
by a method modified from literatures [Camblor and Pérez-Pari-
ente, 1991; Camblor et d., 1991]. Tetraethylammonium hydroxide
(TEAOH) was used as templae reagent to assist BEA framework
formation. Gels of dlica and auminawere mixed and cryddlized
in arotating autoclave at 135 °C for 15 hours. After the autodave
was quenched in cold water, the product was separated by centrifu-
gation, washed until pH~9, and dried & 100°C for 24 hours. The
template was removed by cdcinaion a 550°C for 6 hours. The
resulting NaBEA was characterized by powder X-ray diffraction
(XRD, Phillips PW 1710). NaBEA was then converted to HBEA
by exchange with 20% solution of NH,NO, & 80°C overnight, wash
ed severd times, cacined a 550 °C for 6 hours, and characterized
by Fourier transform infrared spectroscopy (FTIR, Bruker IFS 28
with MCT detector, 4cm™ resolution). The amount of acid Stes
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determined by thermogravimetric analyss (NETZSCH STA 409
PC) was 0.90 mmol/g.

Co/BEA was prepared by solid-gtate ion exchange to give the
meta loading of 2.6% by weight corresponding to the concentra-
tion of acid dtes The preparation involved grinding HBEA with
CoCl,-6H,0 urtil the mixture was homogeneous and hesting under
vacuum at 550°C for 12 hours. Evolution of water, hydrochloric
acid and hydrogen was recorded by a mass spectrometer (Bazers). A
pronounced evolution of HC! wias observed from 375 °C with amax-
imum at 540°C, indicating the rdlease of HCI due to the exchange
between zedlite protons and cobdt cations. After the exchange, the
cadys was washed with deionized weter for severd times to re-
move traces of chloridesand dried a 100 °C. The amount of cobalt
was confirmed by atomic absorption gpectroscopy.

In another method, Co/BEA was prepared by incipient wetness
impregnation of HBEA with an aqueous solution of CoCl,-6H,0
to give ameta loading of 2.6%. The mixture was dried a 100°C
for one hour and cacined a 500 °C for 6 hours. Throughout this
atide, the notations SSIE and IMP are used for solid-gtate ion ex-
change and impregnation, respectively. Physica mixtures of HBEA
and CoO or Co,0O, with similar cobalt loading to those of Co/BEA
from SSIE and IMP were o prepared by mixing the oxides with
HBEA and grinding a room temperature.

2. TPD Study of NO and CO

For the TPD experiments 50 mg catdyst was heated in vacuum
to 500°C with arate of 10°C/min and held for one hour. After codl-
ing down, the sample tube was filled with NO (1,000 ppm in hdium)
overnight or with CO (99.99%0) for 2 hoursto dlow saturetion. Then
the sample was evacuated for two hours to remove physicdly ad-
sorbed gpecies. The TPD process was darted by heating the sam-
ple under vacuum from room temperature to 600 °C with rate of
10°C/min. The gases evolved were detected by the mass spectrom-
ee.

NO adsorption on Co/BEA(SSIE) was dso invedtigated by in
Stu FTIR from 100 to 250°C. The gpectra of adsorbed NO were
recorded after a sf-supported sample wafer was exposed with NO
flow (1,000 ppm in helium) for 30 minutes.

3. Catalytic Testing for NO Reduction by CO

The reaction was carried out in a quartz tube, which was placed
in an oven of aflow reactor connected with temperature controller,
chemiluminescence andyzer (Horiba APNA-350E), and gas chro-
matograph (HP 6890). In eech tes, gpproximately 80 mg of catayst
was pretrested by heating in a hdium flow of 40 mi/min to 500°C
for 3 hours before cooling down. The feed composition was 850
ppm NO and 0.5v0l% CO in hdlium balance. When the resction
was carried out in the presence of oxygen and weter, their concen-
trations were 3 and 4 vol%, respectivey. All gas flows were con-
trolled by mass flow controllers (Brooks 5850E) and the totd flow
rate was 100 cme/min.

RESULTS AND DISCUSSION

1. Characterization of BEA by XRD and FTIR

The XRD patterns of NaBEA dfter cacination and of commer-
cid HBEA are shown in Fig. 1. The pesk pogtions are in agree-
ment with the pesk podition of asmulated pattern (Baerlocher and
McCusker) shown in theinsert.
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Fig. 1. XRD pattern of syntheszed NaBEA after calcination and
commercial HBEA compared with smulated pattern.
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Fig. 2. Normalized infrared spectra of OH region of HBEA and
CoBEA from SSIE and IMP after degassng in vacuum
at 300°C for three hours.

HBEA and Co/BEA catdydsfrom SSE and IMP were charac-
terized by FTIR to confirm their functiona groups and to observe
the change after ion exchange. The OH region of the IR spectra,
which are normdized to lattice vibrations are depicted in Fg. 2.
The gretching vibrations of hydroxyl groups on tetrahedrd slicon
and duminum centers were observed between 3,600 and 3,800cm™.
The weak band at 3,608 cm™ was assigned to bridging hydroxyl
groups on S-OH-All, the strong band a 3,745 cm™ to termind S-
OH groups and the band a 3,669 cm™ to Al-OH. The pesk a 3,781
cm™ was due to high frequency (VHF) hydroxyls of defective struc-
ture[Kunkeler et d., 1998].

By comparison of the spectra of Co/BEA cataysts prepared by
SSIE and IMP with that of HBEA, one can see thet the intengity of
al OH bands decreased. The decrease of peek intendity at 3,745
om™ on both SSE and IMP catdysts indicated thet cobdt ions might
replace the proton of slanol hydroxyl groups in BEA. The pesk
intensity from Co/BEA(SSE) catdys was dightly lower than thet
of Co/BEA(IMP) catdy4d indicating ahigher amount of proton was
replaced. Disappearance of the pesks a 3,781, 3,669 and 3,608 cm™
could have resulted from dealumination of BEA framework which
was aso observed when HBEA wes tregted by concentrated HCI
solution [Oumi et d., 2001]. Oumi and coworkers reported thet de-
aumination was a reversble process which did not cause sgnifi-
cant change in BEA framework as XRD patterns of parent, dedu-
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Fig. 3. TPD prdfileof NO on Co/BEA (SSIE) and Co/BEA (IMP).

minated, and redluminated BEA were Smilar. Even though dedlu-
mination was obsarved on both Co/BEA(SSIE) and Co/BEA(IMP),
the pesks a 3,669 and 3,608 cm™ were ill noticegble on IMP sug-
gesting that preparation by IMP caused less dedumination. Although
the form of cobdt in SSIE and IMP catdysts could not be digtin-
guished from FTIR reaults, the difference was observed from ad-
sorption study of carbon monoxide in section 3. By SSE prepara
tion method, cobdlt cations were expected to resde mainly in the
BEA exchange podtions wherein hydroxyl protons were replaced
and hence the infrared intengty decreased. There was no changein
the wavenumbers lower than 2,000cm™ corresponding to latice
vibrations of BEA support.
2. TPD and FTIR Measurement of NO on Co/BEA

The NO TPD prdfiles in vacuum for Co/BEA catdysts pre-
pared by SSE and IMP were shown in Fig. 3. The mgjor desorp-
tion took place between room temperature and 350 °C. The desorp-
tion profiles from both samples were somehow similar except the
amount desorbed from SSIE catadyst was higher. The firsg NO de-
sorption pesk was near 100 °C and gppeared as a shoulder on the
SSIE catdys. The second pesk near 250 °C was sronger than the
firgt pegk for both SSIE and IMP catdysts Thus, therewere at leest
two adsorption forms of NO with different strength on the catays.
Further, as NO, was not observed in the TPD temperature range, it
can be presumed that the adsorbed NO molecules did not undergo
disproportionation to form NO..

The adsorption modes of NO were invedigated by in situ FTIR
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Fig. 4. Infrared spectra of NO adsorbed on Co/BEA (SSIE) at (A)
50, (B) 100, (C) 150, (D) 200, and (E) 250°C.

September, 2004

at 50, 100, 150, 200, and 250°C. The sample was degessed in a
helium flow a 300 °C for two hours before aflow of NO wasin-
troduced. The spectrashown in Fg. 4 are difference spectrain which
a gpectrum of the ectivated catayst was subtracted from the spec-
trum of the catalyst adsorbed with NO. At 50 °C there was a broad
pesk & 2,133 cm™* corresponding to weakly adsorbed NO, species
[Hadjiivanov, 2000]. A strong band at 1,932 cm™ was assigned to
mononitrasyl Co-NO bond while ashoulder a 1,898 cm™ and aband
a 1,813cm™ were assigned to symmetric and asymmetric dini-
trosyl Co-(NO),, respectively [Tabataet d., 1998; Hadjiivanov, 2000)].
As the temperature increased, the intendity of the bands at 1,932,
1,898, and 1,813 cmi™* decreasad and disgppeared dmost completely
a 250°C. The bands a 1,650-1,550 cm™* were assigned to surface
nitrates [Hadjiivanov, 2000]. The bands a 1,597 and 1,565cm™ dis-
appeared after 200 °C where the pesk a 1,620 e was observed
a 150-250°C. The pesk a 1,620 cm™ was assigned to the forma:
tion of Co-NO, which was formed at high temperature as described
in Eq. (3) [Zhu & d., 1996]. Although the infrared measurement
was only possible up to 250 °C, it was expected that dl surface oe
cieswould disgppear completdy at higher temperature (i.e., above
300°C).

Co-(NO),— Co-NO, €

3. TPD of CO on Co/BEA

The desorption profile of CO on Co/BEA(SSE) from room tem-
peraure to 550 °C isshown in Fig. 5. The CO desorption took place
between 40 and 190 °C with the maximum a 120 °C. Because CO
desorbed completely a lower temperature than NO on the same
catayd, the srength of CO adsorption was weeker than NO ad-
sorption. In the same scde plat, asmdl amount of CO, wasdso ob-
served. At thispoint, it was not dear whether cobdt on Co/BEA was
inthe oxidic form or as Co* in the exchange position. Thorméhlen
et d. [1999] reported that desorption of CO dso took placeinasm-
ilar temperature range on CoO,/AlLQ,. Hence, it could be possible
that the Co/BEA catdyst contained cobalt oxides which can react
with adsorbed CO to form adsorbed CO..

The desorption profile of CO on Co/BEA(IMP) isshown in Fg.
6 where CO desorption took place between 45 and 135°C with a
further broad pesk between 250 and 550 °C. The height of the firgt
CO pesk was more than double of the second pesk, indicating that
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Fig. 5. The mass spectrometer signal of CO and CO, during CO
TPD on Co/BEA (SSIE).
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Fig. 6. The mass spectrometer signal of CO and CO, during CO
TPD on Co/BEA (IMP).
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the mgority of CO desorbed at lower temperature. The desorption
profile of CO, was the same as from CO except that the amount of
CO, released at low temperature was negligible in comparison to
the amount released a high temperature. Therefore, one can con-
cude that a part of cobdlt is in the oxidic form on the IMP cata
lysts. Thus, cobdt oxides could react with CO to form surface CO,,
which desorbed a high temperature.

To confirm that cobdt oxide could react with CO to form CO,
a high temperature, CO TPD was invedtigated on physical mix-
tures of CoO or Co,0, and HBEA under conditions smilar to those
on Co/BEA catayds. Note that these samples were not degassed
a high temperature in order to prevent any change of the cobalt
oxidetion gate. The release of CO, during CO TPD from both ox-
idesisshown in FHg. 7. Desorption of CO, from both supported ox-
ides was not detected in the low temperature range but obvious a
higher temperatures with a pesk maximum at 400 and 385 °C for
CoO/HBEA and Co;O,/HBEA, respectively. Therefore, it can be
concluded that CO adsorbed on cobdt oxides formed surface CO,
thet desorbed a high temperature.

As CO, was detected during CO TPD on Co/BEA(SSIE) only in
the 40-190 °C range, one can conclude that the mgjor sate of cobdt
in SSEE catdyd was nether CoO nor Co,0O,. The attive Stes re-
gpongblefor CO adsorption on Co/BEA(SI E) werethusmogt likdy
cobalt cationsin exchange position of BEA.

100
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20 [0 NO+CO+H20 |
70 B NO+CO+02
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Fig. 8. Conversion of NO, on Co/BEA (SSIE).

Thetrend of CO, rdease from Co/BEA(IMP) was different from
that of Co/BEA(SSIE). The mgor amount was detected between
450 and 550°C and only smdl amounts were obsarved between
40 and 190 °C. Thus, the state of cobdt in Co/BEA(IMP) israther
oxidic. However, CO, was observed a higher temperature than over
bath CoO and Co,O,, which can be dueto asmdler duster size of
Co oxidesin the impregnated catdyss
4. Catalytic Activity of Co/BEA for NO, Reduction with CO

In Fg. 8 the NO, converson over Co/BEA(SSIE) from 100 to
500 °C is shown. Theframework of BEA is gable in thistempera:
ture range but will dowly collapse a temperature higher then 550°C.
Thefird test series was done with NO and CO in hdium while water
and oxygen wasintroduced to the flow of gas mixture in the second
and third test series, respectively. The converson of NO and COin
the absence of oxygen and water was less than 10% between 100
and 300 °C. The activity of cobdlt at these temperatureswas low as
reported by severd authors[Campaet d., 1996; Armor, 1995; Sey-
edeyn-Azad and Zhang, 2001; Ohtsuka et d., 1998; Tabaa et d.,
1998]. The cause for low activity might have been the repulsion
between NO and CO which prevented the adsorption of one an-
other [Park et d., 1986]. In addition to this, TPD result indicated
that NO adsorbed more strongly than CO and could prevent sur-
face reection from occurring. The converson increased to 52% at
400 °C and reached a maximum of 60% at 500°C. It was possble
that the repulson between NO and CO was overcome @ high tem-
perature.

In the presence of water, the converson was lower than 10% at
low temperatures (100-300°C) and increesed to 27% a 400°C. War
ter seems to inhibit the reaction between NO and CO in the tem-
perature range of 400 to 500°C. This behavior has dso been re-
ported by severd authors[Kim and Nam, 2001]. Aswater was pump-
ed into the reactor continuoudly, it might have adsorbed and blocked
the active Stesfor NO and CO. Thisideawas supported by a TPD
sudy of water (Fig. 9) from Co/BEA in vacuum on hegting from
room temperature to 600 °C. Desorption began after hegting with a
maximum at 130 °C and a further release until 600 °C. However,
the effect of water on catayst activity was reversble indicating thet
the date of cobat was not chemicdly dtered by the presence of
weter.

When oxygen was present in the gas mixture, the converson was
low & dal temperatures. At 400 and 500 °C CO reacted with oxy-
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Fig. 9. Desor ption profile of water from Co/BEA (SSIE).

gentoform CO.,. Thiswas confirmed by gas chromatography where
CO disgppeared completey, which is coincident with the genera:
tion of CO,. Furthermore, goproximately 20% of NO reacted with
O, to form NO.. After the flow of oxygen or water vgpor was sop-
ped, the catdytic activity was fully regained. It is because the reac-
tion between CO and O, was fast in our reaction conditions that
there was no sgnificant effect on the gate of cobalt.

Thetime on sream behavior (TOS) of Co/BEA(SSE) wastested
at 400 and 500 °C because high activity was observed at thesetem+-
peraures The conversons after every 1,000 seconds (16.7 minutes)
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Fig. 10. NO, converson on Co/BEA (SSIE) with time.
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Fig. 11. Converson of Co/BEA (SSIE) and IMP for NO reduction
by CO.
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are plotted in Fg. 10. The converson at 400 °C decreased dightly
throughout TOS. Because the NO adsorption from Co/BEA(SSIE)
was completed near 500°C (Fig. 3), it was possible that adsorbed
NO species a 400 °C dowly dominated on catadyst and prevented
CO to reect. Such change was not observed a 500 °C when the con-
verson just dropped dightly at the beginning from 62 to 58% and
then remained congtant. This might due to a shorter contact time of
NO on the catay<.

The activity of Co/BEA(SSIE) was compared with that of Co/
BEA(IMP). As shown in Fig. 11, the activity from both catayss
waslow a 100-300°C. The ativity of IMP catdys was much lower
then that of SSIE catalyst between 400 and 500 °C. This confirmed
that cobat was more active when it was in zedlite exchange posi-
tion. During the catalytic test N,O was hot detected at each temper-

ature by gas chromatograph.

CONCLUSIONS

1. Desorption of NO from SSIE and IMP catdyds in vacuum
was completed near 350 °C and showed two pesksat 100 and 260°C
indicating the presence of at least two adsorption Stes on the cat-
dyds.

2. The FTIR spectrum of NO on SSIE catdyst confirmed the ad-
sorbed gpecies to be nitrosyl (Co-NO), dinitrosyl (Co-(NO),), Co-
NO,, nitrates, and weekly adsorbed NO, species.

3. The CO desorption profiles from SSIE and IMP cadyss were
different indicating different date of cobat. Cobat on BEA from
SSIE was possibly in cationic form in zedlite exchange position
while that from IMP wasin oxidic forms.

4. Both the Co/BEA catdydts obtained by SSIE and IMP were
active for the reduction of NO by CO a high temperatures. Cata
lyst prepared by SSIE was more active than that obtained by IMP
a 400 and 500°C. The SSIE cadyst was active in the absence of
water and oxygen from 400 to 600 °C with highest activity a 500°C.
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