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Abstract

Reductions of N,O on oxides/hydroxides of nickel, cobalt or manganese supported on carbon fibers were studied. Supports and catalysts
were characterized by low temperature argon sorption, temperature-programmed desorption (TPD) of surface oxides and temperature-
programmed desorption of ammonia (TPAD), X-ray photoelectron spectroscopy (XPS) and temperature-programmed reduction (TPR).
Conversion of N,O depended on the initial pretreatment of the support, the origin of the effect lying in a different distribution of active
material. The differences in distribution influenced also the mobility of surface oxygen. The presence of more labile oxygen resulted in its

easier transfer and faster formation of CO,.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Acid treatment of carbonaceous materials is known to
change its surface chemistry. The presence of acidic groups
on the surface of carbonaceous materials in turn influences
the dispersion of active phase and catalytic activity, as well
as selectivity in NO reduction with ammonia or carbons,
and NH; oxidation to N, (and N,O). NO reduction with
carbon on active carbon-supported catalysts [1-8] and
NO reduction with NH5; on both active carbon- and carbon
fiber-supported catalysts [9-17] have been studied exten-
sively in recent years. Several interesting facts were
observed:

i. There was an influence of the ash content and
composition on catalytic reduction of NO with NHj;
[9]. Similar effects were observed for NO reduction with
carbon [1].

ii. Acidic pretreatment of carbonaceous materials influ-
enced their activity (cf. SCR activity for carbonaceous
materials promoted with oxides/hydroxides of Mn
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[10-12]). The overall result of acidic pretreatment
depended, however, on its conditions. Mainly, the type
[11,18,19] and the temperature of acid [10,20] and the
time of treatment [11] influenced the catalytic activity
through the change in the type and the number of
oxygen-containing surface groups. The formation of
acidic species such as carboxylic and lactonic groups by
the use of HNO; [18] or to a smaller extent by H,SO,4
[11], increased the activity while the formation of more
stable surface groups such as carbonyls or phenols by the
use of HCI deactivated the catalysts [18].

Selectivity to N, in the above-mentioned reactions and
thus the presence or absence of N,O in the products
seems to be connected with the crystallite size of MeQO,,
smaller crystallites of active material producing less
N,O. This was found for active carbon-supported MnO,
[10] or carbon fibers promoted with NiO [21]. The
formation of N,O is not quite understood. Curtin et al.
[22] showed for copper oxide supported on Al,O3 that
N, and N,O are formed through dissociative chemisorp-
tion of NO thus leading to a pool of N species on the
surface. They may be converted into N, or through the
reaction of N with NO into N,O. A decrease in the
availability of surface lattice oxygen species in the
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reaction system, which may be reduced e.g. by the
addition of SO, to the feed led to a lower formation of
N,O. Similar effects were found for active carbon-based
catalysts or montmorillonites covered with carbon
promoted with MnO, [23].

On the other hand, it is believed that the mechanism of
N,O and NO reduction by carbon are essentially the same
and can be summarized as [19]:

e dissociative adsorption of NO connected with N,
formation either on a active catalyst site S and/or a free
carbon site C;

2S 4+ 2NO —25-0 + N,
2C; 4+ 2NO —2C—0 + N,

e oxygen transfer between the oxidized catalyst site S—O
and carbon site C—O and surface carbon groups
C-0—C(0)

S—0—C(0)

e C; site regeneration and catalytic site preparation
2C(0) - CO;, + C’}
2Cf +2NO —2C—-0 + Ny — (CO, + Cf)

This model, however, does not take into account the po-
ssibility of higher or lower N,O formation but only its dec-
omposition. On the whole, it is not yet clear whether N,O is
formed in SCR as a primary product in a reaction parallel to
the formation of N, and is then decomposed to N, on some
catalysts in the mechanism suggested by the above-mentioned
model or not formed due to lower oxygen availability as
suggested by Curtin et al. [22]. Although extensive studies
have been carried out on the heterogeneous catalytic deco-
mposition of N,O using oxide-supported catalysts, much less
information is available on N,O conversion over carbon-
supported catalysts. Dandekar and Vannice [24] compared
copper supported on active carbon, Al,O3, Si0, and ZSM-5
for N,O decomposition. The efficient oxygen scavanging
capability of carbon led to higher initial activities on Cu/C
catalysts compared to Cu/ZSM-5 but the reaction was acc-
ompanied by a high gasification of carbon. The activity of Cu/
C depended on the initial pretreatment of active carbon-initial
oxidation with HNO; leading to an increase in activity in
comparison to a heat pretreatment in H, at 1223 K, which
resulted in no change in comparison to the untreated support.
The pretreatment influenced additionally the stability of the
catalysts. Labile surface oxygen and its mobility were found
to play an important role in controlling the steady state be-
haviour of Cu. The mechanism was believed to involve di-
ssociative adsorption of N,O and the transfer of oxygen from
active material to the carbon surface to form CO, or CO.

N,O reduction was also studied by Zhu et al. on active
carbon promoted with Ni [18] or Cu[19]. Therole of oxidative
pretreatment of the support was considered as (i) influencing
the distribution of active material and, in consequence,

providing better contact of catalytic material with carbon,
making oxygen transfer easier and (ii) producing acidic groups
which are useful for the release of carbon oxygen complexes.

There are, however, still some open questions e.g. how
the process of N,O decomposition on carbonaceous
materials is influenced by (a) the amount of acidic groups
introduced e.g. by HNOj at different temperatures or (b) the
choice of metal oxide as active material.

In order to answer these questions, carbon fibers
promoted with Ni, Co or Mn oxides/hydroxides were
studied as catalysts for N,O reduction. A detailed
characterization of the supports and catalysts was carried
out, and the article focuses additionally on how catalyst
dispersion 1is affected by surface chemistry. In order to
exclude the uncertain influence connected with the role of
ash for the reduction of NO with NH; or with carbon, ashless
carbonaceous materials, i.e. carbon fibers were used.

2. Experimental
2.1. Catalysts

A commercial carbon fiber Kynol (further designated as
K) activated by the producer with water vapour was used as a
support in the untreated or pretreated form. The pretreatment
of carbon fiber K consisted of the oxidation with 40%
aqueous solution of HNOj for 1 h either at 343 K or at
boiling temperature. In the latter case, two versions of
oxidation procedure were used: either in a closed or open
system i.e. with or without the recirculation of the formed
nitrogen oxides, respectively called methods I and II. The
pretreatment parameters and designation of the supports are
given in Table 1.

Active material oxides or hydroxides of Ni, Co or Mn
(5 wt.% recalculated to the appropriate metal content) were
introduced by wet impregnation onto oxidized (K-ox1 or K-
0x3) or untreated (K) supports. K-0x2 was omitted, because
as will be shown later in the text, the amount of acidic sites is
the same for K-ox2 and K-ox3. The active material
precursors were nitrates of Ni, Co or Mn.

The following experiments were carried out:

i. Determination of the texture, or in some cases, only the
specific surface area by low temperature argon sorption
at a relative pressure range p/py of 0—1 or 0.05-0.35,

Table 1

The pretreatment parameters and designation of the studied carbon fibers
Sample Pretreatment Temperature Method®
K None - -

K-ox1 40% HNO; 343 K I

K-ox2 40% HNO; Boiling temperature I

K-ox3 40% HNO; Boiling temperature I

# Method I: in a closed system with a recirculation of the formed nitrogen
oxides and method II: in an open system with the removal of the formed
nitrogen oxides.



ii.

1il.

iv.

T. Grzybek et al./Catalysis Today 101 (2005) 93—-107 95

respectively, using a standard volumetric equipment.
Before the adsorption experiment, the samples were
outgassed at 393 K for several hours until the base
pressure was lower than 10~ mbar.

The crystallographic state of active materials, especially
the consequence of the possible participation of support
in the reduction of active material was tested by X-ray
diffraction (XRD) for K-Ni5 and K-Co5 calcined both at
523 and 673 K. The former temperature was selected
because samples were calcined before reaction at 523 K
while the latter coincides with temperature-programmed
desorption of ammonia (TPAD) experiments and
roughly with the last of experimental temperatures in
N,O reduction. No XRD was carried out for KMn5
because the reduction of MnO with carbon according to
metallurgical data needs about 600 K higher tempera-
tures than for the reduction of cobalt or nickel oxides and
thus it is less reasonable to find metallic Mn in this case.
Neither were the samples based on K-0x3 tested because
XPS shows small crystallites and/or clusters of Mn, Ni
or Co oxides present on this surface and thus XRD
should show only amorphous system and additionally, as
seen from our TPR spectra, the onset of reduction
temperature for K-ox3-based samples shifts to higher
temperatures in comparison to K-based one. Boot et al.
[25] observed that cobalt oxide on Co/ZrO, was more
difficult to reduce than in a physical mixture, which was
attributed to the fact that cobalt oxide particles were in a
dispersed state on the catalyst surface. Thus in our case,
a similar effect may be responsible, if we take into
account that worse-dispersed oxides (for K-Co5 and K-
Ni5), which as discussed further in the text did not show
any metallic Co or Ni, have a lower onset reduction
temperature than K-o0x3-Co5 (or K-0x3-Ni5, respec-
tively). XRD experiments were carried out using Philips
PV 3020 X’Pert diffractometer and Cu Ko« line (A = 0.
15418 nm).

Temperature-programmed desorption (TPD) to deter-
mine surface oxides. A NETSCH STA409C apparatus
equipped with a quadrupole mass spectrometer was used
to determine the temperature-programmed desorption of
H,O, CO,, O, and NO. The experiments were carried
out on a 20 mg sample of the catalysts with 20 mg of
Al,O3 as reference. At the beginning of each experi-
ment, the sample was evacuated to 1 mbar in order to
remove air and physically adsorbed gases. Then it was
linearly heated at 10 K/min up to 1273 K in a stream of
nitrogen. The weight loss and the intensities of mass
numbers 18 (H,0), 32 (0,), 30 (NO) and 44 (CO,) were
recorded as a function of temperature.

To determine the number and the strength of acid sites
TPAD was performed under the following conditions:
before reaction, samples were heated at 673 K in helium
for 1 h (low 25 ml/min). The temperature was chosen as
it roughly corresponds with the highest studied N,O
reduction temperature, where extensive conversion was

Vi.

registered. Ammonia was adsorbed at 333 K and the
system was flushed with helium for 1h at the same
temperature in order to remove physically adsorbed
NH;. The desorption followed with a heating rate of
10 K/min and the following mass numbers were
registered: 18 (H,0), 15 (NH3), 28 (CO), 30 (NO)
and 44 (CO,, N,0).

To determine the surface composition X-ray photoelec-
tron spectroscopy (XPS) was measured. XPS was
carried out on untreated samples i.e. without any
preheating in order to get information concerning the
way active material was introduced onto the surface; the
lack of preheating is thus relevant because the supports
were not calcined before impregnation. In order to test if
extensive changes could occur during calcination, one
sample (with the most uneven distribution K-Ni5) was
calcined at 523 K (similarly as during the N,O reduction
experiment) and studied in XPS, as well. Additionally,
the same sample was tested in XPS after the N,O
decomposition (in the absence of oxygen in reaction
mixture). The spectra were recorded with a Leybold
LH-10 spectrometer with a Mg Ka source and a
multichannel plate analyzer, working in FAT mode
(AE = constant) at a pass energy of 29.6 eV. For each
sample, 10-50 scans were taken, depending on the
intensity of a given peak. The samples were studied in
the form of fibers packed onto the sample holder. The
pressure in the main chamber during experiments was
below 3 x 10~® mbar. The spectra were smoothed and a
non-linear background was subtracted. The spectra were
fitted with a convolution of 50:50 Lorentzian and
Gaussian curves. The main C 1s peak was used as an
internal standard to calibrate binding energies
(BE =284.6 ¢V). The content of elements was calcu-
lated using the area of the main peaks (Mn 2p, Co and Ni
2p3n, O 1s, C 1s and N 1s) and sensitivity factors of
Wagner et al. [26].

Temperature-programmed reduction was studied with
an AMI-100 (Altamira Instruments) in 5% H,/Ar (flow
25 ml/min) from 323 to 973 K with a heating rate of
10 K/min and was then held additionally at 973 K for
30 min. Before TPR, the samples were pretreated
similarly as prior to the catalytic reaction by heating
in helium (flow 25 ml/min) at 523 K for 2 h.

2.2. Catalytic experiments

Reduction of N,O with carbon was carried out in a fixed

bed microreactor under the following conditions: mass of
catalyst: 200 mg; reaction mixture: 800 ppm N5O in helium

or

800 ppm N,O and 3% O, in helium; flow: 100 ml/min;

before reaction, the catalysts were calcined in order to
decompose introduced nitrates to oxides/hydroxides in
helium at 250 °C for 2 h (flow 100 ml/min). The amount of
N,O0 and CO, was registered by NDIR analyzer (Hartmann
and Braun).
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Table 2
Specific surface area Sggt, micropore and mesopore volume V. and Ve
and B constant from equation of Dubinin—Radushkevich for the studied
supports

Sample SBET Vmes Smes Vmic B* x (107)
m’/g)  (emYg)  (mYg  (emlg)
K 783 0.011 8.48 0.300 3.30
K-ox 1 584 0.004 3.43 0.221 3.29
K-ox 2 598 0.009 7.41 0.241 4.90
a a a a

K-ox 3 650

% Not measured.
3. Results and discussion

3.1. Characterization of the samples

3.1.1. Supports

3.1.1.1. Specific surface area and texture. Argon sorption
isotherms are all of type I according to IUPAC classification,
testifying a microporous character of the carbon fibers. The
textural data for the supports are summarized in Table 2.
From Table 2, it may be seen that:

i. the untreated and pretreated carbon fibers were micro-
porous;

ii. oxidation led to the loss of Sggt from 783 to ca. 600 m?/ g
and V. from 0.300 to ca. 0.23 £ 0.01 cm3/g, irrespec-
tive of the oxidation temperature. However, there were
differences in the micropore distribution depending on
the temperature of pretreatment proven by the change in
the B values of Dubinin—Radushkevich equation, which
form a sequence K ~ K-ox1 < K-0x2. The value of B is
related to the porous texture of material; smaller values
of B are connected with narrower micropores. Thus, the
increase in B suggests the broadening of micropores
through the formation of oxygen-contaning surface
species and their subsequent gasification.

3.1.1.2. Temperature-programmed desorption (TPD) and
temperature-programmed desorption of ammonia (TPA-
D). Fig. 1 shows the results of TPD of surface oxides i.e. the
amount desorbed for m/e = 44 (CO,). Carbon dioxide cor-
responds to the acidic groups on the surface of carbonaceous
materials (carboxylic groups or carboxylic anhydrides) [27].
The only other acidic groups present on the surface (of
phenol type), which do not produce CO, are very weak and
would not play a role in the deposition of active material, as
previously reported for active carbons promoted with iron or
manganese oxides or discussed fully for Cu/active carbons
by Zhu et al. [18]. From Fig. 1, it is to be seen that oxidation
at 343 K increases the number of carboxylic groups slightly.
The effect of temperature is evident (the higher the temp-
erature, the higher the amount of acidic sites). Oxidation at
higher temperature results also in the formation of more
stable (high temperature) acidic sites with a maximum at ca.
900 K, which do not exist for K-ox1 and K.

2,80E-007
2,60E-007

2,40E-007

44)/a.u.

2,20E-007
2,00E-007
1,80E-007
1,60E-007
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1,20E-007
1,00E-007

Amount desorbed (m/e

8,00E-008

6,00E-008 . . . . - ; . : : : : !
200 400 600 800 1000 1200 1400
Temperature /K

Fig. 1. The desorbed amount of m/e = 44 (CO,) for carbon fibers untreated
or oxidized under different conditions (TPD surface oxides).

Fig. 2 shows TPAD results for untreated or oxidized
supports. One broad low temperature peak and an increase in
amount desorbed of m/e = 15 (NH) starting from ca. 650 to
700 K, which is a part of an additional high temperature
peak are observed. For some samples (catalysts K-Ni5, K-
ox1-Ni5, K-Co5), the latter region contains additionally a
well formed desorption maximum at ca. 850 K. There is not
a clear explanation for the second peak, as carbonaceous
materials do not contain highly acidic groups (and this
would be suggested by high temperature TPAD). On the
other hand, ammonia can react with carbonaceous materials
at higher temperatures (e.g. 523 K [28] or 573 K [29])
leading to N-containing surface groups. The groups were
different in form depending on the introduction stage; before
carbonization and/or activation of carbon precursor or onto a
previously carbonized and activated samples. Jurewicz et al.
[29] found by XPS that in the latter case, nitrogen was
present as mostly imine, imide, amide and amine groups,
while in the former two cases, mostly pyridine and pyridone
N was present. Therefore, it may be speculated that some

2,50E-010 +
2,00E-010
1,50E-010 4

1,00E-010

5,00E-011 - :
P K

Amount desorbed of ammonia/a.u.

T T T T T T d T T T v T
300 400 500 600 700 800 800

0,00E+000

Temperature/K

Fig. 2. The desorbed amount of m/e = 15 (NH3) for carbon fibers untreated
or oxidized under different conditions (TPAD).
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chemisorbed ammonia survives during TPAD to tempera-
tures high enough to react with carbonaceous material. The
formed product decomposes then at higher temperatures.
The argument is, however, speculative and most probably, as
discussed above, has nothing to do with the acidity of to the
studied samples and thus Table 5 (shown later, together with
appropriate results for the catalysts) quotes only the areas of
low temperature peaks. From Fig. 2 and Table 5, it may be
seen that:

i. all carbon fibers both untreated and oxidized (K, K-ox1,
K-0x2 and K-ox3) have one broad peak at low
temperature although its asymmetry towards higher
temperature suggests at least two types of acidic sites
present with a broad distribution of desorption energy.
The maximum temperature of desorption is at ca.
417 £ 5 K. The similarity of the shape of the peaks for all
oxidized samples indicates that similar types of surface
groups are formed;

ii. untreated support has a very small amount of acidic sites.
The oxidation with 40% HNO; at 343 K (K-ox1)
increased the amount of acidic groups 10 times in
comparison to sample K. The use of a higher oxidation
temperature, irrespective of the method used (I or II),
resulted in the same amount of acidic sites; ca. four times
higher than those formed during oxidation at lower
temperature. Thus, the oxidation temperature has a
primary influence on the formation of acidic groups on
the surface of carbon fibers.

3.1.1.3. X-ray photoelectron spectroscopy (XPS). Table 3
presents the surface compositions of the studied supports.
From Table 3, it may be seen that:

e the amount of carbon decreased and amount of surface
oxygen increased upon oxidation;

e oxidation with nitric acid led to a small amount of N on
the surface;

e OJ/C ratio increased in a sequence: K < K-ox1 < K-0x2
< K-0x3;

e O/C was very low for unoxidized carbon fibers.

A comparison of XPS with TPD (m/e =44) and TPAD
results reveals that there are differences in the total O/C
ratios for K-0x2 and K-o0x3, while no difference was det-
ected by desorption methods, which show that the amount of
acidic sites is similar for both samples. The smaller XPS O/C

Table 3
Surface content of C, O and N (at.%) (C + N + O = 100 at.%) and atomic
ratio O/C (at.%/at.%) for the studied supports

C (¢} N o/C
K 91.7 8.3 - 0.091
K-ox1 84.9 14.6 0.6 0.172
K-ox2 82.2 17.8 traces 0.217
K-o0x3 77.3 22.2 0.5 0.287

Table 4
Specific surface area, Sggt, for the studied catalysts

Sample Sper (m?/g)
K-Ni5 287
K-ox1-Ni5 599
K-0x3-Nil 545
K-0x3-Ni5 391
K-Co5 160
K-0x3-Co5 262
K-Mn5 279
K-0x3-Mn5 218

ratio for K-ox2 than for K-o0x3 may be therefore connected
with a smaller amount of non-acidic groups in this case,
leading to desorption products different from CO,. Zhu et al.
[18] showed for active carbons promoted with Cu that non-
acidic groups are, however, of small consequence for active
material distribution in contrast to the presence of acidic
groups, which lead to a more even distribution over the inner
surface of the carbonaceous supports. From this point of
view, supports K-ox2 and K-ox3 may be treated as very
similar and thus only one of them (K-o0x3) was further used
as a support.

On the whole, the findings concerning role of HNO; and
the influence of the conditions of its use on the formation
of oxygen-containing surface species are in good agree-
ment with the previous findings of the literature (e.g.
[11,18,27,30-34]).

3.1.2. Catalysts

3.1.2.1. Specific surface area. Table 4 shows specific
surface areas of the studied catalysts. Specific surface area
depended on the pretreatment and the type of active
material. The decrease in Sggr for K-ox3-based catalysts
may be, in agreement with the discussion of XPS results,
connected with small crystallites and/or clusters of active
material deposited inside the porous system. In case of
K-Ni5, K-Co5 and K-MnS5, the reason for the decrease may
be the precipitation of bigger crystallites (as found by XPS)
at the entrance to the pores.

Table 5
TPAD results: area of the peaks and temperature of maximum desorption,
T‘lﬂ

Sample Area of the main peak at T (K)
low temperature region x 10
K 0.07 437
K-ox1 0.61 421
K-ox3 2.58 412
K-Ni5 1.17 421
K-Co5 0.45 427
K-Mn5 0.34 421
K-ox1- Ni5 1.07 426
K-0x3- Ni5 2.83 419
K-0x3- Co5 1.59 409

K-0x3- Mn5 2.09 419




98 T. Grzybek et al./Catalysis Today 101 (2005) 93-107

TGKNIS-B

16&8 cps

KNi 5Z% 258°C

10.00 20.00 30.00 40.00

FP ML/SL SCAL Phase # Chenical Fornmula
.88 4- 835 Ni 0O Bunsenite,

i8.4 1/ S

50.00 60.00 70.00 80.00 20

sun

a .8 8as 3 .08 4- 858 Ni Nickel, sun
TGKNIS-A

20i 108 CcPs
18 -
16+

| KNi 5% 48a°C
14
12
10 -

8 -

6 -

4 -

2.

................. L DU LI BN B B e e
10.00 20.00 30.00 40.00 50.00
FP HML/SL SCAL Phase # Chenical Fornmula
18.4 1/ S5 .88 4- 835 Ni 0O Bunsenite, sun

.8 8/ 3

.08 44— 858 Ni Nickel, syn

Fig. 3. (a, b) XRD patterns for K-Ni5 after calcinations at 523 and 673 K. (c, d) XRD patterns for K-Co5 after calcinations at 523 and 673 K.

3.1.2.2. X-ray diffraction. Fig.3a—d shows XRD patterns for
K-Ni5 and K-Co5 calcined at 523 and 673 K. The solid line
indicates the angle position (26) of an appropriate metal (Co or
Ni), while the dashed line coincides with nickel or cobalt
oxides. From Fig. 3, itmay be seen that for both samples K-Co5
and K-Ni5 after calcination at both temperatures, no reflexes
for metallic Co or Ni were detected and active materials are
present as oxides; Co30,4 and NiO (bunsenite), respectively.
The peaks corresponding to graphitic structures are very broad
indicating low graphitization degree for the used carbon fiber.
The only difference between XRD patterns for calcination
temperatures of 523 and 673 Kis that the peaks for the samples
calcined at 673 K were narrower testifying a more ordered
structure (i.e. somewhat bigger crystallites). However, “big”
crystallites were also identified by XPS for non-calcined

sample (see further in the text). This would prove that there is
not a basic change in dispersion after calcination. These
experimental findings are in agreement with several indica-
tions in literature for Co- or Ni-promoted carbonaceous
materials, as well as reactivity of carbon with oxides. Sharma
etal. [35] showed that reaction between graphite and NiO took
place very slowly below 1173 K. Zhu et al. [19] found no
metallic Ni for Ni-promoted active carbons after calcination at
573 K although they found it after calcination at 773 K.
Reduction of CoO supported on active carbon was found to
start at calcination temperatures higher than 673 K [36]. Also
cellulose-based active carbon impregnated with cobalt nitrate
and calcined in argon at 673 K, showed only CoO and Co30,4
by XPS while XRD showed that the system was amorphous (no
metallic Co was found either) [37]. Alvim-Ferraz et al. [38]
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Fig. 3. (Continued).

used a somewhat different preparation procedure to obtain
Co-promoted active carbon — precipitation of cobalt nitrate
with sodium carbonate — and after calcination at 528 K only
cobaltoxides (CoO and Co;0,) were found to be present in this
case, as well.

3.1.2.3. Temperature-programmed desorption of ammonia
(TPAD). Table 5 compares ammonia desorption for carbon
fibers modified with Ni, Co or Mn oxides/hydroxides—the
area of the low temperature peaks and temperature of
maximum desorption.

From Table 5, the following conclusions may be drawn:

i. the addition of active material to carbon fiber K
(unoxidized) increased the amount of adsorption sites

ii.

iil.

iv.

for NHj; to a different extent, depending on the type of
active material. The amount of acid sites for Me—CF
(Me =Ni, Co or Mn, carbon fiber (CF)) forms a
sequence: K-Ni5 > K-Co5 > K-Mn5 > K;

the position and shape of the peaks were similar in all
cases, suggesting weak acidic sites;

the number of ammonia sorption sites for Ni-promoted
differently pretreated carbon fibers forms a sequence:
K-0x3-Ni5 > K-0x1-Ni5 ~ K-Ni5. The number of sites
on oxidized versus unoxidized support promoted with
Co or Mn shows a similar tendency: K-0x3-Co5 >
K-Co5 and K-0x3-Mn5 > K-MnS5;

the comparison of K-ox3 and Ni, Co or Mn oxides/
hydroxides-promoted catalysts shows that the number of
sites increased only slightly for K-ox3-Ni5 and decreased
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for K-0x3-Co5 and K-0x3-Mn5. This suggests that acidic
sites are anchoring places for active material and their
presence (or absence) will influence distribution, in good
agreement with literature [18].

3.1.2.4. X-ray photoelectron spectroscopy (XPS). A typical
XPS spectrum is shown for K-Ni5 in Fig. 4.

Binding energies registered for Me 2p peaks for the
studied catalysts were:

e Ni-promoted: 855.7, 855.6 and 857.5eV for K-Ni5,
K-ox1-Ni5 and K-o0x3-Ni$5, respectively, corresponding to
literature values for NiO (854.0-854.9 eV) or Ni(OH),
(855.98-856.4 eV) [39]. The peak observed at 857.5 may
be connected with some remaining nitrate;

e Mn-promoted: at ca. 642.4 eV for K-Mn5 and 642.0 eV
for both K-ox1-Mn5 and K-o0x3-MnS5, indicating the
presence of MnO,/Mn30,4 [40-43];

e Co-promoted: at 784.4, 781.4 and 782.2 eV for K-Co5, K-
ox1-Co5, K-0x3-Co3, respectively. All registered binding
energies exceed literature values for CoO, CoOOH or
Co(OH),, which are 779.5-780.5, 779.5 and 780.5 eV,
respectively [44]. Thus, most probably there is a
differential charging for K-Co5 and K-ox1-CoS5, which
may be expected for heterogeneous distribution with
bigger crystallites on the surface, which as will be
described later is the case for these samples. In case of K-
0x3-Co5 with a much more even distribution of active
material (see later in the text), it may be assumed that the
unusually high binding energy is connected with the so-
called binding energies shift. Such positive shifts have
been observed for small clusters and isolated atoms on the
supports [45,46];

e the main change registered for the calcined sample
(K-Ni5c) was that instead of one peak for active material,
two were found at 653.8 and 855.5 eV, which correspond
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Fig. 4. XPS spectra for K-Ni5 (a) Ni 2ps/, (b) O 1s, (c) C 1s.
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Table 6
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Surface composition of the studied samples (Me + C + O + N = 100%) and Me/C or O/C ratios (at.%/at. %)

Sample Support Amount of active material (wt.%/Me) Surface composition (at.%)
Me C N (6] Me/C (at.%/at.%) O/C (at.%/at.%)

K-Ni5 K 5 Ni 22.15 27.48 N 50.36 0.806 1.833
K-Ni5° K 5 Ni 25.42 40.56 N 34.02 0.553 0.839
K-Ni5® K 5 Ni 25.15 47.98 N 26.86 0.524 0.560
K-Co5 K 5 Co 11.96 49.13 N 38.91 0.243 0.792
K-Mn5 K 5 Mn 5.04 80.39 0.54 14.01 0.063 0.174
K-ox1-Ni5 K-ox1 5 Ni 11.11 56.23 N 32.67 0.198 0.581
K-0x3-Ni5 K-ox3 5 Ni 1.41 74.94 1.07 22.57 0.019 0.301
K-o0x1-Co5 K-ox1 5 Co 2.83 79.30 N 17.88 0.036 0.225
K-0x3-Co5 K-0x3 5 Co 0.67 78.11 0.55 20.67 0.009 0.265
K-ox1-Mn5 K-ox1 5 Mn 1.84 82.32 N 15.84 0.022 0.192
K-0x3-Mn5 K-0x3 5 Mn 1.24 76.42 N 22.34 0.016 0.292

% Under detection level.
® Calcined at 523 K.
¢ After reaction of N,O reduction.

to NiO (reference BE 854.4 eV) and Ni(OH), (reference
BE 855.9 eV), respectively. No peak connected with
metallic nickel (reference BE 852.7 eV) [47] was found.
This is in good agreement with XRD data discussed
above;

e catalyst after reaction of N,O decomposition in the
absence of oxygen in reaction mixture at the whole
temperature sequence up to 693 K (designated K-Ni5r)
again showed two Ni 2p3, XPS peaks at 854.1 and
856.0 eV, corresponding to NiO and Ni(OH),.

Table 6 summarizes the surface composition for the studied
catalysts. From Table 6, it may be seen that the amount of
surface Ni (or Co, or Mn) depends on the pretreatment of the
support. This is additionally illustrated in Fig. 5a and b,
showing that XPS atomic ratios of Ni/C, Co/C and Mn/C
[at.%/at.%] differ considerably, depending on the pretreat-
ment of the support.

The dispersion of active material cannot be seen in a
straightforward way from XPS intensity values, as intensity
ratio depends on the texture of the catalysts and varies
with the changes in specific surface area. Thus, in order to
prove that dispersion is totally different for K- and K-ox3-
supported catalysts, calculations based on the model of
Kerkhof and Moulijn were carried out using an equation
[48]:

GI:) N @)b(l -

with p and s are promoter and support; / XPS intensity; x the
promoter fraction (weight) in the final catalyst, o the XPS
cross-section, By = t/Ag, By = t/A,p, A the escape depth of the
appropriate electrons.

For calculations, the following parameters were taken: C
content 92.7 and 93.6 wt.% for K and K-o0x3, as determined
by elemental analysis, specific surface areas of catalysts as
presented in Table 2, density 1.8 g/cm3, o for C 1s, Ni 2p3,,
Co 2p3, and Mn 2p; 1.0, 13.92, 12.20 and 13.62, respectively,

Esop By (1 —eP)

Epos 2 (1+eP)

pp’

from the article of Scofield [49], and A calculated from
equation of Chang [50].

Experimentally measured intensity ratios (Ip/lg)exp, Were
found in literature to be:

e equal to those calculated from the model (Jp/[)caic,
testifying to a monolayer distribution of active material;
e higher or much higher than the calculated ones when there
was a preferential deposition of active material (in the
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Fig. 5. (a) Surface Ni/C ratios (at.%/at.%) for Ni-promoted carbon fibers
untretated or differently pretreated (c-calcined, r-after reaction of N,O
reduction). (b) Surface Me (Mn or Co)/C ratios (at.%/at.%) for Mn- or
Co-promoted carbon fibers untreated or oxidized at 343 K or boiling
temperature.
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Fig. 6. R = (I/I\)exp/(Iy/Ig)carc for catalysts supported on K or K-ox3:
(Ip/Iy)exp s intensity ratio of promoter p (Ni 2ps, Co 2ps, Mn 2p) to
supports (C 1s) measured experimentally; (I/I;)cqc the intensity ratio of
promoter to support calculated from the model of Kerkhof and Moulijn.

form of bigger crystallites) on the outer surface of the
grains of the support; or

e smaller than (/,/Iy)caic, if outer surface was depleted in
active material, which formed discrete crystallites on the
inner surface of the support.

Fig. 6 shows parameter R defined here as the ratio of I,/I
measured experimentally to I,/I; calculated from the model
(R = (Ip/l)exp/Ip/5)carc)- The picture illustrates the follow-
ing: (i) the mentioned ratio is higher or much higher than 1
for K-based catalysts. This means that there is a preferential
enrichment at the outer surface (and thus bigger crystallites
are present); (ii) the ratio is approaching 1 (itis ca. 0.7, but it
must be taken into account that the model is rather rough) for
K-0x3-Ni5 and definitely smaller than 1 for K-ox3-MnS5 and
K-0x3-Co5 (ca. 0.4 and 0.2, respectively), indicating the
enrichment of the inner surface and the formation of smaller
crystallites and/or clusters of MeO,. The argument is of
course not only based on the model of Kerkhof and Moulijn
in this case, because the model itself only points to cryst-
allites on the inner surface. However, taking into account
that the supports are exclusively microporous, the formation
of bigger crystallites e.g. 3 nm in size inside micropores is
not possible because they would totally block the porous
system, which does not contain any mesopores. Smaller
units and partial blocking are possible as the specific surface
area decreased for catalysts in comparison to the support.

A similar tendency to that presented in Fig. 6 was
observed for numerous transition metal oxide-promoted
active carbons, e.g. Mn/active carbon [20] or Ni/active
carbon [18] although in the latter case, the difference
between catalysts on unoxized and oxidized support was ca.
4.0 and thus there was a much more even distribution than
in the case reported here. A possible explanation may be
much easier accessibility of micropores in carbon fibers in
comparison to active carbons.

3.1.2.5. Temperature-programmed reduction. Fig. 7Ta—d
shows temperature-programmed reduction of supports and
Ni-, Co- or Mn-promoted carbon fibers untreated or
oxidatively pretreated. It must be taken into account that
apart from the reduction by hydrogen, additional reduction

effects may be expected due to the presence of carbonaceous
support. From Fig. 7, it may be seen that:

(i) the reduction of K and K-ox3 produced only a high
temperature peak, indicating a small amount of oxygen
on the surface of K and a three times higher amount for
K-0x3;

(i) the introduction of active material resulted in the
increase of oxygen amount on the surface to an extent
depending on the type of active material and the
pretreament of the support;

(iii) catalysts on oxidatively pretreated support K-o0x3
have a different distribution of sites from those of
K-based catalysts, either the maximum shifts to higher
temperature (K-Co5 versus K-o0x3-Co5) or the peak is
broadened (K-Ni5 versus K-0x3-Ni5, K-Mn5 versus
K-0x3-Mn5), suggesting additional less labile oxygen
present.

3.2. Reduction of N,O with carbon

Typical experimental results for N,O reduction with
carbon are shown in Fig. 8 for K-Ni5. Fig. 8 shows the
amount of N>O and CO, in the products as a function of
temperature. From the figure, it may be derived that the
reaction started at ca. 573 K. The amount of dinitrogen oxide
decreased while the amount of produced CO, increased. The
amount of CO, was almost identical with the amount of
reduced N,O, which suggests a stoichiometry of 1:1. As the
reaction 2N,0 + C — CO, + 2N, suggests a stoichiometry
of two molecules of N, to one molecule of CO,, this means
that more CO, is produced than forecast by the above
reaction. This may imply either a secondary reaction (e.g.
desorption of oxygen-containing groups from the surface in
the form of CO,) or a reaction of N,O with C(O) sites rather
than with C-sites.

Fig. 9 compares all catalysts for the studied temperatures
of 453-693 K in the form of the amount of reduced N,O and
formed CO, (in ppm). From the figure, it may be seen that
the produced amounts of CO; in all cases drastically exceed
those predicted by reaction of N,O with C-sites. Let us
assume that some CO, originates from oxygen-containing
surface species on the surface having nothing to do with
nitrous oxide; they can desorb from the surface and therefore
may appear in the products before any N,O was reduced.
Fig. 9 shows that this is the case for K-Co35, K-0x3-Co5, K-
Mn5, K-0x3-Mn5 and K-0x3-Ni5. Thus, some carbon
dioxide definitely did not originate from N,O reduction. No
such effect is present for K-Ni5. Therefore, it may be
speculated that at least some of carbon dioxide originated
from the secondary reaction. It is not possible under the
conditions of this experiment to differentiate between CO,
originating from surface groups decomposition and those
formed with oxygen originating from N,O. It would be
possible only in an experiment with labeled oxygen.



T. Grzybek et al./Catalysis Today 101 (2005) 93-107 103

H2 consumption / a.u.

l

H2 consumption / a.u.

------ K-Ni5
K-0x3-Ni5

300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

(a) Temperature / K

K-0x3-Co5

H2 consumption / a.u.

300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

(b) Temperature / K

H2 consumption / a.u.

300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

(c) Temperature / K

------ K-Mn5
K-0x3-Mn5

d)300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

Temperature / K

Fig. 7. (a—d) Temperature-programmed reduction of the supports and studied catalysts.

However, the explanation that CO, comes to the same extent
from the surface for K- and K-ox3-based catalysts is in itself
unreasonable, because there is a different amount of surface
oxygen bound in acidic groups (and those give CO, as a
decomposition product) for K and K-ox3. Therefore, if the
effect originated only in some desorption effects irrespective
of the reaction, the unbalance should be much smaller for
K-based than K-ox3-based samples, and from Fig. 9, it may
be seen it is not so. Therefore, the additional amounts of
CO, must originate from the reduction reaction. In order to
take into account, at least roughly the “direct desorption™
products, the amount desorbed at the highest temperature,
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Fig. 8. N,O and CO; on stream in N,O reduction with carbon K-Ni5.

where still no reaction with nitrous oxide took place was
subtracted from the total amount of CO, and added as a third
curve in Fig. 9. These curves show that the unbalance is still
there to a higher extent for K-ox3-based samples than for K-
based ones. This would be an argument for rather than
against the participation of C—O complexes because K-0x3
surface is, on the whole, more oxidized than that of K. Thus,
it may be suggested that at least some of carbon dioxide
comes from the proposed interaction of oxygen from N,O
with C-O species on the surface. It may not be the only
mechanism but it seems reasonable that it may be one of
them. This finds some indirect substantiation in the work of
Yang et al. [51] if NO reduction may be assumed to have a
similar mechanism as N,O, which is generally believed in
literature. Yang et al. [51] showed on carbon black that more
thermally stable C—O complexes play an important role in
the enhancement of reaction rate by activating the
neighbouring carbon atoms. Thus, stoichiometries of N,
to CO, of 1:over 0.5 (as e.g. for Dandekar and Vannice[24])
would support the presented hypothesis. As, however, some
catalysts e.g. Cu/active carbon of Zhu et al. [18] did not show
this effect, the relative importance of the proposed route is
still open to discussion.

Fig. 10 shows the comparison of N,O conversion for
carbon fibers modified with different transition metal
oxides/hydroxides. The introduction of oxides of Ni, Co
or Mn increased N,O conversion and forms a sequence:
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Fig. 9. N,O and CO, on stream in N,O reduction with carbon at 453, 493, 533, 573, 613, 653 and 693 K for 60 min at each temperature. (4) Amount of
removed N,O (initial N>O concentration — N,O concentration in the products); ((J) amount of produced CO,; (x) COj (total CO, amount in the
products — amount of CO, at the highest temperature without N,O reduction (see text)). (For K-Ni5, CO, did not appear in the products before N,O
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Fig. 10. N,O conversion for carbon fiber K modified with Ni, Co or Mn
oxides/hydroxides.
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conversions form a sequence: K-0x3-Ni5 > K-o0x3-Co5 > K-
0x3-Mn5 > K-o0x3. Conversions were much higher for
samples based on pretreated (initially oxidized) supports.
The direct comparison with the results of Zhu et al. [ 18] for Ni-
promoted active carbons is not possible as the reaction of Zhu
was carried out isothermally at 573 or 673 K, while our
catalysts underwent sequential increase of temperature and
thus the first measured point on higher temperature
corresponds to a catalyst already partly deactivated at lower
temperature. The general picture is, however, similar, at 573 K
the difference between K-Ni5 and K-0x3-Ni5 is below 10%
and at 693 K, ca. 50% of N,O conversion.
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Fig. 11. N,O conversion for oxidized carbon fiber (K-0x3) promoted with
Ni, Co or Mn.

The fact that the oxidized support reduced ca. 10% N,O,
while untreated support K was inactive stresses the role of
oxygen-containing groups present on the surface. Either
oxygen transfer is thus facilitated or as suggested by Yang
et al. [51] for NO reduction by carbon, C-O complexes
activate the neighbouring carbon atoms leading to the
enhancement of reaction rate.

Both Figs. 10 and 11 show that the studied samples
deactivate on stream, the rate of deactivation increasing with
temperature. This is expressed by four points measured at
each temperature (every 15 min). Similar observations may
be made from Fig. 9, where the amount of removed N,O (in
ppm) is shown as a function of time for all studied
temperatures 453-693 K. For higher temperatures 613, 653
and 693K, it may be observed that each of these
temperatures starts with higher conversion and is followed
by three measurements, taken after 30, 45 and 60 min on
line, showing (each of them) lower amount of N,O removed
from stream in comparison to the previous experimental
point. The extent of deactivation is different for K- and
K-ox3-based catalysts and depends additionally on active
material. There is only one point for K-ox3-Ni5 in Fig. 11
which, however, does not mean the lack of deactivation but
rather the fact that the sample was so active that even the
decrease in N,O did not register as decreased conversion.

The difference in N,O conversion for the same type of
active material (NiO/Ni(OH), or CoO/Co(OH), or MnO,)
but different supports (cf. Figs. 10 and 11) shows that the
acidic pretreatment of carbon fibers had a considerable
influence on the N,O reduction activity. Similar observa-
tions were made by Zhu et al. for active carbons promoted
with Ni [18] or Cu [19]. This observation should be related to
the influence of acidic pretreatment on the distribution of
active material. As discussed in 2.4, acidic pretreatment
totally changed the distribution of active material. This
implies a more facile dissociative chemisorption on smaller
units of active material (small crystallites clusters and/or
individual cations) than on bigger microcrystallites. This
effect was not so evident for Cu/AC or Cu/AC-HNO; or Ni/
AC and Ni/AC-HNOj; samples of Zhu et al. [18,19] which

showed similar N,O reduction but it must be also stressed
that differences in distribution of Ni are much bigger in our
case.

On the other hand, deactivation was greater for
oxidatively pretreated catalysts, which was also found for
Ni on active carbon [18] and to a smaller extent, for Cu on
active carbon [19].

The mechanism discussed by Zhu et al. [19] suggests that
the main cause of deactivation lies in the fact that the transfer
of oxygen from Ni to carbon is more difficult on untreated in
comparison to pretreated active carbons. However, the effect
seems to be totally different for our catalysts. The number of
decomposed N,O molecules was linearly related to the
number of produced CO, during deactivation at each
temperature (613, 653, 693 K) for K-Mn5, K-Ni5 and K-
Co5 while the amount of CO, decreased more steeply for K-
ox3-based catalysts (K-0x3-Co5 and K-0x3-Mn5). A similar
observation was made for K-ox3-Ni5 at 613 and 653 K. At
693 K, conversion of N,O was very high for K-Ni5 and no
deactivation effect was observed for N,O as mentioned
before. Thus, oxygen transfer seems more facile for K-Me
samples than K-0x3-Me samples. The explanation for this
behaviour may be connected with the lability of oxygen on
the catalysts (cf. Fig. 7). For the former, TPR peaks were
observed at lower temperatures while for the latter, the
distribution of oxygen sites was much broader and/or with a
maximum at higher temperatures. This suggests that lattice
oxygen on K-based samples is more labile and easier to
remove, and thus possibly easier to transfer to the support to
form CO,. Curtin et al. [22] found such a correlation
between TPR profiles and N,O formation for CuO/Al,O3
catalyst for NH; oxidation. The explanation given was that
labile surface oxygen increased the average oxidation state
of the monoatomic nitrogen pool which led to N,O
formation. Reducing the oxygen mobility decreased this
effect.

Fig. 12 gives a comparison of N,O conversion for K-Ni5
and K-0x3-Ni5 in the presence and absence of oxygen. As it
may be seen from the picture, conversions are much lower in
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Fig. 12. N,O conversion for Ni-promoted carbon fibers (a) in the absence of
oxygen and (b) in the presence of oxygen.
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the presence of oxygen but are still discernible at higher
temperatures. Thus, a secondary mechanism of N,O
reduction is possible. Nevertheless, the process in the
presence of oxygen is accompanied by high CO, production,
especially in the case of K-0x3-Ni5, rendering this sort of
catalyst rather impractical for N,O decomposition as such.

There is an additional question to what extent the findings
of this work may be generalized for all carbonaceous
materials, taking into account differences between active
carbons, which were most often studied in that respect, and
carbon fibers. There are in principle two main differences in
structure between carbon fibers and active carbons. The first
is connected with differences in the porosity; both system
are mainly microporous but the accessibility of micropores
is different in both cases: they are directly accessible from
the outer surface for carbon fibers and through a complicated
system of macro and mesopores for active carbons. Thus, the
kinetics may be influenced [52]. However, as no kinetics are
considered here this does not seem to be the point. The
second difference is the presence of ash in active carbons (no
ash in carbon fibers). This seems more to the point, because
some of ash components may be catalytically active. There
were e.g. considerable amounts of ash in active carbons
(5.6-7.4 wt.%) studied by Zhu et al. [19] and taking this into
account it may be assumed that no additional catalytic
effects may be expected in our carbon fibers in comparison
to those of Zhu, where they cannot be absolutely excluded.
Thus, carbon fibers may be treated as model systems in that
respect. Where oxidative pretreatment of the surface is
concerned, quantitative but not qualitative differences may
be expected. Several articles in literature showed that
oxidative pretreatment had similar effect on active material
distribution for active carbon- and carbon fiber-based
catalysts. As examples, articles of Grzybek et al. [10] and
Marban et al. [11-13] may be quoted. In the former case, Mn
was introduced onto active carbons and in the latter, on
carbon fibers in both cases untreated or oxidized. Generally,
the influence of surface groups on distribution was quite
similar.

4. Conclusions

Carbon fiber-supported nickel, cobalt or manganese
oxides may reduce N,O. The overall effect depended on the
initial pretreatment of the support. The origin of the effect
lies in different distribution of active material, which was
influenced by the type, as well as number of surface oxygen
functionalities. Only oxidative pretreatment carried out
under desired conditions (e.g. at high temperature) produced
appropriate type/number of groups resulting in small
crystallites clusters and/or individual atoms of active
material distributed on the inner surface of the support.
The absence of acidic surface groups or their low number
may lead to the deposition of bigger crystallites of active
material predominantly on the outer surface of a support.

The existence of varying types of distribution of active
material resulted also in different reducing conditions and
thus influenced the lability of surface oxygen. This, in turn,
affected oxygen transfer from active material to the support.
The presence of more labile oxygen resulted in easier
transfer and faster formation of CO, and thus slower
deactivation. On the other hand, distribution may be also
responsible for different behaviour concerning dissociative
chemisorption of N,O.
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