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Abstract

Cobalt catalysts are prepared by impregnating zirconia and sulfated zirconia using an aqueous solution of cobalt(ll) acetate. XRD result:
show that the catalysts with 5 wt% cobalt loading contain a small amount gD Analysis of the FT-IR results on the adsorption of
NO at room temperature reveals the formation of cobalt(ll) mono- and dinitrosyls. It is shown that the nitrosyls formed on the sulfate-free
catalyst with 5 wt% cobalt loading are unstable on prolonged contact with NO at room temperature due to the oxidation of adsorbed NO to
NO>™ (nitro) and N@Q™ species by cobalt(lll) originating from the @04 phase. This process does not occur in the case of the sulfated
catalyst containing the same amount of cobalt, for which the existence og@ Guhase is also detected. This experimental fact leads
to the conclusion that the sulfate ions lower the reducibility of cobalt(lll). Upon coadsorption of NO aatl@om temperature on the
samples studied, various kinds of surface nitrates are observed differing in the modes of their coordination. In the ca;al—Sﬁﬁ@ToO
ZrOo catalysts, part of the bidentate nitrates transform tgN@nitro) species after evacuation at 373 K. The nitro-nitrato species on the
sulfated catalysts are characterized by a lower thermal stability than that of the nitrates on tHZrCae@amples.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction Co/SZ [13] can be used as effective catalysts for SCR of
NO with methane in the presence of oxygen. The good cat-
The limited hydrothermal stability of zeolite-based cat- alytic performance in the CH-SCR of materials based on
alysts for the selective catalytic reduction of N@ith hy- sulfated zirconia is related to the ability of this support to
drocarbons (CH-SCR) is a serious obstacle to their industrial maintain the high dispersion of the active component of the
applications. Due to this problem, there is a renewed interestcatalyst, preventing the formation of oxide phases such as
in the utilization of simple oxides with strong surface acid- PdO, CaO4, or CuO, which favor the complete oxidation of
ity, such as sulfated zirconia, as alternative supports [1-13]. the reducer [3-5,11-13]. In addition, sulfate-modified zirco-
Hamada et al. [14] first reported that sulfated 7j@rOo, nia has good hydrothermal stability [1,4] and catalysts based
and FeOgz are active in the reduction of NO with propane. on this support do not undergo irreversible deactivation in
The performance of sulfated zirconia (SZ) in this reaction wet streams [4—6,10] like the zeolite-based materials.
has been further improved by promotion with copper and  The modification of zirconia with S§§~ ions decreases
gallium oxides [7]. Recent reports showed that in the re- the amount of adsorbed NO species relative to the sulfate-
duction of NO with propene, sulfated zirconia containing  free support and lowers their thermal stability [15]. A possi-

copper [11] or cobalt [12] exhibits much greater activity ple analogous effect of sulfates could be expected in the case
and selectivity than the corresponding sulfate-free samples.qf copalt supported on sulfated zirconia. In this study, by
It has been found that Pd/SZ [2-5,8], Pt-Pd/SZ [9,10], and means of in situ FT-IR spectroscopy, we have characterized

the surface N@ species, obtained during the adsorption of
* Corresponding author. NO and its coadsorption with oxygen on sample.s containing
E-mail address: margi@fen.bilkent.edu.tr (M. Kantcheva). the same amount of cobalt (2.8 and 5 wt% nominal content)
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supported on zirconia and sulfated zirconia (hominal content Table 1
of 4.5 wt% SQZ— ions). Surface areas and loading of the samples stédied

Sample  BET surface Co S&  Co/nm? S04~ /nmP
area (M/g)  (Wi%)  (Wt%)

2. Experimental Zr0, 67 - - - —
sz 158 - 4539 - 3.8
2.1. Sample preparation 2.8Coz 79 28(26) - 4.0 -
5CoZ 93 50(4.8) — 7.7 -

, N . 2.8CoSZ 169 28(27) 45339 18 3.8

The preparation of the cobalt-zirconia samples involves gcqsz7 178 53(5.1) 45(39) 3.3 3.8

three steps: (I) SynthESis of amorphous hydrated zirconia by 2 All materials are calcined for 2 h at 623 K and 2 h at 773 K. The

hydrolysis of Zrch.(Meer* for synthe5|s) W'th aconcen-  nympers in parentheses correspond to the analytical content. The surface
trated (25%) solution of ammonia according to the proce- concentrations are determined using the analytical content.

dure described earlier [15]: (ii) the material obtained in step

(1) was dried at 393 K for 12 h and impregnated by doseq the cobalt ions on the sulfated samples corresponding to the

amounts of cobalt(ll) acetate solution in ord'er to get a nomi theoretical monolayer should be equal to 4.0/Q0?. The
nal cobalt content of 2.8 and 5 wt%, respectively (the amount . T
. ) ; data in Table 1 show that the cobalt loading in the cobalt—
of the hydrated zirconia was determined on the base of the_. . .
zirconia samples exceeds that of the theoretical monolayer,

weight loss after calcination for 2 h at 623 K and 2 h at whereas for the sulfated catalysts the surface concentration
773 K); (iii) calcination of the impregnated materials for 2 h . : Y
of cobalt is below it.

at623Kand2hat 773 K.

The preparation of sulfated cobalt catalysts involves the
following steps: (i) sulfatation of hydrated zirconia (that be-
longs to the same preparation batch used for the synthesis of
the CoQ/ZrO, materials) by an amount of (NSO so- The BET surface areas of'the samples (dehydrated at
lution giving 4.5 wt% of nominal sulfate content (the amount 923 K) were measured by nitrogen adsorption at 77 K
of hydrated zirconia was determined from its weight loss USing @ MONOSORP apparatus from Quanto Chrome.
after the calcination steps as described above); (ii) the amor-XRD analysis was performed on a Rigaku Miniflex dif-
phous sulfated material was dried at 373 K for 12 h and fractometer with Ni-filtered Cu-K radiation under ambient
calcined for 2 h at 623 K and 2 h at 773 K: (iii) impregnation conditions.'The crystallographic phase composition was cal-
of the sulfated zirconia with aqueous solutions of cobalt(ll) culated using the method of Toraya et al. [19]. Crystallite
acetate ensuring 2.8 and 5 wt% nominal cobalt content, fol- SiZzes are calculated from the peak broadening of principal
lowed by drying at 373 K and two calcination steps at 623 Peaks with the Scherrer formula [20].
and 773 K for 2 h each.

The cobalt content was determined by atomic absorption 2.3. Infrared spectroscopy
(Buck Scientific, Model 200A). The amount of sulfate ions
was analyzed by extraction with 1 M NaOH, followed by The FT-IR spectra were recorded on a Bomem MB 102
precipitation of the sulfate ions as barium sulfate. The pre- FT-IR (Hartman & Braun) equipped with a liquid-nitrogen-
cipitate was dissolved in a standard EDTA solution and the cooled MCT detector at a resolution of 4 th(128 scans).
excess of EDTA was backtitrated with a standard magne- An absorption IR cell allowed recording of the spectra at
sium solution using solochrome as indicator. The analytical ambient temperature and catalyst activation at higher tem-
content of the sulfate ions in the sulfated zirconia was peratures. The cell was connected to a vacuum/adsorption
3.9 wt% corresponding to 3.8 $& /nn¥, i.e., about the  apparatus. Self-supporting disks (0.02&°) were used
theoretical monolayer of 4.0 S& /nm? [16]. The sulfate  for the FT-IR studies. These specimens were activated by
content of the used catalysts remained at the level of the freshheating for 1 h in vacuum and in oxygen (13.3 kPa, passed
samples. trough a trap cooled in liquid nitrogen) at 673 K followed

The nominal and analytical content of the samples, the by evacuation for 1 h at the same temperature. The spec-
surface areas, concentrations of the active components, andra of the activated samples (taken at ambient temperature)
the notations used are summarized in Table 1. The theo-were used as a background reference. The spectra of the
retical loading of cobalt that corresponds to the monolayer samples that had been subjected to elevated temperatures
(3.5 Co/nn?) was estimated using the fact that there are were recorded after the IR cell had been cooled to room
7 Zr*t ions/nm? on complete dehydroxylated monoclinic temperature. All of the spectra presented (except those in
zirconia [17] and assuming two anchoring sites per one Fig. 2) were obtained by subtraction of the corresponding
cobalt atom. According to Morterra et al. [18], at surface background reference.
concentrations of sulfate ions equal or greater than the theo- The computer peak fittings were performed using the
retical monolayer, all coordinative positions of théZions minimum number of peaks and fixed peak positions based
are saturated. This means that the surface concentration obn the original spectra. The sum of the squares of the devia-

2.2. Surface area measurements and X-ray diffraction
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tions between the experimental points and the fit values waspeak at 2 = 36.6—-36.8 (see the insets in Fig. 1), which

less than 103. is attributed to the strongest (311) diffraction line of cubic
The purity of NO gas was 99.9% (Air Products). Co304 [21,22]. It seems that in the case of the 5C0SZ cata-
lyst this peak is broader due to the lower crystallinity of the
sample.
3. Resultsand discussion Fig. 2 shows the FT-IR spectra of the activated catalysts
together with the spectra of pure and sulfated (SZ) zirconia.
3.1. Structural characterization of the samples The spectrum of the ZrDsupport in the OH-stretching re-

_ _ _ _ gion displays a pair of sharp bands at 3771 and 3675'cm
Fig. 1 shows a representatwe X-ray dlffractlon_pattgrn of assigned [15,23,24] to terminal (3771 thy and bridged
the catalysts studied and supports used. The zirconia sup{3675 cnt) hydroxyls coordinated to three Zr atoms. The

port is predominantly monoclinic (91%). The calcination 9ad band between 3600 and 3000&nis attributed to
of the hydrous sulfated zirconia does not lead to complete y_ponded hydroxyls.

transfgrmatiop of the monoclinic struct.ure to te(t)ragonal.Thg The variation of the intensities of the surface hydrox-
material obtained (sample SZ) contains a 33% monoclinic yjs of the cobalt-containing samples relative to those of the

phase. Introduction of cobalt to the hydrated zirconia (cata- supports accounts for the participation of the corresponding
lysts 2.8CoZ and 5CoZ) converts the structure of the support 5 .4+_ 4 groups in the deposition of cobalt(ll).

from monoclinic to 100% tetragonal, whereas the impreg- The complex band with a maximum at 1360 chand a

nation with cobalt does not have a considerable effect on oy )\ \qer at about 1388 cth observed on the sulfated sam-

thed p5hélsgzcomp(|)sition of ;sglfatzd(sz?ig/conia: the ?'8C°SZ ples corresponds to th€S=0) vibration of highly covalent
an 057 catalysts are an 0 tetragonal, reSpeCytates coordinated to ions, whereas the absorption in

';lr\]/ely. l:rt'e dave(;age Clzyft?j”'tet sllzets are 11:‘”? 8Trr1]mfo(z)|r3the 1200-870 cmt! region is assigned to(S—0)-stretching
€ suflated and unsullated catalysts, respectively. the vibrations [25]. The shoulder at 1163 chobserved in the

patterns of the 5CoZ and 5CoSZ catalysts contain a Weakspectra of the 2.8- and 5CoSZ samples reveals the presence
of more ionic sulfates [26] attached to the cobalt sites. The
occurrence of the transformation of covalent sulfates to more

Clozo,(sn)
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Fig. 1. Powder X-ray diffraction patterns of the ZrOSZ, 5CozZ, and
5Co0SZ samples (m, monaclinic; t, tetragonal). Fig. 2. FT-IR spectra of the activated catalysts and supports used.
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ionic structures is confirmed by the decrease in the intensity
of the 1360 cm! band in the cobalt—sulfated zirconia cata-
lysts relative to that in the SZ sample.

Sulfate-containing samples exhibit a broad absorption
between 3000 and 2600 crh This absorption was pre-
viously assigned to the first overtones of the complex
band with a maximum at 1360 cm due to thev(S=0)
mode [15]. However, absorptions at 2970 and 2450 tm
corresponding to asymmetric and symmetric OH-stretching
vibrations, respectively, have been observed in solid and
liquid HoSOy [27,28]. Based on this, we reinterpret the ab-
sorption between 3000 and 2600 thasv(OH)-stretching
vibrations of hydrogen sulfate species involved in intermole-
cular H bonding. The weak bands at 2200 and 2050%cm
detected in the case of sulfated zirconia are assigned to the
first overtones of the(S—O) modes found between 1090 and
1000 cntt. i

The bands between 1550 and 1400 ¢prdetected with
variable intensities for all of the samples studied, are as-
signed to splitvs modes of surface carbonates [23,29,30]. -
Such residual species are often observed on zirconia sur- 1
faces and cannot be removed by high-temperature activation
of the catalyst [31]. The absorption at 2360 and 2335tm
together with the sharp band at 1356 Thobserved on
the 2.8- and 5CoZ samples is due to linearly adsorbed Wavenumber [cm’]

CO, [29,30]. The former pair of bands corresponds to a
v3(COp)-stretching vibration of C@coordinated to two dif- Fig. 3. (A) FT-IR spectra of NO (1.07 kPa) adsorbed at room temperature

f t Lewi id sit h the latter is d to th on the 2.8CoZ catalyst for 7 and 60 min. The spectrum of the activated
erent Lewis acld sies, wnereas (ne latter 1S due to the sample is used as a background reference. (B) Results of the curve-fitting

v1(COz) mode. Thev1(CO;) symmetric vibration is Ra-  procedure applied to the FT-IR spectrum in the 20001700 cregion
man active. However, due to lowering the symmetry of taken 60 min after the NO adsorption (1.07 kPa, room temperature) on the

adsorbed C@ this band becomes IR active [29]. Most prob- 2.8CoZ sample.

ably CO, appears as a product of the decomposition of the

residual carbonates during the activation of the sample andand in the intensity of the band at 1185 this detected.
adsorbs on the surface when the temperature is lowered. Bo-The latter band was observed upon NO adsorption on pure
lis et al. [30] reported relatively stable GGadsorbed on  zirconia [15] and was assigned to anionic nitrosyl, NO
tetragonal zirconia resisting room-temperature evacuation.Most probably this species interacts with the surface hydrox-
The contamination of the samples with carbonates could beyls (negative band at 3692 crh) leading to the appearance

T T T T T T T T T T
3500 3000 2500 2000 1500 1000

Absorbance

— T ' T ' T T T T T
2000 1950 1900 1850 1800 1750 1700

related to the cobalt(ll) acetate used as a precursor. of a positive absorption in the 3550-3000thregion due

to H-bonded OH groups. The weak bands at 1615, 1535,
3.2. Adsorption of NO at room temperature on the and 1320 cm? indicate the presence of a small amount of
Co0,/ZrOy samples nitro-nitrate species. The sharp band at 2239 tia due to

adsorbed MO [15].

The spectra of NO (1.07 kPa) adsorbed at room tempera- Contrary to the 2.8CoZ sample, the increase in the time of
ture on the 2.8CoZ sample for 7 and 60 min, respectively, NO adsorption causes a gradual decrease in the intensities of
contain strong bands at 1868 and 1781 ¢énfFig. 3A) the cobalt(ll) nitrosyl bands and a shift to higher frequencies
typical of Co(ll) nitrosyls [12,32—34]. The results of curve (Fig. 4A). Simultaneously, the bands in the 1650—1000tm
fitting of the spectrum taken after 60 min of NO adsorption region grow, which is accompanied by the appearance of
(Fig. 3B) reveal the presence of two different cobalt(ll) ad- negative bands at 3770 and 3689 ¢miue to altered OH
sorption sites giving rise to monoy(NO) at 1868 crmt) groups (positive absorption in the 3600—3000¢megion).

and dinitrosyls ¢s(NO) at 1876 andafNO) at 1781 crmt). The best curve fitting of the spectrum in the nitrosyl region
The dinitrosyl angle calculated using the integrated ab- taken after 6 min of NO exposure is obtained assuming the
sorbances of theagNO) andvg(NO) bands is 111 1°, existence of two types of dinitrosyls and a mononitrosyl with

which is close to those of cobalt(ll) dinitrosyls in zeo- a v(NO)-stretching vibration superimposed to thgNO)
lites [35]. The intensities of the nitrosyl bands do not change modes of both C&"(NO), species (Fig. 4B). The average
upon prolonged contact with the NO. However, a noticeable dinitrosyl angles of both types of €6(NO), species, cal-
increase in the absorption in the 3650-3000-¢megion culated using the integrated absorbances obtgNO) and
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Fig. 4. (A) FT-IR spectra of NO (1.07 kPa) adsorbed at room temperature Fig. 5. Results of the curve-fitting procedure applied to the FT-IR spectra
on the 5CoZ catalyst for various times. The spectrum of the activated sam- in the 2000-1700 cm! region taken at various times of NO adsorption
ple is used as a background reference. The negative band at 1335 cm (1.07 kPa, room temperature) on the 5CoZ sample.

marked by an asterisk is due to nitrate species adsorbed on the window of

the IR cell. (B) Results of the curve-fitting procedure applied to the FT-IR

spectrum in the 2000—1650 crh region taken 6 min after the NO adsorp- Fig. 6 displays the plots of the integrated absorbances
tion (1.07 kPa, room temperature) on the 5CoZ sample. of the bands Corresponding to thvas(NO) modes of the

dinitrosyl species and the band at 1545-1530 twersus

vs(NO) bands at various times of NO adsorption, are-£19 the integrated absorbance of the band at 19061904 cm
and 111+ 1°, respectively. These results indicate that the at various times of NO absorption. The linear relationships
increase in the cobalt loading leads to an increase in the het-Observed suggest that the species characterized by the ab-
erogeneity of the cobalt(ll) sites. sorptions at 1906—-1904 and 1545-1530 ¢érare produced

In the |0W_frequency region, a strong and Comp|ex band atthe expense of the CObaIt(”) dinitrosyls. It can be assumed
at 1182 cnt! with shoulders at 1200 and 1140 cinde- that the adsorbed NO is oxidized by cobalt(lll) sites originat-
velops (Fig. 4A). The subtraction spectra (not included) ing from the C@O4 phase. The band at 1545-1530tm
show that the bands at 1200 and 1140-¢érbehave syn-  falls in a region typical of bridging nitro species [36].
Chronous'y_ These bands are ascribed toﬂ'&w\loz) and The fO”OWing reaction scheme can be proposed in which
vs(NOy)-stretching vibrations, respectively, of bidentate ni- 902+(NO)_2 species are involved with formation of bridged
trito, NO>~, species [36]. The absorption at 1182 ¢h{as nitro species:

in the case of the 2.8CoZ sample) is assigned to{hO)- o

stretching mode of NO species. , \

The results of the curve fitting of the spectra taken in the NO o~ N — (1)
period from 6 to 60 min (Fig. 5) show that the intensities of \ / ‘ | / \
the bands due to the nitrosyl species decrease with simulta- Cott IO — Co2*

neous growth of a band at 1906—1904 dmFor the sake of

simplicity, the band at 1895-1800 cthrepresents the sum  The band at 1904-1906 crh is assigned to the(NO)-

of thev(NO) andvg(NO) modes of the cobalt(ll) mono- and  stretching vibration of the nitrosyl-nitro complex of the type
dinitrosyls, respectively. ON-CEt-NO, ™.
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Fig. 6. (A) Correlation between the integrated absorbances of the bands due (@) modes of the cobalt(ll) dinitrosyls and the integrated absorbance

of the v(NO) band of the ON-Co"—NO,~ species produced during NO adsorption (1.07 kPa, room temperature) at various times on sample 5CoZ. (B) Cor-
relation between the integrated absorbances of the bands assigned jg(i@,) andv(NO) modes of the ON—(?OL—NOZ— species produced during NO
adsorption (1.07 kPa, room temperature) at various times on sample 5CoZ.
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Fig. 7. FT-IR spectra of NO (0.67 kPa) (a) adsorbed on sample 5CoZ at room temperature for 5 min, (b) after subsequent introdydo&70kRa) for
30 min, and (c) after evacuation for 15 min at room temperature. The spectrum of the activated sample is used as a background reference.

It should be pointed out that no linear relationship has 3.3. Coadsorption of NO and O, on the CoO,/ZrO;
been observed when the integrated absorbances of the bandsmples and thermal stability of the NO, species produced
at 1610 and 1580 cm (see Fig. 4A) have been plot-
ted versus the integrated absorbance of the band at 1906— Fig. 7 shows the spectra of the 5CoZ sample obtained
1904 cnmrL. The former two bands are assigned to surface upon adsorption of 0.67 kPa of NO for 5 min (spectrum a),
nitrates produced by oxidation of the cobalt(ll) mononitro- followed by the addition of 0.67 kPa ofQo the IR cell for
syls. 30 min (spectrum b). The spectrum of adsorbed NO changes
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completely in the presence of oxygen. The bands due to
cobalt(l) nitrosyls disappear and absorption at 1930 tis
observed instead. In the nitro-nitrato region, after the evacu-
ation of the gas phase (spectrum c), three sets of bands with
poorly resolved maxima at 1630, 1588, and 1570; 1280 and
1227; and 1041 and 1000 crh are formed. The band at
1140 cnt?! (due to thevs(NO2) mode of the bidentate ni-
trito species) disappears. Most probably the absorption due
to NO™ ions is not present in the spectrum as well, because
it is known that in NO/Q atmosphere, the anionic nitrosyl
converts into nitrato species [15]. The weak bands between
2900 and 2100 cm (see the inset in Fig. 7) correspond to
overtone and combination modes of the fundamental nitrate
bands. It has been shown [15] that this spectral region can
be used for structural identification of bridged and biden-
tate nitrate species. The broad absorption between 2900 and
2700 cnr! reveals the presence of bridged nitrates whereas
the band at 2615 cnt with a broad shoulder at 2580 cth
indicates that at least two kinds of bidentate nitrates are
formed.

The band at 1930 cnt is assigned to the/(NO)-
stretching mode of NO adsorbed on?%oion, which has
nitrate species in its coordination sphere, i.e., to the com-
plex (ON)-C3t—(NOs~). This assignment is consistent
with the observed stability of the band at 1930 ¢non
evacuation, indicating that the strength of the adsorption

Absorbance

T T T T T T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber [cm']

site is increased by the electron-withdrawing NQgroup.
Since the N@~ ions are more electronegative than the
NO,~ species, the(NO) stretching in the case of the mixed
nitrosyl-nitrato complex of C#' is at a higher frequency
(1930 cnr1) than that observed in the nitrosyl-nitro species
(1904-1906 cm?).

The additional increase in the intensities of the negative
bands at 3770 and 3680 cthafter the admission of oxy-

Fig. 8. FT-IR spectra obtained after heating of the catalyst 5CoZ containing
adsorbed N@ species for 15 min in vacuum. The spectra are recorded after
cooling of the IR cell to room temperature. Spectrunt [@#acuation (RT)]

is obtained after adsorption of NOgQOnixture (1.33 kPa, NO:@= 1:1)

for 30 min followed by evacuation for 15 min at room temperature. The

spectrum of the activated sample is used as a background reference.

ment. This behavior indicates that the*Z+OH groups are
involved in the formation of the nitrate species. It should be

gen accompanied by the appearance of a broad band in thgointed out that the nitrate species formed on the 2.8CoZ

v(OH)-stretching region of the H-bonded OH groups (Fig. 7,
spectrum b) suggests that the terminal and bridgét-ZpH
groups are either affected by the nearby N§pecies or in-
volved in the formation of the nitrate species as proposed for
zirconia [15] and titania [37—39]. The latter process leads to
the appearance of adsorbed water.

sample display similar thermal stability.

The absorption bands observed on the cobalt—zirconia
samples after exposure to either NO or N@/i@ixture are
summarized in Table 2.

3.4. Adsorption of NO at room temperature on the

Room-temperature evacuation does not affect the nitrate CoO,/S042~—ZrO, samples

bands. However, heating the sample at 373 K (Fig. 8) re-
sults in the disappearance of the nitrosyl band at 1936'cm

Contrary to the cobalt—zirconia samples the adsorption

and a decrease in the intensities of the nitrate bands. Theof NO (1.07 kPa, room temperature) on both 2.8CoSZ and

bridged nitrates (1640-1620, 1220, and 1060 &ndisap-
pear after heating at 573 K. This conclusion is confirmed
by the fact that the weak bands at 1990 and 1910%due
to the combination modes of bridged nitrates [15] are not

5Co0SZ catalysts is time dependent (Figs. 9A and 9B). The
spectrum of the 5CoSZ sample taken 6 min after the intro-
duction of NO into the IR cell contains two strong bands in
the nitrosyl region positioned at 1889 and 1800 ¢niThe

observed after the above treatment. The bidentate nitratesband at 1889 cm! has a high-frequency shoulder (Fig. 9C).
(three kinds at 1615-1605, 1229, and 997; 1590, 1229, andThe results of the curve fitting show that there are two

1040; and 1550, 1229, and 1040 thi display the highest
thermal stability—they disappear after heating at 623 K. The
negative bands at 3772 and 3686 ¢nobserved in the latter
spectrum indicate that the Zr—OH groups are not restored

and they are lost during the high-temperature vacuum treat-

different cobalt adsorption sites giving rise to mono- and
dinitrosyls. The synchronous behavior of the bands at 1875
and 1796 cm! detected upon prolonged contact of the sam-
ple with NO (see below) allows us to assign thenv¢(NO)
andvagdNO) modes of C&"(NO), species. The calculated
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Table 2 _-1| A 16801620 1250
- \ - |
Assignment of the FT-IR bands observed during adsorption of 0.67 kPa NO 3 S’ evacuation at RT ) )
and its coadsorption with £(NO:O, = 1:1) at room temperature on the ] 45'
2.8- and 5CoZ samples .
NO, species Band positions Modes E 30
(cm™1) ) pvow 15
ON-CRT—NOz~ 1930 1(NO) Era £ Y T
ON-C*-NOp™ 1906-1904 v(NO) 3500 3000 2500 2000 1500
Co*t(NO), 1885, 1787 vs(NO), vag(NO)
1868, 1767 —j1|B _ 1680 1264
CR+-NO 1860 »(NO) g E 5' evacuation at R;I'886 | [
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Fig. 9. (A) FT-IR spectra of NO (1.07 kPa) adsorbed at room tempera-
average dinitrosyl angle is 1G9 1°, which is smaller than ture on the 2.8CQSZ (A) and 5CoSZ catalysts (B) for various times. The
that of the dinitrosyls formed on the sulfate-free sample. spectra of the actlvgt(?d samples are use(_i as a background referencg. (C) Re-

. o . sults of the curve-fitting procedure applied to the FT-IR spectrum in the
This result is in good agreement with the value reported by 20501650 cm! region taken 6 min after the NO adsorption (1.07 kPa,
Pietrogiacomi et al. [12]. Obviously, the geometry of the room temperature) on the 5CoSZ sample.
cobalt(ll) dinitrosyl species is affected by the presence of
sulfate ions. The absorption band at 1906 ¢rfalls in the try (positive bands at 1264-1250 and 1150-1130%tf5])
spectral region typical of NO coordinated on strong Lewis and (ii) displacement of the adsorbed NO. The latter conclu-
acid sites. Therefore, we assign this band toO) mode  sjon is supported by the observed linear correlation between
of Co?"—NO species that have sulfate groups in the vicinity. the integrated absorbances of #el,0) band and the bands

The behavior of the species observed upon prolongeddue to thev(NO) andvadNO) modes of cobalt(ll) mono-
contact of NO (1.07 kPa) at room temperature with the ac- and dinitrosyls, respectively. Fig. 10 illustrates this relation-
tivated 2.8CoSZ and 5CoSZ samples (Figs. 9A and 9B) is ship for the 5CoSZ sample.
similar to that described earlier for the sulfated zirconia [15]. Fig. 11 shows that in the case of the 5CoSZ sample,
The bands at 1680 and 1620-1618¢nthat grow with the least stable are the cobalt(ll) mononitrosyls. The dini-
time, together with the absorption in the 3600-3000¢m  trosyl bands at 1878 and 1795 chnstart to lose intensity
have been assigned [15] to adsorlmstHNO, and HO. after 25 min and disappear almost completely after 60 min.
The fact that adsorbed water and nitrous acid are detectedThe band at 1888 cmt observed in the latter spectrum is
on both 2.8- and 5CoSZ samples implies that the analogousassigned to the(NO) mode of mixed ON-Co —OH, com-
process of disproportionation of NO with the participation of plexes.
surface hydroxyls as observed on the sulfated zirconia takes
place. This process should lead also to the formation of NO  3.5. Coadsorption of NO and O, on the
species. However, as proposed for the sulfated zirconia [15],CoO,/S042~-ZrO, samples and thermal stability of the
the anionic nitrosyl is not stable in the presence of sulfate NO, species produced
groups. The water produced causes (i) transformation of the
sulfate groups from covalent polydentate (negative band at The spectra of the NO4X1.34 kPa, NO:Q = 1:1) ad-
1375 cntl) to more ionic bidentate species o5Gymme- sorbed at room temperature on the 2.8CoSZ and 5CoSZ
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samples are practically the same. Fig. 12 shows the spec-

tra of the 5CoSZ sample obtained upon adsorption of NO 13l 1888
(0.67 kPa) at room temperature followed by addition ef O i |
(0.67 kPa). After 30 min, the gas phase was evacuated for 1 60 A
15 min at room temperature and the spectrum was recorded
(spectrum a). The negative bands at 3768 and 3672'cm L L L
observed in thev(OH)-stretching region and the appear-
ance of a broad absorption with maximum at 3200~ém g I ., 1873 1790
] S | |
] /y\
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Fig. 10. Correlation between the integrated absorbances of the bands due
to the v(NO) andvag(NO) modes of the cobalt(lll) mono- and cobalt(ll)
dinitrosyls and the integrated absorbance ofifté,0) band at 1618 cmt Fig. 11. Results of the curve-fitting procedure applied to the FT-IR spectra
produced during NO adsorption (1.07 kPa, room temperature) at various in the 2000-1700 cm! region taken at various times of NO adsorption
times on sample 5CoSZ. (1.07 kPa, room temperature) on the 5CoSZ sample.
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Fig. 12. FT-IR spectra obtained after heating of the catalyst 5CoSZ containing adsorhexpaides for 15 min in vacuum at: (b) 373 K, (c) 423 K, (d) 473 K,
(e) 523 K, and (f) 573 K. The spectra are recorded after cooling of the IR cell to room temperature. Spectrum (a) is obtained after adsorptigmoftNi@/O

(1.33 kPa, NO:@ = 1:1) for 30 min followed by evacuation for 15 min at room temperature. The spectrum of the activated sample is used as a background
reference.
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suggest that in this case the surface OH groups are alsdrable 3
either involved in the formation or perturbed by the ad- Assignment of the FT-IR bands observed during adsorption of 0.67 kPa NO
sorbed NQ. The poorly resolved band with maximum at and its coadsorption with £(NO:O, = 1:1) at room temperature on the

1630 cnt! and shoulders at approximately 1580 and 1520— 28 and 5CoS samples

1480 cnm! can be attributed to various types of surface NOx species Band positions Modes
nitrates. The formation of bridged NO species is con- (em™)

firmed by the presence of a weak band in the combination ON-C&*-NO3™ 1928 v(NO)

nitrate region between 2900 and 2800 ¢nfj15]. The exis-  ON-C#"-OH, 1888 v(NO)

tence of bidentate N§ species is evident by the absorption co?t-NO 1906-1903 v(NO)

at 2605 cnt! [15]. The unresolved intense absorption at ce+(No), 1878-1873, 1s(NO),

1258 cnt? is attributed to thevaNO2) modes of the sur- 1795-1790 vagNO)

face nitrates with a contribution from the perturbed sulfate cis-HNO, 1680 v(N=0)
groups (negative bands at 1372 and 1347 ¥min agree- NO,~ (bridging nitro) 1583-1570 vagNO,)
ment with the results on NQ@adsorption on the_ 5C0Z  H,0 (adsorbed) 3600-3000, 1618  v(OH), §(H;0)
sgmple, the band at 1928 crhis assigned to mixed nitrosyl- NOs~ (bridged) 1630-1625 »(N=0)
nitrato complex. 1240, 1100-1096  vagNO,), vs(NOp)

Evacuation at 373 K for 15 min (spectrum b) causes a 2900-2800 V(N=0) + vag(NO2)
strong increase in the intensities of the bands inf@H)- 2232 vasNO2) + vs(NO2)
stretching and nitro-nitrato regions. The enhancement of 1979, 1915 vs(NO2) +56(NO2)
the absorption in the/(OH)-stretching region can be ex- NOs™ (bidentate) 1612 v(N=0)

. ) : . 1226, 1096 vag(NO,), vs(NO)
plained assuming, that surface hydroxyls are involved in the 2605 »(N=0) 4 vs(NO3)
formation of nitrate species during the room-temperature 2427 2agNOy)
NO/O, adsorption. This process leads to the formation 2232 vasiNO») + v5(NOy)
of adsorbed water molecules that can undergo dissocia-No;~ (monodentate) 1520-1480 vagNO,)

tion upon dynamic evacuation at 373 K leading to partial
restoration of the consumed hydroxyls at 3672 énand

appearance of H-bonded OH groups (strong band with max-  The pands in the combination region between 3000 and

imum at 3560—-3500 cmt). At the same time, the amount 1800 cnt! and the absorption at 1620-1612, 1580-1570,
of the altered sulfate groups decreases considerably, which, 4 1240-1226 cit in the fundamental region lose their

is evident by the reduced intensities of the negative bandsnensities on dynamic evacuation in the 423-523 K temper-
at 1372 and 1347 cnt. This experimental fact indicates oo range (Fig. 12, spectra c to e) and after the treatment
Fhat the perturbation of the sulfate groups, qbserved dur- at 573 K (spectrum f), they disappear almost completely.
ing the room temperature NOjOadsorption, is caused At the same time, a band at 1354 thitogether with the
mainly by the water molecules evolved and the effect from complex absorpti(;n with maximum at 1029 chistarts to

the adsorbed NOQ species is less significant. Based on row (Fig. 12, spectra ¢ to f). This parallels the decrease
these considerations, the band at approximately 115¢-cm g rg. 14, SP L P
in the intensity of the positive band due to H-bonded OH

(Fig. 12, spectrum a) is assigned to water-perturbed Suhcategroups and that of the negative bands of the perturbed sul-

groups. ,
In order to understand the reason for the drastic changesfate ions. Therefore, the band at 1354 ¢nand the complex

observed in the spectrum in the nitro—nitrato region (Fig. 12, absprptlon at 1029 crt with a shoulder at 1000 cnt are
spectrum b), analysis of the combination and fundamen- 2SSigned to the(S=0) andv(S-O) modes of restored sul-
tal nitrate bands has been performed (not reported for the @€ groups, respectively. The latter have localization on the
sake of brevity). It is concluded that upon dynamic evac- Zifconia surface that differs from that of the original 0
uation at 373 K, bridged nitro species are formed at the SPECies. Most probably, the restored sulfate groups are pro-
expense of some of the bidentate nitrates. A similar trans- tonated, i.e., BSOs (x = 1 or 2). This gives rise to the sharp
formation of bidentate nitrates upon evacuation at elevatedPands at 3662 and 3581 crhcorresponding to more acidic,
temperature to bridged nitro species has been observed irisolated OH groups (Fig. 12, spectra d to f). The increase
the case of zirconia-supported copper(ll) catalyst [36]. The in the intensity of the band at 1354 cthis accompanied
nitro species give rise to the strong band at 1583 tm by the appearance of a high-frequency shoulder at approx-
due to thevaNO>) mode (Fig. 12, spectrum b). The cor- imately 2670-2675 cmt to the nitrate combination band
respondingvs(NO2) mode should fall between 1260 and at 2605 cnl. Analogous to the interpretation of the ab-
1180 cnt! [36]. Indeed, strong enhancement in the absorp- sorption in the 2900-2700 cm region proposed for the
tion in this region is observed as well. The nitro species can activated sulfated samples (see Fig. 2), the bands at 2675
appear during NO/@coadsorption at room temperature, but and 2625 cm? (Fig. 12, spectrum f) are attributed tgOH)-

their concentration increases significantly after evacuation stretching vibration of restored H3O species involved in

at 373 K. intermolecular H bonding.



362 M. Kantcheva, A.S. Vakkasoglu / Journal of Catalysis 223 (2004) 352-363

Table 3 summarizes the assignment of the absorption5. Conclusions
bands observed during NO and NGQ/@dsorption on the
2.8- and 5CoSZ samples. The structure of catalysts obtained by the impregnation
of zirconia and sulfated zirconia with aqueous solutions of
cobalt(ll) acetate has been studied by means of XRD and
4. Summary FT-IR spectroscopy. According to XRD, the catalysts with
5 wt% cobalt loading contain some amount ofs0a. The
Increasing the time of NO adsorption on the 5CoZ and application of sulfated zirconia as a support results in a de-
5C0SZ samples leads to a decrease in the intensities of thecrease in the average crystallite size (as compared to the
nitrosyl bands. However, the catalysts differ substantially in sulfate-free samples) and better dispersion of the cobalt ions.
the reasons causing this decrease. According to the XRDIn the presence of cobalt ions part of the original sulfate
data, a small amount of GO, is detected in both sam- groups transforms from covalent to more ionic structures at-
ples. The C&* ions in the 5CoZ sample are able to oxidize tached to cobalt sites.
the NO adsorbed on cobalt(ll) to NO (nitro) and NG~ The adsorption of NO on the 5 wt% Ce@rO, at room
species at room temperature. This process does not occur irlemperature results in the formation of cobalt(ll) nitrosyls.
the case of the 5CoSZ catalyst. The decrease in the intensi-The nitrosyls are unstable upon prolonged contact with NO
ties of the nitrosyl bands is associated with the replacementdue to the oxidation of adsorbed NO to KO (nitro) and
of coordinated NO by water molecules produced by a sur- NO3™ species by cobalt(lll) originating from the @04
face reaction during the adsorption of NO. This conclusion phase. This process does not occur in the case of the sulfated
is supported by the identical behavior of the 2.8C0SZ cata- catalyst with the same cobalt content despite the presence of
lyst observed upon prolonged contact with NO. Formation a CaO4 phase. This experimental fact leads to the conclu-
of aggregated cobalt ions in this sample (with lower cobalt sion that the sulfate ions lower the reducibility of cobalt(lll).
loading) could be excluded because the modification of the ~ Upon coadsorption of NO andCat room temperature
support with sulfate ions increases the dispersion. These ex-0n the samples studied, various kinds of surface nitrates are
perimental facts lead to the conclusion that the reducibility observed differing in the modes of their coordination. In the
of cobalt(lll) is lowered in the presence of sulfate ions and case of CoQ/SOs2~—ZrO; catalysts, part of the bidentate
no oxidation of the NO adsorbed on the 5CoSZ sample takesnitrates and probably cobalt nitrosyls transform to JNO
place at room temperature. (nitro) species after evacuation at 373 K. The nitro-nitrato
In contrast to the 2.8CoSZ sample, the intensities of the species on the sulfated catalysts are characterized by a lower
cobalt(ll) nitrosyl bands of the 2.8CoZ sample do not change thermal stability than that of the nitrates on the G&0O,
with the time of NO exposure. This behavior supports the samples.
conclusion that the presence of thesCa phase causes oxi-
datiqn of the NO adsorbed.on the sa'mple with higher cobalt Acknowledgment
loading (5CoZ). However, it contradicts the reasonable ex-
pectation for the 2.8CoZ sample that if the adsorption of  This work was financially supported by the Scientific and
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